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Abstract
The Army has 1,500 vehicular bridges on its installations that can incur
high maintenance costs and even early replacement as a result of corrosion
of the steel support structures or the reinforcing bar in the concrete. The
application of corrosion-resistant technology can extend the service life of
bridges and reduce maintenance costs. The Office of the Secretary of Defense Corrosion Prevention and Control Program project demonstrated
and validated a corrosion-resistant hybrid-composite beam (HCB) for the
reconstruction of a one span of a traditional steel and concrete bridge at
Fort Knox, Kentucky. The HCBs were installed on half of the bridge, and
conventional steel beams were installed on the other half. Structural analysis of the bridge was performed, and the span with HCBs was found to
meet all design specifications and load ratings. This technology can increase the life cycle of bridge infrastructure when utilized in new construction and replacement by the Army and all other federal agencies. The technology’s return on investment (ROI) is 4.22.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

1.1

Problem statement
The Army has installations around the world, and many of these have
bridges as a significant part of their infrastructure. These bridges, like
those in our national highway system, are experiencing significant deterioration from corrosion of the steel structure and/or the steel reinforcement
bars in the concrete. Federal Highway Administration (FHWA) Report
RD-01-156 states that approximately one-quarter of the direct cost of corrosion of bridges is made up of maintenance and capital costs for steel reinforcement (Koch et al. 2002). Maintaining serviceable bridges is essential to providing access to the facilities on the post and to remote training
areas that would otherwise be in accessible due to rivers, streams, trains,
roads, and other geographical obstacles to transportation. Thus the cost
for maintenance and replacement of bridge infrastructure has a big impact
on the Army and its operations.
The current technology employed in bridge infrastructure typically has a
50-year design life; however, according to the Illinois and New York state
departments of transportation—two states where road salts are used extensively for deicing—the average service life of a steel-reinforced concrete
bridge deck is 25 years (Hastak, Halpin, and Hong 2004). The inventory
for the Army’s bridge safety program shows that more than 80% of its
bridges employ standard steel, concrete, or steel and concrete construction
(Dean 2008). Bridges are exposed to all climate conditions and often are
exposed to heavy industrial contaminates as well. Both design and construction experience show that this exposure is currently an added problem for corrosion because it results in cracking and spalling of concrete
beams and corrosion of steel beams. In addition, bridges located in northern regions are frequently exposed to deicing salts in winter weather, and
in coastal areas, they are exposed to splash-zone seawater—both conditions accelerate corrosion problems.
New technologies employing corrosion-resistant composite materials are
still under development and evaluation as replacements for steel and concrete. The validation and implementation of these technologies will allow
DoD installations to utilize them for replacing or rehabilitating corroding
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bridge structures. Use of the new technologies could reduce maintenance
costs, sustain the mission, and prevent premature failure of infrastructure.
This Corrosion Prevention and Control (CPC)-funded project was a collaboration between the Engineer Research and Development Center–Construction Engineering Research Laboratory (ERDC-CERL) and the Fort
Knox Directorate of Public Works (DPW). The Fort Knox DPW has an ongoing initiative to replace or rehabilitate bridges that are severely corroded
throughout the installation’s vast training range. Fort Knox is a training
base for the Army’s mobile armor combat, and its bridges must carry some
of the Army’s heaviest vehicles. These vehicles include the M1A1 Abrams
Battle Tank, M2A3 Bradley, and Heavy Equipment Transporter (HET).
When carrying the M1A1, a HET has a combined weight of at least 105
tons. The HETS and M1A1 were used in the second load test of the bridge
to validate the ability of the HCBs to perform to these demanding requirements.
Bridge No. 4 (Figure 1) in the Fort Knox training range was one of the
bridges scheduled for rehabilitation of its corroded support beams and deteriorating bridge deck. With Bridge No. 4 having two spans, it was an excellent candidate for concurrent demonstrations of the HCB and composite deck technologies.
Figure 1. Bridge No. 4 at Fort Knox.
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1.2

Objective
The objective of this project was to demonstrate and validate the capabilities of hybrid composite bridge beams as replacements for either conventional concrete or steel beams.

1.3

Approach
The selected demonstration structure was Bridge No. 4, a two-span bridge
on the training range at Fort Knox where the support beams and bridge
deck were scheduled for replacement due to corrosion damage. This bridge
served as the site for two separately funded but concurrent CPC projects—
the one documented in this report and CPC Project F12-AR01, which is
documented in ERDC/CERL TR-16-21 (Sweeney et al. 2016). The demonstration documented here involves the use of Hillman Composite Beams
(HCBs) 1 on one span of the bridge to support a standard steel-reinforced
concrete deck. The other span of the bridge (used in Project F12-AR01)
demonstrated a composite-grid concrete-reinforcement deck system that
is supported by conventional steel beams.

1.4

Metrics
The corrosion potential of the site was determined by using the combination of exposed atmospheric coupons, collected weather data, and corrosion sensors embedded in the new concrete deck. The atmospheric coupon
rack was built and tested in accordance with ASTM G1-03, “Standard Practice for Preparing, Cleaning and Evaluating Corrosion Test Specimens,”
with the exception of the silver coupons. The silver coupons were tested in
accordance with ASTM B825-02, “Standard Test Method for Coulometric
Reduction of Surface Films on Metallic Tests.” The results from testing the
atmospheric coupons and the collected weather data were analyzed using
ISO 9223:2012, “Corrosion of Metal and Alloys – Corrosivity of Atmospheres – Classification, Determination and Estimation.” A summary of the
results of the corrosion potential assessment for Bridge No. 4 is shown in
section 3.1.1. Details of the corrosion potential analysis are presented in
Appendix B of this report.

1

Hillman Composite Beam and HCB are now registered trademarks of Hillman Inc. of Alpharetta,
Georgia. HCB originally was used by Hillman, Inc. to mean “hybrid composite beam,” which is how it is
being used in this report.
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The design and materials of the HCBs were assessed for corrosion resistance and for meeting design specifications and strength. Structural
evaluation was achieved through structural load testing and load rating of
the completed structure immediately after construction and again one year
after construction. Corrosion was assessed by accumulating data from sensors. Further details of the assessments, done under contract by Bridge Diagnostics Inc. of Boulder, Colorado, are contained in ERDC/CERL CR-165 (Commander and Crider 2016).

4

ERDC/CERL TR-16-22

2

Technical Investigation

2.1

Technology description
The HCB is fabricated from a variety of materials and has a distinctive,
specialized configuration. All materials are corrosion resistant, and the
fully formed beam weighs much less than conventional steel beams or concrete reinforced beams. The HCB consists of a glass fiber reinforced plastic
(GFRP) shell, tension reinforcement stainless steel cables, low-density
foam core, and a concrete arch that provides compression reinforcement
(Figure 2). The manufacturing process uses vacuum-assisted resin transfer
molding (VARTM) technology, which allows for customization of dimensions, shape, and internal lay-up.
The beam’s shell is made of vinyl ester resin that is reinforced by glass fibers to resist the design forces. The shell consists of a top flange, a bottom
flange, and a continuous conduit. The conduit runs longitudinally and continuously between the ends of the beam and along an arch profile that
functions as the internal load path that resists external forces applied to
the beam. The HCB is designed to resist the compression and shear forces
from loads on the bridge by using the profile of the concrete arch to create
compression reinforcement. The arch is fabricated by pumping self-consolidating concrete (SCC) through ports located in the centerline of the
beam (Figure 3). Additional ports may be added at 15- to 20-foot spacing,
depending on the lengths of the beams.
As can be seen in Figure 2, the cross section of the HCB has significantly
less concrete than a standard concrete beam, with some concrete being replaced by lightweight foam. Since the HCB is normally shipped and
erected before being filled with concrete, the weight of the HCB is 10% that
of a conventional concrete beam and 33% that of a steel beam for typical
70-foot spans (HC Bridge Company, LLC n.d.). Lighter weights mean that
transportation costs are less, and beam placement can be accomplished
with much smaller cranes, achieving another cost reduction. Even after
filling (Figure 4), the HCB is 33% of the weight of a concrete beam and
roughly the same weight of a steel beam for typical 70 foot spans (HC
Bridge Company, LLC n.d.).
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The bridge loads exert thrust on the compression reinforcement and this
thrust is resisted and equilibrium maintained by the tension reinforcement located in the bottom of the HCB. This tension reinforcement is
comprised of layers of unidirectional steel reinforcing fibers (usually 2,370
ksi, galvanized, prestressing strand) with a high tensile strength and high
elastic modulus. These fibers are in the bottom of the HCB and are encapsulated in the FRP during fabrication of the beam shell (Hillman 2012, 2).
There are two vertical webs in the beam shell (Figure 5) that transfer applied loads to the composite beam and transfer shear forces between the
compression reinforcement and tension reinforcement. The beam shell
components are all fabricated monolithically using the VARTM process.
To create compression reinforcement requires that SCC be poured into the
HCB shell. This operation can be done at different stages depending on the
requirements of a particular installation. The SCC can be placed into the
HCB shell prior to shipping the HCB, at the bridge site prior to installing
the HCB, or after the HCB shell has been placed on the bridge. These options offer flexibility during the construction process. The only significant
variable is that when the HCB is precast before placement on the bridge,
the pick points for lifting must be at the ends of the beam so the HCB can
carry the added weight of the SCC. When the beam is precast, lifting loops
are inserted in the ports for filling the beam with the SCC to provide lift
points (visible as loops at the top of the beam in Figure 3). The HCB empty
shell can be picked up from any of these lift points on the beam.
A specific HCB design is developed for each individual bridge application
based on engineering requirements for the span and allowed loads. The
HCBs used for Bridge No. 4 were designed to meet the load requirements
in the bridge engineering drawings shown in Appendix A. Constructing a
bridge using HCBs is accomplished in the same way as using steel beams
or prestressed concrete beams.
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Figure 2. Composite beam components.

Figure 3. Ports for injecting SCC.
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Figure 4. Interior view of a concrete-filled HCB.

Figure 5. Cross section geometry of a typical HCB.

Load rating factors were obtained by using the guidelines specified in the
American Association of State Highway and Transportation Officials
(AASHTO) Manual for Bridge Evaluation (MBE) (AASHTO 2011) and the
Kentucky Transportation Cabinet’s Transmittal Memo TM 08-01, issued
to promulgate the revision of “Chapter 4, Interpretation of LRFD” (Load

ERDC/CERL TR-16-22

and Resistance Factor Design; Frank 2008). Member capacities were calculated based on provided design drawings and calculations, the AASHTO
specifications, and the results of the laboratory-scale testing performed on
this type of HCB. Load testing measurements alone do not provide a complete picture of the bridge’s performance. Measured responses are generally limited to the sensor locations, which may not be at the controlling location for member response. Use of a finite-element model allowed for the
evaluation of all components of the structure for a variety of response
types such as moment and shear. For example, strain measurements can
provide a reasonably direct measure of applied moment at a given location, but it is very difficult to measure shear directly. Moment and shear at
all locations along each beam-line can be evaluated through finite-element
analysis (FEA) modeling. An initial quasi-three-dimensional model accurately matched measured displacements and strain shape near midspan,
but the rotations and strain shapes near the supports did not agree with
the measurements. This model assumed composite action between the
concrete and GFRP shells. Calibration efforts failed to produce agreement
with the measured data at the supports. A full three-dimensional (3D)
model did not force continuity, and it was found to better simulate the interaction between the concrete arches and GFRP shells (Commander and
Carpenter 2016 for modeling details). This 3D model, along with the field
testing and design calculations, was used to determine the HCB load capacity.

2.2

Field work
The existing 82-foot long Bridge No. 4 was demolished to remove the existing road deck and support beams for the two spans. Demolition was
done by the Fort Knox DPW and its support contractor, All Cities Enterprises of Fort Knox, Kentucky. The abutments and pier were not removed,
but they were rehabilitated by forming and pouring new concrete landings
for the new support beams. The condition of the support beam structures,
as visible during demolition, is shown in Figure 6 and Figure 7.
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Figure 6. Corroded support beam structure visible during demolition.

Figure 7. Lifting degraded steel beam structure during demolition.

After demolition of the deck and support beams, the bridge’s support began to be restored with use of the demonstrated HCB technology. HCBs
were procured that were specially designed for one of the spans of Bridge
No. 4. The beams were fabricated offsite and shipped to Fort Knox. The
new HCBs were delivered to the site (Figure 8) without the compression
reinforcement arch in the beam. These beams were designed to be filled
with SCC on site to make the compression reinforcement arch. The SCC
was slump tested at the site (Figure 9) and then poured into the HCBs to
cast the arch prior to installation of the beams (Figure 10). Lifting loops
were on the HCBs for lifting at the ends of the beam following casting of
the compression reinforcement arch (see loops showing at top of beam in
Figure 8). Once cured, the beams were lifted and placed on the pier and
abutment for the north-facing span of the bridge (Figure 11–Figure 13). A
conventional rebar reinforced bridge deck was constructed over the HCBs,
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with two rows of rebar installed in a 4-inch grid pattern and a 3-inch separation between rows (Figure 14 and Figure 15). The top row maintained a
1.75-inch clearance from the surface of the deck. Sensors were placed in
the bridge deck to measure site corrosivity (see sections 3.1.1). The completed bridge span is shown in Figure 16. When completed, the bridge was
load-tested to assess the structural integrity and then retested after 1 year
(see 3.1.2). Details of these tests are in another report, ERDC/CERL CR16-5 (Commander and Carpenter 2016).
Figure 8. HCB as delivered to site.

Figure 9. Slump test of SCC.
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Figure 10. Casting the internal compression reinforcement arch.

Figure 11. Span of Bridge No. 4 (foreground) prior to installing HCBs.
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Figure 12. Crane lifting an HCB for installation.

Figure 13. Placing an HCB.
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Figure 14. Forming bridge deck and installing rebar.

Figure 15. Bridge deck construction in progress.
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Figure 16. Completed bridge No. 4 with HCBs (left)
and Gridform deck on Cor Ten® weathering steel beams (right). 1

2.3

Commissioning and monitoring
The evaluation of the HCBs was accomplished by conducting two load
tests on Bridge No. 4. Construction of the bridge, including the HCBs, was
completed in October 2012, but the guard rails and approaches to the
bridge were not finished until December 2012. Only at that time could the
initial load test be scheduled and conducted, and the final load test was
conducted in December 2013. This evaluation assessed the performance of
the HCBs and verified that the bridge meets design load requirements. The
load tests were performed by subcontractor Bridge Diagnostics Inc. of
Boulder, Colorado (Figure 17 and Figure 18). The instrumentation plan
and other details of the monitoring and testing are located in the subcontractor’s full report, ERDC/CERL CR-16-5 (Commander and Carpenter
2016).

1

Cor-Ten is a registered trademark of U.S. Steel for a weathering steel product that forms a passivating
surface layer of oxidized material that protects the steel element from progressive corrosion. More information is available in ERDC/CERL TR-16-21, which discusses material selection for the bridge span
used to demonstrate the composite Gridform® concrete deck reinforcement system.
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Figure 17. Weighing a truck to be used for load testing.

Figure 18. Two-lane load testing.
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An evaluation of the corrosion potential of the site was done with the use
of a weather station, the corrosion sensors embedded in the concrete deck,
and an atmospheric corrosion test rack. The site was also visited quarterly,
with weather station data downloaded and readings taken from the corrosion sensors. At six and twelve months, coupons were retrieved from the
corrosion test rack and assessed by a laboratory. Establishment of the site
corrosion potential is used to evaluate the potential future performance of
the HCB materials. Appendix B provides a summary of the data recorded
for the corrosion potential and an interpretation of the results to form the
site corrosion potential.
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3

Discussion

3.1

Results
3.1.1

Site corrosivity

A summary of the data and calculations to determine site corrosivity are
listed in Table 1–Table 4.
The results from the ISO 9223:2012 analysis of weather data (Table 1) and
mass loss testing suggest the Fort Knox Bridge No. 4 site is a C3 classification of atmospheric corrosion severity. Although the steel coupon testing
resulted in a C2 classification, the results were on the upper limit of the
category. The potential for corrosion at the site is considered medium. The
corrosion sensors show no corrosion in the bridge and validate this classification as being much less than severe.
Copper experienced a high mass loss in comparison to the other metals in
both the 6-month and 12-month tests (Table 2 and Table 3). Results from
the 12-month testing suggest that the 2024 and 7075 aluminum alloys experienced an extremely high mass loss due to corrosion. These results are
inconsistent with the other alloys and the results from the weather data
analysis; therefore, the mass loss test from the 12-month 2024 and 7075
coupon have been omitted from the atmospheric corrosion severity classification of the site (Table 4).
Table 1. Summary of weather data collected December 2012 – December 2013.
Average
Standard Deviation

Wind Direction, ø
192
100

Wind Speed, mph
0.25
0.91

Gust Speed, mph
2.5
3.6

Temp, °F
56.3
18.1

RH, %
83.2
18.9

Table 2. Summary of results from the 6-month ASTM G1 mass loss test
and corrosion classification per ISO 9223:2012.
Weight loss [g]
Rcorr [g/m2y]
Classifiction

1010 Steel
0.104
37.71
C2 (Low)

CDA101
0.417
151.66
CX (Extreme)

Al6061-T6
0.005
1.95
C3 (Med)

Al2024-T3
0.003
0.94
C3 (Med)

Al7075-T6
0.005
1.74
C3 (Med)
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Table 3. Summary of results from the 12-month ASTM G1 mass loss test
and corrosion classification per ISO 9223:2012.
Weight loss [g]
Rcorr [g/m2y]
Classifiction

1010 Steel
CDA101
0.984
0.143
178.9
25.91
C2 (Low) C5 (Very High)

Al6061-T6
Al2024-T3
0.006
0.294
1.05
53.36
C3 (Med) CX (Extreme)

Al7075-T6
0.192
34.96
CX (Extreme)

Table 4. Atmospheric corrosion severity classification from weather data
and ISO 9223:2012 response equation calculations.
Rcorr [um/y]
Classifiction

3.1.2

Steel
9.67
C2 (Low)

copper
0.88
C3 (Med)

aluminum
0.04
-

zinc
0.54
C2 (Low)

Load testing

The HCBs used at Fort Knox Bridge No. 4 were load tested in December
2012 and a year later in December 2013. These tests provided performance
verification, which is needed for bridges built with innovative structural
materials. Details on the load testing, FEA modeling, and rating of the
HCB bridge span are contained in the contractor’s report, published as
ERDC/CERL CR-16-5 (Commander and Carpenter 2016). The following
are brief highlights from the full report:
•

