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Project Description:

The main purpose of this project is to assessffeeteveness of fiberglass wrapping in reducing

the corrosion degradation rate of concrete colunis. evaluate the effectiveness of the

technique, the research team is using four diftesassessment tools:

(@) Half-cell potential measurements to assessosion rates in selected wrapped and
unwrapped columns.

(b) Sonic and ultrasonic non-destructive measungsnef the general structural integrity of
selected wrapped columns

(c) Travel-time tomographic imaging of three crssstions of selected wrapped columns

(d) Testing of concrete core samples to confirnm-destructive evaluation results and to
provide validation for the conditions of the wraggmlumns

Progress This Quarter:

The Wisconsin Department of Transportation (WisD@&$ been using fiberglass wrapping as a
part of the maintenance operations for standamlleir reinforced concrete columns in bridges
built on or before the 1970s. These columns amfaried with black steel bars and thus are
susceptible to corrosion. Over the years, the saroof these steel bars has led to cracking and
spalling of the concrete cover with the subsequemicern regarding to the loss of structural
integrity. The maintenance policy used by the WidD@roughout the state is to remove the



concrete from the deteriorated volume, clean theadged area, patch it with grout, and wrap the
column with a thin layer of a fiberglass compositaterial. The intended use of fiberglass
wrapping treatment is to provide a barrier to moistand deicing salts in the traffic splash zone
of the columns. Conceptually this barrier wouldpgteduce the ingress of water and deicing salts
and prevent the corrosion of the steel reinforcam#rus extending the service life of the
concrete columns. However, the premature failuresarhe of the wraps has raised questions
regarding the effectiveness of the fiberglass wiragpgOne of these concerns is that the corrosion
process may have continued even after the apmicafithe fiberglass wraps.

The main purpose of this research project is tesassthe effectiveness of the fiberglass wraps in
reducing the corrosion degradation rate of the ookl To evaluate the effectiveness of the
investigation technique, the research team is usingdifferent assessment tools:

(a) sonic non-destructive measurements of the gesguctural integrity of selected columns

(b) travel time tomographic imaging of cross-smusi

(c) half-cell potential measurements to asses®sion rates

(d) evaluation of chloride ion content

These studies are performed on selected columng #he 1-90 and 1-94 interstate highways.

1. Introduction

The service life of reinforced concrete elementshighway bridges is limited by corrosion
deterioration. Corrosion processes cause crackipalling, and delamination of the reinforced
concrete structures. The damage by corrosion isesethe expense of rehabilitation of structural
concrete elements. The corrosion rate of reinform@acrete decks and columns in Wisconsin
bridges is accelerated by the use of chlorine iom-deicing solutions during the winter driving
season. The required use of deicing solutions utgedevelopment of alternative methodologies
for the prevention of the corrosion deterioratiailogess. Fiberglass wrapping is one of these
alternatives for corrosion protection/control oinfercing bars of concrete columns in bridges.
In this methodology, the application of fiberglaggates a barrier intending at reducing the
detrimental effect of traffic splashing of deicisglutions. The fiberglass wrap barrier reduces the
ingress of moisture and chlorine ion that creatertbeded environment for corrosion to occur
(Teng et al. 2003).

2. Corrosion Process

Corrosion of reinforcing steel is one of the majauses of deterioration of reinforced concrete
elements. The chloride concentration, temperatedative humidity, concrete cover depth, and
concrete quality are critical factors affectingoofrosion rates in the reinforcement. Chloride ion
attack is one of main reasons of corrosion in geforced steel in concrete structures. Chloride
ions cause the local failure of the passive filmthie cement past that naturally protects the
reinforced steel in the concrete (Neville 1996).

In the transportation infrastructure, sodium clder(NaCl - halite) is applied to pavements and
bridge decks to reduce the freezing temperaturevater and to prevent dangerous traffic



conditions such as frost/black ice, sleet/freezingzle, or freezing rain. However, the exposure
of concrete elements to chloride ions JG@nd water creates the conditions for the corrosio
attack of the reinforcing steel and the generatbrcracking, spalling and delamination on
concrete surfaces. The progressive advance ofineston damage is one of the main sources of
expensive rehabilitation costs and, if left unatiesh one of the reasons of structural collapse.

The corrosion of steel in concrete is an electrotbal process when a electrical potential is
generated by the concentration of dissolved ios thee steel in the concrete. Chemical changes
at the anodic and cathodic areas are as followguf€il - Baiyasi 2000; Bentur et al. 1997,
Broomfield 1997; Mehta et al. 1986):

anodic reactions:  Fe® Fe&™ + %
Fe** + 20H  ® Fg(OH), (ferrous hydroxide)
4Fg(OH), +2H,0+ 0, ® 4F¢gOH), (ferric hydroxide)

cathodic reaction:  4e" +0O, +2H,0® 4(OH)’

During the chemical reactions, large tensile seessme generated in the concrete due to the
increase in volume of the corroding steel bars @l ferric oxide - Fe(OH). These tensile
stresses cause the debonding of the concreteingsuit the delamination and spalling at the
steel-concrete interface (Figure 2 - Broomfield 2,98 eville 1996). To limit corrosion rates in
reinforced concretes structures, the American Gaacinstitute recommends limits in the
chloride ion concentration in new concrete struesyiTable 1).
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Figure 1. Corrosion process on the surface of :sfgefteactions at anodic and cathodic sites and
electric current loop. (b) Flow of electrical charguring corrosion process (Bentur et al. 1997).

Reinforcement Delamination

Figure 2. Concept view of the damage to the coaatae to corrosion process (Neville 1996).

Table 1. Recommended limits for chloride ion cohtarconcrete (Berver et al. 2001; ACI
201.2R-77)

Maximum water-soluble chloride ion

Category of concrete service content, percent by weight of cement

Prestressed concrete 0.06

Conventionally reinforced concrete in a moist
. ; 0.10
environment and exposed to chloride

Conventionally reinforced concrete in a moist

environment but not exposed to chloride 0.15

Above ground construction where concret
will stay dry

D

No limit for corrosion

3. Corrosion Repair and Prevention Methods

The most common repair of corrosion activity imferced concrete structures is to (1) remove
the cracked, spalled, or delaminated concreterlggn the corroded reinforcing steel; and (3)
place a concrete patch. Most reinforced concretetsiral elements in bridges are repaired less
than two years after the rebar corrosion damagebban detected (Watson 2000; Berver et al.
2001). When replacing the degraded concrete, latbxadmixtures are added to the repairing
mortar. The latex-rich admixtures help creating\a permeability mortar that acts as a corrosion
barrier (Allen et al. 1993). Also, when the damagmlves surface cracks, injections are used to



fill deep cracks to improve the strength of the a@ete. The injected chemicals are epoxy,
polyurethane, or polyester resins. These resinsimpeeted after dirt, grit or corrosions by-
products are removed from the crack. The polymeinrdonds and seals the crack faces
preventing the ingress of water, chlorine ions, aatbon dioxide to the concrete and rebars
(Perkins 1997).

Alternatively, fiber glass wrapping are used in thpair of corroding areas in concrete columns.
Fiber reinforced plastic (FRP) materials are cornipogsf fiber reinforcements with epoxy or
resin matrices. The fiber reinforcement increabesstiffness and strength of composite material.
The FRP wrap system can also be used for strernigthemd preventing the deterioration and
future corrosion of reinforcing bars in columns d@hms. The fiberglass wrap repairing method
has an advantage on economical feasibility andc&ffeness on the installation (Tang 2003;
Teng et al. 2003). Wrapping repaired columns witRPF provide following additional
advantages: (1) confinement for the repaired maltg@) creates a barrier to prevent chloride ion
ingress, and (3) compensation for the sectiona @scorroded rebar (Watson 2000). Table 2
summarizes the mechanical properties of the filbsggrap.

Table 2. Basic properties of fiberglass wrap

Composite Property SEH 51
Primary Fiber Glass
Tensile Strength (ASTM D3039) 522 MPa (80 ksi)
Ultimate Strain (ASTM D3039) 0.02
Elastic Modulus (ASTM D3039) 27,579 MPa (4000 ksi)

4. Field Survey

WisDOT officials identified thirteen bridges in DarCounty, WI for study in this research
project. These bridges’ columns have been treatedrapping them with fiberglass and epoxy to
reduce and prevent corrosion of the steel rebads tanhalt concrete degradation. Table 3
summarizes the WisDOT name and location of the Damenty bridges with fiberglass-wrapped
columns.

The bridges were visited by the research team guifie Spring-Summer 2007 period. The
survey included visual inspection, digital photqarg, and light-tapping with a mallet to evaluate
the integrity of the fiberglass-wrapped columnsriBg the visual inspection, the research team
identified several heavily damaged columns (e.glgdd failure at the column bottom, complete
wrapping failure, etc.). Examples of the identifiddmaged columns are shown in Figure 3.
Table 4 summarizes the survey results.

