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EXECUTIVE SUMMARY
Highway bridge concrete structures subjected to marine environments are susceptible
to chloride-induced corrosion. In part to address impacts on bridge service, accelerated
bridge construction (ABC), have been introduced to minimize the impacts of
construction on the community. ABC designs incorporating the application of ultra-high
performance concrete (UHPC) on the retrofit of bridge substructure elements have the
benefit to strengthen existing bridge substructures as well as ideally to provide a
durable substructure. UHPC in retrofit of corroded concrete can locally minimize
corrosion macrocell coupling and provide benefit above conventional patch repairs that
are still used. Further testing on the extent of macrocell coupling for various repair
geometries utilized UHPC is warranted. Using a thin layer of the UHPC on the damaged
areas as a protective shell can be an economical repair method to rehabilitate and
protect bridge elements in severe environments as well as to increase the strength and
performance of the bridge structure. A large scale test beam was constructed and
retrofitted with UHPC to identify corrosion macrocell coupling. Additional testing was
made to address the effect of fibers on the electrical properties of UHPC.

The steel embedded in the chloride contaminated region of the concrete T-beam
developed highly electronegative potentials indicative of the expected corrosion activity.
The electrical potentials of the rebar embedded in the chloride-free NC developed
moderate potentials in the range of -0.2 to -0.4 VCSE even though passive corrosion
conditions was expected there. All of the rebar embedded in the UHPC developed
passive potentials. The moderate potentials developed in the chloride-free NC concrete
was related to the coupling of the actively corroding steel in the chloride-contaminated
region. There can be significant polarization of the adjacent steel embedded in the
rather poor quality concrete (lower resistivity). Conversely, this polarization did not occur
for any of the steel rebar embedded in the UHPC (including those directly adjacent to
the NC region. This observation highlights the effect of the high quality UHPC to
minimize the extent of macrocell coupling of the anodes to the extended cathodes in the
steel embedded in the shell repair.
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At day 36, there was a clear linear relationship between the macrocell current and the
cathode-to-anode ratio for the cathodes in the UHPC repair. The larger extended
cathode in the UHPC allowed for larger macrocell currents to develop. The macrocell
current was much larger when the cathode was the steel embedded in the concrete
core substrate. Even though the embedded steel there would be encapsulated with the
UHPC that could minimize oxygen transport, there would be sufficient oxygen in the
substrate concrete pore water to support the cathodic oxygen reduction reaction.

The method of casting can have a significant influence on fiber distribution and
orientation. Specimens with 2% steel fiber showed slightly higher resistance than
samples with steel 4% fiber. The results show that the presence of fibers have an effect
to reduce the overall electrical resistivity likely in part related to partial volume
replacement of high quality cement and possibly oriented pathways in the cement
microstructure along the fiber interface that can facilitate ionic movement. The results
suggested that the parallel orientation of conductive fibers with the current path at high
enough concentrations can create a system where electronic charge through the
conductive fiber can be facilitated, and the lower electrical resistance can be better
attributed to electronic charge motion rather than any preferred ionic motion that may
develop at the fiber-cement interface. The orientation of the steel fibers have significant
influence on the overall bulk UHPC resistance. Specimens with the steel fiber aligned
orthogonal to the current path resulted in larger electrical resistance in comparison to
when the steel fibers were aligned parallel with the current path. This effect was not
observed for the specimens cast with fiberglass. Also, the overall electrical resistance
was lower for the specimens cast with steel fibers than the less conductive fiberglass
fibers.

It was proposed that the presence of the conductive fibers can facilitate shorter paths
for charged species to move in UHPC bulk by bridging ionic paths through the pores by
electronic paths via the conductive fiber.
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1 INTRODUCTION
1.1 Background
Highway bridge concrete structures subjected to marine environments and de-icing salt
applications are susceptible to chloride-induced corrosion. In those cases, the service
life of the concrete structure is related to the permeability of the concrete and the design
details for the reinforcing steel. Concrete with low water-to-cement ratio, high cement
factors, and mix designs utilizing pozzolans (such as fly ash and silica fume) have low
permeability and high concrete electrical resistivity that can resist the transport of
chloride ions (that will allow depassivation of the steel) through the concrete cover and
impede ionic coupling of corrosion macrocells. Reinforced concrete designs with details
for larger rebar clear cover further extend the time to corrosion initiation. Other corrosion
mitigation technologies include use of corrosion resistant reinforcing materials,
corrosion inhibitors, application of cathodic protection, and coatings and sealers.

Despite the available corrosion mitigation technologies, degradation of reinforced
concrete structures due to corrosion continue to be a major cost in bridge maintenance
and repairs. Fifteen percent of US bridges are considered structurally deficient due to
corrosion and the annual cost of corrosion of highway bridges exceed $8.3 billion [1].
The high cost of corrosion degradation of highway bridges in part relates to the
expectation of extended bridge service life for older bridges built with less robust
designs and materials for corrosion control and greater service expectations in terms of
loads, design, and durability in aggressive exposure environmental. Furthermore,
corrosion control measures are still needed for contemporary bridge designs as
maintenance budgets need to be sustained as the entire bridge infrastructure continues
to age.

As bridge structures continue to degrade, the disruptions for maintenance and repair will
impair the bridge service that is required to sustain economic vitality, freedom of
movement, defense, and emergency evacuation planning. For example, the I-526
bridges in Charleston, South Carolina had partial lane closures for weeks in 2018 due to
1

corrosion damage, resulting in major traffic disruptions for a large section of the
municipality [2]. In part to address impacts on bridge service, accelerated bridge
construction (ABC), as a construction philosophy and its associated technologies and
innovations, have been introduced and implemented. ABC is wide in scope but its
general view is to minimize the impacts of construction on the community. As such,
designs incorporating ABC can be used on multiple facets of bridge construction. For
example, the application of ultra-high performance concrete (UHPC) on the retrofit of
bridge substructure elements have the benefit to strengthen existing bridge
substructures (such as for the use with new superstructure construction) as well as
ideally to provide a durable substructure.

UHPC has been touted as a durable construction material in terms of strength and
service. The low water-to-cement content and use of pozzolanic materials in part
creates a low permeability material that decreases ion transport (including chloride ions)
and develops high electrical resistivity. Work by Farzad et al. 2018 [3], 2019 [4] showed
that the use of UHPC in retrofit of corroded concrete can locally minimize corrosion
macrocell coupling and provide benefit above conventional patch repairs that are still
used. However, further testing on the extent of macrocell coupling for various repair
geometries utilized UHPC is warranted. Development of an economical repair method
to rehabilitate and protect bridge elements in severe environments as well as to
increase the strength and performance of the bridge structure was of interest. Based on
the promising characteristics of UHPC, using a thin layer of the UHPC on the damaged
areas as a protective shell can be a solution for the problem being addressed. The
application of a protective shell is suitable for retrofitting based on its low permeability,
and its ability to increase the strength of the element, ease of cast, and reduce time and
cost.

1.2. UHPC
Ultra high-performance concrete is comprised of cementitious materials and shredded
fibers that allow for a high compressive strength greater than 126 MPa (18 ksi) and
enhanced post-cracking tensile strength greater than 5MPa (0.7 ksi) [5-9]. In UHPC the
2

higher cement factor, in comparison to normal strength concrete (NSC) [10-11],
provides an enhancement of the material density and strength [10, 12-18]. The low
water-to-cement ratio (W/C) of UHPC (typically less than 0.25) and also the partial
replacement of a portion of the un-hydrated cement with the pozzolanic components
such as blast furnace slag, fly ash and silica fume allows for the high compressive
strength and low permeability [19-23]. To improve the workability of the UHPC,
superplasticizers are added to the mixture. Also, adding the silica fume can increase the
workability of the mixture [13-14], [24-27]. The discontinuous pore structure of the low
permeability UHPC reduces liquid ingress and significantly enhances the durability of
the material to chemical degradation, including corrosion, compared to conventional
concrete. Researchers have identified the beneficial permeability characteristic of
UHPC. Schmidt.et al [28] and Techmann [29] identified lower porosity for UHPC in
comparison to NSC . They reported total porosity (%) of UHPC to be 1.5 to 6 compared
to 14 to 20 for normal concrete. Techman [29] further identified smaller capillary pore
content for UHPC compared to NSC. The capillary pore (%) content was 1.5 for UHPC
compared to 8 for NSC. The literature also showed that chloride ion transport is reduced
in UHPC compared to NSC. Schmidt.et al reported very low chloride ion diffusivity
(m2/s) for UHPC in the order of 2 x 10-14 compared to values in the range of 10-12 to 10-9
for NSC. Graybeal [5] and Ahlborn [30] also compared UHPC to NSC by the standard
test method for electrical induction of concrete ability to resist chloride ion penetration,
ASTM C1202 [31]. For steam and air-cured specimens, Ahlborn [30] showed
permeability less than 100 coulombs. Graybeal [5] investigated the chloride permeability
based on different curing conditions. He reported 360 and 76 Coulombs permeability for
untreated UHPC with the age of 28 and 56. Also, for steam, tempered steam, and
delayed stem specimens with the age of 28 days, these numbers are reported as 18,
39, and 18, respectively.

Fibers in the form of steel, glass, and plastics are included in the concrete to increase
its structural integrity, decreasing brittle behavior, reducing cracking tendency, and
improving post cracking behavior [32]. The most common size of fibers is 13 mm (0.5
in.) in length and 0.20 mm (0.008 in.) in diameter with a recommended ratio of typical
3

2% by volume [5,16,26,33]. The mechanical property of cement-based material such as
UHPC is significantly affected by the additions and distribution of the fibers. The
distribution and orientation of the fibers can be caused by different factors, such as the
workability of the mix, fiber content (volume) and method of casting, type and aspect
ratio of the fiber, and how the fibers are introduced during mixing. Kang [34] found that
fiber orientation is affected by the direction of the cast. Torrijos [35] showed fiber type,
length, and casting methods significantly affected fiber orientation. Emdadi [36] showed
that high fiber content decreases the UHPC workability, subsequently causes a nonuniform fiber distribution [32, 37-38].

Recent research identified the effect of fiber distribution and orientation on UHPC
mechanical properties. Ferrara showed that non-uniform distribution of steel fibers in
steel-fiber reinforced concrete adversely affected the mechanical behavior. Zhou [39]
correlated the tensile ductility of engineered cementitious composite (ECC) to different
steel fiber distribution. Kang [34] and Akacy [40] identified the effect of fiber orientation
on mechanical performance. For example, Akacy [40] stated that the vertical orientation
of fibers related to the bending direction enhances the flexural capacity. Similarly Kang
[34] identified the effect of fiber orientation on the ultimate flexural strength, although
there was a limited effect on the strength before the first cracking.

The fibers were also described to affect UHPC durability. Khayat et.al considered the
effect of the fibers to facilitate the transport of charge by electronic transport through the
conductive fibers. He reported by increasing steel fiber from 0 to 2% the UHPC
resistance decreased by 40%. It was posited that fiber orientation could affect the
transport of charge not only by electronic transport through the fibers but also by the
preferred orientation of cement hydration grains and pores to facilitate ionic transport.
The effect of fiber orientation on UHPC resistance caused by the flow of casting, fiber
addition, and fiber type lacks at present.

