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4.1. INTRODUCTION

&KDSWHU� �� GHVFULEHG� WKH� LPSOHPHQWDWLRQ� RI� FRXSOHG� FRQVROLGDWLRQ� LQWR� 6$*(�

ZKLFK� ZDV� D� VLJQLILFDQW� DGGLWLRQ� WR� WKH� SURJUDP·V� FDSDELOLWLHV�� � 7KLV� FKDSWHU

GHVFULEHV�RWKHU�LPSRUWDQW�FKDQJHV�WKDW�ZHUH�PDGH�WR�6$*(�LQ�WKH�FRXUVH�RI�WKLV

UHVHDUFK�VWXG\���$V�PHQWLRQHG�SUHYLRXVO\��6$*(�LV�D���'�ILQLWH�HOHPHQW�SURJUDP

IRU�VWDWLF�JHRWHFKQLFDO�HQJLQHHULQJ�SUREOHPV�RULJLQDOO\�GHYHORSHG�DW�9LUJLQLD�7HFK

E\� &ODUN� 0RUULVRQ�� XQGHU� WKH� VXSHUYLVLRQ� RI� 3URIHVVRUV� -�� 0�� 'XQFDQ� DQG

*HRUJH�0��)LO]� �0RUULVRQ�� ������� �7KH�SXUSRVH�RI� WKH� HQKDQFHPHQWV�PDGH� WR

6$*(�E\�WKH�ZULWHU�ZDV�WR�LQFUHDVH�WKH�XVHIXOQHVV�DQG�IOH[LELOLW\�RI�WKH�SURJUDP�

7KH�IROORZLQJ�VHFWLRQV�GHVFULEH�WKHVH�HQKDQFHPHQWV�PDGH�WR�6$*(�

4.2. AXISYMMETRIC FORMULATION

7KH�RULJLQDO�YHUVLRQ�RI�6$*(�LPSOHPHQWHG�RQO\�SODQH�VWUDLQ�DQDO\VHV��0RUULVRQ�

������� � $OWKRXJK� PDQ\� JHRWHFKQLFDO� SUREOHPV� DUH� VXLWHG� WR� WKH� SODQH� VWUDLQ

DVVXPSWLRQ��PDQ\�RWKHU�SUREOHPV� ILW� WKH�D[LV\PPHWULF�DVVXPSWLRQ�� �7KHUHIRUH�

6$*(�ZDV�H[WHQGHG�WR�XVH�DQ�D[LV\PPHWULF�IRUPXODWLRQ��LQ�DGGLWLRQ�WR�WKH�SODQH

VWUDLQ� IRUPXODWLRQ�� � 7KH� LPSOHPHQWDWLRQ� RI� D[LV\PPHWULF� FRQGLWLRQV� LQ� 6$*(

ZDV�SHUIRUPHG�DVVXPLQJ�WKH�V\PPHWU\�RI�ERWK�SUREOHP�JHRPHWU\�DQG�ERXQGDU\

FRQGLWLRQV�DERXW�WKH�D[LV�RI�UHYROXWLRQ�

)RXU� W\SHV� RI� DOJRULWKPV� LQ� 6$*(� ZHUH� DIIHFWHG� E\� WKH� H[WHQVLRQ� WR

D[LV\PPHWULF� FRQGLWLRQV�� �7KH� ILUVW�ZDV� WKH� JHQHUDWLRQ�RI� WKH� HOHPHQW� VWLIIQHVV

PDWULFHV�� � 7KH� VHFRQG�ZDV� WKH� LQWHJUDWLRQ� RI� HOHPHQW� VWUHVVHV� WR� REWDLQ� QRGDO
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IRUFHV�� �7KH�WKLUG�ZDV� LQWHJUDWLRQ�RI�VWUDLQV� WR�REWDLQ�VWUHVVHV�� �7KH� IRXUWK�ZDV

FDOFXODWLRQ�RI�ERG\�ORDGV�DQG�LQWHJUDWLRQ�RI�WUDFWLRQV�WR�REWDLQ�QRGDO�ORDGV�

6$*(� ZDV� H[WHQGHG� WR� D[LV\PPHWULF� FRQGLWLRQV� E\� FUHDWLQJ� WZR� VHWV� RI

VXEURXWLQHV�IRU�WKHVH�DOJRULWKPV���2QH�VHW�RI�VXEURXWLQHV�LV�XVHG�IRU�SODQH�VWUDLQ

DQDO\VHV�DQG�WKH�RWKHU�LV�XVHG�IRU�D[LV\PPHWULF�DQDO\VHV���)RU�H[DPSOH��WKHUH�DUH

WZR�VXEURXWLQHV�LQ�6$*(�IRU�WKH�JHQHUDWLRQ�RI�WKH�HOHPHQW�VWLIIQHVV�PDWULFHV�IRU

��'�HOHPHQWV�� �2QH�VXEURXWLQH�JHQHUDWHV�WKH�HOHPHQW�VWLIIQHVV�PDWUL[�IRU�SODQH

VWUDLQ� FRQGLWLRQV� DQG� WKH� RWKHU� JHQHUDWHV� WKH� HOHPHQW� VWLIIQHVV� PDWUL[� IRU

D[LV\PPHWULF�FRQGLWLRQV�� �7KH�SURJUDP�GHWHUPLQHV�ZKLFK�VHW�RI� VXEURXWLQHV� WR

XVH�EDVHG�RQ�D� IODJ� LQ� WKH� LQSXW� ILOH��ZKLFK� LGHQWLILHV�ZKHWKHU�D�SODQH� VWUDLQ�RU

D[LV\PPHWULF�DQDO\VLV�LV�EHLQJ�DQDO\]HG�

7KH�RULJLQDO�YHUVLRQ�RI�6$*(�LQFOXGHG���'�HOHPHQWV��EHDP�EDU�HOHPHQWV��]HUR�

WKLFNQHVV� LQWHUIDFH� HOHPHQWV�� DQG� :LOVRQ� HOHPHQWV� ���'� �� LQWHUIDFH��� � 7KH

LPSOHPHQWDWLRQ� RI� WKH� D[LV\PPHWULF� IRUPXODWLRQ� ZDV� SHUIRUPHG� IRU� ��'

