Laboratory and Field Testing
of an Accelerated Bridge
Construction Demonstration
Bridge: US Highway 6 Bridge
over Keg Creek

)

BRIDGE ¢\

Final Report
April 2013

Sponsored by
IOWA STATE UNIVERSITY Federal Highway Administration
Iowa Department of Transportation
(InTrans Project 11-411)

Institute for Transportation



About the BEC

The mission of the Bridge Engineering Center 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.

Non-Discrimination Statement

lowa State University does not discriminate on the basis of race, color, age, religion, national
origin, sexual orientation, gender identity, genetic information, sex, marital status, disability,
or status as a U.S. veteran. Inquiries can be directed to the Director of Equal Opportunity and
Compliance, 3280 Beardshear Hall, (515) 294-7612.

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 lowa Civil Rights Commission at 800-457-4416 or lowa 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 lowa State University for the lowa 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 ITowa Department of Transportation or the U.S. Department of
Transportation Federal Highway Administration.



Technical Report Documentation Page

1. Report No. 2. Government Accession No.

InTrans Project 11-411

3. Recipient’s Catalog No.

4. Title and Subtitle

Laboratory and Field Testing of an Accelerated Bridge Construction
Demonstration Bridge: US Highway 6 Bridge over Keg Creek

5. Report Date
April 2013

6. Performing Organization Code

7. Author(s)
Brent Phares, Jon “Matt” Rouse, and Jacob Miksell

8. Performing Organization Report No.
InTrans Project 11-411

9. Performing Organization Name and Address
Bridge Engineering Center
lowa State University

10. Work Unit No. (TRAIS)

11. Contract or Grant No.

2711 South Loop Drive, Suite 4700
Ames, |A 50010-8664

13. Type of Report and Period Covered
Final Report

14. Sponsoring Agency Code

SPR 90-00-RB02-012

12. Sponsoring Organization Name and Address
lowa Department of Transportation Federal Highway Administration
800 Lincoln Way U.S. Department of Transportation
Ames, A 50010 400 7th Street SW

Washington, DC 20590

15. Supplementary Notes
Visit www.intrans.iastate.edu for color pdfs of this and other research reports.
16. Abstract

The US Highway 6 Bridge over Keg Creek outside of Council Bluffs, lowa is a demonstration bridge site chosen to put into practice
newly-developed Accelerated Bridge Construction (ABC) concepts. One of these new concepts is the use of prefabricated high-
performance concrete (HPC) bridge elements that are connected, in place, utilizing advanced material closure-pours and quick-to-install
connection details.

The Keg Creek Bridge is the first bridge in the US to utilize moment-resisting ultra-high performance concrete (UHPC) joints in
negative moment regions over piers. Through laboratory and live load field testing, performance of these transverse joints as well as
global bridge behavior is quantified and examined. The effectiveness of the structural performance of the bridge is evaluated to provide
guidance for future designs of similar bridges throughout the US.

18. Distribution Statement
No restrictions.

17. Key Words

accelerated bridge construction—bond testing—nbridge design evaluation—
differential displacement—structural performance—transverse joints—ultra high-
performance concrete—UHPC joints

19. Security Classification (of this 20. Security Classification (of this 21. No. of Pages 22. Price
report) page)
Unclassified. Unclassified. 59 NA

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized






_LABORATORY AND FIELD TESTING OF AN
ACCELERATED BRIDGE CONSTRUCTION
DEMONSTRATION BRIDGE: US HIGHWAY 6
BRIDGE OVER KEG CREEK

Final Report
April 2013

Principal Investigator
Brent Phares, Director
Bridge Engineering Center, lowa State University

Co-Principal Investigator
Jon “Matt” Rouse, Assistant Professor
Civil, Construction, and Environmental Engineering, lowa State University

Research Assistant
Jacob Miksell

Authors
Brent Phares, Jon “Matt” Rouse, and Jacob Miksell

Sponsored by
the lowa Department of Transportation
and the Federal Highway Administration
State Planning and Research Funding
(SPR 90-00-RB02-012)

Preparation of this report was financed in part
through funds provided by the lowa Department of Transportation
through its research management agreement with the
Institute for Transportation
(InTrans Project 11-411)

A report from
Institute for Transportation
lowa State University
2711 South Loop Drive, Suite 4700
Ames, 1A 50010-8664
Phone: 515-294-8103 Fax: 515-294-0467
www.intrans.iastate.edu






TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttt bbbttt IX
EXECUTIVE SUMMARY ..ottt sttt st stestesnesnaanaeneensenees Xi
BaCKGIOUNG ...ttt bbb bt Xi
RESEAICN DESCITPLION ...ttt bbb xi
[ T 10 1] T SRS PR Xi
Implementation Benefits and REAAINESS ..........cccuoiiiiiiiieieieee e xii
1 INTRODUCTION ..ottt ettt bbbt b et e e 1
2 BRIDGE DESCRIPTION.....cciiiiiiieie sttt sttt 2
3 BOND TESTING. ... .ottt ettt bbb 3
3.1 MBENOAS. ... ettt e st e e nte et nreenne e 3
3.2 ReSUIS aNd DISCUSSION .....oviiiiiiiiiiiieiieieiie ettt bbb 10
4 FIELD TESTING. ... .ottt sttt ettt sresneena e s enneneas 12
4.1 Instrumentation and Test Methodology ..........cooveiviieiieiicccece e 12
4.2 Live Load TeSt RESUILS ......eceiiieiiee e 17
5 CONGCLUSIONS ...ttt ettt bbbt e bt e ne e e s 43
5.1 BONA TESHING ..ttt bbbt 43
5.2 DeSigN ASSUMPLIONS ....ccviiuieiiieieiiesieesiesie e e ste e eesteeae e e sreeseesreesaeeaesseesseennenres 44
53  Maximum Bridge Strains and DiSplacements..........ccccevveierereninieniniseseees 44
54  Comparison of 2011 and 2012 Pseudo-Static Live Load TeStS........cccccevvvervrennnne. 44
REFERENGCES ...ttt sttt e seesa et et e b e e et e tenaeeneanaeneeneeneas 47
BIBLIOGRAPHY ...ttt bbbt st et bbbt e bt e b e eneeneeneas 47



LIST OF FIGURES

Figure 2.1. Bridge PIan VIBW.......c..oiiiiiiee ettt saaenaesna e neenneannenneas 2
Figure 2.2. Bridge CroSS-SECION VIBW..........ccuiiiiiitiiiisiesiieeeie ettt 2
Figure 3.1. Direct tension teSt SPECIMEN .......ccviiuiiie e eie et se e e e sre e reeaeaneesreas 4
Figure 3.2. Direct tension test half-Specimen CONNECTION...........ccviiiiiiriiieeee e 4
Figure 3.3. Direct tension test precast concrete half-specimen jig .........cccooevvviveiveiiiie e, 5
Figure 3.4. Direct tension test UHPC half-SpPecimen Jig ......cccooeieiiiiiiniiieiccec e, 5
Figure 3.5. DIreCt tENSION SELUPD ....veivveieeiiieesieeie sttt ettt e e et sbe et e st e st e et e s e e sreesneeneesreenaeaneenreas 6
Figure 3.6. Pressure-washed teSt SPECIMEN. ..........oiiiiiiiiiiiieee e 7
Figure 3.7. Sandblasted and grooved teSt SPECIMENS...........ccveiveiieii e cee e 8
Figure 3.8. Epoxy-bonded teSt SPECIMEN ........c.iiiiiiiiiiiieieiee et 8
Figure 3.9. Simulated MOR SPECIMEN.......cuiiieii ettt se e sre e e s e e aesneesreas 9
Figure 3.10. Pressure-washed teSt SPECIMENS ..........ccviiiiiiiieieie et 9
Figure 3.11. Sandblasted and grooved test SPECIMENS..........cccvveiveiieiiere e 10
Figure 4.1. InStrumentation PIaN VIEW ...........cocuiiiiiiiieieie e 12
Figure 4.2. Transverse joint instrumentation plan view and embedded gauge labels ................... 13
Figure 4.3. Transverse joint instrumentation section view and surface-mounted gauge

(0] oI T TSP 13
Figure 4.4. Instrumentation layout of surface-mounted gauges on girders at midspan and load

0L L1 SO OSSOSSPSSRN 14
Figure 4.5. Instrumentation layout at @aSt PIET .........ccoieiiiiiiie e 16
Figure 4.6. Test truck configuration and 10ading...........c.cccccieiieiiiie i 17
Figure 4.7. Representative data from load path 3 of 2011 live load strains of top of deck

QAUQES SOULN TINE....c.eeieicc et e e sre e enes 19
Figure 4.8. Representatvie data from load path 3 of 2011 live load strains of top of deck

QAUGES NOMN TINE ..ot e e sre e enes 19
Figure 4.9. Representative data from load path 3 of 2011 live load strains of bottom of deck

QAUQES SOULN TINE....c.eeiiice ettt sre e enes 20
Figure 4.10. Representative data from load path 3 of 2011 live load strains of bottom of deck

QAUGES NOMN TINE ..ottt e e sre e enes 20
Figure 4.11. Comparison of live load strains from 2011 to 2012 of surface-mounted

transducers spanning interface load path 2............ccccooveiiic i 23
Figure 4.12. Comparison of live load strains from 2011 to 2012 of surface-mounted

transducers away from interface load path 2 ..........cccooveiiieicc e 23
Figure 4.13. Observed cracking at instrumented joint at location of ToD N 4 transducer ............ 25
Figure 4.14. Observed cracking of longitudinal joint between modules2 and 3 ..............c.ccoc....... 25
Figure 4.15. Observed efflorescence between modules 2 and 3 on bottom of deck...................... 26
Figure 4.16. Close-up of cracking and efflorescence observed between module 2 and 3 on