4

1.3 Research Objectives
The objective of the research was to identify the extent to which construction of a UHPC
shell to retrofit damaged concrete can mitigate corrosion. Electrochemical testing of
reinforcing steel embedded in the core concrete of a damaged T-beam and within the
UHPC shell was conducted to identify the extent to which macrocell coupling can occur
in a large-scale test geometry including the effect of the extended cathodes coupled to a
local corrosion anode. Furthermore, the research evaluated the effect of the fiber
orientation on the electrical characteristic of UHPC by considering fiber presence and
fiber type. Different test specimens with different fiber content, orientation, and different
fiber conductivity were cast.

5

2. METHODOLOGY
2.1 Concrete Materials
Conventional normal concrete (NC) used in this study, provided by a local supplier, had
a nominal compressive strength of 35 MPa (5 ksi). The mix design is shown in Table 1.
The concrete slump was 102 mm (4 in).

Table 1. Concrete mix design.

The UHPC used in this research was the commercially available material, Ductal. The
mixture composition of the UHPC is listed in Table 1. The fiber used in this research
included steel and fiberglass fibers. The steel fiber was a straight steel fiber (length of
12.5 mm (0.5 inches) and radius if of 0.1 mm (0.008 inches)) with a density of 156
(kg/m3). The steel fibers were braced coated, and the composition of its chemical
elements is listed in Table 2. The glass fiber was an alkali-resistant commercial fiber
(PH-950 x) with a length of 12.5 mm (0.5 inches). The density of the fiberglass was
measured as 110 (kg/m3).
6

Table 2 Steel fibers ingredients [5].
Elements

Composition (%)

Aluminum

≤0.03

Chromium

≤0.08

Sulfur

≤0.025

Phosphorus

≤0.025

Silicon

0.15-0.30

Carbon

0.69-0.76

Manganese

0.46-0.60

2.2 Large-Scale Test Specimen
As part of a larger study on the development of a durable repair method utilizing UHPC
for damaged reinforced concrete elements, a large scale T-section deck was cast with
simulated defects and was retrofitted. The T-section deck as the core of the section was
cast with various modalities of degradation including concrete sections with chloride ion
contamination. The concrete core surface was roughened by sandblasting (in part to
simulate the removal of delaminated concrete) and a UHPC repair shell was cast
around the core.
∅10, S203mm

∅10

1245mm

1143mm
89mm

64mm

178mm

25mm
444mm

508mm
∅ 10, S200mm
∅10, S190mm

51mm ∅10

419mm
∅16

457mm
457mm

64mm
254mm

∅16

(a)

330mm
38mm ∅16

(b)

Figure 1. T-section deck section detail: (a) Damaged section; (b) Retrofitted section.
Figure 1 shows the section of the deck representing a damaged section and the
retrofitted section. The dimensions of the damaged deck were 1143 x 89 mm for the
7

flange and 254 x 419 mm for the web. The damaged section has three ∅16 longitudinal
reinforcements in the web with a cover of 10 mm from the bottom of the web and six
∅10 longitudinal reinforcements in the flange with a cover of 71 mm from the top of the
flange. The flange and web also have transversal ∅10 reinforcement at 200-mm and
190-mm spacing; respectively. Figure 2 shows the sequence of casting and demolding
the core section of the T-beam. Figure 3 shows the sequence of concrete core surface
preparation. The test specimen was delivered to a local sandblasting shop and the
surface of the concrete was roughened by sandblasting to facilitate bond with the UHPC
overlay to be subsequently cast. In addition, mechanical connectors (made of rebar ∅10
with a length of 57 mm) were secured to the surface of the concrete core section by
securing the steel dowels 13 mm deep in drilled holes with an anchoring adhesive.

(a)

(b)

(c)
(d)
Figure 2. T-Beam test specimen: (a) Formwork of the initial damaged section; (b)
Casting conventional concrete in the formwork; (c) Test specimen after casting; (d) Test
specimen after demolding.
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(a)

(b)

(c)

(d)

Figure 3. Surface preparation of T-beam specimen core: (a) Sandblasting in progress;
(b) Roughened surface after sandblasting; (c) The mechanical connectors on the flange;
(d) The mechanical connectors on the web.
The core section of the T-beam specimen was placed into a mold with dimension as
shown in Figure 1b. The mold was made of a transparent acrylic material so that the
flow of the UHPC repair material could be visually monitored during casting (Figure 4).
The spacing between the concrete core and the mold around the side and bottom
perimeter was 76 mm. Three ∅16 reinforcements were added at the bottom of the
formwork web and 6 ∅10 longitudinal reinforcements were combined with ∅10
transversal reinforcement at 203 mm spacing were added to the top of the flange (to be
embedded in the repair UHPC shell as part of extended testing of mechanical beam
performance). All additional reinforcing steel had a cover of 38 mm. As will be described
later, the steel in the concrete core as well as the additional reinforcing steel embedded
in the UHPC shell were instrumented for electrochemical testing.

9

(a)

(b)

Figure 4. Construction of formwork for the UHPC repair: (a) The acryllic formwork; (b)
Placement of addition reinforcing steel in the beam flange.
2.3 T-Beam Electrochemical Testing
The corrosion durability of the UHPC shell was investigated by periodically measuring
the open-circuit potential of the steel embedded in the UHPC shell as well as the
macrocell corrosion current between embedded steel in a portion of the T-beam
containing chloride contamination and the extended array of cathodes in the beam core
and the UHPC repair.