•
•

•

•

A post processor was used to sift through the various analysis output
files, and it generated load rating factors for every component. The ratings were calculated and assembled for the critical responses generated
from the bridge model for the different load components used in the
AASHTO LRFD rating equations. A summary of the calculated HCB capacities used in strength and serviceability ratings, along with important member properties, have been provided in Table 5–Table 9.
Load and resistance factor ratings (LRFRs) were calculated using the
AASHTO load-rating equation specified in the MBE.
Member shear and moment capacities were based on AASHTO LRFD
specifications to the extent that they applied. Additional laboratory test
data was used for the HCB beams to establish the controlling failure
mechanism.
Different models were used to compute the various load effects for
component dead load (DC), superimposed dead load (DW), and liveload (LL).
Dead-loads were computed from simply supported noncomposite versions of the bridge model.

ERDC/CERL TR-16-22

•
•

•
•

The calibrated FEA model was used to generate live-load responses for
the HL-93 design load and the required military loads.
Unreliable secondary stiffness parameters resulting from the load test
and model calibration were removed from the model prior to load rating. For example, additional edge stiffening provided by the guard rails
was removed. Observed friction at the beam bearings, which resulted
in beam rotational end-restraint, was reduced because it could change
over time and may not exist at higher load levels. The goal was to ensure load ratings would be conservative.
Two-lane loading was used for design loads.
The large military loads were considered permit loads due to loading
frequency and the bridge’s traffic count. Only single-lane loading was
applied with the Military Load Classification (MLC) loads due to the
bridge width.

In all cases, the rating results for the HCBs were controlled by shear in the
GFRP webs under the single-lane loaded condition, with the rating load
close to the exterior girder. The HCB sections met all of the Inventory and
Operating level rating criteria (rating factor [RF] >1.0) for all load configurations. The controlling rating was found to be the HL-93 inventory-level
shear rating of 1.76 for an exterior girder approximately 12 feet from the
bearing location.
The HCB span’s controlling MLC tracked rating was a MLC-139 based on
an M1A1 Abrams tank load that had an RF of 1.94. The controlling MLC
wheeled rating was determined to be MLC-212, which was based on the
MLC-70 wheeled vehicle that had an RF of 3.04. Lastly, the service-level
rating indicated that the HCB arches will not crack under the HETS service level loads. Although this rating was not a standard AASHTO rating
consideration, it helps verified that there should not be a serviceability
concern with respect to the concrete portion of the HCBs.
The steel girders met both inventory and operating rating criteria (RF
>1.0) for all load configurations (Table 5) and also met the rating criteria
for HL-93. The critical rating factor for HL-93 loading condition was controlled by positive flexure of the center girder at midspan. The HL-93 load
rating was controlled by the two lanes loaded condition of the Design Tandem + Lane load configuration centered on the bridge. Under the fatigue
loading condition and all military loads, the controlling member was the
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first interior girder because the single lane edge loading most directly
loaded this beam.
The steel girder span’s controlling tracked vehicle load limit was MLC-184
based on an M1A1 Abrams operating rating of 2.55. However, the HCB
span had a lower tracked MLC rating of 139 tons and therefore, that rating
controlled Bridge No. 4’s load capacity. The controlling responses for the
HCB span are provided in the tables below (Table 5–Table 8). Additionally, tonnage ratings are provided in Table 9 for all rated military loads. A
comparison between the final 2012 calibrated model and the data collected
during the second round of tests indicated that the structural behavior did
not significantly change over one year’s time.
Table 5. Controlling rating factors and responses—girders in shear (MEC).
Loading

Controlling

DC

DC

DC

Inventory

Operating

Condition

Location

Moment.
KIP1-IN

Moment.
KIP-IN

Moment.
KIP-IN

RF

RF

HL-93
(Strength)

Center steel
girder/at midspan

1441.90

754.34

2854.06

2.42

3.14

HL-93 (Service)

Center steel
girder/at midspan

1441.90

754.34

2854.06

2.85

3.70

HL-93 (Fatigue)

Interior steel
girder/at midspan

0.0

0.00

1325.22

5.68

---

HETS M1070/
M1000

Interior steel
girder/at midspan

1392.20

778.57

2754.21

2.49

3.23

HETS M1070/
M747

Interior steel
girder/at midspan

1392.20

778.57

3236.24

2.14

2.77

M1A1 Tracked

Hybrid span deck
force/ at midspan

1.36

0.61

4.64

---

2.64

MLC70
Wheeled

Interior steel
girder/at midspan

1392.20

778.57

3382.00

---

3.52

Note: Dead-load responses are unfactored. Live-load responses have applicable multiple presence factors applied, but not
the impact factor. HL-93 responses account for 25% load amplification on the truck load.

Table 6. Strength rating factors and responses—HCBs
in positive flexure (Table 4.5 in Commander and Carpenter 2016).

1

Loading

Controlling

DC

DC

DC

Inventory

Operating

Condition

Location

Response
.KIP-IN

Response
.KIP-IN

Response
.KIP-IN

RF

RF

HL-93
(Strength)

Exterior girder/at
midspan

-1.36

-0.61

-3.68

2.47

3.20

A “kip” is one kilopound of force.
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Loading

Controlling

DC

DC

DC

Inventory

Operating

Condition

Location

Response
.KIP-IN

Response
.KIP-IN

Response
.KIP-IN

RF

RF

HETS M1070/
M1000

Exterior girder/at
midspan

-1.36

-0.61

-3.28

2.77

3.60

HETS M1070/
M747

Exterior girder/at
midspan

-1.36

-0.61

-3.68

2.47

3.20

M1A1 Tracked

Exterior girder/at
midspan

-1.36

-0.61

-4.47

---

2.63

MLC70
Wheeled

Exterior girder/at
midspan

-1.36

-0.61

-2.97

---

3.98

Note: Dead-load responses are unfactored. Live-load responses have applicable multiple presence factors applied, but not
the impact factor. HL-93 responses account for 25% load amplification on the truck load.

