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CHAPTER 1
INTRODUCTION

1.1 Reinforcing Steel Corrosion

Corrosion of reinforcing steel in concrete is a problem that threatens the
integrity of structures and shortens their service life. The problems can range
from aesthetic (concrete staining) to severe structural deterioration.
Structural problems include a reduction in steel cross-sectional area and loss
of concrete cover. The severity of these problems could lead to a structural
failure.

Reinforcement may corrode wherever structural elements are exposed to
the weather or to other environments which may attack the materials in
reinforced concrete structures. Accelerated corrosion can be expected for
structures in marine environments, in industrial or manufacturing
environments where corrosive chemicals are used, and in deicing salt
environments. The latter exposure condition is common for northern bridge
decks and parking structures. Parking garages have shown severe corrosion
due to the high concentrations of deicing salts transported by vehicles.

Corrosion can be delayed or prevented by improving the concrete quality
to decrease permeability, increasing the concrete cover, applying
waterproofing membranes, and protecting the reinforcement. The primary
means of reinforcement protection used today is epoxy-coated reinforcement.
An epoxy coating is usually fusion-bonded to the steel to prevent water and

salts from reaching the steel and to electrically isolate the reinforcement.



1.2 Corrosion of Reinforcement in Concrete
Corrosion of reinforcement is an electrochemical process and is shown
schematically in Figure 1.1. An electrical connection carries electrons from

the anode to the cathode

while anions are carried in o

—>
the reverse direction through h
a salt bridge. The basic Anode OH" Cathode

g
reactions for the cathode and Salt Bridge o
‘ Lot 2 "4

anode are also given in the
figure. Corrosion can occur H,0 H,0
in the presence of oxygen L i

and water, but steel is 24 .
Anode: 2[Fe(s)—> Fe( ) +20 |
normally protected by an .

. _ _ Cathode: O, + 2H0 +4e'—>40H( -
oxide film that exists on the

. Net: 2Fey + O, + 2H0 —> 2Fe(OH),
surface. Chlorides, however,
can assist and accelerate the Figure 1.1: Electrochemical Corrosion
corrosion process. Chloride ions act t0 break down the oxide coating and
open a path for water and oxygen to reach the steel.

Corrosion of reinforcement in concrete can occur by either macrocell or
microcell action. Both methods involve the same corrosion processes as
discussed above. Microcell

corrosion acts on one piece of steel
Cathode

where sections become anodes and Anode
the rest of the bar becomes the =~ =~

cathode as shown in Figure 1.2(a).

The anode is created if there is a Figure 1.2: Microcell Corrosion
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break in the oxide coating; the electron transfer occurs internally through the
steel.

Macrocell action occurs by a galvanic cell being set up within the concrete
member. The cell can be set up in structural members and systems such as
a bridge deck shown in Figure 1.2(b). In macrocell action, the cathode and
anode are separated. The top mat of reinforcement becomes the anode while

the bottom mat becomes

the cathode. The 2H20 za' 202
electrical connection is |
Ancds |||

achieved by stirrups #
which connect the mats %’H' l‘ Ll" A

stimup
together for the transfer Sahode | ||
of electrons. The salt - i

bridge is formed by the g % S
moist concrete which is Figure 1.3: Macrocell Corrosion
called the electrolyte. Water, oxygen, and chlorides from deicing salts are
sufficient ingredients for corrosion to initiate.

Corrosion protection can be achieved through the use of coatings. The
anode can be protected or covered to prevent both microcell and macrocell
action. An example is epoxy-coated reinforcement which prevents water and
chiorides from reaching the steel. Another method is cathodic protection
which forces another metal to become the anode while the steel is converted

to a cathode. An example of a sacrificial anode is a zinc coating.

1.3 Structural Problems of Coatings
The use of coatings to eliminate corrosion have a potential for creating

structural problems. Coatings place a foreign material at the interface
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between the concrete and steel which can effect the bond and bond strength.
Epoxy coating eliminates adhesion of the concrete to the bar and reduces
friction. These effects increase the splitting stresses which in turn decrease
the bond strength of reinforcement for splitting type failures. Splitting is the
most common bond failure mode due to the use of small concrete covers and
reinforcement spacings. The decrease in bond strength is not as pronounced
with pull-out failures since failure is due to shearing of the concrete by the
steel deformations. Due to the decreased bond strength, the development
length must be increased. Provisions have been made in ACI 318-89™ Section
12.2.4.3 for increasing the development and splice lengths of epoxy-coated
reinforcement. The lengths are increased by 50 percent for small covers and
spacings (covers < 3d, or clear spacing < 6d,) and 20 percent for large covers
and spacings.

Another structural problem evident from epoxy-coated reinforcement is
that the coating increases crack widths while decreasing the number of cracks.
This effect must be considered if cracking and crack widths are important
such as in water containment structures. In addition, larger cracks can allow
more corrosive material to reach the reinforcement.

Since coatings can have an influence on bond and the general behavior
of a structural element, the effects of any coating on the structural properties

of reinforced concrete sections and members must be evaluated.

1.4 Objective and Scope

The objective of the research performed in this study was to evaluate the
structural performance and corrosion characteristics of reinforcing steel coated
with a high ratio zinc silicate. Two separate studies were conducted: tests of

beams with spliced bars to determine the bond characteristics of the coated
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bars and macrocell tests to investigate the protection afforded by a high ratio

zinc silicate coating to reinforcement in a corrosive environment.



CHAPTER 2
STRUCTURAL BOND - EXPERIMENTAL PROGRAM

2.1 Introduction

Eight beams were tested to compare the bond strength of spliced
reinforcing bars coated with a high ratio zinc silicate to the bond strength of
uncoated reinforcing steel. The influence of the coating on stiffness and

crack-width was also investigated.

2.2 Design of Specimens

Beams were designed to permit comparisons with previous testst”
performed for determining bond strength of epoxy coated reinforcing bars.
The loading system was designed to produce a constant moment region in the
center portion of the specimen where the splice is located (Figure 2.1). The
test arrangement provides the most severe condition on the lap splice since
the total tension in the reinforcement is constant across the entire constant
moment region. The specimens were tested in negative bending for the
convenience of observation and for the ease in measuring the crack widths
during testing.

Tests were performed on two different reinforcing bar sizes, #6 and #11.
These two sizes were chosen since they bracket the range of the most
common bar sizes used as primary reinforcement. Bridge decks are
commonly reinforced with #6 bars while #11 bars are the largest. bars
normally used for flexural or compression members.

The splices were designed so that the reinforcement would not reach yield
prior to bond failure. If the bars yield, a comparison of bond strengths can

not be made. An 18 inch splice length was chosen for the #6 bar specimens
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while a 36 inch splice was chosen for the #11 bar specimens. The

reinforcement in the ends of the beam was well anchored.