As described in the previous section, after the concrete core section was initially cast
and cured, additional reinforcing steel was placed to be embedded in the UHPC
encapsulation shell. However, prior to the casting of the UHPC, a portion of the
concrete core flange at one end of the T-beam was overlaid with NC concrete in two
segments (dimension of 571 x 508 x 64 mm) as shown in Figure 5. One of the NC
concrete segments was contaminated with sodium chloride (8% of cement mass) so
that a region of the test specimen would represent a portion of a beam with vestigial
chloride content after the UHPC repair. The high chloride content was made to ensure
development of corrosion anodic regions in the test specimen. The reinforcing steel in
this segment would develop a local anode to be coupled with the extended cathodes
from the steel in the NC concrete core as well as in the UHPC shell. All of the added
transverse and longitudinal reinforcements were cast electrically isolated from the steel
in the concrete core and each other. Intersecting rebar were separated by rubber pads.
This isolation would ideally provide an opportunity to measure the macrocell corrosion
current that would develop between the steel in the chloride region with the extended
10

cathodes in either the core or in the UHPC shell via external electrical switches. The
reinforcing steel was instrumented by attaching copper wires to stainless mechanical
studs drilled into each rebar. After casting, the individual rebar were interconnected
using electrical switches and was usually kept on the on position except for short term
disconnects for the macrocell current measurements.

Connectors
4∅10 S100

572 mm

508 mm

12∅10 S200

(a)

(b)

(d)

(c)

Figure 5. Local anodes in flange NC concrete segment of retrofitted T-beam specimen.
(a) Electrical isolation of intersecting rebar and electrical connectors. (b) Schematic of
NC section. (c and d) Cast NC sections with and without chloride contamination.
Corrosion half–cell potential measurements of the electrically interconnected steel rebar
(via the electrical switches) were used based on the ASTM-C876 standard to measure
the corrosion activity of the steel reinforcement. A copper/copper-sulfate electrode
(CSE) was used as the reference electrode. For the test, an electrical connection was
11

made between the reference electrode and the contact points of the reinforcing steel via
a high impedance voltmeter. The half-cell potentials were recorded at multiple locations
of the T-beam deck in a grid to verify the corrosion activity The grid was made such that
each reading point coincided with the location of the reinforcing steel (Figure 6). If
sufficient readings are taken on a grid pattern (half-cell corrosion mapping), a contour
map can be prepared, which can show the different locations of the deck with the
highest probability of corrosion activity.

152 mm

Connectors

Contaminant NC

(a)

200 mm

UHPC

NC

100 mm

Reading points

UHPC

(b)

(c)
Figure 6. Half-cell Potential Measurements. (a) Schematic of connections; (b)
Measurement grid pattern; (c) Photograph of measurement on beam top flange.
To investigate the extent of macrocell coupling of steel in the perimeter of the beam
from the UHPC repair, the macrocell current between the corroded rebar in the normal
concrete section as the anode and encapsulated rebar in UHPC section, as well as the
rebar embedded in the core (damaged normal concrete section), was measured. The
rebar in the anode and cathode sections, initially electrically isolated, were connected
by external wires terminating at an electrical switch box (Figure 7) The electrical switch
box allowed for the connection of the corroding rebar in the chloride-contaminated NC
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section and the transverse rebar in the UHPC flange repair as well as separately to the
NC core section. The bars in the UHPC repair could individually connected or
disconnected to vary the size of the extended cathode in the UHPC repair material. This
macrocell current measurement ideally would identify the extent of adverse macrocell
coupling based on the different cathode to anode ratio.

(b)
(a)
Figure 7. Macrocell current measurement:(a) External wires connecting the rebar .(b)
The electrical switch box.
2.4. Electrical Characteristics of Fibers in UHPC
Small scale test specimens were cast to investigate the effect of the chopped fibers on
the electrical behavior of the UHPC. A pan mixer with a 20-liter capacity and stirring
shaft speed of 195 (r/min) was used (Figure.8). The UHPC premix was blended for 3 to
5 min. Then, a part of the superplasticizer (SP) volume was gradually added to the
premix with the mix water and mixed for 15 min. The remaining portion of the
superplasticizer was added and mixed for another 2 to 3 min allowing the mix to
become fluid. In this step, the different types and dosages of fibers were gradually
added to the mixture to allow for uniform blending. After adding the fibers, the concrete
was mixed for an additional 6 min prior to the casting.

The specimens were cast as small beams with the dimension of square section 76 mm
x 76 mm (3 in. x 3 in.) and length of 608 mm (24 in.). To facilitate the parallel alignment
of the fibers along the length of the beam, the formwork was held at 45 degrees during
13

casting. The vertical deviation allowed the UHPC to smoothly flow parallel to the length
of the beam and ideally allow the fibers to orient itself with the streamline. The rheology
of the fresh UHPC was evaluated using ASTM C1437 (Figure 8). The results of the
flowability test are listed in Table 3. The glass fibers apparently absorbed water and
resulted a smaller static flow. Control test specimens with no fiber content were likewise
cast.

The electrical resistivity of concrete relates to its capability to resist the movement of
ions such as in an electrical field. The electrical resistivity is a material characteristic
relating to the concrete porosity, moisture content, and concrete temperature. The
microstructural properties of concrete including the pore size and tortuosity also can
affect the transport of charged species. The two-point and four-point resistance
measurements can be used to assess the concrete electrical resistivity. The two-point
technique is used for concrete bulk resistivity measurement, and a four-point technique
is used for surface electrical resistivity.

Electrical testing of the concrete specimens consisted of two-point resistance
measurements utilizing a Nilson soil resistance meter and electrochemical impedance
spectroscopy using a Gamry Ref600. The resistance measurements were made in a
series of tests utilizing combinations of cut concrete segments. Initially, each beam was
cut into 76 mm (3-inch) segments and each cut surface was ground to provide a uniform
surface roughness. Each segment was environmentally conditioned in 100% RH curing
chambers. For testing, the segments were arranged by holding consecutive segments
in series, each separated by a wet sponge, with a c-clamp. Two steel plates cut to the
dimensions of the beam cross-section were used as the end electrodes. Wet sponges
were used to provide better surface contact of the electrodes to the concrete surface.

