APPENDIX A: BEAM DESIGNATION LEGEND
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BEAM DESIGNATION LEGEND

- Control Beam. Number following CON is sample number

- Clark-Schwebel Glass Structural Grid reinforcing for flexure only(F). Number
following CSGF is sample number.

- Clark-Schwebel Glass Structural Grid reinforcing for flexure and shear(FS).
Number following CSGFS is sample number.

- Clark-Schwebel Glass Structural Grid reinforcing for shear only (S). Number
following CSGS is sample number.

- Fyfe Carbon system (Tyfo) reinforcing for flexure only. Number following FCF
is number of layers of reinforcement. Number following dash is sample number.

- Fyfe Carbon system (Tyfo) reinforcing for flexure and shear. Number following
FCFS is number of layers for both shear and flexural laminates. Number
following dash is sample number.

- Fyfe Carbon system (Tyfo) reinforcing for shear at 45 degrees. Since fibers are
also wrapped across tension side, they provide significant flexural strengthening
as well. Number following 45FCS is number of layers. Number following dash
is sample number.

- Fyfe Glass system (Tyfo) reinforcing for flexure only. Same as FCF, but glass
rather than carbon.

Same as FCFS, but glass system rather than carbon.

Same as 45FCS, but glass system rather than carbon.

Same as FCF, but Master Builders Carbon system (M-Brace).

Same as FCFS, but Master Builders Carbon system (M-Brace).

Same as FGF, but Master Builders Glass system (M-Brace).

Same as FGFS, but Master Builders Glass system (M-Brace).

Two layers of Master Builders Glass system (M-Brace) for flexure, and one
layer for shear.

- Same as FCF, but Mitsubishi Carbon System (Replark).
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MCFS

45MCS

90MCS

SCF

SCFS

SHCF

SHCFS

45SHCFS

- Same as FCFS, but Mitsubishi Carbon System (Replark).
- Same as 45FCS, but Mitsubishi carbon system (Replark).

- Mitsubishi carbon system (Replark) reinforcing shear only. Fibers run vertically
(@ 90 degrees to longitudinal axis of beam) on side and tension side of beam
similar to a U-shaped stirrup. No flexural strengthening is provided (other than
transverse strength of the laminate). Number following 90MCS is number of
layers. Number following dash is sample number.

- Sika (Carbodur) carbon system reinforcing for flexure only. All are one layer
only. Number following SCF is sample number.

- Sika (Carbodur) for flexure (one layer only) and Sika/Hexcel (SikaWrap) for
shear reinforcing. Number following SCFS is number of layers of shear
reinforcement. Number following dash is sample number.

- Sika/Hexcel (SikaWrap) carbon system reinforcing for flexure only. Number
following SHCF is number of layers. Number following dash is sample number.

- Sika/Hexcel (SikaWrap) carbon system reinforcing for flexure and shear.
Number following SHCFS in number of layers of both shear and flexural
laminate. Number following dash is sample number.

- One layer of Sika (Carbodur) for flexure and one layer of Sika/Hexcel
(SikaWrap) +45 degree glass grid for shear. Glass shear reinforcement is
provided in similar to 90 MCS (U-shaped stirrup), but fibers run at +45 degrees.
Glass grid does not extend into center of beam, therefore it does not provide any
increase in flexural strengthening.
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APPENDIX B: TYPICAL FAILURE MODES






1 LAYER FERMFORCED FOR FLEXTTRE
AT k¥

\l &
N L|| A Many femwal cracks appear. Beam fails m sbear wih
L debandmg at edher end of larmate

h¥ ; - 5
"'L 7 Flevural crackang tollowed by eomal fahure of
’ '.___h the centrete and debonding of the larenate at
Hm\_ ends of beam
i) iy

3 LAYER REINFORCED FOR, FLEXTTRE

— —

X ¥

-1.. HL'\\ r{/,a— Baeam fuls m shear wath httle presente af lesnzal

crackmg, Feam 5 clearly over renforced

Fay Fi

Figure B.2.1.3: Typical failure modes and crack patterns for flexurally reinforced MBrace™ carbon beams.