HOHPHQWV�� EXW� QRW� IRU� LQWHUIDFH� RU� :LOVRQ� HOHPHQWV�� � $� VKHOO� HOHPHQW�� WKH

D[LV\PPHWULF� HTXLYDOHQW� RI� D� EHDP� HOHPHQW�� ZDV� LPSOHPHQWHG� GXULQJ� WKH

H[WHQVLRQ�RI�6$*(�WR�D[LV\PPHWULF�FRQGLWLRQV�

4.3. ALGORITHM FOR CORRECTING CUMULATIVE ERROR

PROBLEM IN SAGE

6$*(� XVHV� DQ� LQFUHPHQWDO� HTXLOLEULXP� DSSURDFK� IRU� VWHS�E\�VWHS� DQDO\VLV�

3UREOHPV�DUH�PRGHOHG�DV�D�VHTXHQFH�RI�FRQVWUXFWLRQ�VWHSV�� �)XUWKHUPRUH��HDFK

FRQVWUXFWLRQ�VWHS�LV�VXEGLYLGHG�LQWR�VXEVWHSV���7KLV�LQFUHPHQWDO�DSSURDFK�DOORZV

FRPSOH[� WLPH� ORDG�KLVWRULHV� WR� EH�PRGHOHG�� �&KDQJHV� LQ� ERG\� ORDGV�� WUDFWLRQV�

ERXQGDU\� FRQGLWLRQV�� DQG� UHPRYDO� DQG� DGGLWLRQ�RI�PDWHULDO� FDQ�EH�PRGHOHG� LQ

FRQVWUXFWLRQ�VWHSV���6LPLODU�DSSURDFKHV�DUH�FRPPRQ�WR�PDQ\�JHRWHFKQLFDO�ILQLWH

HOHPHQW�SURJUDPV�



$OJRULWKP�IRU�FRUUHFWLQJ�FXPXODWLYH�HUURU�SUREOHP�LQ�6$*( ���

7KH�ILQLWH�HOHPHQW�HTXDWLRQV��ZKLFK�LQ�JHQHUDO�DUH�QRQOLQHDU�EHFDXVH�RI�PDWHULDO

QRQOLQHDULWLHV�� DUH� DVVHPEOHG� DQG� VROYHG� IRU� HDFK� VXEVWHS� XVLQJ� WKH� 1HZWRQ�

5DSKVRQ�PHWKRG�RU� RQH� RI� WZR�TXDVL�1HZWRQ�PHWKRGV� �OLQH� VHDUFK�RU� GRJOHJ

VHDUFK��� � 7KH� ORDGV� DQG� ERXQGDU\� FRQGLWLRQV� VSHFLILHG� IRU� HDFK� VXEVWHS� DUH

LQFUHPHQWV�RI�WKH�FKDQJHV� LQ� ORDGV�DQG�ERXQGDU\�FRQGLWLRQV�IRU�D�FRQVWUXFWLRQ

VWHS���7KH�UHVXOWV�RI�HDFK�VXEVWHS�FDOFXODWLRQ�DUH�LQFUHPHQWDO�QRGDO�GLVSODFHPHQWV

DQG� FKDQJHV� LQ� VWUHVV� LQ� HOHPHQWV�� � 7KHVH� LQFUHPHQWDO� YDOXHV� DUH� DGGHG� WR

FXPXODWLYH�YDOXHV�IURP�WKH�HQG�RI�WKH�SUHYLRXV�VXEVWHS�FDOFXODWLRQ�WR�NHHS�WUDFN

RI�FXPXODWLYH�GLVSODFHPHQWV�DQG�VWUHVVHV�

7KH� EDVLF� JRDO� RI� WKH� 1HZWRQ�5DSKVRQ� DQG� TXDVL�1HZWRQ� PHWKRGV� LV� WR

PLQLPL]H� WKH� HUURU� LQ� WKH� VROXWLRQ�� � 7KH� SULPDU\� PHDVXUH� RI� WKH� HUURU� LQ� WKH

VROXWLRQ�LV�WKH�UHVLGXDO�IRUFH�YHFWRU��ZKLFK�LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�DSSOLHG

ORDGV�DQG�WKH�ORDGV�GXH�WR�WKH�LQWHUQDO�VWUHVVHV�LQ�WKH�ILQLWH�HOHPHQWV�DW�WKH�HQG�RI

HDFK�VXEVWHS�LWHUDWLRQ���,I�WKH�UHVLGXDO�IRUFH�YHFWRU�LV�WRR�ODUJH��WKH�ILQLWH�HOHPHQW

HTXDWLRQV�DUH�DVVHPEOHG�DJDLQ�ZLWK�WKH�UHVLGXDO�IRUFH�YHFWRU�DV� WKH� ORDG�YHFWRU�

7KLV� LWHUDWLRQ� FRQWLQXHV� XQWLO� WKH� UHVLGXDO� IRUFH� HUURU� LV� PLQLPL]HG� WR� D� XVHU�

VSHFLILHG� WROHUDQFH�� � ,Q� WKH�SUHYLRXV�YHUVLRQ�RI�6$*(� WKH� UHVLGXDO� IRUFHV�ZHUH

LJQRUHG�DW�WKH�HQG�RI�HDFK�VXEVWHS���7KLV�FUHDWHG�D�VLWXDWLRQ�ZKHUH�HUURUV�FRXOG

DFFXPXODWH�WKURXJK�D�VHULHV�RI�FRQVWUXFWLRQ�VWHSV�ZLWK�PDQ\�VXEVWHSV�

)LJXUH�����LOOXVWUDWHV�DQ�H[DPSOH�6$*(�DQDO\VLV�RI�D�FRQYHQWLRQDO�GUDLQHG�WULD[LDO

WHVW� RQ� D� F\OLQGULFDO� FOD\� VDPSOH�� � 7KH�0RGLILHG�&DP�&OD\�PRGHO�ZDV� XVHG� WR

PRGHO�WKH�PDWHULDO�UHVSRQVH�RI�WKH�FOD\���7KH�WHVW�FRQVLVWV�RI�WKH�IROORZLQJ�VWHSV�

)LUVW�� D� K\GURVWDWLF� VWUHVV� RI� ��� SVI� LV� VSHFLILHG� DV� WKH� LQLWLDO� FRQGLWLRQ�� �1H[W�

WUDFWLRQV�DUH�DSSOLHG�LQ�FRQVWUXFWLRQ�VWHS���WR�UHSUHVHQW�WKH�DSSOLFDWLRQ�RI�DQ�DOO�

DURXQG� FRQILQLQJ� VWUHVV� RI� ����� SVI�� � )LQDOO\�� FRQVWUXFWLRQ� VWHSV� �� WKURXJK� ��

PRGHO�WKH� ORDGLQJ�RI� WKH� VDPSOH�E\� LPSRVLQJ�D�GRZQZDUG�GLVSODFHPHQW�RI� WKH

WRS�IDFH�RI�WKH�F\OLQGULFDO�VRLO�VDPSOH���)LJXUH�����DOVR�VKRZV�WKH�ILQDO�VWUHVVHV�LQ

WKH�VRLO�IURP�DQ�DQDO\VLV�SHUIRUPHG�XVLQJ� WKH�SUHYLRXV�YHUVLRQ�RI�6$*(�� �7KH
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ILQDO�ODWHUDO�VWUHVV�LQ�WKH�VDPSOH�VKRXOG�EH������SVI��EXW�LQVWHDG�LW�LV����������SVI�

7KH�HUURU�LQ�WKH�ODWHUDO�VWUHVV�LV�GXH�WR�FXPXODWLYH�HUURU���)LJXUH�����LV�D�SORW�RI

WKH�ODWHUDO�VWUHVV�LQ�WKH�VRLO�VDPSOH�LQ�FRQVWUXFWLRQ�VWHSV���WKURXJK������,W�FDQ�EH

VHHQ� WKDW� WKH� ODWHUDO� VWUHVV� LQFUHDVHV� GXULQJ� HDFK� RI� WKHVH� VWHSV�� � $OWKRXJK� WKH

FRQYHUJHQFH�FULWHULRQ�ZDV�PHW�IRU�HYHU\�VXEVWHS�FDOFXODWLRQ�LQ�WKH�HQWLUH�DQDO\VLV�

WKH�HUURU�LQ�WKH�ODWHUDO�VWUHVV�LQFUHDVHV�EHFDXVH�WKH�HUURUV�IURP�HDFK�VXEVWHS�ZHUH

LJQRUHG�

7KLV�WHQGHQF\�IRU�FXPXODWLYH�HUURU�ZDV�REYLRXVO\�XQGHVLUDEOH�DQG�SRVHG�D�VHULRXV

SUREOHP� WR� WKH� LPSOHPHQWDWLRQ� RI� FRXSOHG� FRQVROLGDWLRQ�� � ,Q� D� FRXSOHG

FRQVROLGDWLRQ� DQDO\VLV�� HDFK� VXEVWHS� FDOFXODWLRQ� UHSUHVHQWV� DQ� LQFUHPHQWDO� WLPH

VWHS�� � &RXSOHG� FRQVROLGDWLRQ� DQDO\VHV� FRXOG� FRQFHLYDEO\� XVH� YHU\� PDQ\

LQFUHPHQWDO�WLPH�VWHSV��ZKLFK�PHDQW�WKDW�YHU\�ODUJH�HUURUV�FRXOG�DFFXPXODWH�DQG

FRPSURPLVH� WKH� UHVXOWV� RI� DQ� DQDO\VLV�� � 7KHUHIRUH�� D� VROXWLRQ� WKDW� UHGXFHV� WKH

WHQGHQF\�IRU�FXPXODWLYH�HUURU�ZDV�GHYHORSHG�

7KH�VROXWLRQ�LPSOHPHQWHG�LQ�6$*(�ZDV�WR�DGG�WKH�UHVLGXDO�IRUFHV�IURP�WKH�HQG

RI� D� VXEVWHS� FDOFXODWLRQ� WR� WKH� VXEVWHS� ORDG�YHFWRU� IRU� WKH� QH[W� VXEVWHS�� �7KLV

VLPSOH�FKDQJH�FDQ�EH�VLJQLILFDQW�EHFDXVH�LW�FKDQJHV�ZKDW�WKH�VXEVWHS�ORDG�YHFWRU

UHSUHVHQWV���,QVWHDG�RI�VLPSO\�UHSUHVHQWLQJ�DQ�LQFUHPHQW�RI�DSSOLHG�ORDG�DV�LQ�WKH

RULJLQDO�6$*(�� WKH� VXEVWHS� ORDG�YHFWRU�QRZ� UHSUHVHQWV� WKH�GLIIHUHQFH�EHWZHHQ

WKH�WRWDO�DSSOLHG�IRUFH�DQG�WKH�WRWDO�IRUFH�GXH�WR�LQWHUQDO�VWUHVVHV�DW�HDFK�VXEVWHS�

7KLV�LV�D�PRUH�ULJRURXV�PHWKRG�RI�VDWLVI\LQJ�HTXLOLEULXP��DQG�KHQFH�SURGXFHV�D

EHWWHU�VROXWLRQ��DV�FDQ�EH�VHHQ�LQ�)LJXUHV�����DQG�����

4.4. PIEZOMETRIC LINES

$� SLH]RPHWULF� OLQH� LV� DQ� LQSXW� GHYLFH� WKDW� DOORZV� 6$*(� XVHUV� WR� VSHFLI\� SRUH

SUHVVXUHV� LQ� ��'� HOHPHQWV� DW� GLIIHUHQW� FRQVWUXFWLRQ� VWHSV� LQ� DQ� XQFRXSOHG

DQDO\VLV�� � 3LH]RPHWULF� OLQHV� ZHUH� LPSOHPHQWHG� LQ� 6$*(� WR� DOORZ� FKDQJHV� LQ

SLH]RPHWULF�OHYHOV��L�H��SRUH�SUHVVXUHV��WR�EH�PRGHOHG�LQ�XQFRXSOHG�DQDO\VHV�



3LH]RPHWULF�OLQHV ���

)LJXUH����� ([DPSOH�RI�FXPXODWLYH�HUURU�

Triaxial CD Test
Axisymmetr ic  analys is  -  wi th Modi f ied Cam Clay model

Init ial Stresses
Step 0 - Apply Confining

Stress = 2032 psf
Step 1 to 15 - apply

vertical loading

0.05 ft0.05 ft

σx0 = 50 psf
σy0 = 50 psf
σz0 = 50 psf

τxy = 0

Effect of Error Minimization Algorithm on
Results (end of step 15)

With new al g ori thm Without new al g ori thm

Stresses

Nodal Forces (lbf )
(one radian sl ice)

σx = 2082.012 psf
σy = 6885.393 psf
σz = 2082.012 psf
τxy = 0
p c'  = 7389.853 psf

σx = 2290.451 psf
σy = 7446.044 psf
σz = 2290.451 psf
τxy = 0
p c'  = 7932.146 psf

1139.232 2278.464

2082.012

2082.012

1139.232 2278.464

1232.674 2465.348

2290.451

2290.451

1232.674 2465.348

CL CL CL



&KDSWHU�� 'DYLG�-��%HQWOHU���

)LJXUH����� (IIHFW�RI�UHVLGXDO�IRUFH�FDUU\RYHU�DOJRULWKP�RQ�H[DPSOH�SUREOHP�
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3LH]RPHWULF�OLQHV ���

3RUH� SUHVVXUHV�ZHUH� QRW� FRQVLGHUHG�GXULQJ� XQFRXSOHG� DQDO\VHV� LQ� WKH� SUHYLRXV

YHUVLRQ�RI�6$*(�� �7KH�IROORZLQJ�SDUDJUDSKV�H[SODLQ�KRZ�D�SLH]RPHWULF� OLQH� LV

XVHG�LQ�6$*(�

7KUHH�SLHFHV�RI�LQIRUPDWLRQ�DUH�DVVRFLDWHG�ZLWK�SLH]RPHWULF�OLQHV�LQ�6$*(���2QH

SLHFH� RI� LQIRUPDWLRQ� LV� WKH� SLH]RPHWULF� OLQH�� ZKLFK� LV� GHILQHG� E\� D� VHULHV� RI

FRRUGLQDWH�SDLUV�� �7KH� OLQH�VHJPHQWV�FRQQHFWLQJ� WKH�FRRUGLQDWH�SDLUV�GHILQH� WKH

SLH]RPHWULF� OLQH�� �7KH� VHFRQG� LV� WKH� UDWH�DW�ZKLFK�SRUH�SUHVVXUHV� LQFUHDVH�ZLWK

GHSWK�EHORZ�WKH�SLH]RPHWULF�OLQH��6Z���7KH�WKLUG�LV�D�OLVW�RI�WKH���'�PDWHULDO�W\SHV

LQIOXHQFHG�E\�WKH�OLQH����$�SLH]RPHWULF�OLQH�FDQ�DIIHFW�PRUH�WKDQ�RQH���'�PDWHULDO

DQG�PRUH� WKDQ�RQH� SLH]RPHWULF� OLQH� FDQ� EH� XVHG� LQ� D� FRQVWUXFWLRQ� VWHS�� � 7KLV

JLYHV�6$*(�XVHUV�IOH[LELOLW\�ZKHQ�VSHFLI\LQJ�SRUH�SUHVVXUHV�

7KH� LQIRUPDWLRQ� IURP� SLH]RPHWULF� OLQHV� LV� XVHG� WR� FDOFXODWH� SRUH� SUHVVXUH� DW

*DXVV� SRLQWV� DQG� SRUH� ZDWHU� KHDG� DW� QRGHV� RI� ��'� HOHPHQWV�� � )LJXUH� ���

LOOXVWUDWHV�KRZ�D�SLH]RPHWULF� OLQH� LV�XVHG� WR�FDOFXODWH�SRUH�SUHVVXUHV�DQG�KHDGV�

7KH� HIIHFW� RI� SRUH� SUHVVXUHV� LV� LQFOXGHG� LQ� XQFRXSOHG� DQDO\VHV� LQ� 6$*(� E\

DGGLQJ� WKH� EXR\DQW� IRUFHV� GXH� WR� SRUH� SUHVVXUH� WR� WKH� ORDG� YHFWRU�� � %HFDXVH

6$*(�XVHV�LQFUHPHQWDO�DQDO\VHV��EXR\DQW�IRUFHV�DUH�FDOFXODWHG�E\�LQWHJUDWLQJ�WKH

FKDQJH� LQ� SRUH� SUHVVXUH� IURP� RQH� FRQVWUXFWLRQ� VWHS� WR� WKH� QH[W� XVLQJ� WKH

H[SUHVVLRQ�JLYHQ�LQ�(TXDWLRQ�����

F B u u db
e T

new old
e

= −I ; @ Ω
Ω

(TXDWLRQ����

uold � LV� WKH� SRUH� SUHVVXUH� DW� WKH� HQG� RI� WKH� SUHYLRXV� FRQVWUXFWLRQ� VWHS�� � 7KH

EXR\DQW�IRUFHV�GXH�WR�D�SLH]RPHWULF�OLQH�DUH�DGGHG�WR�WKH�FRQVWUXFWLRQ�VWHS�ORDG

YHFWRU�
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)LJXUH����� 3LH]RPHWULF�OLQHV�

Piezometric Line

Gauss point 1

increase in pore
pressure

per unit  depth, S w

h G P

Pore pressure at Gauss point,  uG P  = hG P *S w

h nd

Pore pressure at node, und = hnd*Sw

Head at node, Hnd = und/γw  + y

Elevat ion Datum
for total head

y

Note:  A datum of y = 0 is usual ly convienent.



6WHDG\�6WDWH�6HHSDJH�0RGXOH ���

3LH]RPHWULF� OLQHV� DUH� DOVR� XVHIXO� IRU� HVWDEOLVKLQJ� LQLWLDO� FRQGLWLRQV� IRU

FRQVROLGDWLRQ�DQDO\VHV���6$*(�DOORZV�VHYHUDO�FRQVWUXFWLRQ�VWHSV�WR�EH�SHUIRUPHG

XVLQJ�XQFRXSOHG�FDOFXODWLRQV�EHIRUH�D�FRXSOHG�DQDO\VLV�EHJLQV���8VLQJ�SLH]RPHWULF

OLQHV� ZLWK� JUDYLW\� WXUQ�RQ� FDOFXODWLRQV� SURYLGHV� DQ� HDV\� ZD\� WR� VSHFLI\� LQLWLDO

FRQGLWLRQV��EHFDXVH�6$*(�FDOFXODWHV�LQLWLDO�HIIHFWLYH�VWUHVVHV��SRUH�SUHVVXUHV��DQG

QRGDO�KHDGV���:LWKRXW�SLH]RPHWULF�OLQHV��JUDYLW\�WXUQ�RQ��DQG�WKH�LQLWLDO�XQFRXSOHG

FDOFXODWLRQV��XVHUV�ZRXOG�KDYH� WR� VSHFLI\� LQLWLDO� VWUHVV�YDOXHV�DW� DOO�*DXVV�SRLQWV

DQG�QRGDO�SRLQWV�LQ�WKH�LQSXW�IRU�FRXSOHG�DQDO\VHV�

4.5. STEADY STATE SEEPAGE MODULE

7KH�DGGLWLRQ�RI�D�VWHDG\�VWDWH�VHHSDJH�PRGXOH�ZDV�DQRWKHU�LPSURYHPHQW�PDGH�WR

6$*(���7KH�VWHDG\�VWDWH�PRGXOH�LV�HVVHQWLDOO\�D�ILQLWH�HOHPHQW�VHHSDJH�SURJUDP

ZLWKLQ�6$*(���7KH�VWHDG\�VWDWH�PRGXOH�LV�XVHG�WR�VROYH�FRQILQHG�DQG�XQFRQILQHG

IORZ� SUREOHPV� GXULQJ� XQFRXSOHG� DQDO\VHV� ZLWK� 6$*(�� � 7KH� SRUH� SUHVVXUHV

FDOFXODWHG� E\� WKH� PRGXOH� DUH� XVHG� WR� FDOFXODWH� EXR\DQW� IRUFHV� DFWLQJ� RQ� ��'

