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Corrosion of the reinforcing steel in reinforced concrete will effect its structural 

performance. This is in two ways: loss of steel section and deterioration of steel-concrete bond. 

In this, bond effects are investigated using two methods for different influences. The first 

technique looks at the effect of spalling concrete. This would affect bond by lessening the 

confinement. This is simulated by debonding proportions of the perimeters of steel bars in a 

reinforced concrete member and testing in flexure. The second looks at the effect of corrosion 

products. This was accomplished by casting reinforced concrete slabs with the ends of the 

reinforcing bars anchored in the concrete for a known length; the centre portion unbonded. The 

ends were corroded to various corrosion levels and then tested in flexwe. Also included is a test 

of the predictive power of this work. 
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Chapter 1 Introduction 

1.0 Introduction 

Cornosion damage of reinforced concrete is a serious problem that needs to be addressed. 

This damage is a large drain on the economy. For exarnple, in 1986 the Ontario Ministry of 

Housing estimated there was a $1 billion plus cost for repair in the approximately 3000 existing 

parking structures.'-' Most of this damage is due to reinforcement corrosion. This is only one 

province and only refers to one type of structure, but shows the magnitude of the problem. 

Another exarnple would be the West Asia Gulf region where repairs, maintenance and 

reconstruction programs nui into the billions of dollars.'" Reinforced concrete corrosion is 

especially important as concrete is a widely used building material. By some estimates, 

approximately one ton of concrete is produced per person in the world per year.'J 

One reason for this large repair cost is that the role of chlorides in corrosion was ignored 

in standards until the 1970's. In the United Kingdom, there was no limit on the chloride content 

of concrete mix water until 1972, while the AC1 code did not limit it until 1974. Limits on the 

chloride content of admixtures and of the concrete mix did not exist until the 1980's.'~ Before 

this tirne there were a large number of buildings and parking garages erected, esptcially during 

the 1970's construction boom. This has led to an ageing infiastructure, with these buildings now 

running into difficulty. Thus, the repair bill is taking larger and larger proportions of the 

construction dollar. Twenty years ago, approximately 30 % of construction expenditures were 

for repairs. This compares to the current level of 50 %, with indications that this will increase to 

the year 2000 and beyond.14 Given this large expenditure, any improvement in the efficiency of 

evaluation techniques has the potential for large savings. Thus more information regarding how 

different corrosion levels corrosion affect a structural member's capacity would be useful. It 

would help in evaluating corroded structures and determining the optimum time for repair when 

performing a life-cycle cost analysis. 

Parking garages are a type of structure that often run in to problems with corrosion. They 

are normally unheated; so to prevent ice formation de-icing salts are employed. These de-icing 

salts contain chlorides that dissolve in the melt water. Also, water often is allowed to collect 

because of poor drainage conditions. This lack of drainage may be due to poor design - e.g. 

insufficient dope of the slabs, improper construction practices - e.g. misplaced drains, or lack of 
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maintenance - e.g. not cleaning out the drains properly. Chlorides will then penetrate the 

concrete fiom the water and are able to attack the reinforcing steel. This causes corrosion. The 

common parking garage structure is a continuous flat slab. Thus, the ody steel contained in the 

slab is the flexural reinforcement. Once the steel is attacked, the moment capacity of the slab 

will be afGected. This is a condition regarding which more information is needed. Thus, an 

investigation on the effect of corrosion on the flexural capacity of reinforced concrete slabs was 

undertaken. 

There are two mechanisrns occurring. The first is the loss of the section properties. This 

refers to any weakening that may be occurring due to loss of steel at a cross-section and this 

infiuence on the sectional moment capacity. This infiuence has been studied, for example by J. 

Phillips as part of his doctoral work at the University of ~0ronto . I~  The effect was fond  to be 

equivalent to a loss of steel area equal to the amount of steel corroded. A less studied influence 

is the effect of corrosion on the bond between the steel and the concrete. This work shall 

examine this issue. 

To examine the effect of corrosion on bond, two influences on bond were studied. The 

first issue is the effect of spalling. Spalling will reduce bond by removing the concrete cover. 

This will lessen the confinement and thus reduce the bond, This influence was simulated for 

various proportions of the bars' perirneter along the entire length of the bar. The second effect is 

due to the creation of corrosion products. This has the effects of both changing the surface 

properties of the bar and exerting tensile stresses in the concrete, which leads to cracking. This 

influence was investigated for a variety of Ievels of corrosion and for two concrete mix designs. 

The mix designs chosen were typical of those used in properly designed parking garages. 

Finally, a test of the predictive power of this work was performed. A normal slab was 

corroded and, after predicting the capacity based on the work done herein and by others, tested to 

failure. It was hoped to be able to predict both the load at ultimate capacity and the mode of 

failure. What follows are an investigation of the literature, the details of the experimental 

procedure undertaken, the results of this experimental program and a discussion of these results. 
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2.0 Literature Review 

When investigating the effects of corrosion on bond strength, there are a few subjects that 

must be examined before looking at the area as a whole. First, the process of corrosion must be 

understood. This includes why corrosion occurs and what affects it. Next, bond in normal, 

uncorroded specimens must be exarnined to see what is occurring in that situation. This allows 

us to focus on the potential differences between the two situations. Then, any structural effects 

of corrosion besides those on bond must be exarnined to determine what influence these could 

have. Finally, but most importantly, previous work on this subject must be examined for 

cornparison. These subjects are al1 examined in thls section. 

2.1. Corrosion 

Corrosion of the steel rebar in reinforced concrete occurs when the iron atoms combine 

with oxygen or chloride atoms to form a new compound. This is an electrochemical reaction that 

depends on the presence of water in the pores to act as an electrolyte. 

Initially, the rusting of steel in a normal environment, without the presence of concrete, 

will be discussed. There are three distinct chemical reactions that occur: 

Fe + ~ e ~ +  + 2 ë  (2- 1 

0 2 + 4 e - + 2 H 2 0 + 4 0 H '  (2-2) 

2 ~ e ~ '  +1/2 O2 + 4 OH- -+ 2 FeO.OH + H20 (2-3) 

Each of these reactions occurs at a different location in the chemical system. The iron 

disassociates at the anode (Reaction 24, and the oxygen and water react in the electrolyte 

(Reaction 2-2). These then react at the cathode to form corrosion products at the cathode. 

Reaction 2-3 is one typical cathodic reaction, but there are other possibilities.2'1 This is a normal 

course for corrosion reactions of any metal, 

Once concrete is involved, there are some differences. The concrete initially prevents 

corrosion by creating a basic environment. This passivates the steel by changing the form of 

corrosion products. Instead of producing the loose product FeO.OH, the FeOz and FeOs are 

produced. These substances adhere more closely to the surface of the bar. The progress of 
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corrosion is thus limited by restricting oxygen access." The protection of the alkalinity can be 

overcome through either carbonation, or chloride ingress. The steel then begins to rust. The 

reason for loss of protection with carbonation is loss of alkalinity. The corrosion products are 

then similar to those found in the bare steel situation. With loss of protection due to chloride 

ingress, the corrosion reactions are then slightly different, as the pH has not been reduced, 

Instead it is FeC12 that is initially produced and this then forms Fe(OH)2, or other more complex 

oxides and chloride compounds 

So what effect does this have on the mechanical properties of the steel? The first effect is 

that there is smailer area of steel. Some steel has become this weak corrosion product. 

Furthemore, the corrosion products have a larger volume than the original steel. This leads to 

stresses in the surrounding concrete and the potential for cracking. This obviously will have 

some effect on the performance of the reinforced concrete structure. It can also result in spalling 

of concrete cover. 

Various factors affect the rate of corrosion in concrete. These include the concrete 

quality, the thickness of cover, any cracking that may exist, the water and oxygen content of the 

pore system and either the chloride concentration or the depth of carbonation; depending upon 

what is causing corrosion. The concrete quality affects corrosion rate by limiting the access of 

any deleterious substances as well as oxygen. The quality can be improved by both reducing the 

water-cernent ratio and the inclusion of supplementary cementing materials. lncreasing the 

concrete cover thickness has a similar effect of reducing the amount of aggressive substances that 

c m  enter. Cracks increase the arnount of corrosion by providing pathways for deleterious 

chemicals and oxygen or water. The oxygen content and water content of the concrete are 

important as corrosion is an electrochemical process requiring the presence of both these 

substances to occur. If either of these substances are not present, then corrosion cannot occur. 

2.2. Reinforcement-Concrete Bond 

The bond between reinforcing steel and concrete is not fiilly understood, though a good 

working theory has been produced. Most of the main concepts are agreed upon, though some of 

the details are still being discussed. The reason for this is that the force transfer called bond is a 

complicated, rnultipart phenornenon. A usefùl method of describing the main forces is contained 
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in Treece and ~ i r s a . ~ ~ ~  They divide the main components into two main categories. The first is 

the bearing component on the lugs. This is what will cause splitting of the concrete. The second 

category is the fnction component. This is both true friction and the effect of any secondary 

chemical bonding effects. 

A good summary of the major influences on bond is contained in ~ a w ~ . ~ - ~  The major 

factors are, according to Nawy: 

1. Adhesion between the concrete and the reinforcing elements. 
2. Gripping effect resulting fiom the drying shrinkage of the surrounding concrete 
3. Frictional resistance to sliding and interlock on the reinforcing elements subjected to 

tensile stress. 
4. Effect of concrete quality and strength in tension and compression. 
5. Mechanical anchorage effects of the ends of the bars through the development length, 

splicing, hooks and crossbars. 
6.  Diameter, shape and spacing of reinforcement as they affect crack development. 

It is suggested that factors 2,3  and 4 are most important. This list is not universally agreed upon, 

however, and current literature contains models for bond that focus more on the effects of bond 

rather than on absolute mechanisms. A typical mode1 is presented by Cairns and  one es^"^ 2"and 

Cairns and Bin ~bdullah2'~. They view bond as containing both a splitting and a non-splitting 

component. The splitting component varies with the amount of confinement that the bar 

experiences, while the non-splitting component is fixed. They do not explain what causes the 

non-splitting component, only that it is possibly sirnilar to the cohesive effect in soils. 

An other variable that affects bond and has not been discussed so far is concrete 

confinement. Increasing the confinement around a bar increases its bond ~ t r e n ~ t h . ~ ' ~  This is true 

whether the confinement comes fiom transverse steel, e.g., stirrups, or from the stress field that 

exists in the concrete. This second situation can be explained best using an example. Where a 

beam intersects a column, the column load creates stresses that act perpendicular to the direction 

of the longitudinal bearn steel. These stresses act to confine the steel and increase the bond 

strength. The influence of stress fields is not relied upon in design codes, 2"v2'10v2*1' though it is 

well accepted. This is because it is impossible to ensure that a stress field will always exist. 

Before discussing specific bond strengths, it is important to understand how bond is 

tested in reinforced concrete. There are three main tests for determining bond strength, according 

to ~ a w ~ . " ~  These are: pull-out tests, embedded bar tests and beam tests. Each of these has its 
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strengths and weaknesses, and will be M e r  discussed. During this, however, it should be 

remembered what the purpose of the bond test is; to discover how well the steel transfers load to 

the concrete under service conditions. For most reinforced concrete applications, this is when the 

steel and the surrounding concrete are both in tension. 

Pullout tests are relatively simple to perform. The steel is cast into a concrete sample to a 

known length. The steel is pulled upon while the concrete is restrained. This is continued until 

the steel either yields or is pulled out of the concrete. This test has the advantage of simplicity 

and ease of determination of the bond strength. It also allows the simultaneous measurernent of 

slip between the concrete and the steel. Its disadvantage lies in the stress field that arises. The 

steel is in tension, but the concrete is in compression. This is important as it is known that 

concrete behaves differently in compression and tension. Concrete has little tensile strength and 

exhibits cracking at low tensile loads. These aspects are not represented in this type of test. A 

pull-out test has been standardized as ASTM ~234-91a."13 This test, however, is strictly for 

evaluating different concrete types. It is not designed to be used for establishing bond values for 

structural design purposes or for detemining the influence of different bar sizes or types. It does 

suggest however that this test could be adapted for research purposes if it is desired to study one 

of these influences. 

