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Altair-at-a-Glance

$613M

FY23 Revenue

3,000+

Engineers, Scientists,
and Creative Thinkers

16,000+

Customers Globally

79 Offices

In 28 Countries

150+

Altair and Partner
Software Products

I
‘ | 1
© Altair Engineering Inc : Propfietary and Confidential. All rights reserved . :
; 1 |
]
]
e | 1
\ |
NG
~L
]
]
~mT T
1
® ]
L
|
r) .
'
|
. @
//

N
‘ | + )\ ALTAIR



© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

> 79 Offices in 28 Countries
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16,000+ Customers Worldwide

© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.
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https://www.mastercard.com/global.html
https://www.som.com/

Altair S-FRAME Customers — Worldwide

More than half of The Top 150 Global Design Firms choose to use S-FRAME structural engineering solutions.
Out of the top 10 global design firms, 7 use some of our software.
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Altair Solutions for AEC

Code-Based Design:
Concrete, Steel, Timber, and Foundation

Structural Analysis
for Code-Based Design

Blast Simulation

CFD and
Thermal Analysis
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Math, Scripting and Visualization

Fast Analysis for
Complex 3D Geometries

Concept Stage
Design Optimization

Performance-Optimal
Analysis & Design
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Code-Based Analysis & Design

STRUCTURAL ANALYSIS

AUTODESK
AUTOCAD

AUTCDESK

oot FOUNDATIONS TIMBER
32X TEKLA

Analysis, Design Analysis and Design
and Detailing
o [}

STEEL CONCRETE
@ Design and Optimization Design and Detailing

i

ETABS'
SECTION CALCULATIONS

STAAD.Pro

« python
Product logos are trademarks of their respective companies. A A LTA I R
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Steel Structures — Mumbai Airport — Skidmore, Owings & Merrill

EM-G0ETEL S-FRAME Saftwars Inc. P

64m column spans
40m cantilevers

Time: 2,005
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CUSTOMER STORY
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Timber Structures — BCIT Walkway — Bush Bohlman & Partners

DESIGNING FOR
SUSTAINABILITY

REDUCING THE CARBON FOOTPRINT WITH EMBEDDED

(11

Structur an account for

carbon

our early colla
approach helps us d

velop

ce this

opt

Their Challenge

Bush Behlman was required to perform the structural analysis and timber design for the British
Columbia Institute of Technology, (BCIT), student plaza, a pedestrian and public transport user
gateway for the institute. The structure needed to establish a strong campus identity with a biophilic
design and demonstrable support for sustainable building practices while ensuring structural safety
according to local design codes. The hybrid mass timber structure consists of a Cross-Laminated
Timber (CLT) canopy, CLT columns, and steel columns.

The pedestrian comfort walkway needed to meet sustainability, reliability, and structural design
requirements. For the structural engineering design team, these projects are unigue and fluid

New structural models must be developed and maodified for the project’s life as the requirements are
updated by project stakeholders. This structure involved a pitched roof, skylight openings in the roof
CLT panels, and supporting columns constructed from CLT and hollow structural steel. In addition

to maintaining a current structural model, the engineers needed to apply local timber design codes
to analyze the complex two-way bending behaviour of the cantilevering roof panels and irregular
column layout.

Our Solution

The engineer opted to use S-TIMBER to model and analyze the 3D structure. Altair collaborated with
Bush Bohlman to ensure the correct modeling parameters were applied while simulating

the structure

S-TIMBER was able to perform a hybrid analysis of the timber and steel elements in one operation
and code-check the timber elements for code compliance. Using S-TIMBER's built- in and
customizable material databases allowed for a quick definition of the materials conforming to the
proprietary CLT required. Modeling automation allowed for easier responses to structural changes
resulting from design revisions.

LEFT: Top view of CLT panels
with grids and strip line view
CENTER: CLT stress contour
results from S-TIMBER
RIGHT: Final model view

in S-TIMBER

J\ ALTAIR
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Concrete Structures...
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Continuous Concrete Beam Design

© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

Simple/Continuous Concrete Beam Analysis, Design + Reinforcement Layout

* Member Design

+ Reinforcement Layout

* Detailed Engineer Design Reports

+ Complete design/code check along span

» Deflection checks (short/long)

« ACI 318, CSAA23, ACI 440 (GFRP), BS, CP65

: 20k 16 KRt
T 1T [ T T T T T T T T T 1
g w i [b=16.0" b=16.0"

L Bt 320" i h=16.0 268" hetE
it —120 0" 242 =1200" L=120.0" £ces
i |l fe=5000psi 25 i |Lfc'=5000psi fc—5000psl :
; 1 ,- 1211 ; 121" H
4" 5 ; 70—
; 5 40" i 29 2 |
: A 40" Fpce Steg : 4-0 i
: #5@8.0" Copt : :
| 447 ke 245 mk5 ¢ [6-47 mk25 246 mk29 5.47|mk3} |

1, T T T Il 11T 1 1 4 i
F|||| | SEESS=sEEEaE 1|||| ||| IIIIIIIIHIIIIIIIIIHIIHIIIIIIIIIIIIIIII:‘
d 16" Wx 24" Dp :
16" W x 36" Dp L ; B2 :
i B! 6-AB k17 b ”'gmk“ 2
D" ) 2" i
1 #4 Stir AL T
6@8” 4@14" 14 11@14 14" a@1a " 6@s 1P 7@e” s@8's" 18@8" S5@s” T@6
B1 777 B2
b=16.0" ; b=16.0"
h=36.0" h=24.0"
fc'=5000psi fc'=5000psi
fy (main)=60ksi fy (main)=60ksi
fy(stir)=60ksi fy(stir)=60ksi
Concrete=283561b Concrete=18474Ib
Steel=11591b Steel=659b
V Util=0 601 V Ulil=0.497
M Util (+)=0.383 M Util (+)=0.632
M Util (-)=0.528 M Util (-)=0.872
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File Edit View Run Results Help Examples

Dl |d SR alalalalsT D= oBly 2] @
\%\E}' 8 1.20:D +1.60:L ~| W VisualEditor ¥ Load Combination [ TitlsAlobNo/LC [ Reinforcing | Zoom Percentage [10° %
LC #8: 1.20xD + 1.80xL ACI 440 11-22 Job #Problemi#1
3.2kt 132kt
Py b
r r
025 05
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E

x28 Dp
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GFRP=4581b

K|

| Status=MotChecked | ShearUtl=-M/ -~ | PosMomentUti=-~MN& -~ | MegMoment Ut = ~ NA& -




FOUNDATION DESIGN

Parametric Modeling, Analysis + Design

» Deep and Shallow Foundations

* Import from ETABS, STAAD, S-FRAME,
and more via CSV files

e Structural and Geotechnical Checks
(ACI 318-19, ACI 440-11.22, CSA A23.3-
19, EC2)

* Automated Design

+ Integrated Python Scripting Interface ;9

e Automation

* Customization

J\ ALTAIR



%) 5-FOUNDATION 2024 - SFDN GFRP Video.sfrmx” [Model H d - Results Are Invalid] — X
qhr File Edit Define Settings Selection Run View Window Help
Tool a4 x p Object L Design Input a4 x
Igi Selection Settings  Case/Combination  Substructure Loads  Foundations
Group Select Mode Box -~ Concrete Code ACI19 ~ | [ Geotechnical
o Selection Mode Al - ] Rebar Clear Cover Percent Passive Pre... 100
ln_n' El Pad [ Factors of Safety
2 Top 50 mm Bearing Capacity 3
Bottom 75 mm Pile Axial Compre... 15
5 Side 50 mm Pile Axial Tension... 15
3 Top X Bars Abave Y Bars ] Sliding 2
5 Bottom X Bars Above Y. O Overturning 12
[?! Pedestal 50 mm Loss of Contact 1
Pile 50 mm B Foundation Tolerance
3 Flexure Check Dem... 0.5 kN*m/m
¥ =) Fun Checks Forces o1 kN
I iR Moments 01 kN'm
b ibalec il Punching Shear Ch. 0 kNm
" Ee el Loss of Contact Zer.. 0001 kPa
o2 Pedestal Structural
- D Pile Geotechnical Auta-Generated Rebar
o Pile Structural Concrete
= Flexible Finite Elements
Q /b Finite Element Analysis
& & Pad
[ Pedestal
& E Pile
o B Soil
w ,} & strip Line
g B Substructure Loads
A
Tool |Settings | Legend |Help Search }
g Solver Qutput 3 x ‘
* ’\,
]
||
(] x 272 Z 0.0000
I* o aox
4 |nput
I Geometry
I Foundstions
¥ Loads
Results

Folders | Labels | Sohver Qutput

Filter By: [ ] Selection

[ visibility ] Rule

ng Design Input | Design Qutput

Selection Tool, Box Edit Mode  Left Click to Select, Left drag to group select, "Ctrl' to Toggle, 'Ctrl=Shift' to Add, 'Shift' to Remove.




Concrete Section Design

© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

Beam, Column and Wall Section Code Checks and Design

Miscellaneous

Quantities (Approx.}

Concrete = 445 Ibift
Steel= 50.2 Ib/ft

Clear Cover =1.5in

Flexural / Axial Results
Axial Comp. Util = 0.263
Axial Tens. Util = 0.000
Moment Res. Util = 1.005
Theta = 153 deg

N vs M Util = 1.005

Vertical Bars
200"x 22.0" Column
16-25M Vert
As =124 sq.n.

Rho =282 %
Tangential Splice

Ties [

[ Tes ]
T0M Ties @ 8.0

Shear / Torsion Results

Vuz = 31.3 kips
Wuy = 8.8 kips
Vuz/BVnz =0.344
Vuy / @Vny =0.101

AvelS (reg'd) = 0.000 in
AvylS (regq'd) = 0.000 in
Si(reg'd)=8241in

Code checking, and design
reinforced concrete sections

ACI 318-19, CSA 19, EC2

Support for GFRP Design to ACI
440.11-22

Integrated with ETABS, S-FRAME
and more...

Batch Processing

2\ ALTAIR



€ 5-COMNCRETE
File Edit View Run Results Settings Help

- (=)
DRER alalalaldal Tloldl#la me| .5 €
B|F| & E TSR viTUd-0z2 S
Rectangular Beam Project Mame [Cancrete Section Job# [0123.45 ¥ Visual Editor
Wiscelansous

T
r

Quantities (Approx.)
Concrete = 481 b/ft
Steel= 35.4 Ib/ft

Top Bars.
d=25in
As'=3.585sq.0n
As'ibh = 0.00823
dz =" NA™

Bottom Bars.
d=21.5in
As =316 sq.in.
Asibh = 0.00858
dz =" NA™

Face Steel
.24 sq.in,

Clear Cover
Top=1.5in
Bottom = 1.5 in
Side=1.5in

Shear / Torsion Results.

