Sustainable Bio-based Adsorptive Concrete
for Phosphorus Removal

DESIGN, PERFORMANCE AND DURABILITY
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'LW SURHIVFKULIW LV JRHGJHNHXUG GRRU GH SURPRWF
SURPRWLHFRPPLVVLH LV DOV YROJW
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SUHIDFH

0\ OHDUQLQJ MRXUQH\ LQ WKH EXLOGLQJ PDWHULDOV JU
/IRRNLQJ EDFN , DP JODG WKDW , FKRVH VXFK D EHDXWLI
SDVW VHYHUDO \HDUV ZH KDYH VKDUHG XQIRUJHWWDE(
PDWHULDOV JURXS 7KH SHRSOH , PHHW DQG WKH NQRZO
P\ ZKROH OLIH , FRXOG QRW KDYH ILQLVKHG WKLV WKHV|

, ZRXOG OLNH WR DSSUHFLDWH 3URI + -+ -RV %URXZ
OHDUQLQJ RSSRUWXQLW\ ZKLFK FKDQJHG WKH WUDFN R
SURYPGHEIGWK PDQ\ LQYDOXDEOH VXJJHVWLROQY¥RXQG JRRG
DVVLVWDQFH LV LQGLVSHQVDEOH | R UOWKRY WSHKIHWL \P RURH E
WLPH UHYLVLQJ P\ WKHVLV DQG WHDFKLQJ PH SUHVHQWLE
PH ZLWK DQ RSWLPLVWLF DWWLWXGH WRZDUG OLIH DQG
ZLOO NIHOHBQ*:RUNV +DUG WKH /DQ® :RPD@GLRRY BH IMYXUH Z

, ZRXOG OLNH WR DSSUHFLDWH 3URI 4LQJOLDQJ <X IRU
WKHVLVY DQG WKH DSSOLFDWKB QRRRQFWE&H &L QOF KRA R C
)XUWKHUPRUH , ZDQW WR WKDQN \RX IRU GHYRWLQJ \RX!
OHDUQHG D ORW IURP \RXU IHHGEDFN <RX QRW RQO\ WD X
EXW DOVR KRZ WR DSSO\ IRU VFLHQWLILF IXQGLQJ 7KHVI
EH EHQHILFLDO WR P\ HQWLUH VFLHQWLILF FDUHHU <R
LOOXPLQDWLQJ WKH SDWK RI P\ 3K' VWXGLHV DQG FRQVI
ZRUN

, bP JUDWHIXO WR 3URI &KDQJZX /LX IURP 6LFKXDQ 8QL
VWXG\ DEURDG IRU KLV JXLGDQFH ZKLOH , ZDV VWXG\LQ
IDWKHUO\ FDUH LQ P\ OLIH DQG FDUHHU

, DP GHHSO\ WKDQNIXO WR 3URI ;LDRTLQJ &KHQ IURP Wi
DQG (QYLURQPHQW ,0+( &KLQHVH $FDGHP\ Rl 6FLHQFH\
PH WR FRQWLQXH P\ VWXGLHV DW 78 H

, ZRXOG OLNH WR HIWHQG W)Y VOIQRHHIQ WU DR YWQCH W R H Y
PDQXVFULSWY DQG SURYLGLQJ DVVLVWDQFH ZLWK WK
RSSRUWXQLW\ WR FROODERUDWH ZLWK 'U GLSO PLQ .D
GHU /DDQ 'U 0 9 $ OLUXQD )ORUHD 'U 1DWDOL\D /XV}
+HUN LQ RXU JURXS

$ VSHFLDO WKDQNV WR ,QJ $ &% $QQHNH 'HOVLQJ ZK



PH,ZRXOG QRW KDYH EHHQ DEOH WR FRPSWHKWWLWKH3H PR\
UHPRYDO WHVW ZLWKRXW \RXU DVVLVWDQFH 7KH VDP
6PXOGHUV ,QJ RXW YDQ %RPPHO IRU WKHLU,DVVLVWD
ZRXOG OLNH WR WKDQN RXU SUHYLRXV VHFUHWDULHV (
I1DWKDO\ 5RPEOH\ 0OUV $VWULG .HPSV DQG RXU FXUUH
5XQ IRU FUHDWLQJ D KRPH OLNH RIILFH HQYLURQPHQW |

0\ JUDWLWXGH WR WKH SURIHVVRUV ZKR DFFABRIHG WR VI
+ -XVWQHV 1RUZHJLDQ 8QLYHUVLW\ RI 6FLHQFH DQG 7HF
8QLYHUVLW\ Rl 7THFKQRORJ\ (LQGKRYHQ 8QLYHUVLW\ RI
8QLYHUVLWp &OHUPRQW $XYHUJQH DQG 3URI 65 YDQ
8QLYHUVLW\ Rl 7THFKQRORJ\ 7KDQN \RX DOO IRU WDNLQ.
ZRUN

, ZRXOG OLNH WR H[SUHVV P\ KHDUWIHOW JUDWLWXGH W
8QLYHUVLW\ RI 7THFKQRORJ\ ZKR KDYH SURYLGHG PH ZLW
H[SHULPHQWY DQG XQIRUJHWWDEOH PHPRULHV RI P\ DEU
DQG 9HURQLFD &DSUDL IRU VKRZLQJ PH DQ DRBKHVVLYH
ILUVW GHIHQUDMWVKBW® HQGKIBQN \RX 3HLSHQJ /L <DQJ\XH
/LX IRU WHDFKLQJ PH KRZ WR XVH PDQ\ WHVWLQJ HTXLSF
=KHQ\DR 4X IRU VKDULQJ ZLWK PH WKH FRORXUIXO 3K' O
QHLJKERXV .DULPL IRU VKRZLQJ PH D ORYHO\ OLIH DEUR
OXQFK SODFHV LQ (LQGKRYHQ 7KDQN \RX <DQ /XR DQG
WKH EHVW URDG WULS PHPRULHV LQ ,FH@BQKD®& MIHWKF
ZRQGHUIXO URDG WULS GXULQJ WKH VXPPHUWLPH LQ 1R
<DQMLH 7DQJ IRU WHDFKLQJ PH D ORW DERXW FKHPLFDO
IULHQGV &KDQJOLDQJ <H DQG -LDQLQJ =KDR IRU KHOSLC
PDQ\ EHDXWLIXO VFHQHULHV LQ (XURSH 0\ VLQFHUH JUL
IULHQG V& H-EQRJ +XDURDIG .LQJD .DWHULQD/LDWH 3HU
'LDR[LDR =KDQJ :LQQLH JUDQFR <X[XBQH§K B D¥KWLF H=L
&HUHQ &KDUOHV 'DRUX /LX )HOL[ +HORQJ 6RQJ ,ULV -l
ODUF O0DULQD 1DRPL 4XDQ /LX 5LFDUGR 6DPDQWKD 6D
=L[LQJ /LX =KLKDRQ KRHRRXUWRVZRUN ZLWK DOO RI \RX |,
EHVW RI OXFN DQG D ZRQGHUIXO OLIH LQ IXWXUH

(LQGKRYHQ )HEUXDU\

)DQ :X



6XPPDU\

SBUEDQ VXUIDFHV VXFK DV VWUHHWY SDUNLQMHORWY DQG
IRU FRQWDPLQDQW WUDQVSRUW IURP VWRUPZDWHU WR Q
QLWUDWH 1 SKRVSKDWH 3 DQG KHDY\ PHWDOV DUH F
QHDUE\ ULYHUV GXULQJ WKH UDLQ\ VHDVRQ $PRQJ WKH
SROOXWDQWYVY IURP IDUPODQG LQGXVWU\ GRPHVWLE V
VHGLPHQWY WKDW FDXVH HXWURSKLFDWLRQ DQG DOJD
FRQYHQWLRQDO SHUYLRXV FRQFUHWH KDV JDLQHG LQFU
IURP VWRUPZDM\REHYBXQRVKH DSSOLFDWLRQ RI FRDUVH D
DGVRUSWLRQ FDSDFLW\ LQ SHUYLRXV FRQFUHWH LV RQH
UHPRYDO SHXBWRBIQPRUH WKH PHFKDQLFDO VWUHQJWK
UDWKHU ORZ EHFDXVH Rl WKH VLQJOH JUDGHG DJJUHJDW
IUHTXHQWO\ FRPHV LQWR FRQWDFW ZLWK SROOXWHG :
ORWLYDWHG E\ WKH DERYH LVVXHV WKLV ZRUN DLPV W
FRQFUHWH WKDW FDQ UHGXFH DFFHOHUDWHG UXQRII V
LPSURYH WKH TXDOLW\ RI XQGHUWOPHFKNQLBDDD B/HRIS H B ¥
DGVRUSWLRQ SHUIRUPDQFH DQG GXUDELOLW\ 7KLV ZRUN
WKUHH PDLQ VHFWLRQV

,Q WKH ILUVW VHFWLRQ WKH VHOHFWLRQ DQG PRGLILFC
FRPSRVLWHYV DUH LQYHYWLIDGMAKEX VO LNV DRRAGHXNVHG XV LQ
WUHDWPHQW EDOO PLOOLQJ BOQWUKHLDWH GV PH B WIFPOI\E WX P
SRVLWLYH LQIOXHQFH RQ WKH FRPSUHVVLYH VWUHQJWK
ORQJ ILEUH PLVFDQWKXY DUH WKH UHFRPPHQGHG IRUPV
PRUWDU LQ WHUPV RI ORZ GU\LQJ VKULQNDJH JRRG WK
VWUHQJIJWK )XUWKHUPRUH 3 DGVRUSWLRQ H[SHULPHQW
UHPRKFDIX®LW\ RI VHYHUDO JUDQXODU DJJUHJDWHYV IRU S
DGVRUSWLYH FRQFUHWH LQFOXGLQJ LQGXVWULDO E\ SU
OLIJKWZHLJKW DJJUHIJDWHDQ@JSEDRRKIEG VHWICOIPEDNHULDO F
JXUWKHUPRUH EDVLF R[\JHQ IXUQDFH VWHHO VODJ LV FR
XVLQJ D QRQ VLQWHUHG SHOOHWL]LQJORB®\KRWGES WIRY I3 U F
DJJUHIJDWHY DQG PLVFDQWKXV LV DGGHG WR IXUWKHU L
DGVRUSWLYH DJJUHJDWH KDV JRRG PHFKDQLFDO VWUHC
HIFHOOHQW UHVLVWDQFH WR VDOW DQG IUBKIJHKWKDZ F\F
DGVRUSWLYHQDGYBMHBSIMWMH FRQFUHWH

,Q WKH VHFRQG VHFWLRQ WKH VWUXFWXUH RSWLPL]L
SHUIRUPDQFH RI ELR EDVHG DGVRUSWLYH FRQFUHWH |



PHFKDQLFDO SURSHUWLHY DQG DGVRUSWLRQ SHUIRUPDC
DGVRUSWLYH SDVWH LV FUHDWHG E\ FRPELQLQJ FKHPLVR
WR LPSURYH WKH DGVRUSWLRQ SHUIRUPDQFH 7KH DGVRI
DPRXQW RI DOFRUUHVSRQGLQJ 3 FRQFHQWUDWLRQ RI

LV DWWULEXWEBDWRHGKIWRMD WKH DGVRUSWLYH FHPHQW
SKRVSKDWH LQ VROXWLRQ WR IRUP &D 3 SUHFLSLWDWH}
VWUXFWXUH LV SURSRVHG WR LPSURYH WKH PHFKDQLFDC
IUHH]H WKDZ UHVLVWDQFH Rl DGVRUSWLYH FRQFUHWH 7
VODJ ILOOLQJ WKH SRUHV EHWZHHQ WKH DJJUHJDWHV Ut
DGVRUSWLYH FRQFUHWH 7KH /DQJPXLU PRGHO DQG (OR
DGVRUSWLRQ LVRWKHUP DQG NLQHWLF UHVXOWV )XUWKEF
KDV D ORZ 3 UHOHDVLQJ FDSDFLW\ LQGLFDWLQJ WKDW W

,Q WKH WKLUG VHFWLRQ WKH ORQJ WHUP SHUIMRUPDQFFE
LQYHVWLIDWHG 7K IPROLMKWKH 1GX WIREL WKWD\WRI PLVFDQWK X
QDWXUDO GHJUDGDWLRQ EHKDYLRXU RI PLVFDQWKXV
GHIJUDGDWLRQ RI PEMEQQWWDWHPRWBWDEH LQ WKH ILUVW
VRDNHG LQ ZDWHU +HDW WUHDWHG PLVFDQWKXV ILEUH
VWUHQJIJWKYV E\ DQG UHVSHFWLYHO\ DV ZHOO DV UF
UHGXFWLRQ RI XS WR DW GD\V FRPSDUHG WR XQWL
LQFUHDVHG GHJUHH RI FHPHQW K\GUDWLRQ UHGXFHG S
ZLWK WKH FHPHQW SDVWH )XUWKHUPRUH KHDW WUHDWE
K\GUDWLRQ DQG VWUHQIJWK GHYHORSPHQW LPSURYH WK
PRUWDU DQG PDNH LW PRUH GXUDEOH LQ PRUWDU
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&KDSWHU S, QWURGXFWLRQ

%DFNJURXQG

+XPDQ DFWLYLWLHV KDYH D JURZLQJ QHJDWLYH LPSDFV
LQGXVWULDOL]DWLRQ DQG XUEDQL]DWLRQ SURFHVV > @
SRSXODWLRQ LV IDFLQJ ZDWHU VFDUFLW\ > @ SRRU ZDW
HYHQWXDOO\ EHFRPHV RQH RI WKH ZRUOGCV PDMRU HQY
VXFK DV VWUHHWYV SDUNLQDERWW L P FKIRY Q HDWH RIKJI B
WUDQVSRUW > @ 3ROOXWDQWY DUH XVXDOO\ WUDQVIH
SROOXWLRQ SROOXWDQW IRUPDWLRQ UXQ@RII WUDQVIHL
9DULRXV SROOXWDQWV VXFK DV IHUWLOL]JHUV SHVWLFLC
QHDUE\ ULYHUV WUDQVIHUUHG E\ VWRUPZDWHD UXQRII C
WKUHDW WR HFRORJLFDO VDIHW\ DQG SXEOLF KHDOWK >

Rainfall

Fig. 1.1 Pollutant transfer process from the road surface to a nearby wdter b

6WRUPZDWHU UXQRII IURP XUEDQ FDWFKPHQW DUHDV LV
EH WUBQURFUWKH SDYHPHQW VXUIDFH WR D ZDWHU ERG\
PDLQ SROOXWDQWYV IURP IDUPODQG LQGXVWU\ GRPHVW
VHGLPHQWV HWF > @ :KHQ WKH FRQFHQWUDWLRQ RI 3 L
DQG DTXDWLF SODQWV JURZ DW DQ DEQRUPDOO\ IDVW UD
BUHYLRXV UHVHDUFK LQGLFDWHY WKDW VWRUPZDWHU L
7KHUHIRUH DYRLGLQJ DFFHOHUDWHG VWRUPZDWHU UXQ



UXQRIlI LV FULWLFDO IRU SURYLGLQJ XQGHUO\LQJ VRLO Zz
HFRORJLFDO FLW\ FRQVWUXFWLRQ

$GVRUSWLRQ SHUIRUPDQFH RI WUDGLWLRQDO SHUYLRXV
IRU UHPRYLQJ SROOXWDQWYV IURP VWRUPZDWHU UXQRII

IURP WKH URDG VXUIDFH WR WKH XQGHUO\LQJ VRLO O
PDQDJHPHQW ZKHQ SHUYLRXV FRQFUHWH LV XVHG 7KH

FDXVHG E\ VWRUPZDWHU UXQRIlI ZLOO EH VLJQLILFDQWO\
UXQRII FDQ EH HIIHFWLYHO\ UHPRYHG E\ DGVRUSWLRQ [
SDYHPHQW 3UHYLRXV UHVHDUFK KDV VKRZQ WKDW SHUY
SROOXWDQWYV GXULQJ WKH UREQZRBW@IU K BDLYQ P H DAD DR/Q (B
&R DQG 1L HWF > @ DQG IHFDO FROLIRUPV > @ 7KHU|
SRWHQWLDO IRU UHPRYLQJ SROOXWDQWYV IURP VWRUPZD

&UXVKHG URFN EDVDOW OLPHVWRQH HWF LV FRPPR(
SHUYLRXV FRQFUHWH %HFDXVH FUXVKHG JUDYHO ODFNYV
FRQFUHWH KDV SRRU DGVRUSWLRQ SHUIRUPDQFH ZLWK L
FDSDFLWAKH ®RRU UHDFWLRQ EHWZHHQ WKH PRUWDU P
UHVSRQVLEOH IRU ORZ DGVRUSWLRQ FDSDFLW\ )XUWKH
SHUYLRXV FRQFUHWH LV YHU\ ORZ XVXDOO\ OHVV WKDQ
ZLWK SROOXWHG ZDWHU UHGXFHV WKH GXUDELOLW\ RI S
RULJLQDO SXUSRVH RI SHUYLRXV FRQFUHWH LV QRW WR
WR DOORZ VWRUPZDWHULVWIGRRXFNQJISODYVEDW KIODRRIAKLQJ D
VWRUPZDWHU ,Q WKH IDFH RI ULVLQJ VWRUPZDWHU SRO(
ORQJHU PHHWV WKH UHTXLUHPHQWY RI VXVWDLQDEOH
SROOXWDQW UHPRYDO IURP VWRUPZDWHU ,W LV K\SRW
DJJUHJDWHYV ZLWK KLJKO\ DGVRUSWLYH DJJUHJIJDWHYV ZLC
FDSDFLW\ RI FRQFUHWH DQG PHHW SROOXWDQW UHPRYDC(

OLVFDQMWHHXDQWHXV 0 LV D SHUHQQLDDGHGMRPIIWRZAQHU.
LQ (XURSHWSWHQVURKLIJKO\ HIILFLHQW LQ XVLQJ ZDWHU QL
,Q FRPSDULVRQ WR RWKHU QDWXUDO ILEUHV VXFK DV VW
VWURQJ DQG KDV DGHTXDWH ILUPQHVV DQG WKHUPDO LQ
D KLJK \LHOGLQJ UHQHZDEOH PDWHULDO ZLWK HQYLURC
FRPPRQO\ XVHG DV D QDWXUDO ILEUMIRIK®IZRI [EIXKWH ® Ga
SRURXV SURSKUWKHYPRW@ 0LV D QDWXUDO DQG SRURXYV
DV DQ DGVRUEHQW PDWHULDO +HDW LMDEK D WFFRED BLE LEDBV
SURGXFW WKDW UHVXOWV IURP WKH WKHUPRFKHPLFDO
ELRPDVV LQ DQ R[\JHQ OLPLWHG HQYLURQPHQW 7KH SRU



VSHFLILF VXUIDFH DUHD ZKLFK DOORZV LW WR UHPRYH |
VXFK DV KHDY\ PHWDOV RUJDQLFV DQG WRWDO VXVSHQ
WR H[SHFW WKH DSSOLFDWLRQ RI WKHVH SRURXV ELR
DGVRUSWLRQ SHUIRHPDQFH RI FRQFUH

:DVWH PDWHULDOVY DSSOLHG DV DGVRUEHQWYV IRU ZD
f AREDVHG PDWHULDOV DSSOLHG DV DQ DGVRUEHQW IF

&XUUHQWO\ YDULRXV ELR EDVHG PDWHULDOV KDYH EHH!
IRU SROOXWDQW UHPRYDO > £+ @ LQFOXGLQJ WKH VKH(
SHDQXWYVY ROLYH ZDVWHV DOPRQGV DSULFRW NHUQHO
VXFK DV ULFH PDL]H DQG FRUQ DV ZHOO DV VXJDU FDQ
EDVHG PDWHULDOV DUH WDSWEFDD® \I KWH &R UW D WKH VRPH
FKHPLFDO PRGLILFDWLRQ > @ 3UHYLRXV UHVMDUFK KD\
DQ DGVRUSWLRQ FDSDFLW\ DQG FDQ DEVRUE QLWUDWH
VROLGY DQG RWKHU FRQWDLQPHQWYV HWF HKRIV LV GXH
WKHVH ELR EDVHG DGVRUEHQWYV IRU WKH SK\VLFDO DGV
VROXWLRQL¥EDV®G DWHULDOV DUH YLDEOH RSWLRQV |
EHFDXVH RI WKHLU XQLTXH FKHPLFDO FRPSRVLWLRQ >
UHQHZDEOH QDWXUH DQG ORZ FRVW

7KH DGVRUSWLRQ FDSDFLW\ RI S\ URO\]HG ELR EDVHG PD)
ODVW GHFDGHV WR LPSURYH WKH DGVRUSWLRQ FDSDFLV
ELR PDWHULDOV DUH FDUERQ ULFK SRURXV ZLWK RJ[\JF
VXUIDFHVY DQG KDYH D JRRG FDSDFLW\ IRU DGVRUSWLRQ
VWUXFWXUH DQG VXUIDFH IXQFWLRQDO JURXSV RI KHDW
IHDWXUHV SURPLVLQJ KLIJK FRQWDPLQDQW UHPRYDO HIIL
FRQVWUXFWHG ZHWODQGY +HDW WUHDWHG ELR PDWHUL
VXUIDFH DUHD FDQ SURYLGH DFWLYH VLWHV IRU UHGR]
PLFURELDO DFWLYLWLHV UHVXOWLQJ LQ RYHUDOO JUFE
+RZHYHU YHU\ IHZ VWXGLHW ROYYHY W H BHQWHR VEXFXWHE R K
ELR PDWHULDOV LQ FRQFUHWH IRU WKH SURGXFWLRQ RI

f . QGXVWULDO ZDVWH PDWHULDOV DSSOLHG DV DQ DG)

,Q UHFHQW \HDUV WKH DGVRUSWLRQ SURSHUWLHV RI 1
2[\JHQ )XUQDFH %2) VWHHO VODJ 66 IO\ DVK DQG |
LOQYHVWLIJDWHG > = @ $BPRRQDVWKHK\WLHKPD®WHRULBOWVYRQ FD
SROOXWDQWY DQG KDV EHHQ XVHG DV D ZDWHU SXULIL



)XUQDFH %2) VWHHO VODJ LV WKH PDLQ PHWDOOXUJLFD
SURFHVV > @ DKLFK FRQWBEO®/VEBR®DL D PLQRU DPRXQ
RI 0J2 0®§@ DQG RWKHU HOHPHQWV > @ 7KH PDLQ PL«
DUH6&& &) & 52 SKDVH &D2 )H2 0Q2 0J2 VROLG VROXW
&D2 ZKLFK JLYHV WKH 66 FEPHQ® LW HEDX VSHI RVSHHU W H W/ T
UHOHDVHG E\ 66 KDYH DQ DIILQLW)\ IREKFRFEHBQ DRQNG LMV
DQ DGVRUEHQW IRU SROOXWDQW UHPRYDO )RU H[DPSOH
ZHWODQGYV GXULQJ DQ \HDU H[SHULPHQW DQG WKH PD]
NJ RI 3 SHU WRQ Rl VWHHO VODJ > @ )XUVWKHUPRUH
DFKLHYH KLJK 3 UHPRYDO HIILFLHQF\ ZLWK QHDU QHXWU|
VWDQGDUGV > @

&KHPLFDO UHDFWLRQV EHWZHH® PE® 30 F®VBKRYS K BWH
DQLRQ VSHFLMYG 832UH PDLQO\ UHPRYDO PHFKDQLVPV IR
$PRQJ WKHVH FDWMRCH PRBW UHDFWLYH LRQ ZLWK SKR)
PDNLQJ LW DYNPRYPOH&DR@ HDFKHG IURP WKH 66 FDQ U
SKRVSKDWH LQ WZR VWHSV > @ ILDY®W 2WEK H HIRQH ¥ REEHH
WB6GLVVROXWLRQ D QIBQ @ KIHRQW KIHHEPW ZLWK SKRVSKD\
DPRUSKRXV FDOFIDB SKRY SRKDRMWDFDOFLXP SKRVSKDWH
GULYLQJ PHFKDQLVP GXULQJ WKH 3 FU\WWDOOL]DWLRQ
QXFOHDWLRQ E\ SUHFLSLWDVWRRQ+R P K@ URKLIFKDKVMLW B R &
VROXELOLW\ > @ DQG GRHV QRW FDX¥KDWHBRIQGBU\ S
SRWHQWLDO IRDQ@GBOHEDMQAW QZVBVHQKDQFH WKH 3 UHPRY

f  QIOXHQFLQJ SDUDPHWHUV RI DGVRUSWLRQ SHUIRUP

7KH DGVRUSWLRQ FDSDFLW\ Rl ELR EDVHG PDWHULDOV L\
ZKLFK LQFOXGHV PLFURSRUH YROXPH SRUH VL]H DQG GL
PRVW LPSRUWDQW SDUDPHWHUV WKDW DIIHFW WKH WRW
DEVRUSWLRQ FDSDELOLW\ S\URO\VLV WHPSHUDWXUH I
GHYHORSHG PLFURSRUH VWUXFWXUH DQG KLJK VSHFLILF
PDWHULDOV DOORZ WKHP WR DEVRUE D YDULHW\ RI FR
QXWULHQWYV DQG RWKHU FRQWDPLQDQWY 7KH DGVRUS
PDWHULDOV LV LQIOXHQFHG E\ UDZ PDWHULDO SURSHUW
GRVDJH FRPSHWLWLYH DQLRQV DQG WHPSHUDWXUH )XU
KHDW WUHDWHG ELR PDWHULDOV IRU YDULRXV FRQWDPLC
DQG RWKHU FRQWBBVQDQ® WY ZHOO FRUUHODWHG ZLWHI
FRQWDPLQDQWY 7KH DGVRUSWLRQ PHFKDQLVP PD\ EH
SURSHUWLHV VXFK DV VXUIDFH IXQFW URIQDOXFWRXS D/



PLQHUDO FRPSRQHQWYV

&KHPLFDO DGVRUSWLRQ ZKLFK LV HIIHFWLYH IRU VSHF]
DGVRUSWLRQ FDSDFLW\ RI WKH 66 > @ 2UJDQLF SROOX
PHWDOV IRU H[DPSOH DUH FRPPRQO\ IRXQG LQ DTXHRX'
WKH GHQVH VWUXBWXWODHBY W KWHR®EWKH 66 LV QRW DOZD\
3 UHPRYDO > @ 3K\WLFDO DGVRUSWLRQ DOVR SOD\V DC
SROOXWDQWYV IRU IMVMGY FDYW LRIHZBDIW BIDWMAKM RSHG PLFURS
UHPRYDO 7KHUHIRUH FRPEG&G®IRIGHU KZQWBGCYRWSXWL EH R
PDWHULDOV WR SURGXFH DUWLILFLDO DGVRUSWLYH DJJL
DGVRUSWLRQ FDSDFLW\ QRW RQO\ UHGXFHV FRQFUHWH
FDSDFLW\ RI FRQFUHWH

BRURXV FRQFUHWH DSSOLHG IRU SROOXWDQW UHPRY
f $GVRUSWLRQ SHUIRUPDQFH RI FRQYHQWLRQDO SRUR

BUHYLRXV VWXGLHV KDYH EHHQ FRQGXFWHG RQ WKH SR
DGVRUE SROOXWDQWYV VXFK DV 3 > @ KHDY\ PHWDOV O
FROLIRUP > @ IRU XUEDQ VWRUPZDWHU SXULILFDWLRQ
JUDQXOHYV > @ DQG FHPHQWLWLRXV PDWHULDOV > @ KL
DTXHRXV VROXWLRQ 7LWDQDOXYR ®SKHOGHG MR UHPRYH DL
SHUYLRXV FRQFUHWH > @ 7KH DGVRUSWLRQ FDSDFLW\
SROOXWDQW UHPRYDDEIOHVWPPD FIRRGIEGOX@GHG WKDW SHUY
FDQ EH XVHG IRU SROOXWLRQ UHPRYDO +RZHYHU WKH
SHUYLRXV FRQFUHWH LV YHU\ OLPLWHG GXH WR WKH O
ORUHRYHU HYHQ DW D ORZ LQLWORQJSBBDXW/IDRQN WIRR]
IUHTXHQWO\ UHTXLUHG > @ 7R LPSURYH WKH DGVRUS\
FULWLFDO WR VHOHFW DQ DGVRUSWLYH PDWHULDO ZLWK

Table 1.1Adsorption capacity of conventional porous concrete for pollutants removal.

5HPRY 5HDFWL
7\SHV Rl FRQFUHWF 3ROOX' ,QLWLDO FRC
FDSDF WLPH

BHUYLRXV FRQFUHV &X &R PJ/ ! PRQWI
J)O\ DVK SHUYLRXV 3 PJ / KR>
,JURQAGH SHUYLRXV 3 PJ / ! KRXU

SBHUYLRXV FRQFUHV &X Q P/ P/ F\FOF
SRUWODQG FHPHQW 3 PJ /
$OXPLQLXP K\GURJIL 3 PJ/ PJ KRXU




f PSURYHPHQW RI DGVRUSWLRQ SHUIRUPDQFH RI FRQ)

7R LPSURYH WKH DGVRUSWLRQ SHUIRUPDQFH RI SHUYLR
KLJK DGVRUSWLRQ FDSDFLW\ ZHUH XVHG DV FRQFUHWH
VXOIRDOXPLQDWH FHPHQW DQG FRDO ERWWRP DVK DJJU
UHPRYDO RI SRURXV FRQFUHWH > @ 5HG PXG LV XVHG LC
WR LPSURYH KHDY\ PHWDO LRQV UHPRYDO > @ &KLWRVLE
VODJ EHIRUH LW LV XVHG LQ SRURXV FRQFUHWH WR LQI
UHPRYDO > @ )XUWKHUPRUH EHFDXVH RI LWV SURSHQVI
DQG LWV PHFKDQLFDO UHWHQWLRQ DGVRUSWLRQ ELRFKI
WKH UHPRYDO HIILFLHQF\ Rl 1 DQG 3 > @ OLQHUDO DGV
SHUOLWH DUH XVHG DV ILQH DJJUHJDWHV LQ SRURXV FF
*HQHUDOO\ WKH DGVRUSWLRQ FDSDFLW\ @ GRRUEHOWMH L
FRQWHQW XVHG LQ FRQFUHWH

7R DFKLHYH D SRURXV VWUXFWXUH DQG KLJK SHUPHDE
SHUYLRXV FRQFUHWH LV WASLFDOO\ GHVLIJQHG ZLWK QR
> @ 3RURXV DGVRUSWLYH FRQFUHWH XQOLNH WUDGLWI
D IDVW SHUPHDEOH IXQFWLRQ 8QGHU VDWXUDWHG FRQG
VORZO\ SHQHWUDWH WKH FRQFUHWH 7KHUHIRUH LW PXV
DV ODUMBHDYLRXV FRQFUHWH )XUWKHUPRUH SRURXV D(
FRPSOHWHO\ VHDOHG EHFDXVH VWRUPZDWHU UXQRII PXV
WKH DGVRUEHQW PDWHULDO LQ RUGHU IRU FRQWDPLQDQ
RSWLPXP RI PHFKDQLFDO DQG DGVRUSWLRQ SURSHUWLHYV
VWUHQJIJWK DQG KLIJK DGVRUSWLRQ FDSDFLW\ ORUHRYHU
GHVLIJQHG XVLQJ PRGLILHG ELR PDWHULDO PDWHULDOV D
ZDWHU SHUPHDELOLW\ SDVVDJH RI WKH PRUWDU DQG PDJ[

/RQJ WHUP SHUIRUPDQFH RI ELR EDVHG FRQFUHWH
f %LRGHJUDGDELOLW\ RI ELR EDVHG PDWHULDOV

7KH SULPDU\ FRRSRIQMHBWADRVHULDOV DUH FHOOXORVH KF
%LRPDVV LV D KLIJKO\ SRURXVY DQG ZDWHU DEVRUSWLRQ
VXFK DV VWDUFK VXJDU VRPH SKHQROV DQG RFFDVLRC(
FDXVH DLGHOPIHQW VHWWLQJ WLPH > @ 7KH GLVDGYDQ
PDWHULDOV LQ FHPHQWLWLRXYV PDWHULDOYV DUH VHOI HY
ZDWHU DEVRUSWLRQ RI ELR EDVHG PDWHULDOV GXH WR
PRLVWXUH &HOOXORVH GHJUDGDWLRQ DIWHU ORQJ WF
QDWXUDO ILEIMR OV B8DAMPHQWKHUHIRUH SUHWUHDWPHQW



GHJUDGDWLRQ SRWHQWLDO RI ELR EDVHG PDWHULDOV D¢
DSSOLFDWLRQ LQ EXLOGLQJ PDWHULDOYV

9DULRXV WUHDWPHQW PHWKRGYV KDYH EHHQ LQYHVWLJDW
EDVHG PDWHULDOV ZLWK FHPHQW PDWUL[ > @ VXFK D\
UROOLQJ FRPSUHVVLRQ > @ FXWWLQJ > @ FKHPLFDO
KHDW WUHDWPHQW > @ HWF 7UHDWPHQW ZLWK DQ D
K\GURPL@HDQG FDOFLXP KX\GCVRPDLGHPSRUWDQW VWHS LQ
WUHDWPHQW RI QDWXUDO ILEUH EHFDXVH LW UHPRYHV VI
RWKHU PLQRU FRPSRQHQWYVY VXFK DV ZD[ +RZHYHU FKHP
WKH ELRGHJUDGDELOLW\ RI ELR EDVHG PDWHULDOV 7K
YROXPHWULF LQVWDELOLW\ RI WKH ELR EDVHG PDWHUL
GXUDELOLW\ RI WKH ELR EDVHG FRQFUHWH > @ 3\URO\V
PDWHULDOV WR FRPSOHWHO\ GHFRPSRVH RUJDQLF PDWW
PHWKRG WR UHPRYH VROXEOH VXJDU DQG KHPLFHOOXOR
DQG WR UHGXFH ELRORJLFDO GHIJHQHUDWLRQ

f 'XUDELOLW\ RI SRURXV ELR EDVHG DGVRUSWLYH FRQ!

3RURXV DGVRUSWLYH FRQFUHWH LV IUHTXHQWO\ DSSOLF
DGVRUE SROOXWDQWY IURP VWRUPZDWHU UXQRII FHOOX
LQ D ORQJ WHUP KXPLG HQYLURQPHQW LV DQ LPSRUWDQ
ELR EDVHG FRQFEBIWHG >POBVHW LDOV DUH VHQVLWLYH WR
HQYLURQPHQW DQG GU\LQJ VKULQNDJH DQG ZHW VZHO
MHRSDUGL]H WKH GXUDELOLW)\ RI ELR EDVHG FRQFUHWH
PHFKDQLFDO SURSHUWLHG RXHRRVEPROGLARBWD WP XVW E
)XUWKHUPRUH WKH IUHH]H WKDZ UHVLVWDQFH SURSHUYV
ZKHQ XVHG LQ QRUWKHUQ (XURSHDQ FRXQWULHV VXFK
)LQODQG

ORWLYDWLRQ DQG REMHFWLYH

ORWLYDWHG E\ WKH DIRUHPHQWLRQHG LVVXHV WKLV U
DGVRUSWLYH FRO@ARUFHWHVDWKBWHUDWHG VWRUPZDWHU U
XQGHUO\LQJ VRLO ZDWHU VLPXOWDQHRXVO\ UHPRYLQJ 3
ZDWHU 7KH DGRSWHG UHVHDUFK LGHD LV WR UHSODFH

ZLWK KLIJKO\ DGVRUSWLYH PDWHULDOV WR SURGXFH SRU
WKH LQYHVWLIJDWHG FKDUDFWHULVWLFVY I|IRFXV RQ DC
SHUIRUPDQFH HYDOXDWLRQ DQG GXUDELOLW\ RI ELR ED\



LVVXH WKDW PXVW EH DGGUHVVHG LV WKH VHOHFWLRQ
PDWHULD @O WKHHFRQYG XFWXUH RSWLPL]DWLRQ DQG PL[ GH
FRQFUHWH LV DQ LPSRUWDQW IDFWRU WKDW VKRXOG EH I
EDVHG PRUWDU PXVW EH HYDOXDWHG 7KH IROORZLQJ DU

f 6HOHFWLRQ DQG PRGLILFDWLRQ RI KLIKO\ DGVRUSW.L

7KH DSSOLFDWLRQ RI FRQYHQWLRQDO DJJUHIJDWHYV ZLWk
UHDVRQ IRU WKH ORZ DGVRUSWLRQ SHUIRUPDQFH RI W
K\SRWKHVL]HG WKDW XVLQJ KLIJKO\ DGVRUSWLYH PDWHUL
DV ZHOO DV RSWLPL]LQJ WKH PLFURSRUHV RI VNHOHWRQ
SHUIRUPDQFH RI FRQFUHWH 7KHUHIRUH WKH DGVRUS\
PHFKDQLVP RI YDULRXVY SRWHQWLDO DGVRUSWLYH PDWHI
ILOMMWY DOXDWHG DQG WKHQ WKH IDFLOH SHOOHWL]LQJ P
KLORDGVRUSWLYH DJJUHJDWHYV ZLWK JRRG PHFKDQLFDO S

f OL[ GHVLJQ DQG RSWLPL]DWLRQ RI ELR EDVHG DGVRU

$ GHQVH SDVWH OD\HU ZLOO UHGXFH WKH SHQHWUDWLRQ
DJJUHIJDWH UHVXOWLQJ LQ D VLIQLILFDQW UHGXFWLRQ L
$ SRURXVY DGVRUSWLYH FHPHQW SDVWH LV GHYHORSHG \
OD\HU RQ WKH DGVRUSWLRQ SHUIRUPDQFH RI WKH SDV
FKHPLFDO DQG SK\WLFDO PHWKRGV )XUWKHUPRUH D WZ]
LV GHVLIQHG IRU SRURXV DGVRUSWLYH FRQFUHWH DQG
XVLQJ WKH RUWKRJRQDO PHWKRG

f /IRQJ WHUP SHUIRUPDQFH RI ELR EDVHG PRUWDU

7KH PDMRU IDFWRU OLPLWLQJ WKH GXUDELOLW\ RI EL
GHIJUDGDWLRQ FKDUDFWHULVWLFV RI QDWXUDO ILEUHV
ORQJ WHUP GHJUDGDWLRQ FKDUDFWHULVWLFV DQG GLPI
PRUWDU DUH LOQOYHVWLIJDWHG WR UHGXFH WKH QHJDWLYH
OLIH RI ELR EDVHG PRUWDU

2XWOLQH RI WKH WKHVLV

7KH IUDPHZRUWAK RV WKLYLVKRZEH QROORZLQJ SDUDJUDSK
LOQWURGXFH WKH WKHVLVY FKDSWHUV

,Q &KDSWHU WKH PRWLYDWLRQ DQG EDFNJURXQG SURI
WKH UHVHRWAKL W RVKIHFVLY DUH GLVFXVVHG



,Q &KDSWHU WKH SK\VLFDO WUHDWPHQW EDGO PLOOLC
WR PRGLI\ PUVEDDAWKXY WKH HIIHFWV RI KHDW WUHDWF
DQG KRXU VL]H DQG VKDSH RI PLVFDQWKXV ILEUH ORC
ELR EDVHG PLVFDQWKXYV PRUWDU DUH LQYHVWLJDWHG

&KDSWHU
7TUHDWPHQW RI

Section 1
Treatment and &KDSWHU
modification of adsorptive $JIJUHIJDWH IRU

cementitious composites|

&KDSWHU
ODQXIDFWXUH RI

%LR EDVHG D

FRQFUHWH| IRV Section 2 &KDSWHU
LPSURYLQJ 3 Performance evaluation o 3RURXV DGVRU {
UHPRYRO | adsorptive concrete
VWRUPZDW

&KDSWHU

VWUXFWXUH R§

Section 3 &KDSWHU
Durability of adsorptive 3HUIRUPDQFH RI
concrete
&KDSWHU

'HIJUDGDWLRQ R

Fig. 1.2 The framework of tis thesis.

,Q &KDSWHU WKH 3 UHPRYDO SHUIRUPDQFH RY YDULRX\
HYDOXDWHG IRU SRWHQWLDO DSSOLFDWLRQV LQ KLJKO
PDWHULDO W\SHV DGVRUSWLRQ LVRWKHUPV DGVRUSWLF
UHPRYDO FDSDFLW\ DUH LQYHVWLIJDWHG 3RWHQWLDO D
RI DGVRUSWLYH DJJUHIJDWHY DUH REWDLQHG

,Q &KDSWHU D SRURXY DQG VXVWDLQDEOH DGVRUSWLY
DQG SK\VLFDO DGVRUSWLRQ FDSDFLWLHV LV GHYHORSHC
VDOW DWW DRNHUH WRDWDQHHWULVWDQFH DQG DGVRUSWLRQ
DGVRUSWLYH DJJUHIJDWHY DUH LQYHVWLJIJDWHG

,Q&KDSWHU D SRURXY DGVRUSWLYH FHPHQW SDVWH LV
DQG VWHHO VODJ SRZGHU WR LQFUHDVH WKH ZDWHU SD\



WKH DGVRUSWLRQ FKDUDFWHULVWLFV RI WKH SDVWH FRI

,Q &KDSWHU D WZR VL]HG DJJUHJIJDWH VWUXFWXUH L\
VNHOHWRQ VWUXFWXUHY RI DGVRUSWLYH SHUYLRXV FRC
DQG DGVRUSWLYH DJJUHJDWH FRQWHQW RQ SK\WLFDO D
SHUIRUPDQFH DQG IUHH]H WKDZ F\FOHV RI DGVRUSWLYH

,Q &KDSWHU WKH PDQXIDFWXWHNH ® GVR UPSDMLHY HD GWR U E
FRQFUHWH ZLWK D KLJKHU 3 UHPRYDO FDSDFLW\ 3K\VL
DGVRUSWLRQ FKDUDFWHULVWLFV 3 UHPRYDO PHFKDQL'
FRQFUHWH DUH LQYHVWLJDWHG

,Q &KDSWHU LQ RUGHU WR UHGXFH WKH QHJDWLYH LPS
Rl ELR EDVHG FRQFUHWH 7KH HIIHFWV RI UDZ PLVFDQW
PLVFDQWKXV SRZGHU RQ SK\WLFDO DQG PHFKDQLFDO S
FKDUDFWHULVWLFVY DQG GLPHQVLRQDO VWDELOLW\ RI
LQYHVWLIDWHG

,Q &KDSWHU WKH PDLQ FRQFOXVLRQV RI WKLV ZRU
UHFRPPHQGDWLRQV IRU IXWXUH ZRUN



&KDSWHU (IITHFWV Rl WUHDWHG PLVFDQW
ELEDVHG FHPHQW PRUWDU

%LR EDVHG PLVFDQWKXV F NPHKQWIDW QRXED I REPQROVGEIVOH VP D !
DWWUDFWHG PRUH DWWHQWLRQ UHFHQWO\ 7KH RUJDQL
VKDSH HWF RI WKH PLVFDQWKXV KDYH D QHJDWLYH

FHPHQWLWLRXV FRPSRVLWHV ,Q WKLV FKDSWHU SK\VLF
WUHDWPHQW PHWKRGYV DUH DPB SIQIHBNW R VP R W KIN P IL MHFD/QW
WUHDWHG GXUDWLRQ KRXU KRXU DQG KRXU WKH V
EDVHG FRQFUHWH DUH LQYHVWLJDWHG 7KH UHVXOWV VK
D SRVLWLYH LQIOXHQFH RQ FRPSUHVVLYH VWUHQJWK 7K
VWUXFWXUH RI WKH PLVFDQWKXV DUH HDVLO\ ILOOHG ZL!
WKH PRUWDU UHVXOWLQJ LQ DQ HQKDQFHG ERQGLQJ

PLVFDQWKXYV FP KDV D EHWWHU ILEUH EULGJLQJ H
PLVFDQWKXV ZLWK DQ LPSURYHPHQW LQ IOH[XUDO VW
PLVFDQWKXV H[KLELWYV H[FHOOHQW KHDW LQVXODWLQJ S
KHDW LQ\DROPQWALHWE 7KH WUHDWHG PLVFDQWKXV VLJIQ
VKULQNDJH ZLWK D GHFUHDVH RI XS WR DW GD\\V
PLVFDQWKXV ,W LV FRQFOXGHG WKDW WKH SK\VLFDOO\
SRZGHU\ PL\DRDQMARPPHQGHG IRUPV IRU DSSOLFDWLRQ L
FHPHQW PRUWDU

7KLV FKDSWHU LV SDUWLDOO\ UHSURGXFHG IURP

) X 4/ <X + -+ %BURXZHUV ) *DRYVRD QWHKWWRI| SHUHRWRBXQ FH RI
FHPHQW FRRAUIWQPDW RI 6 XVWDLQDEOH &HPHQW %DVHG ODWHULDOV



,QWURGXFWLRQ

OLVFDQWXXMDQWHXV LV D SHUHQQLDO HQHUJ\ FURS LQ
ELRPDVV \LHOG DQG DGDSWDWLRQ WR WKH (XURSHDQ
PLVFDQWKXV DV D ILEUH RU DQ DJJUHJDWH KDV JDLQHG .
H[DPSOH OLJKWZHLJKW ILEHUERDUGY SODQW SRWV D
PLVFDQWKXV ILEUH KDYH EHHQ LQYHVWLJDWHG LQ SUHY
XVLQJ PLVFDQWKXV IRU WKH PDQXIDFWXUH RI ELR EDV
PLVFDQWHKQWHZDEOH FURS DEXQGD QUWADZLG K ¥YSIGGH VS R BN €
> @ 7KH UHVHDUFK RQ ELR EDVHG PLVFDQWKXV PRUWDU
PDWHULDOV UHGXFH WKH HQYLURQPHQWDO LPSDFW DC
IDFWRULHV > @

7KH RUJDQLF PDWWHU DQG SK\WVLFDO SURSHUWLHV H J

D QHIJDWLYH LQIOXHQFH RQ WKH SHUIRUPDQFH RI ELR EI
KLIJIK SRURVLW\ RI PLVFDQWKXV ILEUH LW LV VHQVLWLYH
HQYLURQPHQW $V D UHVXOW WKH GU\LQJ VKULQNDJH D
ZLOO DIIHFW WKH SHUIRUPDQFH RI WKH PLVFDQWKXV PRU
PRUWDU LV XVXDOO\ KLIJIKHU WKDQ WKDW RI LQRUJDQLF
GXULQJ DJHLQJ WKH GHJUDGDWLRQ RI PLVFDQWKXYV ILEL
GLVVROXWLRQ RI WKH KHPLFHOOXORVH FHOOXORVH DQC
IURP PLVFDQWKXV ILEUH VXFK DV SRO\WDFFDULGHV SKH
FHPHQW K\GUDWLRQ > @ 7KH ZHDN ERQG EHWZHHQ WK
LQWHUIDFH LV D NH\ IDFWRU UHVWULFWLQJ WKH XOWLPD!'
WR UHGXFH WKH GU\LQJ VKULQNDJH DQG LPSURYH WKH
PRUWDU PLVFDQWKXV ILEUH VKRXOG EH WUHDWHG SULR!

,Q WKLV FKDSWHU WZR PHWKRGY DUH XVHG WR PRGLI\ F
SK\WLFDO WUHDWPHQW EDOO PLOOLQJ 7TKH UDZ PLVFED¢

FRQGLWLRQV DW *« IRU DQG KRXUV RI H[SRVXUH I
IRU WKH SK\VLFDO WUHDWPHQW RI WKH PLVFDQWKXYV ILE
FPDQG FP PLVFDQWKXY DUH XVHG DV ORQJ ILEUH V

UHVSHFWLYHO\ 7KH SK\WWLFDO SURSHUWLHVY PRUSKRO!
PLVFDQWKXV ILEUH EHIRUH DQG DIWHU WUHDWPHQW DUH
RI PLVFDQWKXV ILEUH RQ WKH SK\VLF PHFKDQLFDO SUR
VKULQNDJH RI ELR EDVHG FHPHQW PRUWDU DUH LQYHVW|
WUHDWPHQW PHWKRG LV REWDLQHG EDVHG RQ WKH SUHV



ODWHULDOV DQG PHWKRGV

5DZ PDWHULDOV

7KH &(0 b 5 SBRUWODQG FHPHQW LV XVHG DV D ELQC
&RPPHUFLDO H[S\DHD& HIGV VAWNOHGE DDV FRDUVH DJJUHJDWH 3
SDUWLFOH SDFNLQJ URKWHWGLIHW R IWKKHV(EH RI PP

PP DQG PP LQ WKLV VWXG\ 7KH VSHFLILF6GHQVLW\ |
DUH JDRXG 03D > @ UHVSHFWLYHO\ 7KH UDZ PL\
OHQJWK RI FP LV VXSSOLHG E\ 115*< &RPSDQ\ 7KH 1}
VXUIDFH LV VWLII DQG VPRRWK HSLGHUPLV WH[WXUH ZL\
WKH VWUHQJWK DQG WRXJKQHVV IRU WKH PLVFDQWKXV
PLVFDQWKXV LV D SDUHQFK\PD VWUXFWXUH ZKLFK SU!
DEVRUSWLRQ SURSHUWLHV > @UHYUH®VK/ DX S\OLFOFLHFQW
FHPHQWLWLRXV PDWHULDOV &(1 1250 VDQG VDWLVI\LQJ (
XVHG DV ILQH DJJUHJDWH 7KH SRO\FDUER[\ODWH HWKHL
WKH ZRUNDELOLW\ RI WKH IUHVK PL[WXUH

7TUHDWPHQW RI PLVFDQWKXV

7KH VFKHPDWLF GLDJUDP RI WKH WUHDWPHQW PHWKRGYV
LQLJ *HQHUDOO\ WKH S\URO\VLV WHPSHUDWXUH RI PL

f& WR f& > @ 7KH PLVFDQWKXV HDVLO\ WXUQV W
FRQGLWLRQV WKH ORZ WHPSHUDWXUH S\URO\VLV LV VH
PLVFDQWKXYVY LV SODFHG LQ D YDFXXP IXUQDFH XQGHU Q
KRXUV KRXUV DQG KRXUV UHVSHFWLYHO\

Heat treatment (2, 3, 4 hours)

— Short fibre (0.4-1.5 cm)

— Long fibre (2-3 cm)
~Physical treatment

Powder

(@) ) (©

Miscanthus giganteus Miscanthus fibre Treated miscanthus

Fig. 2.1 Schematic diagram of the treatment of miscanthus.

,QEDOO PLOOLQJ WKH H[WHUQDO VXUIDFH RI WKH PLVFD(
ILEUH ZKLOH WKH SRURXV LQWHUQDO VXUIDFH EHFRPHYV



SURFHVV RlI EDOO PLOOLQJ LV DV IROORZV SRUFHODLQ
ZLWK D GLDPHWHU RI PP DUH SODFHG LPOHRER SRUFH
YROXPH DQG WKHQ J PLVFDQWKXV LV DGGHG WR SHU E
ZLWK D PLOOLQJ VSHHG RI$IWHBPELCRIO PPOQXWHVWKH OR
FP VKRUW ILEUHV FP DQG SRZGHU\ FP PLVF
VLHYLQJ PDFKLQHJDV VKRZQ LQ

Miscanthus

Ball milling

4-hour 2-3cmfibre  0.4-1 5¢m fibre Powder
(M-4) (M-LF} (M-SE) (M-P}

Fig. 2.2 Miscanthus fibre after treatment.
OL[ SURSRUWLRQ DQG VSHFLPHQ SUHSDUDWLRQ

7KH WUHDWHG PLVFDQWKXV LQFOXGLQJ KHDW WUHDWHG
0 ORQJ ILEUH 0 /) VKRUW ILEUH 0 6) D& IBRZGHU\
WR UHSODFH WKH XQWUHDWHG PLVFDQWKXV 0 E\ YROX
DGGHG WR WKH PRUWDU 7KH JUDGDWLRQ GLVWULEXWL
OLWHUDWXUH > @ DQG WKH FRQWHQWV RI FHPHQW It
OLJKWZHLJKW DJJUHJDWH FRQFUHWH > @ 7KH SRZGHU\
ZDWHU IRU WKH SUH ZHWWLQJ WUHDWPHQW WKH VDPH Y
WKH SRZGHU\ PLVFDQWKXV LV DGGHG WR WKH IUHVK PL[V
E\ D VWULNLQJ VKDNHU $IWHU WKDW DOO PL[WXUHV C
GHPREK®GNHU KRXUV DQG WKHQ VWRUHG LQ WKH ODERU
DQG UHODWLYH KXPLGLW\ RI e 7KH PL[ SURSERHWLRQV



THVW PHWKRGV

7KH GHQVLW\ RI fvbOPS®R DW GD\V LV PHDVXUHG IRO(

7KH ZDWHU DEVRUSWLRQ DQG SRDRYDW\ RN iIiGDI\V [Pl
GHWHUPLQHG DFFRUGLQJ WR $670 & 7KH FRPSUHV'
VWUHQJWK RI 1VDPSPP DW GD\V DUH GHWHUPLQHG DF
ZLWK D ORDGLQJ UDWH RI 1V DQG 1V UHVSHFWLY
VDPSOHV LV UHFRUGHG DV WKH ILQDO UHVXOW 7KH VSH
GHWHUPLQHG E\ XVLQJ DQ $FFX3\F ,, JDV S\FQRPHWH!
WKH PLVFDQWKXV ILEUH EHIRUH DQG DIWHU WUHDWPHQW
7KH 1 PYDPSOH DWWYBQ\BULHG DW f& IRU KF
FRQVWDQW PDVV DQG WKHQ WKH VXUIDFH PLGSRLQW S
WKHUPDO FRQGXFWLYLW\ PHDVXUHPHQW E\ ,620(7 WK
HDFK VDPSOH 7KH VIDRSORPDIWHU GHPRXOGLQJ LV VWRU
DVWD WHPSHUDWXUH RI “ ¢« DQG UHODWLYH KXPLGLW\ R
VKULQNDJH LV GHWHUPLQHG E\ XVLQJ D GLJLWDO PLFURF
PP DFFRUGLQJ WR ',1

Table 2.1The mix proportions of mortar (kgfn

ODWHULDOV 0 0 0 0 0/) 06) 03
&(0 , 5

YO\ DVK
6LOLFD IXPH
(6 PP

(6 PP

(6 PP

(6 PP

6DQG

'DWHU
6XSHUSODVWLF
OLVFDQWKXV IL

SHVXOWY DQG GLVFXVVLRQ

&KDUDFWHUL]DWLRQ RI WKH PLVFDQWKXY DIWHU WUF
f 3K\ WLFDO SURSHUWLHYV RI WKH WUHDWHG PLVFDQWKX

7KH SK\WWVLFDO SURSHUWLHV RI WKH WUHLCB/OHGSWVLVFDQW|
H[SHFWHG KHDW WUHDWPHQW UHGXFHV WKH GHQVLW\ RI
WUHDWPHQW KDV D QHJOLJLEOHWRIIKAWW @ WHKMHWGHQ F L WR



DW KRXU KRXU DQG KRXU DUH UHGXFHG E\ C
FRPSDUHG WR WKH XQWUHDWHG PLVFDQWKXV 0 7KLV
PDWWHU EHLQJ S\URO\]HG DQG D FDUERQ VNHOHWRQ DQG
WKH SURFHVV ZKLFK OHDGV WR D UHGXFWLRQ LQ WKH PC
DOVR VKRZ WKDW WKH SRZGHU\ PLVFDQWKXV DQG KHDW V
DEVRUSWLRQ WKDQ RWKHU IRUPV RI WKH PLVFDQWKXV +
ILEUH PLVFDQWKXV SRVVHVV ORZHU ZDWHU DEVRUSWLRQ
KLJK ZDWHU DEVRUSWLRQ LV VHSDUDWHG IURP WKH PLVF

Table 2.2Properties of treated miscanthus fibre.

6DPS 7UHDWP 6SHFLILF 5HODWLY}t K ZDWF 5HODWLYH
FRGH PHWKRC J FP IURP O DEVRUSW IURP 0

0 P

0 +HDW

0 +HDW

0 +HDW

0/) 3K\\MB O

06) 3KWBO
03 3K\WLEF

f ORUSKRORJ\

7KH 6(0 PLFURJUDSKV RI WKH PLVFDQWKXV ILEUH DIWHU
)LJ 7KH VXUIDFH FRORXU Rl WKH KHDW WUHDWHG PLVF
ZKLFK LQGLFDWHYVY WKDW WKH YRODWLOH FRPSRQHQWYV L
DQG UHODWLYHO\ FDUERQ UHPDLQV > @ &UDFNV DSSHD
WKH VWHP GXH WR WKH GHK\BLIDWLBIR RHRNKN PVX B DD
SHHOLQJ LV REVHUYHG RQ WKH H[WHUQDO VXUIDFH RI W
VXUIDFH FUDFNV DOVR RFFXU RQ WKH VXUIDFH RI WKH S
RI WKH FDYLW\ LV SHHOHG RIl IURP WKH SDUHQFK\PD DQ
IRUPHG RQ WKH LQWHUQB/XH X QEQHHONBFH FUDFNV E\ Kl
WUHDWPHQW SURYLGHV D SDWK IRU WKH IORZLQJ PRUWD
RI WKH PLVFDQWKXV > @ PDNLQJ WKH PLVFDQWKXV PRI
DFKLHYLQJ D EHWWHU ERQGLQJ LQWHUIDFH

f OLQHUDORJLFDO SKDVH DQDO\VLV

7KH FHOOXORVH FKDLQ PROHFXOH LQ WKH DPRUSKRXYV DL
D GLIIXVH UHIOHFWLRQ DQG QR SHDNV DUH JHQHUDWHG
XQWUHDWHG DQG KHDW WUHDWHELPLVFRRWKXWYXOMEW N KR
WKDW ERWK XQWUHDWHG DQG KHDW WUHDWHG PLVFDQW



Rl JUDSKLWH %LR PDWHULDOV VXFK DV SHDQXW ZDOQX\
DW f GXH WR WKH SUHVHQFH RI FU\WVWDOOLQH FHOOXOC
FU\VWDOOLQH FHOOXORVH RI SHDFK DQG DSUIDPRRW VKHO
D EURDG ZLGH JUDSKLWLF SHDN DW WKH GLIITUDFWLRQ D(
FU\WVWDOOLQLW\ RI FHOOXORVH LV PDLQO\ FDXVHG E\ WK
ELR PDWHULDOYV

0

D =2 ¢ . ' 5-  Pcrack

Dehydration and peeling

ez

S : = o X .
Surface peeling %

P ,./{M =

Surface peeling =&

Fig. 2.3 SEM micrographs of (a) external surface (b) internal surface otidHeat-treated miscanthus
fibre.
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Fig. 2.4 XRD patterns of the untreated and heat-treated miscanthus fibre.



3KMFO SURSHUWLHV RI PLVFDQWKXV PRUWDU
f "HQVLW\

$V VKR2QJLQ DV WKH GXUDWLRQ Rl KHDW WUHDWPHQW L
PRUWDUV JUDGXDOO\ GHFUHDVHV EHFDXVH WKH KHDW W
WKH PLVFDQWKXV RYHU WLPH > @ 7KH RYBQ GWV\ GHQVL

NJ PDQG WKH 0 PL[WXUH REWDLQV WKH ORZHVW RY}
ZKLEK OHVV WKDQ WKH 0 PL[WXUH )RU SK\VLFDO WUH
PRUH UHGXFWLRQ LQ WKH GHQVLW\ RI PRUWDU FRPSDUI
GHFUHDVH RI 7KLV PD\ EH DWWULEXWHG WR WKH ZHD
VXUIDFH Rl PLVFDQWKXV ILEUH DQG WKH PRUWDU UHV]
LQWHUIDFLDO WYDQWWLRQ JRQH ,7

() (b)
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Fig. 2.5 (a) density and (b) water absorption and porosity of mortar.
f :DWHU DEVRUSWLRQ DQG SRURVLW\

$V VKRZIRILQ B KH KRXU ZDWHU DEVRUSWLRQ RI PLVFDC
WR DQG WKH SRURVLW\ LV EHWZHHQ DQG
VLIQLILFDQWUWXK I HFOUOMDWHDEVRUSWLRQ DQG SRURVLW\ R
DEVRUSWLRQ DQG SRURVLW\ RI WKH 0 3 PL[WXUH GHFUHI
FRPSDUHG WR WKH 0 PL[WXUH $IWHU EDOO PLOOLQJ W
DUH PRUH WLJKWO\ ZUDSSHG E\ WKH PRUWDU ZKLFK UH
ZDWHU DEVRUSWLRQ > @ )RU WKH KHDW WUHDWPHQW Z
WKH YRODWLOH FRPSRQHQWY JUDGXDOO\ DUH ORVW FI
UHODWLYHO\ ZLWK WKH GHFRPSRVLWLRQ RI BWIQLF PDV

PRUWDU LQWHUIDFH > @ DQG FRQVHTXHQWO\ UHGXFL
Rl PRUWDU



f TKHUPDO FRQGXFWLYLW\

7KH WKHUPDO FRQGXFWLYLWPRI WKHWRUWPUYV YDULH
DV VKRZQEOH 7TKH WUHDWHG PLVFDQWKXYV VLJQLILFDQW
FRQGXFWLYLW\ YROXPH KHDW FDSDFLW\ DQG WKHUPDO
FRQGXFWLYLW\ RI WKH OLUDHBXBH® FEAN[WXDQ & UHVSHF
DV FRPSDUHG WR WKH 0 PLIWXUH $IWHU EDOO PLOOLQ.
EHFRPHY VPDOOHU WKH\ DUH PRUH WLJKWO\ DQG XQLIR
IRUP WLQ\ FORVHG YRLGYV UHVXOWLQJ LQ DQ LPSURYHPF
WKH PLVFDQWKXV PRUWDU ,W FDQ EH FRQFOXGHG WKDW
/) bQG 0 6/ VHULHV LV UHFRPPHQGHG IRU WKH PDQXIDFW
PRUWDU

Table 2.3Thermal properties of mortar.

7KHUPDO FRC 9ROXPH KHDW 7KHUPDO GLII
P &! 0 - PR D PV

OL[ FRC

o O O O

01/)
06/
03

OHFKDQLFDO SURSHUWLHYV
f &RPSUHVVLYH VWUHQJWK DQG IOH[XUDO VWUHQJWK

7KH FRPSUHVVLYH VWUHQJWK DQG IOH[XUDIQJ VWUHQJWK
7KH UHVXOWV VKRZ WKDW WKH WUHDWHG PLVFDQWKXV
VWUHQJWK RI WKH PRUWDU ORUHRYHU WKH FRPSUHVVL)
WUHDWHG PLVFDQWKXV LPSURYHV DV WKH KHDW WUHD
FRQVLGHULQJ WKH HQHUJ\ FRQVXPSWLRQ DQG H[KDXVW |
LW LV QRW SUHIHUUHG IRU WUHDWLQJ PLVFDQWKXV

7KH GD\ FRPSUHVVLYH VWUHQJWKYV RI WKH 0 /) DQG 0 3

DQG UHVSHFWLYHO\ FRPSDUHG WR WKH 0 PL[WXUH
/) DQG 0 3 VLIQLILFDQWO\ LPSURYH WKH GD\ IOH[XUDO
LQFUHDVH RI DQG UHVSHFWLYHO\ DV FRPSDUHG \V

SDUWLFOH VL]H DQG ZD[\ VXUIDFH RI WKH XQWUHDWHG Pl
WKH PRUWDU > @ 7KH XQWUHDWHG PLVFDQWKXV LQFUHI



D UHGXFWLRQ LQ PHFKDQLFDO VWUHQJWK
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Fig. 2.6 (a) compressive strength and (b) flexural strength of mortar.
f OLFURVWUXFWXUH

7KH 6(0 PLFURJUDSKV RI PLVFD QWK X WIHKRURRJW DU HL V KSRUH
RQ WKH XQWUHDWHG PLVFDQWKXYV DQG D VPDOO DPRXQV
0 DORQJ WKH ILEUH B6RPH VXUIDFHV Rl KHDW WUHDMW
PRUWDU 0 7KH FUDFN GHYHORSPHQW SURFHVV RI ELR
VKRZ®PLOIQ 7KH IDLOXUH Rl PRUWDU GHSHQGV RQ WKH FKD
OLJKWZHLJKW DJJUHJDWH VWUHQJWK DV ZHOO DV LQWH!
DQG WKH PRUWDU 7KH PLFURVFRSLF SRUHV HDVLO\ GH"
DURXQG WKH PLVFDQWKXV 7KH FUDFN LV GHYHORSHG DC
XQGHU H[WHUQDO ORDG DQG MW B VARR S MYHWHLDIWHKGP E V FD
"KHQ WKH FUDFN SDVVHV WKURXJK WKH OLJKWZHLJKW DJ
7KHUHIRUH DQ HIIHFWLYH PHWKRG WR LPSURYH WKH PH
PRUWDU LV WR LQFUHDVH WKH ERQGLQJ DELOLW\ EHWZHF
KHDW WUHDWPHQW DQG SK\WVLFDO WUHDWPHQW

'"U\LQJ VKULQNDJH
f '"U\LQJ VKULQNDJH DQG PDVV ORVYV

$VVKRZQLUQ WKH WUHDWHG PLVFDQWKXV VLJQLILFDQW
VKULQNDJH DQG PDVV ORVV RI PRUWDU ORUHRYHU PRV\
ORVV Rl WKH PLVFDQWKXV PRUWDU KDSSHQ ZLWKLQ WKH
RI PLVFDQWEYW BRUWDMKH GU\LQJ VK WDLQUEN D JH PRI WDKWHH &/

DUH 0 DQG 0 UHVSHFWLYHO\ ZKLFK DUH UHGXFHG



FRPSDUHG WR WKH 0 PL[WXUH 3UHYLRXV VWXGLHV VKF
SDOP VKHOO FRQFUHWH > @ DQG ZRRG VDQG FRQFUHWH
DQG 0 UHVSHFWLYHO\ 7KHUHIRUH WKH GU\LQJ VKL
PRUWDU LQ WKLV VWXG\ LV DFFHSWDEOH FRPSDUHG WR \

Germinated micropores

Fig. 2.8 SEM micrographs of crack development of miscanthus mortar.



7KH GU\LQJ VKULQNDJH LV JHQHUDOO\ FDXVHG E\ WKH OF
LQWHULRU Rl FRQFUHWH > + @ ZKLFK LV UHODWHG WR
> @ 8QGHU WKH VDPH FRQGLWLRQV ORZ SRURVLW\ |
VKULQNDJH > @ /DUJH SDUWLFOH DJJUHJDWHV DUH PRU
SDUWLFOH DJJUHJDWHV > @ 6LQFH PRUWDU FRQWDLQL
SDUWLFOH VL]H DQG OHVV SRURVLW\ WKDQ PRUWDU FRQ\
LQ D VLIQLILFDQW UHGXFWLRQ LQ WKH GU\LQJ VKULQNDJ
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Fig. 2.9 (a) drying shrinkage and (b)ass loss of miscanthus mortar.
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Fig. 2.10 Relationship between mass loss and drying shrinkage of miscanthus. mortar
f SHODWLRQVKLS EHWZHHQ PDVV ORVV DQG GU\LQJ VK

7KH UHODWLYH KXPLGLW\ LQVLGH WKH FRQFUHWH PD\ D
PDVV ORVV Rl FRQFUHWH FDQ EH XVHG WR HYDOXDWH UH
KLJK ZDWHU DEVRUSWLRQ DJUUHJDMKH >U HaD DSVLRIQOVKQ I @
GU\LQJ VKULQNDJH DQG PDVV ORVV FDQ EH GLYLGHG LQ\
PDVV ORVV LQFUHDVHV VLJQLILFDQWO\ ZLWK D VPDOO GU
IUHH ZDWHU IURP WKH ODUJHU SRUHV RI WKH PLVFDQW



UHGXFHV WKH PDVV ORVV RI WKH PLVFDQWKXV PRUWDU L
WKH SRURVLW\ RI WKH PRUWDU ,Q WKH VHFRQG VWDJH

EHWZHHQ GU\LQJ VKULQNDJH DQG PDVV ORVV $ VLPLODU
VWXGLHV > @ ,Q WKH WKLUG VWDJH WKH PDVV ORV'
VWDWH ZKLOH WKH GU\ VKULQNDJH UDWH LV JUDGXDOO\

&RQFOXVLRQV

+HDW WUHDWPHQW VLIJQLILFDQWO\ UHGXFHV WKH Gt

LQFUHDVHYVY ZDWHU DEVRUSWLRQ ZKLFK LV QRW UHFRPP

FUDFN DSSHDUV RQ WKH VXUIDFH RI WKH PLVFDQWKXYV DI

SHHOHG RIlI WKH VXUIDFH :DWHU DEVRUSWLRQ RI WKH P/
FP DQG ORQRPILEUH

OLOOLQJ PLVFDQWKXV UHGXFHV WKH GHQVLW\ ZDWH
FRQGXFWLYLW\ RI WKH PRUWDU VLJQLILFDQWO\ 7KH VPELC
HDVLO\ HQFORVHG E\ WKH PRUWDU DIWHU EDOO PLOOL
DEVRUSWLRQ DQG SRURVLW\ RI WKH 0 3 PL[WXUH

8VLQJ PLOOHG PLVFDQWKXV LPSURYHV WKH FRPSUF
VLIJQLILFDQWO\ 7KH LUUHJXODU FDYLWLHV RI WKH SDLU
PLVFDQWKXV DUH HDVLO\ ILOOHG ZLWK IUHVK PRUWDU |
UHVXOWLQJ LQ DQ HQKDQFHG ERQGLQJ LQWHUIDFH ORUHI
D EHWWHU ILEUH EULGJLQJ HIIHFW WKDQ RWKHU IRUPV R

B3RZGHU\ PLVFDQWKXY DQG ORQJ ILEUH PLVFDQWKXV I
GU\LQJ VKULQNDJH WKHUPDO FRQGXFWLYLW\ DQG LPSU
PLVFDQWKXV PRUWDU DQG DUH WKH SUHIHUUHG IRUPYV IF
EDVHG FHPHQW PRUWDU






&KDSWHU 3KRVSKRUXV UHPRYDO IURP D1
DGVRUSWLYH FRQFUHWH DJJUHJDWHYV

7KH SXUSRVH RI WKLV FKDSWHU LV WR LQYHVWLJDWH Wk
DJJUHIJDWHY XQGHU LGHQWLFDO H[SHULPHQWDO FRQGLW
DGVRUSWLYH FRQFUHWH 7KH LQGXVWULDO E\ SURGXFW
HISDQGHWHYQGLEDR EDVHG PDWHULDOV SHDFK VKHOO D
SKRVSKDWH 3 UHPRYDO IURP DTXHRXV VROXWLRQV 7KH
DV WKH LQLWLDO 3 FRQFHQWUDWLRQV UHDFWLRQ WLPH
UHPRYDO HIILFLHQF\ Rl 3 DUH LQYHVWLJDWHG XVLQJ DQ
DGVRUSWLRQ RI DOO DEVRUEHQWY IROORZV WKH DGVR
FRQFHQWUDWLRQ IURP PJ / WR PJ/ DQG WKH DGVRUES
E\ WKH /DQJPXLU PRGHO 7KH VWHHO VODJ H[KLELWYV D
DGVRUSWLRQ HIILFLHQF\ FRPSDUHG WR OLJKWZHLJKW DJ.
DQ HYWLPDWHG PD[LPXP DGVRUSWLRQ FDSDFLW\ E\ VWH€
LV XVHG WR LQFUHDVH WKH DGVRUSWLRQ FDSDFLW\ RI
FKDQJH LQ SRUH VWUXFWXUH FKDUDFWHULVWLFV GHWHU|
RI WKH VWHHO VODJ IROORZV D SVHXGR VHFRQG RUGHU ¥
('6 DQDO\WHV VKRZ WKDW WKH 3 DGVRUSWLRQ RI WKH EI
DGVRUSWLRQ ZKHUHDV WKH DGVRUSWLRQ PHFKDQLVP RI
&D UHOHDVHG IURP WKH VWHHO VODJ ZKLFK FDQ UHDFW
3 SUHFLSLWDWH W LV VXJIJHVWHG WKDW VWHHO VODJ
DJJUHJDWH IRU WKH PDQXIDFWXUH RI KLIJIKO\ DGVRUSWLY

This chapter has been publishes

F. Wy Q.L. Yu, F. Gauvin, H.J.H. Brouwers, C.W. Lighosphorus removal from agueous solutions by

adsorptive concrete aggregatésurnal of Cleaner Production, 2223933, 2021.



,QWURGXFWLRQ

3KRVSKDWH LV RQH RI WKH PDLQ SROOXWDQWYV IURP V'
FRQGLWLRQV WKH H[FHVV VXSSO\ RI 3 FDXVHV HXWURSH
> @ LWK WKH UHTXLUHPHQWYV RI VXVWDLQDEOH GHYHO
DGVRUSWLRQ PDWHULDOV DUH JUDGXDOO\ HPSOR\HG IRU
SXPLFH > @ VWHHO VODJ > @ SRURXV OLJKWZHLJKW P
PLVFDQWKXVY 0 > @ SODQWDJH RYDWD > @ HWF 7KH
PDWHULDOV LV DWWULEXWHG WR LRQ H[FKDQJH FKHPLFCLC
SK\WLFDO DGVRUSWLRQ HWF > @ $OWKRXJIK PRVW RI W
FKDUDFWHULVWLFV QRW DOO RI WKHP DUH VXLWDEOH D
DQG VWUHQIJWK UHTXLUHPHQWYV %HVLGHV PRVW RI WKE
DGVRUSWLRQ FDSDFLW\ RI SRZGHU\ PDWHULDOV 7KH DG\
DYDLODEOAB\D®@WVGRKBSWLYH DJJUHJDWHY IRU KLJKO\ DGVRI
HYDOXDWHG E\ JUDQXODU DJJUHIJDWH UDWKHU WKDQ SRZ

%2) VWHHO VODJ 6RIWKH \EWIBHA &AROBXVWU\N ZKLFK LV PD
EDVH RU VDQG UHSODFHPHQW RU RWKHUZLVH ODQGILOC
FRPSRQHQWYV RI WKH 66 DUH FDOFLXR R[ZKIHFK&D P HDWIGHL
UHVXOW RI WKH DGGLWLRQ RI WKH IOX[LQJ DIJHQW GXULQ
FRQWHQW RI PHWDO R[LGH PDNHV LW D SRWHQWLDO DGVF
IRU SKRVSKD@OUR PR HZBDR'WHZDWHU > @ 7KH UHOHDR/H RI FL
WKH 66 FDQ EH FRPELQHG ZEWRDSERVMEBKHLMHWDBWLRQ FR
PHFKDQLVP > @ ORUH WKDQ RI WKH %2) 66 LV FRPSR
PLQHUDOV > @ LQGLFDWLQJ VXIILFLHQW FDOFLXP LRQV
FRDIJXODWLRQ SURFHVV

$GVRUSWLYH DJJUHIJDWHYV VKRXOG EH ORZ FRVW HFR IU
DJJUHJDWHYV PD\ EH IHDVLEOH IRU UHF\FODEOH DGVRUS\
GXH WR WKH ZHOO GHYHORSHG SRUH VWUXFWXUH +R.
FRQGLWLRQV DIIHFW SK\VLFR FKHPLFDO SURSHUWLHV RI
PDWHULDO H[KLELWYV GLIITHUHQW DGVRUSWLRQ FDSDFLWL
FRQFHQWUDWLRQ UHDFWLRQ WLPH S+ WHPSHUDWXUH
DGVRUSWLRQ SURSHUWLHYV RI GLITHUHQW DGVRUSWLYH I
FRQGLWLRQV VKRXOG EH LQYHVWLIJDWHG DQG WKH RSWLH
LQ KLJKO\ DGVRUSWLYH FRQFUHWH VKRXOG EH REWDLQH

7KH SXUSRVH RI WKLV FKDSWHU LV WR LQYHVWLJDWH Wk
DJJUHJDWHYVY XQGHU LGHQWLFDO H[SHULPHQWDO FRQGLW



DGVRUSWLYH FRQFUHWH 7KH LQGXVWULDO E\ SURGXFW
H[SDQGHWHURGLEDR PDWHULDOV SHDBKH KNGG DRUG 3P L
UHPRYDO IURP DTXHRXV VROXWLRQV 7KH HIIHFWV RI WKH
DQG S+ RQ WKH DGVRUSWLRQ FDSDFLW\ DQG HIILFLHQF
FKURPDWRJUDSK\ ,& 7KH DGVRUSWLRQ LVRWKHUPV DQ¢
DEVRUSWLRQ DUH GHULYHG 7KH SRUH VWUXFWXUDO SU
XVLQJ %UXQDXHU (PPHWW 7HOOHU % (7 PHWKRG 7KH UH
GLVFXVVHG EDVHG RQ WKH UHVXOWYV IURP LQGXFWLYHC
VSHFWURVFRS\ ,&3 $(6 ; UD\ GLIIUDFWLRQ ;5' DQG VFI
FRPELQHG ZLWK DQ HQHUJ\ GLVSHUVLYH VSHFWURPHWHU

ODWHULDOV DQG PHWKRGYV

ODWHULDOV

7KH %2) VWHHO VODJ 66 7%$7$ 6WHHO 7KH 1HWKHUODQG
PDWHULDO (6 PLVFDQWKXV 0 115*< 7KH 1HWKHUODQG
ELRFKDU 36 DUH XVHG DV DEVRUSWLYH PDWHULDOV LQ

0 KRXU XQGHU QLWURJHQ FRQGLWLRQV DW « IRU KF
IRU FRPSDULVRQ > @ $00 UDZ PDWHULDOV VHOHFWHG |
SHUIRUPDQFH KDYH D SDUWLFOH VL]H RI PP 7KH\ DUH

WR UHPRYH DQ\ FRQWDPLQDWLRQV DQG WKHQ RYHQ GUL
LQ DLU WLJKW FRQWDLQHUV XQWLO WKH WHVW

Table 3.1Chemical composition of raw materials (wt.%).

2[LGHV &HPH 6WHHO \ ([SDQGHGV
&D2
6L2
s
)H2

62
0J2
0Q2
7L2
92

32

.2 1D2
12,

7KH KLJK FRQWHQW RI PHWDO R[LGHV FRQWULEXWHV WR
7KH FKHPLFDO FRPSRVLWLRQV RI UDZ PDWHULDOV DUH



VSHFWURVFRS\ :5) 7D¥ CHAKMH PWHG EQHPLFDO FRPSRQH!
66 DUH &D2 2 )H DQG 6L2 7KH (6 LV PDLQO\ FRPSRV
6L2 ®0 .2 D QI®2 7KH 36 DQG 0 DUH RUJDQLF
DQG WKHLU FKHPLFDO FRPSRVLWLRQV DUH PDLQO\ FRPSR
LPDJHV RI WKH DGVRYEHQWW QUPLF¥KRBRUIPY DUH REVHU
VXUIDFH Rl WKH 36 (6JDQGDOFIKRXM 7KH 66 GLVSOD\V D
GHQVLILHG VXUIDFH EXW PLFURVFRSLF FUDFNV ZLWK T
REVHUYHG RQ)MWKH \ERKHDE®WHUQDO VXUIDFH RI WKH 0 LV
FDYLW\ VIW.UXFWXUH

Fig. 3.1 SEM images of topography of (a) PS, (b) SS, (c) ES, (dhdAe) M-3hour.

3 DGVRUSWLRQ H[SHULPHQWYV

$Q DUWLILFLDO 3 VROXWLRQ LV SUHSDUHG IRU WKH DGVR

R PJ/ LV SUHSDUHG E\ GLVVROYLQJ WKH FKHPLFDO
SKRVSKRBRV L GLVWLOOHG ZDWHAULM. 2ZHLIKHG RRQG+SODF
LQ D P/ EHDNHU ZLWK GLVWLOOHG ZDWHU WKH VRO

YROXPHWULF IODVN GLOXWH ZLWK GLVWLOOHG ZDWHU
VROXWLRQ LV REWDLQHG P/ Rl WKLV VROXWLRQ FRQWD
VROXWLRQV ZLWK WKH GHVLUHG FRQFHQWUDWLRQ DUH ¢
ZLWK GLVWLOOHG ZDWHU



f (IITHFW RI GLIITHUHQW DGVRUEHQWY RQ DGVRUSWLRQ

$ SUHOLPLQDU\ H[SHULPHQW LV FRQGXFWHG WR HYDOXD\
ubz PDWHULDOV J RI WKH DGVRUEHQW PDWHULDO LV
FRQFHQWUDWLRQ RI PJ/ 7KH PL[WXUH LV VWLUUHG DW
IRU K DQRQG WKHQ ILOWHUHG E\ D P PHPEUDQH 7KH
IRU WKH 3 FRQFHQWUDWLRQ WHVW

7KH 3 DGVRUSWLRQ DPRXQW T P&%J [DDQUH FDAGPRUDGHQG]
IROORZYV

Ya? Yo
£

“L

Hs8 (3.1)

ZEL%DHSH" 3.

‘KHWHLY WKH LQLWLDO 3 RRRQFMKMUD APREBH PWUDWLRQ L
DW HTXLOLEOLXW WKH/PDVV RI ¥ DV S\OKKH YR @QRGH RI VRO XW

f $GVRUSWLRQ LVRWKHUPV

7KH DGVRUSWLRQ LVRWKHUPV RI 3 DUH HYDOXDWHG ZLW
LVRWKHUPV J RI WKH DGV RPWOWEBRW\HW KHRIHG HBQMWU LI X JF
PLIHG ZLWK PO RI YDULRRY /3 VIRKHXMDIDR/QWLY FRYHUHG D
DW USP IRU K WR HQVXUH DSSUR[LPDWH HTXLOLEUL>
LV ILOWHUHG WKURXJK D P PHPEUDQH ILOWHU DQG W

7TKH /DQJPXLU DQG )UHXQGOLFK HTXDWLRQV DUH XVHG
LVRWKHUPVY RI DGVRUEHQWY DV GHVFULEHG EHORZ

/IDQJPXLU HTXDWLRQ

Lo At (3.3)

2-"55 AYe

JUHXQGOLFK HTXDWLRQ
oL L% (3.4)

KHUWHLVY WKH DGVRUSWLRQ UPIRW DMK HF BSPRQWHN QRMIUD W L |
VROXWLRQ DW HTX:LQLEPDXPPXP) DGVRUSWLRQ FDSDFLW!
LVRWKHWR DGVRUSWLRQ FRQVWDQW LVQWRQ IPKQ Y WD/ERW
JUHXQGOLFKLVRWKHUPRIHQHLW)\ IDFWRU RI )JUHXQGOLFK



f $GVRUSWLRQ NLQHWLFV

7KH DGVRUSWLRQ NLQHWLFVY H[SHULPHQWY DUH SHUIRUP
XVHG IRU WKH DGVRUSWLRQ LVRWKHUP WHVW $ VHULHYV
PO RI VROXWLRQ ZLWK D VHW 3 FRQFHQWUDWLRQ RI
GLIIHUHQW FRQWDFW WLPHV DQG
DQG GHWHUPLQHG IRU UHVLGXDO FRQFHQWUDWLRQ

7KH /DJHUJUHQ SVHXGR ILUVW RUGHU HTXDWLRQ SVHXG
(ORYLFK HTXDWLRQ DUH XVHG IRU GHVFULELQJ WKH DGV
VWXG\

3VHXGR ILUVW RUGHU HTXDWLRQ

%‘L-S:#@F#g; 5B
3VHXGR VHFRQG RUGHU HTXDWLRQ

2L g F #° &B.

6LPSOH (ORYLFK HTXDWLRQ

MLUEU Ze«- 3.7)

KHULY WKH DPRXQW RI 3 DGVRUEHG E\ WoKHVDWKRUEHQ
DGVRUSWLRQ UHPRYDODKD:SEDBEHWKRAJWDWH FRQVWDQW |
SVHXGR ILUVW RUGHU DQG SVHXGR VHFRQG RUGHU NLQH

f (I!1HFW Rl S+ RQ DGVRUSWLRQ FDSDFLW\

7KH HIIHFWV Rl S+ RQ 3 DGVRUSWLRQ DUH GHWHUPLQHC
FRQVWDQW LQLWLDO 3 FRQFHQWUDWLRQ PJ/ DQG DG
YDOXHV DQG 0 1D2+ DQG 0 +&0 DUH XVHG
WKH WHVWHG 3 VROXWLRQ

3 GHVRUSWLRQ H[SHULPHQWYV

,Q WKLV VWXG\ DQ DUWLILFLDO 3 VROXWLRQ LV SUHSDUH
R PJ/ LV SUHSDUHG E\ GLVVROYLQJ WKH FKHPLFDO
SKRVSKRUXYV L@ GLVWLOOHG ZDWHU $00 VWDQGDUG 3
FRQFHQWUDWLRQ DUH SUHSDUHG E\ GLOXWLQJ WKH VWR|

3 VDWXUDWHG DGVRUEHQW J ZLWK PJ / 3 VROXWLRQ



PO GLVWLOOHG ZDWHU $IWHU WKDW WKH WXEH LV FRQW
K 7KH PL[WXUH LV FHQWULIXJHG DQG ILOWHUHG DQC
PHWKRG GHVFULEHG DERYH

3 GHVRUSWLRQPDRRXYWDOFXODWHG

Yl

L (3.8)

7KH 3 GHVRUSWz RY IFRODA-RKLAROOV H G

Ll Hsrre (3.9)
I A

ZKHEHVY WKH 3 FRQFHQWUDWLRQV. @V MK IR DARORWY RPS®H
WKH YROXPH RI WKR URGKKMLBRERQWIQGW LQ WKH 3 VDWXL

$QDO\WLFDO PHWKRGYV

7KH PLFURVWUXFWXUDO SURSHUWLHYV Rl DOO VDPSOHV Lt
DQG SRUH VL]H DUH GHWHUPLQHG E\ WKH QLWURJHQ
PLQHUDORJLFDO FRPSRVLWLRQ RI DOO VDPSOHV EHIRUH |
E\ :5° 7KH PLFURVWUXFWXUH RI DOO VDPSOHV EHIRUH C
6(0 ('6 %HIRUH 6(0 ('6 DQD O/DUSHF PD\®HD WROREVHUYH WK
VXUIDFH OHWDO LRQV VXEWRmV PDOGHXBXRBWF DUH

PHDVXUHG WKURXJK ,&3 $(6 7KH FRQFHQWUDWLRQ RI 3 L

SHVXOWY DQG GLVFXVVLRQ

3RUH VWUXFWXUH RI PDWHULDOV

7KH 3 DGVRUSWLRQ FDSDFLW\ GHSHQGV RQ WKH GLIIHI
PLFURVWUXFWXUH DQG SRUH FKDUDFWHULVWLFV > @ O
SLJPHQW DQG FHPHQW H[KLELWHG 7\SH B LVRWKHUPV |
JHQHUDWHG E\ LQWHU SDUWLFOH FDSLQDDU\ WRRGHQVD
DGVRUSWLRQ GHVRUSWLRQ LVRWKHUP FXUYHV RI DOO

LVRWKHUPY EDVHG RQ WKH ,QWHUQDWLRQDO 8QLRQ RI 3
FODVVLILFDWLRQ > @ ORUHRYHU D QDUURZ K\VWHUHVIL
GHVRUSWLRQ LVRWKHUPV FXUYH ZKLFK LQGLFDWHYVY WK
ZHOO GHYHORSHG > @ 7KH UHVXOWY DOVR VKRZ WK
WKDQ RWKHU PDWHULDOV XQGHU WKH VDPH UHODWLYH €
WKH 36 KDV PRUH GHYHORSHG SRUH VWUXFWXUHYV



7KH SRUH VL]H RI DGVRUEHQWYVY FDQ EH GLYLGHG LQWR

QP DQG PDFURSRUHV ! QP > @ 7KH SRUH VL]H GLV
HVWLPDWHG E\ WKH %DUUHWW -R\QHU +DOHQGD %-+ PH!
% (7 WHVW DNMNVKRZKHLSRUH VWUXFWXUH SURSHUWLHV RI
LGDEOH $V VKRZQ LQPRVW RI WKH SRUHV RI WKH 36 DQG 6
QP ZKLFK LQGLFDWHV WKDW WKH\ PD\ KDYH EHWWHU DG
DQG WKH 0 *HQHUDOO\ WKH PHVRSRUHV PDLQO\ SOD\ WK
WR HQWHU WKH LQWHULRU RI WKH 36 ORVW RI WKH SRUH
QP DQG WKH\ DUH LQ WKH UDQJH RI PHVRSRUHV +HDW
DQG SRUH VL]H Rl WKH 0 FRQVHTXHQWO\ LQFUHDVLQJ W
7DEOH 7KHUMMROHKRXU PD\ KDYH EHWWHU XSWDNH RI SRC
ZHOO GHYHORSHG PHVRSRURXV VWUXFWXUH DQG KLJK V
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Fig. 3.2 The nitrogen adsorption-desorption isotherms of the material.
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Fig. 3.3 The Barrett-Joyner-Halenda (BJH) pore size distribution of the material.



3 DGVRUSWLRQ
f (I1IHFW Rl GLIIHUHQW PDWHULDOV RQ DGVRUSWLRQ

7KH 3 DGVRUSWLRQ DPRXQW DQG UHPRYDO IUDFWLRQ RI
R PJ/ DUH YKRZQ7TKR UHVXOWYV VKRZ WKDW WKH 66 DQ
DPRXQW IRU 3 UHPRYDO FRPSDUHG ZLWK RWKHU ELR PDW
ZLWK WKH 66 LV ZKLOH WKH DGVRUSWLRQ FDSDFLW\
YHU\ OLPLWHG ZLWK D UDQJH RI 7KH KLJK 3 DGVR
DWWULEXWHG WR WKH FDOFLXP LRQV OHDFKHG IURP WKF
LRQV LQ WKH VROXWLRQ WR IRUP D VWDEOH SUHFLSLWDV

Table 3.2Physical properties of materials.
% (7 VXUIDF OLFURSRU 3RUH VL 3RUH YR«
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Fig. 3.4 P-removal capacity and rate of the material in the P solution of 50mg/ko(Beht: 1g, P

solution volume: 25 ml, Revolution per minute: 225, Time: 24 hours).

6RPH PHWDOV LRQV VXFK DV . 1D DQG 0J LRQV GR QRW VL
FDSDFLW\ > @ ZKHUHDV PHWDO LRQV L H &D )H $0O
D VWURQJ DIILQLW\ ZLWK 3 3UHYLRXV VWXGLHV KDYH UF
GLIIHUHQW FDWLRQV RQ 3 DGVRUSWLRQ FDSDFLW\ > @

> @ +HQFH DPRQJ WKHFRMWBQWHEQRWLREH®WRQH Rl WKH
IRU WKH &D 3 SUHFLSLWDWLRQ > @ $OWKRXJK VRGLXP L
RI WKH 66 WKH VRGLXP LRQV KDYH QR VLJQLILFDQW HIIH



E\ %RZGHQ HW DO > @ DQG <LQ HW DO > @ )RU WKt
GRPLQDWHG E\ D FKHPLFDO SURFHVV D ODUJH DPRXQW
VXUIDFH WR VXSSO\ HQRXJK GLVVROYHG FDOFLXP LRQ\
SKRVSKDWH DQG SUHFLSLWDWH LQ WKH IRUP RI K\GUR
UHDFWLRQV > @

f Eg\ fEt 7 ®)
Wf6>EU g?E 7\ fo: 87" i1 (31

+RZHYHU WKH 36 DQG 0 DUH\RDIQOQLAFRPSRWHHLG RKI&FKL D
HOHPHQWY LQGLFDWLQJ WKDW WKH 3 UHPRYDO LV DFKIL
DWWUDFWLRQ > @ 7KH KLJK VSHFLILF VXUIDFH DUHD I
FUXFLDO IRU LPSURYLQJ WKH XSWDNH FDSDFLW\ RI 3 >
KRXU LQFUHDVHVY WKH DGVRUSWLRQ FDSDFLW\ FRPSDUH
WKDW WKH ELR PDWHULDOV PDGH IURP EDPERR PDL]H UH
3 UHPRYDO UDWH ZLWK D UDQJH RI > @ 7KH UHVXO
EHWWHU 3 DGVRUSWLRQ FDSDFLW\ DQG DGVRUSWLRQ |
DJJUHIJDWHY DQG ELR PDWHULDOV

f $GVRUSWLRQ LVRWKHUPYV

7KH DGVRUSWLRQ LVRWKHUPV RI)WKH PKORWHHVROW\D WK RS
WKDW WKH 3 DGVRUSWLRQ DPRXQW LQFUHDVHY DV WKH L
WKH 3 UHPRYDO IUDFWLRQ GHFUHDVHV ZLWK WKH LQFUH
FRQFHQWUDWLRQ RI PJ/ WKH PD[LPXP DGVRUSWLRQ
ZKLOH WKH DGVRUSWLRQ DPRXQW RI RWKHU PDWHULDOV
WKH LQLWLDO 3 FRQFHQWUDWLRQ LV OHVV WRDQ PJ
UHDFKHYV KHQ WKH LQLWLDO 3 FRQFHQWUDWLRQ I
IUDFWLRQ RI WKH 66 GHFUHDVHV )RU LQVWDQFH WKH U
WR DERXW DW WKH LQLWLDO 3 FRQFHQWUDWLRQ RI

7KH 3 DGVRUSWLRQ LVRWKHUPV DUH DQDO\]HG E\ /DQJJ
UHVSHFWLYHO)LDV VKRZOQQIPXLU DQG J)UHXQGOLFK LVRW
IRU 3 DGVRUSW LR @ DEHH KV B IQWKHOSN VQV KRZ WKDW ERWK
JUHXQGOLFK PRGHOV ILWWHG WKH H[SHULPHQWDO GDW
FRHIILFLH@WH H#VWLPDWHG PD[LPXP DGVRUSWLRQ DPRXQ
DFFRUGLQJ WR WKH /DQJPXLU PRGHO 7KH PD[LPXP DGVR
LV YHU\ FORVH WR WKDW RI WKH 36 7KH H[WUDFWLRQ R
PRUH HDVLO\ RFFXU WKDQ RWKHU PDWHULDOV EHFDXVH |
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Fig. 3.5The adsorption isotherms of the materials (a) P-removal amount aRet¢b)oval fraction

(Adsorbent: 1g, P solution volume: 25 ml, Revolution per minute: 225, Timeo@4).
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Fig. 3.6 The Langmuir and Freundlich isotherms of the materials.

Table 3.3Langmuir and Freundlich isotherm parameters of the materials.

. Langmuir model Freundlich model
Materials
Qm KL R? Ke n R?

PS 37 0.0013 0.99 0.02 1.39 0.99
SS 20.4 0.0014 0.98 0.10 1.40 0.97
ES 41 0.0013 0.99 0.02 1.39 0.99
M 34 0.0010 0.98 0.01 1.30 0.98
M-3hour 3.7 0.0011 0.99 0.01 1.33 0.99

f $GVRUSWLRQ NLQHWLFYV

.LQHWLF VWXGLHYVY DUH XVXDOO\ XVHG WR HYDOXDWH WK
WKH PD[LPXP DGVRUSWLRQ DPRXQW > @ 7KH DGVRUS
XVXDOO\ LQFUHDVHYV UDSLGO\ GXULQJ WKH LQLWLDO Ut
HTXLOLEULXP > @)L$V VWRHQDGFRUSWLRQ DPRXQW RI



LQFUHDVHY DV WKH UHDFWLRQ WLPH LQFUHDVHV $W WK
RI WKH 66 RQO\ UHDFKHV RI WKH DGVRUSWLRQ HTXLOLI
WKDW WKH DGVRUSWLRQ IUDFWLRQ RI WKH 66 JUDGXDOO\
UHDFKLQJ WKH HTXLOLEULXP DIWHU KRXUV 7KH HTXL(
VLIQLILFDQWO\ ORQJHU WKDQ WKDW RI ELR PDWHULDOYV
DWWULEXWHG WR WKH GLVWLQJXLVKLQJ FKDUDFWHULVW|
DGVRUSWLRQ SURFHVVHYVY DQG DGVRUSWLRQ PHFKDQLVPYV

+RZHYHU WKH DGVRUSWLRQ DPRXQW RI WKH 0 UDSLGO\ |
UHDFKHYV Rl WKH DGVRUSWLRQ HTXLOLEULXP DPRXQW
DGVRUSWLRQ DPRXQW RI WKH SHDQXW VKHOO ELRFKDU H
DPRXQW ZLWKLQ WKH ILUVW KRXUV > @ 7KLV LV DWWL
DYDLODEOH IRU DGVRUSWLRQ DW WKH ILUVW FRQWDFW
DEVRUSWLRQ RI WKH 0 UHVXOWY LQ WKH PHVRSRUHV EH
WKH ILUVW KRXUV DQG WKHQ WKH DGVRUSWLRQ IUDF
HTXLOLEULXP +RZHYHU WKH XVH RI WKH 66 WR UHPRYH
LQGLFDWLQJ VXIILFLHQW FDOFLXP LRQV JUDGXDOO\ OHD
ZLWK 3 IRU WKH SUHFLSLWDWLRQ FRDJXODWLRQ SURFHV
WLPH WR ILQLVK WKH UHDFWLRQ > @ 7KHUHIRUH DV O
UHOHDVHG IURP WKH 66 VXUIDFH WKH 3 UHPRYDO SURFH
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Fig. 3.7 Adsorption kinetics of the materials.

7KH H[SHULPHQWDO GDWD DUH PDWFKHG E\ WKH SVHXGR
VLPSOH (ORYLFK NLQHWLBLBRGMOXH $IVSHKREEQWDO GDV
DGVRUSWLRQ LQ WKLV VWXG\ FDQ EH GHVFULEHG ZHOO E\
7KH HYDOXDWHG NLQHWLF SDVDEPHWHUN YDGX 1SV HRIH QW
FDOFXODWHG DGVRUSWLRQ DPRXQW DUH FORVH WR WK



SVHXGR VHFRQG RUGHU PRGHO $OWKRXJK WKH (ORYLFK
NLQHWLF GDWD RI WKH 66 DQG WKH (6LWKRULWWLQJ TXD

Table 3.4Kinetic parameters of the materials.

) Pseudo-first-order Pseudo-second-order Elovich
Materials
Ky R? Q K> R2 ) R2

PS 0.44 2.7 0.95 0.46 9.2 0.93 0.35 0.05 0.72
SS 2.35 0.4 0.92 2.67 0.2 0.97 1.02 0.50 0.99
ES 0.41 1.1 0.74 0.46 3.0 0.89 0.26 0.07 0.99
M 0.35 2.9 0.94 0.37 12.9 0.99 0.29 0.03 0.79
M-3hour 0.37 3.0 0.94 0.39 13.3 0.99 0.30 0.03 0.81

f (ITHFW RI S+ RQ DGVRUSWLRQ FDSDFLW\

7KH KLJK S+ FDXVHV WKH DGVRUEHQW VXUIDFH WR FDU
VLIQLILFDQWO\ UHSXOVHV QHJDWLYHO\ FKDUJHG VROXW
UHGXFHV WKH DGVRUSWLRQ DPRXQW RI 3 GXH WR WKH S
VKRZQLIQ WKH DGVRUSWLRQ DPRXQW RI DOO PDWHULDO"
WKH S+ YDOXH LQFUHDVHV IURP WR 7KLV UHVXOW L
UHSRUWHG E\ <LQ HW DO > @ DQG %RODQ HW DO >

DPRXQW DSSHDULQJ DW D S+ YDOXH RI DURXQG "KHQ
OHVV WKDQ WKH VSHFLHV RI WBRH ZKSBK GRPG QD QFX@\W
DWWDFK WR H[FKDQJH VLWHV IRU DQLRQ H[FKDQJH :KHQ
+32 +32 DQG 3RUH PDMRU VSHFLHV IRU WKH 3 VROXWLRC
LRQ H[FKDQJH 3 SHFLD® WBEH+S+ YDOXH LV PRUR'KDQ  \
H[LVWV LQ VROXWLRQ ZKLFK PD\ FRPSHWH ZLWK WKH V
UHVXOWLQJ LQ WKH UHGXFWLRQ LQ WKH 3 DGVRUSWLRQ
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Fig. 3.8Effects of pH values on the adsorption amount (Adsorbent: 1g, P solution; Rftial P

concentration: 100 mg/L).



7KH UHVXOWY DOVR VKRZ WKDW WKH DGVRUSWLRQ DPRX
S+ YDOXHV RI WKH 3 VROXWLRQ FKDQJH IURP DFLGLF WR
WKDW WKH DPIRAIMWORIDEBELQJ IURP WKH DGVRUEHQW GHF
WKH S+ YDOXH RI WKH LQLWLDO VROXWLRQ > @ ORI
VROXWLRQ GHFUHDVHG WKH SRVLWLYHO\ FKDUJHG VXL
SURPRWH 3 DGVRUSWLRQ EHFDXVH RI WKH HOHFWURVWDYV
UHGXFWLRQ LQ 3 DGVRUSWLRQ DPRXQW LV REVHUYHG L
> @ 7KLV LV EHFDXVH WKH SRVLWLYH FKDUJH VXUIDFI
FRPELQHG ZLWK 3 LQ DQ DFLGLF VROXWLRQ GXH WR HOHI
W\SHV RI 3 LRQV LQ WKH VROXWLRQ DUH DIIHFWHG E\ WK
S+ YDOXH YDULHV EHWZHHQ DQG WKH SUHGRPLQDQW
+32 ZKLFK FRXOG UHDFW ZIWWRKIRKPM \&KWVROHYAHG IDD W LR

3 GHVRUSWLRQ

7KH 3 GHVRUSWLRQ DPRXQW DQG GHVRUSWLBQ IUDFWLRC
7KH UHVXOWV VKRZ WKDW WKH 3 GHVRUSWLRQ IUDFWL
VLIQLILFDQWO\ KLJKHU WKDQ WKDW RI RWKHU PDWHULI
SKHQRPHQRQ LQGLFDWHY WKDW WKH 0 LV DQ XQVWDEOH
3 FRXOG HDVLO\ EH GHVRUEHG IURP WKH 0 ZKLFK LV D
UHVXOWLQJ LQ VHFRQGDU\ SROOXWLRQ LQ WKH DTXDWLF
GHVRUEHG 3 LV GHWHFWHG LQ WKH 66 VROXWLRQ ZKLFK
LV D VWDEOH SUHFLSLWDWLRQ SURFHVV DQG EDUHO\ GH
> @ 7KHUHIRUH WKH 66 FDQ EH VDIHO\ XVHG DV DGV
3 UHPRYDO IURP ZDWHU DQG QR VHFRQGDU\ SROOXWLRQ
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Fig. 3.9 The P-desorption amount and desorption fraction of the material (Adsotige Distilled

water: 25 ml, Revolution per minute: 225, Time: 24 hours).
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Fig. 3.10 The XRD patterns of the material before and after the test (a) SS, (b) ES, (d) M and
(e) M-3 hour.

&KDUDFWHUL]DWLRQ RI WKH DGVRUEHQWY DIWHU 3 D

f OLQHUDORJLFDO SKDVH DQDO\VLYV

7KH PDLQ PLQHUDO FRPSRQHQWYV RI WKH 66 DUH EURZ
PDIJQHWLWH )DY VKRK® DGEVRUSWLRQ HIITHFW RI WKH 66 R
E\ WKH K\GURO\VLV RI FDOFLXP FRQWDLQLQJ R[LGHV >

DUH LQYROYHG LQ WKH 3 UHPRYDO E\ FKHPLFDO ERQGLQ.



ZLWK WKH VXUIDFH ZKLFK OHDGV WR D EHWWHU DGVRL
PDWHULDOV 7KH FU\WWWDOOLQH FRPSRXQGV RI WKH (6 D!
(6 LV SUHGRPLQDQWO\ DPRUSKRXVY OHWDO HOHPHQWYV
DOXPLQLXP DOVR FRQWULEXWHG WR WKH 3 DGVRUSWLRQ

6LPLODU WR RWKHU ELR PDWHULDOV VXFK DV ZRRG VR\E
36 LV FU\VWDOOLQH FHOOXORVH DQG D GLVWLQFW SHDN
DQG f 7KH VKDSH RI WKH GLITUDFWLRQ FXUYH RI WKH C
WKH 36 7KH 0 KRXU VKRZV D ZLGH GLIIUDFWLRQ SHDN FI
WUHDWPHQW HIIHFW > @ 36 DQG 0 DUH PDLQO\ FRPSH
IRU DERXW RI WKH WRWDO GU\ ZHLJKW > @ 7KH\
QHZ FU\WVWDO VWUXFWXUH 7KHUHIRUH WKH FKDQJHV LQ
DIWHU 3 DGVRUSWLRQ QHDU WKH GLIITUDFWLRQ DQJOH RI

3 RQ WKH VXUIDFH RU PLFURSRUHV RI WKH PDWHULDO >

Fig. 3.11 The SEM images and EDS analysis of the material after adsorption teStagl §) M-
3hour.

f 6(0 ('6 DQDO\VHV

7KH 6(0 LPDJHV DQG WKH ('6 DQDO\WVHV RI WKH PDWHULDC
yLJ 6HYHUDO VPDOO VSRWY DUH VHOHFWHG DQG DQDO
DQG D FU\VWDOOLQH VXEVWDQFH DSSHDUV GLVWULEXW!
GLVWULEXWHG 3 FU\VWDOV DUH REVHUYHG RQ WKH VXUII
WKH SUHFLSLWDWH RI &D 3 2 7KH VDPH SKHQRPHQRQ LV



LQ RWKHU PDWHULDOV VXFK DV IXUQDFH VODJ > @ RL
QDPHO\ VXVSHQGHG &D 3 SUHFLSLWDWLRQ IRUPHG RQ W
DGVRUSWLRQ ,Q WKLV VWXG\ WKH VWURQJ SHDN RI 3 LV
LV GHWHFWHG RQ WKH VXUIDFH RI DOO PDWHRILDOV 7K
VLIQLILFDQW HIIHFW RQ WKH 3 DGVRUSWLRQ WKH FKHPL
IRU 3 DGVRUSWLRQ GXH WR WKH GLVVROXWLRQ RI FDOFL

> @
/IRZ FRVW PDWHULDOV XVHG IRU 3 DGVRUSWLRQ

Table 3.5Low-cost materials used for P-adsorption.

3DUW $GVRU! ,QLWLDC $JLWLC &RQV 3
ODWHULDOV VL]H FDSDFlL FRQFHQ PRGH WLPF UHPR
PP PJJ PJ/ USP K

,QGXVWULDO P
6WHHO VODJ W
)XUQDFH VODJ
6WHHO VODJ > !
YXUQDFH VODJ

)J)O\ DVK > @

&RDO DVK > @
6\QWKHWLF PD!

YH&X ELQDU\ R[ 3RZG
$OXPLQLXP R[L 3RZG
,URQ K\GURI[LG 3RZG
1DWXUDO PDWEF
3DOVJRUVNLWH
ORGLILHG VHSL
4XDUW] VDQG >

%LR EDVHG PD\
BHDQXW VKHOOG 3RZG
%DPERR > @ 3RZG
-XQLSHU ILEHU 3RZG
'DWH SDOP ILElI 3RZG

7KH ORZ FRVW PDWHULDOV XVHG IRU 3 DGVRUSWLRQ |
VIOWKHWLF PDWHULDOV QDWXUDO DQBGODEOR EFRMHG PDW
UHVXOWY LQGLFDWH WKDW WKH 66 JHQHUDOO\ KDV EHWYV
ELR PDWHULDOV DQG XQPRGLILHG QDWXUDO PDWHULDOV
PRGLILHG QDWXUDO PDWHULDOV 66 LV NQRZQ IRU LWV Y|
Rl lTUHH OLPH SKDVH DQG DOVR KDV LVVXHV ZLWK OHDFK
WKH VI QWKHWLF DQG PRGLILHG DJJUHJDWHYVY $OWKRXJ



DGVRUSWLRQ FDSDFLW\ WKH\ DUH SRZGHU\ DQG DUH QRYV
LQ FRQFUHWH 6LPLODU WR WKH PRGLILHG QDWXUDO DJJ
WKH XVH Rl VIQWKHWLF PDWHULDOV LQ FRQFUHWH PD\ O
HQYLURQPHQW > @

%LR EDVHG DFWLYDWHG FDUERQ VXFK DV EDPERR MXQLS
ZLGHO\ XVHG DV DGVRUEHQWYV LQ ZDWHU WUHDWPHQW
PDWHULDOV LV UHODWLYHO\ OLPLWHG FRPSDUHG WR WKH
DQG IODN\ SDUWLFOHYVY DQG WKHLU DSSOLFDWLRQ DV D
WUDQVLWLRQ ]JRQH DQG ORZ PHFKDQLFDO SURSHUWLHYV R
66 KDV D PXFK KLIJKHU VWUHQJWK WKDQ RWKHU ELRORJL
GLUHFWO\ XVHG DV DJJUHIJDWHYV LQ FRQFUHWH 7KHUHIRL
DGVRUSWLYH DJJUHIJDWH WR UHSODFH WKH QRQ DGVRU
UHPRYDO RI DGVRUSWLYH FRQFUHWH EHFDXVH RI LWV F
SURSHUWLHYV

&RQFOXVLRQV

%2) VWHHO VOKOI K [KXDEMWRWSWLRQ FDSDFLW\ DQG DG
FRPSDUHG WR OLJKWZHLJKW DJJUHJDWHYV DQG ELR EDVH
ILWWHG ZHOO E\ WKH SVHXGR VHFRQG RUGHU NLQHWLF
GHVRUSWLRQ LWDQFBMWKQB®KDWO\ DV DGVRUSWLYH DJJ
3 UHPRYDO

7KH VWHHO VODJ DGVRUSWLRQ FHHAXEKHG/ RUIRP DMK U ¢
VXUIDFH ZKLFK FDQ UHDFW ZLWK SKRVSKDWH WR IRUP
FKHPLVRUSWLRQ SURFHVV LV FRQWLQXRXVY DQG VWDEOH
JUDGXDOO\ OHDFK IURP WKH VWHHO VODJ VXUIDFH DQG
SUHFLSLWDWLRQ FRDIJXODWLRQ SURFHVV W LV SURSRYV
DGVRUSWLYH DJJUHJDW H\O DG WKHS SWLR G XFFRVQ-RUH R/IHK L J K

+HDW WUHDWPHQW FDQ EH XVHG WR LQFUHDVH WKH O
7KH DGVRUSWLRQ DPRXQWD RKRWKIH KRHLDAR D/QWAHOXW PHHIQWIA W Q F

PJ J WR PJJ GXH WR WKH FKDQJH LQ SRUH VWUXFW
RI ELR EDVHG PDWHULDOV IROORZV D SK\VLFDO DGVRUS)
GHYHORSHG PHVRSRURXV VWUXFWXUH DQG KLJK VSHFLIL
DEVRUSWLRQ Rl WKH PLVFDQWKXV UHVXOWYV LQ UDSLG 3
DV ZHOO DV KLJK 3 GHVRUSWLRQ



&KDSWHU $ IDFLOH PDQXIDFWXUH RI |
DJJUHIJDWHYV XVLQJ VWHHO VODJ DQG SRU
SKRVSKRUXV UHPRYDO

1DWXUDO DGVRUSWLYH PDWHULDOV DUH PDLQO\ EDVHG F
DGVRUSWLRQ FDSDFLW\ $UWLILFLDO DGVRUSWLYH DJJ
LPSURYLQJ ZDWHU TXDOLW\ IRU SROOXWDQW UHPRYDO |
GHYHISRYIRXV DQG VXVWDLQDEOH DGVRUSWLYH DJJUHJD
SK\WLFDO DGVRUSWLRQ FDSDFLWLHV ,QGXVWULDO E\ SU
FROQOMXQFWLRQ ZLWK SRUREV SRB6QG HER RQMOIPW HU H G

SHOOHWL]LQJ PHWKRG IRU SURGKEWU QW WX \I DLQHDIDOMH K L
EDVHG PLVFDWDWERYHG WR | XWAHBRHDELOHBNX HDQG SRUR\
UHVXOWV VKRZ WKDW WKH EXON GHQVLW\ RI WKH UHVXOV
NJ PWR NJZPWK D EXON FUXVKLQJ VWUHQJW® RI XS W
DGVRUSWLYH DJJUHJDWHVY KDYH RXWVWDQGLQJ UHVLVW
3KRVSKDWH DGVRUSWLRQ WHVWV VKRZ WKDW WKH DGVF
DTXHRXV VROXWLRQ 7KH SUHVHQW UHVXD®/VEBHBRQVWUI
DJJUHJDWHV ZLWK JRRG PHFKDQLFDO SURSHUWLHV FDQ
SHOOHWL]LQJ PHWKRG VXLWDEOH IRU WKH DSSOLFDWLR

7KLV FKDSWHU KDV EHHQ SXEOLVKHG DV

)X 4/ <X ) *DXYLQ + $HDBIURKPHWKIDFWXUH RI KLJKO\ DGVRUSWI
VWHHO VODJ DQG SRURXV H[SDQG G WRXUWFB VI R&RYR/RINUSKORMLRQ UHP R



,QWURGXFWLRQ

7R UHF\FOH LQGX\G\MHDORG YXVWBY @IEOH DGVRUEHQW PDV
FKDUDFWHULVWLFV RI LQGXVWULDO E\ SURGXFWV VXFK

FOD\ KDYH EHHQ LQYHVWLJDWHG LQ UHFHQW6EHDUV > +
H[KLELWY DQ H[FHOOHQW DGVRUSWLRQ FDSDFLW\ IRU SR
ZDWHU SXULILFDWLRQ LQ WKH ILHOG Rl ZDVWHZDWHU WU
IRU WKH K\GUR[\DSDWLWH SUHFLSLWDWLRQ DUH PDLQO\ |
UHOHDVH RRRWWKH 66 LV QRW DOZD\V VXIILFLHQW GXULQ
WKH GHQVH VWUXFWXUH RI WKH 66 ORUHRYHU WKH DGVF
LQFUHDVHV DV WKH SDUWLFOH VL]HQB$HRIH DN MWK UEDBIF D YO\
> @ 7KH DGVRUSWLRQ FDSDFLW\ RI WKH 66 LV DWWULE
HIITHFWLYH IRU VSHFLILF SROOXWDQWYV VXFK DV SKRVSK
FRQWDLQV D YDULHW\ RI SROOXWDQWY VXFK DV RUJDQLF
PHWDOV 3K\VWLFDO DGVRUSWLRQ DOVR SOD\VVDQ LPSRL
EHFDXVH LW XWLOL]JHV ZHOO GHYHORSHG PLFWRSRUHV

FRPELQDWLRQ RI KLJK DGVRUSWLRQ 66 SRZGHU DQG SR
DGVRUSWLYH DJJUHJDWHV ZLWK ERWK FKHPLFDO DQG SK
RQO\ VLJQLILFDQWO\ UHGXFHV WKH GHQVLW\ RI WKH

WUDQVSRUWDWLRQ EXW DOVR PDNHV WKH SROOXWHG ZD\
UHVXOW LQ PRUH FDOFLXP SUHFLSLWDWHG IRU WKH IRUP

+LJK SHUPHDELOLW\ DQG SRURVLW\ DUH HVVHQWLDO IR
SROOXWDQWY FDQ PRUH HDVLO\ SHQHWUDWH LQVLGH W
SROOXWDQWY LQ WKH ZDWHU FDQ EH TXLFNO\ DEVRUEHC(
DGVRUSWLYH DJJUHIJDWH ORUHRYHU WKH LQRUHDVH LQ
FDQ DGVRUE FRQWDPLQDQWY WKURXJK SRUHLROOLQJ D
EDVHG PDWHULDOV FDQ VLJQLILFDQWO\ LQFUHDVH WKH ¢
SDVWH GXH WR WKH ZHOO GHY®OBSHGLRXNFURWRGHHV V
JURXQG PLVFDQWKXY 0 H[KLELWY KLJK SRURVLW\ DQG
KLIK FRQWHQW RI SRURXV SDUHQFK\PD ZLRWWK @ SRUH VI
%HVLGHVSRNIGHHU FDQ DEVRUE DERXW WLPHV ZDWHU RI
DGVRUSWLRQ SRWHQWLDO IRU SROOXWDQW UHPRYDO IUR
WKH 0 IRU &G FDQ UHDFK PJ J DIWHU VORZ S\URO\VLV

> @ %HVLGHDEHWKWHIUUKIDGVRUSWLRQ FDSDFLW\ IRU ¥
DQG UDSLEBB T XNIHDIFKULXP ZLWKLQ PLQXWHV > @ 7KHUH]
IXUWKHU LQFUHDVH WKH SHUPHDELOLW\ RI WEW\DGVRUS\
SHQHWUDWH WKH DGVRUSWLYH DJJUHJDWH DQG EH DGVR



DJJUHJDWH

7KLV FKDSWHU DOSRRW RRVGHYG RSWDLQDEOH DGVRUSWLY
ERWK FKHPLFDO DQG SK\VLFDO DGVRUSWLRQ FDSDFLW\ I
SHUIRUPDQFH RI DGVRUSWLYH FRQFUHWH %DVLF 2[\JHC
SRZGHU LV XVHG LQ FRQMXQFWLRH(BELSRZSRIWR EV GRYD C
VLQWHUHG SHOOHWL]LQJ IRU WKH PDQXIDFWXUH RI KL
PLVFDQWKXV 0 LV XVHGWWRUPHDEKBOUW\QBQBDIRIURYV LW\
SURSHUWLHV PHFKDQLFDO VWUHQJWK GXUDELOLW\ FKD
DGVRUSWLYH DJJUHJDWHVY DUH LQYHVWLJDWHG 7KH PLQ
DGVRUSWLYH DJJUHJDWHV DUH DQDO\VHG E\ ;5' DQG 6
UHVHDUFK SURYLGHV D KLJK DGVRUSWLYH DJJUHJDWH Z
KLJK 3 UHPRYDO SHUIRUPDQFH ZKLFK LV VXLWDEOH IRU [
SXULILFDWLRQ VXFK DV DGVRUSWLYH FRQFUHWH FRQVW

ODWHULDOV DQG PHWKRGYV

ODWHULDOV

%2) VWHHO VODJ 66 VXSSOLHG E\ 7$7$ 6WHHO 7KH 1HW
OLJKWZHLJKW HYS(BQ GRGEGHWIDADG PLVFDQWKXV 0 VXSS
7KH 1HWKHUODQGV DUH XVHG DV PDLQ FRPSRQHQWV IF
DJJUHJDWHV LQ WKLV VWXG\ &(0 b 5 BRUWODQG FH
1IHWKHUODQGV LV XVHG DV WKH ELQGHU 7KH 66 LV PDL
R[LGHV ZKLOH WKH (6 PDLQO\ FRQWDLQV VLOLFRQ DQG
LQWHULRU RI WKNMSRURRWG WRHW PD\ EH IHDVLEOH WR XV
GHQVLW\ Rl WKH DGVRUSWLYH DJJUHJDWHY DQG LQFUHD)

$GVRUSWLYH DJJUHIJDWHY SUHSDUDWLRQ

7KH VSHFLILF GHQVLW\ RI WKH ®6 DQG WBPVIBIHHF W L YIHPOR 71
UHGXFH WKH GHQVLW\ RI WKH DGVRUSWLYH DJJUHJDWH
GLIIHUHQW 66 DQG (6 FR Q&R{IQDM GIHWH. Q.1 YWKWHW WFRDMOHIG F R
PDWHULDOV E\ ZHLJKW LV ZKHQ WKH 66 FRQWHQW DU
66 DQG WKH FR& BRYYR@OL QU H DQG UHVSH
LQFUHDVH WKH SHUPHDELOLW\ RI WKH DGVRUSWLYH DJJU
WUHDWHG PLVFDQWKXV +0 XQGHU QLWURJHQ FRQGLWLF
WKH PL[WXUH 7KH GRVDJH RI PLVFDQWKXV LQ PRVW PL]
ZHLJKW GHVLJQDWHG 0 LQ DOO OL[ H[FHSW IRU WKH 6



PLIWXUHV FRQWDLQ ZW DGGHG FHPHQW DV ELQGHU 7
OL[ 1R ZLWK O LV XVHG DV D FRQWURO LQFOXGLQJ 66
PL[ FRPSRVLWLRQV Rl DGVRUSWIZDPHM®HIJUHIJDWH DUH SUH

Table 4.1Mix compositions of adsorptive aggregates.

&RPSRVLWLRQ E\ ZHLJKW

oL[ 1R

50° 0E50 :F50 &HPHQW 0 7\SH

66 O

66 O 6 6° (6" 5Dz

66 +0 +HDMUHDW
66 O

66 O 66 (6 5Dz

66 +0 +HDMUHDW
66 O

66 O 66 (6 5Dz

66 +0 +HDWMWUHDW
66 O 5DZ

®5DZ PDWHULDO WKH PL[WXUH RWWHWIHHRD § GIRKNEWG HOSDQBHG VLOLF
H(ISDQGH®/ WLOLFD

HJ IRUG6 0 66 LQGLFDWHY WKDW WKH VWH Q@& ®D P HIQ\FRQWHQ
WKDW WKH PLVFDQWKXY 0 FRQWHQW LV ,Q RWKHKHDPVUL[WMH B W HE0
PLVFDQWKXV +0 LV

Fig. 4.1 The manufacturing process of the adsorptive aggregate.

