Laboratory and Field Evaluation
of a Composite Glued-Laminated
Girder to Deck Connection
Final Report
February 2019

Sponsored by
Iowa Highway Research Board
(IHRB Project TR-680)
Iowa Department of Transportation
(InTrans Project 14-511)

About the National Center for Wood Transportation Structures
The mission of the NCWTS is to bring together academia, government, and industry to efficiently
complete research, demonstration, and education that result in durable, cost-effective wood
transportation structures to improve the transportation infrastructure of America and the world.

About the Bridge Engineering Center
The mission of the Bridge Engineering Center (BEC) is to conduct research on bridge technologies to help bridge designers/owners design, build, and maintain long-lasting bridges.

Disclaimer Notice
The contents of this report reflect the views of the authors, who are responsible for the facts
and the accuracy of the information presented herein. The opinions, findings and conclusions
expressed in this publication are those of the authors and not necessarily those of the sponsors.
The sponsors assume no liability for the contents or use of the information contained in this
document. This report does not constitute a standard, specification, or regulation.
The sponsors do not endorse products or manufacturers. Trademarks or manufacturers’ names
appear in this report only because they are considered essential to the objective of the document.

Iowa State University Non-Discrimination Statement
Iowa State University does not discriminate on the basis of race, color, age, ethnicity, religion,
national origin, pregnancy, sexual orientation, gender identity, genetic information, sex, marital
status, disability, or status as a U.S. veteran. Inquiries regarding non-discrimination policies may
be directed to Office of Equal Opportunity, 3410 Beardshear Hall, 515 Morrill Road, Ames, Iowa
50011, Tel. 515-294-7612, Hotline: 515-294-1222, email eooffice@iastate.edu.

Iowa Department of Transportation Statements
Federal and state laws prohibit employment and/or public accommodation discrimination on
the basis of age, color, creed, disability, gender identity, national origin, pregnancy, race, religion,
sex, sexual orientation or veteran’s status. If you believe you have been discriminated against,
please contact the Iowa Civil Rights Commission at 800-457-4416 or Iowa Department of
Transportation’s affirmative action officer. If you need accommodations because of a disability to
access the Iowa Department of Transportation’s services, contact the agency’s affirmative action
officer at 800-262-0003.
The preparation of this report was financed in part through funds provided by the Iowa
Department of Transportation through its “Second Revised Agreement for the Management of
Research Conducted by Iowa State University for the Iowa Department of Transportation” and its
amendments.
The opinions, findings, and conclusions expressed in this publication are those of the authors
and not necessarily those of the Iowa Department of Transportation.

Technical Report Documentation Page
1. Report No.
IHRB Project TR-680

2. Government Accession No.

3. Recipient’s Catalog No.

4. Title and Subtitle
Laboratory and Field Evaluation of a Composite Glued-Laminated Girder to
Deck Connection

5. Report Date
February 2019

7. Author(s)
Travis Hosteng (orcid.org/0000-0002-2059-1296) and Brent Phares
(orcid.org/0000-0001-5894-4774)

8. Performing Organization Report No.
InTrans Project 14-511

9. Performing Organization Name and Address
Bridge Engineering Center
Iowa State University
2711 South Loop Drive, Suite 4700
Ames, IA 50010-8664

10. Work Unit No. (TRAIS)

12. Sponsoring Organization Name and Address
Iowa Highway Research Board
Iowa Department of Transportation
800 Lincoln Way
Ames, IA 50010

13. Type of Report and Period Covered
Final Report

6. Performing Organization Code

11. Contract or Grant No.

14. Sponsoring Agency Code
IHRB Project TR-680

15. Supplementary Notes
Visit www.intrans.iastate.edu for color pdfs of this and other research reports.
16. Abstract
Buchanan County, Iowa, has been working with the National Center for Wood Transportation Structures and a timber fabricator
to develop the next-generation timber bridge. The goal is to increase the structural efficiency of timber bridges and increase
longevity by (1) creating a composite deck-girder system and (2) using an epoxy overlay. These design elements have the
potential to increase viable bridge options for use not only on Iowa’s roadways, but nationally and internationally as well.
The bridge system developed for this research was a composite glue-laminated (glulam) girder-deck system utilizing epoxy for
the connection and an epoxy overlay wearing surface on the deck. This design was investigated through small- and large-scale
laboratory testing of the composite epoxy connection and a field demonstration bridge built utilizing this girder to deck
connection detail and epoxy overlay.
The small-scale tests showed that the best overall joint connection is an epoxy and lag bolt connection. The joints with epoxy at
least tripled the shear capacity of the lag bolt joint, and addition of mechanical fasteners to the epoxy connection marginally
increased performance. The large-scale laboratory tests showed a small increase in the load capacity and movement of the neutral
axis when the deck panels are affixed to the girders, both of which indicate potential composite action. Furthermore, the epoxied
connection exhibited an improved composite connection over the lag bolt connection.
Three live load tests on the field demonstration bridge in 2015, 2016, and 2017 indicated that transverse load distribution for all
load cases was adequate. The composite action observed was not likely substantial enough to be accounted for in design. The
chip seal shows signs of cracking at the transverse deck panel joints, but because of the epoxy the joints remain sealed and show
no signs of moisture intrusion on the underside of the deck. The epoxy wearing surface on the deck performed better as an
impermeable joint filler than a wearing surface.
17. Key Words
composite structures—epoxy—timber bridges—wooden bridges

18. Distribution Statement
No restrictions.

19. Security Classification (of this
report)
Unclassified.
Form DOT F 1700.7 (8-72)

21. No. of Pages

20. Security Classification (of this
page)
Unclassified.

22. Price

85
NA
Reproduction of completed page authorized

LABORATORY AND FIELD EVALUATION OF A
COMPOSITE GLUED-LAMINATED GIRDER TO
DECK CONNECTION
Final Report
February 2019

Co-Principal Investigators
Travis Hosteng, Co-Director and Bridge Research Specialist
National Center for Wood Transportation Structures and
Bridge Engineering Center, Iowa State University
Brent Phares, Director
Bridge Engineering Center, Iowa State University

Authors
Travis Hosteng and Brent Phares

Sponsored by
Iowa Highway Research Board and
Iowa Department of Transportation
(IHRB Project TR-680)
Preparation of this report was financed in part
through funds provided by the Iowa Department of Transportation
through its Research Management Agreement with the
Institute for Transportation
(InTrans Project 14-511)

A report from
Bridge Engineering Center
Iowa State University
2711 South Loop Drive, Suite 4700
Ames, IA 50010-8664
Phone: 515-294-8103 / Fax: 515-294-0467
www.intrans.iastate.edu

