o ,f""‘“} ’

oy

UNIVERSITY OF MICHIGAN

REPAIR AND STRENGTHENING OF REINFORCED CONCRETE
BEAMS USING CFRP LAMINATES

Volume 5: Behavior of Beams Under Cyclic Loading
at Low Temperature

by

Antoine Naaman
Maria del Mar Lopez
TLuke Pinkerton

Project Coordinator: Roger D. Till, MDOT
Project Advisor: Thomas D. Gillespie, GLCTTR

Report No. UMCEE 98 - 39
April, 1999

The University of Michigan
Department of Civil and Environmental Engineering
Ann Arbor, MI 48109-2125, USA



Technical Report Documentation Page

1. Report No. RC - 1372 2. Government Accession No. 3. Recipient’s Catalog No.

4. Title and Subtitle Repair and Strengthening of Reinforced Concrete 5. Report Date

Beams using CFRP Laminates. April, 1999

Volume 5: Behavior of Beams under Cyclic Loading at Low

Temperature

7. Author (s) Antoine E. Naaman 6. Performing Organization Code
Maria del Mar Lopez UMCEE 98 - 39
Luke Pinkerton

9. Performing Organization Name and Address §. Performing Org Report No.

The University of Michigan, Dept. of Civil and Env. Engineering RC-1372

2340 G.G. Brown Bidg. Ann Arbor, MI 48109-2125

12. Sponsoring Agency Name and Address ‘ : 10. Work Unit No. (TRAIS)
Michigan Department of Transportation
Construction and Technology Division

P.O. Box 30049 ‘ 11. Contract/Grant No.
Lansing, MI 48909
15. Supplementary Notes 13. Type of Report &Period Covered

Research Report 1997-1998

14. Sponsoring Agency Code

16. Abstract

Repair and strengthening techniques using glued-on carbon fiber reinforced plastic (CFRP) plates (also cailed sheets, tow sheets, and
thin laminates) form the basis of a2 new technology being increasingly used for bridges and highway superstructures.

The study described in this report (Volumes 1 to 7} focused on the use of carbon fiber reinforced plastic (CFRP) laminates for repair
and strengthening of reinforced concrete beams. Iis primary objectives are: 1) 1o ascertain the applicability of CFRP adhesive bonded
laminates for repair and strengthening of reinforced concrete beams; 2) to synthesize existing knowledge and develop procedures for
implementation in the field; 3} to identify key parameters for successful design and implementation; and 4) to adapt this technique to
the specific conditions encountered in the state of Michigan.

This report consists of 7 volumes:

Volume 1 — Summary Report

Volume 2 — Literature Review

Volume 3 — Behavior of Beams Strengthened for Bending

Volume 4 — Behavior of Beams Strengthened for Shear

Volume 5 — Behavior of Beams Under Cyclic Loading at Low Temperature
Volume 6 — Behavior of Beams Subjected to Freeze-Thaw Cycles

Volume 7 — Technical Specifications

The part of the investigation dealing with the tests in bending and shear of strengthened beams under low temperature (-29° C) and
high amptitude cyclic loading is the subject of this volume (volume 5). Results are also analyzed, compared, and discussed. Four
reinforced concrete beams strengthened with CFRP sheets were designed, prepared and tested under low temperature conditions (-
29°C). Two beams were tested monotonically to failure and the other two were tested under high amplitude cyclic oad {fatigue load).
Parameters investigated were: Low temperature and loading conditions. The four beams were tested under fow temperature conditions
{-29°C). Two beams were tested under a four-point load configuration, one monatonically and one in cyclic fatigue. These beams,
considered to fail in bending, were strengthened with the Sika system. The remaining two beams were tested under three-point load
configuration, also one monotonically and one in cyclic fatigue. These beams considered to fail in shear were retrofitted with the
Tonen system. The amplitude of the cyclic fatigue load was taken as 10-80% of the failure load from the monotonic test. Conclusions
are drawn and some recommendations for design are suggested.

17. Keywords bond, carbon fiber, composites materials, 18. Distribution Statement

laminates, rehabilitation, reinforced concrete, repair, No restrictions. This document is available to the public
strengthening systems through the Michigan Department of Transportation

19. Security Classification (report) | 20. Security Classification (Page) 21. No. of pages 22. price

Unclassified Unclassified




Michigan Department of Transportation - Technical Advisory Group

Roger D. Till, Project Coordinator
Materials and Technology Laboratories

David Juntunen
Materials and Technology Laboratories

Jon Reincke
Materials and Technology Laboratories

Glenn Bukoski
Construction

Steve Beck
Design

Raja Jildeh
Design

Michel Tarazi
Design

Steve O’Connor
Engineering Services

Sonny Jadun
Maintenance

John Nekritz

Federal Highway Administration
Great Lakes Center for Trucks and Transit Research

Thomas D. Gillespie, Project Advisor

University of Michigan Transportation Research Institute
University of Michigan - CEE Research Team

Antoine Naaman, Project Director

Sang Yeol Park, Research Fellow

Maria del Mar Lopez, Graduate Research Assistant

Luke R. Pinkerton, Graduate Research Assistant



UMCEE 98 - 39
MDOT Contract No: 96-1067BAB

Project Director: Antoine E. Naaman, UM
Project Coordinator:  Roger D. Till, MDOT
Project Advisor: Thomas D. Gillespie, GLCTTR

December 10, 1998

key words:
adhesives
bending
bond
carbon fiber
composite materials
concrete
durability
epoxy
fatigue
freeze thaw
FRP sheets
low temperature
repair
rehabilitation
shear
strengthening systems

Department of Civil and Environmental Engineering
University of Michigan, 2340 G.G. Brown building
Ann Arbor, MI 48109-2125

Tel: 1-734-764-8495; Fax: 1-734-764 4292

The publication of this report does not necessarily indicate approval or endorsement of the
findings, opinions, conclusions, or recommendations either inferred or specifically expressed
herein, by the Regents of the University of Michigan, the Michigan Department of
Transportation, or the Great Lakes Center for Trucks and Transit Research.