HOHPHQWV�

7KH�VWHDG\�VWDWH�PRGXOH�ZDV�DGGHG�WR�6$*(�IRU�WZR�UHDVRQV���)LUVW��WKH�PRGXOH

JLYHV�6$*(�XVHUV� WKH�DELOLW\� WR� VROYH�XQFRQILQHG�DQG�FRQILQHG� IORZ�SUREOHPV�

6HFRQGO\�� WKH� VWHDG\� VWDWH� PRGXOH� DLGV� LQ� FDOFXODWLRQ� RI� LQLWLDO� FRQGLWLRQV� IRU

FRQVROLGDWLRQ�DQDO\VHV���8VLQJ�WKH�VWHDG\�VWDWH�PRGXOH�HVWDEOLVKHV�SRUH�SUHVVXUHV�

QRGDO� SRUH� ZDWHU� KHDGV�� DQG� HIIHFWLYH� VWUHVVHV� FRQVLVWHQW� ZLWK� WKH� VSHFLILHG

ERXQGDU\�FRQGLWLRQV�

7KH�GHYHORSPHQW�RI�WKH�VWHDG\�VWDWH�VHHSDJH�PRGXOH�LV�RXWOLQHG�LQ�WKH�IROORZLQJ

VHFWLRQV�� �)LUVW�� WKH�ILQLWH�HOHPHQW� IRUPXODWLRQ�RI� WKH� VWHDG\�VWDWH� IORZ�SUREOHP

XVHG�LQ�6$*(�LV�SUHVHQWHG���1H[W��WKH�LPSOHPHQWDWLRQ�RI�WKH�VWHDG\�VWDWH�VHHSDJH

PRGXOH�LQ�6$*(�LV�GLVFXVVHG�
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FINITE ELEMENT FORMULATION

0DQ\�ILQLWH�HOHPHQW�WH[WERRNV�GLVFXVV�WKH�VWHDG\�VWDWH�IORZ�SUREOHP�DQG�LWV�ILQLWH

HOHPHQW� IRUPXODWLRQ� �=LHQNLHZLF]� DQG�7D\ORU�� ������*ULIILWKV� DQG�6PLWK�� �����

5HGG\����������7KH�SXUSRVH�RI�WKLV�VHFWLRQ�LV�WR�GHVFULEH�WKH�JRYHUQLQJ�HTXDWLRQ

DQG�WKH�ILQLWH�HOHPHQW�IRUPXODWLRQ�XVHG�LQ�6$*(�

7KH�JRYHUQLQJ�SDUWLDO�GLIIHUHQWLDO�HTXDWLRQ�IRU�VWHDG\�VWDWH�IORZ�RI�D�IOXLG�WKURXJK

D�ULJLG�SRURXV�PHGLXP�LV�WKH�/DSODFH�HTXDWLRQ�

∇ ∇ =k h1 6 0 (TXDWLRQ����

ZKHUH�

h� �QRGDO�KHDG� �
pw

wγ
+ Ω

k �LV�WKH�SHUPHDELOLW\�RI�WKH�VRLO
pw �LV�WKH�SRUH�ZDWHU�SUHVVXUH

Ω �LV�WKH�HOHYDWLRQ�KHDG

7KH�ERXQGDU\�FRQGLWLRQV�IRU�WKLV�SUREOHP�DUH�

h h= RQ�Γh

q v n= ⋅& &

RQ�Γv

7KH�ILQLWH�HOHPHQW�IRUPXODWLRQ�IRU�WKH�SUREOHP�LV�JLYHQ�E\�

K h Qh : ? : ?= (TXDWLRQ����

ZKHUH�

K B B dh h

T

h= I κ
Ω

Ω

Q N q dh

T

v

: ? : ?= I
Γ

Γ

Bh = GHULYDWLYHV�RI� Nh ��VHH�$SSHQGL[�$�

Nh = YHFWRU�RI�VKDSH�IXQFWLRQV�IRU�QRGDO�SRUH�ZDWHU�KHDG



6WHDG\�6WDWH�6HHSDJH�0RGXOH ���

κ =
�
! 

"
$#

k k

k k
xx xy

yx yy

�LV�WKH�SHUPHDELOLW\�PDWUL[

k k kxx = +1
2

2
2cos sinθ θ

k k k kxy yx= = −1 21 6sin cosθ θ

k k kyy = +1
2

2
2sin cosθ θ

θ = WKH�DQJOH�RI�DQLVRWURS\��UHIHUHQFHG�WR�[�D[LV��FORFNZLVH�LV�SRVLWLYH
h; @ �LV�D�YHFWRU�RI�SRUH�IOXLG�KHDGV�DW�WKH�QRGHV

3HUPHDELOLW\� LV� DVVXPHG� WR� EH� D� IXQFWLRQ� RI� SRUH� SUHVVXUH�� � 7KLV� IDFLOLWDWHV

VROXWLRQ�RI�XQFRQILQHG�IORZ�SUREOHPV���7KH�WKUHH�VLPSOH�LQWHUSRODWLRQ�IXQFWLRQV

LOOXVWUDWHG�LQ�)LJXUH�����DUH�DYDLODEOH�LQ�6$*(�WR�VSHFLI\�KRZ�SHUPHDELOLW\�YDULHV

ZLWK�SRUH�SUHVVXUH���7ZR�SDLUV�RI�SDUDPHWHUV�DUH�UHTXLUHG�IRU�HDFK�IXQFWLRQ���2QH

SDUDPHWHU�SDLU�LV�WKH�XQVDWXUDWHG�SHUPHDELOLW\��kunsat��DQG�WKH�FRUUHVSRQGLQJ�SRUH

SUHVVXUH�� uunsat�� � 7KH� VHFRQG� SDLU� LV� WKH� VDWXUDWHG� SHUPHDELOLW\�� ksat�� DQG� WKH

VDWXUDWLRQ�SRUH�SUHVVXUH��usat�

7KH�VHHSDJH�IRUFHV�� Fu; @ ��DUH�FDOFXODWHG�E\�LQWHJUDWLQJ�WKH�GLIIHUHQFH�LQ�WKH�SRUH
SUHVVXUHV�FRPSXWHG�E\�WKH�VWHDG\�VWDWH�PRGXOH�DQG�WKH�SRUH�SUHVVXUHV�DW�WKH�HQG

