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Executive Summary 
 

Stormwater runoff from construction sites can transport eroded sediment to nearby water 

bodies degrading water quality and impairing biotic communities.  The use of turbidity as 

measure of the sediment loads leaving construction sites has been of interest in Minnesota and 

elsewhere. The project examined turbidity relationships and monitoring systems to measure 

field turbidity data. Laboratory protocols have been developed herein for studying the factors 

that impact turbidity from construction site soils.  Experimental procedures include the use of 

a rainfall simulator to generate runoff and turbidity values from soils carefully packed in 

appropriate test boxes.  Turbidity characteristics of fourteen different soils in Minnesota were 

investigated using the laboratory protocols.  Trends in turbidity with sediment concentrations 

were well represented by power functions.  The exponent of these power functions was 

relatively constant between soils and the log-intercept, or scaling parameter varied 

substantially among the different soils. Multiple soil properties were evaluated for each soil. 

An extensive regression analysis resulted in a model using percent silt, interrill erodibility, 

and maximum abstraction that best represented the intercept term. A power value of 7/5 was 

chosen to represent all soils. A second laboratory experiment was performed to determine 

how particle settling affects the coefficients of the turbidity -TSS relationship. The scaling 

parameter increased with sediment deposition and the power value decreased.  

 

The field studies were also used to develop turbidity monitoring systems that would be 

adaptable to construction sites and to collect turbidity data on construction site runoff.  Two 

different monitoring systems were developed from this project. The first was a turbidity flume 

designed to monitor turbidity levels from overland flows and the second was designed to 

monitor turbidity values during de-watering activities. Turbidity values were measured at two 

different construction sites. Both turbidity values generated from onsite erosion control 

practices and runoff leaving the construction site were recorded.  Turbidities easily exceeded 

1000 NTUs and often surpassed 3000 NTUs for most of the runoff events recorded. 

 
To better understand the accuracy of turbidity measurements on construction site soils in 

Minnesota a laboratory analysis of five different turbidity sensors on five different soil 

 



 

 

textures was conducted . As expected both differences in soil texture and probe configuration 

impacted the accuracy of the turbidity readings. 
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Chapter 1 
Introduction 

 
Background Information 
�

6WRUPZDWHU�UXQRII�IURP�FRQVWUXFWLRQ�VLWHV�QHHGV�WR�EH�PDQDJHG�WR�DYRLG�XQGHVLUDEOH�RII�VLWH�

LPSDFWV���7KLV�UXQRII�FRQWDLQV�HURGHG�VHGLPHQW�IURP�WKH�H[SRVHG��EDUUHQ�JURXQG�ZKLFK�LV�RIWHQ�

WUDQVSRUWHG�WR�QHDUE\�ZDWHU�ERGLHV�FDXVLQJ�ZDWHU�TXDOLW\�LPSDLUPHQW��GHJUDGLQJ�WKHLU�ELRWLF�

FRPPXQLWLHV�DQG�UHGXFLQJ�WKHLU�FDSDFLW\�WR�VWRUH�ZDWHU�ZLWK�VHGLPHQW�GHSRVLWLRQ���5HGXFLQJ�

WKHVH�QHJDWLYH�LPSDFWV�LV�GHSHQGHQW�RQ�GHWHUPLQLQJ�WKH�PDVV�DQG�FRQFHQWUDWLRQ�RI�HURGHG�

VHGLPHQW�LQ�UXQRII��7KH�TXLFNHVW�DQG�D�FRVW�HIIHFWLYH�PHWKRG�RI�DVVHVVLQJ�WKHVH�LPSDFWV�LV�WR�

PHDVXUH�WKH�WXUELGLW\�RI�WKH�UXQRII��

�

&RQVWUXFWLRQ�VLWHV�E\�QDWXUH�KDYH�WKH�SRWHQWLDO�WR�FUHDWH�KLJK�WXUELGLW\�YDOXHV�UHODWHG�WR�

VXVSHQGHG�VHGLPHQW�ORDGV�GXULQJ�VWRUP�HYHQWV��)RU�H[DPSOH��1&+53��������HVWLPDWHG�WKDW�

XVLQJ�FRQYHQWLRQDO�EHVW�PDQDJHPHQW�SUDFWLFHV�ZRXOG�VWLOO�UHVXOW�LQ�WXUELGLWLHV�RI�����WR������

178¶V�OHDYLQJ�WKH�VLWH��7KLV�LV�VXEVWDQWLDOO\�ODUJHU�WKDQ�VWDQGDUG�VXJJHVWHG�E\�WKH�(3$�

�(QYLURQPHQW�3URWHFWLRQ�$JHQF\��LQ������RI�����1HSKHORPHWULF�7XUELGLW\�8QLWV��178V���2WKHU�

VWDWHV�KDYH�FRQVLGHUHG�LPSOHPHQWLQJ�WXUELGLW\�VWDQGDUGV��&DOLIRUQLD������WR�����178V��*HRUJLD�

���WR�����178V�DQG�UHSRUWDEOH�OLPLWV�RI����178V�LQ�9HUPRQW�DQG�:DVKLQJWRQ����7KH�XVHIXOQHVV�

RI�WXUELGLW\�VWDQGDUGV�UHVWV�XSRQ�WKH�YDOLGLW\�RI�WKH�WXUELGLW\�GDWD�FROOHFWHG�DW�FRQVWUXFWLRQ�VLWHV���

�

7KH�XVH�RI�XVLQJ�PHDVXUHG�WXUELGLW\�GDWD�WR�DFFXUDWHO\�UHSUHVHQW�VHGLPHQW�ORDG�OHDYLQJ�

FRQVWUXFWLRQ�VLWHV�IDFHV�D�QXPEHU�RI�FKDOOHQJHV��([WHQVLYH�YDULDELOLW\�LQ�VRLOV��VORSHV��

FRPSDFWLRQV�DQG�HURVLRQ�FRQWURO�PHWKRGV�LQFUHDVHV�WKH�GLIILFXOW\�RI�FDOLEUDWLQJ�WXUELGLW\�SUREHV�

DQG�LQ�VHOHFWLQJ�VLWHV�IRU�GDWD�FROOHFWLRQ��7KH�UDSLGO\�FKDQJLQJ�FRQGLWLRQV�UHVXOW�LQ�D�PRYLQJ�

WDUJHW�IRU�PRQLWRULQJ�VLWHV��7KH�ORFDWLRQ�RI�URDGV��VWRFN�SLOHV��VHGLPHQW�EDVLQV��FXOYHUW�RXWIDOOV��

DQG�GLWFKHV�FKDQJHV�DV�WKH�FRQVWUXFWLRQ�VLWH�PRYHV�WR�FRPSOHWLRQ���7KH�ORQJ�WHUP�PRQLWRULQJ�

RYHU�WKH�OLIH�RI�WKH�FRQVWUXFWLRQ�SURFHVV�DW�D�VLQJOH�ORFDWLRQ�LV�UDUHO\�SRVVLEOH���&RQVWUXFWLRQ�VLWH�

UXQRII�FDQ�OHDYH�D�VLWH�XVLQJ�D�QXPEHU�RI�GLIIHUHQW�FRQGXLWV�VXFK�DV��FXOYHUWV�RXWIDOOV��GLWFKHV��

VLGH�VORSHV��VWRUP�ZDWHU�SRQG�RYHUIORZV�DQG�GHZDWHULQJ�DFWLYLWLHV��1R�VLQJOH�PRQLWRULQJ�GHVLJQ�

FDQ�ILW�DOO�WKHVH�GLIIHUHQW�ORFDWLRQV�RU�SURFHVVHV��3URSHU�FDOLEUDWLRQ��PDLQWHQDQFH�DQG�LQVWDOODWLRQ�



�
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�

�

SURFHGXUH�DUH�DOVR�LPSRUWDQW�WR�KHOS�UHGXFH�WKH�HIIHFWV�RI�KLJK�WXUELGLW\�YDOXHV�RU�H[FHVVLYH�EHG�

ORDGV�WKDW�FDQ�RYHUZKHOPLQJ�HTXLSPHQW���

�

Measurement of Turbidity  
�

7XUELGLW\�LV�DQ�RSWLFDO�SURSHUW\�RI�ZDWHU�DVVRFLDWHG�ZLWK�WKH�OLJKW�VFDWWHULQJ�SURSHUWLHV�RI�WKH�

SDUWLFOHV�VXVSHQGHG�LQ�ZDWHU��7KLV�PHDVXUHPHQW�FDQ�EH�XVHG�DV�D�VXUURJDWH�WR�GHWHUPLQH�WKH�

FRQFHQWUDWLRQ�RI�VHGLPHQW�LQ�FRQVWUXFWLRQ�VLWH�UXQRII���$�WXUELGLW\�PHWHU�LV�D�GHYLFH�WKDW�LV�

FRPSULVHG�RI�DW�OHDVW�RQH�OLJKW�VRXUFH�DQG�RQH�SKRWR�GHWHFWRU��7KH�OLJKW�VRXUFH�LV�EHDPHG�

WKURXJK�D�VDPSOH��DQG�WKH�OLJKW�LV�VFDWWHUHG�DV�LW�LQWHUDFWV�ZLWK�WKH�SDUWLFOHV�LQ�WKH�ZDWHU�DQG�WKH�

ZDWHU�LWVHOI��7KH�SKRWR�GHWHFWRU�WKHQ�UHDGV�KRZ�PXFK�OLJKW�UHDFKHV�LW�DQG�DW�ZKDW�DQJOH��WKXV�

GHWHUPLQLQJ�WKH�WXUELGLW\�RI�WKH�VDPSOH��7KHUH�DUH�PDQ\�NLQGV�RI�WXUELGLW\�PHWHUV���2QH�RI�WKH�

JRDOV�RI�WKH�SURMHFW�LV�WR�HYDOXDWH�WKH�GLIIHUHQFHV�LQ�PHDVXUHG�WXUELGLW\�REWDLQHG�IURP�WKHVH�

GLIIHUHQW�VHQVRUV���

�

7XUELGLW\�PHWHUV�KDYH�EHHQ�GLIIHUHQW�IHDWXUHV�GHSHQGLQJ�RQ�WKHLU�XVHV��%HQFK�WRS�WXUELGLW\�PHWHUV�

DUH�ODERUDWRU\�EDVHG�PHWHUV�WKDW�PHDVXUH�WKH�WXUELGLW\�RI�JUDE�VDPSOHV�WDNHQ�IURP�WKH�VLWH��7KHUH�

DUH�DOVR�SRUWDEOH�WXUELGLW\�PHWHUV��3RUWDEOH�PHWHUV�PHDVXUH�WKH�WXUELGLW\�RI�JUDE�VDPSOHV��EXW�DUH�

PRUH�GXUDEOH�IRU�WUDYHOOLQJ�DQG�RQ�VLWH�ZHDWKHU�FRQGLWLRQV��7KHUH�DUH�DOVR�WXUELGLW\�PHWHUV�

GHVLJQHG�WR�FRQWLQXRXVO\�PRQLWRU�DQG�UHFRUG�WXUELGLW\�RQ�VLWH��7KHVH�WXUELGLW\�PHWHUV�RQO\�

PHDVXUH�WXUELGLW\�DW�D�SRLQW��DQG�QHHG�WR�EH�SRVLWLRQHG�DW�RSWLPDO�SODFHV�DW�D�VLWH��+RZHYHU��WKH\�

FDSWXUH�WKH�FKDQJHV�LQ�WXUELGLW\�DV�UXQRII�RFFXUV��FUHDWLQJ�D�EHWWHU�WHPSRUDO�UHSUHVHQWDWLRQ�RI�

WXUELGLW\��6DGDU���������

�

7XUELGLW\�PHWHUV�FDQ�KDYH�PDQ\�GLIIHUHQW�OLJKW�SKRWR�GHWHFWRU�VHW�XSV��7KH�8�6��(QYLURQPHQWDO�

3URWHFWLRQ�$JHQF\��(3$���������GHVFULEHV�WKUHH�VWDQGDUG�WXUELGLW\�PHWHUV��$�VWDQGDUG�VLQJOH�

EHDP�WXUELGLW\�PHWHU�LV�FRPSULVHG�RI�RQH�OLJKW�VRXUFH�DQG�RQH�SKRWR�GHWHFWRU�VLWXDWHG�����IURP�

WKH�OLJKW�VRXUFH��7KLV�W\SH�RI�WXUELGLW\�PHWHU�XVHV�D�WXQJVWHQ�ILODPHQW�OLJKW�VRXUFH�WKDW�FDQ�

JHQHUDWH�D�ZLGH�UDQJH�RI�OLJKW�ZDYHOHQJWKV��PHDVXUHV�LQ�QHSKHORPHWULF�WXUELGLW\�XQLWV��178��

GLUHFWO\��DQG�LV�DFFXUDWH�IRU�VDPSOHV�RI�FRORUOHVV�ZDWHU�ZLWK�ORZ�WXUELGLW\��+RZHYHU��WKLV�GHVLJQ�
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�

KDV�PDQ\�OLPLWDWLRQV��7KLV�PHWHU�KDV�D�ORZ�UDQJH�RI�DSSOLFDELOLW\�DQG�QHHGV�IUHTXHQW�FDOLEUDWLRQ�

EHFDXVH�RI�FKDQJHV�LQ�WKH�WXQJVWHQ�ILODPHQW�OLJKW�VRXUFH��

�

$�UDWLR�WXUELGLW\�PHWHU�XVHV�RQH�OLJKW�VRXUFH�DQG�VHYHUDO�SKRWR�GHWHFWRUV�WKDW�GHWHFW�IRUZDUG�

VFDWWHU��WUDQVPLWWHG�OLJKW��EDFNVFDWWHU��DQG�OLJKW�VFDWWHUHG�DW������7KH�OLJKW�VFDWWHU�UHDGLQJV�DUH�

PDWKHPDWLFDOO\�FRPELQHG�WR�GHWHUPLQH�WXUELGLW\�LQ�178¶V��7KLV�OLPLWV�WKH�HIIHFW�RI�ZDWHU�FRORU��

DOORZLQJ�IRU�D�WXUELGLW\�UHDGLQJ�WKDW�EHWWHU�FDSWXUHV�WKH�WXUELGLW\�FDXVHG�E\�WKH�VXVSHQGHG�

SDUWLFOHV�WKHPVHOYHV��7KLV�WXUELGLW\�PHWHU�GHVLJQ�LV�PRUH�DFFXUDWH��EXW�LW�VWLOO�KDV�D�ORZ�178�

UDQJH��$OVR��GHSHQGLQJ�RQ�ZKDW�OLJKW�VRXUFH�LV�XVHG��WKLV�WXUELGLW\�PHWHU�GHVLJQ�PD\�VWLOO�UHTXLUH�

IUHTXHQW�FDOLEUDWLRQ��(3$��������

�

$�PRGXODWHG�IRXU�EHDP�WXUELGLW\�PHWHU�XVHV�WZR�OLJKW�VRXUFHV�DQG�WZR�SKRWR�GHWHFWRUV�DOO�

ORFDWHG�����DURXQG�WKH�VDPSOH�YROXPH�ZLWK�HDFK�OLJKW�VRXUFH�GLUHFWO\�DFURVV�IURP�D�SKRWR�

GHWHFWRU��7KLV�GHVLJQ�DOWHUQDWHV�XVLQJ�HDFK�OLJKW�VRXUFH��PHDVXULQJ�WUDQVPLWWHG�OLJKW�DQG�����

VFDWWHUHG�OLJKW�ZLWK�HDFK�OLJKW�EHDP��7KH�OLJKW�VFDWWHU�UHDGLQJV�DUH�PDWKHPDWLFDOO\�FRPELQHG�

XVLQJ�DQ�DOJRULWKP�WR�GHWHUPLQH�WXUELGLW\�LQ�178¶V��7KLV�DOJRULWKP�XVHV�DQ�HTXDWLRQ�VXFK�WKDW�

WKH�HIIHFW�RI�ZDWHU�FRORU�FRPSOHWHO\�FDQFHOV�RXW��DOORZLQJ�IRU�D�WXUELGLW\�UHDGLQJ�RQO\�EDVHG�RQ�

WKH�HIIHFW�RI�VXVSHQGHG�SDUWLFOHV��7KLV�GHVLJQ�LV�DFFXUDWH�IURP���WR�����178¶V��7KH�178�UDQJH�

IRU�WKLV�W\SH�RI�WXUELGLW\�PHWHU�LV�KLJKHU��EXW�LW�LV�QRW�DV�KLJK�DV�QHHGHG�IRU�FRQVWUXFWLRQ�VLWH�

UXQRII��$OVR��GHSHQGLQJ�RQ�WKH�OLJKW�VRXUFH��LW�PD\�QHHG�IUHTXHQW�FDOLEUDWLRQ��(3$���������

�

%HFDXVH�FRQVWUXFWLRQ�VLWH�UXQRII�FDQ�FRQWDLQ�VLJQLILFDQW�DPRXQWV�RI�HURGHG�VHGLPHQW��WKLV�SURMHFW�

LV�LQWHUHVWHG�LQ�WXUELGLW\�PHWHUV�WKDW�FDQ�UHDG�KLJK�WXUELGLWLHV�XSZDUGV�RI������178��7KLV�UDQJH�

FDQ�EH�DFFRPSOLVKHG�E\�XVLQJ�PXOWLSOH�OLJKW�VRXUFHV�DQG�SKRWR�GHWHFWRUV��GLIIHUHQW�W\SHV�RI�OLJKW�

VRXUFHV��DQG�GLIIHUHQW�WXUELGLW\�PHWHU�WHFKQRORJLHV��$V�VDLG�EHIRUH��WXQJVWHQ�ILODPHQW�OLJKW�

VRXUFHV�KDYH�EHHQ�ZLGHO\�XVHG�EHFDXVH�WKH\�SURGXFH�PDQ\�ZDYHOHQJWKV��EXW�WKLV�VRXUFH�DOVR�KDV�

PDQ\�OLPLWDWLRQV��%HFDXVH�RI�WKLV��WKH\�DUH�PRVW�VXLWDEOH�IRU�ZDWHU�WUHDWPHQW�HIIOXHQW�PRQLWRULQJ�

RU�PRQLWRULQJ�ZDWHU�ZLWK�ORZ�WXUELGLW\��,QIUDUHG�OLJKW�KDV�EHHQ�GHWHUPLQHG�WR�PLQLPL]H�WKH�HIIHFW�

RI�SDUWLFOH�VL]H�DQG�ZDWHU�FRORU�RQ�WXUELGLW\�UHDGLQJV��-DVWUDP��������3DWLO���������+RZHYHU��

DFWXDOO\�DFKLHYLQJ�UHOLDEOH�LQIUDUHG�OLJKW�IURP�D�OLJKW�VRXUFH�FDQ�EH�GLIILFXOW��$QRWKHU�OLJKW�VRXUFH�

WKDW�KDV�EHHQ�H[SORUHG�LV�PRQRFKURPDWLF�OLJKW��0RQRFKURPDWLF�OLJKW�XVHV�D�VPDOO�UDQJH�RI�OLJKW�
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�

ZDYHOHQJWKV��)RU�WKH�EHVW�UHVXOW��WKHVH�ZDYHOHQJWKV�FDQ�EH�FKRVHQ�EDVHG�RQ�KRZ�WKH\�UHDFW�ZLWK�

WKH�VXVSHQGHG�SDUWLFOHV��0RQRFKURPDWLF�OLJKW�LV�QRW�JUHDWO\�DIIHFWHG�E\�ZDWHU�FRORU��EXW�GXH�FDQ�

RIWHQ�SURGXFH�LQDFFXUDWH�UHDGLQJV�EHFDXVH�LW�LV�LQVHQVLWLYH�WR�VPDOO�SDUWLFOHV��2WKHU�WXUELGLW\�

PHWHU�WHFKQRORJLHV�KDYH�EHHQ�UHVHDUFKHG��2QH�VXFK�WHFKQRORJ\�LV�RSWLFDO�ILEHU�VHQVLQJ��(YHQ�

WKRXJK�WKLV�WHFKQRORJ\�LV�VWLOO�EHLQJ�GHYHORSHG��LW�LV�DOUHDG\�IRXQG�WR�KDYH�PDQ\�DGYDQWDJHV�VXFK�

DV�DEVROXWH�PHDVXUHPHQW��H[FHOOHQW�UHVROXWLRQ�DQG�UDQJH��DQG�PRGHVW�FRVW��2PDU�DQG�0DW-DIUL��

��������7KH�ILEHU�RSWLF�VHQVLQJ�WHFKQRORJ\�FXUUHQWO\�LV�QRW�ZLGHO\�DYDLODEOH��

�

$�FRQFHUQ�LQ�FRPSDULQJ�WKH�UHVXOWV�IURP�GLIIHUHQW�PHWHUV�LV�WKHLU�WHFKQLTXH�IRU�PHDVXULQJ�OLJKW�

VFDWWHU��7KLV�LV�D�SUREOHP�EHFDXVH�DQ�178�LV�GHILQHG�E\�PHDVXULQJ�RQO\�OLJKW�VFDWWHUHG�����IURP�

WKH�OLJKW�VRXUFH��$QGHUVRQ���������7KH�DGGLWLRQ�RI�PXOWLSOH�SKRWR�GHWHFWRUV�DQG�DQJOH�

PHDVXUHPHQWV�FDXVH�YDULDQFH�LQ�WXUELGLW\�UHDGLQJV��6RPH�PHWHUV�DUH�GHVLJQHG�WR�PHDVXUH�

DWWHQXDWLRQ��EDFNVFDWWHU��RU�D�FRPELQDWLRQ�RI�PDQ\�DQJOHV��(DFK�RI�WKHVH�LQVWUXPHQWV�GHILQHV�

WXUELGLW\�XVLQJ�D�QHZ�XQLW�DQG�LW�EHFRPHV�LQFUHDVLQJO\�PRUH�GLIILFXOW�WR�FRPSDUH�PHDVXUHPHQWV�

WR�D�178��.QRZLQJ�WKH�VSHFLILFDWLRQV�RI�WKH�PHWHU�EHLQJ�XVHG�DQG�KRZ�LW�LV�VHW�WR�UHSRUW�WXUELGLW\�

LV�HVVHQWLDO�WR�GHWHUPLQLQJ�WKH�DSSOLFDELOLW\�RI�WXUELGLW\�PHDVXUHPHQWV��

�

&DOLEUDWLRQ�LV�LPSRUWDQW�WR�REWDLQ�DFFXUDWH�WXUELGLW\�PHDVXUHPHQWV��&DOLEUDWLRQ�LV�EDVHG�RQ�D����

178�IRUPD]LQ�VROXWLRQ��6DGDU���������)RU�D�WXUELGLW\�PHWHU�WR�EH�DFFXUDWH��LW�QHHGV�WR�EH�

FDOLEUDWHG�ZLWK�D�VROXWLRQ�WKDW�LV�H[SHUWO\�SUHSDUHG��7KH�VOLJKWHVW�PLVWDNH�GXH�WR�EXEEOHV�RU�GLUW\�

JODVVZDUH�FDQ�FDXVH�VLJQLILFDQW�HUURU�LQ�WKH�XVH�RI�WKH�PHWHU��,W�LV�DOVR�HVVHQWLDO�WKDW�PHWHUV�DUH�

IUHTXHQWO\�FDOLEUDWHG�LQ�WKH�ILHOG���7KH\�FDQ�EHFRPH�LQDFFXUDWH�LI�QRW�FDOLEUDWHG�IRU�FRQGLWLRQV�DW�

WKH�FRQVWUXFWLRQ�VLWH��3DWLO�HW�DO�����������&DOLEUDWLRQ�KDV�EHHQ�PDGH�HDVLHU�WKURXJK�WKH�XVH�RI�

VWDQGDUG�VROXWLRQV�DQG�ZHOO�GHILQHG�VSHFLILF�SURFHGXUHV�JLYHQ�IRU�WKH�PHWHUV��

�

Factors Affecting Turbidity 
�

7KH�IDFWRUV�WKDW�DIIHFW�WXUELGLW\�FDQ�EH�EURNHQ�GRZQ�LQWR�WZR�JURXSV��IDFWRUV�UHODWHG�WR�WKH�

VDPSOH�LWVHOI�DQG�IDFWRUV�WLHG�WR�WKH�PHDVXULQJ�GHYLFH��6DPSOH�YDULDELOLW\�LV�PRVW�RIWHQ�FDXVHG�E\�

SDUWLFOH�VL]H��SDUWLFOH�VKDSH��SDUWLFOH�FRORU��ZDWHU�FRORU��DQG�RUJDQLF�PDWWHU��9DULDELOLW\�FDXVHG�E\�
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�

WKH�PHDVXULQJ�GHYLFH�LV�DWWULEXWHG�WR�WKH�DQJOH�RI�GHWHFWLRQ��SKRWR�GHWHFWRUV��LQFLGHQW�OLJKW�EHDP�

ZDYHOHQJWK��DQG�FRORU�VHQVLWLYLW\�RI�WKH�SKRWRFHOO��2PHJD�(QJLQHHULQJ����������

�

3DUWLFOH�VL]H�LPSDFWV�WXUELGLW\�PHDVXUHPHQWV��)RU�SDUWLFOHV�VPDOOHU�WKDQ�WKH�LQFLGHQW�OLJKW¶V�

ZDYHOHQJWK��OLJKW�ZLOO�EH�VFDWWHUHG�LQ�DOO�GLUHFWLRQV��)RU�SDUWLFOHV�ODUJHU�WKDQ�WKH�LQFLGHQW�OLJKW¶V�

ZDYHOHQJWK��OLJKW�ZLOO�EH�VFDWWHUHG�PRVWO\�IRUZDUG��2PDU�DQG�0DW-DIUL���������7KLV�EHFRPHV�

LPSRUWDQW�EHFDXVH�OLJKW�VFDWWHUHG�IRUZDUG�PD\�DSSHDU�WR�EH�WUDQVPLWWHG�DQG�QRW�VFDWWHUHG��

VNHZLQJ�WKH�RYHUDOO�WXUELGLW\�UHDGLQJ��,W�LV�DOVR�LPSRUWDQW�WR�QRWH�WKDW�OLJKW�LV�QRW�VFDWWHUHG�LQ�DOO�

GLUHFWLRQV�HTXDOO\��3DUWLFOHV�ODUJHU�WKDQ�LQFLGHQW�ZDYHOHQJWK��XVXDOO\���PLFURQ��ZLOO�VFDWWHU�OLJKW�

LQ�DOO�GLUHFWLRQV��EXW�SULPDULO\�IRUZDUG��3DUWLFOHV�VPDOOHU�WKDQ���PLFURQ�WHQG�WR�VFDWWHU�OLJKW�LQ�DOO�

GLUHFWLRQV��EXW�LQ�D�SHDQXW�W\SH�VKDSH��3DUWLFOHV�VPDOOHU�WKDQ������PLFURQV�ZLOO�JHQHUDOO\�VFDWWHU�

OLJKW�HYHQO\�LQ�DOO�GLUHFWLRQV��%HFDXVH�SDUWLFOHV�VPDOOHU�WKDQ������PLFURQV�DUH�FRQVLGHUHG�

GLVVROYHG��HYHQ�GLVVROYHG�SDUWLFOHV�KDYH�WKH�FDSDELOLW\�RI�VFDWWHULQJ�OLJKW�WKDW�ZLOO�DIIHFW�WXUELGLW\�

PHDVXUHPHQWV��2PHJD�(QJLQHHULQJ���������0RVW�RI�WKH�PDVV�RI�VHGLPHQW�LQ�D�UXQRII�IURP�D�

FRQVWUXFWLRQ�VLWH�ZLOO�OLNHO\�EH�ODUJHU�WKDQ���PLFURQ��KRZHYHU��GLVVROYHG�SDUWLFOHV�PD\�VWLOO�EH�

SUHVHQW��3DUWLFOH�VL]H�GLVWULEXWLRQV�DUH�LPSRUWDQW�LQ�XQGHUVWDQGLQJ�WXUELGLW\�UHDGLQJV���

�

:KHQ�GHVFULELQJ�WKH�HIIHFWV�RI�VL]H�RQ�VFDWWHUHG�OLJKW��DQ�HTXLYDOHQW�GLDPHWHU�FRUUHVSRQGLQJ�WR�D�

VSKHULFDO�VKDSH�LV�ZLGHO\�XVHG�WR�HVWLPDWH�WKH�VL]H�RI�WKH�SDUWLFOHV��+RZHYHU��WKLV�LV�UDUHO\�DQ�

DFFXUDWH�DVVXPSWLRQ��3DUWLFOHV�WKDW�DUH�VSKHULFDO�ZLOO�SURGXFH�PRUH�SUHGLFWDEOH�OLJKW�VFDWWHULQJ�

SDWWHUQV��,UUHJXODUO\�VKDSHG�SDUWLFOHV��FRUUHVSRQGLQJ�WR�PRVW�VRLO�SDUWLFOHV��ZLOO�SURGXFH�PDQ\�

OLJKW�VFDWWHULQJ�SDWWHUQV��FDXVLQJ�XQSUHGLFWDEOH�HIIHFWV�RQ�WXUELGLW\��2PHJD�(QJLQHHULQJ���������

:KHQ�ZRUNLQJ�ZLWK�FRQVWUXFWLRQ�VLWH�UXQRII��LW�LV�OLNHO\�WKDW�WKH�SDUWLFOHV�ZLOO�EH�LUUHJXODUO\�

VKDSHG���

�

3DUWLFOHV�FDQ�KDYH�D�YDULHW\�RI�GLIIHUHQW�FRORUV��7KHVH�FRORUV�DEVRUE�DQG�VFDWWHU�OLJKW�GLIIHUHQWO\��

,W�LV�LPSRUWDQW�WR�NQRZ�WKH�W\SH�RI�VRLO�WKDW�LV�HURGHG��VR�WKH�VRLOV�FDQ�EH�HYDOXDWHG�IRU�WKHLU�

DEVRUSWLRQ�FDSDELOLWLHV��'DUN�FRORUHG�VHGLPHQW�KDV�WKH�SRWHQWLDO�WR�DEVRUE�OLJKW�FDXVLQJ�OHVV�OLJKW�

WR�UHDFK�WKH�SKRWR�GHWHFWRUV��7KLV�ZLOO�OHDG�WR�KLJKHU�WXUELGLW\�UHDGLQJV��$QGHUVRQ���������

3DUWLFOH�FRORU�LV�DOVR�LPSRUWDQW�ZKHQ�FKRRVLQJ�LQFLGHQW�OLJKW�ZDYHOHQJWKV�EHFDXVH�GLIIHUHQW�

FRORUHG�SDUWLFOHV�ZLOO�DEVRUE�GLIIHUHQW�ZDYHOHQJWKV�RI�OLJKW��7KH�PRUH�UHFHQW�XVH�RI�QHDU�LQIUDUHG�
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OLJKW��ڣ ����QP��VHHPV�WR�OLPLW�SDUWLFOH�FRORU�DIIHFWV��6DGDU��Q�G����)RU�QDWXUDOO\�RFFXUULQJ�VRLOV��

FRORU�YDULDWLRQ�LV�LQHYLWDEOH��DQG�QHHGV�WR�EH�FRQVLGHUHG�ZKHQ�LQWHUSUHWLQJ�WXUELGLW\�GDWD�DQG�

FKRRVLQJ�PHDVXUHPHQW�GHYLFHV��:DWHU�FRORU��PXFK�OLNH�SDUWLFOH�FRORU��VNHZV�WXUELGLW\�UHVXOWV�

EHFDXVH�RI�LWV�DELOLW\�WR�DEVRUE�OLJKW�ZDYHOHQJWKV��7KH�XVH�RI�QHDU�LQIUDUHG�OLJKW�ZLOO�OLPLW�WKHVH�

HIIHFWV�DV�ZHOO���

�

2UJDQLF�PDWWHU�DQG�RUJDQLVPV�DUH�LPSRUWDQW�ZKHQ�PHDVXULQJ�WXUELGLW\�LQ�ODNHV�DQG�VWUHDPV��

2UJDQLF�PDWWHU�KDV�D�KLJKHU�WHQGHQF\�WR�DEVRUE�OLJKW��FDXVLQJ�VNHZHG�WXUELGLW\�PHDVXUHPHQWV�

�$QNFRUQ���������2UJDQLF�PDWWHU�FDQ�DOVR�EH�GLVVROYHG�HDVLHU�LQWR�ZDWHU��FDXVLQJ�ZDWHU�FRORU�WR�

FKDQJH��7KHVH�HIIHFWV�DUH�ODUJHO\�D�FRQFHUQ�ZKHQ�PRQLWRULQJ�ODNHV�DQG�VWUHDPV��&RQVWUXFWLRQ�VLWH�

UXQRII�LV�H[SHFWHG�WR�KDYH�OHVV�RUJDQLF�PDWWHU�DQG�RUJDQLVPV��UHGXFLQJ�SRVVLEOH�HUURU��2WKHU�

VDPSOH�YDULDEOHV�WKDW�FRXOG�DIIHFW�WXUELGLW\�UHDGLQJV�WKDW�KDYH�EHHQ�FRQVLGHUHG�EXW�QRW�

WKRURXJKO\�UHVHDUFKHG�LQFOXGH�ZDWHU�S+��ZDWHU�WHPSHUDWXUH��DQG�SDUWLFOH�PLQHUDO�FRPSRVLWLRQ��

�

7KH�ZDYHOHQJWK�RI�WKH�LQFLGHQW�OLJKW�VRXUFH�LV�YLWDO�LQ�GHWHUPLQLQJ�DFFXUDWH�YDOXHV�RI�WXUELGLW\��

7KH�VL]H�RI�WKH�ZDYHOHQJWK�RI�LQFLGHQW�OLJKW�ZLOO�GHWHUPLQH�WKH�OLJKW�VFDWWHU�SDWWHUQ��$QNFRUQ��

������2PHJD�(QJLQHHULQJ���������$V�SUHYLRXVO\�PHQWLRQHG��SDUWLFOH�VL]H�DQG�LWV�UHODWLRQ�WR�WKH�

VL]H�RI�WKH�OLJKW�ZDYHOHQJWK�FDXVH�GLIIHUHQW�VFDWWHU�SDWWHUQV���,I�ZDYHOHQJWK�LV�YDULHG�EHWZHHQ�

LQVWUXPHQWV��LWV�UHDFWLRQ�WR�GLIIHUHQW�VL]HG�SDUWLFOHV�ZLOO�DOVR�EH�GLIIHUHQW��FDXVLQJ�D�VSHFWUXP�RI�

WXUELGLW\�YDOXHV��:DYHOHQJWK�LV�DOVR�LPSRUWDQW�EHFDXVH�ZDYHOHQJWKV�LQ�WKH�YLVLEOH�OLJKW�VSHFWUXP�

DUH�DEVRUEHG�UHDGLO\�E\�GLIIHUHQW�FRORUHG�ZDWHU�DQG�SDUWLFOHV��'XH�WR�WKLV�SUREOHP��UHVHDUFK�KDV�

FRQFOXGHG�WKDW�LQIUDUHG�RU�QHDU�LQIUDUHG�OLJKW�LV�OHVV�VXVFHSWLEOH�WR�DEVRUSWLRQ��8VLQJ�VXFK�

ZDYHOHQJWKV�ZLOO�OLPLW�YDULDELOLW\��$QNFRUQ���������,Q�JHQHUDO��WKH�QHDUHU�WKH�LQFLGHQW�OLJKW¶V�

FRORU�VSHFWUXP�LV�WR�EHLQJ�D�VLQJOH�ZDYHOHQJWK��WKH�PRUH�FRQVLVWHQW�WKH�OLJKW�VFDWWHU�SDWWHUQV�

�2PHJD�(QJLQHHULQJ���������:KHQ�PRQLWRULQJ�FRQVWUXFWLRQ�VLWH�UXQRII��LW�ZLOO�EH�LPSRUWDQW�WR�

XVH�WXUELGLW\�PHWHUV�WKDW�XVH�WKH�VDPH�ZDYHOHQJWK�OLJKW�UDQJH�VR�WKDW�YDOXHV�DUH�FRPSDUDEOH��

�

9DULDELOLW\�DPRQJ�WXUELGLW\�PHWHUV�LV�ZHOO�NQRZQ��EXW�DGMXVWLQJ�WKHLU�YDOXHV�VR�WKDW�WKH\�

FRUUHVSRQG�WR�DQ\�FRPPRQ�VWDQGDUG�LV�QRW�HDV\��$�WXUELGLW\�PHWHU�LV�PDQXIDFWXUHG�ZLWK�VSHFLILF�

VSHFLILFDWLRQV��OLJKW�VRXUFHV��DQG�SKRWR�GHWHFWRUV��7KHVH�FKDUDFWHULVWLFV�YDU\�DPRQJ�WKH�PHWHUV���
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:KHQ�XVLQJ�D�WXUELGLW\�PHWHU��LW�LV�YLWDO�WR�NQRZ�H[DFWO\�KRZ�WR�FDOLEUDWH�LW��UHDG�PHDVXUHPHQWV��

ZKDW�XQLWV�DUH�XVHG��DQG�ZKDW�IDFWRUV�LQ�WKH�VDPSOH�PD\�DIIHFW�WKH�PHDVXUHPHQWV��

�

Turbidity and Sediment Concentration 
�

7XUELGLW\�LV�RIWHQ�XVHG�DV�D�VXUURJDWH�IRU�VHGLPHQW�FRQFHQWUDWLRQ�RU�WRWDO�VXVSHQGHG�VROLGV��766��

LQ�UXQRII���+RZHYHU��WKH�UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�766�LV�GHSHQGHQW�RQ�VHYHUDO�IDFWRUV���

$V�GLVFXVVHG�LQ�WKH�SUHYLRXV�VHFWLRQ��WXUELGLW\�LV�DIIHFWHG�E\�ZDWHU�FRORU��SDUWLFOH�FRQFHQWUDWLRQ��

WHPSHUDWXUH��DQG�VKDSH��VL]H�DQG�PLQHUDO�FRQFHQWUDWLRQ�RI�VHGLPHQW�SDUWLFOHV�LQ�WKH�ZDWHU�

�3DFNPDQ�HW�DO�����������%HFDXVH�RI�WKHVH�IDFWRUV��LW�EHFRPHV�GLIILFXOW�WR�UHODWH�WXUELGLW\�YDOXHV�WR�

766���

�

+ROOLGD\�HW�DO���������SHUIRUPHG�ODERUDWRU\�UHVHDUFK�WR�ILQG�D�FRUUHODWLRQ�EHWZHHQ�WXUELGLW\�DQG�

766��)URP�PHDVXULQJ�WXUELGLW\�DQG�VHWWOLQJ�WLPHV�RI�ZDWHU�VDPSOHV��WKH\�IRXQG�D�VWURQJ�SRZHU�

UHODWLRQVKLS�DQG�D�SRWHQWLDO�IRU�D�OLQHDU�UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�766��,W�ZDV�IRXQG�WKDW�

WXUELGLW\�WR�766�ZDV�����IRU�VDPSOHV�RI�VLOW�SOXV�FOD\�EXW�ORZHU�IRU�ZKROH�VRLO�VDPSOHV��

5DVPXVVHQ�HW�DO���������WRRN�WKHLU�WXUELGLW\�DQDO\VLV�D�VWHS�IXUWKHU�DQG�EHJDQ�WR�XVH�FRQWLQXRXVO\�

PRQLWRUHG�VWUHDP�IORZ�GDWD�WR�DQDO\]H�WXUELGLW\�DQG�VXVSHQGHG�VHGLPHQW�FRQFHQWUDWLRQ��66&���

7KHLU�H[SHULPHQW�XVHG�VLWH�VSHFLILF�UHJUHVVLRQ�DQDO\VLV�WR�GHYHORS�D�OLQHDU�UHJUHVVLRQ�PRGHO�WR�

FRPSXWH�66&�YDOXHV�EDVHG�RQ�WXUELGLW\�UHDGLQJV��+RZHYHU��WKHLU�DSSURDFK�UHTXLUHG�VDPSOHV�

IURP�HYHU\�VHDVRQ�DQG�RYHU�D�ODUJH�UDQJH�RI�WXUELGLWLHV��2WKHU�SUREOHPV�WKH\�H[SHULHQFHG�ZHUH�

VNHZHG�WXUELGLW\�YDOXHV�EHFDXVH�RI�ODUJH�SDUWLFOHV��EODFN�RU�YHU\�GDUN�FRORUHG�SDUWLFOHV��DQG�

PLFURRUJDQLVPV���-DVWUDP�HW�DO���������XVHG�D�PRUH�FRPSUHKHQVLYH�DSSURDFK�WR�UHODWHG�PHDVXUHG�

WXUELGLW\�LQ�ULYHUV�WR�HVWLPDWH�66&��7KHLU�VWXG\�LQFOXGHG�WKH�XVH�RI�ERWK�XQLYDULDWH�DQG�

PXOWLYDULDWH�DSSURDFKHV�WR�LGHQWLI\�YDULDEOHV�WR�SUHGLFW�66&��,Q�WKH�XQLYDULDWH�DSSURDFK��66&�LV�

RQO\�D�IXQFWLRQ�RI�WXUELGLW\��,Q�WKH�PXOWLYDULDWH�DSSURDFK��66&�LV�D�IXQFWLRQ�RI�VHYHUDO�YDULDEOHV�

VXFK�DV�WXUELGLW\��VWDJH��RUJDQLF�PDWWHU��DQG�ZDWHU�WHPSHUDWXUH���7KHLU�EHVW�UHODWLRQVKLS�IRU�

SUHGLFWLQJ�66&�XVHG�WXUELGLW\�DQG�VWDJH�GHSWK���

�

:KLOH�PXFK�UHVHDUFK�KDV�EHHQ�GRQH�WR�UHODWH�WXUELGLW\�WR�766�LQ�VWUHDPV�DQG�ULYHUV��OHVV�ZRUN�

KDV�EHHQ�GRQH�WR�H[SORUH�WKLV�UHODWLRQVKLS�IRU�UXQRII�IURP�FRQVWUXFWLRQ�VLWHV��7XUELGLW\�LQ�D�
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�

VWUHDP�LV�OLNHO\�FDXVHG�E\�VHGLPHQW��GLVVROYHG�PDWHULDOV��RUJDQLF�PDWWHU��DQG�RUJDQLVPV��5XQRII�

RQ�D�FRQVWUXFWLRQ�VLWH�SULPDULO\�FRQWDLQV�ZDWHU�DQG�VHGLPHQW��0DQ\�RI�WKH�YDULDEOHV�WKDW�DIIHFW�

VWUHDP�WXUELGLW\�FDQ�EH�GLVUHJDUGHG�RQ�FRQVWUXFWLRQ�VLWHV��KRZHYHU��WKH�UHODWLRQVKLS�EHWZHHQ�

WXUELGLW\�DQG�766�LV�VWLOO�FRPSOH[�EHFDXVH�RI�WKH�PDQ\�VRLO�W\SHV�DQG�ODQG�XVHV�DW�FRQVWUXFWLRQ�

VLWHV��3DWLO�HW�DO���������XVHG�D�OLQHDU�UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�766���7KH\�PHDVXUHG�WKH�

WXUELGLW\�DQG�766�RI�VDPSOHV�IRU�GLIIHUHQW�VRLO�W\SHV�DQG�GLIIHUHQW�SDUWLFOH�FODVVHV���)RU�WKHLU�

OLPLWHG�QXPEHU�RI�VDPSOHV��WKH\�IRXQG�WKDW�WKH�WRWDO�WXUELGLW\�FRXOG�EH�REWDLQHG�E\�DGGLQJ�WKH�

LQGLYLGXDO�WXUELGLW\�FRUUHVSRQGLQJ�WR�WKDW�REWDLQHG�IRU�LQGLYLGXDO�SDUWLFOH�VL]H�FODVVHV���

�

5DVPXVVHQ�HW�DO���������UHSRUWHG�WKDW�WKH�UHODWLRQVKLS�EHWZHHQ�178�DQG�766�YDULHV�EHFDXVH�RI�

GLIIHUHQW�PHWHU�FRQILJXUDWLRQV��PHDVXUHPHQW�PHWKRGV��DQG�FRORU�HIIHFWV��&DUHIXO�SODQQLQJ�DQG�

FRQVLGHUDWLRQ�PXVW�WKHUHIRUH�EH�GRQH�WR�GHWHUPLQH�WKH�EHVW�LQVWUXPHQWV�DQG�PHDVXUHPHQW�

PHWKRGV�IRU�D�VSHFLILF�DSSOLFDWLRQ��$IWHU�FKRRVLQJ�DQ�LQVWUXPHQW��LW�LV�DOVR�YLWDO�WKDW�FRQVLVWHQW�

PHDVXUHPHQW�WHFKQLTXHV�EH�XWLOL]HG�VR�WKDW�PHDVXUHPHQWV�FDQ�EH�FRPSDUDEOH��(YHQ�ZLWK�FDUHIXO�

SODQQLQJ�DQG�FRQVLVWHQW�PHDVXUHPHQW��LW�LV�JHQHUDOO\�VWDWHG�WKDW�WXUELGLW\�FDQ�VWLOO�RQO\�EH�

FRQVLGHUHG�D�UHODWLYH�YDOXH��PRUH�XVHIXO�IRU�UHYHDOLQJ�WUHQGV�LQ�LQIRUPDWLRQ��WKDQ�DQ�DEVROXWH�

YDOXH��$QNFRUQ��������2PHJD�(QJLQHHULQJ�����������

�

Scope of Project 
�

(3$�DQG�RWKHU�DJHQFLHV�KDYH�GLVFXVVHG�WKH�SRVVLELOLW\�RI�XVLQJ�WXUELGLW\�DV�DQ�HIIOXHQW�VWDQGDUG�

IRU�FRQVWUXFWLRQ�VLWH���7XUELGLW\�PRQLWRULQJ�KDV�WKH�SRWHQWLDO�WR�EH�H[SHQVLYH�LQ�WHUPV�RI�

HTXLSPHQW�FRVWV�DV�ZHOO�DV�VDODULHV�IRU�SURSHU�LQVWDOODWLRQ�DQG�PDLQWHQDQFH�DQG�IRU�GDWD�

FROOHFWLRQ���7KLV�LV�HVSHFLDOO\�WUXH�IRU�OLQHDU�KLJKZD\�FRQVWUXFWLRQ�SURMHFWV�ZKHUH�WKH�IORZ�LV�

RIWHQ�GLVFKDUJHG�DW�PDQ\�ORFDWLRQV���7KH�RYHUDOO�JRDOV�RI�WKH�UHVHDUFK�DUH�����WR�LQYHVWLJDWH�

WXUELGLW\�UHODWLRQVKLSV�IRU�FRQGLWLRQV�RI�0LQQHVRWD�DQG�����WR�GHYHORS�SURWRFROV�IRU�WKH�GHVLJQ�

DQG�LQVWDOODWLRQ�RI�FRVW�HIIHFWLYH�PRQLWRULQJ�V\VWHPV���7KH�ILUVW�JRDO�LV�DFKLHYHG�E\�UHO\LQJ�

ODUJHO\�RQ�FROOHFWLRQ�RI�GDWD�LQ�D�ODERUDWRU\�VHWWLQJ���&KDSWHUV������DQG���DUH�XVHG�WR�GHVFULEH�WKH�

PHWKRGRORJ\�DQG�DQDO\VLV�RI�WKH�UHVXOWV�IRU�WKH�ODERUDWRU\�FRPSRQHQW�RI�WKH�SURMHFW���7KH�VHFRQG�

JRDO�LV�REWDLQHG�E\�XVLQJ�ERWK�ILHOG�DQG�ODERUDWRU\�GDWD���7KLV�PDWHULDO�LV�FRYHUHG�LQ�&KDSWHUV���

DQG����
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Chapter 2 
Experimental Design of Laboratory Component 

 
Introduction 

�

$Q�LPSRUWDQW�DFWLYLW\�RI�WKLV�VWXG\�LV�WR�GHWHUPLQH�D�JHQHUDO�UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�

766�IRU�0LQQHVRWD�VRLOV�RQ�FRQVWUXFWLRQ�VLWHV���,GHDOO\��WKLV�UHODWLRQVKLS�ZLOO�XWLOL]H�VRLO�

SURSHUWLHV�ZKLFK�FDQ�EH�HDVLO\�GHWHUPLQHG�RQ�D�FRQVWUXFWLRQ�VLWH��6XFK�D�UHODWLRQVKLS�FDQ�SURYLGH�

DQ�HVWLPDWLRQ�RI�WKH�WXUELGLW\�YDOXHV�DQG�VHGLPHQW�ORDGLQJ�IURP�FRQVWUXFWLRQ�VLWHV��,W�DOVR�

SURYLGHV�D�VLPSOH�ZD\�WR�FRPSDUH�WKH�766�ORDGV�RQ�D�VLWH�DQG�WKH�766�ORDGV�FRUUHVSRQGLQJ�WR�D�

SRWHQWLDO�WXUELGLW\�VWDQGDUG��

�

$�PXOWLWXGH�RI�VRLOV�DQG�UXQRII�VDPSOHV�DUH�UHTXLUHG�WR�GHYHORS�D�UHOLDEOH�UHODWLRQVKLS�

EHWZHHQ�WXUELGLW\�DQG�766���%HFDXVH�RI�WKH�YDULDELOLW\�LQ�ZHDWKHU�DQG�H[SHQVH�RI�FROOHFWLQJ�

ILHOG�GDWD��WKH�UHODWLRQVKLS�ZDV�GHYHORSHG�XVLQJ�GDWD�FROOHFWHG�LQ�D�ODERUDWRU\�VHWWLQJ���7KLV�

VHWWLQJ�DOORZHG�XV�WR�FRQWURO�WKH�HQYLURQPHQW�DQG�HQDEOH�XV�WR�D�UHSHDWDEOH�SURFHVV���6\QWKHWLF�

UXQRII�ZDV�FUHDWHG�XVLQJ�D�UDLQIDOO�VLPXODWRU��7KH�H[SHULPHQWDO�PHWKRGV�IRU�WKH�ODERUDWRU\�

VWXG\�DUH�SUHVHQWHG�LQ�&KDSWHU�����7KH�DQDO\VLV�RI�WKH�WXUELGLW\�DQG�766�LV�JLYHQ�LQ�&KDSWHU�����

,Q�DGGLWLRQDO�WR�WKLV�DQDO\VLV��IXUWKHU�DQDO\VLV�RI�WXUELGLW\�GDWD�ZDV�SHUIRUPHG�WR�GHWHUPLQH�WKH�

LPSDFW�RI�SDUWLFOH�VHWWOLQJ�RQ�WKH�WXUELGLW\�DQG�766�UHODWLRQVKLS��7KH�WKHRUHWLFDO�GHYHORSPHQW�

DQG�DQDO\VLV�RI�WKLV�DSSURDFK�LV�JLYHQ�LQ�&KDSWHU�����7KH�WXUELGLW\�IRU�WKLV�SDUW�RI�WKH�VWXG\�

ZDV�REWDLQHG�XVLQJ�WKH�+DFK�����1�EHQFK�WRS�WXUELGLW\�PHWHU��7R�EHWWHU�XQGHUVWDQG�SRWHQWLDO�

HUURUV�ZKHQ�DSSO\LQJ�WKHVH�UHODWLRQVKLSV�WR�ILHOG�WXUELGLW\�PHWHUV��ODERUDWRU\�DQDO\VLV�ZDV�DOVR�

SHUIRUPHG�WR�HYDOXDWH�WKH�GLIIHUHQFHV�LQ�WXUELGLW\�DPRQJ�ILYH�VHQVRUV���7KH�H[SHULPHQWDO�

GHVLJQ�IRU�WKLV�FRPSRQHQW�RI�WKH�VWXG\�LV�JLYHQ�LQ�&KDSWHU�����$QDO\VLV�RI�WKH�UHVXOWV�LV�JLYHQ�

LQ�&KDSWHU�����

�

Soil Acquisition 
�

$�ODUJH�DQG�GLYHUVH�JURXS�RI�VRLO�VDPSOHV�LV�XVHIXO�WR�GHWHUPLQH�WKH�LPSDFW�RI�VRLO�

FKDUDFWHULVWLFV�RQ�WXUELGLW\���:LWK�WKH�DVVLVWDQFH�RI�'ZD\QH�6WHQOXQG�RI�WKH�0LQQHVRWD�

'HSDUWPHQW�RI�7UDQVSRUWDWLRQ�����VRLOV�IURP���FRQVWUXFWLRQ�VLWHV�DURXQG�0LQQHVRWD�ZHUH�



�

���
�

�

DFTXLUHG�IRU�WKH�ODERUDWRU\�VWXG\���)LJXUH�����VKRZV�WKH�ORFDWLRQV�IURP�ZKLFK�WKH�VRLOV�ZHUH�

DFTXLUHG��2I�WKHVH�IRXUWHHQ�VRLOV��HLJKW�RI�WKHP�ZHUH�VXEVRLO�VDPSOHV�DQG�VL[�ZHUH�WDNHQ�IURP�

WKH�WRS�VRLO�DW�WKH�ORFDWLRQV���

�

�

� �

)LJXUH������6RLO�VLWH�ORFDWLRQV�PDUNHG�ZLWK�UHG�VWDUV��

6RLOV�ZHUH�FODVVLILHG�XVLQJ�WKH�86'$�VRLO�WULDQJOH��&RGXWR��<HXQJ��DQG�.LWFK���������7KH�

SHUFHQW�RI�VDQG��VLOW��DQG�FOD\�LQ�HDFK�VRLO�ZDV�GHWHUPLQHG�IURP�D�SDUWLFOH�VL]H�JUDSK�FUHDWHG�

IRU�HDFK�VRLO�IURP�VWDQGDUG�K\GURPHWHU�WHVW�GDWD��2I�WKHVH�VRLOV��DOO�ZHUH�FODVVLILHG�LQ�WKH�ORDP�

IDPLO\��ZLWK�WKH�PRVW�VLJQLILFDQW�SRUWLRQ�EHLQJ�VDQG\�ORDPV��7KH�VRLO�YLVXDO�GHVFULSWLRQV�DQG�

FODVVLILFDWLRQV�FDQ�EH�VHHQ�LQ�7DEOH�����
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�
 

�  
7DEOH������&KDUDFWHULVWLFV�RI�WKH�6RLO��

   y  
� �

Name Type Location Description Classification 
$+�7� 7RSVRLO� $UGHQ�+LOOV��01� 6LOW\��GDUN�FRORUHG�VRLO� 6DQG\�/RDP�

$+�6� 6XEVRLO� $UGHQ�+LOOV��01� 6LOW\��\HOORZ�FRORUHG�VRLO� 6DQG\�/RDP�

&7<����7� 7RSVRLO� 0DQNDWR��01� 6LOW\��GDUN�FRORUHG�VRLO� 6DQG\�/RDP�

&7<����6� 6XEVRLO� 0DQNDWR��01� 6LOW\��\HOORZ�FRORUHG�VRLO� 6DQG\�/RDP�

'XO�7� 7RSVRLO� 'XOXWK��01� 6DQG\��GDUN�FRORUHG�VRLO� /RDP\�6DQG�

'XO�6� 6XEVRLO� 'XOXWK��01� 6LOW\��UHG�FRORUHG�VRLO� 6LOW�/RDP�

+DVW�7� 7RSVRLO� +DVWLQJV��01� 6DQG\��GDUN�FRORUHG�VRLO� /RDP\�6DQG�

+DVW�6� 6XEVRLO� +DVWLQJV��01� 6LOW\��UXVW�FRORUHG�VRLO� 6DQG\�/RDP�

29�7� 7RSVRLO� 2UWRQYLOOH��01� 6LOW\��GDUN�FRORUHG�VRLO�ZLWK�JUDYHO� 6DQG\�/RDP�

29�6� 6XEVRLO� 2UWRQYLOOH��01� 6LOW\��GDUN�FRORUHG�VRLO�ZLWK�JUDYHO� 6LOW�/RDP�

7+����7� 7RSVRLO� 6W��&ORXG��01� 6LOW\��JUH\�FRORUHG�VRLO� /RDP�

7+����6� 6XEVRLO� 6W��&ORXG��01� 6LOW\��UHG�FRORUHG�VRLO� 6DQG\�/RDP�

6RLO�$� 6XEVRLO� 5HGZLQJ��01� 6LOW\��WDQ�FRORUHG�VRLO� 6LOW�

6RLO�%� 6XEVRLO� 5HG�/DNH�)DOOV��01� 9HU\�ILQH��WDQ�JUH\�VRLO� 6LOW\�&OD\�/RDP�

�

Rainfall Simulator 
�

$�UDLQIDOO�VLPXODWRU�ZDV�FDOLEUDWHG�DQG�XVHG�IRU�WKLV�H[SHULPHQW��)LJXUH�������7KH�UDLQIDOO�

VLPXODWRU�LV�D������P�E\������P�DOXPLQXP�ER[�WKDW�FRQWDLQV����K\SRGHUPLF�QHHGOHV���7KHVH�

QHHGOHV�ZHUH�GHVLJQHG�WR�DOORZ�ZDWHU�SUHVVXUH�WR�SXVK�ZDWHU�GURSOHWV�RXW�WKURXJK�WKHP�

�)LJXUH��������'URSOHWV�IDOO�IURP�WKH�WLS�RI�QHHGOH�DQG�DFFHOHUDWH�ZLWK�JUDYLW\�WR�DFKLHYH�WKH�

GHVLUHG�YHORFLW\�DW�LPSDFW��2QVWDG�HW�DO���������GHVFULEH�WKH�GHVLJQ�RI�WKLV�UDLQIDOO�VLPXODWRU�LQ�

JUHDWHU�GHWDLO��7KH�UDLQ�IDOOV�D�WRWDO�GLVWDQFH�RI�����P�IURP�WKH�WLS�RI�WKH�QHHGOH�WR�WKH�ER[�RI�

VRLO�XQGHUQHDWK�LW��

�

7KH�UDLQIDOO�VLPXODWRU�ZDV�FDOLEUDWHG�WR�UHSOLFDWH�WKH�SHDN�KRXU�RI�D���\HDU�����KRXU�VWRUP��)RU�

0LQQHVRWD��WKDW�UDLQIDOO�LQWHQVLW\�LV������LQ�K�XVLQJ�73�����8QLWHG�6WDWHV�:HDWKHU�%XUHDX��

�������7KH�YROXPH�DQG�FROOHFWLRQ�DUHD�ZHUH�PHDVXUHG�DQG�UDLQIDOO�UDWH�ZDV�FDOFXODWHG�ZLWK�

WKH�IRO

 ܫ
O

=
RZ


LQJ


�HTXDWLRQ��

�   ௧� ������
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�

ZKHUH�,�LV�WKH�UDLQIDOO�LQWHQVLW\��9I�LV�WKH�UDLQIDOO�YROXPH�FROOHFWHG��$I�LV�WKH�VXUIDFH�DUHD��DQG�W�

LV�WKH�DPRXQW�RI�WLPH�UDLQIDOO�ZDV�FROOHFWHG��

�

�

)LJXUH������5DLQIDOO�VLPXODWRU�XVHG�IRU�WKH�ODERUDWRU\�H[SHULPHQWV��

,OOXVWUDWLRQ�RI�UDLQGURS�FUHDWHG�E\�
UDLQIDOO�VLPXODWRU�QHHGOH�

�

7KH�VLPXODWRU�ZDV�DOVR�FDOLEUDWHG�WR�UHSOLFDWH�QDWXUDO�UDLQGURS�VL]H��6KHSSDUG��������DQG�

0DUVKDOO�DQG�3DOPHU��������ERWK�QRWH�WKDW�QDWXUDO�UDLQGURS�GLDPHWHUV�DUH�OHVV�WKDQ���PP��7R�

PHDVXUH�WKH�UDLQGURS�VL]H�IRU�WKLV�H[SHULPHQW��UDLQ�YROXPHV�ZHUH�FROOHFWHG�IRU�HDFK�QHHGOH�

RYHU����PLQXWHV�RI�UDLQ��7KH�UDLQGURS�UDWH�LQ�GURSV�PLQ�ZDV�PHDVXUHG�IRU�HDFK�QHHGOH��7KH�

UDLQGURS�GLDPHWHU�ZDV�FDOFXODWHG�DVVXPLQJ�VSKHULFDO�UDLQGURSV�ZLWK�WKH�IROORZLQJ�HTXDWLRQV��

� ܸ  = �ௗܸ ݊ௗ ݐ  �������

� ௗܸ  =  ଵ �ௗଷܦ ߨ  ������

ZKHUH�9Q�LV�WKH�WRWDO�UDLQ�YROXPH�DVVRFLDWHG�ZLWK�D�VLQJOH�QHHGOH�RI�WKH�UDLQIDOO�VLPXODWRU��W�LV�

WKH�UDLQIDOO�WLPH��QG�LV�WKH�QXPEHU�RI�GURSV�UDLQHG�IURP�WKDW�QHHGOH�LQ�D�XQLW�RI�WLPH��9G�LV�WKH�

YROXPH�RI�DQ�LQGLYLGXDO�UDLQGURS��DQG�'G�LV�WKH�HTXLYDOHQW�UDLQGURS�GLDPHWHU��
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�
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�

'HWDLOV�RI�WKH�WRWDO�UDLQ�YROXPHV��UDLQGURS�UDWHV��DQG�UDLQGURS�GLDPHWHUV�IRU�HDFK�QHHGOH�

UHVSHFWLYHO\�DUH�JLYHQ�LQ�3HUNLQV����������6KH�IRXQG�WKDW�WKH�DYHUDJH�UDLQGURS�GLDPHWHU�RI�

�����PP�ZKLFK�IDOOV�ZLWKLQ�WKH�UHSRUWHG�UDLQGURS�GLDPHWHU�UDQJH�LQ�WKH�OLWHUDWXUH��7R�HQVXUH�

WKDW�WKH�VLPXODWRU�ZDV�UDLQLQJ�HYHQO\�RYHU�WKH�VXUIDFH�RI�WKH�VRLO��RVFLOODWLQJ�IDQV�ZHUH�

LQVWDOOHG�DURXQG�WKH�VLPXODWRU�WR�SXVK�WKH�UDLQGURSV�LQ�UDQGRP�GLUHFWLRQV���7KH�XQLIRUPLW\�RI�

WKH�UDLQIDOO�SDWWHUQ�LV�JLYHQ�E\�3HUNLQV����������+HU�UHVXOWV�LQGLFDWHV�WKDW�WKHUH�LV�DQ�DGHTXDWH�

GLVWULEXWLRQ�RI�UDLQIDOO�EHORZ�WKH�VLPXODWRU�DQG�WKH�UDLQGURS�GLDPHWHUV�DUH�RI�UHDVRQDEOH�VL]H���

�

Soil Box and Runoff Collection 
�

$�SODWIRUP�ZDV�FRQVWUXFWHG�XQGHU�WKH�UDLQIDOO�VLPXODWRU�WR�KROG�WKH�VRLO�VDPSOH�GXULQJ�UDLQ�

HYHQWV��7KLV�SODWIRUP�ZDV�SODFHG�DW�D����VORSH���7KHUH�DUH�PDQ\�SRVVLEOH�VORSHV�DW�

FRQVWUXFWLRQ�VLWHV���7KLV�VORSH�FRUUHVSRQGV�WR�WKH�VWDQGDUG�VORSH�XVHG�E\�86'$�LQ�GHYHORSLQJ�

UHODWLRQVKLSV�WR�HVWLPDWH�WKH�LPSDFW�RI�VORSH�VWHHSQHVV�LQ�WKH�8QLYHUVDO�6RLO�/RVV�(TXDWLRQ�

�8QLWHG�6WDWHV�'HSDUWPHQW�RI�$JULFXOWXUH���������

�

7KH�VRLO�LV�FRQWDLQHG�LQ�D�ORQJ�SO\ZRRG�ER[�DV�VKRZQ�LQ�)LJXUH������7KH�ER[�LV������FP�E\�

�����FP�E\������FP�DQG�FDQ�KROG�DSSUR[LPDWHO\����OLWHUV�RI�VRLO��6RLO�ZDV�ZHLJKHG��SODFHG�

LQWR�WKH�ER[��DQG�ZDV�FRPSDFWHG�HYHQO\�RYHU�WKH�DUHD�RI�WKH�ER[�XVLQJ�D�VWDQGDUG�SDFNLQJ�

PHWKRG�GHYHORSHG�IRU�WKLV�VWXG\��7KH�ER[�KDG����KROHV�GULOOHG�LQWR�WKH�ERWWRP�DQG�SHUIRUDWHG�

IDEULF�ZDV�SODFHG�RYHU�WKH�KROHV��7KLV�DOORZHG�WKH�VRLO�WR�VRDN�LQ�ZDWHU�DQG�GUDLQ�SULRU�WR�

UDLQIDOO��

�

$������FP�39&�SLSH�ZLWK�DQ�HOERZ�MRLQW�ZDV�FRQQHFWHG�WR�D�FLUFXODU�GUDLQ�RQ�WKH�ER[�WR�

FROOHFW�UXQRII��7KLV�FDQ�EH�VHHQ�LQ�)LJXUH������

�



�
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�

�

)LJXUH�������&ROOHFWLRQ�RI�UXQRII�VDPSOHV��

�

Soil Processing 
�

7KH�VRLO�FROOHFWHG�IURP�WKH�FRQVWUXFWLRQ�VLWHV�QHHGHG�WR�EH�SURFHVVHG�WR�UHPRYH�RUJDQLF�

PDWWHU�DQG�ODUJH�URFNV��/DUJH�URFNV�ZHUH�UHPRYHG�EHFDXVH�WKH\�DUH�XQOLNHO\�WR�EH�WUDQVSRUWHG�

ZLWK�UXQRII��DQG�ZRXOG�VHWWOH�RXW�TXLFNO\�LI�WUDQVSRUWHG��DQG�WKHUHIRUH��ZRXOG�KDYH�OLWWOH�

LPSDFW�RQ�WKH�WXUELGLW\�IURP�FRQVWUXFWLRQ�VLWHV��7KH�VRLO�ZDV�EURNHQ�GRZQ�DQG�UXQ�WKURXJK�D�

�����PP�VLHYH�WR�UHPRYH�ODUJH�URFNV��FOXPSV�RI�GLUW��DQG�VWLFNV��(DFK�VRLO�ZDV�SURFHVVHG�ZLWK�

WKH�IROORZLQJ�SURFHGXUH��

�

�� ,I�VRLOV�DUH�PRLVW��OHW�DLU�GU\�

�� 6HSDUDWH�VRLO�LQWR���JDOORQ�EXFNHWV�

�� 5HPRYH�ODUJH�FKXQNV��ODUJHU�WKDQ�D�ILVW��DQG�EUHDN�GRZQ�ZLWK�D�VOHGJH�KDPPHU�

�� $GG���EXFNHWV��RI�WKH�VDPH�VRLO��DW�D�WLPH�WR�D�FHPHQW�PL[HU�

�� 0L[�VRLO�IRU����PLQXWHV�



�

���
�

�

�� 3ODFH�ó�LQ��VLHYH�RQ�WRS�RI�D���JDOORQ�EXFNHW�DQG�SODFH�EXFNHW�LQVLGH�D�WXE�RU����ODUJHU�

FRQWDLQHU�WR�FROOHFW�H[FHVV�VRLO�

�� 3RXU�D�OLWWOH�VRLO�DW�D�WLPH�WKURXJK�VLHYH�DQG�VHSDUDWH�FKXQNV�ODUJHU�WKDQ�ó�LQ��

�� %UHDN�GRZQ�ODUJH�FKXQNV�XVLQJ�VOHGJH�KDPPHU�

�� 5H�VLHYH�EURNHQ�GRZQ�FKXQNV�

��� 5HSHDW�VWHSV���DQG���LI�QHHGHG�

11) 'LVFDUG�URFNV�!�ó�LQ� 

 

Rainfall Procedure 
 
Soil Box Preparation 
 

7KH�VRLOV�ZHUH�FRPSDFWHG�LQWR�D�VRLO�ER[��7KUHH�PHWKRGV�RI�VRLO�SDFNLQJ�ZHUH�GHOLEHUDWHG�

EHFDXVH�RI�WKH�PDQ\�VRLO�FRQGLWLRQV�IRXQG�RQ�D�W\SLFDO�FRQVWUXFWLRQ�VLWH��7R�DWWDLQ�D�KLJKO\�

FRPSDFWHG�VRLO��WKH�VRLO�LV�FRPSDFWHG�ZKLOH�ZHW��$�PHGLXP�FRPSDFWHG�VRLO�LV�FRPSDFWHG�

ZKLOH�GU\��$�ORRVH�VRLO�KDV�QR�FRPSDFWLRQ��$�PHGLXP�FRPSDFWLRQ�ZDV�FKRVHQ�DV�DQ�DYHUDJH�

RI�WKHVH�WKUHH�FRQGLWLRQV��7KH�VRLOV�ZHUH�WKHQ�DOORZHG�WR�VRDN�XS�ZDWHU�IRU�D�GD\�DQG�GUDLQ�IRU�

D�GD\�ZKLOH�LQ�WKH�ER[��7KH�VRLOV�ZHUH�SUHSDUHG�ZLWK�WKH�IROORZLQJ�SURFHGXUH��

�� 8VH�GU\��SURFHVVHG�VRLO��VHH�VRLO�SURFHVVLQJ�SURFHGXUH��DQG�D�SO\ZRRG�ER[��

�� :HLJK�RXW�HQRXJK�VRLO�WR�ILOO�ER[�WR�WRS�DQG�ILOO�ER[�

�� &RPSDFW�VRLO�LQWR�ER[�XVLQJ�D�PHWDO�SODWH�WKDW�VSDQV�WKH�HQWLUH�ZLGWK�RI�WKH�ER[�DQG�D�

SURFWRU�KDPPHU�

�� 3ODFH�SODWH�DW�RQH�HQG�RI�ER[�DQG�VWULNH�LW�ZLWK����EORZV�IURP�D�SURFWRU�KDPPHU�

�� 0RYH�SODWH�WR�WKH�QH[W�XQFRPSDFW�VHFWLRQ�DQG�UHSHDW�VWHSV���DQG���XQWLO�WKH�HQWLUH�OHQJWK�

RI�WKH�ER[�KDV�EHHQ�FRPSDFWHG�

�� 8VLQJ�D�VKDOORZ�SRRO��SODFH�ER[�LQVLGH�DQG�ILOO�ZLWK�HQRXJK�ZDWHU�WR�VDWXUDWH�VRLO�LQ�ER[�

�� /HDYH�ER[�LQ�SRRO�IRU����KRXUV�WR�DOORZ�ZDWHU�WR�VRDN�LQWR�VRLO�SURILOH�

�� 5HPRYH�ER[�IURP�SRRO�DQG�SODFH�RQ�EORFNV�

�� /HDYH�ER[�RQ�EORFNV�IRU����KRXUV��OHWWLQJ�H[FHVV�PRLVWXUH�GUDLQ�IURP�VRLO�

Pre-rainfall 
�



�

���
�

�

$OWKRXJK�WKH�UDLQIDOO�VLPXODWRU�ZDV�FDOLEUDWHG�WR�UDLQ�DW�VSHFLILF�UDLQIDOO�LQWHQVLW\��WKH�VXEWOH�

IOXFWXDWLRQV�LQ�IORZ�UDWH�IURP�WKH�IDXFHW�VXSSO\LQJ�WKH�ZDWHU�FDXVHG�GLVFUHSDQFLHV�LQ�WKH�

DFWXDO�UDLQIDOO�LQWHQVLW\��$W�WKH�VWDUW�RI�WKH�H[SHULPHQW��UDLQIDOO�LQWHQVLW\�ZDV�PHDVXUHG�WR�

DVVXUH�WKH�UDLQIDOO�ZDV�ZLWKLQ�UDQJH�RI�WKH�GHVLUHG�UDLQIDOO�LQWHQVLW\��7KLV�SURFHGXUH�LV�RXWOLQHG�

EHORZ��

�

�� 6HW�UDLQIDOO�VLPXODWRU�WR�UDLQ�DW�GHVLUHG�UDLQIDOO�LQWHQVLW\�

�� 3ODFH�UDLQIDOO�JDXJHV�XQGHU�VLPXODWRU�DQG�UDLQ�IRU����PLQXWHV�

�� 0HDVXUH�YROXPH�RI�ZDWHU�

4) &RQYHUW�WR�UDLQIDOO�LQWHQVLW\ 

Rainfall 
�

7KH�IROORZLQJ�SURFHGXUH�GHVFULEHV�WKH�VWHSV�GRQH�LPPHGLDWHO\�EHIRUH�DQG�GXULQJ�UDLQIDOO�RQ�

HDFK�VRLO��

�� 7XUQ�IDQV�RQ�

�� 3ODFH�VRLO�ER[�XQGHU�UDLQIDOO�VLPXODWRU�

�� 3ODFH�SODWH�LQ�IURQW�RI�UXQRII�RSHQLQJ�DQG�UHPRYH�ZKHQ�VDPSOH�LV�UHDG\�WR�UXQRII��FDQ�

WDNH������PLQXWHV�GHSHQGLQJ�RQ�WKH�GUDLQDJH�FDSDELOLW\�RI�WKH�VRLO��

�� 3ODFH���JDOORQ�EXFNHW�XQGHU�RSHQLQJ�WR�FROOHFW�UXQRII�

�� $WWDFK�39&�SLSH�WR�UXQRII�RSHQLQJ�WR�JXLGH�UXQRII�WR���JDOORQ�EXFNHW��)LJXUH������

�� 2QFH�VDPSOH�EHJLQV�WR�UXQRII��EHJLQ�WDNLQJ���PLQXWH�UXQRII�VDPSOHV�RI����P/��)LJXUH�

�����

�� $IWHU����PLQXWHV�RI�UDLQIDOO��UHPRYH�ER[�

�� 5HSHDW�IRU�QH[W�VRLO�ER[�

Aliquot Sample Analysis 
�

'XULQJ�WKH�UDLQIDOO�RQ�HDFK�VRLO��VL[����P/�VDPSOHV�RI�UXQRII�ZHUH�FROOHFWHG��7KHVH�VDPSOHV�

ZHUH�XVHG�WR�GHWHUPLQH�WKH�UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�766�IRU�HDFK�VRLO��7KH�

SURFHGXUH�XVHG�WR�DQDO\]H�WKHVH�VDPSOHV�LV�GHVFULEHG�EHORZ��

�



�

���
�

�

�� 'LOXWH����P/�UXQRII�VDPSOHV��VHH�UDLQIDOO�SURFHGXUH��WR������178��UHFRUGLQJ�WKH�DPRXQW�

RI�ZDWHU�XVHG�

�� 6ORZO\�GLOXWH�VDPSOH�WR�����178��XVLQJ�����GLOXWLRQV���UHFRUGLQJ�WXUELGLW\�DQG�ZDWHU�

DGGHG�HYHU\�WLPH�VDPSOH�LV�GLOXWHG��'LOXWH�DV�IDU�DV�WKH�EHDNHU�ZLOO�DOORZ��

�� 7R�WDNH�WXUELGLW\�PHDVXUHPHQWV�XVLQJ�D�+DFK�����1�EHQFK�WRS�WXUELGLWLPHWHU��

D� 3XW�VDPSOH�LQ�����P/�EHDNHU�

E� 3ODFH�EHDNHU�RQ�PDJQHWLF�VWLUUHU�DQG�PL[�FRPSOHWHO\�

F� )LOO����P/�YLDO�ZLWK�VDPSOH�

G� 8VH�EHQFK�WRS�WXUELGLW\�PHWHU�WR�PHDVXUH�WXUELGLW\�

H� 7DNH���WXUELGLW\�PHDVXUHPHQWV�WR�JHW�DQ�XQGHUVWDQGLQJ�RI�WKH�UDQJH�RI�WXUELGLW\�RI�

WKH�VDPSOH�

I� (PSW\�YLDO�EDFN�LQWR�EHDNHU�DQG�ULQVH�ZLWK�GLOXWLRQ�ZDWHU�IRU�QH[W�GLOXWLRQ�

�� 'U\�RXW�VDPSOH�LQ�RYHQ�DQG�ILQG�PDVV�RI�VDPSOH�

�� 3ORW�WXUELGLW\�YV��FRQFHQWUDWLRQ�FXUYH�

 
Total Runoff Sample Analysis 
 

$VLGH�IURP�WKH����P/�VDPSOHV�WKDW�ZHUH�FROOHFWHG�IRU�HDFK�VRLO��D���JDOORQ�EXFNHW�RI�

UHPDLQLQJ�UXQRII�ZDV�FROOHFWHG��7KLV�VDPSOH�FRQWDLQHG�D�PDMRULW\�RI�WKH�UXQRII�IURP�WKH�VRLO�

DQG�ZDV�DQDO\]HG�WR�GHWHUPLQH�WKH�HIIHFW�RI�SDUWLFOH�VHWWOLQJ�RQ�WKH�WXUELGLW\�DQG�766�

UHODWLRQVKLS��7KH�DQDO\VLV�SURFHGXUH�LV�GHVFULEHG�EHORZ��

�

�� 0HDVXUH�YROXPH�RI�UXQRII�LQ���JDOORQ�EXFNHW�XVHG�LQ�5DLQIDOO�3URFHGXUH�

�� 'LOXWH�VDPSOH�WR�XQGHU������178�E\�DGGLQJ�ZDWHU�WR�WKH�UXQRII�VDPSOH��'HWHUPLQH�WKH�

DPRXQW�RI�ZDWHU�QHHGHG�IURP�WKH�GLOXWLRQ�FXUYH�FUHDWHG�LQ�'LOXWLRQ�3URFHGXUH��

�� 3UHSDUH���VHWV�RI�������P/�YLDOV�E\�DGGLQJ����������������������P/�RI�ZDWHU�WR�WKH���YLDOV�

�� 3LSHWWH�RXW�HQRXJK�UXQRII�WR�ILOO�RQH�VHW�RI�GLOXWHG�YLDOV�ZKLOH�PL[LQJ�VDPSOH�ZLWK�SDLQW�

VWLUUHU��3LSHWWH�DW�D�FRQVLVWHQW�GHSWK�IRU�DOO�VDPSOHV��

�� 6WRS�PL[LQJ��VWDUW�VWRS�ZDWFK�RU�RWKHU�WLPLQJ�GHYLFH��DQG�DOORZ�VDPSOH�WR�VHWWOH�

�� 3LSHWWH�RXW�HQRXJK�UXQRII�DW���PLQXWHV����KRXUV�DQG����PLQXWHV��DQG����KRXUV�DQG�ILOO�WKH�

RWKHU���VHWV�RI�YLDOV��7KHVH�VDPSOHV�UHSUHVHQW�WKH�EUHDNV�EHWZHHQ�VDQG��VLOW��FOD\��DQG�

FROORLGDO�SDUWLFOHV��



�

���
�

�

�� 3LSHWWH�RXW�HQRXJK�UXQRII�WR�ILOO�D�VLQJOH��HPSW\�YLDO�DW���������������������������DQG���KRXUV��

7KHVH�VDPSOHV�UHSUHVHQW�GLIIHUHQW�VL]HV�RI�VLOWV��

�� 0HDVXUH�WXUELGLW\�RI�WKH�YLDOV�XVLQJ�EHQFK�WRS�WXUELGLW\�PHWHU�DQG�UHFRUG�YDOXHV�

�� 8VLQJ�ILOWHU�SDSHU�SURFHGXUH��PHDVXUH�WKH�ZHLJKW�RI�VRLO�LQ�WKH���P/�YLDOV�IRU�WKH���PLQ��

�PLQ�������KRXU��DQG����KRXU�VDPSOHV�DQG�IRU�HDFK�VLOW�VDPSOH��8VH�WKHVH�ZHLJKWV�WR�

GHWHUPLQH�WKH�VRLO�FRQFHQWUDWLRQ�LQ�WKH�VDPSOH��

�

Determination of Rainfall Duration 
�

7KH�GXUDWLRQ�RI�UDLQIDOO�VKRXOG�EH�ORQJ�HQRXJK�WR�DFKLHYH�VWHDG\�VWDWH�FRQGLWLRQV�EXW�VKRUW�

HQRXJK�WR�EH�WLPH�DQG�FRVW�HIILFLHQW��7R�GHWHUPLQH�WKLV�GXUDWLRQ��D�WULDO�UXQ�ZDV�GRQH�ZLWK�RQH�

RI�WKH�VRLOV��8VLQJ�WKH����P/�VDPSOH�DQDO\VLV��D�VHW�RI�WLPH�GHSHQGHQW��WXUELGLW\�YV��

FRQFHQWUDWLRQ�FXUYHV�ZDV�DFTXLUHG�IRU��������������������DQG����PLQXWHV�DIWHU�WKH�VWDUW�RI�

UXQRII����

�

&RQGLWLRQV�FRUUHVSRQGLQJ�WR�VWHDG\�VWDWH�ZHUH�DVVHVVHG�E\�H[DPLQLQJ�FKDQJHV�LQ�WKH�SRZHU�

FRHIILFLHQW�ZLWK�WKH�VXFFHVVLYH�FRPELQDWLRQ�RI�FROOHFWHG�GDWD�ZLWK�FXPXODWLYH�WLPH��7KH�

SRZHU�FRHIILFLHQW�ZDV�GHWHUPLQHG�XVLQJ�WKH�ORJ�VORSHV��1DWHU�HW�DO����������7KHUHIRUH��ZKHQ�

WKH�UHJUHVVLRQ�LV�ILQLVKHG��WKHUH�LV�D�FRPPRQ�VORSH�YDOXH�IRU�WKH���PLQXWH�GDWD��WKH�FRPELQHG�

GDWD�FRUUHVSRQGLQJ�WR�VDPSOLQJ�WLPHV�RI���DQG����PLQXWH�GDWD��WR�VDPSOLQJ�WLPHV�RI������DQG�

���PLQXWHV�DQG�VR�IRUWK�IRU�HDFK�VXEVHTXHQW�VDPSOLQJ�WLPH��7KH�FRPPRQ�VORSH�IRU�GLIIHUHQW�

FXPXODWLYH�VDPSOLQJ�WLPH�LV�VKRZQ�LQ�)LJXUH������7KH�VFDWWHU�VLJQLILFDQWO\�GHFUHDVHG�EHWZHHQ�

WKH���PLQXWH�LQWHUYDOV�RYHU�WKH����PLQXWH�WLPH�SHULRG��7KH�VORSH�FROODSVHG�WR�D�UREXVW�YDOXH�RI�

DSSUR[LPDWHO\������DIWHU����PLQXWHV��,W�ZDV�GHFLGHG�WKDW����PLQXWHV�LV�D�VDWLVIDFWRU\�GXUDWLRQ�

RI�UDLQIDOO��

�

Soil Properties 
 

7R�GHWHUPLQH�KRZ�WKH�WXUELGLW\�DQG�766�UHODWLRQVKLS�YDULHV�EHWZHHQ�VRLOV��VRLO�SDUDPHWHUV�

ZHUH�GHWHUPLQHG�IRU�HDFK�VRLO��)RU�HDVH�RI�DQDO\VLV�DQG�DSSOLFDWLRQ��WKH�VHOHFWLRQ�RI�VRLO�



�

���
�

�

SURSHUWLHV�ZDV�OLPLWHG�WR�WKRVH�WKDW�FDQ�EH�JDWKHUHG�RU�HVWLPDWHG�GLUHFWO\�IURP�VRLO�VDPSOHV�

IURP�FRQVWUXFWLRQ�VLWHV��7KHVH�VRLO�SURSHUWLHV�DUH�GHVFULEHG�EHORZ��

�

�

)LJXUH������6DPH�VORSH�UHJUHVVLRQ�IRU�WULDO�UXQ��
�

$�VWDQGDUG�K\GURPHWHU�WHVW�ZDV�SHUIRUPHG�WR�GHWHUPLQH�WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ�IRU�HDFK�

VRLO�SULRU�WR�SDFNLQJ�WKH�VRLO�LQ�WKH�WHVW�DSSDUDWXV��8VLQJ�WKH�86'$�SDUWLFOH�VL]H�VFDOH��SHUFHQW�

VDQG�LV�GHILQHG�DV�WKH�SHUFHQW�RI�WKH�VDPSOH�WKDW�LV���������PP�LQ�GLDPHWHU���3HUFHQW�VLOW�LV�WKH�

SHUFHQW�RI�WKH�VDPSOH�WKDW�LV������������PP�LQ�GLDPHWHU��3HUFHQW�FOD\�LV�WKH�SHUFHQW�RI�WKH�

VDPSOH�WKDW�LV���������PP�LQ�GLDPHWHU��&RGXWR�HW�DO�����������%HFDXVH�VDQG�FDQ�HDVLO\�VHWWOH�

RXW�RI�VXVSHQVLRQ��WKH�SHUFHQW�VDQG�LQ�WKH�UXQRII�WUHDWHG�E\�DQ�HIIHFWLYH�VHGLPHQW�FRQWURO�SODQ�

LV�OLNHO\�TXLWH�VPDOO��,W�ZDV�GHFLGHG�WR�XVH�D�VWDWLVWLFDO�DQDO\VLV�ZLWK�D�YDULDEOH�WKDW�LV�QRW�

QHDUO\�HTXDO�WR�]HUR��7KHUHIRUH��WKH�UROH�RI�SHUFHQW�VDQG�ZDV�UHSUHVHQWHG�E\�WKH�VXPPDWLRQ�RI�

SHUFHQW�VLOW�DQG�SHUFHQW�FOD\��7KH�WHUP�SHUFHQW�VLOW�SOXV�FOD\�LV�WKH�PDWKHPDWLFDO�HTXDO�WR�RQH�

PLQXV�SHUFHQW�VDQG��1RQHWKHOHVV��SUREOHPV�ZLWK�UHODWLRQVKLSV�XVLQJ�WKH�LQYHUVH�RI�SHUFHQW�

VDQG�FDQ�EH�DYRLGHG� 

�



�
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�

)RU�HDFK�UDLQIDOO�WULDO�RI�HDFK�VRLO��UDLQIDOO�LQWHQVLW\�ZDV�PHDVXUHG�E\�SODFLQJ�D�FDWFK�EDVLQ�

EHORZ�WKH�UDLQIDOO�VLPXODWRU��7KLV�EDVLQ�FROOHFWHG�WKH�UDLQIDOO�RYHU�ò�KRXU��7KH�YROXPH�RI�

ZDWHU�FROOHFWHG�LQ�WKH�FDWFK�EDVLQ�ZDV�PHDVXUHG�LQ�PLOOLOLWHUV�XVLQJ�D�ODUJH�JUDGXDWHG�F\OLQGHU��

7KH�VXUIDFH�DUHD�RI�WKH�FDWFK�EDVLQ�ZDV�PHDVXUHG�DQG�WKH�UDLQIDOO�LQWHQVLW\�ZDV�HYDOXDWHG�

XVLQJ�(TXDWLRQ������

�

'U\�EXON�GHQVLW\�ZDV�GHWHUPLQHG�DIWHU�WKH�SUHYLRXVO\�GHVFULEHG�VRLO�SUHSDUDWLRQ�SURFHGXUH�

ZDV�FRPSOHWHG��'U\�EXON�GHQVLW\�LV�PHDVXUHG�LQ�J�FP���7KH�PDVV�RI�VRLO�SODFHG�LQWR�WKH�VRLO�

ER[�ZDV�ILUVW�GHWHUPLQHG��7KH�VRLO�ZDV�WKHQ�HYHQO\�FRPSDFWHG�LQWR�WKH�VRLO�ER[��7KH�YROXPH�

RI�FRPSDFWHG�VRLO�ZDV�PHDVXUHG�XVLQJ�WKH�ER[�GLPHQVLRQV�DQG�VXEWUDFWLQJ�WKH�HPSW\�VSDFH�

DERYH�WKH�VRLO�IURP�WKH�GHSWK�RI�WKH�ER[��7KH�HTXDWLRQ�XVHG�WR�HYDOXDWH�GU\�EXON�GHQVLW\�LV�DV�

IROORZV��

� = ܦܤ ெಳ
ಳ ு� ������

ZKHUH�%'�LV�WKH�GU\�EXON�GHQVLW\��0%�LV�WKH�PDVV�RI�VRLO�LQ�WKH�ER[��$%�LV�WKH�VXUIDFH�DUHD�RI�

WKH�VRLO�ER[��DQG�+�LV�WKH�GHSWK�RI�VRLO�LQ�WKH�ER[��

�

7KH�YROXPH�RI�UXQRII�ZDV�PHDVXUHG�GLUHFWO\�E\�FROOHFWLQJ�WKH�WRWDO�UXQRII�IURP�WKH�ER[HV�LQ�D�

EXFNHW�DQG�PHDVXULQJ�WKH�WRWDO�UXQRII�YROXPH�LQ�WKH�EXFNHW�XVLQJ�D�JUDGXDWHG�F\OLQGHU��$�

YROXPH�RI�����P/�ZDV�DGGHG�WR�WKLV�YROXPH�WR�DFFRXQW�IRU�WKH�VL[����P/�VDPSOHV�WKDW�ZHUH�

FROOHFWHG�RYHU�WKH�UDLQIDOO�SHULRG��

�

7KH�UXQRII�IORZ�UDWH�ZDV�FDOFXODWHG�XVLQJ�WKH�YROXPH�RI�UXQRII�DQG�WKH�GXUDWLRQ�UXQRII��7KH�

DYHUDJH�UXQRII�IORZ�UDWH�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�� �

� ܳ =  ௧� ������

ZKHUH�4�LV�WKH�IORZ�UDWH�RI�UXQRII��9W�LV�WKH�WRWDO�YROXPH�RI�UXQRII��DQG�WW�LV�WKH�GXUDWLRQ�RI�

UXQRII��

�

7KH�15&6�&XUYH�1XPEHU�0HWKRG�XVHV�IROORZLQJ�HTXDWLRQV��

� ܼ = (ି.ଶௌ)మ
ା.଼ௌ ,ܲ  ܫ = 0.2ܵ� �������

� ܼ = 0 ,ܲ  = ܫ  0.2ܵ� ������
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�

� ܵ = ଵ
ே െ 10� ������

ZKHUH�=��3��6��DQG�,$�DUH�LQ�LQFKHV�DQG�&1�LV�GLPHQVLRQOHVV��=�LV�WKH�GHSWK�RI�UXQRII��3�LV�WKH�

WRWDO�GHSWK�RI�SUHFLSLWDWLRQ��6�LV�WKH�PD[LPXP�DEVWUDFWLRQ�GXULQJ�UXQRII��,$�LV�WKH�LQLWLDO�

DEVWUDFWLRQ�SULRU�WR�UXQRII��:XUEV�DQG�-DPHV���������3�DQG�=�ZHUH�VROYHG�IRU�XVLQJ�GDWD�

FROOHFWHG�SULRU�DQG�GXULQJ�UDLQIDOO��6�QHHGHG�WR�EH�IRXQG�XVLQJ�VROYHU�VRIWZDUH��7KH�HTXDWLRQV�

XVHG�IRU�3�DQG�=�DUH�DV�IROORZV��

� ܲ = �ݐ ܫ  �������

� ܼ =  ಳ� �������

ZKHUH�9U�LV�WKH�WRWDO�UXQRII�YROXPH�DQG�$%�LV�WKH�VXUIDFH�DUHD�RI�WKH�ER[��

�

0RLVWXUH�FRQWHQW�ZDV�GHWHUPLQHG�IRU�HDFK�VDPSOH�DIWHU�WKH�VDPSOHV�ZHUH�VRDNHG�LQ�ZDWHU�DQG�

GUDLQHG��DV�GHVFULEHG�LQ�WKH�SUHYLRXV�6RLO�3UHSDUDWLRQ�VHFWLRQ��$�VDPSOH�RI�VRLO�IURP�WKH�

PLGGOH�RI�WKH�VRLO�ER[�ZDV�H[WUDFWHG��TXLFNO\�ZHLJKHG��DQG�WKHQ�GULHG�RYHUQLJKW�LQ�DQ�RYHQ�

DQG�ZHLJKHG�DJDLQ��0RLVWXUH�FRQWHQW�ZDV�GHWHUPLQHG�ZLWK�WKH�IROORZLQJ�HTXDWLRQ��

� ݓ = 100 ெೢ
ெ
� �������

ZKHUH�Z�LV�WKH�VRLO�PRLVWXUH�FRQWHQW�DV�D�SHUFHQW��0Z�LV�WKH�PDVV�ZDWHU�LQ�D�VRLO�LQ�JUDPV��DQG�

0G�LV�WKH�PDVV��LQ�JUDPV��RI�VRLO�DIWHU�LW�ZDV�GULHG��&RGXWR�HW�DO�����������

�

7KH�RSWLPXP�PRLVWXUH�FRQWHQW�ZDV�IRXQG�IRU�HDFK�VRLO�XVLQJ�D�VWDQGDUG�SURFWRU�WHVW��&RGXWR�

HW�DO����������

�

7KH�WRWDO�DPRXQW�RI�HURGHG�VHGLPHQW�ZDV�GHWHUPLQHG�IURP�WKH�WRWDO�UXQRII�VDPSOH�WKDW�ZDV�

FROOHFWHG�LQ�D�EXFNHW��7KH�PDMRULW\�RI�WKH�ZDWHU�LQ�WKH�EXFNHW�ZDV�GHFDQWHG�DQG�WKH�H[FHVV�

ZDWHU�DQG�VHGLPHQW�ZDV�WUDQVIHUUHG�LQWR�SUH�ZHLJKHG�FRQWDLQHUV�WR�EH�GULHG�DW�����&�LQ�DQ�

RYHQ�RYHU�QLJKW��7KH�FRQWDLQHU�DQG�VHGLPHQW�ZDV�WKHQ�ZHLJKHG�DQG�WKH�WRWDO�HURGHG�VHGLPHQW�

�7(6��ZDV�GHWHUPLQHG�7KH�VDPH�SURFHGXUH�ZDV�XVHG�IRU�WKH����P/�VDPSOHV��DQG�WKH�PDVV�RI�

VRLO�LQ�WKH�VL[�VDPSOHV�ZDV�DGGHG�WR�WKH�PDVV�RI�VRLO�LQ�EXFNHW�WR�GHWHUPLQH�WKH�7(6�IRU�HDFK�

VRLO��

�
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�

7KUHH�UHSOLFDWH�FRKHVLYH�VWUHQJWK�PHWHU��&60��WHVWV�ZHUH�SHUIRUPHG�RQ�HDFK�VRLO��8VLQJ�WKH�

GDWD�FROOHFWHG�ZLWK�WKLV�WHVW��D�VRLO�VKHDU�VWUHVV�LQ�3DVFDOV�ZDV�GHWHUPLQHG��7ROKXUVW�HW�DO���

��������

�

,QWHUULOO�HURGLELOLW\�LV�D�PHDVXUHPHQW�RI�WKH�HURVLRQ�FDXVHG�E\�UDLQGURS�LPSDFW��(OOLRW��

/LHEHQRZ��/DIOHQ��	�.RKO���������7R�GHWHUPLQH�LQWHUULOO�HURGLELOLW\��WKH�LQWHUULOO�GHWDFKPHQW�

DQG�W

ܦ
KH
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WDQW��.L��FRXOG�WKHQ�EH�GHWHUPLQHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��

�  ூమ ௌ
� �������

�

0D[LPXP�DEVWUDFWLRQ��6��ZDV�SUHYLRXVO\�GHVFULEHG�LQ�WKH�FXUYH�QXPEHU�VHFWLRQ��(TXDWLRQ�����

VKRZV�WKH�UHODWLRQVKLS�EHWZHHQ�FXUYH�QXPEHU�DQG�PD[LPXP�DEVWUDFWLRQ��

 
Comparison of Turbidity Meters 
�

$OO�WXUELGLW\�UHDGLQJV�LQ�WKH�SUHYLRXV�VHFWLRQV�ZHUH�REWDLQHG�XVLQJ�WKH�+DFK�����1�EHQFK�WRS�

WXUELGLPHWHU��7R�EHWWHU�XQGHUVWDQG�SRWHQWLDO�HUURUV�LQ�XVLQJ�WKHVH�UHVXOWV�IRU�ILHOG�FRQGLWLRQV��D�

ODERUDWRU\�FRPSDULVRQ�H[SHULPHQW�ZDV�FRQGXFWHG��7KH�ODERUDWRU\�VWXG\�H[SORUHG�WKH�UDQJH�RI�

WXUELGLW\�YDOXHV�H[SHFWHG�IRU�ERWK�DQ�LQGLYLGXDO�VHQVRU�IRU�GLIIHULQJ�VRLO�WH[WXUHV�DQG�

GLIIHUHQFHV�EHWZHHQ�VHQVRUV�IRU�D�VLQJOH�VRLO�WH[WXUH��7KH�ILYH�GLIIHUHQW�VHQVRUV�XVHG�LQ�WKLV�

H[SHULPHQW�DQG�WKHLU�VSHFLILFDWLRQV�DUH�VKRZQ�LQ�7DEOH������

�
7DEOH������/LVW�RI�WXUELGLW\�VHQVRUV�DQG�VSHFLILFDWLRQV��

�

6HQVRU�
/LJKW�

6RXUFH�

'HWHFWRU�

DQJOH�
0HWKRG�

178�

UDQJH�

&DPSEHOO�6FL��2%6���� ����QP� ������� 6LGH�VFDWWHU� �������

&DPSEHOO�6FL�2%6���� ����QP� ��������WR����� 6LGH�DQG�%DFN�6FDWWHU� �������

0F9DQ�$QDOLWH�1(3���� ����QP� ��� %DFN�VFDWWHU� �������
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�

�

<6,������ ����QP� ��� %DFN�VFDWWHU� �������

+DFK�����1� 7XQJVWHQ� ������������� )RUZDUG�VFDWWHU� �������

�
)LYH�VRLOV�UHSUHVHQWLQJ�D�UDQJH�RI�VRLO�WH[WXUHV�IURP�RXU�ODERUDWRU\�VWXG\�ZHUH�XVHG�IRU�WKLV�

FRPSDULVRQ�DQG�DUH�GHVFULEHG�LQ�7DEOH�������7KH\�DUH�D�VXEVHW�RI�WKH�VRLOV�SUHYLRXVO\�UHSRUWHG�

LQ�7DEOH��������

�
7DEOH�����/LVW�RI�VRLOV�DQG�VRLO�SURSHUWLHV�XVHG�LQ�WXUELGLW\�SUREH�FRPSDULVRQ��

�
Name Type Location Description Classification 
AH T Topsoil Arden Hills, MN Silty dark grey soil Sandy Loam 

TH-23 T Topsoil St. Cloud, MN Silty, greyish brown soil Loam 
TH-23 S Subsoil St. Cloud, MN Silty, reddish orange soil Sandy Loam 
Soil A Subsoil Redwing, MN Sticky, tan soil Silt 
Soil B Subsoil Red Lake Falls, MN Sticky, greyish tan soil Silty Clay Loam 

�
7KH�WHVWLQJ�DSSDUDWXV�DQG�SURFHGXUHV�ZHUH�SDWWHUQHG�DIWHU�/HZLV���������$�EODFN�EXFNHW�ZLWK�

D�FDSDFLW\�RI�WZHOYH�OLWHUV�ZDV�XVHG�IRU�D�WHVW�FKDPEHU��$�GULOO��ZLWK�DWWDFKHG�SDLQW�VWLUUHU��ZDV�

PRXQWHG�DERYH�WKH�EXFNHW�DW�D�KHLJKW�WKDW�DOORZHG�WKH�SDLQW�VWLUUHU�WR�VSLQ�DSSUR[LPDWHO\���FP�

DERYH�WKH�ERWWRP�RI�WKH�EXFNHW�DQG���FP�IURP�WKH�VLGH�RI�WKH�EXFNHW���$�EUDFNHW�ZDV�WKHQ�

DWWDFKHG�WR�WKH�VHQVRUV�VR�WKDW�WKH\�FRXOG�EH�PRXQWHG�LQ�WKH�VDPH�ORFDWLRQ�IRU�HDFK�

PHDVXUHPHQW���(DFK�RI�WKH�PHWHUV�ZDV�LQVHUWHG�VHSDUDWHO\�LQWR�WKH�EXFNHW�RSSRVLWH�WKH�VWLUUHU�

VR�WKDW�WKH�VHQVRU�ZDV���FP�IURP�WKH�EDVH�RI�WKH�EXFNHW��$�GULOO�VSHHG�ZDV�FKRVHQ�WKDW�

UHWDLQHG�WKH�VHGLPHQW�SDUWLFOHV�LQ�VXVSHQVLRQ�RYHU�WKH�UDQJH�RI�VHGLPHQW�FRQFHQWUDWLRQV�

QHHGHG�WR�DWWDLQ�D�WXUELGLW\�RI������178V�IRU�DOO�VRLOV��7KH�WHVW�DSSDUDWXV�LV�VKRZQ�LQ�)LJXUH�

�����
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�

)LJXUH������0HDVXULQJ�WXUELGLW\�ZLWK�WHVW�DSSDUDWXV�
�

3ULRU�WR�VWDUWLQJ�WKH�H[SHULPHQW��HDFK�PHWHU�ZDV�FDOLEUDWHG�DFFRUGLQJ�WR�WKHLU�VSHFLILF�

PDQXIDFWXUHU¶V�LQVWUXFWLRQV��7ZHOYH�OLWHUV�RI�ZDWHU�ZHUH�DGGHG�WR�WKH�EXFNHW�DQG�WKH�2%6����

PHWHU�ZDV�PRXQWHG��7KH�GULOO�ZDV�WXUQHG�RQ�DQG�WKUHH�WXUELGLW\�UHDGLQJV�ZHUH�WDNHQ��7KH�

2%6����ZDV�WKHQ�XQ�PRXQWHG��DQG�WKH�QH[W�PHWHU�ZDV�PRXQWHG�LQ�LWV�SODFH��7KLV�ZDV�

UHSHDWHG�IRU�DOO�SRUWDEOH�PHWHUV��7KH�<6,�������&DPSEHOO�VFLHQWLILF�2%6����DQG�$QDOLWH�

1(3����DUH�HDFK�SUH��SURJUDPPHG�WR�WDNH�D�VHULHV�RI�UHDGLQJV�DQG�RXWSXW�DQ�DYHUDJH�YDOXH��

7KH�2%6���ZDV�SURJUDPPHG�WR�DYHUDJH����UHDGLQJV�WDNHQ�HYHU\�ILYH�VHFRQGV��(DFK�SUREH�

ZDV�DOORZHG�WR�JR�WKURXJK�LWV�VFDQ�LQWHUYDO�WKUHH�WLPHV�DQG�DQ�DYHUDJH�RI�WKH�WKUHH�UHDGLQJV�

ZDV�UHFRUGHG��$����P/�VDPSOH�ZDV�H[WUDFWHG�IURP�WKH�EXFNHW�DW�WKH�GHSWK�RI�WKH�VHQVRU�IDFH��

7KH�WXUELGLW\�RI�WKLV�VDPSOH�ZDV�GHWHUPLQHG�ZLWK�WKH�+DFK�����1�EHQFK�WRS�WXUELGLPHWHU��

7KH�2%6����ZDV�UHPRXQWHG�DQG�D�PHDVXUHG�DPRXQW�RI�VRLO�ZDV�DGGHG�WR�WKH�VXVSHQVLRQ�XQWLO�
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�

WKH�PHWHU�UHDG����178V��$JDLQ��HDFK�PHWHU�ZDV�DOORZHG�WR�UHDG�WKUHH�WLPHV��7KH�H[SHULPHQW�

ZDV�UHSHDWHG�IRU�������������������������DQG������178V���

�
� �
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Chapter 3
Evaluation of Turbidity-Concentration Relationships

Introduction

The experimental methods of Chapter 2 were used to obtain a data set to investigate the 

relationship between turbidity and concentration. The analysis is based largely on the six 50 

mL aliquot samples. The first section of the chapter will evaluate the samples using a general 

power relationship. This evaluation will be done for all of the soils. Trends in the coefficients 

of this power relationship will be further explored. Predictive relationships are proposed and 

their usefulness is evaluated.

General Power Relationship

Insight into turbidity readings was obtained by plotting the turbidity data as a function of 

sediment concentration. An example of turbidity-concentration trends is shown in Figure 3.1.

Each soil had six sets of data and six separate relationships to describe the data. Several 

regressions were performed on the data to determine the correct form of the turbidity and TSS 

relationship. A power relationship for turbidity and sediment concentration was clearly 

suggested from these plots.

All of the soils in the study were well represented by a power function. The general 

relationship used to descr

��������� ൌ Ƚ����ஒ
ibe turbidity as a function of TSS is as follows:

(3.1)

ZKHUH�Į�DQG�ȕ�DUH�VFDOLQJ�DQG�SRZHU�FRHIILFHQWV��UHVSHFWLYHO\��7KH\�DUH�FRQVLGHUHG�WR�EH�VRLO�

dependent. In the above equation, turbidity and TSS are measured in NTUs and mg/L 

respectively. Equation 3.1 was evaluated for each of the six samples collected at different 

WLPHV�GXULQJ�WKH�UXQRII�HYHQW��7KH�SRZHU�FRHIILFHQW��ȕ, remained relatively stable while the 

scaling coefficLHQW��Į��YDULHG�DPRQJ�VDPSOHs.
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)LJXUH������7LPH�'HSHQGHQW����P/�VDPSOH�GLOXWLRQ�FXUYHV�IRU�RQH�VRLO��
�

,Q�DGGLWLRQ�WR�YDULDWLRQ�RI�Į�DQG�ȕ�ZLWK�VDPSOHV�RI�D�SDUWLFXODU�VRLO��SRVVLEOH�WUHQGV�IRU�Į�DQG�ȕ�

ZHUH�IXUWKHU�LQYHVWLJDWHG�E\�FRPSDULQJ�YDOXHV�EHWZHHQ�VRLOV��7XUELGLW\�DQG�FRQFHQWUDWLRQ�

GDWD�IRU�DOO�IRXUWHHQ�VRLOV�DUH�SORWWHG�RQ�D�VLQJOH�JUDSK�LQ�)LJXUH������7KH�GDWD�IRU�DOO�RI�WKH�

VRLOV�DUH�ZHOO�UHSUHVHQWHG�E\�WKH�JHQHUDO�SRZHU�UHODWLRQVKLS�RI�(TXDWLRQ������%HWZHHQ�DOO�RI�

WKH�VRLOV��WKH�ȕ�YDOXH�YDULHG�EHWZHHQ�����DQG�����DQG�WKH�Į�YDOXHV�YDULHG�EHWZHHQ�������DQG�

�����7KH�WLPH�GHSHQGHQW�YDULDWLRQ�LQ�Į�LQ�)LJXUH�����LV�VPDOO�LQ�FRPSDULVRQ�WR�LWV�YDULDWLRQ�

EHWZHHQ�VRLOV��,QYHVWLJDWLRQ�LQWR�SRVVLEOH�WUHQGV�RI�Į�ZLOO�EH�OLPLWHG�WR�PHDVXUDEOH�VRLO�

SURSHUWLHV��7KLV�LQYHVWLJDWLRQ�LV�JLYHQ�ODWHU�LQ�WKLV�VHFWLRQ����

�

(VWLPDWLRQ�RI�ȕ 
 

,QYHVWLJDWLRQV�ZHUH�GRQH�WR�HVWLPDWH�ȕ�ZKHQ�REVHUYHG�WXUELGLW\�DQG�FRQFHQWUDWLRQ�GDWD�DUH�

XQDYDLODEOH�IRU�D�FRQVWUXFWLRQ�VLWH��7KH�ILUVW�VWHS�ZDV�WR�VHOHFW�D�VLQJOH�YDOXH�ȕ�IRU�HDFK�RI�WKH�

VRLOV��7KLV�YDOXH�ZDV�REWDLQHG�XVLQJ�WKH�UHJUHVVLRQ�DQDO\VLV�IRU�FRPPRQ�VORSH��7KH�UHVXOW�RI�

WKLV�DQDO\VLV�LV�D�ȕ�YDOXH�IRU�HDFK�VRLO�ZKLFK�YDULHG�EHWZHHQ�����DQG������7KH�PHDQ�DQG�

PHGLDQ�RI�WKH�ȕ�YDOXHV�DUH������DQG�������UHVSHFWLYHO\��
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)LJXUH������'LOXWLRQ�FXUYHV�IRU�DOO�VRLOV��
�

6LQFH�WKH�UDQJH�LQ�ȕ�LV�UHODWLYHO\�VPDOO�EHWZHHQ�VRLOV��WKH�SRVVLELOLW\�RI�D�VLQJOH�SRZHU�YDOXH�

WKDW�FDQ�UHSUHVHQW�WKH�UDQJH�RI�VRLOV�ZDV�WHVWHG��7KH�PHDQ�DQG�PHGLDQ�YDOXHV�RI�ȕ�DUH�ZHOO�

UHSUHVHQWHG�E\�D�SRZHU�YDOXH�RI�����RU������7KLV�IUDFWLRQ�LV�DOVR�VLPSOH�WR�XVH�DQG�

FRPPXQLFDWH�WR�RWKHUV��$�VWDQGDUG�K\SRWKHVLV�WHVW�ZDV�SHUIRUPHG�XVLQJ�D�QXOO�K\SRWKHVLV�RI�

E�� ������DQG�DQ�DOWHUQDWH�K\SRWKHVLV�RI�E���������8VLQJ�D�VWDQGDUG�QRUPDO�GLVWULEXWLRQ����RI����

VRLOV�ZHUH�IRXQG�WR�KDYH�D�ȕ�YDOXH�VLJQLILFDQWO\�GLIIHUHQW�IURP�����DW�D�����FRQILGHQFH�OHYHO���

�

7KH�HIIHFW�RI�VHWWLQJ�ȕ�WR�D�FRQVWDQW�YDOXH�ZDV�DOVR�HYDOXDWHG�XVLQJ�VWDQGDUG�K\SRWKHVLV�WHVWV�

RQ�FKDQJHV�LQ�Į��+\SRWKHVLV�WHVWV�ZHUH�SHUIRUPHG�IRU�HDFK�VRLO�ZKHUH�WKH�QXOO�K\SRWKHVLV�ZDV�

WKDW�WKH�PHGLDQ�Į�XVLQJ�ȕ� �����HTXDOV�WKH�PHGLDQ�Į�XVLQJ�WKH�OHDVW�VTXDUH�HVWLPDWH�RI�ȕ��7KLV�

WHVW�ZDV�UHSHDWHG�XVLQJ�WKH�PHDQ�LQVWHDG�RI�PHGLDQ�YDOXHV��7KH�UHVXOWV�RI�WKHVH�K\SRWKHVLV�
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�

WHVWV�VKRZ�WKDW�WKHUH�LV�QR�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�XVLQJ�ȕ� �����DQG�WKH�

OHDVW�VTXDUH�HVWLPDWH��

%HFDXVH�WKHUH�ZHUH�QLQH�ȕ�YDOXHV�VLJQLILFDQWO\�GLIIHUHQW�IURP������D�PXOWLSOH�OLQHDU�UHJUHVVLRQ�

ZDV�GRQH�RQ�WKH�ȕ�XVLQJ�WKH�VRLO�SURSHUWLHV�GHVFULEHG�LQ�&KDSWHU����1R�GLVFHUQLEOH�WUHQG�ZDV�

IRXQG�IRU�ȕ�EHWZHHQ�VRLOV��%HFDXVH�RI�WKLV��ȕ�ZDV�VHW�DW�D�FRQVWDQW�YDOXH�RI������

�

(VWLPDWLRQ�RI�Į 
 

7KH�GHWHUPLQDWLRQ�RI�Į�IRU�FRQVWUXFWLRQ�VLWHV�ZLWKRXW�REVHUYHG�WXUELGLW\�FRQFHQWUDWLRQ�GDWD�

ZDV�DOVR�LQYHVWLJDWHG��6LQFH�WKH�YDOXH�RI�Į�YDULHG�E\�QHDUO\�WZR�RUGHUV�RI�PDJQLWXGH�IRU�RXU�

H[SHULPHQWDO�PHWKRGV��D�SUHGLFWLYH�UHODWLRQVKLS�IRU�WKLV�IDFWRU�DV�D�IXQFWLRQ�RI�PHDVXUDEOH�VRLO�

SURSHUWLHV�LV�QHHGHG��

��

7KH�VRLO�SURSHUWLHV�SUHYLRXVO\�GHVFULEHG�ZHUH�XVHG�LQ�D�PXOWLSOH�OLQHDU�UHJUHVVLRQ��1HWHU�HW�DO���

������WR�GHWHUPLQH�D�UHODWLRQVKLS�IRU�Į��7KH�ORJ�WUDQVIRUPHG�PXOWLSOH�OLQHDU�UHJUHVVLRQ�ZDV�

SHUIRUPHG�XVLQJ�WKH�PHGLDQ�Į�YDOXHV�ZKHQ�ȕ�ZDV�VHW�DW������1HDUO\����UHJUHVVLRQ�PRGHOV�

ZHUH�HYDOXDWHG��DQG�WKH�PRVW�XVHIXO�UHJUHVVLRQ�PRGHOV�DUH�JLYHQ�LQ�WKLV�VHFWLRQ��7KH�

FRUUHODWLRQ�PDWUL[�DQG�GHWDLOV�RI�WKH�EHVW�UHJUHVVLRQ�PRGHOV�DUH�JLYHQ�E\�3HUNLQV���������7KH�

PRVW�VLJQLILFDQW�YDULDEOHV�LQ�WKH�PRGHO�DUH�SHUFHQW�VLOW�SOXV�FOD\��SHUFHQW�VLOW��LQWHUULOO�

HURGLELOLW\��DQG�FXUYH�QXPEHU���

�

0XOWLSOH�UHJUHVVLRQ�PRGHOV�DUH�XVHG�WR�GHWHUPLQH�D�UHODWLRQVKLS�EHWZHHQ�VLJQLILFDQW�

LQGHSHQGHQW�YDULDEOHV�WKDW�GHVFULEH�WKH�GHSHQGHQW�YDULDEOH��7KH�LQGHSHQGHQW�YDULDEOHV�DUH�WKH�

VRLO�SURSHUWLHV�LQ�7DEOH������DQG�WKH�GHSHQGHQW�YDULDEOH�LV�WKH�PHGLDQ�Į�YDOXHV�IRU�HDFK�VRLO��

7KH�WKUHH�LQGHSHQGHQW�YDULDEOHV�RI�SHUFHQW�VLOW��FXUYH�QXPEHU��DQG�LQWHUULOO�HURGLELOLW\�ZHUH�

LGHQWLILHG�DV�LPSRUWDQW�LQGLFDWRUV�RI�SK\VLFDO�SURFHVVHV�RI�SDUWLFOH�GHWDFKPHQW�DQG�WUDQVSRUW�

DQG�ZHOO�UHSUHVHQWHG�WKH�REVHUYHG�Į�YDOXHV�KDYLQJ�D�5�� �������3HUFHQW�VLOW�UHSUHVHQWV�WKH�

DYDLODEOH�SDUWLFOHV�RQ�D�VLWH�WKDW�FDQ�EH�HDVLO\�HURGHG�DQG�WUDQVSRUWHG�LQ�VWRUPZDWHU��FXUYH�

QXPEHU�LV�D�PHDVXUHPHQW�RI�UXQRII�SRWHQWLDO�RQ�D�VLWH��DQG�LQWHUULOO�HURGLELOLW\�LV�D�YDOXH�WKDW�

TXDQWLILHV�WKH�GHWDFKPHQW�DQG�WUDQVSRUW�RI�VRLO�E\�UDLQGURSV�DQG�RYHUODQG�IORZ��%RWK�WKH�

SHUFHQW�VLOW�DQG�LQWHUULOO�HURGLELOLW\�ZHUH�VLJQLILFDQW�DW�WKH�����OHYHO��+RZHYHU��WKH�FXUYH�

QXPEHU�ZDV�QRW�VLJQLILFDQW�DW�D�����OHYHO��,W�ZDV�VLJQLILFDQW�DW�WKH�����OHYHO��%HFDXVH�RI�LWV�
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�

LPSRUWDQFH�LQ�WKH�HURVLRQ�SURFHVV��LW�ZDV�GHFLGHG�WR�VWLOO�LQFOXGH�LW�LQ�WKH�UHJUHVVLRQ�PRGHO��

7KH�UHJUHVVLRQ�PRGHO�XVLQJ�WKHVH�WKUHH�SDUDPHWHUV�H[SODLQHG�����RI�WKH�YDULDELOLW\�LQ�Į��7KH�

HTXDWLRQ�IRU�WKLV�PRGHO�LV�DV�IROORZV��

� ȽൌͳǤͺE-ͳ�Silt1.20 CN8.15 Ki
-ͲǤ� ������

7KLV�PRGHO�LV�KLJKO\�QRQOLQHDU�ZLWK�UHVSHFW�WR�WKH�FXUYH�QXPEHU��$OWKRXJK�FXUYH�QXPEHU�LV�D�

YDULDEOH�WKDW�FDQ�EH�HDVLO\�GHWHUPLQHG�ZLWK�VLPSOH�FDOFXODWLRQV�DQG�WDEOH�YDOXHV��LW�LV�VWLOO�D�

GLPHQVLRQOHVV�LQGH[�RI�UXQRII��%HFDXVH�RI�WKLV��PD[LPXP�DEVWUDFWLRQ�GHSWK��D�SK\VLFDO�

SURSHUW\�RI�WKH�VLWH�WKDW�LV�XVHG�LQ�FXUYH�QXPEHU�FDOFXODWLRQV��ZDV�VXEVWLWXWHG�IRU�FXUYH�

QXPEHU�LQ�WKH�UHJUHVVLRQ�PRGHOV��7KLV�VXEVWLWXWLRQ�KDG�OLWWOH�HIIHFW�RQ�WKH�RYHUDOO�ILW�RI�WKH�

UHJUHVVLRQ�PRGHO��EXW�LW�GLG�GHFUHDVH�WKH�QRQOLQHDULW\�RI�WKH�UHJUHVVLRQ�PRGHO��7KH�HTXDWLRQ�

IRU�WKLV�PRGHO�LV�DV�IROORZV��

� ȽൌͲǤͶ͵�Silt1.19 S-ͲǤ͵ͳ Ki
-ͲǤͷ�� ������

$OWKRXJK�(TXDWLRQ�����LV�WKH�SUHIHUUHG�SUHGLFWLRQ�PRGHO�IRU�Į��WKH�LQWHUULOO�HURGLELOLW\�DQG�

PD[LPXP�DEVWUDFWLRQ�PD\�QRW�EH�UHDGLO\�DYDLODEOH�IRU�VRLOV�DW�FRQVWUXFWLRQ�VLWHV��$Q�

DOWHUQDWLYH�DQG�VLPSOHU�SUHGLFWLYH�PRGHO�ZDV�REWDLQHG�XVLQJ�RQO\�SHUFHQW�VLOW��7KLV�UHJUHVVLRQ�

PRGHO�H[SODLQHG�����RI�WKH�YDULDELOLW\�RI�Į��7KH�HTXDWLRQ�IRU�WKLV�PRGHO�LV�DV�IROORZV��

� Ƚ�ൌͳǤͻͶ�-Ͷ Silt1.22� ������

(TXDWLRQ�����SURYLGHV�D�VLPSOH�HVWLPDWH�RI�Į�LI�RQO\�SDUWLFOH�VL]H�GLVWULEXWLRQ�LV�DYDLODEOH�IRU�

WKH�VLWH��7KH�ILW�RI�WKHVH�WZR�PRGHOV�ZLOO�EH�GHVFULEHG�ODWHU�LQ�WKLV�FKDSWHU���

�

Evaluation of Regression Models 
 

7KH�XVHIXOQHVV�RI�WKH�UHJUHVVLRQ�PRGHOV�RI�(TXDWLRQ������0RGHO����DQG�(TXDWLRQ������0RGHO�

���ZDV�HYDOXDWHG�E\�FRPSDULQJ�WKH�SUHGLFWHG�Į�WR�WKRVH�REVHUYHG��)RU�DOO�VRLOV��WKH�REVHUYHG�Į�

YDOXHV�FRUUHVSRQG�WR�WKH�PLQLPXP��PD[LPXP��DQG�PHGLDQ�REWDLQHG�XVLQJ�D�ȕ�RI������7KH�

UHVXOWV�RI�WKLV�FRPSDULVRQ�DUH�VKRZQ�LQ�)LJXUH�����IRU�WKH�SUHGLFWHG�Į�XVLQJ�(TXDWLRQ�����DQG�

LQ�)LJXUH�����IRU�WKH�SUHGLFWHG�Į�XVLQJ�(TXDWLRQ�������

�

�
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)LJXUH������2EVHUYHG�Į�YDOXHV�SORWWHG�DJDLQVW�SUHGLFWHG�Į�YDOXHV�IRU�0RGHO����
� �
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)LJXUH������2EVHUYHG�Į�YDOXHV�SORWWHG�DJDLQVW�SUHGLFWHG�Į�YDOXHV�IRU�0RGHO����
�

0RGHO���DQG�0RGHO���DUH�HYDOXDWHG�XVLQJ�WKH�QRUPDOL]HG�PHDQ�VTXDUH�HUURU��106(��DQG�WKH�

UHODWLYH�PHDQ�HUURU��50(���:KHQ�106(� ����WKH�PRGHO�KDV�D�SHUIHFW�ILW��EXW�ZKHQ�106(���

���WKH�PHDQ�GHVFULEHV�Į�DV�JRRG�DV�RU�EHWWHU�WKDQ�WKH�UHJUHVVLRQ�PRGHO��7KH�50(�VKRZV�D�ELDV�

LQ�WKH�PRGHOV��$�PRGHO�ZLWK�D�SRVLWLYH�50(�RYHU�HVWLPDWHV�Į�DQG�D�PRGHO�ZLWK�D�QHJDWLYH�

50(�XQGHUHVWLPDWHV�Į���106(�DQG�50(�ZHUH�FDOFXODWHG�ZLWK�WKH�IROORZLQJ�HTXDWLRQV��

� ܧܵܯܰ = σ(ିை)మ

σ(ைିைത)మ � ������

� ܧܯܴ = σ(ିை)
 ைത � ������

ZKHUH�3L�DQG�2L�DUH�WKH�SUHGLFWHG�DQG�PHGLDQ�RI�REVHUYHG�Į�YDOXHV�IRU�HDFK�VRLO��L��Oഥ�LV�WKH�
PHDQ�RI�WKH�REVHUYHG�Į�YDOXHV�DQG�Q�LV�WKH�QXPEHU�RI�VRLOV�XVHG�LQ�WKH�DQDO\VLV��7KH�HUURU�RI�

HDFK�PRGHO�LV�VXPPDUL]HG�LQ�7DEOH������ 
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�

 
7DEOH������0RGHO�HUURU�YDOXHV��

Error Model 1 Model 2 

NMSE ����� �����

RME ������ ������

�

7KH�106(�RI�0RGHO���LV�VPDOOHU�WKDQ�0RGHO����LQGLFDWLQJ�D�EHWWHU�ILW��%RWK�PRGHOV�KDYH�

106(�YDOXHV����LQGLFDWLQJ�WKDW�WKH�0RGHOV�EHWWHU�UHSUHVHQW�Į�WKHQ�WKH�PHDQ�RI�REVHUYHG�Į�

YDOXHV��7KH�QHJDWLYH�50(�YDOXHV�LQGLFDWH�WKDW�ERWK�PRGHOV�DUH�VOLJKWO\�XQGHU�SUHGLFWLQJ�Į��

�

7KH�Į�UHJUHVVLRQ�EDVHG�SUHGLFWLRQV�ZHUH�WKHQ�DSSOLHG�WR�HDFK�VRLO�WR�GHPRQVWUDWH�KRZ�

WXUELGLW\�ZRXOG�EH�SUHGLFWHG�EDVHG�RQ�FROOHFWHG�766�GDWD��7KLV�DQDO\VLV�VKRZV�WKH�LPSDFW�RI�

SRWHQWLDO�HUURUV�LQ�Į�RQ�SUHGLFWHG�WXUELGLWLHV��)XUWKHU�DSSOLFDWLRQ�ZLOO�EH�GLVFXVVHG�ODWHU�LQ�WKH�

UHSRUW��)LJXUH�����VKRZV�WKH�WXUELGLW\�766�UHODWLRQVKLSV�IRU�D�VRLO�ZLWK�Į�HVWLPDWHG�XVLQJ�ERWK�

(TXDWLRQ�����DQG������7XUELGLW\�ZDV�WKHQ�GHWHUPLQHG�E\�XVLQJ�WKH�HVWLPDWHG�Į�YDOXH�LQ�

(TXDWLRQ�����ZLWK�D�ȕ�YDOXH�RI����� 
 
Data Normalization 
 

$�VLQJOH�GLPHQVLRQOHVV�FXUYH�LV�XVHIXO�LQ�UHSUHVHQWLQJ�WKH�WXUELGLW\�FRQFHQWUDWLRQ�GDWD��7KH�

SRZHU�IXQFWLRQV�IRU�WKH�GLIIHUHQW�VRLOV�FDQ�EH�FROODSVHG�LQWR�D�VLQJOH�FXUYH�XVLQJ�D�WXUELGLW\�

GHILQHG�IRU�DQ�LQGH[�FRQFHQWUDWLRQ��7KH�LQGH[�FRQFHQWUDWLRQ�FDQ�EH�VHW�E\�D�WXUELGLW\�VWDQGDUG�

RU�LW�FDQ�EH�D�NQRZQ�YDOXH�FROOHFWHG�IURP�D�VLWH���

� �
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�

�

�

�

)LJXUH������(VWLPDWHG�Į�IRU�DQ�H[DPSOH�VRLO��
�

Normalization by a Standard 
 

7XUELGLW\�FRQFHQWUDWLRQ�GDWD�FDQ�EH�QRUPDOL]HG�ZLWK�D�FKRVHQ�WXUELGLW\�VWDQGDUG��7VWG��8VLQJ�

(TXDWLRQ������7VWG�FDQ�EH�XVHG�WR�GHWHUPLQH�WKH�FRUUHVSRQGLQJ�VWDQGDUG�FRQFHQWUDWLRQ��&VWG��

ZLWK�DQ�DSSURSULDWH�HVWLPDWH�RU�NQRZQ�Į��(TXDWLRQ�����FDQ�WKHQ�EH�QRUPDOL]HG�ZLWK�WKHVH�

VWDQGDUG�YDOXHV�DV�VHHQ�LQ�(TXDWLRQ������

� ்ೞ
்ೞ

= ఈೞ
ఈೞ

ቀೞೞ
ቁ
 ହൗ = ቀೞೞ

ቁ
 ହൗ �� ������

%HFDXVH�ĮVLWH�DQG�ĮVWG�DUH�ERWK�GHWHULPLQHG�XVLQJ�WKH�VDPH�VLWH�GDWD��WKH\�DUH�WKH�VDPH�YDOXH�

DQG�ZRXOG�FDQFHO�RXW�LQ�(TXDWLRQ������:LWK�WKH�UHPRYDO�RI�Į��WKH�GDWD�FROODSVHV�QLFHO\�RQ�D�

VLQJOH�FXUYH��$�GLPHQVLRQOHVV�SORW�RI�DOO�RI�WKH�ODERUDWRU\�GDWD�LV�VKRZQ�LQ�)LJXUH������$�

VLQJOH�GLPHQVLRQOHVV�FXUYH�ZDV�DEOH�WR�DFFXUDWHO\�UHSUHVHQW�WKH�REVHUYHG�GDWD��

� �
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�

)LJXUH������/DERUDWRU\�WXUELGLW\�DQG�FRQFHQWUDWLRQ�GDWD�QRUPDOL]HG�E\�D������178�WXUELGLW\�
VWDQGDUG��

�

Normalization with a Single Known Data Value 
 

$�VLQJOH�PHDVXUHG�SDLU�RI�WXUELGLW\�DQG�FRQFHQWUDWLRQ�YDOXHV�IRU�D�VWRUP�HYHQW�FDQ�EH�XVHG�WR�

HVWDEOLVK�WKH�UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�FRQFHQWUDWLRQ��7KLV�DSSURDFK�LV�SUHIHUUHG�LI�

UHVRXUFHV�DOORZ�WKH�FROOHFWLRQ�RI�D�VLQJOH�VDPSOH�EXW�DUH�LQVXIILFLHQW�WR�DOORZ�PXOWLSOH�

VDPSOLQJ�GXULQJ�D�VWRUP�HYHQW��7KH�XVH�RI�WKLV�NQRZQ�GDWD�DYRLGV�WKH�XQFHUWDLQW\�LQ�

HVWLPDWLQJ�Į�IURP�UHJUHVVLRQ�HTXDWLRQV��,Q�DGGLWLRQ��DV�GLVFXVVHG�LQ�&KDSWHU����Į�YDOXHV�

FKDQJH�ZLWK�GHSRVLWLRQ�DORQJ�WKH�IORZ�SDWK��ZKLFK�IXUWKHU�FRPSOLFDWHV�WKH�GHWHUPLQDWLRQ�RI�Į�

IURP�UHJUHVVLRQ�HTXDWLRQV��

�

/HW¶V�GHILQH�D�VLQJOH�VDPSOH�IURP�WKH�VLWH�IURP�ZKLFK�D�NQRZQ�WXUELGLW\��7NQRZQ��DQG�

FRUUHVSRQGLQJ�FRQFHQWUDWLRQ�VDPSOH��&NQRZQ��DUH�REWDLQHG��8VLQJ�(TXDWLRQ������7NQRZQ�DQG�

&NQRZQ�FDQ�EH�XVHG�WR�GHWHUPLQH�ĮNQRZQ��(TXDWLRQ�����FDQ�WKHQ�EH�QRUPDOL]HG�ZLWK�WKHVH�YDOXHV�

DV�VHHQ�LQ�(TXDWLRQ������

� ்ೞ
்ೖೢ

= ఈೞ
ఈೖೢ

ቀ ೞ
ೖೢ

ቁ
 ହൗ = ቀ ೞ

ೖೢ
ቁ
 ହൗ � ������
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$JDLQ��ĮVLWH�DQG�ĮNQRZQ�DUH�HTXDO��)RU�PHDVXUHG�RU�SUHGLFWHG�FRQFHQWUDWLRQV��WKH�WXUELGLW\�FDQ�

WKHQ�EH�FRPSXWHG�E\�(TXDWLRQ������7KH�Į�YDOXH�LV�LQKHUHQWO\�HPEHGGHG�LQ�WKH�NQRZQ�WXUELGLW\�

DQG�FRQFHQWUDWLRQ�YDOXHV��

��

Analysis of Turbidity Meters 
�

7KH�H[SHULPHQWDO�GHVLJQ�IRU�WKH�FRPSDULVRQ�RI�WXUELGLW\�PHWHUV�ZDV�JLYHQ�LQ�&KDSWHU�����2QFH�

DJDLQ��WKH�<6,�������&DPSEHOO�VFLHQWLILF�2%6����DQG�$QDOLWH�1(3����WDNH�D�VHULHV�RI�

UHDGLQJV�DQG�RXWSXW�DQ�DYHUDJH�YDOXH��7KH�2%6���ZDV�SURJUDPPHG�WR�DYHUDJH����UHDGLQJV�

WDNHQ�HYHU\�ILYH�VHFRQGV��(DFK�SUREH�ZDV�DOORZHG�WR�JR�WKURXJK�LWV�VFDQ�LQWHUYDO�WKUHH�WLPHV�

DQG�DQ�DYHUDJH�RI�WKH�WKUHH�UHDGLQJV�ZDV�UHFRUGHG���

�

)LJXUHV�����WKURXJK������VKRZ�WKH�DYHUDJH�WXUELGLW\�YDOXHV�UHFRUGHG�E\�HDFK�PHWHU�IRU�HDFK�

VRLO�W\SH��$V�H[SHFWHG�D�ZLGH�UDQJH�RI�WXUELGLWLHV�ZHUH�UHFRUGHG�E\�HDFK�VHQVRU�GHSHQGHQW�RQ�

WKH�VRLO�W\SH��'LIIHUHQFHV�LQ�SDUWLFOH�GLDPHWHUV��VKDSH�DQG�FRORU�DOO�FDQ�DIIHFW�WKH�WXUELGLW\�

UHDGLQJV��$QGHUVRQ���������7KH�ORFDWLRQ�RI�HDFK�VRLO�RQ�WKH�SORW�IRU�DOO�ILYH�VHQVRUV�ZDV�

FRQVLVWHQW��)RU�JLYHQ�VHGLPHQW�FRQFHQWUDWLRQ�WKH�KLJKHVW�WXUELGLW\�YDOXHV�ZHUH�SURGXFHG�E\�

WKH�ILQHU�WH[WXUHG�VRLOV��7KH�FRDUVHU�WH[WXUHG�VRLOV�SURGXFHG�WKH�ORZHVW�WXUELGLWLHV�IRU�D�JLYHQ�

VHGLPHQW�FRQFHQWUDWLRQ��7KH�UDQJH�LQ�WXUELGLW\�DW�WKH�ORZHU�FRQFHQWUDWLRQV�UDQJHG�IURP����WR�

���178V�DQG�DW�WKH�KLJKHU�FRQFHQWUDWLRQV�����WR�����178V���

�

�

10.0

100.0

1000.0

10000.0

100.0 1000.0 10000.0 100000.0

Tu
rb

id
it

y 
N

TU
s 

Concentration mg/l 

OBS3+ 

Sandy Loam

Loam

Sandy Loam 2

Silt

Silty Clay Loam



�

���
�

�

)LJXUH������7XUELGLW\�YDOXHV�PHDVXUHG�E\�WKH�2%6���IRU�DOO�ILYH�VRLOV��
�

�
)LJXUH������7XUELGLW\�YDOXHV�PHDVXUHG�E\�WKH�<6,������IRU�DOO�ILYH�VRLOV�

�

�
)LJXUH������7XUELGLW\�YDOXHV�PHDVXUHG�E\�WKH�2%6����IRU�DOO�ILYH�VRLOV�

�

10.0

100.0

1000.0

100.0 1000.0 10000.0 100000.0

Tu
rb

id
it

y 
N

TU
s 

Concentration mg/l 

YSI 6136 

Sandy Loam

Loam

Sandy Loam 2

Silt

Silty Clay Loam

10.0

100.0

1000.0

10000.0

100.0 1000.0 10000.0 100000.0

Tu
rb

id
it

y 
N

TU
s 

Concentration mg/l 

OBS 500 

Sandy Loam

Loam

Sandy Loam 2

Silt

Silty Clay Loam



�

���
�

�

�
)LJXUH�������7XUELGLW\�YDOXHV�PHDVXUHG�E\�WKH�$QDOLWH�1(3����IRU�DOO�ILYH�VRLOV�

�
)LJXUH�������7XUELGLW\�YDOXHV�PHDVXUHG�E\�WKH�����1�IRU�DOO�ILYH�VRLOV�
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�

)LJXUHV������WKURXJK������VKRZ�WKH�GLIIHUHQFHV�LQ�WXUELGLW\�YDOXHV�JHQHUDWHG�E\�HDFK�VHQVRU�

IRU�D�JLYHQ�VRLO�W\SH��'LIIHUHQFHV�LQ�ZDYH�OHQJWK��GHWHFWLRQ�DQJOHV��DQG�PHWKRG�XVHG��EDFN�

VFDWWHU�YHUVXV�VLGH�VFDWWHU��FDQ�H[SODLQ�WKH�UDQJH�RI�WXUELGLWLHV�UHFRUGHG�IURP�GLIIHUHQW�VHQVRUV�

IRU�WKH�VDPH�VRLO��$QGHUVRQ��������7KH�����1�DQG�2%6���PHDVXUHG�WKH�ORZHVW�WXUELGLW\�

YDOXHV�SHU�VRLO�W\SH�DQG�WKH�$QDOLWH�1(3����UHFRUGHG�WKH�KLJKHVW�WXUELGLW\�IRU�HDFK�VRLO��7KH�

SHUFHQW�VDQG��SHUFHQW�VLOW�DQG�SHUFHQW�FOD\�FRUUHVSRQG�WR�WKH�SULPDU\�SDUWLFOH�VL]HV����

��
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)LJXUH�������7XUELGLW\�YDOXHV�PHDVXUHG�E\�HDFK�VHQVRU�RQ�WKH�VDQG\�ORDP�VRLO�

�
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)LJXUH�������7XUELGLW\�YDOXHV�PHDVXUHG�E\�HDFK�VHQVRU�RQ�WKH�ORDP�VRLO�

��
)LJXUH�������7XUELGLW\�YDOXHV�PHDVXUHG�E\�HDFK�VHQVRU�RQ�WKH�VLOW�VRLO�
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)LJXUH�������7XUELGLW\�YDOXHV�PHDVXUHG�E\�HDFK�VHQVRU�RQ�WKH�VLOW\�FOD\�ORDP�VRLO�

�
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�

7R�SURYLGH�D�EHWWHU�FRPSDULVRQ�EHWZHHQ�VHQVRUV��WKH�GLIIHUHQFH�EHWZHHQ�WKH�WXUELGLW\�YDOXHV�

UHFRUGHG�E\�WKH�����1�DQG�HDFK�VHQVRU�ZHUH�FDOFXODWHG�DQG�SORWWHG�LQ�)LJXUH�������7KH�

GLIIHUHQFHV�ZHUH�FDOFXODWHG�DW�D�VHGLPHQW�FRQFHQWUDWLRQ�RI������PJ�O���

�
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)LJXUH�������'LIIHUHQFH�EHWZHHQ�WXUELGLW\�YDOXHV�RI�HDFK�SUREH�DQG�WKH�����1�
�

7KH�2%6���YDULHG�OHVV�WKDQ����178V�IURP�WKH�����1�YDOXHV��7KH�<6,������DQG�2%6����

GLIIHUHQFHV�ZHUH�VLPLODU�DQG�UDQJHG�IURP����WR�����178V��7KH�$QDOLWH�1(3����GLIIHUHQFHV�

WUHQGHG�KLJKHVW�RI�WKH�IRXU�SUREHV�UDQJLQJ�IURP����WR�����178V����

�

$Q�DYHUDJH�YDOXH�RI�WKH�GLIIHUHQFH�EHWZHHQ�WKH�����1�DQG�DOO�WKH�VHQVRUV�IRU�HDFK�VRLO�W\SH�

DQG�WKH�DYHUDJH�YDOXH�IRU�DOO�WKH�VRLO�WH[WXUHV�E\�LQGLYLGXDO�VHQVRUV��ZDV�FDOFXODWHG��7KH�GDWD�

LV�VKRZQ�LQ�7DEOH�����DQG�)LJXUH��������

�
7DEOH�������7KH�DYHUDJH�YDOXH�RI�WKH�GLIIHUHQFH�EHWZHHQ�WKH�����1�DQG�DOO�WKH�VHQVRUV�IRU�HDFK�

VRLO�W\SH�DQG�WKH�DYHUDJH�YDOXH�IRU�HDFK�VHQVRU�IRU�DOO�WKH�VRLOV�
�

Difference between 2100N and all sensors at a concentration of 2500mg/l 

 

Sandy 
Loam  

Sandy Loam 
2 Loam Silt Silty Clay Loam Ave 

OBS3+ 12 5 14 36 23 18 

OBS 500 73 84 110 113 160 108 

YSI 6136 91 85 77 118 190 112 

Analite 495 92 115 220 188 195 162 

Ave. 67 72 105 113 142 
 �

�
�
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)LJXUH�������$YHUDJH�GLIIHUHQFH�EHWZHHQ�VHQVRUV�DQG�WKH�����1�WXUELGLWLHV��
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7KH�EDUV�ODEHOHG�ZLWK�VRLO�WH[WXUH�UHSUHVHQW�WKH�GLIIHUHQFH�EHWZHHQ�DOO�WKH�VHQVRUV�DQG�WKH�

����1�DYHUDJHG�WRJHWKHU�IRU�D�VLQJOH�VRLO��7KH\�UHSUHVHQW�WKH�H[SHFWHG�UDQJH�RI�WXUELGLW\�

YDOXHV�JHQHUDWHG�E\�WKH�IRXU�GLIIHUHQW�SUREHV�RQ�WKH�VDPH�VRLO��6RLO�WH[WXUH�DIIHFWHG�WKH�DELOLW\�

RI�SUREHV�WR�SUHGLFW�WXUELGLW\�ZLWK�DQ�DYHUDJH�UDQJH�DFURVV�VHQVRUV�WUHQGLQJ�XSZDUG�DV�WKH�

VRLOV�ZHQW�IURP�FRDUVHU�WH[WXUHG�VDQG\�ORDPV�WR�WKH�KLJKHVW�FOD\�FRQWHQW�RI�WKH�VLOW\�FOD\�ORDP�

VRLO���

�
7KH�EDUV�ODEHOHG�ZLWK�VHQVRU�QDPHV�UHSUHVHQW�WKH�DYHUDJH�GLIIHUHQFH�EHWZHHQ�DQ�LQGLYLGXDO�

WXUELGLW\�VHQVRU�DQG�WKH�����1�IRU�DOO�RI�WKH�ILYH�VRLOV��7KH�2%6���KDG�WKH�OHDVW�DPRXQW�RI�

YDULDELOLW\�DFURVV�VRLO�WH[WXUHV�ZLWK�DQ�DYHUDJH�GLIIHUHQFH�RI����178V��7KH�$QDOLWH�KDG�WKH�

KLJKHVW�YDULDELOLW\�DW�����178V��

�

Summary 
 

$�VHW�RI�ODERUDWRU\�H[SHULPHQWV�ZDV�FRQGXFWHG�WR�GHWHUPLQH�WKH�UHODWLRQVKLSV�EHWZHHQ�

WXUELGLW\�DQG�VHGLPHQW�FRQFHQWUDWLRQV���)RXUWHHQ�GLIIHUHQW�VRLOV�ZHUH�FRQVLGHUHG���(DFK�VRLO�



�

���
�

�

ZDV�UDLQHG�RQ�IRU�WKLUW\�PLQXWHV�DQG�UXQRII�ZDV�FROOHFWHG�HYHU\�ILYH�PLQXWHV�LQ����P/�YLDOV��

7KHVH�VDPSOHV�ZHUH�WKHQ�DQDO\]HG�WR�GHWHUPLQH�WLPH�GHSHQGHQW�UHODWLRQVKLSV�EHWZHHQ�

WXUELGLW\�DQG�766��(DFK�VRLO�H[KLELWHG�D�VWURQJ�SRZHU�UHODWLRQVKLS�ZLWK�YDU\LQJ�FRHIILFLHQWV��Į�

DQG�ȕ��7KHVH�FRHIILFLHQWV�ZHUH�WKHQ�HYDOXDWHG�WR�GHWHUPLQH�VXLWDEOH�UHODWLRQVKLSV�IRU�HDFK�

FRHIILFLHQW��8VLQJ�VRLO�SURSHUWLHV��D�UHJUHVVLRQ�DQDO\VLV�GHWHUPLQHG�D�UHODWLRQVKLS�WR�GHILQH�WKH�

ZLGHO\�YDULDEOH�Į�FRHIILFLHQW��'XH�WR�WKH�FRPSOLFDWHG�SURFHVV�WR�DWWDLQ�WKH�SURSHU�VRLO�

SURSHUWLHV�WR�XVH�WKH�UHJUHVVLRQ�PRGHO�IRU�Į��D�VHFRQG��VLPSOHU��PRGHO�ZDV�JLYHQ�WKDW�JLYHV�D�

VXLWDEOH��\HW�OHVV�DFFXUDWH�DSSUR[LPDWLRQ�RI�Į��%HFDXVH�ȕ�YDULHG�VLJQLILFDQWO\�OHVV�WKDQ�Į�DQG�

KDG�QR�YLVLEOH�WUHQGV�ZLWK�VRLO�SURSHUWLHV��LW�ZDV�VHW�WR�D�FRQVWDQW�YDOXH�RI�������

�

7KH�UHODWLRQVKLSV�RI�WKH�FKDSWHU�ZHUH�DEOH�WR�SUHGLFW�WXUELGLW\�EDVHG�RQ�NQRZQ�VRLO�

FRQFHQWUDWLRQ��7XUELGLW\�FRQFHQWUDWLRQ�GDWD�FDQ�DOVR�EH�QRUPDOL]HG�LQWR�D�VLQJOH�FXUYH�ZLWK�D�

WXUELGLW\�VWDQGDUG�DQG�FRUUHVSRQGLQJ�VWDQGDUG�FRQFHQWUDWLRQ�RU�D�NQRZQ�WXUELGLW\�DQG�

FRUUHVSRQGLQJ�FRQFHQWUDWLRQ�YDOXH�IURP�WKH�VLWH�EHLQJ�PRQLWRUHG����

�

7KH�LPSDFW�RI�WXUELGLW\�VHQVRUV�ZDV�DOVR�HYDOXDWHG�XVLQJ�ODERUDWRU\�SURFHGXUHV���7XUELGLW\�

YDOXHV�ZHUH�PHDVXUHG�XVLQJ�ILYH�GLIIHUHQW�WXUELGLW\�VHQVRUV�RQ�ILYH�GLIIHUHQW�VRLO�WH[WXUHV���

6RLO�WH[WXUH�DQG�SUREH�FRQILJXUDWLRQ�KDG�DQ�LPSDFW�RQ�WKH�WXUELGLW\�UHDGLQJV��)RU�WKH�+DFK�

����1�VHQVRU��WKH�UDQJH�LQ�WXUELGLW\�ZLWK�VRLO�WH[WXUH�YDULHG�IURP����WR�����178V�IRU�

FRQFHQWUDWLRQ�RI������PJ�/��'LIIHUHQFHV�LQ�SUREH�FRQILJXUDWLRQV�JHQHUDWHG�D�UDQJH�RI�

WXUELGLWLHV�EHWZHHQ����DQG����178V��7KH�GLIIHUHQFH�EHWZHHQ�WKH2%6���VHQVRU�DQG�WKH�

����1�WXUELGLWLHV�ZDV�WKH�OHDVW�RI�WKH�IRXU�VHQVRUV�DW����178¶V�FRPSDUHG�WR�����178V�IRU�

WKH�2%6���������178V�IRU�WKH�<6,������DQG�����178V�IRU�WKH�$QDOLWH�1(3������

�

� �
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Chapter 4 
Evaluation of Turbidity with Particle Settling 

 
Introduction 
�

0RVW�VHGLPHQW�FRQWURO�SUDFWLFHV�UHPRYH�HURGHG�SDUWLFOHV�E\�JUDYLWDWLRQDO�VHWWOLQJ��7KH�ODUJHU�

VHGLPHQW�SDUWLFOHV�DUH�WKHQ�GHSRVLWHG�DQG�ILQHU�VL]HV�DUH�PRUH�OLNHO\�GLVFKDUJHG�IURP�WKH�

FRQVWUXFWLRQ�VLWHV��6HGLPHQW�FRQWURO�SUDFWLFHV�QRW�RQO\�FKDQJH�WKH�PDVV�RI�VHGLPHQW�EXW�DOVR�

WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ��7KH�DQDO\VLV�JLYHQ�LQ�&KDSWHU���FDQ�EH�XVHG�WR�HYDOXDWH�FKDQJHV�

LQ�VHGLPHQW�PDVV�RQ�WXUELGLW\��7KH�IRFXV�RI�WKLV�FKDSWHU�LV�WR�LQYHVWLJDWH�WKH�LPSDFW�RI�FKDQJHV�

LQ�WKH�VL]H�RI�SDUWLFOHV�LQ�WKH�VDPSOH�RQ�WXUELGLW\��

�

$�WKHRUHWLFDO�IUDPHZRUN�IRU�FKDQJHV�LQ�WXUELGLWLHV�ZLWK�VHGLPHQW�GHSRVLWLRQ�ZLOO�ILUVW�EH�

JLYHQ��'DWD�FROOHFWLRQ�PHWKRGV�IRU�WKLV�SDUW�RI�WKH�VWXG\�ZLOO�WKHQ�EH�H[SODLQHG��7KH�FROOHFWHG�

GDWD�ZLOO�EH�DQDO\]HG�WR�GHWHUPLQH�SDUDPHWHUV�HVWDEOLVKHG�E\�WKH�WKHRUHWLFDO�IUDPHZRUN��7KH�

FKDSWHU�ZLOO�FRQFOXGH�ZLWK�UHFRPPHQGDWLRQV�RQ�PHWKRGV�IRU�FKDQJLQJ�WXUELGLW\�ZLWK�VHGLPHQW�

GHSRVLWLRQ��

�

Theoretical Framework 
 
Turbidity-Fraction-Finer Relationship 

�

7KH�GLVWULEXWLRQ�RI�PDVV�ZLWK�SDUWLFOH�VL]HV�LV�ZLGHO\�UHSUHVHQWHG�XVLQJ�WKH�IUDFWLRQ�ILQHU��7KH�

IUDFWLRQ�ILQHU�FDQ�EH�GHILQHG�DV�

� ௗܨ = ெ
ெ

= ெ/
ெ/ = 


� ������

ZKHUH�0G�DQG�&G�LV�WKH�FXPXODWLYH�PDVV�DQG�FRUUHVSRQGLQJ�FRQFHQWUDWLRQ�IRU�D�SDUWLFOH�

GLDPHWHU�RI�G��07�LV�WKH�WRWDO�PDVV�RI�D�VDPSOH�YROXPH�9�ZLWKRXW�DQ\�GHSRVLWLRQ��DQG�&L�LV�WKH�

LQLWLDO�FRQFHQWUDWLRQ�RI�WKH�VDPSOH�ZLWKRXW�DQ\�GHSRVLWLRQ��

7KH�WXUELGLW\�UHODWLRQVKLSV�GHYHORSHG�LQ�&KDSWHU���DUH�DSSOLFDEOH�WR�WKH�LQLWLDO�FRQFHQWUDWLRQ��

)RU�WKLV�FKDSWHU��WKH�UHODWLRQVKLS�LV�ZULWWHQ�DV�

� ܶ = �ூఉబܥߙ ������



�

���
�

�

ZKHUH�7,�LV�WKH�WXUELGLW\�ZLWKRXW�GHSRVLWLRQ�DQG�Į��DQG�ȕ��FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�

PHWKRGV�JLYHQ�LQ�&KDSWHU����

�

7R�DOORZ�IRU�FKDQJHV�ZLWK�VHGLPHQW�GHSRVLWLRQ��WKH�WXUELGLW\�UHODWLRQVKLS�ZLOO�EH�ZULWWHQ�LQ�D�

PRUH�JHQHUDO�IRUP�DV�

� ௗܶ = ௗఉܥௗߙ = �ఉ(ூܥௗܨ)ௗߙ ������

ZKHUH�7G�LV�WKH�WXUELGLW\�ZLWK�GHSRVLWLRQ�FRUUHVSRQGLQJ�WR�D�GLDPHWHU�IRU�)G��,Q�WKH�DERYH�

UHODWLRQVKLS��ĮG�DQG�ȕG�YDU\�ZLWK�VHGLPHQW�GHSRVLWLRQ��(TXDWLRQ�����ZDV�XVHG�IRU�&G��

�

$�QRUPDOL]HG�WXUELGLW\�FDQ�EH�REWDLQHG�E\�XVLQJ�(TXDWLRQ�����WR�REWDLQ�

� ௗܶ
כ = ்

்
= ఈ(ி)ഁ

ఈబ
ഁబ = ூఉିఉబܥௗఉܨௗߥ = �ூఉబ(ఠିଵ)ܥௗఠఉబܨௗߥ ��������

ZKHUH�GLPHQVLRQOHVV�SDUDPHWHUV�RI�Ȟ�DQG�Ȧ�DUH�GHILQHG�DV�

� ௗߥ = ఈ
ఈబ
� ������

� ߱ௗ = ఉ
ఉబ
� ������

$V�DQ�DOWHUQDWLYH�IRUPXODWLRQ��WKH�UHODWLRQVKLS�IRU�7G�FDQ�EH�GHWHUPLQHG�GLUHFWO\�DV�

� ௗܶ = ூఉబ(ఠିଵ)ܥௗఠఉబܨௗߥ ቀߙܥூఉబቁ = �ூఠఉబܥௗఠఉబܨߙௗߥ ������

7KH�H[SHULPHQWDO�DQDO\VLV�LQ�WKLV�FKDSWHU�LV�GRQH�XVLQJ�WKH�IUDFWLRQV�RI�VDQG��VLOW��DQG�FOD\�LQ�

WKH�LQLWLDOO\�HURGHG�VHGLPHQW��7KH�XSSHU�OLPLW�RI�VDQG�VL]HG�SDUWLFOHV�FRUUHVSRQGV�WR�)G� ����

DQG�WKH�ORZHU�OLPLW�RI�FOD\�VL]HG�SDUWLFOHV�FRUUHVSRQGV�WR�)G� ����7KH�VXEVFULSW�³F´�ZLOO�EH�

XVHG�WR�LGHQWLI\�WKH�EUHDNSRLQW�EHWZHHQ�FOD\�VL]HG�SDUWLFOHV��WKDW�LV��)F�FRUUHVSRQGV�WR�WKH�ILQHU�

IUDFWLRQ�IRU�WKH�XSSHU�OLPLW�RI�FOD\�VL]HG�SDUWLFOHV��DQG�WKH�ORZHU�OLPLW�RI�WKH�VLOW�VL]HG�

SDUWLFOHV���6LPLODUO\�WKH�VXEVFULSW�³V´�ZLOO�EH�XVHG�IRU�WKH�EUHDNSRLQW�EHWZHHQ�VLOW�DQG�VDQG��

DQG�WKHUHIRUH�)V�LV�WKH�IUDFWLRQ�ILQHU�FRUUHVSRQGLQJ�WR�WKH�XSSHU�OLPLW�RI�VLOW�VL]HG�SDUWLFOHV��%\�

XVLQJ�WKLV�QRWDWLRQ��WKH�LQLWLDO�WXUELGLW\�FDQ�WKHQ�EH�GLYLGHG�LQWR�FOD\��VLOW��DQG�VDQG�

FRPSRQHQWV�DV��

� ூܶ = ߂ ܶ௬ + ߂ ௦ܶ௧ + ߂ ௌܶௗ� ������

ZKHUH�HDFK�FRPSRQHQW�LV�GHILQHG�E\�(TXDWLRQ�����DV�

� ߂ ܶ௬ = �ூఠఉబܥఠఉబܨߙߥ ������

� ߂ ௦ܶ௧ = ூఠೞఉబܥ௦ఠೞఉబܨߙ௦ߥ െ �ூఠఉబܥఠఉబܨߙߥ �������
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�

� ߂ ௦ܶௗ = ூఉబܥߙ െ �ூఠೞఉబܥ௦ఠೞఉబܨߙ௦ߥ �������

)RU�WKH�XSSHU�OLPLW�RI�VDQG�VL]HG�SDUWLFOHV��ȦG� �ȞG� ����7KH�XVH�RI�WKHVH�UHODWLRQVKLSV�UHTXLUHV�

SDUWLFOH�VL]H�GLVWULEXWLRQ�LQIRUPDWLRQ�WR�GHILQH�)V�DQG�)F��([SHULPHQWDO�GDWD�ZHUH�FROOHFWHG�

DQG�DUH�DQDO\]HG�LQ�WKLV�FKDSWHU�WR�REWDLQ�LQVLJKW�LQWR�ȞG�DQG�ȦG��

 
Simplified Forms 
�

,QVLJKW�LQWR�WKH�UROH�RI�GHSRVLWLRQ�FDQ�EH�REWDLQHG�E\�VLPSOLI\LQJ�(TXDWLRQ������/HW¶V�ILUVW�

FRQVLGHU�WKH�VSHFLDO�FDVH�ZKHUH�ȦG� �ȞG� ����7KH�SDUDPHWHUV�RI�WKH�WXUELGLW\�UHODWLRQVKLS�DUH�

WKHQ�LQGHSHQGHQW�RI�WKH�GHSRVLWLRQ�SURFHVVHV��(TXDWLRQ�����FDQ�EH�ZULWWHQ�DV�

� ௗܶ = ூఉబܥௗఉబܨߙ = �ௗఉబܥߙ �������

7KH�WXUELGLW\�LV�QRZ�GHILQHG�XVLQJ�WKH�UHODWLRQVKLSV�RI�&KDSWHU����7KH�WXUELGLW\�LV�RQO\�D�

IXQFWLRQ�RI�FKDQJHV�LQ�WKH�VHGLPHQW�PDVV��0DWKHPDWLFDOO\��FKDQJH�LQ�WXUELGLW\�ZLWK�VL]H�RI�

VHGLPHQW�FDQ�QRZ�EH�GLUHFWO\�ZULWWHQ�DV�

� ௗ்
ௗி

= ߚ)ߙ െ �ூఉబܥௗఉబିଵܨ(1 �������

5HODWLRQVKLSV�DUH�IXUWKHU�VLPSOLILHG�LI�WKH�WXUELGLW\�YDULHV�OLQHDUO\�ZLWK�FRQFHQWUDWLRQ��ZKLFK�

FRUUHVSRQGV�WR�ȕ�� ����:LWK�WKLV�FRQGLWLRQ��DQG�DJDLQ�XVLQJ�ȦG� �ȞG� ����WKH�FOD\�VLOW�DQG�VDQG�

FRPSRQHQWV�RI�WXUELGLW\�FDQ�EH�HYDOXDWHG�DV�

� ߂ ܶ௬ =  ܶ௬ = ூܥܨߙ = �௬ܥߙ �������

� ߂ ௌܶ௧ = ௦ܶ௧ = ூܥ௦ܨߙ െ ூܥܨߙ = ௦ܨ)ߙ െ ூܥ(ܨ = �௦௧ܥߙ ����������

� ߂ ௌܶௗ = ௦ܶௗ = ூܥߙ െ ூܥ௦ܨߙ = (1ߙ െ ூܥ(ܨ = �௦ௗܥߙ �����������

ZKHUH�WKH�WXUELGLW\�IRU�HDFK�FRPSRQHQW�YDULHV�OLQHDUO\�ZLWK�LWV�FRQFHQWUDWLRQ��7KH�LQLWLDO�

WXUELGLW\�FDQ�EH�ZULWWHQ�DV�

� ூܶ = ܶ௬ + ௦ܶ௧ + ௦ܶௗ� �������

WKDW�LV��LW�LV�D�OLQHDU�FRPELQDWLRQ�RI�WKH�WXUELGLWLHV�RI�HDFK�RI�LWV�FRPSRQHQW��7KLV�UHODWLRQVKLS�

FRUUHVSRQGV�WR�WKH�UHVXOWV�REWDLQHG�E\�3DWLO�HW�DO����������,W�LV�OLPLWHG�WR�D�OLQHDU�UHODWLRQVKLS�

EHWZHHQ�WXUELGLW\�DQG�FRQFHQWUDWLRQ�DQG�WR�D�VFDOLQJ�IDFWRU��Į��WKDW�UHPDLQV�FRQVWDQW�IRU�DOO�

SDUWLFOH�VL]HV��

Data Collection 
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�

'DWD�ZHUH�FROOHFWHG�WR�IXUWKHU�LQYHVWLJDWH�WKH�HIIHFW�RI�SDUWLFOH�VHWWOLQJ�RQ�WKH�UHODWLRQVKLSV�

GHYHORSHG�LQ�&KDSWHU����7KH�LQLWLDO�VHGLPHQW�FRQFHQWUDWLRQ�DQG�WXUELGLW\�GDWD�ZHUH�REWDLQHG�

XVLQJ�WKH�VDPH�H[SHULPHQWDO�GHVLJQ�JLYHQ�LQ�&KDSWHU����(DFK�VRLO�ZDV�DOORZHG�WR�UXQ�RII�IRU�

���PLQXWHV��+RZHYHU��LQ�DGGLWLRQ�WR�FROOHFWLQJ�WKH����P/�VDPSOHV�XVHG�LQ�&KDSWHU����WKH�

UXQRII�ZDV�FROOHFWHG�LQ�D�EXFNHW��7KLV�UHODWLYHO\�ODUJH�VDPSOH�RI�UXQRII�ZDV�XVHG�WR�LQYHVWLJDWH�

WKH�HIIHFW�RI�SDUWLFOH�VHWWOLQJ�RQ�WKH�ȞG�DQG�ȦG�FRHIILFLHQWV��

�

7R�DQDO\]H�SDUWLFOH�VHWWOLQJ��D�SLSHWWH�H[SHULPHQW��.OXWH�>(G�@��������ZDV�SHUIRUPHG�RQ�HDFK�

UXQRII�VDPSOH��7R�GR�WKLV��HDFK�VDPSOH�ZDV�PL[HG�WKRURXJKO\�ZLWK�D�SDLQW�VWLUUHU�WR�

DGHTXDWHO\�VXVSHQG�DOO�RI�WKH�VHGLPHQW�LQ�WKH�VDPSOH��$V�WKH�VDPSOH�ZDV�EHLQJ�PL[HG��DQ�

LQLWLDO�����P/�VDPSOH�ZDV�H[WUDFWHG�DW�D�GHSWK�RI����FP�IURP�WKH�ZDWHU�VXUIDFH�OHYHO��7KLV�

VDPSOH�UHSUHVHQWHG�WKH�WRWDO�WXUELGLW\�RI�WKH�EXFNHW�VDPSOH��7KH�VDPSOH�ZDV�WKHQ�DOORZHG�WR�

VHWWOH�DQG�VDPSOHV�ZHUH�H[WUDFWHG�DFFRUGLQJ�WR�WKH�VHWWOLQJ�UDWH�RI�WKH�SULPDU\�VHGLPHQW�

SDUWLFOHV�VDQG��!�����P���VLOW��������P���DQG�FOD\�������P���7KH�XQLYHUVDO�JUDLQ�VHWWOLQJ�

HTXDWLRQ�GHYHORSHG�E\�)HUJXVRQ�DQG�&KXUFK��������ZDV�XVHG�WR�GHWHUPLQH�WKH�HTXLYDOHQW�

VSKHULFDO�GLDPHWHUV�RI�WKH�H[WUDFWHG�SDUWLFOHV�EDVHG�RQ�VHWWOLQJ�WLPH�DQG�H[WUDFWLRQ�GHSWK���

�

(DFK�����P/�VDPSOH�ZDV�PL[HG�DQG�GLYLGHG�LQWR�VL[����P/�YLDOV�FRQWDLQLQJ�������������������

DQG����P/�RI�ZDWHU��(DFK�YLDO�ZDV�WKHQ�PL[HG�DQG�WKH�WXUELGLW\�RI�WKH�VDPSOH�ZDV�WDNHQ��7KH�

766�FRQFHQWUDWLRQ�ZDV�GHWHUPLQHG�IRU�HDFK�VDPSOH��DQG�WKH�YDOXHV�ZHUH�SORWWHG�RQ�D�766�YV��

7XUELGLW\�SORW��)LJXUH�����VKRZV�DQ�H[DPSOH�SORW�RI�WKLV�LQIRUPDWLRQ��

� �



�

���
�

�

�

�

�

)LJXUH������([DPSOH�RI�WXUELGLW\�DQG�FRQFHQWUDWLRQ�GDWD�FRUUHVSRQGLQJ�WR�D�WRWDO�UXQRII�VDPSOH��
Data Analysis 
 

)RU�WKH�WRWDO�UXQRII�VDPSOH��WKUHH�WXUELGLW\�UHODWLRQVKLSV�ZHUH�GHYHORSHG�XVLQJ�(TXDWLRQ�����

FRUUHVSRQGLQJ�WR�VDQG�VLOW�FOD\��VLOW�FOD\��DQG�FOD\�VL]HG�SDUWLFOHV��$�W\SLFDO�VHW�RI�FXUYHV�LV�

VKRZQ�LQ�)LJXUH������$V�VKRZQ�E\�WKLV�ILJXUH��ERWK�SRZHU�DQG�VFDOLQJ�FRHIILFLHQWV�YDU\�ZLWK�

FKDQJHV�LQ�WKH�VL]H�RI�SDUWLFOHV�LQ�WKH�VDPSOH��8VLQJ�WKH�WKHRUHWLFDO�IUDPHZRUN�GHVFULEHG�LQ�

6HFWLRQ������HDFK�VRLO�ZDV�HYDOXDWHG�WR�TXDQWLI\�WKHVH�FKDQJHV�ZLWK�WKH�DGMXVWPHQW�

SDUDPHWHUV��Ȟ�DQG�Ȧ����

 
(VWLPDWLRQ�RI�Ȧd 
�

7R�VWDUW�WKH�DQDO\VLV��D�UHODWLRQVKLS�IRU�Ȧ�ZLWK�IUDFWLRQ�ILQHU��)G��ZDV�VRXJKW��ZKHUH��DV�JLYHQ�

E\�(TXDWLRQ������)G�UHSUHVHQWV�WKH�IUDFWLRQ�RI�WKH�WRWDO�PDVV�VPDOOHU�WKHQ�GLDPHWHU��G���$�

UHODWLRQVKLS�EHWZHHQ�WKHVH�WZR�YDULDEOHV�WKHQ�UHSUHVHQWV�FKDQJHV�LQ�ȦG�DV�SDUWLFOHV�DUH�

UHPRYHG�IURP�VXVSHQVLRQ���7R�GHWHUPLQH�WKLV�UHODWLRQVKLS��ȦG�ZDV�GHWHUPLQHG�IRU�WKH�HDFK�

VRLO�XVLQJ�(TXDWLRQ������7KH�XSSHU�OLPLW�IRU�Ȧ�LV�ȦG� �)G� �����

�



�
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�

(DFK�LQGLYLGXDO�VRLO�VKRZHG�D�VWURQJ�ORJDULWKPLF�WUHQG�EHWZHHQ�WKH�ȦG�DQG�)G�YDOXHV�RI�WKH�

IROORZLQJ�IRUP���

� ߱ௗ = ߛ ln(ܨௗ) + 1� �������

ZKHUH�WKH�FRHIILFLHQW�Ȗ�YDULHG�EHWZHHQ������DQG�������

�

)XUWKHU�DQDO\VLV�ZDV�SHUIRUPHG�WR�GHWHUPLQH�LI�WKH�FRHIILFLHQW�Ȗ�FRXOG�EH�HVWLPDWHG�XVLQJ�WKH�

VRLO�SURSHUWLHV�GHVFULEHG�LQ�&KDSWHU����$�PXOWLSOH�OLQHDU�UHJUHVVLRQ��VLPLODU�WR�WKH�UHJUHVVLRQ�

SHUIRUPHG�RQ�Į�LQ�&KDSWHU����ZDV�XVHG�WR�DQDO\]H�WKH�FRHIILFLHQW�Ȗ��7KLV�DQDO\VLV�VKRZHG�D�

VOLJKW�WUHQG�LQ�Ȗ�ZLWK�GU\�EXON�GHQVLW\��$�UHJUHVVLRQ�RQ�DOO�RI�WKH�VRLO¶V�ȦG�DQG�)G�YDOXHV�WR�

GHYHORS�D�FRQVWDQW�UHODWLRQVKLS�WKDW�XVHV�D�FRQVWDQW�Ȗ��7KLV�UHJUHVVLRQ�FDQ�EH�VHHQ�LQ�)LJXUH�

�����7KH�WZR�UHJUHVVLRQ�PRGHOV�DUH�

� ߱ௗ = ൫0.ʹ͵ െ (ௗܨ)݊ܮ ൯ܦܤ 2-ܧ9.20 + 1� �������

� ߱ௗ = (ௗܨ)݊ܮ 0.09 + 1� �������

ZKHUH�)G�LV�WKH�IUDFWLRQ�ILQHU�DQG�%'�LV�WKH�GU\�EXON�GHQVLW\�RI�WKH�VRLO�LQ�J�FP���

� �
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���
�

�

�

)LJXUH������2YHUDOO�ORJDULWKPLF�UHJUHVVLRQ�EHWZHHQ�ȦG�DQG�)G�IRU�DOO�VRLOV��
�

�

)LJXUH������2EVHUYHG�YV��3UHGLFWHG�ȦG�XVLQJ�(TXDWLRQ������DQG�(TXDWLRQ������
�

)LJXUH�����VKRZV�WKH�REVHUYHG�ȦG�YDOXHV�SORWWHG�DJDLQVW�ȦG�SUHGLFWHG�ZLWK�(TXDWLRQV������DQG�

������7KLV�ILJXUH�KDV�D�����OLQH�WKDW�UHSUHVHQWV�D�PRGHO�WKDW�SHUIHFWO\�SUHGLFWV�ȦG��7KH�



�

���
�

�

QRUPDOL]HG�PHDQ�VTXDUH�HUURU��106(��RI�HDFK�PRGHO�ZDV�GHWHUPLQHG�ZLWK�(TXDWLRQ�����IRU�

MXVW�WKH�ȦV�DQG�ȦF�YDOXHV��3UHGLFWLRQV�RI�ȦW�FRQWDLQ�QR�HUURU�EHFDXVH�ȦW� ���DW�DOO�WLPHV��8VLQJ�

GU\�EXON�GHQVLW\�WR�HVWLPDWH�Ȗ�DQG�XVLQJ�D�FRQVWDQW�Ȗ�KDG�DQ�106(�RI������DQG�������

UHVSHFWLYHO\��

�

3UHGLFWLQJ�ȦG�XVLQJ�EXON�GHQVLW\��(TXDWLRQ�������KDV�OHVV�HUURU�WKHQ�DQ�RYHUDOO�UHJUHVVLRQ�ZLWK�

D�FRQVWDQW�Ȗ��KRZHYHU��WKH�HUURU�LV�QRW�FRQVLGHUDEO\�VPDOOHU�WKDQ�XVLQJ�D�FRQVWDQW�UHODWLRQVKLS�

IRU�ȦG��7KH�QH[W�VHFWLRQ�ZLOO�XVH�(TXDWLRQ������WR�SUHGLFW�ȦG�DQG�GHWHUPLQH�D�UHODWLRQVKLS�IRU�

ȞG��

 
(VWLPDWLRQ�RI�Ȟd 
�

7KH�VFDOLQJ�IDFWRU�LV�DGMXVWHG�IRU�WKH�VL]H�RI�SDUWLFOHV�XVLQJ�WKH�ȞG�SDUDPHWHU��7KLV�DGMXVWPHQW�

SDUDPHWHU�ZDV�GHWHUPLQHG�IRU�HDFK�VRLO�XVLQJ�(TXDWLRQ������7KH�ȦG�SDUDPHWHU�LQ�WKLV�HTXDWLRQ�

ZDV�HVWLPDWHG�XVLQJ�(TXDWLRQ������GHYHORSHG�LQ�WKH�SUHYLRXV�VHFWLRQ��2QFH�DJDLQ��WKUHH�ȞG�

YDOXHV�ZHUH�REWDLQHG�IRU�WKH�VDQG�VLOW�FOD\��VLOW�FOD\��DQG�FOD\�VL]HG�SDUWLFOHV��5HVXOWV�IRU�DOO�

VRLOV�ZHUH�SORWWHG�WRJHWKHU�WR�GHWHUPLQH�KRZ�WKH�SDUDPHWHU�YDULHG�ZLWK�SDUWLFOH�VHWWOLQJ��VHH�

)LJXUH�������7KH�EHVW�OHDVW�VTXDUH�ILW�WR�WKH�YG�GDWD�LV�

� ௗߥ = �ௗି.଼ହܨ �������

7KH�YG�SDUDPHWHU�YDULHG�EHWZHHQ���DQG����IRU�RXU�VRLOV��7KLV�UDQJH�LV�FRQVLVWHQW�ZLWK�WKDW�

REWDLQHG�IRU�WKH�REVHUYHG�YDULDELOLW\�LQ�Į�IRU�RXU�DQDO\VLV�JLYHQ�LQ�&KDSWHU����7KLV�DQDO\VLV�

VKRZHG�WKDW�WKH�UDQJH�LQ�WKH�[�LQWHUFHSW�YDOXHV�ZDV�DSSUR[LPDWHO\�����ZLWK�WKH�VRLO�FRQWDLQLQJ�

WKH�OHDVW�DPRXQW�RI�FOD\�RQ�WKH�IDU�ULJKW�RI�)LJXUH������/LNHZLVH��)LJXUH�����VKRZV�WKDW�WKH�Į�

YDOXH�DQG�[�LQWHUFHSW�FDQ�YDU\�VLJQLILFDQWO\�DV�ODUJH�SDUWLFOHV�DUH�UHPRYHG�IURP�VXVSHQVLRQ��

7KH�UDQJH�LQ�ȞG�LV�FRQVLVWHQW�ZLWK�WKH�YDULDELOLW\�IRXQG�LQ�Į�LQ�WKH�RWKHU�FRPSRQHQWV�RI�RXU�

VWXG\��

� �



�

���
�

�

�

�

)LJXUH������2YHUDOO�SRZHU�UHODWLRQVKLS�EHWZHHQ�ȞG�DQG�)G�IRU�DOO�VRLOV��

\� �[�
����

5�  �
����

 

Dimensionless Turbidity 
 

(TXDWLRQ�����GHILQHV�GLPHQVLRQOHVV�WXUELGLW\��7G��DV�WKH�UDWLR�RI�WKH�WXUELGLW\�FRUUHVSRQGLQJ�WR�

SDUWLFOH�VL]H�G�WR�WKH�LQLWLDO�WXUELGLW\�FRUUHVSRQGLQJ�WR�WKH�VDPSOH��,W�LV�D�IXQFWLRQ�RI�WKH�LQLWLDO�

SRZHU�YDOXH��ȕ���DQG�FRQFHQWUDWLRQ��&,��RI�D�VRLO��WKH�GLPHQVLRQOHVV�SDUDPHWHUV��ȦG�DQG�ȞG��DQG�

WKH�IUDFWLRQ�ILQHU��)G��FRUUHVSRQGLQJ�WR�WKH�GLDPHWHU�G���,I�WKH�LQLWLDO�FRQFHQWUDWLRQ�RI�WKH�

VDPSOH�GRHV�QRW�VLJQLILFDQWO\�LPSDFW�WKH�GLPHQVLRQOHVV�WXUELGLW\��WKHQ�GLPHQVLRQOHVV�WXUELGLW\�

LV�GHILQHG�DV��

� ௗܶ
כ = ்

்
= �ௗఠఉబܨௗߥ �������

7KH�UHPRYDO�RI�FRQFHQWUDWLRQ�VLPSOLILHV�WKH�GHWHUPLQDWLRQ�RI�WKH�WXUELGLW\�ZLWK�VHGLPHQW�

GHSRVLWLRQ��(TXDWLRQ������LV�RQO\�D�IXQFWLRQ�RI�IUDFWLRQ�ILQHU�DQG�ILWWHG�FRHIILFLHQWV��,W�

SURYLGHV�D�VLPSOH�ZD\�WR�HVWLPDWH�ZKDW�VL]H�SDUWLFOHV�QHHG�WR�EH�UHPRYHG�IURP�UXQRII�WR�PHHW�

D�VSHFLILF�WXUELGLW\��JUHDWO\�DLGLQJ�WKH�GHYHORSPHQW�RI�HURVLRQ�FRQWURO�SODQV��

�

7KH�GLPHQVLRQOHVV�WXUELGLWLHV�IRU�WKH�VDQG��VLOW��DQG�FOD\�SDUWLFOHV�LQ�HDFK�RI�WKH�ODERUDWRU\�

VRLOV�ZHUH�IRXQG�XVLQJ�ERWK�(TXDWLRQ�����DQG�(TXDWLRQ�������ȦG�DQG�ȞG�ZHUH�HVWLPDWHG�XVLQJ�



�

���
�

�

WKH�UHODWLRQVKLSV�VKRZQ�LQ�)LJXUH�����DQG�)LJXUH������7KH�PLQLPXP��PD[LPXP��DQG�PHGLDQ�

YDOXHV�IRU�IUDFWLRQ�ILQHU�DQG�ERWK�GLPHQVLRQOHVV�WXUELGLWLHV�DUH�JLYHQ�LQ�7DEOH������

�

 
Sand Silt Clay 

  
PLQ� PD[� PHGLDQ� PLQ� PD[� PHGLDQ�

Fd �� ������� ������� ������� ������� ������� �������

T* w/ conc. �� ������� ������� ������� ������� ������� �������

T* w/o conc. �� ������� ������� ������� ������� ������ �������

�

8QIRUWXQDWHO\��WKH�VLPSOLILHG�HTXDWLRQ�GRHV�QRW�DFFXUDWHO\�SUHGLFW�WKH�GLPHQVLRQOHVV�WXUELGLW\�

RI�FOD\��)RU�PRVW�DSSOLFDWLRQ��LW�VKRXOG�QRW�EH�XVHG�WR�HYDOXDWH�WKH�LPSDFW�RI�GHSRVLWLRQ�RQ�

WXUELGLW\��

Summary 
 

7KH�HIIHFW�RI�SDUWLFOH�VHWWOLQJ�RQ�WKH�WXUELGLW\�FRQFHQWUDWLRQ�UHODWLRQVKLS�GHYHORSHG�LQ�&KDSWHU�

��ZDV�HYDOXDWHG��$�WKHRUHWLFDO�IUDPHZRUN�ZDV�GHYHORSHG�WR�H[SODLQ�KRZ�WXUELGLW\�FDQ�EH�

GLYLGHG�LQWR�SULPDU\�SDUWLFOH�FODVVHV��'LPHQVLRQOHVV�DGMXVWPHQW�SDUDPHWHUV�Ȟ�DQG�Ȧ�ZHUH�

GHYHORSHG�WR�UHSUHVHQW�WKH�FKDQJH�LQ�Į�DQG�ȕ�DV�VHGLPHQW�LV�UHPRYHG�IURP�VXVSHQVLRQ��

5HODWLRQVKLSV�IRU�WKH�FKDQJH�LQ�Ȟ�DQG�Ȧ�ZLWK�IUDFWLRQ�ILQHU�ZHUH�GHYHORSHG��7KHVH�

UHODWLRQVKLSV�ZHUH�XVHG�WR�GHWHUPLQH�WKH�WXUELGLWLHV�RI�HDFK�SDUWLFOH�VL]H�IRU�HDFK�VRLO�

HYDOXDWHG��7KH�VXP�RI�WKRVH�WXUELGLWLHV�IRU�HDFK�VRLO��WKH�HVWLPDWHG�WRWDO�WXUELGLW\��ZDV�

FRPSDUHG�WR�WKH�WRWDO�WXUELGLW\�IRXQG�LQ�WKH�ODERUDWRU\��7KH�PHGLDQ�SHUFHQW�HUURU�LQ�WKHVH�

HVWLPDWHV�ZDV��������

�

  

7DEOH������'LPHQVLRQOHVV�WXUELGLW\�FDOFXODWHG�ZLWK�DQG�ZLWKRXW�FRQFHQWUDWLRQ��



�

���
�

�

Chapter 5 
Collection and Analysis of Field Data 

�

Introduction 
�

7KH�PRQLWRULQJ�RI�WXUELGLW\�DW�FRQVWUXFWLRQ�VLWH�KDV�QXPHURXV�FKDOOHQJHV���,Q�&KDSWHUV���DQG�

���YDULDELOLW\�LQ�PHDVXUHG�WXUELGLWLHV�ZLWK�VRLO�W\SH��W\SH�RI�VHQVRU�DQG�VHGLPHQW�GHSRVLWLRQ�

ZDV�H[DPLQHG�XVLQJ�GDWD�FROOHFWHG�LQ�D�ODERUDWRU\�VHWWLQJ���)DFWRUV�UHODWHG�WR�WKH�UDSLGO\�

FKDQJLQJ�ODQGVFDSH�RI�FRQVWUXFWLRQ�VLWHV�DOVR�QHHG�WR�EH�FRQVLGHUHG���/RFDWLRQV�RI�URDGV��VWRFN�

SLOHV��VHGLPHQW�EDVLQV��FXOYHUW�RXWIDOOV��DQG�GLWFKHV�DOVR�LPSDFW�WKH�WXUELGLW\�IURP�FRQVWUXFWLRQ�

VLWHV���&RQVLGHUDWLRQ�RI�WKHVH�IDFWRUV�FOHDUO\�UHTXLUHV�ILHOG�ZRUN��

�

)LHOG�DFWLYLWLHV�IRU�WKH�SURMHFW�DUH�GLYLGHG�LQWR�����GHVLJQ�DQG�WHVWLQJ�RI�PRQLWRULQJ�V\VWHPV��

����FROOHFWLRQ�DQG�DQDO\VLV�RI�ILHOG�GDWD��DQG�����OLQNDJH�RI�WKH�ODERUDWRU\�H[SHULPHQWV�ZLWK�

ILHOG�WXUELGLWLHV���7ZR�GLIIHUHQW�PRQLWRULQJ�V\VWHPV�ZHUH�GHYHORSHG���7KH�ILUVW�ZDV�D�WXUELGLW\�

ER[�GHVLJQHG�WR�PRQLWRU�WXUELGLW\�OHYHOV�IURP�RYHUODQG�IORZV�DQG�WKH�VHFRQG�ZDV�GHVLJQHG�WR�

PRQLWRU�WXUELGLW\�YDOXHV�GXULQJ�GH�ZDWHULQJ�DFWLYLWLHV��7ZR�GLIIHUHQW�GHVLJQV�ZHUH�REWDLQHG�

IRU�HDFK�RI�WKHVH�W\SHV�RI�V\VWHPV���%RWK�GHVLJQV�DUH�SUHVHQWHG���)LHOG�GDWD�ZHUH�FROOHFWHG�DQG�

DQDO\]HG�DW�WZR�FRQVWUXFWLRQ�VLWHV�XVLQJ�WKH�ILUVW�GHVLJQV���$IWHU�WKH�FROOHFWLRQ�RI�WKHVH�GDWD��

DGGLWLRQDO�ZRUN�ZDV�GRQH�WR�LPSURYH�WKH�SHUIRUPDQFH����

�

:LWK�WKH�DLG�RI�VHYHUDO�0LQQHVRWD�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��01�'27��HPSOR\HHV��

PRQLWRULQJ�SODQV�ZHUH�GHYHORSHG�DQG�LPSOHPHQWHG�WR�PHDVXUH�ILHOG�WXUELGLWLHV���$OWKRXJK�D�

ULJRURXV�DQDO\VLV�RI�DOO�ILHOG�GDWD�ZLWK�WKH�ODERUDWRU\�GDWD�ZDV�QRW�SRVVLEOH��GLOXWLRQ�FXUYHV�IRU�

D�VLQJOH�VWRUP�DUH�FRPSDUHG�WR�WKRVH�UHVXOWV�REWDLQHG�IURP�WKH�ODERUDWRU\�VWXG\��7KH�ILHOG�

VWXG\�LV�XVHG�WR�LOOXVWUDWH�RQ�KRZ�RXU�WXUELGLW\�UHODWLRQVKLSV�FDQ�EH�DSSOLHG�WR�FRQVWUXFWLRQ�

VLWHV��2XU�UHODWLRQVKLSV�ZLOO�WKHQ�EH�XVHG�����WR�GHWHUPLQH�WKH�WXUELGLW\�IURP�REVHUYHG�

FRQFHQWUDWLRQV�DQG�����WR�GHWHUPLQH�WRWDO�VXVSHQGHG�VROLGV�DQG�WKH�WRWDO�VHGLPHQW�\LHOG�IURP�

REVHUYHG�WXUELGLWLHV��

 
Turbidity Monitoring Systems for Surface Runoff 
 



�

���
�

�

Initial Turbidity Box Design and Assessment 
�

$�WXUELGLW\�ER[�ZDV�GHVLJQHG�WR�DOORZ�IRU�HDV\�PHDVXUHPHQW�RI�WXUELGLWLHV�IRU�WKH�UDSLGO\�

FKDQJLQJ�FRQGLWLRQV�DW�FRQVWUXFWLRQ�VLWHV���'HVLJQ�UHTXLUHPHQWV�IRU�WKH�WXUELGLW\�ER[�ZHUH��

x (DV\�LQVWDOODWLRQ�DQG�UHPRYDO�
x 6LPSOH�LQVWUXPHQWDWLRQ�
x 0HDVXUH�KLJK�WXUELGLW\�
x 'HDO�ZLWK�KLJK�VHGLPHQW�ORDGV�
x 3URWHFW�WXUELGLW\�SUREH�IURP�VXQOLJKW�

�
9LHZV�RI�WKH�ILUVW�GHVLJQ�IRU�WKH�WXUELGLW\�ER[�EXLOW�WR�PHHW�WKHVH�FULWHULD�DUH�VKRZQ�LQ�)LJXUHV�

����������DQG�������7KH�WXUELGLW\�ER[�SURYLGHV�D�FRQGXLW�WKDW�LQFUHDVHV�ZDWHU�GHSWK�VR�WKDW�WKH�

WXUELGLW\�SUREH�IXQFWLRQV�SURSHUO\��,W�LV�GHVLJQHG�WR�SDVV�EHG�ORDGV�XS�WR������PP�LQ�GLDPHWHU���

7KLV�VORW�VL]H�ZDV�VHOHFWHG�WR�UHGXFH�WKH�OLNHOLKRRG�WKDW�WKH�SUREH�ZLOO�EHFRPH�EXULHG�ZLWK�

VHGLPHQW�GHSRVLWLRQ��9HORFLW\�DQG�VHGLPHQW�VXVSHQVLRQ�LV�PDLQWDLQHG�WKURXJK�WKH�ER[�E\�D�

���FHQWLPHWHU�GLVFKDUJH�RSHQLQJ�LQ�WKH�WRS�RI�WKH�ER[��7KH�WXUELGLW\�SUREH�LV�PRXQWHG�WKURXJK�

WKH�WRS�RI�WKH�ER[�DQG�LV�SURWHFWHG�IURP�GLUHFW�OLJKW��7KH�WXUELGLW\�ER[�LV�PDGH�IURP�����

FHQWLPHWHU�WUHDWHG�SO\ZRRG��7KH�GLPHQVLRQV�RI�WKH�ER[�FDQ�EH�FKDQJHG�WR�PHHW�D�VSHFLILF�

DSSOLFDWLRQ���

�

�

�



�
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�

�

�
)LJXUH������7XUELGLW\�ER[�VKRZLQJ�VL]H��SUREH�SODFHPHQW�DQG�RYHUIORZ�RXWOHW��

�

�
)LJXUH������8SVWUHDP�HQG�ZLWK������LQFK�DQJOH�LURQ�DWWDFKHG�WR�SUHYHQW�ZDWHU�XQGHUFXWWLQJ�

EHQHDWK�KH�ER[��



�

���
�

�

�
)LJXUH������'RZQVWUHDP�HQG�ZLWK�����LQFK�VORW�RSHQLQJ�IRU�EHG�ORDG�SDVVDJH��

�

Installation 
�

7KH�WXUELGLW\�ER[�FDQ�EH�LQVWDOOHG�RQ�DOPRVW�DQ\�RXWIDOO�IURP�D�FRQVWUXFWLRQ�VLWH�ZLWK�VLPSOH�

LQVWDOODWLRQ�KDUGZDUH��)LJXUH�����VKRZV�WKH�ER[�KHOG�LQ�SODFH�E\�IHQFH�SRVWV�ZLWK�D�UXEEHU�PDW�

DW�WKH�GRZQVWUHDP�HQG�WR�SUHYHQW�VFRXU��7KLV�LQVWDOODWLRQ�LV�GHVLJQHG�WR�PRQLWRU�WKH�VHWWOLQJ�

HIIHFWV�RI�SRQGHG�ZDWHU�EHKLQG�D�VRLO�EHUP�DQG�URFN�ILOWHU��)LJXUH�����VKRZV�WKH�ER[�PRXQW�LQ�

SODFH�WR�PHDVXUH�WKH�WUDSSLQJ�HIILFLHQF\�RI�HURVLRQ�FRQWURO�SURGXFW�LQ�D�GLWFK��7KLV�LQVWDOODWLRQ�

UHTXLUHG�ZLQJ�ZDOOV�WR�FRQFHQWUDWH�WKH�GLWFK�IORZ�WKURXJK�WKH�WXUELGLW\�ER[��7KH�XSVWUHDP�HQG�

RI�WKH�ER[�ZDV�VLPSO\�VFUHZHG�WR�WKH�ZLQJ�ZDOOV�WR�KROG�LW�LQ�SODFH��)LJXUH�����VKRZV�WKH�ER[�

LQVWDOOHG�LQ�D�FXOYHUW�RXWIDOO��,W�LV�KHOG�LQ�SODFH�DW�WKH�XSVWUHDP�HQG�E\�FRQFUHWH�VFUHZV�GULOOHG�

LQWR�WKH�FHPHQW�FXOYHUW��)HQFH�SRVWV�ZHUH�XVHG�WR�VXSSRUW�WKH�GRZQVWUHDP�HQG��7ZR�VDQG�EDJV�

ZHUH�XVHG�WR�FRQFHQWUDWH�ORZ�IORZV�WKURXJK�WKH�ER[���2WKHU�LQVWDOODWLRQ�FRQVLGHUDWLRQV�

LQFOXGH������LQVWDOO�D�VPDOO�VHFWLRQ�RI�VLOW�IHQFH�RU�HURVLRQ�FRQWURO�EDUULHU�XSVWUHDP�RI�WKH�ER[�

LQOHW�WR�FDSWXUH�URFNV�DQG�VHGLPHQW�GHEULV�DQG�����SURYLGH�D�VPDOO�HOHYDWLRQ�GURS�DW�WKH�

GRZQVWUHDP�HQG�RI�WKH�ER[�WR�SUHYHQW�VHGLPHQW�SDVVLQJ�WKURXJK�WKH�ER[�IURP�EDFNLQJ�XS��

�



�

���
�

�

�
)LJXUH������7XUELGLW\�ER[�PRXQWHG�LQ�URFN�ILOWHU��5XEEHU�PDW�DQFKRUHG�DW�GRZQVWUHDP�HQG�WR�

UHGXFH�VFRXULQJ��
�

�
)LJXUH������7XUELGLW\�ER[�ZLWK�ZLQJ�ZDOOV�PRQLWRULQJ�GLWFK�

�
�
�



�

���
�

�

�
)LJXUH������7XUELGLW\�ER[�PRXQWHG�LQ�FXOYHUW�RXWIDOO�IURP�VHGLPHQW�SRQG�

�
 

,Q�JHQHUDO��WKH�WXUELGLW\�ER[�SHUIRUPV�ZHOO�LQ�WKH�ILHOG���)LJXUHV�����DQG�����VKRZ�WKH�PL[LQJ�

HIIHFW�RI�WKH�ER[�XQGHU�KLJK�IORZV�DQG�WKH�EHG�ORDG�RSHQLQJ�RSHUDWLQJ�XQGHU�ORZ�IORZ�

FRQGLWLRQV���0RUH�LQIRUPDWLRQ�RQ�WKH�SHUIRUPDQFH�RI�WKH�WXUELGLW\�ER[�LV�JLYHQ�ODWHU�LQ�WKH�

VHFWLRQ���

�

$Q\�VL]HG�WXUELGLW\�SUREH�FDQ�EH�DGDSWHG�WR�ILW�LQWR�WKH�ER[�E\�XVLQJ�D�UXEEHU�FRXSOLQJ�

UHGXFHU�WKDW�PDWFKHV�WKH�SUREH�GLDPHWHU��$�VLQJOH�VDPSOH�SHU�VWRUP�HYHQW�FDQ�EH�FROOHFWHG�IRU�

ODERUDWRU\�DQDO\VLV�YLD�D�VDPSOH�ERWWOH�PRXQWHG�RQ�WKH�RXWVLGH�RI�WKH�ER[��VKRZQ�LQ�WKH�ORZHU�

OHIW�FRUQHU�RI�)LJXUH������,I�DXWRPDWHG�ZDWHU�VDPSOLQJ�LV�UHTXLUHG�DW�D�VLWH��D�SUHVVXUH�

WUDQVGXFHU�FDQ�EH�LQVWDOOHG�WR�WULJJHU�VDPSOLQJ��7KH�VDPSOLQJ�WXEH�IURP�WKH�DXWRPDWHG�

VDPSOHU�FDQ�DOVR�EH�PRXQWHG�DERXW�����LQFKHV�DERYH�WKH�ERWWRP�RI�WKH�ER[�WR�FROOHFW�

VXVSHQGHG�VHGLPHQW��)LJXUH�������

�



�

���
�

�

�
)LJXUH�������'LVFKDUJH�RXW�WKH�WRS�RI�WKH�ER[�PDLQWDLQV�VHGLPHQW�LQ�VXVSHQVLRQ�

�

�
)LJXUH������2SHUDWLRQ�RI�EHG�ORDG�VORW�XQGHU�ORZ�IORZ�FRQGLWLRQV�

�
�
�
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�

�
)LJXUH������3UHVVXUH�WUDQVGXFHU��DXWRPDWHG�ZDWHU�VDPSOLQJ�WXEH�DQG�VLQJOH�VDPSOH�VLSKRQ�ERWWOH�

LQVWDOOHG�LQ�WXUELGLW\�ER[�
Flow Calibration of the Initial Turbidity Box 
 

7KH�RULJLQDO�FRQILJXUDWLRQ�RI�WKH�WXUELGLW\�ER[�ZDV�GHVLJQHG�WR�FRQFHQWUDWH�IORZ�WR�D�GHSWK�

VXIILFLHQW�HQRXJK�WR�LPPHUVH�WKH�WXUELGLW\�SUREH��ZKLOH�DOORZLQJ�EHGORDG�WR�SDVV��/DERUDWRU\�

WHVWLQJ�RI�WKH�WXUELGLW\�ER[�ZDV�FRQGXFWHG�WR�GHWHUPLQH�LWV�DELOLW\�WR�PHDVXUH�IORZ�UDWHV�DV�

ZHOO��7R�SURYLGH�JUHDWHU�SUHFLVLRQV�LQ�LWV�GLPHQVLRQ��D�QHZ�ER[�ZDV�FRQVWUXFWHG�RI�JUH\�

SODVWLF����´�39&��7KH�GLPHQVLRQV�RI�WKH�39&�ER[�ZHUH�WKH�VDPH�DV�WKH�ZRRGHQ�YHUVLRQ�ZLWK�

WKH�H[FHSWLRQ�RI�WKH�RYHUDOO�OHQJWK�RI�WKH�ER[�ZKLFK�ZDV�UHGXFHG�WR�ILW�EHWWHU�LQWR�WKH�

ODERUDWRU\�WHVW�IOXPH���

�

7KH�UHVXOWV�RI�WKH�IORZ�FDOLEUDWLRQ�DUH�VKRZQ�LQ�)LJXUH�������7KH�WXUELGLW\�ER[�SURYLGHV�DQ�

DFFXUDWH�HVWLPDWH�RI�IORZ�EHWZHHQ����DQG����JSP��%XW�WKHUH�LV�DQ�XQDFFHSWDEO\�ODUJH�JDS�

EHWZHHQ����JSP�DQG�����JSP��%HORZ����JSP�WKH�ZDWHU�LV�VLPSO\�IORZLQJ�RXW�RI�WKH�ER[�

WKURXJK�WKH�VORW�GHVLJQHG�WR�SDVV�EHGORDG��%HWZHHQ����DQG����JSP�WKH�IORZ�LV�JUHDW�HQRXJK�WR�

VWDUW�SRQGLQJ�LQ�WKH�ER[��$W����JSP�WKH�ZDWHU�VWDUWV�WR�IORZ�RXW�RI�WKH�WRS�RI�WKH�ER[�DW�ZKLFK�

SRLQW�D�ODUJH�YROXPH�RI�ZDWHU�LV�QHHGHG�WR�VKRZ�DQ�LQFUHDVH�LQ�VWDJH��7KH�WUDQVLWLRQ�EHWZHHQ�

ZDWHU�SRQGLQJ�LQ�WKH�ER[�WR�GLVFKDUJH�WKURXJK�WKH�WRS�FDXVHV�D�VXEVWDQWLDO�JDS�LQ�WKH�GDWD�

EHWZHHQ����WR�����JSP���2QFH�IORZ�LV�GLVFKDUJHG�WKURXJK�WKH�WRS��D�VPDOO�FKDQJH�LQ�IORZ�
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�

GHSWK�FRUUHVSRQGV�WR�D�ODUJH�FKDQJH�IORZ�UDWHV���%DVHG�RQ�WKHVH�WZR�FKDUDFWHULVWLFV���LW�ZDV�

FRQFOXGHG�WKH�WXUELGLW\�ER[�LQ�LWV�FXUUHQW�FRQILJXUDWLRQ�ZRXOG�QRW�EH�XVHIXO�IRU�IORZ�

PHDVXUHPHQW���$Q�DOWHUQDWLYH�GHVLJQ�LV�JLYHQ�LQ�WKH�QH[W�VHFWLRQ��

�
)LJXUH�������)ORZ�FDOLEUDWLRQ�RI�WKH�RULJLQDO�WXUELGLW\�ER[�VKRZLQJ�D�ODUJH�JDS�LQ�IORZ�UDQJH�GXH�

WR�WKH�FRQILJXUDWLRQ�RI�WKH�ER[�
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Final Two-Stage Turbidity Box 
�

7R�DOORZ�EHWWHU�PHDVXUHPHQW�RI�IORZ�UDWHV��DQ�DOWHUQDWLYH�WXUELGLW\�ER[�ZDV�GHVLJQHG�DQG�

WHVWHG�LQ�RXU�ODERUDWRU\�IOXPH���7KLV�GHVLJQ�VWLOO�FRQFHQWUDWHV�WKH�IORZ�LQWR�PRQLWRULQJ�VHFWLRQ�

DQG�LW�XVHV�D�EHGORDG�VORW���+RZHYHU��D�WZR�VWDJH�ZHLU�LV�XVHG�WR�LPSURYH�PHDVXUHPHQW�RI�

IORZ�UDWH���7KH�QHZ�GHVLJQ�LV�VKRZQ�LQ�)LJXUH��������

�

7KH�GLPHQVLRQV�RI�WKH�QHZ�GHVLJQ�DUH�DSSUR[LPDWHO\����LQFKHV�E\����LQFKHV��7ZR�VLGH�

SDUWLWLRQV�DUH�LQVWDOOHG�WR�FUHDWH�D�WZR�VWDJH�IORZ�V\VWHP���7KHVH�SDUWLWLRQV�SURYLGH�IRU�D�ORZ�

IORZ�FKDQQHO���)RU�VPDOO�IORZ�UDWHV��IORZ�GHSWKV�LQ�WKLV�FKDQQHO�DUH�JHQHUDOO\�DGHTXDWH�WR�

LPPHUVH�WKH�WXUELGLW\�SUREH�DQG�SURYLGH�DGHTXDWH�YHORFLWLHV�WR�FDUU\�VHGLPHQW�WKURXJK�WKH�

EHGORDG�VORW���)RU�ODUJH�IORZ�UDWHV��WKH�HQWLUH�ZLGWK�RI�WKH�IOXPH�LV�XVHG�WR�FDUU\�IORZV�RYHU�WKH�

ZHLU�SODWH�DW�WKH�GRZQVWUHDP�HQG�RI�WKH�ER[���'HVLJQ�VFKHPDWLFV�IRU�WKH�WZR�VWDJH�WXUELGLW\�

ER[�DUH�JLYHQ�LQ�$SSHQGL[�(���
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�
)LJXUH�������9LHZ�RI�WKH�WZR�VWDJH�WXUELGLW\�ZHLU�IDFLQJ�GRZQVWUHDP��7KH�ZHLU�SODWH�DQG�EHGORDG�

VORW�FDQ�EH�VHHQ�DW�WKH�GRZQVWUHDP�HQG�RI�WKH�ER[�
�

�

7KH�WZR�VWDJH�WXUELGLW\�ER[�ZDV�FDOLEUDWHG�IRU�IORZ�LQ�D�ODERUDWRU\�IOXPH��7KH�UHVXOWV�RI�WKH�

FDOLEUDWLRQ�DUH�VKRZQ�LQ�)LJXUH�������7KH�QHZ�GHVLJQ�VWLOO�VKRZV�WKH�GLVWLQFW�FKDQJH�LQ�VORSH�

DV�WKH�IORZ�WUDQVLWLRQV�IURP�SRQGLQJ�EHKLQG�WKH�ZHLU�WR�IORZLQJ�RYHU�WKH�ZHLU�SODWH��+RZHYHU��

WKH�UHVROXWLRQ�EHWZHHQ�WKH�FRQYHUVLRQ�IURP�WKH�IORZ�WKURXJK�WKH�EHGORDG�VORW�DQG�WKH�ZHLU�

IORZ�LV�PXFK�EHWWHU�WKDQ�REWDLQHG�ZLWK�WKH�RULJLQDO�GHVLJQ��:LWK�WKH�DGGLWLRQ�RI�D�SUHVVXUH�

WUDQVGXFHU�RU�EXEEOHU�WXEH�WR�PHDVXUH�WKH�VWDJH��WKH�WZR�VWDJH�WXUELGLW\�ZHLU�LV�DEOH�WR�

PHDVXUH�ERWK�WXUELGLWLHV�DQG�IORZ�UDWHV���

�



�

���
�

�

�
)LJXUH�������&DOLEUDWLRQ�FXUYH�RI�WKH�WZR�VWDJH�WXUELGLW\�ER[�
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Turbidity Monitoring Systems for De-watering 
 
Initial Design 
�

'H�ZDWHULQJ�DFWLYLWLHV�RFFXU�DW�FRQVWUXFWLRQ�VLWHV�ZKHQ�ZDWHU�LV�SXPSHG�WR�D�GLVFKDUJH�

ORFDWLRQ���7KH�ZDWHU�LV�RIWHQ�SXPSHG�LQWR�RQVLWH�VHGLPHQW�SRQGV��+RZHYHU��LI�WKH�ZDWHU�LV�

VXIILFLHQWO\�FOHDQ��LW�LV�GLVFKDUJHG�RII�VLWH�WR�LQFUHDVH�WKH�DYDLODEOH�VWRUDJH�LQ�WKH�SRQGV�IRU�

WUHDWLQJ�RI�VWRUP�HYHQWV��'H�ZDWHULQJ�DFWLYLWLHV�DUH�QRW�VWDWLF�DQG�WXUELGLW\�OHYHOV�FDQ�TXLFNO\�

FKDQJH�DV�WKH�ZDWHU�LV�GUDZQ�GRZQ�RU�VRPH�VRLO�GLVWXUEDQFH�LV�LQWURGXFHG�QHDU�WKH�GH�

ZDWHULQJ�VLWH��7R�EHWWHU�FRQWURO�VHGLPHQW�OHDYLQJ�WKH�FRQVWUXFWLRQ�VLWH�YLD�GH�ZDWHULQJ�

DFWLYLWLHV��D�PRQLWRULQJ�V\VWHP�ZDV�GHYHORSHG�WR�PHDVXUH�IORZ�UDWH�DQG�WXUELGLW\�IRU�GH�

ZDWHULQJ�DFWLYLWLHV��7KH�SRUWDEOH�GH�ZDWHULQJ�PRQLWRULQJ�V\VWHP�LV�VKRZQ�LQ�)LJXUH�������.H\�

FRPSRQHQWV�DUH�D�6HDPHWULFV���LQFK�IORZ�PHWHU��&DPSEHOO�6FLHQWLILF�&5����GDWD�ORJJHU�DQG�

2%6���WXUELGLW\�VHQVRU��

�
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�

6HDPHWULFV�(;���IORZ�PHWHU�
2%6���WXUELGLW\�
VHQVRU�PRXQWHG�LQ�

)LJXUH�������3RUWDEOH�GH�ZDWHULQJ�PRQLWRULQJ�V\VWHP�
�

7R�XVH�WKH�GH�ZDWHULQJ�V\VWHP�LQ�WKH�ILHOG��WKH�GLVFKDUJH�KRVH�LV�FRQQHFWHG�GLUHFWO\�WR�WKH�

PRQLWRULQJ�SLSH���,Q�RSHUDWLRQ��ZDWHU�ILUVW�IORZV�WKURXJK�WKH�6HDPHWULFV�IORZ�PHWHU�DQG�WKHQ�

SDVVHV�WKURXJK�WKH�WXUELGLW\�FKDPEHU�����FHQWLPHWHU�39&�SLSH�WHH����%RWK�IORZ�UDWHV�DQG�

WXUELGLW\�GDWD�DUH�PHDVXUHG�DQG�UHFRUGHG���7KLV�V\VWHP�KDV�D�IORZ�UDQJH�RI����WR�����JSP�DQG�

D�WXUELGLW\�UDQJH�RI���WR������178V���)RU�UHOLDEOH�IORZ�UDWH�PHDVXUHPHQWV��WKH�ZDWHU�LV�WKHQ�

IRUFHG�WKURXJK�D���LQFK�HOERZ�WR�HQVXUH�IXOO�SLSH�IORZ���7KH�WXUELGLW\�SUREH�LV�PRXQWHG�LQVLGH�

D����LQFK�ORQJ�DQG�D���LQFK�GLDPHWHU�39&�SLSH���7KLV�SLSH�FDQ�EH�VOLSSHG�LQ�DQG�RXW�RI�WKH���

LQFK�WXUELGLW\�FKDPEHU�IRU�PDLQWHQDQFH���7KH���LQFK�SLSH�SURYLGHV�VXSSRUW�IRU�DWWDFKPHQW�WR�D�

IHQFH�SRVW��FDSDFLW\�IRU�ODUJHU�KHDGV��DQG�SURWHFWLRQ�IRU�WKH�WXUELGLW\�SUREH�IURP�VDQG�DQG�

JUDYHO�SXPSHG�WKURXJK�WKH�V\VWHP��'HWDLOV�RI�WKH�SODFHPHQW�RI�WXUELGLW\�SUREH�DUH�VKRZQ�LQ�

)LJXUH��������7KLV�SLSH�LV�PRXQWHG�WKH���LQFK�SLSH��DQG�LV�URWDWHG�VR�WKDW�WKH�WXUELGLW\�VHQVRU�LV�

SURWHFWHG�IURP�DEUDVLRQ���

�

� �



�

���
�

�

�
)LJXUH�������7XUELGLW\�SUREH�PRXQWHG�LQVLGH�����FHQWLPHWHU�39&�SLSH�IRU�SURWHFWLRQ�

�
)LJXUH�������'DWD�ORJJHU�DQG�EDWWHU\�PRXQWHG�LQVLGH�ZHDWKHUSURRI�HQFORVXUH�

�
Calibration and Evaluation of the Initial Design 

�
7KH�GDWD�ORJJLQJ�V\VWHP�FRQVLVWV�RI�D�&5����&DPSEHOO�6FLHQWLILF�GDWD�ORJJHU�DQG�D�VPDOO����

YROW�EDWWHU\��)LJXUH��������7KH�GDWD�ORJJHU�FRQWUROV�WKH�VFDQ�UDWH�RI�WKH�WXUELGLW\�SUREH�DQG�

ORJV�WKH�GDWD�IURP�WKH�WXUELGLW\�SUREH�DQG�IORZ�PHWHU��,W�KDV�D�VPDOO�/('�VFUHHQ�RQ�WKH�IDFH�RI�

WKH�GDWD�ORJJHU�WR�DOORZ�YLHZLQJ�RI�UHDO�WLPH�IORZ�DQG�WXUELGLW\�YDOXHV��7KH�VPDOO�EDWWHU\�

DOORZV�IRU�D�PRUH�PRELOH�V\VWHP��,I�ORQJHU�GDWD�ORJJLQJ�WLPHV�DUH�UHTXLUHG�D�ODUJHU����YROW�

GHHS�F\FOH�PDULQH�EDWWHU\�FDQ�EH�XVHG�WR�SRZHU�WKH�V\VWHP���

�
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�

:DWHU�ZDV�SXPSHG�IURP�D�KROGLQJ�WDQN�WKURXJK�WKH�V\VWHP�DQG�EDFN�LQWR�WKH�KROGLQJ�WDQN��

6RLO�ZDV�DGGHG�WR�WKH�KROGLQJ�WDQN�WR�REWDLQ�D�UDQJH�LQ�WXUELGLW\�IURP���WR�����178¶V��$�

VHFRQG�SXPS�ZDV�SODFHG�LQ�WKH�KROGLQJ�WDQN�WR�FLUFXODWH�WKH�ZDWHU�DQG�NHHS�WKH�VHGLPHQW�LQ�

VXVSHQVLRQ��$Q�2%6���WXUELGLW\�SUREH�ZDV�XVHG�WR�PHDVXUH�WKH�WXUELGLW\�LQ�WKH�KROGLQJ�WDQN��

7KH�WXUELGLW\�LQ�WKH�KROGLQJ�WDQN�ZDV�FRPSDUHG�WR�WKDW�PHDVXUHG�E\�WKH�VDPH�2%6���SUREH�

LQVHUWHG�LQWR�WKH�GH�ZDWHULQJ�V\VWHP��7KH�UHVXOWV�RI�WKH�FRPSDULVRQ�DUH�VKRZQ�LQ�)LJXUH�������

7KH�IORZ�UDWH�GXULQJ�WKH�FDOLEUDWLRQ�UHPDLQHG�XQFKDQJHG�DW����JSP��

�

�
)LJXUH�������*UDSK�GHSLFWLQJ�WKH�DFFXUDF\�RI�WKH�WXUELGLW\�PHDVXUHPHQW�LQ�WKH�GH�ZDWHULQJ�

V\VWHP�FRPSDUHG�WR�WDQN�WXUELGLW\��
�
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,Q�$XJXVW�RI�������WKH�GH�ZDWHULQJ�GHYLFH�ZDV�XVHG�WR�PRQLWRU�ZDWHU�SXPSHG�IURP�D�VHWWOLQJ�

WDQN�WR�D�VWUHDP�FKDQQHO���7KH�ODERUDWRU\�FDOLEUDWLRQ�UXQ�DW����JSP�VKRZQ�LQ�)LJXUH������ZDV�

XQDEOH�WR�SURYLGH�UHOLDEOH�PHDVXUHPHQW�RI�WXUELGLWLHV�FRUUHVSRQGLQJ�WR�KLJKHU�IORZ�UDWHV�

PHDVXUHG�XQGHU�ILHOG�FRQGLWLRQV��7KH�WXUELGLW\�YDOXHV�PHDVXUHG�E\�WKH�WXUELGLW\�PHWHU�

PRXQWHG�LQ�WKH�GH�ZDWHULQJ�GHYLFH�ZHUH�FRPSDUHG�DJDLQVW�WKH�WXUELGLW\�LQ�WKH�VHWWOLQJ�WDQN�



�

���
�

�

PHDVXUHG�E\�D�+$&+�����4�KDQGKHOG�WXUELGLW\�PHWHU��7KH�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH��������

7KH�WXUELGLW\�PHDVXUHG�E\�WKH�&DPSEHOO�6FLHQWLILF�2%6���SUREH�PRXQWHG�LQ�WKH�GH�ZDWHULQJ�

GHYLFH�UDQJHG�IURP����WR����178V�DW�D�IORZ�UDWH�DYHUDJLQJ����JSP��7KH�VHWWOLQJ�WDQN�

WXUELGLW\�PHDVXUHG�E\�WKH�+$&+�����4�DYHUDJHG����178V��3HULRGLFDOO\��WKH�2%6���SUREH�

ZDV�UHPRYHG�IURP�WKH�GH�ZDWHULQJ�GHYLFH�DQG�SODFHG�LQ�WKH�VHWWOLQJ�WDQN��7KH�DYHUDJH�RI�

WKHVH�UHDGLQJV�ZDV������178V��7KH�YHORFLW\�RI�WKH�ZDWHU�IORZLQJ�SDVW�WKH�SUREH�DSSHDUV�WR�

KDYH�DQ�HIIHFW�RQ�WKH�WXUELGLW\�PHDVXUHPHQW�RI�WKH�SUREH�PRXQWHG�LQ�WKH�GH�ZDWHULQJ�GHYLFH���

�
)LJXUH�������7XUELGLW\�PHDVXUHG�E\�WKH�GH�ZDWHULQJ�GHYLFH�GXULQJ�SXPSLQJ�RI�ZDWHU�IURP�D�

VHWWOLQJ�WDQN�
�
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WKH�ODERUDWRU\�RYHU�D�UDQJH�RI�ODUJHU�IORZ�UDWHV���5HVXOWV�RI�WKLV�WHVWLQJ�DUH�VKRZQ�LQ�)LJXUH�

�������7KH�VDPH�2%6���SUREH�ZDV�XVHG�WR�PHDVXUH�WKH�WXUELGLW\�LQ�WKH�WDQN�DQG�WKH�GH�

ZDWHULQJ�GHYLFH��$V�VKRZQ�E\�)LJXUH�������WKH�WXUELGLW\�PHDVXUHG�E\�WKH�GH�ZDWHULQJ�GHYLFH�
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RYHU�SUHGLFWHG�WKH�WXUELGLW\�RI�WKH�ZDWHU��

���
�

�
)LJXUH�������&RPSDULVRQ�RI�WXUELGLW\�PHDVXUHG�LQ�D�WDQN�WR�WKDW�LQ�WKH�GH�ZDWHULQJ�GHYLFH�XVLQJ�

WKH�VDPH�SUREH�

y = 0.1102x + 29.791 
R² = 0.8568 

y = 0.1108x + 42.58 
R² = 0.8902 
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$GGLWLRQ�WHVWLQJ�RI�WKH�GH�ZDWHULQJ�GHYLFH�UHYHDOHG�WKH�DUHD�RI�LQIOXHQFH�RI�WKH�OLJKW�VLJQDO�

IURP�WKH�WXUELGLW\�SUREH�ZDV�JUHDWHU�WKDQ�WKH�DUHD�LQVLGH�WKH���LQFK�SLSH�WHH�FDXVLQJ�D�VKLIW�LQ�

WKH�WXUELGLW\�UHDGLQJV���

�
Final Monitoring Design for De-watering 

�

7R�LPSURYH�WKH�DFFXUDF\�RI�GH�ZDWHULQJ�GHYLFH��WKH���LQFK�39&�SLSH�DQG�HOERZV�DW�WKH�

GRZQVWUHDP�HQG�RI�WKH�RULJLQDO�GHVLJQ�ZDV�UHSODFHG�ZLWK�D�39&�ER[�ZLWK�DSSUR[LPDWH�

GLPHQVLRQV�RI���LQFKHV�E\���LQFK�ZLWK�D�OHQJWK�RI����LQFKHV���7XUELGLW\�LV�PHDVXUHG�IRU�WKH�

UHGXFHG�IORZ�UDWH�ZLWKLQ�WKLV�VTXDUH�ER[���7KH�IORZ�UDWH�LQ�WKH�ER[�LV�DSSUR[LPDWHO\�RQH�ILIWK�

RI�WKDW�LQ�WKH�XSVWUHDP���LQFK�SLSH��7KH�QHZ�PRQLWRULQJ�VHFWLRQ�DOVR�LV�ODUJH�HQRXJK�WR�UHGXFH�

HUURUV�LQ�WXUELGLW\�FDXVHG�E\�WKH�OLJKW�VLJQDO�UHIOHFWLQJ�RII�WKH�39&�SLSH��$�SLFWXUH�RI�WKH�QHZ�

GHVLJQ�LV�VKRZQ�LQ�)LJXUH�������
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�
)LJXUH�������'H�ZDWHULQJ�GHYLFH�ZLWK�39&�ER[�WR�KRXVH�WKH�WXUELGLW\�VHQVRU�

7KH�WHVWLQJ�RI�WKH�QHZ�GH�ZDWHULQJ�WXUELGLW\�PHWHU�ZDV�GRQH�LQ�D�ODERUDWRU\�IOXPH���6HGLPHQW�

IURP�7+����WRSVRLO��������VDQG��������VLOW��������FOD\��ZDV�LQFUHPHQWDOO\�DGGHG�WR�WKH�

VXSSO\�WDQN�DQG�WXUELGLW\�YDOXHV�UHFRUGHG�DW�VL[�GLIIHUHQW�VHGLPHQW�FRQFHQWUDWLRQV���)ORZ�UDWHV�

ZHUH�UHFRUGHG�ZLWK�WKH�LQ�OLQH�IORZPHWHU�DQG�WXUELGLW\�YDOXHV�PHDVXUHG�E\�DQ�2%6���VHQVRU�

PRXQWHG�LQVLGH�WKH�39&�ER[���7XUELGLW\�YDOXHV�ZHUH�DOVR�PHDVXUHG�E\�D�����4�+$&+�

KDQGKHOG�ILHOG�WXUELGLW\�PHWHU�DQG�D�VHFRQG�2%6���SUREH�PRXQWHG�LQ�WKH�VXSSO\�WDQN��7KH�

UHVXOWV�RI�WKH�WHVWLQJ�IRU�DOO���FRQFHQWUDWLRQV�DUH�JLYHQ�LQ�)LJXUH�������
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)LJXUH�������*UDSKV�RI�WXUELGLW\�YDOXHV�IURP�VL[�GLIIHUHQW�VHGLPHQW�FRQFHQWUDWLRQV�PHDVXUHG�ZLWK�
D�����4�DQG�2%6���SUREH��7KH�ODVW�WKUHH�JUDSKV�DOVR�VKRZ�D�FRPSDULVRQ�EHWZHHQ�WKH�WXUELGLW\�

YDOXHV�JLYHQ�E\�WKH�2%6���LQ�WKH�GH�ZDWHULQJ�GHYLFH�DQG�WKH�WXUELGLW\�LQ�WKH�VXSSO\�WDQN�
PHDVXUHG�ZLWK�D�VHFRQG�2%6���SUREH�

�

$V�WKH�VHGLPHQW�FRQFHQWUDWLRQV�LQFUHDVHG�IURP�&RQFHQWUDWLRQ�7HVW���WR�&RQFHQWUDWLRQ�7HVW����

WKH�GLIIHUHQFH�LQ�WKH�WXUELGLW\�YDOXHV�EHWZHHQ�WKH�����4�DQG�WKH�2%6���SUREH�UDQJHG�IURP�

QHDU�]HUR�DW�WKH�ORZHVW�VHGLPHQW�FRQFHQWUDWLRQ�WR�D�GLIIHUHQFH�RI����178¶V�DW�WKH�KLJKHVW�

VHGLPHQW�FRQFHQWUDWLRQ���$W�&RQFHQWUDWLRQ�7HVWV�������DQG���D�VHFRQG�2%6���SUREH�ZDV�

LQVWDOOHG�LQ�WKH�VXSSO\�WDQN�WR�VHH�LI�WKHUH�ZHUH�DQ\�HIIHFWV�RI�ZDWHU�YHORFLW\��WXUEXOHQFH�RU�

LQWHUIHUHQFH�IURP�WKH�39&�ER[�RQ�WKH�UHDGLQJV�JHQHUDWHG�IURP�WKH�2%6���SUREH�PRXQWHG�LQ�

WKH�GH�ZDWHULQJ�GHYLFH��7KH�WZR�VHSDUDWH�2%6���VHQVRUV�JDYH�QHDUO\�LGHQWLFDO�UHDGLQJV�IRU�

HDFK�RI�WKH�WKUHH�VHGLPHQW�FRQFHQWUDWLRQV��

�

7R�EHWWHU�XQGHUVWDQG�WKH�GLIIHUHQFH�LQ�WXUELGLW\�YDOXHV�JHQHUDWHG�E\�WKH�����4�DQG�WKH�

2%6���DV�VHGLPHQW�FRQFHQWUDWLRQV�LQFUHDVHG��D�VHFRQG�FDOLEUDWLRQ�RI�VHGLPHQW�FRQFHQWUDWLRQ�

DQG�WXUELGLW\�ZDV�FRQGXFWHG���7KH�SUREH�IURP�WKH�GH�ZDWHULQJ�GHYLFH�ZDV�UHPRYHG�DQG�SODFHG�

LQ�WKH�VXSSO\�WDQN�DW�WKH�VDPH�GHSWK�DV�WKH�2%6���SUREH�DOUHDG\�PRXQWHG�LQ�WKH�WDQN��7KH�

WDQN�ZDV�PL[HG�XVLQJ�WKH�IOXPH�SXPS�DQG�WXUELGLW\�YDOXHV�UHFRUGHG�DW�GLIIHUHQW�WLPH�LQWHUYDOV�

DV�WKH�WXUELGLW\�GHFUHDVHG�GXH�WR�WKH�VHWWOLQJ�RI�WKH�VHGLPHQW�LQ�WKH�WDQN��7XUELGLW\�YDOXHV�ZHUH�

DOVR�PHDVXUHG�ZLWK�WKH�����4�KDQGKHOG�DQG�WKH�����1�EHQFK�WRS�WXUELGLW\�PHWHUV�RQ�VDPSOHV�

FROOHFWHG�DW�WKH�VDPH�GHSWK�DV�WKH�WZR�2%6���SUREHV�ZHUH�UHDGLQJ��7KH�UHVXOWV�RI�WKH�

FDOLEUDWLRQ�DUH�JLYHQ�LQ�)LJXUH�������
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)LJXUH�������&RPSDULVRQ�RI�WXUELGLW\�PHWHUV�LQ�D�VHWWOLQJ�WDQN�
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�
7KH�2%6���GDWD�PRUH�FORVHO\�PDWFKHV�WKH�����1�GDWD�WKDQ�WKH�����4�GDWD��)RU�D�JLYHQ�

UHDGLQJ�WKH�����4�PHWHU�UHDGLQJ�VL[W\�WR�RQH�KXQGUHG�SHUFHQW�KLJKHU�WKDQ�WKH�2%6���SUREHV��

7KH�����1�UHDG�WHQ�WR�WKLUW\�SHUFHQW�KLJKHU�WKDQ�WKH�2%6���SUREHV��)LJXUH������LV�D�VFDWWHU�

SORW�ZKLFK�FDQ�EH�XVHG�WR�FRQYHUW�WKH�UHDGLQJV�EDFN�DQG�IRUWK�EHWZHHQ�WKH�2%6���SUREHV�DQG�

WKH�WZR������PHWHUV��
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�
)LJXUH�������3ORW�RI�2%6���SUREHV�YHUVXV�ERWK�WKH�����1�DQG�����4�PHWHUV�

2100Q 
y = 0.4098x + 12.371 

R² = 0.977 

2100N 
y = 0.7502x + 5.8079 

R² = 0.9818 
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Description of Field Sites and Events 
 

7ZR�FRQVWUXFWLRQ�VLWHV�ZHUH�PRQLWRUHG�DV�SDUW�RI�WKH�ILHOG�VWXG\��$W�RQH�VLWH��LQ�$UGHQ�+LOOV��

01��WKH�PRQLWRULQJ�HIIRUWV�ZHUH�ODUJHO\�IRFXVHG�RQ�DQ�RYHUSDVV�FRQVWUXFWHG�IRU�,QWHUVWDWH�

�����7KH�VHFRQG�VLWH�ZDV�ORFDWHG�ZHVW�RI�%ORRPLQJWRQ��01�IRU�D�FRQVWUXFWHG�LQWHUFKDQJH�DW�

WKH�LQWHUVHFWLRQ�RI�,QWHUVWDWH�����DQG�+LJKZD\������6HYHUDO�ODUJH�GHWHQWLRQ�SRQGV�ZHUH�

FRQVWUXFWHG�WKDW�ZHUH�DEOH�WR�FRQWDLQ�PRVW�RI�WKH�VWRUPZDWHU�IURP�WKH�VLWH��7DEOH�����FRQWDLQV�

LQIRUPDWLRQ�DERXW�WKH�VDPSOLQJ�HYHQWV�UHFRUGHG�DV�SDUW�RI�WKLV�SURMHFW��

�
�
�

7DEOH������6XPPDU\�RI�GDWD�FROOHFWLRQ�HYHQWV�IURP�WZR�FRQVWUXFWLRQ�VLWHV�
�

6LWH� 'DWHV� /RFDWLRQ� 'DWD�FROOHFWHG�
7XUELGLW\�
6HQVRU�

(YHQWV�ZLWK�
UXQRII�

6QHOOLQJ��
���

����������
�����������

&XOYHUW�
XSVWUHDP�RI�
FRQVWUXFWLRQ�

VLWH�

6WDJH�DQG�JUDE�
VDPSOHV�

1RQH� 1RQH�

6QHOOLQJ��
���

���������
���������

5RFN�ILOWHU�DQG�
GLWFK�

7XUELGLW\��UDLQIDOO��
JUDE�VDPSOHV�

$QDOLWH������
<6,������

��
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�

�

6QHOOLQJ��
���

���������
���������

&XOYHUW�
GRZQVWUHDP�RI�
FRQVWUXFWLRQ�

VLWH�

7XUELGLW\��
DXWRPDWHG�VDPSOHV��

VWDJH�
<6,������ ��

��������
�����������
�����������

1LQHPLOH�
&UHHN�8S�DQG�
'RZQ�VWUHDP�
RI�FRQVWUXFWLRQ��

VLWH�

7XUELGLW\� $QDOLWH����� 1RQH�

��������
���������
����������

'LWFK�RQ�
FRQVWUXFWLRQ�

VLWH�
7XUELGLW\�UDLQIDOO�� 2%6���� ��

��������
����������
����������

&XOYHUW�RXWIDOO�
IURP�

VWRUPZDWHU�
SRQG�

7XUELGLW\�UDLQIDOO� 2%6���� ��

�������� �����"""�
6LPXODWHG�
UXQRII�

7XUELGLW\�VHGLPHQW�
VDPSOHV�

2%6���� 1RQH�

��������
����""""�
�����""""�

'LWFK�RQ�
FRQVWUXFWLRQ�

VLWH�

7XUELGLW\�UDLQIDOO�VH
GLPHQW�VDPSOHV�

2%6���� ��

�
7KH�PRQLWRULQJ�ORFDWLRQ�DW�WKH�6QHOOLQJ�����VLWH�ZDV�DW�RU�QHDU�WKH�RXWIDOO�IURP�ZKLFK�UXQRII�

OHIW�WKH�FRQVWUXFWLRQ�VLWH��WKXV�UHFRUGHG�YDOXHV�UHSUHVHQW�WXUELGLW\�OHYHOV�OHDYLQJ�WKH�

FRQVWUXFWLRQ�VLWH��$W�WKH���������VLWH�VWRUP�ZDWHU�UXQRII�ZDV�FRQWDLQHG�LQ�D�VHULHV�RI�VHWWOLQJ�

SRQGV��9HU\�OLWWOH�FRQFHQWUDWHG�UXQRII�OHIW�WKLV�FRQVWUXFWLRQ�VLWH��7KXV��PRQLWRULQJ�ORFDWLRQV�DW�

��������PHDVXUHG�WXUELGLW\�OHYHOV�IURP�RQVLWH�FRQVWUXFWLRQ�DFWLYLWLHV�RQO\���)LJXUHV�����������

DQG�����XVHG�WR�LOOXVWUDWH�WKH�ILHOG�DSSOLFDWLRQ�RI�WKH�WXUELGLW\�ER[�FRUUHVSRQG�WR�WKH�

PRQLWRULQJ�VHWXSV�DW�WKH�6QHOOLQJ�����VLWH��)LJXUH�����DQG�WKH�QHZ�)LJXUH������VKRZ�WKH�

PRQLWRULQJ�VHWXSV�DW�WKH���������FRQVWUXFWLRQ�VLWH��

�
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�
)LJXUH�������7XUELGLW\�PRQLWRULQJ�VHWXS�DW���������DIWHU�UDLQIDOO�HYHQW�

�
Field data analysis 

�

7XUELGLW\�GDWD�JHQHUDWHG�E\�FRQVHFXWLYH�UDLQIDOO�HYHQWV�RI������LQFKHV�DQG������LQFKHV�ZHUH�

FROOHFWHG�DW�WZR�ORFDWLRQV�DW�WKH�6QHOOLQJ�����FRQVWUXFWLRQ�VLWH�LQ�0D\�������7KH�PRQLWRULQJ�

ORFDWLRQV�ZHUH�GRZQVWUHDP�RI�WKH�FRQVWUXFWLRQ�VLWH�VKRZQ�LQ�)LJXUH�������5XQRII�IURP�WKH�

FRQVWUXFWLRQ�VLWH�ZDV�ILUVW�LQWHUFHSWHG�E\�D�VRLO�EHUP�DQG�URFN�ILOWHU�ZKLFK�DOORZV�ZDWHU�WR�

VHHS�IURP�EHKLQG�WKH�EHUP�DIWHU�SRQGLQJ��7KH�ILUVW�WXUELGLW\�ER[�ZDV�LQVWDOOHG�DW�WKH�URFN�ILOWHU�

�)LJXUH��������,W�ZDV�LQVWUXPHQWHG�ZLWK�DQ�$QDOLWH�����WXUELGLW\�SUREH�ZLWK�D�UDQJH�RI���WR�

�����178V��7KLV�ORFDWLRQ�SURYLGHV�GDWD�RQ�WKH�WXUELGLW\�RI�WKH�UXQRII�ZDWHU�WUHDWHG�RQO\�E\�

WKH�VHWWOLQJ�WLPH�DW�WKH�SRQGHG�EHUP��$IWHU�SDVVLQJ�WKURXJK�WKH�URFN�ILOWHU��UXQRII�WUDYHOV�GRZQ�

VORSH�LQWR�D�GLWFK�FRYHUHG�ZLWK�HURVLRQ�FRQWURO�EODQNHW��7KH�VHFRQG�WXUELGLW\�ER[�FDQ�EH�VHHQ�

LQVWDOOHG�LQ�WKH�GLWFK�LQ�)LJXUH�������7KLV�ER[�ZDV�LQVWUXPHQWHG�ZLWK�DQ�<6,������WXUELGLW\�

SUREH�ZLWK�D�UDQJH�RI���WR������178V��7KLV�VHFRQG�WXUELGLW\�ER[�ZDV�VHW�LQ�SODFH�WR�PHDVXUHV�

WKH�HIIHFW�RI�WKH�HURVLRQ�FRQWURO�EODQNHW�LQ�UHPRYLQJ�VHGLPHQW�IURP�WKH�UXQRII�DQG�WR�PHDVXUH�

WXUELGLW\�OHYHOV�OHDYLQJ�WKH�FRQVWUXFWLRQ�VLWH��:DWHU�IORZV�IURP�WKH�GLWFK�LQWR�D�FRQFUHWH�

FRQWURO�VWUXFWXUH�EHIRUH�LW�IORZV�XQGHUQHDWK�WKH�IUHHZD\�RII�VLWH���
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�
)LJXUH�������&RQVWUXFWLRQ�VLWH�DW�6QHOOLQJ������

�

�
)LJXUH�������7XUELGLW\�ER[�LQ�URFN�ILOWHU�ZLWK�$QDOLWH�����SUREH�

�



�

���
�

�

�
)LJXUH�������7XUELGLW\�ER[�LQ�GLWFK�DW�6QHOOLQJ�����VLWH�MXVW�DERYH�RXWIDOO�RII�WKH�FRQVWUXFWLRQ�VLWH�
�

)LJXUH������VKRZV�WKH�WXUELGLW\�GDWD�PHDVXUHG�DW�WKH�WXUELGLW\�ER[�LQ�WKH�URFN�ILOWHU�IRU�ERWK�

VWRUP�HYHQWV��7KH�WXUELGLW\�UHDGLQJV�ZHUH�UHFRUGLQJ�HYHU\���PLQXWHV��7KH�WXUELGLW\�ZHQW�IURP�

]HUR�WR�DERYH�WKH������178�PD[LPXP�UDQJH�RI�WKH�SUREH�LPPHGLDWHO\�DIWHU�UXQRII�VWDUWHG�IRU�

ERWK�WKH�0D\��VW�DQG��UG�VWRUP�HYHQWV��&RQVWUXFWLRQ�VLWH�DFWLYLWLHV�WKDW�RFFXUUHG�ZKLOH�UXQRII�

ZDWHU�ZDV�VWLOO�VHHSLQJ�IURP�WKH�VLWH�FDQ�DOVR�JHQHUDWH�WXUELGLW\��7XUELGLW\�VSLNHV�ZHUH�

UHFRUGHG�DW������DP�ZKHQ�ZRUNHUV�DUULYHG�RQ�VLWH�DQG�DJDLQ�DW������SP�ZKHQ�DGGLWLRQ�HURVLRQ�

FRQWURO�EODQNHW�ZDV�LQVWDOOHG��

�
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�
)LJXUH�������7XUELGLW\�YDOXHV�IURP�WZR�FRQVHFXWLYH�VWRUP�HYHQWV�DW�6QHOOLQJ�����FRQVWUXFWLRQ�

VLWH�

�
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1.2 in. rain 

0.74 in. rain 

Construction workers acivitiy 

Rock 175, Ditch 
47, Culvert 97 
at 9:40 
 

Rock 395, Ditch 
405, Culvert 375 
at 4:20 

+4000 NTU's rock, ditch, 
culvert 

Turbidity Values from Runoff 

7R�FRPSDUH�WXUELGLW\�UHDGLQJV�EHWZHHQ�ORFDWLRQV�DQG�EHWWHU�XQGHUVWDQG�WKH�PD[LPXP�

WXUELGLW\�JHQHUDWHG�IURP�WKH�VLWH��JUDE�VDPSOHV�ZHUH�FROOHFWHG�DW�WKUHH�GLIIHUHQW�WLPHV�GXULQJ�

WKH�UXQRII�HYHQW��7DEOH�������7KH�VDPSOLQJ�WLPHV�DUH�VKRZQ�LQ�)LJXUH��������

7DEOH������*UDE�VDPSOH�WXUELGLW\�UHDGLQJ�IURP�0D\�VWRUP�HYHQWV�DW�WKH�6QHOOLQJ�VLWH�

7LPH� 7XUELGLW\�YDOXHV�
5RFN�ILOWHU� 'LWFK� &XOYHUW�RXWIDOO�

0D\��������� ���� ���� ����
0D\��������� ���� ��� ���
0D\��������� ������ ������ ������

$OO�WKH�JUDE�VDPSOHV�ZHUH�FROOHFWHG�LQ�RQH�OLWHU�ERWWOHV�DQG�DQDO\]HG�IRU�WXUELGLW\�E\�D�+$&+�

�����EHQFK�WRS�WXUELGLW\�PHWHU��*UDE�VDPSOHV�ZHUH�WDNHQ�DW�WKH�URFN�ILOWHU�RQ�0D\���DW������

KRXUV��7KLV�ZDV�RQ�WKH�UHFHGLQJ�OLPE�RI�WKH�ILUVW�VWRUP�HYHQW�K\GURJUDSK��7KH�ODERUDWRU\�

WXUELGLW\�YDOXH�RI�����178V�PDWFKHV�FORVHO\�WKH�WXUELGLW\�YDOXHV�UHFRUGHG�DW�WKH�WLPH�RI�

VDPSOLQJ�E\�WKH�$QDOLWH�SUREH��DERXW�����178V���7KHUH�ZDV�OLWWOH�GLIIHUHQFH�LQ�WXUELGLW\�



�

���
�

�

YDOXHV�EHWZHHQ�WKH�URFN�ILOWHU������178V��DQG�WKH�WXUELGLW\�YDOXH�UHFRUGHG�GRZQVWUHDP�LQ�WKH�

GLWFK�RI�����178V��7KLV�VXJJHVWV�OLWWOH�WUHDWPHQW�IRU�VXVSHQGHG�VHGLPHQW�E\�WKH�HURVLRQ�

FRQWURO�EODQNHW�LQ�WKH�GLWFK��7KHUH�ZDV�DOVR�OLWWOH�FKDQJH�LQ�WXUELGLW\�EHWZHHQ�WKH�GLWFK�UHDGLQJ�

�����178V��DQG�WKH�FXOYHUW�RXWIDOO�RII�VLWH�������178V���7KH�VDPSOHV�FROOHFWHG�GXULQJ�WKH�

UXQRII�HYHQW�RQ�0D\��UG�DW������KRXUV�DOO�ZHUH�FROOHFWHG�GXULQJ�WKH�SHDN�RI�WKH�UXQRII�HYHQW�

DQG�DOO�H[FHHGHG�WKH�PD[LPXP�PRVW�WXUELGLW\�SUREHV�DUH�FDSDEOH�RI�UHFRUGLQJ�RI������178V���

�

)LJXUH������FRPSDUHV�WKH�WXUELGLW\�UHDGLQJ�IURP�WKH�URFN�ILOWHU�DQG�WKH�GLWFK�PRQLWRULQJ�

ORFDWLRQ��%HFDXVH�WKH�PD[LPXP�WXUELGLW\�UDQJH�RI������178V�ZDV�TXLFNO\�VXUSDVVHG�RQ�WKH�

ULVLQJ�OLPE�RI�WKH�UXQRII�HYHQW�FRPSDULVRQ�EHWZHHQ�WKH�WZR�VLWHV�FDQ�RQO\�EH�VHHQ�RQ�WKH�

UHFHGLQJ�OLPE�RI�WKH�VHFRQG�VWRUP�HYHQW���

�
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May 2 Event Rock Filter/Ditch  

Ditch

Rock filter

)LJXUH�������&RPSDULVRQ�RI�WXUELGLW\�YDOXHV�EHWZHHQ�WKH�URFN�ILOWHU�DQG�WKH�GLWFK��7KH�URFN�ILOWHU�
ZDV�XSVWUHDP�RI�WKH�GLWFK��

�
�

*LYHQ�WKH�KLJK�WXUELGLW\�UHDGLQJ�UHFRUGHG�DW�WKH�6QHOOLQJ�����VLWH��D�&DPSEHOO�6FLHQWLILF�

2%6���ZLWK�D�UDQJH�RI���WR������178V�ZDV�XVHG�WR�PRQLWRU���������VLWH��7KH�PRQLWRULQJ�

ORFDWLRQ�DQG�VHWXS�LV�VKRZQ�LQ�)LJXUH�������)LJXUH������VKRZV�WXUELGLW\�DQG�UDLQIDOO�GDWD�IURP�
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D�����LQFK�UDLQIDOO�HYHQW�ZKLFK�RFFXUUHG�RYHU�D�SHULRG�RI�QLQHWHHQ�KRXUV��5DLQIDOO�DQG�WXUELGLW\�

UHDGLQJV�ZHUH�UHFRUGHG�HYHU\�ILYH�PLQXWHV����

�
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169 and 494 site/ June 23  2.7 inches  

Rainfall
(in)
Turbidity
(NTU)

�

)LJXUH�������7XUELGLW\�DQG�UDLQIDOO�GDWD�IURP�����DQG�����FRQVWUXFWLRQ�VLWH�IRU�D�����LQFK�UDLQ�
HYHQW��

�

7XUELGLW\�YDOXHV�IURP�WKLV�VWRUP�HYHQW�SHDNHG�LQ�WKH�UDQJH�RI������WR������178V��7KH�ORZ�

WXUELGLWLHV�UHFRUGHG�EHWZHHQ�PLGQLJKW�DQG������DP�ZHUH�WKH�UHVXOW�RI�GHEULV�EORFNLQJ�WKH�

WXUELGLW\�ER[��7KH�FRQGLWLRQ�RI�WKH�HURVLRQ�FRQWURO�EODQNHW�DW�WKH�WLPH�RI�WKH�VWRUP�GHSLFWHG�LQ�

)LJXUH������ZDV�GHWHULRUDWLQJ��$�QHZ�EODQNHW�ZDV�LQVWDOOHG��2Q�-XQH���WK�D�VHFRQG�VWRUP�RI���

LQFKHV�SURGXFHG�UXQRII�IURP�WKH�VLWH��(YHQ�ZLWK�WKH�QHZ�EODQNHW�LQ�SODFH�WKH�WXUELGLW\�YDOXHV�

GXULQJ�WKH�UXQRII�K\GURJUDSK�VWLOO�H[FHHGHG������178V�ZKLFK�LV�VLPLODU�WR�WKDW�PHDVXUHG�

EHIRUH�WKH�EODQNHW�ZDV�UHSODFHG��)LJXUH��������

�
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�
)LJXUH�������7XUELGLW\�YDOXHV�JHQHUDWHG�IURP������LQFK�UDLQ�HYHQW�DIWHU�QHZ�EODQNHW�KDG�EHHQ�

LQVWDOOHG�
�

'DWD�IURP�VHGLPHQW�SRQG�GLVFKDUJH�ZDV�UHFRUGHG�DW�WKH���������VLWH�E\�D�WXUELGLW\�ER[�

PRXQWHG�RQ�WKH�FXOYHUW�RXWIDOO�IURP�WKH�SRQG��)LJXUH�������7KH�GDWD�IURP�D������LQFK�UDLQIDOO�

HYHQW�DW�WKLV�ORFDWLRQ�LV�VKRZQ�LQ�)LJXUH�������%HFDXVH�RI�WKH�EXIIHULQJ�HIIHFW�RI�WKH�VWRUP�

ZDWHU�SRQG�WXUELGLW\�SHDNHG�DIWHU�WKH�UDLQIDOO�KDG�VWRSSHG��(YHQ�ZLWK�WKH�GHWHQWLRQ�WLPH�RI�WKH�

SRQG�RI�DERXW�RQH�KRXU�WKH�WXUELGLW\�YDOXHV�UHDFKHG������178V��

�
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)LJXUH�������7XUELGLW\�DQG�UDLQIDOO�GDWD�DW�FXOYHUW�RXWIDOO�IURP�VWRUP�ZDWHU�SRQG�DW�WKH���������
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�
Comparison of Field and Laboratory Dilution Curves 
 

7R�FRPSDUH�ILHOG�DQG�ODERUDWRU\�GDWD��JUDE�VDPSOHV�IURP�ERWK�VLWHV�ZHUH�EURXJKW�WR�WKH�ODE�

DQG�ZHUH�DQDO\]HG�XVLQJ�WKH�VDPH�SURFHVV�GHVFULEHG�LQ�&KDSWHU���WR�FUHDWH�GLOXWLRQ�FXUYHV��$Q�

,6&2�PRGHO������ZDWHU�VDPSOHU�DW�WKH�6QHOOLQJ�����VLWH�FROOHFWHG������P/�HYHU\�ILYH�

PLQXWHV�GXULQJ�D�UDLQIDOO�HYHQW�RQ�$XJXVW����������$�WRWDO�RI����VDPSOHV�ZHUH�EURXJKW�LQWR�WKH�

ODE�WR�EH�DQDO\]HG��$�WXUELGLW\�UHDGLQJ�ZDV�WDNHQ�IRU�HYHU\�VDPSOH��EXW�DOO�RI�WKH�UHDGLQJV�

ZHUH�JUHDWHU�WKDQ�WKH�PD[LPXP�SRVVLEOH�WXUELGLW\�UHDGLQJ�RI�RXU�LQVWUXPHQWV�RI������178V��

7KUHH�WHPSRUDOO\�UHSUHVHQWDWLYH�VDPSOHV�ZHUH�FKRVHQ�WR�GHYHORS�REVHUYHG�GLOXWLRQ�FXUYHV��$Q�

,6&2�PRGHO������ZDWHU�VDPSOHU�ZDV�DOVR�SODFHG�RQ�WKH���������VLWH�IRU�WKH�VDPH�VWRUP��EXW�

WKHUH�ZDV�QRW�HQRXJK�UXQRII�WR�WULJJHU�WKH�VDPSOHU��$�VLQJOH�JUDE�VDPSOH�ZDV�FROOHFWHG�DQG�

EURXJKW�LQWR�WKH�ODE�IRU�DQDO\VLV�ZLWK�WKH�$UGHQ�+LOOV�VDPSOHV����

�

2QH�RI�WKH�VRLOV�XVHG�LQ�WKH�ODERUDWRU\�H[SHULPHQWV�ZDV�IURP�WKH�$UGHQ�+LOOV�VLWH��DOORZLQJ�

IRU�D�FRPSDULVRQ�RI�WKH�ILHOG�DQG�ODERUDWRU\�WXUELGLW\�GDWD��7KH�ILHOG�VDPSOHV�FROOHFWHG�RQ�

$XJXVW���DUH�EHVW�UHSUHVHQWHG�E\�WKH�VXEVRLO�FROOHFWHG�IURP�WKDW�VLWH��)LJXUH������VKRZV�WKH�

GLOXWLRQ�FXUYHV�IRU�WKH�ODERUDWRU\�DQG�ILHOG�VDPSOHV��7KHUH�ZHUH�WZR�UHSOLFDWHV�GRQH�RQ�WKH�

$UGHQ�+LOOV�VXEVRLO�LQ�WKH�ODERUDWRU\��6LQFH�WKH�ODERUDWRU\�PHWKRGV�FROOHFWHG�VDPSOHV�DW�VL[�

GLIIHUHQW�WLPHV��WKHUH�DUH�D�WRWDO�RI�WZHOYH�WLPH�GHSHQGHQW�GLOXWLRQ�FXUYHV��)RU�WKH�VL[�GLOXWLRQ�
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�

FXUYHV�IURP�WKH�ILUVW�UHSOLFDWH��WKH�DYHUDJH�SRZHU�YDOXH��VKRZQ�DV�ȕ��LQ�)LJXUH�������ZDV�������

)RU�WKH�VHFRQG�UHSOLFDWH��WKH�DYHUDJH�SRZHU�YDOXH��ȕ���ZDV�������7KH�ILHOG�GDWD�KDG�DQ�DYHUDJH�

SRZHU�YDOXH�RI�������7KH�VFDOLQJ�IDFWRU�Į�IRU�WKH�ODERUDWRU\�DQG�ILHOG�VDPSOHV�UDQJHG�IURP�

�����WR������DQG������WR������UHVSHFWLYHO\���

�

�

)LJXUH�������6QHOOLQJ�����GLOXWLRQ�FXUYHV�IRU�ODERUDWRU\�DQG�ILHOG�VDPSOH�
�

7KH�ȕ�YDOXHV�IRXQG�LQ�WKH�ILHOG�DUH�VLPLODU�WR�WKRVH�IRXQG�LQ�WKH�ODERUDWRU\��7KLV�UHVXOW�

VXJJHVWV�WKDW�WKH�SRZHU�YDOXHV�REWDLQHG�LQ�WKH�ODERUDWRU\�VWXG\�DUH�UHSUHVHQWDWLYH�RI�ILHOG�

FRQGLWLRQV��7KH�Į�YDOXHV�RI�WKH�ILHOG�VDPSOHV�DUH�QRWLFHDEO\�ODUJHU�WKDQ�YDOXHV�UHSRUWHG�IRU�WKH�

ODERUDWRU\�GDWD��7KLV�UHVXOW�LV�QRW�VXUSULVLQJ��'HSRVLWLRQ�RI�ODUJHU�VL]HG�SDUWLFOHV�LV�OLNHO\�DW�

WKH�FRQVWUXFWLRQ�VLWH��&KDQJHV�LQ�SDUWLFOH�VL]H�GLVWULEXWLRQV�ZHUH�VKRZQ�LQ�&KDSWHU���WR�

GHFUHDVH�WKH�SRZHU�FRHIILFLHQW�DQG�LQFUHDVH�WKH�VFDOLQJ�IDFWRU��'LIIHUHQFHV�EHWZHHQ�ILHOG�DQG�

ODERUDWRU\�GLOXWLRQ�FXUYHV�DUH�FRQVLVWHQW�ZLWK�ERWK�RI�WKHVH�WUHQGV��2EVHUYHG�GLIIHUHQFHV�LQ�

ODERUDWRU\�DQG�ILHOG�Į�YDOXHV�DUH�ZLWKLQ�WKH�UDQJH�RI�H[SHFWHG�VKLIWV�LQ�Į�ZLWK�ILQHU�VHGLPHQW�

IRU�WKH�$UGHQ�+LOOV�VXEVRLO�JLYHQ�LQ�&KDSWHU����

�
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�

)LJXUH�������'LOXWLRQ�FXUYH�IRU���������FRQVWUXFWLRQ�VLWH��

�
� �

�
� �

$�GLOXWLRQ�FXUYH�ZDV�FUHDWHG�IRU�WKH�VLQJOH�VDPSOH�IURP�WKH���������VLWH��)LJXUH��������7KHUH�

LV�QR�ODERUDWRU\�GDWD�WR�FRPSDUH�WR�WKLV�GLOXWLRQ�FXUYH��EXW�LW�GRHV�VKRZ�WKH�VDPH�VWURQJ�SRZHU�

UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�FRQFHQWUDWLRQ�DQG�D�ȕ�YDOXH�RI�QHDUO\������

�

�

7XUELGLW\�766�UHODWLRQVKLSV�GHYHORSHG�ZLWK�WKLV�VWXG\�DUH�XVHIXO�WR�����HVWLPDWH�WXUELGLWLHV�

IURP�PHDVXUHG�VHGLPHQW�FRQFHQWUDWLRQV�DQG�����HVWLPDWH�VHGLPHQW�FRQFHQWUDWLRQV�IURP�

PHDVXUHG�WXUELGLWLHV��7KH�ILUVW�W\SH�RI�DSSOLFDWLRQ�ZLOO�EH�LOOXVWUDWHG�XVLQJ�WKH�GDWD�FROOHFWHG�DW�

WKH�6QHOOLQJ�����VLWH��7KLV�DSSOLFDWLRQ�LV�SDUWLFXODUO\�XVHIXO�IRU�WKH�DVVHVVPHQW�RI�WXUELGLW\�

ZDWHU�TXDOLW\�VWDQGDUGV�IURP�PHDVXUHG�RU�SUHGLFWHG�766��'HWHUPLQDWLRQ�RI�FRQFHQWUDWLRQV�

IURP�PHDVXUHG�WXUELGLWLHV�ZLOO�EH�LOOXVWUDWHG�XVLQJ�GDWD�FROOHFWHG�DW�WKH���������VLWH��7KLV�

DSSOLFDWLRQ�LV�RI�LQWHUHVW�LQ�WKH�DVVHVVPHQW�RI�D�766�ZDWHU�TXDOLW\�VWDQGDUG�IURP�WXUELGLW\�GDWD��

:LWK�WKH�DGGLWLRQDO�XVH�RI�DQ�REVHUYHG�RU�SUHGLFWHG�K\GURJUDSK��VHGLPHQW�ORDG�FDQ�EH�

REWDLQHG�IURP�WKH�HVWLPDWHG�FRQFHQWUDWLRQV��7KH�LPSDFW�RI�D�WXUELGLW\�VWDQGDUG�RQ�WKH�

UHGXFWLRQ�LQ�VHGLPHQW�ORDGV�WR�ODNH�DQG�VWUHDPV�FDQ�WKHQ�EH�DVVHVVHG��

�

�

Example Applications 
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�

�

Estimating Turbidity from Observed Concentrations 
 

7KH�VLPSOHVW�DSSOLFDWLRQ�RI�(TXDWLRQ�����LV�WR�SUHGLFW�WXUELGLW\�IURP�D�NQRZQ�FRQFHQWUDWLRQ��

2Q�D�FRQVWUXFWLRQ�VLWH��WXUELGLW\�LV�PRUH�OLNHO\�PHDVXUHG�WKHQ�FRQFHQWUDWLRQ�GDWD��+RZHYHU��

SURFHVV�EDVHG�VLPXODWLRQ�PRGHOV��VXFK�DV�6(',027�,,��:LOVRQ�HW�DO���������DQG�:$7(5�

�:LOVRQ�HW�DO���������FDQ�SUHGLFW�FRQFHQWUDWLRQV��7KHVH�PRGHOV�FDQ�EH�XVHG�WR�DVVHVV�WKH�

HIIHFWLYHQHVV�RI�GLIIHUHQW�VHGLPHQW�FRQWURO�PHDVXUHV��(TXDWLRQ�����FDQ�WKHQ�EH�XVHG�WR�

GHWHUPLQH�WKH�LPSDFW�RI�WKHVH�PHDVXUHV�RQ�WXUELGLW\�DQG�WKHLU�HIIHFWLYHQHVV�LQ�PHHWLQJ�

SRWHQWLDO�WXUELGLW\�VWDQGDUGV��

�

7KH�HVWLPDWLRQ�RI�WXUELGLW\�IURP�FRQFHQWUDWLRQV�ZLOO�EH�GRQH�XVLQJ�WKH����VDPSOHV�FROOHFWHG�

RQ�$XJXVW��UG�DW�WKH�6QHOOLQJ�����VLWH��7KH�REVHUYHG�FRQFHQWUDWLRQV�DUH�SORWWHG�ZLWK�WLPH�LQ�

)LJXUH�������7R�XVH�(TXDWLRQ������WKH�Į�DQG�ȕ�FRHIILFLHQWV�QHHG�WR�EH�GHWHUPLQHG��$V�

SUHYLRXVO\�GLVFXVVHG��VHWWLQJ�ȕ� �����LV�D�UHDVRQDEOH�DVVXPSWLRQ�IRU�0LQQHVRWD�FRQVWUXFWLRQ�

VLWH�VRLOV��7KUHH�DSSURDFKHV�DUH�DYDLODEOH�WR�HVWLPDWH�Į��7KH\�DUH�����HVWLPDWH�Į�XVLQJ�

(TXDWLRQ������0RGHO�����ZKLFK�UHTXLUHV�VRLO�SURSHUWLHV�RI�SHUFHQW�VLOW��LQWHUULOO�VRLO�HURGLELOLW\��

DQG�WKH�15&6�PD[LPXP�DEVWUDFWLRQ��GHSWK������HVWLPDWH�Į�XVLQJ�(TXDWLRQ������0RGHO����

XVLQJ�RQO\�SHUFHQW�VLOW��DQG�����VROYH�IRU�Į�GLUHFWO\�IURP�DQ�REVHUYHG�SDLU�RI�FRQFHQWUDWLRQ�DQG�

WXUELGLW\�YDOXHV�XVLQJ�D�ȕ� ������7KH�WKLUG�DSSURDFK�LV�SUHIHUUHG��EXW�RIWHQ�GDWD�IURP�

LQGLYLGXDO�VWRUP�HYHQWV�DUH�XQDYDLODEOH��(TXDWLRQ�����LV�WKH�PRUH�DFFXUDWH�UHJUHVVLRQ�PRGHO�

IRU�GHWHUPLQLQJ�Į��EXW�LW�UHTXLUHV�LQIRUPDWLRQ�WKDW�PD\�QRW�EH�UHDGLO\�DYDLODEOH�IRU�

FRQVWUXFWLRQ�VLWHV��,I�D�VLPSOH�DSSUR[LPDWLRQ�LV�DGHTXDWH��0RGHO���FDQ�WKHQ�EH�XVHG�WR�

GHWHUPLQH�Į���

�

'LIIHUHQFHV�EHWZHHQ�WKH�WZR�PHWKRGV�FDQ�EH�DVVHVVHG�XVLQJ�DOO�RI�WKH�VRLO�SURSHUW\�

LQIRUPDWLRQ�IRU�WKH�6QHOOLQJ�����VLWH�GHWHUPLQHG�LQ�WKH�ODERUDWRU\�H[SHULPHQW��%RWK�0RGHO���

DQG�0RGHO���ZHUH�HYDOXDWHG�IRU�6QHOOLQJ�����VXEVRLO�WR�REWDLQ�Į�RI�������DQG��������

UHVSHFWLYHO\��7KH�Į�YDOXHV�IRU�WKH�ILHOG�VDPSOHV�ZHUH�KLJKHU�WKDQ�WKHVH�YDOXHV��UDQJLQJ�IURP�

�����WR������%DVHG�RQ�D�SDUWLFOH�VL]H�DQDO\VLV��WKH�VRLO�LV�FRPSULVHG�RI�����VDQG�DQG�����VLOW��

8VLQJ�WKH�UHODWLRQVKLSV�IRU�ȞG�DQG�ȦG�IURP�&KDSWHU���DQG�DVVXPLQJ�VDQG�ZDV�UHPRYHG�IURP�

WKH�UXQRII�SULRU�WR�VDPSOLQJ��WKH�VFDOLQJ�IDFWRU�Į�LQFUHDVHG�WR�������DQG�WKH�SRZHU�ȕ�GHFUHDVHG�

WR�������7KLV�VKRZV�WKDW�GHSRVLWLRQ�SOD\V�DQ�LPSRUWDQW�UROH�LQ�HVWLPDWLQJ�WXUELGLW\��
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���
�

�

�

)LJXUH������VKRZV�WKH�HVWLPDWHG�WXUELGLW\�XVLQJ�0RGHO���DQG�0RGHO���DQG�HVWLPDWHG�WXUELGLW\�

LI�VDQG�ZHUH�UHPRYHG�IURP�VXVSHQVLRQ�IRU�WKH�JUDE�VDPSOHV�FROOHFWHG�DW�6QHOOLQJ������7KH�

SUHGLFWHG�WXUELGLW\�YDOXHV�DUH�ODUJHU�WKDQ�WKH�UDQJH�RI�WXUELGLWLHV�REWDLQHG�LQ�WKH�ODERUDWRU\�

VWXG\��$OO�VDPSOHV�ZRXOG�OLNHO\�YLRODWH�DQ\�WXUELGLW\�VWDQGDUG�HVWDEOLVKHG�E\�WKH�6WDWH�RI�

0LQQHVRWD��3HUFHQW�GLIIHUHQFHV�LQ�SUHGLFWHG�WXUELGLWLHV�REWDLQHG�IRU�WKH�WZR�GLIIHUHQW�HVWLPDWHV�

RI�Į�DUH�UHDVRQDEOH��KRZHYHU��DEVROXWH�GLIIHUHQFH�DUH�VXEVWDQWLDO��

�

�

)LJXUH�������3UHGLFWHG�WXUELGLW\�YDOXHV�IRU�WKH�$XJXVW��UG�VWRUP�RQ�WKH�$UGHQ�+LOOV�FRQVWUXFWLRQ�
VLWH�

�

�

'LOXWLRQ�FXUYHV�ZHUH�FUHDWHG�IRU�WKUHH�JUDE�VDPSOHV�IRU�WKLV�VWRUP��7KRVH�FXUYHV�ZHUH�XVHG�WR�

HVWLPDWH�WKH�WXUELGLW\�EDVHG�RQ�WKH�FRQFHQWUDWLRQ�RI�VHGLPHQW�LQ�WKH�VDPSOH��7KHVH�YDOXHV�

ZHUH�DOVR�SORWWHG�RQ�)LJXUH������WR�FRPSDUH�WKH�SUHGLFWHG�WXUELGLWLHV�ZLWK�WKH�DFWXDO�

WXUELGLWLHV��7KH�SUHGLFWHG�WXUELGLWLHV�DUH�VLJQLILFDQWO\�ORZHU��7KLV�GLVFUHSDQF\�PD\�EH�

DWWULEXWHG�WR�WKH�$XJXVW��UG�VWRUP�EHLQJ�ODUJHU�WKDQ�WKH�FRQWURO�VWRUP�XVHG�LQ�WKH�ODERUDWRU\�

H[SHULPHQW�RU�FKDQJHV�LQ�WKH�VRLO¶V�SDUWLFOH�VL]H�GLVWULEXWLRQ��

Estimating Sediment Loads 



�
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�

�

 
2Q�D�FRQVWUXFWLRQ�VLWH��LW�LV�PRUH�OLNHO\�WKDW�WXUELGLW\�LV�EHLQJ�PRQLWRUHG�DQG�QRW�766�

FRQFHQWUDWLRQ��%\�XVLQJ�UHODWLRQVKLSV�GHYHORSHG�DV�SDUW�RI�WKLV�VWXG\��FRQWLQXRXVO\�PRQLWRUHG�

WXUELGLW\�GDWD�FDQ�EH�FRQYHUWHG�LQWR�FRQFHQWUDWLRQV�DQG�XVHG�WR�GHWHUPLQH�VHGLPHQW�ORDGV�IURP�

D�VLWH��7KLV�FRQYHUVLRQ�UHTXLUHV�YDOXHV�IRU�Į�DQG�ȕ�IRU�WKH�VWRUP�HYHQW��%\�UHDUUDQJLQJ�

(TXDWLRQ������FRQFHQWUDWLRQ�LV�UHODWHG�WR�WXUELGLW\�LQ�WKH�IROORZLQJ�IRUPDW��

= ܥ ቀ ்ఈ ቁ
ହ ൗ � � � � � � � � ��� �������

&RQWLQXRXVO\�PRQLWRUHG�WXUELGLW\�GDWD�DQG�UDLQIDOO�GDWD�ZHUH�FROOHFWHG�LQ�D�GLWFK�RQ�WKH�

%ORRPLQJWRQ�VLWH�GXULQJ�D����KRXU�UDLQVWRUP�RQ�0D\�����������7KH�REVHUYHG�WXUELGLW\�

FRQFHQWUDWLRQ�GDWD�VKRZQ�LQ�)LJXUH������ZHUH�XVHG�WR�HVWLPDWH�Į�IRU�WKLV�VWRUP��7KH�HVWLPDWHG�

FRQFHQWUDWLRQ�XVLQJ�(TXDWLRQ�����LV�VKRZQ�ZLWK�WKH�FRUUHVSRQGLQJ�WXUELGLW\�GDWD�LQ�)LJXUH�

������

�

$�K\GURJUDSK�ZDV�FUHDWHG�IRU�WKH�0D\����UDLQVWRUP�XVLQJ�DQ�HVWLPDWHG�WLPH�RI�FRQFHQWUDWLRQ�

DQG�IORZ�UDWH�GHWHUPLQHG�ZLWK�WKH�6&6�FXUYH�QXPEHU�PHWKRG��:XUEV�DQG�-DPHV���������7KH�

FDOFXODWLRQV�IRU�WKH�K\GURJUDSK�DUH�JLYHQ�E\�3HUNLQV���������)LJXUH������VKRZV�WKH�HVWLPDWHG�

FRQFHQWUDWLRQ�GDWD�DQG�K\GURJUDSK�IRU�WKH�0D\���UG�UDLQVWRUP��:LWK�WKH�HVWLPDWHG�

FRQFHQWUDWLRQ�DQG�K\GURJUDSK��VHGLPHQW�ORDG�DW�HDFK�WLPH�VWHS�FDQ�EH�FDOFXODWHG�ZLWK�WKH�

IROORZLQJ�HTXDWLRQ��

݀ܽܮ ݐ݊݁݉݅݀݁ܵ = �ܥ ܳ � � � � � � ������

ZKHUH�4�LV�WKH�IORZ�UDWH�DQG�&�LV�WKH�FRQFHQWUDWLRQ�RI�VHGLPHQW�LQ�WKH�UXQRII��

�

�

�
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�

�

)LJXUH�������(VWLPDWHG�FRQFHQWUDWLRQ�YDOXHV�FRUUHVSRQGLQJ�WR�WKH�WXUELGLW\�GDWD�FROOHFWHG�RQ�WKH�
%ORRPLQJWRQ�VLWH�IRU�WKH�UDLQ�VWRUP�RQ�0D\�����������

�

�

)LJXUH�������(VWLPDWHG�FRQFHQWUDWLRQ�GDWD�DQG�K\GURJUDSK�IRU�0D\����VWRUP�RQ�%ORRPLQJWRQ�VLWH��
�



�
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�

�

)LJXUH������VKRZV�WKH�VHGLPHQW�ORDG�LQ�WRQV�IRU�WKH�0D\���UG�VWRUP�LQ�%ORRPLQJWRQ��7R�

GHWHUPLQH�WKH�WRWDO�VHGLPHQW�ORDG�SDVVLQJ�WKH�PRQLWRULQJ�ORFDWLRQ��WKH�SURGXFW�RI�IORZ�UDWH�

DQG�FRQFHQWUDWLRQ�LV�VLPSO\�LQWHJUDWHG�RYHU�WKH�VWRUP�GXUDWLRQ�XVLQJ�WKH�IROORZLQJ�LQWHJUDO��

= ݀ܽܮ ݐ݊݁݉݅݀݁ܵ ݈ܽݐܶ   ௧ݐ݀ (ݐ)ܥ (ݐ)ܳ
 � � � � � �������

,QWHJUDWLQJ�WR�ILQG�WKH�DUHD�XQGHU�WKH�FXUYH�LQ�)LJXUH�����GHWHUPLQHG�WKDW�WKH�PRQLWRULQJ�

ORFDWLRQ�RQ�WKH�%ORRPLQJWRQ�VLWH�KDG�D�VHGLPHQW�ORDG�RI�DSSUR[LPDWHO\�����NJ�GXULQJ�WKH�0D\�

��UG�VWRUP���

�

�

�

)LJXUH�������6HGLPHQW�ORDG�RQ�WKH���������VLWH�GXULQJ�WKH�0D\����VWRUP�
�

Impact of a Non-linear Turbidity-Concentration Relationship 
 

6HYHUDO�VWXGLHV��SUHYLRXVO\�PHQWLRQHG�LQ�&KDSWHU����FRQFOXGHG�WKDW�WXUELGLW\�DQG�

FRQFHQWUDWLRQ�YDU\�OLQHDUO\��2XU�DQDO\VLV�RI�WXUELGLW\�FRQFHQWUDWLRQ�UHODWLRQVKLSV�IRU�

0LQQHVRWD�FRQVWUXFWLRQ�VRLOV�UHVXOWHG�LQ�QRQ�OLQHDU�SRZHU�IXQFWLRQV��7R�HYDOXDWH�WKH�

LPSOLFDWLRQ�RI�D�QRQ�OLQHDU�UHODWLRQVKLS��WZR�VFHQDULRV�ZLOO�EH�GLVFXVVHG��)LUVW��OHW¶V�FRQVLGHU�D�

SHUFHQW�UHGXFWLRQ�LQ�WXUELGLW\�WR�PHHW�D�WXUELGLW\�VWDQGDUG��,PSOHPHQWDWLRQ�RI�VHGLPHQW�FRQWURO�



�

���
�

�

SUDFWLFHV�LV�OLNHO\�UHTXLUHG�WR�PHHW�WKLV�VWDQGDUG��:H�DUH�WKHUHIRUH�LQWHUHVWHG�LQ�GLIIHUHQFHV�LQ�

WKH�FRUUHVSRQGLQJ�SHUFHQW�UHGXFWLRQV�LQ�VHGLPHQW�FRQFHQWUDWLRQV�XVLQJ�D�OLQHDU�RU�QRQ�OLQHDU�

UHODWLRQVKLS��$�VLQJOH�IORZ�±ZHLJKWHG�VDPSOH�LV�RIWHQ�FROOHFWHG�IRU�D�JLYHQ�VWRUP�WR�UHGXFH�WKH�

FRVW�RI�ZDWHU�TXDOLW\�DQDO\VLV��2XU�VHFRQG�VFHQDULR�H[DPLQHV�WKH�HUURU�REWDLQHG�HVWLPDWLQJ�WKH�

DYHUDJH�WXUELGLW\�IRU�WKH�VWRUP�XVLQJ�WKH�VLQJOH�VDPSOH�LI�WXUELGLW\�YDULHV�OLQHDUO\�RU�

QRQOLQHDUO\�ZLWK�FRQFHQWUDWLRQ��7KH�ILUVW�VFHQDULR�ZDV�HYDOXDWHG�XVLQJ�WKH�ODERUDWRU\�

FRQFHQWUDWLRQ�DQG�WXUELGLW\�GDWD�IRU�WKH�6QHOOLQJ�����VXEVRLO���%RWK�OLQHDU�DQG�QRQOLQHDU�

UHODWLRQVKLSV�IRU�WKLV�VRLO�DUH�VKRZQ�LQ�)LJXUH�������7KH�VHFRQG�DQDO\VLV�XVHG�WKH�WXUELGLW\�DQG�

HVWLPDWHG�FRQFHQWUDWLRQ�GDWD�IRU�WKH�0D\���UG�VWRUP�LQ�%ORRPLQJWRQ���

�

)RU�WKH�ILUVW�VFHQDULR��WKUHH�WXUELGLW\�YDOXHV�ZHUH�FKRVHQ�IRU�WKH�DQDO\VLV��������������DQG�����

178V��7KH�FRQFHQWUDWLRQV�FRUUHVSRQGLQJ�WR�HDFK�WXUELGLW\�YDOXH�ZHUH�FDOFXODWHG�ZLWK�ERWK�WKH�

OLQHDU�DQG�QRQ�OLQHDU�UHODWLRQVKLS�IRU�WKH�VRLO��7KH�SHUFHQW�UHGXFWLRQ�ZDV�FDOFXODWHG�DVVXPLQJ�

WKH�WXUELGLW\�ZDV�UHGXFHG�IURP������178�WR������178�DQG�IURP������178�WR�����178��

7KH�SHUFHQW�UHGXFWLRQ�ZDV�IRXQG�ZLWK�WKH�IROORZLQJ�HTXDWLRQ��

݊݅ݐܿݑ݀݁ݎ % = 100 ቀ1 െ ௗ௨ௗ ௩௨
௧ ௩௨ ቁ� � � � � �������

7KH�UHVXOWV�RI�WKLV�DQDO\VLV�DUH�VKRZQ�LQ�7DEOH������

�
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�

�

�

)LJXUH�������/LQHDU�DQG�QRQ�OLQHDU�UHODWLRQVKLSV�IRU�$UGHQ�+LOOV�VXEVRLO��
�

7DEOH������3HUFHQW�UHGXFWLRQ�LQ�FRQFHQWUDWLRQ�ZLWK�D�OLQHDU�DQG�QRQ�OLQHDU�UHODWLRQVKLS��
�

Turbidity (NTU) Linear   Non-Linear 

$FWXDO ��
5HGXFWLRQ�

&RQFHQWUDWLRQ�
�PJ�/��

��
5HGXFWLRQ�

&RQFHQWUDWLRQ�
�PJ�/��

��
5HGXFWLRQ�

4000 �� ������� �� ������� ��

2000 ����� ������� ����� ������� �����

500 ����� ������ ����� ������� �����

�

$V�H[SHFWHG��WKH�SHUFHQW�UHGXFWLRQ�LQ�VHGLPHQW�FRQFHQWUDWLRQ�IRU�WKH�OLQHDU�UHODWLRQVKLS�LV�H[DFWO\�

HTXDO�WR�WKDW�RI�WXUELGLW\��+RZHYHU�IRU�RXU�QRQ�OLQHDU�IXQFWLRQ��WKH�SHUFHQW�UHGXFWLRQ�LQ�

FRQFHQWUDWLRQ�LV�OHVV�WKDQ�WKH�SHUFHQW�UHGXFWLRQ�LQ�WXUELGLW\��,I�WXUELGLW\�VWDQGDUGV�DUH�DGRSWHG��

WKHQ�WKH�GLIIHUHQFH�EHWZHHQ�D�OLQHDU�DQG�QRQ�OLQHDU�UHODWLRQVKLSV�FRXOG�KDYH�LPSRUWDQW�

LPSOLFDWLRQV�RQ�WKH�VHOHFWLRQ�RI�WDUJHW�JRDOV�RI�VHGLPHQW�FRQWURO�SUDFWLFHV��
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�

)RU�WKH�VHFRQG�VFHQDULR��IORZ�ZHLJKWHG�PHDQ�WXUELGLW\�DQG�FRQFHQWUDWLRQ�ZDV�IRXQG�IRU�WKH�

0D\���UG�VWRUP�RQ�WKH�%ORRPLQJWRQ�VLWH��7KH�OLQHDU�DQG�QRQ�OLQHDU�UHODWLRQVKLSV�IRU�WKH�GDWD�

SUHVHQWHG�LQ�)LJXUH������ZHUH�XVHG�WR�HVWLPDWH�WKH�DYHUDJH�WXUELGLW\�DQG�FRQFHQWUDWLRQ�IRU�WKH�

VWRUP��7KH�SHUFHQW�HUURU�EHWZHHQ�WKH�DFWXDO�DQG�HVWLPDWHG�YDOXHV�ZDV�FDOFXODWHG�DV�

ݎݎݎܧ % = 100 |ா௦௧௧ௗି௧௨|
௧௨ � � � � � � ��������������

7KH�UHVXOWV�RI�WKLV�DQDO\VLV�DUH�VKRZQ�LQ�7DEOH������

�

7DEOH������3HUFHQW�HUURU�ZKHQ�HVWLPDWLQJ�DQ�DYHUDJH�WXUELGLW\�DQG�FRQFHQWUDWLRQ�ZLWK�D�OLQHDU�DQG�
QRQ�OLQHDU�UHODWLRQVKLS��

 

Flow-Weighted 
Mean Linear Non-linear 

 �
(VWLPDWH� ��(UURU� (VWLPDWH� ��(UURU�

Concentration 
(mg/L) ������� ������� ���� ������� �����

Turbidity 
(NTU) ������� ������� ���� ������� �����

�

$�OLQHDU�IXQFWLRQ�KDV�OHVV�HUURU�WKHQ�D�QRQ�OLQHDU�IXQFWLRQ�ZKHQ�HVWLPDWLQJ�WKH�DYHUDJH�

WXUELGLW\�IURP�D�NQRZQ�DYHUDJH�FRQFHQWUDWLRQ�DQG�DQ�DYHUDJH�FRQFHQWUDWLRQ�IURP�D�NQRZQ�

DYHUDJH�WXUELGLW\��

�

Summary 
�

)LHOG�GDWD�ZHUH�FROOHFWHG�DQG�DQDO\]HG�DW�WZR�FRQVWUXFWLRQ�VLWHV���$�SRUWDEOH�PRQLWRULQJ�

V\VWHP�ZDV�GHVLJQHG�DQG�EXLOW�WR�DVVLVW�LQ�WKLV�GDWD�FROOHFWLRQ���7KH�WXUELGLW\�ER[�SURYHG�

DGDSWDEOH�DQG�VXFFHVVIXOO\�PRQLWRUHG�WXUELGLW\�YDOXHV�DW�D�URFN�ILOWHU��WZR�GLWFKHV�DQG�WZR�

FXOYHUW�RXWIDOOV�RQ�WZR�GLIIHUHQW�FRQVWUXFWLRQ�VLWHV��,W�LV�UHODWLYHO\�HDV\�WR�VHWXS�XVLQJ�VLPSOH�

KDUGZDUH��$�VLOW�IHQFH�LQVWDOOHG�DERYH�WKH�WXUELGLW\�ER[�DORQJ�ZLWK�PRXQWLQJ�WKH�XSVWUHDP�HQG�

RI�WKH�ER[�VOLJKWO\�DERYH�WKH�VRLO�VXUIDFH�LV�VXJJHVWHG�WR�UHGXFH�WKH�FKDQFHV�RI�SOXJJLQJ�WKH�

EHGORDG�VORW��$OVR��VRPH�HOHYDWLRQ�GURS�LV�QHFHVVDU\�EHWZHHQ�WKH�GRZQVWUHDP�HQG�RI�WKH�ER[�



�

���
�

�

DQG�WKH�VRLO�VXUIDFH�WR�UHGXFH�WKH�FKDQFHV�RI�VHGLPHQW�EDFNLQJ�XS�LQWR�WKH�WXUELGLW\�ER[���$Q�

DOWHUQDWLYH�GHVLJQ�DOORZHG�WKH�IORZ�UDWHV�WR�DOVR�EH�PHDVXUHG���

�

$�PRQLWRULQJ�V\VWHP�ZDV�DOVR�GHVLJQHG�WR�PHDVXUH�WXUELGLW\�GXULQJ�GH�ZDWHULQJ���7KLV�V\VWHP�

ZDV�HDV\�WR�VHWXS�DQG�UHFRUGHG�IORZ�DFFXUDWHO\��+RZHYHU��WKH�LQLWLDO�GHVLJQ�IDLOHG�WR�

DFFXUDWHO\�PHDVXUH�WXUELGLW\�UHDGLQJV�DW�KLJK�IORZ�UDWHV��$Q�DOWHUQDWLYH�GHVLJQ�ZDV�WHVWHG�LQ�

WKH�ODERUDWRU\���7KLV�GHVLJQ�JDYH�UHOLDEOH�PHDVXUHPHQW�RI�WXUELGLW\����

�

7XUELGLW\�YDOXHV�JHQHUDWHG�IURP�WKH�WZR�FRQVWUXFWLRQ�VLWHV�LQYHVWLJDWHG��VLJQLILFDQWO\�

H[FHHGHG�DFFHSWDEOH�OLPLWV�RI�WXUELGLW\��RIWHQ�H[FHHGLQJ������178V�HYHQ�ZLWK�HURVLRQ�FRQWURO�

PHDVXUHV�LQ�SODFH��,I�WKUHVKROG�PRQLWRULQJ���������178V��LV�DOO�WKDW�LV�UHTXLUHG�WKH�$QDOLWH�

����DQG�<6,���������WR������178V�UDQJH��ZRUN�ZHOO�EHFDXVH�WKH\�DUH�VHOI��ORJJLQJ�SUREHV�

WKDW�GRQ¶�UHTXLUH�DGGLWLRQDO�LQVWUXPHQWDWLRQ��,I�DQ�DEVROXWH�YDOXH�RI�WXUELGLW\�LV�GHVLUHG�D�

SUREH�ZLWK�D�UDQJH�RI���WR������178V�VXFK�DV�WKH�&DPSEHOO�6FLHQWLILF�2%6���LV�

UHFRPPHQGHG��7KH�GUDZEDFN�WR�KLJKHU�UDQJH�SUREHV�LV�WKH�QHHG�WR�VXSSRUW�WKHP�ZLWK�D�GDWD�

ORJJHU�DQG�H[WUD�EDWWHULHV��WKXV�UHTXLULQJ�PRUH�VHWXS�WLPH�DQG�H[SHQVH��

�

7KH�ODERUDWRU\�DQDO\VHV�ZHUH�HYDOXDWHG�DQG�DSSOLHG�XVLQJ�OLPLWHG�LQIRUPDWLRQ�FROOHFWHG�DW�WKH�

WZR�FRQVWUXFWLRQ�VLWHV��&RPSDULVRQV�RI�ODERUDWRU\�DQG�ILHOG�GDWD�VXJJHVW�WKDW�WKH�SRZHU�

UHODWLRQVKLS�LV�YDOLG�IRU�VDPSOHV�FROOHFWHG�RQ�FRQVWUXFWLRQ�VLWHV��7KH�SUHGLFWLRQ�RI�Į�EDVHG�RQ�

ODERUDWRU\�GDWD�LV�D�UHDVRQDEOH�ILUVW�DSSUR[LPDWLRQ�WR�ILHOG�YDOXHV��HVSHFLDOO\�FRQVLGHULQJ�

SRVVLEOH�FKDQJHV�LQ�VHGLPHQW�VL]HV�ZLWK�GHSRVLWLRQ��8VLQJ�WKH�H[SHULPHQWDO�UHODWLRQVKLS�

GHYHORSHG�IRU�0LQQHVRWD�VRLOV��WXUELGLW\�DQG�FRQFHQWUDWLRQ�FDQ�HDVLO\�EH�HVWLPDWHG�IURP�ILHOG�

GDWD�ZLWK�(TXDWLRQ�����DQG�D�SURSHU�Į�YDOXH�GHWHUPLQHG�IURP�0RGHO���RU�0RGHO����2QFH�

FRQFHQWUDWLRQ�LV�HVWLPDWHG�IRU�D�VLWH��WKH�WRWDO�VHGLPHQW�ORDG�FDQ�EH�GHWHUPLQHG�XVLQJ�D�

K\GURJUDSK�IRU�WKH�GLVFKDUJH�SRLQW��7KURXJK�D�VLPSOH�LQWHJUDWLRQ��WKH�WRWDO�VHGLPHQW�ORDG�FDQ�

EH�GHWHUPLQHG�DW�GLVFKDUJH�SRLQW�RQ�D�VLWH�DQG�WKH�QHHGHG�VHGLPHQW�UHPRYDO�FDQ�EH�

GHWHUPLQHG�EDVHG�RQ�D�WXUELGLW\�VWDQGDUG��3URSHU�HURVLRQ�FRQWURO�SUDFWLFHV�FDQ�WKHQ�EH�FKRVHQ�

EDVHG�RQ�VHGLPHQW�UHPRYDO�QHHGV��7KH�LPSDFW�RI�XVLQJ�D�QRQ�OLQHDU�WXUELGLW\�FRQFHQWUDWLRQ�

UHODWLRQVKLS�LQVWHDG�RI�D�OLQHDU�UHODWLRQVKLS�ZDV�HYDOXDWHG��5HVXOWV�VKRZHG�WKDW�OHVV�UHGXFWLRQ�

LQ�FRQFHQWUDWLRQ�LV�QHHGHG�WR�UHGXFH�WXUELGLW\�E\�D�VSHFLILHG�DPRXQW�ZKHQ�XVLQJ�D�QRQ�OLQHDU�
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�

UHODWLRQVKLS��7KHUH�ZDV�DOVR�OHVV�HUURU�ZKHQ�XVLQJ�D�QRQ�OLQHDU�UHODWLRQVKLS�WR�HVWLPDWH�

DYHUDJH�WXUELGLW\�DQG�FRQFHQWUDWLRQ�YDOXHV��

�

� �
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�

Chapter 6 

Summary and Conclusions 
�

7KH�RYHUDOO�JRDO�RI�WKH�SURMHFW�ZDV�WR�JDWKHU�LQIRUPDWLRQ�RQ�WXUELGLW\�IURP�FRQVWUXFWLRQ�VLWH�

DQG�WR�LQYHVWLJDWH�SRVVLEOH�GHVLJQV�RI�PRQLWRULQJ�V\VWHPV���6RLOV�IURP�FRQVWUXFWLRQ�VLWHV�

DURXQG�WKH�VWDWH�RI�0LQQHVRWD�ZHUH�XVHG�WR�GHWHUPLQH�D�VRLO�GHSHQGHQW�UHODWLRQVKLS�EHWZHHQ�

WXUELGLW\�DQG�VHGLPHQW�FRQFHQWUDWLRQ�XVLQJ�D�ZHOO�GHILQHG�VHW�RI�ODERUDWRU\�PHDVXUHPHQWV��

7KH�LPSDFW�RI�SDUWLFOH�VHWWOLQJ�RQ�WKH�UHODWLRQVKLS�ZDV�HYDOXDWHG�WKURXJK�D�VHSDUDWH�ODERUDWRU\�

H[SHULPHQW��$�ILHOG�VWXG\�RQ�WZR�FRQVWUXFWLRQ�VLWHV�LQ�WKH�7ZLQ�&LWLHV�RI�0LQQHVRWD�ZDV�

SHUIRUPHG�GXULQJ�WKH�SURMHFW�GXUDWLRQ��7KH�ILHOG�VWXG\�DOORZHG�IRU�D�FRPSDULVRQ�RI�WXUELGLW\�

GDWD�IURP�UHDO�UXQRII��DQG�V\QWKHWLF�UXQRII��SURYLGHG�LQVLJKW�LQWR�WKH�DSSOLFDWLRQ�RI�

UHODWLRQVKLSV�REWDLQHG�IURP�ODERUDWRU\�GDWD��VHUYHG�WR�WHVW�WZR�GLIIHUHQW�PRQLWRULQJ�V\VWHPV�

DQG�UHFRUGHG�WXUELGLW\�YDOXHV�IURP�D�QXPEHU�RI�GLIIHUHQW�FRQVWUXFWLRQ�VLWH�DFWLYLWLHV��

�

$�UDLQIDOO�VLPXODWRU�LQ�WKH�ODERUDWRU\�ZDV�XVHG�WR�FROOHFW�UXQRII�GDWD�IURP�IRXUWHHQ�0LQQHVRWD�

FRQVWUXFWLRQ�VLWH�VRLOV���$�VWURQJ�SRZHU�UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�766�FRQFHQWUDWLRQ�

ZDV�IRXQG�WR�UHSUHVHQW�DOO�RI�WKH�WLPH�GHSHQGHQW�UXQRII�VDPSOHV�FROOHFWHG�IRU�HDFK�VRLO��7KH�

SRZHU�YDOXH��ȕ��ZDV�UHODWLYHO\�FRQVWDQW��RQO\�YDU\LQJ�VOLJKWO\�EHWZHHQ�VRLOV��$�VLQJOH�ȕ�YDOXH�

RI�����ZDV�FKRVHQ�WR�UHSUHVHQW�DOO�RI�WKH�0LQQHVRWD�VRLOV�LQ�WKH�ILQDO�UHODWLRQVKLS�IRU�WXUELGLW\�

DQG�766��7KH�LQWHUFHSW�RQ�D�ORJ�ORJ�JUDSK��Į��YDULHG�VLJQLILFDQWO\�EHWZHHQ�VRLOV��EXW�RQO\�

YDULHG�VOLJKWO\�ZLWKLQ�VRLOV��$�UHODWLRQVKLS�IRU�Į�ZDV�GHWHUPLQHG�WKURXJK�DQ�H[WHQVLYH�PXOWLSOH�

OLQHDU�UHJUHVVLRQ�XVLQJ�VRLO�SURSHUWLHV�IRU�HDFK�VLWH��7KH�UHVXOWV�RI�WKLV�UHJUHVVLRQ�GHWHUPLQHG�D�

UHODWLRQVKLS�XVLQJ�SHUFHQW�VLOW��PD[LPXP�DEVWUDFWLRQ��DQG�LQWHUULOO�HURGLELOLW\��0RGHO����WKDW�

H[SODLQHG�QHDUO\�����RI�WKH�YDULDELOLW\�LQ�Į��%HFDXVH�RI�WKH�FRPSOH[LWLHV�LQYROYHG�LQ�

HYDOXDWLQJ�PD[LPXP�DEVWUDFWLRQ�DQG�LQWHUULOO�HURGLELOLW\��D�VLPSOH�UHODWLRQVKLS�XVLQJ�RQO\�

SHUFHQW�VLOW��0RGHO����ZDV�DOVR�GHWHUPLQHG��%RWK�PRGHOV�VKRZHG�SURPLVH�LQ�GHWHUPLQLQJ�Į�IRU�

WKH�ODERUDWRU\�VRLOV��0RGHO��DQG�0RGHO���KDG�5��YDOXHV�RI������DQG�������UHVSHFWLYHO\��0RGHO�

��KDG�D�VPDOO�5HODWLYH�0HDQ�(UURU�DQG�D�FRQVLGHUDEO\�VPDOOHU�1RUPDOL]HG�0HDQ�6TXDUH�

(UURU��

�
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2QFH�D�VXLWDEOH�UHODWLRQVKLS�IRU�WXUELGLW\�DQG�766�FRQFHQWUDWLRQ�ZDV�GHWHUPLQHG�IRU�

0LQQHVRWD�FRQVWUXFWLRQ�VLWH�VRLOV��WKH�HIIHFW�RI�SDUWLFOH�VHWWOLQJ�ZDV�HYDOXDWHG��$�SLSHWWH�WHVW�

ZDV�SHUIRUPHG�RQ�WKH�WRWDO�UXQRII�VDPSOH�IURP�HDFK�VRLO��7KLV�WHVW�FUHDWHG�D�SDUWLFOH�VL]H�

GLVWULEXWLRQ�IRU�WKH�UXQRII�VDPSOHV��6DPSOHV�ZHUH�WKRURXJKO\�PL[HG�DQG�WKHQ�DOORZHG�WR�

VHWWOH��:KLOH�SDUWLFOHV�VHWWOHG��VPDOO�VDPSOHV�ZHUH�H[WUDFWHG�DW�D�VSHFLILF�GHSWK��7KH�WXUELGLW\�

DQG�FRQFHQWUDWLRQ�RI�HDFK�VDPSOH�ZHUH�GHWHUPLQHG�IRU�SULPDU\�SDUWLFOHV��VDQG��VLOW��DQG�FOD\��

)URP�WKHVH�VDPSOHV��DQ�H[WHQVLYH�DQDO\VLV�ZDV�SHUIRUPHG�WR�GHWHUPLQH�KRZ�Į�DQG�ȕ�FKDQJHG�

ZLWK�SDUWLFOH�VHWWOLQJ��5HODWLRQVKLSV�IRU�WKH�GLPHQVLRQOHVV�FRUUHFWLRQ�IDFWRUV�ȞG�DQG�ȦG�ZLWK�

IUDFWLRQ�ILQHU�ZHUH�GHWHUPLQHG��7KHVH�UHODWLRQVKLSV�ZHUH�XVHG�WR�HVWLPDWH�WKH�WXUELGLW\�IRU�

HDFK�SDUWLFOH�FODVV�IRU�HDFK�VRLO��7KH�HVWLPDWHG�WRWDO�WXUELGLW\�ZDV�FRPSDUHG�WR�WKH�DFWXDO�WRWDO�

WXUELGLW\�IRXQG�LQ�WKH�ODERUDWRU\�VWXG\��7KH�PHGLDQ�SHUFHQW�HUURU�LQ�WKH�HVWLPDWHG�WXUELGLW\�

ZDV�������

�

*UDE�VDPSOHV�ZHUH�FROOHFWHG�IURP�WKH�WZR�ILHOG�VLWHV�LQ�WKH�7ZLQ�&LWLHV�DQG�ODERUDWRU\�

SURFHGXUHV�ZHUH�UHSHDWHG�WR�GHWHUPLQH�WKH�WXUELGLW\�DQG�766�UHODWLRQVKLS�IRU�ILHOG�VDPSOHV��

7KH�UHODWLRQVKLS�IRU�WKH�ILHOG�VDPSOHV�YDULHG�RQO\�VOLJKWO\�IURP�WKH�UHODWLRQVKLS�GHWHUPLQHG�LQ�

WKH�ODERUDWRU\�IRU�WKH�VDPH�VRLO��)LHOG�VDPSOHV�KDG�D�VWURQJ�SRZHU�UHODWLRQVKLS�ZLWK�ȕ�YDOXHV�

QHDU�����EXW�Į�YDOXHV�WKDW�ZHUH�VOLJKWO\�KLJKHU�WKDQ�ODERUDWRU\�VRLOV��3DUWLFOH�VHWWOLQJ�FDQ�

SRWHQWLDOO\�H[SODLQ�WKH�GLVFUHSDQFLHV�LQ�Į���

�

7KH�UHODWLRQVKLS�FUHDWHG�WKURXJK�WKH�ODERUDWRU\�SURFHGXUH�VKRZV�JUHDW�SRWHQWLDO�IRU�VHYHUDO�

ILHOG�DSSOLFDWLRQV��,W�FDQ�VLPSO\�HVWLPDWH�WXUELGLW\�YDOXHV�IURP�NQRZQ�RU�HVWLPDWHG�

FRQFHQWUDWLRQ�GDWD��0RUH�LPSRUWDQWO\��LW�FDQ�HVWLPDWH�FRQFHQWUDWLRQ�IURP�FRQWLQXRXVO\�

PRQLWRUHG�WXUELGLW\�GDWD�FROOHFWHG�RQ�D�VLWH��:LWK�HVWLPDWHG�FRQFHQWUDWLRQ�GDWD�DQG�NQRZQ�

IORZ�UDWHV�DW�WKH�PRQLWRULQJ�ORFDWLRQ��VHGLPHQW�ORDG�FDQ�EH�GHWHUPLQHG�WKURXJK�D�VLPSOH�

LQWHJUDWLRQ��6HGLPHQW�UHGXFWLRQ�FDQ�WKHQ�EH�FDOFXODWHG�IURP�EDVHG�RQ�D�WXUELGLW\�VWDQGDUG�IRU�

WKH�VLWH��.QRZLQJ�WKLV�LQIRUPDWLRQ�DOORZV�IRU�EHWWHU�HURVLRQ�FRQWURO�%03�SODQQLQJ�DQG�

H[HFXWLRQ�RQ�D�FRQVWUXFWLRQ�VLWH���

�

7KH�DSSOLFDWLRQ�RI�WKH�LQIRUPDWLRQ�JHQHUDWHG�E\�WKH�ODERUDWRU\�VWXG\�UHOLHV�RQ�ILHOG�JHQHUDWHG�

WXUELGLW\�RU�FRQFHQWUDWLRQ�GDWD��7R�DGGUHVV�WKH�FKDOOHQJHV�RI�FROOHFWLQJ�DFFXUDWH�ILHOG�GDWD��WZR�
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GLIIHUHQW�WXUELGLW\�PRQLWRULQJ�V\VWHPV�ZHUH�GHYHORSHG��7KH�ILUVW�ZDV�D�WXUELGLW\�ER[�GHVLJQHG�

WR�PRQLWRU�WXUELGLW\�OHYHOV�IURP�RYHUODQG�IORZV�DQG�WKH�VHFRQG�ZDV�GHVLJQHG�WR�PRQLWRU�

WXUELGLW\�YDOXHV�GXULQJ�GH�ZDWHULQJ�DFWLYLWLHV��7KH�WXUELGLW\�ER[�SURYHG�DGDSWDEOH�DQG�

VXFFHVVIXOO\�PRQLWRUHG�WXUELGLW\�YDOXHV�DW�D�QXPEHU�RI�GLIIHUHQW�ORFDWLRQV�DW�WZR�FRQVWUXFWLRQ�

VLWHV��6RPH�XSVWUHDP�FRQWURO�WR�LQWHUFHSW�WUDVK�DQG�SDUWLFOHV�JUHDWHU�WKDQ����FHQWLPHWHUV�LQ�

GLDPHWHU�DQG�D�VOLJKW�GURS�DW�WKH�GRZQVWUHDP�HQG�RI�WKH�ER[�LV�UHFRPPHQGHG�WR�SUHYHQW�

SOXJJLQJ��7KH�ER[�ZDV�DOVR�LQVWUXPHQWHG�WR�VXSSRUW�ZDWHU�VDPSOH�FROOHFWLRQ�E\�DQ�DXWRPDWHG�

ZDWHU�VDPSOHU�IURP�ZKLFK�VHGLPHQW�FRQFHQWUDWLRQV�ZHUH�FDOFXODWHG���$Q�DOWHUQDWLYH�GHVLJQ�LQ�

WKH�GHVLJQ�RI�WKH�ER[�DOORZHG�PHDVXUHPHQW�RI�IORZ�UDWH�DV�ZHOO����7KH�GH�ZDWHULQJ�PRQLWRULQJ�

V\VWHP�ZDV�HDV\�WR�VHWXS�DQG�UHFRUGHG�IORZ�DFFXUDWHO\���+RZHYHU��DQ�DOWHUQDWLYH�GHVLJQ�ZDV�

QHHGHG�WR�DFFXUDWHO\�PHDVXUH�WKH�WXUELGLWLHV�DW�KLJKHU�IORZ�UDWHV���7KLV�GHVLJQ�SHUIRUPHG�ZHOO�

LQ�ODERUDWRU\�WHVWV���

�

7XUELGLW\�YDOXHV�JHQHUDWHG�E\�ILYH�GLIIHUHQW�WXUELGLW\�VHQVRUV�RQ�ILYH�GLIIHUHQW�VRLO�WH[WXUHV�

ZHUH�FRPSDUHG��$V�H[SHFWHG�ERWK�GLIIHUHQFHV�LQ�VRLO�WH[WXUH�DQG�SUREH�FRQILJXUDWLRQ�KDG�DQ�

LPSDFW�RQ�DFFXUDF\�RI�WXUELGLW\�UHDGLQJV��:KHQ�FRPSDUHG�DJDLQVW�WXUELGLW\�YDOXHV�JLYHQ�E\�

WKH�����1�DW�D�FRQFHQWUDWLRQ�RI������PJ�/�GLIIHUHQFHV�LQ�WXUELGLW\�GXH�WR�FKDQJLQJ�VRLO�

WH[WXUHV�UDQJHG�IURP����WR�����178V��'LIIHUHQFHV�LQ�SUREH�FRQILJXUDWLRQV�JHQHUDWHG�D�UDQJH�

RI�WXUELGLWLHV�EHWZHHQ����DQG����178V��7KH�GLIIHUHQFH�EHWZHHQ�WKH�2%6���VHQVRU�DQG�WKH�

����1�WXUELGLWLHV�ZDV�WKH�OHDVW�RI�WKH�IRXU�VHQVRUV�DW����178¶V�FRPSDUHG�WR�����178V�IRU�

WKH�2%6���������178V�IRU�WKH�<6,������DQG�����178V�IRU�WKH�$QDOLWH�1(3�����

�

7XUELGLW\�YDOXHV�JHQHUDWHG�IURP�WKH�WZR�FRQVWUXFWLRQ�VLWHV�LQYHVWLJDWHG��VLJQLILFDQWO\�

H[FHHGHG�DFFHSWDEOH�OLPLWV�RI�WXUELGLW\��RIWHQ�H[FHHGLQJ������178V�HYHQ�ZLWK�HURVLRQ�FRQWURO�

PHDVXUHV�LQ�SODFH��,I�WKUHVKROG�PRQLWRULQJ���������178V��LV�DOO�WKDW�LV�UHTXLUHG�WKH�$QDOLWH�

����DQG�<6,���������WR������178V�UDQJH��ZRUN�ZHOO�EHFDXVH�WKH\�DUH�VHOI��ORJJLQJ�SUREHV�

WKDW�GRQ¶�UHTXLUH�DGGLWLRQDO�LQVWUXPHQWDWLRQ��,I�DQ�DEVROXWH�YDOXH�RI�WXUELGLW\�LV�GHVLUHG�D�

SUREH�ZLWK�D�UDQJH�RI���WR������178V�VXFK�DV�WKH�&DPSEHOO�6FLHQWLILF�2%6���LV�

UHFRPPHQGHG��7KH�GUDZEDFN�WR�KLJKHU�UDQJH�SUREHV�LV�WKH�QHHG�WR�VXSSRUW�WKHP�ZLWK�D�GDWD�

ORJJHU�DQG�H[WUD�EDWWHULHV��WKXV�UHTXLULQJ�PRUH�VHWXS�WLPH�DQG�H[SHQVH��0L[LQJ�SUREH�W\SHV�

ZLOO�PDNH�FRPSDULVRQ�RI�GDWD�VHWV�PRUH�FKDOOHQJLQJ��7R�HOLPLQDWH�VRPH�RI�WKH�HUURUV�
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DVVRFLDWHG�ZLWK�GLIIHUHQW�SUREH�FRQILJXUDWLRQV�LW�LV�UHFRPPHQGHG�WKDW�RQH�W\SH�RI�SUREH�EH�

FKRVHQ�WR�GR�WKH�PRQLWRULQJ�$OVR��WR�UHGXFH�WKH�HIIHFW�RI�VRLO�WH[WXUH�RQ�WXUELGLW\�YDOXHV�D�

FDOLEUDWLRQ�RI�VHGLPHQW�FRQFHQWUDWLRQ�DQG�WXUELGLW\�IRU�HDFK�VRLO�LV�UHFRPPHQGHG��
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Appendix A 
Soil Properties 

�

&KDSWHU���H[SODLQV�WKH�VRLO�SURSHUWLHV�WKDW�ZHUH�XVHG�LQ�WKH�UHJUHVVLRQ�SHUIRUPHG�WR�GHWHUPLQH�Į��

7KLV�DSSHQGL[�LQFOXGHV�7DEOH�$���WKDW�KDV�WKH�VRLO�SURSHUW\�YDOXHV�IRU�HDFK�VRLO�XVHG�LQ�WKH�

UHJUHVVLRQ�DQDO\VLV��)LJXUHV�$���WKURXJK�$����DUH�WKH�SDUWLFOH�GLVWULEXWLRQV�IRU�HDFK�VRLO�WKDW�ZHUH�

GHWHUPLQHG�XVLQJ�D�VWDQGDUG�K\GURPHWHU�WHVW��7KHVH�ILJXUHV�ZHUH�XVHG�WR�GHWHUPLQH�WKH�SHUFHQW�

VDQG��VLOW��DQG�FOD\�RI�HDFK�VRLO��)LJXUHV�$����WKURXJK�$����VKRZ�WKH�SURFWRU�WHVW�UHVXOWV��7KLV�

LQIRUPDWLRQ�ZDV�XVHG�WR�GHWHUPLQH�WKH�RSWLPXP�PRLVWXUH�FRQWHQW�RI�HDFK�VRLO��7KH�ILQDO�SDJHV�RI�

WKLV�DSSHQGL[�FRQWDLQ�WKH�LQIRUPDWLRQ�IRU�6RLO�$�DQG�%��ZKLFK�ZHUH�DWWDLQHG�IURP�WKH�01�'27��

7KHVH�VRLOV�ZHUH�DOUHDG\�HYDOXDWHG�E\�WKH�01�'27�WR�REWDLQ�D�SDUWLFOH�VL]H�GLVWULEXWLRQ�DQG�

RSWLPXP�PRLVWXUH�FRQWHQW� 

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

����
�

�

�
� Table A.1. Soil property values for each soil. 

Soil USDA  Į�� ȕ ǹ Name Classification ȕ ��� 
% 

Sand 
% 
Silt 

%  
Clay 

I  
(in/hr) 

BD  
(g/cm3) 

AHS 6LOW�/RDP� ����� ������ ������
AHS 2 6LOW�/RDP� ����� ������ ������
AHT /RDP� ����� ������ ������

AHT 2 /RDP\�6DQG� ����� ������ ������
AHT 3 /RDP\�6DQG� ����� ������ ������
AHT 4 /RDP\�6DQG� ����� ������ ������
AHT 5 6DQG\�/RDP� ����� ������ ������
CTYS 6DQG\�/RDP� ����� ������ ������
CTYT /RDP� ����� ������ ������
DulS 6LOW�/RDP� ����� ������ ������
DulT /RDP\�6DQG� ����� ������ ������
HastS 6DQG\�/RDP� ����� ������ ������
HastT 6DQG\�/RDP� ����� ������ ������
OVS 6LOW�/RDP� ����� ������ ������
OVT 6LOW�/RDP� ����� ������ ������
Soil A 6LOW� ����� ������ ������
Soil B 6LOW�&OD\�/RDP� ����� ������ ������
THS 6DQG\�/RDP� ����� ������ ������
THT /RDP� ����� ������ ������
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Soil Ki  w CN S (in) Name (kg-s/m4) (%) 
OMC  
(%) 

TES  
(g) 

Ĳ�
(Pa) 

Vt 
(mL) 

Q  
(in3/hr) 

AHS ����(���� ������ ����� ������
AHS 2 ����(���� ������ ����� ������
AHT ����(���� ������ ����� ������

AHT 2 ����(���� ������ ����� ������
AHT 3 ����(���� ������ ����� ������
AHT 4 ����(���� ������ ����� ������
AHT 5 ����(���� ������ ����� ������
CTYS ����(���� ������ ����� ������
CTYT ����(���� ������ ����� ������
DulS ����(���� ������ ����� ������
DulT ����(���� ������ ����� ������
HastS ����(���� ������ ����� ������
HastT ����(���� ������ ����� ������
OVS ����(���� ������ ����� ������
OVT ����(���� ������ ����� ������
Soil A ����(���� ������ ����� ������
Soil B ����(���� ������ ����� ������
THS ����(���� ������ ����� ������
THT ����(���� ������ ����� ������
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Figure A.1. Hydrometer Test, AH - S 
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Figure A.2. Hydrometer Test, AH - T 
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Figure A.3. Hydrometer Test, AH - T 2 
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Figure A.4. Hydrometer Test, AH - T 3 
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Figure A.5. Hydrometer Test, AH - T 4 
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Figure A.6. Hydrometer Test, AH - T 5 
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Figure A.7. Hydrometer Test, CTY 14 - S 
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Figure A.8. Hydrometer Test, CTY 14 - T 
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Figure A.9. Hydrometer Test, Duluth - S 
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Figure A.11. Hydrometer Test, Hastings - S 

Figure A.12. Hydrometer Test, Hastings - T 

�

��

��

��

��

��

��

��

��

��

���

���������������

&
XP

���
�3
DV
VL
QJ
�

3DUWLFOH�6L]H��PLFURQV��

Figure A.10. Hydrometer Test, Duluth - T 
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Figure B.13. Hydrometer Test, OV - S 

Figure A.15. Hydrometer Test, TH23 - S 
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Figure A.14. Hydrometer Test,  OV - T 
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Figure A.16. Hydrometer Test, TH23 - T 
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Figure A.17. Proctor Test, AH - S 
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Figure A.18. Proctor Test, AH - T 
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Figure A.19. Proctor Test, AH - T rep 
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Figure A.20. Proctor Test, CTY14 - T 
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Figure A.21. Proctor Test, Dul - T 
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Figure A.22. Proctor Test, Hast - S 
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Figure A.23. Proctor Test, Hast - T 

Figure A.24. Proctor Test, OV - S 

Figure A.25. Proctor Test, OV - T 
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Figure A.26. Proctor Test, TH23 - S 
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Figure A.27. Proctor Test, TH23 - T 
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Appendix B 
Aliquot Sample Dilution Curves 
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Figure B.1. AH - S (1) Aliquot Samples 
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Figure B.2. AH - S (2) Aliquot Samples 
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Figure B.4. AH - T (2) Aliquot Samples 

��PLQXWHV�
\� �������[�����
5ð� ������

���PLQXWHV�
\� �������[�����
5ð� ������

���PLQXWHV�
\� ������[�����
5ð� ������

���PLQXWHV�
\� ������[�����
5ð� ������

���PLQXWHV�
\� ������[�����
5ð� ������

���PLQXWHV�
\� ������[�����
5ð� ������

�

���

����

����

����

����

����

����

����

� ���� ���� ���� ���� ���� ����

7X
UE
LG
LW\
��1

78
��

&RQFHQWUDWLRQ��PJ�/��

Figure B.3. AH - T (1) Aliquot Samples 
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Figure B.6. AH - T (4) Aliquot Samples 
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Figure B.5. AH -T (3) Aliquot Samples Figure B.7. AH - T (5) Aliquot Samples 
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Figure B.8: CTY - S (1) Aliquot Samples 

Figure E.9: CTY - S (2) Aliquot Samples 

Figure D.10. CTY - T Aliquot Samples 
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Figure B.11. Dul - S (1) Aliquot Samples 
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Figure B.12. Dul - S (2) Aliquot Samples 
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Figure B.13. Dul - T Aliquot Samples 
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Figure B.14. Hast - S Aliquot Samples 
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Figure B.15. Hast - T Aliquot Samples 
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Figure B.16. OV - S (1) Aliquot Samples 
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Figure B.17. OV - S (2) Aliquot Samples 
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Figure B.18. OV - T Aliquot Samples 
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Figure B.20. Soil B Aliquot Samples 

Figure B.19. Soil A Aliquot Samples 
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Figure B.22. TH23 - T Aliquot Samples 

Figure B.21. TH23 - S Aliquot Samples 
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Appendix C 
Particle Settling Data 

�

$IWHU�GHWHUPLQLQJ�D�UHODWLRQVKLS�EHWZHHQ�WXUELGLW\�DQG�766�XVLQJ�WKH�PHWKRGV�GHVFULEHG�LQ�

&KDSWHU����WKH�HIIHFW�RI�SDUWLFOH�VHWWOLQJ�ZDV�H[SORUHG��&KDSWHU���GLVFXVVHV�KRZ�WKH�VHWWOHPHQW�RI�

SDUWLFOH�VL]HV�RYHU�WLPH�IURP�VXVSHQVLRQ�HIIHFWV�WKH�Į�DQG�ȕ�FRHIILFLHQWV�LQ�WKH�WXUELGLW\�DQG�766�

UHODWLRQVKLS���)LJXUHV�&����WKURXJK�&����VKRZ�WKH�QRQ�GLOXWHG�WXUELGLW\�DQG�766�YDOXHV�IRU�HDFK�

VDPSOH�H[WUDFWHG�IURP�D�EXFNHW�RI�UXQRII�FROOHFWHG�IURP�HDFK�VRLO��7KH�VDPSOH�IRU�WKH�WRWDO�

WXUELGLW\�RI�WKH�EXFNHW��ZKHQ�VDQG�VHWWOHV�RXW��DQG�ZKHQ�VLOW�VHWWOHV�RXW��UHSUHVHQWLQJ�WKH�WRWDO��VLOW�

DQG�FOD\��DQG�FOD\�SDUWLFOHV�VWLOO�LQ�VXVSHQVLRQ�ZHUH�GLOXWHG���WLPHV�WR�FUHDWH��WKUHH�LQGHSHQGHQW�

WXUELGLW\�DQG�766�UHODWLRQVKLSV��7KHVH�UHODWLRQVKLSV�ZHUH�HYDOXDWHG�WR�GHWHUPLQLQJ�KRZ�WKH�

FRHIILFLHQWV�FKDQJH�DV�SDUWLFOHV�VHWWOH�RXW��

7KH�UDZ�GDWD�WKDW�ZDV�XVHG�WR�FDOFXODWH�GLPHQVLRQOHVV�WXUELGLW\�DQG�VDQG��VLOW��DQG�FOD\�WXUELGLW\�

IRU�HDFK�VRLO�LQ�&KDSWHU���LV�VKRZQ�LQ�7DEOH�&�����
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Figure C.1. AH - S Particle Settling 
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Figure C.10. Hast - T Particle Settling 
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Figure C.2. AH - T (2) Particle Settling 

Figure C.3. AH - T (3) Particle Settling Figure C.5 - T (5) Particle Settling Figure C.7. CTY - T Particle Settling 

Figure C.8. Dul - S Particle Settling 

Figure C.9. Hast - S Particle Settling 

Figure C.4. AH - T (4) Particle Settling  Figure C.6. CTY - S Particle Settling 

�

�

�



� �

7RWDO�
\� ������[�����
5ð� ������

6LOW�DQG�&OD\�
\� ������[�����
5ð� ������

&OD\�
\� ������[�����
5ð� ������

�

��

���

����

�����

� �� ��� ���� �����

7X
UE
LG
LW\
��1

78
��

&RQFHQWUDWLRQ��PJ�/��

7RWDO

6LOW�DQG�&OD\

&OD\

1RQ�'LOXWHG�6DPSOHV

�

�

�

�

�

�

�

�

�

�

����
�

Figure C.11. OV - S Particle Settling 
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Figure C.12. Soil A Particle Settling 
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Figure c13. Soil B Particle Settling 
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Figure C.14. TH - S Particle Settling 

Figure C.15. TH - T Particle Settling 
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Table C.1. Particle settling data for each soil. �

Row  Symbol AHS AHT 1 AHT 2 AHT 3 AHT 4 AHT 5 CTYS CTYT 
�

)WRWDO� ����� ����� ����� ����� ����� ����� ����� �����

� 1 )VF� ����� ����� ����� ����� ����� ����� ����� �����

)F� ������ ������ ������ ������ ������ ������ ������ ������

7WRWDO� ������� ������� ������� ������� ������� ������� ������� �������

2 7VF� ������� ������� ������ ������� ������� ������ ������� �������

7F� ����� ������ ����� ������ ������ ����� ������ �����

ȕ�� ����� ����� ����� �����
3 

Į�� ������ ������ ������ ������

�����

������

�����

������

�����

������

�����

������

����� ����� ����� �����ȦWRWDO� ����� ����� ����� �����

4 ȦVF� ����� ����� ����� ����� ����� ����� ����� �����

ȦF� ����� ����� ����� ����� ����� ����� ����� �����

����� ����� ����� �����ȞWRWDO� ����� ����� ����� �����

5 ȞVF� ����� ����� ����� ����� ����� ����� ����� �����

ȞF� ������ ������ ������ ������ ������ ������ ����� ������

������� ������ ������ ������7VDQG� ������ ������ ������ ������

6 7VLOW� ������� ������� ������ ������ ������� ������ ������� �������

7FOD\� ������ ����� ����� ������ ����� ����� ������ �����

$FWXDO� ������� ������� ������� ������� ������� ������� ������� �������

7 (VW�� ������� ������� ������� ������� ������� ������ ������� �������

(UURU� ����� ���� ���� ���� ���� ���� ���� ����

����� ����� ����� �����7VDQG� ����� ����� ����� �����

8 7VLOW�� ����� ����� ����� ����� ����� ����� ����� �����

7FOD\� ������ ������ ������ ������ ������ ������ ������ ������

����� ����� ����� �����7VDQG� ����� ����� ����� �����

9 7VLOW�� ����� ����� ����� ����� ����� ����� ����� �����

7FOD\� ����� ����� ����� ����� ����� ����� ����� �����

6DQG� �� �� �� �� �� �� �� ��

10 6LOW� ����� ���� ����� ����� ����� ������ ����� �����

&OD\� ������� ������� ������ ������ ������� ������� ������ �������

Row Symbol DulS HastS HastT OVS Soil A Soil B THS THT 

1 )WRWDO� ����� ����� ����� ����� ����� ����� ����� �����



�

����
�

�

)VF� ����� ����� ����� ����� ����� ����� ����� �����

)F� ������ ������ ������ ������ ������ ������ ������ ������

2 

7WRWDO� ������� ������� ������� ������� ������� ������� ������� �������

7VF� ������� ������� ������� ������� ������� ������� ������� �������

7F� ����� ����� ������ ����� ����� ������ ������ ������

3 
ȕ�� ����� ����� ����� ����� ����� ����� ����� �����

Į�� ������ ������ ������ ������ ������ ������ ������ ������

4 

ȦWRWDO� ����� ����� ����� ����� ����� ����� ����� �����

ȦVF� ����� ����� ����� ����� ����� ����� ����� �����

ȦF� ����� ����� ����� ����� ����� ����� ����� �����

5 

ȞWRWDO� ����� ����� ����� ����� ����� ����� ����� �����

ȞVF� ����� ����� ����� ����� ����� ����� ����� �����

ȞF� ������ ������ ������ ������ ������ ����� ������ ������

6 

7VDQG� ������� ������� ������� ������ ������� ������ ����� �������

7VLOW� ������ ������� ������ ������� ������ ������� ������� �������

7FOD\� ������ ������ ����� ������ ����� ������ ����� �����

7 

$FWXDO� ������� ������� ������� ������� ������� ������� ������� �������

(VW�� ������� ������� ������� ������� ������� ������� ������� �������

(UURU� ���� ���� ����� ���� ���� ���� ���� ����

8 

7VDQG� ����� ����� ����� ����� ����� ����� ����� �����

7VLOW�� ����� ����� ����� ����� ����� ����� ����� �����

7FOD\� ������ ������ ������ ������ ������ ������ ������ ������

9 

7VDQG� ����� ����� ����� ����� ����� ����� ����� �����

7VLOW�� ����� ����� ����� ����� ����� ����� ����� �����

7FOD\� ����� ����� ����� ����� ����� ����� ����� �����

10 

6DQG� �� �� �� �� �� �� �� ��

6LOW� ����� ����� ������ ���� ������ ���� ���� �����

&OD\� ������� ������� ������� ������� ������� ������� ������� �������

�

�

�

�



�

����
�

�

� Table C.2. Row descriptions for Table C.1. 

Row # Description 

)UDFWLRQ�ILQHU�YDOXHV�IURP�ODERUDWRU\��� FRQFHQWUDWLRQ�GDWD�

/DERUDWRU\�WXUELGLW\�YDOXHV�DV�HDFK�SDUWLFOH�FODVV��� LV�UHPRYHG�IURP�VXVSHQVWLRQ�

�� Į��DQG�ȕ��YDOXHV�IURP�ODERUWRU\�GDWD�

Ȧ�HVWLPDWHG�ZLWK�ILWWHG�IXQFWLRQ���������������������������������������������������������������������� Ȧ� ���������/Q�)��

Ȟ�HVWLPDWHG�ZLWK�ILWWHG�IXQFWLRQ������������������������������������������������������� Ȟ� �)������

7XUELGLW\�RI�LQGLYLGXDO�SDUWLFOH�FODVVHV��IRXQG��� XVLQJ�HVWLPDWHG�Ȧ�DQG�Ȟ��URZV���DQG����

��(UURU�EHWZHHQ�DFWXDO�WRWDO�WXUELGLW\�DQG�VXP��� RI�WXUELGLWLHV�IRXQG�IRU�HDFK�SDUWLFOH�FODVV�

�� 'LPHQVLRQOHVV�7��IRXQG�ZLWK�FRQFHQWUDWLRQ�

'LPHQVLRQOHVV�WXUELGLW\��7��IRXQG�ZLWKRXW��� FRQFHQWUDWLRQ�

��(UURU�EHWZHHQ�7�XVLQJ�FRQFHQWUDWLRQ�DQG�7���� QRW�XVLQJ�FRQFHQWUDWLRQ�

���������������
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Appendix D 
Field Data 

 
7KH�WXUELGLW\�DQG�FRQFHQWUDWLRQ�GDWD�IRU�WKH�ILHOG�VDPSOHV�FROOHFWHG�GXULQJ�WKH�$XJXVW���VWRUP�RQ�

WKH�$UGHQ�+LOOV�VLWH�DUH�VKRZQ�LQ�7DEOH�'����7KH�HVWLPDWHG�WXUELGLW\�YDOXHV�XVLQJ�0RGHO���DQG�

0RGHO���DQG�WKH�SDUWLFOH�VHWWOLQJ�UHODWLRQVKLSV�DUH�DOVR�VKRZQ�LQ�7DEOH�'����7DEOH�'���VKRZV�WKH�

HVWLPDWHG�Į�YDOXHV�XVLQJ�0RGHO���DQG�0RGHO����7DEOH�G���VKRZV�WKH�HVWLPDWHG�Į�DQG�ȕ�YDOXHV�

DIWHU�SDUWLFOH�VHWWOLQJ�RFFXUV�RQ�WKH�VLWH��

�
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�

�

 
Table D.1. Field data 

Sample Time 
# (min) 

Conc. 
(mg/L) 

Turbidity 
(NTU) 

Estimated Turbidity (NTU) 
Model 1 Model 2 No Sand 

1 �� ����� !����� ������� ������� �������
2 �� ����� !����� ������� ������� �������
3 ��� ����� !����� ������� ������� �������
4 ��� ����� !����� ������� ������� �������
5 ��� ����� !����� ������� ������� �������
6 ��� ����� !����� ������� ������� �������
7 ��� ����� !����� ������� ������� �������
8 ��� ������ !����� �������� �������� ��������
9 ��� ����� !����� �������� ������� �������
10 ��� ����� !����� ������� ������� �������
11 ��� ����� !����� ������� ������� �������
12 ��� ����� !����� ������� ������� �������
13 ��� ����� !����� ������� ������� �������
14 ��� ����� !����� ������� ������� �������
15 ��� ����� !����� ������� ������� �������
16 ��� ����� !����� ������� ������� �������
17 ��� ����� !����� ������� ������� �������
18 ��� ����� !����� ������� ������� �������
19 ��� ����� !����� ������� ������� �������
20 ��� ����� !����� ������� ������� �������
21 ���� ����� !����� ������� ������� �������
22 ���� ����� !����� ������� ������� �������
23 ���� ����� !����� ������� ������� �������
24 ���� ����� !����� ������� ������� �������

 

 

 

�

Table D����&DOFXODWLRQ�RI�Į�
 with Model 1 and Model 2. 

0RGHO��� 0RGHO����
��6LOW� ��� ���
6� ������ ��
.L� ����(���� ��
Į� ������ ������

�

Table D.3. 
&DOFXODWLRQ�RI�Į 
DQG�ȕ with 
particle settling.

)G�
Ȟ�
Ȧ�

Į�
ȕ�
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Appendix E 
Dimensions of Turbidity and Flow Rate Two-Stage Monitoring Box 

Isometric View 
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�
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Back View 

�

� �



�

����
�

�

7RS�9LHZ�

�

�
� �



�

����
�

�

 

Dimensions of Turbidity Monitoring Device for De-watering 
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Dimensions of Turbidity Monitoring Box 
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