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ABSTRACT

Thesis Title: The Effects of Corrosion on the Performance of
Reinforced Concrete Beams

Degree: Master of Applied Science

Year of Convocation: 2007

Name: Roger W. Smith

Program: Civil Engineering

University: Ryerson University

This report presents the results of a laboratory investigation into the effects of corrosion on
the structural behaviour of reinforced concrete (RC) beams. Twelve RC beams (156 x 176 x
1150 mm) were constructed, ten of which were corroded to various levels by impressed
current while the remaining two were set aside as the control beams. Each beam was tested
using non-destructive methods and then by four-point loading and the corresponding loads
and deflections were recorded. Following the mechanical testing, the tensile steel was retrieved
and cleaned in order to assess the mass loss. The results of this experiment clearly indicated a
dramatic shift in the nature of the failure of corroded RC beams. Specifically, it was observed
in the present study that as corrosion increased the failure mode of the beams shifted from
predictable ductile flexure failures at mid-span, to more brittle failures near the support. Based
on the data collected, several new corrosion-dependant empirical relationships were
established to model the altered responses of RC beams (Le. stiffness, deflection ratio, ductility,
and toughness). In addition to beam tests, a pullout study was conducted in an effort to
identify the relationship between the reduction of load-carrying capacity and the residual bond
strength of the tensile steel. Other behavioural changes examined are mitial cracking load,

flexural crack development and the evolution of the failure mode. It was found that the overall
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behaviour of the beam specimens tested conforms to that reported in the literature, with
reductions in the ultimate capacity, deflection capacity and stiffness upon increasing corrosion.
Also, the results of this experiment clearly indicated a dramatic shift in the nature of the failure
of corroded RC beams. Specifically, it was observed that as corrosion increased, the failure
mode of the beams shifted from predictable ductile flexure failures at mid-span, to more brittle

failures near the support.
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Chapter 1

INTRODUCTION

1.1 'The Problem of Corrosion

Reinforced concrete (RC) is a widely used construction material in the world today and is
generally very durable, yet there have been many occurrences of failures of such structures
due to the corrosion of its reinforcement, as shown in Figure 1-1. One American study
estimated that in 2001, there were approximately 235,000 RC bridges in that country, and
over 21,000 of those were rated as structurally deficient and the leading cause of deterioration
for many of these deficient bridges is attributed to chloride-induced corrosion (Koch et al,,

2001).

Figure 1-1: Parking garage failure due to corrosion (Feld and Carper, 1997).



The depassivation of the reinforcing steel can be attributed to either the ingress of chlorides
or carbonation and leads to rapid corrosion. The corrosion of steel in concrete is one of the
leading causes of deterioration of RC. The corrosion of steel results in the reduction of the
cross-sectional area of the rebar, which in tum reduces the steels ductility and strength. The
products of corrosion occupy roughly 3 to 6 times the original volume of steel, which exert
tensile forces within the concrete causing the concrete to crack and spall, resulting in a

reduction of the steel-concrete bond.

Corrosion in RC structures poses a real problem with serious consequences. These include
the degradation of the aesthetics and/or serviceability of a structure and the structural

performance and its safety, all of which involve costly repairs.

Corrosion is possibly the most pressing durability query of RC. Currently, there is no suitable
method by which to predict the behaviour and more importantly, the load-carrying capacity
for beams deteriorated by corrosion of the reinforcing steel. Furthermore, partial steel-to-
concrete bond loss due to corrosion is not accounted for in conventional codes of practice.
A better understanding of the effects of corrosion on RC would no doubt aid in the

development of new models to predict the residual strength of RC beams.

1.2 Objective and Scope

The objective of this project is to study how progressive corrosion affects reinforced
concrete beams. Specifically, the aim is to investigate both qualitatively and quantitatively the
changes in flexural crack development, mode of failure, stiffness, ductility, toughness, and
load-carrying capacity of RC beams. The intention is to add to the body of knowledge and

broaden the understanding concerning the global behaviour of corroded RC beams in order




to facilitate the development of a numerical model to predict the behaviour of RC beams
with corroded reinforcement that considers the effect of a partial loss of bond, which will be

the focus of future work.

To this end, existing research on the subject of bond strength of corroded reinforcement is
reviewed with the goal of establishing a numerical relationship between bond strength and
load-carrying capacity. Experimental studies have indicated that bond properties should be
studied and modeled, as bond directly affects ductility, which is associated with the mode of

failure and ultimate capacity (Coronelli and Gambarova, 2004).

1.3 Thesis Layout

This thesis contains eight chapters, starting with a brief introduction and an examination of
the literature. The experimental program is then outlined along with a description of the
methods of testing. The results of each test program are then presented separately followed
by a discussion and analysis section where comparisons and correlations are established. The

report is then summarized and concluded.
The following is a more detailed overview of each chapter:

First, chapter 1 sets the stage with an introduction to the problem of corrosion, which
illustrates the need for continued research into its effects. The introduction also specifies the

objectives and scope of the project.

Chapter 2 is dedicated to presenting some essential background information that includes the

fundamentals of corrosion, flexure theory, and bond strength.



The literature review is presented in chapters 3 and 4. Chapter 3 highlights some of the
works concering the effects of corrosion on RC beams. Chapter 4 examines studies of the

way In which corrosion affects bond strength and presents some numerical models for the

calculation of residual bond strength.

Following this, chapter 5 introduces the experimental program to the reader and provides
details concerning specimen identification; materials used; the procedures for constructing,

curing, and accelerating corrosion; and the test methods used to study various phenomena.

Chapter 6 presents the findings and observations from the various tests performed
throughout the experiment. The results for each test are reported separately in this chapter
followed by an analysis of the data in chapter 7, where the findings are observed and studied

as a whole, making comparisons and correlations.

Chapter 8 ends the thesis with a summary and conclusions. Included in this chapter is a
discussion regarding recommendations for future research in an attempt to answer the

question of where we go from here.



Chapter 2

CORROSION BASICS

2.1 Introduction

Corrosion is one of the most, if not the most, pressing durability queries of RC. The
following sections report on the fundamentals of some aspects of corrosion, including the
conditions that lead to corrosion and factors that influence the rate of corrosion, with the
focus on corrosion initiated by chloride ions, as this was the mechanism used to initiate

corrosion for the experimental work.

2.2 Conditions for Corrosion

Corrosion of steel in concrete occurs only when both anodic and cathodic reactions are
possible. An anodic reaction requires the depassivation of the steel bar, while oxygen must be
available at the surface of the steel bar for a cathodic reaction. For these reactions to be
possible, there must be conditions that allow a flux of ions and electrons between the anode
and cathode. Ions are transported through the environment or electrolyte, while electrons

migrate via a metallic connection (Hunkeler, 2005).

2.3 FElectrochemical Process

Corrosion 1s an electrochemical reaction wherein electrons flow from the anodic to the

cathodic sites in the presence of both water and oxygen. Equation 2-1 and Equation 2-2



represent the anodic and cathodic reactions respectively and these reactions are illustrated in
Figure 2-1. The Addition of Equation 2-1 to Equation 2-2 results in Equation 2-3. The
product of Equation 2-3 is ferrous hydroxide, which forms on the surface of the iron. At the
outer surface of this oxide layer, oxygen reacts with the ferrous hydroxide to form hydrous
ferric oxide or ferric hydroxide, as represented by Equation 2-4. Ferric hydroxide then
becomes hydrated ferric oxide as represented by Equation 2-5. These reactions are ilustrated
in Figure 2-2. The majority of ordinary rust consists of hydrous ferric oxide and is orange to

red-brown in colour (Roberge, 2000).
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Figure 2-1: The anodic and cathodic reactions (Broomfield, 1997).

E quation 2-1 Fe— Fe’' +2e (Anode)

Equation 2-2 %OZ +H,0+2e —2(0H) (Cathode)

Equation 2-3 Fe’* +20H — Fe(OH), (Ferrous hydroxide)
Equation 2-4 Fe(OH),+0,+H,0 - 4Fe(OH), (Ferric hydroxide)
Equation 2-5 2Fe(OH), — Fe,0,-H,0+2H,0 (Hydrated ferric oxide)
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Figure 2-2: Anodic and Cathodic reactions on steel (Broomfield, 1997).

2.4 Concrete’s Defence against Corrosion

Reinforced concrete can be a very durable building material with many inherent qualities to
protect the reinforcing steel from the intiation of corrosion. These qualities include its

resistive nature, a microstructure that serves as a physical barrier against transport processes,

and a hugh alkaline pore solution.

2.4.1 Resistivity of Concrete

The resistivity of concrete is an important factor in the corrosion process and is determined
by the moisture content and pore structure of the concrete and the composition of the water
in 1ts pores. The conduction inside concrete occurs mainly through the movement of ions in

the pore solution. These ions include, Na+, K +, OH-, SO42-, and Ca++ (Gueet al,, 2001).

The value of the electrical resistivity of the pore solution in cement paste typically ranges
from 25 to0 35 Qcm. On the other hand, the resistivity of standard aggregates used in

concrete ranges from 105 to 1014 Qcm, making them good insulators.



Moisture content greatly affects the electrical resistivity of concrete such that the resistivity of
air-dried concrete and moist concrete ranges from 0.6 to 1.2 MQcm and from 2.5 to 4.5

kQcm respectively (Gu et al., 2001).
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Figure 2-3: Conductivity as a function of relative humidity (Hunkeler, 2005).

Resistivity can be understood by studying its reciprocal, which is the conductivity of
concrete. Figure 2-3 plots the relationship between conductivity and relative humidity,

showing that the conductivity is zero when the relative humidity is between 40 and 80%
(Hunkeler, 2005).

2.4.2 Transport Processes in Concrete

The corrosion process not only requires the movement of electrons, but also the transport of
gases (02, CO2), ions (CL-), and water. Good quality concrete will physically impede the
movement of these substances and protect the reinforcing steel aganst corrosion. The
transport of the gases, ions and water depends on the transport mechanism, the concrete

properties, the binding between the substance being transported and the hydrated cement



paste, and the microclimate at the surface of the concrete. This is summarized in Figure 2-4

(Bertolini et al., 2004).
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Figure 2-4: Primary factors involved in the transport process in concrete (Bertolini et al., 2004).

The motivation of these substances is caused by pemreation (gradients of pressure), diffusion
(gradients of concentrations), apillary fores (inside the cement paste), and mgration (resulting

from electrical potential gradients). This is outlined in Table 2-1 (Bertolini et al., 2004).



Table 2-1: Transport processes in concrete (Hunkeler, 2005).

Type Driving Force Pores
Concentration gradient d
Partial pressure difference dp
or >
Diftusion Filled with air or water
(gases and ions) PY PY
X
o o o
Surface tension s
Contact angle g
Capillary suction . oy
(liquids) Filled with air
Permeation . oy
(gases and liquids) Filled with air or water

According to Malhotra and Carino (2004), there are five key principles that must be
understood when describing the movement of aggressive substances through concrete; these

principles are described below:

Adsomption - The process by which molecules are attracted to the internal surfaces of

concrete. This can be from either chemical bonds or the forces of adhesion (Le. van der

Waals force).

A bsorption - The process by which the concrete pores are filled with a liquid by capillary

suction. The rate at which liquid is taken in is known as absorptivity or sorptivity.
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Diffusion — The process by which liquids, gases, or ions are motivated through concrete by
way of a molar concentration gradient. This process is described by a diffusivity value or a

diffusion coefficient.

Pemeability - An inherent concrete property that describes the resistance of a flud

penetration that is motivated by way of a pressure gradient. This is often confused with

PpOrosity.

Porosity - 'This is the proportion of the total volume that is occupied by pores, usually

expressed as a percentage.

2.4.3 Passive Layer

Another important characteristic of concrete is the high alkalinity of the pore solution, which
is comprised of mainly sodium and potassium hydroxides, with a pH ranging from 12.6 to
13.8. At this pH level, a protective (or passive) film is spontaneously formed during the early
stages of cement hydration. This passive film may grow to a thickness of the order of 10° to
10" pm and contains hydrated iron oxides. The theory of the existence of this passive layer is
based only on indirect evidence of anodic polarization measurement. There is still much to
be learned conceming this passive film, such as the conditions of its formation, and its
chemical and mineralogical composition. It is possible that this passivating film consists of
several phases (Ramachandran, 2001).

11



2.5 Chloride-Induced Corrosion

The steel can be depassivated by chloride ions or the process known as carbonation'. The
introduction of chlorides into concrete can occur by way of contamination or additives in the
original mix or through environmental exposure (e.g. de-icing salt). Chlorides introduced to
the original mix initiate corrosion immediately, whereas chlorides mtroduced from an

external source accumulate over time, eventually leading to a condition where corrosion is

initiated (Gu et al,, 2001).

According to Hunkeler (2005), the negative effect of chlorides on RC is fourfold:

A reduction of the solubility of Ca(OH), resulting in a lowered pH of the pore water.

e An increase in the moisture content of the concrete due to the hydroscopic nature of

salts (e.g. NaCl, CaCl,).
e A rise in the electrical conductivity of the concrete.

o The destruction of the passive layer making corrosion possible.

2.6 Mechanisms of Chloride Attack

The way in which chloride ions depassivate reinforcing steel is currently under speculation.
According to Gu et al. (2001), there are three modern theories that propose the mechanisms

of the chloride attack on reinforcing steel. A short summary of each theory is provided

below:

' Carbonation of concrete is caused by the chemical reaction of atmospheric carbon dioxide (CO.) and the
alkaline components of the cement paste (e.g. NaOH, KOH, Ca(OH), and calcium-silicate hydrates) in
the presence of water which tend to neutralize the alkalinity of the concrete (Hunkeler, 2005).

12



The Oxide Film Theory ~The oxide film is thought to be responsible for the passivity of the
steel. As chloride ions can penetrate the oxide film easier than other ions (such as SO7),

they eventually form colloids and disperse the oxide film, making it more suscepuble to

COorrosion.

The A dsorption. Theory — This theory holds that chloride ions in competition with oxygen or
hydroxyl ions are adsorbed to the reinforcing steel. The chloride ions promote the hydration

of iron ions, facilitating corrosion.

The Trrsitory Complex Theory — This theory states that chloride ions become incorporated in
the passive film, replacing some hydroxides. This process increases the conductivity and

solubility of the passive layer, thus reducing its protective qualities.

2.7 Deterioration Process
The deterioration process of RC beams can be divided into four stages:

Stage I - Marked by the initiation of corrosion when the reinforcing steel is depassivated by

either a chloride or a carbonation attack.

Stage II - Denoted by the propagation of corrosion, which leads to the cracking of the

concrete and rust staining on the surface.

Stage IIT - Indicated by cracking and delaminating of the concrete, accelerating the rate of

corrosion due to the increased accessibility of moisture and chlorde ions.

Stage IV - Typified by spalling of the concrete cover, exposing the reinforcing steel to the full

impact of the corrosive environment.

13



These four stages are illustrated in Figure 2-5 (Higgins et al., 2003).
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Figure 2-5: Illustration of the four stages of the deterioration of RC beams (Higgins et al., 2003).

The structural consequences of corrosion, such as a reduction in the rebar cross-sectional
area and the mechanical properties of the steel, are shown in Figure 2-6. The products of
corrosion cause tensile stresses in the concrete that produce cracks, spalling, and/or
delamination, resulting in the deterioration of the steel-concrete bond. These effects are

initiated by corrosion and their severity increases over time (Bertolini et al., 2004).

Reduction in Cross o | Elongation
Section of Rebar
| Fatigue Strength
Effects
of
Corrosion | Bond Strength
> Cracking of 1 Corrosion Rate
Concrete
Concrete
Spalling/Delamination

Figure 2-6: The effects of corrosion on RC structures (Bertolini et al., 2004).
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These consequences of corrosion can ultimately lead to the failure of a structure. A disaster
of this nature can be extremely costly to society due to the loss of time, revenue and property
upon the removal and disposal of the debris and replacing of the structure. More
importantly, there is a potential for loss of life in the event of a structural failure (MacGregor

and Bartlett, 2000).

In order to avoid a catastrophic failure, engineers must be able to determine when a
deteriorated structure requires repair or replacement. The strength of a RC member with
corroded reinforcement cannot be determined by conventional cross-section analysis due to
the loss in both the bond strength and bond rigidity; as well as the reduction of the

mechanical properties of the reinforcing steel (Lee et al., 2002).

Currently, there is no suitable method to assess the reduction in the load-carrying capacity of
a corroded RC beam. Therefore, a new method of evaluating the strength of RC members
damaged by reinforcement corrosion is needed. This method should consider the reduction

of the bond and mechanical properties of the corroded steel.
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Chapter 3

THE EFFECTS OF CORROSION ON
REINFORCED CONCRETE BEAMS

3.1 Introduction

It is known that the load-carrying capacity of reinforced concrete (RC) beams is reduced with
increasing corrosion. Numerous published papers have focused on measuring this reduction
as well as analysing changes to the structural response of RC beams. This section provides an
overview of the fundamentals of conventional flexural theory and highlights a selection of

research papers discussing corroded RC beams.

3.2 Flexural Theory

The basic design requirement of RC beams simply states that the factored resistance must be
greater than or equal to the effect of factored loads (Le. M, = Mj, where M, represents the

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

factored loads).

For conventional RC beam analysis and design, two requirements must be satisfied. The first
is that at any given point, the stress must correspond with the strain (except in the case of
short, deep beams). This is also known as stress and strain compatibility. The second
requirement is that the internal forces must be in equilibrium. The stresses and forces in a

rectangular beam are llustrated in Figure 3-1 (MacGregor and Bartlett, 2000).

16




| < b S ' —Neutral Axis

C, =¢.ap fbc

a
d=d-<
! 2
_____________ .S, :
00| /[ —> »1, =¢.A.f,
a) Cross-section b) Aclqal S_tress <) Equiva1th R.ecta.ngular
Distribution Stress Distribution

Figure 3-1: Stresses and forces in a singly RC rectangular beam? (Mac Gregor and Bartlett, 2000).

When a simply supported beam is loaded and the stresses at the bottom reach the tensile
strength of the concrete, the beam cracks and its curvature increases. At this point, the tensile
force is transferred to the reinforcing steel, reducing the stiffness of the beam. The curvature
¢ of the beam is the angle change over a defined length and is calculated by Equation 3-1,

where ¢ is the strain at distance y from the neutral axis (MacGregor and Bartlett, 2000).

Equation 3-1 ¢= £
This curvature can be plotted with its corresponding load level in what is known as a
moment-curvature diagram. A simply supported RC beam is typically assumed to reach its

maximum capacity when the slope of the moment-curvature diagram equals zero

(MacGregor and Bartlett, 2000).

? Please Note: The symbols used in Figure 3-1 are summarized in Appendix A.
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3.3 Selected Research

3.3.1 Uomoto and Misra

Uomoto and Misra (1988) investigated the influence of longitudinal cracking on beams and
columns. The reinforcement was corroded by adding chlorides in the concrete mix and
impressing a current ranging from 280 to 380 wA/cm’ overa 7 to 14 day period. The beams
tested had dimensions of 200 x 100 x 2100 mm and were reinforced with 2-6 mm diameter

top bars and 2-16 mm diameter bottom bars.

These beams failed when the compression-concrete crushed and the top bars buckled.
Uomoto and Misra found that a weight loss in the tension reinforcement ranging from 1 to
2.4% resulted in a 4 to 17% reduction in the load-carrying capacity. These researchers
attributed this reduction in the capacity of the beams to a decrease in the reinforcement area

and concrete cracking (Uomoto and Misra, 1988).

3.3.2 Al-Sulaimani et al.

Al-Sulaimani et al (1990) conducted tests to determine the manner in which cracking and
reinforcement corrosion affect the behaviour of the steel-concrete bond. For this purpose,
tests were performed on pullout specimens and 24 beam specimens having dimensions of

150 x 150 x 1000 with a 12 mm diameter bottomreinforcing bar.

Corrosion was induced by the application of a constant current density of 2 mA/cny’. The
behaviour of the beams was observed at four stages of corrosion: no corrosion, pre-cracking

corrosion, corrosion at the appearance of the first visible cracks, and post-cracking corrosion

(Al-Sulaimani et al., 1990).
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Table 3-1: Test results for beams failing in flexure (series IV) (Al-Sulaimani et al., 1990).

Beam Cross-section Loss (%) Ultimate Load (kN)

1 0.00 47.0
2 0.00 47.2
3 0.65 47.0
4 1.50 47.3
5 243 46.8
6 3.50 46.1
7 494 46.3
8 6.30 45.6
9 7.10 44.0
10 9.35 42.1
11 8.93 42.5
12 10.36 422

For the beams designed to fail in flexure (series IV), adequate development length and shear
stirrups were provided to prevent bond or shear failures. The results of this portion of the
experimental work are shown in Table 3-1. The ultimate load at 0% corrosion was found to
be 47.0 kN and 47.2 kN. Figure 3-2 summarizes the findings of Al-Sulaimani et al. and
graphically illustrates how the ultimate load is affected by steel cross-section loss (Al

Sulaimani et al.,, 1990).

For each beam tested, 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.
This observation confirmed that the failure of the beams in series IV was due to the yielding
of steel and was not a bond failure (Al-Sulaimani et al., 1990).

Furthermore, since the bond stress was less than the ultimate bond stress, Al-Sulaimani et al.
(1990) 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.
As this conclusion was reached many years ago, it is contradicted by many researchers today

(Mangat and Elgarf, 1999; AF-Negheimish and Al-Zaid, 2004; Castel et al,, 2000b).
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Figure 3-2: Reduction of ultimate load in terms of cross-section loss (Al-Sulaimani et al., 1990).

3.3.3 Cabrera and Ghoddoussi

Cabrera and Ghoddoussi (1992) researched 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. The main tensile reinforcing bars were corroded by
applying an unknown current density. The 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 (Cabrera and Ghoddoussi, 1992).

3.3.4 Eyre and Nokhasteh

Eyre and Nokhasteh (1992) examined the behaviour of concrete beams 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. Moreover, after a critical un-bonded length, the beams failed by

the concrete crushing, regardless of steel ratio.
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This led Eyre and Nokhasteh to propose an algebraic method for predicting the ultimate
strength of corroded RC beams. However, according to Maaddawy et al. (2005a), 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.

3.3.5 Huang and Yang

Huang and Yang (1997) carried out tests that illustrate the relationship between the corrosion
of RC beams and load-carrying capacity. Beams of 150 x 150 x 500 mm, reinforced with two
6 mm bottom bars were corroded by immersing them in sea water and applying a current of
5 A/ c’. The two specimen types used were beams without cracks (type S) and beams with a
middle surface crack (type K), and the two concrete mix designs used were mix A and mix B,

having a water to cement ratio (w/¢) of 0.4 and 0.3 respectively.

Figure 3-3 and Figure 3-4 show the relationship of corrosion to stiffness and ultimate
moment for concrete types A and B. The reduction in load-carrying capacity as corrosion
thickness increased was more significant in beams with a low w/c or predetermined cracks
(mix B or type K). Huang and Yang 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 (Huang and Yang, 1997).

The fact that the beams made with a lower w/c (which makes for a higher strength
concrete), displayed a less favourable response seemed to be counter-intuitive. The authors
addressed this and explained the behaviour by saying that, “...lower water/cement ratio

concretes have smaller pores, which show lower energy-absorbing capacity”, and that after

21



cracking, beams made of high strength concrete may fail before ones of low strength

concrete (Huang & Yang, 1997).
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Figure 3-3: (a) Effect of corrosion on stiffness and (b) effect of corrosion on ultimate moment
(AS - beams without cracks and AK - beams with a middle surface crack)
(Huang &Yang, 1996).
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Figure 3-4: (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)
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In terms of pore size, a supplementary explanation is available. That is, 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).

3.3.6 Rodriguez etal.

Rodriguez et al. (1997) completed experimental work on 31 beams with dimensions of 200 x
150 x 2300 mm and 200 x 150 x 2050 mm. In order to study the interaction between
corrosion and loading, Rodriquez et al. varied the corrosion and the detailing of the
reinforcement. Corrosion was accelerated by adding 3% calcium chloride by weight to the
mixing water. After 28 days of curing, a current of 100 uA/cm?’ was applied for 100 to 200
days.

The study revealed 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. It was also observed that corrosion could
change the type of failure experienced by RC beams with typical reinforcement ratios. In this

case, un-corroded beams failed mostly by bending and corroded beams failed mostly by

shear.

Figure 3-5 depicts the types of failures that were observed by Rodriguez et al. (1997) when

testing corroded beams, as detailed below
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Type 1 - occurred in both corroded and un-corroded beams with a low tensile reinforcement

ratio.

Type 2 - was produced in beams with un-corroded tensile reinforcement of a high ratio and

most corroded beams with a high ratio of shear reinforcement.

Type 3 - occurred in nearly all beams having a high ratio of corroded tensile bars and large

stirrup spacing,

Type 4 - was found in corroded and un-corroded beams with curtailed tensile 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.

Figure 3-5: Illustration of types of failures of beams with corroded reinforcement
(Rodriguez et al., 1997).

Moreover, 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 can 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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3.3.7 Mangat and Elgarf

Mangat and Elgarf (1999a) carried out an extensive research program on 111 under-
reinforced concrete beams in order to study their residual flexural capacity after being
subjected to various levels of corrosion. Corrosion was induced at four different rates by
applying a current of either 1, 2, 3, or 4 mA/cm’. Nine groups of beams were fabricated,

having dimensions of 100 x 150 x 910 (Mangat and Elgarf, 199%a).

Load-deflection relationships were then developed, showing that when the degree of
corrosion is greater than 2.5%, load-deflection curves become dependant on the rate of
corrosion. In light of this, the researchers 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, 1999a).

The rate of corrosion was also found to have an affect on the flexural load capacity. When
corrosion is less than 3.75%, the rate of corrosion has little influence on the residual strength.

Conversely, when corrosion is greater than 5%, an increase in the rate of corrosion greatly

reduces the flexural strength of RC beams (Mangat and Elgarf, 1999a).

Regression analysis of the experimental data led to the proposal of a numerical relationship
between residual flexural strength and the level of corrosion, as seen in Equation 3-2, where

B is the percent flexural load capacity, R is the rate of corrosion in mm/year, and ¢ is the

elapsed time in years after corrosion initiation. The expression 2% in Equation 3-2 is the
b

formula for the degree of corrosion as a percentage reduction in bar diameter. This equation

is plowted n Figure 3-6 (Mangat and Elgarf, 1999a).
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b

Equation 3-2 B = {1 —sin 2(7 2th HIOO%

Mangat and Elgarf (1999a) were able to write Equation 3-2 in terms of corrosion current

density i, , deriving Equation 3-3. The researchers claim that this equation can be used to

create nomograms for determining the residual strength of beams with corroded

reinforcement (Mangat and Elgarf, 1999).
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Figure 3-6: Relationship between degree of corrosion and flexural strength (E quation 3-2).
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Figure 3-7 plots Equation 3-3 for 20 mm bars and rates of 60, 70, 90, and 100 yA/cm’. An
error seems to occur when 1, equals 100 uA/cm” where the predicted flexural strength
increases to correspond with 70 wA/cm’. Another problem with this equation arises when

Lo €quals 1 uA/cm?. In this instance, the result will always be equal to 100% since In(1) = 0.
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The effect of the curing time prior to the initiation of corrosion was also investigated in this
study. A number of beams were cured for periods of 16 days, 28 days, 6 months, and 1 year
and then corroded to 5% corrosion (at 3 mA/cny). The residual strengths for all of these
beams were close to 70% of the control beams. This finding allowed Mangat and Elgarf
(1999a) to conclude that the curing period before corrosion (up to 1 year) has no bearing on
flexural strength (Mangat and Elgarf, 1999a).
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Figure 3-7: Plot of Equation 3-3, where d = 20; and icorr = 60, 70, 90, and 100 pA/cm?

It was also determined that corrosion has a significant effect on the deflection and capacity of
RC beams and the reduction in steel cross-sectional area due to corrosion has an insignificant
effect on the residual flexural strength of beams. This reduction of the flexural capacity is
attributed to the reduced steel-concrete bond (Mangat and Elgarf, 1999a), which is in direct
opposition to the position taken by Al-Sulaimani et al. (1990).
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3.3.8 Castel et al.

Castel et al. (2000a & 2000b) conducted long-term experimental research to investigate the
mechanical behaviour of RC beams with corroded reinforcement and published their

findings in two separate parts.

In the first part, four beams with dimensions of 150 x 280 x 3000 mm were studied. These
beams were naturally corroded in a salt fog environment for 14 years in an attempt to
emulate actual field conditions. They were then subjected to three-point loading to determine
their ultimate strength. The average reported degree of corrosion was 10% and the reduction

in flexural strength was 20% with a 70% reduction in ductility (Castel et al.,, 2000a).

Several assumptions were formulated, including the idea that concrete cracks resulting from
compression reinforcement corrosion have an insignificant effect on the global behaviour of
RC beams. The authors did acknowledge, however, that other researchers have established
that this type of cracking can reduce the flexural capacity by causing compressive concrete

splitting (Castel et al., 2000a).

The researchers also proposed 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%. Thus, 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.,
2000a).
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Additionally, the reduction of ultimate strength was found to correspond to the average
maximum steel cross-section loss (20%). Therefore, Castel et al. (2000a) concluded that the
reduction in steel-concrete bond had an insignificant effect on the ultimate behaviour and

thus the residual capacity can be determined by considering the reduction of steel alone.

The purpose of the second part of this study was to further explore the separate and coupled
affects of bond stress and a decrease in steel cross-sectional area. Beams with similar
dimensions to those in the first part of the study were used to facilitate this second part.
Bond loss was simulated by notching the concrete and exposing the reinforcing bar, while a
corrosion-pitting attack was simulated by using a grindstone to create local indentations on

the steel surface (Castel et al., 2000b).

Upon analyzing the data, the researchers hypothesized that pitting corrosion located between
flexural cracks has little influence on the global behaviour of RC beams when bond strength
is not modified. Conversely, when both bond strength and steel cross-section were reduced
in their study, the global behaviour of RC beams was greatly altered. This was attributed to
the increase in steel stress at the crack location, due to the reduction of both steel cross-

sectional area and tensile concrete contribution (Castel et al., 2000b).

In sum, these researchers concluded that the corrosion of RC beams is always a, “... coupling
phenomenon between steel cross-section reduction... and loss of bond strength.” For this
reason, both effects must be considered when attempting to predict the residual strength or

non-fragile behaviour (Castel et al., 2000b).
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3.3.9 Wangetal

Wang et al. (2000) tested beams having dimensions of 100 x 150 x 1170 mm, reinforced with
one 19 mm diameter bottom bar. The reinforcement was corroded by exposing the beams to
a NaCl solution and impressing current. The beams were simultaneously corroded and
loaded, using either sustained or previous (cyclic) loading. Details conceming specimen

names and their loading type are summarized in Table 3-2.

Table 3-2: Specifications of beams tested by Wang et al. (2000).

Specimens Flexural Loading Ponding External Current
(% of Ultimate Load*) (Stage I) (Stage 1)
APOG 0 % load No No
NP45 45% previous load 3% NaCl - 50 days after ponding
NP75 75% previous load 3% NaCl  ~ 50 days after ponding
NS45 43% sustained load 3% NaCl -~ 50 days after ponding
NS75 75% sustained load 3% NaCl -~ 50 days after ponding

* The ultimate flexural load =41 kN.
The researchers found that at higher loading levels, the corrosion initiation time was reduced
while corrosion propagation was more severe. In addition, sustained loading had a more

significant effect on the rate of corrosion than did cyclic loading and the rate of corrosion

was increased with higher load levels for both types of loading (Wang et al., 2000).

These findings can be explained in terms of the access chloride ions had to the reinforcing
steel. At higher loading levels, crack widths are wider and thus allow for an easier ingress of
chloride ions. Additionally, these cracks are continuously open and widening with sustained
loading, facilitating the migration of the chloride ions. In contrast, cyclic loading causes these
cracks to constantly open and close giving chlorides intermittent access, which results in a

relatively slower rate of corrosion (Amleh, 2005).
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Figure 3-8 graphs the residual flexural capacities of the beams tested. Wang et al. (2000)
reported that the residual strength of the beams subjected to sustained loading was lower
than that of the beams subjected to cyclic loading, and the remaining capacity of the beams
subjected to 75% of the ultimate load was lower than that of the beams exposed to 45%. The
researchers also observed that as the rate of corrosion increased, the mode of failure shifted

from shear to bond splitting,
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Figure 3-8: Remaining flexural capacities of beams (Yoon et al., 2000)3.

It is worth pointing out that the residual strength of the corroded beam NP45 was found to
be significantly stronger than the undamaged beam APOO, which may indicate a possible
error in this experiment (Amleh, 2005). Although the researchers did not provide an
explanation for this, they did mention that a second APOO specimen that was tested with the
use of external stirrups achieved an increased ultimate load of 70 kIN. However, according to
Amleh (2005), 70 kN cannot be used to reference the other test specimens unless the

experiment is repeated with the same external reinforcement applied to all the beams.

* The research by Wang et al. was also published under Yoon et al.
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3.3.10 Ballim and Reid

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
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Figure 3-9: Effect of corrosion on the deflection ratio of RC beams. Series I - loaded to 0.23Pu.
Series II - loaded to 0.34Pu (Ballim & Reid, 2003).

Figure 3-9 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).
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3.3.11 Maaddawy et al.

Maaddawy et al. (20052) published a report on determining the flexural behaviour of
corroded RC beams, the main objective of which was to model the deflection of RC beams.
In this study, deflection was not determined from the curvatures of beam sections, but rather
from the elongation of the steel reinforcement between flexural cracks. Their research led
Maaddawy et al. to propose a model that accounts for reductions in both bond strength and

steel cross-sectional area.

This model assumes beams to be comprised of a series of elements with a length equal to the
mean crack spacing, which are subjected to a constant pure bending moment and have a
single crack (initiated when the applied moment exceeds the cracking moment) located at the
middle. The stress and strain of the tensile steel are the highest at this crack location. Some of
this stress and strain are transferred to the concrete via the concrete-steel bond, thus

reducing the steel strain and elongation, which in tum decreases the beam deflection

(Maaddawy et al., 2005a).

The model also assumes that the bond stress distribution is uniform over the length of each
element and its direction is reversed at the centre of the element. The maximum bond stress
is estimated by considering the contributions of both concrete and stirrups to the bond

strength and a reduction factor is employed to account for corrosion (Maaddawy et al,

20054).

This factor is based on experimental work (conducted by Saifullah and Clark), yet it may be
suitable only for laboratory situations. This is because the reduction factor is dependent upon

the current density applied to induce corrosion, which does not occur in the field. Therefore,

* The publication year is not provided in Maaddawy et al. (2005).
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while this bond model might be acceptable for the experimental work in this case, a different

model should be considered for the assessment of beams with un-accelerated corrosion.

This model uses bond strength to establish the mean crack spacing and steel elongation for
RC beams. Beam deflection is then based on the calculated steel elongation and thus the
prediction of deflection is dependant on bond strength. On the other hand, the way in which
the maximum capacity of the beam is determined does not consider bond strength.
Specifically, it is calculated using conventional strain compatibility equations once the strain

in the extreme fibre of concrete reaches the limiting compressive strain.

Since the maximum capacity is determined using the limiting compressive strain, its value will
be affected by reductions in compressive strength of the concrete in the compressive zone.
Yet, this model fails to take into account the reduction of concrete compressive strength

resulting from micro-cracking due to corrosion.

In sum, the model proposed by Maaddawy et al. (2005a) is suitable for determining the load-
deflection curve of a corroded beam and the reduction of load-carrying capacity (the load at
which the steel yields) can then be inferred from this curve. However, indirectly determining
the ultimate capacity in this manner may by inaccurate since the reduction in bond strength is
not directly considered. It is important not to ignore bond strength, since its reduction can
cause an anchorage failure and the forces transferred from the concrete to the tensile steel

may not be sufficient to cause the steel to yield.
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Chapter 4

BOND BETWEEN CONCRETE AND
REINFORCING STEEL

4.1 Introduction

Conventional flexural theory of RC beams presumes a complete transfer of tensile stresses
from the concrete to the reinforcing steel. This transfer is only possible by way of the steel-
to-concrete bond, and therefore, a reduction in bond strength will result in a decrease of
flexural capacity. This relationship marks the vital role bond strength plays in the

development of the ultimate load-carrying capacity of corroded RC beams.

4.2 Bond Basics

The primary mechanism of bond is the mechanical interlocking between concrete and bar
deformations. The strength of the bond is greatly influenced not only by the deterioration of
the nibs on the reinforcing steel, but also by the reduced cohesion and adhesion at the surface
of the steel due to the widening of splitting cracks caused by corrosion products. Specifically,
bond strength at the steel-concrete interface rapidly decreases when the corrosion level
increases. This is particularly the case when there is highly localized corrosion, which causes a
major reduction of the interlocking forces between the ribs and concrete keys (Amleh and

Mirza, 1999).
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4.3 Selected Research

Many researchers are working towards the development of an accurate model to predict
bond strength with respect to corrosion. Both residual and ultimate steel-concrete bond

strengths have been the subject of many published papers, a few of which are discussed

below.

4.3.1 Amleh and Mirza

Amleh and Mirza (1999) concluded that as the level of corrosion increases, the number of
transverse cracks decrease until they become negligible. In addition, these researchers found
that a 4% weight loss of steel resulted in transverse cracks and a bond loss of 9%.
Conversely, a weight loss of 17.5% corresponded to a 92% loss of bond with no transverse
cracks. As the level of corrosion increased, the widths of these transverse cracks also

increased, indicating a reduction of steel-concrete bond.

4.3.2 Al-Negheimish and Al-Zaid

Al-Negheimish and Al-Zaid (2004) conducted research on the manner in which the
manufacturing process of deformed bars affects bond behaviour. Their investigation
included an assessment of the bond characteristics of hot-rolled and quenched bars, which
showed consistent ultimate bond strength trends. That is, increasing corrosion resulted in an
initial decrease, followed by a gradual increase and then a rapid loss of bond strength at the
end. Al-Negheimish and Al-Zaid (2004) also observed that for a mass loss of approximately
1.5%, all of the bars tested showed similar final bond strength reductions of approximately
10%. While the quenched bars experienced the greatest mass loss, this did not adversely
affect the bond behaviour.
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4.3.3 Romagnoli et al.

Romagnoli et al. (2002) reported that an increasing water to cement ratio resulted n a
decrease in bond strength between the steel and concrete mortar, which was attributed to the
increasing porosity of the cement paste. This is because as the porosity increases, a greater

number of locations that lack binding material exist on the surface of the steel.

4.3.4 Fang etal.

Fang et al. (2004) performed pullout tests in order to evaluate the influence of corrosion on
bond in RC. It was found that specimens with deformed bars that had stirrups responded
minimally to corrosion. That is, at 6% corrosion, the bond strength was reduced by only
12%. The researchers explained this by stating that the confinement supplied was sufficient

to enable the retention of bond strength.

Conversely, they reported that bond strength was very sensitive for specimens with
deformed bars having no stirrups, such that when the corrosion level C, was 9%, the bond
strength was reduced by 66%. The corrosion level was calculated using Equation 4-1, where

G, is the initial weight of the un-corroded bar, G is the weight of the bar after the removal

of corrosion products, g, is the weight per unit length of the bar, and / is the bond length

(Fang et al, 2004).

G,-G
g/

Equation 4-1 C, = 100%
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4.3.5 MacGregor and Bartlett
According to MacGregor and Bartlett (2000), the average bond stress 7, at failure in a

beam is calculated by Equation 4-2, where R is measured from the centre of the bar to the

closest surface, d, is the diameter of the bar, and f is the compressive strength of

concrete. This equation is intended for a pristine beam and assumes no corrosion.

Equation 4-2 T g = 0'5\/7:‘(56 _%]
'y

4.3.6 Cabrera

Cabrera (1996) investigated the manner in which the rate of corrosion affects cracking and
bond behaviour and developed a numerical model to predict the bond stress. The test
specimens consisted of RC slabs, RC beams, and concrete cubes with a centrally located bar.
Corrosion was accelerated by the application of various currents and was followed by either

flexural or pullout tests. This yielded experimental data with a trend line represented by

Equation 4-3, where 7 is the bond strength in MPa and C,, is the percent corrosion.
Equation 4-3 7=23478-1.313-C,,

The level of corrosion C, for this relationship (and later Equation 4-11 and Equation 4-12) is
taken as the percent mass loss and is computed using Equation 4-4, where 72 denotes mass

and the subscripts 7 and @r represent the initial and corroded stages respectively.

m,—m
Equation 4-4 C,, =—=-100%
m,

1
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4.3.7 Stanish et al.

Stanish et al. (1999) conducted research on one-way slabs measuring 350 mm (width) by 150
mm (thickness) with a span of 1300 mm. Based on the experimental program and
subsequent mathematical analysis, the peak bond strength at various corrosion levels was

estimated.

The bond strength was normalized (or divided by the square root of the 28 day compressive
strength \/Z' of the concrete) and plotted against the percent mass loss m, for all

specimens. After a linear regression analysis was performed with a 95% confidence limir, the

mean predictor equation (Equation 4-5) and the lower 95% confidence level equation

(Equation 4-6) were obtained, where the bond strength z and f, are both in MPa (Stanish

etal, 1999).
-
Equation 4-5 ——=0.77+0.027m,, (Mean Predictor Equation)
T
Equation 4-6 F =0.63+0.041m,, (Lower 95% Confidence Limit)

The mass reduction percentage m,, is determined by Equation 4-7, where V' denotes
volume. In terms of residual bar diameter, Equation 4-7 simplifies to Equation 4-8, where
Ad is the change in bar diameter, d_,, is the diameter after corrosion, and d; is the

diameter prior to cracking,

M .100% = Leer100%
m; V.

4 L

Equation 4-7 m,, =
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2
Equation 4-8 m, = (1 —%j -100% = 2 ~%d~100%

i 1

By substituting Equation 4-8 into Equation 4-5 and Equation 4-6, the mean predictor
equation becomes Equation 4-9 and the lower 95% confidence level equation becomes

Equation 4-10 (Stanish et al.,, 1999).

2
Equation 4-9 2 ==0.77-2.7 l—ﬂ’fr— = O.75—-5.4—A—fl—
VI d d,
(Mean Predictor Equation)
Equation 4-10 z ==0.63-4.1 l—fl—:"% = O.63~8.2A—d
Vi d; d,

(Lower 95% Confidence Limit)

4.3.8 Lee etal.

Lee et al (2002) examined bond properties between concrete and reinforcement by
performing pullout tests. The concrete specimens were corroded to 0, 3, 15, 20, or 30%
corrosion by applying a direct current of 1 ampere (A). Using finite element analysis

Equation 4-11 was developed to calculate the maximum bond strength 7__, where C, 1s the

max ?

level of corrosion (as per Equation 4-4).
Equation 4-11 r =521 o 00561C,

4.3.9 Chung et al.

Chung et al. (2004) carried out experimental research in order to determine the way in which
corrosion affects bond strength and development length. Concrete slab specimens having

one steel reinforcing bar were corroded to either 1,2, 3, 5, 7, 10, or 15%, with and induced
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current of 12 A at 12 volts direct current. After the analysis of flexural tests, a correction
factor for the ACI development length provisions was suggested. This correction factor is

shown as Equation 4-12, which is an empirical formula for predicting bond strength.
Equation 4-12 r=2.09-C, " (C,, >2%)

Chung et al. (2004) concluded that the empirical equations previously proposed by Cabrera
(in section 4.3.6), Stanish et al. (Equation 4-5), and Lee et al. (Equation 4-11), “...do not
properly capture the gradual bond strength reduction behaviour after 2% corrosion level”
This is because these equations predict the reduction in bond strength to be a linear function

of increasing corrosion, which was challenged by Chung et al.
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Chapter 5

EXPERIMENTAL PROGRAM

5.1 Methodology of Research

The present study involves the construction, corrosion, and mechanical testing of twelve
reinforced concrete beam specimens. For each beam specimen, a pullout specimen was
constructed and exposed to the exact same conditions. Corrosion was initiated and
propagated by impressing a direct current to the tensile steel. The specimens were then tested
at various levels of corrosion. The results from these tests are used to study the changes in

flexural behaviour of corroded reinforced concrete (RC) beams with increasing corrosion.

5.2 Test Specimens

5.2.1 Beam Test Study

To study the relationship between corrosion and flexural strength, a total of twelve beam
specimens (BS) were constructed, the dimensions of which are shown in Figure 5-1. These

specimens had a cross-section of 156 x 176 mm and a clear span of 1000 mm. The concrete

cover of the stirrups (b/) was 30 mm. All twelve beams had two No. 15 reinforcing bars at

the bottom and two No. 10 bars at the top with 6 mm double-leg stirrups along the shear

span at 40 mm spacing,
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Figure 5-1: Geometry of a typical beam specimen (BS) used in this study.

The system for identifying the steel bars closely follows the specimen naming scheme. The
six faces of each beam are named top, bottom, left, right, front, or back, as shown mn Figure
5-2. The bar on the right hand side of the beam with respect to front face is denoted by the

specimen name followed by “- R”, and the bar on left hand side by “- L”, as shown in Figure
5-3.
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Figure 5-2: Illustration of beam face names.

B S 0 8 - R
B =Beam Specimen number R =Right
L = Left

Figure 5-3: Reinforcing steel designation.

Precautionary steps were taken in an attempt to limit corrosion to the reinforcing steel in the

clear span of the beams. One such step was to protect the ends of the reinforcing bars that
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protruded out of the ends of the beams, which were exposed to the electrolyte solution when
the corrosion was accelerated. This was accomplished by epoxy coating and duct taping the

first 60 mm of the bar tips. These tips were also covered with silicone before they were

corroded.

Another measure taken was to protect against the corrosion of the shear reinforcement, as it
was important to prevent the possibility of the beams failing in shear. This was accomplished
by wrapping the bottom comers of the stirrups where they made contact with the tensile
reinforcement with electrical tape in order to electrically isolate each stirrup. This also served

to prevent unwanted corrosion in the top bars.

5.2.2 Pullout Tests Study

In order to correlate the residual strength of the reinforced concrete beams to residual bond
strength, 12 pullout specimens (PS) were constructed. It is possible to obtain a close estimate
of the ultimate bond stress of the tensile steel using a mathematical model found in the
literature. However, this pullout study was conducted using the same materials and exposure

conditions as in the beam study in order to establish the relationship more accurately.

The details of the pullout specimens are shown in Figure 5-4. Each specimen had a pre-
weighed No. 15 steel bar embedded in a concrete cylinder having a diameter of 100 mm and

a height of 200 mm.

The tensile force applied to the reinforcing steel and the area of the embedded length of the

bar are used to calculate the average ultimate bond stress 7,,,. This is shown in Equation

5-1, where P is the maximum tensile force applied, | is the embedded length the reinforcing
steel, and the d, is the diameter of the steel bar.
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Figure 5-4: Typical pullout specimen (PS).

Equation 5-1 T, =

It should be noted that this investigation focuses on the beam study rather than the pullout
study. The objective of the pullout test is only to obtain the bond to corrosion relationship of

the material used given the exposure conditions.

5.2.3 Specimen Designation

The naming of the test specimens is demonstrated in Figure 5-5. The specimens are referred
to using four characters. The first letter indicates whether the specimen is a beam or a pullout

while the third and fourth characters denote the specimen number ranging from 1 to 12.
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B S 0 8
BS = Beam Specimen

PS = Pullout Specimen Specimen number

Figure 5-5: Specimen designation legend

5.3 Matenal Properties

5.3.1 Reinforcing Steel

All deformed reinforcements used for the construction of the beam and pullout specimens
were obtained locally and conformed to the CSA Standard G30.18. All of the steel bars were
deformed with the exception of the 6 mm stirrups, which were plain. These stirrups were
selected for the shear reinforcement due to the small cross-section of the beam, as larger
deformed bars would not meet the requirement for the minimum bend diameter. To
determine the mechanical properties of the 15M tensile reinforcing bars used for this study,
tension tests were performed on six randomly selected bars. These tests returned an average

experimental yield strength and ultimate strength of 550 and 691 MPa respectively.
5.3.2 Concrete
Throughout this experiment, CSA Type 10 or the ASTM Type I normal Portland cement

was used. The properties of the fine and coarse aggregates that were used are

summarized in Table 5-1 and Table 5-2. Due to the close spacing of the reinforcement, the
course aggregate selected was pea gravel, having a nominal maximum size of 10 mm. The
aggregates and the cement used throughout this experiment were manufactured and/or

supplied by LaFarge Canada.
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Table 5-1: Sieve analysis and other properties of fine aggregate.

SIEVE SIZE | FRACTION | FRACTIONAL | CUMULATIVE | CUMULATIVE
mm | No. MASS(g) | % RETAINED | % RETAINED | % PASSING

10| 3/8in. 0.00 0.00 0.00 100.00
5.00 4 20.40 4.08 4.08 95.92
2.50 8 50.45 10.09 14.17 85.83
1.25 16 71.70 14.34 2851 7149
630um 30 96.30 19.26 47.77 52.23
315um 50 130.50 26.10 73.87 26.13
110um 100 95.05 19.01 92.88 7.12
Pan 35.60 7.12 100.00 0.00

FINENESS MODULUS 2.61

ORIGINAL OVEN DRY MASS OF SAMPLE 501g

SUM OF FRACTIONAL MASS RETAINED 500 g

PERCENT LOSS 0.25 %

BULK RELATIVE DENSITY 2485.90 kg/m?

BULK RELATIVE DENSITY (SSD) 2516.11 kg/m?

APPARENT RELATIVE DENSITY 2563.31 kg/mp

ABSORPTION 121%

Table 5-2: Sieve analysis and other properties of coarse aggregate.

SIEVE SIZE | FRACTION | FRACTIONAL | CUMULATIVE | CUMULATIVE
mm | No. MASS (g) | % RETAINED | % RETAINED | % PASSING

20| 3/4in 0.00 0.00 0.00 100.00
1400 | 1/2in 17.00 0.46 0.46 99.54
10.00 | 3/8in 948.00 25.89 26.35 73.65
5.00 4 2495.00 68.13 94.48 5.52
2.36 8 101.00 2.76 97.24 2.76
Pan 101.00 2.76 100.00 0.00

NOMINAL MAXIMUM OF AGGREGATE 10 mm

ORIGINAL OVEN DRY MASS OF SAMPLE 3658 ¢

SUM OF FRACTIONAL MASS RETAINED 3662 g

PERCENT GAIN 0.10 %

DRY RODDED DENSITY 1821.16 kg/mp

BULK RELATIVE DENSITY 2620.40 kg/m?

BULK RELATIVE DENSITY (SSD) 2656.50 kg/m?

APPARENT RELATIVE DENSITY 2718.46 kg/m?

ABSORPTION 0.38 %
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5.4 Mixing, Casting and Curing

The concrete mix used for every specimen was based on the mix design previously used by
Yoon et al. (2001). The properties of the concrete are summarized in Table 5-3. The weight
proportion of the concrete mixture was 1 (cement): 2 (coarse aggregate): 2 (fine aggregate):
0.5 (water), giving a water to cement ratio (w/c) of 0.5. The concrete was mixed in the
laboratory using a 4 cubic foot portable electric mixer. The dry constituents of the concrete
were mixed for 3 minutes, followed by the addition of water over a 2-minute period, and

then mixed for another 3 minutes after the water was added.

Table 5-3: Concrete properties.

UNIT WEIGHT 2277.63 kg/mp
CEMENT 41411 kg/m?
AIR 2%
w/C 0.5
SLUMP 200 mm

The workability of the concrete was very high with a slump of 200 mm and an air content of
2.5 %. The properties of hardened concrete were studied by performing 28-day tests, the
average 28-day compressive strength and splitting tensile strength were tested to be 39 and
3.2 MPa respectively. Specifically, compressive strength tests in accordance with ASTM C39
and indirect tensile strength tests in accordance with ASTM C496 were done on cylinders
having a diameter and height of 100 mm and 200 mm respectively. The splitting tensile

strength was calculated by Equation 5-2 where, f, is the splitting tensile strength [MPa], P is

the maximum applied load [N], L is the length of the specimen [mm], and D is the diameter

of the specimen [mm].
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2P

Equation 5-2 = —
q J=2b

For the beam specimens, the concrete was cast horizontally in wooden moulds and
compacted using an electric poker vibrator. The pullout specimens were cast vertically in
plastic moulds and compacted using a vibrating table. After casting, the test specimens
remained in their respective moulds and were placed in a moist curing room at 23 +2 degrees
Celsius and 100% relative humidity. The specimens were removed from their forms after 48

hours and kept under the same conditions for 80 days.

5.5 Corrosion Acceleration

After curing the specimens for 80 days, they were partially immersed in a 5% saltwater
solution (by weight). Subsequent to this, the specimens were subjected to accelerated galvanic
corrosion by the impression of a direct current density of 3 mA/cm’. In the case of the beam
specimens, the applied current was based on the surface area of the tensile reinforcing steel
As specimens 1 and 2 were the control specimens, they were not exposed to any accelerated

COrTosion.

5.5.1 Voltage Monitoring

Since the current used to corrode the beam and pullout specimens was constant, the voltage
had to be regulated to compensate for changes in the resistivity of the circuit. Corrosion of
the specimens causes increased concrete cracking, which in tum results in a reduced
resistance. Therefore, observing the fluctuations in voltage can be useful when determining

initial cover cracking, analysing the deterioration process, or comparing the corrosion of
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individual specimens. For this reason, the voltage was recorded daily as part of the

accelerated corrosion monitoring in this study.

5.5.2 Development of Various Corrosion Levels

Each specimen remained in the corrosion tank until the desired level of corrosion was
reached. For this study, the degrees of corrosion were categorized in terms of longitudinal
corrosion crack widths and were identified as stages I, II, III and IV. A description of each

stage 1s provided below:

Stage I - this level is reserved for the designated control specimens (01 and 02), which were

not exposed to any accelerated corrosion. These specimens were considered to be in pristine

condition.

Stage II - this level represents the early stages of a chloride attack. At this point, chloride
penetration and the depassivation of the reinforcing steel are complete. The formation of
corrosion cracks typified the achievement of this level. The crack width chosen to identify

the upper limit of this classification was 0.2 mm.

Sage III - the propagation of corrosion is well under way at this point with rust products
starting to appear at the surface and the development of visible corrosion cracks. This
mntermediate group was defined by corrosion cracks greater than 0.2 mm, but less than or

equal to 0.5 mm.

Sage IV - this degree is characterized by wider and longer corrosion cracks with heavy rust
staining synonymous with significant section loss of the reinforcing steel. The crack width

chosen to identify the lower limit of this classification was 0.5 mm.
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It should be noted that other methods to define targeted levels of corrosion have been
successfully used in previous studies. A common method employed is based on Faraday's
Law, which prescribes the relationship between the mass of iron consumed (Ms) and the
amount of current (Jon), which is passed through the corrosion cell. Faraday’s Law is shown
in Equation 5-3 where, A is the atomic weight of the ion being dissolved [g/mol], F is
Faraday’s constant and equals 96500 C/mol, and 7 is the valence of the reaction and is
usually taken as 2. In the case of iron (Fe), the atomic weight is 55.85 g/mol (Higgins et al,,

2003).

corr

dt n-F

. aM,. 1, -A
Equation 5-3 L=

5.5.3 Experimental Setup for Accelerated Corrosion

5.5.3.1 Beam Specimens

Each beam specimen was corroded simultaneously with its corresponding pullout specimen
using an accelerated galvanic method. Kenwood PAC30-3R regulated DC (direct current)
power supplies with a maximum output of 3 amperes (A) at 30 voks (V) were used. A
separate power supply was used for each length of tensile reinforcement to accurately control
and monitor the current passing through each bar. The two power supplies were integrated
by a steel mesh at the bottom of the tank, which served as the common ground. The positive
terminals on each power supply were connected to either the right (R) or the left (L)

reinforcing steel.

The components of the system included a plastic tank, electrolyte solution, a steel mesh at

the bottom of the tank (cathode), and the reinforcing steel (anode). The electrolyte solution
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was comprised of 5% de-icing salt (sodium chloride) by the weight of water and was changed

every 48 hours to maintain a constant pH and NaCl concentration.

It is important to note that although precautions were taken to prevent corrosion in the
stirrups, it was later found that the corrosion setup initially employed produced this very
effect. Consequently, a second setup was opted for that split the specimens into categories of
series I and series II. Series I is comprised of beam specimens BS03, BS04, BS05, and BS06,

and series I of BS07, BS08, BS09, BS10, BS11, and BS12.

For series I, the beams were placed in the tank with the top face-up and the electrolyte
solution just above the height of the bottom bars so that the beams were almost fully
submerged. For series II, the beams were about half submerged to just above the height of
the tensile reinforcement with the bottom face down. Figures 5-6 and 5-7 each show a
representative cross-section illustrating one side of the electrical system used for series I and

IT beam specimens respectively.
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Figure 5-6: Representative cross-section showing current-induced corrosion setup for BS03, BS04,
BSO05, and BS06 (series I).
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Figure 5-7: Representative cross-section showing current-induced corrosion setup for BS07, BS08,
BS09, BS10, BS11, and BS12 (series II).

5.5.3.2 Pullout Specimens

The electrical system used for the pullout specimens required the use of one power supply
for two specimens. The positive terminal of the power supply was connected in parallel to
each protruding rebar to act as an anode, while the negative terminal was connected to the
steel mesh resting on the bottom of the tank, which served as a cathode. The electrolyte

solution (5% NaCl) covered two thirds of the concrete portion of the pullout specimens, as

illustrated in Figure 5-8.
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Figure 5-8: Representative cross-section showing current-induced corrosion setup
for pullout specimens.
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5.6 Methods of Testing

Following the accelerated corrosion stage, visual observations were performed to gain an
overview of the degree of damage to each specimen. Crack maps were drawn for each beam
specimen indicating the length and location of each corrosion crack in order to categorize the

level of deterioration.

Non-destructive tests were performed to investigate the internal state of deterioration of each
specimen. These tests include the ultrasonic pulse velocity and half-cell potential (ie.

corrosion potential) tests.

Thereafter, the beams were loaded in four-point bending untl failure and the mid-span
deflections were measured. The flexural and failure cracks were mapped in order to study the

changes in the failure mode and flexural crack development.

Finally, the specimens were broken open to retrieve the reinforcing steel and the mass loss

was determined.

5.6.1 Visual Survey

The first stage in any condition assessment is generally a visual survey, which is a valuable
method of determining the nature of the deterioration. This type of survey can aid in
identifying areas that require further testing and/or a more detailed analysis. In this
laboratory experiment, the deterioration is deliberately caused and is clearly the corrosion of
the reinforcing steel. As a result, this stage serves not to investigate the cause of the

deterioration, but to monitor and document its extent.
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A visual survey for all specimens was conducted before, during, and after the corrosion stage
and any defects or cracks were noted before the specimens entered the corrosion tank.
During corrosion, a visual inspection was performed every 48 hours until the desired level of

corrosion was obtained.

5.6.1.1 Corrosion Crack Survey

Following this stage, the specimens were visually inspected and a detailed crack survey was

performed on the beam specimens.

The crack survey entailed the recording and plotting of all corrosion cracks. This task was

performed by tracing a scaled digital image using AutoCAD.

5.6.2 Non-Destructive Testing

Ultrasonic pulse velocity and half-cell potential tests were performed prior to mechanical

testing,

5.6.2.1 Ultrasonic Pulse Velocity Method

The ultrasonic pulse velocity method is described in ASTM C 597-02 and indicates the state

of deterioration by detecting changes in concrete, such as internal cracking and other defects.

The pulse velocity method rests on the premise that the velocity of a pulse of compressional
waves passing through a medium is dependant upon the elastic properties and density of the

medium, as shown in Equation 5-4 below:

V = compression wave velocity (km/s)

55



(1-v)

“+v)-(1-20)

Ep, = dynamic modulus of elasticity (kIN/ mm)

p = density (kg/m’), and

v = dynamic Poisson’s ratio

Equation 5-4 V=

The basic circuitry of a typical pulse velocity testing unit is shown in Figure 5-9. A
compressional wave is sent through the concrete by the transmitting transducer and is
received at a distance d by the receiving wransducer. The testing equipment displays the time

(At) 1t takes the wave to pass through the concrete. The velocity (/) of the compressional

wave is shown in Equation 5-5 (Malhotra and Carino, 2004).

Equation 5-5 V=-—=

There are three possible arrangements in which the transducers may be placed (see Figure
5-10). These configurations are (A) direct, (B) semi direct, and (O indirect. The direct
transmission positioning was the arrangement used in this experiment. This is the most
desirable configuration in that it transmits the maximum amount of energy to the receiving

transducer (Malhotra and Carino, 2004).
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Figure 5-9: Schematic of a typical pulse velocity test circuit (Malhotra and Carino, 2004).

As the velocity of the compressional waves is affected by the matter through which it passes,
it is important when conducting this test that the waves only be affected by the subject
concrete. Effects that alter the pulse velocity relating to concrete characteristics include
aggregate size, grading, type, and content; cement type; water-cement ratio; admixtures; and
the age of the concrete. However, there also exist other factors that are unrelated to concrete
characteristics, such as the quality of the transducer contact; temperature, moisture and
curing conditions of the concrete; path length; size and shape of the specimen; level of stress

in the specimen; and the presence of reinforcing steel (Malhotra and Carino, 2004).
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A Direct

B Semidirect

C indirent

T = Tranamitter
B = Receiver

Figure 5-10: Pulse velocity test configurations: (A) direct, (B) semi direct, and (C) indirect
(Malhotra and Carino, 2004).

Ultrasonic pulse velocity readings were taken on all of the beam specimens. After the beams
were removed from the corrosion tanks, they were allowed a minimum of one week to air-
dry before this test was performed. Due to the high concentration of reinforcing steel, only
two pulse velocity readings were taken in the centre of each beam: one horizontally and one
vertically (see Figure 5-11). This test was not performed on the pullout specimens due to
their cylindrical shape and the location of the reinforcing steel.
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Figure 5-11: Schematic of pulse velocity test locations on beam specimens.

5.6.2.2 Half-cell Potential Test

ASTM C876-91 describes the standard test method for measuring half-cell potentials of
uncoated reinforcing steel in concrete. The half-cell potential test assesses the possible extent

of the corrosion activity of the reinforcing steel embedded in the concrete.

Figure 5-12 illustrates the Daniell cell, which can be used to understand the chemistry behind
the half-cell potential test. This cell is composed of two half-cells: zinc in zinc sulphate and
copper in copper sulphate. In each half-cell, the metal is dissolved and ions are precipitated,
with the copper being more resistant to this reaction than the zinc. When the two cells are
connected by a porous partition” and the metals are connected by a wire, the copper from the

copper sulphate solution is deposited on the copper electrode and the zinc dissolves

(Broomfield, 1997).

* A semi-permeable membrane that allows charges to be exchanged but does not permit ions to pass.
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Figure 5-12: The Daniel cell (Broomfield, 1997).

The voltage of a cell is determined by the metals used and by the properties and composition
of the solutions. The concentration of the solution is also a factor in determining the
potential of half-cells. Generally, a more concentrated solution is more corrosive than a
diluted solution. Therefore, a cell comprised of a single metal in a solution of different
concentrations will produce current potential. Table 5-4 lists the standard® half-cell potentials
that are commonly used to evaluate corrosion problems. For instance, the cell voltage of the

Daniell cell s equal to +0.34 minus -0.76 or +1.10 V (Broomfield, 1997).

Table 5-4: Half-cell potentials (Broomfield, 1997).

Zn — Zn*" +2e” -0.76 V
Fe — Fe*" +2e¢” -044V
Cu — Cu* +2e +0.34V

° The voltage of any cell referenced to a standard hydrogen electrode.
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The risk of corrosion can be measured by introducing an external half-cell on the surface of
the concrete, as shown in Figure 5-13. If the half-cell is moved along the steel, the measured
potential will fluctuate, since the potential is dependant on the iron in its pore water
environment. In anodic areas, iron can easily go into solution, much like the zinc in the
Daniell cell. In cathodic areas, the steel resists dissolution. This results in higher voltages in
anodic areas and lower voltages in cathodic areas (Broomfield, 1997).
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Figure 5-13: Half-cell measurement of corrosion potential (Malhotra and Carino, 2004).

