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~cceieratfd Corrosion and Repair of Reinforced Concrete Colimins Using CFRP Sheets 
Cathy Lee, U S c . ,  1998 

Department of Civil Engineering, University of Toronto 

This work presents the resuits of an experimentai study involving large-scale 

reinforced columos which were corroded under an accelerated corrosion regirne, repaired 

using carbon fibre reinforced plastic (CFRP) sheets, then tested to Mure in compression. A 

total of seven columns were constructed: five were subjected to accelerated corrosion and 

three were repaired. One damageci, one repaireci, and a control specimen were tested to 

structurai failure. Cross-sectionai cuts were made on a fourth, corrosion-damaged column for 

observation. The remaining specimens were held over for long-term study. 

Accelerated corrosion was achieved by adding sodium chloride to the mixing water, 

applying a current to the reinforcement cage, and subjecting the specimens to cyclic wetting 

and drying. Presented are conclusions regarding: (1) the optimum accelerated corrosion 

regime; (2) the effects of corrosion and CFRP repair on the mechanical behaviour of the 

columns; (3) the relationship between expansion and steel Ioss; and (4) the integration of 

fibre optic sensors in monitoring. 
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CEAPTER 1. INTRODUCTION 

1.1 Background 

Premature deterioration of reinforced concrete Mastructure due to corrosion is an 

increasingly significant problem worldwide. And with the extensive use of de-king sais in 

cold climate regions, key bridge components, such as the supporthg columns, are especiaily 

Milnerable to corrosion attack. Traditional repair methods have shown limited success; many 

are either cost or labour-intensive and often vulnerable to the same deterioration rnechanisms 

as the onginal structure. As a result, it has become not uncornmon to see second, and even 

third-generation repairs beuig performed on the same memben. Consequently, the industry's 

focus has shifted in recent decades fiorn new construction to the rehabilitation and 

strengthening of existing structures. And the growing need for innovative, cost-effective 

repair solutions has been met by the timely emergence of advanced composite materials 

(ACM) in civil engineering applications. 

It is well known that confhement increases the strength and ductility of wrapped or 

jacketed concrete members. Epoxy-bonded steel jackets, and more recently, ACM sheets, 

have been used extensively for structurai retrofits in seismic regions. In recent years, this 

technology has been tested for use in the rehabilitation of corrosion-damaged columns. In 

addition to enhancing the mechanical behaviour, such repairs can also decrease post-repair 

corrosion rates by: (1) serving as a diffusion barrier to inhibit the ingress of chlorides, 
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oxygen, and moisture through the cover; and (2) stifling the formation of expansive corrosion 

products. Because these composite materids are extremely Lightweight, the relatively high 

material costs are offset by signincant reductions in installation time and labour costs. One 

study has shown that the use of ACMs can reduce the overall cost of a repair project by as 

much as 20% Mufti et al., 19911. By far the most desirable advantage, however, is the 

immunity of these materids to corrosion attack 

Growing alongside the demand for innovative repairs is the need for innovative 

instrumentation which can provide valuable information but is, at the same time, robust and 

versatile. One such innovative technology is the fibre optic sensor, and in particuiar, the 

long-gauge fibre Bragg grating sensor. These sensors are cheap to fabncate, rugged, durable, 

and powerful. And, uniike the traditional strain gauges which c m  only detect point strain, 

long-gauge sensors allow an average, integrated strain to be determined over a given gauge 

length. In combination with the advanced composite wraps, these open up the possibility of 

creating "smart" repain, repairs which have the capacity to collect and transmit information 

regarding the condition of the column, such as the strain, load, temperature, etc. 

1.2 Research Significance 

ACM repairs for corrosion-damaged elements have sparked considerable interest, 

resulting in trial field applications which have already begun. But a clear understanding of 

how these wraps interact with the underlying member is stiU lacking. The condition of an 

unwrapped column is often determined by examining its surface distress (Le., nist stains, 

cracking, spalling, etc.). However, the magnitude and significance of post-repair corrosion 



Introduction 3 

rates cannot be likewise gauged- Therefore, evaluation of post--air corrosion damage must 

rely on indirect and, perhaps, non-conventional measuring techniques. 

This study is a h e d  at c1-g and quantiQing the interrelationship between 

expansion and corrosion, furtfiering the howledge of the corrosion mechanisms w i t .  

reuiforced concrete rnembers. Based on lahatory and analytical work, one goal is to 

relate column expansion to c o ~ ~ ~  integrity so that the condition of the column (structurai 

integrity, steel loss, etc.) c m  be inferreci simply fiom the expansion data. The use of long- 

gauge Bragg grating fibre optic sensors has played a key role in this regard. 

1.3 Overview 

ïhis study is part of a larger project to develop a "smart" wrap system integrating 

advanced composite wraps with fibre optic sensors for repair and remote monitoring of 

corrosion-damaged reinforced concrete columns. It is part of ongoing research at the 

University of Toronto under ISIS Canada, a Canadian Network of Centres of Excellence. 

This work summarizes the results of an experimental study involving several large- 

scale spirally-reinforced concrete columns which were corroded uuder an accelerated 

corrosion regime, repaired using carbon fibre reinforced plastic (CFRP) sheets, then tested to 

failure in compression. A total of seven, third-scaie models of field columns were 

consenicted: five were subjected to accelerated corrosion and three were repaired. One 

repaired one unrepaired, and a control specimen were tested to structural failure. Cross- 

sectional cuts were made on a fourth, corrosion-damaged column for interna1 observations. 

The remaining specimens are undergohg M e r  accelerated degradation to assess long-terni, 

post-repair performance. 
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Presented here are conclusions regarding: (1) the optimum accelerated comsion 

regime for this specimen configuration and testing conditions; (2) the effects of corrosion and 

CFRP repair on the mechanicd behaviour of the columns; (3) a relationship between 

cracking, steel loss, and corrosion; and (4) the integration of long-gauge fibre optic sensors 

for in-situ monitoring of C O ~ W  expansion. 



CHAPTER 2. LITERATURE REVXEW 

Reinforced concrete represents a multi-billion dollar investment in 

Noah Amenca. And as these structures continue to age and deteriorate, the costs of repair 

and maintenance wili likewise escalate each year. The detenoration of transportation 

infiastructure, in particular, is an especiaiiy critical problem. Bridge components, such as the 

reinforced concrete columns, are often in need of strengthening due to increasing truck Ioads, 

changes to goveming design codes, seismic deficiencies, etc. Arguably the most senous 

problem, however, is the urgent need to repair reinforcement corrosion damage, aggravated in 

cold-clirnate regions by the extensive use of de-icing salts. 

The use of advanced composite materials (ACM) in the repair of corrosion-damaged 

columns has gained popularity in m e n t  years. But a successful ACM repair requires an 

understanding of a number of mechanism. One is the mechanism of reinforcement 

corrosion; another, the mechanism of conhement. Thus, these two topics are briefly 

covered in this literature review. Sections 2.1 to 2.3 examine the various aspects of 

reinforcement corrosion and accelerated corrosion testing. The use of ACM wraps in 

rehabilitation and strengthening is reviewed in Sections 2.4 and 2.5. Finally, Section 2.6 

presents an overview of fibre optic sensing technology and its applications to ACM repairs. 



2.1 Reinforcement Corrosion 

2.1.1 Mechanism of Reinforcement Corrosion 

Steel is renderd passive (Le., non-reactive) in concrete by the fokmtion of a 

protective, dense, iron-oxide Corrosion is initiated when this passivity is destroyed by 

variations in the local environment (i.e., aeration, aikabity, chloride concentration, etc.) at 

the concrete-steel intedace. The basic anodic reaction is the dissolution of metal into metal 

ions, as follows: 

Fe -B ~ e ~ '  + 2e- 

At the cathode, oxygen is reduced to form hydroxyl ions: 

%O2 + H20 + 2e' + 20H 2-21 

From here, iron reacts with oxygen and water to form various oxides and hydroxides of iron. 

The reactions that take place and products that are formed depend largeiy on the surrounding 

environment and the species available for reaction. One possible reaction is the formation of 

hydrated femc oxide, commonly known as m t :  

h2' + O H  + Fe(OH)2 [Eq. 2.3aI 

4Fe(OH)2 + 2H20 + O2 + 4Fe(OW3 [Eq. 2.3bI 

2Fe(OEQ3 2, F e 0  -nHtO Eq. 2.3~1 

2.1.2 Eflect of Chlorides on Corrosion 

In a non-aggressive environment, an equilibrium is evennially established in the 

reaction shown in Eq. 2.1. Any M e r  production of ferrous ( ~ e ~ 3  ions causes the reaction 

to proceed in the backward direction suppressing m e r  corrosion, according to Le 

Chatalier's principle. The presence of chlorides in the surrounding pore solution upsets this 



otherwise beneficial balance by reacting, for example, with the f i e  ~ ~ T T Y ) U  ions in solution to 

fom chionde complex ions according to following: 

p el' + 4CT + ~eck'-  Fq- 2-41 

AS the fiee metal ions are bound by the above reactions, the anodic reaction proceeds again in 

the forward direction, causing M e r  dissolution of iron. Moreover, the unstable chloride 

complex ion products break down in the alkaline cernent paste, fieeing chioride ions to react 

again: 

~ e c 4 "  + Ca(OE& + Fe(OH)2 + CaC12 + 2CI' [Eq- 2-51 

This mechanism is illustmted in Fig. 2.1. 

Cathode Process Anode Procesr 
02+2H20+4e'-40H' F O - F ~ * + P ~ '  

Moist Concrete 
on Electrolyte 

-Fe2O5 Surfoce 

Steel 

Current Flow 

Figure 2.1 Chloride-induced corrosion in concrete p e f  Nielsen, 19851 

0% 

Film 

Much research has been conducted on chloride thresholds (the chloride concentration 

required to cause depassivation). With respect to admixed chlondes, cument AC1 design 



codes spec* maximum water-soluble chloride concentrations of 0.15 percent by weight of 

cernent [AC1 3 18-89, Revised 19921. But because the amount of fkee chlorides often depend 

on other ions present in the pore solution, others have suggested that depassivation occurs 

when the ratio of chloride to hydroxyl ions exceeds 0.6 wusmann, 19671. 

2.1.3 Effects of Corrosion on Structural Capacity of Reiaforced Concrete 

In addition to the anodic dissolution of metal, corrosion causes tende strain to 

develop in the sunoimding concrete as the products of corrosion occupy a p a t e r  volume 

than the parent steel. Thus corrosion affects: (a) the steel, resulting in loss of bv cross- 

section and ductility; (b) the concrete, causing cracking, spalling, and delamination of the 

cover; and (c) composite action between the steel and concrete, due to bond deterioration. 

The serviceability and, uitimately, the structural capacity of the member is aEected. 

Although much literature exists on deterioration mechanisms in concrete, few have 

studied the implications of corrosion on the structural capacity of concrete rnembers. 

Uomoto et al. [1987] studied the effects of corrosion damage on the load b e a ~ g  capacity of 

reinforced concrete columns. The 100 x 100 x 400-mm columns were cast with four D 10 

longitudinal bars and 6-mm diameter ties at 75-mm spacing. Corrosion was accelerated by 

adding sodium chloride to the mixing water, and applying a constant current (fiorn 45 to 180 

rnA) to the reinforcement for 2 to 10 days. Colurnns were tested in uniaxial compression and 

failure loads of the corroded columns ranged between 70 to 80% of the non-corroded column 

strength. Strength tests were also perfomed on corroded longitudinal bars recovered fiom 

the loaded specimens and these indicated that losses in the bar capacity were in the range of 

only 5 to 10%. No information was given on the ties. Based on this discrepancy, Uomoto 



concluded that reductions in the bearing capacities of corroded columns is not caused simply 

by reductions in the strength or effective areas of the reinforcing bars, but dso by cracks 

formed during the corrosion process. 

More recently, Rodriguez et al. [1996] conducted expimental work on 200 x 200 x 

2000-mm concrete columns. Each column was reinforced with four 8, 12, or 16-mm 

diameter longitudinal bars and 6-mm diameter ries at 100 to 150-mm spacing. Under uniaxial 

compressive load, failun was initiated by cracking and spalling of the cover, foilowed by 

failure of the ties which ultimately resulted in buckling of the longitudinal reinforcing bars. 

Corrosion was shown to reduce both the uitirnate load and strall, as well as the compressive 

stif?hess, and induce mechanical eccentricity due to asymmetric detenoration. For average 

cross-sectional Iosses mging from 10 to 30% in the longitudinal bars, they found 25 to 40% 

reductions in the axial compressive strength. 

2.1.4 Factors Anecting Corrosion Rates in Reinforced Concrete 

in general, the predominaot factors affecthg corrosion rates in reinforced concrete are 

cover depth, concrete quality, and crack widths. Al1 three factors govern the ease with which 

aggressive species such as chlorides, oxygen, and moishue may reach the reinforcing steel. If 

a sufficient chloride supply exists, the rate of corrosion is limited by the availability of 

oxygen at the cathode pomoto et al., 1987. 

inhiitively, the rate of corrosion will increase with decreasing cover depth. It is also 

expected that corrosion rates will increase with increasing water-to-cernent ratios which 

increase permeability. However, if the concrete is very porous, air voids at the concrete-steel 
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interface may be suIficiently large to accommodate the expansive corrosion products without 

causing significant damage to the cover [Allan, 19951. 

Based on a survey of the available literature, Beeby [1983] concluded that crack 

widths have a negligible influence on corrosion rate, and that most design codes place 

unnecessary limitations on maximum crack widths as a corrosion control measure, especially 

as there is no direct relationship between surface crack widths and the widths of cracks at the 

concrete-steel interface. Although larger cracks are likely to cause the breakdown of 

passivity earlier, there is little evidence to suggest that this wiii affect the corrosion rate once 

corrosion is initiated. Beeby showed that the more important factors goveming corrosion rate 

are depth of cover and the quaiity of the concrete. 

Environmental factors, such as the temperature and relative humidity, also affect the 

corrosion rate. The concentration of fiee chloride ions in the pore water increases with 

temperature [Neville, 19961. Moreover, as with many chemicai reactions, corrosion reactions 

occur faster as the temperature increases. Corrosion rates also increase with increasing 

relative humidity, and the optimum humidity levels for corrosion Lie between 70 and 80% 

[Neville, 19961. Below this, the resistivity of the concrete is too high for corrosion to occur; 

above this, oxygen diffusion through the pores is considerably reduced. Hawkins and 

McKenzie [1996] studied the effects of environmental factors such as temperature, humidity, 

and chlotide content on reinforcement corrosion rates. They found that corrosion currents 

increased with increasing chIoride contents, increasing water-to-cernent ratios, and increasing 

temperature. Response to humidity was dependent on the cover depth, and surface moimire 

(Le., ponding) was found to cause large increases in corrosion current where the water-to- 

cernent ratio was high and the cover depth was small. 



L iteruîure Review 

2.1 .S Corrosion Products 

It was stated earlier that corrosion products occupy a greater volume than the original 

steel. Figure 2.2 illustrates the relative volumes of various iron oxides and hydroxides with 

respect to iron metal. Udortunately, corrosion products m 1 y  exist as simple oxides of iron 

in the field, and surprisingly linle work has ken done to iden te  and quanti@ the nature of 

these products. Where work has been done, analysis is usually performed by X-ray 

d a c t i o n  (XRD). However, this method only detects the crystaUine components, failing to 

identify the amorphous products which can constitute a sisnificant portion of the corrosion 

products fonned in chloride-induced corrosion m e ,  19931. In addition to the composition, 

there is also a lack of information on other characteristics such as the stiffiiess and solubility 

of the various products, which may be more significant in determinhg the extent cracking 

around the reinforcement. 

Fo (OH l2 1 
FI iOHI3 

F@(OH)j 3H20 1 

Figure 2.2 Volumetric expansion of corrosion products @Ref. Nielsen, 19851 



Su& et al. [1993] studied the properties of corrosion products formed on both bare 

steel bars and bars embedded in concrete and exposed to a marine environment for 5 years. 

EPMA analysis showed that the corrosion products on the biue bars were neatly arranged in 

layen, with relatively thick and dark magnetite-rich areas interspersed with string-like lighter 

portions (goethite and lepidocrocite). Bars embedded in concrete also showed evidence of a 

Iayered structure. XRD analysis showed that crystalline maguetite, goethite, and 

lepidocrocite made up 30% of the corrosion products formed in embedded bars (vs. 45% for 

bare bars). Resdts of their analysis is summarized in Table 2.1. Suda observed that the low 

crystalline component suggests a substantiai presence of morphous material which remained 

unidentified. 

Table 2.1 Results fiom XRD analysis of corrosion products BeE Suda, 19931 

C ry stalline 

Fe304 (mapetite) 
or-FeOOH koethite) 

Based on stoichiometric considerations and the resdts fiom the XRD and EPMA 

analyses, the authors estimated an equivalent volumetnc expansion ratio of 2.9 to 3.2 for the 

corrosion products recovered in this hidy. Furthemore, based on the results of experimental 

work by Yoshikoka [1982], they estimated a modulus of elasticity for the corrosion products 

to be in the range of 100 to 500 MPa. 

y-FeOOH (lepidocrocite) 
Total 

Embedded bars 
wt (%) 

12 
15 

Bare bars 
wt (%) 

18.8 
23.2 

3.4 
30.4 

3 
45 .O 



2.2 Cracking Due to Corrosion 

Cracking of concrete due to conosion is influenced by, among other factors: (1) the 

corrosion rate of the embedded metai; (2) diffusion rate of metal ions away fkom, and of 

chlorides and oxygen towards, the steel-concrete interface; (3) properties of the corrosion 

products (e.g., solubîlity, stifhess); and (4) chemistry of the pore water (which governs ionic 

conductivity). The absence of information on how much corrosion îs necessary to cause 

cracking is most iîkeiy a resuit of the lack of information on the corrosion products 

themselves. Clearly, if the corrosion products could be quantifie& and their relative volumes 

and stiflhess detemiined, the tende strain developed in the concrete couid bc easily 

calc ulated. 

Grimes et al. [1979] used a nurnber of metds, including steel, to shidy the cracking of 

concrete due to corrosion. Various metal rods were embedded in 102-mm diametet concrete 

cylinders, exposed to nahval sea water, and impressed with a direct current to accelerate 

corrosion. Aluminum strips submerged in the sea water served as an external cathode. For 

six difierent metals, the ordering of times to cracking were in inverse order to that which 

would be expected fiom the expansion volume data. In other words, the metai with the 

Iowest oxide-to-rnetal specinc volume ratio cracked fbt. The authors concluded that 

corrosion product specific volume probably does not influence the rate controiling step of 

cracking in impressed current specimens, and that corrosion product solubîlity limit and 

concrete pore water chemistry were more influentid. 

Andrade et al. [1993] aiso studied cover cracking as a function of bar corrosion. They 

used 16-mm diameter rebars embedded in 150 x 150 x 380-mm specimens, with 20 or 30 

mm cover. Corrosion was accelerated by adding 3% CaC12 by weight of cernent to the 



mixing water and applying a constant curent density (total cumnt divided by electrode 

surface area) of 10 or 100 @cm2. Cross-sectional losses were calcdated fiom corrosion 

currents assuming 100% cumnt efficiency. They found that cracks (0.05 to 0.1 mm in width) 

cm develop with even negligible cross-sectional losses (less than 0.5%). The results also 

indicated that &er initial crack formation, the rate of crack growth slows appreciably. 

2.3 Accelersted Corrosion Testing 

Corrosion of reuiforced concrete in the field may take decades to cause damge. Thus, 

for research purposes, corrosion in the laboratory is often accelerated There are various 

accelerated corrosion techniques, but most involve one or a combination of the following: 

1. Impression of a cunent through the reinforcement (cded the gdvanostatic method); 

2. Exposure of specirnens to hi& humidity conditions (via wet-dry cycling, spraying, 

ponding, etc.); a d o r  

3. Supply of chlondes (added directiy into the mWng water, or by ponding the 

specimens in a chloride solution). 

Clearly, an ideai accelerated corrosion regirne wiii not only produce the necessary 

damage within the required time m e ,  but produce damage which is consistent with that 

found in the field. Table 2.1 summarizes the various accelerated corrosion techniques wed 

by selected authors. Accelerated corrosion in the literature is discussed in greater detail in 

Chapter 4 dong with the discussion of experimental results. 



Table 2.2 Accelerated corrosion techniques used by selected authon 

Author 

Uomoto, 1988 1 
Tachibana, 1992* 

Accelerated Corrosion Regime 

Specimens sprayed with chloride 
solution once daily 
NaCl added to mixing water 
Applied current: 1 A 

-- 

Applied current: 500 @/cm 2- 

Immersed in 3% NaCl solution 
Applied voltage: 12 V 

(approx. 1 O0 mA) 
3% CaC12 added to mixing water 

(by wt. of cernent) 
Applied current: 10 or 100 fi/ cm2 

3 % CaC12 added to mixing water 
(by wt. of cement) 

Applied Current: 100 @/cm2 

Applied voltage: SV 
lmmersed in sea water 

* Taken from Rodriguez et al., 1995 

Specimen 1 Duration 1 Long. 1 Results 1 

I ciay s I I I 

size 
d a  140-1 70 

1 OOx 1 O0 
x700 mm 

200x 1 50 
x2000 mm 
150x350 

x1300 mm 

150x 150 
x380 mm 

Bar dia. 

7 days 

14 days 
15 days 

200x200 
x 1200 mm 

0.05 - 0.15 mm crack widths 

21 days 
48 days 
63 days 
33 days 

35 days 

nia 

16 mm 

b6 

16 mm 

38 days 

100 days 

1 06 days 

150 days 

204 days 

1 .O % steel loss; 
0.06 - 0.125 mm crack widths 
1.2 % steel loss 
5% max. steel loss 

1 1 mm 
b b 

6 b 

16mm 

4 4  

30 - 50 days 

3.1 % steel loss 
8.9 % steel loss 
10.3% steel loss 
2.7% cross-sectional loss; 
0.1 - 0.4 mm crack widîhs 
2.8% cross-sectional loss; 
0.2 - 0.35 mm crack widths 

16 

6 6 

16mm 

66 

6 

13 mm 

1 

3.4% cross-sectional loss; 
0.1 - 0.5 mm crack widths 
1 % cross-sectional loss; 
0,05 - 0.25 mm cracks 
9% cross-sectional loss; 
1.3 mm max. crack width 
1 1 % cross-sectional loss; 
1,6 mm rnax. crack width 
15% cross-sectional loss; 
2.5 mm max. crack width 
0.085 - 0.15 mm crack widths 

b 
%@ 

9 a 
5' 
2. 



2.4 Confinement of Reinforcd Concrete Colurnns 

2.4.1 Confinement Theory 

Extemal confinement may be achieved with a variety of materials including steel or 

reinfiorced concrete jackets, or wraps of fibre reidorced composite materbis. Confinement 

increases both the strength and ductility of compression members by acting in two ways. 

First, the confining pressure increases the stress at which the concrete fails by suppressing or 

delaying microcrack initiation. FoMowing concrete fail~re? the confinement effectively holds 

the member together, allowing m e r  deformations to take place while r e w g  structural 

integrity . 

Richart et al. [1928] proposed that the compressive strength increases linearly with 

increasing confining pressure according to the foLiowing equation: 

where f,, is the confined compressive strength, I, is the unconfined compressive strength, 

and m, the lateral confining pressure. In general, the thickness of the confining matend is 

much smaller than the dimensions of the member. Therefore, the system is analyzed as a 

thin-walled pressure vessel, as shown in Figure 2.3, and the confining pressure, m7 is 

calculated using the following equation: 



(a) Pressure agamst c o u  
material 

(b) Resultarrt eBCed. on c o h e d  
member 

Figure 2.3 Equilibrium of a thin-walied pressure vesse1 

where 1; is the ultimate tende strength of the confining material, t is the thickness of the 

wrap, and D is the diameter of the specimen. 

The k, term in Eq. 2.6 is an experimentally derived coefficient relating the increase in 

strength to increasing connning pressure. Richart et al. [1928] uiitidiy proposed a value of 

4.1. However, later studies showed that this valw overestirnated the st~ength gain at high 

confining pressures, and underestirnated the gain at lower contining pressures. Based on a 

survey of the available literature, Newman [1969] proposed the following model: 

It can be seen that for small connning pressures, this model yields similar results to those 

obtained by Eq. 2.6. 



The stress-strain behaviour of c o h e d  concrete members was also studied by 

Mander et al. [1988], who proposed the relationship: 

This mode1 assumes a linear stnl ln  distribution through the fidi depth of the cross-section and 

complete composite action between the confining material and the concrete column. 

2.4.2 Steel and RC Jackets 

Steel jackets have been used extensively in the United States and in Japan for ~ i s m i c  

retrofits of reinforced concrete columns. T ' e u  effectiveness is well documented in the 

literature and a great body of both laboratory and field work has shown that confinement 

using steel greatly Unproves the mechanical performance of retrofitted members. Steel 

jacketing has a number of limitations, however, including the weight of the material itself, 

which rnakes handling and installation difncult and labour-intensive. Furthemore, due to the 

corrosion susceptibility of the steel, failure of the repair is inevitable, making this a temporary 

solution. 

Strengthening can also be achieved with reinforced concrete jackets The existing 

cross-section is enlarged with a layer of concrete containing both longitudinal and transverse 

reinforcement, in effect casting a second column around the existing structure. Ersoy et al. 

[1993] studied the response of RC jacketed columns under both uniaxial loading and 

combined uniaxial loading and bending. The 130 x 130-mm columns were 650 mm long and 

reinforced with four 12-mm longitudinal rebars and 4-mm diameter ties at 1 00-mm spachg. 

The jacket was 50 mm thick and contained four 12-mm longitudinal rebars and 8-mm 



diameter ties at 100 mm spacing. ln addition to the jacketed columns, a reference spechen 

was also constructed in which the basic column and the jacket were cast monolithicdy. 

Specimens were repaired both under load and after unloading. Specimens repaired afkr 

rmloading achieved 80 to 90% of the strength of the reference monoiithic specimen under 

axial loading, and 90% of the strength under combined axial load and bendhg. Repairs 

under load, however, were unsuccessful, reaching only 50% of the load carried by the 

reference specimen. This has signifiant implications in the field where repairs must alrnost 

aiways be carried out while the member is loaded. 

2.5 FRPs for Rehabilitation and Strengthening 

A relatively new technology is the use advanced composite materiais (ACM) such as 

carbon, glass or aramid fibre reinforced plastics (FRP) for confinement. Due to their high 

stif3kess, hi& strength-to weight ratios, and designer tailorability, FRPs are an amactive 

alternative to steel. Moreover, these materials are resistant to corrosion and are durable in a 

wide range of aggressive environments under a wide range of temperatures. 

Fibre reinforced plastics are high-strength, smaii diameter fibres embedded in a resin 

matrix and are available in a variety of forms including rods, cables, and sheets. In al1 

systems, the fibres are the primary load-carrying element while the resin allows the transfer 

of load between the fibres. Extemally bonded FRP sheets can be used to achieve a number of 

goals including strengthening, stiffening, crack arrest, corrosion protection, or combinations 

thereof. Continuity of the fibres is essential for proper load tramfer and suflïcient overlap 

must be provided to prevent debonding. It bas also been suggested that, by v-g the 



orientation of the fibres, the sequence of failure can be controiled and sorne of the materiai 

anisotropy eliminated [Nanni, 1 9951. 

2.5.1 Axial Strengthening 

When columns an wrapped, the composite sheets are loaded primarily in tension, 

wMe the concrete continues to carry the compressive loads. Therefore, such a repair system 

takes advantage of the high tende strength of the material. A number of studies on the 

strengthening efficiency of ACM wraps have been conducted in ment years. Table 2.2 

summarizes selected works on confinement using various composite wraps. In al1 studies, 

the columos were toaded in uniaxial compression and failure occumd with the rupture of the 

composite wrap. A11 specimens were unreinforced standard cyiinders with the exception of 

the study by Soudki and Green [1996] who also studied the effect of axial reinforcement on 

the strengthening efficiency of confined memben. They found that increase in axial strength 

was linearly proportional to the percentage of reinforcement. 

Assuming a linear relationship between strength gain and increasing confining 

pressure [Hannon and Slatîery, 1992, Howie and Karbhari, 19941, Eq. 2.6 can be rearranged 

to obtain the followhg: 

f , - f c  =k,- 61 [Eq. 2.1 O] 
f - f 

C C 

The Ieft side of this equation is simply the increase in strength provided by the wrap, while 

the right side is the confining pressure normaiized to the unconfïned strength. This 

relationship was plotted for the various experimentai results summarized in Table 2.3 and is 

shown in Figure 2.4. A regession analysis of the &ta produced an average RI coefficient of 



Table 2.3 Confinement studies by selected authors 

Reference Specimen 
Configuration 

101 x 203 mm 
unreinforced 

cy linders 

Con fining 
Material 

Ahmad et al., 1991 FGW 
( fibreglass 

wire) 

l m  
dia. 

152 x 305 mm 
unreinforced 

cylinders 

CFRP 

Inaba et al., 1996 CFRP 
unreinforced 

cy linders 
1% x 305 mm 

p, = 0% 
152 x 305 mm 

pi= 1% 
M x  3O5mm 

pl = 2.3 % 
50 x 100 mm 

Soudki and Green, 
1996 

CFRP 

CFRP 
unrein forced 

cylirider 
100 x 200 mm 
unreinforced 

*S, = spacing of fibreglass wire 



Figure 2.4 Relationship between compressive strength and lateral confining pressure 

+ Ahmad et al. 
i Howie and Karbhari 
A Soudki and Green 
n Zanganeh 
O Lnaba . . - . - et . al. . 



approximately 2.4. with an r-squared value of 0.9 1. Howie and Karbhari [ 1 9941 performed a 

similar analysis and obtained a value of 2.43. AS expected, the relatiomhip is independent of 

the confinhg material wed, as it is a hct ion of the confining pressure provided by the wrap. 

The ki value of 2.4 obtained in this d y s i s  is significantiy lower than that obtained 

originally by Richart et al. [1928], and suggests even the model show in Eq. 2.8 is 

unconservative. 

Orientation Effects 

The effects of materials architecture and orientation on the strengthening capacity of 

confined cylinders were studied by Howie and Karbhari [1994, 19951. Details of the 

specimen configuration and materiai properties are summarïzed in Table 2.3. Nine different 

configurations of carbon fibre tow sheets were selected, with wrap thickness ranging fiom 1 

to 4 layea, and fibre orientations varying fiom O*, *4S0, to 90' (with respect to the 

circumferentiai axis of the member). The results of their study are shown in Figure 2.5. As 

expected, these results show that architectures containing the greatest amount of fibres in the 

hoop direction gave the largest increases in strength over the control specimens. For 

specimens limited to fibres only in the hoop direction, each additional layer of wrap resulted 

in an average of approximately 40% increase in strength. In addition, the stress-strain plot 

was shown to be bilinear, with the transition marked by a kink point. The initial linear 

portion was found to have a slope similar to the unwrapped cylinder, while the slope of the 

second linear portion was substantially less than the initial portion. 
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Figure 2.5 Effects of orientation on strengthening efficiency [Ref. Howie and Karbhari, 1 9941 

Environ mental Effects 

Soudki and Green [1996] reported the results of a study to cietennine the performance 

of CFRP wraps under cyclic fieezing and thawing. Plain and reidorced concrete columns 

were tested under room temperatun (+20°C), low temperature (-1 8OC), fkeezing and thawing 

cycles (-18OC to +20°C), and under water. One to three layers of REPLARK carbon fibre 

sheets were used in the repair (see Table 2.3 for details of specimen geometry and material 

properties). The authors found that the different environmental conditions did not 

significantly affect the strength gain but had a distinct effect the failure mode. Wrapped 

columns subjected to fkeeze-thaw cycles failed in a more brittie, catastrophic manner 

compared to those subjected to ambient conditions. 

Karbhari and Eckel [1995] also examined the effects of various short-tenn 

envixonmental exposures on the strengthening efficiency of glass-, carbon- and aramid- 



reinforced epoxy composite jacket systems. Four different environmental conditions 

including ambient, water, sea water and O°F (- 18 OC) were studied. Karbhari and Eckel also 

observed that exposure to the various underwater enWonments had Little affect on the load- 

canyiag capacity but resulted in si@cant loss of structurai d h e s s ,  especialiy for the 

carbon fibre system. Cylinders tested at 0°F showed increased brittleness and seawater had a 

d i h c t  effect on the degradation of the fibre-mabrix interface for ai i  three materiais. 

Cycïic L oading 

Hannon and Wang [1996] studied the behaviour of composite confined cylinders 

under repeated cyclic uniaxial loading. Srnail 50 x 100-mm (2 x 4-in.) concrete cylinders 

were wrapped by nlament winding on a mandrel with a wrap angle of 89 degrees with respect 

to the longitudinal ais.  Zoltek 12K carbon fibres were used with an epoxy resin. Up to 

10,000 cycles of load were applied at 3 Hz. Test variables included wrap volume percentage, 

loading amplitude and loading range. The test results showed that cychg bading causes 

faihre to occur at a lower stress and at a lower radial strain than monotonie loading. 

2.5.2 Lateral-Load Strengthening 

Because confinement results in signincant increases in the compressive strength of 

columns, flexural strength enhancements can dso be expected. Moreover, columns with 

insufficient lateral relliforcement ofien fail by buckling of the longitudinal reinforcing bars or 

bond loss under lateral loading. As a result, failw can be sudden and catastrophic. 

Therefore, advanced composite confinement may be used to increase lateral strength and 



prevent catastrophic failure by preventing b ~ & g  of the longitudinal reinforcuig bar or 

debonhg  of Nuter bars with insufncient lap splice length. 

Saadatmanesh et al. [1996] studied the effkcts of confinement on the lateral strength 

gain of circular 915 x 3660-mm reinforced columns. These columns were wrapped with six 

layers of E-glas fibre sheets and both passive and active confinement were provided to 

columns containing continuous longitudinal rebars or starter bars with insutncient lap length. 

Columns were subjected to reversed inelastic lateral loads and a constant 445 kN axial load. 

The authon reported and average of 47% increase in strength for columns with starter bars 

and a 22% strength increase for columns with continuous rebars. Displacement ductility 

factors greater than 6 were achieved (versus 1.2 for unwrapped columns). h a related 

subsequent study [Saadatmanesh et al, 19971, similar columns were loaded to fdure  then 

repaired. The authors found that the response of the repaired column irnproved over the 

original strength. Repaired columns also showed slower rate of stifniess degradation. 

Gamble et al. [ 1 9961 used steel bands or fibreglass sheets to repais nine 1.22-m or 

1.37-rn diameter columns recovered fiom an existing highway bridge. Built in the 1960s, the 

columns contained hadequate lap splices and insunicient lateral reinforcement. Under fully 

reversed lateral loading, aii as-built columns s a e n d  lapsplice failtue while none of the 

fibreglass retrofits expenenced failure despite deflections greater than I200 mm at a height of 

6.7 m. 

2.5.3 ACMs for Corrosion Repair 

Advanced composite confinement has also been used to repair corrosion damaged 

membea, restorhg structural integrity and decreasing post-repair corrosion rates. The effects 



of such a -air SYstem are two-fold. First, the composite m p s  exert confining pressure to 

countenia the expansive forces genemted by the formation of corrosion products. This 

promotes accumulation and densification of corrosion products at the steel-concrete interface 

which creates a physical barrier, retarding the corrosion process [Pantazopolou et al., 1996; 

Heam and Aiello, 19961. Secondly, the wrap isolates the column fkom the environment and 

serves as a dithision bmier, lirniting the ingress of oxygen, moisture, and chlorides to the 

steel. 

An experimental study conducted at the University of Toronto investigated the repair 

of large-scale corrosion damaged columns using advanced composite materiais. Speciemns 

were 406 mm in diameter and 1524 mm in height. The TYFO Fibrewrap System was used as 

the repair material. containhg glas fibres in the primary direction and aramid fibres in the 

orthogonal direction. The tende strength of the wrap is 414 MPa with a thickness of 1.7 

mm. Various repair schemes were tested, includhg some which incorporated expansive 

mortars to achieve active confinement. Repairs involving two layers of wrap and various 

expansive grouts resdted in strength gains ranging fiom 1 1 to 25% [Sheikh et al, 1997; 

Michniewitz, 19971. It should be noted that some columns failed prematurely when an 

underlyhg plastic barrier failed, breaking the wrap. Significant improvements in ductility 

were also realued, with a nearly five-fold increase in the ductiîity ratio for the most effective 

repair scheme. Overall, the results indicate that advanced composite confinement increased 

member strength and ductility and the repair was easy to implement. 



2.6 Fibre Optic Sensing Technology 

Simply denned a "smart" stmcture is one that possesses a structuraiiy integrated 

sensor system for deîermining its state [Mesures, 19891. And as the costs of repair and 

maintenance continue to escalate, a resident sensing system that can monitor the strain, 

deformation, load distribution, temperature or environmental degradation of a structure couid 

resuit in substantial savings, ailowing optimization of service Me without compromising 

As a result, in the past few decades, fibre optic sensors (FOS) and, more recently, 

their applications to civil engineering structures, have been the focus of considerable 

research. h essence, optical fibres are thin strands of fked silica through which Iight cm be 

guided. FOS are extremely small and lightweight, corrosion and fatigue resistant, immune to 

electrical interference, and unperturbed by electromagoetic interference. Moreover, they cm 

be easily integrated into new or existing structures by king either bonded to the surface or 

embedded within. Because FOS are sensitive to any parameter which can alter the intensity, 

fkequency, or phase of light traveling through the fibre, they can be developed to detect 

variations in strain, temperature? or load, among others. As a result, FOS have played a 

leading role in the development of smart structures technology. 

Menbacher et al. [1996] listed some of the desirable characteristics in a struciurally 

integrated FOS system: 

. sensor stability 
adequate sensitivity and dynamic range . sensitive to the direction of mesurand field change 

r single ended, to minimize the number of leads 
+ insensitive to themal fluctuations 
+ capable of absolute measurement, with linear response 

immune to power interruption 
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non-perturbative to the structure . easy and cost-~ffective to m a s  produce 
durable for the Iifetime of the stnictute 

NO one type of s-r satisfies ail these requirements. However, one type in particular, cailed 

the fibre Bragg grating sensor (FBG), has proven to be one of the most attractive for 

embedded sensing purposes. 

2.6.1 Fibre Brngg Grnting Sensors 

Bragg grating sensors are robust and versatile, with multiplexing capabilities and a 

simple demodulation systern. Most importantiy, FBG sensors provide a linear response to 

both strain and temperature, with the capacity to report absolute straio measurements with a 

precision of better than 1 p and an accuracy of 4 p, for a 1000 p reading DSIS Canada 

(TRC)]. Absolute temperature measurements can be made precise to 0.25OC [ISIS Canada 

(TRC)I 

A schematic drawing of a FBG is shown in Figure 2.6. A Bragg grating is sirnply a 

section of an opticai fibre which has been modified to behave as a rnirror which reflects light 

that lies in a very nmow band centered around the Bragg wavelength. Any strain imposed 

on the grating (by strain in the material on which the sensor is installed) is detected as a shifi 

in the wavelength of the reflected Iight. In other words, the sensed information is encoded 

into wavelength. And because wavelength is an absolute parameter, the output is not 

subjected to instrumental drift. Thus the results are udec ted  by variations in iight intensity, 

losses in the connecting fibres, re-cabration or re-initiakation. 