(00 1000110 0 (=03 G USSR PRSSSUR 26
Figure 4.17. Representative data from load path 4 of 2011 live load strains for steel girders

of modules 3 and 4 at MIASPAN .....ooveiiiiiiiieeee s 29
Figure 4.18. Representative data from load path 4 of 2011 live load strains for steel girders

of modules 1 and 2 at MIASPAN .....oveiviiiiiiieeee e 29
Figure 4.19. Representative data from load path 3 of 2011 live load strains for steel girders

of module 3 at ADUIMENT .......ooieie e enes 32

Vi



Figure 4.20. Representative data from load path 3 of 2011 live load strains for steel girders

OF MOCUIE 3 AL PIET ...t sreeneeenes 32
Figure 4.21 Comparison of live load strains from 2011 to 2012 of transducers on bottom

flange of girder at midspan for module 3 from load path 4 ..o 35
Figure 4.22. Comparison of live load strains from 2011 to 2012 of transducers on top flange

of girder at midspan for module 3 from load path 4...........ccccoveiiiiiicc e 35
Figure 4.23. Comparison of live load strains from 2011 to 2012 of transducers on bottom

flange of girder at abutment for module 3 from load path 3..........c.cccooe i 38
Figure 4.24. Comparison of live load strains from 2011 to 2012 of transducers on bottom

flange of girder at pier for module 3 from load path 3 .........ccccov i 39
Figure 4.25. Comparison of live load Strains of PIEr CaP........cocvrvriririiiieiee e 41

vii



LIST OF TABLES

Table 3.1. Precast concrete-HPC interface bond testing variables ...........ccccccevvveviiii e, 7
Table 3.2. Direct tension and MOR teStiNg reSUILS ..........coeiiiiriiiiiiieeeee e 11
Table 4.1. Transverse joint surface-mounted transducer nomenclature ...........cccccceeeveveveereernene 14
Table 4.2. Girder transducer NOMENCIALUIE. ..........uoiiiieiie e e 15
Table 4.3. 2011 Maximum live load strains (pe) of top of deck surface-mounted gauges at

EFANSVETSE JOINME ...ttt bbbttt bbbt bt 18
Table 4.4. 2011 Maximum live load strains (ug) of bottom of deck surface-mounted gauges

AL TFANSVEISE JOINMT ...ttt b et 18
Table 4.5. 2011 Maximum live load strains (ue) of embedded gauges at transverse joint ........... 18
Table 4.6. 2012 Normalized maximum live load strains (ue€) of top of deck surface-mounted

gaUQES At TFANSVEISE JOINT.....eiiieeiiiie ettt e e e nte e sreesreeneennes 21
Table 4.7. 2012 Normalized maximum live load strains (pg) of bottom of deck surface-

mounted gauges at tranSVErSe JOINT ..........cciveriiiieiieeie e ste e e sre e sre e sres 22
Table 4.8. 2012 Normalized maximum live load strains (pe) of embedded gauges at transverse

JOINE ettt et et e e et et et e e te et e aae e re e reereeareeteaneenres 22
Table 4.9. Live load strain difference from 2011 test to 2012 test top of deck transducers load

0L L 1SS SSOSPPSSRN 23
Table 4.10. 2011 Maximum live load strains (pe) of bottom flange of steel girders at midspan..27
Table 4.11. 2011 Maximum live load strains (pg) of top flange of steel girders at midspan ........ 28
Table 4.12. 2011 Load fractions and distribution factors ...........ccocervvii e 30
Table 4.13. 2011 Maximum live load strains (pg) of bottom flange of steel girders at

10101 1T o OSSPSR 31
Table 4.14. 2011 Maximum live load strains (ue) of bottom flange of steel girders at pier ......... 31
Table 4.15. 2012 Normalized maximum live load strains (p€) of bottom flange of steel girders

YO0 0T K0 o ISP 33
Table 4.16. 2012 Normalized maximum live load strains (pe) of top flange of steel girders at

00 S o= o S SRS SSTORRURSTN 33
Table 4.17. 2012 Maximum differential deflection at midspan...........cccceoeveniiiiiniiciceee, 34
Table 4.18. Live load strain difference from 2011 test to 2012 test of bottom flange transducer

on girder at midspan for module 3 from load path 4 ...........coooeiiiiiinii 35
Table 4.19. Live load strain difference from 2011 test to 2012 test of top flange transducer on

girder at midspan for module 3 from load path 4 ... 36
Table 4.20. 2012 Load fractions and distribution factors ............c.ccooveeienene i, 36
Table 4.21. Comparison of 2011 and 2012 distribution factors ............cccoceviveveniienieenn e 37
Table 4.22. 2012 Normalized maximum live load strains (pe) of bottom flange of steel girders

Y= 1110 1= o SR 37
Table 4.23. 2012 Normalized maximum live load strains (png) of bottom flange of steel girders

LB 0] 1] S TSSO PR RSP 38
Table 4.24. 2011 Maximum Strains Of PIEN CAP ......ecvvveiiieiie e 40
Table 4.25. 2012 Normalized maximum live load strains (pe) of PIer Cap ......ccccoevvvervrvrenennnnn, 40
Table 4.26. 2011 Maximum deflections at pier cap to column interface ..........cccccoceevveveiiieennnnn, 41
Table 4.27. 2012 Maximum deflections at pier cap to column interface ............ccocvvvrvviiivnnnnnn, 42

viii



ACKNOWLEDGMENTS

The authors would like to thank the Office of Bridges and Structures at the lowa Department of
Transportation (DOT) for sponsoring this research and the Federal Highway Administration for
state planning and research (SPR) funds used for this project.






EXECUTIVE SUMMARY
Background

To address the need for the development of a fast, repeatable, and dependable way to replace
“typical” bridges across the country, the Transportation Research Board (TRB) developed
project R04, Innovative Designs for Rapid Renewal, as part of the Second Strategic Highway
Research Program (SHRP 2). The goal of this project was to develop standardized accelerated
bridge construction (ABC) systems for nationwide use (lowa DOT Office of Bridges and
Structures 2011).

As part of the SHRP 2 Project R04, the lowa Department of Transportation (DOT) was asked to
select a demonstration bridge site to implement some of the ABC design concepts being
developed.

The lowa DOT selected a replacement bridge site in western lowa on US Highway 6 over Keg
Creek in Pottawattamie County. This site was selected due to the abundance of similar three-
span bridges in lowa and many other states. Bridge engineers wanted to ensure that what was
learned from the RO4 project would be applicable to future bridge projects (lowa DOT Office of
Bridges and Structures 2011).

Research Description

The basic ABC concept employed in the Keg Creek Bridge project was to utilize prefabricated
elements that are connected, in place, utilizing advanced material closure-pours and quick-to-
install connection details.

First, it was desired to know more about the bond performance between the concrete deck high-
performance concrete (HPC) and the closure pour material, ultra-high performance concrete
(UHPC). Second, it was desired to understand how the completed bridge performed from a
global and local perspective.

To answer the first question, a series of laboratory tests were conducted. To answer the second
question, two live load tests were conducted on the completed bridge with one immediately
following construction and one approximately seven months later.

Key Findings

As the bridge was being designed, simultaneous laboratory testing was being performed at lowa
State University of these transverse joints to be used. The results of these tests indicated special
attention needed to be paid at these locations due to insufficient bond strength between the HPC
and UHPC.
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Through further laboratory testing of the bond strength at the HPC/UHPC interface, it is clear
that there was cause for concern of opening at these interfaces. These concerns were reinforced
by the findings in the comparison of the live load field tests.

Visual inspection, as well as evaluation of the collected data, showed a breakdown of the bond
between the interface of the HPC and UHPC at the joints. The breakdown of this bond resulted
in cracking of the deck allowing an ingress of road salts, which is verified by the presence of
efflorescence on the underside of the bridge deck at joint interfaces.

Furthermore, the live load field testing was also used to quantify and compare global bridge
behavior over a period of approximately seven months. The overall behavior of the bridge was
very similar from test to test with the exception of the breakdown of bond at the joint interfaces.

Implementation Benefits and Readiness

The use of moment-resisting transverse UHPC joints at pier locations in the Keg Creek Bridge
was a first for the US and is one of many concepts being employed to reduce road closure time
as part of the development of ABC practices to be used throughout the country. Utilizing these
technologies, road closure was reduced from an entire construction season to only two weeks.

xii



1 INTRODUCTION

As a result of an aging infrastructure throughout the US, a need has arisen for the development of
a fast, repeatable, and dependable way to replace “typical” bridges across the country. To

address this need, the Transportation Research Board (TRB) developed project R04, Innovative
Designs for Rapid Renewal, as part of the Second Strategic Highway Research Program (SHRP
2). The goal of this project was to develop standardized accelerated bridge construction (ABC)
systems for nationwide use (lowa DOT Office of Bridges and Structures 2011).

As part of the SHRP 2 Project R04, the lowa Department of Transportation (DOT) was asked to
select a demonstration bridge site to implement some of the ABC design concepts being
developed. The lowa DOT selected a replacement bridge site in western lowa on US Highway 6
over Keg Creek in Pottawattamie County. This site was selected due to the abundance of similar
three-span bridges in lowa and many other states. Bridge engineers wanted to ensure that what
was learned from the R04 project would be applicable to future bridge projects (lowa DOT
Office of Bridges and Structures 2011).

The basic ABC concept employed in the Keg Creek Bridge project was to utilize prefabricated
elements that are connected, in place, utilizing advanced material closure-pours and quick-to-
install connection details. Utilizing these technologies, road closure was reduced from an entire
construction season to only two weeks.

This report documents testing completed to answer several design questions. First, it was desired
to know more about the bond performance between the concrete deck high-performance concrete
(HPC) and the closure pour material, ultra-high performance concrete (UHPC). Second, it was
desired to understand how the completed bridge performed from a global and local perspective.

To answer the first question, a series of laboratory tests were conducted. To answer the second
question, two live load tests were conducted on the completed bridge with one immediately
following construction and one approximately seven months later.

This report is divided into five chapters. Chapter 2 describes the specifications and features of
the Keg Creek Bridge. Chapter 3 describes the bond testing completed in the laboratory at lowa
State University. The field testing is described in Chapter 4. Final conclusions are presented in
Chapter 5.



2 BRIDGE DESCRIPTION

The US Highway 6 Bridge over Keg Creek is located southeast of Council Bluffs, lowa in
Pottawattamie County. The demonstration bridge is designed to represent a “typical” ABC
bridge whose standards and specifications can be used repeatedly throughout the US.

The new bridge is a three-span, 204 ft 6 in. (center of bearing to center of bearing) long by 47 ft
2 in. wide steel/precast modular structure. The bridge consists of two 67 ft 3 in. end spans with a
70 ft center span. These spans are supported at the pier locations by precast pier caps and
columns connected through the use of grouted couplers. The demonstration bridge also utilized
precast bridge approaches and semi-integral abutments to help reduce the construction time. The
cross sections of the bridge spans are made up of six precast deck modules.

Each module is compositely constructed through the use of shear studs with two W30X99 steel
beams supporting an 8.5 in. concrete deck. The exterior modules also have an integral guardrail
running the length of the bridge. Modules were connected on-site through the utilization of full
depth longitudinal and transverse moment-resisting joints infilled with UHPC. The use of these
moment-resisting UHPC joints at the piers is a first in the US. Plan and cross-section views of
the bridge can be found in Figure 2.1 and Figure 2.2, respectively.
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Figure 2.2. Bridge cross-section view



3 BOND TESTING

The interface between the precast deck panels and cast-in-place UHPC used in joining the
precast decks of the SHRP 2 — R04 accelerated construction project is an obvious location of
concern for ingress of water and chlorides. The tensile bond strength between precast concrete
bridge decks and UHPC joints will be an important factor in the longer-term durability of any
bridge using this type of full depth deck joint detail. To assess the strength of this bond and
identify important parameters affecting the bond strength, two series of tests were conducted.
The laboratory tests conducted and their objectives follow:

e Test Type 1: Direct Tension Testing
o The first suite of tests measures the bond strength in direct tension
e Test Type 2: Simulated Modulus of Rupture (MOR) Testing

o The second suite of tests, mimicking a modulus of rupture test, measures the
lower bound of strength between concrete fracture and bond failure

3.1 Methods
3.1.1 Test Type 1: Direct Tension Testing

The first set of tests measured the bond strength in direct tension. While there is an ASTM
standard (ASTM C1583 / C1583M — 04el Standard Test Method for Tensile Strength of
Concrete Surfaces and the Bond Strength or Tensile Strength of Concrete Repair and Overlay
Materials by Direct Tension (Pull-off Method)) for measuring tensile bond, this test is intended
for overlays and can only quantify the weaker of the bond or the tensile strength of the
underlying concrete. Several tests procedures have been proposed to measure the direct tensile
strength of unreinforced concrete, but all present difficulties in alignment, concentricity, and
uniformity of stress conditions. The results of such tests are often very sensitive to workmanship
and procedure.

To test the direct tensile bond strength in this work, 4 in. diameter cylinders of concrete were
cast with a threaded steel rod throughout the entire length of the half-specimen. Then, the second
half of the specimen was match-cast onto the precast concrete half, again with a threaded rod
through the length of the UHPC half-specimen as shown in Figure 3.1.
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Figure 3.1. Direct tension test specimen

A steel “pill,” acting as a male connector between two machined holes in the threaded rods,
helped ensure alignment of the threaded rods in each half-specimen (Figure 3.2).

Figure 3.2. Direct tension test half-specimen connection

Jigs were constructed to ensure alignment and concentricity during casting of the normal
concrete half-specimens (Figure 3.3).
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Figure 3.3. Direct tension test precast concrete half-specimen jig

Once the precast concrete half-specimens had received their specific surface finish and cured for
28 days, another jig was again used during match casting of the UHPC to ensure alignment and
concentricity (Figure 3.4).

-
s >

Figure 3.4. Direct tension test UHPC half-specimen jig

With specimens like those used in this work, unlike the ASTM C1583 procedure, failure was
forced to occur at the interface to compute bond strength. Each specimen was tested in lowa
State University’s MTS universal testing machine to ensure maximum concentricity and precise
alignment. The specimen was secured in the MTS machine with friction grips using an eye bolt-
to-connector-to-eye nut assembly (Figure 3.5). This connection assembly successfully eliminated
eccentricities that could have been caused by directly gripping the specimens threaded rods with
the MTS testing machine.



Figure 3.5. Direct tension setup

The objective of these tests was to quantify the effect of various surface preparations as well as
the effect of UHPC maturity on direct tensile bond strength. Six different surface preparations
were tested: pressure-washed at 1,500 psi, pressure-washed at 3,000 psi, sandblasted, groove-cut,
epoxy-bonded, and untreated.

Once construction of the full specimens was complete, testing in the MTS universal testing
machine took place four days after placement of the UHPC for the six surface finishes. The
1,500 psi pressure washed surface specimens were used to further assess the effect of UHPC
maturity on the tensile bond strength. Those specimens were tested at 2, 4, 7, 14, and 28 days
after UHPC placement. The epoxy bonding agent used for this test was Rezi-Weld., 1000, from
W. R. Meadows.

The testing plan for all direct tension testing specimens can be seen in Table 3.1. Figure 3.6
through Figure 3.8 display the surface preparations for the testing. Note that SSD in Table 3.1
indicates the specimen was prepared with a saturated surface dry (SSD) condition.



Table 3.1. Precast concrete-HPC interface bond testing variables

No. of Specimens Interface Preparation UHPC Age (days)
3 1,500 psi pressure wash  SSD 2
3 1,500 psi pressure wash  SSD 4
3 1,500 psi pressure wash  SSD 7
3 1,500 psi pressure wash  SSD 14
3 1,500 psi pressure wash  SSD 28
3 3,000 psi pressure wash  SSD 4
3 Plywood - untreated  SSD 4
3 Sandblasted SSD 4
3 Groove cut SSD 4
3 Epoxy bonding agent 4

(a) 1,500 psi
Figure 3.6. Pressure-washed test specimen

(b) 3,000 psi



(@) Sandblasted (b) Grooved
Figure 3.7. Sandblasted and grooved test specimens

Figure 3.8. Epoxy-bonded test specimen
3.1.2 Test Type 2: Simulated Modulus of Rupture Testing

A second suite of tests that mimicked a modulus of rupture (ASTM C78 — Flexural Strength of
Concrete) test was utilized as well. In this test setup, each half-beam specimen was cast of
unreinforced concrete and allowed to cure. The second half of the beam was match-cast of
UHPC with the interface at the centerline of the beam (Figure 3.9). The beam was then tested in
three point bending to compute the stress at which the bond fails.
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Figure 3.9. Simulated MOR specimen

In these tests, the failure was not ensured to occur at the interface, and only a lower bound for
bond strength may be computed if the concrete fractures before the bond fails. While such a test
does not directly yield the tensile bond strength, the results would likely prove useful for
comparison with the modulus of rupture of various concrete mixes. The interface surfaces in the
beam specimens were prepared in the same fashion as for the direct tensile testing specimens,
using the six different finishes. Simulated modulus of rupture testing was carried out in the same
fashion as shown in Table 3.1. Various specimen surface finishes can be seen in Figure 3.10 and

Figure 3.11.

(a) 1,500 psi (b) 3,000 psi
Figure 3.10. Pressure-washed test specimens



(a) Sandblasted (b) Grooved
Figure 3.11. Sandblasted and grooved test specimens

3.2 Results and Discussion

Presented in Table 3.2 are the results of both the direct tension and simulated MOR lab test
results. Note first that if there is no preparation to the interface between the HPC/UHPC
(plywood-untreated), there is virtually no bond between the two materials at all, indicating a
necessity for some kind of surface preparation.

The most effective of the surface preparations tested in direct tension at the 4 day UHPC age
appear to be the use of a 3,000 psi pressure wash or an epoxy bonding agent. The 3,000 psi
pressure wash also performed comparatively well in the simulated MOR test, resulting in the
only specimen that had a failure away from the interface. The epoxy bonding agent did not
perform as well in the simulated MOR test, only outperforming the untreated interface
preparation for a specimen with a UHPC age of 4 days. The MOR averages for all interface
preparations were calculated to be below the estimated MOR for a 5,000 psi compressive
strength HPC (as was used in the Keg Creek Bridge prefabricated elements) as calculated
according to the American Concrete Institute (ACI) Building Code and Commentary 318-11
Equation 9-10 (~530 psi). The location of the bond is then the weakest point within the beam and
therefore the most likely location for cracking to occur.

It seems that throughout the test data there is a rather large range between maximum and
minimum values for bond strength of similar specimen in both tests. These differences are
especially evident in the direct tension test. This shows a high degree of inconsistency in the
bond strength between the HPC and UHPC, no matter the surface preparation.

It is evident that UHPC maturity also has an effect on the tensile bond strength. In both tests, the
tensile bond strength increases up to the 7 day UHPC age where it peaks and then sees a drop in
bond strength as it reaches its 14 and 28 day UHPC ages. This shows evidence of deterioration of
the bond over time.
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Therefore, even though the UHPC material itself gives advantages in both low permeability and
increased strength, the bond of the material to that of precast HPC is of concern. Without a
consistent method to improve this bond, the interface location will be at risk for ingress of road
salts and chemicals that could corrode the internal reinforcement. This is especially a concern in
the Keg Creek project, where the UHPC joints are used in a negative moment region.