ACKNOWLEDGMENTS

The research described in this report was supported jointly by a grant from the
Michigan Department of Transportation and the Great Lakes Center of Truck and
Transit Research which is affiliated with the University of Michigan Transportation
Research Institute. Matching funds for student tuition and for equipment were also
provided by the Untversity of Michigan.

The research team received valuable support, counsel, and guidance from the Technical
Advisory Group. The support and encouragement provided by Roger Till, project
coordinator representing the Michigan Department of Transportation, is deeply
appreciated.

The authors are thankfull to the Sika Corporation (Bob Pisha) for the donation of the
Carbodur laminate as well as the Sikadur epoxy material. The partial contribution of
Tonen Corporation with the MBrace composite strengthening system, and the help of
Howard Kliger are also appreciated.

The opinions expressed in this report are those of the authors and do not necessarily
reflect the views of the sponsors.

111



TABLE OF CONTENTS

ACKNOWLEDGMENTS  o.oiiitinniiviierrannerrnasranersasrassnsssrsossasnseces
LIST OF FIGURES. ... uctenteinarertuaesnnirmrieansssssseenssemsserssaosssnssanassans
LIST OF TABLES .......c.... erenseetrsiseseresenseetestanstannnneaenaaeaaenan
PREFACE ..otetuieiiirieneeeereanersaeerssnnsseeassannessssssnsssassnnessecanassasses
ABSTRACT ........ Heeetereeettntaaerreettntiatetttibrasertrreseeresnnnaaen reeereeraaes

EXECUTIVE SUMMARY it iietiei s snensbs s ncmrn e aae

1. INTRODUCTION

-----------------------

1.1. Organization of this REPOIT ...cooiiirciectee ettt et

2. EXPERIMENTAL PROGRAM

2.1. Parameters of STAY ....ccovoeveriverrmeeeee e rcee e

2.2, Material Properties ..........cooooremrenireccnnm e reescceccne e msesces e esessssnesesaens

22000 CORCHEIR oottt et st ae et et es sttt se e een e
22,20 REIMFOFCING BUFS..ii et i et s naen e s et s e e
223 Strengthening SYSIEIS ...t sesteses st raare st b eebaen

2.3. Design and Fabrication of Specimens.......cccoveveereecorreeiecneneeeessvresserneneas

2300 FUBXUPGE BOAMIS (..o e e eeee vt v tataatenes st e s e e e e e n e

232 Shear Beams

2.4. Test Set-Up and Instrumentation

3. DESIGN OF TEMPERATURE CONTROL SYSTEM.

23,30 CFRP ADPUCAION oo esnss s s ot re e eeeseseees oo

3.1. Liquid Nitrogen Cooling System

3141 Specimen Cooling Apparatus
3.1.2.  Awomatic Liguid Nitrogen Delivery System
3.1.3.  Insulation.
3.1.4  Performance

4. TEST RESULTS




5.

6.

7.

8.

ANALYSIS AND INTERPRETATION

18

5.1. SteelReinforcement Ratio

18

5.2. Failure Modes

18

5.2.1  Fleage Test.

18

5.2.2  Shear Test

19

27

5.3. Strengthening Level

5.4. Temperature andFatigue Effect

33

CONCLUSIONS

36

REFERENCES WITH SOURCECLASSIFICATION

APPENDIX A

36

39




LIST OF FIGURES

Figure 2.1 Cross Section and Load Set-Up for Shear (top) and Bending (bottom) Test ......c.ococvrvicecreiiees 9
Figure 2.2 Strain Gage Layout for the Shear and Bending Tests... reesernesrnnninienenseesenrresneees 10
Figure 3.1 Photograph of the Hollow Shear Specimens before Concrete Pourmcr ...................................... 12
Figure 3.2 Photograph of Coolant Tubes... SO OV UV OOUYPORPSUUTURRTUTUUUOUUTURIN
Figure 3.3 Flexural Specimen Cooling System. BSOSO US OB NUSCUUUUVUUOTTUY I
Figure 3.4 Shear Specimen Cooling SYStEM. ..o et et ce et e e e eamrnrreseerene 13

