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1. W

1.1 MZEHEEM & L T CFRP

I

111 fZEtE~ D CFRP D@

PREFAHE L ol (Fic K ¥ o BilR) TR W EAEMEITH 2 CFRP (Carbon fiber
reinforced plastic, MRFEMAMEIRIL 7 7 2 F v 7)) ZIHEEE, HRIMEICENS 7 EORE2 S
b, FICAKR=2 08, METFHIE, EXPHCEHTELIAHIATH2 D, hit
BIZESIFICOWT, fEk, BEMICETAI=Y LAEZ LD LT I2RENFICH
LN TE 7228, WA O M L LR FEOHEH B OHIH D 7= » Ik o B3 E £
NTW3B I b, CFRP ZI U ® &3 2 EHAEMEIHIZEMEEM ICER 25 X 51Tk
>7z. CFRP DE AL XN 2 1970 FERTIE, W2 L CId = RIEEM © 4 & IRER
BB TH o 7223, 1990 fERiLTII T TN X OHHIRER A320, F—A4 v 7 OpRIRE
# B777 ORHEZREO-REEMIGER I NS X H51Ck ), INOMEROEAEMEIOE
BRI 10 %A EE 7572 19, & 50T, 2000 FER T T N2 0 KAKEHE A380 ©
FHERPRBICHEH TN, A=A v 7O R RRERK B787 O T8 & JlifkD 9 ~-TIiT CFRP 2%
WHE N7z, ZhofiZ=EHoEAMEIOEERKILICOWT, A380 TIZHI 30%, B787 T

1389 50 % & 72 b, MAEHEEA I 3 2 PR @ T HIF ORI I L 72 19,

1.1.2 CFRP fRZEt&i8 &M D2 ik

A2 HEREIEM 1T 31T 5 CFRP DEIEICIE, FicA— b7 L—TKIBERHV L5 110,
Fd— b7 L —THIBEE, Fig 1L.1ICRT X 9IS, ¥ — MRICHE 72 BERHE ICBHE % 18
LR 3 g = hEEM (7Y 7L 7)) 2REs KCE L, BEo TR CERICKRE L

72 R 2O BEZEG & BT, MEFE (F—bF 2L —7) g, EL <%
ftxe3ETH S, Larl, 7V 7L 27oMEERStH—F 2L — TORME MR L
DREL, FEELDISTVERR Y., 22T, M7V FL 78X UBA— 7L —7HE
& LT, VaRTM (Vacuum assisted resin transfer molding, EZE&RKIE) EABHFE T LT v

1
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\ / Autoclave
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Fig. 1.1 Autoclave molding process
CF sheet ‘
(@) Lamination (b) Preforming (c) Vacuuming
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(d) Resin injection (e) Curing

Fig. 1.2 VaRTM process

% 19 VaRTM %13, Fig. 1.2 1ICRF X 510, BIEER S LT Zn o R FEHEEAM 2 18)E
BLORIEL, BRI 2{ToBICBEL2ERL LI IRBETH L. 0Tk
T, V7L 7 %8s, F—b27L—T7DX)hEa X hEHErLEE Lw
729, A=t 7 L—TEBECN L CHIEOMKa X M, @ahEEEHTE 5. —#RiC,
VaRTM iK1 X 2 KBS 34 — b 7 b — 7T IBIE I, it S AR e pME <, +07%
NERERB LN WD, MZERO TREICH WS LR I TE L. LaL,



WL, ZZEHETHI VaRTM E% R L 72 A-VaRTM  (Advanced VaRTM) % SLRIBAF L,
COEICE VA= 2L =TIk L FAEOMBIRER GO NS Z L b WL IC L
1358 ¥/, ZEBEBTLFEO/NUREKTH 2 ZFERA—2A Y 2y F DREICIE, A-VaRTM
#1C X 5 CFRP &M O 23 X 5T 3 1359,

1.1.3 CFRP Mzt &M DR H %

CFRP (3% OB Z &L L, MZEKO THECRHE 2K 5 MM E Lz —F&L L Tk
M3 2L cHEAETEZBOT L IARETH 2 1D, Lo l, RAEICESIIARNET
HY, INOEATHORGE, BERMOBELEM S S\, CFRP #EMIC BT 2 FHEAEETT
FE, BEEAIC X VEEMoRAEF L2 AT 2EERAL, Vv M, KA iBRED7
7 AFERACTEAT 2EWES O 2 B ICR E N g 39, EEEAIE, 77 2T D
ZHER D X 5 BBEEDL RV 2O RE OIS RN &2, EEfIHEECHEZE
HET B0 NEFINS R EOR g H B Y, L L, EEESIEEECENE
FEMIEMRETTEDBRZMEL I N TE L T, MEERELEICH T 2 HEAE~DZERDB L »
ZenErs, —MIC—XEEEMOBEETIEE LCRERAI N TRy B —77 0 B
WA, BEEOSVWEAHRLINTEY, A VT FvRACBTI0HEcERS %
EOMEHARDH 2 3, Ty, R MEEMTF EEHICE AR E 2 5 5E 1S A
INd., LaLl, A rEAD XD ZEMNEARTF oSG, 7 7 X5 REcofifE{RE
ERD, R LAY CIRNEFREL 2720, COHLEEL ZHFBHE L 7 5 1219,

1.2 CFRP R | ESH#F

121 CFRP b MEAMFOMIEA H =X L

CFRP FEEM DO RN FEAMFICEL T DR LRI NTEY, BlEA =X L
FHIRTER EDRHL I o T g HLBIET) - CEFRP R M EAMFO FEAEEE—F

I¥, Fig. 1.3(a)IiC/n 3 HENIEE — F (Bearing failure mode), (b)IC/R 3 & A Wifi#EE — F
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(a) Bearing (b) Shear-out (c) Net-tension

Fig. 1.3 Typical failure modes of mechanically fastening joints

(Shear-out failure mode), (c)IC/~ 3 5[5RMI#EE — F (Net-tension failure mode) & T 5
TLISI832) R — N UL, eld (GRv b ALEE d IS0 3 20k EEHEE e DH) & wid (Kb
fLE d T 208 w D) T2t KREWGAICEZ 2dEE—FTH Y, & AWHIE
F— N e/d BNIWEGEITE T 2T —F, GIRBUEE — Fd wd 292 wWHEIck
ZAWIEE—FTH B, HIEEE— FiE, R bALUE Y CIAEICRENMET 5 2 i
K BLEMIR L 72 223, &AM, FIREEE — NI/ Ic I Eh a3 ET s 2 Lick
DALEMNIEL 725 2 &6, —M&IC, CFRP R M EEHATFIZE AW, §lRIHEE— %
BEV, M — PO 2 X o EIE NS,

1.2.2 CFRP L MMESMF OMIaAE

—fRic, HEBI#EE — Fico 32+ aBEeE 2 201cid, Fu b fUE Y ofRE % 3
CTREPEL, YHHEEHELATIE T4 VY ay TRREE 5 8 T 54 Fay T,
Fig. 1.4 1IR3 X 51, JEWERD & @HEIC 210 T, R Z2HL 1cils LTwn HikETHh
5. F7e, T & &AL MHER o BRENIEE Y S, Z ofEEIIBIIER 7 v+ (Resin
pocket) EIFFIZN %, BHER7 v b DAL CRISHEFPEL ST R 20, flERT v
P T EZFE L Z DRI T O JE I K BEFEAE & v o 72 RIAE S C 2 el B
5. ZOXSRMBE»rL, 74 Vay To 7= AIFIEFEIONEIS LATIER ST,
I OHEEM I 2 7T 4 Foy 78R E k2720, MM etkomERl



Resin pocket

Dropped plies
Fig. 1.4 Schematic drawing of ply-drops

T oy, MED XS edn, TRIREGHE 3 OBlm 25 b HEEE O WE %
MzZeT, A OWEZR/NRICHIZ S Z EHBEE L,

CFRP Fn MEAMFofimTiEo—oIc, MiRoF 2 vE8L A7) v FEET
517D H Y, Fink i X o T, FA MEGMFICHT 5 CFRP/F X4 7Y v FRJE
MOBEERIRINT S T, Lal, FXYEROLEITZ CFRP L) KX WD
RV M LE Y OWEZEFTE 28 LT, HEMo+aaBRILz Kk wiGanE z
bhd, £/, F2VvAE&ORET 52 LT, VaRTM ki 1T 2 BEEM ~ o fifis 0 &%
WRE T2 EZHN, CFRP/FEX A 7Y v FEEMTIRZD XS R IRIN
HeE2ONDL. TDOLI BT LD, CFRP i T ltilE2Ron s X5 aFr b

AMFOREBEENS.

CFRP MJEM 3, A FEAMTOLA S &0, Witz —J7michicm L7z>— 258
52— ITH L. LaL, BEMOIKCIGH OFAERINCIE T T, fHEZ T 7%
2 HECAIS % MiiMER 7 7V v 2 (Fiber steering) & MEIXI 2 MAMERC /T iL D fRE I T B
T2TI80) HMER T TV VL, BT 4 TAVETA VT 4 v OB R EIC K ) EE X
N5 IR CFRP HE5EM O fRHERCIA S £ D 2 & 26343, K&t o Lo b R % A7
LIS TEREZ FofEtt o iR 7 7Y v 72 BT 2580 H 5. R b ES
HFiconT, HlziE Kelly S3HER T 7V v 27 X 2R 4 b LB Y O R OFSE
1o Twa P ZoFikiE, EEMNTALTY XLEEHAL, Fig 1L.5ICRT LR
MUA Y DK, R/NEISTIAICR o THRHERCR L 727536 CTH ), T oillffEx 77 )
VIRREIC X o CHEMED LR T2 2 E b EBRIIOREI N, 2, DX S i
ATT Y v L, AW, IREE — TN S X O BB ROEEM TR L T



(a) Maximum principal stress (b) Minimum principal stress
74)

Fig. 1.5 Schematic drawing of fiber steering for bolted joints

WET o v 2DWEZX S Z ERAPAFTE 5. Fic, TAMBIEE - N 2mEREE—F
LR I3 2 e TENR, WREEIMOIGIZ T TR, ed2/NEFT5ZLiICXoT
LIEEMEROBKREZX S Z EAA[REL b, LA L, Fig 1520955 X51c, 2ok
5 AR T 7V v sinafE OMHEARRE A G R VHIIEICS L TR AR S, 2D XS effiE
J& %t L 72 EEEM OB IC BT EZEL] & 2175 B, BEEM OIE 2 & TS
HIC X ZEENLICENRA L, W EBROBIEYIC e 7 PR B3RS 5 75 & ORERA L
B EZLNS. BRI, ToORTHECHCO AR IZ, 2o X5 aiMEz 4
Uk 5 B E kil ng, ZoaBHE, 5 Kod T vy 70 7L 2
FHCTEBY, 7YV 7L 27oRHS L IZMEICHMHER 77V v 7@zl si, i
57 Y FLriconT, WA TT ) v 7REFEBAAEICEE I NS X HIic T 4 v ag
BEMTRY &b, &A= F 7L =710 T L 72, TD X5 Bk EEEICENLT,
— g 7 TR G OBIEICITEI W EZ2ObNS., £/, VaRIM ETIEHBIEZ &R L T
WhEWHEEEM 2 EEG 235720, CoX) REERRET S L RES TR, L
2L, 1L12HETIER/E Y, A-VaRTM % 13 Lo & L T VaRTM ik D I H 0 i 233
HDHNTWEZ Lhb, FK, CFRPAIZEMEM O FEREET T EO—>o L LT, AEMIC
B2 VaRTMED RS W2 R b ZE 2 N5, $72, iR T 7 ) v 7 i3fEt o &
BEOMEZRRRT 2 PMHFTEIHETHL D0, VaRIMIETOMMER T 7V v
IR A EEM A RIETE 2 X 5ICRb T EBAET LW,
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13 AR DEM & BRI DK

AHFFETIE CFRP R M EEMT IR L, Kelly & DAL b FLE Y O FJGT1 5 IcFE D <
IR OMFE % b LiC, MHEAREHE ViR e 72 5 X 9 #7588 Circular (C
J&), Radial (RJE) ZREL, ZhofimEic X 26iMA =X Lz bicT s L%
AT, mdb, AW, RO —XEEEMEFICH O3 X 5 RRJEDS 30 mm FREE T
HBLRMEEMEZRE LT B, KT, 37— 2 it E )7 BB o i e 5R s
RERMT 2 556 LT, BEEEEEMEM D 1710 & L72#RIKko CFRP ikB&H % F v,
IR, R MRERT P L2 D 1/10 & L ETRET R T 5 7.

H2ETIE, C, REOME L HEMERIC OO, HWERERER IR, HBU%)
Ml LBl e L, 2IC C B XU REZBINERE L 23k 2 R L2, £ 7=,
Zo OREEREICN L, e/d D575 2 2 O %Z Eii L, Fig. 1.3 TR L 72T —
FA~DEEICOWT R L7, &R IConT, WO WHIBE S X TG A5 5%
REBRBDBEBICERL, 2N FNOKIEICE T 20EBIE S X CNEBRERZE 21TV, C,
R HHEEAIE 7 0 R RITTHELRHL 2 IC L, 72, &l 02 h 2 ho Bt
I3 B ISR % FERRET L 72,

FIETIE, 52 B~ 7R SR & B L 7o A RREER R X 2 BUEENTIC O W
TRT. BlBiAIconT, R MmEICX O FRETZRL MLEAY OS5 5, i
BOYIHERICE T 2 BEORE T R EWHL I L2, 72, SHBHORL F LA
D DS RS 2 2 LT, C, RIBVHBA O&E DG KIT T8 2 H S 5
iIC L7z, UEX0Bon 2 8EMITER2L, ¢, RBOFEA =X LEHL2ITL 7.

FawETIE, B2, 3ETCHONLMEwRE I LD D,

SE XHR

1) mE, “RBMGEE SR OIS ~DJRRA", HAMZETF #7258, Vol. 54, No.

