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Introducing the Schedule

9:35 am Introduction & Materials (Prof. Antonio Nanni)

- Review Questions (Dr. Francisco De Caso)
10:30 am Flexure Response (Prof. Antonio Nanni)

- Review Questions (Dr. Francisco De Caso)

- Design Example: Flat Slab (Roberto Rodriguez)
12:00 pm Shear Response (Prof. Antonio Nanni)
- Review Questions (Dr. Francisco De Caso)

1:30 pm - Design Example: Bent Cap (Nafiseh Kiani)
2:00 pm  Axial Response (Prof. Antonio Nanni)
- Review Questions (Dr. Francisco De Caso)
- Design Example: Soldier Pile (Roberto Rodriguez)

3:00 pm  Case Studies & Field Operations
(Prof. Nanni & Steve Nolan)
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INTRODUCTION TO FRP-RC & MATERIAL PROPERTIES
; a. Problem Statement 31 REVIEW QUESTION3: Fundamentals
b, Where to Use Class FRP DeC Refer to workbook. Opportunity to review, take notes and
¢ FRP Material Properies L3S0 | discussion 1:30 pm
Nanm d. Durability 930 am o | DESIGN EXAMPLE: Bent Cap ’
f& EESIQII'IdGIJIdFTS an?kﬁlandards e Refer to Annex B Step-by-step design of flexure and shear bent
. Concluding Remarks .
REVIEW QUESTIONS: Fundamentals cap using Mathcad workshest
1.1 Refer to workbook. Opportunity to actively participate, review AXIAL RESPONSE OF GFRP-RC
De Caso o ’ 4 a. Strength of GFRP-RC Columns
concepts and discussion time b. Design Considerations
FLEXURE RESPDN_SEO!: GFRP-RC y c. P-M Diagram Example. Refer fo Annex C
a. General Considerations Nanni d. Slendemess Effect
2 b. Bending Moment Capacity e._Concluding Remarks .
c. Serviceabilty 41 | REVIEW QUESTIONS: Fundamentals 2:00 pm
d. Static & Cyclic Fatigue - Refer to workbook. Opportunity to review, take notes and
Manni e. Anchorage and Development DeCaso | p o ecion
f.  Special Considerations
g._Concluding Remarks 4> | DESIGN EXAMPLE: Solider Pile in Wing Wall
31 REVIEW QUESTION5: Fundamentals 10:30 am 5 Overview of a soldier pile in a wing wall design with GFRP
De Caso Refer to workbook. Opportunity to actively participate, review : Rodriguez | oo e ment.
concepts, and discussion time CASE STUDIES & FIELD OPERATIONS:
a. iRack (Marine Dock)
DESIGN EXAMPLE: Flat 3lab b. ME 23rd Avenue Bridge over lbis Waterway (FPN 434359
22 Step-by-step Flexural design of flat slab. Refer to Annex A, 5 1-52-01)
Sections A and B ; . .
; . Halls Ri Bridge (FPM 430021-1-52-01 3:00 pm
23 Creep rupiure under sustained load. Refer to Annex A, Section D Manni & E 53_31;,?[39:'&'.93&3(3[:'1 (Segment 3) (de 440557-7-53- ?
2.4 Minimum Reinforcement. Refer to Annex A, Section E Nolan ) 01)
Raodriguez
SHEAR RESPONSE OF GFRPRC e. FDOT Fast Facts
’ b Shoar Capacty [ Teworcowrse [ s3opm |
b. Shear Capacity .
€. Punching Shear 12:00 am
Manni d. Special Considerati
anni pecial Lonsicerations LIST OF COURSE ANNEXES

e. Concluding Remarks
_ Amex® tsmmn 2.23: CrED TS Bridg& DESign Exampl&
Annex B (Section 3.2); Intermediate Bent-Cap Analysis & Design

Annex C (Section 4.0): LRFD Design P-M Diagram of GFRP Reinforced Pile Example
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DESIGN TOOLS FROM FDOT/AASHTO AND EXISTING EXAMPLES 2B, Deck M"S‘th’?;“;ﬁ::‘;“” of | g'zalé; )River Bridge (430021-1-
(empirical & * Referto Annex A spreadshest used for | o Tgledo Bridge (Ohio)
This table provides a list of available tools from FDOT Structures Design (hitps:/iwww fdot gov/siruciures) located under the ‘Structures traditional) the deck of the Halls Calculations for TxDOT index
Manual’ section. As a reference, when framing and solving the examples, design is focus on the resistance side. Load demand River Bridge
calculation, geotechnical design, etc. are kept te a minimum unless they differ from what traditionally done with steel-RC. Only GFRP-RC Girders
= FDOT Girder v5.3 (Link) (not including FRP) Most recent version of
Tools from FDOT and other sources T . = FDOT Girder v5.4 (not publicly available, the Mathcad = Alternative design for the
Design Existing Examples / 2.C. Gird y 3 gn for the
Exam%le Existing Comments Degcrip‘lioﬁ e modified at UM, includes CFRP-PC) spreadsheet developed | Ha)is River Bridge (430021-1-
1A Defintion of FDOT Structures Manual Volume 4 (Link) * (can be adapted to design GFRP-RC girders) for FRP-PC girders 52.01) (Rossini et al. 2013)
A Definition o
material FDOT Materials Manual Section 12 (Link) = 23rd Street Bridge over lbis
properties and * FDOT Standard Specifications 932-3 (Link) Definition of mechanical 2.0, Bent Cal B Waterway (434358-1-52-01)
design values » FDOT FRP Bar Bending Details (Index D21310) Mone properties and factorization per AL P * FDOT Bent Cap v1.0 {Link) None * Halls River Bridge (430021-1-
:::;‘;::ﬁons +  ASTM DT957/DT9STM-1T (Link) existing standards 52-01)
and codes. * AASHTO LRFD BDGS GFRP-2 (Link) * Design Standards Development Report for 32° F
1.B. Definition of Shape Traffic Railing (GFRP) (Infernal UM Link)
anrtheenr:Ls and ) ::Il A'L ‘f” I r;i k; J' I r'rII\JC:‘Ij!RP e Most recent version of
- * FDOT Material Acceptance (Link) " - ) esign of concrete barmers wi Has the Mathcad FDOT developmental standard
d | Properties as specified by a 2.E. Rail ) p
\viﬂﬁnavsapi?ﬁc *  List of cerfified manufacturers (Link) None ﬁdiﬁolﬁs rnanufadp:;r and ?‘ac‘tor ainas Ln;s;ﬁ;:.nﬂ;ﬁtsls at UM. (Linkg - Official FDOT in spreadsheet used for available
;r;znﬁzzwée;m *  List of certified testing labs (Link) them as per existing standards « FDOT GFRP Railing Index D22420 traffic railings
selegled (value = ODOT Railing Index BR-1-13
engineering). T oreheetTor Tl Sab b st recenT version oF * Design standards exist for CFRP with GFRP
. ) ] .
2A Flat slab . LREFST:)BS or Exe IorZA : ael i ges. the Mathcad worksheet 23! Ave. Bridge over Ibis _ stirrups piles (Index Series 22600} None » iDock
bridge \gn_ ample evelopes d as used for fhe 23® Ave Waterway (434359-1-52-01) 3.A Precast Pile | » Developmental standard for square CFRP
superstructure master's thesis at UM (Intemnal UM Link) - Prestressed Concrete Pile Splices (Link)
bridge
3.B. Shallow *  Rectangular Spread Footingv1.1 (Link) (Does not USEFUL RESOURCES FROM DOTs
foundations include GFRP) UM slab on grade for Student
pavemenls,' = Approach Slabs — GFRP Reinforced (Flexible None Village Software:
slabs on grade. Pavement Approach) Index D22900 hitps:/fwuas fdot govistructures/ProgLib shim
= FDOT Retaining Wall v3.3 (Link) (Does not .
. . FDOT Index:
3C. include GFRP) UM cantilevered wall for
i L hitps-ifwwew. fdot goviroadway/DS/18/5TDs.shim
Cantileversd = FDOT Retaining Wall v4.0 (Internal UM Link) Hone Student Village oviToa 5.5l
Retaining Wall (includes GFRP, nat publicly available) TxDOT Index:
+ Procast Conciele CFRPIGERF Sheet Pile wall hitp:/hwww dot state te usfinsdtdotiorgchart/cmd/cserve/standard/bridge-e.him
" - Anchored and cantilevered
3.0 Sheet Pile (Index 022440) (Link) sheet pile seawalls for North ODOT Index:
\g:rlllt.ile\rered and| " FDOT Retaining Wall v4.0 (Intemal UM Link) None Miami Beach & other hitp:/iwww.dot state oh.us/Divisions/Engineering/Structures/standard/Bridges/Stand ard %20 Drawings/Forms/Allitems. as|
tied back {includes GFRP, not publicly available, can be cities/counties

adapted to design sheet pile walls)

Developmental Index:
https:-ifwww fdot goviroadway/DS/Dev.shim#30000

Structures manual:
https:iiwvw fdot govistructures/StructuresManual/CurrentRelease/StructuresManual. shtm

Construction and material specs:
https:iiwvw fdot gow! rammanagement/implemented/SpecBooks/

FRP Projects in Florida:
hitp:/fwww arcgis. comiappsiwebappviewerfindex htmil ?id=7&00e1da894e433bas 1ffac6962 34916
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GENERAL REFERENCES

FDOT Specifications

FDOT Structures Manual, Volume 4. Fiber Reinforced Polymer Guidelines (FRPG)
FDOT Materials Manual, Sectfion 12.1, Volume Il. Fiber Reinforced Polymer Composites
FDOT Standard Specifications for Road and Bridge Construction, Section 932
Nonmetallic Accessory Materials for Concrete Pavement and Concrete Structures

FRP Bar Bending Detail, D21310

Railings

Design Sfandard Develepment Report for 32" F Shape Traffic Railing (GFRP
Reinforced) (Developmental Index D22420)

Focchetti, Paclo, "RC Traffic BEarmer with GFRP Reinforcement” (2017). Open Access
Theses. 635. hitps:/ischolariyrepository. miami.edwoa theses/G35

Flat Slab

Approach Slab — GFRP Reinforced (Flexible Pavement Approach) (Developmental
Standard D22900)

FDOT Software

FOOT Structure Design Office — Programs Library, “Bent Cap v1.07,
hitps:/www fdot govistructures/proglib shim

FOOT Structure Design Office — Programs Library, “Retaining Wall v4.0 Beta"
hitps/fwww. fdot govistructures/proglib.shim. Available upon personal request.

Specifications & Design Guides (GFRP)
.

ASTM D7957/D7957M-17. Standard Specification for Solid Round Glass Fiber
Reinforced Polymer Bars for Concrete Reinforcement.

AASHTO LRFD Bridge Design Guide Specifications for GFRP- Reinforced Concrete 2™
Edition.

ACI Committee 440.1R-15. Guide for the Design and Construction of Structural
Concrete Reinforced with Fiber Reinforced Polymer Bars.

Books and Papers

Rossini, M., Matta, F., Molan, 5., Potter, W., & MNanni, & (2019). AASHTO Design
Specificafions for GFRP-RC Bridges: 2nd Edition. In M. Di Prisco & M. Mepesgotio.
{Eds.), Proceedings of ltalian Concrete Days 2012. Lecco, IT: Springer Infernational
Publishing. hitps:/idoi org/10.1007/978-3-030-23748-6
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COURSE CONTENT REFERENCES

Afifi, M., £, Mohamed, H. M., & Benmokrane, B. (2014). Strength and Axial Behavior of
Circular Concrete Columns Reinforced with CFRP Bars and Spirals. Journal of
Composites for Consfruchion, 13(2).

Bischoff, P. H. “Member Stiffness for Frame Analysis of GFRP Reinforced Concrete
Structures”. 397 [ABSE Symposium — Enginesring the Fufure, Vancouver, Canada,
Sepl. 21— 23 2017, pp. 15347-13854.

Bresler, B. (1960} Design criteria for reinforced concrete celumns under axial load and
biaxial bending. ACI Journal 57(3) 431-490.

Cadenazzi, T., Dotelli, G., Rossini, M., Molan, 5., & Manni, A_ (2019). Life-cycle cost and life-
cycle assessment analysis at the design stage of a fiber-reinforced polymer-reinforced
concrete bridge in Florida. Advances in Civil Engineering Materials, &(2), 128—151.

De Luca, A Matia, F., and Nanni, A. (2010). Behavior of Full-Scale Glass Fiber-Reinferced
Polymer Reinforced Concrete Columns under Axial Load. ACH Structursl Journal,
107(5): 589-596

De Luca, A Matta, Manni, A. (2009). Behavior of Full-Scale Concrete Columns Internally
Reinforced with Glass FRP Bars under Pure Axial Load. Composites £ Polygon.
Tampa: American Compoesites Manufacturers Association.

De Luca, A., Mardene, F., Matta, F_, Nanni, A., Lignola, G. P., and Prota, A. (2011).
Structural Evaluation of Full-Scale FRP-Confined Reinforced Concrete Columns.
Journal of Composites for Construction, ASCE, 7{1): 112-123

Dietz, D., H., Harik, I. E., and GZesund, H. (2003). Physical properties of glass fiber
reinforced polymer rebars in compression. Joumal of Composites for Consfruction. Vol
7. Mo. 4. pp. 363-366.

Guérin, M., Mohamed, H. M., Benmokrane, B., Manni, &, Shield, C. K. (2018) Eccentric
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Irdell Evaluation of the Bond-To-Concrefe Properties of GFRP Rebars in Marine
98, 1 Environments. . 3(4), 44
Mohamed  Ruiz Emparanza, A, De Casoy Basalo, F., Kampmann, R., Rodrigues de Castro Jalgs, P,
Colu & Nanni, &. (2019). Durability of Mechanical Properiies of GFRP Rebars Expesed to
Sipir: Seawater. 5th International Conference on Sustainable Construction Materials and
Rossini. I Technolegies (SCMTS). Lendon.

GFE Ruiz Emparanza, A., Kampmann, R., & De Casec y Basalo, F. (2017). State-of-the-Practice
hittp: of Global Manufacturing of FRP Rebar and Specifications. AC| Fall Convention.
Anaheim, CA.
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GENERAL REFERENCES

FDOT Specifications

* FDOT Structures Manual, Volume 4. Fiber Reinforced Polymer Guidelines (FRPG)

+  FDOT Materials Manual, Section 12.1, Volumne |I. Fiker Reinforced Polymer Composites

+ FDOT Standard Specifications for Road and Bridge Consfruction, Section 932.
MNonmefallic Accessory Materials for Concrete Pavement and Concrete Structures

* FRP Bar Bending Detail, D21310

Railings

+ Design Standard Development Report for 32" F Shape Traffic Railing (GFRP
Reinforced) (Develepmental Index D22420)

* Rocchetti, Paolo, "RC Traffic Barner with GFRP Reinforcement” (2017). Open Access
Theses. 685. hitps:/ischolaryrepository. miami.edwoa theses/635

Flat Slab
= Approach 3lab — GFRP Reinforced (Flexible Pavement Approach) (Developmental
Standard D22900)

FDOT Software

* FDOT Structure Design Office — Programs Library, “Bent Cap v1.07,
htips-/Avwnw fdot govistructures/proglib.shim

+ FDOT Structure Design Office — Programs Library, “Retaining Wall v4.0 Beta”
hitps:/Awwny fdot govistruciures/proglibshim. Available upon personal request.

Specifications & Design Guides (GFRP)
*  ASTM D7957/D7957M-17. Standard Specification for Solid Round Glass Fiber
Reinforced Polymer Bars for Concrete Reinforcement.
»  AASHTO LRFD Bridge Design Guide Specifications for GFRP- Reinforced Concrete 2™
Edition.
+  ACI Committee 440.1R-15. Guide for the Design and Construction of Structural
Concrefe Reinforced with Fiber Reinforced Polymer Bars.

Books and Papers
* Hossini, M., Matta, F., Nolan, 5_, Potter, W., & Nanni, &. {2019). AASHTO Design
Specifications for GFRP-RC Bridges: 2nd Edition. In M. Di Prisco & M. Meresgoito,
{Eds.), Proceedings of Italian Concrete Days 2015. Lecco, IT: Springer International
Publighing. hitps:/idoi.org/10.1007/978-3-030-23745-6
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Afifi, M., 2, Mohamed, H. M., & Benmokrane, B. (2014). Strength and Axial Behavior of
Circular Concrete Columns Reinforced with CFRP Bars and Spirals. Journal of
Composites for Construction, 13(2).

Bischoff, P. H. “Member Stiffness for Frame Analysis of GFRP Reinforced Concrete
Structures”. 397 IABSE Symposium — Engineering the Fufure, Vancouver, Canada,
Sepf. 21 - 23 2017, pp. 1347-1854.

Bresler, B. (1960) Design criteria for reinforced concrete columns under axial load and
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concrete bridge in Florida. Advances in Civil Engineering Materials, 8(2), 126-151.

De Luca, A. Matta, F., and Nanni, &. (2010). Behavior of Full-Scale Glass Fiber-Reinforced
Polymer Reinforced Concrete Columns under Axial Load. ACH Structursl Journal,
107(5): 5589-596
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De Luca, A, Nardone, F., Matta, F., Nanni, A, Lignola, G. P, and Prota, A. (2011).
Structural Evaluation of Full-Scale FRP-Confined Reinforced Concrete Columns.
Joumnal of Compesites for Construction, ASCE, 7(1): 112-123

Dietz, D., H., Hank, . E., and Gezungd, H. (2003). Physical properties of glass fiber
reinforced polymer rebars in compression. Journal of Composites for Consfruction. Vol
7. No. 4. pp. 363-366.

Guérin, M., Mohamed, H. M., Benmokrane, B., Manni, &, Shield, C. K. (2018) Eccentric
Behavior of Full-Scale Reinforced Concrete Columns with Glass Fiber-Reinforced
Polymer Bars and Ties. AC! Journal, 115(2), pp. 459-499

Jawahen Zadeh, H. and Manni, & (2017). Flexural 5tiffness and Second-Order Effects in
Fiber-Reinforced Polymer-Reinforced Concrete Frames. AC! Jounal, 114(2), pp. 553-
543

MacGregor, J. G. (1993). “Design of Slender Concrete Columns — Revisited " ACT Structural
Journal, 30(532).

MacGregor, J. G., Breen, J. E., and Bfrang, E. 0. (1970). “Design of Slender Concrete
Columns.” AC! Journal.

Mirmiran, A.; Yuan, W.; and Chen, X., 2001, “Design for Slenderness in Concrete Columns
Internally Reinforced with Fiber-Reinforced Polymer Bars," ACH Structursl Journal, V.
93, No. 1, Jan.-Feb., pp. 116-125.

Mohamed, H., 4fipi, M., Benmokrane, B. (2014) Performance Evaluaticn of Concrete
Columns Reinforced Longitudinally with FRP Bars and Confined with FRP Hoops and
Spirals under Axial Lead. Joumnal of Bridgs Enginesring, 19(7).

Rossini, M., Sagan, E., & Manni, &. (2019). Prediction of the Creep Rupture Strength of
GFRP Bars. Construction and Building Materials, 227, 118620(1-11). Retrieved from
hitps:/idoi.org/10.1016/.conbuildmat 2019.05.001
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AASHTO GFRP -
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CONCRETE
DESIGN

TRAINING COURSE
COMPANION WORKBOOK

PHOTO: Installation of first GFRP pile cage on A1A Flagger beach
project, April 2019.

This document has been developed by the University of Miami, College of Engineering Dept. of Civil, Architectural and Environmental Engineering. Contents offered in this
document are based on current and available information at the time of its issue and may be subjecl to revision as additional information becomes available.
This companion workbook is for the purposes of demonstration only.
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AASHTO GFRP-Reinforced Concrete Design Training Course
Companion Workbook

Page 2 of 41

TABLE OF CONTENTS

1. INTRODUCTION TO FRP-RC & MATERIAL PROPERTIES 3

1.1.  Review Questions: Fundamentals.............cccceereenrennnen. 3
2. FLEXURE RESPONSE OF GFRP-RC........cccocoecenrrurisnanns 6
2.1. Review Questions: Fundamentals...............c..cccceveinennn 6
2.2. Design Example: Flat Slab .........c.ccceeiiiiiiieiiieiieeee 8
2.3. Design Example: Creep Rupture...........ccccoceeeniinnnns 16
2.4. Design Example: Minimum Flexural Reinforcement.... 18
3. SHEAR RESPONSE OF GFRP-RC........ccccusnreenrcensraasrans 19
3.1. Review Questions: Fundamentals...........c...ccceceevvrnnnnne 19
3.2. Design Example: Bent Cap......ccccoooeeeeeiieeieesceeceeenne 21
4. AXIAL RESPONSE OF GFRP-RC..........veereirricecrinsrene 37
4.1. Review Questions: Fundamentals...........cc.cccceeeininnnne 37
4.2. Design Example: Solider Pile in Wing Wall ................. 39

PHOTO: GFRP cage assembly for the Halls River Bridge Project, April
2017.
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https://www.fdot.gov/structures/innovation/FRP.shtm

Structures Design

Structures Design / Design Innovation

Fiber Reinforced Polymer Reinforcing

2020
« TRB 2020 Workshop 1063 (Jan 12, 2020):

= Externally Bonded Wraps
= FRP Design Tools, CBE Implementation & Pedestrian Bridges

« FDOT Executive Workshop (January 15, 2020)

Structures Design - Transportation Innovation

Fiber Reinforced Polymer (FRP) » FTS2020 "FRP Reinforced and Prestressed Concrete Designer Training
Reinforcing Bars and Strands Introduction™ (June 30, 2020)
Overview
Usage Restrictions / Parameters * FDOT/FRP Industry 4th RC/PC Workshop (August 4, 2020)
Design Criteria - FDOT GFRP-RC Designer Training for Bridges & Structures (August 10, 2020) -
Specifications
Standards Webinar Registration Link
Producer Quality Control Progra
Projects vy 5 « FDOT GFRP-RC Designer Training for Bridges & Structures (September 9,
Technology Transfer (T2) ) . : : -
FDOT Research 2020) - Webinar Registration Link
Contact

i3 ‘ ormmanr QB 9
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https://www.fdot.gov/structures/innovation/FRP.shtm

Another Training Opportunity

CFRP-Prestressed Concrete Designer Training for Bridges & Structures
— Professor Abdeldjelil “DJ” Belarbi, on September 9th, 2020

This 6-hour online training is focused on providing practical designer guidance to FDOT
engineers and consultants for structures utilizing Carbon Fiber-Reinforced Polymer (CFRP)
Strands for pretensioned bridge beams, bearing piles, and sheet piles. Basic design
principles and design examples will be presented for typical FDOT bridge precast
elements.

Register Now at:

https://attendee.gotowebinar.com/register/5898046861643311883

There is no cost to attend this webinar training.

A short preview of this training was provided at the June 30th
FDOT Transportation Symposium Webinar Series presentation:
FRP Reinforced and Prestressed Concrete Designer Training Introduction

UNIVERSITYof HOUSTON
FDOT\| O
) CULLEN COLLEGE of ENGINEERING 10

Department of Civil & Environmental Engineering


https://attendee.gotowebinar.com/register/5898046861643311883
https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.gotostage.com%2Fchannel%2F5f598fa79fb84067b1a7bd573efabcf1%2Frecording%2F708c36d7f7ed44a8b8b64575cc061b2a%2Fwatch%3Fsource%3DCHANNEL&data=02%7C01%7CSteven.Nolan%40dot.state.fl.us%7C4cc9b72f29794e8de19c08d83a1f11f2%7Cdb21de5dbc9c420c8f3f8f08f85b5ada%7C0%7C0%7C637323252403660847&sdata=MnXyxqvYyKQOiqJCVOuXXL%2BQuikqBMOkLEaTakU%2BeQU%3D&reserved=0

AASHTO GFRP-Reinforced
Concrete Design Training Course

Let Us Begin
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Course Content Areas

1.

Introduction & Materials
Flexure Response
Shear Response

Axial Response

Case Studies & Field
Operations
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Course Overview & Expectations

 Introduction of concepts
« Understanding of methods
« Use of available resources

Questions & Review questions
& * Reinforce methods

SEeEY © Apply concepts

 Active participation needed
» Ask questions
« Opportunity for discussions

ﬁ} UNIVERSITY R o egin
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Learning Objectives

« Know what FRP reinforcement is

 Learn the fundamental mechanical
properties of FRP bars and bends

« Become aware of some major
material-based design provisions of
concrete members internally
reinforced with GFRP bars with
particular reference to AASHTO and
FDOT documents

« Become aware of relevant FRP-RC
projects in and out of state

FDOT) [ J|uwyemeny  f mes 377



Course Content Areas

1.

Introduction & Materials
Flexure Response

Shear Response

Axial Response

Case Studies & Field
Operations
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1. INTRODUCTION TO FRP-RC &
MATERIAL PROPERTIES OF
GFRP




Table of Contents - Intro & Materials

 Problem Statement
 Where to Use Glass FRP

 FRP Material Properties

 Durability

* Design Guides and
Standards

e Concluding Remarks
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Problem Statement

* Failure mechanism for
structures exposed to
aggressive environments
IS often corrosion of steel
reinforcement

 Traditional corrosion

mitigation efforts:
v Admixtures
v" Increase Concrete Cover
v" Alter Concrete Mix
v Membranes & Overlays

SEOSRNEICOECACUESS] SERVICE LIFE OF STRUCTURES
or Stainless Steel GREATLY REDUCED BY CORROSION
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FRP Rebars

Fiber reinforced polymer (FRP) bars as alternative
reinforcement for concrete

A composite material system made of:

Fibers + Resin
= i | "-.

FDOT) [ J|uwyemeny  f mes 8177



FRP Rebars
Key Benefits

» Corrosion resistant

» High strength-to-weight ratio

« Ease of application & installation
 Lightweight 7 the weight of steel

« Transparent to magnetic fields and
radar frequencies

 Electrically & thermally non-conductive

FIRST COST COMPARABLE WITH EXPOXY-COATED STEEL

UNIVERSITY ~ [C¢ G
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Where Should FRP Be Used?

* Concrete structures susceptible to
corrosion
- Steel corrosion by chlorides
- Environments that lower concrete pH
- Structures with minimum concrete
cover

« Concrete structures requiring non-
ferrous reinforcement due to
- Electro-magnetic considerations
- Thermal non-conductivity

 Where machinery will “consume” the
reinforced concrete member (i.e.,
mining and tunneling)

FDOTY) L |y mss 177



Ready for Prime Time

 Structural design defined
by ACI & AASHTO (and
FDOT)

« Bar properties defined by
ASTM D7957 (and

N FDOT)

128 600+ installations in US

B4 & Canada

~ == . Traditional procurement

& construction methods

FDOTY) L |y mss 12177
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Types of Fiber in FRP Bars

» Carbon Fiber Reinforced Polymer (CFRP)
» Glass Fiber Reinforced Polymer (GFRP)
- Basalt Fiber Reinforced Polymer (BFRP)

« Aramid Fiber Reinforced Polymer (AFRP)
e e ol Y L gV g

UNIVERSITY Ko g
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Types of Resin in FRP Bars

Some Thermoset Resins (Only ones allowed for now):
Two-part system composed of resin and hardener resulting in a
one-way (irreversible) chemical reaction

* Vinyl Ester

because of poor durability

{) UNIVERSITY R 7" oo rgratin
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FRP Bar Types

Several commercially available GFRP solid round bars with
different external surface (not standardized) deformations:

(A& F) Sand coated + helical
wrap

+ (B) Helically wrapped
« (C) Ribbed

* (D) Sand coated

* (E) Helically grooved

FDfoﬁ i3 ‘ OF MIAMI t. 16/77



FRP Bar Shapes

« Straight bars

* Bent bars >

e Spirals >

« Twisted strands (PC use)

UNIVERSITY ?¢§FE§L§3°JS§FJT?S?Ji°“



Material Specifications

FDOT 932-3 and ASTM D7957 specs set minimum
QUALIFICATION & QC for Glass (and Basalt)* FRP bars

Bar manufacturer not
known/selected at the
design stage

35 eformed )
. _\(_KE et P\Bﬁ“ Hgies p{\}&‘:«
L i em ’“.“‘f ;E“ or celtulose ?\:\}ﬂ ¢ ?‘ab\e
L gor Pav rO M2V tent) 189 oofing
erials: o soint Fi“e“"(‘i“&‘x r:”« or ANSHTD . asphalt COMEL, waterprootiol
v TC ]

932-3 Fiber Reinforced Polymer (FRP) Reinforcing Bars.

932-3.1 General: Obtain FRP reinforcing bars from producers currently on the
Department’s Production Facility Listing. Producers seeking inclusion on the list shall meet the
requirements of Section 105.

Use only solid. round. thermoset basalt fiber reinforced polymer (BFRP). glass
fiber reinforced polymer (GFRP) or carbon fiber reinforced polymer (CFRP) reinforcing bars.
Bars shall be manufactured using pultrusion, variations of pultrusion. or other suitable processes
noted in the producer’s Quality Control Plan, subject to the approval of the State Materials
Office (SMO). For BFRP and CFRP bars only vinyl ester or epoxy resin systems are permitted.
For GFRP, use only bars manufactured using vinyl ester resin systems and glass fibers classified
as E-CR or R that meet the requirements of ASTM D578.

1070 July 2020
Return to Table of Contents ¥
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FRP Bar Sizes

Same as steel bars, specified per FDOT 932-3, Table 3-1 and
ASTM D7957. Area range (min-max) given for measured values
for any surface type

Table 3-1
Sizes and Tensile Loads of FRP Reinforcing Bars
Nominal fMeasured Cross-Sectional Area M””m““? Guaranteed
. o Tensile Load
Cross (in%) (kips)
Sectional
Area BFRP and
(in?) Minimum Maximum GFRP CFRP Bars
Bars
2 0.049 0.046 0.085 6.1 10.3
3 0.11 0.104 0.161 13.2 209
4 0.20 0.185 0.263 216 333
5 0.31 0.288 0.388 29.1 49.1
6 0.44 0.415 0.539 409 70.7
7 0.60 0.565 0.713 54.1 -
8 0.79 0.738 0913 66.8 -
9 1.00 0.934 1.137 82.0 -
10 1.27 1.154 1.385 98.2 -

UNIVERSITY Ko o o
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FRP Mechanical Properties

* Higher tensile strength, but less

stiff than steel Tensile Stress-Strain

v’ Provides less confinement to Characteristics
concrete and RC members have =
more deflection than steel-RC o
350
* Anisotropic behavior g E
" — 5tedl Bar
v' High strength in the fiber direction :° — e
2 ——GFRP
v" Low shear strength and dowel § 150 / -
action (resin dominated) - / e
: : - Y
« Elastic up to failure - no ductility 0
] ] 0 0.005 0.01 0.015 0.02 0.025 003
v' Cannot be used in seismic areas, trai
no plastic hinges formed in RC
members

UNIVERSITY Ko g
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Typical Tensile Properties

Steel GFRP

Yield St
ie > ress 40-75
276-517
(MPa) ( )
Guaranteed Tensile Strength, (f*: ), 78-160
(Average — 3 sigma) 534-1240
ksi (MPa) (534-1240)
Average Elastic Modulus, (Ey) 29,000 6,500 — 8,700
(Average) 200 45-60
Ksi (GPa) (200) (45-:69)
Yield Strain, (g,) 0.14-0.25% N/A
Guaranteed Tensile Ultimate Strain, (€% ) ~10-12% 1.2-2.4%

FDOTY) L |y mss 2177



Design Tensile Strength

* Design tensile strength and strain are:

ffu — CEff*u
AASHTO GFRP 2.4.2.1-1
&ru = Cpéry

Where C,, is the environmental reduction factor from AASHTO Table 2.4.2.1-1
(red box) (proposed new factors in ACI 440 in green)

Concrete not exposed to [Concrete exposed to earth
earth or weather or weather

Glass 0.910.8 0.85 E.?O

FDfoﬁ i3 ‘ OF MIAMI t. 22/77



Behavior Function of Temperature

 Thermosets are characterized by
Glass Transition Temperature, T,

* Resin tensile, compressive, and
shear properties diminish when
temperatures approach T,

Glassy

Transition
Rubbery

i
!
pid l
S |
* T, values of approximately 212 °F { detornasition
(100 °C) are required for Vinyl Ester :
typically used GFRP rebars }
. | T,
* T, lowers as a result of moisture ‘ l | ‘
absorption Temperature
Elastic Modulus vs
Temperature
UNIVERSITY G
FDOT\ [ J|Qesmy (e 23177



Summary: GFRP Differences with Steel

PROs CONs
« High longitudinal strength- * No yielding
to-weight ratio * Low transverse strength
« Corrosion resistance « Relatively low modulus
« Electro-magnetic neutrality « High CTE perpendicular to
« Good fatigue endurance fibers
e Low thermal & electrical « Sensitive to UV, moisture &
conductivity alkaline environment
« Lightweight « Susceptible to fire & smoke
production

UNIVERSITY Ko g
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Other Mechanical Properties

Strength of FRP at bend
 FRP bars can be fabricated with bends, however the tensile
strength at bend is reduced by about 40%

Compressive behavior of FRP bars
* Reduced strength and stiffness as compared to tensile
properties

Shear behavior of FRP bars
 Unidirectional FRP materials have a lower interlaminar
shear modulus and shear strength as compared to steel

Behavior under sustained and cyclic loading
 FRP bars can undergo creep-rupture under sustained
loading and fatigue rupture under cyclic loading

{) UNIVERSITY PR o
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Material Characterization

Moisture absorption Fiber content Cross-sectional area
[ASTM D570] [ASTM D2484] [ASTM D792]

Minimum requirements: FDOT 932, Table 3.2 (straight bars) & 3.3 (bent bars)

FDOTY) L |y mss 26177



Material Characterization

Tensile test
[ASTM D7205]

Minimum
requirements: FDOT
932, Table 3.2 & 3.3

AASHTO 2.4.2.1:.
f., 2 Guaranteed tensile strength = average minus three standard deviations

UNIVERSITY §*Era':;i°;!r:?::’:°"
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Material Characterization

Horizontal shear Transverse shear
[ASTM D4475] [ASTM D7617]

Minimum requirements: FDOT 932, Table 3.2 (straight bars) & 3.3 (bent bars)

FDOTY) L |y mss 28177



Material Characterization

Bond-to-

concrete
[ASTM D7913]

Minimum
requirements: FDOT
932, Table 3.2

LB | e



Strength of FRP at Bend

» FRP bars can be fabricated mm U5, Standard Diameter mm i)
with bends; however, the gﬁ% s %%
tensile strength of the bend is 1o [ selael
reduced up to 40% per ASTM we2 (o 2alo2]

D7957

 Bend internal diameter is
larger than for steel

« FDOT 932-3.3 includes EEC sl  dctandedra
additional specifications for - —
properties of FRP bent bars at
bend locations

FDOT) LB s 30177
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Durability Assessment

Methods used to assess and
validate the durability of FRP bars:

1. Accelerated aging protocols (high
temperature; immersion in water w/ or
w/o high pH and/or salt)

—> fast

2. Extraction of samples from real life
structures
-> slow

FDOTY) L |y mss 32177



GFRP Bars Extracted from Bridges 15-20 Years Old

Investigation to assess long-term durability of GFRP
bars after at least 15 years in service

Cores extracted from eleven bridges located across the
United States

Winripeq

Maatt
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GFRP Bars Extracted from Bridges 15-20 Years Old

left center right

i

Results indicated reduction in tensile strength of 2.13%
over a period of 17 years of service that would correspond

to drop in strength of 12.5% over a period of 100 years with
degradation rate assumed to be linear

FDOTY) L |y mss 34177




Durability

Concrete

SEI. 15kV  WDA5Smm S570 1,400 d0pm = ———

Source: Long-term Durability of GFRP Reinforcement in Concrete: A Case Study after 15
Years of Service - O. Gooranorimi, E. Dauer, J. Myers, A. Nanni

NO SIGN OF BOND DEGRADATION NOR LOSS OF CONTACT AND
MECHANICAL PROPERTIES AFTER 15 YEARS IN SERVICE
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Design Guides and Tools

* Design Guide
— Currently available

« Uniform Approval
Processes
— Manufacturer Approval
vs. Product Approval

* Reliable Design Tools
— Commercial vs. Agency
based design
programs

AASHTO LRFD Bridge

Design Guide Specifications
for GFRP-Reinforced Concrete

2" EDITION

pecifications for the
Design of Concrete Bridge
Beams Prestressed with
Carbon Fiber-Reinforced
Polymer (CFRP) Systems

2018
First Editon

e

UNIVERSITY
OF MIAMI
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Design Guidance & Tools in Florida

Currently available documents:

« AASHTO: Only GFRP
 FDOT 932-3: GFRP and BFRP

Q% Florida Department of IR TR AR o S FLORIDA DEPARTMENT OF TRANSPORTATION

FDOT!} TRANSPORTATION ow o

AASHTO LRFD Bridge
Design Guide Specifications
for GFRP-Reinforced Concrete

SHruedures Desips - Transporiaron nceanon Hhnidn Shdeshos
Fiber Reinforeed Paolymer (FRF)
Reinforcing Bars and Sirands

2 EDITION

wmags courtezy of W3P UEA

STRUCTURES MANUAL

Crvarviaw

Volume 1 - Structures Design Guidelines

The: defencnatio
A s

rebe b5 one of the
ajrnet 1

Volume 2 - Structures Detailing Manual
Volume 3 - FDOT Modifications to LRFDLTS-1
Volume 4 - Fiber Reinforced Polymer Guidelines

Frequently Asked Questions
2018 Revision History

Archived Structures Manuals
Additional Links

i s v Wl
AT I 10at TR Sl S i RS

UNIVERSITY
OF MIAMI
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Design Guidance & Tools in Florida

e Uniform Appl'OVﬂ' Processes https.//mac.fdot.gov/smoreports
— Manufacturer Approval vs. Product Approval

Generated: 5/28/2019 6:08:38
FDDTiB

= 7 Fiber Reinforced Polymer Production Facility Listing
FRP-02 OWENS CORNING (SEWARD NE)

Company:  Hughes Brothers, Inc.