The EIS measurements were made with 0V DC bias and a 10 mV ac perturbation
voltage with a frequency range of 1MHz to 1 Hz (10 points measured per decade).
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Table 3 The rheological properties of the test mixes.
Specimen

Static Flow

Dynamic Flow

Steel Fiber 4%

198 mm (7.8 in)

220 mm (8.7 in)

Steel Fiber 2%

218 mm (8.6 in)

241mm(9.5 in)

Glass Fiber 4%

90 mm

-

Glass Fiber 2%

100 mm

-

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 8. Test specimens preparations (a) Fibers, (b) Mixing process (c) Casting
Process, (d) Flowability, (e) Reference specimen, (f) Cutting process, (g) Cast and cut
directions, (h) UHPC surface after grinding, (i) Curing condition.
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3. RESULTS AND DISCUSSION
3.1 T-Beam Electrochemical Testing
The results of the half-cell potential mapping at day 25, 56 and 100 are shown in Figure
9. Based on ASTM C876, if the reinforcement potential is less than -0.35 VCSE, the
probability of having corrosion activity is close to 95 percent. When the potential is
between -0.20 and -0.35 VCSE the corrosion is uncertain. Passive conditions typically
develop at potentials more noble than -0.20 VCSE. As shown in Figure 9, the steel
embedded in the chloride contaminated concrete shown in the regions between 0 and
30 cm labeled anode 1-4 developed highly electronegative potentials indicative of the
expected corrosion activity there. The electrical potentials of the rebar embedded in the
chloride-free NC (45-75 cm) developed moderate potentials in the range of -0.2 to -0.4
VCSE even though passive corrosion conditions was expected there. All of the rebar
embedded in the UHPC (Cathode 1-16) all developed passive potentials (except for a
small portion at the edge of the deck). The moderate potentials developed in the
chloride-free NC concrete was related to the coupling of the actively corroding steel in
the chloride-contaminated region and shows that there can be significant polarization of
the adjacent steel embedded in the rather poor quality concrete (lower resistivity). This
enhanced cathodic polarization of the adjacent steel (throughout the entire length of the
NC region, over 45 cm) in the chloride-free NC concrete would enhance the rate of
cathodic oxygen reduction there and support elevated macrocell corrosion of the steel in
the chloride-contaminated region. Conversely, this polarization did not occur for any of
the steel rebar embedded in the UHPC (including those directly adjacent to the NC
region, 20 cm away and further). This observation highlights the effect of the high
quality UHPC to minimize the extent of macrocell coupling of the anodes to the
extended cathodes in the steel embedded in the shell repair.
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Figure 9. Half-cell potential mapping of deck surface. Contours in VCSE
a) Day 25. b) Day 56. c) Day 100.
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Figure 10. Macrocell current between anode and UHPC or core concrete cathodes. C/A:
Cathode-to-Anode Ratio.
a) Day 36. b) Day 56. c) Day 100
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The results of the macro-cell current measurements between the anodes in the
chloride-contaminated NC concrete and the steel in the UHPC repair as well as for the
steel in concrete core substrate at days 36, 56, and 100 are shown in Figure 10. At day
36, there was a clear linear relationship between the macrocell current and the cathodeto-anode ratio for the cathodes in the UHPC repair. The larger extended cathode in the
UHPC allowed for larger macrocell currents to develop. It is noted that the macrocell
current was much larger when the cathode was the steel embedded in the concrete
core substrate. Even though the embedded steel there would be encapsulated with the
UHPC that could minimize oxygen transport, there would be sufficient oxygen in the
substrate concrete pore water to support the cathodic oxygen reduction reaction.

Subsequent macrocell current measurements at day 56 and 100 showed a change in
macrocell behavior. For all cases, a similar macrocell current was measured regardless
of the cathode-to-anode ratio. The macrocell current was likewise similar when coupled
with the steel in the core substrate concrete. The similar current for all test conditions
may reflect a base current between the anodes and cathodes within the NC region and
that the UHPC and that the UHPC restricts the level of oxygen reduction in the UHPC
repair section. However, it cannot be ruled out that instrumentation of the rebar may
have been compromised during relocation of the test specimen after the initial
measurement.

3.2 Effect of Fibers on UHPC Electrical Resistance
The use of UHPC in the retrofit of reinforced concrete elements was posited to provide
extended corrosion durability not only by the low permeability characteristics of the
material but also by reducing the extent of macrocell coupling of cathodes embedded in
the UHPC. The low permeability of the cementitious component of the UHPC would
allow for high electrical resistance; however, the presence and orientation of the fibers
were posited to have an effect on the overall concrete electrical resistance. Different
fiber contents, orientations, and different fiber conductivity were assessed. Digital Image
processing (DIP) was implemented to assess the fiber orientation, and the electrical
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property of each sample was assessed by two-point electrical resistance (ER)
measurements and Electrochemical Impedance Spectroscopy (EIS).

3.2.1 Digital Image Processing (DIP)
DIP was implemented to provide quantitative characterization of the fiber distribution
along the length of the test specimen. From each cast beam, three cut sections (from
the the middle and 76 mm (3 inches) from each end of the beam) were evaluated
(Figure 11). The cut specimens were heated in the oven for 30 min with the average
temperature of 150 ºC (302 ºF) and allowed to cool in the ambient laboratory conditions
at a temperature of 23 ± 2 ºC (74 ± 3 ºF) for 5 minutes to create differential temperature
between the fibers and concrete. A FLIR thermal infrared camera was used to capture
thermal images of the concrete section surface. To mitigate the effect of differential
cooling of the edges of the concrete, the prepared images were cropped from the size
of 76 mm x 76 mm (3 in x 3 in) to the size of 38 mm x 38 mm (1.5 in x 1.5 in) as shown
in Figure 11d. The images were digitally processed in a MATLAB program as described
next. First, the contrast filter was applied to the images to better differentiate the fibers
from the concrete [41]. The enhanced images were subdivided into 16 equal-sized
images. The individual images were changed from RGB format to the gray-scale
images with a pixel intensity between 0 to 225. The threshold filter was then applied to
change the image into black-and-white format with the pixel intensity between 0 to 1
[42]. The total surface area of the fibers and the concrete could be estimated by the
number of white and black pixels, respectively. The population density (𝜌) of the fibers
was measured Equation 1.