635, pp. 356-360 (2006)



2) AcErEE, "o R 2 A 3 RBEMAESIEL, L7 EEE, Vol 59, No.4,
pp. 226-229 (2011)

3) WML VI —F kv x—, "WZEHEEN L4 - BRE - MRE-, Fe Y —Fera—
FEMIFHS (2014)

4) AbfRIER, NERERK, "HAMEICE T 2@ ToRE L SROERE", E4F, Vol
57, No.9, pp.752-756 (2008)

5y O, L%, MBS, Tsriig, AERE REEHE, "MEEE AT X
~® VaRTM @EH{LISE", =223 LHE#, Vol. 42, No.5, pp.220-225(2005)

6) HUHE, KB, "VaRTM BUGHAM OME & B, H AW ZEF 7558 Vol. 57,
No. 668, pp. 262-270 (2007)

7) WA, PO, BHESCN, RESCHE, FFRER, "MRI R EMEIFGEEH Cm g 7
A-VaRTM £ AiGHFE", =ZFHFE LK, Vol.45, No.4, pp.2-5(2008)

8) VERIEH, "JAXA MUZEELANIISE & EER SRR MEMRIBE A, A A
FLid Vol. 57, No. 660, pp. 2-5 (2009)

9) KEMGH, FHIHE, EARE, ek GIEE, BaRK, AHER, "VaRTM KE
W72 JAXA 0BT 2 EAM TREE DRI IC O \WTT, HANEFH#25% Vol
57, No. 663, pp.91-95 (2009)

10) b 77 2 F v 7 e, "HEE S b b B FRP -k 7 7 2 F v 7 DR, LR X
T-, Z 274 (2016)

11) fEHE, BE—, "EAMR O AT, 255 (1989)

12) thFAZgsh, "HEMEOES (20 1) MRl 77 25 v 7 OG-, BEFRZ
Vol. 65, No. 6, pp. 463-468 (1996)

13) "HEM L RIB DA, (L) Wi EEFF I A (A HE 2 EHBZE, 29-6 (2017)

14) EHEREZRES - FRP L #OEATEICHE T 2 /&N NEES, "FRP HM oS
B LU & FRP DEEEAICB T 2 Jelmfkifi, £ AFZRam K E Al (18 - 2 1),
Vol. 70, No.5, pp. II_120-11 133 (2014)

15) W.J. Quinn and F.L. Matthews, "The Effect of Stacking Sequence on the Pin-Bearing Strength in



Glass Fibre Reinforced Plastic", Journal of Composite Materials, Vol. 11, No. 2, pp. 139-145
(1977)

16) E.W. Godwin and F.L. Matthews, "A review of the strength of joints in fibre-reinforced plastics:
Part1. Mechanically fastened joints", Composites, Vol. 11, No. 3, pp.155-160 (1980)

17) C.M.S Wong and F.L. Matthews, "A Finite Element Analysis of Single and Two-Hole Bolted
Joints in Fibre Reinforced Plastic", Journal of Composite Materials, Vol. 15, No. 5, pp. 481-490
(1981)

18) T.A. Collings, "The strength of bolted joints in multi-directional cfrp laminates", Composites,
Vol. 8, No. 1, pp. 43-55 (1977)

19) L.J. Hart-Smith, "Mechanically-fastened joints for advanced composites - phenomenological
considerations and simple analyses", Fibrous Composites in Structural Design, Springer, Boston,
pp. 543-574 (1980)

20) L. J. Hart-Smith, "Design and analysis of bolted and riveted Joints in fibrous composite
structures", Recent Advances in Structural Joints and Repairs for Composite Materials, Springer,
Dordrecht, pp. 211-254 (2003)

21) G. Kretsis and F.L. Matthews, "The strength of bolted joints in glass fibre/epoxy laminates",
Composites, Vol. 16, No. 2, pp. 92-102 (1985)

22) P.P. Camanho and F.L. Matthews, "Stress analysis and strength prediction of mechanically
fastened joints in FRP a review", Composites Part A: Applied Science and Manufacturing, Vol.
28, No. 6, pp. 529-547 (1997)

23) P.P. Camanho, S. Bowron and F.L. Matthews, "Failure mechanisms in bolted CFRP", Journal of
Reinforced Plastics and Composites, Vol. 17, No. 3 pp. 205-233 (1998)

24) P.P. Camanho and F.L. Matthews, "A progressive damage model for mechanically fastened joints
in composite laminates", Journal of Composite Materials, Vol. 33, No. 24, pp. 2248-2280 (1999)

25) P.P. Camanho and M. Lambert, "A design methodology for mechanically fastened joints in
laminated composite materials", Composites Science and Technology, Vol. 66, No. 15, pp.3004-

3020 (2006)



26) F.K. Chang and K.Y. Chang, "Post-failure analysis of bolted composite joints in tension or shear-
out mode failure", Journal of Composite Materials, Vol. 21, No. 9, pp. 809-833 (1987)

27) K.I. Tserpes, P. Panikos and T.H. Kermanidis, "A three-dimensional progressive damage model
for bolted joints in composite laminates subjected to tensile loading", Fatigue and Fracture of
Engineering Materials and Structures, Vol. 24, No. 10, pp. 663-675 (2001)

28) F. Sen, M. Pakdil, O. Sayman and S. Benli, "Experimental failure analysis of mechanically
fastened joints", Materials and Design, Vol. 29, No. 6, pp. 1159-1169 (2008)

29) A. Atas and C. Soutis, "Subcritical damage mechanisms of bolted joints in CFRP composite
laminates", Composites Part B: Engineering, Vol. 54, pp. 20-27 (2013)

30) S. Zhou, Z. Wang, J. Zhou and X. Wu, "Experimental and numerical investigation on bolted
composite joint made by vacuum assisted resin injection", Composites Part B: Engineering, Vol.
45, No. 1, pp. 1620-1628 (2013)

31) A.M.G. Coelho and J.T. Mottram, "A review of the behaviour and analysis of bolted connections
and joints in pultruded fibre reinforced polymers", Materials and Design, Vol. 74, No. 5, pp. 86-
107 (2015)

32) Y. Xiao and T. Ishikawa, "Bearing strength and failure behavior of bolted composite joints (part
I: Experimental investigation)", Composites Science and Technology, Vol. 65, No. 7-8, pp. 1022-
1031 (2005)

33) Y. Xiao and T. Ishikawa, "Bearing strength and failure behavior of bolted composite joints (part
Il : modeling and simulation)", Composites Science and Technology, Vol. 65, No. 7-8, pp. 1032-
1043 (2005)

34) W.J. Quinn and F.L. Matthews, "The effect of stacking sequence on the sin-bearing strength in
glass fibre reinforced plastic", Journal of Composite Materials, Vol. 11, No. 2, pp. 139-145
(1977)

35) E.W. Godwin and F.L. Matthews, "A review of the strength of joints in fibre-reinforced plastics:
Part1. Mechanically fastened joints", Composites, Vol. 11, No. 3, pp.155-160 (1980)

36) C.M.S Wong and F.L. Matthews, "A finite element analysis of single and two-hole bolted joints

10



in fibre reinforced plastic", Journal of Composite Materials, Vol. 15, No. 5, pp. 481-490 (1981)

37) T.A. Collings, "On the bearing strengths of CFRP laminates", Composites, Vol. 13, No. 3, pp.
241-252 (1982)

38) P.A. Smith, K.J. Pascoe, C. Polak and D.O. Stroud, "The behaviour of single-lap bolted joints in
CFRP laminates", Composite Structures, Vol. 6, No. 1-3, pp. 41-55 (1986)

39) P.A. Smith and K.J. Pascoe, "The effect of stacking sequence on the bearing strengths of quasi-
isotropic composite laminates", Composite Structures, Vol. 6, No. 1-3, pp. 1-20 (1986)

40) 1.H. Marshall, W.S. Arnold, J. Wood and R.F. Mousley, "Observations on bolted connections in
composite structures", Composite Structures, Vol. 13, No. 2, pp. 133-151 (1989)

41) W.H. Chen, S.S. Lee and J.T. Yeh, "Three-dimensional contact stress analysis of a composite
laminate with bolted joint", Composite Structures, Vol. 30, No. 3, pp. 287-297 (1995)

42) H.S. Wang, C.L. Hung and F.K. Chang, "Bearing failure of bolted composite joints. Part I
Experimental Characterization ", Journal of Composite Materials, Vol. 30, No. 12, pp. 1284-
1313 (1996)

43) C.L. Hung and F.K. Chang, "Bearing failure of bolted composite joints. Part II: Model and
Verification ", Journal of Composite Materials, Vol. 30, No. 12, pp. 1359-1400 (1996)

44) H. Hamada, Z. Maeckawa and K. Haruna, "Strength prediction of mechanically fastened quasi-
isotropic carbon/epoxy Joints", Journal of Composite Materials, Vol. 30, No. 14, pp. 1596-1612
(1996)

45) M. L. Dano, G. Gendron and A. Picard, "Stress and failure analysis of mechanically fastened
joints in composite laminates", Composite Structures, "Vol. 50, No. 3, pp. 287-296 (2000)

46) H.J. Park, "Effects of stacking sequence and clamping force on the bearing strengths of
mechanically fastened joints in composite laminates", Composite Structures, Vol. 53, No. 2, pp.
213-221 (2001)

47) K.I. Tserpes, G. Labeas, P. Papanikov and Y. Kermanidis, "Strength prediction of bolted joints in
graphite-epoxy composite laminates", Composites Part B: Engineering, Vol. 33, No. 7, pp. 521-
529 (2002)

11



48) C.T. McCarthy and M.A. McCarthy, "Three-dimensional finite element analysis of single-bolt,
single-lap composite bolted joints: Part II effects of bolt-hole clearance", Composite Structures,
Vol. 71, No. 2, pp.159-175 (2005)

49) M.A. McCarthy, C.T. McCarthy, V.P. Lawlor and W.F. Stanley, "Three-dimensional finite
element analysis of single-bolt, single-lap composite bolted joints: part I model development and
validation", Composite Structures, Vol. 71, No. 2, pp. 140-158 (2005)

50) C.T. McCarthy, M.A. McCarthy and W.F. Stanley, V.P. Lawlor, "Experiences with modeling
friction in composite bolted joints", Journal of Composite Materials, Vol. 39, No. 21, pp. 1881-
1908 (2005)

51) C.T. McCarthy, M.A. McCarthy and V.P. Lawlor, "Progressive damage analysis of multi-bolt
composite joints with variable bolt—hole clearances", Composites Part B: Engineering, Vol. 36,
No. 4, pp. 290-305 (2005)

52) J.H. Kweon, J.W. Jung, T.H. Kim, J.H. Choi and D.H. Kim, "Failure of carbon composite-to-
aluminum joints", Composite Structures, Vol. 75, No. 1-4, pp. 192-198 (2006)

53) M.L. Dano, E. Kamal and G. Gendron, "Analysis of bolted joints in composite laminates Strains
and bearing stiffness predictions", Composite Structures, Vol. 79,No. 4, pp.562-570 (2007)

54) S.D. Thoppul, J. Finegan, R.F. Gibson, "Mechanics of mechanically fastened joints in polymer-
matrix composite structures — A review" Composites Science and Technology, Vol. 69, No. 3-4,
pp. 301-329 (2009)

55) V. Caccese, K.A. Berube, M. Fernandez, J.D. Melo and J.P. Kabche, "Influence of stress
relaxation on clamp-up force in hybrid composite-to-metal bolted joints", Composite Structures,
Vol. 89, No. 2, pp. 285-293 (2009)

56) C.Huhne, A.K. Zerbst, G. Kuhlmann, C. Steenbock and R. Rolfes, "Progressive damage analysis
of composite bolted joints with liquid shim layers using constant and continuous degradation
models", Composite Structures, Vol. 92, No. 2, pp. 189-200 (2010)

57) T. Katsumata, Y. Mizutani, A. Todoroki and R. Matsuzaki, "A fundamental study on static

strength improvement of cfrp bolted joints by increasing friction force", Journal of Solid

12



Mechanics and Materials Engineering, Vol. 4, No. 6, pp. 711-719 (2010)

58) F.X. Irisarri, F. Laurin, N. Carrere and J.F. Marie, "Progressive damage and failure of
mechanically fastened joints in CFRP laminates-partl: Refined Finite Element modelling of
single-fastener joints", Composite Structures, Vol. 94, No. 8, pp. 2269-2277 (2012)

59) F.X. Irisarri, F. Laurin, N. Carrere and J.F. Maire, "Progressive damage and failure of
mechanically fastened joints in CFRP laminates-Part2: Failure prediction of an industrial
junction", Composite Structures, Vol. 94, No. 8, pp. 2278-2284 (2012)

60) C. Stocchi, P. Robinson and S.T. Pinho, "A detailed finite element investigation of composite
bolted joints with countersunk fasteners", Composites Part A: Applied Science and
Manufacturing, Vol. 52, pp. 143-150 (2013)

61) Z. Kapidzic, L. Nilsson and H. Ansell, "Finite element modeling of mechanically fastened
composite aluminum joints in aircraft structures", Composite Structure, Vol. 109, pp. 198-210
(2014)

62) C. Sola, B. Castanie, L. Michel, F. Lachaud, A. Delabie amd E. Mermoz, "On the role of kinking
in the bearing failure of composite laminates", Composite Structures, Vol. 141, pp. 184-193
(2016)

63) K.C. Warren, R.A. Lopez-Anido, S.S. Vel and H.H. Bayraktar, "Progressive failure analysis of
three—dimensional woven carbon composites in single-bolt, double-shear bearing", Composites
Part B: Engineering, Vol. 84, pp. 266-276 (2016)

64) F. Nerilli and G. Vairo, "Progressive damage in composite bolted joints via a computational
micromechanical approach", Composites Part B: Engineering, Vol. 111, No. 15, pp. 357-371
(2017)

65) E.V. Larve, K.H. Hoos, Y. Nikishkov and A. Makeev, "Discrete damage modeling of static
bearing failure in laminated composites", Composites Part A: Applied Science and
Manufacturing, Vol. 108, pp. 30-40 (2018)

66) S. Zhou, C. Yang, K. Tian, D. Wang, Y. Sun, L. Guo and J. Zhang, "Progressive failure modelling

of double-lap of composite bolted joints based on Puck’s criterion", Engineering Fracture

13



Mechanics, Vol. 206, pp. 233-249 (2019)

67) B. Kolesnicov, L. Herbech and A. Fink, "CFRP/titanium hybrid material for improving composite
bolted joints", Composite Structures, Vol. 83, No. 4, pp. 368-380 (2008)

68) P.P. Camanho, A. Fink, A. Obst and S. Pimenta, "Hybrid titanium—CFRP laminates for high-
performance bolted joints", Composites Part A: Applied Science and Manufacturing, Vol. 40, No.
12, pp. 1826-1837 (2009)

69) A. Fink, P.P. Camanho, J.M. Andres, E.Pfeiffer and, A. Obst, "Hybrid CFRP-titanium bolted
joints Performance assessment and application to a spacecraft payload adaptor", Composites
Science and Technology, Vol. 70, No. 2, pp. 305-317 (2010)

70) O. Sayman, R. Siyahkoc, F. Sen and R. Ozcan, "Experimental Determination of Bearing Strength
in Fiber Reinforced Laminated Composite Bolted Joints under Preload ", Journal of Reinforced
Plastics and Composites, Vol. 26, No. 10, pp. 1051-1063 (2007)

71) G. Kolks and K.I. Tserpes, "Efficient progressive damage modeling of hybrid composite/titanium,
bolted joints", Composites Part A: Applied Science and Manufacturing, Vol. 56, pp. 51-63 (2014)

72) N.W. Tosh and D.W. Kelly, "On the design, manufacture and testing of trajectorial fiber steering
for carbon fiber composite laminates", Composites Part A: Applied Science and Manufacturing,
Vol. 31, No. 10, pp. 1047-1060 (2000)

73) R. Li, D. Kelly and A. Crosky, "Strength improvement by fiber steering around a pin loaded hole",
Composite Structures, Vol. 57, No. 1-4, pp. 377-383 (2002)

74) A. Crosky, D. Kelly, R. Li, X. Legrand, N. Huong and R. Ujjin, "Improvement of bearing strength
of laminated composites", Composite Structures, Vol. 76, No. 3, pp. 260-271 (2006)

75) X. Legrand, D. Kelly, A. Crosky and D. Crepin, "Optimisation of fiber steering in composite
laminates using a genetic algorithm", Composite Structures, Vol. 75, No. 1-4, pp. 524-531 (2006)

76) R.Li, D. Kelly, A. Crosky, H. Schoen and L. Smollich, "Improving the Efficiency of Fiber Steerd
Composite Joints using Load Path Trajectories", Journal of Composite Materials, Vol. 40, No.