Figure 3.5 Temperature control Loop.............. S TPTPTURVUR I
Figure 4.1 Load versus Deflection Curve for Monotomc Bendm'Jr Test ereertreebessensenteenneeareneansneenases 1]
Figure 4.2 Load versus Deflection Curves for Fatigue Bending Test... ereeereereeetesensanneeenenermnenassneans 17
Figure 4.3 Load versus Deflection Curve for Monotonic Shear Test ........................ I8
Figure 4.4 Load versus Deflection Curves for Fatigue ShearTest ..o, I8
Figure 5.1 Interfacial Failure of the Monotonic Bending Specimen .....cccovciniccroeinecece e 21
Figure 5.2 Detail of the Interfacial Failure of the Monotonic Bending Specimen.......cccoooivinininnrnverornnns 21
Figure 5.3 Load versus Strain Curves for Monotonic FIexure Test.....iovviremirnree e ressnnens 22
Figure 5.4 Interfacial Faifure of the Fatigue Flexure TesT. ..ot arevnaserevesnsesnnns 23
Figure 5.5 Detail of the Interfacial Failure of the Fatigue Flexure Test oo 3
Figure 5.6 Interlaminar Faijure at the End of the Sika Plate (Fatigue Flexure) ..o, 23
Figure 5.7 Load versus Strain Curves for Monotonic after Cycling Flexure Test.....ooevevicvcvvvevevesieesieens 24
Figure 5.8 Shear Failure and Debonding of the Tonen CRP sheet ..o s 25
Figure 5.9 Detail of the Debonded Area (Shear MOnotonic)......v.eceecierreriesrsesescemeememsesessseeeees e nesees 25
Figure 5.10 Load versus Shear Strain Curves from the Monotonic Shear Test.....ocooeeeeiiieneececeee, 26
Figure 5.11 Brittle Failure of the Shear Cyclic Specimen ..., 28
Figure 5.12 Detail of the Brittle Failure of the Shear Cyclic Specimen ......ccoooovoevieccecee . 28
Figure 5.13 Brittle Failure of a Steel Rebar (bar NO. 3) .ot ee e 29
Figure 5.14 Brittle Failure of a Steel Rebar (bar No. 4) ... . reeeieeseeertniaee et e smrenrrenaennanaseens 20
Figure 3.15 Load versus Shear Strain Curves from the Fatzoue Shea_r Test ................................................. 30
Figure 5.16 Load versusDeflection Curves for Monotonic and Fatigue Bending Tests.....occooooeoeviieneen. 30
Figure 5.17 Load versus Stress Curves for Monotonic Flexure Test.........cccovvvvimmmnerrmeiinseiec s 35
Figure 5.18 Load versus Stress Curves for Monotonic after Cycling Bending Test.......c.ccooovvrvuiiicioeaniecns. 33
LIST OF TABLES
Table 2.1 Test Parameters for Low Temperature and Fatigue Load CONAItionS ...e.ovoeoeooooooooo 2
Table 2.2 Proportions of the Concrete MiX...oo..ovoivoooveecoeeeeo e et n e 3
Table 2.3 Compression TeSt RESUIS .......oco.iirimoeeeoeeoeecee oo e 3
Table 2.4. Test parameters for bending and SHEAr tESTS ............ov.ovvoeieeeeeeree oo eeees oo 7
Table 2.5 Summary of the Fatigue Tests PrOCEAUIE ..v.vvveeee oo g
Table 3.1 Control Thermocouples and Average TEMPEIAtUIES...............cveeeeeorereesreese oo eeeseoeoeoooo! 15
Table 4.1 Summary of the Test RESUILS ... oo eeeeeeeee e e 16
Table 5.1 Summary of the Test RESUMS ........o.ouoieeeeceeeee e e et 18
Table 5.2 Interfacial Shear Values for the Bending TeSS ..........oovueeveeeeeoeeeeeeeesreees oo oo 31

Table 5.3 Shear Contribution of the CFRP sheet 32



PREFACE

This project titled: “Repair and Strengthening of Reinforced Concrete Beams using CFRP
Laminates” is aimed at providing experimenta) verification and recommendations for
implementation of a new technology, in which thin fiber reinforced plastic laminates
are glued-on the surface of concrete beams in order to strengthen them.

The primary objectives of the project were:

To ascertain the applicability of Carbon Fiber Reinforced Plastic (CFRP) glued-on
plates for repair and strengthening of concrete beams;
To synthesize existing knowledge and develop prooedures for implementation in

the field;

To adapt this technique to the specific conditions encountered in the state of
Michigan.

The project consisted of 8 tasks as follows:

A report containing a literature review and a comprehensive synthesis of the latest
state of knowledge on the glued -on FRP technique (Task 1);

Laboratory testing and verification of the selected CFRP glued-on technique
according to the proposed experimental program: bending (Task 2), shear (Task 3),
freeze-thaw (Task 4), temperature and hlgh cyclic amplitude load (Task 5);

An interim and final report summarizing the experimental results (Task 6). The
interim report will cover the bending and freeze-thaw tests;

A summary of field specifications and “how to” details for implementation in field
applications;

Guidelines for design based on the experience developed from the experimental

work (Task 7);

Field monitoring of application of the technique to one bridge selected by MDOT
(Task 8a);

Bridge testing before and after application of the glued-on plate (Task 8b to be
conducted by professor A. Nowak, U of M)

This report summarizes the experimental program of beams under cycling loading
at low temperature as per Task 5.



ABSTRACT

Repair and strengthening techniques using glued-on carbon fiber reinforced plastic {CFRP)
plates (also called sheets, tow sheets, and thin laminates) form the basis of a new technology
being increasingly used for bridges and highway superstructures.

The study described in this report is part of a larger investigation on the use of carbon fiber
reinforced plastic (CFRP) sheets for repair and strengthening of reinforced and prestressed
concrete beams. Its primary objectives are: 1) to ascertain the applicability of CFRP glued-
on plates for repair and strengthening of concrete beams, 2) to synthesize existing
knowledge, 3) to identify optimum parameters for successful implementation, 4) to develop
procedures for implementation in the field, and 5) to adapt the technique to the specific
conditions encountered in the state of Michigan. :

The experimental program includes four main parts: 1) tests of RC beams strengthened in
bending; 2) tests of RC beams strengthened in shear; 3) freeze-thaw tests of strengthened
beams followed by their test in bending; and 4) tests in bending and shear of strengthened
beams under low temperature (-29° C) and high amplitude cyclic loading.

The part of the investigation dealing with the tests in bending and shear of strengthened
beams under low temperature (-29° C) and high amplitude cyclic loading is the subject of
this report. Results are also analyzed, compared, and discussed. Four reinforced concrete
beams strengthened with CFRP sheets were designed, prepared and tested under low
temperature conditions (-29°C). Two beams were tested monotonically to failure and the
other two were tested under high amplitude cydlic load (fatigue load). Parameters
investigated were: Low temperature and loading conditions. The four beams were tested
under low temperature conditions (-29°C). Two beams were tested under a four-point load
configuration, one monotonically and one in cyclic fatigue. These beams, considered to fail
in bending, were strengthened with the Sika system. The remaining two beams were tested
under three-point load configuration, also one monotonically and one in cyclic fatigue,
These beams considered to fail in shear were retrofitted with the Tonen system. The
amplitude of the cyclic fatigue load was taken as 10-80% of the failure load from the
monotonic test. Conclusions are drawn and some recommendations for design are
suggested.

