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Abstract: Rocking isolation systems founded on soft soils 
commonly exhibit settlement-dominated responses, leading to 
accumulated plastic strains and degradation of recentering 
capacity. Although ground improvement elements reduce total 
settlement, direct footing–improvement element induces 
localized stress concentrations that may hinder stable rocking 
behavior. This study investigates the influence of introducing an 
intermediate soil layer between the shallow foundation and the 
improvement elements on seismic response characteristics. A 
three-dimensional nonlinear finite difference model is developed 
to simulate a 3 m × 3 m shallow footing supported by discrete 
pile groups and diaphragm wall systems. A granular sand layer, 
defined as a soil buffer, is inserted between the footing and the 
improvement elements. Buffer thicknesses of 0, 60 cm (B/5), and 
100 cm (B/3) are evaluated through parametric analysis. The 
results indicate that increasing buffer thickness reduces peak 
rotational amplitude; in the pile-supported configuration, rotation 
decreases from 0.121 rad (no buffer) to 0.083 rad for a 100 cm 
buffer. While the presence of the buffer increases residual 
settlement relative to direct-contact systems, increasing it from 
2.2 cm to 5.5 cm in JG-PR, settlement remains significantly 
lower than the unimproved condition (13.6 cm). Among the 
examined cases, a thickness of 60 cm (B/5) provides the most 
favorable balance between rotation control and recentering, with 
the diaphragm wall system (JG-PR-SB60) achieving a 
recentering ratio of 0.987. The findings demonstrate that the 
buffer layer modifies the contact stress transfer mechanism, 
promoting distributed shear deformation within the interface 
zone and reducing localized bearing concentration at 
improvement elements. 

Keywords: Soil layer, Rocking isolation, Soft soil, Granular soil, 
Recentering ratio. 

I. INTRODUCTION 

Conventional seismic design philosophy generally enforces 
elastic behavior at the foundation level, intentionally 

shifting inelastic demand to the superstructure. In this

framework, plastic hinging is expected to develop at 
predetermined structural locations, most commonly at the base of 
columns, where damage is concentrated and repair may be 
costly. Although this strategy provides predictability in structural 
performance, it often results in significant structural damage 
even under moderate-to-strong seismic excitations. An 
alternative performance-based approach permits controlled 
nonlinear behavior within the soil–foundation system. Rather 
than constraining the foundation against uplift, rocking isolation 
intentionally allows footing rotation and partial detachment from 
the supporting soil. In this mechanism, energy dissipation occurs 
through cyclic soil yielding and geometric nonlinearity at the 
soil–foundation interface, thereby reducing ductility demand in 
the structural elements. 

The fundamental principle of rocking isolation relies on 
mobilizing moment capacity through progressive contact area 
reduction during uplift. As the footing rocks, compressive 
stresses concentrate over a limited zone while the opposite edge 
detaches. This cyclic redistribution of stresses generates 
hysteretic damping within the supporting soil, which 
substantially can reduce transmitted accelerations and bending 
demands in the superstructure. Experimental and analytical 
investigations have demonstrated the effectiveness of this 
concept. Early centrifuge and numerical studies by Gajan & 
Kutter (2008) and Anastasopoulos et al. (2010) showed that 
rocking foundations can significantly decrease column curvature 
ductility demand while maintaining global stability. These 
findings established rocking as a viable foundation-level energy 
dissipation mechanism. Despite these advantages, the application 
of rocking systems on soft or poorly consolidated soils 
introduces critical challenges. Soft soils exhibit reduced bearing 
capacity and increased compressibility, which may lead to 
settlement-dominated responses rather than stable rocking. Under 
such conditions, excessive residual settlement and permanent 
rotation can accumulate, undermining post-earthquake 
serviceability. 

Subsequent research has explored the correlation between 
rotation amplitude and permanent settlement. Deng et al. (2012) 
and Hakhamaneshi & Kutter (2016) observed that although 
rocking isolation protects structural components, repeated cyclic
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ORDGLQJ� PD\� LQGXFH� LUUHYHUVLEOH� VRLO� GHIRUPDWLRQ�� OHDGLQJ� WR�
SHUPDQHQW� WLOW�� 7KLV� WUDGH�RII� EHWZHHQ� VWUXFWXUDO� SURWHFWLRQ� DQG�
IRXQGDWLRQ� VHUYLFHDELOLW\� UHPDLQV� D� FHQWUDO� FRQFHUQ� LQ� SUDFWLFDO�
LPSOHPHQWDWLRQ�� 7R� DGGUHVV� WKHVH� OLPLWDWLRQV�� YDULRXV� JURXQG�
LPSURYHPHQW� WHFKQLTXHV� KDYH� EHHQ� SURSRVHG�� 5HLQIRUFHPHQW�
V\VWHPV�VXFK�DV�JHRJULGV��JHRFHOOV��DQG�VRLO±FHPHQW�VWDELOL]DWLRQ�
DLP� WR� HQKDQFH� EHDULQJ� FDSDFLW\� DQG� VWLIIQHVV�� WKHUHE\� OLPLWLQJ�
H[FHVVLYH VHWWOHPHQW ZKLOH SUHVHUYLQJ FRQWUROOHG URFNLQJ�
EHKDYLRU� 7KHVH PHWKRGV LPSURYH WKH ORDG±GHIRUPDWLRQ�
FKDUDFWHULVWLFV�RI� WKH� VXSSRUWLQJ� VRLO� EXW�PD\�DOWHU� WKH� LQWHQGHG�
QRQOLQHDU�LQWHUDFWLRQ�PHFKDQLVP��

$OOPRQG� 	� .XWWHU� ������� LQWURGXFHG� WKH FRQFHSW RI�
XQDWWDFKHG� SLOHV�� LQ� ZKLFK� SLOHV� SURYLGH� YHUWLFDO� UHVLVWDQFH�
ZLWKRXW� ULJLGO\�FRQQHFWLQJ� WR� WKH�IRXQGDWLRQ��7KLV�FRQILJXUDWLRQ�
PLWLJDWHV� WHQVLOH� GHPDQG� LQ� SLOHV� DQG� PDLQWDLQV� URWDWLRQDO�
IUHHGRP�� UHGXFLQJ� WKH� ULVN� RI� VWUXFWXUDO� GDPDJH� ZLWKLQ� WKH�
IRXQGDWLRQ�V\VWHP��%XLOGLQJ�XSRQ�WKLV�FRQFHSW���.R�HW�DO���������
LGHQWLILHG�WKH�VR�FDOOHG�³VRLO�URXQGLQJ´�HIIHFW��ZKHUHE\�LQVHUWLQJ�
D�GHIRUPDEOH�VRLO�OD\HU�EHWZHHQ�WKH�IRRWLQJ�DQG�SLOHV�DOORZV�WKH�
FRQWDFW�VXUIDFH�WR�HYROYH�LQWR�D�URXQGHG�VWUHVV�GLVWULEXWLRQ�GXULQJ�
URFNLQJ�� 7KLV� PHFKDQLVP� OLPLWV� DEUXSW� VWUHVV� FRQFHQWUDWLRQ� DW�
SLOH� KHDGV� DQG� PRGLILHV� WKH� XOWLPDWH� PRPHQW� FDSDFLW\� WKURXJK�
SURJUHVVLYH�PRELOL]DWLRQ�RI�EHDULQJ�UHVLVWDQFH��

+LJK�UHVROXWLRQ� YLVXDOL]DWLRQ� WHFKQLTXHV�� 3DUWLFOH� ,PDJH�
9HORFLPHWU\� �3,9��� KDYH� EHHQ� XVHG� WR� VWXG\� WKH� VXEVXUIDFH�
GHIRUPDWLRQ� PHFKDQLVPV�� LGHQWLI\� WKUHH� GLVWLQFW� IDLOXUH� PRGHV�
OLNH�VRLO�GHQVLILFDWLRQ��ZHGJH�GHIRUPDWLRQ�DQG�VFRRS�GHIRUPDWLRQ�
�0RUDGL�HW�DO���������������� ,W�KDV�EHHQ�UHSRUWHG� WKDW�LQFUHDVLQJ�
HPEHGPHQW� GHSWK� VXSSUHVVHV� WKH� RXWZDUG� ZHGJH� PHFKDQLVP�
UHVSRQVLEOH�IRU�VHWWOHPHQW�DFFXPXODWLRQ��7KH�WUDQVLWLRQ�WRZDUG�D�
VFRRS�GRPLQDWHG�UHVSRQVH�\LHOGHG�D�����UHGXFWLRQ�LQ�VHWWOHPHQW�
ZKLOH�SUHVHUYLQJ�VXEVWDQWLDO�HQHUJ\�GLVVLSDWLRQ�WKURXJK�H[WHQGHG�
VOLGLQJ� VXUIDFHV�� 7KH� GLVSODFHPHQW� ILHOGV� SORWWHG� LQ� WKHVH�
H[SHULPHQWV� FRQILUP� WKDW� WKH� SK\VLFDO� LQWHUDFWLRQ� DW� WKH� VRLO±�
IRXQGDWLRQ� LQWHUIDFH� JRYHUQV� WKH� WKUHVKROG� EHWZHHQ� VLQNLQJ��
GRPLQDQW DQG URFNLQJ�GRPLQDQW EHKDYLRU� ,QWURGXFLQJ�
XQDWWDFKHG�RU� VHPL�IL[HG� LQWHUIDFHV�RIIHUV� D�PHDQV�RI�EDODQFLQJ�
GLVVLSDWLRQ� DJDLQVW� SHUPDQHQW� GHIRUPDWLRQ�� $PLUL� HW� DO�� �������
SURSRVHG� D� VHPL�IL[HG� SLOH�WR�FDS� FRQQHFWLRQ� WKDW� SHUPLWV�
FRQWUROOHG�YHUWLFDO�XSOLIW�ZLWKRXW�FRPSOHWH�IRXQGDWLRQ�VHSDUDWLRQ��
LQ ORQJ SLOH JURXSV� WKLV FRQILJXUDWLRQ UHGXFHG UHVLGXDO�
VHWWOHPHQWV�E\�XS�WR������3DUDPHWULF�VWXGLHV�E\�%LQ�HW�DO���������
RQ� WKH�2SHQ6HHV� SODWIRUP� UHYHDOHG� WKDW� GHFOLQLQJ� VRLO� VWLIIQHVV�
SURGXFHV�D�VKDUS�LQFUHDVH�LQ�EHQGLQJ�PRPHQWV�DW�WKH�IRXQGDWLRQ±�
FROXPQ�MRLQW��GLFWDWLQJ�WKH� LPSRUWDQFH�RI�VXEJUDGH�VWLIIHQLQJ�IRU�
PDQDJLQJ�HQHUJ\�GLVWULEXWLRQ�DFURVV�WKH�V\VWHP��

6RLO�FRPSRVLWLRQ�DQG�WKH�SDUDPHWHUV�RI�WKH�VHLVPLF�LQSXW�DOVR�
H[HUW�FRQVLGHUDEOH�LQIOXHQFH�RQ�URFNLQJ�LVRODWLRQ�HIILFLHQF\��DQG�
WKH� LQWHUSOD\�EHWZHHQ� WKHVH� IDFWRUV�ZDUUDQWV�FORVHU� H[DPLQDWLRQ�
WKDQ� LW�KDV� VR� IDU� UHFHLYHG� �,UDQL� HW� DO��� ������������1LNYDQG�	�
%RQDE�� ������� ,W� LV� UHSRUWHG� WKDW� URFNLQJ� IRXQGDWLRQV� RQ� QRQ��
SODVWLF� VLOWV� IROORZ� EHKDYLRUDO� WUHQGV� EURDGO\� FRQVLVWHQW� ZLWK�
VDQG�EDVHG�UHVXOWV��\HW�VLOW\�VRLOV�GLVSOD\�D�PDUNHGO\�KHLJKWHQHG�
VHQVLWLYLW\� WR� LQSXW� PRWLRQ� IUHTXHQF\�� 6DGMDGL� HW� DO�� �������
LQYHVWLJDWLQJ� SXOVH�W\SH� H[FLWDWLRQV�� VKRZHG� WKDW� VWLII� URFNLQJ�
V\VWHPV� XQGHUJR� VWURQJHU� RVFLOODWLRQV� DQG� JUHDWHU� UHVLGXDO�
VHWWOHPHQW� XQGHU� QHDU�IDXOW� PRWLRQV�� DQG� LGHQWLILHG� &XPXODWLYH�
$EVROXWH� 9HORFLW\� �&$9�� DV� D�PRUH� UHOLDEOH� LQWHQVLW\�PHDVXUH�
IRU SUHGLFWLQJ SHUPDQHQW GHIRUPDWLRQV WKDQ FRQYHQWLRQDO

PHWULFV�� ;LRQJ� HW� DO�� ������� H[WHQGHG� WKH� SUREOHP� WR� VSDWLDOO\�
LQFOLQHG� LQFLGHQW� ZDYHV�� ILQGLQJ� WKDW� REOLTXH� ZDYH� LQFLGHQFH�
HQODUJHV� ERWK� WRUVLRQDO� DQG� URFNLQJ� UHVSRQVHV�� 6RLO� QRQOLQHDULW\�
DPSOLILHV�ORZ�IUHTXHQF\�VHLVPLF�HQHUJ\�GXULQJ�VXFK�HYHQWV²DQ�
HIIHFW�WKDW�SODQDU�ZDYH�DVVXPSWLRQV�IDLO�WR�FDSWXUH��

:RUN� RQ� VHOI�FHQWHULQJ� URFNLQJ� SLHUV� E\� 5DVVRXOSRXU� HW� DO��
�������LQGLFDWHV�WKDW�ZKLOH�VHOI�FHQWHULQJ�PHFKDQLVPV�HIIHFWLYHO\�
UHGXFH� UHVLGXDO� GULIWV�� WKHLU� FDSDFLW\� WR� FRQWURO� VHWWOHPHQW�
GHSHQGV�VWURQJO\�RQ� WKH�GHJUHH�RI�VRLO±VWUXFWXUH� LQWHUDFWLRQ�DQG�
WKH�IUHTXHQF\�FRQWHQW�RI�WKH�JURXQG�PRWLRQ��7KHVH�LQYHVWLJDWLRQV�
FRQILUP� WKDW� D� \LHOGLQJ� JUDQXODU� LQWHUIDFH� FDQ� WUDQVIRUP� WKH�
JURXQG� LQWR� DQ� DFWLYH� HOHPHQW� RI� VWUXFWXUDO� SURWHFWLRQ�� DVVXULQJ�
VWUXFWXUH¶V�SRVW�HDUWKTXDNH�VHUYLFHDELOLW\��

$OWKRXJK� WKHVH� DGYDQFHPHQWV� KLJKOLJKW� WKH� LPSRUWDQFH� RI�
LQWHUIDFH�FRQGLWLRQV�� WKH�PHFKDQLFDO� UROH�RI�DQ� LQWHUPHGLDWH�VRLO�
OD\HU� KDV� QRW� EHHQ� V\VWHPDWLFDOO\� TXDQWLILHG� IRU� GLIIHUHQW�
LPSURYHPHQW�FRQILJXUDWLRQV�� ,Q�SDUWLFXODU�� WKH� LQIOXHQFH�RI�VXFK�
D� EXIIHU� RQ� URWDWLRQDO� DPSOLWXGH�� UHFHQWHULQJ� FDSDFLW\�� DQG�
UHVLGXDO� VHWWOHPHQW� UHPDLQV� LQVXIILFLHQWO\� XQGHUVWRRG� ZKHQ�
GLVFUHWH�SLOHV�RU�GLDSKUDJP�ZDOO�V\VWHPV�DUH�HPSOR\HG��.R�HW�DO���
������� 7KH� LQWHUIDFH� OD\HU� PD\� VHUYH� PXOWLSOH� IXQFWLRQV��
UHGLVWULEXWLRQ� RI� FRQWDFW� VWUHVVHV�� PRGXODWLRQ� RI� VKHDU� VWUDLQ�
ORFDOL]DWLRQ�� DQG� DOWHUDWLRQ� RI� WKH� VWLIIQHVV� FRQWUDVW� EHWZHHQ�
IRRWLQJ DQG LPSURYHPHQW HOHPHQWV� +RZHYHU� H[FHVVLYH�
FRPSOLDQFH� FRXOG� LQFUHDVH� VHWWOHPHQW�� ZKHUHDV� LQVXIILFLHQW�
FRPSOLDQFH� PD\� UHLQWURGXFH� VWUHVV� FRQFHQWUDWLRQ�� 'HWHUPLQLQJ�
DQ� RSWLPDO� EDODQFH� WKHUHIRUH� UHTXLUHV� ULJRURXV QXPHULFDO�
HYDOXDWLRQ� �,UDQL� HW� DO��� ������� 'HVSLWH� WKH� H[LVWLQJ� ERG\� RI�
UHVHDUFK��D�FOHDU�JDS� UHPDLQV� LQ�V\VWHPDWLFDOO\�TXDQWLI\LQJ�KRZ�
LQWHUIDFH�FRPSOLDQFH�LQIOXHQFHV�WKH�FRXSOHG�UHVSRQVH�RI�URWDWLRQ��
VHWWOHPHQW� DQG UHFHQWHULQJ DFURVV GLIIHUHQW LPSURYHPHQW�
FRQILJXUDWLRQV� �,UDQL� HW� DO��� ������� 3UHYLRXV� VWXGLHV� KDYH�
SULPDULO\� IRFXVHG� RQ� HLWKHU� JURXQG� LPSURYHPHQW� RU� URFNLQJ�
EHKDYLRU LQ LVRODWLRQ� ZLWKRXW H[SOLFLWO\ DGGUHVVLQJ WKHLU�
FRPELQHG� LQWHUDFWLRQ� WKURXJK� D� FRQWUROODEOH� LQWHUPHGLDWH� OD\HU��
7KLV�OLPLWDWLRQ�PRWLYDWHV�WKH�SUHVHQW�VWXG\��ZKLFK�DLPV�WR�EULGJH�
WKLV� JDS� E\� SURYLGLQJ� D� XQLILHG� QXPHULFDO� DVVHVVPHQW� RI�
LQWHUIDFH�PRGLILHG�URFNLQJ�V\VWHPV��

$FFRUGLQJO\��WKLV�VWXG\�LQYHVWLJDWHV�WKH�VHLVPLF�UHVSRQVH�RI�D�
VTXDUH�URFNLQJ�IRRWLQJ�IRXQGHG�RQ�VRIW�VRLO�DQG�VXSSRUWHG�E\�MHW�
JURXW� LPSURYHPHQW�HOHPHQWV�� LQFOXGLQJ�GLVFUHWH� SLOH�JURXSV�DQG�
GLDSKUDJP�ZDOOV��$�WKUHH�GLPHQVLRQDO�QRQOLQHDU�ILQLWH�GLIIHUHQFH�
IUDPHZRUN� LV� HPSOR\HG� WR� H[DPLQH� WKH� HIIHFW� RI� LQWURGXFLQJ� D�
VRIW�JUDQXODU�VDQG�EXIIHU�OD\HU�RI�YDU\LQJ�WKLFNQHVV�EHWZHHQ�WKH�
IRRWLQJ� DQG� WKH� LPSURYHPHQW� HOHPHQWV�� 7KH� REMHFWLYH� LV� WR�
TXDQWLI\�LWV� LQIOXHQFH�RQ�URWDWLRQ�DPSOLWXGH��UHVLGXDO�VHWWOHPHQW��
DQG�UHFHQWHULQJ�SHUIRUPDQFH��DQG�WR�FODULI\�WKH�XQGHUO\LQJ�VWUHVV�
WUDQVIHU� PHFKDQLVPV� JRYHUQLQJ� WKH� VRLO±VWUXFWXUH� LQWHUDFWLRQ��
7KH�QHFHVVLW\�RI�WKLV�UHVHDUFK�DULVHV�IURP�WKH�ODFN�RI�D�V\VWHPDWLF�
HYDOXDWLRQ� RI� KRZ� LQWHUIDFH� FRPSOLDQFH� PRGLILHV� WKH� EDODQFH�
EHWZHHQ�HQHUJ\�GLVVLSDWLRQ�DQG�VHUYLFHDELOLW\�LQ�URFNLQJ�V\VWHPV�
FRQVWUXFWHG� RQ� LPSURYHG� VRIW� JURXQG�� :KLOH� SUHYLRXV� VWXGLHV�
KDYH� GHPRQVWUDWHG� WKH� EHQHILWV� RI� URFNLQJ� IRXQGDWLRQV� DQG�
JURXQG� LPSURYHPHQW� LQGHSHQGHQWO\�� WKHLU� FRPELQHG� LQWHUDFWLRQ�
WKURXJK� DQ� LQWHUPHGLDWH� VRLO� OD\HU� KDV� QRW� EHHQ� ULJRURXVO\�
FKDUDFWHUL]HG�� 7KH� LQQRYDWLRQ� RI� WKLV� VWXG\� OLHV� LQ� H[SOLFLWO\�
PRGHOLQJ�WKH�EXIIHU�OD\HU�DV�D�FRQWUROODEOH�GHVLJQ�SDUDPHWHU�DQG�
FRPSDUDWLYHO\ DVVHVVLQJ LWV SHUIRUPDQFH DFURVV GLVWLQFW�
LPSURYHPHQW�FRQILJXUDWLRQV�
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7KLV� VHFWLRQ� SUHVHQWV� WKH� IXQGDPHQWDO� QXPHULFDO� IUDPHZRUN�

DGRSWHG� WR� VLPXODWH� WKH� VHLVPLF� UHVSRQVH� RI� WKH� URFNLQJ�
IRXQGDWLRQ V\VWHP� 7KH JRYHUQLQJ HTXDWLRQV� FRQVWLWXWLYH�
UHODWLRQVKLSV�� FRQWDFW� IRUPXODWLRQV�� DQG� QXPHULFDO� VWDELOLW\�
FULWHULD� DUH� RXWOLQHG� WR� HVWDEOLVK� WKH� WKHRUHWLFDO� EDVLV� RI� WKH�
PRGHOLQJ� DSSURDFK�� 3DUWLFXODU� HPSKDVLV� LV� SODFHG� RQ� FDSWXULQJ�
QRQOLQHDU� VRLO� EHKDYLRU� DQG� LQWHUIDFH� PHFKDQLFV�� ZKLFK� DUH�
FULWLFDO� WR WKH DFFXUDWH UHSUHVHQWDWLRQ� RI� URFNLQJ�LQGXFHG�
UHVSRQVH��7KH�VHLVPLF�UHVSRQVH�RI�WKH�URFNLQJ�IRXQGDWLRQ�V\VWHP�
LV� LQYHVWLJDWHG XVLQJ� D� WKUHH�GLPHQVLRQDO� QRQOLQHDU� ILQLWH�
GLIIHUHQFH IUDPHZRUN� 7KH QXPHULFDO IRUPXODWLRQ LV�
LPSOHPHQWHG� LQ�)/$&�'�9���� �,WDVFD���������ZKLFK�VROYHV� WKH�
G\QDPLF� HTXLOLEULXP� HTXDWLRQV� LQ� DQ� H[SOLFLW� WLPH�PDUFKLQJ�
VFKHPH�� 7KLV� DSSURDFK� LV� SDUWLFXODUO\� VXLWDEOH� IRU� SUREOHPV�
LQYROYLQJ� ODUJH� GHIRUPDWLRQ�� QRQOLQHDU� PDWHULDO� EHKDYLRU�� DQG�
FRPSOH[� VRLO±VWUXFWXUH� LQWHUDFWLRQ� �66,��� DOO� RI� ZKLFK� DUH�
LQKHUHQW� WR�URFNLQJ�V\VWHPV�VXEMHFWHG� WR�VHLVPLF�H[FLWDWLRQ��7KH�
JRYHUQLQJ� G\QDPLF� HTXLOLEULXP� HTXDWLRQ� IRU� D� GHIRUPDEOH�
FRQWLQXXP�LQ�LQFUHPHQWDO�IRUP�FDQ�EH�H[SUHVVHG�DV��

b u&&Ñ× + = ���s r r
ZKHUH�ı�LV�WKH�&DXFK\�VWUHVV�WHQVRU��ȡ�LV�WKH�PDVV�GHQVLW\��E�LV�

WKH�ERG\�IRUFH�YHFWRU��DQG���GHQRWHV�WKH�DFFHOHUDWLRQ�YHFWRU��7KH�
OHIW�KDQG� VLGH� UHSUHVHQWV� LQWHUQDO� DQG� H[WHUQDO� IRUFHV�� ZKLOH� WKH�
ULJKW�KDQG�VLGH�DFFRXQWV�IRU�LQHUWLDO�HIIHFWV��,Q�WKH�H[SOLFLW� ILQLWH�
GLIIHUHQFH�VFKHPH��DFFHOHUDWLRQV�DUH�REWDLQHG�GLUHFWO\�IURP�IRUFH�
LPEDODQFH�DW�HDFK�WLPH�VWHS��DQG�YHORFLWLHV�DQG�GLVSODFHPHQWV�DUH�
XSGDWHG�DFFRUGLQJO\��7R�HQVXUH�QXPHULFDO�VWDELOLW\�LQ�WKH�H[SOLFLW�
IRUPXODWLRQ�� WKH� WLPH� VWHS�PXVW� VDWLVI\� WKH�&RXUDQW±)ULHGULFKV±�
/HZ\��&)/��FRQGLWLRQ�
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ZKHUH� O LV� WKH� VPDOOHVW� HOHPHQW� GLPHQVLRQ�� F� LV� WKH� ZDYHPLQ
SURSDJDWLRQ�YHORFLW\�LQ�WKH�PHGLXP��.�LV�WKH�EXON�PRGXOXV�DQG�*�
LV� WKH� VKHDU� PRGXOXV�� 7KLV� FULWHULRQ� JRYHUQV� WKH� PD[LPXP�
DOORZDEOH� WLPH� LQFUHPHQW� DQG� GLUHFWO\� LQIOXHQFHV� FRPSXWDWLRQDO�
FRVW� DQG� VWDELOLW\�� 7KH� VRLO� EHKDYLRU� LV� UHSUHVHQWHG� XVLQJ� WKH�
0RKU±&RXORPE�HODVWRSODVWLF�FRQVWLWXWLYH�PRGHO��7KH�VKHDU�\LHOG�
IXQFWLRQ�LV�GHILQHG�DV�

t sn fWDQsf� = - c�- ���

ZKHUH� Ĳ� LV� WKH� VKHDU� VWUHVV�� F� LV� FRKHVLRQ�� ıQ� LV� WKH� QRUPDO�
VWUHVV� RQ� WKH� IDLOXUH� SODQH�� DQG� �ࢥ LV� WKH� LQWHUQDO� IULFWLRQ� DQJOH��
<LHOGLQJ� RFFXUV� ZKHQ� IV ��� 7KLV� PRGHO� FDSWXUHV� WKH� SULPDU\�
IHDWXUHV�RI�JUDQXODU�VRLO�UHVSRQVH��LQFOXGLQJ�IULFWLRQDO�UHVLVWDQFH�
DQG� VKHDU�LQGXFHG� SODVWLF� IORZ�� 7KH� HODVWLF� UHVSRQVH� SULRU� WR�
\LHOGLQJ�IROORZV�+RRNH¶V�ODZ�IRU�LVRWURSLF�PDWHULDOV�

ij ijkl� e kl= D × ���s

ZKHUH�' LV� WKH� IRXUWK�RUGHU� HODVWLF� VWLIIQHVV� WHQVRU�� DQGLMNO İNO
LV�WKH�VWUDLQ�WHQVRU��)RU�LVRWURSLF�FRQGLWLRQV��WKH�HODVWLF�FRQVWDQWV

