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ABSTRACT

Due to utilization requirements, an opening may be drilled into a reinforced
concrete beam, for instance, electrical and sanitary pipes installations, etc. Such opening
may lead to a loss in the strength of a beam or even a sudden collapse. By means of a
finite element model, this research interests in behaviors of a reinforced concrete beam
embedded with an opening small and large in the various locations of the model under
the four-point bending condition.

Subsequently, a rectangular carbon fiber sheet was attached around the opening
of the reinforced concrete. Results from the former and the latter model were compared
to investigate influences of the carbon fiber reinforcement around the hole. Then results
from the finite element model were compared with deflection and appiled load from
theorytical calculations to analyse the results of the appropriatrness of the reinforcement

safely.
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(Fu-tums) BC-ACI BC-PRA BC-OCT BC-OCB BC-ODT BC-CDB
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.83 1.13 1.41 2.71 0.65 1.30 1.20
134 2.54 2.56 4.12 237 3.88 3.56
1.85 4.81 5.85 T.10 4.40 6.81 6.47
2.36 T.46 8.14 11.66 7.92 9.68 9.18
287 17.16 16.21 1595 17.65 2572 14.84
297 30.39 36.05 2712 33.39 44.00 19.75
3.08 31.66 - 40.57 - - 30.70
3.18 52.60 - - - - -
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SUMMARY OF TEST RESULTS

Ultimate

Beam Specumnens Load. P, Failure Mode
(kIN)

Control beam. CB 115.67 Shear
C-con-f 96.57 Flexure at opening
S-con-f 78.14 Flexure at opening
C-chip-f 164.4 Shear at opening
S-ctip-s £86.07 Flexure at opening
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Strengthening of RC Beams with Large Openings in Shear by CFRP Laminates |6
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Rakesh Diggikar Shivaraj Mangalagi i@ % Rajendrakumar Harsoor (2013) #19®
Behavior of R.C.C. Beam With Rectangular Opening Strengthened by CFRP And GFRP
Sheets laAnwuuInensiasuaNuudusinelusagitudraealngaeg CFRP uay GFRP
nafieoniInsiasua L wseig CFRP waz GFRP frudnsvesaiuaninsadfiusidennuls

1NNINNSLESUD9 UL BnYid CFRP anunsatasumnudanselaunnni GFRP

l'f"’

g‘ﬂﬁ 2.9.1 CFRP wrapping inside the opening 1



gﬂﬁ 2.9.4 GFRP wrapping around the opening 2
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gﬂﬁ 2.9.6 CFRP wrapping around and inside the opening 2

gll‘ﬁ 2.9.7 CFRP wrapping around the opening by double layer 1
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g‘lJ‘ﬁ 2.9.8 CFRP wrapping around the opening by double layer 2
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A1399 2.3 71519UEAIANAATIN (KN) N1asuvinyseae (KN) LUasidusvasynaannssy

UninTTeyMILBUMIAER WAz FULUUNISUANTAN

Initial | Ultimate I’“;‘)’:fle -
Designation T st >~ Crack Failure - Maximum Mode of
on Beam PRI AN AT Load in Load in carry‘ m‘g, Deflection Failure
2 capacity in
KN KN S
%
Bl Control beam 27.10 79.75 - 10.895 Flexure
B2 Epalrgeened QoMRB T IIME 4330 y 6.415 Shear
beam(post opening)
B3 Se QeI grountddy 15.76 54.64 26.18 8.550 Shear
CFRP
Strengthened around by
B4 GERP 15.76 52 0k 20.57 8.200 Shear
N Strengthened inside by
B3 CERP 17.38 47.35 9.35 6.975 Shear
B6 Strengthened inside by 17.38 44.92 3.74 6.890 Shear
GFRP
Strengthened around and
B7 inside by CERP 19.00 6517 50.50 10.390 Flexure
Strengthened around and
B8 inside by GIRP 17.38 59.50 3741 9.205 Flexure
Strengthened around with
B9 double layer by CFRP 19.00 61.12 41.15 9.725 Flexure
Strengthened around with
B10 double layer by GFRP 17.38 58.69 3554 10.510 Flexure
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a\

a < Ao a a vy 17
2.10 EUAIMULYILIIATUNHYDILUAUILIUNIATUUIY

Mohammed J. Abed K. Nasharuddin M.A. AlamZakaria CM wag Moatasem M.
Fayyadh P08 DAMAGED RC BEAMS WITH CIRCULAR WEB OPENNIG REPAIRED USING
DIFFERENT CONFIGURATION OF BONDING STEEL PLATE (2012) LPANEILLINIINTSLETY
Auudauswetny Allosdannauusnatuusaion Mmeouriumdnindusnaingiuiig
soureadavasaiy Wefnwimsasuanuuduss Tuwwnsfulumues madiosainuanis
vaapsruiiinsEsImdnuulunfe AuEsumdnwilunnues msivRgethwing
IndiAeafu uidnwazaudsmesstuaudewe MintuannsesuwanusuluLIng
IzBomeUsnUYLln dumudsmeiiintuannmstasumanusuluLLMLe 9sEeme
Uihaey  sadnnnsivhvosaiuesiliainntsiainnisiasyanundassduninmues

aunsadiiEANaRIatunIsuLIsaey  laandunaadasninyulnglfesiuuusudeu

N

70 cm. 80 cm. 70 cm.

TTINTT

I AT

220 cm. |

e
AT~ |

S

0 o R

5U# 2.10.1 UuvunsnaseumMsnatmtnasuuamuminnsageu
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M19199 2.4 LAAIANANAINNTAVDITAAARZY TN LagUUNISESILNEYINNTVAAEU WAy

MIEnIAIN TS U inNauLaY N IeIA U NIESULsREYiln

Material Diameter ~ Compressive strength Ultimate tensile strength Modulus of elasticity
. (mm) (MPa) (MPa) (MPa) x 10
Concrete B 26 B 20
12 _ 406 200
Steel bars 10 B 400 200
6 380 200
CERP - B 2800 163
Steel plate B B 380 200
Table 2 Configuration tvpes and dimensions
Beam Repair material Configuration Plate Thickness (1nm) plate Width (mm)
e
Bl CFRP | 12 100
hl AN
B2 Steel plate l 2 100
[ ey
L ]
B3 Steel plate 3 100
-
==
B4 Steel plate 4 100

a

2.11 NSLESUNIAIVDIATUADUNSALESULRANABLLNY FRP N1R261U919

RA. Hawileh, H.AMusto, JAAbdalla tha e M.ZNaser w29 ® Finite Element
Modeling of Reinforced Concrete Beams Externally Strengthened on Flexure with Side-
boned FRP Laminates (2019) l@@nwnisiasumdsnisuenaunsuniniasumansie FRP
st WinAnwinaziUisuiisuanuun neing Usnginmsiasuidsinenishnusu FRP 1
AIPUT A0 50UFUUTIALAIN TR IUNIULTIAALS LAeEITULSIBATRIADUNTAAING

=) =3 % 1 a £ a o v v 1 s
LWENLaﬂuaEJG]E]TJ?Z?W]ﬁ.ﬂ’WWSLUﬂ'ﬁLﬂillﬂ'la\‘iﬂ’.lEJLLNUI‘WLUE]S
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2.12 a1suaulniuas (Carbon Fiber Reinforced Polymer CFRP)

o a

An3dy uaseiing(2545) Ineialuian CFRP sxdanaudfnu Suusedalagendi
Wianun wiAandRiIunsTuLsIdaaza NI vanein eanunsaiia Flexural Capacity
way Shear Capacity Tifulassasnsnouninlalaenss wansiuseutiiowfial Confinement A

aunsauiia Compressive Strength wag Ductility Tdulassasraanlaegnsuszansnim

[

Tulpssadaaunaziu wdnasuasyimindsuwsafis vaeiineuninsuussnian

CFRP 2g @S uinaamus Ul Sam e A ULa NLESUN1T0DNLUUILADIAITIDN Stress hay

Strain TuAuUNIALAYLAANLESULAL e nuwnnidegdaunndsiuniseaniuulg

NSLESUNIFILE DUVBIANUNI DLAIADUN S ALAS I NANTN TNTN T AnE 1 a suRurn
Tnensviuwuduleasuussoranitu 3 sunuy fegui 2.12.1
v % ' ¢ v BN S .:4' \ Y Ao ) &
N159Y 4 A egaNysalgliusEanianuaniian daun1sviundnyae UuRigie

13 Wi 3 97U wae N15YN 2 A AeliUsEdvignInsesasnuadu

UM 2.12.1 Uansn15vid CFRP Wuusinee

2.13 waslowdasunias

lluesnana F.RP. (Fiber grass Reinforced Plastic ) Ae loumvilafiay 19

AMNENINTATUNITSULTIAY  (Tensile  Strength) lagsullounnuszautiuasdunsiei

Y

wanafn uile Polyester Resin %58 Epoxy Resin liiannfinnuudansegs daaaud wnzdn

9

v
Y o L% !

fieuwdausedanguld gt vie numunsNseuRagVdaIsAll NIA AT NUNIUse

anwernaliduady engnisldnusnuunintansieiu MHdunvuzsussqueavar, adl,
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913, 80 Medouinlavy, Yudwuduaglyd anunsaviiguiedudou vuinlng deuusy uae

AnwUadlatiinnsgiunisaivauansseylenwuey

nsiasundalagldian FRP (Fiber Reinforced Polymenanunsavinlalaglinaly
fuildaoaiugnivdsuutasiarliandudos fisan FRP composite utandidimdsgend
wanvsereunIndiowssuiisuluysinanih winwihegfu FRP Composite Usgnaudieees
dude 1@ule@ldogalull 3 wila Ae Carbon Fiber, Glass Fiber uag Aramid Fiber) Lag
N (ﬁi%’a@jfﬁlﬂ% %iln Epoxy, Vinylester and Polyester) Tneiiluusy FRP Composite §

AUMUIAING 0.1 mm. U9 10 mm. VuegAiudiuIutuves Fiber MlY

a o 1

nsiasunaslassasslagly FRP Composites Ao A1TUIWAY FRP luBaRanudau
s edlasiadiefidesnsiiuiddaeldnfiveeluns Safnuduy FRP faunsiasurings
lassafufudasldsunisinseilaedmnsy LS?fsn%muJﬁau ofdenudinues Fiber, viln
484 Resin, 7iFv9v89 Fiber, A1118717989UNY FRP, s1uiuduveuiy FRP figesdnfndou

4 59UDINUILASIAS1NE AR ALEY FRP Toimungay

2.14 AU VBIANULAUTAUBDIUA (Stress Concentrations at Circular

Holes)

nsilasgiauduresn Ui uEuAnwlurieiud we. 2441 1o Ernst Gustav
Kirsch’s nigvdineulugeanguiadu (Linear Elastic Solution) Y09A31stAUUTINTEY
sluguuiilaifiveuis (nfinite Plate) siursnismarnuidiuveseudunandsanuidy
910 3 Jadeiisdniud Usnagunaumslduswaniny wznadnitluanuduaie
anuduvesauAuE I suulatlidsudaseiiddmiudeuloussiidudon s
uidamves Kirsch lutufiugrusududoussismunuinnudien anduiddinadans

X4

Houriu (Superposition) dmiunsainFunuegneliusiiawazusidoundudou

aa 9] . ° ) Y o =~ = a Y d'
Tmsundymves Kirsch dmsuanuaunginaulunsaiusaiaunuiedluguaui
Liiflveulun usshwnudewandluguuuuvesnuay (O). Salvesginay (a). Sallvasiiiin
fawla (). uaz 0 = 0 Feegluhundsiawnluiuuseds Maguil 2.14.1 51RziudnmuAY

J a X A o) 1 v a 1% 1 &
AN LNATUN G = +90 ﬂ?i%’]ﬂ?ﬂ'ﬂllLﬂu‘UiL’Jmi@UE’Nﬂﬁu%WiWﬂ’]ﬂﬂNﬂ’]i@@lﬂu
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2.18

2.19

2.20

JUN 2.14.1 Yunuildfiveuwaiugasnauuinian (fracturemechanics.org)

War=00

Opy = — +—cos 20 2.21
2 2
O O¢

Opg = ?” - ?”cos 26 222

O¢ .
Trg = — ?” sin 26 2.23
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108 Oy = 0o Wl B=0° uag 180 © Tuvnusdl 0gg = 0 Wio @= +90° drumnuiAu

\dou (Shear Stress T,g) WuligsnaaInn1siUasiiin

Wor=a

Ory = 0 2.24
Opp = O, (1 — 2 cos 26) 2.25
T = 0 2.26

108 Opp a2 Trg  A2hAU 0 Ai709nau in1siluiuiadeasy (Free Surface) 9naunTs

2.24 89 2.26 namlaanfidums 0 = 0 92l 0gy = — 0 ASEIUBAULEAITIALLAY

A

Tuitrmaiduusssn wazd 0 = +90° 92l 099 = 30, UApgATNALLALINATIEAUSIA
sougnnay FeduAiasihluiouiguiugaasinvesids 3naonuzinnuAuiilannuss
= a [ % =) ¥ = o = = [

Aawnuiiey sl effective %158 von mises stress flanunsnurliSauiiieuiugnasin

(Yeild Strength) lalaemss

JUN 2.14.2 wamataanuAulisdouseuganay Minveenlulusees one radius away

way one diameter away AIUNIN AILLAUAIRTN (Normal Stress) ALTAIMNANNINTATULGE

1Y) % =%

v o = =1 Y Ay ¥ =% a o Py v v
wazw savuluksulvtauduinulefuntsasiinatudnaIunienie azaulimiiuluy

D

aun1s cos 28 = cos(—=20)  d@uanuirudauinunieasiiuaauvesdnauniang

polardunis sin 20 = —sin(—26)

nuldfienusudeudisumis @ = 0°, 90°, 180° Fsluarudusaain (Normal

Stress) auidumuLAUnan (Principal Stress) Tuyuiinaiunil drwdisumia 6= 45°, 135°,

@ 1 al [y A A 1% L = LY a a AN U = a =
ALYUMYINY ABUATAIMULAUNAANLNRUDUNY UEWYINTILLAAINALNIUUNANAULUDIIINNANINN

%

! [ a o Y @ 2 a s ! = = Aa o ' o
WANANAUYDITEUUNAR dgviouliiuisianiswes@udiudivasuniaisan Tusumuy 45

A = LY (% gj a v < a gj . Y o [
daiguiuganay feluszuuiiinaziluseuuidady (Polar Coordinate) AdsAuieagly
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funds O = 135° fiamwesdmdenlilivualuiugunay dstussuuiidnasuandluy

SULUU X, Y Wag Z
Y

44%
55%
: 38%%7 v .
100% >
63% ﬁ'—b " 300%

1009 /. % relativetos 107%
Numbers inside

squares are

shear values

gﬂﬁ 2.14.2 LLammmLﬁuL‘%\‘i%’auﬁnmiaug’Nﬂau (fracturemechanics.org)

U 2.14.3 uansdauinvesgienayinlidvinanonuduuiinnseusnay g
wnanvmdnagiiaudyvesnuduiiuTnanswIsing Wuldsdundluninuaninig
vaveaussudnusevggrnaNadRusnavenszuaa stoginaiitosfianseninady
TAsgusnudepanammneiimanuduiitienn anugeesgnauagiilinisinaves
wsauAnnsdonuuluseusanaunsiadonddeudumanntudmiusiinietuusludan
yosganauiionunienntuanugefazanntusilugae efiaaudarnduvesaniu

LAUALLALYIAULELD
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;J‘Llﬁ 2.14.3 m’ﬂ‘waﬁumLLN‘U?L’Jiu’iaUgNﬂau (fracturemechanics.org)

luanigaunaazUsznoulumensdiviiuidufienuoy x wae y Anueu
USseuFHnauaasavilasigiSnsdouniuiu - (Superposition - Solution)  &wilel
= N o I o = v & A DT v %
\Hanndidnuwaedudunse Baandliiulugun 2.14.4 wandiiiuianuduesninuey

a A v = = \ | i a a o &
UﬁLQmE?Qﬂ@@JW@QﬂWUIWLL?QWQLLUUE{@JG}@LWEN 2 1 ‘lﬂﬂﬁﬂ 5 LWqIUﬂimLLiﬂﬂﬁaﬂUmgu

-100%

300% 300%

5UT 2.14.4 enAuUsnaseuTInaunelausinseyi 2 fiamia

(fracturemechanics.org)
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A8l LIWADUNANTENUNLAATUAIUITANINUA LA LAEITNSTDUNUAUVDIAINULA U
wan JUN2.14.5 Landedr1nuAuman (Principal Stress) lufieinig +45° duusnazdian
Wuunwazdusiavvinduaianueuldou (Shear Stress) sufiandianduaunanlapawsa

Wouthludanududuvennudu 9 4 wih Usnuseuginaufagy

—
P e

JU# 2.14.5 auAuusiasauzinauniglausaaeu (fracturemechanics.org)

[
aa A U

Meldlsanszein 2 T8 AanalsIieuazilsadoun1snieneisnisdeuiuiuianunsaly
Angsilunsidloivuiu lunsdlil oy, wgNUNUNAGY Oy, Uag Oy, waslufiganinuiiu

PANNIAANIIUINLATAU LNAUAINUAULADY

0 = 0° azaenAdeIiy Oy wid 0+90° azunuitludiures O uwar 0o, = oyy

Tuwnu 0 = 45° TiiuAnuaSennan Ty,
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o = O'xx‘;Uyy (1 _ (%)2) + (1 —4 (%)2 +3 (%)4> ((@) cos 26 +

Ty SIN 26) 2.27
Oy = Gxx;royy (1 + (%)2) — (1 +3 (%)4> ((@) cos 26 +
Ty SIN 26) 2.28
Trg = (1 + 2 (%)2 -3 (%)4) ((@) sin 26 + 7,,, cos 29) 2.29
S Yy t

!

!

!
82
s LAY (IHEE7 1 | LA
'

!

5UN 2.14.6 AnuAUUINATEUTMNaNAElALIe 2 8§ (fracturemechanics.org)



¥
a v d\lil 1

Tunsidedlduusnismeaasseendu 2 du Ae diuusnfen1siasgibuudnasinu
AouNImES AN TTYoada dufiaeshonsmsunmaaiuidmeinuneuninaduman
Argurun1suaulilues(CrRP Plate) lun1sassuuudiaadliludioduudni e a1y
TUsuNSY ANSYS (Static Structural Analysis) lun1s3nsngst Sss1eagidensiieaenaniislu

fevdnly

MuuaingUsvasiuay Anwwidenay

AUAIAY VDI LONENSILAYIVDS

A3 1LUUTIBDIAUADUNTALASULNANTTIY B d3UURIBIATY

& Aa

ADUNIALESHLAN TS

a a o w vV 1 3 [
LUG]LLﬁ%LEﬁiJﬂ’Wa\'lﬂ’DEJLLNUﬂ’]SUE]ubLWLUBi

TN Wa aelwludeduud

A 4

(%

AATILINAVDINSHESUAA VDY

ATUNaLALTYUTIBUNAITY

A 4

ATUABUNIALASUANTIHTDT

ekHuAISUaUlUDS
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1 a\

3.1 wuuIassmuAunIawEsumani hifiveslanaziveatawuudelaiEsy

AasnlenruA1suaulniuas (CFRP Plate)
3.1.1 unvasuuInaadbludediuug

LuUTIaeImIuRaUnIAEs AN SuLAIRteg 1R liinsiasumandasn dvidnde
1119 15 WUALAT 819 210 WUALLAT 89 30 LWUFALUAT NAITULTITAUBIABUNTA 210
Alansu/msnaueufiuns w@sumansvussiadumindedes DB20 %guazumw SDA0 e
AsINdiAliTaEnIT 4000 Alansu/msewuRiuns Maesuwsan slseaelideenda 5700

[

Alansw/msusudiuns dnvaverosdaifinsandudnuuzisnay uiugudnals 75

=

fadluns waz 150 dadwns lngwuudiaesiamueazinewn 5 sUkuy awieluil

a 1

1. AuPpUNIALEsLan T ldfideads (BO)

2. AuAUNIAESUANTTYeAavuIntAnrI o kLAY 25% YDIANUEIAUABUNTA
PALVUS - Suksaey (BOS1)

3. AunpuRIAERIMAN Iflvelnvuinlngv3eiiu 25% voiAuaInIuRBUNTA 1
AU UL SR (BOS2)

4. PruAUNIaEsUIAN IR IavUNAANYS a LY 25% YDIAIUEIANUADUNTA
NAAUITULTIRA (BOM1)

5. pruABUNIALEsIIMANIETouTavwn naMseLiu 25% Y8IAINNEIATUADBLNTA

ATAUISUBTINM (BOM2)
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i o a a & av 1a a a1 a av 1 a
13191 3.1.1 E‘ﬁ“ULLUU?]’]@’&Nﬂ’]UﬂEJUﬂﬁG\LﬁiNL‘ViaﬂV]thI‘UENLUﬂLLﬂSLLUUﬂJ‘U@\‘iLUﬂVﬂQJLﬁiN

A&
ddu | Tosmetne | vumYaula Auvisdaatn NUBLY

1 BC - - -

2 BOS1 75 mm 525 mm Shear Zone
INVOUATUADUNTH

3 BOS2 150 mm 525 mm Shear Zone
INVDUATUADUNTH

4 BOM1 75 mm AnAnaA Bending Zone

5 BOM2 150 mm Adnananu Bending Zone

225.00 675.00

3.1.1 LUUIasAILABUNSALESUIanLlTveuta (BQ)

€aN
[l
=

52.5 LYUALUAT I
®

0.00 450,00 900.00 (mm)
I 020 I 0

225.00 675.00

a = a & aa i a [ a a A o (Y I~
3‘1]10 3.1.2 MUABUNIALAIULNANVNUTDWUAVUIALEN 75 UADLUAT VALNAUITULTIRDU

(BOS1)
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«—» ¥
52.5 LYUALUAST .
Z
0.00 450.00 900.00 {(mm)

225.00 675.00

UM 3.1.3 pupeuninadSumaniifiveatauualeg 150 dadwns Miurissuusadeu

(BOS2)

3UN 3.1.4 pueeunIndSuvaniideadarunniin 75 fadwng Asumissunsadou

(BOM1)

105 L HUAIAT I
®

0.00 450,00 900.00 (mm)
[ S|

225.00 675.00

JUN 3.1.5 AumeunIndSuvanifivealtavunalg 150 Taduns Miundesuusadeu

(BOM2)



3.1.2 AududAYeYEn

38

AnantRvesiagmianlduszneunie lugaannuganeu (Modulus of elasticity,

E), ladavesusaudou (shear Modulus, G), 8ns1d31ulawas (Poisson ratio, L), kgAY

nwuYesTan (Density, P) Aeuandlunisen 3.2

= i wa Y
f1919N 3.1.2 ANAUSFNUAYDIIER)

360 E (MPa) G (Mpa) ) P (kg/m3)
ABUNIH 25000 9615 0.30 2300
LAANLESY 200000 76923 0.30 7850

3.1.3 RoulunazvaulunvaLuuIIaay

LUUTIa8IAIUABUNS ALASIUE NS USRS Aanums aulvvauws (Boundary
Condition) lagfig1usessu 2 9a gausnagaiudevesiuudiaaaivuaduwuudanye
.douilals (Hinge Support) YafiassfuravesuuUaeuiutuundsuilfluuuien
¥83i3A1U (Roller Support) waglunsitasignazilTeulaiondneg luaatavgud adu

(Linear Elastic) 111y

druveInIsieunsvasiidurasemisTanuiazyia 1uuuy “Bonded” Midausie

fuauysal wazfnupan Face Mesh Type 1uwuu “All Quad”

TunuUs A URABLNMESIMENTYNISHAT I8 Static Structural Analysis Tald
$7U2U Element uag Node %9van 9,394 Element 22,463 Node d@1%suA1UA18819 BC,
13,115 Element 34,332 Node @1%$UA 1UA 18819 BOS1, 12,776 Element 33,673 Node
dIMSUAURIBE1Y BOS2, 13,002 Element 34,298 Node d15UAUG29819 BOM1, 13,097

Element 34,351 Node &115uAusingns BOM2
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N

Hinge Support

000 45000 90000 (mrm)
[ EEEEESSS— |

225.00 675.00

Roller Support

JUN 3.1.6 909095UVBIUUUTIADIAUABUNTALETLNAN

JUN 3.1.7 nsuUefuusvessuUTIaInunsunIaEsuman ifiveadn (BO)

225.00 675.00

JUT 3.1.8 nsuUsedudvemuUTasinuAsunInEsuvanidteulavunndn 75

Tadns  NALrUeSULSaReU (BOST)
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225.00 675.00

UM 3.1.9 Msuvnedwudvetuuasinureunsaasianiivesdavunleg 150

TadUng NANLVUISULSADU (BOS2)

pulavruInLan 75

2D
=%

JUN 3.1.10 N15UULAILATEILUUTIEBIAUABLNIALETUWANT

TaAAS  NENLAUISULIIRA (BOM1)



450.00

900,00 (mm)
-

225.00

675.00

A
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JUN 3.1.11 nsuusedudvesuuasImuAsunIaEsumanNdvoslavunalvg)

150 UadLuns NENLILISULTInn (BOM2)

3.2 WUUIIADIATUABUNTALESUMANTIATaLlanazlaSuANaIA8uNLATUIY

wwuas (CFRP Plate)

3.2.1 unvasruvInaashluiediuug

LUUINADIATUADUNTALESLLNANSULAIRAIBE1AEIRUULEAS A& I aUA1S UL LN

wes Wituuuuazieuluvilouiumden 3.1 udasinsasumiveulnivesusinusoutes

Warwialugslusuntasuusadounagiunuisuusinn Invagidiognainiden 3.1

(f9879 BOS2 wag BOM2) untasuwkukkua1s vauluivas 1duda9e19 1.8B0S2F way

BOM2F

a o = a 2 aa a a o v v 1 s
f1979N 3.2.1 Eﬁ'a:‘ULL‘U‘U%’]ﬁ’eNﬂ’]‘L!ﬂ@‘HﬂﬁmLaillmaﬂﬂﬂ‘ﬁ@ﬂLﬂ@LLﬁ%Lﬁ’iNﬂ’m\‘iWJULLNUF’W?‘U@‘H

lvhues
ffu | Yadiegne | vumYeuln | duvisdenln | dnwmsmsieiu CFRP | visnewin
Plate
1 BOS2F 150 mm 525 mm 310 Anuay CFRP UL fa5uUi 3.9
vounuABunIn | Futreeadiaii 2 fu
2 BOM2F 150 mm Asnansanu | Anusiu CFRP U3haseus | faguil 3.10
AUUINYRLTA
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.00 6.0

JUN 3.2.1 AumsunIndduaniiventavuinlngaduuiuansuaulnues isumia

SunsaLaau (BOS2F)

a

JUN 3.2.2 AumeunIntduvanifiventavuinlvajeduuiuaiiveulniues Adumia

SULS96m (BOM2F)

3.2.2 AuENUAYDTEN

AnuaudRvesianvewiudulsmsusulviuainiunldusznouiie lugdaaiy
gangu (Modulus of elasticity, E), luaaauaduwsaiieu (shear Modulus, G), 8nsautiges

(Poisson ratio, L), kagAIUNUILUUYEITAR (Density, P) Aawandluni15199 3.5 @A

AuALURveIREUNTARAZIANLE3LE19BIINTTeN 3.1.2
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A1519% 3.2.2 AnauaudRvesan

360 E (MPa) G (Mpa) ) P (kg/m?)
E,=121000 Gyy=4700 Vy,=0.27
wHuASUBULN E,=8600 Gy,=3100 V,,20.40 1490
Wwes E,=8600 Gy>=4700 V=027

3.2.3 WouluuazvaulunvauuudINas

° = a 3 a o w v ' s sa A o &
LLUUQqaaQﬂWUﬂQUﬂiﬁLﬁiﬂL‘WaﬂL?ﬁllﬂ']a\‘wnﬂLLNu@quBUIWLUasﬂJL\"]EI‘UI‘UW'JLUU

wisloufuluUI1aIAuAD USRS AN UL laES U &

TunuuFrassmuAUNS LA LA NLESUAE I s UAISUaUlluas VNN LAT 2%
Static Structural Analysis lolga1uau Element kag Node 7199 15,297 Element 40,697

Node @usunusngns BOS2F, 18,722 Element 48,675 Node @5Um1u@I9g19 BOMF2

0.00 450.00 900.00 (mim)
J

225.00 675.00 ’5\

JUR 3.2.3 NsuU0AusTaIMuUTIasInuAunInEsuvanTidteulavunalg) 150

Taduns waztasuiasekNuasuaulues Nanwruasunsadau (BOS2F)
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450,00 900,00 (mm)

225.00 675.00

A

JUN 3.2.4 nsuUsedudvemuUTIaRIATIRRUN MR uVENTIdYeuUnvunalve) 150

AN WALLESUMAINIULNUAITUBULINLUDS TALNUISULTIRA (BOM2)

3.3 WINITNIABLUUIIADIANUADUNTALESUIAAN

TUNMITLYLIINTLABLUUTIABY ILIZURTINTLIUUL 2 0 (Four Point Bending) lng
funsrasusinsyvusiazanIsihandnsesiurisaosdag 700 fofiwns lasagsryusady
5 5efu Ao 1. A NAULTINTEI (Start of Loading) 2. neufivgauand1a Uust- Before
Craking) 3. M43 ALANT 13 (Just After Craking) 4. 70% VBIAIGITULTITAVDIABUNTA
(Concrete Reaches 0.7F.) 5. M&s3uussdadangus (Nominal Strength) §9agfiansou
TudrsBanguifadu (Linear Elastic) winiu Tnsnsanszshunazseduiuazdmiingnues

LUUTIA09ATUABUNT AN AINIMIINNG BEN1TFULSINATDIATUABUATALESUWAN 1 THD1M1I1

(%
v oA

o J U & ' v d'
Lmﬂss‘mLmaziwuuummﬂumﬂm AIRIT199 3.3

p/2 P/2

=

000 45000 90000 (rmrn)
I 42090 O S 000

225.00 675.00

5UN 3.3.1 dnwauglsenTeyiluy Four Point Bending



a5

M19199 3.3.1 ANUENTUSTENINNIS NIl IMINUTIVNANNNG B

Stage dhwtinussyn RGN

P (kN) 0 (mm)
Start of Load 0.00 0.00
Just Before Craking 2297 0.53
Just After Craking 22.97 0.53
Concrete Reaches 0.7F, 93.37 3.38
Nominal Strength 149.98 5.46

MIAUIUNANIMTNUITIRAZAINISINIYDIATUADUNIRLETUAN TSR UANY

mMleanauniseana Uil

M=— (3.1)
y
g M = usem
O = ANueY
[ = T uduniae
y = ssgzanwnuasiiiuvesingn
&
¢ == (3.2)
y
e ¢ = Tuglumnalag
€ = ANULATYA

Y = seesdnunuasiiuvemiiga



A

real curve
I wdrisricee

e dlgatized curve

Moment

crack

>

‘b(:r(:( * 1t‘\.-'l'-::'l'.;." 111rj Jiirigte

Curvature

JUN 3.3.2 anuduiussenindumuddauasiduninulag

160 -
140

(kN)

120
100

9

YRINUTINN
(o))
o

1%
o

0.00 1.00 2.00 3.00 4.00 5.00 6.00

AINI5LAEA (mm)

12

JUT 3.3.3 AnuduiusseninnisingiauwagtninussnnainnisauIn
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3.4 N5ATzAN 109y (Mesh Sensitivity Analysis)

UADULABNITIATIZINTIAIMU VDU TNARBNNTIATIENLUUINEDY LAENIS

e

Angiiazidenldauinediwudaintvg audwuiald il ovauIAe AL UR TN SEY

dusunisiunlinduluudiasinuasunsaasuvanluauided F9015hUUIN09L0A

WIUALARIAIAISI9N 3.4.1

4‘ o a 3
N19999 3.4.1 YUIALAZIUIULDALLUA

LL‘U‘Ui‘i']ﬁaﬁ %uﬂmaﬁmuﬁ (mm) 5'mfml,a§muﬁ
1 70 9226
2 64 8841
3 58 9473
4 52 9980
5 46 12054
6 40 12786
- 35 12753
8 30 14413

JUM 3.4.1 A1N15UBUAITDY WUUTIRBIN 1 11U 6.01 mm.



a8

7500 ()

JUN 3.4.2 AnisusuimveLuudiasil 2 wihiu 6.00 mm.