The experience gained during this project should contribute to a better understanding of
the behavior of these new strengthening systems under different environmental conditions.
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EXECUTIVE SUMMARY

This report presents the summary of experimental work, laboratory testing, and analysis of
results for task 5 of the current research project which deals with the tests in bending and
shear of strengthened beams under low temperature (-29° C) and high amplitude cyclic
loading. Results are also analyzed, compared, and discussed.

Based on the results from the experimental work, the following conclusions were drawn:

1. Prior tests (Task 2) showed that the failure mode of RC beams strengthened with
CFRP Sika plates and loaded in monotonic bending at normal room temperature was
by delamination of the CFRP plate. The limited tests carried out in this task with low
temperature {-29 °C) and cyclic fatigue loading, suggest that the failure mode remains
the same, that is by delamination.

!\..)

The strain data of the cyclic fatigue test in bending showed redistribution of strains
(thus stresses) in the CFRP plate with an increasing number of cycles. A more uniform
strain pattern was achieved suggesting that slow delamination of the plate occurred
during cycling. Higher strains at the end of the plate confirmed the extension of
delamination toward that section and subsequent delamination failure at that section.

L%

Values of the interfacial shear stress from the strains recorded by the gages showed that
the interfacial strength at failure was similar for both the monotonically flexure tested
beam (1.62 MPa) and the fatigue flexure beam after 155,500 cycles (1.58 MPa).

4. Failure in the shear beam subjected to monotonic loading at -29 °C occurred by shear
delamination of the CFRP Tonen sheet followed by shear failure of the concrete. The
shear delamination was due to the proPaganon of a diagonal shear crack within the
concrete that extended from the load point to the supports.

5. Failure in the shear beam that was subjected to cyclic fatigue loading at -29 °C was
initiated by failure of one of the reinforcing bars in the first layer of steel, and shortly
followed by failure of two additional bars. Subsequent analysis suggested that failure of
the rebars was by brittle fracture.

6. Increase in the shear strain obtained with cyclic shear loading from the rosette gage
placed at midspan along the vertical axis of the beam suggest that some delammatlon
and cracking were occurring at that section. It is likely that a shear failure would have
occurred in a manner similar to the monotonically tested beam, should failure of the
reinforcing bar not have occurred.

1X



1. INTRODUCTION

This study is part of a research project at the University of Michigan supported by the Michigan
Department of Transportation and the Great Lakes Center for Truck and Transit Research. The
project title is “Repair and Strengthening of Reinforced and Prestressed Concrete Beams Using
Carbon Fiber Reinforced Plastic (CFRP) Glued-on Plates”. The study is aimed at providing
experimental vedfication and recommendations for implementation of a new technology, in which
thin fiber reinforced plastic laminates are glued-on the surface of concrete beams in order to
strengthen them.

The primary objectives of this project are to ascertain the applicability of CFRP giued-on plates for
repair and strengthening of concrete beams, to synthesize existing knowledge and develop
procedures for implementation in the field, and to adapt this technique to the specific conditions
encountered in the State of Michigan. The project consists of 8 tasks. Tasks 5 deals with the flexural
and shear tesung of reinforced concrete beams with glued-on CFRP plates subjected to low
temperature and high amplitude load. It was of the interest of this research project to test the
effectiveness of this strengthening systemn in cold temperatures as well as fatigne loads, both
situations that could be encountered during the service life of a structure strengthened with externally
glued-on CFRP plates. This 1s the subject of this report.

1.1.  Organization of this Report

This report presents the summary of expenmental work, laboratory testing, and analysis of the results
for Task 5 of the curtent research project: Flexural and shear testing of reinforced concrete beams
with glued-on CFRP plates subjected to low temperature and high amplitude cyclic load.

Chapter 2 presents the experimental program. The main experimental parameters, the matenal
properties, fabrication of specimens, and test set-up and instrumentatign are described.

Chapter 3 summarizes the procedure followed to test the specimens under low temperature
conditions. Design of a controller system is explained.

Chapter 4 presents the results from the bending and shear tests of specimens subjected to low
temperature and high amplitude load.

Chapter 5 presents the interpretadon and analysis of the experimental results.
Chapter 6 presents the conclusions based on this experimental study.
Chapter 7 provides a list of references.

Chaprer 8 includes Appendix A: Design example



2.  EXPERIMENTAL PROGRAM

2.1.  Parameters of study

Four reinforced concrete beams strengthened with CFRP sheets were designed, prepared and
tested under low temperature conditions (-29°C). Two beams were tested monotonically to
failure and the other two were tested under high amplitude cyclic load (fatigue load).

Parameters investigated were:

1) Low Temperature. The four beams were tested under low temperature conditions {-29°C).

2) Loading conditions.
Two beams were tested under a four-point load configuration, one monotonically and one
in cyclic fatigue. These beams, considered to fail in bending, were strengthened with the
Stka system. The remaining two beams were tested under three-point load configuration,
also one monotonically and one in cyclic fatigue. These beams, considered to fail in shear,
were retrofitted with the Tonen system.

The amplitude of the cyclic fatigue load was taken as 10-80% of the failure load from the
IMONOLONIC Test.

Table 2.1. presents the summary of the parameters tested.

Table 2.1 Test Parameters for Low Temperature and Fatigue Load Conditions

Beam Description | Temperature | Type of Loading
Bending Testing -29°C Monotonic to faiture
Bending Testing -29°C High amplitude cycling
(10% to 80% of ultimate bending strength)
Shear Testing -29°C Monotonic to failure
Shear Testing -29°C High amplitude cycling
(10% to 80% of ultimate shear strength)

2.2.  Material Properties

2.2.1. Concrete

The beams were fabricated in the structural lab of the Department of Civil and Environmental
Engineering at the University of Michigan. Concrete was ordered from a ready mix concrete
company. Specifications for the mix were provided to the ready mix company: Portland
cement type I, sand type 2NS were used as well as a coarse aggregate (source: Stoneco Stone
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Co.) with size and gradation corresponding to a 26A and a dilation number (0.0023) that meet
MDOT requirements regarding freezethaw dilation (MTM 113-97). Two additives were
provided: an air entraining agent, in order to obtain a minimum air content of 6.5% + 1.5%
according to MDOT requirements, and a superplastisizer for better workability of the mix
during placement. The specified compressive strength was 34.5 MPa.

The mix proportions of the concrete as provided by the supplier are presented in Table 2.2.

Table 2.2 Proportions of the Concrete Mix

Materials Proportions (Kg/m’)
Cement Type I 390

Sand (ZNS) 759
Limestone (26A) 1020

Water : 148
Superplastisizer (Daracem 55) 1528 ml/m’

Air Entraining Agent (Darex 383 ml/m’

1)

The properties of the fresh concrete were as follows:

- Air content. The volume of air contained in the concrete mix was measured using a roll-a-
meter. The average value obtained was 5%, which falls within the admissible range.

- Slump > 254 mm (note: this high value of slump may be caused by the addition of
excessive superplastizicer by the ready mix company. As indicated below, the compressive
strength of the concrete was below the target value of 34.48 MPa)

The actual compressive strength was obtained from cylinders (102 mm diameter, 203 mm
height) tested at the time of testing of each beam specimen. Average values (of two cylinders

tested) are presented in Table 2.3.

Table 2.3 Compression Test Results

Date Description Ageat Compressive

| testing Strength (MPa)
May 20, 1998 ~ Pouring of - -

Concrete

May 28, 1998 Application CFRP 7 days 19.65
June 4, 1998 Monotonic shear 15 days 23.24
June 5-8, 1998 Fatigue shear 15 days 2324
June 11, 1998 Monotonic flexure 21 days 24.13
July  23-August  3,| Fatigue flexure 60 days 30.49
1998

(UF]



2.2.2.  Reinforcing bars

The steel reinforcing bars were Grade 420 with minimum yield strength of 420 MPa and a
tensile modulus of 200 GPa. Two diameter were used, 10 mm (No. 10) and 13 mm (No.13).

2.2.3. Strengthening Svstems

2.2.3.1. Tonen System °

The strengthening system was supplied by Master Builders. Commercial name: MBrace

Composite Strengthening System. It has five components:
e MBrace Primer

MBrace Putty filler (not used)

MBrace Saturant Resin

MBrace Topcoat (not used)

MBrace Fiber Reinforcement (MBrace CF130 Carbon fiber system)

MBrace Putty filler was not used since it is intended to be used to patch cracks and the
concrete used did not required this surface preparation. MBrace Topcoat is an optional
finishing layer for painting appearance and UV protection. Since the testing of the beams was
to be performed indoors, this finishing was not used on this experimental program.

Typical Properties of MBrace CF 130 (provided by the supplier):
Fiber Reinforcement: Carbon Fiber, High Tensile
Fiber Density: 1.82 g/cm?
Fiber Modulus: 2.35 x10"6 kg-force/cm?
Fiber Areal Weight Density: 300g/m?
Sheet Width: 50 cm
Tensile Strength: 590 kg-f/cm-sheet width
35,500 kg-f/cm?
Tensile Modulus: 38,800 ke-f/cm-sheet width
2.35x10"5 kg-f/cm?
Design Thickness: 0.165 mm/ply
Tensile Elongation at ultimate: 1.5%

Typical Properties of MBrace Saturant (provided by the supplier):

Volatile Organic Compounds: 20 g/liter
Flash Point: 72°C

Mixed Viscosity @ 20°C: 1,600 cps
Color: Blue

Weight/Gallon: 1.04+0.024 kg/L

Shelf Life @ 20°C: 18 months

Flexural Strength: 43 MPa

Tensile Strength: 78 MPa

Compressive Strength: 88 MPa



Work Time @ 20°C: 30 minutes

Typical Properties of MBrace Primer (provided by the supplier):
Generic type: Amine-cured liquid epoxy

Solids content: 100%
Color: clear Amber
Weight/Gallon: Part A 1139g/L
Part B 996 g/L
Tensile Strength: 13 to 15.8 MPa
Tensile Modulus (Tangent): 689 to §26.8 MPa
Tensile elongation: 20-30%
Tensile bond strength (steel): 17 MPa
Work Time @ 20°C: 45 hours

2.2.3.2. Sika System

The Sika Company provided the strengthening system. Components of this system are:
o Sika Carbodur CFRP (Carbon fiber laminate strips).
s Sikadur 30 (epoxy adhesive).

Typical Properties of Sika CERP Strips (provided by the supplier):
Tensile Strength: 2,400 MPa -

Modulus of Elasticity: 150 x10° MPa

Density: 1.6 g/cm’

Thickness: 1.2 mm

Sheet width: 50 or 80 mm

Elongation at ultimate: 1.4%

Typical Properties of Sikadur 30(provided by the supplier):
Application Temperature: 18-30°C

Pot Life @23°C: 70 min

Compressive Strength (14 day) > 58.6 MPa

Shear Strength: 24.8 MPa

Tensile Strength @7 day: 24.8 MPa

Elongation at break: 1%

2.3. Design and Fabrication of Specimens

2.3.1.  Flexyral Beams

The 1ssue of cooling the specimens during testing was addressed before design of beams. A
square hollow covered section was considered to be the most efficient for achieving a uniform
low temperature. A cross section of 203 mm x 203 mm with a centered hollow core of 76 mm
diameter was chosen. The cooling process was provided by injection of liquid nitrogen in the

-
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hollow section. Specific details of the design of the cooling system will be provided in the next
Section.