𝐹𝑖𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝜌) =

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟𝑠

(1)

𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 11. DIP method (a) Cross sections used for analysis, (b) The specimen with 4%
fiberglass, (c) The image from infrared camera, (d) The cropped image section, (e) The
RGB image transferred to the MATLAB, (f) The enhanced image, (g) Segmentation of
enhanced image, (h) Gray-scale image, (i) The blacked and white image.
The fiber orientation was characterized by the angle made between the normal direction
of the cut surface and the fiber axis (𝜶) as illustrated in Figure 12 with using Equation 2.
A fiber orientation coefficient (𝜸) was defined as in Equation 3 where 𝜸 can change
between 0 and 1 while the fibers are aligned parallel or align perpendicular to the crosssection [34, 43].
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Figure 12 Fiber inclined angle illustration
𝐷

𝛼 = 𝑎𝑟𝑐𝑐𝑜𝑠(𝐻)
𝛼

𝛾 = ∫𝛼 𝑚𝑎𝑥 𝑝𝛼 𝑐𝑜𝑠 2 𝛼𝑑𝛼
𝑚𝑖𝑛

(2)
(3)

where 𝑝𝛼 shows the probability distribution of fiber for fibers with angle 𝛼 [44].
Figure 13 shows the cross-section thermal image of the UHPC specimens cast with 2
and 4% steel fiber. It was evident that the steel fiber orientation was generally aligned
parallel to the cast direction as shown by the minimal transverse cross-section of each
fiber. After the digital image processing to delineate the fiber periphery, the fiber
population density, ρ, and orientation, γ values for each cut concrete section face was
calculated using Equation 1 and 3, respectively. Table 4 lists the average ρ and γ for
each section. As expected, the calculated fiber density ρ on each section profile for the
UHPC mix with 4% fiber was higher than the UHPC with 2% fiber. The average ρ values
for the profiles at specimen mid-length were 0.45 and 0.35 for the 4% and 2% UHPC
mix, respectively. Furthermore, the average fiber orientation coefficient γ was greater
than 0.7 for all profiles, consistent with the visual observation of the parallel alignment of
the fibers for both the 4% and 2% UHPC mixes.

As presented earlier in Table 3, it was evident that the fiber content had an effect on the
UHPC rheology. The flow test results confirmed that the UHPC pre-mix and the fiber
components were well mixed for all test specimens. The workability of the UHPC with
the higher fiber content was lower than the UHPC with the lower fiber content. This was
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due to the higher overall friction between the fiber and the cement matrix during the
casting with the larger fiber population [45-46]. Research in the literature attests to this
effect of the fiber content and geometry on the workability of fiber-reinforced concrete.
This effect by the fiber content was manifested by the trends of the average calculated ρ
values along the specimen length. For example, the 4% UHPC mix (with the lower
workability) generally had uniform fiber distribution along the entire specimen length (ρ
~0.35-0.45); whereas, the 2% UHPC mix (with higher workability) showed a major drop
in ρ from 0.3-0.35 (at 12 and 21 inches from the casting point) down to <0.1 (at 3 inches
from the casting point). Furthermore, the observed fiber segregation for the 2%-fiber
UHPC mix allowed for the aggregation of the fibers downstream, consistent with the
lower but similar calculated ρ values (i.e. ρ~0.3-0.45) relative to the 4%-fiber UHPC mix
at sections 1 and 2. The results showed an indication that the UHPC mix with higher
workability allows for better-aligned fibers in the direction of casting. Specimens with 2%
fiber showed γ values (0.8-0.91) generally higher than the specimens with 4% fiber
(0.74-0.81). For the specimens with the glass fiber (in part relating to the light weight of
the material and more cohesive bond), the fibers were oriented randomly which resulted
in a more uniform distribution of the fibers.
Table 4 Fiber distribution and orientation along the length.1
Specimen

Section 1

Section 2

𝜌

Section 3

𝛾

𝜌

𝛾

𝜌

𝛾

Steel Fiber 4%

0.4

0.78

0.45

0.81

0. 35

0.74

Steel Fiber 2%

0.3

0.8

0.35

0.84

0.06

0.91

Glass Fiber 4%2

-

-

-

-

-

-

Glass Fiber 2%2

-

-

-

-

-

-

1. Average values calculated from measured values for each profile subdivision. 2.
Glass fibers were not well distributed. ρ and γ were not calculated.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 13. Fiber distribution and orientation (a) Steel fiber 4% section 3(top), (b) Steel
fiber 4% section 2 (middle), (c) Steel fiber 4% section 1(bottom), (d) Steel fiber 2%
section 3 (top), (e) Steel fiber 2% section 2(middle), (f) Steel fiber 2% section 1(bottom).
3.2.2 Electrical Resistance
The two-point resistance tests utilizing a soil resistance meter were made on the
concrete segments after 28 and 56 days of exposure in the 100% RH chamber. All
concrete specimens were surfaced dried with a towel prior to testing. Two parallel
stainless-steel plate electrodes were placed on the each end of the concrete test
specimen with moist sponges and held in close contact with a c-clamp (Figure 14).
Excess surface wetting of the specimen was avoided to prevent possible preferential
charges through the outer surface of the concrete. The measurements were made in a
sequence for each material where each cut concrete section was sequentially added in
series and held in close contact via the wet sponges and the clamp. The concrete
sections were added such that the fibers were either aligned along the longitudinal
length of the specimen (parallel to the applied current path) or each rotated 90 degrees
so that the fibers were aligned perpendicular to the length of the specimen (orthogonal
to the applied current path). The total resistance was corrected afterward by deducting
the electrical resistance of the added sponges.
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(a)

(b)

Figure 14. Resistance Measure of the Samples Segmental (a) Section, (b) Sections
Connected by Sponge.
The concrete bulk resistivity was calculated by Equation 4
𝐴

𝑟 =𝑅𝐿

(4)

where r is the resistivity of the concrete (Ω.m), R is the resistance (Ω), A is the crosssectional area of the samples 5800 mm2, and L is the total length of specimen 76 mm to
610 mm.