TABLE OF CONTENTS
ACKNOWLEDGMENTS ............................................................................................................. ix
EXECUTIVE SUMMARY ........................................................................................................... xi
1. INTRODUCTION .......................................................................................................................1
2. OBJECTIVE ................................................................................................................................2
3. FIELD DEMONSTRATION BRIDGE .......................................................................................3
3.1 Location .........................................................................................................................3
3.2 Design ............................................................................................................................3
3.3 Construction ...................................................................................................................9
4. PERFORMANCE EVALUATION OF COMPOSITE ACTION AND THE EPOXY
OVERLAY ........................................................................................................................16
4.1 Laboratory Testing Protocol ........................................................................................16
4.2 Field Testing Protocol ..................................................................................................32
5. TEST RESULTS ........................................................................................................................35
5.1 Laboratory Testing Results ..........................................................................................35
5.2 Field Testing Results....................................................................................................39
6. SUMMARY AND CONCLUSIONS ........................................................................................51
REFERENCES ..............................................................................................................................53
APPENDIX A: PLAN DRAWINGS FOR SUBSTRUCTURE AND SUPERSTRUCTURE
OF BUCHANAN COUNTY BRIDGE .............................................................................55
APPENDIX B: FLEXOLITH LOW MODULUS EPOXY COATING AND
BROADCAST OVERLAY SYSTEM ..............................................................................71

v

LIST OF FIGURES
Figure 1. Location of composite timber bridge in Buchanan County, Iowa ....................................3
Figure 2. Cross-seciton of composite timber bridge abutment, page 3/3 in Appendix A ...............4
Figure 3. Elevation View of composite timber bridge abutment, page U.01 in Appendix A..........4
Figure 4. Composite timber bridge decorative abutment finish ......................................................5
Figure 5. GRS approach subbase, page U.04 in Appendix A ..........................................................5
Figure 6. Lap splice edges on deck panels of the composite timber bridge ....................................6
Figure 7. Predrilled holes in deck panels of the composite timber bridge .......................................6
Figure 8. Cross-section view of composite timber bridge, page 2/3 in Appendix A .......................7
Figure 9. Elevation view of composite timber bridge, page 1/3 in Appendix A .............................7
Figure 10. Epoxy chip seal wearing course on the composite timber bridge ..................................8
Figure 11. Guardrail on the composite timber bridge ......................................................................9
Figure 12. Composite timber bridge abutment during construction ..............................................10
Figure 13. Girders of composite timber bridge in place ................................................................11
Figure 14. Girder anchor assembly for the composite timber bridge ............................................12
Figure 15. Glulam deck panels prior to unloading ........................................................................13
Figure 16. Placement of deck panels on composite timber bridge ................................................14
Figure 17. Composite timber bridge, Buchanan County, Iowa .....................................................15
Figure 18. Small-scale laboratory specimen dimensions ...............................................................17
Figure 19. Small-scale specimen with lag screws .........................................................................18
Figure 20. Small-scale specimen with epoxy and lag screws ........................................................19
Figure 21. Small-scale specimen with epoxy and GRK screws ....................................................21
Figure 22. Small-scale specimen with epoxy and GRK screws removed .....................................22
Figure 23. Small-scale specimen in the Satec machine for testing ................................................23
Figure 24. Girder spacing at abutments with neoprene pad ...........................................................23
Figure 25. Lap splice edges on glulam deck panels for Large-Scale Specimens 1 and 2 .............24
Figure 26. Precast concrete deck panels utilized on Large-Scale Specimen 3 ..............................25
Figure 27. Large-Scale Specimen 1 prior to load testing...............................................................26
Figure 28. Installation of glulam deck sections on Large-Scale Specimen 2 using epoxy ............28
Figure 29. Installation of glulam deck sections on Large-Scale Specimen 2 using epoxy ............29
Figure 30. Large-Scale Specimen 3 during fabrication .................................................................30
Figure 31. Loading setup for large-scale specimens ......................................................................31
Figure 32. Instrumentation layout for large-scale specimens ........................................................32
Figure 33. Strain gages and displacement transducers at girder-deck interface ............................32
Figure 34. Typical instrumentation setup for testing of the composite timber bridge ...................33
Figure 35. Instrumentation of composite timber bridge for live load testing ................................33
Figure 36. Load cases for composite timber bridge live load testing (looking north) ...................34
Figure 37. Shear strength of small-scale laboratory specimens .....................................................35
Figure 38. Strain history, large-scale laboratory lag bolt glulam deck specimen ..........................36
Figure 39. Strain history, large-scale laboratory epoxied glulam deck specimen .........................37
Figure 40. Strain history, large-scale laboratory concrete deck specimen ....................................38
Figure 41. Peak deflections at midspan for Load Case 3, 2016 .....................................................40
Figure 42. Peak deflections at midspan for Load Case 3, 2017 .....................................................41
Figure 43. Load fraction per girder for Load Case 1 .....................................................................42
Figure 44. Load fraction per girder for Load Case 2 .....................................................................43

vi

Figure 45. Load fraction per girder for Load Case 3 .....................................................................44
Figure 46. Load fraction per girder for Load Case 4 .....................................................................45
Figure 47. Load fraction per girder for Load Case 5 .....................................................................46
Figure 48. Epoxy wearing surface May 2015 ................................................................................49
Figure 49. Epoxy filling predrilled lag screw holes .......................................................................50

LIST OF TABLES
Table 1. Large-scale specimen load test data.................................................................................38
Table 2. Bottom flange peak strains ..............................................................................................47
Table 3. Neutral axis location (feet from bottom of girder), midspan, 2015 .................................48
Table 4. Neutral axis location (feet from bottom of girder), midspan, 2016 .................................48
Table 5. Neutral axis location (feet from bottom of girder), midspan, 2017 .................................48

vii

ACKNOWLEDGMENTS
The authors would like to thank the Iowa Department of Transportation (DOT) and Iowa
Highway Research Board (IHRB) for sponsoring this project.

ix

EXECUTIVE SUMMARY
Buchanan County, Iowa, has been working with the National Center for Wood Transportation
Structures and a timber fabricator to develop the next-generation timber bridge. The goal with
the development of this concept is to increase the structural efficiency of timber bridges and
increase longevity by (1) creating a composite deck-girder system and (2) using an epoxy
overlay. If successful, these design elements have the potential to increase viable bridge options
for use not only on Iowa’s roadways, but nationally and internationally as well.
The bridge system developed for this research was a composite glue-laminated (glulam) girderdeck system utilizing epoxy for the connection as well as an epoxy overlay wearing surface on
the deck. Investigation of this design involved two primary focus areas: small- and large-scale
laboratory testing of the composite epoxy connection and a field demonstration bridge built
utilizing this girder to deck connection detail and epoxy overlay.
For the laboratory evaluation, small-scale tests were conducted on four different girder to deck
connection types: lag bolts (typical connection detail), epoxy only, epoxy with lag bolts, and
epoxy with GRK screws. The results show that the best overall joint connection is the epoxy and
lag bolt connection, followed by the epoxy-only, epoxy screw, and lag bolt–only connections.
The three joints with epoxy at least tripled the shear capacity of the lag bolt joint, and addition of
mechanical fasteners to the epoxy connection made a minor increase in performance.
Large-scale laboratory tests were conducted on three two-girder systems: transverse glulam deck
panels lag-screwed to the girders, transverse glulam deck panels epoxied to the girders, and
precast concrete panels either epoxied to the girders or connected via shear studs and grout
pockets. A non-composite control consisted of the first specimen with the glulam deck panels
simply resting on the girders, unattached. The results show a small increase in the load capacity
and movement of the neutral axis when the deck panels are affixed to the girders, both of which
indicate potential composite action. Furthermore, the epoxied connection exhibited an improved
composite connection over the lag bolt connection.
For the field portion of this work, a demonstration bridge was designed and constructed in
Buchanan County, Iowa. Three live load tests were completed, one each in 2015, 2016, and
2017. Transverse load distribution for all load cases was found to be adequate and as expected in
design. Some level of composite action was observed, though not likely substantial enough to be
accounted for in design. The chip seal shows signs of cracking at the transverse deck panel
joints, but since the joints were previously filled with epoxy, the joints have remained sealed and
showed no signs of moisture intrusion on the underside of the deck.
Lastly, the epoxy wearing surface applied to the deck of the demonstration bridge performed
better as an impermeable joint filler than a wearing surface. In the future, the combination of an
initial epoxy overlay to fill the joints and seal the gaps, followed by a well-designed asphalt
wearing surface, may be the key to prolonging the life of these structures.