Table 7. Controlling tonnage rating factors for all military loads (Table 4.8 in
Commander and Carpenter 2016).
Loading
Condition

Controlling
Location

DC
Shear,
KIP

DC
Shear,
KIP

DC
Shear,
KIP

Inventory
RF

Operating
RF

HL-93
(Strength)

Center steel
girder/near
end

13.06

5.73

32.74

6.39

8.29

HETS M1070/
M1000

Interior steel
girder/ near
end

13.01

5.77

33.00

6.34

8.20

HETS M1070/
M747

Interior steel
girder/ near
end

13.01

5.77

37.25

5.62

7.28

M1A1 Tracked

Hybrid girder/
GRFP web

0.24

0.20

1.20

---

1.94

MLC70
Wheeled

Hybrid girder/
GRFP web

0.19

0.22

0.98

---

3.04

Note: Dead-load responses are unfactored. Live-load responses have applicable multiple presence factors applied, but not
the impact factor. HL-93 responses account for 25% load amplification on the truck load.

Table 8. Controlling strength rating factors and responses—HCBs in shear limited
by GFRP shells (Table 4.7 in Commander and Carpenter 2016).
Loading

Controlling

Controlling

DC Shear;

DW Shear;

LL Shear;

Condition

Rating Factor

Location

KIPS

KIPS

KIPS

HL-93 (Inventory)

1.76

HL-93 (Operating)

2.28

Exterior beam/
~12’ from bearing

4.25

2.03

13.35

HETS M1070/
M1000
(Inventory)

2.22

Exterior beam/
~10’ from bearing

5.28

2.05

10.22

ERDC/CERL TR-16-22

23

Loading

Controlling

Controlling

DC Shear;

DW Shear;

LL Shear;

Condition

Rating Factor

Location

KIPS

KIPS

KIPS

HETS M1070/
M1000
(Operating)

2.88

HETS M1070/
M747
(Inventory)

1.80
4.26

2.02

13.02

4.78

2.06

15.43

4.78

2.06

9.83

Exterior beam/
~12’ from bearing

HETS M1070/
M747
(Operating)

2.34

M1A1 Tracked

1.94

MLC70 Wheeled

3.04

Exterior beam/
~11’ from bearing
Exterior beam/
~11’ from bearing

Note: Provided shear values have been converted from kips/m (related to the GFRP shell elements) into units of kips for
clarity. Dead load responses are unfactored. Live-load responses have applicable multiple presence factors applied but not
the impact factor. HL-93 responses account for 25% load amplification on the truck load.

Table 9. Controlling tonnage rating factors for all
military loads (Table 4.8 in Commander and Carpenter 2016).
Loading

Controlling

Inventory RF

Operating RF

Condition

Location/ Capacity

(tons)

(tons)

Exterior beam

255

331

189

245

---

139

---

212

HETS M1070/ M1000

~10’ from bearing/shear
HETS M1070/ M747

Exterior beam
~12’ from bearing/shear

M1A1 Tracked

Exterior beam
~11’ from bearing/shear

MLC70 Wheeled

Exterior beam
~11’ from bearing/shear

3.2

Lessons learned
Even though HCBs are a novel and emerging technology, this demonstration project was accomplished without any need for special tooling or
methods. Prior to installing the beams, it was an easy process to pour the
SCC onsite into the HCBs to form the reinforcing arch. Because of the light
weight of the demonstrated technology compared with conventional
beams, the HCBs are easier to ship and place than conventional precast
bridge beams.
The only additional material or hardware required for installation of the
beams were steel lifting loops, which have to be installed at the ends of
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HCBs that have not been lifted into place when the SCC is being poured.
However, if the beams are in their final position when the SCC is poured,
the lifting loops are not required.
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4

Economic Summary

4.1

Costs and assumptions
ERDC-CERL was unable to obtain detailed information from the contractor about any productivity increase during beam installation. Based on observations from the field, construction of the bridge using the HBC went
according to plan, with no additional work or tasks identified. As a result,
the original assumptions developed for this project are assumed to be correct. The original cost estimates have been revised to reflect actual project
costs (Table 10 and Table 11).
Table 10. Breakdown of total project costs.
Description

Amount, $K

Labor

78.2

Support from Fort Knox for bridge construction

440.0

Cost for Beams

150.0

Cost for Chloride Sensors
Contract for monitoring and testing

15.1
146.7

Travel

25.0

Reporting

20.0

Air Force and Navy participation
Total

5.0
880.0

Table 11. Project field monitoring costs.
Item

Description

1

Labor for project management and execution

70.8

2

Travel for project management

17.0

3

Cost for materials

4

Cost for corrosion analysis

10.9

5

Cost for load tests

40.4

Total

Amount, $K

7.6

146.7

Alternative 1 (Standard Reinforced Concrete Bridge). The scenario assumes that in year 2, four reinforced concrete bridges are replaced
at $4 million each. These four conventional bridges will need $1 million in
major repairs 8 years later and $2 million in major repairs again 8 years
after that. Due to corrosion degradation, the four conventional bridges will
need to be replaced completely in year 26.
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Alternative 2 (Bridge Rehabilitation With HCBs). As above, this
scenario assumes that four reinforced-concrete bridges are replaced in
year 2 (at $4 million each), using the HCBs instead of conventional steel or
reinforced concrete beams. The higher cost of the HCBs are assumed to be
offset by cost savings in transportation and constructability due to their
lighter weight. Project investment covers the cost of the HCBs for one
bridge, reducing the total year-one costs by $150,000. Then, 20 years
later, the HCBs are assumed to need some minor repair at a cost of
$50,000 per bridge. This repair, however, extends bridge service life for
another 20 years (total life span of 45 years). At year 26, only the bridge
decks will need replacement at a cost of $325,000 each.

4.2

Projected return on investment (ROI)
Over 30 years, using the methods prescribed by OMB Circular A-94 (OMB
1992) and the above assumptions, the projected ROI for this demonstration is 4.22 (Table 12). This return is lower than the 19.9 ratio computed in
the original project management plan (PMP), which used unrealistic assumptions for Alternative 2, such as replacing just the beams on a deteriorated bridge. The original calculation also left off replacement of the bridge
decks at year 26. While deck replacement is not linked to the durability of
HCBs, it is nonetheless an expense of Alternative 2 over the 30-year life
cycle.
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Table 12. Return on investment calculation.