Figure 2.6 Fibre Bragg grating sensors 

There are îbree different types of Bragg grating sensors: short-gauge, long-gauge and 

distributed. Short gauge sensors (-km), like conventional strain gauges, allow point strain 

measurements to be made. Distributed sensors d o w  a strain profle to be mapped over an 

entire sensor length. Practicaiiy, gauge lengths are limited to 10 cm by the cost of 

production. However, a string of these sensors, intermgated by the same demodulation 

system, cm be used to determine the strain pronle over distances up to a metre [Measures, 

19971. Two short-gauge sensors can be configured to create a long-gauge sensor which can 

be used to evaluate integrated strain over distances of up to 4 metres PSIS Canada (TRC)]. 

Such a system cm be used to assess the corrosive expansion of a reidorced concrete column, 

where an integrated strain measurement would be far more instructive than point-strain 

measurements due to eccentric expansion of the member. Long-gauge FOS are also ideal for 
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installation in ACM wraps where the fi& is protected by the epoxy resin. Long-gauge 

senson of this kind have aiready b- applied to a parking garage column in Huil, Quebec, 

and to a bridge coiumn under Highway 40 1 in Toronto, Ontario. 

2.7 Concluding Remsrks on the Literature Review 

The corrosion of reinforced concrete has been the topic of much research, with 

numerous studies published to &te. Yet there continues to be a lack of agreement and 

information on the basic mechauisms of corrosion in concrete. Part of the problem lies with 

the fact that corrosion is a dynamic process, and the reactions which occur and the products 

which are formed depend largely on the environmental conditions and the species available 

for reaction. The chemistry of these reactions is ofien complex, and at least one author 

[Hime, 19931 has suggested that analytical or inorganic chemistry departments shouid be 

more actively involved in many of the corrosion investigations. 

It is well accepted that cracking of the cover due to corrosion is caused by the 

volumetric expansion of the corrosion products. However, the literature reviewed here 

suggests that perhaps this mechanism is misunderstood, at leart in impressed-current 

specirnens. Grimes et ai. [1979] found the metal with the lowest oxide-to-metal specific 

volume ratio cracked first, concluding that volumetric expansion was likely not the primary 

mechanism goveming cracking. And Andrade et al. [1993] found that cracks can develop 

with even negligible cross-sectional losses. The one study found ~oshikoka, 19821 which 

quantified the stifYness of corrosion products estimated the modulus of elasticity to be in the 

range of 100 to 500 MPa, two orders of magnitude iower than concrete. All this raises the 



possibrlity that other mechanisms, which also influence cracking berhaps to a greater extent 

than expansion of the corrosion products), may be present. 



CHAPTER 3. EXPERIMENTAL PROGRAM 

This work is part of a larger study involving the development of a smmt wrap system, 

a repair system integrating advanced composite materials with fibre optic sensors for 

rehabilitation and remote monitoring of corrosion-damaged columns. Specinc objectives of 

this experimental work include: (i) establishing optimum laboratory procedures for 

accelerated corrosion simulation and corrosion monitoring; (ii) deteminhg the effects of 

corrosion and repait on the mechanicd behaviour of reinforced concrete columns; (iii) 

inteyation of long-gauge fibre optic sensors on both bare columns as well as in the repair 

sheets; and (iv) obtaining the necessary data to relate steel ioss, cracking, and expansion. 

The overd experimental pro- incliades nine senes of specirnens (Series A 

through 1). A detailed laboratory testing plan for all 36 columns in the study is outlined in 

Appendk A. This particular work coven the construction, accelerated corrosion, repair, and 

testing of columns in Series A only. A discussion of proposed modifications to subsequent 

series based on the results obtained in this study is included in Chapter 4. 

3.1 Specimens 

Specimens used in this study were designed to mode1 aging reinforced concrete bridge 

columns. In order to simulate chloride contamination of the cover by de-icing salt spray, two 

types of concrete were placed simultaneously in each specimen. Chloride-contaminated 



concrete W ~ S  cast ammd the mnforcement cage to depassivate the steel. Reguiar, 

uncontamhted c0n-e was cast in the core to estabüsh concentration gradients more 

accurately modeling field conditions. To facilitate the ingress of oxygen and moisture 

through the cover, a high water-to-cement ratio was also used. 

3.11 Specimen W m e b y  

A total of seven largescale reinforced concrete colurnns were constnicted for thû 

study. The overall dimensions and cross-sectionai details are shown in Figure 3.1. All 

specimens were 305 mm (12 in.) in diameter and 1016 mm (40 in.) in height. T& clear 

concrete cover was 20 mm. Each column was reinforced with six 1 SM longitudinai 

reinforcing bars and D5 spiral at 44 mm spacing, providing reinforcement ratios of 1.7% (by 

am)  in the longitudinal direction and 1.1% @y volume) in the tramverse direction. Bars 

were pre-drilled and tapped at one end k~ accommodate the electricd connections for 

accelerated corrosion. A seventh 15M bar was placed longitudinally in the centre of the 

column to serve as an internai cathode. 

A 6 1 O - m m  length of the column at mid-height constituted the effective test region. In 

order to eliminate any end effects by discouraging corrosion outside the test region, the upper 

and lower 203-mm (8-in.) sections of the reinforcement cage were epoxy-coated and cast in 

regular, uncontaminated concrete. 

3.1.2 Specimen Fabrication 

Figure 3.2 shows a typical steel reinforcement cage in formwork. Reinforcement 

cages were placed in holes driiled into the base of the formwork and cast in the inverted 



position so that whai tumed upnght, a 38-mm section of the longihidinai bars protruded fiom 

the top. This aiïowed electrical connections to be made. The requiml concrete cover was 

ensured by supporhg the cages in the Sonotubes diamg casting with plastic chairs, which 

were left in place. 

Two specimens were cast shuitaneousiy in each casting session. In order to achieve 

the required design, a unique placement procedure was implemented. First, the bottom layer 

of regular concrete was poured and vibratd In order to separate the chloride and non- 

chloride concrete in the test region during casting, a thin 178-mm (7-in.) diameter aluminum 

sleeve was inserted temporarily in the centre of the column. Regular concrete was then 

poured inside the sleeve whiie chloride-contaminated concrete was placed on the outside. 

The concrete was vibrated again, the sleeve was removed, and the upper 203 mm of the 

column was nIIed with regular concrete. For the control specimen, uncontaminated concrete 

was used throughoid the entire column. However, in order to maintain consistency, the same 

casting and placement procedures were used. 

Columns were covered in wet burlap and plastic and cured in the laboratory for seven 

days before they were stripped and prepared for accelerated corrosion. The accelerated 

corrosion nin began 22 weeks after casting. 

3.2 Materials 

3.2.1 Concrete 

Concrete mix constituents for both the reguiar and chloride concrete are s h o w  in 

Table 3.1. The chloride-contaminated concrete contained 2% chlorides (fiom sodium 

chloride) by mass of cernent. The composition of the two mixes was otherwise identical. 



Figure 3.1 Specirnen geometry 
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Figure 3.2 Reinforcement cage in fomwork 



Type 10 OPC was used with a water-to-cement ratio of 0.62. Admu<tures included Micro 

Air-1, an air-ent~aining agent, and 25-XL,, a water reducer, both suppkd by Master Buildea 

Ltd. AU materials were batched and mixed in the University of Toronto concrete materials 

laboratory. 

Table 3.1 Concrete mix constituents 

Constituents ( k M  

Cement (OPC) 
Water 

Fine Aggregate 
Coarse Aggregate 

Water Reducer (ml) 
Air-enaaining agent (ml) 

In subsequent senes, this batch design was modined as needed to compensate for 

Sodium Chloride (g) 
Water-to-Cernent Ratio 

variations in the coarse aggregate water demand. in such cases, the cernent content was 

altered, and the water content and total aggregate volume were adjusted accordingly to 

maintain the same water-to-cernent ratio and mu< volume, respectively. 

Reguiar Mix 

250 
155 
870 
1040 
630 
80 

3.2.2 Concrete Materials Test Results 

Table 3.2 siunmilr;zes the resuits of the materials tests conducted on each concrete 

batch. Target slump, abentrainment, and 28-day compressive strength values were 75 mm, 

7%, and 20 MPa, respectively. Compressive strength tests were performed on standard 100 x 

200-mm cylindea. 

Chloride Mix 

250 
155 
870 
1040 
630 
80 

- 
0.62 

600 
0.62 



Table 3.2 Concrete characteristics 

3.2.3 Steel Reinforcement 

Concrete specimens contained both longitudinal (15M) and spiral (D5) 

reinforcement. The main mechanicd properties are quoted in Table 3.3. Stress-strain curves 

for the reinforcing steel are shown in Appendix B. 

Batch 

1 

2 

3 

4 

Table 3.3 Mechanical properties of reinforcing steel 

Specimens 

COLI, C O U  

COL3, COL4 

COLS, COL6 

Control 

3.2.4 Repair Matenal 

Carbon fibre reinforced plastic (CFRI?) sheets were w d  in the repair of damaged 

specimens. The sheets were pre-impregnated Replark Type 30 sheets supplied by Mitsubishi 

Canada. The relevant mechanicd properties, as stated in the manufacturer's product 

Iiterature, are summarized in Table 3.4. 

Property 
Yield Strength (MPa) 
Vitimate Strength @&'a) 
Modulus of Elasticity (MPa) 

Concrete 
Type 

Regular 
Chloride 
ReguIar 
Chloride 
Reguiar 
Chioride 
R e m  

1 SM Longitudinal Bar 
44 1 
626 

198 488 

Slump 
(mm) 

75 
75 
60 
90 
75 
180 
65 

-- 

D5 Spiral 
529 
699 

192 478 . 

Air 
(%) 
6 
6 
7 
7 

7.5 
9 
8 

28-Day f, 
w a )  
25.4 
33.1 
24.1 
19.5 
22.5 
17.4 
25.0 



The overall repair system also included a primer, putty, and epoxy resin. Details of 

the repair procedure and application of these matenal are provided in Section 3.6. 

Table 3.4 Mechanical properties of CFRP sheets 

3.3 Accelerated Corrosion Testing 

All columns (except COL2 and the control specimen) were subjected to accelerated 

corrosion using the galvanostatic method in which a current was hpressed through the 

reinforcement by applying a fixed potential across the anode (reinforcement cage) and an 

intemal cathode. The voltage was supplied by a variable power source with 15 independent, 

regdated channels. A schematic drawing of the corrosion celi is illustrated in Figure 3.3. 

Columns were initially immersed in water up to the lower test region boundary, wrapped in 

wet burlap and covered in plastic to maintain a hi& humidity environment. 

Columns in the field are also often subjected to cycles of wetting and drying. 

Therefore, COLI was used to investigate wet-dry cycling as an alternative to constant 

humidity exposure. This columa was alternately dried then immersed to the upper test region 

boundary in a 3% sait  solution. 

Property 
Fibre Weight (g/m2) 

Fibre Density Q/cm3) 
Design Thickness (mm) 
Tensile Strength (MPa) 
Tensile Moddus w a )  

Elonpation (%) 

Type 30 Replark 
300 
1.8 

0.167 
2 936 

227 828 
1.4 



Figure 3.3 Schematic drawing of the corrosion ceii 

Corrosion of the specimem proceeded much slower than anticipated. Therefore, 

severai changes were made to the accelerated conosion regime to increase the corrosion rate: 

The lengths of the wettiag and dryhg cycles were varied throughout the experiment to 

establish the optimum cycle-that which produced the greatest damage. Steel Ioss 

(estimated fiom corrosion curent data) and the extent of cracking (determined fiom 

visual inspection) were used as the primary indicators of damage. 

Ail columns were placed on wet-dry cycles approximately 25 weeks into the 

corrosion ru, when it was determined that this was more effective in producing 

damage than constant humidity exposure. 

A 6-volt potential was initiaily applied to dl colurnns. At 28 weeks, the voltage on 

one specimen was increased to 12 V to observe the effects of increasing voltage on 



accelerating darnage. When favourable resuits were obtained, the voltage on all 

coliunns was raised to 12V. 

4. For futrne specimen fihication, the cathode was redesigned for maximum aeration. 

A thin, srainless steel hollow pipe, perforated with one hundred, 2-mm diameter holes 

was made to increase surface area and oxygen exposure. 

Table 3.5 summarizes the accelerated corrosion history for ail specimem, detaihg changes 

to the length of wet-dry cycles and magnitude of applied voltage. 

Table 3.5 Accelerated corrosion history for Senes A 

3.4 Corrosion Monitoring 

Specimen 
COL1 

COL3 

COL4, COLS, COL6 

COL2, Control 

Corrosion current, circUIILferential expansion and cracking were monitored throughout 

Accelerated Corrosion History 
0-7 wks: 6 V; 3Wl4D 

7- 10 wks: 6 V; 4Wl3D 
10-25 wks: 6 V; 2W/5D 
25-33 wks: 6 V; 1 Wl6D 
33-49 wks: 12 V; 1 W/2.5D 
0-25 wks: 6 V; constant humidity 

25-28 wks: 6 V; 1 W16D 
28-33 wks: 12 V; 1 W/6D 
33-49 wks: 12 V; 1 Wl2.5D 
0-25 wks: 6 V; constant humidity 

25-33 wks: 6 V; 1 W16D 
33-49 W ~ S :  12 V; 1 W12.5D 

No accelerated corrosion 

the accelerated corrosion nin to determine: (1) the amount of steel loss; (2) extent of darnage 

Note: 6Y;3 W/#D Uidicates an appiied voltage of 6V with a wet-dry cycle 3 days dry, 4 days wet 

caused by formation of expansive corrosion products; and (3) the pattern of cracking. 