Figure 5-14 shows the grid layout used for each half-cell potential survey on the beam
specimens. Columns 1 through 11 are spaced at 100 mm between the clear span and rows A,
B, C, and D are directly over the steel bar. Rows B and C are on the bottom face of the beam

while rows A and D are on the left and right faces. The interpretation of the potential
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readings for this study follows the convention standardized in ASTM 876, which is

summarized in Table 5-5.

It is important to note that half-cell potentials are entirely a function of corrosion. Factors

that may affect half-cell potentials include concrete cover depth and resisuvity, the availability

of oxygen, water content (saturation), and carbonation.
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Figure 5-14: Grid layout for the half-cell potential test.

Table 5-5: Interpretation of half-cell potential readings using a copper/copper sulphate half-cell.

Corrosion Condition
Low. 10% risk of corrosion
Intermediate corrosion risk

Corrosion Potential

High. 90% risk of corrosion
Severe corrosion
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5.6.3 Mechanical Testing

After each beam specimen had reached the targeted level of corrosion, it was removed from

the corrosion cell along with its counterpart pullout specimen and was mechanically tested.

5.6.3.1 Beam Test

Ultimate load tests were performed in the laboratory to determine the load-carrying capacity
of the beam specimens. The load arrangement used was four-point loading, as shown in
Figure 5-15. This arrangement allows for a central region having virtually constant moment

without any shear force.
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Figure 5-15: Illustration showing placement of loads for beam test (dimensions are in mm).

An increment of 5 kN applied load was used until failure, at an approximate rate of 1 kN per
second. At each 5 kIN increment, the paths of each crack were traced using a permanent
marker to enhance their visibility and then photographically recorded. Crack widths were
measured using a hand-held, illuminated optical microscope and an unmagnified comparator
scale viewed under a high-powered magnifying glass. The load and deflection was constantly
recorded using a data acquisition program that was connected to the load cell and a linear

variable differential transformer located at mid-depth and mid-span.
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5.6.3.2 Pullout Test

The pullout specimens were tested in order to determine the maximum bond stress at each
level of corrosion. Each pullout specimen was mounted in a specifically designed test frame
and subjected to a standard pullout test, where the embedded reinforcing steel is tensioned

until it is completely pulled out. For each test, the applied load was recorded using a data

acquisition program.

5.6.4 Post Test Evaluations

After the completion of the beam tests, a second crack survey was completed and the actual

steel mass loss due to corrosion was determined for both the beam and pullout specimens.

5.6.4.1 Flexural Crack Survey

This second crack survey plotted the flexural and failure cracks that occurred during the

beam tests. This survey was performed by tracing a scaled digital image using AutoCAD.

5.6.4.2 Mass Loss Detenmination

Following the structural and subsequent destructive tests, the tensile reinforcement was
removed from each beam and pullout specimen and the corrosion products were cleaned
using a wire brush. The corroded reinforcing bars were characterized by percent mass loss
(ML), which was calculated by Equation 5-6 where m denotes mass and the subscript ¢
represents the initial or reference mass and r represents the residual mass. The reference

mass of reinforcement was measured using non-corroded (pristine) reinforcement.

m —m
Equation 5-6 ML = ———7 %100
m,

1
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Chapter 6

RESULTS OF THE EXPERIMENTAL PROGRAM

6.1 Introduction

The purpose of this chapter is to report the results gathered from the accelerated corrosion

process, non-destructive testing, destructive testing, and post-test examinations.

6.2 Corrosion Cell Configuration

An unexpected complication that arose during this experiment was unwanted corrosion in
the shear reinforcement due to the initial electrochemical cell configuration. This was
discovered during the ongoing visual surveys of the beam specimens that were conducted
during the accelerated corrosion phase. As a result, the corrosion cell setup used for the

beam specimens was redesigned shortly after the corrosion phase started.

Figures 5-6 and 5-7 show two different corrosion configurations; the former configuration
had the beam almost fully submerged and inverted in the tank, while the latter had the beam

in an upright position partially submerged to just above the height of the tensile steel.

The initial setup (series I) was opted for in order to facilitate the daily visual surveys, the
rationale being that the tensile portion of the beam would be more easily accessed by only
having to slightly elevate it out of the salt solution. However, the corrosion of the stirrups

necessitated the employment of series II, thus preventing the stirrups from becoming
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submerged in the salt solution. This required that the beams be completely removed from

the tank and inverted 180 degrees to be monitored.

After the first two beams (BS03 and BS04) were corroded, the impending problem with the
configuration of series I was not yet evident as the corrosion level was too low. When the
second pair of beams (BS05 and BS06) nearly completed the corrosion phase, the occurrence
of cracking and the accumulation of corrosion products in places other than in the area of

the tensile reinforcement were observed.

Unwanted Corrosion

Figure 6-1: Photograph showing portion of BS06 (left face) after corrosion phase.

Figure 6-1 is a photograph of the left side of BSO6 immediately after it was removed
following 126 hours in the accelerated corrosion tank. The top of the photo is where the left
face meets the bottom face, while the bottom clearly shows corrosion products in the

compression zone of the beam, indicating the corrosion of either the top bars or the stirrups.
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This phenomenon occurred despite the measures taken to electrically isolate the bottom bars
from the rest of the reinforcement cage. Based on the evidence observed and considering
that electrons will take the path of least resistance, it can be hypothesized that while in the
corrosion tank, current moved from the tensile reinforcement to the stirrups through the
ionic medium. When the electrons departed from the stirrups to move toward the cathode,
they effectively became anodic and corrosion occurred. This phenomenon is know as stray

current corrosion and is most commonly associated with electric powered streetcars

(Broomfield, 1997).

In an attempt to correct this problem, the corrosion cell arrangement was changed to the
setup depicted in Figure 5-7. The six remaining beams (BSO7 to BS12) were corroded in this
fashion, with the beams placed in the tank with the top face-up and the electrolyte solution
just above the height of the bottom bars.

The visible damage to the exterior of these beams prior to the corrosion program suggested
that the corrosion activity was more concentrated to the tensile region when compared to the
previous setup. Due to this change in the corrosion cell setup almost midway through the
corrosion program, the corrosion stages were restarted and therefore, the maximum level of

corrosion induced was far below what had been anticipated.

6.3 Accelerated Corrosion Monitoring

Corrosion was accelerated by impressing a current density of 3 mA/cny’, with respect to the
tensile reinforcement. This method of corrosion was employed to reach advanced stages of
deterioration in a relatively short time. The details of this corrosion program for the beam

specimens are summarized in Table 6-1.
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Table 6-1: Summary of the accelerated corrosion program for beam specimens.

Exposure

. Setu Rate of . Degree of

Specimen Conﬁgutgtion Corrosion 5}1?8; Cofrosion
BS03 Series 1 47 Stage 11
BS04 Series I 47 Stage 11
BS05 Series I 100 Stage 111
BS06 Series I 126 Stage IV
BS07 Series 11 ) 45 Stage 11
BS08 Series II 3 mA/cm 45 Stage 11
BS09 Series 11 103 Stage 111
BS10 Series II 103 Stage 111
BS11 Series 11 170 Stage IV
BS12 Seres II 170 Stage IV

6.3.1 Voltage Readings

As mentioned earlier, the fluctuations in the voltage of the corrosion cell can be useful when
comparing the corrosion of individual specimens. After 80 days of curing, each specimen
(except for the control) was subjected to accelerated galvanic corrosion. The current and
voltage that was supplied was recorded on a daily basis. These readings for all of the beams
corroded are supplied in Appendix A.

Since the current was constant, the voltage was continuously regulated to compensate for the
changing resistance. The average voltages for series I and series II corrosion cells are shown
in Figure 6-2 (refer to Figure 5-3 for the naming of the rebar). As mentioned earlier, each
rebar was assigned its own power supply incorporated by common ground for each beam.

The average voltages during the accelerated corrosion phase for series I and II beam

specimens were approximately 17V and 27V respectively.
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Figure 6-2: Average voltage readings for series I and II beam specimens.

This disparity in the voltage readings between series I and II specimens is due to the
increased electrical resistance of the series II circuit. Since only the tensile steel and the lower
portion of the stirrups were submerged in the electrolyte solution, the area in which the
electron exchange process took place was reduced, making the movement of the electrons

through the circuit more difficult.

Figure 6-3 and Figure 6-4 plot the voltage readings taken during the accelerated corrosion
phase for both series I and II. The general trend in Figure 6-3 (series I beams) shows that the
voltage had undergone an initial increase within the first 24 hours, which was followed by a

gradual decrease. Given that voltage is directly proportional to resistance when current is
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constant (Le. a decrease in resistance would require a reduction in voltage), it can be
concluded that there was mounting electrical resistance initially, followed by a progressive

reduction.
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Figure 6-3: Voltage readings for series I beam specimens..

Figure 6-4 on the other hand, tells an incomplete story. Although this plot also shows a
decreasing trend, the initial increase is absent. The reason for this difference in behaviour is
that the power supplies used was limited to providing a maximum output of 31 volts, which
is evident by the numerous readings at this threshold. This capping of the voltage not only
eliminated the initial increasing trend that is clearly observed in Figure 6-3, but it also disabled

some of the beams in series IT from receiving the full 3 mA/cm’ within the first 96 hours.
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Figure 6-4: Voltage readings for series II beam specimens.

The six readings in Figure 6-4 that hover below the sample population are of BS10 and these
uncharacteristically low voltages are due to faulty insulation of the electrical connection
within the electrolyte solution. This resulted in a ‘short’ of the electrical circuit and lowered

the voltage required to maintain a constant current flow.

Figure 6-5 is a prime example of the diminishing of the current caused by the limitations of
the power supply. This graph shows both the voltage and current readings with respect to
time for rebar BS11-L; the letters ‘V” and ‘A’ following the rebar name denote voltage and

current respectively.
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Figure 6-5: Voltage and current readings for BS11-L.

Both the increase in the voltage observed for series I and the reduction in the current
observed for series 1T are due to the fluctuation of resistance in the system. It is clear from
these observations that there is an initial increase of resistance within the system, which is
followed by a decreasing trend. This phenomenon can be attributed tb the initial build up of
corrosion products that occupy the pores of the concrete, thus blocking the movement of
ions and increasing the electrical resistance. Eventually, the tensile stresses developed within
the concrete caused by the expanding corrosion products crack the concrete, making a
corridor for the transport of ions and escaping corrosion products, which results in the

subsiding of resistance.
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The voltage readings from the pullout specimens show this trend more clearly, as seen in
Figure 6-6. The reason for this clarity is that this type of specimen has only one rebar

embedded within it and thus there are no resistance fluctuations due to stray current.
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Figure 6-6: Voltage readings for pullout specimens.

6.3.2 Crack Development

Observations from the accelerated corrosion program revealed that for series II, the
evolution of corrosion crack width followed a linear progression with respect to time, as

shown in Figure 6-7. The crack width growth rate for these beams was measured at 5.4

pm/hr.
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Figure 6-7: Evolution of corrosion crack width for series II beam specimens.

On the other hand, the crack width measurements observed for series I specimens were quite
scattered, showing large residual errors when linearly regressed. This is due to the variability
of corrosion location and propagation inherent with stray current corrosion. Nevertheless, a

corrosion-crack expansion rate of approximately 2.4 um/hr was estimated.

Since the current density applied to all of the beams was constant, the difference in the above
rates can be explained in terms of the area of steel corroded. The entire reinforcing cage for
series I was submerged in the electrolyte solution, and thus the area of the steel corroded was

greater, which in tumn reduced the rate of corrosion.
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6.3.3 Corrosion Crack Survey

Following the removal of the beams from the corrosion tank, corrosion crack maps were
drawn. These maps are presented in Appendix B where they show the location and width in
mm for all visible surface corrosion cracks. For each figure, corrosion cracks are identified by

a dotted line, and the beam faces illustrated (starting from the top) are right face, bottom

face, and left face. An example corrosion crack survey is shown in Figure 6-8.
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According to the convention outlined in Figure 5-2, the edge on the left hand side of the
representations is the front face; this is where the electrical connection was provided. It
should also be noted that BSO1, BS02, and BS04 are intentionally excluded from the figures

in Appendix B, as BS01 and BS02 were not corroded and BS04 was in the pre-cracking stage

after the completion of the accelerated corrosion.
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Figure 6-8: Example corrosion crack survey.




6.4 Non-Destructive Testing

Following the accelerated corrosion stage, the beam specimens were allowed to dry for one
week before they were non-destructively tested. The results of the half-cell potential and

pulse velocity tests are presented below.

6.4.1 Half-Cell Potential Readings

Half-cell potential readings were taken every 100 mm along the tensile reinforcement on the
bottom and the two side faces of each beam specimen (as shown in Figure 5-14), giving a
total of 44 readings per beam. These readings for all twelve beams are provided in Appendix
C with an example shown in Figure 6-9. The half-cell potential readings are divided into
seven categories, as shown in Table 6-2. These categories range from “A” to “G”, where “A”
and “G” represent the highest and the lowest risk of corrosion respectively. This system of

designation allowed for more contrast and clarity when analyzing the potential readings.

RIGHT RIGHT

BOTTOM BOTTOM

LEFT LEFT

Figure 6-9: Example half-cell potential survey.

Table 6-2: Classification of half-cell potentials.

.

Designation Readings Less Than Legend
-0.42 mV
-0.35 mV
-0.28 mV
-0.21 mV
-0.14 mV
-0.07mV oo
0.00 mV

OmMmOoOow>»
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Figure 6-10 graphs the average half-cell potential reading for each beam and Table 6-3 lists
these values along with the corrosion condition, according to ASTM 876 (provided in Table
5-5). The half-cell potentials were as expected, yielding increasing negative values with more

severely corroded elements.

o
&

Average Half-Cell Potentials (mV)
S
N
(oAl
>

BSO1 BS02 BS03 BS04 BS05 BS06 BS07 BS08 BS09 BS10 BS11 BS12
Specimen

Figure 6-10: Average half-cell potential readings for beam specimens.

Table 6-3: Summary of half-cell potential readings.

Specimen Avg. H?:VF;eadmg Category Corrosion Condition Tf:a:anoa/os)s
BS01 -0.083 F Low: 10% Risk of Corrosion 0.00%
BS02 -0.120 F Low: 10% Risk of Corrosion 0.00%
BS03 -0.306 C Intermediate Corrosion Risk 0.00%
BS04 -0.227 D Intermediate Corrosion Risk 0.25%
BS05 -0.438 A High: 90% Risk of Corrosion 1.13%
BS06 -0.409 B High: 90% Risk of Corrosion 3.03%
BS07 -0.422 A High: 90% Risk of Corrosion 2.45%
BS08 -0.422 A High: 90% Risk of Corrosion 0.89%
BS09 -0.540 A Severe Corrosion 7.14%
BS10 -0.532 A Severe Corrosion 5.15%
BS11 -0.626 A Severe Corrosion 11.56%
BS12 -0.606 A Severe Corrosion 10.25%

Avg. = Average
HCP. = Half-Cell Potential
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Interestingly, the half-cell potentials for those beams of series I and II that were exposed to
the same current for approximately the same amount of time are noticeably different.
Specifically, series I beams BSO3 and BSO4 were exposed to 46.75 hours of corrosion, while
series I beams BS07 and BSO8 were exposed to 44.75 hours of cofrosion, and yet the latter
showed a higher corrosion potential. Figure 6-11 and Figure 6-12 are frequency diagrams of
the half-cell potential readings for these beams. Since all of the beams were identical and the
impressed current was the same, it can be deduced that the different corrosion potentials are
a direct result of the configuration of the corrosion setup. Figure 6-11 and Figure 6-12
illustrate that the potential for corrosion was much lower for series I, implying that the rate

of corrosion was lower and supporting the notion of stray current occurrence.

45-

40

35+

30+

25+

204

Frequency

0 — - T
-042 -035 -028 -0.21 -0.14  -0.07 0
Half-Cell Potential (mV)

| BS03 BBS04|

Figure 6-11: Frequency diagram of the half-cell potential readings for BS03 and BS04.
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Figure 6-12: Frequency diagram of the half-cell potential readings of BS07 and BS08.

6.4.2 Ultrasonic Pulse Velocity Readings

Table 6-4 provides the ultrasonic pulse velocity readings for each beam specimen, where the
x-axis 15 the horizontal width and the yaxis is the vertical height (see Figure 5-11 for
schematic of test locations). This method, which is described in ASTM C 597-02, provides an
indication of the state of concrete deterioration by detecting changes in the concrete matrix
such as intemal cracking. The average pulse velocities for each beam with respect to

corrosion time are summarized in Figure 6-13.

These results showed a difference between the pulse velocities of series I and series I
specimens. There was a reduction in the average pulse velocities for the series I bears,
particularly in the case of specimens BS05 and BS06, which were the most corroded. This is
due to the increased concrete cracking from the corrosion that was induced in both the

stirrups and tensile reinforcement.
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Table 6-4: Ultrasonic pulse velocity readings.

Time (usec) Distance (mm) Velocity (km/sec) Average Velocity Total Mass

Specimen x-axis y-axis x-axis y-axis Xx-axis y-axis (km/sec) Loss (%)
BS01 33.9 37.9 156 176 4.602 4.644 4.623 0.00%
BS02 33.1 37.7 166 176 4.713 4.668 4.691 0.00%
BS03 33.9 37.9 156 176 4.602 4.644 4623 0.00%
BS04 34.1 38.1 156 176 4.575 4.619 4.597 0.25%
BS05 38.2 41.3 156 176 4.084 4.262 4173 1.13%
BS06 38.0 425 156 176 4.105 4141 4.123 3.03%
BS07 36.6 39.4 156 176 4.262 4.467 4.365 2.45%
BS08 37.2 40.2 156 176 4.194 4.378 4.286 0.89%
BS09 36.5 38.1 156 176 4.274 4619 4.447 7.14%
BS10 36.5 39.6 156 176 4.274 4.444 4.359 5.15%
BS11 38.2 39.3 156 176 4.084 4478 4.281 11.56%
BS12 36.2 39.0 156 176 4.309 4.513 4.411 10.25%

180
- 160
- 140
L 120
- 100

- 80

Corrosion Time (Hrs)

- 60

- 40

Average Pulse Velocity (km/sec)

- 20

BS01 BS02 BS03 BS04 BS05 BS06 BS07 BS08 BS09 BS10 BS11 BS12
Specimen

B Corrosion Time (hrs) BPulse Velocity (Control) BPulse Velocity (Series |) OPulse Velocity (Series II)I

Figure 6-13: Average ultrasonic pulse velocities.

In contrast, while the pulse velocity readings of the series II beam specimens (BSO7 to BS12)
were all reduced when compared to the control beams, there was no decreasing trend with
increasing corrosion time as with series I. This can be explained by the fact that the series I
beams had considerably more chlorides deposited above the water line, where the pulse

velocities were measured. Since salt is hydroscopic, it can be speculated that the local
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moisture content was slightly higher, causing an increase in the pulse velocity and a longer

corrosion time resulted in the accumulation of more salt.

6.5 Beam Tests

After the non-destructive testing was completed, the beams were loaded in four-point
bending until failure (see Figure 5-15 for set-up details) and the corresponding load and mid-

span deflections were measured.

It is very important to note that the frame used to test the beam specimens proved defective
midway through the experiment, requiring that the test be relocated to a second frame for
the remaining beams. The problem resulted from the buckling of the I-beam above the
hydraulic piston used to apply the load, which skewed the direction of the load. This
misalignment of the load was discovered after the control specimen BS02 failed in shear (as
shown by the flexural crack survey in Appendix F), which prompted an investigation into the
behaviour. It was found that the applied load was slightly rotated towards the front face and

the misalignment got progressively worse with increasing load.

Due to this discovery, the results of the beams tested under these conditions were deemed as
compromised and unreliable. Consequently, the beam test results of BS02 and all of the

series I beams (BSO3 to BS06) have been excluded from the report and will not be discussed

in the analysis section.

6.5.1 Load-Carrying Capacity

Table 6-5 summarizes the results of the beam tests that are discussed in this report. This

table lists the ultimate load (P) that each beam was able to support, along with the
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corresponding relative capacity, initial cracking load, and deflection capacity (or mid-span
deflection). In this study, a decrease in deflection capacity is regarded as an indication of

reduced ductility.

Table 6-5: Summary of beam tests.

. Ultimate Load, Relative Capacity Initial Crack, Deflection Capacity Total Mass
Specimen

P (kN) (%) P (kN)* ~ (mm) Loss (%)
BSO01 140.25 100.00% 35 4.39 0.00%
BS07 117.40 83.70% 30 3.72 2.45%
BS08 115.86 82.61% 30 3.50 0.89%
BS09 100.81 71.88% 30 3.17 7.14%
BS10 101.27 72.21% 30 3.15 5.15%
BS11 06.47 68.78% 40 3.07 11.56%
BS12 06.08 68.51% 40 3.08 10.25%

* = Approximate Value

As expected, the beam tests show a reduction in both the load-carrying capacity and the
deflection capacity with this increase in corrosion level. This is due to the known effects of

reductions in steelconcrete bond, reinforcing steel cross-sectional area, and concrete

contribution.

6.5.2 Load-Deflection Behaviour

Load-deflection curves (LDCs) reveal much information conceming the behaviour of RC
beams and they are notably altered with the progression of corrosion. As predicted, results
show that a higher corrosion level results in decreased stiffness, increased deflection and
reduced ultimate load. The ultimate deflections, however, were reduced with increasing
corrosion. These phenomena are a result of the combination of the deteriorated bond
between the steel and the concrete, the reduction in the cross-sectional area of the

reinforcing steel, and the cracking and delamination of the concrete.
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The load-deflection curves for BSO1 and BSO7 to BS12 are depicted in Figure 6-14. These
load-deflection plots are generalized, showing the linear trend until the yielding of the tensile

steel in the case for BSO1 or failure for all of the corroded beams.