] “— Plate
& Ram
PN 4—Reaction
o e e e e o e e e e e e e e e e e — — Bean‘
Specimen
(@) O Tie Down
Support —,, © O~ Rods
Constant Moment
 ShearSpan | Reglon _L Shear Span _I
Side Elevation
Reaction Plate
« 20 Ton Ram \
Reaction Beam
Specimen
Tie Down Rod = ' Tie Down Rod
\‘. /
Support

End Elevation
Figure 2.1: Loading System

The beam lengths were determined to accommodate the splice lengths

selected and to meet the restraints imposed by the dimensions of the reaction
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floor at the Ferguson Structural Laboratory. Since the tie-down anchors are
spaced at four foot intervals in all directions, the distance between loading
points must also be in four foot intervals. In addition to this constraint, the
cracking behavior needed to be considered in order to provide for measuring
crack widths. A crack will usually occur at the ends of the splice and directly
over the supports. In measuring the spacing and widths of cracks, it is
important to have a sufficient length between the support and the end of the
splice for a random distribution of cracking to occur.

To satisfy the constraints mentioned above, the specimens with #6 bars
were designed with a 4 ft. constant moment region and a 12 ft. span between
loading points. Six inches were added to each end to accommodate the
loading beam. The total beam length was 13 ft. as shown in Figure 2.2. The

211"

Figure 2.2: Beam Dimensions
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specimens with #11 bars were designed with a 9 ft. constant moment region
and a 20 ft. span between loading points. In order to accommodate the
loading beam, 6.5 inches were added to each end. The total beam length was
21 ft. - 1 in. as shown in Figure 2.2.

The beam cross-sections are shown in Figure 2.3. The total beam depth
for all specimens was 16 inches. This dimension was used to allow the

reinforcement to be cast in the top position (more than 12 inches of fresh

1185 & 2"
oy AE S r - =
- o™
o *° oo 00 00
3#6 3 #11
© ©
XN L 205" ]
(a): Series 1
4" 1" (@) 2
T " > r il [
x| oo (o0 0 o
oo OO CO
34#6 3#11
© o
i !
145" N B 159 )

(b): Series 2
Figure 2.3: Cross Sections

concrete cast in the member below the reinforcement). The beam depth also

corresponds to that used in previous tests.!' The actual cover and spacing
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dimensions of each specimen are tabulated in Appendix A. The constructed
dimensions were very close to the design values.

The width of the specimens was determined by the selected cover and
spacing dimensions. For the #11 specimens, the cover was set at 2 inches
which corresponds with the minimum cover required by ACI 318-89™ for
concrete exposed to earth or weather and with the recommendations for
corrosive environments. In addition, the cover corresponds with AASHTOX
requirements. The clear separation was varied for the two series of tests.
Series 1 included a 4 inch spacing since this dimension will produce either a
side split failure or a face and side split failure (Figure 2.4).0 In Series 2, a
one bar diameter (d,) spacing was used since this is the minimum spacing
allowed by the ACI code.

— A—-

S

Side Split Failure Just Before Failure

|
l

N

V-Notch Failure Face-and-Side Spiit Failure
Figure 2.4: Splitting Failure Modes

For the #6 specimens, the cover was decreased to ensure that the splice
would fail before reaching yield. Series 1 included a 1.5 inch cover witha 1

inch spacing. The spacing is the minimum allowed by the ACI code and the
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cover corresponds with the minimum cover for concrete not exposed to
weather or in contact with ground. In the Series 2 tests, the cover was further
reduced to 1 inch to study the effects of a small cover and wide spacing
between bars which would be more likely to fail in face splitting.

A summary of the specimen details is given in Table 2.1. The specimens
are identified by the initial of the reinforcement type (Black or Coated)
followed by the Series number and by the bar size (#6 or #11). As an

example, B1-6 identifies a Series 1 specimen with #6 black (uncoated) bars.

Table 2.1: Details of Beams with Lap-Splices
Specimen o L:fg]tllc: 1 C?ver Sp?cing

Type Size (in.) (in.) (in.)
B1-6 Black #6 18 15 1.0
C1-6 Coated #6 18 15 1.0
B1-11 Black #11 36 20 4.0
Ci1-11 Coated #11 36 2.0 4.0
B2-6 Black #6 18 1.0 4.0
C2-6 Coated #6 18 1.0 4.0
B2-11 Black #11 36 2.0 1410
C2-11 Coated #11 36 2.0 1.410

2.3 Materials

2.3.1 Reinforcing Steel

The reinforcing steel (coated and uncoated) used for the primary

reinforcement was obtained from the coating supplier. Both #6 and #11 bars
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were Grade 60 and had a diamond deformation pattern. All bars of a given
size were obtained from the same heat of steel to insure that both the
chemical and mechanical properties of the bars were identical. To eliminate
variations, it is important that companion specimens with coated and uncoated
bars have identical deformations. A tension test of a #6 and #11 bar
indicated a yield strength of 61,250 psi and 73,500 psi respectively.

Reinforcement required for stirrups and bottom longitudinal
reinforcement was obtained from a different supplier. Grade 60, #3 bars
were used for these purposes.

The coated steel arrived in good condition with only small abrasions from
transportation. The average thickness of the coating measured with a dry film
thickness gage (Category - Type 1 magnetic pull-off) was 4 mils.

2.3.2 Concrete

The concrete was obtained from a ready-mix supplier. All specimens
were cast using the same mix design, a nominal 4000 psi mix. The mlx
proportions are shown below. All aggregate weights are for saturated surface
dry conditions.

Cement (Type I) 400 pcy
Coarse Aggregate 1862 pcy
Fine Aggregate 1422 pcy
Water 267 pcy
Water Reducer-Retarder 14 ozcy

The actual proportions delivered varied slightly and were adjusted according
to the moisture content of the aggregates.

All beams in a series were cast from the same batch of concrete. The
first series of beams had a slump of 8 inches while the second series had a

slump of 7.5 inches. Standard compression tests of three 6 by 12 inch
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cylinders were used to determine average compressive strengths. The strength

gain curves of both series of specimens are given in Figure 2.5.

5000 /
[ = N ol SNy -
a "*.—
5
5 3000
(73]
2 Series 2
o i'
o s
£ 1000 £
o /-’
4
4
0
0 10 20 30
Age (days)

Figure 2.5: Concrete Strength Gain

Split cylinder tests of three 6 by 12 inch cylinders were used to determine
the average tensile strength of the concrete. These tests were performed to

coincide with the beam tests. The strengths are given below with the

respective concrete age.

Tensile
Series Age (days) Strength
(psi)
28 .380
2 20 350
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2.4 Construction of Specimens

2.4.1 Formwork

The formwork was designed so that two companion specimens could be
built side by side to ensure that both specimens were constructed and cast
using the same procedures. Two sets of forms were constructed to
accommodate two #6 specimens and two #11 specimens and to allow all
beams of one series to be cast together. The formwork is shown in Figure
2.6.