FRP-07 PULTRON (DUBAI)
Company: Pultron Composites Ltd

Contact: DOUG GREMEL Email: doug@hughesbros.com
Phone:  (402) FRP-06 PULTRALL Contact:  Bogdan Patrascu Email:  bogdan@pultren.com
Physical Addres: Company:  Pultrall Inc Phone: (714) 880-9533 Fax:
e Physical Address: Mailing Address:
210 Nort) 13th St Contact: FRP-12  TUF-BAR INC (EDMONTON CANADA) Y
: Phone: S404 Street FRP-08 ATP
Phiysicas s COMPANY:  Tut-Bar Inc. Building 10 Jebel
QC Plan Status: 00 9eme Contact:  Nathan Sim Email: na  UNITED ARAB E Company: ATP
#04 GFR| Thetford N g o {780) 448-3338 Fax: Contact:  Aniello Giamundo Email: a.giamundo@atp.sa.it
#05 GFRI CANADA ppocieal Address: Mailing Addr OC PN SISt ppone:  (811) 948.7131 Fax:
#04 GFF i . i .
#06 GFRI g¢ plan g 5715.76 Avanue 5715-76 Aven Physical Address: Mailing Address:
#07 GFRI #05 GFF . .
#0 CANADA CANADA via Campa 34 via Gampa 34
#08 GFRI # #OBGFF 0y ITALY
#0 QC Plan Status:  Quality Control Plan ACCEPTED 3/19/2019 #08 GFF
———  @a¢ Plan Status FRP-14 TUF-BAR INC (ONTARIO CANADA)
#0 #03 GFRP BAR Glass Fiber Reinforced Polymer Reinforcing fo
#0 . _ ) _ #03 GF Company:  Tuf-Bar Inc.
—— #04 GFRP BAR Glass Fiber Reinforced Polymer Reinforcing fo ) } .
. . ) . #04 GF Comtact:  Jay Christopher Email: jay@tufbarcanada.com
#05 GFRP BAR Glass Fiber Reinforced Polymer Reinforcing fo . Fax:
} i ) ) #05 GF Phone: (519} 833-5050 an:
#06 GFRP BAR Glass Fiber Reinforced Polymer Reinforcing fo 406 G PMYsical Address: Mailing Address:
#07 GFRP BAR Glass Fiber Reinforced Polymer Reinforcing fo 408 GF 7 Etin Park Dr 7 Erin Park Dr
#08 GFRP BAR Glass Fiber Reinforced Polymer Reinforcing fi - CANADA CANADA

QC Plan Status:  Quality Control Plan ACCEPTED 12/11/2017

" Center for Integration

UNIVERSITY b 39/77

OF MIAMI



https://mac.fdot.gov/smoreports

Material Acceptance Criteria

FDOT 932-3 Table 3-4
Property Test Method Straight Bar
: ASTM D2584
Elrl;i:ig/lnass or 270% Yes
ASTM D3171
Short-Term ASTM D570, Procedure
Moisture 7.1; 24 hours immersion at <0.25% Yes
Absorption 122°F
Glass Transition ASTM D7028 (DMA) or >230°F
Temperature ASTM E1356 (DSC; T,,)/ Yes
P ASTM D3418 (DSC; T,,) >212°F
(o)
Degree of Cure ASTM E2160 295 e .Of el Yes
polymerization enthalpy
Measured Cross- Within range listed in Yes
sectional Area Table 3-1
ASTM D7205 _ _
Guaranteed = Value listed in Table Yes
Tensile Load 3-1

{) UNIVERSITY R 7" oo rgratin
@ LJ OF MIAMI t. 40/77



Design Guidance & Tools In Florida

Accessible & Reliable Design Tools
— Commercial vs. Agency/Institution based design programs

Florida Department of
FD OT TRANSPORTATION E-Updates | FL511 | Site Map
| Search FDOT [>]

Home About FDOT Contact Us Maps & Data Offices Performance Projects

Structures Design https://www.fdot.gov/structures/proglib.shtm

Structures Design :I

Programs Library o g

Used with FDOT Standard Plan Index 450-010 to 450-299 (formerly
. Index 20010 to 20299) to design simple span prestressed beams
prestressed  11/07/2018 Fh’;gtﬁ'gé 5 (Florida-], AASHTO, Florida Bulb-T, Fiorida-U, Florida Double-T, Fiat
) ) Slab, Inverted-T, FSB) in accordance with the AASHTO LRFD Bridge
CFCC-PC/GFRP-RC beta version Design Specification.

(fo be included in v6.0 with F1SSS) Analyzes and designs fixed or pinned bent caps, including lateral

Exe (Zip) : . . ?
Bent Cap v1.0 11/07/2018 (Mathcad 15) loads, in accordance with the AASHTO LRFD Bridge Design

GFRP-RC included Specifications.
- : Used with FDOT Standard Plan Index 400-010 (formerly Index 6010)
Retaining Wall 06/01/2020 ZIp to design and analyze cast-in-place retaining walls in accordance with

v4.0 Mathcad 15) . . —
GFRP-RC now included the AASHTO LRFD Bridge Design Specification.

FDOTY) L |y mss T



https://www.fdot.gov/structures/proglib.shtm
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Concluding Remarks

* There is a strong case for use of FRP in structural
concrete exposed to corrosive environment

* FRP anisotropic and linear elastic up to failure

« Material Specifications and Design Guides exist
(ASTM D7957, FDOT-932, AASHTO GFRP,)

* Accessible design tools exist

{) UNIVERSITY R 7" oo rgratin
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Questions?

Thank L3
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INTRODUCTION TO FRP-RC &
MATERIAL PROPERTIES OF
GFRP

1.1 Review Questions: Fundamentals

UNIVERSITY

OF MIAMI



Applied Questions

1.1.1) Where could GFRP reinforcement for concrete be most suitable?

a. Any concrete member susceptible to steel corrosion by chlorides

b. Any concrete member requiring non-ferrous reinforcement due to electro-
magnetic considerations

c. As an alternative to epoxy, galvanized, or stainless steel rebars
d. Applications requiring thermal non-conductivity

e. All the above

UNIVERSITY Ko o o
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Where Should FRP Be Used?

= Concrete structures susceptible to
corrosion

- Steel corrosion by chlorides
- Aggressive agents that lower concrete pH
- Structures with minimum cover concrete

= Concrete structures requiring non-ferrous
reinforcement due to

- Electro-magnetic considerations
- Thermal non-conductivity

= Where machinery will “consume” the
reinforced concrete member (i.e., mining and
tunneling)

FDOTY) L |y mss 47T




Applied Questions

1.1.1) Where could GFRP reinforcement for concrete be most suitable?

a. Any concrete member susceptible to steel corrosion by chloride ions

b. Any concrete member requiring non-ferrous reinforcement due to
electro-magnetic considerations

c. As an alternative to epoxy, galvanized, or stainless steel rebars
d. Applications requiring thermal non-conductivity

e. All the above

UNIVERSITY Ko o o
FDOT\ [ J|Qesmy (e 48177



Applied Questions

1.1.2) Which of the following is not applicable to GFRP rebars?

a. Corrosion resistant

b. Ductility

c. Low thermal and electrical conductivity
d. Light weight

e. High strength to weight ratio

FDOTY) L |y mss 4077



FRP Mechanical Properties

« Higher tensile strength, but less stiff
than steel Tensile Stress-Strain

v" Provides less confinement to Characteristics
concrete and RC members have
more deflection than steel-RC 0

* Anisotropic behavior
v" High strength in the fiber direction

v Low shear strength and dowel
action (resin dominated)

=
Ln
[=]

(¥}
in
[=]

= 5ted Bar

Ln
[=]

— CFRP
—— GFRP

— BFRP
AFRP

Ln
=]

Tensile Stress (ksi)

=3 [==3 [} [ o=} i
= [=1 =1
=] [=] =]

Ln
=]

 Elastic up to failure - no ductility 0
0 0.005 0.0 0.015 002 0.025 0.03
v' Cannot be used in seismic areas, rai
no plastic hinges formed in RC
members

UNIVERSITY ot
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Applied Questions

1.1.2) Which of the following is not applicable to GFRP rebars?

a. Corrosion resistant

b. Ductility

c. Low thermal and electrical conductivity
d. Light weight

e. High strength to weight ratio

FDOTY) L |y mss 5177



Applied Questions

1.1.3) The E-modulus of GFRP rebars when compared to steel is
approximately

a. 3 to 4 times lower
b. Comparable
c. 2 to 3 times higher

d. 3 to 4 times higher

FDOTY) L |y mss 52177



Applied Questions

450
400
350
¥ 300
" Steel Bar
u 230
b — _F R
© 200
= —— GFRP
c 150
v ——EFRP
100
AFRP
50
0
0 0.005 0.01 0.015 0.02 0.025 0.03

Strain
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Applied Questions

1.1.3) The E-modulus of GFRP rebars when compared to steel
IS approximately

a. 3 to 4 times lower (6.5-8.7 msi compared to 29 msi)
b. Comparable
c. 2 to 3 times higher

d. 3 to 4 times higher

FOOT)  ILJ|Es™ Qe



Applied Questions

1.1.4) The durability of GFRP rebars

a. Has been proven through accelerated aging protocols and
by samples extracted from bridges that have been in
service for 15 years

b. Is unknown

c. Is lower than steel

d. a) and c) are true

FDOT) LB s 5177



Durability

Concrete

SEI. 15kV  WDA5Smm S570 1,400 d0pm = ———

Source: Long-term Durability of GFRP Reinforcement in Concrete: A Case Study after 15
Years of Service - O. Gooranorimi, E. Dauer, J. Myers, A. Nanni

i 5 UNIVERSITY Pl doe g
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Applied Questions

1.1.4) The durability of GFRP rebars

a. Has been proven through accelerated aging protocols
and by samples extracted from bridges that have been in
service for 15 years

b. Is unknown

c. Is lower than steel

d. a) and c) are true

FDOTY) L |y mss 57177



Applied Questions

1.1.5) The density of GFRP is about

a. About 4 times lighter than steel
b. Similar to that of steel
c. About 4 times heavier than steel

d. Half that of steel

FDOT) LB s 56177



FRP Density

Rebar Density Nominal weight (Ib./ft)
type (Ib./ft°) 43 45 48
GFRP 125 0.38 1.05 2.68
Steel 505 0.09 0.26 0.66

{) UNIVERSITY e s
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Applied Questions

1.1.5) The density of GFRP is about

a. About 4 times lighter than steel
b. Similar to that of steel
c. About 4 times heavier than steel

d. Half that of steel

FDOT) LB s 60177



Applied Questions

1.1.6) FRP has higher strength in the direction
to the fibers.

a. Transverse

b. Parallel

FDOTY) L |y mss 61777



Transverse vs. Parallel Strength

Parallel - Tensile Transverse - Shear

BT N

70 ksi to >150 ksi o > 22Ksi
Strength varies per bar size « Almost independent of bar size
(shear lag effect)

{ ) UNIVERSITY ?-;&Er@:;&’;!r;:’?s:’:""
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Applied Questions

1.1.6) FRP has higher strength in the direction
to the fibers.

a. Transverse

b. Parallel

FDOT) LB s 63177



Applied Questions

1.1.7) The tensile strength of GFRP reinforcing bars with bend
should be at minimum

a. The same as straight GFRP reinforcing bars
b. 40% of the straight GFRP reinforcing bars
c. 60% of the straight GFRP reinforcing bars

d. 140% of the straight GFRP reinforcing bars

FDOTY) L |y mss 64177



Strength of FRP at Bent

Bar Designation, Minimum Bend
mm [U.S. Standard] Diameter mm [in.]
. . M6 [2] 38 [1.50]

« FRP bars can be fabricated with M10 [3] 58 [2.25]
bends, however the tensile Mo o o0 (o 7e]
strength of the bend is reduced Moo 134 15 201
up to 60% per ASTM D7957 Mzs (9] 152 [6.00

. . qconcrete

« Bend radius is larger than for
steel

i ASTM D7914 |nC|UdeS | FRP sample debond-ed area

specifications for strength of
FRP bent bars in bend locations

FDOT) LB s 65177



Applied Questions

1.1.7) The tensile strength of GFRP reinforcing bars with bend
should be at minimum

a. The same as straight GFRP reinforcing bars
b. 40% of the straight GFRP reinforcing bars
c. 60% of the straight GFRP reinforcing bars

d. 140% of the straight GFRP reinforcing bars

FDOT) LB s 6177



Applied Questions

1.1.8) The guaranteed tensile strength of a GFRP bar as
provided by the manufacturer is

a. The mean tensile strength of the sample population

b. The mean tensile strength of the sample population minus
three standard deviations

c. The mean tensile strength of the sample population minus
two standard deviations

d. None of the above

RSITY Kot
FOOT) B[ €=
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Material Characterization

Tensile test
[ASTM D7205]

Minimum
requirements: FDOT
932-3, Table 3.2 & 3.3

AASHTO 2.4.2.1:
fo, 2 Guaranteed tensile strength = mean minus three standard deviations

{ ) UNIVERSITY §*Era':;i°;!r:?::’:°"
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Applied Questions

1.1.8) The guaranteed tensile strength of a GFRP bar as
provided by the manufacturer is

a. The mean tensile strength of the sample population

b. The mean tensile strength of the sample population
minus three standard deviations

c. The mean tensile strength of the sample population minus
two standard deviations

d. None of the above

SITY K "o
FDOTY I J|QEsm™ e
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Applied Questions

1.1.9) At temperatures higher than approximately
the resin of GFRP bars begins to soften.

a. 60 °F

b. 212 °F

c. 1220 °F

d. 2500 °F

FDOTY) L |y mss 70177



Behavior at High Temperatures

 Thermosets are characterized by
Glass Transition Temperature, T,

* Resin tensile, compressive, and shear
properties diminish when temperatures
approach T,

Glassy

Transition
Rubbery

i
:
g |
o
- T, values are approximately 212 °F = | T
(100 °C) for Vinyl Ester typically :
used GFRP rebars I
E:
» T, lowers as a result of moisture 2 ) | i
absorption Temperature
Elastic Modulus vs
Temperature
UNIVERSITY K "o
FDOT\ [ J|Qesmy (e 77



Applied Questions

1.1.9) At temperatures higher than approximately
the resin of GFRP bars begins to soften.

a. 60 °F

b. 212 °F

c. 1220 °F

d. 2500 °F

FDOTY) L |y mss 72177



AASHTO GFRP-
Reinforced Concrete
Design
Training Course
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AASHTO GFRP-
Reinforced Concrete
Design
Training Course
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Course Outline

2. Flexure Response

3. Shear Response

4. Axial Response

5. Case Studies & Field
Operations

™3 E UNIVERSITY  [fe gesim-
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2. FLEXURE RESPONSE
OF GFRP REINFORCED
CONCRETE
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Flexural Theory

Assumptions:

1. Plane sections remain plane after deformation
. Ultimate concrete strain is 0.003
. Tensile strength of concrete and FRP compressive strength are neglected

_ o L For AASHTO, example
. Stress-strain of FRP is linear until failure /\

[ )
Mu — 125MDC + 175MLL

2
3
4. FRP is perfectly bonded to concrete
5

Ultimate Flexural Strength and Demand:

M_ = nominal capacity

M, = factored demand oM, = M, For ACl,ﬁxample
¢ = strength reduction factor [ )
(depends on the mode of failure) Mu — 1_2MD + 1-6ML

SITY '-': S g
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Faillure Modes

Compression-controlled: concrete crushing

Concrete Crushing

///fm(w@%m\x\x\c

w

b ,
—— scu M, : |
c I ) B { <—— 0.85p, . bc
g N.A :
At

Bic=a

UNIVERS '-': S g
@ lJ ‘ OF I»-:'[L-%%-‘[%TY |:| 5/91




Faillure Modes

l- : \ -
L .
o T ff}‘-%-"-&? b
A I;.,_'..’!I. "
V= &=

Concrete Crushing [ NE
Failure in GFRP- e T R
RC Beam i | A i

Q) UNIVERSITY : -".: > Cotr o birgtion
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Faillure Modes

Tension-controlled: FRP rupture

i.- ............... oot )LA\\\CL

*

™~ FRP Rupture

Concrete stress may be linear

b v or non-linear
|e——> Sc kf&/ |
T / cf 0.5 bc

N.A S|

e o fu ffu Af ffu

{ ) UNIVERSITY o ngien
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Faillure Modes

FRP Rupture Failure in
GFRP Reinforced
Beam

FDOT\ [ _J|gyemsm



Faillure Modes

Balanced failure: simultaneous concrete crushing & FRP rupture

Concrete Crushing \

iiiisiiisaaitio
ST g SN N
\ FRP Rupture
< b > £CU L»
t 0.85f ba
c=c, a=pic | ¢
d N.A )
As
v . .
€y =1 — Ay,

{ ) UNIVERSITY o ngien
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General Considerations

» Flexural capacity of an FRP-reinforced flexural member
dependent on tension or compression failure modes

» Over or under-reinforced sections are acceptable
provided that the strength and serviceabillity criteria are
satisfied

* FRP reinforcement is brittle, but provides warning in
terms of large member deflection

« Flexural behavior is not ductile; therefore safety factors
are increased (i.e., smaller @ factors)

UNIVERSITY s
OF MIAMI t| b 10/91
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Moment-Curvature Diagrams

120 \ \ \
b h d_ Ay w 2
(in.) (in) (n.) (in9 Q. ‘ i
1) ~ 8 15 125 0.93
100 2 8 15 125 132 d
(3) 10 18 155 1.2 / I d
= 80
“6-_ / Areinf.
] / = xe e
¢ 60 ~ (1)
GE-" —
& M, T-———-
= 40 / = =
/ 1
_ -~ = (1) Steel-tension controlled
20 _ - — ~(2) GFRP-concrete crushing
— (3) GFRP-FRP rupture
0 T T I
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014

Curvature (rad/in)

{ ) UNIVERSITY o ngien
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Balanced Failure

€.,=0.003 0.85f.

A
C I a=B1C Fc=085 f.ab

£t =%n T=Anfr

Where it can be shown that:

(AASHTO 2.5.3) .

+&

cu Sfu

C=0.85fp, bd

T=A,f, =ppfbd

UNIVERSITY P
OF MIAMI (Y e 12/91




Balanced Reinforcement Ratio

IF s < Pgy
Rupture of FRP will control failure
IF ps > Py,

Concrete crushing will control failure

TYPICAL VALUES FOR p, , ps,

STEEL GRADE 60 Py =0.0335
GFRP F80-E6 Pu=0.0078

FOOT) LB ES™ e
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Nominal Flexural Strength: Compression

Case of concrete crushing controlling failure and stress
distribution approximated by rectangular stress block

IF g < &,
a (AASHTO 2.6.3.2.2-1)
My = 4rfy (4 =3)
WHERE
o Arf; (AASHTO 2.6.3.2.2-2)
0.85f.b
(Erecw)” 08561
fr = 1 + Py Efecy — 0.5Ereq, < fru (AASHTO 2.6.3.1-1)
\

UNIVERSITY o ngien
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Nominal Flexural Strength: Tension

FRP rupture controlling failure. Whitney’s Stress block not
applicable because ¢, < ¢,, = 0.003. Simplified and
conservative procedure is proposed (i.e., ¢ = ¢,):

IF & = &,
_ Bicp
M, =Asfry | d — > (AASHTO 2.6.3.2.2.-3)
WHERE
£
Cp = ( = )d (AASHTO 2.6.3.2.2.-4)
Ecu ~+ Efu

UNIVERSITY o ngien
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Strength Reduction Factor (

¢ Controlled by FRP
4 Rupture Limit State Controlled by Concrete
Crushing Limit State
@ as a 0.65
function of 055
GI.:RP | Failure by | Transition Compression (ACI 440 7.2.3)
reinforcement FRP Zone Controlled
. rupture

ratio >

Pib 1.4 p+o Pt

(0.55 fOT' Pr < Prb

0.3 + 0.25 ;—ffor pry < pp < Laps,
b

L0'65 for pr = LA4pgy,

<
Il

(ACI 440 7.2.3)

i 5 UNIVERSITY
@ l_j ‘ OF MIAMI
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Strength Reduction Factors (

Controlled by Concrete

oA Crushing Limit State
0.75
@ as a function 0.55 Compression-
.. . «—— Tension
of strain in Controlled Transition Controlled
GFRP [ (Concrete Crushing) 1 ] (GFRP Rupture)
>
O.S&d Sfd 8ft
(0.55  for e < g4
€
¢ =< 1.55— i for 0.80&rq < &7t < 7g
€fa (AASHTO 2.5.5.2)
\0'75 for & = 0.80¢¢4

™3 E UNIVERSITY  [fe gesim-
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Minimum Flexural Reinforcement

Minimum longitudinal reinforcement to (AASHTO 2.6.3.3-1)
provide adequate level of protection
against sudden failure at formation of 140 M,
first flexural crack 120 ‘ ................. .Moz M.,
E .
o 100
[ 1.33M,, £
M, >+ S =
"= 11.6M, — My, (—C — 1) 5
K Snc g
)
< ——— Ductile Response

f

r

M,,. = total unfactored dead load moment

= modulus of rupture of concrete
'''''' Brittle Response

— oM,

S, = section modulus of the extreme fiber
of the composite section 2 3 4 5

S,. = section modulus for the extreme fiber Displacement
of the monolithic or non-composite section

lllustrative example on ductile and
brittle responses

{) UNIVERSITY b "G e
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Serviceability

» Stresses under sustained and cyclic loading must be checked to avoid
static (creep-rupture) and cyclic fatigue rupture

« The substitution of FRP for steel on an equal area basis would typically
result in larger deflections and wider crack widths

» Deflections under service loads and crack control often govern design
« Cracking — Excessive crack width is undesirable for aesthetic and
other reasons (e.g., prevent leakage that can damage structural
concrete)
» Deflection — Deflections should be within acceptable limits imposed
by the use of the structure (e.g., supporting attached nonstructural
elements without damage)

» Designing FRP-RC beams for concrete crushing typically satisfies
serviceability criteria

{) UNIVERSITY s
FOOT! » ‘ OF MIAMI L &= 21/91




Crack Control: Bond Coefficient

Bond coefficient (k,) accounts for the degree of bond between
FRP bar and surrounding concrete in ACIl 440. Bond reduction
factor (C,) defined as the inverse of k, in AASHTO. Function of
surface configuration and materials varies from 70 to 120% of
steel bars. 83% assumed in AASHTO 2.6.7.

ko =17 1 Worse than steel
b < 1 Better than steel

Cb - <1 Worse than steel

_ 1 _ } > 1 Better than steel
kp

e Ty

Testing of GFRP-RC beam using
four-point setup

"""}E UNIVERSITY  [fe gesim-
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Control of Crack Width

FRP bars are corrosion-resistant; therefore, larger crack widths as
compared to steel-RC concrete can be tolerated

The maximum crack width (w)is: GFRP: 0.028 in

Steel: 0.017 in

Indirect approach controls flexural cracking in terms of maximum bar
spacing adopted in AASHTO GFRP 2nd Ed.:

Smax < Min| 1.15 — 2.5¢.,0.92 (AASHTO 2.6.7-1)
f fs f fs
E; = tensile modulus of elasticity of GFRP  frs = calculated tensile stress in GFRP reinforcement
reinforcement (ksi) at the service limit state (ksi)
ce = clear cover, not greater than 2 in. plus half the

bar diameter (in.)

{ ) UNIVERSITY o ngien
@ i) ‘ OF MIAMI L &= 23/91



Control of Crack Width

For calculated stress level and crack width limit, d,

(concrete cover) shall satisfy:

CbEfW
2ffs€

(AASHTO 2.6.7-2)

d. = thickness of concrete cover measured from C» = reduction factor that accounts for the degree of
extreme tension fiber to center of flexural bond between GFRP reinforcing bars and
GFRP reinforcement located closest thereto surrounding concrete
(in.)
w = maximum crack width in a concrete component
Er = tensile modulus of elasticity of GFRP (in.)
reinforcement (ksi)
& = ratio of distance from neutral axis to extreme
f= = calculated tensile stress in GFRP reinforcement tension fiber, (7 — kd). to distance from neutral
at the service limit state (ksi) axis to center of tensile reinforcement. (d — kd).
UNIVERSITY

FoOT) LB

OF MIAMI
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Shrinkage & Temperature Reinforcement

Area of shrinkage and temperature reinforcement
may be divided between each face and shall be: - M

3,132 "
pf,St = max( ,00014> < 0.0036 AASHTO GFRP o Shr./Temp.
Efffd (2_9_6_1) .. Reinforcement

P

Spacing:

« <3, 0r12in.

« Evenly distributed on both surfaces if ﬂ

member is greater than 6 in.
Adapted from FDOT Index 400-010

UNIVERSITY o ngien
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Shrinkage & Temperature Reinforcement

GFRP-RC retaining wall example:

Properties

Width of Wall Average: 13.4 in. TR
Height of Wall: 18 ft. )

Bar Size of Temp. Reinf. #4 H7 shrTemp.
Elastic Modulus of GFRP, E, 6,500 ksi, 8,700 ksi !

Design Tensile Strength, f, 75.6 ksi, 105 ksi

Minimum Area of S/T Reinf. 0| e

A = 0.29 in?/ft

S

Atesoors = 0.58 in2/ft — ;J'

"""}E UNIVERSITY  [fe gesim-
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Deflections

« AASHTO does not allow deflection control by indirect method
(e.g., specifying minimum thickness of a member)

* Direct method of limiting computed deflections:
v' Simplified: Effective moment of inertia, I,

v' Direct integration of moment curvature relationship

——————_, Curvature

52 y M
) 4 \ 4 \ 4 v v v ¢ 5x2 EI
X Deflection
kwl3
e j M,

{ ) UNIVERSITY o ngien
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Deflections: Effective Inertia

Short-Term Loading

The overall (equivalent) flexural stiffness, E_l,, of a member that has
experienced cracking at service varies between E I, an E_l,,

Ie
I
| I, = = <1, AASHTO (26.3.2-1)
I i 1 — (MCT) 1 ICT'
Ya M, Ig
M, = f Iﬁ AASHTO (2.6.3.4.2-2
; cr "y, & 2.6.3.4.2-3)
Ic,t
vy =172 —-0.72—
Mcr Ma “

M, = maximum moment in a member at the stage deflection is computed, kip-in

{ ) UNIVERSITY o ngien
FDOT! i} ‘ OF MIAMI (== 28/91




Long-Term Deflection

The long-term deflection can be calculated from:

A(cp+sh) = &(A)sus

2
(Adws = short term deflection due to
sustained load (DL + 0.2LL) S
g = time dependent factor for sustained _

|Oad’ 2nf 5 YEARS

Unless a more exact determination is made, long-term
deflection may be:

o If instantaneous deflect!on !s based on /,;: 4.0(A),, AASHTO GFRP (2.6.3.4.2)
« If instantaneous deflection is based on /,: 3.0(A)),

{ ) UNIVERSITY o ngien
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Static Fatigue (Creep Rupture)

FRP reinforcing bars subjected to sustained load can suddenly
fail after a time period called endurance time. This

phenomenon is known as creep rupture (or static fatigue)
Sustained Load

Strain

Second stage

First stage Second stage

Elastic stram

-
:
v i

Time
Creep stages in an FRP unidirectional

Sustained Load composite

ﬁ} UNIVERSITY € mnime
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Creep Rupture Reduction Factor

2009 2018 frs = CECcfry

Design of bridges Design of bridges
Creep rupture may govern the

Cc=0.20 Cc=0.30 design of bridge

AASHTO LRFD Bridge
Design Buide Specifications
ior GFAF-Heinforced Concrete

Deck of the Halls River Bridge in Homosassa (FL)

i3 ‘ ormman . KQf EEE 32/91




State-of-the-art in Creep Rupture

Research shows how current limits are conservative and may
be raised as technology advances

E 100 oo 1.14 %
% 090 H*--..H 0."’-.‘._.“.... 103 %
£ 0.80 091 &
B 070 SN ST e e 0.80 G
g g
£ 0.60 0.68 &
= 5
“0.50 0.57 »

0.40 ® Measurements 0 46

()
e» Runout AASHTO (2018) - +50 /0

0.30 0.34

020 T1...... Mean (50%) [~ — T 1 023 From 0.20 to 0.46

" 7|——-Characteristic (95%) [ " 7" WGl 401 2013) | using guaranteed

0.10 —— Guaranteed (99.9%) 0.11 unconditioned

0.00 0.00 li

In
-4 -3 -2 -1 0 1 2 3 4 5 6 €
Log10(hour)

Sustained Load Sustained load versus logarithmic time-to-failure

ﬁ} UNIVERSITY €& e
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Creep Rupture Provision

Maximum sustained tensile stress in GFRP reinforcement, f,
calculated using dead loads and live loads included in Service |
load combination with live load reduced from 1.0 to 0.2

ffs < Ccffd maximum sustained tensile stress in (AASHTO 2.5.3-1)
GFRP reinforcement, ksi
where
frs = M, (AASHTO 2.5.3-2)

ler

Creep rupture reduction factor, C_, shall be equal to 0.3 unless
manufacturer can provide a research report following ASTM D7337

{ ) UNIVERSITY o ngien
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Creep Rupture Stress

Based on elastic analysis and the ; ke f:
sustained moment, Mg q, kd[ C=1/2 f bkd
d
ngd(1—k)
ff,s — i Mg s ® y
r « & T=As s
b
Where:
f; s = stress level induced in the FRP by sustained loads, psi (AASHTO 2.5.3-1)

M, s = the moment due to all sustained loads

Ef _
ng =—- modular ratio
E
C

bd?3

2
k = \/pr‘nf + (pfnf) — Py IC‘r' : Tks + TlfAfdz(l — k)z

{ ) UNIVERSITY o ngien
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Cyclic Fatigue

The maximum tensile stress in the GFRP reinforcement, f;;, shall satisfy:
fr.r < CeCefry=Crfrq

where:

_ ngd(1—k) (AASHTO 2.5.4)

fr.r M;

Ier
C,; = fatigue rupture reduction factor (set at 0.25 pending future research)

f,; = design tensile strength of GFRP reinforcing bars (Eq. 2.4.2.1-1) (ksi)

n, = modular ratio (E/E)

d = distance from the extreme compression fiber to centroid of tensile bar (in.)
k = ratio of depth of neutral axis to reinforcement depth

I, = moment of inertia of transformed cracked section (in#)

M; ; = moment due to dead loads + fatigue load

{ ) UNIVERSITY o ngien
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Anchorage Introduction

Region with flexural cracks

P . .
l l P Y f., at this point

! 1
1
—>

T = Arfry ™~

Can f;, be developed in
the available length?

"""}E UNIVERSITY  [fe gesim-
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Development Length of Straight Bars

GFRP development length is typically longer compared to steel and
is a function of the tensile stress in the bar

where

a-L= — 340
\/E d;,; 20d
C b, b
13.6 +d_
b

a = 1.5 for top bars and 1.0 for bottom bars
f. = the required reinforcing stress

C =the lesser of the clear cover or 72 the center to center bar spacing
Note: the value of C/d, is limited to a max of 3.5

O
|

bar-cover

AASHTO (2.9.7.4.1-1)

FoOT) LB

UNIVERSITY
OF MIAMI
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Development Length of Bent Bars

“Standard hook” consists of the hook itself plus a straight length.
Development length for a hooked bar (l4,) is measured as shown:

Idh

\ dbend !
2 : Af ffu

Back of hook / \

The following expression is recommended:
( d,

A

Point at which f;, is developed

63.2 ; fOT' ffd < 75 ksi
VI
fra dp . .
lan ={ 357 for  75ksi <fpq < 150 ksi AASHTO (2.9.7.4.3.1)
2VK Ly, = 12d
d, dh = b
126.4 for fra = 150 ksi ,
\ \/E f lan = 91in

{ ) UNIVERSITY o ngien
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Types of splices currently possible with GFRP bars
/ j

Mechanical
Splice

(Coupler)

Splicing GFRP bars by mechanical connections is not
permitted unless the full tensile capacity of the GFRP bar

is achieved as substantiated by tensile test data per ASTM
D7205

ﬁ} UNIVERSITY € oo
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Lap Splices

' 4 ' 4 § ’
& - < i -r .-
| CLEAR SPAGE —Hir J ; !
MAX, 15 LAP 1
LENGTH, BUT
HOT MORE 'I 1 _?E'FP
THAN & in. B
[150 mm] <F
_I.I
T B W i i i
Contact Non-Contact
Lap Splices Lap Splices
(Preferred)

Lap Splices: Two overlapping bars, possibly tied together; staggered to
reduce congestion; must overlap by required lap length

UNIVERSITY Vi
FDOT)  ILJ|Q0Es™ (e



Tension Lap Splices

AASHTO spec requires staggered splices to provide redundancy

Clear spacing Lapped bar (typ.)

AN

Clear spacing of lap-spliced bars for
determination of | for staggered splices

Minimum splice length: No splice class distinction

_ 1.31, |4 calculated to
For GFRP splices: ls¢ = 12 in provide 25% tensile AASHTO (2.9.7.6)
force

™3 E UNIVERSITY  [fe gesim-
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Special Considerations

Multiple layers and/or differing types of bars

* Due to linear-elastic behavior of FRP,

AASHTO (2.6.3.2.4)

multiple layers cannot be lumped together ¢
C
« Stresses need to be computed at each
TR F
individual layer o €f1 ﬂ;t_
S — P Fu
€¢a Ft3
Moment Redistribution AASHTO (1.3)
» Plastic hinges shall not be assumed
« Moment redistribution should not be considered
25 UNIVERSITY RgP Sbich s
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Compression Reinforcement

 FRP has a lower compression strength and stiffness than
tensile equivalent properties. Difficult to measure, but
higher than concrete

* Any FRP bar in compression should be ignored in design
calculations and substituted with an equivalent area of

concrete (n; = 1 in compression)
AASHTO Article 1.3

37 - 7
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Concluding Remarks

Flexural capacity of FRP-reinforced flexural member
dependent on tension or compression failure

FRP reinforcement is brittle, but provides failure warning in
terms of member deflection

Serviceability requirements may govern design.
Allowable stresses under sustained or cyclic loading must
be checked

FRP can be placed in compression zones but not be
considered in calculations

Reduced bond properties affect development length and
crack control

UNIVERSITY s
OF MIAMI t| b 48/91
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Questions?

Thank L3
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FLEXURE RESPONSE OF
GFRP REINFORCED
CONCRETE

2.1 Review Questions: Fundamentals

i J SITY



Review Questions

2.1.1) The substitution of GFRP for steel on an equal area
basis would typically result in:

a. No difference
b. Larger deflections and wider crack widths
c. Wider crack widths

d. Larger deflections

{ ) UNIVERSITY o ngien
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Moment-Curvature Diagrams

120 \ \ \
b h d_ Ay w 2
(in.) (in) (n.) (in9 Q. ‘ i
1) ~ 8 15 125 0.93
100 2 8 15 125 132 d
(3) 10 18 155 1.2 / I d
= 80
“6-_ / Areinf.
] / = xe e
¢ 60 ~ (1)
GE-" —
& M, T-———-
= 40 / = =
/ 1
_ -~ = (1) Steel-tension controlled
20 _ - — ~(2) GFRP-concrete crushing
— (3) GFRP-FRP rupture
0 T T I
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014

Curvature (rad/in)
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Review Questions

2.1.1) The substitution of GFRP for steel on an equal area
basis would typically result in:

a. No difference
b. Larger deflections and wider crack widths
c. Wider crack widths

d. Larger deflections

™3 E UNIVERSITY  [fe gesim-
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Review Questions

2.1.2) When designing structures with FRP the preferred
failure mode in flexure is:

a. FRP rupture
b. Concrete crushing
c. None — it is not safe to design with FRP

d. Debonding between reinforcement and concrete

{ ) UNIVERSITY o ngien
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Faillure Modes

Compression-controlled: concrete crushing

W Concrete Crushing

v

Yy vV Vv ¥ v 3
et L Ll AN DD DN

~2 Y e : |
c I 7 By { <—— 0.85p, f, bc
g N.A :
At
o o 6 — —»Af fs
B,c=a
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Review Questions

2.1.2) When designing structures with GFRP the preferred
failure mode in flexure is:

a. GFRP rupture
b. Concrete crushing
c. None — it is not safe to design with GFRP

d. Debonding between reinforcement and concrete

{ ) UNIVERSITY o ngien
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Review Questions

2.1.3) In GFRP-RC flexural design the safety factor is
increased (P is reduced):

a. To account for the design of over-reinforced members
b. To consider the long-term behavior
c. To consider the lack of ductility

d. Because a member governed by GFRP bar rupture will
have a brittle failure

{ ) UNIVERSITY o ngien
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Strength Reduction Factors (AASHTO)

Controlled by Concrete

¢ A Crushing Limit State
0.75
Compression-
0.55 Tension
Controlled Transition —Controlled
T (Concrete Crushing) (GFRP Rupture)
>
0.8£f¢I £fd €ft
(0.55  for e < g4
&E
¢ =< 1.55— i for 0.80&rq < &7t < 7g
€fd (AASHTO 2.5.5.2)
\0'75 for & = 0.80¢¢4
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Review Questions

2.1.3) In GFRP-RC flexural design the safety factor is
increased (P is reduced):

a. To account for the design of over-reinforced members
b. To consider the long-term behavior
c. To consider the lack of ductility

d. Because a member governed by GFRP bar rupture will
have a brittle failure

{ ) UNIVERSITY o ngien
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Review Questions

2.1.4) A member governed by GFRP bar rupture will
have a brittle failure:

a. True

b. False

"""}E UNIVERSITY  [fe gesim-
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Faillure Modes
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Review Questions

2.1.4) A member governed by GFRP bar rupture will
have a brittle failure:

a. True

b. False

"""}E UNIVERSITY  [fe gesim-
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Review Questions

2.1.5) For the flexural design of GFRP-RC members which
of the following assumptions is false:

a. Plane sections remain plane after deformation
b. Tensile strength of concrete is not neglected
c. Stress-strain of FRP is linear until failure

d. FRP is completely bonded to concrete

{ ) UNIVERSITY o ngien
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Flexural Theory

Assumptions:

1. Plane sections remains plane after deformation

2. Ultimate concrete strain is 0.003
3. Tensile strength of concrete is neglected
4. FRP is perfectly bonded to concrete For AASHTO example
5. Stress-strain of FRP is linear until failure / A \
Ultimate Flexural Strength: M, = 1.25Mp + 1.75M;;
M, = nominal capacity
For ACIl example

M, = factored capacity oM, = M, A

[ )

¢ = strength reduction factor _
(depends on the mode of failure) M, = 1.2Mp + 1.6M;

{ ) UNIVERSITY o ngien
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Review Questions

2.1.5) For the flexural design of GFRP-RC members which
of the following assumptions is false:

a. Plane sections remain plane after deformation
b. Tensile strength of concrete is not neglected
c. Stress-strain of FRP is linear until failure

d. FRP is completely bonded to concrete

{ ) UNIVERSITY o ngien
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Review Questions

2.1.6) Tension lap splice for GFRP bars is:

a. The same as the development length of the bar
b. 1.25 times the development length of the bar
c. 1.30 times the development length of the bar

d. 1.60 times the development length of the bar

{ ) UNIVERSITY o ngien
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Tension Lap Splices

AASHTO specification requires staggered splices to provide redundancy

Clear spacing Lapped bar (typ.) ‘\

2

Clear spacing of lap-spliced bars for determination of | for
staggered splices

No splice class distinction
Minimum splice length:

1.31 |4 calculated to
For GFRP splices: I, =3.4 provide 25% AASHTO (2.9.7.6)
12'in tensile force

"""}E UNIVERSITY  [fe gesim-
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Review Questions

2.1.6) Tension lap splice for GFRP bars is:

a. The same as the development length of the bar
b. 1.25 times the development length of the bar
c. 1.30 times the development length of the bar

d. 1.60 times the development length of the bar

{ ) UNIVERSITY o ngien
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Review Questions

2.1.7) When designing with GFRP the load factors are:

a. Higher than the ones used when designing steel RC
b. Lower than the ones used when designing steel RC
c. The same as the ones used when designing steel RC

d. Not defined yet

{ ) UNIVERSITY o ngien
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Load Factors

il Uze Ona of Theze at 2 Tims
DD
DWW
EH
EV | LI
s | o
EL | CE
Load ps | =R
Combimation | CR | PL
LimitStae | 55 | L5 | we | ws | w | FR w |re|sE| B | B | ;0| er| cr
Smengih I e 175 | 100 | — — LOG | 0507120 | vre | v — — — — —
(unless noted)
Smenzn O v, | 135 | 100 | — | — | 100 | 050020 | v | ¥ | — | — | — | — | —
Soenzh D Yo | — | 100 | 14 | — | 100 | 050030 |y | v | — | — | — | — | —
0
Swenzn IV v | — |t | — [ — [ |esonne | — | = | — | = | = | = [ =
Smenzh V Y. | 135 | 100 | 04 | 10 | 100 | 050020 | v | v | — | — | — | — | —
0
AASHTO Exwems Y. | EQ | L00 | — | — | 100 — — = 1w | — | — | = =
Event I
Table 3.4.1-1 Extreme Y, 050|100 | — | — |t | — | —|—] — | 100 100 100 100
Event II
Service I 100 | 100 | 100 | 03 | 1.0 | 100 | 100120 | vre | v | — | — | — | — | —
0
Service I 100 | 130 | 100 | — | — |10 |[1e0120 | — | — | — | — | — | — | —
Service O 100 | 080 | 100 | — | — | 100 | L0020 |y | ve | — | — | — | — | —
Service IV 100 | — | 100 | 07 | — |10 |100020 | — |10 ]| — | — | — | — | —
0
Faimel— | — | 150 | — | — | — | — | — | =] =] =1 =1 =] =1 =
LL IM & CE
ooly
FatieeI— | — |05 | — | — | — | — | — | =] =] = | =1 = | = | =
LL IM & CE
only

Load factors are applicable with inclusion of
new creep rupture limit state and load factors.
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Review Questions

2.1.7) When designing with FRP the load factors are:

a. Higher than the ones used when designing steel RC
b. Lower than the ones used when designing steel RC
c. The same as the ones used when designing steel RC

d. Not defined yet

UNIVERSITY o ngien
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Review Questions

2.1.8) The purpose of shrinkage/temperature reinforcement
IS:

a. Distribute load
b. Improve development capacity of GFRP
c. Control crack width

d. Reduce member thickness

UNIVERSITY o ngien
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Shrinkage & Temperature Reinforcement

GFRP reinforced retaining wall example:

Properties

Width of Wall Average: 13.38 inches i
Height of Wall 18 feet |

Bar Size of Temp. Reinf. 4 H7 Shr/Temp.
Elastic Modulus of GFRP, E, 6500 ksi, 8700 ki !