I (y-y) = 23040 ind
Io (z-z) = 16000 ind

Ashear (v} = 400.0 sq.in

Ashear (Z) = 400.0 sq.in Summary
Jg=31895 nd Concrete Section
S Job #A123.45

Ae = 480.0 sqin ACI 318-18 Standard
le (y-y) = 23040 ind —_—
e (z-z Altair Enginesring Inc
Ase (¥) = 400.0 sq.in Watthew Sauer

Ase (Z) = 400.0 sq.in

[Stirrups [
#@60n
TopBar [
248 +398
z
240 ¥
co
[Eotiom Bars []
243 - 248
Sechon Properties L L FEEN
Zbar=1200n -+ o [4#5@ 700
200
Ag = 480.0 sqin

Vuy | @Vny = 0.282

Wuz =125 kips
Vuy = 25.0 kips
Vuz { @Vnz = 0.122

Flexural | Aoxial Results
xial Comp. Util = 0.288
Axial Tens. Util = 0.000
Moment Res. Util = 1.354
Theta = 75 deg

My(sve) Util = 1.145
Ly(-ve) Util = 0.980
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Structural Analysis to Concrete Design without hassle

ETABS Model

Concrete Verification and
Design in S-CONCRETE

J\ ALTAIR



S-CONCRETE Multistory Designer

Import Selected Elements from ETABS Model -

Specify Initial Reinforcement by Section Type

© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

Choose items to import into your project.

Columns, Beams and Braces:

ExtColZ1 [8KSI] (30)
ExtColZ 1A [BKSI] (30)
ExtColZ2 [8KSI] (60)
F1LB18x30 [10KSI] (40)
F2LB18x30 [10KSI] (40}

D FloorBrace [A992Fy50] (80)
QOutRigBeamHigh [6KSI] (10)
QutRigBeamLow [GKSI] (10)
QCutRigBraceHigh [BKSI] (12)
QutRigBraceLow [8KSI] (12)
[ TypFloorBeam [4K5I] (160)

Piers:

1Shape-1 [10KS]] (20)
Channel-1 [10KSI] (20)
Channel-2 [10KSI] (20)

Spandrels:
BeltHigh01 [6KSI] (1)

BeltLow04 [6KSI] (1)

Load Combinations:
1.2D+1.0L+1.6Wx
1.2D+1.0L+1.6Wy
1.2D+1.0L-1.6Wx
1.2D+1.0L-16Wy
1.2D+1.6L

14D

[] sLSGravity

[] SLSGravity+WindX
O SLSGravity+WindY
[] SLSGravity-WindX
[[] 5LSGravity-WindY

Wind
Wind
Wind
Wind
Other
Other
Wind
Wind
Wind
Wind
Wind

Fy Vertical Steel: 60/ ksi e 60| ksi Fy Vertical Steel: 60| ksi
Fy Horizontal Steel: 60 ksi By Stirrup Steek 60| ki Bl 60| lesi
. Minimum Cover (to Horiz Bars): 1in
Rho Vertical Steel: 15) % Min Primary Bar Diameter: #8 - z
Target Rho Vertical Steel: 03] %
Min Vertical Bar Diameter: Ch in Sti v
M Sctrp BarDfemest £ Min Vertical Bar Diameter: #6
Tie Bar Diameter: “ Min Side Bar Diameter: #5 Max Vertical Bar Spacing: | 12 in
Tie Bar Spacing: 6| in Rho Top Steel; 075] % Target Rho Horizontal Steel: 025 %
At G 15}in Rho Bot Steel: 075 % Min Horizontal Bar Diameter: #5x |
Minimum Cover: in Max Horizontal Bar Spacing: 10| in
Apply MirMoments Stirrup Bar Spacing: 6|in Curtains: | Two [] Vert Bars Outside
Include Slendemess LR Bl 3 Zone Active
C I e Zone Tie Bar Diameter: #4 - |
olumns Side Bar Spacing: 8lin Zone Fy Vertical Steel: [ 60| ksi
Zone Fy Horizontal Steel: 60 ksi

Beams

[ Fill With Bars

Walls V4N ALTAIR18
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Refine Reinforcement for each Section/Group — Run Preliminary or Full Design Checks

Colurmns | Beams | Walls

Delete Previous Design Data [ Include Stories

Column Sections:

1000-ExtColZ1 [ALL] - DCRC: 0.88, DCRT: 0.00
2000-ExtCalZ1A [ALL] - DCRC: 0.89, DCRT: 0.00
3000-ExtColZ2 [ALL] - DCRC: 0.71, DCRT: 0.24
A000-OutRigBraceHigh [ALL] - DCRC: 0.44, DCRT: 1.31
5000-OutRigBracelow [ALL] - DCRC: 0.30, DCRT: 1,19

Vertical R/F: DCR-Comp: DCR-Tens:
18-28 044 E Column Table...

Design ID: | 4000-OutRigBraceHigh [ALL] ~ | MName: OulRigﬁraceHigh | Active

Column Data Update: All v | Fields User Label: CutRigBraceHigh_Rho226% Axial Cap. (Comp): -3743 Axial Cap. (Tens)k: 1097]

Group: Neone Axial Load (Comp):| -1555.6 Axial Load (Tens): 1007.9

Fy Vertical Steek 80| ksi Story List: | ALL | DCR: | 042 DCR: | 092

Horizontal Steek B0 ksi 1 16 - #10 2.26 % :
R Fy Vert Bars: 60 ksi Length: 456.9| in
Rho Vertical Steel: 150 % Fy Ties: 60/ kesi = Min Cover: 1.5
. 4 - Target Rho: 23| %
Min Vertical Bar Diameter: #3 - 2 3
Width-Y: 30| in Cone Feu: 8000 psi
i i z - Depth-Z: 30|
Tie Bar Diameter. #3 p 1 Vertical Bar Dia: | #10 g
Tie Bar Spacing: 6| in Mum Layers: 1| P D #2 -
Minimum Cover: 1.5) in #Bars face Vi = Tie Bar Spacing: 6| in
# : 5 c
PR Tie Hook: 135 *|deg
Apply Min Moments Single Hook: 135 ~ |deg
Include Slenderness = | Iy Min M ts
Apply Diamond (if Horizontal Bar Config: Rectangular ) Pl Mome)
applicable) Include Slenderness

Vertical Bar Splice Type: | Tangential

’#) Code Check Results

Status: _ Total Concrete: 916 Ib/ft Messages:

V Ratio: 10,563 Message 1 (Unacceptable): Axial Load
N + M Ratio: 1075 and Moment. Utilization equals or
exceeds Maximum.

Total Steel: 82.1 lb/ft

Vertical Steel: | 70.6 Ib/ft

Last Update: 1:50 PM 11/28/2022 | Horizontal Steel: | 1.5 lb/ft

Run Code Check || Run S-CONCRETE | [ ok ][ cancel || sopy

/\ ALTAIR
1
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S-CONCRETE Multistory Designer

Generate Input Files, Batch Run, and Generate Result Reports

© Altair Engineering, Inc. Proprietary and Confidential. All rights reserved.

- S N
1000: ExtColZ1 2000: ExtColZ1A
Story: ALL Story: ALL
Statm: Arcepible = = = - St Acrceptable
i T s 1338 L A R amz
i 1| wemmmio 0855 T N+MRatic: 059
Vet Bam: 2448 Vert [ Vet Bar: HH#EVere
r 1| vetRhe:  146% VatRio:  LS2%
Tigs: #3 Ties @ flim I Tias: #3 Ties i) G im
" | Toml Concets: 1330 Ihif (58,500 1) [ 1| Toul Conmes: 1510 (B14.50018)
. v o|  TomiSmel 85436430 B) b dhosw d| TomlSme  LITEI(STSLIB)
e S Wartical Seal: 65,8 Th/fe (20,610 1) . s Vartical Stecl: 93.3 Ioift (41985 )
Depi: 360in Horiz Stecl: 195 Thife (8,775 ) Dope: 200 Horiz Stel: 345 (15525 18)
Toml Langth: 430 & Comoes Fon: 3000 psi Total Leagth: 4506t Comcrets Foz: - 800 pai
e 4 A
DesignlD  SCOFileName SectMame Story Status WT_Ratio MM_Ratio SectionType Width Depth feu VertBars VertRho Ties
1000 1000-ExtColZ1_8000[ALL] ExtColZ1 ALL |Acceptable 0338 0.875 Rectangular Column | 36,0 in | 36,0 in | 8000 psi| 24-#8 Vert |146% |#3Ties @ 6.0in
2000 2000-ExtColZ1A_8000[ALL] ExtColZ1A ALL |Acceptable |0.012 0.89 Rectangular Column [42.0 in [ 42,0 in | 8000 psi|34-#8 Vert |1.52% |#3Ties@ 6.0in
3000 3000-ExtColZ2_8000[ALL] ExtColZ2 ALL |Borderline 1.053 0.76 Circular Column 36.0in | 8000 psi| 20-#8 Vert [1.55% |#3 Ties @ 6.0 in
4000 4000-0utRigBraceHigh_8000[ALL] | QutRigBraceHigh |ALL  |Unacceptable |0.563 1.975 Rectangular Column | 30,0 in| 30,0 in | 8000 psi| 16-#10 Vert| 2.26 % |#3 Ties @ 6.0 in
5000 5000-OutRigBracelow_8000[ALL] | QutRigBracelow |ALL |Acceptable |0.341 0.738 Rectangular Column | 30,0 in| 30,0 in | 8000 psi| 18-#10 Vert|2.54 % |#3 Ties @ 6.0 in

J\ ALTAIR
20
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S-CONCRETE Multistory Designer

