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Shear Capacity Assessment of Corrosion-Damaged Reinforced
Concrete Beams

1.0 Introduction

A Federal Highway Administration report indicated that as of 1998 there were

235,151 conventionally reinforced concrete (CRC) bridges in service on the

federal highway system with 21,164 rated as structurally deficient. A recent study

(FHWA, 2002) attributed most of the structural deficiencies for CRC bridges to

corrosion damage, although a comprehensive study has not been undertaken to

quantify the actual number of corrosion damaged CRC bridges. The majority of

deficient CRC bridges were constructed prior to the 1960's and are at the end of

their intended design life. Due to the large numbers of deficient bridges and the

lack of resources, there is a need to keep these aging bridges in service even as

they are subject to increased volume and weight of truck traffic. Transportation

officials must make decisions for postings, repair, or replacement of these bridges,

based on inspections, analysis, and ratings. Currently, non-destructive test (NDT)

methods are available to identify the presence of corrosion activity and to

determine whether chloride thresholds have been exceeded. However, no methods

currently exist to accurately correlate visual damage states and rating categories to

structural performance. There is a need for more quantifiable information to

correlate visual distress to the actual load carrying capacity of a structural element.

in recent years, investigators have begun to study the effects of corrosion on

CRC element performance. Past research has focused in three areas: (1) flexural
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behavior of members, (2) bond-slip behavior of rebar, and (3) mechanical

properties of the corroded rebar. No studies of corrosion effects on shear behavior

of CRC bridge elements have been performed.

This research addresses the behavior of 1950's vintage CRC bridge beams

subjected to corrosion of shear reinforcement. The study focuses on accelerated

corrosion-damage to large-size beam specimens, visual distress characterization,

and structural tests to destruction. The results will aid in determining capacity loss

of in-service beams.
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2.OBackground

2.1 Shear Design of CRC Beams

Shear design methodologies for CRC beams have evolved over the years.

This evolution was well documented in a recent ASCE-ACI Committee 445

(1999). Design of CRC highway bridge girders currently employs two

different approaches. The first is the AASHTO 16th Edition of the Standard

Specification for Highway Bridges (1996), which uses the general ACI method

(ACI 318, 2002). The second is the AASHTO LRFD (2001) provisions,

which uses modified compression field theory (MCFT).

2.2Corrosion of CRC Elements

Past research has focused in three areas: (1) flexural behavior of members,

(2) bond-slip behavior of rebar, and (3) mechanical properties of the corroded

rebar. The behavior of corrosion damaged CRC elements tested in flexure

indicated that as the reinforcing steel corrodes, there is a reduction in load

capacity and the overall deflections increase (Al-Sulaimani et at., 1990,

Almusallam et al., 1996, Cabrera, 1996). Bond-slip behavior of corroded rebar

samples shows a loss of bond with increasing section loss (Al-Sulaimani et al.,

1990, Cabrera, 1996, Amleh and Mirza, 1999, Stanish et at., 1999). Tensile

strength of corroded rebar has been shown to be little affected, but the overall

ductility can be significantly reduced (Almusallam, 2001, Palsson and Mirza,
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2002). No investigation of the role of corrosion on shear behavior has been

undertaken.

Corrosion of reinforcing steel in concrete occurs from two common

sources: (I) chloride contamination, and (2) carbonation of the concrete.

Concrete generally provides inherent corrosion protection for embedded rebar,

but due to the permeability of concrete, chlorides can reach sufficient levels to

cause corrosion. Once chloride concentrations are sufficiently high at the level

of the reinforcement steel (15% of weight of cement (ACI, 2002)), the passive

layer is disrupted and corrosion can be initiated. The most common reaction

that takes place at the reinforcing steel has two parts, the anode reaction that

takes the form of:

FeFe+2e [1]

and the reaction at the cathode that is:

2H20+02 +4e -+40H [2]

The corrosion reaction is completed when the Fe and the OH react with each

other and form the final iron oxide rust product:

Fe +20H *Fe(OH)2 [3]

This is just one of the possible reactions that can take place during the

corrosion process. Due to the non-homogenous nature of the concrete, various

other reactions are possible and depend on the relative amounts of water and

oxygen (Kay, 1992, Bentur et al., 1997).
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There are many sources for possible chloride contamination of concrete

bridges. Chlorides were sometimes introduced in the concrete at the time of

construction. This occurred as a result of using beach sand, or by adding salt

during cold weather to prevent freezing. Additionally, some early admixtures

for accelerating curing were a source of chlorides. In coastal areas, wind-born

salts can be blown on to structures, and in colder regions, salts are placed on

the roadway as de-icing agents. Salts can eventually permeate through the

concrete and initiate corrosion. Locations at risk for chloride contact on a

typical CRC bridge section are illustrated in Figure 1. The higher risk areas

for chloride contamination are the top of the deck surface, which can be under

attack from de-icing salts and the interior of bridge girders and underside of

the deck, from wind-born ocean salts. The fascia girder is typically at lesser

risk since washing of the girder can occur from rainfall. However, the fascia

girder may have increased risk in areas near bridge scuppers (drains).

Carbonation occurs when air, water, and carbon dioxide permeate into the

concrete and react with calcium hydroxide, a product of concrete hydration,

and form calcium carbonate. This reaction lowers the pH of the concrete

making the steel more susceptible to corrosion.

The time required for chloride penetration and carbonation to occur is

dependent on the permeability of the concrete. Vintage concrete mixes did not

employ admixtures that are commonly available today that can reduce

diffusion coefficients. A review of data available for vintage 1950's coastal
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CRC bridges in Oregon indicates diffusion coefficients in the range of

9.9x10'2 to 1.4x10'0 ft2/s (Covino et al., 1999, Cramer et al., 2002). Another

important factor is the amount of clear-cover concrete used to protect the steel.

The 6t1 Edition AASHTO Standard Specification (AASHTO, 1953) specifies a

minimum clear-cover of 2.0-inches. However, review of typical bridge plans

from the 1950's indicates a clear-cover of 1.5-inches for shear reinforcement.

Actual clear-cover for shear reinforcement can vary considerably. Based on

discussions with ODOT bridge inspectors, actual clear-cover may be closer to

1-inch.

Typical distress that occurs to CRC bridge elements from corrosion is

concrete cracking, rust staining, delaminations, and concrete spalling.

Cracking typically occurs over the rebar and can be influenced by service

loads (Francois and Arliguie, 1998). Typical concrete cracking, spalling, and

reinforcement corrosion observed on 1940's-SO's vintage concrete bridges is

shown in Figures 2-3. Figure 2 illustrates a corrosion-damaged girder from a

1954 bridge that has been removed from service. The girder depicts the rust

staining (marked with an A in the figure), fracture and/or complete section loss

of stirrups (marked with a B), and areas of spalls and/or delaminations (marked

with a C). Figure 3 shows an in-service bridge with multiple discontinuous

stirrups from corrosion, complete spalling of the bottom cover of the concrete,

and some loss of side cover.
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Figure 3: Complete loss of section on a coastal bridge girder constructed in 1946.



3.0 Specimen Design

Beam specimens in this study were designed to reflect 1950's era proportions

and details. A survey of several 1950's CRC bridges and review of pertinent

AASHTO codes of the time were conducted to obtain reasonable and

representative design parameters. Design parameters were chosen to represent

cross-sectional properties at a shear-critical section, a distance that is half of the

effective depth (d12) from the support for both simply supported spans and

continuous spans. The design parameters used to select the cross-sectional

properties were area of flexural steel relative to concrete shear contribution

(A/V), the reinforcement ratio (p), area of compression steel relative to concrete

shear contribution (A'fV), compression steel reinforcement ratio (p'), shear force

carried by stirrups relative to the concrete shear contribution (VfV), and nominal

shear resistance relative to the nominal moment capacity ( (V+V)/M). The

concrete shear resistance V was taken equal to as permitted by the AASHTO

Standard Specification 6th Edition (AASHTO, 1953). The design parameters

considered are shown in Table 1. Based on these parameters, a specimen cross-

section was designed with an effective width of 10-in, overall height of 24-in,

effective depth of 20.5-in, and p = 1.9%. The overall length of the beam was

chosen as 10-ft with an 8-ft clear distance between supports. The span to effective

depth ratio (aId) was equal to 2.04. This value was chosen so that shear would
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dominate response and provide a shear span with a manageable number of stirrups

to corrode.

Design
Parameters

Simply Supported Span
mm. average max.

Continuous Span
mm. average max.

A3 I V 9.8% 16.07% 22.9% 14.4% 15.5% 16.7%

p 1.14% 1.88% 2.63% 1.7% 2.35% 3.0%

A'3/V 0.65% 1.22% 2.1% 3.6% 4.87% 6.6%

p' 0.07% 0.14% 0.22% 0.39% 0.9% 1.82%

V3/V 70.2% 152.2% 193.5% 48.8% 103.3% 145%

V3+ '/3/ M 7.3% 9.57% 10.9% 5.9% 10.8% 18.9%

Table 1: Specimen Design Parameters

Three different cross sectional shapes were tested as shown in Figure 4. Specimen

Type I was a rectangular cross-section and was used to study the influence of

stirrup spacings of 8, 10, and 12-inches. Section Types 11/111 included a deck slab.

The effective width of the deck (be) was determined using the 6th Edition

AASHTO Standard Specification (AASHTO, 1953) and was controlled by the

span length (L/4). Type I and II specimens reflect shear in the positive moment

region of a beam, while the Type III specimens reflect shear in the negative

moment region, such as at continuous support locations as illustrated in Figure 5.

Specimen Types II and III were all constructed with 10-inch stirrup spacing only.

All beams have the bottom layer of flexural steel anchored using a standard hook

to prevent pull-out failure of the tension steel. Flexural steel was epoxy-coated to

isolate corrosion to the stirrups within the test span. The stirrups within the test

section were plain black reinforcing bars with epoxy applied to the top bend

locations where an electrical connection was made. This was done to prevent

corrosion and preclude anchorage failure of the stirrup at the top of the beam.
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Stirrups within the uncorroded portion of the specimen were epoxy coated and

spaced at 6-in to force failure in the test span. Beams were identified with a

number and letter designation: the first number indicating stirrup spacing, a letter

corresponding to the cross sectional geometry and a final letter corresponding to

the corrosion damage state. For example, Specimen 1 ORA was a rectangular

section with 10-inch stirrup spacing and a damage state of A.

The concrete mix design was intended to represent a vintage 1950's 3000-psi

mix and contained no admixtures. Mix proportions are shown in Table 3 and were

provided by a local ready-mix supplier. Chlorides were added to the mix using

reagent grade sodium chloride (NaCI) that was dissolved in water and then added

to the concrete. The amount of NaCl added was 8.24 lb/yd3 to obtain a C1 level of

5 lb/yd. Specimens were cast from three batches, wet cured for a period of seven

days, and then permitted to dry cure for a period of 28-days. After at least 28-days

of curing, the accelerated corrosion process was started. The 28-day curing

permitted the concrete to achieve the design strength, so corrosion cracking would

be representative of field conditions and not be influenced by time varying

concrete strength.

Beam Dimensions
Beam

h b b d A, ç d' A', f' s A
Type

JL L JL Z! JL' ''__JL
1 10 20.5 1.9 1.7 8,10,12
II 24 24 10 20.5 1.9 3.95 72 2.5 1.2 70 10 0.4 64
III 24 21.5 1.8 1.7 10

Table 2: Beam cross-sectional properties.
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Type I Cement 520 Ib/yd3

Water 300 Ib/yd3

3/4 Coarse Aggregate 1730 Ib/yd3

Fine Aggregate 1364 Ib/yd3

Reagent Grade NaCI 8.24 Ib/yd3

Table 3: Concrete Mix Design
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4.0 Experimental Program

4.1 Accelerated Corrosion of Stirrups

After curing, specimens were subjected to accelerated corrosion. The 1 OR

series was corroded to achieve four damage states. The 8R and 1 2R series

were tested at two damage states. Series 1 OT and I OIT were tested at three

damage states. State A corresponds to a beam with no corrosion damage.