The design of the specimens for flexural tests was based on the results from the previous
bending tests (Task 2). The span to depth ratio (1/d) was intended to be similar to the one used
for the previous tests, 1/d=12.58. The beams had a length of 1981 mm. Longitudinal steel was
designed such as for a compressive strength of 34.5 MPa, the reinforcement ratio will be 2/3 of
Paax- At the time of testing of each specimen, it was found that the compressive strength of the
concrete was different than the specified value. Corrected steel reinforcement ratios as a
percent of p,,, are presented in Table 2.4. It was assumed that the aluminum tube used to cast
the hollow section did not provide any contribution to the flexural strength of the specimen
and did not affect its strength.

The test beams had four longitudinal reinforcing bars, placed in two rows. The lower row had
two No. 13 bars centered at 38 mm from the bottom fiber. The upper row had one bar No. 13
and one bar No. 10 with a center to center distance of 38 mm from the lower row. Two
additional No. 10 bars were provided in a top layer located 38 mm from the top fiber of
concrete. To ensure flexural failure with the addition of the CFRP laminate, sufficient stirrups
were provided (see Appendix A). The cross sections of these beams as well as load set-up are
presented in Figure 2.1.

Wood molds were utilized for the fabrication of the specimens. Thermocouples were placed at

different locations in order to record the temperature during the testing. A more detailed
description of the location of thermocouples is given in the next section.

2.3.2.  Shear Beams

Shear beams had the same cross section as the flexure beams. Longitudinal steel was also placed
in the same way as for the flexure beams (see previous section). No stirrups were provided in
order to measure the contribution of the CFRP system to shear resistance.
It was assumed that the aluminum tube used to cast the hollow section did not affect the shear
strength of the specimen.

The shear span to depth ratio (a/d) of 2.5 was the same as that used in the previous shear tests
(Task 3). The total length of the shear beams was 1016 mm. Load set-up for the shear
specimens 1s presented in Figure 2.1,

2.3.3. CFRP Application

All surfaces of the specimens that were going to receive a CFRP sheet were ground with a disk
grinder. The concrete surface was ground enough to remove laitance and show the open

texture of the aggregates. After grinding the dust was removed by brushing and vacuum
cleaning.



Table 2.4. Test parameters for bending and shear tests

Beam | Test parameter Reinforcement Ay (used) | Effective CFRP
No. ratio, P mm? depth (mm) | reinforcement
1 Monotonic shear 0.89 Proax Shear reinf:
; 3#10 1 layer Tonen
2 Fatigue shear 0.89 Pruax 513 = 141 sheZt
3 Monotonic flexure 0.85 Prax A; =458 dr = 203 Flexural reinf:
4 Fatgue flexure 0.70 Ponax 1 layer Sika plate

The Tonen sheets and the Sika plate were cut to proper lengths using a sharp blade and a disk
cutter, respectively. The adhesive components were mixed according to the technical data sheet
provided by the respective system supplier. Application of each strengthening system followed
the supplier recornmendadons.

The reinforced concrete beams were not precracked before the application of the CFRP
matenal.

A Sika CFRP plate of 102 mm width and 1753 mm length was placed at the bottom side of the
flexural beam specimens (see Figures 2.1 and 2.2). The width and length of the CFRP plate were
calculated in order to obtain the maximum strengthening. A summary of these preliminary
calculations 1s presented in Appendix A.

For the shear beams, CFRP Tonen sheets wete used as the only shear reinforcement. One layer
of CFRP sheet was wrapped around the latetal sides (U-shape) of the beam along its total span
length (711 mm) as shown in Figures 2.1 and 2.2. Two Tonen sheets of 432 mm width (77 mm
overlap at the midspan) and 609 mm length were used on each specimen. The direction of the
fibers was perpendicular to the longitudinal axis of the beams.

2.4. TestSet-Up and Instrumentation

A computer based data acquisition system (Megadack System) was used to measure load and
displacement of the machine load cell and machine LVDT, as well as strains from the CFRP
sheets and plates.

For the flexure tests, six strain gages were placed along the length of the CFRP plate. Two strain
gages were placed at midspan (M1, M2), two strain gages were placed at about one third of the
span (R2 on the right side and L.2 on the left side), and two strain gapes were placed at 267 mm
from both ends of the CFRP plate (R1 on the right side and L1 on the left side), see Figure 2.2.

For the shear tests, six strain gages in a rosette configuration were placed on one of the lateral
sides of each beam. Three rosette strain gages were placed in a vertical arrangement at 178 mm




from each end of the CFRP wrap (for the right side: TR top right, MR middle right, BR
bottom right; for the left side TL top left, ML middle left, BL bottom left). Location and
numbering of the strain gages for each particular test are shown in Figure 2.2.

The two beams that were tested monotonically to failure were loaded using displacement
control at a loading rate of 0.13 mm/second. The Instron machine load cell used has a capacity
of 450 kN.

The two beams that were tested under fatigue were loaded using load control at a frequency of
3 cycles/second. The target range of testing was 10-80% of the ultimate load from the
IMONOtoOnIC Test. : :

Due to safety measures of the structure lab, the fatigue tests had to be stopped at the end of
each testing day. The fatigue test of the shear beam was completed in two days. The fatigue test
of the bending beam was completed in three days. At the beginning of the third day it was
decided to increment the loading range to 10-90%. At the end of the day, and due to the fact
that no change was observed in the behavior of the beam, the range was increased to 10-100%
during 10,000 cycles. Finally, the beam was tested monotonically to failure under displacement
control. Table 2.5 presents a summary of the testing stages for both fatigue tests.