18, pp. 1645-1658 (2006)

77) A. Crosky, C. Grant, D. Kelly, X, Legrand and G. Pearce, "Fiber placement processes for

14



composites manufacture", Advances in Composites Manufacturing and Process Design,
Woodhead Publishing, pp. 79-92 (2015)

78) B. Varughese and A. Mukherjee, "A ply drop-off element for analysis of tapered laminated
composites", Composite Structures, Vol. 39, No. 1-2, pp. 123-144 (1997)

79) D.S. Cairns, J.F. Mandell, M.E. Scott and J. Z. Maccagnano, "Design and manufacturing
considerations for ply drops in composite structures", Composites Part B: Engineering, Vol. 30,
No. 5, pp. 523-534 (1999)

80) A. Mukherjee and B. Varughese, "Design guidelines for ply drop-off in laminated composite
structures", Composites Part B: Engineering, Vo. 32, No. 2, pp. 153-164 (2001)

81) B.R. Vidyashankar and A.V.K. Murty, "Analysis of laminates with ply drops", Composites
Science and Technology, Vol. 61, No. 5, pp.749-758 (2001)

82) S.L. Donaldson, T.J. Stonecash and S. Sihn, "Transverse cracks at ply drops in fiberglass
laminates" Proceedings of the International Journal of Materials Engineering, Vol. 2, No. 6,
ppl12-117 (2012)

83) F.X. Irisarri, A. Lasseigne, F.H. Leroy and R.L. Riche, "Optimal design of laminated composite
structures with ply drops using stacking sequence tables", Composite Structures, Vol. 107, pp.
559-569 (2014)

84) F.X. Irisarri, D.M.J. Peeters and M.M. Abdalla, "Optimisation of ply drop order in variable
stiffness laminates", Composite Structures, Vol. 152, pp. 791-799 (2016)

85) S. Setoodeh, M.M. Abdalla and Z Gurdal, "Design of variable-stiffness laminates using
lamination parameters", Composites Part B: Engineering, Vol. 37, No. 4-5, pp. 301-309 (2006)

86) C.S. Lopes, P.P. Camanho, Z. Gurdal, B.F. Tatting, "Progressive failure analysis of tow-placed
variable-stiffness composite panels", International Journal of Solids and Structures, Vol. 44, No.
25-26, pp. 8493-8516 (2007)

87) A.W. Blom, S. Setoodeh, JM.A.M. Hol and Z. Gurdal, "Design of variable-stiffness conical
shells for maximum fundamental eigenfrequency", Composites and Structures, Vol. 86, No. 9,

pp. 870-878 (2008)

15



88) Z. Gurdal, B.F. Tatting and C.K. Wu, "Variable-stiffness composite panels: Effects of stiffness
variation on the in-plane and buckling response", Composites Part A: Applied Science and
Manufacturing, Vol. 39, No. 5, pp. 911-922, (2008)

89) C.S. Lopes, Z. Gurdal, P.P. Camanho, "Variable-stiffness composite panels: buckling and first-
ply failure improvements over straight-fibre laminates", Computers and Structures, Vol. 86, No.
9, pp897-907 (2008)

90) S. Setoodeh, M.M. Abdalla, S.T. Ijsselmuiden and Z. Gurdal, "Design of variable-stiffness
composite panels for maximum buckling load", Composite Structures, Vol. 87, No. 1, pp. 109-
117 (2009)

91) J.M.J.F. van Campen, C. Kassapoglou and Z. Gurdal, "Generating realistic laminate fiber angle
distributions for optimal variable stiffness laminates", Composites Part B: Engineering, Vol. 43,
No. 2, pp. 354-360 (2012)

92) H. Ghiasi, D. Pasini and L. Lessard, "Optimum stacking sequence design of composite materials
Part I : Constant stiffness design", Composite Structures, Vol. 90, No. 1, pp. 1-11 (2009)

93) H. Ghiasi, K. Fayazbakhsh, D. Pasini and L. Lessard, "Optimum stacking sequence design of
composite materials Part II : Variable stiffness design", Composite Structures, Vol. 93, No. 1,
pp.1-13, (2010)

94) K. Fayazbakhsh, M.A. Nik, D. Pasini and L. Lessard, "Defect layer method to capture effect of
gaps and overlaps in variable stiffness laminates made by Automated Fiber Placement",
Composite Structures, Vol. 97, pp. 245-251 (2013)

95) P.Y. Tabakov and M. Walker, "A technique for stiffness improvement by optimization of fiber
steering in composite plates", Composite Materials, Vol. 17, pp. 453-461 (2010)

96) M. Rouhi, H. Ghayoor, S.V. Hoa and M. Hojjati, "Effect of structural parameters on design of
variable-stiffness composite cylinders made by fiber steering", Composite Structures, Vol. 118,

pp. 472-481 (2014)

16



2. CR #5difE DIREE &L MEEE HUER

2.1 #E

122 HTIER7z X 91T, Kelly bldFr FEEAMFIT L, @277 U v 7 E&ific X
2O OWZE 21T, ZOEMMEDHS I Lz 19, 2 2 ¢, Camanho % Xiao b IC
LV, BUEHMO XS Tk E#EE L 2 S o R v b EEREIC X 2 R o b LR
D DWIERX 71 = X LDBHD i I Fens T, fHER 7 7V v 7 i L 23 0560
IERX 71 = X LITRZHL I I N TR, 72, 122HTHRRZXSIC, ZD0XH7%k
WAER 7 7 U v 7 X SR SRS AR i ke B bR, o X kAl
SEfE A I EEM T ) TV S IBETH B VaRTM Lg% C LIRS Tl
W,

UEo X7z érb, RETIE CFRP A FEEMTITH L, Kelly 5D RN b FLE Y
DECHAACIHEDS CHHER T 7V v 72 SF I, MEREER ni—ken s X957k
- mE R RET 2 2 L 2R Aa. £, REL 2 HEE SR S REER O 48 o
MR A PHEIRIC 5 2 2B e O 0T 5 2 8 b A T,

22CRRFT7VY v IHBEDIRE

AWFFETIZ, CFRP R MESHET IR L, Fig. 2.1 1R $#H 72 7 6li38/8 Circular (C J&),
Radial (RE) %#2E$ 3. @IFRT L5, CEBIEAL FMEFICB T 2 RATISI 0%
b &ic, HFobfLicx LRLOPHIRICHBHMEZ B L 2fiiEE ch 5. biind Lo, RE
FARL MEFIC BT B RNTEISH A E D ST, R b FLICH UBERRR ke % il L 7
WmEch 2. T, FNFhofimEicong, MlEEEEHEE KL kLRI c—
BRIC 72 2 X5 ICHIAERCH L 7-.

17



s

\ /

(a) Circular (b) Radial
Fig. 2.1 Optimized fiber patterns for reinforcement

t4 1 *+t
- Steel plate [
i Bolt

/Specimen \E il i
/I _ Nut

Washer_ i
_____ \ Tab E E]]
e b

Fig. 2.2 Schematic drawing of double-lap joint

2.3 HABRAE

Fig.22 1%, #7077 v 7Y a4 v b AR X 2mERERBROERXXch 5. A%
MR CHeR, M25.4 OFEL FTHIFE L7, oL X, KA M X 23 BE o TR %
—EICT 370, REBER EHKOBICT v o v ZAE. 2T, KW MRS

18



D X5 R OEMEM (R bR d=254mm, T+ = 30mm) ~OBEHEHEL T3
25, ZD XD AN ML d, R 2RO EBR O R N RIS S S E IE, —iRD
TR D AMARZREL LR 22 AEZLNE. 2D Ehb, KFETIE
—fik DT REAEE T D BT A 2 X 5, WE + BEMEM D 1710 RE ¢ = 3 mm)
THLIRBPRZHB L2, 22T, EEEMO X 5 2R ML d, WE 2 FoR Bk %
JERGAER R, T ¢ % EREEM O 110 & L7zl R 2 SRR L ERT 2. $72, AR
BefHon 2B EICIE, R rHEMEE, SMBRE T v o r L OBER)) F &R
228, UGB O5E, A b fUR d=254 1CB T BFED R AT P2 (T=950
kN) THV MET 24T &, HEMEICH L, SBh &7 v v v & OFEEN fITIERIC
REWZLREZOLNS., ZOX5 a6, EEICHEMEZIGS 2 2 LIZRE L& 2
bD 7z, HHGRERR OWRE ¢ ZEHRGAERR © 1/10 I L2 & icfbw, fiffd s T
b ENRREB D 1710 (T=95kN) & 532 &C, ZOEE) fOFEDKBEZX>7-. Z
Z ¢, BHGAER oo 0 icHEEGRERF cilB 2T o 1ch ), b oilhicksnT
A MEEIC X Y AT 2 HPRENFEUT 2 BERH 2. ERGREA TR, A1 b oZE
Ik E— X v F AHEMEICHEZ TRICRKIETT e r8EZoN S0, HGERA
TiE, WE X V/hNZnwZ ehb, TOEITNSLS kD, £, KV MFEMNT L2 T
ic &Y, FRBR oA M LE D IcEi))IC X 2IREH RO EEIGS, RERFET vy D
BEE I X 2 AN AW 34 U % 28GR A (2 EBGER o L, Rov MR b
VT THENS W hb, AL/ %5, JESGERR & EikE R <k, M
FEo X 5 iFRED B 2%, ENGERA oD 0 I ERERERR TRl e EiiT 2 12H
720, Rtk ch s, AR MR T LR IEL L. £, A
MIRRCTH 2 LIRET S LT, ALV MEILEE Ll kb, 3TabbENR, HKGE
Fixe dicAr PFLUE D CHIFE— A v FBFAEL 220, MEMEICHN L THHEL
b w3, T, BB EMEMELES S 2T, Bk, EGEEFIcEs T
% S (X EATE ST AR U 206 O IS L, TR E 7 A & BT IS /FR 3
LHRES M O FEEIGS) (Wh))) CHESME AW (BT g inzvwinwx s, Z

I

19



Table 2.1 Nominal dimensions of specimens (unit : mm)

e d w t
QI (e/d=3) 76.20 25.40 100.00 2.56
QI+C (e/d=3) 76.20 25.40 100.00 3.20
QI+R (e/d=3) 76.20 25.40 100.00 3.20
QI (e/d=1) 25.40 25.40 100.00 2.56
QI+C (eld=1) 25.40 25.40 100.00 3.20
QI+R (e/d=1) 25.40 25.40 100.00 3.20

DX BEIC XY, B, EHGERR OEIMVRITIC BT 2 IR I R 223, TN
SHICET B FIREERFACTH 2 & L, U@ ciat kw72, kb, W5
T RERBE 2 E A L, BB EIOC S R A6 2 SABUEE 1 mm/min TH5 2% 2 & T
fTo7z. 7, AV MOEAMICXVELZEMICOWTE, R bl &ALz
e U, JEEMENGT & U O ERERE O 207 & Gl L 72,

T B8R R B U > 72 BRBR A 13, R SR HkAE T800SC (B L), = K % o fiffig RTM6-2 (Hexcel)
2> & 7% % CFlepoxy BB T 2. Table2.1 ISRT & 9 ic, B 7HEE L 238H (Q1 &
BRF[45/0/-45/90]s) % FL¥#EI1C, CTE % 72 13 R &8 % B 58 L 72 5AB&% - (QI+C [C/45/0/-45/90]s,
QI+R FBRF[R/45/0/-45/90]s) @ 3O ZHE L. 72, ZhZNOMEBERKD
B ICH L, eld S50 IC KR E WRBRR (e/d=3) & eld 29/NE WilBRA (eld=1) @ 2 FE¥H
DGR EDRERR 2 FHE L 7.

2.4 MEEERERE R (e/d=3)

241 @MEBEZOE R

Fig. 2.3 31 E5m kB Al SR o — 6l (QI kB A (e/d=3)) TH 5. Ml iZmEIS N
O'bear/c\zé D, Tﬁ%iﬂi Ci@EU\‘;‘& gbearvc‘\% E) . ﬁ}fﬁﬂﬁ Obear, E‘EU‘;—%‘ Ebear 0i JISK
7080-2 =& 1, xhznHX(2.1), COIIVERLZEZLWIGHE LR OTAHT
»H5.