A
Future
Year

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Return on Investment Ratio

4.22

Percent

422%

Net Present Value of Costs and Benefits/Savings

14,112

17,830

3,717

B
Baseline Costs

16,000

C
Baseline
Benefits/Savings

D
New System
Costs

13,843

H
Total Present
Value

13,974

131

1,000

508

508

2,000

592

592

16,000

15,850

E
F
G
New System Present Value of Present Value of
Benefits/Savings
Costs
Savings

200

45

1,300

224

-45

2,755

2,531
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Conclusions and Recommendations

5.1

Conclusions
HCBs are a novel and emerging technology that show great promise for
corrosion reduction when used in standard concrete-deck bridge spans
such as the one that was the subject of this demonstration. Even though
the beam design differs dramatically from conventional bridge beams, the
HCBs were installed using standard construction equipment and tools.
Procedures for installation of the beams differ, as reported in Chapter 2,
but the methods fall within the skill set of conventional construction crews
and managers. The lighter weight of the demonstrated technology, as compared with conventional beams, offer advantages in terms of lower shipping weight and reduced equipment requirements for hoisting beams into
place.
The summary of load testing results (summarized in section 3.1.2) shows
that the HCB span met all operating level ratings. The service level ratings
indicated that the HCB arches will not crack under the HETS service level
loads. While this rating was not a standard AASHTO rating consideration,
it helped to verify that there should not be a serviceability concern with respect to the concrete portion of the HCBs.
In general, the response data recorded during the load tests was found to
be of good quality. Responses collected during the first occurrence of a
heavier load indicated some girder movement at the bearing and bridge
rail locations. This behavior was most likely a function of friction between
the elastomeric bearing pads on the bottom of the beams. A small amount
of movement can be expected with heavy vehicles and significant temperature changes. The responses were observed during the first crossing of
each heavy vehicle and then disappeared with repeated tests.
The bridge and the resulting 3D model exhibited excellent lateral load
transfer characteristics and a small level of continuity between spans. In
general, the noncomposite slab and girders behaved as expected. A small
amount of friction-induced end restraint was observed during both rounds
of tests. Additionally, the exterior girders behaved partially compositely
with the edge of the slab and guard rail due to the connection detail. It was
assumed the end-restraint and partially composite behavior may not exist

28

ERDC/CERL TR-16-22

indefinitely, particularly with heavy loads approaching the bridges ultimate capacity. Therefore the calibrated model was altered by removing
these secondary stiffness parameters to provide a more conservative loadrating model.
Load ratings were computed using an altered version of the calibrated
model that was considered to be more reliable for rating. In all cases the
rating results for the HCBs were controlled by shear in the GFRP webs.
The beams met rating criteria (RF >1.0) for all specified loads and rating
levels. Additionally, the HCB span was limited by a 139-ton tracked vehicle
and 212-ton wheeled vehicle, which controlled Bridge No. 4’s MLC ratings.

5.2

Recommendations
5.2.1

Applicability

HCBs should be considered as alternatives to conventional steel or reinforced concrete beams for all girder-type bridges used on Army and DoD
Installations. Due to the polymer composite protective shell, this is especially true for locations of high corrosivity such as coastal regions or where
road salts are used in the winter months.
5.2.2

Implementation

According to Unified Facilities Criteria (UFC) 3-301-01, Structural Engineering, highway bridges shall be designed in accordance with AASHTO
HS-20 and “LRFD (Load and Resistance Factor Design) Bridge Design
Specifications.” AASHTO Subcommittee T-6, Fiber Reinforced Polymer
Composites, is aware of this technology but, at present, considers hybrid
composite bridge beams to be a niche product. However, as validated in
this demonstration, AASHTO specifications can be applied in conjunction
with manufacturer instructions to successfully use this technology.
There is currently no guidance in any UFC or Unified Facilities Guide
Specification (UFGS) documents with regard to use of FRP composites.
Under an FY15-funded project, “Composites for Bridge Application,”
ERDC-CERL is developing a new UFC for the use of FRP composites in
bridge structures. FRP composite reinforcing elements, such as the HCBs,
will be included in this new guidance. Publication of this new UFC is expected in 2017. This guidance should facilitate wider use of FRP composites for bridge applications in advance of future AASHTO guidance.
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Appendix A: Engineering Drawings for Bridge
No. 4, Fort Knox, Kentucky
Appendix A contains the engineer design and specification drawings as
prepared by Bridge Diagnostics, Inc. for both of the demonstrated and
evaluated spans of Bridge No. 4 at Fort Knox, Kentucky.
Bridge Diagnostics, Inc. did not produce separate drawings for each span;
therefore, all the drawings are included in Appendix A, covering both the
hybrid composite bridge beams span (this report) and the composite grid
reinforcement system span, which is the subject of ERDC/CERL TR-16-21
(Sweeney et al. 2016).
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Figure A1. General structural and bridge notes for Bridge No. 4, Fort Knox.
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Figure A2. Engineer drawing details for Span 1 and Span 2 of Bridge No. 4 at Fort Knox.
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Figure A3. Engineer drawing for Abutment 1 on Bridge No. 4, Fort Knox.
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Figure A4. Engineer drawing for Abutment 2 on Bridge No. 4, Fort Knox.
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Figure A5. Engineer drawing for bridge pier on Bridge No. 4, Fort Knox.
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Figure A6. Engineer drawings for various design components on both spans of Bridge No. 4 at Fort Knox.
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Figure A7. Engineer drawing for deck plans for both spans of Bridge No. 4 at Fort Knox.
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Figure A8. Engineer drawing for edge details and guardrail connections for both spans of Bridge No. 4 at Fort Knox.
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Appendix B: Corrosion Potential Assessment
for Bridge No. 4, Fort Knox, Kentucky
Classification method
A corrosion severity classification for the Bridge #4 site at Fort Knox was
developed for use in evaluating the materials used in this project. This was
accomplished at the site through placement of a portable weather station
(collecting weather data for one year), an atmospheric corrosion test rack,
(equipped with sensors to monitor corrosion and chlorides were inserted
in the bridge deck), and quarterly site visits (performed visual inspections).