Table 3.2. Direct tension and MOR testing results

Interface Preparation UHPC Age (days) Direct Tension (psi) MOR (psi)
Average Low High Average Low High
1,500 psi pressure wash 2 112 46 174 380 495 261
1,500 psi pressure wash 4 115 18 224 308 390 261
1,500 psi pressure wash 7 218 91 285 387 510 326
1,500 psi pressure wash 14 72 48 105 369 415 345
1,500 psi pressure wash 28 112 45 229 208 300 149
3,000 psi pressure wash 4 169 81 225 504 537 484
Plywood - untreated 4 9 8 9 26 39 19
Sandblasted 4 96 64 127 378 403 362
Groove cut 4 146 85 221 395 433 332
Epoxy bonding agent 4 211 196 224 267 315 228
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4 FIELD TESTING
4.1 Instrumentation and Test Methodology

The Bridge Engineering Center (BEC), along with the lowa DOT and HNTB, worked together to
develop a plan for testing the US Highway 6 Bridge over Keg Creek in order to evaluate and
quantify the behavior of the structure. This test plan consisted of monitoring both important
strains and deflections through surface-mounted and embedded strain gauges along with string
potentiometers.

During testing, a tandem-axle dump truck with known weight and dimensions (described
subsequently) was driven slowly across the bridge to measure the effects of a known pseudo-
static live load. The evaluation plan called for two separate tests conducted approximately 7
months apart. The first of these was performed in November 2011, shortly before the bridge was
opened to traffic, and the second was performed in May 2012.

In each test, 58 surface-mounted strain transducers along with eleven embedded strain
transducers were used to monitor the response of the bridge at locations deemed critical because
of expected strain levels. A plan view of the instrumentation plan is shown in Figure 4.1.

MODULE 1

MODULE 2

MODULE 3

MODULE 4

MODULE 5

MODULE 6

uuuuu BDI GAUGES- TOP AND BOTTOM FLANGE OF STEEL GIRDERS

— NORTH
< > FOIL STRAIN GAUGES & BDI's -UHPC JOINT & SURROUNDINGS

Figure 4.1. Instrumentation plan view

One of the most heavily instrumented areas of the test was the transverse joint between the east
end span and the center span of the bridge at module 3. This negative moment region is the same
as the joint that was the subject of much previous study (Rouse et al. 2011). At this location, 16
surface-mounted gauges were attached to the top and bottom of the deck along two rows located
14.5 in. inwards from the centerline of the longitudinal UHPC joints along the north and south of
the module.

Ten gauges were mounted to the top of the deck, in two rows of five, at locations outside of the
transverse joint, across the interface of the joint, and at the centerline of the joint. The other six
surface-mounted gauges at the transverse joint were located on the bottom of the deck in two
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rows of three with gauges spanning the interface of the joint and gauges at the centerline of the
joint.

The eleven embedded strain gauges are also located at this transverse joint location along the
same two rows as the surface-mounted gauges. Foil strain gauges were placed on the
longitudinal bars 6 ft from the centerline of the UHPC joint, at the location of the termination of
the hairpin lap splice, and on the hairpin bars at the location of the termination of the longitudinal
lap splice. All of these locations are outside of the UHPC joint in the prefabricated deck panels.

The layout of the gauges located at the transverse joint and their labeling are shown in Figure 4.2
and Figure 4.3 with the naming key for surface-mounted transducers in Table 4.1.

e S e B

X  BDI GAUGES- TOP AND BOTTOM SURFACES OF DECK
[51-3-3T] B1-3-2T [51-3-1T, 52-3-2T] [52-3-3T]
‘ : ‘ = | i r—— %X BDI GAUGES- TOP SURFACE OF DECK ONLY
- =
= FOIL STRAIN GAUGES- TOP OF DECK REINF. MAT
LINE 1- FOIL GAUGES PLACE ON LONG. BARS 6 FT
FROM CENTERLINE OF UHPC JOINT
LINE 2- FOIL GAUGES PLACE ON LONG. BARS AT
TERMINATION OF HAIRPIN LAP SPLICE
LINE 3- FOIL GAUGES PLACED ON HAIRPIN BARS AT TERMINATION
gl 1121 LT | LT fa12r  Fa1dn OF LONGITUDINAL LAP SPLICE
LX—¥—¥T = =
ﬂ | I LCL OF TRANS T—cl_ OF LONG NORTH
UHPCJOINT  UHPC JOINT

Figure 4.2. Transverse joint instrumentation plan view and embedded gauge labels

12 3 45
Top of Deck (ToD)
( ‘ -/ e |
© ‘ 1 ). S
Bottom of Deck (BoD) o o o
BDI GAUGES
== FOIL STRAIN GAUGES- TOP OF DECK REINF. MAT EAST

Figure 4.3. Transverse joint instrumentation section view and surface-mounted gauge grid
lines
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Table 4.1. Transverse joint surface-mounted transducer nomenclature