Create Design Groups, and Detailed Code Check Reports for Final Documentation

Column Design Summary

Filename: 1000-ExtColZ1_8000[ALL].sco

Section name: ExtColZi Lo21 RC 36Dia (8000 psi) Loi4 RC 36Dia (8000 psi)
VeriBars: 20-#8 Vert-1.55 % VertBars: 20-#8 Vert-1.55 %
Ties: #3 Ties @ 6.0 in Ties: #3 Ties @ 6.0 in
Summary:
Status. Acceptable Column: ExtColz2
; Status: Warning
Mesimam oo DCR:PM 0.76 VT 0.53 DCR:PM 0.62 VT 0.05
vaTus 0261 Lz RC 36Dia (8000 psi) L RC 36Dia (8000 psi}
Nws M Uil 0.804 VertBars: 20-#8 Vert-1.55 % VertBars: 20-#8 Vert-1.55 %
Ties: #3 Ties @ 6.0 in Ties: #3 Ties @ 6.0 in
Column Column;
Status: Status:
DCR:PM 0.23 VT 0.12 DCR:PM 0.71 VT 0.2
American Building Standards: e RC 36Dia (8000 psi) e RC 36Dia (8000 psi)
ACI 318-14, "Building Code Requirements for Structural Concrete” VertBars: 20-#8 Vert-1.55 % VertBars: 20-£8 Vert-1.55 %
Ties: #3 Ties @ 6.0 in Ties: #3 Ties @ 6.0 in
ACI 318R-14, "Commentary for ACI 318-14"
Column; Column: ExtColz1
Design Aids, Manuals, and Handbooks (For Reference Only)- Status: Status:
. . DCR:PM 0.21 VT 0.03 DCR:PM 0.54 VT 0.34
The Reinforosd Conorete Design Handbook, A Companion to ACI 318-14 Lo18 RC 36Dia (8000 psi) L0 RC 36x36 (8000 psi)
*ACI Detailing Manual - 984", ACI Commitiae 315, American Concrete Institute, 1984 VertBars: 20-#8 Vert-1.55 % VertBars: 24-#8 Vert-1.46 %
) ) Ties: #3 Ties @ 6.0in Ties: £3 Ties @ 6.0in
“"Manual of Standard Practics”, Concrete Reinforcing Stee! Insfitute, 2003
Column Column;
Status: Status:
DCR:PM 0.29 VT 0.02 DCR:PM 0.68 VT 0.19
(LIAE? RC 36Dia (8000 psi) L RC 36x36 (8000 psi)
i ; . fes: 0 es: VertBars: 20-#8 Vert-1.55 % VertBars: 24-%8 Vert-1.46 %
: Gross Propertes: Effective Propertes: Ties: #3 Ties @ 6.01in Ties: #3 Ties @ 6.0 in
Rectangular Column Zbar=00in Ae=12080sqgin.
- - Column: ExtColz2 Column;
b=350 Ybar=00 = 130088 ind
= . r - tetry ! Status: Status:
h=3600n Ag=1206.0sqin. le(z-z)= 138088 ind DCR:PM 0.38 VT 0.02 1008 DCR:PM 0.74 VT 0.03
laiy-y) = 139988 ind. Ase(Y) = 10800 5q.in. Lo1s RC 36Dia (8000 psi} RC 36x36 (8000 psi)
it . . _ VertBars: 20-#8 Vert-1.55 % VertBars: 24-#8 Vert-1.46 %
‘Quantities (approx.)- Igiz-z) = 130068 in4 Ase(Z) = 1080.0 sq.in. Ties: #3 Ties @ 6.0 in Ties: #3 Ties @ 6.0 in
‘Concrete = 1338 Ib/ft ‘Ashear(Y) = 1080.0 sgqin. Je = 2368120 in4
Steel = 1005 Ibift Ashear(Z) = 1080.0 sq.in. ggltjmn'
us:
Primary = 45 8 Ibift Jg = 236120 in4 DCR:PM 0.46 VT 0.02 G DCR:PM 0.81 VT 0.01
‘Secondary = 54 8 16/t Lo15 RC 36Dia (8000 psi) RC 36x36 (8000 psi)
VertBars: 20-#8 Vert-1.55 % VertBars: 24-#8 Vert-1.46 %
Ties: £3 Ties @ 6.0 in Ties: #3 Ties @ 6.0 in
Columi
Status:
DCR:PM 0.88 VT 0.01
(LETe RC 3636 (8000 psi)
VertBars: 24-8 Vert-1.45 %
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Concrete barrier types and loads

Jersey barrier F-shape barrier Single-slope barrier Parapet Parapet with opening

Transverse
tensile load

(a) At the internal location (b) At the end location


http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

AASHTO LRFD design forces for traffic barriers

Railing Test Levels
Design Forces and Designations TL-1 TL-2 TL-3 TL-4 TL-5 TL-6
F, Transverse (kips) 13.5 27.0 54.0 54.0 124.0 175.0
F Longitudinal (kips) 4.5 9.0 18.0 18.0 41.0 58.0
F, Vertical (kips) Down 4.5 4.5 4.5 18.0 80.0 80.0
L;and L; (ft) 4.0 4.0 4.0 3.5 8.0 8.0
L, (ft) 18.0 18.0 18.0 18.0 40.0 40.0
H, (min) (in.) 18.0 20.0 24.0 32.0 42.0 56.0
Minimum / Height of Rail (in.) 27.0 27.0 27.0 32.0 42.0 90.0

Vehicle Class

Small car

TL: Test Level

Single Unit Truck
s

J'"l . .

Tractor Trailer
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Traffic load changes for new MASH TL-4 barrier

Test Conditions

Te(sjtrilzee;zl 4 Test Vehicle ; De:lgnatmn and Speed Angle —
yP km/h (mph) Degrees
— NCHI?; g‘el"m 8000S (Single-Unit Van Truck)  80.0 (50) 15
—) MASH 10000S (Single-Unit Truck) 90.0 (56) 15
Single Unit Truck
t’l .
Barrier test Fi, Fr, KN Fv, Li& LL, Ly, mm (ff) He,mm | Hmin, mm
level kN (kips) | (kips) | kN (kips) | mm (ft) " (ft) (ft)
TL-1 60(13.5) | 20(4.5) | 20(4.5) | 1219 (4.0) | 5500(18.0) | 457 (18.0) | 686 (27.0)
TL-2 120 (27.0) | 40(9.0) | 20(4.5) | 1219 (4.0) | 5500 (18.0) | 508 (20.0) | 686 (27.0)
TL-3 240 (54.0) | 80(18.0) | 20(4.5) | 1219 (4.0) | 5500 (18.0) | 607 (24.0) | 686 (27.0)
TL-4 240 (54.0) | 80(18.0) | 80(18.0) | 1067 (3.5) | 5500 (18.0) | 813 (32.0) | 813 (32.0)
TL-5 551 (124) | 182 (41.0) | 356 (80.0) | 2438 (8.0) | 12000 (40) | 1067 (42) | 1067 (42)
TL-4 (MASH) | 360 (81) 1219 (4.0) 835 (32.9)
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AASHTO LRFD design of steel-reinforced barrier

* Triangular yield line failure equations

(a) At the internal location (b) At the end location


http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

CSA-S6:19 design of steel-reinforced barrier

Flexural resistance for the trapezoidal yield line pattern

a) For barrier loads applied within a wall segment:

2
Ry = { _ } {SME+ M, H + }
2Le_Le_ n2.L¢ H

where the critical yield line length, L, is taken as:
L.=0.5Li(1 + n?%) +J41 Le(1 +n®)2 +
b) For barrier loads applied at barrier ends:

Rw= {EL o Lt} {Mb—I—M H+— }

where the critical yield line length occurs, L, is taken as:

8Mp H+8M,, H2-B
Mg

My H+M,, H*~B
Me

L.;= GSLt{l + ﬂz) +J41 LtZ(]_ + DE)E +
Where:
A= M:’: (Lc — 1. Lt}z + Mc,hase(n]-'t]-‘c - HEL%)
=Li{M. (n —n? + n®) + M_pase(—0.5n + n? — 0.5n%)}

End segment
6
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CSA-S6:25 Commentary - design of steel-reinforced
barrier

Factored punching shear resistance:
V.=(1+2/B)0.15 0, \/f'c bo.d

Punching
shear crack

—— .



http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

Design of GFRP-reinforced barrier

Design Considerations:

1- Punching shear

2- Flexural
reinforcement

4- Bar pullout or
concrete breakout

3- Shear friction
petween barrier and deck

5- Anchorage of deck
overhang bars at corner

~ 5- Diagonal tension crack
in the deck corner
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Design of GFRP-reinforced barrier

Design methods:

1- Vehicle crash testing
2- Manual calculations using design equations

3- Experimental testing on actual-size specimens to verify design
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Design of GFRP-reinforced barrier

170 80 225
(170.00 l8‘).00 225.00 . | it |

I L 1
- L N 16M bar @
15M bar | n @ 300 mm C/C J =
@ 300 mm C/C p 50 mm clear = 50 mm clear
¢oncrete cover EF & | concrete cover EF
S0+/-10 mm EF 5_; 15M bars il
1SM bars o each face
each face =
o
- e S|  16M bars with ?
= @ | 180° hook at end =
(=]
B 15M bars 1050 n;l;i:etllgﬂn s
with anchorage slope, N
heads. 900 m!:n 2 @ 300 mm C/C
. ~ .
length @ 300 mm
Cc/C p . %
-
Q ]
T S 12M bar
= @ 300 mm C/C
g 1 12M bar =
I & @ 300 mm C/C
] — s\ 1
T W 2
& 1 5
s : g 2T %, z )
A=
~ ot

First generation with \ / L s s a
Grade | GFRP bars Headed-end Hooked-end

Crash-tested barrier with Grade Ill GFRP bars 0
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1- Vehicle crash testing

Manufactuer #1: Manufacturer # 2: Manufacturer # 3:

Ribbed-surface GFRP bars Sand-coated GFRP bars Braided-surface GFRP bars

«

, - £ st ] o "_‘ 913 ,"- 2

Crash test in 2010 Crash test in 2011 Crash test in 2016
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The modified design of the TL-5
barrier-deck system in addition to
the identical design for the TL-4
barrier-deck system, was included
in the MTQ Structures Manual in
2018.

ouvrages
ROUTIERS

uides
et manuels

MANUEL

DE CONCEPTION
DES STRUCTURES

MTQ. 2018. Manuel de conception des
structures. Ministry of Transportation of
Quebec, Quebec, Canada.

Québec



http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

2- Manual calculations usmg design equations

Punching shcar crack 38

Test at interior segment Test at end segment

Punching shear capacity:

1.5d L, 1.5d_
| _ | Transverse ]oadmbpatch -

(a) For Impact within a wall segment (b) For impact at end of wall or at joint


http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR
CONCRETE STRUCTURES



http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

The design of the TL-5 barrier-deck
system in addition to the identical
design for the TL-4 barrier-deck
system, was included in CSA-S6:19
and CSA-56.1:19

CSA. 2019. Canadian Highway Bridge
Design Code, CSA-S6:19. Canadian
Standard Association, Toronto, Canada.

CSA. 2019. Commentary of the Canadian
Highway Bridge Design Code, CSA-
S6.1:19. Canadian Standard Association,
Toronto, Canada.

CSA S6:19
CSA
GROUP”

Canadian Highway Bridge Design Code

Commities Memer's Copy Criy. Distribution Pronibited.
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Barrier end requirement in CSA-S6:19:

Doubling vertical bars at the traffic side of the barrier end

The spacing of the vertical bars and anchors on the traffic side shall be reduced by half on

a) each side of a joint in the wall;

b) each side of a luminaire embedded in the wall; and

c) from the free vertical edges of the wall for the following lengths of the wall, 1.2 m for barriers
meeting crash test requirements for Test Levels 1, 2, and 4; 2.5 m for barriers meeting crash test
requirements for Test Level 5.
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2- Manual calculations using design equations

1- Shear friction resistance at the base (see Clause 16.8.7.3 of CSA-S6:25)
2- Design of vertical and horizontal reinforcement for flexure
3- Design of barrier thickness due to shear force

4- Design of deck overhang under combined moment and tensile force
[J1] 1

MhOI‘lZ
‘ Mvert
= = - +\/‘base
‘ngilu I -
! Toverhang

overhang 18
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r, and tensile forces:

How to obtain applied moment, shea

* Finite element analysis of barrier-deck

Transverse
Transverse
tensile load

TN
LTI
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Vo N,

. K0
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x.fsl\\\!’ 000000000000
it 77RO
S NN
L AKX KOORS
\ .%%“ﬁt._; 5

X
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overhang under transverse vehicle impact load
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Empirical equations moment and tensile forces for deck
overhang design for CSA-S6:25

Barrier type Equations Limitation of use
TL-2 parapet (constant Meinner | 45,7%1 [,7%*° 1,0°¢ 5m<Ls
thi('.k].lfSS) Ttinner 9 Sp—l}.[}? fb_0'38 130'04

Mt end 9Sp_0'15 Ib_0'36 Iso.os

Tf,end 15 Sp—(].l Ib—ﬂ.33 153.04
TL-4 (MASH) parapet Mfinner | 385, %21 [, % % 5m<Ls
(constant thickness) Teimer | 100 S, %% [, 1,%*