Figure 2.6: Formwork

The forms were constructed with a plywood base of sufficient Width that
the different width beams of Series 1 and Series 2 could be accommodated.
A center divider was fastened to the base with threaded rods that were placed

through the center and secured by nuts. The outside forms were attached to
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the base by bolts and could be moved in or out to vary the width of the
beams. The end forms were attached in the same manner with the addition
of a threaded rod that clamped the outer forms together. Braces were
included on the sides of the forms to maintain consistent dimensions during
casting. This method of attaching the outside and end forms allowed for easy
stripping and cleaning of the formwork.

The forms were completed by sealing the joints with a silicone sealer and

coating the surfaces with a form release agent.

2.4.2 Fabrication of Cages

The steel cages were fabricated outside the forms and lifted into position.
Due to the size of the #11 cages, they were constructed in halves and placed
to create the splice within the forms. The cages were seated on individual
chairs to provide the correct position in the form.

Closed stirrups were used in the shear span to prevent a shear failure
during testing. No stirrups, however, were used in the splice region in order
to eliminate the influence of transverse reinforcement on bond strength.
Transverse reinforcement in the splice region increases bond strength when
a splitting mode of failure controls. Steel reinforcement details are shown in
Figure 2.7. Two #3 bars were used as bottom steel for the entire length of
all specimens to help hold the cages together and maintain the steel
dimensions in the forms.

Since stirrups were not used in the splice region, the bars needed to be
held in place by a rod placed across the width of the forms as shown in Figure
2.8. Tie wires were used to hold the splices in position. This procedure
permitted adjustment of cover and spacing dimensions to achieve the values

selected in design.
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2.4.3 Casting

All beams in one series were cast together. For the first series, the
concrete was cast directly from the ready-mix truck as shown in Figure 2.9.
In the second series, the concrete was placed from a bucket that was lifted by
an overhead crane as shown in Figure 2.10. Placement with the bucket
proved the better method since more control could be achieved over
placement locations.

The concrete was placed in two lifts to eliminate segregation. As each lift
was being placed, internal vibrators were used to consolidate the concrete.
During placement, concrete cylinders were cast. After placement was
completed, the beams were screeded.

Once the concrete began to set, lifting hooks were inserted at the support
locations, and the beams were finished by trowelling to a fairly smooth finish.
The beams were covered with plastic sheeting, and the cylinders were finished
in the same manner. For a week after casting, water was sprayed on the
concrete to maintain moisture and promote curing.

The forms were stripped after one week. The beams were stacked for
storage and curing was discontinued. The cylinders were stripped at the same

time as the beams and were cured with the beams.

2.5 Test Setup and Procedure

The testing setup was designed to load down on the beams at the ends
producing a constant moment region in the center. The beams were
supported by concrete blocks that were grouted to the reaction floor. At the
reaction points, rods were placed between two steel plates which distributed
the reactions to the concrete and avoided localized crushing. The bottom

plates were attached to the concrete base with hydrostone while the upper
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plates were seated between the beam and the rod without any grouting. At
one support, the rod was welded to the bottom plate to simulate a pin
connection while at the other support, the rod was free to simulate a roller.

The load was applied by two 20 ton hydraulic rams at either end of the
specimen. A steel reaction beam was placed across the end of the beam with
the rams placed on the top flange. The rams reacted against a steel plate that
was attached to two tie rods which transferred the load directly to the reaction
floor. The loading detail is shown in Figure 2.11.

Figure 2.11: Loading Detail

Since two different size beams were being tested, the setup was designed
to accommodate both sizes. For the shorter #6 specimens, two concrete
blocks as shown in Figure 2.12 were stacked to raise the specimen so that the

outer blocks used for the longer #11 specimens would not interfere with the
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deflections. These blocks were removed during the #11 tests as shown in
Figure 2.13.

The load for all specimens was applied in one kip intervals and was
monitored by a 5000 psi pressure transducer. The transducer was connected
to a manifold as were hoses to the four rams so that the pressure was the
same to each ram. The output from the pressure transducer was read directly
on a voltmeter. The loading system was calibrated on a 60 kip universal
testing machine.

A 6 inch linear potentiometer was attached at the end of the specimen
and connected to an x-y plotter. Along with the output from the pressure
transducer, a load versus deflection plot was obtained during testing.

At each load stage, the load was read along with the deflections at the
middle of the beam and under the loading point. Deflections were read with
0.001 inch dial gages for Series 1 specimens while a 0.0001 inch digital
displacement gage was used for Series 2 specimens. The cracks were marked
and crack widths were measured at several locations with a crack comparator.
Cracks located between the support and the end of the splice were measured
at one specific location along the crack. Cracks were measured at the ends

of the lap splices.
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CHAPTER 3
STRUCTURAL BOND - TEST RESULTS

3.1 Introduction

The results of the eight lap sblice tests are presented so that comparisons
can be made between coated and uncoated bars with respect to beam
stiffness, crack widths, and bond strengths. Additionally, the general behavior
of specimens during testing is discussed. The overall performance of the

coated bars is also compared with epoxy-coated reinforcement.

3.2 General Behavior

3.2.1 Flexural Cracking

Cracking was observed in both coated and uncoated specimens at
approximately the same loads. The first cracking usually initiated at the ends
of the splice and near the support. As loading increased, cracking was
observed in the constant moment region; and existing cracks extended and
widened. Of particular note, the cracks over the supports and at the ends of
the splice were wider than the rest of the cracks within the constant moment
region. Cracks randomly appeared between the splice ends and the supports
and within the splice region. Cracks in the splice region did not propagate as
far down the beam as the others since there is effectively twice as much steel
in this section of the beam.

Flexural cracking was also noted along the shear span. These cracks
initiated at the support and continued toward the loading point as loads on
the beam increased. The cracking pattern resembled the bending moment
diagram. In addition, as the cracks increased in depth, they inclined towards

the support to form flexural shear cracks.

22
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3.2.2 Failure

In all tests, the failure was sudden and without much warning which is
typical of an unconfined lap splice failure. In a few tests, small longitudinal
splitting cracks were evident on the surface over the bars which indicated that
failure was near. In most cases, however, only flexural cracks were evident
immediately before failure. The extensive spitting cracks shown in Figure 3.1
were visible only after failure. The brittle nature of the failure is evident in
Figure 3.2 where cover splitting and the collapse of the beam ends can be

scen.

3.2.3 Appearance After Failure

After the test was completed, the cover was removed to inspect the bars
and determine exact bar locations. Good adhesion of the concrete to the
uncoated bars was noted with concrete being attached to the bar at the
deformations (Figure 3.3).

Upon removal of the cover from the coated bars, it was noticed that the
bar coating was attached to the concrete cover and very little appeared to be
adhering to the bar (Figure 3.4). Several small spots, however, did not adhere
to the concrete. The concrete in these spots was discolored; the concrete was
darker in color in these locations appearing that the concrete was chemically

altered at the coating-concrete interface.
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3.3 Test Results

The results of the tests are given in Table 3.1. The characteristics of each
test specimen are given along with the ultimate load at the ends of the beam
and corresponding steel stress. The steel stresses were computed from a
cracked section, elastic analysis assuming that concrete carries no tension.