The slope of the LDC before failure or the yielding of the reinforcing steel can indicate the
stiffness of RC beams, while the area under the IDC can indicate the toughness or absorbed

energy. The calculated slopes and areas of the above LDCs are summarized in Table 6-6.

The slope of a line is given by 73 when the equation of a line is in the slope-intercept form
(y = mx +b) . The slope of the IDCs was determined by 7 of the equation of the straight-
line portion of each LDC, in the section of the curve before the yielding of the reinforcing
steel or the collapse of the beam, whichever came first. The area under the LDC was
obtained by finding the definite integral of the best fitting trend line(s) of the LDC. Appendix
D shows the trend lines of the LDCs for beam specimens BS01 and BSO7 to BS12. These

plots also give the equations of the trend lines and the deflection values used to calculate the

area under the curve.

The slope of the LDC, the area under the IDC and the deflection capacity all decrease with
increased corrosion intensity, implying a reduction in the stiffness, toughness and ductility.
These reductions suggest a rise in brittleness, which is precisely what was observed during

the beam tests performed for this study.
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Figure 6-15: Enlargement of highlighted area in Figure 6-14.

84

150
135 - —— CONTROL
---—-BS07
120 - -----BS08
------ BS09
105 4 |- BS10
»»»»»»»»» BS11
= 907 ----BS12
F3
x
< 751
3 =l
- d —— See Enlargement
60 e 3 .
. f‘;f (Figure 6-15)
P .
45 1 P
.'}{’—‘; v
30 1 :,7'
-
,).4:‘:,4
15 &
(f
,/
0 . . . ‘ . . , . .
0.0 0.5 1.0 15 20 25 3.0 35 4.0 45 5.0
Deflection (mm)
Figure 6-14: Load-deflection behaviour for series II beam specimens.
118 ~
116 T T
114 - e ‘ o 83y,
112 R %8
110 T
L "/'
108 1 o
£ 106 - R
° ’,"
§ 104 7 ---- BSO07
102 g ‘BS08
E 8B,
100 | o - BS09
s 8809 .......... BS10
08 - R / .......... BS11
7 -
. el --—-BS12
96 - 7 ,//_/"/ 23870
s P RS
041~ v Bs14
02 AN - . . ‘ . . . . .
28 29 30 31 32 33 34 35 36 37 38 39 40




Table 6-6: Slopes and areas of the load-deflection curves.

i f AU LDC Relative AU LDC  Total Mass
Specimen Slope of LDC Relative Slope o

LDC (%) (kN-mm) (%) Loss (%)
BS01 47.07 100.00% 402.74 100.00% 0.00%
BS07 33.26 70.66% 229.06 56.88% 2.45%
BS08 33.62 71.42% 205.69 51.07% 0.89%
BS09 31.83 67.62% 159.99 39.73% 7.14%
BS10 31.82 67.60% 158.00 39.23% 5.15%
BS11 31.36 66.63% 148.21 36.80% 11.56%
BS12 31.35 66.60% 149.01 37.00% 10.25%

AU = Area Under
LDC = Load-Deflection Curve

As corrosion increased, the failure mode of the beams shifted from predictable ductile
flexure failures at mid-span, to more brittle bond-shear failures near the suppor. Severely
corroded beams displayed extremely brittle failures at the support, with no forewaming and

only one primary fracture line.

Photographs of the failure zone of each beam specimen were taken immediately after the
beam tests and are shown in Appendix E. Figure E-1 depicts the failure zone for the control
beam BSO1, which experienced a balanced flexural failure with yielding of the reinforcement
and crushing of the concrete. Figure E-2 illustrates the failure zone for the control beam
BS02, which experienced an unexpected shear failure due to a faulty test frame that

transferred a disproportionate load to one side of the beam.

The pictures in Figure E-3 to Figure E-6 portray the failure zones for series I beam
specimens BSO03 to BS06. Although these beams were all tested in the faulty test frame and
thus their results have been excluded, the photographs are still presented since they show an
evolution of the failure mode. Series II beam specimens BS07 to BS12, on the other hand,
experienced no such complications during beam testing and their results are discussed in the

analysis section. The failure zones for these beams are pictured in Figure E-7 to Figure E-12.
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6.6 Post-Test Examinations

Following the completion of the beam tests, a second crack survey was conducted and the

actual mass loss of the reinforcing steel due to corrosion was determined.

6.6.1 Flexural Crack Survey

While the first crack survey documented corrosion cracks that resulted from the accelerated
corrosion stage, this second survey recorded flexural cracks that developed due to the
mechanical testing, These flexural crack maps are provided in Appendix F, and Figure 6-16 is
an example. The faces illustrated in these crack maps (starting from the top) are right,
bottom, and left. Therefore, according to the convention outlined in Figure 5-2, the edge on
the left hand side of the representations is the front face; this is where the electrical
connection was made. The numbers on the right face indicate the maximum width of each

tlexural crack before failure. Figure F-1 is a legend distinguishing each crack type.

T T

Figure 6-16: Example flexural crack survey.
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6.6.2 Flexure Crack Development

The crack survey discussed above was used to study flexural crack development. Specifically,
the average number and the average spacing of transverse flexural cracks were both
considered. For example, in Figure 6-17 showing the right face of BS11, there are four
flexural cracks and the average crack spacing in millimetres is equal to: (132+89+140)/3.
This procedure was carried out for both the left and right faces of each beam, referencing the
cracks from the bottom edge of these faces between the supports. Table 6-7 summarizes the
average number and the average spacing of these cracks for beam specimens BS01 and BS07

to BS12.

4 4

EL—132—-€’-—8 9—L14U__] T

Figure 6-17: Typical flexural crack study.

Table 6-7: Flexural crack pattems.

Specimen Avg. No. of Rel. No. of Avg. Crack Rel. Crack Total Mass Loss
Cracks Cracks (%) Spacing (mm) Spacing (%) (%)
BS01 10.0 100% 724 100% 0.00%
BS07 55 55% 137.6 190% 2.45%
BS08 55 55% 134.7 186% 0.89%
BS09 45 45% 159.4 220% 7.14%
BS10 5.0 50% 167.8 232% 5.15%
BS11 4.0 40% 138.7 191% 11.56%
BS12 3.5 35% 169.4 234% 10.25%

Avg. = Average
Rel. = Relative
No. = Number
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6.6.3 Mass Loss Determination

Following the mechanical testing, the beams were pulverised with a jackhammer to retrieve
the reinforcing steel. Once obtained, the tensile bars were trimmed to a standard length of 1
metre, cleaned to remove all corrosion products and concrete, and then weighed. The mass

loss was then calculated relative to a predetermined benchmark called the control mass.

Table 6-8: Samples used to calculate the control mass.

Bar
Sample 1 1542.93
Sample2 ~ 1548.05
Sample 3 1540.11
Sample 4 1540.95
Sample5  1540.15
Sample 6 1548.31
Average  1543.42

Table 6-9: Mass loss calculation for each corroded bar.

Bar Mass Mass Loss (g) % Mass Loss
BSOSR 154508 000 000%
BS03-L 1548.88 ) 0.00
BS04-L 155375 - 0.00
BSOS-R 153123 1219
BS05-L - 15638.23 519
BSO6-R 153717 625
40.49

BS06-L  1502.93
BSO7-R 151386
BS07-L 1535.20
BSO8R = 1536.28
BSO8-L 1536.84
BS09-R 148894
BS09-L 1487.68
BS10-R 148529 : LRK AR
BS10-L 1522.10
BS11-L 1433.98
BS12-R 147521
BS12-L 1453.49
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The control mass was calculated by taking the average of six un-corroded (1 metre) sample
bars, as shown in Table 6-8. Table 6-9 lists the mass for each corroded tensile bar and its
corresponding relative mass loss. Next, the average and the total mass losses of the left and

right bars were calculated for each beam specimen. These values are found in Table 6-10.

Table 6-10: Average and total mass loss for beam specimens.

6.6.4 Corrosion Damage to Tensile Reinforcement

The type of corrosion found in the more severely corroded bars can be classified as
generalized. It was observed that corrosion of the steel typically started with the formation of
pits that increased in number and expanded until they eventually connected, resulting in
generalized corrosion. This progression of rebar deterioration is depicted in Figure 6-18.
According to Broomfield (1997), this sequence is characteristic of reinforcing bars exposed

to carbonation or chlorides.
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Figure 6-18: Diagram of the progression of rebar deterioration.
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6.7 Pullout Study

corroded RC beams.

6.7.1 Half-cell potentials

876’s criteria provided in Table 5-5).

As mentioned previously, twelve pullout specimens (PS) were constructed, corroded, and

tested in order to determine the relationship between bond strength and the capacity of

After the pullout specimens were corroded, the half-cell potentials were measured in two
locations and averaged. These averages are shown in Table 6-11 along with the category of

each specimen (as prescribed in Table 6-2) and the corrosion condition (according to ASTM

Table 6-11: Average half-cell potentials and categories for pullout specimens (mV = millivolts).

) Specimen Avg. H((:r:vlteadmg Category Corrosion Condition T&t::sw(l,;s)s
PS01 -0.158 E Low: 10% Risk of Corrosion 0.00%
PS02 -0.144 E Low: 10% Risk of Corrosion 0.00%
PS03 -0.279 D Intermediate Corrosion Risk 0.00%
PS04 -0.256 D Intermediate Corrosion Risk 0.25%
PS05 -0.261 D Intermediate Corrosion Risk 1.13%
PS06 -0.278 D Intermediate Corrosion Risk 3.03%
PS07 -0.178 E Intermediate Corrosion Risk 2.45%
PS08 -0.151 E Intermediate Corrosion Risk 0.89%
PS09 -0.298 C Intermediate Corrosion Risk 7.14%
PS10 -0.301 C High: 80% Risk of Corrosion 5.15%
PS11 -0.354 B High: 90% Risk of Corrosion 11.56%
PS12 -0.394 B High: 90% Risk of Corrosion 10.25%

Avg. = Average
HCP. = Half-Cell Potential

6.7.2 Average Bond Stress
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The results of the pullout tests are provided in Table 6-12. The maximum load that each

specimen was able to withstand before the pulling out of the reinforcing steel was used in



Equation 5-1 to calculate the ultimate bond stress developed. The relative bond stress was

then calculated using the average bond stress between PS01 and PS02.

Table 6-12: Results of the pullout test.

Pullout Spemmen Load (kN) Bond Stress (Mpa) Relatlve Bond Sress Mass Loss (%)
S PSOT 5883 585 . 10000% .. T000%
» PSOZ 5564 583 1 00.00% ... .000%
PS04 36.98 3.68 64 64% ~ 1.06% 7

PS06 29.52 2.94 - ‘51.60% ‘ 489%
PsO7 2 4663 587 10313% @ 024%
PSO8 6400 806 141.54% 0.38%
PS10 .
pPS12

53.41%

6.7.3 Mass Loss

Once the mechanical testing of the pullout specimens was completed, the bars were cleaned
of any remaining concrete and corrosion products, trimmed to a standard length and
weighed. The percent mass loss for each of the 12 bars was then calculated using Equation
5-6, the results of which are given in Table 6-13. The average weight of the PSO1 and PS02

bars provided the control mass.

Table 6-13: Total mass loss for pullout specimens.

PuIIout Spemmen Mass (g) Mass Loss (%)




6.8 Summary of Results

The results of the experimental program employed for this study are summarized in Table
6-14. The upper portion of this table is dedicated to the beam specimens, while the lower
portion pertains to the pullout specimens. As previously indicated, beam test results for

specimens BS02 to BS06 have been excluded due to a faulty test frame.
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Table 6-14: Results of the experimental program.

Specimen Number

Phenomena

01

02 | 03 |

04 |

05 |

06

Beam Specimens (BS)

_(kN)

“Ultimate Load

140 25

Relative Capacity

100%)

Initial Crack Load

35

Relative Number

of Cracks

Avg Crack
Spacing (mm)

72.4

Relative Crack
Spacing

100%

Slope of LDC

47.07,

Relative Stiffness

100%)|

(mm)

Deﬂection at UL

4.39

Relative Ductility

AULDC (kN-mm)] &

- Relative
Toughness

2.
vy
&/

2
0."
4

7

11

- 400%

137.6

138.7

190%

191%

_ 3136
- 66.6%

3.07

70.0%

14821} 14

| 39.7%)

“s0m%

Average Mass
Loss

0.00%

0.00%]| 0.00%

0.12%|

0.56%

1.51%

1.22%|

3.57%| 2.57%

5.78%

- T_otai Mass Loss

| 0.00%

 0.00%| 0.00%

0.25%

- 113%)

2.03%|

245%] 08

| 714%

- 515%

11.56%

(o)

Corrosion Time

0.00

0.00

46.75

46.75

99.75

126.25

44.75

102.50] 102.50

170.25

- Width (mm)

Corrasion Crack

’ 'Q;QO '

0.00|

oz0

Avg Half Cell
Potential (mV)

-0.083

-0.532

-0.626

_ (kmih)

“Pulse Velocity |, T

o rell

408}

Resistivity
(kQ-cm)

13.2

15.0

18.5

121 111

16.7

‘Ultimate Load
kN)

58.83

5564

oo} 3018} 3501

2680

Bond Stress
(Mpa)

5.85]

5.53

2.94

5.87

8.06

3.00 3.58

2.67

Relative Bond
Stress

100%

100% | 78.3%

64.6%

51.6%

103.1%

141.5%

52.8%| 63.0%

46.8%

. MasslLoss

0.00%

0.00%| 0.84%

" oo%

489%

. 024%

- 033%

s-; 51 % -

7.09%)

Avg Half Cell

Pullout Specimens (PS)

Potential (mV)

-0.158|

-0.144] -0.279

-0.256

-0.278

-0.178

-0.151

-0.298| -0.301

-0.354

Avg
LDC
uL
AU

*

Average

Load Deflection Curve

Ultimate Load
Area Under

Approximate Value
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Chapter 7

ANALYSIS OF RESULTS

7.1 Introduction

This chapter qualitatively and quantitatively discusses the results from the experimental
program and focuses on the manner in which progressive corrosion affects reinforced
concrete (RC) beams. Specifically, the changes in flexural crack development, mode of

failure, stiffness, ductility, toughness, and load-carrying capacity of RC beams are examined.

7.2 Analysis of Half-Cell Potentials

As the half-cell potential test is a qualitative test that indicates the probability of corrosion of
the reinforcing steel embedded within the concrete, caution must be exercised when using
absolute potential values quantitatively. In fact, several studies have shown that numerous
variables can alter absolute half-cell potential values, while keeping the degree of corrosion at
the steel surface constant and thus quantitative interpretation based on absolute potential

values can be misleading (RILEM TC 154-EMC, 2003; Grimaldi et al., 1986).

Nevertheless, Sarveswaran et al. (2000) used half-cell potentials to develop an empirical
relationship for the prediction of section loss in RC beams due to the corrosion of both the
main reinforcement bars and the shear links. This empirical relationship was used as part of a

methodology to assess the reliability of deteriorated RC beams.
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In light of this, while the half-cell potential measurements obtained in this study are not given
undue emphasis, they are included in this discussion due to the remarkable correlations
found. That is, the average half-cell potentials of the beam specimens related very well to

both the total mass loss and the relative beam capacity.
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Figure 7-1: The relationship between total mass loss and the average half-cell potentials.

Figure 7-1 plots the average measured half-cell potentials against the total mass loss for the
beam specimens, as well as an exponential correlation representing the best-fit line through
all the data. Equation 7-1 is the numerical relationship of this line, where ML is the mass loss

of the tensile steel, P,,, is the average half-cell potential of the beam, and ¥ is the coefficient

of determination.

Equation 7-1 ML =424.107°%. ¢ 2% (r =0.97)
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Figure 7-2: The relationship between the relative beam capacity and average half-cell potentials.

The average half-cell potentials were also plotted against the relative capacities of the beam
specimens, along with a linear correlation representing the best-fit line through all the data, as
shown in Figure 7-2. Equation 7-2 is the numerical relationship of the linear regression,
where B is the relative capacity of the beam, P,,, is the average half-cell potential of the beam,

and ¥ is the coefficient of determination.
Equation 7-2 B=0.61F,, +1.06 (2 =0.97)

Admirtedly, Equation 7-1 and Equation 7-2 are quantitative interpretations based on
qualitative results. As mentioned previously, half-cell potential readings may be muisleading

and an over-reliance on them to make any sort of predictions can be risky. However, half-cell
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potentials can be used in conjunction with other tests and data as part of a systematic

probabilistic assessment program.

7.3 Effect of Corrosion on Initial Cracking Load

In the literature reviewed, the effect of corrosion on the initial cracking load is not frequently
addressed. However, two recent papers did arrive at contrasting conclusions concerning this
effect. While Maaddawy et al. (2005) argued that corrosion has almost no effect on the
cracking load, Fan et al (2004) proposed that the cracking load decreased sharply with

Increasing COIrosion.

Total Mass Loss

Initial Cracking Load (kN)

Specimen

IInitiaI Cracking Load (kN) =~ Total Mass Loss (%)]

Figure 7-3: Effect of corrosion on the initial cracking load.

The findings of the present study do not support either of the above ideas; it was observed

that the initial cracking load decreased at low levels of corrosion and remained constant, with
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a final increase at a mass loss of approximately 10%. Figure 7-3 shows the observed initial

cracking loads and the corresponding total mass loss for each beam.

The initial cracking load for the control beam was recorded at P = 35 kN. The lowest stage
of corrosion yielded a mass loss of 0.89% and at this level, the initial cracking load decreased
slightly to P = 30 kN. The first cracking load remained constant at 30 kN until the mass loss

reached 10.25%, where it exceeded the original cracking load at P =40 kN.

The decrease in the initial cracking load at lower levels of corrosion is likely due to internal
corrosion cracks and micro-cracks that have weakened the concrete matrix, thus lowering the
initial cracking load. Although the occurrence and severity of these internal cracks increases
as corrosion progresses, the initial cracking load does not decrease due to the loss in
concrete-steel bond strength. As bond strength is reduced and internal cracking is increased,
the forces transferred from the reinforcement to the encircling concrete are diminished and

thus the initial cracking load is increased at higher levels of corrosion.

7.4 Effect of Corrosion on Crack Development

A key characteristic of bond performance is its influence on crack development. The tensile
concrete between the flexural cracks is largely responsible for the balancing of tensile stresses
within the beam (Castel et al., 2000b). This phenomenon is known as tension stiffening. As
corrosion propagates, there are reductions in bond strength and tension stiffening due to

cover cracking and delamination (Coronelli and Gambrova, 2004).
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Figure 7-4: The relationship between the average number of transverse cracks
and the average crack spacing.

Amleh and Mirza (1999) found that the association between a decrease in the tension
stiffening and an increase in the corrosion level signifies the initiation of bond breakdown,
which is highly influenced by the surface conditions of the bar and the level of its adhesion

and cohesion to the surrounding concrete.

In terms of flexure or transverse cracks, it is evident that with higher levels of corrosion,
there is an increase in crack spacing and a decrease in the average number of cracks, as
shown in Figure 7-4. These observations of decreased crack numbers are consistent with the
findings of Amleh (2000), who studied tension specimens’. The author attributed the fewer
transverse cracks in corroded specimens relative to the control specimens to the effect of loss

of bond strength and/or internal cracking of the concrete surrounding the steel bars. As

7 Concrete cylindrical specimens, 1000 mm long by 125 mm diameter and reinforced with a single 20M
deformed bar.
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bond strength is reduced and intemal cracking is increased, the forces transferred from the
reinforcement to the encircling concrete are diminished (Amleh, 2000). It was also noted
that, “In order to form a new crack between two existing cracks, the tensile force which
causes cracking of the concrete should be introduced into the concrete by this bond at the

steel-concrete interface” (Amleh, 2000).

On the other hand, while Amleh (2000) observed an increase in maximum crack widths as
corrosion progresses, this was not exhibited by the specimens tested for this study. Granted,
the testing of tension specimens is an excellent method of studying both bond behaviour and
the mechanics that occur in the tension face of RC beams experiencing pure flexure.
However, at high levels of corrosion, their behaviour can only be applied to RC beams that

can produce like steel stresses in the reinforcing steel.

Conditions that support the transfer of stresses from the concrete to the steel include the
state of the surrounding concrete, adequate anchorage, and sufficient development length. It
is likely that for the beam specimens tested for this study, these conditions were lost due to
the corrosion of the tensile steel. The reason that corroded tension specimens produce wider
cracks at high levels of corrosion is that the embedded rebar is mechanically tensioned, thus
directly stressing the steel. Conversely, in the case for loaded beams, the forces must be

transferred to the tensile steel in order to produce these stresses.

After testing RC beams with un-bonded tensile bars at the shear span having adequate
anchoring at their ends, Nokhasteh and Eyre (1992) observed fewer, but wider flexural
cracks. This behaviour was also exhibited by the severely corroded beams tested by
Rodriguez et al. (1997), particularly beam type 11. This beam had a cross-section of 150 x

200 mm, which 15 similar to those tested for this study, but with twice the development
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length. The former case had adequate anchorage, whereas the latter had sufficient
development length, both of which are required for the transfer of stresses to the steel, as

stated above.

Therefore, the fact that the beams tested in this study did not experience wider flexural
cracks at severe corrosion levels suggests a loss of anchorage, which prevented the transfer of
the forces required to introduce and widen cracks. In terms of bond mechanics, the
interlocking that occurs between the bar ribs and concrete keys was deteriorated as corrosion

levels increased and slippage of the rebar occurred.

7.5 Widening of Flexural Cracks

Coronelli and Gambarova (2004) modelled beam type 11 from the above-mentioned study
by Rodriguez et al. (1997), and proposed that arch action (which is indicative of wider
flexural cracks) was activated when the tensile steel suffered complete bond loss along the
mid-span while being well anchored at the ends by two mechanisms. The first of these
mechanisms was support-induced confinement and the second was the compression of the
concrete in the tension face near the support. The notion of the latter mechanism was taken
from Caims and Zhao (1993), who observed this phenomenon when studying RC beams

with anchored ends but exposed tensile steel in the mid-span.

The following data analysis is provided in an attempt to make a comparison between beam
type 11 and those in this study, with respect to support-induced confinement. The most
corroded type 11 beam (# 116) suffered a mass loss of roughly 26% and the reaction at each
support was 11.9 kN, whereas the most deteriorated beam in this study (BS11) had a mass

loss of 11.56% and the reaction at each support was 48.2 kIN. These numbers indicate that
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beam # 116 had roughly 2.2 times the corrosion, while BS11 had reactions that were 4 times

larger.

As the width of the beams is comparable® and the compressive strength of the concrete is
similar’, the other factor to consider when comparing confinement pressure is bar size. Beam
type 11 had two 10 mm bars and the beams tested for this study had two 16 mm bars, giving
a size ratio of 1.6 and an area ratio of 2.56 (ie. 1.6). This means that for every kN at the
support, 10 mm bars experience 2.56 times the confinement pressure as 16 mm bars.
Assuming that the reactions at the support are directly proportional to the confining pressure

(1:1), BS11 experienced 1.58 times (Le. 48.2/[2.56%11.9)) the pressure of beam # 116.

Considering all of the above, the question arises as to why the beams tested by Rodriguez et
al. (1997) produced wider flexural cracks as corrosion progressed, while those tested for this
study did not. In other words, why did beam BS11, which had half the corrosion and 1.58

times the confining pressure of # 116, fail to experience wider flexural cracks?

One possible explanation is that this failure is due to the difference in reinforcement ratio,
since beam # 116 had a ratio of 0.52%, while BS11 had a ratio of 1.46%. However,
Rodriguez et al. (1997) tested beams with reinforcement ratios ranging from 0.52 % to 1.51
% and observed wider cracks in all cases. Since the reinforcement ratio of the beams tested in
this study was less than 1.51%, and they did not produce wider flexural cracks, 1t is clear that

it is not the determining factor in this case.

The difference in beam span is another possible reason for the lack of wider flexural cracks
in the beams tested for this study, as it was half that of the beams tested by Rodriguez et al.

¥ 150 mm for type 11 and 156 mm for this study
° 34 MPa for type 11 and 39 MPa for this study
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(1997). A longer span causes three main effects. The first is that a beam with a longer span
deflects more than one with a shorter span and a greater deflection means wider cracks. The
second effect is a longer development length, which increases the area in which the transfer
of stresses from the concrete to the steel takes place. The problem with these two factors is
that in both cases, sufficient bond is required to cause the widening of cracks, and yet
Coronelli and Gambarova (2004) claimed a complete loss of bond between the supports of

beam type 11.

The third effect and most plausible explanation for these cracks is that the greater shear span
of beam type 11 allowed for a longer length of concrete in the tension face to shift into
compression, as in the research by Caims and Zhao (1993). When the concrete surrounding
the bars in the shear span is in compression, the confinement of the bars is enhanced and the

bond stress is improved.

From this reasoning, it can be concluded that for the beams tested by Rodriguez et al. (1997),
the widening of flexural cracks has more to do with the length of the shear span than with
support-induced confinement and reinforcement ratio. Moreover, the (1.58 times) greater
confining pressure and the considerably less corrosion of the beams tested in this study

implies that the bar ends were well anchored allowing for arch action, albeit flexural cracks

never widened.

7.6 Evolution of Failure Mode

The failure mode of undamaged RC beams depends upon the reinforcing ratio. Lightly
reinforced beams fail in a ductile manner by the yielding of the reinforcement prior to the

crushing of concrete, while moderately reinforced beams may fail by the crushing of concrete
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with adequate ductility. The failure of over-reinforced RC beams is by the crushing of

concrete, which precedes the yielding of the reinforcement.

It is clear from the literature that the failure mode of RC beams tends to change after
corrosion due to the loss of both concrete and steel sections and the decay of the concrete-
steel bond. For instance, Rodriguez et al. (1997) found that un-corroded beams that are
designed to fail by bending actually tend to fail by shear when corroded. In addition, Wang et
al. (2000) reported that as corrosion increased, the failure mode shifted from shear to bond

splitting, with the longitudinal reinforcement pulled out.

In contrast, Capozucca and Cerri (2003) investigated the influence of corrosion on the
compressive zone and found that while un-corroded beams failed by the yielding of the
tensile reinforcement, corroded beams failed by the crushing of the concrete and had wider
flexural cracks. These researchers also concluded that corrosion damage to reinforcement in

the compressive zone results in a reduction in the compressive strength of the concrete in

the direction along the bar.

In the case for simply supported beams with high bond deterioration, Coronelli and
Gambarova (2004) proposed two possible failure scenarios. The first failure mode is a bond
failure located close to flexural cracks that is accompanied by excessive slip and high-
localized bond stresses. Plizzari et al. (1996) suggested that these bond stresses may cause
concrete splitting along the bar, where the radial splitting cracks propagate throughout the
cover until bond failure occurs. The second mode is an anchorage failure of the tensile

reinforcing steel. Using their reliability theory, Sarveswaran et al. (2000) demonstrated that

this type of failure is the most critical.

105



Although the beams tested for the present study were simply supported and were deemed in
section 7.4 to have high bond deterioration, the failure modes did not conform to either of
the two scenarios mentioned above. Specifically, after the onset of corrosion, there was a
shift from predictable and ductile flexure failures at mid-span, to more brittle bond-shear
failures near the support with the failure crack inclined at approximately 45 degrees (from the
horizontal). As corrosion progressed, both the brittleness and the angle of the failure crack
increased. Severely corroded beams displayed extremely brittle failures at the support, with

no forewarning and only one primary failure crack, which was nearly vertical (Figure 7-5).

BS07 (2.45% ML) BS09 (7.14% ML)

BS12 (10.25% ML)

Figure 7-5: Evolution of failure mode.

‘This shift in the type of failure is also illustrated by the crack surveys of beam specimens
BS01, BS07, and BS11 in Figure 7-6, Figure 7-7, and Figure 7-8 respectively. The right and

left beam faces are illustrated on the top and the bottom of these three figures.
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Figure 7-6: Illustration showing crack survey of BSO1 (ML = 0%).
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Figure 7-7: Illustration showing crack survey of BS07 (ML = 2.45%).
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Figure 7-8: Illustration showing crack survey of BS12 (ML = 10.25%).

Figure 7-6 shows the crack survey for BS01, a control specimen that was not exposed to any
accelerated corrosion. This beam had an ultimate capacity of 140.25 kNN and its failure was as
expected: balanced with the yielding of the tensile steel and the crushing of concrete. The
average number of flexural cracks and their spacing was measured at 10 and 72.4 mm

respectively.

This predicted type of failure was considerably altered when the RC beam specimens were
even slightly corroded, as seen in Figure 7-7 showing the crack survey for BS07. This beam
suffered a total mass loss (ML) of 2.45% and consequently, the ductile flexure failure of the
control beam shifted from the centre towards a more brittle bond-shear failure near the
support and was ultimately only able to carry 83.7% of the average control load.

Furthermore, the flexural cracking pattern changed so that the average number of cracks

dropped 45% and the average crack spacing increased by a factor of 1.90.
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As corrosion increased, this shift in behaviour became more pronounced. For instance, the
failure of BS12 was extremely brittle and occurred abruptly at the support, with only one
primary fracture line. This beam had the second highest level of corrosion with a total ML of
10.25% and was able to carry 68.5% of the control load. The cracking pattern for BS12 also
changed dramatically, as shown in Figure 7-8, with the number of flexure cracks decreasing

by 65% and the average crack space increasing by a factor of 2.34.

The results of this experiment as well as the literature reviewed clearly ndicate a dramatic
shift in the nature of the failure of corroded RC beams. However, due to the many inbuilt
differences in beams (e.g. the layout and ratio of reinforcement, size and placement of
stirrups, intensity and location of corrosion, slendemess, and span), predicting the nature of

the failure that a corroded beam will experience is an area that requires further research.

7.7 Effect of Stirrup Corrosion

The purpose of the stirrups in the present study is to ensure that the shear strength of a
beam equals or exceeds its flexural strength. Likewise, the beam specimens had extra shear
reinforcement, which ensured a flexural failure of the control beam and prevented a shear

failure of any of the corroded ones.

Although the stirrups did fulfil their function, they corroded in spite of the precautions taken.
The effects of stirrup corrosion include the weakening of the surrounding concrete by micro-
cracking, and the cracking and delamination of the concrete cover, both of which were
observed in this study. The latter effect lessened the effective depth and width of the

concrete in the shear span of the beams.
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Figure 7-9 displays the failure zone of BS07, a beam with a corrosion level of 2.45%, and
demonstrates how the concrete split into separate layers. The photo on the left shows the
complete failure zone and provides the context for the enlargement photo on the right. The
white arrow in this photo points to one of the stirrups that was exposed after the beam
collapsed and the areas darkened by corrosion products signify corrosion. In addition, the
rust staining on the concrete between the stirrups confirms that the concrete between each

of the stirrups was cracked in the plane of the stirrups below the cover.

Figure 7-9: (Left) Photograph of the failure zone of BS07 - 2.45% ML,
(Right) Enlargement of exposed stirrups.

Although the crack survey of BS12 (Figure 7-8) recorded two vertical flexural cracks at the
supports, the failure crack coincided with a vertical corrosion crack that was likely caused by
the corrosion of the end stirrup. This indicates that the corrosion of the stirrups may have
determined the location of the failure. Figure 7-10 is a photograph of this area, illustrating

that the failure crack coincided with the rust stained corrosion crack.
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Figure 7-10: Photograph of the failure zone of BS12 (10.25% ML).

7.8 Effect of Corrosion on Deflection Ratio

Many researchers, including Dekoster et al. (2003) and Maaddawy et al. (2005), concur that
there is a significant increase in mid-span deflections with increasing corrosion. Similarly,
Ballim et al. (2001) found that for beams simultaneously subjected to load and accelerated

corrosion, time-dependant deflections increase with greater corrosion.

The rise in mid-span deflections can be explained by a loss of bond between the tensile steel

and the surrounding concrete. When bond strength is reduced, tensile stresses in the re-bars

are significantly increased (Castel et al, 2000b). Indeed, Castel et al. (2000b) and Cabrera
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(1996) both attributed the increase of in-service mid-span deflections to loss in bond

strength.

Cabrera (1996), who developed a numerical relationship between deflection ratio' and
corrosion, reported that when the corrosion level reached 9%, beam deflections increased by
1.5 times that of the non-corroded beam. Similarly, the present study found that at a

corrosion level of 10.25%, beam deflections increased by a factor of 1.54 times.

The distribution of the results obtained by this study, however, was quite different. As shown
in Figure 7-11 the deflection ratio that was attained from the findings of the present study is
a logarithmic increase in the deflection ratio, while the deflection ratio that was observed by
Cabrera (1996) 1s a simple linear relationship. The trend found in this study is very similar to
that observed by Ballim and Reid (2003), who reported that deflections increased as

corrosion propagated, with the largest increase near the early stages of corrosion.

Equation 7-3 is the numerical expression established by way of logarithmic regression
analysis'', where Dr is the deflection ratio, ML is the total percent mass loss, and ¢ is the

coefficient of determination.

Equation 7-3 Dr=0.076In ML +1.72 (2 =0.97)

' calculated by dividing the average deflections of corroded beams with those of the control beams

' Since In(0) is not possible, the regression analysis was conducted with the ML of the control beam
taken as 0.0001.
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Figure 7-11: The deflection ratio versus total percent mass loss.
7.9 Effect of Corrosion on Ductility

The rise in corrosion intensity not only causes mid-span deflections to increase, but also
causes deflection capacities”” to decrease significantly. This notion of the reduction in
deflection capacity is substantiated by a number of researchers, including Dekoster et al.

(2003) and Maaddawy et al. (2005). In this study, deflection capacity is regarded as an

indication of ductility or flexibility.

Coronelli and Gambrova (2004) stated that changes in the ductility of concrete beams are
caused by the notch effect of pitting corrosion of the tensile steel bars. As the cross-section

of the steel bars is diminished, ductility is reduced. Castel et al. (2000b) postulated that this

' Deflection capacity is the deflection corresponding to the ultimate load.
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loss n ductility appears to be controlled by the mere presence of the notch rather than its

depth.

Castel et al. (2000b) concluded that as corrosion increases, the ductility of RC beams
decreases exponentially and then stabilizes at a loss of approximately 75% of the original.
The results from the present study are consistent with this finding, showing a very similar
trend with an exponential decrease and stabilization at around 70% of the original ductility.
Figure 7-12 graphs the observed relationship between steel mass loss and the relative
deflection capacity and Equation 7-4 is the numerical relationship obtained by power
regression analysis”’, where Dc s the relative ductility, ML is the total percent mass loss, and

¢ is the coefficient of determination.
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Figure 7-12: Relative ductility versus total percent mass loss.

" Since zero raised to the power of a negative number is not possible, the regression analysis was
conducted with the ML of the control beam taken as 0.0001.
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Equation 7-4 Dc =0.64ML* (¥ =0.89)

7.10 Effect of Corrosion on Stiffness

Corrosion also has an effect on stiffness, which is related to deflection. In fact, several
researchers have reported a marked reduction in the stiffness of corroded beams (Perno et
al,, 2005; Dekoster et al., 2003; Castel et al., 2000b). On the other hand, Maaddawy et al.
(2005) found that the stiffness of beams that are corroded under sustained loading is higher

than that of virgin beams when loaded to failure.

Castel et al. (2000a) found that the loss of beam stiffness is attributed to a decrease n
strengths of both the rebar cross-sectional area and the local steel-concrete bond of the
tensile bars. A reduction in the stiffness of a beam is also caused by the formation of cracks,

as reported by Chung et al. (2004) and Yoon et al. (2000).

As mentioned earlier, bond breakdown is related to concrete cracking, both of which cause a
decrease in tension suffening. Considering this, it follows that suffness decay is due to
impaired tension stiffening (Coronelli and Gambarova, 2004). Based on the findings of the
research discussed, it can be concluded that changes in stiffness occur whenever there is a

redistribution of internal stresses.

The slope of the load-deflection curve (LDC) can be used to indicate the stiffness of an
element, as in the work by Huang and Yang (1997). In the present study, a relationship
between the stiffness and the total percent mass loss (ML) of RC beams was derived from
the findings of the experimental program, as shown in Figure 7-13. This figure demonstrates

that as corrosion increases, stiffness decreases exponentially and then stabilizes at a loss of
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approximately 70% of the original stiffness (much like ductility). Equation 7-5 provides the
numerical relationship obtained by power regression analysis'*, where £ is the relative

suffness, ML is the total percent mass loss, and * is the coefficient of determination.

Equation 7-5 k=0.57ML**® (2 =0.96)
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Figure 7-13: The relationship between stiffness and mass loss.
7.11 Effect of Corrosion on Toughness

Toughness, which is related to stiffness and ductility, is another measurable characteristic of
RC beams. The toughness of a material is defined as the energy absorbed per unit volume,
and is measured by the area under the stress-strain curve up to fracture. A ductile fracture

occurs when a material experiences appreciable plastic deformation and energy absorption

' Since zero raised to the power of a negative number is not possible, the regression analysis was
conducted with the ML of the control beam taken as 0.0001.
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prior to fracture. Conversely, a brittle fracture results when a material experiences lictle or no

energy absorption prior to fracture (Illston and Domone, 2001).

The area under the LDC up to failure has been used to assess the absorbed energy of RC
beams (ie. toughness), as in the research by Uomoto and Misra (1988) and Azher (2005).
Although the literature reviewed contains limited information conceming the manner in
which corrosion affects the area under the IDC of RC beams, it is established that toughness

is typically reduced with increasing corrosion (Azher, 2005).

Using data from the experiment conducted for the purpose of this study, a relationship
between toughness and the level of corrosion was established, as seen in Figure 7-14. The
data acquired reveals a trend similar to that of the reduction in stffness and ductility.
Specifically, as corrosion increased, the energy absorbed by the beams decreased

exponentially followed by a levelling off.
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Figure 7-14: The relationship between the area under the LDC and ML.
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The difference in this case, however, is that the stabilization occurred at the lower value of
approximately 40% of the original. Equation 7-6 shows the numerical relationship obtained
by power regression analysis”’, where 7 is the relative toughness, ML is the total percent

mass loss, and 1 is the coefficient of determination.

Equation 7-6 T =0.28ML""* (2 =0.94)

The absorption of energy by RC beams causes visible and measurable external responses,
such as more frequent cracking of the tensile concrete and greater deflections, both of which
intensify as the applied load increases. When this load is applied to the beam, it is primarily
supported by intemal moments and shears, and its effects are shear forces and bending

moments that can be determined using the laws of statics.

At any section In the beam, the internal resisting shear and moment are necessary to
equilibrate the applied shear force and bending moment. This internal resisting moment
induces compressive and tensile forces within the beam. Cracking occurs when these tensile
forces cause the stresses at the bottom of the beam to exceed the tensile strength of the

concrete (MacGregor and Bartlett, 2000).

Changes in the cracking pattern are indicative of an altered absorbed energy. Indeed, the
results of the beam tests revealed that a reduction in the absorbed energy due to increasing
corrosion Intensity was proportional to the number of flexural cracks and nversely
proportional to the spacing of the flexural cracks. This relationship between toughness and

flexural crack development is shown in Figure 7-15.

'* Since zero raised to the power of a negative number is not possible, the regression analysis was
conducted with the ML of the control beam taken as 0.0001.
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Figure 7-15: The relationship between the area under the LDC and flexural crack development.

After cracking, the internal tensile forces of a beam are redistributed into the reinforcing

steel, resulting in reduced stiffness and/or increased deflections. These changes in stiffness

and ductility also suggest an altered absorbed energy. Since stiffness is measured using the

slope of the IDC and ductility is indicated by the maximum deflection, their reductions

imply a decrease in the area under the curve (Le. toughness) as well In fact, it was observed

from the results of the beam tests that a reduction in the absorbed energy was proportional

to both the stiffness and ductility of corroded RC beams, as seen in Figure 7-16.
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Figure 7-16: The relationship between the area under the LDC and beam deflections.

7.12 Ductility, Stiffness, and Toughness Compared

As mentioned previously, ductility is indicated by the deflection capacity, stiffness by the
slope of the IDC, and toughness by the area under the LDC (up to failure). All three of
these properties are related, in that they are revealed by the load-deflection behaviour.
Toughness is the most connected, since the area under the LDC is greatly influenced by both
the slope of the curve (Le. stiffness) and the deflection that corresponds to the ultimate load
(Le. ductility).

Interestingly, the data obtained from the experimental study for all three of these properties

was best numerically modelled (ie. yielding the highest coefficient of determination) by
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power regression analysis. These equations are provided in Equation 7-4 for duculity [Dcl,

Equation 7-5 for stiffness [£], and Equation 7-6 for toughness [7].

When these numerical relationships are compared, it is clear that for the beams tested, the

relative stiffness is approximately equal to the relative ductility, which are both roughly twice

the relative toughness.

That is, 0.57TML**® ~ 0.64ML*" ~ 2x 0.28ML™*"
Which is roughly, 0.6ML™* ~ 0.6ML % ~ 0.6ML™"™

Cr, k~Dc=~2T

7.13 Effect of Corrosion on Beam Capacity

The effect of corrosion on the ultimate load-carrying capacity is the final behavioural
phenomenon of beams investigated in this study. Figure 7-17 is a plot of the relative beam
capacity versus the total mass loss of each beam tested. The capacities of the beam specimens
rapidly decreased and tapered off at approximately 75% of the control strength. Equation 7-7
is the numerical expression developed to find the relative beam capacity (B) that was
obtained by logarithmic regression analysis'®, where ML is the total percent mass loss and ¥’

1s the coefficient of determination.

' Since In(0) is not possible, the regression analysis was conducted with the ML of the control beam
taken as 0.0001.
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Figure 7-17: Relationship between mass loss and the relative beam capacity.
Equation7-7 B =-0.044In ML +0.61 (2 =0.93)

For the purpose of this study, the results of over 100 corroded-beam tests conducted by
other researchers were reviewed. When the results of the present study are compared to
those found in the literature, the reduction in capacity proves to have a more rapid loss that
occurs sooner, as shown in Figure 7-18. In this figure, the results of the current tests are

denoted by dark circular points, while the previous test results are represented by grey
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diamonds. The sources and some pertinent details concering the data used to generate this

graph are provided in Appendix G.
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Figure 7-18: Comparison between the relative capacities of previous beam tests
and those of the present study.

The earlier and quicker strength loss exhibited by the beams tested here can be attributed to

the 3 mA/ e’ rate of corrosion used on these specimens, while the average rate for the other

1 beams in Figure 7-18 is 1.35 mA/cmy’. This idea is supported by the findings of Mangat and
Elgarf (199%9a), who studied the effect of corrosion rates on the flexural load capacity of

beams. These researchers found that beam capacity decreases with increasing corrosion rates

and this effect is enlarged with higher degrees of corrosion.

The data collected from the beam tests in the literature encapsulates a wide range of factors,

] including beam sizes, reinforcement detailing, levels and rates of corrosion, and material
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properties. For instance, the spans of these beams range from 900 to 3000 mm and steel bar

sizes range from 8 to 19 mm.
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Figure 7-19: Generalized trend of capacity loss of RC beams.