1 Layer - flesnre and shear;

L v
f [ ? Obwrious flexural cracking combined with
r transverse fadure of shear larminate and
ewentually flesniral fatwe of the laminate as well
Transverae falure occurs in shaded arcas.
iy i
2 Layer - Dexure and shea,
T] < 3 = Flemural cracks appear outside of center of
J H span. Beam fails n flezoure with transverse
shear larninate failure and eventual faihire of
F the lonmtudinal larminate. Debonding occurs
75 at end of laminate at whirh the fathre arrrs
3 Laver - flesnure and shear:
o W

Little or no flesmural cracking. Beam fails m
shear with transverse falure of shear{ =}
lamomale, Drebonding ovcurs al both ends of
flezzural lamunate.

il iy

Figure B.2.2.3: Typical failure modes for MBrace™ carbon flexure and shear at 90° reinforced beams.

B-1



1 LAYER EEINFORCED FOR FLEXTRE:

A¥3
‘\] '[{ Flezural cracks form, however the beame eventoally
faals in shear
iy [k

2 LATER FETMFORCED FOF FLEXTTEE:

({ )J Flenzal cracks are hght Beam fals in shear vath the
FEF pullmyg ot some of the conceste near the ends of
the beam
i it
3 LAYER RERFORCED FOR FLEXURE
AT W
1\ Beam fuils = shear with ltthe presence of Bexural
cracking Eeam s clearly cver remforced
FREP gz ou at ends of beams simelar to 2
lager beams
i i

Figure B.3.1.3: Typical failure modes for Replark® beams reinforced for flexure only.

1 Lawyer - flexoare and shear:

feawal strengthenng break Many fexural cracks
appear. Zhear remforcement splits ranseerse bo
Bbers whers crack m concrete sxst

5
\L 2 < II' Concrete and FREP fal in flesure. Fibers promding

il Y
& Lanyer - fesnure and shear

Eeam End
Fewrer flesural cracks appear FEP
H peulls off concrete (shaded area). Beam

fals in shear wath cracking at the end of

1]:!E I:lEEITI. SE\I'I.'IE COTMCrete I:I'I.IEI'LE.'I

under leading powts

il Fiy
3 Layer - fesure and shear,
W W

Mo fezoral cracking Lamvenate Fadls
ransversely and debonds

Ceacrete fals m shear fallowang lasninate
faibare, Again concoete crushes at point of

Figure B.3.2.3: Typical failure mode and crack patterns for beams reinforced with Replark® for flexure and shear at
90°.
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459 shear remforced:

ki ] v Latinate pulls off or debonds (shaded

( area) and beam fails in shear. Inthe one
and two layer beams flesural cracles esst,
but do not propogate out from under the
cotrposite.

Fi Fil}

Figure B.3.3.3: Typical crack pattern and failure mode for beams reinforced at 45° for shear with Replark.

1 Layer - 90" shear reinforced:

v v

Eeatn fails i classic flesure. Lamunate splits
Iﬁher oreintation | transversely at point of cracking (shaded
area).

Fil Fil}

2 Layer - 90" shear reinforced:

{ Beam fads in flesnure, but not in middle third
I fiher oreintation of beam. Larnate again splits at points
where cracls ocour in concrete.

Fi P
3 Layer - 90" shear reinforced:

} Beam fadls in Qesmare i muddle thaed, but closer
I fher oreintation to lgadmg pomts than 1 layer bgams. Lgam
larinate fails transversely at pomnts where
cracks occur.