xi

1. INTRODUCTION
The structural capabilities of timber have been widely known for centuries, as evidenced by the
fact that it has been a primary building material for many generations. Recently, there have been
even further improvements to timber construction components in that they are now being
specially fabricated into highly engineered cross-sections. Unfortunately, the integration and use
of these engineered timber materials/sections in bridge construction has been slow to progress, at
least in the United States, in large part due to the negative perception of timber. The negative
perception that timber has obtained, and unfortunately sustained, over the years is in large part
due to timber bridges that have performed poorly. These timber bridges performed poorly not
because of material inadequacies, but because of insufficient design, protection, and maintenance
and their less-than-ideal performance, often related more to serviceability than structural
adequacy. However, when properly designed and protected from elements such as water, insects,
and fire, timber is a structurally capable, cost-effective, and aesthetically pleasing material
suitable for many structural applications.
In response to the negative performance and perception of timber bridges in the past, significant
research has been completed related to the development of design details, improved
preservatives, and advanced engineered concepts for modern timber bridges. As a result, the
performance of these types of structures has been greatly enhanced; unfortunately, the
perceptions of these structures has not been enhanced to the same degree.
In the search for additional bridge replacement alternatives, the Buchanan County Engineer has
been working with the National Center for Wood Transportation Structures and a timber
fabricator to develop the next-generation timber bridge. The goal with the development of this
concept is to increase the structural efficiency of timber bridges and increase longevity by (1)
creating a composite deck-girder system and (2) applying an epoxy overlay. If successful, these
design elements have the potential to increase viable bridge options for use on Iowa’s roadways
as well as nationally and internationally. Furthermore, successful implementation, monitoring,
and performance reporting of a timber bridge may be just what timber needs to shine some light
on its negative perception shadow.
The work detailed in this report outlines a research project undertaken in Buchanan County,
Iowa, aimed at investigating the effectiveness of a composite glue-laminated (glulam) girderdeck system and the use of an epoxy overlay wearing surface on the deck.
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2. OBJECTIVE
The objective of the project was to aid in the development of the next-generation timber bridge
as follows:




Perform laboratory and field testing of an innovative, field-installed girder to deck
connection detail that potentially results in a composite structure
Document the construction of the Buchanan County Bridge using video and other formats
Perform a field performance evaluation that includes measuring changes in live load response
over time and documenting the performance of the thin epoxy overlay
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3. FIELD DEMONSTRATION BRIDGE
3.1 Location
The composite timber bridge is located on Quasqueton Diagonal Blvd., approximately one-half
mile north of the city of Quasqueton in Buchanan County, Iowa, (see Figure 1) and near Cedar
Rock State Park, which was a factor in the overall design. The project replaced the existing 54 ft
long x 22 ft wide steel girder bridge with a 70 ft long x 40 ft wide composite glulam timber
bridge.

Figure 1. Location of composite timber bridge in Buchanan County, Iowa

3.2 Design
Design for this project was a joint effort undertaken by the Buchanan County Engineer’s Office
(Buchanan County) and Gruen-Wald Engineered Laminates (GWEL), Inc. from Tea, South
Dakota. Buchanan County provided the design for the substructure, and GWEL provide the
design for the superstructure. Complete plan drawings for the substructure and superstructure are
included in Appendix A.

3

3.2.1 Substructure – Buchanan County Engineer’s Office
The substructure of the bridge is composed of concrete abutments supported on steel h-pile
sections. Figure 2 illustrates the cross-section and Figure 3 shows the elevation view of the
abutments.

Figure 2. Cross-seciton of composite timber bridge abutment, page 3/3 in Appendix A

Figure 3. Elevation View of composite timber bridge abutment, page U.01 in Appendix A
The abutment caps, backwall, and wing walls are cast-in-place concrete with architectural
detailing; the architectural detailing of the abutments was due to the bridge’s proximity to Cedar
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Rock State Park, which includes a Frank Lloyd Wright–designed home from the 1950s, and was
designed to complement the local history (see Figure 4).

Figure 4. Composite timber bridge decorative abutment finish
In addition, geosynthetic-reinforced soil (GRS) was utilized for the approach paving subbase.
Figure 5 illustrates the details for the GRS approach subbase.

Figure 5. GRS approach subbase, page U.04 in Appendix A

3.2.2 Superstructure – Gruen-Wald Engineered Laminates (GWEL), Inc.
The superstructure for this project was developed and designed according to HL-93
specifications. The superstructure consists of 11 8.75 in. x 42.625 in. x 72 ft long southern
5

yellow pine (SYP) glulam timber girders on 4 ft centers, with a design bending stress (fb) of
2800 psi, a modulus of elasticity of 1.9 x 106 in.4, and 1.5 in. of camber at midspan. The deck
consists of a total of 36 4 in. x 24 in. x 40 ft long transverse glulam deck panels. The deck panels
have factory milled lap splice edges and predrilled holes for all hardware (see Figure 6 and
Figure 7).

Figure 6. Lap splice edges on deck panels of the composite timber bridge

Figure 7. Predrilled holes in deck panels of the composite timber bridge
Diaphragms are located at approximate quarter point locations and made up of glulam blocks
measuring 5.375 in. x 23.75 in. x 39.5 in. The diaphragms are bevel cut to facilitate the sloped
deck and sit flush with the bottom of the deck. Figure 8 illustrates the cross-section of the
superstructure, and Figure 9 illustrates an elevation view of the superstructure.
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Figure 8. Cross-section view of composite timber bridge, page 2/3 in Appendix A

Figure 9. Elevation view of composite timber bridge, page 1/3 in Appendix A
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As noted previously, one of the key features of this bridge was developing composite action
between the girder and deck sections. To achieve this, the design called for the deck and girder
sections to be epoxied together. The epoxy used for the girder to deck connection was Henkel
HBE452, and the process of installing the epoxy is detailed below.
In addition to the composite action detail, a second key detail in the design of this bridge was the
wearing surface. The wearing surface for this structure was detailed to be epoxy overlay with
chips rather than asphalt or running planks, which are typically used for the wearing course on
timber bridges. Placement of epoxy overlays does not allow for variances in thickness and as a
result requires that the cross-slope of the bridge be designed into the girder elevations for proper
drainage. For comparison, use of an asphalt overlay would allow the owner to use a consistent
elevation for all girders and vary the thickness of the wearing course from the edge of the deck to
the centerline of the bridge to create a cross-slope for drainage. As a result, the girders for the
composite timber bridge are set on a staggered elevation abutment cap, as shown in Figure 8. In
addition, the tops of the girders were milled at the factory to allow the deck panels to sit flush on
the girders and facilitate a 2% slope of the deck for drainage. The epoxy specified and used as
the wearing course was Flexolith Low Modulus Epoxy Coating and Broadcast Overlay System
from the Euclid Chemical Company. Product specifications for Flexolith product are provided in
Appendix B. Figure 10 shows the bridge deck after the epoxy chip seal wearing course was
installed.

Figure 10. Epoxy chip seal wearing course on the composite timber bridge
Due to extreme weather conditions at the time of installation, only one layer of epoxy was
installed, rather than the two called for in the plans. The following year, after field testing was
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conducted, the bridge was overlaid with a chipseal wearing course in lieu of an additional epoxy
overlay for cost reasons.
The guardrail for the composite timber bridge was composed of glulam posts and rails. Design of
the rail sections was to restrain an 80,000 lbs vehicle impacting at a 15° angle. Figure 11 shows
the guardrail of the bridge.

Figure 11. Guardrail on the composite timber bridge
3.3 Construction
Construction of the composite timber bridge was completed by a Buchanan County workforce
and followed traditional construction methods. The construction process began with removal of
the existing steel/concrete bridge, then excavation widening of the hydraulic opening for the new
abutments, and subsequently construction of the new substructure and superstructure.
Construction of the abutments involved first driving the steel h-piles, followed by fabricating the
cast-in-place concrete abutment caps and wing walls and placing rip-rap around the abutment for
scour protection. Figure 12 illustrates the demolition of the old abutments and construction of the
new abutments at various stages.
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Figure 12. Composite timber bridge abutment during construction
Following construction of the substructure, erection of the glulam superstructure commenced.
First, the glulam girders were set, beginning on the west side, setting one girder, installing
necessary diaphragms, setting the adjacent girder, and so on. Once all 11 of the girders were in
place, as shown in Figure 13, the ends of each girder were connected to the abutment cap with
galvanized anchor assemblies, as shown in Figure 14, and formwork for the abutment diaphragm
was constructed.
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Figure 13. Girders of composite timber bridge in place
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Girder anchor assembly, page 3/3 in Appendix A

Girder anchor assembly in the field
Figure 14. Girder anchor assembly for the composite timber bridge
Once the girders and diaphragms were in place, the glulam deck panels were delivered to the site
for placement on the bridge. Figure 15 shows the truckload of deck panels awaiting unloading.
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Figure 15. Glulam deck panels prior to unloading
Placement of the deck panels began at the south end and progressed to the north. The procedure
for affixing the deck panels to the girders included the following steps: (1) picking the panel with
the crane using three bolts installed in predrilled holes in the deck panels (Figure 16a); (2)
applying the epoxy to the top of the girders using a pneumatic gun (Figure 16b) and 1/4 in. vnotch trowel (Figure 16c); (3) setting the panels in place, back side first, to ensure tight fit of the
lap splice (Figure 16d); and (4) toe-nailing panels to girders with 3/8 in. x 8 in. GRK fasteners
(Figure 16e and Figure 16f) through predrilled holes until firm contact between the deck panel
and girders was achieved. Due to the frigid temperatures, 0°F to 5°F, during construction, the
epoxy was stored in a heated trailer to facilitate easier application both through the gun and with
the trowel.
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(a) Swinging deck panels

(b) Placing epoxy on tops of girders

(c) Troweling epoxy with 1/4 in. v-notch trowel

(e) 3/8 in. x 8 in. GRK fasteners

(d) Placing second deck panel

(f) Toe-nailing GRK fasteners through deck

Figure 16. Placement of deck panels on composite timber bridge
The deck on this bridge was designed with no overhang at the edges; therefore, since the ends of
the deck panels are flush with the exterior face of the exterior girders, the guardrail posts were
installed at the same time as the deck panels. This allowed for the remainder of the guardrail to
be installed immediately after the deck panels were finished.
Once the superstructure (i.e., girder, deck, and guardrail) was installed, the concrete abutment
diaphragms were poured. As soon as adequate time had been allowed for curing of the abutment
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diaphragms, the remaining formwork was removed, the GRS approaches were installed, and the
concrete approach slabs were paved.
The final step in completion of the structure was the application of the epoxy wearing surface,
which was completed by Buchanan County. As noted above, the epoxy used for the wearing
surface overlay was Flexolith Low Modulus Epoxy Coating and Broadcast Overlay System from
the Euclid Chemical Company (see Appendix B). The epoxy is a two-component mix that was
mixed in a large rubber bucket that was carried by hand across the deck, poured onto the deck,
and spread with a broom. Flint aggregate was subsequently spread by hand. Because of various
surface irregularities of the deck (predrilled anchor holes, transverse joints, the joint between the
end of the deck and the abutment backwalls) being filled with epoxy, the final quantity of epoxy
ended up being slightly short of what was needed for adequate coverage. This created areas
where the flint was not sufficiently bonded to the timber deck due to inadequate epoxy thickness.
As a result, the following year Buchanan County placed a chip seal on the bridge over the epoxy
overlay.
In addition to construction documentation by personnel on-site, prior to construction of the
Buchanan County Bridge, the research team installed a remote monitoring camera on the
southeast corner of the bridge site on an existing power pole. The camera allowed for real-time
viewing of the construction process via the internet, as well as recording of still photos (Figure
17) periodically each day during construction to facilitate a time-lapse video of the entire
construction process at the end of the project.

Figure 17. Composite timber bridge, Buchanan County, Iowa
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4. PERFORMANCE EVALUATION OF COMPOSITE ACTION AND THE EPOXY
OVERLAY
To adequately evaluate the level of composite action obtained from the epoxied girder-deck
connection specified in the design of the composite timber bridge, two primary tasks were
undertaken: (1) laboratory tests on small- and large-scale specimens to evaluate the shear
strength of the detailed composite connection and (2) live-load testing of the composite timber
bridge on three separate occasions, (a) immediately after construction, (b) one year after the
initial test, and (c) two years after the initial test. In addition, to evaluate the performance of the
epoxy overlay specified in the bridge design, the condition of the wearing surface was monitored
periodically after construction by both the research team and Buchanan County staff.
4.1 Laboratory Testing Protocol
To evaluate the viability of the proposed composite action connection detail, two types of
laboratory tests were conducted. The first involved testing small-scale specimens to evaluate the
shear strength of the connection, and the second involved testing large-scale specimens to
evaluate the composite action. The two tests allowed the research team to study the performance
of various connection details, not just the epoxy connection, in different configurations.
4.1.1 Small-Scale Specimens
Small-scale specimens were designed and fabricated to evaluate the performance of several
girder-deck connection details for glulam timber structures. In total, four connection details were
evaluated with the small-scale specimens: (1) traditional lag screw connection, (2) traditional lag
screw connection with the addition of epoxy, (3) epoxy connection with the GRK screws left in
place, and (4) epoxy connection with the GRK screws removed. The individual specimens
consisted of one girder section measuring 10 in. x 12 in. x 18 in. and two deck sections, each
measuring 5 1/8 in. x 12 in. x 20 in., one deck section attached to either side of the girder. See
Figure 18 for specimen dimensions. For each of the four alternatives, three specimens were
fabricated, tested, and evaluated. During testing, the applied load and the slip between the
simulated girder and the simulated deck sections were monitored.
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Figure 18. Small-scale laboratory specimen dimensions
4.1.1.1 Lag Screw Connection Detail
The lag screw connection detail is one of the more common and traditional means of connecting
glulam deck panels to glulam girders. This detail typically involves field-drilling a pilot hole
through the transverse glulam deck panel into the top of the glulam girders. Alternatively,
predrilled holes can be ordered from the factory, then, once the panels are in place in the field,
the pilot holes can be transferred to the top of the girders. Once the holes have been drilled and
preservative applied to the untreated wood in the holes, galvanized lag screws are driven through
the holes either with a pneumatic or electric impact drill. To facilitate a smooth wearing surface
afterwards, the lag screws are countersunk to recess the screw heads below the surface of the
deck. Drawbacks to this connection method include the labor required for predrilling the holes
and driving the lag screws and the potential for exposing untreated wood to moisture via the
prebored holes if not treated properly or not treated at all, as is sometimes the case. Figure 19
illustrates a small-scale specimen utilizing lag bolts for the deck to girder connection. Each deck
section was affixed to the girder section using one lag screw, as shown in Figure 19.
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Figure 19. Small-scale specimen with lag screws
4.1.1.2 Lag Screw plus Epoxy Connection
This connection is a combination of traditional and new girder-deck connection methods. After
the holes were predrilled on these specimens, and prior to installing the lag screws, epoxy was
applied to the girder sections; subsequently, the physical connection with the lag screws was
completed. These specimens were utilized to evaluate whether any additional strength was added
to lag screw connection via the addition of the epoxy. Figure 20 illustrates a small-scale
specimen with the deck sections epoxied and lag-screwed to the girder section.
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Figure 20. Small-scale specimen with epoxy and lag screws
4.1.1.3 Epoxy Connection with GRK Screws
This connection detail is the basis for this testing and involves using a two-part epoxy (Henkel
HBE452), the same as that used in the composite timber bridge, to bond the glulam deck sections
to the top of the glulam girder sections. There were no formal guidelines to follow for
developing this connection since this had never been attempted previously, so the process
involved modifying and following basic fundamentals recommended by glulam manufacturers
for connecting timber elements with adhesives and following recommendations from the epoxy
supplier.
The procedure used in the composite timber bridge to epoxy the deck panels to the girders was
also used in the laboratory to epoxy the small-scale deck sections to the girder sections. The first
step was to apply the epoxy to the top of the girder section using a pneumatic caulk gun and then
evenly spread the epoxy over the entire top surface of the girder section using a 1/4 in. v-notch
trowel. Once the epoxy was evenly spread, the deck panel sections were placed on top of the
girder section, and pressure was applied to ensure proper contact and coverage of the epoxy on
both substrates. Proper contact was achieved by driving GRK screws thru predrilled holes in the
panel sections into the girder section until epoxy began to press out of the deck-girder joint on
both sides of the girder. For these first three epoxied specimens, the GRK screws were left in
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place; these specimens would then be representative of how the composite timber bridge was
fabricated in the field. Figure 21 illustrates a small-scale specimen with the deck sections
epoxied to the girder section and the GRK screws left intact.
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(a) End view of specimen showing epoxy connection

(b) Side view of specimen showing GRK screws
Figure 21. Small-scale specimen with epoxy and GRK screws
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4.1.1.4 Epoxy Connection, GRK Screws Removed
This connection detail followed the same construction sequence as the previous specimens;
however, once the epoxy had been given sufficient time to cure, the GRK screws were removed.
The goal with this testing was to evaluate the strength of the epoxy-bonded connection alone
without additional fasteners. Note that though most of the GRK screws were able to be removed,
some were not because they had effectively been epoxied into their holes. One or two were not
able to be removed at all, and one twisted off at the interface between the deck and girder during
removal. Shown in Figure 22 is a small-scale specimen that has an epoxy connection and the
GRK screws removed, as evidenced by the two holes in the side of the deck panel section.

Figure 22. Small-scale specimen with epoxy and GRK screws removed
4.1.2 Small-Scale Specimen Testing
The small-scale tests consisted of testing each specimen in a pure shear configuration by
performing push-off tests in a Satec machine. These tests have been used previously to study
numerous types of shear connectors, and they simulate two girder to deck connection interfaces,
allowing for the direct determination of connection capacity (and for making comparisons
between connection alternatives). Figure 23 shows the test setup.
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Figure 23. Small-scale specimen in the Satec machine for testing
4.1.3 Large-Scale Specimens
In total, three specimens were tested for the full-scale tests, each specimen consisting of two fullscale glulam girders and a transverse panelized deck system. The girders measured 8.875 in. x 2
ft 0.875 in. x 41 ft long. Spacing of the two girders in each specimen was 48 in. on-center, and
the end bearing for each girder was 12 in. at both abutments using 1 in. neoprene pads (see
Figure 24).

Figure 24. Girder spacing at abutments with neoprene pad
23

Two different deck materials were evaluated in this testing: the first two specimens incorporated
glulam deck panels to replicate what was utilized in the composite timber bridge, and the third
specimen utilized a precast concrete panel deck and was included to evaluate potential composite
connections for this material combination. The glulam deck panels used in this specimen
measured 5.125 in. x 4 ft x 8 ft and had factory-milled lap splice edges like the panels in the
composite timber bridge (see Figure 25); the precast concrete deck panels utilized in the third
specimen measured 7 in. x 4 ft x 8 ft.

Figure 25. Lap splice edges on glulam deck panels for Large-Scale Specimens 1 and 2
Approximately half of the panels were fabricated with grout pockets (see Figure 26) for
connection to the girders, and the others were fabricated as standard precast panels.
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(a) Concrete deck panels without grout pockets

(b) Concrete deck panels with grout pockets
Figure 26. Precast concrete deck panels utilized on Large-Scale Specimen 3
4.1.3.1 Large-Scale Specimen 1 – Glulam Girders, Glulam Deck, Lag Bolts
Specimen 1 included a transverse glulam deck panel system and was tested in two
configurations. The first configuration involved the glulam deck panels simply resting on the
girders with no mechanical or bonding connection; the results from this test were used to provide
performance data on a true non-composite (NC) bridge for comparison with the other specimens.
The second configuration involved the glulam deck panels affixed to the girders using predrilled
holes and lag screws, as previously discussed in the small-scale specimen section; the results
from this configuration represent a baseline behavior of glulam bridges built in the field using
conventional construction techniques. Figure 27 illustrates the large-scale specimen with the
deck panels attached to the girders using lag bolts.
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(a) Glulam deck panels lag-screwed to girders on Large-Scale Specimen 1

(b) Large-Scale Specimen 1 erected and being prepped for testing
Figure 27. Large-Scale Specimen 1 prior to load testing
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4.1.3.2 Large-Scale Specimen 2 – Glulam Girders, Glulam Deck, Epoxy
Large-Scale Specimen 2 included a transverse glulam deck panel system similar to Large-Scale
Specimen 1. However, for Large-Scale Specimen 2 the deck panels were attached to the girders
using epoxy and GRK screws, as was done on the composite timber bridge. The procedure for
installing the deck panels was exactly the same as was used in the field on the composite timber
bridge. Figure 28 illustrates the construction sequence for Large-Scale Specimen 2 in the
laboratory: (a) epoxy being applied to the top of the girder, (b) epoxy being spread using a 1/4 in.
v-notch trowel, (c) epoxy prior to placement of the deck sections, (d) the deck section being
placed on top of the epoxied girders, (e) GRK screws used to provide adequate contact between
the deck sections and the girders, and (f) the interface between the deck sections and the girders
showing proper contact between the two members, as evidenced by the excess epoxy being
pressed from between the deck and the girder.
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(a) Epoxy applied to girder

(c) Epoxy evenly spread on girder

(b) 1/4 in. v-notch trowel spreading epoxy

(d) Deck placement on epoxied girder

(e) GRK screws thru deck into girder

(f) Deck-girder interface after installation

Figure 28. Installation of glulam deck sections on Large-Scale Specimen 2 using epoxy
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Illustrated in Figure 29 is Large-Scale Specimen 2 after installation of all deck panel sections,
prior to testing.

Figure 29. Installation of glulam deck sections on Large-Scale Specimen 2 using epoxy
4.1.3.3 Large-Scale Specimen 3 – Glulam Girders, Precast Concrete Deck Panels
The final large-scale specimen, Large-Scale Specimen 3, included transverse precast concrete
deck panels on glulam girders, as noted previously. Of the nine precast concrete panels installed
on the girders, four were cast with grout pockets. Within each grout pocket, two lag screws were
drilled into the tops of the girders, and then each void was filled with non-shrink grout for
attaching the panels to the tops of the glulam girders. The remaining five panels were affixed to
the tops of the girders using the same epoxy procedure as used for Large-Scale Specimen 2.
However, no type of mechanical fasters were used with the epoxied concrete panels; the dead
weight of the panels themselves was assumed to create sufficient pressure on the joint to ensure
proper bonding of the epoxy to both substrates. Figure 30 illustrates Large-Scale Specimen 3
during several states of fabrication.
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(a) Precast panels with grout pockets

(c) Precast panels with grout pockets

(b) Precast panels for epoxy connection

(d) Application of epoxy for precast panels

(e) Epoxied joint btw panel and girder

(f) Completed Specimen 3 prior testing

Figure 30. Large-Scale Specimen 3 during fabrication
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4.1.4 Large-Scale Specimen Testing
The test configuration for these large-scale specimens included a steel test frame erected such
that vertical loads could be placed on the top of the deck at midspan. Two vertical loads, applied
by hydraulic actuators, were utilized and spaced 6 ft apart, with each load applied on a footprint
sized to represent a typical HS-20 wheel load (see Figure 31).

Figure 31. Loading setup for large-scale specimens
Instrumentation for the large-scale specimen testing was focused on evaluation of composition
action and global system performance. As such, instrumentation was focused at midspan for
global performance evaluation and quarter span for composite action evaluation. Strain gages
were installed at midpsan as well as at one quarter span location to evaluate peak strain and
composite action, respectively. Plunger-style displacement transducers were installed at both
quarter span locations for evaluation of slip and uplift of the deck at the girder-deck interface.
Strain gages were installed on both girders on the bottom flange of the girder, on the side of the
girder approximately 2 in. below the deck, and on the underside of the deck adjacent to the
girder. Displacement transducers were installed horizontally at the girder-deck interface to
measure slip between the girder and deck; in addition, displacement transducers were installed
across two deck panel joints to measure opening and closing of these joints under loading.
Displacement transducers were also installed vertically at the girder-deck interface and were
used to evaluate uplift of the deck panels from the girders. Figure 32 illustrates the
instrumentation layout for all three large-scale specimens.
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Figure 32. Instrumentation layout for large-scale specimens
Figure 33 illustrates the strain gages and displacement transducers installed for testing of the
large-scale specimens.

Horizontal
Slip

Strain Gage

Deck Uplift
Figure 33. Strain gages and displacement transducers at girder-deck interface
4.2 Field Testing Protocol
In addition to the laboratory testing on this project, live load tests were also conducted on the
completed composite timber bridge at three separate times: (1) immediately following
completion of construction prior to opening to traffic (May 2015), (2) approximately one year
after the first testing (May 2016), and (3) in August 2017, three years and three months following
construction.
4.2.1 Instrumentation
The initial load test utilized only strain gages, while the subsequent load tests utilized both strain
gages and displacement transducers at the request of the designer. Instrumentation of the bridge
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involved the use of Bridge Diagnostics, Inc. (BDI) Intelliducers (strain gages) and displacement
transducers (for the 2016 and 2017 tests only), all connected to BDI’s wireless STS3 system for
data collection. Figure 34 illustrates a typical instrumentation setup.

Figure 34. Typical instrumentation setup for testing of the composite timber bridge
For the initial load test, strain gages were installed on each girder such that composite action of
each girder as well as the global performance (transverse load distribution, peak strains, etc.) of
the bridge could be evaluated. Subsequent load tests incorporated the same number and
arrangement of strain gages but also included seven displacement transducers. Figure 35
illustrates a midspan cross-section view of the composite timber bridge along with the girder
labels and locations of the strain gages and displacement transducers for the live load testing.

Figure 35. Instrumentation of composite timber bridge for live load testing
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For each of the 11 girders, a strain gage was installed on the bottom of the girder, a second
installed approximately 2 in. below the girder-deck interface, and a third installed on the
underside of the deck approximately 2 in. from the edge of the girder. All strain gages were
oriented longitudinally on the bridge. In addition, displacement transducers were installed on the
bottom flange of girders G1 through G7 to measure global deflection.
4.2.2 Loading
For all three live load tests, the bridge was loaded with a tandem axle dump truck with a total
weight of 49,680 lbs, 48,020 lbs, and 50,440 lbs in 2015, 2016, and 2017, respectively. For all
tests and all load cases, the load truck traveled across the bridge from south to north at a crawl
speed. See Figure 36 for the positioning of the load truck for all three load tests.

Figure 36. Load cases for composite timber bridge live load testing (looking north)
Load Case 1 had the load truck positioned with the center of its passenger wheel line 2 ft from
the east guardrail face. Load Case 2 had the load truck positioned with the center of its driver
wheel line 2 ft east of the centerline of the bridge. Load Case 3 had the load truck positioned
centered on the centerline of the bridge. Load Case 4 had the load truck positioned with the
center of its passenger wheel line 2 ft west of the centerline of the bridge. Load Case 5 had the
load truck positioned with the center of its driver wheel line 2 ft from the west guardrail face.
The positioning of Load Cases 2 and 4 was such that by code they could be considered
simultaneously, via superposition, for a two-lane loaded case.
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5. TEST RESULTS
5.1 Laboratory Testing Results
5.1.1 Small-Scale Specimens
To properly evaluate the bond strength of the epoxied girder to deck connection, small-scale
push-out tests were performed in the laboratory. Four small-scale connection details, with three
specimens each, were evaluated: (1) traditional lag screw connection, (2) traditional lag screws
with the addition of epoxy, (3) epoxy connection with GRK screws, and (4) epoxy connection
with the GRK screws removed after the epoxy set. For comparison purposes, the loading data
was converted to pounds per square inch (psi) at shear failure.
Illustrated in Figure 37 are the calculated shear stresses for all 12 specimens. In addition, for
each specimen group a black line is shown that indicates the average shear stress for that
connection type.

Figure 37. Shear strength of small-scale laboratory specimens
The first thing that stands out is that epoxy alone provides more than double the shear resistance
of the traditional lag screw connection detail. Second, addition of mechanical fasteners (i.e., lag
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screws or GRK screws) to the epoxy connection provides mixed results: adding lag screws to the
epoxy connection resulted in a slight increase in the shear strength, while adding GRK screws to
the epoxy connection slightly reduced the shear strength. There are two possible reasons for this
discrepancy. First, the cross-section difference between the two fasteners alone suggests that the
lag screws might have improved shear resistance compared to the GRK screws. Second, during
fabrication it was noted that tightening of the deck sections to the girder sections was more easily
achieved using the lag screws, thereby potentially creating a more even bonding surface for the
epoxy on both surfaces.
5.1.2 Large-Scale Specimens
Illustrated in Figures 38, 39, and 40 are the strain history plots for the loading of the three
individual large-scale laboratory specimens, bolted glulam deck, epoxied glulam deck, and
precast concrete deck, respectively.

Figure 38. Strain history, large-scale laboratory lag bolt glulam deck specimen
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Figure 39. Strain history, large-scale laboratory epoxied glulam deck specimen
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Figure 40. Strain history, large-scale laboratory concrete deck specimen
The data in these three graphs are taken from the strain gages at the near quarter point so as to
eliminate the effects of the applied load on the measured data. In all three graphs, three key
strains are presented: the strain in the bottom flange of the glulam girder (BF), the strain in the
top flange of the glulam girder (TF), and the strain in the underside of the deck adjacent to the
girder (Deck). Evaluation of these key strains reveals several characteristics of the system,
including peak tensile strain in the glulam girder at that cross-section, validation of elastic
behavior, and simultaneous comparison of these three strains, which allows for a determination
of the composite action of the system. First, peak strain achieved in the specimens at this crosssection was approximately 825 microstrain; peak tensile strain at midspan was measured to be
approximately 1,200 microstrain for the first two specimens and over 5,800 microstrain for the
concrete deck specimen. These peak strains as well as other data are presented in Table 1.
Table 1. Large-scale specimen load test data

Bolts
Epoxy
Concrete

Peak
Load (k)
20.2
20.4
18.3

Global
Defl. (in.)
2.75
2.47
3.17

Deck/Girder
Slip (in.)
0.004
0.004
0.080
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Peak
Girder
Strain
1215
1252
5882

Peak Deck
Strain
103.0
470.0
60.5

Ave. Deck
Joint
Delta (in.)
0.042
0.017
0.032

Further evaluation of Figures 38, 39, and 40 indicates that the first two specimens remained
elastic throughout the load testing and that the last specimen, with the concrete deck, exhibited
signs of both tensile and shear failure under load and thus the residual strains in the system after
unloading. It should also be noted that the shear dead weight of the concrete deck panels resulted
in approximately 100 to 200 microstrain prior to application of the load at midspan.
5.2 Field Testing Results
5.2.1 Global Deflection Results (2016 and 2017 Tests)
As noted previously and illustrated in Figure 35, global displacement of the girders was
measured at the midspan of girders G1 thru G7 in 2016 and 2017. Instrumentation wasn’t
available to instrument all 11 girders with displacement transducers; however, the focus here was
mainly on how deflection under service loads compares to design deflection limitations.
Additionally, if the strain distribution indicates a symmetric transverse distribution of load, the
same can be assumed for the deflections.
Live load deflection limits for timber bridges are typically expressed as a fraction of the span of
the bridge in inches. Timber Bridges: Design, Construction, Inspection, and Maintenance (Ritter
1990) recommends limiting the maximum deflection due to short-term applied loads to L/360,
where L = span in inches. The peak measured deflection of any girder due to any load case was
0.63 in. at girder G2 for Load Case 5 (Figure 36). For this bridge, with a span of 72 ft (864 in.),
the maximum allowable deflection would be calculated as 864/360 = 2.4 in. This is more than
3.5 times the measured deflection of the bridge at an interior girder.
Though not all girders were instrumented with deflection transducers, a good approximation of
the load distribution can be ascertained by looking at the peak strains of the seven girders that
were instrumented. Illustrated in Figure 41 are the peak strains for girders G1 through G7 for
Load Case 3.
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Transverse Live Load Distribution - Load Case 3
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Figure 41. Peak deflections at midspan for Load Case 3, 2016
The first thing that stands out in Figure 41 is that the peak is at girder G6. We would typically
expect to see a rounded curve or flattening of the deflection curve at the girders under the load
truck (G5 through G7). One possible explanation for the more pronounced peak deflection
occurring at G6 is that the deck panels are not continuous across the full width of the bridge, but
rather are split directly above G6. This creates a pivot point in the deck above G6, effectively
transferring additional load to that girder when the load truck is centered above it. Illustrated in
Figure 42 are the peak girder deflections for the same seven girders one year later, in 2017; we
see good correlation in the deflection curve and a slight increase in peak deflection over the year
between the load tests. The increase in deflection can be partially attributed to the increase in the
weight of the load vehicle from 48,020 lbs in 2016 to 50,440 lbs in 2017.
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Figure 42. Peak deflections at midspan for Load Case 3, 2017
5.2.2 Strain Results (2015, 2016, and 2017 Tests)
Strain data were collected with the passage of the load truck at the locations illustrated in Figure
35. The focus with the strain data was to look at transverse load distribution, peak strains, as well
as the composite action resulting from the bond between the deck panels and the glulam girders.
5.2.2.1 Transverse Load Distribution
Illustrated in Figures 43 through 47 are transverse load distribution comparison plots for all five
load cases. Each plot displays the load fraction curve for that load case for all three load tests
conducted on the bridge.
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Figure 43. Load fraction per girder for Load Case 1
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Figure 44. Load fraction per girder for Load Case 2
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Figure 45. Load fraction per girder for Load Case 3
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Figure 46. Load fraction per girder for Load Case 4
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Figure 47. Load fraction per girder for Load Case 5
In general, there is good correlation between the load distribution curves for all three years; there
are slight variances for individual girders, which can be attributed to the variance in the strain
readings often found when measuring strain on timber members. Looking at Load Case 3 in
Figure 45, there is a symmetric distribution of load on either side of girder G6 centered below the
load truck. Similarly, comparing Figures 43 and 47 and Figures 44 and 46, there is also good
symmetry, indicating good transverse load distribution regardless of truck position.
5.2.2.2 Peak Strains
Listed in Table 2 are the peak bottom flange strains at midspan for all three load tests conducted
on the composite timber bridge.
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Table 2. Bottom flange peak strains
Load Case
LC1
LC2
LC3
LC4
LC5

2015
199
182
185
219
258

2016
249
236
227
233
337

2017
254
157
182
176
274

Per the manufacturer specifications on the design plans, the design bending strength and modulus
of elasticity of the girders are 2,800 psi and 1.9x106 psi, respectively. Using the basic strength of
the materials equations we find that the maximum stress due to the applied loads is 640.3 psi for
Load Case 5 in 2016. This is roughly 23% of the design bending strength of 2,800 psi.
Further inspection of Table 2 shows higher peak strains near the exterior girders when the load
truck is positioned near the curb line, as in Load Cases 1 and 5; this is as would be expected,
because there are fewer beams for load distribution near the deck edge. Lastly, comparing the
peak strains from year to year we see that 2015 and 2017 compare relatively well, even though
the load truck was slightly heavier in 2017. However, the load test in 2016 resulted in larger
measured strains compared to the other two years. The cause of this temporary increase in
measured strain is unknown.
5.2.2.3 Composite Action
As noted previously, three strain transducers were installed at each girder at the midspan of the
bridge, with one on the bottom flange of the girder, one near the top flange of the girder, and one
on the underside of the deck panels adjacent to the girders (see Figure 35). An estimation of the
level of composite action exhibited by each girder of the bridge was accomplished utilizing the
measured strains from each cluster of three transducers. Due to small strains recorded in the
girders located away from the load path and error in the strain readings due to the inherent
properties of timber, calculation of the neutral axis was only completed for the girders nearest to
the load path.
For reference, the non-composite neutral axis location for the girders would be 21.3 in. (1.77 ft)
from the bottom of the girders; furthermore, a fully composite section with the neutral axis in the
deck would have a neutral axis location measuring 3.55 to 3.88 ft from the bottom of the girders.
Inspection of Tables 3 through 5 indicates that, at best, there is some level of composite action in
the system, with the neutral axis location ranging from the NC location to a maximum of 2.4 ft.
Note that the calculated values of the neutral axis location are shown below the NC neutral axis
location of 1.77 ft.
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Table 3. Neutral axis location (feet from bottom of girder), midspan, 2015
Load
Case
LC1
LC2
LC3
LC4
LC5

1
1.3

2
1.2
1.3

3
2.1
2.4
2.5
2.4

Girder Number (1-West, 11-East)
4
5
6
7
8
2.0
1.5
1.9
1.8
1.5
2.1
1.7
1.9
1.9
1.6
2.1
2.0
2.1
1.9
1.6
2.2
2.2
2.1
1.8
1.3
2.0
2.2
2.0
-

9
1.9
1.9
2.0
2.1
-

10
2.1
1.8
-

11
1.8
-

10
1.9
1.8
-

11
1.8
-

10
2.0
1.9
-

11
1.5
-

Table 4. Neutral axis location (feet from bottom of girder), midspan, 2016
Load
Case
LC1
LC2
LC3
LC4
LC5

1
1.4

2
2.0
2.1

3
2.0
2.2
2.4
2.3

Girder Number (1-West, 11-East)
4
5
6
7
8
1.9
2.4
2.1
1.8
1.9
2.0
1.8
2.2
1.8
1.8
2.1
2.2
2.2
1.9
1.8
2.2
2.0
2.3
1.7
1.9
2.0
1.2
1.6
-

9
1.9
1.7
1.7
2.4
-

Table 5. Neutral axis location (feet from bottom of girder), midspan, 2017
Load
Case
LC1
LC2
LC3
LC4
LC5

1
1.3

2
2.0
1.8

3
1.9
1.8
1.8
1.5

Girder Number (1-West, 11-East)
4
5
6
7
8
1.9
2.7
1.5
2.0
1.7
1.7
1.7
1.5
2.1
1.6
1.7
1.5
1.5
2.0
1.5
1.7
1.9
1.3
1.8
1.6
1.6
2.0
1.7
-

9
1.5
1.6
1.6
2.0
-

Based on an analysis of the data, several potential explanations exist for the neutral axis being
calculated below the NC location, though the true cause is unknown. First, in most cases the
neutral axis dips below the NC location either at girder G4, which consistently had erratic strain
readings for all load tests conducted on the bridge, or at the exterior girders. Second, the top
flange and deck strains directly below the load are significantly affected, resulting in misleading
strain readings. One additional observance regarding a comparison of the three neutral axis tables
is the apparent decrease in composite action in 2017. Though this could indicate a possible
debonding of the deck panels from the girders, other factors may be the root of the problem. One
potential explanation may be shrinking of the deck panels due to changes in moisture content.
Laboratory testing has found that when the glulam deck panels shrink or are not placed tightly to
adjacent deck panels initially during construction, the result is increased deflection and strain and
decreased load resistance from the deck.
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5.2.3 Epoxy Wearing Surface (2015 Test)
Visual inspection of the epoxy wearing surface applied to the bridge deck was completed during
the live load test conducted in 2015. Initial findings by the research team were that the epoxy
wearing surface was performing quite well in terms of a moisture barrier; however, much of the
aggregate applied to the epoxy had been worn off by traffic, primarily in the wheel lines of the
traffic lanes (see Figure 48).

Figure 48. Epoxy wearing surface May 2015
That said, the wearing surface does appear to provide an impermeable water tight barrier to the
deck surface and inspection suggested that the epoxy filled all the predrilled bolt holes (see
Figure 49) in the deck and, more importantly, the transverse joints between adjacent deck panels.
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Figure 49. Epoxy filling predrilled lag screw holes
This seemed to provide a level of water tightness that the research team had not seen on a timber
deck of this type. Furthermore, after three years of inspection, there does not appear to be any
signs of water intrusion through any of the transverse joints on the underside of the deck.
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6. SUMMARY AND CONCLUSIONS
Structurally, economically, and aesthetically, timber is a phenomenal building material, and in
the past several decades advances in timber have been made by developments in engineered
lumber and timber elements through research related to the topic. Still, a negative perception
exists concerning the performance of timber as a bridge building material.
Today, with tightened budgets and increasing degradation of existing bridge inventories, city,
county, and state offices are looking for structurally adequate and cost-effective bridge
alternatives. In response to this search, Buchanan County, Iowa, has been working with the
National Center for Wood Transportation Structures and a timber fabricator to develop the nextgeneration timber bridge. The goal with the development of this concept is to increase the
structural efficiency of timber bridges and increase longevity by (1) creating a composite deckgirder system and (2) using an epoxy overlay. If successful, these design elements have the
potential to increase viable bridge options for use not only on Iowa’s roadways, but nationally
and internationally as well.
The bridge system developed for this research was a composite glulam girder-deck system
utilizing epoxy for the connection as well as an epoxy overlay wearing surface on the deck.
Investigation of this design idea involved two primary focus areas: small- and large-scale
laboratory testing of the composite epoxy connection and a field demonstration bridge built
utilizing this girder to deck connection detail and epoxy overlay.
For the laboratory evaluation, small-scale tests were conducted on four different girder to deck
connection types: lag bolts (typical connection detail), epoxy only, epoxy with lag bolts, and
epoxy with GRK screws. Push-out tests were conducted to evaluate the ultimate shear strength of
each connection type. According to the data, the best overall joint connection was the epoxy and
lag bolt connection, with an approximate average shear stress of 450 psi, followed by the epoxyonly connection, the epoxy screw connection, and the lag bolt connection at 400 psi, 375 psi, and
125 psi, respectively. The numbers show that the three joints with epoxy at least tripled the shear
capacity of the lag bolt joint, and addition of mechanical fasteners to the epoxy connection made
a minor increase in performance.
The large-scale laboratory tests consisted of three two-girder systems spanning 41 ft. The first
two-girder system had transverse glulam deck panels lag-screwed to the girders, the second twogirder system had transverse glulam deck panels epoxied to the girders, and the third two-girder
system had precast concrete panels either epoxied to the girders or connected via shear studs and
grout pockets. However, as stated in Section 5.1.2, the concrete panel specimen did not remain
elastic throughout the experiment, thus making the data from this specimen flawed and
unreliable. Initial test data were collected from the first specimen with the glulam deck panels
simply resting on the girders, unattached, and were used as a non-composite control. Comparing
the control data to the lag-bolted and epoxied specimens’ data indicates a small increase in the
load capacity and movement of the neutral axis when the deck panels are affixed to the girders,
as would be expected, both of which are indicators of potential composite action. Furthermore,
the epoxied connection exhibited approximately four times as much transfer of load into the deck
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panels under the same loading, indicating that this should be an improved composite connection
detail over the lag bolt connection. One observation made during testing was that the limiting
factor for attaining true composite action with either of these connection details is not purely the
deck to girder connection. To achieve a noticeable and accountable increase in composite action
of the glulam system, the adjacent deck panels need to be installed as tightly as possible to one
another to reduce and/or eliminate any gaps between the panels. Gaps between adjacent deck
panels after they are affixed to the girders must first be closed under load/deflection before any
load transfer, i.e., composite action behavior, can be attained between the girders and the deck.
For the field portion of this work, a demonstration bridge was designed and constructed in
Buchanan County, Iowa. The substructure of the bridge is composed of concrete abutments
supported on steel h-pile sections, and the superstructure consists of 11 8.75 in. x 42.625 in. x 72
ft long southern yellow pine glulam timber girders on 4 ft centers, with a design bending stress
(fb) of 2,800 psi, a modulus of elasticity of 1.9 x 106 in.4, and 1.5 in. of camber at midspan. The
deck consists of a total of 36 4 in. x 24 in. x 40 ft long transverse glulam deck panels epoxied to
the girders. The deck panels have factory-milled lap splice edges and predrilled holes for all
hardware.
Three live load tests were completed on the structure, one post-construction in 2015, a second a
year later in 2016, and a third a year after that in 2017. Midspan girder deflections along with
strains in the girders and deck panels were collected during testing. Measured deflections and
bottom flange girder strains indicate that transverse load distribution for all load cases is
adequate and as expected in design. Based on the recommend maximum deflection limit of
L/360, the maximum recommended deflection for this demonstration bridge would be 2.4 in.,
which is more than 3.5 times the measured deflection under live load. Peak tensile strains
measured in the girders were approximately 337 microstrain, which corresponds to a stress of
640 psi, which is 23% of the design bending strength (2,800 psi) of the beams. Lastly, inspection
of the girder and deck strains indicated some level of composite action, though the action is not
likely substantial enough to be accounted for in design. The chip seal shows signs of cracking at
the transverse deck panel joints. However, since the joints were previously filled with epoxy, the
joints have remained sealed and at the time of the last inspection in 2017 showed no signs of
moisture intrusion on the underside of the deck.
Lastly, the epoxy wearing surface applied to the deck of the demonstration bridge performed
better as an impermeable joint filler than a wearing surface. Typical asphalt wearing surfaces on
transverse glulam decks crack relatively quickly, unless designed appropriately, and
subsequently allow moisture through the transverse deck panel joints. The epoxy used on the
wearing surface filled all these joints and currently prevents moisture from getting through the
joints. In the future, the combination of an initial epoxy overlay, to fill the joints and seal the
gaps, followed by a well-designed asphalt wearing surface may be the key to prolonging the life
of these structures.
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APPENDIX A: PLAN DRAWINGS FOR SUBSTRUCTURE AND SUPERSTRUCTURE
OF BUCHANAN COUNTY BRIDGE
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APPENDIX B: FLEXOLITH LOW MODULUS EPOXY COATING AND BROADCAST
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