Due to this diversity in the sample population, a generalized trend for the capacity loss of RC
beams with increasing corrosion is generated by means of logarithmic regression analysis.
Figure 7-19 is a plot containing all of the current and previous data with the logarithmic trend
line and Equation 7-8 is the numerical expression of the trend, where B is the relative beam

capacity, ML is the total percent mass loss, and ¥’ is the coefficient of determination.

Equation 7-8 B =-0.0891In(ML)+0.56 (r =0.41)
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Granted, the coefficient of determination in this case is quite low (¥ = 0.41), bur a large
scattering of data is expected in a general case such as this. In order to gain a clearer and
more specific picture, the sample size must be enlarged and categorized according to
different parameters, such a bar diameter, tensile and compressive reinforcement ratio, cover

thickness, bar yield strength, and concrete compressive strength.

7.14 Importance of Bond Strength

The load-carrying capacity of RC beams with corroded reinforcement has been studied by
many researchers and those consulted for this study have all concluded that ultimate strength
decreases with increasing corrosion (Higgins and Farrow, 2006; Maaddawy et al., 2005b;
Pemo et al, 2005; Dekoster et al, 2003). However, there has been much speculation
regarding the causes of this effect and the general consensus appears to have shifted. While
earlier studies neglected to consider reductions in bond strength as a factor, recent works

have focused on the importance of bond strength when considering ultimate capacity.

Uomoto and Misra (1988) attributed a decrease in the load-carrying capacity of corroded RC
beams to both the reduction in the reinforcement area and the cracking of the concrete. In
contrast, Al-Sulaimani et al. (1990) concluded that the decrease was primarily caused by the
reduced area of the reinforcing steel, stressing that it was 7¢ due to a reduction in bond
stress. Meanwhile, Rodriguez et al. (1997) surmised that pitting of the reinforcing steel had
the greatest impact on load-carrying capacity. Despite their differing views, these researchers
all recognized the deterioration of the concrete cover as being relevant but did not consider

bond strength to be a factor.
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On the contrary, Mangat and Elgarf (1999a) more recently proposed that, “... the reduction
in reinforcing bar section due to corrosion has an #signficint effect on the residual flexural
strength of beams.” In fact, they hypothesized that a reduction in flexural strength is mainly
related to the deterioration of the bond at the steel-concrete interface. Furthermore, Mangat
and Elgarf (1999b) observed in another study that when a bond failure occurs, the tensile
stress in the reinforcement is less than its yield stress. This indicates that bond strength plays

a key role in reducing ultimate capacity.

Moreover, Castel et al. (2000a; 2000b) carried out a two-part study in order to investigate the
mechanical behaviour of corroded RC beams, wherein the effect of bond strength was only
considered in the latter half. The results of this study demonstrate that if the influence of
bond strength is acknowledged, it will have a positive correlation with ultimate strength. If
bond strength is ignored, on the other hand, the loss of rebar cross-sectional area will be the
only factor determining residual strength. Thus, these researchers argued that bond strength
should be taken into account when studying the residual capacity of RC beams.

For this reason, the present study was designed to include pullout tests in an attempt to find

the relative bond strength of the tensile steel at different levels of corrosion and relate this to

relative beam capacities.

7.15 Effect of Corrosion on Bond Strength

Previous research work has found that as corrosion progresses, there is generally an initial
increase in bond strength prior to a decrease. While Amleh (2000) reported this decrease as
gradual, Chung et al. (2004) described it as rapid. The latter characterization is consistent with

the results observed in the present study, where there was an initial increase in bond strength
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followed by a rapid decrease. The relationship between the losses in relative bond strength
and bar mass (ignoring the initial increase) is portrayed in Figure 7-20, which plots the
findings of the pullout study.
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Figure 7-20: Relative bond strength versus mass loss.

A numerical relationship to calculate the reduction in bond strength in terms of bar mass loss
was obtained by performing logarithmic regression analysis'” on instances showing a decrease
in the relative bond strength. Equation 7-9 gives this correlation, where 7, is the relative
bond strength, ML is the total percent mass loss (in decimal form), and r’ is the coefficient of

determination. This nonlinear relationship between bond stress and corrosion supports the

findings of Chung et al. (2004).

'7 Since In(0) is not possible, the regression analysis was conducted with the ML of the control beam
taken as 0.0001.
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Equation 7-9 7,, =-0.08In ML +0.29 (r =0.88)

Using Equation 7-9 as a reduction factor and multiplying it with Equation 4-2 yields
Equation 7-10, where 7, is the average residual bond strength, R is measured from the
centre of the bar to the closest surface, d, is the diameter of the bar, and f; is the

compressive strength of concrete.

Equation 7-10 T, :{0.5\/—]?,(Rc _1]}.[0'291\/&;0.19]

d, 2

However, Equation 7-9 is only able to provide a close estimate of the bond strength at the
rebar surface in the beam specimens tested for this study. The actual bond strength cannot
be calculated using this equation for two main reasons. Firstly, the cover of the tensile bars in
the beam was 36 mm, while the cover in the pullout specimens was 42 mm. Secondly, the
bars in the beam specimens had the benefit of the confinement provided by the stirrups,

whereas pullout specimens did not.

7.16 Relationships with Beam Capacity

Some researchers have proposed models for predicting the residual strength of corroded RC
beams, claiming good correlation with their own and/or other available experimental data
(Azher, 2005; Mangat and Elgarf, 1999a; Rodriquez, 1997; Eyre and Nokhasteh, 1992; and
Caims and Zhao, 1993). While these models may provide greatly needed insight into beam
capacity reductions, many have been criticized by Maaddawy et al (2005) for
oversimplification since they fail to take into account the coupled effects of the reductions in

both the steel cross-sectional area and bond strength.
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Improved ultimate strength models can be developed with further study, as well as a better
understanding of the holistic nature and behaviour of RC beams suffering from corrosion. A
discussion of the relationships between beam capacity and a variety of phenomena, as
established in the present study is essential Figure 7-21 is a diagram illustrating these

relationships.

Figure 7-21: Phenomena that related well to the relative beam capacity.
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Specifically, relative beam capacity was found to have good correlations with the total mass

loss (see section 7.12 ), bond strength of the tensile steel, maximum corrosion crack width,

number and spacing of flexural cracks, deflection ratio, ductility, stiffness, and toughness.

7.16.1 Beam Capacity and Bond Strength

As corrosion increased, the reduction in bond strength was found to exceed the reduction in
beam capacity. This is evident in Figure 7-22, which graphs Equation 7-9 (for bond strength)
and Equation 7-7 (for beam capacity). Adding these equations together yields the numerical
is the

relationship (see Equation 7-11) between bond strength and beam capacity, where 7

rel
relative bond strength, B is the relative beam capacity, and ¥ is the coefficient of

determination. This new relationship is plotted in Figure 7-23.
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Figure 7-22: Comparison between the reductions in beam capacity and bond strength.
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Equation 7-11 B=0.557,,+0.45
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Figure 7-23: Relationship between beam capacity and bond strength.

Traditional flexure theory (as described in 3.2) relies on the composite action of the tensile
steel and concrete and presupposes complete bond between the two, implying that the
resisting moment is proportional to the bond strength between them. However, this

proportionality can only occur when the applied loads are equilibrated exclusively by beam

action.

e . sttt sonam—— o ——. . -

Yet, it has been proven that after the de-bonding of the tensile steel in the shear span, arch
action 1s initiated and the forces are transferred to the supports via an inclined compressive

i strut (as discussed in 7.4 ). In the present study, beam action cannot be used to reconcile the

capacities observed, due to the relatively low residual bond strength. It can therefore be
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argued that in this case, beam action was replaced with an alternative force equilibrating

mechanism such as arch action.

7.16.2 Beam Capacity and Maximum Corrosion Crack Width

Corrosion cracks, which are induced by expanding rust products, contribute to a reduction in
both bond strength and beam capacity. Accordingly, the data obtained from the present
study reveals that the capacity of the beam specimens tested is related to the maximum

corrosion crack width of the concrete surrounding the tensile reinforcing steel

Figure 7-24 plots this relationship and Equation 7-12 is its numerical expression, obtained by
power regression analysis, where w,, is the largest corrosion crack width in mm, B is the

relative beam capacity, and ¥’ is the coefficient of determination.

100%

95%

90%

85% A

80%

75% A

Relative Beam Capacity

70% A

65% -

600/0 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Corrosion Crack Width (mm)

Figure 7-24: Relationship between beam capacity and maximum corrosion crack width.
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Equation 7-12 B =0.64w2'° (2 =0.87)

corr

7.16.3 Beam Capacity and Number of Flexural Cracks

The manner in which RC beams develop flexural cracks is greatly affected by their level of
corrosion. In addition, the results of the present laboratory study indicate a definite
relationship between flexural crack development and beam capacity. Specifically, the average
number of flexural cracks was found to decrease linearly with capacity, as graphed in Figure

7-25.
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Figure 7-25: The relationship between the number of flexural cracks and beam capacity.

Equation 7-13 numerically expresses this relationship, which was obtained using regression
analysis, where Cr is the relative number of flexural cracks, B is the relative beam capacity,

and r’ is the coefficient of determination.

133



Equation7-13 B=0.51Cn+0.51 (2 =0.92)

7.16.4 Beam Capacity and Flexural Crack Spacing

The reduction in beam capacity not only related to the number of flexural cracks, but also to
their spacing. Figure 7-26 graphs this relationship between beam capacity and the spacing of
tlexural cracks. The Equation 7-14 of the best-fit line through the data is the numerical
expression obtained using regression analysis, where Csp is the relative spacing of flexural

cracks, B is the relative beam capacity, and ¥’ is the coefficient of determination.
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Figure 7-26: The relationship between the relative flexural capacity and the relative crack spacing.

Equation 7-14 B=-023Csp+1.22 (2 =0.83)
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7.16.5 Beam Capacity and Deflection Ratio

In this study, beam capacity was also found to have a relationship with deflection ratio, as
seen in Figure 7-23. This relationship was derived by adding Equation 7-7 (for beam
capacity) to Equation 7-3 (for deflection ratio), which yields Equation 7-15, where B is the

relative beam capacity, Dris the deflection ratio, and r* is the coefficient of determination.

Equation 7-15 B =-0.58Dr +1.61
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Figure 7-27: Relationship between beam capacity and deflection ratio.

7.16.6 Beam Capacity and Ductility

As mentioned previously, corrosion increases deflections while simultaneously reducing
ductility. Data collected from the beam tests performed revealed that the reduction in

ductility was nearly at par with the reduction in beam capacity, as illustrated in Figure 7-28.
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Equation 7-16 provides the numerical expression of this relationship that was obtained by

regression analysis, where Dc s the relative ductility, B is the relative beam capaciry, and ris

the coefficient of determination.
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Figure 7-28: The relationship between the beam capacity and ductility.
Equation 7-16 B =1.03Dc-0.022 (© =0.98)

7.16.7 Beam Capacity and Stiffness

The suffness of the beams tested was also related to a reduction in beam capacity. Equation

7-17 1s the numerical expression of this relationship that was obtained by regression analysis,

where k is the relative stiffness, B is the relative beam capacity, and ¢ is the coefficient of

determination. Figure 7-29 graphs the data obtained from the beam tests and plots Equation

7-17, which is represented by the continuous line.
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Equation7-17 . B=072Ink+1.02 (2 =0.86)
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Figure 7-29: The relationship between beam capacity and stiffness.

The data in this figure suggests two distinct linear trends (represented by dashed lines n
Figure 7-30), which intersect at (71.1%, 83.2%). The different slopes of these two lines imply
that a considerable change in the behaviour of the beams occurred. Specifically, as the
capacity of the beam was reduced to 83.2% of the control, the stiffness’ rate of change

decreased, as indicated by the sharp increase in the slope.

It is estimated that this change occurs at a corrosion level (mass loss) of 1.67%, which is the
average mass loss between the two beam specimens that are located near the intersection of
the proposed linear trend lines. Given this, it can be argued that the beam specimens were

stffened after their capacity fell below 83.2%, or the corrosion level passed 1.67%.
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As previously discussed, the stiffness of RC beams tends to change whenever a redistribution

of internal stresses occurs. Since redistributions of internal stresses accompany changes in the

internal equilibrating mechanism, it can be hypothesized that in this study, beam action was

replaced once the level of capacity fell below 83.2%. It can also be postulated that this

replacement was due to a shift towards arch action, as this is permitted by both the suppont-

induced confinement (as discussed in section 7.4 ) and the relatively short span. Moreover,

according to Equation 7-11, a beam capacity of 83.2% corresponds to 54.5% bond strength.

Thus, it can be inferred that this arch action was initiated when the bars lost 45.5% of their

bond.
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7.16.8 Beam Capacity and Toughness

Toughness is another beam property that relates well to the capacity loss of the beams tested.
This relationship was found to have a remarkable correlation, as shown in Figure 7-31.
Equation 7-18 is the numerical expression of the relationship between toughness and beam
capacity that was obtained by logarithmic regression analysis', where B is the relative beam

capacity, T'is the relative toughness, and ¢ is the coefficient of determination.
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Figure 7-31: The relationship between beam capacity and toughness.

Equation 7-18 B=031InT+1.01 (2 =0.99)

'8 Since In(0) is not possible, the regression analysis was conducted with the ML of the control beam
taken as 0.0001.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary

In this experimental study, twelve reinforced concrete (RC) beams were constructed,
corroded and tested using four-point loading, The results of these tests were used to examine
the beams’ various responses to corrosion, with respect to the initial cracking load, flexural
crack development, evolution of the failure mode, deflection ratio, ductility, suffness,
toughness, and beam capacity. The data collected from the experimental work in this study
enabled the proposal of several numerical relationships that describe the altered behaviour of
corroded RC beams.

8.2 Conclusions
Based on the results of this research program, the following conclusions can be drawn:

The overall behaviour of the beam specimens tested conforms to that reported i the
literature, with reductions in the ultimate capacity, deflection capacity and stiffness upon

Increasing corrosion.

The mitial cracking load of the beams was observed to decrease at the onset of corrosion and
remain constant until a mass loss of about 10%, with a final increase to above the original

initial cracking load.
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The beam tests revealed a change in flexural crack development with rising corrosion levels,
in that there was a simultaneous increase in the average spacing and a decrease in the average

number.

The results of this experiment clearly indicated a dramatic shift in the nature of the failure of
corroded RC beams, which is confirmed by the literature reviewed. Specifically, it was
observed in the present study that as corrosion increased, the failure mode of the beams
shifted from predictable ductile flexure failures at mid-span, to more brittle failures near the
support. In addition, severely corroded beams displayed sudden and extremely brittle failures

at the support, having only one primary failure crack.

The results of this study indicate that there is a shift in the failure type of corroded beams,
which is substantiated in the literature reviewed. This shift begins with the onset of corrosion
and continues as corrosion propagates. Predicting the type of failure a corroded beam will
experience at any given level of corrosion is clearly a topic that requires further research. This
is important because knowing how a beam will likely fail can be used to direct measures

taken to strengthen damaged beams and possibly prevent an impending failure.

In spite of precautionary measures taken, the accelerated corrosion intended for the tensile
steel in the beams tested resulted in the corrosion of the stirrups as well. This caused cracking
and delamination of the surrounding concrete, which contributed to the lowering of the

residual strength and influenced the location of failure in at least one instance.

Based on the data collected, several new corrosion-dependant empirical relationships were
established to model the altered responses of RC beams, including ones with beam stiffness,

deflection ratio, ductility, and toughness.
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It was found in this study that at a corrosion level of 10.25%, beam deflections increased by a
factor of 1.54. Similarly, Cabrera (1996) reported that when the corrosion level reached 9%,
beam deflections increased by a factor of 1.5. What distinguishes the present study from
Cabrera’s is the distribution of the results, indicating a logarithmic relationship rather than a

simple linear one.

The data obtained in the current study testifies that ductility is reduced with increasing
corrosion, with an exponential decrease followed by stabilization at approximately 75% of
the original ductility. This observation is similar to the trend found by Castel et al. (2000b),

who reported this stabilization as occurring at approximately 70% of the original ductility.

In this study, the slope of the load-deflection curve (LDC) was used to indicate the stiffness
of the RC beams tested. As corrosion increased, their stiffness decreased exponentially and

then stabilized at approximately 70% of the original, much like ductility loss.

The area under the LDC up to failure was used to determine the toughness of the RC beams
tested. The data acquired showed a similar trend to that of the reduction in stuffness and
ductility.: Specifically, as corrosion increased, the energy absorbed decreased exponentially,
followed by a levelling off. The difference in this case, however, is that the stabilization

occurred at a lower value of approximately 40% of the orginal toughness.

The results obtained from the experimental study for relative ductility, suffness, and
toughness were all best numerically modelled (ie. yielding the highest coefficient of
determination) by power regression analysis. When these numerical relationships are
compared, the relative stiffness is approximately equal to the relative ductility, which are both
roughly twice the relative toughness.
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For the purpose of this study, the results of over 100 corroded-beam tests conducted by
other researchers were reviewed and a generalized equation for the capacity loss of RC beams

in terms of steel mass loss was generated by way of logarithmic regression analysis.

Numerical relationships were identified between a reduced beam capacity and various
phenomena. Namely, the total mass loss, maximum corrosion crack width, number and
spacing of flexural cracks, toughness, deflection ratio, ductility, stiffness, and bond strength
of the tensile steel were examined. These relationships are valuable in their potential for

aiding in the development of an accurate prediction model of beam capacity.

The results of the beam tests indicated a redistribution of mnternal stresses and a shift in the
manner in which the applied load was transferred to the supports. It is hypothesised that
when the level of corrosion reached 1.67%, beam action was replaced with arch action, due

to the following;

The capacity loss was relatively minor when compared to the bond loss. Since beam action
cannot account for the capacities observed given such low bond strengths, it can be deduced
that as corrosion progressed, beam action was replaced with an alternative such as arch

action.

After considering the work of Coronelli and Gambarova (2004), Caimns and Zhao (1993), and
Rodriguez et al (1997), it can be concluded that the support-induced confinement of the

beams tested was sufficient to allow for arch action.

The data acquired from the present experimental study showed that after the capacity
dropped below 83.2%, the beams stiffened dramatically, indicating a redistribution of internal

stresses. A distribution such as this can be explained by a change from beam to arch action.
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This capacity of 83.2% corresponds to the corrosion level of 1.67% mentioned above, which

was established using numerical relationships derived from the beam tests performed.

In sum, the results of this laboratory study have led to a better understanding, both
qualitatively and quantitatively, of the impact of corrosion on various phenomena of
reinforced concrete beams with corroded reinforcing steel. Moreover, several relationships

involving the ultimate capacity and the level of corrosion were developed.

8.3 Recommendations for Future Research

Further research is required in order to gain a better understanding of the behavioural

changes of RC beams due to corrosion. The following studies are recommended:

It is evident from the tests conducted that corrosion of the stirrups occurred. To investigate
the effect that the corrosion of the stirrups had on the results of this experiment, similar
beams should be tested without stirrups or with external stirrups. Such tests would also aid in
the understanding of how the confinement of the concrete surrounding tensile bars affects

the behaviour of corroded RC beams, particularly load-carrying capacity.

The results of the beam tests point to both the slipping and anchoring of the tensile bars; the
lack of the widening of flexural cracks is symptomatic of the loss of anchorage, whereas the
forces at the beam-ends suggest sufficient support-induced confinement to anchor the bars
and allow for arch action. In order to leam more about this apparent contradiction,
examining the anchorage of the bars of similar beams is recommended. This may be
achieved through the measurement of bar slippage at the ends of the beams and the strains
of both the tensile steel and concrete. This recommendation may also validate or refute the

notion of the onset of arch action at the estimated corrosion level of 1.67%.
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The measurement of the steel and concrete strains may also identify the manner in which the
stresses were redistributed after the degradation of bond, and shed light on the unexpected

failure modes of the corroded beams tested in this study.

Forcing anchorage of the tensile steel may affect the way in which the beams react to
corrosion. This can be achieved by testing beams similar to those in this experiment, but with
well-anchored bars (ie. bars having hooks or bends at the beam-ends). A study of this nature
can then be contrasted with the current findings in order to investigate the effects of

anchorage on both the initiation of arch action and the evolution of the failure mode.

In closing, a great deal of testing is required before the nature and behaviour of corroded RC
beams can be comprehended, as there are numerous variables to consider. These variables
include the concrete cover thickness, bar size, reinforcement ratio, moment arm length, beam
depth, and concrete permeability and compressive strength. A holistic understanding of RC
beams with corroded reinforcing steel can only be achieved once each factor is understood
individually. Moreover, the identification of cause and effect relationships between the
variables and corroded RC beams is required to accurately model these elements and predict

their residual strength and service life.