An embedded bar test consists of a bar extended through a section of concrete. The bar is 

then pulled at both ends. The concrete will then crack and, based upon the crack spacing and 

widths, the bond stresses can be determined. This test does accurately model the stress field and 

is relatively simple to prepare. It is difficult to accmtely rnonitor the crack spacing and widths, 

however. It is also difficult to interpret the data to give a direct stress. A basic understanding of 

what is occurring and how this relates to stress is dificult to achieve, as well. 

The third test is the beam test. This test is set up in a variety of ways, the aim of which is 

to model a section of a beam with a known length of reinforcing steel embedded inside. This is 

then caused to bend so that the steel and the surrounding concrete are in tension. If done 

properly, this models service conditions well. It is also simple to understand and interpret. It can 

be difficult to do, however, due to the possibly unusual geometry involved. This has lead to a 
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variety of set ups presented in the literature as compared to a standardized test which al1 

researchers use. 

Typical bond strengths for normal, ribbed bars thus can vas, depending on the conditions 

that are encountered in service. The Eurocode does give values for use in design, with a built in 

factor of safety of 1 S. These values are dependent on the concrete strength and Vary fiorn 1.6 

MPa for a concrete strength of 12 MPa to 3.4 MPa for a concrete strength of 35 MPa to 4.3 MPa 

for a concrete strength of 50 MPa. This is then modified to account for such issues as casting 

direction, bar diameter and actual stress in the bar."14 Some experimentally determined values 

reported by Cairns and  one es*"^*"'^ range fiom 3 - 5 MPa. This was for specimens with concrete 

strength near 30 MPa and concrete specimen dimensions of either 320 mm x 225 mm or 100 mm 

x 225 mm. A formula has also been developed for bond strength, based on tests at the University 

of ~exas .~- l '  It proposes that bond stress is given by: 

9.5,IfL 
U=- S800psi (USCU) 

db 

20J.f~' 
or u=- 1 5.52 MPa (metric). 

4 

Thus typical values would range fiom 1.5 MPa, with weak concrete and a large diameter bar, to 

5.5 MPa, with strong concrete and small bars. 

2.3. Effects of Corrosion on Structural Performance 

Corrosion of the reinforcing steel will affect the structural performance of a reinforced 

concrete section. In this section, we will discuss efiects other than loss of bond. Bond effects are 

discussed in the next section. 

The first effect is the corrosion influence on the steel properties. This influence is in two 

ways. First, there is a loss of steel section. The corrosion reactions convert the iron atoms into 

some other molecule, as described previously. These molecules form a brittle, weak substance 

that does not participate in load sharing. Thus in can be assurned that the load the steel can take 

reduces in proportion to the steel loss, as has been done in many typical analyses.2'18* 2"9 This 
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assumption has been confirmed by the work of J. ~hi l l i~s .~" '  This would have an obvious 

influence on the capacity of the member and consequent effects on safety. 

The second effect corrosion has on structural performance is related to spalling. This is 

loss of the concrete around a bar due to its expansion. Spalling creates two difficulties. First, it 

can lead to a loss of bond. This will be discussed more extensively in the next section on bond. 

It also has the effect of loss of concrete section. This is more critical when the section that is 

spalling off is in the compression region. This c m  occur if the steel that is rusting is not the 

primary reinforcement but is included to control other effects, such as shrinkage and thermal 

movement. Udike the concrete in the tension region, al1 the concrete in the compression region 

is used to resist load. Thus, if concrete is lost, this will have the effect of reducing the capacity of 

the member. This may not be critical at low levels of concrete loss due to the design factors of 

safety. If allowed to continue, however, then a significant weakening can occur. The beams will 

then also be failing in compression, which is a brittle failure. This is undesirable. 

2.4. Effects of Corrosion on Bond 

The effects of corrosion on bond have not been studied extensively. Some of the articles 

investigate the effect of using corroded steel as reinforcement. This is a very different situation 

fiom that of interest here and the results are not necessarily transferable. There have also been 

some studies on the effects of corrosion after steel inclusion. 

If the steel is corroded before it is placed, then there is little or no decrease in the bond 

strength at low corrosion levels, up to about 1.0 %?"' There may even be an increase in bond 

strength. It was felt that this is because the corrosion products at this level adhere to the bar. 

They would also increase the surface roughness, 

If the steel corrodes in the concrete, there is a different situation. The expansion of the 

steel can cause cracking of the concrete. This will affect the bond strength. Al-Sulaimani, et 

22 conducted a series of tests on pullout specimens in which they measured the slip versus load 

for different size bars corroded to different levels. The bars were corroded using impressed 

current techniques. They found that before the appearance of visible cracks, corrosion increased 

the bond strength. When visible cracks begin to appear on the surface, then the bond strength 
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dropped down to slightly below the original level. Once extensive cracking occurred at about 7-8 

% of mass loss then the bond strength decreased to about one third to one quater of its original 

level. The slip at ultimate corrosion strength was found to be approximately the sarne, however. 

They attributed this trend to the effect of increased surface roughness at low corrosion levels and 

the deterioration of the rebar lugs at higher levels of corrosion. 

Another series of tests was reported by Almusallam, et They electrochernically 

corroded a series of slab-shaped bending specimens to a variety of corrosion levels. They found 

that the mode of failure changed at different corrosion levels. At no or low corrosion, the slabs 

failed in flexure, as they were designed to do. At higher corrosion levels, fiom 10 to 25 %, the 

slabs, along with being weaker, failed in a combination of bond failure and shear cracking. This 

is of interest as these are brittle failure modes that are more dangerous. 

There has been some work performed by Rodriguez, et They tested cubes with 

four bars at the corners to better simulate the actual conditions that exist during service. They 

tested cubes with and without stimps. It was determined that the concrete quality and the cover 

to bar diameter ratio were not relevant if the cover was badly cracked. They also used these test 

results to establish relationships between residual bond strength and depth of attack penetration. 

The experimental values of attack penetration ranged between 0.04 and 0.5 mm of depth, but the 

authors felt that this could reasonably be extrapolated to a penetration of 1.0 mm. The 

relationships developed were: 

u = 5.28 - 2.72 x (with stirmps) 
or u = 3 .O0 - 4.76 x (without stirrups) 

where: u = the bond strength in MPa 

x E the attack penetration, in mm (0.05 I x I 1.00) 

In this study, the stirrups were not corroded. An expression was also developed for the 

intermediate case when there were some stirrups, but were less than the minimum required in the 

anchorage length by the Eurocode. 

The article by Rodriguez et al? also discussed the effect of confinement on the bond 

strength of corroded rebar. They found that increasing confinement increases the bond strength, 

just as determined for a uncorroded bar. 
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Thus it can be seen that it is likely that corrosion will significantly affect bond. It is the 

aim of this work to study this influence and quantiq it. Thus a few words on what the expected 

influence of certain factors is now appropriate. 

The first effect is that of spalling. As bond develops due to both the bearing on the bar by 

the concrete and the friction between the concrete and the bar, how much does the loss of the 

concrete surrounding the bar affect this stress transfer? It is likely that the capacity will be 

reduced but by how much? Will the adhesion between the concrete and the steel be sufficient to 

provide some load transfer or will this effect be insufficient on its own to provide any significant 

load tram fer? 

The effect of the expansion of the bar due to the formation of the corrosion products must 

be considered. This will lead to cracking of the concrete in the neighbourhood of the bar. What 

influence will these cracks have on the forces that can be developed to share load between the 

steel and the concrete? 

These questions form the cmx of what is hoped to be accomplished in this experimental 

investigation. In the following section, the approach that was taken to explore these questions is 

outlined. 
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3.0 Experimental Procedure 

There are two main ways in which corrosion can affect the bond between reinforcing bars 

and concrete. First, the corrosion products could cause spalling of the concrete cover. This will 

result in loss of confinement and presumably a reduction in bond strength. Second, there is the 

direct effect of the corrosion products. How will this change in state of matter affect the concrete 

- steel interface? A series of experiments was conducted to investigate each of these possible 

effects. 

3.1 The Materials Used 

3.1.1 The Reinforcing Steel 

The reinforcing steel used was #10M bars corresponding to CSA/G30.18-M92 for a 

nominal yield strength of 400 MPa. Its actual yield strength was 450 MPa and it had a Young's 

Modulus of 180 GPa. A diagram of its stress-strain curve is included in Appendix A. 

3.1.2 The Concrete 
l~able  3-1 : Mix Designs 1 

Two types of concrete were 

used. Both satise Class Cl  concrete 

as defined by CANICSA A23.1-94. 

The first, referred to as the Normal 

Mix, contained Type 10 cernent with 

25 % slag replacement by mass. The 

second, referred to as the Silica Fume 

Mix, contained Type lOSF cement 

with 25 % slag replacement by mass. 

The admixtures used were ProAir air 

entrainer at 30 mLll00 kg 

cementitious material, 25 XL water reducer at 250 mLllOO kg cementitious material, and 

RheoBuild 1000, a mid-range plasticizer, as required. The ranges of dosage of RheoBuild 1000 

were 200-250 mL/100 kg cementitious material for the Normal Mix and 250-300 mL/100 kg 

14 
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cementitious material for the Silica Fume Mix. These were selected to achieve the desired slump. 

These two concrete types were chosen to reflect typical concrete qualities used in parking 

structures. The mix design specifics are indicated in Table 3-1. 

A standard curing regime was followed for a11 concrete specimens. They were moist 

cured for seven days and then were lefi in the lab air until they were tested. For the slabs that 

were corroded, this process was started at seven days of age. 

3.2 Structural Testing 

3.2.1 Structural Specimen 

One standard structural specimen was used for al1 the structural tests. It was selected for 

minimum size such that it would fail in flexure. It was attempted to design a specimen that 

would resemble a section of a slab. The specimen used was 1300 mm long, 350 mm wide and 

150 mm deep. It contained 3 #10M bars with a cover of 20 mm. There is a centre-to-centre bar 

spacing of 125 mm. A diagram of the specimen is provided as Fig. 3-1. The detailed 

calculations used to design the specimen are included in Appendix B. 
- -- 

Fwre 3-1: Specimen ~ i a ~ r a m  1 

... . .- 

3.2.2 Structural Tests 

The specimens were al1 tested identically. A four point loading test was used. A diagram 

of the testing set-up is included as Fig. 3-2, with a photograph included as Fig. 3-3. The load and 

the measurement of 3 LVDTs were continuously recorded as the test was undertaken. One 

LVDT was used to monitor the midpoint deflection of the slab while the other two were used to 

mesure the curvature over the constant moment region on either side. This was done by 

hanging a bar from chains attached at the midheight of the slab below the load points. The 

difference between the deflections of the load points at midheight and of the centre-point at 
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midheight was thus detennined. Further information on this curvature measurement is located in 

Appendix C. 
- - - - - - - - - 

Figure 3-2: Testing Set-Up Schernatic 

(I 
r I 

- -- - -- 

1~i~ur-e  3-3: Photograph of Testing Set-Up 1 
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3.3 Material Tests 

With each slab, three 100 mm diameter by 200 mm long cylinders were cast. These were 

used to test certain material properties that were felt to be important for the performance of the 

slabs under the test conditions. These tests were a compressive strength test, a sorptivity test and 

a rapid chloride ion penetration test (ASTM CI202). These tests were performed at seven and 28 

days of age. Not al1 tests were performed on al1 slabs. A schedule was set up so that each series 

was tested for al1 properties. At least one cylinder was tested for strength for each slab. An 

outline of the test program is included as Table 3-2. A description of the material tests follows 

along with any variations that were used, with justifications. 