Monitoring
Weather station
A weather station was installed to measure and record environmental
characteristics throughout the exposure period as shown in Figure B1. The
station measured temperature, relative humidity, wind speed and direction, and rainfall. The weather station was powered by a solar panel and a
rechargeable battery. A data logger was used to store the measurements
which were recorded every 12 hours by the rain gage and every 15 minutes
for the remaining sensors. Data was downloaded manually during each
quarterly inspection through the use of a laptop computer. The data logger
has a storage capacity to continue storing data at 15-minute intervals for
approximately 2.5 years. Upon reaching full capacity, the data logger will
truncate the oldest data point to create room for new, incoming data.
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Figure B1. Weather station.

Sensors
Sensors were installed in the bridge deck to measure chloride penetration,
corrosion potential, and corrosion rate (Figure B2). Measurements from
the sensors were taken quarterly for a 12-month period.
The Rohback Cosasco 900 Concrete Multi-Depth Sensor was utilized to accomplish the chloride measurements. Four sets of electrodes are spaced by
1 in. intervals to provide four separate measurements at different depths
from each sensor. The 900 sensors were mounted such that the first electrode was 1 in. from the surface of the concrete. Two sensors were positioned in the span with the RFP reinforcement, and three sensors were positioned in the control span adjacent to it. The Rohback Cosasco Aquamate
was used to collect the corrosion rate measurements.
The Borin Stelth 7 sensor was used to measure corrosion potential in the
bridge deck. The Stelth 7 sensor is an IR-Free probe with a silver-silver
chloride (Ag-AgCl) electrode. Corrosion potential sensors measure a voltage difference between the sensor electrode and reinforcement rebar;
therefore six Stelth 7 sensors were installed only throughout the control
span of the bridge. Two ground wires were installed for redundancy. Measurements from each ground should theoretically be identical. An Extech
540 multimeter was used to collect the corrosion potential measurements.
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Rohback Cosasco 800 LPR Corrosion Rate sensors were used to measure
the instantaneous corrosion rate of reinforcing steel in concrete by the
method of Linear Polarization Resistance (LPR). The electrodes of the LPR
probe are manufactured using carbon steel. The LPR sensor utilizes the solution resistance compensation (SRC) method which makes a separate
measurement and correction for the effect of the resistivity of the concrete
and eliminates the need for a third electrode that is typically used in LPR
sensors. Five LPR sensors were positioned throughout the control span of
the bridge. The Rohback Cosasco Aquamate was used to collect the imbalance (Imb) measurements.
Sensor types and locations are in BDI’s full report, contained in
ERDC/CERL CR-16-5 (Commander and Carpenter 2016).
Coupons to simulate chloride penetration
A concrete coupon was formed in a 5-gallon bucket to provide a method to
simulate chloride penetration. The bucket was filled approximately halfway with a concrete mix including one cup of sodium chloride. A corrosion
ladder was situated in the form such that the chloride enriched concrete
covered the first two set of electrodes of the chloride sensor. A corrater was
also submerged in the concrete. The concrete was provided 24 hours to
cure before filling the rest of the form with standard concrete. Figure B2
shows the chloride-enriched concrete covering the corrater and half of the
chloride ladder sensor. Figure B3 shows the cured concrete coupon. Measurements were collected during the quarterly inspections.
Figure B2. Coupon preparation.
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Figure B3. Finished coupon.

An atmospheric coupon rack to determine the relative corrosivity of the
site was installed facing 90 degrees from vertical at the bridge site (Figure
B4). The corrosion coupons included silver, copper, 1010 steel, and three
aluminum alloys (2024 T3, 6061 T6, and 7075 T6).The coupons measured
1 in. wide by 4 in. long by 1/16 in. thick. These coupons were collected after
6 months and 12 months of exposure. The mass of each coupon was recorded before being exposed to the test environment. The silver coupon was
tested for chlorides in accordance with ASTM B825. The remaining coupons were analyzed for mass loss in accordance with ASTM G1-3.
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Figure B4. Atmospheric corrosion test rack.

Assessments for weather, sensors, and corrosion coupon rack
Weather assessment
The weather data was analyzed using response functions from the ISO
9223:2012, “Corrosion of Metal and Alloys – Corrosivity of Atmospheres –
Classification, Determination and Estimation.” SO2 measurements were
not collected; however due to the location of Bridge #4, it was assumed
that deposition of SO2 would be equal to zero milligrams per square meter,
per day. The amount of Cl deposition was calculated from the ASTM B825,
Standard Test Method for Coulometric Reduction of Surface Films on Metallic Tests” on the silver mass-loss coupon. The equations used are shown
in Figure B6. Corrosion classifications per ISO 9223:2012 are shown in Table B1.
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Figure B6. ISO 9223:2012 response equations for four standard metals.
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Table B1. Corrosion rates, rcorr, for the first year of exposure
for the different corrosivity categories.
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Table B2. Description of typical atmospheric environments related to the estimation
of corrosivity categories.