7KH PDQXIDFWXULQJ SURFHVV RI DGMRUSWILOYWVWWO OJUHJIDYV
ubz PDWHULDOV DUH HYHQO\ PL[HG LQ D PL[HU IRU PL
WXUQBE® RQHHG RI USP DQG D VPDOO DPRXQW RI ZDWF
RI WKH URWDWLQJ GLVF :KHQ WKH PL[WXUH SRZGHU LV D



VSUD\HG RQ WKH GULHG SRZGHU VXUIDFH WR IRUP VSKHL
WKH SDUWLFOHY DUH UHPRYHG IURP WKH GLVF $IWHU WK
DQG VSUD\HG ZLWK ZDWHU DQG UHSHDW WKH SUHYLRXV \

THVW PHWKRGV
f 3K\ WLFDO SURSHUWLHV WHVW

7KH SDUWLFOH VL]H GLVWULEXWLRQ RI DGVRUSWLYH DJ
PHWKRG DFFRUGLQJ WR (1 DQG WKH PHVK VL]H L\
DQG PP UHVSHFWLYHO\ 7KH SDUWLFOH GHQVLW\ LV GH\
JDV S\FQRPHWHU 7KH EXON GHQVLW\ DQG ZDWHU DEVRUS

%HVLGHY WKH PLOQHUDORJLFDO SKDVH RI DGVRUSW
DQG WKH PLFURVWUXFWXUH LV DQDO\VHG E\ 6(0

f OHFKDQLFDO VWUHQJWK WHVW

7KH EXON FUXVKLQJ VWUHQJWK RI DGVRUSWLYH DJJUH
(1 'KHQ WKH DGVRUSWLYH DJJUHJDWHNDY XVHG IR
EH SURQH WR GDHRQRJHZGWHLRWKHU FRXUVH RU ILQH DJJU|
VWUHQJIJWK LV GHWHUPLQHG WR HYDOXDWH WKH UHVLVW
IROORZV ILUVWO\ J RI WKH DGVRUSWLYH SDUWLFOHYV =
LQ WKH SRUFHODLQ EDOO PLOO SRW 7KHQ J RI SRUFH
EDOO PLOOLQJ LV WXUQHG RQ ZLWK D PLOOLQJ VSHHG
DGVRUSWLYH SDUWLFOHYV LV UHFRUGHG DW PLQ PLQ
UHVSHFWLYHO\

f '"XUDELOLW\ WHVW

:KHQ DSSOLHG WR DGVRUSWLYH VFRIQOFQ H MZHIF REGNRFUS W L Y

ZDWHU HVSHFLDOO\ SROOXWHG ZDWHU ZKLFK ZRXOG SR

WKH DGVRUSWLYH DJJUHJDWH ,Q DVKER Q/F¥XQGN UD WIDR® B

ZHLJKW LV XVHG WR HYDOXDWH WKH GXUDELOLW\ RI WK

VROXWLRQ 7KH DGVRUSWLYH DJJUHJDWH ZLWK D VL]H RI

WHVW 7KH FKDQJH LQ PDVV RI WKH DGVRUSWLYH DJJUHJ
DQG GD\V

KHQ WKH DGVRUSWLYH DJJUHJDWH LV DSSOLHG LQ FROC
LOVLGH WKH VDWXUDWHG DGVRUSWLYH DJJUHJDWH GXlI
H[SDQVLRQ IRUFH ZKLFK ZLOO SRWHQWLDOO\ GDPDJH W
UHVLVWDQFH LV DQ LPSRUWDQW LQGH[ IRU HYDOXDWLQJ



,Q WKLV VWXG\ WKH UHVLVWDQFH WR IUHH]LQJ DQG WK
7KH WHPSHUDWXUH RI WKH IUHH]H WKDZ WHVW LV )\
KRXUV IRU HDFK F\FOH 7KH FKDQJH LQ PDVV RI DGVRUSYV
DQG I[IUHH]H WKDZ F\FOHV UHVSHFWLYHO\

f $GVRUSWLRQ WHVW

3KRVSKDWH LV D PDMRU SROOXWDQW LQ DQ DTXHRXV VRC
ZDWHU LQ WKLV VWXG\ J Rl WKH DGVRUSWLYH DJJUHJD\
DQ LQLWLDO FRQFHQWUDWLRQ RI PJ/ 7KH PL[WXUH
WKHUPRVWDWLF VKDNHU IRU KRXUV DQG WKHQ ILOW!
H[WUDFWHG VXSHUQDWDQW LV XVHG IRU DQDO\VLQJ Wk
PLQHUDORJLFDPEBRDWH XFQMXUH RI 66 0 DIWHU WKH D
PHDVXUHG E\ ;5' DQG 6(0 ('6 UHVSHFWLYHO\ IRU DQI
PHFKDQLVP 7KH 3 DGVRUSWLRQ DPRXQW3T PDJUH DQG 3
FDOFXODWHG E\ (TV DQG UHVSHFWLYHO\

7KH LRQV OHDFKHG IURP DGVRUSWLYH DJJUHJDWHYV DUH
E\ ,&3 $(6 7KH DGVRUSWLYH DJJUHIJDWHY DQG GHLRQL]H
VROLG UDWLR RI XVLQJ D G\QDPLF VKDNHU ZLWK D VS
OHDFKDWHY DUH ILOWHUHG E\ WKH —P ILARBIU DQG I
WKH OHDFKLQJ WHVW

SHVXOWY DQG GLVFXVVLRQ

3K\ WLFDO SURSHUWLHYV RI DGVRUSWLYH DJJUHJDWHYV
f SBDUWLFOH VL]H GLVWULEXWLRQ

$FFRUGLQJ WR WKH (1 VWDQGDUG (1 DJJUHJDWH
WKDQ PP DUH GHILQHG DV ILQH DJJUHJDWHY DQG ODUJ
$VVKRZL1LQ WKH GLDPHWHU RI PRWW LMY RALSAWLNMH W H W
PP WR PP ZKLFK DFFRXQWYV IRU RI WKH WRWDO
$GVRUSWLYH SDUWLFOM ZPBPWKDPBFRX{HWVRIIRU ZKLC
DGVRUSWLWHVSO DWILABHRI PRUH WKDQ PP DFFRXQW IRU
ZKHQ WKH DGVRUSWLYH SDUWLFOH VL]H LV OHVV WKDQ
LV PDLQO\ VSKHULFDO ZKLOH WKH SDUWLFOHV DUH OL
DGVRUSWLYH SDUWLFOHMILQFUHDVHYV DV VKRZQ LQ
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Fig. 4.2 The particle size distribution of adsorptive aggregates.

Fig. 4.3 SS50NoM adsorptive particle.
f OLQHUDORJLFDO SKDVH DQDO\VLV

7KH ; UD\ GLIIUDFWLRQ SDWWHUTKH DUHV YXWRYQVKRZ WK
PLQHUDORJLFDO SKDVH RI DOO PDWHULDOY¥ BRGWDLQV
FDOFLXP K\GD\PMAH@W LV XVHG DV D ELQGHU IRU DOO PL]
VLIJQLILFDQW GLIIHUHQFHV LQ GLIIUDFWLRQ SHDNV DW G
f DQG f :KHQ WKH VWHHO VODJ FRQWHQW LQFUHDVH)\
WKH GLIIUDFWLRQ SHDNV DW f DQG f DUH VLJQLILFDQ)
DW f f f DQG f DUH LQFUHDVHG 7KLV LV EHFDXV
WKH FRPSRVLWLRQ Rl WKH PDWHMWH.DO EKLFELQW\ H[
SUHGRPLQDQWO\ DPRUSKRXV ZLWK PLQRU TXDUW] ]HRC
GLIIUDFWLRQ SHDNV DW f DQG f +RZHYHU WKH PDLQ |
RI FDOFLXP DQG LURQ :KHQ WKH FRQWHQW Rl VWHHO Vi
EURZQPLOOHULWH DQG ZXVWLWH DUH REVHUYHG DW D Gl

f "HQVLWLHV

7KH GHQVLW\ RI WKH DGVRU9SWILY H$V JH [BHHIPWHGE/ MVKYKIRE G
RI PLVFDQWKXY UHGXFHV WKH GHQVLW\ RI WKH DGVRUS
WUHDWHG PLVFDQWKXV +0 %YHFDXVH WKH KHDW WUHDYV
LQFUHDVHVY WKH PLFURSRURXYVY VWUXFWXUH RI PLVFDQW ¥



DGVRUSWLYH DJJUHJDWHY LQFUHDVHY VLJQLILFDQWO\ ZL1
EHFDXVH WKH GHQVLW\ RI VWHHO VODJ 66 LV PXFK KLJK
VLOLEK® 7KH DSSDUHQW GHQVLW\ RI WKH DGVRUSWLYH D
WR NIJDRQG EXON GHQVLW\ UD@RHV |NBRH NJ P
VWLSXODWHY WKDW PDWHULDOV ZLWK B U DUMMRHADHH EXHIN
GHQVLW\ ORZHU WAHDOQEH XNH® DV OLJKWZHLJKW DJJUHJI
RI WKH DGVRUSWLYH DJJUHIJDWHYV KDY W OHCGEXON.\GHRNVEPW
DUH ZLWKLQ WKH UDQJH RI OLJIKWZHLJKW DJJUHJDWHV \
OLIJKWZHLJKW DJJUHIJDWH FRQFUHWH /:$&
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Fig. 4.4 XRD patterns of adsorptive aggregates.
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Fig. 4.5 Density of adsorptive aggregates.
f .DWHU DEVRUSWLRQ

JRU RUGLQDU\ DJJUHJDWHYV KLJK ZDWHU DEVRUSWLRQ Jli
PHFKDQLFDO SURSHUWLHV RI FRQFUHWNLQ@WLGEHOWKHEYV L



FRQFUHWH +RZHYHU IRU DGVRUSWLYH DJJUHJDWHV KL
SROOXWHG ZDWHU FDQ TXLFNO\ SHQHWUDWH WKH LQWHL
ZLWK WKH DGVRUEHQW PDWHULDOVWLRU $ROWMONXGADRUE W HP
DJJUHJDWHV KDYH KLJK LQLWLDO ZDWHU DEVRUSWLRQ
LQFUHDVHV ZLWK WLPH 1HYHUWKHOHVV DIWHU KRXU
EHFRPHV LQVLJQLILFDQW 7KLV SKHQRPHQRQ LQGLFDWH\
DPLFURSRURXV VWUXFWXUH ZKLFK FDQ TXLFNO\ DEVRUE
FRQWDFW ZLWK WKH DTXHRXV VROXWLRQ 7KH VDPH SK
GUHGJHG VHGLPHQW DJJUHJDWHY > @ ORUHRYHU ZLW}
WKH ZDWHU DEVRUSWLRQ JUDGXDOO\ GHFUHDVHV 7KLV F
VWHHO VODJ ZKLFK OHDGV WR WKH ORZ ZDWHU DEVRUSW
WKDW WKH K ZDWHU DEVRUSWLRQ RI VWUXFWXUDO JUD
WR ,Q WKLV VWXG\ H[FHSW IRU 66 0 DQG 66 +0 WK!
DGVRUSWLYH DJJUHJDWHV LV VLPLODU WR WKH +RIl UDQ.
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Fig. 4.6 Water absorption of adsorptive aggregates.
f OLFURVWUXFWXUH

$VVKRZLLQ D ORW RI PLFURSRUHV H[LVW LQVLGH WKH D
LV WKH UHDVRQ IRU WKH KLJK ZDWHU DEVRUSWLRQ 7KHYV
SRURXV VWUXFWXUH RI OWR®GHLBEKW HPHND RRE@ GL QLU OHEHFW
VODJ RU PLVFDQWKXYVY DQG FHPHQW SDVWH )RU PRVW I
FRPSRVLWLRQ PLFURSRURXV VWUXFWXUH DQG SRUH F
DGVRUSWLRQ FDSDFLW\ > @ &RPSDUHG WR RUGLQDU\
XVHG DV D FKDQQHO IRU SROOXWHG ZDWHU WR HQWHU W
2QFH SROOXWHG ZDWHU LV LQ FRQWDFW WIHMXG VWHHO
PLVFDQWKXV LW FDQ EH DGVRUEHG E\ FKHPLFDO RU SK\\
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Fig. 4.7 SEM micrographs of adsorptive aggregates.
OHFKDQLFDO SURSHUWLHY RI DGVRUSWLYH DJJUHJDW
f %XON FUXVKLQJ VWUHQJWK

$V VKR2QJILQ WKH EXON FUXVKLQJ VWUHQJWK RI DOO DG
IURP 03D WR 03D :KHQ VWHHO VODJ FRQWHQW LQFU
LQFUHDVHYV VLIQLILFDQWO\ GXH WR WKH KLJK VWUHQJW!|
WKH KLIK EXON FUXVKLQJ VWUHQJWK RI DGVRUSWLYH DJ.
VLIQLILFDQWO\ ZHDNHQV WKH EXON FUXVKLQJ VWUHQJIW
66 0 KDV D PLQLPXP EXON FUXVKLQJ VWUHQJWK RI
WKDQ WKH DGVRUSWLYH DJJUHJDWH ZLWKRXW DQ\ PLVFD

*HQHUDOO\ VLQWHUHG DUWLILFLDO OLJKWZHLJKW DJJUI
WKDQ QRQ VLQWHUHG DJJUHJDWHV /DX HW DO > @ VK
PDGH RI SDOP RLO IXHO DVK DQG OVFH VWU N B WIHIE WHZWDH @
RI 03D /R HW DO > @ UHSRUWHG WKDW WKH KLJK FD
WKH WHPSHUDWXUH RI « KDYH D FUXVKLQJ VWUHQJIW!
DUWLILFLDO DJJUHJDWHV XVXDOO\ SRVVHVV KLJK PHF
FRQVXPHG IRU SURYLGLQJ KLJK WHPSHUDWXUHV DFFRP
3HQJ HW DO > @ PDQXIDFWXUHG QRQ VLQWHUHG GUH
FUXVKLQJ VWUHQJWK YDU\LQJ IURP 03D WR 03D 7KH
Rl WKH DGVRUSWLYH DJJUHJDWHVY PDQXIDFWXUHG LQ W
RUGLQDU\ QRQ VLQWHUHG DUWLILFLDO DJJUHJDWHYV
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Fig. 4.8 Bulk crushing strength of adsorptive aggregates.
f 6KHDULQJ VWUHQJWK

7KH SHUFHQWDJH RI GDPDJH RI DGVIRUSWELKH DB YXDNDW +
VKRZ WKDW WKH SHUFHQWDJH RI GDPDJH RI DOO DGVRU:
KHQ VWHHO VODJ FRQWHQW LV WKH DEUDVLRQ RI DG
ZLWKLQ WKH ILUVW PLOQXWHYV DQG IXUWKHU LQFUHDVH
EHFDXVH KLJK GHQVLW\ VWHHO VODJ SOD\V D FRUH URO!
DQG ORZ GHQVLWWHMNDQBGFHIHGLRQRADKH VXUIDFH RI WKH \
GLVF URWDWLRQ 7KHUHIRUH WRLO VWKH OQRXM(HH [ YXQ GOHF
DGVRUSWLYH DJJUHJDWHYVY LV PRUH OLNHO\ WR EH GDPDJ
PDVV GXULQJ WKH ILUVW PLQXWHV )RU WKH DGVRUSWLY
WKH SHUFHQWDJH RI GDPDJH LQFUHDVHYV PRUH OLQHDUO
KDYH EHWWHU DEUDVLRQ UHVLVWDQFH

'"XUDELOLW\ RI DGVRUSWLYH DJJUHJDWHYV
f 6DOW UHVLVWDQFH

7KH PDVWWVORKN&GVRUSWLYH DJJUHIJDWHY GXULQJ WKH VDO
)LJ 7KH UHVXOWY VKRZ WKDW WKH LQFUHDVH LQ VWHH (
RI WKH DGVRUSWLYH DJJUHIJDWH WR VDOW DWWDFN 7KI
SRURXV H[SDWKBH® VILEDEN O\ LQFUHDVHY WKH SRURVLW)
DQG 1D&O0 SHQHWUDWHYVY WKH DGVRUSWLYH DJJUHJDWH H
DGVRUSWLYH DJJUHJDWH ,Q PIGVGHADMIVRIOX WYXIHI Q GIG EWQ RV@
VOW UHVLVWDQFH 66 0 KDV D PD[LPXP PDVV ORVV RI

VROXWLRQ IRU GD\V ZKLOH WKH PDVV ORVV RI RWKHU
LOGLFDWHY WKDW KLJK PLVFDQWKXV FRQWHQW VLJQLIL
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Fig. 4.9 Percentage of damage of adsorptive aggregates.
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Fig. 4.10 Mass loss of adsorptive aggregates during salt resistance test.
f JUHH]H WKDZ UHVLVWDQFH
$V VKRZRILQ WKH DGGLWLRQ RI PLVFDQWKXYV VOLJKWO

GXULQJ WKH IUHH]H WKDZ WHVW 7KH UHVLVWDQFH WR I
ORZHU WKDQ RWKHU DGVRUSWLYH DJJUHJDWHYV EHFDXVH
WKH SRURVLW\ RI WKH DGVRUSWLYH DJJUHJDWH UHVXO'
DOMHGXFWLRQ LQ PHFKDQLFDO VWUHQJWK > @ +RZHYFE

VLIQLILFDQW HIIHFW RQ PDVV ORVV FRPSDUHG WR WKH
PLVFDQWKXV 0

*HQHUDOO\ IUHH]H WKDZ UHVLVWDQFH GHSHQGV RQ WKH
FRQQHFWLYLW\ DQG WKH SRUH FKDUDFWHULVWLFV > @
IRU ZDWHU WR WUDQVSRUW LQVLGH RI DGVRUSWLYH DJJ
FUDFNV LV IURJHQ DQG WXUQV WR LFH WKH H[SDQVLRC



&RPSDUHG WR OLJKW ZMLIHKKWH H[G B IQGLHRE VALKOW EEHQ VWHH ¢
LV ZHDN DQG REYLRXV FUDFNV H[LVW LQ WKH LQWHUIDF
VODJ DQG IPRUWDH WR WKH IUHH]JH WKDZ H[SDQVLRQ IRUJ
DUH IRUPHG LQ WKH ,7= ZKLFK UHVXOWV LQ WKH DGVRUS
RI VWHHO VODJ EHLQJ PRUH HDVLO\ GDPDJHG

—
&
.
o)

MO
—=— SS25M0
—e— SS25M3
—A— SS25HME
—v— SS50M0
SS50M3

HM3|
M5

Bop
il

SS50HM2
SS75M0
1 —*— SS75M3
—*— SS75HMZE
i —— SS75M5

Mass loss (%)
Mass loss at 30 cycles (%)

w“
o8

30 25% 50% 75%
Freeze-thaw cycles (days) Steel slag content

Fig. 4.11 Mass loss of adsorptive aggregates during freeze-thaw resistance test.
$GVRUSWLRQ RI DGVRUSWLYH DJJUHJDWHYV
f $GVRUSWLRQ FDSDFLW\

7KH UHVXOWV VKRZ WKDW QR 3 LV GHWHFWHG LQ WKH Vi
3 VROXWLRQV ZLWK DQ LQLWLDO FRQFHQWUDWLRQ RI

DJJUHJDWH 7KH H[FHOOHQW DGVRUSWLRQ FDSDFLW\ RI V
WKH FDOFLXP OHDFKHG IURP WKH VWHHO VODJ DQG FHPF
3 WR IRUP &D 3 SUBRUSIRWBWHWIKH ®LFURSRURXV VWUXF\
H[SDQGHWBEVL® IPRIVFDQWKXV DGVRUE 3 WKURXJK SK\VLFDC
DGVRUSWLRQ FDSDFLW\ RI ELR EDVHG PDWHULDOV LV X\
VIQWKHWLF PDWHULDOV DQG WKH DGVRUSWLRQ FDSDFLW
> + @ 7KH DGVRUSWLRQ DPRXQW RI DGVRUSWLYH DJJ
ZLWK DQ LQLWLDO FRQFHQWUDWLRQ RI PJ/ 3 VROXWL
RI RUGLQDU\ VDQG DQG ELR EDVHG PDWHULDOV HVSHFLEL
PDWHULDOV LQGLFDWLQJ WKDW LW LV SRVVLEOH WR LPS
DSSO\LQJ WKH GHYHORSHG DGVRUSWLYH DJJUHJDWHYV

f $GVRUSWLRQ PHFKDQLVP

7KH K\GUDWLRQ SURGXFWV RI FHPHQW DUH PDLQO\ K\GU
FDOFLXP K\GUR[LGH &+ $IWHU DGVRUSWLRQ WKH S+ RI



DQG IRU WKH 66 VHULHV 66 VHULHV DQG
ZKLOH WKH LQLWLDO S+ Rl WKH SKRVSKDWH VROXWLRQ L
QRW DOO PHWDODDRGVOXDH H. VLIQLILFDQW HIIHFWV RQ W
3 EXW VRPH PHWDO JRRYG/XOK W &M URQJ DIILQLW\ ZLW
LRQV > @ DQG WKH RUGHU RI WKH ELQGLQJ DE
&D!0J !. 11D > @ 7KHUHIRUH ZKHQ WKH 3 VROXWLRQ F
DJJUHJDWH WKH SKRVSKDWH LRQ $OQ)HHBDFW BLWK PHW
PDLQO\ FDOFLXELRRQNPIBDDO UHDFWLRQV DV IROORZV >

f Es¢\ fPELt 7 31
Wf6>EU zg?E 7\ fo: &:7: ] (4.2

&DOFLXP LRQV OHDFKHG IURP WKH DGVRUSWLYH DJJUHJD
VRGLXP DQG SRWDVVLXP LRQV DUH PJ NJ %HVLC
PDJQHVLXP DQG RWKHU OHDFKLQJ LRQV DUH/DBP®R GHWH|

3UHYLRXV VWXGLHV > @ VKRZHG D VEP®BPMKPQHR X!
PDJQHVLXP DQG DOXPLQLXP ZKHQ D FKHPLFDO UHDFWLRQ
UHVXOWV DOVR VKRZ WKDW BQK B GR/RRUIS \M [YDIQBHG H/IODW A |
DOXPLQLXP LRQV DUH GHWHFWHG LQ 66 0 66 0 DQG 66
VLOLFDLQO\ FRQWDLQV DOXPLQLXP R[LGH 7KH SRWHQWL
KHDY\ PHWDOV OHDFKHG IURP WKH DGVRUSWLYH DJJUH.
VHFWLRQ

7KH XOWLPDWH JRDO RI WKH PDQXIDFWXUHG DGVRUSWL"
DJJUHJDWH ZLWKRXW DQ\ DGVRUSWLRQ SURSHUWLHV DQ
FDSDFLW\ RI SRURXV FRQFUHWH IRU SROOXWDQW UHPR"
SURFHVV DQG PHFKDQLVP RI GLIIHUHQW DJIXIUHJDWHV IRL
6LQFH QRUPDO DJJUHJDWHVY EDVDOW OLPHVWRQH HWF
DGVRUSWLRQ WKH 3 VROXWLRQ FDQQRW EH DGVRUEHG
DJJUHJDWH 3RURXV OLJKWZHLJKW DJJUHJDWHV VXFK DV
EDVHG DJJUHJDWHVY JHQHUDOO\ SRVVHVV D ORW RI PLFU
VROXWLRQ FDQ EH DGVRUEHG E\ D SRUH ILOOLQJ HIIHF
DGVRUSWLRQ LV XVXDOO\ ZHDN DQG DV D UHVXOW WKH :
RQO\ RQ WKH VXUIDFH RI SRURXV OLJKWZHLJKW DJJUHJ
DJJUHJDWH WHKRBQ®R UMY DGHYV SRURVLW\ DQG SHUPHDEL
DJJUHJDWH IRU ZDVWHZDWHU SHQHWBSDRQR QN D G 8 QMIAHL
LQVLGH WKH DJJUHJDWH DQG WKH 66 DQG FHPHQW SDVW
WKH 3 UHDFWV ZLWK FDOFLXP LRQV OHDFKHG3IURP WKH
SUHFLSLWDWLRQ > @ %HVLGHV WKH (6 SURYLGHV OLJ



FRPSDUHG WR QRUPDO DJJUHJDWH RU SRURXV OLJKWZHL.
DJJUHJDWH KDV VLJIQLILFDQWO\ VXSHULRU DGVRUSWLRC
LPSURYH WKH DGVRUSWLRQ FDSDFLW\ RI SRURXV FRQFUF

Table 4.2lons leached from adsorptive aggregates (mg/kg).

6DPSOHV
(OHPF 66 66 66 + 66 66 66 + 66 66 66 + 66
0 0 0 0 0 0 0 0 0
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Fig. 4.12 Hypothesized adsorption process and mechanism of different aggreg&e=ifooval.
f OLQHUDORJLFDO SKDVH DQDO\VLV

$IWHU WKH DGVRUSWLRQ WHVW WKH GLIIUDFWLRQ SHDN
GLIIUDFWLRQ SHDNV EHIRUHMIDGVRKUISWHRY DDV VKRYQIHQ I
FDOFLXP K\GUR[LGH 7KLV SKHQRPHQRQ FRQILUPV WKDW
UHDFWLRQ SURFHVV Rl &D 3 SUHFLSLWDWLRQ3 +RZHYHU
SUHFLSLWDWH DUH REVHUYHG LQ WKH ;5" SDWWHUQ DQC
+DbQ HW DO > @ WKH SUHFLSLWDWLRQ RI &D 3 LV EHOR
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Fig. 4.13 X-ray diffraction patterns of the SS50M3 after adsorption.
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Fig. 4.14 SEM-EDS analysis of the SS50M3 after adsorption.
f 6(0 (‘6 DQDO\VLV

$IWHU DGVRUSWLRQ WKH VXUIDFH RI WKH DGVRUSWLYH
VKRZQLUQ DQG VRPH VPDOO ZKLWH VSRWYV DUH REVHU
DGVRUSWLYH DJJUHIJDWH WV FRPSRQHQWY DUH PDLQO\
VXVSHQGHG &D 3 SUHFLSLWDWLRQ LV IRUPHG RQ WKH DG
ILQHO\ GLVWULEXWHG 3 FU\VWDOV DUH UHSRUWHG LQ SU
WKH DGVRUSWLYH DJJUHJDWH FRQWDLQLQJ VWHHO VO

VWHHO VODJ LV PRUH VXLWDEOH DV DQ DGVRUSWLYH |
FDOFLXP K\GUR[LGH EDVHG RQ PLQHUDORJLFDO SKDVH D



(QYLURQPHQWDO DQG HFRQRPLF DVVHVVPHQW
f (QYLURQPHQWDO DQDO\VLV

,Q RUGHU WR HYDOXDWH WKH SRWHQWLDO HQYLURQPHQW
DJJUHIJDWHY WKH OHDFKLQJ UHVXOWY RI DOO VDPSOHV I
WHVWYV 7KH LRQV OHDFKHG IURP DGVRDEWH YHKHOJIJUHJID
HPLVVLRQ OLPLW YDOXHV IRU EXLOGLQJ PDWHULDOV LQ
'‘XWFK 6RLO 4XDOLW\ '"HFUHH 7TDEOBUKHDOWR XMXKWRYZ Y KRZ V
PRVW RI WKH DQDO\]HG OHDFKLQJ HOHPHQWYV $V %D &F
WKH VIQWKHVL]HG DGVRUSWLYH DJJUHJDWH DUH IDU EHO
H[FHSW IRU &U DOO 66 VHULHV 9 66 0 DQG 66 0 DQ
OLPLW YDOXHV RI &U 9 DQG OR LQ XQVKDSHG PDWHULDC
PJ NJ DQG PJ NJ UHVSHFWLYHO\ ,Q WKLV VWXG\ WKI
UHOHDVHG IURP WKH 66 VHULHYV DUH PJ NJ
UHVSHFWLYHO\ 7KLV PD\ EH DWWULEXWHG WR WKH IDFW
OR OHDFKHG IURP WKH 66 DUH SURQH WR EH LPPRELOL]H
YDOXHV RI WKH 66 VHULHYV DUH VOLJKWO\ KLIJKHU WK
FRQWULEXWHYV WR D EHWWHU LPPRELOL]DWLRQ FDSDFLW
66 VHULHV LV VLIQLILFDQWO\ KLJKHU WKDQ WKD\
UHVXOWLQJ LQ PXFK KLJKHU SRURVLW\ DQG SHUPHDELOL
&U 9 DQG OR 7KHUHIRUH WKH 66 DQG 66 VHULHV FDQ
DJJUHJDWHYV ZLWKRXW DQ\ HQYLURQPHQWDO ULVN 1HY
DQDO\]HG UHVXOWY KHUH DUH RQO\ YDOLG IRU WKH VWH
DSSOLFDELOLW\ PRUH LQYHVWLJDWLRQ LV VWLOO QHHGH

'XH WR WKH IDFW WKDW WKH SURGXFWLRBWQNWYQWKHWL
WKH FDUERQ IRRWSULQWV Rl WKH PDQXIDFWXUHG DGVRU
HYDOXDWHG > @D EDDH GRPESP® ULBG WR WKH FDUERQ HPLVV
DJJUHJDWHYV ZLWKRXW DGVRUSWHRN) FHSOE&FLWGVRUSWL
DJJUHJDWHV KDYH D KLJK FDUERQ HPLVVLRQ 7KLV LV EH
DQ DGGLWLRQDO DPRXQW RI RI WKH 66 DQG (6 E\ ZHL
PDQXIDFWXULQJ RI DGVRUSWLYH DJJUHJDWHV &HPHQW D
DQG RI WKHHWRWDOLR @Y RI WKH 66 VHULHV 66 VHUI
UHVSHFWLYHO\ 7KHUHIRUH IXWXUH ZRUN RQ UHGXFLQJ
GHFUHDVH WKH FDUERQ IRRWSULQW Rl WKH DGVRUSWLYF
DFWLYDWHG PDWHULDOV WR PDQXIDFWXUH DGVRUSWLYH
LQ FDUERQ GLR[LGH HWRYZDIURY ZRUWODQG FHPHQW >
66 VHULHV KDYH ORZHU FDUERQ HPLVVLRQV WKDQ WKH ¢



RI DUWLILFLDO OLJKWZHLJKW DJJUHJDWHV V&XRULHGW O\
WKURXJK FDUERQL]DWLRQ > @ )LUVWO\ WRHPK\GUDW
FDUERQLF&RFLEBQG WKHQ QWK BURRY OHDFK IURP WKH 66 DC
WKH SUHFLSLWDWLRQ RI FDUERQDWHVY FRQWDLQLQJ FD
HVWLPDWHG XS WRWDNRIEQ2FDUERQDWLQJ VWHHO VODJ Z
WKH DSSOLFDWLRQ Rl WKH 66 DV DQ LQJUHGLHQW LQ DG
DGVRUSWLRQ FDSDFLW\ EXW DOVR VKRZ\HPLSRWRH® WL DO
FDUERQDWLRQ

Table 4.3Carbon footprints of adsorptive aggregates by calculatiorC@®ge/ kg).

6WF ([SDQ(C +HDWMWUHI 7TRWDO

6DPSO SURSRUWLRQ &HPH
VOD VLOLF PLVFDQ! HPLVV

66 0 66 (6
66 0 66 (6
66 +0 66 (6 +0
66 0 66 (6
66 0 66 (6
66 +0 66 (6 +0
66 0 66 (6
66 0 66 (6 0
66 +0 66 (6 +0
66 O 66 (6 0

7TKH HYWLPBHWHWGVERQ YDOXHV RI UDZ PDWHULDOV UHIHU
&2 HPLVVLRQ YDOXH RI FHMHH MU LNVJ UHSNRUSHG E\ %DUFHC
DQG VODJ LV H SNU &2 UHSRUWHG E\ *DR DQG <X > @
PLVFDQWKXYVY LVH SHNN&2UHIHU WR WKH ELRFKDU SHOOH
7KH &BPLVVLRQV YDOXH RI HISDQGHG OLJKWZHLJKW VLO
&2 H SHU NJ UHIHUV WR D FRPPHUFLDO VFDOH OLJKWZHL.

f (FRQRPLF DQDO\VLV

7KH HFRQRPLF DQDO\VLYVY RI DGVRUSWLYH PDWHULDOV LV
ORFDO EXLOGLQJ PDUINEHOMWH DWHVXRIZFHVYGBSHU WRQ RI FH
OLIJIKWZHLJKW H[SDQGHG VLOLFDWH DUH DERXW Ya W D
ORFDO EXLOGLQJ PDUNHW 7KH SULFH RI VWHHO VODJ LV
LV FRQVO\BGBHUIHRXOWXUDO ZDVWH DW QR FRVW EXW FRQV
KHDW WUHDWPHQW WKH SULFH RI KHDW WUHDWHG PLVFL

7KH UHVXOWY VKRZ WKDW ZLWK WKH LQFUHDVH RI WKH ¢
EHWWHU SULFH DGYDQWDJH LQ WKH FRQVWUXFWLRQ PDL



OLIJKWZHLJKW (6 LV PXFK KLJKHU WKDQ WKH SULFH RI WKk
RI DGGLQJ (6 LV WR UHGXFH WKH GHQVLW\ RI WKH DGVR
DJJUHJDWH FRQWDLQLQJ KLJK 66 FRQWHQW %HFDXVH

VLIQLILFDQWO\ LQFUHDVH WKH FRQVWDQW ZHLJKW RI WK
UHVHDUFK ORZ FRVW SRURXV DJJUHJDWHV FDQ EH XVHG
DGVRUSWLYH DJJUHJDWHV %DVHG RQ WKH DQDO\VLV UF
HFRQRPLF EHQHILWY DV ZHOO DV JRRG PHFKDQLFDO SUR
WKH 66 VHULHV LV UHFRPPHQGHG DV DQ DGVRUSWLY
DJJUHJDWHV IRU KLJKO\ DGVRUSWLYH FRQFUHWH GHVLJIQ

Table 4.4Economic estimation®R | WKH PDQXIDFWXUH RI DGVRUSWLYH DJJUH

6WE ([SDQ( 7RWD
6DPSOH B3URSRUWLRQ OLVFDGC &HPH!
VOL VLOLF SULF
66 O 66 (6
66 0 66 (6
66 +0 66 (6 +0
66 O 66 (6
66 O 66 (6
66 +0 66 (6 +0
66 O 66 (6
66 O 66 (6 0
66 +0 66 (6 +0
66 O 66 (6 0

&RQFOXVLRQV

7KH FRQWHQW RI VWHHO VODJ LQ WKH DGVRWSWLYH D
SK\WWLFDO DQG PHFKDQLFDO SURSHUWLHY DV ZHOO DV
DJJUHJDWH FRQWDLQV ZW VWHHO VODJ LW VKRZV H[F
UHVLVWDQFH ORUHRYHU DV VWHHO VODJ FROQWHQW LC
UHOHDVHG ZKLFK EHQHILWY WKH FKHPLFDO DGVRUSWLR:

7KH DGGLWLRQ RI SRURXV WB®QE LALD/GD QN[ B B ) GWIG) Y/ILK
UHGXFHV WKH GHQVLW\ RI WKH DGVRUSWLYH DJJUHJDW
SURYLGLQJ HQRXJK PLFURSRUHV IRU SK\VLFDO DGVRUSW
PLVFDQWKXV  ZW RQ WKH RWKHU KDQG KDV QHJDWL)
DQG GXUDELOLW\ ZKHUHDV KHDW WUHDWHG PLVFDQWK X"
LV UHFRPPHQGHG IRU WKH DGVRUSWLYH DJJUHJDWH

7KH UHVXOWLQJ DGVRUSWLYH DJJUHIJDWHY WRYH D EX
NJ PDQG D EXON FUXVKLQJ VWUHQJWK Rl XS WR 03



DJJUHIJDWHY KDYH JRRG UHVLVWDQFH WR VDOW DQG IUHI

7KH GHYHORSHG DGVRUSWLYH DJJUHJDWHV KDYH D
DWWULEXWHG WR WKH &D 3 SUHFLSLWDWLRQ IRUPHG E\

&D OHDFKHG IURP VWHHO VODJ DQG2FHWRQMWXKM\WUWZA. \E K\
WKH SK\VLFDO DGVRUSWLRQ SURYLGHIDEQGVRHVFDRUWRISRW

66 VHULHV LV UHFRPPHQGHG DV DQ DGVRUSWLYH D.
DJJUHJDWHY LQ KLJKO\ DGVRUSWLYH FRQFUHWH GXH W
EHQHILWY DV ZHOO DV LWV JRRG PHFKDQLFDO SURSHUW



&KDSWHU 3KRVSKRUXV UHPRYDO HQKDQ
DGVRUSWLYH SDVWH XVLQJ PLVFDQWKXYV I
DGVRUSWLYH FRQFUHWH

7KH ORZ SHUPHDELOLW\ DQG ORZ DGVRUSWLRQ FDSDFLW)
GHFLVLYH UHDVRQV IRU WKH SRRU DGVRUSWLRQ SHUIR!
DSSOLHG WR DGVRUSWLYH FRQFUHWH ,Q WKLV FKDSWHL
E\VFRELQLQJ FKHPLFDO DQG SK\WVLFDO PHWKRGV WR HQKD
SHUIRUPDQFH 3RURXV KHDW WUHDWHG PLVFDQWKXV +0
DQG VWHHO VODJ 66 ZW DQG ZW SRZGHU Z
LQYHVWLIJDWHG LQ WKLV QHZ DGVRUSWLYH SDVWH 5H'
FDSDFLW\ RI WKH DGVRUSWLYH SDVWH RI PJJ Z
FRQFHQWUDWLRQ RI PJ/ 7KH OHDFKLQJ UHVXOW
'7T* DQG 6(0 ('6 DQDO\WVHV FERDFXMH & KHRZDWKH DGVRUSWL
WKH 66 UHDFWLQWRLVMRKBVEBRB 32SUHFLSLWDWHYV LQ VRO)>
SRURXV +0 VLIJQLILFDQWO\ LPSURYHVY WKH SHUPHDELOLW
FRQFOXGHG WKDW WKH +0 ZLWK D GRVDJH RI ZW DQG
FDQ EH UHFRPPHQGHG IRU WKH KLJKO\ DGVRUSWLYH SD'
IURP VWRUPZDWHU ZLWKRXW REYLRXV VDFULILFHV RQ R

7KLV FKDSWHU KDV EHHQ SXEOLVKHG DV

) X4/ <X + -+ %BURXZHUV 3KRVSKRUXVRXWNPRGYRUQMLQFMHRBWW/UE
PLVFDQWKXV DQG VWHHO VODJ I&RIQKMIBIOR VWLAGRWR D {WE L % b LFORILFUIH \CH



,QWURGXFWLRQ

7KH DGVRUSWLRQ FDSDFLW\ RI SRURXV DGVRUSWLYH F
PLFURVWUXFWXUH DQG SRUH FKDUDFWHULVWLFV > @
GHYHORSHG PLFURSRUHYV QP DQG VSHFLILF VXUIDFH I
FDSDFLW\ RI DGVRUSWLYH PDWHULDOV > @ 7KH SRUR?>
LPSURYH WKH PLFURSRUHV RI WKH DGVRUSWLYH PRUWI
SROOXWDQWY LQWR WKH PRUWDU OD\HU WKDW ZLOO EH

7KH 3 UHPRYDO PHFKDQLVP LV JHQHUDOO\ EDVHG RQ FK
FDWLRQV HHID@BG $DQG WKH SKRVSKDWH DQIGR®2VSHFLHV
> @ 7KH GULYLQJ PHFKDQLVP GXULQJ WKH DGVRUSWLRQ
HVVHQWLDOO\ RI QXFOHDWLRQ E\ SUBFLS+tWDVWERQ RI K
+RZHYHU FUXVKHG URFN EDVDOW OLPHVWRQH HWF L\
FRQYHQWLRQDO SHUYLRXV FRQFUHWH +RZHYHU WKH OD
UHVXOWV LQ D SRRU DGVRUSWLRQ SHUIRUPDQFH RI FR
DGVRUSWLRQ FDSDFLW\ LV RQO\ DWWULEXWHG WR WKH |
7KH DGVRUSWLRQ SHUIRUPDQFH Rl SRWHQWLDOO\ DGVR
SUHYLRXV ZRUN @KDSWHU

7KH PDQXIDFWXUH RI D KLJKO\ DGVRUSWLYH DJJUHJDWH
WUHDWHG 0 ZLWK SK\VLFDO DQG FKHPLFDO DGVRUSWLRQ

> @ 6LPLODU WR FRQYHQWLRQDO DJJUHJDWHV ZKHQ
DSSOLHG WR WKH FRQFUHWH PDWUL[ WKHLU VXUIDFH ZL
SRWHQWLDO RI bDGVRUSWLYH DJJUHIJDWH SHOOHWYV LV Jt
ZKLFK LV UHODWHG WR WKHVREW®®HW ROX W HROM® DY K LIB O\
OD\HU ZLOO VLJIJQLILFDQWO\ UHGXFH WKH SHQHWUDWLRQ
DJJUHIJDWH UHVXOWLQJ LQ D VLIQLILFDQW UHGXFWLRQ L
D SRURXY SHUPHDEOH PRUWDU ZLWK JRRG SHUPHDELOLMW
FKDSWHU WR LPSURYH WKH DGVRUSWLRQ SHUIRUPDQFH F

7KH FKHPLFDO PHWKRG E\ DG GIBQ@IQEBGW RH SSKLY HF B DWAHHINA |
DGGLQJ SRURXV PDWHULDOV KHDW WUHDWHG PLVFDQW
DGVRUSWLRQ FDSDFLW\ RI WKH FHPHQW PRUWDU )LUVW
SRZGHU RQ FHPHQW K\GUDWLRQ DUH DQDO\]HG E\ D 7$0 |
WKH SK\VLFDO PHFKDQLFDO SURSHUWLHY DQG DGVRUSW
DUH LQYHVWLIJDWHG 7KH HIITHFWV RI WKH DGVRUSWLYH F
DJJUHJDWH DUH DOVR DQDO\JHG ORUHRYHU WKH OH|
PLQHUDORJLFDO SKDVH ;5' PLFURVWUXFWXUH 6(0 ('6



VSHFWUD )7,5 DQG WKHUPDO JUDYLPHWULF UHVXOWYV 7*
DQG DIWHU 3 UHPRYDO WHVW DUH DQRD3]HGHIRLS DN B MMA\
PHFKDQLVP

ODWHULDOV DQG PHWKRGYV

ODWHULDOYV

OLVFDQWKXV 0 SRZGHU 9LEHUV 7KH 1HWKHUODQGV D
7$7$ 6WHHO 7KH 1HWKHUODQGYV DUH XVHG DV SRURXV F
UHVSHFWLYHO\ WR LPSURYH WKH SHUPHDELOLW\ DQG
DGVRUSWLYH PRUWDU LQ WKH B UHIRHUIMWODW &GH(DV VKRZ
FHPHQW LV XVHG DV WKH ELQGHU SUKWHLBEB E\LY1&HDMWH
WUHDWHG IRU KRXUV DW D WHPSHUDWXUH RI e XQ
DGVRUSWLRQ FKDUDFWHULVWLFV E\ LQFUHDVLQJ WKH PI
GHQVLW\ RI WKH KHDW WUHDWHG PLVFDQWKXVJ F@ DQG
UHVSHFWLYHO\ 7KH K ZDWHU DEVRUSW®WR®Y \RSHWKH R0
VXUIDFH DUHDV RI WKH +0JDBQICGGWKHUGEYBHHAWL YRH O\

Fig. 5.1 Heattreated miscanthus powder and steel slag powder and their microscopic images.
SUHSDUDWLRQ RI DGVRUSWLYH PRUWDU

7KH VFKHPDWLF GLDJUDP RI WKH LPSURYHPHQW RI S
SHUIRUPDQFH RI FHPHQW PRUWBQ WKNKRZVQRUSWLYH DJJ
FRDWHG E\ FRQYHQWLRQDO PRUWDU LW LV GLIILFXOW IR
DJJUHJDWH RU RQO\ D VPDOO DPRXQW RI SROOXWDQWV F
GXH WR WKH ORZ SHUPHDELOLW\ RI QRUPDO PRUWDU 7
PRUWDU FRDWHG DJJUHJDWHV WKH +0 LV DGRSWHG LQ
VWUXFWXUH LQVLGH WKH PRUWDU IRU WKH LPSURYHPHQ\



PHWKRG :KHQ WKH SHUPHDELOLW\ RI WKH PRUWDU LV LC
FDQ SHQHWUDWH WKH SDVWH WKHQ FRQWDFW WKH DG\
DEVRUEHG E\ WKH KLJKO\ DGVRUSWLYH DJJUHJDWH 7KF
PDWHULDO WR LPSURYH WKH 3 DGVRUSWLRQ FDSDFLW\ R
EH UHPRYHG E\ WKH 66 ZKLOH SDVVLQJ WKURXJK WKH DG

$ SDVWH FRQWDLQLQJ J FHP HDQM/KBIQRRR QWU RDWPHLY 18V X
D ZDWRHMPHQW Z F RI UHIHUULQJ WR WKH SUHSDUDWI
(1 7KH KLJK FRQWHQW RI PLVFDQWKXV > @ D
VLIQLILFDQWO\ UHGXFH WKH PHFKDQLFDO VWUHQJWK DQ
RI ZW ZW DQG ZW ZW Rl 66 ZLWK UHVSHFW "
RWKHU IRXU EDWFKHV Rl SDVWH ZKLFK DUH ODEHOOHC
UHVSHFWLYHO\ 7KH PL[ SURSRUWLRQEG®H FHPHQW SDVW!

Fig. 5.2 Schematic diagram of the improvement of permeability and adsorptionrparfoe of
adsorptive mortar.

Table 5.1Mix proportions of cement pastes.

OL[ FRGH &HPHQW J :DWHU J +0 J 66 J

&

+0
+0
66
66

(I'THFWV RI bDGVRUSWLYH PRUWDU RQ DGVRUSWLRQ St

KHQ WKH DGVRUSWLYH DJJUHJDWH LV FRDWHG ZLWK SD
EH DIIHFWHG E\ IDFWRUV VXFK DV WKH SHUPHDELOLW\ D
PRUWDU 7R LQYHVWLJIJDWH WKH HIITHFWV RI WKH PRUWDU
DGVRUSWLRQ SHUIRUPDQFH RI WKH DGVRUSWLYH DJJUEL
DGVRUSWLYH DJJUHJDWHV 66 ZLWK D VL]H RI PP DL



7KH DGVRUSWLYH DJJUHJDWH LV SURGXFHG WKURXJK

OLJKWZHLJIJKW HI$RRIGHKG VKIRZIFIKLIJK DGVRUSWLRQ DQG
SURSHUWLHYV 7KH 3 DGVRUSWLRQ DPRXQW DQG UHPRYDC
DUH PJ J DQG UHVSHFWLYHO\ ZLWK DQ LQLWLDO
3 VROXWLRQ WR DJJUHJDWH RI [/ 6 7KH GHWDLOHC(
FKDUDFWHULVWLFV RI WKLY DGVRUSWLYH DJJUHJDWH DU
SURSHUWLHYV RI DGVRUSWLAMHEOHIUHIDWHY DUH VKRZQ LC

Table 5.2Properties of adsorptive aggregates.

&UXVKL
$GVRUSYV $SSDUHQW ¢ K ZDWHU DEVF .
6L]IH PP VWUHQ!
DJJUHJID NJ P
03D

66

7KH SUHSDUDWLRQ SURFHVV RI FRDWLQJ DJJUHJDWHYV ZlI
yLJ JLUVWO\ WKH DGVRUSWLYH DJJUHIJDWH)LLY SRXUHG

D E DQG WKHQ WKH DGVRUSWLYH DJJUHIJDWH DQG V
DGVRUSWLYH DJJUHJDWH LV HIYHQOFREWHGKEWWWH HP RU
RQ WKH VXUIDFH RI WKH DJJUHJDWH LV URXQGHG PDQXD!
PRUWDU OD\HU LV DHRXWGLQD®BO\ WKH DJJUHJDWHV FRI
PRUWDU DUH VWRUHG LQ D VWDQGDUG FXULQJ URRP XQW

THVW PHWKRGV
f &HPHQW K\GUDWLRQ WHVW

*HQHUDOO\ ELR EDVHG PDWHULDOV KDYH DQ DGYHUVH H
SUHVHQFH RI RUJDQLF PDWWHU > @ 7KH LQIOXHQFH RI
FKDUDFWHULVWLFV RI FHPHQW LV PHDVXUHG XVLQJ D 7
FRQVWDQW WHPSHUDWXUH RI  8VLQJ WKH VDPH PL[ S
IRU WKH PRUWDUV $IWHU PL[LQJ DOO VDPSOHV DUH SOD
K\GUDWLRQ EHKDYLRU RI WKH FHPHQW

f 3K\ WLFDO DQG PHFKDQLFDO WHVW

7KH GHQVLW\ ZDWHU DEVRUSWLRQ DQG SHUPHDEOH SR
DFFRUGLQJ WR $670 & 6DPSOHV ZLWK ®IPHQVLRQ)
T 1 PPDW FXULQJ DJH RI GD\V DUH XVHG IRU GHWH!
VWUHQJWK DQG IOH[XUDO VWUHQJWK UHVSHFWLYHO\ I
ORDGLQJ UDWHV Rl FRPSUHVVLYH VWUHQJWK DQG IOH[XL
03D V UHVSHFWLYHO\ 7KH DYHUDJH YDOXH RI WKUHH VL



7KH PLFURVFRSLF LPDJH RI WKH VDPSOH LV REVHUYHG E
6(0

= R — =

E F G
OL[LQJ DJJUHJDWRDOLERJ DJIJL $JJUHIJDWH SDUWLFOH
DGVRUSWLYH PRDGMRUSWLYH PRLIWMHW FRDW
D
$GVRUSWLYH
DJJUHJDWH SUHSDUDWLRQ

Fig. 5.3 Preparation process of coating adsorptive aggregates with adsorptive mortar.
f $GVRUSWLRQ WHVW

,Q WKLV VWXG\ D SKRWIKDWHR WREXODRG WKH SROOXW
DGVRUSWLRQ WHVW %HFDXVH RI WKH JRRG DGVRUSWLRC
KLIK FRQFHQWUDWLRQ 3 VROXWLRQV PJ / PJ /| D¢
PRUWDU DGVRUSWLRQ WHVWLQJ DQG IRU WKH PRUWDU |
yLUvwo\s J Rl PRUWDU RU PRUWDU FRDWHG DJJUHJDWH
D PO 3 VROXWLRQ 6HFRQGO\ WKH SODVWLF ERWWOH ZI

USP LQ WKH VKDNHU IRU KRXUV DQG WKHQ ILOWHU
REWDLQ WKH H[WUDFWHG VXSHUQDWDQW 7KH FKDQJH L«
GHWHUPLQHG XVLQJ ,& 7KHUPR 'LRQH[ $TXLRQ 7KH 3 DG
3 UHPRYDO 3UDFDWUHR®DOFXODWHG E\ (TV DQG UH

7R LQOYHVWLIJDWH WKH DGVRUSWLRQ PHFKDQLVP RI WKH
WKH DGVRUSWLYH PRUWDU DUH GHWHIMVILQHG G¥RR S WILC
PRUWDU DQG GLVWLOOHGOBNHRIODL GHUPWHRB BRLWK LDH .
PRUWDU LV PL[HG ZLWK PO RI GLVWLOOHG ZDWHU DQC
ZLWK D VSHHG RI USP IRU KRXUV )LQDOO\ WKH OHI
ILOWHU DQG DFLGLILHG ZUWH WKEGFBQWRIDVOHGWHNMNW E\
63(&752%/8( 7KH PLQHUDORJLFDO SKDVH DQG PLFURVWI
DIWHU WKH DGVRUSWLRQ WHVW DUH PHDVXUHG E\ ;5" DC



VDPSOH LV IXUWKHU DQDO\]HG E\ )RXULHU WUDQVIRUF
3HUNLQ(OPHU DQG WKHUPRJUDYLPHWU\ 7* '7* 67%
XQGHUVWDQGLQJ RI DGVRUSWLRQ PHFKDQLVP RI DGVRUS

SHVXOWY DQG GLVFXVVLRQ

+\GUDWLRQ EHKDYLRU RI DGVRUSWLYH PRUWDU

$V VKR2QJLQ DW KRXUV WKH WRWDO UHOHDVHG KHDW
7TDEOH FRPSDUHG WR WKH FRQWURO PRUWDU & +1
ELRPDVV FRQWHQW FHOOXORVH KHPLFHOOXORVH DQG
FRQWDLQLQJ VDFFKDULGHYVY DUH S\URO\]HG DQG PRUH FD
SURFHVV ZKLFK XOWLPDWHO\ HOLPLQDWHYVY WKHLU HIIHF
HW DO > @ UHSRUWHG WKDW WKH DONDOL WUHDWHG PL\
FRPSDUHG WR WKH XQWUHDWHG PLVFDQWKXV DQG D C
EHWZHHQ WKH VXJDU FRQWHQW H[WUDFWHG IURP WKH I
PLVFDQWKXV FRQFUHWH 7KHUHIRUH WKH +0 ZRUNV EH
DGVRUSWLYH PRUWDU EHFDXVH LW ZLOO KDYH OLWWOH
DQG PHFKDQLFDO VWUHQJWK RI WKH PRUWDU )URP RWK
UHOHDVHG KHDW RI FHPHQW K\GUDWLRQ GHFUHDVHV ZL\
+RZHYHU IRU WKH KHDW IORZ FXUYH QR REYLRXV GHOD
FXUYHV W LV FRQFOXGHG WKDW DGGLQJ WKH 66 XS W
VLIQLILFDQWO\ DOWHU WKH K\GUDWLRQ RI FHPHQW

BK\VLFDO DQG PHFKDQLFDO SURSHUWLHV RI DGVRUS\
f "HQVLW\ ZDWHU DEVRUSWLRQ DQG SRURVLW\

7KH GHQVLW\ RI DGVRUSWLYH R UWOMHFIWHWGK RZIQHLIG G L W |
+0 VOLJKWO\ GHFUHDVHV WKH GHQVLW\ RI DGVRUSWLYH
LQFUHDVHV WKH GHQVLW\ 7KH FKDQJHV LQ WKH RYHQ G
66 DUH DQG UHVSHFWLYHO\ FRPSDUHG WR
7TKHVH UHVXOWY DUH FRQVLVWHQW ZLWK WKH SUHYLRXV
ELR EDVHG PLVFDQWKXV UHGXFHV WKH GHQVLW\ RI FRQF!
SURSHUWLHY DQG WKH 66 VLIQLILFDQWO\ LQFUHDVHV W

‘DWHU DEVRUSWLRQ LV D YHU\ LPSRUWDQW LQGLFDWRL
DGVRUSWLYH FRQFUHWH 7KH SROOXWDQWYV FDQ EH TXL
ZKLFK LV XVXDOO\ UHODWHG WR WKH DPRXQW DQG VL]t
FRQQHFWLYLW)\ )BY VKERWK QVKH 0 DQG WKH 66 LQFUHLI



DEVRUSWLRQ DQG SHUPHDEOH SRUH RI WKH DGVRUSWLY
+0 +0 66 DQG 66 LQFUHDVHV E\ DQG UHV
FRUUHVSRQGLQJ SHUPHDEOH SRUH LQFUHDVHV E\
FRPSDUHG WR WKH FRQWURO PRUWDU & 'XH WR WKH K
FDQ JHQHUDOO\ DEVRUE VHYHUDO WLPHV ZDWHU KLJKHU
WKH PLVFDQWKXV LV UHODWHG WR WKH SDUWLFOH VL]H
PP PP DQG SRZGHU\ PLVFDQWKXV LV DERXW D
DV UHSRUWHG E\ &KHQ HW DO > @

—
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Fig. 5.4 Effects of miscanthus and steel slag powders on (a) released héa} hedt flow of cement

hydration.

Table 5.3Released heat comparison of adsorptive mortar (80 hours).

yWHPYV & +0 +0 66 66

7TRWDO KHDW -
+HDW GHYLDWL
5HGXFWLRQ

f &RPSUHVVLYH VWUHQJWK DQG IOH[XUDO VWUHQJWK

7KH PHFKDQLFDO SURSHUWLHV RI DGVRUSWLYH PRUWD
PHFKDQLFDO VWUHQJWK RI DGVRUSWLYH FRQFUHWH 7K
VWUHQJIJWK RI DGVRUSWILYH PRUHWMDPHN BOW W K/KRQZ WKDW Wt
WKH FRPSUHVVLYH VWUHQJWK RI DGVRUSWLYH PRUWDU I
WKH FRPSUHVVLYH VWUHQJWK ORUHRYHU WKH PHFKDQL
GHFUHDVHV ZLWK WKH LQFUHDVLQJ GRVDJH RI WKH 0 DC
DGGLWLRQ RI WKH 0 DQG WKH 66 LQFUHDVHVY WKH SRURYV
LQ D GHFUHDVH LQ PHFKDQLFDO VWUHQJWK 7KH GD\ F
+0 66 DQG 66 DUH 03D 03D 03D DQG 03D



a)
2100 20 20

I:l Demoulding densify [ water absorption-s— Permeable pofe
20004 I:l Oven dry density . 18 118
H : A F s
€ 190041 < 16 ( e l {16 ©
2 g — g
18004 214 1 14%
2 ©
c [}
8 17004 o 124 112 g
© )
= o
1600+ 10 110
1500 8 8
HMO 5 H SS5 SS10 HMO 5 SSlO
Sample code Sample code

Fig. 5.5 (a) density and (b) water absorption and permeable pore of adsonptitze .

*HQHUDOO\ WKH DGGLWLRQ RI ZDVWH KDV D VLJQLILFDQ
RI FRQFUHWH > @ 7KH DGGLWLRQ RI ELR EDVHG PD'
PHFKDQLFDO VWUHQJWK RI FRQFUHWH EHFDXVH RI WKH C
PDWWHU RI ELR EDVHG PDWHULDOV > @ 7KH VDPH SKH
OLIJIKWZHLJKW FRQFUHWH VXFK DV PLVFDQWKXV FRQFUH
DSULFRW VKHOO FRQFUHWH > @ DQG ZRRG FRQFUHWH
EDVHG PDWHULDO KDV EHWWHU GLPHQVLRQDO VWDELOLV
OHVV QHJDWLYH HIITHFW RQ WKH PHFKDQLFDO VWUHQJWK
EDVHG PDWHULDOV > @
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Fig. 5.6 Compressive and flexural strengths of adsorptive mortar at the agelaj28

7KH UHVXOWY DOVR VKRZ WKDW WKH DGGLWLRQ RI WKH 0
UHGXFWLRQ LQ IOH[XUDO VWUHQJIJWK WKDQ FRPSUHVVLYF
RI WKH +0 +0 66 DQG 66 DUH 03D 03D 03
UHVSHFWLYHO\ %DVHG RQ WKH UHVXOWY WKH KLJK FRQ



ZW LV QRW UHFRPPHQGHG IRU DGVRUSWLYH PRUWDL
PHFKDQLFDO VWUHQJWK

OLVFDQ! Micropore

OLFURF

OLVFDQ"
T —
BWHHO
OLFURS

Fig. 5.7 SEM micrographs of adsorptive mortar.
f OLFURVWUXFWXUH

7KH 6(0 PLFURJUDSKY RI DGVRUSWLYH PRYUMWDU +0 DQG
OLFURSRUHY DUH REVHUYHG RQ WKH VXUIDFH RI WKH +0
WKH VXUIDFH RI WKH 0 DQG WKH 66 GRHV QRW FORVHO\
REYLRXV PLFURFUDFNV H[LVW LQ WKH LQWHUIDFLDO WUD
DOVR EHHQ UHSRUWHG LQ ELR EDVHG OLJKWZHLJKW FRQC
> @ ZRRG VDQG FRQFUHWH > @ DQG EDPERR UHLQII
PLFURFUDFNV DQG PLFURSRUHVY LQFUHDVH WKH ZDWHU |
LOQFUHDVLQJ WKH HDVLQHVY IRU WKH SROOXWDQWYVY WR S
PLFURFUDFNYV DUH DOVR RQH RI WKH SULPDU\ UHDVRQV |
RI WKH DGVRUSWLYH PRUWDU (QRXJK WUDQVSRUW FKDQ
REVHUYHG RQ WKH +0 VXUIDFH EHFDXVH RI WKH LQFUHDYV
WUHDWPHQW /XR HW DO > @ UHSRUWHG WKDW WKH DY
KHDW WUHDWPHQW DW f& LV P ZKLFK FDQ SURY
WUHDWPHQW QRW RQO\ UHGXFHV WKH SRUH VL]H RI WKH -
DUHD DQG LRQ H[FKDQJH FDSDFLW\ 7KHUHIRUH WKH ZH



% (7 VSHFLILF VXUIDFH DUHD RI WKH +0 DIWHU S\URO\VL
FDSDFLW\ IRU SROOXWDQW UHPRYDO IURP ZDVWHZDWHU

$GVRUSWLRQ SHUIRUPDQFH RI DGVRUSWLYH PRUWDU
f $GVRUSWLRQ FDSDFLW\

7KH UHVXOWYV VKRZ WKDW QR SKRVSKDWH LV GHWHFWHG
H[FHSW IRU WKH +0 XQGHU D KLJK LQLWLDO 3 FRQFHQ
ZKLFK LQGLFDWHV WKDW WKH 3 LV FRPSOHWHO\ UHPRYH
KLJK LQLWLDO 3 FRQFHQWUDWLRQ 7KH 3 DGVRUSWLRQ
GHSHQGV RQ WKH LQLWLDO FRQFHQWUDWLRQ RI WKH 3 VI
3 FRQFHQWUDWLRQ LV PJ / PJ/ DQG PJ/ WKH
PRVW DGVRUSWLYH PRUWDUV H[FHSW IRU +0 LV P
UHVSHFWLYHO\ 7KH H[FHOOHQW DGVRUSWLRQ FDSDFLW\
WKH ®MDFKHG IURP WKH 66 DQG PRUWDWRKRBR BRDQ UHL
SUHFLSLWDWHY > @ %HVLGHV WKH SRURXV PLVFDQWK:
DGVRUSWLRQ > @ DQG LQFUHDVH WKH SHUPHDELOLW\ RI
OHDFKLQJWBRRWKH DGVRUSWLYH PRUWDU VXUIDFH

7KH DGVRUSWLRQ FDSDFLW\ Rl WKH GHYHORSHG DGVRUS
PRVW Rl WKH DGVRUSWLYH PDWHULDOV LQFOXGLQJ LQG X
> @ DQG IXUQDFH VODJ > @ QDWXUDO PDWKGLDO VH!
ELR EDVHG PDWHULDO SHDQXW VKHOO > @ EDPERR >
LPSRUWDQWO\ RWKHU DGVRUSWLYRHR PDW HUWKOD OWRXD B
FRQFHQWUDWLRQ L H >OHV® WKBIQDGVRUSWLYH PRUWDU
FRPSOHWHO\ UHPRYHV DOO 3 IURP WKH 3 VROXWLRQ ZLW
PJ/ VKRZLQJ DQ RXWVWDQGLQJ DGVRUSWLRQ FDSDFLW\
WKH GHYHORSHG DGVRUSWLYH PRUWDU FDQ EH DSSOLI
DGVRUSWLRQ SHUIRUPDQFH Rl SRURXV DGVRUSWLYH FRQ

f $GVRUSWLRQ PHFKDQLVP RI DGVRUSWLYH PRUWDU

7KH DGVRUSWLRQ RI PDWHULDOV FDQ JHQHUDOO\ EH Gl
FKHPLFDO DGVRUSWLRQ 7KH DGVRUSWLRQ RI DGVRUSW
GRPLQDWHG E\ FKHPLFDO DGVRUSWLRQ VXSSOLHG E\ WKF
VWUXFWXUH IRUPHG E\ WKH +0 FRQWULEXWHV WR SK\VL
HOHFWURVWDWLF DWWUDFWLRQ > @ 3 UHPRYDO UDW!
DIIHFWHG E\ S+ WHPSHUDWXUP Q® @F@QFKB.VEIDANLRQ RI
1DLRQV DUH WKH PDLQ LRQV OHDFKHG ILRRP KIDK/HDD\GW RR Q



DIILQLW\ ZLWK SKRVSKDWH ZKH U HL.INQROWKIRWY ¥ HBRDOQRIVR Q'
VLIJQLILFDQWO\ DIIHFW WKH 3 DGVRUSWLRQ FDSDFLW\ >
PRUWDU DUH PDLQO\ K\GUDWHG FDOFLXP VLOLEDWH DQG

$VSUHVHQDVHIH WMKH FRQWHQW RI FDOFLXP R[LGH &D2 LV
WKH DGVRUSWLRQ WHVW ZKLFK LQGLFDWHV WKDW LW N
VKDNLQJ H[SHULPHQ@WLV Q RXGGL WQRWK I +0 +0 DQG 66
SURYHV WKDW 3 KDV D FKHPLFDO UHDFWLRQ ZLWK WKH |
FRQFHQWUDWRRQURIOEDVHG IURP SKRVSKDWH ORDGHG P
VKRZQLUQ :KHQ OHDFKLQJ WKH PRUWDUV H[SRVHG WR G
PJ / PJ/ DQG PJ/ WKH FRQF BDQWHWD \BIGR/@ LRI WL K
GHFUHDVHVY FRPSDUHG WR WKH [EQURUBD®ERREBQYWROQ WL

Table 5.4Chemical compositions of adsorptive mortar before and after adsorption (wt.%)

+0 +0 66 66
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Fig. 5.8 Changes in the concentration of calcium ion released from adsorptive mortar.
f )7,5 DQDO\VLV

7KH LQIUDUHG VSHFWUD RI WKH 66 EHIRUHJDQGDDIWHU D
7KH VSHFWUXP SUHVHQWYV DQ L QW HAX\LH KQ DV UR X VEDIQ\G FI
YLEUDWLRQ JHQHUDWHG E\ WKH K\GURJHQ ERW&DW2++ E



LV IRUPHG LQ WKH FHPHQW K\GUDWLRQ > @ 7KH K\GUR]
DSSHDUV DW WKH ZDYBRHQUR/ K\RPHWWFPF DQG DQWLV\PPHI
YLEUDWLRQ RI ZDWHU ERXQGLQJ IURP WKH K\GUDWHG SU|
EDQG + 2 + DW WKH ZDYWNBRQYWKKRIGHIFPPDWLRQ YLEUI
PROHFXOHV > @ 7KH DGVRUSWLYH PRUWDU DIWHU C

FPDQG FZKLFK PD\ EH GXH WR WKH LQIOXHQFH RI \
VXOIDWH HWWULQJLWH &D{$0Ow 62y x 2+ vw +w2 $IW S
VKDUS EDQG DSSHDIUKWLPKVLY DM RFLDWHG ZLWK WKH VW
WKH 62URXS VXSSRUWLQJ WKH SUHVHQFH RI VXOIDWH
SURGXFWV RI FHPHQW VKRZ WKH W\SLFDO FKDUDFWHULYV
YLEUDWLRQ ZLWK D SHDN IRU @KEBDOBELXPWDUEWQDWH &
RULJLQDOO\ SUHVHQW LQ PRUWDU EHFDXVH RI WKH FKHF
DWPRVSKHULF FDUERJHGXAWIGH KQ & 2 EHQGLQJ YLEUDW
ZLWK D SHDN DSSHDULPRDQ\G FsPP @
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Fig. 5.9 (a) Infrared spectra and (b) TG-DTG of the SS5 before and afterpiibn.
f 7*'7* DQDO\VLYV

7KH WKHUPDO JUDYLPHWULF UHVXQWV REHOQKH B6 OD UM L
GLVWLQFW PDVV ORVV IRU FHPHQWLWLRXV PDWHULDOV C
DQG . LHOWKADWHK\GUDWLRQ WKH GLK\GUR[\ODW
HWWULQJLWH WKH G H PRPS RAKIHVG R B DRJIERIDRWI HRFQVR Y BD &
> @ 7KH 7* FXUYHV VKRZ WKDW DOO DGVRUSWLYH PRUW
ZLWKLQ « EHIRUH RU DIWHU DGVRUSWLRQ 7KH 66 KD
+0 LQGLFDWLQJ WKDW IHZHU K\GUDWLRQ SURGXFWV D!
FHPHQW K\GUDWLRQ E\ 66 > @ $ PDVV ORVV SHDN DSSH
FXUYH UHODWHG WR WKH IUHH PRLVWXUH ORVV > @ %H
EHORZ « ZKLFK DOVR PDWFKHV WKH ZHLJKW ORVV GH



> @ $ VKDUS GHFOLQH RI PDVV LV REVHUYHG DW D \
IRU DOO DGVRUSWLYH PRUWDU ZKLFK FRUUHVSRQGV \
> @ 7KH UHVXOW LV FRQVLVWHQW ZLWK WKH ;5" DQ
REVHUYHG DW WKH WHPSHUDWXUH RI e ZKLFK |
GHFRPSRVLWLRQ Rl &D&2

f 6(0 ('6 DQDO\VLV

7KH PRUWDUV +0 DQG 66 DIWHU DGVRUSWLRQ DUH DQD
)LJ WKH & 6 + JHO KDV D GHQVH QHWZRUN VWUXFWXU
K\GUDWLRQ SURGXFWYV DUH IRUPHG $ VWURQJ SHDN RI 3
GHWHFWHG RQ WKH DGVRUSWLYH PRUWDU VXUIDFH 3UHY
ZKLWH FU\VWDOOLQH VXEVWDQFH RQ WKH VXUIDFH LV WK
7KH UHVXOWY DOVR VKRZ WKDW PDQAXNPDFHRSBIRWKN PUH |
DQG 66 7KLV PD\ EH GXH WR WKH DGGLWLRQ RI WKH +0 I
RI WKH DGVRUSWLYH PRUWDU FDXVLQJ PRUH 3 VROXWL!
IDYRU WKH FRPELQDRVLRWODPZ&EWR &8DHFLSLWDWLRQ

(IMTHFWV RI DGVRUSWLYH PRUWDU RQ WKH SHUIRUPDQ
f $GVRUSWLRQ FDSDFLW\ RI DJJUHJDWHYVY FRDWHG ZLW

JRU WKH DGVRUSWLYH DJJUHJDWH 66 FRDWHG ZLWK
DGVRUSWLRQ FDSDFLW\ LV SUHVHQWHGLDRU GLKIHHUHQW 1
DGVRUSWLYH DJJUHJDWH LV LPPHUVHG LQ 3 VROXWLRQ
PJ / PJ / DQG PJ/ WKH DGVRUSWLRQ FDSDFLW\
FRDWHG ZLWK QRUPDO PRUWDU 3 & GHFUHDVHV E\
FRPSDUHG WR WKH DJJUHJDWH 66 ZLWKRXW FRDWLQ.
SRURXV DGVRUSWLYH PRUWDU VLJQLILFDQWO\ LPSURY
DJJUHIJDWH FRPSDUHG WR WKH 3 & :KHQ WKH 3 FRQFHQ
DQG PJ/ WKH 3 DGVRUSWLRQ FDSDFLW\ RI WKH DGVF
PJ J DQG PJJ UHVSHFWLYHO\ DQG WKH 3
UHVSHFWLYHO\ &RPSDUHG WR SUHYLRXV VWX
LV VLIQLILFDQWO\ KLJKHU WKDQ WKDW RI PRVW SRURX
LQGXVWULDO E\ SURGXFWV ,Q WKLV VWXG\ WKH 3 +0 VK
DQG UHPRYDO UDWH IRU WKH PRUWDU FRDWHG DGVRUS
FDSDFLW\ LQFUHDVHV E\ DQG UHVSHFWLYHO\ Z
R PJ / PJ / DQG PJ/ FRPSDUHG WR WKH 3 &
DGVRUSWLRQ FDSDFLW\ RI WKH PRUWDU FRDWHG DGVRU
WKH LQFUHDVH LQ WKH PLFURSRUHV DQG SHUPHDELOL'



PHFKDQLFDO VWUHQJWK DQG DGVRUSWLRQ FDSDFLW\ WK
66 ZLWK D GRVDJH RI ZW DUH UHFRPPHQGHG IRU WKH

Fig. 5.10 SEM-EDS analysis of adsorptive mortar after adsorption.
f $GVRUSWLRQ PHFKDQLVP RI DGVRUSWLYH DJJUHJDWF

%RWK SK\WWLVRUSWLRQ DQG FKHPLVRUSWLRQ PHFKDQLV
DGVRUSWLRQ FDSDFLW\ RI BD VRRUGIWILFBHWALIRW N UMLDRKY D ¥ KL
WKH DPRXQW RI PLFURSRUHV FRQQHFWLYLW\ RU VSHFLI
PRGLILFDWLRQV VXFK DV LQFUWHIYV LU SWKRP WD RK LIOV VRE
SKRVSKDWH DQG WKH IRUPDWLRQ RI 3 &D SUHFLSLWDWLR
ERWK SK\WWLFDO DQG FKHPLFDO PRGLILFDWLRQ LV DSS
SHUIRUPDQFH RI FHPHQW FRDWHG DGVRUSWLYH DJJUHJIL
SK\VLFDOO\ PRGLI\ WKH SRURVLW\ DQG SHUPHDELOLW\ R
&D LRQV 7KH 66 LV DSSOLHG WR IXUWKHU LQFUHDVH W
PRUWDU FRDWHG DJJUHJDWH

7KH VFKHPDWLF GLDJUDP Rl WKH DGVRUSWLRQ SURFHV\
DGVRUSWLYH DJJUHJDWHV IBUJ3 UHRRY®DD ARQVYKRIL RQ
DJJUHJDWH LV FRDWHG E\ FRQYHQWLRQDO PRUWDU PRVYV
ZLWK WKH FRQYHQWLRQDO DDRUM JDAVMERUWDQWO\ FRQY
DJJUHJDWHY GR QRW KDYH WKH DGVRUSWLRQ FDSDFLW\



FDQ EH DGVRUEHEB EOWBHK&IDB IURP WKH PRUWDU LWVHOI
3 UHPRYDO FDSDFLW\ RI FRQYHQWLRQDO SRURXV FRQFUFL

,Q FRQWUDVW IRU DGVRUSWLYH DJJUHIJDWH FRDWHG ZL\
DGVRUSWLRQ FDSDFLW\ RI WKH DGVRYISWLYHBWORHIDWH
DV WKH SKRVSKDWH FDQ SHQHWUDWH WKH FRDWLQJ OD\
DGVRUEHG E\ WKH DGVRUSWLYH DJJUHJDWH DQG PRUWD!
DPRXQW RI SKRVSKDWH FDQ UHDFK WKH DGVRUSWLYH D
SHUPHDELOLW\ RI WKH)ERQYHRWLRQDO PRUWDU
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Fig. 5.11 P-adsorption amount and removal fraction of adsorptive aggregates wnitic®
concentration (a) 1215.3 mg/L, (b) 1849.3 mg/L and (c) 296¢/.m

+RZHYHU ZKHQ WKH DGVRUSWLYH DJJUHJDWH LV FRDWH(
WR WKH LQFUHDVH LQ WKH SHUPHDELOLW\ RI WKH DGV
SHQHWUDWH WKH FRDWLQJ OD\HU DQG UHDFK WKH DGVRL
E\ WKH LQWHUQDO DGVRUSWLYH DJJUHJDWH)IDIQG WKH F

F ,Q DGGLWLRQ WKH DGVRUSWLYH PRUWDU LWVHOI F



LWV RZQ LPSURYHG DGVRUSWLYH SURSHUWLHYV

Fig. 5.12 Schematic diagrams of the adsorption process and mechanism of adswgtegates

coated with porous adsorptive mortar for P-removal.

&RQFOXVLRQV

+HDW WUHDWHG PLVFDQWKXV +0 ZW DQG ZW
RQ FHPHQW K\GUDWLRQ WKDQNV WR WKH S\URO\VLV RI
DGGLWLRQ RBIGVWAHWMO VQBJ ZW VOLIJKWO\ UHGXFHV WKF
K\GUDWLRQ E\

+0 VOLJKWO\ GHFUHDVHV WKH GHQVLW\ RI DGVRUSWL"
VLIQLILFDQWOQWXRPURDVHVIKH +0 FDQ EH DSSOLHG WHF
SHUPHDELOLW\ RI DGVRUSWLYH SDVWH XS WR +RZHY
ZW ZRXOGDYHMY@DMWFID®W GHFUHDVH LQ PHFKDQLFDO VW

7KH DGVRUSWLYH SDVWH KDV D KLIJK DGVRUSWLRQ FD
DQG PJJ ZLWK FRUUHVSRQGLQJ LQLWLDO 3 FRQFHQYV
DQG PJ/ 7KH PRUWDU FRDWHG DJJUHJDWH 3 +0 K
FDSDFLW\ DQG UHPRYDO UDWH IRU 3 UHPRYDO ZLWK DQ
3 & &MHDFKHG IURP WKH SDVWH DQG WKH 66 LV RQH R



IRUPDWLRQ RI &D 3 SUHFLSLWDWHY LQ WKH VROXWLRQ ¢
SK\WLFDO DGVRUSWLRQ E\ LQFUHDVLQJ WKH PLFURSRUHYV

BRURXV +0 DQG WKH 66 FDQ VLJQLILFDQWO\ LPSURYH V
PRUWDU FRDWHG DJJUHJDWH E\ LQRQHDWQ R D \EHH UPKHD EQ
D GRVDJH RI ZW DQG WKH 66 ZLWK D GRVDJH RI Z
DGVRUSWLYH SDVWH ZLWKRXW REYLRXV VDFULILFHV LQ



&KDSWHU OHFKDQLFDO DEVRUSWLYH DQG
Rl SHUYLRXV FRQFUHWH DSSO\LQJ D ELPR
PRGHO

7R RSWLPL]JH WKH SRUH VNHOHWRQ VWUXFWXUH RI SHUY
3 UHPRYDO IURP VWRUPZDWHU VPDOO VL]HG DGVRUSWL
ODUJH VL]JHG QDWXUDO DJJUHJDWH PP EDVDOW DUH
VLIHG DJJUHJDWH SHUYLRXV FRQFUHWH 3K\VLFR PHF]
SHUIRUPDQFH DQG IUHH]H WKDZ UHVLVWDQFH DUH LQYH
VPDOO VL]JHG VWHHO VODJ DJJUHJDWH ILOOV WKH SRU
DJJUHJDWHY DQG UHGXFHV WKH SRURVLW\ DQG SHUPHDEL
LPSURYLQJ WKH PHFKDQLFDO VWUHQJWK DQG IUHH]H WKL
VWXG\ VKRZV DQ H[FHOOHQW 3 DGVRUSWLRQ FDSDFLW\
VROXWLRQ ZLWK DQ LQLWLDO FRQFHQWUDWLRQ RI PJ |/
&U 6U DQG 9 HWF OHDFKHG IURP WKH FRQFUHWH DUH
7KH RUWKRJRQDO UHVXOWV VKRZ WKDW FHPHQW DQG VW
WKH 3 DGVRUSWLRQ SHUIRUPDQFH RI SHUYLRXV FRQFUHW
FHPHQW VBD®G RJFP PP VWHHO VODRS& N.
PP EDVDOW VKRZVPJRRG 3 UHPRYDO FDSDFLW\ ZKLF}
IRUSHUYLRXV FRQFUHWH WR UHPRYH 3 IURP VWRUPZDWH

7KLV FKDSWHUSINRGRBEMWGE DORR

) X 4/ <X + -+ %URXZHUV OHFKDQLFDOURENRWEMA YRH BEGYLRY
FRQFUHWH DSSO\LQJ D ELPRGD @ RINWHXFWHRSD BIQICQ % RRGGHIOQJ 0D\



 QWURGXFWLRQ

&RQYHQWLRQDO SHUYLRXV FRQFUHWH LV W\SLFDOO\ FRP
FHPHQW DQG ZDWHU RU D VPDOO DPRXQW RI ILQH DJJUHJ
LQFOXGLQJ JRRG GUDLQDJH SURSHUWLHY QRLVH DEVRU
> @ ,Q UHFHQW \HDUV IRU UHPRYLQJ SROOXWDQWYV

3 QLWUDWH 1 DQG KHDY\ PHWDOV HWF PRUH DQG P
DGVRUSWLRQ SHUIRUPDQFH RI SHUYLRXV FRQFUHWH )
DJJUHJDWH LV XVHG IRU SHUPHDEGH RBYDDH PHQ@ IRHVWE&
SHUYLRXV FRQFUHWH LV DSSOLHG WR UHPRYH KHDY\ PH\
FHVLXP > @ DQG H[FHVV QXWULHCRZWYLHQU WKIHQ ZO W WU ] K
DJJUHJDWHVY ZLWKRXW DGVRUSWLRQ FDSDFLW\ DUH FX
FRQYHQWLRQDO SHUYLRXV FRQFUHWH FRQVHTXHQWO\ W
RI FRQYHQWLRQDO SHUYLRXV FRQFUHWH LV ORZ DQG X'
7KHUHIRUH LW LV K\SRWKHWLFDOO\ WR LPSURYH WKH

FRQFUHWH E\ XVLQJ PDWHULDOV ZLWK DGVRUSWLRQ FDS
PLFURSRUHV Rl WKH VNHOHWRQ VWUXFWXUH EHWZHHQ W

7KH EHKDYLRU RI FRQFUHWH LV UHODWHG WR DJJUHJDW
PDWHULDOV KDYH EHHQ DSSOLHG WR FRQYHQWLRQDO SHI
UHPRYDO IURP VWRUPZDWHU UHFHQWO\ )RUWLWPOWE®H QI
LQ SHUYLRXVY FRQFUHWH WR LPSURYH WKH SXULILFDWLE
PHWK\OHQH EOXH ZLWK DQ HIILFLHQF\ RI > @ 7KI
DGVRUEHQWY JHROLWH DQG SXPLFH LPSURYHV WKH F
FRQFUHWH DQG GHFUHDVH WKH VXVSHQGHG VROLGV E\
SHUYLRXV FRQFUHWH IRU KHDY\ PHWDO UHPRYDO ZLWK D
JHR SRO\PHULF JHO DQG UHG PXG KDYH JRRG DGVRUSWL
VKRZV D QHJDWLYH HIIHFW RQ PHFKDQLFDO VWUHQJWK :
PDWHULDO ELRFKDU LY DOVR DGGHG WR SHUYLRXV FRQF
LW LV RI VLIQLILFDQFH WR FKRRVH DQ DGVRUSWLYH PD
DGVRUSWLRQ FDSDFLW\ WR LPSURYH WKH DGVRUSWLRQ ¢

,Q WKLV FKDSWHU VWHHO VODJ LV DSSOLHG DV DGVRUS
DJJUHJDWHV D WZR VL]HG DJJUHJDWH VWUXFWXUH LV

DGVRUSWLRQ SHUIRUPDQFH PHFKDQLFDO SURSHUWLHV D
WKHQ WKH HIIHFWV RI FHPHQW VDQG ZDWHU FHPHQW U
DGVRUSWLRQ SHUIRUPDQ F HD RUHVIKRYIR\DWD DI DAM M & EBIVXG WA
ZRUN UHVXOWHG LQ DQ RSWLPDO PL[ GHVLIJ@ZRIKWZR VL]}
H[FHOOHQW DGVRUSWLRQ FDSDFLW\ WRJHWKHU ZLWK



GXUDELOLW\ IRU HQJLQHHULQJ DSSOLFDWLRQV
7ZR VLIHG DJJUHJDWH VWUXFWXUH IRU SROOX

1DWXUDO DJJUHJDWH LV KHUH PRGHOOHG WR EH D VSKHLI
RI FRQYHQWLRQDO SHUYLRXV FRQFUHWH DQG WZR VL]HG
LOLI &RQYHQWLRQDO SHUYLRXV FRQFUHWH RIWHQ FRQ
KLJK SHUPHDELOLW\ DQG JRRG DQWL FORJJLQJ SURSHUW
SHUYLRXV FRQFUHWH ORZ SHUPHDELOLW\ LV GHVLUDEOF
WKH FRQFUHWH PDWUL[ ZLWK ZDWHU IORZ DQG EH DEVRUI
WKH ORZ YRLG FDQ OHD® WK DQLEPDURYRISPHQWLHY > @

WZR VL]HG DJJUHJDWH VWUXFWXUH LV DSSOLHG WR LPS
IXQFWLRQ RI SHUYLRXV FRQFUHWH LQ WKLV VWXG\ 1DWX
DUH XVHG DV WKH VNHOHWRQ DQG WKH VPDOO VL]HG D
VNHOHWRQ YRLGV DV WKH PDLQ ERG\ IRU SROOXWDQW
DGVRUSWLRQ 7KH ODUJH VL]HG QDWXUDO DJJUHJDWHYV |
IRUBVZR VLIHG VWUXFWXUH )XUWKHUPRUH WKH ODUJH V
ZLWK DGVRUSWLYH DJJUHJDWHV WR IXUWKHU LPSURYH

FRQFUHWH

Fig. 6.1 Structure comparison of conventional pervious concrete and two-sized atggregvious

concrete.