Table 3-2: Material Testing Schedule 

1 Series 1 Condition 11 Strength Test 1 Rapid Chloride & Resistivity 1 Sorptivity Test 1 

Yes No 
Yes No 

1, Normal 

2, Normal 

Yes No No 
Yes No Yes 
Yes No Y es 
Y es Yes No 
Yes Yes No 

I3.Normal1 10 11 Yes 1 Yes 1 Yes 1 

None 
Quarter 

Half 

O 
2 

5 

** Condition represents either portion ofperimeter debonded or expected percentage of bar area 
corroded, whichever is relevant 

3.3.1 Strength Testing 

Yes 
Yes 
Yes 

Yes 
Yes 
Yes 

To determine concrete strength, 100 mm diarneter cylinders were tested according to 

ASTM ~39-93a3" with one variation described below. For the slab mixes that only had their 

strength tested, this was done at seven and twenty-eight days. One cylinder was tested at seven 

days of age and two were tested at 28 days. For the other slab mixes that were tested for another 

No 
No 
No 

No 
No 
No 

No 
No 
No 

No 
Yes 
Yes 
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property, in general only one cylinder was tested for strength at 28 days to confirm that they al1 

had similar properties. 

The one variation in testing was the moisture content at 28 days. The normal testing 

procedure is to ensure that the cylinders are saturated at the time of test. This was followed at 

seven days as they were just removed fiom the moist curing room. At 28 days of age, however, 

the cylinders had been left in lab air for three weeks and thus have dried to a certain extent. It 

was felt that it was appropriate to test in this moisture condition as the results would then better 

reflect the conditions at the time of the slabs are tested in four-point loading. 

3.3.2 Sorptivity Testing 

The sorptivity test measures the rate at which water is drawn into the pore structure of the 

dry concrete. To do this, disks 100 mm in diameter and 50 mm thick were dried at 50 OC for 

seven days. They are then removed fiom the oven and allowed to cool in a sealed container until 

they reach ambient temperature. The sides are then sealed and one face is immersed in water. 

The mass of the disk is then taken at intervak for twenty-five minutes. This was done for three 

disks for each sarnple. The height of water rise was calculated by dividing the mass gained by 

the surface area of the disk and the density of water, These values, averaged for the three disks, 

were plotted versus the square root of time and the slope of the line of best fit is reported as the 

sorptivity of the sarnple. 

3.3.3 Chloride Ion Penetrability 

This test is performed in accordance with ASTM Standard C1202-94: Standard Test 

Method for Electrical Indication of Concrete's Ability to Resist Chloride Ion penetration3" or 

AASHTO T259. This test subjects a 50 mm thick, 100 mm diameter concrete disk to a 60 V 

potential across the specimen. A sodium chloride reservoir is filled on one side of the disk, while 

a sodium hydroxide reservoir is filled on the other. This is maintained for 6 hours and the total 

charge passed is monitored. This charge is used ta rate the quality of the concrete according to a 

scale included with the standard. The more charge passed, the greater the chloride ion 

penetrability. For further details, please refer to the relevant standard. 
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This test was also used for an additional purpose. It was used to estimate the resistivity of 

the concrete. This was done by taking the current at 10 minutes and calculating the resistivity 

using the equation: 

where: p = the resistivity, in Q-cm 

V = the voltage, in V 

A = cross-sectional area, in cm2 

1 = current, in A 

L = the thickness of the specimen, in cm 

The ten minute current was used to calculate the resistivity as this would allow sufficient time for 

the chloride and hydroxyl ions to have reached an equilibriurn state in the pore solution. It would 

also minimize any effects of polarization that is commonly encountered when dealing with high 

resistivity materials. It also minimizes any potential thermal effects that may arise. This method 

of determination may not be as accurate as some other methods using techniques to minimize 

polarization, for example using altemating current or varying the voltage applied using direct 

current, but it does give an idea of the expected resistivity. Considering the simplicity of the test 

and the fact that this is principally being used to characterize to concrete and not for any 

predictive purposes, it was thought to be sufficient. 

3.4 The Experimental Series 

These tests were then used to evaluate the effect of corrosion. This was done by 

preparing three main series of tests, each of which was designed to look at a different effect. The 

first series examined the effect of spalling on structural performance. The second looked at how 

corrosion affected bond over a specific length. The third series looked at combined effects of 

area loss and bond loss and the predictive power of the work. These series consisted of a set of 

slabs with their accompanying cylinder specimens. The slabs were modified to examine the 

desired effect and the cylinders were used to establish the material properties of the concrete. As 

discussed in Section 3.3, not al1 material tests were perfonned on al1 slabs. A schedule was set 

up to ensure that each series contained at least one slab that was tested for each rnaterial property. 
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3.4.1 Series 1 - Effect of SpaIIing 

Spalling of concrete cover leads to loss of confinement and this could lead to a reduction 

of bond strength. This was modelled by debonding the bars along the bottom section with pipe 

insulation. Three standard specimens were tested, each with a different proportion of the bars' 

perimeter unbonded. One had none of the bar perimeter debonded, to serve as a control, one had 

one quarter of its bars' perimeters debonded while the final had one half of the bars' perimeters 

debonded. After casting, the slabs were moist cured for 7 days, then air cured for 21 days before 

testing. 

3.4.2 Series 2 - The Effect of Corrosion Products 

To determine the effect of corrosion products on bond strength, ten slabs were cast. Five 

were of the Normal Mix and five were made with the Silica Fume Mix, AI1 Series 2 slabs had the 

centre section debonded with closed cell, foam pipe insulation while the ends were lefl as 

normal. The uncovered length was chosen so that at no corrosion, the full yield capacity of the 

rebar would just barely be developed. As the steel used had a definite strain hardening 

characteristic, it would then be noticeable if the corrosion either increased or decreased the slab 

capacity as any change in bond capacity would result in a change in possible steel stress and thus 

moment. The length used, as based upon AC1 408. I R - ~ O ? - ~  was 250 mm. nie calculations are 

included in Appendix B. 

Al1 of the slabs were then corroded in the end sections by semi-immersing them in a 3 % 

NaCl solution and applying a voltage across them. This caused the bars to become anodic. The 

section protected by the pipe insulation remained uncorroded. A schematic of this set-up is 

included as Fig. 3-4. One slab of each type was corroded to a different corrosion level as 

expressed by volumetrîc mass loss. They were corroded to approximately 2 %, 5 %, 8 % and 10 

% corrosion. One was lefi non-corroded to act as a control. The corrosion was monitored by 

recording the current that passed and appIying Faraday's law to the integrated current. Details of 

this procedure are included as Appendix D. Corrosion was also confirmed by including a 

corrosion sarnple in the slab to be removed after testing. This sarnple was a pre-weighed length 

of rebar approximately 100 mm in length that was corroded, then cleaned according to ASTM 

~ 1 - g o 3 4  to remove the mst and finally weighed. The cleaning solution chosen was C.3.3: 200 g 
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sodium hydroxide, 20 g zinc and reagent water to make 1000 mL. For fùrther information, refer 

to the standard. 

l ~ i ~ u r e  3-4: Corrosion Set-Up 1 

il atalo gger 
12 v I I 

\ 
I 3 % NaCl  Solution Steel M esh Cathode 

There were two methods used to connect the rebar to the power supply. InitiaIly, the 

rebars were connected by running a wire fiorn one rebar to the other, but the individual bars were 

still in parallel to each other. This technique is 1 Figure 3-5: Alternate Wire Connections 1 

corrosion. The bar where the wire 
I l - illustrated as Fig. 3-5(a). This proved to be 

connected to a common wire. This is 1 (b) 

illustrated as Fig. 3-5(b). This proved to give more satisfactory results. 

unsatisfactory as this led to uneven 

3.4.3 Series 3- Combined Effects 

To Pow 

7----- SW~Y 

A final slab was then cast to investigate the total effects of corrosion. That is to 

determine the combined effects of steel section loss and the effect of corrosion products on bond. 
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This was done by casting a normal slab that did not have any unbonded sections. It was then 

corroded to a corrosion level of 10 % by applying a current. The ultimate strength was then 

predicted based upon previous work done in this thesis and that done by J. ~ h i l l i ~ s ~ " .  It was then 

tested in flexure in the standard manner. 

Thus it was felt that the different effects of corrosion on reinforcing steel - concrete bond 

would be captured. The results of this experimental investigation are included in the next 

chapter. 
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4.0 Experimental Results 

The results of this experimental program can be divided into three main categories. The 

first deals with the testing of the material properties of the concrete. The second category relates 

to the corrosion activity of the slabs and its monitoring and evaluation. The third topic is the 

structural performance of the slabs. These broad categories will be used to discuss the results in 

this section. 

The results of the structural testing of the third series will not be discussed here, as this is 

more of a test of the predictive power of the work done to that point. Both the prediction and the 

results are discussed separately in Chapter 5. 

4.1. Material Results 

The material results are divided into five main subsections of results. The first one 

discusses the properties of the fiesh concrete tested. The remaining four correspond to the major 

tests performed: compressive strength, sorptivity, rapid chloride and resistivity. Each of these is 

discussed separately for the Normal Mix and the Silica Fume Mix. The results in their entirety 

for the individual slabs are included as Appendix E. 

4.1.1. Fresh Concrete Properties 

The fiesh concrete properties tested were 

slurnp, air content and plastic density. These 

were used to ensure consistency in concrete 

properties between the variety of mixes using the 

sanie mix design. A report of the various 

properties for each cast is included as Appendix 

E, including admixture dosages. Table 4-1 is a 

summary of the results. The fiesh concrete 

property test results varied little between mixes 

Table 4-1: Fresh Concrete Properties 

Normal Siiica 
Mix Fume Mix 

Avg. Air 6.9 % 6.7 % 

Content 
Air Content 17.4 % 14.0 % 

cov 
Avg. Plastic 2293 2312 

Density kg/m3 kg/m3 
Plastic 1.7 % 2.2 % 

Densitv COV 

for the Nomal Mix. The air content is within the target range and the plastic density has little 

24 
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variation. The coefficient of variation for the slump is slightly higher than for the other tests, but 

this is expected due to the nature of the test. Slight variations in workability, the actual factor of 

interest, can produce large changes in slump; at least at the relevant level of slurnp?' 

The Silica Fume Mix properties are also summarized in Table 4-1. The results are 

generaIly consistent with small coefficients of variation between individual batch results. The 

exception to this, again, is the slump test. The five values for this test clustered around two 

points. The first three mixes chronologically had slumps around 150 mm, while the last two had 

slumps of 50 mm. The mixes had identical mix proportions and the other test results were 

similar so the mixes were used. This change in slump is attnbuted to a change in aggregate 

between these mixes. The aggregate was fiom the same source and the other physical and 

chernical properties were identical, but the grading of the aggregate may have slightly changed. 

The grading affects slump and workability, but other properties of the concrete remain 

~ n c h a n ~ e d ? ~  Extra care was taken with these mixes to ensure good compaction and placement, 

but no additiond measures were required. 

4.1.2. Strength Testing 

The strength test sumrnary is included as TabIe 

4-2. As expected, the Silica Fume Mix is significantly 

stronger than the Normal Mix, by approximately 10 

MPa. Both the 7 day and 28 day strengths show this 

change. 

4.1.3. Sorptivity Testing 

The sorptivity values for the mixes were 

1 Table 4-2: Strength Results 1 

- 

7 Day 
S trength 
7 Day 
cov 

28 Day 
S trength 
28 Day 
cov 

36.4 MPa 1 42.6 MPa 1 

Normal 
Mix 

23.8 MPa 

determined at seven and twenty-eight days. The average values within a mix type are reported in 

Silica 
Fume Mix 

34.5 MPa 

Table 4-3. For the Normal Mix, the values 
Table 4-3: Sorptivity Values 

increased slightly between seven and 

twenty-eight days; while for the Silica 

Fume Mix, the values decreased slightly. 