DUH�GHILQHG�E\�<RXQJ¶V�PRGXOXV��(��DQG�3RLVVRQ¶V�UDWLR��Ȟ���ZLWK�
WKH�*� JLYHQ� E\�*�  �(������ Ȟ��� 7KHVH� UHODWLRQV� JRYHUQ� WKH� SUH��
\LHOG�VWLIIQHVV�RI�ERWK�WKH�IRXQGDWLRQ�VRLO�DQG�WKH�EXIIHU�OD\HU��

5RFNLQJ� EHKDYLRU� LV� FKDUDFWHUL]HG� E\� SDUWLDO� XSOLIW� DQG�
URWDWLRQ�RI�WKH�IRRWLQJ��7KH�PRELOL]HG�PRPHQW�FDSDFLW\�RI�D�ULJLG�
VTXDUH� IRRWLQJ� VXEMHFWHG� WR�YHUWLFDO� ORDG�9�FDQ�EH� H[SUHVVHG� LQ�
VLPSOLILHG� IRUP� DV�0�  �9ᄹH� ZKHUH� H� LV� WKH� HFFHQWULFLW\� RI� WKH�
UHVXOWDQW� YHUWLFDO� ORDG� IURP� WKH� IRRWLQJ� FHQWHU�� 8SOLIW� LQLWLDWHV�
ZKHQ� H� �� %���� ZLWK� %� GHQRWLQJ� IRRWLQJ� ZLGWK�� 7KLV� JHRPHWULF�
QRQOLQHDULW\� LV� H[SOLFLWO\� FDSWXUHG� LQ� WKH� QXPHULFDO� PRGHO�
WKURXJK� FRQWDFW� VHSDUDWLRQ� DQG� VWUHVV� UHGLVWULEXWLRQ�� (QHUJ\�
GLVVLSDWLRQ� GXULQJ� URFNLQJ� LV� TXDQWLILHG� WKURXJK� K\VWHUHWLF�
GDPSLQJ��FRPSXWHG�DV�WKH�DUHD�HQFORVHG�E\�WKH�PRPHQW±URWDWLRQ�
ORRS�

ò
ZKHUH�0� LV� WKH� URFNLQJ�PRPHQW� DQG�ș� LV� WKH� URWDWLRQ�DQJOH��

/DUJHU� ORRS� DUHDV� FRUUHVSRQG� WR� LQFUHDVHG� HQHUJ\� GLVVLSDWLRQ�
WKURXJK�VRLO�\LHOGLQJ��7KH�UHFHQWHULQJ�UDWLR�5U� LV�GHILQHG�DV�

= qEd M d ���

Rr� = - �����
qPD[�

ZKHUH� ș� LV� UHVLGXDO� URWDWLRQ� DQG� ș LV� SHDN� URWDWLRQ�� 7KLV

qr

U PD[
SDUDPHWHU� SURYLGHV� D� TXDQWLWDWLYH� PHDVXUH� RI� SRVW�HDUWKTXDNH�
VWDELOLW\�� 3ULRU� WR� SUHVHQWLQJ� WKH� DGRSWHG� SDUDPHWHUV�� LW� LV�
HVVHQWLDO� WR� FODULI\� WKDW� WKH� PDWHULDO� SURSHUWLHV� DUH� VHOHFWHG� WR�
UHSUHVHQW� W\SLFDO� VRIW� JUDQXODU� GHSRVLWV� LPSURYHG� E\� MHW� JURXW�
HOHPHQWV�� 7KH� SDUDPHWHUV� UHIOHFW� VWUHVV�GHSHQGHQW� VWLIIQHVV� DQG�
PRGHUDWH�IULFWLRQDO�VWUHQJWK��FRQVLVWHQW�ZLWK�ILHOG�VFDOH�EHKDYLRU��
7KH�VWUXFWXUDO�FRPSRQHQWV�DUH�PRGHOHG�DV�OLQHDU�HODVWLF�PDWHULDOV�
ZLWK�KLJK�VWLIIQHVV�WR�HQVXUH� WKDW�QRQOLQHDU� UHVSRQVH� LV�FRQILQHG�
WR� WKH� VRLO� GRPDLQ�� 7KH� DGRSWHG� SURSHUWLHV� DUH� VXPPDUL]HG� LQ�
7DEOH����

7KH� VRIW� VRLO� OD\HU� H[KLELWV� UHODWLYHO\� ORZ� VWLIIQHVV� DQG�
VWUHQJWK�� IDFLOLWDWLQJ�QRWLFHDEOH� SODVWLF� GHIRUPDWLRQ�XQGHU�F\FOLF�
ORDGLQJ��7KH�EXIIHU�VDQG�SRVVHVVHV�VOLJKWO\�KLJKHU�IULFWLRQ�DQJOH�
EXW� PRGHUDWH� VWLIIQHVV� WR� HQDEOH� VWUHVV� UHGLVWULEXWLRQ� ZLWKRXW�
H[FHVVLYH� VWUHVV� FRQFHQWUDWLRQ�� -HW� JURXW� HOHPHQWV� DUH� DVVLJQHG�
VLJQLILFDQWO\� KLJKHU� VWLIIQHVV� WR� VLPXODWH� ULJLG� LPSURYHPHQW�
LQFOXVLRQV��6WUXFWXUDO�HOHPHQWV�DUH�PRGHOHG�HODVWLFDOO\�WR� LVRODWH�
VRLO�FRQWUROOHG� QRQOLQHDU� UHVSRQVH�� &RQWDFW� LQWHUDFWLRQ� EHWZHHQ�
WKH�IRRWLQJ�DQG�WKH�XQGHUO\LQJ�VRLO�RU�EXIIHU�OD\HU�LV�JRYHUQHG�E\�
LQWHUIDFH�HOHPHQWV�WKDW�DOORZ�VHSDUDWLRQ�DQG�VOLGLQJ��7KH�QRUPDO�
DQG�VKHDU�FRQWDFW�VWUHVVHV�VDWLVI\�

s t sn d³ £ ����� WDQn

ZKHUH� į� LV� WKH� LQWHUIDFH� IULFWLRQ� DQJOH�� 7KLV� IRUPXODWLRQ�
SHUPLWV� XSOLIW� ZKHQ� FRPSUHVVLYH� VWUHVV� YDQLVKHV� DQG� FRQWUROV�
VKHDU� WUDQVIHU� GXULQJ� URFNLQJ� F\FOHV�� %RXQGDU\� FRQGLWLRQV� DUH�
VHOHFWHG� WR�PLQLPL]H�ZDYH� UHIOHFWLRQ�DQG�DUWLILFLDO�FRQILQHPHQW��
/DWHUDO� ERXQGDULHV� DUH� WUHDWHG� ZLWK� YLVFRXV� GDVKSRWV� EDVHG� RQ�
/\VPHU±.XKOHPH\HU�DEVRUELQJ�ERXQGDULHV��GHILQHG�DV��

c c A c css An p sr r= DQG = ���

ZKHUH�F� DQG�FV� DUH�GDVKSRW�FRHIILFLHQWV�LQ�QRUPDO�DQG�VKHDUQ
GLUHFWLRQV�� F DQG� FVV GHQRWH� FRPSUHVVLRQ� DQG� VKHDU� ZDYHS
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YHORFLWLHV�� DQG� $� LV� WKH� ERXQGDU\� DUHD�� 7KHVH� ERXQGDULHV�
HIIHFWLYHO\� DEVRUE� RXWJRLQJ� ZDYHV� GXULQJ� G\QDPLF� H[FLWDWLRQ��
3ULRU� WR� G\QDPLF� H[FLWDWLRQ�� WKH� LQLWLDO� VWUHVV� VWDWH� RI� WKH� VRLO�
GRPDLQ� LV� HVWDEOLVKHG� WKURXJK� JUDYLW\� ORDGLQJ� XQGHU� VWDWLF�
HTXLOLEULXP� FRQGLWLRQV�� 7KH� LQ�VLWX� YHUWLFDO� HIIHFWLYH� VWUHVV� LV�
FRPSXWHG�DV�


v�= ����zs g

ZKHUH�Ȗ� LV� WKH�XQLW�ZHLJKW�RI� VRLO� DQG�]� LV�GHSWK��7KH� LQLWLDO�
KRUL]RQWDO� VWUHVV� LV� GHILQHG� XVLQJ� WKH� DW�UHVW� HDUWK� SUHVVXUH
FRHIILFLHQW��.� �����VLQ��6�ࢥ�R� S�
�= ����

h � 
v
� = ����Ks s

7KLV� LQLWLDOL]DWLRQ� HQVXUHV� UHDOLVWLF� VWUHVV�GHSHQGHQW� VWLIIQHVV�
GLVWULEXWLRQ� SULRU� WR� VHLVPLF� ORDGLQJ�� 0DWHULDO� GDPSLQJ� LV�
LQFRUSRUDWHG� XVLQJ�5D\OHLJK� GDPSLQJ� LQ� WKH� VPDOO�VWUDLQ� HODVWLF�
UDQJH� WR� FRQWURO� KLJK�IUHTXHQF\� QXPHULFDO� RVFLOODWLRQV�� 7KH�
5D\OHLJK�GDPSLQJ�PDWUL[�LV�H[SUHVVHG�DV��

C M Ka b= + �����

ZKHUH�0�DQG�.�DUH�WKH�PDVV�DQG�VWLIIQHVV�PDWULFHV��DQG�Į�DQG�
ȕ�DUH�PDVV��DQG�VWLIIQHVV�SURSRUWLRQDO�GDPSLQJ�FRHIILFLHQWV��7KH�
GDPSLQJ�UDWLR�ȟ�DW�D�FLUFXODU�IUHTXHQF\�Ȧ�LV�GHILQHG�DV�

��
7KH�FRHIILFLHQWV� DUH�FDOLEUDWHG� WR�SURYLGH�DSSUR[LPDWHO\����

GDPSLQJ� ZLWKLQ� WKH� GRPLQDQW� IUHTXHQF\� UDQJH� RI� WKH� LQSXW�
PRWLRQ� 0HVK GLVFUHWL]DWLRQ LV VHOHFWHG EDVHG RQ ZDYH�
SURSDJDWLRQ� UHTXLUHPHQWV�� 7KH� PD[LPXP� HOHPHQW� VL]H� ǻO�
VDWLVILHV�

ç ÷
è ø
æ ö+

=
bw

w
a

x
����

���

ZKHUH� Ȝ LV� WKH� PLQLPXP�ZDYHOHQJWK� DVVRFLDWHG� ZLWK� WKH

lPLQDl�£ ����

PLQ�
KLJKHVW� VLJQLILFDQW� IUHTXHQF\� FRPSRQHQW� RI� WKH� LQSXW� PRWLRQ��
5HILQHPHQW�LV�FRQFHQWUDWHG�QHDU�WKH�VRLO±IRXQGDWLRQ�LQWHUIDFH�WR�
DFFXUDWHO\ FDSWXUH VWUHVV JUDGLHQWV DQG XSOLIW EHKDYLRU��
6HQVLWLYLW\� DQDO\VHV� FRQILUP� WKDW� IXUWKHU� UHILQHPHQW� SURGXFHV�
QHJOLJLEOH YDULDWLRQ LQ URWDWLRQ DPSOLWXGH ������ 3ODVWLF�
FRUUHFWLRQ� LQ� WKH� 0RKU±&RXORPE� PRGHO� IROORZV� D� UHWXUQ��
PDSSLQJ�DOJRULWKP�WR�HQVXUH�VWUHVV�VWDWHV�UHPDLQ�RQ�RU�ZLWKLQ�WKH�
\LHOG� VXUIDFH��7KH� LQFUHPHQWDO�VWUHVV�XSGDWH� LV�GHFRPSRVHG� LQWR�
HODVWLF SUHGLFWRU DQG SODVWLF FRUUHFWRU VWHSV� PDLQWDLQLQJ�
QXPHULFDO� VWDELOLW\� GXULQJ� F\FOLF� ORDGLQJ� ZLWK� ODUJH� VWUDLQ�
ORFDOL]DWLRQ��

6HWWOHPHQW LV TXDQWLILHG DV WKH SHUPDQHQW YHUWLFDO�
GLVSODFHPHQW� DW� WKH� IRRWLQJ� FHQWURLG� DIWHU� PRWLRQ� FHDVHV� DV�

�r endS� = t � �� 5RWDWLRQ� LV� FRPSXWHG� IURP� GLIIHUHQWLDO� YHUWLFDOw

GLVSODFHPHQW� EHWZHHQ� RSSRVLWH� IRRWLQJ� HGJHV� �
B

q D
=

w ��� 7KHVH

GHILQLWLRQV� HQVXUH� FRQVLVWHQW� FRPSDULVRQ� DFURVV� DOO� SDUDPHWULF�
FDVHV��7R�SURYLGH�JHQHUDOL]HG�LQWHUSUHWDWLRQ�� UHVSRQVH�TXDQWLWLHV�
DUH� DOVR� H[SUHVVHG� LQ� GLPHQVLRQOHVV� IRUP�� 7KH� QRUPDOL]HG�
URWDWLRQ�LV�GHILQHG�DV�

Table 1�0DWHULDO�SURSHUWLHV�XVHG�LQ�WKH�QXPHULFDO�PRGHOV
0DWHULDOV Ȗ��NJ�Pñ� (��03D� Ȟ F��N3D� �R��ࢥ
6RIW�VRLO ���� �� ���� � ���
%XIIHU�VDQG ���� �� ���� � ���
-HW�JURXW�HOHPHQWV ���� ���� ���� � ��
)RRWLQJ
�VWHHO�HTXLYDOHQW� ���� ������ ���� � �
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ZKHUH�6∗ LV�WKH�QRUPDOL]HG�UHVLGXDO�VHWWOHPHQW��GHILQHG�DV�WKH�
UDWLR�RI�SHUPDQHQW�YHUWLFDO�GLVSODFHPHQW�WR�WKH�%��DQG�SURYLGHV�D�
GLPHQVLRQOHVV� PHDVXUH� RI� SRVW�VHLVPLF� VHUYLFHDELOLW\�� ș∗ LV� WKH�
QRUPDOL]HG�URWDWLRQ��H[SUHVVHG�DV� WKH� UDWLR�RI�SHDN� URWDWLRQ�ș� WR�
WKH�XOWLPDWH�URWDWLRQ�FDSDFLW\�ș �L�H���H %�����DQG�UHSUHVHQWV�WKHXOW
PRELOL]HG� URWDWLRQDO�GHPDQG� UHODWLYH� WR� WKH� V\VWHP¶V� WKHRUHWLFDO�
OLPLW��6U� LV�WKH�UHVLGXDO��SHUPDQHQW��YHUWLFDO�VHWWOHPHQW�PHDVXUHG�
DW� WKH� FHQWURLG� RI� WKH� IRRWLQJ� DIWHU� WKH� FHVVDWLRQ� RI� G\QDPLF�
H[FLWDWLRQ�

,,,� 0$7(5,$/6�$1'�0(7+2'6�

7KLV� VHFWLRQ� GHVFULEHV� WKH� PRGHOLQJ� VWUDWHJ\� DGRSWHG� WR�
LPSOHPHQW� WKH�QXPHULFDO� IUDPHZRUN�LQWURGXFHG�SUHYLRXVO\��7KH�
IRFXV� LV� RQ� HQVXULQJ� PHWKRGRORJLFDO� FRQVLVWHQF\� DFURVV� DOO�
VLPXODWHG� FDVHV� ZKLOH� LVRODWLQJ� WKH� LQIOXHQFH� RI� NH\� YDULDEOHV��
QDPHO\� LPSURYHPHQW� FRQILJXUDWLRQ� DQG� EXIIHU� WKLFNQHVV�� 7KH�
DGRSWHG SURFHGXUHV DUH GHVLJQHG WR HQDEOH UHSURGXFLEOH�
VLPXODWLRQV� DQG� GLUHFW� FRPSDULVRQ� RI� UHVSRQVH� PHWULFV� XQGHU�
LGHQWLFDO� ORDGLQJ� FRQGLWLRQV�� 7KH� QXPHULFDO� LQYHVWLJDWLRQ� ZDV�
FRQGXFWHG� WKURXJK� D� VWUXFWXUHG� DQG� UHSURGXFLEOH� PRGHOLQJ�
ZRUNIORZ�WR�HQVXUH�LQWHUQDO�FRQVLVWHQF\�DFURVV�DOO�FRQILJXUDWLRQV�
DQG�WR�LVRODWH�WKH�PHFKDQLFDO�FRQWULEXWLRQ�RI�WKH�VRLO�EXIIHU�OD\HU��
$OO� VLPXODWLRQV� ZHUH� SHUIRUPHG� DW� SURWRW\SH� VFDOH� XVLQJ� WKUHH��
GLPHQVLRQDO QRQOLQHDU ILQLWH GLIIHUHQFH DQDO\VLV� 7KH�
PHWKRGRORJ\ LQWHJUDWHV JHRPHWULF PRGHOLQJ� FRQVWLWXWLYH�
DVVLJQPHQW�� LQWHUIDFH� GHILQLWLRQ�� VWDWLF� LQLWLDOL]DWLRQ�� G\QDPLF�
H[FLWDWLRQ�� SDUDPHWULF� FRQILJXUDWLRQ�� DQG� V\VWHPDWLF� UHVSRQVH�
H[WUDFWLRQ�� 7KH� REMHFWLYH� ZDV� WR� PDLQWDLQ� LGHQWLFDO� PRGHOLQJ�
DVVXPSWLRQV� DFURVV� DOO� FDVHV�� YDU\LQJ� RQO\� WKH� LPSURYHPHQW�
OD\RXW� DQG�EXIIHU� WKLFNQHVV� VR� WKDW�SHUIRUPDQFH� GLIIHUHQFHV�FDQ�
EH�DWWULEXWHG�H[FOXVLYHO\�WR�WKHVH�SDUDPHWHUV�

A. Geometric Configuration
7KH�VRLO�GRPDLQ�ZDV�GHILQHG�DV�D����P�î����P�î���P�WKUHH��

GLPHQVLRQDO� EORFN�� 7KHVH� GLPHQVLRQV� ZHUH� VHOHFWHG� IROORZLQJ�
SUHOLPLQDU\� ERXQGDU\�VHQVLWLYLW\� FKHFNV� WR� HQVXUH� WKDW� ZDYH�
UHIOHFWLRQV� DQG� ERXQGDU\� FRQILQHPHQW� HIIHFWV� GR� QRW� LQIOXHQFH�
WKH�URFNLQJ�UHVSRQVH��7KH�IRRWLQJ�ZDV�SRVLWLRQHG�DW�WKH�FHQWHU�RI�
WKH� GRPDLQ� WR� PDLQWDLQ� V\PPHWULF� ERXQGDU\� GLVWDQFH� LQ� ERWK�
KRUL]RQWDO�GLUHFWLRQV��$� VTXDUH� VKDOORZ� IRRWLQJ�ZLWK�ZLGWK�% ��
P�DQG�WKLFNQHVV�RI���P�ZDV�PRGHOHG�DW�JURXQG�VXUIDFH�ZLWK�]HUR�
HPEHGPHQW�� 7KH� DEVHQFH� RI� HPEHGPHQW� HQVXUHV� WKDW� XSOLIW��
FRQWDFW�PLJUDWLRQ�� DQG� URWDWLRQDO� UHVSRQVH� DUH� JRYHUQHG� VWULFWO\�
E\� URFNLQJ� PHFKDQLFV� UDWKHU� WKDQ� SDVVLYH� FRQILQHPHQW� DORQJ



&LYLO�DQG�*HRHQJLQHHULQJ�/HWWHUV��������������H������ �
KWWSV���GRL�RUJ����������&*(/�����H������

IRRWLQJ� VLGHV�� 7ZR LPSURYHPHQW� OD\RXWV� ZHUH� FRQVLGHUHG�
EHQHDWK�WKH�IRRWLQJ�

� -*��&�� )RXU� GLVFUHWH� MHW� JURXW� SLOHV� ORFDWHG� DW� WKH�
IRRWLQJ�FRUQHUV��

� -*�35�� 7ZR� RUWKRJRQDO� SDLUV� RI� GLDSKUDJP� ZDOOV�
IRUPLQJ�D�FORVHG�JULG�LPSURYHPHQW�V\VWHP�

7KH�HOHPHQW�OHQJWK�RI�DOO�MHW�JURXW�HOHPHQWV�ZDV�IL[HG�DW���P�
LQ� HYHU\� LPSURYHG� PRGHO� WR� HOLPLQDWH� JHRPHWULF� ELDV� LQ�
FRPSDULVRQ��)LJXUH���VKRZV�WKH�RYHUDOO�QXPHULFDO�FRQILJXUDWLRQ�
FRQVLGHUHG� LQ� WKLV� VWXG\��7KH� VSDWLDO� DUUDQJHPHQW�RI� WKH� IRRWLQJ�
DQG� WKH� LPSURYHPHQW� HOHPHQWV� ZLWKLQ� WKH� VRLO� GRPDLQ� LV�
LOOXVWUDWHG��7KH� ILJXUH� SURYLGHV� D� JHQHUDO� YLHZ�RI� WKH�PRGHOLQJ�
VHWXS�DGRSWHG�IRU�WKH�VLPXODWLRQV��

B. Soil Buffer Layer Definition 
7KH�SULPDU\�YDULDEOH�RI� WKH� LQYHVWLJDWLRQ� LV� WKH� LQWHUPHGLDWH�

JUDQXODU� VRLO� OD\HU� LQVHUWHG� EHWZHHQ� WKH� IRRWLQJ� EDVH� DQG� WKH�
LPSURYHPHQW�HOHPHQWV��7KLV�OD\HU�LV�UHIHUUHG�WR�DV�WKH�VRLO�EXIIHU�
�6%���7KUHH�WKLFNQHVV�FRQGLWLRQV�ZHUH�H[DPLQHG�DV��L��6%�����FP�
�GLUHFW� IRRWLQJ±LPSURYHPHQW� FRQWDFW��� �LL�� 6%���� ��� FP� �%�����
DQG� �LLL�� 6%����� ���� FP� �%����� 7KH� 6%�� FDVH� UHSUHVHQWV� ULJLG�
VWUHVV� WUDQVIHU� IURP� IRRWLQJ� WR� LPSURYHPHQW� HOHPHQWV�� ZKLOH�
6%���DQG�6%���� LQWURGXFH� LQFUHDVLQJ�FRPSOLDQFH�DQG�SRWHQWLDO�
VKHDU� UHGLVWULEXWLRQ�ZLWKLQ� WKH� LQWHUIDFH�]RQH��)LJXUH���SUHVHQWV�
WKH�GLIIHUHQW�VRLO�EXIIHU�FRQILJXUDWLRQV�H[DPLQHG�LQ�WKH�DQDO\VLV��
7KH�UHODWLYH�SRVLWLRQ�RI�WKH�EXIIHU�OD\HU�EHWZHHQ�WKH�IRRWLQJ�DQG�
WKH� LPSURYHPHQW� HOHPHQWV� LV� LQGLFDWHG�� 7KH� ILJXUH� VHUYHV� WR�
GLVWLQJXLVK� WKH� 6%��� 6%���� DQG� 6%���� FRQGLWLRQV� XVHG� LQ� WKH�
SDUDPHWULF� VWXG\��7KH� VRIW� VRLO�GHSRVLW� DQG� WKH� VRLO� EXIIHU� OD\HU�
ZHUH� PRGHOHG� XVLQJ� WKH�0RKU±&RXORPE� HODVWRSODVWLF� PRGHO� WR�
FDSWXUH IULFWLRQDO \LHOGLQJ� VKHDU VWUDLQ ORFDOL]DWLRQ� DQG�
LUUHYHUVLEOH� VHWWOHPHQW� DFFXPXODWLRQ�� -HW� JURXW� HOHPHQWV� ZHUH�
PRGHOHG� DV� OLQHDU� HODVWLF� LQFOXVLRQV� ZLWK� KLJK� VWLIIQHVV� WR�
VLPXODWH�FHPHQWHG�VRLO�EHKDYLRU��7KH�IRRWLQJ�DQG�VXSHUVWUXFWXUH�
ZHUH� DVVLJQHG� OLQHDU� HODVWLF� VWHHO�HTXLYDOHQW� SURSHUWLHV� ZLWK�
VXIILFLHQWO\� ODUJH�PRGXOXV�WR�EHKDYH�HIIHFWLYHO\�DV� ULJLG�ERGLHV��
%HIRUH� SUHVHQWLQJ� WKH� DGRSWHG� SURSHUWLHV�� WKUHH� SRLQWV� DUH�
FODULILHG�

� )LUVW�� VRIW� VRLO� SDUDPHWHUV� UHSUHVHQW� ORRVH� JUDQXODU�
GHSRVLWV�ZLWK�PRGHUDWH�IULFWLRQ�DQG�ORZ�VWLIIQHVV�W\SLFDO�
RI�SRRU�VHLVPLF�JURXQG�FRQGLWLRQV��

� 6HFRQG�� WKH� EXIIHU� OD\HU� ZDV� DVVLJQHG� VOLJKWO\� KLJKHU�
IULFWLRQ� DQJOH� EXW� PRGHUDWH� VWLIIQHVV� WR� DOORZ� VKHDU�
UHGLVWULEXWLRQ�ZLWKRXW�EULWWOH�VWUHVV�FRQFHQWUDWLRQ��

� 7KLUG��MHW�JURXW�VWLIIQHVV�ZDV�VHOHFWHG�WR�EH�VLJQLILFDQWO\�
ODUJHU� WKDQ� VXUURXQGLQJ� VRLO� WR� UHSUHVHQW� HIIHFWLYH�
JURXQG�LPSURYHPHQW�

7KH� FRQWUDVW� LQ� VWLIIQHVV� EHWZHHQ� MHW� JURXW� HOHPHQWV� DQG�
VXUURXQGLQJ� VRLO� HQVXUHV� WKDW� ORDG� WUDQVIHU� PHFKDQLVPV� GLIIHU�
EHWZHHQ�6%��DQG�EXIIHU�FDVHV��

C. Mesh Strategy and Interface Modeling 
7KH�GRPDLQ�ZDV�GLVFUHWL]HG�XVLQJ�D� WKUHH�GLPHQVLRQDO� ILQLWH�

GLIIHUHQFH� JULG�� 0HVK� UHILQHPHQW� ZDV� FRQFHQWUDWHG� GLUHFWO\�
EHQHDWK�WKH�IRRWLQJ�DQG�ZLWKLQ�WKH�VRLO�EXIIHU�OD\HU�ZKHUH�VWUHVV�
JUDGLHQWV�DQG�VKHDU�ORFDOL]DWLRQ�DUH�H[SHFWHG�WR�EH�KLJKHVW��$ZD\�
IURP�WKH� IRXQGDWLRQ�]RQH��D�FRDUVHU�JULG�ZDV�DGRSWHG� WR� UHGXFH�
FRPSXWDWLRQDO� HIIRUW�� ,QWHUIDFH� HOHPHQWV�ZHUH� DVVLJQHG� EHWZHHQ

WKH�IRRWLQJ�DQG�WKH�VRLO�EXIIHU�OD\HU��DQG�EHWZHHQ�WKH�EXIIHU�OD\HU�
DQG� WKH� MHW�JURXW�HOHPHQWV��7KHVH� LQWHUIDFHV�DOORZ�FRPSUHVVLRQ��
RQO\� QRUPDO� VWUHVV� WUDQVIHU� DQG� IULFWLRQDO� VOLGLQJ� LQ� VKHDU��
6HSDUDWLRQ� �XSOLIW�� RFFXUV� ZKHQ� QRUPDO� VWUHVV� UHGXFHV� WR� ]HUR��
HQDEOLQJ� UHDOLVWLF� URFNLQJ� DQG� FRQWDFW� DUHD� PLJUDWLRQ�� 3ULRU� WR�
G\QDPLF� ORDGLQJ�� WKH� VRLO� GRPDLQ� ZDV� EURXJKW� WR� VWDWLF�
HTXLOLEULXP� XQGHU� JUDYLW\� ORDGLQJ�� 9HUWLFDO� HIIHFWLYH� VWUHVVHV�
ZHUH� JHQHUDWHG� DFFRUGLQJ� WR� VRLO� XQLW� ZHLJKW�� DQG� KRUL]RQWDO�
VWUHVVHV ZHUH LQLWLDOL]HG XVLQJ� WKH DW�UHVW HDUWK SUHVVXUH�
FRHIILFLHQW� &RQYHUJHQFH ZDV YHULILHG E\ PRQLWRULQJ�
GLVSODFHPHQW� VWDELOL]DWLRQ� DQG� IRUFH� LPEDODQFH�� 7KLV� VWDJH�
HQVXUHV� WKDW� DOO� G\QDPLF� UHVSRQVHV� DUH� PHDVXUHG� UHODWLYH� WR� D�
PHFKDQLFDOO\�FRQVLVWHQW�LQ�VLWX�VWUHVV�ILHOG�

D. Dynamic Loading and Boundary Conditions 
'\QDPLF� H[FLWDWLRQ�ZDV� DSSOLHG� DW� WKH�EDVH� RI� WKH�PRGHO� LQ�

WKH�IRUP�RI�DQ�DUWLILFLDO�KDUPRQLF�DFFHOHUDWLRQ�WLPH�KLVWRU\�ZLWK�D�
SHDN�JURXQG�DFFHOHUDWLRQ��3*$��RI����J��7KH� LQSXW�PRWLRQ�ZDV�
LPSRVHG� DV� D� SUHVFULEHG� DFFHOHUDWLRQ� ERXQGDU\� FRQGLWLRQ� WR�
HQVXUH�XQLIRUP�XSZDUG�SURSDJDWLRQ�RI�VHLVPLF�ZDYHV�WKURXJK�WKH�
VRLO� FROXPQ��$�JUDGXDO�DPSOLWXGH� UDPS�ZDV� LQFRUSRUDWHG� DW� WKH�
EHJLQQLQJ� RI� WKH� UHFRUG� WR� SUHYHQW� VXGGHQ� IRUFH� LPEDODQFH� DQG�
KLJK�IUHTXHQF\ QXPHULFDO QRLVH� WKHUHE\ DOORZLQJ VWDEOH�
PRELOL]DWLRQ� RI� WKH� URFNLQJ�PHFKDQLVP�� 7KH� IUHTXHQF\� FRQWHQW�
RI�WKH�H[FLWDWLRQ�ZDV�VHOHFWHG�WR�IDOO�ZLWKLQ�WKH�UDQJH�FDSDEOH�RI�
DFWLYDWLQJ� VLJQLILFDQW� URWDWLRQDO� GHPDQG� LQ� D� IRRWLQJ� RI� ZLGWK�
% �� P� UHVWLQJ� RQ� VRIW� VRLO�� HQVXULQJ� WKDW� XSOLIW� LQLWLDWLRQ� DQG�
F\FOLF�FRQWDFW�PLJUDWLRQ�FRXOG�IXOO\�GHYHORS�

7R UHGXFH DUWLILFLDO ZDYH UHIOHFWLRQ IURP� WKH PRGHO�
ERXQGDULHV�� YLVFRXV� DEVRUELQJ� �/\VPHU�W\SH�� GDVKSRWV� ZHUH�
DVVLJQHG�DORQJ�WKH� ODWHUDO� IDFHV�RI� WKH�GRPDLQ��7KHVH�DEVRUELQJ�
ERXQGDULHV� VLPXODWH� UDGLDWLRQ� GDPSLQJ� E\� DOORZLQJ� RXWJRLQJ�
VKHDU� DQG� FRPSUHVVLRQ� ZDYHV� WR� GLVVLSDWH� HQHUJ\� DV� WKH\�
SURSDJDWH�WRZDUG�WKH�PRGHO�OLPLWV��7KLV�WUHDWPHQW�DSSUR[LPDWHV�
VHPL�LQILQLWH� VRLO� FRQGLWLRQV� DQG� SUHYHQWV� DPSOLILFDWLRQ� RU�
GLVWRUWLRQ�RI�WKH�G\QDPLF�UHVSRQVH�GXH�WR�ERXQGDU\�FRQILQHPHQW��
7KH� EDVH� ERXQGDU\� ZDV� FRQILJXUHG� WR� WUDQVPLW� WKH� SUHVFULEHG�
PRWLRQ�ZKLOH�PDLQWDLQLQJ� FRPSDWLELOLW\�ZLWK� WKH� DEVRUELQJ� VLGH�
FRQGLWLRQV�� )LJXUH� �� SUHVHQWV� WKH� DGRSWHG� DFFHOHUDWLRQ� WLPH�
KLVWRU\� XVHG� LQ� WKH� VLPXODWLRQV�� 7KH� ZDYHIRUP� GHILQHV� WKH�
H[FLWDWLRQ� DSSOLHG� XQLIRUPO\� WR� DOO� DQDO\]HG� FRQILJXUDWLRQV��
HQVXULQJ� WKDW� REVHUYHG� GLIIHUHQFHV� LQ� UHVSRQVH� DUH� H[FOXVLYHO\�
UHODWHG� WR� LPSURYHPHQW� OD\RXW� DQG� EXIIHU� WKLFNQHVV� UDWKHU� WKDQ�
LQSXW� YDULDELOLW\�� :LWK� WKH� ORDGLQJ� SURWRFRO� DQG� ERXQGDU\�
FRQGLWLRQV�HVWDEOLVKHG��WKH�VWXG\�SURFHHGV�WR�WKH�GHILQLWLRQ�RI�WKH�
SDUDPHWULF�FDVH�PDWUL[�GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQ�

E. Parametric Case Matrix and Response Metrics
7KH� SDUDPHWULF� IUDPHZRUN� RI� WKLV� VWXG\� ZDV� HVWDEOLVKHG� WR�

LVRODWH� WKH� PHFKDQLFDO� LQIOXHQFH� RI� WKH� VRLO� EXIIHU� OD\HU� ZKLOH�
PDLQWDLQLQJ� IXOO� FRQVLVWHQF\� LQ� DOO� RWKHU� PRGHOLQJ� SDUDPHWHUV��
7KH� VLPXODWLRQ� PDWUL[� ZDV� FRQVWUXFWHG� E\� FRPELQLQJ� WKH� WZR�
LPSURYHPHQW� FRQILJXUDWLRQV�� VXFK� DV� -*��&� �IRXU�FRUQHU� MHW�
JURXW� SLOHV�� DQG� -*�35� �GLDSKUDJP�ZDOO� JULG� V\VWHP��� ZLWK� WKH�
WKUHH� EXIIHU� FRQGLWLRQV� 6%��� 6%���� DQG� 6%����� ,Q� DGGLWLRQ�� DQ�
XQLPSURYHG�6RIW�6RLO�PRGHO�ZDV�LQFOXGHG�WR�SURYLGH�D�UHIHUHQFH�
FRQGLWLRQ� UHSUHVHQWLQJ� URFNLQJ� EHKDYLRU� ZLWKRXW� DQ\� JURXQG�
HQKDQFHPHQW�
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Fig. 1 3D model: (a) soil domain and square footing (B = 3 m); (b,c) jet grout layouts (JG-4C, JG-PR)

Fig. 2 Cross-sections of footing configurations: (a,b) SB0, (c,d) SB60, (e,f) SB100
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Fig. 3�$UWLILFLDO�KDUPRQLF�DFFHOHUDWLRQ��3*$� ����J��IRU�G\QDPLF�
ORDGLQJ

Table 2�3DUDPHWULF�FDVH�FRQILJXUDWLRQV
&DVH�,' ,PSURYHPHQW�7\SH %XIIHU�&RQGLWLRQ
6RIW�6RLO 1RQH ��
-*��&�6%� ��FRUQHU�SLOHV ��FP�
-*��&�6%�� ��FRUQHU�SLOHV ���FP�
-*��&�6%��� ��FRUQHU�SLOHV ����FP�
-*�35�6%� 'LDSKUDJP�ZDOOV ��FP�
-*�35�6%�� 'LDSKUDJP�ZDOOV ���FP�
-*�35�6%��� 'LDSKUDJP�ZDOOV ����FP

6HYHUDO� FRQVWUDLQWV� ZHUH� LPSRVHG� WR� SUHVHUYH� FRPSDUDELOLW\�
DFURVV� FDVHV�� )LUVW�� WKH� 6RIW� 6RLO� FRQILJXUDWLRQ� VHUYHV� DV� WKH�
EDVHOLQH� UHIHUHQFH� DJDLQVW� ZKLFK� DOO� LPSURYHG� V\VWHPV� DUH�
HYDOXDWHG� DOORZLQJ GLUHFW TXDQWLILFDWLRQ RI LPSURYHPHQW�
HIILFLHQF\� LQ� WHUPV�RI� URWDWLRQ�FRQWURO�DQG� VHWWOHPHQW� UHGXFWLRQ��
6HFRQG�� WKH� HPEHGPHQW� GHSWK� DQG� JHRPHWULF� GLPHQVLRQV� RI� WKH�
MHW�JURXW�HOHPHQWV�ZHUH�NHSW�LGHQWLFDO�LQ�DOO�LPSURYHG�PRGHOV�WR�
HOLPLQDWH� JHRPHWULF� ELDV�� 7KLUG�� WKH� DSSOLHG� VHLVPLF� H[FLWDWLRQ��
PDWHULDO�SURSHUWLHV��PHVK�GHQVLW\��DQG�ERXQGDU\�FRQGLWLRQV�ZHUH�
KHOG� FRQVWDQW� WKURXJKRXW� WKH� VWXG\�� &RQVHTXHQWO\�� WKH� RQO\�
YDULDEOHV� LQIOXHQFLQJ� WKH� UHVSRQVH� DUH� WKH� LPSURYHPHQW� OD\RXW�
�-*��&� YHUVXV� -*�35�� DQG� WKH� EXIIHU� WKLFNQHVV� �6%��� 6%����
6%������7KLV�VWUXFWXUHG�DSSURDFK�HQDEOHV�FOHDU� LGHQWLILFDWLRQ�RI�
KRZ� LQWHUIDFH� FRPSOLDQFH� PRGLILHV� VWUHVV� WUDQVIHU�� URWDWLRQ�
DPSOLWXGH�� DQG� UHFHQWHULQJ� FDSDFLW\� IRU� GLIIHUHQW� LPSURYHPHQW�
PHFKDQLVPV�� 7KH� FRPSOHWH� VHW� RI� DQDO\]HG� FRQILJXUDWLRQV� LV�
VXPPDUL]HG�LQ�7DEOH����

)RU� HDFK� FDVH� OLVWHG� LQ� 7DEOH� ��� UHVSRQVH� TXDQWLWLHV� ZHUH�
H[WUDFWHG�XVLQJ�D�FRQVLVWHQW�SRVW�SURFHVVLQJ�SURFHGXUH�WR�HQDEOH�
GLUHFW� FURVV�FRPSDULVRQ�� 5RWDWLRQ� �ș�� ZDV� FDOFXODWHG� IURP�
GLIIHUHQWLDO�YHUWLFDO�GLVSODFHPHQW�EHWZHHQ�RSSRVLWH�IRRWLQJ�HGJHV�
GLYLGHG�E\�%��5HVLGXDO�6U�ZDV�GHILQHG�DV�WKH�SHUPDQHQW�YHUWLFDO�
GLVSODFHPHQW� DW� WKH� IRRWLQJ� FHQWURLG� DIWHU� FHVVDWLRQ� RI� VKDNLQJ��

∗1RUPDOL]HG� 6� DQG� ș∗ ZHUH� FRPSXWHG� WR� HQDEOH� GLPHQVLRQOHVV�
FRPSDULVRQ��0RPHQW±URWDWLRQ�K\VWHUHVLV�ORRSV�ZHUH�H[WUDFWHG�WR�
TXDQWLI\� HQHUJ\� GLVVLSDWLRQ�� DQG� UHFHQWHULQJ� SHUIRUPDQFH� ZDV�
HYDOXDWHG XVLQJ UHVLGXDO�WR�SHDN URWDWLRQ UDWLRV� 7KH�
QRUPDOL]DWLRQ�FRQILJXUDWLRQV�DUH�LOOXVWUDWHG�LQ�7DEOH���

,9� 5(68/76�$1'�',6&866,21�

7KLV�VHFWLRQ�SUHVHQWV�D�FRPSDUDWLYH�HYDOXDWLRQ�RI�WKH�VHLVPLF�
UHVSRQVH� DFURVV� DOO� DQDO\]HG� FRQILJXUDWLRQV�� ZLWK� SDUWLFXODU�
HPSKDVLV� RQ� LGHQWLI\LQJ� WKH� UROH� RI� LQWHUIDFH� FRPSOLDQFH� LQ�
PRGLI\LQJ�V\VWHP�EHKDYLRU��7KH�GLVFXVVLRQ�LV�VWUXFWXUHG�WR� ILUVW�
HVWDEOLVK�WKH�EDVHOLQH�UHVSRQVH�RI�WKH�XQLPSURYHG�VRLO�FRQGLWLRQ��
IROORZHG� E\� D� V\VWHPDWLF� DVVHVVPHQW� RI� LPSURYHG� FDVHV� XQGHU�
YDU\LQJ� EXIIHU� WKLFNQHVVHV�� .H\� UHVSRQVH� SDUDPHWHUV�� LQFOXGLQJ�
URWDWLRQ� DPSOLWXGH�� VHWWOHPHQW�� UHFHQWHULQJ� UDWLR�� DQG� HQHUJ\�
GLVVLSDWLRQ�� DUH� LQWHUSUHWHG� LQ� UHODWLRQ� WR� WKH� XQGHUO\LQJ� VRLO±�
VWUXFWXUH� LQWHUDFWLRQ� PHFKDQLVPV�� 7R� HYDOXDWH� WKH� VHLVPLF�
SHUIRUPDQFH� RI� WKH� URFNLQJ� IRXQGDWLRQ� V\VWHP�� WKH� DQDO\VLV�
IRFXVHV�RQ�WZR�IXQGDPHQWDO�UHVSRQVH�UHODWLRQVKLSV��WKH�PRPHQW±�
URWDWLRQ� �0±ș�� EHKDYLRU� DQG� WKH� VHWWOHPHQW±URWDWLRQ� �V±ș��
UHVSRQVH�� 7KHVH� UHODWLRQVKLSV� GLUHFWO\� FDSWXUH� WKH� URWDWLRQDO�
GHPDQG�� ORDG�WUDQVIHU�PHFKDQLVP�� HQHUJ\�GLVVLSDWLRQ��DQG� SRVW��
VHLVPLF�VHUYLFHDELOLW\�RI�WKH�V\VWHP��

,Q�DGGLWLRQ�WR�SHDN�UHVSRQVH�TXDQWLWLHV��SDUWLFXODU�DWWHQWLRQ�LV�
JLYHQ�WR�URWDWLRQ�DPSOLWXGH��UHVLGXDO�VHWWOHPHQW��UHFHQWHULQJ�UDWLR��
DQG� K\VWHUHWLF� HQHUJ\� GLVVLSDWLRQ�� %\� PDLQWDLQLQJ� LGHQWLFDO�
H[FLWDWLRQ�DQG�PRGHOLQJ�FRQGLWLRQV�DFURVV�DOO�FRQILJXUDWLRQV��WKH�
REVHUYHG�GLIIHUHQFHV�LQ�UHVSRQVH�FDQ�EH�DWWULEXWHG�H[FOXVLYHO\�WR�
WKH� LPSURYHPHQW� OD\RXW� DQG� WKH� VRLO� EXIIHU� WKLFNQHVV�� 7KH�
UHVSRQVH�RI�WKH�UHIHUHQFH�6RIW�6RLO�PRGHO�HVWDEOLVKHV�WKH�EDVHOLQH�
EHKDYLRU�RI�D�URFNLQJ�IRRWLQJ�UHVWLQJ�GLUHFWO\�RQ�XQLPSURYHG�VRIW�
JURXQG��$V�LOOXVWUDWHG� LQ�)LJXUH����WKH�0±ș�UHODWLRQVKLS�H[KLELWV�
FKDUDFWHULVWLF 6�VKDSHG K\VWHUHVLV ORRSV DVVRFLDWHG ZLWK�
SURJUHVVLYH� FRQWDFW� PLJUDWLRQ� DQG� SODVWLF� \LHOGLQJ� EHQHDWK� WKH�
FRPSUHVVHG� IRRWLQJ� HGJH�� +RZHYHU�� WKH� FRUUHVSRQGLQJ� V±ș�
UHVSRQVH UHYHDOV� D VHWWOHPHQW�GRPLQDWHG PHFKDQLVP� ZLWK�
FXPXODWLYH� GRZQZDUG� GLVSODFHPHQW� GXULQJ� F\FOLF� URFNLQJ�� 7KH�
PRGHO� UHFRUGV� D� UHVLGXDO� VHWWOHPHQW� RI� ����� FP�� URWDWLRQ�
DPSOLWXGH�RI�������UDG��DQG�D�PD[LPXP�URFNLQJ�PRPHQW�RI������
N1P��7KH�UHODWLYHO\�ORZ�UHFHQWHULQJ�UDWLR����������FRQILUPV�WKDW��
DOWKRXJK� URFNLQJ� LV� DFWLYDWHG�� WKH� VRIW� VRLO� ODFNV� VXIILFLHQW�
VWLIIQHVV� DQG� FRQILQHPHQW� WR� SUHYHQW� VLJQLILFDQW� SHUPDQHQW�
GHIRUPDWLRQ��7DEOH�����

7KH LQWURGXFWLRQ RI MHW JURXW LPSURYHPHQW HOHPHQWV�
VXEVWDQWLDOO\�DOWHUV�WKH�VHWWOHPHQW±URWDWLRQ�FRXSOLQJ��$V�VKRZQ�LQ�
)LJXUH����DOO�LPSURYHG�FRQILJXUDWLRQV�GHPRQVWUDWH�D�SURQRXQFHG�
UHGXFWLRQ� LQ� SHUPDQHQW� VHWWOHPHQW� FRPSDUHG� WR� WKH� 6RIW� 6RLO�
FDVH�� ,Q� SDUWLFXODU�� WKH� GLUHFW�FRQWDFW� FRQILJXUDWLRQV� �6%���
H[KLELW� WKH� ORZHVW� UHVLGXDO� VHWWOHPHQWV�� ZLWK� YDOXHV� RI� ������P�
IRU� -*��&�6%�� DQG� ������ P� IRU� -*�35�6%��� 7KLV� EHKDYLRU� LV�
DWWULEXWHG� WR�GLUHFW�YHUWLFDO� ORDG� WUDQVIHU� IURP�WKH� IRRWLQJ� WR� WKH�
VWLII� MHW� JURXW� LQFOXVLRQV�� WKHUHE\� OLPLWLQJ� FRPSUHVVLYH� VWUDLQ�
GHYHORSPHQW� LQ� WKH� VXUURXQGLQJ� VRIW� VRLO�� :KHQ� D� VRLO� EXIIHU�
OD\HU� LV� LQWURGXFHG� �6%��� DQG� 6%������ UHVLGXDO� VHWWOHPHQW�
LQFUHDVHV� UHODWLYH� WR� 6%�� FDVHV� EXW� UHPDLQV� VLJQLILFDQWO\� ORZHU�
WKDQ� WKDW� RI� WKH� 6RIW� 6RLO� PRGHO�� 7KH� LQFUHDVH� LV� PHFKDQLFDOO\�
FRQVLVWHQW�� WKH� EXIIHU� OD\HU� LQWURGXFHV� FRPSOLDQFH� DW� WKH�
LQWHUIDFH�� SHUPLWWLQJ� GLVWULEXWHG� VKHDU� GHIRUPDWLRQ� EHIRUH� ORDG�
WUDQVIHU� UHDFKHV� WKH� ULJLG� LQFOXVLRQV�� $OWKRXJK� WKLV� PHFKDQLVP�
VOLJKWO\ LQFUHDVHV YHUWLFDO GLVSODFHPHQW� LW VLPXOWDQHRXVO\�
UHGXFHV� VWUHVV� FRQFHQWUDWLRQ� DQG� SURPRWHV� PRUH� VWDEOH� URFNLQJ�
EHKDYLRU�� 7KH� VHWWOHPHQW� WUHQG� WKHUHIRUH� UHIOHFWV� D� FRQWUROOHG�
WUDGH�RII�EHWZHHQ�VWLIIQHVV�DQG�URWDWLRQDO�VWDELOLW\�
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Table 3�1RUPDOL]HG�UHVLGXDO�VHWWOHPHQW�DQG�URWDWLRQ�IRU�GLIIHUHQW�FDVHV
&DVH�,' 1RUPDOL]HG�URWDWLRQ 1RUPDOL]HG�UHVLGXDO�VHWWOHPHQW
6RIW�6RLO ����� �����
-*��&�6%� ����� �����
-*��&�6%�� ����� �����
-*��&�6%��� ����� �����
-*�35�6%� ����� �����
-*�35�6%�� ����� �����
-*�35�6%��� ����� �����

Table 4�6XPPDU\�RI�IRXU�SHUIRUPDQFH�SDUDPHWHUV�RI�WKH�PRGHOV
&DVH�,' 5HFHQWHULQJ�5DWLR 5HVLGXDO�6HWWOHPHQW��P� (QHUJ\�'LVVLSDWLRQ��N-� 5RWDWLRQDO�$PSOLWXGH��UDG�
6RIW�6RLO ����� ����� ����� �����
-*��&�6%� ����� ����� ����� �����
-*��&�6%�� ����� ����� ����� �����
-*��&�6%��� ����� ����� ����� �����
-*�35�6%� ����� ����� ����� �����
-*�35�6%�� ����� ����� ����� �����
-*�35�6%��� ����� ����� ����� �����

�D� �E�
Fig. 4��D��0RPHQW±URWDWLRQ��0±ș��DQG��E��VHWWOHPHQW±URWDWLRQ��V±ș��UHVSRQVHV�RI�WKH�VRIW�VRLO�UHIHUHQFH�PRGHO

Fig. 5�6HWWOHPHQW±URWDWLRQ��V±ș��UHVSRQVHV�IRU�DOO�LPSURYHG�FRQILJXUDWLRQV
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Fig. 6�0RPHQW±URWDWLRQ��0±ș��K\VWHUHVLV�ORRSV�IRU�LPSURYHG�FRQILJXUDWLRQV

7KLV�REVHUYHG�WUDGH�RII�KLJKOLJKWV�WKH�LPSRUWDQFH�RI�LQWHUIDFH�
GHIRUPDELOLW\� LQ� UHJXODWLQJ� WKH� EDODQFH� EHWZHHQ� YHUWLFDO� ORDG�
WUDQVIHU� HIILFLHQF\� DQG� URWDWLRQDO� IOH[LELOLW\�� :KLOH� LQFUHDVHG�
VWLIIQHVV�HQKDQFHV�EHDULQJ�FDSDFLW\�DQG�OLPLWV�VHWWOHPHQW��LW�DOVR�
FRQVWUDLQV� GHIRUPDWLRQ� SDWKZD\V�� OHDGLQJ� WR�PRUH� DEUXSW� VWUHVV�
UHGLVWULEXWLRQ�GXULQJ�URFNLQJ��&RQYHUVHO\��LQWURGXFLQJ�FRQWUROOHG�
FRPSOLDQFH� DOORZV� JUDGXDO� VWUHVV� WUDQVIHU� DQG� UHGXFHV� ORFDOL]HG�
IDLOXUH��WKHUHE\�VWDELOL]LQJ�WKH�URWDWLRQDO�UHVSRQVH��

3HDN� URWDWLRQ� DORQH� FDQ� EH� PLVOHDGLQJ� EHFDXVH� LW� GHSHQGV�
VWURQJO\� RQ� H[FLWDWLRQ� FKDUDFWHULVWLFV�� )RU� WKLV� UHDVRQ�� URWDWLRQ�
DPSOLWXGH� �GLIIHUHQFH� EHWZHHQ� PD[LPXP� SRVLWLYH� DQG� QHJDWLYH�
URWDWLRQ��LV�DGRSWHG�DV�WKH�SULQFLSDO�URWDWLRQDO�GHPDQG�SDUDPHWHU��
7KH�0±ș�UHVSRQVHV�RI�DOO�LPSURYHG�FDVHV�DUH�SUHVHQWHG�LQ�)LJXUH�
��� ,QWHUHVWLQJO\�� WKH� 6%�� FRQILJXUDWLRQV� H[KLELW� KLJKHU� URWDWLRQ�
DPSOLWXGHV� WKDQ� WKH� 6RIW� 6RLO� PRGHO�� 5RWDWLRQ� DPSOLWXGH�
LQFUHDVHV�WR�������UDG�IRU�-*��&�6%��DQG�������UDG�IRU�-*�35��
6%���7KLV�LQFUHDVH�FDQ�EH�H[SODLQHG�PHFKDQLFDOO\��E\�LQFUHDVLQJ�
YHUWLFDO� VWLIIQHVV� DQG� UHGXFLQJ� VHWWOHPHQW�� WKH� V\VWHP�PRELOL]HV�
JUHDWHU� URFNLQJ� PRPHQW� FDSDFLW\�� DOORZLQJ� ODUJHU� URWDWLRQDO�
H[FXUVLRQV� EHIRUH� VLJQLILFDQW� VWUHVV� FRQFHQWUDWLRQ� RFFXUV�� 7KH�
VOLJKWO\�KLJKHU� DPSOLWXGH� LQ� -*��&�6%�� FRPSDUHG�ZLWK� -*�35�

6%��LV�DWWULEXWHG�WR�WKH�GLVFUHWH�QDWXUH�RI�WKH�FRUQHU�SLOHV��ZKLFK�
SURYLGH� IHZHU� FRQWLQXRXV� UHVLVWDQFH� SDWKV� WKDQ� WKH� GLDSKUDJP�
ZDOO�JULG��UHVXOWLQJ�LQ�UHGXFHG�URWDWLRQDO�UHVWUDLQW��

$� GLVWLQFW� WUHQG� HPHUJHV� ZKHQ� WKH� VRLO� EXIIHU� OD\HU� LV�
LQWURGXFHG� ,QFUHDVLQJ EXIIHU WKLFNQHVV UHGXFHV URWDWLRQ�
DPSOLWXGH�� )RU� WKH� -*��&� FRQILJXUDWLRQ�� DPSOLWXGH� GHFUHDVHV�
IURP�������UDG��6%��� WR�������� UDG��6%������$�VLPLODU� WUHQG� LV�
REVHUYHG�IRU�-*�35�PRGHOV��)LJXUH���VXPPDUL]HV�WKH�DPSOLWXGH�
YDULDWLRQ� DFURVV� DOO� FDVHV�� 7KH� UHGXFWLRQ� LQ� DPSOLWXGH� LV�
DFFRPSDQLHG E\ LPSURYHG UHFHQWHULQJ UDWLRV� LQGLFDWLQJ�
HQKDQFHG� SRVW�VHLVPLF� VWDELOLW\�� 7KH� XQGHUO\LQJ� PHFKDQLVP� LV�
DVVRFLDWHG� ZLWK� WKH� ³VRLO�URXQGLQJ´� HIIHFW� DW� WKH� IRRWLQJ±EXIIHU�
LQWHUIDFH�� ,Q� 6%�� FDVHV�� GLUHFW� LPSDFW� EHWZHHQ� WKH� IRRWLQJ� DQG�
ULJLG� MHW� JURXW� HOHPHQWV� JHQHUDWHV� ORFDOL]HG� VWUHVV� FRQFHQWUDWLRQ�
DQG�DEUXSW�FRQWDFW�WUDQVLWLRQV��:LWK�WKH�LQWURGXFWLRQ�RI�D�JUDQXODU�
EXIIHU�OD\HU��FRQWDFW�VWUHVVHV�DUH�UHGLVWULEXWHG�WKURXJK�GLVWULEXWHG�
VKHDU�VWUDLQV�ZLWKLQ�WKH�LQWHUSRVHG�VRLO��OHDGLQJ�WR�VPRRWKHU�VWUHVV�
JUDGLHQWV DQG UHGXFHG RYHUWXUQLQJ WHQGHQF\� $PRQJ WKH�
H[DPLQHG� WKLFNQHVVHV�� 6%��� �%���� SURYLGHV� WKH�PRVW� IDYRUDEOH�
UHFHQWHULQJ�SHUIRUPDQFH�
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Fig. 7�&RPSDULVRQ�RI�URWDWLRQ�DPSOLWXGHV�DQG�UHFHQWHULQJ�UDWLRV�
IRU�DOO�FDVHV

Fig. 8�&RPSDULVRQ�RI�WKH�DPRXQW�RI�GLVVLSDWHG�HQHUJ\�IRU�DOO�
FDVHV�

7KH�-*�35�6%���PRGHO�DFKLHYHV�D�UHFHQWHULQJ�UDWLR�RI��������
LQGLFDWLQJ� QHDU�FRPSOHWH� UHFRYHU\� RI� YHUWLFDO� DOLJQPHQW� HYHQ�
XQGHU� 3*$�  � ���J� H[FLWDWLRQ� 1HLWKHU� 6%�� QRU� 6%����
FRQILJXUDWLRQV� H[FHHG� WKLV� SHUIRUPDQFH� OHYHO�� VXJJHVWLQJ� WKDW�
H[FHVVLYH FRPSOLDQFH �6%���� UHGXFHV HQHUJ\� GLVVLSDWLRQ�
HIILFLHQF\�� ZKHUHDV� ]HUR� FRPSOLDQFH� �6%��� LQFUHDVHV� VWUHVV�
FRQFHQWUDWLRQ��

(QHUJ\�GLVVLSDWLRQ�FDSDFLW\�LV�TXDQWLILHG�E\�WKH�DUHD�HQFORVHG�
ZLWKLQ�WKH�0±ș�K\VWHUHVLV�ORRSV��)LJXUH���LOOXVWUDWHV�WKH�YDULDWLRQ�
RI�GLVVLSDWHG� HQHUJ\� IRU� UHSUHVHQWDWLYH� FRQILJXUDWLRQV��7KH�6%��
FDVHV� GHPRQVWUDWH� WKH� KLJKHVW� HQHUJ\� GLVVLSDWLRQ�� IRU� H[DPSOH��
-*�35�6%��GLVVLSDWHV��������N-�FRPSDUHG�WR��������N-�IRU�-*��
35�6%����� 7KH� ODUJHU� ORRS� DUHD� LQ� 6%�� PRGHOV� UHVXOWV� IURP�
LQWHQVH�ORFDOL]HG�SODVWLF�\LHOGLQJ�DQG�KLJKHU�VWUHVV�FRQFHQWUDWLRQ�
DW�WKH�FRQWDFW�LQWHUIDFH��$V�EXIIHU�WKLFNQHVV�LQFUHDVHV��K\VWHUHVLV�
ORRSV� EHFRPH� QDUURZHU�� 7KLV� UHIOHFWV� WKH� UHGLVWULEXWLRQ� RI�
VWUHVVHV�ZLWKLQ�WKH�JUDQXODU�EXIIHU�OD\HU��ZKLFK�UHGXFHV�ORFDOL]HG�
VWUHVV� FRQFHQWUDWLRQ� DQG� VKLIWV� WKH� GHIRUPDWLRQ� PHFKDQLVP�
WRZDUG�GLVWULEXWHG�VKHDU�VWUDLQ��$OWKRXJK�WKLV�PHFKDQLVP�ORZHUV�
WRWDO� HQHUJ\� GLVVLSDWLRQ�� LW� HQKDQFHV� UHFHQWHULQJ� HIILFLHQF\� DQG�
UHGXFHV� SHDN� URWDWLRQDO� GHPDQG�� 6R�� DQ� LQKHUHQW� EDODQFH� H[LVWV�
EHWZHHQ�HQHUJ\�GLVVLSDWLRQ�DQG�SRVW�VHLVPLF�DOLJQPHQW�VWDELOLW\��

7DEOH� �� VXPPDUL]HV� WKH� SULQFLSDO� UHVSRQVH� PHWULFV� IRU� DOO�
DQDO\]HG� FRQILJXUDWLRQV�� LQFOXGLQJ� UHVLGXDO� VHWWOHPHQW�� URWDWLRQ�
DPSOLWXGH�� UHFHQWHULQJ� UDWLR�� DQG� HQHUJ\� GLVVLSDWLRQ�� 7KLV�
FRPSDUDWLYH RYHUYLHZ KLJKOLJKWV WKH WUDGH�RIIV EHWZHHQ�
VHWWOHPHQW� FRQWURO�� URWDWLRQDO� VWDELOLW\�� DQG� HQHUJ\� GLVVLSDWLRQ�
DFURVV�WKH�SDUDPHWULF�PDWUL[�

9� &21&/86,21�
7KLV� VWXG\� HPSOR\HG� WKUHH�GLPHQVLRQDO� QRQOLQHDU� ILQLWH�

GLIIHUHQFH� DQDO\VLV� LQ� )/$&�'� WR� LQYHVWLJDWH� WKH� VHLVPLF�
EHKDYLRU� RI� D� VTXDUH� URFNLQJ� IRXQGDWLRQ� LQFRUSRUDWLQJ� DQ�
LQWHUPHGLDWH�VRIW�JUDQXODU�VRLO�EXIIHU�OD\HU�SODFHG�DERYH�MHW�JURXW�
LPSURYHPHQW� HOHPHQWV�� 7KH� UHVXOWV� GHPRQVWUDWH� WKDW� LQWHUIDFH�
FRPSOLDQFH�SOD\V�D�GHFLVLYH�UROH�LQ�JRYHUQLQJ�URWDWLRQDO�GHPDQG��
UHFHQWHULQJ� HIILFLHQF\�� VHWWOHPHQW� DFFXPXODWLRQ�� DQG� HQHUJ\�
GLVVLSDWLRQ� XQGHU� VHLVPLF� ORDGLQJ�� 7KH� DQDO\VHV� UHYHDO� WKDW�
LQFUHDVLQJ� JURXQG� VWLIIQHVV� WKURXJK�GLUHFW� IRRWLQJ±LPSURYHPHQW�
FRQWDFW� �6%��� HIIHFWLYHO\� UHGXFHV� VHWWOHPHQW� EXW� PD\� DPSOLI\�
URWDWLRQDO� DPSOLWXGH�� ,Q� FRQWUDVW�� LQWURGXFLQJ� D� VRLO� EXIIHU� OD\HU�
GHFUHDVHV� URWDWLRQ� DPSOLWXGH� DV� EXIIHU� WKLFNQHVV� LQFUHDVHV�� )RU�
H[DPSOH��LQFUHDVLQJ�WKH�EXIIHU�WKLFNQHVV�WR�����FP��%����UHGXFHG�
WKH� URWDWLRQDO� DPSOLWXGH� RI� WKH� -*��&�PRGHO� IURP������� UDG� WR�
������ UDG�� LQGLFDWLQJ� D� VLJQLILFDQW� PLWLJDWLRQ� RI� RYHUWXUQLQJ�
WHQGHQF\� 7KLV WUHQG FRQILUPV WKDW FRQWUROOHG LQWHUIDFH�
FRPSOLDQFH� FDQ� FRXQWHUDFW� WKH� DPSOLILFDWLRQ� RI� URWDWLRQDO�
GHPDQG DVVRFLDWHG ZLWK ULJLG JURXQG LPSURYHPHQW� 7KH�
LPSURYHPHQW� LQ�URWDWLRQDO�VWDELOLW\�LV�DFFRPSDQLHG�E\�HQKDQFHG�
UHFHQWHULQJ� SHUIRUPDQFH�� 7KH� KLJKHVW� UHFHQWHULQJ� UDWLR� ��������
ZDV�DFKLHYHG�LQ�WKH�-*�35�6%���FRQILJXUDWLRQ��FRUUHVSRQGLQJ�WR�
D� EXIIHU� WKLFNQHVV� RI�%����7KLV� SHUIRUPDQFH� LV� DWWULEXWHG� WR� WKH�
³VRLO�URXQGLQJ´� PHFKDQLVP�� ZKHUHE\� WKH� LQWHUSRVHG� JUDQXODU�
OD\HU� UHGLVWULEXWHV� FRQWDFW� VWUHVVHV� WKURXJK� GLVWULEXWHG� VKHDU�
GHIRUPDWLRQ� UDWKHU� WKDQ� ORFDOL]HG VWUHVV� FRQFHQWUDWLRQ� DW� ULJLG�
LQFOXVLRQ� KHDGV�� $PRQJ� WKH� H[DPLQHG� FDVHV�� WKH� %��� WKLFNQHVV�
SURYLGHV� WKH� PRVW� EDODQFHG� EHKDYLRU� LQ� WHUPV� RI� URWDWLRQDO�
FRQWURO�DQG�SRVW�VHLVPLF�DOLJQPHQW��$OWKRXJK�WKH�VRLO�EXIIHU�GRHV�
QRW� RXWSHUIRUP� 6%�� FRQILJXUDWLRQV� LQ� PLQLPL]LQJ� UHVLGXDO�
VHWWOHPHQW��LW�VXEVWDQWLDOO\�UHGXFHV�VHWWOHPHQW�FRPSDUHG�ZLWK�WKH�
XQLPSURYHG� 6RIW� 6RLO� FDVH�� +RZHYHU�� WKLV� LPSURYHPHQW� LV�
DFFRPSDQLHG� E\� D� PRGHUDWH� UHGXFWLRQ� LQ� K\VWHUHWLF� HQHUJ\�
GLVVLSDWLRQ� UHODWLYH� WR� GLUHFW�FRQWDFW� V\VWHPV�� 7KHVH� ILQGLQJV�
LQGLFDWH�WKDW�URFNLQJ�LVRODWLRQ�RQ�LPSURYHG�VRIW�JURXQG�UHTXLUHV�D�
EDODQFH� EHWZHHQ� VHWWOHPHQW� FRQWURO�� URWDWLRQDO� VWDELOLW\�� DQG�
HQHUJ\� GLVVLSDWLRQ�� ZLWK� WKH� EXIIHU� OD\HU� VHUYLQJ� DV� D� WXQDEOH�
GHVLJQ�SDUDPHWHU�WR�RSWLPL]H�RYHUDOO�VHLVPLF�SHUIRUPDQFH�
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7KH� GDWD� VXSSRUWLQJ� WKH� ILQGLQJV� RI� WKLV� VWXG\� DUH� DYDLODEOH� IURP� WKH�
FRUUHVSRQGLQJ�DXWKRU�XSRQ�UHDVRQDEOH�UHTXHVW��1R�SXEOLFO\�DUFKLYHG�GDWDVHW�ZDV�
JHQHUDWHG�
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7KLV� VWXG\� GLG� QRW� LQYROYH� KXPDQ� SDUWLFLSDQWV�� SHUVRQDO� GDWD�� RU� DQLPDO�
VXEMHFWV��1R�VSHFLILF�HWKLFDO�DSSURYDO�ZDV�UHTXLUHG�
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WR� GDWD� FROOHFWLRQ�� SUHSURFHVVLQJ�� DQG� LQWHUSUHWDWLRQ�� DQG� GUDIWHG� WKH� LQLWLDO
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PDQXVFULSW�� SURYLGHG� VXSHUYLVLRQ�� FRQFHSWXDO� JXLGDQFH�� FULWLFDO� UHYLVLRQ� RI� WKH�
PDQXVFULSW��RYHUDOO�SURMHFW�DGPLQLVWUDWLRQ��DQG� ILQDO�DSSURYDO�RI� WKH�PDQXVFULSW�
IRU� SXEOLFDWLRQ�� $OO� DXWKRUV� UHYLHZHG� DQG� DSSURYHG� WKH� ILQDO� YHUVLRQ� RI� WKH�
PDQXVFULSW�
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7KH�DXWKRUV�KDYH�QRW�GLVFORVHG�DQ\�FRPSHWLQJ�LQWHUHVWV�
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PDNLQJ�

23(1�$&&(66�

7KLV�DUWLFOH�LV�GLVWULEXWHG�XQGHU�WKH�WHUPV�RI�WKH�Creative Commons Attribution 
4.0 International License��ZKLFK�DOORZV�XVH��VKDULQJ��DGDSWDWLRQ��GLVWULEXWLRQ��DQG�
UHSURGXFWLRQ�LQ�DQ\�PHGLXP�RU�IRUPDW��SURYLGHG�DSSURSULDWH�FUHGLW�LV�JLYHQ�WR�WKH�
RULJLQDO�DXWKRU�V��DQG�WKH�VRXUFH��$�OLQN� WR�WKH�&UHDWLYH�&RPPRQV� OLFHQVH�PXVW�
DOVR� EH� SURYLGHG�� DQG� DQ\� PRGLILFDWLRQV� VKRXOG� EH� FOHDUO\� LQGLFDWHG�� 8QOHVV�
RWKHUZLVH�QRWHG� LQ�D�FUHGLW� OLQH�� LPDJHV�RU� WKLUG�SDUW\�PDWHULDOV� LQFOXGHG�LQ� WKLV�
DUWLFOH�DUH�FRYHUHG�XQGHU�WKH�DUWLFOH
V�&UHDWLYH�&RPPRQV�OLFHQVH��)RU�PDWHULDO�QRW�
LQFOXGHG� LQ� WKH� OLFHQVH�RU�ZKHUH� VWDWXWRU\�UHJXODWLRQV�GR�QRW� DSSO\�� SHUPLVVLRQ�
PXVW� EH� REWDLQHG� GLUHFWO\� IURP� WKH� FRS\ULJKW� KROGHU�� 7R� YLHZ� WKH� IXOO� OLFHQVH��
YLVLW�KWWS���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�E\�������

Publisher's Note:� 7KLV� MRXUQDO� UHPDLQV� QHXWUDO� ZLWK� UHJDUG� WR� MXULVGLFWLRQDO�
FODLPV�LQ�SXEOLVKHG�PDSV��GDWD��DQG�LQVWLWXWLRQDO�DIILOLDWLRQV�

5()(5(1&(6
$OOPRQG�-�'���.XWWHU�%�/����������'HVLJQ�FRQVLGHUDWLRQV�IRU�URFNLQJ�IRXQGDWLRQV�

RQ� XQDWWDFKHG� SLOHV�� Journal of Geotechnical and Geoenvironmental 
Engineering�� ��������� ���������� KWWSV���GRL�RUJ����������$6&(�*7�������
��������������

$PLUL� $��� +RVVHLQL� 6�0�0�0��� 6RURXVK� $�� �������� ([SHULPHQWDO� VWXG\� RI�
LQIOXHQFLQJ� SLOH� WR� FDS� FRQQHFWLRQV� RQ� WKH� URFNLQJ� EHKDYLRUV� RI� SLOHG�
IRXQGDWLRQV� Scientific Reports� ������ �������
KWWSV���GRL�RUJ���������V����������������[��

$QDVWDVRSRXORV� ,��� *D]HWDV� *��� /ROL� 0��� $SRVWRORX� 0��� *HURO\PRV� 1�� ��������
6RLO� IDLOXUH� FDQ� EH� XVHG� IRU� VHLVPLF� SURWHFWLRQ� RI� VWUXFWXUHV�� Bulletin of 
Earthquake Engineering�� ��� ��������� KWWSV���GRL�RUJ���������V�����������
��������

%LQ� -��� +XDQJ�=���:X� -��� 3DQ� 3��� -LQJ�/�� �������� ,QIOXHQFH�RI� URFNLQJ� VKDOORZ�
IRXQGDWLRQ� SDUDPHWHUV� DQG� DQDO\VLV� RI� VHLVPLF� UHVSRQVH� FKDUDFWHULVWLFV��
Buildings����������������KWWSV���GRL�RUJ���������EXLOGLQJV����������

'HQJ� /��� .XWWHU� %�/��� .XQQDWK� 6�.�� �������� &HQWULIXJH� PRGHOLQJ� RI� EULGJH�
V\VWHPV� GHVLJQHG� IRU� URFNLQJ� IRXQGDWLRQV. Journal of Geotechnical and 
Geoenvironmental Engineering� ������� ���������
KWWSV���GRL�RUJ����������$6&(�*7��������������������

*DMDQ� 6��� .XWWHU� %�/�� �������� &DSDFLW\�� VHWWOHPHQW�� DQG� HQHUJ\� GLVVLSDWLRQ� RI�
VKDOORZ� IRRWLQJV� VXEMHFWHG� WR� URFNLQJ�� Journal of Geotechnical and

Geoenvironmental Engineering� ������� �����������
KWWSV���GRL�RUJ����������$6&(�����������������������������

+DNKDPDQHVKL�0���.XWWHU�%�/�� ��������(IIHFW�RI� IRRWLQJ�VKDSH�DQG�HPEHGPHQW�
RQ� WKH� VHWWOHPHQW�� UHFHQWHULQJ�� DQG� HQHUJ\�GLVVLSDWLRQ� RI� VKDOORZ�IRRWLQJV�
VXEMHFWHG� WR� URFNLQJ�� Journal of Geotechnical and Geoenvironmental 
Engineering�� ��������� ���������� KWWSV���GRL�RUJ����������$6&(�*7�������
��������������

,UDQL� $��� %RQDE� 0�+��� $VVDGL�/DQJURXGL� $��� 0DOHNL� 7DEUL]L� (�� �������� 3RUH��
SUHVVXUH�GHSHQGHQW�SHUIRUPDQFH�RI�URFNLQJ�IRXQGDWLRQV��Soil Dynamics and 
Earthquake Engineering� ���� ��������
KWWSV���GRL�RUJ���������M�VRLOG\Q��������������

,UDQL�$���%RQDE�0�+��� 6DUDQG� )�%���.DWHEL�+�� ��������2YHUDOO� LPSURYHPHQW� RI�
VHLVPLF� UHVLOLHQFH� E\� URFNLQJ� IRXQGDWLRQ� DQG� WUDGH�RII� LPSOLFDWLRQV��
International Journal of Geosynthetics and Ground Engineering������������
KWWSV���GRL�RUJ���������V����������������[��

,UDQL�$�(���%RQDE�0�+���6DUDQG�)�%���.DWHEL�+����������%HKDYLRUDO�HYDOXDWLRQ�RI�
VRLO�EDVHG� URFNLQJ� IRXQGDWLRQV� DJDLQVW� VHLVPLF� ORDGLQJ�� $� UHYLHZ� VWXG\��
Geotechnical Geology������������������

,UDQL� $�(��� %RQDE� 0�+��� 6DUDQG� )�%��� .DWHEL� +�� �������� ,QYHVWLJDWLRQ� RQ� WKH�
EHKDYLRU�RI�EULGJH�SLHUV�FRQVLGHULQJ�URFNLQJ�LVRODWLRQ�FRQVWUXFWHG�RQ�QRQ��
SODVWLF�VLOWV�DQG�VDQGV�XVLQJ��J�VKDNLQJ�WDEOH�WHVWV��Periodica Polytechnica 
Civil Engineering������������������KWWSV���GRL�RUJ���������33FL��������

,WDVFD� ��������Fast Lagrangian Analysis of Continua in 3 Dimensions: User’s 
guide (Version 6.0)��,WDVFD�&RQVXOWLQJ�*URXS��0LQQHDSROLV��

.R�.�:���+D�-�*���3DUN�+�-���.LP�'�6����������&HQWULIXJH�PRGHOLQJ�RI�LPSURYHG�
GHVLJQ� IRU� URFNLQJ� IRXQGDWLRQ� XVLQJ� VKRUW� SLOHV�� Journal of Geotechnical 
and Geoenvironmental Engineering� ������� ����������
KWWSV���GRL�RUJ����������$6&(�*7��������������������

0RUDGL� 0��� +RVVHLQL� 6�0�0�0��� .KH]UL� $�� �������� ,QYHVWLJDWLRQ� RI� URFNLQJ�
PHFKDQLVP�RI�VKDOORZ�IRXQGDWLRQV�RQ�VDQG�YLD�3,9�WHFKQLTXH��Earthquake 
Engineering & Structural Dynamics� ������ �����������
KWWSV���GRL�RUJ���������HTH�������

0RUDGL�0���.KH]UL�$���+RVVHLQL�6�0�0�0���3DUN�+���/HH�'����������([SHULPHQWDO�
LQYHVWLJDWLRQ� RI� HPEHGPHQW� GHSWK� HIIHFWV� RQ� WKH� URFNLQJ� EHKDYLRU� RI�
IRXQGDWLRQV� Geosciences� ������� �����
KWWSV���GRL�RUJ���������JHRVFLHQFHV����������

1LNYDQG�9��� %RQDE�0�+�� �������� 6HLVPLF� UHVSRQVH� DQDO\VLV� RI� WXQQHOV� XVLQJ� D�
FRXSOHG� SRO\JRQDO� ILQLWH� HOHPHQW� PHWKRG�� Civil and Geoengineering 
Letters��������H��������

5DVVRXOSRXU� 6��� 6KLUDYDQG� 0�5��� 6DIL� 0�� �������� (IIHFW� RI� VRLO�VWUXFWXUH�
LQWHUDFWLRQ�RQ�VHLVPLF�EHKDYLRU�RI�VHOI�FHQWHULQJ�URFNLQJ�SLHUV�VXSSRUWHG�RQ�
VKDOORZ� IRXQGDWLRQV�� Soil Dynamics and Earthquake Engineering�� �����
��������KWWSV���GRL�RUJ���������M�VRLOG\Q��������������

6DGMDGL� 0��� )DGDHH� 0��� *KDQQDG� 0�$��� -DKDQNKDK� +�� �������� 6HLVPLF�
SHUIRUPDQFH� RI� GHIRUPDEOH� URFNLQJ� VRLO�VWUXFWXUH� V\VWHPV� VXEMHFWHG� WR�
SXOVH�W\SH� H[FLWDWLRQV�� Journal of Earthquake Engineering�� �������� ������
������KWWSV���GRL�RUJ��������������������������������

;LRQJ�*���:DQJ�)���=KRX�)����������7RUVLRQDO�DQG�URFNLQJ�UHVSRQVH�DQDO\VLV�RI�
IRXQGDWLRQV� VXEMHFWHG� WR� VSDWLDOO\� LQFOLQHG� LQFLGHQW� 69�ZDYHV� FRQVLGHULQJ�
VRLO�QRQOLQHDULW\��Soil Dynamics and Earthquake Engineering���������������
KWWSV���GRL�RUJ���������M�VRLOG\Q�������������




