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R,

X429 EAME EEIER BIRRUEE TEMEE

IBAROEEESMRIRHAEN "ZHER" &1, BiRE
MEBRME. SR, AIEATIRMHETRER, L
TERERASESHHER—AUCKETE, BBROKEES
MERRSRAMRENES. RBISSITEEL, ERRCHER
BHFMRERES, SERCEHEE G Z BFMEERSS,
BINBARCHINSERERNESEEZRARDESEHIA, &
BUREFM TARIFIREERER. N TRERRKD
58 Z AR AOFMRE, REBARRSEMSRESFARIREME
g8, HEMIESRCEERIEADZFIRE, ERIMFERETE
ATEE Z Mg Y, NSRS e R
e, BUYDMEREFNEIC SR EAGKEIRIERE, HrhLUEY)IER, 4
B3R Z-pin 1g3R AT EEES U,

SEYIEREIARR DS R TR RO L TSR
REGE—, RARTHWARETZHEZSATZHIT—
TMEBREL, B IRITHAESAOEHIE. 1TIEFI A E ST RER R,
BECAELS, EEEEBXTIOEER L TREACEZERE
BELRIEA, BIEENELETREEERSIER, 18
ROFREISIERER, EEREEE Z AN HERER
B 7, AR AIEESEOEMREINE 1 F.

Orthogonal Bias stitches
stitches (90%) (45%)
T

Lock thread ¥
Woven skin

1 ARt eE
Z-pin IARREEIRERRA, SYBENBEESHHE
B, ESUPEIEETIREMEE, ARKA Z-pin KRR
BERERBSESMREGIRN | 71 || USRI "7,

Z-pin IGBAFCEM ZRE KNS SR ET S BT
BB ERNBART R AR MEREEHIRI Ht T = 41858,
Z-pin FEBATSEIPIRIMIR T LIRERIT ¥, 4T
RIS INANELURSECHISEERE, B LUEKERETFH
EARSRE, BRI DR IR R Y. BAAUAY Z-pin
EREATCEEINE 2 7.

=—FRPs face sheats

1= | Carbon fibar pin

/ '|‘ Polymer foam

B 2 Z-pin BEFR G F RO~ EE T

BITAEYNIEE. Z-pin IEBE R AT LANES /RIS
SERURESTIEAEERE. BESHFMEE, BN
F Z IEEEAFOEONONIE. EEFN, LMELXHFRET
JTiZIAR. MRFSEHEEEMERIR ASREINEEKT,
BT EXRHEREEBHNETUKESE D, KEERHKSIE.
MEMREFERAT S, RBEOMIEETERET LGN
IEESEAIRIEFITKERES, MmbEKSERRAREMRER
ANIEBETUEISIERK. GEaEE, ABILESIER KRR
EXOEHNEEMHINEREN, ARBETSNEETZ

(Vacuum Infusion Molding Process, &#R VIMP) E{KpE

HlIEESIERERLOENSEME, HERTZa{THNE
BMRINEE, AREERFCENSEEMRINN BiRitsE
K,

HEE: EMIBETIRAMGESINE (2019-)JCJQ-)J-228)

BIVEE: B2k, 1, BIER, TENSREGYESSMRIMFTSMNA E-mail: 55514102@qqg.com
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1.1 RA#+

Fr AR # R 2 Olin 2 332 19 Airstone760E/766H
INERBEIRER, Erob 760E IXWEr A BUIIRERIAE, 766H ARK
EKET, MIESEWFIRRERLL 100:32; EEMRIES
MR ENEI RN TIRERY E 4 D0901 ftn, HE®
FEJ9300g/m?; EELEANER. S MERIKETHE
ECR17-1200D-608, #4ZfE/ 1200tex, B #MRIBRHE
RAT], SMAXECSHBRAEER, HEBLETaERY
BIR AR,

=1 FTEFEH

No. Name Brand Type Manufaciurer
. y g Bisphenol A type/Amine .
1 Epoxysystem | AirstoneT60E/766H ) Olin company
. : : Changzhon Hongfa Zonpheny New
2 Glass wwill D901 twill Surface density 300z-em™ 1y, o ColTD
Sutumyﬂ;:u Aber | 1712000608 B Sinama Science [:&ld‘fechnn'lng)' Co.,

Polyurethane foam | Light yellow porous
core matenal 1 Foam

Nantong Huaxu Energy Saving
Technology Co., Ltd

Vacuum bag .
Distribution medium
auxiliary matenal | . Isolation membrane
» seal tape ete,

1.2 %6k M B A0 ) &
RAEZSAESBTZ (Vacuum Infusion Moldirg
Process, {@#R VIMP) piEIHIRESIEBEARSEHEE
EE, EERARERERENMEE FUZHEETEE
BB THAGTMRENK BESOETHRERFHNS
K, FARIENRE). B EIMNIEX F4EREAYRR
iw, FEMRESAMEEE D, VIMP TZHERE
ME3Fx BEAXATIZLBEOEEEES. WIS
B, HNHMET., WERKT BEHdERMRERLESE.

Airtech' GS company

ShE, ey i
1 N + M

K

Lo

E 3 VIMP TZ3FER=E

BAXTEMESH NN ERRFHEESIER
BIARCTRER, RBAIGEREEEZESSN, R
ELIIRITRVE S LR B BE A REZI 728 iR O+ LB
2, AEREERBALDEZERGEN ETRK
RIBAHR (F10RF) MBARTH CGMEE) EGM
—{K, HIFERESIERBATMAENR WE 4T

— = = e e
—_— = == === e

4 EEIEREATARREAHIE

HSHED: ESFIREER FROREESIEEE
ATARGELR, FRESER. Bitsfn. Sk, RENERE. M5
BiE, REURMESERENS—EER, BEIRET,
REFIROMMSO, ERETRBES, RESEYE, BT
E/VF -0.098MPa BfR[E Smin (RIFAZE, aJ#TIAEIRE.

WREIRE: ENAE / BIHIR B ECHIMPEROR, M
£ 5 min, EZEGE4E 10 min, BGEEEFEXRE 5 min; 7

FIFRER ARER B RIS SRR TR U, R EXAE
®Oa.

BECERFBREAIE: WIsRETaE, FIAMETR
£ 50°CIRIR 4h #HTHEWL, BFHEE 70°CLRiE 7h BTEIL,
RIFHEZERRNEER, RARTREREIIS S
. HRMED. WIEREMERRSIZNE 5 Fx.

(o) HEHRS

2] 5 HSSMETSS. RRRIR AR

1.3 PEAEM X 5 R AE
Mt E &R S EERAARERE NSRS, HMER
EETCENEEMRIIFEMERE.
(1) E6MH=EEROAERERENT
S REERARIE4RE, % (GB/T 1447-2005
TR BRI (R REIR IS i) | SRF WDW-100 BEENE
IO TR, FAFREE S 50mm AURHEE e HEREH,
HINEGEEE/ 2mm/min,
(2) E6MH=EEIRZEHEENN
EEMEEEERNOSHIERE &% (GB/T 1449-
2005 sreEigsm Bl T tee i85 i) . R WDW-
100 e N ZF R H TR N, MAERRT B
48mmx15mmx2.35mm, MR A=mEH, NEBIES
37.8mm, J0EGEES 2mm/min,
(3) TEERESTTERIEERENN
KSERE AR EMEELIE NI S EER R E(GB/
T 1453-2005 KEEMEETFEMESRETE) . MidEs
FERER T A T4 FHagHieTl WDW-100, BF%
FIERFELELTH, HHERT A 60mmx60mmx46mm,
INEA N AEBMFBINE, INEIEES Tmm/min,

2 R 5t
2.1 &5 3U1R 5 o ZEARAR 5 8 T
FRFAZFESRIFTRLERIZ DIRE T B R AT HEER
SUEARTRO L, BERFIMAHEERDFERE, NFIEEAIE
B, BLREMS TSR, NPT, 1
SRR, AELIRHEIRESR, T28RMMRE TESINA
EFAE—LR, —BRATESHAFIES, 50435
RHEFPERRBTIEIAIL, BRIMEGLEAERSIESYDE
SHTEENEEERRSETEN "BE IR, SEUESF
YRS, SRMHFIERE —RIESYEAERESH,
HREEFA VIMP TZHITHIERIANSSEAERE, E
TR, =RECLLRSSX L TERFEMDIEMRART
WA, MO RKESTREEX, MARSIEDRE ™
EMBEIMAERAORE, Eit, BEHEERGEEEBIEREN
SR T Z AT, EES S SRR AR IR DL
FE—RiEAREFBBMZANITIL, FLED 579 3mm,
Amm, 6mm, 8mm [, S AEHNABT217. SH
84, FIE 6 Frm. E—1TRIES FLPF4ERTR D EHOR
BN, MFEFLBLOREM. KERENFYLE BLTR
& 10 BIRIBA EMIBIARITESBIMAEME, X
BVIMP TZHI&BIESHMHER. RENEMERY
BEm, UERARFLENER FAHEERNREMRE.

JOEE

o0 ¢ Qo o0 o0 a0
00 0 00 0 0 0

SO 00 00 o

,
@]
OOQco oo

OOoco0 oo
O0Ooco oo




BEFLRN 3~6 mm IRIFA YT BRI EE AL
EZEESBIWME 730 8 Fix. B, ELAitmRms, L
T HENSEIIRIT RO HEATR D40, HE 7 TN, E544
HERFERRO BN, MIERIREFESS. FiIREERE
BINERTE, TNBEN=EGRE, RETEENER
ARSI BRER. MAHELRKIEXGRDEME
7, AR SIBIRAHRR. MisttAiETeERESTL.
WEEESTEERNTERROEIEK, SRR,
HERFRD BUAE 45% R Z=RERIERERHEK, HiSREI99575E
FERRDHBEKR, REIRESANE, BESIZHES
&K,

HE 8 AITAN, FUEMRFRDEUNT 31% B, FYEERES
ARERBEESHTR, MALERRDEAT 38%, FiH
HEEESANEFAREZEER, FHEARDEET 60%,
SVNREZERERAMER, NMETIEE P EROIE.

i N o4 I ot B

. 4 F F
'ls'-.sm_' L !% ; sl. 2! ! %

7 B2 3~6 mm ST EAREEEE

e

E 8 12 3~6 mm 4T RN E S EE

BEFREN3~6 mmid A EEBE S AR
HEEHMBERANEIFRT M8 FREESEE,
EXZEHMEBETIYHEEBT 5X 10X, 50X R X F.
HERTHM, MASXBAKHERPITUREZEDEZ K
B3, MBI HRIXBMANBAFALUESR, EBHE
FERREW, SEFEFENSOMNREBFEEESHE
B, BT 7#M8# HERESXBARFPIREEINHER
B3, BEAKE] 10X MR AR B $H E BB B A KR Fa.

SH-5X GH-5X X

Re=10X

9 EfZ 3~6 mm T EEEAIE BRI BAERA

$BEFEH 8 mm 1 10mm BY, HFFERBERITK,
FEL R IR ESE IR EREBTIEE™E, WER
R E, S5 RaHERmS I RIILRES IR
HMSZEE. F4E4R "RBF NSERE, REdHEER
TEMNEBYES 2mm . 3mm, 4mm 1 6mm, FREUREHEE
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MTZHRE, FHARDELL45% HEIE.
K5, LOEFIBINGR 2 Fi.
X 2 AR RS LLRFAE

Diameter /mm E 2 : 3 : 4 : 6

FHELBARRE

| | | I
Fiber bundle /bunch i 3 i 7 i 12 i 28

2.2 kLM B OAA R R e ) R

FEOEREARCENE SR RKERIMEREE RN
EREEMNEE, RIERCRSHERERNEICO TN, RK
EARAIAER MRS S M RER BN RO R SRR TR0
R, BMEEINTEGT4EE, RERNSHEERNRSEHF
AR,

KIS ENE SR SRR ERAIIE R R R IRIB R
o, EHHERENE SKEREDIRIBALER S /R
SWEEESHH, HARNS - NERMEME 10 . B
BRI, AN - ML TTHRE, AfEE
ORISR EERER — /K, hIRREEN 22.5 GPa, fifHiR
E7 4522 MPa, Wi #ENBEHRENT 2%, EGHMH
REMRAIKBABHRLUER RIS, B—RER, REX
EFERN, WREAMDALTEREELMR. RRETRR
I EYAME, BRAEXNABEIRAEL, FHEBAIFK
IR AN IEE SR R E R B B AR EIAMER.

300
i
o
400 4 2
.Z} '-].
1
= e i
S 300 | t
)
- 1
% 0] e '
=
100 4 //‘ I 3;
- Foo- 4#
53
A
01

T T T T T
0.000 0.003 0.010 0013 0.020 0,023

Strain

E 10 SREXEHRAM AR - RARHRLS

TS AR S IR BRI 4R 50 / RENAS
SEMBNSHER - (UBHLWE 10 Frm. HETHM, &
RRRAETATIAREF, ZSHIEE 21.0 GPa, ZHRE Y 430.1
MPa, MHEIRIESREVNT 3.5%.

HEET, WHEETEHEREARY, BINIERER,
NEENB % BRI LES, JLUENEASNZE
5, RERESHERETERT, EESFRSESIINEETS
AR, EEHEEE, AEEEER, B ETRANE
ENSKFRS, KRGS AE, UERERN T, HABAE TR,
(BB BN S E AR SEEN, BRI R TRIE,
FHERERAE, EASNETHRIRBEERE, WHEN
THRZIRTRN DA R LR, BB HMEAE L.
MRS RSN EPENERTAN, SELEBERNLER
A IBEMA R LR EETRE, ek sEm TR
EhENEXEBIEMAN, BRI TREAMEENDE
hOBEEEEAN, XHIOIE TR NIRRT S ESTROHT
FRjEIEESYS
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Load¥alueN

WS

0 1 2 3 H
Displacement'mm

11 RERES AR - (RS

2/.73 %%é:\ B BB AL R kG 5 M B M AT R AR
9 %5 v

ERINEERXCENESMRNEEEE E. FER
EXCHERBELNEZUARENE 12 Fim. BXAEER
p=200kg:m?, 4EEFUEIFEIZ N D=3 mm, E&EIE LT
WEBEE: 15mm, 20mm, 25mm, 30mm, HREEEE
BEER, &ich "Dxly” .

HE 12 9/, FEEEMEEESEENEINTEE, 42
BRI EAT ST EREERR, FERBEDREIALT
HrE, BEESEEMNIBINES T RAmRNATETIEER
&, FERENZESTHEFHEZEMIELL, MAHEEHE
BESESBENFEARREL, XHEE T FERESESE
EEAVAELR IR R,

TS EIEIEINGT, REMRENEBRATRRFIREREN
Mg, BEXNBURTEQLAAMAYIER LY. E 13 At
TSN E, SRR ERIMET IR EERN
FH, BRARMESER. FHEFIER=EXFILE, H
FHFAREESHEELMENFELERER, S208%2
PARE, BttAEEENFRERREEEESR, HP D3L25
FRERPE, FEREEMBIFEFERERERE 3.5mm EH
BK, FEESRINEARSHERR/N; D3L15 BULSA 4R
EHE 6mm ERNEIK, D3L20 MG 4iFEARES 8.5mm 2
B9i8i%K, D3L30 RaZAF4EERAER 13.5mm ERNEF,
IEARFFRRERORF /)N, DIL30 EREHNE ST ERES
By, HERDTAA, LRI RAESIEXNEET
MR AR E AR T S A R MU AT 454 B Bl AR B B SR
BROTRE, BEARERARITHERIIESIEARRR, LR
B ANC BB RTTEIRY S AT,

LR

i

I

e
Eﬂ- |7 H §M- *‘

T T 2 v
[EEIR R ¥z 131,28 131340 D3L1? DIL ekl B i DILIN

12 SERTRIEX S E S AT EMERERIRID

LEJ0 P MR

T

Bl 13 FE4ESRRHAF AR

Tad aLly

2.b4 éﬁz/a\éﬁ" Yt AR NEN T SRR
A W A

FRFIOTIh, EEREENY 200kgm”®, HEES
EEAREFEFEERIRES BB =4 D3L20 1 D4L20.
D3L25 #1 D4L25. D3L30 #0 D6L30, =4HikHFRIMN I - MNEE
SN 14 i, B, A DOL, AskiE S HRERRE,
I | o e vy

kT ’_..\ ‘/_. - "‘.\_
.|. ) .
J ot
e Y
E rI .
g 4 P
7 :,-
—— iy e
2 i -
I,
D3L20] }"///
- paL0) I
- DL
i Ll 0 s 0.4 [} 0 om 002 L] L) i
Stramn Srain
1o
. A
§ i
K 3
X
g
= i
£ !
2 [t
& i
e
!. -
o s

.00 nal a2 i 004 (T
Srain

E 14 FRFHEHEERINFETENS - NERH%

BETHFRERNRCENE AR EMREAIF MmNz
3 ffii, %= DOL. Z2RESIGRIAME, Ea1EEirE D4L20
#0 D3L20 BY4E&IEIRES 20mm, 4ESFHERERSEIA 4mm
f3mm, HERDIF, ES5I1E8IH DAL20 F1 D3L20 F &
BES R ERiESEEARE DOL,AY 8.52 {5F1 5.01 (=, M
[FEEDRRESIEEINIFRN 3.26 (51 2.74 (5, 174
BIERREEEERSRCENNFEEEMRE, DAL205
D3L20 #8tY, 4£81EiER 20mm B, FHEHERH 3mm 18
ZEA4mm, FEEERS 1.70 5, FEERERS 1.19 =,

seatgamiRaE DAL25 #1 D3L25 H94ESEEE S 25mm, 48
BFEFEZESBA 4mm 1 3mm, BRI, E81EER
¥ D4L25 #1 D3L25 SRR ED B 2K iE G188+ DOL.AY
6.80 {270 3.67 {Z, FEEEDIRFRESIEEINFHERN 2.03 5
F01.77 fZ, D4L25 5 D3L25 #8tL, FF4HFERH 3mm EE
4dmm, FEEEIRS 1.85Z, F/EaERES 1.15/Z,

45185811 8 D6L30 F1 D3L30 p94E & 8 EE A 30mm,
BETHFERS BN 6mm Fl3mm, HEDTA, £E5188
izl ## D6L30 1 D3L30 FFRES BIR K ESIERIAFE DOL.,
79 9.36 #13.29 1Z, FEEBRESDIRFRESIZ RN 3.68 5
#01.55 f%. D6L30 5 D3L30#HtL, AFHEEERH 3mm iEE
6mm, FEEERS 2.85 %, FEEREIRS 2.37 2.

LR EOTR], FEFEREN, FEEEMNTEREE
m, BESTHEHFERFAEARERXXR, MaESER
FRIEFERRE.

3= 3 BAFET BRI NS SR T ERE

A

Sample number | Flat compression Discrete Flat compression Discrete
modulus /MPa coefTicient strength  /MPa coefTicient

D3L20 575.66 3.85% 814 2.08%
D4L20 978.18 4.97% 9.69 T.7%
D3L25 42147 12.30% 525 2.15%
D4L25 T81.08 19.57% 6.04 T41%
D3L30 37751 5.84% 46 9.63%
D6EL30 107517 9.49% 10.92 12.92%
DOLx 114.83 2.07% 297 1.19%
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3 &

(1) EB/ILEEATRSELNEEIH VIMP TZIREREE, ESTHFTERIRDEIAR 45% R AERERNER, WiE
RO, FERRSHBEX, SERESENE, BEATSHESEX. SAERAHEREmSIASRMrEST
BRESEE. FHeER 2E WEERE, HBEFHEFERTENEEA 2mm, 3mm, 4mm fl 6mm, FREGSEREM
T2HE, FHAERDELL45% REE;

(2) EAAVIMP TEZHSHESEME SN EERAIHIEEN 22.5GPa, HIHIREN 452.2MPa, ZHIEERN
21.0GPa, ZH3EE/ 430.1MPa;

(3) ERTHESRBENRCEEIEEMREIMNE, EREH: WEESREEN, FEEETHE, B¥EFEESESE
IEEARREERER, KT BARTT R,

(4) ERTEATHTEENFEMSENTN, SREE: FREESESTHTERINFARENXR, FEEEDHE
U BRI INTIIEIN, E81%EKtE DAL20, D3L20, D4L25. D3L25. D6L30 F1 D3L30 HEFEESFIERaES LR
FERY 8.52 fZ. 5.01{Z. 6.80 1%, 3.67{Z. 9.36#13.29 %, MEEREDSFIEFESILIRRIEN 3.26 (5. 2.741Z. 2.03{Z. 1.77
f&. 3.68 {Z#0 1.55 {3,
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— T B AG SR R 2 VTR E IR B/ ER

=il

H]

N/ FH

TRAEI

KRBT

(BUHEINRTESEMRBIRAT, 1, 114000)

: % R —RESREIME M LIRER MR, BNt 7 HSREIRRMRIRRE R R R . 2E,
¢ NMETHERGRIERMERIEEMRE. MBI, FivhEtrel AR EXIB e ReRIR Mt R AR AR A ERE. &I,
BT FHERGRMELIRER B 3 MERNARA, AISCIRIBIIIREIN DRIAIEIFE, BRUaERIRaNT A,

EEHSEFAR, kel BEZHSIERANNXE, 5K
FEFERRTERA—SR, HAREHTIRMNGFE. R
FEIMIRENIELS, REVMRZIERA BRI HIMER
FHoREN, FTHEMRXARIE ", HRMERBIRMEAESD
FREVMSIFFINESHR, BEERFHEREMEE, 88
MHEIRMELAREE *7, IRBEMIREEES Y, BRs
EEENEEERE, AmEaiRERSEEE ErNAERR,
ATEHNEERRE ¥ KEENER. ISF . MESMAEEE L.
BEFRFSRERRH B ZRER. BE. NEREFERER
", EfASRE—FRER A, SRR T,
BB T IXFF R R R RO RE S 4, HIaER
RPHBARFIITUER D E. FUBRLNR RFRIRARA M
BE. &fE, ASOREH THESRR A= AT R R ZG.

3} Fh 7V PR R, B A A4 B X BT R ALEE 4
i
L

(b) £3zREEMEEHAHL

(a) BEHBEMEEMR

2-1 SRR e

FERHHZES D FREMMSIMIFINESR, UM
IRENEIBI R EAEFENZRERIAET], REBIFREMLLIRIA
RIVEEELEH R RS, EILSARFRRIRIIR. BT
HUREfEfERA, B BRSPS HIRIERAE, EREiRaTr=
N8 R ARIBRI DB (AL AR ST MNET, MTnikZ
IREN=EAIERY. RIEAREER, BeMHELS hEER

MHSIrERERBHFE. EREERMEHIRABERES
&, R RAT LS HRE. R 5%, Bl T2 EREH
FeREERHMHEEESIERED, HfkiatEeHEE
NN ZRIRRH . MEREMRIEREM, N FH
L 8. EF. Hh, S0 FMREREEMEaENENRE,
RFEEX, BEERER, REaHIIERRHME. WME 2-1 fr
TAREERNES TR

2.1 FEFRM LR A S MAE M X

BTt EREETE S FitE, HRMHEER(E,
EHESLFR TREN B —RARIRGER, maiEEemRy
EFERIRNEEME L, RS, #E58MRRM R SEaEERE
ERRMIERESEN. RIEABNSHER, TEYER
HBEEE &M RSB TR :

2.1.1 AW EME

B H/EBESE (Free Layer Damping) @— LR E FIRIE
fessH, WE 2-2 fis. BHEEBEEEESERIRIIEH
HFRE FEENSEE —EEENREM R BEEHRIET,
BHERECHEESEERTER R SEHETR, BERF
WBLEE L N NBEREEIINB=E T, IHFEIRTIBEE.

2124 R EME

#J5RZBE2 (Constrained Layer Damping) FEREK,
HRRERE R EFNRESR, HPYREEERARTRER
BHEEME, WE 2-3 fis. SEHERBHIRREARE,
HARERBMAITIER, #4584 B ETES iR RIATIE
SEEETIER, METFERERERSTIMEEREL N NEEERE
=, EEIEIRAER.
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ABSTRACT

he Public City Transport Operator (SSB) of Stuttgart is building in 2020 a network arch bridge of 124-meter

span with carbon fibre reinforced polymer (CFRP) hangers. The use of CFRP for all hangers allows a
reduction of the cross sectional area of those to about one quarter of an equivalent steel cross-section. The
sustainability of the CFRP hangers is in comparison to those of steel impressive. Finally, the use of hangers
made of CFRP is less expensive than of steel and gives more freedom for an aesthetic arrangement of the
network.
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INTRODUCTION

EMPA researchers’” started in the 1980° s to
promote CFRP as the most adequate material for
tension members under extreme loading and harsh
environmental conditions for applications in bridge-
construction. Since more than 20 years, cables built
as parallel wire bundles made out of CFRP, proved
in bridge construction to be very reliable under
sustained stresses as high as 1800 MPa’. However,
opposite to the method of external bonding of CFRP
laminates to strengthen structures®, there is up to now
no commercial success. Originally, the civil engineers
did not trust in the reliability of CFRP, for them an
unknown material. However nowadays thousands
of them use it in ten thousands of strengthening
applications worldwide since at least one decade.
Therefore, reliability is no longer an argument against
CFRP in bridge engineering. The only reason left that
CFRP is not yet reaching a commercial breakthrough
for tension members is the initial cost. E.g. if for the
new Queensferry Firth of Forth Crossing in Scotland
CFRP- instead of steelstays had been used, the total
project cost would have been approximately 20%
higher. With total price tag of £1.35 billion British
pounds, this would result in additional 270 million.
In principle, it is not fair to compare only the initial
cost. The responsible bridge authorities should
consider the whole lifespan of a bridge over 100 years.
According to the best today available knowledge the
expenditures for a bridge with CFRP tension members
would be lower when comparing a full LCA.

Starting in the early 1990’ s EMPA-researchers'
"hoped with the development of pin-loaded CFRP
strap tensile elements to be economically more
successful than with the expensive CFRP parallel
wire bundles. This was the origin of the Carbo-Link
Company.

The discussed light rail bridge connects Stuttgart
main station with the airport and crosses the ten lanes
of the highway BABS. As part of a value engineering
research, bridge engineers of schlaich bergermann
partner in Stuttgart demonstrated in 2015 that for
the planned network arch bridge of 124-meter
span for the Public City Transport Operator (SSB)
of Stuttgart CFRP hangers are less expensive than
fully locked cables. The reason is the high cyclic

loading during rail operation and the outstanding
fatigue performance of CFRP hangers. This allows a
reduction of the cross sectional area of the hangers
to about one quarter of an equivalent steel cross-—
section®’.

CFRP hangers are in Germany not state—of-theart in
bridge engineering. Therefore, a “structural design
type approval” is required. However to get such an
approval is time consuming and the expenses are
quite high. In the case of the light-rail bridge, there
was in 2016 neither the needed time nor the money
available. The only practicable solution was to apply
for a “single case approval” (ZiE). The Public
City Transport Operator (SSB) of Stuttgart asked
EMPA to run the needed experiments simulating
100 years of train operation and to deliver an expert
assessment supporting the application of a “single
case approval” .

PRINCIPLES OF THE NETWORK-ARCH BRIDGE

In the late 19th century, about the same time as
today’ s classical tied—arch bridge (Figure 1a) with
vertical hangers — also called “Langer’ s girder” -
developed a high popularity, Claus Koepcke applied
the principle of inclined and crossed hangers in 1878
at Riesa, Germany. He built network arches for the
railway with 101 m span. The hanger arrangement
separates network arch structures from the classical
tied arches with vertical hangers. The inclined hangers
with multiple intersections make the network arch act
like a truss, with axial compressive and tensile forces.

Due to the compressive forces in the diagonals,
Koepcke designed them as elaborated framework
members. The complexity of this design is one reason
that there are up to now only relatively few tied
arch bridges with inclined members in comparison
to vertical hangers. German bridge designers used
in the near past flat steel for the hangers in the
network arrangement. As soon as such a hanger gets
compressive loads, it becomes slack. Heavy concrete
ballast as part of the deck can avoid this. However,
a better and more economical solution to overcome
this disadvantage is to pre-stress the hangers. This
way they will no longer suffer compressive forces
and no additional weight is required. The network
arch is especially well suited for railway bridges due

Figure 1. a) Classical tied—arch bridge with vertical hangers — also called “Langer’ s girder” ;

b) Network tied—arch bridge with inclined hangers.

a)

b)
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FEATURE / REINFORCED POLYMER HANGERS

Figure 2. April 2020. The photo on left shows the completely installed network arch aside of the highway. The
CFRP hangers are already pre—stressed. In the night of May 3rd the bridge will be slid in over the highway. The

photo on right demonstrates the slenderness of the CFRP hangers.

to the system-related low deformations under traffic
loads. Nevertheless, so far only about two dozen of
them exist worldwide®. This might be largely due to
the challenges attributed to the high fatigue loads
from rail traffic.

The use of hangers made of CFRP fundamentally
changes the boundary conditions used in the selection
of a hanger layout and thus influences the load
bearing system of the network arch®’. Due to the
excellent fatigue resistance, the layout of carbon
hangers can be tuned ignoring any criteria for fatigue
stress range limits, allowing the selection of the
tendon to be based entirely on the criteria of the
utilization of the tensile load capacity. As a result, the
required hanger cross sectional area can be reduced
to less than one quarter of what would be required
in steel. This together with the smaller young’ s—
modulus of CFRP leads to significantly larger
elongations of the hangers, which resolves the issue
of the hangers going slack. By reducing the mass
and simultaneously increasing the relative pre-
stress in the hanger cross—section (same force in
relation to a significantly smaller cross—sectional
area) the natural frequencies of the hangers shift
significantly upwards. This avoids the frequency
range in that rain—-wind-induced vibrations occur.
The use of round cross sections is therefore in this
context not a disadvantage. Wind-induced vibrations
of CFRP tendons above a frequency of 10Hz are
since 25 years well known in marine applications.
They do not reduce the service life due to the high
fatigue resistance of CFRP in the case of a suitable
design of the connections.® "’ By using carbon tension
members as hangers, it is possible to realize a high
aesthetic quality and at the same time very efficient
hanger arrangements with comparatively steep
hangers avoiding hangers getting slack and without
impairing the service life as a result of wind- induced
vibrations.

FABRICATION OF THE CFRP HANGERS

Since twenty years, the EMPA spin-off company
Carbo-Link is producing pin loaded CFRP straps
as backstays for huge cranes and the rigging in
marine applications. Therefore, it was for the bridge
engineers of schlaich bergermann partner (sbp) in
Stuttgart obvious to get in touch with this company.

The production process is highly automated. A tape-
laying machine (Figure 3) is winding an “endless” 50
mm wide unidirectional carbon fibre/epoxy prepreg
around two milled titanium thimbles. As soon as the
required cross section is reached, the whole assembly
is rotated around the longitudinal axis similar to a
classical filament—-winding machine.

Figure 3. Tape-laying/winding machine.
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A

Flgure 4.

High strength polyester yarns tie the two layers of
plies, each of rectangular cross—section, in lateral
direction together into one circular cross—section.
After the application of additional reinforcement in
the region of the thimbles the hanger is cured in an
oven at 140C . Carbo-Link produced in autumn 2016
for the static and fatigue experiments three identical
CFRP hangers of 2.8 m in length and 33 mm diameter
on the free length (Figure 4) numbered A to C for the
“single case approval” (ZiE).

SIMULATION OF 100 YEARS OF TRAIN
OPERATION

The design methods in steel and concrete
construction are at a very high level today due to
great global research efforts at least since a century.
The construction sector is applying CFRP only since
1991. The design methods are therefore not yet as
sophisticated as in steel and concrete construction.
Fullscale experiments serve the calibration of the
finite element and the analytical calculations.

100 years of train operation correspond to 11 million
load cycles between 149 and 328 kN for the highest
loaded hangers. It was originally planned to subject
the CFRP “hanger A” to cyclic loading with a
minimum load of 115 kN and a maximum load of
575 kN at a frequency of 4.2 Hz. After approximately
70 minutes of cyclic loading in the fatigue-test rig
(Figure 5), the temperature raised up to 80°C at the outer
surface of the CFRP layers around the thimbles.
This was an important reason to interrupt the
experiment. It was assumed that the temperatures

Figure 5. Fatigue—testing rig.

Distance of bolis 2816 mm
CFRFP hanger

Hydraulic actuator
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at the titanium/CFRP interfaces would be higher
than the glass transition temperature T, of the
CFRP matrix of 138 and that the “hanger A”
would fail prematurely if the fatigue tests were
continued under the same conditions. The ISO
standard 13003 allows a maximum temperature
increase DT of 10 C for fatigue tests on fibrous
composites. After further short tests with different
frequencies and load limits as well as intensive
discussions, it was decided to accept the fatigue
test with a minimum load of 193 kN and a maximum
load of 462 kN. The time- and cost-pressure
enforced to stay with the frequency of 4.2 Hz but
to reduce the load amplitude and the maximum
load. The temperature at the outer surface of the
CFRP layers around the thimbles stabilized under
the new conditions at 45 to 50°C . By this time, the
“hanger A” had already experienced 816,000 load
cycles and was pre-damaged. The fretting between
the titanium thimbles and the CFRP layers produced
from the beginning of the fatigue tests, dust-like
black microparticles observed on the terminations
of the hanger and on the surrounding components
of the loading device. These were clearly CFRP
particles, wear products. The relative movement
between titanium and CFRP and the still too high
temperature caused a non—quantifiable material
removal, especially on the flanks of the CFRP loops.
Adhesive and abrasive wear caused this abrasion.
The main reason was the high frequency of 4.2 Hz
and the associated heating of the CFRP hanger in the
loop areas. In reality, the load frequency will reach in
the worst case 0.003 Hz under the assumption that a
train crosses the bridge every three minutes. Under
such loading frequencies, there will be no thermal
damage and the wear greatly reduced.The identical
CFRP “hanger B” was installed in the vertical test
rig connected at the bottom to the tensioning device
and at the top to the original steel arch section of the
bridge. This “chain” was also subjected to a cyclic
load with a minimum load of 193 kN, a maximum
load of 462 kN and a frequency of 4.2 Hz. In this test
too, the temperatures on the CFRP loops rose to 45
to 50°C . There was no previous damage compared to
CFRP hanger A, there was significantly less wear.

LOAD/ELONGATION BEHAVIOR OF CFRP
HANGERS

The load/elongation behavior of the CFRP hangers
A and B under quasi-static loading was determined
according to" before and after the fatigue tests. The
CFRP hangers showed an almost perfect linear elastic
behavior over the entire load range. During unloading
resulted a very narrow hysteresis loop. There were no
permanent deformations.
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The loading and unloading load/elongation lines matched
before and after the 11.3 million load cycles for the CFRP
hangers A and B well. The fatigue tests had only a very minor
influence on the stiffness behavior of the CFRP hangers.

ULTIMATE LOAD AND SAFETY FACTORS OF

CFRP HANGERS

Finally, the MPA University of Stuttgart estimated the ultimate
load of all three hangers (A, B and C). Table 1 represents the
results of these experiments.

The results show, even with this small number of experiments,
“100

years of train operation” . However, this was after previous
12,13

quite clear the influence of fretting fatigue due to the
research on large series of small samples not surprising

Carbo-Link determined the ultimate load of not pre—damaged
CFRP hangers based on FEM calculation with 1800 kN.

The following Sch ii rmann-equitation allows calculating the

fe(Fb) = =1

1 E, (@, +0,)
R“L 0 Vi VunEmeaf g; T 03

fz(Fb)= stress exposure value for fibre failure.

Table 2 gives the input data for the Sch i rmannequation and
Table 3 shows the results of the iterative process to estimate
the stress exposure value fy(FB) and therefore the ultimate
load of 1600 kN.

The low number of experiments to estimate the experimental
value of the ultimate load may be criticised. However, it must
be considered that Carbo-Link produced within the last two
decades thousands of similar tendons for mechanical and
marine engineering applications. This helped a lot to build

up the needed confidence.

A partial safety factor of 1.5%1.15 = 1.72 on the resistance side
compared to the lower limit of the 95% quantile value of the
ultimate load of a hanger without cyclic preloading in relation
to the design load in the ultimate limit state (ULS) and a partial
safety factor of 1.5 on the resistance side compared to the
residual strength of a hanger in relation to the design load
of the hangers in the ULS after cyclic loading were applied.
Comprehensive statistic data in'> was the source to derive the
95% quantile value of the ultimate load.

FURTHER REQUIREMENTS FOR THE

SINGLE CASE APPROVAL

There was a long list of requirements for the single case
approval. In the following section, some will be discussed.

CFRP hanger | Loading history and pre-damage status | Ultimate load
[kN]
A 816,000 + 11,600,000 load cycles and 1250
severe thermal damage
B 1,300,000 load cycles with 20 mrad 1330
misalignment and thermal damage
C none 1795

Table 1. Ultimate loads of the CFRP hangers A, B and C.

To prove the durability of CFRP was after more than a quarter
century of such applications’ for strengthening tasks in bridge
engineering relatively easy. Also all materials connecting the
CFRP hangers with the steel arch and with the post—tensioned
concrete deck must be sufficiently corrosion-resistant under
the atmospheric conditions that exist on the bridge. The
influence due to galvanic corrosion can be classified as very
low in the present material pairings, so that no acceleration in
corrosion has to be expected.
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In discussions about the fire behavior of the CFRP
hangers, it was argued that the pre-stressed concrete
slab of the network arch bridge would protect the
hangers from the fire in the case of a fuel tanker
accident on the motorway. Nevertheless, the problem
of the “fire behavior” had to be outlined. In the
scientific literature, there are no relevant articles
for the fire behavior of CFRP tendons. However, the
EMPA report No. 148,795 “Fire tests on subsequently
reinforced beams made of concrete” *°, dealing with

CFRP laminates allows an analogy for CFRP hangers.

Two classical 400 mm wide and 300 mm deep steel
reinforced concrete beams were strengthened each
with a CFRP laminate of 74 mm width and 1.0 mm
thickness. They were loaded with the permissible
payload over a span of 5.2 m in a four-point bending
arrangement. The CFRP laminates had to withstand
the heat of a standard fire in accordance with ISO 834.
After 10 minutes, the furnace temperature reached
660°C and the CFRP laminates caught fire for a short
period on parts of the surface. The temperatures in
the adhesive joints reached an average of 200 C and
the bond to the concrete started to fail. However,
the CFRP laminates continued to act as tendons,
as the adhesive bond still worked in the area of the
supports. The laminates were there over a length of
20 cm protected by rock wool in order to prevent heat
loss at the supports. After 20 minutes, at 765 C , the
surfaces of the laminates were in full fire. Individual
fibers hung down and burned. The charring process
at the burning surface was proceeding micrometer by
micrometer into the laminate thickness. The CFRP
laminates continued to work as tendons since the
carbon fibers hardly suffered loss in strength and
rigidity in the remaining cross-sections. After 45
minutes at about 865°C , the remaining CFRP laminates

Table 4. LCA - life cycle assessment.

came loose because the “anchorages” of the CFRP
tendons also failed. The residual load carrying cross
sectional area was still about 50%.

The transformation of the above—described behavior
of the 1.0 mm thick CFRP laminates allows the
following conclusions: The loop part is critical on the
CFRP hangers, where the solid circular cross—section
(@ 33 mm) of the free length with a cross—sectional
area of 850 mm” merges into two laminates of
rectangular cross—section each of 425 mm” (50 mm*8.5
mm). Under the unfavorable assumption that the 8.5
mm thick loop laminate burns inside and outside
the cross-sectional will lose about 1 mm in width
and 1 mm in thickness after 45 minutes of fire at a
temperature of around 860°C . The remaining cross
section would still be around 360 mm® (= 85%). This
means that a failure of the hanger within 45 minutes is
unlikely.

Falling catenaries will come into contact with the
polymeric paint of the CFRP hangers. If this leads to
a rather improbable electrical breakdown through
this insulation, this would be recognizable. Such a
breakdown does not affect the load-bearing capacity
of the CFRP hangers.

A lightning strike into a CFRP hanger can destroy it,
since the hanger is a conductor in the longitudinal
direction. However the specific electrical resistance
of carbon fibres with 14 to 20 [Qmm?m] is compared
to steel with 1*10-1 to 2*¥10-1 [© mm®*m] much
higher. In the event of a lightning strike, this resistance
causes heating that burns the epoxy resin matrix
and possibly also the carbon fibers. However, the
conductive steel arches above the hangers should be

Unit [1] [t 00 /) [GI1)

per 1t Lotal per 1t Lonal
CFRP hangers
CFRP ol hangers 3643 4747 173 67590 s [
160 Titanium thimbles Ti-0AL4Y 221 4279 a5 71355 1577
Steel joint bars 28 2,79 78 36T #ET
Stainless sleel prosiressing devices ] 4.80 38 49.00 392
1600 Sipinless siecl bolis 4] 480 48 4900 EL
Total CFRP hangers including aceessory 432 S50
Sicel hangers
Flai sicel hangers 1001 279 279 3147 34T
Secondary steel savings il r i Hi6 3147 9501
Ballas: conerere O 30 GO0 0,10 0l 050 300
Steel reinforcement of ballst concrete M0 275 158 3541 1771
Total Har steel hangers 1313 147309
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able to protect the CFRP hangers like an umbrella. In the worst
case, the loss of two hangers would not yet cause a collapse of
the bridge.

Vandalism was a very important argument for the opponents
of the first CFRP applications in bridge construction in the
1990’ s. For this reason EMPA researcher simulated vandalism
on applied CFRP laminates in the laboratory. The experiments
demonstrated that it is very difficult to cause real damage.
Opponents of CFRP further on claimed that pre-stressed
laminates could be shot down and that they would fall along
with a lot of concrete. This would cause traffic accidents.
EMPA experts were shooting at pre—stressed laminates. They
did not fall down. There was only a reduction of the cross—
sectional area according to the diameter of the bullet. Since
the strengthening laminates are unidirectional, there was even
no stress concentration at the shot hole. Nevertheless, the
responsible authorities for the network arch bridge in Stuttgart
required a protection against vandalism. Therefore, Carbo-
Link applied as second outermost layer corundum particles.
The outermost layer of the hangers is a polyurethane based
paint.

SUSTANABILITY OF THE CFRP HANGERS

The responsible authorities did not ask for a Life Cycle
Assessment (LCA) for the CFRP hangers in the case of the
Stuttgart city railway bridge. In contrast, for the competition
between a project with CFRP hangers and one with steel hangers
for the 130 m span railway crossing of the river “Oder” the LCA
presented in this section was mandatory. The comparatively high,
required energy expenditure for the production of carbon fibres is
particularly important for CFRPs. The production temperature is
around 1500°C over a period of one hour. The basic raw material
is an oil-based polyacrylonitrile polymer fibre. The Life Cycle
Inventory (LCI) data record reflects this in the LCA. Table 4 shows
the results of the LCA from the extraction of raw materials until
the manufacture of hangers made of CFRP and steel.

According to EN15978, the system boundary of the LCA
analysis entails the stage of material production (Modules Al
to A3), the construction stage (Modules A4 and A5), the use
stage (Modules B1 to B7), the end-of-life stage (Modules C1
to C4) and Module D, which allocated the benefits and loads
due to recycling, recover or reuse of materials. In the standard,
only Modules Al to A3 are mandatory that corresponds to a
cradle-to—gate analysis. Moreover, Module D, is considered
beyond the system boundary of the LCA and its use is optional
even when a complete life cycle analysis of the structure is
performed.

The determination of the LCI data for the CFRP and titanium
components of the hangers was relatively precise. The
processes envisaged are well defined. Determining the LCI data
of the steel was more difficult because neither the energy mix
nor the production processes were in this case well defined.
Therefore, standard experience values were applied. However,
these uncertainties do not fundamentally affect the result. For
the production stage Al to A3 the CO, emissions for the steel
variant are approximately three times that of the CFRP solution
and the energy expenditure for steel is more than twice as high.

Table 1 only covers the production stages Al to A3. When
erecting the structure (stages A4 to Ab), there are hardly any
environmental impacts during the installation of the CFRP
hangers. No lifting equipment is required because of the
hangers lightweight. One or two workers can easily carry the
hangers by hand and move them on site. In contrast to the steel
version, there is no welding needed. The hangers are fixed with
bolts. A main argument for the CFRP variant is the usage stage
B1 to B7. The extremely good corrosion resistance and fatigue
strength are unrivalled. If the disposal stage (C1 to
C4) should occur after 100 years or earlier because the bridge
is no longer needed, the CFRP hangers could continue to be
used as tension members in crane construction, for example. If
that would not be possible, the titanium thimbles are classically
recyclable. So far, CFRP has been shredded and added to
asphalt as reinforcement of heavy loaded road pavements.
For five years now, there have been companies in England
that recover the fibres from CFRP and reuse them for less
demanding applications.

CONCLUSIONS

In the case of the Stuttgart network arch bridge, CFRP tendons
are winning for the first time in a competition based on initial
cost against steel. CFRPs are best matching the specific
required material properties for this type of bridge. This allows
in future expanding the economically meaningful span for
network arch bridges significantly over 300m span’. This first
relatively large bridge fully relying on CFRP hangers will build
up more and broader acceptance of the application of CFRP
for tendons.
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