Mfﬁﬂd 51 Sp—(].z,‘; Ib_0.4? Isl}.lﬁ

Ttend 165
TL-4 (NCHRP 350) Mtimner | 185, 7% [, 7047 [ 01® S5m<Lsy
parapet (constant Ttinner £2 Sp“”’“ 1,706
thickness Mt end 30 Sp—o.m 1,047 1,015

Ttend 110
TL-4 (MASH) tapered- Mtimer | 455 —027 L~ %047 018 S5m<Lv<8m

face barrier Tt inmer 110 Sp—o.ls Ib—o.21 ISO'W

Mt end 54 Sp—o.w 1,064 028
Ttend 155 Sp_0'07

TL-4 (NCHRP 350) Meinner | 85,7%%°L, ¢ [,7°7* 1.%Y Sm<Ly<12m
tapered-face barrier Teimer | 435,708 [, 7025 [ %93
Mfﬁﬂd 18 Sp—(].d-s Ib—ﬂ.'?l Isl}.ZT
Ttend 110
TL-5 tapered-face barrier | Meier | g Sp—ﬂ-sz"‘]'”;b —053 J 0.12 Sm=Lv=12m
Tf,inner 83 SP—U.OS Ib—0.17
Mfﬁﬂd 125 LB—D.GQ Sp—0.35 Ib—(].d-l ISD-IB 20

Ttend 160
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Empirical equations moment and tensile forces for deck
overhang design for CSA-S6:25

TL-5 tapered-face barrier | Mrimer | g Sp_ﬂ_z Lb_ﬂ-lgfb ~053 1 0.2 Sm<Is<12m
Ttinner 33 Sp—u.ns 1,707
Mfend 125 L, %0 Sp—n.s:s [, 041 018
Ttend 160

S, = Overhang length
L, = Barrier length

|, = Moment of inertia of the barrier wall
|, = Moment of inertia of deck overhang

Note: Increase the above values by 20% to make the barrier
fail before the overhang when impacted by a vehicle.
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ACI Foundation Research Fund (2024-2026)

To develop simplified equations for the design of GFRP-reinforced
concrete section under a combined moment and tensile force

» ACI-313-16: Design Specification for Concrete Silos and Stacking
Tubes for Storing Granular Materials specifies design procedure for
steel-reinforced sections with small or large eccentricity of the
tensile force.

Tf —ip—

d’ d’ €
A o7 st As

T~ As As

f e ~ >

h d h d
< , < , O(1¢cf,CC]b

_+_ _+_ A’S A's ..__-l':2 As |a

Case 1: Small eccentricity, e < (h/2 - d")

22

Case 2: Large eccentricity, e > (h/2 - d') 2
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3- Experimental testing on actual-size barriers to verify design

L75
L75

170,00 80.00 225.00 . _
o | i{ . Slmm cover o ||‘m.nu 80.00  225.00 A
I —"'J T 150 bar 7 T

=

m— F 41 urt
'iﬂmm'““_f'“Jﬂ s @ 300 mm CC —~] 4
50 mm [F 50 mm OF | 'P .
clear cover —— Ir = |~ clear cover 50 mm IF I i N -|n mam OF
- clear cover —ef._|] @ | - chear cover
15M bars 1M bars | [L g
each face | ecach face [
[ = /|
=} L] = |
= |1l [=] = il = H
S| o asMbas [ o S ISMbars | ] o
2 | with 180* Hook , (| = 2 | with 180° Hook, | [P e
980 mm length, I = 1050 mm length, | || / -
63" slope, f “ ~ 63 slope, | || J/ -
@3¥0mmCC | | @wommcc | |/
| J| . [ 1L/
2 ' g
(Steel 10-M20), clear (Steel 10-M20), clear -
concrele cover = 60 mm E [ 13M bar concrete cover = 60 mm =
a I @ 300 mm C/C 7

50 mm PVC tube 50 mm PVC Iubc \l‘

T En =
Steel :mm\ \ =t V % Steel 14-M10, R \ \ g
== e A — g T 1+
- H T 1T ¥ U_g Il,l}.’-" o Ir—- ..11 §| E - E
o I ] | = W =
o I 1 I 7 n‘\_k\_ | b s E :-'4 N c =
@ — wi N 4
o . D
- . 75 _| m:}\ L5 |60p0 7 |_ o\ |__2us
=1 Il 2
1 11 i
2] 1 sl 8, %
\'a | o o) LN 1 A
1T .
(Steel 10-M20), chear
150 (Fheel 10-M20), clear 50 concrete cover=45 mm
concrele cover =45 mm
500 100
500 700
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3- Experimental testing on actual-size barriers to verify design

L75 . RES |
I 1
125 8% 225
170.00 ISO_U(I) 225.00 60 mum min cover 1 1 1 |
| —  15Mbar —1
—_ 15M bar | —_— 7/; - - e 300 mm C/C ]l el
@ 300 mm C/C — 1 « 60 mm clear -
| L COnCTete cover LU
60 mm IF I| I| 50 mum OF 15M barz
clear cover | 5| .~ clear cover each face 50 mim clear
15M bars Il . Total =12 bars = [conerete cover
ch f:
each face I| I| ) . o
1 2 £ ars
8 | « 8 = with HEAD
8 15Mbars | b & 990 mm g
>3] . =] length i@ 300 mm L
with 1890] glook o {J/C, slope = 68 degree 1
. mm =
length @ 300 mm ' -
C/C, 60° angle M20 @ 100 mm 4+ =
! (9-M20), clear
= concrete cover =35 mm =] 13M bar
T - - < 300 mm C/C
g 50 mm PVC tube 4+ ' 8
4 13M bar =
=1 =
7 @ 300 mm C/C ”‘Mm\ \ %
8 3 S TWl 5\ J‘GJ;I IJI[ R
] T T T T *] o7 T
o 4 = N =1 ] i
S 2 8f:: /G N |
& a4 2 -1 1 e
L 2 E = L bo\[ s | eus 50
2 & o [
L=
. = o " I
= L o a g M20 @ 200 mm
TTT {3-M20),clear
EO 150 conerete cover =35 mm
500 F00
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POT

8
i
|

xwwgi'
1
&

30 oo PVC sleeve (@ 600 nme/c
envibedded m the deck alab

Locking round plate—
<

Test setup

25
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Diagonal tension crack at corner Concrete breakout in thick deck slab

Cantilever deck slab

a) Internal forces at corner joint b) Free-body diagram for ~ c¢) Concrete breakout due to
for diagonal tension failure diagonal tension failure GFRP tension in the deck sla
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Deteriorated steel-reinforced barrier
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Damaged steel-reinforced barrier due to vehicle collision
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Post-installed GFRP bars between barrier and existing deck

1
i Y00 pem CFC Jl

S0 ooumy clear
i."_i COTECTERE COYVET

1]
[[F¥]

F_

_|
'ﬂ: R jl:l:ll;:{‘b-:
ol
§ %
.7 :
Saw-cut the defected segment =4, 3
1 L B i
& . - -
a “ 4 .

Installation of post-installed GFRP PBars


http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR
CONCRETE STRUCTURES

Post-installed GFRP bar testing to collapse

At barrier interior segment

Close-up view,
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Post-installed GFRP bar testing

.
E@-{f— 100 nm chameter i POT
Wl sobd round bar Jack | —1L M
; LoodCell |
; HSS 3053059.5 |
Anchor rod of 30 pom— I
ciameter (@ 600 mmcic
19 mum thick steel plate
POT
i POT
30 oo PV sleeve (@ 600 nme/e —{
exrbedded m the deck b T
| SIS AV 77T R/
Lockang round plate— I : &
< Laboratody ngd floce —
Test setup

Concrete breakout in thick deck slab

33
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Post-installed GFRP bars exposed to freeze-thaw cycles

Types of adhesives:
* Type l: [=T1™; 2] HIT-RE 500-SD Epoxy Adhesive 2,

Sika AnchorFix-2001
Sika AnchorFix-3001

* Type Il & lII:

CONSTRUCTION

GFRP bar post-installed 200 mm
deep in a concrete block GFRP bars used in this study *
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Post-installed GFRP bars exposed to freeze-thaw cycles

|
P

Load
cell

Concrete
block

Pullout test

Concrete block in the
environmental chamber

J . x
=g A R g -
B = iy, F A =

= - - - B e

= TN

Bar pull-out
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Post-installed GFRP bars between old and new barrier
segments and barrier-to-side of existing deck overhang

NSMR to top
surface of deck L° °

c NSMR to top
surface of deck

GFRP bar
planting

J

NSMR NSMR in wall GFRP Planting NSMR and planting
on deck On side of overhang

GFRP bar
planting

36
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LS-DYNA f|n|te element modelmgvalldatlon
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LS-DYNA modelling — static loading to collapse

Back face

Front face

38
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THANK YOU
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Performance of RC Columns With Hybrid
Reinforcement (GFRP-Steel) under Cyclic Load

Girish Narayan Prajapati

Université de Sherbrooke, QC, Canada
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Content

Introduction

GFRP as lateral reinforcement

GFRP as longitudinal reinforcement

Hybrid GFRP-steel vertical reinforcement

 Conclusion
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Introduction

Columns

Commercial Buildings,
Hospitals, etc.

A e
Railway Bridges Parking Facilities

Bz 2 ¢ FooT ;
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Introduction

Columns

* Vertical load

* Lateral load

* Provide lateral stiffness to
frame

* Control frame lateral drift

* Prevent structural collapse

Bz 2 ¢ FooT ‘
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Introduction

Problem: Corrosion in steel reinforced members

Corrosion Damage to RC Columns

S5 [WeE e T :
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GFRP as lateral reinforcement
GFRP and hybrid-RC columns

4— 400 —

R

— 400 —y

| [ L5 BEEEREEES
A
A

12-#5 or #6 GFRP

4#— 400 —

(B 1l
1T ‘:I}Spacing of

100, 120, _
and 150 Section A-A'

1850

GFRP spiral

— 400 —y

#3, #4 and #5 GFRP spiral and crosstie

e d

GFRP crosstie Steel bar

==

Reinforcement
A % cage

1200
Unit: mm
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GFRP as lateral reinforcement
GFRP and hybrid-RC column

.
50-mm DYWIDAG
5 prestressing bar
< 4
§ = O/%-) 4 Hydraulic piston cylinders
£ g w‘% i ‘( Steel box spreader beam
5 = Pe .
6 £ 5 £ 35,1000 KN(250 mm) |
E 23 MTS agtuator
E L O ’ o
4 £s ¢ S
gz .
SR - : 2
) o
& E 553
= . 13- g5
@ E 100-mm thick steel plate o= [
= = with spherical hole AN g =
N, F wvy 3
£ Spherical head nut /"~ i\ - —:
E 3 \ o
- LS k <
_ ] :
E 66-mm diameter ‘\ — 1 —+
'4 - 3 M =3
E DYWIDAG bolt #5 2lg
E | L=
-6 L 75-mm diameter straight —+ ’J.:_:‘ —
o 3 9 12 15 18 21 e o } il N
Loading cycles R i e
Stub-floor sliding =+— Hi 1 ]

Strong concrete floor
1000 mm thick

All dimensions are in millimeters
(mm) unless otherwise specified.
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GFRP as lateral reinforcement