Design dimensions of the cross-section were used in all calculations.

Table 3.1: Lap-Splice Test Results
Clear

Specimen | f. (psi) (ilg ) (z;:_‘;r. Sepz(iil;:;ion (;“I':;) (&i)
B1-6 4730 18 1.5 1.0 15.9 45.7
Cl-6 4730 18 1.5 1.0 159 | 457 |
B1-11 4730 36 2.0 4.0 35.7 43.6
C1-11 4730 36 2.0 4.0 37.1 45.3
B2-6 3820 18 1.0 4.0 17.5 47.8
C2-6 3820 18 1.0 4.0 16.5 45.0
B2-11 3820 36 2.0 1410 27.8 34.8
C2-11 3820 36 2.0 1410 275 34.4

3.4 Beam Stiffness

The stiffness of beams containing coated bars is compared to that of
beams containing uncoated bars to determine whether the coating
influences the beam stiffness. The comparison is made by plotting end load

versus end deflection of a companion set of beams. As evident in Figures 3.5
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and 3.6, there is virtually no difference between a coated and uncoated bar.
In fact, for the #11 tests, the curves are almost exactly the same.

As expected, the cracking load is not influenced since the concrete tensile
strength was not affected by reinforcement position or coating. The cracking
load is the point where there is an abrupt change in slope as the loading
increased.

In summary, the load-deflection characteristics were not affected by the

coating.

3.5 Crack Widths

The crack widths of beams containing coated bars are compared with
those containing uncoated bars. The comparison is made by plotting steel
stresses versus the average crack widths in the constant moment region. As
shown in Figures 3.7 and 3.8, only slight differences are evident. In the #11
specimens, it is seen that at higher stresses, the coated bars have a smaller
crack width. This may indicate that slightly better bond is achieved with the
coated bar than with the uncoated bar. Such an improvement is possible
since the coating creates a rough surface on the reinforcing bars. Another
fact that seems to indicate better bond is that in the #11 tests, beams with
coated bars had several more flexural cracks in the constant moment region.
Since the deflections are the same with more cracks, the crack widths must be
smaller. |

In summary, the cracks widths do not seem to be significantly affected by
the coating. The coating may reduce the crack widths which would be
beneficial since a smaller crack width reduces the potential for corrosive

material to reach the bars.
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3.6 Bond Strength

The bond strength of each specimen was determined by calculating the
average bond stress acting along the splice length. The bond strengths along
with the bond ratio of coated to uncoated bars are given in Table 3.2. From
a comparison of the bond stresses, it is evident that both coated and uncoated
bars reached approximately the same bond strength. The average bond ratio
calculated for the coated bars is 0.99 which means that the coating has no
effect on the bond strength.

Table 3.2: Lap-Splice Bond Strengths
Bond Bond Ratio
Specimen P, (k) £, (ksi) Strength, u (Coated/
(psi) Uncoated)
B1-6 15.9 45.7 474 L0 |
C1-6 159 457 474 '
Bi-11 35.7 43.6 427
1.04
Ci-11 371 453 443 l
B2-6 17.5 47.8 496 |
0.94
C2-6 16.5 45.0 467
B2-11 27.8 34.8 340
0.99
C2-11 27.5 344 337
Average Bond Ratio = 0.99

3.7 Comparison of Bond Performance with Epoxy Coated Reinforcement
Epoxy coated reinforcement does not show a significant difference in

beam stiffness when compared to ordinary reinforcement as shown in Figure
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3.9. This same conclusion was reached for the bars coated with a high ratio
zinc silicate. Epoxy coating, however, produces fewer but wider cracks as
shown in Figure 3.10. The zinc silicate coating, on the other hand, produced
approximately the same number of cracks as ordinary reinforcement with
comparable crack widths. Finally, epoxy coated reinforcement significantly
Jowers the bond strength. The average bond strengths of epoxy coated bars
was 0.66 according to Treece™ in a similar investigation. The high ratio zinc
silicate, however, did not affect the bond strength. The average bond strength
measured was 0.99.

Bars coated with a high ratio zinc silicate exhibit better bond performance
than epoxy-coated reinforcement. The cbated bars performed practically the
same as nordinary reinforcement and did not show any of the bond related

problems experience by the epoxy coated reinforcement.

3.8 Design Recommendations

From the results of the testing performed in this study, it is recommended
that current structural provisions governing development lengths for uncoated
bars are applicable when designing structural members containing reinforcing

steel coated with a high ratio zinc silicate.
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CHAPTER 4
CORROSION - EXPERIMENTAL PROGRAM

4.1 Introduction

Twenty four macrocell specimens were constructed to evaluate the
corrosion protection provided by a high ratio zinc silicate. The corrosion
current was monitored along with chloride concentration. Additionally, ten
air exposure tests were performed for visual observations of accelerated

corrosion.

4.2 Design of Specimens

4.2.1 Macrocell Specimens

The macrocell specimens were constructed similar to those used by the
FHWA for epoxy-coated bars. The dimensions were exactly the same as
macrocell specimens currently under investigation for epoxy-coated
reinforcement at the University of Texas at Austin.

The details of the specimens are shown in Figure 4.1. The bottom mat
contains three #9 black (uncoated) bars, and the top mat contains one #8 bar
which is the bar being tested. The #8 bar was bent to the minimum diameter
of bend allowed by ACI 318-89™ to provide the most severe bending
conditions. The specimen dimensions were subsequently based around the
bent shape of the bar. The top cover of the specimens is the only variation
made regarding specimen dimensions. Two cover dimensions (1 and 2 in.)
were used as specimens variables.

Macrocell action is created by setting up a galvanic cell. The corrosion

circuit is shown in Figure 4.2. Chloride (NaCl) solution is ponded on top of
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Figure 4.1: Macrocell Details

the specimen which supplies both water and chloride ions for the

electrochemical cell. A steel bar is welded to the three bars in the bottom

mat for electrical continuity. The circuit is completed by attaching a 100 ohm

resistor between the
top and bottom mats
of reinforcement. The
current is determined
by measuring the
voltage across the
resistor which is the
potential  difference
between the top and

() w’/ Deta;::nsm

Figure 4.2: Macrocell Circuit
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bottom mats. The top mat of steel becomes the anode and the bottom mat
becomes the cathode of the galvanic cell.

The chloride content was monitored using nine additional specimens (6
inch concrete cubes) which were exposed to the same NaCl solution. The
chloride content was determined by extracting samples from these specimens

without disturbing the macrocell tests.

422 Air Exposure Tests

The air exposure tests are used to complement the macrocell tests. These
tests were designed to visually observe the corrosion of reinforcement.
Number 8 specimens bent to the same dimensions as the macrocells were
placed in buckets of salt solution. Cycling of wet and dry periods accelerates
the corrosion process and simulates a splash zone exposure condition without

any concrete around the bar.