The research team also evaluated traffic levelsestichated the available working space to help
decide which columns would be selected for testingng the research program. The research
team also requested input from WisDOT officialsareting:
(a) WisDOT'’s salt application protocol and schedule
(b) Bridges' year of construction, year of fiberglagapvapplication, and the condition of the
columns at the time of fiberglass wrap application



(c) The fiberglass wraps’ specifications for all suredyridges
(d) The research team also requested WisDOT suppodilect concrete samples for the
evaluation of the chloride ion content
The research team used this information to selgtit €olumns for in-depth evaluation (e.qg,
sonic testing, travel time tomographic imaging,fitall potential readings, and chloride ion
content) based on the overall range of column d¢mmd, column and wrap types, wrap ages,
testing environment, safety of the working crewd aninimal traffic disruption. In this quarter
report, preliminary results for the eight repreaéisie columns are presented. Table 5 summarizes
the location of these representative bridges ahdrous.

Table 3: Location of bridges with columns treatdthiberglass wrap

Bridge Date_of f.' ber Location Bridge Date_of f.' ber Location
application application

B-11-17 Mid-1990’s Ct-K / IH90/94 B-28-45 Mid-19%0 Ziebell Rd. / IH94
B-13-113 | Mid-1990’'s Ct-AB / 1H90 B-28-50 Mid-199%’ Ct-F /1H94
B-13-144 | 2006 Church St. / IH90 B-53-65 Mid-1990’s | USH 14 /1H90 EB
B-13-172 | 2006 USH51NB / IH90WB B-53-66 1994 USH/IH90 WB
B-28-35 Mid-1990’ Airport Rd / IH94 B-53-71 Mid-29's STH59 /1H90
B-28-40 Mid-1990’s STH 89 /1H94 B-53-75 Mid-1990’ Ct-M /IH90 WB
B-28-43 Mid-1990’s Ct-Q / IH94

Table 4: Summary of investigated columns

. . Number of damaged
Bridge Num(t:)gIL?T:rE)gldge NL\'NT::;;J ggﬁ:gﬁzs_ fiberglass-wrapped Column location in the highway
columns
B-11-17 9 3 0 NB(2), SB(1
B-28-35 9 2 0 EB(2)
B-28-40 9 3 0 EB(2), WB(1.
B-28-43 9 1 0 WB(1)
B-28-45 9 2 0 EB(2)
B-28-50 9 2 0 EB(1), WE(1)
B-13-11& 9 9 0 NB(3), SB(3), Center(:
B-13-144 9 6 0 NB(3), SB(3
B-13-17Z 8 4 0 WB(4)
B-53-71 9 4 1 NB(3), Center(1
B-53-75 8 4 0 EB(4)
B-53-65 12 5 2 EB(3), WB(2
B-53-66 15 5 0 EB(3), WB(2




Figure 3:Failed fiber wraps in bridges (a) B-53-65 (EB direq), (b) B-53-65 (WB direction),
and (c) B-53-71 (NB direction).
Table 5: Summary of tested columns

Bridge Location Column Color Wrap height
ebell R/ Col. A cream wrap Yo
B-28-45 Z”f_gi (FéB') Col. B cream wrap 2/3
Col. C unwrap 0
Col. A gray wrap 1
B-53-71 | STH59/I1H90 Col. B gray wrap 1/3
Col. C cream wrap 2/3
B-13- Church St. / Col.H gray wrap 2/3
144 IH-90 (NB) Col. G gray wrap 2/3
B-28-45
B B-13-144
A
G
H
C
A B C
B-53-71

Figure 4:View of tested columns in three different bridges.
5. Preliminary Testing Results

The research team tested a total of eight differehtmns to evaluate the integrity the concrete in
the fiberglass-wrapped and non-wrapped columns.s@heests include: P-wave velocity



measurements, ground penetrating radar, half-ceténpial, and chlorine content. A brief
description of the test and test results are ptedamext.

P-wave velocity measurementie internal concrete deterioration is evaluatgdneasuring the
P-wave velocity at regular intervals along the asisthe columns from the top (above the
fiberglass wrapping) to the just above the soiklevwhis test is used to evaluate the overall
structural health of the column (Table 6). Suddeductions in the wave velocity are a clear
indication of the internal deterioration of the coete (Prada et al. 2000; Nanni and Lopez 2004;
Daigle et al. 2005).