Section 3.1.1 of this report contains a summary of selected weather data
collected from December 2012–December 2013 (Table 1), and the results
from the response equation calculations (Table 4).
Sensor corrosion assessment
Data from sensors installed on the bridge were collected after 1, 4, 7, 10,
and 13 months (Tables B3–B7). The zero, Corr, and Imb values at the bottom of each table represent instrument calibration check readings for a
dummy probe provided by the CORRATER instrument manufacturer. The
check values (5±1 mpy [mils per year; 1 mpy = 0.001 in. per year] for corrosion rate and 0±1 for imbalance) indicated that the instrument was functioning properly.
The CORRATER LPR probes at locations 1, 2, 3, and 5 all indicated very
general and low general corrosion rates, ranging from 0–0.03 mpy. The
imbalance readings (qualitatively indicative of pitting tendency) ranged
from 0–0.02. Both of these sets of data indicate very low corrosion activity
over the 13-month test period. This is not surprising because the corrosion
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rate of steel in highly alkaline, uncontaminated concrete (pH ~ 13) is negligible due to the formation of a complex passive film (mixture of α and γ
iron-oxide and magnetite). With sufficient concrete cover over the steel rebar and less severe corrosive environments, it can take more than a decade
for corrosion rates to increase appreciably. The CORRATER probe at location number 4 indicated erratic corrosion rates; for example, ranging from
"off scale" at 1 month, increasing to 13.8 mpy at 4 months, accelerating to
48.9 mpy at 7 months, then decreasing dramatically to 0.49 mpy at 10
months, and finally off scale again at 13 months. The imbalance readings
were 0.39, 0.65, 0.48, 0.36, and 0.91, respectively. The imbalance readings
were all lower than the corresponding general corrosion rates; thus, qualitatively indicating low pitting tendency. The check readings all indicated
that the Aquamate CORRATER instrument was functioning properly. The
results for the artificially-contaminated concrete block "salt coupon" are
shown graphically in Figure 4. It is apparent that some corrosion activity
was indicated at 4 months with an increase in pitting tendency at 7 and 10
months and a decrease at 13 months. Although the general corrosion rate
appears to be increasing steadily, the actual rates (e.g., 0.04 mpy) are negligible.
For the chloride-ladders, the corrosion rates varied from 0–0.04 mpy and
the imbalance readings from 0 to 0.07. The chloride-ladder at location 4
appeared to show the most activity. Although the imbalance readings were
greater than the corrosion rates, all of the values were very small, indicating low corrosion activity. Similarly, the galvanic current measurements
related to chloride ingress also indicated no significant penetration. The
artificially-contaminated concrete block salt coupon exhibited the most activity at 1 and 4 months but this decreased dramatically at 7, 10, and 13
months possibly due to a drying out effect.
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Table B3. Sensor data after 1 month.
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Table B4. Sensor data after 4 months.
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Table B5. Sensor data after 7 months.
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Table B6. Sensor data after 10 months.
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Table B7. Sensor data after 13 months.

The reference electrodes each had two, built-in steel coupons. Figure B7
shows the potentials of these coupons versus time for the six test locations.
Again the noble potentials (e.g., around -0.100 mV vs. Ag/AgCl/Sat KCl)
are qualitatively indicators of steel that is likely in a passive condition,
while active potentials (e.g., more negative than say, -0.250 mV vs.
Ag/AgCl/sat KCl) indicate higher probability of corrosion activity. The potentials and trends indicated by the reference electrode built-in coupons
did not exactly match the actual steel rebar measured potentials.
Figure B8 represents a plot of the potentials of the rebar (versus
Ag/AgCl/sat. KCl reference electrodes) in the steel-reinforced section of

ERDC/CERL TR-16-22

the bridge at the six test locations. The initial noble potential values would
suggest the passive condition of steel rebar in the highly alkaline (pH ~ 13)
concrete environment. There was a general potential shift towards more
active values over 10 months, and then a drift toward more noble potentials at 13 months. While active potentials typically suggest increased corrosion activity (i.e., possible loss of passivity at the corresponding areas),
the actual corrosion rates indicated by the CORRATER LPR probes were
low in all cases except at location 4, where rates appeared to increase and
then decrease very dramatically.
The corrosion potentials measured with respect to the reference electrodes
indicated corrosion activity ranging from passive to active behavior. However, very low corrosion rates were indicated by the corrosion rate sensors,
typically less than 0.1 mpy and with very low pitting propensity. The primary reason for this observation is that insufficient chloride has migrated
through the concrete bridge deck to stimulate detectable corrosion attack
during the 13-month study. This is not surprising because it takes many
years, and often, decades, for a significant amount of chloride to permeate
through good quality concrete; a thicker concrete cover also impedes chloride migration. (See Figures B7 and B8).
The concrete test block salt coupon artificially contaminated with chloride
indicated generally greater corrosion activity at 1 and 4 months compared
to the bridge deck. However, this activity diminished at 7, 10, and 13
months, probably due to drying out of the test block. (Figure B9).
Corrosion will eventually be detected when enough chloride has reached
the sensors embedded in the bridge deck concrete. The greater the
amounts and frequency of deicing road salt usage, the shorter the chloride
permeation time leading to significant corrosion. Even then, it could take
many years. Therefore, it is recommended that monitoring of the corrosion sensors embedded in the concrete bridge deck at Fort Knox be continued (for example every 5 years), to confirm their veracity.
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Figure B7. Coupon potentials vs. time at the six test locations
on the steel-reinforced section of the bridge.

Figure B8. Rebar potential vs. time at the six test locations
on the steel-reinforced section of the bridge.
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Figure B9. Corrosion rate and imbalance readings vs. time for CORRATER probe in
artificially-contaminated concrete block "salt coupon."

Corrosion coupon rack assessment
The atmospheric corrosion coupon rack placed at the site had coupons removed at 6 and 12 months. These coupons were sent to a certified lab and
mass loss was measured per ASTM G1-03 on the AL 6061 T6, AL 2024 T3,
AL 7075 T6, C 1010, and CDA 101. The silver test coupon had Coulometric
Reduction of Surface Films done per ASTM B 825-13. These test results
are included as Attachments 1 and 2 at the end of this appendix. A summary of the results and classification according to the categories listed in
Table 2 from ISO 9223:2012 are shown in Table 2 and Table 3 in Section
3.1.1 of this report. The copper experienced a high mass loss in comparison
to the other metals. The results from the 12-month testing suggest that the
2024 and 7075 aluminum alloys experienced an extremely high mass loss
due to corrosion. These results are inconsistent with the other alloys and
the results from the weather data analysis; therefore, the mass loss test
from the 12 month 7075 and 2024 coupon have been omitted from the atmospheric corrosion severity classification of the site.

Corrosion severity site classification
The results from the ISO 9223:2012 analysis of weather data and mass loss
testing suggest the Fort Knox Bridge #4 site is a Category 3 classification
of atmospheric corrosion severity. Although the steel coupon testing resulted in a Category 2 classification, the results were on the upper limit of
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the category. The potential for corrosion at the site is considered medium.
The corrosion sensors show no corrosion in the bridge and validate this
classification as being much less than severe.
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Attachment 1
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Attachment 2
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Appendix C: Excerpts from Hybrid-Composite
Beam (HCB®) Design and Maintenance Manual
The following pages are excerpts from a report prepared for the Missouri
Department of Transportation for a bridge in Missouri (Hillman 2012).
While the report was not prepared for the bridge section that is the subject
of this report, the report’s selected pages provide valuable information for
the design, inspection, and maintenance of hybrid composite beams.
The full report can be accessed at aii.transportation.org/Documents/BMDO/HCB-designmaint-manual.pdf.
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