4.3 Materials

4.3.1 Reinforcing Steel

Both #8 and #9 reinforcing bars were used in the corrosion testing
program. The #8 coated bars were obtained from the coating supplier.
These bars were grade 60 and had a diamond deformation pattern. The #8
uncoated bars used for control specimens were obtained from a different
supplier. They were also grade 60 but had a bamboo deformation pattern.

The #8 bars were bent by a steel fabricator. During bending of the
coated bars, the coating severely flaked in the bent region of the bar as shown
in Figure 4.3. Little, if any coating remained on the inner and outer radii of

the bent bar, but a thin strip of coating remained on the center (neutral axis).
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The coating remained intact along the straight portions of the bar outside the
bent region except for several damaged areas caused by the steel rollers on
the bending machine. The roller damage, however, was concentrated at the
transition from the straight to the bent section.

Most of the bars were recoated. The surface of the bars was prepared in
two different ways before recoating. Four bars were grit blasted to remove
the old coating while the rest of the bars were wire brushed to remove all
loose flakes of coating. The bars were subsequently recoated as shown in
Figure 4.4. The thickness of the recoating was measured to be approximately
4 mils.

The #9 bars used in the bottom mat of all specimens were grade 60 with
a bamboo deformation pattern. These bars were obtained from the same
heat of steel so that the cathodes of all specimens would have the same
chemical and electrical properties. These properties ensure that the rate of
corrosion of the anodes is not influenced by differences in the cathodes.

The #9 bars were prepared for the specimens using a pickling process to
provide a clean cathode. The bars were initially grit blasted to a near white
finish which removed all mill scale. The bars were subsequently dipped in a
10 percent sulfuric acid solution for 15 minutes. Upon removal, they were
rinsed in two baths of clean water for S minutes each. Finally, the bars were
sprayed with rubbing alcohol to dry the surface.

4.3.2 Concrete
All specimens were cast at the same time with concrete obtained from a

ready-mix supplier. A nominal 2500 psi mix with a maximum aggregate size
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of 3/4 inch was used. The mix proportions are given below. All aggregate

weights are for saturated surface dry conditions.

Cement (Type I) 373 pey
Coarse Aggregate 1835 pcy
Fine Aggregate 1414 pcy
Water 200 pcy

Water Reducer-Retarder 16 ozcy
The actual proportions were adjusted according to the moisture content of the
aggregates.

The slump was measured before casting at 7 inches. Standard
compression tests of three 6 by 12 inch cylinders were used to determine the
average compressive strength. The strength-gain curve is shown in Figure 4.5.
Additionally, the permeability of the concrete was determined from a 4 by 8

inch cylinder using the standard test for Rapid Determination of the Chloride

ol

A/

Compressive Strength (psi)

Age (days)
Figure 4.5: Macrocell Concrete Strength Gain
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Permeability of Concrete (AASHTO T277-83). The permeability was 15700
coulombs which indicates a very high permeability.

4.4 Specimen Variables

The difficulties encountered during the bending of the bars dictated the
variables which were considered. The macrocell specimens tested within this
study along with the variations are given in Table 4.1. The notation used to
identify each specimen consists of a letter followed by a number. The letter
identifies the bar conditions as listed in the table while the number that
follows indicates the top cover dimension. Specimen replicates are further
identified by a replicate number which follows the specimen identification.
As an example, C1-2 indicates the second replicate of a coated bar with a 1
inch top cover.

The details of the different bar conditions are presented below. Black
describes uncoated bar specimens that are used as control specimens. These
bars are used to determine the corrosion current that exists without corrosion
protection measures.

Coated describes coated bars that were machine bent. It was uncertain
if the small amount of coating that remained on the bar after bending is
sufficient for corrosion protection. Therefore, this condition was selected as
a variable to determine if recoating is necessary and if a severely damaged
coating can still provide corrosion protection.

Recoated describes coated bars that were bent and subsequently recoated.
The surface for these bars was prepared by wire brushing to remove loose

flakes of coating. This surface preparation represent a possible method
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fabricators could use to recoat fabrication damage. In addition, the bar

condition represents the best possible protection with no coating damage.

Table 4.1: Macrocell Spec;uyfns

~ Specimen Bar Condition | Top Cove?(?n) Number of
| _ | Specimens

B1 Black 1 2

B2 Black 2 2

Ci Coated 1 3

Cc2 Coated 2 3

R1 Recoated 1 3

R2 Recoated 2 3

D1 Damaged 1 3

D2 Damaged 2 3

G1 Grit Blasted 1 1

G2 Grit Blasted 2 1

Damaged describes bars that are the same as used for the recoated
condition with the exception that coating damage was induced. The recoated
bars would be an ideal condition which does not necessarily represent the
condition that would exist under field conditions. Damage is normally
introduced due to transportation, handling, and placement. In addition,
damage can also be introduced by vibrators during casting. The coating was
damaged by dropping and rubbing two bars together in order to simulate

possible field conditions.
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Finally, grit blasted describes coated bars that were bent and subsequently
recoated. The surface of these bars, however, was prepared for recoating by
grit blasting the flaked coating. Only one specimen of each top cover was
used since these are similar to the recoated condition. In addition, this
method of surface preparation does not seem as likely to be used by
fabricators.

The air exposure tests use the same labels for bar conditions. The
variables studied during these tests are shown in Table 4.2. These specimens
are identified by the letter of the bar condition followed by the replicate

number. For example C-2 indicated the second replicate of a coated bar.

Table 4.2: Air Exposure Specimens

Specimen Bar Condition Number of Specimens

Black 3
Coated

Recoated

Damaged
Grit Blasted

Qom0 W
N[ [- jw

4.5 Construction of Specimens
4.5.1 Formwork
The formwork for the macrocell specimens consisted of a plywood base

with plywood dividers that formed 24 individual boxes as shown in Figure 4.6.
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The front plywood panel was predrilled to position the steel at the proper

dimensions.

Figure 4.6: Formwork

The formwork was completed by placing wales along the top of both sides
of the forms and several braces across the forms which were used to maintain
the proper dimensions of specimens during casting.

The formwork for the companion chloride specimens was similarly
constructed. These specimens, however, did not require braces since they

were fairly small and the overall dimensions were not critical.
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4.5.2 Placement of Steel

The reinforcement was prepared for the formwork as described previously.
The steel was placed into the formwork by inserting the bars through the front
plywood panel as shown in Figure 4.7. The bottom bars were supported by
2 inch steel chairs and the top bar was held in position by wire attached to the
bar on the outside of the forms. The wire was tensioned in order to hold the

bar at the proper dimensions.