Elevation North/South Grid line  East/West Grid Line
ToD Top of Deck N  North Grid Line 1 Grid Line 1
BoD BottomofDeck S  South Grid Line 2 Grid Line 2
3 Grid Line 3
4 Grid Line 4
5 Grid Line 5

Example: ToD S 4=Top of Deck along South line at west interface of joint

Thirty-two of the 58 surface-mounted transducers were attached to the steel girders of the precast
deck modules at the midspan, abutment, and pier locations of the east end span of the bridge.
Every girder of the bridge was instrumented at the underside of the top and bottom flanges across
the bridge at the midspan, while only the girders under the first and third module were
instrumented at the pier and abutment locations. The layout of these surface-mounted gauges at
midspan can be seen in Figure 4.4 with the naming key of all girder surface-mounted gauges
found in Table 4.2.

|
Path 2 | Path
Path 1 Path 4 Path 6
D! !l
Tfi? }jEMODULE% -‘ oDl %J; K# J;‘ MODULE 4 : P%\AODULES ﬁE’b\AODULEG H

j |

|

\

i g,

‘ X BDI LOCATION @ MIDSPAN OF EAST END SPAN ‘

Figure 4.4. Instrumentation layout of surface-mounted gauges on girders at midspan and
load paths
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Table 4.2. Girder transducer nomenclature

Module # Span Location Location on X-section
M1 Modulel Mid Midspan BN Bottom North
M2 Module 2 Abut East Abutment BS Bottom South
M3 Module 3 Pier East Pier TN  Top North
M4 Module 4 TS  Top South
M5 Module 5
M6 Module 6

Example: M3 Abut BN=transducer on module 3 near the abutment on the bottom flange of the north module girder

Other critical locations chosen for instrumentation included near novel pier connection joints and
at other important areas. To investigate the behavior of the piers, instrumentation was placed at
strategic locations on the east pier. Two surface-mounted transducers were attached at midspan
of the pier cap on the top and bottom surfaces to observe the global behavior. The east pier was
also monitored with displacement transducers.

For the 2011 test, two string potentiometers were attached over the interface of the pier cap-to-
column connection on the north column of the pier. Both potentiometers were mounted to the
north face of the column with one on the east side and one on the west side. Instrumentation at
this location was implemented to determine if any rocking of the pier cap in the longitudinal
direction of the bridge was present.

For the second test, two more displacement transducers were included in addition to the two
from the first test. The additional string potentiometers were mounted on the south face of the
north column at the east pier to check for rocking of the pier cap in the transverse direction of the
bridge also (Figure 4.5).
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.I STRING POTENTIOMETER LOCATION @ NORTH COLUMN

Figure 4.5. Instrumentation layout at east pier

Based on visual observation of the longitudinal joint, one string potentiometer was added to the
2012 instrumentation plan. This string potentiometer was located at the centerline of the bridge
at midspan. This displacement transducer was added to check for any large differential
displacements between the precast HPC deck and the UHPC longitudinal joint between modules
3and 4.

As mentioned previously, both tests were performed by driving a three-axle truck across the
bridge at a crawl speed (< 5 mph) from west to east. This process was executed twice for each of
the six specified load paths to ensure repeatability of the data. The layout of all load paths can be
seen in Figure 4.4. Paths 2 and 5 represent typical traffic locations along the center of each lane.
Paths 1 and 6 are located two ft from the face of the guardrail. Path 4 represents the truck
traversing the bridge while centered over the centerline of the bridge. Path 3 represents the truck
traversing the bridge with its right tire centered on the centerline of the bridge.

The test vehicle consisted of a loaded three-axle dump truck. The 2011 test truck was loaded to a
weight of 70,700 Ibs, while the 2012 test truck had a weight of 52,160 Ibs. Due to this fact, all
data from the 2012 test was multiplied by a normalization factor of 1.355 to adjust for the
differing weights in an attempt to ease comparative interpretations. Test truck configuration and
weights for the two trucks are shown in Figure 4.6.

Starting and ending points for runs also varied between the two tests. Note that in all graphs
involving truck position, the data are presented with respect to the front axle position. A truck
position of zero represents when the front axle is at the west bridge joint.
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70,700 Ibs

-~ 41610
(a) 2011 load values

18,170 Ibs 18,170 Ibs 15,820 Ibs

-4 144"
(b) 2012 load values
Figure 4.6. Test truck configuration and loading

4.2 Live Load Test Results

In this section, results are presented for the pseudo-static live load tests performed on the US
Highway 6 Bridge over Keg Creek in both November 2011 and May 2012. For each test, the six
specified load paths (shown in Figure 4.4) were traversed twice to ensure repeatability of data.
The results presented for each load path are the maximum of the two runs. Results are analyzed
separately for each test and also compared with each other to characterize the behavior of the
bridge over time.

4.2.1 Transverse Joint Behavior

The transverse UHPC joints of this bridge are of special interest due to their use in a negative
moment region and the risk of opening of the interface between the UHPC and HPC precast
panels as had been seen in laboratory testing (Rouse et al. 2011). As a result, the joints were
heavily instrumented to help understand the performance o