20



P~y (2.1)

Obear =

~
QU

(2.2)

QUl &>

Epear =

22T, PRRBRMWE, fRrRABA LYYy L oBEEN,  3RBARE, 413+
L MILEE, 0 IEAMOENTH B, BEEET) £IE AN FALE D ICE U B B
Bu=0220EL~Zb0ThY, MR ICKOLT S8kN Lk d. ik, EEIf
FEEGRERICET 2HBMEE PICERTHRII/NI W E2S, 20 X) AMHE
IC X 2Rl R A E /N v b o LRI L 2. ERF RIS X o TR S Wz E IS T -
JE O3 A B, AR 1 TS ) - O3 A AR o BB SR IE o /b T IEEBLEAR T B
5. Fig. 23 IR T X 91T, evear <2.5 %D FHIK TIXHIEICTT ovear 13 1 DT B epear I
LTINS L 72 (evear < 1.0 %D T O IEREN: 12, 16 E &SRB R o ik o
REEMEICE B). —77, evear>2.5%DFMTIRIEME LI 2R L 72, Hd$ 28
BHER XY, 20X R EREEBCEAL FLUEABICEERAFELTVwE Z L
MERE T & 7o, MBI L IEMIBHB L O BR 2B R L LERL, CoRICBT
%NS ST ovear Z PIHATNETRE Sini & KL 32 (KIF0OH. 7Zds, YIHAEG X8

500 T T T T T T T T T T T T ," T
— Measured data e
. . Vs
<400 F T°° Fitted line i
[a
>
Z300 | ]
i
4
3 200 | §
2
5
@ 100 F .
7/
/
V4
0 1 1 1 1 1 1 1 1 1 1 1 1 1

00 05 10 15 20 25 30 35 40
Bearing strain, ¢q,, %

Fig. 2.3 Typical load-displacement response of the QI specimen (e/d=3)
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FEREIR (epear <2.5 %) THRETIHADLD 2720, HIHER S L YHHIEE O R 45
RIE T LD LR, Fz, HERT o PERAREZRKBEIEHEERL, <
DRI BT 2 HHEIGTT ovear % T KHEIREE Sue & R T 5 (K0 @H).

Fig. 2.4 3G R S i1c B 1 3 QI, QI+C F X U QI+R RER A (e/d=3) D EIGINRFE %
POREEEFICLVAHEALLZDDTH S, Fig. 2.4(a)ICnd X Hic, QI kEH
(e/d=3) (&L 45°f8) <X, N FfL&ED 5 Imm O FHNICHR L FFLICH - 7218
SR T ¥ 72, Fig. 2.4(b)ic " ¥ X 51, QI+C B H (e/d=3) (FJg X C Jg§) T3,
QI B F (e/d=3) L [AFRIC R b FLEED 5 1mm DA IC AR b FLICH - 72852
M c%7=. —7J5, Fig. 2.4(c)IC/R¥ X 512, QI+R B (e/d=3) (EXJEIZ RE) T
X, QLRERH (e/d=3)THER N/ X SR bfliciho 2B E Iz T, A b1l
2> b it 72 SIS b MRAE TE S I R L - BE 03ERE T X 7.

Fig. 2.5 3 &M I3 % QI, QI+C ¥ X O QI+R RERF (e/d=3) DB {5 IKHE %
ROREFEGEECLOAHEALLEZDDTH S, Fig. 2.5(@)IKRT X 91, QI K
(e/d=3) (KE X 45°f8) TIXHR L M ILED 5 1mm DO HIPAH IC R L b fLICH - 721815

IlOmmI
(a) QI (b) QI+C (¢) QI+R
Fig. 2.4 Macroscopic failure of the specimens at the initial bearing strength, Sini (e/d=3)

IlOmmI

(a) QI (b) QI+C (c) QI+R

Fig. 2.5 Macroscopic failure of the specimens at the ultimate bearing strength, Sui (e/d=3)
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Z DIEGIRRE IR QI+C RER T & AL 7.
R BR R (e/d=3) D 3B IE HE 1L, TH E 8 € — F (Fig. 1.3(a))
HE S, QI & i (e/d=3)

7 R&

A ERH (e/d=3) D B HE T

Y,
J&
15z sl T &,
DED k5% &n»b,Ql
KW eEFEZ LN S, 72, QI+C, QI+R
CRIBRICHENEE - FIcidfweEZ LN 5.

242 NEPEEHE (MHBHERSERE)
Fig. 2.6 1Z QI, QI+C ¥ X U8 QI+R(e/d=3, 1)IC B} 2 W WHEHE D HEIE Z R~ L 7=

MEX<H b, LA cRImotwrmel s R (Fig. 2.7, 2.11,2.17,2.21) (X583 abed
DHFPH % /89, Fig. 2.7 PR SBT3 QI, QI+C F X U QI+R RERH (e/d=3)

DHAMHBER R CH 2. RELLEBHCOWT, Fvorovv B (O B/
t

A
-
\ A
: ﬁl@ﬁb

¥ :

C

Tyl .

Fig. 2.6 Observation area of out-plane cross section
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(c) QIR

b Ilmml

Fig. 2.7 Out-plane failure of the specimens at the initial bearing strength, Siy; (e/d=3)
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Fig. 2.8 Schematic of failure morphology at the initial bearing strength, Sii (e/d=3)
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% 7.

Dl X5z eh»s, QUi (e/d=3) DV ARG R L5 ic 0 2 HEKREICD
W, ¥y oV E, A ANEG, BRI CEE, BHEETImo 2 2y 2 R
NN IC R AE T B 2 LIS T T o 72, QI+C BB (e/d=3) D #) B B 5L 5 T
FFIC BT 2 EEIREIC O WT, QIkEA (e/d=3) FIfEIC, ¥ v 27 NV F, HWitEA
Wra s, FER CBE, BEEIT A RO 2 7y 28R MLBERFICRET B Z L
HH & 2212 72 o 72, QI+R B F (e/d=3) D W) HHEG A i ic 3 1 2 HEIREEIC 2w T, QI i’
B (e/d=3) L [FARIC, F v 27 v 8, oS AWERE, B <, MHEF1T 75 1m
DY Ty RN BEFICHEET 2 LS BT E o 7.

2.4.3 CRAMHMR (MHERR)

Fig. 2.9 (X QI, QI+C & X U QI+R kB i (e/d=3)IC I 1F 2 W) FATH H A8 JE Sini D HHKL
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Fig. 2.9 Comparison of initial bearing strength, Sini (e/d=3)

‘# *GLC ‘# "O'Lc

A A A4

R layer 0° layer

ZO-LC KO-LC

T 7oy e

Fig. 2.10 Reinforced mechanism of R layer (Improvement of bearing strength)

RTHY, 27— N"—RBEEFEEETT. ok, MR I T 6 R TH 3.

QI+C R B& Fr (e/d=3)T %, QI RER A (e/d=3)icxf L THIHIHE EFRE Simi 1Z EH L 22 o
2. 72, 242TH XY 0°, £45°, 90°/8 D IEEIRRE X QI HBRF (e/d=3)IC B F % & &
DGR L FLUL TH Y, CETIRAAL FLESL S 1mm OHPHPICE L+ fLICH
S>THBBED AR TE =, —J7, QIR HERA (e/d=3)T X, QI FABkF (e/d=3)IT X
UCHIAMm S Sini 12 11 % EF L7, 72, 242IHX Y 0°, +45°, 90°/F D iE {5
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KA1 QLB (e/d=3)Ic B T 2 K JEOBMGREBLHUL THY, RETIEF v 7
vEEEZONLHMGIMICEREE SR &/, 22T, Fig. 210 IR T XD
I, 08 & 45°TEIC BT 20 OEffiTEZ BT 2 &, RIEHHMES 171D EHEIG T oe % 57
HT2ZLIcLoT, 0°fFF X U458 104 U 28T IR O JEMGIG )] oL PME T35 2 & iC
5. 2D EPE, QIR KA (e/d=3)D WML EEE Sin @ L5 1, RJEDHI®
WRAEIC X o THIRWICHELFBICoHINZI LCERT2LEZ2L1 2.

LEDXS%mT R, ed bR RKECHADUIMIER S ICE T, RE XYM
H SR Sini O ERICH S T2 2 EBHL IR o7, ik, RIE O R E
MmErHIT 2720 THELEEZLNS.

244 ABESHE (RABRREE)

Fig. 2.11 (3 KB SE 6512 51 % QI, QI+C & X O QI+R ik H (e/d=3) D it 7} i
HBEERCcH Y, BIZHEIHIT Fig. 2.6 IS/ T HAWTHIFEIN abed TH 5. FAEL 2
BEICOWT, ¥V 7Ny P& KB, WM AWEG%Z Sz, EBRIZ <% DL &R
3. F£ 72, Fig. 2.12 3K ST IC B T 5 QL QI+C B X U8 QI+R B F (e/d=3)
OEEOMAMHOBERELZ R L 2BEAKTH S, BELLBEICODVT, Fv
7NV F7% KB, WA AWEEG%Z Sz, AT mIciho~ Vv 2 RX7 T v 7%
MC, fHELIREE % FT LR .

Fig. 2.11(a)ic /R § X 91, QI RERF (e/d=3)TIZ, ¥ 7' ¥ 7@ L 7= 815 2 kR
TE, Z05b 0 (LM, TH) oEFGEFy 75 F, #45°, 90°fF (LM, T
i) oEGEImbEABBETH 2. T, 0 L-45°E o (EM, THD <kE
it < BEDHERE © & 72, Fig. 2.11(b)IC/R" T X 912, QI+C kB FA (e/d=3)T I, QI bR
F(eld=3)D Y& LRIk, v 7y ricHEl L 2 BEPHERTE, 20HH 0°EoHE
Bix*v 7w F, C, £45°, 90°fF DG TN EAMIBE CTH 572, 7z, 45°E
Loofgof] (L) X0 L -45°fd ol (B cfEiiE < BE TR T & 7.
Fig. 2.11(c)IC /"3 &L 9 1T, QI+R iB&EH (e/d=3)T ¥, QI RABRA (e/d=3)D & H & [k
i, VY SicHEk L EGSERTE, 205 b R, 0EOEGIIF I NV,
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Fig. 2.11 Out-plane failure of the specimens at the ultimate bearing strength, Suc(e/d=3)

+45°, 90° /B EE IZH A EABIEIETH o7, 72, 0°fBL-45° o (L)
JE R < HEDHERE © & 7=,

Fig. 2.12(a)lic/mn 3 X 91, QI fA <X, FEIcH A M FLEE 2 & IRIC F 4 L
TEMERGE L, A b LD & BRI 2 F CRREEPAT T mIC AR L 2 BE 03ERE T ¥
7. To5b, EfBEHICOWT, PIHBERERCHEZE T Xy 7 Ny FRHE
AR IRIIC S E L2 FE 2 b 5. R b Lo bR IC 2 THRHEF- 17 75 1
CRAELZZBEE, 2AMKEE—FX28BEHCHEMULZ, £72, &IV T
MEFAT T ENICFEAE L7227 7 v 2 B3OSR R & L3 L 7. Fig. 2.12(b)IC /R 3 &
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Fig. 2.12 Schematic of failure morphology at the ultimate bearing strength, Sut (e/d=3)

94T, QI+C RERH TIE, 0°, +45°, 90°/8 D EEGIREE 1Z QI R A D K& D a5 ke
CFMLL 7. —F, C JE CITBHEE R 5 o EAEIEEG YA ICiERE T &, X b
M T A mosEEELBE I N, 72, Fig.2.12(c)ik/RnT X 9 iC, QIR AEH
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ICDWT, 0° +45°, 90°f8 DR IRE X QI BN Ic k1) 2 g 0 iEEGIREE & M
L7z, =/, RETRFVINVFEEZONLZEBEDILIICHER CE /2.

b X577z ens, QLRERH (e/d=3)D I K k%1 1) 3 BEIREICo
WT, ¥y roNv b, e AWES, BRI EE, BT Mo 2 7y 23w
Vo LD HBGR I T A IC K E T S 2 EAHL IR o /2. QI+C A BE A
(e/d=3)D Fx K IE R 5 I B 1T 2 BEIRFEBIC O W T, QIR (e/d=3) L FtRIC, *
YNV F, A AWES, FEE B, BT Ao 2 2y 2 AR L
2 ORI 22 CINEIPHICHRAET 2 2 L BSHS 21T 7 - 72, QI+R S B F (e/d=3)D &
KB FOR R IC B 0 2 BEREIC O WT, QLB A (e/d=3) & FIfkIC, F v 7 NV},
A A MR, JEEE CHE, BHEEIT S0 2 Z v 2 23R v b AL bR I 2
JCILEICRET 2 2 L BHL 2T - 72,

245 CRAHHR (RABER)

Fig. 2.13 13 QI, QI+C ¥ X U QI+R i BE F (e/d=3)IC B F % i KIH L 58 B Suie D HLHL
RTHY, 27— N—RBEEFEELZRT. ok, AT ZNEN4ARKTH S,

1000

(@)
o
(@)

600

400

200

Ultimate bearing strength, S, MPa

Ql QI+C QI+R
Fig. 2.13 Comparison of ultimate bearing strength, Su (e/d=3)
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Fig. 2.14 Reinforced mechanism of C layer (Improvement of bearing strength)

QI+C ERF (e/d=3)T I, QI RBRF (e/d=3)Icx} L TR AMEIRE Su 1d 36 % EH L
7=, F72, 244THX D, 0° +45°, 90°f@ DIEEIREE X QI B A (e/d=3)IC BT 5 &
JEoBERELFLL TH Y, C JEIXMMEZTTIR O MG & MHEF1T 77 1m0 5]
RGOSR CTE /., 22T, Fig. 214 1IR3 X 51, CETIZRL F HEih&Ric
L0, BHMEAAOBIRIGH o MER T2 2 Lich?. 2ol thb, QIHC AEHA
(e/d=3)D I KIHITEIEE Sue © LF X, C EOFmMMMEIC X o TR ICHTELKE
ChHaHINcbicERT2EEZLONS,. 2D X HIC, C BICHMHEDFIRIC T2
FHS 2 L IC X2 RE 7 — 7R EEERT L. 7L, 243HICRL 2 X

ICHIIAEESRE S D EF L0722 &5, WENSETT 2EBETT — %)
BRBPEMC -T2 EZLNSE. —F, QI+R REH (e/d=3)Ic 2T, QI kA IC
XU CROKMEEEEE SuclZ 27% LA L7, £7, 244THX D, 0°, *45° 90°/E DiH
IR QIR A (e/d=3)Ic BT 2 {BoEEIRELFHLUL TV, RETIRF V7
NV R B EMERE SR TE /2. Fig. 2.10 X 0, QI+R #ERH o &% A i &
Sue D LI, REOREMBHEIC X o THIRMICHELZEBICHEI N LITER
TrEFEILND,

LLEDX SR enD, edP TR RECHAORRKKERICHEVT, CEIRRA
HEREE Sue D LFICHFEG T2 ERHEL 2T R o2, ThIE, BEEHEETT 28
BccCcEo7 -7HMEMEAT -0 THILEZONS. —TF, REIIRKHEE
BRI Su D EFICHETEZ EBWHLLIT R o7, THUE, R E O TR MEHE 28 L 7
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HroHT 37:-0¢Ez20N 5.
2.5 MEHERERE R (e/d=1)

251 MEBIE7oE X

Fig. 2.15 3 W) G SR H 0 % QL QI+C ¥ X UF QI+R RERF (e/d=1) D 18 {5 IR 5E % Y
CREEGHEICXVAHEALAZDDTH . Fig. 2.15() T X H g, QIikBah (£
JE1x 45° J&) TIEAA MBS Imm OHEPHANIC KA M LICH - 721815 2R T
% 7. Fig. 2.15(b)Icn 3 X 51, QI+Cillith (RE X CcJE) <z QUikl A & Ak
i, A AL L Imm OHPHPN TR P LITH 5 2 BIG S HER T & 2. — 7, Fig.
2.15(0) iR T X 5, QR AEA (EEIZRE) ©b QIREA &AMk, Tt
L2 5 1mm OEFANIC AL L FLICH - BB HERTE /.

Fig. 2.16 13 A& M ic 313 2 QL QI+C ¥ X U QI+R RERF (e/d=1)D B IR HE %
ROREFEEFICLXOAEALZDDTH 5. Fig. 2.16(a)iCn T &L Hic, QI

(FJF 1 45°T8) TIZA N P LD HFERIC 2 T 45 A R4 L 72 BE SR T &

I 1 011 ‘:’

(a) QI (b) QI+C (c) QI+R
Fig. 2.15 Macroscopic failure of the specimens at the initial bearing strength, Sini (e/d=1)

IlOm1|

(a) QI (b) QI+C (¢) QI+R
Fig. 2.16 Macroscopic failure of the specimens at the ultimate bearing strength, Sui (e/d=1)
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2. ZoEEHIE, TAWNEE - Vick T3 WIEREICELL~. Fig. 2.16(b)IC /N
T XYL, QI+C B (FEIZ CE) <k QLB LB AL, A tilEsr b
Imm DN L Z b iin-EBIcH L FfLiciho 28GR TE . ZDE
GIRFB X, Fig. 2.5(b)ICRT e/d=3 DEEH LML 72, —F, Fig. 2.16(c)iICRT X 9
i, QI+R ABEH (FEIX RIE) <13 QIABA L BEREBIZHEL, K1 bir s
PRAKNC 2210 T 4507 M T84 L 7= B {5 A3 ERE < % 7z,

UEoXo7mzenrn, QL A (e/d=1)DW R IX, HAWBEE—F (Fig.
13b)ICiE Ve Ez b b, E 72, QI+C B F (e/d=1) D WIETLHE 1Z QI Bk A (e/d=1)
CEAY, HIEMEE—F (Fig. 1.3(a) 1w EEZ2Z NS, —J7, QI+R REH
(e/d=1)DWIHEIZRE X, QIR L FIRICEAWHEE - Nt EVwWEEZOND.

\

252 AMIBEHRE (MBERSERE)

Fig. 2.17 (3 ¥ ARG LS 1 B3 % QI, QI+C F X OF QI+R Bk A (e/d=1) D T 4} W 1 81
KEERTH Y, BUHEEIL Fig. 2.6 18 T AN H IR abed TH 5. FE L L85
O WT, mEAWEEGEL Sz, BRI DL &/”"9. F 72, Fig.2.18 3 #]H
BRI BT % QI, QI+C B X U QIR Bk (e/d=1) @ & J& o Ifi NI i o #8145 1k
Bz RLAEBRKCcH 2. FAELEZBEEHEICOVWT, v 278y K% KB, HIh& AW
HIE% Sz, MHEHFTMICihoZ~ M) v 7R T v 7% MC &RT.

Fig. 2.17(a)ic/R"$ X 5 1c, QI iBRF (e/d=1)Tlx, K F I 90°f8 (L) &
90°f8 (M) oMz ER EF 2 b2 I AWEL, Kk fEO 0°F & -45°0F
o (L@, FHE) X thEo 0°fg L 45° @0l (FH) BEHEEZLNDIC
JERE CBEXTER CTE 2. (bR T X 9 iC, QI+C #lE A (e/d=1)Tlx, QI #B&EH
(e/d=1)EFEBPAL TH Y, K b Ao 90°fd (L, TH) cmshe A WiHE & R
ML 008 L 45 fE o] (T B X UOED CTg L 45° ol (L) 2
LEZOoNBERIZSBERERTE 2. ()R T X 51, QI+R ERF (e/d=1)T I,
QI BT (e/d=3) & F7x b, F A MLKICHEGEZMERTE I, HiKixo 458 (THD)
ERJE (MDD PEREEX LN JEMIT S FELTHEE T X 7.
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Fig. 2.17 Out-plane failure of the specimens at the initial bearing strength, Sini (e/d=1)

Fig. 2.18(a)ic /"3 X 512, QI #BEA (e/d=1)TlL, 0°, -45°fFICEH VTRV b LK
HicEMEGE L ER T2, b DBEHBICO VT, wInb FY I NV FLEFEZ
bhd., T, EBICBHEETHARMO Y Z v 7 bR TE 7. Fig. 2.18(b)IC T X
512, QI+C iR (e/d=1)TlX, C, 0°, £45° 90°/FICHB T, KN FfLHE2 S5 Imm
DEFAN & Z 2 2 o i = E AT EMBE IR CE L. ThoDBEFIConT,
ClECIIMEAICih o7z~ b w2 22Ty 27,45 J&,0° BClIF v v L,
45° JE, 90° JBTIRF v oAV R EHNEAMBEOM AR ELZEEZLND.
Fig. 2.18(c)IZ/R 3 & 9 1T, QI+R kB A (e/d=1)IC D\ T, 0°, =+£45° 90°fF D EEIRE
X QI A (e/d=1)IC BT 2K BEOEBGIRELEHUL 2., R ETIEHRL FL&E» S
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Fig. 2.18 Schematic of failure morphology at initial bearing strength, Sini (e/d=1)

Imm OHFFHNICE L FFLICH - ZHEEPHERCTE 2, b DEBICOVWT, »wT
NbFvorsAviFeEEZOLND.

Ll X5z enrt, QUikEA (e/d=1)D W MR F s E 712 35 1) 2 H{EIREIC D
WC, ¥Ry ooy E, mAE ARG, BRI CEE, BT Ino 2 2y 2R
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VLIRS HEE T B 2 L AL 2017 o 7oL QIHC BRER A (e/d=1) D W) B KR B i 155
BT 2EEREICOWT, QUERABA (e/d=) L FfEIC, ¥ v 7 NV F, A& A B
B, B, SMHETIT RO 7y 2 RRAL FPLBEICHEET B 2 AL
D78 o 7z, QIR BB R (e/d=1)DWIAR R Fic 5 F 2 BEREICO> T, QI #Bk
Freld=1) L FIfkIC, *v 27y ¥, Wb A WG, BRI, BEE T A mo
77y 7 BRNLMLBEHICRET 2 EBHL TR o 7.

2.53 CRHMHMR (MHPERR)

Fig. 2.19 ¥ QI, QI+C & X U QI+R i F (e/d=1)IC 5 1F 2 W1 H B E Sini D HLBL
BRTHY, 27— N—FEERFEZE2TT. ok, ABEABEIZLZNL 6 KTH 3.
Fig. 2.19 IR X 91T, QI+C :ERH <X, QI ERH <Xt L CH) A L8 Sin 1213
IEEEECTH o7z, —F, 252 H X D 0°, +45°, 90°fF D G KB 1X QI 3Bk A (e/d=1)
CEF2EEOBRERELHMULTEY, CETIAL FLE2 S Imm OHIFHNIC
AL LR -BEO AR & /-, —J7, QI+R RBH <X, QI HBh icxt
UCHI AR Sl EA L ed o7z, 72, 252X D 0°, £45°, 90°/8 DE {5
KA IZ QLB (e/d=1)IC B T 2 K BOHRBGRELHULTH Y , RETEF 7
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Fig. 2.19 Comparison of initial bearing strength, Sini (e/d=1)

37



VFEEZLN DM I EMIBGE SR TE L. Tab D, R E ORI
JEMERIE 2 L 72 2 & (Fig. 2.10) 28F 2 6N 32, T & ZPAMHITERE S
WHES Lo,

LED XS5 edn, edP/NTWHEOPIERRICENT, C, REITVWT
N FIITE LR Siw @ ERICHS LAV, R JEO MM EEMEZ 9H T
LEZLNS.

2.5.4 AMBIEGEHE (RAWRREE)

Fig. 2.20 3 | K SR 6512 51 5 QI, QI+C & X U QI+R ik F (e/d=1)D ifi 7} i
MEBIEMERCcH Y, BIEHEIIT Fig. 2.6 IR T IR HITEIEK abed TH 5. FAEL -
BEICOWT, ¥v 7Ny F% KB, HibEAWEGE Sz, EHIZ<#E% DL &R
9. Fig. 2.21 3 mABE ST ICE T 2 QI QI+C B X U QI+R & A (e/d=3)D % &
OHHNWH OEEREZRLEEAKTHZ. BELLBHICOHNT, Fv o7y
N% KB, W& AWEE%Z Sz, MHtTmicihoz~ Yy 22277 v 7% MC,
WHETIRIES % FT &R 5.

Fig. 2.20(a)iC /"3 X 51T, QI RERF (e/d=3)T %, 0°f8 & -45°f@ [ (LM, TH)
DAL MLFEBELORERES L EZ O N EM T BEXHERE T & /2. Fig. 2.20(b)
IR T X 50T, QI+C HERA (e/d=3)TIlx, QI EH (e/d=D)t B b, V7 ¥ rici
L7 BEG2sHERTE, 2055 0 EoEEGIEF 275 F, C, +45°, 90° @D H
Bixms g AWEECTH o772, 20X RBEERAERET Fig. 2.11 IR T e/d=3 ©
FHARBRR LML 72, 459/ 0o oM (LM, THD cREARESEE LD

2 M M TSR T ¥ 72, Fig. 2.20(c)ICRd X 9 ic, QI+R ER A (e/d=3)T I
QI A (e/d=) L FALLL TH Y, 0°fg L-45°/@ ] (L@, TH) oFr b fliks

LU0 B 45 JEol (THD, 45° Ee REOM (TH) AlEHtEzoN 38
[l 1% < Bt A3 HERR © ¥ 72,

Fig. 2.21(a)ic /R d X 91, QIAREH TIZ, BBITHEA P LB 2 b LB Ic F 4 L
EHEHRGE &, v b LD & BRI 2 F CRREEPAT T I R L 2 B 03 ERE T %
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Fig. 2.20 Out-plane failure of the specimens at the ultimate bearing strength, Sut(e/d=1)

2. TD5b, EiBHIco TR, YIPERAGCHRETE Xy 2y FRmSt
TAWBESIEIRICRKE L EEZ LN D, R b FLd O IC 2 F THEHEEAT T
FICHA L 721851k, TAWNBEE - F X2 BEGCEMLE. 4, SEicsnT
MHEPAT TS E L 722 7 v 7 3B R R & eI L 72, Fig. 2.21(b)ICR" §
Lo, QI+CakBER T, 0°, +45°, 90°fd D RGIKAE X QI iBEF o & & o B E IR
LELL 7. —7J7, C BTRMHEERTROIEMBESLBICHATE, ol
MAMEFITH Mo BIRBEG S BIE I 7z, £72, Fig.2.21(c)Ii/RnT L 51T, QI+R kR
Ficow, 0° +45°, 90°f@ D EEREEIX QI A I BT 2 HE oEGIRAE & 3
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Fig. 2.21 Schematic of failure morphology at the ultimate bearing strength, Sur (e/d=1)

L7, —F, RETRFVY IV FEEZLNBIBENILIRICHER T 7.
Dbl X7z ens, Qlikbi A (e/d=3)D i KiEE fm 5 1c 1) 2 EEREICD

WT, F Yoy R UL cRA L, A ARG, JERIE < B R

VAT D 2 7 v 72880 b AL ER 2> b Wi I 2> \F CILHEIPHIC 4 3% < & 3B
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O IR o T2 QI+C RBER A (e/d=3)D I Kl G5 1 5 1F 2 HEKREICO W T, QI
AR (e/d=1) e 72 Y, v o oNvF, WA AWERE, B EE, P TS
WD 2Ty 2 BKRL LG OBFEICH T CAREICRET S EAHL LI R -
7o, TOXS RBEHREL, e/d=3 0&ERBAICHEIL 2. QIR RERF (e/d=3)D &
KU RGEGE I B 0 2 BEREBICOWT, QLA (eld=1) & FEkIC, ¥ v 7 v F
AR ALBOREE TRE L, WA A WG, JER < B, P T Ao 2 7 oy
7 MR N AL SR 2 T CILHBIC R AET 2 L AL 2 IC R o 72,

2.5.5 CRHMHNR (RABER)

Fig. 2.22 1% QI, QI+C ¥ X U° QI+R ikBk i (e/d=1)IC I F 2 F KT H 58 Sue D LKL
BRTHY, 27— N"—3EEFELZRT. 2b, dBARE IR ZIN4KRTH 2.
QI+C il <, QUi ich L TR ARMERE Suc i 27% LA Lz, £72, 254
HX Y, QLA TIRBEHEI AL LRI CL 2R TE A2 oD L, QI+C
AR Tl A ML o EMEE I T, R e bin e F v 2
N R B EMHEEE DR TE 2. T, Fig. 2.12 IR T e/d=3 DEREA D
BEIREICEM L. 22T, Fig. 223 ICRT X o ic, AfGHEICEHNEABIGH
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Fig. 2.22 Comparison of ultimate bearing strength, Sui (e/d=1)
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Fig. 2.23 Reinforcement mechanism of C layer for shear-out mode failure of 0° layer

wr BEM 3 2 THBIC B W T, CJE LTI Ic5IRICH o BME T 2 2 210k 5.

DT E,L, CEOMBMMEIC X > THBo ¢ AWIGH 2 IE xh, QIaEA T
FEL e AWIEE— P25 QI+C B CIRmEREE - FIcEB L E XD
nsg. 7, QLB L T QI+C i O i REEBIE Su 23F L L 722 i
DWT, BN ET T 2@ T — 7R (Fig.2.14) dREI N8 E2bN
5. —77, QR BB ICoWT, QUEAE A I U CTHRKRMEEBE Su i 12I1XRRE
THhot. 72, 254 THI D 0°, £45°, 90°JE DIEEIIRAEIZ QI RERF IC B ) 2 %
JEoEGRELFELLCTH Y, RIETIETAEL IS Imm OFHAICKEAL FLIC
o G L BHEPIT A MO 2 7y VB3R TE . ThbDb, R JEOHIRMME I
JEfafiE 2 H L 72 2 & (Fig.2.10) BFEZ b 52, O & idmKEEMRE Su
CEHE5 LaroT.

LED XS b, e/d /NI WIHEDRRBIEFITE T, CEIEE AW
HE— N2 omIEWEE - NIcERBI 32 L2ICh>72. 2hIZ, CBD
RS ME A SR EZ ST 220 eEFEZONE. 72, CJEIRERKETEEE Su D
FRICHEET B bW LIC R o7, THIF, C J&DRIEMkHE 53R E 2 404
T iz, WENETTIHBETC 7 - 7RO ENT 220 TH2LE2H
Nz, —%, REFZRKEE®RE Sua® ERICHFSLS LA, RIEOEBHE i
MEZSET I EBELILOND.
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2.6 58

AREETIE CFRP L M EEAMETF IO L, MMEARREE G R 1ot~k 72 2 X 5 Zli iz 7eff
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Fig. 3.2 Finite element model of QI specimen (e/d=3)
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Table 3.1 Dimensions of specimens (unit : mm)

e d w t
QI (e/d=3) 76.20 25.40  100.00 2.56
QI+C (e/d=3) 76.20 25.40  100.00 3.20
QI+R (e/d=3) 76.20 25.40  100.00 3.20
QI+CR (e/d=3) 76.20 25.40  100.00 3.84
QI (e/d=1) 25.40 25.40  100.00 2.56
QI+C (eld=1) 25.40 25.40  100.00 3.20
QI+R (e/d=1) 25.40 25.40  100.00 3.20

QI+CR (e/d=1) 25.40 25.40  100.00 3.84

Table 3.2 Material properties of lamina
T800SC/ RTM6-2

(Elasticity)

EvL 164.00 [GPa]
Young modulus Er 8.30 [GPa]

Ez 8.30 [GPa]

Gir 3.90 [GPa]
Shear modulus Gz 2.50 [GPa]

GzL 3.90 [GPa]

VLT 0.33
Poisson’s ratio VIZ 0.50

vZL 0.02
(Strength)
Longitudinal tension SLt 2965 [MPa]
Longitudinal compression ~ Sic 900 [MPa]
Transverse tension STt 90 [MPa]
Transverse compression STe 214 [MPa]
In-plane shear Tir 75 [MPa]
Out-plane shear Ttz 97 [MPa]

AT T, Table3.1, 3.2 I3 ilEA £ 7 VO~ iEE X O —J5 M O MBI % 8 FH
L, BEREE L 72308 (QI HB&RH[45/0/-45/90]s) % Fe#EIC, ClEE /-3 REXH—
fiss L 72 5lBf A (QI+C [C/45/0/-45/90]s, QI+R #Al&F[R/45/0/-45/90]s) H X UC, REEH
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Fig. 3.3 Coordinates system of C and R layers on finite element model
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C, REDHRELZEETFTLVDMEEZRZ/RLTEY, yHicB W TR LR EEICHTEA
234 U 2% R b LD & S L U 72 B %, 2 o SOl % QAR T AN L 7=,
¥ 72, 2E R L 2IERERBR OFREFIcAbe, ARERET AL TIEC, REDFR
M LE Y OERESER 1 E ke Lz, BEBAEIRICow T, 2 BEol~ 7z
JEER & FIRRIC, e/d B3It KE WEERR (e/d=3) & eld /WX WiEERR (e/d=1) 1D
THET 247 - 7.

3.3 BUERRTIER (e/d =3)

331 QI HABKF (e/d=3)DWEER7TOE R

Fig. 3.4, 3.5 1% QI ikBiF (e/d=3) DEUEMHTHE R CTH 5. Fig. 3.4 12T, #Edhix(2.1)
X D E% L f:@}fmﬁ Obear fzé O s *ﬁ%$fh ﬂi:_tt(22)<l D 'I:»E% L f:ﬁEU‘?‘Jf Sbear’C\‘Z’D
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Fig. 3.4 Bearing stress—bearing strain response of the QI specimen (e/d=3)
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Fig. 3.5 Stress and failure distribution of QI specimen (e/d=3) around initial failure
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Fig. 3.6 Bearing stress—bearing strain response of the QI+C specimen (e/d=3)
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Fig. 3.7 Stress and failure distribution of QI+C specimen (e/d=3) around initial failure
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Fig. 3.8 Bearing stress—bearing strain response of the QI+R specimen (e/d=3)
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Fig. 3.10 Bearing stress—bearing strain response of the QI+CR specimen (e/d=3)

I, MEHEST M D EAFEIS ) o TBH B, —J7, QI+CR ikER A (e/d=3) D WA FiHi (0bear < Sini)
TiE, @O, QIR IHHEIENE — Vic X 28GR EL. 2hoDBHERZAZLOG,
@I TR I HEHE ST 18] D JERFEIG ] oLe 23NN LE & [FINLE CTH o 72,
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(O'bear = Sini)

(O'bear = 0-83ini)

(O'bear = O-BSini)

M Fiber tensile mode

B Fiber comp. mode
B Matrix tensile mode
[ Matrix comp. mode
(d) Failure distribution

(@) oL (b) or (c)
Fig. 3.11 Stress and failure distribution of QI+CR specimen (e/d=3) around initial failure
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3.3.5 CR fs@ ¥R (e/d = 3)

33.1 HTib~7- X 51T, QI iRERH (e/d=3) 13 WIHAEE 5L i (Gvear = Sini) TILMEHMELNEE — 1
i X 28505, WIS ST (0bear < Sini)) TIEMHMESIRE — NI X OBMEME— FIC X 3
F7 70T 4 ANTRBERFEL . Fig.3.12, 313 Z2h oD 5 b, WiHEsIRE—F
I BT B BEEE FIL B X OCFEETEM £ — Fic s 2 BB FL. © QI, QI+C, QIR ¥
X OF QI+CR B A (e/d=3) D LLBEAE R TH 5. Fig. 3.12 13 0°f# D R v b FLBERIC 35 1) 2 kit
53R & — N DRSS FI,, Fig. 3.13 13-45°f8 @ R v b fLEEEIC B 2 ki EiE € — F 048
GHEEE FI. D3 TH 5. IR MBS OFMA o, itz 2 s ke — 1
DIEIGIEIE FI,, WHEITEAEE — F OIBEGIRE FL. TH 2. KER (7L =) 13 QI kB,
fBEAR 1L QI+C 5ABEh, MIAiftIE QIR BRF, MEMIT QIHCR AR 2”7, b D
R IFOTND KR TERE L ZZHEICST ovear = 270MPa (Fig. 3.4, 3.6, 3.8, 3.10 D 7R AL
HI) B3R TH 5.

10 T T T T T T T T T T

-30 0 30
Position , 9, deg

Fig. 3.12 Distribution of FIr; on 0° layer (e/d=3, ovear = 270 MPa)
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Fig. 3.13 Distribution of F1ic on -45° layer (e/d=3, opear = 270 MPa)

Fig. 3.12 22 b5 X H I, Kilih @ 0°f8 Ot s [ 9RE — F o BERE FIu X, 6 =
+65° TR & 72 o 7z, QI+C kB A (e/d=3)D 0°JF D 6 = 65°TDMFHMET[IRE — F DIBEFHE
FIio ik, QI #BRA (e/d=3)Ic LT 15%fK T L7=. TZT, Fig. 223 IKindLo1ic, Clge
0°J&IC BT 6T DFMMEEZ ZE RS % &, CIEDOMMMELEIRICT oz piHT 2 Lick 5
T, 0°fFD 0 = 45°ICAE L 2 HNEAMICT er BMET T2 28Ik d, 2ol e, 0=
+45°CHRAET L AW E — F (Fig. 1.3(b) I X 2BEREZNFHIT 2R 2L & #
Zbhd. —F, QIR EH (e/d=3)D 0°fED 0 = 65°TDMHET | TRE — F DBEFE FIL,
X, QIiREEA (e/d=3)ICXT L T 20%fK T L7z, 22T, Fig.3.141Ic/R3 X 91C, REL 0°8
ICHB T 20N DM EFE S 5 &, RIEOMHISTEMICT) o ZHFT 2 2L ICk 5T,
0°TED O = +45°1C A U 2 HINEABIE cr DME T2 2 L iCr b, 2D Lid, §=+45°
THRET 2 AWMIEE— PIC X 2BEREZNFIT MR EEDLEEZOLND. I HIC,
QI+CR EEF (e/d=3)D 0°J&@ D 0 = 65°TDfAMESIRE — F DIRGHEEE FI 1X, QI All#A
(e/d=3)ICxf L T40%IK T L7=. T74abb, QHCRABH (e/d=3)TlL, CJE & RJE L DT
BRIC X 5T, HNEAWIEST e % X D HRINIEcE 2 6 FE 2615,
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Fig. 3.13 22 b p> 5 X 51T, Kilbih D-45°F OfHE AT — F OBGIE FI. 1%, 0=
450 THK & 7n o 72, QI+C RERF (e/d=3)D-45°TE D 0 = -45°T DMHMEILHEE — F DiafEE
BEFL X, QIiBRA (e/d=3)ICxf L TIK T Lirdr o7z, T7abb, CHEIT e/d=3 Dbk I
xfL, MHEEAEE — N OBGIEE FlL B2 RITE hweEX LN, —F, QHR AR
R (e/d=3)D-45°J& D 0 = -45°T DiHEIEHEE — N DIREHEEE FI. 1X, QI B (e/d=3)1c Xt
LT20% KN L7 22T, Fig.2.10 IC/RT X 51, 0°F & 45°fF I B 5 1671 DS %
EET 5L, RIBOWHELEMIC o 27T 2 28Ik 5T, 0D 9 = 0°F L U 45°
JED 6 =450 U 28T RO EMEIS S oL MK T2 2 817 b. SO &, 45° =
0 = 45°CTHRAT ZHITNIEE—F (Fig. 1.3(a) < X 3 BEREZINH T 2R 240 &
EZzobn3, ¥5IT, QIHCR B (e/d=3)D-45°T8 D 6 = -45°C DHEHE T E — F DG
BE Pl 1%, QIEABRR (e/d=3)ITxXf L T20%K L7, 374&bb, QIH+CR ilBif(e/d=3)TIZ,
R JE OfiTRAN R (Fig. 2.10) I X o T, fHET RO EMIEN o ZIEIHTE 22 E X LN D,

O T
X Lc { : LT
= oo =T
7N —>
R layer 0° layer

munaumnnn

Fig. 3.14 Reinforcement mechanism of R layer for shear-out mode failure of 0° layer
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Fig. 3.15 1%, QI, QI+C, QI+R ¥ X U QI+CR B F (e/d=3)IC 51T 2 YA SR Sim D
AR cH 5. QI+C iBR A (e/d=3)1% QI Bk F (e/d=3)Ic X L, WIAMIERE S (2 EHF L
otz LL, 332WHTRR77Z X 5T, QI+C B (e/d=3) DYIHAHE EFRE S D SZHL
K%, QIitlEh (e/d=3) L [FIFkIC, WHMESTIMDIEMIGT o TH o7z, ThbbH, QIR
Fr(eld=3)icxt LT, CJEIZWMETERE S @ EFICEHS LS, HmREABIGH ar %
BT 25058 (Fig.2.23) 235 0, AT — FEZIHIT 2 &E2 605, —75, QI+R
B (e/d=3)1% QI EABRF (e/d=3)i1cxf L, WIHHIHITIRSE Sini 1 25% B L7z, £7, 3.3.31H
T~ 72 X 512, QMR HEEF (e/d=3)DWIHAIAITIEE Sini D XBLA T 1%, QI idBRNA (e/d=3) &
By, MNEAWICH ar TH o7, Thabb, QUi (e/d=3)Icx LT, R JEIXAHES
] DJEMEIE ] ore ZAKIRT 22058 (Fig. 2.10) 235 0, YHAHEEIEE Sw O LA ICH ST 5
EEZLNG. X HIT, QI+CR MERH (e/d=3)1F QI ERF (e/d=3)Ic Xt L, WIHATERE Sini
X 13% EA L7z, F7z, 334 HTHBR7 X 91T, QI+CR EEF (e/d=3) DYIHTHIETEE Sini
DECKT-1E, QI & F (e/d=3) & [FIfRIC, HRHESTIMIDEMICT) oo TH o7z, Tabb,
QI iABiF (e/d=3)Icxf 3 5 C, REDHELMIICOWT, C, REDHINEAWICT ur %
IR 2305 (Fig.2.23, 3.14) (2 AWE— FHEEZIEI L, R B OMHEST B OGS
oLe XK T 2 50% (Fig. 2.10) (IWIHHEIERE S 2 LRI 2 L EZ2z N5,

Lo

500 . . .

S
o
o
T
1

Initial bearing strength, S;,;, MPa

Ql QI+C QI+R  QI+C+R

Fig. 3.15 Comparison of initial bearing strength, Si,; (e/d=3)
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LEDXS5%Z D0, ed BT REVES, RIEIZATED 6 = 45° X F-45°f& D 6
= 45°DIHEST A DJFMEIC T o ZRIN T 2 720, HTHEE— PO EY FRX ¥ 3 C
EDHA S 22T 7 o 7.

3.4 BEREITHER@Ed=1)

341 QI HBRR (e/d=1)DWER7TOE R

Fig. 3.16, 3.17 1% QI shB& F (e/d=1) DBUEMEITAER CTH 5. Fig. 3.16 ICDW T, it 135
QDEYVERLZMMEISH ovear TH Y, FEHEHIXQ D)XV ERL ZMHED T A epear
TH 5. ERTRBIC X o TR O N EIS ) - O3 A iiAR, B & S ) -1
JEOF Al it o BB O R/ “FEBER TH 5. Ko O H R R (1)
AR E Sini), 77 L — AHNS VARG F A2 I, FALANE ovear = 0.88ini & 75 2 IRF AL,
TRHILENE Gvear = 175MPa & 72 2 IR %78 3. Fig. 3.17 12T, (a)~(c) ZWIIATRE 56
A Hil (Gbear = 0.88mi) (Fig. 3.16 DHFA) TOIHIOAHATH Y, (a) M 1A)GH 0w,

500 . T . r ' :
= \easured data
- — = Fitted line
. 400 F b
o 7
> s
8300 | e |
N S. . s
< 175 MPa
é 200 .
3 Initial damage point
“ 100 | ]
0.8S;,;
0 1 1 1 1 1 1
0 0.5 1 1.5 2

Bearing strain, e, %

Fig. 3.16 Bearing stress—bearing strain response of the QI specimen (e/d=1)
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(O'bear 088|nl) (O'bear O8S|n|) (O'bear 088|n|) (O'bear Slnl)

o P o : Z o &
45 ©f 45° O45 @,-450"0 45°}@
- -90% 90°F -90 N 90
0 545 45 \ e/.45°0 45°\@
-90° /]\ 90° -90°/]\ 90°
—
-45 45° 4\ 50 45°§@ @/ 450 45° \@
-90° .90° °E -
\( ::190\{ 90°% 90\
90  45°7 45° @~-45°045° @ @ -45°045°Q>
190", 90°F -90°, _90°F -90°; 90°
% = L —=> —->
| BEEENNY N CDNEBNAN [N DBEENNC e
720 720 -70 70 -60 go ' Fiber comp. mode
B Matrix tensile mode
Matrix comp. mode
@) oL (b) or (©) = (d) Failure distribution

Fig. 3.17 Stress and failure distribution of QI specimen (e/d=1) around initial failure

(O BHEE R TT AT o1, ()FHHNLAWIGT arTH 2. 72, MPoT 177
Xy MEEICH OB E RS, ()XW R (0bear = Sini) (Fig. 3.16 D OHI) T
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RS, £7, Fig. 3.17 oK o R F LAY ISR TEEIX, AL EEE 00k
Lfmf o ch v, KAIIEHE M (L) 2R,

Fig. 3.17 22 b b5 5 X 51C, QI ikbii A (e/d=1) D WIHARE T 5 (ovear = Sini) TIE, @I~ 31K
HEGIRE — Fic X B HBRGSFRAE L 2. Z OBRGIZOICR T HNE AWIGT] wr 238 LE &
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FfLETH o7, Thbb, QIRERA (e/d=1)DWIHIEITEHEE S ® AT 1%, QIREH
(eld=3)& 7V, HHNEAWMIE ar TH B L Ez LS. —J7, QLikEH (e/d=1) DY AL
F R (Gvear < Sini) T, @, @, @R THHMESIRE — Nic X 2185, ©, DICR I
JEfiE — Fic X 24815, O, @RI RMIEME— FIc X 28ERFEL 2. Zn i85
D5 b, WHEGIRE— FIC X 2405 (O, @, @) Fzhzh®, ©, ®ic, RHEHEE—

Fick 3486 (O, ®) Fzhth@, QIR THENA AW oL 238 WALE & [FfE T
Hotz. Ei, WHEEME—NIcX 2485 (©, @) Fxhzh®, ®IR3THTmoD
JEREIGTT oL 3R CILIE & R E CTH - 7.

UEDZ en, QUikERA (e/d=1)DHIHHEGE T Ri(obear = Sini) TlE, 0°JE D 0 = -45°1CHliffE
FliRE — N2 X 24815 GZRER I3 HENE ARG an) 2FET 2 2 L b o7z, —H,
QI FABRF (e/d=1) DY FARG S S Hil (obear < Sini)) TlE, +£45°, 0°fB ITHHELITRE— F, 90°/&IC
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45°JF ICHEMEIEREE — FIC X 29 72 U T 4 AN el GIREE A 1 ZMHE TS 18] 0 JEHEIS /1
o) DFEAEL T

P

3.42 QI+C B (e/d=1)DWIET AL R

Fig.3.18, 3.19 I% QI+C B F (e/d=3) D BUEMANTHE R TH 5. Fig. 3.18 ITD T, it 1%
RQDEVEERLZHEIEIST Obear TH Y, HEHIZNQ2)LVERL ZHTEOT A
ebear TH 5. Fig. 3.19 12T, (a)~(c) X WIHHIE S F L Hi (obear = 0.8Sini) (Fig. 3.18 @
HAHA) TOWHAHETH Y, (IEBHETT MIET on, (0)EBHEEZZTTHIET o1, (c)
FTHNEARIET) rr T©H 5. (DI HHAER T 5 (0bear = Sini) (Fig. 3.18 ®OHI) To A
BafiThd 5.
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Fig. 3.18 Bearing stress—bearing strain response of the QI+C specimen (e/d=1)

Fig.3.19 2* 5 b H % X 912, QI+C :RERA (e/d=1) D WA 5 (0bear = Sini) T, @, O
IRTHRHEITERE — FIC X 2HEMSIHICHREL 72, LaL, ChboEEREIIEL s
D, EWEMCRAEEHOHBIED DY 5 56720, IZIFFRIRFICRELZEEZLNS., Th
b DIEEEZ N E B, O FHHE 17 O EMEIG ) oL 2B WILE & FINETH o 72, T
bbb, QI+C Abih (e/d=1)D WAL S O ZECHE T X, QI iAERA (e/d=1)& 27,
WRHEST I D EMEIG ) o TH 3. F72, ZOLEHTF 1T QI ;B (e/d=3) L FRETH - 7=.
—77, QI+C Bk F (e/d=1) D HIHARE FL R HT (0bear < Sini) TIE, QIR TEMEMEE— FIC X 5
BEGHBFEE L2, Z OBEIZOIRTHEHNE KIS o 23E W ALE & FALE TH o 72,

UED X7z &nb, QIHC HRERH (e/d=1)D W HIFE L K (0vear = Sini)) TlX, 45°fED 0 =
45°% X U-45°T8 D 0 = 45T MEIEEE — FIC X 2185 GRCR 71 8HE S 17 o LIS )
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(O'bear = O-8Sini) (O'bear = Sini)

(O'bear = O-SSini) (O'bear = 0-88ini)
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720 720 -70 70 -60 g0 ' Fier comp. mode
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Matrix comp. mode
@) oL (b) o1 ©) ot (d) Failure distribution

Fig. 3.19 Stress and failure distribution of QI+C specimen (e/d=1) around initial failure

3.43 QI+R HEBE R (e/d=1) DT 0L R

Fig. 3.20, 3.21 I3 QIR fEi A (e/d=1) D BUEMFMTHE R TH 5. Fig. 3.20 iICDW\C, #Hitdl 1%
KDLV ERLZHEICH ovear TH Y, #EIZKQ2)IVERLZHEOT 2
evear TH 5. Fig. 3.21 1D WT, (a)~(c) X WIHITE B 7 4 A (obear = 0.8Simi) (Fig. 3.20 D
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Fig. 3.20 Bearing stress—bearing strain response of the QI+R specimen (e/d=1)

ZENE AW e TH 2. () IZPTHARR S 5 (0bear = Sini) (Fig. 3.20 ® OHI) To48
BaficH b,

Fig.321 22 bb A% X 91T, QI+R RERH (e/d=1) DWW 15 (0bear = Sin)) T1Z, &, @I
HESIBRE— Fic X 2 BE2EICREE L. L, ZhooEEREROEL B,
FESEM CIRREENEOH D H Y 5 5720, IZIFFRIKFICRELZEEZONE., T HD
HBEIEENnZE N0, OIRTHNEAMICH e PR ELFMETH o7, Tabb,
QIR FER F (e/d=1) DY EFREL Sini DL 1%, QLB (e/d=1) & E72 0, HAEA
WS rr TH B L EZ B IS, —T7, QIR Bk F (e/d=1) D YA S FiHl (ovear < Sini) Tl
@©, @R TiETIRE— Fic Xk 2185, @QIORTEMERE— NicX 32BEF L 0@
INTRMIEMEE — FIC X 2 BERRE L. chbEED Y b, WiH5IET— FNic X 248
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THHETE ST M D BIRIE ST o B3N LIE & FIIE TH - 72,
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(O'bear = 0-8Sini) (O'bear = 0-8Sini) (O'bear = 0-8Sini) (O'bear = Sini)

M Fiber tensile mode

M Fiber comp. mode

M Matrix tensile mode
Matrix comp. mode
@) oL (b) o1 (€) ur (d) Failure distribution

Fig. 3.21 Stress and failure distribution of QI+R specimen (e/d=1) around initial failure

PED X572 &5, QHR ERF (e/d=1) DYIHARE FL 5 (0bear = Sini)) TIE, 0° JED-90° <
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FIIMAEIE SR T R D5 RIETT or) D3FEL 72,
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3.4.4 QI+CR RE&RF (e/d=1)DWIE7 AL X

Fig. 3.22, 3.23 1% QI ihB&F (e/d=3) DBUEMEMTAER CTH 5. Fig. 3.22 1D\ T, el 135
QDEYVERLZBEEIEH ovear TH Y, BEEHIKQ D)XV ERL ZHED T A epear
TH 5. Fig.3.231C2WT, (a)~(c) I WIHAIRE FE A Al (ovear = 0.8Simi) (Fig. 3.22 O FH AL
HI) TORADATHY, (IZBHEST FIGT oo, O)IIMMEER T IS or, ()X
HNEAWIGT) e TH 5. (d)IEFTHAER 5 (0bear = Sini) (Fig. 3.22 @ OHI) ToEE
NAATH 5.

Fig. 3.23 22 b b » % X 51T, QI+CR iklE A (e/d=1)D WIHAEE 5 5 (0vear = Sini) T1E, @I
TR — FIic X 2BEAFE L. 2 OBEIZOIR TS 18 O ERIE oL 5
EWE EFRIETH 72, $7bb, QI+CR ERH (e/d=1)D WM THEE S D ALK
T, QI kB&f (e/d=1) & FIfkIC, MHEH M DOIEMEIE] o TH D, 72, ZOZHETIX
QI Bk A (e/d=3) L A TH o 7=. —75, QI+CR R (e/d=1)DWIHAEE . 5 Al (Gbear < Sini) T
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Bies LU0, OIRTHMEMT— FICX2BENRELE. CnbBED S b, #iEs]
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Fig. 3.22 Bearing stress—bearing strain response of the QI+CR specimen (e/d=1)
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(O'bear = 0-88ini) (O'bear = 0-83ini) (O'bear = O-SSini) (O'bear = Sini)

M Fiber tensile mode

B Fiber comp. mode

B Matrix tensile mode
[ Matrix comp. mode
(@) oo (b) o1 ©) wr (d) Failure distribution

Fig. 3.23 Stress and failure distribution of QI+CR specimen (e/d=1) around initial failure
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Fig. 3.24 Distribution of F1i: on 0° layer (e/d=1, ovear = 175 MPa)
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Fig. 3.25 Distribution of Fii. on -45° layer (e/d=1, gvear = 175 MPa)
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Fig. 3.24 220 b3 X 51, &ZilBih © 0°f8 o7 1kE — F O BEIEE Flu X, 0 =
+65°THIK & 7r o 72, QI+C iRERF (eld=1)D 0°f& D 0 = 65° T DM RE — F DIEEfEE
FIi i, QI 3BRF (e/d=1)IZXf LT 35% KT L7z, 2D &hb, ClEit ed=1 ObEA IC
WL, 0D 9 = +45°fF THAET ZHNE AWIEH ar 2K T 2508 (Fig. 2.23) %44,
Z DRI eld=3 DFEBAF OEE L VI REVWEEZOLND. —F, QHRREHF (e/d=1)D
0°JED 0 = 65°TOMMELIRE — P OIBIGIEE FIL 1%, QI AB#A (e/d=1)ICXf L T 10%{KT
L7z, 2oZehb, RIBIEF ed=1 OB IS L, HNEAWIGT wr 2K 25058

(Fig. 3.14) £ T, Z DRI e/d=3 DRABEHF OBE XLV b/hIweEZ2 LS. -,
QI+CR EEF (e/d=1)D 0°fED 0 = 65°TDRMAMET[IRE — I DIBGAREE FI 1X, QI A
(eld=)ITH LT 50%IE T L7z, +7dbb, QHCRREA (e/d=1)TlE, C/EBL REL DIHFE
MERIC X T, HHEABIGT ur % XV IRMICERTE 2 E2bN0 5.

Fig. 3.25 b b h 5 X 91T, Kl D-45°8 O A€ — F OBRGIEE FLL X, 0 =
450 THRR & 72 o 72, QIHC ERF (e/d=1)D-45°FF D 0 = -45°T DMHMEIEHMEE — F DfEETE
BEFL X, QIERERF (eld=1)icxf L CRIBEETH 572, T72bbH, CIEIX e/d=1 DRERF 1T
XL, WHEEAGE — F OBEGHEE FIL IGEEZ IS v FEZ2 o5, —77, QIR al#
F(eld=1)D-45°JF D 0 = -45°T DFRMEEAEE — F OBEIE FL 13, QI 3B A (e/d=1)ITxf
LT20%KF L7 372bb, RIEIE ed=1 OFRERF IR L, MHES 17D EAEIG T o1 2K
W 25 (Fig.2.10) 4R, ZDO%hHEIT e/d=3 DRBH OLE LR TRBETH B &
EZzobN3. £/, QIH+CR REEH (e/d=1)D-45°TED 0 = -45°TDMHMEIEHEE — F DIEETE
B FLc 1%, QIadBih (e/d=1)ICxf L T 25%K T L7z, bbb, QI+CR bk (e/d=1)Ti
R JE OHfiEE (Fig. 2.10) 12 X - C, BHEAROEMICT) o ZIEKHTE 2 E 2 LN 5.

Fig. 3.26 ¥, QI, QI+C, QIR 3 X ' QI+CR ikbfiF (e/d=1)IC I 1F 2 WA EFRIE S D
ikt d 5. QI+C & A (e/d=1)1Z QI FER A (e/d=1) 1T L, WIHATHIE IR Sii 1213 & A
EEFR Uo7z, L L, 342 HTHBRR7ZX 512, QIH+C BRH (e/d=1)D WA 58
Sini DXECHA T 1%, QIERERFA (e/d=1)& Bz v, WHEA M DIEMICH o TH o7z, F7, T
DA T 1% QLIER A (e/d=3) L A TH o 7=. T b b, QLikERH (e/d=1)icXI L T, CJ&
EWIAHE S S EAICHF S LR wS, ENEAWIET] wr 2K 2 5058 (Fig. 2.23) 28
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HY, FAWEEE - (Fig. 1.3(b) 2> bHEMKEE—F (Fig. 1.3(a) ICEBIELF
Abid, —7, QHRIREER (e/d=1)1F QI ilBRF (e/d=1)1Txf L, FIHAMEIREE Simi (2 EHF- L
otz £z, 343HTHRN X 51T, QHR ERA (e/d=1)D WM EIERE S D ALK
T, QUikEEF (e/d=1) L [FIFRIC, HNEAMIEN tr TH o7z, Thbb, QLiklEA (e/d=1)
IS LT, REIZ#AMBEI#EE — Fic X 2385 % H0 il L 2wz, R JEORHET A
DEMEIGST o1e ZARIET 25058 (Fig. 2.10) 1 X 2 ¥JHAHEIREE Siw D LRICHS LR &
Ezbhd. ¥5IT, QI+CR MERA (e/d=1)1Z QI Bk A (e/d=1)1T M L, WIHAMIEFREE Sini 13
2% R L7 344 HTHR72 X 512, QI+CR iRERH (e/d=1)DYIATH LR Sii D ZHCH
T3, QI ikBRA (eld=1) & B2 0, WM HDIEMEICH] o THo72. 72, ZOXENHNT
X QIIEER (e/d=3) L Rk TH o 72. Thbb, QIikErH (e/d=1)IcxI3 % C, REDOMHAHE
fERIC DWW, C, REDOHINAEAWIST] ar 2T 2308 (Fig. 2.23, 3.14) 4 A Wi
e — N2 OMERET — NGB S 2, R B0 M OIEMEICST o 2K 2 20H
(Fig. 2.10) (IWIHAMERE S 2 LR X2 LE 2 ONS.

LED XS &h b, ed /NI WG, CJElL 098 D-90° <0 <-45°, 45°<0<90°D

AN WG] wor AR S 5 72, WRIBERE % & A WTHIE € — 2> & [ ERIEE — FIGE

500 . . .

Initial bearing strength, S;,;, MPa

Ql QI+C QI+R  QI+C+R

Fig. 3.26 Comparison of initial bearing strength, Sini (e/d=1)
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B ERHLPICR o7, —F, RIBIZA4A5TED 0 = 45°B X U-45°/8D 0 = -45°D
WHES P D IEMEICT] oL KK T 2720, CE LA G DL CHiIMT 5 2 & T, IEREE
— Vol REr PR X432 LBHL2ITR 5 7-.

35 ®E

KRE-CIIEREHREIC X 2 BUEMAN 2T, C, RIBICX AHITRA A =X L% 5 H I
T2l RRkAE 72, BFCHzZ-> T, IR SICORAER L2, HonAR
TN D@ TH 5.

« QLRERH (e/d=3) DY ARG FL 5 (Obear = Sini) Tld, 45°TB D 0 = 45°F X 458D 0 = -45°
ICHRMEIEAE £ — NI & 21805 GIRCR 7 I3HE T 17 D JEMIIS T o) 23F8ET 5 2 &2
Doz,

© QI+C B R (e/d=3) DYIHEGE T K (dvear = Sini) TIE, 45°TED 0 = 45°FB X V-45°fF D 6 = -
451 e IEAE & — FiC X 2185 CECR I3 MHE T 17 O EMEIG ) o) 28FET 22 &
Bbbotz. —J7, QIR iAEEA (e/d=3) DYIHHEGE T R (Gbear = Sini) TlE, 0°J& D-90° < 9 <
45T HEHER IR £ — F 35 X U 90°F8 D-90° < @ < -45°IC R IR € — Fic X 2185 (GZhD
K 3T P2 AWTG S ) 358432 2 e dbd o7z, X 51T, QI+CR RERF (e/d=3)
DHIIARE T 2 (Focar = Sini) T, 45°fED 0 = 45°F XL U-45°/F D 0 = -45° 1T {ffE A € —
Fic X 2385 CECR - IEMHEST O FEMEIS ST o) B3FEET B 2 L Bbd o7z,

celd BTHREVEA, REIZ45TED 0=45°5 X 458 D 0 = -45° DFRHETT 7 D A
JGTT oLe ZAKIK T 5 7=, HIEBIEE — FORFSE% FA X E 2 2 E3BHL I o 72,

-+ QI ikB&F (e/d=1) DB (Gvear = Sini)) T, 0°SHD 6§ = -45°ICHMEL I IRE— Fic X
23805 CARATFIZHNEARIST) wr) LT 2 2 b ok,

-+ QI+C B A (e/d=1) D ARG 2. (Gbear = Sini) TIE, 45°JFD 6 = 45°FB X 45 TgD 6 = -
451 eI A & — NIiC X 2185 CLECR T MHE S 17 O LG ) o) 28FAET 22 &
Bbhot. —7, QIR RERF (e/d=1) D WA M (obear = Sini) T, 00 JED-90° < 6
< -45° 45° <@ <90°ICiHfET IR — NI X 2 4R CCRKR T IXm AN AWIGH o) A
FHET DL eBbholz. T HIT, QIHCR ERF (e/d=1) DYTHHEE S 5 (vear = Sini) T,
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45°f8 D 6 = 45°ITHMEITENE T — FIc X 2488 GRCR T IZMHE ST M O EMEIS T o) 23
HRETHZ ERNDDo T,
eld DS/INE WA, CIEI 098 D-90° < 0 < -45°, 45° < 0<90°D N AWIISTT rr 2K

2T o7z, —75, RIBIZA5TED 0 = 45°85 L V-45°fF D 0 = -45° DHHETT ) D A G
1 o ZEIRT 2 7200, CHELMAGDETHIMT 5 2 & C, HEBIEE— F OFHE
Z LA ETEL LY S DI T,
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4.

AHFFETlE CFRP &V P EEEHETFICN L, MHEARBEEER A ke 2 d X5 i
WA 77 U v 2588 Circular (CJ8), Radial (RJE) Z2EL, h o #liiEfEofimm A
H=RXLEELPICT SRR AT, Ak, KT, KO —REEMEICH NS
NB X BWEPKE CEREM 2R E LTwBA, KX Tid, £ MaiEg
RESABRME CIl I E RIS T2 2 &b & L ¢, BEkeEEM© 1/10 & L= #iiko
CFRP iBih 2 vy, i, S rftid b vz d 1710 & L7z LTl 24T o 72,

H2ETlE, C, REOWE L HEBERBRICOWTRLE, CEIERL MEFICE T2
BRARFEICTI % S LT, R b fLcst U RLO PRI k2 B L 7= sk (Fig. 2.1(a)),
R JEIXHR L MEFICE T 2RANTEICT M %Z D LI, F b fLicxf USRI HE % Bdml
L7-fiimE (Fig.2.1(b)) TH 2. MEBERBRIIXTLVI Yy 7Y ad v A cite, #
IR L 72 3B (QI EBR A ) & HEHEIC, C J8 £ 7213 R J& % B—4li L 72 3B (QI+C,
QMR EH) @ 3 HHEORBA ZHE L. 72, 2 X oREME O R 1T L,
eld B3I K& WilBih (e/d=3) & e/d W/NZ WilBEf (e/d=1) @ 2 M DR ED
RBH E B L, mEMERBRE R LY, QI MBRR (e/d=3)D LR X, i T 8
£ — F (Fig. 1.3(a)) IKiEWEFEZ L, QI+C, QI+R B (e/d=3)DEIELRE b,
QI SABEH (e/d=3) L FERICHIEMIEE — FITEVWEE X b5, eld BT KRE VY
& O YIHHER T 5 (ovear = Si) I B W T, R E I YIATE L S © L HICHFLE T 22 &
DO ICR o7z, ZhiE, R EOMBHBELSEMRMELZHT 20 ThbL LE
ZbNd. eld BT RE VG DORKBEER (0vear = Su)iC B W T, CJEIZHRKEE
BRIE Sy D LR ICHFE T2 EBHL IR o7z, T, BENETT 2B T C
JED 7 —THRPERT 270 THLE2LNS. —J7, REDRKRHEHEEE S
DLERICHEGET RO ICR -2, 2 i, R O 5RBGHE 23 il 8 % 4y
HI220eZE20N05. £72, QUidBE R (e/d=1)DWIEERE X, T AWIMEE—F
IV EE 2 BB P, QI+C RERH (e/d=1) DI EETLHE 1Z QI SERF (e/d=1)E E 72 v,
MEREE - FICEwWeEEZOLNSE. —F, QI+R MR A (e/d=1)DWIEZE X, QI &
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iR (e/d=1) L FRRICRHAWITIEE - FICIEWEE X N5, e/d /NS WIGEH DY
A RICE VT, C, REEFVINADWIHERE S ® EFICHFS LRV, RE
DM IEMMEL2 SHT 2 LE2OND . ed /NS WEAEORKBESICE
W, CEBIZEAMMEE -2 OoHEREE - FICEBI S22 LAHAL2ICE
oz, TN, CEOMMMMENSRMELDHET 220 ThEeExLNE. &
7z, CEIIRAKMERE Su® EAICHEFET 22 dWHorichok. TRIE, CE
DOFEMBME S SR EE pE T 2 L iciAx, WEIETTZERTT - THED
EHT 2720 ThbstEZONS. —F, REZRAKEERE Sa® LR ICHS L A
W2S, RJEOHEMME DS IEMMEZ2HT 220 ThELE2ZLND.

3BT, 52 E TR SR AR & AR L 72 FREERIRIC X 2 BUEAET IC D W
TN L7z, ARfENTCIE, BOETREE L7238 (QUaBRA) 2RI, CEEZIER/E
% Bl L 72 5B A (QI+C, QI+R kB ) & & OF C, R J& & M &2 filind L 72 3B A (QI+CR
AER) ICOoOWTHET Z21To 72, 7, ed it KEVRERR (e/d=3) & eld /N \»
Rih (eld=1) ICOWTHET 21T o 7. BIEMITHER XV, QI akBRF (e/d=3) DW=
(Gbear = Sini) T, 45°fED 0 = 45°FB X -45°TF D 0 = -45°ICHRAHEITARE— Fic X 218E (G
e K - 1 RHE T B D IEMEIG ST owe) BAFET B 2 e bh oz, £72, QIHC RERH (e/d=3)
DGR T, 45°f8D 0 = 45° B X F-45°f8 D 60 = -45°ICiiEIEMEE — Fic X 21815

CEBCI T 1 MHME A 17 D FEREIS ST oL) 23F4 L, QIR fRER A (e/d=3) D WA 15 T 1,
0°J& D -90° < 6 < -45°ITfEHET IR E — F I X TN 90°/8 ©-90° < 0 < -45°1C FEMJEMEE — FIC X
215 CCEERTFIZHNE ARG 1) BFAET 2 eBbd o7z, T HIC, QI+CR bk
Fi(eld=3) D WA A TlE, 458D 0 = 45°FB X -45°/8 D 0 = -45°ICHRHEEME € — NI
L 2115 CBCR T ZMHETT 7 D EMEICT o) D3FET 22 bbb ol £, ed B
FaRKE G, RIBIZ45TED 0 = 45°8 X -45°T8 D 6 = -45° D5 171 O JEMEIGTT o1
KT 5720, HEBIEE— ORI EZ LR XE 23 2 PHLICR o7, —T7, QI
REEF (e/d=1)DYIEG L S ClE, 0°f8D 0 = -45°ichiiffEn [iR< — Fic X 24815 KRN 1
N AWIG ST o) DSFET B 2 &b Do 72, QIHC i A (e/d=1) D W HARG H s T X,
45°FED 0 = 45°FB XL TN-45°F D 0 = 45t A€ — Vic X 218 GRS 13 MHETT
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6] D JEMEIC ST o) 25F841 L, QI+R RERH (e/d=1) DYIHIRGFL s T 13, 0°f8 D-90° < 6 <-45°,
45° < 6 < 90°CICHAE S| 9RE — NI X 25 G F 1IN & ABIGT wr) 23F8ET 5 C
ERbh oz, T HIT, QI+CR MBRA (e/d=1)D WG S TIX, 45°/8 D 0 = 451 fifiE T
fifie— Fic X 2486 G I3HE MO EMEIG ) o) BFET 2 e b ol &
72, eld DN WS, CIEIX 0°8 D-90° <0 <-45°, 45°<0<90°DHE N AWIETI] ur %K
W 5720, WEIEES ¢ AMIEE — F2 O MEREE — NGBS X2 2 L AL
iICh o7z, —J7, RIBIZA5TED 0 = 45°5 X 45T D 0 = -45°DEAEST E1 D JEMEIG T o1
KT 2720, C ELladbeTiiimd 3T, HmEMEE— FOEREE L5 X
5 EDBHL IR T,

LED X572 206, CFRP w4 MMEGMTFICH T 5 C, REOMMICOWT, CHEIRIR
T AWIEE — FCH#EN 2 X5 R EOREM TN L, % OISR % ik EE —
FICEBBIE L ZEHLPICR o7z, 72, C EIEAL LAY COBIENETT 518
BTy —7HEIENCR Y, BAESICBTAHTFREY LRI 5 2 LAHL I
rotz. —Ji, R JBIIEEREE— FCcHEN2 X5 RS L, PR S S X O
KIERICE T 2HEREZ LA XE2 2 ERHL2ICR 72, T bbb, CFRP Fv M
AT L, C, RIBO X a7 7V v 7fiseE %2 A2 2 & T, BhzimERtk
D7D TEID BRI R D Z & BRI L 7.

SHBRORBITICOWT, KiwICEH T 2 BUEMNTC X, MERGHCE W TRICERE L E
ZoNB WM RICDOBER L7220y, WIFIIERERORED~—Y v 2] 5 9 2 T
RBEERICEHT 2 2L b HEETH 5720, mABIEAICHLTH C, R JEIC X 2 H5E A
H=XLEHLPICT I eEENS, T2, KX TREMEMICHL, 1/10 & L7k
R OB R 2 v, SIS ERL MG P2 & 110 & L. 2o X ikl
ICX VR ZED 21CH D, KPR THVERL a2 &b, FBA e
THETERINELT. L L, EEEMD XS ITWESKE WA, R iEd 3E
TRL, ZogZiEIbhhweE2bN5, 2, 20X hbEMIIBEERKKO A
HENKEL 2729, C, REZHWAZFL MUEAY ORGHT S W TIX, 20X 5
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R ERTIMLERDLLEZONS. Thbb, EHEEM % B L 72 JEHIR 05 R 1
T5%C RBICX2MEOMEXHL2ICL, C, REOREAMEEE, BERTZRET
5L CEMBEMORLMLUEAY OFGIO—BIe b b AEEINE. KIFFELSHDF
JEL, CFRP f#EEM DR MMEAEAIICNL T, C, REZIFLD T IMERTTY v 7
fRE GOSN & & BT 5.
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s

VMAERF T #% HTEZEAECIEEHE L L CRIREOME % 5 2
TW7ZE, 2 0FTICHZVRIR»DLATHEE - CHifEZZTBHDLV T L. Z

ZICHEEH OB AR LT

FHORZTEER B ALRIERISEAE, ZafiR P T2 B RERSEE IR
WMRZITHIICHRZY, REARKRLEIHEEZHVE L2 e ZESHILEL LT E .

KEFHEIG, BHERKZ IO L3 2MEmEY (HT) IREodkiciy, it
FOEENCHL D A C Wiz g T LA L 2L ER L EFE T,

YR RvKRASH B RESITRE, [F PRTERT SREREFTR, TR
RICIIELIRERIAGRRE A~ EZZ RS TTRLSEIWE L, 20X ) hlEaEt wiE
EF LA LZEIBEHZLES. T2, ARZILD LTG0 RBEOERKIC
ZICIC D Db b3, G Z XA TCWZZTE L2 20XV EHZRL LT E T
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