7KH PDWKHPDWLFDO UHODWLRQVKLS RI WKH SDUWLFOH
WKH DGVRUSWLYH DJJUHJIDWKHLRSWLRZQHGQSDUWLFOH S
HQKDQFH WKH PHFKDQLFDO SURSHUWLHY DQG GXUDELOL\
WKH QDWXUDO DJJUHJDWH LV VLQJOH VL]HG XVXDOO\ W
VTXDUH DUUD\ H[LVW EHWZHHQ DJJUHJDWHYV IURP D WZR
WKUHH W\SHV RI KROHV IRUPHG E\ WZR DJJUHJDWH DU



RFWDKHGUDO SRUH DQG WHWUDKHGUDO SRUH )RU H[DPS
VNHOHWRQ ZLWK D SPRRWALKB H VLJPXRI SDUWLFOH VL]H RI
DJJUHJDWH IPWP5 PP RU PP EDVHG RQ WKUHH SDFNL
WKH DQJXODU HIIHFW RI QDWXUDO DJJUHJDWHV PRVW (
SDFNHG DUUD\ VWUXFWXUH WKXV WKH IRUPHG SRUHV D
KROHV :KHQ WKH SDUWLFOH VL]H RI WKH QDWXUDO DJJUL
DJJUHJDWH VL]H VKRXOG QRW H[FHHG PP WR PDNH V
VPRRWKO\ ILOO WKH SRUH VWUXFWXUH IRU D JRRG PLFU
7KH VPDOO VL]HG DGVRUSWLYH DJJUHJDWH FDQ ILW LQW
VLIH RI WKH DGVRUSWLYH DJJUHJDWH FDQ EH HVWLPDWH

46 L KUF sod (6.1)
45 L ki F sod (6.2)
4L @ FsAg 3P

Fig. 6.2 Three packing forms of two-sized aggregates fBrmal aggregate sizexRadsorptive

aggregate size).



ODWHULDOV DQG OHWKRGYV

ODWHULDOV

%DVDOW ZLWK D SDUWLFOH VL]H RI PP LV XVHG DV FRD
6WHHO 7KH 1HWKHUODQGV ZLWK PP SDUWLFOH VL]H I
DJJUHJ)DWHYV 7KH VSHFLILF GHQVLWLHYVY RI WKH EDVDOW D (
DQG JFRVSHFWLYHO\ 3RUWODQG FHPHQW &(0 , 5
LV XVHG DV WKH ELQGHU &(1 1250 VDQG VDWLVILHG ZLW
LV XVHG DV ILQH DJJUHJDWHYV

Fig. 6.3 (a) BOF steel slag and (b) Basalt.
OL[ SURSRUWLRQ DQG VSHFLPHQ SUHSDUDWLRQ
f (IIHFWV RI WKH VWHHO VODJ RQ WKH SHUIRUPDQFH R

JLUVWO\ WKH HIIHFWV RI WKH VPDOO VL]HG VWHHO VO

SURSHUWLHVY DGVRUSWLRQ SHUIRUPDQFH DQG IUHH]H Wi

HYDOXDWHG $ PL[WXUH FHRROHDDAL Q L\QMNQ G NJ PZNDIWRH U

DQG NE PV D O VWD WWK MVAHRRQWURO PL[ ZKLFK UHIHUV WR W

SHUYLRXV FRQFUHWH DV UHSRUWHG E\ 1JX\HQ HW DO >
PP VWHHO VODJ WR IRUP D WZR VL]HG VNHOHWRQ VWU

RWKHU SDUDPHWHUV DUH NHSW FRQVWDQW 7KH DOWHUQ

DQG UHVSHFWLYHO\ 7KH PL[ SURSRUWLRQV RI St
LGDEOH

f OL[ SURSRUWLRQ RI RUWKRJRQDO WHVW

7KH RUWKRJRQDO WHVW LV XVHG WR LQYHVWLJDWH Wtk
DJJUHIJDWH SHUYLRXV FRQFUHWH 7KH HIITHFWV RI IRXU I
DQG WKH YROXPHWULF FROQWHQW RI VWHHO VODJ LQ WRW



SURSHUWLHV DGVRUSWLRQ SHUIRUPDQFH DQG IUHH]H Wi
LQYHVWLIJDWHG DQG HDFK IDFWRU LV 7T®HEWVIH QKB DV WK!
RUWKRJRQDOLWDESSOLHG LQ WKH RUWKRJRQDO WHVW Wt
FRQFUHWH DADE@KRZQ LQ

Table 6.1Mix proportions of pervious concrete.

Aggregates

Cement Sand  Water Steel slag /total
Samples (kgin®)  (kgin?)  (kg/n) 1-2 mm Steel  2-5 mm Basalt aggregates (Vol.%)
slag (kg/nd) (kg/m?)

Control 301 110 1114 O 1574 0

SS12.5 301 110 111.4 2516 13773 12.5

SS25 301 110 111.4 5032 1180.5 25

SS37.5 301 110 111.4 7547 9838 375

SS50 301 110 1114 1006.3 787 50

Table 6.2Factors and levels of the orthogonal test.
JRXU IDFWRUYV
7KUHH &HPH 6DQ PP VWHHO V
NJ P NJP' DJJUHJDWH

THVW PHWKRGV
f 3K\ WLFDO DQG PHFKDQLFDO SURSHUWLHYV

7KH GHQVLW\ Rl WKH VDPSOH LV PHDVXUHG IROORZLQJ
VDPSOHV LV GHWHUPLQHG DFFRUGLQJ WR $670 & &
WKH VDPSOH DIWHU WKH IOH[XUDO WHVW LV FDSWXUHG E
RI LQWHUQDO SRUH SURSHUWLHV LQFOXGLQJ SRUH DUHD
DQDO\]HG EDVHG RQ WKH LPDJH DQDO\VLV PHWKRG E\ WK
ORFDWLRQ RIRQG WRP FDVWLQJ VXUIDFH Rl WKH VDPSOH L
DQDO\VLV &RQVLGHULQJ WKH DSSDUHQW GLIIHUHQFHV L
FKDQJH LQ SRURVLW\ RI WKH HQWLUH FDVWLQJ VXUIDFH
DQDO\]HG

7KH GD\ FRPSUHVVLYH VWUHQJWK DQG IOH[XUDO VWUF
DFFRUGLQJ WR (1 JUDJPHQWY RI WKH VDPSOH DUH F
WHVW IRU PLFURVWUXFWXUH DQDO\VLV XVLQJ 6(0

7KH SRURVLW\ FDQ EH FDOFXODWHG DFFRUGLQJ WR



&7 P2 gy (6.4)

aigp¥is

2L Bs

ZKH8HVY WKH WRWDO SRURONLWY RMKWMKEUY IPBDS/YHR | WKH VDI
OvxdV WKH VXEPHUJHG PDVV RISWKHWIOH YRID XBHZBMMKH N
P lzpwk WKH GHQVLW\ RI ZDWHU NJ P

7KH ZDWHU SHUPHDELOLW\ RI WKH VDPSOH LV GHWHUPLQ
WKH FRHIILFLHQW Rl ZDWHU SHUPHDELOLW\ LV FDOFXODYV

G Lf’—H”cM @ A (6.5)

ZKHNHY WKH ZDWHU SHUPHDE IDOIMVWW KR HHUIRRV\H @ WF VW PRQ D
SLSH BPLV WKH FURVV VHFWLRQDO DUHD IRM WKH 6+ JQNGU
RI WKH VDPSWOW WKH WLPH ZKHQ WKH K DWKRHU K MKGE YDUL!
LQLWLDO ZDWKUWKWKGE IBPRDO ZDWHU KHDG PP

Table 6.3Mix proportions of the orthogonal test.

$JIJUHIJDWHYV

PF 6WHHO
6DPS( &HPH 6DQC Z F :DWH PF %DVDOV
BWHH WRWD(
1R NJ P NJP NJ P %DVD DJJUHJI
VODJ DJJUHJ
NJ P 9RO
NJ P 9RO

f $GVRUSWLRQ SHUIRUPDQFH

7KH DGVRUSWLRQ SHUIRUPDQFH RI SHUYLRXV FRQFUHW
UHPRYDO WHVW LQ WKLV VWXG\ &RQVLGHULQJ WKH KLJ}
DJJUHJDWHV > @ GLIIHUHQW LQLWLDO FRQFHQWUDWL
FRQFHQWUDWLRQ PJ/ DQG PJ/ DQG KLJK FRQFHQ\
PJ/ 3 VROXWLRQV DUH SUHSDUHG IRU WKH 3 DGVRUSWL
SXUH SRWDVVLXP GLK\GURIH® SKRAWBIKRWKEY ZBWHU $IWH
VROXWLRQ LV VWLUUHG DW USP LQ D WKHUPRVWDWLF



Rl WKH VROLG 3 SDUWLFOH EHIRUH WKH DGVRUSWLRQ WH

7KH 3 DGVRUSWLRQ WHVW RI SHUYLRXV FRQFUHWH LQ W|
PHWKRG IRU WKH UHPRYDO RI VWRUPZDWHU SROOXWDQW
VKRZQLIQ 7KH 1 1 PPDPSOH LV FXW LQWR D VPDOC
DSSUR[LPDWHO\IRU WIRIR 3 DGVRUSWLRQ WHVW )LUVWO\
SRXUHG LQWR D JODVV FRQWDLQHU DQG WKHQ WKH FRC
VORZO\ GULSSHG RQWR WKH VXUIDFH RI WKH FRQFUHWH
DQG D EHDNHU DW WKH ERWWRP LV XVHG WR FROOHFW
FRPSOHWHO\ ILOWHUHG E\ WKH FRQFUHWH EORFN WKH F
LQWR WKH XSSHU JODVV FRQWDLQHU WR FRQWLQXH WKH
VROXWLRQ LV DGVRUEHG E\ WKH FRQFUHWH EORFN IRU
FROOHFWHG E\ DQ LQMHFWHU DQG WKHQ ILOWHUHG E\ [
FRQFHQWUDWLRQ RI WKH ILOWUDWH LV GHWHUPLQHG XV
FXEH EORFN IRU WKH F\FOLF DI®ERWS WLHR @ D/GIWRW & W L\RC
DPRXQW T PJJ DQG 33HPRYE G DODFKWDMMHG DFFRUGLQ.
DQG UHVSHFWLYHO\

3 VROX

YORZ UDWH

6DPS

Fig. 6.4 Laboratory setup for P-adsorption test.
f JUHH]H WKDZ WHVW

7KH UHVLVWDQFH WR IUHH]JH WKDZ F\FOHV RI SHUYLRXYV F

7KH WHPSHUDWXUH RI WKH IUHH]H WKDZ WHVW YDUL
SULVP VDPSOHV RI DUH FRPSOHWHO\ LPPHUVHG LQ WKH Z
VXUIDFH LV * PP DERYH WKH VXUIDFH RI WKH VDPSOH 7]
Rl WKH VDPSOH DIWHU HDFK IUHH]H WKDZ F\FOH LV HYDO



Table 6.4Mass of the small cube block for cyclic adsorption test.

3 FRQFHQ\ 6DPSOH PDVV J
PJ/

SHVXOWY DQG GLVFXVVLRQ

(ITHFWV Rl VWHHO VODJ FRQWHQW RQ WKH SHUIRUPD
f "HQVLW\ SRURVLW\ DQG SHUPHDELOLW\

7KH DJJUHJDWH VL]H DQG VKDSH KDYH D VLJQLILFDQW HI
RI SHUYLRXV FRQFUHWH > @ KBVUHISRDFHPOHQW RI EDVD(
ZLWK VPDOO VL]HG VWHHO VODJ DJJUHJDWH LQFUHDVHYV
UHGXFHV WKH SRURVLW\ DQG SHUPHDELOLW\ FRHIILFLH
UHSODFHG E\ PP VWHHO VODJ WKH GHQVLW\ LQFUHD
SHUPHDELOLW\ FRHIILFLHQW UHGXFH E\ DQG UHV S
VPDOOHU DJJUHJDWH VL]H OHDGLQJ WR D ORZHU SHUPHD
LQ SUHYLRXV VWXGLHV > @ 7KH WHQGHQF\ Rl DQ LQFUH
ZLWK WKH LQFUHDVH RI DJJUHJDWH SDUWLFOH VL]HV FDQ

7KH SRUHVY KDYH D UHODWLYHO\ XQLIRUP GLVWULEXWLR
> @ ,Q WKLV VWXG\ WKH SRUHV RI WKH 66 FRQFUHWFE
FROQWURO FRQFUHWH %HVLGHV LW FDQ EH REVHUYHG WHK
SRUHVY EHWZHHQ DJJUHJDWHV UHVXOWLQJ LQ D VLJIQI
PHFKDQLFDO VWUHQJWK DQG SHUPHDELOLW\ RI SHUYL
PLFURSRUHVY FHPHQW SDVWH DQG DJJUHJDWH FKDUDFW
WKURXJK WKH VPDOO VL]HG DJJUHJDWH FDQ FRQWULEX
SHUYLRXV FRQFUHWH

f &RPSUHVVLYH VWUHQJWK DQG IOH[XUDO VWUHQJWK

7KH UHODWLRQVKLS EHWZHHQ GD\ PHFKDQLFDO VWUHQ
LV VKRYIQJ LQ$Y WKH FRQWHQW RI VPDOO VL]HG VWHHO "
FRPSUHVVLYH VWUHQJWK DQG IOH[XUDO VWUHQJIJWK RI ¢
:KHQ WKH FRDUVH DJJUHJDWH LV UHSODFHG E\ VWHHO
VWUHQJIJWKY DUH 03D DQG 03D UHVSHFWLYHO\ ZLV
FRPSDUHG WR WKH FRQWURO FRQFUHWH 7KLV PD\ EH D
SRURVLW\ DQG SDUWLFOH LQWHUORFN IRUPHG E\ WKH V



FRQFOXGHG WKDW WKH PL[LQJ RI PP VWHHO VODJ DJJU
UHVXOWY LQ DQ LQFUHDVHG DJJUHJDWH SDFNLQJ GHQVL
WKH PHFKDQLFDO VWUHQJWK
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Fig. 6.5 Density, volumetric porosity and permeability coefficient of pervious concrete.
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Fig. 6.6 Relationship between 28-day compressive strength and flexural strengtbrasitypf

pervious concrete.

*HQHUDOO\ WKH LQWHUIDFLDO WUDQVLWLRQ JRQH ,7=



FRQFUHWH ZKLFK GRPLQDWHV WKH SHUIRUPDQFH RI W
GHVLJQHG SRURVLW\ LV WKH ZHDNHVW SDUW RI SHUYLR;
VWHHO VODJ ILOOV WKH SRUHV EHWZHHQ WKH DJJUHJDW
FRQFUHWH WKXV LPSURYLQJ WKH PHFKDQLFDO VWUHQJ\
GHQVLW\ DQG VWUHQJWK WKDQ EDVDOW DJJUHJDWH 7K
DJJUHJDWHVY H J FRSSHU VODJ > @ VWHHO VODJ > @
VWUHQJIJWK GXH WR WKH VW RO IXIVGMWRE URHPRHNQ G J [H Q H FOA J
SRO\PHULF PDWHULDOV ILEUHV HWF ZLOO IXUWKHU LI
SHUYLRXV FRQFUHWH > + @

OLFURVFRSH LPDJHV RI WKH ,7= Rl SHUYLRIRRF®R ERQBGWH |
EHWZHHQ EDVDOW DQG PRUWDU LV REVHUYHG KRZHYHU
SURGXFHG EHWZHHQ WKH ,7= DQG WKH VXUIDFH RI EDVD(
W HN\\WY OXKH PLFUR FUDFNV DUH REVHUYHG LQ WKH ,7= E
EXW QR VWHHO)VDDJ BHWEANDWLQJ WKDW WKH ,7= EHWZI
PRUWDU LV WKH ZHDNHVW SDUW RI SHUYLRXV FRQFUHWH
ZRUN

f 3 DGVRUSWLRQ SHUIRUPDQFH

7KH LQLWLDO FRQFHQWUDWLRQ RI WKH 3 VROXWLRQ LV
UHVXOWV VKRZ WKDW QR 3 LV GHWHFWHG LQ WKH ILOWU
DGVRUEHG E\ SHUYLRXV FRQFUHWH 7KLV &D\EHGDWWUL]
K\GUR[LGH LRGWOHDNVHG IURP WKH SHUYLRXV FRQFUHWH L
WR IRUP &D 3 SUHFLSLWDWHVY ORUHRYHU ZKHQ WKH SHU
IRU D ORQJ WLPH WKH DTXDWLF PLFUREHV DWWDFKHG W
WR ELRORJLFDO DGVRUSWLRQ > @ DQG WKH LQWHUQDO
WKH VXVSHQGHG VXEVWDQFHV IURP VWRUPZDWHU >
SHUIRUPDQFH RI SHUYLRXV FRQFUHWH GHSHQGV RQ WKH
FRQFUHWH LQ DGGLWLRQ WR WKH DGVRUSWLRQ FDSDFL
PRUWDU PDWUL]J

7KH FRPSDULVRQ Rl SROOXWDQW UHPRYDO RI GLITHUHQW
VKRZQLOIQ )RU FRQYHQWLRQDO FRQFUHWH VWRUPZDWHU
SHQHWUDWH WKH FRQYHQWLRQDO FRQFUHWH RQO\ WKH
SROOXWDQW UHPRYDO RI WKH FRQYHQWLRRDIOQB RKEH HW
LQILOWUDWLRQ RI VWRUPZDWHU LQWR WKH SHUYLRXV FR
DQG K\GUR[LGH LRQV HWF OHDFKHG IURP WKH FHPHQW
ZLWK D VPDOO DPRXQW Rl SROOXWDQWY PHWK\OHQH EOX
HWF WKURXJK VXUIDFH FRPSOH[DWLRQ LRQ H[FKDQJ



&RQYHQWLRQDO VLQJOH VL]HG SHUYLRXV FRQFUHWH HI[K
SROOXMWDQWE¥KRZHYHU LW XVXDOO\ KDV D ORZ DGVRUS\
FRQWDFW WLPH > @ 'XH WR WKH KLJK DGVRUSWLRQ FDSI|
SROOXWDQWY FDQ EH FRPELQHG ZLWK WKH DGVRUSWL
VLIJQLILFDQWO\ LPSURYLQJ WKH SROOXWDQW UHPRYDO F
VL]HG DJJUHJDWH VWURKEMWRKYUHU ZKHQ WKH ODUJH VL]HG

LV FRPSOHWHO\ UHSODFHG E\ WKH DGVRUSWLYH DJJUHJD
FRQFUHWH ZRXOG EH IXUWKHU LPSURYHG

Fig. 6.7 Microscope images of tH&Z (a) Basalt and (b) Steel slag.

Fig. 6.8 Comparison of pollutant removal from stormwater runoff by (a) entiwnal concrete, (b)

single-sized pervious concrete and (c) two-sized pervious concrete.



'XULQJ WKH UDLQ\ VHDVRQ WKH VWRUPZDWHU SHQHWUI
ZKLFK WKHQ GLVVROYHV WKH K\GUDWLRQ SURGXFWV RI F
DUH WKHQ ZDVKHG RXW IURP WKH SHUYLRXV FRQFUHWH
VODJ LV XVHG DV DJJUHJDWHV IRU SHUYLRXV FRQFUHW
HYDOXDWHG LQ WKLV VWXG\ DQG7WKGHIHKBIFEP R X QW \RI OV
VRGLXP DQG SRWDVVLXP LV PJ NJ DQG WKH FDOFLXP
KDUPIXO PHWDO LRQV VXFK DV $V &U 9 HWF OHDFKHC
SHUYLRXV FRQFUHWH DUH IDU EHORZ WKH PD[LPXP OLF
DFFRUGLQJ WR WKH 'XWFK 6RLO 4XDOLW\ 'HFUHH > @ 7}
FRQFUHWH SURGXFHG LQ WKLV VWXG\ FDQ EH XVHG IRU :
ULVN

Table 6.5Leaching results of steel slag and two-sized pervious concrete (mg/kg).

(OHPHC $0 $V %D &U YH 0J 6U 9
6WHHO ' , "
&RQWU

66

66

66

66

/LPLW °

0.0 T T T
0 7 14 21 28

Freeze-thaw cycles (days)

Fig. 6.9 Mass loss of pervious concrete during the freeze-thaw test.
f JUHH]H WKDZ UHVLVWDQFH

SHUYLRXV FRQFUHWH LV DSSOLHG WR UHPRYH SROOXWD(
LQ FRQWDFW ZLWK DQ DTXHRXV VROXWLRQ WKH UHVLVYV



FRQFUHWH VKRXOG EH HYDOXDWHG ZKHQ LDWJLV DSSOLHG
WKH 66 FRQFUHWH KDV WKH EHVW UHVLVWDQFH WR IUHF
FRQFUHWH 7KH XVH RI VPDOO VL]HG VWHHO VODJ LQVWF
IUHH]H WKDZ UHVLVWDQFH RI SHUYLRXVY FRQFUHWH $IWH
RI WKH FRQWURO 66 66 66 DQG 66 FRQFUHWH D
UHVSHFWLYHO\ 7KH PDVV ORVV RI WKH 66 FRQFUHWH C
FRQWURO FRQFUHWH 7KH VSDOOLQJ RI DJJUHJDWHYV IUR
LQFUHDVH LQ PDVV ORVV IRU H[DPSOH D VLJQLILFDQW
FRQFUHWH LV REVHUYHG DW I[UHH]H WKDZ F\FOHV 7KHI
SHUYLRXV FRQFUHWH FDQ EH LPSURYHG E\ XVLQJ D WZR
Rl ILQH VWHHO VODJ DQG QRUPDO FRDUVH DJJUHJDWH

7= 3RUH SUHVVXUH

% /IDUJH VL]HG EDVDOW
OLFUR SRUP U *

. &U\RVXFWLR
$TXHRXV VRBOXWAR®IUHID \eUDXOLF SURVVXUH

- ~

* &U\WWDOOL]DWLRQ SU

AN

6PDOO VL]HG VWHHO VODJ
D&RQFUHWH FRQWDLREQRJI RUPDRIRWHVQ SAIRLUFH BERIWNX U |
Fig. 6.10 Schematic diagrams of the freeze-thaw failure mechanism of two-sized aggregmtesperv

concrete.

7KH PDLQ GHJUDGDWLRQ IRUP RI IUHH]H WKDZ GDPDJH L\
FRQFUHWH VXUIDFH > @ 7KH HIITHFWV Rl SRUH SUHVV)
DJJUHJDWH SHUYLRXV FRQFUHWH GXULQUJIUHMKHWKDZ F
I[UHH]H WKDZ GDPDJH LV PDLQO\ FDXVHG E\ WKH SRUH S
> @ 7KH SRUH SUHVVXUH LV FRPSRVHG RI K\GUDXOLF
FU\RVXFWLRQ SUHVVXUH VXUIDFH WHQVLRQ RI WKH ZDW
RI LFH FU\VWDOV GHSHQGLQJ RQ WKH WKHUPRG\QDPLF
ZDWHU > +*+ @ 7KH K\GUDXOLF SUHVVXUH PDLQO\ UHOL
WR H[SDQVLRQ ZKLOH WKH FU\RVXFWLRQ SUHVVXUH DQ
SRUH VL]H DQG WHPSHUDWXUH > @ ,Q WKLV VWXG\ ZK
VLIHG VWHHO VODJ WKH LQWHUQDO GHIHFWV RU PLFURS
DQG WKH K\GUDXOLF SUHVVXUH JHQHUDWHG E\ WKH LFH



ZKLFK FRQWULEXWHYV WR WKH JRRG IUHH]H WKDZ UHVLVYV
FRQFUHWH

7KH HIIHFWV RI I[UHH]H WKDZ F\FOHV RQ WKH PHFKDQLFD
DQDO\|JHG DVDEXRZ/EKHQ@QHVXOWY VKRZ WKDW WKH FRPSU
IOH[XUDO VWUHQJWK VLIJQLILFDQWO\ GHFUHDVH DIWHU |
EDVDOW LV UHSODFHG E\ VPDOO VL]HG VWHHO VODJ Wt
UDWKHU OLPLWHG $IWHU I[UHH]H WKDZ F\FOHV WKH U]
DQG IOH[XUDO VWUHQJWK RI WKH 66 FRQFUHWH LV RQO
VLIQLILFDQWO\ ORZHU WKDQ WKH UHGXFWLRQ LQ WKH VYV

7KH GHJUDGLQJ HIIHFW Rl IUHH]H WKDZ F\FOHV RQ WKH
KDV EHHQ REVHUYHG LQ SUHYLRXV VWXGLHYVY > @ 7KH F
DUH WKH PDLQ UHDVRQV IRU VWUHQJWK UHGXFWLRQ >
RI' VWUHQJWK DV UHSRUWHG E\ 6XQ HW DO > @ WKH
FRQYHQWLRQDO FRQFUHWH DIWHU IUHH]H WKDZ F\FO
FRPSUHVVLYH VWUHQJWK ORVV RI DERXW W LV QRWH
VKRZV D FRPSDUDEOH FRPSUHVVLYH VWUHQJWK ORVV ZL
LWV H[FHOOHQW GXUDELOLW\ SHUIRUPDQFH

Table 6.6Mechanical strength loss of pervious concrete after 15 freeze-thaw cycles.

&RPSUHVVLYH VWUHC )OH[XUDO VWUHQJWK
%HIRL $IWI SHGXFWLF %HIR $IWHU 5HGXFWLF
&RQWUR
66
66
66
66

6DPSOHY

2UWKRJRQDO UHVXOWY RI WZR VL]J]HG DJJUHJDWH SHL
f 3K\ WLFDO SURSHUWLHYV

7KH VXUIDFH WH[WXUH RI SHUYI0RXV7 KR QFUNDYDOHW VVVHKRRE Z\
VDPSOHYV DQG KDYH D SHUIHFW VXUIDFH WKH VPDOC
EHWZHHQ WKH EDVDOW DJJUHJDWHYVY DQG WKH RYHUDOO
VDPSOHYV DQG 7KH VXUIDFHV RI VDPSOHYV DQG DUH
PLFURSRUHY DUH ILOOHG ZLWK PRUWDU DQG WKH SRURVL
RQ WKH VXUIDFH RI VDPSOH DQG DOO PLFURSRUHV DL
VLIQLILFDQWO\ DIITHFW WKH SHQHWUDWLRQ RI SROOXWD
LWV DGVRUSWLRQ SHUIRUPDQFH



Fig. 6.11 Surface texture of pervious concrete (top values: cement content, below values:.LA:SA)
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Fig. 6.12 Cumulative curves of particle size distribution of pervious concrete.

*HQHUDOO\ GLIITHUHQW W\SHV RI FRQFUHWH FDQ EH GH
YDULRXV GLVWULEXWLRAK PRGEOXMAYPOXHWKH SURSRUW



ILQH DQG FRDUVH DJJUHIJDWHYV LQ WKH PL[WIXUH +LJKHU
DUH OHDGLQJ WR FRDUVH PL[WXUHW ZHKHWHV/DN WRRO QKUPY
ZKLFK DUH ULFK LQ ILQH SDUWLFOHYVY > @ 7KH GLVWULE.
IRU XOWUD KLJK SHUIRUPDQFH FRQFUHWH > @ $Q RS\
PRGXOXV RI DQG IRU VHOI FRPSDFWLQJ F
FRQFUHWH UHVSHFWLYHO\ > @ 7KH GLVWULEXWL]I
DUH XVHG IRU FHPHQW EDVHG OLJKWZHLJKW FRPSRVLWI
YDOXHV RI DQG DUH GHVLJQHG IRU SXPSDEOH OF
> @ 'XH WR KLIJKHU FRDUVH SDUWLFOHV LQ SHUYLRXV F
R LV XVHG IRU WKH WDUJHW OLQH EDVHG RQ WKH SD

7KH FXPXODWLYH FXUYHV RI WKH SDUWLFOH VL]H GLVWU
LQLJ 7KH UHVXOWYVY VKRZ WKDW WKH YROXPH UDWLR R
VPDOO VL]HG DJJUHIJDWH 6% KDV D VLJQLILFDQW HIIHFW
VLIH GLVWULEXWLRQ :KHQ WKH YROXPH UDWLR RI ODL
DJJUHJDWH LV ZKLFK LV FORVH WR WKH WDUJHW OLQl
LV VXLWDEOH IRU SHUPHDEOH DGVRUSWLYH FRQFUHWH

Table 6.7Porosity, water absorption and density of concrete.
,QWHUQDO SF 6XUIDFH SRUH
E\ LPDJH DQD¢ LPDJH DQDO\V
6DPSt $UHD $YHUD $UHD $YHUD.
IUDFW SRUH IUDFW SRUH
SRUHV PP SRUHV PP

9RO XPF KRXU 2YHQ
SRURVI ZDWHU GU\

REWDL' DEVRU GHQ\
WHVW NJ P

7KH SRURVLW\ ZDWHU DEVRUSWLRQ DQG GBROHW\ RI SHU
7KH UHVXOWYVY VKRZ WKDW WKH DUHD IUDFWLRQ DQG WKH
WKH PRVW SHUYLRXV FRQFUHWH DUH KLIKHU WKDQ WKDW
IUDFWLRQ RI VXUIDFH SRUHV RI VDPSOHYV DQG DUH'Y
KDYH PRUH FHPHQW FRQWWWOMWVLQINUJQPWKH EORFNDJH RI
FRQFUHWH E\ WKH H[FHVVLYH FHPHQW SDVWH FRQVHTXH
DQG KLIJKHU GHQVLW\ FRPSDUHG WR RWKHU VDPSOH VHL



SHUYLRXV FRQFUHWH VKRXOG EH FRQVLGHULQJ WKH
FKDUDFWHULVWLF > @ 7KH ORZ SRURVLW\ SHUYLRXV FF
DQG IXUWKHU UHVHDUFK LV QHHGHG LQ IXWXUH ZRUN

(a) Sample 3, ¥20% E 6DPSQH 9

F6DPSOH 9

Fig. 6.13 Changes in porosity of the entire casting surface of pervious concrete \eétigits (black

areas are pores).

7KH FKDQJH LQ SRURVLW\ RI WKH HQWLUH FDVWLQJ VXUII
DQG LV DQDO\]HG E\ ,PDJH }LVRIWZRHH RD\RVKWRY Q | L\ |
HQWLUH FDVWLQJ VXUIDFH RI VDPSOHYV DQG DUH X
OHQIJWK ZLWK D UDQJH RI DQG UHVSHFWLY
DYHUDJH SRURVLW\ RI WKH HQWLUH FDVWLQJ VXUIDFH R
UHVSHFWLYHO\ 7KH SRURVLW\ RI WKH HQWLUH FDVWL
GLVWULEXWHY DORQJ ZLWK WKH OHQJWK FRPSDUHG ZLW
SROOXWDQW UHPRYDO E\ SHUYLRXV FRQFUHWH

f OHFKDQLFDO SURSHUWLHYV

7KH FRPSUHVVLYH VWUHQJWK DQG IOH[XUDO VWUHQJWK



FHPHQW FRQWHQWURI VLIQLFR.FDQWO\ GLIIHUHQW IURP WK
VHULHV FHPHQWQG VNDPBOH DQG VHULBY FHPHQ
VKRZQ LQ )LJ 7KHVH UHVXOWY DUH FRQVLVWHQW ZLW
DQG VHULHV ZLWK D KLJK SRURVLW\ UHVXOW LQ D
03D ZKLOH VDPSOHYV DQG VHULHV ZLWK D ORZ SRU
VWUHQJWK 03D 7KH FRPSUHVVLYH VWUHQJWKV R
I[URP 03D WR 03D 6LPLODU WR WKH FRPSUHVVLYH
LQ WKLV VWXG\ VKRZV D VLPLODU WUHQG 7KH IOH[XUDO
VHULHV YDU\ EHWZHHQ 03D 03D DQG
LQGLFDWLQJ VDPSOH VHULHV LQ WKLV VWXG\ KDYH U]
DSSOLFDWLRQV LQFOXGLQJ VLGHZDONV SDUNLQJ ORW)
FRQYHQWLRQDO SHUYLRXV FRQFUHWH
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Fig. 6.14 28-day compressive strength and flexural strength of pervious concrete.
f 3 DGVRUSWLRQ FDSDFLW\ DQG UHPRYDO UDWH

&RQVLGHULQJ WKH ORZ FRQFHQWUDWLRQ 3 VROXWLRQ

DGVRUEHG E\ SHUYLRXV FRQFUHWH LQ WKH ILUVW SDU\
VROXWLRQ PJ / DQG PJ/ LV DSSOLHG WR WKH SUF
LQLJ WKH 3 DGVRUSWLRQ DPRXQW DQG 3 UHPRYDO IU
FRQFUHWH KDYH D VLJQLILFDQW GLIIHUHQFH 7KH 3 DGVI
RI VDPSOHV DQG VHULHV DUH EHWWHU WKDQ RW
FRQFHQWUDWLRQ LV PJ/ WKH 3 DGVRUSWLRQ DPRXQ'
YDULHV EHWZHHQ PJ J PJ J DQG PJ
FRUUHVSRQGLQJ 3 UHPRYDO IUDFWLRQV DUH D
KLJK 3 UHPRYDO UDWH RI VDPSOHYV DQG VHULHV PD\
SRURVLW\ DQG ZDWHU DEVRUSWLRQ WKHUHIRUH SKRVS
FDOFLXP LRQV IRU &D 3 SUHFLSLWDWHV $OWKRXJK VDP
PHFKDQLFDO VWUHQJWK WKH DGVRUSWLRQ FDSDFLW\ L
VHULHV
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Fig. 6.15 P-adsorption amount and removal fraction of pervious concrete VARPO XWLRQ RI D
PJ/ DQG E PJ /

7KH VLJQLILFDQFH RI FHPHQW VDQG Z F DQG VPDOO \
DGVRUSWLRQ FDSDFLW\ DUH DQDO\]JHG WKURXJK WKH YD
DUH VKRDEQAK7KH GHYLDWLRQ DQDO\VLV RI WKH RUWKR
DGVRUSWLRQ FDSDFLW\ LV FDOFXODWHG EDVHG RQ > @

- L Algwie (6.7)
5.6
2L (6.8)
3 LAY gl (6.9)
5 s
3vLs Alesvr (6.10)
2L 3yF2 (611
50 L Ay5¢ (612

ZKHQHYV WKH QXPEHU BRI \HVSKH IOPHHYQWOVRI HDFK IDFWRU P
RFFXUUHQFHV RI HDFK OB VBDQRGIWWX MV K DD XMVX &Y BVUKHH [
UHVSHFWHUYWH®KH VXP Rl WK HQWEHYMW RIHVKB®VWRUUHVSRQG
IDFWRUOOHYHOAAA WKH FMRGBQB@UH DQ LOQWHUPHGLDWH
IDFLOLWDWH ®IDOFEXO® WY ROKRIVXP RI VIXDUHV IRU HDFK
FROXPRQ LY WKH VXP RI VITXDUHV IRU WRWDO GHYLDWLRQ\

&RQVLGHULQJ WKH RUWRKRBRPOOHWBIBDOHLOOHG LQ WKLV \
QR VLJQLILFDQW HIIHFW RQ WKH 3 DGVRUSWLRQ FDSDFLW
WKDQ RWKHU IDFWRUV FHPHQW : & DQG VWHHO VODJ W
WKH IXUWKHU YDULDQFH DQDO\VLV 7KH/PPOHIYFH DQDO
H[SHFWHG FHPHQW DQG VWHHO VODJ FRQWHQW KDYH V
FDSDFLW\ HVSHFLDOO\ WKH FHPHQW WKH ZDWHU FHPHQ



DGVRUSWLRQ FDSDFLW\ $FFRUGLQJ WREWKH GG W.EOMW LRQ
3 DGVRUSWLRQ UHVXOWV VDPSOH 1R VKRZV H[FHOO
UHFRPPHQGHG DV WKH RSWLPXP PL[ IRU SHUYLRXV FRQF!

Table 6.8Deviation calculation of the orthogonal results of P-adsorption capacity.

6DPSC &HPH 6DQC PP VWHHO V
D& $GVRUSWLRQ FDS

1R NJ P NJ P DJJUHJDWH 9R
PJ /3 VROXWLRQ
Q M M M M
- M
.M 3
.M 4
4m
6u 6

Table 6. 9Variance analysis of dependent variable of P-adsorption capacity.