4.5.3 Casting

All specimens were cast as shown in Figure 4.8. The concrete was placed
in one lift and consolidated using internal vibrators inserted only at the back
sides of specimens to ensure that the steel was not shifted or damaged.
During placement, chloride penetration specimens and cylinders were also
cast. The specimens were screeded immediately after casting and trowelled
shortly after. Plastic sheeting was placed to maintain the moisture. All forms
and cylinder molds were removed at the same time approximately four weeks

after casting.

4.6 Test Setup and Procedure

4.6.1 Macrocell Tests

The macrocell specimens were coated with a concrete water seal along the
four side surfaces to simulate an infinite slab where concrete extends in all
directions. A plastic dike was attached with silicone to the top surface of the
specimens to contain the chloride solution. A steel bar was welded to the
three #9 bars of the bottom mat, and clamps were attached to the top and

bottom reinforcement. The corrosion circuit was completed by connecting the
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wires as shown in Figure 4.9. Finally, oil was applied to the exposed bars to

prevent corrosion outside of the specimen:

Figure 4.9: Completed Macrocell Specimens

The macrocell tests were maintained in a four week cycle. They were
ponded with a 3.5 percent salt solution for a two week period after which the
solution was removed and a drying period started. After two weeks, the cycle
was repeated. Evaporation of the solution was controlled by covering the
dikes with plywood, and voltage readings were taken every week by a data
acquisition system.

The chloride penetration specimens were constructed the same as the
macrocell specimens and maintained in the same four week cycle. Samples

were tested periodically to determine the chloride penetration. Multiple holes
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were drilled at various depths and the concrete powder was collected. The
powder was then analyzed using a standard procedure for chloride

concentration in concrete.

4.62 Examination of Bar After Concrete Removal (Autopsy)

After approximately seven months of exposure, selected macrocell
specimens were removed from testing to examine the rebar for signs of
corrosion. One chloride sample was taken at various depths from each
specimen to determine the variation of chloride concentration and determine
the chloride concentrations at the level of the steel. The specimens were
carefully cut open to avoid disturbing the reinforcement and any possible
corrosion products. Saw cuts were made around the perimeter (three sides)
of the specimen slightly under the level of the bar. Additional cuts were
made on the top surface along the bar. The cuts enabled three chunks of
concrete to be removed with a pry-bar which exposed the bar. Finally the bar
could be lifted out of the specimen by tapping the protruding legs of the bar

with a hammer.

4.6.3 Air Exposure Tests

The air exposure tests were maintained in a one week cycle. The
specimens are shown in Figure 4.10. The bars were dipped in buckets
containing a 3.5 percent salt solution for 4 days. The specimens were then
removed for 3 days of air drying to complete the cycle. Visual observations

were made periodically to monitor the corrosion.
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CHAPTER 5
CORROSION - TEST RESULTS

5.1 Introduction

The results of twenty four macrocell tests are presented to evaluate the
performance of rebar coated with a high ratio zinc silicate. Results presented
include electrical current measurements and an autopsy report of the bar
specimen after removal from the concrete. In addition, the results of air
exposure tests are used to complement the macrocell tests and contrast the

different exposure environments.

5.2 Test Results and Autopsy Reports

The results of the macrocell tests were recorded by plotting the electrical
current versus the time of exposure. In addition an autopsy of the selected
specimens was performed. The results of these investigations are broken
down into the appropriate bar condition categories and concrete cover

dimensions.

52.1 Black

The results of the control tests are plotted in Figure 5.1. The currents
displayed are directly related to corrosion of steel. It is evident from these
currents that the onset of corrosion is delayed by the additional one inch of
concrete cover. '

An autopsy of the rebar was not performed since it is evident that the
current readings represent significant corrosion of the steel. Severe corrosion

has been experienced by all air exposure specimens.
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5.2.2 Coated

The results of the coated bar tests are shown in Figure 5.2. By comparing
the results with the control specimens it appears that the coating slightly
delayed the onset of corrosion. The current, however, increased very rapidly
once corrosion began, reaching if not exceeding the currents of the control
specimens. It is not possible to distinguish whether the current was caused by
zinc corrosion (sacrificial action) or steel corrosion. An autopsy was
performed on Specimens C1-2 and C2-3 to determine the type and extent of
corrosion occurring on the bar. The specimens were opened after 209 and
237 days of exposure respectively.

Specimeh C1-2 (Figure 5.3) showed corrosion over an extensive area of
the bar extending from the beginning of the bend for several inches into the
bent region of the bar. The corroded area was on the resistor side of the bar
and extended on both the top and bottom. The most severe corrosion
occurred on the bottom surface as shown. A blackish corrosion product was
present immediately after removing the concrete which changed to a reddish-
brown color after exposure to air. Several days after the bar was removed,
small spots of rust were evident in the entire bent region of the bar. The
corrosion was not intense, but was apparent as small specks in the region
where the coating flaked due to fabrication. Upon removal of the corrosion
product from the severely corroded region, pitting was also noted. The
chloride content at the level of the steel was found to be 0.20 percent by
weight of concrete.

Specimen C2-3 was selected for study since corrosion activity was evident
for only 35 days according to the current measurements. This specimen,

therefore, would indicate if the current indicated cathodic protection or
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Figure 5.3: Specimen C1-2

Figure 5.4: Specimen C2-3
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corrosion of steel. The bar had corrosion on the top from the neutral axis to
the outside diameter of the bend as shown in Figure 5.4. The relatively small
spot appeared in the middle of the bent region. The corrosion product was
blackish and turned reddish-brown after air exposure. No corrosion was
found along the entire bent region due to flaked coating as was found with
Specimen C1-2. The chloride content at the level of the steel was found to
be 0.04 percent by weight of concrete.

Severe corrosion occurred on all air exposure specimens in the bent

region of the bar as shown in Figure 5.5.

Figure 5.5: Air Exposure Tests - Coated Bar

5.2.3 Recoated
The results of the recoated bar tests are presented in Figure 5.6. By
comparing the results with the control specimens, it is apparent that the

coating did not affect the time to corrosion. An autopsy was performed on
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Specimens R1-2 and R2-2 which were opened after 209 and 237 days of

exposure respectively.

Specimen R1-2 showed extensive corrosion on the middle of the outside
diameter of the bend as shown in Figure 5.7. Corrosion was also evident on
the inside diameter of the bend but was not as intense. The corrosion
product was blackish upon removal of the bar and converted to reddish-brown
with exposure to air. The chloride content at the level of the steel was found
to be 0.29 percent by weight of concrete.

Specimen R2-2 (Figure 5.8) also showed extensive corrosion on the middle
region of the outside diameter of the bend. The coﬁosion was spread over
a larger area than R1-2, but was not as intense. The corrosion product
appeared blackish and blackish-grey in less attacked spots. A reddish-brown
product was evident in small spots upon removal and was seen over most of
the corroded area after exposure to air. The chloride content at the level of
the steel was found to be 0.16 percent by weight of concrete.

No corrosion damage has been observed on the air exposure specimens

as shown in Figure 5.9.