Table 2.5 Summary of the Fatigue Tests Procedure

Test Cycles (accumulative) | Date Cycle
Shear Fatigue 0-28902 June 5, 1998 10-80%
28903-43083. June 8, 1998 10-80%
‘ 0-300Q0 July 23, 1998 10-80%
‘ 30001-85000 July 24, 1998 10-80%
Bending Fatigue 85001-145999 August 3, 1998 10-90%
146000-15499 August 3, 1998 1C-100%
155500 - August 3, 1998 Monotonic to failure
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Figure 2.1 Cross Section and Load Set-Up for Shear (top) and Bending (bottom)
Test :
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Figure 2.2 Strain Gage Layout for the Shear and Bending Tests
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3. DESIGN OF TEMPERATURE CONTROL SYSTEM

A temperature control system was designed to regulate the internal specimen temperature. The
desired nominal temperature of specimens during testing specified by the project proposal was ~ -29
degrees Celsius. Cooling was achieved by delivering liquid nitrogen into the core of hollow beam
specimens, as shown in Figure 3.1. This concept was developed and implemented. The temperature
control system instrumentation used to catry out the experiment is described in this section. A bref
analysis and discussion of the performance of the cooling system 1s also included.

3.1.  Liquid Nitrogen Cooling System

3.1.1. Specamen Cooling Apparatus

After preparing steel reinforcing cages, each specimen was fitted with a2 76 mm diameter
aluminum tube (see Figures 3.1 and 3.2). The tubes ran along the long axis of the beam and were
held in place with steel wire. The tubes functioned as coolant reservoirs.

The coolant selected was Liquid Nitrogen (N2). Although the boiling point of liquid nitrogen 1s
much lower than the required temperature of —29 degrees Celsius, the extreme cold temperature
allowed quick and efficient cooling of the specimens. The nitrogen was delivered through 12.7 mm
diameter soft copper tubes. Several holes were drilled in the copper tubes to distribute the liquid
nitrogen into the specimen. Both ends of the aluminum reservoir were capped with plywood plugs
and 12.7 mm of concrete. Inlet and outlet plugs in these caps allowed for adding of liquid nitrogen
and venting of excess nitrogen gasses. Two inlet tubes were used for the bending specimens, one at
each end, and one inlet tube was used for the shear specimens because of the short span. The
cooling system configurations for bending specimens and shear specimens are shown in Figures 3.3
and 3.4 respectvely.

The flow of nitrogen into the specimen was controlled using a cryogenic rated solenoid valve. The

solenoid valve had two states, open and closed. A duty cycle was established to control the flow rate
of Iiquid nitrogen into the system.

3.1.2.  Automatic L iguid Nitrogen Deljvery System

The primary temperature control mechanism was the cryogenic rated solenoid valve mentioned in
the above sectuon. This valve was an integtral part of the closed loop control system that regulated
the spectmen temperature. The system was comprised of three parts: a type “I” thermocouple, a
computerized Proportional Integral Derivative (PID) controller, and a valve actuator, see Figure 3.5.
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Figure 3.1 Photograph of the Hollow Shear Specimens before Concrete Pouring

Figure 3.2 Photograph of Coolant Tubes
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Figure 3.3 Flexural Specimen Cooling System.
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Figure 3.4 Shear Specimen Cooling System.
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Figure 3.5 Temperature Control Loop

Several thermocouples were embedded in each specimen so differences in the temperature
throughout the beam could be measured. The following notation was used to label the
thermocouples: LB (left bottom), MLB (middle left bottom), MRB (middle right bottom), RB
(right bottom), LM (left middle), RM (right middle) and MC (middle center). All
thermocouples were located at a depth of 26 mm from the exterior surface of the beam with
the exception of thermocouple MC (middle center). This thermocouple was mounted directly
on the cooling tube. The locations of the thermocouples are shown in figures 3.3 and 3.4. One
of these thermocouples fed temperature data to the computerized controller. The controller
compared this data to user defined target temperature (set-point) and sent an appropriate
command signal to the valve. The locations of the thermocouples are shown in Figures 3.3
and 3.4. The center bottom (MB) thermocouple was used for control of the bending specimen
temperature because the area of interest was the interface between the CFRP and the concrete
at the bottom of the beam. The center-side face (MM) thermocouple was used for the shear

specimen because we were interested in the interface between the CERP and the side surface of
the beam.

3.1.3.  Insulation

A foam insulation system was constructed to increase cooling efficiency and to decrease the
thermal gradient between the core and outside surfaces of the specimens. The exterior surfaces
of each specimen were fitted with a 25.4 mm thick layer foam insulation. The joints were
sealed using spray foam insulation. Notches were cut in the insulation at 100 mm intervals to
prevent the foam from having any effects on the strength of the beam. In addition to insulating
the specimen, the external coolant tubes were wrapped with standard foam pipe insulation.
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After the insulation system was installed, a significant improvement in cooling performance
was measured.

3.1.4.  Performance

‘The control of temperature in the area of interest (center bottom for flexure and center side for

shear) was good. The coolant “pooled” at the extreme ends of the specimens causing lower
temperatures in these regions. To decrease this effect, valves were placed on each exhaust stack
to balance the flow of exhaust berween the two sides of the specimens. Table 3.1 summarizes
the average temperatures of the specimens at the controlled point during testing.

Table 3.1 Control Thermocouples and Average Temperatures

Specimen - Conrrolling ' Temperature Range Average
Thermocouple. Temperarture
i Shear Monoronic MM (Middle- Side Face) | -31.1t0-23.3°C 27.1° C
| Shear Cyclic MM (Middie-Side Face) | -31.6t0-245°C -28.9° C
Flexural Monotonic | MB (Middle-Bortom) -30t0-289 °C -29.5° C
Flexural Cyclic MB (Middle-Bottom) -28.9-27.8t0 °C | -28.3° C

Table 3.1. shows that the liquid nitrogen cooling system effectively cooled the beam specimens
to the levels specified by the experimental program. Although the temperature was not one
hundred percent uniform across the length of the beam, the temperature at the critical areas of
the beam was controlled with a high degree of accuracy (+/- 5° C). For the experimental
program, it was decided the performance of the system was acceptable.