6RXUFH RI 6XP RI VT '"HJUHH F OHDQ V™ ) YDC 6LJQLIL
&HPHQW

D&

6WHHO VOL

(UURU

7TRW@ O

7KH VIPEROV DQG UHSUHVHQW WKH VIRIQWIKHFD/QBR LUHNVXQ@MH OHYG
DQG UHVSHFWLYHO\ DQG WKH FRUUHVSRG@ESGRIF WUYWQFDO )

7KH SDUWLFOH VL]H KDV D VLJQLILFDQW HIIHFW RQ 3 UH|
ZLOO UHOHDVH PRUH FDOFLXP LRQV DQG K\GUR[LGH LRQ
7KH SHUYLRXV FRQFUHWH ZLWK KLJK YRLG DQG VPDOO
UHPRYDO DELOLW\ GXH WR WKH ODUJH VSHFLILF VXUIDFI
PDGH RI H[SDQGHG VKDOH DJJUHJDWH FDQ UHGXFH WKH

PJ / E\ VLPXODWHG VWRUP WHVW > @ 7KKDSHUYLR X}
D 3 UHPRYDO RI QHDUO\ ZLWK DQ LQLWLDO FRQFHQW
VWXG\ WKH KLJK FRQFHQWUDWLRQ 3 VROXWLRQ PJ /
EORFNV ZLWK D SDUWLFOH PDVV RI J DUH XVHG IRU



3 UHPRYDO DELOLW\ RI SHUYLRXV FRQFUHWH EORFNV LV
f (I1HFWV Rl FAFOHV RQ 3 DGVRUSWLRQ SHUIRUPDQFH

7KH HIIHFWV RI DGVRUSWLRQ F\FOHVY RQ 3 DGVRUSWLRQ
HYDOXDWHG DQG WKH YIHVXOWW D WKES ULQFWRWHE LQ WKH
F\FOHV WKH 3 DGVRUSWLRQ DPRXQW DQG 3 UHPRYDO |

LQFUHDVHVY HVSHFLDOO\ IRU VDPSOHV DQG "KHQ WKF
WR WKH 3 DGVRUSWLRQ DPRXQW RI VDPSOH LQFUHDVE
3 UHPRYDO IUDFWLRQ LQFUHDVHV IURP WR 7KLV LQ

DUH UHOHDVHG IURP WKH SHUYLRXV FRQFUH3WH IRU W
SUHFLSLWDWHV DQG WKH DGVRUSWLRQ F\FOHV GR QRW
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Fig. 6.16 Effects of cycles on P-adsorption amount and P-removal fractipareious concrete.

$00 DGVRUSWLYH PDWHULDOV ZLOO UHDFK VDWXUDWLR
F\FOHVY DUH XVHG IRU WKH DGVRUSWLRQ WHVW QR VDW
PRUH DGVRUSWLYH F\FOHV QHHG WR EH FDUULHG RXW |
ORUHRYHU WKH PHWKRGV IRU HIWHQGLQJ WKH VHUYLFH
SROOXWDQW VDWXUDWLRQ VKRXOG EH FRQVLGHUHG LQ
DEVRUEHG SKRVSKDWH XVHG DV IHUWLOL]JHU IRU SODQ

FRPPXQLWLHY LQ WKH PLFURSRUHV VWUXFWXUH RI SHUY
RUJDQLF PDWWHU > @

f "XUDELOLW\

7KH PDVV ORVV Rl SHUYLRXV FRQFUHVYSH HOWHIQNIB GVKE UL

D7KH PDVV ORVV RI DOO FRQFUHWHY LV UHODWLYHO\
IUHH]H WKDZ F\FOHVY WKH PDVV ORVV RI VDPSOH LV l
VHULHY YDULHV IURP WR 7KH IUHH]JH WKDZ GDPDJH F



WKH FRQFUHWH DQG WKH IRXU FRUQHUV ZKLFK LV PDQ
SDUWLFOHV IURP WKIH FRORWRPEBB YXE® WRHVKH TUHH]H WKI
UHVXOWYV RI WKH ILUVW SDUW RI WKLV VWXG\ WKH IUHH]I
KDYH EHHQ VLJQLILFDQWO\ LPSURYHG WKURXJK WKH RSW

DQG VKRZ WKH EHVW IUHH]H WKDZ UHVLVWDQFH WKH
IDFWLRQ DUH UHODWLYHO\ QRZ FREBQVHGHWRQVDWEB KK L.
DGVRUSWLRQ FDSDFLW\ DQG VXLWDEOH VWUHQJWK DQG
DV WKH RSWLPXP PL[ IRU SHUYLRXV FRQFUHWH
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Fig. 6.17 (a) Mass loss of pervious concrete and (b) Changes in the concfate sifter 42 freeze-

thaw cycles.
&RQFOXVLRQV
KHQ SHUYLRXV FRQFUHWH FRQWDLQV VWHHO VOD.
DQG IOH[XUDO VWUHQJWK LQFUHDVH E\ DQG UHV !
E\ IJUHH]H WKDZ F\FOHVY GHFUHDVH E\ FRPSDUHG WR FF

WR WKH IDFW WKDW VPDOO VL]HG VWHHO VODJ ILOOV
JUDGXDOO\ UHGXFHV SRURVLW\ DQG SHUPHDELOLW\ ZKI|
PHFKDQLFDO VWUHQJWK DQG IUHH]H WKDZ UHVLVWDQFH

7ZR VL]HG DJJUHJDWH SHUYLRXV FRQFUHWH KDV DQ H]
LV UHPRYHG IURP WKH DTXHRXV VROXWRQRDQEH K DXWRI[ LVGK
2+ LRQ UHOHDVHG E\ WKH SHUYLRXV FRQFUHWH UHDFW
SUHFLSLWDWHY ORUHRYHU WKH KDUPIXO HOHPHQWV &U
FRQFUHWH DUH PXFK ORZHU WKDQ WKH PD[LPXP OLPL\
FRQILUPLQJ QR HQYLURQPHQWDO ULVN



$FFRUGLQJ WR WKH UHVXOWYVY RI RUWKRJRQDO WHVWL
IDFWRUV DIITHFWLQJ WKH DGVRUSWL R@ BFWHR U FFH@ HK \R |
NJ PVDQG MJIFP PP VWHHO VDG PPNJ P
EDVDOW VRNRzZ H[FHOOHQW DGVRUSWLRQ FDSDFLW\
UHPRYDO DQG FDQ EH XVHG DV WKH RSWLPXP PL[ IRU WZR
ORUHRYHU ZKHQ WKH F\FOH QXPEHU LQFUHDVHV IURP \
VDPSOH LQFUHDVHV IURP PJ J WR PJJ DQG WKH ¢
WR



&KDSWHU ,PSURYHPHQW RI SKRVSKRUXYV
SHUYLRXV FRQFUHWH XVLQJ KLJKO\ DGVRU

BHUYLRXV FRQFUHWH KDV EHHQ ZLGHO\ XVHG LQ EXLOGI
SDUNLQJ ORWYV DQG UDLQ JDUGHQV IRU XUEDQ UXQRII
DGVRUSWLRQ FDSDFLW\ RI FRQYHQWLRQDO DJJUHJDWHYV
FDSDFLW\ RI SHUYLRXV FRQFUHWH 7R LPSURYH WKH S
SHUYLRXV FRQFUHWH IURP VWRUPZDWHU UXQRIlI %2) VWF
DUH DSSOLHG WR LPSURYH WKH 3 UHPRYDO FDSDFLW\ 7
DGVRUSWLRQ SHUIRUPDQFH DGVRUSWLRQ PHFKDQLVP D!
DGVRUSWLYH SHUYLRXV FRQFUHWH DUH LQYHVWLJDWHG
DQG VWHHO VODJ FRQFUHWH H[KLELW H[FHOOHQW 3 DGV|
UHVSHFWLYHO\ FRPSDUHG WR WKH FRQYHQWDRRGO D
IURP FRQFUHWH LV WKH GRPLQDQW LRQ IRU WKH FKHPLYV
DGVRUSWLRQ DPRXQW DQG UHPRYDO IDFWLRQ RI DGVRU:
3 FRQFHQWUDWLRQ DQG UHDFWLRQ WLPH /DQJPXLU PR
DSSURSULDWH ILWWLQJ IRU WKH DGVRUSWLRQ LVRWKFE
ORUHRYHU WKH GHYHORSHG DGVRUSWLYH SHUYLRXV FRQ
LQGLFDWLQJ WKDW WKH\ FDQ EH VDIHO\ XVHG IRU 3 UHPR
HQJLQHHULQJ ZLWKRXW SRWHQWLDOO\ QHIJDWLYH HQYLL

7KLV FKDSWHUSUWRGRBEMWE DORF

) X4 /] <X + -+ %URKZRIYNPHQW RI SKRVSKRUXV UHPRYDO FDSDFLW
XVLQJ KLIKO\ DGVRUBWKYHUDLBWHJIDWHYV



,QWURGXFWLRQ

&RQFUHWH VOXUU\ > @ RU PRUWDU SRZGHU > @ VKRZ\
3 UHPRYDO GXH WR WKIR PG BEBDBRDERYIHGGE MW KHU SKDVHV L(
K\GUDWHG FHPHQW PDWUL[ 7KH K\GUDWLRQ SURGXFW R
SURGXFW DQG WKKDGELNVIRRGHBGYMRUSWLRQ FDSDFLW\ IF
7KH DGVRUSWLRQ FDSDFLW\ RI FRQYHQWLRQDO DJJUHJD
DQG ULYHU JUDYHO HWF LV OLPLWHG VLQFH WKH\ GR Q
GXULQJ WKH DGVRUSWLRQ SURFHVV > @ &XUUHQW UHYV
FDSDFLW\ RI SHUYLRXVY FRQFUHWH IURP WKH SHUVSHFWL)
RI PRUWDU IRU H[DPSOH E\ DGGLQJ DOXPLQLXP K\GURJI
> @ HWF KRZHYHU WKH UROH RI DGVRUSWLYH DJJUHJD
ORUHRYHU VLQFH WKH DGVRUSWLRQ PDWHULDO XVXDOC(
VHUYLFH WKH DGVRUSWLRQ SHUIRUPDQFH DQG HQYLURQ
DIWHU WKH F\FOLF DGVRUSWLRQ WHVW VKRXOG EH HYDO

,QGXVWULDO ZDVWHV VXFK DV VWHHO VODJ 66 IXUQD
DEVRUEHQWYV IRU 3 UHPRYDO > @ 3UHYLRXV VWXGLHV
WUHDWPHQW FDQ EH DSSOLHG WR UHPRYH ERURQ DQG 10
EHFDXVH WKH HWWOIBQJIJL2WH SHRDMVKN G&BK\GUDWHG WR IRL
PHWD HWWULQJLWH SKDVH XQGHU WKH KLJK WHPSHUDW X
UHDFWV ZWWHKRRP H[SDQVLYH J\SVXP IRU VXOSKDWH UHP|
DGVRUSWLRQ SHUIRUPDQFH RI SHUYLRXV FRQFUHWH E\ Ul
KLIJKO\ DGVRUSWLYH DJJUHIJDWHYVY DQ DEVRUSWLYH DJJ
DGVRUSWLRQ FDSDFLW\ JRRG PHFKDQLFDO SURSHUWLF
&KDSWHU EV®DSY MK WKH DGVRUSWLRQ FDSDFLW\ DIWI
DQG WKH DGVRUSWLRQ PHFKDQLVARQOFEVRUIMMMWMKMEB SHUY

7KH VWHHO VODJ 66 DQG PDQXIDFWXUHG DGVRUSWLY!
DGVRUSWLYH DJJUHJDWHY IRU DGVRUSWLYH SHYYLRXV F|
XVHG DV WKH UHIHUHQFH DJJUHJDWH IRU FRPSDULVR
PHFKDQLFDO SURSHUWLHY DQG 3 UHPRYDO SHUIRUPDQFH
LQYHVWLIJDWHG 7KH F\FOLF DGVRUSWLRQ FKDUDFWHU
HQYLURQPHQWDO LPSDFWV RI DGVRUSWLYH SHUYLRXV F
UHVXOWY DUH DQDO\IJHG E\ DGVRUSWLRQ LVRWKHUPV D
DGVRUSWLYH SHUYLRXV FRQFUHWHYV VKRZ H[FHOOHQW (
VDIHO\ DSSOLHG IRU 3 UHPRYDO IURP VWRUPZDWHU UXQF



ODWHULDOV DQG PHWKRGYV

ODWHULDOV

&(0, 5 3BRUWODQG FHPHQW (1&, 7KH 1HWKHUODQGYV

VWXG\ &RPPHUFLDO EDVDOW % %2) VWHHO VODJ 66 7
PDQXIDFWXUHG DGVRUSWLYH DJJUHJDWH $' DUH DSSO
SDUWLFOH VL]H RI PP DQ&J FPRKHDWSWRREAF IGHQVLW\
% 66 DQG $' DJJUHIJDWHVJIDRBM)G J BPAPVSHFWLYHO\ 7KH
LV SURGXFHG XVLQJ ZW 66 DOGZLWW D FISOKEBG VWO
RI 03D 7KH GHWDLOHG RDSUHDAQ@WHIGQUQSRRBBWHU >
1250 VWDQGDUG VDQG LV XVHG DV WKH ILQH DJJUHJDWH

(1 6WDQGDUG

Fig. 7.1 (a) Basalt aggregate, (b) Steel slag aggregate and (c) Adsorptive aggregate.
Table 7.1Mix proportions of adsorptive pervious concrete and their densitiémikg
$JIJUHJID\

6DPS &HPH 6DC :DW——————— 'HQV
PF PF

%
66
$

OL[ SURSRUWLRQ DQG VDPSOH SUHSDUDWLRQ

7ZR VL]HG DJJUHJDWHYV PPLQIQIGLV VR\PX @UR XWHG PDQ
Rl DGVRUSWLYH SHUYLRXV FRQFUHWH RQ WKH FRQVLG
SURSHUWLHV IURP WKH LPSURYHG SDFNLQJ SHUVSHFWLY
VL]HG DJJUHJDWH DQG VPDOO VL]HG DJJUHJDWH LQ WKH

UHVSHFWLYHO\ EDVHG RQ WKH SUHOLPLQDU\ WHVW
SURSHUWLHYV DQG GXUDELOLW\ > @ 7KH PL[ SURSRUWLR
DUH VKREZBOH



THVW PHWKRGYV
f 3K\ WLFDO DQG PHFKDQLFDO SURSHUWLHYV

7KH ZDWHU DEVRUSWLRQ RI FRQFUHWH LV GMWWKIP LDQJHG [
R GD\V 7KH ZDWHU SHUPHDELOLW\ RI FRQFUHWH LV C
OHWKRG > @ DQG WKH FRHIILFLHQW RI SHUPHDELOLW
FRQGXFWLYLW\ FDQ EH FDOFXODWHG EDVHG RQ 'DUF\C
SRURVLW\ WHVW LV SHUIRUPHG EDVHG RQ $670 & & 0

@ 6DPSOH SUHS

&XWWLQJ IRU F\F &UXVKLQJ IRU
WHVW \Q LVRWKHUPV DQ

4

6DPSOHV IRU 3 FRQFHQW

Fig. 7.2 Schematic diagram of sample preparation process for P-adsorption test.



7KH FRPSUHVVLYH DQG IOH[XUDO VWUHQJWKYV RI FRQFU
GHWHUPLQHG LQ DFFRUGDQFH ZLWK (1 ZLWK D FRUL
1V DQG 1V UHVSHFWLYHO\ 7KH DYHUDJH YDOXH RI W
WHVW UHVXOW

f &\FOLF DGVRUSWLRQ SHUIRUPDQFH

7KH DGVRUSWLRQ SHUIRUPDQFH Rl WKH DGVRUSWLYH PDV
D ORQJ WHUP DSSOLFDWLRQ HYHQWXDOO\ WKH PDWHUL
VWXG\ WKH HIIHFWV Rl WKH QXPEHU Rl F\FOHV RQ WKH T
SHUYLRXV FRQFUHWH DUH LQNHP\SWIHIDWHREBW LQWR WK UHH
ODEHOOHG DV 1R 1R DQG 1R )LUHVSRFBUNVWIOQ WD W K/H
OHDNDJH RI 3 VROXWLRQ IURP WKH VXUURXQGLQJV RI WKk
WKH VXUURXQGLQJ VXUIDFHV Rl WKH VPDOO FXEH VDPSO
ULQJ DUH ZUDSSHG DURXQG WKH VDPSOH WR PDNH VXUF
YHUWLFDO GLUHFWLRQ 7KH ODERUDWRU\ VHWXS IRU WK
FRQFUHWH EORFNLLV SKNHNVAIDWKEB EQFOLF DGVRUSWLRQ W
SUHSDUHG 3 VROXWLRQ LV SRXUHG LQWR WKH XSSHU RS
WKH IORZ UDWH FRQWUROOHU LV RSHQHG WR DVVXUH WK

PO PLQ $IWHU HDFK F\FOH WKH ILOWUDWH LV ILOWHU
FRQFHQWUDWLRQ PHDVXUHPHQW

3 VROX
YORZ UDWH
—
i 30DVWL
; 5XEEHU
eDPsq
YLOW L

Fig. 7.3 Laboratory setup for cyclic adsorption test of adsorptive perviousetencr

3 VROXWLRQV ZLWK WKUHH GHVLIJIQHG KLJK FRQFHQWUDMW
PJ/ UHVSHFWLYHO\ DUH DSSOLHG IRU WKH F\FOLF DGVR



WKH FRQFHQWUDWLRQ RI WKH 3 VROXWLRQ IRU WKH DGVI
PHDVXUHG XVLQJ ,&DEV BHWHUEHGDIQQGE F\FOHV PO RI
RI VDPSOH 1R DQG VDPSOH 1R LV FROOHFWHG IRU 3 F

7KH 3 FROQFHQWUDWLRQ RI VDPSOH 1R LV GHWHUPLQHG
F\FOLF DGVRUSWLRQ WHVW WKH S+ YDOXH RI WKH ILOW
PLFURVFRSLF LPDJH RI WKH VDPSOH LV REVHUYHG E\ D VF
7KH UHOHOWRHGIBRP FHPHQWLWLRXVY PDWHULDOV LV RQH |
SKRVSKDWH IRU &D 3 SUHFLSLWDWHYV. DQG &8MRBVFRQFHC
UHOHDVHG IURP DGVRUSWLYH SHUYLRXV FRQFUHWHY DU
DGVRUSWLRQ DPRXQW PJJ DQG 3 UHPRYDO IUDFWLRQ

GHVFULEHG LQ RXU SUHYLRXV VWXG\ > @ 7KH HQYLURC
IURP FRQFUHWH FRPSRQHQWY LV HYDOXDWHG DFFRUGLQ.

Table 7.2Parameters of adsorptive pervious concrete block for cyclic adsorption test.

6DPS' 1R /HQJWK :LWK +HLJKW 0DVV 3 FRQFHQWUL
%

% %
%
66
66 66
66
$
$’ $’

$

f $GVRUSWLRQ LVRWKHUPY DQG NLQHWLFV

7KH DGVRUSWLRQ LVRWKHUPV RI DGVRUSWLYH SHUYLRX\
E\ WKH EDWFK H[SHULPHQW )LUVWO\ FRQFUHWH VDPS
FROOHFWHG DQG RYHQ GULHG IRU WKH DGVRUSWLRQ WH)
LV SODFHG LQ D PO SODVWLF ERWWOH DQG WKHQ PL[HG
FRQFHQWUDWPBQYDEOH $IWHU WKDW WKH SODVWLF ER\
SDUWLFOHV DQG 3 VROXWLRQ LV VWLUUHG LQ D VKDNH
HTXLOLEULXP 7KH VROXWLRQ LV ILOWHUHG XVLQJ D

FRQFHQWUDWLRQ DQDO\VLV XVLQJ DQ ,& DQDO\]HU 7KH |
VHOHFWHG IRU WKH DGVRUSWLRQ LVRWKHUPV DQDO\VLV

6LPLODU WR WKH DGVRUSWLRQ LVRWKHUP SURFHGXUH \
RI WKH DGVRUSWLYH SHUYLRXV FRQFUHWH LV FDUULHG |
DERXW J DQG P/ RI 3 VROXWLRQ [/ 6 RI ZLWK D



PJ/ PHDVXUHG XVLQJ WKH ,& DQDO\|HU DUH SUHSD
UHDFWLRQ WLPHYV GD\ GD\V GD\V DQG GD\V $IwW
IRU UHVLGXDO 3 FRQFHQWUDWLRQ PHDVXUHPHQW 7KH /I
VHFRQG RUGHU DQG (ORYLFK PRGHOV DUH XVHG IRU WKH

Table 7.3Parameters of adsorptive pervious concrete for adsorption isothedrkimatics test.
$GVRUSWLRQ LVRWKHUP $GVRUSWLRQ NLQHWLFV '

6DPSOH P 6DPSOH PD
3 FRQFHQWUL—————— 3 FRQFHQWUL—————
% 66 $' % 66 $

f 3 UHOHDVLQJ WHVW

.l WKH DGVRUEHG 3 LV OHDFKHG IURP WKH FRQFUHWH L\
HQYLURQPHQW DQG HYHQ FDXVH VHFRQGDU\ SROOXWLRQ
Rl DGVRUSWLYH SHUYLRXV FRQFUHWH DUH LQYHVWLJD)
FRQFUHWH SDUWLFOH VDPSOHV ZLWK D PDVV RI J LQ W

PJ / PJ/ DQG PJ/ DUH RYHQ GULHG DQG SODFH(

P/ RI GLVWLOOHG ZDWHU / 6 RI 7KH ERWWOH LV \
XVLQJ D VKDNHU 7KH VROXWLRQ LV ILOWHUHG DQG FROC
WKH 3 UHOHDVLQJ DPRXQW DBH FDDFEADWHELRRVHG RQ
UHVXOWYV

SHVXOWY DQG GLVFXVVLRQ

3K\WLFDO DQG PHFKDQLFDO SURSHUWLHYV
f " HQVLW\ DQG ZDWHU DEVRUSWLRQ

7KH SK\WLFDO SURSHUWLHYV RI DGVRUSWIEYXH SHKHYLRXV F
DGVRUSWLYH$'DIJBRRFDWWH KDV D ORZ GHQVLW\ DQG KL
FRPSDUHG WR WKH EDVDOW DJJUHJDWHG6 B0F FRRFRHWWH D
RZLQJ WR WKH SRURXV VWUXFWXUH RI WKH $' DJJUHJDW
ZDWHU DEVRUSWLRQ RI WKH 66 FRQFUHWH GRHV QRW FKD
R 7KH DGVRUSWLRQ SHUIRUPDQFH RI WKH 66 DJJUHJELC
&D IR SUHFLSLWDWLRQ RI &D 3 E\ FKHPLFDO DGVRUSWLR(



FRQWULEXWH VLIJQLILFDQWO\ WR WKH DGVRUSWLRQ RI \
ZDWHU DEVRUSWLRQ RI WKH $" FRQFUHWH PHDQV WKH S|
VXUIDFH DQG EH DEVRUEHG E\ WKH DGVRUSWLYH DJJUHJL
DGVRUSWLRQ E\ PLFURSRUHV > @

Table 7.4Physical properties of adsorptive pervious concrete.

6DPS 2YHQ GU\ ( K ZDWHU D 3HUPHD 3RURVI
NJ P PP V

% « «

66

3

f SBHUPHDELOLW\ DQG SRURVLW\

$VVKRZQDE@H WKH SRURVLW\ DQG SHUPHDELOLW\ RI WKH
DUH KLJKHU WKDQ WKDW RI WKH % FRQFUHWH WKH SR
UHVSHFWLYHO\ DQG WKH FRUUHVSRQGLQJ SHUPHDELOL!'
*HQHUDOO\ FRQYHQWLRQDO SHUYLRXV FRQFUHWH KDV C
SHUPHDELOLW\ RI PPV > @ IRUUDSLG ZDWHU SHUPF
DQG VXLWDEOH PHFKDQLFDO VWUHQJIJWK 7KH UHODWLRQ
Rl SHUYLRXV FRQFYHWH EXNHVEKBWRIUW GHUPHDELOLW\ DQC
DGVRUSWLYH SHUYLRXV FRQFUHWH LQ WKLV VWXG\ DL
FROQYHQWLRQDO SHUYLRXV FRQFUHWH VXFK DV PXQLFL
PRGLILHG FRQPQBWIHB\F@HG DJIJUHIJDWH FRQFUHWH > (
FRQFUHWH > @ 7KLV LV DWWULEXWHG WR WKH VPDO(
ZKLFK OHDGV WR D ORZHU SHUPHDELOLW\ RI SHUYLRXV F
RI DGVRUSWLYH SHUYLRXVY FRQFUHWH LV WR UHGXFH SRO
DV ORQJ DV WKH SROOXWDQWY FDQ SHQHWUDWH WKH FRQC
UHODWLYHO\ ORZ SHUPHDELOLW\ DQG SRURVLW\ DUH DFF

30

Adsorptive concrete this study

Municipal waste concrete (Kuo et al. 2013)
Polymer-modified concrete(Huang, et al. 2010)
Recycled aggregate concrete(Guneyisi et al. 2016)
Copper slag concrete(Lori et al. 2018)

Glass fibre-reinfored ggncrete(Hesami et al. 2014)
Diatomite concrete(Zaetang, et al. 2013)

N
ol
1
4preox

N
e

Ao
Al A

[y
(%]
1

A
A A v
o © A v

Permeability (mm/s)
=
o

L4 v

ol
1
<

m 8 B
T T T T T T
5 10 15 20 25 30 3B ¢
Porosity (%)

0

Fig. 7.4 Relationship between porosity and permeability of pervious concrete.



f OHFKDQLFDO SURSHUWLHYV

7KH FRPSUHVVLYH DQG IOH[XUDO VWUHQJWKY RI DGVRUSE
yLJ 7KH 66 DQG $' FRQFUHWH KDYH ORZHU FRPSUHVYV
VWUHQJIJWK FRPSDUHG WR WKH % FRQFUHWH ,Q WKLV VW
WKH % 66 DQG $' FRQFUHWHYV DUH 03D 03D D
FRUUHVSRQGLQJ IOH[XUDO VWUHQJWKYV DUH 03D 1
%HFDXVH WKH PDQXIDFWXUHG DGVRUSWLYH DJJUHJDWH |
FRPSDUHG WR WKH FRQYHQWLRQDO DJJUHJDWH

&RQYHQWLRQDO SHUYLRXV FRQFUHWH KDV D W\SLFDO OR
03D > @ 7KH JHRSRO\PHU EDVHG SHUYLRXV FRQFUHWH
WKH UHPRYDO RI KHDY\ PHWDOV KDV D FRPSUHVVLYH VW
EH XVHG LQ SD%HMRARDW>SHAJYLRXV FRQFUHWH KDV D FR

03D >»>D@GHQHG JHRSRO\PHU SDVWHV XVHG IRU I
UHPRYDO DIWHU GD\V FXULQJ KDV D FRPSUHVVLYH VWUH
WKH PHFKDQLFDO VWUHQJWK RI DGVRUSWLYH SHUYLRXV
DSSOLFDWLRQ LQ VRPH EXLOGLQJ HQJLQHHULQJ VXFK DV
HWF 7KH PHFKDQLFDO VWUHQJWK RI DGVRUSWLYH SHU
DGGLQJ QDWXUDO VDQG > @ DGPL[WXUH VLODQH ODWI
XOWUD KLJK SHUIRUPDQFH SDVWH > @ HWF
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Fig. 7.5 Compressive strength and flexural strength of adsorptive pervioust®1(28 days).

JURP WKH 6(0 PLFURJUDISKV RRLFRI@®RSRHMWM H[LVW RQ WKH
WKH 66 bQG WKH $' VHULHVY 7KH 66 DJJUHJDWH LV QRW W
LOWHUIDFH DQG REYLRXV PLFURSRUHV DUH VKRZQ LQ W
ZKLFK LV RQH RI WKH UHDVRQV IRU WKH ORZ FRPSUHVVL
PLFURSRUHV Rl WKH $" FRQFUHWH DUH PDLQO\ IURP WKH
VLOLFDWH EHFDXVH WKH DGVRUSWLYH DJJUHJDWH LV PD
PLFURSRUHVY FDQ PDNH WKH SROOXWDQWY HDVLO\ SHQF



DGVRUEHG E\ ZHOO GHYHORSHG PLFURSRUHY DQG DGVRU

Fig. 7.6 SEM micrographs of concrete.
&\FOLF DGVRUSWLRQ SHUIRUPDQFH
f $GVRUSWLRQ FDSDFLW\

7KH HITHFWV RI FA\AFOHV RQ WKH DGVRUSWLRQ FDSDFLW\ F
VKRZ®LOIQ 7KH 3 DGVRUSWLRQ FDSDFLW\ RI DOO FRQFUHMW
RI WKH QXPEHU RI F\FOHV 7KH DGVRUSWLRQ FDSDFLW
DGVRUSWLRQ FDSDFLW\ RI WKH XQLW PDVV RI WKH DGVF
KLIJKHVW DGVRUSWLRQ FDSDFLW\ :KHQ WKH LQLWLDO 3
PJ/ DQG PJ/ WKH DGVRUSWLRQ FDSDFLW\ RI WKH §
LQFUHDVHYV E\ DQG UHVSHFWLYHO\ FRPSDUHG \
F\FOHVY DOO FRQFUHWH EORFNV VWLOO KDYH D KLJK
FDSDFLW\ RI WKH % WKH 66 DQG WKH $" FRQFUHWH LV
UHVSHFWLYHO\ DV WKH 3 FRQFHQWUDWLRQ RI PJ /

7KH &DQG 2HHOHDVHG IURP WKH FHPHQW SDVWH DQG W|
FRPELQHG ZLWK SKRVSKDWH LV WKH PDLQ UHDVRQ IRU \
> @ 3UHYLRXV VWXGLHV VKRZ WKDW WKH 3 UHPRYI
FRQFUHWH ZDVWH LQFUHDVHY DV LWV SDUWLFOH VL]H G
VPDOOHU SDUWLFOH VL]H KDV PRUH &D ULFK DQG SRURXYV



7KLV LV DWWULEXWHG WR WKH VPDOOHU SDUWLFOHV ZL
UHOHDVH PRUH FDOFLXP LRQV 6LQFH D FRQFUHWH EORF
LWV 3 DGVRUSWLRQ FDSDFLW\ LV ORZHU WKDQ WKDW RI
DJJUHJDWHYV > @ +RZHYHU WKH DGVRUSWLYH SHUYLRX
3 UHPRYDO DW KLJK FRQFHQWUDWLRQ 3 VROXWLRQ FRQG
LW LV SRVVLEOH WR EH DSSOLHG DV SHUPHDEOH SDYHPH
I[IURP VWRUPZDWHU UXQRII
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Fig. 7.7 Effects of cycles on the adsorption amount of concrete with three desigrmedé&htration of

(a) 600 mg/L, (b) 1000 mg/L and (c) 2000 mg/L.
f B3UHFLSLWDWH PHFKDQLVP

7KH &RDV D VWURQJ DIILERMB\DALMGK WRKRVBERHU PHWDO LRQ
1D DQG>. @ ZKLFK LV WKH GRPLQDQW LRQ3IRU WKH ¥
SUHFLSLWDWLRQ > @ 7KH K\GUDWHG FHPHQW SURGXFW
DQG K\GUDWHG FDOFLXP VLOLFDWH & 6 + 7KH H[FHOC
DGVRUSWLYH DJJUHJDWH LV RBIOHD\VEB\G WUR B XWKHS DW RUWM
ZKLFK FDQ FRPELQHRU MK ERX @G E\ FKHP)LIWRUSWLRQ >



ORUHRYHU WKH PLFURSRURXV VWUXFWXUH DGVRUEV 3
HOHFWURVWDWLF DWWUDFWLRQ DQG SRUH ILOOLQJ > @
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Fig. 7.8 Schematic diagrams of the adsorption mechanism between concrete and plsusptiarte
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Fig. 7.9 Released sodium, potassium and calcium ions of adsorptive pervious c@é&rgteample,

25 ml distilled water).

7KH UHOHDVBQA RD WKH DGVRUSWLYH SHUYLRXV FRQFUF
)LJ 7KH UHVXOWYV VKRZ WKDW WKH $' DQG WKH 66 FRQF
DQG &WKDQ WKH % FRQFUHWH TKIHOHRRQHR8QWRP WLKRHQG6R | C
$' FRQFUHWH LQFUHDVHYV E\ DQG UHVSHFWLYHO\ FR

S$CWRIQSLVRWKHUPY DQG NLQHWLFV
f $GVRUSWLRQ LVRWKHUPV

7KH 3 DGVRUSWLRQ FDSDFLW\ RI FRQFUHWH LQFUHDVHYV
ZKLOH WKH 3 UHPRYDO UDWH KDV IDI GHF8GIO W.KH 3VU@E QX
VROXWLRQ LV DOPRVW UHPRYHG DV WKH LQLWLDO 3 FRQT
3 FROQFHQWUDWLRQ IXUWKHU LQFUHDVHY WKH 3 UHPRYDC
3 FRQFHQWUDWLRQ LV PJ/ WKH 3 DGVRUSWLRQ FDSDF
DUH PJ J PJ J DQG PJJ UHVSHFWLYHO\ DQG W



UDWHV DUH DQG 7KH $' DQG 66 FRQFUHWH H]
SHUIRUPDQFH WKDQ WKH % FRQFUHWH DQG WKH DGVRU

UHVSHFWLYHO\ ,Q DGGLWLRQ WKH DGVRUSWLRQ SH
GXULQJ WKH DGVRUSWLRQ LVRWKHUP WHVW LV VLJQLILI
EORFNV GXULQJ WKH F\FOLF DGVRUSWLRQ WHVW 7KLV S
VXIILFLHQW VXUIDFH WR FRQWDFW ZLWK 3 VROXWLRQ ZI
DGVRUSWLRQ FDSDFLW\

7KH DGVRUSWLRQ LVRWKHUPV DUH ILWWHG E\ /DQJPXL
UHVSHFWLYHO\ )D¥ VKHREZIQH LIPQJPXLU DQG )UHXQGOLEFK
SDUDPHWHUV DBDDHOWKRKIHAXNOQWY LOQGLFDWH WKDW ERWK F
GHVFULEH WKH DGVRUSWLRQ QHYHUWKHOHVV WKH /DQJ
EHWWHU WKDQ WKH JUHXQGOLFK PRGHO ZLWK D KLJKHU
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Fig. 7.10 (a) Adsorption isotherms of concrete (solid line: P-adsorption amount; Dioge&-removal
fraction) and (b) Fitting results of adsorption isotherms by LangamdrFreundlich models.

Table 7.5Langmuir and Freundlich isotherm parameters of concrete.

/IDQJPXLU PRGHO JUHXQGOLFK PRGHO
6DPSOF

4p . 5 -) Q S
%
66
$l

f $GVRUSWLRQ NLQHWLFV

7KH DGVRUSWLRQ NLQHWLFVY RI DGVRUBWLYHKSHBYLRXV |
DGVRUSWLRQ FDSDFLW\ DQG 3 UHPRYDO UDWH RI FRQFUH
3 DGVRUSWLRQ FDSDFLW\ DQG UHPRYDO UDWH RI FRQFUFL

GD\ UHDFWLRQ WLPH 7KH 3 DGVRUSWLRQ FDSDFLWLHYV
GD\ DUH PJ J PJ J DQG PJJ UHVSHFWLYHO\ I



UHPRYDO UDWHV DUH DQG UHVSHFWLYHO\ 7K
SHUYLRXV FRQFUHWH FORUIWEBHDSAHHARRLCW R VEIDRQ FRDJX(
&D3 ZLWK D SRWHQWLDO DELOLW\ IRU ORQJ VHUYLFH OLI

7KH H[SHULPHQWDO UHWXOYBWEDXUGR IILWWWGEGREBEGEHU PRGHC(
VHFRQG RUGHU PRGHO DQG (ORYLFKI NLQHAKH N P@RKW OF D
SDUDPHWHUYV D UME®WHHNKHQUWHMKX QY'Y VKRZ WKDW WKH H[SI
EH ILWWHG ZHOO E\ WKH (ORYLFK PRGHO ZLWKHD JRRG
/IDJHUJUHQ SVHXGR ILUVW RUGHU DQG SVHXGR VHFRQG R
NLQHWLF FXUYHV RI 3 DGVRUSWLRQ RI FRQFUHWH
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(QYLURQPHQWDO HYDOXDWLRQ
f 3 UHOHDVLQJ FDSDFLW\

$ VWDEOH SUHFLSLWDWLRQ SURFHVV IRU DGVRUSWLRQ L
VHFRQGDU\ SROOXWLRQ FDXVHG E\ UHOHDVLQJ DGVRUEH
DGVRUSWLYH SHUYLRXV/ BFRQF UKMH VDKH 3/ KRDG H@W UD W L |
PJ/ DOO FRQFUHWHY KDYH QR 3 UHOHDVLQJ EHKDYLRXU
3 UHOHDVLQJ Rl WKH % FRQFUHWH DSSHDUV :KHQ WKH :
YDOXH RI PJ/ WKH $' FRQFUHWH KDV D ORZ 3 UHOH
DGVRUEHG 3 LV GHVRUEHG IURP WKH 66 FRQFUHWH EHFD
UHOHDVLQJ IUDFWLRQ GXH WR WKH VWDEOH DGVRUSWLR
$' FRQFUHWH LV ZKLFK LV UHODWLYHO\ ORZ FRPSDUH
66 DQG $' FRQFUHWH LQ WKLV VWXG\ VKRZV D ORZ 3 UHOF
FDQ EH VDIHO\ XVHG IRU 3 UHPRYDO IURP VWRUPZDWHU |
ZLOO QRW UHOHDVH IURP WKH DGVRUSWLYH SHUYLRX\
VHFRQGDU\ SROOXWLRQ

Table 7.6Kinetic parameters of concrete.