5UN 3.4.3 A1N13HBUMIYRIMUUTIARIN 3 WU 6.02 mm.

2500 ()

5UN 3.4.4 Amsusudivesiuuinaasi 4 wiiu 5.45 mm.
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JU# 3.4.5 Ansusumveduudiaesil 5 Wi 6.05 mm.

5U# 3.4.6 A1N1TUBUAIYRIMUUTIABIN 6 iU 6.04 mm.

7500 ()

3UN 3.4.7 Amsusudivesiuuingasi 7 wiiu 6.03 mm.



50

22500 675,00

5UN 3.4.8 AN15UBUMIYBIUUTIABNT 8 iy 6.05 mm.

1NN153A518 A LA TT YUINLD A LU UATILANAI9N U 8 WUUIIEDI NANITILASIEY

o 1 o d' 1 1 o ) =3 d‘
LUUIIADINUIUUDTIRRT 1, 2, 3, 4 hay 5 AINISLENMIVBALUUTIaRIUNstURs UL YRS
aghanulidn ualuuuugaesfl 6, 7 uaz 8 n1susufewmuuTaonsuai danadlugui
3.23 g9uuluuI 98T aan BV UIALBALUUA 40 Mm YBILUUIIABIT 6 bUNITILASIEN

KUUIABIAUABUNIALESUANF D LU

Mesh Sensitivity Analysis

77 (mm)

ATNTILLDUN

8500 9500 10500 11500 12500 13500 14500 15500

FTUIULDALUUA

JUM 3.4.9 AUAUTUSURIT I UDTIUALAYNITULB UG
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ad I o = = <
3.5 I5M17d39LLUUINADIATUADUNIALAIULYEAN

& & ad v o v Y 1
Junautlidun1sianslisn1sasswuudianaaglusunsy Ansys JCRERREREPRERN
A o

wuudnassmumsunIaasumanfiveadavuialnaiaSuukunisueuliiues Ndumissu

wS98m, BOM2F Tagazhuadu 3 du A

1. M3aduuIaeLazn1simuaAualURveddan
2. Wizymswasdunnisluluuiass Wy MIfmueaLy, Muuagnsesuves

ANUAIDYNN, WAENITANMUALIINTEYIFBLUUINRDY

3.5.1 N13E3NUUUIIABIUAZNTNUARIAMANTAYDITHR

(3 a

lunsiiasigsig 19uldlUsunsa Ansys (Static Structural) lun133LA519% @314
WUV 09A 28 Geomatry in Designmodeler 1AgdT19ATUAIBEIVUIARUIAR 15x30
wuRwRg 8n 210 Wwufmes Smdniesy DB20 Yuiu 2 dwinaiudusyey 60 Tadunsuay
gaanvevaNwesntIdaAIu 40 fadwns Tasiignsesiurisaoudiuldivdnuiusuin
10x50x150 dadwns 1iugasesiu waggadliusinsgyinldunudnuuin 10x100x150
fadluns 1ugesunsansesin uazaiarentiafifanatesaiudnuazaanamduriug udnans

150 fi0fluns agaUaNVBUAUULATUABUNIATEEE 125 Tadking

v 1 s s £74 1 s s 4 a Aa a a
dnwauzvauHunsuaulivesaglduiuasusulivesvdi 1.2 Tadwns Anusiiu
TOUIHALYIADN U BIUUUTIADITINIAIUUULALA WA NVOIWUUTIAD ¢ 1H10991NUKY
s 4 L o a [ a a g.J/ &", a 5
ASUBULNUDTILTULSINTVILUY. 1 7iAvng fam197 3.2.2 Tunsindsiuasinmeniuuug

Suuseiuandluguin 3.5.2
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JUN 3.5.2 wansiian1anisinfsuiuansveuliivesusnseusiany

ARuanTRvasTanmounie wandu wdnuiularuiuasuauliiuasuaniini s



A15197 3.5.1 AruaudRvesiagdmiuuuuinges

material

Material properties

Concrete

Linear Isotropic

E 25000 Mpa
\Y4 0.3
Multi-linear Isotropic
Strian Stress Mpa
0.000000 0.007
0.000288 6.178
0.000696 13.210
0.001100 17.788
0.001510 20.036
0.002000 20.595

Steel Reinforcement

Linear Isotropic

E 20000 Mpa
Vv 0.3
Bilinear Isotropic
Yield Stress 60000 Psi
Tangential Modulus 2900 Psi

Steel Plate Linear Isotropic
E 20000 Mpa
\'% 0.3
CFRP Plate Linear Orthotropic

Ex 121000 Mpa
Ey 8600 Mpa
E 8600 Mpa
VXY 0.27
Vy7z 0.40
VX7 0.27

53
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25 +

AALAU (stress) Mpa

0 0.0005 0.001 0.0015 0.002 0.0025

AIULAIEA (strian) m/m

5UN 3.5.3 AN URILAULAYATULATEAYBIADUNTA

3.5.2 WTEUAITIUasREAluLUUTIR0Y

lun1siasiginuudiaassndudesssyainieglidulusunsuiafiaz s
wuudaedladdsiidessyuilanailuiadenouniniigy auaudfvesian aounin wan
a < 1 1 & 4 al 1 I3 6 o |~ v o a o
WE@sY anweuwazwaunsuauliues Tunsalveauiuasuaulnuassndudasmiiruafing
(Coordinate) Tnsitias9nnAnaudfvaaunuatsuaulivesiludnuae Linear Orthotropic

[y

528 LNNNALLANFNAINNNANEN (Global Coordinate)

900.00 (mm)
]

225.00 675.00

JUN 3.5.4 Wisuilleuiidnvesunuansueulvliuesiuiidiavan
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NIRIALYEYINITE Az vuATIALYMIAUY 40 Haduns 3nn153aseaule
vouualuimiden 3.4 uazA1muaa Free Face Mesh Type 10u All Quad unisiivun

sUsvenudlidudnuasdmheuiovun

o

Tumshasziinmualiuuudiasaduwuu Simple Support 39a5895Ua0390 Ao

auniladunuuBanyuiuuindeudile (Roller Support) wazdnsuniaduiuuiamyuiuy
wasudilala (Hinge Support)

L5INTEVIFBLUUINADIDLUILTININANTATUIUSINITIN 3.3.1 UINTLIIFDMANLNY

Mas1tudmiuiuusanseiilaenseintu 2 9a (Four Point Bending) usansevitusiesadn

Fuluguuuuvesuuinsanseyindudug ieswwindesdnidausenseyifldannisiiuin

WenvzSeumieuiulaegegnsies

3UN 3.5.5 sapgrnisldusanszyiwenuudiaedludnuasdudu



uni 4

NAaN15398

Tuunilaznanfawanuidy wuseandu 3 @1UAe 1.48N15IATIZULUUTIAIAY

a

AaunTeLasumand lilveudavariivaudaliiasumidimeusuaisuauliiues 2. nanis
FATIALUUIIADIAIUADUNS ALES LA NI Y auTanaztasuidsmaniuasuaulniuas
Taglalusunsu Ansys Workbench (Static Structural Analysis) 3.1UT8ULEUNANITILATIZH

LUUINADIVIINRUR

4.1 NANTSIAIIZHRUUINADIAIUABUNSALES U AN LYo Uauazdvaadaly

a o o v 1 -3 <
Lﬁi&lﬂ']a\‘lﬂ’llﬂLLN‘IJﬂ’]iU?J‘IﬂWL‘U@i
4.1.1 HANITIATIZHAINITLIUAIVBILUUIIADY

NAYDINITILATIZVLUUIIABIAIUADUNTARNA 8L 19N I UA LTIV 3.1.1 NUIN
A19879 BC, BOS1 wag BOM1L dA1n15hauAabnaLAsIiuA1f AIuI¢aInng¥sun @y
A18879 BOS2 Way BOM2 HAN13heusiafiunnninffAIuInaInnguiuInnaauais and

AR5 4.1

JUN 4.1.1 An1suauduiuudtaesinuasunsaasumantifiveada (BC)
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45000 900,00 (mm)
- ]

225.00 675.00

JUN 4.1.2 Ausuiinuuiassureunimasumaniitendavunaanuiinnsuwsadeu

(BOS1)

45000 90000 (rmm)
- -]

225.00 675.00

U 4.1.3 Amususnuuiassnureuninidburanitentavunnlngudnasusuiou

(BOS2)

= 47615
54417
-6.1219 Min

A

P J 1w o = a @ a1 a < = [ LY
;J‘U‘VI 4.1.4 ALLAUAILUUIIRDIATUADUNIALEIUANUYDIUAYUIALEANUILIUTULTINR

45000 90000 (mm)
. ]

(BOM1)
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90000 (mm)
1
225.00 675.00

5UT 4.1.5 Ausuimuwuudassunounimasumandvealanvualug uinmiunsen

Y

(BOM2)

a a 4 o = a & a ia a a0 a 1
f197199N 4.1.1 Nﬁﬂ’ﬁ’)Lﬂi’]%MLLUUQWa@\iﬂﬁuﬂauﬂiGlLﬁillmaﬂﬂiull‘li@\‘lL'UO’ILL@S&J‘U@QLU@I&I

a o v v 1 s [
Lﬁi&lﬂ’]ﬁﬂ@nEJLLNUW]?UE]UIWL‘U@?

BC BOS1 BOS2 BOM1 BOM2
Stage S P S P S P S P ) P
(mm) | (kN) [ (mm) | (kN) | (mm) | (kN) | (mm) | (kN) | (mm) | (kN)
Start of Loading 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Just before cracking 0.85 2297 | 0.86 22.97 0.89 22.97 0.86 22.97 0.91 22.97
Concrete reaches 0.7f'c | 3.56 | 93.37 | 3.58 | 9337 | 3.75 | 9337 | 359 | 9337 | 3.89 | 93.37
Nominal Strength 6.04 | 14998 | 6.12 | 149.98 | 6.73 | 14998 | 6.12 | 149.98 | 24.95 | 149.98

4.1.2 FASITANANI9VBIANULAY (vector stress) USLIauy a9ty nLin 9ULU7

a g’l ] I3 4
M9N1sAnnakuAIsSUaulniuas

1 a

Wisuilsuszninsmureundafildivealavasuuuiivesdalumunissunsadou
Faunaldiuuusians BOS2 ddnsusuiifiunndunituuusiass BC uasluudiass BOSI
sthadiulgdn Tuvasioriuuioudisussninaunsuninilifitesdawazuuuideaaly
fumiaduussspdunaldiuusiass BOM2 fidmsusufifiunndunituuusiass BC uay
wuus1aes BOM1L Hued1auin tesanuuusiass BOS2 was Wuusiass BOM2 da1n1s
weuffisnnTumneaaiiauanselunssuininussnanas Sefomnuumaaia

MAwuUTIaeia 2 wuudnaes Tuguil 4.1.6 wag UM 4.1.7 LaniiAn19909A 8L AUUT LI
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sauUTauln FUNAlAIIUSIUAUUUY LT TAN1I9 kSIS nwaL T ULSISRIUIUTU AL
Y1VDILUUINADY USIIUA1UANYDUTATRANIIVD SIS N UL D ULTIRIVUIUTU AU

YDILUUT1ADY

WosnuruAsvaulniuesianautAn1ssulsswuy Orthotropic TunSAAR S
asueuliuesiuLuuTIaed L dufonirn1IN15nsEaefUeIAUALYBILUUTIABIUA)

$IMANSIATIEAUILUINNNITAAA I LALAUIZEL FINITAAAILNUAITUBULNLUDSAITILANAS

YUIUNULUIVDILTINETUARATY

20000 600.00

=

000 400.00 800.00 (mm)
_ . J

200,00 600.00

5UN 4.1.7 iAn19anaaunanveswuudnees BOM2
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'
ISR

4.2 NANIIATIZHLUUINADIANUADUNSALES AN Y Bl auasIdsuAIaIa 28

wHuAsUaulniuas

NATBINITIATIZRUUTIADIAUADUNIAM UMD WITE 3.2.1 TnenisuiAuiil
Foutnvunalvgvidludunisuusadoulasusnnuniasuidwieunuaisusulnivasiiion
ngAnssuluNITULSILAZNTLBUMYDIAUABUNIALESIMANYITYe TR HaIATIZRLENIANT

ANS199 4.2

JUN 4.2.1 AusufuuuiaesnureuninEimaniiveadavunlnguiiniulsudou

wazkasUwHuAIsUaUliuas (BOS2F)

A

JUN 4.2.2 Ausudnuuiassmuneuniaasumaniivealavunlngusiniunsn

900,00 (mrm)
e

225.00 675.00

wazkasUwHuAISUauliuas (BOM2F)
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a a ¢ ° = a & Ao a
A19519 4.2.1 NaNIFAATIEVLUUIABIATUADUNIALATULINNNYDUUA

vunlnguazasumasmsiEuasuouliues

BOS2F BOM2
Stage ) P R P
(mm) | N) | (mm) | (kN)

Start of Loading 0.00 0.00 0.00 0.00

Just before cracking 0.89 | 2297 | 0.84 | 2297

Concrete reaches 0.7f'c 3.71 93.37 3.52 93.37

Nominal Strength 6.45 | 14998 | 6.05 | 149.98

) = a 4 o = a & AA ay
4.3 WUIPUMBUNANITAATISH RUUINADIATUADUN IALESUNANNUYDILUALLUU

luasuansuasulwiuas wazwuutasun1anekiun1suaulniuas

v dl

ANNNANITIATIEANINUALURIT DN 4.1 hay 4.2 A10150UINANITHE UG U
Wisueuiulasenineaiumaunsmakuuliivaatle (BO) wazarumaunInfivaudauunn
anuazrunlug kuuasuiasazliesumdsnlsununisveuliues nelumuriasuuss

dounavsunisiuusein asulugun 4.10 uas 4.11

160
[
140 /A
, ”
é 120
.
< 100 4
=
~ 80 / BC
2 A
c BOS1
33 60
= BOS2
soly 40
20 BOS2F

0
-4.00 1.00 6.00 11.00 16.00 21.00 26.00

ANNISLNEA (mm)

5UN 4.3.1 Wisuiguaumegraiamanvesdesdalumuvisuusaiieu



62

160
)
140
= 120
<
c. 100
'§ 80 / —e—BC
aé 0 —e—BOM1
;05 20 BOM2
- BOM2F
0
-4.00 6.00 16.00 26.00

ANIShNasa (mm)

5UM 4.3.2 Wiguiiigupusiieg 1 aviavanveste wlnluiumiasunsedin

[
| =1

JUNBUADAINLULEAINANITIATILNANY ApAINITUE UM LA AsLALluMAN

6 v

LASUYDILUUTIADNLY U UAUS IS UL I DUKA TS IARNDAAT e Nas B kU

A

TudI U8 IMANITIASI TR UBILUUT AR idTendausnasuLsdon nMsusus
YDIUUUTI1899 BC = 6.04 mm., BOS1 = 6.12 mm., BOS2 = 6.73 mm. Lagluua1ass
BOSZF = 6.45 mm. LUUS1a99BOS T flefiadiu 0.08 mm. %50 1.3% wuus1a0sBOS2 i
LT 0.69 mm. %se 11.4% WietuuusaeiBOS2 uasuidssousunsuouliiued 3
AINISUEURIANAT 0.28 mm. W3eanas 4.2% wWaifisuiusuusiassiildiaSuidem owly
msveuliiues uavArnudugegelumaniaslusuudiassidagesiavuelug) (BOS2)
Winfu 283.95 MPa agiilalasuidssneununsvoulluesmaniugegalumaniaiud

AaRALABINAY 279.8 695U 4.3.4 Uy 4.3.5 Aaa AU



6.8

6.6

(mm)

6.4

Y

6.2

)]

ATNTTLLDUR

5.8

5.6

WSHUBUNITHOUAIVDILUUINADINLTDUTUAUS LIS ULS IR DU

100%
@‘4.2%
95.8%
BC BOS1 BOS2 BOS2F

LUYINAD
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JUN 4.3.3 ununiliSeumeuAInIshsuiivasuuiaamltesUausiansuusaiieu

JUT 4.3.4 avuAugeaalumdniaduvesiuudinasd BOS2 Wiy 283.95 Mpa
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A

JUN 4.3.5 AnuAuganluvaniasuveswuuIIaes BOS2F Wity 279.8 Mpa

0.00 40000 800,00 (mm)
[ EEE—— E——

200,00 600,00

Tud1UYBINANISAASIENVDILUUTI809R TY BT AUS LIUSULTIAA NITLBUAIVD4

LUU91884 BC = 6.04 mm., BOM1 = 6.12 mm., BOM2 = 24.95 mm. Lazluudnaad BOM2F

¥

- 6.05 mm. WUUS1aesBOM1 fiAnfiadu 0.08 mm. 138 1.3% WUus1aeBOM2 fafiudu
18.91 mm. w38 313.1% WiethuuusiasiBOM2 Lnasuidesudunisuaulnues da
MILEUFIanal 18.90 mm. wieanad 75.8% wiewieusiunuusiaesdiliiasumdsae iy
mfueuliiues wazAnmAugegalumaniailusuudassiidatestiavunnlg (BOM2)
winfiu 420.79 MPa Laviileiaiuiidefeudunsuauliuesmarmidugeanlumaniaias

AaRIABYINAY 284.4 Fia3U 4.3.7 Uag 4.3.8 Ansldnu

a

WS HUIZUNISHLBUAIVDILUVANEDINTUBIUAUS IS ULTIN A

3, <7 e N AT ot ar £ 4

5 - = e =

€

£ 2 —

o anad 75.8%
= 15

Q

£ 10

(o

< 24.8%

BC BOM1 BOM2 BOM2F

LUUINAD

5UN 4.3.6 unugililseumeuanisieuivesuuuinaesiiitesdausiniunsein
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A

JUT 4.3.7 AuAugeanlunaniasuvesuudiass BOM2 wifiu 420.79 Mpa

000 40000 800.00 (mm)
[ EE——  E—

20000 600.00

JUT 4.3.8 anAugeanlumanaduveiuudiasy BOM2F winfiu 284.4 Mpa



uni 5

A3Una98 aAUTIENE LazUalEuauUE

51  a5Unade

LY

a o s A a ¢ ° = a & A a =
J1UIYUY QWQUigﬁQﬁLWSQLﬂﬁqg‘WLLUUQW@@Q?’]WUQ@Uﬂ?WLﬁi@JLMaﬂWN%@ﬂLﬂﬂLW@MWLLuU

o v v

‘mﬂmua’%mmaamaLLr;JuﬂﬁU'emIWLua%suameﬂWummimjﬂgﬂuﬁwme%’mwuﬁauuas
fusiuusada TasdruamamimdnusmwarAnsususianmihdaaunsuniniasy
MENAN9NANIINGRIAUINIBIgE] L.Lﬁ?ﬁ’]ﬁﬂifmﬁﬂminﬂiuLwiazsd’aqwqﬁmimmmu
Wlddudwdnusmniiiaisanvesuusaesiomn Maansinmziiuuiassiiliives
Wa fldasususa 6.04 mm. wuudaesiideadavunadnuieliiiu 25% Ye1RNgeny
U3nnuSuusadouiA1n1sue s 6.12 mm. wiaifiuiy 0.08 mm. uuusaesiivendauun
Tngjusnusunsadouiidnisieus 6.73 mm. iauiudu 0.69 mm. dungléduuuiiaes
Afveudnvualugiainmsusuiistusnaneaunsiloiisuiusuusaoiilifideadn
dovuuusinestiuadusidouiunrsueuliuasludnvazdu 2 F1u vnusuinaes
LuUS1899 tnelidian1enissusssvauasuaulnasvuuluiuiienianisnszaefives
ANALAY (vector stress) Tinanléidedd.1.2 wuindin1sueusiaain 6.73 mm. anas 0.28
mm wde 6.45 mm. Wieanad 4.2% udemnuiAugsgaveundniaiilunuuiiansiiives
Wavuelugffien 283.95 MPa Walasuiidssuseuruasueululiuesmaudugsgaanad

Wae 279.8 MPa

LarAINNaNITIATTRkUUIIaesndvesdaruinianuioliiu 25% 109rIuas

ANUUSIUTULSIAALAINITHAUAD 6.12 mm. BIBLNLTY 0.08 mm. LUUIIAINAYDUN

a [ v A

YUY UTIUTULIIAATAINITHEUAT 24.95 mm. ¥3osiuTY 18.91 mm. d4tnaladn

wuudaesiiveslavuinlugiiainisueusifinfuinnegranuladadeiisuiuuuuiiass

o
v

lififeade Warhwuuiassdunasuidwisuruaisuaulnivesludnuaueiu i 4 au
USNUAIUTIE AUUULALATUANNTBILUUDTIA0Y taelARANI9NITTUBSIVDILEUAISUDULY
WwasvuulUAURANI9N1SNTENFIVBIANUAL (vector stress) inanladaiid. 1.2 wuan

ANNNSWAUALAIN 25.95 mm. anadnd 18.90 mm Mas 6.05 mm. 138anad 75.8% WaIAn
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1l

AuAugsaavaranadstluLuuTaesiivenlavualugdian 420.79 MPa Wiewasuings

SumeurumsusuliiuaimaNAugIgaananie 284.4 MPa

52 anusiuna

NNANITIATIZALUUI AR IIANa eI lua LA unI AN IdaunvuIaLan

(LivAn 25% 209AUEeAIL) NlUAWTLITULTATOURALAUALITULSIANAINITHE UMY
= < ¥ =l Y [y} 1 Ly d' a1 a =3 o v o
ana e ANteeunIalNALASITUNISWaUAYEIRILN LT TR NUNEDIAMUEINISAAISISU
g v a a = @ v & 1 = o w o 9; Y}
Uninussnnvesauasuningydsluiiisudindesviounvazligydeiaesuiminge
& a & A aa ~ I3 ° " w =
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Abstraot

Due to wilization requiremants, an opening may be drilled intoa reinforced concrate beam,for
Instanca,electrical andsanitary pipes installations, etc.Such openingmay lead 1o a loss in the strength
of a beam or even a sudden collapss. By means of a finite element model, this research interests in
behaviors ofa reinforced concrate beam embeadded with anopaningln the viciity of a support under
the four-point bending condition.

Subsequently arectangularcarbon fiber sheat was aftached around the opening of the reinforced
concrate. Rasults from the formar and the latter model were compared 1o investigats influences of the
carbon fiber reinforeerment around the hole. Than results from the finlte element model were compared
with those of the axperimentior a verification purpose.Later, the ressarchar will analyze to STRermine
an optimal positon to drill an opaning with a cartain degres of safisty.

Keywords ! reinforoed conoreis beams with openings,carbon fiber plate, four-point bending tast.
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Abstract

Due to utilization requirements, an opening may be drilled into
reinforced concrete beam, for instance, electrical and sanitary
pipes installations, etc. Such opening may lead to a loss in the
strength of a beam or even a sudden collapse. By means of a
finite element model, this research interests in behaviors of a
reinforced concrete beam embedded with an opening in the vicinity
of a support under the four-point bending condition.

Subsequently, a rectangular carbon fiber sheet was attached
around the opening of the reinforced concrete. Results from the

former and the latter model were compared to investigate

influences of the carbon fiber reinforcement around the hole. Then
results from the finite element model were compared with those of
the experiment for a verification purpose. Later, the researcher will
analyze to determine an optimal position to drill an opening with a

certain degree of safety.

Keywords: reinforced concrete beams with openings, carbon fiber

plate, four-point bending test.
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Units
TABLE 1
Unit System | Metric (mm, kg, N, s, mV, mA) Degrees rad/s Celsius |
i Angle Degrees
'Rotational Velocity rad/s ]
Temperature Celsius |
Model (C4)
Geometry
TABLE 2
Model (C4) > Geometry
Object Name | Geometry
State | Fully Defined
Definition

Source|  C:Users\boy\Documents\isin Thesis\2023-06-06\Shear Zone_files\dp0\SYS-8
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Project Page 3 of 27
\DM\SYS-8.agdb
Type DesignModeler
Length Unit Meters
Element Control Program Controlled
Display Style Body Color
Bounding Box
Length X 152.4 mm
Length Y 320. mm
Length Z 2100. mm
Properties
Volume 9.2497e+007 mm?
Mass 2224 kg
Scale Factor Value 1.
Statistics
Bodies 15
Active Bodies 15
Nodes 40697
L Elements 15297
| Mesh Metric None
Update Options
[ Assign Default Material | No
| Basic Geometry Options
Parameters Independent
Parameter Key
Attributes Yes
[ Attribute Key
Named Selections Yes
! Named Selection Key
L Material Properties Yes
f Advanced Geometry Options
i Use Associativity Yes
Coordinate Systems Yes
Coordinate System Key
Reader Mode Saves Updated
File ro
| Use Instances Yes
I Smart CAD Update Yes
Compare Parts On Update No
| Analysis Type 3-D
Clean Bodies On Import No
Stitch Surfaces On Import No
Decompose Disjoint Geometry Yes
Enclosure and Symmgty Yes
Processing
TABLE 3

Model (C4) > Geometry > Parts

Object Name| concrete | steel | steel | plate | plate | plate | plate | CFRPy [ CFRPy | CFRPz | CFRPz |

State | Meshed
Graphics Properties
Visible [ Yes
Transparency | 1
Definition
Suppressed No
iff p
S Flexible
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Project Page 4 of 27
Coosrslsr;:: Default Coordinate System | y z ‘
‘ Te':\if:rr:tr::cr: By Environment ‘
Behavior None
Material
Assignment| Concrete NL Sst{:gl‘u,\:fl l Structural Steel I Epoxy Carbon UD (230 GPa) Prepreg
Nonlinear
Effects Yes
Thermal Strain
Effects Yes
Bounding Box
Length X[ 150.mm_ [ 20.mm 150. mm 1.2mm
Length Y[ 300.mm | 20.mm 10. mm | 300.mm | 50.mm [100. mm
Length Z 2100. mm 50.mm | 100. mm 150. mm
Properties
L Voliinie 9.05m&ran+:007 6.59;3;:-005 75000 mim® 1.5;:"205 36000 mm? grggg 1 r?\(r)r(.)?
' Mass| 208.22kg | 5.1780kg | 0.58875kg | 1.1775kg | 5.364e-002kg 163‘2’}(‘;' zdggi‘;'
: 105. | 45.
f Centroid X 75. mm - 75. mm 150.6 mm
Centroid Y| 150.87 mm 40. mm -5. mm 305. mm 150. mm 275.mm][ 50. mm
4 -25. |-2075.| -700. (-1400.| -650. | -400.
Centroid Z| -1065.3 mm -1050. mm S K B N fhim rahd i -525. mm
Moment of | 7.8619e+007 | 1.8937e+006 127.56 991.06 447, Kg-mm? 27.937 | 72.637
[ Inertia Ip1 kg-mm? kg-mm? kg:mm? kg-mm? - kg-mm? | kg-mm?
Moment of | 7.7431e+007 | 1.8937e+006 1226.6 3189.1 44,706 kg-mm? 25.145 | 50.29
Inertia Ip2 kg-mm? kg-mm? kg-mm? kg-mm? L kg-mm? | kg-mm?
Moment of | 1.9744e+006 256.33 1108.8 2217.6 402.3 kg-mn?? 2.7953 | 22.353
Inertia Ip3 kg-mm? kg-mm? kg-mm? kg-mm? 4 kg-mm? | kg-mm?*
Statistics
Nodes 26337 | 3191 [ 3163 ] 165 ] 3257 327 | 1203 | 1162 | 412 [ 709
Elements 10546 | 1022 [ 1016 | 16 | 78 [ 82 | 436 | 420 | 139 | 251
Mesh Metric| e | ___None o] Lomr P ¥
TABLE 4
. Model (C4) > Geometry > Parts Wi
Object Name | CFRPy | CFRPy CFRPz__ | CFRPz_ |
State | Meshed
Graphics Properties
[ Visible | Yes
I Transparency | 1 ]
! Definition |
| Suppressed No
{ Stiffness Behavior Flexible
| Coordinate System y | z
Reference Temperature By Environment
Behavior None
Material
Assignment Epoxy Carbon UD (230 GPa) Prepreg
Nonlinear Effects Yes
Thermal Strain Effects Yes
Bounding Box
Length X 1.2 mm
Length Y 300. mm | 50.mm | 100.mm
I
file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo... 06-Jun-23
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Project Page 5 of 27
Length Z| 100. mm | 150. mm
Properties
Volume 36000 mm*® [ 9000.mm* | 18000 mm®
Mass| 5.364e-002 kg | 1.341e-002 kg [ 2.682e-002 kg
Centroid X 0.6 mm
Centroid Y 150. mm 275.mm [ 50.mm
Centroid Z [-400. mm[-650. mm -525. mm
Moment of Inertia Ip1 447 kg-mm? 27.938 kg-mm?| 72.638 kg-mm?
Moment of Inertia Ip2|  44.706 kg-mm? | 25.145 kg-mm?|50.291 kg-mm?
Moment of Inertia Ip3| 402.31 kg:-mm?* | 2.7954 kg-mm?|22.353 kg-mm*
Statistics
Nodes| 1167 | 1203 | 433 | 735
Elements| 426 | 438 | 145 [ 266
Mesh Metric None |
Coordinate Systems
TABLE 5
___ Model (C4) > Coordinate Systems > Coordinate System
Object Name’l Global Coordinate System | z | y ]
State| Fully Defined
Definition
Type Cartesian
Coordinate System ID 0. |
Coordinate System | Program Controlled
APDL Name
Suppressed [ No
Origin
Origin X 0. mm 150. mm
Origin Y 0. mm 300. mm [ 150.mm
Origin Z 0. mm -1050.mm | 0.mm
Define By Geometry Selection
Geometry Defined
Directional Vectors
X Axis Data [1.0.0.] [ 10.0.1] [0.-1.0.]
Y Axis Data [0.1.0.] [1.0.0.]
Z Axis Data [0.0.1.] | [-1.0.0.] [0.0.1.]
Principal Axis
Axis [ 1 X | Y
Define By | | Global ZAxis | Global X Axis
Orientation About Principal Axis
Axis| Y | X
Define By | | Default
Transformations
Base Configuration [ Absolute
Transformed Configuration| _ ][ 150. 300. -1050.1][ 150. 150.0.]
Connections
TABLE 6
Model (C4) > Connections
Object Name | Connections |
State [ Fully Defined
Auto Detection
Generate Automatic Connection On Refresh | Yes
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Project Page 6 of 27
[ Transparency |
[ Enabled]  Yes |
TABLE7
Model (C4) > Connections > Contacts
Object Name Contacts |
State Fully Defined |
Definition
Connection Type| Contact
Scope
Scoping Method | Geometry Selection
Geometry | All Bodies
Auto Detection
Tolerance Type Slider
Tolerance Slider 0.
Tolerance Value 5.3243 mm
Use Range No
Face/Face Yes
Face Overlap Tolerance Off
Cylindrical Faces Include 1
Face/Edge No |
Edge/Edge No |
Priority Include All
Group By Bodies
Search Across Bodies
Statistics
Connections | 22
__Active Connections| "~ = 22
TABLE 8
D ~__ Model (C4) > Connections > Contacts > Contact Regions S iy
Object| Contact Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact Cont_act
Name | Region Region | Region | Region | Region | Region | Region | Region | Region | Region | Region
2 3 4 5 6 7 8 9 10 11
State ] Fully Defined
| Scope
' Sﬁ:{zgg Geometry Selection
| Contact 1 Face
I Target 1 Face
CBﬁicst concrete
NN steel plate CFRPy CFRPz CFRPy
Protected No
Definition
Type Bonded
sﬁgs: Automatic
Behavior Program Controlled
c 0,1;22; Program Controlled
Trim
Tolerance 55243 mm
Suppressed No
Advanced
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Project Page 7 of 27
Formulation Program Controlled
Small
Sliding off
Diﬁ;ﬂgg Program Controlled
Penetrati
'?I;Iee:nzz Program Controlled
Elastic Slip
Tolerance Program Controlled
Suther:rensasl Program Controlled
SltiJf‘f)r?eastz Program Controlled
Fi’g;?ca)‘nl Program Controlled
Geometric Modification
Contact
Geometry None
| Correction
[ Target
Geometry None
I Correction]e 4™ Al e | o~ ", 0 | W \ . N DN ) Bt T Ay
TABLE9
Model (C4) > Connections > Contacts > Contact Regions
Obiect Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact
N ajm | Region | Region | Region | Region | Region | Region | Region | Region | Region | Region | Region
) 12 13 14 15 16 17 18 19 20 21 22
State Fully Defined
! Scope
Scoping :
Method Geometry Selection
! Contact 1 Face
Target 1 Face
Contact
Bodied concrete CFRPy
Target
\ Bodies CFRPy CFRPz
| Protected No
Definition
N Type Bonded
Sﬁgzg Automatic
Behavior Program Controlled
Cor];gg; Program Controlled
Trim
Tolerance p-3243 g
Suppressed No
Advanced
Formulation Program Controlled
Small
Sliding A
Betaction Program Controlled
Method 9
Penetration
| Tolerance Program Controlled ‘
Elastic Slip Program Controlled
file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo... 06-Jun-23
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Project Page 8 of 27
Tolerance
Sr\ﬁlf?nr;nsasl Program Controlled
Sltff’f)::s‘z Program Controlled
gg;g: Program Controlled
Geometric Modification
Contact
Geometry None
Correction
Target
Geometry None
Correction = SN\ - -
Mesh
TABLE 10
L8 __Model (C4) > Mesh B
[ Object Name | Mesh
[ State | Solved
| Display :
=l Display Style|[ Use Geometry Setting
| Defaults !
{ Physics Preference Mechanical !
i Element Order| Program Controlled |
| Element Size 40.0 mm \
| Sizing |
[ Use Adaptive Sizing Yes
¥ Resolution 2
| Mesh Defeaturing Yes 1
| Defeature Size Default !
I Transition Fast |
! Span Angle Center Coarse 1
| Initial Size Seed Assembly )
1 Bounding Box Diagonal 2129.7 mm
il Average Surface Area 34328 mm?
Minimum Edge Length 1.2 mm
f Quality
Check Mesh Quality Yes, Errors |
1 Error Limits| Standard Mechanical
Target Quality|  Default (0.050000) !
Smoothin Medium
| Mesh Metric None |
| Inflation 3
Use Automatic Inflation None 4
| Inflation Option|  Smooth Transition
| Transition Ratio 0.272
Maximum Layers 5
Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options No
Advanced
Number of CPUs for Parallel Part Meshing| Program Controlled
Straight Sided Elements No
Number of Retries Default (4)
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Project