RI�WKH�SUHYLRXV�VWHS�

F B u u du

T

new old; @ ; @= −I Ω (TXDWLRQ����

IMPLEMENTATION OF STEADY STATE SEEPAGE MODULE

7KH� VWHDG\� VWDWH� PRGXOH� LV� LQYRNHG� GXULQJ� XQFRXSOHG� 6$*(� DQDO\VHV� ZKHQ

ERXQGDU\�FRQGLWLRQV�IRU�SRUH�IOXLG�IORZ�DUH�FKDQJHG���7KH�VWHDG\�VWDWH�PRGXOH�LV

FDOOHG� GXULQJ� DVVHPEO\� RI� WKH� FRQVWUXFWLRQ� VWHS� ORDG� YHFWRU�� � 7KH� VWHDG\� VWDWH

VHHSDJH�PRGXOH�DVVHPEOHV�WKH�ILQLWH�HOHPHQW�VHHSDJH�HTXDWLRQV�DQG�VROYHV�WKHP

XVLQJ�GLUHFW��3LFDUG��LWHUDWLRQ���$Q�LWHUDWLYH�VROXWLRQ�PHWKRG�LV�UHTXLUHG�EHFDXVH
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)LJXUH����� 3HUPHDELOLW\�IXQFWLRQV�
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3LQQHG�FRQQHFWLRQV�IRU�EHDP�HOHPHQWV ���

WKH�VHHSDJH�HTXDWLRQV�DUH�JHQHUDOO\�QRQOLQHDU��EHFDXVH�SHUPHDELOLW\�LV�D�IXQFWLRQ

RI�SRUH�SUHVVXUH��ZKLFK�LV�GLUHFWO\�UHODWHG�WR�QRGDO�KHDG��K���7KH�HXFOLGHDQ�QRUP

RI�WKH�QRGDO�SUHVVXUH�KHDG�YHFWRU��
pw

wγJ L��LV�XVHG�LQ�WKH�FRQYHUJHQFH�FULWHULRQ�

&RQYHUJHQFH� LV� DFKLHYHG�ZKHQ� WKH� FKDQJH� LQ� WKH�SUHVVXUH�KHDG�QRUP�EHWZHHQ

LWHUDWLRQV� LV� OHVV� WKDQ� D� XVHU�VSHFLILHG� WROHUDQFH�� � $IWHU� FRQYHUJHQFH�� VHHSDJH

IRUFHV�DUH�FDOFXODWHG�DQG�DGGHG�WR�WKH�FRQVWUXFWLRQ�VWHS�ORDG�YHFWRU�

4.6. PINNED CONNECTIONS FOR BEAM ELEMENTS

$QRWKHU�IHDWXUH�DGGHG�WR�6$*(�ZDV�SLQQHG�FRQQHFWLRQV�IRU�EHDP�EDU�HOHPHQWV�

:KHQ� WZR�RU�PRUH� EHDP�EDU� HOHPHQWV�ZHUH� MRLQHG� DW� D� FRPPRQ� QRGH� LQ� WKH

SUHYLRXV�YHUVLRQ�RI�6$*(�� WKH�FRQQHFWLRQ�ZDV� ULJLG�� DQG� WUDQVIHUUHG�PRPHQWV

EHWZHHQ� EHDPV�� � 7KH� DGGLWLRQ� RI� WKH� DELOLW\� WR� PRGHO� SLQQHG� FRQQHFWLRQV

EHWZHHQ�EHDP�EDU�HOHPHQWV�KHOSHG�WR�PDNH�6$*(�D�PRUH�DGDSWDEOH�PRGHOLQJ

WRRO�

$� SLQQHG� FRQQHFWLRQ� LQ� 6$*(� LV� IRUPHG� E\� WZR� RU� PRUH� QRGHV�� ZKLFK� DUH

FRQQHFWHG� VR� WKDW� WKH\� VKDUH� WKH� VDPH� JOREDO� GHJUHHV� RI� IUHHGRP� IRU� [� DQG� \

GLVSODFHPHQW�EXW�KDYH�LQGHSHQGHQW�URWDWLRQDO�GHJUHHV�RI�IUHHGRP���7KH�UHVXOW�LV�D

JURXS�RI�QRGHV��D�SLQ�JURXS���ZKLFK�DOZD\V�KDYH�WKH�VDPH�[�DQG�\�GLVSODFHPHQW

EXW� KDYH� LQGHSHQGHQW� URWDWLRQ�� � 7KHVH� QRGHV� DUH� FRQQHFWHG� VR� WKDW� WKH\� DOO

H[SHULHQFH�WKH�VDPH�[�DQG�\�GLVSODFHPHQWV��EXW�HDFK�QRGH�URWDWHV�LQGHSHQGHQWO\

RI�WKH�RWKHU�QRGHV�

7KH�PRGHOLQJ�RI� D�SLQQHG� FRQQHFWLRQ� LQ� 6$*(� LQYROYHV� WZR� VWHSV�� �7KH� ILUVW

VWHS� LV� WR� VSHFLI\� LQ� WKH� LQSXW� ILOH� WR� 6$*(� ZKLFK� QRGHV� IRUP� D� ´SLQµ�� 7KH

VHFRQG� VWHS� LV� DFFRPSOLVKHG� ZKHQ� WKH� FRQQHFWLYLW\� RI� WKH� EHDP�EDU� HOHPHQWV

PHHWLQJ� DW� WKH� SLQ� LV� VSHFLILHG�� � ,I� WZR� EHDP�EDU� HOHPHQWV� DUH� FRQQHFWHG� WR

GLIIHUHQW�QRGHV�LQ�D�SLQ��WKH�HOHPHQWV�ZLOO�EH�DEOH�WR�URWDWH�LQGHSHQGHQWO\�RI�HDFK



&KDSWHU�� 'DYLG�-��%HQWOHU���

RWKHU�DW�WKH�SLQ���,I�WZR�EHDP�EDU�HOHPHQWV�DUH�FRQQHFWHG�WR�WKH�VDPH�QRGH�LQ�D

SLQ��WKH\�ZLOO�URWDWH�WRJHWKHU�DW�WKDW�QRGH�

3LQQHG� FRQQHFWLRQV� ZHUH� LPSOHPHQWHG� LQ� 6$*(� E\� XVLQJ� JOREDO� GHJUHH� RI

IUHHGRP�PDSSLQJ�DUUD\V���$�JOREDO�GHJUHH�RI�IUHHGRP�PDSSLQJ�DUUD\�LV�DQ�DUUD\

WKDW�DVVLJQV�JOREDO�GHJUHHV�RI�IUHHGRP�IRU�HDFK�DFWLYH�ORFDO�GHJUHH�RI�IUHHGRP�IRU

DOO�QRGHV�LQ�D�ILQLWH�HOHPHQW�PHVK���:KHQ�D�JURXS�RI�QRGHV�LV�LGHQWLILHG�DV�D�SLQ

JURXS��DOO�RI�WKH�QRGHV�LQ�WKH�SLQ�JURXS�DUH�DVVLJQHG�WKH�VDPH�JOREDO�GHJUHH�RI

IUHHGRP�QXPEHUV�IRU�WKH�[�DQG�\�GLVSODFHPHQW�GHJUHHV�RI�IUHHGRP��DQG�XQLTXH

JOREDO�GHJUHH�RI�IUHHGRP�QXPEHUV�IRU�URWDWLRQ�

4.7. SEKIGUCHI AND OHTA MODEL

$QRWKHU� LPSURYHPHQW� WR�6$*(�ZDV� WKH� LPSOHPHQWDWLRQ�RI� WKH� 6HNLJXFKL� DQG

2KWD�PRGHO�� � 7KH� 6HNLJXFKL� DQG�2KWD�PRGHO� LV� DQ� HODVWLF�SODVWLF� FULWLFDO� VWDWH

PRGHO�WKDW�LV�VLPLODU�WR�WKH�RULJLQDO�&DP�&OD\�PRGHO���7KH�GLIIHUHQFH�EHWZHHQ�WKH

6HNLJXFKL� DQG�2KWD�PRGHO� DQG� WKH�RULJLQDO�&DP�&OD\�PRGHO� LV� VWUHVV� LQYDULDQW

XVHG�WR�PHDVXUH�GHYLDWRULF�VWUHVVHV�

7KH�\LHOG�VXUIDFH�IRU�WKH�6HNLJXFKL�DQG�2KWD�PRGHO�LV�VKRZQ�LQ�(TXDWLRQ�����

f
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e0 = LQLWLDO YRLG UDWLR
M = FULWLFDO VWDWH SDUDPHWHU
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3 σ
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7KH�IDLOXUH�FRQGLWLRQ�RU�FULWLFDO�VWDWH�LV�UHDFKHG�ZKHQ

q

p
M

′
= (TXDWLRQ����

:KHUH�

q J D= ⋅3 2

J s sD2
1= ⋅ −det trace

:KHQ�WKH�YDOXH�RI�WKH�IXQFWLRQ� f �LV�OHVV�WKDQ���WKH�VWUHVV�VWUDLQ�EHKDYLRU�RI�WKH

VRLO�LV�HODVWLF�DQG�WKH�HODVWLF�VWUHVV�VWUDLQ�PDWUL[�� De ��LV�XVHG���7KH�VWUHVVHV�LQ�WKH

VRLO�PXVW�DOZD\V�OLH�RQ�RU�ZLWKLQ�WKH�VXUIDFH�GHILQHG�E\�(TXDWLRQ������L�H�� f ≤ 0��

7KH�FRQVROLGDWLRQ�SUHVVXUH�� ′pc ��LV�WKH�KDUGHQLQJ�SDUDPHWHU�IRU�WKH�6HNLJXFKL�DQG

2KWD� PRGHO�� � ′pc� GHWHUPLQHV� WKH� VL]H� RI� WKH� \LHOG� VXUIDFH�� � 7KH� VWUHVV� VWUDLQ

EHKDYLRU�LV�JRYHUQHG�E\�WKH�HODVWLF�SODVWLF�VWUHVV�VWUDLQ�PDWUL[�� Dep ��ZKHQ� f = 0

RU�WKH�\LHOG�VXUIDFH�LV�H[SDQGLQJ���$VVRFLDWLYH�SODVWLFLW\�LV�DVVXPHG�
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7KH� LPSOHPHQWDWLRQ� RI� WKH� 6HNLJXFKL� DQG�2KWD�PRGHO� LQ� 6$*(� IROORZHG� WKH

LPSOHPHQWDWLRQ�RI�WKH�0RGLILHG�&DP�&OD\�PRGHO���0RUULVRQ��������GHVFULEHV�WKH

LPSOHPHQWDWLRQ�RI�WKH�0RGLILHG�&DP�&OD\�PRGHO�
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4.8. PRE-CONSOLIDATION PRESSURE PROFILE LINES

6HYHUDO�RI�WKH�PDWHULDO�PRGHOV�LQ�6$*(�NHHS�WUDFN�RI�WKH�PD[LPXP�SDVW�VWUHVV

VWDWH���)RU�H[DPSOH��WKH�FULWLFDO�VWDWH�0RGLILHG�&DP�FOD\�DQG�6HNLJXFKL�DQG�2KWD

PRGHOV�VWRUH�WKH�SUH�FRQVROLGDWLRQ�SUHVVXUH�� ′pc ���7KHUH�ZDV�QR�FRQWURO�RYHU�WKH

LQLWLDO� SUH�FRQVROLGDWLRQ�SUHVVXUH� YDOXHV� LQ� WKH� SUHYLRXV� YHUVLRQ� RI� 6$*(�� � ′pc

ZDV� DVVLJQHG� DXWRPDWLFDOO\� XVLQJ� WKH� UXOHV� RI� HDFK� PDWHULDO� PRGHO� DIWHU� LQLWLDO

VWUHVVHV�KDG�EHHQ�GHILQHG�ZLWK�D�JUDYLW\�WXUQ�RQ�DQDO\VLV�RU�H[SOLFLW�DVVLJQPHQW�RI

HOHPHQW� VWUHVVHV�� � 7KH� SXUSRVH� RI� LPSOHPHQWLQJ� SUH�FRQVROLGDWLRQ� SUHVVXUH

SURILOH�OLQHV�LQWR�6$*(�LV�WR�SURYLGH�PRUH�IOH[LELOLW\�LQ�GHILQLQJ�LQLWLDO�FRQGLWLRQV�

$�SUH�FRQVROLGDWLRQ�SUHVVXUH�SURILOH�OLQH�LV�GHILQHG�E\�D�VHULHV�RI�FRRUGLQDWH�SDLUV�

(OHYDWLRQ� DQG� SUH�FRQVROLGDWLRQ� SUHVVXUH� DUH� WKH� YDULDEOHV� WKDW� PDNH� XS� HDFK

FRRUGLQDWH� SDLU�� � 7KH� VHTXHQFH� RI� SRLQWV� GHILQHV� DQ� HOHYDWLRQ� SURILOH� RI� SUH�

FRQVROLGDWLRQ�SUHVVXUH���6$*(�XVHV�WKH�SURILOH�RI�SUH�FRQVROLGDWLRQ�SUHVVXUH�WR

LQWHUSRODWH�SUH�FRQVROLGDWLRQ�SUHVVXUH�DW�*DXVV�SRLQWV�RI���'�HOHPHQWV�� �)LJXUH

���� LOOXVWUDWHV� D� SURILOH� OLQH� DQG� KRZ� LW� LV� XVHG� WR� LQWHUSRODWH� SUH�FRQVROLGDWLRQ

SUHVVXUHV�DW�*DXVV�SRLQWV�

4.9. RESTART ANALYSIS

$QRWKHU�DGGLWLRQ�WR�6$*(�ZDV�WKH�FDSDELOLW\�WR�SHUIRUP�UHVWDUW�DQDO\VHV�� �,Q�D

UHVWDUW�DQDO\VLV�� WKH� LQLWLDO�FRQGLWLRQ� LV�EDVHG�RQ�WKH�GLVSODFHPHQWV�� VWUHVVHV��DQG

IRUFHV�IURP�WKH�UHVXOWV�RI�DQRWKHU�DQDO\VLV�XVLQJ�WKH�VDPH�PHVK���5HVWDUW�DQDO\VHV

DUH�XVHIXO�LQ�WZR�ZD\V���)LUVW��D�ODUJH�DQDO\VLV�ZLWK�PDQ\�VWHSV�FDQ�EH�EURNHQ�LQWR

WZR�RU�PRUH�VPDOOHU�DQDO\VHV���6HFRQG��UHVWDUW�DQDO\VHV�H[SHGLWH�UXQQLQJ�DQDO\VHV

ZLWK� WKH� VDPH�EHJLQQLQJ� �LQLWLDO� VHTXHQFH�RI� VWHSV��� EXW�ZLWK� GLIIHUHQW� HQGLQJV�

)RU�H[DPSOH��RQH�DQDO\VLV�ZRXOG�EH�UXQ�IURP�WKH�EHJLQQLQJ�VWHS�WR�WKH�ODVW�VWHS

WKDW� WKH�DQDO\VHV�KDYH� LQ�FRPPRQ�� �7KH� UHPDLQLQJ�DQDO\VHV�ZRXOG�EH� UHVWDUWHG

IURP�WKH�HQG�RI�WKH�ILUVW�DQDO\VLV�



5HVWDUW�$QDO\VLV ���

)LJXUH����� 3URILOH�OLQHV�
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7KH�LQIRUPDWLRQ�UHTXLUHG�IRU�D�6$*(�UHVWDUW�DQDO\VLV�LQFOXGHV�

�� 1RGDO�GLVSODFHPHQW�DQG�KHDG�YDOXHV
�� 1RGDO�IRUFHV
�� (OHPHQW�IRUFHV
�� (OHPHQW�VWUHVVHV
�� (OHPHQW�VWUDLQV
�� (OHPHQW�VWDWH�YDULDEOHV
�� (OHPHQW�DWWHQGDQFH�URVWHU�IRU�WKH�SUHYLRXV�DQDO\VLV�VWHS�
�� 7KH�JOREDO�GHJUHH�RI�IUHHGRP�URVWHU�IRU�WKH�SUHYLRXV�DQDO\VLV�VWHS

$GGLQJ�WKH�UHVWDUW�FDSDELOLW\�LQYROYHG�FUHDWLQJ�WZR�VXEURXWLQHV���2QH�VXEURXWLQH

ZULWHV� D� ILOH� FRQWDLQLQJ� WKH� LQIRUPDWLRQ� QHHGHG� IRU� D� UHVWDUW� DQDO\VLV�� DQG� WKH

VHFRQG�UHDGV�WKLV�ILOH�DQG�XVHV�LW�WR�LQLWLDOL]H�WKH�QHFHVVDU\�DUUD\V�DQG�YDULDEOHV�

$�UHVWDUW�LQIRUPDWLRQ�ILOH�FDQ�EH�ZULWWHQ�DIWHU�DQ\�FRQVWUXFWLRQ�VWHS�LQ�DQ�DQDO\VLV�

7KH�XVHU� LQVWUXFWV�WKH�SURJUDP�WR�FUHDWH�WKH�UHVWDUW�ILOH�E\� LQFOXGLQJ�D�NH\ZRUG

�VHH�$SSHQGL[�'�� LQ� WKH� 6$*(� LQSXW� ILOH�� � 7R� UXQ� D� UHVWDUW� DQDO\VLV�� WKH� XVHU

LQFOXGHV�D�NH\ZRUG�DQG�WKH�QDPH�RI�WKH�LQIRUPDWLRQ�ILOH��VHH�$SSHQGL[�'��LQ�WKH

UHVWDUW�DQDO\VLV�LQSXW�ILOH�

4.10. CONCLUSION

7KH�LPSURYHPHQWV�GHVFULEHG�LQ�WKLV�FKDSWHU�HQKDQFH�WKH�FDSDELOLWLHV�RI�6$*(�DV

D� WRRO� IRU�PRGHOLQJ�JHRWHFKQLFDO�SUREOHPV�� �$�VLJQLILFDQW�DPRXQW�RI�ZRUN�ZDV

DOVR� SHUIRUPHG� WR� GHEXJ� 6$*(� DQG� LPSURYH� LWV� UREXVWQHVV�� � 2QH� RI� WKH

SULQFLSDO�FKDOOHQJHV�RI�KDYLQJ�VR�PDQ\� W\SHV�RI�DQDO\VHV�DQG�PRGHOLQJ� WRROV� LQ

RQH� SURJUDP� LV� WR�PDNH� WKHP�ZRUN� WRJHWKHU� LQ� D� ORJLFDO� DQG� UHOLDEOH� IDVKLRQ�

7KLV� FKDOOHQJH� PDGH� VRPH� RI� WKH� LPSURYHPHQWV�� ZKLFK� ZRXOG� VHHP� HDV\�

GLIILFXOW���'HDOLQJ�ZLWK�DOO�HOHPHQW�W\SHV�LQ�6$*(�GXULQJ�WKH�LPSOHPHQWDWLRQ�RI

DQ\�RI�WKH�LPSURYHPHQWV�GHVFULEHG�LQ�WKLV�FKDSWHU�LV�WKH�EHVW�H[DPSOH�


