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RpVXmp de la WhqVe 

IQWURdXcWiRQ 

LeV PaWpULaX[ cRPSRVLWeV VRQW XWLOLVpV daQV de QRPbUeXVeV aSSOLcaWLRQV, eW WRXW 

SaUWLcXOLqUePeQW daQV OeV WUaQVSRUWV. L¶aWWUaLW SRXU ceV PaWpULaX[ eVW OLp j OeXU UaWLR SeUfRUPaQce 

PpcaQLTXe/PaVVe WUqV LQWpUeVVaQW. PaUPL OeV SOXV UpSaQdXV, RQ WURXYe OeV PaWpULaX[ cRPSRVLWeV 

j UeQfRUW fLbUeX[, PaLV Oa fabULcaWLRQ deV SLqceV eQ PaWpULaX[ cRPSRVLWeV j UeQfRUW fLbUeX[ 

SUpVeQWe de QRPbUeXVeV SURbOpPaWLTXeV, ce TXL fUeLQe OeXU dpYeORSSePeQW. EQ effeW, Oa PaLWULVe 

eW Oa PLVe aX SRLQW deV SURcpdpV UpVXOWe aXMRXUd¶hXL d¶XQ VaYRLU-faLUe eW d¶XQe e[SpULeQce LVVXe 

d¶XQe dpPaUche ePSLULTXe, bLeQ SOXV TXe d¶XQe PaLWULVe cRPSOqWe deV ShpQRPqQeV Sh\VLTXeV 

PLV eQ MeX. LRUV de Oa PLVe eQ °XYUe de ceV PaWpULaX[, Oa SUePLqUe pWaSe cRQVLVWe WUqV VRXYeQW 

j PeWWUe eQ fRUPe XQ UeQfRUW fLbUeX[ Vec RX aYec Oa UpVLQe eQ ShaVe OLTXLde. Le cRPSRUWePeQW 

PpcaQLTXe dX UeQfRUW eVW dRQc XQ SRLQW cOp ORUV de ceWWe SUePLqUe pWaSe d¶aXWaQW SOXV TXe ceOOe-

cL aXUa pgaOePeQW XQ LPSacW fRUW VXU OeV pWaSeV VXLYaQWeV de Oa fabULcaWLRQ. OU, XQ UeQfRUW fLbUeX[ 

eVW XQe VWUXcWXUe cRPSOe[e SXLVTX¶eOOe UpVXOWe dX WLVVage de PLOOLeUV de fLOV, eX[-PrPeV 

cRQVWLWXpV de O¶aVVePbOage de dL]aLQeV de PLOOLeUV de fLbUeV de TXeOTXeV PLcURQV de dLaPqWUe. 

ALQVL, Oe cRPSRUWePeQW PpcaQLTXe deV UeQfRUWV eVW RbWeQX SaU XQe VRPPe de UpSRQVeV RbWeQXeV 

e[SpULPeQWaOePeQW j deV VROOLcLWaWLRQV VSpcLfLTXeV (cRPSUeVVLRQ, WUacWLRQ, fOe[LRQ, cLVaLOOePeQW, 

eWc.). CeV UpSRQVeV PpcaQLTXeV VRQW SaU Oa VXLWe PRdpOLVpeV SaU deV pTXaWLRQV dRQW Oa fRUPe eVW 

RbWeQXe SaU deV h\SRWhqVeV eW XQ OLVVage VXU OeV SaUaPqWUeV LQfOXeQWV, VaQV aSSURche 

YpULWabOePeQW ULgRXUeXVe de Oa Sh\VLTXe PLVe eQ MeX TXL eVW cRPSOe[e (QRPbUe LPSRUWaQW de 

fLbUeV, YaULabLOLWp, eQcheYrWUePeQW, eQVLPage, eWc.). C¶eVW QRWaPPeQW Oe caV dX cRPSRUWePeQW 

eQ cRPSUeVVLRQ SRXU OeTXeO LO eVW adPLV XQe UeOaWLRQ dLUecWe eQWUe Oa ULgLdLWp de cRPSUeVVLRQ eW 

Oa fUacWLRQ YROXPLTXe de fLbUeV SaU XQe ORL ePSLULTXe, TXL, VL eOOe fRQcWLRQQe cRUUecWePeQW, 

QpceVVLWe XQe LdeQWLfLcaWLRQ j chaTXe QRXYeaX W\Se de fLO eW Qe SeUPeW SaV de faLUe UeVVRUWLU OeV 

SaUaPqWUeV de VWUXcWXUe TXL SRXUUaLeQW SeUPeWWUe d¶aPpOLRUeU RX de cRQceYRLU deV VWUXcWXUeV 

SOXV SeUfRUPaQWeV PaLV aXVVL d¶aQWLcLSeU Oe cRPSRUWePeQW PpcaQLTXe d¶XQ UeQfRUW VaQV aYRLU j 

Oe UpaOLVeU eW j Oe WeVWeU. L¶RbMecWLf de ceWWe WhqVe eVW dRQc de SRXYRLU V¶aWWaTXeU j ce PaQTXe eQ 

pWXdLaQW Oe cRPSRUWePeQW PpcaQLTXe d¶XQ aVVePbOage de fLbUeV TXaVL SaUaOOqOeV TXL VRQW OeV 

VWUXcWXUeV fLbUeXVeV OeV SOXV XWLOLVpeV SRXU OeV aSSOLcaWLRQV WechQLTXeV. POXVLeXUV VWUaWpgLeV VRQW 

SRVVLbOeV SRXU OeYeU ce YeUURX ; XQe aSSURche SXUePeQW e[SpULPeQWaOe LQdXLUaLW XQ WUqV gUaQd 

QRPbUe d¶eVVaLV SXLVTXe beaXcRXS de chePLQV de dpfRUPaWLRQ eW XQ gUaQd QRPbUe 

d¶eQcheYrWUePeQWV SRVVLbOeV e[LVWeQW. IO eVW dRQc QpceVVaLUe de SRXYRLU SaVVeU SaU deV 
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aSSURcheV QXPpULTXeV effLcaceV SeUPeWWaQW XQe pWXde SaUaPpWULTXe, c¶eVW j dLUe UpaOLVeU XQ 

gUaQd QRPbUe de WeVWV daQV deV WePSV UpdXLWV. La VWUaWpgLe chRLVLe eVW dRQc de SRXYRLU cRQVWUXLUe 

XQ eVWLPaWeXU YLUWXeO dX cRPSRUWePeQW d¶XQ aVVePbOage fLbUeX[, YaOLdp SaU deV eVVaLV. L¶XQe 

deV cRPSOe[LWpV SRXU O¶pWXde dX cRPSRUWePeQW de PqcheV de fLbUeV eVW VaQV aXcXQ dRXWe Oa 

WaLOOe deV fLbUeV (TXeOTXeV PLcURPqWUeV) TXL OeV UeQdeQW WUqV dLffLcLOeV j PaQLSXOeU, j RbVeUYeU 

LQdLYLdXeOOePeQW. L¶RbMecWLf pWaQW de cRPSUeQdUe Oa ShpQRPpQRORgLe de dpfRUPaWLRQV deV 

aVVePbOageV fLbUeX[, deV fLbUeV PRdqOeV d¶XQe pcheOOe VXSpULeXUe (500 MLcURQV) VRQW XWLOLVpeV 

daQV XQ SUePLeU WePSV daQV Oe cadUe de ce WUaYaLO aYaQW de cRQcOXUe VXU deV VLPXOaWLRQV aYec 

deV fLbUeV j O¶pcheOOe µµUpeOOe¶¶. PRXU aWWeLQdUe ceW RbMecWLf, SOXVLeXUV pWaSeV dRLYeQW rWUe 

fUaQchLeV. La SUePLqUe eVW de PeWWUe aX SRLQW XQe VWUaWpgLe QXPpULTXe SeUPeWWaQW de VLPXOeU de 

faoRQ effLcace, j O¶pcheOOe de Oa fLbUe, Oa dpfRUPaWLRQ de O¶aUchLWecWXUe VRXV dLYeUVeV VROOLcLWaWLRQV. 

La VecRQde eVW de PeWWUe eQ SOace deV SURWRcROeV de YaOLdaWLRQ e[SpULPeQWaOe afLQ d¶aVVXUeU Oa 

cRhpUeQce eQWUe O¶eVWLPaWeXU YLUWXeO eW O¶e[SpULPeQWaWLRQ. La WURLVLqPe eVW de dLVSRVeU 

d¶LQdLcaWeXUV de Oa PLcURVWUXcWXUe SeUPeWWaQW d¶aQaO\VeU OeV UpVXOWaWV. EQfLQ, LO eVW QpceVVaLUe de 

SRXYRLU cUpeU dLffpUeQWeV aUchLWecWXUeV aYec deV SaUaPqWUeV cLbOeV eW d¶aSSOLTXeU dLffpUeQWV 

WUaMeWV de chaUgePeQW SRXU aQaO\VeU Oa UpSRQVe PpcaQLTXe de Oa VWUXcWXUe. UQe SUePLqUe 

aSSURche a pWp UpaOLVpe daQV Oa cadUe de Oa WhqVe d¶OXVVaPa HAJI (HaML OXVVaPa, 2018). CeOOe-

cL a SeUPLV de PeWWUe eQ pYLdeQce Oa faLVabLOLWp deV deX[ SUePLqUeV pWaSeV PaLV LO eVW PaLQWeQaQW 

QpceVVaLUe de SRXYRLU OeV aPpOLRUeU eW VXUWRXW de UpaOLVeU OeV deX[ deUQLqUeV pWaSeV aLQVL TXe 

d¶e[SORLWeU O¶eQVePbOe de Oa VWUaWpgLe SRXU PeQeU j bLeQ deV pWXdeV SaUaPpWULTXeV eW cRQcOXUe 

VXU OeXU LQfOXeQce VXU Oe cRPSRUWePeQW PpcaQLTXe. DaQV ce cadUe, ce PaQXVcULW de WhqVe eVW 

dRQc VWUXcWXUp VeORQ WURLV chaSLWUeV SULQcLSaX[ eW QeXf VecWLRQV. AX dpbXW de chaTXe chaSLWUe XQ 

bUef UpVXPp eQ fUaQoaLV de VRQ cRQWeQX eVW SUpVeQWp. 

Le SUePLeU chaSLWUe eVW cRPSRVp deV VecWLRQV 1, 2 eW 3 eW SUpVeQWe XQe pWXde bLbOLRgUaShLTXe VXU 

Oe cRPSRUWePeQW PpcaQLTXe deV PaWpULaX[ fLbUeX[ ORUV de Oa cRPSacWLRQ/cRPSUeVVLRQ eW OeV 

PpWhRdeV de PRdpOLVaWLRQ eW VLPXOaWLRQ aX[ dLffpUeQWeV pcheOOeV (PacURVcRSLTXe, 

PpVRVcRSLTXe eW PLcURVcRSLTXe). CeWWe pWXde bLbOLRgUaShLTXe SeUPeW, RXWUe Oe chRL[ de 

O¶pcheOOe d¶pWXde, de PRQWUeU Oa SeUWLQeQce de O¶eVVaL de cRPSUeVVLRQ SRXU XQe aQaO\Ve 

ShpQRPpQRORgLTXe ULche. Ce chaSLWUe SUpVeQWe pgaOePeQW OeV PpWhRdeV de caUacWpULVaWLRQ deV 

PLOLeX[ fLbUeX[ aLQVL TXe OeV dpYeORSSePeQWV de PRdqOeV YLUWXeOV QpceVVaLUeV aX[ pWXdeV 

QXPpULTXeV. 

Le deX[LqPe chaSLWUe eVW cRPSRVp deV VecWLRQV 4, 5 eW 6 eW SUpVeQWe Oa WechQLTXe d¶RbVeUYaWLRQ 

de Oa cRPSacWLRQ deV fLbUeV YLa Oa WRPRgUaShLe eW Oe SURcpdp de UecRQVWUXcWLRQ QXPpULTXe eQ 
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3D d¶XQ SaTXeW de fLbUe. Ce chaSLWUe SUpVeQWe pgaOePeQW O¶RSWLPLVaWLRQ deV SaUaPqWUeV de 

VLPXOaWLRQ dX PRdqOe QXPpULTXe eW Oe dpYeORSSePeQW deV LQdLcaWeXUV d¶aQaO\Ve de Oa 

PLcURVWUXcWXUe d¶XQ SaTXeW de fLbUeV. AXVVL, deV VLPXOaWLRQV QXPpULTXeV deV eVVaLV de 

cRPSacWLRQ/cRPSUeVVLRQ de fLbUeV VRQW UpaOLVpeV eW cRPSaUpeV aX[ eVVaLV e[SpULPeQWaX[. 

Le WURLVLqPe chaSLWUe eVW cRPSRVp deV VecWLRQV 7, 8 eW 9 eW SUpVeQWe Oa VWUaWpgLe de PLVe eQ SOace 

d¶XQ gpQpUaWeXU QXPpULTXe de SaTXeWV de fLbUeV YLUWXeOOeV eW aOpaWRLUeV. Ce gpQpUaWeXU YLUWXeO 

eVW YaOLdp SaU cRPSaUaLVRQ aYec deV UpVXOWaWV e[SpULPeQWaX[ SXLV deV PRdqOeV d¶aVVePbOageV 

fLbUeX[ VRQW cUppV aYec d¶pWXdLeU O¶LPSacW deV SaUaPqWUeV PLcURVWUXcWXUaX[ VXU Oe cRPSRUWePeQW 

eQ cRPSacWLRQ/cRPSUeVVLRQ de O¶aVVePbOage fLbUeX[. 

ChaSiWUe I : MpcaQiTXe deV UeQfRUWV fibUeX[ : CRmSRUWemeQW eQ cRmSacWage 

Le SUePLeU chaSLWUe de ce PaQXVcULW SRUWe VXU XQe pWXde bLbOLRgUaShLTXe fRcaOLVpe VXU deV SRLQWV 

dLffpUeQWV eQ OLeQ aYec Oe VXMeW de Oa WhqVe. UQe SUpVeQWaWLRQ deV cRPSRVaQWeV SULQcLSaOeV d¶XQ 

PaWpULaX cRPSRVLWe eVW SUpVeQWpe eQ dpbXW dX chaSLWUe. CeOOe-cL fRcaOLVe VXU OeV PaWULceV 

SRO\PqUeV, PpWaOOLTXeV eW cpUaPLTXeV OeV SOXV XWLOLVpeV aYec XQ acceQW SOXV SaUWLcXOLeU VXU OeV 

PaWULceV SRO\PqUeV WheUPRSOaVWLTXeV eW WheUPRdXUcLVVabOeV. EQVXLWe, OeV dLffpUeQWV W\SeV deV 

PaWpULaX[ fLbUeX[ VRQW SUpVeQWpV pWaQW dRQQp TXe ceX[-cL, aYec OeXUV dLVSRVLWLRQV gpRPpWULTXeV 

j dLffpUeQWeV pcheOOeV, LQfOXeQW VXU OeV SURSULpWpV PpcaQLTXeV deV PaWpULaX[ cRPSRVLWeV. ALQVL, 

OeV PaWpULaX[ fLbUeX[ SeXYeQW Ve SUpVeQWeU j O¶pcheOOe PacURVcRSLTXe VRXV fRUPe deV UeQfRUWV 

WLVVpV 2D, deV UeQfRUWV 2.5D, deV UeQfRUWV 3D, deV NCF (NRQ CULPS FabULc), UeQfRUWV WULcRWpV, 

eWc. QXaQW j O¶pcheOOe PpVRVcRSLTXe, OeV fLbUeV VRQW aVVRcLpeV eQWUe eOOeV aYec XQ ceUWaLQ QLYeaX 

de cRhpVLRQ eW aVVePbOpeV VRXV fRUPe deV ckbOeV, deV PqcheV, deV WRURQV WRUVadpV, eWc. La fLbUe 

eOOe-PrPe cRQVWLWXe O¶pcheOOe PLcURVcRSLTXe TXL SeXW rWUe de PaWpULaX[ dLffpUeQWV, aYec RX VaQV 

WUaLWePeQW de VXUface, PaLV aXVVL aYec deV VecWLRQV de fRUPeV dLffpUeQWeV. IO V¶aYqUe TXe OeV ORLV 

de PRdpOLVaWLRQ XWLOLVpeV SRXU Oa VLPXOaWLRQ de Oa cRPSacWLRQ d¶XQ SaTXeW de fLbUeV VRQW 

dLffpUeQWeV eQ fRQcWLRQ de Oa fRUPe de Oa VecWLRQ deV fLbUeV TXL UpgLW Oe cRQWacW eQWUe OeV fLbUeV.  

EWaQW dRQQp TXe OeV dLffpUeQWeV pcheOOeV d¶XQe VWUXcWXUe fLbUeXVe aLeQW deV dLVSRVLWLRQV 

PaWpULeOOeV eW gpRPpWULTXeV dLffpUeQWeV, Oe cRPSRUWePeQW PpcaQLTXe d¶XQ UeQfRUW fLbUeX[ eVW 

WULbXWaLUe dX cRPSRUWePeQW j chacXQ pcheOOe : PacURVcRSLTXe, PpVRVcRSLTXe eW PLcURVcRSLTXe. 

ALQVL, daQV XQ SURcpdp de PLVe eQ fRUPe d¶XQ UeQfRUW fLbUeX[, eQ YXe de fabULTXeU XQ PaWpULaX 

cRPSRVLWe, Oa caUacWpULVaWLRQ dX cRPSRUWePeQW PpcaQLTXe deV VWUXcWXUeV fLbUeXVeV SRXUUaLW 

QpceVVLWeU XQ QRPbUe WUqV LPSRUWaQW deV eVVaLV e[SpULPeQWaOeV afLQ d¶pWXdLeU Oa ShpQRPpQRORgLe 

de Oa PLVe eQ fRUPe eW cRPSUeQdUe pYeQWXeOOePeQW OeV PpcaQLVPeV d¶aSSaULWLRQ deV dpfaXWV de 



4 

 

PLVe eQ fRUPe. La dpSeQdaQce deV eVVaLV e[SpULPeQWaOeV LPSOLTXe beaXcRXS de WePSV eW 

d¶LQYeVWLVVePeQW SRXU aWWeLQdUe ceW RbMecWLf. AfLQ de SaOOLeU ceWWe cRQWUaLQWe, Oa PLVe eQ SOace 

deV PRdqOeV dpdLpV j Oa VLPXOaWLRQ QXPpULTXe V¶aYqUe dRQc WUqV XWLOe. La cRPPXQaXWp 

VcLeQWLfLTXe V¶LQWpUeVVe SaU WURLV QLYeaX[ de VLPXOaWLRQ TXL e[LVWeQW daQV Oa OLWWpUaWXUe. CeWWe 

WhqVe V¶LQWpUeVVe SOXV SaUWLcXOLqUePeQW SaU O¶pcheOOe d¶XQ SaTXeW d¶eQYLURQ 40 fLbUeV eQ SRO\eVWeU, 

R� OeV fLbUeV SeXYeQW rWUe cRQVLdpUpeV cRPPe XQ PaWpULaX hRPRgqQe eW cRQWLQX. De SOXV, Oa 

OLWWpUaWXUe PRQWUe TXe Oe cRPSRUWePeQW eQ cRPSUeVVLRQ TX¶XQ SaTXeW de fLbUeV, cRPPe OeV 

fLbUeV V\QWhpWLTXeV, a XQ aVSecW pOaVWLTXe OLQpaLUe eW TXe ce cRPSRUWePeQW eVW fRQcWLRQ de Oa 

VecWLRQ deV fLbUeV TXL, eOOe-PrPe, SeXW rWUe dLffpUeQWe d¶XQ PaWpULaX j O¶aXWUe. PRXU ce TXL eVW 

deV fLbUeV eQ SRO\eVWeU XWLOLVpeV daQV ceWWe WhqVe, Oa VecWLRQ SRXUUaLW rWUe cLUcXOaLUe VeORQ Oa 

OLWWpUaWXUe, ce TXL a pWp cRQfLUPp SaU deV RbVeUYaWLRQV PLcURVcRSLTXeV pgaOePeQW. EQ UeYaQche, 

Oa VXUface deV fLbUeV Q¶eVW SaV fRUcpPeQW OLVVe eW Oe fURWWePeQW dRLW aLQVL rWUe SULV eQ cRPSWe daQV 

Oa VLPXOaWLRQ QXPpULTXe. 

Ce chaSLWUe SUpVeQWe aXVVL XQe V\QWhqVe deV VLPXOaWLRQV de cRPSacWLRQ deV fLbUeV TXL e[LVWeQW 

daQV Oa OLWWpUaWXUe VXU OeV WURLV pcheOOeV d¶XQe VWUXcWXUe fLbUeXVe eW SRXU dLffpUeQWV PaWpULaX[ eW 

VWUXcWXUeV. IO eQ UeVVRUW TX¶XQe PeLOOeXUe cRPSUpheQVLRQ dX cRPSRUWePeQW eQ cRPSacWLRQ eVW 

RbWeQXe ORUVTXe O¶RQ PRdpOLVe Oe cRPSRUWePeQW j O¶pcheOOe PLcURVcRSLTXe afLQ de PLeX[ 

cRPSUeQdUe O¶LQWeUacWLRQ eQWUe OeV fLbUeV. LeV pWXdeV bLbOLRgUaShLTXeV PRQWUeQW TXe Oe 

cRPSRUWePeQW eQ cRPSacWLRQ d¶XQ SaTXeW de fLbUe eVW QRQ OLQpaLUe eW LUUpYeUVLbOeV aYec XQe 

h\VWpUpVLV SOXV RX PRLQV LPSRUWaQWe eQ fRQcWLRQ dX PaWpULaX eW de Oa UpRUgaQLVaWLRQ gpRPpWULTXe 

LQLWLaOe deV fLbUeV daQV Oa VWUXcWXUe fLbUeXVe. LeV pWXdeV PRQWUeQW aXVVL TXe Oe cRPSRUWePeQW eQ 

cRPSacWLRQ eVW LQfOXeQcp SaU SOXVLeXUV SaUaPqWUeV cRPPe Oa ULgLdLWp deV fLbUeV eQ fOe[LRQ, Oe 

QRPbUe de cRQWacW eW Oa fUacWLRQ YROXPLTXe deV fLbUeV. La cRPSacWLRQ SRXUUa aXVVL SURYRTXeU 

XQe UeOa[aWLRQ SeQdaQW Oa cRPSUeVVLRQ TXL, eOOe-PrPe, eVW fRQcWLRQ de Oa YLWeVVe de cRPSacWLRQ. 

La OLWWpUaWXUe cLWe pgaOePeQW SOXVLeXUV pWXdeV TXL XWLOLVeQW Oa WechQLTXe de Oa WRPRgUaShLe SRXU 

LQYeVWLgXeU Oa VWUXcWXUe LQWeUQe d¶XQ PLOLeX fLbUeX[. IO eQ UeVVRUW TXe OeV WRPRgUaSheV SeXYeQW 

XWLOLVeU dLffpUeQWV W\SeV de Ua\RQQePeQWV cRPPe X-Ua\, GaPPa-Ua\ eW OeV VLgQaOeV pOecWULTXeV 

eW acRXVWLTXeV. CeSeQdaQW, Oa WRPRgUaShLe SaU deV Ua\RQV X eVW VRXYeQW XWLOLVpe SRXU deV 

aSSOLcaWLRQV LQdXVWULeOOeV (aSSOLcaWLRQV We[WLOeV) SRXU OeXU TXaOLWp d¶aYRLU deV LPageV de WUqV 

haXWe SUpcLVLRQ. La WechQRORgLe de Oa WRPRgUaShLe cRQVLVWe eQ deX[ ShaVeV : Oa SURMecWLRQ de Oa 

SaUWLe VcaQQpe eQ 2D YLa deV Ua\RQV X TXL WUaYeUVeQW Oa PaWLqUe eW Oa UecRQVWUXcWLRQ eQ 3D de Oa 

VWUXcWXUe VcaQQpe SaU deV aOgRULWhPeV de WUaLWePeQW d¶LPageV. La UecRQVWUXcWLRQ d¶XQ PLOLeX[ 

fLbUeX[ SaU Oa WRPRgUaShLe eVW dpMj XWLOLVpe SaU (ZheQg eW aO., 2024) TXL O¶RQW ePSOR\pe SRXU Oa 
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cRPSacWLRQ deV UeQfRUWV WULVVpV. EQ UeYaQche, Oa WechQLTXe de UecRQVWUXcWLRQ 3D XWLOLVpe Pa 

WhqVe eVW LQVSLUpe deV WUaYaX[ de (LaWLO eW aO., 2011), SRUWpV VXU Oa cRPSacWLRQ d¶XQ SaTXeW de 

fLbUeV j O¶pcheOOe PpVRVcRSLTXe. 

Ce chaSLWUe UpVXPe pgaOePeQW deV pWXdeV TXL e[LVWeQW VXU Oa PLVe eQ SOace deV PRdqOeV 

gpRPpWULTXeV dpSeQdaQW de Oa WRPRgUaShLe SRXU UecRQVWUXLUe Oa VWUXcWXUe 3D d¶XQ PLOLeX 

fLbUeX[. EQ UeYaQche, ceWWe dpSeQdaQce eVW chqUe eW ORQgXe. ALQVL, QRXV QRXV VRPPeV LQWpUeVVpV 

SaU deV pWXdeV TXL SRUWeQW VXU deV gpQpUaWeXUV YLUWXeOV deV VWUXcWXUeV fLbUeXVeV, de dLffpUeQWeV 

gpRPpWULeV, j O¶pcheOOe PpVRVcRSLTXe. UQ pWaW d¶aUW eVW faLW VXU OeV gpQpUaWeXUV j O¶pcheOOe 

PacURVcRSLTXe PaLV aXVVL VXU Oa gpQpUaWLRQ d¶XQ SaTXeW de fLbUeV j O¶pcheOOe PpVRVcRSLTXe. La 

VLPXOaWLRQ de Oa cRPSUeVVLRQ eVW dpWaLOOpe YLa deV PRdqOeV SaU deV pOpPeQWV dLVcUeWV eW d¶aXWUeV 

SaU deV pOpPeQWV fLQLV. DaQV ceV VLPXOaWLRQV, XQe bRQQe SaUWLe deV pWXdeV SUeQd eQ cRPSWe 

O¶effeW dX cReffLcLeQW dX fURWWePeQW fLbUe/fLbUe eW fLbUe/SaURL VXU Oe cRPSRUWePeQW eQ cRPSacWLRQ 

deV fLbUeV. 

AXVVL, ce chaSLWUe V\QWhpWLVe VXU OeV dLffpUeQWV W\SeV deV pOpPeQWV XWLOLVpV daQV OeV VLPXOaWLRQV 

R� Oe chRL[ dX W\Se d¶pOpPeQWV eVW cUXcLaO SRXU XQe VLPXOaWLRQ cRUUecWe. PaU e[ePSOe, deV 

pOpPeQWV de W\Se µµWUeLOOLV¶¶ Qe SeXYeQW SaV rWUe adaSWpV SRXU OeV VLPXOaWLRQV d¶XQ PLOLeX[ fLbUeX[ 

eQ cLVaLOOePeQW, eQ WRUVLRQ RX eQ fOe[LRQ. ALQVL, cRPPe OeV pOpPeQWV dLVcUeWV Ve baVeQW VXU Oa 

WhpRULe deV VROLdeV LQdpfRUPabOeV, ceV pOpPeQWV Qe SeXYeQW SaV cRQYeQLU SRXU QRV VLPXOaWLRQV 

TXL dRLYeQW SUeQdUe eQ cRPSWe Oa dpfRUPaWLRQ deV fLbUeV eQ fOe[LRQ. ALQVL, SRXU deV VLPXOaWLRQV 

de cRPSacWLRQ, R� Oa fOe[LRQ eVW Oa PRde de VROOLcLWaWLRQ SULQcLSaOe, Oe chRL[ V¶RULeQWe YeUV deV 

pOpPeQWV fLQLV R� OeV fLbUeV VRQW PRdpOLVpeV SaU deV pOpPeQWV de SRXWUe. D¶aXWUeV W\SeV de 

VLPXOaWLRQV Ve baVe aXVVL VXU deV VLPXOaWLRQV h\bULdeV SaU deV pOpPeQWV dLVcUeWV eW deV pOpPeQWV 

fLQLV eQ PrPe WePSV, ce TXL SeUPeW de dpfLQLU OeV SURSULpWpV deV fLbUeV eQ WUacWLRQ eW eQ fOe[LRQ 

daQV deV VWUXcWXUeV cOaVVLTXeV cRPPe OeV UeQfRUWV WLVVpV. Ce W\Se deV VLPXOaWLRQV h\bULdeV a pWp 

XWLOLVp SaU e[ePSOe SaU (DaeOePaQV eW aO., 2021). DaQV ceV deUQLqUeV VLPXOaWLRQV, Oe 

cRPSRUWePeQW eQ cRPSUeVVLRQ VePbOe rWUe LQfOXeQcp SaU SOXVLeXUV SaUaPqWUeV cRPPe Oe 

YROXPe de Oa fLbUe eW de VRQ UaWLR LeQgWh/DLaPeWeU, Oe cReffLcLeQW de fURWWePeQW eQWUe OeV fLbUeV 

eW Oa ULgLdLWp deV fLbUeV eQ fOe[LRQ.  

PRXU fLQLU ce chaSLWUe, Pa WhqVe acWXeOOe SUeQd Oe UeOaLV de Oa WhqVe de HaML TXL SRUWe VXU Oa 

VLPXOaWLRQ de Oa cRPSacWLRQ d¶XQ SaTXeW de SOXVLeXUV fLbUeV eQ SRO\eVWeU. SRQ WUaYaLO Ve baVe 

VXU Oa UecRQVWUXcWLRQ 3D d¶XQ SaTXeW de fLbUe SaU XQe UecRQVWUXcWLRQ 3D gUkce j XQe 

PLcURWRSRgUaShLe j Ua\RQ X. La VWUaWpgLe SURSRVpe daQV Oa WhqVe d¶HaML SeUPeW de dpfLQLU, SRXU 

chaTXe VOLce (VecWLRQ), Oe ceQWUe de Oa VecWLRQ de chaTXe LPage 2D deV VOLceV LVVXV dX 
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WRPRgUaShe. EQVXLWe, j SaUWLU de O¶eQVePbOe deV VOLceV, LO a SX UecRQVWUXLUe O¶a[e de Oa fLbUe. 

EQVXLWe, XQe VLPXOaWLRQ a pWp faLWe SaU deV pOpPeQWV fLQLV de W\Se SRXWUe (B31) YLa XQ PRdqOe 

e[SOLcLWe. HaML a faLW O¶e[WUacWLRQ deV 39 fLbUeV QXPpULTXeV j SaUWLU deV fLbUeV UpeOOeV eW a VLPXOp 

Oa cRPSacWLRQ de ceV fLbUeV. EQ UeYaQche, VRQ WUaYaLO SUpVeQWe XQe eUUeXU de SRVLWLRQ eQWUe OeV 

fLbUeV VLPXOpeV eW OeV fLbUeV UpeOOeV. De SOXV VRQ PRdqOe Qe SUeQd SaV eQ cRPSWe Oe cRQWacW eQWUe 

OeV fLbUeV, Oa cRXUbXUe eW O¶RULeQWaWLRQ deV fLbUeV. PaU cRQVpTXeQW, Pa WhqVe YLeQW SRXU SUeQdUe 

eQ cRPSWe VeV OacXQeV eW SRUWe VXU Oa cRPSacWLRQ deV 40 fLbUeV eQ PE de dLaPqWUe de 500 �P eW 

de ORQgXeXU de 15 PP. LeV fLbUeV VRQW dLVSRVpeV SaUaOOqOeV eW OpgqUePeQW eQcheYrWUpeV eW Oa 

PRde de dpfRUPaWLRQ chRLVLe eVW ceOOe de Oa cRPSacWLRQ. 

ChaSiWUe II : DpYelRSSemeQW deV RXWilV d¶aQal\Ve QXmpUiTXe de la 
cRmSacWiRQ deV fibUeV 

Le chaSLWUe 2 SRUWe fRcaOLVe VXU Oe dpYeORSSePeQW deV RXWLOV d¶aQaO\VeV QXPpULTXeV de Oa 

PLcURVWUXcWXUe d¶XQ SaTXeW de fLbUeV ORUV de Oa cRPSacWLRQ. DaQV ce cadUe, Oe chaSLWUe abRUde 

WURLV VecWLRQV PaMeXUeV.  

La SUePLqUe VecWLRQ SRUWe VXU Oa UecRQVWUXcWLRQ d¶XQe gpRPpWULe 3D SRXU XQ SaTXeW de fLbUeV eQ 

SRO\eVWeU ORUV de OeXU cRPSacWLRQ YLa XQe PachLQe de cRPSacWLRQ VLWXpe daQV XQ WRPRgUaShe. 

La gpRPpWULe LQLWLaOe deV fLbUeV eVW VcaQQpe aYaQW de cRPPeQceU Oa cRPSacWLRQ. UQe fRLV 

VcaQQpe, XQ ORgLcLeO dX WRPRgUaShe eVW XWLOLVp SRXU UecRQVWUXLUe Oe YROXPe 3D dX SaTXeW. 

EQVXLWe, deV eVVaLV de cRPSacWLRQ aYec aVVeUYLVVePeQW eQ dpSOacePeQW VRQW effecWXp j SOXVLeXUV 

SaV de cRPSacWLRQ. ASUqV chaTXe pWaSe de cRPSacWLRQ, XQ VcaQ de Oa gpRPpWULe eVW effecWXp SaU 

Oe WRPRgUaShe. LeV eVVaLV de cRPSacWLRQV VRQW deV effecWXpeV eQ TXaVL VWaWLTXe aYec XQe YLWeVVe 

de cRPSacWLRQ de 1PP/PLQ. OeV eVVaLV PRQWUeQW TXe O¶pYROXWLRQ de Oa fRUce de cRPSacWLRQ VXLW 

XQe cRXUbe e[SRQeQWLeOOe eW Oa fRUce de cRPSacWLRQ Ve caUacWpULVe SaU XQe UeOa[aWLRQ aSUqV 

chaTXe cRPSacWLRQ, ce TXL V¶e[SOLTXeU SaU XQe UpRUgaQLVaWLRQ deV fLbUeV afLQ de UeWURXYeU XQe 

QRXYeOOe SRVLWLRQ d¶pTXLOLbUe. ASUqV aYRLU UecRQVWUXLW Oa gpRPpWULe 3D deV fLbUeV SaU Oe 

WRPRgUaShe, Oa gpRPpWULe UecRQVWUXLWe VeUYLUa, gUkce j XQ cRde MaWOab, j dpfLQLU OeV SRLQWV dX 

ceQWUe deV VecWLRQV VXcceVVLYeV de chaTXe fLbUe. CeV SRLQWV VRQW eQVXLWe aVVePbOpV SRXU 

UeWURXYeU OeV WUaMeWV deV fLbUeV. La VWUXcWXUe UecRQVWUXLWe eVW eQVXLWe e[SRUWpe YeUV AbaTXeV 

cRPPe XQe gpRPpWULe PRdqOe SRXU SaTXeW de fLbUeV afLQ TX¶eOOe VRLW XWLOLVpe SRXU deV 

VLPXOaWLRQV de cRPSacWLRQ. La UpVROXWLRQ VSaWLaOe dX VcaQQeU (WaLOOe deV YR[eOV) LQfOXeQW VXU Oa 

SUpcLVLRQ de Oa UecRQVWUXcWLRQ 3D SaUce TX¶LO SRXUUaLW LPSacWeU Oa SUpcLVLRQ de Oa dpfLQLWLRQ deV 

ceQWUeV deV VecWLRQV eW OeV dLaPqWUeV de fLbUeV. 
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La deX[LqPe SaUWLe dX chaSLWUe 2 e[SOLTXe Oa PpWhRdRORgLe de gpQpUaWLRQ d¶XQ PRdqOe 

gpRPpWULTXe d¶XQ SaTXeW de fLbUeV eQ 3D SaU XQ eVWLPaWeXU QXPpULTXe YLUWXeO. CeOXL-cL cRQVLVWe 

eQ deX[ ShaVe : Oa gpQpUaWLRQ d¶XQ SaTXeW de fLbUeV j SaUWLU deV fLbUeV VcaQQpeV SaU XQ 

WRPRgUaShe eW Oa VLPXOaWLRQ de Oa cRPSacWLRQ deV fLbUeV gpQpUpeV. La VWUaWpgLe de gpQpUaWLRQ 

dpSeQd aYaQW WRXW d¶XQ SUpWUaLWePeQW SaU VRfWZaUe FIJI deV LPageV de chaTXe VecWLRQ deV fLbUeV, 

UpcXSpUpe SaU Oe WRPRgUaShe. Ce SUpWUaLWePeQW effecWXe XQe aQaO\Ve de Oa dLVWULbXWLRQ de 

O'LQWeQVLWp OXPLQeXVe deV SL[eOV aSSaUWeQaQW aX[ VecWLRQV de fLbUeV LQdLYLdXeOOeV, ce TXL SeUPeW 

de VpSaUeU OeV fLbUeV eW OeV LVROeU de OeXU eQYLURQQePeQW. UQe fRLV OeV LPageV WUaLWpeV SaU FIJI�, 

XQ cRde MaWOab SeUPeW de dpWecWeU Oe ceQWUe de chaTXe VecWLRQ eW Oe dLaPqWUe de chaTXe de fLbUe 

daQV chaTXe VOLce YLa XQe fRQcWLRQ VSpcLfLTXe de MaWOab µµCLUcOe HRff TUaQVfRUP (CHT)¶¶. Le 

cRde MaWOab eVW XWLOLVp SRXU cRQQecWeU OeV ceQWUeV deV VecWLRQV eW UeWURXYeU OeV a[eV deV fLbUeV j 

SaUWLU deV ceQWUeV deV VecWLRQV LdeQWLfLpV. EQVXLWe, XQe VLPXOaWLRQ de Oa cRPSacWLRQ deV fLbUeV 

eVW effecWXpe SaU AbaTXV ABAQUS�/EXPLICIT VXU Oa baVe d¶XQe VWUaWpgLe PLVe eQ SOace daQV 

Oa WhqVe de HaML. DaQV Oe cadUe de Oa WhqVe acWXeOOe, Oa VWUaWpgLe de HaML eVW dpYeORSSpe SaU Oa 

SULVe eQ cRPSWe de Oa gUaYLWp eW cRPSOpWpe SaU deV QRXYeOOeV VLPXOaWLRQV. DaQV ceOOeV-cL, OeV 

PRUV de cRPSUeVVLRQ VRQW PRdpOLVpV SaU deV pOpPeQWV dLVcUeWV dX faLW TXe OeV SOaWeaX[ de 

cRPSUeVVLRQ VRLeQW e[WUaLWV SaU CATIA V5� R� LO Q¶\ aYaLW SaV Oa SRVVLbLOLWp de chRLVLU d¶aXWUe 

W\Se d¶pOpPeQWV. IO pWaLW dRQc SRVVLbOe d¶XWLOLVeU deV pOpPeQWV dLVcUeWV XQLTXePeQW. EQ UeYaQche, 

SRXU Oa VLPXOaWLRQ de Oa cRPSacWLRQ deV fLbUeV cUppeV, deV pOpPeQWV aQaO\WLTXeV RQW pWp XWLOLVpV. 

IO SaUaLW TXe Oa SUpcLVLRQ deV deX[ W\SeV d¶pOpPeQWV eVW Oa PrPe PaLV OeV pOpPeQWV aQaO\WLTXeV 

VRQW SOXV effLcaceV SRXU OeXU WePSV de caOcXOV eW VLPXOaWLRQ. LeV pOpPeQWV XWLOLVpV SRXU OeV fLbUeV 

VRQW aLQVL deV pOpPeQWV B31 de W\Se SRXWUe. AfLQ de PeQeU j bLeQ OeV VLPXOaWLRQV, XQe dpfLQLWLRQ 

d¶XQ eQVePbOe de SaUaPqWUeV LQWULQVqTXeV pWaLW QpceVVaLUe. ALQVL, Oa YaOeXU dX cReffLcLeQW de 

fURWWePeQW, QpceVVaLUe SRXU PRdpOLVeU Oe cRQWacW eQWUe fLbUeV, a pWp dpfLQLe SaU 𝜇=0.2 VeORQ Oa 

WhqVe de (GaVVaUa, 2016) ; Le cReffLcLeQW de SRLVVRQ eVW de Ȟ=0.25 VeORQ Oa WhqVe de HaML. QXaQW 

j Oa YaOeXU dX PRdXOe de O¶pOaVWLcLWp, deV eVVaLV de WUacWLRQV PRQRWRQeV eW c\cOLTXeV RQW pWp 

effecWXpV SRXU WURXYeU ceWWe YaOeXU eW dpcULUe Oe cRPSRUWePeQW deV fLbUeV. IO eQ UeVVRUW SaU 

cRQVpTXeQW XQ cRPSRUWePeQW eOaVWRSOaVWLTXe deV fLbUeV, ce TXL a pWp LQWURdXLW daQV OeV 

VLPXOaWLRQV, eW XQ PRdXOe de YRXQg de 6 GSa aORUV TXe Oa dpfRUPaWLRQ Pa[LPaOe de HeQcN\ de 

22.5 j 30%.  

CeSeQdaQW, Oa dpWecWLRQV deV ceQWUeV deV VecWLRQV de chaTXe fLbUe SUpVeQWe deV eUUeXUV de O¶RUdUe 

de � 1 SL[eO daQV Oa VWUaWpgLe acWXeOOe, ce TXL VLgQLfLe TXe Oa gpRPpWULe deV fLbUeV e[SRUWpeV daQV 

OeV cRdeV deV pOpPeQWV fLQLV SRXUUa SURYRTXeU deV SpQpWUaWLRQV deV fLbUeV daQV AbaTXV aORUV 
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TX¶eOOeV Qe Oe VRQW SaV UpeOOePeQW. EQ UeYaQche, OeV UpVXOWaWV PRQWUeQW PaOgUp WRXW TXe Oa 

VWUaWpgLe UeVWe cRhpUeQWe SXLVTXe O¶eUUeXU de SpQpWUaWLRQ Qe SUpVeQWe TXe 2% dX dLaPqWUe deV 

fLbUeV. De SOXV, XQe VWUaWpgLe de cRUUecWLRQ de Oa SpQpWUaWLRQ a pWp SURSRVpe daQV Oa WhqVe acWXeOOe 

eW SUeQd eQ cRPSWe O¶effeW de Oa gUaYLWp VXU Oa dLVSRVLWLRQ VSaWLaOe deV fLbUeV. 

La deUQLqUe SaUWLe dX chaSLWUe SRUWe VXU Oa PLVe eQ SOace deV RXWLOV QXPpULTXeV SRXU aQaO\VeU Oa 

PLcURVWUXcWXUe d¶XQ SaTXeW de fLbUe eW RbVeUYeU O¶pYROXWLRQ de Oa cRPSacWLRQ eQ dpfLQLVVaQW deV 

LQdLcaWeXUV LQWULQVqTXeV cRPPe Oa SRVLWLRQ deV fLbUeV, Oe QRPbUe eQWUe OeV fLbUeV, O¶RQdXOaWLRQ 

eW OeV RULeQWaWLRQV VSaWLaOeV deV fLbUeV, O¶aQgOe dpcULYaQW Oa dLVSRVLWLRQ deV VecWLRQV deV fLbUeV, 

OeV XQeV SaU UaSSRUWV aX[ aXWUeV, daQV Oe SOaQ d¶XQe VOLce dRQQpe, O¶aQgOe eQWUe deX[ fLbUeV 

PeVXUpeV daQV XQ SOaQ SeUSeQdLcXOaLUe aX SOaQ deV VOLceV, Oe Ua\RQ de cRXUbXUe eW O¶RQdXOaWLRQ 

deV fLbUeV daQV XQ SOaQ eW Oa WRUVLRQ deV fLbUeV, O¶RULeQWaWLRQ deV fLbUeV. EQVXLWe, ceV LQdLcaWeXUV 

RQW pWp cRdpV SRXU aQaO\VeU Oa cRPSacWLRQ QXPpULTXe eW e[SpULPeQWaOe aXWRPaWLTXePeQW. 

TRXWefRLV, Oa PLVe eQ SOace deV LQdLcaWeXUV fLabOeV cRQVWLWXe XQ dpfL SRXU ceV VLPXOaWLRQV SaUce 

TX¶LO SRXUUaLW \ a YRLU deX[ VRXUceV d¶eUUeXU : Oa SUePLqUe SRXUUaLW rWUe dXe j Oa UecRQVWUXcWLRQ 

deV fLbUeV eW Oa deX[LqPe SRXUUaLW YeQLU deV eUUeXUV de caOcXOV deV LQdLcaWeXUV. EQfLQ, OeV 

LQdLcaWeXUV dpYeORSSpV daQV ceWWe WhqVe RQW pWp XWLOLVpV SRXU aQaO\VeU deV VWUXcWXUeV QXPpULTXeV 

eW d¶aXWUeV VWUXcWXUeV VcaQQpeV SaU Oe WRPRgUaShe afLQ dpcULUe O¶pYROXWLRQ de Oa cRPSacWLRQ eW 

dpfLQLU OeV RULeQWaWLRQV deV fLbUeV, OeV cRQWacWV eQWUe OeV fLbUeV eOOeV-PrPeV, OeV cRQWacWV eQWUe 

OeV fLbUeV eW OeV SOaWeaX[ de cRPSUeVVLRQ eW SOeLQ d¶aXWUeV SaUaPqWUeV. LeV aQaO\VeQW PRQWUe TXe 

ceWWe dpPaUche QXPpULTXe, de PRdpOLVaWLRQ eW de VLPXOaWLRQ, UeVWe WUqV VaWLVfaLVaQWe SXLVTXe OeV 

eUUeXUV de O¶eVWLPaWeXU QXPpULTXe UeVWeQW WUqV UaLVRQQabOeV. A WLWUe d¶e[ePSOe, O¶eUUeXU de Oa 

SRVLWLRQ deV fLbUeV eVW O¶RUdUe de 2% dX dLaPqWUe deV fLbUeV. 

eWaQW dRQQp TXe O¶eVWLPaWeXU QXPpULTXe eVW SURXYp d¶rWUe fLabOe, LO VeUa SRVVLbOe de gpQpUeU 

SOXVLeXUV PRdqOeV gpRPpWULTXeV deV SaTXeWV de fLbUeV eW d¶\ aSSRUWeU XQe pWXde SaUaPpWULTXe 

de Oa cRPSacWLRQ, ce TXL feUa O¶RbMeW dX chaSLWUe VXLYaQW. 

ChaSWeU III : GpQpUaWeXU d¶XQ SaTXeW de fibUeV alpaWRiUeV eW aQal\Ve de 
l¶iQflXeQce deV SaUamqWUeV de gpQpUaWiRQ 

Le chaSLWUe III a SRXU RbMecWLf Oa cUpaWLRQ d¶XQ gpQpUaWeXU de SaTXeWV de fLbUeV YLUWXeO, Va 

YaOLdaWLRQ eW VRQ XWLOLVaWLRQ afLQ de WeVWeU dLffpUeQWV SaUaPqWUeV PLcURVWUXcWXUaX[ VXU Oa UpSRQVe 

VRXV dLffpUeQWeV VROOLcLWaWLRQV. IO eVW cRPSRVp deV VecWLRQV VXLYaQWeV : 

 SecWLRQ 7, TXL SUpVeQWe Oa VWUaWpgLe de cUpaWLRQ dX gpQpUaWeXU YLUWXeO eW Va YaOLdaWLRQ 
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 SecWLRQ 8, TXL SUpVeQWe O¶effeW deV SaUaPqWUeV PLcURVWUXcWXUaX[ deV SaTXeWV de fLbUeV 

VXU Oe cRPSRUWePeQW eQ cRPSUeVVLRQ 

 SecWLRQ 9, TXL pWXdLe O¶effeW de dLffpUeQWV WUaMeWV de chaUgePeQW, de Oa YLWeVVe de 

VROOLcLWaWLRQ eW de Oa deQVLWp de fLbUeV VXU Oe cRPSRUWePeQW eQ cRPSUeVVLRQ 

SecWiRQ 7 : VWUaWpgie cUpaWiRQ d¶XQ gpQpUaWeXU YiUWXel d¶aVVemblageV de fibUeV eW 
YpUificaWiRQ de Va faiVabiliWp 

CeWWe VecWLRQ e[SRVe Oa VWUaWpgLe de cUpaWLRQ d¶XQ gpQpUaWeXU de SaTXeWV de fLbUeV YLUWXeO, 

SeUPeWWaQW de cRQWU{OeU OeV SaUaPqWUeV PLcURVWUXcWXUaX[ pWabOL aX ChaSLWUe II j SaUWLU deV 

RbVeUYaWLRQV WRPRgUaShLTXeV ; LO V¶agLW SaU e[ePSOe dX QRPbUe de fLbUeV, de O¶pOaQcePeQW deV 

fLbUeV, de O¶RQdXOaWLRQ, eWc. 

La PpWhRde chRLVLe UeSRVe VXU XQe VWUaWpgLe VLPSOe eW effLcace eQ 3 pWaSeV eW QpceVVLWaQW 2 

ORgLcLeOV dpMj XWLOLVpV daQV Oe UeVWe de O¶pWXde : MaWOab SRXU OeV 2 SUePLqUeV pWaSeV eW AbaTXV� 

SRXU Oa deUQLqUe. La SUePLqUe pWaSe cRQVLVWe eQ Oa cUpaWLRQ de fLbUeV dURLWeV aOpaWRLUePeQW 

RULeQWpeV, Oa ORQgXeXU pWaQW cRQWU{Ope SaU Oa ORQgXeXU WRWaOe dX PRdqOe ; VL RQ cRQVLdqUe XQe 

bRLWe UeSUpVeQWaQW O¶aVVePbOage fLbUeX[ fLQaO, Oa ORQgXeXU de Oa bRLWe eVW pgaOe j O¶pcaUW eQWUe Oa 

VecWLRQ de dpbXW eW Oa VecWLRQ de fLQ de chaTXe fLbUe. A ce VWade, Oe PRdqOe eVW cRPSRVp de 

SOXVLeXUV VWUaWeV cRQWeQaQW chacXQe XQe fLbUe dURLWe de VecWLRQ cLUcXOaLUe cRQVWaQWe. UQe fRLV 

WRXWeV OeV fLbUeV cUppeV, Oa VecRQde pWaSe cRQVLVWe j OeXU LPSRVeU XQe RQdXOaWLRQ SaU O¶LQVeUWLRQ 

d¶XQ RX SOXVLeXUV SRLQWV d¶RQdXOaWLRQ. A ceWWe pWaSe, chaTXe fLbUe eVW eQcRUe LVROpe daQV Va VWUaWe, 

de VRUWe j pYLWeU WRXWe SpQpWUaWLRQ. La WURLVLqPe pWaSe cRQVLVWe aORUV j PeWWUe OeV fLbUeV eQ cRQWacW; 

ceOa Ve faLW SaU VLPXOaWLRQ QXPpULTXe AbaTXV�, eQ LPSRVaQW XQ VWeS de gUaYLWp aX PRdqOe. 

L¶eQVePbOe de Oa PpWhRde eVW VchpPaWLVp eQ FLgXUe L. 

 

FigXUe i MaiQ VWeS Rf YiUWXal QXmeUical UaQdRm fibeU bXQdle geQeUaWRU. 
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AfLQ de YaOLdeU Oe gpQpUaWeXU, WURLV PRdqOeV RQW pWp cUppV aYec OeV PrPeV SaUaPqWUeV 

PLcURVWUXcWXUaX[ TXe O¶aVVePbOage PRdqOe XWLOLVp aX ChaSLWUe II SRXU OeV eVVaLV e[SpULPeQWaX[ 

eW deV VLPXOaWLRQV RQW pWp UpaOLVpeV eQ UeSURdXLVaQW Oe PrPe WUaMeW de chaUgePeQW. LeV UpVXOWaWV 

RbWeQXV PRQWUeQW deV cRXUbeV SUeVVLRQ de cRPSUeVVLRQ eQ fRQcWLRQ de Oa fUacWLRQ YROXPLTXe de 

fLbUeV cRhpUeQWeV aYec ceOOeV deV eVVaLV e[SpULPeQWaX[ SRXU OeV WURLV PRdqOeV YLUWXeOV ; bLeQ TXe 

ceUWaLQeV dLffpUeQceV e[LVWeQW cRQceUQaQW Oa UpSaUWLWLRQ deV fLbUeV eQ cRXUV de caOcXO, eOOeV UeVWeQW 

faLbOeV eW WeQdeQW j V¶aWWpQXeU ORUVTXe Oa SUeVVLRQ aXgPeQWe. 

CeOa SeUPeW de YpULfLeU Oa fLabLOLWp dX gpQpUaWeXU d¶aVVePbOageV fLbUeX[ YLUWXeO eW d¶XWLOLVeU ceW 

RXWLO SRXU gpQpUeU deV aVVePbOageV de SaUaPqWUeV PLcURVWUXcWXUaX[ dLffpUeQWV afLQ d¶LQYeVWLgXeU 

OeXU LPSacW VXU Oe cRPSRUWePeQW de O¶aVVePbOage fLbUeX[ VRXV dLYeUVeV VROOLcLWaWLRQV, 

QRWaPPeQW LcL, Oa cRPSUeVVLRQ. 

SecWiRQ 8 : EffeW deV SaUamqWUeV micURVWUXcWXUaX[ deV SaTXeWV de fibUeV VXU le 

cRmSRUWemeQW eQ cRmSUeVViRQ 

CeWWe VecWLRQ a SRXU RbMecWLf d¶aQaO\VeU O¶effeW deV caUacWpULVWLTXeV PLcURVWUXcWXUaOeV VXU Oe 

cRPSRUWePeQW eQ cRPSUeVVLRQ d¶XQ aVVePbOage fLbUeX[. CeV caUacWpULVWLTXeV VRQW O¶RQdXOaWLRQ 

deV fLbUeV, OeXU pOaQcePeQW eW Oe cReffLcLeQW de fURWWePeQW.  

AfLQ d¶pWXdLeU O¶effeW de O¶RULeQWaWLRQ eW O¶RQdXOaWLRQ, 8 aVVePbOageV YLUWXeOV VRQW cUppV dRQW 

TXaWUe aYec deV fLbUeV dURLWeV, RUgaQLVpeV VRXV fRUPe d¶XQ aVVePbOage cRPSacW, VRXV fRUPe 

d¶XQ aVVePbOage UecWaQgOe eW 2 de PaQLqUe aOpaWRLUe SaU deX[ PpWhRdeV dLffpUeQWeV. PRXU OeV 

TXaWUe aXWUeV gpRPpWULeV, XQe RQdXOaWLRQ eVW cUppe aYec XQ, deX[, WURLV SXLV TXaWUe SRLQWV 

d¶RQdXOaWLRQ. ChaTXe UpVXOWaW eVW aQaO\Vp, aYaQW eW aSUqV cRPSUeVVLRQ, j WUaYeUV dLffpUeQWV 

LQdLcaWeXUV : 

 CRXUbe de SUeVVLRQ de cRPSUeVVLRQ eQ fRQcWLRQ de Oa fUacWLRQ YROXPLTXe de fLbUeV. 

 OULeQWaWLRQ eW dpVRULeQWaWLRQ, SaU O¶aQaO\Ve dX WeQVeXU d¶RULeQWaWLRQ 𝐴33. 

 NRPbUe de cRQWacW eW aQgOeV eQWUe OeV fLbUeV eQ cRQWacW. 

 UQdXOaWLRQ. 

LeV cRXUbeV de SUeVVLRQ de cRPSUeVVLRQ eQ fRQcWLRQ de Oa fUacWLRQ YROXPLTXe de fLbUeV PRQWUeQW 

deV cRPSRUWePeQWV VLPLOaLUeV SRXU OeV deX[ aVVePbOageV de fLbUeV dURLWeV aOpaWRLUePeQW 

RULeQWpeV, aYec XQe SUeVVLRQ de cRPSUeVVLRQ TXL UeVWe QXOOe aX[ SUePLeUV LQVWaQWV dX caOcXO eW 

MXVTX¶j ce TXe Oa fUacWLRQ YROXPLTXe de fLbUeV aXgPeQWe aX[ eQYLURQV de 72%. CeOa cRQfLUPe 

XQe SUePLqUe pWaSe de UpaUUaQgePeQW deV fLbUeV j faLbOe SUeVVLRQ, OLpe j Oa faLbOe ULgLdLWp de 
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fOe[LRQ deV fLbUeV, TXL OeXU SeUPeW de cRPbOeU OeV eVSaceV OLbUeV eW aLQVL de dLPLQXeU Oe YROXPe. 

DaQV XQ VecRQd WePSV, Oa SUeVVLRQ aXgPeQWe MXVTX¶j aWWeLQdUe XQ Pa[LPXP aYaQW de 

UedLPLQXeU, ce TXL cRUUeVSRQd j XQe aXgPeQWaWLRQ deV cRQWacWV eQWUe fLbUeV eW dRQc XQe SUeVVLRQ 

de cRQWacW j YaLQcUe SRXU PeWWUe OeV fLbUeV eQ PRXYePeQW. DXUaQW ceWWe pWaSe, Oe PRXYePeQW 

deV fLbUeV dRPLQe. EQfLQ, eW aX-deOj de 75% eQYLURQ de fUacWLRQ YROXPLTXe de fLbUeV, OeV cRXUbeV 

UeMRLgQeQW ceOOeV deV aVVePbOageV UecWaQgOe eW cRPSacW. PRXU ceV deX[ deUQLeUV aVVePbOageV, 

OeV fLbUeV VRQW dpMj daQV XQe cRQfLgXUaWLRQ µµYeUURXLOOpe¶¶ eW OeV UpaUUaQgePeQWV Qe VRQW SOXV 

SRVVLbOeV. IO \ a dRQc SeX de PRXYePeQWV de fLbUeV, cRPPe Oe cRQfLUPe Oa cRPSRVaQWe 𝐴33 dX 

WeQVeXU d¶RULeQWaWLRQ. CeWWe caSacLWp j Ve UpRUgaQLVeU eVW cRQfLUPpe SaU OeV deX[ aXWUeV 

LQdLcaWeXUV : Oe QRPbUe de cRQWacWV aXgPeQWe SRXU OeV aVVePbOageV de fLbUeV aOpaWRLUePeQW 

RULeQWpeV, de PrPe TXe Oa UpSaUWLWLRQ deV aQgOeV de cRQWacW. 

QXaWUe PRdqOeV de fLbUeV RQdXOpeV VRQW eQVXLWe cRPSaUpV ; Oa fUacWLRQ YROXPLTXe de fLbUeV 

LQLWLaOeV YaULe eQWUe 27.8% eW 46.7% PaLV XQe SUePLqUe pWaSe de SUp-cRPSUeVVLRQ eVW UpaOLVpe 

MXVTX¶j ce TXe WRXV OeV aVVePbOageV aWWeLgQeQW 46.7% de fUacWLRQ YROXPLTXe de fLbUeV, pWaW TXL 

eVW aORUV SULV cRPPe UpfpUeQce SRXU Oa cRPSaUaLVRQ deV UpVXOWaWV, afLQ d¶e[cOXUe OeV effeWV OLpV j 

Oa YaULaWLRQ de fUacWLRQ YROXPLTXe. LeV cRXUbeV de SUeVVLRQ eQ fRQcWLRQ de Oa fUacWLRQ YROXPLTXe 

de fLbUeV PRQWUeQW deV cRPSRUWePeQWV VLPLOaLUeV j ceX[ deV fLbUeV dURLWeV aOpaWRLUePeQW 

RULeQWpeV. De SOXV, SRXU WRXV OeV pchaQWLOORQV XQe OLPLWe VWUXcWXUeOOe VePbOe e[LVWeU, SRXU 

OaTXeOOe WRXWeV OeV fLbUeV VRQW eQ cRQWacW eW SeX d¶eVSaceV OLbUeV VXbVLVWeQW ; Oa fUacWLRQ 

YROXPLTXe de fLbUeV aWWeLQW aORUV VRQW Pa[LPXP. De PrPe TXe SUpcpdePPeQW, Oe 

UpaUUaQgePeQW deV fLbUeV Ve cRQfLUPe SaU O¶eQVePbOe deV LQdLcaWeXUV eW O¶LQfOXeQce de 

O¶RQdXOaWLRQ VXU Oe cRPSRUWePeQW eQ cRPSUeVVLRQ eVW PRQWUpe. 

EQ VecRQd SRLQW, O¶effeW de O¶pOaQcePeQW deV fLbUeV eVW pWXdLp. PRXU ce faLUe, WURLV aVVePbOageV 

VRQW cUppV eW cRPSaUpV ; Oe SUePLeU eVW ceOXL de UpfpUeQce cRUUeVSRQdaQW j O¶pchaQWLOORQ dX 

ChaSLWUe II. Le dLaPqWUe deV fLbUeV eVW de 0.5PP, cRUUeVSRQdaQW j XQ pOaQcePeQW 𝑆0 de 3.64%. 

LeV pOaQcePeQWV VRQW eQVXLWe dLYLVpV SaU 10 eW SaU 50 SRXU cUpeU OeV deX[ aXWUeV pchaQWLOORQV. 

LeV UpVXOWaWV RbWeQXV PRQWUeQW TXe SOXV OeV fLbUeV VRQW pOaQcpeV, SOXV Oa SUeVVLRQ de cRPSUeVVLRQ 

eVW faLbOe SRXU XQe PrPe fUacWLRQ YROXPLTXe de fLbUeV. CeOa V¶e[SOLTXe SaU Oa caSacLWp deV fLbUeV 

j Ve UpaUUaQgeU d¶aXWaQW SOXV TXe OeXU ULgLdLWp de fOe[LRQ eVW faLbOe eW dRQc d¶aXWaQW SOXV TXe OeXU 

dLaPqWUe dLPLQXe. CeOa Ve cRQfLUPe SaU deV cRQWacWV TXL aXgPeQWeQW OaUgePeQW SOXV Oe Ua\RQ 

dLPLQXe. 

EQfLQ, O¶effeW dX fURWWePeQW eQWUe fLbUeV eVW aQaO\Vp, eQ faLVaQW YaULeU OeV cReffLcLeQWV de 

fURWWePeQW de 0.2 j 0.8 eW OeV UpVXOWaWV PRQWUeQW TXe, SRXU OeV faLbOeV fUacWLRQV YROXPLTXeV de 



12 

 

fLbUeV, Oa SUeVVLRQ de cRPSUeVVLRQ aXgPeQWe aYec Oe cReffLcLeQW de fURWWePeQW PaLV, SRXU OeV 

aVVePbOageV SOXV deQVeV, OeV effeWV de O¶aXgPeQWaWLRQ dX cReffLcLeQW de fURWWePeQW dLVSaUaLVVeQW. 

EQ effeW, SRXU OeV faLbOeV fUacWLRQV YROXPLTXeV de fLbUeV, OeV eVSaceV eQWUe fLbUeV pWaQW SOXV 

QRPbUeX[, OeV fLbUeV VRQW SOXV OLbUeV de Ve PRXYRLU eW dRQc Oe cReffLcLeQW de fURWWePeQW a XQ 

LPSacW dLUecW VXU Oa SUeVVLRQ de cRPSUeVVLRQ QpceVVaLUe SRXU PeWWUe OeV fLbUeV eQ PRXYePeQW. 

LRUVTXe Oa deQVLWp aXgPeQWe, OeV eVSaceV eQWUe fLbUeV dLPLQXeQW eW Oe UpaUUaQgePeQW deYLeQW 

chaRWLTXe eW PeW eQ MeX Oa dpfRUPaWLRQ WUaQVYeUVe deV fLbUeV TXeO TXe VRLW Oe cReffLcLeQW de 

fURWWePeQW. 

L'eQVePbOe de ceV UpVXOWaWV PRQWUe TXe OeV SaUaPqWUeV VWUXcWXUaX[ deV aVVePbOageV fLbUeX[ 

LPSacWeQW Oe cRPSRUWePeQW eQ cRPSUeVVLRQ. La TXeVWLRQ TXL Ve SRVe aORUV eVW ceOOe de O¶LPSacW 

deV SaUaPqWUeV d¶eVVaLV VXU Oe cRPSRUWePeQW eQ cRPSUeVVLRQ eW c¶eVW ce TXL eVW LQYeVWLgXp daQV 

Oa VecWLRQ 9. 

SecWiRQ 9 : EffeW deV SaUamqWUeV d¶eVVaiV VXU le cRmSRUWemeQW eQ cRmSUeVViRQ 

CeWWe VecWLRQ aQaO\Ve O¶effeW dX WUaMeW de chaUgePeQW, de Oa YLWeVVe de cRPSacWLRQ eW de Oa deQVLWp 

de fLbUeV LQLWLaOe VXU Oe cRPSRUWePeQW eQ cRPSUeVVLRQ de O¶aVVePbOage fLbUeX[. 

AfLQ d¶LQYeVWLgXeU O¶effeW dX WUaMeW de chaUgePeQW VXU Oa UpSRQVe eQ cRPSacWLRQ, dLffpUeQWV WUaMeWV 

de cRPSacWLRQ bLa[LaOe VRQW cUppV aYec deV dpfRUPaWLRQV fLQaOeV de 6% eW 12%. LeV UpVXOWaWV 

PRQWUeQW TXe OeV dLffpUeQWV WUaMeWV de chaUgePeQW WeVWpV cRQdXLVeQW j XQe dLffpUeQce VLgQLfLcaWLYe 

daQV Oe cRPSRUWePeQW eQ cRPSUeVVLRQ PaLV Qe cRQdXLVeQW SaV j deV dLffpUeQceV VLgQLfLcaWLYeV 

deV cRQWacWV. CeSeQdaQW, ORUVTXe OeV aVVePbOageV aWWeLgQeQW Oa PrPe fUacWLRQ YROXPLTXe de 

fLbUeV aYec dLffpUeQWV WUaMeWV de chaUgePeQW, OeV aQgOeV aX QLYeaX dX cRQWacW VRQW dLffpUeQWV. Ce 

UpVXOWaW VePbOe LQdLTXeU TXe O¶pWaW de dpfRUPaWLRQ Qe SeXW rWUe dLUecWePeQW PLV eQ UeOaWLRQ aYec 

O¶pWaW de cRQWUaLQWeV daQV OeV aVVePbOageV fLbUeX[ PaLV pgaOePeQW TXe Oe QRPbUe de cRQWacWV Qe 

SeUPeW SaV j OXL VeXO de dpcULUe Oa ULgLdLWp d¶XQe PLcURVWUXcWXUe. 

EQ RXWUe, eW afLQ de cRPSUeQdUe O¶effeW de Oa YLWeVVe de VROOLcLWaWLRQ, OeV VLPXOaWLRQV VRQW UpaOLVpeV 

aYec 9 YLWeVVeV de VROOLcLWaWLRQV dLffpUeQWeV : 𝑉0,  0.5𝑉0, 2𝑉0, 3𝑉0, 4𝑉0, 5𝑉0, 10𝑉0, 20𝑉0,100𝑉0 eW XQ daPSLQg 𝛼 = 105. Le SULQcLSaO cRQVWaW TXL eQ dpcRXOe VRQW TXe, ORUVTXe Oa YLWeVVe 

de VROOLcLWaWLRQ aXgPeQWe, Oa SUeVVLRQ QpceVVaLUe SRXU aWWeLQdUe Oa PrPe fUacWLRQ YROXPLTXe de 

fLbUeV aXgPeQWe pgaOePeQW. EQ effeW, XQe YLWeVVe faLbOe OaLVVe SOXV de WePSV aX[ fLbUeV SRXU 

V¶adaSWeU j Oa QRXYeOOe cRQfLgXUaWLRQ, ce TXL SeUPeW j Oa VWUXcWXUe LQWeUQe eW aX[ SURSULpWpV 

PpcaQLTXeV d¶pYROXeU. La YLWeVVe de cRPSacWLRQ a dRQc XQ effeW LPSRUWaQW VXU Oe cRPSRUWePeQW 

eQ cRPSacWLRQ eW OeV effeWV de UeOa[aWLRQ deV aVVePbOageV fLbUeX[, ce TXL a pgaOePeQW pWp 
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cRQVWaWp ORUV deV eVVaLV e[SpULPeQWaX[. 

EQfLQ, Oa fUacWLRQ YROXPLTXe de fLbUe eVW XQ SaUaPqWUe cOp daQV OeV UpVXOWaWV eQ cRPSacWLRQ 

SXLVTX¶eOOe affecWe Oa deQVLWp, OeV SURSULpWpV PpcaQLTXeV eW Oa PLcURVWUXcWXUe de O¶aVVePbOage 

fLbUeX[. La deQVLWp fLQaOe VePbOe LPSacWeU Oa UeOa[aWLRQ TXL eVW SOXV LPSRUWaQWe ORUVTXe 𝑉௙ 

aXgPeQWe. De SOXV, ORUVTXe 𝑉௙ aWWeLQW XQ ceUWaLQ QLYeaX Oe bORcage de Oa PLcURVWUXcWXUe WeQd j 

UpdXLUe VeV effeWV. 

CeV deX[ deUQLeUV SRLQWV SeUPeWWeQW d¶LOOXVWUeU Oa YLVcRVLWp dX cRPSRUWePeQW de ceV 

PLcURVWUXcWXUeV TXL dRLW rWUe cRQVLdpUpe eW aSSURfRQdLe. 

CRQclXViRQ eW SeUVSecWiYeV 

LeV WUaYaX[ SUpVeQWpV daQV ce PaQXVcULW RQW SRXU eQMeX de YaOLdeU XQ eVWLPaWeXU YLUWXeO dX 

cRPSRUWePeQW PpcaQLTXe de faLVceaX[ de fLbUeV de W\Se URYLQgV afLQ de SRXYRLU UpaOLVeU deV 

pWXdeV SaUaPpWULTXeV eW de VeQVLbLOLWp deV dLffpUeQWV SaUaPqWUeV de O¶aUchLWecWXUe. PRXU ceOa, Oe 

cRPSRUWePeQW eQ cRPSacWLRQ/cRPSUeVVLRQ a pWp chRLVL caU LO eVW Oe SOXV cRPSOe[e PeWWaQW Oe 

SOXV eQ MeX Oa UpRUgaQLVaWLRQ dX UpVeaX. PRXU UpaOLVeU O¶pWXde, XQ PRdqOe cRQWeQaQW 40 fLbUeV de 

SRO\eVWeU OpgqUePeQW eQcheYrWUpeV, TXaVL SaUaOOqOeV eW de dLaPqWUe 0.5 PP a pWp chRLVL cRPPe 

pchaQWLOORQ PRdqOe. Le chRL[ de O¶pchaQWLOORQ eVW faLW daQV Oa UecheUche d¶XQ cRPSURPLV eQWUe 

Oa SRVVLbLOLWp d¶aSSaULWLRQ deV ShpQRPqQeV Sh\VLTXeV eW Oa PLQLPLVaWLRQ deV WePSV de caOcXO. 

EQfLQ, O¶eVVaL de cRPSUeVVLRQ a pWp chRLVL cRPPe eVVaL de YaOLdaWLRQ. 

La VWUaWpgLe PLVe eQ SOace, afLQ de dpYeORSSeU deV PRdqOeV SUpcLV d¶aVVePbOageV fLbUeX[, UeSRVe 

VXU deV VLPXOaWLRQV QXPpULTXeV de cRPSacWLRQ/cRPSUeVVLRQ cRXSOpeV j de Oa WRPRgUaShLe j 

Ua\RQV X. L¶RbMecWLf eVW d¶RbWeQLU Oa YpULWabOe PLcURVWUXcWXUe LQLWLaOe de O¶pchaQWLOORQ aLQVL TXe 

VRQ pYROXWLRQ aX cRXUV de Oa cRPSacWLRQ/cRPSUeVVLRQ eW fLQaOePeQW, d¶RbWeQLU OeV cRXUbeV de 

cRPSRUWePeQW de O¶pchaQWLOORQ VRXV cRPSacWLRQ/cRPSUeVVLRQ. PRXU ce faLUe, XQe VWUaWpgLe de 

SRVW-WUaLWePeQW d¶LPageV de WRPRgUaShLe dX SaTXeW de fLbUeV a pWp pWabOLe eW UeSRVe VXU 

O¶e[WUacWLRQ deV OLgQeV PR\eQQeV deV fLbUeV daQV Oe bXW de OeV PRdpOLVeU, SaU Oa VXLWe, SaU deV 

pOpPeQWV SRXWUeV daQV ABAQUS�/EXPLICIT. L¶aSSURche SURSRVpe SeUPeW XQe e[WUacWLRQ 

aXWRPaWLTXe, UaSLde eW SUpcLVe deV OLgQeV PR\eQQeV deV fLbUeV de O¶aVVePbOage fLbUeX[ ; ceWWe 

e[WUacWLRQ/UecRQVWUXcWLRQ a pWp YaOLdpe SaU Oa VXSeUSRVLWLRQ deV LPageV de WRPRgUaShLe aYec OeV 

SURfLOV UecRQVWUXLWV. De SOXV, Oa caVVeWWe cRQWeQaQW OeV fLbUeV ORUV de Oa WRPRgUaShLe a pWp e[WUaLWe 

eW PRdpOLVpe YLa CATIA V5� SRXU Oa gpRPpWULe SXLV PRdpOLVpe daQV AbaTXV� SaU XQ PRdqOe 

ULgLde dLVcUeW. 

AfLQ d¶aOLPeQWeU OeV SaUaPqWUeV de VLPXOaWLRQ, deV eVVaLV e[SpULPeQWaX[ de WUacWLRQ PRQRWRQe 
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eW c\cOLTXe RQW pWp UpaOLVpV VXU OeV fLbUeV SRXU dpWeUPLQeU OeXU PRdXOe de YRXQg ; XQ WUaYaLO a 

pgaOePeQW pWp UpaOLVp VXU Oa WaLOOe RSWLPaOe deV pOpPeQWV afLQ de dLPLQXeU OeV WePSV de caOcXO. 

EQfLQ, XQ cRQWU{Oe de Oa SpQpWUaWLRQ a pWp UpaOLVp. EQ effeW, Oa UpVROXWLRQ VSaWLaOe dX WRPRgUaShe 

eW Oa SUpcLVLRQ dX SURgUaPPe de dpWecWLRQ deV cRQWRXUV aXWRPaWLTXe de MaWOab SeXYeQW 

cRQdXLUe j de OpgeUV dpcaOageV de Oa SRVLWLRQ LQLWLaOe deV fLbUeV, ce TXL SeXW cRQdXLUe j deV 

dLffpUeQceV eQWUe OeV SRVLWLRQV deV fLbUeV LVVXV de Oa VLPXOaWLRQ eW ceOOeV LVVXV de 

O¶e[SpULPeQWaWLRQ aSUqV eVVaL. UQe VWUaWpgLe de cRUUecWLRQ de Oa SpQpWUaWLRQ a dRQc pWp PLVe eQ 

°XYUe.  

AfLQ de SRXYRLU pWXdLeU Oa PLcURVWUXcWXUe j O¶pWaW dpfRUPpe, deV LQdLcaWeXUV RQW pWp dpfLQLV eW OeV 

RXWLOV d¶aQaO\Ve aVVRcLpV RQW pWp cRQVWUXLWV. LeV LQdLcaWeXUV de cRPSaUaLVRQ VRQW Oe QRPbUe de 

cRQWacWV aX VeLQ de O¶aVVePbOage fLbUeX[, Oa UpSaUWLWLRQ deV aQgOeV de cRQWacW, O¶RQdXOaWLRQ deV 

fLbUeV (cRXUbXUe eW Ua\RQ de cRXUbXUe) eW O¶RULeQWaWLRQ deV fLbUeV (WeQVeXU d¶RULeQWaWLRQ eW 

dpVRULeQWaWLRQ aXWRXU de O¶a[e Z de Oa dLUecWLRQ deV fLbUeV), aLQVL TXe OeV cRXUbeV de SUeVVLRQ de 

cRPSUeVVLRQ eQ fRQcWLRQ de Oa fUacWLRQ YROXPLTXe de fLbUeV. 

UQe fRLV OeV RXWLOV cUppV eW OeV SaUaPqWUeV de VLPXOaWLRQ PLV aX SRLQW, WURLV pchaQWLOORQV RQW pWp 

XWLOLVpV SRXU YaOLdeU Oa VWUaWpgLe SaU cRPSaUaLVRQ eQWUe Oa VLPXOaWLRQ QXPpULTXe eW OeV eVVaLV 

e[SpULPeQWaX[ VRXV WRPRgUaShe de cRPSacWLRQ cRQfLQpe. LeV UpVXOWaWV PRQWUeQW deV pcaUWV 

eQWUe e[SpULPeQWaO eW QXPpULTXe de TXeOTXeV SRXUceQWV VXU O¶eQVePbOe deV LQdLcaWeXUV. BLeQ 

TXe ceV UpVXOWaWV SRXUUaLeQW eQcRUe rWUe aPpOLRUpV, LOV SeUPeWWeQW de YaOLdeU Oa VWUaWpgLe de 

VLPXOaWLRQ eW OeV RXWLOV d¶aQaO\Ve de Oa PLcURVWUXcWXUe dpYeORSSpV. L¶eQVePbOe de Oa dpPaUche 

SeXW aORUV rWUe XWLOLVpe SRXU WUaYaLOOeU VXU OeV UpSRQVeV PpcaQLTXeV de QRXYeaX[ aVVePbOageV 

fLbUeX[ j dLffpUeQWeV VROOLcLWaWLRQV, eQ V¶affUaQchLVVaQW d¶eVVaLV e[SpULPeQWaX[. 

IO eVW aORUV QpceVVaLUe de cUpeU deV PRdqOeV VWRchaVWLTXeV YLUWXeOV UpaOLVWeV de ceV aVVePbOageV. 

UQe VWUaWpgLe de cUpaWLRQ de gpRPpWULeV de SaTXeWV de fLbUeV aOpaWRLUeV QXPpULTXeV YLUWXeOV aYec 

deV SaUaPqWUeV de VWUXcWXUe cRQWU{OpV a aLQVL pWp dpYeORSSpe. DaQV ceWWe VWUaWpgLe, afLQ d¶pYLWeU 

OeV SpQpWUaWLRQV, OeV N fLbUeV VRQW gpQpUpeV daQV N VWUaWeV eW Oa gpQpUaWLRQ dX SaTXeW fLQaO eVW 

UpaOLVpe eQ 3 pWaSeV : j O¶aLde d¶XQ SURgUaPPe MaWOab chaTXe fLbUe dURLWe eVW cUppe aYec XQe 

SRVLWLRQ aOpaWRLUe, XQe dpVRULeQWaWLRQ aXWRXU de O¶a[e deV fLbUeV eVW LQVpUpe ; XQ SRLQW RX 

SOXVLeXUV SRLQWV d¶RQdXOaWLRQ VRQW LQVpUpV VXU OeV fLbUeV. PXLV, afLQ de UeQdUe O¶aVVePbOage 

UpaOLVWe, XQ VWeS de gUaYLWp eVW LPSRVp daQV ABAQUS�. CeWWe VWUaWpgLe de cUpaWLRQ d¶XQ SaTXeW 

de fLbUeV a pWp YaOLdpe SaU deV VLPXOaWLRQV de cRPSacWLRQ/cRPSUeVVLRQ de 3 gpRPpWULeV dRQW OeV 

SaUaPqWUeV PLcURVWUXcWXUaX[ cRUUeVSRQdeQW j ceX[ de O¶pchaQWLOORQ 2 XWLOLVp SRXU OeV eVVaLV 

e[SpULPeQWaX[. MrPe VL Oe cRPSRUWePeQW PacUR eQ cRPSUeVVLRQ PRQWUe TXeOTXeV faLbOeV 
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dLffpUeQceV eQWUe Oe SaTXeW de fLbUeV gpQpUp eW O¶e[SpULeQce, OeV UpVXOWaWV UeVWeQW WUqV cRhpUeQWV 

eW Oe gpQpUaWeXU YLUWXeO cUpp a dRQc SX rWUe XWLOLVp SRXU UpaOLVeU de QRPbUeX[ eVVaLV YLUWXeOV daQV 

Oe bXW de cRPSUeQdUe O¶LQfOXeQce deV dLffpUeQWV SaUaPqWUeV VWUXcWXUaX[ eW de chaUgePeQW.  

LeV SaUaPqWUeV VWUXcWXUaX[ pWXdLpV VRQW O¶RQdXOaWLRQ deV fLbUeV, O¶pOaQcePeQW eW Oe cReffLcLeQW 

de fURWWePeQW eQWUe fLbUeV. LeV UpVXOWaWV RbWeQXV eW O¶aQaO\Ve deV LQdLcaWeXUV de PLcURVWUXcWXUe 

LPSOpPeQWpV RQW SeUPLV de dUeVVeU TXeOTXeV SUePLqUeV cRQcOXVLRQV, SeUPeWWaQW aLQVL de PRQWUeU 

Oe SRWeQWLeO de Oa VWUaWpgLe dpYeORSSpe.  

TRXW d¶abRUd, O¶aOLgQePeQW LQLWLaO deV fLbUeV eVW XQ facWeXU LPSRUWaQW daQV Oa caSacLWp dX UpVeaX 

j Ve UpaUUaQgeU eW j Ve dpfRUPeU ; eQ effeW, SRXU deV fLbUeV SaUfaLWePeQW SaUaOOqOeV eW aOLgQpeV, Oe 

SeX d¶eVSaceV eQWUe fLbUeV Qe OeXU SeUPeW SaV de Ve PRXYRLU SeQdaQW O¶eVVaL ; j O¶RSSRVp, OeV 

fLbUeV dURLWeV aUbLWUaLUePeQW aOLgQpeV SeUPeWWeQW SOXV d¶LQWeUacWLRQV eQ cRXUV d¶eVVaL, faLVaQW 

aSSaUaLWUe, SaU e[ePSOe, dX gOLVVePeQW eW de Oa fOe[LRQ. CeV LQWeUacWLRQV eQgeQdUeQW deV 

dpfRUPaWLRQV ORQgLWXdLQaOeV eW SeXYeQW SURdXLUe deV UpaUUaQgePeQWV ORcaX[. EQfLQ, SRXU OeV 

fLbUeV RQdXOpeV, O¶RQdXOaWLRQ aXgPeQWe Oa caSacLWp deV fLbUeV j LQWeUagLU eQWUe eOOeV. POXV OeV 

fLbUeV VRQW RQdXOpeV, SOXV eOOeV VRQW eQ PeVXUe de fRUPeU deV VWUXcWXUeV cRPSOe[eV SeQdaQW Oa 

cRPSacWLRQ, aXgPeQWaQW aLQVL O¶eQcheYrWUePeQW SaU cRQVpTXeQW Oa ULgLdLWp de cRPSUeVVLRQ.  

DeX[LqPePeQW, afLQ de WeVWeU O¶effeW de O¶pOaQcePeQW deV fLbUeV, WURLV PRdqOeV RQW pWp cRPSaUpV 

aYec deV dLaPqWUeV de fLbUeV dLffpUeQWV (0.5 PP, 0.05 PP eW 0.01 PP). CRPPe O¶pOaQcePeQW 

eVW XQ SaUaPqWUe eVVeQWLeO de Oa ULgLdLWp de fOe[LRQ, OeV fLbUeV de dLaPqWUeV SOXV faLbOeV RQW SOXV 

Oa caSacLWp de Ve dpfRUPeU VRXV effRUWV e[WpULeXUV eW dRQc SOXV eQ caSacLWp de UePSOLU OeV eVSaceV 

YLdeV, cRQdXLVaQW j deV aVVePbOageV SOXV cRPSacWpV VRXV SUeVVLRQV SOXV faLbOeV. ALQVL, LO a pWp 

PRQWUp O¶LQfOXeQce de Oa ULgLdLWp de fOe[LRQ deV fLbUeV VXU Oa ULgLdLWp de cRPSUeVVLRQ. 

EQfLQ, afLQ de WeVWeU O¶LPSacW dX cReffLcLeQW de fURWWePeQW, 4 PRdqOeV RQW pWp cUppV, aYec deV 

cReffLcLeQWV de 0.2, 0.4, 0.6 eW 0.8 eW PRQWUeQW TXe SRXU OeV faLbOeV fUacWLRQV YROXPLTXeV de fLbUeV, 

eQ dpbXW d¶eVVaLV, SOXV Oe cReffLcLeQW de fURWWePeQW eVW pOeYp, SOXV Oa ULgLdLWp de cRPSUeVVLRQ eVW 

pOeYpe ; SRXU OeV fUacWLRQV YROXPLTXeV de fLbUeV SOXV pOeYpeV, O¶effeW dX cReffLcLeQW de fURWWePeQW 

VXU Oa ULgLdLWp de cRPSUeVVLRQ dLVSaUaLW dX faLW dX YeUURXLOOage de Oa PLcURVWUXcWXUe. Le 

cReffLcLeQW de fURWWePeQW eVW dRQc XQ SaUaPqWUe LPSRUWaQW eQ dpbXW de cRPSUeVVLRQ PaLV VeV 

effeWV dLPLQXeQW eQ cRXUV d¶eVVaLV MXVTX¶j Qe SOXV rWUe SUpdRPLQaQWV. 

L¶eQVePbOe de ceV aQaO\VeV RQW pgaOePeQW SeUPLV pgaOePeQW de PRQWUeU TXe Oe QRPbUe de 

cRQWacWV daQV OeV PLcURVWUXcWXUeV, V¶LO eVW XQ SaUaPqWUe LQfOXeQW, Qe SeUPeW SaV j OXL VeXO de 

UeQdUe cRPSWe de Oa O¶pYROXWLRQ de ULgLdLWp de cRPSUeVVLRQ, PrPe daQV Oa ShaVe de cRPSacWLRQ. 

LeV RQdXOaWLRQV, OeV aQgOeV deV fLbUeV eW de cRQWacW VRQW pgaOePeQW j SUeQdUe eQ cRPSWe. 
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FLQaOePeQW, O¶LQfOXeQce deV SaUaPqWUeV de chaUgePeQW a pWp abRUdpe : Oe WUaMeW de chaUgePeQW 

aLQVL TXe de Oa YLWeVVe de VROOLcLWaWLRQ eW Oa UeOa[aWLRQ. PRXU aQaO\VeU O¶LPSacW de ceV SaUaPqWUeV, 

SOXVLeXUV PRdqOeV RQW pWp cUppV eQ faLVaQW YaULeU OeV fUacWLRQV YROXPLTXeV de fLbUeV eW OeV YLWeVVeV 

de VROOLcLWaWLRQ. LeV UpVXOWaWV RQW SX LOOXVWUeU O¶LQfOXeQce de ceV SaUaPqWUeV VXU Oa 

PLcURVWUXcWXUe eW VXU Oe cRPSRUWePeQW eQ cRPSUeVVLRQ. SL Oe WUaMeW de chaUgePeQW Q¶a SaV 

d¶LQfOXeQce VLgQLfLcaWLYeV VXU Oe QRPbUe de cRQWacWV eW O¶ePbXYage deV fLbUeV ORUVTXe OeV 

dpfRUPaWLRQV fLQaOeV VRQW OeV PrPeV, LOV LPSacWeQW Oe UpaUUaQgePeQW deV fLbUeV, eW QRWaPPeQW 

OeV aQgOeV de cRQWacW ce TXL cRQdXLW j XQe PRdLfLcaWLRQ de Oa WUaQVPLVVLRQ deV effRUWV. IO eQ 

UpVXOWe XQe PRdLfLcaWLRQ de Oa UeOaWLRQ effRUWV/dpfRUPaWLRQV. ALQVL, LO VePbOe TX¶XQ PrPe pWaW 

de dpfRUPaWLRQ Qe cRQdXLVe SaV V\VWpPaWLTXePeQW j XQ PrPe pWaW d¶effRUWV eQ fRQcWLRQ dX WUaMeW 

de chaUgePeQW, ce TXL eVW XQ SRLQW cOp SRXU XQe PRdpOLVaWLRQ aX[ pcheOOeV VXSpULeXUeV. 

L¶effeW de Oa YLWeVVe eVW pgaOePeQW LQWpUeVVaQW eW a SX PeWWUe eQ pYLdeQce TXe SOXV Oa YLWeVVe 

aXgPeQWe, SOXV Oa SUeVVLRQ QpceVVaLUe SRXU aWWeLQdUe Oa PrPe fUacWLRQ YROXPLTXe de fLbUeV 

aXgPeQWe, PeWWaQW eQ OXPLqUe Oa caSacLWp deV fLbUeV j Ve UpRUgaQLVeU ORUVTXe OeV YLWeVVeV de 

VROOLcLWaWLRQ VRQW faLbOeV eW dRQc O¶LPSRUWaQce dX ShpQRPqQe de UeOa[aWLRQ j faLbOe YLWeVVe. Le 

ShpQRPqQe de UeOa[aWLRQ, cRQVWaWp ORUV deV eVVaLV a pWp pgaOePeQW abRUdp. IO eVW bLeQ UeSURdXLW 

SaU Oe PRdqOe eW LO VePbOe TXe Oa fUacWLRQ YROXPLTXe MRXe XQ U{Oe daQV O¶LQWeQVLWp de Oa UeOa[aWLRQ. 

CeV deX[ deUQLeUV SRLQWV PeWWeQW eQ pYLdeQce XQ cRPSRUWePeQW YLVTXeX[, TX¶LO VeUaLW 

LQWpUeVVaQW d¶pWXdLeU SOXV eQ dpWaLO eW TXL, XQe fRLV, eQcRUe VeUaLW j SUeQdUe eQ cRPSWe daQV OeV 

PRdpOLVaWLRQV aX[ pcheOOeV VXSpULeXUeV. 

 

TRXW ceOa PeW eQ OXPLqUe Oe WUaYaLO LPSRUWaQW UpaOLVp SRXU PeWWUe eQ SOace WRXV OeV RXWLOV 

QpceVVaLUeV j O¶aQaO\Ve de Oa PLcURVWUXcWXUe d¶aVVePbOageV fLbUeX[ eW OeV UpVXOWaWV SUpVeQWpV bLeQ 

TXe SUpOLPLQaLUeV, LOOXVWUeQW Oe SRWeQWLeO de Oa VWUaWpgLe. CeSeQdaQW, LO UeVWe eQcRUe beaXcRXS de 

SLVWeV j cRQfLUPeU eW j e[SORUeU. DpVRUPaLV, OeV LQdLcaWeXUV RQW pWp dpfLQLV eW OeV RXWLOV 

QpceVVaLUeV j OeXU e[WUacWLRQ PLV eQ SOace. IO faXdUaLW PaLQWeQaQW SRXYRLU dpSRXLOOeU de faoRQ 

beaXcRXS SOXV fLQe Oa PLcURVWUXcWXUe deV aVVePbOageV fLbUeX[ YLa ceV RXWLOV. De PrPe, XQ 

WUaYaLO cRQVpTXeQW VXbVLVWe TXaQW j Oa UpaOLVaWLRQ de VLPXOaWLRQV SRXU SUeQdUe eQ cRPSWe 

O¶eQVePbOe deV SaUaPqWUeV, SaUPL OeVTXeOV : 

 TUaMeWV de chaUgePeQW:  

o DaQV ceWWe pWXde, OeV chaUgePeQWV VLPXOpV VRQW Oa cRPSUeVVLRQ XQLa[LaOe RX 

bLa[LaOe aYec dLffpUeQWV WUaMeWV. CeSeQdaQW, Oa baVe de dRQQpeV cRQVWLWXpe dRLW rWUe 

eQULchLe SaU de QRXYeOOeV PLcURVWUXcWXUeV eW de QRXYeaX[ SRLQWV de cRPSaUaLVRQ SRXU 
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cRQfLUPeU OeV cRQcOXVLRQV TXL VRQW d¶XQe LPSRUWaQce PaMeXUe SRXU Oa PRdpOLVaWLRQ dX 

cRPSRUWePeQW PpcaQLTXe.  

o D¶aXWUeV WUaMeWV SRXUUaLeQW rWUe LQWpUeVVaQWV, WeOV TXe Oa cRPSacWLRQ QRQ cRQfLQpe ; 

SeQdaQW Oa cRPSacWLRQ QRQ cRQfLQpe, j caXVe deV OLbeUWpV OaWpUaOeV, OeV LQWeUacWLRQV eQWUe 

fLbUeV eW OeXUV dpfRUPaWLRQV SUpVeQWeQW XQe OLbeUWp SOXV gUaQde, SeUPeWWaQW aX[ fLbUeV 

de Ve PRXYRLU eW de Ve UeSRVLWLRQQeU OLbUePeQW daQV Oa dLUecWLRQ QRQ cRPSacWpe.  

o D¶aXWUeV W\SeV de chaUgePeQWV VRQW pgaOePeQW j WeVWeU SRXU RbVeUYeU Oa UpSRQVe 

de Oa PLcURVWUXcWXUe PaLV pgaOePeQW, deV chaUgePeQWV SOXV cRPSOe[eV eW deV 

chaUgePeQWV cRPSRVpV daQV deV RUdUeV dLffpUeQWV aYec YaOLdaWLRQ e[SpULPeQWaOeV VRXV 

WRPRgUaShe. DeV eVVaLV de cRPSUeVVLRQ bLa[LaOe VRXV WRPRgUaShe VeUaLeQW QRWaPPeQW 

LQWpUeVVaQWV SRXU cRQfLUPeU OeV UpVXOWaWV. 

 PhpQRPqQeV d¶h\VWpUpVLV : LO SRXUUaLW rWUe LQWpUeVVaQW de VLPXOeU deV c\cOeV de 

chaUgePeQW/dpchaUgePeQW afLQ de cRPSUeQdUe OeV UpSRQVeV aX[ ShpQRPqQeV d¶h\VWpUpVLV, 

de SRXYRLU eVWLPeU Oa dpfRUPaWLRQ UpVLdXeOOe de Oa PLcURVWUXcWXUe eW VRQ pYROXWLRQ.  

 FRUPe dX UpVeaX fLbUeX[ : XQe aXWUe SLVWe LQWpUeVVaQWe eVW de YaULeU Oa fRUPe dX UpVeaX 

fLbUeX[. PaU e[ePSOe, PhaP eW aO.(PhaP, Ha-MLQh, ChX, KaQLW, & IPad, 2020) RQW UpaOLVp 

deV VLPXOaWLRQV de cRPSacWLRQ de PqcheV OeQWLcXOaLUeV, ce TXL RXYUe XQe QRXYeOOe 

SeUVSecWLYe j ceWWe pWXde ; eQ effeW, daQV OeXU pWXde, O¶aVVePbOage fLbUeX[ a XQe fRUPe 

OeQWLcXOaLUe LdpaOLVpe (aYec dLffpUeQWV UaSSRUWV a/b, FLgXUe LL) eW eVW VRXPLV j de Oa 

cRPSacWLRQ XQLa[LaOe RX bLa[LaOe afLQ d¶RbVeUYeU O¶effeW de dLffpUeQWeV PRUShRORgLeV 

d¶aVVePbOageV fLbUeX[ eW OeXU chaQgePeQW de PLcURVWUXcWXUe dXUaQW Oa cRPSacWLRQ. CeWWe 

aSSURche aLde j cRPSUeQdUe Oa d\QaPLTXe deV UpVeaX[ fLbUeX[ VRXV cRPSacWLRQ. 

 

FigXUe ii The leQV-VhaSed cRmSacWiRQ caQQel. 

 IQfOXeQce deV SaUaPqWUeV PLcURVWUXcWXUaX[ : Oa VWUaWpgLe de VLPXOaWLRQ dpYeORSSpe LcL 

a pgaOePeQW SeUPLV d¶pWXdLeU O¶LQfOXeQce deV SaUaPqWUeV PLcURVWUXcWXUaX[ VXU Oe 

cRPSRUWePeQW PpcaQLTXe. Le gpQpUaWeXU cUpp a SeUPLV de SUeQdUe eQ cRPSWe dLffpUeQWV 

SaUaPqWUeV de Oa PLcURVWUXcWXUe, WeOV TXe O¶pOaQcePeQW, Oa cRXUbXUe, Oa dpYLaWLRQ deV fLbUeV 

daQV OeV dLffpUeQWV SOaQV. BLeQ TXe OeV cRXUbXUeV eW pOaQcePeQWV deV fLbUeV aLeQW pWp 

OaUgePeQW pWXdLpV LcL, LO UeVWe beaXcRXS d¶aQaO\VeV j PeQeU VXU Oa dpYLaWLRQ, QRWaPPeQW 
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d¶XQ SRLQW de YXe TXaQWLWaWLf. IO SRXUUaLW rWUe LQWpUeVVaQW, SaU e[ePSOe, d¶e[SORUeU SOXV eQ 

SURfRQdeXU cRPPeQW Oe degUp de dpYLaWLRQ deV fLbUeV aX VeLQ dX UpVeaX affecWe Oe 

cRPSRUWePeQW eQ cRPSacWLRQ. EQ RXWUe, LO eVW LPSRUWaQW de QRWeU TXe, SeQdaQW Oe SURcpdp 

de VWabLOLVaWLRQ deV cRQWacWV SaU gUaYLWp, Oe degUp de dpYLaWLRQ deV fLbUeV SeXW pYROXeU eW 

LPSacWeU Oa SUpcLVLRQ deV UpVXOWaWV. C¶eVW SRXUTXRL, deV WUaYaX[ fXWXUV SRXUUaLeQW aPpOLRUeU 

Oe gpQpUaWeXU SRXU UpdXLUe ceWWe eUUeXU eW V¶aVVXUeU TXe Oe degUp de dpYLaWLRQ deV fLbUeV 

SeQdaQW Oa VLPXOaWLRQ cRUUeVSRQd SaUfaLWePeQW j Oa gpRPpWULe LQLWLaOe.  

 NRPbUe de fLbUeV : daQV ceWWe pWXde, XQ pchaQWLOORQ PRdqOe de 40 fLbUeV de 0.5PP de 

dLaPqWUe a pWp SULV eQ cRPSWe. CeSeQdaQW, OeV PqcheV de fLbUeV WechQLTXeV acWXeOOeV VRQW 

cRPSRVpeV de ceQWaLQeV j SOXVLeXUV PLOOLeUV de fLbUeV de TXeOTXeV dL]aLQeV de PLcURQV de 

dLaPqWUe. A O¶aYeQLU, LO cRQYLeQdUa de UpaOLVeU deV aVVePbOageV fLbUeX[ Ve UaSSURchaQW de 

SOXV eQ SOXV de Oa UpaOLWp eW de WeVWeU OeXU cRPSRUWePeQW VRXV dLYeUVeV VROOLcLWaWLRQV. 

EffeW de O¶eQVLPage : Oa SULVe eQ cRPSWe de O¶eQVLPage daQV OeV VLPXOaWLRQV eVW XQe SLVWe 

fRQdaPeQWaOe pgaOePeQW eW XQ chaOOeQge daQV OeV UecheUcheV acWXeOOeV. Le SURcpdp d¶eQVLPage, 

dXUaQW OeTXeO OeV PqcheV VRQW WUePSpeV daQV XQe VROXWLRQ, SeUPeW d¶aPpOLRUeU OeXUV SURSULpWpV, 

WeOOeV TXe Oe cReffLcLeQW de fURWWePeQW aQaO\Vp daQV ceWWe pWXde. CeSeQdaQW, O¶eQVLPage SeUPeW 

pgaOePeQW d¶RbWeQLU d¶aXWUeV SURSULpWpV TXL Qe VRQW SaV pWXdLpeV LcL eW UeSUpVeQWe XQ chaOOeQge 

dX faLW de OeXU dLYeUVLWp : cRPSRVLWLRQ chLPLTXe, YLVcRVLWp, TXaQWLWp, eWc. La dpfLQLWLRQ deV 

SaUaPqWUeV de VLPXOaWLRQ SRXU Oa SULVe eQ cRPSWe de ceV SURSULpWpV QpceVVLWeUa pgaOePeQW XQ 

QRPbUe cRQVpTXeQW d¶eVVaLV e[SpULPeQWaX[. PRXU SaOLeU j ceOa, SOXVLeXUV VWUaWpgLeV SeXYeQW rWUe 

PLVeV eQ °XYUe cRPPe O¶XWLOLVaWLRQ de WechQLTXeV d¶LPageULe de haXWe UpVROXWLRQ SRXU 

YLVXaOLVeU Oa dLVWULbXWLRQ de O¶eQVLPage VXU OeV PqcheV eW aOLPeQWeU OeV SaUaPqWUeV 

PLcURVcRSLTXeV QpceVVaLUe aX dpYeORSSePeQW de PRdqOeV de PqcheV SOXV cRPSOe[eV. 
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AckQRZledgemeQW 
AV P\ PHD MRXUQe\ Rf WhUee aQd a haOf \eaUV cRPeV WR aQ eQd, I ZRXOd OLNe WR e[SUeVV P\ 

gUaWLWXde WR P\ fULeQdV aQd VXSeUYLVRUV ZhR haYe VXSSRUWed Pe aORQg Whe Za\. RefOecWLQg RQ 

P\ WLPe LQ FUaQce, I ZRXOd OLNe WR WhaQN P\VeOf fRU P\ SeUVeYeUaQce WhURXghRXW WhLV SURceVV. 

IW haV beeQ a SeULRd WR PaNe Pe VWURQg, LQdeSeQdeQW, aQd WhLQNLQg. 

  

I aP SURfRXQdO\ gUaWefXO WR P\ VXSeUYLVRU, GLOOeV HIVET, aQd cR-VXSeUYLVRUV AXdUe\ HIVET, 

aQd AQZaU SHANWAN. TheLU SaWLeQce aQd eQcRXUagePeQW NeSW Pe cRQfLdeQW WR cRPSOeWe P\ 

WheVLV. We ZRUN aV a WeaP aQd Whe\ QRW RQO\ gXLde Pe LQ P\ ZRUN, bXW PRUe LPSRUWaQWO\ WheLU 

aWWLWXde WRZaUdV ZRUN aQd OLfe LQfOXeQceV Pe. EVSecLaOO\ ZheQ LW cRPeV WR SURbOePV, GLOOeV 

aOZa\V SURYLdeV QeZ LdeaV aQd LQVSLUaWLRQ, VR Ze aOZa\V fLQd a Za\ WR VROYe Whe SURbOeP. 

EVSecLaOO\ LQ Whe fLQaO VWageV, eYeQ LQ Whe eYeQLQgV RU RQ YacaWLRQ, Ze caQ aOZa\V PeeW WR dLVcXVV 

P\ WheVLV. 

  

I ZRXOd OLNe WR WhaQN APpOLe MARDUEL aQd ChULVWeOOe MARLY-CHANTELOUP LQ P\ 

OabRUaWRU\ fRU WheLU eQcRXUagePeQW aQd heOS. I ZRXOd aOVR OLNe WR WhaQN aOO P\ cROOeagXeV aQd 

SURfeVVRUV LQ Whe OabRUaWRU\, ZhRVe cRPSaQ\ aQd VXSSRUW aUe Whe LPSRUWaQW fRU P\ daLO\ 

acadePLc OLfe. 

  

SSecLaOO\, WhaQNV WR MaWhLeX VeQLQ Rf Whe CERMEL OabRUaWRU\ fRU hLV SaWLeQW VXSSRUW Rf P\ 

WRPRgUaSh\ UeVeaUch. HLV SURfeVVLRQaO NQRZOedge heOSed Pe WR RYeUcRPe PaQ\ dLffLcXOWLeV LQ 

P\ WheVLV. 

  

M\ fULeQdV, bRWh LQ FUaQce aQd LQ ChLQa, aQd P\ PaVWeU VXSeUYLVRU JLaQbR LEI. The\ haYe 

aOZa\V gLYeQ Pe eQcRXUagePeQW. TheLU VXSSRUW haV beeQ XQZaYeULQg, Ze VhaUe each RWheU'V 

OLYeV aQd haSSLQeVV, LW¶V Whe LPSRUWaQW SaUW Rf P\ OLfe. 

  

I aP UeaOO\ ZaQW WR WhaQN WR P\ faPLO\ aQd P\ bR\fULeQd, ZhRVe gLYeQ Pe VR PXch VXSSRUW. 

EYeQ WhRXgh I RQO\ VaZ P\ faPLO\ RQce dXULQg P\ fRXU \eaUV LQ FUaQce, aQd eYeQ WhRXgh I ZaV 

faU aZa\, I cRXOd VWLOO feeO Whe ORYe aQd XQdeUVWaQdLQg fURP P\ faPLO\. M\ bR\fULeQd He\X 

SONG ZaV WheUe dXULQg P\ haUd SeULRd, he heOSed Pe ZLWh hRXVeZRUN aQd SUeSaULQg PeaOV VR 

WhaW I cRXOd cRQceQWUaWe fXOO\ RQ P\ WheVLV, aQd he aOZa\V VXSSRUW P\ ZRUN aQd P\ OLfe. 
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I aOVR aSSUecLaWe Whe fLQaQcLaO VXSSRUW fURP Whe ChLQa SchROaUVhLS CRXQcLO (CSC), ZhLch ZaV 

cUXcLaO LQ fXQdLQg P\ acadePLc MRXUQe\. 

  

IQ Whe OaVW bXW Whe eQd, I ZaQW WR e[SUeVV P\ gUaWLWXde WR aOO Whe, fULeQdV, aQd faPLO\ aQd P\ 

VXSeUYLVRUV ZhR haYe VXSSRUWed Pe WhURXgh WhLV MRXUQe\ agaLQ.  

 

ThaQN P\VeOf RQce agaLQ. 

TR aOO Rf XV, Whe fXWXUe LV SURPLVLQg! 
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RpVXmp 

Le cRPSRUWePeQW PpcaQLTXe d¶XQ UeQfRUW fLbUeX[ eVW fRQdaPeQWaO ORUV de Va PLVe eQ fRUPe 

SRXU Oa fabULcaWLRQ deV PaWpULaX[ cRPSRVLWeV. AfLQ de SUpdLUe ce cRPSRUWePeQW, deV eVVaLV 

PpcaQLTXeV VeXOV Qe VRQW SaV VXffLVaQWV. IO eVW dRQc QpceVVaLUe d¶RbWeQLU XQe YpULWabOe ORL de 

cRPSRUWePeQW dX UeQfRUW eQ fRQcWLRQ deV SaUaPqWUeV de Oa VWUXcWXUe fLbUeXVe. L¶RbMecWLf de ceWWe 

WhqVe eVW d¶pWXdLeU Oe cRPSRUWePeQW PpcaQLTXe d¶XQ aVVePbOage de fLbUeV TXaVL SaUaOOqOeV. PRXU 

aWWeLQdUe ceW RbMecWLf, LO eVW dRQc QpceVVaLUe de cRPSUeQdUe eW TXaQWLfLeU O¶LQfOXeQce deV 

SaUaPqWUeV de O¶aUchLWecWXUe fLbUeXVe VXU VRQ cRPSRUWePeQW PpcaQLTXe. UQe dpPaUche PL[We 

e[SpULPeQWaOe/QXPpULTXe eVW SURSRVpe. La VWUaWpgLe QXPpULTXe cRQVLVWe j UpaOLVeU deV 

VLPXOaWLRQV QXPpULTXeV SaU pOpPeQWV fLQLV, eQ d\QaPLTXe e[SOLcLWe, eQ PRdpOLVaQW chaTXe fLbUe 

SaU XQe SRXWUe B31, eQ cRQWacW OeV XQeV aYec OeV aXWUeV. AX QLYeaX e[SpULPeQWaO, eW eQ XWLOLVaQW 

deV aVVePbOageV de TXeOTXeV dL]aLQeV de fLbUeV PRdqOeV de 500 PLcURQV, deV eVVaLV de 

cRPSacWLRQ/cRPSUeVVLRQ VRXV WRPRgUaShe VRQW UpaOLVpV. CeV eVVaLV SeUPeWWeQW d¶RbWeQLU 

O¶pYROXWLRQ de O¶aUchLWecWXUe fLbUeXVe eQ fRQcWLRQ dX chaUgePeQW LPSRVp eW deV cRQdLWLRQV aX[ 

bRUdV aSSOLTXpeV. DeV LQdLcaWeXUV d¶pYROXWLRQ de Oa PLcURVWUXcWXUe VRQW aORUV dpfLQLV afLQ 

d¶aQaO\VeU eW SRVW-WUaLWeU OeV UpVXOWaWV. UQ aOgRULWhPe de UecRQVWUXcWLRQ SeUPeW de UecRQVWUXLUe 

XQ PRdqOe QXPpULTXe UeSUpVeQWaWLf de O¶aVVePbOage WeVWp, R� chaTXe fLbUe eVW PRdpOLVpe SaU XQe 

SRXWUe B31. L¶LdeQWLfLcaWLRQ de Oa ORL de cRPSRUWePeQW de Oa fLbUe SeUPeW aORUV de UpaOLVeU OeV 

VLPXOaWLRQV de Oa VWUXcWXUe WeVWpe. La cRPSaUaLVRQ VXU SOXVLeXUV W\SeV d¶pchaQWLOORQV SeUPeW de 

YaOLdeU Oa dpPaUche QXPpULTXe eW aLQVL de PeWWUe aX SRLQW XQ eVWLPaWeXU YLUWXeO XWLOLVabOe SRXU 

VLPXOeU Oe cRPSRUWePeQW d¶aVVePbOage QRQ e[LVWaQW. PaU Oa VXLWe, XQe VWUaWpgLe de cUpaWLRQ 

d¶aUchLWecWXUeV fLbUeXVeV YLUWXeOOeV eVW PLVe aX SRLQW SRXU O¶pWXde SaUaPpWULTXe. CeOOe-cL SeUPeW 

de cUpeU UaSLdePeQW deV aUchLWecWXUeV de WRXW W\Se aYec deV SaUaPqWUeV d¶aUchLWecWXUeV PaLWULVpV. 

GUkce j O¶eQVePbOe deV pWaSeV SUpcpdeQWeV XQe pWXde SaUaPpWULTXe SeXW rWUe PeQpe eW aLQVL 

O¶LQfOXeQce de ceUWaLQV SaUaPqWUeV SeXW rWUe pWabOLe : SaUaPqWUe de Oa PLcURVWUXcWXUe LQLWLaOe, 

dLaPqWUe deV fLbUeV, facWeXU de fURWWePeQW fLbUe/fLbUe eW WUaMeW de chaUgePeQW. CeWWe deUQLqUe 

pWaSe SeUPeW de dpPRQWUeU O¶effLcacLWp de Oa dpPaUche SURSRVe eW RXYUe pgaOePeQW de 

QRPbUeXVeV SeUVSecWLYeV. 

 

MRWV cOpV : FLbUeV, CRPSRVLWeV, MpcaQLTXe, pcheOOe PLcURVcRSLTXe, MRdpOLVaWLRQ 
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AbVWUacW 
The PechaQLcaO behaYLRU Rf a fLbURXV UeLQfRUcePeQW LV fXQdaPeQWaO dXULQg LWV VhaSLQg fRU Whe 

PaQXfacWXULQg Rf cRPSRVLWe PaWeULaOV. TR SUedLcW WhLV behaYLRU, PechaQLcaO WeVWV aORQe aUe QRW 

VXffLcLeQW. IW LV WheUefRUe QeceVVaU\ WR RbWaLQ a WUXe behaYLRU OaZ Rf Whe UeLQfRUcePeQW baVed RQ 

Whe SaUaPeWeUV Rf Whe fLbURXV VWUXcWXUe. The RbMecWLYe Rf WhLV WheVLV LV WR VWXd\ Whe PechaQLcaO 

behaYLRU Rf aQ aVVePbO\ Rf TXaVL-SaUaOOeO fLbeUV. TR achLeYe WhLV RbMecWLYe, LW LV eVVeQWLaO WR 

XQdeUVWaQd aQd TXaQWLf\ Whe LQfOXeQce Rf Whe fLbURXV aUchLWecWXUe'V SaUaPeWeUV RQ LWV PechaQLcaO 

behaYLRU. A PL[ed e[SeULPeQWaO/QXPeULcaO aSSURach LV SURSRVed. The QXPeULcaO VWUaWeg\ 

LQYROYeV cRQdXcWLQg fLQLWe eOePeQW VLPXOaWLRQV XVLQg e[SOLcLW d\QaPLcV, ZheUe each fLbeU LV 

PRdeOed aV a B31 beaP, LQ cRQWacW ZLWh Whe RWheUV. E[SeULPeQWaOO\, XVLQg aVVePbOLeV Rf a feZ 

dR]eQ PRdeO fLbeUV Rf 500 PLcURQV, cRPSacWLRQ/cRPSUeVVLRQ WeVWV aUe cRQdXcWed XQdeU 

WRPRgUaSh\. TheVe WeVWV aOORZ fRU Whe RbVeUYaWLRQ Rf Whe eYROXWLRQ Rf Whe fLbURXV aUchLWecWXUe 

deSeQdLQg RQ Whe LPSRVed ORad aQd Whe aSSOLed bRXQdaU\ cRQdLWLRQV. MLcURVWUXcWXUe eYROXWLRQ 

LQdLcaWRUV aUe WheQ defLQed WR aQaO\]e aQd SURceVV Whe UeVXOWV. A UecRQVWUXcWLRQ aOgRULWhP 

eQabOeV Whe cUeaWLRQ Rf a UeSUeVeQWaWLYe QXPeULcaO PRdeO Rf Whe WeVWed aVVePbO\, ZheUe each 

fLbeU LV PRdeOed b\ a B31 beaP. The LdeQWLfLcaWLRQ Rf Whe fLbeU'V behaYLRU OaZ WheQ aOORZV fRU 

Whe VLPXOaWLRQ Rf Whe WeVWed VWUXcWXUe. CRPSaULVRQV acURVV VeYeUaO W\SeV Rf VaPSOeV YaOLdaWe Whe 

QXPeULcaO aSSURach, WhXV eQabOLQg Whe deYeORSPeQW Rf a YLUWXaO eVWLPaWRU WhaW caQ VLPXOaWe Whe 

behaYLRU Rf QRQ-e[LVWeQW aVVePbOLeV. SXbVeTXeQWO\, a VWUaWeg\ fRU cUeaWLQg YLUWXaO fLbURXV 

aUchLWecWXUeV LV deYeORSed fRU SaUaPeWULc VWXdLeV. ThLV VWUaWeg\ aOORZV fRU Whe UaSLd cUeaWLRQ Rf 

YaULRXV aUchLWecWXUeV ZLWh cRQWUROOed SaUaPeWeUV. WLWh aOO Whe SUecedLQg VWeSV, a SaUaPeWULc 

VWXd\ caQ be cRQdXcWed, eVWabOLVhLQg Whe LQfOXeQce Rf ceUWaLQ SaUaPeWeUV: LQLWLaO PLcURVWUXcWXUe 

SaUaPeWeUV, fLbeU dLaPeWeU, fLbeU/fLbeU fULcWLRQ facWRU, aQd ORadLQg SaWh. ThLV fLQaO VWeS 

dePRQVWUaWeV Whe effecWLYeQeVV Rf Whe SURSRVed aSSURach aQd aOVR RSeQV XS QXPeURXV fXWXUe 

SeUVSecWLYeV. 

 

Ke\ ZRUdV: FLbeUV, CRPSRVLWeV, MechaQLcaO behaYLRU, MLcURVcaOe, MRdeOLQg  
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IQWURdXcWiRQ 

CRPSRVLWe PaWeULaOV aUe XVed fRU dLffeUeQW LQdXVWULaO aSSOLcaWLRQV OLNe WUaQVSRUWV. The SRSXOaULW\ 

Rf WheVe PaWeULaOV LV dXe WR WheLU LQWeUeVWLQg PechaQLcaO SeUfRUPaQce WR Whe PaVV UaWLR. APRQg 

Whe PRVW ZLdeVSUead, RQe caQ fLQd cRPSRVLWe PaWeULaOV baVed RQ fLbURXV UeLQfRUcePeQWV, bXW Whe 

PaQXfacWXULQg Rf WheVe PaWeULaOV SUeVeQWV VeYeUaO dLffLcXOWLeV WhaW SUeYeQWV WheLU deYeORSPeQW. 

IQdeed, Whe PaVWeU\ aQd deYeORSPeQW Rf SURceVVeV WRda\ UeVXOWV fURP NQRZ-hRZ aQd e[SeULeQce 

UeVXOWLQg fURP aQ ePSLULcaO aSSURach, PXch PRUe WhaQ fURP a cRPSOeWe PaVWeU\ Rf Whe Sh\VLcaO 

SheQRPeQa LQYROYed. The PaQXfacWXULQg Rf cRPSRVLWe SaUWV VWaUWV XVXaOO\ b\ Whe SUefRUPLQg Rf 

dU\ RU SUe-LPSUegQaWed fabULcV accRUdLQg WR a defLQed PROd, VRPeWLPeV cRPSOe[, befRUe Whe 

UeVLQ LV LQMecWed. The PechaQLcaO behaYLRU Rf Whe fabULc LV WheUefRUe cUXcLaO dXULQg Whe 

SUefRUPLQg SURceVV becaXVe LW LQfOXeQceV Whe Qe[W VWeSV Rf Whe PaQXfacWXULQg SURceVV. HRZeYeU, 

a fLbURXV UeLQfRUcePeQW LV a cRPSOe[ VWUXcWXUe VLQce LW UeVXOWV fURP Whe ZeaYLQg Rf WhRXVaQdV Rf 

\aUQV, WhePVeOYeV Pade XS Rf Whe aVVePbO\ Rf WeQV Rf WhRXVaQdV Rf fLbeUV Rf feZ PLcURQV 

dLaPeWeU. ThXV, Whe PechaQLcaO behaYLRU Rf Whe UeLQfRUcePeQWV LV RbWaLQed b\ a VXP Rf 

UeVSRQVeV RbWaLQed e[SeULPeQWaOO\ WR VSecLfLc ORadLQg SaWh (cRPSUeVVLRQ, WeQVLRQ, beQdLQg, 

VheaU, eWc.). TheVe PechaQLcaO UeVSRQVeV aUe VXbVeTXeQWO\ PRdeOed b\ eTXaWLRQV ZhRVe fRUP LV 

RbWaLQed b\ h\SRWheVeV RQ Whe PRVW LQfOXeQW SaUaPeWeUV, ZLWhRXW a WUXO\ ULgRURXV aSSURach Rf 

Whe cRPSOe[ Sh\VLcV LQYROYed (OaUge QXPbeU Rf fLbeUV, YaULabLOLW\, XQdXOaWLRQ Rf fLbeUV, VL]LQg, 

eWc.). ThLV LV SaUWLcXOaUO\ Whe caVe fRU cRPSUeVVLRQ behaYLRU LQ ZhLch a dLUecW UeOaWLRQVhLS LV 

aVVXPed beWZeeQ Whe cRPSUeVVLRQ VWLffQeVV aQd Whe fLbeUV YROXPe fUacWLRQ accRUdLQg WR aQ 

ePSLULcaO OaZ. If WhLV OaZ ZRUNV cRUUecWO\, LW UeTXLUeV aQ LdeQWLfLcaWLRQ fRU each QeZ W\Se Rf \aUQ 

aQd dReV QRW aOORZ WR hLghOLghW Whe VWUXcWXUaO SaUaPeWeUV, ZhLch caQ LPSURYe Whe VWUXcWXUe 

SeUfRUPaQceV aQd WR aQWLcLSaWe Whe PechaQLcaO behaYLRU Rf fabULcV ZLWhRXW haYLQg WR cUeaWe aQd 

WeVW LW. The gRaO Rf WhLV WheVLV LV WheUefRUe WR be abOe WR WacNOe WhLV OacN b\ VWXd\LQg Whe PechaQLcaO 

behaYLRU Rf aQ aVVePbO\ Rf TXaVL-SaUaOOeO fLbeUV ZhLch UeSUeVeQW Whe fLbURXV VWUXcWXUeV PRVW 

XVed fRU WechQLcaO aSSOLcaWLRQV.  IQ RUdeU WR achLeYe WhLV gRaO, VeYeUaO VROXWLRQV e[LVW; aQ 

e[SeULPeQWaO aSSURach cRXOdQ¶W be VXffLcLeQW aV LW UeTXLUeV a YeU\ LPSRUWaQW QXPbeU Rf 

e[SeULeQceV, becaXVe WheUe aUe PaQ\ ORadLQg SaWhV, aQd aQ LPSRUWaQW QXPbeU Rf XQdXOaWLRQV 

e[LVW. IW LV WheUefRUe QeceVVaU\ WR be abOe WR XVe effecWLYe QXPeULcaO aSSURacheV aOORZLQg a 

SaUaPeWULc VWXd\, L.e. caUU\LQg RXW PaQ\ WeVWV LQ a VhRUW WLPe. The chRVeQ VWUaWeg\ LV WheUefRUe 

WR be abOe WR cUeaWe a YLUWXaO eVWLPaWRU Rf Whe behaYLRU Rf a fLbURXV aVVePbO\ aQd WR YaOLdaWe LW 

b\ e[SeULPeQWV. OQe Rf Whe PRVW LPSRUWaQW dLffLcXOWLeV WR VWXd\ Whe behaYLRU Rf fLbeU aVVePbO\ 
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LV XQdRXbWedO\ Whe VL]e Rf Whe fLbeUV (a feZ PLcURPeWeUV) ZhLch PaNe WheP YeU\ dLffLcXOW WR 

haQdOe aQd RbVeUYe LQdLYLdXaOO\. AV Whe gRaO Rf WhLV VWXd\ LV WR XQdeUVWaQd Whe VWUaLQ 

SheQRPeQRORg\ Rf fLbURXV aVVePbOLeV, a PRdeO Rf fLbeUV LV dRQe aW OaUgeU VcaOe (500 PLcURQV) 

aV a fLUVW aSSURach LQ WhLV VWXd\; LQ a VecRQd VWage, VLPXOaWLRQV ZLWh fLbeUV aW a ³UeaO´ VcaOe aUe 

SeUfRUPed. TR achLeYe WhLV gRaO, PaQ\ VWeSV VhRXOd b\ caUULed-RXW VXcceVVfXOO\. The fLUVW LV WR 

deYeORS a QXPeULcaO VWUaWeg\ WR effLcLeQWO\ VLPXOaWe, aW Whe fLbeU VcaOe, Whe VWUaLQ Rf Whe 

aUchLWecWXUe XQdeU YaULRXV VROLcLWaWLRQ. The VecRQd VWeS LV WR defLQe e[SeULPeQWaO VROXWLRQ Rf 

YaOLdaWLRQ WR eQVXUe Whe UeOLabLOLW\ Rf WhLV YLUWXaO eVWLPaWRU b\ cRPSaULQg LWV UeVXOWV ZLWh 

e[SeULPeQWaO UeVXOWV. The WhLUd VWeS aLPV WR defLQe LQdLcaWRUV Rf Whe PLcURVWUXcWXUe WhaW aOORZ WR 

aQaO\]e Whe UeVXOWV. FLQaOO\, LW LV QeceVVaU\ WR XVe WhLV VWUaWeg\ WR cUeaWe aQ\ W\Se Rf aUchLWecWXUe 

ZLWh a defLQed SaUaPeWeUV aQd aSSO\ dLffeUeQW SaWhV Rf ORadLQgV WR aQaO\]e Whe PechaQLcaO 

UeVSRQVe Rf Whe VWUXcWXUe. A fLUVW QXPeULcaO aSSURach ZaV eVWabOLVhed b\ Whe WheVLV Rf OXVVaPa 

HAJI (HaML OXVVaPa, 2018). ThLV aSSURach aOORZed WR hLghOLghW Whe feaVLbLOLW\ Rf Whe fLUVW aQd 

Whe VecRQd VWeS Rf Whe VWUaWeg\, bXW LW LV QRZ QeceVVaU\ WR be abOe WR LPSURYe WheP aQd eVSecLaOO\ 

WR caUU\ RXW Whe OaVW WZR VWeSV aV ZeOO aV WR e[SORLW Whe eQWLUe VWUaWeg\ WR caUU\ RXW SaUaPeWULc 

VWXdLeV aQd cRQcOXde RQ WheLU LQfOXeQce RQ Whe PechaQLcaO behaYLRU. IQ WhLV cRQWe[W, WhLV WheVLV 

PaQXVcULSW LV WheUefRUe VWUXcWXUed LQ WhUee chaSWeUV (QLQe VecWLRQV). AW Whe begLQQLQg Rf each 

chaSWeU a bULef VXPPaU\ LQ FUeQch Rf LWV cRQWeQW LV SUeVeQWed. 

The fLUVW chaSWeU LV Pade XS Rf VecWLRQV 1, 2 aQd 3 aQd SUeVeQWV a bLbOLRgUaShLc VWXd\ RQ Whe 

PechaQLcaO behaYLRU Rf fLbURXV PaWeULaOV dXULQg cRPSacWLRQ/cRPSUeVVLRQ, fXUWheUPRUe, 

PRdeOLQg aQd VLPXOaWLRQ PeWhRdV aW dLffeUeQW VcaOeV (PacURVcRSLc, PeVRVcRSLc aQd 

PLcURVcRSLc). ThLV bLbOLRgUaShLc VWXd\ aOORZV, LQ addLWLRQ WR Whe chRLce Rf Whe VWXd\ VcaOe, WR 

VhRZ Whe UeOeYaQce Rf Whe cRPSUeVVLRQ WeVW fRU a ULch SheQRPeQRORgLcaO aQaO\VLV. ThLV chaSWeU 

aOVR SUeVeQWV Whe PeWhRdV WR chaUacWeUL]e fLbURXV PedLa aV ZeOO aV Whe deYeORSPeQW Rf YLUWXaO 

PRdeOV QeceVVaU\ fRU QXPeULcaO VWXdLeV. 

The VecRQd chaSWeU LV Pade XS Rf VecWLRQV 4, 5 aQd 6 aQd SUeVeQWV Whe RbVeUYaWLRQ PeWhRd Rf 

Whe cRPSacWLRQ Rf fLbeUV cRPbLQed WRPRgUaSh\ aQd 3D QXPeULcaO UecRQVWUXcWLRQ SURceVV Rf a 

fLbeU bXQdOe. ThLV chaSWeU aOVR SUeVeQWV Whe RSWLPL]aWLRQ Rf Whe VLPXOaWLRQ SaUaPeWeUV Rf Whe 

QXPeULcaO PRdeO, aQd Whe deYeORSPeQW Rf LQdLcaWRUV fRU aQaO\]LQg Whe PLcURVWUXcWXUe Rf fLbeU 

bXQdOe. NXPeULcaO VLPXOaWLRQV Rf fLbeU cRPSacWLRQ/cRPSUeVVLRQ WeVWV aUe caUULed RXW aQd 

cRPSaUed WR e[SeULPeQWaO WeVWV. 

The WhLUd chaSWeU LV Pade XS Rf VecWLRQV 7, 8 aQd 9 aQd SUeVeQWV Whe VWUaWeg\ fRU cUeaWed a 

QXPeULcaO geQeUaWRU Rf YLUWXaO aQd UaQdRP fLbeU bXQdOe. ThLV YLUWXaO geQeUaWRU LV YaOLdaWed b\ 
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cRPSaULVRQ ZLWh e[SeULPeQWaO UeVXOWV; WheQ PRdeOV Rf fLbURXV aVVePbOLeV aUe cUeaWed WR VWXd\ 

Whe LPSacW Rf PLcURVWUXcWXUaO SaUaPeWeUV RQ Whe cRPSacWLRQ/cRPSUeVVLRQ behaYLRU Rf Whe 

fLbURXV aVVePbO\. 
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ChaSWeU I MechaQicV Rf fibURXV UeiQfRUcemeQWV: BehaYiRU iQ cRmSacWiRQ 

ChaSWeU 1 SUeVeQWV a geQeUaO RYeUYLeZ Rf fLbeU-UeLQfRUced PaWeULaOV XVed LQ Whe PaQXfacWXUe Rf 

cRPSRVLWeV aQd WheLU PechaQLcaO SURSeUWLeV, ZLWh aQ ePShaVLV RQ cRPSacWLRQ SURSeUWLeV. FRU 

WhLV SXUSRVe, Whe chaSWeU LV dLYLded LQWR WhUee SaUWV: 

SecWLRQ 1 SURYLdeV aQ RYeUYLeZ Rf Whe VWUXcWXUe aQd cRPSRVLWLRQ Rf fLbeU-UeLQfRUced PaWeULaOV. 

B\ aQaO\]LQg LWV VhaSe, Whe PRdeO PedLXP fRU WhLV VWXd\ LV LQLWLaOO\ LdeQWLfLed. 

SecWLRQ 2 aQd VecWLRQ 3 SUeVeQW Whe PechaQLcaO SURSeUWLeV Rf fLbeU-UeLQfRUced PaWeULaOV dXULQg 

cRPSacWLRQ. SecWLRQ 2 SUeVeQWV Whe cRPSacWLRQ behaYLRU Rf fLbeU-UeLQfRUced PaWeULaOV fURP aQ 

e[SeULPeQWaO SRLQW Rf YLeZ, aQd VecWLRQ 3 SUeVeQWV Whe cRPSacWLRQ behaYLRU Rf fLbeU-UeLQfRUced 

PaWeULaOV fURP a QXPeULcaO SRLQW Rf YLeZ. 
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Section 1 GeQeUal iQfRUmaWiRQ RQ fibURXV UeiQfRUcemeQWV 

1.1 DefiQiWiRQ Rf fibeU cRmSRViWe maWeUial 

FLbeU-UeLQfRUced cRPSRVLWeV aUe heWeURgeQeRXV PaWeULaOV cRQVLVWLQg Rf aW OeaVW WZR LPPLVcLbOe 

cRPSRQeQWV: fLbeU UeLQfRUcePeQW (dLVcRQWLQXRXV ShaVe) aQd PaWUL[ (cRQWLQXRXV ShaVe). 

CRPSaUed WR Whe cRQVWLWXeQW eOePeQWV aORQe, cRPSRVLWeV e[hLbLW LPSURYed Sh\VLcaO aQd 

chePLcaO SURSeUWLeV. The SULPaU\ UROe Rf Whe PaWUL[ LV WR WUaQVfeU fRUceV aQd Whe PechaQLcaO 

VWUeVVeV beWZeeQ Whe fLbeUV LQ dLffeUeQW dLUecWLRQV. The PaWUL[ Pa\ be SRO\PeU-baVed, PeWaO-

baVed RU ceUaPLc-baVed. PRO\PeU-baVed PaWULceV aUe Whe PRVW cRPPRQ becaXVe Whe\ aOORZ 

cRPSOe[ VhaSed SaUWV WR be PaQXfacWXUed aW a UeaVRQabOe cRVW. The UROe Rf Whe UeLQfRUcePeQW LV 

WR eQVXUe Whe PechaQLcaO SURSeUWLeV Rf Whe cRPSRVLWe LQ Whe dLUecWLRQ Rf Whe fLbeUV, aQd LW XVXaOO\ 

cRQVLVWV Rf cRQWLQXRXV RU dLVcRQWLQXRXV fLbeUV, SaUWLcOeV, RU VNeOeWaO VWUXcWXUeV. HeUe, Whe fLbeU 

UeLQfRUcLQg PaWeULaOV ZLOO be fRcXVed RQ LQ deWaLO Qe[W aV WhLV LV Whe VXbMecW Rf WhLV VWXd\. 

1.2 FibURXV UeiQfRUcemeQWV 

AV PeQWLRQed abRYe, We[WLOe-UeLQfRUced cRPSRVLWeV eQhaQce Whe RYeUaOO PechaQLcaO SURSeUWLeV 

Rf Whe PaWeULaO PaLQO\ WhURXgh fLbeU UeLQfRUcePeQW. ThLV UeLQfRUcePeQW LV QRW RQO\ deSeQdeQW 

RQ Whe W\Se Rf fLbeU PaWeULaO chRVeQ, bXW aOVR RQ Whe aUchLWecWXUe Rf Whe fLbeU VWUXcWXUe aV ZeOO aV 

Whe LQWeUZRYeQ cRQfLgXUaWLRQ Rf Whe cRQVWLWXeQW \aUQV. Te[WLOe UeLQfRUcePeQW LV a PXOWLVcaOe 

heWeURgeQeRXV VWUXcWXUe (FLgXUe 1.1). The fLbeUV WhePVeOYeV VeUYe aV Whe baVe XQLWV, ZhLch aUe 

cRPbLQed b\ VSecLfLc SURceVVeV VXch aV ZLQdLQg, bUaLdLQg, RU QeedOLQg WR fRUP \aUQV ZLWh 

VSecLfLc SeUfRUPaQce chaUacWeULVWLcV. TheVe \aUQV aUe fXUWheU ZRYeQ, NQRWWed, VeZQ, eWc. WR fRUP 

We[WLOeV ZLWh YaULRXV VWUXcWXUeV (FLgXUe 1.2). The PXOWLVcaOe VWUXcWXUe cRQceSW Rf We[WLOe 

UeLQfRUced PaWeULaOV LV cUXcLaO. ThLV LV becaXVe LW cRQWUROV Rf Whe PechaQLcaO behaYLRU Rf Whe 

cRPSRVLWe PaWeULaO b\ adMXVWLQg Whe aUUaQgePeQW Rf Whe fLbeUV, Whe ZeaYLQg deQVLW\ Rf Whe \aUQV, 

aQd Whe hLeUaUchLcaO VWUXcWXUe Rf Whe We[WLOe. 

BefRUe gRLQg LQWR deWaLOV, LW LV ZLVe WR fLUVW SUeVeQW a bULef dLVcXVVLRQ Rf Whe PaLQ VWUXcWXUeV Rf 

fLbeU-UeLQfRUced PaWeULaOV, aQd WheLU cRPSRQeQWV (\aUQV aQd fLbeUV). 
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FigXUe 1.1 MXlWi-Vcale VWUXcWXUe Rf fibURXV UeiQfRUcemeQWV. 

1.2.1 SWUXcWXUe Rf fabUic UeiQfRUcemeQW 

IQ cRPSRVLWeV PaWeULaOV, VeYeUaO W\SeV Rf UeLQfRUcePeQW VWUXcWXUeV aUe XVed LQ addLWLRQ WR Whe 

VLQgOe fLOaPeQWV XVed LQ Whe deSRVLWLRQ (bXLOdLQg aQd VhaSLQg Rf Whe PaWeULaO Oa\eU b\ Oa\eU) RU 

WZLVWLQg (WZLVWLQg Whe fLbeUV aURXQd a cRUe PaWeULaO) SURceVVeV. TheVe caQ be dLYLded LQWR Whe 

fROORZLQg PaLQ caWegRULeV, VhRZQ LQ FLgXUe 1.2 (HaML OXVVaPa, 2018): 

 WRYeQ fabULcV: The\ aUe Pade b\ LQWeUZeaYLQg ZefW aQd ZaUS WhUeadV, aV VhRZQ LQ 

FLgXUe 1.2 (a, b).  

 BUaLdV: BUaLdV aUe VWUXcWXUeV fRUPed b\ cURVVLQg aQd ZeaYLQg PXOWLSOe ZLUeV RYeU each 

RWheU, aV VhRZQ LQ FLgXUe 1.2 (c). 

 NRQ-CULPS FabULcV (NCFV), VhRZQ LQ FLgXUe 1.2 (d): TheVe PaWeULaOV aUe QRW Pade 

WhURXgh Whe WUadLWLRQaO SURceVV Rf ZeaYLQg, bXW b\ NeeSLQg Whe fLbeUV WRgeWheU b\ RWheU 

PeaQV, XVXaOO\ LQ Whe fRUP Rf a OaPLQaWe. ThLV W\Se Rf VWUXcWXUe LV chaUacWeUL]ed b\ Whe facW 

WhaW Whe fLbeUV UePaLQ VWUaLghW dXe WR Whe abVeQce Rf LQWeUOacePeQW, VR Whe\ aUe beWWeU abOe 

WR caUU\ WeQVLOe ORadV. 

 KQLWV: KQLWV aUe fRUPed b\ LQWeUORcNLQg cRQWLQXRXV ORRSV Rf WhUeadV, aV VhRZQ LQ 

FLgXUe 1.2 (e). TheVe VWUXcWXUeV aUe XVXaOO\ XVed WR SURYLde a VLgQLfLcaQW eOaVWLc behaYLRU 

Rf Whe UeLQfRUcePeQW befRUe Whe LQMecWLRQ Rf Whe PaWUL[.  

IQ WeUPV Rf Whe W\Se Rf VWUXcWXUe, UeLQfRUcLQg PaWeULaOV caQ be fXUWheU dLVWLQgXLVhed aV fROORZV: 

TZR-DLPeQVLRQaO SWUXcWXUeV (2D): TheVe aUe XVXaOO\ TXaOLfLed aV SOaQe, ZLWh Whe fLbeUV 

XQfROdLQg LQ RQO\ WZR dLUecWLRQV. ThUee-dLPeQVLRQaO VWUXcWXUeV (3D): WheLU fLbeUV XQfROd LQ WhUee 

VSaWLaO dLUecWLRQV, SURYLdLQg beWWeU PechaQLcaO SURSeUWLeV LQ Whe WhLcNQeVV dLUecWLRQ. 
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FigXUe 1.2 MaiQ VWUXcWXUeV Rf We[Wile UeiQfRUcemeQWV (HaML OXVVaPa, 2018). (a) 2D fabUic. (b) 3D fabUic. (c) 

BUaidV. (d) NCF (NRQ-CUimS FabUic). (e) KQiWV. 

AOO WheVe UeLQfRUcePeQWV aUe cRPSRVed Rf PaQ\ \aUQV, WhePVeOYeV aUe cRPSRVed Rf WhRXVaQdV 

Rf fLbeUV. The chaUacWeULVWLcV Rf WheVe eOePeQWV aUe deYeORSed LQ Whe Qe[W SaUW. 

1.2.2 FibeU UeiQfRUcemeQW cRmSRQeQWV 

a) YaUQV 

IQ Whe We[WLOe LQdXVWU\, fLbeUV aUe aVVePbOed aQd WheQ eLWheU WZLVWed LQWR WhUeadV RU SOaced VLde 

b\ VLde WR fRUP XQWZLVW RU TXaVL XQWZLVW bXQdOeV, XVXaOO\ QaPed aV URYLQg. The UeVXOWLQg \aUQ 

LV WheQ a QeWZRUN Rf TXaVL SaUaOOeO fLbeUV. DXe WR LWV cRQVWLWXWLRQ, Whe cRheVLRQ Rf Whe \aUQ LV 

LQLWLaOO\ ZeaN aQd LV WheQ eQVXUed b\ VL]LQg, ZhLch cRQVLVWV LQ LPSUegQaWLQg LW ZLWh a SUe-

SUeSaUed VL]LQg chePLcaO. The VL]LQg LQcUeaVeV Whe \aUQ cRheVLRQ bXW aOVR LQcUeaVeV \aUQ 

VWUeQgWh aQd abUaVLRQ UeVLVWaQce, aQd UedXceV \aUQ haLULQeVV. The VL]LQg VWeS caQ aOVR be XVed 

WR add VSecLfLc SURSeUWLeV WR Whe fLbeUV. 

AQ XQWZLVWed bXQdOe caQ cRQWaLQ WhRXVaQdV Rf fLbeUV ZhLch caQ be deVcULbed b\ chaUacWeULVWLcV 

VXch aV OLQeaU PaVV, Whe W\Se Rf fLbeU cRPbLQaWLRQ, aQd Whe PaWeULaOV WhaW PaNe XS Whe fLbeUV 

(Vee LQ FLgXUe 1.3 (a)). SXch aOPRVW SaUaOOeO bXQdOeV Rf fLbeUV aUe abOe WR Ueach LPSRUWaQW YROXPe 

fUacWLRQV dXULQg cRPSacWLRQ. The\ aUe aOVR PRUe VXLWabOe fRU 2D cRQVWUXcWLRQV WR RbWaLQ beWWeU 

fOaWQeVV aQd XQLfRUP cRYeUage Rf Whe XVed VXUface. 

 



43 

 

 

FigXUe 1.3 SWaSle aQd FilameQW (³TEXTILES AND TEXTILE TECHNOLOGY,´ Q.d.).  

TZLVWed \aUQ LV a Pade b\ addLQg a WZLVW WR a VLQgOe \aUQ (RU PXOWLSOe VWUaQdV Rf a VLQgOe \aUQ) 

dXULQg Whe VSLQQLQg SURceVV. TZLVW LV XVed WR deVcULbe Whe QXPbeU Rf WZLVWV (WZLVWV SeU LQch) LQ 

a \aUQ. IQcUeaVLQg WZLVW LPSURYeV Whe VWUeQgWh, eOaVWLcLW\, aQd abUaVLRQ UeVLVWaQce Rf Whe \aUQ. 

TZLVWed \aUQ LV dLYLded LQWR: VLQgOe \aUQ (FLgXUe 1.3(b)), SO\ \aUQ (FLgXUe 1.4), aQd cabOe.  

 

FigXUe 1.4 SiQgle \aUQ aQd Sl\ \aUQ (TEXTILES AND TEXTILE TECHNOLOGY, Q.d.). 

b) FibeUV 

FLbeUV aUe RfWeQ chaUacWeUL]ed b\ WheLU cRQVWLWXeQW PaWeULaOV aQd geRPeWU\. AccRUdLQg WR LWV 

cRPSRVLWLRQ, LW caQ be dLYLded LQWR WZR caWegRULeV: QaWXUaO fLbeUV aQd chePLcaO fLbeUV. NaWXUaO 

fLbeUV caQ be dLYLded LQWR SOaQW fLbeUV (fOa[), aQLPaO fLbeUV (ZRRO); AQd chePLcaO fLbeUV caQ be 

dLYLded LQWR aUWLfLcLaO fLbeUV (SRO\eVWeU) aQd V\QWheWLc aQd LQRUgaQLc fLbeUV (gOaVV fLbeU).  

FLbeUV RfWeQ XQdeUgR VXUface WUeaWPeQWV, eVSecLaOO\ cRaWLQgV. TheVe WUeaWPeQWV Pa\ be LQ Whe 

fRUP Rf chePLcaO cRaWLQgV. The SXUSRVe LV WR SURYLde VSecLfLc Sh\VLcaO aQd chePLcaO SURSeUWLeV 

UeOeYaQW WR WheLU SURceVVLQg aQd eQd XVe. FRU e[aPSOe: OXbULcaWLQg fLbeUV, eQhaQcLQg cRheVLRQ 

Rf XQWZLVWed VWUaQdV, aQd UeLQfRUcLQg fLbeU/PaWUL[ bRQdLQg. 

FURP a geRPeWULc SRLQW Rf YLeZ, a fLbeU LV XVXaOO\ deVcULbed b\ LWV aVSecW UaWLR L, ZhLch LV 

defLQed aV Whe UaWLR Rf Whe fLbeU OeQgWh 𝑙௙𝑖𝑏𝑟𝑒 WR LWV dLaPeWeU ∅௙𝑖𝑏𝑟𝑒, 𝑳 = 𝑙௙𝑖𝑏𝑟𝑒/∅௙𝑖𝑏𝑟𝑒. TZR 

W\SeV Rf fLbeUV caQ WheQ be dLVWLQgXLVhed: (L) DLVcRQWLQXRXV fLbeUV, ZhRVe aVSecW UaWLR LV XVXaOO\ 

OeVV WhaQ 1000. TheVe fLbeUV aUe RfWeQ XVed LQ fabULcV WhaW aUe OaLd fOaW LQ UaQdRP dLUecWLRQV. (LL) 

CRQWLQXRXV fLbeUV ZLWh hLgheU aVSecW UaWLR. The fLbeU LV aOVR chaUacWeUL]ed b\ LWV cURVV-VecWLRQ 

VhaSe. SRPe fLbeUV Pa\ haYe a cURVV-VecWLRQ Rf cRPSOe[ VhaSeV, eVSecLaOO\ QaWXUaO fLbeUV. AV 
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VhRZQ LQ FLgXUe 1.5, Whe cURVV-VecWLRQ Rf cRWWRQ fLbeU LV LUUegXOaU. AUWLfLcLaO fLbeUV aUe XVXaOO\ 

VWLOO PRdeOed aV c\OLQdeUV ZLWh cLUcXOaU cURVV VecWLRQV. FRU e[aPSOe, fRU SRO\PeU fLbeUV, Whe 

cURVV VecWLRQ caQ be cRQVLdeUed cLUcXOaU (DaOfL, YRXVaf, SeOYeU, & PRWOXUL, 2022; GaVVaUa, 2016) 

(FLgXUe 1.5 (c, d)). HRZeYeU, Whe\ Pa\ QRW be SeUfecWO\ cLUcXOaU, ZhLch caQ Oead WR VRPe 

dLffLcXOWLeV LQ fLbeU VcaOe PRdeOLQg. IQ WeUPV Rf Whe geRPeWULc SURSeUWLeV Rf Whe fLbeU, Whe cULPS 

Rf Whe fLbeU LV aOVR RQe Rf LWV geRPeWULc chaUacWeULVWLcV, defLQed aV Whe UaWLR beWZeeQ Whe OeQgWh 

beWZeeQ Whe fLbeU¶V eQd SRLQWV aQd Whe WRWaO OeQgWh Rf Whe fLbeU. IQ Whe caVe Rf SRO\eVWeU fLbeUV, 

eVSecLaOO\ fURP Whe VXUface chaUacWeULVWLcV, LW caQ be QRWed WhaW Whe fLbeU VXUface haV VWUeaNV 

aORQg LWV a[LV, ZhLch aUe dXe WR Whe VSLQQLQg SURceVV (FLgXUe 1.5 (e)) (BLeU, RedeO, & SchXbeUW, 

2023; GaVVaUa, 2016; MeUchLeUV eW aO., 2020). TheUefRUe, ZheWheU LW LV aQ LUUegXOaU fLbeU RU a 

URXQd fLbeU, LWV VXUface LV QRW abVROXWeO\ VPRRWh. TheUe aUe fULcWLRQ cReffLcLeQWV beWZeeQ fLbeUV, 

aQd Whe cReffLcLeQW Rf fULcWLRQ deSeQdV RQ Whe dLUecWLRQ Rf UeOaWLYe PRWLRQ beWZeeQ Whe fLbeUV. A 

UeceQW VWXd\ Va\V Whe fULcWLRQ beWZeeQ fLbeUV dReVQ¶W deSeQd RQ Whe fLbeU¶V PaWeULaO RQO\ bXW aOVR 

RQ Whe UeOaWLYe dLUecWLRQ beWZeeQ fLbeUV (ShaQZaQ, GaVVaUa, BaUbLeU, & SLQRLPeUL, 2017; 

TRXUORQLaV, BXeQR, FaVVL, ANWaV, & WLeOhRUVNL, 2019). 
 

(a)  (b)  

(c)  

 

(d)  

 

(e)  

 

FigXUe 1.5 (a) LRQgiWXdiQal fRUm Rf cRWWRQ fibeU. (b) CURVV-VecWiRQ fRUm Rf cRWWRQ fibeU. (c) CURVV-VecWiRQ Rf 

SRl\meU fibeU (black) aQd glaVV fibeU (ZhiWe) (DaOfL eW aO., 2022). (d, e) LRQgiWXdiQal fRUm Rf SRl\meU fibeU 

(BLeU eW aO., 2023; GaVVaUa, 2016). 

1.2.3 MRdeliQg Vcale fRU fibeU UeiQfRUced maWeUialV 

The UeVLQ WUaQVfeU PROdLQg (RTM) SURceVV LV RQe Rf Whe XVed WechQRORgLeV fRU Whe PaQXfacWXULQg 

Rf fLbeU cRPSRVLWe PaWeULaOV Rf cRPSOe[ geRPeWULeV. DXULQg Whe fRUPLQg VWage, WheUe LV a VWURQg 
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LQWeUacWLRQ beWZeeQ Whe UeLQfRUcePeQW aQd Whe PROd aW Whe VcaOe fURP \aUQV WR fLbeUV, ZhLch caQ 

Oead WR defecWV, eVSecLaOO\ ZULQNOeV, VOLSSage aQd bXcNOeV, Whe OaWWeU Rf ZhLch decUeaVLQg Whe 

PechaQLcaO SURSeUWLeV Rf Whe fLQaO cRPSRVLWe SaUW (P. BRLVVe, HaPLOa, & MadeR, 2016; 

SchPachWeQbeUg, SchXOWe ZXU HeLde, & T|SNeU, 2005). 

TheUefRUe, LW LV LPSRUWaQW WR SUedLcW aQd cRQWURO Whe RccXUUeQce Rf WheVe defecWV, ZhLch PeaQV LW 

LV QeceVVaU\ WR XQdeUVWaQd Whe PechaQLcaO behaYLRU Rf UeLQfRUcePeQWV dXULQg Whe fRUPLQg 

SURceVV. PUacWLcaOO\, LW ZRXOd be YeU\ ORQg aQd cRPSOe[ WR achLeYe Whe VWXd\ Rf defecWV RQO\ 

cRQVLdeULQg e[SeULPeQWaO PeWhRdV LQ RUdeU WR XQdeUVWaQd Whe fLbeU behaYLRU VXch aV fLbeU 

RULeQWaWLRQ, aV ZeOO aV SRURVLW\, eWc. SR, QXPeULcaO VLPXOaWLRQV aUe Qeeded WR cRPSOePeQW Whe 

e[SeULPeQWV. AV PeQWLRQed eaUOLeU, fLbeU UeLQfRUcePeQW LV a PXOWL-VcaOe VWUXcWXUe. TheUefRUe, aV 

ZLOO be deVcULbed Qe[W SaUW, LW LV QeceVVaU\ WR chRRVe Whe beVW VcaOe LQ RUdeU WR RbWaLQ, aV faLWhfXOO\ 

aV SRVVLbOe, Whe ORRNed fRU LQfRUPaWLRQ abRXW Whe behaYLRU Rf Whe fLbeU-UeLQfRUced PaWeULaO. 

3 VcaOeV Rf PRdeOLQg aUe cOaVVLcaOO\ cRQVLdeUed fRU WhaW SXUSRVe: 

MacURVcRSic Vcale: AW WhLV VcaOe, fLbeU UeLQfRUcePeQW cRXOd be cRQVLdeUed aV a cRQWLQXRXV 

XQLfRUP hRPRgeQeRXV PaWeULaO, aV VhRZQ LQ FLgXUe 1.6. FRU e[aPSOe, LQ Whe caVe Rf 2D 

UeLQfRUcePeQWV, Whe UeLQfRUcePeQW caQ be PRdeOed aV a PePbUaQe RU VheOO. The WhLcNQeVV LV 

VPaOO cRPSaUed WR RWheU dLPeQVLRQV. FLbeU UeLQfRUcePeQW PRdeOV dR QRW e[SOLcLWO\ cRQVLdeU Whe 

behaYLRU aQd LQWeUZeaYLQg Rf \aUQV LQ Whe UeLQfRUcePeQW aW WhLV VcaOe (FLXPaUeOOa, BRULa, 

BeOLQgaUdL, & ScaWWLQa, 2021). 

 

FigXUe 1.6 MacURVcale UeiQfRUcemeQW mRdeliQg: ReiQfRUcemeQW iV WUeaWed aV a hRmRgeQeRXV maWeUial 

(FLXPaUeOOa eW aO., 2021). 

MeVRVcRSic Vcale: YaUQ LV cRQVLdeUed aV a cRQWLQXRXV hRPRgeQeRXV PaWeULaO (FLgXUe 1.7). The 

cURVV-VecWLRQ Rf Whe \aUQ LV XVXaOO\ aVVXPed WR be RYaO, OeQWLcXOaU bXW PRUe cRPSOe[ VhaSeV caQ 

aOVR be cRQVLdeUed (WeQdOLQg, HLYeW, VLdaO-SaOOp, & BRLVVe, 2014). BXW WhLV VhaSe caQ acWXaOO\ 

YaU\ deSeQdLQg RQ LWV geRPeWULc SRVLWLRQ ZLWhLQ Whe UeLQfRUcePeQW PaWeULaO. AW WhLV PRdeOLQg 

VcaOe, Whe geRPeWU\ Rf Whe UeLQfRUcePeQW WaNeV e[SOLcLWO\ Whe LQWeUOacLQg Rf \aUQV LQWR accRXQW. 

ThLV UeTXLUeV effLcLeQW PRdeOLQg Rf Whe geRPeWULc SRVLWLRQ Rf Whe VWUaQdV aQd Whe cRQWacW beWZeeQ 
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WheP (HLYeW & BRLVVe, 2008; RLQaOdL, BOacNORcN, BaOe, BegOe\, & CR[, 2012), aV ZeOO aV Whe 

PechaQLcaO behaYLRU Rf Whe \aUQ LQ a cRQWLQXRXV aSSURach (BadeO, GaXWhLeU, VLdaO-SaOOp, & 

BRLVVe, 2009; PhLOLSSe BRLVVe eW aO., 2010; ChaUPeWaQW, VLdaO-SaOOp, & BRLVVe, 2011). 

 

FigXUe 1.7 MRdeliQg Rf UeiQfRUced maWeUialV aW Whe meVRVcRSic Vcale: Whe XQWZiVWed fibeU bXQdle iV WUeaWed 

aV a hRmRgeQeRXV maWeUial. 

MicURVcRSic Vcale: Whe VcaOe (FLgXUe 1.8) Whe LQdLYLdXaO fLbeUV WhaW aUe cRQVLdeUed WR be 

hRPRgeQeRXV PaWeULaOV (D. DXUYLOOe, 2011; DaPLeQ DXUYLOOe, 2008, 2010) . The\ XVXaOO\ haYe 

OLQeaU eOaVWLc behaYLRU, eVSecLaOO\ LQ Whe caVe Rf V\QWheWLc fLbeUV. HRZeYeU, WhLV VcaOe UeTXLUeV 

UeOLabOe PRdeOLQg Rf Whe fLbeU geRPeWU\, WheLU SRVLWLRQ ZLWhLQ Whe \aUQ, aQd WheLU LQWeUacWLRQV. 

 

FigXUe 1.8 MRdeliQg Rf UeiQfRUcemeQWV aW Whe micURVcale: Whe fibeU iV WUeaWed aV a hRmRgeQeRXV maWeUial. 

Each VcaOe haV LWV RZQ beQefLWV aQd dUaZbacNV; PRdeOV fURP Whe PacURVcaOe aUe VXLWabOe fRU 

VLPXOaWLQg Whe PechaQLcaO behaYLRU Rf Whe eQWLUe SaUW. HRZeYeU, LW dReV QRW SURYLde VXffLcLeQWO\ 

fLQe daWa WR accXUaWeO\ SUedLcW Whe PechaQLcaO behaYLRU aQd, fRU e[aPSOe, defecW fRUPaWLRQ 

SURceVVeV aW Whe fLbeU OeYeO. HRZeYeU, LW LV RfWeQ Whe VPaOO defecWV (RQ \aUQV RU fLbeUV) WhaW Oead 

WR UedXce Rf Whe SeUfRUPaQce Rf Whe SaUW. FXUWheU, PeVRVcRSLc VcaOe PRdeOV caQ SURYLde PRUe 

deWaLOV abRXW Whe LQWeUWZLQLQg aQd defRUPaWLRQ Rf Whe \aUQ, WhXV SURYLdLQg a deeSeU 

XQdeUVWaQdLQg Rf Whe behaYLRU Rf Whe UeLQfRUcLQg PaWeULaO. HRZeYeU, Whe cXUUeQW PeVRVcRSLc 

PRdeOV aUe VWLOO LQadeTXaWe LQ accXUaWeO\ SUedLcWLQg Whe PechaQLcaO UeVSRQVe Rf \aUQV, WhXV LW 

caOOV fRU LQ-deSWh UeVeaUch aQd UefLQePeQW. IQ RUdeU WR haYe a PRUe cRPSUeheQVLYe 

XQdeUVWaQdLQg Rf Whe Sh\VLcaO PechaQLVPV Rf fLbeU-fLbeU LQWeUacWLRQV, PLcURVcaOe VWXdLeV aUe 

cUXcLaO. AW Whe VPaOOeVW VcaOe Rf VWXdLeV, Whe fLbeUV aUe Whe baVLc XQLWV cRQVWLWXWLQg Whe 
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UeLQfRUcePeQWV, aQd WheLU behaYLRUV aQd LQWeUacWLRQV dLUecWO\ affecW Whe SURSeUWLeV Rf Whe ZhROe 

SaUW. 

 

HaML cUeaWed Whe fLUVW PLcUR YLUWXaO eVWLPaWRU (HaML OXVVaPa, 2018). HLV ZRUN aWWePSWV WR 

VLPXOaWe Whe cRPSacWLRQ behaYLRU Rf a fLbeU bXQdOe (0.5 PP dLaPeWeU, 39 PRO\eVWeU fLbeU) aQd 

YaOLdaWeV LW XVLQg X-Ua\ WRPRgUaSh\ PeaVXUePeQWV. HaML¶V ZRUN dePRQVWUaWeV Whe feaVLbLOLW\ 

aQd cRQVLVWeQc\ Rf WhLV aSSURach. IQ hLV ZRUN, Whe fLbeU bXQdOe (39 fLbeUV) ZaV UecRQVWUXcWed b\ 

XCT WechQLTXe: Whe QXPeULcaO fLbeU bXQdOe ceQWeUOLQe ZaV RbWaLQed b\ SURceVVLQg Whe XCT 

VOLceV Rf Whe fLbeU cURVV VecWLRQ. The cRPSacWLRQ VLPXOaWLRQ Rf Whe fLbeU bXQdOe ZLWh beaP 

eOePeQW (B31) ZaV SeUfRUPed b\ ABAQUS瀻/EXPLICIT. AQd Whe cRPSacWLRQ VLPXOaWLRQ 

VSeed ( 𝑉 = 1000𝑚𝑚/𝑚𝑖𝑛 ) aQd daPSLQg ( 𝛼 = 105 ) ZeUe XVed b\ Whe UeaUUaQgePeQW 

VLPXOaWLRQ Rf 3 fLbeUV (FLgXUe 1.9). B\ deWeUPLQLQg Whe 𝑉 aQd 𝛼 SaUaPeWeUV, Whe CPU WLPe Rf 

Whe UeaUUaQgePeQW VLPXOaWLRQ Rf Whe fLbeUV ZaV RSWLPL]ed, WR eQVXUe WhaW Whe cRPSacWLRQ aQd 

UeaUUaQgePeQW Rf Whe fLbeUV ZeUe TXaVL-VWaWLc (FLgXUe 1.9 (b)) XQdeU WheVe SaUaPeWeUV, aYRLdLQg 

LQeUWLaO effecWV (FLgXUe 1.9 (c)) . AQd Whe SaUaPeWeUV Rf heUW] cRQWacW ZeUe deWeUPLQed b\ 

cRPSacWLRQ Rf WZR fLbeUV. 

(a)  (b)  (c)  

FigXUe 1.9 ReaUUaQgemeQW VimXlaWiRQ ZiWh 3 beamV. (a) IQiWial mRdel befRUe cRmSacWiRQ. (b) QXaVi-VWaWic. 

(c) IQeUWia effecW (HaML OXVVaPa, 2018). 

B\ VLPXOaWLQg Whe cRPSacWLRQ Rf 39 fLbeUV, a cRPSaULVRQ Rf Whe VLPXOaWed aQd e[SeULPeQWaO 

cRPSacWLRQ cXUYeV, fLbeU SRVLWLRQV, aQd 3D UeQdeULQg Rf fLbeU bXQdOeV ZaV RbWaLQed aV VhRZQ 

LQ FLgXUe 1.10. HaML'V ZRUN SURYLdeV LQLWLaO YaOLdaWLRQ Rf Whe feaVLbLOLW\ Rf e[WUacWLQg QXPeULcaO 

fLbeU bXQdOeV fURP UeaO fLbeU bXQdOeV, aV ZeOO aV YeULf\LQg LWV accXUac\ WhURXgh cRPSacWLRQ 

VLPXOaWLRQV. HRZeYeU, WheUe LV VWLOO aQ eUURU beWZeeQ Whe e[SeULPeQW aQd Whe VLPXOaWLRQ LQ WeUPV 

Rf Whe ceQWeUOLQe SRVLWLRQ Rf Whe fLbeUV, aQd HaML dReV QRW defLQe WhLV eUURU aQd aQaO\]e Whe UeaVRQ 

Rf Whe eUURU. HLV VWXd\ Rf PLcURVWUXcWXUe RQO\ LQYROYeV Whe SRVLWLRQ Rf fLbeUV, bXW Whe cRQWacW 

beWZeeQ fLbeUV, cXUYaWXUe aQd RULeQWaWLRQ Rf fLbeUV aUe QRW chaUacWeUL]ed. The ZRUN deVeUYeV 

fXUWheU deYeORSPeQW aQd UeVeaUch: (L) LPSURYe Whe accXUac\ Rf HaML¶V PRdeO; (LL) chaUacWeUL]e 

Whe PLcUR-VWUXcWXUe LQdLcaWRUV Rf Whe fLbeU bXQdOe, aQd aQaO\]e Whe UeOaWLRQVhLS beWZeeQ WheVe 

LQdLcaWRUV aQd Whe cRPSacWLRQ behaYLRU Rf fLbeU bXQdOe. 
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(a)  

(b)  

(c)  

FigXUe 1.10 The cRmSacWiRQ VimXlaWiRQ Rf 39 fibeUV. (a) The UelaWiRQVhiS beWZeeQ diVSlacemeQW Rf 

cRmSacWiRQ SlaWe aQd cRmSacWiRQ fRUce. (b) CeQWeUliQe Rf fibeU bXQdle aW Whe laVW cRmSacWiRQ VWeS. (c) 3D 

geRmeWU\ Rf fibeU bXQdle aW Whe laVW cRmSacWiRQ VWeS (HaML OXVVaPa, 2018). 

TheUefRUe, WhLV WheVLV bXLOdV RQ Whe YLUWXaO QXPeULcaO eVWLPaWRU deYeORSed b\ HaML aQd eQhaQceV 

LW LQ WeUPV Rf fLbeU UecRQVWUXcWLRQ aQd VLPXOaWLRQ SaUaPeWeUV (LQ ABAQUS�) (HaML eW aO., 2023; 

HaML OXVVaPa, 2018). IQ addLWLRQ, VeYeUaO WRPRgUaSh\ cRPSacWLRQ e[SeULPeQWV aUe cRQdXcWed 

WR YeULf\ Whe accXUac\ Rf Whe deYeORSed PRdeO. FXUWheUPRUe, chaUacWeUL]aWLRQ WRROV Rf PLcUR-

LQdLcaWRUV (cRQWacW beWZeeQ fLbeUV, cXUYaWXUe Rf fLbeUV, RULeQWaWLRQ, eWc.) ZeUe deYeORSed WR 

aQaO\]e Whe LQWeUQaO VWUXcWXUe Rf fLbeU bXQdOe. The eUURUV beWZeeQ Whe cRPSacWLRQ e[SeULPeQWV 

aQd Whe VLPXOaWed fLbeU SRVLWLRQV ZeUe aOVR chaUacWeUL]ed. The QeZ deYeORSed WRROV heOS XV WR 

aQaO\]e LQ deSWh Whe UeOaWLRQVhLS beWZeeQ Whe geRPeWULcaO aUUaQgePeQW, RULeQWaWLRQ aQd 

PechaQLcaO behaYLRU Rf Whe fLbeUV, ZhLch PeaQ WhaW Whe LQWeUacWLRQV beWZeeQ fLbeUV affecW Whe 

PechaQLcaO SURSeUWLeV Rf Whe fLbeU bXQdOe. 

IQ addLWLRQ, WhLV WheVLV SUeVeQWV a VWUaWeg\ WR cUeaWe a geQeUaWRU fRU YLUWXaO QXPeULcaO UaQdRP 

fLbeU bXQdOeV. The VWUaWeg\ aOORZV WR VeW: fLbeU VL]e (VOeQdeUQeVV UaWLR), QXPbeU Rf fLbeUV, 

cXUYaWXUe Rf fLbeUV, eWc. The LQfOXeQce Rf fLbeU cXUYaWXUe, cRPSacWLRQ SaWh, fLbeU aVSecW UaWLR, 

aQd fULcWLRQ cReffLcLeQW RQ Whe behaYLRU Rf fLbeU cRPSacWLRQ LV dLVcXVVed. 

1.3 CRQclXViRQ 

IQ WhLV VecWLRQ, Whe dLffeUeQW VWUXcWXUeV Rf fLbeU UeLQfRUcePeQWV aUe SUeVeQWed. TheVe 

UeLQfRUcePeQWV aUe PXOWL-VcaOe VWUXcWXUeV Pade Rf \aUQV, ZhLch WhePVeOYeV aUe cRPSRVed Rf 

WhRXVaQdV Rf fLbeUV. DXULQg Whe fRUPLQg VWeS Rf RTM, fLbeU UeLQfRUcePeQWV aUe VXbMecWed WR 

dLffeUeQW PechaQLcaO ORadV, UeVXOWLQg LQ UeOaWLYe PRYePeQW aQd defRUPaWLRQ aW Whe \aUQ aQd fLbeU 

OeYeOV. TheUefRUe, LW LV QeceVVaU\ WR XQdeUVWaQd aQd PRdeO Whe SheQRPeQa RccXUULQg dXULQg WhLV 
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cULWLcaO VWage. FRU WhLV SXUSRVe, WhUee QXPeULcaO VLPXOaWLRQ VcaOeV ZeUe SUeVeQWed aV a 

cRPSOePeQW Rf Whe e[SeULPeQWaO PeWhRdV. CRUUeVSRQdLQg WR Whe PXOWL-VcaOe VWUXcWXUe Rf fLbeU-

UeLQfRUced PaWeULaOV, QXPeULcaO VLPXOaWLRQV PRdeOV WhaW e[LVW LQ Whe OLWeUaWXUe ZeUe PeQWLRQed 

fRU Whe WhUee VcaOeV Rf a fLbURXV VWUXcWXUe (PacURVcRSLc, PeVRVcRSLc aQd PLcURVcRSLc). 

ThXV, LW LV cRQcOXded WhaW PRdeOLQg aW Whe PLcURVcaOe (fLbeU OeYeO) LV LQWeUeVWLQg aQd ZLOO heOS XV 

WR XQdeUVWaQd aQd PRdeO SheQRPeQa aW Whe fLbeU VcaOe. ThURXgh WhLV UeVeaUch, LW LV fRXQd WhaW 

V\QWheWLc SRO\eVWeU fLbeU¶V VecWLRQ LV a UegXOaU cLUcOe, VR QXPeULcaO PRdeOLQg Rf Whe fLbeU LV 

feaVLbOe, aQd PRdeOLQg fURP Whe UegXOaU cURVV-VecWLRQ Rf Whe fLbeU caQ be cRQVLdeUed. HRZeYeU, 

LWV VXUface LV QRW VPRRWh, aQd LWV VXUface fULcWLRQ VhRXOd be cRQVLdeUed. 

ThLV VecWLRQ aOVR SUeVeQWV Whe fLbeU PLcURVcRSLc QXPeULcaO eVWLPaWRU WhaW haV beeQ deYeORSed LQ 

a SUeYLRXV ZRUN (HaML OXVVaPa, 2018) ZhLch RSeQV WR Whe QeceVVLW\ Rf fXUWheU LPSURYePeQWV. 

MLcURVcRSLc UeVXOW aQaO\VLV LQdLcaWRUV PXVW be deYeORSed WR dLVcXVV Whe UeOaWLRQVhLS beWZeeQ 

fLbeU bXQdOe PLcURVWUXcWXUaO SaUaPeWeUV aQd PechaQLcaO behaYLRU, aQd a geQeUaWRU fRU YLUWXaO 

QXPeULcaO UaQdRP fLbeU bXQdOeV haV aOVR WR be deYeORSed. 

The Qe[W VecWLRQ aQaO\]eV Whe ORadLQg SaWh LPSRVed RQ Whe fLbeU UeLQfRUced PaWeULaO dXULQg Whe 

PROdLQg SURceVV, aQd Whe e[WUacWLRQ Rf Whe geRPeWULc PRdeO Rf Whe fLbeU PaWeULaO WhURXgh 

cRPSXWed WRPRgUaSh\ WechQRORg\. 
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Section 2 BehaYiRU Rf fibeU UeiQfRUciQg maWeUialV dXUiQg cRmSacWiRQ aQd 

chaUacWeUi]aWiRQ meWhRdV 

2.1 LRadiQg SaWh 

DXULQg cRPSRVLWe fRUPLQg, eVSecLaOO\ LQ SURceVVeV VXch aV RTM, fLbeU-UeLQfRUced PaWeULaOV 

XQdeUgR cRPSOe[ PechaQLcaO ORadLQg. TheVe PaWeULaOV, dXe WR WheLU LQheUeQW PXOWLVcaOe QaWXUe, 

e[hLbLW VSecLfLc defRUPaWLRQ behaYLRU aW dLffeUeQW VcaOeV Rf VWUXcWXUe dXULQg ORadLQg. TheUefRUe, 

ZheQ XQdeUVWaQdLQg aQd SUedLcWLQg Whe behaYLRU Rf PaWeULaOV, LW LV QeceVVaU\ WR WaNe aOO OeYeOV 

LQWR accRXQW fURP Whe PacURVcRSLc WR Whe PLcURVcRSLc.  

TR accXUaWeO\ PRdeO aQd SUedLcW Whe PLcURVcRSLc defRUPaWLRQ PechaQLVPV, chRRVLQg Whe 

aSSURSULaWe ORadLQg SaWh LV cUXcLaO. IQ SUacWLce, WhLV PeaQV WhaW Ze Qeed WR haYe a deeS 

XQdeUVWaQdLQg aQd cRQWURO Rf WheVe ORadLQg SaWhV, WR UeSURdXce LQ VLPXOaWLRQ Rf Whe defRUPaWLRQ 

SaWWeUQV RbVeUYed LQ e[SeULPeQWV. LRQg aQd COLffRUd deVcULSWed Whe PechaQLcaO ORadLQg SaWh Rf 

fLbeU UeLQfRUced PaWeULaO (LRQg A C & COLffRUd M J, 2007). CRUQeOLVVeQ VXPPaUL]ed Whe 

PLcURVcaOe defRUPaWLRQ PechaQLVPV, VhRZQ LQ FLgXUe 2.1(CRUQeOLVVeQ, 2013).  

LRQg A C aQd CRUQeOLVVeQ¶V ZRUN heOSed WR defLQe Whe dLffeUeQW defRUPaWLRQ PechaQLVPV Rf Whe 

fLbeU WhaW Pa\ be e[SeULeQced dXULQg Whe fRUPLQg SURceVV. 

CRUQeOLVVeQ aQaO\]ed WheVe fRXU ORadLQg SaWhV Rf Whe We[WLOe, Whe chaQgeV LQ Whe fLbeUV aW Whe 

PLcURVcRSLc OeYeO cRUUeVSRQdLQg WR each ORadLQg. ThLV ZRUN LV VXPPaUL]ed heUe. The VaPe 

SheQRPeQRQ haSSeQV Rf fRXU ORadLQg SaWhV LQ PLcUR OeYeO: UeOaWLYe VOLdLQg beWZeeQ fLbeUV 

accRUdLQg Whe ORQgLWXdLQaO aQd Whe WUaQVYeUVe dLUecWLRQV, aQd fLbeU UeaUUaQgePeQW. BXW Whe 

dLffeUeQW behaYLRUV fRU fROORZLQg ORadLQg SaWh: 

 TeQVLOe: AQd Whe fLbeU e[WeQVLRQ aORQg Whe ORQgLWXdLQaO a[LV. 

 BeQdLQg: FLbeU UeOaWLYeO\ RbYLRXV beQdLQg.  

 SheaU aQd cRPSacWLRQ: FLbeU UeOaWLYeO\ VOLghW beQdLQg. 
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FigXUe 2.1 The SUiQciSle Rf micURVWUXcWXUal defRUmaWiRQ, aQd Whe UelaWiRQVhiS beWZeeQ macURVWUXcWXUal 
defRUmaWiRQ(LRQg A C & CliffRUd M J, 2007). 

IQ PRVW Rf WheVe PechaQLVPV, fLbeU-WR-fLbeU fULcWLRQ SOa\V a Ne\ UROe. The PRVW LQWeUeVWLQg W\Se 

Rf ORadLQg LQYROYLQg aOO WheVe PechaQLVPV WR be VWXdLed aW Whe PLcUR VcaOe LV cRPSacWLRQ. ThLV 

LV becaXVe, cRPSacWLRQ ORadLQg SaWh WhaW LV PRVW OLNeO\ WR SURdXce Whe SheQRPeQRQ Rf fLbeU 

dLVSOacePeQW ZLWhLQ Whe fLbeU aVVePbOage. ThLV SheQRPeQRQ UefOecWV Whe UeaUUaQgePeQW aQd Whe 

VOLdLQg beWZeeQ fLbeUV. TheUefRUe, Whe cRPSacWLRQ SaWh ZLOO be cRQVLdeUed LQ Whe SUeVeQW ZRUN 

aQd XVed LQ Whe PechaQLcaO e[SeULPeQWV Rf Whe fLbeU PedLXP. ThLV PLcUR PRdeO LV LQ Whe 

deYeORSPeQWaO aQd YaOLdaWLRQ VWaWe, aQd ZheQ cRQVLdeULQg cRPSacWLRQ, Whe fLbeU UeaUUaQgePeQW 

aQd VOLdLQg aUe VXffLcLeQW WR chaOOeQge Whe accXUac\ Rf Whe PRdeO. IQ addLWLRQ, Whe cRPSacWLRQ 

ORadLQg ZLOO LQfOXeQce fLbeU¶V LQdLcaWRUV VXch aV cXUYaWXUe, RULeQWaWLRQ aQd Whe cRQWacW beWZeeQ 

Whe fLbeUV. SR WhaW, LW¶V SRVVLbOe WR aQaO\]e Whe PLcURVWUXcWXUe Rf Whe fLbeUV ZLWh Whe cRPSacWLRQ 

ORadLQg SaWh. The RWheU ORadLQg SaWhV Rf fLbeUV PLghW be XVed LQ Whe fXUWheU YaOLdaWLRQ Rf Whe 

PRdeO. AQd, aV SUeYLRXVO\ dLVcXVVed, RWheU PechaQLcaO VROLcLWaWLRQV aOVR SURdXce cRPSacWLRQ 

beWZeeQ fLbeUV, aQd beQdLQg defRUPaWLRQ. The PLcURVcRSLc effecWV Rf WheVe PechaQLcaO SaWhV 

aUe cORVeO\ UeOaWed. 

A PLcUR-cRPSacWLRQ PachLQe LV cRQVeTXeQWO\ XVed WR facLOLWaWe Whe cRPbLQaWLRQ ZLWh Whe 

WRPRgUaSh\ VcaQQeU. IQ addLWLRQ, aQ accXUaWe PRdeO Rf Whe fLbeU PedLXP LV aOVR WR be 

LQYeVWLgaWed LQ WhLV WheVLV. The PRdeO RbWaLQed fURP UeaO fLbeU PedLa, aQd e[WUacWLQg Whe fLbeU 

PedLa b\ WRPRgUaSh\ LV a UeaVRQabOe aQd accXUaWe PeWhRd, ZhLch ZLOO be dLVcXVVed LQ SecWLRQ 

2.6 



52 

 

2.2 PheQRmeQRlRg\ Rf UeiQfRUcemeQW fibeUV cRmSacWiRQ 

BefRUe VWaUWLQg WR aQaO\]e Whe PRdeOLQg aQd VLPXOaWLRQ Rf a fLbURXV PedLXP LQ cRPSUeVVLRQ, LW 

LV QeceVVaU\ WR aQaO\]e WhLV W\Se Rf ORadLQg aQd LWV e[SeULPeQWaO WeVWLQg RQ dLffeUeQW W\SeV Rf 

fLbeUV. FLgXUe 2.2 (a) VhRZV Whe cRPSUeVVLRQ cXUYeV RbWaLQed afWeU WeVWLQg a fLbeU aVVePbOage Rf 

dLffeUeQW PaWeULaOV (gOaVV, VWeeO, cRWWRQ, haLU, eWc.) (Me]eL[, BRXYeW, HXe], & PRTXLOORQ, 2009; 

PRTXLOORQ, VLgXLeU, & AQdULeX, 2005). UQORadLQg ZaV aOVR SeUfRUPed aW Whe VaPe ORadLQg UaWe 

(6 PP/PLQ). The behaYLRU RbYLRXVO\ deSeQdV RQ Whe PaWeULaO Rf Whe fLbeUV, aQd Whe VhaSe Rf Whe 

cRPSUeVVLRQ cXUYeV LV Whe VaPe fRU aOO WeVWed PaWeULaOV. IQ facW, Whe behaYLRU Rf Whe fLbeU 

aVVePbOLeV LQ cRPSUeVVLRQ LV QRQOLQeaU aQd e[hLbLWV h\VWeUeVLV. FRU aOO PaWeULaOV, a SeUPaQeQW 

defRUPaWLRQ ZaV RbVeUYed. ThLV LV aWWULbXWed WR Whe LUUeYeUVLbOe UeaUUaQgePeQW Rf Whe fLbeUV 

dXULQg cRPSUeVVLYe ORadLQg, ZhLch deSeQdV RQ Whe LQWeQVLW\ Rf Whe ORadLQg. IQdeed, Lf Whe fLUVW 

cRPSUeVVLYe ORadLQg LV VWURQg eQRXgh, Whe fLbeUV ZLOO UeaUUaQge b\ chaQgLQg Whe PRUShRORg\ Rf 

Whe fLbeU aVVePbOage. The aVVePbOage ZLOO QRW UegaLQ LWV LQLWLaO PRUShRORg\ dXe WR SOaVWLc 

defRUPaWLRQ Rf Whe fLbeUV (VWeeO ZRRO) aQd fULcWLRQ beWZeeQ Whe fLbeUV. FRU e[aPSOe, gOaVV fLbeUV 

e[hLbLW Whe gUeaWeVW UeVLdXaO defRUPaWLRQ. ThLV LV becaXVe Rf Whe OaUge VPRRWh aQd UegXOaU VXUface 

Rf Whe fLbeUV, ZhLch PLQLPL]eV fULcWLRQ aQd SURPRWeV UeaUUaQgePeQW. IQ addLWLRQ, Whe 

cRPSacWLRQ cXUYeV Rf eQWaQgOed (VXUface debRQed) aQd QRQ-eQWaQgOed caUbRQ fLbeUV aUe 

LOOXVWUaWed LQ FLgXUe 2.2(b). EQWaQgOePeQW aOORZV Whe fLbeUV WR PRYe aQd UeaUUaQge PRUe eaVLO\ 

aW ORZeU VWUeVVeV, ZhLch UeVXOWV LQ a OaUgeU VORSe aW Whe begLQQLQg Rf Whe cRPSacWLRQ cXUYe. 

(a)  (b)  

FigXUe 2.2 CRmSUeVViRQ effecW Rf diffeUeQW W\SeV Rf fibeU aVVembl\. (a) ZiWh Vame iQiWial deQViW\ 150𝑲𝒈/𝒎𝟑 

( PRTXLOORQ eW aO., 2005). (b) cRmSUeVVeV defRUmaWiRQ aW 6 mm/miQ (Me]ei[ eW al., 2009). 

The WeVW SUeVeQWed LQ FLgXUe 2.3 (a) cRQVLdeUV Whe LQLWLaO UeOaWLYe deQVLW\ Rf Whe aVVePbOage 

(Me]eL[ eW aO., 2009). The LQLWLaO VWUXcWXUe Rf Whe fLbeUV aVVePbOLeV LV aOVR a Ne\ SaUaPeWeU LQ 

cRPSUeVVLRQ VWXdLeV. AW hLgh LQLWLaO deQVLW\ (200 𝐾𝑔/𝑚3 ), Whe VORSe Rf Whe RQVeW Rf Whe 
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cRPSacWLRQ cXUYe LV OaUge. ThLV LV aWWULbXWed WR Whe facW WhaW Whe LQWeUacWLRQV beWZeeQ Whe fLbeUV 

affecW Whe cRPSacWLRQ SURceVV eaUOLeU, PaNLQg hLgheU UeTXLUed VWUeVVeV WR achLeYe fXUWheU 

cRPSUeVVLRQ. IQ cRQWUaVW, fLbeU VaPSOeV ZLWh ORZ LQLWLaO deQVLW\ (100 𝐾𝑔/𝑚3) aUe PRUe eaVLO\ 

cRPSUeVVLbOe dXULQg Whe LQLWLaO cRPSUeVVLRQ VWage. HRZeYeU, WheLU VXbVeTXeQW cRPSUeVVLRQ 

becRPeV PRUe dLffLcXOW aV Whe YRLdV decUeaVe. The LQLWLaO UeOaWLYe deQVLW\ Rf Whe fLbeU VWUXcWXUe 

LQfOXeQceV Whe SRURVLW\ beWZeeQ Whe fLbeUV, aQd WhXV deWeUPLQeV Whe abLOLW\ Rf Whe fLbeUV WR 

dLVSOace beWZeeQ WheP. 

SWXdLeV cRQdXcWed RQ fLbeU aVVePbOLeV LQ cRPSUeVVLRQ/XQORadLQg c\cOeV haYe VhRZQ WhaW Whe 

PLcURVWUXcWXUe Rf Whe fLbeU PedLXP chaQgeV aV Whe QXPbeU Rf c\cOeV LQcUeaVeV (CRPaV-CaUdRQa, 

Le GURgQec, BLQeWUX\, & KUaZc]aN, 2007; LRQg LL, ZhaR, YaQg, ZhaQg, & DXaQ, 2015; 

RRbLWaLOOe & GaXYLQ, 1999; SWaQNRYLc, 2008). HRZeYeU, VWaUWLQg fURP a SaUWLcXOaU QXPbeU Rf 

c\cOeV, Whe cRPSacWLRQ behaYLRU VhRZV a QegOLgLbOe eYROXWLRQ. TR LOOXVWUaWe WhLV SRLQW, a 

ORadLQg/XQORadLQg c\cOLc WeVW ZaV caUULed RXW RQ a caUbRQ NCFV, aQd Whe UeVXOWV aUe VhRZQ LQ 

FLgXUe 2.3 (b) (LRQg LL eW aO., 2015). IW LQdLcaWeV WhaW Whe cRPSUeVVLRQ behaYLRU chaQgeV YeU\ 

OLWWOe fURP 4Wh c\cOe. IQ facW, afWeU Whe fLUVW feZ cRPSUeVVLRQ c\cOeV, Whe PRUShRORg\ Rf Whe fLbeU 

aVVePbOage, aV ZeOO aV Whe PRYePeQW aQd cRQWacW beWZeeQ Whe fLbeUV, aOORZ baUeO\ eYROXWLRQ Rf 

Whe PLcURVWUXcWXUe dXULQg Whe RWheU c\cOeV. 

 

(a) 

 

 

(b) 

FigXUe 2.3 (a) CRmSaUiVRQ Rf cRmSUeVViRQ VWUeVV/VWUaiQ cXUYeV fRU diffeUeQW iQiWial deQViWieV (Me]eL[ eW aO., 

2009). (b)EffecW Rf Whe QXmbeU Rf lRadiQg c\cleV RQ cRmSacWiRQ (LRQg LL eW aO., 2015). 

2.3 EffecW Rf lRadiQg VSeed RQ fibeU cRmSRQeQWV 

SRPaVheNaU caUULed RXW cRPSacWLRQ WeVWV RQ cRQWLQXRXV fLOaPeQW UaQdRP PaW ZLWh dLffeUeQW 

cRPSacWLRQ VSeedV aQd fLQaO 𝑉௙ (SRPaVheNaU, 2009. FLgXUe 2.4 (a)). AV Whe cRPSacWLRQ VSeed 
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LQcUeaVeV, Whe cRPSUeVVLYe VWUeVV LQcUeaVeV fRU a gLYeQ VWUaLQ. ThLV PeaQV WhaW aW faVWeU VSeedV, 

a gUeaWeU fRUce LV UeTXLUed WR cRPSUeVV Whe PaWeULaO WR Whe VaPe VWUaLQ. IQdeed, Whe UeaUUaQgePeQW 

Rf Whe fLbeUV dRPLQaWeV LQ Whe eaUO\ VWageV Rf cRPSUeVVLRQ, aV VhRZQ b\ Whe OaUge YaULaWLRQ Rf 

Whe fLbeU YROXPe fUacWLRQ. ThXV, Whe behaYLRU Rf Whe fLbeU aVVePbOage LV LQfOXeQced fURP Whe 

begLQQLQg b\ Whe UeOaWLYe PRWLRQ beWZeeQ Whe fLbeUV. ThLV UeOaWLYe PRWLRQ LV deSeQdeQW RQ Whe 

cRPSUeVVLRQ VSeed: cRPSUeVVLRQ aW ORZeU VSeedV ZLOO aOORZ Whe fLbeUV WR UeaUUaQge aQd fLOO Whe 

OaUgeVW YRLdV ZLWhLQ Whe fLbeU PedLXP, OeadLQg WR hLgheU cRPSUeVVLRQ UaWeV. ThLV aOVR e[SOaLQV 

Zh\ Whe UeOa[aWLRQ UaWe LV hLgheU aV Whe VSeed LQcUeaVeV (FLgXUe 2.4(b)): LQ WhLV caVe, Whe cRQWacW 

fRUceV beWZeeQ Whe fLbeUV LQcUeaVe UaSLdO\ ZhLOe Whe YRLdV beWZeeQ Whe fLbeUV aUe VWLOO LQcUeaVLQg. 

OQce UeOa[ed, Whe fLbeUV begLQ WR UeRUgaQL]e aQd aOLgQ WRZaUdV aQ RYeUaOO eTXLOLbULXP VWaWe aQd 

Whe cRQWacW fRUceV decUeaVe. IW VhRXOd be ePShaVL]ed WhaW Whe UaWe Rf VWUeVV UeOa[aWLRQ deSeQdV 

QRW RQO\ RQ Whe ORadLQg UaWe, bXW aOVR RQ Whe RULeQWaWLRQ Rf Whe fLbeUV: Whe beWWeU Whe fLbeUV aUe 

aOLgQed, Whe OeVV UeOa[aWLRQ Whe\ e[SeULeQce (KLP, McCaUWh\, & FaQXccL, 1991). 

IQ addLWLRQ, FLgXUe 2.4(c) UefOecWV Whe LQcUeaVe LQ VWUeVV UeOa[aWLRQ ZLWh LQcUeaVLQg fLQaO 

cRPSacWLRQ YROXPe fUacWLRQ. The VWUeVV UeOa[aWLRQ RccXUV afWeU Whe ceVVaWLRQ Rf cRPSacWLRQ dXe 

WR Whe facW WhaW: VRPe Rf Whe fLbeUV e[SeULeQce SOaVWLc defRUPaWLRQ dXULQg cRPSacWLRQ, aQd afWeU 

Whe ceVVaWLRQ Rf ORadLQg, WhLV SaUW Rf Whe fLbeUV UeaUUaQgeV LWVeOf WR fLQd a ORZeU eQeUg\ VWaWe WR 

VeeN VWabLOLW\. A hLgh cRPSacWLRQ YROXPe fUacWLRQ PeaQV WhaW Whe fLbeUV aUe PRUe WLghWO\ 

aUUaQged, WheQ Whe cRQWacW beWZeeQ Whe fLbeUV LQcUeaVeV aQd Whe fULcWLRQ LQcUeaVeV. ThLV LV 

becaXVe WLghWeU cRPSacWLRQ UeVXOWV LQ PRUe cRQWacW SRLQWV beWZeeQ Whe fLbeUV aQd PRUe LQWeUQaO 

fULcWLRQ, UeVXOWLQg LQ hLgheU SUeVVXUeV aW Whe VaPe VWUaLQ. TheUefRUe, afWeU ORadLQg LV VWRSSed 

agaLQ, Whe UeaUUaQgePeQW Rf Whe LQWeUQaO VWUXcWXUe aQd feZeU cRQWacW SRLQWV haYe a gUeaWeU effecW 

RQ Whe SUeVVXUe, aQd VWUeVV UeOa[aWLRQ becRPeV PRUe SURQRXQced. 
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(a) 
 

(b) 
 

(c) 

FigXUe 2.4 CRQWiQXRXV FilameQW RaQdRm MaW (CFRM) CRmSacWiRQ WeVWV. (a) CRmSacWiRQ VSeed WeVWV, 𝑽𝒇 

(YRlXme fUacWiRQ aW eQd Rf cRmSacWiRQ) = 0.415. (b) CRmSacWiRQ/Uela[aWiRQ VSeed WeVWV, 𝑽𝒇 = 0.415 (c) 

CRmSacWiRQ leYel (𝑽𝒇) WeVWV, CS=2.0mm/miQ (AUcRW AUXPXgaP SRPaVheNaU, 2009). 

2.4 ChaUacWeUi]aWiRQ Rf Whe cRmSacWiRQ behaYiRU Rf fibeU aVVemblieV 

The SUeYLRXV VecWLRQ hLghOLghWed Whe QRQOLQeaU behaYLRU Rf fLbeU aVVePbOLeV dXULQg cRPSacWLRQ. 

ThLV behaYLRU LV RfWeQ dePRQVWUaWed b\ Whe YaULaWLRQ Rf Whe µµcRPSUeVVLYe VWUeVV¶¶ (defLQed aV 

Whe UaWLR Rf Whe cRPSUeVVLYe fRUce WR Whe aSSaUeQW cRQWacW aUea beWZeeQ Whe WRRO aQd Whe VaPSOe) 

ZLWh Whe µµfLbeU YROXPe fUacWLRQ¶¶ 𝑉௙. ThLV YaULaWLRQ LV deVcULbed LQ fLbeU PedLa cRPSacWLRQ aV 

a SRZeU OaZ UeOaWLRQVhLS, aV deVcULbed LQ Whe fROORZLQg eTXaWLRQ (YaQ W\N, 1946): 𝑃 = 𝐾𝐸𝑚3𝜌3 ሺ 1𝑉೑3 − 1𝑉೑03ሻ                        (2.1) 

WheUe 𝑉௙ aQd 𝑉௙0 aUe UeVSecWLYeO\ Whe eQd aQd LQLWLaO YROXPe fUacWLRQ Rf fLbeU aVVePbO\. 𝑉௙0 

LV LdeaOO\ Whe YaOXe Rf 𝑉௙ fRU Whe XQcRPSUeVVed VWaWe. The facWRUV 𝐾 LV adMXVWabOe SaUaPeWeUV 

WR accRXQW fRU RWheU SaUaPeWeUV QRW deVcULbed LQ ETXaWLRQ 2.1, VXch aV fLbeU RULeQWaWLRQ aQd 

WRUWXRVLW\. 𝐸 LV Whe YRXQg'V PRdXOXV Rf Whe fLbeU, 𝑚 LV Whe PaVV Rf Whe fLbeU aVVePbO\ aQd 𝜌 

LV Whe deQVLW\ Rf Whe ZRRO (abRXW 1.3 𝑔/𝑐𝑚3) (BeLO & RRbeUWV, 2002; YaQ W\N, 1946). 

The cRPSUeVVLYe behaYLRU Rf Whe fLbeU aVVePbOage caQ be dLYLded LQWR WhUee VWageV. TheVe VWageV 

haYe beeQ VXPPaUL]ed b\ TROO LQ a TXaOLWaWLYe PaQQeU fRU Whe PaLQ W\SeV Rf fLbeU aVVePbOageV: 

WhUee-dLPeQVLRQaO aVVePbOageV LQ ZhLch Whe fLbeUV aUe LQLWLaOO\ UaQdRPO\ RULeQWed, aQd WZR-

dLPeQVLRQaO aVVePbOageV LQ ZhLch Whe fLbeUV aUe UaQdRPO\ RULeQWed RU aSSUR[LPaWeO\ SaUaOOeO 

(TROO, 1998). FLgXUe 2.5 LOOXVWUaWeV WhLV TXaOLWaWLYe dLffeUeQWLaWLRQ Rf cRPSUeVVLYe VWUeVV  𝑃 

UeOaWLYe WR YROXPe fUacWLRQ  ∅ LQ a 𝑙𝑜𝑔/𝑙𝑜𝑔 cRRUdLQaWe V\VWeP. IQ Whe fLUVW VWage, ZheQ Whe 

UeOaWLYe deQVLW\ LV beORZ ∅0 , Whe PechaQLcaO UeVSRQVe Rf Whe fLbeU aVVePbOage LV aOPRVW 
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QegOLgLbOe. IQ Whe VecRQd VWage, Whe fLbeUV begLQ WR UeaUUaQge aQd VWaUW WR cRQWacW each RWheU. FRU 

e[aPSOe, LQ Whe caVe Rf cXUYed, fLbeUV Pa\ XQdeUgR eOaVWLc defRUPaWLRQ VXch aV beQdLQg. ThLV 

VWage LV XVXaOO\ UeSUeVeQWed b\ a cRPSUeVVLRQ PRdeO LQ ZhLch Whe PechaQLcaO behaYLRU Rf Whe 

fLbeUV LV cRQVLdeUed eOaVWLc (ETXaWLRQ 2.1). WheQ Whe cRPSUeVVLYe ORad LV hLgh eQRXgh, Whe 

behaYLRU Rf Whe fLbeU aVVePbOage eQWeUV a WhLUd VWage, LQ ZhLch Whe fLbeUV defRUP LQ LQeOaVWLc 

UegLRQV (FLgXUe 2.5). DeSeQdLQg RQ Whe QaWXUe Rf Whe fLbeUV, WZR PRdeV Rf behaYLRU caQ be 

dLVWLQgXLVhed: (L) Whe behaYLRU Rf bULWWOe fLbeUV, LQ ZhLch Whe fLbeUV Pa\ bUeaN, UeVXOWLQg LQ a ORVV 

Rf VWLffQeVV Rf Whe fLbeU aVVePbOage. WheQ Whe fLbeU fUagPeQWV aUe XQabOe WR bUeaN fXUWheU, Whe 

VWLffQeVV LQcUeaVeV agaLQ. (LL) Whe behaYLRU Rf dXcWLOe fLbeUV, LQ ZhLch Whe fLbeUV XQdeUgR SOaVWLc 

defRUPaWLRQ. HRZeYeU, WhLV dReV QRW VLgQLfLcaQWO\ chaQge Whe eYROXWLRQ Rf Whe cRPSUeVVLRQ 

cXUYe. 
 

 

FigXUe 2.5 ThUee ShaVe Rf Whe cRmSUeVViYe UeVSRQVe Rf a geQeUal fibeU aVVembl\ (TROO, 1998). 

2.5 EffecW Rf Whe mRUShRlRg\ Rf Whe fibeU cRmSRQeQWV 

FLbeU aVVePbOLeV caQ aVVXPe dLffeUeQW PRUShRORgLeV, VXch aV 3D (a baOO Rf ZRRO), 2D (a PaW) 

RU 1D (a bXQdOe Rf URYLQg). The LQLWLaO geRPeWULc PRUShRORg\ Rf a fLbeU aVVePbOage LV 

chaUacWeUL]ed b\ VeYeUaO SaUaPeWeUV, LQcOXdLQg Whe RULeQWaWLRQ Rf Whe fLbeUV. ThLV SaUaPeWeU 

(VXch aV PRUShRORg\) haV a VWURQg LQfOXeQce RQ Whe cRPSUeVVLRQ behaYLRU (MaVVe, SaOYR, 

RRdQe\, BUpcheW, & BRXa]L], 2006; TROO, 1998). IQdeed, Whe LQdLceV 𝑛 aQd 𝑚 WhaW deWeUPLQe 

Whe cRPSUeVVLRQ cXUYe, aV ZeOO aV Whe LQLWLaO UeOaWLYe deQVLW\ 𝑉௙0, aUe UeOaWed WR Whe PRUShRORg\ 

Rf Whe fLbeU aVVePbOage: 

TROO h\SRWheVL]ed WhaW Whe QXPbeU Rf cRQWacWV LV SURSRUWLRQaO WR Whe YROXPe fUacWLRQ, VR, he 

dedXced a PRUe geQeUaO cRPSacWLRQ OaZ WhaQ YaQ W\N (TROO, 1998):  𝑃 = 𝐾𝐸ሺ𝑉௙𝑛 − 𝑉௙0𝑛ሻ                        (2.2) 
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WheUe Whe 𝑛 LV Whe e[SRQeQW. WheQ 𝑛 = 3, eTXaWLRQ 2.2 LV VaQ W\NV cRPSacWLRQ eTXaWLRQ Rf 

ZRRO aVVePbOLeV (BeLO & RRbeUWV, 2002; YaQ W\N, 1946)]. MaVVe YaOLdaWed Whe UeOaWLRQVhLS 

beWZeeQ YRXQg¶V PRdXOXV 𝐸 aQd deQVLW\ 𝜌 ሺMasse et al., 2006ሻ: 𝐸 = 𝛽𝜌𝑚                             (2.3) 

WheUe Whe 𝑚  LV Whe e[SRQeQW, 𝛽  LV Whe cReffLcLeQW. CRPSacWLRQ Rf fLbeU aVVePbOageV Rf 

dLffeUeQW PRUShRORg\ W\SeV, LQ SaUWLcXOaU ZRROV (3D), PaWV (2D) aQd XQLdLUecWLRQaO URYLQg haYe 

beeQ VWXdLed. The YaULaWLRQ Rf cRPSUeVVLYe VWUeVV ZLWh UeOaWLYe deQVLW\ LV dePRQVWUaWed LQ 

Whe 𝑙𝑜𝑔/𝑙𝑜𝑔 cRRUdLQaWe V\VWeP Rf FLgXUe 2.6 (TROO, 1998). 

The 3D PRUShRORg\ OeadV WR aQ e[SRQeQW 𝑛 =  3, ZheUeaV URYLQg, ZhRVe fLbeUV aUe aOPRVW 

SaUaOOeO (1D PRUShRORg\), WaNe OaUgeU YaOXeV Rf Whe e[SRQeQW 𝑛. ThLV caQ be e[SOaLQed b\ Whe 

SUeVeQce Rf OLQeaU cRQWacWV beWZeeQ Whe aOPRVW SaUaOOeO fLbeUV LQ URYLQg, ZheUeaV LQ RWheU W\SeV 

Rf fLbeU aVVePbOageV Whe cRQWacWV aUe PaLQO\ SXQcWLfRUP. 

(a)  (b)  

(c)  

FigXUe 2.6 EffecW Rf Whe mRUShRlRg\ fRU Whe fibeU aVVembl\ (a) 3D (𝑷 = 𝑲𝑬ሺ𝑽𝒇𝟑 − 𝑽𝒇𝟎𝟑), (b) 2D (𝑷 =𝑲𝑬𝑽𝒇𝒏), (c) 1D (𝑷 = 𝑲𝑬𝑽𝒇𝒏) (TROO, 1998). 

MeWaOOLc ZRRO ZLWh dLffeUeQW LQLWLaO XQLW aUea PaVVeV ZeUe WeVWed, VR Whe VaPSOeV ZLWh dLffeUeQW 

LQLWLaO RULeQWaWLRQV. The OaUgeU Whe LQLWLaO XQLW aUea PaVV, Whe PRUe Whe fLbeUV WeQd WR aOLgQ LQ a 

SUefeUUed dLUecWLRQ (aV Whe PedLXP becRPeV deQVeU). ThXV, Whe LQLWLaO XQLW aUea PaVV LV aQ 

LQdLcaWRU Rf fLbeU RULeQWaWLRQ. ThLV LQdLcaWRU LV aVVRcLaWed ZLWh WZR LQdLceV, 𝑛 (ETXaWLRQ 2.2) 

aQd 𝑚 (ETXaWLRQ 2.3). IQdeed, FLgXUe 2.7 VhRZV Whe YaULaWLRQ Rf LQdLceV Q aQd P ZLWh LQLWLaO 
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XQLW aUea PaVV. The LQdLceV YaU\ beWZeeQ 3 aQd 5, ZhLch LV cRQVLVWeQW ZLWh Whe 3D PRUShRORg\ 

(Q=3) aQd 2D PRUShRORg\ (Q=5) fRXQd LQ Whe ZRUN Rf W\N aQd TROO (TROO, 1998; YaQ W\N, 

1946). 

 

FigXUe 2.7 VaUiaWiRQ Rf Whe WZR e[SRQeQWV 𝒏 aQd 𝒎 ZiWh Whe iQiWial VXUface maVV (MaVVe eW aO., 2006) 

The fLbeU RULeQWaWLRQ LV XVXaOO\ chaUacWeUL]ed b\ Whe RULeQWaWLRQ WeQVRU 𝐴, ZheUe Whe cRPSRQeQW 𝐴𝑖𝑖 deQRWeV Whe degUee Rf aOLgQPeQW Rf Whe fLbeUV aORQg Whe dLUecWLRQ Rf 𝑋𝑖. Whe caOcXOaWLRQ Rf 𝐴 VhRZV WhaW 𝐴22 LV Whe dRPLQaQW WeUP, ZhLch cRUUeVSRQdV WR Whe RULeQWaWLRQ Rf Whe fLbeUV 

aORQg Whe dLUecWLRQ Rf 𝑋2 aV VhRZQ LQ FLgXUe 2.8(a). FLgXUe 2.8 (b) VhRZV Whe YaULaWLRQ Rf Whe 

LQLWLaO XQLW aUea PaVV Rf Whe VWeeO ZRRO VheeS YeUVXV 𝐴22. The PaVV SeU XQLW aUea heUe LV defLQed 

aV Whe UaWLR Rf Whe WRWaO PaVV Rf Whe VaPSOe WR Whe VXUface aUea SeUSeQdLcXOaU WR Whe dLUecWLRQ Rf 

cRPSUeVVLRQ. ThLV VXUface aUea UePaLQV fL[ed dXULQg Whe cRQVWUaLQed cRPSUeVVLRQ.  

 
 

(a) 

 
 

(b) 
 

(c) 

FigXUe 2.8 The UelaWiRQVhiS beWZeeQ iQiWial VWaWe Rf fibeU aVVembl\ aQd fibeU RUieQWaWiRQ. SEM YieZ Rf Whe 

meWallic ZRRlV iQ Whe WhickQeVV iQ a baQd Rf VXUface maVV: (a) 0.7 aQd (b) 1.3 𝒌𝒈/𝒎𝟐. (c) IQflXeQce Rf 

VXUface maVV RQ Whe cRmSRQeQW 𝑨𝟐𝟐 Rf Whe RUieQWaWiRQ WeQVRU Rf Whe fibeUV (MaVVe eW aO., 2006). 

IQ addLWLRQ, Whe RULeQWaWLRQ Rf Whe fLbeUV ZLWhLQ Whe fLbeU aVVePbO\ Pa\ be LQdLcaWed b\ Whe 

defOecWLRQ aQgOe, VhRZQ LQ FLgXUe 2.9 (ChaWWL, BRXYeW, MLchRQ, & PRTXLOORQ, 2020; C]abaM, 

RLccLR, & WhLWacUe, 2014). TheVe ZRUNV SURYLde LQVSLUaWLRQ fRU Whe VXbVeTXeQW cUeaWLRQ Rf fUee 

bXW bRXQded b\ ceUWaLQ RULeQWaWLRQV fLbeU bXQdOeV. 
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(a) 
 

(b) 
FigXUe 2.9 FibeU RUieQWaWiRQ e[SUeVVed b\ deflecWiRQ aQgle. (a) PDF Rf fibeU miValigQmeQW aQgle 𝜶 UelaWiYe 

WR Whe ]-a[iV aQd Whe 3D CAD UeQdiWiRQ Rf Whe VegmeQWed fibeUV ZiWh cRlRU Vcheme UeSUeVeQWiQg Whe 𝜶 

(C]abaM eW aO., 2014). (b) DiffeUeQW fibeU RUieQWaWiRQ diVWUibXWiRQV chaUacWeUed b\ Whe aQgle beWZeeQ Whe fibeU 

diUecWiRQ aQd Whe YeUWical Z-a[iV 𝜽 (ChaWWL eW aO., 2020). 

2.6 ChaUacWeUi]aWiRQ Rf fibeU media b\ X-Ua\ WRmRgUaSh\ 

CRPSXWed TRPRgUaSh\ (CT) LV a NLQd Rf WhUee-dLPeQVLRQaO LPagLQg WechQLTXe. AccRUdLQg WR 

Whe Sh\VLcaO VLgQaOV, CT WechQRORg\ PaLQO\ LQcOXdeV X-Ua\ CT, gaPPa-Ua\ CT, eOecWULcaO CT, 

aQd acRXVWLc CT. BRWh Rf WheVe CT WechQRORgLeV XWLOL]e dLffeUeQW W\SeV Rf Sh\VLcaO VLgQaOV WR 

SaVV WhURXgh Whe RbMecW XQdeU WeVW, aQd UecRQVWUXcW Whe LQWeUQaO VWUXcWXUe Rf Whe RbMecW baVed RQ 

Whe chaQgeV LQ Whe UeceLYed VLgQaOV (MeQg, 2022; ZhaQg eW aO., 2023). FRU e[aPSOe, (L) X-Ua\ 

CT aQd gaPPa-Ua\ CT aUe PaLQO\ XVed WR RbWaLQ hLgh-UeVROXWLRQ LPageV Rf LQWeUQaO VWUXcWXUeV 

aQd aUe RfWeQ XVed fRU PedLcaO aQd LQdXVWULaO LQVSecWLRQV (VLOOaUUaga-GyPe], HeUa]R, & SPLWh, 

2019; WLWheUV eW aO., 2021); (LL) EOecWULcaO CT WechQLTXeV aUe PaLQO\ XVed fRU LQdXVWULaO SURceVV 

PRQLWRULQg aQd aUe VXLWabOe fRU UeaO-WLPe LPagLQg Rf d\QaPLc SURceVVeV (MeQg, 2022). Of WheVe, 

X-Ua\ CT (XCT) LV ZLdeO\ XVed LQ Whe VWXd\ Rf We[WLOe cRPSRVLWeV. The XCT WechQLTXe LV abOe 

WR UeYeaO Whe cRPSOe[ LQWeUQaO VWUXcWXUe Rf fLbURXV PedLa aW PLcUR- aQd PeVRVcRSLc VcaOeV. IW 

SURYLdeV dLUecW YLVXaO LQfRUPaWLRQ aQd TXaQWLWaWLYe daWa fRU XQdeUVWaQdLQg LWV defRUPaWLRQ 

PechaQLVPV XQdeU dLffeUeQW ORadLQg cRQdLWLRQV. (L) ThURXgh 3D UecRQVWUXcWLRQ Rf hLgh-

UeVROXWLRQ XCT LPageV, LW LV SRVVLbOe WR RbWaLQ a deWaLOed RbVeUYaWLRQ Rf Whe aOLgQPeQW, 

dLVWULbXWLRQ, aQd cXUYaWXUe Rf fLbeUV. IQ addLWLRQ, (LL) Whe QRQ-deVWUXcWLYe LQVSecWLRQ feaWXUe Rf 

XCT aOORZV cRQWLQXRXV RbVeUYaWLRQ Rf Whe VaPe VaPSOe aW dLffeUeQW ORadLQg VWageV. TheUefRUe, 

LW LV SRVVLbOe WR WUacN aQd aQaO\]e Whe defRUPaWLRQ SURceVV Rf Whe LQWeUQaO VWUXcWXUe Rf Whe 

PaWeULaO XQdeU Whe ORadLQg SaWh, aQd UeYeaO Whe PLcURVcRSLc PechaQLVP Rf LWV defRUPaWLRQ. ThLV 
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LQfRUPaWLRQ LV eVVeQWLaO fRU bXLOdLQg PRUe accXUaWe PechaQLcaO PRdeOV, SUedLcWLQg Whe 

PechaQLcaO behaYLRU Rf PaWeULaOV, aQd RSWLPL]LQg Whe deVLgQ aQd PaQXfacWXULQg SURceVV Rf 

cRPSRVLWe PaWeULaOV. 

2.6.1 The ZRUkiQg SUiQciSle Rf X-Ua\ CRmSXWed TRmRgUaSh\ (XCT) 

ThLV SaUagUaSh ZLOO bULefO\ deVcULbe Whe ZRUNLQg SULQcLSOe Rf XCT, Whe LQfRUPaWLRQ LV RbWaLQed 

ZLWh (PUabhX, NaYeeQ, BaQgeUa, & SXbUahPaQ\a BhaW, 2020). 

FURP Whe SeUVSecWLYe Rf ZaYe-SaUWLcOe dXaOLW\ LQ TXaQWXP PechaQLcV, X-Ua\V caQ be deVcULbed 

bRWh aV ZaYeV aQd aV SaUWLcOeV. ThLV PeaQV WhaW Whe X-Ua\V caQ be YLeZed aV ZaYeV Rf fUeTXeQc\ 𝑣 , RU a VeW Rf SaUWLcOeV ZLWh ShRWRQ eQeUg\ 𝐸 =  ℎ𝑣. X-Ua\V ZeUe dLVcRYeUed LQ 1895 b\ Whe 

GeUPaQ Sh\VLcLVW WLOheOP RReQWgeQ, ZhR UeaOL]ed WhaW WheVe Ua\V cRXOd SeQeWUaWe bLRORgLcaO 

RUgaQL]aWLRQ, aQd VR RQ. AV a UeVXOW, Whe\ ZeUe LQLWLaOO\ XVed LQ PedLcaO VcLeQce. AfWeU a ORQg 

SeULRd Rf deYeORSPeQW aQd UeVeaUch, WhLV WechQRORg\ haV beeQ e[SaQded WR LQdXVWULaO 

aSSOLcaWLRQV. AQd LW LV ZeOO VXLWed fRU Whe VWXd\ Rf heWeURgeQeRXV PaWeULaOV, VXch aV fLbeU-

UeLQfRUced PaWeULaOV. The SURceVV Rf X-Ua\ chaUacWeUL]aWLRQ Rf aQ RbMecW cRQVLVWV Rf WZR SaUWV: 

(L) a 2D SURMecWLRQ Rf Whe VaPSOe fURP dLffeUeQW YLeZV, aQd (LL) a UecRQVWUXcWLRQ aOgRULWhP LV 

XVed WR RbWaLQ Whe 3D VWUXcWXUe Rf Whe VcaQQed VaPSOe fURP Whe SURMecWLRQ. The PaLQ VWeSV Rf 

Whe SURceVV aUe VhRZQ LQ FLgXUe 2.10. X-Ua\V aUe geQeUaWed b\ X-WXbe, V\QchURWURQ RadLaWLRQ, 

fLeOd ePLVVLRQ X-Ua\ aQd VR RQ.  

 

FigXUe 2.10 The maiQ VWeSV Rf Whe XCT aQal\ViV SURceVV. 

FLgXUe 2.11 LV a VchePaWLc dLagUaP Rf Whe RSeUaWLRQ Rf aQ X-Ua\ WXbe. The eVVeQWLaO cRPSRQeQWV 

Rf aQ X-Ua\ WXbe LQcOXde a WXQgVWeQ fLOaPeQW fRU Whe aQRde WaUgeW aQd Whe caWhRde. The caWhRde, 

cRQQecWed YLa a SRZeU VXSSO\, LV heaWed b\ Whe JRXOe effecW, caXVLQg Whe caWhRde WePSeUaWXUe WR 

ULVe. ThLV LQcUeaVe LQ WePSeUaWXUe caXVeV aQ LQcUeaVe LQ Whe NLQeWLc eQeUg\ Rf Whe fUee eOecWURQV, 

ZhLch caXVe Whe eOecWURQV YLbUaWLRQ. WheQ Whe NLQeWLc eQeUg\ Rf Whe eOecWURQV LV VWURQg eQRXgh 

WR RYeUcRPe Whe eOecWURVWaWLc bRQd ZLWh Whe aWRPV Rf Whe WXQgVWeQ fLOaPeQW, WheVe eOecWURQV bUeaN 

aZa\ fURP Whe PeWaO VXUface aQd PRYe WRZaUdV Whe aQRde acceOeUaWed b\ Whe SRWeQWLaO dLffeUeQce. 

IQ Whe SURceVV, Whe aQRde LV VWURQgO\ bRPbaUded b\ hLgh-VSeed eOecWURQV. IQ bULef, ZheQ Whe 

hLgh-VSeed eOecWURQV geQeUaWed aW Whe caWhRde hLW Whe aQRde WaUgeW, Whe eQeUg\ Rf WheLU PRWLRQ LV 
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SaUWLaOO\ cRQYeUWed LQWR Whe UadLaQW eQeUg\ Rf Whe X-Ua\ ShRWRQV, ZhLch aUe ePLWWed LQ Whe fRUP 

Rf X-Ua\V. 

 

FigXUe 2.11 PURdXcWiRQ Rf X-RAYS XViQg X-RAY TXbe (PUabhX eW aO., 2020). 

X-Ua\ Rf ZaYeOeQgWh Ȝ aQd LQWeQVLW\ 𝐼0ሺ𝜆ሻ ePLWWed fURP aQ X-Ua\ WXbe SaVVeV WhURXgh a VaPSOe 

Rf a WhLcNQeVV W. The LQWeUacWLRQ beWZeeQ Whe LQcLdeQW X-Ua\ aQd Whe PaWeULaO e[hLbLWV YaULRXV 

SheQRPeQa aV VhRZQ LQ Whe FLgXUe 2.12. A SRUWLRQ Rf Whe X-Ua\ deca\ LQ LQWeQVLW\ afWeU SaVVLQg 

WhURXgh Whe PaWeULaO WR Whe e[WeQW VhRZQ LQ: 𝐼ሺ𝜆ሻ = 𝐼0ሺ𝜆ሻ𝑒−ቀ𝜇𝜌ቁ𝜌𝑡 = 𝐼0ሺ𝜆ሻ𝑒−𝜇𝑚𝜌𝑡 

WheUe Whe 𝑡  LV Whe WhLcNQeVV Rf VaPSOe, 𝜌  LV Whe deQVLW\ Rf Whe VaPSOe, 𝜇𝑚  LV Whe PaVV 

abVRUSWLRQ cReffLcLeQW Rf Whe VaPSOe. ThLV LV UeOaWed WR Whe LQWeQVLW\ Rf Whe LQcLdeQW X-Ua\, Whe 

SURSeUWLeV Rf Whe VXbVWaQce, LQcOXdLQg Whe cRPSRVLWLRQ aQd deQVLW\ Rf Whe VXbVWaQce, aQd VR RQ. 

The aWWeQXaWLRQ LV Rf Whe QXPbeU Rf ShRWRQV LQ Whe X-Ua\, QRW Whe eQeUg\, aQd Whe WUaQVPLWWed X-

Ua\ eVVeQWLaOO\ SURSagaWe LQ WheLU RULgLQaO dLUecWLRQ. WheQ LQcLdeQW X-Ua\ aUe abVRUbed b\ 

VaPSOe, Whe\ aOVR SURdXce Whe ShRWReOecWULc effecW, fOXRUeVceQW UadLaWLRQ, VcaWWeUed Ua\V, aQd 

WheUPaO eQeUg\. AbRXW 99% Rf Whe eQeUg\ LV cRQYeUWed LQWR heaW, ZhLOe Whe UePaLQLQg eQeUg\ LV 

cRQYeUWed LQWR X-Ua\ (LLaQg YX, 2007). 

 

FigXUe 2.12 The iQWeUacWiRQ beWZeeQ Whe iQcideQW X-Ua\ aQd Whe maWeUial e[hibiWV YaUiRXV 

SheQRmeQa(LLaQg YX, 2007). 
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The geQeUaO SULQcLSOe Rf UecRQVWUXcWLRQ LV LOOXVWUaWed LQ FLgXUe 2.13 (THIERY, 2013). IQ RUdeU 

WR UecRQVWUXcW aQ LPage Pade XS Rf P î Q SRLQWV, caOOed SL[eOV (LPage eOePeQWV), Whe VcaQQed 

RbMecW PXVW be URWaWed WR Q SRVLWLRQV. AW VaPe WLPe, SURMecWLQg each SRVLWLRQ 𝒑 (1 ≤ 𝒑 ≤ 𝒏) 

RQWR P deWecWRUV. 

 

 
 

(a) 
 

(b) 
FigXUe 2.13 XCT UecRQVWUXcWiRQ SUiQciSle (THIERY, 2013). 

AQd each aVVLgQed aQ abVRUSWLRQ cReffLcLeQW 𝜇𝑖௝ WhaW QeedV WR be deWeUPLQed. The LQWeQVLW\ 

PeaVXUed b\ deWecWRU N ZheQ Whe deWecWRU aUUa\ LV LQ SRVLWLRQ 1(𝐼1𝑘): ln ൬ 𝐼0𝐼1𝑘൰ ∞ ෍ 𝜇𝑖௝𝑖௝  

2.6.2 X-Ua\ WRmRgUaSh chaUacWeUi]aWiRQ aW Whe meVR- aQd micURVcRSic Vcale 

The aLP Rf WhLV VecWLRQ LV WR LOOXVWUaWe Whe cRQWULbXWLRQ Rf X-Ua\ WRPRgUaSh\ LQ chaUacWeUL]LQg 

aQd XQdeUVWaQdLQg Whe behaYLRU Rf fLbeUV VXbMecWed WR ORadLQg SaWh. SWXdLeV ZLOO be caUULed RXW 

RQ PLcURVcRSLc aQd PeVRVcRSLc VcaOeV. The UeaVRQ fRU VWXd\LQg fURP Whe PLcUR-VcaOe LV WhaW WhLV 

SaSeU LQYeVWLgaWeV Whe PechaQLcaO UeVSRQVe Rf fLbeU bXQdOeV XQdeU Whe cRPSacWLRQ SaWh. The 

PeVRVcRSLc VcaOe LV VWXdLed becaXVe Whe deYeORSed PRdeO ZLOO be XVed fRU PeVRVcRSLc VcaOe 

PRdeOLQg. 

MeVRVcRSic Vcale 

DXULQg Whe SUe-PROdLQg VWage Rf Whe RTM (ReVLQ TUaQVfeU MROdLQg) SURceVV, Whe URYLQg LQ Whe 

fLbeU UeLQfRUcePeQW XQdeUgReV VLgQLfLcaQW dLVSOacePeQWV aQd defRUPaWLRQV: cRQVROLdaWLRQ, 

VWUeWchLQg, beQdLQg, WZLVWLQg, VheaULQg aQd cRPSacWLRQ (HZaQg, UP, & KLP, 2023; JeRQ eW aO., 

2023; SWeSaQ V LRPRY, 2011; XLaR, WaQg, SRXOaW, & GaR, 2020; XLaR, WaQg, SRXOaW, LegUaQd, 

& GaR, 2019).  

A.A. SRPaVheNaU LQYeVWLgaWed Whe SeUPaQeQW aQd eOaVWLc defRUPaWLRQ Rf a bLa[LaO VWLWched gOaVV 

(BSF) fLbeU UeLQfRUcePeQW dXULQg cRPSUeVVLRQ b\ PLcUR-CT WechQLTXe (A. A. SRPaVheNaU, 
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BLcNeUWRQ, & BhaWWachaU\\a, 2011). A.A. SRPaVheNaU VWXdLed Whe cURVV VhaSe Rf ZefW aQd ZaUS 

\aUQ afWeU cRPSacWLRQ ZLWh dLffeUeQW cRQdLWLRQV (VSeed, LQLWLaO VWUXcWXUe Rf BSF), YaOLdaWed Whe 

h\SRWheVLV: Whe cURVV-VecWLRQaO VhaSe aQd VL]e Rf Whe fLbeU bXQdOe LQfOXeQce Whe SeUPaQeQW aQd 

eOaVWLc defRUPaWLRQV. IQ addLWLRQ, LW e[SORUed Whe UeOaWLRQVhLS beWZeeQ defRUPaWLRQ RYeU WLPe 

aQd fLbeU bXQdOe dLVSOacePeQW LQ Whe dLUecWLRQ Rf Whe cRPSacWLRQ ORad. 

WaQg UecRQVWUXcWed Whe fLbeU fabULc befRUe aQd afWeU cRPSacWLRQ b\ XCT, aQd cRPSaUe Whe 3D 

VhaSeV Rf \aUQ ZLWh VLPXOaWLRQ aQd e[SeULPeQW afWeU ORadLQg (D. WaQg, NaRXaU, VLdaO-SaOOe, & 

BRLVVe, 2018). IQ addLWLRQ, Whe PRLVVRQ'V UaWLR Rf Whe \aUQ LQ Whe PRdeO ZaV deWeUPLQed b\ 

ORQgLWXdLQaO cRPSacWLRQ e[SeULPeQWV (FLgXUe 2.14 (a)). The VLPXOaWLRQ Rf Whe ORQgLWXdLQaO 

cRPSacWLRQ aQd WUaQVYeUVe e[WeQVLRQ Rf Whe fabULc RQ Whe PLd-cRQceSWXaO VcaOe LV VhRZQ LQ 

FLgXUe 2.14(b, c), aQd Whe \aUQ LV cRQVLdeUed aV a hRPRgeQeRXV PedLXP LQ Whe VLPXOaWLRQ. The 

defRUPaWLRQ VWaWe Rf Whe \aUQ RbWaLQed fURP Whe VLPXOaWLRQ LV cRQVLVWeQW ZLWh Whe defRUPaWLRQ 

VWaWe RbWaLQed fURP Whe XCT UecRQVWUXcWLRQ. 

 (a)  

(b)  (c)  

FigXUe 2.14 CRmSaUiVRQ Rf Whe 3D VhaSeV. (a) The \aUQ, e[SeUimeQW (lefW), VimXlaWiRQ (UighW) (b) X-Ua\ 

WRmRgUaSh\. (c) ZiWh lRQgiWXdiQal cRmSUeVViRQ aQd WUaQVYeUVe e[WeQViRQ mRdel (D. WaQg eW aO., 2018). 

ZheQg cUeaWed WRROV WhaW aXWRPaWLcaOO\ LdeQWLf\ PeVRPRUShLc feaWXUeV Rf daPaged ZRYeQ 

cRPSRVLWe fabULcV ZLWh XCT (ZheQg eW aO., 2024). The bUaLded cRPSRVLWe PaWeULaO ZaV VXbMecWed 

WR cRPSacWLRQ e[SeULPeQWV, ZhLch UeVXOWed LQ daPage (cUacNV), defRUPaWLRQ, aQd fUacWXUe 

ZLWhLQ Whe VaPSOe. A WRRO WR aXWRPaWLcaOO\ UecRQVWUXcW Whe 3D VWUXcWXUe Rf Whe VaPSOe LV cUeaWed 

b\ 3D UecRQVWUXcWLRQ Rf Whe VaPSOe XVLQg XCT WechQRORg\ aQd QeXUaO QeWZRUN WUaLQLQg. 

AQaO\]ed Whe daWa Rf PeVRPRUShLc SaUaPeWeUV (LQcOXdLQg cUacNV, defRUPaWLRQ UaWeV, aQd 

fUacWXUe UaWeV) Rf daPaged VaPSOeV, VhRZQ LQ FLgXUe 2.15.  
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FigXUe 2.15 3D YRlXme UeQdeUiQg imageV. (a) Whe 3D XCT UecRQVWUXcWiRQ. (b) Whe 3D mRdel Rf Whe damaged 

bUaided cRmSRViWe fabUic (c) cUack e[iVWed iQ Whe iQdiYidXal \aUQ. (c) Whe cUackV e[iVWed iQ maWUi[ (ZheQg eW 

aO., 2024). 

 

MicURVcRSic Vcale 

MaVVe (MaVVe eW aO., 2013; MaVVe & PRTXLOORQ, 2013) aOVR XVed X-Ua\ WRPRgUaSh\ WR 

chaUacWeUL]e Whe ZRRO aVVePbO\¶V VWUXcWXUe. A ZRRO VaPSOe ZLWh aQ LQLWLaO UeOaWLYe deQVLW\ Rf 2.5% 

ZaV XVed, ZhRVe cRQVWLWXeQW fLbeUV ZeUe LUUegXOaU LQ VhaSe aQd OeQgWh (PeaQ OeQgWh = 5.6 PP, 

PeaQ dLaPeWeU = 80 �P). The VWUXcWXUaO chaUacWeUL]aWLRQ ZaV baVed RQ XCT LPageV aQd Whe 

VNeOeWRQL]ed VWUXcWXUe Rf Whe VaPSOeV ZaV e[WUacWed (MaVVe eW aO., 2013). TRda aOVR aQaO\]eV Whe 

VWUXcWXUe Rf LQdLYLdXaO fLbeU VWUaQdV (bXQdOeV) b\ PeaQV Rf XCT (TRda, GUabRZVNa, & 

CLeVLeOVNa-WUybeO, 2017). 

LaWLO (LaWLO, OUgpaV, GeLQdUeaX, DXPRQW, & RROOaQd dX RRVcRaW, 2011).SURYLde a PeWhRd WR 

TXaQWLWaWLYeO\ aQaO\]e Whe PechaQLVP Rf fLbeU bXQdOe defRUPaWLRQ The PeWhRd LV baVed RQ Whe 

VcaQQLQg Rf fLbeU bXQdOeV b\ PeaQV Rf Whe XCT WechQLTXe aQd Whe aQaO\VLV Rf VOLceV Rf fLbeU 

bXQdOeV. The VWXdLed VaPSOeV ZeUe e[WUacWed fURP fOXRURcaUbRQ (PVDF) fLVhLQg OLQe cRQWaLQLQg 

69 fLbeUV ZLWh OeQgWh L=11 PP, dLaPeWeU D=150 𝜇𝑚 aQd YRXQg'V PRdXOXV E=2 𝐺𝑝𝑎. The 

VaPSOeV ZeUe ZUaSSed LQ ROLYe RLO aW 5 �C WR aSSUR[LPaWe Whe UheRORgLcaO effecW Rf Whe SRO\PeU 

cROOecWLYeV aQd WR SURYLde a ceUWaLQ cRQVLVWeQc\ WUeaWPeQW WR Whe fLbeU PedLXP, SULRU WR 

PechaQLcaO WeVWLQg. SLQgOe cRPSacWLRQ e[SeULPeQWV ZeUe SeUfRUPed RQ Whe VaPSOeV. LaWLO 

VNeOeWRQL]ed Whe UecRQVWUXcWed PLcURVWUXcWXUaO PRdeO Rf fLbeU bXQdOeV, aV VhRZQ LQ FLgXUe 2.16. 

AQd Whe cRQWacW aQd cXUYaWXUe chaQgeV aW dLffeUeQW cRPSacWLRQ VWageV aUe dLVcXVVed. ThLV VWXd\ 

SURYLdeV fLbeU UecRQVWUXcWLRQ LdeaV fRU Whe SUeVeQW WheVLV. 
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(a)  (b)  

FigXUe 2.16 3D geRmeWU\ aQd ceQWeUliQe Rf UecRQVWUXcWiRQ Rf 69 fibeUV. (a) befRUe cRmSacWiRQ. (b) laVW 

cRmSacWiRQ VWeS(LaWLO eW aO., 2011).  

2.7 CRQclXViRQ 

CRQceUQLQg Whe PechaQLcaO ORadLQg SaWh, a XQLa[LaO cRPSacWLRQ SaWh LV cRQVLdeUed. UQOLNe 

aOWeUQaWLYe ORadLQg SaWhV VXch aV VWUeWchLQg aQd beQdLQg, Whe cRPSacWLRQ SaWhZa\ 

SUedRPLQaQWO\ Oed WR a UedXcWLRQ LQ Whe YROXPe fUacWLRQ, aQd a UeaUUaQgePeQW beWZeeQ fLbeUV LQ 

LQWeUQaO VWUXcWXUe Rf Whe fLbeU bXQdOe. IQ RWheU ZRUdV, Whe cRPSacWLRQ SURceVV LV LQWULQVLcaOO\ 

aVVRcLaWed ZLWh chaQgLQg LQ Whe deQVLW\ Rf Whe fLbeU bXQdOe aQd Whe LQWeU-fLbeU LQWeUacWLRQV. IQ 

addLWLRQ, aQ aQaO\VLV Rf Whe bLbOLRgUaSh\ VhRZV WhaW eYeQ Lf VRPe Sh\VLcaO SheQRPeQRQ aQd 

SaUaPeWeUV haYe beeQ SRLQWed RXW, Whe cRPSacWLRQ/cRPSUeVVLRQ behaYLRU Rf a fLbeU bXQdOe LV 

faU fURP beLQg SeUfecWO\ XQdeUVWRRd aQd PaVWeUed. MRdeOV SURSRVed fRU WhLV behaYLRU aUe WheQ 

baVed RQ ePSLULcaO aSSURacheV UeTXLULQg aQ LQYeUVe LdeQWLfLcaWLRQ Rf cReffLcLeQWV RQ aQ 

e[SeULPeQW. ThLV UeOaWLRQVhLS beWZeeQ WheVe cReffLcLeQWV aQd Whe \aUQ SURSeUWLeV/SaUaPeWeUV LV 

LQ addLWLRQ QRW eVWabOLVhed. CRQVeTXeQWO\, RQ Whe URad WR RbWaLQ a Sh\VLcaOO\ baVed behaYLRU OaZ 

Rf \aUQV, Whe cRPSacWLRQ/cRPSUeVVLRQ behaYLRU LV XQdRXbWedO\ Whe PRVW LPSRUWaQW aQd 

LQWeUeVWLQg aQd ZLOO fRcXV RXU aWWeQWLRQ LV WhLV dRcXPeQW. 

 

ThLV VecWLRQ SeUPLWV WR cRQcOXde WhaW Whe XVe aQd SRVW-WUeaWPeQW Rf XCT dXULQg Whe cRPSUeVVLRQ 

PLghW eQabOe WR UebXLOd Whe PLcURVWUXcWXUe aQd WheQ WR chaUacWeUL]e LW aV a fXQcWLRQ Rf Whe ORad. 

IW WheQ aSSeaUV aV Whe eVVeQWLaO WRRO WR bXLOd Whe LQLWLaO PLcURVWUXcWXUe Rf UeaO VaPSOe, bXW aOVR WR 

YaOLdaWe Whe QXPeULcaO PRdeOLQg. 

IQ addLWLRQ, aQaO\]LQg SUeYLRXV VWXdLeV RQ WhLV WRSLc LQ Whe OLWeUaWXUe, Ze caQ VWLOO defLQe VRPe 

SUeOLPLQaU\ SaUaPeWeUV baVed RQ ZhaW haV beeQ SUeVeQWed VR faU: 
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 MRdeOLQg VcaOe: aV dLVcXVVed LQ Whe SUeYLRXV chaSWeUV aQd LQ Whe geQeUaO LQWURdXcWLRQ, 

Whe PRdeOLQg ZLOO be SeUfRUPed RQ a PLcURVcRSLc VcaOe. 

 SWUXcWXUe Rf Whe PRdeO PedLXP: IQ accRUdaQce ZLWh VecWLRQ 1.3.2, XQWZLVWed bXQdOeV 

(cRQVLVWLQg Rf fLbeUV SOaced VLde b\ VLde, VOLghWO\ WaQgOed aQd aOPRVW SaUaOOeO) ZLOO be 

cRQVLdeUed. TheUefRUe, Whe PRdeO PedLXP ZLOO be a cROOecWLRQ Rf WaQgOed aQd aOPRVW 

SaUaOOeO fLbeUV. 

 NXPbeU Rf fLbeUV: ThLV SaUaPeWeU SUeVeQWV a chaOOeQge LQ PLcURVcaOe PRdeOLQg, aV aQ 

XQWZLVWed bXQdOe cRQWaLQV WhRXVaQdV Rf fLbeUV. GLYeQ WhaW Whe gRaO LV WR defLQe a UeVeaUch 

PedLXP, PXOWLSOe SRVW-SURceVVLQg aQd WeVW VLPXOaWLRQV ZLOO be UeTXLUed, ZhRVe SURceVVLQg 

WLPe deSeQdV RQ Whe QXPbeU Rf fLbeUV. The LQLWLaO gRaO LV WR defLQe aQd YaOLdaWe aQ effecWLYe 

VWUaWeg\, ZhLch fRU WhLV VWXd\ ZLOO be cRQVLdeUed fRU abRXW dR]eQ fLbeUV (40 fLbeUV). 

 MaWeULaO aQd geRPeWU\ Rf Whe fLbeUV: LQ RUdeU WR be abOe WR e[SeULPeQWaOO\ chaUacWeUL]e 

WheP XVLQg UeaVRQabOe WechQLcaO PeaQV, SRO\eVWeU fLbeUV ZLWh a dLaPeWeU Rf 0.5 PP aQd a 

OeQgWh Rf 15 PP, VXSSOLed b\ LPMT LQ MXOhRXVe, ZLOO be XVed. MRUeRYeU, LWV PechaQLcaO 

behaYLRU aQd fULcWLRQ cReffLcLeQW haYe beeQ VWXdLed LQ UeceQW OLWeUaWXUe (GaVVaUa, 2016; 

GaVVaUa, BaUbLeU, WagQeU KRcheU, SLQRLPeUL, & PXPR, 2018). 

 The cURVV-VecWLRQ Rf Whe fLbeUV LV cRQVLdeUed aV a cLUcOe, SULPaULO\ WR VLPSOLf\ Whe 

aQaO\WLcaO SURceVV. PUeOLPLQaU\ cRQVWUXcWLRQ Rf Whe PRdeO (cRQVWUXcWLRQ Rf Whe QXPeULcaO 

PRdeO Rf Whe fLbeU bXQdOe): aQ X-Ua\ WRPRgUaSh\ VcaQQeU cRPbLQed ZLWh a PLcUR-

cRPSacWRU ZaV XVed WR cRQVWUXcW a QXPeULcaO PRdeO Rf Whe fLbeU bXQdOe befRUe aQd afWeU 

cRPSacWLRQ. IQ Whe WRPRgUaSh\ VOLceV, Whe fLbeU¶V VecWLRQ cRXOd be cRQVLdeUed aV UegXOaU 

cLUcOe, ZhLch cRQVLVWeQW ZLWh Whe cRQdLWLRQ PeQWLRQed abRYe WhaW fLbeUV aUe UegaUded aV 

cLUcOeV. 

 

If Whe LQLWLaO geRPeWU\ Rf a UeaO VaPSOe caQ be RbWaLQed effLcLeQWO\ WhURXgh XCT VcaQV, Whe 

SaUaPeWULc VWXd\, UeTXLUed WR XQdeUVWaQd Whe LQfOXeQce Rf Whe geRPeWULcaO aQd PaWeULaO 

SaUaPeWeUV Rf a \aUQ, LPSRVeV WR be abOe WR bXLOd QRQ e[LVWLQg fLbeU bXQdOeV ZLWh cRQWUROOed 

SaUaPeWeUV. The Qe[W VecWLRQ WheQ SURSRVeV LdeaV fRU cUeaWLQg RXU RZQ YLUWXaO fLbeU bXQdOe 

PRdeO aV ZeOO aV a dLVcXVVLRQ Rf Whe VLPXOaWLRQ SaUaPeWeUV LQ Whe PRdeO. 
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Section 3 CUeaWiRQ Rf YiUWXal QXmeUical mRdelV Rf fibeU media 

AccRUdLQg WR Whe abRYe OLQeV, WheUe haYe beeQ a OaUge QXPbeU Rf UeVeaUcheUV ZhR haYe cUeaWed 

geRPeWULc PRdeOV Rf Whe fLbURXV PedLXP WhURXgh XCT WechQRORg\ (LaWLO eW aO., 2011; MaVVe eW 

aO., 2013; D. WaQg eW aO., 2018). HRZeYeU, WheVe geRPeWULcaO PRdeOV aUe cRPSOeWeO\ deSeQdeQW 

RQ Whe XCT e[SeULPeQW, WhXV RbYLRXVO\ RQ Whe e[LVWeQce Rf Whe bXQdOe aQd aUe OLPLWed WR Whe 

WLPe cRVWV. TheUefRUe, LW LV cUXcLaO WR cUeaWe YLUWXaO aQ effLcLeQW geQeUaWRU WhaW caQ geQeUaWe a 

OaUge QXPbeU Rf YLUWXaO We[WLOe VaPSOeV. TheUe aUe cXUUeQWO\ VchROaUV cUeaWLQg YLUWXaO fLbeU PedLa 

fURP PeVRVcRSLc aQd PLcURVcRSLc SeUVSecWLYeV. 

3.1 CUeaWiRQ Rf YiUWXal fabUicV aW Whe meVRVcRSic Vcale 

ReQaXd G. RLQaOdL (RLQaOdL eW aO., 2012) deVcULbeV aQ effLcLeQW PeWhRd WR geQeUaWe YLUWXaO We[WLOe 

cRPSRVLWe VSecLPeQV YLa MRQWe CaUOR aOgRULWhPV aQd MaUNRY chaLQ RSeUaWLRQV. The YLUWXaO 

PRdeO cUeaWed LV baVed RQ geRPeWULc daWa Rf Whe acWXaO We[WLOe cRPSRVLWe cROOecWed XVLQg hLgh-

UeVROXWLRQ X-Ua\ PLcUR-CT WechQRORg\, aV VhRZQ LQ FLgXUe 3.1 (a). AQd fROORZed b\ aOgRULWhPV 

WR geQeUaWe YLUWXaO UeSUeVeQWaWLRQV Rf WhUee-dLPeQVLRQaO fLbeU bXQdOeV (WRZ), VhRZQ LQ FLgXUe 

3.1 (b). The aQaO\VLV SURceVV LQYROYeV Whe defLQLWLRQ Rf WRSRORgLcaO aQd geRPeWULcaO UXOeV WR 

cRUUecWO\ PRdeO Whe LQWeUZeaYLQg aQd aOLgQPeQW beWZeeQ fLbeU bXQdOeV. 

 

FigXUe 3.1 The aQgle iQWeUlRck aUchiWecWXUe Rf Whe VXbjecW maWeUial: (a) 3D micUR-CT image, (b) RSWical 

image Rf a cURVV-VecWiRQ alRQg Whe ZaUS diUecWiRQ, (c) ideali]ed VchemaWic Rf Whe XQiW cell (RLQaOdL eW aO., 

2012).  

The WRZ geRPeWU\ LV deVcULbed LQ WeUPV Rf Whe WRZ cURVV-VecWLRQ SeUSeQdLcXOaU WR LWV QRPLQaO 

a[LV, ZhLch LV XVXaOO\ chRVeQ WR be Whe a[LV LQ Whe gORbaO CaUWeVLaQ V\VWeP. FRU each WRZ (P), 

Whe cRRUdLQaWeV Rf ceQWURLd Rf LWV cURVV-VecWLRQ, ሺ𝜉, 𝑧ሻሺ𝑚ሻ (𝜉 ≡ 𝑦 fRU ZaUS WRZV, 𝜉 ≡ 𝑥 fRU 

ZefW WRZV, 𝑧  fRU WhLcNQeVV dLUecWLRQ) aUe VSecLfLed aV cRQWLQXRXVO\ YaU\LQg fXQcWLRQV Rf 
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SRVLWLRQ aORQg Whe WRZ. ൛𝜉ሺ𝑚ሻ, 𝑧ሺ𝑚ሻ, 𝐴ሺ𝑚ሻ, 𝑎𝑟ሺ𝑚ሻ, 𝜃ሺ𝑚ሻൟ deVcULbe Whe geRPeWU\ Rf WRZ P aW each 

VeTXeQce Rf VecWLRQV, ZheUe 𝐴ሺ𝑚ሻ  LV LWV aUea, 𝑎𝑟ሺ𝑚ሻ  LV aVSecW UaWLR, 𝜃ሺ𝑚ሻ  LV RULeQWaWLRQ 

(URWaWLRQ abRXW Whe WRZ a[LV). 

The cRQcOXVLRQV hLghOLghW Whe abLOLW\ Rf WhLV PeWhRd WR SURYLde accXUaWe PLcURVWUXcWXUaO PRdeOV 

fRU Whe VLPXOaWLRQ Rf WheUPRPechaQLcaO SURSeUWLeV aQd daPage eYROXWLRQ Rf fLbeU-UeLQfRUced 

cRPSRVLWeV, ZhLOe SUeVeUYLQg Whe VWaWLVWLcaO chaUacWeULVWLcV Rf Whe cRPSOe[ LQWeUacWLRQV beWZeeQ 

fLbeU bXQdOeV. ThXV, Whe e[SeULPeQWaO daWa aUe SUeVeQWed LQ VeW ൛𝜉ሺ𝑚ሻ, 𝑧ሺ𝑚ሻ, 𝐴ሺ𝑚ሻ, 𝑎𝑟ሺ𝑚ሻ, 𝜃ሺ𝑚ሻൟ.  

The geQeUaWLRQ VWeS Rf 3D YLUWXaO ZeaYe fabULc VhRZQ LQ FLgXUe 3.2 (a) WhURXgh Whe PRdLfLcaWLRQ 

aQd adMXVWPeQW Rf ZaUS aQd ZefW WRZV, aYRLd Whe LQLWLaO LQWeUSeQeWUaWLRQ, VhRZQ LQ FLgXUe 3.2 

(b). IQ addLWLRQ, Whe fLQLaO 3D YLUWXaO fabULc geRPeWU\ LV VhRZQ LQ FLgXUe 3.2 (c, d). 

(a)  

 

FigXUe 3.2 (a) GeQeUaWiRQ VWeS Rf 3D YiUWXal fabUic. (b-d) ViUWXal VSecimeQ RQe XQiW cell iQ Vi]e, defiQed RQ 
a gUid ZiWh N[ó120 aQd N\ó60: (b) IllXVWUaWiRQ Rf iQWeUSeQeWUaWiRQ UemRYal RQ WZR diffeUeQW cURVV 

VecWiRQV. (c) 3D UeQdeUiQg Rf Whe RXWSXW cRUUecWed YiUWXal VSecimeQ. (c) 3D UeQdeUiQg Rf Whe RXWSXW ZaUS 

WRZV RQl\ (RLQaOdL eW aO., 2012). 

FLQaOO\, cRPSaUe Whe cURVV-VecWLRQaO aUea, aVSecW UaWLR, aQd \ aQd ] cRRUdLQaWeV Rf Whe WRZ ORcXV 

ZLWh e[SeULPeQWaO aQd VLPXOaWLRQ UeVXOWV. The UeVXOWLQg YLUWXaO PRdeO QRW RQO\ accXUaWeO\ 

UefOecWV Whe aUUaQgePeQW aQd LQWeUZeaYLQg Rf \aUQV geRPeWU\, bXW LW UeSUeVeQWV aOVR aQd 

VWaWLVWLcaOO\ Whe PLcURVWUXcWXUaO SURSeUWLeV Rf acWXaO PaWeULaOV. 

OWheU aXWhRUV haYe SURSRVed WR XVe XCT VcaQV aQd LPage WUeaWPeQW WR bXLOd a cRQVLVWeQW aQd 

UeSUeVeQWaWLYe geRPeWU\ aQd a fLQLWe eOePeQW PeVh fRU PechaQLcaO VLPXOaWLRQV (FRXUULeU eW aO., 
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2023; NaRXaU, VLdaO-SaOOp, SchQeLdeU, MaLUe, & BRLVVe, 2014) fRU LQVWaQce. HRZeYeU, VLQce Whe 

PeVRVcaOe LV cRQVLdeUed, RXU PLcUR PRdeOLQg caQQRW be dLUecWO\ LQVSLUed b\ Whe OaWWeU. 

3.2 CUeaWiRQ Rf YiUWXal fibeU bXQdle (WRZ) aW Whe micURVcRSic Vcale 

The PRdeOLQg Rf fLbeU bXQdOeV fURP Whe PLcURVcRSLc VcaOe caQ SURYLde LQfRUPaWLRQ abRXW fLbeU 

defRUPaWLRQ, UeaUUaQgePeQW, aQd Whe cRQWacW ZLWhLQ fLbeUV. IQ Whe UefeUeQceV, fLbeUV aUe PaLQO\ 

PRdeOed LQ Whe fROORZLQg PeWhRdV: 

 UQdefRUPabOe dLVcUeWe eOePeQW. 

 DefRUPabOe fLQLWe eOePeQW. 

3.2.1 CUeaWiRQ mRdel ZiWh diVcUeWe elemeQW meWhRd (DEM) 

The DLVcUeWe EOePeQW MeWhRd (DEM) LQYROYeV PRdeOLQg cROOLVLRQV beWZeeQ dLVcUeWe SaUWLcOeV 

aQd ZLWh RWheU VXUfaceV LQ ZhaW LV XVXaOO\ aQ e[SOLcLW d\QaPLcV VLPXOaWLRQ. Each SaUWLcOe LV 

PRdeOed b\ a ULgLd VSheUe/SRO\hedURQ (LQ Whe caVe Rf SaUWLcOeV) RU c\OLQdeU (LQ Whe caVe Rf fLbeUV) 

ZLWh degUeeV Rf fUeedRP fRU PRYePeQW aQd URWaWLRQ. TheLU PRWLRQ LV gRYeUQed b\ cOaVVLcaO 

eTXLOLbULXP eTXaWLRQV aQd LQWeUacWLRQV aUe XVXaOO\ PRdeOed b\ cRPbLQaWLRQV beWZeeQ VSULQgV 

aQd daPSeUV. OWheU cRQWacW eQeUg\ SRWeQWLaOV LQVSLUed b\ PROecXOaU d\QaPLcV caQ aOVR be XVed.  

 

GXR SUeVeQWV a XQLa[LaO cRPSUeVVLRQ PRdeO Rf fOe[LbOe fLbeUV baVed RQ Whe dLVcUeWe eOePeQW 

PeWhRd (DEM) (GXR eW aO., 2021). The fOe[LbOe fLbeU PRdeO baVed RQ bRQded VSheUR-c\OLQdeUV 

LV deVcULbed LQ deWaLO aQd Whe accXUac\ Rf Whe PRdeO LV YeULfLed e[SeULPeQWaOO\. The fLbeU cRQVLVWV 

Rf a cRQQecWed SOXUaOLW\ Rf LdeQWLcaO VSheULcaO SULVPV, each Rf ZhLch cRQVLVWV Rf a c\OLQdeU aQd 

hePLVSheUeV aW bRWh eQdV. BaVed RQ Whe ZRUN Rf KLdRNRUR (KLdRNRUR, AUaL, & SaeNL, 2015), Whe 

cRQWacW fRUceV ZeUe accXUaWeO\ caOcXOaWed b\ PeaQV Rf dLffeUeQW cRQWacW W\SeV beWZeeQ Whe 

VSheULcaO SULVPV (FLgXUe 3.3), aQd a VSecLfLc cRQWacW fRUce PRdeO VSecLfLed fRU each cRQWacW W\Se. 

IQ SaUWLcXOaU, Whe VLPXOaWLRQ UeVXOWV aUe LQ gRRd agUeePeQW ZLWh Whe e[SeULPeQWaO UeVXOWV ZheQ 

Whe MLQdOLQ PRdeO aQd Whe geRPeWU\-deSeQdeQW QRUPaO cRQWacW fRUce PRdeO aUe XVed. 

 

FigXUe 3.3 CRQWacW mRdel (a) HemiVSheUe-hemiVSheUe cRQWacW, (b) hemiVSheUe-c\liQdeU cRQWacW, (c) 

SaUallel c\liQdeU cRQWacW, aQd (d) VkeZed c\liQdeU-c\liQdeU cRQWacW (GXR eW aO., 2021). 
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IQ addLWLRQ, Whe VLPXOaWLRQ UeVXOWV VhRZed WhaW Whe fLbeU-fLbeU fULcWLRQ cReffLcLeQW aQd Whe fLbeU-

ZaOO fULcWLRQ cReffLcLeQW haYe a VLgQLfLcaQW effecW RQ Whe cRPSUeVVLRQ fRUce (FLgXUe 3.4). AV Whe 

fLbeU-fLbeU fULcWLRQ cReffLcLeQW 𝜇௙௙ LQcUeaVeV, Whe cRPSUeVVLRQ fRUce LQLWLaOO\ LQcUeaVeV aQd 

eYeQWXaOO\ VaWXUaWeV. The LQcUeaVe LQ fLbeU-ZaOO fULcWLRQ cReffLcLeQW 𝜇௙௪  OeadV WR a OLQeaU 

LQcUeaVe LQ cRPSUeVVLRQ fRUce aQd ZaOO VheaU fRUce ZLWh UeVSecW WR Whe QRUPaO fRUce UaWLR. 

(a)  (b)  

FigXUe 3.4 EffecWV Rf (a) fibeU-fibeU fUicWiRQ cRefficieQW 𝝁𝒇𝒇 aQd (b) fibeU-Zall fUicWiRQ cRefficieQW 𝝁𝒇𝒘RQ Whe 

lRadiQg cXUYeV iQ Whe XQia[ial cRmSUeVViRQ WeVWV(GXR eW aO., 2021). 

IQ XQLa[LaO cRPSUeVVLRQ VLPXOaWLRQV Rf fLbeUV, Whe effecW Rf VWaWLc fULcWLRQ LV cRQVLdeUed. IQ 

SaUWLcXOaU, VWaWLc fULcWLRQ LV PRUe dRPLQaQW WhaQ d\QaPLc fULcWLRQ ZheQ Whe fLbeU-fLbeU fULcWLRQ 

cReffLcLeQW LQcUeaVeV, VhRZQ LQ FLgXUe 3.5. 

 

FigXUe 3.5 PeUceQWageV Rf VWaWic fUicWiRQ cRQWacWV ZiWh YaUiRXV fibeU-fibeU fUicWiRQ cRefficieQWV 𝝁𝒇𝒇. The 

fibeU-Zall fUicWiRQ cRefficieQW 𝝁𝒇𝒘 iV VeW WR 0.6(GXR eW aO., 2021). 

GXR'V ZRUN QRW RQO\ cRQVLdeUed Whe effecW Rf Whe fLbeU-fLbeU fULcWLRQ cReffLcLeQWV aQd fLbeU-ZaOO 

fULcWLRQ cReffLcLeQW RQ Whe cRPSUeVVLYe behaYLRU, bXW aOVR Whe LQfOXeQce Rf VWaWLc fULcWLRQ beWZeeQ 

fLbeUV. HRZeYeU, LQ hLV PRdeO, he dLd QRW cRQVLdeU WhaW bRWh fULcWLRQ cReffLcLeQWV haYe a gUeaWeU 

effecW RQ Whe cRPSUeVVLYe behaYLRU Rf Whe fLbeUV. HLV ZRUN haV SURYLded QeZ LdeaV fRU WhLV VWXd\, 

aQd LW Pa\ be QeceVVaU\ WR cRQVLdeU Whe fULcWLRQ fRUce beWZeeQ Whe PedLXP fLbeU aQd Whe 
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cRPSacWed chaQQeO. 

 

IQ RUdeU WR aQaO\]e Whe VOeQdeU VhaSeV aQd fOe[LbLOLW\ Rf PaWeULaOV VXch aV fabULcV RU fLbeUV 

(VWULQgV), PaUN deYeORSed ORQg aQd fOe[LbOe geRPeWULc PRdeOV Rf fLbeU PRdeOV XVLQg dLVcUeWe 

eOePeQW (DE) cRPSXWaWLRQaO PeWhRdV. The\ caQ be fXUWheU cOaVVLfLed aV ULgLd fLbeU (RF) PRdeOV 

aQd fXOO\ fOe[LbOe fLbeU (CFF) PRdeOV (PaUN & KaQg, 2009). RF PRdeOV aUe VXLWabOe fRU 

VLPXOaWLQg d\QaPLc SURbOePV ZLWh ULgLd RbMecWV, ZhLOe CFF PRdeOV aUe XVefXO LQ deaOLQg ZLWh 

d\QaPLcV aQd YLbUaWLRQ Rf fOe[LbOe PaWeULaOV, eVSecLaOO\ ZheQ OaUge defRUPaWLRQV aQd QRQOLQeaU 

effecWV Qeed WR be cRQVLdeUed. ShRZQ LQ FLgXUe 3.6 (a), Whe RF PRdeO VhRZV a gRRd agUeePeQW 

beWZeeQ Whe VLPXOaWLRQ UeVXOWV aQd Whe aQaO\WLcaO VROXWLRQ. The eUURU Rf Whe VLPXOaWLRQV LQcUeaVeV 

ZLWh Whe LQLWLaO URd aQgOe, bXW Whe Pa[LPXP eUURU LV abRXW 2%. The VLPXOaWLRQ UeVXOWV Rf Whe 

CFF PRdeO aUe abOe WR accXUaWeO\ SUedLcW Whe d\QaPLc aQd YLbUaWLRQaO SURSeUWLeV Rf Whe YLbUaWLQg 

VWULQg. CRPSaULVRQV aUe Pade ZLWh QXPeULcaO VROXWLRQV Rf QRQOLQeaU VWULQg PRdeOV (VXch aV Whe 

DXffLQg eTXaWLRQ baVed RQ Whe KLUchhRff eTXaWLRQ). IQ FLgXUe 3.6 (b), Whe caOcXOaWed fUeTXeQc\ 

eUURU decUeaVeV gUadXaOO\ ZLWh Whe LQcUeaVe Rf Whe SaUWLcOeV QXPbeU LQ Whe PRdeO, aQd Whe eUURU 

UePaLQV ZLWhLQ 2% fRU dLffeUeQW LQLWLaO aPSOLWXde cRQdLWLRQV. 

(a)  (b)  

FigXUe 3.6 (a) VelRciW\ aQd eUURU Rf Whe Uigid fibeU afWeU cRlliViRQ. (b) The eUURUV Rf a YibUaWiQg VWUiQg iQ 

fUeTXeQc\ ZiWh UeVSecW WR Whe QXmbeU Rf SaUWicleV ZheQ cRmSXWed b\ Whe CFF mRdel (A/L iV a 

dimeQViRQleVV SURSRUWiRQal SaUameWeU XVed WR e[SUeVV Whe UaWiR Rf YibUaWiRQ amSliWXde WR VWUiQg 

leQgWh.)(PaUk & KaQg, 2009). 

FURP PaUN¶V PRdeO, Whe QXPbeU Rf SaUWLcOeV LQ Whe PRdeO ZLOO LQfOXeQce Whe accXUac\ Rf 

VLPXOaWLRQ UeVXOWV. WheQ Whe WhUeVhROd Rf QXPbeU Rf SaUWLcOeV LV Ueached, Whe eUURU Rf Whe 

VLPXOaWLRQ UeVXOW dReV QRW chaQge. TheUefRUe, Whe QXPbeU Rf eOePeQWV Rf Whe fLbeU ZLOO be 

dLVcXVVed LQ WhLV WheVLV WR LPSURYe Whe accXUac\ Rf Whe PRdeO ZhLOe PaLQWaLQLQg Whe RSWLPaO 

caOcXOaWLRQ WLPe.  
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CUaVVRXV SUeVeQWed aQ aOgRULWhP baVed RQ Whe DEM fRU PRdeOLQg Whe behaYLRU Rf eOaVWLc fLbeUV 

LQ fULcWLRQaO cRQWacW (CUaVVRXV, 2023). The fLbeUV aUe PRdeOed aV chaLQV Rf c\OLQdULcaO VegPeQWV 

cRQQecWed b\ VSULQgV, WaNLQg LQWR accRXQW eORQgaWLRQ, beQdLQg aQd WRUVLRQ fRUceV. The fULcWLRQaO 

cRQWacW beWZeeQ Whe fLbeUV LV VLPXOaWed XVLQg Whe CXQdaOO aQd SWUacN PRdeOV cRPPRQO\ XVed LQ 

gUaQXOaU PaWeULaO VLPXOaWLRQV. 

FRU Whe PechaQLcaO behaYLRU Rf VLQgOe fLbeUV, CUaVVRXV SeUfRUPed cRQWacWOeVV VLPXOaWLRQV ZLWh 

eOaVWLc URdV aQd VWaWLc beQdLQg-fUee VLPXOaWLRQV ZLWh CaSVWaQ. The PechaQLcaO UeVSRQVe Rf 

VLQgOe fLbeUV LV RbVeUYed aQd aQaO\]ed b\ aSSO\LQg dLffeUeQW fRUceV aQd WRUTXeV: Whe effecW Rf 

beQdLQg aQd fULcWLRQ RQ Whe WeQVLRQ dLVWULbXWLRQ. AV VhRZQ LQ FLgXUe 3.7 (a), Whe beQdLQg 

behaYLRU Rf Whe eOaVWLc URd XQdeU dLffeUeQW SRLQW fRUceV aV ZeOO aV Whe WRUVLRQ behaYLRU aUe LQ 

gRRd agUeePeQW ZLWh Whe WheRUeWLcaO SUedLcWLRQV aQd Whe aYaLOabOe e[SeULPeQWaO UeVXOWV. IQ 

FLgXUe 3.7 (b), The YaOLdLW\ Rf CaSVWaQ'V eTXaWLRQ LQ deVcULbLQg Whe WeQVLRQ dLVWULbXWLRQ Rf a URSe 

ZUaSSed aURXQd a c\OLQdeU LV dePRQVWUaWed. IOOXVWUaWLQg Whe UROe Rf fULcWLRQ LQ Whe fLbeU V\VWeP, 

eVSecLaOO\ LQ Whe WUaQVPLVVLRQ aQd dLVWULbXWLRQ Rf fRUceV. SWaWLc eOaVWLc NQRW VLPXOaWLRQV ZLWh 

beQdLQg e[aPLQe Whe behaYLRU Rf eOaVWLc fLbeUV fRUPLQg NQRW VWUXcWXUe LQ UeVSRQVe WR e[WeUQaO 

fRUceV (FLgXUe 3.7 (c)), UeYeaOLQg Whe UROe Rf Whe fULcWLRQ LQ Whe fRUPaWLRQ Rf Whe VWUXcWXUe aQd Whe 

PaLQWeQaQce Rf LWV VWabLOLW\. The behaYLRU Rf a fLbeU bXQdOeV XQdeU WRUVLRQ aQd WeQVLRQ LV 

VLPXOaWed. The UeVXOWV VhRZ a VLgQLfLcaQW effecW Rf Whe WRUVLRQ aQgOe aQd Whe fULcWLRQ cReffLcLeQW 

RQ Whe VWUeQgWh Rf fLbeU LQWeUacWLRQV aQd RYeUaOO VWUXcWXUaO VWabLOLW\. 
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(a)  

(c)  

(b)  

FigXUe 3.7 (a) BXckliQg Rf aQ elaVWic URd. TRUTXe aSSlied aW eQdV aW Whe WRUViRQal bXckliQg WhUeVhRld aV a 

fXQcWiRQ Rf Whe URd leQgWh. (b) TeQViRQ iQ a URlled VWUiQg aURXQd a c\liQdeU: 𝑻∗  iV Whe WeQViRQ iQ Whe VWUiQg, 

aQd 𝜽 iV Whe URlliQg aQgle. CiUcleV aUe V\mbRl, SlaiQ liQe iV aQ e[SRQeQWial fiW. (c) TeQViRQ aV a fXQcWiRQ Rf 𝜺 =  ඥ 𝒓/𝑹 fRU fUicWiRQleVV aQd fUicWiRQal VWUiQgV(CUaVVRXV, 2023). 

FXUWheUPRUe, Whe effecW Rf Whe fULcWLRQ cReffLcLeQW Rf Whe fLbeUV RQ Whe cRPSUeVVLYe fRUce ZaV QRW 

cRQVLdeUed LQ CUaVVRXV' ZRUN. HRZeYeU, CUaVVRXV' VLPXOaWLRQ UeVXOWV VhRZ Whe LPSRUWaQce Rf 

fULcWLRQ RQ Whe VWUeQgWh Rf fLbeU LQWeUacWLRQV aQd Whe VWabLOL]aWLRQ Rf Whe fLbeU VWUXcWXUe. TheUefRUe, 

Whe fULcWLRQ LQVLde Whe fLbeU bXQdOe QeedV WR be cRQVLdeUed LQ Whe fLbeU bXQdOe PRdeO. 

SXbUaPaQLaQ aQd PLcX (SXbUaPaQLaQ & PLcX, 2011) XVed a QXPeULcaO PRdeO WR LQYeVWLgaWe Whe 

PechaQLcaO behaYLRU Rf XQbRQded 3D UaQdRP fLbeU QeWZRUNV XQdeU WULa[LaO cRPSUeVVLRQ. The 

PRdeO VhRZV Whe SRZeU OaZ deSeQdeQce Rf VWUeVV RQ YROXPeWULc VWUaLQ aQd Whe h\VWeUeVLV 

SheQRPeQRQ dXULQg ORadLQg aQd XQORadLQg. AfWeU Whe fLUVW ORadLQg aQd XQORadLQg c\cOeV, a VWabOe 

h\VWeUeVLV ORRS LV fRUPed. 

FLgXUe 3.8 (a) VhRZ Whe VWUeVV chaQgeV cRUUeVSRQdLQg WR beQdLQg, e[WeQVLRQ aQd fLbeU cRQWacW 

(RbWaLQed b\ SaUWLaO deULYaWLYeV Rf Whe beQdLQg, WUacWLRQ aQd cRQWacW eQeUgLeV ZLWh UeVSecW WR Whe 

UeOaWLYe deQVLW\, UeVSecWLYeO\) aV a fXQcWLRQ Rf ∆ =  𝐸𝑖𝑖 (¨ LV Whe WUace Rf Whe defRUPaWLRQ WeQVRU 

aQd WheUefRUe Whe YROXPe chaQge). The VWUeVV LV LQYeUVeO\ SURSRUWLRQaO WR Whe UeOaWLYe deQVLW\ 𝜑. 

IQ Whe eaUO\ VWageV Rf cRPSUeVVLRQ, Whe VWUaLQ eQeUg\ LV PaLQO\ aVVRcLaWed WR Whe beQdLQg Rf Whe 

fLbeUV, ZhLOe aW hLgheU deQVLWLeV LW LV PaLQO\ VWRUed LQ Whe a[LaO defRUPaWLRQ PRde.  
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HRZeYeU, fRU OaUgeU UeOaWLYe deQVLWLeV 𝜑, ZheQ ∆ LV VPaOO, Whe fLbeU e[WeQVLRQ PRde dRPLQaWeV 

Whe beQdLQg PRde. The cRQWacW VWUeVV LV aQ RUdeU Rf PagQLWXde ORZeU WhaQ Whe RWheU WZR VWUeVVeV. 

FLgXUe 3.8 (b) VhRZV aQ LQcUeaVe LQ VOLS dLVWaQce (WaQgeQWLaO UeOaWLYe PRWLRQ 𝛿|| ) aQd 

LQWeUSeQeWUaWLRQ beWZeeQ fLbeUV (QRUPaO UeOaWLYe PRWLRQ 𝛿ୄ ) aV Whe cRPSacWLRQ SURceVV 

SURceedV. 𝛿||aQd 𝛿ୄ VeeP WR be OLPLWed b\ fULcWLRQ. CRQVLdeUaWLRQ Rf LQWeU-fLbeU fULcWLRQ dReV 

QRW chaQge Whe fXQcWLRQaO fRUP RU e[SRQeQW Rf Whe VWUeVV-VWUaLQ UeOaWLRQVhLS. The PechaQLVWLc 

dLffeUeQce beWZeeQ WhLV V\VWeP aQd a bRQded UaQdRP QeWZRUN: Whe UeOaWLYe VOLdLQg Rf Whe fLbeU 

cRQWacW SRLQWV aQd Whe cRQVeTXeQW UeaUUaQgePeQW Rf fLbeUV LQ aQ XQbRQded V\VWeP. B\ 

VXSSUeVVLQg VOLdLQg, a VWLffeU UeVSRQVe caQ UeVXOW. TheVe UeVXOWV LQdLcaWe WhaW Whe e[SRQeQW Rf Whe 

VWUeVV-VWUaLQ SRZeU OaZ LV deWeUPLQed b\ Whe fLbeU beQdLQg aQd Whe fRUPaWLRQ Rf QeZ cRQWacWV. 

IW LV aOVR affecWed b\ Whe UeOaWLYe VOLdLQg beWZeeQ fLbeUV aQd a[LaO defRUPaWLRQ. 

(a)  (b)  

FigXUe 3.8 CRmSacWiRQ Rf a 3D fibURXV aVVembl\. (a) EYRlXWiRQ Rf fibeU cRQWacW, beQdiQg aQd WeQVile 
VWUeVVeV aV a fXQcWiRQ Rf ǻ. (b) EYRlXWiRQ Rf UelaWiYe VlidiQg aQd iQWeUSeQeWUaWiRQ diVWaQceV beWZeeQ fibeUV 

fRU diffeUeQW fUicWiRQ cRefficieQWV �(SXbUamaQiaQ & PicX, 2011). 

SXbUaPaQLaQ eW aO. VhRZV WhaW Whe VWUaLQ eQeUg\ LV PaLQO\ UeOaWed WR Whe beQdLQg Rf fLbeUV LQ Whe 

eaUO\ VWage Rf cRPSUeVVLRQ, ZhLOe LW LV PaLQO\ VWRUed LQ Whe a[LaO defRUPaWLRQ SaWWeUQ aW hLgheU 

deQVLWLeV. ThLV VXggeVWV WhaW Ze Qeed WR cRQVLdeU PXOWLSOe PRdeV Rf fLbeU defRUPaWLRQ aQd WheLU 

d\QaPLc WUaQVfRUPaWLRQ ZLWh deQVLW\ chaQgeV LQ Whe VLPXOaWLRQ SURceVV. IQ addLWLRQ, Whe UeOaWLYe 

VOLdLQg beWZeeQ fLbeUV aQd Whe UeaUUaQgePeQW Rf cRQWacW SRLQWV haYe VLgQLfLcaQW effecWV RQ Whe 

PechaQLcaO UeVSRQVe Rf Whe V\VWeP. AQd LW¶V effLcLeQW WR XQdeUVWaQd Whe cRPSacWLRQ behaYLRU 

fURP eQeUg\ SeUVSecWLYe. 

 

TUXVV eOePeQW chaLQV aUe VWUXcWXUaO V\VWePV cRQVLVWLQg Rf PXOWLSOe VWUaLghW beaPV. Each WUXVV 

eOePeQW W\SLcaOO\ haV WZR QRdeV aQd LV aVVXPed WR haYe a cURVV-VecWLRQ WhaW UePaLQV cRQVWaQW 

aORQg LWV fXOO OeQgWh. TUXVV eOePeQWV aUe VXbMecWed WR a[LaO WeQVLOe RU cRPSUeVVLYe fRUceV RQO\. IW 
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dReV QRW haYe Whe abLOLW\ WR VLPXOaWe beQdLQg, VheaU, RU WRUVLRQ. IQ PXOWLVcaOe QXPeULcaO PRdeOV, 

chaLQV Rf WUXVV eOePeQWV aUe XVed WR cRQVWUXcW YLUWXaO fLbeUV WhaW cRPSRVe \aUQV aQd OaWeU fRUP 

ZRYeQ VWUXcWXUeV. WaQg deYeORSed a PLcURVcaOe cRPSXWaWLRQaO WRRO baVed RQ Whe e[SOLcLW dLgLWaO 

eOePeQW PeWhRd (FLgXUe 3.9) fRU QXPeULcaO VLPXOaWLRQ Rf baOOLVWLc LPSacW aQd SeQeWUaWLRQ Rf 

We[WLOe fabULcV (Y. WaQg eW aO., 2010). The aXWhRUV haYe gRQe WhURXgh e[SeULPeQWaO baOOLVWLc 

LPSacW e[SeULPeQWV fRU cRPSaULVRQ aQd Whe VLPXOaWLRQV aSSUR[LPaWe Whe e[SeULPeQWaO UeVXOWV. 

 

FigXUe 3.9 CRQceSW Rf digiWal elemeQW (WUXVV elemeQW) VimXlaWiRQ(Y. WaQg eW aO., 2010). 

 

DLVcUeWe eOePeQW PRdeOLQg ePShaVL]eV Whe effecWV Rf fULcWLRQ, cRQWacW, LQLWLaO VWUXcWXUe, aQd 

LQWeUacWLRQV beWZeeQ fLbeUV RQ fLbeU QeWZRUN behaYLRU. IQ addLWLRQ, Whe behaYLRU Rf fLbeU 

QeWZRUNV caQ be XQdeUVWRRd WhURXgh eQeUg\ VWXdLeV, ZhLch caQ XQdeUVWaQd Whe LQWeUacWLRQ aQd 

defRUPaWLRQ Rf fLbeUV LQ Whe cRPSacWLRQ VLPXOaWLRQ. TheUefRUe, WhLV VWXd\ ZLOO aOVR PaNe XVe Rf 

WhLV PeWhRd. HRZeYeU, WheVe PRdeOV LQdLcaWe WhaW ULgLd eOePeQWV UeTXLUe Whe XVe Rf OLQeaU aQd 

WRUVLRQaO VSULQgV WR VLPXOaWe Whe defRUPaWLRQ Rf Whe fLbeU, aQd Whe LQWeUacWLRQ LV PRdeOed b\ a 

cRPbLQaWLRQ beWZeeQ Whe VSULQg aQd Whe daPSeU. The QRQ-defRUPabOe dLVcUeWe eOePeQWV aUe 

PaLQO\ baVed RQ Whe d\QaPLcV Rf ULgLd bRdLeV. IQ WhLV WheVLV, Whe PechaQLcaO VLPXOaWLRQ Rf fLbeU 

bXQdOe PRdeO VhRXOd QRW RQO\ cRQVLdeU Whe d\QaPLc behaYLRU Rf fLbeU, bXW aOVR PaLQO\ cRQVLdeU 

Whe defRUPaWLRQ Rf fLbeUV. AV LW haV beeQ dLVcXVVed PaQ\ WechQLTXeV aQd LPSURYePeQWV haYe 

beeQ Pade RQ dLVcUeWe eOePeQWV WR accRXQW aQd PRdeO Whe fLbeU defRUPaWLRQ, hRZeYeU, WhLV OeadV 

WR a ZLde LQcUeaVe Rf Whe cRPSOe[LW\ aQd caOcXOaWLRQ WLPe becaXVe LW LV QRW LWV LQLWLaO SXUSRVe.  

SR, PRdeOLQg WhURXgh dLVcUeWe eOePeQWV VeePV QRW WR be Whe PRVW VXLWabOe PeWhRd LQ RUdeU WR 

achLeYe Whe SXUSRVe Rf WhLV WheVLV. TheUefRUe, e[SORULQg defRUPabOe fLQLWe eOePeQW PRdeOLQg 

becRPeV PRUe QeceVVaU\. 

3.2.2 CUeaWiRQ mRdel ZiWh fiQiWe elemeQW meWhRd (FEM) 

IQ PRVW fLQLWe eOePeQW PRdeOV Rf fLbURXV PedLa, Whe fLbeUV aUe VOeQdeU. The fLbeUV aUe PRdeOed 

ZLWh beaP eOePeQW WR RSWLPL]e Whe cRPSXWaWLRQ WLPe. 
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XLQg deYeORSed a PLcURPechaQLcaO PRdeO Rf aOLgQed fLbeU bXQdOeV ZLWh hLgh fLbeU YROXPe 

fUacWLRQ (XLQg, CheQ, & LL, 2010), WR VWXd\ Whe eOaVWLc defRUPaWLRQ behaYLRU XQdeU bXON 

cRPSUeVVLYe SUeVVXUe aQd ORQgLWXdLQaO VWUeVV. AQ LPSURYed UeSUeVeQWaWLYe fLbeU ceOO ZaV SUeVeQW 

WR geW Whe defOecWLRQ Rf a beQdLQg fLbeU XQdeU WUaQVYeUVe aQd a[LaO fRUce. NXPeULcaO UeVXOWV VhRZ 

WhaW Whe WUaQVYeUVe cRPSUeVVLYe VWUeVV aQd LWV defRUPaWLRQ aUe UeOaWed WR Whe ZaYe aPSOLWXde aQd 

Whe aYaLOabOe fLbeU YROXPe fUacWLRQ. The defRUPaWLRQ behaYLRU Rf ZeOO-aOLgQed fLbeU bXQdOeV 

XQdeU cRPSUeVVLRQ aQd a[LaO VWUeVVeV ZaV RbWaLQed XVLQg a VLPLOaU aSSURach WR Whe CaL PRdeO. 

The gUeaWeU WUaQVYeUVe VWLffQeVV LQdLcaWeV WhaW Whe PRdeO LV abOe WR aOLgQ Whe fLbeU bXQdOeV ZeOO 

aW hLgh fLbeU cRQWeQW.  

 

Abd EO-RahPaQ aQd TXcNeU VXcceVVfXOO\ cUeaWed YLUWXaO fLbeU QeWZRUNV ZLWh acWXaO fLbeU YROXPe 

fUacWLRQV fRU Whe RSA PeWhRd (AhPed I. Abd EO-RahPaQ & TXcNeU, 2013). aQd SeUfRUPed 

cRPSacWLRQ VLPXOaWLRQ ZLWh YLUWXaO fLbeU QeWZRUNV (A. I. Abd EO-RahPaQ & TXcNeU, 2013). The 

PRdeO cRQVLVWV Rf 5000 fLbeUV Rf OeQgWh Rf 100 PP aQd Whe cRPSUeVVLRQ SURceVV Rf Whe fLbeU 

QeWZRUN LV VLPXOaWed XVLQg Whe fLQLWe eOePeQW PeWhRd. IQ FLgXUe 3.10, Whe cRPSacWLRQ YROXPe 

fUacWLRQ gReV fURP 5% WR 25% ZheUe each fLbeU LV UeSUeVeQWed b\ a 3D beaP eOePeQW. E[SOLcLW 

WLPe LQWegUaWLRQ aQd geQeUaO cRQWacW aOgRULWhP SURceVVLQg ZeUe SeUfRUPed WhURXgh 

ABAQUS/E[SOLcLW. MaVV VcaOLQg aQd cRQWacW aPRUWL]aWLRQ (cRQWacW daPSLQg) aUe XVed WR 

cRQWURO Whe cRPSXWaWLRQaO WLPe aQd PRdeO VWabLOL]eUV, aV ZeOO aV RVcLOOaWLRQV LQ Whe UeVXOWV, 

UeVSecWLYeO\. 

(a)  (b)  

(c)  (d)  
FigXUe 3.10 (a) A W\Sical XQiW cell, cRQWaiQiQg 692 child fibeUV. (b-d) ThUee VWeSV Rf cRmSacWiRQ VimXlaWiRQ 

ZiWh 5000 fibeUV(A. I. Abd EO-RahPaQ & TXcNeU, 2013; AhPed I. Abd EO-RahPaQ & TXcNeU, 2013). 

The cRPSacWLRQ cXUYe LV RbWaLQed fRU 3 fULcWLRQ cReffLcLeQWV: �=0.3, 0.6 aQd 1.0, aV VhRZQ LQ 

FLgXUe 3.11. The RQe cRUUeVSRQdLQg WR �=1 (WR decUeaVe VOLS) VeePV WR be cRQVLVWeQW ZLWh VaQ 
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W\N'V WheRU\ (VLQce WhLV WheRU\ QegOecWV VOLS beWZeeQ fLbeUV) fRU ORZ YROXPe fUacWLRQV (𝜑 < 

15%). The eYROXWLRQ Rf Whe QXPbeU Rf cRQWacWV LV aOVR LQYeVWLgaWed fRU �=1, ZLWh UeVXOWV VLPLOaU 

WR TROO'V WheRU\. NR YaOLdaWLRQ agaLQVW e[SeULPeQWaO WeVWV ZaV caUULed RXW. 

 

FigXUe 3.11 The iQflXeQce Rf Whe fUicWiRQ cRefficieQW RQ Whe cRmSaUaWiYe cRmSacWiRQ behaYiRU cRmSaUed WR 

VaQ W\k mRdel (A. I. Abd EO-RahPaQ & TXcNeU, 2013). 

ThLV PRdeO hLghOLghWV Whe cRQWULbXWLRQ Rf e[SOLcLW NLQeWLc caOcXOaWLRQV LQ Whe PaQagePeQW Rf 

cRQWacW beWZeeQ fLbeUV aQd cRQWURO Rf cRPSXWaWLRQaO WLPe, aV ZeOO aV Whe XVefXOQeVV Rf daPSLQg 

LQ VWabLOLW\ VLPXOaWLRQV. BXW, WhLV PRdeO cRQVLdeUV Whe hLgh eQWaQgOed fLbeU QeWZRUN, aQd QRW 

cRQVLdeU Whe fLbeUV ZLWh aOPRVW VLQgOe dLUecWLRQ. 

 

DXUYLOOe SUeVeQWed a VLPXOaWLRQ Rf cRPSacWLRQ Rf eQWaQgOed fLbeU bXQdOeV XVLQg Whe fLQLWe 

eOePeQW PeWhRd (DaPLeQ DXUYLOOe, 2005). IQ hLV PRdeO, Whe fLbeUV aUe PRdeOed aV beaPV. IQ 

facW, Whe cURVV-VecWLRQaO NLQePaWLcV Rf each fLbeU LV deVcULbed b\ WhUee YecWRUV: RQe fRU Whe 

WUaQVOaWLRQ Rf Whe cURVV-VecWLRQaO ceQWeU Rf PaVV, aQd WZR RWheUV WR deVcULbe Whe SOaQaU aQd OLQeaU 

defRUPaWLRQ Rf Whe cURVV-VecWLRQ. NRUPaO cRQWacW beWZeeQ fLbeUV LV PRdeOed b\ a SeQaOW\ 

fXQcWLRQ OaZ WhaW UeOaWeV QRUPaO fRUceV WR PXWXaO SeQeWUaWLRQ. FULcWLRQ LV PRdeOed WhURXgh 

CRXORPb'V OaZ. The effecW Rf fLbeU beQdLQg ZaV LQYeVWLgaWed b\ cRPSacWLQg a fLbeU cRPbLQaWLRQ 

cRQWaLQLQg 50 fLbeUV ZLWh a dLaPeWeU Rf 0.015 PP, Whe geRPeWULeV aUe VhRZQ LQ FLgXUe 3.12. IQ 

FLgXUe 3.13, Whe UeVXOWV VhRZ WhaW fRU ORZ cRPSacWLRQ UaWeV, Whe cRPSacWLRQ cXUYeV aUe 

cRQVLVWeQW ZLWh VaQ W\N'V WheRU\. The cRUUeOaWLRQ ZLWh WhLV WheRU\ LV beWWeU aW LQcUeaVLQg fLbeU 

WRUWXRVLW\. FRU hLgheU cRPSUeVVLRQ UaWeV, Whe behaYLRU LV cORVeU WR WhaW SUedLcWed b\ BaXdeTXLQ 

(BaXdeTXLQ, R\VcheQNRZ, & RRX[, 1999), ZhR VWXdLed Whe cRPSUeVVLRQ Rf gOaVV ZRRO VaPSOeV 

XS WR 95% cRPSUeVVLRQ.  
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DXUYLOOe aOVR VWXdLed Whe QXPbeU Rf cRQWacWV aQd fRXQd WhaW Whe YaULaWLRQ fROORZV a UeOaWLRQVhLS 

SURSRUWLRQaO WR Whe UeOaWLYe deQVLW\ 𝜑23 : 𝑁𝑐 ∝ 𝜑23, VhRZQ LQ FLgXUe 3.13(b). 

 

FigXUe 3.12 IQiWial aQd fiQal cRQfigXUaWiRQV Rf Whe 3 VamSleV fRU Whe WhUee diffeUeQW cUimSV (DaPLeQ 

DXUYLOOe, 2005). 

(a)  (b)  

FigXUe 3.13 (a)CRmSaUiVRQ Rf lRadiQg cXUYeV ZiWh YaQ W\k¶V WheRU\. (b) CRmSaUiVRQ beWZeeQ Whe 

eYRlXWiRQV Rf QXmbeUV Rf cRQWacWV YeUVXV YRlXme fUacWiRQ (DaPLeQ DXUYLOOe, 2005). 

DXUYLOOe SURSRVed WhaW Whe QXPbeU Rf cRQWacWV LV SURSRUWLRQaO WR Whe YROXPe fUacWLRQ Rf Whe fLbeU 

QeWZRUN. WLWh Whe LQcUeaVe Rf cULPS, Whe QXPbeU Rf cRQWacWV beWZeeQ fLbeUV aOVR LQcUeaVed, bXW 

LWV chaQge ZaV QRW RbYLRXV LQ Whe ORZ YROXPe fUacWLRQ SaUW. AW Whe eQd Rf cRPSacWLRQ, Whe 

QXPbeU Rf cRQWacWV ZLWh dLffeUeQW cULPS LV baVLcaOO\ Whe VaPe. ThLV SheQRPeQRQ LV ZRUWh\ Rf 

YeULfLcaWLRQ, aQd VPaOO dLaPeWeU fLbeUV aUe XVed LQ WhLV PRdeO, VR LW LV ZRUWh cRQVLdeULQg ZheWheU 

Whe VaPe UeVXOWV caQ be RbWaLQed fRU Whe fLbeUV XVed LQ WhLV WheVLV. 

 

DXUYLOOe XVed a fLQLWe eOePeQW PeWhRd fRU VLPXOaWLQg Whe PechaQLcaO behaYLRU Rf ZRYeQ We[WLOe 

PaWeULaOV aW Whe fLbeU OeYeO (D. DXUYLOOe, 2011; DaPLeQ DXUYLOOe, 2008, 2010). The PRdeOLQg 

SURceVV PRdeOV Whe fLbeUV aV 3D beaP eOePeQWV aQd WaNeV LQWR accRXQW Whe cRQWacW-fULcWLRQ 

LQWeUacWLRQV beWZeeQ WheP, eQabOLQg Whe VLPXOaWLRQ Rf SaWcheV cRPSRVed Rf hXQdUedV Rf fLbeUV. 
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The LQLWLaO cRQfLgXUaWLRQ Rf Whe ZRYeQ VWUXcWXUe LV deWeUPLQed b\ VLPXOaWLQg Whe ZeaYLQg 

SURceVV, aV VhRZQ LQ FLgXUe 3.14.  

 

FigXUe 3.14 HRUi]RQWal VWUaiQV iQ \aUQV geQeUaWed b\ Whe VimXlaWiRQ Rf Whe ZeaYiQg SURceVV (DaPLeQ 

DXUYLOOe, 2008). 

The PechaQLcaO SURSeUWLeV Rf WZR W\SeV Rf ZRYeQ fabULcV (SOaLQ aQd WZLOO) ZeUe LQYeVWLgaWed b\ 

VLPXOaWLQg dLffeUeQW ORadLQg SaWh (bLa[LaO WeQVLRQ ORadLQg, VheaU ORadLQg). ThXV, Whe cRPSOe[LW\ 

Rf Whe fabULc behaYLRU aQd VWUeVV dLVWULbXWLRQ aW Whe fLbeU OeYeO LV UeYeaOed. The cXUYe deVcULbLQg 

Whe a[LaO fRUce aV a fXQcWLRQ Rf a[LaO VWUaLQ FLgXUe 3.15 (a), e[hLbLWV QRQ-OLQeaU behaYLRU aW Whe 

LQLWLaO LQcUePeQWV Rf Whe WUacWLRQ VLPXOaWLRQ. ThLV LV aWWULbXWed WR Whe UeaUUaQgePeQW Rf Whe fLbeUV 

aQd Whe UedXcWLRQ Rf WheLU cXUYaWXUeV XQdeU Whe WUacWLRQ fRUce. RegaUdLQg VheaU behaYLRU, Whe 

cXUYe Rf VheaU fRUce aV a fXQcWLRQ Rf VheaU aQgOe LQ FLgXUe 3.15 (b) LV QRQ-OLQeaU, VLPLOaUO\ WR Whe 

UeVXOWV Rf (CaR eW aO., 2008). The VheaU fRUce LQcUeaVeV XQWLO LW UeacheV a YaOXe cRUUeVSRQdLQg WR 

Whe ORcNLQg aQgOe Rf Whe UeLQfRUcePeQW. 

 

(a) 
 

(b) 
FigXUe 3.15 (a) SimXlaWiRQ Rf Whe bi-a[ial WUacWiRQ Rf WZill aQd SlaiQ ZeaYe fabUic: a[ial fRUce aV a fXQcWiRQ 

Rf Whe a[ial defRUmaWiRQ. (b) SimXlaWiRQ Rf VheaUiQg Rf SlaiQ ZeaYe: VheaU fRUce aV a fXQcWiRQ Rf VheaU 

aQgle(D. DXUYLOOe, 2011). 

 

SXbVeTXeQWO\, MRXVWaghfLU deVcULbeV a PeWhRdRORg\ XVed WR geQeUaWe a geRPeWULc PRdeO Rf a 

fLbeU bXQdOe, WheQ Whe PechaQLcaO VLPXOaWLRQV aUe SeUfRUPed (MRXVWaghfLU, EO-Ghe]aO JegXLULP, 
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DXUYLOOe, FRQWaLQe, & WagQeU-KRcheU, 2013). The geRPeWULcaO PRdeO Rf Whe URYLQg ZaV cUeaWed 

baVed RQ Whe DXUYLOOe¶V PRdeO, Whe 3D geRPeWU\ Rf dLffeUeQW WZLVW URYLQg VhRZQ LQ FLgXUe 3.16. 

 

FigXUe 3.16 RRYiQg geRmeWUieV ZiWh diffeUeQW WZiVW aQd WUaQVYeUVe cRmSUeVViRQ VimXlaWiRQ(MRXVWaghfLU eW 

aO., 2013). 

TheQ, Whe URYLQg PRdeO ZaV VLPXOaWed ZLWh WUaQVYeUVe cRPSacWLRQ XVLQg FEA PeWhRd. IQ WhLV 

VLPXOaWLRQ, Whe cRPSacWLRQ SOaWeV cRQVLdeU aV ULgLd SaUW. B\ cRPSaULQg Whe e[SeULPeQWaO daWa 

ZLWh Whe VLPXOaWLRQ UeVXOWV, Whe VWXd\ YeULfLed Whe accXUac\ aQd UeOLabLOLW\ Rf Whe PRdeO (FLgXUe 

3.17).  

 

FigXUe 3.17 ValidaWe Whe VimXlaWiRQ ZiWh e[SeUimeQW (MRXVWaghfLU eW aO., 2013). 

AV VhRZQ LQ FLgXUe 3.18 (a), Whe WUaQVYeUVe cRPSUeVVLRQ VWLffQeVV Rf URYLQg LQcUeaVeV ZheQ LWV 

WZLVW LQcUeaVe. ThLV LV VLQce WZLVWed URYLQg PaNeV LW PRUe dLffLcXOW fRU Whe fLbeUV WR VOLde aQd 

UeaUUaQge each RWheU. IQ addLWLRQ, Whe chaQge LQ Whe cReffLcLeQW Rf fULcWLRQ haV Whe VaPe effecW RQ 

Whe PRdeO aV VhRZQ LQ FLgXUe 3.18 (b), ZheUe Whe LQcUeaVe LQ Whe cReffLcLeQW Rf fULcWLRQ aOVR 

UeVWULcWV Whe VOLdLQg beWZeeQ Whe fLbeUV. The QXPeULcaO UeVXOWV aUe cRPSaUed ZLWh Whe WeVWV caUULed 

RXW b\ JegXLULP (EO-Ghe]aO JegXLULP, FRQWaLQe, WagQeU-KRcheU, MRXVWaghfLU, & DXUYLOOe, 

2012). 
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(a) 

 
(b) 

FigXUe 3.18 The cRmSUeVViRQ fRUce iQ fXQcWiRQ Rf diVWaQce beWZeeQ WZR cRmSacWiRQ SlaWeV. (a) ZiWh 
diffeUeQW URYiQg geRmeWU\. (b) ZiWh diffeUeQW fUicWiRQ cRefficieQW (MRXVWaghfLU eW aO., 2013). 

MRXVWaghfLU eW aO 'V aQaO\]ed Whe cRPSacWLRQ behaYLRU Rf \aUQV ZLWh dLffeUeQW WZLVW, bXW Whe\ dLd 

QRW cRQVLdeU Whe YROXPe fUacWLRQ Rf fLbeUV LQ UeOaWLRQ WR dLffeUeQW \aUQV. IQ addLWLRQ, Whe 

cRPSacWLRQ e[SeULPeQW ZaV XQcRQVWUaLQed cRPSacWLRQ. 

 

Q. HRaQ PhaPa fRcXVed RQ Whe WUaQVYeUVe behaYLRU Rf a KeYOaU� KM2 \aUQ aW a PLcURVcRSLc 

aQd hRPRgeQL]ed VcaOe (PhaP eW aO., 2020). A \aUQ cRQVLVWLQg Rf hXQdUedV Rf fLbeUV ZaV 

PRdeOed PLcURVcRSLcaOO\ XQdeU Whe aVVXPSWLRQ Rf 2D SOaQe VWUaLQ. AV VhRZQ LQ Whe FLgXUe 3.19 

(a), Whe fLbeUV aUe cORVeO\ aOLgQed LQVLde Whe fLbeU bXQdOe. 

(a)  

(b)  
FigXUe 3.19 (a) GeRmeWU\ Rf Whe QXmeUical mRdel. (b) TUXe VWUaiQ iQ YY diUecWiRQ aW diVSlacemeQWV 34.5 𝝁𝒎ሺ𝐏𝐡𝐚𝐦 𝐞𝐭 𝐚𝐥. , 𝟐𝟎𝟐𝟎ሻ. 

TheQ, baVed RQ Whe PLcURVcRSLc behaYLRU, Whe QXPeULcaO hRPRgeQL]aWLRQ WechQLTXe ZaV XVed WR 

RbWaLQ Whe effecWLYe hRPRgeQL]aWLRQ behaYLRU OaZ Rf Whe \aUQ. The hRPRgeQL]aWLRQ behaYLRU 

OaZV ZeUe LPSOePeQWed LQ ABAQUS®/SWaQdaUd WhURXgh XVeU VXbURXWLQeV. The WUaQVYeUVe 

cRPSUeVVLYe behaYLRU ZaV SeUfRUPed ZLWh hRPRgeQL]ed \aUQV aQd PLcURVcRSLc \aUQV. The WUXe 

VWUaLQ LQ YY dLUecWLRQ ZLWh dLVSOacePeQW 34.5 𝜇𝑚 Rf PLcURVcRSLc \aUQ VhRZQ LQ FLgXUe 3.19 

(b). AQd Whe cRPSacWLRQ behaYLRU Rf WheVe WZR PRdeOV VhRZQ LQ FLgXUe 3.20. 
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FigXUe 3.20 The cRmSaUiVRQ beWZeeQ micURVcRSic aQd hRmRgeQi]ed mRdel (PhaP eW aO., 2020). 

The VWXd\ QeaWO\ aQd cORVeO\ aOLgQed fLbeUV ZeUe VXbMecWed WR cRPSacWLRQ VLPXOaWLRQV. The 

UeOLabLOLW\ Rf cUeaWLQg fLbeU bXQdOeV aQd SeUfRUPLQg cRPSacWLRQ ZaV YeULfLed b\ cRPSaULQg ZLWh 

hRPRgeQL]ed PRdeO. HRZeYeU, WhLV aUUaQgePeQW Rf fLbeUV LV LdeaOL]ed, fRU ZhLch a PRdeO Rf 

fUeeO\ aUUaQged fLbeU bXQdOeV ZaV cUeaWed LQ WhLV WheVLV. 

 

LL SUeVeQWed Whe SURceVV Rf cUeaWLQg a YLUWXaO 3D fLbeU bXQdOe VWUXcWXUe LQ ANSYS® (LL eW aO., 

2011). ThLV VWUaWeg\ (L) geQeUaWeV UaQdRP fLbeU cURVV VecWLRQV LQ 2D SOaQeV aQd eQVXUe WhaW Whe 

cLUcOe dR QRW XQdeUgR LQLWLaO SeQeWUaWLRQ; (LL) GeQeUaWe fLbeU cURVV VecWLRQV LQ 2D SOaQeV VSaced 

aW ] LQ Whe dLUecWLRQ Rf fLbeU OeQgWh, UeSUeVeQWed aV fLbeU ceQWeU cRRUdLQaWe ሺ𝑥, 𝑦ሻ. AQd VR RQ WR 

geQeUaWe 𝑛 2D SOaQeV; (LLL) The ceQWeUOLQeV Rf each fLbeU aUe cRQQecWed, aQd (LY) LWV UeQdeUed 

3D VWUXcWXUe. ThXV, PRUShRORg\ Rf fLbeU bXQdOe RQ PLcUR VcaOe LV UeSURdXced, aQd fLbeU bXQdOe 

PRdeO LV WUXO\ aQd YLVXaOO\ RbWaLQed. 

 

FigXUe 3.21 CUeaWiRQ VWeS Rf 3D fibeU bXQdle VWUXcWXUe (L. LL eW aO., 2011).  

LL cUeaWeV fLbeUV LQ a PaQQeU cRQVLVWeQW ZLWh Whe WheRU\ Rf WRPRgUaShLc UecRQVWUXcWLRQ Rf fLbeUV: 

cUeaWLQg a geRPeWULc PRdeO Rf Whe fLbeU'V ceQWeUOLQe. ThLV SURYLdeV aQ Ldea fRU Whe cUeaWLRQ Rf a 

fLbeU bXQdOe PRdeO ZLWh a fUee aUUaQgePeQW Rf fLbeUV LQ WhLV WheVLV. 



83 

 

3.2.3 CRmbiQe Whe DEM aQd FEM meWhRd  

DaeOePaQV cRPbLQe Whe adYaQWage Rf DEM aQd FEM PeWhRd, cUeaWed a h\bULd YLUWXaO fabULc 

PRdeO aQd VLPXOaWed LWV cRPSacWLRQ behaYLRU (DaeOePaQV eW aO., 2021). IW cRPbLQeV WUXVV 

eOePeQWV WR deWeUPLQe SURSeUWLeV LQ Whe dLUecWLRQ Rf Whe fLbeUV, aQd beaP eOePeQWV fRU fLbeU 

beQdLQg, VhRZQ LQ FLgXUe 3.22 (b). The baVe VWUXcWXUe Rf Whe fLbeU fabULc ZaV cUeaWed XVLQg 

D\QaPLc FabULc MechaQLcaO AQaO\]eU (DFMA, ZZZ.fabULcPechaQLcV.cRP). DFMA ZaV 

cUeaWed b\ WANG (Y. WaQg eW aO., 2010; Y. WaQg & SXQ, 2001; ZhRX, SXQ, & WaQg, 2004) Rf 

Whe FabULc MechaQLcV gURXS aW KaQVaV SWaWe UQLYeUVLW\. The VaPSOeV ZeUe aOVR VcaQQed b\ 

PLcUR-CT WR cRPSaUe Whe cUeaWed YLUWXaO fabULc ZLWh Whe PLcURVWUXcWXUe Rf Whe VaPSOeV, VhRZQ 

LQ FLgXUe 3.22 (a). 

 

FigXUe 3.22 (a) CRmSaUiVRQ Rf Ueal fabUic fURm MicUR-CT e[SeUimeQWV (lefW) aQd VimXlaWed fabUic 

(micUR-)geRmeWU\ (UighW) VhRZV gRRd YiVXal agUeemeQW beWZeeQ bRWh. (b) The fabUic iV cRQVWUXcWed Rf 
h\bUid YiUWXal fibeUV WhaW cRQViVW Rf a chaiQ Rf beam elemeQWV fRU beQdiQg VWiffQeVV aQd WUXVV elemeQW fRU 

WeQVile VWiffQeVV (DaeOePaQV eW aO., 2021). 

IQ Whe VLPXOaWLRQ aQaO\VLV Rf YeUWLcaO cRPSacWLRQ Rf fLbURXV fabULcV, VeYeUaO LPSRUWaQW 

SaUaPeWeUV aUe dLVcXVVed, LQcOXdLQg fLbeU VL]e (𝐿/𝐷  UaWLR), cReffLcLeQW Rf fULcWLRQ (𝜇 ), aQd 

beQdLQg VWLffQeVV Rf fLbeUV (𝐸𝐼). The UeOaWLRQVhLS beWZeeQ Whe cRPSacWLRQ dLVSOacePeQW aQd Whe 

SUeVVXUe LV VhRZQ LQ FLgXUe 3.23. LRZeU L/D UaWLRV (𝐿/𝐷 =  1 aQd 0.5) VhRZed hLgheU beQdLQg 

VWUaLQ eQeUg\ LQ Whe VLPXOaWLRQV, ZhLch UeVXOWed LQ PRUe bXcNOLQg Rf Whe YLUWXaO fLbeUV dXULQg 

cRPSacWLRQ. ThLV e[SOaLQV Zh\ WheVe VLPXOaWLRQV VhRZ a PRUe ULgLd cRPSacWLRQ UeVSRQVe. A 

hLgheU UaQge Rf fULcWLRQ cReffLcLeQWV (𝜇 =  0.3 − 0.4) ZaV cRQVLdeUed PRUe aSSURSULaWe dXULQg 

cRPSUeVVLRQ WhURXgh Whe ORQgLWXdLQaO dLUecWLRQ, cRQVLdeULQg WhaW aOPRVW QR LQ-SOaQe WeQVLOe 

fRUceV aUe LQYROYed. IQcUeaVLQg Whe beQdLQg VWLffQeVV had a VLgQLfLcaQW effecW RQ Whe cRPSUeVVLRQ 
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UeVSRQVe Rf Whe VLPXOaWed fabULcV. FRU Whe baVeOLQe beQdLQg VWLffQeVV, Whe VLPXOaWed fabULc 

WhLcNQeVV ZaV VOLghWO\ XQdeUeVWLPaWed fRU VRPe SUeVVXUeV. HRZeYeU, Whe VLPXOaWed cRPSUeVVLRQ 

cXUYeV ZeUe VLPLOaU WR Whe e[SeULPeQWaO RQeV. The agUeePeQW beWZeeQ VLPXOaWLRQ aQd 

e[SeULPeQWV LPSURYeV aV Whe beQdLQg VWLffQeVV LV LQcUeaVed XQWLO WZR WR fLYe WLPeV Whe baVeOLQe. 

HLgheU beQdLQg VWLffQeVVeV ( 10ሺ𝐸𝐼ሻ WR 100ሺ𝐸𝐼ሻ ) UeVXOWed LQ aQ RYeUeVWLPaWLRQ Rf Whe 

cRPSUeVVLRQ UeVSRQVe aW ORZ cRPSUeVVLRQ OeYeOV, VXggeVWLQg WhaW YaOXeV LQ WhLV UaQge ZeUe WRR 

hLgh. 

The PacURVcRSLc cRPSUeVVLRQ UeVSRQVe Rf Whe fabULc ZaV ZeOO SUedLcWed b\ cRUUecWO\ VeWWLQg Whe 

VLPXOaWLRQ SaUaPeWeUV. MRUeRYeU, Whe PLcURVcRSLc defRUPaWLRQ PechaQLVPV (SeUfRUPed b\ 

MLcUR-CT VcaQV), aV ZeOO aV Whe h\VWeUeVLV ORVVeV UeVXOWLQg fURP fLbeU UeaUUaQgePeQW aQd fULcWLRQ 

ZeUe aOVR ZeOO SUedLcWed aQd e[SOaLQed. The VeWWLQg Rf beQdLQg VWLffQeVV caQ aOVR accXUaWeO\ 

SUedLcW Whe PechaQLcaO UeVSRQVe Rf Whe fLbeU fabULc dXULQg ORQgLWXdLQaO cRPSacWLRQ. 

(a)  (b)  

(c)  
FigXUe 3.23 The effecW Rf Whe (a) L/D, (b) fUicWiRQal aQd (c) beQdiQg VWiffQeVV cRQVWaQW RQ Whe cRmSUeVViYe 

UeVSRQVe. (a) VhRZV cRmSUeVViYe UeVSRQVe cRQYeUgeV fRU 𝑳/𝑫 ൑  𝟏. (b) VhRZV WhaW higheU fUicWiRQal 

cRQVWaQWV UeVXlW iQ beWWeU agUeemeQW ZiWh Whe e[SeUimeQWall\ deWeUmiQed UeVSRQVe. (c) VhRZV beWWeU 

agUeemeQW beWZeeQ Whe VimXlaWed aQd e[SeUimeQWal UeVSRQVeV iV RbWaiQed fRU a beQdiQg VWiffQeVV iQ Whe 

UaQge Rf 25 (𝑬𝑰)meaVXUed (fURm PeiUce¶V caQWileYeU meWhRd) (DaeOePaQV eW aO., 2021). 

The geQeUaO cRQWacW aOgRULWhP Rf ABAQUS/e[SOLcLW ZaV XVed LQ LWV VLPXOaWLRQ. The geQeUaO 
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cRQWacW aOgRULWhP LV a NLQePaWLc fRUcLQg aOgRULWhP WhaW aOORZV Whe cRQWacWLQg VXUfaceV WR 

"SeQeWUaWe" LQWR each RWheU aW each WLPe VWeS LQ SURSRUWLRQ WR N (ZheUe N LV Whe SeQaOL]ed 

VWLffQeVV). WhLOe WhLV deVLgQ SURYLdeV VRPe fOe[LbLOLW\ LQ deaOLQg ZLWh Whe cRQWacW SURbOeP, LW 

aOVR PaNeV VXUface SeQeWUaWLRQ PRUe SURQRXQced XQdeU hLgh cRPSUeVVLRQ cRQdLWLRQV, VhRZQ 

LQ FLgXUe 3.24. 

 

FigXUe 3.24 CRQWacW RYeUclRVXUeV/SeQeWUaWiRQV (VRfWeQiQg) beWZeeQ QeighbRUiQg fibeUV RccXU iQ laUge 
amRXQWV aW SUeVVXUeV 1.5 MSa (DaeOePaQV eW aO., 2021). 

DaeOePaQV' VWXd\ Rf Whe VOeQdeUQeVV aQd fULcWLRQ cReffLcLeQW Rf fLbeU bXQdOeV ZaV LQWeQWLRQaO, 

bXW LW dLd QRW cRUUeOaWe Whe YROXPe fUacWLRQ Rf fLbeUV LQWR Whe UeVXOWV. IQ WheLU VWXd\, LW ZaV VhRZQ 

WhaW SeQeWUaWLRQ RccXUV beWZeeQ fLbeUV LQ a hLgh-SUeVVXUe VWaWe, WhLV SheQRPeQRQ WhaW ZaV aOVR 

cRQfLUPed LQ WhLV WheVLV. 

3.3 CRQclXViRQ 

AV dLVcXVVed LQ VecWLRQ 1, fLbeU-UeLQfRUced PaWeULaOV aUe PXOWL-VcaOe PedLa, aQd fLbeU LV Whe 

VPaOOeVW hRPRgeQeRXV cRQVWLWXeQW XQLWV. SR, PLcUR-VcaOe (fLbeU OeYeO) LV Whe PRVW accXUaWe OeYeO 

WR VWXd\ fLbeU PaWeULaOV ZLWhLQ a cRQWLQXXP PechaQLcV aSSURach. IQ RUdeU WR accXUaWeO\ VWXd\ 

Whe PechaQLcaO SURSeUWLeV Rf fLbeU bXQdOeV, LQ VecWLRQ 2, LW ZaV cRQVLdeUed WR XVe Whe cRPSacWLRQ 

SaWh aV Whe ORadLQg SaWh WR VWXd\ LWV PechaQLcaO SURSeUWLeV. FXUWheUPRUe, WRPRgUaSh\ 

WechQRORg\ cRPbLQed ZLWh PLcUR-cRPSacWRU aSSeaUV aV aQ effecWLYe Za\ WR e[WUacW Whe WhUee-

dLPeQVLRQaO PRUShRORg\ Rf fLbeU bXQdOeV aW dLffeUeQW cRPSacWLRQ VWageV. FLQaOO\, Whe e[LVWLQg 

UeVeaUch RQ PRdeOLQg Rf fLbeU PedLa aW PeVRVcRSLc aQd PLcURVcRSLc VcaOeV LV dLVcXVVed. TheVe 

UeVeaUcheV cRPSOePeQW WhRVe SUeYLRXVO\ cLWed LQ WeUPV Rf e[SeULPeQWaO WeVWLQg (VecWLRQ 1). IW 

aOVR SURYLdeV a baVLV fRU Whe cRQVWUXcWLRQ Rf Whe fLbeU bXQdOe PechaQLcV VLPXOaWLRQ PRdeO LQ 

WhLV WheVLV. The PLcURVWUXcWXUaO SaUaPeWeUV caQ be chaQged WR VWXd\ WheLU effecW RQ cRPSacWLRQ, 

WZLVW (MRXVWaghfLU eW aO., 2013), fULcWLRQ cReffLcLeQW (GXR eW aO., 2021), eWc. 

HRZeYeU, WheVe VWXdLeV dLd QRW cRQVLdeU Whe cRPSacWLRQ VLPXOaWLRQ PeWhRd b\ e[WUacWLQg UeaO 

fLbeU bXQdOeV, ZhLch LV aQ effecWLYe PeWhRd WR YeULf\ Whe accXUac\ Rf Whe PRdeO (VLPXOaWLRQ 

SaUaPeWeUV). LaWLO (LaWLO eW aO., 2011) e[WUacWed Whe fLbeU bXQdOe PRdeO WhURXgh XCT WechQRORg\ 

aQd SeUfRUPed a cRPSacWLRQ VLPXOaWLRQ RQ LW, aQd Whe VLPXOaWLRQ ZaV VLPLOaU WR Whe e[SeULPeQW. 
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BXW, Whe UeOaWLRQVhLS beWZeeQ Whe LQWeUQaO VWUXcWXUaO SaUaPeWeUV Rf Whe fLbeU bXQdOe aQd Whe 

cRPSacWLRQ behaYLRU ZaV QRW cRQVLdeUed LQ hLV VWXd\. 

DXUYLOOe eW aO (DaPLeQ DXUYLOOe, 2005; L. LL eW aO., 2011; PhaP eW aO., 2020) SeUfRUPed 

PechaQLcaO VLPXOaWLRQV b\ cUeaWLQg fLbeU bXQdOeV. The VLPXOaWLRQV LQ WheVe VWXdLeV ZeUe 

cRQVLVWeQW ZLWh e[SeULPeQWaO RU WheRUeWLcaO UeVXOWV. 

TheVe ZRUNV aUe LQVSLULQg fRU RXU RZQ aSSURach, hRZeYeU, QRQe Rf WheP haYe beeQ XVed aV 

YLUWXaO eVWLPaWRUV LQ RUdeU WR LQYeVWLgaWe Whe PechaQLcaO behaYLRU Rf Whe URYLQg aV a fXQcWLRQ Rf 

WheLU cRQVWLWXWLRQ. ThLV chaOOeQge LPSRVeV aQ accXUaWe e[SeULPeQWaO YaOLdaWLRQ WR eQVXUe a hLgh 

cRQVLVWeQc\ Rf Whe PRdeO, cRXSOed WR a QXPeULcaO effLcLeQc\ fRU Whe QXPeURXV caOcXOaWLRQV 

UeTXLUed WR TXaQWLf\ Whe LPSacW Rf aOO Whe SaUaPeWeUV. 

 

ThLV VecWLRQ SURYLdeV LdeaV fRU cUeaWe fLbeU bXQdOeV aQd Whe VLPXOaWLRQ SaUaPeWeUV. 

FURP a fLbeU PRdeOLQg SeUVSecWLYe, ULgLd dLVcUeWe eOePeQWV aQd defRUPabOe fLQLWe eOePeQWV aUe 

SRWeQWLaOO\ aYaLOabOe. IQ addLWLRQ, LW haV beeQ UeSeaWedO\ dePRQVWUaWed WhaW fLbeU beQdLQg LV a 

PaMRU facWRU LQ cRPSacWLRQ PRdeOLQg, eVSecLaOO\ LQ Whe caVe Rf LQLWLaOO\ beQW fLbeUV. TheUefRUe, 

beaP eOePeQWV VeeP WR be a VXLWabOe chRLce fRU Whe PRdeOLQg Rf VXch defRUPaWLRQV (beQdLQg), 

eVSecLaOO\ LQ Whe caVe Rf OaUge QXPbeUV Rf cRQWacWV. IQ SaUWLcXOaU, UeVeaUcheUV OLNe DXUYLOOe, 

TXcNeU aQd O. HaML, haYe beeQ abOe WR dePRQVWUaWe WheLU SRWeQWLaO. FRU cRPSacWLRQ SOaWeV 

(cRPSacWLRQ chaQQeOV), ULgLd bRd\ SaUW VLPXOaWLRQV aUe XVed. FURP a QXPeULcaO SRLQW Rf YLeZ, 

Whe ABAQUS/e[SOLcLW LV XVed. BXW fRU TXaVL-VWaWLc VLPXOaWLRQV (Vee Whe effecW Rf ORadLQg VSeed, 

VecWLRQ 2.2), Whe cRPSXWaWLRQaO SaUaPeWeUV cRQWacW daPSLQg aQd PaVV VcaOLQg (aUWLfLcLaO 

YaULaWLRQV Rf Whe fLQLWe eOePeQW deQVLW\) haYe WR be added WR RSWLPL]e cRPSXWaWLRQaO WLPe aQd 

UedXce RVcLOOaWLRQV. FRU fLbeU-fLbeU LQWeUacWLRQV, Whe cRQWacW fRUceV cRQVLVW Rf QRUPaO fRUceV aQd 

fULcWLRQ-LQdXced WaQgeQWLaO fRUceV, VR geQeUaO cRQWacW LV XVed. ReVeaUcheUV haYe ePShaVL]ed Whe 

LPSRUWaQce Rf Whe fULcWLRQ cReffLcLeQW LQ fLbeU-VcaOe PRdeOLQg. GaVVaUa haV UeceQWO\ caUULed RXW 

aQ e[SeULPeQWaO VWXd\ Rf fULcWLRQ beWZeeQ Whe SRO\eVWeU fLbeUV WhaW ZLOO be XVed LQ WhLV VWXd\ 

(GaVVaUa, 2016; GaVVaUa eW aO., 2018), aQd Whe UeVXOWV RbWaLQed PaNe LW LV SRVVLbOe WR SURYLde a 

VXffLcLeQW cReffLcLeQW Rf fULcWLRQ 𝜇 =  0.2 WR be XVed LQ WhLV WheVLV. 

 

AV PeQWLRQed befRUe, Whe SXUSRVe Rf WhLV SaSeU LV WR LPSURYe aQ e[LVWLQg YLUWXaO fLbeU bXQdOe 

eVWLPaWRUV aQd deYeORS fLbeU bXQdOe PLcURVWUXcWXUe SaUaPeWeU aQaO\VLV WRROV. AOO Whe abRYe 

PRdeO SaUaPeWeUV haYe beeQ YeULfLed b\ DU. HaML (HaML OXVVaPa, 2018) aQd Whe QXPeULcaO 

PRdeO Rf Whe fLbeU bXQdOe cRQVWUXcWed LQ WhLV WheVLV LV baVed RQ Whe PRdeO he haV SUeYLRXVO\ 
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deYeORSed. IW LV eQhaQced fURP Whe fROORZLQg SeUVSecWLYeV:(L) SeYeUaO e[SeULPeQWV cRPbLQLQg 

XCT aQd cRPSacWLRQ aUe cRQdXcWed WR YeULf\ Whe accXUac\ Rf Whe PRdeO. (LL) E[SeULPeQWV ZeUe 

SeUfRUPed XVLQg hLgheU XCT UeVROXWLRQ aQd Whe SRVW-SURceVVLQg deWaLOV Rf Whe XCT LPageV ZeUe 

eQhaQced. (LLL) CUeaWLRQ Rf a fLbeU bXQdOe PLcURVWUXcWXUe aQaO\VLV WRRO WR dLVcXVV Whe UeOaWLRQVhLS 

beWZeeQ cRPSacWLRQ aQd PLcURVWUXcWXUaO SaUaPeWeUV (dLVcXVVed LQ ChaSWeU II).  

IQ ChaSWeU III, Whe cUeaWLRQ Rf a YLUWXaO QXPeULcaO TXaVL SaUaOOeO fLbeUV bXQdOe geQeUaWRU LV 

dLVcXVVed. IW WheQ SeUPLWV WR RbWaLQ Whe fLUVW WaUgeWed UeVXOWV abRXW Whe LQfOXeQce Rf Whe VWUXcWXUaO 

SaUaPeWeUV (XQdXOaWLRQ, aQgOeV, fULcWLRQ, eWc.) bXW aOVR Rf Whe ORadLQg (cRPSacWLRQ SaWh, VSeed,) 

RQ Whe cRPSUeVVLRQ behaYLRU. 
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ChaSWeU II DeYelRSmeQW Rf micUR-VWUXcWXUe aQal\ViV WRRl fRU QXmeUical fibeU 
bXQdle 

ChaSWeU II cRQWaLQV VecWLRQV 4 WR 6 SUeVeQWLQg Whe UeVXOWV Rf Whe PLcURWRPRgUaSh\ e[SeULPeQWV, 

Whe UecRQVWUXcWLRQ Rf Whe fLbeU bXQdOeV, aQd a SURSRVed PeWhRd fRU Whe PLcURVWUXcWXUaO aQaO\VLV 

Rf Whe fLbeU bXQdOeV. 

SecWLRQ 4 VhRZV Whe SURceVV Rf a fLbeU bXQdOe PLcUR-cRPSacWLRQ e[SeULPeQWV, aQd Whe UeVXOWV 

Rf Whe aQaO\VLV. 

SecWLRQ 5 deVcULbeV Whe YLUWXaO QXPeULcaO eVWLPaWRU ZhLch cRQVLVWV Rf WZR SaUWV: Whe 

UecRQVWUXcWLRQ Rf a QXPeULcaO fLbeU bXQdOe geRPeWU\, aQd Whe VLPXOaWLRQ VWUaWeg\.  

SecWLRQ 6 LQWURdXceV Whe cUeaWLRQ Rf Whe aQaO\VLV WRROV fRU fLbeU PLcURVWUXcWXUe: fURP fLbeU 

SRVLWLRQ WR LQdLcaWRUV VXch aV cRQWacW beWZeeQ fLbeUV, cULPS aQd RULeQWaWLRQ. 
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Section 4 MicUR-cRmSacWiRQ e[SeUimeQW ZiWh WRmRgUaSh\: SURceVV aQd 

UeVXlWV   

ThLV VecWLRQ deVcULbeV Whe PLcUR-cRPSacWLRQ e[SeULPeQW RQ fLbeU bXQdOeV. The e[SeULPeQW LV 

cRPbLQed ZLWh WRPRgUaSh\ fRU LQ VLWX LPagLQg Rf fLbeU bXQdOeV. The e[SeULPeQW SURYLdeV daWa 

fRU Whe YLUWXaO QXPeULcaO eVWLPaWRU LQ VecWLRQ 5 aQd Whe PLcURVWUXcWXUe aQaO\VLV WRRO LQ VecWLRQ 

6. 

4.1 PUeSaUaWiRQ Rf VamSleV 

TZR fLbeU bXQdOe VaPSOeV cRQVLVWLQg Rf 40 dU\ SRO\eVWeU fLbeUV, ZLWhRXW PaWUL[ RU VL]LQg, ZeUe 

PaQXaOO\ SUeSaUed, ZheUe a VLQgOe fLbeU OeQgWh LV aSSUR[LPaWeO\ 14-14.5 PP. The VaPSOe 

cRQWaLQed RQO\ 40 fLbeUV VLQce cRQVLdeULQg WhaW (L) Whe QXPeULcaO YLUWXaO eVWLPaWRU LV VWLOO LQ Whe 

YaOLdaWed VWage, a OaUge QXPbeU Rf QXPeULcaO VLPXOaWLRQV aUe UeTXLUed, ZLWh a UeaVRQabOe QXPbeU 

Rf fLbeUV WR cRQWURO Whe VLPXOaWLRQ WLPe; (LL) Whe fLbeU VaPSOeV aUe SUeSaUed PaQXaOO\, VR LW LV 

dLffLcXOW WR SUeSaUe a OaUge QXPbeU Rf fLbeU VaPSOeV. 

DXULQg Whe SUeSaUaWLRQ Rf a fLbeU bXQdOe, Whe cXWWLQg Rf fLbeUV PLghW affecW Whe cRPSacWLRQ 

behaYLRU. The cURVV VecWLRQV Rf a VLQgOe fLbeU SUeSaUed b\ WZR dLffeUeQW cXWWLQg PeWhRdV 

LOOXVWUaWeV WhLV LVVXe: Whe fLUVW RQe b\ XVLQg VcLVVRUV ZheUeaV Whe VecRQd deSeQd RQ a QeedOe WR 

cXW Whe fLbeUV. The VecWLRQV RbWaLQed b\ WheVe WZR PeWhRdV aUe VhRZQ LQ FLgXUe 4.1(a-b). FLgXUe 

4.1(c, d) VhRZV Whe LQLWLaO PLcURVWUXcWXUeV Rf Whe fLbeU bXQdOe eQdV Rf WZR VaPSOeV 1 aQd 2, 

RbWaLQed b\ Whe WZR cXWWLQg PeWhRdV.  

The SUeVeQce Rf LUUegXOaU ³bXUUV´ LQ Whe cURVV-VecWLRQ Rf Whe fLbeUV eQdV LQ VaPSOe1 LV dXe WR a 

SOaVWLc defRUPaWLRQ Rf Whe VecWLRQ ZheQ Whe fLbeU LV cXW b\ VcLVVRUV. 

BXUUV Pa\ affecW Whe UeOaWLYe PRWLRQ Rf Whe fLbeUV dXULQg Whe cRPSacWLRQ aQd chaQge WheLU 

NLQePaWLcV. TheUeb\ aOWeULQg Whe NLQePaWLcV Rf Whe fLbeU bXQdOe, eYeQ WhRXgh WhLV VWXd\ fRcXVed 

RQ Whe RYeUaOO PRWLRQ Rf Whe fLbeU bXQdOe XQdeU cRPSacWLRQ. AQd Whe ³bXUUV´ affecW LV bRXQdaU\ 

effecW. AQd WheVe bXUUV aUe LUUegXOaUO\ VhaSed, LW¶V dLffLcXOW WR LPSRUW WR PRdeO. SR, WhLV bRXQdaU\ 

effecW ZLOO QRW be LQcRUSRUaWed LQWR Whe QXPeULcaO VLPXOaWLRQV Rf WhLV VWXd\.  

IQdeed, Whe SXUSRVe Rf WhLV chaSWeU LV WR LQYeVWLgaWe Whe NLQePaWLcV Rf a PXOWL-fLbeUV aVVePbO\, 

UaWheU WhaQ Whe effecW Rf Whe bRXQdaU\ cRQdLWLRQV RQ LWV PRWLRQ. IQ addLWLRQ, Whe cRPSOe[LW\ LQ 

Whe PRdeOLQg LQdXced Lf accRXQWLQg Rf WhLV SheQRPeQRQ LV hXge VLQce LW dReVQ¶W eQabOe WR 

aVVXPe Whe cURVV-VecWLRQ Rf Whe fLbeU WR be cLUcXOaU aQd UegXOaU. CRQVeTXeQWO\, each fLbeU ZaV 
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LQdLYLdXaOO\ cXW, aQd Whe cURVV-VecWLRQ ZaV WheQ checNed XQdeU a PLcURVcRSe WR eQVXUe WhaW Whe 

SURfLOe ZaV fOaW aQd VPRRWh.  

BefRUe Whe VWaUW Rf Whe cRPSacWLRQ e[SeULPeQW, aQ LQLWLaO VcaQ Rf Whe SUeSaUed VaPSOe LV UeTXLUed 

LQ RUdeU WR UecRQVWUXcW aQd LPSRUW LW LQWR ABAQUS�/CAE aV a geRPeWULc PRdeO Rf Whe fLbeU 

bXQdOe. The LQLWLaO VcaQ Rf Whe fLbeU bXQdOe LV XVed WR checN ZheWheU Whe VaPSOe SRVLWLRQ LV 

LQLWLaOO\ cRUUecW befRUe VWaUWLQg Whe cRPSacWLRQ e[SeULPeQWV.  

 
 (a)MeWhRd 1 

 
(b)MeWhRd 2 

  
(c) 

 
(d) 

FigXUe 4.1 CURVV-VecWiRQ micURVcRSe imageV Rf ViQgle fibeUV fRU diffeUeQW meWhRdV Rf cXWWiQg fibeUV: (a) 

cXWWiQg meWhRd 1, (b) cXWWiQg meWhRd 2, WRmRgUaSh\ imageV Rf cURVV-VecWiRQV aW Whe eQd Rf fibeU bXQdleV: 
(c) VamSle RbWaiQed ZiWh cXWWiQg meWhRd 1, (d) VamSle RbWaiQed ZiWh cXWWiQg meWhRd 2. 

The VaPSOe LV SOaced LQ a WUaQVSaUeQW VXSSRUW Rf PMMA (PRO\ PeWh\O PeWhacU\OaWe) aV VhRZQ 

LQ FLgXUe 4.2 (a). ThLV PaWeULaO haV a ORZ abVRUSWLRQ Rf X-Ua\V aQd LV WheUefRUe XVed LQ Whe 

WRPRgUaSh\ e[SeULPeQWV WR RbWaLQ hLgh-TXaOLW\ LPageV (FLgXUe 4.2 (b)), ZhLOe VaPSOeV SXW 

LQVLde a PVC VXSSRUW aQd WRPRgUaSh\ VcaQQed caQ SUeVeQW a ORZeU LPage TXaOLW\ (FLgXUe 4.2 

(c)). HeUe, Whe cRQfLQed cRPSacWLRQ VXSSRUW ZaV XVed, becaXVe WheUe LV QR adheVLYe beWZeeQ Whe 

fLbeUV (dU\ fLbeUV) LQ aQ XQcRQfLQed VXSSRUW, Whe fLbeUV ZLOO aSSeaU WR Oa\ fOaW (FLgXUe 4.2(a)-

ULghW). IQ WhLV caVe, cRPSacWLRQ Rf fLbeU bXQdOeV ZLOO QRW be chaUacWeUL]ed b\ VWURQg 

UeaUUaQgePeQW beWZeeQ fLbeUV, bXW PaLQO\ b\ cRPSacWLRQ Rf Whe fLbeU cURVV-VecWLRQ 

(defRUPaWLRQ Rf Whe fLbeU cURVV-VecWLRQ). SR, Whe fUee OaWeUaO cRQdLWLRQV ZeUe QRW cRQVLdeUed, 

ZhLch W\SLcaOO\ RbVeUYed dXULQg Whe fRUPLQg VWage Rf We[WLOe UeLQfRUcePeQW LQ RTM SURceVV. 
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(a)  

(b)  (c)  

FigXUe 4.2 The VamSle caVVeWWe Rf cRmSacWiRQ. 

FRU VaPSOe 1, Whe fLbeUV haYe a OeQgWh Rf 14 PP, aQd Whe VL]e Rf Whe LQLWLaO cRPSacWLRQ VSace 

ZaV 5*4*14 PP. IW¶V dLffLcXOW\ WR SOace Whe fLbeUV aW Whe ceQWeU Rf Whe cRPSacWLRQ chaQQeO ZLWh 

VaPe OeQgWh, WhaW¶V PeaQV Whe eQd Rf Whe bXQdOe ZaV QRW VcaQQed cRPSOeWeO\, aQd abRXW 0.2 PP 

ZaV ORVW dXe WR Whe facW WhaW ZheQ Whe fLbeUV ZeUe SOaced, WheVe eUURUV, aQd ³bXUUV´ effecW ZLOO 

LQfOXeQce Whe accXUaWe Rf geQeUaWe QXPeULcaO fLbeU bXQdOe geRPeWU\. TheUefRUe, fRU Whe VaPSOe 

2, Whe PeWhRd Rf cXWWLQg aQd chRVeQ a gRRd OeQgWh Rf Whe fLbeUV ZaV chaQged WR aYRLd WheVe 

SURbOePV. IQ addLWLRQ, Whe OeQgWh Rf Whe cRPSacWLRQ chaQQeO ZaV LQcUeaVed WR 15 PP WR eQVXUe 

WhaW Whe fLbeU bXQdOe VWa\ cRPSOeWeO\ LQVLde Whe cRPSacWLRQ WRROV. B\ WhLV Za\, fLbeUV aUe 

cRPSOeWeO\ VcaQQed, Whe UecRQVWUXcWed geRPeWU\ Rf Whe fLbeU bXQdOe LV cRPSOeWe, aQd bRWh eQd 

Rf fLbeUV VecWLRQ ZaV fOaW (FLgXUe 4.8).  

4.2 X-Ua\ WRmRgUaSh\ aQd micUR cRmSacWiRQ machiQe 

a) X-Ua\ WRmRgUaSh\ 

ThLV VWXd\ XVed aQ X-Ua\ WRPRgUaSh\ V\VWeP (PRdeO EaV\TRP NaQR 160, FLgXUe 4.3 (a)) WR 

VcaQ Whe VaPSOeV. The WRPRgUaSh\ PachLQe SURdXceV X-Ua\V ZLWh a cRQLcaO geRPeWU\, aV VhRZQ 

LQ FLgXUe 4.3 (b). The cRQLcaO X-Ua\V acURVV Whe VaPSOeV ZhLOe Whe\ URWaWe fURP 0� WR 360�. The 

VOLceV (VecWLRQV) Rf Whe fLbeU bXQdOe cURVV-VecWLRQ ZeUe RbWaLQed b\ WhUee-dLPeQVLRQaO 

UecRQVWUXcWLRQ Rf Whe WRPRgUaSh\ daWa SURceVVLQg b\ XVLQg Whe VRfWZaUe ³XacW¶¶.  

The SRVLWLRQ Rf Whe VaPSOe UeOaWLYe WR Whe X-Ua\ VRXUce SOa\V aQ LPSRUWaQW UROe LQ Whe TXaOLW\ Rf 

Whe VcaQ. The VSaWLaO UeVROXWLRQ (YR[eO VL]e) caQ be cRQWUROOed b\ adMXVWLQg Whe dLVWaQce beWZeeQ 
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Whe WeVWed RbMecW aQd Whe X-Ua\ VRXUce (SOD), Whe dLVWaQce beWZeeQ Whe X-Ua\ VRXUce aQd Whe 

VcUeeQ LV SDD. The YR[eO VL]e UaQge Rf Whe EaV\TRP NaQR 160 WRPRgUaSh LV 𝑃1𝑃2 = 𝑆ை𝐷𝑆𝐷𝐷, ZheUe 

P1 LV Whe YR[eO VL]e aW Whe SOD dLVWaQce, aQd P2 LV Whe SL[eO VL]e Rf Whe VcUeeQ. FRU Whe SRVW-

WUeaWPeQW Rf WRPRgUaSh\ LPageV, Whe fLbeU cURVV-VecWLRQ LV WUeaWed aV a cLUcOe, aQd Whe QXPeULcaO 

PRdeO Rf Whe fLbeU bXQdOe LV RbWaLQed b\ e[WUacWLQg Whe ceQWeU SRLQWV Rf Whe fLbeU cURVV-VecWLRQ. 

TheUefRUe, Whe VSaWLaO UeVROXWLRQ (YR[eO VL]e) Rf Whe WRPRgUaSh\ LPage LV LPSRUWaQW fRU Whe 

accXUaWe e[WUacWLRQ Rf Whe ceQWeU SRLQW Rf Whe µµcLUcOe¶¶, bXW aOVR fRU aQ accXUaWe eYaOXaWLRQ Rf Whe 

cLUcOe UadLXV. The hLgheU Whe VSaWLaO UeVROXWLRQ, Whe PRUe SL[eO SRLQWV WhaW PaNe XS a VLQgOe fLbeU 

cURVV-VecWLRQ, aQd Whe PRUe accXUaWe Whe e[WUacWLRQ Rf Whe ceQWeU SRLQW Rf Whe "cLUcOe". HRZeYeU, 

Whe VSace RccXSLed b\ Whe PLcUR-cRPSacWLRQ PachLQe PXVW be cRQVLdeUed, aQd ZheQ VcaQQLQg 

Whe VaPSOe, Whe WRWaO VaPSOe PXVW be VcaQQed. IQ RXU e[SeULPeQWV, Whe OeQgWh Rf WhLV VaPSOe LV 

16 PP. ThLV OeQgWh dReV QRW aOORZ Whe SOD WR be WRR VPaOO. TheUefRUe, Whe PLQLPXP YR[eO VL]e 

WhaW Ze RbWaLQed ZaV 9 �P. 

The SaUaPeWeUV Rf Whe X-Ua\ VcaQQLQg V\VWeP fRU e[SeULPeQWV ZeUe: Whe WXbe SRZeU Rf 12 W fRU 

Whe X-Ua\ geQeUaWRU, Whe WXbe YROWage Rf 60 KV (Pa[: 160 KV), aQd WXbe LQWeQVLW\ Rf 200 �A. 

 
(a) 

 
(b) 

FigXUe 4.3 (a)X-Ua\ WRmRgUaSh\ V\VWem, (b) SchemaWic diagUam Rf Whe effecW Rf VamSle lRcaWiRQ RQ VSaWial 

UeVRlXWiRQ (YR[el Vi]e). 

b) MicUR aXWRmaWic cRmSacWiRQ machiQe 

The PLcUR-cRPSacWLRQ PachLQe (DebeQ, FLgXUe 4.4) LV eTXLSSed ZLWh WZR cRPSacWLRQ SOaWeV, 

XSSeU aQd ORZeU. The XSSeU cRPSacWLRQ SOaWe LV aOZa\V fL[e, ZhLOe Whe ORZeU RQe LV PRYabOe 

aQd cRQQecWed WR a SLe]ReOecWULc OLQeaU PRWRU LQVWaOOed aW Whe bRWWRP Rf Whe cRPSacWLRQ PachLQe. 

The Pa[LPXP dLVWaQce beWZeeQ Whe WZR cRPSacWLRQ SOaWeV LV 15 PP. The VaPSOe LV 

cRPSUeVVed YeUWLcaOO\ LQ Whe "VcaQ chaQQeO". The VeQVRU LV ORcaWed LQ Whe XSSeU SaUW Rf Whe 

PachLQe DebeQ, aQd WheUe aUe WZR fRUce VeQVRUV: 500 N aQd 5000 N. DXULQg WhLV e[SeULPeQW, 

Whe VeQVRU Rf 500N ZaV XVed aQd haV Whe fROORZLQg chaUacWeULVWLcV: 
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o The SUecLVLRQ cOaVV Rf Whe VeQVRU LV Whe cOaVV 1. 

o WheQ Whe PeaVXUed fRUce LV OeVV WhaQ 2 N, Whe SUecLVLRQ LV QRW eQVXUed (QRW gXaUaQWeed). 

o BeWZeeQ 2 N aQd 500 N, Whe accXUac\ LV 1% Rf Whe PeaVXUed YaOXe. 

o TR aYRLd Whe LQfOXeQce Rf LQeUWLaO effecWV RQ Whe fLbeU UeaUUaQgePeQW, LW ZaV cUXcLaO WR 

PaLQWaLQ TXaVL-VWaWLc cRPSUeVVLRQ. The VSeed Rf cRPSacWLRQ ZaV fL[ed WR Vcompaction =1 

PP/PLQ. 

o The VaPSOLQg WLPe Rf Whe cRPSacWLRQ e[SeULPeQW daWa ZaV 100 PV. 

 
(a) 

 
(b) 

FigXUe 4.4 CRmSacWiRQ machiQe (DebeQ). 

DXe WR Whe ORZ accXUac\ Rf Whe VeQVRU dXULQg Whe LQLWLaO cRPSacWLRQ SaUW (cRPSacWLRQ fRUce < 2 

N), Whe cRPSacWLRQ e[SeULPeQWV ZLOO be cRQWUROOed b\ dLVSOacePeQW. The XSSeU aQd ORZeU 

cRPSacWLRQ MaZV Rf Whe VaPSOe aUe fL[ed aW Whe XSSeU aQd ORZeU cRPSacWLRQ SOaWeV Rf Whe DebeQ, 

UeVSecWLYeO\. The ORZeU MaZ (ORZeU SaUW Rf Whe VaPSOe VXSSRUW) LV fL[ed LQ Whe ceQWeU Rf Whe ORZeU 

cRPSacWLRQ SOaWe, aQd WheQ Whe XSSeU VaPSOe MaZ LV cRaWed b\ aQ adheVLYe PaWeULaO WR be 

cRQQecWed WR Whe XSSeU SOaWe Rf Whe PachLQe. DXULQg Whe cRPSacWLRQ Rf Whe fLbeUV bXQdOe, Whe 

cRPSacWLRQ LV RbWaLQed dXe WR Whe dLVSOacePeQW Rf Whe ORZeU SOaWe Rf Whe PachLQe.  

4.3 The cRmSacWiRQ SURceVV aQd UeVXlWV 

AV PeQWLRQed abRYe, befRUe VWaUWLQg Whe cRPSacWLRQ e[SeULPeQW, Whe LQLWLaO VWaWe Rf Whe fLbeU 

bXQdOe LV VcaQQed WR RbWaLQ Whe LQLWLaO geRPeWU\ WhaW VhRXOd be cRPSacWed OaWeU. IW VhRXOd be 

QRWed WhaW Whe fLUVW VWeS LV WR PaNe VXUe WhaW Whe VaPSOe cRQWacW ZLWh Whe XSSeU cRPSUeVVLRQ SOaWe 

Rf Whe DebeQ, ³Whe cRQWacW´ haV MXVW RccXUUed aQd WheUe LV aOPRVW QR cRPSUeVVLRQ fRUce. 

IQ WhLV cRPSUeVVLRQ WeVW, Whe LQLWLaO cRQWacW RccXUV ZheQ Whe DebeQ PRWRU SXVhed Whe ORZeU SOaWe 

XQWLO Whe fLUVW fLbeU Rf Whe bXQdOe geW LQ cRQWacW ZLWh Whe XSSeU SOaWe. HRZeYeU, WhLV SheQRPeQRQ 

LV QRW VR eaV\ WR defLQe LQ VLWX. TheUefRUe, fRU a VXch cRPSacWLRQ e[SeULPeQWV, WheUe aUe WZR 



94 

 

PeWhRdV WR defLQe a UeSeaWabOe LQLWLaO ³cRQWacW´ VWaWe fRU aOO Whe VaPSOeV: 

1) DefLQe Whe cRQWacW SRLQW b\ Whe cRPSUeVVLYe geQeUaWed fRUce. HRZeYeU, dXe WR Whe ORZ 

cRPSacWLRQ VWLffQeVV Rf Whe fLbeUV bXQdOe aQd Whe QRQ-gXaUaQWeed accXUac\ VeQVRU fRU a 

PeaVXUePeQW OeVV WhaQ 2 N aV ZeOO aV Whe VeQVRU UeVROXWLRQ (0.01 N), LW LV aOPRVW LPSRVVLbOe 

WR dLVWLQgXLVh beWZeeQ Whe cRPSUeVVLYe fRUce aW Whe LQLWLaO cRQWacW aQd Whe PeaVXUePeQW 

QRLVe Rf Whe VeQVRU. ThLV PeWhRd LV aOPRVW VXLWabOe fRU PedLa ZLWh hLgh VWLffQeVV RQO\. 

2) ChecN cRQWacW b\ XVLQg Whe WRPRgUaSh\ OLYe RbVeUYaWLRQV, aV VhRZQ LQ FLgXUe 4.5. 

WheQ Whe ORZeU SOaWe PRYeV XSZaUdV, aQd Whe hLgheVW SRLQW Rf Whe fLbeU bXQdOe cRPeV LQ 

cRQWacW ZLWh Whe XSSeU SOaWe, Whe ORZeU SOaWe dLVSOacePeQW LV fL[ed, aQd Whe cRPSacWLRQ 

cRXOd be VWaUWed. TheUe LV a WLPe deOa\ beWZeeQ RbVeUYLQg Whe 3D PRUShRORg\ Rf Whe fLbeU 

bXQdOeV WhURXgh Whe WRPRgUaSh\ ZLQdRZ aQd Whe PRYePeQW Rf Whe ORZeU SOaWe, ZhLch 

QeedV WhLV SOaWe WR be VWRSSed afWeU each XSZaUd PLcUR PRYePeQW WR RbVeUYe Whe cRQWacW 

beWZeeQ Whe fLbeUV aQd Whe XSSeU chaQQeO Rf Whe cRPSacWLRQ. EYeQ Lf LW LV WLPe cRQVXPLQg, 

WhLV WechQLTXe LV XVeabOe WR defLQe accXUaWeO\ eQRXgh Whe LQLWLaO VWaWe. 

 

FigXUe 4.5 The 3D mRUShRlRg\ Rf Whe fibeU bXQdleV WhURXgh Whe WRmRgUaSh\ ZiQdRZ. 

AfWeU VeWWLQg Whe fLbeUV bXQdOe ZLWh XVLQg Whe PeWhRd 2, Whe LQLWLaO cRQWacW fRUce LV aOPRVW 0N. 

ThLV SRVLWLRQ LV cRQVLdeUed aV Whe LQLWLaO SRVLWLRQ WhaW ZLOO be cRPSaUed ZLWh Whe SRVLWLRQ Rf Whe 

Pa[LPXP cRPSacWLRQ fRUce aW Whe eQd Rf cRPSacWLRQ e[SeULPeQWV.  

FRU Whe VaPSOe 2, afWeU VcaQQLQg Rf Whe fLbeU bXQdOe LQLWLaO geRPeWU\, Whe ORZeU SOaWe 

dLVSOacePeQW LV VWaUWed WR cRPSacW Whe fLbeU bXQdOe. afWeU each VWeS Rf dLVSOacePeQW, Whe QeZ 

aUUaQgePeQW Rf Whe bXQdOe geRPeWU\ LV VcaQQed (FLgXUe 4.6). AV PeQWLRQed befRUe, LQ RUdeU WR 

YeULf\ Whe cRQVLVWeQc\ Rf Whe PLcURVWUXcWXUe Rf Whe fLbeUV beWZeeQ Whe QXPeULcaO PRdeO aQd Whe 

cRPSacWLRQ e[SeULPeQWV, LW LV QeceVVaU\ WR UecRQVWUXcW Whe fLbeU bXQdOeV XQdeU dLffeUeQW 

cRPSacWLRQ VWeSV b\ X-Ua\ VcaQQLQg. IQ Whe e[SeULPeQW SUeVeQWed heUeafWeU, WheUe LV 15 

WRPRgUaSh\ VcaQV VWeSV, LQcOXdLQg Whe LQLWLaO geRPeWU\ (VWeS 0).  
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(a)  (b)  

 
(c) 

FigXUe 4.6 CRmSacW SaWh imSRVed b\ diVSlacemeQW. 

The FLgXUe 4.7 (a) LOOXVWUaWeV Whe UeOaWLRQVhLS beWZeeQ Whe cRPSacWLRQ fRUceV aQd Whe cRPSacWLRQ 

WLPe, ZheUe Whe UeOa[aWLRQ effecW LV PaQLfeVWed, Whe cRPSacWLRQ fRUce decUeaVeV afWeU each 

cRPSacWLRQ, dXe WR Whe facW WhaW Whe fLbeUV PRYe VOLghWO\ aZa\ fURP each RWheU aQd Ue-achLeYe 

a VWaWLc eTXLOLbULXP afWeU each cRPSacWLRQ VWeS VWRSV, OeadLQg WR fLbeU¶V UeaUUaQgePeQW. ThXV, 

chaQgeV LQ Whe fLbeUV PLcURVWUXcWXUe UeVXOW LQ Whe UeOa[aWLRQ Rf Whe cRPSacWLRQ fRUce (FLgXUe 4.7 

(a)).  

The UeOa[aWLRQ effecW LV SURSRUWLRQaO WR Whe cRPSacWLRQ fRUce, aQd defLQed b\:  

𝑅𝑠𝑡𝑒𝑝ೕ = 𝐹𝑚𝑎𝑥ೕ−𝐹𝑟𝑒𝑙𝑎𝑥ೕ𝐹𝑟𝑒𝑙𝑎𝑥ೕ × 100%                   (4.1) 

WheUe 𝐹𝑚𝑎𝑥ೕ  aQd 𝐹𝑟𝑒𝑙𝑎𝑥ೕ LV Whe Pa[LPXP fRUce aQd Whe fRUce afWeU UeOa[aWLRQ Rf cRPSacWLRQ 

VWeS M, UeVSecWLYeO\. 

BXW LQ WhLV e[SeULPeQW (e.g., FLgXUe 4.7 (b)), afWeU Whe 13Wh cRPSacWLRQ, Whe 𝑅𝑠𝑡𝑒𝑝13  LV 34.2%, 

ZhLch LV VLgQLfLcaQWO\ hLgheU WhaQ 𝑅𝑠𝑡𝑒𝑝12ሺ12.43 %ሻ. ThLV LV dXe WR Whe OaUge VOLS beWZeeQ Whe 

fLbeUV, ZheUe Whe fLbeUV PRYe WR fLOO Whe YRLdV dXULQg Whe UeOa[aWLRQ VWeS. FURP FLgXUe 4.7 (c), 

Whe fLbeUV PRYe VLgQLfLcaQWO\ afWeU cRPSacWLRQ VWeS 12. BefRUe VWeS 5, Whe UeOa[aWLRQ effecW YaULed 

LUUegXOaUO\ aQd LQVLgQLfLcaQWO\. SLQce Whe accXUac\ Rf Whe PechaQLcaO VeQVRUV Rf Whe SUeYLRXVO\ 

PeQWLRQed PLcUR-cRPSacWLRQ PachLQeV caQQRW be eVWLPaWed ZheQ Whe fRUce LV OeVV WhaQ 2 N, VR 
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LWV UeOa[aWLRQ effecW LV LgQRUed XQWLO Whe VWeS 5. 

AfWeU each cRPSacWLRQ VWeS, Whe WRPRgUaSh\ VcaQ OaVWV 60PLQ (FLgXUe 4.6 (b)), LQcOXdLQg 15 

PLQXWeV ZheUe Whe WRSRgUaSh\ PachLQe caOLbUaWeV Whe cRORU befRUe Whe VWaUW Rf Whe VcaQQLQg. 

DXULQg WhLV SUeVeWWLQg WLPe, Whe VaPSOe NeeS LPPRbLOe. HRZeYeU, WhLV SUeVeWWLQg WLPe LV XVefXO 

fRU RXU e[SeULPeQWV VLQce LW PaNeV VXUe WhaW Whe WRPRgUaSh\ LPageV aUe QRW affecWed b\ Whe 

UeOa[aWLRQ Rf Whe fLbeU bXQdOe, WhaW WaNeV SOace afWeU each cRPSacWLRQ. SR, cRQVLdeU Whe SUeVeWWLQg 

WLPe aV UeOa[aWLRQ WLPe 𝑡𝑟𝑒𝑙𝑎𝑥 = 15 𝑚𝑖𝑛; Whe VaPSOe LV X-Ua\ VcaQQed fRU 45 PLQ, WR RbWaLQ 

VaPSOe¶V WRPRgUaSh\ daWa.  

(a)  (b)  

(c)  

FigXUe 4.7 The Uela[aWiRQ VWeS iQ Whe cRmSacWiRQ e[SeUimeQW (a) Whe UelaWiRQVhiS beWZeeQ Wime aQd 

cRmSacWiRQ fRUce, (b) Whe SeUceQW Rf fRUce decUeaVe iQ Whe Uela[aWiRQ effecW fRU each cRmSacWiRQ VWeS. 

The cRPSacWLRQ cXUYeV Rf Whe fLbeU bXQdOeV, aQd Whe PLcURVWUXcWXUeV aW dLffeUeQW cRPSacWLRQ 

VWeSV aUe VhRZQ LQ FLgXUe 4.8. The cXUYeV Rf Whe UeOaWLRQVhLS beWZeeQ Whe cRPSacWLRQ fRUce F 

(N) aQd Whe cRPSacWLRQ dLVSOacePeQW U (PP) aUe UeSUeVeQWed b\ a SRZeU fXQcWLRQ. 
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FigXUe 4.8 The UelaWiRQVhiS Rf cRmSacWiRQ fRUce F (N) / cRmSacWiRQ SUeVVXUe (MSa) aQd cRmSacWiRQ 

diVSlacemeQW U (mm) / YRlXme fUacWiRQ (%), aQd Whe geRmeWU\ Rf diffeUeQW VWeS. 

 

4.4 CRQclXViRQ 

ThLV VecWLRQ deVcULbed hRZ Whe WRPRgUaSh\ VcaQQeU eQabOeV WR RbWaLQ Whe PLcURVWUXcWXUe LQ 

fXQcWLRQ Rf Whe cRPSacWLRQ VWaWe aQd hRZ Whe fLbeU VaPSOeV aUe SUeSaUed. IQ addLWLRQ, LW 

deVcULbed Whe SURceVV Rf WRPRgUaSh\ e[SeULPeQW ZLWh VaPSOe 2 aV aQ e[aPSOe aQd dLVcXVVed 

bULefO\ Whe UeVXOWV Rf Whe fLbeU bXQdOe PLcUR-cRPSacWLRQ e[SeULPeQW. The Qe[W VWeS haV WheQ WR 

SURSRVe a VWUaWeg\ WR UebXLOd Whe WeVWed PLcURVWUXcWXUe ZLWhLQ Whe VLPXOaWLRQ WRRO LQ RUdeU WR 

SeUfRUP Whe YLUWXaO cRPSacWLRQ Rf Whe VaPe VaPSOe. 
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Section 5 RecRQVWUXcWiRQ fibeU bXQdle ZiWh YiUWXal QXmeUical eVWimaWRU  

5.1 RecRQVWUXcWiRQ 

AV PeQWLRQed LQ chaSWeU RQe, Whe PaLQ dLffLcXOW\ aV UegaUdV Whe e[WUacWLRQ Rf Whe fLbeUV fRUP Whe 

VcaQV fRU RXU aSSOLcaWLRQ, LV WhaW Whe cRQWacWV ]RQeV beWZeeQ Whe fLbeUV haYe WR be YeU\ accXUaWeO\ 

deVcULbed becaXVe LW haV a fLUVW RUdeU LQfOXeQce RQ Whe cRPSacWLRQ behaYLRU. 

5.1.1 E[WUacW Whe ceQWeUliQe Rf Whe fibeU bXQdle 

The PeWhRd Rf e[WUacWLQg Whe ceQWeUOLQe Rf Whe fLbeU bXQdOe LV VhRZQ LQ FLgXUe 5.1 aQd LQcOXdeV 

SUe-SURceVVLQg Rf Whe LPage b\ FIJI VRfWZaUe aQd dLgLWaO SURceVVLQg Rf Whe LPage b\ MATLAB 

VRfWZaUe. 

 

FigXUe 5.1 FlRZ chaUW fRU e[WUacWiRQ Rf fibeU bXQdle ceQWeUliQe. 

a) X-Ua\ WRmRgUaSh\ imageV SUe-WUeaWmeQW ZiWh FIJI  

i. SeSaUaWiRQ Rf fibeUV aQd YRidV 

FLUVW, Whe VaPSOe VcaQQed SaUW haV a c\OLQdULc YROXPe Rf 7î 3.7 î 15.6 PP3. FURP Whe cLUcXOaU 

VecWLRQ Rf WhLV YROXPe, a VTXaUe ]RQe LQcOXdLQg aOO fLbeUV VecWLRQV ZaV VeOecWed (Ued ]RQe LQ 

FLgXUe 5.1). ThLV VTXaUe VecWLRQ cRQWaLQV 778 î 411 SL[eOV. FROORZLQg Whe LPageV UecRQVWUXcWLRQ 

b\ XacW VRfWZaUe, a 16-bLW gUa\VcaOe LPage ZaV Ueached. TheQ, Whe UecRQVWUXcWed LPage 

XQdeUZeQW SRVW-SURceVVLQg, WUaQVfRUPLQg Whe LPageV gUa\VcaOe WR 8-bLW fRUPaW LQ RUdeU WR UedXce 

LWV VL]e aQd facLOLWaWe Whe LPageV SRVW-WUeaWPeQW SURceVVLQg. 

The X-Ua\ CT VcaQ LPage LV UeSUeVeQWed LQ FLgXUe 5.2 (a), PaQLfeVWLQg aV aQ aggUegaWLRQ Rf 
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SL[eO SRLQWV. IW caQ be VeeQ WhaW fLbeUV aQd SRUeV aUe cRPSRVed Rf WheVe dLVWLQcW SL[eO SRLQWV, aQd 

each RQe LV chaUacWeUL]ed b\ YaU\LQg Whe gUa\VcaOe YaOXeV. SLgQLfLcaQWO\, Whe gUa\VcaOe 

dLVWULbXWLRQ aORQg Whe bRXQdaULeV Rf fLbeUV, LOOXVWUaWed LQ FLgXUe 5.2 (c), e[hLbLWV QRQXQLfRUPLW\. 

MRUeRYeU, LW LV aOVR a chaOOeQge WR dLVWLQgXLVh beWZeeQ Whe bRXQdaULeV Rf Whe YRLdV aV Whe\ aUe 

QRW cOeaUO\ dePaUcaWed. TR VROYe WhLV SURbOeP aQd achLeYe a SUecLVe VegPeQWaWLRQ Rf fLbeUV aQd 

YRLdV, a UeTXLVLWe gUa\VcaOe adMXVWPeQW LV SeUfRUPed WR SUeSaUe fRU Whe VegPeQWaWLRQ SURceVV. 

FLgXUe 5.2 (b) VhRZ Whe hLVWRgUaP ZhLch deWaLOV Whe PeaQ aQd Whe VWaQdaUd deYLaWLRQ Rf Whe 

SL[eO bULghWQeVV acURVV Whe FLgXUe 5.2 (a). SXbVeTXeQWO\, a VSecLfLc aQaO\VLV Rf Whe bULghWQeVV 

LQWeQVLW\ dLVWULbXWLRQ Rf LQdLYLdXaO fLbeU VecWLRQV LV cRQdXcWed, aV deSLcWed LQ FLgXUe 5.2 (d). 

RePaUNabO\, Whe VSecWUXP Rf LQWeQVLW\ YaOXeV ZLWhLQ fLbeU VecWLRQV caQ chaQge fURP a PLQLPXP 

Rf 0 ADU (AQaORg-WR-DLgLWaO UQLW RU Whe ³gUa\ OeYeO´) WR a Pa[LPXP Rf 65535 ADU. ThLV 

LQVLghW LQfRUPV Whe VXbVeTXeQW aSSOLcaWLRQ Rf a bULghWQeVV-cRQWUaVW adMXVWPeQW, cRQfLQLQg Whe 

LQWeUYaO WR 20711-65535 ADU, aQd effecWXaWLQg bULghWQeVV eQhaQcePeQW Rf Whe VOLce. The 

effecWXaWLQg bULghWQeVV eQhaQcePeQW ZaV deWeUPLQed b\ cRPSaULQg Whe accXUac\ Rf Whe 

MATLAB SURgUaP'V LdeQWLfLcaWLRQ Rf cLUcOeV (fLbeU cURVV VecWLRQV) fRU dLffeUeQW chRLceV Rf 

dLffeUeQW gUa\VcaOe VSecWUaO UaQgeV, VhRZQ LQ FLgXUe 5.2 (c). The UeVXOWaQW adMXVWed VOLce LV 

LOOXVWUaWed LQ FLgXUe 5.2 (e). Ne[W, Whe LPage WhaW haV beeQ adMXVWed fRU bULghWQeVV cRQWUaVW ZLOO 

be WhUeVhROded (FLgXUe 5.2 (f)). 
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(a)     
(b)        

(c)   (d)        

(e)  (f)  

FigXUe 5.2 SeSaUaWiRQ Rf fibeUV aQd YRidV accRUdiQg WR gUe\Vcale VSecWUal. (a) IQiWial Vlice Rf fibeU¶V VecWiRQ, 

(b), (d) Whe bUighWQeVV iQWeQViW\ diVWUibXWiRQ Rf Whe Vlice. (c) The VeSaUaWiRQ iQflXeQce accXUac\ Rf deWecWiRQ 

iQ MATLAB VWeS. (e), (f) DiffeUeQW WUeaWmeQW ZiWh WhUeVhRld SaUameWeU.  

ii. ElimiQaWiRQ Rf cRmSacWiRQ chaQQel/SlaWeV 

EOLPLQaWLRQ Rf bR[ bRXQdaULeV aOORZV aQ accXUaWe defLQLWLRQ Rf Whe cURVV-VecWLRQ Rf fLbeUV ZLWh 

MATLAB, aV VhRZQ LQ FLgXUe 5.3. IQ facW, Whe bRXQdaULeV Rf Whe bR[ caQ Oead WR LQaccXUacLeV 

LQ Whe defLQLWLRQ Rf Whe cLUcOeV eVSecLaOO\ fRU Whe fLbeUV LQ cRQWacW ZLWh Whe bR[. 

(a)   

(b)  (c)  

FigXUe 5.3 ElimiQaWiRQ Rf VamSle caVVeWWe (cRmSacWiRQ SlaWeV/ chaQQel). (a) RemRYe Whe cRmSacWiRQ SlaWeV. 
(b), (c) WiWh aQd elimiQaWe Whe eUURUV Rf Whe deWecWiRQ iQflXeQced b\ cRmSacWiRQ SlaWeV, UeVSecWiYel\.   
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iii. RemRYe QRiVe 

The QRLVe eOLPLQaWLRQ LV SeUfRUPed RQ Whe VOLceV, ZheUe Whe QRLVe UadLXV LV 2 SL[eOV, aQd Whe 

WhUeVhROd LV 50. SXbVeTXeQWO\, FLgXUe 5.4 LV RbWaLQed afWeU UePRYLQg QRLVe. IW caQ be VeeQ WhaW 

Whe fLbeUV cURVV-VecWLRQ aUe aOPRVW SeUfecW cLUcOeV, aQd LW caQ be fXUWheU SURceVVed b\ Whe 

MATLAB SURgUaP WR e[WUacW Whe fLbeU ceQWeU SRLQW. 

 

FigXUe 5.4 RemRYe Whe QRiVe Rf Whe Vlice. 

b) E[WUacW Whe ceQWeUliQe Rf Whe fibeU bXQdle ZiWh MATLAB 

The fLbeU bXQdOe ceQWeUOLQe LV e[WUacWed b\ deWecWLQg Whe ceQWeU Rf Whe fLbeU cURVV-VecWLRQ baVed 

RQ Whe FIJI SUeSURceVVed LPage, aQd WheQ cRQQecWLQg Whe ceQWeU SRLQWV Rf Whe VaPe fLbeU. 

i. E[WUacW Whe ceQWeU SRiQW 
The fLbeU cURVV-VecWLRQ LQ each X-Ua\ WRPRgUaSh\ VOLce caQ be aSSUR[LPaWed aV a cLUcOe, aQd Whe 

ceQWeU Rf WhLV cLUcOe caQ be a SL[eO SRLQW cRRUdLQaWe. TheUefRUe, Whe UadLXV aQd Whe ceQWeU Rf each 

cLUcOe caQ be defLQed b\ Whe "IPfLQdcLUcOeV" fXQcWLRQ LQ MATLAB. The SULQcLSOe XVed LQ WhLV 

fXQcWLRQ fRU defLQLWLRQ Rf Whe cLUcOe LV Whe ³CLUcOe HRff TUaQVfRUP (CHT)¶¶, aV VhRZQ LQ FLgXUe 

5.5 (a). Each SL[eO SRLQW LQ Whe LPage cRUUeVSRQdV WR a SROaU cRRUdLQaWe SRLQW Rf ([, \): 𝑥 = 𝑎 + 𝑅 cos 𝜃 𝑦 = 𝑏 + 𝑅 sin 𝜃 

WheUe a aQd b UeSUeVeQW Whe SROaU cRRUdLQaWeV Rf Whe cLUcOe ceQWeU ZhLOe R LV Whe UadLXV Rf Whe 

fLbeU, 𝜃 ∈ ሾ0° − 360°ሿ. The CHT fLQdV aQ edge SL[eO LQ Whe UegLRQ ZLWh Whe OaUgeVW LQWeQVLW\ 

gUadLeQW, ZhLch fRUPV a cLUcOe (FLgXUe 5.5 (a-OefW)). AfWeU eVWLPaWLQg Whe UadLXV R, Whe YaOXe Rf 𝜃 LV cRPSXWed b\ e[WUaSROaWLQg fURP 0瀽WR 360瀽LQ VWeSV Rf 1� WR SURdXce each (a, b) cRRUdLQaWe 

SRLQW. The aOgRULWhP LV SeUfRUPed fRU each SL[eO SRLQW RQ Whe LPage, UeVXOWLQg LQ Whe cLUcOeV 

UeSUeVeQWed b\ Whe dRWWed OLQeV VhRZQ LQ FLgXUe 5.5 (a-ULghW). TheLU LQWeUVecWLRQV aUe 

accXPXOaWed, aQd Whe SOace ZLWh Whe hLgheVW QXPbeU Rf LQWeUVecWLRQV LV deWeUPLQed WR be Whe 

ceQWeU Rf Whe cLUcOe (Ued SRLQW LQ FLgXUe 5.5 (a-ULghW)). 

FLgXUe 5.5(b) VhRZV Whe deWecWed cLUcOe afWeU SURMecWLQg WheP RQ Whe RULgLQaO WRPRgUaShLc LPage. 
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SXbVeTXeQWO\, Whe deWecWed cLUcOeV aQd Whe fLbeUV VecWLRQV bRXQdaULeV aUe aOPRVW e[acWO\ 

cRLQcLded. IQ addLWLRQ, b\ chaQgLQg Whe SaUaPeWeUV LQ Whe fXQcWLRQ, VXch aV Whe UadLXV UaQge, Whe 

VeQVLWLYLW\, eWc., Whe cLUcOe caQ be defLQed PRUe SUecLVeO\. 

 
(a) 

 
(b) 

FigXUe 5.5 DeWecWiRQ Rf fibeU cURVV-VecWiRQ b\ CiUcleV HRXgh TUaQVfRUm (CHT) meWhRd aQd SURjecWed RQWR 
Whe iQiWial WRmRgUaSh\ image. (a) CHT SUiQciSle. (b) DeWecWiRQ Rf Whe fibeUV VecWiRQ iQ RQe Vlice.  

ii. CRQQecW Whe ceQWeU SRiQW 

The cRRUdLQaWeV Rf Whe ceQWeU SRLQW aQd Whe UadLXV Rf each fLbeU cURVV-VecWLRQ aUe RbWaLQed b\ 

Whe CHT aOgRULWhP, bXW MATLAB caQQRW aXWRPaWLcaOO\ deWeUPLQe ZhLch cLUcOeV Rf dLffeUeQW 

VOLceV beORQg WR Whe VaPe fLbeU. TheUefRUe, Whe deWeUPLQaWLRQ PeWhRd LV VhRZQ LQ FLgXUe 5.6, fRU 

ceQWeU SRLQW 𝑪𝒊𝒋  LQ VOLce 𝒋  aQd Whe ceQWeU SRLQW 𝑪𝒊𝒋+𝟏  LQ VOLce 𝒋 + 𝟏  beORQgLQg WR Whe VaPe 

fLbeU i, Whe dLVWaQce beWZeeQ Whe SURMecWLRQ Rf 𝑪𝒊𝒋 aQd 𝑪𝒊𝒋+𝟏 VhRXOd be OeVV WhaQ Whe dLaPeWeU 

Rf fLbeU: ห𝑪𝒊𝒋+𝟏 − 𝑪𝒊𝒋ห < ∅                          (5.1) 

IQ WhLV VWXd\, Whe dLVWaQce beWZeeQ Whe WZR VOLceV ZaV 𝑑  = 9 �P, ZhLch LV eQRXgh VPaOO 

cRPSaUed WR Whe fLbeU¶V dLaPeWeU ∅ = 500 �P. The 9�P SUeVeQW Whe YR[eO dLPeQVLRQV, ZhLch 

deSeQdV RQ Whe dLVWaQce beWZeeQ Whe X-Ra\ VRXUce aQd Whe VcaQQed RbMecW. IQ addLWLRQ, WhURXgh 

FLgXUe 5.6 LW caQ be VeeQ WhaW Whe fLbeUV aUe VOLghWO\ eQWaQgOed, ZhLch PeaQV Whe cXUYaWXUe LV 

YeU\ VPaOO aQd Whe dLVWaQce beWZeeQ adMaceQW VOLceV Rf Whe VaPe fLbeU 𝐿 VaWLVfLeV Whe cRQdLWLRQ: 𝑑 ൑ 𝐿 < ඥ𝑑2 + ∅2. AQd VR RQ, cRQQecWLQg aOO ceQWeU SRLQWV Rf each fLbeU (FLgXUe 5.6). 

 
(a) 

 
(b) 

FigXUe 5.6 PUiQciSle Rf cRQQecWiQg ceQWeU SRiQWV Rf Whe Vame fibeU.  
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iii. SSliQe Whe ceQWeUliQe 

AV PeQWLRQed eaUOLeU, Whe WRPRgUaSh\ LPageV aUe cRPSRVed Rf WhRXVaQdV Rf SL[eO SRLQWV. AV 

VhRZQ LQ FLgXUe 5.7, ZheQ defLQLQg a cLUcOe, Whe SRVLWLRQ Rf Whe ceQWeU cRRUdLQaWeV LQ Whe VOLce 

caOcXOaWed XVLQg Whe CHT aOgRULWhP caQ be dLYLded LQWR WZR caVeV:  

CaVe 1, Whe ceQWeU Rf Whe cLUcOe LV QRW RQ Whe SL[eO SRLQW aQd Whe acWXaO ceQWeU SRLQW LV RffVeW WR 

Whe QeaUeVW SL[eO SRLQW ZheQ defLQLQg Whe ceQWeU Rf Whe cLUcOe; CaVe 2, Whe ceQWeU Rf Whe cLUcOe LV 

RQ Whe SL[eO SRLQW aQd QR RffVeW RccXUV. 

(a)  (b)  

FigXUe 5.7 DiVWUibXWiRQ Rf fibeU¶V ceQWeU SRiQW iQ Whe Si[el cRRUdiQaWe V\VWem. (a) The Si[el cRRUdiQaWe 

V\VWem iQ MATLAB. (b) The cRQQecW fibeU¶V ceQWeUliQe. 

TheUefRUe, ZheQ Whe ceQWeU cRRUdLQaWeV Rf fLbeUV aUe cRQQecWed, Whe fRUP Rf Whe ³fROded´ OLQe 

(e[WUacWed OLQe) LQ FLgXUe 5.7(b) aQd FLgXUe 5.8 (befRUe VPRRWh ceQWeUOLQe) LV RbWaLQed, ZhLch 

dReV QRW cRUUeVSRQd WR Whe acWXaO fLbeU PRUShRORg\ dXe WR Whe XQceUWaLQW\ Rf 1 SL[eO RQ Whe 

ceQWeU SRVLWLRQ. The RVcLOOaWLRQV aPSOLWXde deSLcWed FLgXUe 5.8 aUe, LQdeed YeULfLed WR be ORZeU 

WhaQ 1 SL[eO. A VPRRWhLQg VWeS haV WheQ WR be SeUfRUPed RQ WheP WR RbWaLQ Whe cRQVLVWeQW 

WUaMecWRU\ FLgXUe 5.8. 

 

FigXUe 5.8 The ceQWeUliQe befRUe VmRRWh aQd afWeU VmRRWh Rf Whe fibeU bXQdle. 
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c) ImSRVe Whe caVVeWWe WR ABAQUS�/CAE 

DXe WR Whe SURceVVLQg accXUac\ Rf Whe caVVeWWe (Whe VXSSRUW Rf fLbeUV bXQdOe), Whe LQQeU ZaOO Rf 

Whe caVVeWWe XVed WR cRPSUeVV Whe fLbeU bXQdOe PLghW be QRW cRPSOeWeO\ YeUWLcaO, aQd Whe 

hRUL]RQWaO a[LV Rf Whe caVVeWWe LV QRW cRPSOeWeO\ cRLQcLdeQW aQd SaUaOOeO WR Whe a[LV Rf Whe X-Ua\ 

VRXUce dXe WR hXPaQ eUURU ZheQ SOacLQg Whe caVVeWWe LQ Whe PLcUR-cRPSUeVVRU. CUeaWLQg a fOaW 

VXUface dLUecWO\ LQ ABAQUS� fRU Whe cRPSacWLRQ VLPXOaWLRQ ZRXOd UeVXOW LQ LQaccXUaWe cRQWacW 

beWZeeQ Whe fLbeUV aQd Whe caVVeWWe, OeadLQg WR eUURUV LQ Whe cRPSacWLRQ VLPXOaWLRQ. TheUefRUe, 

Whe SRVLWLRQ Rf Whe caVVeWWe (LQQeU ZaOO) / cRPSacWLRQ chaQQeO QeedV WR be LPSRUWed aV accXUaWeO\ 

aV SRVVLbOe. SLPLOaUO\, Whe ORcaWLRQ Rf Whe cRPSacWLRQ chaQQeO ZLOO be RbWaLQed fURP Whe RULgLQaO 

WRPRgUaSh\ LPage. IWV cORXd SRLQWV ZLOO be RbWaLQed b\ PaUNLQg LWV bRXQdaULeV b\ FIJI, 

LPSRUWed LQWR CATIA V5 WR aXWRPaWLcaOO\ cUeaWe SOaQeV, aQd WheQ LPSRUWed LQWR ABAQUS� 

/CAE, aV VhRZQ FLgXUe 5.9. 

 

FigXUe 5.9 IQWURdXced iQWR Whe iQQeU Zall Rf Whe caVVeWWe (Whe cRmSacWiRQ chaQQel iQ cRQWacW ZiWh Whe fibeU 
bXQdle), XViQg SamSle 2 aV aQ e[amSle: (a) Whe QXmeUical fibeU beamV, (b)maUk Whe bRXQdaU\ SRiQWV Rf Whe 

caVVeWWe¶V iQQeU Zall, (c)Whe clRXd maS Rf Whe bRXQdaU\ SRiQWV Rf (b), (d)cRQVWUXcWiRQ Whe cRmSacWiRQ 

chaQQel, (e)imSRUW Whe cRmSacWiRQ chaQQel WR ABAQUS� ZiWh fibeU bXQdle. 
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5.2 NXmeUical VWUaWeg\ 

ThLV VWXd\ deYeORSV aQd eQhaQceV aQ e[LVWLQg VLPXOaWLRQ VWUaWeg\ (deYeORSed b\ DU. HaML (HaML 

eW aO., 2023; HaML OXVVaPa, 2018). The VLPXOaWLRQ VWUaWeg\, ZhLch LV e[ecXWed LQ 

ABAQUS�/EXPLICIT, VhRZV WhaW E[SOLcLW PeWhRd caQ be XVed fRU TXaVL-VWaWLc d\QaPLcV 

VLPXOaWLRQV XQdeU PaQ\ cRQWacW cRQdLWLRQV aQd WhaW VeOecWLRQ Rf aSSURSULaWe VLPXOaWLRQ 

SaUaPeWeUV caQ RSWLPL]e Whe cRPSXWaWLRQaO WLPe. HaML haV WeVWed (L) Whe fLQLWe eOePeQW W\Se fRU 

fLbeU (HaML OXVVaPa, 2018), b\ WeVWLQg Whe cRPSacWLRQ VLPXOaWLRQ Rf WZR fLbeUV, aQd LW haV beeQ 

deWeUPLQed WhaW Whe eOePeQW B31(TLPRVheQNR beaP) LV PRUe VWabOe cRPSaUed WR Whe eOePeQW 

B32. AQd WheUe aUe QXPeURXV cRQWacW LQ Whe fLbeU bXQdOe PRdeO, Whe B31 LV PRUe effLcLeQW deaO 

ZLWh Whe cRQWacW SURbOeP; (LL) HaML haV aOVR WeVWed Whe d\QaPLc/e[SOLcLW VLPXOaWLRQ SaUaPeWeUV, 

b\ Whe caVe Rf UeaUUaQgePeQW Rf WhUee fLbeUV, XQdeU Whe cRQdLWLRQ Rf eQVXULQg Whe TXaVL-VWaWLc 

ORadLQg e[SeULPeQWV, LW haV beeQ RbWaLQed WhaW Whe PaWeULaO daPSLQg cReffLcLeQW Į = 105 aQd a 

cRPSacWLRQ ORadLQg VSeed Rf Y = 103 PP/PLQ, caQ RSWLPL]e Whe caOcXOaWLRQ WLPe aQd aYRLd Whe 

LQeUWLa effecW Rf Whe fLbeUV, aQd Whe NLQeWLc eQeUg\ ZeUe checNed.  

IQ addLWLRQ, fRU WhLV VLPXOaWLRQ, RWheU SaUaPeWeUV ZeUe chRVeQ WR be cRQVLVWeQW ZLWh Whe 

VLPXOaWLRQ VWUaWeg\ LQ DU. HaML'V WheVLV: (L) Whe WaQgeQWLaO cRQWacW ZaV PRdeOed b\ Whe CRXORPb'V 

fULcWLRQ OaZ, ZheUe Whe fULcWLRQ cReffLcLeQW ZaV XVed ZLWh aQ aYeUage YaOXe Rf ȝ = 0.2 accRUdLQg 

WR (GaVVaUa, 2016); (LL) Whe adheVLRQ cReffLcLeQW ZaV aVVXPed WR be eTXaO WR Whe cReffLcLeQW Rf 

fULcWLRQ; aQd (LLL) Whe dLaPeWeU Rf Whe beaP eOePeQWV Rf Whe VLQgOe fLbeUV ZaV Whe VaPe (0.5PP) 

aQd cRQVWaQW. 

FRU Whe VeOecWLRQ Rf Whe VL]e Rf Whe PeVh eOePeQWV Rf Whe fLbeUV aQd Whe cRPSacWLRQ chaQQeOV 

(VaPSOe caVVeWWeV), Whe cRUUecWLRQ Rf LQLWLaO SeQeWUaWLRQ beWZeeQ Whe fLbeU bXQdOeV ZaV VeW LQ Qe[W 

SaUW. 

5.2.1 ElemeQWV¶ Vi]e 

IQ fLbeU bXQdOe cRPSacWLRQ VLPXOaWLRQV, Whe PeVh VL]e Rf beaP eOePeQWV aQd fOaW SOaWeV caQ 

LQfOXeQce Whe VLPXOaWLRQ UeVXOWV. EOePeQWV WhaW aUe WRR OaUge Oead WR LQaccXUaWe VLPXOaWLRQ UeVXOWV, 

aQd eOePeQWV WhaW aUe WRR VPaOO Oead WR ORQg caOcXOaWLRQ WLPeV. The beVW Za\ LV WR WeVW PeVh 

VeQVLWLYLW\.  

WheQ Whe PeVh VL]e LV VPaOO eQRXgh, Whe accXUac\ Rf Whe caOcXOaWLRQ dReV QRW chaQge 

VLgQLfLcaQWO\ aV Whe PeVh cRQWLQXeV WR decUeaVe. TheUefRUe, Whe YaOXe LV VeW heUe aV Whe WhUeVhROd 

YaOXe Lb. FLgXUe 5.10 VhRZV WhLV WeVW caVe fRU chRRVLQg Whe VXLWabOe eOePeQW VL]e, ZhLch LV a 
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cRPSacWLRQ WeVW RQ aQ aQaO\WLcaO ULgLd SOaWe ZLWh WhUee WRWaO SaUaOOeO aQd VWUaLghW fLbeUV, XVLQg 

B31 eOePeQWV. ThLV caVe LV VXLWabOe VLQce Whe ORcaO cXUYaWXUe Rf Whe fLbeUV LQ Whe WaUgeWed 

PRdeOLQg LV ORZ aQd cRQVeTXeQWO\ dReV QRW chaOOeQge WhaW PXch Whe QXPbeU Rf eOePeQWV. The 

PeVh VeQVLWLYLW\ Rf Whe PRdeO LV WeVWed WR RbWaLQ Whe WhUeVhROd YaOXe Rf PeVh VL]e Lb, ZLWh Whe 

chaQge Rf PeVh VL]e Whe VLPXOaWLRQ UeVXOWV aUe aOPRVW XQchaQged, VR Whe VLPXOaWLRQ ZLWh WhLV 

PeVh VL]e Lb ZLOO geW accXUaWe Whe VLPXOaWLRQ UeVXOWV aQd VhRUWeQ Whe caOcXOaWLRQ WLPe. 

 
(a) 

 
(b) 

FigXUe 5.10 MeVh VeQViWiYiW\ WeVW caVe. (a) cRmSacWiRQ Rf 3 SaUallel VWUaighW fibeU, (b) Whe UeVXlWV Rf WeVW 
meVh VeQViWiYiW\ Rf beam 

FRU WhLV SUeOLPLQaU\ WeVWLQg Whe SOaWeV Rf FLgXUe 5.10 aUe defLQed aV aQaO\WLcaO ULgLd bRd\, bXW 

WhLV chRLce PXVW be TXeVWLRQed fRU Whe fXWXUe VLPXOaWLRQ. IQdeed, Whe dLffeUeQce beWZeeQ 

aQaO\WLcaO ULgLd aQd dLVcUeWe ULgLd LV Whe fROORZLQg:（L）AQaO\WLcaO ULgLd LV defLQed b\ Whe aQaO\WLc 

fRUPXOa, ZhLch RQO\ eQabOeV geRPeWULeV e[SOLcLWO\ deVcULbed b\ aQ eTXaWLRQ. DLVcUeWe ULgLd LV 

cRQWUROOed b\ Whe PeVh QRde, ZhLch deaO ZLWh aQ\ VhaSe RU deVcULSWLRQ Rf Whe geRPeWU\. (LL) Whe 

cRPSXWaWLRQaO cRVW Rf aQaO\WLcaO ULgLd LV VPaOOeU WhaQ dLVcUeWe ULgLd. (LLL) Whe dLVcUeWe ULgLd VhRXOd 

be PeVh befRUe caOcXOaWLRQ (³ABAQUS DRcXPeQWaWLRQ (6.5-1),´ Q.d.), aV a cRQVeTXeQce, Whe 

RbWaLQed VROLd LV dLVcUeWL]ed. IQ Whe UecRQVWUXcWLRQ Rf Whe fLbeU bXQdOe PRdeO, Whe VaPSOe caVVeWWe 

aV PeQWLRQed abRYe LV QRW a SeUfecWO\ fOaW SOaQe, aQd LQ RUdeU WR RbWaLQ aQ accXUaWe SOaQe, CATIA 

V5� ZaV XVed WR LPSRUW Whe VaPSOe LQQeU SOaQe LQWR ABAQUS�. SXch a SOaQe caQ RQO\ be 

deVcULbed b\ a dLVcUeWe ULgLd SaUW. If RQO\ ULgLd VXUface cRQWacW LV SURYLded fRU cRQWacW aQaO\VLV, 

aQaO\WLc ULgLd bRd\ caQ be cRQVLdeUed, ZhLch caQ effecWLYeO\ UedXce caOcXOaWLRQ WLPe. SR, Whe 

aQaO\WLcaO ULgLd ZLOO be XVed heUe aV a UefeUeQce fRU Whe beaP PeVh VL]e VWXd\ LQ RUdeU WR VaYe 

caOcXOaWLRQ WLPe aQd eQhaQce Whe accXUac\ (QR dLVcUeWL]aWLRQ).  

The UeacWLRQ fRUce Rf Whe SOaQe LV VhRZQ LQ FLgXUe 5.11 (a), ZheQ Whe eOePeQW VL]e Rf Whe fLbeUV 

LV 𝐿𝑏=0.3 PP (a VLQgOe beaP cRQWaLQV 50 eOePeQWV), Whe UeacWLRQ fRUce VWabLOL]eV aQd UeacheV a 

cULWLcaO YaOXe fRU Whe PeVh VeQVLWLYLW\. SLQce, Whe dLVcUeWe ULgLd VROLd ZLOO haYe WR cRQVLdeUed fRU 
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Whe UeaO cRPSacWLRQ caVe, Whe PeVh VeQVLWLYLW\ Rf Whe dLVcUeWe ULgLd LV WeVWed ZLWh a beaP ZLWh a 

PeVh VL]e Rf 0.3PP aQd Whe VaPe caVe. The UeacWLRQ fRUce UeVXOWV aUe baVLcaOO\ Whe VaPe aV Whe 

UefeUeQce ZLWh aQaO\WLcaO ULgLd SaUW (FLgXUe 5.11 (a)) ZheQ Whe PeVh VL]e Rf Whe dLVcUeWe ULgLd 

SaUW LV 0.2PP. 

ThaQNV WR WhLV VeQVLWLYLW\ aQaO\VLV Whe gRRd UaQge Whe fRU Whe PeVh VL]eV LV defLQed aQd ZLOO WheQ 

be XVed fRU Whe caOcXOaWLRQV. 

(a)  (b)  

FigXUe 5.11 The UeacWiRQ fRUce iQ meVh VeQViWiYiW\ WeVW caVe. (a) Whe UecWiRQ fRUce Rf WeVW meVh VeQViWiYiW\ Rf 

beam, (b) Whe UeacWiRQ fRUce Rf WeVW meVh VeQViWiYiW\ Rf diVcUeWe Uigid SaUW. 

5.2.2 YRXQg¶V mRdXlXV Rf fibeUV 

IQ RUdeU WR YeULf\ Whe UeOLabLOLW\ Rf Whe YRXQg'V PRdXOXV Rf VLQgOe PE fLbeU, WeQVLOe e[SeULPeQWV 

ZeUe SURceVVed. 

a) SamSleV maWeUial 

The cRQVLdeUed PRO\eVWeU fLbeUV (PRLVVRQ'V UaWLR = 0.25 (HaML OXVVaPa, 2018)) fRU Whe YaOLdaWLRQ 

e[SeULPeQWV haYe a dLaPeWeU Rf 500 �P aQd a deQVLW\ Rf 1.38î10-09 T/PP3. IQ RUdeU WR 

LPSOePeQW Whe aV accXUaWe aV SRVVLbOe PechaQLcaO behaYLRU fRU Whe fLbeUV, PechaQLcaO WeVWV haYe 

beeQ cRQdXcWed. 

b) TeQVile WeVW Rf ViQgle PE fibeU 

The c\cOLc ORadLQg PeWhRd ZaV XVed WR RbWaLQ Whe eOaVWLc aQd SOaVWLc defRUPaWLRQ Rf SRO\eVWeU 

fLbeUV XQdeU WeQVLOe WeVWLQg. The WeVWed VaPSOe ZaV bRXQded LQ WZR fL[WXUeV RU MaZV aV VhRZQ LQ 

FLgXUe 5.12 (a). MaQ\ PaUNV ZeUe SOaced RQ Whe fLbeUV LQ RUdeU WR PeaVXUe Whe UeaO PaWeULaO 
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VWUaLQV, LW eQabOeV aOVR WR YeULf\ Whe VWUaLQ hRPRgeQeLW\ aQd WR YeULf\ Whe bRXQdaU\ cRQdLWLRQV 

XVLQg Whe cRPSaULVRQ ZLWh Whe deYLce dLVSOacePeQW. E[SeULPeQWaO VWUaLQV aUe cRQVeTXeQWO\ 

RbWaLQed PeaVXULQg Whe dLVSOacePeQW Rf Whe PaUNeU SRLQWV dXULQg Whe WeQVLOe WeVW ZLWh a caPeUa. 

A SUe-chaUge fRUce ZaV Rf 2 N ZaV aSSOLed RQ Whe fLbeU ORaded fRU 8 c\cOeV, aQd LQcUeaVed b\ 5 

N fRU each WLPe Whe fRUce ZaV ORaded. The WeQVLOe dLVSOacePeQW VSeed ZaV fL[ed aW TeQVLOe =10 

PP/PLQ. FLYe WeVWV ZeUe dRQe WR eQVXUe Whe accXUac\ Rf WeQVLOe e[SeULPeQWV, Whe UeVXOWV aUe 

VhRZQ LQ FLgXUe 5.12(b, c), LQ ZhLch HeQcN\ VWUaLQ LV defLQed b\: 𝐻𝑒𝑐𝑘𝑦 𝑠𝑡𝑟𝑎𝑖𝑛 = ln ൬1 + ∆𝐿𝐿0 ൰ 

ZheUe ¨L LV Whe dLVSOacePeQW Rf Whe WeQVLOe PachLQe XSSeU fL[WXUe, L0 LV Whe LQLWLaO OeQgWh Rf 

fLbeU beWZeeQ fL[WXUeV. IQ Whe fLUVW WhUee c\cOLc ORadLQg e[SeULPeQWV (FLgXUe 5.12 (d)), Whe fLbeUV 

XQdeUgR eOaVWLc defRUPaWLRQ, aQd Whe VORSe Rf Whe cXUYe UeSUeVeQWV Whe YRXQg'V PRdXOXV Rf Whe 

SRO\eVWeU fLbeU. IQ addLWLRQ, Whe UeOaWLRQVhLS beWZeeQ HeQcN\ VWUaLQ aQd VWUeVV RbWaLQed b\ FIJI 

fURP dLVSOacePeQWV Rf PaUNeUV Rf fLOaPeQWV LV LQ geQeUaO agUeePeQW ZLWh Whe e[SeULPeQW daWa. 

ThLV agUeePeQW LQdLcaWeV WhaW WheUe LV QR VOLS Rf fLbeUV LQVLde Whe fL[WXUeV dXULQg WeQVLOe WeVWLQg. 

The dLffeUeQW VWUaLQV PeaVXUePeQWV RQ Whe dLffeUeQW PaUNeU cRXSOeV dLdQ¶W e[hLbLW aQ\ 

VLgQLfLcaQW dLffeUeQce (OeVV WhaQ 2%) Whe hRPRgeQeLW\ Rf Whe VWUaLQ caQ WheQ be cRQfLUPed. The 

UeVXOWed aYeUage YRXQg'V PRdXOXV LV 6±0.2 GSa, aQd Whe aYeUage YaOXe Rf WhLV SaUaPeWeU ZLOO 

be XVed LQ Whe VLPXOaWLRQ: 𝐸𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑠𝑡𝑟𝑎𝑖𝑛𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑠𝑡𝑟𝑒𝑠𝑠 = 6 𝐺𝑝𝑎 
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(a)  (b)   

  
(c) 

 
 (d) 

FigXUe 5.12 C\cled WeQVile WeVW Rf SRl\eVWeU fibeU. (a, b) WeQVile machiQe aQd SUiQciSle, (c) 5 c\cled WeQVile 

WeVW, (d) Whe fiUVW WhUee c\cleV Rf Whe 5 WeVWV. 

TheVe c\cOed WeVWV eQabOed WheQ WR RbWaLQ eOaVWRSOaVWLc PechaQLcaO behaYLRU WhaW haV WR be 

LPSOePeQWed LQ Whe VLPXOaWLRQ, LW aOVR eQabOeV WR deWeUPLQe Whe Pa[LPXP HeQcN\ VWUaLQ fRU 

ZhLch Whe fLbeU LV cRQVLVWeQWO\ aVVXPed WR be eOaVWLc. HRZeYeU, VLQce LW PLghW be XVefXO fRU 

fXWXUe VLPXOaWLRQV WR chaUacWeUL]e Whe WeQVLOe VWUeQgWh, a PRQRWRQRXV WeQVLOe WeVW XQWLO Whe 

bUeaNage Rf Whe fLbeU ZaV SeUfRUPed. UVLQg Whe WeQVLOe MaZV Rf FLgXUe 5.12 (a), Whe bUeaNage Rf 

Whe fLbeU ZaV ORcaWed ZLWhLQ Whe MaZV ZhLch RbYLRXVO\ dReVQ¶W Oead WR a cRQVLVWeQW YaOXe Rf Whe 

fLbeU VWUeQgWh. A caSVWaQ eTXLSPeQW ZaV cRQVeTXeQWO\ WULed. The ORadLQg VSeed 𝑉𝑡𝑒𝑛𝑠𝑖𝑙𝑒  = 10 

PP/PLQ aQd Whe UeVXOWV aUe VhRZQ LQ FLgXUe 5.13. The Pa[LPXP HeQcN\ VWUaLQ Ueached 22.5% 

WR 30%. 

HRZeYeU, a VOLdLQg ZaV QRWLced ZLWhLQ Whe caSVWaQ aQd Whe bUeaNage cRXOd QRW be RbWaLQed LQ 

Whe ceQWUaO SaUW Rf Whe fLbeU fRU QRQe Rf Whe WhUee WeVWV. SLQce WheUe LV QR ULVN Rf UeachLQg Whe 

bUeaNage dXULQg Whe cRPSacWLRQ ORadLQg, QR fXUWheU LQYeVWLgaWLRQ ZaV Pade, bXW, LQ Whe fXWXUe, 

LW PLghW be LQWeUeVWLQg WR LPSURYe Whe bRXQdaU\ cRQdLWLRQV aQd UeSeaW a hLgheU QXPbeU Rf WeVWV 

LQ RUdeU WR RbWaLQ Whe WeQVLOe VWUeQgWh.    
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(a) 

 
(b) 

FigXUe 5.13 NR c\cled WeQVile WeVW Rf SRl\eVWeU ViQgle filameQW. (a) Whe eTXiSmeQW, (b) Whe e[SeUimeQW 
UeVXlWV.  

A YLUWXaO WeQVLOe WeVW haV WheQ beeQ SeUfRUPed LQ AbaTXV XVLQg Whe PeVh SaUaPeWeUV defLQed 

SUeYLRXVO\ VR haV WR YaOLdaWe Whe LPSOePeQWaWLRQ. The VLPXOaWLRQ UeVXOWV ZeUe aV e[SecWed cORVe 

WR Whe e[SeULPeQWaO RQeV. 

5.2.3 IQiWial SeQeWUaWiRQ aQd cRQWacW cRQWURl 

a) IQiWial SeQeWUaWiRQ 

AV PeQWLRQed abRYe, Whe UecRQVWUXcWLRQ Rf Whe geRPeWULc PRdeO Rf Whe fLbeU bXQdOe LV baVed RQ 

deWecWLQg Whe ceQWeU SRLQW Rf Whe fLbeU VecWLRQ. The fLbeU cURVV-VecWLRQ cRQVLVWV Rf aSSUR[LPaWeO\ 

2420 SL[eO SRLQWV. WheUeaV Whe acWXaO ceQWeU SRLQW Rf Whe fLbeU Pa\ QRW be RQ Whe SL[eO SRLQWV 

(aV VhRZQ LQ FLgXUe 5.15) UeVXOWLQg LQ Whe RffVeW (aSSUR[LPaWeO\ 1SL[eO) Rf Whe SRVLWLRQ Rf Whe 

deWecWed cLUcOe. IQ addLWLRQ, Whe UeaO fLbeU¶V VecWLRQ LV QRW VWULcWO\ a UegXOaU cLUcOe, bXW LW ZLOO be 

deWecWed aV a cLUcOe ZLWh dLffeUeQW UadLXV (𝑟ெ𝐴𝑇𝐿𝐴𝐵) LQ MATLAB (CHT cLUcOe deWecW SURgUaP). 

The RffVeW Rf Whe deWecWed cLUcOe aQd Whe UadLXV (𝑟𝐴𝐵𝐴ொ𝑈𝑆® ) Rf Whe LQdLYLdXaO fLbeUV UePaLQV 

cRQVWaQW ZheQ LPSRUWLQg Whe fLbeU bXQdOe QXPeULcaO geRPeWU\ LQWR ABAQUS�, ZLOO UeVXOW LQ 

VOLghW LQLWLaO SeQeWUaWLRQ beWZeeQ Whe fLbeUV. IQ addLWLRQ, Whe dLaPeWeU Rf Whe VaPe fLbeU LV chRVeQ 

WR be cRQVWaQW LQ Whe ABAQUS� PRdeO, VR WhaW Whe cRQWacW SRLQWV beWZeeQ fLbeUV dLffeUV fURP 

Whe acWXaO ceQWeUOLQe.  

The UadLXV aQd PLdOLQe SRLQW cRRUdLQaWeV Rf Whe fLbeUV aUe e[WUacWed ZheQ Whe fLbeU cURVV VecWLRQ 

LV LdeQWLfLed WhURXgh MATLAB, WheUefRUe Whe deWecWLRQ Rf Whe cLUcOeV XVLQg MATLAB haV beeQ 

aQaO\]ed. SLQce Whe "Imfindcircles" fXQcWLRQ (CHT cLUcOeV deWecW) LQ Whe MATLAB SURgUaP haV 
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eUURUV LQ Whe LdeQWLfLcaWLRQ, Whe LdeQWLfLcaWLRQ Rf Whe fLbeU UadLXV aQd Whe eUURUV LQ Whe RULgLQaO 

LPage aUe dLVcXVVed heUe. IQ FLgXUe 5.14, Whe dLaPeWeUV Rf Whe fLbeU cURVV VecWLRQV LQ Whe 

WRPRgUaShLc LPageV ZeUe PaQXaOO\ deWecWed ZLWh a PeaQ YaOXe Rf 0.483 PP, aV ZeOO aV Whe 

dLaPeWeUV Rf Whe fLbeU cURVV VecWLRQV deWecWed b\ MATLAB ZeUe VWaWLVWLcaOO\ cRXQWed ZLWh a 

PeaQ YaOXe Rf 0.49 PP. AV PeQWLRQed befRUe, SaUW Rf Whe eUURU LQ Whe VLPXOaWLRQ VWUaWeg\ cRPeV 

fURP Whe deWecWLRQ Rf Whe fLbeU cURVV VecWLRQ aQd Whe VeWWLQg Rf Whe dLaPeWeU Rf Whe fLbeUV LQ Whe 

PRdeO. HRZeYeU, WhLV eUURU VWLOO UeaVRQabOe VLQce LW UeSUeVeQWV 2% Rf Whe PeaVXUed dLaPeWeU. 

 

FigXUe 5.14 MeaVXUemeQW Rf fibeU diameWeU b\ FIJI (maQXall\ RSeUaWed) aQd MATLAB (aXWRmaWicall\) 

ThLV SURbOeP Rf VSXULRXV YRLdV RU LQWeUSeQeWUaWLRQ LV cOaVVLcaOO\ eQcRXQWeUed ZhLOe PRdeOLQg 

aQd LPSRUWLQg PXOWL-VROLdV VWUXcWXUeV LQ fLQLWe eOePeQW cRdeV.  

 

FigXUe 5.15 PeQeWUaWiRQ SUiQciSle beWZeeQ fibeUV iQ ABAQUS�. 

IQ RUdeU WR VWXd\ Whe beVW Za\ WR deaO ZLWh WhLV LVVXe, 5 cXUYed beaPV ZeUe VLPXOaWed ZLWh LQLWLaO 

SeQeWUaWLRQ XQdeU gUaYLW\ ORadLQg. TheVe 5 beaPV ZeUe UecRQVWUXcWed b\ UeaO WRPRgUaSh\ VOLceV 

(PLcUR-cRPSacWLRQ e[SeULPeQW 1), aQd Whe UaQdRP 4 fLbeUV Rf fLbeU bXQdOe ZeUe VeOecWed aQd 

UeaUUaQged WR haYe LQLWLaO SeQeWUaWLRQ beWZeeQ Whe fLbeUV, aQd aOVR beWZeeQ Whe fLbeUV aQd Whe 
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SOaWe (FLgXUe 5.16). TZR PeWhRdV caQ LQLWLaOO\ be cRQVLdeUed WR aYRLd Whe LQLWLaO SeQeWUaWLRQ LQ 

Whe fLUVW VWeS Rf Whe caOcXOaWLRQ: 

 
(a) (b)  

FigXUe 5.16 IQiWial SeQeWUaWiRQ WeVW caVe, (a) ceQWeUliQe, (b) QXmeUical geRmeWU\. 

(i) The ABAQUS� aXWR-cRUUecWiRQ b\ mRYiQg QRdeV (defaXlW): 

AbaTXV�/E[SOLcLW aXWRPaWLcaOO\ adMXVWV Whe SRVLWLRQV Rf VXUfaceV WR UePRYe Whe VPaOO LQLWLaO 

RYeUcORVXUeV WhaW e[LVW LQ Whe geQeUaO cRQWacW dRPaLQ LQ Whe fLUVW VWeS Rf a VLPXOaWLRQ. IQLWLaO 

RYeUcORVXUeV WhaW aUe QRW UeVROYed b\ UeSRVLWLRQLQg QRdeV aUe VWRUed aV LQLWLaO cRQWacW RffVeWV WR 

aYRLd OaUge cRQWacW fRUceV aW Whe begLQQLQg Rf aQ aQaO\VLV (³ABAQUS DRcXPeQWaWLRQ (6.5-1),´ 

Q.d.). SR, Whe QRdeV ZLOO RffVeW WR aYRLd Whe LQLWLaO SeQeWUaWLRQ, aV VhRZQ LQ FLgXUe 5.17(a-d). 

AfWeU Whe fLUVW caOcXOaWLRQ, Whe QRdeV Rf Whe beaP RffVeW, aQd Whe VPRRWh ceQWeUOLQe becRPeV 

ORcaOO\ hLghO\ cXUYed (FLgXUe 5.17(a)), ZhLch LV XQUeaOLVWLc, OeadV WR hLgh ORcaO VWUaLQV aQd ZLOO 

affecW Whe fLbeU PLcURVWUXcWXUe (FLgXUe 5.17(c)).  

(ii)  The cRQWacW cRQWURl (maQXal): 

TR VROYe Whe LQLWLaO SeQeWUaWLRQ SURbOeP (FLgXUe 5.16), cRQWacW cRQWURO LV PaQXaOO\ SURSRVed LQ 

Whe ³.inp´ fLOe fRU Whe cRQWacW SaLUV beWZeeQ fLbeUV. The VeSaUaWLRQ Rf Whe LQLWLaO SeQeWUaWLRQ afWeU 

fLUVW caOcXOaWLRQ b\ ABAQUS瀻 VhRZQ LQ FLgXUe 5.17 (e), aQd Whe PRUShRgUaSh\ Rf fLbeUV afWeU 

gUaYLW\ caOcXOaWLRQ VhRZQ LQ FLgXUe 5.17(e). The cRQWacW cRQWURO Rf WhLV VWUaWeg\ ZeUe PaQXaOO\ 

SURSRVed LQ Whe ³.inp´ fLOe fRU Whe cRQWacW SaLUV, fRU e[aPSOe, Whe fLbeU I aQd fLbeU aUe LQLWLaO 

SeQeWUaWLRQ LQ Whe LQLWLaO geRPeWU\ PRdeO, Whe LQLWLaO SeQeWUaWLRQ cRQWacW cRQWURO ZeUe SeUfRUPed 

LQ ³.inp´ fLOe: 

³Beam i, Beam j, STORE OFFSETS´, 

WLWh WhLV ³AUTOMATIC OVERCLOSURE´ cRQWURO, LQcOXde WhLV SaUaPeWeU WR VWRUe RffVeWV 

LQVWead Rf adMXVWLQg QRdeV dXULQg LQLWLaO RYeUcORVXUe UeVROXWLRQ beWZeeQ VXUface SaLUV LQ Whe 

geQeUaO cRQWacW dRPaLQ(³ABAQUS DRcXPeQWaWLRQ (6.5-1),´ Q.d.). 
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(a) CeQWeUliQe afWeU fiUVW calcXlaWiRQ ZiWh ABAQUS® 

 

(b) 

 

(c) ceQWeUliQe afWeU gUaYiW\ calcXlaWiRQ ZiWh ABAQUS® 

 

(d) 

 

(e) ceQWeUliQe afWeU fiUVW calcXlaWiRQ ZiWh ABAQUS® 

 

(f) 

 

(g) ceQWeUliQe afWeU gUaYiW\ calcXlaWiRQ ZiWh ABAQUS® 

 

(h) 

FigXUe 5.17 IQiWial SeQeWUaWiRQ WeVW caVe. (a, b) afWeU fiUVW calcXlaWiRQ, (c, d) afWeU gUaYiW\ calcXlaWiRQ ZiWh 
ABAQUS aXWR-cRUUecWiRQ; (e, f) afWeU fiUVW calcXlaWiRQ, (g, h) afWeU gUaYiW\ calcXlaWiRQ ZiWh ABAQUS 

cRQWacW cRQWURl. 

IQ RUdeU WR aQaO\VeV Whe UeVXOWV Rf each VLPXOaWLRQ fURP Whe eQeUg\ SRLQW Rf YLeZ, Whe FLgXUe 
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5.18 (b) SUeVeQWV Whe YaULaWLRQ Rf Whe WhUee eQeUgLeV Rf Whe LQLWLaO SeQeWUaWLRQ PRdeO: cRQWacW 

eQeUg\ (SeQaOW\ eQeUg\ (Pe)), NLQeWLc eQeUg\ (Ke), aQd VWUaLQ eQeUg\ (Se). The Pe deQRWeV Whe 

cRQWacW eQeUg\, ZhLch LV Whe cRQWacW SeQaOW\ ZRUN, Ke LQdLcaWeV Whe fLbeU UeaUUaQgePeQW, aQd Se 

LQdLcaWeV Whe defRUPaWLRQ Rf Whe fLbeUV, ZhLch LV aOVR Whe eQeUg\ Rf Whe fLbeU beQdLQg LQ WhLV caVe. 

AV VhRZQ LQ FLgXUe 5.18, LQ PeWhRd (L) (PeWhRd Rf aXWR-cRUUecWLRQ), Whe defRUPaWLRQ eQeUg\ Se 

LV gUeaWeU WhaQ Whe Ke aW Whe LQLWLaO VWage Rf Whe VLPXOaWLRQ, ZhLch LV cRQVLVWeQW ZLWh Whe 

PRYePeQW Rf Whe fLbeU QRdeV VhRZQ LQ FLgXUe 5.17 (a). BefRUe Whe caOcXOaWLRQ WLPe Rf 60 V, Whe 

YaOXeV Rf Se aQd Ke aUe baVLcaOO\ Whe VaPe, aQd Whe fLbeUV aUe XQdeUgRLQg defRUPaWLRQ aV Whe\ 

PRYe VLgQLfLcaQWO\ XQdeU gUaYLW\. FLQaOO\, Whe fLbeUV PaLQWaLQ a OaUge defRUPaWLRQ. IQ Whe PeWhRd 

(LL), Whe NLQeWLc eQeUg\ LV PXch ORZeU bXW aOZa\V OaUgeU WhaQ Whe defRUPaWLRQ eQeUg\. The fLbeU 

XQdeUgReV VPaOO VWUaLQV aW Whe VaPe WLPe aV Whe gUaYLW\ caOcXOaWLRQ, aQd WhLV defRUPaWLRQ LV 

eQWLUeO\ dXe WR gUaYLW\. The hLgheVW VWUaLQ eQeUg\ YaOXe Rf PeWhRd (L) LV 103 WLPeV hLgheU WhaQ 

WhaW Rf PeWhRd (LL), aQd fURP Whe eQeUg\ SeUVSecWLYe, ³cRQWacW cRQWURO´ aYRLdV Whe RYeU-

defRUPaWLRQ Rf fLbeUV LQ caVe Rf QR aSSOLed fRUce. AQd Whe dLffeUeQce LQ cRQWacW eQeUg\ beWZeeQ 

Whe WZR PeWhRd LV QRW VLgQLfLcaQW. IQ addLWLRQ, Whe fLbeUV VSXULRXV PRYePeQWV aUe VLgQLfLcaQWO\ 

UedXced a VhRZ Whe PXch ORZeU KLQeWLc eQeUg\. 

 
(a) 

 
(b)  

(c)  

FigXUe 5.18 The cRQWacW, kiQeWic aQd VWUaiQ eQeUg\ iQ Whe iQiWial SeQeWUaWiRQ caVe ZiWh (a) ABAQUS� aXWR-
cRUUecWiRQ, (b) maQXall\ cRQWacW cRQWURl. (c) PeQalW\ eQeUg\ Rf WhiV WZR-meWhRd SeQeWUaWiRQ cRUUecWiRQ. 
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ThaQNV WR WhLV aQaO\VLV Whe PaQXaO cRQWacW cRQWURO PeWhRd LV chRVeQ aQd haV WR XVed LQ Whe Qe[W 

VWeSV. 

b) AYRid Whe Velf-cRQWacW 

B\ defaXOW, fRU caOcXOaWLRQV, VeOf-cRQWacW RccXUV beWZeeQ Whe fLbeUV, ZhLch PeaQV Whe fLbeUV 

SeQeWUaWe each RWheU XS WR Whe ceQWeUOLQe Rf Whe fLbeUV, LQ addLWLRQ, Whe cRPSacWLRQ SOaWe ZeUe 

SeQeWUaWed ZLWh fLbeUV fLUVWO\ dXULQg cRPSacWLRQ SURceVV, aV VhRZQ LQ FLgXUe 5.19 (a). TR VROYe 

WhLV SURbOeP, Whe ³.inp´ fLOe LV PRdLfLed PaQXaOO\: 

³Contact controls assignment, contact thickness reduction=self´, 

ThLV PaQXaOO\ cRQWURO cRXOd OLPLW aXWRPaWLc cRQWacW WhLcNQeVV UedXcWLRQV WR RQO\ UegLRQV Rf 

SRWeQWLaO VeOf-cRQWacW aQd Whe SeULPeWeUV Rf VheOO VXUfaceV (³ABAQUS DRcXPeQWaWLRQ (6.5-1),´ 

Q.d.). The VeOf-cRQWacW beWZeeQ fLbeUV, fLbeUV aQd SOaWeV ZeUe eOLPLQaWed, VhRZQ LQ  FLgXUe 5.19 

(b). 

(a)  

(b)  

FigXUe 5.19 The cRQWacW cRQWURl Rf aYRid Velf-cRQWacW beWZeeQ fibeUV, fibeUV aQd cRmSacWiRQ SlaWeV. 
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5.3 CRQclXViRQ  

ThLV VecWLRQ SUeVeQWed Whe QXPeULcaO PRdeO UecRQVWUXcWLRQ SURceVV Rf Whe fLbeU bXQdOe. IW 

LQcOXdeV (L) Whe SRVW-WUeaWPeQW SURcedXUe Rf Whe WRPRgUaSh\ LPage (L.e. e[WUacWLRQ Rf Whe fLbeU 

ceQWeUOLQe, VPRRWhLQg, eWc.), Whe Za\ Rf LPSRUWLQg Whe fLbeU bXQdOe cRPSacWLRQ chaQQeO; aQd (LL) 

Whe VWUaWeg\ fRU Whe QXPeULcaO PRdeOLQg: VeOecWLRQ Rf Whe eOePeQW VL]eV, PechaQLcaO behaYLRU Rf 

Whe fLbeU, aQd VROYLQg Whe SURbOeP Rf Whe SeQeWUaWLRQ beWZeeQ fLbeUV. IQ VecWLRQ 6 afWeU deaOLQg 

ZLWh Whe UePaLQLQg XQceUWaLQWLeV Rf Whe UecRQVWUXcWed PRdeO, LQ RUdeU WR geW a aV cRQVLVWeQW aV 

SRVVLbOe LQLWLaO geRPeWU\, LQdLcaWRUV Rf Whe PLcURVWUXcWXUe aUe SURSRVed aQd cRded. ThLV VWeS LV 

Rf a PaLQ LPSRUWaQce WR chaUacWeUL]e aQd XQdeUVWaQd Whe eYROXWLRQ ZLWh Whe cRPSacWLRQ bXW aOVR 

LQ RUdeU WR defLQe SaUaPeWeUV WhaW PLghW be cRQVLdeUed LQ Whe PechaQLcaO behaYLRU Rf a fLbeU 

bXQdOe. 

  



117 

 

Section 6 AQal\ViV WRRlV cUeaWiRQ 

6.1 SRXUceV eUURUV Rf VimXlaWiRQ 

FRU Whe UecRQVWUXcWed PRdeO Rf Whe QXPeULcaO fLbeU bXQdOeV, VPaOO eUURUV Pa\ UePaLQ RQ Whe 

SRVLWLRQV Rf Whe UecRQVWUXcWed e[SeULPeQWaO fLbeU bXQdOeV ZhLch aUe aQaO\]ed fURP Whe 

e[SeULPeQWaO aQd PRdeOLQg SRLQWV Rf YLeZ LQ WhLV VLPXOaWLRQ VWUaWeg\. HeUe SaPSOe 2 LV XVed WR 

LQYeVWLgaWe Whe eUURUV. 

EUURU fURm cRmSaUiVRQ Rf Whe fibeU SRViWiRQ Rf VimXlaWiRQ aQd e[SeUimeQW: 
The SRVLWLRQ eUURU Rf Whe fLbeU ceQWeUOLQe afWeU LPSRUWLQg Whe fLbeU geRPeWU\ QXPeULcaO PRdeO 

LQWR ABAQUS� fRU "PeVh" SURceVVLQg LV cRQVLdeUed heUe. The LQLWLaO fLbeU geRPeWU\ PRdeO 

afWeU "PeVh"(eOePeQW VL]e Rf fLbeU 𝐿𝑒= 0.3PP) LV cRPSaUed ZLWh Whe fLbeU ceQWeUOLQe e[WUacWed 

fURP WRPRgUaSh\ e[SeULPeQWV, aQd Whe\ aUe ORRN LQ SeUfecW agUeePeQW (FLgXUe 6.1). 

 

FigXUe 6.1 CRmSaUiVRQ Rf Whe iQiWial fibeU ceQWeUliQe Rf e[SeUimeQW aQd afWeU meVh (VamSle 2). 

HRZeYeU, PRUe WhaQ Whe RYeUaOO SRVLWLRQ Rf Whe fLbeUV Whe PLcURVWUXcWXUe LQdLcaWRUV Rf fLbeU 

bXQdOe haV WR be chaOOeQged. AV VhRZQ LQ Whe FLgXUe 6.2, each LQdLYLdXaO fLbeU cRQVLVWV Rf abRXW 

1500 YR[eO SRLQWV LQ Whe WRPRgUaSh\ e[SeULPeQW VWacN, Whe YR[eO VL]e LV 0.009 PP. AQd Whe 

eOePeQW VL]e Rf fLbeU LV 0.3 PP LQ Whe ABAQUS� PRdeO, WhXV a PRdeOed VLQgOe fLbeU cRQVLVWV 

Rf abRXW 50 SRLQWV (eOePeQWV).  
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(a) 

 
(b) 

FigXUe 6.2 PUiQciSle Rf iQdiYidXal fibeU elemeQWV iQ e[SeUimeQW aQd VimXlaWiRQ mRdel. (a) SimXlaWiRQ, (b) 
E[SeUimeQW.  

IQ RUdeU WR cRPSaUe Whe PLcURVWUXcWXUe LQdLcaWRUV Rf fLbeU bXQdOe, LW¶V LPSRUWaQW WR NeeS Whe 

SRLQWV QXPbeU Rf VLPXOaWLRQ cRQVLVWeQW ZLWh Whe UeVXOWV Rf Whe WRPRgUaSh\ e[SeULPeQWV RQeV. IW 

PLghW haYe beeQ SRVVLbOe WR XVe RQO\ Whe 50 VLPXOaWLRQ SRLQWV, bXW, LW ZRXOd haYe beeQ a VhaPe 

QRW WR cRQVLdeU aOO Whe LQfRUPaWLRQ gLYeQ b\ Whe SLcWXUeV. ThXV, Whe SRVW-WUeaWPeQW Rf Whe AbaTXV 

cRQfLgXUaWLRQ ZLOO be VXbPLWWed WR aQ LQWeUSROaWLRQ LQ RUdeU WR VROYe WhLV SURbOeP, aV VhRZQ LQ 

FLgXUe 6.3, ZheUe Whe IQWeUSRlaWed SRiQW QXmbeU b\ MATLAB SURgUammeU + VimXlaWiRQ 
SRiQWV QXmbeU = WRmRgUaSh\ SRiQWV QXmbeU. 

 

FigXUe 6.3 IQWeUSRlaWe SRiQWV iQWR Whe VimXlaWed fibeUV. 

The LQWeUSROaWed SRLQWV WheQ UeSUeVeQW aW Whe LQLWLaO VWeS aQd dXULQg ORadLQg Whe SRVLWLRQ Whe 

LQWeUPedLaWe SRLQWV ZRXOd haYe ZLWhRXW Whe OLQeaUL]aWLRQ LPSRVed b\ B31 eOePeQWV, ZhLch LV 

YeU\ LQWeUeVWLQg aV PaWWeU Rf cRPSaULVRQ ZLWh Whe UeaO PLcURVWUXcWXUe.   

6.2 CUeaWiRQ Rf Whe micUR-VWUXcWXUe iQdicaWRU WRRlV 

6.2.1  FibeU SRViWiRQ eUURU 

The gRaO Rf WhLV ORQg WXQLQg VWeS fRU Whe YLUWXaO fLbeU bXQdOe eVWLPaWRU LV WR deWeUPLQe Whe PRVW 

effLcLeQW VWUaWegLeV LQ RUdeU WR RbWaLQ Whe cRPSacWLRQ behaYLRU aV cRQVLVWeQW aV SRVVLbOe ZLWh Whe 

e[SeULPeQWaO UeVXOWV. The eUURU UeTXLUeV WheQ WR be TXaQWLfLed. The abVROXWe dLVWaQce beWZeeQ 
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Whe VLPXOaWed aQd UeaO SRVLWLRQ Rf a fLbeU LV aQ RbYLRXV bXW QRW VR LQWeUeVWLQg LQfRUPaWLRQ. IQdeed, 

Whe OaWWeU haV WR be cRQVLdeUed UeOaWLYeO\ WR Whe fLbeU dLVSOacePeQW, VL]e aQd eYeQ WR LWV SRVVLbOe 

PRYePeQWV (a fLbeU WhaW LV VWURQgO\ NLQePaWLcaOO\ cRQVWUaLQed ZLOO be VXbMecWed WR OeVV eUURUV). 

AV cRQVeTXeQce, Whe FLgXUe 6.4 VhRZ 4 eUURU SURSRVed LQdLcaWRUV WR TXaQWLf\ Whe fLbeU SRVLWLRQ 

beWZeeQ VLPXOaWLRQ aQd e[SeULPeQW: 

 

FigXUe 6.4 IQdicaWRUV XVed WR UeSUeVeQW fibeU SRViWiRQ eUURUV iQ e[SeUimeQWal aQd VimXlaWiRQ UeVXlWV.  

a) AccRUdiQg WR WhickQeVV Rf fibeU bXQdle 

FLbeU PRVLWLRQ DeYLaWLRQ ThLcNQeVV RaWLR (FPDTR) ZhLch PeaVXUeV Whe UaWLR Rf Whe aYeUage 

deYLaWLRQ Rf Whe fLbeU SRVLWLRQ WR Whe fLbeU bXQdOe WhLcNQeVV LQ VLPXOaWLRQV aQd e[SeULPeQWV: 𝐹𝑃𝐷𝑇𝑅𝑖ఫതതതതതതതതതതതത = 𝑑೑𝑖𝑏𝑒𝑟𝑖𝑇𝑠𝑡𝑒𝑝ೕ                          (6.1) 

WheUe Whe 𝐹𝑃𝐷𝑇𝑅𝑖ఫതതതതതതതതതതതത LV Whe FPDTR fRU a VLQgOe fLbeU L LQ Whe cRPSacWLRQ VWeS M. 𝐹𝑃𝐷𝑇𝑅ఫതതതതതതതതതത = ∑ 𝐹𝑃𝐷𝑇𝑅𝑖ണതതതതതതതതതതതത𝑖=𝑁𝑖=1 𝑁                        (6.2) 

𝜎𝐹𝑃𝐷𝑇𝑅ೕ = ට∑ ሺ𝐹𝑃𝐷𝑇𝑅𝑖ണതതതതതതതതതതതത−𝐹𝑃𝐷𝑇𝑅ണതതതതതതതതതതതሻ2𝑖=𝑁𝑖=1 𝑁                    (6.3) 𝐹𝑃𝐷𝑇𝑅ఫതതതതതതതതതത aQd 𝜎𝐹𝑃𝐷𝑇𝑅ೕ aUe Whe aYeUage YaOXe aQd VWaQdaUd YaOXe Rf Whe FPDTR fRU Whe WRWaO 

fLbeU (QXPbeU N) LQ Whe cRPSacWLRQ VWeS M. 𝑑௙𝑖𝑏𝑒𝑟𝑖 LV Whe aYeUage dLVWaQce beWZeeQ VLPXOaWLRQ aQd e[SeULPeQWaO fLbeU SRVLWLRQ fRU fLbeU L, 𝑇𝑠𝑡𝑒𝑝ೕ LV Whe WhLcNQeVV LQ Whe cRPSacWLRQ VWeS M Rf Whe fLbeU bXQdOe. 

b) AccRUdiQg WR TXaQWiW\ Rf YRid Rf fibeU bXQdle 

FLbeU PRVLWLRQ DeYLaWLRQ VROXPe-FUacWLRQ RaWLR (FPDVFR). ThLV LQdLcaWRU cRQVLdeUV Whe 

aYeUage dLVWaQce Rf Whe SRVLWLRQ Rf fLbeU beWZeeQ Whe e[SeULPeQW aQd VLPXOaWLRQ UeOaWLYe WR Whe 
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TXaQWLW\ Rf YRLdV LQ Whe fLbeU bXQdOe. 𝐹𝑃𝐷𝑉𝐹𝑅𝑖തതതതതതതതതതതത = 𝑑೑𝑖𝑏𝑒𝑟𝑖𝑇𝑠𝑡𝑒𝑝ೕ×ሺ1−𝑉೑ሻ                      (6.4) 

WheUe Whe 𝐹𝑃𝐷𝑉𝐹𝑅𝑖ఫതതതതതതതതതതതതത LV Whe FPDVFR fRU Whe VLQgOe fLbeU L LQ Whe cRPSacWLRQ VWeS M. 𝐹𝑃𝐷𝑉𝐹𝑅ఫതതതതതതതതതതതത = ∑ 𝐹𝑃𝐷𝑉𝐹𝑅𝑖ണതതതതതതതതതതതതതത𝑖=𝑁𝑖=1 𝑁                       (6.5) 

𝜎𝐹𝑃𝐷𝑉𝐹𝑅ೕ = ට∑ ሺ𝐹𝑃𝐷𝑉𝐹𝑅𝑖ണതതതതതതതതതതതതതത−𝐹𝑃𝐷𝑉𝐹𝑅ണതതതതതതതതതതതതതሻ2𝑖=𝑁𝑖=1 𝑁                   (6.6) 

WheUe Whe 𝑉௙  LV Whe YROXPe fUacWLRQ Rf Whe fLbeU bXQdOe. 𝐹𝑃𝐷𝑉𝐹𝑅ఫതതതതതതതതതതതത  aQd 𝜎𝐹𝑃𝐷𝑉𝐹𝑅ೕ   aUe 

aYeUage YaOXe aQd VWaQdaUd YaOXe Rf Whe FPDTR fRU Whe WRWaO fLbeU (QXPbeU N) LQ Whe cRPSacWLRQ 

VWeS M. 

FLbeU PRVLWLRQ DeYLaWLRQ DLaPeWeU RaWLR (FPDDR) LV Whe UaWLR Rf Whe aYeUage Rf Whe fLbeU 

SRVLWLRQ dLVWaQce UeOaWLYe WR Whe fLbeU dLaPeWeU LQ Whe e[SeULPeQWV aQd VLPXOaWLRQV. 

c) AccRUdiQg WR Whe fibeU diameWeU 

𝐹𝑃𝐷𝐷𝑅𝑖തതതതതതതതതതത = 𝑑೑𝑖𝑏𝑒𝑟𝑖∅೑𝑖𝑏𝑒𝑟                           (6.7) 

WheUe Whe 𝐹𝑃𝐷𝐷𝑅𝑖ఫതതതതതതതതതതതത LV Whe FPDDR fRU Whe VLQgOe fLbeU L LQ Whe cRPSacWLRQ VWeS M. 𝐹𝑃𝐷𝐷𝑅ఫതതതതതതതതതതത = ∑ 𝐹𝑃𝐷𝐷𝑅𝑖ണതതതതതതതതതതതതത𝑖=𝑁𝑖=1 𝑁                        (6.8) 

𝜎𝐹𝑃𝐷𝐷𝑅ೕ = ට∑ ሺ𝐹𝑃𝐷𝐷𝑅𝑖ണതതതതതതതതതതതതത−𝐹𝑃𝐷𝐷𝑅ണതതതതതതതതതതതതሻ2𝑖=𝑁𝑖=1 𝑁                    (6.9) 

WheUe Whe ∅௙𝑖𝑏𝑒𝑟 LV Whe dLaPeWeU Rf fLbeU.  

d) AccRUdiQg WR Whe cRmSacWiRQ diVSlacemeQW 

𝐹𝑃𝐷𝑈𝑅𝑖ఫതതതതതതതതതതതത = 𝑑೑𝑖𝑏𝑒𝑟𝑖𝑈𝑠𝑡𝑒𝑝ೕ                           (6.10) 

WheUe Whe 𝑈𝑠𝑡𝑒𝑝ೕ LV Whe dLVSOacePeQW Rf cRPSacWLRQ M, 𝐹𝑃𝐷𝑈𝑅𝑖ఫതതതതതതതതതതതത LV Whe FPDUR fRU Whe VLQgOe 

fLbeU L LQ Whe cRPSacWLRQ VWeS M. 𝐹𝑃𝐷𝑈𝑅ఫതതതതതതതതതതത = ∑ 𝐹𝑃𝐷𝑈𝑅𝑖ണതതതതതതതതതതതതത𝑖=𝑁𝑖=1 𝑁                        (6.11) 

𝜎𝐹𝑃𝐷𝑈𝑅ೕ = ට∑ ሺ𝐹𝑃𝐷𝑈𝑅𝑖ണതതതതതതതതതതതതത−𝐹𝑃𝐷𝑈𝑅ണതതതതതതതതതതതതሻ2𝑖=𝑁𝑖=1 𝑁                    (6.12) 

TheVe fRXU LQdLcaWRUV haYe beeQ LPSOePeQWed VR aV WR be aXWRPaWLcaOO\ caOcXOaWed fRU aQ\ 
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cRPSacWLRQ OeYeO. 

6.2.2 CRQWacW 

AccRUdLQg WR ZhaW ZaV PeQWLRQed LQ Whe SUeYLRXV VecWLRQV (VecWLRQ 4 aQd 5), Whe baVLc aVSecW 

Rf Whe UecRQVWUXcWLRQ SURceVV Rf a fLbeU bXQdOe LV Whe e[WUacWLRQ Rf Whe fLbeU cURVV-VecWLRQ fURP 

Whe WRPRgUaShLc LPage. HeUe Whe fLbeUV aUe WUeaWed aV UegXOaU cLUcOeV. TheUefRUe, Whe cRQWacW 

beWZeeQ Whe QXPeULcaOO\ UecRQVWUXcWed fLbeU bXQdOeV PLghW deYLaWe a OLWWOe fURP Whe acWXaO.  

AV dLVcXVVed LQ Whe bLbOLRgUaSh\ chaSWeU, Whe cRQWacW fRUceV WUaQVPLWWed b\ Whe cRQWacW SRLQWV 

beWZeeQ Whe fLbeUV VLgQLfLcaQWO\ affecW Whe cRPSacWLRQ behaYLRU, WhXV Whe fLbeU PRWLRQ. HeUe, Whe 

dLffeUeQW caVeV Ze haYe WR face XS WR, aUe dLVcXVVed LQ FLgXUe 6.5. The cRQWacW LV WacNOed 

cRQVLdeULQg WZR fLbeUV LQ Whe VaPe VOLce. LeW¶V UePePbeU WhaW Whe fLbeU VecWLRQ ZaV deWecWed aV 

a UegXOaU cLUcOe b\ MATLAB ZLWh dLffeUeQW UadLXV.  

The cRQWacW deWecWed b\ SURgUaP caQ be dLYLded LQWR WZR caVeV, fRU each RQe, Whe ceQWeU VhLfW 

PLghW Oead WR aQ LQcRQVLVWeQW deWeUPLQaWLRQ Rf Whe cRQWacW UeaOLW\.  

(a) The WZR fLbeUV aUe LQ cRQWacW LQ Whe UeaO VLWXaWLRQ.  

1. If Whe ceQWeU SRVLWLRQ LV QRW RQ Whe SL[eO cRRUdLQaWe SRLQW, Whe cLUcOe'V ceQWeU SRVLWLRQ 

ZLOO be VhLfWed, caXVLQg Whe WZR cLUcOeV WR VeSaUaWe (caVe (a.1)) RU LQWeUVecW (caVe (a.2)), 

ZhLch OeadV WR aQ LQcRQVLVWeQc\ Rf Whe cRQWacW deWeUPLQaWLRQ.  

2. If Whe cLUcOe ceQWeU SRVLWLRQ LV RQ Whe SL[eO cRRUdLQaWe SRLQW, Whe cLUcOe ceQWeU SRVLWLRQ 

dReV QRW VhLfW aQd Whe cLUcOe ceQWeU SRVLWLRQ UePaLQV XQchaQged (caVe (a.3)), Whe cRQWacW 

LV cRUUecWO\ PRdeOed. 

(b) The WZR fLbeUV aUe QRW LQ cRQWacW LQ Whe UeaO VLWXaWLRQ.  

AfWeU defLQLQg Whe cLUcOe aQd Whe ceQWeU SRLQW, Whe WZR cLUcOeV PLghW cRQWacW afWeU Whe cLUcOe ceQWeU 

LV VhLfWed (caVe (b.1)).  

SLQce Whe cLUcOe ceQWeU ZLOO be RffVeW WR Whe QeaUeVW SL[eO, Whe deYLaWLRQ Rf Whe cLUcOe ceQWeU 

SRVLWLRQ LV 0 < 𝜀1 ≦ 0.5 SL[eO aQd Whe deYLaWLRQ Rf Whe cRQWacW LV 0 < 𝜀2 ≦ 1 SL[eO. TheUefRUe, 

ZheQ deWeUPLQLQg ZheWheU Whe WZR fLbeUV aUe LQ cRQWacW, Whe dLVWaQce beWZeeQ Whe fLbeU ceQWURLdV 

beLQg dLM, Lf ∅ ≦ dLM  < ∅ + 1 SL[eO, WheQ LW PeaQV WhaW fLbeU L aQd fLbeU M LQ WhaW VOLce aUe 

cRQVLdeUed LQ cRQWacW. OQO\ Lf Whe UeaO dLVWaQce beWZeeQ Whe WZR fLbeUV LV OeVV WhaQ RQe SL[eO aQd 

Whe ceQWeUV aOLgQed ZLWh a SL[eO, WhLV PLghW Oead WR a ZURQg deWecWLRQ Rf Whe cRQWacW. BXW WhLV 

caVe LV UaUe eQRXgh WR be QegOecWed, aQd LQ Whe feZ haSSeQLQg caVeV, ZLOO be UegXOaUL]ed 

cRQVLdeULQg Whe SUeYLRXV aQd Qe[W VOLce (Vee Qe[W).   
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FigXUe 6.5 PUiQciSleV Rf cRQWacW aQal\ViV. 

a) CRQWacW WimeV iQ Whe mRdel ± ³cRQWiQXRXV´ cRQWacW 

AV SUeYLRXVO\ PeQWLRQed, Whe cRQWacW SRLQWV WUaQVPLW Whe VWUeVVeV WhaW affecW Whe cRPSacWLRQ 

behaYLRU Rf Whe fLbeU bXQdOe. SR, LW¶V LPSRUWaQW WR ORcaOL]e accXUaWeO\ Whe cRQWacWV. 

IQ Whe cRQWacW WLPeV caOcXOaWLRQ, Whe cRQWacW SRLQWV Rf aOO fLbeUV LQ each VOLce aUe cRQVLdeUed. 

HRZeYeU, dXe WR Whe eUURUV dLVcXVVed SUeYLRXVO\, Whe cRQWacW beWZeeQ Whe fLbeUV deWecWed b\ 

MATLAB PLghW be dLffeUeQW fURP UeaO RQe. HeUe, Whe cRQWacWV LQ Whe FLgXUe 6.5 aUe cOaVVLfLed, 

Whe caVe (a-1): WheUe LV acWXaOO\ cRQWacW beWZeeQ fLbeUV, bXW LW LV ORVW, defLQe LW aV ³ORVW-cRQWacW´; 

caVe (a-2, 3): LW acWXaOO\ agUeeV ZLWh Whe UeaO cRQWacW deWeUPLQed b\ MATLAB, defLQed aV 

³cRUUecW-cRQWacW´; caVe (b-1): WheUe LV acWXaOO\ QR cRQWacW, bXW LW LV deWeUPLQed WR be cRQWacW, 
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defLQed aV ³LQcRUUecW-cRQWacW´. 

IdeQWLf\LQg aQd TXaQWLf\LQg a cRQWLQXRXV cRQWacW beWZeeQ WZR fLbeUV LV QRW RbYLRXV, becaXVe LW 

UeTXLUeV WR deWeUPLQe hRZ PaQ\ LQdLYLdXaO VOLceV Rf a fLbeU aUe LQ cRQWacW aV RQe cRQWLQXRXV 

cRQWacW. FRU e[aPSOe, WZR LQdLYLdXaO cRQWLQXRXV cRQWacWV Pa\ be LQcRUUecWO\ cRQVLdeUed aV RQe 

cRQWLQXRXV cRQWacW. 

A VLPSOLfLcaWLRQ Rf Whe cRQWacW PRdeO fRU WZR fLbeUV LV VhRZQ LQ FLgXUe 6.6; FLbeU (L) aQd FLbeU 

(M) aUe LQ cRQWacW LQ VSace, aQd WheUe aUe 2 WLPeV cRQWLQXRXV UeaO cRQWacW, hRZeYeU, WhLV cRXOd be 

deWecWed aV 6 UeaO cRQWLQXRXV cRQWacWV b\ MATLAB. 

 

FigXUe 6.6 SimSlified mRdel Rf Whe QXmbeU Rf cRQWacWV beWZeeQ Whe WZR fibeUV. 

ThXV, cRQWacW beWZeeQ fLbeUV ZLOO be deVcULbed b\ Whe QXPbeU Rf cRQWacWV beWZeeQ fLbeUV LQ each 

VOLce, WhLV ³cRQWacW QXPbeU´, ZhLch deVcULbeV Whe WUeQd Rf Whe cRQWacW SRLQWV beWZeeQ Whe fLbeUV 

dXULQg Whe cRPSacWLRQ SURceVV. 

  

b) CRQWacW aQgle iQ Whe fibeU VecWiRQ aQd fibeU leQgWh diUecWiRQ 

AV VhRZQ LQ FLgXUe 6.7, Whe cRQWacW aQgOe LV SUeVeQWed LQ WZR aVSecWV, Whe cRQWacW aQgOe beWZeeQ 

Whe fLbeU cURVV VecWLRQV (𝜃), aQd Whe cRQWacW aQgOe beWZeeQ Whe fLbeU OeQgWh dLUecWLRQV (𝛾). DXULQg 

cRPSacWLRQ Rf Whe fLbeU bXQdOe, Whe cRQWacW aQgOe beWZeeQ Whe fLbeUV aOVR chaQgeV ZheQ Whe 

QXPbeU Rf cRQWacWV beWZeeQ Whe fLbeUV LV LQcUeaVed. IQ WheVe WZR h\SRWheWLcaO caVeV Rf 

cRPSacWLRQ Rf fLbeU bXQdOeV, Whe fLbeUV WUaQVPLW cRQWacW fRUceV WR each RWheU aQd Į chaQgeV aV 

Whe fLbeUV PRYe. AOVR, afWeU a ceUWaLQ aPRXQW Rf cRQWacW LV Ueached, Whe fLbeUV defRUP, caXVLQg 

WheP WR cRQWLQXe WR PRYe aQd (𝛾 ) WR chaQge. ThXV, Whe cRQWacW aQgOeV aUe aOVR LQWeUeVWLQg 

deVcULSWRUV Rf Whe PLcURVWUXcWXUe VLQce Whe\ aUe Rf a PaLQ LPSRUWaQce LQ Whe ORad WUaQVPLVVLRQ, 

Į fRU LQVWaQce SOa\V PaMRU UROe LQ Whe UeOaWLRQVhLS beWZeeQ cRPSacWLRQ aQd WUaQVYeUVe ORad.   
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(a)  (b)  

FigXUe 6.7 PUiQciSle Rf cRQWacW aQgle iQ fibeU bXQdle. (a) CRQWacW aQgle beWZeeQ each WZR fibeUV iQ Whe 

VecWiRQ (𝜽), (b) CRQWacW aQgle beWZeeQ each WZR fibeUV iQ Whe fibeU leQgWh diUecWiRQ (𝜸). 

FRU Whe cRQWacW aQgOe 𝜃 Rf Whe fLbeU cURVV-VecWLRQ (LQ Whe VOLce), WheUe aUe WhUee caVeV (FLgXUe 

6.8 (c)), acXWe (caVe1), RbWXVe (caVe2), aQd QegaWLYe (caVe3). IQ caVe 2, ZheQ Whe deWecWed aQgOe 

LV RbWXVe, LW LV caOcXOaWed WR aQ acXWe aQgOe. IQ caVe WhUee, ZheQ Whe deWecWed SLQch aQgOe LV 

QegaWLYe, LW LV cRQYeUWed WR SRVLWLYe. AW Whe WLPe Rf deWecWLRQ, LW LV QRW SRVVLbOe WR deWeUPLQe 

ZhLch fLbeU cURVV-VecWLRQ VeUYeV aV Whe YeUWe[ Rf Whe 𝜃-aQgOe, aQd Whe SURbabLOLW\ Rf WheVe WhUee 

caVeV RccXUULQg LV QRW dLVcXVVabOe. TheUefRUe, LQ Whe Į caOcXOaWLRQ, Whe deWecWed YaOXeV aUe 

cRQYeUWed WR SRVLWLYe acXWe aQgOeV. ThLV aYRLdV Whe deYLaWLRQ Rf Whe PeaQ YaOXe dXe WR Whe 

RccXUUeQce Rf WheVe WhUee caVeV LQ Whe deWecWLRQ Rf Whe 𝜃-aQgOe. SLPLOaUO\, Whe aQgOe 𝛾 LQ Whe 

dLUecWLRQ Rf Whe fLbeU OeQgWh LV aOZa\V NeeS SRVLWLYe acXWe. 

(a) (b) 

(c)  

FigXUe 6.8 CRQWacW aQgle iQ Whe fibeU VecWiRQ aQd fibeU leQgWh diUecWiRQ. (a) CRQWacW aQgle iQ Whe fibeU 

VecWiRQ, (b) cRQWacW aQgle iQ Whe fibeU leQgWh diUecWiRQ. 
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6.2.3 UQdXlaWiRQ Rf fibeUV 

CRPSacWLRQ chaQgeV Whe PLcURVWUXcWXUe Rf Whe fLbeU bXQdOe, QRW RQO\ LQ WeUPV Rf cRQWacW 

beWZeeQ fLbeUV bXW aOVR LQ WeUPV Rf fLbeU cXUYaWXUe. IQdeed, Whe beQdLQg cRPSOLaQce eQabOeV Whe 

fLbeUV WR fLOO LQ ORcaO gaSV, aQd WR fROORZ 3D WUaMecWRU\. OQ Whe RSSRVLWe, Whe LQ-SOaQe beQdLQg 

WeQdV WR LQcUeaVe Whe eQWaQgOePeQW LQcUeaVLQg Whe RYeUaOO cRPSacWLRQ VWLffQeVV.  

The gORbaO XQdXOaWLRQ Rf fLbeU bXQdOeV ZLOO heUe be PeaVXUed XVLQg Whe cRPPRQO\ XVed cULPS 

Rf Whe SURMecWed cXUYe LQ XZ aQd YZ SOaQe. DLVcXVVLRQ Rf Whe YaULaWLRQ Rf fLbeU cXUYaWXUe LQ Whe 

XZ aQd YZ SOaQeV LQdeed heOSV WR aQaO\]e Whe effecW Rf cRPSacWLRQ RQ Whe PLcURVWUXcWXUe Rf 

Whe fLbeUV LQ Whe hRUL]RQWaO aQd YeUWLcaO dLUecWLRQV. IQ addLWLRQ, Whe RULeQWaWLRQ WeQVRU Rf Whe fLbeUV 

aOORZV Whe aQaO\VLV Rf Whe dLVWULbXWLRQ Rf Whe fLbeUV LQ VSace. 

a) CUimS 

IQ WhLV caVe, Whe cULPS Rf a VLQgOe fLbeU LV dLVcXVVed. The cULPS Rf VLQgOe fLbeU LV cRQVLdeUed aV 

Whe degUee WR ZhLch Whe QRQ-VWUaLghW fLbeUV deYLaWe fURP OLQeaULW\: 𝐶𝑟𝑖𝑚𝑝 ሺ%ሻ = 𝐿𝑐−𝐿0𝐿0 × 100% 

WheUe 𝐿0 LV Whe VLQgOe fLbeU OeQgWh LQ fLbeU bXQdOe, 𝐿𝑐 LV Whe OeQgWh Rf fLbeU LQ VWUaLghWeQ fRUP 

(FLgXUe 6.9). 

IW haV WR be QRWLced WhaW LW LV a gORbaO LQdLcaWRU WhaW dReV QRW accRXQW Rf Whe cXUYaWXUe dLVWULbXWLRQ 

aORQg Whe fLbeU. MaQ\ dLffeUeQW cRQfLgXUaWLRQV Oead WR Whe VaPe cULPS. 

 

FigXUe 6.9 The SUiQciSle Rf cUimS Rf a ViQgle fibeU. 

b) PURjecWed cXUYaWXUe Rf ViQgle fibeU 

FLgXUe 6.10 VhRZV Whe SULQcLSOe Rf aQaO\]e SURMecWed cXUYaWXUe Rf VLQgOe fLbeU. The SURMecWed 

cXUYaWXUe Rf a VLQgOe fLbeU LQ Whe fLbeU OeQgWh dLUecWLRQ LQ Whe XZ SOaQe aV ZeOO aV LQ Whe YZ SOaQe 

LV dLVcXVVed heUe WR aQaO\]e Whe chaQge LQ fLbeU WRUWXRVLW\ LQ bRWh dLUecWLRQV dXULQg fLbeU 

cRPSacWLRQ. 
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FigXUe 6.10 PUiQciSle Rf Whe SURjecWed cXUYaWXUe Rf a ViQgle fibeU iQ Whe XZ-SlaQe aQd YZ-SlaQe. 

6.2.4 FibeU RUieQWaWiRQ 

a) FibeU miV-RUieQWaWiRQ diVWUibXWiRQ 

RRYLQgV cRQVLdeUed LQ WhLV WheVLV aUe VXSSRVed WR be a QeWZRUN Rf TXaVL SaUaOOeO fLbeUV, ZhLch 

PeaQV QRW VWULcWO\ SaUaOOeO, WhLV LV RQe Rf Whe PaLQ dLffLcXOWLeV ZheQ deaOLQg ZLWh URYLQgV becaXVe 

fLbeUV aUe QeLWheU UaQdRPO\ QRU SeULRdLcaOO\ RUgaQL]ed. The fLbeU PLVaOLgQPeQW haV WheQ WR be 

WUacNed fRU a cRQVLVWeQW chaUacWeUL]aWLRQ Rf Whe bXQdOe PLcURVWUXcWXUe. IQ addLWLRQ, LW PLghW aOVR 

haYe a VLgQLfLcaQW LQfOXeQce RQ Whe cRPSacWLRQ behaYLRU. 

The fLbeU RULeQWaWLRQ dLVWULbXWLRQ LQ a fLbeUV bXQdOe PLcURVWUXcWXUe LV SeUfRUPed b\ cRPSXWLQg 

Whe aQgOe 𝛼 aQd 𝛽, ZhLch PeaVXUe PLVRULeQWaWLRQ Rf VLQgOe fLbeU UeOaWLYe WR Whe gORbaO Z-a[LV 

aQd Y-a[LV. AV VhRZQ LQ FLgXUe 6.11, WR VLPSOLf\ WhLV caOcXOaWLRQ, Whe fLbeU LV cRQVLdeUed aV a 

VWUaLghW OLQe WhaW cRQQecW Whe beQLgQ SRLQW (SRLQW B) aQd Whe eQd SRLQW (SRLQW E) Rf Whe fLbeU.  

 

FigXUe 6.11 SiQgle fibeU RUieQWaWiRQ diVWUibXWiRQ Rf miV-RUieQWaWiRQ.  

b) FibeU RUieQWaWiRQ WeQVRU 

The RULeQWaWLRQ YecWRUV deVcULbe Whe RULeQWaWLRQ dLVWULbXWLRQ SURSeUWLeV Rf Whe fLbeUV LQ a fLbeU 

bXQdOe. The SecRQd-RUdeU RULeQWaWLRQ WeQVRU caQ be XVed WR TXaQWLf\ Whe RULeQWaWLRQ dLVWULbXWLRQ 

Rf fLbeUV, L.e 𝑨𝒋: 
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𝑨𝒋 = 1𝑁 ∑ 𝒒ത𝑖𝑁𝑖=1 ⊗ 𝒒ത𝑖                             (6.13) 

WheUe 𝒒ഥ𝑖 LV Whe RULeQWaWLRQ WeQVRU Rf VLQgOe fLbeU L LQ Whe cRPSacWLRQ VWeS M. 

ThLV VecWLRQ SUeVeQWed aOO Whe LQdLcaWRUV LPSOePeQWed fRU Whe deVcULSWLRQ Rf Whe PLcURVWUXcWXUe. 

The\ haYe beeQ cRded VR aV WR be XVeabOe aQd aXWRPaWLcaOO\ cRPSXWed bRWh fRU Whe aQaO\VeV Rf 

e[SeULPeQWaO aQd VLPXOaWLRQ UeVXOWV. Each Rf WheP bULQgV a dLffeUeQW SRLQW Rf YLeZ aQd ZLOO be 

heOSfXO fRU Whe XQdeUVWaQdLQg Rf Whe UeRUgaQL]aWLRQ Rf Whe fLbeUV ZLWhLQ a bXQdOe dXULQg 

cRPSacWLRQ. 

The fROORZLQg WabOe VeUYeV aV a VXPPaU\ Rf LQdLcaWRU WRROV: 

AQal\]e TRRlV Rf MicURVWUXcWXUe Rf fibeU bXQdle fRU e[SeUimeQW aQd VimXlaWiRQ 

AQaO\]e Whe eUURUV beWZeeQ 
e[SeULPeQW aQd VLPXOaWLRQ 
Rf fLbeU SRVLWLRQ 

FLbeU PRVLWLRQ DeYLaWLRQ 
ThLcNQeVV RaWLR 
(FPDTR) 

MeaVXUeV Whe UaWLR Rf Whe aYeUage 
deYLaWLRQ Rf Whe fLbeU SRVLWLRQ WR 
Whe fLbeU bXQdOe WhLcNQeVV LQ 
VLPXOaWLRQV aQd e[SeULPeQWV 

FLbeU PRVLWLRQ DeYLaWLRQ 
VROXPe-FUacWLRQ RaWLR 
(FPDVFR) 

TaNeV LQWR accRXQW Whe aYeUage 
dLVWaQce Rf Whe SRVLWLRQ Rf fLbeU 
beWZeeQ Whe e[SeULPeQW aQd 
VLPXOaWLRQ UeOaWLYe WR Whe TXaQWLW\ 
Rf YRLdV LQ Whe fLbeU bXQdOe. 

FLbeU PRVLWLRQ DeYLaWLRQ 
DLaPeWeU RaWLR 
(FPDDR) 

The UaWLR Rf Whe aYeUage Rf Whe fLbeU 
SRVLWLRQ dLVWaQce UeOaWLYe WR Whe 
fLbeU dLaPeWeU LQ Whe e[SeULPeQWV 
aQd VLPXOaWLRQV 

FLbeU PRVLWLRQ DeYLaWLRQ 
DLVSOacePeQW RaWLR 
(FPDUR) 

The UaWLR Rf Whe aYeUage Rf Whe fLbeU 
SRVLWLRQ dLVWaQce UeOaWLYe WR Whe 
cRPSacWLRQ dLVSOacePeQW LQ Whe 
e[SeULPeQWV aQd VLPXOaWLRQV 

CRQWacW 

CRQWacW 
QXPbeU 

CRQWacW QXPbeU beWZeeQ fLbeUV 

CRQWacW beWZeeQ fLbeUV aQd cRPSacWLRQ chaQQeO 

CRQWacW aQgOe 
beWZeeQ fLbeUV 

CRQWacW aQgOe beWZeeQ fLbeUV LQ Whe cURVV VecWLRQ Rf Whe fLbeU ሺ𝜃ሻሺ°ሻ 

CRQWacW aQgOe beWZeeQ fLbeUV LQ Whe fLbeU OeQgWh dLUecWLRQ ሺ𝛾ሻሺ°ሻ 

UQdXOaWLRQ 

CULPS  

CXUYaWXUe PURMecWed cXUYaWXUe Rf fLbeU LQ XZ aQd YZ SOaQe 

FLbeU 
RULeQWaWLRQ 

OULeQWaWLRQ WeQVRU 
MLV-RULeQWaWLRQ Rf fLbeU 
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6.3 AQal\ViV Whe micUR-VWUXcWXUe Rf Whe fibeU bXQdle geRmeWUieV 

PUeYLRXVO\, VecWLRQ 4 SUeVeQWed Whe SURcedXUeV aQd UeVXOWV Rf WRPRgUaSh\ cRPbLQed ZLWh PLcUR-

cRPSacWLRQ e[SeULPeQWV, aQd VecWLRQ 5 deVcULbed Whe fLbeU bXQdOe UecRQVWUXcWLRQ PeWhRd aQd 

Whe LPSURYePeQW Rf Whe VLPXOaWLRQ VWUaWeg\. FRU Whe VaPSOe 2, 3, ZhLch aUe SeUfRUPed b\ PLcUR-

cRPSacWLRQ e[SeULPeQWV, UecRQVWUXcWLRQ Rf fLbeU bXQdOe WRPRgUaSh\ LPageV, WheQ Whe 

PLcURVWUXcWXUaO aQaO\VLV Rf fLbeU bXQdOeV ZLOO be aQaO\]ed heUe. TheVe fLbeU bXQdOe VaPSOeV  

cRQWaLQLQg 40 fLbeUV (fLbeU dLaPeWeU = 500 𝜇𝑚 , OeQgWh ≈  14-15 PP). The XCT VSaWLaO 

UeVROXWLRQ Rf WheVe 2 VaPSOeV LV 9 𝜇𝑚/𝑣𝑜𝑥𝑒𝑙 . DXe WR a dLffeUeQW fLbeUV LQLWLaO RUgaQL]aWLRQ 

dXULQg Whe PaQXfacWXULQg VWeS, Whe LQLWLaO fLbeU YROXPe fUacWLRQ dLffeUV beWZeeQ Whe WUee VaPSOeV 

eVSecLaOO\ fRU VaPSOe 2 (50.5 % Rf VaPSOe 2, 37.9 % aQd 38.9 % Rf VaPSOeV 0 aQd 3).   

ThLV WheVLV aOVR SeUfRUPed fLbeU bXQdOe QXPeULcaO PRdeO UecRQVWUXcWLRQ, aQd cRPSacWLRQ 

VLPXOaWLRQV RQ a fLbeU bXQdOeV cRPSRVed Rf Whe VaPe SRO\eVWeU fLbeUV LQLWLaOO\ XVed WR 

dePRQVWUaWe Whe feaVLbLOLW\ Rf Whe VWUaWeg\ LQ a SUeYLRXV WheVLV (VaPSOe 0) (39 fLbeUV, dLPeQVLRQaO 

dLaPeWeU = 500 𝜇𝑚 , OeQgWh ≈  15 PP) (HaML eW aO., 2023; HaML OXVVaPa, 2018). The 

WRPRgUaSh\ aQd PLcUR-cRPSacWLRQ PachLQe ZaV SURYLded b\ 3SR OabRUaWRU\ LQ GUeQRbOe 

UQLYeUVLW\, Whe XCT VSaWLaO UeVROXWLRQ = 15 𝜇𝑚/𝑣𝑜𝑥𝑒𝑙, cRPSacWLRQ VSeed LV 0.08 PP/V. HeUe, 

Whe VaPe PLcURVWUXcWXUaO aQaO\VLV LV SeUfRUPed fRU WhLV VaPSOe 0.  

6.3.1 ImSRVe gUaYiW\ WR fibeU bXQdle geRmeWUieV 

The PeQWLRQed aSSUR[LPaWLRQ aQd LQaccXUac\ Rf QXPeULcaO geRPeWU\ geQeUaWLRQ Oead WR aQ 

LQcUeaVe LQ Whe accXPXOaWLRQ Rf VPaOO eUURUV LQ Whe SRVLWLRQ Rf Whe fLbeUV cRPSaUed WR Whe acWXaO. 

The fLbeU bXQdOe ZhLch LV, LQ acWXaO facW, LQ a VWaWLc eTXLOLbULXP, LV aW Whe begLQQLQg Rf Whe 

VLPXOaWLRQ LQ aQ XQVWabOe VWaWe. IQdeed, Whe LQLWLaO fLbeU¶V VecWLRQ SeQeWUaWed a OLWWOe befRUe 

caOcXOaWLRQ RU PLVV Whe SRLQW Rf cRQWacW WhaW e[LVWV LQ Whe UeaO bXQdOe geRPeWU\. AfWeU Whe 

LQWURdXcLQg Rf Whe gUaYLW\ fRUce, Whe fLbeUV PRYe WRZaUdV each RWheU XQWLO WheLU cRQWacW aUe each 

aQ eTXLOLbULXP. The fLUVW gUaYLW\ VWeS LQ WheQ YeU\ XVefXO WR bULQg bacN Whe VaPSOe WR Whe VWaWLc 

eTXLOLbULXP bXW abRYe aOO LV a YeU\ gRRd LQdLcaWRU Rf Whe TXaOLW\ Rf Whe PRdeOLQg: Whe OeVV Whe 

fLbeUV PRYe dXULQg WhLV VWeS, Whe PRVW accXUaWe Whe bXQdOe UecRQVWUXcWLRQ LV. AQd Whe ³LQLWLaO 

cRQWacW VWabLOLW\ checN´ SURceVV fRU Whe each LQLWLaO UecRQVWUXcWLRQ fLbeU bXQdOe PRdeO (VaPSOe). 

The VSaWLaO UeVROXWLRQ XVed dXULQg Whe XCT LV acWXaOO\ RQe Rf Whe PaLQ SaUaPeWeUV WR be 

cRQVLdeUed VLQce LW eQabOeV a PRUe RU OeVV deVcULSWLRQ Rf Whe fLbeUV VecWLRQ aQd SRVLWLRQ. A ORZeU 

VSaWLaO UeVROXWLRQ Pa\ UeVXOW LQ Whe ORVV Rf VXUface deWaLOV Rf Whe fLbeUV, eVSecLaOO\ LQ Whe cRQWacW 
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UegLRQ beWZeeQ Whe fLbeUV. IQaccXUacLeV LQ Whe cRQWacW aQaO\VLV ZLOO eQOaUge Whe ORVV Rf deWaLOV 

LQWURdXced b\ UeVROXWLRQ OLPLWaWLRQV, OeadLQg WR eYeQ PRUe LQaccXUaWe SUedLcWLRQV Rf Whe 

VWUXcWXUe Rf Whe fLbeU bXQdOe afWeU VLPXOaWLRQ. The VXSeUSRVLWLRQ Rf VXch eUURUV dXULQg 

cRPSacWLRQ VLPXOaWLRQV Pa\ Oead WR V\VWePaWLc eUURUV LQ Whe SUedLcWLRQ Rf cRPSacWLRQ behaYLRU 

Rf Whe fLbeU bXQdOe.  

The effecW Rf Whe gUaYLW\ fLeOd LQ Whe fLbeU bXQdOeV LV cRQVLdeUed heUe WR cRQVLdeU ZheWheU Whe 

cRQWacW SRLQWV Rf Whe bXQdOeV aUe VWabOe RU QRW. AV LQWURdXced SUeYLRXVO\, XQdeU Whe effecW Rf Whe 

gUaYLWaWLRQaO fLeOd, Whe LQaccXUaWe cRQWacW beWZeeQ Whe fLbeUV OeadV WR a VOLghW VOLSSage Rf Whe 

fLbeUV dXe WR WheLU RZQ gUaYLW\. ThLV PLcUR-adMXVWPeQW Rf Whe LQWeUQaO VWUXcWXUe Rf Whe fLbeU 

bXQdOe OeadV WR a VWaWLcaOO\ eTXLOLbUaWed VWUXcWXUe. 

The geRPeWULeV Rf VaPSOe 0, 2, 3 LV UecRQVWUXcWed aQd SeUfRUPed gUaYLW\ ZLWh ABAQUS�, 

fLUVWO\. The VLPXOaWLRQ SaUaPeWeUV ZeUe YaOLdaWed ZLWh VecWLRQ 5.2 LQ WhLV WheVLV aQd HaML¶V ZRUN 

(HaML OXVVaPa, 2018), VhRZQ LQ TabOe 6.1. 

Table 6.1 CRmSXWaWiRQal SaUameWeUV Rf Whe gUaYiW\ VimXlaWiRQ Rf fibeU bXQdle VamSle 0, 2, 3. 

YRXQg¶V MRdXle (E) 6 GSa Beam elemeQW Vi]e (Lb) 0.3 

PRiVVRQ UaWiR (Ȗ) 0.25 DiVcUeWe Uigid elemeQW Vi]e (Ld) 0.2 

DeQViW\ (ȡ) 1.38e-09 T/PP3 CRefficieQW Rf fUicWiRQ (ȝ)  0.2 

AfWeU Whe gUaYLW\ LPSRVed WR fLbeU bXQdOe geRPeWU\, Whe ceQWeUOLQe Rf fLbeU bXQdOe VaPSOe 0, 2, 

3 VhRZQ LQ FLgXUe 6.12. 
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(a)  
(b)  

(c)  

FigXUe 6.12 The ceQWeUliQe Rf fibeU bXQdle afWeU imSRViQg Whe gUaYiW\ field. (a) SamSle 0 (DU. Haji¶V 

VamSle), (b) SamSle 2, (c) SamSle 3. 

The fLbeUV dLVSOacePeQWV (𝑑௙𝑖𝑏𝑒𝑟𝑖: Whe dLVWaQce beWZeeQ VLPXOaWLRQ aQd e[SeULPeQW fRU fLbeU 𝑖) 
beWZeeQ gUaYLW\ VLPXOaWLRQ aQd LQLWLaO e[SeULPeQW geRPeWU\ ZeUe TXaQWLfLed XVLQg Whe 

LQdLcaWRUV deYeORSed SUeYLRXVO\ (Whe deVcULSWLRQ Rf WhLV LQdLcaWRUV VhRZQ LQ VecWLRQ 6.2). ThLV 

VhRZV cOeaUO\ Whe LQfOXeQce Rf Whe YR[eO VL]e bXW aOVR WhaW Whe LQLWLaO PRdeOLQg RbWaLQed fRU 

VaPSOe 2 aQd 3 LV accXUaWe VLQce YeU\ VPaOO chaQgeV aQd Whe LQdLcaWRUV aUe RbVeUYed. 

Table 6.2 The SRViWiRQ eUURUV Rf fibeUV beWZeeQ e[SeUimeQW aQd VimXlaWiRQ. 

 SamSle 0 SamSle 2 SamSle 3 

SSaWial UeVRlXWiRQ (𝝁𝒎) 15 9 9 

DiameWeU Rf fibeUV (∅𝒇𝒊𝒃𝒆𝒓) (mm) 0.5 

ThickQeVV Rf fibeU bXQdle (mm) 3 3 3.24 

IQdicaWRUV (%) 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

FPDTR (accRUdiQg WR Whe WhickQeVV Rf fibeU bXQdle) 2.66 0.92 0.86 0.26 1.28 0.40 

FPDVFR (accRUdiQg WR Whe 𝑽𝒇) 4.25 1.47 1.75 0.40 2.09 0.62 

FPDDR (accRUdiQg WR Whe diameWeU Rf fibeU) 15.83 5.50 5.20 1.20 8.30 2.45 
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6.3.2 AQal\]e Rf Whe VamSle¶V micURVWUXcWXUe  

IQ Whe VecWLRQ 6.2, Whe PLcURVWUXcWXUe LQdLcaWRUV WRROV aUe deYeORSed, WheVe WRROV cRXOd be XVed 

WR aQaO\]e Whe RULeQWaWLRQ, cRQWacW beWZeeQ fLbeUV, cXUYaWXUe Rf fLbeUV afWeU cRPSacWLRQ WeVW. The 

cRPSacWLRQ e[SeULPeQWV ZeUe SeUfRUPed fRU VaPSOe 0, 2, 3, aQd Whe cRPSacWLRQ SUeVVXUe 

fXQcWLRQ LQ YROXPe fUacWLRQ VhRZQ LQ FLgXUe 6.13. 

 

FigXUe 6.13 CRmSacWiRQ SUeVVXUe fXQcWiRQ iQ YRlXme fUacWiRQ fRU VamSle 0, 2, 3. 

The aQaO\VLV Rf Whe LQWeUQaO VWUXcWXUe Rf fLbeUV b\ Whe RULeQWaWLRQ WeQVRU Rf Whe fLbeUV LV abOe WR 

TXaQWLWaWLYeO\ deVcULbe Whe RULeQWaWLRQ dLVWULbXWLRQ Rf Whe fLbeUV aQd SURYLdeV a PaWhePaWLcaO 

WRRO fRU XQdeUVWaQdLQg Whe PechaQLcaO behaYLRU Rf fLbeU bXQdOeV. ThLV aSSURach caQ UeYeaO Whe 

XQLfRUPLW\ aQd RULeQWaWLRQ Rf Whe fLbeU aUUaQgePeQW. 

a) OUieQWaWiRQ aQd miV-RUieQWaWiRQ 

The RULeQWaWLRQ XQLW VSheUeV aQd RULeQWaWLRQ WeQVRU 𝐴33 Rf Whe VaPSOe 0, 2, 3 VhRZQ LQ FLgXUe 

6.14 aQd FLgXUe 6.15, UeVSecWLYeO\. 𝐴33 UefOecWV Whe RULeQWaWLRQ LQWeQVLW\ Rf Whe fLbeUV LQ Whe 𝒆𝟑 

dLUecWLRQ LQ Whe RULeQWaWLRQ XQLW VSheUeV. The 𝐴33  LV cORVeU WR 1.000, LW PeaQV WhaW Whe 

dLVWULbXWLRQ Rf fLbeUV LQ Whe SOaQe SeUSeQdLcXOaU (XY SOaQe/𝒆𝟏𝒆𝟐 SOaQe) WR Whe fLbeU OeQgWh (Z-

a[LV/𝒆𝟑) LV PRUe RUdeUed aQd deQVeU VR WhaW Whe XQLW RULeQWaWLRQ WeQVRU dLVWULbXWLRQ cORVeU WR 𝒆𝟑. 

HeUe VLQce URYLQgV aUe WaUgeWed, LQ Whe WhUee caVeV Whe SULYLOeged 𝒆𝟑 RULeQWaWLRQ Rf Whe fLbeUV LV 

QRWLced.  
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FigXUe 6.14 The RUieQWaWiRQ XQiW VSheUeV Rf VamSle 0, 2,3. 

  

FigXUe 6.15 The RUieQWaWiRQ WeQVRU 𝑨𝟑𝟑 Rf VamSle 0, 2, 3.  

IQ addLWLRQ, Whe PLV-RULeQWaWLRQ degUee Rf fLbeUV RffVeW dLUecWLRQ fURP Z-a[LV/𝒆𝟑 ZeUe aQaO\]ed 

heUe, WR XQdeUVWaQd Whe gORbaO RULeQWaWLRQ Rf fLbeUV. The PLV-RULeQWaWLRQ LQdLacRWRUV VhRZ Whe 

begLQ-eQd Rf fLbeU RffVeW dLUecWLRQ fURP Z-a[LV/𝒆𝟑 , aV deVcULbed LQ VecWLRQ 5. The gORbaO 

RULeQWaWLRQ Rf fLbeUV RffeVW fURP Z-a[LV WR X-a[LV QaPed 𝛼, aQd RffeVW fURP Z-a[LV WR Y-a[LV 

QaPed 𝛽 . The bR[SORW Rf PLV-RULeQWaWLRQ degUee Rf fLbeUV RffVeW dLUecWLRQ fURP Z-a[LV/𝒆𝟑 

VhRZQ LQ FLgXUe 6.16, Whe ³BR[-NRUPaO PORW´ LV XVed WR UeSUeVeQW Whe aYeUage YaOXe 𝜇, VWaQdaUd 

YaOXe 𝜎, Whe QRUPaO dLVWULbXWLRQ Rf daWa, aQd Whe daWa, VhRZQ LQ FLgXUe 6.16. The 𝛼 Rf VaPSOe 

0, VaPSOe 2, aQd VaPSOe 3 aUe dLVWULbXWed LQ [-5,11] (瀽), [-8,2] (瀽), aQd [-15,8] (瀽), UeVSecWLYeO\. 

IW LQdLcaWeV WhaW VaPSOeV 0 aQd 3 haYe a OaUge RffVeW aQgOe fURP Whe Z-a[LV WR Whe X-a[LV, ZhLch 

PeaQV WhaW Whe fLbeUV aUe cURVVLQg each RWheU. The 𝛽 Rf VaPSOe 0, VaPSOe 2, aQd VaPSOe 3 aUe 

dLVWULbXWed LQ [-7,8] (瀽), [-5,2] (瀽), aQd [-5,7] (瀽), UeVSecWLYeO\. FRU VaPSOeV 0 aQd 3 (𝑉௙=37.9 % 

aQd 38.9 %), Whe LQLWLaO YROXPe fUacWLRQ ZaV ORZ cRPSaUed WR VaPSOe 2 (𝑉௙=50.5 %). CRPbLQed 

ZLWh Whe ceQWeUOLQeV Rf Whe fLbeUV FLgXUe 6.12 aQd Whe 3D UecRQVWUXcWed fLgXUe Rf Whe fLbeU bXQdOe 

VaPSOeV (VaPSOe 0: FLgXUe 6.23, VaPSOe 2: FLgXUe 6.26, VaPSOe 3: FLgXUe 6.34), Whe LQLWLaO 

SRVLWLRQV Rf Whe dLffeUeQW VaPSOeV aUe UaQdRP aQd dLffeUeQW. HLgheU YROXPe fUacWLRQV/deQVLWLeV, 

LQdLcaWe WhaW Whe fLbeUV LQ Whe fLbeU bXQdOe haYe VPaOOeU gaSV beWZeeQ each RWheU, aQd e[hLbLW a 
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WLghWeU aQd PRUe RUdeUed aUUaQgePeQW. ThLV RUdLQaWLRQ LV PaLQO\ VhRZQ LQ Whe aUUaQgePeQW Rf 

Whe fLbeUV aORQg Whe Z-a[LV dLUecWLRQ.  

 

 

 

 

 
(a) 

 

 
(b) 

FigXUe 6.16 The bR[SlRW Rf miV-RUieQWaWiRQ aQgle Rf fibeUV fRU VamSle 0, 2, 3. (a) 𝜶, (b) 𝜷 (°). 

b) CRQWacW 

The cRQWacW SULQcLSOe beWZeeQ fLbeUV LV dLVcXVVed LQ VecWLRQ 6.2. The cRQWacW QXPbeU beWZeeQ 

Whe fLbeUV, cRQWacW QXPbeU beWZeeQ fLbeUV aQd SOaWeV, WRWaO cRQWacW QXPbeU Rf VaPSOe 0, VaPSOe 

2 aQd VaPSOe 3 VhRZQ LQ FLgXUe 6.17. The fLbeUV LQ Whe hLgheU 𝑉௙0 Rf fLbeU bXQdOeV (VaPSOe 2) 

aUe cORVeU WR each RWheU, WheUefRUe, Whe QXPbeU Rf cRQWacWV beWZeeQ Whe fLbeUV LV hLgh cRPSaUed 

WR VaPSOeV 0 aQd 3. 

  

FigXUe 6.17 CRQWacW QXmbeU Rf VamSle 0, 2, 3. 
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The cRQWacW aQgOe beWZeeQ fLbeUV LQ fLbeU¶V VecWLRQ LV 𝜃 aQd Whe cRQWacW aQgOe beWZeeQ fLbeUV 

LQ fLbeU¶V OeQgWh dLUecWLRQ LV 𝛾 . The dLVWULbXWLRQ Rf 𝜃  aQd Whe BR[SORW Rf 𝛾  fRU VaPSOe 0, 

VaPSOe 2 aQd VaPSOe 3 aUe deSLcWed LQ FLgXUe 6.18 (a) aQd (b), UeVSecWLYeO\, aQd Whe aYeUage (𝜇) 

aQd VWaQdaUd YaOXe (𝜎) Rf 𝛾 aUe SUeVeQWed LQ TabOe 6.3. FURP FLgXUe 6.18, Whe dLVWULbXWLRQ YaOXe 

Rf 𝜃 aQd 𝛾 Rf VaPSOe 0 aQd VaPSOe 3 LV OaUgeU, Whe OaUgeU cRQWacW aQgOeV XVXaOO\ UefOecW Whe 

SUeVeQce Rf OaUgeU VSaceV beWZeeQ Whe fLbeUV, LPSO\LQg WhaW Whe fLbeUV aUe LQ OeVV cRQWacW ZLWh 

each RWheU, aQd Whe aOLgQPeQW Rf fLbeUV deYLaWe PRUe fURP Whe Z-a[LV dLUecWLRQ WhaQ fRU VaPSOe 

2. 

 
(a) 

 
(b) 

FigXUe 6.18 The cRQWacW aQgle beWZeeQ fibeUV. (a) iQ Whe fibeU VecWiRQ (𝜽), (b) iQ Whe fibeU leQgWh diUecWiRQ 

(𝜸) (°). 

Table 6.3 The cRQWacW aQgle beWZeeQ fibeUV iQ fibeU leQgWh diUecWiRQ Rf VamSle 0, 2, 3 (𝜸) (°). 

 SamSle 0 SamSle 2 SamSle 3 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝛾 ሺ°ሻ 3.88 2.05 2.79 1.02 4.11 3.23 

c) CUimS aQd cXUYaWXUe 

The cULPS deVcULbeV Whe ZaY\ RU cXUYed chaUacWeU Rf Whe fLbeU. The BR[SORW Rf VaPSOe 0, VaPSOe 

2 aQd VaPSOe 3 VhRZQ LQ FLgXUe 6.19, aQd Whe 𝜇, 𝜎 Rf cULPS VhRZQ LQ TabOe 6.4. IQ addLWLRQ, 

Whe BR[SORW aQd 𝜇, 𝜎 Rf SURMecWed cXUYaWXUe UadLXV Rf WheVe VaPSOe VhRZQ LQ FLgXUe 6.20 aQd 

TabOe 6.5, UeVSecWLYeO\. The cULPS aQd SURMecWed cXUYaWXUe Rf VaPSOe 3, VhRZQ Whe fLbeUV haYe 

a hLgheU aYeUage cULPS cRPSaUed WR Whe VaPSOe 0 aQd VaPSOe 2. IW LV aOVR ORgLcaO WR QRWLce WhaW 

Whe VaPSOe 2 haV Whe ORZeVW aYeUage YaOXe aQd Whe QaUURZeVW dLVWULbXWLRQ ZhLch LV cRQVLVWeQW 

ZLWh Whe VWUaLghWeU aQd beWWeU RUgaQL]aWLRQ OeadLQg WR Whe hLgheVW LQLWLaO YROXPe fUacWLRQ LQ fLbeU 

bXQdOeV. The cXUYaWXUeV LOOXVWUaWe aOVR Whe PRUShRORg\ Rf Whe fLbeUV, LQdeed Whe hLgheVW YaOXeV 
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fRU VaPSOe WZR VhRZV VWUaLghWeU WUaMecWRU\, cRQVLVWeQWO\ ZLWh UeaOLgQPeQW ZLWh Whe LQcUeaVe LQ 

Whe YROXPe fUacWLRQ. The dLffeUeQceV beWZeeQ Whe VaPSOe 0 aQd 3 aUe UefOecWLQg Whe hLgheU 

WRUWXRVLW\ Whe XZ SOaQe.  

SaPSOe 3 haV aOVR Whe ZLdeVW cULPS dLVWULbXWLRQ VhRZQ b\ Whe hLgheVW VWaQdaUd deYLaWLRQ. OQ 

Whe RYeUaOO Whe WZR YaOXeV LQdLcaWe VRPe fLbeUV aUe ZLdeO\ cXUYed aQd cULPSed LQ bRWh SOaQeV 

(YZ aQd XZ), hRZeYeU, aOO Whe PRUe LQ Whe XZ SOaQe VhRZLQg a VWURQgeU dLVRUgaQL]aWLRQ LQ WhLV 

SOaQe. 

  

FigXUe 6.19 The bR[SlRW Rf cUimS fRU VamSle 0, 2, 3 (%). 

Table 6.4 The cUimS Rf VamSle 0, 2, 3 (%). 

 SamSle 0 SamSle 2 SamSle 3 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

CUimS (%) 0.110 0.061 0.072 0.045 0.264 0.191 

 

 
(a) 

 

 
(b) 

FigXUe 6.20 The bR[SlRW Rf SURjecWed cXUYaWXUe Uadii (mm) Rf VamSle 0, 2, 3 (a) IQ XZ SlaQe, (b) IQ YZ 

SlaQe. 



136 

 

Table 6.5 The SURjecWed cXUYaWXUe UadiXV Rf VamSle 0, 2, 3 (mm). 

 SamSle 0 SamSle 2 SamSle 3 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

IQ XZ SlaQe (𝑹𝑿𝒁) 109 20 141 15 87 16 

IQ YZ SlaQe (𝑹𝒀𝒁) 118 23 174 19 111 13 

6.3.3 CRmSacWiRQ VimXlaWiRQ 

The cRPSacWLRQ VLPXOaWLRQ Rf VaPSOe 0, 2 aQd 3 ZeUe SeUfRUPed heUe, Whe VLPXOaWLRQ VWUaWeg\ 

LV dLVcXVVed LQ VecWLRQ 5.2.  

a) SamSle 0 

The cRPSacWLRQ SUeVVXUe LQ fXQcWLRQ Rf YROXPe fUacWLRQ VhRZQ LQ FLgXUe 6.21. The VLPXOaWLRQ 

aQd e[SeULPeQWaO UeVXOWV aUe cRPSaUed. IQ addLWLRQ, Whe fLbeU SRVLWLRQ aQd 3D PRUShRORg\ Rf 

fLbeUV afWeU e[SeULPeQW aQd VLPXOaWLRQ cRPSacWLRQ aOVR aQaO\]ed heUe. The ceQWeUOLQe Rf VaPSOe 

0 befRUe aQd afWeU cRPSacWLRQ VhRZQ LQ FLgXUe 6.22, aQd Whe TabOe 6.6 VhRZ Whe eUURUV Rf fLbeU 

SRVLWLRQ beWZeeQ e[SeULPeQW aQd VLPXOaWLRQ accRUdLQg WR WhLcNQeVV Rf fLbeU bXQdOe (FPDTR), 𝑉௙  (FPDVFR), Whe dLaPeWeU Rf fLbeU (FPDDR), aQd Whe dLVSOacePeQW Rf cRPSacWLRQ SOaWe 

(FPDUR). The cRQVLVWeQc\ beWZeeQ Whe VLPXOaWed aQd e[SeULPeQWaO YaOXeV LV LQWeUeVWLQg aQd 

acceSWabOe. HRZeYeU, LQ VWeS 9 Rf Whe cRPSacWLRQ VWeS Rf VaPSOe 0, Whe SRVLWLRQaO eUURU Rf fLbeUV 

beWZeeQ Whe VLPXOaWed aQd e[SeULPeQWaO LV OaUge, aQd WhLV eUURU LV dXe WR Whe accXPXOaWLRQ Rf 

LQLWLaO eUURUV LQ Whe fLbeUV (dLVcXVVed LQ VecWLRQ 6.1). DXULQg Whe cRPSacWLRQ VWeS Rf Whe fLbeU 

bXQdOe, Whe fLbeUV defRUP RU PRYe b\ WUaQVfeUULQg cRPSacWLRQ fRUce beWZeeQ WheP WhURXgh Whe 

cRQWacW SRLQWV. The accXPXOaWLRQ Rf Whe LQLWLaO eUURU LV fLQaOO\ dLVSOa\ed LQ Whe cRQWacW eUURU 

beWZeeQ Whe fLbeUV. HRZeYeU, aV cRPSacWLRQ SURceedV (VWeS 12, 13 aQd 14), Whe SRVLWLRQaO eUURUV 

Rf Whe fLbeUV LQ Whe VLPXOaWLRQ aQd e[SeULPeQWaO UeVXOWV gUadXaOO\ decUeaVe. ThLV LV dXe WR Whe 

facW WhaW TXaVL-VWaWLc cRPSacWLRQ LV a VORZ cRPSacWLRQ SURceVV LQ ZhLch Whe PRYePeQW aQd 

adMXVWPeQW Rf Whe fLbeUV LV gUadXaO, WhXV aOORZLQg Whe fLbeUV WR beWWeU adaSW WR Whe aOLgQPeQW Rf 

WheLU QeLghbRULQg fLbeUV aQd Whe RYeUaOO VWUXcWXUe. FRU Whe LQLWLaO PRdeO, Whe cRQWacW aQd fRUce 

WUaQVfeU beWZeeQ Whe fLbeUV LV OeVV WhaQ RSWLPaO aV Whe LQLWLaO cRQWacW eUURU Rf Whe fLbeUV Pa\ be 

OaUge. HRZeYeU, aV Whe cRPSacWLRQ SURceVV SURceedV, Whe fLbeUV WeQd WR PRYe WR PRUe VWabOe 

SRVLWLRQV aV Whe\ aUe SURgUeVVLYeO\ VXbMecWed WR fRUceV, UedXcLQg Whe SRVLWLRQaO deYLaWLRQV dXe 

WR LQLWLaO eUURUV. 
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FigXUe 6.21 The cRmSacWiRQ SUeVVXUe fXQcWiRQ iQ YRlXme fUacWiRQ Rf VamSle 0. 

(a)  (b)  

(c)  (d)  

FigXUe 6.22 The ceQWeUliQe Rf VamSle 0 afWeU VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ. (a) SWeS 9, (b) SWeS 

12, (c) SWeS 13, SWeS 14. 
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Table 6.6 The SRViWiRQ eUURUV Rf fibeUV beWZeeQ e[SeUimeQW aQd VimXlaWiRQ Rf VamSle 0 fRU cRmSacWiRQ VWeS 

9, 12, 13, 14. 

IQdicaWRUV (%) SWeS 9 SWeS 12 SWeS 13 SWeS 14 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

FPDTR (accRUdiQg WR Whe WhickQeVV Rf 

fibeU bXQdle) 
7.84 1.68 8.13 2.49 7.76 2.40 7.55 2.85 

FPDVFR (accRUdiQg WR Whe 𝑽𝒇) 13.67 2.94 15.99 4.42 16.33 5.05 16.79 6.42 

FPDDR (accRUdiQg WR Whe diameWeU Rf 
fibeU) 

37.66 8.09 33.80 9.35 30.26 9.36 27.95 10.56 

FPDUR (accRUdiQg WR Whe diVSlacemeQW 

Rf cRmSacWiRQ SlaWe) 
31.38 6.73 18.37 5.08 14.41 4.46 12.15 2.59 

The 3D UeQdeULQg VLPXOaWLRQ QXPeULcaO geRPeWU\ aQd 3D e[SeULPeQW UecRQVWUXed geRPeWULeV 

Rf VaPSOe 0 afWeU cRPSacWLRQ VWeS VhRZQ LQ FLgXUe 6.23, Whe fLbeU PRUShRORg\ Rf fLbeUV afWeU 

cRPSacWLRQ LV aOPRVW VaPe. ThLV VaPSOe 0 e[hLbLW Whe LPSRUWaQce Rf aQ accXUaWe deVcULSWLRQ Rf 

Whe LQLWLaO geRPeWU\ WR be abOe WR YaOLdaWe Whe SURSRVed VWUaWeg\. 

 
FigXUe 6.23 The 3D UeQdeUiQg geRmeWU\ Rf VamSle 0 afWeU cRmSacWiRQ fRU VWeS iQiWial, 9, 12, 13, 14. 

b) SamSle 2 

The FLgXUe 6.24 (a) VhRZ Whe cRPSacWLRQ SUeVVXUe LQ fXQcWLRQ Rf YROXPe fUacWLRQ Rf VaPSOe 2 , 

aQd Whe VWUaLQ, SeQaOW\ aQd NLQeWLc eQeUg\ LQ Whe cRPSacWLRQ SURceVV VhRZQ LQ FLgXUe 6.24 (b). 
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The VLPXOaWLRQ cXUYeV aUe eVVeQWLaOO\ LQ agUeePeQW ZLWh Whe e[SeULPeQW UeVXOWV. IW LV eVSecLaOO\ 

QRWLceabOe WhaW Whe dURS Rf Whe cRPSacWLRQ cXUYe aW VWeS 13 haV beeQ caSWXUed b\ Whe VLPXOaWLRQ 

ZhLch LV a YeU\ gRRd LQdLcaWRU fRU Whe cRQVLVWeQc\ Rf Whe SURSRVed VWUaWeg\. IQ addLWLRQ, aV 

PeQWLRQed LQ Whe abRYe VecWLRQ, LW LV aOVR PeaQLQgfXO WR aQaO\]e Whe VLPXOaWLRQ UeVXOWV WhURXgh 

NLQeWLc eQeUg\ (Ke), cRQWacW eQeUg\ (Pe), aQd defRUPaWLRQ eQeUg\ (Se). IQ cRQWUaVW WR Whe PRdeO 

LQ ZhLch fLbeUV faOO fUeeO\ b\ gUaYLW\, LQ Whe cRPSacWLRQ PRdeO Whe NLQeWLc eQeUg\ LV QRW RQO\ 

WhaW Rf Whe UeaUUaQgePeQW Rf Whe fLbeUV, bXW aOVR WhaW Rf Whe PRYePeQW Rf Whe VaPSOe cRPSacWLRQ 

chaQQeO. The cRQWacW eQeUg\ cRQWaLQV Whe eQeUg\ Rf Whe cRQWacW beWZeeQ Whe fLbeUV aQd Whe 

cRQWacW beWZeeQ Whe fLbeUV aQd Whe VaPSOe cRPSacWLRQ chaQQeO. The VWUaLQ eQeUg\ cRQWaLQV RQO\ 

Whe defRUPaWLRQ eQeUg\ Rf Whe fLbeUV, VLQce Whe VaPSOe cRPSacWLRQ chaQQeO LV VLPXOaWed aV a 

ULgLd bRd\ LQ Whe PRdeO aQd dReV QRW XQdeUgR defRUPaWLRQ.  

AW Whe LQLWLaO VWage Rf cRPSacWLRQ (𝑉௙∈[50, 55] (%)), WheUe LV VSace fRU Whe fLbeUV WR PRYe 

(LQLWLaO YROXPe fUacWLRQ Rf 50.5%), VR Whe defRUPaWLRQ aQd cRQWacW eQeUgLeV Rf Whe PRdeO aUe 

abRXW 10-5 WLPeV Rf NLQeWLc eQeUg\. The QXPbeU Rf cRQWacW SRLQWV beWZeeQ Whe fLbeUV aQd beWZeeQ 

Whe fLbeUV aQd Whe ULgLd SOaWe LQcUeaVe UaSLdO\ ZLWh Whe begLQQLQg Rf Whe cRPSacWLRQ VLPXOaWLRQ, 

aQd Whe cRQWacW beWZeeQ Whe fLbeUV LQcUeaVeV aQd VOLghW PRYePeQW RccXUV dXe WR VOLSSage. The 

cRQWacW beWZeeQ Whe fLbeUV aQd Whe ULgLd SOaWe OeadV WR a VPaOO defRUPaWLRQ Rf Whe fLbeUV, ZhLch 

caQ aOVR be RbWaLQed WhURXgh Whe eQeUg\ cXUYeV, a UaSLd LQcUeaVe LQ Whe cRQWacW eQeUg\, ZLWh aQ 

LQcUeaVe LQ Whe NLQeWLc eQeUg\ aQd a ORZ defRUPaWLRQ eQeUg\ aW Whe begLQQLQg Rf Whe cRPSacWLRQ.  

AW 𝑉௙ = 55 %, Whe eQeUg\ Rf Whe PRdeO UeacheV aOPRVW Whe VaPe OeYeO (Se=Ke=Pe), aQd Whe 

NLQeWLc aQd cRQWacW eQeUgLeV LQcUeaVe VLgQLfLcaQWO\, LQdLcaWLQg WhaW Whe ULgLd PRYePeQW Rf Whe 

fLbeUV UeacheV a WhUeVhROd, Whe cRQWacW SRLQWV beWZeeQ Whe fLbeUV LQcUeaVe, aQd defRUPaWLRQ 

begLQV WR RccXU. AW 𝑉௙∈[55, 62] (%), Whe cRQWacW eQeUg\ LV hLgheU WhaQ Whe defRUPaWLRQ eQeUg\ 

Rf Whe PRdeO, ZhLch LV dXe WR Whe facW WhaW Whe fLbeUV, ZLWh Whe cRPSacWLRQ e[SeULPeQWV, XQdeUgR 

cRQWacW fLUVWO\, aQd WheQ WUaQVfeU cRPSUeVVLYe fRUceV WhURXgh Whe cRQWacW SRLQWV WheUeb\ 

defRUPLQg Whe fLbeUV. AfWeU 𝑉௙  = 62 %, Whe eQeUg\ Rf Whe PRdeO LV dRPLQaWed b\ Whe defRUPaWLRQ 

eQeUg\ Rf Whe fLbeUV. 
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(a) 

 
(b) 

FigXUe 6.24 The cRmSacWiRQ VimXlaWiRQ fRU VamSle 2. (a) The cRmSacWiRQ SUeVVXUe fXQcWiRQ iQ YRlXme 
fUacWiRQ. (b) The eQeUg\ eYRlXWiRQ dXUiQg cRmSacWiRQ. 

The ceQWeUOLQe Rf VaPSOe 2 befRUe aQd afWeU cRPSacWLRQ VhRZQ LQ FLgXUe 6.25, aQd Whe TabOe 6.7 

VhRZ Whe eUURUV Rf fLbeU SRVLWLRQ beWZeeQ e[SeULPeQW aQd VLPXOaWLRQ accRUdLQg WR WhLcNQeVV Rf 

fLbeU bXQdOe (FPDTR), 𝑉௙ (FPDVFR), Whe dLaPeWeU Rf fLbeU (FPDDR), aQd Whe dLVSOacePeQW 

Rf cRPSacWLRQ SOaWe (FPDUR). FURP Whe ceQWeUOLQe Rf Whe fLbeUV, Whe fLbeUV VhRZ Whe dLffeUeQW 

SRVLWLRQV beWZeeQ VLPXOaWLRQ aQd e[SeULPeQW, bXW, Whe SRVLWLRQ aUe cORVed. IW LV QRWLceabOe WhaW, 

aV e[SecWed Whe UeVXOWV aUe VLgQLfLcaQWO\ UegaUdLQg Whe PLcURVWUXcWXUe WhaQ Whe RQeV Rf VaPSOe 0 

WhaQNV WR a beWWeU UeVROXWLRQ Rf Whe SLcWXUeV aQd WheQ defLQLWLRQ Rf Whe LQLWLaO PLcURVWUXcWXUe. 
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(a)  (b)  

(c)  (d)  

(e)  (f)  

FigXUe 6.25 The ceQWeUliQe Rf VamSle 2 afWeU VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ. (a) SWeS 2, (b) SWeS 5, 

(c) SWeS 8, (d) SWeS 12, (e) SWeS 13, (f) SWeS 14. 

Table 6.7 The SRViWiRQ eUURUV Rf fibeUV beWZeeQ e[SeUimeQW aQd VimXlaWiRQ Rf VamSle 2 fRU cRmSacWiRQ VWeS 

5, 12, 13, 14. 

IQdicaWRUV (%) SWeS 5 SWeS 12 SWeS 13 SWeS 14 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

FPDTR (accRUdiQg WR Whe WhickQeVV Rf 

fibeU bXQdle) 
2.25 0.59 3.72 2.12 3.19 1.71 3.12 1.75 

FPDVFR (accRUdiQg WR Whe 𝑽𝒇) 6.43 1.67 11.88 6.78 10.35 5.55 10.30 5.78 

FPDDR (accRUdiQg WR Whe diameWeU Rf 
fibeU) 

10.95 2.74 17.00 9.70 14.48 7.76 14.07 7.89 

FPDUR (accRUdiQg WR Whe diVSlacemeQW 

Rf cRmSacWiRQ SlaWe) 
9.41 2.45 11.89 6.78 9.92 5.32 9.44 5.40 
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The FLgXUe 6.26 VhRZ Whe 3D UeQdeULQg fLbeU bXQdOe Rf VLPXOaWLRQ aQd 3D UecRQVWUXed geRPeWU\ 

Rf e[SeULPeQW. The PRUShRORg\ Rf fLbeU bXQdOe afWeU cRPSacWLRQ VWeS LV aOPRVW VaPe. The 

cRPSacWLRQ cXUYe Rf VaPSOe 2 Rf VLPXOaWLRQ aQd e[SeULPeQW LQ FLgXUe 6.24 (a) VhRZQ Whe 

cRPSacWLRQ SUeVVXUe ZaV dURS dRZQ aW cRPSacWLRQ VWeS 13 (𝑉௙=66.9 %), Whe fLbeUV LQ VWeS 12 

(PaUNed LQ Ued cLUcOe) dLVSOaced aV Whe cRPSacWLRQ cRQWLQXe WR VWeS 13 (PaUNed LQ gUeeQ cLUcOe), 

VR, Whe PLcURVWUXcWXUe Rf fLbeU bXQdOe Rf VWeS 12, 13 aQd 14 ZeUe aQaO\]ed heUe. 

 

FigXUe 6.26 The 3D UeQdeUiQg geRmeWU\ Rf VamSle 2 afWeU VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ fRU VWeS 

iQiWial, 2, 5, 8, 12, 13, 14. 
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FRU Whe VaPSOe 2, Whe cRPSacWLRQ SUeVVXUe LV dURS dRZQ LQ Whe 𝑉௙ = 66.9 %, Whe LQdLcaWRU WRROV 

ZeUe XVed WR XQdeUVWaQd Whe eYROXWLRQ Rf fLbeU bXQdOe VWUXcWXUe fURP VWeS 12 WR 14. 

i)  OUieQWaWiRQ aQd miV-RUieQWaWiRQ 

HeUe, Whe RULeQWaWLRQ WeQVRU 𝐴33 Rf Whe fLbeUV LQ VaPSOe 2 ZLWh cRPSacWLRQ VWeS 12, 13, 14 

VhRZQ LQ FLgXUe 6.27, aQd Whe RULeQWaWLRQ XQLW VSheUeV Rf fLbeUV VhRZQ LQ FLgXUe 6.28. The 𝐴33 

LQcUeaVed fURP VWeS 12 WR VWeS 13, bXW afWeU VWeS 13, Whe 𝐴33  aQd XQLW RULeQWaWLRQ WeQVRU 

dLVWULbXWLRQ LQ 𝒆𝟏𝒆𝟐 SOaQe ZeUe aOPRVW VaPe. The fLbeUV aUe VOLSSed fURP VWeS12 WR VWeS 13, aQd 

afWeU cRPSacWLRQ VWeS 13, Whe fLbeUV NeeS WR fLOO Whe VSace, ZhLch cUeaWed b\ Whe VOLSSed beWZeeQ 

fLbeUV LQ VWeS 13.  

 

FigXUe 6.27 The RUieQWaWiRQ WeQVRU 𝑨𝟑𝟑 afWeU VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ VWeS 12, 13, 14 

(VamSle 2). 

 

FigXUe 6.28 The RUieQWaWiRQ XQiW VSheUeV Rf fibeUV ZiWh VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ VWeS 12, 13, 

14 (VamSle 2). 

ii) CRQWacW 

The cRQWacW beWZeeQ fLbeU, beWZeeQ fLbeUV aQd SOaWeV, WRWaO cRQWacW QXPbeU VhRZQ LQ FLgXUe 
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6.29, Whe WRWaO cRQWacW QXPbeU LQ Whe cRPSacWLRQ VWeS 13 LV dURSSed cRPSaUed WR Whe WRWaO 

QXPbeU LQ VWeS 12. The WRWaO cRQWacW QXPbeU LV LQfOXeQced b\ cRQWacW QXPbeU beWZeeQ fLbeUV, 

WhaW¶V PeaQV Whe fLbeUV VOLSSed LQ VWeS 13 chaQged Whe cRQWacW SRLQW aQd QXPbeUV aW VaPe WLPe. 

  

FigXUe 6.29 The cRQWacW QXmbeU beWZeeQ fibeUV, beWZeeQ fibeUV aQd cRmSacWiRQ SlaWeV, WRWal cRQWacW Rf 

VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ VWeS 12, 13, 14 (VamSle 2). 

FURP Whe dLVWULbXWLRQ Rf cRQWacW aQgOe beWZeeQ fLbeU LQ Whe fLbeU¶V VecWLRQ ሺ𝜃ሻ aQd beWZeeQ 

fLbeU OeQgWh dLUecWLRQ (𝛾) (FLgXUe 6.30), Whe dLVWULbXWLRQ Rf cRQWacW aQgOe beWZeeQ fLbeU NeeS 

aOPRVW VaPe aQd aUe LQ gRRd agUeePeQW. 

 

(a) 
 

(b) 

FigXUe 6.30 The cRQWacW aQgle (a) beWZeeQ fibeU iQ fibeU¶V VecWiRQ ሺ𝜽ሻ, (b) beWZeeQ fibeU leQgWh diUecWiRQ ሺ𝜸ሻ (�) (VamSle 2). 
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iii) CUimS 

The bR[SORW Rf cULPS Rf fLbeUV afWeU cRPSacWLRQ VWeS 12, 13, 14 VhRZ LQ FLgXUe 6.31, heUe agaLQ 

Whe cRQVLVWeQc\ beWZeeQ caOcXOaWed aQd e[SeULPeQWaO YaOXeV LV QRWLceabOe. The dLVWULbXWLRQ Rf 

cULPS VhRZV Whe XQdXOaWLRQ dLdQ¶W chaQge WhaW PXch accRUdLQg WR Whe cRQWacW aQgOe aQd Whe 

fLbeU SRVLWLRQ, eYeQ Lf a VOLghW dURS LQ cULPS e[LVW LQ SWeS 13, WheVe VhRZV WhaW Whe dURS LQ VWeS 

13 LV QRW dXe WR a gORbaO UeRUgaQL]aWLRQ Rf Whe VWUXcWXUe bXW WR aQ LQVWabLOLW\ aQd Whe dURS Rf RQe 

RU feZ fLbeUV. 

 

 FigXUe 6.31 The bR[SlRW Rf cUimS Rf fibeUV iQ Whe VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ VWeS 12, 13, 

14 (VamSle 2).  

The cRQVLVWeQc\ beWZeeQ Whe VLPXOaWed aQd e[SeULPeQWaO UeVXOWV aSSeaUV WR be YeU\ SURPLVLQg, 

LW haV WheQ WR be cRQfLUPed RQ Whe VaPSOe 3. 

c) SamSle 3 

IW ZRQ¶W be eQWeUed LQWR VR PXch deWaLO WhaQ fRU Whe SUeYLRXV VaPSOe, VLQce Whe SheQRPeQRQ 

LQYROYed aQd Whe aQaO\VLV ZRXOd be Whe VaPe. HRZeYeU, VLQce Whe gRaO Rf WhLV chaSWeU LV WR 

YaOLdaWe Whe SURSRVed VWUaWeg\ aV UeSUeVeQWaWLYe Rf a UeaO bXQdOe, Whe cRQVLVWeQc\ beWZeeQ Whe 

e[SeULPeQWaO aQd QXPeULcaO UeVXOWV haV WR be cRQfLUPed. The FLgXUe 6.32 VhRZ Whe cRPSacWLRQ 

SUeVVXUe LQ fXQcWLRQ Rf YROXPe fUacWLRQ Rf VaPSOe 3. The cRPSacWLRQ cXUYe Rf VLPXOaWLRQ VhRZV 

LQ WhLV caVe aOVR a gRRd cRQVWaQc\ accRUdLQg WR e[SeULPeQWaO RQe. The ceQWeUOLQe Rf fLbeUV LQ Whe 

dLffeUeQW cRPSacWLRQ VWeS Rf VLPXOaWLRQ aQd e[SeULPeQW VhRZQ LQ FLgXUe 6.33, TabOe 6.8 VhRZ 

Whe eUURUV Rf fLbeU SRVLWLRQ beWZeeQ e[SeULPeQW aQd VLPXOaWLRQ accRUdLQg WR WhLcNQeVV Rf fLbeU 

bXQdOe (FPDTR), 𝑉௙  (FPDVFR), Whe dLaPeWeU Rf fLbeU (FPDDR), aQd Whe dLVSOacePeQW Rf 



146 

 

cRPSacWLRQ SOaWe (FPDUR). 

 

FigXUe 6.32 The cRmSacWiRQ SUeVVXUe fXQcWiRQ iQ YRlXme fUacWiRQ Rf VamSle 3. 

(a)  (b)  

(c)  (d)  

FigXUe 6.33 The ceQWeUliQe Rf VamSle 3 afWeU VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ. (a) SWeS 2, (b) SWeS 4, 

(c) SWeS 7, (d) SWeS 9. 
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Table 6.8 The SRViWiRQ eUURUV Rf fibeUV beWZeeQ e[SeUimeQW aQd VimXlaWiRQ Rf VamSle 3 fRU cRmSacWiRQ VWeS 

2, 4, 7, 9. 

IQdicaWRUV (%) SWeS 2 SWeS 4 SWeS 7 SWeS 9 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

FPDTR (accRUdiQg WR Whe WhickQeVV Rf 

fibeU bXQdle) 
6.14 2.63 5.27 2.88 5.43 2.57 5.06 3.00 

FPDVFR (accRUdiQg WR Whe 𝑽𝒇) 12.51 5.35 11.19 6.50 14.15 6.69 14.47 8.56 

FPDDR (accRUdiQg WR Whe diameWeU Rf 
fibeU) 

30.40 13.00 23.80 11.00 22.20 20.50 19.60 11.60 

FPDUR (accRUdiQg WR Whe diVSlacemeQW 

Rf cRmSacWiRQ SlaWe) 
19.89 8.50 12.13 6.26 9.27 4.39 7.51 4.45 

IQ FLgXUe 6.34, Whe 3D UeQdeULQg fLbeU bXQdOe Rf VLPXOaWLRQ aQd 3D UecRQVWUXed geRPeWU\ Rf 

e[SeULPeQW Rf dLffeUeQW cRPSacWLRQ VWeS ZeUe SeUfRUPed. The PRUShRORg\ Rf fLbeUV LQ 

VLPXOaWLRQ aQd e[SeULPeQW aUe cORVeO\ UeOaWed. EYeQ Lf Whe VaPSOe 3 UeVXOWV aUe QRW aV accXUaWe 

aV fRU Whe VaPSOe 2, e[SeULPeQWaO aQd VLPXOaWed UeVXOWV LV gRRd UePaLQV LQ gRRd agUeePeQW 

ZhLch eQabOeV WR cRQfLUP Whe SRWeQWLaO Rf Whe VWUaWeg\ WR PRdeO cRQVLVWeQWO\ Whe defRUPaWLRQ Rf 

a fLbeU bXQdOe dXULQg cRPSacWLRQ. IW LV LPSRUWaQW WR QRWLce aQd cRQfLUP heUe WhaW Whe LQLWLaO eUURUV 

Rf Whe UecRQVWUXcWed PLcURVWUXcWXUe fURP Whe e[SeULPeQWaO RQe aUe Rf a PaLQ LPSRUWaQce fRU Whe 

geQeUaO cRQVLVWeQc\ ZhLch LV defLQLWeO\ a YeU\ gRRd WhLQg fRU Whe XVe Rf Whe VWUaWeg\ aV a YLUWXaO 

eVWLPaWRU becaXVe WhLV VWeS dReV QRW e[LVW fRU VXch VLPXOaWLRQV.    
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.  

FigXUe 6.34 The 3D UeQdeUiQg geRmeWU\ Rf VamSle 3 afWeU VimXlaWiRQ aQd e[SeUimeQW cRmSacWiRQ fRU VWeS 

iQiWial, 2, 4,7, 9. 

6.4 CRQclXViRQ 

CRPSacWLRQ e[SeULPeQWV ZeUe caUULed RXW RQ WZR QeZ VaPSOeV aQd VLPXOaWLRQV ZeUe caUULed 

RXW RQ WhUee VaPSOeV XVLQg Whe VLPXOaWLRQ VWUaWeg\ deVcULbed abRYe, aQd Whe LQLWLaO YROXPe 

fUacWLRQ LV 37.9 %, 50.5 %, 38.9 %, UeVSecWLYeO\. The accXUac\ Rf Whe LQLWLaO PRdeO ZaV YeULfLed 

b\ LPSRVLQg a gUaYLW\ VLPXOaWLRQ. The cRQWacW SRVLWLRQ deWecWed b\ SRVW-WUeaWPeQW VWUaWeg\ 

cRXOd be YeULfLed b\ LPSRVLQg Whe gUaYLW\ fLOed WR Whe fLbeU bXQdOe geRPeWU\: Whe fLbeUV PRYe 

XQWLO Whe VWaWLc eTXLOLbULXP aQd Whe dLffeUeQceV cRQVeTXeQWO\ SRLQW RXW Whe XQceUWaLQWLeV Rf Whe 

UecRQVWUXcWLRQ SURceVV. The aYeUage eUURU (FPDDR: Whe eUURU accRUdLQg WR Whe fLbeU dLaPeWeU) 

Rf Whe fLbeU SRVLWLRQ XQdeU LPSRVLQg gUaYLW\ VLPXOaWLRQ aQd RQe e[WUacWed b\ WRPRgUaSh\ 

e[SeULPeQW fRU Whe WhUee VaPSOeV ZaV 16 %, 5 %, aQd 8 % Rf Whe fLbeU dLaPeWeU, UeVSecWLYeO\. 

AV e[SecWed, Whe LQcUeaVe LQ Whe XCT UeVROXWLRQ eQabOeV RbWaLQ a PRUe accXUaWe LQLWLaO 

cRQVLVWeQc\ ZhLch LV YeU\ SURPLVLQg fRU Whe SURSRVed VWUaWeg\. ThLV PeaQV Whe LQLWLaO cRQWacW 

LQWURdXced b\ Whe SRVW-WUeaWPeQW VWUaWeg\ achLeYe Whe gRaO, ZLWh a YeU\ VaWLVf\LQg accXUac\ eYeQ 
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Lf Whe eUURUV cRXOdQ¶W be cRPSOeWeO\ eOLPLQaWed dXe WR Whe QeceVVaU\ VLPSOLfLcaWLRQ Rf Whe 

PRdeOLQg.  

The PLcURVWUXcWXUe LQdLcaWRUV ZeUe aQaO\]ed aOVR, dLffeUeQW VaPSOeV ZLWh dLffeUeQW RULeQWaWLRQ, 

cULPS aQd cRQWacW QXPbeU, VR WhaW Whe VaPSOeV SUeVeQW dLffeUeQW PacURVcRSLc cRPSacWLRQ 

behaYLRU (Whe cRPSacWLRQ SUeVVXUe LQ fXQcWLRQ Rf YROXPe fUacWLRQ). The fLbeU SRVLWLRQ fURP 

VLPXOaWLRQ aQd WRPRgUaSh\ e[SeULPeQW aW VaPe cRPSacWLRQ VWeS aUe LQ gRRd agUeePeQW, aQd 

Whe SRVLWLRQ eUURUV Rf UeVXOWV ZLWh hLgh UeVROXWLRQ VaPSOe aUe VPaOOeU.  

EYeQ WhRXgh, WheUe LV SRWeQWLaO fRU LPSURYePeQW, Whe cRPSaULVRQ beWZeeQ Whe VLPXOaWed aQd 

e[SeULPeQWaO, LQ WeUPV Rf PacURVcRSLc cRPSacWLRQ behaYLRU, aQd Whe SRVLWLRQ Rf Whe fLbeUV afWeU 

cRPSacWLRQ LV LQWeUeVWLQg aQd SURPLVLQg aQd eQabOeV WR YaOLdaWe WhaW Whe YLUWXaO QXPeULcaO 

eVWLPaWRU, aV ZeOO aV Whe deYeORSed PLcURVWUXcWXUaO aQaO\VLV WRROV aUe effecWLYe fRU Whe cXUUeQW 

ZRUN. 

IQ RUdeU WR XVe Whe SUeYLRXVO\ YaOLdaWed VWUaWeg\ aV a YLUWXaO eVWLPaWRU, fLbeU bXQdOeV ZLWh 

cRQWUROOed SaUaPeWeUV haYe WR be cUeaWed. IW LV WheQ QeceVVaU\ WR cUeaWe VWRchaVWLc QeaU-UeaOLVWLc 

PRdeOV Rf fLbeU bXQdOeV LQ RUdeU WR e[SORUe Whe PechaQLcaO UeVSRQVe Rf Whe fLbeU PaWeULaO aW Whe 

PLcURVcRSLc OeYeO. TheUefRUe, a PeWhRdRORg\ fRU cUeaWLQg a YLUWXaO QXPeULcaO UaQdRP fLbeU 

bXQdOe geQeUaWRU LV SUeVeQWed LQ Qe[W ChaSWeU. 
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ChaSWeU III RaQdRm FibeU BXQdle GeQeUaWRU aQd aQal\]e Whe iQflXeQce Rf 
cUeaWiRQ SaUameWeUV 

ThLV chaSWeU cRQWaLQV VecWLRQ 7, 8 aQd 9. The effecW Rf PLcURVWUXcWXUaO SaUaPeWeUV LQ Whe fLbeU 

bXQdOe RQ Whe behaYLRU Rf fLbeU cRPSacWLRQ LV dLVcXVVed b\ cUeaWLQg a YLUWXaO QXPeULcaO UaQdRP 

fLbeU bXQdOe geQeUaWRU, Whe SaUaPeWeUV Rf ZhLch beLQg cRQWUROOed faLOLQg WR be SeUfecWO\ LPSRVed. 

IQ VecWLRQ 7, Whe VWUaWeg\ Rf cUeaWLQg YLUWXaO QXPeULcaO UaQdRP fLbeU bXQdOe geQeUaWRU LV 

SUeVeQWed aQd LWV feaVLbLOLW\ YeULfLed. 

BaVed RQ Whe YLUWXaO QXPeULcaO UaQdRP fLbeU bXQdOe geQeUaWRU LQ VecWLRQ 7, SecWLRQ 8 

LQYeVWLgaWeV Whe effecW Rf PLcURVWUXcWXUaO SaUaPeWeUV LQ Whe fLbeU bXQdOe RQ Whe cRPSacWLRQ 

behaYLRU. FLQaOO\, VecWLRQ 9 VWXd\ Whe effecW Rf dLffeUeQW SaUaPeWeUV RQ Whe cRPSacWLRQ behaYLRU, 

OLNe Whe ORadLQg SaWh, fULcWLRQ cReffLcLeQW, eWc. 
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Section 7 ViUWXal QXmeUical UaQdRm fibeU bXQdle geQeUaWRU 

ThLV VecWLRQ deYeORSV a YLUWXaO QXPeULcaO UaQdRP fLbeU bXQdOe geQeUaWRU baVed RQ Whe SULQcLSOe 

Rf Whe WRPRgUaSh\ e[SeULPeQWV Rf fLbeU bXQdOeV aV SUeVeQWed LQ ChaSWeU II. The geQeUaWRU aOORZV 

Whe cRQWURO Rf Whe PLcURVWUXcWXUaO SaUaPeWeUV Rf Whe fLbeUV bXQdOe, LQcOXdLQg Whe QXPbeU Rf fLbeUV, 

Whe OeQgWh-dLaPeWeU UaWLR, Whe XQdXOaWLRQ, aQd VR RQ. IQ WhLV Za\, fLbeU bXQdOe PRdeOV ZLWh 

dLffeUeQW PLcURVWUXcWXUeV caQ be geQeUaWed.  

The feaVLbLOLW\ aQd Whe UeOLabLOLW\ Rf WhLV VWUaWeg\ LV YeULfLed b\ a cRPSacWLRQ VLPXOaWLRQ 

cRPSaULVRQ ZLWh Whe fLbeU bXQdOe VaPSOe II fURP Whe WRPRgUaSh\ e[SeULPeQW LQ ChaSWeU II.  

ThLV PeWhRd dReV QRW UeTXLUe e[WeQVLYe e[SeULPeQWaWLRQ aQd VaYeV WLPe aQd cRVW. IW SURYLdeV a 

UeOLabOe aQd faVW PeWhRd WR dLVcXVV Whe effecW Rf Whe PLcURVWUXcWXUe Rf Whe fLbeU bXQdOe RQ Whe 

cRPSUeVVLRQ behaYLRU. 

7.1 The baVic h\SRWheViV 

The SULQcLSOe Rf Whe QXPeULcaO geQeUaWRU LV baVed RQ Whe SULQcLSOeV Rf WRPRgUaSh\ VcaQ LQ-VLWX 

LPage Rf fLbeUV bXQdOeV aQd Whe 3D UecRQVWUXcWLRQ Rf fLbeU bXQdOeV, aV deVcULbed LQ ChaSWeU II. 

TRPRgUaSh\ VOLceV Rf a fLbeU bXQdOe cRQVLVWLQg Rf cURVV-VecWLRQV VSaced LQ YR[eO VL]e LQWeUYaOV. 

The QXPeULcaO PRdeO UecRQVWUXcWLRQ Rf Whe fLbeU bXQdOe LV baVed RQ Whe cRQQecWLRQ Rf Whe fLbeU 

ceQWeUOLQeV. IQ WhLV caVe, Whe fLbeU cURVV-VecWLRQ LV WUeaWed aV a UegXOaU cLUcOe aQd Whe fLbeU bXQdOe 

LV dLYLded LQWR 𝑛 eTXaO SaUWV, ZheUe 𝑛 LV Whe QXPbeU Rf VOLceV, deWeUPLQed b\ Whe fLbeU bXQdOe 

OeQgWh 𝐿௙𝑖𝑏𝑒𝑟 aQd UeVROXWLRQ 𝑣, aV VhRZQ LQ FLgXUe 7.1. The ceQWeUOLQeV Rf Whe 𝑛 eTXaO SaUWV Rf 

Whe fLbeU bXQdOe aUe cRQQecWed WR RbWaLQ Whe 3D QXPeULcaO geRPeWU\ PRdeO. BXW LW¶V dLffLcXOW WR 

cUeaWe Whe YLUWXaO QXPeULcaO UaQdRP fLbeU bXQdOe baVLc RQ WhLV SULQcLSOe Rf WRPRgUaSh\ VcaQ LQ-

VLWX LPage aQd 3D UecRQVWUXcWLRQ Rf fLbeU bXQdOeV. SLQce fLbeU cURVV VecWLRQV aUe cUeaWed LQ VOLceV 

aQd WheQ MRLQed, SeQeWUaWLRQ beWZeeQ fLbeUV LV XQaYRLdabOe ZLWh hLgh YROXPe fUacWLRQ (漥45%).  
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FigXUe 7.1 GeQeUaWiRQ Rf fibeU accRUdiQg WR WRmRgUaSh\ SUiQciSle: Whe fibeU bXQdle cRQViVWV Rf 𝒏 

WRmRgUaShic VliceV VSaced b\ 𝒗 (UeVRlXWiRQ). 

SR WhaW, Whe baVLc h\SRWheVLV Rf YLUWXaO QXPeULcaO UaQdRP fLbeU bXQdOe geQeUaWRU LQYROYeV WhUee 

VWeSV, aV VhRZQ LQ FLgXUe 7.2; Whe fLUVW WZR VWeSV cRQceUQ Whe geRPeWULcaO PRdeOLQg Rf each fLbeU 

ZLWh a MATLAB cRde aQd Whe WhLUd RQe LPSRVeV gUaYLW\ ZLWh AbaTXV� VRfWZaUe WR geQeUaWe 

Whe fLQaO fLbeU bXQdOe. 

 

FigXUe 7.2 MaiQ VWeSV Rf a YiUWXal QXmeUical UaQdRm fibeU bXQdle geQeUaWRU. 

Each VWeS ZLOO be deWaLOed LQ VecWLRQ 7.2 bXW caQ be UeVXPed aV fROORZ: 

(L) SWeS 1: cUeaWe VWUaLghW fLbeUV ZLWh PLVRULeQWaWLRQ: 

IQ WhLV cUeaWLRQ VWUaWeg\, Ze cRQVLdeU Whe fLbeU cURVV VecWLRQ aV UegXOaU aQd XQLfRUP LQ VL]e. AV 

VhRZQ LQ FLgXUe 7.3, ZLWh Whe fLbeU OeQgWh cRQWUROOed b\ Whe QXPbeU Rf VOLceV 𝑛  aQd Whe 

UeVROXWLRQ Rf Whe VOLceV (YR[eO VL]e 𝑣), 𝐿௙𝑖𝑏𝑒𝑟 = 𝑣 × ሺ𝑛 − 1ሻ. IQ WhLV VWeS, Whe PLV-RULeQWaWLRQ 

Rf fLbeUV LV cUeaWed, aQd LW dLVcXVVed LQ Whe VecWLRQ 7.2. 
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(a) 

 
(b) 

FigXUe 7.3 PUiQciSle Rf a YiUWXal QXmeUical fibeU bXQdle geQeUaWRU WR cUeaWe VWUaighW fibeUV ZiWh 

miVRUieQWaWiRQ. (a) CUeaWe VWUaighW fibeU, (b) Make VWUaighW fibeU ZiWh miV-RUieQWaWiRQ. 

(LL) SWeS 2: LPSRVe XQdXOaWLRQ 

The PLVRULeQWaWLRQ beLQg LPSRVed, Whe XQdXOaWLRQ haV WR cRQVLdeUed. TheUefRUe, Whe QXPbeU Rf 

XQdXOaWLRQV, ZhLch PeaQV Whe QXPbeU Rf LQfOecWLRQ SRLQWV (1 fRU Whe WZR bRWWRP fLbeUV, 2 fRU Whe 

XSSeU RQe LQ FLgXUe 7.2), aQd Whe LQWeQVLW\ Rf Whe cXUYaWXUe aUe LQWURdXced WR LQdLUecWO\ cRQWURO 

Whe PLcURVWUXcWXUe Rf Whe fLbeUV.  

(LLL) SWeS 3: LPSRVe gUaYLW\ 

The QaWXUaO fLbeUV bXQdOe LQ Whe UeaO caVe aUe aUUaQged LQ cRQWacW ZLWh each RWheU. UQdeU Whe 

cRQdLWLRQ Rf cRQWUROOLQg Whe SaUaPeWeUV LQ (LL), each fLbeU LV cXUYed aQd RULeQWaWed. IQ MATLAB 

SURgUaPPLQg. TheUefRUe, Whe deQVeU Whe PedLa Whe PRVW dLffLcXOW LW LV WR aYRLd LQWeUSeQeWUaWLRQ 

beWZeeQ Whe QeZO\ cUeaWed fLbeUV aQd Whe e[LVWLQg RQeV. ThLV PLghW Oead WR LQfLQLWe caOcXOaWLRQ 

VR aV WR RbWaLQ Whe WaUgeWed YROXPe fUacWLRQ ZLWh Whe WaUgeWed geRPeWULcaO VWaWLVWLcV. ThLV 

SURbOeP LV eaVLO\ VROYed fRU 2D PLcURVWUXcWXUeV VLQce Whe QXPbeU Rf cRQfLgXUaWLRQV LV aQ RUdeU 

Rf PagQLWXde ORZeU, hRZeYeU, WR RXU NQRZOedge, LW UePaLQV aQ LVVXe fRU 3D PRdeOLQg aQd QR 

effLcLeQW SeUfecW VROXWLRQV haYe beeQ fRXQd fRU WhLV LVVXe.   

 

IQ RUdeU WR aYRLd WhLV SURbOeP, Whe cUeaWLRQ Rf VLQgOe fLbeUV LV dLVWULbXWed LQ a VeSaUaWe aUea WR 

eQVXUe WhaW Whe fLbeUV aUe QRW affecWed b\ fLbeU XQdXOaWLRQ aQd defOecWLRQ. ThLV PeWhRd PaNeV 

Whe fLbeUV LPSeQeWUabOe WR each RWheU. TheQ, a PRdeO Rf Whe fLbeU bXQdOe aUUaQged LQ cRQWacW ZLWh 

each RWheU LV RbWaLQed b\ gUaYLW\ fLeOd VLPXOaWLRQ LQ ABAQUS�, aV VhRZQ LQ FLgXUe 7.4. ThLV 

ZLOO cRQVeTXeQWO\ Oead WR VPaOO chaQgeV LQ Whe PLcURVWUXcWXUe SaUaPeWeUV e[SOaLQLQg Zh\ Whe\ 

aUe defLQed aV cRQWUROOed ZheWheU WhaQ LPSRVed. 
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(a) 

 
 

(b) 
FigXUe 7.4 PUiQciSle Rf aYRidiQg SeQeWUaWiRQ beWZeeQ fibeUV. (a) CUeaWe a ViQgle fibeU iQ a VeSaUaWe la\eU, (b) 

imSRVe gUaYiW\ b\ ABAQUS�. 

7.2 NXmeUical geQeUaWiRQ VWeS 

The QXPeULcaO geQeUaWLRQ VWeS fRU UaQdRP fLbeU bXQdOe geRPeWU\ LV VhRZQ ZLWh a fORZchaUW LQ 

FLgXUe 7.5. IW LV LPSRUWaQW QRZ WR VSecLf\ WhaW Whe ZRUd ³UaQdRP´ PeaQV UaQdRPO\ chRVeQ 

WhURXgh a QRUPaO dLVWULbXWLRQ. The WZR LPSRVed SaUaPeWeUV (aYeUage YaOXe aQd VWaQdaUd 

deYLaWLRQ YaOXe) Rf Whe QRUPaO dLVWULbXWLRQ aUe Whe SaUaPeWeUV WhaW dULYe Whe WaUgeWed 

PLcURVWUXcWXUe. IQ addLWLRQ WR WhLV VWaWLVWLcaO aSSURach VRPe cRQWURO UXOeV haYe WR be YeULfLed 

aQd eQVXUed, aQd Oead WR aQ LWeUaWLYe cUeaWLRQ fRU each fLbeU. 

 

FigXUe 7.5 The flRZchaUW Rf QXmeUical geQeUaWiRQ VWeS fRU UaQdRm fibeU bXQdle geRmeWU\. 
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IQ RUdeU WR LPSOePeQW WhLV PeWhRd, Whe fROORZLQg VWeSV haYe beeQ dRQe: 

a. RaQdRPO\ geQeUaWe Whe ceQWeU SRVLWLRQ Rf Whe fLbeUV LQ each Oa\eU (Whe VLQgOe fLbeU ORcaWed 

LQ RQe Oa\eU LQ FLgXUe 7.4). The fLbeU 𝑖 LV geQeUaWed LQ Oa\eU 𝑖, LQ WhLV Za\, N fLbeUV aUe geQeUaWed 

LQ N Oa\eU (N∈[0: 1: N]). 

FRU a VLQgOe fLbeU Whe ORcaWLRQ Rf Whe ceQWeU SRLQW LQ Whe Oa\eU LV VhRZQ LQ FLgXUe 7.6. IQ WhLV fLUVW 

VWeS, Whe fLUVW ceQWeU SRLQW Rf Whe fLbeU LV UaQdRPO\ VeOecWed ZLWhLQ a UaQge (Whe Ued dRW UaQge). 

AfWeU WhaW, Whe fLbeU ceQWeUOLQe LV e[WeQded LQ Whe Z-a[LV dLUecWLRQ ZLWh a VSacLQg Rf 𝑣 WR ሺ𝑛 −1ሻ × 𝑣 WR Whe eQd Rf Whe fLbeU, ZheUe 𝑛 LV Whe VOLce QXPbeU, 𝑣 LV Whe YR[eO VL]e. IQ RUdeU OeaYe 

VSace fRU a VLQgOe fLbeU WR PaNe a defOecWLRQ LQ Whe Y dLUecWLRQ, Whe Y cRRUdLQaWe LV ORcaWed RQ 

Whe ceQWeUOLQe Rf each Oa\eU (𝑌𝑁𝑡ℎ = 12 𝑑 ). CRQVLdeULQg Whe UadLXV Rf Whe fLbeUV, WheQ Whe X 

cRRUdLQaWe LV chRVeQ LQ Whe UaQge 𝑋 ∈ ሺ𝑟, 𝑋 − 2𝑟ሻ WR PaNe VXUe Whe eQWLUe 3D fLbeU UePaLQV LQ 

Whe bR[. TheQ Whe UaQdRP cRRUdLQaWeV Rf Whe NWh fLbeU aUe ሺ𝑋, 𝑌ሻ, 𝑋 ∈ ሺ𝑟, 𝑋 − 2𝑟ሻ, 𝑌 = 12 𝑑 +ሺ𝑁 − 1ሻ𝑑. 

 

FigXUe 7.6 PUiQciSle Rf ViQgle fibeU cUeaWiRQ. 

b. CRQWURO fLbeU PLVRULeQWaWLRQ (defOecWLRQ) 

The LQLWLaO fLbeU SRVLWLRQ LV VeOecWed UaQdRPO\ (VWeS(a)), aQd Whe EXOeU aQgOe V\VWeP LV LQWURdXced 

WR cRQWURO Whe fLbeU PLVRULeQWaWLRQ. AV LOOXVWUaWed LQ FLgXUe 7.7 (a-c), Whe aUURZ'V dLUecWLRQ (LQLWLaO 

dLUecWLRQ Rf fLbeU (VWeS (a))) LV cRQWUROOed b\ adMXVWLQg Whe URWaWLRQ aQgOe Rf Whe aUURZ (Į aQd ȕ). 

IQ a VLPLOaU PaQQeU, WhLV SULQcLSOe LV aSSOLed WR PaQage Whe PLVRULeQWaWLRQ Rf Whe fLbeUV. 

 
(a) 

 
(b) 

 
(c) 

FigXUe 7.7 PUiQciSle Rf miVRUieQWaWiRQ Rf ViQgle fibeU, accRUdiQg WR EXleU'V WheRU\ Rf URWaWiRQ. 
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IQ Whe fLUVW VOLce, Whe cLUcOe'V ceQWeU SRLQW LV UaQdRPO\ VeOecWed aV Whe LQLWLaO SRVLWLRQ Rf Whe fLbeU 

VOLce (VWeS (a)). The PLVRULeQWaWLRQ LV RbWaLQed b\ Whe URWaWLRQ Rf Whe fLbeU aURXQd WhLV SRLQW.  

FLgXUe 7.8 (a) VhRZV Whe eVWabOLVh a cRRUdLQaWe V\VWeP (X-Y-Z) ZLWh Whe fLbeU ceQWeUOLQe. ThLV 

cRRUdLQaWe V\VWeP dLUecWLRQ LV cRQVLVWeQW ZLWh Whe gORbaO cRRUdLQaWe V\VWeP. FROORZLQg Whe 

EXOeULaQ URWaWLRQ SULQcLSOe, Whe LQLWLaO fLbeUV aUe URWaWed b\ aQ aQgOe Į aURXQd Whe Y-a[LV, aQd a 

QeZ X1-Y1-Z1 cRRUdLQaWe a[LV LV RbWaLQed. SLPLOaUO\, Whe fLbeUV aUe URWaWed aURXQd Whe X1 a[LV 

WR acTXLUe Whe X2-Y2-Z2 cRRUdLQaWe a[eV, aV VhRZQ LQ FLgXUe 7.8 (b). CRQVeTXeQWO\, Whe 

RULeQWaWLRQ Rf Whe fLbeUV caQ be cRQWUROOed b\ Whe SaUaPeWeUV Į aQd ȕ. NR WZLVW LV cRQVLdeUed LQ 

RXU PRdeOLQg VLQce LW caQ be QegOecWed aV UegaUdV URYLQgV aQd LWV PaQXfacWXULQg SULQcLSOeV. 

(a)  (b)  

X1: NeZ X-a[iV afWeU aURXQd Y-a[iV URWaWiRQ 

Z1: NeZ Z-a[iV afWeU aURXQd Y-a[iV URWaWiRQ 𝜶:  URWaWiRQ aQgle aURXQd Y-a[iV 

X2: NeZ X-a[iV afWeU aURXQd X1-a[iV URWaWiRQ 

Y1: NeZ Y-a[iV afWeU aURXQd X1-a[iV URWaWiRQ 𝜷:  URWaWiRQ aQgle aURXQd X1-a[iV 

FigXUe 7.8 RRWaWiRQ Rf fibeUV accRUdiQg WR EXleU¶V WheRU\ Rf URWaWiRQ. (a) RRWaWiRQ Rf a ViQgle fibeU iQ a 

VeSaUaWe la\eU aURXQd Y-a[iV (𝜶) (°), (b) RRWaWiRQ Rf a ViQgle fibeU iQ a VeSaUaWe la\eU aURXQd X-a[iV (𝜷) 

(�). 

FXUWheUPRUe, LW'V LPSRUWaQW WR eQVXUe WhaW Whe VSaWLaO SRVLWLRQLQg Rf Whe fLbeU bXQdOe UePaLQV 

LQVLde Whe VaPSOe caVVeWWe LQQeU ZaOO (cRPSacWLRQ chaQQeO). ThLV cRQceUQV QRW RQO\ WR Whe LQLWLaO 

SRVLWLRQ Rf Whe fLbeUV (FLgXUe 7.6) bXW aOVR WR Whe SRVLWLRQV Rf Whe defOecWed fLbeUV. AOO Whe 

cRRUdLQaWeV Rf fLbeUV VhRXOd be cRQWaLQed ZLWhLQ Whe VaPSOe caVVeWWe LQQeU ZaOO bRXQdaULeV. AV 

VXch, LW LV eVVeQWLaO WR LdeQWLf\ fRU ZhLch caVe Whe UaQdRPO\ geQeUaWed LQLWLaO fLbeU SRVLWLRQ LQ 

FLgXUe 7.9 (a) aOLgQV. FRU LQVWaQce, LW cRXOd be caVe 1, ZheUe Whe fLbeU caQ RQO\ defOecW WR RQe 

VLde (Whe ULghW VLde), RU caVe 2, ZheUe Whe fLbeU haV Whe caSabLOLW\ WR defOecW LQ bRWh dLUecWLRQV. 

MRUeRYeU, Whe aQgOeV Į aQd ȕ VhRXOd QeYeU e[ceed Whe Pa[LPXP aOORZabOe YaOXeV, aV VhRZQ LQ 

FLgXUe 7.9 (b): |𝛼| ൑ 𝛼𝑚𝑎𝑥 = arctan ቆ𝑑2−𝑟𝐿 ቇ = arctanሺ 𝑑2−𝑟𝑛×𝑣ሻ                      (7.1) 

|𝛽| ൑ 𝛽𝑚𝑎𝑥 = arctan ቀ𝑋−2𝑟𝑙 ቁ = arctanሺ 𝑋−2𝑟𝑛×𝑣 ሻ                     (7.2) 
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(a) 
 

(b) 
FigXUe 7.9 Ma[imXm miVRUieQWaWiRQ aQgle Rf Į aQd ȕ. (a) ThUee diffeUeQW caVeV fRU deflecWiRQ Rf fibeU, (b) 

Scheme Rf ma[ URWaWiRQ aQgle 𝜶𝒎𝒂𝒙 aQd 𝜷𝒎𝒂𝒙. 

c. UQdXOaWLRQ Rf VLQgOe fLbeU. 

OQce Whe PLVRULeQWaWLRQ LV geQeUaWed, a UaQdRP SRVLWLRQ fLbeU bXQdOe LV RbWaLQed ZLWh fLbeU Rf 

VWUaLghW OLQeV RULeQWed accRUdLQg WR WhUee-dLUecWLRQV Rf Whe VSace. FRU Whe UeaO caVe, Whe fLbeUV aUe 

beQW aW dLffeUeQW degUeeV, VR Whe QXPbeU Rf XQdXOaWLRQV aQd Whe UaQge Rf XQdXOaWLRQ SRVLWLRQV Rf 

Whe SaUaPeWeUV aUe LQWURdXced heUeafWeU.  

AfWeU VWeS (b) Rf defOecWLRQ, Whe PRUShRORg\ Rf fLbeUV LV VhRZQ LQ FLgXUe 7.11 (a). AQ XQdXOaWLRQ 

SRLQW LV LQVeUWed aQd, WR LOOXVWUaWe WhLV, aQ e[aPSOe LV LQdLcaWed LQ FLgXUe 7.10. The fLQaO 

XQdXOaWLRQ SRLQW LV RbWaLQed b\ dLVSOacLQg Whe VeOecWed SRLQWV (bOacN SRLQW) RQ Whe fLbeU LQ Z, X, 

Y dLUecWLRQ. The QeZ cXUYed fLbeU (bOXe cXUYed OLQe) LV RbWaLQed ZLWh RQe XQdXOaWLRQ SRLQW. 

 

FigXUe 7.10 IQVeUWiRQ XQdXlaWiRQ SRiQW (e[amSle ZiWh RQl\ RQe XQdXlaWiRQ SRiQW).  

The VWUaWeg\ XVed WR LQVeUW XQdXOaWLRQ SRLQW LV Whe fROORZLQg: 

(L) ChRRVe Whe LQLWLaO LQVeUWLRQ SRLQW (bOacN SRLQW). FLQd Whe eTXLSaUWLWLRQ SRLQW Rf Whe fLbeU 

OeQgWh (Whe XQdXOaWLRQ SRVLWLRQ LQ ZhLch VOLce (Z cRRUdLQaWe)), aV VhRZQ LQ FLgXUe 7.11 (a). 

(LL) MaNe a dLVSOacePeQW Rf WhaW SRLQW LQ Whe ORQgLWXdLQaO, WhXV Z dLUecWLRQ. IQ FLgXUe 7.11 

(b), a VOLce LV UaQdRPO\ VeOecWed b\ SaUaPeWeU 𝜎௨𝑧 ZLWh GaXVVLaQ SURbabLOLW\ dLVWULbXWLRQ 

WR LQVeUW Whe XQdXOaWLRQ SRLQW, Whe aYeUage YaOXe beLQg Whe PLddOe Rf Whe fLbeU. 

(LLL) MaNe a dLVSOacePeQW LQ X aQd Y dLUecWLRQ. IQ Whe UaQdRPO\ VeOecWed VOLce, Whe ceQWeU 
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SRLQW Rf Whe fLbeU LV VhLfWed fLUVW LQ Whe X2 dLUecWLRQ aQd WheQ LQ Whe Y2 dLUecWLRQ WR RbWaLQ 

Whe fLQaO XQdXOaWLRQ SRLQW. The VhLfW YaOXe LV cRQWUROOed b\ 𝜇௨𝑋 , 𝜎௨𝑋   aQd 𝜇௨𝑌 , 𝜎௨𝑌  ,  𝜇௨𝑋 , 𝜎௨𝑋   LV Whe aYeUage aQd VWaQdaUd YaOXe Rf Whe VeOecWed SRLQW VhLfW LQ X dLUecWLRQ, 

UeVSecWLYeO\; aQd 𝜇௨𝑌 , 𝜎௨𝑌 LV aYeUage aQd VWaQdaUd YaOXe Rf Whe VeOecWed SRLQW VhLfW LQ Y 

dLUecWLRQ, UeVSecWLYeO\, aV VhRZQ FLgXUe 7.11 (c). 

         (a)  

 
(b) 

 
 

 

(c) 
FigXUe 7.11 PUiQciSle Rf iQVeUWiRQ Rf XQdXlaWiRQ SRiQW iQ ViQgle fibeU (e[amSle ZiWh RQe XQdXlaWiRQ SRiQW). 

7.3 ValidaWe Whe fibeU geQeUaWRU ZiWh e[SeUimeQW VamSle 

7.3.1 CUeaWe geRmeWU\ ZiWh Vame SaUameWeUV Rf VamSle 2 

IQ RUdeU WR checN Whe effLcLeQc\ Rf Whe YLUWXaO QXPeULcaO UaQdRP fLbeU geQeUaWRU, Whe VaPe 

cRPSacWLRQ WeVW ZaV VLPXOaWed fRU YLUWXaO QXPeULcaO fLbeU bXQdOeV. 3 YLUWXaO QXPeULcaO fLbeU 

bXQdOe geRPeWULeV (geRPeWU\ 1-3) ZeUe cUeaWed ZLWh Whe VaPe SaUaPeWeUV Rf Whe TabOe 7.1.  

AV aQ e[aPSOe, Whe cUeaWLRQ VWeS 3 (LPSRVLQg Whe gUaYLW\ RQ Whe fLbeU bXQdOe) fRU geRPeWU\ 1 LV 

VhRZQ LQ FLgXUe 7.12, Whe FLgXUe 7.12 (a) VhRZ Whe ceQWeUOLQe Rf Whe fLbeU bXQdOe geRPeWU\ 1 

befRUe VWeS 3 (LPSRVLQg Whe gUaYLW\), aQd FLgXUe 7.12 (b) VhRZ Whe ceQWeUOLQe Rf Whe fLbeU bXQdOe 
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geRPeWU\ 1 afWeU LPSRVLQg Whe gUaYLW\ VWeS b\ ABAQUS瀻. Ne[W, Whe FLgXUe 7.13 (a-b) VhRZ 

Whe 3D UeQdeULQg fLbeU bXQdOe geRPeWU\ 1 befRUe aQd afWeU LPSRVLQg gUaYLW\. The UecRQVWUXcWLRQ 

fLbeU bXQdOe geRPeWU\ fURP WRPRgUaSh\ e[SeULPeQW LV VhRZQ LQ FLgXUe 7.13 (c1), aQd aQRWheU 

3D UeQdeULQg YLUWXaO QXPeULcaO fLbeU bXQdOe geRPeWULeV 2, 3 aUe VhRZQ LQ FLgXUe 7.13 (e1, f1), 

ZhLch cUeaWed ZLWh VaPe SaUaPeWeUV aV geRPeWU\ 1. AfWeU LPSRVLQg gUaYLW\, Whe LQLWLaO YROXPe 

fUacWLRQ Rf geRPeWU\ 1-3 LV 46.7%, 46.7% aQd 47.6% UeVSecWLYeO\ ZhLch LV LQ Whe UaQge Rf ZhaW 

ZaV RbWaLQed e[SeULPeQWaOO\ aQd Rf ZhaW LV XVXaOO\ RbVeUYed WR UeaO URYLQg \aUQV. 

Table 7.1 CUeaWiRQ SaUameWeUV Rf geRmeWU\ 1-3 cUeaWed b\ YiUWXal QXmeUical UaQdRm fibeU geQeUaWRU. 

BaVic SaUameWeUV Rf fibeU bXQdle 

FibeU QXmbeU 40 

FibeU UadiXV (mm) 0.25 

The Vi]e Rf Whe bR[ (ZidWh)(mm) 5 

VR[el Vi]e (mm) 0.009 

Slice QXmbeU Q 1522 

The Vi]e Rf la\eU fRU each fibeU(mm) 2 

MiVRUieQWaWiRQ 

RRWaWiRQ aQgle (�) 𝝁𝜷  0.055  𝝁𝜶  -1.510  𝝈𝜷 1.089 𝝈𝜶 2.294 

UQdXlaWiRQ 

UQdXlaWiRQ SRiQW QXmbeU 1 

X, Y, Z diUecWiRQ VhifW YalXe (mm) 

𝝈𝒖𝒛  110   𝝁𝒖𝑿  1.2 𝝁𝒖𝒀  0.2 𝝈𝒖𝑿  0.14 𝝈𝒖𝒀  0.2 

(a)  (b)  

FigXUe 7.12 The ceQWeUliQe Rf fibeU bXQdle geRmeWU\ 1 cUeaWed b\ YiUWXal QXmeUical UaQdRm fibeU bXQdle 

geQeUaWRU. (a) IQiWial fibeU bXQdle (befRUe gUaYiW\ VimXlaWiRQ), (b) AfWeU gUaYiW\ VimXlaWiRQ b\ ABAQUS�. 
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FigXUe 7.13 NXmeUical fibeU bXQdle geRmeWUieV. (a) The iQiWial geRmeWU\ 1 befRUe imSRViQg gUaYiW\. (b) 

geRmeWU\ 1 afWeU ABAQUS� gUaYiW\ field VimXlaWiRQ. (c1) RecRQVWUXcWiRQ fibeU bXQdle geRmeWU\ fURm 

WRmRgUaSh\ e[SeUimeQW. (d1-f1) CUeaWed geRmeWUieV afWeU ABAQUS� gUaYiW\ field VimXlaWiRQ, cUeaWiRQ 
SaUameWeUV Vame aV SamSle 2 iQdicaWRUV. (c2-f2) AfWeU cRmSacWiRQ WeVW ZiWh geRmeWUieV (c1-f1).  

AV VhRZQ LQ FLgXUe 7.14, WheUe aUe WhUee cXUYeV Rf Whe YROXPe fUacWLRQ-cRPSacWLRQ SUeVVXUe Rf 

fLbeU bXQdOe geRPeWULeV 1-3. AQd Whe 3D UeQdeULQg Rf fLbeU bXQdOe geRPeWU\ 1-3 aUe UeVSecWLYeO\ 

VhRZQ LQ FLgXUe 7.13 (d2), (e2), (f2).  

AV e[SecWed, VLQce Whe PLcURVWUXcWXUe SaUaPeWeUV aUe VLPLOaU, WheVe WhUee fLbeU bXQdOe 

geRPeWULeV VhRZed SUeVVXUe WUeQdV cRQVLVWeQW ZLWh Whe e[SeULPeQWaO aQd Whe UecRQVWUXcWLRQ 

VLPXOaWLRQ UeVXOWV. IW LV hRZeYeU LQWeUeVWLQg aQd QRW VR RbYLRXV, WhaW Whe cRPSacWLRQ SUeVVXUe LV 

decUeaVed aW aURXQd 𝑉௙ = 67%, aQd cRQWLQXe LQcUeaVe agaLQ, WhLV VXggeVWV WhaW LQ Whe OaWeU VWeSV 

Rf cRPSacWLRQ, WheUe ZaV PaMRU VOLdLQg beWZeeQ aOO Whe fLbeUV, UeVXOWLQg LQ a VXddeQ dURS LQ 
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cRPSacWLRQ fRUce. ObYLRXVO\, WhLV fOXcWXaWLRQ YaULeV LQ PagQLWXde aV ZeOO aV VOLghWO\ LQ SRVLWLRQ 

(𝑉௙) bXW Whe SheQRPeQRQ UePaLQV. EYeQ Lf Whe LQWeUQaO VWUXcWXUe SaUaPeWeUV Rf dLffeUeQW fLbeU 

bXQdOe PRdeOV aUe baVLcaOO\ Whe VaPe, Whe SRVLWLRQV Rf Whe fLbeUV aUe dLffeUeQW, UeVXOWLQg LQ 

dLffeUeQW VOLS beWZeeQ fLbeUV aW Whe OaWe VWage Rf cRPSacWLRQ. ThLV LV dXe WR Whe cRPSOe[ aQd 

UaQdRP QaWXUe Rf Whe WhUee-dLPeQVLRQaO VWUXcWXUe Rf fLbeU bXQdOeV, ZhLch PaNeV WLghW VWUXcWXUaO 

dLffeUeQceV SURdXce VLgQLfLcaQWO\ dLffeUeQW defRUPaWLRQ behaYLRUV dXULQg cRPSacWLRQ, eYeQ Lf 

Whe LQLWLaO VWUXcWXUeV aUe VLPLOaU. IQ Whe eaUO\ VWage Rf cRPSacWLRQ, Whe VOLdLQg Rf Whe fLbeUV agaLQVW 

each RWheU accRXQWV fRU Whe PaMRU SaUW. ThXV, LW LV eaVLeU WR adMXVW Whe UeOaWLYe SRVLWLRQ beWZeeQ 

fLbeUV dXULQg WhLV VWage, VR Whe cRPSacWLRQ cXUYe LV baVLcaOO\ Whe VaPe. HRZeYeU, aV Whe 

cRPSacWLRQ cRQWLQXe, Whe UeOaWLYe PRYePeQW beWZeeQ fLbeUV becRPeV PRUe dLffLcXOW, aQd VRPe 

fLbeUV Pa\ beQd RU WZLVW, ZhLch LQ WXUQ affecWV Whe VWUeVV dLVWULbXWLRQ ZLWhLQ Whe fLbeU bXQdOe. 

ThLV dLffeUeQce becRPeV SaUWLcXOaUO\ SURQRXQced LQ Whe OaWeU VWageV Rf cRPSacWLRQ, ZheUe VPaOO 

chaQgeV LQ cRPSacWLRQ Pa\ aOVR Oead WR OaUge VWUeVV RU VhaSe dLffeUeQceV. IQ addLWLRQ, ZLWh OaUgeU 

fLbeU dLaPeWeUV, Whe cRQWacW aUea beWZeeQ fLbeUV LQcUeaVeV, PaNLQg Whe LQWeU-fLbeU fULcWLRQ 

LQcUeaVe, fXUWheU e[aceUbaWLQg Whe VWUaLQ chaQgeV caXVed b\ VOLS. 

The UeOLabLOLW\ Rf Whe YLUWXaO QXPeULcaO UaQdRP fLbeU geQeUaWRU ZaV YeULfLed LQ WeUPV Rf Whe 

cRQVLVWeQc\ beWZeeQ Whe e[SeULPeQW, Whe UecRQVWUXcWLRQ VLPXOaWLRQ, aQd Whe cUeaWed fLbeU 

bXQdOeV cRPSacWLRQ cXUYeV. The PLcURVWUXcWXUaO SaUaPeWeUV afWeU cRPSacWLRQ aUe dLVcXVVed LQ 

Whe Qe[W VecWLRQ. 
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FigXUe 7.14 CRmSacWiRQ WeVW ZiWh 3 QXmeUical fibeU bXQdle geRmeWUieV, cUeaWed b\ YiUWXal QXmeUical 

UaQdRm fibeU bXQdle geQeUaWRU.  

7.3.2 AQal\]e Whe iQdicaWRUV Rf micURVWUXcWXUe Rf geRmeWU\ 1-3 

a) OUieQWaWiRQ aQd miV-RUieQWaWiRQ 

AV PeQWLRQed LQ VecWLRQ 5, Whe LQLWLaO geRPeWU\ Rf Whe fLbeU aVVePbO\ LV deWeUPLQed b\ VeYeUaO 

SaUaPeWeUV, LQcOXdLQg Whe fLbeU RULeQWaWLRQ. The RULeQWaWLRQ SaUaPeWeU LV XVXaOO\ chaUacWeUL]ed 

b\ Whe RULeQWaWLRQ WeQVRU 𝐴, ZheUe Whe 𝐴33 cRPSRQeQW LQdLcaWeV Whe aOLgQPeQW Rf Whe fLbeUV 

aORQg Whe  𝒆𝟑 dLUecWLRQ. The 𝐴33 aQd RULeQWaWLRQ XQLW VSheUeV Rf geRPeWU\ 1-3 aUe VhRZQ LQ 

FLgXUe 7.15 aQd FLgXUe 7.16, UeVSecWLYeO\. 𝐴33 fORaWV ZLWhLQ 0.001 befRUe aQd afWeU cRPSacWLRQ 

fRU geRPeWU\ 1-3. The dLVWULbXWLRQ Rf Whe RULeQWaWLRQ WeQVRU RYeU Whe XQLW VSheUe LV cORVeO\ UeOaWed 

WR 𝐴33. LaUgeU  𝐴33 LQdLcaWeV WhaW LWV fLbeUV aUe PRUe dLUecWLRQaO afWeU ZhLch PeaQ WhaW Whe 

fLbeUV aUe dLVWULbXWed aORQg Whe Z-a[LV (𝒆𝟑). ThLV LV ORgLcaO VLQce Whe YROXPe fUacWLRQ LQcUeaVeV 

fLbeUV WeQdV WR UeaOLgQ ZLWh each RWheU aORQg Whe Z dLUecWLRQ.  
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FigXUe 7.15 OUieQWaWiRQ XQiW VSheUeV, ceQWeUliQe Rf fibeU. (a1-c1) GeRmeWU\ 1-3 befRUe cRmSacWiRQ 

VimXlaWiRQ (iQiWial geRmeWU\), (a2-c2) GeRmeWU\ 1-3 afWeU cRmSacWiRQ VimXlaWiRQ. 

 

FigXUe 7.16 OUieQWaWiRQ WeQVRU 𝑨𝟑𝟑 Rf geRmeWU\ 1-3 befRUe aQd afWeU cRmSacWiRQ. 

FXUWheUPRUe, PLV-RULeQWaWLRQ LQdLcaWeV deYLaWLRQV Rf Whe fLbeUV fURP Whe YZ aQd XZ SOaQeV, 

ZhLch aUe QaPed 𝛼 aQd 𝛽, UeVSecWLYeO\. MLV-RULeQWaWLRQ SaUaPeWeUV VhRZQ Whe dLUecWLRQ Rf 

fLbeU, Whe deYLaWLRQ Rf Whe fLbeUV fURP Whe Z-a[LV. The bR[SORW Rf 𝛼 aQd 𝛽 Rf geRPeWU\ 1-3 

befRUe aQd afWeU cRPSacWLRQ VLPXOaWLRQ VhRZQ LQ FLgXUe 7.17.  

BefRUe Whe cRPSacWLRQ VLPXOaWLRQ, Whe 𝛼 Rf geRPeWU\ 1-3 dLVWULbXWLRQ LV [-6, 5], [-6, 5] aQd   

[-5, 4] (瀽), UeVSecWLYeO\. The PeaQ YaOXe Rf 𝛼  Rf geRPeWU\ 1-3 aW -0.8瀽, 0.1瀽 aQd -1.8瀽, 

UeVSecWLYeO\. The 𝛽 Rf geRPeWU\ 1-3 dLVWULbXWLRQ LQ [-4, 4], [-5, 4] aQd [-4, 4] (瀽), UeVSecWLYeO\. 

AQd The PeaQ YaOXe Rf 𝛽 Rf WheVe 3 geRPeWULeV aUe aURXQd aW 0瀽. The 𝛼 aQd  𝛽 dLVWULbXWLRQ 

UaQge Rf geRPeWU\ 2 LV ZLde, aQd Whe 𝜇𝛼 = -1.8 瀽 , deYLaWeV PRUe fURP 0� cRPSaUe ZLWh 
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geRPeWU\ 1 aQd 3. CRUUeOaWeV ZLWh Whe RULeQWaWLRQ WeQVRU 𝐴33 Rf geRPeWU\ 2 LV 0.9958 VPaOO 

WhaQ geRPeWU\ 1 (0.9967) aQd 3 (0.9962), ZhLch PeaQV Whe fLbeUV LQ geRPeWU\ 2 haYe PRUe 

UaQdRP RULeQWaWLRQ. The bR[SORW Rf PLV-RULeQWaWLRQ LQdLcaWRUV Rf fLbeUV (𝛼) aOVR LQdLcaWeV Whe 

geRPeWU\ 2 LV a OLWWOe dLUecWLRQaOO\ ORZ cRPSaUed WR geRPeWU\ 1 aQd 3 LQ Whe XZ SOaQe. 

AfWeU cRPSacWLRQ, Whe aYeUage YaOXe Rf 𝛼 aQd 𝛽 Rf Whe geRPeWU\ 1-3 geW cORVeU WR 0�, aQd Whe 

dLVWULbXWLRQ UaQge aUe QaUURZed, eVSecLaOO\ fRU geRPeWU\ 2 aQd 3. The 𝐴33 Rf geRPeWU\ 1-3 

LQcUeaVe WR 0.9981, 0.9984 aQd 0.9981, UeVSecWLYeO\. AV a cRQcOXVLRQ, Whe PLV-RULeQWaWLRQ 

dLVWULbXWLRQ WR 0�, aQd 𝐴33 cORVe WR 1.000, cRQVLVWeQWO\ LQdLcaWe WhaW Whe RULeQWaWLRQ Rf Whe fLbeU 

LV dLVWULbXWed aORQg 𝒆𝟑/Z-a[LV. HeUe agaLQ WhLV ORgLcaOO\ ZLWQeVVeV WhaW Whe LQcUeaVe Rf Whe fLbeU 

YROXPe fUacWLRQ OeadV WR a UeRUgaQL]aWLRQ Rf Whe fLbeUV WRZaUd Whe PRVW cRPSacW RQe, WhaW LV WR 

Va\, VWULcWO\ VWUaLghW aQd SaUaOOeO fLbeUV. 

 

 

 
(a) 

 
(b) 

FigXUe 7.17 The bR[SlRW Rf miV-RUieQWaWiRQ Rf fibeUV iQ Whe geRmeWU\ 1-3. (a-c) 𝜶 (°), (e-f) 𝜷 (�). 

b) CRQWacW beWZeeQ fibeUV 

The cRPSacWLRQ fRUceV aUe WUaQVfeUUed beWZeeQ Whe fLbeUV WhURXgh Whe cRQWacW SRLQWV. HeUe, Ze 

cRQVLdeU Whe QXPbeU Rf cRQWacWV LQ cUeaWed geRPeWU\ 1-3: Whe cRQWacW beWZeeQ fLbeUV, Whe cRQWacW 

beWZeeQ fLbeUV aQd cRPSacWLRQ SOaWeV, aQd WRWaO cRQWacW QXPbeU (FLgXUe 7.18).  

IQ fLbeU bXQdOe cRPSacWLRQ WeVW, Whe WRWaO cRQWacW cRQVLVWV PaLQO\ Rf Whe cRQWacW beWZeeQ fLbeUV 

( 𝐶௙−௙ ) aQd a VPaOOeU SeUceQWage Rf Whe cRQWacW beWZeeQ Whe fLbeUV aQd Whe cRPSacWLRQ 

chaQQeO/SOaWeV (𝐶௙−𝑝). ThLV LV becaXVe dXULQg Whe UeVWULcWed cRPSacWLRQ, Whe fLbeUV aUe QRW fUee 

WR dLVSOace fUeeO\ LQ Whe X aQd Y dLUecWLRQV, bXW dXe WR WheLU cRPSUeVVLRQ beWZeeQ each RWheU. 

TheUefRUe, Whe cRPSacWLRQ OeadV WR fRUP QeZ cRQWacW SRLQWV cRQWLQXRXVO\ XQWLO Whe Pa[LPXP 



165 

 

cRQWacW OLPLW LV Ueached. The 𝐶௙−𝑝  UeacheV a UeOaWLYeO\ VWabOe YaOXe (fRU dLUecWLRQaO fLbeUV) 

befRUe cRPSacWLRQ, aQd ∆𝐶௙−𝑝 deSeQdV PaLQO\ RQ Whe cRQWacW beWZeeQ Whe WRS Oa\eU Rf fLbeUV 

aQd Whe SOaWe Rf cRPSUeVVLRQ. DXULQg cRPSacWLRQ SURceVV, Whe QXPbeU Rf 𝐶௙−௙  UeacheV 

VaWXUaWLRQ ZhLch ZLWQeVVeV Whe eQd Rf Whe aYaLOabOe PRYePeQWV fRU Whe fLbeUV aQd WheQ Whe 

VLgQLfLcaQW LQcUeaVe LQ Whe cRPSUeVVLRQ VWLffQeVV. The QXPbeU Rf VaWXUaWed 𝐶௙−௙ deSeQdV RQ 

fLbeU bXQdOeV ZLWh dLffeUeQW PLcURVWUXcWXUaO chaUacWeULVWLcV Rf Whe fLbeUV, VXch aV cXUYaWXUe aQd 

aVSecW UaWLR aQd Whe fLbeUV LQLWLaO RULeQWaWLRQ. FRU e[aPSOe, XQdeU Whe VaPe cRPSacWLRQ 

cRQdLWLRQV, eYeQ VWUaLghW fLbeUV aQd cULPSed fLbeUV Rf Whe VaPe PaWeULaO aQd dLPeQVLRQV (fLbeU 

dLaPeWeU, QXPbeU, OeQgWh) caQ Ueach dLffeUeQW Pa[LPXP 𝐶௙−௙.  

The deYLaWLRQ Rf cRQWacW beWZeeQ Whe fLbeUV, beWZeeQ fLbeUV aQd SOaWeV, aQd Whe WRWaO cRQWacW 

befRUe aQd afWeU cRPSacWLRQ aUe defLQed aV ∆𝐶௙−௙, ∆𝐶௙−𝑝, ∆𝐶𝑠௨𝑚, UeVSecWLYeO\. HeUe agaLQ LW 

LV LQWeUeVWLQg WR cRQfLUP WhaW dLffeUeQW PLcURVWUXcWXUe ZLWh Whe VaPe VWaWLVWLcV Oead WR a YeU\ cORVe 

eYROXWLRQ Rf Whe cRQWacWV. We hRZeYeU dLVcXVV Whe UeOaWLRQVhLS beWZeeQ ∆𝐶𝑠௨𝑚  aQd Whe 

YaULaWLRQ Rf RULeQWaWLRQ WeQVRU ∆𝐴33 = 𝐴33𝑎೑𝑡𝑒𝑟 𝑐𝑜𝑚𝑝𝑐𝑎𝑡𝑖𝑜𝑛 − 𝐴33𝑏𝑒೑𝑜𝑟𝑒 𝑐𝑜𝑚𝑝𝑐𝑎𝑡𝑖𝑜𝑛  . The ∆𝐶𝑠௨𝑚 

Rf geRPeWU\ 1-3 LV 4.39× 104, 4.48× 104 aQd 4.41× 104, UeVSecWLYeO\; Whe ∆𝐴33 LV 0.0014, 

0.0026, 0.0019, UeVSecWLYeO\. The RULeQWaWLRQ WeQVRU 𝐴33 UefOecWV Whe deQVLW\ Rf fLbeU RULeQWaWLRQ 

LQ Whe fLbeU OeQgWh dLUecWLRQ. WheQ ∆𝐴33 becRPeV OaUgeU, LW PeaQV WhaW Whe RULeQWaWLRQ Rf Whe 

fLbeUV LQ WhLV dLUecWLRQ dXULQg cRPSacWLRQ becRPeV deQVeU. The deQVLW\ chaQge affecWV Whe 

cRQWacW beWZeeQ Whe fLbeUV, aV Whe fLbeUV WeQd WR be PRUe aOLgQed aORQg Whe fLbeU OeQgWh dLUecWLRQ, 

ZhLch PaNeV LW eaVLeU fRU WheP WR cRQWacW each RWheU. 

 

FigXUe 7.18 CRQWacW QXmbeU beWZeeQ fibeUV, fibeUV aQd cRmSacWiRQ SlaWeV (cRmSacWiRQ chaQQel), WRWal 

cRQWacW QXmbeU. 
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LeW¶V cRQVLdeU fRU geRPeWU\ 1-3 Whe cRQWacW aQgOe 𝜃 ሺ°ሻ ZhLch UeSUeVeQWV Whe aQgOe beWZeeQ 

fLbeUV LQ Whe dLUecWLRQ Rf fLbeU¶V VecWLRQ aQd Whe cRQWacW aQgOe 𝛾 ሺ°ሻ ZhLch LV Whe aQgOe beWZeeQ 

Whe fLbeUV LQ Whe fLbeU¶V OeQgWh dLUecWLRQ, aV SUeVeQWed LQ FLgXUe 7.19 (a) aQd (b) UeVSecWLYeO\. 

The aYeUage aQd VWaQdaUd YaOXe aUe VhRZQ LQ TabOe 7.2. BefRUe cRPSacWLRQ, Whe aQgOeV 𝜃 aQd 𝛾 dLVWULbXWe LQ bLggeU YaOXe (VWaQdaUd deYLaWLRQ fRU 𝛾) fRU geRPeWU\ 2 cRPSaUed WR geRPeWU\ 1 

aQd 3, Whe OaUge cRQWacW aQgOe LV OLNeZLVe LQdLcaWLYe Rf a UeOaWLYeO\ VSaUVe dLVWULbXWLRQ Rf fLbeUV 

LQ geRPeWU\ 2, UeOaWed WR a ORZeU RULeQWaWLRQ WeQVRU 𝐴33. BXW Whe PaLQ cRQcOXVLRQ LV WhaW Whe 

PLcURVWUXcWXUe WeQdV WR cRQYeUge fURP LQLWLaOO\ dLffeUeQW cRQfLgXUaWLRQV dXULQg Whe cRPSacWLRQ. 
 

 

 
 

 

 

 

 
(a) (b) 

FigXUe 7.19 CRQWacW aQgle. (a) CRQWacW aQgle 𝜽ሺ°ሻ beWZeeQ fibeUV iQ Whe fibeU¶V VecWiRQ, (b) The bR[SlRW Rf 

cRQWacW aQgle 𝜸ሺ°ሻ beWZeeQ fibeUV iQ Whe fibeU leQgWh diUecWiRQ. 

Table 7.2 CRQWacW aQgle 𝜸ሺ°ሻ beWZeeQ fibeUV iQ Whe fibeU leQgWh diUecWiRQ. 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

 GeRmeWU\ 1 GeRmeWU\ 2 GeRmeWU\ 3 

BefRUe cRmSacW 3.55 2.235 3.03 2.66 3.21 2.11 

AfWeU cRmSacW 1.90 1.86 1.13 1.24 1.35 1.30 

c) CUimS aQd cXUYaWXUe 

The bR[SORW Rf cULPS Rf Whe fLbeUV LQ geRPeWU\ 1-3 LV SUeVeQWed LQ FLgXUe 7.20 aQd Whe aYeUage 

aQd VWaQdaUd YaOXe LQ TabOe 7.3. Whe cXUYaWXUe UadLL SURMecWed LQ XZ (𝑅𝑋௓ തതതതതത) aQd YZ (𝑅𝑌௓ തതതതതത) SOaQe 

aUe LOOXVWUaWed LQ FLgXUe 7.21 aQd TabOe 7.4. IQ geRPeWU\1-3, Whe chaQge UaQge Rf Whe cULPS LV 



167 

 

VPaOO (abRXW 5%) bXW Whe WUeQd LV UeOaWed WR Whe SURMecWed cXUYaWXUe. HRZeYeU, LW cRQfLUPV Whe 

cRQYeUgeQce Rf Whe WhUee PLcURVWUXcWXUeV WRZaUd Whe cORVeU aQd ORZeU cULPSed RQe ZhLch ZaV 

e[SecWed. 

  

FigXUe 7.20 The bR[SlRW Rf cUimS Rf fibeU fRU geRmeWU\ 1-3 (%).  

Table 7.3 CUimS Rf fibeU fRU geRmeWU\ 1-3 (%). 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

 GeRmeWU\ 1 GeRmeWU\ 2 GeRmeWU\ 3 

BefRUe cRmSacW 0.078 0.072 0.080 0.074 0.077 0.075 

AfWeU cRmSacW 0.060 0.051 0.043 0.047 0.046 0.050 

The SURMecWed cXUYaWXUe UadLL Rf Whe fLbeUV aUe VLgQLfLcaQWO\ hLgheU LQ Whe YZ SOaQe WhaQ LQ Whe 

XZ SOaQe. ThLV SheQRPeQRQ caQ be aWWULbXWed WR Whe gUaYLW\ VWeS ZhLch WeQdV WR fRVWeU Whe 

beQdLQg Rf Whe fLbeU LQ Whe YZ SOaQe. The cXUYaWXUe LQ Whe YZ SOaQe LV PRUe affecWed b\ WhLV 

gUaYLW\ VWeS. ThLV SheQRPeQRQ haV WR be PRQLWRUed aQd accRXQWed aQd LV RQe Rf Whe OLPLWV Rf 

Whe SURSRVed VWUaWeg\ LQ Whe cRQWURO Rf Whe PLcURVWUXcWXUe SaUaPeWeUV. IW PLghW be ePShaVL]ed 

ZLWh fLbeU ZLWh a ORZeU beQdLQg. The UeOaWLYe LQcUeaVe LQ 𝑅𝑋௓ തതതതതത LV hLgheU WhaQ LQ 𝑅𝑌௓ തതതതതത afWeU 

cRPSacWLRQ. IQ cRQWUaVW, 𝑅𝑌௓ തതതതതത YaOXe UePaLQV hLgheU WhaQ 𝑅𝑋௓ തതതതതത LQ Whe LQLWLaO geRPeWU\, ZhLch 

PeaQV Whe fLbeUV aUe PRUe WLghWO\ aUUaQged LQ Whe YZ SOaQe. IW OLPLWV Whe PRYePeQW aQd 

defRUPaWLRQ Rf Whe fLbeUV LQ Whe Y dLUecWLRQ, UeVXOWLQg LQ a VPaOOeU LQcUeaVe LQ 𝑅𝑌௓ തതതതതത WhaQ 𝑅𝑋௓ തതതതതത. 

CRQVLVWeQWO\ ZLWh Whe cULPS, Whe gORbaO LQcUeaVe LQ cXUYaWXUe UadLL UefOecWV heUe agaLQ, Whe 

PLcURVWUXcWXUe cRQYeUgeQce, Whe WUeQd Rf UeaOLgQPeQW aQd Whe dLffeUeQW UeVSRQVeV Rf Whe fLbeU 

bXQdOe WR Whe e[WeUQaO aQd LQWeUQaO fRUceV acWLQg LQ dLffeUeQW dLUecWLRQV, UeYeaOLQg Whe LQfOXeQce 

Rf Whe fLbeU PLcURVWUXcWXUe RQ LWV PacURVcRSLc PechaQLcaO behaYLRU.  
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(a) 
 

(b) 

FigXUe 7.21 The bR[SlRW Rf SURjecWed cXUYaWXUe Uadii (mm) Rf fibeU bXQdle geRmeWU\ 1-3, (a) IQ XZ SlaQe. 
(b) IQ YZ SlaQe. 

Table 7.4 PURjecWed cXUYaWXUe Uadii iQ XZ SlaQe aQd YZ SlaQe Rf fibeU bXQdle geRmeWU\ 1-3 (mm). 

 

 

 

𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

GeRmeWU\ 1 GeRmeWU\ 2 GeRmeWU\ 3 

BefRUe cRmSacW 153 20 210 44 140 20 170 30 155 34 192 31 

AfWeU cRmSacW 221 17 271 48 240 18 260 60 229 26 239 45 

 

7.4 CRQclXViRQ 

ThLV VecWLRQ SUeVeQWed a VWUaWeg\ fRU a YLUWXaO QXPeULcaO UaQdRP fLbeU geQeUaWRU. The VWUaWeg\ LV 

baVed RQ Whe SULQcLSOe Rf LPageV UecRQVWUXcWLRQ b\ XCT Rf fLbeU bXQdOeV aQd dLYLded LQWR WZR 

PaLQ SaUWV: cUeaWLRQ Rf Whe ceQWeUOLQe cRRUdLQaWeV Rf Whe fLbeU bXQdOeV, aQd LQWURdXcWLRQ Rf Whe 

gUaYLW\ fLeOd LQ Whe VLPXOaWLRQ dXULQg Whe cRPSacWLRQ Rf Whe geQeUaWed fLbeU bXQdOeV, WR PaNe 

Whe fLbeU¶V cRQWacW VWaWe cORVe WR Whe VWaWe Rf a UeaO PaWUL[-fUee fLbeU QeWZRUN. 

ThUee geRPeWULcaO PRdeOV Rf fLbeUV bXQdOeV ZeUe cUeaWed b\ cRQWUROOLQg Whe geRPeWULcaO 

SaUaPeWeUV VWaWLVWLcV aQd WheLU ORadLQg SaWhV ZeUe VLPXOaWed WR be cRQVLVWeQW ZLWh Whe PLcUR-

cRPSacWLRQ e[SeULPeQWV. The cUeaWLRQ SaUaPeWeUV ZeUe deULYed fURP Whe PLcURVWUXcWXUaO 

aQaO\VLV Rf Whe PLcUR-cRPSacWLRQ e[SeULPeQW VaPSOe 2 (VecWLRQ 6). FURP Whe cXUYeV Rf Whe 

UeOaWLRQVhLS beWZeeQ 𝑉௙ aQd cRPSacWLRQ SUeVVXUe, Whe cRPSacWLRQ UeVXOWV Rf Whe cUeaWed fLbeU 

bXQdOeV VeeP WR be LQ gRRd agUeePeQW ZLWh Whe e[SeULPeQWaO.  

The SaUaPeWeUV Rf Whe geRPeWULcaO PRdeO Rf Whe fLbeU bXQdOe befRUe aQd afWeU cRPSacWLRQ ZeUe 
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aQaO\]ed, aQd Whe fLbeU RULeQWaWLRQ dLVWULbXWLRQ (𝐴33 aQd PLV-RULeQWaWLRQ) ZaV cORVeO\ UeOaWed WR 

Whe cRQWacW aQgOe aQd cXUYaWXUe beWZeeQ fLbeUV. EYeQ WhRXgh Whe VWUXcWXUaO SaUaPeWeUV beWZeeQ 

Whe fLbeU bXQdOeV befRUe cRPSacWLRQ aUe dLffeUeQW, Whe\ becRPe cORVe afWeU Whe VaPe cRPSacWLRQ 

SaWh. The PRQLWRULQg Rf Whe PLcURVWUXcWXUe eYROXWLRQ eQabOeV WR VhRZ Whe cRQYeUgeQce Rf Whe 

OaWWeU WRZaUd a cORVe, beWWeU RUgaQL]ed RQe ZLWh VWUaLghWeU fLbeUV. ThLV aOVR YeULfLeV WhaW, aW Whe 

eQd Rf cRPSacWLRQ, Whe cRPSacWLRQ VWUeQgWhV aUe baVLcaOO\ Whe VaPe (0.28 MPa, 0.30 MPa aQd 

0.32 MPa). HRZeYeU, eYeQ WhRXgh Whe SaUaPeWeUV Rf Whe LQWeUQaO VWUXcWXUaO Rf WhUee fLbeU bXQdOe 

geRPeWULeV aUe cRQVLVWeQW, WheUe aUe dLffeUeQceV LQ Whe dLVWULbXWLRQ Rf fLbeUV ZLWhLQ WheP, aQd 

WheVe VPaOO dLffeUeQceV haYe aQ effecW RQ Whe chaQgeV LQ Whe cRPSacWLRQ cXUYeV aW Whe OaWe VWageV 

Rf cRPSacWLRQ: Whe VOLS beWZeeQ Whe fLbeUV OeadV WR a dLffeUeQW ORcaWLRQ Rf Whe cRPSacWLRQ 

SUeVVXUe dURS. ThLV LOOXVWUaWeV Whe YaULabLOLW\ RbWaLQed aQd e[SecWed fRU Whe PechaQLcaO behaYLRU 

Rf fLbURXV UeLQfRUcePeQWV. 

AfWeU Whe cRPSacWLRQ VLPXOaWLRQV Rf fLbeU bXQdOe PRdeOV ZLWh Whe VaPe geRPeWULc SaUaPeWeUV, 

Whe ZhLOe UeOLabLOLW\ Rf Whe QXPeULcaOO\ cUeaWed UaQdRP fLbeU geQeUaWRU ZaV YeULfLed. TheUefRUe, 

Whe geQeUaWRU ZLOO be XVed WR geQeUaWe dLffeUeQW fLbeU bXQdOe PRdeOV WR LQYeVWLgaWe Whe effecW Rf 

cXUYaWXUe RQ cRPSacWLRQ SeUfRUPaQce LQ Whe Qe[W SaUW. AV ZeOO aV dLVcXVVLQg Whe effecW Rf 

cRPSacWLRQ SaWh, VOeQdeUQeVV Rf fLbeUV, fULcWLRQ cReffLcLeQW beWZeeQ fLbeUV, aQd cRPSacWLRQ 

VSeed RQ cRPSacWLRQ behaYLRU aQd PLcUR-VWUXcWXUe LQdLcaWRUV. 
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Section 8 AQal\ViV Rf iQWeUQal VWUXcWXUe facWRUV affecWiQg cRmSacWiRQ 

behaYiRU 

ThLV VecWLRQ fRcXVeV RQ Whe dLffeUeQW cRPSacWLRQ VLPXOaWLRQ Rf fLbeU bXQdOeV geRPeWU\ aQd 

aQaO\]e Whe effecW Rf Whe LQWeUQaO VWUXcWXUaO chaUacWeULVWLcV, OLNe XQdXOaWLRQ, VOeQdeUQeVV UaWLR aQd 

fULcWLRQ. The aQaO\VLV Rf Whe VLPXOaWLRQ UeVXOWV hLghOLghWV Whe LPSRUWaQW UROe Rf Whe LQWeUQaO 

VWUXcWXUe Rf Whe fLbeUV RQ Whe PechaQLcaO UeVSRQVe Rf Whe fLbeU bXQdOeV dXULQg Whe cRPSacWLRQ 

SURceVV. FLQaOO\, WhLV VecWLRQ aOVR SURYLdeV a PLcURVcRSLc chaUacWeUL]aWLRQ Rf Whe cRPSacWed 

fLbeU bXQdOeV WR fXUWheU e[SORUe Whe effecW Rf cRPSacWLRQ behaYLRU RQ Whe PLcURVWUXcWXUe Rf fLbeU 

bXQdOeV aQd WheLU PechaQLcaO SURSeUWLeV. NRZ, Ze haYe YaOLdaWed Whe YLUWXaO eVWLPaWRU a ZLde 

UaQge Rf XVe LV RSeQed, Whe WZR Qe[W VecWLRQV LOOXVWUaWe ZLWh SUeOLPLQaU\ UeVXOWV hRZ PXch Whe 

VWUaWeg\ ZLOO be heOSfXO LQ Whe fXWXUe fRU Whe XQdeUVWaQdLQg Rf Whe Sh\VLcV LQYROYed dXULQg Whe 

defRUPaWLRQ Rf a fLbeU PedLa. HRZeYeU, a gUeaWeU QXPbeU Rf VLPXOaWLRQV ZLOO haYe WR be dRQe 

WR RbWaLQ aQ accXUaWe aQd TXaQWLfLed SaUaPeWULc VWXd\.  

8.1 ImSacW Rf XQdXlaWiRQ VWUXcWXUe Rf fibeU bXQdleV 

B\ VeWWLQg dLffeUeQW XQdXOaWLRQ SaUaPeWeUV Rf YLUWXaO QXPeULcaO UaQdRP fLbeU bXQdOe geQeUaWRU, 

a VeULeV Rf cRPSacWLRQ VLPXOaWLRQV RQ fLbeU bXQdOeV LV SeUfRUPed ZLWh Whe aLP Rf e[SORULQg Whe 

LQfOXeQce Rf Whe XQdXOaWLRQ Rf Whe fLbeUV RQ Whe cRPSacWLRQ SeUfRUPaQce. IQ addLWLRQ, Whe LdeaO 

VWUaLghW fLbeU bXQdOe geRPeWU\ LV SeUfRUPed heUe.  

8.1.1 CUeaWe geRmeWUieV ZiWh diffeUeQW SaUameWeUV  

IQ RUdeU WR VWXd\ Whe effecW Rf PLVRULeQWaWLRQ aQd XQdXOaWLRQ Rf Whe fLbeUV LQ Whe fLbeU bXQdOe, 

PXOWLSOe geRPeWULeV Rf fLbeU bXQdOeV aUe cUeaWed fRU cRPSacWLRQ VLPXOaWLRQV. The cRPSacWLRQ 

cXUYeV aUe cRPSaUed, aV ZeOO aV WheLU PLcURVWUXcWXUaO chaUacWeUV. GeRPeWULeV 4-11 aUe aOO 

cRPSRVed Rf 40 fLbeUV, Whe baVLc SaUaPeWeUV aUe VaPe aV TabOe 7.3 (Whe fLbeU dLaPeWeU aQd VR 

RQ), PLVRULeQWaWLRQ aQd XQdXOaWLRQ SaUaPeWeUV VhRZQ LQ TabOe 8.1. 
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Table 8.1 OUieQWaWiRQ SaUameWeUV Rf Whe cUeaWed geRmeWUieV. 

GeRmeWU\ MiVRUieQWaWiRQ aQd XQdXlaWiRQ SaUameWeUV 

RaQdRm VWUaighW fibeU  

(geRmeWU\ 4) 
NR PLVRULeQWaLRQ NR XQdXOaWLRQ 

STXaUe diVWUibXWiRQ fibeU  

(geRmeWU\ 5) 
NR PLVRULeQWaLRQ NR XQdXOaWLRQ 

CRmSacW diVWUibXWiRQ fibeU  

(geRmeWU\ 6) 
NR PLVRULeQWaLRQ NR XQdXOaWLRQ 

RaQdRm VWUaighW fibeU2  

(geRmeWU\ 7) 

𝜇𝛽 = 0.055; 𝜎𝛽 = 1.089; 𝜇𝛼 = -1.510; 𝜎𝛼 = 2.294; 

UQdXOaWLRQ SRLQW =0;  𝜎௨𝑧 = 0 

RaQdRm cXUYed fibeU1  

(geRmeWU\ 8) 

RaQdRm cXUYed fibeU1  

(geRmeWU\ 9) 

UQdXOaWLRQ SRLQW =1;  𝜎௨𝑧 = 110 𝜇௨𝑋= 0.12; 𝜎௨𝑋= 0.14; 𝜇௨𝑌= 0.02; 𝜎௨𝑌=0.2; 

UQdXOaWLRQ SRLQW =2;  𝜎௨𝑧 = 110 

RaQdRm cXUYed fibeU2  

(geRmeWU\ 10) 

UQdXOaWLRQ SRLQW =3;  𝜎௨𝑧 = 110 

RaQdRm cXUYed fibeU3  

(geRmeWU\ 11) 

UQdXOaWLRQ SRLQW =4;  𝜎௨𝑧 = 110 

IQ Whe cUeaWLRQ Rf Whe geRPeWULeV 4 WR 7, Whe fLbeUV aUe deVLgQed aV VWUaLghW OLQe, aQd geRPeWULeV 

4 WR 6 e[hLbLW QR PLV-RULeQWaWLRQ aQd XQdXOaWLRQ chaUacWeUV. The LdeaOL]ed VWUaLghW fLbeU bXQdOe 

geRPeWU\ LV a VLPSOLfLed aSSURach LQ Whe VWXd\ Rf fLbeU bXQdOeV behaYLRU. ThLV aSSURach aOORZV 

Whe UeVeaUcheU WR LgQRUe cRPSOe[LWLeV VXch aV cXUYaWXUe, eQWaQgOePeQW, aQd RULeQWaWLRQ ZLWhLQ 

Whe fLbeUV, WhXV fRcXVLQg RQ Whe WheRUeWLcaO aQaO\]e Rf Whe PechaQLcaO behaYLRU Rf Whe fLbeU 

bXQdOe. 

FLgXUe 8.1 VhRZV Whe Rf fLbeU bXQdOe geRPeWULeV 4 WR 6 befRUe LPSRVLQg gUaYLW\, fRU ZhLch 

UaQdRP fLbeU ceQWeU SRLQW ORcaWLRQV ZeUe geQeUaWed b\ MATLAB SURgUaPPLQg. TheQ, Whe 

gUaYLW\ fLeOd VLPXOaWLRQ ZaV WheQ SeUfRUPed b\ ABAQUS� WR RbWaLQ a VWabOe cRQWacW geRPeWU\ 

PRdeO beWZeeQ Whe fLbeUV. The LQLWLaO YROXPe fUacWLRQ Rf geRPeWULeV 4 WR 6 aUe UeVSecWLYeO\ 

69.8 %, 78.5 % aQd 82.9 % afWeU LPSRVLQg gUaYLW\.  
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(a)  (b)  

(c)  (d)  

(e)  

FigXUe 8.1 CUeaWed UaQdRm VWUaighW fibeUV (mm). (a, b) GeRmeWU\ 4, (c, d) GeRmeWU\ 5, (e) GeRmeWU\ 6: 

cRmSacW aUUaQgemeQW mRdel 𝑽𝒇𝟎 = 𝟖𝟐. 𝟗𝟓%. 

GeRPeWU\ 7 ZaV cUeaWed ZLWh PLV-RULeQWaWLRQ SaUaPeWeUV ZLWhRXW XQdXOaWLRQ SRLQW LQ Whe fLbeUV, 

Whe LQLWLaO YROXPe fUacWLRQ LV 62.8 %; geRPeWULeV 8 WR 11 aUe cUeaWed ZLWh XQdXOaWLRQ SaUaPeWeUV, 

WR XQdeUVWaQd Whe effecW Rf XQdXOaWLRQ Rf fLbeUV RQ Whe cRPSacWLRQ behaYLRU. The LQLWLaO YROXPe 

fUacWLRQ LV 46.8 %, 43.5 %, 34 % aQd 27.8 %, UeVSecWLYeO\.  

AV PeQWLRQed abRYe, Whe fLbeU¶V PRYePeQW aQd Whe defRUPaWLRQ LQ Whe fLbeU OeQgWh dLUecWLRQ 

accRXQW fRU Whe PaLQ SaUW dXULQg Whe cRPSacWLRQ, ZhLch chaQgeV Whe XQdXOaWLRQ aQd RULeQWaWLRQ 

Rf Whe fLbeUV. SR, LQ Qe[W SaUW, Whe cRPSacWLRQ VLPXOaWLRQ LV SeUfRUPed fRU dLffeUeQW fLbeU bXQdOe 

VWUXcWXUeV, aQd Whe effecW Rf WheLU PLcURVWUXcWXUaO SaUaPeWeUV (cRQWacW, dLUecWLRQaOLW\, cXUYaWXUe) 

LV aQaO\]ed afWeU cRPSacWLRQ.  
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8.1.2 CRmSacWiRQ VimXlaWiRQ ZiWh VWUaighW fibeU geRmeWUieV 

The cRPSacWLRQ VLPXOaWLRQ VWUaWegLeV XVed fRU cRPSacWLRQ Rf VWUaLghW VhaSed fLbeU bXQdOeV 

(geRPeWULeV 4, 5 aQd 7) aUe Whe VaPe WhaW WhRVe SUeVeQWed LQ TabOe 6.1, L.e., WR aSSO\ cRPSacWLRQ 

XQWLO a YROXPe fUacWLRQ Rf 80% LV Ueached (FLgXUe 8.2 aQd FLgXUe 8.9). CRQceUQLQg geRPeWU\ 6, 

Whe LQLWLaO YROXPe fUacWLRQ LV WRR hLgh (𝑉௙0 = 82.9 % ) cRPSaUed WR Whe WhUee RWheUV, VR, Whe 

aQaO\]e cRQceUQV RQO\ Whe cRQWacW LQdLcaWRUV.  

FRU Whe UaQdRPO\ dLVWULbXWed OLQeaU fLbeU bXQdOe PRdeO LQ geRPeWULeV 4 aQd 7, Whe cRPSacWLRQ 

fRUce Rf Whe fLbeUV LV aOPRVW ]eUR XQWLO 𝑉௙=72.8 %, ZheUe Whe PRYePeQW Rf Whe fLbeUV dRPLQaWeV. 

AW 𝑉௙=72.8 %, Whe cRPSacWLRQ fRUce LQcUeaVeV UaSLdO\ aV Whe YROXPe fUacWLRQ LQcUeaVeV. AQd aW 

Whe SRVLWLRQ aURXQd 𝑉௙=74-75 %, WheUe LV a decUeaVe LQ Whe cRPSacWLRQ SUeVVXUe fRU bRWh PRdeOV, 

ZhLch LV agaLQ dXe WR Whe VOLS beWZeeQ fLbeUV, aQd aW hLgh YROXPe fUacWLRQV, eYeQ VPaOO VOLSV Rf 

fLbeUV caQ Oead WR OaUge chaQgeV LQ SUeVVXUe. ThLV LOOXVWUaWeV heUe agaLQ Whe dLffLcXOW\ LQdXced b\ 

Whe VWLcN-VOLS SheQRPeQRQ beWZeeQ fLbeU ZhLch defLQLWeO\ a chaOOeQge fRU Whe PRdeOLQg bXW 

abRYe aOO ZLOO Oead WR LQVWabLOLW\ SheQRPeQRQ aQd WheQ WR aQ e[SecWed YaULabLOLW\ eYeQ fRU UeaO 

VWUXcWXUeV. CRPSaUed WR geRPeWU\ 4, Whe fLbeU aUUaQgePeQW LQ geRPeWU\ 7 LV QRW cRPSOeWeO\ 

SaUaOOeO, aQd Whe gaSV beWZeeQ fLbeUV aUe UeOaWLYeO\ OaUge, UeVXOWLQg LQ fLbeUV WhaW aUe PRUe OLNeO\ 

WR VOLS dXULQg cRPSacWLRQ. The SRVLWLRQ Rf SUeVVXUe dURS RccXUV aW 𝑉௙=74 % eaUOLeU cRPSaUed 

WR geRPeWU\ 4. 

FRU geRPeWU\ 5 Whe VWUaLghW fLbeUV aUe SeUfecWO\ SaUaOOeO, aQd WheLU hLghO\ RUdeUed aUUaQgePeQW 

PaNeV Whe RYeUaOO VWUXcWXUe PRUe VWabOe aQd UeVLVWaQW WR defRUPaWLRQ XQdeU cRPSUeVVLRQ 

SUeVVXUe. IQ Whe TXaVL-VWaWLc cRPSUeVVLRQ SURceVV, Whe WRS Oa\eU Rf fLbeUV VXffeUV a XQLfRUP 

cRPSUeVVLRQ fRUce (FLgXUe 8.3), Whe TXaVL-VWaWLc cRPSUeVVLRQ VSeed aOORZV WR fLQaOO\ RbWaLQ Whe 

RUdeUed fLbeU VWUXcWXUe aV QR VOLS ZLOO RccXU Whe fLbeUV VOLS, VR WheUe LV QR fOXcWXaWLRQ LQ Whe 

cRPSacWLRQ cXUYe. 

The WZR VWeSV cRPSacWLRQ/cRPSUeVVLRQ Rf gUaQXOaU aQd fLbURXV PedLa LV WheQ UedXced WR a SXUe 

cRPSUeVVLRQ VWeS VLQce aOPRVW QR UeRUgaQL]aWLRQ LV SRVVLbOe. We WheQ RbWaLQ Whe cRPSUeVVLYe 

VWLffQeVV LQdXced b\ Whe fLbeU PaWeULaO VWLffQeVV aQd Whe fLbeU WUaQVYeUVe VWUaLQV. The VORSe 

cRQVeTXeQWO\ RbWaLQed, VLQce Ze haYe RQO\ OLQeaU cRQWacW, LV Whe hLgheVW VWLffQeVV WhaW caQ be 

Ueached fRU VXch bXQdOe, LW WheQ LQWeUeVWLQg aV a PaWWeU Rf cRPSaULVRQ. 
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FigXUe 8.2 RelaWiRQVhiS beWZeeQ YRlXme fUacWiRQ aQd cRmSacWiRQ SUeVVXUe: geRmeWU\ 4, 5, 7 ZiWh VWUaighW 

fibeUV. 

 

FigXUe 8.3 CRmSacWiRQ fRUce WUaQVfeU WR fibeUV Rf geRmeWU\ 5. 

 

FigXUe 8.4 3D mRdel befRUe aQd afWeU cRmSacWiRQ: GeRmeWU\ 4 ,5, 7 ZiWh VWUaighW fibeUV. 
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FURP Whe 3D geRPeWU\ Rf Whe cRPSacWed fLbeU bXQdOeV (FLgXUe 8.4), eYeQ SaUaOOeO VWUaLghW fLbeUV 

VhRZed defRUPaWLRQ ZLWh dLVSOacePeQW Rf fLbeUV, VR Whe PLcURVWUXcWXUeV Rf geRPeWULeV 4-7 ZeUe 

dLVcXVVed WR aQaO\]e Whe chaQgeV LQ cRQWacW aQd RWheU LQdLcaWRUV. 

a) OUieQWaWiRQ aQd miV-RUieQWaWiRQ 

The geRPeWU\ 4-6 cRQVLVWV Rf SeUfecWO\ SaUaOOeO aQd cORVeO\ VSaced VWUaLghW fLbeUV, VR WheLU 

RULeQWaWLRQ WeQVRU 𝐴33=1, aQd fRU geRPeWU\ 7, 𝐴33=0.9999 (FLgXUe 8.6). AfWeU cRPSacWLRQ, Whe 

UaQdRP aOLgQed fLbeUV aUe PRUe OLNeO\ WR PRYe WRZaUdV each RWheU aQd XQdeUgR beQdLQg 

defRUPaWLRQ, aV VhRZQ b\ Whe fLbeU ceQWeUOLQe LQ FLgXUe 8.5 aQd Whe RULeQWaWLRQ WeQVRU LQ FLgXUe 

8.6. ThLV LOOXVWUaWeV WhaW a XQSeUfecW RUgaQL]aWLRQ Oead Whe fLbeUV WR RccXS\ ORcaOO\ Whe YRLdV aQd 

WheQ aUe VXbMecWed WR beQdLQg. TheUefRUe, Whe beQdLQg VWLffQeVV Rf Whe fLbeUV dXe WR PaWeULaO RU 

eQWaQgOePeQW PLghW haYe aQ LPSacW RQ Whe cRPSUeVVLRQ behaYLRU. 

 

FigXUe 8.5 OUieQWaWiRQ XQiW VSheUeV Rf Whe ceQWeUliQe Rf fibeUV. (a1, b1 aQdc1) OUieQWaWiRQ XQiW VSheUe fRU 

geRmeWUieV 4, 5 aQd 7 befRUe cRmSacWiRQ VimXlaWiRQ (iQiWial geRmeWU\), (a2, b2 aQd c2) OUieQWaWiRQ XQiW 

VSheUe fRU geRmeWUieV 4, 5 aQd 7 afWeU cRmSacWiRQ VimXlaWiRQ. 
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FigXUe 8.6 OUieQWaWiRQ WeQVRU 𝑨𝟑𝟑 Rf geRmeWUieV 4, 5 aQd 7 befRUe aQd afWeU cRmSacWiRQ, aQd RUieQWaWiRQ 

WeQVRU 𝑨𝟑𝟑 Rf geRmeWU\ 6 befRUe cRmSacWiRQ. 

IQ addLWLRQ, FLgXUe 8.7 VhRZ Whe bR[SORW Rf Whe PLV-RULeQWaWLRQ aQgOe Rf fLbeUV LQ geRPeWU\ 4, 5, 

7. BefRUe Whe cRPSacWLRQ, Whe fLbeUV aUe aOPRVW SaUaOOeO bXW VWUaLghW, Whe 𝛼 aQd 𝛽 dLVWULbXWed 

LQ [-1.2, 1.5] (瀽) aQd [-1.1, 2] (瀽) UeVSecWLYeO\. The geRPeWU\ 4 aQd 5 cRQVLVW Rf WRWaOO\ SaUaOOeO 

fLbeUV, VR WhaW Whe 𝛼 aQd 𝛽 aUe 0瀽 befRUe cRPSacWLRQ.  

DXULQg cRPSacWLRQ, fRU geRPeWU\ 7, Whe fLbeUV WUeQd WR UeaUUaQgePeQW WR fLOO Whe VSace beWZeeQ 

fLbeUV aQd cRQYeUge WhURXgh a beWWeU RULeQWaWed aQd VWUaLghW cRQfLgXUaWLRQ. The PLV-RULeQWaWLRQ 

aQgOe VhRZQ Whe gORbaO RULeQWaWLRQ Rf fLbeUV, VR Whe dLVWULbXWLRQ Rf 𝛼 aQd 𝛽 cORVe WR 0瀽. OQ Whe 

RSSRVLWe geRPeWU\ 4, cRQVLVWeQWO\ ZLWh Whe 𝐴33 YaULaWLRQ, e[hLbLW a OaUge LQcUeaVe LQ Whe PLV-

RULeQWaWLRQ dLVWULbXWLRQ ZhLch PeaQV WhaW Whe LQLWLaO UaQdRP dLVWULbXWLRQ Oed Whe fLbeUV WR UeRULeQW 

LQ Whe XZ SOaQe LQ RUdeU WR fLOO LQ Whe gaSV UaQdRPO\ dLVWULbXWed accRUdLQg Whe XZ SOaQe. The 

VaPe SheQRPeQRQ LV QRW RbVeUYed fRU geRPeWU\ 5 VLQce Whe fLbeUV aUe RUgaQL]ed. RegaUdLQg 𝛽 

LW LV LQWeUeVWLQg WR QRWLce, LQ Whe dLUecWLRQ Rf cRPSacWLRQ, Whe UeRUgaQL]aWLRQ aQd Whe cRQYeUgeQce 

Rf Whe WhUee LQLWLaOO\ dLffeUeQW PLcURVWUXcWXUe dXULQg cRPSUeVVLRQ, ZhLch e[SOaLQV Whe VLPLOaU 

WUeQdV aW Whe eQd Rf Whe cRPSUeVVLRQ cXUYeV fRU dLffeUeQW bXW cORVe LQLWLaO PLcURVWUXcWXUe.  
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(a)  

(b)  

FigXUe 8.7 BR[SlRW Rf miV-RUieQWaWiRQ Rf fibeUV iQ geRmeWUieV 4, 5, 7. (a) 𝜶 (°), (b) 𝜷 (�). 

b) CRQWacW aQd XQdXlaWiRQ Rf fibeUV 

The WRWaO cRQWacW QXPbeU aQd aOVR cRQWacW beWZeeQ fLbeUV aQd cRQWacW beWZeeQ fLbeUV aQd 

cRPSacWLRQ SOaWeV LV VhRZQ LQ FLgXUe 8.8 (a); Whe cRQWacW aQgOe beWZeeQ fLbeUV LQ Whe fLbeU¶V 

VecWLRQ VhRZQ LQ FLgXUe 8.8 (b). The cRQWacW QXPbeU Rf geRPeWU\ 5 LV aOPRVW VaPe, becaXVe Whe 

fLbeUV aUe SaUaOOeO aQd WLghWO\ aUUaQged, ZhLch aUe WUeQd WR VPaOO beQdLQg defRUPaWLRQ XQdeU 

VWaWLc cRPSacWLRQ ORad. The cULPS (TabOe 8.3) aQd SURMecWed cXUYaWXUe UadLL (TabOe 8.4) VhRZ 

Whe fLbeUV aUe VXbPLWWed WR ORcaO YeU\ VPaOO beQdLQg defRUPaWLRQ.  

CRPSaUed WR geRPeWU\ 5, Whe fLbeUV Rf geRPeWU\ 4 aQd 7 aUe WUeQd WR beQdLQg defRUPaWLRQ aQd 

UeaUUaQgePeQW. AfWeU cRPSacWLRQ, Whe WRWaO cRQWacW QXPbeU LQcUeaVeV, Whe XQdXOaWLRQ cULPS aQd 

SURMecWed cXUYaWXUe UadLL chaQge, Whe fLbeUV beQd.  
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(a) 

 
(b) 

FigXUe 8.8 (a) CRQWacW QXmbeU beWZeeQ fibeUV, fibeUV aQd cRmSacWiRQ SlaWeV aQd WRWal, (b) CRQWacW aQgle 

beWZeeQ fibeUV iQ Whe fibeU¶V VecWiRQ ሺ𝜽 ሺ°ሻሻ. 

Table 8.2 CRQWacW aQgle 𝜸 ሺ°ሻ beWZeeQ fibeUV iQ Whe fibeU leQgWh diUecWiRQ. 

CRmSacW 
𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

GeRmeWU\ 4 GeRmeWU\ 5 GeRmeWU\ 6 GeRmeWU\ 7 

BefRUe  0 0 0 0 0 0 0.391 0.251 

AfWeU  0.083 0.079 0.029 0.014   0.206 0.101 

Table 8.3 CUimS Rf all Whe fibeUV iQ geRmeWUieV 4 WR 11 (%). 

CRmSacW 
𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

GeRmeWU\ 4 GeRmeWU\ 5 GeRmeWU\ 6 GeRmeWU\ 7 

BefRUe 0 0 0 0 0 0 0 0 

AfWeU 0.003 0.007 ≈0 ≈0   0.004 0.008 

Table 8.4 PURjecWed cXUYaWXUe Uadii  𝑹𝑿𝒁തതതതത aQd 𝑹𝒀𝒁തതതതത (mm). 

 

CRmSacW 
 

𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

GeRmeWU\ 4 GeRmeWU\ 5 GeRmeWU\ 6 GeRmeWU\ 7 

BefRUe ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 

AfWeU 1483 555 1078 337 55811 3352 10698 2234     1069 407 833 466 

The RULeQWaWLRQ WeQVRU 𝐴33, PLV-RULeQWaWLRQ (𝛼, 𝛽) aQd XQdXOaWLRQ LQdLcaWRUV VhRZ WhaW, fRU Whe 

LQLWLaO geRPeWULeV 4 aQd 7, Whe fLbeUV aUe UeaUUaQged aQd VOLghWO\ beQW, ZheUeaV fLbeUV Rf 

geRPeWU\ 5 aUe aOVR PRUe VOLghWO\ beQW. AV Whe beQdLQg aQd UeaUUaQgePeQW aUe eaVLeU WR RccXU 

LQ geRPeWULeV 4 aQd 7, Whe YROXPe fUacWLRQ LQcUeaVeV PRUe eaVLO\ fRU ORZeU SUeVVXUe, aV LW caQ 

be VeeQ RQ FLgXUe 8.2 ZLWh a dURS aW 𝑉௙=74 % WR 75 %. 
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The cRPSaULVRQ beWZeeQ 4 aQd 7 LV aOVR LQWeUeVWed becaXVe aOPRVW Whe VaPe PLcURVWUXcWXUe 

SaUaPeWeUV aUe RbWaLQed aW Whe eQd Rf Whe caOcXOaWLRQ. 

8.1.3 CRmSacWiRQ VimXlaWiRQ ZiWh XQdXlaWed fibeUV geRmeWUieV 

GeRPeWULeV 8 WR 11 aUe cUeaWed ZLWh Whe VaPe LQLWLaO SaUaPeWeUV; beVLdeV XQdXOaWLRQ SRLQW 

QXPbeU, Whe QXPbeU Rf beQdLQg SRLQWV LQcUeaVed fURP 1 WR 4, aQd 𝑉௙0 aUe 46.7 %, 43.5 %, 34 % 

aQd 27.8 %, UeVSecWLYeO\. FLgXUe 8.9 (a) VhRZV Whe UeOaWLRQVhLS beWZeeQ 𝑉௙ aQd cRPSacWLRQ 

SUeVVXUe; aW fLUVW, RQO\ gUaYLW\ LV LPSRVed WR Whe LQLWLaO geRPeWULeV 8 WR 11. FRU PRUe XQdXOaWed 

aQd eQWaQgOed fLbeU bXQdOeV cRPSacWed WR Whe VaPe YROXPe fUacWLRQ, PRUe SUeVVXUe LV UeTXLUed. 

The XQdXOaWLRQ aQd eQWaQgOePeQW Rf Whe fLbeUV LQcUeaVeV Whe cRQWacW QXPbeU RU OeQgWh aQd WhXV, 

Whe LQWeUacWLRQ fRUceV beWZeeQ Whe fLbeUV. ThLV aYRLdV fLbeUV WR VOLS aQd UeaUUaQge aQd WhXV 

UeTXLUeV a gUeaWeU e[WeUQaO SUeVVXUe WR achLeYe Whe VaPe cRPSacWLRQ. IQ addLWLRQ, beQW aQd 

WZLVWed fLbeUV Pa\ VSaWLaOO\ fRUP PRUe ORcNed VWUXcWXUeV WhaW aUe dLffLcXOW WR bUeaN dXULQg 

cRPSacWLRQ, WhXV aOVR LQcUeaVLQg Whe fRUce UeTXLUed fRU cRPSacWLRQ. ThLV SheQRPeQRQ 

hLghOLghWV Whe LPSRUWaQce Rf VWUXcWXUaO LQWULcac\ ZLWhLQ Whe fLbeU bXQdOe RQ LWV cRPSacWLRQ abLOLW\. 

OQe caQ QRWLce, eVSecLaOO\ fRU Whe geRPeWU\ 11 ZhLch LV Whe PRVW LUUegXOaU, WhaW aV SUeYLRXVO\ 

e[SOaLQed Whe LQcUeaVe Rf Whe cRPSUeVVLRQ VWUeVV Oed WR LQVWabLOLWLeV eVSecLaOO\ aW hLgh YROXPe 

fUacWLRQV UeVXOWLQg b\ VLgQLfLcaQW dURSV LQ Whe cRPSacWLRQ cXUYe. ThLV SheQRPeQRQ LV aOVR 

ePShaVL]ed b\ Whe VPRRWh VWeS aW Whe eQd Rf Whe d\QaPLc e[SOLcLW caOcXOaWLRQ aV LW ZLOO be WacNOed 

LQ VecWLRQ 9. SXch LQVWabLOLWLeV aUe aPRQg Whe PRVW LQWeUeVWLQg SheQRPeQRQ WR be aQaO\]ed LQ 

Whe fXWXUe. 

IQ RUdeU WR e[cOXde Whe effecW Rf dLffeUeQW LQLWLaO YROXPe fUacWLRQV RQ cRPSacWLRQ, geRPeWULeV 9 

WR 11 ZeUe fLUVW cRPSacWed WR 𝑉௙=46.8 % (FLgXUe 8.9 (c)), aQd WheQ LWV cRPSacWed fLbeU bXQdOe 

geRPeWU\ PRdeO ZaV Ue-LPSRUWed LQWR ABAQUS® fRU Whe VecRQd cRPSacWLRQ VLPXOaWLRQ (FLgXUe 

8.9 (b), VhRZQ ZLWh dRW OLQe). CRPSaUed WR cRPSacWLRQ fURP dLffeUeQW LQLWLaO fUacWLRQ (FLgXUe 

8.9 (a)), Whe cRPSacWLRQ SUeVVXUe LV ORZeU aW 𝑉௙ =70-80 %, Whe fLQaO cRPSacWLRQ SUeVVXUe 

dURSSed b\ 0.8 MSa, 0.4 MSa aQd 0.3 MSa UeVSecWLYeO\ fRU geRPeWULeV 9, 10 aQd 11. HRZeYeU 

WhLV dReV QRW chaQge Whe cRQcOXVLRQ Rf Whe XQdXOaWLRQ LQfOXeQce RQ Whe cRPSUeVVLRQ behaYLRU. 

DXULQg SUe-cRPSacWLRQ (cRPSacWLRQ ZLWh ORZ 𝑉௙0), Whe fLbeUV XQdeUgR SUedRPLQaQWO\ RUdeUed 

UeaUUaQgePeQW, aQd WhLV UeaUUaQgePeQW Pa\ UedXce Whe fULcWLRQ aQd UeVLVWaQce WR each RWheU 

dXULQg VXbVeTXeQW cRPSacWLRQ. MRUeRYeU, SUe-cRPSacWLRQ UeVXOWV LQ feZeU YRLdV beWZeeQ fLbeUV, 

aQd fLbeU bXQdOeV becRPe WLghW aQd PRUe VWUXcWXUaOO\ VWabOe. ThXV, ORZeU SUeVVXUeV aUe UeTXLUed 
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WR fXUWheU LQcUeaVe Whe YROXPe fUacWLRQ. HRZeYeU, a NLQd Rf Pa[LPXP YROXPe fUacWLRQ e[LVWV 

fRU cRPSacWed PaWeULaOV dXe WR Whe ORcNLQg Whe geRPeWU\ LPSRVed b\ fULcWLRQ. AOO VaPSOeV, 

ZheWheU SUe-cRPSacWed RU QRW, Pa\ Ueach a VLPLOaU VWaWe Rf VWUXcWXUaO ORcNLQg, ZheUe aOO fLbeUV 

aUe WLghWO\ SacNed aQd feZ SRVVLbOe PRYePeQWV fRU Whe fLbeUV. ThXV bRWh SUe-cRPSacWed aQd 

XQ-SUe-cRPSacWed fLbeU bXQdOeV VhRXOd e[hLbLW VLPLOaU Sh\VLcaO cRQfLQePeQW, aQd WhXV Whe eQd 

cRPSacWLRQ SUeVVXUeV fRU bRWh aUe LQ Whe VaPe UaQge cRQVLVWeQWO\ ZLWh FLgXUe 8.9 (b) aQd FLgXUe 

8.10.  

 
(a) 

 
(b) 

(c)  

FigXUe 8.9 RelaWiRQVhiS Rf VRlXme FUacWiRQ aQd CRmSacWiRQ PUeVVXUe: GeRmeWUieV 8 WR 11, cUeaWed ZiWh 

diffeUeQW XQdXlaWiRQ SaUameWeUV. (a) CRmSacWiRQ WeVW ZiWh diffeUeQW 𝑽𝒇𝟎, (b) CRmSaUe Whe cRmSacWiRQ WeVW 

ZiWh (a) aQd (d), (c) PUe-cRmSacWiRQ WeVW ZiWh diffeUeQW 𝑽𝒇𝟎. 
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FigXUe 8.10 The 3D UeQdeUiQg Rf (a-d) geRmeWU\ 8-11. (a2-d2) CRmSacWiRQ VimXlaWiRQ ZiWhRXW SUe-cRmSacW 

ZiWh eQd 𝑽𝒇 = 𝟖𝟎%, (b3-d3) CRmSacWiRQ VimXlaWiRQ ZiWh SUe-cRmSacW ZiWh eQd 𝑽𝒇 = 𝟖𝟎%.. 

The PLcURVWUXcWXUe LQdLcaWRUV Rf geRPeWULeV 8 WR 11 ZeUe aQaO\]ed afWeU Whe deYeORSPeQW Rf 

LQdLcaWRU WRROV, WR XQdeUVWaQd Whe effecW Rf XQdXOaWLRQ SaUaPeWeUV LQ fLbeU bXQdOe geRPeWULeV 

befRUe aQd afWeU cRPSacWLRQ.  

a) OUieQWaWiRQ aQd miV-RUieQWaWiRQ  

The RULeQWaWLRQ XQLW VSheUeV, ceQWUeOLQe Rf fLbeU aQd RULeQWaWLRQ WeQVRU 𝐴33 aUe VhRZQ LQ FLgXUe 

8.11 aQd FLgXUe 8.12 UeVSecWLYeO\, Whe bR[SORW dLVWULbXWLRQ Rf PLV-RULeQWaWLRQ (𝛼, 𝛽) Rf Whe fLbeU 

bXQdOe LV SUeVeQWed LQ FLgXUe 8.14. IW VhRXOd be QRWed WhaW Whe ∆𝐴33  (Whe dLffeUeQce Rf 

RULeQWaWLRQ WeQVRU 𝐴33 befRUe aQd afWeU cRPSacWLRQ) gUadXaOO\ LQcUeaVeV ZLWh Whe LQcUeaVe Rf 

fLbeU XQdXOaWLRQ SRLQWV. The UeaVRQ fRU Whe LQcUeaVe LQ Whe ∆𝐴33 YaOXeV dXe WR Whe LQcUeaVe LQ 

fLbeU XQdXOaWLRQ SRLQWV UeOaWed WR Whe effecW Rf fLbeU cXUYaWXUe RQ LQWeU-fLbeU YRLdV aQd 

LQWeUacWLRQV. BeQW RU eQWaQgOed fLbeUV Qeed WR be UeaUUaQged WR fLW Whe VSaWLaO cRQVWUaLQWV dXULQg 
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cRPSacWLRQ, a SURceVV WhaW Oed WR PRUe cRPSOe[ cRQWacW aQd fRUce WUaQVfeU beWZeeQ fLbeUV, WhaW 

cRPSacWV Whe RYeUaOO dLUecWLRQaOLW\ Rf Whe fLbeU bXQdOe. ThLV effecW LV PRUe SURQRXQced ZheQ 

Whe QXPbeU Rf fLbeUV XQdXOaWLRQ SRLQWV LQcUeaVeV, OeadLQg WR PRUe cRPSOe[ chaQgeV LQ 

cRPSacWLRQ effecWV aQd fLbeU aOLgQPeQW dLUecWLRQaOLW\, ZhLch aUe UefOecWed LQ chaQgeV LQ 𝐴33. 

HRZeYeU, Whe UeRUgaQL]aWLRQ caQQRW Oead WR Whe VaOe fLQaO YaOXeV, WhaW LV WR Va\, LW OeadV WR a 

UeaOLgQPeQW aQd VWUaLghWeQLQg Rf Whe fLbeUV XQWLO Whe ORcNLQg Rf Whe geRPeWU\ RccXUV. The ORcNLQg 

cRQfLgXUaWLRQ LV aOO Whe PRUe eQWaQgOed WhaW Whe LQLWLaO cRQfLgXUaWLRQ LV. 

 

FigXUe 8.11 OUieQWaWiRQ XQiW VSheUeV Rf ceQWeUliQe Rf fibeU. (a1-d1) GeRmeWUieV 8 WR11 befRUe cRmSacWiRQ 
VimXlaWiRQ (iQiWial geRmeWU\), (a2-d2) GeRmeWUieV 8 WR 11 afWeU cRmSacWiRQ VimXlaWiRQ. 

 

FigXUe 8.12 OUieQWaWiRQ 𝑨𝟑𝟑 Rf GeRmeWUieV 8 WR 11 befRUe aQd afWeU cRmSacWiRQ. 
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FLUVW, Whe LQfOXeQce Rf Whe cUeaWLRQ VWeS LV WacNOed UegaUdLQg Į aQd ȕ aQgOe. HeUe, Whe effecW Rf 

Whe gUaYLW\ fLeOd LPSRVed dXULQg Whe faOO dRZQ Rf fLbeUV fRU Whe LQLWLaOO\ VeSaUaWed VWaWe LV 

aQaO\]ed. IQWURdXcLQg a gUaYLW\ fLeOd LQ Whe VLPXOaWLRQ PRdeOV Whe fUee-faOO effecW RQ fLbeUV. ThLV 

aLPV WR UefOecW Whe aOLgQPeQW aQd cRQWacW VWaWe Rf fLbeUV XQdeU gUaYLW\ PRUe UeaOLVWLcaOO\. 

HRZeYeU, WhLV PeWhRd caQQRW aYRLd Whe SRVVLbOe dLVSOacePeQWV aQd URWaWLRQV Rf Whe fLbeUV dXe 

WR gUaYLW\ dXULQg Whe fUee faOO SURceVV. OQe caQ QRWLce WhaW eYeQ Lf Whe YaOXeV UePaLQ LQ Whe VaPe 

RUdeU Rf PagQLWXde, Whe LQLWLaOO\ eTXaO dLVWULbXWLRQ fRU aOO Whe geRPeWU\ LV QRW NeSW. The gUaYLW\ 

VWeS OeadV WR aQ LQcUeaVe Rf Whe aQgOe dLVSeUVLRQ, ZhLch caQ be dLffeUeQW fRU Whe dLffeUeQW 

cRQfLgXUaWLRQV. ThLV haV WR be accRXQWed LQ Whe aQaO\VLV bXW aOVR WhLV e[SOaLQV Zh\ Ze WaON abRXW 

cRQWUROOed SaUaPeWeUV aQd QRW LPSRVed RQeV. AV VhRZQ LQ FLgXUe 8.13, Whe 𝛼  aQgOe LV OeVV 

affecWed b\ Whe gUaYLW\ fLeOd SURbabO\ becaXVe LW UeSUeVeQWV Whe defOecWLRQ Rf Whe fLbeUV UeOaWLYe 

WR Whe Z-a[LV WRZaUdV Whe X-a[LV. IQ cRQWUaVW, ZheQ a gUaYLW\ fLeOd LV LQWURdXced, gUaYLW\ acWV 

aORQg Whe Y-a[LV. TheUefRUe, Whe PRWLRQ aQd aOLgQPeQW Rf Whe fLbeUV LQ Whe Z-X SOaQe LV OeVV 

affecWed b\ gUaYLW\. IQ cRQWUaVW, Whe ȕ aQgOe aV defOecWLRQ LQ Whe Z-Y SOaQe LV PRUe dLUecWO\ 

affecWed b\ gUaYLW\. HeUe WhLV OeadV PXch ZLdeU dLVWULbXWLRQ Rf ȕ aQgOe cRQceQWUaWed ZLWh a OLWWOe 

chaQge LQ Whe aYeUage YaOXe. AQ\Za\, WhLV UeYeaOV Whe LPSacW aQd Whe aQLVRWURS\ Rf Whe effecW Rf 

gUaYLW\ RQ fLbeU aOLgQPeQW LQ dLffeUeQW dLUecWLRQV Ze haYe WR deaO ZLWh aQd accRXQW RQ. 

 

(a) 
 

(b) 

FigXUe 8.13 The bR[SlRW Rf miV-RUieQWaWiRQ Rf fibeUV iQ geRmeWUieV 9 WR 11 befRUe aQd afWeU gUaYiW\. (a) 𝜶 

(°), (b) 𝜷 (�). 

AfWeU cRPSacWLRQ, fRU Whe geRPeWULcaO PRdeO Rf fLbeU bXQdOe ZLWh OLQeaU VWUXcWXUe, Whe fLbeUV 

PaLQO\ chaQged Whe RffVeW dLUecWLRQ aQd Whe fLbeU defOecWLRQ decUeaVed dXULQg Whe cRPSacWLRQ 

SURceVV. FRU Whe geRPeWULcaO PRdeO Rf fLbeUV (geRPeWU\ 8-11) ZLWh eQWaQgOed beQdV, Whe chaQge 

LQ Whe ȕ aQgOe befRUe aQd afWeU cRPSacWLRQ LV PRUe SURQRXQced (FLgXUe 8.14). BefRUe 
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cRPSacWLRQ, Whe bR[SORW LV PXch ZLdeU fRU beWa aQgOe, LPSO\LQg a ZLde UaQge Rf defOecWLRQ 

aQgOeV aQd a hLgh dLUecWLRQaO dLYeUVLW\ Rf fLbeUV. The cRPSacWLRQ XVLQg a SaUaOOeO fOaW SOaQe 

caXVeV Whe fLbeUV WR adMXVW WRZaUd a PRUe SaUaOOeO VWaWe. ThXV, achLeYLQg a PRUe VWabOe VWUXcWXUaO 

cRQfLgXUaWLRQ dXULQg cRPSacWLRQ. dLUecWLRQ. The ȕ aQgOe dLVWULbXWLRQ LV cRQceQWUaWed aURXQd 0 

degUeeV, UefOecWLQg Whe WeQdeQc\ Rf Whe fLbeU bXQdOeV WRZaUdV a TXaVL-SaUaOOeO VWabOe VWaWe dXULQg 

cRPSacWLRQ.  

AOWhRXgh Whe cRPSacWLRQ SURceVV ZLOO SURPSW Whe fLbeU UeaUUaQgePeQW aQd WeQdV WR UedXce Whe 

dLUecWLRQaO dLVSeUVLRQ, dXe WR Whe LQWeUacWLRQ aQd fULcWLRQ beWZeeQ Whe cXUYed fLbeUV, WheVe fLbeUV 

aUe QRW aV eaV\ WR aOLgQ LQ Whe XZ SOaQe, aV VWUaLghW fLbeUV, aQd WheUefRUe VWLOO VhRZ a ZLdeU 

dLVWULbXWLRQ afWeU cRPSacWLRQ. The defOecWLRQ dLVWULbXWLRQ (Į) Rf Whe fLbeUV fROORZV Whe VaPe 

WUeQd aV Whe dLVWULbXWLRQ Rf Whe dLUecWLRQaO WeQVRU VSheULcaO XQLWV (FLgXUe 8.11). 

 
(a) 

 

 

(b) 

FigXUe 8.14 BR[SlRW Rf miV-RUieQWaWiRQ Rf fibeUV iQ geRmeWUieV 8 WR 11. (a) 𝜶 (°). (b) 𝜷 (�). 

b) CRQWacW 

FLgXUe 8.15 VhRZV Whe cRQWacW QXPbeU beWZeeQ fLbeUV, fLbeUV aQd cRPSacWLRQ SOaWeV aQd WRWaO 

cRQWacW QXPbeU Rf geRPeWULeV 9 WR 11, FLgXUe 8.16 SUeVeQWV Whe bR[SORW Rf cRQWacW aQgOe beWZeeQ 

fLbeUV (𝜃 aQd 𝛾). The aYeUage aQd VWaQdaUd YaOXeV Rf 𝛾 aUe SUeVeQWed LQ TabOe 8.5. The beQW 

aQd eQWaQgOed fLbeU bXQdOe geRPeWULeV 8 WR 11 haYe OeVV WRWaO cRQWacW ZLWh each RWheU LQ Whe 

XQcRPSacWed VWaWe. The XQdXOaWLRQ SURYLdeV Whe fLbeUV ZLWh PRUe fUeedRP Rf VSaWLaO 

defRUPaWLRQ, ZhLch NeeSV Whe fLbeUV ZLdeO\ VSaced fURP each RWheU. AV a UeVXOW, Whe LQLWLaO 

YROXPe fUacWLRQ Rf beQW aQd WZLVWed fLbeU bXQdOeV LV ORZ fRU Whe VaPe QXPbeU Rf fLbeUV. ThaW LV, 

Whe YROXPe RccXSLed LQ VSace LV UeOaWLYeO\ OaUge. WheQ e[WeUQaO SUeVVXUe LV aSSOLed WR Whe fLbeU 



185 

 

bXQdOeV, WheVe fLbeUV aUe PRUe OLNeO\ WR be UeaUUaQged aQd deQVLfLed dXULQg Whe defRUPaWLRQ.  

AfWeU cRPSacWLRQ Whe WUeQd LV LQYeUWed VhRZLQg aQ LQcUeaVe Rf Whe cRQWacW QXPbeUV ZLWh Whe 

XQdXOaWLRQ, VhRZQ LQ FLgXUe 8.15. ThLV LV ORgLcaO becaXVe Whe eQWaQgOePeQW UeTXLUeV PRUe fLbeUV 

WR be LQ cRQWacW LQ RUdeU WR Ueach Whe VaPe YROXPe fUacWLRQ, hRZeYeU, Whe VPaOO dLffeUeQceV Rf 

Whe YaOXeV afWeU cRPSacWLRQ aOVR VhRZV WhaW Whe QXPbeU Rf cRQWacWV LV QRW Whe XQLTXe SaUaPeWeU 

WhaW dULYeV Whe cRPSUeVVLRQ VWLffQeVV ZhLch ZaV QRW VR RbYLRXV aQd haV WR be NeSW LQ PLQd fRU 

Whe aQaO\VLV Rf Whe cRPSUeVVLRQ behaYLRU Rf fLbURXV PedLa.  

 

FigXUe 8.15 CRQWacW QXmbeU beWZeeQ fibeUV, fibeUV aQd cRmSacWiRQ SlaWeV aQd WRWal.   

The cRQWacW aQgOeV aUe aOVR YeU\ LQWeUeVWLQg WR VWXd\ (FLgXUe 8.16). CRQVLdeULQg 𝛾 , befRUe 

cRPSacWLRQ, aV Whe XQdXOaWLRQ Rf Whe fLbeU LQcUeaVed (fURP geRPeWU\ 8 WR 11), Whe fLbeUV aUe 

PRUe dLVSeUVed aQd Whe LQWeUacWLRQ beWZeeQ WheP LV UeOaWLYeO\ ZeaN, VR Whe cRQWacW aQgOe LV 

dLVWULbXWed LQ a UeOaWLYeO\ ZLdeU UaQge ZLWh a hLgheU aYeUage YaOXe. AfWeU cRPSacWLRQ, Whe cRQWacW 

QXPbeU LQcUeaVe VOLghWO\, Whe cRQWacW aQgOeV Rf Whe fLbeUV LQ Whe cURVV-VecWLRQ aUe PaLQO\ 

cRQceQWUaWed LQ Whe UaQge Rf VPaOOeU aQgOeV, ZhLch LQdLcaWeV WhaW Whe LQWeUacWLRQ aQd cRQVWUaLQWV 

beWZeeQ Whe fLbeUV aUe eQhaQced, aQd Whe aOLgQPeQW Rf Whe fLbeUV LV PRUe cRQVLVWeQW. HRZeYeU, 

LW LV YeU\ LQWeUeVWLQg WR QRWLce heUe agaLQ WhaW Whe UeaOLgQPeQW LV aOO Whe PRUe SRVVLbOe WhaW Whe 

LQLWLaO cXUYaWXUe LV ORZ. The LQcUeaVe LQ fLbeU XQdXOaWLRQ LPSOLeV Whe SUeVeQce Rf LQWeUORcNLQg 

SheQRPeQa beWZeeQ Whe fLbeUV LQ Whe fRUP Rf eQWaQgOePeQW ZhLch caQQRW SeUPLW Whe UeaOLgQPeQW. 

The UeOaWLYe decUeaVe LQ Whe aYeUage YaOXe aQd VWaQdaUd deYLaWLRQ LV VLgQLfLcaQWO\ ORZeUed aV Whe 

XQdXOaWLRQ LQcUeaVed. 

AW Whe eQd Rf Whe cRPSacWLRQ, Whe cRQWacW aQgOeV dLVWULbXWLRQ LV WheQ VLgQLfLcaQWO\ dLffeUeQW 

ZheUeaV Whe cRQWacW QXPbeU ZaV QRW WhaW PXch. ThLV LV cRQfLUPed b\ Whe YaOXeV Rf 𝜃 , a 
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cRQceQWUaWLRQ Rf cRQWacW aQgOe (𝜃) LQ Whe UaQge Rf [10-20瀽 & 70-80瀽] fRU geRPeWU\ 11 LV QRWLced 

ZhLOe LW decUeaVeV fRU cRQfLgXUaWLRQ 8 aQd 9. FRU Whe geRPeWU\ 8 aQd 9 LQcUeaVe cRQceUQV Whe [0-

10瀽 & 80-90瀽] UaQge VR a beWWeU RUgaQL]ed cRQfLgXUaWLRQ. IQdeed, Whe [10-20瀽 & 70-80瀽] 

cRQWacWV aUe PRUe eaVLO\ WUaQVfRUPed WR cRQceUQV Whe [0-10瀽 & 80-90瀽] aV Whe UeRUgaQL]aWLRQ 

RccXUV fRU OeVV XQdXOaWed cRQfLgXUaWLRQ. The UeaOLgQPeQW LV WheQ SRVVLbOe fRU ORZ aQgOeV aQd LV 

aOPRVW ORcNed fRU hLgheU aQgOeV ZhLch e[SOaLQV WheLU UeOaWLYe VWabLOLW\. FRU PRUe XQdXOaWed 

cRQfLgXUaWLRQ VXch aV geRPeWU\ 11, Whe ORcNLQg fRU [10-20 瀽  & 70-80 瀽 ] RccXUV aQd Whe 

UeaOLgQPeQW LV QRW SRVVLbOe.   

 
(a) (b) 

FigXUe 8.16 CRQWacW aQgle. (a) CRQWacW aQgle beWZeeQ fibeUV iQ Whe fibeU¶V VecWiRQ (𝜽ሺ°ሻ), (b) CRQWacW aQgle 

beWZeeQ fibeUV iQ Whe fibeU¶V leQgWh diUecWiRQ ሺ𝜸ሺ°ሻሻ. 

Table 8.5 CRQWacW aQgle 𝜸 ሺ°ሻ beWZeeQ fibeUV iQ Whe fibeU leQgWh diUecWiRQ. 

CRmSacW 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

 GeRmeWU\ 8 GeRmeWU\ 9 GeRmeWU\ 10 GeRmeWU\ 11 

BefRUe  3.059 2.235 8.102 6.896 11.276 9.823 10.078 11.295 

AfWeU 1.920 1.515 3.529 3.650 8.340 6.923 9.626 6.706 

c) CUimS aQd cXUYaWXUe 

The cULPS bR[SORW, aYeUage aQd VWaQdaUd YaOXeV Rf fLbeU bXQdOe geRPeWULeV 8 WR 11 aUe SUeVeQWed 

LQ FLgXUe 8.17 aQd TabOe 8.6 UeVSecWLYeO\ aQd Whe SURMecWed cXUYaWXUe UadLL LQ XZ (𝑅𝑋௓തതതതത) aQd YZ 

SOaQe (𝑅𝑌௓തതതതത) LQ FLgXUe 8.18 aQd TabOe 8.7. The\ cRQfLUP Whe SUeYLRXV aQaO\VLV. 

The cULPS Rf Whe fLbeUV LQ geRPeWULeV 8 WR 11 LQcUeaVeV, ZhLch ZaV OLNeZLVe UeVSRQded WR b\ 

LQcUeaVed cUeaWLRQ XQdXOaWLRQ SRLQW QXPbeU. ThLV SheQRPeQRQ e[LVWV befRUe aQd afWeU 

cRPSacWLRQ. ThLV LV UeOaWed WR Whe SUeYLRXVO\ PeQWLRQed, eQWaQgOePeQW ZLWhLQ Whe fLbeU bXQdOe. 
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FLbeUV SaUWLaOO\ VWUaLghWeQ dXULQg cRPSacWLRQ. HRZeYeU, dXe Whe\ dR QRW VWUaLghWeQ cRPSOeWeO\ 

aOO Whe OeVV WhaQ Whe ORcNLQg cRQfLgXUaWLRQ LPSRVed b\ eQWaQgOePeQW LV dLVRUdeUed. ThLV LV Whe 

UeaVRQ Zh\ fLbeUV UePaLQ cXUYed, aQd WhXV Whe cULPS LV hLgheU aQd SURMecWed UadLL LV VPaOOeU. 

CRPbLQe Whe cRPSacWLRQ cXUYe (FLgXUe 8.9) aQd Whe cULPS Rf Whe fLbeU bXQdOe geRPeWULeV, Whe 

geRPeWU\ ZLWh hLgh cULPS UeTXLUeV PRUe SUeVVXUe WR UeaUUaQge aQd PRYePeQW WR achLeYe Whe 

VaPe YROXPe fUacWLRQ WhaQ fLbeUV ZLWh ORZ cULPS. 

  

FigXUe 8.17 BR[SlRW Rf cUimS Rf geRmeWUieV 8, 9, 10 aQd11 (%). 

Table 8.6 CUimS Rf all Whe fibeUV iQ geRmeWUieV 8 WR 11 (%). 

CRmSacW 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

 GeRmeWU\ 8 GeRmeWU\ 9 GeRmeWU\ 10 GeRmeWU\ 11 

BefRUe 0.077 0.075 0.317 0.433 0.833 1.154 2.115 3.840 

AfWeU 0.072 0.006 0.202 0.170 0.570 0.449 1.147 1.238 

The aQaO\VLV Rf Whe UadLL aUe LQWeUeVWLQg ZLWQeVVeV Rf Whe fLbeUV WUaQVfRUPaWLRQ. AV VhRZQ LQ 

FLgXUe 8.18, befRUe cRPSacWLRQ VLPXOaLRQ, Whe Whe 𝑅𝑋௓തതതതത aQd 𝑅𝑌௓തതതതത Rf geRPeWU\ 8 WR 11 gUadXaOO\ 

decUeaVe, cRQVLVWeQWO\ ZLWh Whe XQdXOaWLRQ fURP geRPeWU\ 8 WR 11. AfWeU cRPSacWLRQ Whe 

dLffeUeQce UePaLQV aQd LQ RUdeU WR achLeYe Whe gRaO 𝑉௙, Whe cXUYaWXUe UadLXV 𝑅𝑌௓തതതതത VhRZV Whe 

fLbeUV  becRPe VWUaLghWeU LQ YZ SOaQe, becaXVe Whe cRPSacWLRQ fRUce acWV RQ Whe fLbeUV, fRUcLQg 

WheP WR adMXVW WheLU VhaSe WR WaNe XS OeVV VSace. FLbeUV WeQd WR aOLgQ LQ Whe dLUecWLRQ Rf fLbeU 

OeQgWh, VR cULPSed fLbeUV ZLOO SaUWLaOO\ VWUaLghWeQ XQdeU SUeVVXUe. HRZeYeU, dXe WR Whe LQLWLaO 

PLcURVWUXcWXUe XQdXOaWLRQ SURSeUWLeV (eQWaQgOePeQW VWUXcWXUe) Rf Whe fLbeUV LQ geRPeWU\ 9 WR 11, 

Whe fLbeUV aUe LQWeUORcNed WR each RWheU, Whe\ caQQRW VWUaLghWeQ VR PaLQWaLQ ceUWaLQ cXUYed 

VWUXcWXUe. OQe caQ aOVR QRWLce WhaW WheUe LV a VPaOO decUeaVe Rf 𝑅𝑋௓തതതതത  fRU Whe XQdXOaWed 
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cRQfLgXUaWLRQ ZhLch heUe agaLQ VhRZV Whe abLOLW\ Rf Whe fLbeUV WR beQd ORcaOO\ WR RccXS\ gaSV. 

 

 

 
(a) 

 
(b) 

FigXUe 8.18 BR[SlRW Rf SURjecWed cXUYaWXUe Uadii (mm) (a) iQ XZ SlaQe, (b) iQ YZ SlaQe. 

Table 8.7 PURjecWed cXUYaWXUe Uadii  𝑹𝑿𝒁തതതതത aQd 𝑹𝒀𝒁തതതതത (mm). 

 

CRmSacW 

 

𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

GeRmeWU\ 8 GeRmeWU\ 9 GeRmeWU\ 10 GeRmeWU\ 11 

BefRUe 139 19 187 30 61 38 74 42 35 29 46 38 21 13 21 14 

AfWeU 240 18 280 66 50 42 86 106 27 13 54 54 17 14 31 41 

ThLV VecWLRQ eQabOed WR dePRQVWUaWe Whe LQfOXeQce Rf Whe fLbeUV XQdXOaWLRQ RQ Whe cRPSacWLRQ 

behaYLRU, eYeQ fRU Whe VaPe YROXPe fUacWLRQ, ZhLch aOUead\ LQdLcaWeV WhaW QeLWheU Whe YROXPe 

fUacWLRQ, QeLWheU Whe cRQWacW QXPbeU PLghW RQO\ dULYe Whe cRPSacWLRQ behaYLRU. The LQcUeaVe Rf 

Whe XQdXOaWLRQ OeadV WR aQ LQcUeaVe Rf Whe cRPSUeVVLRQ VWLffQeVV, ZLWhLQ Whe UaQge Rf VWXd\, ZhLch 

ZaV Whe VeaUched aQVZeU. ThLV LOOXVWUaWeV hRZ Whe YLUWXaO eVWLPaWRU caQ eQabOe WR WacNOe Whe 

LQfOXeQce Rf a SaUaPeWeU RQ Whe PechaQLcaO UeVSRQVe, heUe, cRPSUeVVLRQ. IQ addLWLRQ, VLQce Ze 

haYe PLcURVWUXcWXUe LQdLcaWRUV e[SOaQaWLRQV haYe beeQ SURSRVed aQd cRPPeQWed. ThLV 

deVcULSWLRQ UefOecWV Whe PLcURVcRSLc behaYLRU aQd VWUXcWXUaO chaQgeV Rf fLbeU bXQdOeV dXULQg 

cRPSacWLRQ. SWUaLghW SaUaOOeO fLbeUV adaSW WR VSaWLaO cRQVWUaLQWV PaLQO\ WhURXgh defRUPaWLRQ 

dXULQg cRPSacWLRQ ZLWh hLgh 𝑉௙0 , ZhLOe cXUYed fLbeUV UedXce WheLU VL]e PaLQO\ WhURXgh 

UeaUUaQgePeQW aW Whe eaUO\ VWage Rf cRPSacWLRQ, ZhLch VXggeVWV WhaW LQ fLbeU bXQdOeV Rf dLffeUeQW 

geRPeWULeV, defRUPaWLRQ aQd UeaUUaQgePeQW acW WRgeWheU WR achLeYe LdeaO 𝑉௙. EVSecLaOO\ LQ Whe 

OaVW VWage Rf cRPSacWLRQ, ZheQ Whe VSace beWZeeQ fLbeUV becRPeV e[WUePeO\ OLPLWed, eYeQ Whe 
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RULgLQaOO\ VWUaLghW fLbeUV Pa\ XQdeUgR VPaOO defRUPaWLRQ WR fXUWheU cRPSacWLRQ. DXULQg 

cRPSacWLRQ, Whe LQWeUacWLRQ beWZeeQ fLbeUV LQYROYeV UeaUUaQgePeQW aQd aOVR PechaQLcaO 

LQWeUacWLRQV. UQdXOaWed fLbeUV, becaXVe Rf WheLU cRPSOe[ VhaSe, Oead WR Whe fRUPaWLRQ Rf a 

WaQgOed VWUXcWXUe beWZeeQ fLbeUV, a VWUXcWXUe WhaW LQcUeaVeV cRPSacWLRQ UeVLVWaQce. 

PUe-cRPSacWLRQ caQ be UegaUded aV a SUe-WUeaWPeQW SURceVV, ZhLch chaQgeV Whe LQLWLaO VWaWe 

beWZeeQ fLbeUV b\ cRPSacWLQg Whe fLbeU bXQdOeV WR a defLQed 𝑉௙. PUe-cRPSacWed fLbeU bXQdOeV 

UeTXLUe OeVV cRPSacWLRQ fRUce WR Ueach Whe VaPe YROXPe fUacWLRQ, SURbabO\ becaXVe SUe-

cRPSacWLRQ haV aOUead\ adaSWed Whe fLbeU VWUXcWXUe WR Whe cRPSUeVVLRQ VWaWe, UedXcLQg Whe 

LQWeUQaO UeVLVWaQce WhaW QeedV WR be RYeUcRPe LQ Whe VXbVeTXeQW cRPSacWLRQ SURceVV. The fLQaO 

cRPSacWLRQ VWUeQgWh Rf bRWh SUe-cRPSacWed aQd XQ-SUe-cRPSacWed fLbeU bXQdOeV cRQYeUged 

afWeU cRPSacWLRQ WR a VaPe YROXPe fUacWLRQ. ThLV LQdLcaWeV WhaW Whe VWUXcWXUe Rf Whe fLbeU bXQdOe 

WeQdV WR Ueach a VWead\ VWaWe dXULQg cRPSacWLRQ, aQd Whe cORVe cRQWacW beWZeeQ fLbeUV PaNeV 

fXUWheU defRUPaWLRQ RU UeaUUaQgePeQW dLffLcXOW.  

8.2 IQflXeQce Rf VleQdeUQeVV UaWiR 

8.2.1 DiffeUeQW VleQdeUQeVV UaWiR geRmeWU\ 

The VOeQdeUQeVV UaWLR (S) affecWV Whe aUUaQgePeQW aQd defRUPaWLRQ Rf fLbeUV dXULQg Whe ORadLQg 

SURceVV, becaXVe Whe VOeQdeUQeVV UaWLR affecWV Whe beQdLQg VWLffQeVV Rf fLbeUV. The YaOXe Rf WhaW 

beQdLQg VWLffQeVV 𝐵  caQ be VeW b\ chaQgLQg eLWheU Whe YRXQg¶V PRdXOXV 𝐸  RU Whe beaP 

eOePeQW dLaPeWeU ZhLch defLQeV LWV VecRQd PRPeQW Rf LQeUWLa 𝐼 (DaeOePaQV eW aO., 2021). SR, 

Whe beQdLQg VWLffQeVV Rf beaP eOePeQW ZaV VeW aV fROORZ: 𝐵 = 𝐸𝐼, 𝐼 = గ𝑑464                            (8.1) 

IQ RUdeU WR XQdeUVWaQd Whe LQfOXeQce Rf dLffeUeQW VOeQdeUQeVV UaWLR, PRdeOV ZLWh dLffeUeQW UadLXV 

Rf fLbeU haYe beeQ cUeaWed:  𝑆 = 𝑑೑𝑖𝑏𝑒𝑟𝜇𝐿೑𝑖𝑏𝑒𝑟 = 1𝑚 𝑆0                           (8.2) 

WheUe 𝜇𝐿೑𝑖𝑏𝑒𝑟  LV Whe aYeUage OeQgWh Rf fLbeU, ZhLch ZLOO NeeS VaPe fRU dLffeUeQW geRPeWULeV, 𝑑௙𝑖𝑏𝑒𝑟 LV Whe dLaPeWeU Rf fLbeU LQ Whe fLbeU bXQdOe geRPeWU\, m LV Whe QXPbeU VcaOLQg PXOWLSOLeU 

Rf Whe S, 𝑆𝑜 VhRZQ LQ TabOe 8.8. The fLbeU bXQdOe geRPeWU\ LV cUeaWed ZLWh SaUaPeWeUV LQ TabOe 

8.8 , bXW ZLWh dLffeUeQW UadLXV Rf fLbeU. IQ WhLV VWXd\, Whe XVed SRO\eVWeU fLOaPeQWV haYe a dLaPeWeU 

Rf 0.5 PP bXW, LQ UeaO fLbeU bXQdOeV, fLbeUV aUe cORVeU WR 0.05 PP ሺ𝑖. 𝑒. 110 𝑆0) aQd caUbRQ fLbeUV 
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haYe a dLaPeWeU Rf 0.005-0.01 PP ( 150 𝑆0), VR Whe YaOXeV Rf dLaPeWeU d aUe chRVeQ WR UeSUeVeQW 

Whe dLaPeWeUV Rf UeaO fLbeUV, L.e. 𝑑 = 0.05 aQd 0.01PP aV SUeVeQWed LQ TabOe 8.8: 

Table 8.8 PaUameWeUV Rf diffeUeQW VleQdeUQeVV UaWiR (S). 

DiameWeU Rf fibeU SleQdeUQeVV UaWiR (S) 

0.5PP 3.64% (𝑆𝑜) 

0.05PP 0.36% ( 110 𝑆0) 

0.01PP 0.07% ( 150 𝑆0) 

IQ RUdeU WR XQdeUVWaQd Whe LQfOXeQce Rf 𝑆  UaWLR SaUaPeWeU Rf Whe fLbeU VWUXcWXUe, Whe LQLWLaO 

geRPeWU\ SaUaPeWeUV aUe cRQVWaQW: Whe OeQgWh Rf Whe fLbeUV, VWUXcWXUe Rf Whe fLbeUV (cXUYaWXUe, 

cRQWacW aQd VR RQ), aV ZeOO aV Whe dLPeQVLRQaO UaWLR Rf Whe X aQd Y dLUecWLRQV Rf Whe cRPSacWLRQ 

chaQQeO.  

The cUeaWLRQ SULQcLSOe Rf geRPeWULeV ZLWh dLffeUeQW VOeQdeUQeVV UaWLR LV LOOXVWUaWed LQ FLgXUe 8.19. 

FLUVW, Whe dLPeQVLRQV Rf Whe cRPSacWLRQ chaQQeO LQ Whe X aQd Y dLUecWLRQV YaU\ LQ eTXaO 

SURSRUWLRQV, NeeSLQg Whe dLPeQVLRQV LQ Whe Z dLUecWLRQ (fLbeU OeQgWh dLUecWLRQ) cRQVWaQW: 𝑑𝑋𝑆0 × 𝑑𝑌𝑆0 = 5 × 3.22𝑚𝑚,       (8.3) 

 𝑑𝑋 110𝑆0 × 𝑑𝑌 110𝑆0 = 0.5 × 0.322𝑚𝑚,      (8.4) 𝑑𝑋 150𝑆0 × 𝑑𝑌 150𝑆0 = 0.1 × 0.0644𝑚𝑚,     (8.5) 

 𝑑௓ = 16𝑚𝑚        (8.6) 

WheUe Whe 𝑑𝑋 1𝑚𝑆0 , 𝑑𝑌 1𝑚𝑆0  LV Whe dLPeQVLRQ Rf Whe X aQd Y dLUecWLRQ Rf geRPeWU\, UeVSecWLYeO\. 𝑑௓ LV Whe dLPeQVLRQ Rf Whe Z dLUecWLRQ Rf geRPeWU\. SecRQdO\, Whe fLbeU ceQWeU SRLQW SRVLWLRQ LV 

VcaOed WR NeeS Whe VWUXcWXUaO SaUaPeWeUV LQVLde Whe fLbeU bXQdOe XQchaQged. The cUeaWLRQ Rf Whe 

fLbeU PRdeO LV baVed RQ WUeaWLQg Whe fLbeUV aV UegXOaU cLUcOeV aQd geQeUaWLQg WheLU ceQWeUOLQeV. 

TheUefRUe, Whe fLbeU ceQWeUOLQe cRRUdLQaWeV aUe VWLOO VcaOed heUe baVed RQ WhaW SULQcLSOe. FLgXUe 

8.19 (b) VhRZV aQ e[aPSOe Rf Whe VcaOLQg SULQcLSOe ZLWh a cURVV-VecWLRQ Rf a fLbeU L LQ Whe VOLce 

S. The (X, Y) cRRUdLQaWeV Rf Whe fLbeU aUe VLPXOWaQeRXVO\ UedXced b\ a facWRU m, aQd Whe Z 

cRRUdLQaWeV UePaLQ XQchaQged: 𝑋 1𝑚𝑆0 = 1𝑚 𝑋𝑆0, 𝑌 1𝑚𝑆0 = 1𝑚 𝑌𝑆0       (8.7) 

 

AQd Whe dLaPeWeU Rf fLbeU L UedXced b\ a facWRU m aOVR: 



191 

 

𝑅 1𝑚𝑆0 = 1𝑚 𝑅0  → 𝑆 1𝑚𝑆0 = 1𝑚 𝑆0      (8.8) 

 
(a) 

 
(b) 

FigXUe 8.19 PUiQciSle Rf cUeaWiRQ Rf geRmeWUieV ZiWh diffeUeQW VleQdeUQeVV UaWiR. (a) ETXall\ Vcaled dRZQ 
cRmSacWiRQ chaQQel, (b) MaiQWaiQ Whe cRRUdiQaWe SRViWiRQ Rf Whe fibeUV UelaWiYe WR Whe cRmSacWiRQ chaQQel 

(𝑺 = 𝟏𝟏𝟎 𝑺𝟎 aV aQ e[amSle). 

FLQaOO\, Whe LQLWLaO VWUXcWXUeV (cRQWacW, XQdXOaWLRQ, fLbeU SRVLWLRQ) Rf Whe fLbeU bXQdOe geRPeWULeV 

ZLWh dLffeUeQW VOeQdeUQeVV UaWLR aUe WRWaOO\ VaPe, aV VhRZQ LQ FLgXUe 8.20. 

 

FigXUe 8.20 CUeaWe Whe geRmeWU\ Rf fibeU bXQdle aQd cRmSacWiRQ chaQQel ZiWh diffeUeQW VleQdeUQeVV UaWiR 

(S). (a) CRmSaUiVRQ Rf Whe geRmeWU\ ZiWh diffeUeQW UaWiR S. (b) 𝑺𝒐. (c) 𝟏𝟏𝟎 𝑺𝒐. (d) 𝟏𝟓𝟎 𝑺𝒐. 

The VaPe cRPSacWLRQ VLPXOaWLRQ ZaV caUULed RXW fRU fLbeU bXQdOe PRdeOV ZLWh dLffeUeQW 

VOeQdeUQeVV UaWLRV, WR cRPSaUe WheLU cRPSacWLRQ behaYLRU aQd PLcURVWUXcWXUe. FLgXUe 8.21 
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SUeVeQWV Whe cRPSUeVVLRQ SUeVVXUe LQ fXQcWLRQ Rf YROXPe fUacWLRQ VhRZQ aQd FLgXUe 8.22 

SUeVeQWV Whe 3D geRPeWU\ UeQdeULQg, Whe LQLWLaO YROXPe fUacWLRQ LV 43.6 %.  

FLgXUe 8.21 VhRZV WhaW, aW Whe begLQQLQg Rf Whe cRPSacWLRQ WeVW, Whe YROXPe fUacWLRQ LQcUeaVeV 

XQdeU ORZ SUeVVXUe, LQ Whe WhUee caVeV. AV Whe 𝑉௙ LQcUeaVeV, Whe gaSV beWZeeQ fLbeUV decUeaVe, 

OeadLQg WR LQcUeaVed fULcWLRQ aQd cRQVWUaLQWV aPRQg fLbeUV. TheUefRUe, Whe SUeVVXUe ULVeV PRUe 

VhaUSO\. IQ addLWLRQ, aV 𝑆 decUeaVeV, Whe cRPSacWLRQ SUeVVXUe aOVR decUeaVeV ZheQ Whe 𝑉௙ = 

80%. The fLQaO cRPSacWLRQ SUeVVXUeV cRUUeVSRQdLQg WR Whe PRdeO ZLWh SaUaPeWeU 𝑆0, 110  𝑆0 aQd 150  𝑆0 aUe 1.18 MSa, 0.56 MSa, aQd 0.045 MSa UeVSecWLYeO\. IQ Whe fLQaO VWage Rf cRPSacWLRQ, 

Whe fLbeU bXQdOeV e[SeULeQced VLgQLfLcaQW UeOa[aWLRQ Rf cRPSacWLRQ SUeVVXUe. AV Whe 𝑆  UaWLR 

decUeaVeV, Whe eQd cRPSacWLRQ SUeVVXUe Rf Whe VaPe 𝑉௙  aQd Whe UeOa[aWLRQ SUeVVXUe 𝑅௙ 

decUeaVe. AccRUdLQg WR Whe eTXaWLRQ 8.1 aQd 8.2, Whe VPaOO 𝑆 cRUUeVSRQdV WR VPaOO beQdLQg 

VWLffQeVV. TheUefRUe, WhRVe fLbeUV ZLWh VPaOOeU 𝑆 UaWLR caQ PRUe eaVLO\ beQd aQd WhXV LW LV eaVLeU 

fRU WheVe fLbeUV WR PRYe ORcaOO\ WR fLOO Whe YRLdV LQ Whe OaWeU VWageV Rf cRPSacWLRQ aQd Qeed OeVV 

cRPSacWLRQ SUeVVXUe. ThLV caQ be YaOLdaWed b\ FLgXUe 8.22, RQ ZhLch Whe geRPeWU\ ZLWh 150  𝑆0 

SUeVeQWV aOPRVW 0 defRUPaWLRQ Rf fLbeU¶V VecWLRQ cRPSaUed WR geRPeWULeV ZLWh  𝑆0 aQd 110  𝑆0 

(FLgXUe 8.22 (a-c2)), Whe fLbeU¶V VecWLRQ defRUPaWLRQ VhRZ LQ cRQWacW SeQeWUaWLRQ beWZeeQ 

UeQdeULQg fLbeUV LQ Whe ABAQUS� (UeaO caVe: fLbeU¶V defRUPaWLRQ), aV VhRZQ LQ FLgXUe 8.22 (d). 

WLWh decUeaVLQg 𝑆, Whe cRPSacWed fLbeUV aUe PRUe WLghWO\ SacNed, aQd WheLU aUUaQgePeQW WeQdV 

WR VWabLOL]e Whe WULaQgXOaU VWUXcWXUe (FLgXUe 8.22 (e)). CRQceUQLQg Whe cRPSacWLRQ SUeVVXUe Rf Whe 

geRPeWU\ ZLWh dLffeUeQW 𝑆 aW VaPe 𝑉௙, Whe SUeVVXUe Rf geRPeWU\ ZLWh dLffeUeQW  𝑆0 LV hLgheU, 

WhLV LQdLcaWeV WhaW Whe fLbeU bXQdOe geRPeWU\ ZLWh bLggeU 𝑆 , Whe PRUe UeVLVWaQce LQcUeaVe LV 

eQcRXQWeUed aW VaPe 𝑉௙. SR, WheVe UeVXOWV VhRZ WZR dLffeUeQW Za\V WR adMXVW/accRPPRdaWe LQ 

Whe PLcURVWUXcWXUe: PaWeULaO defRUPaWLRQ ZLWh hLgh ORad aQd ORcaO UeRUgaQLVaWLRQ ZLWh ORZ ORad. 
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(a)  

 
(b) 

 
(c) 

FigXUe 8.21 RelaWiRQVhiS beWZeeQ VRlXme-fUacWiRQ aQd CRmSacW SUeVVXUe Rf diffeUeQW fibeU leQgWh-UadiXV 

UaWiR (S). (a)  𝑺𝟎, 𝟏𝟏𝟎  𝑺𝟎 aQd 𝟏𝟓𝟎  𝑺𝟎. (b) ZRRm Rf (a), 𝟏𝟏𝟎  𝑺𝟎. (c) ZRRm Rf (a), 𝟏𝟓𝟎  𝑺𝟎. 
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FigXUe 8.22 CRmSacWiRQ VimXlaWiRQV RQ geRmeWUieV ZiWh diffeUeQW fibeU 𝑺 UaWiR. (a1-2) 𝑺𝒐, (b1-2) 𝟏𝟏𝟎 𝑺𝒐, (c1-

2) 𝟏𝟓𝟎 𝑺𝒐, (a-c 1) 3D UeQdeUiQg fibeU bXQdle geRmeWUieV, (a-c 2) CURVV-VecWiRQ Rf fibeU bXQdle aQd, (d) 

SUiQciSle Rf cRQWacW SeQeWUaWiRQ beWZeeQ fibeUV ZiWh UeQdeUiQg beam aQd Ueal caVe Rf fibeU¶V VecWiRQ 

defRUmaWiRQ, (e) fibeUV VWabili]e Whe WUiaQgXlaU VWUXcWXUe. 

8.2.2 IQdicaWRUV aQal\ViV Rf geRmeWUieV ZiWh diffeUeQW 𝑺 

a) OUieQWaWiRQ aQd miV-RUieQWaWiRQ 

The RULeQWaWLRQ XQLW VSheUeV Rf fLbeU bXQdOe geRPeWULeV ZLWh dLffeUeQW 𝑆 UaWLR aUe SUeVeQWed LQ 

FLgXUe 8.23, aQd Whe RULeQWaWLRQ WeQVRU 𝐴33 LQ FLgXUe 8.24. The geRPeWU\ ZLWh dLffeUeQW 𝑆 UaWLR 

cUeaWed aUe eTXaO VcaOLQg, Whe PLcURVWUXcWXUe Rf WheP LV WRWaO VaPe befRUe cRPSacWLRQ. FURP Whe 

dLVWULbXWLRQ Rf Whe RULeQWaWLRQ WeQVRU LQ RULeQWaWLRQ XQLW VSheUeV, Whe SUeYLRXV cRQcOXVLRQ LV 

YeULfLed: VPaOOeU 𝑆 Oead WR a WLghW aOLgQPeQW, Whe YaOXe Rf Whe RULeQWaWLRQ WeQVRU 𝐴33 Rf Whe 

fLbeUV LV WheQ cORVe WR 1.000. 
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FigXUe 8.23 OUieQWaWiRQ XQiW VSheUeV Rf fibeU bXQdle geRmeWUieV ZiWh diffeUeQW VleQdeUQeVV UaWiR Rf fibeU. 

(a) BefRUe cRmSacWiRQ VimXalWiRQ fRU diffeUeQW 𝑺 UaWiR geRmeWU\. The geRmeWU\ ZiWh (b) 𝑺𝟎, (c) 𝟏𝟏𝟎 𝑺𝟎 aQd 

(d) 𝟏𝟓𝟎 𝑺𝟎 afWeU cRmSacWiRQ VimXlaWiRQ. 

 

FigXUe 8.24 OUieQWaWiRQ WeQVRU 𝑨𝟑𝟑 ZiWh diffeUeQW VleQdeUQeVV UaWiR Rf fibeU: 𝑺𝟎, 𝟏𝟏𝟎 𝑺𝟎 aQd 𝟏𝟓𝟎 𝑺𝟎. 

The PLV-RULeQWaWLRQ Rf Whe fLbeUV LQ geRPeWULeV ZLWh dLffeUeQW 𝑆 UaWLR LV VhRZQ LQ FLgXUe 8.25. 

The dLVWULbXWLRQ Rf fLbeU PLV-RULeQWaWLRQ aQgOeV LV LQfOXeQced b\ fLbeU dLaPeWeU. BefRUe 

cRPSacWLRQ, Whe PLV-RULeQWaWLRQ (𝜶 ) Rf Whe LQLWLaO geRPeWU\ LV dLVWULbXWed LQ [-6, 5] (° ). AV 

PeQWLRQed befRUe, Whe fLbeUV ZLWh VPaOO 𝑆 haYe ORZeU beQdLQg VWLffQeVV, aQd caQ WheQ UeaUUaQge 

PRUe eaVLO\ WR fLOO LQ YRLdV beWZeeQ fLbeUV. TheUefRUe, Whe defOecWLRQ Rf Whe fLbeUV fURP Whe Z-

a[LV (dLUecWLRQ Rf Whe fLbeU OeQgWh) LV aQgXOaUO\ dLVWULbXWed aW 0�, eLWheU 𝛼 RU 𝛽. 
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(a) 

  
(b) 

FigXUe 8.25 BR[SlRW Rf miV-RUieQWaWiRQ Rf fibeUV iQ geRmeWUieV ZiWh diffeUeQW VleQdeUQeVV UaWiR Rf fibeU: 𝑺𝟎, 𝟏𝟏𝟎 𝑺𝟎 aQd 𝟏𝟓𝟎 𝑺𝟎. (a) 𝜶 ሺ°ሻ. (b) 𝜷 ሺ°ሻ. 

b) CRQWacW 

The cRQWacW QXPbeU Rf geRPeWU\ ZLWh dLffeUeQW 𝑆 LV SUeVeQWed LQ FLgXUe 8.26. The WRWaO LQLWLaO 

cRQWacW QXPbeU LQcUeaVeV fRU Whe geRPeWU\ ZLWh 𝑟0,  110 𝑟0 aQd 150 𝑟0. ThLV LQdLcaWeV heUe agaLQ 

WhaW Whe QXPbeU Rf cRQWacWV LV QRW dLUecWO\ UeOaWed WR Whe cRPSacWLRQ VWLffQeVV aQd eYeQ LV QRW VR 

eaV\ WR UeOaWe WR Whe fLbeUV RUgaQLVaWLRQ. HeUe LW VeePV WR dePRQVWUaWe a PRUe cRPSacW VWUXcWXUe 

fRU Whe VPaOOeU fLbeUV. 

 

FigXUe 8.26 CRQWacW QXmbeU Rf fibeU bXQdle geRmeWUieV ZiWh diffeUeQW VleQdeUQeVV UaWiR Rf fibeU: 𝑺𝟎, 𝟏𝟏𝟎 𝑺𝟎 

aQd 𝟏𝟓𝟎 𝑺𝟎. 

HeUe agaLQ Whe dLVWULbXWLRQ Rf cRQWacW aQgOe beWZeeQ fLbeUV LV PRUe LQWeUeVWLQg. IQ Whe fLbeU¶V 

VecWLRQ (𝜃 ሺ°ሻ) LV SUeVeQWed LQ FLgXUe 8.27 (a), Whe dLVWULbXWLRQ Rf cRQWacW aQgOe beWZeeQ fLbeUV 
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LQ Whe fLbeU¶V OeQgWh dLUecWLRQ (γ ሺ°ሻ) LQ FLgXUe 8.27 (b) aQd Whe aYeUage aQd VWaQdaUd YaOXeV LQ 

TabOe 8.9 . AfWeU cRPSacWLRQ, Whe cRQWacW aQgOe 𝜃 LV PaLQO\ dLVWULbXWed LQ [0-10瀽 & 80-90瀽, 

20-30瀽 & 60-70瀽], aOO Whe PRUe ZLWh Whe decUeaVe Rf 𝑆 UaWLR. IQ addLWLRQ, Whe cRQWacW aQgOe (𝛾) 

beWZeeQ fLbeUV LQ fLbeU¶V OeQgWh dLUecWLRQ LV aOVR VhLfWed WRZaUd 0瀽, PRUe TXLcNO\ ZheQ 𝑆 

decUeaVeV. TheVe SheQRPeQa YaOLdaWe Whe VaPe UeVXOW: ZheQ 𝑆 decUeaVeV, aW Whe VaPe VWaWe Rf 

cRPSacWLRQ, Whe fLbeUV WeQd WR be aUUaQged LQ a VWabOe WULaQgXOaU VWUXcWXUe ZLWhLQ Whe fLbeU cURVV-

VecWLRQ.  

(a) (b) 
FigXUe 8.27 CRQWacW aQgle Rf geRmeWUieV ZiWh diffeUeQW VleQdeUQeVV UaWiR Rf fibeU: 𝑺𝟎, 𝟏𝟏𝟎 𝑺𝟎 aQd 𝟏𝟓𝟎 𝑺𝟎. (a) 𝜽 ሺ°ሻ iQ Whe fibeU VecWiRQ, (b) 𝜸 (°) iQ Whe fibeU leQgWh diUecWiRQ. 

Table 8.9 CRQWacW aQgle beWZeeQ fibeUV 𝜸 (°) iQ Whe fibeU leQgWh diUecWiRQ. 

BefRUe cRmSacW 𝝁 𝝈 

3.552 2.235 

AfWeU cRmSacW 

𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝑺𝟎 
𝟏𝟏𝟎 𝑺𝟎 

𝟏𝟓𝟎 𝑺𝟎 

1.862 1.514 1.00 0.987 0.652 0.589 

c) CUimS aQd SURjecWed cXUYaWXUe Uadii 

The cULPS bR[SORW Rf dLffeUeQW geRPeWULeV ZLWh 𝑆0, 110 𝑆0 aQd 150 𝑆0 caQ be VeeQ LQ FLgXUe 8.28 

aQd Whe aYeUage aQd VWaQdaUd YaOXeV LQ TabOe 8.10. FRU PRdeOV ZhLWh VPaOOeU 𝑆, Whe decUeaVe LQ 

Whe cXUYaWXUe UadLXV LQdLcaWeV WhaW PRUe ORcaO beQdV aUe fRUPed LQ Whe fLbeUV afWeU cRPSacWLRQ. 

BXW cULPS decUeaVeV afWeU cRPSacWLRQ. ThaW PeaQV WhaW VPaOO ORcaO beQdV aSSeaU aQd WheVe beQdV 

LQcUeaVe Whe RYeUaOO cXUYaWXUe Rf Whe fLbeU. The LQcUeaVe LQ Whe RULeQWaWLRQ WeQVRU 𝐴33 OLNeZLVe 
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LQdLcaWeV WhaW Whe fLbeU bXQdOeV WeQd WR aOLgQ LQ Whe Z-a[LV dLUecWLRQ. B\ cRPbLQLQg Whe 

RbVeUYaWLRQ Rf Whe fLbeU bXQdOe ceQWeUOLQe defRUPaWLRQ ZLWh Whe YaULaWLRQ Rf LWV PLcURVcRSLc 

SaUaPeWeUV, a VchePaWLc dLagUaP Rf Whe fLbeU PRUShRORg\ afWeU cRPSacWLRQ LV SUeVeQWed LQ 

FLgXUe 8.30. FLbeU bXQdOe ZLWh 150 𝑆0 SaUaPeWeU haYe a ORZeU beQdLQg VWLffQeVV, eQbaOLQg hLgh 

ORcaO cXUYaWXUe aQd OeadLQg WheP WR defRUP eaV\eU dXULQg Whe cRPSacWLRQ SURceVV, aQd WheQ RW 

RccXS\ PRUe eaVLO\ Whe VSaceV OeadLQg WR a beWWeU RUgaQLVaWLRQ aQd WheQ a gORbaO UeaOLgQPeQW. 

AV a UeVXOW, fLbeU bXQdOeV ZLWh 𝑆-SaUaPeWeU Rf 150 𝑆0 haYe ORcaOO\ UedXced cXUYaWXUe UadLXV bXW 

aOVR a OaUge QXPbeU Rf VWUaLghW SaUW ]RQeV aORQg LW, ZhLch OeadV WR a YeU\ VhaUS cULPS cXUYe. The 

fLbeU bXQdOe geRPeWU\ ZLWh dLffeUeQW 𝑆 aUe VcaOLQg ZLWh cReffLcLeQW 𝑚 (eTXaWLRQ 8.2), Whe fLbeU 

OeQgWh (𝐿௙) LV VaPe LQ WheVe WhUee PRdeOV, bXW Whe begLQ-eQd cRQQecW OeQgWh Rf fLbeU (𝐿𝑐) LV hLgheU 

fRU 150 𝑆0 SaUaPeWeU, VR Whe cULPS LV VPaOO fRU 150 𝑆0 SaUaPeWeU. 

  

FigXUe 8.28 The cUimS bR[SlRW fRU diffeUeQW 𝑺. 

Table 8.10 The cUimS Rf diffeUeQW 𝑺(%). 

BefRUe cRmSacW 
𝝁 𝝈 

0.079 0.058 

AfWeU cRmSacW 

𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝑺𝟎 
𝟏𝟏𝟎 𝑺𝟎 

𝟏𝟓𝟎 𝑺𝟎 

0.070 0.045 0.046 0.034 0.009 0.008 

IQ cRQWUaVW, OaUgeU dLaPeWeU fLbeUV, dXe WR WheLU gUeaWeU VWLffQeVV, Pa\ VOLde PRUe eaVLO\ LQ Whe 

dLUecWLRQ Rf Whe fLbeU a[LV befRUe defRUPLQg aQd cRPLQg LQ cRQWacW ZLWh each RWheU. AV a UeVXOW, 

Whe YaOXe Rf Whe chaQge LQ WheLU aYeUage cXUYaWXUe UadLXV, ZhLch LV decUeaVed ZhLOe Whe VWaQdaUd 

deYLaWLRQ LQcUeaVeV, ZhLch PeaQV a VPRRWheU bXW VWLOO PLVaOLgQed PLcURVWUXWXUe.   
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(a) 

 
(b) 

FigXUe 8.29 BR[SlRW Rf SURjecWed cXUYaWXUe Uadii Rf diffeUeQW 𝑺 geRmeWU\. (a) iQ XZ SlaQe, (b) iQ YZ SlaQe. 

Table 8.11 PURjecWed cXUYaWXUe Uadii Rf fibeU bXQdle geRmeWU\ ZiWh diffeUeQW 𝑺 UaWiR (mm). 

BefRUe cRmSacW 

𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝝁 𝝈 𝝁 𝝈 

139 19 187 31 

AfWeU cRmSacW 

𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝑺𝟎 
𝟏𝟏𝟎 𝑺𝟎 

𝟏𝟓𝟎 𝑺𝟎 

240 18 280 60 64 38 194 120 24 24 73 60 

 

FigXUe 8.30 SchemaWic diagUam Rf Whe fibeU¶V mRUShRlRg\ afWeU cRmSacWiRQ. 

ThLV VecWLRQ dLVcXVVed Whe cRPSacWLRQ behaYLRU Rf Whe VaPe fLbeU VWUXcWXUe ZLWh dLffeUeQW 

VOeQdeUQeVV 𝑆 UaWLRV. The cRPSacWLRQ SUeVVXUe fRU Whe VOeQdeUeVW fLbeUV ZaV VLgQLfLcaQWO\ ORZeU. 

ThLV LV deWeUPLQed b\ Whe beQdLQg VWLffQeVV Rf Whe fLbeUV, ZhLch LV UeOaWed WR Whe dLaPeWeU Rf Whe 

fLbeUV. DXULQg cRPSacWLRQ, fLbeUV Qeed WR UeaUUaQge aQd defRUP WR UedXce YROXPe aQd LQcUeaVe 

deQVLW\. FLbeUV ZLWh ORZeU beQdLQg VWLffQeVV aUe PRUe VXbMecWed WR beQdLQg aQd defRUPaWLRQ, 

ZhLch aOORZV WheP WR fLOO VSaceV aQd gaSV PRUe effLcLeQWO\, WheUeb\ UedXcLQg Whe UeTXLUed 

cRPSacWLRQ SUeVVXUe. IQ addLWLRQ, fLbeUV WhaW beQd PRUe eaVLO\ aOVR adaSW PRUe eaVLO\ WR Whe 

SRVLWLRQ Rf VXUURXQdLQg fLbeUV dXULQg UeaUUaQgePeQW, SURPRWLQg a WLghWeU LQWeU-fLbeU 
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aUUaQgePeQW. ThLV WLghWeU VWUXcWXUe LV aOVR LQdLcaWed b\ Whe PLcURVWUXcWXUaO SaUaPeWeUV Rf Whe 

cRPSacWed fLbeUV, VXch aV 𝐴33. 

8.3 FUicWiRQ beWZeeQ fibeUV 

DXULQg cRPSacWLRQ Rf fLbeU bXQdOeV, Whe fULcWLRQ cReffLcLeQW LV a SaUaPeWeU Rf Whe LQWeUacWLRQ 

beWZeeQ Whe fLbeUV, ZhLch deSeQdV RQ Whe chaUacWeULVWLcV Rf Whe fLbeU VXUface aV ZeOO aV Whe 

cRQWacW beWZeeQ Whe fLbeUV, aQd LQfOXeQceV Whe LQWeUacWLRQ beWZeeQ Whe fLbeUV. CRPSacWLRQ 

VLPXOaWLRQV Rf fLbeU bXQdOe geRPeWU\ ZLWh dLffeUeQW fULcWLRQ beWZeeQ fLbeUV ( 𝜇 =0.2, 0.4, 0.6, 0.8) aUe SeUfRUPed aQd Whe UeOaWLRQVhLS beWZeeQ 𝑉௙ aQd cRPSacWLRQ SUeVVXUe LV 

SUeVeQWed LQ FLgXUe 8.31. The VLPXOaWLRQV aUe SeUfRUPed ZLWh cRPSacWLRQ LQ Whe X dLUecWLRQ 

aQd cRPSacWLRQ LQ Whe Y dLUecWLRQ LQdeSeQdeQWO\ aQd Whe UeVXOWV aUe aQaO\]ed LQ bRWh dLUecWLRQV 

fRU each VLPXOaWLRQ. 

AV VhRZQ LQ FLgXUe 8.31 (a, b), Whe cRPSacWLRQ VLPXOaWLRQ aW fLQaO 𝑉௙  = 67 % LV VWURQgO\ 

LQfOXeQced b\ Whe fULcWLRQ cReffLcLeQW, aQd Whe fLQaO cRPSacWLRQ SUeVVXUe gUadXaOO\ LQcUeaVeV aV 

Whe fULcWLRQ cReffLcLeQW LQcUeaVeV. HRZeYeU, ZheQ Whe fLQaO cRPSacWLRQ 𝑉௙ LQcUeaVeV WR 87 %, 

aW WhLV SRLQW, Whe fLQaO cRPSacWLRQ SUeVVXUe baVLcaOO\ cRQYeUgeV fRU each fULcWLRQ cReffLcLeQW.  

AW ORZeU 𝑉௙, PRUe VSace e[LVWV beWZeeQ Whe fLbeUV, aQd Whe fLbeUV caQ PRYe aQd UeaUUaQgePeQW 

UeOaWLYeO\ fUeeO\. IQ WhLV caVe, a hLgheU fULcWLRQ cReffLcLeQW PeaQV WhaW Whe UeVLVWaQce beWZeeQ 

fLbeUV LQcUeaVeV, OeadLQg WR aQ LQcUeaVe LQ cRPSacWLRQ SUeVVXUe. ThLV LV becaXVe a hLgheU fULcWLRQ 

cReffLcLeQW UedXceV Whe UeOaWLYe VOLdLQg Rf Whe fLbeUV, PaNLQg Whe UeaUUaQgePeQW PRUe dLffLcXOW, 

WhXV LW UeTXLUeV a gUeaWeU e[WeUQaO fRUce WR chaQge Whe SRVLWLRQ Rf Whe fLbeUV aQd WR achLeYe Whe 

LdeaO cRPSacWLRQ VWaWe. WLWh Whe hLgheU eQd 𝑉௙, ZhLch PeaQV Whe fLbeU bXQdOe becRPeV deQVeU, 

Whe VSace beWZeeQ Whe fLbeUV decUeaVeV aQd WheUe LV OeVV fUeedRP fRU fLbeUV UeaUUaQgePeQW. IQ 

WhLV caVe, eYeQ ZLWh a hLgheU fULcWLRQ cReffLcLeQW, Whe PRYePeQW Rf Whe fLbeUV LV gUeaWO\ UeVWULcWed 

aQd WheUefRUe Whe LQcUeaVe LQ cRPSacWLRQ fRUce becRPeV OeVV VeQVLWLYe WR chaQgeV LQ Whe fULcWLRQ 

cReffLcLeQW. AfWeU UeachLQg a cULWLcaO YROXPe fUacWLRQ, Whe dLffeUeQce LQ cRPSacWLRQ fRUceV VWaUWV 

WR decUeaVe XQWLO eYeQWXaOO\ LW LV QR ORQgeU VLgQLfLcaQWO\ affecWed b\ Whe fULcWLRQ cReffLcLeQW. The 

ORcNLQg cRQfLgXUaWLRQ LV Whe PRUe a TXeVWLRQ Rf geRPeWU\ WhaQ Rf fULcWLRQ. The cRQcOXVLRQ LV 

WheQ LQWeUeVWLQg VLQce QRW XQLfRUP ZLWh Whe YROXPe fUacWLRQ. The hLgheU YROXPe fUacWLRQ Whe 

ORZeU LQfOXeQce Rf Whe fULcWLRQ cReffLcLeQW. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

FigXUe 8.31 RelaWiRQVhiS beWZeeQ YRlXme fUacWiRQ aQd cRmSacWiRQ SUeVVXUe Rf fibeU bXQdle geRmeWU\ ZiWh 

diffeUeQW fUicWiRQ (𝝁 = 𝟎. 𝟐, 𝟎. 𝟒, 𝟎. 𝟔, 𝟎. 𝟖) beWZeeQ fibeUV, ZiWh eQd YRlXme fUacWiRQ 𝑽𝒇=67%, 87%. (a) X 

aQd (b) Y diUecWiRQ SUeVVXUe ZiWh cRmSacWiRQ SeUfRUmed iQ X diUecWiRQ, (c) X aQd (d) Y diUecWiRQ SUeVVXUe 

ZiWh cRmSacWiRQ SeUfRUmed iQ Y diUecWiRQ. 

FURP Whe 3D UeQdeULQg Rf Whe fLbeU bXQdOeV afWeU cRPSacWLRQ, WheUe LV OLWWOe dLffeUeQce LQ Whe 

PRUShRORg\ Rf Whe fLbeUV, aV VhRZQ LQ FLgXUe 8.32 aQd FLgXUe 8.33. HRZeYeU, aQ\ VPaOO 

PRYePeQW Rf Whe fLbeUV XQdeU hLgh cRPSacWLRQ VWaWe cRXOd caXVe chaQgeV LQ cRPSacWLRQ 

SUeVVXUe. TheUefRUe, Whe PLcURVWUXcWXUe Rf Whe fLbeUV LV dLVcXVVed Qe[W. 
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FigXUe 8.32 3D UeQdiQg Rf fibeU bXQdle geRmeWU\ ZiWh diffeUeQW fUicWiRQ cRefficieQW (𝝁 = 𝟎. 𝟐, 𝟎. 𝟒, 𝟎. 𝟔, 𝟎. 𝟖) 

beWZeeQ fibeUV, ZiWh eQd YRlXme fUacWiRQ 𝑽𝒇=67% aQd 𝑽𝒇=87%, ZiWh cRmSacWiRQ SeUfRUmed iQ X 

diUecWiRQ. 
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FigXUe 8.33 3D UeQdiQg Rf fibeU bXQdle geRmeWU\ ZiWh diffeUeQW fUicWiRQ cRefficieQW (𝝁 = 𝟎. 𝟐, 𝟎. 𝟒, 𝟎. 𝟔, 𝟎. 𝟖) 

beWZeeQ fibeUV, ZiWh eQd YRlXme fUacWiRQ 𝑽𝒇=67% aQd 𝑽𝒇=87%, ZiWh cRmSacWiRQ SeUfRUmed iQ Y 

diUecWiRQ. 

8.3.1 MicURVWUXcWXUeV aQal\]e 

The ceQWeUOLQe Rf Whe fLbeU bXQdOe geRPeWU\ afWeU cRPSacWLRQ LQ X aQd Y dLUecWLRQ aW 𝑉௙=67 % 

aQd 87 % LV SUeVeQWed LQ FLgXUe 8.34. CRQceUQLQg Whe SRVLWLRQ Rf Whe fLbeU ceQWeUOLQeV, aQ\ 

chaQge LQ fULcWLRQ cReffLcLeQW beWZeeQ Whe fLbeUV UeVXOWV LQ a VhLfW Rf Whe fLbeUV fRU Whe VaPe 

cRPSacWLRQ SUeVVXUe. ThLV PeaQV WhaW Whe cReffLcLeQW Rf fULcWLRQ LQfOXeQceV Whe LQWeUacWLRQ 

beWZeeQ Whe fLbeUV aQd WhXV Whe UeaUUaQgePeQW. 
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FigXUe 8.34 CeQWeUliQe Rf fibeU bXQdle afWeU X diUecWiRQ cRmSacWiRQ aW (a) 𝑽𝒇=67%, (b) 𝑽𝒇=87%; aQd 

afWeU Y diUecWiRQ cRmSacWiRQ aW (c) 𝑽𝒇=67%, aW (d) 𝑽𝒇=87%. 

The dLffeUeQce beWZeeQ Whe cRPSacWLRQ SaWhV ZLOO be VWXdLed LQ deWaLO LQ Whe Qe[W VecWLRQ, LQ 

addLWLRQ, Whe cRQcOXVLRQ fRU Whe PLcURVWUXcWXUe aQaO\VLV UegaUdLQg Whe fULcWLRQ cReffLcLeQW aUe Whe 

VaPe fRU bRWh dLUecWLRQ Rf cRPSacWLRQ WhXV RQO\ Whe X a[LV cRPSacWLRQ ZLOO be WacNOed fRU Whe 

PLcURVWUXcWXUe aQaO\VLV.  

a) OUieQWaWiRQ Rf Whe fibeUV 

The RULeQWaWLRQ XQLW VSheUeV Rf fLbeU bXQdOe geRPeWU\ ZLWh 𝜇=0.2 aQd 𝜇=0.8 beWZeeQ fLbeUV aW 𝑉௙=87 % ZLWh X dLUecWLRQ cRPSacWLRQ LV SUeVeQWed LQ FLgXUe 8.35. TheVe caVeV cRUUeVSRQd WR 

aQ RULeQWaWLRQ WeQVRU 𝐴33 =0.999 aQd 𝐴33 =0.998, UeVSecWLYeO\. The hLgheU cReffLcLeQW Rf 

fULcWLRQ (𝜇 = 0.8) LPSOLeV gUeaWeU fULcWLRQ beWZeeQ fLbeUV, ZhLch caQ SUeYeQW fLbeU PRYePeQW 

aQd UeaUUaQgePeQW dXULQg cRPSacWLRQ. DXe WR Whe UeVWULcWed VOLdLQg Rf Whe fLbeUV agaLQVW each 

RWheU, Whe fLbeUV caQQRW effecWLYeO\ UeaUUaQge WhePVeOYeV LQWR a PRUe RUdeUed VWUXcWXUe, UeVXOWLQg 

LQ UedXced dLUecWLRQaOLW\. HLgheU cReffLcLeQWV Rf fULcWLRQ Pa\ Oead WR hLgheU VheaU VWUeVVeV QeaU 

Whe fLbeU cRQWacW SRLQWV, ZhLch Pa\ affecW Whe ORcaO UeaUUaQgePeQW aQd dLUecWLRQaOLW\ Rf Whe fLbeUV. 
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ThLV PeaQV WhaW Whe ORcaO VWUXcWXUe ZLWhLQ Whe fLbeU bXQdOe Pa\ be PRUe VWabOe aW hLgh fULcWLRQ 

cReffLcLeQWV, aQd WhLV VWabLOLW\ Pa\ Oead WR dLffeUeQceV LQ RYeUaOO dLUecWLRQaOLW\ eYeQ ZheQ Whe 

fLQaO cRPSacWLRQ SUeVVXUeV aUe VLPLOaU. 

(a)  (b)  

FigXUe 8.35 OUieQWaWiRQ XQiW VSheUeV Rf fibeU bXQdle geRmeWU\ ZiWh diffeUeQW 𝝁 beWZeeQ fibeUV aW 𝑽𝒇=87% ZiWh X diUecWiRQ cRmSacWiRQ. (a) 𝝁=0.2, (b) 𝝁=0.8. 

FLgXUe 8.36 SUeVeQWV Whe BR[SORW Rf Whe PLV-RULeQWaWLRQ Rf fLbeUV ZLWh 𝜇 =0.2 aQd 𝜇 =0.8 aW 𝑉௙=87 % ZLWh X dLUecWLRQ cRPSacWLRQ. SLPLOaUO\, Whe RffVeWV Rf Whe fLbeUV ZLWh UeVSecW WR Whe Z-

a[LV, LQ Whe dLUecWLRQ Rf Whe X-a[LV (𝛼) aQd LQ Whe dLUecWLRQ Rf Whe Y-a[LV (𝛽), e[hLbLW YeU\ VPaOO 

dLffeUeQceV. The QaUURZeVW dLVWULbXWLRQ aURXQd Whe 0 YaOXe LQdLcaWeV WhaW Whe hLgh fULcWLRQ 

cReffLcLeQW Rf Whe fLbeUV, VOLghWO\ OeadV WR Whe dLVWULbXWLRQ Rf Whe fLbeUV (OeQgWhZLVe) PRUe aZa\ 

fURP Whe Z-a[LV dLUecWLRQ afWeU Whe VaPe cRPSacWLRQ WeVW. ThLV cRQcOXVLRQ LV cRQVLVWeQW ZLWh Whe 

fLbeU RULeQWaWLRQ WeQVRU cRQcOXVLRQ. A ORZeU cReffLcLeQW Rf fULcWLRQ OeadV WR a PRUe dLUecWLRQaO 

fLbeU dLVWULbXWLRQ afWeU cRPSacWLRQ. HRZeYeU, Whe dLffeUeQceV RbVeUYed aUe YeU\ VPaOO WR 

cRQcOXde ZLWh hLgh degUee Rf ceUWaLQW\. 

 
(a) 

 
(b) 

FigXUe 8.36 BR[SlRW Rf miV-RUieQWaWiRQ Rf fibeUV bXQdle geRmeWU\ ZiWh 𝝁=0.2 aQd 0.8 aW 𝑽𝒇=87% ZiWh X 

diUecWiRQ cRmSacWiRQ. (a) 𝜶, (b) 𝜷.  
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b) CRQWacW  

FLgXUe 8.37 VhRZV Whe cRQWacW QXPbeU beWZeeQ fLbeUV, fLbeUV aQd cRPSacWLRQ SOaWeV, aQd WRWaO 

cRQWacW QXPbeU Rf fLbeU bXQdOe geRPeWU\ ZLWh 𝜇=0.2 aQd 𝜇=0.8 aW 𝑉௙=87 % ZLWh X dLUecWLRQ 

cRPSacWLRQ. FLbeU bXQdOeV ZLWh hLgheU fULcWLRQ cReffLcLeQWV UeVXOW LQ Whe feZeU LQWeUfLbeU 

cRQWacWV afWeU cRPSacWLRQ, ZhLch caQ be e[SOaLQed b\ Whe facW WhaW LW LV PRUe dLffLcXOW WR 

UeaUUaQge Whe fLbeUV WR be LQ cORVe cRQWacW ZLWh each RWheU. The dLffeUeQce LQ Whe WRWaO QXPbeU Rf 

cRQWacWV ZLWhLQ Whe fLbeU bXQdOe aW dLffeUeQW fULcWLRQ cReffLcLeQWV LV abRXW 20 %, WhLV dLffeUeQce 

caQ VWLOO be cRQVLdeUed VLgQLfLcaQW. The fULcWLRQ cReffLcLeQW dLUecWO\ affecWV Whe aPRXQW Rf cRQWacW 

beWZeeQ fLbeUV LQ a fLbeU bXQdOe dXULQg cRPSacWLRQ, aV ZeOO aV Whe cRQWacW beWZeeQ fLbeUV aQd 

Whe cRPSacWLRQ chaQQeO. A hLgheU fULcWLRQ cReffLcLeQW XVXaOO\ OeadV WR a ZeaNeU RULeQWaWLRQ Rf 

Whe fLbeU bXQdOe becaXVe Whe hLgh fULcWLRQaO UeVLVWaQce beWZeeQ Whe fLbeUV SUeYeQWV Whe PRYePeQW 

aQd UeaUUaQgePeQW Rf Whe fLbeUV, UeVXOWLQg LQ Whe fRUPaWLRQ Rf feZeU SRLQWV Rf cRQWacW beWZeeQ 

Whe fLbeUV UeOaWLYe WR a PRUe RULeQWed fLbeU bXQdOe ZLWh a ORZ fULcWLRQ cReffLcLeQW. HRZeYeU, Whe 

fLQaO cRPSacWLRQ SUeVVXUe ZeUe eVVeQWLaOO\ Whe VaPe, VXggeVWLQg WhaW Whe deWeUPLQaWLRQ Rf Whe 

cRPSacWLRQ ORad, LW VeePV WheQ WhaW eYeQ WhRXgh WheUe LV a dLffeUeQce LQ Whe QXPbeU Rf cRQWacW 

SRLQWV, Whe VOLdLQg LQVLde Whe fLbeU bXQdOeV decUeaVe dXe WR Whe hLgh fULcWLRQ cReffLcLeQW, UeVXOWLQg 

LQ a VLPLOaU SUeVVXUe beLQg UeTXLUed WR achLeYe cRPSacWLRQ. 

 

FigXUe 8.37 CRQWacW QXmbeU Rf fibeU bXQdle geRmeWUieV ZiWh 𝝁=0.2 aQd 𝝁=0.8 aW eQd 𝑽𝒇=87% ZiWh X 

diUecWiRQ cRmSacWiRQ. 

The cRQWacW aQgOeV LQ Whe VecWLRQ ሺ𝜃ሻ aQd LQ Whe OeQgWh dLUecWLRQ ሺ𝛾ሻ beWZeeQ fLbeUV aQd Whe 

bR[SORW Rf 𝜃 aQd 𝛾 aUe cRQVLdeUed LQ FLgXUe 8.38. The cRQWacW aQgOe beWZeeQ fLbeUV LV OaUgeU 
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ZLWh hLgheU 𝜇. ThLV cRQfLUPV Whe SUeYLRXV aQaO\VLV. SLQce hLgh 𝜇 SUeYeQWV UeOaWLYe PRYePeQW 

Rf Whe fLbeUV, Whe UeOaWLYe aUUaQgePeQW VWUXcWXUe Rf Whe fLbeUV fRUPed dXULQg Whe LQLWLaO 

cRPSacWLRQ VWeS UePaLQV UeOaWLYeO\ VWabOe dXULQg VXbVeTXeQW cRPSacWLRQ. ThLV VWabLOLW\ OLPLWV 

Whe abLOLW\ Rf Whe fLbeUV WR UeaUUaQge WhePVeOYeV LQ OaWeU VWeSV Rf cRPSacWLRQ, UeVXOWLQg LQ Whe 

PaLQWeQaQce Rf hLgh cRQWacW aQgOeV, QRW RQO\ fRU 𝜃, bXW aOVR fRU 𝛾. 

 
(a) (b) 

FigXUe 8.38 CRQWacW aQgle Rf geRmeWU\ ZiWh 𝝁=0.2 aQd 𝝁=0.8 aW 𝑽𝒇=87% ZiWh X diUecWiRQ cRmSacWiRQ. 

(a) 𝜽 ሺ°ሻ iQ Whe fibeU VecWiRQ, (b) 𝜸 (°) iQ Whe fibeU leQgWh diUecWiRQ. 

c) UQdXlaWiRQ 

The cULPS BR[SORW aQd Whe SURMecWed cXUYaWXUe UadLXV Rf fLbeU bXQdOe geRPeWU\ ZLWh 𝜇=0.2 aQd 𝜇=0.8 aW 𝑉௙=87 % ZLWh X dLUecWLRQ cRPSacWLRQ LV SUeVeQWed LQ FLgXUe 8.39 aQd FLgXUe 8.40, 

UeVSecWLYeO\. The cULPS aQd Whe SURMecWed cXUYaWXUe UadLXV Rf geRPeWU\ ZLWh 𝜇=0.8 aQd RQe 

ZLWh 𝜇=0.2 e[hLbLW VPaOO dLffeUeQceV ZhLch gORbaOO\ cRQfLUPV Whe UeVXOWV Rf Whe aQgOeV: a ORZeU 

cReffLcLeQW Rf fULcWLRQ OeadV WR a OLWWOe PRUe dLUecWLRQaO fLbeU dLVWULbXWLRQ afWeU cRPSacWLRQ. 
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FigXUe 8.39 The cUimS BR[SlRW Rf geRmeWU\ ZiWh 𝝁=0.2 aQd 𝝁=0.8 aW 𝑽𝒇=87% ZiWh X diUecWiRQ 

cRmSacWiRQ. 

 
(a) 

 
(b) 

FigXUe 8.40 BR[SlRW Rf SURjecWed cXUYaWXUe Uadii Rf geRmeWU\ ZiWh 𝝁=0.2 aQd 𝝁=0.8 aW 𝑽𝒇=87% ZiWh X 

diUecWiRQ cRmSacWiRQ. (a) iQ XZ SlaQe, (b) iQ YZ SlaQe. 

The effecW Rf Whe fULcWLRQ cReffLcLeQW haV beeQ aQaO\]ed LQ WhLV VecWLRQ. The LQfOXeQce Rf Whe 

fULcWLRQ cReffLcLeQW LV dLffeUeQW deSeQdLQg RQ Whe fLbeU YROXPe fUacWLRQ. IQdeed, Whe VhaSe Rf Whe 

cRPSacWLRQ cXUYe LV dLffeUeQW. IQdeed, aW ORZ YROXPe fUacWLRQV Whe LQcUeaVe LQ Whe fULcWLRQ 

cReffLcLeQW LQdXceV a VLgQLfLcaQW LQcUeaVe LQ Whe cRPSUeVVLRQ ORad, SUeYeQWLQg Whe fLbeUV 

PRYePeQWV ZheQ Whe OaWWeU aUe PRUe eaVLO\ SRVVLbOe. AW hLgheU YROXPe fUacWLRQ, Whe LQfOXeQce 

decUeaVe XQWLO becRPLQg QegOLgLbOe WR Ueach aOPRVW Whe VaPe cRPSUeVVLRQ ORad. IQdeed, eYeQ Lf 

a VPaOO PRdLfLcaWLRQ LQ Whe cRPSacWed PLcURVWUXcWXUe LV QRWLced aQd LQheULWed fURP Whe 

dLffeUeQceV LQ Whe eaUO\ VWage Rf UeRUgaQL]aWLRQ, LW VeePV QRW WR affecW VLgQLfLcaQWO\ Whe VWLffQeVV.   
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8.4 CRQclXViRQ  

IQ WhLV VecWLRQ, Whe LQfOXeQce Rf Whe LQWeUQaO VWUXcWXUe Rf Whe fLbeUV RQ Whe cRPSacWLRQ VLPXOaWLRQ 

ZaV aQaO\]ed: Whe XQdXOaWLRQ Rf Whe fLbeUV, Whe VOeQdeUQeVV UaWLR (𝑆), aQd Whe fULcWLRQ cReffLcLeQW 

beWZeeQ fLbeUV (𝜇). IQ addLWLRQ, Whe PLcURVWUXcWXUe (SRVLWLRQ) Rf Whe cRPSacWed fLbeUV ZaV aOVR 

aQaO\]ed b\ Whe defLQLWLRQ Rf PLcURVWUXcWXUaO SaUaPeWeUV: Whe RULeQWaWLRQ WeQVRU (𝐴33) Rf Whe 

fLbeUV, aQgOe Rf deYLaWLRQ fURP Whe Z-a[LV (𝛼, 𝛽), QXPbeU Rf cRQWacWV beWZeeQ Whe fLbeUV, aQgOe 

Rf cRQWacW beWZeeQ Whe fLbeUV (ZLWhLQ Whe fLbeU cURVV-VecWLRQ (𝜃), LQ Whe dLUecWLRQ Rf Whe fLbeU 

OeQgWh (𝛾)), cULPS Rf Whe fLbeUV, aQd Whe SURMecWed cXUYaWXUe Rf Whe fLbeUV (LQ Whe XZ (𝑅𝑋௓) aQd 

YZ SOaQeV (𝑅𝑌௓))).  

The LQLWLaO aOLgQPeQW Rf Whe fLbeUV LV aQ LPSRUWaQW facWRU LQ deWeUPLQLQg WheLU VXbVeTXeQW 

defRUPaWLRQ aQd UeaUUaQgePeQW behaYLRU ZheQ e[SORULQg fLbeU bXQdOe cRPSacWLRQ VLPXOaWLRQV. 

FRU SeUfecWO\ SaUaOOeO aQd WhRURXghO\ aOLgQed VWUaLghW fLbeU bXQdOeV, dXULQg TXaVL-VWaWLc 

cRPSacWLRQ, WheUe LV QR VSace fRU Whe fLbeUV WR PRYe dXe WR WheLU cORVe aOLgQPeQW. TheUefRUe, 

XQdeU e[WeUQaO fRUceV, WheVe fLbeUV adaSW WR Whe cRPSacWLRQ SURceVV PaLQO\ WhURXgh a[LaO OLghWO\ 

beQdLQg defRUPaWLRQ. IQ cRQWUaVW, aUbLWUaU\ aOLgQed OLQeaU fLbeU bXQdOeV e[hLbLW UeaUUaQgePeQWV 

aQd defRUPaWLRQV dXULQg cRPSacWLRQ. SLQce WheUe LV QR VWULcW aOLgQPeQW beWZeeQ fLbeUV, PRUe 

LQWeUacWLRQV beWZeeQ fLbeUV RccXU ZheQ cRPSacWLRQ SUeVVXUe LV aSSOLed, LQcOXdLQg VOLdLQg aQd 

beQdLQg. TheVe LQWeUacWLRQV UeVXOW LQ defRUPaWLRQ Rf Whe fLbeUV LQ Whe OeQgWhZLVe dLUecWLRQ aQd 

Pa\ SURdXce ORcaOL]ed UeaUUaQgePeQWV aQd beQdLQg. MLcURVWUXcWXUaO SaUaPeWeUV LQdLcaWe WhaW 

WheVe beQdLQg defRUPaWLRQV UePaLQ UeOaWLYeO\ OaUge. The QRQ-XQLfRUP dLVWULbXWLRQ Rf Whe fLbeUV 

OeadV WR a QRQ-XQLfRUP dLVWULbXWLRQ Rf cRPSacWLRQ fRUceV beWZeeQ Whe fLbeUV, UeVXOWLQg LQ VWUeVV 

cRQceQWUaWLRQV beWZeeQ Whe fLbeUV, ZhLch LQ WXUQ caXVe fLQe defRUPaWLRQV ORcaOO\. 

 

The XQdXOaWLRQ Rf Whe fLbeUV LQcUeaVeV Whe abLOLW\ Rf Whe fLbeUV WR LQWeUacW ZLWh each RWheU. ThLV 

QRW RQO\ affecWV Whe deQVLW\ aQd VWLffQeVV Rf Whe PaWeULaO RQ a PacURVcRSLc OeYeO, bXW aOVR chaQgeV 

Whe VWUeVV WUaQVfeU aQd dLVWULbXWLRQ beWZeeQ fLbeUV RQ a PLcURVcRSLc OeYeO. WheQ fLbeUV haYe a 

hLgh degUee Rf XQdXOaWLRQ, Whe\ aUe PRUe LQcOLQed WR fRUP cRPSOe[ VWUXcWXUeV VXch aV WaQgOeV 

aQd ORcNV dXULQg cRPSacWLRQ. TheVe VWUXcWXUeV LQcUeaVe Whe fULcWLRQ aQd eQWaQgOePeQW Rf Whe 

fLbeUV ZLWh each RWheU, UeVXOWLQg LQ Whe Qeed fRU gUeaWeU SUeVVXUe WR UeSRVLWLRQ Whe fLbeUV RU fXUWheU 

cRPSacW Whe PaWeULaO. CRPSaUaWLYeO\, fLbeUV ZLWh ORZ cULPS aUe eaVLeU WR UeaUUaQge aQd VOLde 

dXULQg cRPSacWLRQ, UeVXOWLQg LQ a UeOaWLYeO\ ORZ cRPSacWLRQ SUeVVXUe UeTXLUed WR achLeYe Whe 

VaPe YROXPe fUacWLRQ. FLbeU bXQdOe PRdeOV ZLWh a hLgh degUee Rf XQdXOaWLRQ (4 XQdXOaWLRQ 
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SRLQWV) haYe ORZ LQLWLaO YROXPe fUacWLRQV (ORZ deQVLW\), aQd WR e[cOXde Whe effecW Rf LQLWLaO 

deQVLW\ RQ cRPSacWLRQ, SUe-cRPSacWLRQ VLPXOaWLRQ Rf fLbeU bXQdOeV LV a VWUaWeg\. AW a OaWeU VWage 

Rf Whe cRPSacWLRQ SURceVV, Whe fLQaO cRPSacWLRQ VWUeQgWhV ZeUe eVVeQWLaOO\ Whe VaPe. 

FXUWheUPRUe, aOWhRXgh Whe QXPbeU Rf cRQWacWV LQVLde Whe fLbeU bXQdOe dLffeUed beWZeeQ ZLWh aQd 

ZLWhRXW SUe-cRPSacWLRQ (dLffeUeQW LQ 20%), Whe RYeUaOO LQcUeaVe ZaV QRW VLgQLfLcaQW, eVSecLaOO\ 

ZheQ cRQVLdeULQg Whe cRPSOe[LW\ Rf Whe hLgh cULPS fLbeUV. The cRPSacWLRQ VWUeQgWh Rf Whe fLbeU 

bXQdOe LV QRW OLQeaUO\ UeOaWed WR Whe QXPbeU Rf Sh\VLcaO cRQWacWV beWZeeQ fLbeUV, bXW LV PRUe 

LQfOXeQced b\ Whe PRUShRORg\ Rf Whe fLbeUV WhePVeOYeV. FLbeUV ZLWh a hLgh degUee Rf XQdXOaWLRQ 

cUeaWe PRUe UeVLVWaQce LQ VSace WhURXgh eQWaQgOePeQW aQd LQWeUORcNLQg; WhLV VWUXcWXUe LV PRUe 

dLffLcXOW WR be chaQged XQdeU VaPe SUeVVXUe, aQd WheUefRUe e[hLbLWV hLgheU UeVLVWaQce dXULQg 

cRPSacWLRQ. 

 

IQ addLWLRQ, Whe PLcURVWUXcWXUaO SaUaPeWeUV VXch aV dLaPeWeU, haYe a VLgQLfLcaQW effecW RQ Whe 

behaYLRU dXULQg cRPSacWLRQ. The VOeQdeUQeVV Rf fLbeUV ZLWh 𝑆𝑜(ZLWh fLbeU¶V dLaPeWeU=0.5 PP), 110 𝑆𝑜(ZLWh fLbeU¶V dLaPeWeU=0.05 PP), 150 𝑆𝑜(ZLWh fLbeU¶V dLaPeWeU=0.01 PP) ZeUe aQaO\]ed 

ZLWh cRPSacWLRQ VLPXOaWLRQV. The VOeQdeUQeVV LV aQ LPSRUWaQW facWRU affecWLQg Whe beQdLQg 

VWLffQeVV Rf fLbeUV. TheUefRUe, Whe geRPeWULc PRdeO Rf VPaOO-dLaPeWeU fLbeU bXQdOeV 

dePRQVWUaWed ORZ cRPSacWLRQ SUeVVXUeV, cRPSaUed WR Whe OaUge-dLaPeWeU fLbeU bXQdOe PRdeO.  

SPaOO dLaPeWeU fLbeUV aUe PRUe VXbMecWed WR defRUPaWLRQ XQdeU e[WeUQaO fRUceV becaXVe Rf WheLU 

ORZeU beQdLQg VWLffQeVV WhaW eQabOeV ORcaO hLgh cXUYaWXUe aQd WheQ abLOLW\ WR fLOO-LQ gaSV. ThLV 

defRUPaWLRQ LV QRW RQO\ beQdLQg RU cRPSUeVVLRQ aW Whe OeYeO Rf LQdLYLdXaO fLbeUV, bXW aOVR 

LQcOXdeV UeaUUaQgePeQW behaYLRU XQdeU Whe LQWeUacWLRQ Rf PXOWLSOe fLbeUV. WheQ Whe fLbeUV aUe 

cRPSacWed, Whe aUUaQgePeQW LQ Whe cURVV-VecWLRQ VhRZV a VWabOe WULaQgXOaU VWUXcWXUe, ZhLch LV 

W\SLcaOO\ Whe PRVW cRPSacW Za\ Rf fLOOLQg Whe VSace.  

 

FULcWLRQ cReffLcLeQW dLUecWO\ affecW Whe abLOLW\ Rf fLbeUV WR UeaUUaQge aQd PRYe dXULQg cRPSacWLRQ, 

WhXV affecWLQg Whe cRPSacWLRQ behaYLRU. CRPSacWLRQ VLPXOaWLRQV ZeUe SeUfRUPed fRU fLbeU 

bXQdOe PRdeOV ZLWh dLffeUeQW fULcWLRQ cReffLcLeQWV. AW ORZ fLbeU bXQdOe deQVLWLeV (𝑉௙), hLgheU 

fULcWLRQ cReffLcLeQW UeTXLUeV hLgheU cRPSacWLRQ SUeVVXUe. HRZeYeU, fRU geRPeWULeV ZLWh hLgh 

deQVLW\, Whe effecW Rf fULcWLRQ cReffLcLeQW RQ cRPSacWLRQ SUeVVXUe aOPRVW dLVaSSeaUV. ThLV 

LQdLcaWeV WhaW Whe fULcWLRQ cReffLcLeQW LV aQ LPSRUWaQW facWRU affecWLQg Whe cRPSacWLRQ SUeVVXUe aW 

Whe eaUO\ VWeS Rf cRPSacWLRQ. AV Whe cRPSacWLRQ SURceVV cRQWLQXeV, Whe deQVLW\ Rf Whe fLbeU 

bXQdOeV LQcUeaVeV aQd Whe VSace beWZeeQ Whe fLbeUV decUeaVeV XQWLO WheUe LV QR addLWLRQaO VSace 
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fRU fLbeU PRYePeQWV aQd UeaUUaQgePeQWV. IQ Whe hLgh-deQVLW\ cRPSacWLRQ VWaWe, aOWhRXgh Whe 

fULcWLRQ beWZeeQ fLbeUV VWLOO e[LVWV, LWV effecW RQ Whe cRPSacWLRQ SUeVVXUe LV UeOaWLYeO\ ZeaN. ThLV 

LV becaXVe aW Whe ORcNLQg cRQfLgXUaWLRQ LV PRVWO\ a geRPeWULcaO SheQRPeQRQ UaWheU WhaQ a 

fULcWLRQ RQe (eYeQ Lf bRWh Pa\ cRhabLW). AV a UeVXOW, Whe effecW Rf Whe fULcWLRQ cReffLcLeQW RQ Whe 

cRPSacWLRQ SUeVVXUe aOPRVW dLVaSSeaUV XQdeU hLgh-deQVLW\ cRPSacWLRQ. 

EYeQ Lf aQ LQWeQVLYe ZRUN UePaLQV WR dR, aQd PXch PRUe caOcXOaWLRQV haYe WR be dRQe WR SURYLde 

a UeaO SaUaPeWULc aQd VeQVLWLYLW\ VWXd\ WhLV VecWLRQ gaYe a fLUVW RYeUYLeZ Rf Whe SRWeQWLaOLW\ Rf 

Whe deYeORSed WRRO WR aQaO\]e Whe LQfOXeQce Rf Whe LQLWLaO PLcURVWUXcWXUe SaUaPeWeUV RQ Whe 

cRPSUeVVLRQ behaYLRU ZhLch LV Rf a PaLQ LPSRUWaQce WR bXLOd a cRQVLVWeQW cRQVWLWXWLYe OaZ. BXW 

WheUe LV aQRWheU LPSRUWaQW LVVXe WhaW haV WR be addUeVVed, eVSecLaOO\ becaXVe h\SeUSOaVWLc aQd 

h\SRSOaVWLc aSSURacheV aUe cXUUeQWO\ XVed fRU Whe fLbeU bXQdOeV PRdeOLQg: ZhaW LV Whe LQfOXeQce 

Rf Whe ORadLQg SaWh RQ Whe PLcURVWUXcWXUe aQd fRUceV, aQd cRQVeTXeQWO\ aV UegaUdV cRQWLQXRXV 

PRdeOLQg, ZhaW LV Whe UeOaWLRQVhLS beWZeeQ Whe VWUaLQ hLVWRU\ aQd Whe VWUeVVeV. ThLV TXeVWLRQ LV 

addUeVVed LQ Whe Qe[W VecWLRQ.    
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Section 9 IQflXeQce Rf cRmSacWiRQ SaUameWeUV 

9.1 ImSacW Rf cRmSacWiRQ lRadiQg PaWh 

ThLV VecWLRQ LQYeVWLgaWeV Whe effecW Rf cRPSacWLRQ SaWh RQ Whe fLbeU bXQdOe. SXch LQYeVWLgaWLRQ 

caQ UeYeaO hRZ dLffeUeQW cRPSUeVVLRQ VWUaWegLeV affecW Whe WXQLQg Rf Whe LQWeUQaO VWUXcWXUe Rf Whe 

fLbeU bXQdOe, Whe LQWeU-fLbeU LQWeUacWLRQV, Whe deQVLW\ aQd PechaQLcaO SURSeUWLeV afWeU 

cRPSUeVVLRQ. IW LV aOVR Rf a PaLQ LPSRUWaQce fRU Whe hRPRgeQL]ed PechaQLcaO PRdeOOLQg aW Whe 

PeVRVcaOe. 

9.1.1 SimXlaWiRQ Rf diffeUeQW cRmSacW SaWhV 

The cRPSacWLRQ VLPXOaWLRQ deVcULbed abRYe LV VLQgOe YeUWLcaO dLUecWLRQ cRPSacWLRQ. IQ addLWLRQ, 

bLa[LaO cRPSacWLRQ LV a ORadLQg PeWhRd WR fXUWheU LQYeVWLgaWe Whe effecW Rf fLbeU UeaUUaQgePeQW 

RQ cRPSacWLRQ SeUfRUPaQce. 

HeUe, bLa[LaO cRQVWUaLQed cRPSacWLRQ VLPXOaWLRQV Rf fLbeU bXQdOeV ZLWh dLffeUeQW cRPSacWLRQ 

SaWhV aUe SeUfRUPed, aQd Whe LQLWLaO PRdeO LV VhRZQ LQ FLgXUe 9.1. SL[ dLffeUeQW cRPSacWLRQ 

SaWhV ZeUe WeVWed fRU WZR dLffeUeQW fLQaO VWUaLQV: 12 % aQd 6 %, aV SUeVeQWed LQ FLgXUe 9.2. The 

cRPSacWLRQ SaWhV aUe ZULWWeQ 1 WR 6 fRU Whe VWUaLQ 12 %, aQd 1* WR 6* fRU Whe VWUaLQ 6 %. The 

cRPSacWLRQ chaQQeO ZheUe Whe fLbeU bXQdOe LV ORcaWed LV UecWaQgXOaU, Whe OeQgWh LQ X dLUecWLRQ 

(5 PP) LV hLgheU WhaQ Whe heLghW LQ Y dLUecWLRQ (3.22 PP), Whe SaWhV 1 WR 5 aQd 1* WR 5* fROORZ 

Whe VaPe cRPSacWLRQ VSeed LQ X aQd Y dLUecWLRQV; SaWhV 6 aQd 6* fROORZ Whe VaPe defRUPaWLRQ 

(VWUaLQ) LQ X aQd Y dLUecWLRQV aW Whe VaPe WLPe, VR Whe cRPSacWLRQ VSeed LQ X aQd Y dLUecWLRQV 

LV QRW Whe VaPe. HRZeYeU, Whe dLffeUeQceV LQ VWUaLQ YeORcLW\ aUe VPaOO eQRXgh WR be QegOecWed. 

The RWheU VLPXOaWLRQ SaUaPeWeUV fRU aOO Whe cRPSacWLRQ SaWhV aUe Whe VaPe, SUeYLRXVO\ SUeVeQWed 

LQ TabOe 6.1. EYeQ Lf 12 % cRXOd be cRQVLdeUed aV a UeOaWLYeO\ hLgh YaOXe fRU Whe VPaOO VWUaLQV 

aVVXPSWLRQ, Whe OLQeaUL]ed VWUaLQ LQ X aQd Y dLUecWLRQV aUe XVed aQd caOcXOaWed fRU PXOWLSOe 

cRPSacWLRQ SaWhV. IQdeed, Whe gRaO heUe LV QRW WR RbWaLQ Whe cRQVWLWXWLYe eTXaWLRQ Rf Whe 

cRQWLQXRXV hRPRgeQL]ed PedLa bXW WR aQaO\]e Whe LQfOXeQce Rf Whe SaWh RQ Whe UeVSRQVe.  𝜀𝑋𝑋 = ∆𝑋𝑋 , 𝜀𝑌𝑌 = ∆𝑌𝑌                       (9.1) 𝜀𝑋𝑋 = 𝜀𝑌𝑌=12%, 12 𝜀𝑋𝑋 = 12 𝜀𝑌𝑌 = 6%                  (9.2) 
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(a)  
(b)  

FigXUe 9.1 FibeU bXQdle mRdel Rf diffeUeQW cRmSacWiRQ SaWhV.  

 
(a) 

 
(b)  

FigXUe 9.2 CRmSacWiRQ SaWhV (a) 1 WR 6 ZiWh 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐%, aQd (b) 1* WR 6* ZiWh 𝟏𝟐 𝜺𝑿𝑿 = 𝟏𝟐 𝜺𝒀𝒀 = 𝟔%. 

a) 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐% 

FLgXUe 9.3 SUeVeQWV Whe UeOaWLRQVhLS beWZeeQ VWUaLQ aQd cRPSacWLRQ SUeVVXUe LQ X aQd Y 

dLUecWLRQV, aW dXULQg Whe cRPSacWLRQ (a, b) bXW aOVR aW Whe VaPe fLQaO VWUaLQ fLeOd (c, d), aQd Whe 

FLgXUe 9.4 VhRZQ Whe cRPSacWLRQ SUeVVXUe aW Whe VaPe VWUaLQ (𝜀𝑋𝑋 = 𝜀𝑌𝑌) SRLQW (VWeS PLd-1 WR 

VWeS PLd-4 SRLQW) LQ FLgXUe 9.5. FLgXUe 9.5 SUeVeQWV Whe 3D cRPSacWLRQ defRUPed geRPeWU\ Rf 

cRPSacWLRQ SaWh 1 WR 6.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

FigXUe 9.3 GeRmeWU\ ZiWh diffeUeQW cRmSacWiRQ SaWhV 1 WR 6, 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐%. (a) RelaWiRQVhiS beWZeeQ 

SWUaiQ YY (𝜺𝒀𝒀) aQd PUeVVXUe Rf Y diUecWiRQ, (b) UelaWiRQVhiS beWZeeQ SWUaiQ XX (𝜺𝑿𝑿) aQd PUeVVXUe Rf X 

diUecWiRQ, (c) eQd Rf cRmSacWiRQ SUeVVXUe iQ Y diUecWiRQ, (d) eQd Rf cRmSacWiRQ SUeVVXUe iQ X diUecWiRQ. 
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(a)  (e)  

(b)  (f)  

(c) (e) (g)  

(d)  (h)  

FigXUe 9.4 The cRmSacWiRQ SUeVVXUe Rf geRmeWU\ ZiWh diffeUeQW cRmSacWiRQ SaWhV 4 WR 6. (a-d) The Y 

diUecWiRQ SUeVVXUe aW Whe cRmSacWiRQ VWeS mid-1 WR VWeS mid-4 SRiQW Rf cRmSacW SaWh iQ FigXUe 9.2 (a). (e-h) 

Whe X diUecWiRQ SUeVVXUe aW Whe cRmSacWiRQ VWeS mid-1 WR VWeS mid-4 SRiQW Rf cRmSacW SaWh iQ FigXUe 9.2 
(b). 
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FigXUe 9.5 SimXlaWiRQ ZiWh 6 diffeUeQW cRmSacWiRQ SaWhV 1 WR 6, 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐%. 
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The cRPSacWLRQ behaYLRU Rf Whe fLbeU bXQdOe PRdeO WhURXgh dLffeUeQW cRPSacWLRQ SaWhV LV 

VLgQLfLcaQWO\ dLffeUeQW. ThLV LV a fLUVW aQVZeU WR Whe aVNed TXeVWLRQ; Whe VWUaLQ SaWh VeePV WR Oead 

WR dLffeUeQW fRUceV. MRUe WhaQ WhaW Whe RUdeU LQ Whe ORadLQg dLUecWLRQ VeePV WR dULYe Whe UaWLR 

beWZeeQ Whe SUeVVXUe. The fLUVW VWUaLQ dLUecWLRQ LQdXcLQg hLgheU SUeVVXUe LQ Whe VaPe dLUecWLRQ. 

CRQVeTXeQWO\, LW LV cRQcOXded WhaW Whe fLQaO VWUaLQ VWaWe aQd Whe VWUeVV VWaWe aUe QRW dLUecWO\ UeOaWed. 

The cXUYeV VhaSeV aUe Whe e[SecWed RQeV, ZhLch LV e[SOaLQed heUeafWeU, bXW Whe dLffeUeQW fLQaO 

fRUceV aUe Whe UeOeYaQW SRLQW. LRRNLQg aW SaWh 2 aQd SaWh 3, ZheUe SaWh 2 LV cRPSacWLRQ LQ Whe 

X-dLUecWLRQ fROORZed b\ cRPSacWLRQ LQ Whe Y-dLUecWLRQ, aQd SaWh 3 LV Whe RSSRVLWe. The WUeQd Rf 

Whe cRPSacWLRQ SUeVVXUe LV aV e[SecWed aOPRVW Whe RSSRVLWe. The XSZaUd WUeQd Rf Whe SUeVVXUe 

fURP Whe fLbeUV LQ Whe X aQd Y dLUecWLRQ ZheQ Whe X dLUecWLRQ LV cRPSacWed fLUVW LV Whe VaPe aV 

Whe XSZaUd WUeQd Rf Whe SUeVVXUe fURP Whe fLbeUV LQ Whe Y aQd X dLUecWLRQ ZheQ Whe Y dLUecWLRQ 

LV cRPSacWed fLUVW. LeW¶V WheQ cRQVLdeU Whe fLbeU bXQdOe ZhLch LV fLUVW cRPSacWed LQ Whe X-

dLUecWLRQ becaXVe Whe dLPeQVLRQV LQ Whe Y-dLUecWLRQ aUe fL[ed, Whe fLbeUV caQQRW e[SaQd LQ Whe Y-

dLUecWLRQ WR accRPPRdaWe cRPSUeVVLRQ LQ Whe X-dLUecWLRQ. The UeRUgaQL]aWLRQ haV WheQ WR RccXU 

ZLWhLQ a ORZeU VSace. ThLV OeadV aV aOUead\ VeeQ WR aQ LQcUeaVe Rf Whe X SUeVVXUe, hRZeYeU, Whe 

SUeVVXUe LV QRW WUaQVPLWWed b\ Whe fLbeU QeWZRUN WR Whe Y VLdeV Rf Whe bR[, Whe Y SUeVVXUe dReV 

QRW LQcUeaVe RU RQO\ VOLghWO\. ThLV caQ be e[SOaLQed b\ Whe cRQWacW SaWh aQd Whe fULcWLRQ fRUceV 

beWZeeQ Whe fLbeUV, Whe cRQWacW aQgOeV beWZeeQ Whe fLbeUV PaNeV Whe ORadV WR be WUaQVfeUUed 

WRZaUd X dLUecWLRQ aQd QRW WRZaUd Y dLUecWLRQ. ThLV ZaV aOUead\ RbVeUYed LQ Whe ZRUN Rf LaWLO 

(LaWLO eW aO., 2011). He had LQdeed QRWLced WhaW ZheQ Whe YROXPe fUacWLRQ LQcUeaVeV Whe cRQfLQed 

aQd fUee cRPSacWLRQ behaYLRU ZeUe cRQYeUgLQg, PeaQLQg Whe cRQfLQePeQW had QR LQfOXeQce, LQ 

RWheU ZRUdV, Whe cRPSUeVVLRQ LQdXcLQg QR PRYePeQWV LQ Whe WUaQVYeUVe dLUecWLRQ eYeQ QRW 

bORcNed. HeUe LW Whe facW PXVW ZaLW fRU a hLgheU YROXPe fUacWLRQ PLghW be e[SOaLQed b\ Whe 

SUeVeQce Rf RLO WhaW UedXceV Whe fULcWLRQ cReffLcLeQW. ThLV VSecLfLc ORadLQg WUaQVfeU ZhLch LV aOVR 

eQcRXQWeUed LQ Whe gUaQXOaU PedLa LV XQdRXbWedO\ Whe UeaVRQ Zh\ Whe VWUaLQ SaWh LQfOXeQceV Whe 

ORad cRQfLgXUaWLRQ. IW aSSeaUV WheQ cOeaUO\ WhaW VLQce Whe ORadV aUe QRW WUaQVfeUUed fURP RQe 

dLUecWLRQ WR Whe RWheU, Whe fLUVW VWUaLQ dLUecWLRQ ZLOO NeeS a hLgheU SUeVVXUe WhaQ Whe WUaQVYeUVe 

RQe.   

The VaPe SheQRPeQRQ LV RbVeUYed WR a ORZeU e[WeQd fRU SaWhV 4, 5, 6 aQd 1 e[hLbLWLQg cRQVLVWeQW 

WUeQd aQd YaOXeV UegaUdLQg Whe SUeYLRXV aQaO\VLV. ThXV, PRUe WhaQ Whe cRPSaULVRQ Rf WZR VWUaLQ 

SaWhV ZhLch cRXOd be TXeVWLRQed VLQce LQVWabLOLWLeV aQd XQceUWaLQWLeV e[LVW, Whe 6 cRQVLVWeQW aQd 

dLffeUeQW UeVXOWV fRU Whe 6 SaWhV eQabOeV cRQfLUP Whe aQaO\VLV aQd Whe cRQcOXVLRQ. IQ RUdeU WR 

YaOLdaWe LW fXUWheU aQd Vee Whe LQfOXeQce Rf Whe VWUaLQ, Whe OeVV defRUPed SaWhV aUe aQaO\]ed 
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heUeafWeU. 

b) 
𝟏𝟐 𝜺𝑿𝑿 = 𝟏𝟐 𝜺𝒀𝒀 = 𝟔% 

The UeOaWLRQVhLS beWZeeQ VWUaLQ aQd cRPSacWLRQ SUeVVXUe Rf X aQd Y dLUecWLRQ ZLWh a VWUaLQ Rf 

6 % LV SUeVeQWed LQ LQ FLgXUe 9.6 aQd 3D cRPSacWLRQ VWUaLQ geRPeWU\ Rf cRPSacWLRQ SaWh 1* WR 

6* LQ FLgXUe 9.8. SLPLOaUO\, dLffeUeQW cRPSacWLRQ SaWhV LQfOXeQce Whe cRPSacWLRQ behaYLRU ZLWh 

a fLQaO VWUaLQ Rf 6 %. DXULQg cRPSacWLRQ, Whe X aQd Y dLUecWLRQV UeVSRQded dLffeUeQWO\ WR Whe 

cRPSacWLRQ SUeVVXUe. EYeQ Lf VRPe LQVWabLOLWLeV aUe QRWLced dXULQg Whe caOcXOaWLRQ, WhLV eQabOeV 

WR cRQfLUP Whe SUeYLRXV aQaO\VLV aQd cRQcOXVLRQ. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

FigXUe 9.6 GeRmeWU\ ZiWh diffeUeQW cRmSacWiRQ SaWh 1* WR 6*, 𝟏𝟐 𝜺𝑿𝑿 = 𝟏𝟐 𝜺𝒀𝒀 = 𝟔%. (a) RelaWiRQVhiS 

beWZeeQ SWUaiQ YY (𝜺𝒀𝒀) aQd PUeVVXUe Rf Y diUecWiRQ, (b) UelaWiRQVhiS beWZeeQ SWUaiQ XX (𝜺𝑿𝑿) aQd 

PUeVVXUe Rf X diUecWiRQ, (c) eQd Rf cRmSacWiRQ SUeVVXUe iQ Y diUecWiRQ, (d) eQd Rf cRmSacWiRQ SUeVVXUe iQ X 

diUecWiRQ. 
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(a) 

 
(c) 

 
(b) 

 
(d) 

FigXUe 9.7 The cRmSacWiRQ SUeVVXUe Rf geRmeWU\ ZiWh diffeUeQW cRmSacWiRQ SaWhV 4 WR 6 aQd SaWh 4* WR 6*. 
(a, b) The Y diUecWiRQ SUeVVXUe aW Whe cRmSacWiRQ VWeS mid-1 aQd VWeS mid-2 SRiQW Rf cRmSacW SaWh iQ 

FigXUe 9.2 (a, b). (e-h) Whe X diUecWiRQ SUeVVXUe aW Whe cRmSacWiRQ VWeS mid-1 aQd VWeS mid-2 SRiQW Rf 

cRmSacW SaWh iQ FigXUe 9.2 (a, b).
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FigXUe 9.8 SimXlaWiRQ ZiWh 6 diffeUeQW cRmSacWiRQ SaWh 1* WR 6*, 𝟏𝟐 𝜺𝑿𝑿 = 𝟏𝟐 𝜺𝒀𝒀 = 𝟔%. 

9.1.2 AQal\]e Rf Whe iQdicaWRUV Rf micURVWUXcWXUe Rf fibeU bXQdle 

The cRPSacWLRQ cXUYeV cRPSaULQg Whe defRUPaWLRQ Rf 12 % WR 6 % aUe VhRZQ LQ FLgXUe 9.9. 

The cRPSacWLRQ SUeVVXUe LQ X aQd Y dLUecWLRQ aUe VhRZQ LQ FLgXUe 9.9 (a) aQd (b), UeVSecWLYeO\. 

IQ addLWLRQ, Whe ceQWeUOLQe SRVLWLRQV Rf Whe fLbeUV ZLWh defRUPaWLRQ Rf 12 % aQd 6 % aUe VhRZQ 

LQ FLgXUe 9.9 (c) aQd (d), UeVSecWLYeO\.  

IW LV UeaVRQabOe WhaW Whe SRVLWLRQ Rf Whe fLbeUV LV UeOaWed WR Whe cRPSacWLRQ SUeVVXUe. ThLV LV 

becaXVe Whe SRVLWLRQ Rf Whe fLbeUV deWeUPLQeV Whe PXWXaO cRQWacW aQd LQWeUacWLRQ beWZeeQ Whe 

fLbeUV. IQ addLWLRQ, Whe fLbeU SRVLWLRQ Rf cRPSacW 1 LV cRQVLdeUed aV Whe UefeUeQce, Whe dLVWaQce 

beWZeeQ Whe fLbeUV Rf cRPSacW SaWh 1, 2 aQd 1, 3 aUe SUeVeQWed LQ TabOe 9.1; Whe VaPe aQaO\]e 

fRU cRPSacW SaWh 1*, 2* aQd 1*, 3*, VhRZ LQ TabOe 9.2.  

IQ addLWLRQ, aYeUage aQd VWaQdaUd YaOXe Rf Whe dLVWaQce Rf fLbeUV SRVLWLRQ beWZeeQ cRPSacWLRQ 

SaWh 2, 3 (FPDDR (accRUdLQg WR Whe dLaPeWeU Rf fLbeU)) LV VhRZQ LQ TabOe 9.3. AV Whe cRPSacWLRQ 

cRQWLQXe cRPSacW SaWh ZLWh VWUaLQ 12 %, Whe fLbeU aUUaQgePeQW LV chaQged VLgQLfLcaQWO\ 

cRPSaUed WR VWaWe ZLWh cRPSacW SaWh ZLWh VWUaLQ 6 %. 
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(a) (b) 

(c) 
 

(d) 

FigXUe 9.9 CRmSacW SUeVVXUe cRmSaUiVRQ beWZeeQ SaWhV 1 WR 6 aQd SaWhV 1* WR 6*. (a) PUeVVXUe Rf Y 

diUecWiRQ, (b) SUeVVXUe Rf X diUecWiRQ, (c) ceQWeUliQe Rf fibeU bXQdle afWeU cRmSacWiRQ SaWh 1 WR 6, (d) 

ceQWeUliQe Rf fibeU bXQdle afWeU cRmSacWiRQ SaWh 1* WR 6*. 

Table 9.1 The diVWaQce Rf fibeUV SRViWiRQ beWZeeQ cRmSacWiRQ SaWh 2, 3 aQd 1. 

 CRmSacW SaWh 

IQdicaWRUV (%) 2 3 

 𝝁 𝝈 𝝁 𝝈 

FPDDR (accRUdiQg WR Whe diameWeU Rf fibeU) 18.8 10.5 15.8 12.1 
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Table 9.2 The diVWaQce Rf fibeUV SRViWiRQ beWZeeQ cRmSacWiRQ SaWh 2*, 3* aQd 1*. 

 CRmSacW SaWh 

IQdicaWRUV (%) 2* 3* 

 𝝁 𝝈 𝝁 𝝈 

FPDDR (accRUdiQg WR Whe diameWeU Rf fibeU) 19.8 10.0 15.8 11.9 

Table 9.3 The diVWaQce Rf fibeUV SRViWiRQ beWZeeQ cRmSacWiRQ SaWh 2 aQd 3, aQd 2* aQd 3*. 

 CRmSacW SaWh 

 3 3* 

IQdicaWRUV (%) 𝝁 𝝈 𝝁 𝝈 

FPDDR (accRUdiQg WR Whe 

diameWeU Rf fibeU) 
25.6 11.2 27.1% 13.4 

a) OUieQWaWiRQ aQd miV-RUieQWaWiRQ  

The RULeQWaWLRQ XQLW VSheUeV Rf fLbeU afWeU cRPSacWLRQ SaWh 1, 2 aQd 3 aQd 1*,2* aQd 3* aUe 

SUeVeQWed LQ FLgXUe 9.10, aQd Whe RULeQWaWLRQ WeQVRU LQ FLgXUe 9.11. The RULeQWaWLRQ 𝐴33  Rf 

cRPSacWLRQ SaWh 2, 3 aQd 2*, 3* LV hLgheU WhaQ 1 aQd 1*, ZhLch PeaQV Whe fLbeUV aUUaQgePeQW 

aUe PRUe dLUecWLRQaOO\, ZhLch PeaQV Whe fLbeUV dLVWULbXWed aORQg Whe Z-a[LV/𝒆𝟑. IQ addLWLRQ, Whe 

PLV-RULeQWaWLRQ (𝛼  aQd 𝛽 ) LV cRQVLdeUed WR LQdLcaWe Whe RULeQWaWLRQ Rf fLbeUV. The 𝛼  aQgOe 

cRQYeUge cRQVLVWeQWO\ Rf aOO Whe SaWhV WRZaUd 0 fURP 6 WR 12 %, aQd Whe 𝛽 dLVSeUVLRQV aUe 

UedXced cRQVLVWeQWO\ dXe WR Whe cRQYeUgeQce WRZaUd a beWWeU RUgaQL]e PLcURVWUXcWXUe. HRZeYeU, 

QR VLgQLfLcaQW LQfOXeQce caQ be QRWLced RQ Whe aQgOeV deSeQdLQg RQ Whe VWUaLQ SaWh, eVSecLaOO\ 

becaXVe Whe\ cRQYeUge WRZaUd 0. 
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FigXUe 9.10 OUieQWaWiRQ XQiW VSheUeV Rf fibeU. (a1-c1) CRmSacW SaWhV 1 WR 3, (a2-c2) cRmSacW SaWhV 1* WR 3*. 

  

FigXUe 9.11 OUieQWaWiRQ WeQVRU 𝑨𝟑𝟑 Rf cRmSacW SaWhV 1 WR 3 aQd 1* WR 3*. 

 

 

(a) 

 

 

 

(b) 

FigXUe 9.12 BR[SlRW Rf miV-RUieQWaWiRQ Rf fibeUV ZiWh cRmSacW SaWhV 1 WR 3 aQd 1 WR 3*. (a) 𝜶 (°), (b) 𝜷 

(�). 
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b) CRQWacW QXmbeUV aQd cRQWacW aQgle. 

The cRQWacW QXPbeU beWZeeQ fLbeUV, beWZeeQ fLbeUV aQd SOaWeV, WRWaO cRQWacW QXPbeU Rf 

cRPSacWLRQ SaWhV 1 WR 3 aQd 1* WR 3* LV SUeVeQWed LQ FLgXUe 9.13 aQd Whe cRQWacW aQgOe beWZeeQ 

fLbeUV LQ fLbeU¶V VecWLRQ 𝜃 aQd LQ fLbeU¶V OeQgWh dLUecWLRQ 𝛾 LQ FLgXUe 9.14 aQd TabOe 9.4. AfWeU 

dLffeUeQW cRPSacWLRQ SaWhV, Whe cRQWacW QXPbeU NeeS aOPRVW VaPe (FLgXUe 9.13). The VLPXOaWLRQ 

Rf cRPSacWLRQ Rf fLbeUV ZLWh dLffeUeQW SaWhV OeadLQg WR Whe VaPe YROXPe fUacWLRQ aQd 

defRUPaWLRQ LPSOLeV WhaW, aOWhRXgh Whe cRPSacWLRQ SaWhV aUe dLffeUeQW, Whe cRPSacWLRQ SURceVV 

LV TXaVL-VWaWLc aQd Whe fLQaO defRUPaWLRQ LQ Whe X aQd Y dLUecWLRQV aUe Whe VaPe (Whe PRUShRORg\ 

Rf Whe cRPSacWLRQ chaQQeOV LV Whe VaPe), aQd WhaW Whe YROXPe Rf Whe fLbeU bXQdOeV LQVLde Whe bR[ 

LV eVVeQWLaOO\ cRQVeUYed dXULQg Whe cRPSacWLRQ SURceVV. AOWhRXgh dLffeUeQW cRPSacWLRQ SaWhV 

Pa\ LQLWLaOO\ Oead WR dLffeUeQW LQWeUQaO aOLgQPeQWV aQd VWUeVV dLVWULbXWLRQV, Whe effecW Rf WhLV 

aQLVRWURS\ dLPLQLVheV aV cRPSacWLRQ SURceedV, aV Whe PaWeULaO VWUXcWXUe WeQdV WR a VWabOe 

cRQfLgXUaWLRQ, VR, Whe cRQWacW QXPbeU aUe aOPRVW VaPe fRU cRPSacW SaWh 1, 2, 3 aQd aOVR fRU 

cRPSacW SaWh 1*, 2*, 3*.  

The cRQWacW aQgOeV aUe PRUe LQWeUeVWLQg WR aQaO\Ve becaXVe Whe VWUaLghWeQLQg aQd beQdLQg Rf a 

fLbeU VWURQgO\ deSeQdV RQ Whe ORadLQg dLUecWLRQ. IW haV WheQ WR be QRWLced WhaW Whe eYROXWLRQ aQd 

fLQaO YaOXe Rf 𝛾  LV dLffeUeQW fRU Whe dLffeUeQW cRQfLgXUaWLRQV. PaWh 3 LQdXceV a VLgQLfLcaQW 

decUeaVe LQ 𝛾 aQgOe ZheQ 12 % LV Ueached.  

The dLVWULbXWLRQ Rf 𝜃 LV aOVR aQ LQWeUeVWLQg LQdLcaWRU VLQce LW VhRZV a PXch ORZeU SURSRUWLRQ 

Rf cRQWacWV fURP 20 WR 45� LQ Whe SaWh 3 WhaQ fRU Whe WZR RWheUV, WhLV LV PaLQO\ baOaQce b\ a 

hLgheU [0, 10] aQd [80, 90] (�) YaOXe.  

ThLV dLffeUeQce LQ Whe fLbeUV cRQWacWV aQgOeV PLghW e[SOaLQ Zh\ Whe UeOaWLRQVhLS beWZeeQ Whe 

SUeVVXUe LV dLffeUeQW (FLgXUe 9.15) ZheUeaV Whe cRQWacW QXPbeU LV cORVe.  
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FigXUe 9.13 CRQWacW QXmbeU Rf cRmSacW SaWhV 1 WR 3 aQd 1* WR 3*. 

 

(a) 
 

(b) 

FigXUe 9.14 CRQWacW aQgle Rf cRmSacW SaWhV 1 WR 3 aQd 1* WR 3*. (a) 𝜽 ሺ°ሻ iQ Whe fibeU VecWiRQ, (b) 𝜸 (°) iQ 

Whe fibeU leQgWh diUecWiRQ. 

Table 9.4 CRQWacW aQgle beWZeeQ fibeUV 𝜸 (°) iQ Whe fibeU leQgWh diUecWiRQ. 

 

𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

1&1* 2&2* 3&3* 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐% 1.667 1.060 1.210 0.950 0.975 0. 83 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟔% 3.220 2.163 2.951 2.205 3.416 2.270 

(a)  (b)  

FigXUe 9.15 The Vchema Rf UelaWiRQVhiS beWZeeQ cRQWacW QXmbeU aQd cRQWacW aQgle 𝜽.  
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c) CUimS aQd cXUYaWXUe  

The bR[SORW Rf cULPS Rf geRPeWU\ afWeU cRPSacWLRQ SaWhV 1, 2 aQd 3 aQd 1*, 2* aQd 3* LV 

SUeVeQWed LQ FLgXUe 9.16, aQd Whe aYeUage aQd VWaQdaUd YaOXe Rf cULPS LQ TabOe 9.5. IQ addLWLRQ, 

FLgXUe 9.17 VhRZV Whe cXUYaWXUe UadLXV Rf fLbeUV LQ XZ aQd YZ SOaQe. The cULPS BR[SORWV 

LQdLcaWeV WhaW Whe fLbeUV ZLWh cRPSacWLRQ SaWh 3 LV PRUe cULPSed, bXW WhLV dLffeUeQce LV QRW 

VLgQLfLcaQW. We RbWaLQ heUe agaLQ WhaW Whe VaPe fLQaO VSaceV beWZeeQ Whe fLbeUV WeQdV WR bULQg 

Whe cULPS WRZaUd 0, aOPRVW LQ Whe VaPe Za\ ZhaWeYeU Whe SaWh, hRZeYeU, WhLV dReV QRW LPSO\ 

WhaW Whe fLbeUV haYe Whe VaPe WUaMecWRU\. 

ThLV LV cRQfLUPed b\ Whe VWXd\ Rf Whe cXUYaWXUe FLgXUe 9.17, LQdeed, Lf cRQVLVWeQWO\ cRQYeUgLQg 

WRZaUd cXUYaWXUe UedXcWLRQ, Whe eYROXWLRQ VhRZV aQ RSSRVLWe WUeQd UegaUdLQg Whe PRVWO\ 

accRPPRdaWed aQgOe beWZeeQ SaWh 2 aQd 3. ThaW PeaQ Whe cULPS UedXcWLRQ LV RbWaLQed WhURXgh 

a SULYLOeged UeaOLgQPeQW LQ WZR RUWhRgRQaO dLUecWLRQ. The fLQaO LQcUeaVe fRU RXZ LV hLgheU fRU 

Whe PaWh 3 accRUdLQg WR SaWh 2 ZheWheU Whe RYZ LV ORZeU. ThLV RSSRVLWe WUeQd caQ WheQ be UeOaWed 

WR Whe SUeYLRXV cRQcOXVLRQ UegaUdLQg Whe cRQWacW aQgOeV aQd Whe chaQgeV LQ Whe SUeVVXUe 

UeOaWLRQVhLS. 

 

FigXUe 9.16  CUimS Rf cRmSacWiRQ SaWhV 1 WR 3 aQd 1* WR 3* (%). 
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Table 9.5 CUimS Rf cRmSacWiRQ SaWhV 1 WR 3 aQd 1* WR 3* (%). 

 

𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

1&1* 2&2* 3&3* 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐% 0.043 0.027 0.031 0.029 0.045 0.030 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟔% 0.067 0.068 0.066 0.062 0.070 0.072 

 

(a) 

 

 

 

(b) 

FigXUe 9.17 CXUYaWXUe Uadii Rf cRmSacW S SaWh 1-3 aQd 1*-3* (mm). (a) IQ YZ SlaQe, (b) iQ XZ SlaQe. 

Table 9.6 CXUYaWXUe Uadii Rf cRmSacW SaWh 1-3 aQd 1*-3* iQ XZ aQd YZ SlaQe (mm). 

 

 

 

𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝑹𝑿𝒁തതതതത 𝑹𝒀𝒁തതതതത 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

1&1* 2&2* 3&3* 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐% 260 200 278 222 260 198 336 260 287 210 279 209 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟔% 95 64 169 168 125 80 164 161 80 46 188 141 

The LQfOXeQce Rf cRPSacWLRQ SaWh ZaV cRQVLdeUed heUe, Whe dLffeUeQW cRPSacWLRQ SaWhV. The 

LQfOXeQce Whe cRPSUeVVLRQ UeVSRQVe LV VLgQLfLcaQW ZheUeaV PaQ\ LQdLcaWRUV Rf Whe PLcURVWUXcWXUe 

UePaLQ cORVe. ThLV VeePV WR dePRQVWUaWe WhaW Whe cRQWacW aQgOeV beWZeeQ Whe fLbeUV SOa\ a 

VLgQLfLcaQW UROe LQ Whe cRPSacWLRQ UeVSRQVe eYeQ ZLWh aQ eTXLYaOeQW cRQWacW QXPbeU. HeUe Ze 

haYe RQO\ feZ UeVXOWV aQd Whe\ Qeed WR be cRQfLUPed dLffeUeQW PLcURVWUXcWXUeV aQd SaWhV. The 
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cRPSacWLRQ VSeed Pa\ aOVR affecW Whe fLbeU-fLbeU LQWeUacWLRQV aV ZeOO aV Whe fLQaO fLbeU 

aUUaQgePeQW. IQ Whe Qe[W VecWLRQ, Whe LQfOXeQce Rf cRPSacWLRQ VSeed LV cRQVLdeUed. 

9.2 IQflXeQce Rf cRmSacWiRQ VSeed aQd 𝑽𝒇  

9.2.1 CRmSacWiRQ VSeed 

FLgXUe 9.18 VhRZV Whe cRPSacWLRQ SUeVVXUe LQ  fXQcWLRQ Rf YROXPe fUacWLRQ ZLWh dLffeUeQW 

cRPSacWLRQ VSeedV: 𝑉0 = 103  PP/PLQ, , aQd WheQ 𝑉 = 0.5𝑉0, 2𝑉0, 3𝑉0, 4𝑉0, 5𝑉0, 10𝑉0,20𝑉0, 100𝑉0, daPSLQg 𝛼 = 105 (WhLV SaUaPeWeUV ZaV YaOLdaWed LQ SecWLRQ 6). The 3D UeQdLQg 

fLbeU bXQdOe geRPeWU\ afWeU cRPSacWLRQ ZLWh VSeed 𝑉0, 10𝑉0, 100𝑉0 aUe SUeVeQWed LQ FLgXUe 

9.19. IQ Whe cRPSacWLRQ VLPXOaWLRQ Rf fLbeU bXQdOeV, Whe hLgheU Whe cRPSacWLRQ VSeed, Whe hLgheU 

Whe UeTXLUed cRPSacWLRQ SUeVVXUe. IW LV becaXVe Whe hLgheU Whe cRPSacWLRQ VSeed, Whe PRUe 

VLgQLfLcaQW Whe LQeUWLaO effecW Rf Whe fLbeU bXQdOe dXULQg cRPSacWLRQ (HaML eW aO., 2023; HaML 

OXVVaPa, 2018). RaSLdO\ PRYLQg fLbeU bXQdOeV UeTXLUe gUeaWeU fRUceV WR RYeUcRPe WheLU 

PRPeQWXP, eVSecLaOO\ ZheQ aWWePSWLQg WR chaQge WheLU aUUaQgePeQWV LQ a VhRUW SeULRd Rf WLPe. 

AW hLgh cRPSacWLRQ VSeedV, Whe PLcURVWUXcWXUe LQVLde Whe fLbeU bXQdOe Pa\ QRW be abOe WR aQVZeU 

LQVWaQWO\ WR e[WeUQaO VWUeVVeV PRdLfLcaWLRQV, L.e., Whe fLbeUV Pa\ QRW be abOe WR UeaUUaQge 

WhePVeOYeV effecWLYeO\ WR UedXce WheLU YROXPe aQd adaSW Whe SUeVVXUe. FULcWLRQ aQd cRQWacW 

ZLWhLQ Whe fLbeUV Pa\ LQcUeaVe TXLcNO\, UeTXLULQg gUeaWeU e[WeUQaO fRUceV WR chaQge WheLU 

aOLgQPeQW. ThLV haV WR be SXW LQ UeOaWLRQ ZLWh Whe UeOa[aWLRQ SheQRPeQRQ RbVeUYed 

e[SeULPeQWaOO\ WhaW ZRXOd UeTXLUe WR be VWXdLed LQ Whe Qe[W fXWXUe. BecaXVe bRWh aUe UeOaWed WR 

a YLVcRXV effecW WhaW VeePV WR haYe a VLgQLfLcaQW LQfOXeQce RQ Whe PedLa UeVSRQVe. A fLUVW 

aSSURach LV SURSRVed LQ Whe Qe[W VecWLRQ, eYeQ Lf aQ LQWeQVLYe ZRUN LV UeTXLUed WR chaUacWeUL]e 

LW. 
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(a)  

 

(b) 
 

(c) 

FigXUe 9.18 RelaWiRQVhiS beWZeeQ cRmSacWiRQ aQd YRlXme fUacWiRQ ZiWh diffeUeQW cRmSacWiRQ VSeedV 

ZiWhRXW Uela[aWiRQ VWeS, Whe UefeUeQce cRmSacWiRQ VSeed 𝑽𝟎=1000 mm/miQ ZiWh damSiQg cRefficieQW 𝜶 =𝟏𝟎𝟓. 

 

FigXUe 9.19 3D UeQdiQg Rf geRmeWU\ afWeU cRmSacWiRQ ZiWh diffeUeQW cRmSacWiRQ VSeedV ZiWhRXW Uela[aWiRQ 

VWeS, Whe UefeUeQce cRmSacWiRQ VSeed 𝑽𝟎=1000 mm/miQ ZiWh damSiQg cRefficieQW 𝜶 = 𝟏𝟎𝟓. 

The UeOa[aWLRQ SheQRPeQRQ ZaV RbVeUYed LQ Whe e[SeULPeQW SaUW Rf fLbeU bXQdOe (VecWLRQ 6), VR, 

Whe LQfOXeQce Rf UeOa[aWLRQ Rf cRPSacWLRQ LV aQaO\]ed LQ WhLV SaUW. IQ Whe cRPSacWLRQ VLPXOaWLRQ, 
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Whe ³SMOOTH STEP´ LV XVed WR defLQe WLPe-aPSOLWXde, ABAQUS瀻/E[SOLcLW aXWRPaWLcaOO\ 

cRQQecWV each daWa SaLU WR a cXUYe. BRWh Whe fLUVW-RUdeU aQd VecRQd-RUdeU deULYaWLYeV Rf WheVe 

cXUYeV aUe VPRRWh aQd haYe a ]eUR VORSe aW each daWa SRLQW. SLQce bRWh deULYaWLYeV aUe VPRRWh, 

LW LV SRVVLbOe WR aSSO\ ³SMOOTH STEP´ dLVSOacePeQW ORadV XVLQg RQO\ Whe LQLWLaO aQd fLQaO 

daWa SRLQWV, aQd Whe LQWeUPedLaWe PRWLRQV ZLOO be VPRRWh. ThXV, XVLQg a ³SMOOTH´ W\Se Rf 

ORadLQg aPSOLWXde aOORZV fRU TXaVL-VWaWLc aQaO\VLV ZLWhRXW ZaYeV dXe WR dLVcRQWLQXRXV ORadLQg 

UaWeV(³ABAQUS DRcXPeQWaWLRQ (6.5-1),´ Q.d.). FRU e[aPSOe, FLgXUe 9.20 VhRZV Whe cUeaWed 

³SMOOTH STEP´ LQ ABAQUS/E[SOLcLW瀻. IQ Whe geQeUaO cRPSacWLRQ VLPXOaWLRQ, Whe ³0-A´ 

UaQge ZaV XVed LQ WLPe-aPSOLWXde. IQ RUdeU WR cRQVLdeU Whe UeOa[aWLRQ VWeS LQ Whe eQd Rf 

cRPSacWLRQ VLPXOaWLRQ, Whe ³A-B´ VWeS ZaV cRQVLdeUed aV UeOa[aWLRQ VWeS.  

 

FigXUe 9.20 Scheme Rf diVSlacemeQW amSliWXde defiQiWiRQ iQ ABAQUS®/E[SliciW (³ABAQUS 

DRcXPeQWaWLRQ (6.5-1),´ Q.d.). 

The cRPSacWLRQ SUeVVXUe LQ fXQcWLRQ Rf VWeS WLPe (LQ ABAQUS瀻/E[SOLcLW) LV SUeVeQWed LQ 

FLgXUe 9.21, ZheUe Whe cRPSacWLRQ ZLWhRXW aQd ZLWh UeOa[aWLRQ VWeS ZaV SeUfRUPed. The eQd Rf 

cRPSacWLRQ WeVWV ZLWhRXW aQd ZLWh UeOa[aWLRQ VWeS aUe SRLQW A aQd B, UeVSecWLYeO\. The 

cRPSacWLRQ cXUYeV ZLWhRXW UeOa[aWLRQ ZaV cRQVLVWeQW ZLWh RQeV ZLWh UeOa[aWLRQ. FLgXUe 9.22 

SUeVeQWV Whe ceQWeUOLQe Rf fLbeU bXQdOe afWeU cRPSacWLRQ dLVSOa\, aV Whe LQcUeaVe Rf cRPSacWLRQ 

VSeed, Whe ∆𝐴𝐵 LQcUeaVed, aQd Whe dLffeUeQce beWZeeQ fLbeUV befRUe aQd afWeU UeOa[aWLRQ VWeS LV 

PRUe VLgQLfLcaQW. ThLV LV becaXVe Whe UeOa[aWLRQ LQ cRPSacWLRQ SUeVVXUe LV bLggeU Rf 𝑉 = 100𝑉0, 

Whe fLbeUV aUUaQgePeQW LQ WhLV SeULRd, VR Whe fLbeUV SRVLWLRQ chaQged befRUe aQd afWeU UeOa[aWLRQ 

VWeS. 
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FigXUe 9.21 CRmSacWiRQ SUeVVXUe ZiWh diffeUeQW cRmSacWiRQ VSeedV ZiWh Uela[aWiRQ aQd QR-Uela[aWiRQ VWeS, 

Whe UefeUeQce cRmSacWiRQ VSeed 𝑽𝟎=1000 mm/miQ ZiWh damSiQg cRefficieQW 𝜶 = 𝟏𝟎𝟓. 

(a)  (b)  

(c) (d) (e) 

FigXUe 9.22 CeQWeUliQe afWeU cRmSacWiRQ (a) ZiWhRXW Uela[aWiRQ, cRmSacWiRQ VSeed ZiWh 𝑽𝟎, 𝟏𝟎𝑽𝟎, 𝟏𝟎𝟎𝑽𝟎, 

(b) ZiWh Uela[aWiRQ, cRmSacWiRQ VSeed ZiWh 𝑽𝟎, 𝟏𝟎𝑽𝟎, 𝟏𝟎𝟎𝑽𝟎, (c) ZiWh/ZiWhRXW Uela[aWiRQ, cRmSacWiRQ 

VSeed ZiWh 𝑽𝟎, (d) ZiWh/ZiWhRXW Uela[aWiRQ, cRmSacWiRQ VSeed ZiWh 𝟏𝟎𝑽𝟎, (d) ZiWh/ZiWhRXW Uela[aWiRQ, 

cRmSacWiRQ VSeed ZiWh 𝟏𝟎𝟎𝑽𝟎. 
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FLgXUe 9.23 VhRZV Whe cRPSacWLRQ SUeVVXUe LQ Whe fXQcWLRQ Rf VWeS WLPe Rf dLffeUeQW eQd Rf Whe 

cRPSacWLRQ 𝑉௙. IQ cRPSacWLRQ WeVWV Rf fLbeU bXQdOeV, Whe UeOa[aWLRQ behaYLRU Rf fLbeU bXQdOeV LV 

UeOaWed WR Whe LQWeUQaO VWUXcWXUe Rf Whe PaWeULaO, Whe cRPSacWLRQ VSeed, LQ addLWLRQ WR Whe eQd 

deQVLW\ (YROXPe fUacWLRQ 𝑉௙). The UeOa[aWLRQ effecW LV ORZ aW ORZ fLQaO deQVLW\ Rf fLbeU bXQdOe 

(𝑉௙=70 %). AW ORZeU deQVLW\, Whe LQWeUQaO VSace Rf Whe fLbeU bXQdOe LV OaUgeU, aQd Whe LQWeU-fLbeU 

cRQWacW LV ZeaNeU, VR Whe fLbeUV caQ be VOLghWO\ adMXVWed aQd UeaUUaQged UeOaWLYeO\ eaVLO\ dXULQg 

Whe LQLWLaO cRPSacWLRQ VWeS, aQd WhXV Whe UeOa[aWLRQ effecW LV QRW VLgQLfLcaQW. AV Whe 𝑉௙ LQcUeaVeV, 

Whe UeOa[aWLRQ effecW LQcUeaVeV, Whe dLVWaQce beWZeeQ fLbeUV decUeaVeV, aQd cRQWacW LQcUeaVe. ThXV, 

Whe LQWeUQaO VWUeVV UeOa[aWLRQ LV PRUe SURQRXQced ZheQ WhLV 𝑉௙  LV PaLQWaLQed. HRZeYeU, LW 

VeePV WhaW aW 𝑉௙=80 %, Whe fLbeU bXQdOe becRPeV VR deQVe WhaW each fLbeU LV aOPRVW LQ a ORcNed 

VWaWe aQd Whe LQWeU-fLbeU gaSV aUe VR VPaOO WhaW Whe fLbeUV caQ haUdO\ PRYe. AW WhLV VWage, Whe fLbeU 

bXQdOeV PLghW Ueach a VeOf-ORcNLQg VWaWe dXe WR Whe hLgh deQVLW\, aQd Whe VWUeVV dLVWULbXWLRQ LV 

PRUe XQLfRUP, VR Whe UeOa[aWLRQ effecW LV UedXced. WLWh fXUWheU LQcUeaVe LQ YROXPe fUacWLRQ 𝑉௙=85 %, Whe UeOa[aWLRQ VWeS LV dLffLcXOW WR dLVVRcLaWe fRUP Whe LQVWabLOLWLeV dXe WR Whe bUXWaO 

chaQgeV LQ PLcURVWUXcWXUe LQdXced b\ VWLcN-VOLS effecWV. TheVe SUeOLPLQaU\ UeVXOWV UeTXLUe WR be 

cRQfLUPed b\ RWheU caOcXOaWLRQV aQd a deeSeQed aQaO\VLV LQ Whe PLcURVWUXcWXUe.    

 

FigXUe 9.23 IQflXeQce Rf cRmSacWiRQ SUeVVXUe ZiWh diffeUeQW cRmSacWiRQ VWaWeV (𝑽𝒇) ZiWh Uela[aWiRQ VWeS. 
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9.3 CRQclXViRQ 

IQ WhLV VecWLRQ Whe effecW Rf cRPSacWLRQ SaUaPeWeUV RQ Whe fLbeU bXQdOe ZaV dLVcXVVed: 

cRPSacWLRQ SaWh, cRPSacWLRQ VSeed, aQd fLQaO YROXPe fUacWLRQ 𝑉௙.  

CRQceUQLQg Whe cRPSacWLRQ SaWh: dLffeUeQW cRPSacWLRQ SaWhV VOLghWO\ affecW Whe fLQaO 

PRUShRORg\ Rf Whe fLbeUV, VLQce Whe fLQaO cRPSacWLRQ defRUPaWLRQ LV Whe VaPe, Whe WRWaO cRQWacW 

QXPbeU NeeS aOPRVW VaPe.  HRZeYeU, ZheQ fLbeU bXQdOeV achLeYe VLPLOaU fLQaO 𝑉௙  XQdeU 

dLffeUeQW SaWhV, Whe cRQWacW aQgOe LQ Whe fLbeU¶ VecWLRQ 𝜃 aQd Whe cRQWacW aQgOe LQ Whe fLbeU OeQgWh 

dLUecWLRQ ZLWh dLffeUeQW cRPSacW SaWh aUe dLffeUeQW, LPSO\LQg WhaW Whe fLbeU UeaUUaQgePeQW WUeQd 

WR dLffeUeQW ZLWh dLffeUeQW cRPSacWLRQ SaWhV. ThLV UeVXOWV LQ a dLffeUeQW cRPSUeVVLRQ UeVSRQVe 

ZhLch VeePV WR LQdLcaWe WhaW Whe VWUaLQ VWaWe caQQRW be dLUecWO\ SXW LQ UeOaWLRQ ZLWh Whe VWUeVV 

VWaWe fRU fLbeU bXQdOeV. The accRXQWLQg Rf Whe VWUaLQ SaWh LQ Whe PechaQLcaO behaYLRU Rf fLbURXV 

PedLa LV a cUXcLaO LVVXe aQd UeTXLUeV WR be cRQfLUPed ZLWh fXUWheU aQaO\VLV.  

 

AV UegaUdV Whe cRPSacWLRQ VSeed: aV Whe cRPSacWLRQ VSeed LQcUeaVeV, Whe cRPSacWLRQ SUeVVXUe 

UeTXLUed fRU a fLbeU bXQdOe WR Ueach Whe VaPe YROXPe fUacWLRQ LQcUeaVeV. RaSLd cRPSacWLRQ Pa\ 

Oead WR dLffeUeQW fLbeU defRUPaWLRQ aQd UeaUUaQgePeQW d\QaPLcV, ZhLOe VORZeU cRPSacWLRQ Pa\ 

aOORZ PRUe WLPe fRU Whe fLbeUV WR adaSW WR Whe SUeVVXUe chaQgeV, OeadLQg WR dLffeUeQW LQWeUQaO 

VWUXcWXUeV aQd PechaQLcaO SURSeUWLeV. The cRPSacWLRQ VSeed haV aQ LPSRUWaQW effecW RQ Whe 

cRPSacWLRQ behaYLRU aQd UeOa[aWLRQ effecW Rf fLbeU bXQdOeV WhaW haV beeQ QRWLced RQ Whe 

e[SeULPeQWaO WeVWV. HLgh VSeed cRPSacWLRQ OeadV WR dLffeUeQW VWUeVV VWaWeV aQd PRUe SURQRXQced 

UeOa[aWLRQ. 

 𝑉௙  LV a Ne\ SaUaPeWeU aV UegaUdV cRPSacWLRQ UeVXOWV aQd affecWV Whe deQVLW\, PechaQLcaO 

SURSeUWLeV aQd PLcURVWUXcWXUe Rf Whe fLbeU bXQdOe. ChaQgeV LQ 𝑉௙ aUe dLUecWO\ UeOaWed WR fLbeU 

LQWeUacWLRQV, UeaUUaQgePeQW d\QaPLcV, aQd fLQaO PaWeULaO SURSeUWLeV. The fLQaO cRPSacWLRQ 

deQVLW\ VeePV WR affecW aOVR Whe UeOa[aWLRQ VWeS, ZhLch becRPeV PRUe SURQRXQced aV 𝑉௙ 

LQcUeaVeV. HRZeYeU, afWeU 𝑉௙ UeacheV a ceUWaLQ OeYeO, Whe ORcNLQg Rf Whe PLcURVWUXcWXUe VeePV 

WR UedXce WhLV effecW. 
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CRQclXViRQ aQd SeUVSecWiYe 

The ZRUN SUeVeQWed LQ WhLV PaQXVcULSW aLPV WR YaOLdaWe a YLUWXaO eVWLPaWRU Rf Whe PechaQLcaO 

behaYLRU Rf URYLQg-W\Se fLbeU bXQdOeV WR be abOe WR caUU\ RXW SaUaPeWULc aQd VeQVLWLYLW\ VWXdLeV 

Rf Whe dLffeUeQW aUchLWecWXUaO SaUaPeWeUV. TR achLeYe WhLV gRaO, Whe cRPSacWLRQ/cRPSUeVVLRQ 

behaYLRU ZaV chRVeQ becaXVe LW LV Whe PRVW cRPSOe[, ZhLch UeTXLUeV Whe PRVW UeRUgaQL]aWLRQ Rf 

Whe QeWZRUN. TR caUU\ RXW Whe VWXd\, a PRdeO cRQWaLQLQg 40 VOLghWO\ eQWaQgOed, aOPRVW SaUaOOeO, 

SRO\eVWeU fLbeUV ZLWh a dLaPeWeU Rf 0.5 PP ZaV chRVeQ aV a PRdeO VaPSOe. The VaPSOe ZaV 

chRVeQ WR RbWaLQ a cRPSURPLVe beWZeeQ Whe SRVVLbLOLW\ Rf Whe aSSeaUaQce Rf Sh\VLcaO 

SheQRPeQa aQd Whe PLQLPL]aWLRQ Rf caOcXOaWLRQ cRVWV. FLQaOO\, Whe cRPSUeVVLRQ WeVW ZaV chRVeQ 

aV Whe YaOLdaWLRQ WeVW. 

TR deYeORS accXUaWe PRdeOV Rf fLbURXV aVVePbOLeV, Whe VWUaWeg\ LPSOePeQWed LV baVed RQ dLgLWaO 

VLPXOaWLRQV Rf cRPSacWLRQ/cRPSUeVVLRQ cRXSOed ZLWh X-Ua\ WRPRgUaSh\. The RbMecWLYe LV WR 

RbWaLQ Whe WUXe LQLWLaO PLcURVWUXcWXUe Rf Whe VaPSOe aV ZeOO aV LWV eYROXWLRQ dXULQg 

cRPSacWLRQ/cRPSUeVVLRQ aQd fLQaOO\, WR RbWaLQ Whe behaYLRU cXUYeV Rf Whe VaPSOe XQdeU 

cRPSacWLRQ/cRPSUeVVLRQ. TR dR WhLV, a SRVW-SURceVVLQg VWUaWeg\ fRU WRPRgUaSh\ LPageV Rf Whe 

fLbeU bXQdOe ZaV eVWabOLVhed, baVed RQ Whe e[WUacWLRQ Rf Whe aYeUage OLQeV Rf Whe fLbeUV ZLWh Whe 

aLP Rf PRdeOLQg WheP, VXbVeTXeQWO\, b\ beaP eOePeQWV LQ AbaTXV�/E[SOLcLW. The SURSRVed 

aSSURach aOORZV aXWRPaWLc, effecWLYe, aQd accXUaWe e[WUacWLRQ Rf Whe aYeUage OLQeV Rf Whe fLbeUV 

Rf Whe fLbURXV aVVePbO\; WhLV e[WUacWLRQ/UecRQVWUXcWLRQ ZaV YaOLdaWed b\ VXSeULPSRVLQg Whe 

WRPRgUaSh\ LPageV ZLWh Whe UecRQVWUXcWed SURfLOeV. IQ addLWLRQ, Whe caVVeWWe/cRPSacWLRQ 

chaQQeO cRQWaLQLQg Whe fLbeUV dXULQg WRPRgUaSh\ ZaV e[WUacWed aQd PRdeOed YLa CaWLa V5� fRU 

geRPeWU\ WheQ PRdeOed LQ AbaTXV� b\ dLVcUeWe ULgLd PRdeO. 

IQ RUdeU WR LPSURYe Whe VLPXOaWLRQ SaUaPeWeUV, e[SeULPeQWaO VLQgOe aQd c\cOed WeQVLRQ WeVWV 

ZeUe caUULed RXW RQ Whe fLbeUV WR deWeUPLQe WheLU YRXQg'V PRdXOXV; ZRUN ZaV aOVR caUULed RXW 

RQ Whe RSWLPaO VL]e Rf Whe eOePeQWV LQ RUdeU WR UedXce caOcXOaWLRQ WLPeV, bXW eQVXUe accXUac\ aW 

VaPe WLPe. FLQaOO\, Whe SeQeWUaWLRQ cRQWURO ZaV caUULed RXW. IQdeed, Whe VSaWLaO UeVROXWLRQ Rf Whe 

WRPRgUaSh aQd Whe SUecLVLRQ Rf MATLAB¶V aXWRPaWLc cRQWRXU deWecWLRQ SURgUaP caQ Oead WR 

VOLghW VhLfWV LQ Whe LQLWLaO SRVLWLRQ Rf Whe fLbeUV, ZhLch caQ Oead WR dLffeUeQceV beWZeeQ Whe 
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SRVLWLRQV Rf Whe fLbeUV UeVXOWLQg fURP Whe VLPXOaWLRQ aQd WhRVe UeVXOWLQg fURP e[SeULPeQWaWLRQ 

afWeU WeVWLQg. A SeQeWUaWLRQ cRUUecWLRQ VWUaWeg\ ZaV WheUefRUe LPSOePeQWed. 

 

TR be abOe WR VWXd\ Whe PLcURVWUXcWXUe Rf fLbeUV LQ Whe defRUPed VWaWe, LQdLcaWRUV ZeUe defLQed, 

aQd Whe aVVRcLaWed aQaO\VLV WRROV ZeUe deYeORSed. The cRPSaULVRQ LQdLcaWRUV aUe Whe QXPbeU Rf 

cRQWacWV ZLWhLQ Whe fLbURXV aVVePbO\, Whe dLVWULbXWLRQ Rf cRQWacW aQgOeV, Whe XQdXOaWLRQ Rf Whe 

fLbeUV (UadLXV Rf SURMecWed cXUYaWXUe LQ XZ aQd YZ SOaQe, WheVe SOaQeV aUe SaUaOOeO WR Whe fLbeU 

OeQgWh (Z-a[LV) ) aQd Whe RULeQWaWLRQ Rf Whe fLbeUV (RULeQWaWLRQ WeQVRU aQd PLV-RULeQWaWLRQ aURXQd 

Whe Z a[LV Rf Whe dLUecWLRQ Rf Whe fLbeUV), aV ZeOO aV Whe cRPSUeVVLRQ SUeVVXUe cXUYeV aV a fXQcWLRQ 

Rf Whe fLbeUV YROXPe fUacWLRQ. 

OQce Whe WRROV ZeUe cUeaWed aQd Whe VLPXOaWLRQ SaUaPeWeUV deYeORSed, WhUee VaPSOeV ZeUe XVed 

WR YaOLdaWe Whe VWUaWeg\ b\ cRPSaULVRQ beWZeeQ Whe QXPeULcaO VLPXOaWLRQ aQd Whe e[SeULPeQWaO 

WeVWV XQdeU WRPRgUaSh cRPbLQed cRPSacWLRQ. The UeVXOWV VhRZ dLffeUeQceV beWZeeQ 

e[SeULPeQWV aQd VLPXOaWLRQV Rf a feZ SeUceQW fRU aOO Whe LQdLcaWRUV. AOWhRXgh WheVe UeVXOWV cRXOd 

VWLOO be LPSURYed, Whe\ PaNe LW SRVVLbOe WR YaOLdaWe Whe VLPXOaWLRQ VWUaWeg\ aQd Whe 

PLcURVWUXcWXUe aQaO\VLV WRROV deYeORSed. The eQWLUe aSSURach caQ WheQ be XVed WR ZRUN RQ Whe 

PechaQLcaO UeVSRQVeV Rf QeZ fLbURXV aVVePbOLeV WR dLffeUeQW PechaQLcaO ORadLQg SaWh, ZLWhRXW 

UeTXLULQg e[SeULPeQWaO WeVWV. 

 

IW LV WheQ XVefXO WR cUeaWe UeaOLVWLc YLUWXaO VWRchaVWLc PRdeOV Rf WheVe aVVePbOLeV. A VWUaWeg\ fRU 

cUeaWLQg YLUWXaO QXPeULcaO UaQdRP fLbeU bXQdOe geRPeWULeV ZLWh cRQWUROOed VWUXcWXUaO SaUaPeWeUV 

ZaV WhXV deYeORSed. IQ WhLV VWUaWeg\, WR aYRLd SeQeWUaWLRQV, Whe N fLbeUV aUe geQeUaWed LQ N Oa\eUV 

aQd Whe geQeUaWLRQ Rf Whe fLQaO bXQdOe LV caUULed RXW LQ 3 VWeSV: XVLQg a MATLAB SURgUaP each 

VWUaLghW fLbeU LV cUeaWed ZLWh a UaQdRP SRVLWLRQ, a PLVRULeQWaWLRQ aURXQd Whe fLbeU a[LV LV LQVeUWed; 

a SRLQW RU VeYeUaO SRLQWV Rf XQdXOaWLRQ aUe LQVeUWed RQ Whe fLbeUV. TheQ, LQ RUdeU WR PaNe Whe 

aVVePbO\ UeaOLVWLc, a gUaYLW\ VWeS LV LPSRVed LQ AbaTXV�. ThLV VWUaWeg\ Rf cUeaWLRQ Rf a fLbeU 

bXQdOe ZaV YaOLdaWed b\ cRPSacWLRQ/cRPSUeVVLRQ VLPXOaWLRQV ZLWh cUeaWed 3 geRPeWULeV, ZhRVe 

PLcURVWUXcWXUaO SaUaPeWeUV cRUUeVSRQd WR WhRVe Rf VaPSOe 2 XVed fRU Whe e[SeULPeQWaO WeVWV. 

EYeQ Lf Whe PacUR behaYLRU LQ cRPSUeVVLRQ VhRZV VRPe VPaOO dLffeUeQceV beWZeeQ Whe geQeUaWed 
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fLbeU bXQdOe aQd Whe e[SeULPeQW, Whe UeVXOWV UePaLQ YeU\ cRQVLVWeQW. The YLUWXaO geQeUaWRU 

cUeaWed cRXOd WheUefRUe be XVed WR caUU\ RXW QXPeURXV YLUWXaO WeVWV, LQ RUdeU WR XQdeUVWaQd Whe 

LQfOXeQce Rf dLffeUeQW VWUXcWXUaO aQd ORadLQg SaUaPeWeUV. 

The VWUXcWXUaO SaUaPeWeUV VWXdLed aUe Whe XQdXOaWLRQ Rf Whe fLbeUV, Whe VOeQdeUQeVV, aQd Whe 

fULcWLRQ cReffLcLeQW beWZeeQ fLbeUV. The UeVXOWV RbWaLQed aQd Whe aQaO\VLV Rf Whe PLcURVWUXcWXUe 

LQdLcaWRUV LPSOePeQWed Pade LW SRVVLbOe WR dUaZ VRPe LQLWLaO cRQcOXVLRQV, WhXV VhRZLQg Whe 

SRWeQWLaO Rf Whe deYeORSed VWUaWeg\. 

FLUVW, Whe LQLWLaO aOLgQPeQW Rf Whe fLbeUV LV aQ LPSRUWaQW facWRU LQ Whe abLOLW\ Rf Whe QeWZRUN WR 

UeaUUaQge aQd defRUP; LQ facW, fRU SeUfecWO\ SaUaOOeO aQd aOLgQed fLbeUV, Whe feZ VSaceV beWZeeQ 

fLbeUV dR QRW aOORZ WheP WR PRYe dXULQg Whe WeVW; RQ Whe RSSRVLWe, UaQdRP aOLgQed VWUaLghW fLbeUV 

aOORZ PRUe LQWeUacWLRQV dXULQg WeVWLQg, fRU e[aPSOe, VOLdLQg aQd beQdLQg. TheVe LQWeUacWLRQV 

geQeUaWe ORQgLWXdLQaO defRUPaWLRQV aQd caQ SURdXce ORcaO UeaUUaQgePeQWV. FLQaOO\, fRU 

XQdXOaWed fLbeUV, Whe XQdXOaWLRQ LQcUeaVeV Whe abLOLW\ Rf Whe fLbeUV WR LQWeUacW ZLWh each RWheU. 

The PRUe XQdXOaWed Whe fLbeUV aUe, Whe PRUe cRPSOe[ VWUXcWXUeV Whe\ aUe abOe WR fRUP dXULQg 

cRPSacWLRQ, WheUeb\ LQcUeaVLQg eQWaQgOePeQW aQd WheUefRUe cRPSUeVVLYe VWLffQeVV. 

SecRQdO\, WR WeVW Whe effecW Rf fLbeU VOeQdeUQeVV, WhUee PRdeOV ZeUe cRPSaUed ZLWh dLffeUeQW fLbeU 

dLaPeWeUV (0.5 PP, 0.05 PP aQd 0.01 PP). AV VOeQdeUQeVV LV aQ eVVeQWLaO SaUaPeWeU Rf beQdLQg 

ULgLdLW\, fLbeUV Rf VPaOOeU dLaPeWeU aUe PRUe abOe WR defRUP XQdeU e[WeUQaO ORadV aQd WheUefRUe 

PRUe abOe WR fLOO ePSW\ VSaceV, OeadLQg WR PRUe cRPSacWed aVVePbOLeV XQdeU VPaOOeU SUeVVXUeV. 

ThXV, Whe LQfOXeQce Rf Whe beQdLQg ULgLdLW\ Rf Whe fLbeUV RQ Whe cRPSUeVVLYe ULgLdLW\ ZaV VhRZQ. 

FLQaOO\, LQ RUdeU WR WeVW Whe LPSacW Rf Whe fULcWLRQ cReffLcLeQW, 4 PRdeOV ZeUe cUeaWed, ZLWh fULcWLRQ 

cReffLcLeQWV Rf 0.2, 0.4, 0.6 aQd 0.8 aQd VhRZ WhaW fRU ORZ fLbeUV YROXPe fUacWLRQV, aW Whe 

begLQQLQg Rf Whe WeVWV, Whe hLgheU Whe fULcWLRQ cReffLcLeQW, Whe hLgheU Whe cRPSUeVVLRQ ULgLdLW\; 

fRU hLgh fLbeU YROXPe fUacWLRQV, Whe effecW Rf Whe fULcWLRQ cReffLcLeQW RQ Whe cRPSUeVVLRQ VWLffQeVV 

dLVaSSeaUV dXe WR Whe ORcNLQg Rf Whe PLcURVWUXcWXUe. The fULcWLRQ cReffLcLeQW LV WheUefRUe aQ 

LPSRUWaQW SaUaPeWeU aW Whe begLQQLQg Rf cRPSUeVVLRQ, bXW LWV effecWV decUeaVe dXULQg Whe WeVWV 

XQWLO Whe\ aUe QR ORQgeU SUedRPLQaQW. 

AOO WheVe aQaO\]eV aOVR Pade LW SRVVLbOe WR VhRZ WhaW Whe QXPbeU Rf cRQWacWV LQ Whe 

PLcURVWUXcWXUeV, Lf LW LV a SRZeUfXO SaUaPeWeU, dReV QRW aOORZ WR accRXQW fRU Whe eYROXWLRQ Rf 
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cRPSUeVVLRQ VWLffQeVV, eYeQ LQ Whe cRPSacWLRQ VWeS. UQdXOaWLRQV, fLbeU aQd cRQWacW aQgOeV PXVW 

aOVR be WaNeQ LQWR accRXQW. 

 

FLQaOO\, Whe LQfOXeQce Rf Whe ORadLQg SaUaPeWeUV ZaV aQaO\]ed: Whe ORadLQg SaWh aV ZeOO aV Whe 

ORadLQg VSeed aQd UeOa[aWLRQ. TR aQaO\]e Whe LPSacW Rf WheVe SaUaPeWeUV, VeYeUaO PRdeOV ZeUe 

cUeaWed b\ YaU\LQg Whe fLbeUV YROXPe fUacWLRQV aQd Whe ORadLQg VSeedV. The UeVXOWV ZeUe abOe WR 

LOOXVWUaWe Whe LQfOXeQce Rf WheVe SaUaPeWeUV RQ Whe PLcURVWUXcWXUe aQd RQ Whe cRPSUeVVLRQ 

behaYLRU. If Whe ORadLQg SaWh haV QR VLgQLfLcaQW LQfOXeQce RQ Whe QXPbeU Rf cRQWacWV aQd Whe 

fLbeUV cULPS ZheQ Whe fLQaO VWUaLQV aUe Whe VaPe, Whe\ LPSacW Whe UeaUUaQgePeQW Rf Whe fLbeUV, 

aQd LQ SaUWLcXOaU Whe cRQWacW aQgOeV ZhLch OeadV WR a PRdLfLcaWLRQ Rf Whe ORadLQg WUaQVfeUV. ThLV 

UeVXOWV LQ a PRdLfLcaWLRQ Rf Whe SUeVVXUe/VWUaLQ UeOaWLRQVhLS. ThXV, LW VeePV WhaW Whe VaPe VWaWe 

Rf VWUaLQ dReV QRW V\VWePaWLcaOO\ Oead WR Whe VaPe VWaWe Rf ORadV deSeQdLQg RQ Whe ORadLQg SaWh, 

ZhLch LV a Ne\ SRLQW fRU PRdeOLQg aW hLgheU VcaOeV. 

The effecW Rf cRPSacWLRQ VSeed LV aOVR LQWeUeVWLQg aQd ZaV abOe WR hLghOLghW WhaW Whe PRUe Whe 

VSeed LQcUeaVeV, Whe PRUe Whe SUeVVXUe QeceVVaU\ WR Ueach Whe VaPe fLbeU YROXPe fUacWLRQ 

LQcUeaVeV, hLghOLghWLQg Whe abLOLW\ Rf Whe fLbeUV WR UeRUgaQL]e ZheQ Whe ORadLQg VSeedV aUe ZeaN 

aQd, WheUefRUe, Whe LPSRUWaQce Rf Whe UeOa[aWLRQ SheQRPeQRQ aW ORZ VSeed. The SheQRPeQRQ Rf 

UeOa[aWLRQ, RbVeUYed dXULQg Whe WeVWV, ZaV aOVR addUeVVed. IW LV ZeOO UeSURdXced b\ Whe PRdeO, 

aQd LW VeePV WhaW Whe YROXPe fUacWLRQ SOa\V a UROe LQ Whe LQWeQVLW\ Rf Whe UeOa[aWLRQ. TheVe OaVW 

WZR SRLQWV hLghOLghW YLVcRXV behaYLRU, ZhLch ZRXOd be LQWeUeVWLQg WR VWXd\ LQ PRUe deWaLO aQd 

ZhLch, RQce agaLQ, ZRXOd Qeed WR be WaNeQ LQWR accRXQW LQ PRdeOLQg aW hLgheU VcaOeV. 

 

AOO WhLV hLghOLghWV Whe LPSRUWaQW ZRUN caUULed RXW WR SXW LQ SOace aOO Whe WRROV QeceVVaU\ WR 

aQaO\]e Whe PLcURVWUXcWXUe Rf fLbURXV PedLa aQd Whe UeVXOWV SUeVeQWed, aOWhRXgh SUeOLPLQaU\, 

LOOXVWUaWe Whe SRWeQWLaO Rf Whe VWUaWeg\. HRZeYeU, WheUe aUe VWLOO PaQ\ OLQeV WR cRQfLUP aQd e[SORUe. 

The LQdLcaWRUV haYe QRZ beeQ defLQed aQd Whe WRROV QeceVVaU\ fRU WheLU e[WUacWLRQ SXW LQ SOace. 

We VhRXOd QRZ be abOe WR deeSeU gR WhURXgh Whe PLcURVWUXcWXUe Rf fLbURXV aVVePbOLeV XVLQg 

WheVe WRROV. LLNeZLVe, VLgQLfLcaQW ZRUN UePaLQV LQ caUU\LQg RXW VLPXOaWLRQV WR WaNe LQWR accRXQW 

aOO Whe SaUaPeWeUV, LQcOXdLQg: 
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 LRadLQg SaWhV 

o IQ WhLV VWXd\, Whe VLPXOaWed ORadLQgV aUe XQLa[LaO RU bLa[LaO cRPSUeVVLRQ ZLWh 

dLffeUeQW SaWhV. HRZeYeU, Whe daWabaVe cUeaWed PXVW be eQULched ZLWh QeZ 

PLcURVWUXcWXUeV, aQd QeZ SRLQWV Rf cRPSaULVRQ WR cRQfLUP Whe cRQcOXVLRQV ZhLch 

aUe Rf PaMRU LPSRUWaQce fRU Whe PRdeOLQg Rf PechaQLcaO behaYLRU. 

o OWheU SaWhV cRXOd be LQWeUeVWLQg, VXch aV XQcRQfLQed cRPSacWLRQ; dXULQg 

XQcRQfLQed cRPSacWLRQ, becaXVe Rf Whe OaWeUaO fUeedRPV, Whe LQWeUacWLRQV beWZeeQ 

fLbeUV aQd WheLU defRUPaWLRQV SUeVeQW gUeaWeU fUeedRP, aOORZLQg Whe fLbeUV WR PRYe 

aQd UeSRVLWLRQ fUeeO\ LQ Whe XQcRPSacWed dLUecWLRQ. 

o OWheU W\SeV Rf ORadLQg aUe aOVR WR be WeVWed WR RbVeUYe Whe UeVSRQVe Rf Whe 

PLcURVWUXcWXUe bXW aOVR, PRUe cRPSOe[ RU PXOWLa[LaO ORadLQgV LQ dLffeUeQW RUdeUV 

ZLWh e[SeULPeQWaO YaOLdaWLRQ XQdeU WRPRgUaSh\. BLa[LaO cRPSUeVVLRQ WeVWV XQdeU 

WRPRgUaSh\ ZRXOd be SaUWLcXOaUO\ LQWeUeVWLQg WR cRQfLUP Whe UeVXOWV. 

 H\VWeUeVLV SheQRPeQa: LW cRXOd be LQWeUeVWLQg WR VLPXOaWe ORadLQg/XQORadLQg c\cOed, LQ 

RUdeU WR XQdeUVWaQd Whe UeVSRQVeV WR h\VWeUeVLV SheQRPeQa, WR be abOe WR eVWLPaWe Whe 

UeVLdXaO VWUaLQ Rf Whe PLcURVWUXcWXUe aQd LWV eYROXWLRQ. 

 ShaSe Rf Whe fLbURXV QeWZRUN: aQRWheU LQWeUeVWLQg RSWLRQ LV WR YaU\ Whe VhaSe Rf Whe 

fLbURXV QeWZRUN. FRU e[aPSOe, (PhaP eW aO., 2020) caUULed RXW VLPXOaWLRQV Rf OeQWLcXOaU 

\aUQV cRPSacWLRQ, ZhLch RSeQV a QeZ SeUVSecWLYe WR WhLV VWXd\; LQdeed, LQ WheLU VWXd\, 

Whe fLbURXV aVVePbO\ haV aQ LdeaOL]ed OeQWLcXOaU VhaSe (deSeQd RQ a/b UaWLRV), aV VhRZQ 

LQ FLgXUe A. The fLbeU aVVePbO\ LV VXbMecWed WR XQLa[LaO RU bLa[LaO cRPSacWLRQ, LQ RUdeU 

WR RbVeUYe Whe effecW Rf dLffeUeQW PRUShRORgLeV Rf fLbURXV aVVePbOLeV aQd WheLU chaQge 

LQ PLcURVWUXcWXUe dXULQg cRPSacWLRQ. ThLV aSSURach heOSV WR XQdeUVWaQd Whe d\QaPLcV 

Rf fLbURXV QeWZRUNV XQdeU cRPSacWLRQ.  

 

FigXUe A The leQV-VhaSed cRmSacWiRQ caQQel. 
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 IQfOXeQce Rf PLcURVWUXcWXUaO SaUaPeWeUV: Whe VLPXOaWLRQ VWUaWeg\ deYeORSed heUe aOVR 

Pade LW SRVVLbOe WR VWXd\ Whe LQfOXeQce Rf PLcURVWUXcWXUaO SaUaPeWeUV RQ Whe PechaQLcaO 

behaYLRU. The geQeUaWRU cUeaWed Pade LW SRVVLbOe WR WaNe LQWR accRXQW dLffeUeQW 

SaUaPeWeUV Rf Whe PLcURVWUXcWXUe, VXch aV Whe VOeQdeUQeVV, cXUYaWXUe, defOecWLRQ Rf Whe 

fLbeUV LQ Whe dLffeUeQW SOaQeV. AOWhRXgh Whe cXUYaWXUeV aQd VOeQdeUQeVV Rf Whe fLbeUV 

haYe beeQ e[WeQVLYeO\ VWXdLed heUe, WheUe UePaLQV a ORW Rf aQaO\VLV WR be caUULed RXW RQ 

Whe defOecWLRQ, SaUWLcXOaUO\ fURP a TXaQWLWaWLYe SRLQW Rf YLeZ. IW PLghW be LQWeUeVWLQg, 

fRU e[aPSOe, WR e[SORUe deeSO\ hRZ Whe degUee Rf fLbeU defOecWLRQ ZLWhLQ Whe QeWZRUN 

affecWV Whe cRPSacWLRQ behaYLRU. AddLWLRQaOO\, LW LV LPSRUWaQW WR QRWe WhaW dXULQg Whe 

gUaYLW\ cRQWacW VWabLOL]aWLRQ SURceVV, Whe degUee Rf fLbeU defOecWLRQ Pa\ chaQge aQd 

LPSacW Whe accXUac\ Rf Whe UeVXOWV. TheUefRUe, fXWXUe ZRUN cRXOd LPSURYe Whe geQeUaWRU 

WR UedXce WhLV eUURU, aQd eQVXUe WhaW Whe degUee Rf fLbeU defOecWLRQ dXULQg Whe VLPXOaWLRQ 

SeUfecWO\ PaWcheV Whe LQLWLaO geRPeWU\. 

 SLPXOaWe Whe WUaQVYeUVe cRPSacWLRQ behaYLRU Rf XQWZLVWed RU WZLVWed \aUQV WR SUedLcW 

Whe PRUShRORg\ Rf Whe cURVV-VecWLRQ aQd SRWeQWLaO fLbeU daPage. 

 NXPbeU Rf fLbeUV: LQ WhLV VWXd\, a PRdeO VaPSOe Rf 40 fLbeUV Rf 0.5PP dLaPeWeU ZaV 

WaNeQ LQWR accRXQW. HRZeYeU, cXUUeQW WechQLcaO fLbeU URYLQgV aUe cRPSRVed Rf hXQdUedV 

WR VeYeUaO WhRXVaQd fLbeUV Rf a feZ WeQV Rf PLcURQV dLaPeWeU. IQ Whe fXWXUe, LW ZLOO be 

aSSURSULaWe WR SURdXce fLbURXV aVVePbOLeV WhaW cRPe cORVeU aQd cORVeU WR UeaOLW\, aQd WR 

WeVW WheLU behaYLRU XQdeU YaULRXV ORadLQgV. 

 EffecW Rf VL]LQg: WaNLQg LQWR accRXQW VL]LQg LQ VLPXOaWLRQV LV aOVR a fXQdaPeQWaO OLQe 

aQd a chaOOeQge LQ cXUUeQW UeVeaUch. The VL]LQg SURceVV, dXULQg ZhLch Whe \aUQV aUe ZeW 

LQ a VROXWLRQ, PaNeV LW SRVVLbOe WR LPSURYe WheLU SURSeUWLeV, VXch aV Whe fULcWLRQ 

cReffLcLeQW aQaO\]ed LQ WhLV VWXd\. HRZeYeU, VL]LQg aOVR PaNeV LW SRVVLbOe WR RbWaLQ 

RWheU SURSeUWLeV ZhLch aUe QRW VWXdLed heUe aQd UeSUeVeQWV a chaOOeQge dXe WR WheLU 

dLYeUVLW\: chePLcaO cRPSRVLWLRQ, YLVcRVLW\, TXaQWLW\, eWc. The defLQLWLRQ Rf VLPXOaWLRQ 

SaUaPeWeUV WR WaNe WheVe SURSeUWLeV LQWR accRXQW ZLOO aOVR UeTXLUe a VLgQLfLcaQW QXPbeU 

Rf e[SeULPeQWaO WeVWV. TR RYeUcRPe WhLV, VeYeUaO VWUaWegLeV caQ be LPSOePeQWed, VXch 

aV Whe XVe Rf hLgh-UeVROXWLRQ LPagLQg WechQLTXeV WR YLVXaOL]e Whe dLVWULbXWLRQ Rf Whe 
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\aUQV VL]LQg, aQd VXSSO\ Whe PLcURVcRSLc SaUaPeWeUV QeceVVaU\ fRU Whe deYeORSPeQW Rf 

PRUe cRPSOe[ \aUQV PRdeOV. 
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Xinling SONG 

Caractérisation expérimentale, modélisation et simulation à l'échelle microscopique 
du comportement mécanique des mèches de fibres 

Résumé :  
 
Le comportement mécanique d¶un renfort fibreux est fondamental lors de sa mise en forme pour la fabrication 
des matériaux composites. Afin de prédire ce comportement, des essais mécaniques seuls ne sont pas 
suffisants. Il est donc npcessaire d¶obtenir une vpritable loi de comportement du renfort en fonction des 
paramqtres de la structure fibreuse. L¶objectif de cette thqse est d¶étudier le comportement mpcanique d¶un 
assemblage de fibres quasi parallèles. Pour atteindre cet objectif, il est donc nécessaire de comprendre et 
quantifier l¶influence des paramqtres de l¶architecture fibreuse sur son comportement mécanique. Une 
démarche mixte expérimentale/numérique est proposée. La stratégie numérique consiste à réaliser des 
simulations numériques par éléments finis, en dynamique explicite, en modélisant chaque fibre par une poutre 
B31, en contact les unes avec les autres. Au niveau expérimental, et en utilisant des assemblages de quelques 
dizaines de fibres modèles de 500 microns, des essais de compaction/compression sous tomographe sont 
réalisés. Ces essais permettent d¶obtenir l¶pvolution de l¶architecture fibreuse en fonction du chargement 
imposp et des conditions aux bords appliqupes. Des indicateurs d¶pvolution de la microstructure sont alors 
dpfinis afin d¶analyser et post-traiter les résultats. Un algorithme de reconstruction permet de reconstruire un 
modqle numprique reprpsentatif de l¶assemblage testp, où chaque fibre est modélisée par une poutre B31. 
L¶identification de la loi de comportement de la fibre permet alors de rpaliser les simulations de la structure 
testpe. La comparaison sur plusieurs types d¶pchantillons permet de valider la dpmarche numprique et ainsi 
de mettre au point un estimateur virtuel utilisable pour simuler le comportement d¶assemblage non existant. 
Par la suite, une stratpgie de crpation d¶architectures fibreuses virtuelles est mise au point pour l¶ptude 
paramétrique. Celle-ci permet de créer rapidement des architectures de tout type avec des paramètres 
d¶architectures maitrisps. Grkce j l¶ensemble des étapes précédentes une étude paramétrique peut être 
menpe et ainsi l¶influence de certains paramqtres peut rtre ptablie : paramqtre de la microstructure initiale, 
diamètre des fibres, facteur de frottement fibre/fibre et trajet de chargement. Cette dernière étape permet de 
dpmontrer l¶efficacitp de la dpmarche propose et ouvre pgalement de nombreuses perspectives. 
 
Mots clés : Fibres, Composites, Mécanique, échelle microscopique, Modélisation 

Experimental characterization, modelling and simulation at the microscale of the 
Mechanical behaviour of fibre bundles 

Abstract:  
 
The mechanical behaviour of a fibrous reinforcement is fundamental during its shaping for the manufacturing 
of composite materials. To predict this behaviour, mechanical tests alone are not sufficient. It is therefore 
necessary to obtain a true behaviour law of the reinforcement based on the parameters of the fibrous structure. 
The objective of this thesis is to study the mechanical behaviour of an assembly of quasi-parallel fibers. To 
achieve this objective, it is essential to understand and quantify the influence of the fibrous architecture's 
parameters on its mechanical behaviour. A mixed experimental/numerical approach is proposed. The 
numerical strategy involves conducting finite element simulations using explicit dynamics, where each fiber is 
modelled as a B31 beam, in contact with the others. Experimentally, using assemblies of a few dozen model 
fibers of 500 microns, compaction/compression tests are conducted under tomography. These tests allow for 
the observation of the evolution of the fibrous architecture depending on the imposed load and the applied 
boundary conditions. Microstructure evolution indicators are then defined to analyse and process the results. 
A reconstruction algorithm enables the creation of a representative numerical model of the tested assembly, 
where each fiber is modelled by a B31 beam. The identification of the fiber's behaviour law then allows for the 
simulation of the tested structure. Comparisons across several types of samples validate the numerical 
approach, thus enabling the development of a virtual estimator that can simulate the behaviour of non-existent 
assemblies. Subsequently, a strategy for creating virtual fibrous architectures is developed for parametric 
studies. This strategy allows for the rapid creation of various architectures with controlled parameters. With all 
the preceding steps, a parametric study can be conducted, establishing the influence of certain parameters: 
initial microstructure parameters, fiber diameter, fiber/fiber friction factor, and loading path. This final step 
demonstrates the effectiveness of the proposed approach and also opens up numerous future perspectives. 
 
Keywords: Fibres, Composites, Mechanical behaviour, Microscale, Modelling 
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