5.2.4 Damaged

The results of the damaged bar tests are presented in Figure 5.10. The
results are similar to those of the recoated bars. An autopsy was performed
on Specimens D1-2 and D2-1 which were opened after 209 and 237 days of
exposure respectively.

Specimen D1-2 (Figure 5.11) showed severe corrosion on the inside
diameter of the bend on the resistor side. In addition, another corrosion site

was located at the middle of the inside diameter of the bend. The corrosion



Figure 5.7: Specimen R1-2

Figure 5.8: Specimen R2-2
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Figure 5.9: Air Exposure Tests - Recoated Bar

product was initially blackish and turned reddish-brown after exposure to air.
Upon removal of the corrosion products, pitting of the steel was evident in the
region. The chloride content at the level of the steel was found to be 0.28
percent by weight of concrete.

Specimen D2-1 had three different corrosion sites all on the resistor side
of the bar that are shown in Figure 5.12. One small corrosion spot was
evident at the beginning of the bend. Another small spot was located on the
middle of the outside diameter of the bend. The most severe corrosion was
found in between these locations. Corrosion was evident on both the inside
and outside diameters of the bend in this location. The corrosion product was

blackish in all locations and converted to reddish-brown after air exposure.
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Figure 5.10: Macrocell Tests - Damaged Bars
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Figure 5.12: Specimen D2-1
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The small spot on the middle of the bar was reddish in color upon opening
of the specimen. The chloride content at the level of the steel was found to
be 0.14 percent by weight of concrete.

No corrosion damage has been experienced by the air exposure specimens.

5.2.5 Grit Blasted

The results of the grit blasted bar tests are presented in Figure 5.13. The
results are compared with the recoated tests since these bars had a similar
coating condition (no coating damage). Upon comparison, it is obvious that
there is essentially no difference in the results. An autopsy was performed on
Specimens G1-1 and G2-1 which were both opened after 216 days of
exposure.

Specimen G1-1 showed severe corrosion on the bottom in the middle of
the bent region as shown in Figure 5.14. Further corrosion was evident on the
top of the bar from the middle of the bar continuing for several inches on the
resistor side of the bend. The corrosion product was blackish upon opening
the specimen and converted to reddish-brown after air exposure. The
chloride content at the level of the steel was found to be 0.36 percent by
weight of concrete.

Specimen G2-1 (Figure 5.15) showed corrosion only in one 3/4 inch spot
on the outside diameter in the middle of the bend. The corrosion product
was black and converted to reddish-brown after air exposure. The chloride
content at the level of the steel was found to be 0.09 percent by weight of
concrete.

No corrosion damage has been experienced by the air exposure specimens.
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5.3 Chloride Concentrations

The chloride content of the macrocells was monitored in time by separate
chloride specimens during the exposure period. These results are presented
in Appendix B. No attempt has been made to relate the chloride content to
the initiation of corrosion since there is extremely high variability in these
results. The chloride concentrations and depth profile of one specimen can
be drastically different from another specimen; therefore, the results from the
chloride specimens do not necessarily correspond with a particular macrocell
specimen. The high variability can be seen from the chloride samples that
were taken from the autopsy specimens to determine to chloride content at
the level of the steel. These chloride results are also given in Appendix B.

Additionally, the results may not accurately reflect chloride concentrations
at a given depth of concrete or at the level of the steel since localized samples
are taken. The chloride reading is only accurate at the specific location and
depth from which the sample was taken. Samples can include aggregate
which can give readings that are not representative across the entire specimen
at that given depth. Also, the chloride concentration may not be uniform

across a constant depth.

5.4 Corrosion Products

Upon opening all specimens, a blackish corrosion product was present.
In addition, a small amount of reddish brown product was evident in several
cases. After exposure to air, however, the blackish product converted for the
most part to a reddish-brown color. From these observations, it appears that
the blackish product is black magnetite (Fe,O,) which reacts with oxygen to

form red-brown iron (III) oxide (2Fe,0; * H,0). These corrosion products,
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therefore, indicate that corrosion of steel was evident in all cases. The pitting
found in several instances also supports this conclusion.

Since some of the blackish corrosion product did not convert to the
reddish-brown color, it is possible that some of the blackish discoloration is
from the corrosion of zinc contained in the coating. Zinc can corrode to
produce zinc hydroxychloride™ [ZnCl, * 4Zn(OH),]. The whitish product of
zinc oxide (Zn0) was not apparent in any specimens upon opening.

Since the reddish-brown corrosion product did not form in the concrete
in most cases, it is apparent that the oxygen concentration is very low. Low

oxygen content could be the reason that zinc oxide was not found.

5.5 Corrosion Locations

Corrosion was found on all bars in the bent region of the bar.
Additionally, the corrosion was located from approximately the center of the
bar and extended towards the resistor side of the bar as shown in Figure 5.16.

The corrosion may have initiated in the bent region since the steel in this
part of the bar has been yiclded. Yielded steel in more susceptible to
corrosion than non-yielded steel
since yielding changes metallurgical
properties. Another possibility is
that the bent region of all bars

Corrosion
except those denoted as "coated" Ragion
contained new coating from the
) ) . Resistor
recoating process while the straight Side
region contained the original | |

coating. There could be a Figure 5.16: Corrosion Locations
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difference in corrosion performance because of a difference in the coating or
the age of coating.

The corrosion initiated on the resistor side of the bar due to a distance
effect. The shortest path for electrons to flow to the cathode is from the
resistor side of the bar. The other side is perhaps too electrically distant from

the cathode to initiate corrosion in these locations.

5.6 Corrosion Currents

The electrical current is a good indicator of the corrosion occurring on the
anode. From the tests conducted and the autopsies that followed, it is
apparent that current flow indicates corrosion of the steel. It does not appear
that the current is displaying sacrificial action since the corrosion of the steel
was evident in all cases even when the bar was examined shortly after the
initiation of corrosion current. The current versus time plot also provides the
time to initiation of corrosion. As soon as current begins flowing, corrosion
has initiated. Further, the current at a given time indicates the instantaneous
level of corrosion activity.

The electrical current, however, is not indicative of the total damage that
has occurred on the bar. The damage on the bar is proportional to the total
number of electrons that have been removed from the anode. The total
number of electrons indicate the amount of metal that has been dissociated.
By determining the number of electrons that have been removed, it is possible
to access the damage (lost metal) that has occurred on the anode. The
number of electrons that have been removed can be determined from the

area under the current versus time diagram.
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The charge flow which indicates the number of electrons removed is
plotted versus time for all specimens in Appendix B. The relative damage
indicated by these plots corresponds well with the damage observed. The
damage level was subjectively rated on a scale from 0 to 10. The ratings were
made from visual observations of the damage with 0 indicating no damage
and 10 indicating the highest degree of damage seen on any of the bars that
were autopsied. The ratings of damage level observed are tabulated along
with the measured charge flow in Table 5.1. As can be seen by this
comparison, the damage is accurately reflected by the charge flow. Specimens
that show similar rankings of damage have measured charge flows that are
extremely close. From the values of charge flow, it is obvious that the
damage on the one inch specimens was much more severe than on the two

inch specimens.