Design Tensile Strength, f, 75.6 ksi, 105 ksi

Minimum Area of S/T Reinf. 0| e

A= 0.29 in?/ft

S

Atesooksi = 0.58 in2/ft — ;J'

"""}E UNIVERSITY  [fe gesim-
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Review Questions

2.1.8) The purpose of shrinkage reinforcement is:

a. Distribute load
b. Improve development capacity of FRP
c. Control crack width

d. Reduce member thickness

™3 E UNIVERSITY  [fe gesim-
FDOT! i3 ‘ OF MIAMI N 7491



FLEXURE RESPONSE OF
GFRP REINFORCED

CONCRETE
2.2 Design Example: Flat Slab

pEErEFE VIR

o R Y S = s e . S8 L e
i bt RN . k. i i, .t e B S 4 —
L e b s A e
y £ . Eoos e e A B R B e e
i i e i R ?‘:h"-r JEIEEEER R e o ;
5 + : 7 EE R B ] i 0, b
A E; ¥ a g g 5 & e o R - g e, S e
“Xh . 2 i s o o S = =
— s b E LTt o EERE S
; ki : S Lt g
i r . . : N ; P e oy e
o [ - Frr o J & N

I g R
bl ). !! |.i:';' FETHY TR

—|
—
e
i
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Flat Slab vs. Deck Type

Flat Slab Deck

)
1
1
)
N,
1 N K3
. ]
]
N 7 /
~ 7 /
) ! ’
/ ! 7
0 1 /
/s i 1
[ N ,
N =
\ / ’
]
)
)
1
1

Girders

Longitudinal Bars Provide

_ Transverse Bars Provide
Flexural Resistance

Flexural Resistance

™3 E UNIVERSITY  [fe gesim-
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Objectives

« Demonstrate the design of a FLAT SLAB bridge
superstructure utilizing method prescribed by AASHTO

891"
) 44612 446112 g
T 100 2 Lanes @ 120" 800 | 8-0 2 Lanes @ 120" 100 "

‘Shoulder i ‘ ‘ " |shoutder || | Shouider 1 1 Shoulder
¢ Const.
/ Typical Section
Magnified

Cross-Section

« Show calculations with emphasis on flexural design for
positive moment

{ ) UNIVERSITY o ngien
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Analysis of Flexural Member with GFRP

Given A, d, b, f,
No
. 4, FRP fr <fra
Determine p = -~ Rupture
| Yes
c = gc—ud :
Calculate stress in GFRP reinforcement Ecu T &fd Concrete Crushing
at nominal flexural resistance:
2 Ar fy
Ere.)”  0.85B.f) _ _ 5
ff = J( f4 ) + pfl Efgcu — O.5Ef€cu < ffd a= 'Blcb @ 085fC’b
B a a
Check to see if My = Arfra (d B E) My = Arfy (d - E)

GFRP has ruptured %{) é
®

FDOTiS ‘ UNIVERSITY e e o




Analysis of Flexural Member with GFRP

i

Determine the Resistance Factor

Yes
&t < 0.80&fq4

No

¢ = 0.75

Ef¢ Yes
(’b = (155 — gfd> O8O€fd < gft < gfd @
Calculate ¢pM,,
¢ = 0.55
@ End
{ ) UNIVERSITY e iy
@ lJ ‘ OF MIAMI |:| 79/91
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GFRP Slab Design

Bridge Geometry

Dimension of Bridge in Front View

«— 35 > 35’ > 35—
i ] ] ] I —
T—1, & 1st Span 2"d Span 3rd Span
—> 476” —> 476” —> 476” 1’ 6”
Overall bridge length = 105 ft
Bridge design span length = 35 ft Ideal span range: up to 40 ft

™3 E UNIVERSITY  [fe gesim-
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GFRP Reinforcement Properties

Geometric Properties Primary Reinforcement

tgap = 18 inches thickness of slab BarSizegqp pr = 10

b = 12 inches design strip width BarSpacegqp pr = 4 inches
Cover = 2 inches cover for GFRP members

Secondary Reinforcement

Effective Depth of Reinforcement )
v P ! BarSizeg,p sec = 6

1.27in
2

dfisigp = 18in — 2in — = 15.9 inches BarSpaceggp sec = 8 inches

Primary Secondary
Reinforcementi \\ Reinforcement S\

Slab
Thickness

"""}E UNIVERSITY  [fe gesim-
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ment, kip-fi

Mor

Dead & Live Load Analysis

Dead Load Moments

Maximum positive moment and corresponding

] I I

fatigue values

VAR

| | | ]

21 42 63 84

Mistance Alone Brnidoe fi

Strength | & Service | Live
Load Moments

Service |

l Strength | Mgtr1pos = 100.9 kip — ft

¢ Service | Mser1pos = 64.6 kip — ft

P Live Load Miiveroadpos = 39.6 kip — ft
Only

Maximum negative moment and corresponding
fatigue values
Mstrineg = 93.2 kip — ft

Mserl.neg =619 kip — ft

Live Load Only MiiveLoadneg = 39.6 kip — ft

FoOT) LB
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Check Primary Reinforcement

Positive Moment Region — Flexural Strength at Support

f; = 4,500 psi
a; = max(0.75,0.85 — 0.02(f; — 10)) = 0.90
By = 0.85 — 0.05(4.5ksi — 4ksi) = 0.83

Area of primary reinforcement per linear foot

12in
4in

Afl.slab = (127ln2)( ) = 3.8 inz

Reinforcement Ratio

Af 3.8in”

= _ —~ 0.02001
Pr=bp-d~ (1ft)(15.9in)

concrete compressive strength

[AASHTO BDS 5.6.2.2]

[AASHTO BDS 5.6.2.2]

area of GFRP reinforcement per
foot of negative moment

i 5 UNIVERSITY
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Check Primary Reinforcement

[wyl
I
[EEN
N
N

iy
\h

1
AAAAA 'I"
a2

15.9
S
o
\I
)
—>

o

<
\4
e o0 — —
€ f f
Strain Concrete Strain GFRP Stress Force

Effective strength in GFRP reinforcements at strength limit state

2 !
. j(Efecu) 085

4 pf Ef&'cu — 0.5Ef€cu

(6500 ksi)(0.003) — 0.5(6500ksi)(0.003) = 46.6ksi

_|(6500ksi - 0.003) s 0.85(0.83)(4.5)
B 4 0.02001

| | . . compression
fr = min(f}, frq) = min(46.6ksi, 54.1ksi) | =52.3ksi| fr<fra controlled

{ ) UNIVERSITY o ngien
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Calculate Resistance Factor

GFRP strain check 1

_ ff _ 52.3ksi — 0.00716 ]
St T E T 6500ksi 2
I
_ffd _ 54.1ksi .
Erq = E, ~ 6500ksi 0.00833 o ® ©
Section
Calculate Resistance Factor for Flexural Strength (GFRP)
(0.75 if &p < 0.80gr4 &t < 0.00667
&
¢ = (1-55 —gfi;) if 080&rq <&t <&a  0.00667 < & < 0.00833
\0.55 otherwise
¢ = 0.69
= E UNIVERSITY b oty
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Check Primary Reinforcement

C_ Al @8im)(S523ks)
0.85f£/b  0.85(4500psi)(12in)

15.9"

d=

Calculate corresponding moment

o @ @

a
=a-9

Section

3.9in
M, = (3.8in?)(46.6ksi) <15.9in — T) = 2059k — ft

M, = M, = (0.69)(224.3k — ft) = 142.1k — ft

Mstrl.pos

= 0.71

Demand /Capacity: Moment, ¢1qp =

Mr.z.slab

{ ) UNIVERSITY o ngien
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2.3 Design Example
Creep Rupture (Flat Siab)

eerE FE RO R m——
T bl AL e S TIEL -

D AT
i i
= = b
5 e 5 !
3 A i
= »
1

e T

- - e e
e p
e o 2o ,,_,._;;—_:_""'.‘.,...-—-—;—-_ ':.“,,:.:_, M*_rl
- o e F..._-—q-!_ e o :
e s i m amee T e
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Creep Rupture Limit State

Creep Rupture Limit State

M; creepsiap = 50.7k — ft  Sustained loads only

E.  4165ksi

E,. = 120,0009;merockc W2 f - ksi? = 4165ksi n =

k =+/2pn — (pn)?2 — pn = /2(0.02) — (0.02 - 1.6)2 — (0.02)(1.6) = 0.2

bd?
I, =—k3 + nAst(d — kd)? =

3
12in)(15.9in)3
= ( )(3 ) (0.2)3 + (1.6)(3.8in2)(15.9in —0.2- 15.9i7’l2)2 = 1108in*
n - dey siap(1 — k1.51ap) ,
ffl.creep — e . M creep.siab = 11.3ksi

ler

CCCEffu — cffd = (0.3)(54.1ksi) Ccffd = 16.2ksi

{ ) UNIVERSITY o ngien
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2.4 Design Example
Minimum Reinforcement
(Flat Slab)

ELERR

-ul" & y =
"% .

S LY

A

%

bt e
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Minimum Reinforcement

fr = 0.24\/fc’_super + (ksi) = 0.51ksi Concrete Modulus of rupture

Uncracked concrete

tran .
Sy = S6a b = 648in’ section modulus

My ciap = 1.6f,.S, = 44.0k — ft Slab cracking moment

Minimum required factored

Mmin.siap = min(l-g?’Mstrl.pOS; Mcr.slab) = 44.0k — ft
flexural resistance

M. siap = min(Mr,pos, M‘r‘_neg) = 142.1k — ft Flexural capacity of slab

CheckMinReinfsqp = if My s1ap = Mminsiap, OK","No Good")
CheckMinReinf,, = "OK"

FDOT\ ‘UIZTWER_‘..SITY 1/91
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AASHTO GFRP-
Reinforced Concrete
Design
Training Course
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AASHTO GFRP-
Reinforced Concrete
Design
Training Course
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Course Outline

3. Shear Response

4. Axial Response

5. Case Studies & Field
Operations
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3. SHEAR RESPONSE
OF GFRP REINFORCED
CONCRETE
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Table of Contents

General Behavior

Shear Capacity

Punching Shear

Special Considerations

Concluding Remarks
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Uncracked Section

In uncracked sections, shear is carried by the concrete itself

Typically, shear crack starts from a flexural crack once the
cracking moment exceeds the cracking strength of concrete
(tensile rupture)

A4
D-Region B-Region D-Region

FOOT) L B[O e



Cracked Section

In cracked sections, shear is carried by complex transfer
mechanisms

\<——zdcot9 >

Stirrup l Ve V. : Compression
Zone Contribution

d V, : Dowel Action

/

V., : Aggregate
Interlock

Long. Reinf. /

V., : Residual Tensile
Strength of Concrete

V; : GFRP Stirrup
Contribution

]

support

\Y
Components of Shear Resistance in Structural Concrete Beams

UNIVERSITY K o g
B L7 &= 5/60
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Shear Failure

Shear failure modes of members with FRP stirrups

« Shear-tension failure mode
(controlled by the rupture of FRP shear reinforcement)

« Shear-compression failure mode
(controlled by the crushing of the concrete web)

ﬁ} UNIVERSITY  [C geim
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RC with FRP Shear Reinforcement

* Low modulus of elasticity
» High tensile strength and no yield point

« Tensile strength of the bent portion lower than the straight
portion

« Low transverse shear resistance (i.e., low dowel action of
flexural bars)

« Larger crack widths compared to steel (i.e., lower N.A. depth)

Substitution of FRP for steel on an equal area basis would typically
result in lower shear strength in both shear reinforced and non-

shear reinforced members

UNIVERSITY R 7" oo rgratin
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Shear Capacity

Ultimate Limit State V, <oV, ¢ = 0.75

Nominal Shear Resistance Vo=V + Vs

Shear Resistance of Concrete V. =0.03168+/f/b,d,

(AASHTO 2.7.3.4-1)

. A d, cot(6
Shear Resistance of GFRP v, =2 Jrv dv cOL(6)
. S
Stirrups | (AASHTO 2.7.3.5-1)
’ B and 0 are function of the level of strain
/ - Yad in the reinforcement (MCFT*), but align to
6 / / AClI values if the simplified method is
> — — used.
L *Modified Compression Field Theory

ﬁ} UNIVERSITY  [C geim
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Factor 8 and ©

ﬁ: Factor indicating ability of diagonally cracked concrete to transmit tension and shear

0. Angle of inclination of diagonal compressive stresses

- Simplified Method p = 5k 60 = 45°  (AASHTO 2.7.3.6.1)
k = \/prnf + (anf)z — psiy Kk: ratio of depth of neutral axis to depth of flexural
reinforcement (AASHTO 2.5.3-4)
 General Method 6 = 29 + 3500¢¢ (AASHTO 2.7.3.6.2-3)
-Sections with minimum transverse reinforcement p = 4.8
(AASHTO 2.7.3.6.2-1) 1+ 750¢

-Sections without minimum transverse reinforcement B = 4.8 51
(AASHTO 2.7.3.6.2-2) 1+ 750&F ) \39 + 54,

¢r: longitudinal tensile strain of the GFRP
Sye. Crack spacing as influenced by aggregate size (AASHTO 2.7.3.6.2-7)

UNIVERSITY R 7" oo rgratin
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Transverse Reinforcement

Types of Transverse Reinforcement

spirals v/‘ "’“S;:‘:'““' tios
» Stirrups or ties *// e -
e Spirals or hoops l * & o
p p Rt Cilinanageial / Renl.angul_ar Column
HH"““H e *— longitudinal

brars

Shear resistance of FRP reinforcement when using spirals

_ Afy frv dy (cotB + cota)sina (AASHTO 2.7.3.5)

V
4 S

S: Pitch of spiral
a: Angle of inclination of transverse reinforcement to longitudinal axis
0: Angle between a strut and the longitudinal axis of a member

UNIVERSITY ot
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Design Tensile Strength

Design Tensile Strength for Shear f; .4
frsa = min(fry, frp) fra) ~ (AASHTO 2.7.3.5)

Tensile Strength of GFRP for Shear Design

ffv = 0-004Ef < ffb & Typically governs
for GFRP

Tensile Strength of GFRP at Bends
— "b
fr = (0.05 24 03) fru < fru

: r, = internal radius of bend of reinforcing bar
Tensile Strength of GFRP d, = diameter of reinforcing bar

ffd — CEff*u < FDOT 932-3 requires this to >
60% of straight bars for qualification

FOOT)  ILJ|Es™ Qe



Transverse Reinforcement

. V
» For any member required when: v, > ¢2C
» Except for the slabs and footings: V, > oV,
Minimum GFRP Transverse Reinforcement
Arymin 2 0.05% (AASHTO 2.7.2.4-1)
ffv
Maximum GFRP Transverse Reinforcement
Ve < 0.25\f/b,d, (AASHTO 2.7.2.5)

Maximum Spacing of Transverse Reinforcement

S < Min{0.5d,24 in.} (AASHTO 2.7.2.6)

UNIVERSITY Ko g
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. . rp
A minimum 1.

GFRP stirrups should be provided with 90-degree hooks

Required tail length for GFRP stirrups: L= 12d, (AASHTO C2.10.2.3.2)

Maximum tensile strain in FRP shear reinforcement: 0.004 (AASHTO 2.7.3.5-2)

r,= bend radius

= 3 is recommended d,=bar diameter

b
TABLE 4 Minimum Inside Bend Diameter of Bent Bars”? by 2 12,
Bar Designation, Minimum Bend | I
mm [U.S. Standard] Diameter mm [in.]
M6 [2] 38 [1.50]
M10 [3] 58 [2.25]
M13 [4] 76 [3.00]
Mi6[5] (ASTM D7957) 96 [3.75]
M19 [6] 114 [4.50]
M22 [7] 134 [5.25]
M25 [8] 152 [6.00]

FDOT\
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Punching Shear

Shear Resistance of the Concrete

Two-way shear V., =0.316k /f/byd,  (AASHTO21051.3)

k: ratio of depth of neutral axis to depth of flexural reinforcement

d
b,: computed - away from the column face

For Members with Transverse Reinforcement

v = Afv frv dv (AASHTO 2.10.5.1.3)
s

UNIVERSITY Ko o o
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Special Considerations

« 90-degree bends instead of 135-degree

« Typically two overlapping “C or U” stirrups are used instead
of a closed loop stirrup

- 2-01/2 - -~ 2'-01/2"

T
o4 )14'"

({s]

g

!