These changes are not considered 

7 D ~ Y  
Sorptivi 

Normal Mix 

0*111 ndminom5 

04 mmimino.5 

Silica Fume Mix 

0-123 mdmin0'5 

O, mmimino.s 
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significant, however. The two mixes did have similar values at al1 ages. Thus, it is concluded 

that the difference in initial chloride penetration due to sorptivity effects would be negligible 

between the two different mix types. 

4.1.4.Rapid Chloride Testing I - 

Table 4-4: Rapid Chloride Results 1 
According to the rapid chloride test, the ! 

at twenty-eight days of age. This is typical of the 1 28 Day 1 Mo:;erte - 1 

chloride ion penetrability for the normal mix is 

moderate at seven days of age and moderate to low 1-i 
Very Low 

Moderate i LOW 

quality of concrete used in parking structures. The ' 
II 1 

Normal Mix 

Silica Fume Mixes had a low chloride ion penetrability rating at seven days of age, dropping to 

Silica Fume 
Mix 

very low at twenty-eight days of age. This is expected, as the addition of silica fume improves 

the chloride ion penetration resistance of concrete. The Silica Fume Concrete qualifies as Low- 

Perineability Concrete as defined by CSAIS41 3-94 - Parking Structures Code, CL 7.3.1 .2.45 

This requires, arnong other things, a 28 day coulomb rating of less than 1500 when tested 

according to ASTM Cl 202. 

4.l.S.Resistivity Measurements 

1 Table 4-5: Resistivity ~ a t a  1 
The surnmary of the resistivity testing of 

the concrete is in Table 4-5. They follow the 

results of the rapid chloride testing rather closely. 

This is expected as they were developed using the 

rapid chloride testing apparatus. The reasoning 

1 Normal Mix 1 ~i l iba  Fume Mix 

Resistivi 

Resistivit 

for the trends is identical to that previously discussed in Section 4.1.4. 

Comparing the results between the two mixes is interesting. The Silica Fume Mix has 

obtained a similar resistivity at seven days as that obtained by the Normal Mix at twenty-eight 

days. At twenty-eight days, the resistivity of the Silica Fume Mix is about four times higher. 

This is a rating that would likely be unachievable for the Normal Mix, no matter its age. 
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4.2. Corrosion Activity Testing 

This section discusses the tests used to determine if corrosion is occurring and to monitor 

the rate and quantity of corrosion. Included in this section is a discussion of the monitoring of 

the corrosion current and the determination of corrosion levels using the included rebar test 

coupon. These aspects will each be discussed individually. 

4.2.l.Corrosion Current 

The current passing through the slabs was continuously recorded using a Campbell 10X 

datalogger. A reading was taken every minute. Every half-hour, one number was recorded 

which was the average of the minute by minute values. Graphs of the output are included as 

Appendix F. These values were integrated and Faraday's Law applied to determine the mass 

loss. This was converted to cross-sectional area loss based upon the density of steel. The values 

achieved are reported in Table 4-6, along with the values fiom the corrosion samples, discussed 

in the next section. 

1 Table 4-6: Corrosion Results, Series 2 1 

For the Normal Slabs, the corrosion current fluctuated significantly at times, as c m  be 

seen fiom a superficial examination of the graphs. The average current was in the range of 100 

mA, but there were current spikes that at times approached at 1000 mA. The current also 

occasionally decreased to almost zero, though rareIy. It did, however, always return to the 

original value of approximately 100 mA, 

Current 
Estimate 

The corrosion currents monitored for the slabs made with the Silica Fume Mix were 

similar in pattern to that for the Normal Mix. Their average value was also about 100 mA. 

Normal, 
2 %  

7.6 5% 

Corrosion 3.1 % 0.3 % 0.2 % 18.4 % 1.5 % 

Coupon 

Method 

Normal, 
5 %  

8.9 % 

5.4% 

Normal, 
8 %  

10.3 % 

1 
17.7% 

Normal, 
10% 

10.3 % 

29.6% 

Silica 

0.4 % 

Silica 

6.4 % 

Silica 
Fume,2%Fume,5%Furne,8%Furne,lO% 

8.1 % 

Silica 

11.8 % 
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There were also large variations in current levels, but these were not as high as for the Normal 

slabs. The maximum value was not more than around 700 mA. The corrosion graph for the 

Silica Fume slab that was corroded to only 0.4 % eIectrochemicalIy is different fiom the others of 

this series. There is an initial high level of around 75 mA, but this then decreases to a very low 

current of near 5 mA, that then remains consistent for the duration of the corrosion period. 

For two of these slabs, for a 15 day period the datalogger was not registering data as the 

datalogger's power supply was accidentally disconnected. To represent this time, it was assumed 

that the average current over this period was 100 mA. This is represented in the graphs and was 

assurned for calculation of the corrosion loss by electrochemistry. 

4.2.2. Corrosion Sample Results 

The corrosion test coupons are srnall, preweighed 10M bars included in the slabs. These 

were corroded, cleaned and then weighed to determine the level of corrosion that took place in 

the slabs. The results fiom this are included in Table 4-6, along with the results fiom the 

corrosion current monitoring. Also included in this table is the method that was used to connect 

the rebar, (a) or (b). (See Section 3.4.2) 

For the slabs connected using method (a), 3 out of the 4 resulted in very low levels of 

corrosion present, compared to that shown by electrochemistry. This may indicate that the 

connection was not sufficient to ensure that the voltage would be applied to al1 bars equally. The 

corrosion test coupons were connected last in order. Another explanation would be that the 

cover around one bar cracked before the other bars. The current then flowed principally through 

this bar, causing it to be greatly corroded while the other bars were not. It is unlikely that the 

crack would first occur over the corrosion sample, due to its srna11 size, and thus the corrosion 

sample would report a lower level of corrosion than exists. One sarnple (Silica Fume Mix, 2 % 

corrosion) had a higher level of corrosion than was predicted electrochemically, but the corrosion 

currents for this sample were unusual. The final sample of the four agreed rather well. 

The slabs connected using method (b) show a different trend. In al1 of these cases, the 

corrosion levels by the sample are higher than that reported by corrosion current measurements. 

They are of the order of one and a half and two tirnes greater. The reason for this may be the 

reaction that was assumed to occur. The assumed reaction is the one discussed in the Literature 
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Review, with the iron atom fiom its 2 valence state reaction with oxygen and hydroxyl ions to 

form ferrous hydroxide. This may not be the reaction that is occurring. First, iron is a divalent 

element. There are also many possible reactions that could occur, for exarnple binding with 

chlorides to produce ferrous chlondes and other, more complex mole~ules?~ These different 

reactions were not al1 considered when developing the original expression for corrosion current 

evaluation, but may be occurring. This could explain the discrepancy between the two values. 

4.2.3. Corrosion Levels 

Given the discrepancies between the two methods of determining the corrosion levels, 

what should be used as the final value for corrosion level? In this section, this dilemma is 

discussed. 

A nurnber was required to be assigned to each slab to represent the amount of steel that 

was corroded. To do this, the values for each slab fiom both the corrosion test coupon and the 

electrochernical current were exarnined. The method of connection was also considered and 

fkom this a number was estimated that would best represent, if not the exact level of actual 

corrosion, at least the relative level of damage. 

For the slabs that were connected using connection type (a), it was felt that these two 

numbers represented an upper and lower bound of the comsion darnage. Thus the actual 

darnage is reported as the average of these values. The exception is the normal slab that was 

targeted to be corroded to 2 %, as it was felt that the corrosion sample alone was more 

representative. This was based on visual examination. For the slabs c o ~ e c t e d  using method (b), 

it was felt that the integrated current better reflected the level of damage. Thus this number is 

reported as the level of corrosion. A summary of these results is included as TabIe 4-7. 

 a able 4-7: Effective Corrosion Levels, Series 2 

Original 
Name 

Corrosion 
Level 

Normal, 
8 %  

5.3 % 

Normal, 
2 %  

3.1 % 

Normal, 
5 % 

4.6 % 

Normal, 
10% 

10.3 % 

Silica 
Fume,2% 

1.0 % 

Silica 
Fume, 5 %  

6.4 % 

Silica 
Fume, 8% 

8.1 % 

Silica 
Fume, 10% 

11.8 % 
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4.3.Structural Test Results 

This section will deal with a discussion of the three individual sets of slab results. Each 

set is discussed individually, examining their load response plots. The bond stresses that were 

developed are then detemined and discussed, 

4.3.1. Series 1 - The Effect of SpaIling 

This series contained three slabs, each of which had a different proportion of its bars' 

perimeters debonded using closed cell, foarn, pipe insulation. The proportions were: none 

(control), one-quater and one-half. The bottom portion of the bar towards the tensile surface of 

the slab was debonded to realistically reflect spalling activity. It might be considered that the 

one-quarter debonded slab would represent the effects of pop-out, while the half debonded slab 

would represent delamination. Figure 4- 1 illustrates this. 

The moment-curvature plot obtained from the structural testing is included here as Fig. 4- 

2. An examination of this provides some important information. The control slab behaved quite 

predictably. It contained an initial, very stiff region until the concrete cracked (O-A). The steel 

then began to load elastically (A-B). While this response is less stiff than the uncracked section, 

significant stiffness still remains in the slab. Finally the steel begins to yield. This is represented 
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by a significant loss of flexural stiffhess (B-C), but as the steel has a substantial strain hardening 

effect, the slab still accepted more load. 

The sIab with a quarter of the bars' perimeters debonded had some substantial 

differences. Initially, it acted the same as the control slab (O-A). This is because the concrete 

provides most of the load resistance until cracking. After the slab cracks, the quarter-debonded 

slab was significantly more flexible than the control slab (A-B'). This may be interpreted as the 

slip required for the bar to achieve equal stress transfer in this situation is more than for the 

Figure 4-2: Series 1 Results 

Series 1- 
Moment - Curvature 

O 50 1 O0 150 200 250 300 
Curvature [l~km] 

control. The slab does reach a point where the bar appears to begin to yield, however. Another 

possible expianation of this 'yield plateau' is that the slip has begun to reach a critical point, 

where increasing stress transfer requires ever increasing arnounts of slip. The first explanation of 

bar yielding is favoured due to the high load at which this is occurring, similar to the yield load 

for the control slab. The most significant difference between the two load response curves 

occurs in the third region, after the bars have yielded (BY-C'). For the control specimen, there 

was a large ductile response. The load was still able to be supported with ever increasing 

curvature until it was decided to unload the specimen as the curvature LVDTs reached the end of 

their range. For the one-quarter debonded specimen, this was not the case. There was a short 

time where the load was still maintained with increasing curvature, but this did not last long. A 

3 1 
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point was reached where the load could no longer be supported and the slab began to unload 

itself. This cm be clearly seen in the load response diagram. This is interpreted to mean that the 

bars have reached their ultimate slip and have now become debonded fiom the concrete. Since 

the concrete section is already cracked, this means that there is no residual capacity in the beam. 

It should be noted that this was a rather sudden event and that there was no waming of this 

failure point approaching, as compared to the normal yielding response. 

The slab that contained one-half of its bars' perimeter debonded exhibited even more 

drarnatic results. Until the beam cracked, the test went on as before. When the slab cracked, 

however, the steel did not begin participating in the resisting the load. The slab did not take any 

more load and would not support the load previously applied. This is the response that would 

have been achieved if the slab was unreinforced. The only difference is that the two halves of the 

slab did not fa11 but rested upon the steel that spanned between them. This leads to the 

conclusion that if one half or greater of the bars' perimeter is debonded along the entire slab then 

effectively no bond will occur between the steel and the concrete. The slabs will then act as if 

they were unreinforced. 

This lack of bond if a bar has greater than half of its perimeter exposed is quite 

understandable. The bond developed is the component of the bearing stress of the lugs on the 

concrete that acts along the bar. Also developed, however, is a perpendicular component that in 

the normd situation is counteracted by the perpendicular component on the opposite side of the 

bar. This is developed due to the angled face of the lugs. If only a small portion of the perirneter 

is not confined, then it is possible for the perpendicular components to be equilibrated by the 

other sections of the perirneter. If the unconfined section reaches to high a proportion of the bars 

perimeter than the perpendicular components will not be equilibrated. In the case where half of 

the perimeter is unconfined, then there will be nothing to resist the perpendicular stress 

components of the bonded perimeter. This will result in the pushing out and sliding of the bar 

whenever it is loaded. This is due to the effect of the lugs. 
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4.3.2. Series 2 - The Effect of Corrosion Products 

The condition of slabs before testing, the results of the Normal Mix test series, the Silica 

Fume Mix test series and some general conclusions of what can be inferrcd fiom the Moment - 

Curvature graphs will be discussed. 

4.3.2.1. Condition of Slabs Before Testing 

Al1 the slabs, except for the Silica Fume Mix slab that was corroded to 2 %, were cracked 

due to corrosion to some extent before they were tested. The extent of this damage varied, 

however, fiom srna11 surface cracks to large sections spalling off the slab. As to be expected, the 

extent of darnage increased with increasing corrosion levels. 

The damage was originating fiom the ends of the bars that were corroded. The middle 

bar caused a vertical crack through the centre of the slab. It often reached the top face of the 

slab. The outside bars caused cracks that tended to run fiom the surface below the bars, through 

the bars and then they turned to reach the outside face of the concrete. If they extended through 

this entire section, they caused spalling of the concrete section. The extent of this cracking was 

only slightly longer than the length of bar that was corroded. There was a definite centre section 

that remained undamaged by the corrosion attack. A diagram of the typical crack patterns 

developed as well as comrnon locations of spalling are included as Fig. 4-3. 

1 Figure 4-3: Typical Crack Locations and Areas of Spalling 1 

Along with the damage caused by cracking, there were also rust stains foming on the 

surfaces of the slabs. This staining was mostly concentrated at the area of the cracks. Ofien, rust 

'stalactites' were formed on the bottom of the slab. These were quite easily damaged by the 
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moving of the slabs in preparation for testing, but were seen to consist of a soft, fiaky material 

that was gooey to the touch, 

After testing, the condition of the bars in the centre portion covered by pipe insulation 

was detennined. The steel bars were uncorroded as it was assumed indicating that the 

assumptions were justified. 

4.3.2.2. Normal Mix Test Results 

In this section, there were two sets of results. These were due to the two different 

concrete mixtures used for the slabs, the Normal Mix and Silica Fume Mix. These slabs 

contained steel that was anchored at the ends, but debonded in the middle. The end regions were 

then corroded to various degrees, while the centre, test region was uncorroded. 

During testing, a structural crack developed. Unlike a normal, non-debonded sIab where 

a diffuse crack pattern with a variety of flexurd cracks would have developed, there was only 

one major crack. This is as the centre portion of the steel was unbonded and once the concrete 

cracks in one location it is then able to relax over the entire unbonded region and no tension is 

able to be developed in the concrete. The entire tensile strain developed in the steel is relieved at 

the crack location. The location of this crack was near the centre of the slab in the constant 

moment region as it is the location of maximum stress and thus first cracking. 

The moment-curvature results of the Normal Series are contained here as Fig. 4-4. For al1 

levels of corrosion, there was a very ductile response. The ultimate strengths of the slabs did 

change as they were corroded, however. It can be seen that the three lower levels of corrosion; 2 

%, 5 % and 8 %; were al1 weaker than the control specimen. Comparing the strengths between 

these samples, however, does not show any additional trend. They al1 had similar ultimate 

capacities. The moment-curvature graphs of the slabs corroded to five and eight percent have a 

point of interest. In these graphs, there can be seen definite indications of slip. That is, there are 

areas where, with little change in curvature, there are significant reductions in the moment 

capacity of the slab. This can be interpreted as where the stress transfer between the steel and the 

concrete is suddenly reduced so that the stress in the steel decreases. This leads to iess moment 

being required to maintain the same level of curvature. In these cases some residual bond 

capacity available so that the slab was still able to accept load; the moment capacity did not 
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decrease to zero. In the slab that was corroded to five percent, with increasing curvature, the 

moment taken reached higher levels than that which lead to the first slip. 

1 Figure 4-4: Series 2 - Normal Mix Results 1 

Series 2-Normal Mix 
Moment vs. Curvature 

Figure 4-5: Series 2 - Silica Fume Mix Results 

Series 2 - Silica Fume Mix 
Moment vs. Curvature 

O 1 O0 200 300 400 500 600 700 800 900 
Curvature [Ifkm] 
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The slab that was corroded to the highest level, 12 %, behaved differently than the other, 

Normal Mix, corroded slabs. After the slab cracked, the moment capacity reduced drarnatically. 

It showed a great increase in curvature before it accepted more load, that is, when the steel 

became active. This indicates the greater slip that must be required to activate bond forces. The 

moment resistance of the slab then increased for some increasing curvature. The moment 

capacity reached levels similar to that which was reached before the bearn cracked, but no higher. 

It did exhibit a significantly more ductile response that an unreinforced slab that would have had 

similar capacity. 

4.3.2.3.Silica Fume Mix Test Results 

The results of the testing of the slabs made with the Silica Fume Mix are contained in 

Figure 4-5. These graphs plot measured moment-curvature relationships for the specimens. For 

this set of data, due to problems with the data acquisition, the cmature was not calculated the 

same way for al1 five slabs. For the slabs that were corroded to O %, 2 % and 8 % steel section 

loss, there were no difficulties. Their curvatures were calculated using the curvature-meter as 

usual. For the slabs corroded to 5 % and 10 %, the data fiom the LVDT's that are part of the 

curvature-meter were not recorded, so the curvature is based only upon the midpoint deflection. 

A single crack was developed due to structural testing, just as for the set of slabs cast with the 

Normal concrete mix. 

The contrd specimen for this set of tests behaved quite predictably, just as for the normal 

series. It exhibited the same stiff, initial response until cracking, the loss of stiffness post- 

cracking and the yield plateau. The difference between this and the control for the normal series 

is that it reached a higher load before yielding. This is because the Silica Fume concrete is 

stronger than the Normal concrete. 

For the Silica Fume Mix slabs that were corroded to 2 % and 5 %, a normal response is 

achieved in shape. There is a post-cracking increase in load and then a 'yield plateau' where 

there is a generally constant moment response for ever increasing curvature. These plateaus do 

not exhibit the gradually increasing load that the control specimen required and the start of this 

change in response is at a lower load level. Also of interest is a 'jog' in the 5 % corroded 



CORROSION EFFECTS ON BOND STRENGTH IN REINFORCED CONCRETE 
Chapter 4 Experimentd Results 

specimen in the yield plateau that may indicate some slip in the bars and an adjustment in the 

response. 

The slabs that are corroded to 8 % and 10 % have a different response. After cracking, 

there is an increase in strength, though for the 10 % slab this does not reach the cracking load. 

After the load peaks, with increasing curvature there is a decrease in load required. This is 

exhibited as a negative slope of the post-peak region of the Ioad - response curve. There are also 

numerous occasions of sudden decrease in moment with little change in curvature. This would 

indicate occasions of slip of the bars. 

4.3.2.4. General Discussion of Test Results 

From these, it is obvious that corrosion does have some influence on bond. Further 

details and evaluation of this influence is discussed in the Section 4.3.3. However, some general 

trends can be inferred fiom the moment - curvature diagrams. First, as has been pointed out, 

there is still a large ductile response. This is encouraging as one of the aims in design is to 

ensure ductility. The idea is to give adequate warning of impending failure to users of a 

structure. 

Less encouraging is the relative magnitude of the cracking loads and the ultimate load, at 

least at the higher levels of corrosion achieved. For both sets of tests, the slabs that were 

corroded to the greatest amount, approximately 10 to 12 %, did not regain their cracking strength 

in the post-cracking region. Thus if these were structural members that had not cracked due to 

load but were corroded to this level, and then suddenly loaded past their cracking load, they 

would then suddenly fail. In these cases the level of corrosion when this dangerous response 

appeared was approximately 10 %, but this would be a function of the cracking strength of the 

concrete. 

Thus it c m  be seen that at low levels of corrosion, while there is some possible loss of 

bond strength, the nature of the response will provide some warning of impending failure. 

However, at higher levels of corrosion this waming is lost and as such should be evaluated 

differently and more conservatively when considering structural integrity. 
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4.3.3. A Discussion of Bond 

After testing, the moment and curvature information fiom Series 2 was taken and used to 

determine bond strengths. This was done for al1 the post-cracking points on each response curve 

using a program W e n  for that purpose. The details of that program are contained in Appendix 

G. The maximum value of the bond at each corrosion level was then taken and is plotted for 

both the Normal Mix and Silica Fume Mix. This plot can be seen as Fig. 4-6. 

For each set of tests, the linear regression of the bond strength [U,MPa] versus the 

percentage of steel area lost due to corrosion [x, % by mass] was determined. This gave the 

equations and 2 values of: 

Normal Mix: U = 4.71 - 0.250 x, 2 = 0.0800 

Silica Fume Mix: U= 5.27 - 0.361 x, 2 = 0.91 12 

Figure 4-6: Bond Strength as a Function of Corrosion Level 1 
1 

Bond Strength as a Function 
of Corrosion LeveI 
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The Silica Fume Mix showed a well-correlated linear relationship, while the results for the 

Normal Mix were not as clear. The Normal Mix did have a general trend of decreasing bond 
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strength with increasing corrosion levels. The explanation for this lack of clarity in the Normal 

Mix results rnay corne fiom the techniques that were used to connect the rebar to the power 

supply. Out of the four corroded specimens for the NormaI Mix results, three were corroded 

using connection type (a); while for the Silica Fume series three were connected using 

connection type (b). A discussed previously (Section 3.4.2), connection type (b) gave superior 

control over the corrosion process and made the corrosion more even between the bars. It was 

also easier to gauge the amount of corrosion that had occurred. This may explain the difference 

in correlation coeficients between the two sets of results. 

However, it is seen that there is a relationship between the amount of corrosion and the 

bond strength that exists. It also appears to be linear with a decreasing slope. This agrees with 

what has been reported before in the literature, for exarnple by Rodriguez et al? As discussed 

in Chapter 2 - Literature Review, they have developed a linear equation relating bond strength 

and depth of corrosion penetration based upon a series of tests of bars embedded in cubes. 

The loss of bond with increasing corrosion levels is as expected. The corrosion will first 

damage the concrete due to the expansive pressures it exerts. This will lead to cracking and it is 

easy to see how this may cause weakening of the anchorage of the reinforcing steel. In addition, 
1 

the corrosion causes the surface properties of the reinforcing steel to change. It creates a weak 

layer of corrosion product that will break off under relatively low stress levels. The may lead to 

lubrication and the prevention of both the development of fiction and concrete-steel interlock. 

At high levels of corrosion, which were probably not reached here, there is also the possibility 

that the effect of lugs on the reinforcing bars may be eliminated. This would occur if the entire 

h g  was corroded and then would break off at relatively low stresses. 
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5.0 Series 3 Evaluation 

This section discusses the slab designated as Series 3. The purpose of this slab was not 

primarily to determine any additional information, but to evaluate what has gone before. Thus, a 

standard slab was cast fiom the Normal Mix and corroded to a predetermined level. This level 

was selected as 10 %. This level was chosen to test the more critical values of the possibilities. 

Before testing, the information fiom previous parts of this experimental program was used to 

predict the capacity, in combination with the work done by J. ~ h i l l i ~ s . ~ - '  How this evaluation 

was performed and the results of the experimental test are discussed here. 

5.1 The Prediction 

Two elements were considered explicitly when predicting the failure load and the mode 

of failure for the slab. These were bond pullout effects and the effect of steel section loss. Shear 

failure was not considered explicitly as the specimen type used was identical to the ones 

previously used, where shear was not critical. Corrosion will not affect the shear capacity where 

there are no stimips, thus shear capacity need not be checked at this stage. 

The corrosion level was determined using the techniques used previously, namely by 

integrating the current that has passed and by using a corrosion coupon. The integrated current 

suggested a corrosion level of 18 %, while the corrosion coupon estirnated the corrosion level at 

1 1 %. These two values were average to give a representative corrosion level of 14.5 %. This 

value was used in the work that follows. 

To evaluate the beam, a failure envelope was constnicted along the length of the beam. 

This failure envelope consists of two portions. The first is if the beam fails due to steel section 

loss. This is a constant value along the length of the beam. The second portion is the limit that 

will cause an anchorage failure. This limit will Vary along the length of the beam depending 

upon the available length for anchorage. The section property evaluation was done considering 

only the remaining, uncorroded steel, as indicated by J. ~ h i l l i ~ s . ~ ' ~  The development length 

calculation was based upon a bond strength of 1.09 MPa, using the formula developed in this 

report for the Normal Mix. More explicit calculations are included as Appendix H. 
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After the failure envelope was constnicted, the moment diagram for various loads was 

determined until these two curves intersected. The lowest load at which this occurs is the failure 

load. Depending upon the location of this first intersection, the failure mode can be determined, 

If this intersection is in the part of the failure envelope where bond governs, then bond failure 

will be the failure mode. If it is in the section where steel section loss governs, then the slab will 

fail by yielding. 

The failure envelope was constnicted for a corrosion level of 14.5 %, the actual corrosion 

level deterrnined for the slab tested. Trial and error determined that the lowest load that would 

cause the curves to intersect is 28.5 W. This corresponds to a maximum moment of 7.13 kN-m 

in the centre region. The slab would fail due to a bond failure. A diagram of the failure envelope 

and the moment diagram at f ~ l u r e  is contained herein as Fig. 5-1. It is noteworthy that the 

capacity envelope does not contain a horizontal portion. That is there is no portion where there is 

sufficient anchorage to allow the yield strength to be developed, even though it is reduced by the 

arnount of the steel that has been corroded. 

1 Figure 5-1: Prediction 1 
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5.2 The Experimental Result 

The results of the structural testing are discussed in this section along with the condition 

of the slab before testing. What is not discussed is the results of the rnaterial tests performed. 

This is as the sarne concrete mix design that was previously designated as the Normal mix was 

used. The rnaterial test results are a part of the same statistical family that the previous Normal 

mix results were and were discussed in Chapter 4 with them. The results of this specific set of 

tests are included in Appendix E. 

5.2.1 Condition of Slab Prior to Testing 

The test slab had cracking due to corrosion before it was tested. Unlike the slabs from 

Series 2 that had cracking along the ends and sides, with some reaching to the top face, the 

cracking in this slab was only visible along the bottom face of the slab. This cracking was 

primarily in the longitudinal direction and ran the entire length of the slab. There were some 

minor lateral cracks, however. 

There was extensive rust staining along the bottom of the slab as well. This included the 

formation of the rust 'stalactites' and the deposition of salt ridges along the outside of slab. None 

of this was visible on the portions on the slab that were not immersed in the salt solution, or were 

farther from the steel bars. 

5.2.2 Structural Testing Results 

This specirnen was tested in flexure as the other slabs. The moment - curvature response 

is shown in Figure 5-2. Also shown is the moment - curvature response of the Control specimen 

for Series 1. It is identical to the slab tested here except it was uncorroded. 

The initial portions of both curves are similar (O-A) as for both slabs this is before 

cracking and as such the condition of the steel does not effect the response. In the control slab, 

there is a pre-steel yielding portion of the curve that is more flexible (A-B) and this is initially 

mirrored by the corroded specimen (A-D). The effect of corrosion then begins to be 

demonstrated. At D, there is evidence of slip occurring and the response is then less stiff than the 

control (D-E). The load is stilI increasing, but a greater increase in curvature is required to 

develop the sarne increase in supported moment than for the control. At E, the corroded slab 

exhibits a sudden loss in moment with no change in curvature. This is another point of slip of 
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the bars. In this case, the moment is then regained with little change in curvature and the load 

continues to increase until point F. The rate of this increase in load is similar to that which was 

experienced before the slip at point E. AAer F, their is a drarnatic change in the shape of the 

response curve. The load decreases with increasing curvature. (F-G) The load decreases to a 

point where it is approximately half of the peak load and then remains steady with increasing 

curvature. The load remained constant until the slab was unloaded at point G. 

1 Figure 5-2: Series 3 Experimental Results 1 
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The corroded specimen still exhibited a large ductile response. In Figure 5-2, it appears 

that the ductility of the corroded response is greater than that of the control specimen. This is not 

the case. Between these two tests, the range of the curvature-meter LVDT's was changed. The 

slabs were more flexible than was expected before testing, so a greater range was required for the 

data. The control test was ended when the curvature-meter reached the end of its range and this 

gives the appearance of less ductility. The control specirnen would still be capable of exhibiting 
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greater ductility than that showed here, at least as much as that demonstrated by the corroded 

specimen. 

The ductile response is unstable for the corroded specimen. It exhibits a negative post- 

peak modulus and if this situation occurred in practice then rapid failure would have occurred. In 

a real structure, if the load reached the point F, then the load would not be reduced so the 

additional response would not be exhibited. The moment at any point on the curve is the 

maximum capacity at that curvature but this would be insufficient to support the load fiom the 

previous point. This would lead to increasing curvature with an inability to support the load until 

failure is reached. This is much Iess preferable than the uncorroded response of increasing 

capacity with increasing curvature. 

5.3 Comparing the Prediction and the Response 

There were two elements to the prediction; the load at failure and the mode of failure. 

The predicted load at failure was 28.5 kN and it was predicted to fail in bond. The slab failed at 

a moment of 16.35 kN-m, which is equivalent to a load of 65.4 kN. It did fail in bond. This can 

be seen due to the shape of the moment - curvature response cuve as discussed in the previous 

section. 

The is a large difference between the predicted failure load and the actual failure load. As 

the mode of failure was as predicted, the inaccuracies lie in the predicted bond strength. Using 

the formula developed previously, the predicted bond strength was 1.09 MPa. As the actual 

failure load was much higher than that predicted, the actual maximum bond strength must be 

higher. The reason for this is that the corrosion level at which the bond strength was to be 

predicted was higher than the maximum value used to determine the formula. The maximum 

experimental value used to develop the relationship was 10.5 %. Thus, to apply this relationship 

to the level of 14.5 % is an extrapolation. The other, more important, reason is the quality of the 

relationship developed. While for the Silica Fume mix the relationship had a good correlation 

coefficient of 0.91 1, for the Normal mix used in this technique the correlation was only 0.680. 

Thus it is to be expected that the values predicted would be less accurate. 

As a further test, the capacity based upon the results reported by Rodriguez, et al.55 was 

calculated. This was done by determining the depth of penetration based upon uniform corrosion 
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as the authors did in their paper. The depth of penetration was calculated as 0.416 mm and this 

resulted in a bond strength of 1.267 MPa. This value was then used in the identical technique to 

calculate the capacity of the slab. This predicts a capacity of 33.5 kN. A diagram of the moment 

capacity envelope and bending moment diagram predicted at failure is included as Figure 5-3. 

While this is a slightly better prediction that that which came fiom the work done here, it is still 

much Iower than the actual, experimental value. 

Finally, the experimentally determined capacity was used to calculate the bond strength 

tnily developed, Fig. 5-4. This was done by using the reverse procedure used to predict the 

capacity. That is, the bending moment diagram at failure was plotted and the moment capacity 

envelope was plotted for a number of bond strengths until the two curves intersected, giving 

failure. This resulted in a bond strength of 2.55 MPa. For this calculation, however, the 

maximum capacity based upon steel section loss had to be ignored. This was as the capacity 

based on that prediction was only 13.82 kN-m, which was exceeded experimentally even though 

the slab failed in bond. This value for the bond strength deterrnined experimentally is much 

higher than that predicted fiom the relationships developed earlier, as much as two and a half 

times. 

The bond strengths as predicted by this equation were conservative for this situation and 

the factor of error was such that it would be considered an appropriate level for the factor of 

safety. This same degree of error cannot be assumed to always occur, however, and these 

equations should not be used assuming that this will be the case. A more appropriate technique 

would be to develop an expression that would predict the true mean value of the bond strength 

and apply a ration analysis to determine appropriate levels of safety. 
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1 Figure 5-3: Prediction Based on Rodriguez, et al. 1 

Series 3- 
Predicted Capncity -Rodriguez, et al. 

O 1 O0 200 300 400 500 600 
Distance along Slab [mm] 

( - Capacity Envelope * Moment Response Curve 1 

1 Figure 5-4: Presumed Actual Response 1 
Series 3- 
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6.0 Conclusions and Recommendations 

First, the conclusions that c m  be drawn for this series of experiments are presented. 

Then recommendations for further work are discussed. 

6.1. Conclusions 

1. The apparent corrosion level for the specimens varied depending upon the technique used to 

measure it; using corrosion coupons or by integrating the corrosion current and applying 

Faraday's Law. This made it difficult to determine an actual corrosion level for the specimens 

that would represent the situation produced. 

2. The corrosion pattern varied depending upon the technique used to connect the rebar to the 

power supply. One technique caused different corrosion amounts to occur in the different 

bars, as determined by visual inspection. The other technique caused more uniform corrosion 

between the bars. 

3. The corrosion current was highly variable both between specimens and at different times in 

one slab even though the applied voltage remained constant. 

4. A bar with approximately one quarter of its perimeter debonded fkom the concrete over its 

entire length has the bond strength to develop similar capacity as a standard bar, but will not 

be as ductile. If half of the bar's perimeter is debonded, though, it will have zero bond 

strength. The specimen will then act as if it were unreinforced. 

5. Cracking and spalling of the concrete in the end regions was exhibited at minimal corrosion 

levels, e.g. 2-3 %, for the centre debonded and uncorroded specimens. 

6 .  Corrosion damage does not appear to reduce the ductility of reinforced concrete members. 

7. Bond strength reduces linearly with increasing corrosion levels, and equations defining this 

relationship with a variety of success were developed for the concrete tested herein. 

8. The relationships developed in this thesis for bond and the method proposed by J. Phillips to 

deal with section capacity were unable to successfully predict the capacity of a trial slab 
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corroded to 14.5 % section loss. For this slab, the ultimate capacity was greater than that 

predicted by the work of J. Phillips considering section loss, though the slab appeared to fail in 

bond. The predicted capacity based upon bond considerations was less than that predicted by 

considering section effects. The problem was thought to lie either in the poor fit of the bond 

prediction expression for the concrete used or due to the difficulty in determining the 

representative corrosion level. Difficulty rnay have also arisen as the development length was 

longer for the Series 3 slab, creating the potential for a different distribution of bond stresses 

possibly altenng the maximum average stress that can be developed. The cracking pattern 

was also different which rnay change the behaviour and relationships of corrosion and bond. 

6.2. Recommendations 

1. In Series 1, where the effect of concrete spalling was simulated, there was a large change in 

the response between the level of one quarter of the bars' perimeter debonded and one half. 

More information should be gathered on this changing influence by examining different 

portions of bars perimeter debonding, for example 30 %, 35 %, 40 %, 45 %. This would 

require the use of a larger bar so that it is reasonably possible use smaller increments of the 

proportion of the bar debonded. 

2. One of the main difficiilties in this work was controlling the amount of corrosion that was 

developed and characterizing it. This difficulty was partially overcome by change the 

technique used to connect the rebar to the power supply. This was not a complete remedy, 

however, and better results rnay have been obtained if, instead of using three bars, a single bar 

was used. This would reduce the problems of differential corrosion. 