GFRP spiral and crossties strain

4500 =

" s#S-4-100 SHS-#4-120 @ Steel bar yielding
3500F—— GFRP spiral 4000k GFRP spiral o Steel bar buckling:
30001 GFRP crosstie 3500 p- GFRP crosstie
° ° ~_~ ® Steel bar yielding ~—~
* GFRP spiral and crossties £ 2500 tecl bar bucking g 2000
) . £ 2000F -' 1 220
effectively confined the S sk Tgmmmm—=tr /| { &
3 = 3 1500}
concrete column | ' 1 1000
500 500
% 4 2 0 2 4 & O 4 2 0 2 4 6
rift ratio (%) rift ratio (%)
* GFRP Strain was higher than 000 <000
. . . SH5-#4-150 ! ! SH#6-#4-100 @ Steel bar yielding
steel tie yield strain (0.002), 6000} — GIRP pil {45000 __GrRpspir || oSteel br buckiivg
------------- GFRP crosstie 4000 e GFRP crosstie
. ° —~ 5000 OStccibaryiciding oo 3500- H l
provide continuous 2 2 Siel oo kg )
= 4000+ 1 = 3000
8 2000f === 1§ Soook
confinement until the s 27/ S oo
. . & | e 1 @ 1500}
specimen failure . = 1000k
100 500} .
%% 4 2 o0 2 4 % 4 2 o0 2z 4 6

Drift ratio (%) Drift ratio (%)
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GFRP as longitudinal reinforcement

: Displacement (mm) . -
HySterESIS response 150 -100 -50 0 50 100 150 ;E?ﬁ
30 st | — e
=34 a &
~ 200} p, =1.48% (Steel) @
< pe, =1.06% =
< 100F )/ : .!Qa_ﬂ
g 7. ST
+= ! . E —
3 -200f & Eovarmaing ™ %
W Bar buckling 4
-300F + First bar fracture P g

08 -6-4-20 2 46 8 10 Hybrid-RC column
Drift ratio (%)
Displacement (mm)
-150 -100 -50 O 50 100 150

T T T T T
300} G#5+#4-120
f/=34.2 MPa
L p, =1.48% (GFRP)

* The lateral load continues to
increase in GFRP-RC column
compared with hybrid-RC column

N
o
o

100

o

Lateral load (kN)

-100
-200f > First flexural crack
@ Cover spalling
-300F + First bar rupture |
-10-8 6 4 -2 0 2 4 6 8 10
Drift ratio (%)

] @ I FOT GFRP-RC column 9
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GFRP as longitudinal reinforcement

Hysteresis response

. . 3207 [ | G#5-#4-120 (GFRP)
* Due to high stiffness of steel bar than 280 | | I S#5-#4-120 (Steel)
GFRP bar, lateral load was more in 240} T
° eg ® ° ° ° Z ° & < o\o N
initial drift cycles in hybrid-RC < 200 28~ 3R ep
_8 S ' * < S N
column. S 160 2 2 B
©
% 120 |
* However, after 1.5% drift ratio, it was  ~ sof
reversed, and more lateral load was 40

o

observed in GFRP-RC column.

02505075 1 15 2 25 3 4 5

1600 Drift ratio (%)

——— Steel bar
—— GFRP bar

1400

1200
1000
800

Stress (MPa)

600
400
200

E ® gfgﬂg \%\'\jﬂ tifﬁ @ ’ 0 0.05 0.1 0.15 10

Strain (mm/mm)
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GFRP as longitudinal reinforcement

Tie conflguratlons

12N4-C4-100

8N4-C1-100

8N4 C2- 100 12N4-C3-100

S5 [WeE e T
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GFRP as longitudinal reinforcement

> 2.5 % for earthquake resistant
columns (5S806-12)

Steel GFRP

[ 8#3-C1-100 } @ 12N4—C4—100}

4.0% (20%loss) 8.5 %

GFRP GFRP

8N4-C1-100 - [ 12N4-C3-100 J
4.0 % )
. SN4-C2-100 3.07%
7.5%
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Hybrid GFRP-steel vertical reinforcement
Hybrid (GFRP-steel) longitudinal reinforcement

Steel

* To provide a better column with
corrosion resistance and improved
seismic performance

* Replacing some steel longitudinal
bars with GFRP bars to improve
self-centering capacity of the
column

Eaﬁgﬂg &J f FDO‘:ﬂ 13
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Hybrid GFRP-steel vertical reinforcement

Comparison to steel-RC column

e Concrete column with hybrid 300q[e7e e o] [0 o e o] | Hysteresis curve
longitudinal reinforcement . 200- u .
maintained a higher lateral load in E, 100 Ts10020 S B/
contrast to RC column with E @:steel WU
longitudinal steel bar = © Lo
S -100- Iy — LHI12-100-20
* Moreover, the contribution of z 2200+ ) | L512-100-20
GFRP longitudinal bars show a o

narrower response after loading 9 6 3 0 3 6 9

Drift Ratio (%)

Bz 2 ¢ FooT a


http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

Hybrid GFRP-steel vertical reinforcement

Comparison to steel-RC column

— 300F aqn ‘ ' ' ' ] 300F 7 e ' ' ' ]
" LS12-100-20 1% dri LH12-100-20 200
_200¢ ; g - 200t o 1
= 100f T # 1 = 100+ . 4 ; 1
= Y =}
LS12-10020 & LW g f - LH12-100-20
= I z =
B -100f l B -100F /
= ]
— —_
2200 F -200 -
300k Resu:!iual stralm . . Si]Vl | 300k . . . . |SlVl i
-5000 0 5000 10000 15000 20000 25000 30000 -15000 -10000 -5000 0 5000 10000 15000 20000
Steel Strain (microstrain) Steel Strain (microstrain)
Drift Ratio (%) 300F 1 H12-100-20
0.25 200
— Z
s < 100+
— 0.75 =
S 0
— 1.0 —
g
pul ! sy e [ g -100f
— [
2.0 200F
- = Aok vy
3.0 -15000 -10000 -5000 0 5000 10000 15000 20000
—= 410 GFRP Strain (microstrain)
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Hybrid GFRP-steel vertical reinforcement

Self-centering ability u .
* Residual drift ratio is influenced by 4 LH12-100-20 |
concrete deterioration and yield of . LSRAN20 |
steel bars S 37 |
£ |
* Incorporation of longitudinal GFRP § 2-
bars led to reduction in residual drift _g |
ratio &"3 | l |
| Recoverablestate” |
* Japan’s design specification (JRA-2019) . . |
recommend recoverable state below 0o 1 2 3 4 5 6 7
1% residual drift Drift Ratio (%)

Eaﬁgﬂg &J f FDO‘;ﬂ 16
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Hybrid GFRP-steel vertical reinforcement

Energy Dissipation

Ketity=(Fit max - Fi-min) / Qi+ - A1)

i Cycle
A (Displacement} V'
;. 7
| 7~

I Dae U FooT)

(=)
=

=

IR

LS812-100-20 LHI12-100-20

100 =

by
=1
1

L]
(=]
1

LH12-100-20

''''' LS12-100-20

T T T T T T T T T T T T
025 05 0.75 1 1.5 2 25 3 4 5 6 8
Drift Ratio (%)
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Hybrid GFRP-steel vertical reinforcement
Why hybrid (GFRP-steel) longitudinal reinforcement?

* FRP bars have better resistance against e e e CFRPDars
corrosion; however, they have a linear elastic [ ) T ~GFRP ties
stress-strain relationship until the failure RN old

| Steel bars

» Steel has good plasticity; however, steel bars | . oLl

corrode under extreme environmental . . —s) | T GFRPties

conditions

* Two layers of reinforcement, with outer GFRP and inner longitudinal steel
bars, will improve the ductility and service life of concrete columns; they
can also be used in high seismic zones

E@ggﬂg &J € FDO‘:ﬂ 18
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Conclusion

* GFRP-RC column with adequate confinement provided by GFRP ties
exhibited stable behavior, achieving drift more than 4.0%

e Strain developed in lateral GFRP reinforcement indicates effective
confinement provided by GFRP ties after the steel longitudinal bar yielded

* Incorporation of longitudinal GFRP bars in steel-RC columns demonstrates
resilience, enhances their self-centering ability and improves lateral load and
drift capacity

* A concrete column entirely reinforced with GFRP could be suitable for low-
to-moderate seismic zones, whereas longitudinal steel reinforcement would
be required in high seismic zones to achieve energy dissipation

] umme W & FOT 19
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Corrosion

* Global cost of steel
corrosion is estimated at
about USD $3 trillion
which is about 3.4% of

Utilities
34.7%

Government
14.6%

the world’s GDP (NACE Produstion and
. Manufacturin
International) EX U |
Tran;];?sr;/?hon
= &>
Waterwa;:le ?/:md Ports /
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Experimental Program

* Constituted of three phases.

* Columns reinforced with:
1. GFRP spirals and GFRP longitudinal bars;
2. GFRP spirals and Steel longitudinal bars; and
3. GFRP ties and steel longitudinal bars.

* Before this program was undertaken hundreds of small
and large steel-reinforced columns were tested

I Dae U FooT)
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PHASE I: Circular Columns with GFRP
Longitudinal Bars and GFRP Spirals

* Nine Circular Columns -> GFRP spirals and GFRP
longitudinal bars.

* Large-scale columns = 356 mm diameter and 1470
mm length.

 Tested at the University of Toronto = simulated
earthquake loading.

I Dae U FooT)
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+

ﬁ Specimen Details
Lateral Load

Specimen Cages

BOO mm

1470 mm
L=

‘)
Specimen wﬂ”

Geometry %,

. =

1235 B0 | 463

I Dae U FooT)


http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

Main Variables

—— Axial load level
— Type of reinforcement

— Column cross-section

—— Spacing of transverse reinforcement

— \olumetric ratio of transverse
reinforcement

I Dae U FooT)
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Test Set-up

e Simulated earthquake
loading

U |A/A.V
NDHDWNO—O—NDWRAW

(e)

L2 3'Loacﬁng éycles6 708 9

o Constant axial
load

o Cyclic lateral
displacement
excursions
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OBSERVATIONS:

Columns with GFRP Longitudinal Bars and Spirals

Failure Mode ——)

Bz 2 ¢ FooT

Longitudinal Bar Rupture

The compressive strength of
GFRP bars at failure was
approximately 60% of the
ultimate coupon tensile strength
for both circular and square
columns.

The GFRP spirals and ties were
able to provide continuing
effective confinement to the core
concrete till specimen failure.
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Results
Steel-RC Column

Shear vs Tip Deflection Moment vs Curvature

P27-NF-2 | P27-NE-2

»  Steel Longitudinal bars
»  Steel spirals )
* Axial Load = 0.28Po ’;

(=]
=

f=
(=

) ) -50 100
* Reinforcement ratio = 0.90%
. . 100 200
*  Spacing of spirals = 9.5 mm @
2300 -
150 mm 130 X 300 200 -100 0 100 200 300
150 -100 Tii:stl‘f)eﬂef{:]tion, g.o(mmﬁm 150 Curvature, @ (rad/km)
150 300
GFRP-RC Column P28-C-12-160 P28-C-12-160
.. L z
*  GFRP Longitudinal bars z =
»  GFRP spirals > 2
. ® m
«  Axial Load = 0.28Po ) £
. . -100 | o=0. =200 P/P,=0.28
«  Reinforcement ratio = 0.94% . i “ 120m @ 160mm
. . _ -150 T T T T 1 300 T
* SpaCIHg of Spll‘als =12 mm @ 300 200 -100 0 100 200 300 150 .50 50 150
Tip Deflection, A (mm) Curvature, ¢ (rad/km)
160 mm
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1. The GFRP reinforced specimens were able to undergo several
more cycles than the conventional steel specimens.

2. However, they had lower shear and moment capacities in
comparison with conventional steel reinforced columns.

3. The hysteresis loops had significantly lower energy
dissipation.

4. They displayed softer response = Due to lower stiffness of
longitudinal GFRP bars

S5 [kl -l
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PHASE II: Circular Columns with Steel Longitudinal
Bars and GFRP Spirals

« Aim : To maximize the advantages and minimize the disadvantages of
GFRP bars.

« Eight Hybrid Circular Columns —-> GFRP spirals and steel
longitudinal bars.

(fc =41 MPa)

« Large-scale columns - same dimensions as columns with GFRP
longitudinal bars and spirals, and columns with all steel reinforcement

« Designed according to CSA-S806-12 to achieve various lateral drift
ratios.

Bz 2 ¢ FooT
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Construction of Specimens
P .',;/'-\r.\ > ;/ t - ‘ J. . e S - n

s kel

3. Cages Assembled in formwork

2. Column cage
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Results
125
» Columns were able to: 0 W, | omcea
75 ';;:b-‘ \ : = -
o Undergo several 50 |
displacement cycles g ,, )
> 0 o i
o Achieve high levels of £ 7
i ) -5 e Crack inilia_lion -
o Dissipate large amount of | | o
energy ot & Spiral rupture

-300 -250 -200 -150 -100 -0 O 50 100 150 200 250 300
Tip Deflection, A (mm)
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Ductility Parameters

A
MOMENT M
M

max

M,

Sheikh, S.A. and Khoury, S.S. (1997), “A Performance-Based Approach for
the Design of Confining Steel in Tied Columns”, ACI Str. J, 94-4.

-
[ £ JUNIVERSITY OF TORONTO
%ﬂ' Department of Civil Engineering
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GFRP VS. STEEL AS LONGITUDINAL BARS

« Two identical columns with the

exception of longitudinal bar type were
tested under similar loading
conditions

« Both columns were reinforced laterally
with 12 mm @ 160 mm GFRP spirals

Lateral

Maximum Moment Displacement Drift Work
Shear, Capacity, Ductility Factor, Ratio, Damage
vmax Mmax '-lA 8 Indicator,
(kN) (kN.m) (%) We,
GFRP
P28-C-12-160 71 152 3.2 3.0 22
Steel
P28-15-12-160 98 210 3.1 3.1 19

S5 [kl -l
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GFRP Longitudinal Bars Steel Longitudinal Bars

150 150
P28-C-12-160

100 - 100

P28-LS-12-160

o
o
1

50

Shear, V (KN)
o

Shear, V (kN)

-50
-100 - P,/P°= 0.28 -100 P/P, = 0.28
12mm @ 160mm 12mm @ 160mm
-150 T 1 T . -150
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
Tip Deflection, A (mm) Tip Deflection, A (mm)
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GFRP VERSUS STEEL SPIRALS

* Results from these tests (long. Steel and
GFRP spirals) were compared with the
results from conventional all steel-
reinforced columns

« Comparable columns had identical
properties except the spiral
reinforcement

 All columns were tested under similar
conditions

I Dae U FooT)
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Steel Circular Column
 Steel Longitudinal bars 0 " g
. — 50 = 100
» Steel spirals g Z
. > >
* Axial Load = 0.28Po § Fu
« Reinforcement ratio = 0.90% “ o / £200
* Spacing of spirals =9.5 mm @ | | .5 300 :
-150  -100 __5%e Q. EO }'00 150 =300 200 -100 0 100 200 300
1 50 mm Tip Deflection, A {mm Curvature, @ (rad/km)
Hybrid Circular Column
Steel Longitudinal b o | it [ | 2t
[ ce ongel 1mn 12 mm @ |60 mm .,: - _ 2 mm @ min (l
.g al bars . Vs =
* GFRP spirals 2 / g
. P‘_ - dﬂ
e Axial Load =0.28Po g sq ~ . 5 -100
. . @ R g
 Reinforcement ratio = 100 2200 | oo
0 =300
0'94 A) ISG—ISD -100 T-IS]JODEﬂeGCLiUH, 53 (uml15m 150 =300 200 Cﬁt!i?%ue,ﬂr{rad}%%) 200 300
* Spacing of spirals = 12
P 5 P Shear vs Tip Deflection Moment vs Curvature

mm @ 161 mm
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Transverse
Axial confinement
Specimen o
P level
P/P f ;
P g ratio
(mm)

Steel

P27-NF-1 #3@150 0.60

GFRP

P28-LS-12-160 12@ 160 0.94

Steel
P56-NF-11

10M@100

GFRP

P55- LS-12-90 12@90

(O 12 ¢ FooT)

Curvature
ductility
factor

He

Displacement
ductility factor

max

(kN)

Ha

Mmax
(kNm)

Drift
ratio,

S (%)
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PHASE Ill: Square Columns with Steel Longitudinal
Bars and GFRP Ties

 Fourteen Hybrid Square Columns - GFRP ties and steel
longitudinal bars.

(fc =46 MPa)

« Large-scale columns - 305 mm square cross-section with a
length of 1470 mm.

* Columns were designed according to CSA-S806-12 to
achieve various lateral drift ratios.

S5 [kl -l
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Specimen Details

+

ﬁ Lateral Load

485 mm
-

F00 mm

305 mm

1470 mm

e T 305 mm
Pt g

Specimen Geometry

- Formwork
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OBSERVATIONS

GFRP Tie

Failure Mode ——)
failure/rupture

I Dae U FooT)
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TEST RESULTS

(D) Initiation of cracking
300 F @ spalling of wop cover
(3} Spalling of bottom cover

’é\ 2[][] = () Buckling of longitdinal bars
(3) Rupture/unhooking of tie

200

@ Initiation of cracking
1 50 (@ Spalling of top cover
(@ Spalling of bottom cover
100 F @ Buckling of longitudinal bars
(8) Rupture/unheoking of tie

Z 50 | Z, 100
w0 E 0
E =0T ) 15‘-100 TAPI356
=-100 | £ -200 == 7 =04MPa
S -300 P/P=028
-150 F = ﬁ'?:S'm;}
'200 . L L L L -400 mm (@ 50 mm
1250-200-150-100-50 0 50 100 150 200 250 -500-400-300-200-100 0 100 200 300 400 500
Tip Deflection, A (mm) Curvature, @ (rad/km)
Shear vs Tip Deflection Moment vs Curvature

* Steel Longitudinal bars —
* GFRPTies 12 mm @ 90 m

 Axial Load = 0.28Po
 Reinforcement ratio = 3.01
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Square vs Circular Columns

* For circular columns - No redundancy
after the rupture of GFRP spiral and
confinement provided to the core
concrete vanished as soon as the
spirals ruptured.

* For square columns - The loss of
confinement was not as sudden; the
failure was more prolonged due to the
fact that there were two ties at each level Square Column  Circular Column
in columns with reinforcement
Configuration A.
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Comparison Of Shear Vs. Deflection Hysteresis

Square Hybrid Column
* Steel Longitudinal bars /1028
° GFRP TleS . Spacing =160 mm

* Axial Load = 0.28Po
e« Reinforcement ratio =

50

1.68%
* Spacing of ties = 12 mm )

@ 160 mm g

Circular Hybrid Column 2
*  Steel Longitudinal bars 100 —Creular Column
* GFRP spirals —Square Column
* Axial Load = 0.28Po 150
* Reinforcement ratio = o e " D ? " "
Tip Deflection, A (mm)

0.94%
*  Spacing of spirals = 12

mm @ 161 mm
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Ductility Parameters

The drift capacity of the cicular and square hybrid columns
ranged between 2.5 and 3.5%

Thus, meeting the requirements of the North American
building codes.

0

Ductility Parameters

Axial
Shape Specimen load 5
Ha He
P/P, (%)
Square TA-P28-S-10 0.28 2.94 15.6 3.5
Circular P-28-LS-12-160 0.28 3.10 11.1 3.1
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Concluding Remarks

Columns with GFRP longitudinal bars displayed stable
behaviour and achieved high deformability, but the flexural
strength and stiffness was found to be lacking.

The columns with steel longitudinal bars had flexural strength
and stiffness comparable to conventional steel-RC columns.

The optimum solution with respect to column strength and
stiffness, ductility and energy dissipation, and corrosion
resistance appears to be a hybrid column with steel longitudinal
bars and GFRP transverse reinforcement.

This provides an ideal solution for durable columns with
appropriate seismic resistance for resilient structures.
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CORROSION IN CANADA AND OTHER COUNTRIES

» The effect of corrosion in structures like bridges is worse in
countries such as Canada due to aggressive environments.

0 0 Chloride Ingress
%

Freeze-Thaw
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FECT OF CORROSION IN COLUMNS

i

Concrete

Reinforcing
Steel

=

1. Corrosion products form

2. Volume expansion occurs

Cover Spalling
Highway 401 bridge, Toronto
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EFFECT OF COVER SPALLING

« Cover Spalling in columns results in a
reduction of:

Load Energ
_ = y
carrying DUGHIL Dissipation
capacity

32
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GLASS FIBRE REINFORCED POLYMER -
A FEASIBLE SOLUTION

Light weight __High Strength

Easy to install 3x steel

GFRP Bars

Corrosion resistant > Highly versatile

Suits many
projects

Durable sfrdcfufeé

Various GFRP bars

Use of GFRP in bridge construction
(Floodway Bridge over Red River Winnipeg)
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Flexural Strength Enhancement

Up to 30% increase was observed in the nominal moment
capacity due to GFRP confinement

Failure Mode Axial
Sh S i road Vimax Mmax . Mpnax
ape ecimen
pe 5P level | kN1 | [KNm] M,
Last Cycle | Max. Disp (mm) [kNm]
P/P,
Square | TA-P28-S-10 11 -22.5 0.28 109 219 206 | 1.06
P-28-LS-12-
Circular 160 12 -28 0.28 o8 210 210 | 1.00
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ADVANTAGE OF GFRP SPIRALS

Steel is relatively very stiff up to
a strain of about 0.002 when it
yields

1200
. 1000

Beyond yield, modulus of
elasticity of steel varies from 0
to about 10% of initial stiffness

800
600

GFRP behaves elastically linear 400

until rupture at a strain of
approximately 0.02

STRESS, 3 (MPA)

200

Significant difference in 0
providing an effective
confinement beyond Point A
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Internal GFRP Spirals vs. External GFRP Wrap

« Two identical columns with the Failure Modes
exception of internal GFRP spirals
and external GFRP wrap were tested
under similar loading conditions.

1. GFRP spiral column = P28-LS-12-50

* 12 mm spirals @ 50 mm spacing

2. GFRP-wrapped column = P27-2GF-4
(Liu, 2013)
+ steel spirals = US#3@300 mm &
+ two layers of GFRP wraps.

P28-L.S-12-50 (right)
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Shear vs Tip Deflection

Moment vs Curvature

nserc 1}
CRSNG

MIAMI
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External GFRP Wrap GFRP Spirals
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P272GF-4
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The behaviour of columns well-confined with GFRP spirals
was similar to columns externally confined with GFRP wrap.

Specimen VvV

I-I '—l 6(%) W W E max Mmax
name a ® 80 80 (kN) (KN.m)

P27-2GF-4 49 175 4.5 52 330 1272 1272 105 251
P28-LS-12-50 4.7 33.8 4.7 65 239 1768 1768 106 254
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» Introduction: Climate Change

» Extreme Climate Events
» Climate Resiliency
> |Innovative Materials

» FRP and Climate Change Adaptation
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Introduction: Climate Change Impact

Shifted Mean

Climate Change

Probability of Occurrence

» Bridge performance is highly affected by the
weather

* Design stage: assumptions about climate loads are
based on historical climate data

Probability of Occurrenc

« Climate change: While the increase in average
temperatures is insignificant, the increases in
climate extremes are apparent

Probability of Occurrence

extreme cold cold ean:
without and with weather change
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Introduction: Climate Change Impact

Climate Change Risks

RCP 6.0

Accelerated aging and deterioration; Scenario for
CHBDC S6:25

[ ]
Kennedy et al. (2022)

Frequency & intensity of extreme events;

Increasing temperature extremes;

Freeze-thaw cycles;

Increased corrosion.

NPS (2020)

NATIONAL RESEARCH COUNCIL CANADA Extreme temperatures 000



Introduction: Climate Change Impact

Bridge Infrastructure

« Aging bridges require maintenance; $US 52B / Year

» Corrosion damage to steel and concrete bridge elements. Cost O::COF;OS‘O"
In Canada

More .ﬁ—" ’_ﬁ. Less
Corrosion _L J_ J_ _L Corrosion

AMPP (2021)

Longitudinal Cracking

Corrosion
by-products Delamination
T DS

SR TR PR

Surface Corrosion
NATIONAL RESEARCH COUNCIL CANADA 000



Extreme Climate Events

> Extreme heat and cold waves

RCP 6.0

Scenario for
CHBDC S6:25

EEmT
BT

NPS (2020)

NATIONAL RESEARCH COUNCIL CANADA
Extreme temperatures

Kennedy et al. (2022)
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Extreme Climate Events

> Extreme floods

» Flash Floods
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g
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Extreme Climate Events

» WildFire

NATIONAL RESEARCH COUNCIL CANADA



Climate Resiliency

Resilient Curved Box-Girder

Framework for climate resilient E'-"'dailﬂ'ﬂ'-*'“
bridges [ }
Accelerated Manufaciuring & Accelerated In-Site Fabrication &
Construction Construction

+| Enhance Load Capacity

Imiprowe Dusctility

+

#| Shorien Recovery Time

Resiliency enhancement:
= Requined Performance Leveal
= Short Recovery Time
* Rapid Enhancement Technigues

NATIONAL RESEARCH COUNCIL CANADA Qo0



Climate Resiliency

Schematic representation of S e
resilient curved box-girder '
bridge systems

Ferformance

| TR S PR —— i Time
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Innovative Materials

»FRP Reinforcement

»FRP Strengthening

»UHPFRC

» Stainless Steel

» Impact of Climate loads: more focus on suitable materials
»Needs for a national database: improve reliability

NATIONAL RESEARCH COUNCIL CANADA 000



FRP for Climate Change Adaptation

Improve Performance in extreme climate events
» New tailored FRP materials
» All FRP Structures

» Hybrid Structural Systems

Performance-Based Design Procedures
> Set Performance criterion

» Standardization of production

» Hybrid Structural Systems

NATIONAL RESEARCH COUNCIL CANADA 000
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Questions?

Husham Almansour

husham.almansour@nrc-cnrc.gc.ca
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Outline

= Why Nonmetallics in Construction?
" Introduction to NEx

= QOur Mission & Scope

= What we do?

= NEx Funded Projects

= Collaboration opportunities

= Concluding Remarks
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Why Nonmetallics in Construction NEX

Reduce Carbon Improve Support
Footprint Sustainability Innovation
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Why Nonmetallics in Construction

Non-residential
ag,

Energy Residential (direct)

Emissions
Transport
Transport 39, _ o
8% Residential (indirect)

o

1. Reduce Carbon Footprint

dant (|
Resﬂ\f::ﬂllal s, NON-Tesidential (direct)
299, > 20/

T 000 -
\ Construction industry
6%

Global share of buildings and construction final energy and
emissions, 2017, IEA Report

Non-residential (indirect)
8%

* Construction industry accounts for
38% of CO, emissions

* Concrete 2" largest material used
globally and responsible for 6 -10 % of
global CO, Emission

e Steel accounts for 6.7% of world’s total
CO,

Consfruction industry, 11%

* Nonmetallic Composite support reduction
of CO, emission

* Potential to reduce concrete water curing

» Support recyclability and reusability
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Cost of corrosion for highways bridges
estimated at 8.3 Billion annually

e Limited structure life

* Significant increase to replace or repair so
often due to steel corrosion

* |neffective material in some environments
e.g. coastal and high humidity regions

* Extend service life & reduce maintenance
requirement

* Nonmetallic based structure expected to
have 5 to 10 times longer service life

* Enhance building efficiency and quality
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Why Nonmetallics in Construction

18 "
= ® Ceramics

16 - -
° ° g -_— = Glass
=14 =
3. Support innovation 5
8 12 P - Gypsum, Lime
; = — W Aggregates
Q.IO =
§ 8 m ® Brick
* Large market and enormous material 5 a1 . Wood
consumptions size E; . ——
-
* Huge opportunities for new technologies 22 i
. concrete use
and material g

2000 2002 2004 2006 2008 2010 2012 2014 2016 m Steel

* Interest and support from private sector
and governments

* Encourage development of new
construction material and technologies

Innovation in
Construction

* Accelerate deployment of new
technologies

Materials 2019
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Introduction to NEx

e How NEx came into Existence? .....2021

Partnership Drives Action
(aci®
A

aramco &

T American Concrete Institute
Always advancing
Aramco ==” ACI Organization
* Developing and deploying NEx * 120 technical committees
nonmetallic solutions for fonoCeter o st o * 94 chapters
more-than 20 years * 244 student chapters
* Offering superior life-cycle . 30,000 members

cost, efficiency, and
environmental advantages

* Use of Nonmetallic advanced
polymeric materials in B&C

spanning over 120
countries
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ACIl and NEx
(aci®
> 4

American Concrete Institute

Always advancing

k

N E--”

An ACI Center of Excellence for
Nonmetallic Building Materials

G Symbiotic

Relationship

Independent
Organizations

00
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NEx Mission

Collaborate globally to expand and accelerate the use of

nonmetallics in the built environment to drive innovation,
research, education, awareness, adoption, and deployment.

Scope

The Center of Excellence will serve as a catalyst for the use of

nonmetallics in construction applications, including but not limited to:
«C FRP reinforcemen * FRP building components and

* Polymer concrete systems
« FRP structural members * Soil beneficiation
* Construction chemicals * Additive manufacturing
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Nonmetallic Building Materials


http://cici.um-sml.com/

FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

NEx Member Companies

Founding and Sustaining Members  Sustaining Members

( N .
aci > aramco MMl oo
Gold Members

Ex¢onMobil

Bronze Members

MST =72 GATORBAR & Dextra ({7 cowrosites
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NEx Allied Partners
e ((C g,

*> .
Center for Integration
of Composites into
Infrastructure

ASSOCIATION

THE UNIVERSITY OF —
ALABAM A glfrastrtllcture
enewal

@ SCA

SLAG CEMENT
Y ASSOCIATION

Ay

LI

uﬂ Korea Concrete Institute

LR EER R

UNIVERSITY OF

;1)) NOTRE DAME
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Research and Development

Standards and Guidelines

Professional Development

Technical Advocacy

What We Do?

support and facilitate research needed for new
technologies in nonmetallics to resolve challenges with
effective solutions

identify and facilitate the development and adoption of
design and construction codes and specifications

help the industry in assuring the manufacturing quality
of nonmetallics and of the competent installation,
testing, and inspection of those products

Facilitate the creation of the knowledge needed for
designers, work with material suppliers, manufacturers,
designers, owners, government agencies, and standards
developers to bring nonmetallics into wider use in
construction
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How We Do?

NEx is working through collaboration with:

Industrial Partners Government Organizations
Member Companies Allied Organizations

in the following areas:

Standards & Guidelines Research & Development

Professional Development Advocacy and Awareness

NEx Projects - Summary:

2022 12 >$575,000
2023 20 >$770,000
2024 29 > $1.1 million

- anl’
E Qz":ggg .- t| FDOT\) Full list of projects available at nonmetallic.org/ProjectsNEX} 13
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Standards & Guidelines

Develop design manual for GFRP rebar:
“An ACI/NEx Manual: GFRP Reinforced Concrete Design Handbook”

GFRP-Reinforced Concrete

Design Handbook Document Published

An ACI / NEx Manual
GFRP-Reinforced Concrete Design Handbook
A Companion to ACI CODE 440:11-22

Visit ACl Website to get your
copy

The authors would 1ike to thank and recognize NEx and its member companies* for providing insight, guidance, and resources
for the development of this mamaal.

Bronze: MST Bar, Owens Corning. GaterBar, Dextra, Creative Composites Group, Galen Panamerica, K Matesnbar, Comp-
King, Strongwell, Eochling

Front cover photo: Port Clinton 7
Back cover photo: GFFigiiitanol

Thank you NEx

A X o N Members!
mencan icrete In: i) = I o an e .
MNL-7(23) 7 e ncing e Saarea Al R ) s p -
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Standards & Guidelines

Develop recommended practice for pre-engineered projects with FRP
bars: "Recommended Practice Guidelines for FRP Bars in Pre-Engineered
Projects”

Recommended .
Practice Guidelines Document Published
) for FRP Bars in
Recommended Practice .
Guidelines for FRP Bars in Pre-Engineered
Pre-Engineered Projects PI'OjECtS

Visit ACl Website to get your
copy

This educational document for using FRP reinforcement has been made possible in part
by the sponsorship of NEx. NEx is 3 subsidiary of the American Concrete Instifute that

partners with leading focused on the use and technology of
nonmetallic matenals and preducts in construction. B
The authors would like to thark and recognize NEx and its member companies® for One Owens Coming Parkway, Toledo. OH 43659

providing insight, guidance, and resources for the development of this document. www.owenscorning,com/pinkbar+, +1 855-0C-Rebar, emall: hitps:

Design Values — PINKBAR® + Fiberglas™ Rebar

* NEx member companies:
Sustsining: Arameo

Guaranteed Transverse Shear Strength,

Gold: ExxxozMobil 1

Bronze: MST Bay, Owens Coming, GatorBar, Dextra, Creative Composites Group, ksi [MPa) z‘;‘; T e B B T
E o -

Galea xR : = Errede Rl R || g noo) | ooy | poop | oo | gsoe) | (s

& wel”
(GEI‘} am " ol Guannieed md mean values we as defined in ASTM
. NEX (@ci¥ 9
Amesicen Carsrete hstue s x
pribupsion

e semevican Concree batiute NN
Jr——" [ESE S
ASTM D7705 Procedure A
| Degree of Cure | ASTM E2160 | >75 |
| Moisture Absorption to Saturation | ASTM D370, subsection 74 _| <0.75% |

T )
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Standards & Guidelines
Guideline: Bendable Concrete Design and Selection Guidelines for
(Engineered Cementitious Composites) FRP Pultruded Structures

Design and Selection Guidelines
for FRP Pultruded Structures

NEx Guideline

Bendable Concrete

(Engineered Cementitious Composites)

$G23.02 (24) Document SG.01(24) bl
Published

Visit NEx Website to get
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Research and Development

Develop State of the Art: Fire Performance of Concrete with FRP
Reinforcement

Document Published

Fire Performance of Concrete Visit NEx Website to get your
with FRP Rainforcemeant copy

RD23.06 (24} HEﬁ
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Research and Development

Acceptance Criteria for FRP Bar Splices

www.icc-es.org | (800) 423-6587 | (562) 699-0543 A Subsidiary of the International Code Council®

ACCEPTANCE CRITERIA FOR MECHANICAL SPLICE SYSTEMS

FOR FIBER REINFORCED POLYMER (FRP) BARS Acce pta nce Crite ria
Aces2 Published

Approved October 2023

A AC552 ilabl
Evaluation reports issued by ICC Evaluation Service, LLC (ICC-ES), are based upon features of the i family
of codes. (Some reports may also reference older code families such as the BOCA National Codes, the Standard Codes, and the .
Uniform Codes, or other codes as designated by the ICC-ES president] Section 104.11 of the International Building Code® reads as ICC_ES We bSIte
follows: .

The prwsmns of this code are not intended to prevent the installation of any materials or to prohibit any design
or method of not by this code, p that any such alternative has been
approved. An altermative material, deslgn or metllod of construction shall be q)prwed ‘where the building official
finds that the design is y and ies with the intent of the provisions of this code, and that
the material, method or work offered is, ﬁrll’npnrpose at least th i of that il in this
code in quality, strength, i fire ility and safety.
This acceptance criteria has been issued to provide interested parties with guideli for i i with
perhmalweleahl!suflhemxiesl!femnﬂdmﬂlecntmnlecﬂhmwas ped through a i i
public hearings of the ICC-ES andior on-line postings where public was suluaned

New acceptance criteria will only have an wmd”dahewllﬂﬁhdaheﬂle was app by the i
Committee. When existing acceptance criteria are revised, the will i i document should
carmy only an “app date, or an “app date il with a date. The i date is the date by which
relevant evaluation reports lrulst comply with the requirements of the criteria. See the ICC-ES web site for more information on
compliance dates.

If this criteria is a revised edition, a solid vertical line (| ) in the margin within the criteria indicates a change from the previous
edition. A deletion indicator () is provided in the margin where any significant wording has been deleted.

ICC-ES may consider alternate criteria for report ap ided the report i submits data demonstrating that the
alternate criteria are at least equivalent to the criteria se't hrﬂl in this and i i with the
performance features of the codes. ICC-ES retains the right to refuse to issue or renew any ion report, if the

material, or method of construction is such that either unusual care with its installation or use must be exercised for smsfacmry
pel‘lonnalwe «or if malfunctioning is apt to cause injury or unreasonable damage.

Acceptance criteria are developed for use solely by ICC-ES for purposes of issuing ICC-ES evaluation reports.
ICC EVALUATION SERVICE® and ICC-ES® (and their and service marks of ICC Evaluation

logos) are
Senvics, LLC, and INTERNATIONAL CODE COUNCIL®, ICC®, INTERNATIONAL BUILDING CODE® and IBC? (and their asscciated logos)
are registerad trademarks and senvice marks ansparenlmlq:law International Cade Council, Inc.

Mo portion of this document (AC552) may be copied. reprintad, i ‘or modified in any form or
manner without the express prior written permission of ICC-ES. Any request for such permission should be addressed to ICC-ES at 3080
Satum Street, Suite 100, Brea, California 02821, Any of the foregaing expressly authorized by ICC-ES must include all the copyright,
trademark, service mark and cther proprietary rights notices contained herein.

Copyright © 2023 ICC Evaluation Service, LLC. Al rights reserved.
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FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

Professional Development

FRP Bar Design Certificate Program

Designing Concrete Structures Reinforced with GFRP Bars Using the
ACI CODE-440.11-22
Certificate Program

ACI Certificate Programs are designed to provide concrate with in-depth about
particular topics in concrete materials, design, andj/or construction by following 2 defined course of study. Once a
course of study for a certificate program has been completed, the participant can request to receive a certificate
through ACI University.

The primary purpose of the Concrete i with GFRP Bars Using the ACI CODE-
440.11-22 cenificate program is to educate attendees on AC| CODE 440.11-22 and the application of Glass Fiber-
Reinforced Palymer (GFRP) reinforced concrete in the construction industry. ACI 240.11-22 “Building Code
Requirements for Structural Concrete Reinforced with Glass Fiber-Reinforced Polymer [GFRF) Bars” is 2 newly
developed design code for new concrete structures reinforced with GFRF bars. It is based on ACI 318 code
requirements for steel-reinforced concrete but modifies ACI 318 code requirements for the specific use of GFRP
reinforcing bars as an alternative to steel reinfording bars. It addresses construction and material requirements,
structural systems, members, and strength and serviceability requirements. Among the subjects covered are
design and construction for strength, serviceability, and durability; load combinations, load factors, and strength
reduction factors; structural analysis methods; deflection limits; development and splicing of reinforcement;
construction document information; and field inspection and testing.

This program will provide a basic overview of FRP reinforcing bar properties, where they are commonly used, and
how other spacifications and standards from ACI and ASTM provide the basic foundation on which the new code
has been developed. A discussion on where the code puts limits on the types of structures that can be reinforced
with GFRF and where the code does and does not apply will be presented. The program will then provide
detailed discussion on the engineering of GFRP reinforced concrete for various member types (including beams,
columns, siabs, walls, and connections); determining flexural, shear, torsional, and axial strength of members
reinforced with GFRP; and detailing GFRP bars for serviceability and ity. In 2l pr ions, specific
differences in designing with GFRP reinforcement versus stzel reinforcement will be highlighted.

This is a great opportunity for engi owners, students, and ers to get
familiar with the technical and engineering aspects of the ACI 420.11 code and leam more about designing and
detailing with GFRP reinforcement.

A program certificate is awarded after completion of the following required courses (§ PDHs):

AC CODE-440.11-22: Overyi GFRP Rei : PDH)
AC| CODE-440.11-22- Serviceability and Flexural Design of GFRF Reinforced Concrete (1.5 PDH)

* ACICODE-440.11-23: Shear and Torsion Design of GFRP Reinforced Concrete (1.5 PDH

*  ACI CODE440.1122: for GERF Concrete Columns, Fire, and Structural Analysis
1PDH]
®  AC| SPEC-440.5-22- Handling and Placing of GFRP Reinforcement (1 PDH|
Program Guidelines:

*  Completion of each courss requires an 20% passing score on the course exam.
*  All courss completion certificates must be earned within a maximum period of 2 years.

Courses that are updated will still count toward the certificate program as long as they have been
completed within the 2-year timeframe.

ez W FoOT

»  Any course completed outside the 2-year timeframe must be retaken using the current versicn of the
course. .

*  Courses must be completed by one individual using the same username. P ro] e ct co m p I ete

*  Access to AC| documents not included with the course may be required.

Once the course of study has been completad, 2 program certificste can be requested through ACH

University My Courses tab]_

*  AC reserves the right to updat courses and change certificate program requirements at any time.

ACl reserves the right to revoke a certificats or discontinue a certificate program for any resson.

Website:

To Obtain Certificate:

Destgning C i Strwchy Beinforced with GFRF
B D e A e
Comcrete Sirectures Beinforced with GERP

v 0 P A o,

An ACH Canber of Excellance for
Monrmetmnlc Bulding Moterioks

‘aci} UNTYERSITY

GFRPFP Bars Using the
ACI| CODE-440.11-22
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FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR
CONCRETE STRUCTURES

Technical Advocacy
Concrete: User Experiences and
Success Stories

NEx Workshops at ACI Convention

Sponsored by

aramco

Who Should Attend?

This is a great opportunity for engineers, owners, contractors, consultants, students, and
manufacturers to get familiar with the experiences from day-to-day projects using FRP
reinforcement. Come and learn real stories how FRP rebar is used in transportation
infrastructure, commercial buildings, residential construction, and marine applications.

NEx Members & Partners:
aramco Sk . Ex¢onMobil

MsT e BENr  GATORBAR i GALEN 5 Dextra
: o NOW

| C 'r((y

Contact us: www.nonmetallic.org .
Linked [}
38800 Country Club Drive EEE al l

Farmington Hills, M1
48331-3439 USA
+1.248.348.3170 =

Recordings are available at www.nonmetallic.org/resources

AnACI Center of Excellence for
Nonmetallic Building Materials
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FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

Technical Advocacy

Upcoming workshop at ACI Convention:

“Building the Future with Nonmetallic Materials and Low-Carbon Concrete for Eco-Friendly
Construction”- NEx and NEU joint workshop

Tuesday, November 5, 2024

Register for ACI Fall

o Convention in Philadelphia to
NEx-Workshop Part 1 attend this workshop

0:00 AM - 12:00 PM

]

NEx-Workshop Part 2

12:00 PM - 5:00 PM

Building the Future with Nonmetallic Materials and Low-Carbon Concrete for Eco-Friendly
Construction

This full-day workshop is jointly organized by NEx and NEU. This comprehensive workshop will delve
into the forefront of sustainable construction practices, emphasizing the pivotal role of nonmetallic
materials and low-carbon concrete in shaping a greener future. The workshop is designed to align with
the missions and visions of both centers of excellence. Participants will explore innovative materials
and techniques that reduce the environmental footprint of construction projects while enhancing
durability and performance. Topics will include the development and application of nonmetallic
materials, advancements in low-carbon concrete technology, and their contributions to eco-friendly
construction practices.
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FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

Collaboration opportunities

= Become a NEx Member (Company membership

Are you? L :
only- visit https://www.nonmetallic.org/become-a-
member-or-partner to get more information)
Manufacturer
,iggctlfniﬁgiran = Participate in monthly Webinars and
o Workshops (recordings available for free on NEx
V\_m?r n Youtube Channel)
Building Official

= Submit Ideas and Proposals for funding

(Request for proposals will be open in mid-August for
2025 funding)

= Get free access to NEx documents/
publications (www.nonmetallic.org/resources)
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FOURTH INTERNATIONAL WORKSHOP ON FRP BARS FOR

CONCRETE STRUCTURES

We are just getting started. Join us!

O

nserc I _j
CRSNG

N E-."“

An ACI Center of Excellence for
Nonmetallic Building Materials

www.nonmetallic.org

Jerzy Zemayjtis Aparna Deshmukh

Executive Director Technical Director
Jerzy.Zemajtis@nonmetallic.org Aparna.Deshmukh@nonmetallic.org
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