2|_6||

Set of overlapping closed ties

to enclose aIFE?\ @

=

X
(o) o (¢] [¢]

_ & [e)
Crosstie

Foy
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Special Considerations

* Field bending or straightening of GFRP bars not possible

 All stirrups are pre-bent
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Concluding Remarks

* Shear equations and structural theory remain mostly the same
as for conventional steel-RC

* The contribution of both concrete and stirrups to shear
capacity is reduced in FRP-RC

» Closer stirrup spacing because of lower strength and stiffness
« Strength of FRP stirrups is reduced at bends

« Alimit on FRP stirrup strain is imposed because of crack width
concerns

« Complex bent shapes are currently not available, but
technology is advancing

UNIVERSITY R 7" oo rgratin
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SHEAR RESPONSE OF
GFRP REINFORCED
CONCRETE

3.1 Review Questions: Fundamentals

I

.
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Review Questions

3.1.1) For GFRP stirrups, does the maximum amount of
transverse reinforcement requirement similar to steel-RC still

apply:

a. True

b. False

FDCFI‘B » | LIS 24/60



Transverse Reinforcement

» Required when: Vi, > ¢2VC
> For the slabs and footings: Vu > oV,

Minimum GFRP Transverse Reinforcement

Maximum GFRP Transverse Reinforcement

Ve < 0.25 f;b,d, (AASHTO 2.7.2.5)

Maximum Spacing of Transverse Reinforcement

S < Min {0.5d , 24in.} (AASHTO 2.7.2.6)

UNIVERSITY bher” s g
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Review Questions

3.1.1) For GFRP stirrups, does the maximum amount of
transverse reinforcement requirement similar to steel-RC still

apply:

a. True

b. False
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Review Questions

3.1.2) The shear strength of GFRP-RC members:

a. Is comparable to the shear strength of steel-RC members
b. Is lower than the shear strength of steel-RC members
c. Is higher than to the shear strength of steel-RC members

d. Cannot be compared to the shear strength of steel-RC
members

UNIVERSITY ot
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Shear Capacity

Ultimate Limit State Ww=oWh ¢ = 0.75

Nominal Shear Resistance Vo =V + V¢

Shear Resistance of Concrete V; =0.031648+/f;b,d, (AASHTO 2.7.3.4)

Ay, frp d,, 6
Shear Resistance of GFRP Ve = roly - cot(6) (AASHTO 2.7.3.5)
Stirrups

B and 8 are a function of the level
/ L/ /) of strain in the reinforcement
0 / / (MCFT) but aligns to ACI values if
the simplified method is used
E— 7 A4
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Review Questions

3.1.2) The shear strength of GFRP-RC members:

a. Is comparable to the shear strength of steel-RC members
b. Is lower than the shear strength of steel-RC members
c. Is higher than to the shear strength of steel-RC members

d. Cannot be compared to the shear strength of steel-RC
members
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Review Questions

3.1.3) The required tail length of GFRP stirrups is at least
equal to or more than: :

a. 4 times the bar diameter

b. 8 times the bar diameter

c. 12 times the bar diameter

d. 16 times the bar diameter

FDCFI‘B » ‘ LIS 30/60



GFRP stirrups should be provided with 90-degree hooks

Required tail length for GFRP stirrups: L= 12d, (AASHTO C2.10.2.3.2)

Maximum tensile strain in FRP shear reinforcement: 0.004 (AASHTO 2.7.3.5-2)

. Tp _ r,= bend radius Loy > 12d,
* A minimum d, =3 isrecommended g =par diameter P >
TABLE 4 Minimum Inside Bend Diameter of Bent Bars”
Bar Designation, Minimum Bend
mm [U.S5. Standard] Diameter mm [in.]

M6 [2] 38 [1.50]
M10 [3] 58 [2.25]
M13 [4] 76 [3.00]
M16 [5] (ASTM D7957) 96 [3.75]
M19 [6] 114 [4.50]
M22 [7] 134 [5.25]
M25 [8] 152 [6.00]
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Review Questions

3.1.3) The required tail length of GFRP stirrups is at least
equal to or more than: :

a. 4 times the bar diameter

b. 8 times the bar diameter

c. 12 times the bar diameter

d. 16 times the bar diameter
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Review Questions

3.1.4) GFRP stirrups can be bent on site with EOR approval?

a. True

b. False
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Special Considerations

* Field bending or straightening of GFRP bars not possible

 All stirrups are pre-bent
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Review Questions

3.1.4) GFRP stirrups can be bent on site with EOR approval?

a. True

b. False
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Review Questions

3.1.5) The minimum bent radius allowed for a GFRP stirrup is
generally . (Select all that apply)

a. Larger than required for steel, with a minimum of r,/d, = 3
b. Can be equivalent to steel, if verified by manufacturer

c. Smaller than required for steel reinforcement due to lower
elastic modulus

d. Dependent on field bending and cannot be prescribed

UNIVERSITY e
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GFRP stirrups should be provided with 90-degree hooks

Required tail length for GFRP stirrups: L= 12d, (AASHTO C2.10.2.3.2)

Maximum tensile strain in FRP shear reinforcement: 0.004  (ACI 440.1R8.3)

. Tp _ r,= bend radius Ly > 12d,
* A minimum d, =3 isrecommended g =par diameter P >
TABLE 4 Minimum Inside Bend Diameter of Bent Bars”
Bar Designation, Minimum Bend
mm [U.S5. Standard] Diameter mm [in.]

M6 [2] 38 [1.50]
M10 [3] 58 [2.25]
M13 [4] 76 [3.00]
M16 [5] (ASTM D7957) 96 [3.75]
M19 [6] 114 [4.50]
M22 [7] 134 [5.25]
M25 [8] 152 [6.00]
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Review Questions

3.1.5) The minimum bent radius allowed for a GFRP stirrup is
generally . (Select all that apply)

a. Larger than required for steel, with a min. of r /d, =3
b. Can be equivalent to steel, if verified by manufacturer

c. Smaller than required for steel reinforcement due to lower
elastic modulus

d. Dependent on field bending and cannot be prescribed

UNIVERSITY Ko o o
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Review Questions

3.1.6) When designing GFRP shear reinforcement, the
following shapes are possible to manufacturer:
(Select all that apply)

a. Two C’s

b. Two U’s

c. Closed stirrup, providing the tails overlap
d. L shapes for end hooks

e. Special bends for complex shapes

UNIVERSITY Ko o o
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Special Considerations

« 90-degree bends instead of 135-degree

« Typically two overlapping “C or U” stirrups are used instead
of a closed loop stirrup.

- 2'-0 1/2" - -~ 2'-01/2" ) ‘
i o4 )14'" g
!
2'-6"
1/2"
Set of overlapping closed ties
to enclose aIFE?\ @
* X
(o) o (o] o
1l
_ & [e)
Crosstie
O ] (o] (o}
FDOT UNIVERSITY ol
OF M I Infrastructure 40/60
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Applied Questions

3.1.6. When designing GFRP shear reinforcement, the
following shapes are possible to manufacturer:
(Select all that apply)

a. Two C’s

b. Two U’s

c. Closed stirrup, providing the tails overlap
d. L shapes for end hooks

e. Special bends for complex shapes

FDCFI‘B » | LIS 41/60



Review Questions

3.1.7) The maximum spacing of transverse GFRP
reinforcement is generally

a. 121in.
b. 24 in.
c. 0.5d
d. Minimum value of 0.5d* or 24in.

* Flexural reinforcement depth

FDCFI‘B » | LIS 42/60



Transverse Reinforcement

. v
» Required when: v, > ¢2C
» For the slabs and footings: V, > oV,
Minimum GFRP Transverse Reinforcement
b,s
Arymin = 0.05—
ffv
Maximum GFRP Transverse Reinforcement
Ve < 0.25\f/b,d, (AASHTO 2.7.2.5)
Maximum Spacing of Transverse Reinforcement
S < Min {0.5d ,24in.} (AASHTO 2.7.2.6)
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Review Questions

3.1.7) The maximum spacing of GFRP transverse
reinforcement is generally

a. 121in.

b. 24 in.

c. 0.5d

d. Minimum value of 0.5d* or 24in.

*Flexural reinforcement depth
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SHEAR RESPONSE OF
GFRP REINFORCED

CONCRETE

3.2 Design Example: Bent Cap
(Halls River Bridge)

|
T
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Shear Design Flowchart

Shear Design

W=V =¢V=0750c+V)

Find nominal shear resistance of the concrete (V,)

V. = 0.03168+/f,b,d,

Find shear strength of transverse reinforcement ()

fr,sa = min(fry, frv, fra)
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Shear Design Flowchart

Find design tensile strength of GFRP (f;,)

fra = Ce " fru

Find design tensile strength of bent (f;)

r
frp = min (0.05 d—z +023, 1) fra

Find tensile strength of GFRP for shear design (f;)

frv = min( 0.004E, f7p)

UNIVERSITY ?Q’Era':;&;!r;:?s:’:“
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Shear Design Flowchart

Select Afv > Afv.min

b,s

Afv}min :j 0.05 }Cfv

Find shear resistance of GFRP (V)

V. — Aﬁ? ff‘l.? dt? Cﬂt(gj

4 s

Find nominal shear strength

V, =V, +V;
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Shear Design Flowchart

Check shear design

V<V =V, = 0.75(V, + V)

Check spacing of GFRP stirrups

S = Min {0.5d , 24in.}
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Bent Cap- Halls River Bridge

Part 1: Load Generator 3 A ®
Go e G ]H L
Part 2: Frame Analysis -
Ve Vi Vrrr
Bent Cap Analysis Model

Part 3: Design & AASHTO Checks E 3
el 8 -

Steel Rebar GFRP
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Bent Cap- Halls River Bridge

Part 1: Load Generator
Input Data

Number of beams 9
Number of columns 6 Beam spacing 6.63 ft.
Column spacing 10.38 ft. Beam width 24 in.
Column width 18 in. Beam height 21in.
Beam self weight 181 plf.

Elev. 10.837 Elev. 10.986 —,
i 5" Expansion
~— " Expansion w2 *
Joint Material Joint Material
o i
L — N
i Begin Bridge F.F.BW. End Bent 1 — [ hansh e 3
i Sta. 110+472.17 _ % — 6C1 Dowel Bars (Typ.) i in
. o 00~ .l"l l,l' 5 ™ »
- 1 Brg. Pad (Typ.) — ~ f { T = ! -
3 ' Y | & I [ = | . | 3
5 . R . P \ . . [} . . | i . .| / . I
F Frl il =t -+ [} \ — ] =7
il -fL'“:*' 4 e 1 I 'r!"-.'f'—". i == L [ lgmodem | 1] | oy — e I - i e - l s
:C_) LL__.E__.F 5 i iocs | f___Jl'-_"-..;..J N [Besoric-o- iy I I |; 205 b | (e R \I\ E?  esabic S5cv | T  caziod s | ; EE)
N i hid i 1 | = L™ / I
| ) ! [ \ P | |
N— Elev. 10.837 e 8,-/ /}— ¢ Bean 7 F.FBW. — — € Beam 5 Vi . b— ¢ Beam 3 €89 = frev. 10986
A ¢ Beam gseam Se_c_?l (Typs i/ 2-10" ¢ Beam 6 ~ T-67%" 93" G Beam 4 —= — ¢ Bent Cap & Piles § Beam 1 I'-0
I € Beam (Typ.) ' 1= B Survey CR 4904 (Halls River Road) ¢ Beam 2
634" ’ 4 Spaces @ 6'-4%'=25-6)4" (Beam Seals) 4 Spaces @ 6-7%'=26'-6%" (Beam Seats) | §-3
T T
NO

PLAN VIEW denotes Bearing Pad -
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Bent Cap- Halls River Bridge

Part 1: Load Generator

g

Input Data N1
L B T Backwall
Cap height 36 in. —
Cap width 48 in. | }
Cap length 59.9 ft. | L |r T
,,,,,, R

i

|
Dead load of wearing surfaces and utilities 165 Ib./ft.

Additional dead load of structural and nonstructural attachments 20 Ib./ft.
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Part 1: Load Generator

Bridge cross section with live load locations generated by MathCad program

Bridge Cross Section with Live Load Locations

' Deck

Beam

feet

Iy

i 20 41 Bl

teet

Beam Live Loads

T i .
PI[ beam = (0.0 0.0 0.0 59.5 59.9 0.0 0.0 0.0 0.0)-kip
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Part 1: Load Generator

Summary of factored loads on cap generated by Mathcad

Mathcad worksheet computes all loads on the bent cap from the beam
reactions. Live loads are generated for each beam using the lever rule and
tributary area methods

Factored total load Factored total load Load cases per LRFD
parallel to cap (x) perpendicular to cap (z)
. "Strength T max vertical"
0 80.32
_ "Strength IIT max vertical"”
11.37 8.07
"Strength V max vertical”
8.02 66.43 ]
7.01 49 65 Service I
"Service III"
0 | 36.72 |
Pcap.x = 0 kip Pcap, z= 0 -kip "Sustained load: DL+0.2LL"
0 80.32 Strength T min vertical
11.37 807 "Strength ITT min vertical"
8.02 66.43 "Strength V min vertical”
0 0 "DL+Fatigue I" J

UNIVERSITY Ko o o
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Part 2: Frame Analysis

Connection of columns to bent cap (Fixed or Pinned) Fixed
Beam load Distributed

Bridge Cross Section

Leap.oh = 4 ft Spacingeq = 10.38 ft Lepon =48

ndf
\b- kb-'mﬁ.: _

— AU

— 3

[
1
g8
#
—A
L
|
ﬂ?“
i
feet
[ |
|
|
|
|
|

Bent Cap Analysis Model

feet

Deck
¥ Beam
! Column

@ Cap

FDCFI‘B » | LIS 55/60



Part 2: Frame Analysis

Shear and Moment Diagrams for Limit State Strength | (max vertical load)

Strength I Shear Envelope (at Face of Support)

200
150 "‘\
100
A ——_ I Y A\ W
—_—— \ =
""""" X \\:——-—\ “\ N\ v _—-\ ‘\ AN
o N U e\ oy—| ----- AN N T 59
- 50 o T ) 1 A T !
== “ \ i N
— 100 v : - i :
— 150 N
— 200
Strength I Moment Envelope (at Face of Support)
. N ax Shear (kdp) 400

=== Min Shear (kip)

Face of Supports jgz /\ /\ / \ f/\ /\
/NS N/ N\ N\
I L/ \J 1/ . \

— 100 A s TT7% ~ S o
— 200
— 300
— 400

Max Moment (kip-ft)
=aw Min Moment (kip-ft)
—— Face of Supports
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Part 3: GFRP Design & AASHTO Checks

Environmental reduction factor (Cg) 0.7
Tensile modulus of elasticity (E;) 6,500 ksi

Shear Reinforcement

Zone V1 Zone V2
Size of stirrup bar 4

Size of stirrup bar 4
No. of bar legs 4 No. of bar legs 4
Spacing 4in. Spacing 8 in.
Length of Zone V1 (L) 36 in. Length of Zone V2 (L,,) 36 in.

|
Bars C !\II‘GZI Va3 1\'Zl‘l! Va4 Vs
p |
.'
1 ||||||||.||||||||| [ T B A | Fod T
[N TR [ |
NI AN |
ey

. |

I

IIIII'IIIIIIII

[ ||H||r!||||n|:,l'
||ta|||.|||r|||||n||,|:
| RN [

[ |

g S

[ [TLRR S B e I I |

L IO T L I B I e B | I 1 1

L IO O T 1Y I A | I 1 ]

L IS T LY I I I | I ] I [ N R
Lyvi Ly Lyg Ly Lan
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Part 3: GFRP Design & AASHTO Checks

Zone V3

Size of stirrup bar 4

No. of bar legs 4

Spacing 12 in.

Zone V4 (Cap overhang) E | | ‘ | | ‘
Size ofstirrup bar 4 ::I:I:::::::::I:: W SEETIE T RN
No. of bar legs a Qe LRGN

|

:

| b
. ' |
MEERRER i
|!|||||||Il !
i

I

Spacing 12 in. M i ““”:'.:H:::y
Length of Zone V4 (L, ,) 36 in. | M

Zone V5 (Cap overhang)

Size of stirrup bar 4

No. of bar legs 4
Spacing 12 in.
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Shear Design Example

Nominal Shear Resistance of the Concrete

V. = 0.0316B8+/f/b,d, = 64.75 kip

Simplified method for concrete sections not subjected to axial tension
f =5k (AASHTO 2.7.3.6.1)

Shear Resistance of GFRP Reinforcement

_ Afv ffv dv COt(Q)
S

Ve = 137 kip

The Maximum Demand to Capacity Ratio

. V
W, =162 kip max — = 1.07
V. = 0.75 (64.75 + 137) = 151kip

UNIVERSITY Ko o o
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Shear Design Example

kip

200

Shear Design

106

rrrrr

— 100

— 200

(o=
l '--l.- J

60

p——

Envelope of Shear Demand - Maximum
=== Envelope of Shear Demand - Minimum
== Shear Resistance
== Shear Resistance
Face of Supports

feet (along cap)

Problem

f: areas

Maximum
demand to
capacity ratio
=1.07

FDOT) I
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AASHTO GFRP-
Reinforced Concrete
Design
Training Course
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Course Outline

1. Introduction & Materials
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2. Flexure Response
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3. Shear Response

e .

i
A

4. Axial Response

5. Case Studies & Field
Operations
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Table of Contents — Axial & More

« Strength of GFRP-RC Columns

* Design Considerations
* P-M Diagram Example

 Slenderness Effect

« Concluding Remarks
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Design Codes

5018
AASHTO LRFD Bridge
Design Guide Specifications

for GFRP-Reintforced Conerete

2=EDITION On|y US
guide/code
including
compression
members

AASHTO GFRP 1st Ed. AASHTO GFRP 2nd Ed.
(No provisions included) (Provisions included)
UNIVERSITY ;“ S i
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Introduction — Pure Compression

Review of Steel-RC Columns
P, =P.+ P, = 0.85f/(4, — A) + f,As

Basic Concept for GFRP-RC Columns

P, =P+ P; = 0.85f/ (4, — 4f) +><c

(AASHTO GFRP 2.6.4.2)

As reported in Afifi et al. (2014) and Mohamed et al.,
(2014), mechanical properties of GFRP in
compression exceed those of concrete and
therefore, equivalency could be assumed

GFRP bar loaded in compression
(Deitz, Harik, and Gesund, 2003)
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Axial Loading Failure Modes

| e Sl
Column test at NIST 12-in Tie Spacing 3-in Tie Spacing

Behavior of Full-Scale Concrete Columns Internally Reinforced with Glass FRP
Bars under Pure Axial Load (De Luca, et al., 2009)

ﬁ} UNIVERSITY §“Srz:;;:,!::?;:‘“
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Axial Loading Failure Modes

GFRP-RC Columns After Failure

Circular Concrete Columns with GFRP Longitudinal Bars, Hoops, or Spirals under Axial
Loads (University of Sherbrooke; courtesy of Prof. Brahim Benmokrane)

UNIVERSITY
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Factored Compressive Resistance - AASHTO

Factored Pure Compressive Resistance - AASHTO
P. = ¢P, (AASHTO GFRP 2.6.4.2-1)

» For members with spiral or hoop reinforcements

P, = 0.85[0.85//(4, — Af)] (AASHTO GFRP 2.6.4.2-2)

 For members with tie reinforcement

P, = 0.80[0.85f/ (4, — Af)] (AASHTO GFRP 2.6.4.2-3)

A; = area of GFRP reinforcement (in?)

A, = gross area of section (in?)

f’. = specified compressive (ksi)

P_. = nominal axial resistance, without flexure (kips)
P. = factored axial resistance, without flexure (kips)

S : -': S g
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Factored Tensile Resistance - AASHTO

Factored Pure Tensile Resistance - AASHTO

P. = ¢P, (AASHTO GFRP 2.6.6.2-1)
in which:
B, = frqAs (AASHTO GFRP 2.6.6.2-2)
fra = Cefru (AASHTO GFRP 2.4.2.1-1)
where:

A = area of GFRP reinforcement (in?)

f.; = design tensile strength of GFRP reinforcing bars considering
reductions for service environment (ksi)

P, = nominal axial resistance (kip)

{ ) UNIVERSITY o ngien
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« Strength of GFRP-RC Columns
* Design Considerations
* P-M Diagram Example

e Slenderness Effect
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Design Considerations

Minimum & Maximum Longitudinal Reinforcement
Minimum and maximum area of the longitudinal GFRP reinforcing shall be:

0.01 <Ar/A, < 0.08 AASHTO GFRP 4.5.6

Provision adopted for GFRP-RC are analogous to Steel-RC design provisions
in AASHTO & ACI

Limit on Maximum Tensile Strain in GFRP

To avoid strains that lead to unacceptable deformation and loss of stiffness of the
column (Jawaheri & Nanni, 2013):

Erq = min(&gy, 0.010) and fra = min(f¢,, 0.010Ef)

{) UNIVERSITY b "G e
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Design Considerations

Limits on maximum spacing of Transverse Reinforcement:
confinement, buckling of longitudinal reinforcement

L L

< »
< Ll |

v

/ k
Lower elastic

modulus than steel

AASHTO GFRP 4.7.5.4 — Tied Members

Theoretical:
Smax = 14d, least dimension of column
Smax = min{d/4
12 inches

{ ) UNIVERSITY o ngien
FDOT! i} ‘ OF MIAMI (== 12/75



Table of Contents

« Strength of GFRP-RC Columns
* Design Considerations
 P-M Diagram Example

e Slenderness Effect

e Concluding Remarks

= E UNIVERSITY e o
FD,_____OT_,. l_l ‘ OF MIAMI EI o 13175



<

<l JL AT ——

TN

b -
L

GFRP Cage Assembly, Casting and Installation of RC Piles
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Combined P-M Failure Modes

Rectangular
Concrete Column
Failure with GFRP
Bars and Ties
(Guérin et al.,
2018)

CS160

C540

CS320

CS1

CS80

CS540

S50 CS8320

Compression Side Side View Tension Side
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Developing P-M Interaction Diagram

Schematic P-M diagram for two identical columns having the same

amounts of GFRP and steel reinforcement. Include the following five
points. Note location of balance point for GFRP-RC ot
p

Pure Compression /
P FRP strain on one side=0 /

. 1 '
Pure Compression Zero Tension /

Zero Tension

Com i / Lol c
pression (M., P,) / csl g
n n / Ll @
H i
(M., P,) steel reinforced ,r"f - 2
H . J
If
J
Pure Moment f,r" _[
J —
. / =
Tension _ Pure Moment / a D
Balance Point / =K
A
M [—C (FRP} / N _1 —
Pure Tension c H 7 Cisteel) 1
[ 2] . Jrf‘
o g /
_ o c;;,,r"
Pure Tension £ /
O s
© Y
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Developing P-M Interaction Diagram

Create a P-M interaction diagram for the following tied column section:

18" f'. = 5,000 psi
< > E;=6,500 ksi  E_=4,291 ksi
N e e ) ‘\\ fy =59.2 ksi 4= 0.00911
12 - #8 GFRP bars evenly spaced
o @ : :
18 Include the following points:
@ @ * Pure compression
e_ o o @  Zero tension

* Pure flexure
Equivalent FDOT standard index _
non-prestressed  Balance point

* Pure tension
18"x18”, 12 GFRP bars
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Developing P-M Interaction Diagram

Pure Compression

Strain in GFRP reinforcement cannot exceed the strain maximum strain in
concrete (0.003). Contribution of GFRP in compression is difficult assess,
show zero and non-zero contribution

o Strain Stress Force
< > 0.003 0.85f";
~ e e
el L @ @ @ €1 ; feq _
d < Cs1 = Ay Ty
1 <
< Csz = Ar i
R o € = f, —
d2 N I CL ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — —
P C
\ A N —‘ f —
d ® ® 13 < © Css =Anfis
3 B =
f4 f4
e e oo —u o A
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Developing P-M Interaction Diagram

Pure Compression

b
< > 0.003 Cs1 = Ay Ty
/ \ ................................................................................. f ----------------
e e e e > ——
3 D Cr, = Apfy
-1 @ () € e
7y | C. L. 2 —
7 © —e—c,
V- @ € —
f3
11 «——1C3 = At
S @ © ©o € —
15 Ciy = Aufy
Moment at this point: M=0k—in Should we add this term?

Capacity in pure compression: P =0.85f.(A, — Af) + Ar 1ot (ecuEc)

C,. = (0.85)(5ksi)(324in? — 9.48in*) = 1337 k  (AASHTO GFRP 2.6.4.2)

UNIVERSITY o ngien
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Developing P-M Interaction Diagram

Discussion on contribution of GFRP in Compression

e Current AASHTO provisions
do not account for GFRP
compression contribution

 Force up to 0.003
compressive strain times a
stiffness conservatively
equal to that of concrete is
appropriate

 For pure
compression: As ;o (ecy, Ec)
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Developing P-M Interaction Diagram

Adding the compressive component of GFRP reinforcement (s, = 0.003)

18" — O"

Cr1 = 4(0.79in?)(4291ksi)(0.003) ( — ) _ 40.7k
. 2 ] (18" — O")

Crz = 2(0.79in*)(4291ksi)(0.003) ~——— = 20.3k
2 . (18"~ 0

Crs = 2(0.79in*)(4291ksi)(0.003) ~——— = 20.3k
. 2 ] (18" _ 0")

Cra = 4(0.79in*)(4291ksi)(0.003) ~——— = 40.7k

Adding all forces:

P =1337k + 40.7k + 20.3k + 20.3k + 40.7k = 1459 k

9% increase over current AASHTO equation

{ ) UNIVERSITY o ngien
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Developing P-M Interaction Diagram

Next point: Zero tension on the extreme GFRP bar layer

P

Pure Compression

Zero Tension

Compression

(M,, P,)
GFRP reinforced

Pure Flexure

Tension .
Balance Point

Pure Tension

FDOT\

i3 ‘ - g
OF MIAMI .
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Developing P-M Interaction Diagram

Zero Tension

Point where there is zero tension in the bottom reinforcement layer

Strain Stress / Force
« D > €., = 0.003 Cc = arB1fcch
) ¢
vl 1 @® @ @ @ €1
d,
d"' T . . C L £f2
Jo | |
vl 1@ O €3
ds NA. g,=
' @@ @@ T j
Ay

™3 E UNIVERSITY  [fe gesim-
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Developing P-M Interaction Diagram

Zero Tension

c=d neutral axis

Strain at bottom GFRP reinforcement layer is zero
GFRP bars in compression are treated as concrete

Ty = 0 kip Zero tension

Calculate the force in concrete
C.=b-a)a,f) = (b pc)af) = (18in-0.80 - 15in)(0.85)(5ksi) = 918kip

Calculate the axial force

P=ZF=CC = 918k

{ ) UNIVERSITY o ngien
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Developing P-M Interaction Diagram

Zero Tension (Continued)

Calculate distance of forces from center line and then solve using for
moment

_ pic
Concrete level: Yc. = YN.A. — R y .
0.8)(15in
Yc,
4" Level: Via =dy —Yna =15in—-9in=6in | + |
Yfa
Taking moments \ Ty=0

M = ycFee + YpaTra = 918k (3in) + 0k(6in) = 229 k — ft

{ ) UNIVERSITY o ngien
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Developing P-M Interaction Diagram

Next point: Pure flexure (P= zero)

P

Pure Compression

Zero Tension

Compression

(M, P,)
GFRP reinforced

Pure Flexure

Tension
Balance Point

Pure Tension

S € ot
FOOT) LB P0Es™ =

26/75



Developing P-M Interaction Diagram

Pure Flexure

Pure flexure occurs when axial load is zero and the failure mode is

governed by concrete crushing (potentially also by GFRP failure depending
on cross-section)

Strain Stress Force
< b =0. Cc = apifcch
N N T /2 M
vl @ © o —
o0 A 0 N = —
a,| |1 @ " Te
e ‘ Tf3
d;
@ O O f, — 774
/7 A E— A

™3 E UNIVERSITY  [fe gesim-
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Developing P-M Interaction Diagram

Pure Flexure

Calculate forces in terms of ¢, and then solve by imposing
horizontal equilibrium

c—7in
sz =2- (O.79in2)(6500ksi)(0.003)( . )

— 11
Tps = 2 - (0.79in2)(6500ksi)(0.003) (C : m)

c — 15in
Teya =4 - (0.79in?)(6500ksi)(0.003) ( . )

{ ) UNIVERSITY o ngien
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Developing P-M Interaction Diagram

C. = 0.85(0.8)(5ksi)(18in)c = 61.2c

Solving for c:

c—7
Te, = 30.8 .

c—11
Te3 = 30.8 .

c—15
Try = 61.6 .

Substituting into equilibrium equation:

c—7 c—11 c—15
30.8 + 30.8 + 61.6 +61.2c =0
C C C
c=4.01lin.

{ ) UNIVERSITY QG oyt
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Developing P-M Interaction Diagram

Pure Flexure (Continued)

Calculate the Moment: Sum moments around center line

Concrete lever arms:
Summing Moments Around Cente

Bic , (0.8)(4.01in) ,
Ye, = YNA — - = 9in — = 7.4in / \
c 2 2 C

Y2 = YNA — d, = 9in — 7in = 2in Ye, ’
Yr2 I I Ty

Vr3 = d3 — yya = 11in — 9in = 2in Vr3
3 3 N.A - I r
Vra = dg — Yy = 15in — 9in = 6in N —> T%

M = ye.Co+ ypa2Tra + VesTrs + VeaTra = 231 k — ft
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Developing P-M Interaction Diagram

Next point: Balance failure, simultaneous GFRP rupture and
concrete crushing. Design failure strain in GFRP about 5 -,
times larger than yield strain for Grade 60 steel

P /
/

Pure Compression

Zero Tension / o
/ cZl &
/ T=
- / — c
Compression / [ o
/ b

(M, P,)
GFRP reinforced

Pure Flexure

Tension

\
L—O.ODE—']
T (Steel)

Balance Point M —C (FRP}—1/

7 C(Steel)
',-ff

Compression

Pure Tension

™3 E UNIVERSITY  [fe gesim-
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Developing P-M Interaction Diagram

Balance Point: strain, stress and force distribution (equivalent
stress block)

Strain Stress Force

b -0 C. = ay B, fich

fra
&g = E_ = 0.00911 Tf = AfoEf

f

"""}E UNIVERSITY  [fe gesim-
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Developing P-M Interaction Diagram

Balance Point

Strain  Stress Force
CQ = alﬁlf-c,Cb

« b > £, =0.003 f,
v /‘ / I Y D
d1=3”; d2=7”; dd ______________________________________________________
dl ||~
d,=11"; d,=15"
day |
dy
Efqg = f}—d = 0.00911 Tf = Afngf
f
. . gcu
Find the neutral axis: c=d (—)
gfd + €cu
= (15in) 0.003 = 3.72i
¢ =M 500911 + 0.003) ~ >
ti et 33/75
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Developing P-M Interaction Diagram

Calculate GFRP strain and stresses:
Second layer GFRP strain

c—d, 3.72in — 7in
Erp = Ecy = 0.003 = —0.00265

C 3.72in

fr2 = Ergrp = (6500ksi)(—0.00265) = —17.2 ksi
Third layer GFRP strain

B c—dz\ _ 0.003 3.72in — 11in\\ 0.00588
73T fau\ T )T 3.72in )

fr3 = Ergpz = (6500ksi)(—0.00588) = —38.2 ksi

Fourth layer GFRP strain

c—dy 3.72in — 15in
Era = Ecy = 0.003 = —0.00911

C 3.72in

fra = Ergrq = (6500ksi)(—0.00911) = —59.2 ksi = fgq

S Ny = e oo
FDOT) I B[y e

34/75



Developing P-M Interaction Diagram

Balance Point (Continued)

Calculate the Forces:
Cc = (b - a)alﬂlfc,

C. = (18in - 0.85 - 3.72in)(0.8) (5ksi) = 277.5k

P=ZF=Cc+Tf2+Tf3+Tf4

Sum forces by multiplying GFRP stress by areas

P = 277.5k — (17.2ksi)(1.58in?) —(38.2ksi)(1.58in?) — (59.2ksi)(3.16in?)

P=—47.1k Balance point occurs when axial load is tension
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Developing P-M Interaction Diagram

Calculate the Moment: Sum moments around section centerline
Concrete and GFRP bars lever arms:

fBic _ (0.8)(3.72in)
——=9in — =

Yc, = YN.A. 2 > 7.5in
/ C\
h C
Vr2 = Yna —dy =9in—7in = 2in
yC\I ny I .
V3 =d3 —yya =11lin—-9in=2in | ¥ yf3I ””””””””””
yf4| . Tt
Vfa = dy — YN = 15in — 9in = 6in .
\ %

Summing Moments Around Center Line

M = C.yc, — Vr2Tro + YraTrs + YraTra = 241 k — ft

{ ) UNIVERSITY o ngien
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Developing P-M Interaction Diagram

Next point: Pure axial tension. There is no concrete contribution

P

Pure Compression

Zero Tension

Compression

(M, P,)
GFRP reinforced

Pure Flexure

Tension Balance Point M

Pure Tension

™3 E UNIVERSITY  [fe gesim-
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Developing P-M Interaction Diagram

Zero Moment (Tension)

The first point is tension only, so the concrete is assumed to not contribute

Strain Stress Force
< b > CC =
i _______ @ O O O £ f Toq = Ag frgq
d,
Tso = Ap T
F @ ® cL £, e, —
Uo |
Tss = A figs
C‘I' e ® 3 . s .
3 Toq = Agg fraa
‘‘® @ @ @ %,
d, SN RS FONs SO RO s S SR

"""}E UNIVERSITY  [fe gesim-
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Developing P-M Interaction Diagram

Zero Moment (Tension)

* b > G0
; ----- {® @ @ @ > ; f. Ts;] = A Trgq
1
T., = A f
ST ®lcL — o,  mmmg, —S P
vl .l @ ® _Ts3>=Af3 fras
ds
@ @@ @ ©
d,

Ef = gfd

Calculate force components assuming all GFRP bars rupture

P = 12(0.79in?)(59.2ksi) = 561.1kip | |M= Okip — ft
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AASHTO Resistance Factor for GFRP

(I) Controlled by Concrete
A

Controlled by FRP
Crushing Limit State

Rupture Limit State

A\ 4
A

v

0.75
0.55 Compression- Tension
) Controlled ‘ Transition Controlled
) (Concrete Crushing) ] (GFRP Rupture)
0.8¢ € € g
I

fd ft

The safety factor @ needs to be calculated for each

moment-axial load combination (as each P-M point has a
different stress in tension reinforcement)
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Developing P-M Interaction Diagram

Limiting the factored compressive load:

P, max = 1070.6kip

0.85 = spiral or hoop reinforcement
0.80 = tie reinforcement

P, max = 0.80[0.85(5ksi)(324in? — 9.48in?)]

Point M, oM, $P,
Pure Ok-ft | 1070k | 075 | Ok-ft | 802k
Compression
Zero Tension | 229 k-ft 918 k 0.75 172 k-ft 689 k
Pure 231kft | Ok 064 | 148kft | Ok
Moment
Balance Point | 241 k-ft -47 k 0.55 133 k-ft -26 k
Pure Tension 0 k-ft -561 k 0.55 0 k-ft -309 k

335 UNIVERSITY E P ool eyton
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Developing P-M Interaction Diagram

Axial (kip)

P-M Diagram for factored Unfactored P-M diagram for
and unfactored values different assumptions on GFRP
compression contribution

1400 1400
1200 1200 ~= 1
T U D = £EA
1000 —— 1000 13 -4 ..%-"“\f fbar
I S U e AASHTO GFRP 2™ Ed. ""'--.._\.\\
800 =3 \\ 800 > PN
by ~
. N\
600 S 600 EfEi:Abar “
\ —
400 1 / o ! )
& 400 /
/ / = ,/
/ T /
200 7 .E 200
_lr < !
— “
-200 ——= - "] -200 —
-400 S i -400 ——
_— —— Unfactored - GFRP |
-600 — H -600 o
= = Factored - GFRP
800 I T T T T -800
0 30 60 90 120 150 180 210 240 270 300 0 30 60 qQ 120 150 180 210 240 270 300

Moment (kip-ft) Moment (kip-ft)
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Slenderness Effect

Slender Columns

As column bends, there is an out-of-plane deflection
(A). A will cause second-order moment

M3na order = PA

This second-order moment is in addition to any other
moment applied to the column and decreases the
strength of the overall column

By definition, a column is considered slender when
this second order moment decreases the capacity by
more than 5%

Plong

Criterion < 0.95

short
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Determination of El

Flexural stiffness, El, ad effective length, kL, are the parameters
determining the slenderness effect

GFRP-RC columns are affected more by slenderness due to smaller E/

Jawaheri & Nanni, 2017 offer both simplified and detailed expressions for
El analogous to ACI 318-14:

 0.2El

Simplified El = 7 +0.03E.I

1+ ,Bdns ©d

0.2E.1 _ Py sustained
Detailed El = 9 40.75E;1, where Bans = B

1+ Bans u
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Design Considerations

Slenderness Ratio P

Mirmiran et al., 2001 showed that, for GFRP-RC columns not
braced against side-way, the limit should be reduced to 17

(a) Sway permitted L
kL kL
— <22 (ACI 318-14) — - <17
r
(b) Braced [

kL M, kL M,
— <34+12( =) < 40 (ACI 318-14) = — =29+ 12~ =30

r ) 2

M,/M, is negative if column is bent in single curvature, and positive
for double curvature

{ ) UNIVERSITY o ngien
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Alignment Charts

The coefficient k can be determined through the use of alignment
charts based on relative stiffness of framing members

Vi & Wy v, oo Vs W, and yg are found
oD
el 1o dume| | 49 ®,| basedupon members
5.0 = 1§ 50 300 T 50 E9 | framing into joint
3.0 08 3.0 20.0 I 40 200
2.0 — L 2.0 T i Pa
J 10.0 —+ 30 (=100
o — 0.8 o 8.0 1 — 80
08 i 08 = T = (EI)
0.7 — 0.7 : B D T
0.6 — 1 o7 0.6 40 — 20 — 4.0 _ column
032 o 3.0 1 — 30 $i = El
v | y b0 2 (5
03 03 2.0 T — 20 beam
4 + 15 |
02 — 48 0.2 +
| 1.0 + — 1.0
0.1 — + 0.1 4 [ Pp
0— —h i 0 0 Lo Lo
(a) Nonsway Frames (b) Sway Frames
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Determination of El

For GFRP reinforced concrete members, stiffness of restraining members
needs approximation. Values are provided below in the table

Member and condition | Moment of Inertia | Cross-sectional area
Pa Columns 0.40I,
Uncracked 0.401,
Walls
El Cracked 0.15I, 1.0A,
) (T) Beams 0.15l,
o column
Pi = El Flat plates and flat slabs 0.15l,
2(m7)
beam
s Approved by ACIl 440 committee adapting Bischoff

(2017) for expected range of reinforcing ratios and
elastic modulus. Jawaheri, H. & Nanni, A., (2017)
provide further information.
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Table of Contents

« Strength of GFRP-RC Columns
* Design Considerations
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Concluding Remarks

« Elastic modulus of GFRP in compression matches that of
concrete (conservative assumption)

« Transverse reinforcement spacing affected by smaller
elastic modulus of GFRP

* Minimum longitudinal GFRP reinforcement ratio for columns
same as for steel

* P-M diagram can be constructed using similar procedure as
for steel-RC columns

 GFRP-RC not appropriate for seismic application
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Questions?
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AXIAL RESPONSE OF
GFRP REINFORCED
CONCRETE

4.1 Review Questions: Fundamentals

FDCFI'B UNIVERSITY
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Applied Question

4.1.1) The compressive capacity of GFRP reinforcement

a. Is used to improve ductility
b. Is used to satisfy maximum strain requirements of AASHTO
c. Is not considered for low loads

d. Can be used in design up until a concrete strain of 0.003

{ ) UNIVERSITY o ngien
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Introduction

Review of Steel RC Columns
P, =P.+ P, = 0.85f/(4, — A) + f,As

Basic Concept for GFRP RC Columns

P, =P, +P, = 0.85f/(A, — A;) +>{S

As reported in reference, the mechanical
properties of GFRP exceed those of
concrete and therefore, equivalency can be
assumed.