3.4.1 Corrosion Current 

The basic anodic reaction in the corrosion of steel in concrete was shom in Eq. 2.1. 

According to Faraday's Law, n fàradays of charge causes the dissolution of n moles of metal. 

Assuming a 100% current efficiency (Le., ail  of the cunent results fkom the process of 

interest), the incrementd steel loss, Aw (g), due to a unifonn current, 1 (A), applied over time, 

t (s), can be detennined using the following equation: 

where Mis atomic mass of metal (ghol), z is its valency, and F is Faraday's constant (96487 

C/eq). For reinforcing steel, which is primarily iron, the atomic mass is 55.85 g/mol and the 

valency is 2. 

Applied voltage and resulting current values were automaticaliy recorded using a &ta 

acquisition system and a persona1 cornputer. Readings were taken every 4 h o m  on average 

throughout the corrosion m. The total steel loss, w ,  over the given corrosion period was 

determined fkom the area under the corrosion current vs. time curve by htegration, as 

follows : 



3.4.2 Circumferential Expansion 

Circumferential expansion was measured by three independent methods, using: (i) 

fibre optic strain sensors; (ii) mechanical expansion coiiars; and (iii) a manual summation of 

measured crack widths at a given section. 

Fibre Optic Strain Sensors (FOS) 

Long-gauge Bragg grating fibre optic strain sensors were moimted 50 mm (2 in.) 

below the centerline of each col- direcîiy onto the concrete sudace. The sensors were 

wrapped around the circumference of the columns, the gratings were secured with a specid 

epoxy, and the entire sensor was coated with silicon caullring to protect it against incidental 

damage. The demodulation equipment included a digitai osciiloscope, and a mechanical 

actuator. This set-up is shown in Figure 3.4. 

Baseiiue readings were taken one &y prior to the start of accelerated corrosion. 

Readings taken thereafter diowed expansion to be detennined relative to this baseline 

reading. Measurements were also taken against a reference sensor which automaticaily 

compensated for thermal effects. 

Mechanical Expansion CoUar (MEC) 

A typicd expansion coUar is shown in Figure 3.5. These collais were placed 50 mm 

above the column centerline. Coiian were made fiom 12-mm wide strips of stainless steel 

sheets and included a small opening held closed by stainless steel springs. Circumferential 

expansion was determineci, to the nearest one-hundredth of a millimeter, using a micrometer 

to measure the change in the size of this opening. 



Figure 3.4 Fibre optic demodulation system 

Figure 3.5 Mechanical expansion collar 



Fibre optic sensor and mechanical expansion c o k r  readings were initiaily taken once 

a week, then increased in hquency as cracks began to appear. 

Crack Mupping 

Inspection and mapping of cracks in the test region served as a visual indicator of 

corrosion damage. Crack widths were measured using a standard crack width d e r ,  and a 

magniSing giass fitted with a flashlight to improve visibiiïty. Circuderential expansion was 

deterrnined by summing the width of every crack at two sections: at the expansion collar 

location, and at the section of maximum perceived damage at the time of recording. This 

provided a basis for comparing expansion data obtained fiom both the fibre optic sensors and 

the mechanical expansion coiiars. 

The size and location of each crack was also sketched to scaie on paper as they 

appeared. This idormation on the pattern of cracking was used in developing the corrosion 

response mode1 (see Section 4.4). 

3.5 Laboratory Testing Plan 

As previously rnentioned, this work is part of a larger study involving a total of 36 

columns (see Appendix A for a complete laboratory testing plan). The overd testing 

program was developed so that for each test variable (i.e., extent of damage, degree of 

column preparation before repair, the number of CFRP layen useci, etc.), the efficacy of the 

repair scheme could be evaluated by determining: (i) the pst-repair strength and ductility; 

(ii) the post-repair corrosion rate; and (iii) the performance of the repair d e r  M e r  post- 

repair corrosion. 



In addition to these, a number of one-tirne tests were also conducteci, and these were 

included Series A, the focus of this particular work. A detailed testing program for Series A 

specimens is summarized in Table 3.6. 

Table 3.6 Laboratory testing plan for Series A 

1 1 1 1 1 accelerated corrosion technique; Observe 

Coliunn 

COLI 

1 COL3 1 Yes 1 No 1 Yes 1 Determine strength loss due to corrosion; 

Accel. 
Corrosion 

Yes 

COL2 

Repair 

No 

No 

COL4 

COL5 

1 Control 1 No 1 No 1 Yes 1 Determine the unconfined column strength 

L 

COL6 

The wet-dry cycling of COL1 was already discussed in Section 3.3. This column was 

also used to observe the extent of intemal damage. Five cross-sectional cuts were made at 

key locations to observe the interna1 crack pattern, as weil as the nature, quantity and 

location of the corrosion products fomed The locations of these cuts are shown in Table 

3 -7. Cuts were performed by Gr& Co. using a large, diamond-blade, circular saw. 

COL2 was used to determine the na- corrosion rate of the column in the test 

environment. A 1000-ohm resistor placed between the anode and the cathode allowed 

voltage to be measured using a standard voltmeter. Voltage was converted to curent using 

Ohm's Law: 

Structural 
Testing 

No 

No 

Yes 
(x2) 
Yes 

Objective 

Investigate wet-dry cychg as an alternative 

(x2) 
Yes 

No 

Yes 

Yes 

intemal damage through cross-sectional cuts. 
Detennine na- corrosion rate 

Yes 

No 

No 

Gravimetric steel loss calcuiations 
Determine decrease in corrosion rate provided 
by the repair 
Evaluate performance of repair after post- 

Yes 
repair corrosion damage 
Detemine the strength recovered by repair 



Table 3.7 Location of cross-sectional cuts 

V = R  [%= 3-31 

where V is the measured voitage Or), 1 is the cumnt (amps) and R, the resistance (ohms). 

Post-repair corrosion rates were compared against these values to determine the decrease in 

corrosion rate provided by the repair. 

COL3 was tested to failure in compression at the end of the accelerated corrosion nin 

to determine the decrease in strmgth due to corrosion. Li addition to the testing, al1 of the 

concrete was removed and the entire reinforcement cage waç cleaned of the corrosion 

products using the procedure outlined in ASTM G1-90: Standard Practice for Preporing, 

Cleaning, and Evaiuating Corrosion Test Specimens. Table A l  in this standard offea 

several chemical cleaning procedures. Option C.3.5 (using hydrochloric acid and 

hexamethylene tetramine) was chosen becaw this procedure could be canied out at room 

temperature. Steel loss was determined gravimetrically by weighing the steel after cleaning, 

and comparing these values to pre-corrosion weights. This aliowed confinnation of steel loss 

estimations obtained fkom corrosion curent data. 

FinalIy, the control specimen was used to establish the original, unconfined strength 

of the reinforced concrete column, providing a basis for both qualitative and quantitative 

cornparison. 

Cut 
1 
2 
3 
4 
5 

Distance fiom Top 
5 in. 
12 in. 
18 in. 
26 in. 
32 in. 

-~ 

Cornrnents 
Oldside test region 
Location of maximum cmks 
Location of mechanical expansion collar 
Location of largest crack 
Lower test region boundary i 



3.6 Repair 

Three columns (COU, COL5, and COL6) were repaired using pre-impregnated 

carbon fibre reinforced plastic (CFRP) sheets instnunented with long-gauge fibre optic strain 

sensors. Two continuous layers of CFRP with a 4inch overlap were appiied. Ali sheets 

came in IO-in. widths. Therefore, three sheets, butted edge to edge, were required to cover 

the entire test region. The centre sheet housed the FOS. The repair procedure is summarized 

below: 

Surface Preparation 

1. Al1 fixtures and sensors were removed fiom the column. 

2. The column surface was sanded to smooth out sharp edges. 

3. The column was thoroughiy washed down with a wet rag to remove ail dust and 

debris and was aîiowed to dry ovemight. 

Primer Application 

4. A primer was applied first to prepare the concrete surface for the CFRP application. 

The primer was prepared by mking the resin and hardener in a 2: 1 ratio (by mass). 

5 .  The primer was applied eveniy to the surface with a paint brush, taking care to n1l in 

al1 voids. This was left to dry overnight. 

CFRP Wrap 

6. The epoxy was prepared by mking the resin and hardener in a 2: 1 ratio (by mas). 

7. An undercoat of epoxy was applied to the concrete sudace using a paint roller. 

8. The CFRP sheet was appiied through one circumference (i.e., one layer), pressing 

M y  down with a mg to remove aii air bubbles. 



9. The protective backing on the CFRP sheet was removed and an overcoat of epoxy 

was appiied. This also served as an undercoat for the second Iayer. 

10. Steps 8 and 9 were repeated for the second CFRP layer. 

For the centre CFW sheet which housed the FOS, the sensor was taped to the 

underside of the sheet, positioned verticdy to lie in the centre, and horizontally so that it 

would become sandwiched between the two layers. The repair was largely tack-fiee in 2 to 3 

days but was ailowed seven days to cure completely at room temperature as per the 

manufacturer's instructions. The repair of al l  three columns, including clean-up, took just 

over 2 hours to cornplete, and was accomplished by two people. 

3.7 Strucîurnl Testing 

Three columns (one darnaged, one repaireci, and the control specimen) were tested to 

failure in monotonie, uniaxial compression. Columns were tested under load control in a 

Baldwin machine with an ultimate capacity of 1.2 million pounds. The loading head was 

fitted with a spherical seat. 

In order to force the failure in the test region, additional confinement was provided to 

the upper and lower 203-mm sections by a 9.5-mm (318-in.) thick steel coilar. The 12.7-mm 

(1/2-in.) annulus between the collar and the column was nIled with plaster of Paris. The 

protruding longitudinal ban were cut off and plaster of Paris was also used to cap off both the 

top and bottom faces to in order to produce a level surface for loading. 

On the control and repaired columns, two electrical strain gauges were mounted 

horizontally at mid-height, 180" apart, to rneasure circumferentid strain. Four h e a r  variable 



differential transfomers (LVDTs) were placed 90" apart on all  columns to meastue axial 

deformation. The gauge length of each LVDT was 565 mm. The instrumentation and testing 

set-up is shown in Figure 5.3. A fifth LVDT was placed under the Loading head to measure 

its displacement. Data fiom al l  LVDTs and strain gauges were automaticaiiy recorded using 

a data acquisition system. 

For the repaired column, circdererttial strain measurements were also taken 

simultaneously up to the proportionai limit using the FOS installed in the CFRP sheet. These 

readings were termioated when the strain exceeded the usefbi range of measmement of the 

demodulation system. Real-time measurements are not possible with the curent 

demodulation system. Therefore, the load had to be held constant (by manually adjusting the 

load-control valve) while readings were taken. Each reading required approximately 1 

minute to compiete. 



CHAPTER 4. DISCUSSION OF EXPERlMENTAL RESULTS 
(ACCELERATED CORROSION) 

This chapter examines the accelerated corrosion regime, detailing its progression and 

outcorne. Resuits fiom îhis corrosion simulation are compared to those found in the 

literature, and modifications to subsequent series based on these findings are proposed. Also 

presented is a detailed discussion of the corrosion response of the specimens (i.e., steel loss, 

expansion, and cracking as a function of corrosion). Resentation and discussion of the 

stnichiral testing results are fomd in Chapter 5. 

4.1 Accelerated Corrosion Regime 

Accelerated corrosion was achieved by adding sodium chloride to the mWng water, 

applying a constant voltage to the reinforcement, and subjecting the specimens to cyclic 

wetting and drymg. Details of this set-up were presented in Section 3.3. Throughout the 

corrosion simulation, several modincations were made to accelerate the damage, including 

changes to the lengths of the wetting and drying cycles and the magnitude of applied voltage. 

These changes, and the times of theV implernentation were summarked previously in Table 

3 -5. 

Five specimens undenvent accelerated corrosion for a total of 49 weeks. The results 

of this accelerated regime are summarized in Table 4.1. Corrosion was temiinated when the 
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desired damage was anained, with steel loss estimates and circumferential expansion used as 

the primary indicators of damage. Estimated maximum steel losses were in the order of 7 to 

IO%, and hammer-somding surveys reveaied iocations of cover delamination. Maxinpm 

circumferential strains ranged fiom 2 to 3 rnilli-strain. 

Table 4.1 Siimmary of accelerated corrosion results after 49 weeks 

4.1.1 Applied Voltage 

A plot of the applied voltage over time is show in Figure 4.1. The initiai 6V setthg 

was based on a previous study conducted here at the University of Toronto [Pantazopolou et 

al., 19961. This was raised to 12V when it was observed that the corrosion was progressing 

too slowly. To independently detennine the effects of increasing voltage on damage, the 

voltage was first raised on COL3 only. This specimen was chosen because it showed the 

least amount of damage. When a number o f  new cracks were observed immediately 

thereafter, the voltage was raised to 12V on all columns. 