Damage state B (Light) corresponds to an approximate average nominal

section loss of 12%. Damage state C (Moderate) corresponds to an

approximate average section loss of 20%. The final damage state, D (Severe),

corresponds to a nominal average section loss of approximately 40%.

Specimens and their corresponding corrosion damage states are summarized in

Table 4

Beam
Cross

Section
Stirrup
Spacing

Corrosion
Level

8RA I 8 None
1ORA I 10 None
I2RA I 12 None
iOTA II 10 None
1OITA III 10 None
1ORB I 10 Light
1ORC I 10 Moderate
1OTC II 10 Moderate
1OITC III 10 Moderate
8RD I 8 Severe
lORD I 10 Severe
12RD I 12 Severe
1OTD II 10 Severe
1OITD III 10 Severe

Table 4: Specimen Designation
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The accelerated corrosion process was conducted using a corrosion cell to

pass current through the stirrups within the test span. The corrosion cell

consisted of a 14 gauge galvanized wire mesh with 1/4-inch spacing in both

directions acting as the cathode, and placed on the sides and bottom of the

beams. The stirrups, #4 rebar, acted as the anode and were connected in series

to a current supply. A wetted cotton towel was placed between the galvanized

wire mesh and the concrete surface to provide electrical contact and to

maintain low resistivity of the concrete. The cotton towel also allowed oxygen

to diffuse to the concrete. Automated pumps circulated water over the

specimen to maintain wetting and drying cycles. A schematic of the corrosion

cell is shown in Figure 6. Current was impressed through the stirrups at a

constant current density of 9.83-mA/in3. The current passing through the

stirrups was updated daily to maintain the current density even as the bar area

was reduced due to corrosion, the prediction of the corrosion rate is shown in

Figure 7. The current density was sufficiently high so as to provide a

reasonably fast corrosion time.
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The current required for the stirrups and the section loss were determined

using Faraday's Law for a cylinder. The applied current was determined as

follows:

= desired 2jrLr,1 [4]

where I is the applied current [mA], desired is the current density [mAim2]' L is

the exposed rebar length [in.], rti is the old rebar radius [in.] at time t-1. From

Eq 4 the actual current density at time t [hr.] was calculated as follows:

i=
II

[5]
2irLi

the new radius, r1, was calculated by:

r, =r 8.0856x106i1(t, -t1) [6]

where t, is the new time. The section loss was then calculated at time t as

follows:

%SL=IOOT02TI [7]

where r0 is the original radius of the stirrup measured using the whole length of

the bar. A data acquisition program was written to automatically calculate and

update results of Equations [4] to [7] to provide the required current.

4.2 Visual Damage Assessment

During the accelerated corrosion process, cracks produced from corrosion

were mapped and recorded. Areas of delaminations and spalls were also

recorded. Prior to testing, all beams were given a final inspection and were
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rated according to Oregon Department of Transportation and federal inspection

guidelines. All rating information was taken from the Oregon Department of

Transportation Bridge Inspection Pocket Coding Guide (ODOT, 2001). To

ensure the specimen rating was consistent to field practice, ODOT inspection

personnel provided independent ratings for initial specimens. The items that

were rated for this study relate to beam elements only and included: Item #12

"Concrete Deck-bare", Item #110 "Open Girder/Beam", Smart Flag #358

"Deck Cracking", Smart Flag #359 "Soffit Cracking". A description of these

elements and the range of rating values are shown in Table 5. All elements,

except for Item #12, are assigned a number and then percentage that represents

the area affected. Item #12 is only rated with a number. For example, a beam

with severe damage on only half of the span would be rated for Item #110 as:

4-50%.

Item Description
Rating

Best Worst
#12 Concrete Deck-bare 1 Little/No Dange 5 Significant Darmge

#110 Open Girder/Beam 1 Little/No Darmge 4 Advanced Deterioration

#358 Deck Cracking 1 Deck Cracked 4 Large Unsealed Cracks

#359 Soff it Cracking I Little/No Cracking 4 Severe Rust Stainging/Spalling

59 Superstructure 9 Excellent Condition () Failed Condition

Table 5: Description of inspection Rating Items (ODOT, 2001).

4.3 Structural Test Setup

Once beams reached the desired corrosion damage state, they were

removed from the corrosion cell and tested to failure. Beams were tested in a

four-point loading configuration with the load applied through a spreader

beam. Load application points near the center of the specimen were spaced
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12-inches apart. Load was measured with a 300-kip capacity load cell placed

between the spreader beam and hydraulic cylinder. Displacement at midspan

of the beam was measured at middepth of the section. Deformation of the

supports was measured using displacement transducers placed on top of the

support plates. Support deformations were then subtracted from the midpsan

displacement to determine the specimen deformation. Rotations were

measured using bi-axial tilt sensors located at supports. Concrete stresses were

measured using clip-gages at two locations: the compressive face at midspan

between the load points, and diagonal concrete stress within the corrosion test

span. Strain gages were placed at midspan on the longitudinal steel on one

side of the beam face. Strain gages were also placed on the stirrups at

midheight for all "A" specimens. Crack widths were measured three ways:

displacement transducers were placed in the test span on diagonals to measure

total deformation in the section, small displacement transducers were mounted

across shear cracks after formation, and at each load step after formation of

shear cracking with a visual crack comparator. The test setup and

instrumentation placement is shown in Figure 8. Loading progressed with two

initial cycles from 0 to 1 0-kips to ensure data was being properly acquired.

After verification of data collection, the load was increased monotonically

until failure. Loading was suspended at 25-kips intervals to mark and measure

cracks.
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4.4 Rebar Section Loss Measurement

After testing, stirrups that were located in the failure region were

removed from the beams to determine the actual amount of section loss

and extent of corrosion damage. After removal from the beams, the

stirrups legs were cut into manageable pieces (a length of about 16-in)

and cleaned in accordance with ASTM G1-99 (2001). The corrosion

damage was quantified to determine both average and local maximum

cross-sectional area loss. Average section loss was determined by the

gravimetric method. The gravimetnc method determines the volume

of the bar by weighing the specimen in air and then in water, the

difference divided by the specific gravity of water is the volume of the

specimen. The area is then determined by dividing by the length of the

specimen. Local maximum section loss was determined using a

contour gage. The contour gage is used to determine that local area by

using the gage to get the contour of the specimen and then transferring

the measured contour to graph paper where the area can be determined.

This method was used over vernier calipers based on the fact that the

calipers do not accurately determine the area of a bar that has localized

corrosion.
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5.0 Test Results and Discussion

5.1 Corrosion Damage Assessment

Based on visual inspection, initial cracking due to corrosion was

determined. The amount of section loss at initial cracking was estimated from

the theoretical section loss by Equation 7. The mean of all specimens

indicated initial cracking at a nominal average section loss of 2.9%, and was

not dependent on the concrete compressive strength. This is shown by looking

at I 2RD and the 1 OR series; even though the stirrups spacing was closer for

the I 2RD beam the beam cracked at a lower section loss level even though the

concrete strength of the 1 2RD was less than the 1 OR series by 1000-psi.

However, the percent section loss at first cracking did vary with stirrup

spacing. Closer spaced stirrups produced cracking at smaller section loss (8RD

at 1.8%, 12RD at 3.5%). The nominal percent section loss and calculate radius

reduction at first cracking for all specimens are shown in Table 6.

Beam
[psil

28-day
Initial Cracking

% Section Loss Radius Loss Imilsi
8RD 3950 1.8 2.3
1ORB

4950
3.0 3.8

1ORC 3.3 4.2
lORD 3.1 3.9
12RD 3950 3.5 4.5
1OTC

5050
3.0 3.8

1OTD 2.1 2.7
IOITC 4950 2.9 3.7
1OITD 3.1 3.9

Table 6: Section loss at first cracking
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The observed corrosion cracking patterns were consistent for all

specimens. Initially, cracks occurred in the fascia of the beam, and then

propagated to the top and bottom of the beam. As the initial cracks grew,

additional cracking occurred around the stirrups forming a triangular or wedge

shaped incipient spall. A longitudinal crack propagated at or near the location

of the longitudinal steel although the flexural steel was not corroding. Typical

cracking and delaminations patterns are shown in Figure 9 at the severe

damage state D. The widest corrosion crack recorded prior to structural testing

was 0.04-inches.

While there was significant section loss, extensive cover cracking,

delaminations, and rust staining, no major spalling occurred. It was expected

that the concrete cover would fall away from the concrete, particularly at

higher damage states. Sounding of the concrete was regularly conducted by

tapping the surface with a hammer. Significant areas of delaminations were

noted and some small areas of spalling were observed, but there were

sufficient areas of contact to keep the cracked concrete cover attached to the

beam. It is anticipated that the concrete cover would tend to spall under live

loading, which would vibrate the structure and shake off loose concrete pieces.

Following structural testing, the specimens were dissected and corroded

stirrups were removed to analyze the degree of corrosion. The amount of

concrete damage based on the extent of rust staining indicated significant loss

of bond between the stirrups and concrete. Damage to the concrete from
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corrosion was confined to the cover regions. Based on the visual distress after

the tests, it is believed that the lack of anticipated spalling did not alter the

performance of the beams because the cover concrete was delaminated and the

effect of the corrosion cracking was noticeable after failure of the beam.

Powder samples of concrete were taken from 28-day cylinders and the

"A" specimens in order to determine the actual chloride content of the concrete

in accordance with AASHTO T260-94 (1994). The values were averaged to

describe the chloride contents of the other beams. Individual beam samples

from the corrosion series were not used because during the wetting and drying

cycles, chlorides could be introduced to or leached from the beams. Summary

results of the sample chloride contents can be found in Table 7.

Type
Corrosion

Damage
Chloride Content

Flb/vd3l

BR A
5.3

D

1OR A

4.3
B

C
D

12R A
5.3

D

lOT A
6.2C

D

1OIT A 5.3
C

4.3
D

Table 7: Summary of chloride contents for specimens



Figure 9: Typical corrosion crack pattern for 1OR Series.
Delaminations Spall
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The ratings of the beams were fairly consistent between the different beam

series. Even though it was known from monitoring the current passing

through each stirrup that the specimens had undergone significant corrosion

damage, the rating values of the specimens were not severe. The lowest NBI

Item #59 rating that was given was a 4/3. This specimen, 1OITD, had areas of

spalling with significant delaminations and severe rust staining. Most of the

corroded beams were given an Item #59 rating of 5 or 4. The other significant

rating characteristic was for Item #110. For all specimens, rating was 3-100%,

meaning evidence of corrosion was present on the test section. The ratings for

all of the specimens can be found in Table 8.

Beam
Condition Assessment

# 12 # 110 # 358 # 359 NB! (Item 59)
SRA NA 1.100% NA NA 9

8RD NA 3-100% NA NA 4

IORA NA 1-100% NA NA 9

IORB NA 3-100% NA NA 5

IORC NA 3-100% NA NA 5/4

101W NA 3-100% NA NA 4

I2RA NA 1-100% NA NA 9

121W NA 3-100% NA NA 4

IOTA 1 1-100% 1-100% 1-100% 9

IOTC 2 3-100% 1-50% 2-50% 5

1OTD 2 3-100% 2-50% 4-50% 5

IOITA 1 1-100% 1-100% 1-100% 9

IOITC 2 3-100% 2-50% 3-100% 4

IOITD 3 3-100% 1-25% 5-100% 4/3

Table 8: Summary of NB! / ODOT inspection ratings
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5.2 Structural Performance

5.2.1 Rectangular Series

Load-displacement responses for the rectangular beams with 8-

in stirrup spacing are shown in Figure 10. Specimen 8RD was

subject to severe corrosion damage and showed a capacity loss of

20% and a loss of ductility of 37% compared to the uncorroded

specimen. The maximum load was obtained just prior to fracture of

stirrup S2. Stirrup fracture occurred at the bottom bend location due

to severe section loss. The largest shear crack width measured on the

beam web prior to failure was 0.02 inches. The cracking patterns for

the two beams at failure are shown in Figure 11, with the heavier line

weight representing the failure crack. After failure, the stirrups

crossing the failure crack (3 stirrups) were removed to determine the

average and maximum local section loss. The average section loss

was 29%, and is defined as average section loss of all stirrups that

cross the failure crack. The maximum section loss was 64% and is

defined as the maximum section loss of all stirrups in the failure

region regardless of where it occurs on the stirrup leg. Section loss

measurements for all removed stirrups (Si, S2, S3) are shown in

Table ii. The concrete was also examined to assess the damage.

Corrosion damage could be discerned from load induced damage

based on rust staining. The close spacing of the stirrups caused
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cover cracking from corrosion at individual stirrups to overlap, and a

majority of the side cover was delaminated. This reduced the

effective width of the beam. The total deformations along the

diagonals that cross shear cracks within the two instrumented regions

are shown in Figures 12 and 13. The figures show that the corroded

beam cracked in shear at a higher load than that of the pristine

specimen. Specimen 8RA showed no signs of shear cracking in

panel 2 until just before failure. The behaviors in terms of total

deformation for panels 1 and 2, for 8RD, were similar.

The load-displacement behaviors for rectangular beams with

10 inch stirrup spacing are shown in Figure 14. The four beams in

this series showed a continual decrease in capacity with the higher

damage states. The beams not only lost strength capacity but

ductility as well. The loss in capacity for the corroded beams was

12%, 19%, and 30% for specimens 1ORB, 1ORC, and lORD,

respectively. The ductility loss for this series was 21%, 36%, and

33%, respectively, for damage states B, C, and D. The maximum

load for specimens 1 ORA and B were obtained before the beams

failed due to shear-compression failure of the concrete. The

maximum load for 1ORC and D were obtained prior to fracture of

stirrup S2 and S3, respectively. The stirrup in 1 ORC fractured at a

point above the flexural steel due to severe section loss. The
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maximum crack width measured prior to failure was 0.025 inches

and occurred at the location of the bar fracture. Stirrup S3 in lORD

fractured at point of severe section loss at a point below the

compression steel. Crack maps for the 1 OR Series are presented in

Figure 15, with the heavier line representing the failure crack.

After failure, the stirrups that crossed the critical crack (2 stirrups)

were removed to determine the average and local maximum section

loss. The average of the 2 stirrups in the critical region for

specimen 1ORB is 13%, while the local maximum was 34%. For

specimen 1ORC the average section loss was 23% and the local

maximum was 61%. For the severely corrosion-damaged

specimen, lORD, the average section loss was 32% while the local

maximum section loss was 100%. The section loss measurements

for all stirrups for the 1 OR series are shown in Table 11. The

concrete was examined after failure to assess damage from

corrosion. The spacing of the stirrups was sufficient so that the

corrosion cover cracking just overlapped and that wedge shaped

pieces of side cover were delaminated. Measured crack widths did

not vary significantly between different specimens in this series

except for 1ORC, where the maximum crack width occurred at a

fractured stirrup location. The total deformation along the

diagonals that cross the shear cracks is shown in Figures 16 and 17.
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The total deformations continually decreased for specimens 1 ORA

to 1ORC. This trend changed for lORD, where the cracks within

both panels were quite wide. The crack widths tended to be wider

than those observed for the undamaged specimen even though the

severely damaged specimen fails at 30% less load.

The load-displacement behaviors for rectangular beams with

12-in stirrup spacing are shown in Figure 18. Specimen 12RD was

subject to severe corrosion damage and showed a capacity loss of

10.5% and a loss of ductility of 18%. The maximum load was

obtained just prior to fracture of stirrup Si. The stirrup fractured at

the location of the shear crack. The maximum crack width

measured prior to failure was 0.06 inches and occurred at the failure

crack location where the stirrup was completely corroded away.

Cracking patterns for the two beams of the series are shown in

Figure 19. After failure, the stirrups (2) that were crossed by the

critical crack were removed to determine the average and maximum

local section loss (34% and 100%, respectively). The section loss

measurements for all of the stirrups (Si, S2) are summarized in

Table 11. The concrete was examined, and it seemed that the wide

spacing of the stirrups prevented the corrosion cracking from

overlapping. The concrete damage was small compared to the

section loss of the stirrups, and stirrup S2 had complete section loss
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on one leg and the beam was able to sustain the load until stirrup Si

fractured causing failure. The total deformations along the

diagonals that cross the shear cracks within the two instrumented

regions are shown in Figures 20 and 21. Specimen 1 2RD cracked

at a higher load than the 1 2RA specimen. The maximum

deformations for both panels were similar with only a small

increase in panel 1 for the corroded specimen. Due to the widely

spaced stirrups, the concrete contribution to shear capacity is

somewhat larger for this series than the previous groups.

Overall, the performance of the rectangular series was

dependent on stirrup spacing. The 8R and 1OR series exhibited

similar capacities. The remaining capacity for the severely damage

(D) specimens for both of these series was 79% and 70%,

respectively. The similar behavior of these two series can be

attributed to the similar extents of corrosion damage that occurred

to the concrete in the test span and the stirrup contribution to shear

capacity. The cover cracking for both these series specimens was

close enough to overlap and thus delaminations of significant

portions of the concrete were produced. The severely corroded

specimen with 12-inch stirrup spacing exhibited a capacity loss of

only 10%. This small reduction was due to concrete cover damage
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from the stirrup corrosion that did not overlap and the lower relative

contribution to strength from the stirrups.
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5.2.4 lOT Series

The load-displacement behaviors for 1-beams with 10 inch

stirrup spacing are shown in Figure 22. Specimen 1OTC was

subject to moderate corrosion damage and showed a capacity loss

of 26Ô/0 and a loss of ductility of 38%. The maximum load was

achieved just prior to fracture of stirrup S2; prior to this, stirrup Si

had fractured. Stirrup Si fractured at the bottom corner bend due

to severe section loss from corrosion, while stirrup S2 fractured

near the top layer of the flexural steel. The maximum crack width

measured prior to failure was 0.04 inches. Specimen 1OTD

showed a capacity loss of 6% and showed no significant loss of

ductility. Beam 1OTD failed after fracturing stirrup Si at the level

of the top layer of flexural steel. Cracking patterns for the three

beams of the series are shown in Figure 27. After failure, the

stirrups that were crossed by the critical crack were removed to

determine the average and maximum local section loss. The

average and maximum section loss for 1OTC was 20% and 73%,

respectively. The severely corrosion-damaged specimen had an

average section loss of 33% and a local maximum section loss of

100%. The section loss measurements for all of the removed

stirrups are shown in Table 11. The corrosion damage that

occurred to the concrete was similar to that for the 1 OR series. The
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deck portion of the beams developed cracks from corrosion but no

delaminations or spalling was observed. The capacity loss of the

moderately damaged T-beam was greater than that of the severely

damaged specimen due to the adverse locations of the maximum

section loss on the stirrup legs. Even though stirrup S2 of

specimen 1 OTD had undergone complete section loss, the critical

crack crossed the stirrup at an area where there was relatively little

section loss. Since both of the stirrups in 1 OTC had fractured due

to severe section loss at areas where the critical crack crossed, the

beam failed at a lower load. The total deformation along the

diagonals that cross the shear cracks for the 1 OT Series did not

change due to corrosion damage, as shown in Figures 24 and 25.
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5.2.5 1OIT Series

The load-displacement behaviors for the inverted T-beams with

10 inch stirrup spacing are shown in Figure 26. Specimen 1OITC

was subject to moderate corrosion damage and showed a capacity

loss of 5% and a loss of ductility of 9%. Specimen 1OITC failed

due to shear-compression failure of the concrete. The maximum

crack width measured prior to failure was 0.025 inches. Specimen

1OTD showed a capacity loss of42% and a ductility loss of 24%.

The beam failed upon fracture of stirrup S3. The stirrup fractured

approximately 3 inches below the deck soffit. Cracking patterns

for the three beams in the series are shown in Figure 27. Average

and maximum section loss of the stirrups was measured for I OITC

at 17% and 20%, respectively. The severely corrosion-damaged

specimen, 1OITD, had an average section loss of 36% and a local

maximum section loss of72%. The section losses measured for all

removed stirrups are shown in Table 11. The corrosion damage

that occurred from the concrete was again similar to that of the 1OR

series. The deck developed large cracks from corrosion but no

delaminations or spalling was observed. Cracks formed on I OITC

and I OITD along the flange web interface. The total deformations

along the diagonals that cross the shear cracks for the 1OIT Series

are shown in Figures 28 and 29. The total deformation for the



44
inverted T-beams changed due to corrosion damage. The

maximum crack width for the heavily corroded beam was less than

that for the moderately damaged beam. Specimen 1 OITD first

showed signs of shear cracking that propagated quickly to failure.
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Beam
Type

Corrosion
Damage

Stirrup
Fracture

Load skips)
PEX? VEX?

A (in)
Percent

Capacity

8R A 4250 NO 267 133.5 0.47 100.0

D YES 212 106 0.39 79.4

IOR A

4850

NO 260 130 0.4 100.0

B NO 228 114 0.32 87.7

C YES 210 105 0.29 80.8

D YES 182 91 0.27 70.0

12R A 4300 NO 220 110 0.47 100.0

D YES 199 99.5 0.35 90.5

lOT A
5300

NO 283 141.5 0.44 100.0

C YES 210 105 0.33 74.2
D YES 265 132.5 0.43 93.6

JOlT A
4650

NO 270 135 0.4 100.0

C NO 257 128.5 0.453 95.2
D YES 158 79 0.32 58.5

Table 9: Beam test summary tables.

Beam

Type

Corrosion
Damage

EXP

Ikipsi
A (ml

VEX? @ First

Shear Crack
5O%Vxr

lkipsJ

Wcr (5O%VE,u.)

(in)

75%EX?
Ikips)

W, (75%VEXJ.)

(in)

8R A 133.5 0.47
62 5

0.016
100

0.025

D 106.0 0.39 62.5 0.008 0.01

IOR A 130.0 0.4 50.0

62 5

0.013

100

0.02

B 114.0 0.32 75.0 0.008 0.02

C 105.0 0.29 62.5 0.008 0.025

91.0 0.27 50.0 0.008 0.016

12R A 110.0 0.47 37.5
50

0.008 0.02

D 99.5 0.35 50.0 0.01 0.03

lOT A 141.5 0.44 50.0
75

.013(+)
100

.016(+)
C 105.0 0.33 75.0 .016(-) 0.04

D 132.5 0.43 62.5 0.016 0.03

IOIT A 135.0 0.4 37.5
75

0.016
100

.02(+)
C 128.5 0.45 75.0 0.008 0.025

D 79.0 0.32 50.0 0.008 0.06

Beam failed bet oce 75-% V. Crack width taken at

maximum at load step before failure

Table 10: Summary of crack widths.



5.3 Section Loss Measurement and Corrosion Products

Typical rebar damage states used in this study are shown in Figure 30. All

corrosion damaged rebar exhibited significant areas of pitting. States B and C

generally exhibited localized areas of section loss with only limited uniform

loss along the length. Corrosion damage state D showed significant localized

and uniform section loss and in many cases this damage state resulted in

complete section loss at locations. On all stirrups the corrosion section loss

was concentrated at the outside facing surface of the stirrup. For light and

moderate corrosion specimens (B and C), the section loss tended to

concentrate along the longitudinal rib. For moderate and severe damage states

(C and D), both the longitudinal and transverse ribs on the rebar were

significantly eroded. Typical examples of corrosion damage with areas of

complete rebar section loss at crack locations identified after testing are shown

in Figure 31. Fractures occurred at areas of significant section loss. Areas

noted to have fractured at areas if localized section loss are shown in Figure

32. The most common locations for uniform section loss were at the top and

bottom bend regions and can be seen in Figure 33.



Figure 30: Different conosion levels (From top to bottom, A (Original), B (Light),
C (Moderate), D (Severe)).

Figure 31: Completely corroded stirrup in bottom third of beam where shear crack
formed.
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Figure 32: Fractured stirrup near flexural tension steel.

Epa'y Coating

Corn p!ete Section Loss

Figure 33: Typical areas of section loss to shear stirrup.
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Immediately after strength testing, corrosion products were collected for

examination using X-ray diffraction (XRD). Various iron oxide mineral species

were found including magnetite (Fe304), akagenite (13-FeOOH), goethite (a-

FeOOH), lepidocrocite (y-FeOOH), and wuestite (FeO). The desired corrosion

product, iron oxide Fe(OH)2, has a higher volume ratio than most of the other iron

oxide mineral species that were found except for the akagenite. This difference in

volume expansion ratio may be another factor that contributed to the lack of the

concrete cover spalling. The formation of magnetite and goethite is common in

RC and occurs when the availability of oxygen varies, with magnetite forming

when oxygen is limited and goethite when ample oxygen is available.

The corrosion section loss for each beam is reported three ways: (1) the

average of all stirrups, (2) sum of maximum local section loss, and (3) maximum

local section loss. Section loss measurements were for those stirrups that crossed

the failure crack and are summarized in Table 12. The percent section loss was

calculated based on the nominal area for a #4 bar (0.2 in2). The amount of section

loss can be quite different depending on the method chosen to quantify it. Even if

a stirrup shows little section loss when measured using the average method, it

could have a deep pit and/or a small area of extreme section loss that can lead to

premature failure of the element. For example, specimen I OTC failed due to

fracturing of two stirrups at locations of extreme section loss. The beam

represented an intermediate damage state, and when quantifying the section loss

based on the average value the section losses were 21% and 18% for stirrups SI
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and S2, respectively. When determining the section loss based on local maximum

the percent section losses were 62.5% and 73%, respectively.
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çeanm
Fu?1 %S1ion loss

IocI Miiinuu
Ansi 1m21 %1ion loss

Ioc /Aue
Ansi Fin1 %SectiOflli5

8I4
0.147 26.7 0.110 45.0 0.75 1.69

0.112 44.0 0.072 64.0 0.64 1.45

S3-1 0.151 243 0.145 27.5 0.96 1.13

53-2 0.151 24.6 0.134 33.0 0.89 1.34

54-1 0.153 23.5 0.106 47.0 0.0) 200
54-2 0.139 304 0.008 51.0 0.70 1.68

lo'

S2-1 0.172 140 0.140 30.0 0.81 215
52-2 0.175 127 0.156 220 0.89 1.73

S3-1 0.177 11.7 0.127 36.5 0.72 3.13

S3-2 0.171 146 0.128 36.0 0.75 247
ioic________

S2-i 0.158 2f9 0.155 225 0.98 1.08

52-2 0.142 2&9 0.078 613 0.54 212
S3-1 0.161 19.7 0.144 28.0 0.90 1.42

S3-2 0.154 23.0 0.121 39.6 0.79 1.72

52-1 0.125 37.5 0.000 100.0 0.00 267
52-2 0.112 43.9 0.046 77.0 0.41 1.76

S3-1 0.174 133 0.162 19.0 0.93 1.43

S3-2 0.183 8.5 0.158 21.0 0.86 247

si-i 0.144 27.8 0.102 49.0 0.71 1.76

Si-2 0.133 333 0.133 33.5 1.00 1.01

52-1 0.115 423 0.000 100.0 0.00 236
S2-2 0.137 31.6 0.010 95.0 0.07 3.01nRc__
si-i 0.143 28.7 0.089 55.5 0.62 1.93

Si-2 0.172 142 0.075 625 0.44 4.40
S2-1 0.191 4.3 0.054 73.0 0.28 16.98

52-2 0.137 31.4 0.148 26.0 1.08 0.83

lifiD
S2-1 0.145 273 0.105 47.5 0.72 1.74

S2-2 0.114 432 0.000 100.0 0.00 231
53-1 0.167 16.4 0.149 25.5 0.89 1.56

53-2 0.113 43.6 0.000 100.0 0.00 229

52-1 0.159 203 0.142 29.0 0.89 1.43

52-2 0.167 16.4 0.145 27.5 0.87 1.68

S3-1 0.165 17.8 0.148 26.0 0.90 1.46

S3-2 0.170 15.2 0.149 25.5 0.88 1.68

loril)

52-1 0.000 54.9 0.056 72.0 0.62 1.31

52-2 0.149 25.5 0.113 43.5 0.76 1.71

S3-1 0.153 23.4 0.123 38.5 0.80 1.65

53-2 0.121 39.6 0.067 66.5 0.55 1.68

Table 11: Average and local maximum section losses for stirrups crossing the
failure crack.
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Beam
Type

Corrosion
Damage

Measured Area in2J Percent Section Loss
1 2 3 1 2 3

8R A 0.20 0.60 0.20 0.0 0.0 0.0
D 0.142 0.304 0.072 28.9 49.3 64.0

1OR A 0.20 0.40 0.20 0.0 0.0 0.0
B 0.174 0.267 0.127 13.2 33.3 36.5
C 0.154 0.198 0.079 23.1 50.4 60.5
0 0.148 0.158 0.0 26.0 60.5 100.0

12R A 0.20 0.40 0.20 0.0 0.0 0.0
D 0.133 0.102 0.0 33.8 74.5 100.0

lOT A 0.20 0.40 0.20 0.0 0.0 0.0
C 0.161 0.129 0.054 19.7 67.8 73.0
D 0.135 0.00 0.0 32.6 100.0 100.0

1OIT A 0.20 0.40 0.20 0.0 0.0 0.0
C 0.165 0.290 0.142 17.4 27.5 29.0
D 0.128 0.123 0.056 35.9 69.3 72.0

Table 12: Percent Section Loss due to Corrosion (Section Loss: 1=Average of all
stirrups in test span, 2=Sum of Local Maximum for all stirrups in test span, 3=

Local Maximum Section Loss).

5.4 Capacity Loss Determination

The amount of capacity loss was compared to the amount of stirrup section

loss using the three methods described previously. The 1 OR Series capacity loss is

shown in Figure 34 and compared against the 16th Edition of the AASHTO

Standard Specification (AASHTO, 1996) equations for shear resistance:

[8]

V=2.[jbd [9]

vfyd [10]
S

Using average section loss to characterize the beam gives a degradation curve

that appears quite severe. It is unlikely that the subtle change in area from 24% to

26% would cause such a dramatic drop in shear capacity. The second method uses
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the sum of the local maximum section losses for the two critical stirrups. Here

also, the response appears to be nonlinear with large decreases in shear capacity

with small increases in section loss. By using the maximum section loss within

the critical section (Method 3) the shear capacity drop off becomes linearly related

to the local maximum section loss. The slope of this line fits well with the AC!

approach assuming that only the area of the stirrups decreases.

The effect of stirrup spacing and cross-sectional shape on shear capacity loss is

compared using the three section loss calculation methods: average, sum of local

maximums, and local maximums. The capacity loss was normalized for all beam

series. The percent capacity was determined by dividing the maximum shear force

for the corroded specimen by the maximum shear force from the corresponding

uncorroded specimen (A), as shown in Table 13. The percent capacity using

Method 1 is shown in Figure 35. This method gives significant capacity reduction

at small values of percent section loss. However, the average section loss

measurement was not representative of the damage that occurred to the stirrups,

particularly due to debonding. Method 2 showed a reasonable trend for the

capacity loss as shown in Figure 36. Method 2 better represents the critical stirrup

damage that occurred. Method 3 results are shown in Figure 37 and trends are

similar to Method 2. Two of the beams, lORD and 12RD, were significantly

different due to the fact that both beams had one stirrup that had undergone more

section loss than the other stirrup that was deemed critical. The percent change in

deflection versus Method 3 is shown in Figure 38.
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Beam
Type

Corrosion
Damage V Ikipsi

.

A t'nI
Percent Section Loss V14

1 2 3 V,(no corrosion)
8R A 133.5 0.47 0.0 0.0 0.0 100.0

D 106.0 0.39 28.9 49.3 64.0 79.4
1OR A 130.0 0.40 0.0 0.0 0.0 100.0

B 114.0 0.32 13.2 33.3 36.5 87.7
C 105.0 0.29 23.1 50.4 60.5 80.8
D 91.0 0.27 26.0 60.5 100.0 70.0

12R A 110.0 0.47 0.0 0.0 0.0 100.0
D 99.5 0.35 33.8 74.5 100.0 90.5

lOT A 141.5 0.44 0.0 0.0 0.0 100.0
C 105.0 0.33 19.7 67.8 73.0 74.2
D 132.5 0.43 32.6 100.0 100.0 93.6

1011 A 135.0 0.40 0.0 0.0 0.0 100.0
C 128.5 0.45 17.4 27.5 29.0 95.2
D 79.0 0.32 35.9 69.3 72.0 58.5

Tabie 13: Percent capacity due to corrosion damage compared against three
section loss methods (1=Average of all stirrups in test span, 2=Sum of Local

Maximum of all stirrups in test span, 3=Local Maximum Section Loss).
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Figure 34: Shear capacity versus section loss plot for 1 OR Series.
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Figure 35: Percent shear capacity versus average percent section loss plot.
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Figure 36: Percent shear capacity versus sum of local maximum section loss
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Figure 37: Percent shear capacity versus Local Maximum Section Loss
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Figure 38: Deflection at VMAX versus the Sum of the Local Maximum section
losses.
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6.0 Conclusions

A research program on the structural performance of CRC beams that had

undergone corrosion damage to the embedded shear reinforcing steel was

performed. Visual signs of corrosion distress were correlated with structural

performance of CRC beams that were corroded to four damage states. Rebar

section loss was quantified using three methods. The following conclusions are

made:

. Section loss of the reinforcing steel due to corrosion was not

uniform along the length of the stirrup. Significant local pitting

damage was observed, particularly at higher damage states.

Stirrup spacing changed the extent of damage to the concrete

due to expansion of corrosion products. In areas of tightly

spaced stirrups the cover cracking overlaps and causes greater

areas of delaminations and/or spalling. When stirrups are

widely spaced, the damage to the concrete is more localized.

The locally reduced section can lead to localized yielding and

reduced ductility.

Fracture can occur at severely corroded locations on stirrups.

The location and severity of corrosion damage to the reinforcing

steel can reduce ductility and capacity of the section in shear.
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Corrosion damage occurring to the concrete is dependent on the

type and quantity of the corrosion products.

Corrosion damage reduces the ability of the stirrup to confine

the width of the shear crack(s) that crosses that stirrup.

. Shear cracking did not occur at lower loads for the corroded

specimens. This indicates that cover does not appear to be as

significant as the concrete core contribution to shear strength.

Remaining capacity of corroded beams was best described

using the maximum local section loss of stirrups within the

critical shear crack region.

. Current inspection techniques may not accurately indicate the

structural performance of CRC beams that have undergone

corrosion.

Inspections should identify stirrups within a span length equal

to the beam depth to identify sequential reduced stirrup sections

It is likely that bridge girders with significant rebar corrosion

and localized section loss may fail abruptly after shear cracking

of the concrete core.
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