" Table 5.1: Damage Level of Macrocell Bar Specimens
" Specimen Charge Flow (C) Visual Rating (0-10)"
I G1-1 3678 10

C1-2 3431 10

R1-2 2857 9

Di1-2 2539 8

R2-2 1061 4

G2-1 1047 3

D2-1 996 3

C2-3 111 1

"0 - NoDamage 10 - Highest Degree of Damage of the 8 Specimens
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3.7 Corrosion Environments

There is a drastic difference in corrosion performance of coated
reinforcing steel placed in concrete and that exposed to air. All coated
specimens except the bars that had bending damage (Coated) in the air
exposure tests performed excellently. No visual signs of steel corrosion were
evident. In the macrocell specimens, however, corrosion of steel was evident
in all cases.

There are two possible reasons for the difference in performance noted.
First, it appears that the coating is chemically altered by the concrete. During
hydration, the concrete may react with the coating to render the coating
essentially ineffective. It seems highly likely that the calcium in the cement
attacks the silicate in the coating to produce calcium silicate. This theory is
supported by the fact that the coating is removed from the bar and remains
attached to the concrete. The coating that remains on the concrete is in a
grey powder form indicating that the silicate has probably been removed from
the coating. Further, there is a possibility that the coating is affected by the
high alkalinity created by the cement in the concrete.

Another reason for differences noted in the tests is that the air exposure
tests are microcell corrosion tests while the concrete tests are macrocells. The
microcells can develop anodes on only part of the bar while the rest remains
cathodic. In the macrocell tests, however, the entire bar becomes anodic

which provides a higher probability that a part of the bar will corrode.

5.8 Corrosion Protection in Concrete
The high ratio zinc silicate coating tested did not protect the steel from

corrosion. There does mnot seem to be any difference between coating
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methods or damage levels. Steel corrosion was evident in all cases, and the
corrosion currents and damage appear to be similar.

It is highly probable that the coating in concrete experiences chemical
reactions along with the concrete during hydration. Corrosion occurred in all
cases regardless of damage. In addition, the bent region of the bar (yielded
steel) was attacked preferentially over the unyielded steel. Finally, the
corrosion rates and damage levels of the coated steel are similar to the black
bars. These factors indicate that corrosion occurred as if the coating was not
present.

From the tests performed on different concrete covers, it is obvious that
additional concrete cover can delay the initiation of corrosion. This method
of corrosion protection can increase the life of a structure, but is not

considered a method of preventing corrosion.



CHAPTER 6
SUMMARY AND CONCLUSIONS

6.1 Introduction

Corrosion of reinforcing steel in concrete is a problem that threatens the
integrity of structures and shortens their service life. Corrosion can be
prevented or reduced by the application of coatings. Coatings, however, can
lead to structural problems since they can reduce bond and bond strength.

A high ratio zinc silicate coating has been proposed to prevent the
corrosion of reinforcing steel. The objectives of this study, therefore, were to
evaluate the corrosion protection afforded by the coating in a concrete
corrosion environment and to evaluate the structural performance of the

coated reinforcement.

6.2 Structural Bond Tests

Eight beams were tested to determine the influence of a high ratio zinc
silicate coating on bond. The beams were tested in negative bending with the
reinforcement lapped spliced in a constant moment region. Companion
coated and uncoated specimens were tested with variables that included
concrete cover, bar spacing, and bar size. All specimens failed by splitting in
the splice region before reaching yield in the steel.

The following conclusions were made:
1) The load-deflection characteristics were not affected by the coating.
2) The crack widths and crack distributions were not significantly affected

by the coating.

3) The bond strength was not affected by the coating.
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Current structural provisions governing development lengths for uncoated
bars can be used when designing structural members containing reinforcing

steel coated with a high ratio zinc silicate.

6.3 Corrosion Tests
Twenty four macrocell specimens were tested to evaluate the corrosion
protection afforded by a high ratio zinc silicate. The concrete macrocell

specimens were subjected to a cyclic exposure of chloride solution over a

period of approximately 7 months. Variables tested included concrete cover,

coating damage, and recoating application methods. In addition, ten air
exposure specimens were subjected to a cyclic exposure of chloride solution.
The following conclusions were made:

1) Steel corrosion was experienced on all macrocell specimens regardless
of coating condition or damage level.

2) Electrical current indicated the initiation of corrosion. In addition, the
total damage that occurred on the bar could be determined from the
charge flow.

3) A concrete environment is dramatically different from an atmospheric
environment. The concrete environment adversely affected the
particular coating used. The concrete probably reacted with the
coating to decrease or eliminate the corrosion protection afforded by

the coating.

The particular formulation of high ratio zinc silicate used for this study
was not adequate for corrosion protection of reinforcing steel in concrete. A
different formulation will be needed to provide a coating suitable for use in

a concrete environment.



Appendix A

Structural Bond Test Data

73



74

Ve S'Le 0sCT 0scT SLE'T 0scC 0sT'1 0scT 881°C 9t 17413 11-20 __
8Ye 8LC 000°C 0sCC 0sC’1 0S2T [YANT 0szt 0007C 9¢ 0Z8¢ 11-2d =
osy 91 €901 0001 SL8'E 8¢6°0 £I8'¢t 0001 €901 8I 08¢t 9-70
8Ly SLI 0001 000°1 SL8E 0001 0sLe 000°1 £90°1 81 08¢ 9-td
14 4 I'Le £18’1 £€90C 000'v Y44 000'¥ £€90°C §T9°1 9¢ - OeLy 11-1D
9ty LSt SL81 8¢6°1 0sTy 8¢6°1 9t 000°C SCIT 9t oeLy -1

| LSy 6'S1 005’1 SLE'T 8¢6°0 €1e’l 8¢6°0 €1e’] 005’1 81 oeLy 910
LSy 6S1 SC9°1 8er’l SL80 8’1 SL80 00S°T 79’1 81 0tLy 9-14
:.ww_v AM_:.M_V apis doy, | Supeds | doy | Supedg | doy apis ) @) | gsd)?y [uowmodg

(your ue Jo yy97 Isaaeay) sSupeds pue s1910)

BR( 159, Nds-de] :1'y djqe],




Appendix B

Corrosion Test Data
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Table B.1: Chloride Concentration of Chloride Specimens’
(% Weight of Concrete)
Sample Days of Exposure
Depth
(in) 76 115 139 169 228
025-05 0.31 0.39 0.32 0.39 0.35
0.75-1.0 0.20 0.25 0.26 0.18 0.19
125-15 0.15 0.18 0.17 0.15 0.14
1.75-20 0.09 0.11 0.10 0.10 0.08
225-25 0.07 0.08 0.07 0.03 0.03
275-3.0 - - 0.07 0.01 0.01

* Average of 2 samples
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