Figure 15 EIS measurement of each sectional sample.

The analysis of concrete by EIS is based on the electrical characteristics of its
components. The only conducting path was through the pore solution in the macro,
capillary, and gel pores. As a first approach, the charge transport through the concrete
can be considered to be uniform, and an equivalent circuit, as shown in Figure 16 can
be considered representative of the test system where CPEc and Rpo represent the
capacitive and resistive behavior of the concrete matrix, and CPEdl and Rct are the
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double-layer capacitance and charge transfer resistance at the electrolyte-steel
electrode interface at the two steel electrodes. If the impedance associated with the
steel interface at both electrodes are the same, the impedance spectrum in the Nyquist
representation would give two separate impedance loops such as depicted in Figure 16
and the total impedance can be represented by Equation 5.

-Z” (ohm)

𝑍=

1
𝑌𝑜𝑐

(𝑗𝜔)𝑛𝑐 +

1
𝑅𝑝𝑜

+

1
𝑌𝑜𝑑𝑙 (𝑗𝜔)𝑛𝑑𝑙 +

1
𝑅𝑐𝑡

Rct

Rpo

Rct

CPEdl

CPEc

CPEdl

Bulk Concrete

(5)

Rpo

Steel Interface

CPEc
Bulk Concrete Resistance
Z’(ohm)

a)

(b)

Figure 16. Schematic of impedance spectrum with (a) electrical equivalent circuit of the
system and (b) equivalent circuit of the concrete.
In the Nyquist plot, the Rct and CPEdl represent the impedance associated with the lowfrequency response of steel electrode interface and is not considered relevant to the
work here. Consequently, the high-frequency impedance loop can be described by the
equivalent circuit in Figure 16b.

Figure 17 shows the bulk resistance of the UHPC samples with 2% and 4% steel and
fiberglass fibers along different lengths of concrete sections connected in series with the
fiber orientation in parallel or orthogonal to the electrical current path with hydration
time. As expected, the electrical resistance for all materials was lower with the shorter
specimen lengths due to the shorter path for charge to travel and lower at the earlier
hydration time (and shorter exposure in the 100%RH chamber) due to the shorter time
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for the clinker to hydrate and the shorter time for moisture penetration from the
conditioning environment. Specimens with 2% steel fiber showed slightly higher
resistance than samples with steel 4% fiber. This can be due to the greater resistance
to ionic charge motion with the greater presence of the high quality cementitious
materials in the former. However, it was posited that the lower electrical resistance with
the higher steel fiber content allowed for contributing electrical charge through the metal
in the presence of the electric field impressed during the measurement. Indeed, in
contrast, the poorly conductive fiberglass showed somewhat larger resistance with the
higher fiber content.

The experiments were repeated with the concrete sections arranged so that the fibers
were aligned orthogonal to the electrical current path. Figure 18 shows the results for
steel and fiberglass fibers. It was evident that the orientation of the steel fibers have
significant influence on the overall bulk UHPC resistance. In all cases, specimens with
the steel fiber aligned orthogonal to the current path resulted in larger electrical
resistance in comparison to when the steel fibers were aligned parallel with the current
path. This effect was not observed for the specimens cast with fiberglass. Also, the
overall electrical resistance was lower for the specimens cast with steel fibers than the
less conductive fiberglass fibers.

Figure 19 presents a summary of results for the various test conditions. The UHPC
without fibers showed significantly larger (up to an order of magnitude) resistivity. UHPC
with steel fibers showed the lowest resistivity, and UHPC with fiberglass showed
somewhat higher resistivity. Only specimens with steel fibers show a difference in
resistivity with the fiber orientation.

The results show that the presence of fibers have an effect to reduce the overall
electrical resistivity likely in part related to partial volume replacement of high quality
cement and possibly oriented pathways in the cement microstructure along the fiber
interface that can facilitate ionic movement. These ionic paths in the cement
microstructure would be expected to be better manifested for the specimens with the
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fibers cast in parallel with the current path, although no significant enhancement was
observed for the cases with the fiberglass. Indeed, the results would suggest rather that
the parallel orientation of conductive fibers with the current path at high enough
concentrations can create a system where electronic charge through the conductive
fiber can be facilitated, and the lower electrical resistance can be better attributed to
electronic charge motion rather than any preferred ionic motion that may develop at the
fiber-cement interface.
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Figure 17. Bulk Resistance of Specimens cast with (a) steel Fiber and (b) Glassfiber.
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Figure 18. Difference in Bulk Resistance Due to Fiber Orientation. P represents
alignment of the concrete sections with fibers perpendicular to the current path.
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Figure 19. The difference in Resistivity Due to Fiber Property.

Figure 20 shows the results of EIS testing in the form of Nyquist diagrams. The
impedance measurements were taken for all of the specimens with the working and
counter electrodes configured such that the applied current flow lines are parallel or
perpendicular to the fiber alignment. As expected, the Nyquist diagrams all showed two
separate impedance loops representing a high frequency arc associated with the
electrical response of the concrete and a low frequency arc associated with the
interfacial characteristics of the steel electrodes.
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Figure 20. Nyquist Diagram of the UHPC Samples with Different Percentage of Fiber. (P
represents data perpendicular to the casting direction)
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The high frequency loop is associated with the dielectric property of the cementitious
materials and the electrical resistance of bulk material. The control specimens without
any fiber content showed a larger high frequency loop than the specimens with either
steel or fiberglass fibers, characterizing the low permeability concrete. The high
frequency loop was smaller in presence of either fibers. Of note, the orientation of the
fibers only had significant influence on the impedance characteristics for the steel fiber
UHPC where the high frequency loop was larger for the cases where the steel fibers
were oriented perpendicular to the current flow line in comparison to where the steel
fibers were oriented in parallel with the current flow lines.