3. The specimens in this study were corroded using an applied voltage. This voltage created a 

current that was larger than any that would be encountered in the real world. While it is 

necessary to speed up the corrosion process to study it experimentally, it is suspected that this 

large current rnay have effects on the structure of the corrosion products. Instead of being 

deposited on or near the rebar, the corrosion products rnay be transported into the body of the 

concrete or into the salt solution. This would then obviously change the expansive pressures 

that are exerted as well as the surface characteristics of the reinforcing steel. This rnay not be 

50 
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as important when considering section properties, as done by J. Phillips, but would be more 

important when considering bond influences. It is recommended that a series of tests be 

performed that would reduce the acceleration of the corrosion process and mimic better the 

natural situation to evaluate the possibility of this influence. This could possibly be achieved 

by wetldry cycling the specimens to cause corrosion without an applied current. 
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Steel Stress-Strain Cuwes 

50 1 O0 150 
Strain [ x 10-31 



Appendix B Specimen Design Calculations 

Structural Design Calculations 

Airns: 1. Failure mode in moment rather than shear. 

2. Resembles a section of a slab. (wider than it is deep, no stimps) 

3. Minimize size. 

4. At Ieast three bars to provide some intemal averaging of effects. 

For initial designs, use a concrete strength of 35 MPa and a steel yield point of 450 MPa. 

1-350- 1 
This is a diagram of the final cross- I l l 5  section arrived at. 

3 # 10 bars Follows is a calculation of its shear 
and moment capacities. 

4 5 k-125+125,-4 5 It 

Moment Capacity 

T=C 

Asfy=0.85 f c b a  

( 300 mm2)( 450 MPa ) = 0.85 ( 35 MPa )( 350 mm ) a 

a =  13 mm 

S hem Capacity 

vc= 0.2 (dr,) b, d 

= 0.2 (435 MPa) (350 mm) ( 125 mm) 

= 51.8 kN 

A length had to be chosen so that the beam would fail in moment long before it failed in shear. 
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It was decided that the limiting factor would be that it would reach no more than 65 % of its 
shear capacity when it fails in moment. 

The testing set-up would be simply supported with a constant moment region. 

Therefore, Mm, 1 Vm, = a 

Also, Mm,= 16.0 kN-m and V,, = 0.65 (51.8 kN) = 33.7 kN 

Thus, a = 0.475 m 

Thus the distance fiom the support to the loading point shall be 500 mm. 

The distance b was selected as the minimum that would be reasonably sure to provide a sufficient 
constant moment region. 

In this case, it was felt that 200 mm would be sufficient. 

To provide for cover on the ends, 50 mm were added on either side. 

This gives a total specimen length of 1300 mm. 

Thus, the dimensions of the test specimen were 1300 mm x 350 mm x 150 mm. Three #10M 
rebars were used with a bottom cover of 25 mm to the centre of the bars (or 20 mm clear cover). 
Fifty rnillimetres cover was provided at the ends and at either side. 
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Development Length Calculations (As per AC1 408.1R-90) 

Ab= 100 mm2 = 0.155 in2 (Area of a single bar) 

db= 10 rnm = 0,787 in (bar diameter) 

f, = 450 MPa = 65 220 psi (yield stress of steel) 

f, = 35 MPa = 5070 psi (concrete compressive strength) 

O= 1.0 (factor of safety) 

Cc=25 mm= 1.0in (concrete cover) 

K=0.5 db + Cc = 1,197 (confinement factor) 

ldb = 5 5 0 0 ~ d ( o ~ d f  c) = 10.01 in = 250 mm 

Therefore the development length chosen was 250 mm. 

(Note that AC1 is in pound-inch units and thus a conversion was required from metric and back 

again.) 



CORROSION EFFECTS ON BOND STRENGTH IN REINFORCED CONCRETE 

Appendix C Curvature-meter Evaluation 

Curvature-meter Evaluation 

The curvature-meter is the technique used to evaluate the deformation tendencies of the 

various slabs. It consists of a bar hung fiom two points on the neutral axis at either end of the 

constant moment region of the bearn. As the neutral axis changes during the test for reinforced 

concrete, the mid height was used. Then, using a LVDT, the deflection between the midpoint of 

the span at the neutral axis and the bar is measured. This information c m  then be used to 

calculate the curvature. This calculation assumes an elastic response, which is not the case for 

concrete after it has cracked. It was still useful, however, as it allowed a comparison between 

slabs of their relative deformation. The development of the relevant formulas is described in the 

following. 

Consider the diagrams to the left. These 

are typical moment, curvature, slope and 

deflection diagrams for a member Ioaded 

in four point bending, assuming that the 

beam behaves elastically. Using these, we 

will first compute the average slope 

between A and B. It is : 

- Qcv -- 
0 A v . m  - 1 

Note that the negative of this is the average 

dope of section BC. Also note that the 

average slope in these sections corresponds 

to the slope at the midpoints of these 

sections as the slope varies linearly for this 

region. The midpoints have been designated E and F. Note that the distance between E and F is 

also Z. Now it is necessary to calculate the curvature in the constant moment region. This will 

correspond exactly to the average curvature between E and F as the curvature is constant. Thus: 

This formula has been used to determine the curvature of the slabs. 
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Corrosion Current Calculations 

The current was continually recorded as descnbed in the Experimental Procedures. This 

value was then converted into percent lost based upon the following procedure. 

C 
By Faraday's Law, n = - 

F 

where: n is the number of equivalents reacting, 

C is the charge passed and 

F is Faraday's constant, 96487 C/equiv. 

Now, C = It 

where: I is the current passing and 

t is the length of time. 

Also, n = rnz 

where: m is the nurnber of mols, 

n is the number of equivalents and 

z is the charge on an ion. 

It 
Thus, m = - 

Fz * 

Now, we desire mass loss. 

But, w = mAtm 

where: w is the mass loss, and 

A ' ~  is the atomic mass. 

To convert this to volurnetric percent loss, first the volume loss needs to be determined. 

where: p is the density of the steel. 

The original volume of the corroded steel is A, * l,,,, 
where: A, is the area of steel and 

lm, is the total length of steel that is to be corroded. 
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Now it is possible to convert this for the situations that will be encountered in this 

experimental program. There will be two slightly different situations. For series 2, the corroded 

length will be just the ends of the rebars, while for series 3, the corroded length will be the entire 

bar. 

Series 2 

A'"' = 55.85 g/mol (as mostly iron) 

F= 96487 C/equiv. 

where: I is in Amperes and 

t is in seconds. 

Series 3 

A ' ~  = 55.85 g/mol (as mostly iron) 

F= 96487 C/equiv 

where: 1 is in Amperes and 

t is in seconds. 



CORROSION EFFECTS ON BOND STRENGTH IN REINFORCED CONCRETE 

Appendix E Concrete Material Results 

Fresh Concrete Properties of Mixes 

Series 1 - Control Slab: 

Slump: 180 mm 

Air Content: 9 % 

Plastic Density : 23 05 kg/m3 

Admixture Dosages: 

ProAir: 45 mLIlOO kg cementitious 

25 XL: 250 mL1100 kg cementitious 

RheoBuildl000: 500 mL/100 kg cementitious 

Series 1 - HaIf Covered: 

Slump: 180 mm 

Air Content: 8 % 

Plastic Density: 2246 kg/m3 

Admixture Dosages: 

ProAir: 35 mL1100 kg cementitious 

25 XI,: 260 mLI100 kg cementitious 

RheoBuild 1000: 3 10 mL/l O0 kg cementitious 

Series 1 - Quarter Covered: 

Slump: 200 mm 

Air Content: 5 % 

Plastic Density: 2260 kg/& 

Admixture Dosages: 

ProAir: 30 mLI100 kg cementitious 

25 XL: 250 mL1100 kg cernentitious 

RheoBuild1000: 300 mL1100 kg cementitious 

Series 2 - Normal, Control: 

Slump: 1 10 mm 

Air Content: 6.5 % 

Plastic Density: 2336 kg/m3 

Admixture Dosages: 

ProAir: 30 mL/l O0 kg cementitious 

25 XL: 250 mL/100 kg cementitious 

RheoBuild1000: 300 mL/100 kg cementitious 

Series 2 - Normal, 2 % Corrosion: 

Slump: 210 mm 

Air Content: 6 % 

Plastic Density: 2274kg/m3 

Admixture Dosages: 

ProAir: 30 mLI100 kg cementitious 

25 XL: 250 rnL/l00 kg cementitious 

RheoBuild1000: 275mLl100 kg cementitious 

Series 2 - Normal, 5 % Corrosion: 

Slump: 210 mm 

Air Content: 6.5 % 

Plastic Density: 2336 kg/m3 

Admixture Dosages: 

ProAir: 30 mLI100 kg cementitious 

25 XL: 250 mL/100 kg cementitious 

RheoBuild1000: 250 mLI100 kg cementitious 

Series 2 - Normal, 8 % Corrosion: 

Slump: 210 mm 

Air Content: 8 % 

Plastic Density: 2246 kg/m3 

Admixture Dosages: 

ProAir: 30 mL/100 kg cementitious 

25 XL: 250 mL1100 kg cementitious 

RheoBuild 1000: 225 mL/100 kg cementitious 

Series 2 - Normal, 10 % Corrosion: 

Slump: 160 mm 

Air Content: 7 % 

Plastic Density: 2306 kg/m3 

Admixture Dosages: 

ProAir: 30 mL/100 kg cernentitious 

25 XL: 250 mLI100 kg cementitious 

RheoBuild1000: 200 mLI100 kg cementitious 



Series 2 - Silica, Control: 

Slump: 125 mm 

Air Content: 7 % 

Plastic Density : 23 1 6 kg/m3 

Admixture Dosages: 

ProAir: 30 mL/100 kg cementitious 

25 XL: 250 rnL/100 kg cementitious 

RheoBuild1000: 350 mL1100 kg cementitious 

Series 2 - Silica, 2 % Corrosion: 

Slump: 160 mm 

Air Content: 8 % 

Plastic Density: 2246 kg/m3 

Admixture Dosages: 

ProAir: 30 mL/100 kg cementitious 

25 XL: 250 mL1100 kg cementitious 

RheoBuild1000: 350 rnLI100 kg cementitious 

Series 2 - Silica, 5 % Corrosion: 

Slump: 50 mm 

Air Content: 5.5 % 

Plastic Density : 2359 kg/m3 

Admixture Dosages : 

ProAir: 30 mL/100 kg cementitious 

25 XL: 250 mL/100 kg cementitious 

RheoBuild1000: 300 mLI100 kg cementitious 

Series 2 - Silica, 8 % Corrosion: 

Slump: 175 mm 

Air Content: 7 % 

Plastic Density: 2274 kg/m3 

Admixture Dosages: 

ProAir: 30 mL/l O0 kg cementitious 

25 XL: 250 mL/lOO kg cementitious 

RheoBuild1000: 300 mL/l O0 kg cementitious 

Concrete Material Results 

Series 2 - Silica, 10 % Corrosion: 

SIump: 50 mm 

Air Content: 6 % 

Plastic Density: 2362 kg/m3 

Admixture Dosages: 

ProAir: 30 mLI100 kg cementitious 

25 XL: 250 mLI100 kg cementitious 

RheoBuild 1000: 300 mL/100 kg cernentitious 

Series 3 - 10 % Corrosion: 

Slump: 130 mm 

Air Content: 6.5 % 

Plastic Density : 2359 kg/m3 

Admixture Dosages: 

ProAir: 30 mLI100 kg cementitious 

25 XL: 250 mLI100 kg cementitious 

RheoBuild1000:200 rnL1100 kg cementitious 



CORROSION EFFECTS ON BOND STRENGTH IN REINFORCED CONCRETE 

Appendix E Concrete Material Results 

Material Results Summary 
- - 

Strength WPa] Specimen 

1 -N-O 

1-N- l/4 

1 -N- 1 12 

2-N-O 

2-N-2 

2-N-5 

2-N-8 

2-N- 1 O 

2-S-O 

2 4 - 2  

2-S-5 

24 -8  

2-S- 1 O 

3-N-10 

7 Day 28 Day II 7 Day 1 28 Day 1) 7 Day l 28 Day 

Mod. 1 Mod. ) 6894 1 11578 11 - 

Mod. 1 Low 11 7466 1 15736 1 - - 

Ir - - 

#y-yJF 
V. Low 12453 

High 1 Mod. 11 4374 1 9704 (1 0.1550 
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Corrosion Current 
Normal Mix, 3 % Corrosion 

Corrosion Current 

NormaI Mix, 5 % Corrosion 

O 7 14 2 1 28 3 5 42 49 
Time [Days] 
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Corrosion Current 
Normal Mix, 8 % Corrosion 

-------- --------- 
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Corrosion Current 
Silica Fume Mix, 2% Corrosion 

1 

14 
Time [Days] 

Corrosion Current 
Silica Fume Mix, 5 % Corrosion 
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Corrosion Current 
Silica Fume Mix, 8 % Corrosion 

2 1 28 3 5 42 49 56 
Time [Daysl 

Corrosion Current 
Silica Fume Mix, 10% Corrosion 

O 7 14 2 1 28 3 5 42 49 

Time [Days] 
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Corrosion Current 
Series 3 
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Appendix G Bond Evaluation Program 

Bond Evaluation 

To evaluate the strength of the bond in the Series 2 slabs, it was first necessary to 

determine the stress in the bars. This was using the measured moments and curvatures for al1 

points in the moment curvature diagram after the slabs cracked using a cornputer program written 

in FORTRAN 77 for this purpose. A copy of this prograrn is below. It contains a root-finding 

subroutine written by A. Smith, E. Hinton and R. Lewis, Civil Engineering Systerns: Analysis & 

Design, John Wiley & Sons, Toronto, cl983 

. . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PROGRAM STEELFORCE 
* K. Stanish, May 27, 1997 

* This prograrn was created to determine the force in the steel of a reinforced 
* concrete prismatic beam of rectangular cross-section, given the moment 
* and the curvature. It is designed for one layer of steel only. 
* This uses a bisection root finding technique from SMITH, HiNTON and LEWIS. 

REAL CSTART,CEND,DX,EPS,PHI,MACT,D,B,AS,FC 
REAL EPSC,ALPHA,BETA,FS 
INTEGER NW, NUM, J 
CHARACTER* 13 MFILE, OUTFILE 
EXTERNAL FUN 
COMMON PHI,MACT, D,B,AS,FC,EPSC,ALPHA,BETA 
N W=O 
PRINT*, 'Enter the name of the input file:(IN APOS.)' 
READ*, INFILE 
PRINT*, 'Enter the name of the output file:(IN APOS.)' 
READ*, OUTFILE 
OPEN(UN IT= 1 1, FILE=INFILE, FORM='FORMATTED', STATUS='OLD') 
OPEN(UNIT=l2, FILE=OUTFILE, FORM='FORMATTED1, STATUS='NEW1) 
REWIND(UNIT= 1 1) 
CALL iNITIAL(D,B,FC,EPSC,AS,EPS,NUM) 
WRITE (1 2,25) 
DO 23 J= 1 ,NUM 

CALL SITUATION(MACT,PHI,CSTART,DX) 
CALL BISECT(FUN,CSTART,DX,EPS,N W,CEND) 
FS=(B*BETA*ALPHA*FC*CEND)/AS 
WRITE (1 2,24) MACT,PHI,CEND,FS 

23 CONTINUE 
24 FORMAT (lX,F6.2,5X,E10.3,5X,FS.l,5X,Fl 1.2,5XYF1 1.2) 
25 FORMAT (2X,'MACTY8X,'PHI', 12X,'C', 1 SX,'FS 1 ', 15X,'FS2') 
26 FORMAT (lX,F6.2,5X,E10.3,5X,FS.1,5X,Fll.2,5X,'YIELD') 

CLOSE (UNIT=11) 
CLOSE (UNIT= 12) 
END 

************************************************************ 
SUBROUTINE INITiAL(D,B,FC,EPSC,AS,EPS,NUM) 
REAL D,B,FC,EPSC,AS,EPS 
INTEGER NUM 
READ (1 1 ,*) D,B,FC,EPSC,AS,EPS,NUM 
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RETURN 
END 

************************************************************ 
SUBROUTINE SITUATION(MACT,PHI,CSTART,DX) 
REAL MACT, PHI, CSTART, DX 
READ ( 1  1 ,*) MACT,PHI,CSTART,DX 
RETURN 
END 

************************************************************ 
SUBROUTINE FUN(C,MRT) 
COMMON PHI, MACT, D,B,AS,FC,EPSC, ALPHA,BETA 
REAL EPST,PHI,MACT,D,B,AS,FC,EPSC,C,MRT,QUOT,ALPHA,BETA,MCAL 
EPST=PHI*C 
QUOT=EPST/EPSC 
BETA=(4-QUOT)/(6-2*QUOT) 
ALPHA=(QUOT-QUOT*QUOT/3)/BETA 
MCAL=B*FC*BETA*C*ALPHA*(D-BETA*C/2)/lOOOOOO 
MRT=MCAL-MACT 
RETURN 
END 

************************************************************ 
SUBROUTINE BISECT(FUN,XSTART,DX,EPS,NW,XROOT) 

************************************************************ 
* The routine determines by the method of interval halving the root 
* of an equation of a single variable. 
* FUN = name of subroutine supplied by the user 
* to define the equation. 
* For example: 
* SUBROUTINE EQUN(X,F) 
* F=X*X-6.O*X+4.0 
* RETURN 
* END 

* XSTART = Start of coarse search range 

* DX = Initial increment for coarse search 
* EPS = Minimum acceptable interval of uncertainty 
* for convergence 
* NW = Output channel for intemediate printout. 
* Set N W=O to suppress al1 printout. 
* XROOT = Computed value of root 

* A coarse search is carried out to find the initial interval of 
* uncertainty. If no root is found within 10000*DX the search is 
* abandoned. 
* Note that two roots dose to together may be missed by the coarse 
* search. 
* A distinction is made between roots and possible discontinuities 
* and a warning is printed. 
* The name of the actual subroutine corresponding to FUN must appear 
* in an extemal statement in the driving program. 
************************************************************ 

X 1 =XSTART 
XROOT=XSTART 
DXl=DX 

C START COARSE SEARCH 
CALL FUN(X 1 ,F 1 )  
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IF(N W.GT.0) WRITEO\IW,SO)X 1 ,F 1 
FAC= 1 .O 
CONTINUE 
X2=X 1 +DX 1 
CALL FUN(X2,F2) 
IF(NW.GT.0) WRITE@JW,5O)X2,F2 

TEST FOR CHANGE OF SIGN iNFUNCTION 
IF(F1 *F2.LT.O.O) GOTO 20 

NO CHANGE OF SIGN 
FAC=2.0*FAC 
DXl=FAC*DX 
F 1 =F2 
X 1 =X2 

SET LIMIT ON EXTENT OF SEARCH 
IF(FAC.LT. 1 0000.0) GOTO 5 
IF(N W.GT.O)WTE(NW, 1 O)XSTART,X2 

10 FORMAT(24H IN BISECT NO ROOT FOUND, 
+ 8H BETWEEN,F12.3,4H AND,F12.3) 
STOP 

20 CONTINUE 
C INTERVAL OF UNCERTAINTY DEFINED BY X1 ,X2 
C NOW FIND SLOPE OF FUNCTION IN THIS INTERVAL 

SIGN=I .O 
IF(F2.LT.O.O) SIGN=-1 .O 

C SET VARIABLE TO TEST FOR DISCONTINUITY 
FMl=Fl 
FM=F 1 

C MAIN ITERATION LOOP STARTS HERE 
30 CONTINUE 

NDISC=O 
XM=OS*(Xl+X2) 
IF(SIGN*FM.LT.SIGN4FM1) NDISC=I 
CALL FüN(XM,FM) 

C OUTPUT ITEMTION VALUES IF REQUIRED 
IF(NW.GT.0) WFüTE(N W,SO)XM,FM 

50 FORMAT(1 OH IN BISECT,2F 16.4) 
IF(SIGN*FM.LT.O.O) GOTO 60 
GOTO 70 

60 CONTINUE 
X 1 =XM 
GOTO 80 

70 CONTINUE 
X2=XM 

80 CONTINUE 
C TEST FOR CONVERGENCE 

IF(ABS(X2-X I).GT.EPS) GOTO 30 
XROOT=XM 
IF(NDISC.EQ.0) RETURN 
IF(NW.GT.0) WRITE(NW,BO) 

90 FORMAT(39H iN BISECT POSSIBLE DISCONTINUITY FOUND) 
RETURN 
END 
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After the stress in the steel was determined for al1 points in the post-cracking region of 

the moment-cwvature response, the bond stress that had arisen were determined. This was done 

by dividing the force in a bar by the surface area of the bar that is in contact with the concrete at 

each end. The maximum value was then determined and that was reported as the bond capacity 

of the corroded bars. 
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Series 3 Predictions 

Material Properties: f , = 37.0 MPa f, = 450 MPa 

b =350mm d =  125 mm 

A, = 300 mm2 (before corrosion) 

14.5 % corrosion loss 

Section Calculations: 

This is calculated as if the steel was reduced by the percent that it was corroded by. Thus, 

consider as if the slab had a steel area of 0.855(3OO mm2) or 256.5 mm2. 

T = C  

Asf,=0.85 f , b a  

( 256.5 mm2)( 450 MPa ) = 0.85 ( 37.0 MPa )( 350 mm ) a 

a =  10.5 mm 

M = T ( d - a/2) 

= (246 mm2) (450 MPa ) ( lZ  mm -(10.5 mm)/2) 

= 13.82 kN-rn 

The shear properties of the section remain unchanged from the normal section and thus will not 

be a factor. 

Bond Effects: 

The bond strength will also possibly limit the design. The anchorage capacity of the bar 

wilI Vary along the length of the slab, and is thus derived here as a function of the longitudinal 

position. 

u= 4.7 1-0.250 (1 4.5) = 1 .O9 MPa (fiom previous work) 

Thus, F, = upl(x) S f,A, 

The limit is already calculated as the section property. This is concerned with the first situation. 
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As before, C = T 

Thus, we can plot the failure envelope, realizing that l(x)=x if x is the distance from the support, 

which is also the location the bars start. 

Moment Diagram: 

Also required is the moment diagram as a 

fiinction of x. There are two sections to this moment 

diagrarn, when x < 500 mm and when 500 mm<x<600 

mm. If we note syrnrnetry, then it is simple to 

determine by inspection that: 

M(x)=P/2x; xS500mrn 

= P/4 ; 500 mm I x 5 600 mm. 

This information was then plotted for different values of P until the two curves intersect. The 

lowest load at which this occurs is the failure load. Depending upon which mode governs at the 

point of intersection of the curves, the failure mode c m  be determined. For this situation, the 

intersection of the curves occurs when P = 28.5 kN. The location of intersection is in the region 

where bond strength. 
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Load 

(kN) 
-0.05 

-0.07 

-0.02 

1.32 

2.53 

2.32 

1.35 

2.41 

3 -43 

4.43 

5.42 

6.43 

7.49 

8.54 

9.55 

10.61 

11.61 

12.66 

13.65 

14.73 

15.78 

Moment 
(kN-m) 

-0.0 1 

-0.02 

-0.0 1 

0.33 

0.63 

0.58 

0.34 

0.60 

0.86 

1.1 1 

1.36 

1.61 

1.87 

2.14 

2.39 

2.65 

2.90 
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3.4 1 

3 .68 

3.95 

M.P. Displ. 

(mm) 
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0.1 1 

0.13 
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v 
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Series 2 - Silica Fume, 5 % Corrosion 
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*** Curvature based on Midpoint Deflection as problem with data acquisition. 

Series 2 - Silica Fume. 8 % Corrosion 
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- 

Series 2 - Silica Fume, 1 O % Corrosion 
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* * * * Curvature based upon Midpoint deflection as problem with data acquistion 
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** Curvature based soley on West Curvature-meter as results no good from east 

meter as a crack passed through anchorage point. 
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