Fi} Fil

Figure B.3.4.2: Typical crack patterns and failure mode for beams reinforced with Replark® for shear at 90°.
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1 LAYEE STEAWEAT:

ki
]]] ?/ Flemaral cracks form, bowrewer the beams evenhzaly
failz n shear
i i
2 LATER SIEAWEAF:
- A7)

? Rj j Flezowal cracks are ght  Beam s in shear with
syms of stress m the rean at the ends of the
flewnral laminate(shaded)

Fi Fu
CAaFEEODUER

L7 L7
Baaim Buls in by with Bile presence of lesaral
cracking Eeam 15 clearhy ower remforced
Crackmg at the end of the beam du= to
)

cancenirated siress is obaerved

i

Figure B.4.1.3: Typical cracking and failure modes for beams reinforced for flexure only with Sika carbon products.

B-4



1 Layer - SHCFS:

i¥i ¥
Flezural cracking originating along edge of
shear lamninate. Eventual flesaral fabure of
concrete and larmnate,
il Fi
2 Layer -SHCFES:
kv

¥ Flezural cracking starts very similar to one
/ layer beatns(along shear lam. edge).

g/ \g / Shear latrinate splits parallel to fber

ortentation (shaded) and beam fails n
7 Fal shear.

1 Layer - SCF3:

v
-ﬂ:h

End of Beam

Flezmral cracking is very light. Fahure
occurs due to shear cracking and

\ ? Z concentrated stresses at the end of the

flesural FEP cansing splitting of the end of
i the bearn. Sphllny ol the shear laonale weas

also observed (shaded area).

2L -SCFE:
SR T End of Beam

1 N Flezmral cracking is very light. Fahure
\ ﬁ( 2 occurs due to shear cracking and
e

: pulling off of shear larnate{shaded area).
o Concentrated stresses at ends of flesural
:ﬁ FEP cause cracking at end of beam.

W
A3 N

Figure B.4.2.3: Typical cracking and failure modes for beams reinforced for shear and flexure with Sika products.

End of Beam

Flemural cracling iz very lipht. Falure
occurs due to shear cracking and
pulling off of shear lammate(shaded).

=hear cracking in concrete 1s wsible
through the laminate. Cracking at end
of beam is also light.

/\/
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| LAYER BEINFORCED FOR FLEXTTRE

¥ ¥
P amy Aezural cracks appear. Beam fadls in shear with
1‘“\ f Iecal stresses cousing the concrets o be distubed at
the ends of the beam.  Pull-off of this concrete wras
alzo obgerved
il Fi

2 LAYER EEINFORCED FOR FLEXTURE

crackmg at the ends of the beam, bot beam fals m

‘\{\ < Light lesral eracking Local stresses cause
shear.

Fi)
3 LAYER BEIMFORCED FOR FLEXTTRE:

= 7 Little ar fs Qesarad cracking Cracks Bom local
g stresses at end of lamnate develop, and beam fals
in shear. Falure iz due to local stress rathes than
shear, & shear crackmg did ot extend to the
fa

compresson side on some beams

Figure B.5.1.3: Typical cracking and failure modes for beams reinforced for flexure with Tyfo® carbon FRP.

1 Layer - fleznare and shear
5 5

Fleznaral cracking crigmating along edge of
shear larunate.  Ewenbeal fexeal fadure of
concrete and laminats. Local stresses at ends
of Beoaral larmate not real apparent

P i

2 Layer - Beanwre and shear

o] v

Flesnaral cracking starts wery sirlar fo oque
T laer beamelalong shear lam edge).

_." Eventoally local stresses ab ends of beam
e cause cracking at the end of the beam, and the
iy Fal beam shears.
3 Layer - fexure and shear
v L7

Light Besxural crackng  Debond of shear
lamunate, Local stresses causs crackmg 2t end
of beam. Fallure cauged by debond of shear
laminate {Shaded Area)

My Fa

Figure B.5.2.3: Typical crack patterns and failure modes for beams reinforced with Tyfo® carbon for flexure and
shear.
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| Layer - Shear at 45°

v
Dieband of shear lamunat=, and fathure of the
concrete i shear, Mo signs of stress at ends
of beam
Fil
EHR OF
EE&M
Dekband of shear lamnste and shear of
concrete. Sphttmg of the end of the beam
:| cauzed the Gubere.
{
EHD OF
HE&AM
Debaond of shear lammnate and shear of
concrete  Sphtng of the end of the beam
1! causes the Falure

Figure B.5.3.4: Typical cracking and failure modes of beams reinforced with Tyfo® carbon for shear at 45°.

1 LAYEER EEINFORCED FOE FLEXUEE:
i i

Shear cracking occurs but the baam fails in flexure. The
failure is within the middle third of the beam.

i Fi
2 LAYER REINFORCED FOR FLEXUEE:

B Flesmral craclung followed by flesnral falure of

the concrete and debonding of the larmnate at
ends of beam.

i Fil}
3LAYEE REINFOECED FOE FLEXUEE:
v
\‘\L“ Iz Beam fads in shear with little presence of flesmral

cracking. Beam is clearly over reinforced.

i
Figure B.6.1.3: Typical failure modes for CMI/Reichhold beams reinforced for flexure.
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1TLaAYEH BEIMFOHCED FOR FLEXLIHE AMD SHEAS &1 Y0 DEGHEES

¥ LY
Voo f
[ shigar cracks oo bl beam lals predormmanthy in
fewne. Lasmingte i= failed acrozs tensile fog) tace of
qRam.
0

& LavEHS BEIMNFOECED FUB FLE=LIEE AR SHEAH AT 90 DEGEEES

i .
l| _J(L .|r |I . Fliwiaral iEiliong oocurs with thie failure of B lEminahe
irn e middle third of the bearm. Lmited sheas
cracking iz obsened
Fay i)
74 5
llkl Fleeyral and shear cracks dewelop with the
vl &8 lanlure af e Desural lEranabe m e roeddle
5\ third of the beam
i P

Figure B.6.2.3: Typical failure modes for CMI/Reichhold beams reinforced for flexure and shear at 90 degrees.

11 AYFR BEINFORCED FOR F1 FxLIBF AND SHEAR AT 45 DEGREFS
hYi

Little fiexural cracking 15 obsersed. Beam tails
ultimatehy in shearwith debonding of shear laminate and
fracture of flexural laminate near the suppor. Some
fracturing of shear laminate is obsersed but not typical.

il

kv

Beam fails in shear with litle presence of flexural
cracking. Shear laminate debonds while flexural
larminate fractures near the suppor.

kY

Ream fails in shrarwith litle presenee of flrsoral
cracking. Shear laminate debonds while flexursl
larninate fractures near the suppo.

Figure B.6.3.3: Typical failure modes for CMI/Reichhold beams reinforced for flexure and shear at 45 degrees.
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Flexural and shesr cracking is observed. Shear
laminale Bailure v rdeated in gréy. Tha llesunal
laminale fraciures BCross the 1ensile iace of the beam
autziee e micole third of the beam

W
Shesr cracking causes debonding of the shear
lemingta, Fleasal laminabs is frmcheed scross the
lensile i=ce culside fie middle $hied of the beam.
oy il
= = AT 4 =
A7)

Shear lamnate debonds while fiearal laminate =
fraciunad acroes the tensile iece ouside #e middle
third af the bemm

i o

Figure B.6.4.2: Typical failure modes for CMI/Reichhold beams reinforced for shear at 45 degrees.

1 LAYEE EEINFORCED FOE FLEXUEE:

i ¥
\1 J MWany flesmzal cracks and few shear cracks Peam
evenbizally Fails in Aexure at or near loading points
Y 24

Lamanate 15 faled as well Mo sign of debonding.