P-wave velocity data are taken along vertical aodzbntal cross sections. Figure 5 shows the
testing setup with the piezoelectric acceleromet@trumented hammer, signal conditioning
system, and oscilloscope. Figures 6 to 8 pres@ssesections of P-wave velocity profiles. This
information constrains areas of low velocity that an indication of deterioration in the concrete.
Low-velocity areas were then profiled using P-waemographic images. Figure 9 shows the
setup and conceptual model for elastic wave traned tomographic imaging and Figures 10 and
12 show the internal velocity distribution withimet concrete column along vertical and
horizontal planes in bridge B-28-45 (column B). &y, Figures 12 to 15 show the elastic wave
velocity profiles and tomographic images on brigég&3-144 columns.

Table 6. Relationship between pulse velocity anttoete quality (Ryall 2001).

Longitudinal pulse velocity (m/s) Quality of concréee
> 4500 Excellent
3500 — 4500 Good
3000 — 3500 Doubtful
2000 — 3000 Poor
< 2000 Very poor




Figure 5:View of piezocrystal accelerometers, instrumentaohimer, oscilloscope and laptop
computer used in the measurement of P-wave vedgciti

(w) uonensig

Figure 6: Measured P-wave velocities on column Biilnlge B-28-45 (fiber-glass wrapped
column — wrap indicated by the shaded area).

(w) uonens|g

Figure 7: Measured P-wave velocities on column Bidgr B-28-45 (fiber-glass wrapped column
— wrap indicated by the shaded area).



(w) uonens|g

Figure 8: Measured P-wave velocities on column dd&r B-28-45 (unwrapped column).

Figure 9: Conceptual configuration and informatommtent distribution for travel time
tomographic imagined of concrete columns.



Figure 10: P-wave tomographic image of fiberglasspped column B on Bridge B-28-45
(parallel to traffic direction). The image showgyteded concrete areas near the bottom.

Figure 11: P-wave tomographic images of fiberglasspped column B on Bridge B-28-45
(perpendicular to column axis). The image showsatbsy concrete areas facing traffic
direction.



Figure 12. Fiberglass wrapped columns in Bridge3Bt44 (Southbound traffic direction).
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Figure 13. Wave velocity profile of column H in Bge B-13-144 (Parallel to traffic)
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Figure 14. Wave velocity profile of column H in Bge B-13-144 (Perpendicular to traffic)
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Figure 15. Wave velocity profile of column G in 8ge B-13-144 (Parallel to traffic).



Ground penetrating radar (GPRYransmission ground penetrating radar surveyectdltravel
time and amplitudes of electromagnetic (EM) waveshey propagate through a medium. The
main difference with elastic waves is that EM waveagpture information about the volumetric
water content and electrical conductivity distribatin the structural element. The drawback is
that the EM waves interact with the steel reinfareat cluttering the collected data.

Electromagnetic wave velocity data were collected itnage degradation and moisture
distribution. Figure 16 presents an example of G&Rographic images. Areas of low velocity
are an indication of large water content that meadlto corrosion activity in the reinforcing
rebars.

GPR antenna

Figure 16: P-wave tomographic images of fiberglasspped column A on Bridge B-28-45
(perpendicular to column axis). (a) Data collecsetup. (b) GPR tomographic image.



Half-cell potential. The half-cell potential technique is a method basedneasuring the electric
voltage that drives the corrosion process. Theectdd values provide information about the
corrosion activity within the reinforced concreteraents. The standard procedure for measuring
half-cell potential is presented in ASTM C876-91 ilgstrated in Figure 17. The testing
equipment consists of a copper-copper sulfate dalf-wires, and a high-input impedance
voltmeter. The half-cell potential technique sentes tendency of the anode to corrode. Free
electrons in the reinforcement steel flow to thé-bell due to corrosion process. Therefore, the
more negative the half-cell potential, the gretttermetals lose electrons and corrode. Therefore,
measuring the voltage presents a way of predidiiegtendency for corrosion at a measured
location. As shown in Table 7, the more negativ-¢&ll potential voltage, the higher the
possibility of corrosion can be indicated. For epéenthe potential which is more negative than -
350 mV, can be evaluated as a 90% probability afoston (Teng et al. 2003).

Half-cell potential measurements were collecteantmitor corrosion activity behind fiberglass
warps. To create baseline measurements, half-oehpal data were collected both in wrapped
and unwrapped columns. Figure 18 summarizes theeduve for data collection above and
below the fiberglass wrap in concrete comments. @ae collected in unwrapped columns
provide the baseline measurements in the evaluatiiowhether fiberglass wraps reduce the
corrosion rate in the tested columns. Figure 1%gmts an example of half cell potential data
(Low half-cell potential measurements -most negathalues- are an indication of corrosion
activity).

Figure 16. Half-cell potential circuitry (ASTM C87dlL)



Table 2.4. ASTM criteria for corrosion of steeldancrete using the standard half-cell potential
method (Khan 1991; Teng et al. 2003).

Corrosion state Situation/ half-cell potential

Passive state In the absence of chlorides, thévpgsstential range is very wide, from
+200mV to -600mV at pH=13, but in aerated concr&ieel normally exhibits a
potential in the range of +100mV to -200 mV.

Pitting corrosion Pitting typically results frometipresence or ingress of chloride ions, and the
average potential is typically -200 to -500mV

General corrosion General corrosion is the redudtgeneral loss of passivity, resulting from eithe
carbonation or the presence of excessive amourtisiafide, and potentials are
typically -450mV to -600mV

Active, low potential | In environments where the access of oxygen isnsiteld that the passive film

corrosion cannot be maintained, embedded steel may becomme acthe still high
alkaline environment, exhibiting potentials as lasv-1000mV
Risk of corrosion Half-cell potential (mV)
Low (10% risk of corrosion) >-200
Uncertain (intermediate) -350 < value < -200
High (90% risk of corrosion) < -350
Severe corrosion < -500
(a) (b)
() (d)

Figure 17: Half-cell potential and chlorine ion temt data and sample collection. (a) Drilling of
concrete column. (b) Collection of concrete pamvger for chlorine ion concentration
estimation. (c) Half-cell potential measurementsvadthe fiberglass wrap. (d) Access to the
concrete column below the fiberglass wrap.



(e)

(f)

(9) (h)

Figure 17 (continuation): Half-cell potential analarine ion content data and sample collection.
(e) Half-cell potential measurements below therfyteess wrap. (f) Electrode connection to steel
rebar. (g) Epoxi-injection to the drilled hole. ffixed hole covered with duct tape.

Chlorine ion content.Chloride ions attack the passive layer betweencrete@ and steel
reinforcement. The removal of the protective pass$ayer is one of main causes of corrosion in
the reinforced concrete elements. Chloride ionamimation progresses by diffusion in concrete.
Therefore, the chloride ion content in depth isoadindicator of the corrosion potential of
reinforcing bars in concrete.

The AASHTO Designation: T 260-97 (2001) standartaifflard Method of Test for Sampling

and Testing for Chloride lon in Concrete and CeteRaw Materials” is a methodology used to
evaluate the chlorine ion concentration in concrgments. AASHTO T-260 describes the
methodology for determining the water-soluble ada@woluble chloride ion content of aggregates,
cement, mortar, or concrete.

Concrete samples used for the evaluation of chdorom content were collected from both
wrapped and unwrapped columns (see Figure 17).imfaemation will be compared with data



collected after the winter driving season to eviuhe effectiveness of the fiberglass wrap in
reducing the ingress of chlorine into the columns.

B-53-71, Column B,
wrapped (gray)

Figure 18: Half cell potential results in Bridge53-71 column B. Wrapped areas seem to have
the largest corrosion activity



Work Next Quarter:

Data field collection was completed before the weiirtaffic season began. During the winter
quarter, the research team will complete the imétgbion and analysis of the data with the intent
to evaluate how well the fiberglass wraps reducdfob corrosion activity in the bridge
columns. The research team will also finalize tbstihg of the chlorine content of the tested
columns. Finally in late Winter and early Springe tresearch team will collect more half cell
potential and chlorine ion content data to evalubhte effect of salt solution splashing on the
corrosion activity of fiberglass wrapped columnsg #ime associated corrosion activity.

Circumstances Affecting Progress/Budget:

Nothing to report

Gantt Chart:

Tasks

Nov/Dec
‘06

Jan/Mar
‘07

Apr/Jun
‘07

July/Sep
‘07

Oct/Dec
‘07

Jan/Mar
08

0. Literature review and
corrosion instrumentation

100

%

1. Survey of wrapped column

[2)

100 %

2. Half-cell potential
measurements

80 %

3. Non-destructive Evaluation

80 %

4. Retrieval of ClSamples

80 %

5. Analysis and Interpretation

75 %

6. Final Report

25%
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