4.  TEST RESULTS

Table 4.1 presents a summary of the test results from the 4 beams tested, along with the
predicted failure loads. Peak load, maximum shear force and maximum moment at failure and
failure modes are reported for each beam. Figures 4.1 to 4.4 show the load versus deflection
curves for each specimen. For the specimens tested under fatigue load, selected cycles are
plotted. In order to visualize these graphs, the origin of the x axis was shifted by 2.5 mm for
each of the fatigue curves.
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Table 4.1 Summary of the Test Results

Beam | Parameter | Predicted | Peak Load | Max. | Max Type of Failure
load (KN) Shear | Moment
(KN) Range (%) | (KN) | (EN-m)
1 Shear 246 206 103 37 Concrete shear crack
Monotonic from load point to
supports. Debonding of
the CFRP sheet along the
major crack.
2 Shear N.A. 20.6-165 82.4 29 Total # cycles = 43083
Fatigue 10-80% Fatigue failure of the
bottom layer of steel. A
vertical crack of the
entire concrete section
and rupture of the CFRP
sheet under the load
point.
3 Flexure 93 131 65.7 50 Partial debonding of the
Monotonic CFRP plate. Interfacial
delamination of the
CFRP plate at the
extreme end.
4 Flexure N.A. 13.1-105 52.6 40 # of cycles = 85,000
Fatigue 10-80%
#9.4-75%
N.A. 13.1-118 59.1 45 # of cycles = 61,000
10-90% Total # cycles = 146,000
*9.4-85%
N.A. 13.1-131 65.7 50 # of cycles = 9,500
10-100% Total # cycles = 155,500
#9.4-94%
93 Monotonic | 69.6 53 Total # cycles = 155,500
139.15 Partial debonding of the
CFRP plate. Interfacial
delamination of the
CFRP plate at the
extreme end. Crushing of
concrete at the top layer
midspan.

*

Modified range according to maximum load of the monotonic test of the “fatigue”
specimen.
N.A. Not Applicable.
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5.  ANALYSIS AND INTERPRETATION

5.1.  Steel Reinforcement Ratio

Since the concrete compressive strength of the specimens at the day of testing varied from the
target value of 34.5 MPa, the steel reinforcement ratio also varied from the value of 2/3 of p__.
Table 5.1 shows the new value of the steel reinforcement ratio.

Table 5.1 Summary of the Test Results

Beam Parameter Day of Testing f'c (MPa) | Steel Reinf. Ratio
Shear Monotonic 15 days 23.24 0.89p,_.
Shear Fatigue 15 days 23.24 0.89 p,...
Flexure Monotonic 21 days 24.13 0.85 P,
Flexure Fatigue 60 days 30.49 0.70 P

As can be seen from Table 5.1, the steel reinforcement ratio for all specimens is higher than the
value of 2/3 p,,. However, since it doesnt exceed the value of p__, the specimens satisfy
AASTHO requirements.

- For the flexure specimens, the difference in concrete compressive strength between the date of
monotonic testing and fatigue testing was 26%, while the difference between the maximum
failure load between the monotonic and the fatigue-monotonic test was 6%. It can be
concluded that this variation of the compressive strength does not affect significantly the
strength of the strengthened beam. ’ |

5.2.  Failure Modes

5.2.1.  Flexure Test

As was observed in the bending tests of Task 2, beams reinforced with Sika plates failed in all
cases by partial debonding of the CFRP plate. For the current flexure tests, failure was also by
partial debonding of the CFRP Sika plate. This type of failure has been associated with
interfacial shear failure between the surface of the concrete and the CERP plate. The epoxy
adhesive between them tore out the concrete just above the interface epoxy/concrete. The
debonding length for both cases was around 1060 mm (60% of the bonded CFRP length),
extended from the zone of maximum moment to one of the ends of the CFRP plate. There
was no evidence of variation of the failure mode due to the effect of the fatigue cycles. It was
also found that at the debonded end of the CFRP plate, interlaminar failure (failure within the
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laminate) was also present. It 1s presumed that the release of energy due to debonding may have
contributed to this type of failure at the end of the CFRP plate. A closer observation of this
phenomenon revealed that only a first layer of single fibers was kept bonded to the adhesive.
Therefore this type of failure can still be considered as interface failure (Concrete-epoxy interface).

Figure 5.1 and 5.2 show photographs of both the debonding and the interfacial failure for the
monotonic flexure test. In this test, debonding seems to have started at the left shear span of the
beam next to the left point load. Figure 5.3 shows the load-strain curves. Strain gage L1 was
reported damaged and did not recorded any data. Strains at strain gage 1.2 significantly decreased
at about 110 KN reflecting the occurrence of a debonding process on the proximity of its
location. A redistribution of the stresses happens at this level showing an increase in the strain rate
for the remaining strain gages.

The flexural beam subjected to cyclic fatigue loading also failed by partal debonding of the Sika
CFRP plate. After 155,500 cycles, the beam was tested under monotonic Ioad up to failure. As
shown in Figim:: 5.4 and 5.5 the same type of failure observed for the monotonically tested beam
was also observed for this beam. Debonding process also seems to have started on the right shear
span. The length of the interlaminar failure within the laminate was 3 times larger (300 mm) than
the one obtained from the monotonic test. Note that the total debonding length was about 1060
mm for both cases. The damage of the CFRP plate is more evident, several layers of fibers were
separated from the original plate, see Figure 5.6. Figure 5.7 shows the load-strain curves for the
monotonic loading test after cyching. Strain gage R1 shows mcrements of strains up to the failure
load, after that point, the strain level registered was the lower of all, indicating that debonding has
occurred on this side of the beam. For strain gage R1 the stramn rate was higher than for L1. Thus
presence of higher end plate stresses is also related with the presence of the interlaminar failure at
this location. Strain gage R2 failed after the maximum load. All the other strain gages also
registered a drop of strain