2 LAYEF. PEINFORCED FOR FLEXTUEE

kv 7
Clear fleznaral cracking with many shear cracks.
EBearn eventually s in shear. Laeanate does not
Eaul
i

3 LAYEER EEINFORCED FOR FLEXTTEE:

g f‘E"
"II MWapy flerawal cracks. Beam fals m feenare o
fles'shear eombmed. Lamnate debonds at end
) i

of beam (shaded area)

Figure B.7.1.3: Typical crack patterns and failure modes for beams reinforced for flexure with the MBrace™ glass
system.
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1 Layer - feoare and she=ar
5 T

Biearn exbebite clear Besnral Bailere wath both
the concrete and fibers faling i tension

Fil) i
2 Lanyer - flasure and shear:

- Y Flesural fdure ofbeam coenbine with
J J tramsverse fadiure of shear ldnnate and
fashzre of the flexural lammate n tension
1 Cither bght Besawal cracks ace apparemt m
Fi? the concrete

3 Laver - feonwre and shear

T
Light Besnaral cracking in concrets
I| j/ Transwerse fulure in shear lammate (shaded
areayand fewfchear crack m concrete causs
i i

Fathure  Flezmral lamnate g not faled

Figure B.7.2.3: Typical cracking and failure modes for beams strengthened with the MBrace™ glass system for
shear and flexure.

1 Layer - Flexure only

Many Aemiral and Beofshe s cracks appear
Eventually, debonding cceurs in ceter of

beam and concrete and lamunate fa0 in
fezure. Concrete under laminate &
o - pulverized
2 - Fl
Layer - Flesure only
% EEAM
| Vizible Hemomral cracks followred by local fathere
at the end of the beam Local cracksg
extends to shear area, and beaim fals in chear
3 Layer - Flesure only
- 4 EEAM

Ha Besnaral craclimg  Local falure of concrets
{}- at the end of the beam extends into the shear
mone and the beamn shears.

Fi

Figure B.8.1.3: Typical cracking and failure modes for beams reinforced with the Tyfo® glass system for flexure
only.
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1 Layer - Hesure and shear:
ki

e % .:"r..
.,.,‘_.‘_ T 4
@ e

v

i iy

2 Layer - flezure and shear:

T

i [ .ﬁ&ﬁy A

il

Flezural cracking onginating along edge of
shear lammmate. Ewventual flesnural failure of
concrete and laminate. Visible cracking of
resin over shear laminate{showing signs of
stress in shear laminate - shaded area).

Oibwiems flesniral rracking FEwentually shear
larminate debonds (shaded area) and concrete
failz i shear. Local cracking develops as i
does with carbon ot the ends of the beams.

Light flesmral cracking Debond of shear
laminate. Local stresses canse cracking at end
of beam. Failure cavsed by debond of shear
larmnate { shaded area) and shear cracking.

Figure B.8.2.3: Typical cracking and failure modes for beams reinforced with the Tyfo® glass system for flexure and

shear.

1 Layer, 2 layers, and 3 layers- Shear at 45"

Y

il

Diebond of shear larnate, and falure of the

concrete in shear. Mo signs of stress at ends
of beam.

Figure B.8.3.4: Typical failure mode of beams strengthened with the Tyfo® glass system for shear at 45°.

B-11



1 LAYEE REINFORCED FOE FLEXURE

— e — L Flesnaral crackmg and evertoal fahure of
cofcrete. Lavdnate debonds o center of bearm
(ehaded grey area), and larmnate Cals both
parallel to and across the Gbers
i Fi?

1 LAYEE REINFORCED FOE FLEXURE AVND SHEAE

v AT SR wv N Flesmaral cracking and faihere with debonding of
flezawal lasmenatedgrey area). Shear laminate
falls i direchion of long Brersiperpindicular to
tension face) Tt showld be noted that the

i - fleznaral laminate is not completely Eded,
1 LAYER BREINFORCED FOR SHEAR OMLY:

& X Flesural Fabure of beamn combinad wath Bulure
of the long Bters of the shear laminats, Beam
does not fall apart, but crack widens(as mch
as 12") and load 18 pot regaemed

il Fil

Figure B.9.3: Typical failure modes and cracking for beams reinforced with the Clark Schwebel Structural Grid.

1 LAYER EEINFORECED FOF FLEXURE:
5 LY

Some shaar cracking occurs butthe bearm ultirm atshy
mils in flecure. Laminate faits and debonds across
1ension face abowve crical flexural crack. Failure is
withii the rrnd dle-thed of the beam.

i "

2 LATER REINMFORCED FOR FLEXTTRE:

. W Flesural cracks appear frst followed by shear cracking.
Eearn eventealy fails with cntcal cracking m bow shear
mnd llesxee. Laminats fals acioss the iension iace af the
iop of the shear crack. Debonding occurs at edge of

Fa

laminate betesen shear and llexaral cracks (Shivm in
grey)

3 LAYEFR REINFORCED FOF. FLEXTIEE:

— e — in
Bearr lails in lleare with IMle presence af shear cracking.
Laminale doss nolb fail completehy across bension ace
Debonding accurs aver appeasirnset: ane-thind o the
width and one-hall the lenglh of the ension lace
i i

Figure B.10.1.3: Typical failure modes for beams reinforced for flexure with Owens Corning/Reichhold.




1LAYER BEINFORCED FOR FLEXURE AND SHEAR AT 90 DEGREES
k¥ ¥

Flexural cracking is observed followed by flexural
failure in middle third of beam. Flexural laminate
fractures across tensile face of the beam.

i i
2LAYERS BEIMFORCED FOR FIEXURE AND SHEAR AT 90 DEGREES

kv
Y \l vy / Some shear cracking occurs followed by flexural
failure in the middle third of the beam. Flexural
larninate fractures across tenzile face of the
bearn.

Dy A
3 LAYERS BEINFORCED FOR FLEXUBE ANMD SHEAR AT 90 DEGREES

v Bearn exhibils substantiol shear and lexural
w— rracking Beam fails in combined flexure aned
shear. Flexural laminate fractures across tensile
face outside the middle third of the beam.
i i
Figure B.10.2.3: Typical failure modes for Owens Corning/Reichhold beams reinforced for flexure plus shear at 90

degrees.
1LLAYER BEIMEORCED FOR FLEXURE AMD SHEAR AT 45 DEGREES

Flgsural and sheas Cracking 15 obseseed Searm tails m
o combined fesuralfshear mods, Some of the shear
larnenata is fsachurad while the majority debonds
Flgsural lasrunsie rachees oulside S rmidce thed ol

| the beam,

[ Flecoural crecks form but beam fads in shear follovwed
| oy debonding ol thie shear larmenate, Flesural
aminabe fails near e suppon

il

o
':- Flecural cracking is obzerved but ullimass failure is
| A sheiar, shiear larmsate debonds allosed by
Yol fracture of lexural |aminate neas the suppost
oy
Fi?
Figure B.10.3.3: Typical failure modes for Owens Corning/Reichhold beams reinforced for flexure and shear at 45

degrees.
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Fliscural cracking m ke middle third ol the besm g
not obsersed. Shear laminaie debonds while the
flawural laminate fractures acoss the tensde face

just outzide the middle thind of the beam.

Flecaurad cracking in the micdle third of the beam
is notobseread. Major cracks ane angled foward
the support but el internediale 1o & pure Nexuaral
or shear crack. Shear laminete debonds while
th fgxural larminats fraciures beatvaen the load
poird and the support.

Shear cracking occurs along with some crackmg
thed is skawed vetically, Shasr larmenabe
deoonds while the flexural larmmate tails near the
support

Fi

Figure B.10.4.2: Typical failure modes for Owens Corning/Reichhold beams reinforced for shear at 45 degrees.
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