GFRP bar loaded in compression
(Deitz, Harik, and Gesund, 2003)
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Applied Question

4.1.1) The compressive capacity of GFRP reinforcement

a. Is used to improve ductility

b. Is used to satisfy maximum strain requirements of
AASHTO

c. Is not considered for low loads

d. Can be used in design up until a concrete strain of
0.003

UNIVERSITY o ngien
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Applied Question

4.1.2) Compared to steel reinforced columns, the
transverse spacing requirements for GFRP reinforced
columns are the same.

a. True

a. False

™3 E UNIVERSITY  [fe gesim-
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Design Considerations

Limits on Maximum Spacing of Transverse Reinforcement: confinement,
buckling of longitudinal reinforcement

L L

A
A\ 4
A
v

k
/
Lower elastic modulus
than steel
Theoretical: AASHTO 4.7.5.4 — Tied Members

least dimension of column
Smax = minid/4
12 inches

Smax ~ 14db
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Applied Question

4.1.2) Compared to steel reinforced columns, the
transverse spacing requirements for GFRP reinforced
columns are the same.

a. True

b. False

™3 E UNIVERSITY  [fe gesim-
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Applied Question

4.1.3) Compared to steel reinforced columns, the ultimate
tensile capacity is reduced.

a. True

b. False

"""}E UNIVERSITY  [fe gesim-
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Developing P-M Interaction Diagram

Schematic P-M diagram for two identical columns having the same
amounts of GFRP and steel reinforcement

P Pure Compression

Pure Compression

FRP strain on one side =0

Zero Tension

Zero Tension

Compression
pressi (My, P,)

(M, P) steel reinforced
n’ n

GFRP reinforced Balance Point

Pure Moment

Tension Pure Moment

Balance Point

Pure Tension

Pure Tension

™3 E UNIVERSITY  [fe gesim-
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Applied Question

4.1.3) Compared to steel reinforced columns, the ultimate
tensile capacity is reduced.

a. True

b. False

"""}E UNIVERSITY  [fe gesim-
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Applied Question

4.1.4) When constructing a moment-interaction diagram for
a GFRP reinforced column, the balance points refers to:

a. The point at which the GFRP reinforcement yields and
concrete crushes

b. The point at which the GFRP reinforcement ruptures
and concrete crushes

c. The point at which the GFRP reinforcement yields
before concrete crushes

d. The point at which the concrete crushes, but the GFRP
reinforcement has not ruptured.

{) UNIVERSITY s
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Developing P-M Interaction Diagram

Balance Point
Balance point is when concrete crushes and tension reinforcement ruptures
simultaneously. (Since there is no yielding of GFRP)

Strain Stress Force

b £,=0003 f Ce = afafech

A

fra
= Ty = AperEy

&fq = Ef

{) UNIVERSITY QG oyt
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Applied Question

4.1.4) When constructing a moment-interaction diagram for a
GFRP reinforced column, the balance points refers to:

a. The point at which the GFRP reinforcement yields and
concrete crushes

b. The point at which the GFRP reinforcement
ruptures and concrete crushes

c. The point at which the GFRP reinforcement yields
before concrete crushes

d. The point at which the concrete crushes, but the GFRP
reinforcement has not ruptured.
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Applied Question

4.1.5) When designing a slender GFRP reinforced column,
special considerations should be made to determining
slenderness ratio and EI?

a. True

b. False

™3 E UNIVERSITY  [fe gesim-
FDOT! i3 ‘ OF MIAMI N 05/75



Determination of El

Effect of Creep

Jawaheri & Nanni, 2017 offer both simplified and detailed expressions
analogous to ACI 318-14:

0.2E,I,

Simplified El = + 0.03E,1

1+ lgdns ©d

0.2E.1 _ Py sustainea
Detailed El = 9 40.75E;1, where Bans = B

1+ Bans u
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Applied Question

4.1.5) When designing a slender GFRP reinforced column,
special considerations should be made to determining
slenderness ratio and EI?

a. True

b. False
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AXIAL RESPONSE OF
GFRP REINFORCED

CONCRETE

4.2 Design Example: Solider
Pile in Wing Wall

Jipmyml

—

——
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Pile Example

Consider the following example:

—
—
I~~~ - —_—
- —_—
e —_—
_— L —

f~ —
—_—— — ——
—_ —~—

"\
N GFRP-RC Piles
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Pile Example

/7 EL=7.77 ft

TR R 7R
| —
— — Soil Properties
Maw=o031s ¥ = LLOpef
/ v ¢ = 30 degrees
/[ =
I ‘ EL=-3.5ft ¢ = 0ksf
// 5 . P/ \
'
Cross Section
UNIVERSITY  [fe gesim-
FD;_____OT_" l.’ ‘ OF MIAMI E. 7oI7s



Pile Example

Beap = Pile Spacing X CapHeight X Capwiatn X V¢

i

Distributed Force = Resultant Earth Pressure X Pile Spacing
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Pile Example

Laterally Loaded Pile Model cap
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Pile Example

Laterally Loaded Pile Results
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Pile Example

P-M Diagram (GFRP-RC Pile)
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Questions?
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AASHTO GFRP-
Reinforced Concrete
Design
Training Course
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Course Outline

1. Introduction & Materials
2. Flexure Response

3. Shear Response

4. Axial Response

5. Case Studies & Field
Operations
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@I [J ‘ OF MIAMI | 1/57



5. CASE STUDIES
&
FIELD OPERATIONS
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Table of Contents — Case Studies

 iDock (Marine Dock)

« NE 23 Avenue Bridge over Ibis Waterway
(FPN 434359-1-52-01)

+ Halls River Bridge (HRB) (FPN 430021-1-52-
01)

« SR-A1A Flagler Beach (Segment 3), (FPN
440557-7-52-01)

« FDOT Fast Facts
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IDock Construction Intent - Miami, Florida

« Replacement of hurricane
Irma- damaged dock with
GFRP-RC precast concrete
components, CIP BFRP-
RC continuity pour and
GFRP gratings

* Provide a demo prototype
for precast-concrete dock
modular-system, that
exhibits extended durability
and resilience to extreme
events

UNIVERSITY ~ [C¢ Gemiime
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Traditional vs. Innovative Approach

* Traditional: precast steel-
PC piles and cast in-place
RC caps with timber decking

* Innovative: precast
modular-units with rapid
assembly time with GFRP &
BFRP reinforcement to
eliminate corrosion-related
maintenance and provide
higher resistance

FDOTY) L |y mss 5157



iDock Design
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Precast Construction
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Precast Construction
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Precast Construction
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Pile-Driving and Slab Installation

Piles installed in
original steel-PC
pile locations

Precast Slab-Beam
installed in sections after
cap placement

UNIVERSITY K o g
OF MIAMI A 10/57
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IDock Precast Element Installation

o Center for Integration

of Composites into 1 1 /57
Infrastructure
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iDock Connections (Cap-Slab)

» GFRP dowel bars

150 mrn FILLLED
WITH CONCRETE

PRECAST COMNCRETE

(greenish) connecting S N\r = HOLE FLLLD WiTh
horizontal to vertical L | | S R
components il |l /
« BFRP (darker color) bars e / 360 300 mm
for flexural continuity
« Connection cast in place i
to interlock precast
components and create
continuity over the four
spans
UNIVERSITY K e
FDOT\) [ | (s 12157



Dowels, Placement and Testing

GFRP Dowels Slab-Beam with Grating Cylinder Testing

Placement of Components and Material Testing for Q/A

FDOTY) L |y mss 13/57



Conclusions and Remarks

Components employed for the iDock project:
8 precast GFRP-RC Driven Piles [12x12 in. x 24 ft.]
4 precast GFRP-RC Pile-Bent Caps [12x30 in. x 8 ft.]
8 precast GFRP-RC Slab-Beams [8x33 in. x 10 to 12 ft.]

e atta __ SSGESSFIESE X8
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Conclusions and Remarks

Primary Benefits Realized/Expected:

* FRP reinforcement eliminates the need for deep
concrete cover, concrete mixture additives, and
waterproofing sealants needed for reinforcement

corrosion protection

 Lightweight reinforcement allows for significantly lower
labor and equipment costs due to ease of handling and

transportation savings

« Additional owner benefits include an extended service
life and significantly reduced maintenance costs

{) UNIVERSITY R 7" oo rgratin
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Table of Contents — Case Studies

* NE 239 Avenue Bridge over lbis Waterway
(FPN 434359-1-52-01) Under construction

+ Halls River Bridge (HRB) (FPN 430021-1-52-
01)

« SR-A1A Flagler Beach (Segment 3), (FPN
440557-7-52-01)

« FDOT Fast Facts
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Ibis Waterway — A No-steel Bridge

* |[BIS-Waterway located at
Lighthouse Point, Broward County,
Florida

 Project consists of replacing existing
bridge sub- and superstructure,
while adding intermediate-bents

* Total CFRP-PC and GFRP-RC
construction.

* First GFRP-RC 3-span continuous
flat-slab bridge in Florida

* First time use of two experimental
partially-prestressed GFRP piles

{) UNIVERSITY R 7" oo rgratin
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IBIS Waterway Bridge Layout

END BRIDGE
END BENT 4
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(INDEX 455-118)
EAST ELEVATION
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PS Piles, 6 ksi (3" cover)

Three-span IBIS-Waterway bridge with CIP flat-slab, CIP
caps, precast PC panels and piles
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Production of Experimental GFRP Piles

Partially-prestressed Cutting of GFRP
GFRP piles tendons

 18x18 in. cross-
section

« 53 ft. long

« 12 prestressed
#4 GFRP bars

12 unstressed #8
GFRP bars

*y
2
+

ol

Castig of piles at Gate Precast Cbmp" ny in Jacksonville, FL
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Production of Experimental GFRP Piles

#4 GFRP bars (220 ft. long) uncoiled & coupled to 7-wire steel
strands to reach length of the prestressing bed (about 430 ft.)

FD}@ il ‘ v ol g 20/57




Pile-Driving in “very dense” Soil Conditions

Initiation of pile
driving with needed
soil predrilling

Yy Pile installation
template construction & A ~ challenging due to
to allow for FDOT Y . power lines and tight
specified tolerances S site conditions

UNIVERSITY
OF MIAMI




GFRP-RC Intermediate Bent Cap Beams

Jin I
B

"""""

GFRP cage assemblies with spliced-bars at
intermediate pile locations. GFRP bars
inspected and lab-tested for Q/A

{) UNIVERSITY e s
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GFRP-RC Intermediate Bent Cap Beams

Completing EEEEias & .

assembly Casting

and forming ¢4 ke completed and
i — forms stripped
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Learning Outcomes from IBIS Waterway

* Geotechnical challenges at site

« Experimental GFRP partially-
prestressed piles successfully
fabricated and driven

« Construction progressing as
planned

UNIVERSITY Ko o o
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Table of Contents — Case Studies

- Halls River Bridge (HRB) (FPN 430021-1-52-
01)

« SR-A1A Flagler Beach (Segment 3)
(FPN 440557-7-52-01)

« FDOT Fast Facts
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First of a Kind 5-span Bridge
FRP PC/RC Structure

FDOT replacement project /
County Owner

Five 37-ft. spans

CFRP-PC piles and sheet piles
GFRP-RC bulkheads, deck and
railings

Proprietary girders

UNIVERSITY
OF MIAMI




Halls River Bridge

Prototype for Future FRP Bridge-Projects

Pegin
Project

End Project

PHASE Il - STAGE 1
EXISTING STRUCTURE REMOVAL (INTERMEDIATE BENTS)

PHASE It - STAGE 1

PHASE 13
fintermadisce Bent Snow 8 Lot
%_ ] t
T T LI ] W W W .
I L = =t oS —

" Center for Integration

LJ UNIVERSITY
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Sheet Piles: CFRP-PC/GFRP-RC (FDOT Index D22440)

. CFRP Strands (8 ¢ 0.6 in.)
. GFRP Ties (#4 @ 4 in. |7 il
. C40/45 (12 x 30 in.)
.+ 13t0 26 ft. depth I

e Cantilever or tied-back

760 mm

g — = = oy

\
8 Strands / \ .
15.2mm CFRP M13 GIRP Ties

UNIVERSITY Ko o o
FDOT\ [ J|Qesmy (e 28157
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Bent Caps: GFRP-RC (FDOT Software Bent Cap v1.0)

GFRP Bars (12 #8 T&B)
GFRP Ties (#5 @ 5 in.)

« C38 (48 x 36 in.)
« 10 ft. long

» Cast-in-place
R e
N\ oo O\a olo odb oo ol
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Deck: GFRP-RC (AASHTO GFRP 2" Edition)

GFRP Bars (Top & Bottom)
Primary: #6 @ 4.5 in.
Secondary: #6 @ 6 in.
C30/37 (8.5 in. depth)
6.5 ft. girder spacing

Cast-in-place

J

UNIVERSITY ot
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Learning Outcomes from Halls River Bridge

- FRP Sub/Superstructure (15t Project) - HSCS/GFRP Hybrid (15t Project)
- 100+ Year Service Life - Performance monitoring
- Prototype for future FDOT Bridges

UNIVERSITY
OF MIAMI




Table of Contents — Case Studies

 SR-A1A Flagler Beach (Segment 3)
(FPN 440557-7-52-01)

« FDOT Fast Facts
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Flagler Beach, FL (SR-A1A) Damage & Recovery

FLAGLER
BEACH

UNIVERSITY
M1




GFRP Design for Secant-Pile Seawall

« 4920-ft. long secant pile seawall e sl

+ First FDOT project with about 1.5 g = TR
million linear feet of GFRP bars L
=t |
. Secant piles in high chloride ==
content sand, high water table and il i
periodically exposed to salt spray il
ot
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GFRP bar site delivery and storage

« Straight bars, bent bars,
hoops and toe bent bars

« Site storage and
protective measures from
elements

FDOTY) L |y mss 35157



GFRP Bars - Cage Assembly

|
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GFRP Bars - Cage Assembly

« Cages
constructed with
25 #8 GFRP
bars, spiral ties
and “toe-end”

.+ GFRP cages
= ! were 38-ft. in
length

{ ) UNIVERSITY ?*Era':;&;!r;:?s:’:“
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Guide Wall for GFRP Secant-Piles

Secant-piles installed via
guide wall form

[

Removalof"steel
formwork prior to drilling
secant-piles

Guide wall trench boxes
installed to assure pile
alignment

{) UNIVERSITY e s
@ LJ OF MIAMI t. 38/57



Concrete Grouting of GFRP Secant-Piles

1,847 Secant-piles
installed. 5,000 linear feet

Secant-pile cages delivered to pile-drilling of pile-cap

area and ready for installation

{) UNIVERSITY R 7" oo rgratin
@ LD | oFomann N 39/57



Flagler Beach - GFRP pile cage installation

GFRP cage
installation

Secondary piles18 ft. long

FOOT)  ILJ|Es™ Qe



Continuous pile-cap and dune restoration

Pile-cap placement
and dune
restoration/re-
establishment

Project completed
in 472 months

LB~ == 41157




Aspects of GFRP Use

PROs CONs

* Quick installation * Bent-shapes need to be

+ Light weight pre-fabricated by pultruder

« Assembly time savings * No on-site bending of

GFRP
. “T ” “N _T ” t
oe” or “No-Toe o.p |-on . “Skin-itching” (protective
 GFRP cages remain in- clothes should be worn)

place, i.e., “no flotation « More GFRP than black

steel bars are needed

UNIVERSITY Ko g
FDOT\) [ J|UNIVERSITY [ s 42157



Learning Outcomes from SR-A1A

* No Secant-Pile cage alterations
needed. Installed all 1,847 piles as per
design-phase

* Quick and reliable installation in soft to
medium dense sands

 GFRP cage assemblies resulted, in up
to 52% time savings over “black steel”

» Toe assemblies may be removed in
future projects

 Less noise pollution through Secant-
Pile installation vs. Sheet-Pile
installation

FOOT)  ILJ|Es™ Qe
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« FDOT Fast Facts
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www.fdot.gov/structures/innovation

Florida Department of

F D DT TRANS PO RTATION E-Updates | FL511 | Site Map | Translateu

r s Safety, Innovation, Mobility, Attract, Retain & Train Search FDOT..,

Home About FDOT Careers ContactUs Maps & Data Offices Performance

Structures Design

Structures Design / Design Innovation ‘

Fiber Reinforced Polymer Reinforcing ) il ,*m*'uifnm ]

iy -‘.r",'_r'l“l-‘

Structures Design - Transportation Innovation
Fiber Reinforced Polymer (FRP)
Reinforcing Bars and Strands
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www.fdot.gov/structures/innovation

Multiple online resources available

Overview

Usage Restrictions / Parameters
Design Criteria

Specifications

Standards

Producer Quality Control Program

Projects
d Technology Transfer (T2)

FDOT Research
Contact

FD}@ il ‘ v ol g 46/57



www.fdot.gov/structures/innovation

Fast-Fact sheets for
selected FDOT and
affiliated projects in
Florida (completed and
under construction)

—

40th Ave NE over Placido Bayou

Arthur Drive over Lynn Haven Bayou

Bakers Haulover Cut Bulkhead Replacement
Cedar Key Bulkhead Rehab

Halls River Bridge

Key West Bight Ferry Terminal Extension

NE 23" Ave over Ibis Waterway

PortMiami Tunnel Retaining Walls

South Maydell Dr over Palm River

SR-A1A Flagler Beach Seawall (Segment 3)
SR-A1A over Myrtle Creek and Simpson Creek
SR-5 (US-17) over Trout River

SR-5 (US 41) over Morning Star and Sunset Waterways
SR-5 (US 41) over North Creek

SR-30 over St Joe Inlet

SR-312 over Matanzas River

SR-520 over Indian River Bulkhead Rehab
Sunshine Skyway Seawall Rehabilitation

UM Innovation Bridge

UM Fate Bridge

UM I-Dock

US-1 over Cow Key Channel

FOOT) I e

47/57
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Project Location: FDOT District Two
Duval County
Jacksonville, Florida

Agency: Florida Department of Transportation

URL: hitp://www.ldot. sov/structures/innovation/FRP shtm

Project Name: US-17 (SR-5) Over Trout River
Bridge No. 720011
FPID: 426169-1

Project Description: Bridge Substructure Rehabilitation

Project Purpose & Need:  Bridge Inspection Reports identified
concrete deterioration in the
substructure. Work activities included
removal of existing Pile Jackets and
installation of new Pile Jackets and Pier
Footing Jackets with Impressed Current
Cathodic Protection (ICCP). Glass
Fiber Reinforced Polymer (GFRP)
dowels and reinforcement were used in
select locations.




Project Location: FDOT District Two
Levy County
Cedar Key, Florida

Agency: Florida Department of Transportation

URL: http://www.fdot. cov/structures/innovation/FRP.sht

Project Name: SR 24 over Number Three Channel
Bridge No. 340003
FPID: 426169-1

Project Description: Rehabilitation of three bridges in Cedar
Key
Project Purpose & Need:  Bridge Inspection Reports identified
deterioration, including evidence of
corroded steel reinforcement in the
2 bulkhead cap on bridge
340003. Work activities
included removal of the
existing bulkhead cap and

installation of a new
bulkhead cap with GFRP
reinforcement.




Project Location: Coral Gables, Florida
Agency: University of Miami

URL: hitp://www.fdot. eov/structures/innovation/FRP.shtm

Project Name: Innovation Pedestrian Bridge

Project Description: Although this pedestrian bridge is a
simple, single-span, 70 fi.-long
construction, it offers a number of
features intended to ensure a 75-year
service life to its owner, the University
of Miami. The bridge consists of the
following concrete elements reinforced
with FRP: auger-cast piles; cast-in-place
pile caps and back walls; precast
prestressed girders; and, cast-in-place
deck topping and curbs. Stainless steel is
used for the bearing plates of the
girders, the anchor bolts for the
lampposts, and the railings.

UNIVERSITY Project Purpose & Need:  The University of Miami deliberately
chose this type of structure to demonstrate its
. = commitment to innovation and sustainability for
J a pedestrian bridge used by students to access
=== the sports and mntermural fields on campus.




Project Location: Coral Gables, Florida

Agency: University of Miami

URL.: http://www.fdot. cov/structures/innovation/ TRP.shtm

Project Name: Fate Pedestrian Bridge

Project Description: This three-span pedestrian bridge with a

short cantilever end allows for the

crossing of the Lake Osceola at the
University of Miami, Coral Gables
Campus.

Project Purpose & Need:  Designed by renowned Arquitectonica,
the Fate Bridge not only connects two
sides of the campus, but also intends to
become itself a place for gathering and
reflection. The silhouette of the bridge

. with its variable cross-section is like an
UNIVERSITY extension of the water surface. The
bridge with an embedded monitoring

| system 1s a living laboratory to educate
J engineering and architecture students.




Questions?
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AASHTO GFRP-
Reinforced Concrete
Design
Training Course
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