Finally, the development of practice-oriented equations for the evaluation of RC beams that
consider the loss of both bond and steel cross-sectional area would contribute to the
structural engineering community. However, the determination of the input parameters could
pose a major limitation to these equations, which must be overcome before they can be used
to facilitate the assessment of structures in the field. For instance, there are currently no
methods available to conveniently determine either the cross-section reduction (location and

distribution of pits) or the residual bond strength of corroded reinforcing steel. The
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development of these methods would make the practice-oriented equations viable, which

would undoubtedly prove to be a great asset to engineers in the field.
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APPENDIX A: CURRENT AND VOLTAGE
READINGS FROM THE ACCELERATED
CORROSION PROGRAM

N.B. Current was constant at 1.5 amp, unless otherwise shown.
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Figure A-1: Voltage readings for BS03-R and BS03-L.
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Figure A-2: Voltage readings for BS04-R and BS04-L.
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Figure A-3: Voltage readings for BS05-R and BS05-L.
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Figure A-4: Voltage readings for BS06-R and BS06-L.
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Figure A-5: Voltage readings for BS07-R and BS07-L.
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Figure A-6: Voltage readings for BS08-R and BS08-L.
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Figure A-7: Voltage readings for BS09-R and BS09-L.
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Figure A-8: Voltage readings for BS10-R and BS10-L.
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Figure A-9: Voltage and current readings for BS11-R.
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Figure A-10: Voltage and current readings for BS11-L.
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Figure A-11: Voltage and current readings for BS12-L.
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Figure A-12: Voltage and current readings for BS12-R.
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Figure A-13: Voltage readings for PS03 and PS04.
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Figure A-14: Voltage readings for PS05 and PS06.
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Figure A-15: Voltage readings for PS07 and PS08.
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Figure A-17: Voltage readings for PS11 and PS12.
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APPENDIX B: CORROSION CRACK MAPS
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Figure B-2: Corrosion crack map for BSO5
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APPENDIX C: HALF-CELL POTENTIAL
READINGS FOR BEAM SPECIMENS

Table G 1: Categories used to analyze the half-cell potential readings.

Designation Readings Less Than Legend

A -0.42 mV
B -0.35 mV
C -0.28 mV
D -0.21 mV
E -0.14 mV
F -0.07 mV
G 0.00 mV

RIGHT RIGHT
0092 0095 -0091 0089 0092 -0077 -0079 -0088 -0.082 -0.081 _ -0.076

-0.085 -0.084 -0.097 -0.078 -0.078 -0.080 -0.079 -0.083 -0.079 -0.088 -0.087
BOTTOM -0.076 -0.086 -0.084 -0.081 -0.080 -0.093 -0.073 -0.080 -0.084 -0.077 -0.074 BOTTOM
LEFT -0.078 -0.082 -0.076 -0.088 -0.089 -0.090 -0.088 -0.088 -0.075 -0.085 -0.076 LEFT

RIGHT

- BOTTOM

LEFT

Figure G 1: Half-cell potential readings (mV) and their categories for BSO1
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RIGHT
RIGHT | 0120 0133 0135 0130 0432 0130 -0134 0127 -0.133 -0.121 -0.119
0108 0112 0116 0122 0121 0119 0114 0108 0125 0112 0115 | oirrom
BOTTOM| o407 -0417 0417 0429 0119 0417 0107 0114 -0123 0410 0123
Ler | ©116 0114 0116 0112 0402 0415 0117 0420 0421 04310127 |\ gpy
RIGHT RIGHT
]
BOTTOM BOTTOM
LEFT LEFT
Figure C-2: Half-cell potential readings (mV) and their categories for BS02
RIGHT
RIGHT | 0266 0275 0285 0288 0285 0278 0277 _-0277 _-0282 _ 0.270 _-0.252
0261 -0.260 0263 -0.260 -0.262  -0.257 -0.262  -0.255  -0.258  -0.252  -0.251
BOTTOM
BOTTOM| 0341 0347 -0344 0344 0341 -0366 0335 0332 -0331 _-0.330 _ -0.329
LEFT | 0342 0375 0369 0376 0361 -0.351 -0350 0344 0341 -0.336 -0330 | ey
RIGHT RIGHT
BOTTOM BOTTOM
LEFT LEFT
‘ Figure G 3: Half-cell potential readings (mV) and their categories for BS03
¢
RIGHT
0207 0300 0289 0288 0268 0281 0301 0303 0207 0311 0335 | Nor!
0276 0291 0277 0287 0285 0.289 -0295 0.297 -0.305 0.311  -0.354
BOTTOM
-0.136 -0.151 -0.133 -0.148 -0.149 -0.148 -0.183 -0.153 -0.165 0.177 -0.204 BOTTOM
LEFT | 0150 0157 0132 0126 0146  0.140 -0.146 0151 -0.175 0180 -0.209 | | ger
RIGHT RIGHT
BOTTOM BOTTOM
LEFT LEFT

| N

Figure C-4: Half-cell potential readings (mV) and their categories for BS04
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RIGHT -0.390 -0.389  -0.434  -0.400 -0.384  -0.407  -0.411 -0.420  -0.411 -0.412  -0.368 RIGHT

BOTTOM -0.434 -0.455  -0.445  -0.437  -0.451 0.452  -0.438 -0.441 -0.433 -0.435  -0.425
-0.470 -0.481 0475 0469 -0.479  -0.461 -0.448 -0.461 -0.434  -0.418  -0.407
LEFT -0.484 -0.478  -0.495 0478 -0.485  -0.470 -0.463 0426 -0.434  -0.421 -0.379

BOTTOM

LEFT

RIGHT RIGHT
BOTTOM BOTTOM
LEFT LEFT
Figure C-5: Half-cell potential readings (mV) and their categories for BS05

RIGHT
RIGHT | 0373 0393 0412 0393 0386 0407 0430 -0.447 0445 0430 _ -0.389
0404 0419 0441 0445 0426 0420 -0433 0441 0447 0452 -0.410
BOTTOM| 0400 0425 0414 0411 0409 0393 0409 0410 -0403 0417 0395 |2OTTOM
LEFT -0.375 -0.374 -0.338 -0.361 -0.385 -0.392 -0.433 -0.428 -0.416 -0.398 -0.368 LEFT
RIGHT RIGHT
BOTTOM BOTTOM
LEFT LEFT

Figure C 6: Half-cell potential readings (mV) and their categories for BS06

RIGHT
-0.398  -0.436 0434 0425 0434 0434 -0478 0467 -0457 -0.453 -0.392 RIGHT
0375 -0.415 -0.417 -0.435 -0.420  -0.408  -0.430 -0.421 -0.428  -0.420 -0.367
BOTTOM
-0.391 -0.419 -0.406 -0.409 0410 0440 -0442 0439 -0442 -0.420 -0.359 BOTTOM

LEFT -0.378 -0.417 -0.428 -0.436 -0.441 -0.448 -0.456 -0.422 -0.422 -0.404 -0.383 LEFT

RIGHT

RIGHT
BOTTOM BOTTOM
LEFT LEFT

Figure C-7: Half-cell potential readings (mV) and their categories for BSO7
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P

RIGHT
RIGHT | 5415 0450 0431 _ -0.431 0421 0420 0423 0434 -0460 -0.440  -0.400

-0.396 -0.442 -0.431 -0.433 -0.434 -0.423 -0.416 -0.428 -0.439 -0.419 -0.382 BOTTOM
-0.407 -0.422 -0.438 -0.450 -0.439 -0.401 -0.422 -0.408 -0.430 -0.397 -0.374
-0.371 -0.415 -0.448 -0.453 -0.432 -0.388 -0.411 -0.422 -0.439 -0.426 -0.379 LEFT

BOTTOM

LEFT

RIGHT RIGHT
BOTTOM BOTTOM
LEFT LEFT
Figure G-8: Half-cell potential readings (mV) and their categories for BSO8
RIGHT -0.517 -0.535 -0.537 -0.521 -0.547 -0.517 -0.547 -0.5622 -0.548 -0.556 -0.496 RIGHT
-0.556 -0.558 -0.545 -0.544 -0.554 -0.578 -0.550 -0.547 -0.553 -0.555 -0.519
BOTTOM -0.529 -0.535 -0.551 -0.573 -0.565 -0.570 -0.548 -0.543 -0.638 -0.542 -0.524 BOTTOM
LgFT | 0495 0532 0533  -0.560 0549 0524 0539 0530 0521 0541 0486 | oo
RIGHT RIGHT
BOTTOM BOTTOM
LEFT LEFT
Figure C-9: Half-cell potential readings (mV) and their categories for BS09
RIGHT | o804 0550 0556 0552 0552 0531 0564 0545 0558 0639 0622 | on
0514 0546 055 0546 0.520 0.502 -0.529 0.566 -0.526  -0.536  -0.538
BOTTOM| o501 0530 0550 0533 0512 0560 -0532 0519 -0531 0538 0537 |20 TOM

LEFT -0.516 -0.485 -0.536 -0.525 -0.518 -0.515 -0.545 -0.515 -0.506 -0.521 -0.515 LE
FT
RIGHT RIGHT
BOTTOM BOTTOM
LEFT LEFT

Figure G 10: Half-cell potential readings (mV) and their categories for BS10
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RIGHT
RIGHT 0672 0675 -0.695 -0.690  -0.691 0683 -0673 -0.672 -0.655 -0.624 -0.602 H

BOTTOM 0628 0637 0636 -0.638 -0.633 -0.616 -0.628 -0.628 -0.626 -0.599  -0.604
0602  -0.604 -0605 -0.594 -0.584 -0.593 -0.580 0590 -0.620 -0.597 -0.596
LEFT 0606 -0.628 -0633 -0.629 -0.607 -0596 -0613 0.636 -0.640 -0.607 -0.591

BOTTOM

LEFT

RIGHT RIGHT
BOTTOM BOTTOM
LEFT LEFT
Figure G 11: Half-cell potential readings (mV) and their categories for BS11

RIGHT
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Figure G 12: Half-cell potential readings (mV) and their categories for BS12.
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APPENDIX D: LOAD-DEFLECTION CURVE
ANALYSIS
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Figure D-1: LDC trend lines for BSO1
Equation D-1
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Aggo = [(49.103x)dx + [(47.073x +1.9728)dx
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Figure D-2: LDC trend line for BSO7
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Figure D-3: LDC trend line for BS08
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Figure D-4: LDC trend line for BS09
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Figure D-5: LDC trend line for BS10
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Figure D-6: LDC trend line for BS11
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Figure D-7: LDC trend line for BS12
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APPENDIX E: FAILURE ZONE PICTURES

Figure E-1: Photograph showing the failure zone of BS01

Figure E-2: Photograph showing the failure zone of BS02
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Figure E-3: Photograph showing the failure zone of BS03
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Figure E-4: Photograph showing the failure zone of BS04
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Figure E-7: Photograph showing the failure zone of BS07

Figure E-8: Photograph showing the failure zone of BSO8
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Figure E-10: Photograph showing the failure zone of BS10
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Figure E-12: Photograph showing the failure zone of BS12
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APPENDIX F: FLEXURAL CRACK SURVEY

=< FAILURE CRACK e FLEXURE CRACK wwew. CORROSION CRACK

Figure F-1: Legend for the crack surveys below
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Figure F-2: Illustration showing the flexural crack development of BSO1
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Figure F-5: Illustration showing the flexural crack development of BS04
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Figure F-6: Illustration showing the flexural crack development of BS05
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Figure F-8: Illustration showing the flexural crack development of BS07
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Figure F-11: Illustration showing the flexural crack development of BS10
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Figure F-12: Illustration showing the flexural crack development of BS11
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APPENDIX G: PREVIOUS BEAM STUDIES

Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Perno et al., 2005,
16 mm Bars

100

278

16

50.00%

69.00%

Perno et al., 2005,
16 mm Bars

100

278

16

30.00%

78.80%

Perno et al., 2005,
16 mm Bars

100

278

16

15.00%

85.80%

Perno et al., 2005,
16 mm Bars

100

278

16

50.00%

Perno et al., 2005,
16 mm Bars

100

278

16

30.00%

Perno et al., 2005,
16 mm Bars

100

278

16

15.00%

89.20%

Dekoster et al.,
2003 (Toulouse)

160

280

2800

12

Dekoster et al.,
2003 (Lee)

200

250

2800

13

Capozucca and
Cerri, 2003

100

150

2250

Higgins and
Farrow, 2006

(Type )

254

610

2400

6.11%

Higgins and
Farrow, 2006

(Type 1)

254

610

2400

14.17%

Higgins and
Farrow, 2006

(Type 1)

254

610

2400

30.31%

Maaddawy et al.,
2005b, 15 mm
Bar, 33 mm
Cover

152

254

3000

16

8.90%

93.50%

Maaddawy et al.,
2005b, 15 mm
Bar, 33 mm
Cover

152

254

3000

15

14.20%

89.00%

Maaddawy et al.,
2005b, 15 mm
Bar, 33 mm
Cover

1562

254

3000

15

22.20%

80.00%

Maaddawy et al.,
2005b, 15 mm
Bar, 33 mm
Cover

162

254

3000

15

31.60%

71.00%
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Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Maaddawy et al.,
2005b, 15 mm
Bar, 33 mm
Cover

1562

254

3000

15

9.70%

88.11%

Maaddawy et al.,
2005b, 15 mm
Bar, 33 mm
Cover

1562

254

3000

15

15.40%

86.12%

Maaddawy et al.,
2005b, 15 mm
Bar, 33 mm
Cover

1562

254

3000

15

22.80%

85.57%

Maaddawy et al.,
2005b, 15 mm
Bar, 33 mm
Cover

152

254

3000

15

30.00%

75.83%

Ballim, Reid and
Kemp, 2001, 16
mm Bar, 20 mm
Cover

100

160

1450

16

6.38%

72.00%

Ballim, Reid and
Kemp, 2001, 16
mm Bar, 20 mm
Cover

100

160

1450

16

5.88%

84.00%

Ballim, Reid and
Kemp, 2001, 16
mm Bar, 20 mm
Cover

100

160

1450

16

5.56%

84.00%

Ballim, Reid and
Kemp, 2001, 16
mm Bar, 20 mm
Cover

100

160

1450

16

8.47%

67.00%

Ballim, Reid and
Kemp, 2001, 16
mm Bar, 20 mm
Cover

100

160

1450

16

5.61%

95.00%

Ballim, Reid and
Kemp, 2001, 16
mm Bar, 20 mm
Cover

100

160

1450

16

7.98%

68.00%

Yan, Wang and
Zhang, 2004

100

100

12

Banic, Grandic and
Bjegovic,

100

180

650

Oyado, Hasegawa
and Sato, 2003

100

200

1800

13

Oyado, Hasegawa
and Sato, 2003

100

200

1800

16
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Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Yoon et al. 2000 &
Wang et al.
2000, (L), 19
mm Bar, 30 mm
Cover

100

150

1050

19

4.00%

90.98%

Yoon et al. 2000 &
Wang et al.
2000, (L), 19
mm Bar, 30 mm
Cover

100

150

1050

19

6.00%

75.61%

Yoon et al. 2000 &
Wang et al.
2000, (P), 19
mm Bar, 30 mm
Cover

100

150

1050

19

3.80%

Yoon et al. 2000 &
Wang et al.
2000, (P), 19
mm Bar, 30 mm
Cover

100

150

1050

19

3.20%

91.95%

Castel et al., 2000

150

280

2800

12

Mangat and Elgarf
1999b

100

150

10

Mangat and Elgarf
1999b

100

150

10

Mangat and Elgarf
1999b

100

150

10

Mangat and Elgarf
1999b

100

150

10

Mangat and Elgarf
1999%b

100

160

10

Mangat and Elgarf
1999b

100

150

10

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

0.17%

99.58%

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

0.72%

100.21%

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

1.50%

99.15%

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

1.75%

97.67%

191




Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

1.86%

98.09%

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

1.96%

96.61%

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

2.75%

93.22%

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

3.75%

89.19%

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

3.89%

90.04%

Al-Sulaimani et al.
(1990), 12 mm
Bar, 29 mm
Cover

150

150

900

12

4.10%

89.41%

Uomoto and Misra
(1988)

100

200

16

Huang and Yang
(1997)

150

150

Mangat and Elgarf
(1999a)

100

150

10

Mangat and Elgarf
(1999a)

A A Torres-Acosta;
2004

100

1560

9.5

Azher (2005), 10
mm Bar, 25 mm
Cover

150

150

900

10

5.40%

91.70%

Azher (2005), 10
mm Bar, 25 mm
Cover

150

150

900

10

14.20%

87.20%

Azher (2005), 10
mm Bar, 25 mm
Cover

150

150

900

10

15.20%

89.88%

Azher (2005), 10
mm Bar, 25 mm
Cover

150

150

900

10

21.40%

78.62%

Azher (2005), 10
mm Bar, 25 mm
Cover

150

150

900

10

21.50%

67.20%
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Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Azher (2005), 10
mm Bar, 25 mm
Cover

150

150

900

10

31.00%

55.65%

Azher (2005), 12
mm Bar, 25 mm
Cover

150

150

900

12

5.560%

86.26%

Azher (2005), 12
mm Bar, 25 mm
Cover

150

150

900

12

8.80%

80.89%

Azher (2005), 12
mm Bar, 25 mm
Cover

150

150

900

12

20.10%

70.46%

Azher (2005), 12
mm Bar, 25 mm
Cover

150

150

900

12

14.00%

71.30%

Azher (2005), 12
mm Bar, 25 mm
Cover

150

150

900

12

22.90%

60.04%

Azher (2005), 12
mm Bar, 25 mm
Cover

150

150

900

12

25.50%

57.37%

Azher (2005), 10
mm Bar, 40 mm
Cover

150

150

900

10

8.00%

92.89%

Azher (2005), 10
mm Bar, 40 mm
Cover

150

150

900

10

9.10%

86.67%

Azher (2005), 10
mm Bar, 40 mm
Cover

150

150

900

10

10.10%

83.99%

Azher (2005), 10
mm Bar, 40 mm
Cover

150

150

900

10

17.60%

78.94%

Azher (2005), 10
mm Bar, 40 mm
Cover

150

150

900

10

21.40%

77.53%

Azher (2005), 10
mm Bar, 40 mm
Cover

150

150

900

10

34.80%

56.10%

Azher (2005), 12
mm Bar, 40 mm
Cover

150

150

900

12

7.90%

91.65%

Azher (2005), 12
mm Bar, 40 mm
Cover

150

150

900

12

10.90%

83.30%

Azher (2005), 12
mm Bar, 40 mm
Cover

150

150

900

12

13.40%

76.35%

Azher (2005), 12
mm Bar, 40 mm
Cover

150

150

900

12

18.60%

68.40%
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Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Azher (2005), 12
mm Bar, 40 mm
Cover

150

150

900

12

18.00%

68.55%

Azher (2005), 12
mm Bar, 40 mm
Cover

150

150

900

12

20.70%

57.65%

Rodriguez et al.
(1997), 2-10 mm
Bars, 2-8 mm
Bars, 1770 mm

150

200

2000

10

0.00%

Rodriguez et al.
(1997), 2-10 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

10

0.00%

Rodriguez et al.
(1997), 2-10 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

10

14.40%

75.32%

Rodriguez et al.
(1997), 2-10 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

10

18.00%

68.18%

Rodriguez et al.
(1997), 2-10 mm
Bars, 2-8 mm
Bars, 1770 mm
Stirrup Spacing

150

200

2000

10

19.60%

65.58%

Rodriguez et al.
(1997), 2-10 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

10

28.40%

55.84%

Rodriguez et al.
(1997), 4-12 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

0.00%

Rodriguez et al.
(1997), 4-12 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

0.00%

Rodriguez et al.
(1997), 4-12 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

10.67%

77.96%
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Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Rodriguez et al.
(1997), 4-12 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

11.67%

73.12%

Rodriguez et al.
(1997), 4-12 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

13.67%

54.84%

Rodriguez et al.
(1997), 4-12 mm
Bars, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

13.33%

61.56%

Rodriguez et al.
(1997), 2-12 mm
Bars, 4-12 mm
Bars @ mid-
span, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

2+2
@mid

0.00%

Rodriguez et al.
(1997), 2-12 mm
Bars, 4-12 mm
Bars @ mid-
span, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

2+2
@mid

0.00%

Rodriguez et al.
(1997), 2-12 mm
Bars, 4-12 mm
Bars @ mid-
span, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

2+2
@mid

10.67%

67.38%

Rodriguez et al.
(1997), 2-12 mm
Bars, 4-12 mm
Bars @ mid-
span, 2-8 mm
Bars, 1770 mm
Stirrup Spacing

150

200

2000

12

2+2
@mid

11.67%

67.11%
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Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Rodriguez et al.
(1997), 2-12 mm
Bars, 4-12 mm
Bars @ mid-
span, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

242
@mid

13.33%

56.19%

Rodriguez et al.
(1997), 2-12 mm
Bars, 4-12 mm
Bars @ mid-
span, 2-8 mm
Bars, 170 mm
Stirrup Spacing

150

200

2000

12

2+2
@mid

13.00%

65.78%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 170
mm Stirrup
Spacing

150

200

2000

12

0.00%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 170
mm Stirrup
Spacing

150

200

2000

12

0.00%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 170
mm Stirrup
Spacing

150

200

2000

12

12.33%

72.49%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 170
mm Stirrup
Spacing

150

200

2000

12

10.33%

67.87%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 170
mm Stirrup
Spacing

150

200

2000

12

14.33%

49.87%
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Researchers

Width
(mm)

Height
(mm)

Span
(mm)

Bar
Dia.
(mm)

# of
Bars

Mass
Loss

Capacity

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 170
mm Stirrup
Spacing

150

200

2000

12

17.67%

53.73%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 85
mm Stirrup
Spacing

150

200

2000

12

0.00%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 85
mm Stirrup
Spacing

160

200

2000

12

0.00%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 85
mm Stirrup
Spacing

150

200

2000

12

10.00%

73.34%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 85
mm Stirrup
Spacing

150

200

2000

12

16.00%

74.12%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 85
mm Stirrup
Spacing

150

200

2000

12

14.00%

71.52%

Rodriguez et al.
(1997), 4-12 mm
Bars, 4-8 mm
Top Bars, 85
mm Stirrup
Spacing

150

200

2000

12

17.00%

52.54%

Cabrera 1996;
Cabrera and
Ghoddoussi
(1992)

125

160

968

12

Cabrera 1996;
Cabrera and
Ghoddoussi
(1992)

125

160

968

12
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