Rigid Body Behavior

Page 9 of 27

Dimensionally Reduced

Triangle Surface Mesher

Program Controlled

Topology Checking

No

Pinch Tolerance

Please Define

No

Generate Pinch on Refresh

Statistics

Nodes|

40697

EIements[

TABLE 11
Model (C4) > Mesh > Mesh

15297

Controls

_ Object Name | Hex Dominant Method |

State |

Fully Defined

Scope

Scoping Method[ Geometry Selection |

Geometry |

15 Bodies

Definition

Suppressed

Method Hex

|
No | <
Dominant |

Element Order

Use Global Setting

Free Face Mesh Type

All Quad

Static Structural (C5)

TABLE 12

Object Name | Static

Control Messages | Yes, Click To Display... |

Model (C4) > Analys

ol AL~
Structural (C5)

State |

Solved

Definition

Physics Type

Structural

Analysis Type

Static Structural

Solver Target

Mechanical APDL

Options

Environment Temperature |

22.°C

Object Name |

~Generate Input Only|

TABLE 13

_Model (C4) > Static Structural (C5) > Analysis Settings

No?

Analysis Settings

State|

Fully Defined

Step Controls

Number Of Steps

5.

Current Step Number

1

Step End Time

1.s

Auto Time Stepping

On

Define By

Substeps

Initial Substeps

5.

Minimum Substeps

5

Maximum Substeps

25.

Solver Controls

Solver Type

Program Controlled

Weak Springs

Off

Solver Pivot Checking

Program Controlled \

Large Deflection

On |
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Project Page 10 of 27
Inertia Relief | Off
Rotordynamics Controls
Coriolis Effect[ Off
Restart Controls
Generate Restart Points Program Controlled
Retain Files After Full Solve No
Combine Restart Files Program Controlled
Nonlinear Controls
Newton-Raphson Option Program Controlled
Force Convergence Program Controlled
Moment Convergence Program Controlled
Displacement Convergence Program Controlled
Rotation Convergence Program Controlled
Line Search Program Controlled
Stabilization Off
Output Controls
Stress Yes
[ Strain Yes
Nodal Forces No
| Contact Miscellaneous No
{ General Miscellaneous No
Store Results At All Time Points
Analysis Data Management
L Solver Files Directory | C:\Users\boy\Documents\iau Thesis\2023-06-06\Shear Zone_files\dpO\SYS-8\MECH\
Future Analysis None
| Scratch Solver Files Directory
Save MAPDL db No
! Contact Summary Program Controlled
! Delete Unneeded Files Yes
! Nonlinear Solution Yes
L Solver Units Active System
| Solver Unit System nmm
TABLE 14

Model (C4) > Static Structural (C5) > Analysis Settings
Step-Specific "Step Controls™

Step | Step End Time [Auto Time Stepping| Define By | Initial Substeps | Minimum Substeps | Maximum Substeps
1 1.s On Substeps or ror ¥
2 2.8
3 3.s
, N Program Controlled
5 6.3
TABLE 15

___Model (C4) > static Structural (C5)>Loads
| Object Name| Displacement | Displacement 2 | Force

'y State | Fully Defined
Scope
Scoping Method | Geometry Selection
Geometry | 1 Edge [ 2Faces
Definition

Type Displacement Force
Define By Components Vector

Coordinate System Global Coordinate System

X Component 0. mm (ramped)
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Y Component 0. mm (ramped) |
Z Component |0. mm (ramped)| Free |
Suppressed No
Magnitude [ Tabular Data
Direction | Defined
Tabular Data
Independent Variable | [ Time
FIGURE 1
___Model (C4) > Static Structural (C5) > Displacement
1.
g —” RS T F N N
0375
0.25=
0125
i 0 B A T 2 WA 0 i -~ b - TYRRR— N
0125 -
0,25~ l
0378 |
+0.5 3t = ~ N N £ 4
1 2 3 a 5
G U, 8] A 5 J
FIGURE 2

Model (C4) > Static Structural (C5) > Displacement 2
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1.
05
0.375
0.25
0.125
O " =gt cvsrarefencccananaquaped @epececranncncnns L R e T R ]
0,125
£0.25
0375 {
Q5 ey & | > 1 P T Py 1
1. 2 3. 4 5.
[ NN RN (SN SN
URE 3
Model (C4) > Static Structural (C5) > Force
2.2e45 . N T LT % | e W P
2.6+5 ’// '
/ :
16e-5 /
1.2e+5 / [
S
-
/
o\
40000 3
0. / ; =
1. 2. 3 4 5
|1 S ! 3 > a 5
TABLE 16
Model (C4) > Static Structural (C5) > Force
Steps [Time [s]| Force [N]
1 0. 0.
1. 22970

file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo...

06-Jun-23



Project Page 13 of 27
2 2 93370
3 3 1.4998e+005
4 4 1.8e+005
5 5 2.2e+005

Solution (C6)

TABLE 17
Model (C4) > Static Structural (C5) > Solution
Object Name | Solution (C6)
State|  Solved
Adaptive Mesh Refinement

Max Refinement Loops | 1.
[ Refinement Depth | 2.
[ Information

| Status Done

|~ _MAPDL Elapsed Time| 10 m29s

I~ MAPDL Memory Used | 1.1758 GB
MAPDL Result File Size| 395.06 MB

| Post Processing

| Beam Section Results| — No

[On Demand Stress/Strain|  No

TABLE 18
Model (C4) > Static Structural (C5) > Solution (C6) > Solution Information
| Object Name | Solution Information |
State | Solved -
Solution Information |
Solution Output| ~ Solver Output |

Newton-Raphson Residuals 0
| Identify Element Violations 0 |
[ Update Interval 25s ]
| Display Points All {
[ FE Connection Visibility |
Activate Visibility Yes ]

| Display | All FE Connectors |
Draw Connections Attached To All Nodes }
lr Line Color| Connection Type

Visible on Results No
| Line Thickness Single
[ DisplayType|  Lines
TABLE 19
u _Model (C4) > Static Structural (C5) > Solution (C6) > Results
4 . . P " Equivalent Vector
Object | Tension | Compressive | Directional | Equivalent . stress D
Na:me steel sZess Deformation %trass Eslf,:t.'c concrete stresSCERR)| iFrincipal
in Stress
State Solved
Shzgt;::zg Geometry Selection
Geometry | 2 Bodies | All Bodies | 1Body | AllBodies | 1Body | 8Bodies | 1Body
Definition
Equivalent (von-Mises) | Directional Equivqlent Equival_ent Equivalent (von-Mises) V_ect_or
Type Shise Deformation (von-Mises) EIas@nc Stress Principal
[ Stress Strain Stress
|

file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo... 06-Jun-23
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By Time
Display
Time Last
Calculate
Time History Yes
Identifier
Suppressed No
Orientation Y Axis
; Global
CooSrdgztr: Coordinate
Y System
Integration Point Result
%szlsr); Averaged Averaged
Average
Across No No
Bodies
Results
2.7095e-
e 49641 | 6.7738e-002 6.7738e- 6.7738e-| - 0.90227
| Minimum | 4332 Mpa | 13806MM | goompa | 008 - do02MPa| MPa
- 419,86 ¥
Ximum |y 52 1113.5 MPa 0. mm 20.6 MPa 002 20.6 MPa| 1113.5 MPa
mm/mm
1.3973e-
Average| 29377 | 64.128 MPa | -9.0518 mm |12.536 MPa| . 003 12536 1 120.84 MPa
mm/mm
[ ogm’:g‘; steel concrete CFRPy
: Ohg::::gz steel CFRPz | plate l concrete CFRPy | concrete CFRPz
[ Minimum Value Over Time
1.0854e-
s 6.3474e- | 2.9804e-004 2.9804e- 2.9804e- | 1.8429e-002
Minimum | oo Mpa | MPa | *3808MM | Gogmpg | 007 go4MPal  MPa
2.7095e-
2 49641 | 6.7738e-002 6.7738e- 6.7738e- 0.90227
Maximum| _“vpa Mpa  (O17383mM| oprppg | 006 ) go2MPa|  MPa
[ Maximum Value Over Time
| Minimum 7.9200 MPa 0.mm | 1.0813MPa 2708¢ 004 10813 | 5 ggoq pa
! 44324 4.9182e-
Maximum MF;a 1113.5 MPa 0. mm 20.6 MPa 002 20.6 MPa| 1113.5 MPa
mm/mm
Information
Time 5.s
Load Step 5
Substep 4
Iteration
Number it

FIGURE 4
Model (C4) > Static Structural (C5) > Solution (C6) > Tension steel
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44324

300.

[MPa]

6.3474e.2

TABLE 20

Model (C4) > Static Structural (C5) > Solution

C6) > Tension steel

| Time [s] | Minimum [MPa] | Maximum [MPa] | Average [MPa] |
0.2 6.3474e-002 7.9209 3.5868 |

04 0.13582 15.9 7.2051 |

.06 0.20889 23.881 10.824

5,08 0.28211 31.862 14.444 |
1. 0.35574 39.845 18.065

B2 0.57101 64.322 29.167 |

[F 14 0.75501 88.876 40301 |
1.7 0.97655 126.82 57,316 )|
2. 1.1097 165.95 74.759
2.2 1.165 187.25 84.254

| 24 1.2005 209.13 93.926

P 27 1.3208 243.19 108.87

[ 2.0153 279.8 124.79

| 39 2.4065 293.33 130.69 |
34 2.833 307.16 136.77~ 10
37 3.5611 328.39 146.24

> 4. 3.8421 351.56 156.44 |

(.42 3.9623 384.29 166.14 |
44 4.2051 420.83 176.69 |

Tod.7 4.5309 443.24 194.28

- 4.9641 419.86 213.77

FIGURE 5

Model (C4) > Static Structural (C5) > Solution (C6) > Compressive stress
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5.
1135 ,
1000.
/
750. ,/I
z
=
= M P
.f
250. ////
; ///,-
el \
-~ IR, S
2980464 | AT =%
0 1 2 3 4 5.
[s]
N7 i\ + | R\ a7 Al S[RICIN L 5 ‘
W
TABLE 21

Model (C4) > Static Structural (C5) > Solution (C6) > Compressive stress

| Time [s] | Minimum [MPa] | Maximum [MPa] | Average [MPa] |
0.2 2.9804e-004 7.9209 092318 |

04 8.4058e-004 15.9 4285221

.06 1.3749e-003 23.881 2.7813

5,08 1.8678e-003 31.862 3.7106 |
1. 2.3159e-003 39.845 4.64

B2 3.4338e-003 64.322 74914 |

[F 14 7.1549e-003 88.876 10.359 |
1.7 1.4835e-002 126.82 14.735 |
2. 2.5583e-002 165.95 19.221
2.2 2.4059e-002 187.25 21.679

| 24 2.9218e-002 209.13 24.195

P 27 2.696e-002 243.19 28.156

[ 4.1729e-002 279.8 32.543

| 39 3.6892e-002 309.92 34.258 |
34 4.5655e-002 348.25 36.087 |
37 4.8745e-002 418.63 39.078

> 4. 5.1981e-002 504.22 42437 |

(.42 5.4965e-002 593.86 45.788 |
44 5.7972e-002 699.73 49.505 |

Tod.7 6.2701e-002 885.83 56.213

I 5. | 6.7738e-002 1113.5 64.128

FIGURE 6

Model (C4) > Static Structural (C5) > Solution (C6) > Directional Deformation

file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo... 06-Jun-23



101

Project Page 17 of 27

75

-12.5
-13.806 [
0. 1 2 s < 5
[s] l
P "AVLRWA . AW I VAN B (N AT ‘
u
TABLE 22

Model (C4) > Static Structural (C5) > Solution (C6) > Directional Deformation

| Time [s] [ Minimum [mm] | Maximum [mmj | Average [mm]
{] 0.2 -0.17563 -0.11128
{04 -0.35295 -0.22364
| 0.6 -0.5303 -0.33603
| 08 -0.70769 -0.44844
1. -0.88511 -0.56088
bt 132 -1.4296 -0.90609
EE: -1.9786 -1.2543
h 1.7 -2.8288 -1.7927
2. -3.7112 -2.3526
2.2 -4.1992 -2.6633
| 24 -4.7089 0. -2.9883
} ¥2.¥ -5.5284 -3.5144
B \3. -6.452 -4.1143
3.2 -6.8112 -4.3502
3.4 -7.1946 -4.6027
37 -7.8219 -5.019
4 -8.5411 -5.4977
4.2 -9.2672 -5.9825
4.4 -10.109 -6.5483
hd.7 -11.68 -7.6095
P 5. -13.806 . -9.0518
FIGURE 7

Model (C4) > Static Structural (C5) > Solution (C6) > Equivalent Stress
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5.
206 o
.-"/
16. /
/

I ™ /

K x

= {

|
TABLE 23
Model (C4) > Static Structural (C5) > Solution (C6) > Equivalent Stress
| Time [s] | Minimum [MPa] | Maximum [MPa] | Average [MPa] |
0.2 2.9804e-004 1.0813 0.26074
04 8.4058e-004 2.1634 052062
.06 1.3749e-003 3.2457 0.78054
5,08 1.8678e-003 4.3282 1.0405 !
1. 2.3159e-003 5.408 1.3005
- 3.4338e-003 8.5528 2.0976 [
[F 14 7.1549e-003 11.667 2.8958 ]
1.7 1.4835e-002 15.601 4.0976 ‘
2. 2.5583e-002 18.809 5.283
2.2 2.4059e-002 19.515 5.9132
| 24 2.9218e-002 20.31 6.5457
P 27 2.696e-002 7.504
3. 4.1729e-002 8.4753
| 39 3.6892e-002 8.8187 ]
34 4.5655e-002 9.1625 !
3.7 4.8745e-002 206 9.6799
> 4. 5.1981e-002 ’ 10.202
I 2.2 5.4965e-002 10.667
44 5.7972e-002 11483
Tod.7 6.2701e-002 11.836
[ 5. | 6.7738e-002 [ 12536
FIGURE 8

Model (C4) > Static Structural (C5) > Solution (C6) > Equivalent Elastic Strain
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5.
4.9182e-2
',/
42 ,(
//
'E 3.e2 /
£ S
~
E .
E P
- -2 p
1.e2 = //
1085467 | Tt . T
0. 1 2 3 4, 5,
[s]
N7 ke \ ] 20 | \ 7 Bl SIWICEN L 5
|
TABLE 24
Model (C4) > Static Structural (C5) > Solution (C6) > Equivalent Elastic Strain
| Time [s] | Minimum [mm/mm] | Maximum [mm/mm] | Average [mm/mm]
0.2 1.0854e-007 2.768e-004 1.6394e-005 |
04 1.9183e-007 5.5527e-004 3.2847e-005 |
0.6 2.2884e-007 8.3374e-004 4.9302e-005 |
0.8 3.0705e-007 1.1122e-003 6.576e-005 |
1. 3.5949e-007 1.3907e-003 8.222e-005
%2 5.265e-007 2.2521e-003 1.3274e-004 |
14 6.9746e-007 3.1529e-003 1.8374e-004 |
7 9.5155e-007 4.5501e-003 2.6156e-004
) 2. 1.2084e-006 6.1057e-003 3.4134e-004
22 1.3466e-006 7.0419e-003 3.8529e-004
24 1.483e-006 8.0532e-003 4.3048e-004
2.7 1.687e-006 9.9886e-003 5.0347e-004 |
T3 1.8867e-006 1.284e-002 5.8838e-004 |
32 1.9554e-006 1.4279e-002 6.2327e-004
34 2.0223e-006 1.5985e-002 6.6159e-004 |
¥, .37 2.1228e-006 1.9061e-002 7.2678e-004 |
W 4 2.2223e-006 2.271e-002 8.0321e-004 |
42 2.3102e-006 2.6542e-002 8.833e-004
I 44 2.4017e-006 3.1007e-002 9.7903e-004
1. 4.7 2.5529e-006 3.8997e-002 1.1582e-003
5. | 2.7095e-006 4.9182e-002 | 1.3973e-003 |
FIGURE 9
Model (C4) > Static Structural (C5) > Solution (C6) > stress concrete
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[MPa]

TABLE 25
Model (C4) > Static Structural (C5) > Solution (C6) > stress concrete

| Time [s] | Minimum [MPa] | Maximum [MPa] | Average [MPa] |
0.2 2.9804e-004 1.0813 0.26074

04 8.4058e-004 2.1634 052062

.06 1.3749e-003 3.2457 0.78054

5,08 1.8678e-003 4.3282 1.0405 |
1. 2.3159¢e-003 5.408 1.3005

B2 3.4338e-003 8.5528 20976 |

N 14 7.1549e-003 11.667 2.8958 |
1.7 1.4835e-002 15.601 4.0976 |
2. 2.5583e-002 18.809 5.283
22 2.4059¢-002 19.515 5.9132

| 24 2.9218e-002 20.31 6.5457

P 27 2.696e-002 7.504

[ 4.1729e-002 8.4753

| 39 3.6892e-002 8.8187 |
34 4.5655e-002 9.1625
3.7 4.8745e-002 206 9.6799

> 4. 5.1981e-002 ' 10.202

{42 5.4965e-002 10.667 |
44 5.7972e-002 11.133

Tod.7 6.2701e-002 11.836

I 5. | 6.7738e-002 12.536

FIGURE 10

Model (C4) > Static Structural (C5) > Solution (C6) > stressCFRP
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5.
11135 /
1000. ,,:'
750. ,//
z
=
= 500 /'
.f
)/,'
1
250. = >
../"l’/_
421 PN\
R
1.8429¢.2 esTR '
0. 1 2 3 3 5
[s]
N7 ke \ o JE: ... L a7 9l SIWICEN N4 S
TABLE 26
Model (C4) > Static Structural (C5) > Solution (C6) > stressCFRP
| Time [s] | Minimum [MPa] | Maximum [MPa] | Average [MPa]
[{10.2 1.8429e-002 5.8698 0.96878
04 3.7192e-002 11.765 1.9453
.06 5.596e-002 17.66 2.9219." |
5,08 7.4733e-002 23.555 3.8985 |
1. 9.3514e-002 29.449 4.8752
b -2 0.15106 47.651 7.8761
[F 14 0.20827 66.853 10.934
1.7 0.2941 96.627 15.645
2. 0.37967 130.24 20.619
2.2 0.42513 150.36 23.454 |
| 24 0.47017 172.19 26.429 |
P 27 0.53545 213.38 31.46 |
[ 0.59713 278.05 37.946 |
| 39 0.61786 309.92 40.925
34 0.63785 348.25 44.402
37 0.66791 418.63 50.705 |
> 4. 0.67448 504.22 58.454
(.42 0.73253 593.86 66.858
44 0.77106 699.73 77.117
Tod.7 0.83645 885.83 96.102
D 0.90227 1113.5 120.84 |
Chart
FIGURE 11
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| | - Force o - Directional Deformation (Min)
S
T —— |
o 9 ) -~ ///
08 \_\ \ /// -
07 T ’_/
%05 .-
NOs 2 ™
'E 05+ 7 7 S
el ae.
Z 04 /" . .
03 / .
02 X e |
) # \
01 - \
0. ,.r_{/ ¥ VA ual | B = —
0. oS 1 1.5 | A 25 3 3.5 - 45 S
[s]
TABLE 27

_Model (C4) > Chart

[Steps|Time [s]| [A] Force [N] |[F] Directional Deformation (Min) [mm] |
0. 0. ]
! 0.2 = 4594, 017563 1
s 0.4 =9188. -0.35295 |
06 =13782 -0.5303 |
08 = 18376 20.70769
1. 22970 -0.88511 .l
12 = 37050 -1.4296 |
| 14 =51130 -1.9786
. 17 = 72250 -2.8288
2. 93370 37112
= 2.2 _|=1.0469¢+005 -4.1992
5 |24 |=1.1601e+005 -4.7089 ]
I 27 | =1.33e+005 55084 !
3. | 1.4998e+005 6.452
| 32 |=15598e+005 6.8112 J
|, [[34 |=16199e+005 ~7.1946 7|
' 3.7 |=1.7099e+005 7.8219 |
4, 1.8e+005 8.5411
i 42 | =1.88e+005 -9.2672
lg |44 [ =1.96e+005 -10.109
47 | =2.08e+005 -11.68
5. 2.2e+005 -13.806
concrete-cfrp

FIGURE 12
Model (C4) > concrete-cfrp
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| ] - stress concrete (Max) o . stressCFRP (Max)
5.
11135 /
1002.2 /
890.98 nl
779.74 ¥4
. 66851 #
§ 55727 % .
446.03
, — -~
33479
| s
223.56 L §<
11232 4 e\
—
10813 eme—i—F - A e A T n‘
02 068 - 1167 ~ 1064 ||| 202" * 26 308" 356 408, 452 5
[s]
TABLE 28
) Model (C4) > concrete-cfrp AY o
Steps| Time [s]|[B] stress concrete (Max) [MPa]| [D] stressCFRP (Max) [MPa]
0.2 1.0813 5.8698 |
0.4 2.1634 11.765 %l
1 0.6 3.2457 17.66 J
0.8 4.3282 23.555
1 5.408 29.449
12 8.5528 47.651
P 1.4 11.667 66.853
%7 15.601 96.627
2 18.809 130.24 J
212 19.515 150.36 !
3 2.4 20.31 172.19 (7
2.7 213.38
3. 278.05
3.2 309.92 |
3.4 348.25
4 4
37 206 418.63 il
4. ’ 504.22
4.2 593.86
5 44 699.73
4.7 885.83
5, 1113.5
Material Data
Concrete NL
TABLE 29
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Concrete NL > Constants
| Density | 2.3e-006 kg mmA-3

TABLE 30
Concrete NL > Drucker-Prager Strength Piecewise
Pressure P MPa | Yield Stress Y MPa
4 0
| 0 10
15 40
[ 50 Ty,
TABLE 31

Concrete NL > Tensile Pressure Failure
Maximum Tensile Pressure MPa |
-4
L

TABLE 32
Concrete NL > Crack Softening Failure
\Fracture Energy Gf mJ mm*-2|
[ 0.1

TABLE 33
Concrete NL > Isotropic Elasticity

| Young's Modulus MPa | Poisson's Ratio |Bulk Modulus MPa |Shear Modulus MPa| Temperature C|
[ 25000 [ 03 | 20833 | [ 96154 [

TABLE 34
Concrete NL > Color
{Red|Green| Blue

235( 222 | 222
TABLE 35
Concrete NL > Tensile Yield Strength
[Tensile Yield Strength MPa |
0
TABLE 36
__ Concrete NL > Multilinear Isotropic Hardening
| Stress MPa | Plastic Strain mm mm*-1 | Temperature C
6.895e-003 0 22
|\ 67T 2.88e-004 22
(11324 6.96e-004 22
17.19 1.1e-003 22 |
20.04 1.51e-003 22 ]
20.6 2.e-003 22
[~ <20.6 2.5e-003 22 |
[ 206 | | . 3e003 = 2 |
TABLE 37

Concrete NL > Compressive Yield Strength
rEompressive Yield Strength MPa
15

TABLE 38
Concrete NL > Tensile Ultimate Strength

| Tensile Ultimate Strength MPa

file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo... 06-Jun-23
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1 0

TABLE 39
Concrete NL > Compressive Ultimate Strength
Compressive Ultimate Strength MPa
20.6

Structural Steel NL

TABLE 40
Structural Steel NL > Constants

Density| 7.85e-006 kg mmA-3 |
Specific Heat Constant Pressure |4.34e+005 mJ kg”-1 C-1|

TABLE 41
Structural Steel NL > Isotropic Elasticity
[ Young's Modulus MPa [Poisson's Ratio [Bulk Modulus MPa [Shear Modulus MPa | Temperature C
\ 2.e+005 103 [ 16667e+005 | 76923

TABLE 42
_Structural Steel NL > Bilinear Isotropic Hardening
Yield Strength MPa | Tangent Modulus MPa | Temperature C
A 7A T I WALS AT R VAN W W

TABLE 43
Structural Steel NL > Color

'Red[Green| Blue
{182 229 | 228
TABLE 44
Structural Steel NL > Tensile Ultimate Strength

[Tensile Ultimate Strength MPa|
1 570

Structural Steel

TABLE 45
__ Structural Steel > Constants
Density| 7.85e-006 kg mm*-3
I'Specific Heat Constant Pressure | 4.34e+005 mJ kgA-1 CA-1
| Isotropic Thermal Conductivity | 6.05e-002 W mm™"-1 C*-1 |
Isotropic Resistivity 1.7e-004 ohmmm |

TABLE 46
Structural Steel > Color
Red [Green | Blue
132 139 | 179

TABLE 47
) ) : Structural Steel > Isotropic Elasticity )
\Young's Modulus MPa | Poisson's Ratio | Bulk Modulus MPa |Shear Modulus MPa | Temperature C|
\ 1.e+005 [ 0.3 [ 83333 | 38462 |

TABLE 48
Structural Steel > Isotropic Relative Permeability

| Relative Permeability

file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo... 06-Jun-23

109



Project Page 26 of 27
10000
Epoxy Carbon UD (230 GPa) Prepreg
TABLE 49
Epoxy Carbon UD (230 GPa) Prepreg > Density
Del A-3
1.49e-006
TABLE 50
_ Epoxy Carbon UD (230 GPa) Prepreg > Orthotropic Elasticity
. Young's Young's
Young's . . . 8 . 9 Shear Shear Shear
Modulus Y| Modulus Z| Poisson's| Poisson's| Poisson's

_ Modulus X|™ i action| . direction| - Ratio XY| Ratio YZ| Ratioxz| Modulus| . Modulus) —Modulus

direction MPa MPa MPa XY MPa| YZMPa| XZMPa

121e+005 | 800 [ 8600 [ 027 | 04 | 027 [ 4700 | 3100 | 4700

TABLE 51
Epoxy Carbon UD (230 GPa) Prepreg > Orthotropic Strain Limits A %

“Tensile X| Tensile Y| Tensile Z CompressuveX Compressive Y CompressuveZ Shear| Shear| Shear
| direction| direction| direction direction direction direction XY YZ Xz
' 1.676:002 320003 ] 3.20-003 L +1.08¢-002 | 4820002 | 482e:002 l — | U5 , Less

TABLE 52
i , A Epoxy Carbon UD (230 GPa) Prepreg > Orthotropic Stress Limits
! 1;:?:::"?0)': Tdel:"‘:(';?og Tdel:‘estl:lueoﬁ Compressive X| Compressive Y| Compressive Z Shear Shear (;air
' MPa MPa MPa direction MPa|  direction MPa| direction MPa MPa MPa P
Lo223g8 4] 29 29 | = 1082 -100 -100 60 4l |
TABLE 53

Epoxy Carbon UD (230 GPa) Prepreg > Orthotropic Secant Coefficient of Thermal Expansion

Coefficient of Thermal Expansion Coefficient of Thermal Coefficient of Thermal | Temperature
X direction C*-1 Expansion Y direction C*-1 Expansion Z direction C*-1 C
-4.7e-007 o) ] 3.6 005 |\ Io=gd 3.e-005 - N
Zero-Thermal-Strain Reference
L Temperature C
. o 2008 J. N\ ™S Y Y L S Py y 8
TABLE 54

Epoxy Carbon UD (230 GPa) Prepreg > Puck Constants

[ Compressive Inclination XZ | Compressive Inclination YZ [ Tensile Inclination XZ | Tensile Inclination YZ

LS &0

025NV,

TABLE 55

035

025

_Epoxy Carbon UD (230 GPa) Prepreg > Additional Puck Constants

0.5

[Interface Weakening Factor | Degradation Parameter s |Degradation Parameter M
|

08

0.5

TABLE 56

o

Epoxy Carbon UD (230 GPa) Prepreg > Tsai-Wu Constants

Temperature C [Coupllng Coefficient XYI Coupling Coefficient YZICouleng Coefficient XZ |
I
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Red [Green | Blue
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o-Epoxy Carbon UD (230 GPa) Prepreg

Units
TABLE 1
Unit System [ Metric (mm, kg, N, s, mV, mA) Degrees rad/s Celsius |
b Angle Degrees [
. Rotational Velocity rad/s
[ Temperature Celsius
Model (D4)
Geometry
TABLE 2

Model (D4) > Geometry

Page 2 of 24
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Object Name | Geometry
State | Fully Defined
Definition
Sotircs C:\Users\boy\Documents\iain Thesis\2023-06-06\Bending Zone_files\dp0\SY S-9
\DM\SYS-9.agdb
Type DesignModeler
Length Unit Meters
Element Control Program Controlled
Display Style Body Color
Bounding Box
Length X 152.4 mm
Length Y 320. mm
Length Z 2100. mm
Properties
Volume 9.2623e+007 mm?®
Mass 222.59 kg
Scale Factor Value 1.
" Statistics
| Bodies 17
Active Bodies 17
[ Nodes 48675
[ Elements 18722
Mesh Metric None
Update Options
Assign Default Material| No
(o Basic Geometry Options
Parameters Independent
! Parameter Key
L Attributes Yes
f Attribute Key
! Named Selections Yes
Named Selection Key
Material Properties Yes
Advanced Geometry Options
Use Associativity Yes
| Coordinate Systems Yes
K Coordinate System Key
| Reader Mode Saves Upda'tzgld No
ile
Use Instances Yes
Smart CAD Update Yes
Compare Parts On Update No
Analysis Type 3-D
Clean Bodies On Import No
Stitch Surfaces On Import No
Decompose Disjoint Geometry Yes
Enclosure and Symmetry Yes
Processing
TABLE 3
Model (D4) > Geometry > Parts
Object Name | concrete
State | Meshed
Graphics Properties
Visible Yes
Transparency 1
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Definition
Suppressed No
Stiffness Behavior Flexible
Coordinate System | Default Coordinate System
Reference Temperature By Environment
Behavior None
Material
Assignment Concrete NL
Nonlinear Effects Yes
Thermal Strain Effects Yes
Bounding Box
Length X 150. mm
Length Y 300. mm
Length Z 2100. mm
Properties
Volume 9.053e+007 mm?
Mass 208.22 kg
Centroid X 75. mm
Centroid Y 150.87 mm
Centroid Z -1050. mm
Moment of Inertia Ip1| 8.0339e+007 kg:mm?
Moment of Inertia Ip2|  7.9151e+007 kg-mm?
Moment of Inertia Ip3|  1.9744e+006 kg-mm?
Statistics
Nodes 26941
Elements 10836
- .. MeshMetic|  __None _
TABLE 4
el 3l ___ Model (D4) > Geometry > Body Groups | |
Object Name [ bar b plate CFRP
State | Meshed
Graphics Properties
| Visible [ Yes
] Definition
! Suppressed No
{ Assignment [ Structural Steel NL |  Structural Steel  |Epoxy Carbon UD (230 GPa) Prepreg
Coordinate System Default Coordinate System |~ Multiple Coordinate Systems
Bounding Box
| Length X 80. mm | 150. mm 152.4 mm
[ Length Y 20. mm [ 320. mm 302.4 mm
| Length Z 2100. mm 350. mm
Properties
Volume| 1.3195e+006 mm* |  4.5e+005 mm* | 3.24e+005 mm?®
Mass 10.358 kg [ 3.56325 kg | 0.48276 kg
Centroid X 75. mm
Centroid Y 40. mm ! 201.67mm [ 145.83 mm
Centroid Z -1050. mm
Moment of Inertia Ip1|3.7875e+006 kg-mm?|1.6033e+006 kg-mm? 12463 kg-mm?
Moment of Inertia Ip2 | 3.7968e+006 kg-mm?|1.5344e+006 kg-mm* 7636.9 kg-mm?
Moment of Inertia Ip3 9834.7 kg-mm? 82091 kg-mm? 8902.8 kg-mm?
Statistics
Nodes 6420 | 990 [ 14324
Elements 2067 | 194 | 5625
Mesh Metric None
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[ DMBodyGroup | 2 3 [ 4 ]
TABLES5
Model (D4) > Geometry > bar > Parts
ObjectName|  bar | bar
State | Meshed
Graphics Properties
Visible | Yes
Transparency | 1
Definition |
Suppressed No |
Stiffness Behavior Flexible |
Coordinate System | Default Coordinate System
Reference Temperature By Environment
Behavior None
Material
Assignment Structural Steel NL
Nonlinear Effects Yes
Thermal Strain Effects Yes
Bounding Box
Length X 20. mm
Length Y 20. mm
Length Z 2100. mm
Properties
Volume 6.5973e+005 mm®
Mass 5.1789 kg
Centroid X|  105.mm_ | 45.mm
Centroid Y 40. mm
Centroid Z -1050. mm
Moment of Inertia Ip1 1.8937e+006 kg-mm?
Moment of Inertia Ip2|  1.8937e+006 kg-mm?
Moment of Inertia Ip3 256.33 kg-mm?
Statistics
Nodes 3330 | 3090
Elements 1120 | 947
- Mesh Metric . None_
TABLE 6
~____Model (D4) > Geometry > plate > Parts O
Object Name| plate plate | plate | plate |
State Meshed
| Graphics Properties y
{ Visible| Yes
[ Transparency | 1 f
. Definition
| Suppressed No
[ Stiffness Behavior Flexible
Coordinate System Default Coordinate System
Reference Temperature By Environment
Behavior None
Material
Assignment Structural Steel
Nonlinear Effects Yes
Thermal Strain Effects Yes

file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo...

06-Jun-23

116



Project

Page 6 of 24

Bounding Box
Length X 150. mm
Length Y 10. mm
Length Z 50. mm [ 100. mm
Properties
Volume 75000 mm?* [ 15e+005 mm®
Mass 0.58875 kg | 1.1775 kg
Centroid X 75. mm
Centroid Y -5.mm 305. mm
I Centroid Z|-25. mm [-2075. mm|-700. mm[-1400. mm

| Moment of Inertia Ip1

127.56 kg-mm?

991.06 kg-mm?

Moment of Inertia Ip2| = 1226.6 kg-mm? 3189.1 kg-mm?
Moment of Inertia Ip3|  1108.8 kg-mm? 2217.6 kg-mm? |
Statistics |
| Nodes 165 ] 323~ 337 |
Elements 16 | 76 | 86
| MeshMetric = None _
TABLE 7

Model (D4) > Geometry > CFRP > Parts

[ Object Name| Solid | Solid | Solid | Solid | Solid | Solid | Solid | Solid | Solid | " Solid

| State | Meshed
Graphics Properties
Visible | Yes
Transparency | A
Definition
[ Suppressed No
i Stiffness ,
| Behavior [ioxble
|= Coordinate
System y Y Y -
Reference .
Temperature By Environment
Behavior None
Material
| Assignment Epoxy Carbon UD (230 GPa) Prepreg
Nonlinear
Effects Yes
Thermal Strain
! Effects b
Bounding Box
Length X 1.2mm 150. mm
Length Y] 300.mm [ 50.mm [100.mm [ 300.mm | 50. mm [ 100. mm 1.2mm
Length Z[  100.mm | 150. mm | 100.mm | 150. mm 350. mm
Properties
9000. 18000 9000. 18000
Volume| 36000 mm?® mm? mm? 36000 mm? Mo e 63000 mm?
1.341e- | 2.682e- 1.341e- | 2.682e-
Mass | 5.364e-002 kg 002kg | 002kg 5.364e-002 kg 002kg | 002kg 9.387e-002 kg
Centroid X 150.6 mm -0.6 mm 75. mm
Centroid Y[ 150.mm [ 275. mm [ 50. mm 150. mm 275.mm | 50. mm [300.6 mm[ -0.6 mm
. -925. | -1175. -1175. | -925.
Centroid Z i i -1050. mm Hin S -1050. mm
Moment of 27.937 | 72.637 27.937 | 72637 | 958.26 | 958.27
Inertia Ip1 A7 kg mmi kg'-mm* | kg-mm? 447 kgrmm® kg:-mm? | kg'mm* | kg-mm? | kg-mm?
Moment of 25.145 50.29 25145 | 50.291
Inertia Ip2 44.706 kg-mm? kg-mm?® | kg-mm? 44.706 kg-mm? kg-mm® | kg-mm? 1134.3 kg-mm?
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"I"n‘;’;‘tf:}:; 402.3 kg-mm? lfg'?r?‘f:, g:fr’f 402.31 kg~mm’| f;r?‘fn“, kzgzg]f:z 176.02 kg-mm?
Statistics
Nodes| 1406 | 1472 | 635 | 835 | 1537 | 1710 | 734 | 992 | 2914 | 2875
Elements| 508 | 548 | 226 | 307 | 585 | 655 | 267 | 369 | 1080
Mesh Metric None
Coordinate Systems
TABLE 8
Model (D4) > Coordinate Systems > Coordinate System
[ Object Name | Global Coordinate System | z | y
| State Fully Defined
Definition
Type Cartesian
Coordinate System ID 0.
Coordinate System | Program Controlled
- APDL Name
Suppressed | No
Origin
Origin X 0. mm 75. mm
Origin Y 0. mm 310. mm
Origin Z 0. mm -750. mm
Define By Geometry Selection
Geometry Defined
Directional Vectors
{ X Axis Data [1.0.0.] [y L ]
| Y Axis Data [0.1.0.] [-1.0.0.]
! Z Axis Data [0.0.1.] .-1.0 1 [ 10.0.1
Principal Axis
I Axis | X
Define By| | Global Z Axis| Global Y Axis
[ Orientation About Principal Axis
{ Axis | Y
I Define By | [ Default
Transformations
Base Configuration [ Absolute
Transformed Configuration| | 175.310.-750.]
Connections
TABLE9
Model (D4) > Connections
{ Object Name | Connections
[ State [ Fully Defined
Auto Detection
| Generate Automatic Connection On Refresh| — Yes
| Transparency
Enabled|  Yes
TABLE 10
Model (D4) > Connections > Contacts
Object Name Contacts
State Fully Defined
Definition
file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo... 06-Jun-23
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Connection Type] Contact
Scope
Scoping Method [ Geometry Selection
Geometry|  All Bodies
Auto Detection
Tolerance Type Slider
Tolerance Slider 0.
Tolerance Value 5.3243 mm
Use Range No |
Face/Face Yes |
Face Overlap Tolerance Off
Cylindrical Faces Include
Face/Edge No
Edge/Edge No
Priority Include All
Group By Bodies
Search Across Bodies
Statistics
Connections 16
Active Connections 16 |
TABLE 11
Model (D4) > Connections > Contacts > Contact Regions
Obiect| Contact Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact | Contact
N aJme ReBlSH Region | Region | Region | Region | Region | Region | Region | Region | Region | Region
g 2 3 4 5 6 7 8 9 10 11
[ State Fully Defined
| Scope
Scoping .
| Method Geometry Selection
Contact 1 Face
[ Target 1 Face
Contact o
Bodies
Target i
ng?; bar plate —[ Solid
| Protected No
[ Definition
|l Type Bonded
Scope 2
Mode Automatic
Behavior Program Controlled
c or;l;g?t Program Controlled
Trim
Tolerance 0-3245 it
Suppressed No
Advanced
Formulation Program Controlled
Small
Sliding off
Di}ﬁ;}:gg Program Controlled
p%gf;;:ﬂgg Program Controlled
Elastic Slip
Tolerance Program Controlled
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Stancf’r:rensasl Program Controlled ‘
‘ ng?r?:stz Program Controlled ‘
g;g?g:: Program Controlled
Geometric Modification
Contact
Geometry None
Correction
Target
Geometry None
_Correction| - NNV S S S -
TABLE 12
Model (D4) > Connections > Contacts > Contact Regions
. Contact Region | Contact Region | Contact Region | Contact Region | Contact Region
e 12 0 5 > 15 0 6 -
¥ State Fully Defined
y Scope
Scoping Method Geometry Selection
| Contact 1 Face
{ Target 1 Face
Contact Bodies concrete
Target Bodies Solid
Protected No
Definition
[ Type Bonded
{ Scope Mode Automatic
| Behavior Program Controlled
| Trim Contact Program Controlled
Trim Tolerance 5.3243 mm
Suppressed No
Advanced
Formulation Program Controlled
Small Sliding Off
| Detection Method Program Controlled

Penetration Tolerance

Program Controlled

Elastic Slip Tolerance

Program Controlled

Normal Stiffness

Program Controlled

Update Stiffness Program Controlled
Pinball Region Program Controlled
Geometric Modification
Contact Geometry
Correction Nono
Target Geometry
Correction Q) ey o ____Nozle »
Mesh
TABLE 13
Model (D4) > Mesh
Object Name | Mesh
State | Solved
Display

Display Style| Use Geometry Setting
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Physics Preference Mechanical
Element Order| Program Controlled
Element Size 40.0 mm
Sizing
Use Adaptive Sizing Yes
Resolution 2
Mesh Defeaturing Yes
Defeature Size Default
| Transition Fast
| Span Angle Center Coarse
Initial Size Seed Assembly
Bounding Box Diagonal 2129.7 mm %
Average Surface Area 29897 mm? |
1 Minimum Edge Length 1.2 mm
| Quality
Check Mesh Quality Yes, Errors
Error Limits| Standard Mechanical
| Target Quality| ~ Default (0.050000) |
| Smoothing Medium
Mesh Metric None 1
| Inflation )
L Use Automatic Inflation None |
] Inflation Option| ~ Smooth Transition |
—] Transition Ratio 0.272 b
1 Maximum Layers o |
| Growth Rate s |
[ Inflation Algorithm Pre
1 View Advanced Options No
b Advanced |
| Number of CPUs for Parallel Part Meshing| ~Program Controlled
| Straight Sided Elements No |
Number of Retries Default (4) |

Rigid Body Behavior

Dimensionally Reduced |

Triangle Surface Mesher

Program Controlled

| v € o -

Topology Checking No
Pinch Tolerance Please Define
] Generate Pinch on Refresh No
Statistics
| Nodes| 48675 !
VAL Elements| 18722 |
TABLE 14

Model (D4) > Mesh > Mesh Controls

Object Name | Hex Dominant Method |

State | Fully Defined

Scope
Scoping Method | Geometry Selection
Geometry | 17 Bodies
Definition
Suppressed No
Method Hex Dominant

Element Order| Use Global Setting
Free Face Mesh Type All Quad |
Control M ges | Yes, Click To Display... |
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Static Structural (D5)

TABLE 15
Model (D4) > Analysis

Object Name I Static Structural (D5)

Page 11 0of 24

State | Solved
Definition
Physics Type Structural
Analysis Type |  Static Structural
Solver Target| Mechanical APDL
Options
Environment Temperature | 22.°C
Generate Input Only | No
TABLE 16
Model (D4) > Static Structural (D5) > Analysis Settings
Object Name| Analysis Settings
| State | Fully Defined
| Step Controls
| Number Of Steps 3
[ Current Step Number 1.
Step End Time NS
Auto Time Stepping On
Define By Substeps
Initial Substeps 5.
! Minimum Substeps 5.
Maximum Substeps 25.
! Solver Controls
| Solver Type Program Controlled
I Weak Springs Off
Solver Pivot Checking Program Controlled
Large Deflection On
Inertia Relief Off
Rotordynamics Controls
Coriolis Effect | Off

Restart Controls

Generate Restart Points

Program Controlled

| Retain Files After Full Solve

No

| Combine Restart Files

Program Controlled

Nonlinear Controls

Newton-Raphson Option

Program Controlled

Force Convergence

Program Controlled

Moment Convergence

Program Controlled

Displacement Convergence Program Controlled
Rotation Convergence Program Controlled
Line Search Program Controlled

Stabilization Off

Output Controls

Stress Yes

Strain Yes

Nodal Forces No

Contact Miscellaneous No

General Miscellaneous No

Store Results At All Time Points

Analysis Data Manag t
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Solver Files Directory C:\Users\boy\Documents\iax Thesis\\a(gc:;i;‘o\G-OG\Bending Zone_files\dp0\SYS-9
Future Analysis None
Scratch Solver Files
Directory
Save MAPDL db No
Contact Summary Program Controlled
Delete Unneeded Files Yes
Nonlinear Solution Yes
Solver Units Active System
Solver Unit System nmm
TABLE 17
Model (D4) > Static Structural (D5) > Analysis Settings
Step-Specific "Step Controls™
| Step | Step End Time | Auto Time Stepping| Define By |Initial Substeps | Minimum Substeps | Maximum Substeps
1 1.s On Substeps o 5. 25.
:z,, g : Program Controlled |

TABLE 18
— 1 Model (D4) > Static Structural (D5) > Loads N
{ Object Name | Displacement | Displacement 2| Force |

| State | Fully Defined !
; Scope |
| Scoping Method [ Geometry Selection
| Geometry | 1 Edge | 2Faces |
1 Definition
| Type Displacement Force
| Define By Components Vector
| Coordinate System Global Coordinate System ]
| X Component 0. mm (ramped) !
Y Component 0. mm (ramped)
Z Component {0. mm (ramped)]| Free |
Suppressed No
Magnitude | Tabular Data
| Direction | Defined
| Tabular Data
[Independent Variable[  ~ " " [ Time |
FIGURE 1

Model (D4) > Static Structural (D5) > Displacement
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FIGURE 2
Model (D4) > Static Structural (D5) > Displacement 2 » \ g
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FIGURE 3
Model (D4) > Static Structural (D5) > Force
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1.4998e+5

1.25e+5

50000 /4

25000 ¥

TABLE 19

Model (D4) > Static Structural (D5) > Force

[Steps

Time [s]

Force [N]

0.

0

32070

93370

1
ez
]

-2
2
3

1.49986+005

Solution (D6)

TABLE 20

Model (D4) > Static Structural (D5) > Solution

Object Name

Solution (D6)

State

Solved

Adaptive Mesh Refinement

Max Refinement Loops |

1.

Refinement Depth |

2

— 1T T—

Information

Status

Done

MAPDL Elapsed Time

8m52s

MAPDL Memory Used

1.4414 GB

MAPDL Result File Size

293.94 MB

Post Processing

[ Beam Section Results |

No

I'On Demand Stress/Strain |

No

TABLE 21

Model (D4) > Static Structural (D5) > Solution (D6) > Solution Information

Object Name | Solution Information

State |

Solved
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Solution Output Solver Output
Newton-Raphson Residuals 0
Identify Element Violations 0
Update Interval 25s
Display Points All
FE Connection Visibility
Activate Visibility Yes
Display | All FE Connectors
| Draw Connections Attached To All Nodes
| Line Color| Connection Type
Visible on Results No |
| Line Thickness Single |
[ Display Type Lines
TABLE 22
Model (D4) > Static Structural (D5) > Solution (D6) > Results
i ; 3 Directional f Equivalent Elastic
Object Name Tension Compressive ‘ Deformation I Equivalent Stress Strain
y State Solved
Scope
| Scoping Method Geometry Selection
[ Geometry| 2 Bodies | All Bodies [ 1 Body | Al Bodies
Definition
> g Directional Equivalent (von- Equivalent Elastic
TypayEquiyalent (yop-Mises) Stress | Deformation l Mises) Stress Strain
By Time
[ Display Time Last
Calculate Time
History Yes
] Identifier
Suppressed No
Orientation Y Axis
Coordinate Global Coordinate
___System System
Integration Point Results
Display Option Averaged Averaged
Average Across
‘ Bodies No Nd
| Results
| o 4.1839e-002 1.8836e-006
Minimum| 3.2466 MPa MPa -6.0521 mm 4.1839e-002 MPa fim/mm
Maximum | 284.4 MPa | 375.04 MPa 0. mm 20.595 MPa ot
Average| 12333 MPa | 49.65MPa -4.4199 mm 8.0911 MPa 871265004
Mirimum Occtér: bar concrete Solid concrete
Maximum chorz bar Solid plate concrete Solid
Minimum Value Over Time
w 7.8038e-002 | 2.2567e-003 1.0867e-007
Minimum MPa MPa -6.0521 mm 2.2567e-003 MPa et i
) 4.1839e-002 1.8836e-006
Maximum | 3.2466 MPa MPa -0.16713 mm 4.1839e-002 MPa mimm
Maximum Value Over Time
Minimum| 8.1419 MPa | 9.3686 MPa 0. mm 1.1448 MPa Rty

file:///C:/Users/boy/AppData/Roaming/Ansys/v192/Mechanical Report/Mechanical Repo... 06-Jun-23

126



Project Page 16 of 24
. 1.9319e-002
MaX|mum| 284.4 MPa | 375.04 MPa 0. mm 20.595 MPa syl
Information
Time 3.s
Load Step 3
Substep 4
Iteration Number 33
FIGURE 4
__ Model (D4) > Static Structural (D5) > Solution (D6) > Tension
3.
2544 N T AT "
>
240. ) 4
i e
2004 /
/_/'
I_g. .
= | |
120. /s
m ’
40,
7.50388-2 T \
0. 8 1.2 16 2 24 283
[s)
U WO e e A . K711 1 3 =9 J
TABLE 23
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Model (D4) > Static Structural (D5) > Solution (D6) > Tension

Time [s] | Minimum [MPa] [ Maximum [MPa] [ Average [MPa] |
| 02 | 7.8038e-002 8.1419 3.5965
[ 04 0.15608 16.345 7.2254
' 06 0.23533 24.549 10.855
08 0.31355 32.753 14485 |
N 0.39333 40.959 18.116 |
12 0.63434 66.121 29.248 |
14 0.86137 91.393 40408 |
[ %7 11911 130.19 57.343 |
Jii 22 1.5319 170.23 74.671 |
.2 17348 192.16 84.119
24 19739 214.32 93.667
27 24715 248.19 108.22
3. 3.2466 2844 123.33
FIGURE 5

Model (D4) > Static Structural (D5) > Solution (D6) > Compressive
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TABLE 24
Model (D4) > Static Structural (D5) > Solution (D6) > Compressive
| Time [s] | Minimum [MPa] | Maximum [MPa] | Average [MPa] |
0.2 2.2567e-003 9.3686 1.3921
04 3.2719e-003 18.781 2.7924 |
.06 4.4166e-003 28.194 4.1929
5,.0.8 5.6055e-003 37.608 5.5935 !
1. 6.7872e-003 47.024 6.9944
|12 | 1.0473e-002 75.972 11292
14 1.4289e-002 105.81 15.629 ]
1.7 1.9888e-002 1563.27 22.303 ‘
2. 2.5602e-002 202.25 29.117
2.2 2.8687e-002 230.77 32.889
| 24 3.1811e-002 262.07 36.802
o 27 3.6647e-002 312.81 42.92
L3, 4.1839e-002 375.04 49.65
FIGURE 6
Model (D4) > Static Structural (D5) > Solution (D6) > Directional Deformation
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TABLE 25
Model (D4) > Static Structural (D5) > Solution (D6) > Directional Deformation
| Time [s] [ Minimum [mm] | Maximum [mmj | Average [mm]
[T02 0.16713 2012212
{04 -0.33582 -0.24541
| 0.6 -0.50454 -0.36874
[ 08 -0.67329 -0.49208
1. -0.84207 -0.61545
L132 -1.36 -0.99404
Y 17 -1.883 0. -1.3762
h 1.7 -2.6892 -1.9642
2. -3.5201 -2.5706
2.2 -3.9829 -2.9082
2.4 -4.4617 -3.2573
Y 3.7 -5.2182 -3.8095
e \3 -6.0521 -4.4199
FIGURE 7
Model (D4) > Static Structural (D5) > Solution (D6) > Equivalent Stress
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TABLE 26
Model (D4) > Static Structural (D5) > Solution (D6) > Equivalent Stress
| Time [s] | Minimum [MPa] | Maximum [MPa] | Average [MPa] |
0.2 2.2567e-003 1.1448 0.25038
04 3.2719e-003 2.2903 049984
.06 4.4166e-003 3.436 0.74935
5,08 5.6055e-003 4.5813 0.99892 !
1. 6.7872e-003 5.7054 1.2485
|12 | 1.0473e-002 9.0349 20134 |
[F 14 1.4289e-002 12.236 2.779 ]
1.7 1.9888e-002 16.357 3.9313 ‘
2. 2.5602e-002 18.896 5.0727
2.2 2.8687e-002 19.486 5.6774
| 24 3.1811e-002 20.153 6.2792
P 27 3.6647e-002 ‘ 7.182
3. 4.1839¢-002 A\ & 8.0911

FIGURE 8
Model (D4) > Static Structural (D5) > Solution (D6) > Equivalent Elastic Strain
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TABLE 27
Model (D4) > Static Structural (D5) > Solution (D6) > Equivalent Elastic Strain
| Time [s] | Minimum [mm/mm] | Maximum [mm/mm] | Average [mm/mm]
0.2 1.0867e-007 4.8887e-004 24227e-005 |
04 1.9185e-007 9.8019e-004 4.8556e-005 |
0.6 2.2859e-007 1.4716e-003 7.2888e-005 |
0.8 3.0678e-007 1.9631e-003 9.7223e-005 |
1. 3.5921e-007 2.4546e-003 1.2156e-004
%2 5.2569e-007 3.9656e-003 1.9622e-004 |
14 6.9567e-007 5.5186e-003 2.7186e-004 |
7 9.4992e-007 7.9794e-003 3.8863e-004
) 2. 1.2064e-006 1.0505e-002 5.0749e-004
2.2 1.3437e-006 1.1971e-002 5.7357e-004
24 1.48e-006 1.3574e-002 6.4237e-004
2.7 1.6839e-006 1.6161e-002 7.5062e-004 |
T3 1.8836e-006 1.9319e-002 8.7125e-004 |
Chart
FIGURE 9
Model (D4) > Chart
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TABLE 28

_Model (D4) > Chart

[Steps|Time [s]| [A] Force [N] |[F] Directional Deformation (Min) [mm] |
0. 0. |
! 0.2 = 4594, -0.16713 ]
Ly 0.4 =9188. -0.33582 |
0.6 =13782 -0.50454 |
0.8 = 18376 -0.67329
1. 22970 -0.84207 .l
12 = 37050 136 1
| 14 = 51130 -1.883
. 17 = 72250 -2.6892
2. 93370 -3.5201
= 2.2 |=1.0469¢+005 -3.9829
5 24 |=1.1601e+005 44617 ]
I 27 | =1.33e+005 52182 !
3. | 1.4998e+005 6.0521

Material Data

Concrete NL

TABLE 29
Concrete NL > Constants
[Density[2.3¢-006 kg mm*-3|

TABLE 30

Concrete NL > Drucker-Prager Strength Piecewise

Pressure P MPa| Yield Stress Y MPa
4 0
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TABLE 31

Concrete NL > Tensile Pressure Failure
Maximum Tensile Pressure MPa
| -4

TABLE 32

| Fracture Energy Gf mJ mm*-2
| 0.1 |

TABLE 33
A Concrete NL > Isotropic Elasticity N -
| Young's Modulus MPaE’oisson‘s Ratio [Bulk Modulus MPalShear Modulus MPaITemperature 9
| 25000 | 03 | | 20883 | 96154 | |

TABLE 34
Concrete NL > Color

Red |Green | Blue |
222 | 222

TABLE 35
Concrete NL > Multilinear Isotropic Hardening

“Stress MPa | Plastic Strain mm mmA-1] Temperature C
6.8948e-003 0 22
6.1777 2.88e-004 22
13.21 6.96e-004 22
17.788 1.1e-003 22:
20.036 1.51e-003 22
20.595 2.e-003 22
TABLE 36
Concrete NL > Tensile Yield Strength
| Tensile Yield Strength MPa |
2
Structural Steel NL
TABLE 37

Structural Steel NL > Constants
Density|  7.85e-006 kg mm"-3
| Specific Heat Constant Pressure|4.34e+005 mJ kg*-1 C*-1/

TABLE 38
- Structural Steel NL > Isotropic Elasticity
[ Young's Modulus MPa [Poisson’s Ratio |Bulk Modulus MPa [Shear Modulus MPa| Temperature C

[ 2e+005 | 0.3 | 16667e+005 | 76923

TABLE 39
Structural Steel NL > Bilinear Isotropic Hardening
Yield Strength MPa|Tangent Modulus MPa | Temperature C|
\ 400 [ 1450
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TABLE 40
Structural Steel NL > Color

Red |Green|Blue |
|182] 229 | 228 |
TABLE 41
Structural Steel NL > Tensile Ultimate Strength

| Tensile Ultimate Strength MPa
570 ]

s

Structural Steel

TABLE 42
__ Structural Steel > Constants
Density|  7.85e-006 kg mm*-3
Specific Heat Constant Pressure [ 4.34e+005 mJ kg*-1 C*-1
| Isotropic Thermal Conductivity|6.05e-002 W mmA-1 CA-1]

. lIsotropic Resistivity] _1.7e-004chmmm__ |

TABLE 43
Structural Steel > Color
Red |Green | Blue|
132} 139 179 |

TABLE 44
... . Structural Steel > Isotropic Elasticity g% Y
| Young's Modulus MPa | Poisson's Ratio |Bulk Modulus MPa [Shear Modulus MPa| Temperature C

L~ povreomv e (€ \¢F NV e / P pveer vy

TABLE 45
Structural Steel > Isotropic Relative Permeability
| Relative Permeability1
= 100000 )

Epoxy Carbon UD (230 GPa) Prepreg

TABLE 46
Epoxy Carbon UD (230 GPa) Prepreg > Density

Density kg mm*-3
| 149e-006 |

TABLE 47
Epoxy Carbon UD (230 GPa) Prepreg > Orthotropic Elasticity
. Young's Young's
M(Iﬁ‘ﬂg; Modulus Y| Modulus Z| Poisson's| Poisson's| Poisson's M o%t?:; M o?:i?.l?jsr M OSdT.I?: sr
direction direction| Ratio XY | Ratio YZ| RatioXZ XY MPa YZ MPa XZ MPa

direction MPa MPa MPa
1.21e+005 8600 | 8600 0.27 04 0.27 | 4700 3100 4700

TABLE 48
Epoxy Carbon UD (230 GPa) Prepreg > Orthotropic Strain Limits

Tensile X| TensileY| TensileZ| Compressive X| Compressive Y| Compressive Z| Shear| Shear Shear|
direction direction direction direction direction direction XY YZ XZ
12e- | 1.1e- | 1.2e-
‘ 1.67e-002 | 3.2e-003 | 3.2e-003 -1.08e-002 -1.92e-002 -1.92e-002 002 002 002
TABLE 49
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Epoxy Carbon UD (230 GPa) Prepreg > Orthotropic Stress Limits )
Tensile X| TensileY| Tensile Z Compressive X| Compressive Y| Compressive Z Shear| Shear| Shear
direction|  direction direction direction MPa| direction MPa| direction MPa XY YZ XZ
MPa MPa MPa MPa MPa MPa
2231 29 29 -1082 -100 -100 60 32 60
TABLE 50
Epoxy Carbon UD (230 GPa) Prepreg > Orthotropic Secant Coefficient of Thermal Expansion
Coefficient of Thermal Expansion Coefficient of Thermal Coefficient of Thermal | Temperature
X direction C*-1 Expansion Y direction C*-1 Expansion Z direction C*-1 C
-4.7e-007 3.e-005 [ 3.e-005
Zero-Thermal-Strain Reference
Temperature C
20 & 4 -
TABLE 51

e __Epoxy Carbon UD (230 GPa) Prepreg > Puck Constants »
| Compressive Inclination XZJ:Compressive Inclination YZ | Tensile Inclination XZ[Tensile Inclination YZ
i 0.3 A N 4~ 085 | 0.25

TABLE 52
Epoxy Carbon UD (230 GPa) Prepreg > Additional Puck Constants

[Interface Weakening Factor [ Degradation Parameter s |Degradation Parameter M
08 [ 05 I 05

TABLE 53
Epoxy Carbon UD (230 GPa) Prepreg > Tsai-Wu Constants

| Temperature C | Coupling Coefficient XY | Coupling Coefficient YZ|Coupling Coefficient XZ|
' Ny RO WCRNY) Allill, N |
TABLE 54

Epoxy Carbon UD (230 GPa) Prepreg > Color
|Red |Green | Blue
181 | 143

1130
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