Figure 4.2 shows the correspondhg current over time. The application of 6 V 

resulted in an average corrosion current of 100 to 150 mA for ali columns. Interestingly, 

Specimen 

COLI 
COL3 
COL4 
COL5 
COL6 

Steel Loss 

(%) 
6.7 
7.5 
7.8 
9.5 
9.3 

Ckcumferential S train ( 1 E) 

Mid. crack 
0.94 
0.98 
1.15 
0.99 
1.20 . 

Max. crack 
1.83 
1.62 
1.98 
2.77 
2.66 

MEC 
1.76 
1.58 
1.79 
1.57 
2.09 

FOS 
- 
- 

1.98 
- 
- 
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when the voltage was raised, the current jumped accordingiy, but the effects of increasing 

voltage on current were temporary. In the end, the doubling of voltage resulted in no 

significant permanent change to the corrosion cumnt levels as they quickiy retumed to an 

apparent limiting value of 100 to 150 mA.. 

Also note the absence of data between 275 and 320 days. This was due to an 

accidental power shut-off which lasteci only 24 hours but resulted in a loss of more than 6 

weeks worth of data due to the configuration of the data acquisition system. As expected, al l  

columns experienced a d e p  of polarization when the power was restored. Less expected, 

however, was the prolonged duration of the polarization effects (polarization is the deviation 

fiom the equilibnum electrode potential due to a net current flow). Currents did not return to 

pre power disruption levels even 25 days d e r  power restoration. Considering this, it is 

possible that increases in the corrosion currents shown in Figure 4.2 may not have been a 

result of increased voltage, but merely the effects of polarization. This raises a question 

about whether current, and consequentiy, damage, can be increased simply by raising the 

applied potential. 

4.12 Wet-Dry Cycling 

As with most deterioration mechanisms in concrete, corrosion is aggravated by cyclic 

wetting and drying. With each cycle, the ingress and egress of water brings not only 

moisture, but a fiesh and constant supply of chiorides which accumulate at the reinforcing 

steel. Moreover, the rate of oxygen diffusion through air is 104 to 10' times greater than 

oxygen diffusion through water [Neville, 19961. Therefore, the dry cycles allow an 

opportunity for increased oxygen access, often the rate-determining step in corrosion. 
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To investigate these effkcts, wet-dry cychg was studied as an alternative to constant 

humidity exposure. During the wet cycle, the water level was maintained just below the 

upper test region boundary. Not surprisingly, this region showed the greatest damage, 

coinciding with the location of maximum perceived cracks for 4 of the 5 specimens. These 

results mirror what is observed in the field where, for example, concrete in the splash zone 

experiences greater corrosion than concrete in the tidai zone due to increased aeration. Thus 

the most duerable concrete is that which is wetted only occasionally [Neville, 19961. 

in general, pore saturation has several effects on the rate of corrosion which tend to 

oppose one another. As pore saturation decreases, so does the rate of corrosion as the 

resistivity of the concrete increases. However, the rate of oxygen diffusion, which is essential 

to corrosion, also increases. Recall that the optimum relative humidity for corrosion is 

between 70 and 80% meville, 19961. Furthemore, there is some evidence to suggest that 

wet concrete encourages the formation of more soluble corrosion products [Rosenburg et ai., 

19891. Although soluble corrosion products can increase corrosion rates by increasing the 

conductivity of the pore solution, they f d  to generate the tende strain in the surroundhg 

concrete, resulting in little apparent cracking or delamination. The key to hding the 

optimum cycle, then, is to balance these opposing effects. 

The optimum wetting and drying cycle was determined empiricdy as the experiment 

progressed by varying the cycle fkquency and ratio of times wet:dry and: (i) observing the 

changes in the corrosion current levels; (ü) examining the appearance of the concrete surface; 

and (iü) recording the number of new cracks formed. Afier a number of trials, a cycle of 1 

&y wet, 2.5 days dry was found to be most effective in causing damage. In a study of cyclic 

wetting and drying of concrete in the cover zone, McCarter and Watson [1997] concluded 
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that the rate of w e h g  is three times faster than the rate of drying. They also observed that 

the rate of wetting is greatest within the first two hours, and the rate of drying, within the M 

&Y- 

4.1.3 Galvanostatic Corrosion 

The impressed current technique used in this study is caiied the galvanostatic method 

of accelerated corrosion. Rodrigue2 et ai. [1995] surveyed gaivanostatic corrosion in the 

literature and found that researchers have used current densities as hi& as 300 to 2000 

@cm2 in their specimens. Maximum current densities in actuai highiy corroding structures 

were found to be between 10 to 100 @cm2 [Andrade et ai., 19891. By cornparison, 

calculated current densities for this experiment ranged fiom 25 to 37.5 @/cm2: apparently 

not much higher than corrosion levels naturally found in the field (it should be noted that not 

enough information was given in the above studies to determine how current densities were 

calculated for their analyses). In practice, hue current densities are ditncult to detemiine 

because the anodic surface a r a  co~l~tatltly changes with the dissolution of metal. 

Uomoto et al. [1988] identined two main differences between gaivanostatic corrosion 

and corrosion in the field. Firstly, in naturally corroding structures, the rate of corrosion is 

very slow. Therefore, cracks are not always formed in the sumunding concrete, even when 

reinforcement does corrode and expand, because of creep. Secondly, with galvanostatic 

corrosion, the entire reinforcement cage is made anodic with respect to an extemal (or 

internaf) cathode. Thus, provided there is an even distribution of chlorides, corrosion 

proceeds at a unifom rate. In the field, this is not ofien the case. Despite these limitations, 

the galvanostatic method has k e n  shown to produce damage that is fairly consistent with that 
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foinid in the field. Uomoto et al. [1988] compared the natirraily occurring crack patterns 

found on corroded beams and columns exposed to marine enviroments to the crack patterns 

found on laboratory corroded specimens using galvanostatic methods. The authon concluded 

that these patterns were similar enough to justw the use of galvanostatic corrosion in 

laboratory tests. 

4.2 Natural Corrosion Rate 

COL2 was used to measure the naturai corrosion currents in the test environment. 

Although not subjected to an appiied current, this specimen was also cast with chlorides in 

the mixhg water and stored in a high humidity environment. Changes in the natural 

corrosion rate over time is shown in Figure 4.3. This plot shows that the current peaks early 

on, but eventuaily decreases to an equilibrium value. This trend is consistent with what was 

observed by others [Aiello, 1996, Yaicyn and Ergun, 19961. The large, initial drop is likely 

due to polarization effects, with the subsequent, gradua1 decrease resulting fiom the 

formation of corrosion products around the steel, creatiag a barrier to the d i f i i on  of oxygen, 

moisture, and chlorides. 

The e q t d i b r i ~  curent value is around 70 pl. This will be compared to the 

corrosion rates found in a repaired specimen to determine the decrease in corrosion rate 

afZorded by the repair. 
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Figure 4.3 N a W  Corrosion Rate 

4.3 Steel Loss and Expansion 

4.3.1 Steel Loss 

Steel loss was estimated fiom corrosion currents using Faraday's Law (Eq. 3.1). 

Figure 4.4 shows the cumulative steel loss over time. The gap in the current history due to 

the power disniption was Med in by assuming that the current remained constant throughout 

at pre power loss levels. 

The limiting current density is the greatest current which can be supported by the 

process of interest. Thus, if an applied curtent exceeds this limiting value, the excess cunent 

is used to fuel other reactions (which may or may not counteract the anodic dissolution 

process). When Faraday's Law is used to evaiuate steel loss fiom corrosion currents, LOO% 

curent efficiency is most often assumed. That is, it is assumed that al1 of the applied 
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current is used in the dissolution of iron, and dissolution of iron occurs only due to the 

applied current. Limiting current density, losses due to heat, and the formation of other 

independent corrosion ceils are ignoreci. 

As a result, studies have shown that these types of calculatiom generally overestimate 

the a d  steel loss. AieUo 119961 compared calculated steel loss values to achial losses 

(determined gravimetrically) and found that calculated values overestimated the steel loss by 

150 to 180%. Aiello also cited another study [ G o d e z ,  19941 in wbich the authors found 

that Faraday's Law overestimated a d  losses by 400%. To confirm steel loss estimates 

obtained fiom Faraday's Law, COL3 was used, after structurai testing, to detexmine losses 

gravimetrically. Comparing post-corrosion weights to pre-corrosion values, the overd steel 

loss was determined to be 6% (12 % in the spirals and 3% in the longitudinal bars). The 

estimate using Faraday's Law was 7.5%. This discrepancy is less than what was expected, 

considering the studies cited above. The large sarnple size used here probably contributed to 

the greater accuracy. 

4.3.2 Circumferential Expansion 

Circumferential expansion in the columns was determined by three dinerent, 

independent means, using: (i) mechanical expansion collars (MEC); (ü) long-gauge fibre 

optic strah sensors (FOS); and (iii) a manuai summation of crack widths across a section. 

4.3.2.1 Mechanical Expansion Collar 

Circumferential strains determined fiom the expansion collars are show in Figure 

4.5. Problems were experienced in the beginning with the collars breaking due to corrosion 
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of the s p ~ g s  which were holding them closed. Where collm broke, they were replaced a s  

soon as possible, and in the analysis, it was assumed that no expansion had taken place 

during time the columns were rminstnimented. Although there is a fair amount of scatter in 

the results, ail plots (with the exception of COLI which was wet-dry cycled fkom the 

beginning) display the same trend: Little change in the first 200 to 220 days, foiiowed by a 

rapid increase in expansion. 

4.3.2.2 Fibre Optic Sensors 

Expansion data fiom the fibre optic senson is shown in Figure 4.6. This was the fïrst 

time long-gauge sensors of this kind were used in this type of application and a number of 

problems were encountered due to inexperience. The FOS were ùistailed 10 cm below the 

MEC and the leads were placed over top of the coUars. When the collars broke, it sliced 

through the leads, breaking the sensors. Thus most of the senson were lost within the first 

month, and these were not replaceable. The expansion data 6om the FOS is less scatterd 

than the MEC readings as the sensors possess much greater accuracy and precision (the Bragg 

grating FOS has a precision of betîer than 1 micron). Data obtained fiom the one surviving 

sensor displays the same trends that were shown with the mechanical expansion collars. 

4.3.2.3 Crack Mapping 

The purpose of crack mapping was two-fold: (1) to determine circumferentiai 

expansion; and (2) to observe the resulting crack patterns. The latter is discussed in 

Section4.4.1. Circumferential expansion was detemillied by a summation of crack widths 
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O 50 100 150 200 250 300 350 

Tirne (days) 
--- 

Figure 4.6 Circumferential expansion data f?om fibre optic sensors 

around the perimeter at a given section. Two locations were monitored: (i) the location of 

maximum perceived cracking (variable); and (ii) just below the location of the MEC 

(approximately mid-height). These expansion results are shown in Figures 4.7(a) and 4.7(b). 

A standard crack width d e r  and rna&sg glass fitted with a light were used to detennine 

the crack widths. 

4.3.2.4 Cornparison of Expansion Data 

Figure 4.8 compares, for COLA, the circumferentiai strains obtained by ali  three 

methods discussed above. Although there is some disagreement in the beginning, al1 cuves 

display the same trend. In the end, the MEC and FOS data converge to a similar value, just 

below 2.0 m i l l i - m .  The crack width summation at the location of maximum cracking also 

converges here. The crack width su~nmations at mid-height (which was the location closest 
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O 
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Time (days) 

(a) Location of maximum perceived cracking 

Time (days) 

(b) Location of MEC 

Figure 4.7 Circumferentiai expansion data fkom crack width summations 
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to both the MEC and FOS), however, show significantly lower strain values. Crack width 

summations are not a true measure of strain because it f d s  to account for any tende strain 

below the cracking strain of concrete. As a result, these values are s o m e h t  uuderestirnated. 

However, such a large discrepancy caanot be explained by this reason. 

4.4 Corrosion Response 

4.4.1 Progression of Cracking due to Corrosion 

Throughout the accelerated corrosion, the ske and location of each crack was 

sketched, roughly to scale, on paper as they appeared. Figure 4.9 illustrates the observed 

progression of cracking along with an approximate timeline. COL5 and COL6, and COL3 

and COL4 are grouped together because these showed similar degrees of damage. 

tn most cases, cracking began with srnail, vertical, discontinuous cracks at the 

locations of the longitudinal bars. These were soon followed by horizontal cracks delineating 

the upper test region boundary* with a few appearing at the lower test region boundary as 

well. The vertical cracks extended and joined together untü every longitudinal bar, without 

exception, had a cover crack running paralle1 to it for the entire length of the test region. No 

cover spalling was observed. Interestingiy7 Uomoto et al. [1988] found that cracks along the 

stirrups and ties appeared much earlier than longitudinal cracks dong the main bars. in 

general, cracking was most extensive around the upper test-region boundary, which coincided 

with the water level during the wet cycle. 
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T 
Test 

Region 

i 
COLS& 
COL6 

COL3& 
COL4 

t = 80 days 

t = 80 days 

Figure 4.9 Pattern of cracks formed due to corrosion 

The pattern of cracking on COL1 was slightly different as it was wet-dry cycled f h m  

the beginning. Cracks were more randornly distributed over the test region, and the vertical 

cracks above the longitudinal bars were not as clearly defhed as they were in other 

specimens. Figure 4.10 shows the progression of cracking observed on COL 1 .  
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Test 
Region 

I 
t = 80 days 

Figure 4.1 0 Pattern of cracking on COL 1 

As expected, once a crack pattern was established, few new cracks were formed, with 

the p p p p p p p - - - - - -  existing cracks simply wideninig &tead. T& b&wioru wasaiso_ohserved by athers 

[Andrade et al., 19931 

4.4.2 interna1 Observations 

Cross-sectional cuts were taken of COLI to observe the intemai damage, including 

the extent of cracking, and the location, nature, and quanti@ of the corrosion products 

formed. An typical cross-section is iIIustnited in Figure 4.1 1.  Some general obsenratioas 

include the foilowing: 
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1. For estimated steel losses as high as 1096, ai i  sections looked surprisingly "clean" 

(i-e., fke of corrosion products and nist stains). A superficial examination did not 

suggest nearly the 7 to 10Y0 steel loss estimated fiom corrosion cumnts. 

2. The longitudinal bars were largely ruiaffected, with vimially no evidence of metai 

dissolution or the existence of corrosion products at the steel-concrete interfâce. 

3. The cover was perfectly delaminated (i.e., a single m c k  formed a continuous rùig 

aroud the spiral) with radiai cracks originating fmm every longitudiaal bar. Because 

of the close spacing and relatively d o m  corrosion of the spirals, very iittle 

horizontal cracking occumd in the cover. Thus, delaminated cover segments were 

essentially as tail as the full test region, making it unükely for spalling to occur. 

4. The concrete surrounding the cathode was darker than elsewhere, with a whitish 

substance (possibly crystallized sal t )  exuding fiom the pores. 

5. The cross-section above the test region showed no evidence of corrosion, as expected. 

6. A distinct ring was observed where the sleeve was temporarily placed during casting 

to separate the regular and chloride-contaminated concrete. This discontinuity may 

have disrupted the flow of ions fiom the anode to the cathode. 

A closer examination of the corrosion-damage was also made possible as the 

reinforcement cage fiom COL3 was king cleaned for gravimetric steel loss caicdations. 

Several interesting observations were recorded: 

1. Although the reinforcement cage outside the test region was epoxy coated, removal of 

the epoxy revealed evidence of Light to moderate corrosion in these regions. 
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Figure 4.1 1 Typical cracking pattern observed in cross-section 

The longitudinai bars also showed evidence of corrosion damage, though this was not 

evident nom the cross-sectional cuts. In some areas, the damage was severe, with 

sections of the steel (especiaily near the upper test-region boundary) resembling a 

honeycomb. 

Corrosion damage in the spirals was most extensive on the top face of the steel. 

Severe pitting in certain locations reduced the cross-sectional area by more than halt 

In general, the corrosion products were somewhat powdery and loosely bonded to the 

surface of the rebars. These products were red to dark red in colour and easily 

removed using the chemical procedure outlined in the ASTM standard (see Section 

3.5) In .some locations, however, the corrosion products were so tightiy adhered to 
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the reinforcing bars, they could not be removed, even after scraping with a 

screwdriver. The colour ofthese products was much darker. 

As observed in the field, the spiral reinforcement expenenced the greatest corrosion 

damage. This is ofien the case, because the clear concrete cover over the transverse 

reinforcement is smaller ihan that over the main reinforcing bars. Thus, the spirais are the 

most vuinerable to chlonde attack. In this expriment, sodium chloride was admixed directly 

into the concrete, so chloride penetration was not an issue. However, the depth and quality of 

the concrete cover continue to govem the rate (and depth) of moisture and oxygen diffusion, 

maintaining the enhanced susceptibility of the spirals to corrosion. 

4.4.3 Relationship between Steel Loss and Expansion 

An examination of Table 4.1 shows a generai agreement between steel loss and 

expansion (Le., specimens with greater steel loss have higher circumferentiai mains). 

Consider COLS and COL6, which had the highest corrosion currents. Qualitatively, these 

nvo columns also showed the greatest damage, although this is aot necessarily reflected in the 

circumferential strain values. Table 3.2, which summarizes the concrete materials test 

results, shows that these two columns were cast in the same concrete batch (Batch 3). This 

batch also contained the highest slump value for the chloride-contaminated concrete (which 

effectively constitutes the cover). Although the same water-to-cernent ratio was used in each 

mix design, sslight variations in the actual water-to-cernent ratios are to be expected. The 

high slump (and low strength) of the chloride-contaminated concrete in Batch 3 suggests that 

a higher water-to-cernent ratio probably resulted, creating a more penneable mix which 



increased the rate of corrosion. Similady, COLI, with the lowest slurnp (see Table 3.2) had 

the lowest steel loss, even though it initiaiiy showed the greatest damage (because it was 

exposed to wet-ds, cycles fÎom the beginning). 

One of the goals of this work is to define the corrosion response of the specimens by 

relating column expansion to steel loss. Figures 4.12(a) through (e) show circumferential 

strain plotted against steel loss for ail five columns subjected to accelerated corrosion. 

Tho@ the absolute current values are not insignificant, more important is the degree of 

expansion and cracking obtained per unit of corrosion. In the field, repairs are motivated by 

concrete damage (Le., cracking, spalling, and delamination). But often, when the damaged 

concrete is removed, only minimal damage to the steel reinforcement is observed. Thus in 

the field, the ratio of concrete damage to steel loss is generally high. In order to simulate 

these conditions, and to obtain damage quickly, maximization of damage per unit of applied 

current in an accelerated corrosion regime is aiso desired. Figure 4.12 confirms graphically 

what was discussed previously, that (1) expansion increases with steel loss; and (2) 

optimUation of damage ber unit steel loss) was better obtained af€er the changes discussed in 

Section 4.1 were implemented. 

One of the ultimate goals of this long-term research program is to obtain enough 

idormation regardhg the behaviour of the columns under corrosion so that a cornprehensive 

corrosion response model can be developed. Such a model should not only define the 

relationship between expansion and steel loss, but predict, among other things, the sequence 

and geometry of cracking. This model will be applied to both corroding and repaired 

specimens so that steel loss (which is a measure of column integrity) can be inferred by 
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Figure 4.12 Expansion as a fhction of steel Loss 
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Figure 4.12 Cont'd 
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Figure 4.12 Cont'd 

measuring cîrcderentiai expansion (which is easy to do). Some of the aspects necessary 

for the development of this mode1 were discussed in this chapter (i.e., circumferentid 

expansion vs. steel loss, observed pattern of cracking, etc.). However, not enough 

information is available as of yet to completely define the corrosion response of the 

specimens in this manner. 

4.5 Evaluation of Accelerated Corrosion Regime 

Corrosion of the specimens took much longer than anticipated. Vimially no damage 

was observed for much of the corrosion nin (as evidenced by the expansion data) before 

expansion increased drarnatically. Obviously, one of the goals for subsequent corrosion 
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simulations is to rnaximize the expansion for a given rate of steel loss. As a starting point, 

the next series of specirnens wiil begin on a wet-dry cycle of 1 &y wet, 2.5 days dry, with an 

applied potentiai of 12V. Furthemore, all new specirnens were cast with the new hollow- 

pipe cathode for increased aeration. 

Although an effort was made to implement changes to the regime in such a manner 

that the effects of each change could be assessed independently, this was not always possible. 

Therefore, it is not ultimately possible to d e t e d e ,  with certainty, which change trïggered 

the acceleration of damage. A superficial examination of Figures 4.2 and 4.12 suggests that 

the increase in voltage had the greatet effèct on accelerating circumferential expansion. 

In addition, two key factors were missing fiom this accelerated corrosion regime: 

1. These specimens were corroded in a climate-controiled Iab, with relatively constant 

ambient temperature and humidity. Therefore, they were not exposed to deleterious 

environmental conditions such as temperature fluctuations, fieeze-thaw damage, etc. 

2. Columns in the field are almost always subjected to considerable dead and live loads. 

Specimens in this test, however, remained unioaded throughout the corrosion m. 

Moreover, although a siflcant current was applied, the anodic area was large (six 

longitudinal bars plus spiral reinforcement) compared to the cathode. Thus, the resulting 

anodic current density, as well as the cathode-to-anode ratio, was very low. In general, the 

rate of corrosion is higher when the area of the cathode is increased with respect to the anode. 

Perhaps the greatest problem, however, lies with the cathode placement and 

configuration. The use of an interna1 cathode resuited in a large distance between the anode 

and cathode, as weii as a very large "cover depth" to the cathode. The spacing of the 
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electrodes is significant because ions must travel h m  one electrode to the other to complete 

the electrochemical circuit. The spacing between the electrodes in this case was probably 

prohibitively hi*. Furthemore, the central placement of the cathode means that oxygen 

must diffuse nearly 6 inches to reach the reactive site. Recall that oxygen availability at the 

cathode is of€en the ratedetermining step. Moreover, the concrete in the core is nearly 

always saturateci, and the rate of oxygen diffusion through water (as opposed to air) is 

significantly Lower. 

The expansion data obtained for COL1 suggests that all columns would have 

benefited fiom wet-dry cycling fiom the beginning. In addition, the greatest extent of 

cracking was observed near the water level (during the wet cycles). Perhaps the same 

damage can be induced everywhere by varyhg the water level with each cycle. In addition, 

the various combinations of wet-dry cycle lengths were chosen, in part, for logistical reasons. 

A cycle which could be completed in one week (or some other standard rneasure of t h e )  was 

desired. However, it was stated earlier that the most VuInetable concrete is that which is wet 

only occasiondly. A longer dry cycle rnay be beneficial in increasing damage. 

Finally, there is a lack of diable data on the circderential expansion of these 

columns. if a comprehensive corrosion response mode1 is to be developed, instrumentation 

which is more accurate, precise, and repeatable is required. 



CHAPTER 5. DISCUSSION OF EXPERIMENTAL RESULTS 
(STRUCTURAL TESTING) 

One cowded, one repaire4 and the control specimen were tested to faiiure in 

monotonie, uniaxial compression. The resuiting load-axial deformation curves for ail three 

columns are shown in Figure 5.1. 

5.1 Mechanicai Behaviour of Control Column 

The behaviour of the control specimen during testing is s u d e d  in Table 5.1 

Figures 5.2 to 5.3 The mechanical response of this specimen was typicai of a spirally- 

reinforced column, with the spiral reinforcement confining the core concrete afler cover loss. 

The peak load of 2958 kN was reached at an axial deformation of 1.4 mm, column f~lure 

occwed at a defonnation of 8.1 mm. 

Failure of this control specimen was progressive and ductile. At the completion of 

the test, five spiral fhctures were counted, with bucking of all six outer longitudinal ban. 

Concrete fidure was conical, and damage to the core concrete was extensive. 

5.2 Mechanical Behaviour of Corrosion-Damaged Specimen 

Table 5.2 and Figures 5.4 to 5.6 illustrate the behaviour of the corrosion-damaged 

specimen during testing. The peak load of 2762 kN was reached at an axial deformation of 
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Figure 5 -2 

O 1 2 3 4 5 6 7 8 9 
Axial Deformation (mm) 
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Load-deformation cuve for control column 

Table 5.1 Behaviour of control specimen d d g  testing 

Load Approx* (kNl 1 Remarks I "M"2 I Photo 

1 the t o ~  of the column 1 1 
2000 1 Cracking is more extensive; Spding of t h e  1 B 1 

O 
1600 A 

- -- - 

Control specimen before testing 
Cracks begin to form in a diagonal path across 

longitudinal bars, extensive crushing of 
concrete in the core: 5 s~irai fracture locations 

Fig. 5.3(a) 
Fig. 5.3(b) 

2700 
2640 

cover begins 
Steady and rapid spalling of cover 
At failure: buckling of al1 six outer 

C 
D 

Fig. 5.3(c) 
Fig. 5.3(d) 



(4 

Figure 5.3 Sequence of failure of controi specimen 
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1.2 mm, and column failure occured at 2.1 mm deformation. This column failed almost 

irnmediately after cracking and spalling of the cover was initiated, with virtually no visual or 

audible waming signs. Figure 5.4 shows the extent of corrosion-damage found in a nurnber 

of the spirals. In certain locations, severe pitting reduced the cross-sectional area by more 

than half As a result, the spiral reinforcement provided no confinement to the core, and 

likely provoked premature buckling of the longitudinal bars. Failure of this specirnen 

occurred at low deformation leveis, the mode was brittie and explosive. Displacement data 

obtained fiom four LVDTs with an angular spacing of 90" also showed signs of eccentricity 

in the column response which can be attributed to asymrnetric deterioration of the 

reinforcement. 

Figure 5.4 Corrosion darnage in spiral reinforcement 



Axial Deformation (mm) 

Figure 5.5 Loaddefomation curve for corrosiondamaged column 

Table 5.2 Behaviour of corrosion-damaged specirnen (COL3) durhg testhg 

1 2650 1 Fkst crackinn noise is heard: sound is metallic 1 A 1 1 

Approx. 
Load 

Remarks 

2730 

2750 
2620 

2620 

Figure 5.5 
Marker 

Cracking noises begin to appear more 
fiequently 
Cracking and spalling of the cover bepjns 
Fdure of the column is explosive; Debris 
radius is heavy for 1 m, apparent to 3 m. 
At fa i lw  : buc kling and twisthg of ail 
longitudhal bars, approximately 15 spirai 
hctures (some multiple hctures); extensive 
pitting corrosion in spirals 

Photo 

B 

C 
D Fig. 5.6(a) 

Fig. 5.6(b) 
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At nnal failure, there were an estimated 15 spiral hcture points, accompanied by 

buckling of ai i  six outer longitudinal bars. There was ako some evidence of twisting in the 

reinforcement cage. 

5.3 Mechanical Behavior of Repaired Speeimen 

Behaviour of the repaired column during testing is summarized in Table 5.3, dong 

with Figures 5.7 and 5.8. The peak load was 3547 kN and column and the axial deformation 

at failure was 10.1 mm. For loads above 2000 kN, Figure 5.1 shows 2 significantly lower 

stifiess for this column relative to both the control and unrepaired specimens. This is likely 

because corrosion damage was considerably greater in this column (compare COL6 and 

COL3 in Table 4.1). This observation raises two interesthg points. First, the superior 

response apparent fiom Figure 5.1 was anained despite significantiy greater pre-repair 

corrosion damage. Secondly, the initial reduction in stiffiness foliowed by the superior ductile 

failure indicates that the wrap is most effective in the later stages of response when lateral 

expansion of the column within becomes more pronounced. 

Failure was initiated by localized rupture of the fibre near bottom of the specimen, but 

the specimen continued to defom under increasing load, well after concrete failure. Ultimate 

collapse of the column was dso explosive, with the sudden rupture of the CFRP sheets. In 

certain locations, these breaks were very clean and did not necessarily coincide with locations 

of overlap. Some evidence of debonding (between the layers, as opposed to rupture of the 

sheet) was also observe& however. This is evident in Figure 5.8(c). Further examination 

revealed buckling in aU six outer longitudinal bars with heavy corrosion damage in the spiral 

reinforcement. 
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Figure 5.7 Load-defonnation cuve for repaired colum. 

Table 5.3 Behaviour of repaired specimen (COL6) during testing 

Approx. 
Load (kN) 

O 
2450 
3400 

I bottom of mecimen I I I 
3420 

Remarks 

Specimen before testing 
Noises are heard 
More cracking noises; Column appears to be 
bulging 
Smd,  2-in. section of fibre ruptures near the 

3340 
3240 

. 

Figure 5.7 
Marker 

A 
B 

Figure 
(Photo) 

C 

Wrap suddenly ruptures completely 
Specimen at failure: rupture and debonding of 
CFRP; buckling of ai i  longituninal bars 

5.8(a) 

D 
E 5 *8(b) 



(a )  

Figure 5.8 Sequence of failure of repaired specimen 



5.4 Cornparison of Sbength and Deformation Capacities 

Strength and deformation capacities for a l l  columns are compared in Table 5.4. Axial 

deformation was rneasured over a gauge length of 565 mm. 

Table 5.4 S- of Stnictural Test Results 

Ductility ratios were caiculated based on a previous study containing similar analysis 

[Sheikh et al., 19971. It is defined as the ratio between the deformation at failure and the 

Specimen 

Control 
Corroded 
Repaired 

deformation at yield. For these purposes, the deformation at yield was calculated by drawing 

a straight line fiom the ongin through the point on the load-deformation curve corresponding 

Ultimate 
Load 
(kN) 
2958 
2762 
3547 

to 65% of the ultimate load. This line was extrapolated to the level of the ultimate load the 

corresponding deformation was taken as the deformation at yield. 

Because of the nature of the post-peak control column response, and because the peak 

Axial Deformation 
(mm) [Yo] 

load for the repaired column occurred at very large axial deformation, the suitability of this 

Ductility 
Ratio 

9.9 
2.7 
7.5 

@, Uitimate 
1.4 [O21 
1.2 [0.2] 
8.2 [lS] 

measure of ductility uras questioned. Thus as an alternative indicator of deformation 

@, Failure 
8.1 [1.4] 
2.1 [0.4] 
10.1 [1.8] 

capacity, a normalized energy absorption value, E, was also calculated as the area under the 

E 

7.3 
1.6 
8.7 

curve divided by peak load. The f i a l  column of Table 5.4 shows the values of this 

E&onuo~ 

1 .O 
0.2 
1.2 

parameter relative to that of the control column. 

Corrosion damage reduced the uitimate Ioad-carrying capacity of the column by 7% 

with respect to the control. This reduction in strength is somewhat less than what was found 



by othen pomoto et al., 1987; Rodriguez et ai., 1996; Sheikh et al., 19971. More notably, 

the axial deformation at failure was reduced. Compressive e e s s  in the elastic region was 

unaffected. 

A considerable improvement in strength was realized with the repaired member. 

Extemal confinement increased the load-carrying capacity of the corrosion-damaged column 

by 28%, exceeding even the load carried by the undamageci, contml specimen. As apparent 

fkom Figure 5.1 and Table 5.4, behaviour of the wrapped column was aiso sigdicantly more 

ductile. Axial deformation at dtimate load was more than 6 times that of the control and 

damaged column, and greater energy was required to fail this column (as indicated by the 

relative areas under the load-displacement curves). There was a 300% increase in the 

nomalized energy absorption, over the corroded specimen. 

Equation 2.8 proposed the following relationship between compressive strength and 

lateral confining pressure: 

fcc  =fc + k m  

where k, is an experimentally derived coefficient relating the increase in compressive 

strength with increasing codement.  Based on a review of the literature, a kl value of 2.4 

was proposed for advanced composite confinement (see Section 2.5.1). Calcuiations using 

the above equation were carried out for these experimental results. For this work, kl was 

found to equal 1.7. 

Also apparent was the bilinear stress-strain relationship observed by others [Howie 

and Karbhari, 19951. The fint linear portion had a slope (Le., e e s s )  similar to the 

unwrapped column as the concrete carried the load. The dope of the second linear region 

was substantialiy reduced. Other researchers also identified a kink point marking the 



transition between these two regions. Such a point was not observed here, with transition in 

this case king much smoother. 

5.5 Circumferentiai Deformation 

Two columns were also instrumenteci with electrical strain gauges to monitor lateral 

(i.e., circderential) defonnation. Laterai drain is plotted against axial displacement (dong 

with load) in Figures 5.9(a) and (b) for the repaired and control columns, respectively. It is 

apparent that sufncient confinement was provided by the CFRP sheets to dominate laterai 

defonnation in the column. Expansion of the sheets progressd at a slow and steady rate. By 

cornparison, the control column experienced a sudden increase in the rate of lateral 

deformation, increasing nearly exponentially. 

For the repaired specimen, circumferential strah was also measured simultaneously 

using the embedded fibre optic sensoa. Figure 5.10 shows a comparkon of the 

circderential strain values obtained fiom both the strain gauges and the FOS during the 

test. These results shows increasing agreement as  the load increases, particularly after 2000 

kN. Recall that fibre optic sensoa give an integrated strain value over the circuxderence of 

the specimen, while the electrical stra in gauges detect only point strain. This may account for 

the discrepancy in the beginning. However, the CFRP sheets on which the strain gauges were 

mounted tend to average out the strain, and this averaging effect is more stable and 

pronounced as the wrap is engaged, explaining why these two values tend to agree more as 

the load is increased. From Figure 5.1, it is evident that 2000 kN was approximately the load 

at which signincant deviations fiom linearity began, indicating engagement of the CFEW 

-P. 
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With the present demodulation syçtem, automatic real-time measurements are not 

possibie. Therefore, the load had to be held constant @y manually adjusting the valve which 

controls the loading rate) during each measurement. Each measurement requirPd nearly a full 

minute to complete. As a result, precision was s a d i c e d  for accuracy. However, with the 

more than adequate precision n o d y  provided by the FOS, this was not a significant issue. 

This is the first time rd-time measurements of this kind have been attempted using 

this demodulafion system, and the results are very encoiwging. Nonetheless, it is evident 

that with the present limitations, FOS c a w t  be practically used to mesure strain during 

testkg. 



CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary of  contribution^ 

The following is a brief summary of the contributions fiom this work: 

1. Accelerated corrosion was simulated by adding sodium chloride to the mixing water, 

applying a current to the reinforcement, and subjecting the column to wetîing and drying 

cycles. An innovative casting procedure was implemented so that chloride contamination 

of the cover, as seen in aging, corrosion-damaged columns in the field, could be 

effectively modeled. 

2. Seven large-scale columns were comtmcted: five were subjected to accelerated corrosion, 

three were repaireci, and three were tested to failun in compression. Cross-sectional cuts 

were made through one other corroded column to assess the internai damage. The rest 

were held over for long term study. Six additional specimens were also constructed for 

use in subsequent series. These specimens contained a new cathode, redesigned for 

improved aeration. 

3. A Iaboratory testing program was established for the 36 columns in the overail study. 

Nine variables were selected, and the testing plan was designed so that the efficacy of 

each repair scheme could be evaluated by determining: (1) the mechanical behaviour of 

the repaired column; and (2) the effects of the repair on post-repair corrosion. 
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Long-gauge Bragg grating fibre optic sensoa were successfidly Uistalled on both bare and 

repaired coiumns to monitor cUcUInferentiai expansion. These sensors were also used, 

for the first time, to measme lateral strain during testing. 

Gravirnetric steel l o s  calcuations were carried out for an entire reinforcement cage. 

These values were compared to steel loss estirnates obtained using Faraday's Law. 

The accelerated corrosion regirne was criticaiiy evaluated, and modifications to 

subsequent simulations were proposed 

The corrosion response of the columns (Le., expansion and cracking as a fuction of steel 

loss) was examined in detail. 

The literature on the effects of confinement on strength was reviewed, and a new value 

for the coefficient relating increase in compressive strength to lateral confinhg pressure 

was proposed. 

6.2 ConcIusions 

Conclusions regarding the accelerated corrosion regime: 

1. For this specimen geometry and testing conditions, the following accelerated 

corrosion regixne was determined to be optimum in producing damage: 

+ 3% sodium chloried added to the mixing water (by weight of cernent) 

+ 12V applied to the reinforcement cage 

r Columns subjected to wetting and drying cycles of 1 day wet, 2.5 days dry 

2. Cyclic wening and drying was more effective in producing damage than constant 

humidity exposure. 
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3. Cracking was most prevdent in the region near the water level of the wet cycle. 

Vertical cracks were formed in the cover over every longitudinal bar, without 

exception, for the entire length of the test region. Horizontal cracks mostly delineated 

the upper and lower test region boundaries. 

4. Corrosion was more severe in the s p i d  reinforcement than in the longitudinal bars. 

5. There is a direct relationship between damage (Le., extent of cracking and expansion), 

applied current, and the concrete q d t y  (as inferred by slump measurernents). A 

more permeable concrete resuits in greater corrosion currents which cause greater 

damage. 

6. Faraday's Law overestimated steel loss by 25%. 

Conclusions regarding repair and structural testing: 

7. Corrosion-damage reduced the load-carrying capacity of the specimen by 7%. The 

strain at ultimate load was also reduced. Increased eccentricity was also observe& 

most likely a result of asymmetrical deterioration. 

8. CFRP repair increased the load-carrying capacity of the corroded column by 28%. 

Repair also signincantly increased the ductility, with axial defornation at failure six 

times that of the corroded specimen. 

9. Repair of colurnns using CFRP sheets was quick and simple to implement. 

m e r  conclusions: 

10. From a review of the literature review, compressive strength was shown to increase 

with lateral connning pressure beyond the original, unconhed strength by a factor of 



Conclt~siorzs and Recommendations 

2.4 (Le., the confinement effectivenesss coefncient, kl, is 2.4). 

1 1. Long-gauge fibre optic sensors can be used to monitor ckcumferential expansion with 

great accuracy and precision. These sensors can also be used to mesure 

circumferential strain during testing. Incorporation of sensors into the repair patch 

was quick and simple. 

6.3 Recommendations 

Based oa the cesults of this experimentd program, the foiiowing recommendations 

are made: 

Vary the water level during the wet cycles to accelerated damage. To concentrate the 

damage within the test region, the water level can be cycled between: (a) location 

Mdway between the upper test region boundary and mid-height; (b) mid-height; and 

(c) location midway between mid-height and the lower test region boundary. 

hvestigate other possible cathode configurations. A better cathode will: (i) have a 

greater surface area, (ii) have increased access to oxygen (Le., smaller effective cover 

depth), and (üi) be located closer to the anode. 

Do M e r  gravimetric steel loss tests to determine the applicability of Faraday's Law 

for quantmg steel loss. Specimens in the laboratory testing plan which are to be 

corroded, repaired, then tested to structural failure can be used. Altematively, 

because the cleaning of an entire reinforcement cage is labour intensive, test coupons 

may be installed. 
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4. Improve methods of deteminhg circumferential expansion. If this information is to 

be used in the development of m e r  corrosion response models, circumferentid 

6 measurements must be more accurate, sensitive, and repeatable. 
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APPENDIX B. STRESSST&UN CHARACTERUTICS OF REINFORCING STEEL 

Strain (mmimm) 
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(i) 1 SM Longitudinal Bars 
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Strain (mmlmm) 
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(ii) D5 Spiral Reinforcement 
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