Figure 21 shows the results of the concrete pore resistance resolved from equivalent
circuit fitting of the high frequency impedance loop. General trends obtained by the
electrical resistance measurement were observed by EIS. The smaller pore resistance
of the specimens with fibers than without fibers was apparently due to the connected
pore network in the UHPC matrix. The pore resistance was as expected lower with the
greater fiber content. The comparatively smaller resistance of the UHPC with steel fiber
than glass fiber was apparently due to the conductive and stiff nature of the steel fibers,
which facilitates the connectivity of the internal capillary pores.

Figure 21. Pore resistance of the specimens measured by EIS
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The result showed that the method of casting can have a significant influence on fiber
distribution and orientation. This fiber orientation can have an important role in the
movement of electrical and ionic charge through the UHPC bulk. The results showed
that as the length of the UHPC sample increased, the resistivity of the UHPC bulk
increased approximately linearly conforming to Ohm’s law. The reason for not having a
perfect linear correlation can be explained by having a non-uniform distribution of fibers
in the length of specimens. The results showed that the resistivity of the UHPC
increased significantly with concrete hydration as the ongoing hydration process and
pozzolanic reactions that block the ionic path continues [47-50].

It was shown that by increasing the steel fiber content, the resistivity of bulk decreasing
proportionally compared to the no-fiber control specimen. In the presence of the
conductive steel fibers, electrical current was apparently facilitated. It was proposed that
the presence of the conductive fibers can facilitate shorter paths for charged species to
move in UHPC bulk by bridging ionic paths through the pores by electronic paths via the
conductive fiber as illustrated in Figure 22 [47]. Sufficient concentration of fibers
oriented in parallel to the current direction can provide more effective transport of
charge and result is lower bulk resistivity. Furthermore, as shown by the decrease in
resistance for the fiberglass laden specimens in comparison to the control fiber-less
specimens, hydration of the cementitious materials at the interface of the solid fiber
materials can create rich regions of cement paste that can favor ionic transport of
chemical species through it gel pores.
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Figure 22 Current flow between UHPC pores:(a) UHPC without fiber, (b) UHPC with
fibers
These observations should require further exploration to address possible adverse
effects of oriented fibers in UHPC on its electrical properties and in relation to macrocell
coupling of reinforcing steel in UHPC retrofit. Furthermore, these results would suggest
that characterizing the durability of UHPC by testing involving its electrical properties
and migration of charged species should require further scrutiny.
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4. SUMMARY OF RESULTS
Corrosion Behavior of Steel in UHPC Retrofitted T-Beam


The steel embedded in the chloride contaminated region of the concrete T-beam
developed highly electronegative potentials indicative of the expected corrosion
activity. The electrical potentials of the rebar embedded in the chloride-free NC
developed moderate potentials in the range of -0.2 to -0.4 VCSE even though
passive corrosion conditions was expected there. All of the rebar embedded in
the UHPC developed passive potentials.



The moderate potentials developed in the chloride-free NC concrete was related
to the coupling of the actively corroding steel in the chloride-contaminated region.
There can be significant polarization of the adjacent steel embedded in the rather
poor quality concrete (lower resistivity). Conversely, this polarization did not
occur for any of the steel rebar embedded in the UHPC (including those directly
adjacent to the NC region. This observation highlights the effect of the high
quality UHPC to minimize the extent of macrocell coupling of the anodes to the
extended cathodes in the steel embedded in the shell repair.



At day 36, there was a clear linear relationship between the macrocell current
and the cathode-to-anode ratio for the cathodes in the UHPC repair. The larger
extended cathode in the UHPC allowed for larger macrocell currents to develop.
The macrocell current was much larger when the cathode was the steel
embedded in the concrete core substrate. Even though the embedded steel there
would be encapsulated with the UHPC that could minimize oxygen transport,
there would be sufficient oxygen in the substrate concrete pore water to support
the cathodic oxygen reduction reaction.

Effect of Fibers on UHPC Electrical Behavior


The method of casting can have a significant influence on fiber distribution and
orientation. The electrical resistance for all materials was lower with the shorter
specimen lengths due to the shorter path for charge to travel and lower at the
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earlier hydration time (and shorter exposure in the 100%RH chamber) due to the
shorter time for the clinker to hydrate and the shorter time for moisture
penetration from the conditioning environment. Specimens with 2% steel fiber
showed slightly higher resistance than samples with steel 4% fiber.


The results show that the presence of fibers have an effect to reduce the overall
electrical resistivity likely in part related to partial volume replacement of high
quality cement and possibly oriented pathways in the cement microstructure
along the fiber interface that can facilitate ionic movement. The results suggested
that the parallel orientation of conductive fibers with the current path at high
enough concentrations can create a system where electronic charge through the
conductive fiber can be facilitated, and the lower electrical resistance can be
better attributed to electronic charge motion rather than any preferred ionic
motion that may develop at the fiber-cement interface.



The orientation of the steel fibers have significant influence on the overall bulk
UHPC resistance. Specimens with the steel fiber aligned orthogonal to the
current path resulted in larger electrical resistance in comparison to when the
steel fibers were aligned parallel with the current path. This effect was not
observed for the specimens cast with fiberglass. Also, the overall electrical
resistance was lower for the specimens cast with steel fibers than the less
conductive fiberglass fibers.



It was proposed that the presence of the conductive fibers can facilitate shorter
paths for charged species to move in UHPC bulk by bridging ionic paths through
the pores by electronic paths via the conductive fiber
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