B3VHXGR ILUVW F 3VHXGR VHFRQC (ORYLFK
5 4 . 5 . 5

6DPSC

%
66
$

f /THDFKLQJ UHVXOWYV

7KH SRWHQWLDO HQYLURQPHQWDO LPSDFWV RI WKH FRPS
DUH HYDOXDWHG E\ WKH OHDE®H QXN HWHWXOWW KRRQ@ WX
HOHPHQWY LQFOXGLQJ KHDY\ PHWDOV &U OR DQG 9 HW
DJJUHJDWHV DUH IDU EHORZ WKH OLPLW YDOXHV DFFRUC
> @ 7KLV LV LQ DJUHHPHQW ZLWK SUHYLRXV UHVHDUI
VKRZQ H[FHOOHQW LQ LPPRELOL]JLQJ KHDY\ PHWDOV >
DGVRUSWLYH SHUYLRXV FRQFUHWH $' DQG 66 FDQ EH X
ZLWKRXW DQ\ OHDFKLQJ KD]DUGV

Table 7.7P-releasing results for adsorptive pervious concrete.
6DPSOHV % 66 $'
,QLWLDO 3 FRQFF
3 UHOHDVLQJ DPF
3 UHOHDVLQJ IUD




Table 7.8lons leached from adsorptive pervious concrete componentsg)ng/k

(OHPH( $O )H 0J $V %D &U 3E =Q OR 6H 9

6WHHO
$GVRU
DJJUH:
/LPLW
YDOXH

P/LPLW YDOXHV UHIHU WR WKH PD[LPXP HPLVVLR@ YDKHX HXVWIFRKU 6ERX OO
4XDOLW\ '"HFUHH

&RQFOXVLRQV

$GVRUSWLRQ SHUIRUPDQFH RI DGVRUSWLYH SHUYLRXV
E\ WKH W\SH RI DGVRUSWLYH DJJUHJDWH XVHG &RQFUH
DQG VWHHO VvODJ DJJUHJDWH H[KLELW H[FHOOHQW 3 DG

DJJUHIJDWH FRQFUHWH ZLWK DQ LQFUHDVH RI DQG
FDSDFLWLHV RI DGVRUSWLYH DJJUHIJDWH FRQFUHWH DQC
PJ J DQG PJJ UHVSHFWLYHO\ ZLWK FRUUHVSRQGLQJ

7KH /IDQJPXLU PRGHO DQG (ORYLFK PRGHOV ILW WKH |
UHVXOWY RI DGVRUSWLYH SHUYLRXVY FRQFUHWH ZHOO ZI

3 DGVRUSWLRQ FDSDFLW\ RI DGVR DSBWHLR®FSIQUWULIRW V RR
DQG UHDFWLRQ WLPH LQFUHDVH 7KH DGVRUSWLYH DJJU
FDSDFLW\ $W DQ LQLWLDO 3 FRQFHQWUDWLRQ RI =
DGVRUSWLYH DJJUHJDWH FRQFUHWH LQFUHDVHV E\ RY
F\FOHV ORUHRYHU WKH UFHRQ@H BI\DMG DWRIPRQ GRARISW LY H SH
H[FHHGV WBRRW EIKLFK LV WKH GRPLQDQW LRQ3IRU WKH F
SUHFLSLWDWLRQ

$GVRUSWLYH DJJUHIDWH FRQFUHWH DQG VWHHO VOD.
ORZ 3 UHOHDVLQJ FDSDFLW\ LQGLFDWLQJ WKDW WKH\
VWRUPZDWHU UXQRII ZLWK PLQLPDO HQYLURQPHQWDO
SHUYLRXV FRQFUHWH IRHOWMBPKN W HRIRSLIKDAMWDL RQ FRDJIXOD!
3 ZLWK WKH SRWHQWLDO IRU ORQJ WHUP VHUYLFH OLIH



&KDSWHU /IRQJ WHUP SHUIRUPDQFH RI EL
PRUWDU

7KH ORQJ WHUP GHJUDGDWLRQ FKDUDFWHULVWLFV RI HPI
IDFWRUV UHVWULFWLQJ WKH GXUDELOLW\ RI ELR EDVHG

UHGXFH WKH QHJDWLYH LPSDFW RI PLVFDQWKXV ILEUH
DGVRUSWLYH FRQFUHWH WKH HIIHFWV RI WKH UDZ PLVF
+0 DQG PLVFDQWKXV SRZGHU 03 RQ WKH SK\VLFDO DQ
WHUP GHJUDGDWLRQ FKDUDFWHULVWLFV DQG GLPHQVLR
PRUWDU DUH LQYHVWLIJDWHG 7KH UHVXOWY VKRZ WKDW
VWUHQJIJWK DQG IOH[XUDO VWUHQJWK E\ DQG UHVSH
WKDQNV WR WKH LQFUHDVHG GHJUHH RI FHPHQW K\GUI
FRPSDWLELOLW\ ZLWK PRUWDU 7KH PHFKDQLFDO VWUHQ
PDLQO\ RFFXUV LQ WKH ILUVW PRQWK DIWHU EHLQJ VRD
PRUWDU 7KH DONDOLQH HQYLURQPHQW RI PRUWDU ZLOO
FRPSRQHQWY UHVXOWLQJ LQ WKH GHJUDGDWLRQ RI WKH
IURP WKH PLVFDQWKXV ILEUH E\ KHDW WUHDWPHQW LV FI
GHYHORSPHQW DQG GXUDELOLW\ RI PLVFDQWKXV PRUWI
PLVFDQWKXV ILEUHVY FDQ EH DSSOLHG WR UHGXFH WKH (
FKDUDFWHULVWLFV RI ELR EDVHG PLVFDQWKXYV PRUWDU

7KLY FKDSWHUSILNRG R EIMGE DORR

) X 4/ <X + - + /RQBRXWHWKR SHUIRUPDQFH RI ELR EDVHG PLVFDQWK
DQG %XLOGLQJ ODWHULDOV



,QWURGXFWLRQ

1DWXUDO ILEUHV DUH PDLQO\ FRPSRVHG Rl FHOOXORVH
GUDZEDFNV Rl DSSO\LQJ ELR EDVHG PDWHULDOV LQ F
K\JURVFRSLFLW\ LQFRPSDWLELOLW\ DQG GHJUDGDELOLW
ELR EDVHG PDWHULDOV DQG FHPHQW SDVWH LV RQH RI V
VWUHQJWK > @ ,Q DGGLWLRQ WKH DONDOLQH VROXWL
FHOOXORVH RI WKH QDWXUDO ILEUH UHVXOWLQJ LQ D V\
HYHQWXDOO\ UHGXFLQJ WKH VHUYLFH OLIH RI ELR EDVH
QDWXUDO ILEUH KDV D VLJQLILFDQWO\ QHJDWLYH HIIHF\
VHWWLQJ DQG KDUGHQLQJ RI FRQFUHWH PDWUL[ > @ E
ILEUH DIIHFW WKH SURGXFWLRQ RI FDOFLXP VLOLFDWH K

&RPSDUHG WR RWKHU QDWXUDO ILEUHV VXFK DV VWUDZ

VWURQJ ILE U H \HDARX SR VVBIR'QGHVY DQG WKHUPDO LQVXODW
PLVFDQWKXV LV D KLJK \LHOG UHQHZD®@OMLRQR@®BULDO
FKDUDFWHULVWLMYLIJKWDMVIKWMWR DQG SRURXV SURSHUW
FRPPRQO\ XVHG DV D QDWXUDO ILEUH IRU ELR EDVHG Ol
PLVFDQWKXV ILEUH LV FRYHUHG LQ D FORVHG HQYLURQP!
DONDOLQH HQYLURQPHQW KDV D GLVVROYLQJ HIIHFW

PLVFDQWKXV ILEUH ZKLFK ZLOO DIIHFW WKH PHFKDQLFD
DQG GXUDELOLW\ RI FHPHQWLWLRXV PLVFDQWKXV PDWH L
VXJDUV DUH UHOHDVHG IURP WKH PLVFDQWKXV XQGHU WI
H[SRVHG WR WKH FRQFUHWH IRUPDWLRQ > @ %HVLGHYV

ZLWK ZDWHU H\RIGL BR ZOMMW DEVRUSWLRQ FDSDFLW\ DQ
VZHOOLQJ RI PLVFDQWKXV KDYH VWURQJ QHJDWLYH HIIF
FRQFUHWH VURRSPDOGZHLIKW FRQFUHWH PLVFDQWKXV F
KLJKHU SRURVLW\ DQG ZDWHU DEVRUSWLRQ KRZHYHU V
FKDUDFWHULVWLFV DQG GLPHQVLRQDO VWDELOLW\ ZLOO
HQYLURQPHQW 7KHUHIRUH WKH ORQJ WHUP GHJUDGDWL
VZHOOLQJ FKDUDFWHULVWLFV RI PLVFDQWKXV PRUWDU V

7KLY FKDSWHU IRFXVHV RQ LQYHVWLJIJDWLQJ WKH SK\VLFD
GHJUDGDWLRQ DQG GLPHQVLRQDO VWDELOLW\ RI PLVFD
PLVFDQWKXV 50 KHDW WUHDWHG PLVFDQWKXYVY +0 DQC
GHIJUDGDWLRQ FKDUDFWHULVWLFV RI PLVFDQWKXV PRUW
GHIJUDGDWLRQ PHFKDQLVP RI PLVFDQW KXW YICEQXD WHGDW
E\ )7,5 ;5" DQG 6(0 DQDO\WVHV 7KH K\GUDWLRQ EHKDYLRI
SURSHUWLHVY RI PLVFDQWKXV PRUWDU DV ZHOO DV VWUH



LQ ZDWHU IRU GD\V DUH DQDO\]HG 7KH GLPHQVLRQD
LQFOXGLQJ GU\LQJ VKULQNDJH DQG ZHW VZHOOLQJ DUH
UHVXOWVY WKH +0 ILEUH VKRZV RXWVWDQGLQJ SHUIRUP
VWDELOLW\ DQG GHJUDGDWLRQ UHVLVWDQFH FKDUDFWHU
VHUYLFH OLIH RI PLVFDQWKXV PRUWDU

ODWHULDOV DQG PHWKRGYV

ODWHULDOV

5DZ PLVFDQWKXV 50 DQG PLVFDQWKXV SRZGHU 03
IHWKHUODQGYV DUH XVHG )L W KIK\H \B\W X.&\ KB'D W KRU § DIVOH
D YDFXXP IXUQDFH XQGHU QLWURJHQ JDV DW =« IRU K
PLVFDQWKXV +0 LV PLOOHG XVLQJ D EDOO PLOOLQJ PDF
SXUSRVH Rl KHDW WUHDWPHQW LV WR FKHPLFDOO\ DOWH
50 DQG LQYHVWLJIJDWH WKH HIIHFWV Rl WKH +0 RQ WKH S
FKDUDFWHULVWLFV RI PLVFDQWKXV PRUWDU 7KH VSHFLII
GHWHUPLQHG E\ XVLQJ DQ $FFX3\F ,, JDV S\FQRPHWH
J FPDQG JBERVSHFWLYHO® BRWWODQG FHPHQW (1&,
1IHWKHUODQGYV DQG &(1 1250 VWDQGDUG VDQG DUH XVHG
UHVSHFWLYHO\

Fig. 8.1 Miscanthus used in this study (aaRmiscanthus (RM), (b) Miscanthus powder (MP) and (c)

Heattreated miscanthus (HM).
OL[ SURSRUWLRQ DQG VDPSOH SUHSDUDWLRQ

7KH PL[LQJ UDWLR RI FHPHQW VDQG DQG ZDWHU RI WKH
SURSRUWLRQ DQG SUHSDUDWLRQ SURFHVV RI VWDQGDUG
RI PLVFDQWKXYVY ILEUH KDV D QHJDWLYH HIIHFW RQ WKH F
50 DQG WKH +0 LQ WKH DPRXQW RI YRO RI FHPHQW L
UHIHUHQFHYVY $OVR LQYHVWLJDWHG DWW WIKILUH @ W XGHN YOHIHV



DGGLWLRQ RI YRO YRO DQG YRO RQ WKH
SURSHUWLHV RI PLVFDQWKXVY PRUWDU 7KH PL[ SURSRUW
LGDEOH

Table 8.1Mix proportions of miscanthus mortar.

6DPS &HPHQ 6DQG :DWHL OLVFDQWKX
50
+0
03
03
03

THVW PHWKRGYV
f (IITHFWV Rl PLVFDQWKXV RQ WKH K\GUDWLRQ RI FHPH!

7KH K\GUDWLRQ NLQHWLFYV WHVW LV SHUIRUPHG XVLQJ D
D FRQVWDQW WHPSHUDWXUH RI « WR DQDO\]H WKH K\
PRUWDU 7KH 50 +0 DQG +0 DUH PL[HG ZLWKWRIPHQW D
FHPHQW UDWLR LV NHSW DV FRQVWDQW IRU DOO PL[WXU
DGGHG WR WKH PL[WXUH LV ZW RI WKH FHPHQW DQG W
PLIWXUH WR LQYHVWLIJDWH WKH HIITHFWV RI WKH PLVFDQ\
$IWHU PL[LQJ WKH IUHVK PL[WXUH LV PHDVXUHG LQ WKI
KHDW IORZ WKH YDOXHVY DUH XVHG IRU FDOFXODWLRQ RI

f 3K\ WLFDO DQG PHFKDQLFDO SURSHUWLHYV

7KH GHQVLW\ ZDWHU DEVRUSWLRQ DQG SRURVLW\ RI W]
GHWHUPLQHG DFFRUGLQJ WR $670 & 7KH WKHUPDO
SXOVH YHORFLW\ 839 Rl WKH PLVFDQWKXV PRUMWDU ZLW
GHWHUPLQHG XVLQJ D WKHUPDO FRQGXFWLYLW\ PHWH!
LQVWUXPHQW 3URFHT UHVSHFWLYHO\ 7KH FRPSUHYV
VDPSOH DW WKH DJH RI GD\V DUH GHWHUPLQHG E\ (1
LQWHUIDFLDO WUDQVLWLRQ JRQH EHWZHHQ WKH PLVFDQV
6(0 DQDO\]JHU 3KHQRP 3UR;

f 6WUHQIJWK GHJUDGDWLRQ RI PLVFDQWKXV PRUWDU

%LR EDVHG FRQFUHWH XVXDOO\ KDV KLJK SRURVLW\ GXH
EDVHG PDWHULDOV DQG ORZ FRPSDWLELOLW\ ZLWK WK
VWUHQJIJWK GHJUDGDWLRQ FKDUDFWHULVWLFV RI PLVFDQ



7KH VDPSOHV 50 +0 DQG 03 ZLWK D FXULQJ DJH RI

ZDWHU IRU DQG GD\V DQG WKHQ UHPRYHG IURP WK
DQG IOH[XUDO YWUHQDWWHK WKBQIJHV LQ PHFKDQLFDO VW
PLVFDQWKXV PRUWDU EHIRUH DQG DIWHU WKH VXEPHUVL

Fig. 8.2 Miscanthus mortar samples submerged in water for (a) Submersion test bedcttipg test.

7KH LRQ FRQFHQWUDWLRQ OHDFKHG IURP WKH PLVFDQV
SURFHVV LV DOVWRJLQYHBAMMLYDWSGHY 50 +0 DQG 03 DC
GHLRQL]JHG ZDWHU DU RR[®ICG ZUPMKLER RLTXDEFRUGLQJ W
DQG WKHQ OHDFKDWHV DUH SHULRGLFDOO\ FROOHFWHG
OHDFKLQJ DQDO\VLV 7KMHOSRMWHDVA® ¥RGLXRQVDOHDFEKHG

IURP WKH VDPSOH DUH PHDVXUHG ZLWK LRQ FKURPDWRJL
DQG RWKHU PHWDO LRQV $0 )H 0J &U 6U =Q HWF DU
SODVPD DWRPLF HPLVVLRQ VSHFWURVFRS\ ,&3 $(6 63(&7

f /IRQJ WHUP GHIJUDGDWLRQ RI PLVFDQWKXV ILEUH

7KH PL[WXUH RI FHPHQW DQG ZDWHU LV DSSOLHG WR VLF
LQ WKDW WKH PLVFDQWKXV ILEUH VWD\V LQ FHPHQWI
FKDUDFWHULVWLFV RI PLVFDQWKXYV ILEUH LQ DQ DTXHR
LQYHVWLIDWHG 7KH PL[LQJ UDWLR RI PLVFDQWKXV DQ(
PHWKRG (1 ZLWKRD LGL TOMMELR R 7TKH PL[ SUR
PLVFDQWKXY DQG VROXWH®KY DUH SUHVHQWHG LQ

$IWHU PL[LQJ WKH PL[WXUHV DUH VKDNHQ XVLQJ D G\QDI
USP IRU KRXUV DQG WKHQ WKH PL)WXUHSIWHNBSW LC

EHLQJ VRDNHG IRU DQG GD\V WKH VDPSOHYV
ERWWOH DQG WKHQ RYHQ GULHG DW « IRU QR OHVV W
PHWKRG LQ $670 & & 0 7KH GHJUDGDWLRQ FKEC

PLVFDQWKXV EHIRUH DQG DIWHU VXEPHUVLRQ XVLQJ )7
FP ZLWK DUWPROXWLRQ 7KH ;5 %UXNHU $;6' HQGHDYRL



3UR; DUH DSSOLHG WR DQDO\]H WKH FU\VWDO VWUXFW X1
ILEUH GXULQJ WKH GHJUDGDWLRQ WHVW 7KH FKDQJH LQ
LV SHULRGLFDOO\ PHDVXUHG XVLQJ D S+ PHWHU

Table 8.2Mix proportions of miscanthus fibre for degradation test.

6DPS &HPHQ OLVFDQW :DWHLUL OLVFDQW#

03 5Dz
&03 5DZ
+0 +HDMUHDV
&+0 +HDWMWUHDYV

Fig. 8.3 Miscanthus fibre used for degradation test.
f '"U\LQJ VKULQNDJH RI PLVFDQWKXV PRUWDU

OLVFDQWKXV ILEUH LV VHQVLWLYH WR WKH KXPLGLW\ LQ
GLPHQVLRQDO VWDELOLW\ RI ELR EDVHG PLVFDQWKXYV FR
VZHOOLQJ FKDUDFWHULVWLFV RI PLVFDQWKKXKWGBRWWDU D
VKULQNDJH WHVW LV SHUIRUPHG ZOAR¥FRWGEQUVWRRI, 1 T 1

DW 5+ RI “ DQG f& $V WKH GU\LQJ VKULQNDJH RI F
VLIQLILFDQWO\ DIWHU GHPROGLQJ WKH GU\LQJ VKULQNI
WZR GD\V LQ WKH ILUVW PRQWK DIWHU GHPROGLQJ 2QH |
PDVV ORVV DUH PHDVXUHG RQFH D ZHHN 7KH PLFURVFRS
PRUWDU DIWHU WKH GU\LQJ VKULQNDJH WHVW LV DQDO\]

f '"HW VZHOOLQJ RI PLVFDQWKXYVY PRUWDU

7KH GLPHQVLRQDO VWDELOLW\ RI PLVFDQWKXV PRUWDU
LQYHVWLIJDWHG 7KH SULVPDWILIFIWBB S®HHPRRIGLQJTDUHRAPV\
ZDWHU ZLWK D WHP S DWQWXIZ®WHU FRYHU RI DW OHDVW
WKH GU\LQJ VKULQNDJH WHVW PHWKRG WKH D[LDO ZHW \
VDPSOHYV DUH PHDVXUHG SHULRGLFDOO\ 7KH ZHW VZHO



PRUWDU LQ WKH ZDWHU HQYLURQPHQW DUH HYDOXDWHG

SHVXOWY DQG GLVFXVVLRQ

+\GUDWLRQ EHKDYLRU RI PLVFDQWKXVY PRUWDU

7KH UHOHDVHG KHDW DQG KHDW IORJLRI PIK R DHVEOOWRR |
VKRZ WKDW WKH W\SH DQG FRQWHQW RI PLVFDQWKXV KD
RI FHPHQW $VD/EKRHWKHQ+0 DQG WKH 03 VLJIQLILFDQWC
UHOHDVHG KHDW E\ DQG UHVSHFWLYHO\ FRPSDUHG
WKH PLVFDQWKXV LQFUHDVHV IURP  WR WKH UHOHD)

ORUHRYHU WKH KHDW IOREREXUWHDW WKH +0 VO
DFFHOHUDWHY WKH K\GUDWLRQ SURFHVV GXH WR WKH S\I
> @ FRPSDUHG WR WKH 50 WKH 03 KDV QR REYLR
SURFHVV EXW WKH 03 VLJQLILFDQWO\ GHOD\V WKH FHPF

BUHYLRXV VWXGLHYVY KDYH VKRZQ WKDW JOXFRVH DQG [\Ol
PLVFDQWKXYV VWHPV ZKLFK LQFUHDVHV WKH VHWWLQJ W
WKH DPRXQWYV RI K\GUDWHYV VXFK DV FDOFLXP VLOLFDWH
7KH UHOHDVHG VXJDUV IURP ELR EDVHG PDWHULDOV KDY
VWUHQJWKY RI ELR EDVHG FRQFUHWH > @ %DVHG RQ
PLVFDQWKXVY WKH KHDW WUHDWHG PLVFDQWKXYV DQG OR
KDYH DQ LQVLJQLILFDQW HIIHFW RQ WKH FHPHQW K\GUD
HQKDQFHPHQW RI PHFKDQLFDO VWUHQJWK DQG UHVLVYV
PLVFDQWKXV FRQFUHWH
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Fig. 8.4 (a) Released heat and (b) Heat flow of miscanthus mortar.



Table 8.3Released heat comparison of miscanthus mortar (65 hours).

6DPSOHYV 50 +0 03 03

7TRWDO KHDW
+HDW GHYLDYV
+HDW FKDQJH

3K\WLFDO DQG PHFKDQLFDO SURSHUWLHV RI PLVFDQYV
f '"HQVLW\ SRURVLW\ DQG ZDWHU DEVRUSWLRQ

$V VKRZQHOQH WKH PRUWDU +0 VOLJKWO\ LQFUHDVHV WK
PLVFDQWKXV PRUWDU DQG VLIQLILFDQWO\ UHGXFHV WKH
UHGXFWLRQ RI DQG UHVSHFWLYHO\ FRPSDUHG WR
DWWULEXWHG WR WKH JRRG FRPSDWLELOLW\ EHWZHHQ W
> @ ZKLFK OHDGV WR WKH GHFUHDVH RI WKH PLFURS
WUDQVLWLRQ JRQH 7KH ORZ SRURVLW\ DQG ZDWHU DEVR
LRQ H[FKDQJH EHWZHHQ WKH LQWHULRU RI WKH PRUWDU
KHOSIXO WR LPSURYH WKH ELR GHJUDGDWLRQ UHVLVWDQ

7TKH UHVXOWYVY VKRZ WKDW WKH KLJK FRQWHQW RI PLVF
VLIQLILFDQWO\ UHGXFHV WKH RYHQ GU\ GHQVLW\ RI PL
SRURVLW\ DQG ZDWHU DEVRUSWLRQ RI PLVFDQWKXV PR
FROQWHQW LV 03 WKH RYHQ GU\ GHQVLW\ RI PLVFDQC
FRPSDUHG WR WKH PRUWDU 50 7KHUHIRUH WKH PLVFDQ
UDZ PLVFDQWKXY ZKHQ WKH PLVFDQWKXV ILEUH LV DSSOL
DFRXVWLF DEVRUSWLRQ DQG KHDW LQVXODWLQJ EXLOGL:

Table 8.4Density, porosity and water absorption of miscanthus mortar.

6DPS 2YHQ GU\ &KDQJ 3RURV &KDQJI K ZDWHLUL &KDQJ

GHQVLW\ LQ LQ DEVRUSWL LQ
50 “

+0
03
03
03

f TKHUPDO LQVXODWLQJ SURSHUWLHY DQG 839

7KH WKHUPDO LQVXODWLQJ FKDUDFWHULVWLFV RI ELR E|
UHODWLRQVKLS ZLWK SRURVLW\ > @ *HQHUDOO\ WKH KL
FRQGXFWLYLW\ >7[EE GV WKRZXHDY WUHDWHG PLVFDQWKX



LQVLJQLILFDQW HIIHFW RQ WKH WKHUPDO LQVXODWLQJ F
DQG 03 UHGXFH WKH WKHUPDO FRQGXFWLYLW\ YROXP
GLIIXVLYLW\ FRPSDUHG WR WKH PRUWDU 50 ZLWK D Gt
LQFUHDVHV 7KHUHIRUH PLVFDQWKXV SRZGHU VKRZV JU
EDVHG WKHUPDO LQVXODWLQJ FRQFUHWH

Table 8.5Thermal insulating properties and UPV of miscanthus mortar.

6DPS 7TKHUPDO FRQ 9ROXPHWULF Kk 7TKHUPDO G 839
P &! 0 - P D PV PV

50
+0
03
03
03

7KH GHIHFWYVY DQG SRUHV LQ WKH PLVFDQWKXV PRUWDU
UHVXOWYV DUBEVKIRAHDPHQYDOO\ ZKHQ WKH XOWUDVRQLF S.

NPV LQGLFDWLQJ QR REYLRXV GHIHFWY DQG FUDFN
WKH UHVXOWYVY RI SRURVLW\ DQG WKHUPDO FRQGXFWLYL
VLIQLILFDQWO\ UHGXFH WKH XOWUDVRQLF SXOVH YHOR
PLFURSRUHYV H[LVW LQ WKH PLVFDQWKXV SRZGHU PRUWD!
DQG PLFURSRUHV ZLWK JRRG LQWHJUDOLW\ FRPSDUHG )\

f &RPSUHVVLYH VWUHQJWK DQG IOH[XUDO VWUHQJWK

7KH PHFKDQLFDO VWUHQJWKYV R PLYNV F DKW KPXR/URMRDWNBO0U D |
VLIQLILFDQWO\ LPSURYHV WKH FRPSUHVVLYH VWUHQJWK
PRUWDU 7KH GD\ FRPSUHVVLYH VWUHQJWK DQG IOH[XL

03D DQG 03D UHVSHFWLYHO\ ZLWK DQ LQFUHDVH
FRPSDUHG WR WKH PRUWDU 50 7KLV PD\ EH DWWULEXWH
DIWHU S\URO\VLV LQFUHDVLQJ WKH DGKHVLRQ WR WKH P
RI FHPHQW K\GUDWLRQ DQG ORZHU SRURVLW\ 7KHUH L
PLVFDQWKXV VXJDU FRQWHQW DQG PHFKDQLFDO VWUHQ.
EDVHG PDWHULDOV WR LPSURYH PHFKDQLFDO VWUHQJWK
IRU DSULFRW NHUQHO VKHOO > @ RLO SDOP VKHOO > (
D PRUWDU 7KH UHPRYDO RI VXJDU IURP ELR EDVHG PDW|
WUHDWPHQW PHWKRGYV HWF LV WKH NH\ WR HQKDQFLQJ
FRQFUHWH

7KH UDZ PLVFDQWKXYVY KDV D ODUJH VL]H DQG IODW VKDS|
DUH ODUJHU WKDQ WKDW RI WKH PLVFDQWKXVY SRZGHU



VKRZV D VLIQLILFDQW LQFUHDVH LQ FRPSUHVVLYH VWUHC(
WKH LQFUHDVH LQ IOH[XUDO VWUHQJWK LV QRW REYLRXV
FDXVHG E\ PLVFDQWKXYVY SRZGHU FRPSDUHG WR XQWUHDYV
PLVFDQWKXV KDV D VLJQLILFDQW HIIHFW RQ PHFKDQLFI
SRZGHU FRQWHQW LV WKH FRPSUHVVLYH VWUHQJWK DC(
UHGXFH E\ DQG UHVSHFWLYHO\ FRPSDUHG WR W
PLVFDQWKXV FRQWHQW VKRXOG EH FRQVLGHUHG ZLWK F|
PLVFDQWKXV FRQFUHWH LQ WKH VWUXFWXUDO HOHPHQW
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Fig. 8.5 Mechanical strengths of miscanthus mortar (a) 28-day mechanical stréngibmfpressive

strength and (c) flexural strength.

$VWKH FXULQJ WLPH LQFUHDVHV WKH FRPSUHVVLYH VW
PLVFDQWKXV PRUWDU LQFUHDVH HVSHFLDOO\ IRU WKH P
WKDW ELR EDVHG PDWHULDOV GHOD\ WKH K\GUDWLRQ RI
WKH FXULQJ WLPH LQFUHDVHV XQK\GUDWHG FHPHQW J
HQKDQFHPHQW LQ WKH VWUHQJWK LQ WKH ODWHU FXULQ
QHHGHG IRU WKH XOWLPDWH VWUHQJWK GHYHORSPHQW F



f OLFURVWUXFWXUH DQDO\VLV

7KH FRPSDWLELOLW\ EHWZHHQ ELR EDVHG PDWHULDOV D
UHVWULFWLQJ WKH PHFKDQLFDO VWUHQUWK RHENR EDVH
DGKHVLRQ EHWZHHQ PLVFDQWKXYV ILEUH DQG PRUWDU L\
DQG 03 7KH +0 VKRZV JRRG FRPSDWLELOLW\ ZLWK PRUWL
UHDVRQV IRU WKH EHWWHU PHFKDQLFDO VWUHQJWK RI W
VZHOOLQJ FKDUDFWHULVWLFV RI WKH PLVFDQWKXV ILE
HQYLURQPHQW ZLOO KDYH D VLIJQLILFDQW LPSDFW RQ W
PLVFDQWKXVY FRQFUHWH

Fig. 8.6 Microscopic images of miscanthus mortar.



f 6WUHQIJWK GHJUDGDWLRQ RI PLVFDQWKXV PRUWDU

$V VKRIRILQ WKH FRPSUHVVLYH VWUHQJWK DQG IOH[XUD(
PRUWDUV GHFUHDVH LQ WKH LQLWLDO VRDNLQJ VWDJH
PHFKDQLFDO VWUHQJWKY EHFRPHV XQREYLRXV 7KH FRF
50 +0 DQG 03 GHFUHDVHV E\ DQG UHVSHI
FRUUHVSRQGLQJ IOH[XUDO VWUHQJWK GHFUHDVHV E\

EHLQJ VXEPHUJHG LQ ZDWHU IRU GD\V 7KLV PD\ EH
JUDGXDOO\ DEVRUEV ZDWHU XQWLO VDWXUDWLRQ WKH V
HIITHFW RQ WKH PHFKDQLFDO VWUHQJWK 7KH ZHW VZHOO
WKDW WKH PDVV DQG ZHW VZHOOLQJ YDOXHV RI PLVFDQ\
WKH ILUVW PRQWK 7KH VOLJKW GHIRUPDWLRQ RI WKH F
UHDVRQ IRU WKH UDSLG GHFUHDVH LQ PHFKDQLFDO VWU}l
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Fig. 8.7 Changes in mechanical strength of miscanthus mortar after being subinengeelr.
'HJUDGDWLRQ FKDUDFWHULVWLFV RI PLVFDQWKXV PR

7KH UHVXOWY DOVR VKRZ WKDW WKH PHFKDQLFDO VWUHC
DW WKH GD\ DQG WKH GD\ KDYH QR REYLRXV GLIIHUHC(
RI WKH PLVFDQWKXV ILEUH KDV OLPLWHG LQIOXHQFH RQ '
PRUWDU DQG WKH VDWXUDWLRQ RI PLVFDQWKXY PRUWDL
GHJUDGDWLRQ ORUHRYHU ZKHQ PLVFDQWKXV ILEUH LV \
SURGXFH D PRUH ILEULOODWHG VXUIDFH > @ ZKLFK LV
WKH PLVFDQWKXY PRUWDU

7KH LRQV OHDFKHG IURP PLVFDQWEK®W PRH W B Y XMDWHY SUKHRV
WKDW FDOFLXP SRWDVVLXP DQG VRGLXP LRQV DUH WKH
PRUWDU PXFK KLIJKHU WKDQ WKH FRQFHQWUDWLRQ RI R



PLVFDQWKXV PRUWDU LQFUHDVH ZLWK WKH LPPHUVLRQ W
PRUWDU +0 DUH OHVV WKDQ WKDW RI WKH PRUWDUYV 50

WKH PRUWDU +0 7KH KLJK FRQWHQW RI FDOFLXP LRQV
FUHDWHY DQ DONDOLQH HQYLURQPHQW DQG VRPH VXJD!
GLVVROYH LQ WKH DONDOLQH VROXWLRQ > @ 7KH VXJ
EHQHILFLDO WR WKH FHPHQW K\GUDWLRQ VWUHQJWK GH
PRUWDU ,Q DGGLWLRQ WKH DLUWLJKW DONDOLQH HQYL
PLVFDQWKXV ILEUH

Table 8.6Metal ions leached from the miscanthus mortar.

&KDQJHV LQ WKH LRQ FRQFHQWU
GD\V GD\V GD\V GD\V

,RC 6DPS

50
&D +0
03
50
+0
03
50
1D +0
03
50
$0 +0
03
50
% +0
03
50
%D +0
03
50
&U +0
03
50
/L +0
03
50
0J +0
03
50
6U +0
03




f HIJUDGDWLRQ FKDUDFWHULVWLFV RI PLVFDQWKXYV ILE

7KH )7,5 UHVXOWV Rl PLVFDQWKXV ILEUH DIWHU EHLQJ V
)LJ $ EURDG EDQG IRU WKH K\GUR[\O JURXS 2 + RI FHC
REVHUYHG LQ WKH UDQJH EHWZHHQ + ERXQEG RI WKM K\GL
SURGXFWV XVXDOO\ DSSKDUKHQVPLVFERQWKXV LV LPPHUYV
VROXWLRQ PRUH REYLRXV SHDNV DSSHDU LQ WKH UDQJ!
&+0 VHULHV 7KH LQFUHDVH LQ VRDNLQJ WLPH KDV QR RE
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Fig. 8.8 FTIR data of miscanthus fibre after being submerged in the solution.

7KH & + RWWWHWFKLQJ Rl FHOOXORVH DQG KHPLFHOOXC
WR FPKH &0 DQG &+0 VHULHV VKRZ DQ LQVLJQLILF

FP %RL[ HW DO > @ UHSRUWHG WKDW D VPDOO D
H[WUDFWHG E\ ZDWHU EXW QRW IRU FHOOXORVH ZKLOH
DUH VLJQLILFDQWO\ UHGXFHG DIWHU EHLQJ VRDNHG LQ
EHFDXVH VRPH FHOOXORVLF FR®BREABQIMYHDHGY GURQRE
VKRZQOEOH WKH OHDFKDWHY RI WKH &03 DQG &+0 VHUL



VROXWLRQ ZLWK S+ YDOXHV RI ZKLOH WKH 03 DQ
HQYLURQPHQWY ZLWK S+ YDOXHV RI

7KH 03 VKRZV DQ REYLRXWEDQBVIEBWQGLRB WR FDUERI[\O J
ZKLOH DIWHU EHLQJ KHDW WUHDWHG +0 RU VRDNHG LQ |
&0 DQG WKH &+0 VKRZ D GLVDSSHDUDQFH RI WKH & 2 EDQ
ZLWK WKH UHVXOWY RI DONDOL WUHDWHG PLVFDQWKXYV .
KHPLFHOOXORVH DQG OLJQLQ LQ FDUER[\O JURXSV & 2
WKH UDQJH RI DOYR VKRZV D VLPLODU WUHQG D GHFU
WR GLVDSSHDUDQFH 7KLV PD\ EH EHFDXVH RI WKH DOND
KHPLFHOOXORVH DQG FHOOXORVH DV ZHOO DV WKH K\GU
> @

7KH & & DURPDWLF VIPPHWULFDO V\@RHW RKR\@ VR R D IRIEM.LJ
FKDQJHV IRU WKH 03 DQG WKH +0 EHFDXVH RI WKH ORZ
DSSOLHG LQ WKLV VWXG\ 7KH GHJUDGDWLRQ WHPSHUD\
OLJQLQ DUH . - DQG « UHVSHFWLYHO
S\URO\VLV WHPSHUDWXUH LQ WKLV VWXG\ GRHV QRW UH
2Q0\ WKH &03 DQG WKH &+0 VKRZ WKH GLVDSSHDUDQFH
EHFDXVH SDUW RI WKH OLJ@LIDOND GHER PVFROMVELRQ D KLJI

'LITHUHQW IURP WKH PLVFDQWKXV VRDNHG LQ ZDWHU
VWUHWFKLQJ EDQG LV DOVRFPEQIBUY HGHRDMWWKHF&03 DQG
&+0 7KLV PD\ EH EHFDXVH RI WKH FKHPLFDO UHDFWLRQ
IURP WKH K\GUDWHG SURGXFW RI FHPHQW>DQ@ B@®PRVSK
REYLRXV SHDN DWDWWAPLEXWHG WR & & & 2 VWUHWEFKLC
FHOOXORVH DQG KHPLFHOOXORVH > @

Table 8.7pH value of the leachates of the miscanthus fibre.

'XUDWLRQ RI PLVFDQWKXYV ILEL
GD\ GD\ GD\ GD\ GD\

6DPS

03
&03
+0
&+0

*HQHUDOO\ DPRQJ WKH FHOOXORVH KHPLFHOOXORVH Ol
SRVWUNVU\VWDOOLQH VWUXFWXUH 7KH ;5" UHVXOWYV RI F
ZDWHU LPPHUVLR)QJIJIDUHDWKR PQVIFDQWKXV ILEUHYV DUH DPI
RI WKH LUUHJXODU GLVWULEXWLRQ RI WKH FHOOXORVH
UHVXOWLQJ LQ D GLIIXVH UHIOHFWLRQ DQG QR SHDNV >



WKH GLIITUDFWLRQ DQJOH R EHFDXVH RI WKH FU\
KDV D ZLGHU SHDN WKDQ WKH 50 VHULHVY RZLQJ WR WKH (
GXULQJ WKH S\URO\VLVY SURFHVV 6LPLODU SKHQRPHQD D
PDWHULDOV > @ %HVLGHV WKH 50 DQG WKH +0 DIWHU
VKRZ D KLIJIKHU FU\WWWDOOLQLW\ EHFDXVH VRPH QRQ FU\\
SHFWLQ HWF DUH UHPRYHG 7KH VDPH SKHQRPHQRQ KD
WUHDWHG PLVFDQWKXV > @

&RPSDUHG WR PLVFDQWKXYVY VRDNHG LQ ZDWHU 03 DQG
VRDNHG LQ FHPHQW VROXWLRQ &03 DQG &+0 LV FRYHUF
SDWWHUQ RI WKH &03 DQG &+0 LQFOXGHYV VRPH K\GUDWLR
K\GUDWH DQG FDOFLXP K\GUR[LGH DQG FDOFLXP FDUER(
ZLWK FDUERQ GLR[LGH)LXY W KESHQDRMEPYR\RSXKWHEH VWUHWFKL
IURP WKH FDOFLXP FDUERQDWH LM REKIHW YMKXG\ IRU VD
&03 DQG &+0 WKH K\GUDWLRQ SURGXFWV RQ WKHLU VXL
UHPRYH EHIRUH WKH )7,5 WHVW GXH WR WKH SUHFLSLWD
WKH FU\WVWDO VWUXFWXUH RI WKH PLVFDQWKXVY VRDNHG
GHWHUPLQHG LQ IXWXUH ZRUN
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Fig. 8.9 XRD results of miscanthus fibre before and after water immersion.

7KH PLFURVFRSLF LPDJHV RI WKH PLVFDQWKXV ILEUH DIV
IRU GD\V DULNKRZRH. QHVXOWV VKRZ WKDW VPDOO PL
DSSHDU RQ WKH VXUIDFH RI WKH 03 DQG WKH +0 DQG [
REVHUYHG 7KLV PD\ EH EHFDXVH SDUW Rl QRQ FHOOXOI
DTXHRXV VROXWLRQ 3UHYLRXV VWXGLHV VKRZ WKDW PF
REVHUYHG LQ DONDOL WUHDWHG PLVFDQWKXV GXH WR
FRPSRQHQWYV > @ )RU PLVFDQWKXV VRDNHG LQ FHPHQV
K\GUDWHG FHPHQW SURGXFWV DUH REVHUYHG RQ WKH P



&+0 7KLV PD\ EH GXH WR KHDW WUHDWPHQW OHDGLQJ W
DQG WKH FHPHQW SDVWH ORUHRYHU VRPH FHOOXORVH
FDQ EH DEVRUEHG E\ FHPHQW SDVWH SDUWLFOHV > @ W
PLVFDQWKXV ILEUH DQG FHPHQW SDVWH

&+0

Fig. 8.10 Microscopic images of the miscanthus fibre after being submerged in thiersédu 100

days.

7KH HOHPHQW FDOFLXP LV GHWHFWHG RQ WKH VXUIDFH R



DQDO\VLVY ORUHRYHU WKH KHDW WUHDWHG PLVFDQWKXV
RI FDUERQ & DQG OHVV RRPISIU G MRHRKOWDZ PLVFDQV
&03 B6LOLFD LV DOVR REVHUYHG RQ WKH VXUIDFH RI WKF
WKH SUHVHQFH Rl K\GUDWHG FHPHQW SURGXFWV

'LPHQVLRQDO VWDELOLW\ RI PLVFDQWKXV PRUWDU
f '"U\LQJ VKULQNDJH

7KH ELR EDVHG PDWHULDOV DUH TXLWH VHQVLWLYH WR
VKULQNDJH DQG VZHOOLQJ RI ELR EDVHG PDWHULDOV
SHUIRUPDQFH RI ELR EDVHGQLRERQF WHK\HH G $VL QK RZKQU LQN D,
PLVFDQWKXV PRUWDU LQFUHDVHYV UDSLGO\ ZLWKLQ WKH
VKULQNDJHV RI WKH PRUWDUV 50 +0 DQG 03 DW  GD\\

RI WKH WRWDO GU\LQJ VKULQNDJH YDOXH %HVLGHV P
GU\LQJ VKULQNDJH E\  DW GD\V PRUWDU 03 KDV QR
VKULQNDJH ZLWK DQ LQFUHDVH RI FRPSDUHG WR PRU
RI PLVFDQWKXV SRZGHU LQFUHDVHV IURP  WR WKH C
03 DQG 03 LQFUHDVHYV

BUHYLRXV VWXGLHVY VKRZ WKDW WKH PLVFDQWKXYVY DVK R
HITLFLH@HGXFLQJ WKH DXWRJHQRXV VKULQNDJH RI FHPH
PD\ FRQWULEXWH WR WKH JRRG FRPSDWLELOLW\ ZLWK W
PLFURSRUHY EHWZHHQ WKH PLVFDQWKXYV ILEUH DQG WKHF
S\URO\VLV FDQ LPSURYH WKH GLPHQVLRQDO VWDELOLW\ |
UHGXFH WKH GU\LQJ VKULQNDJH RI ELR EDVHG FRQFUHW!

7KH GU\LQJ VKULQNDJH RI FRQFUHWH LV PDLQO\ FDXVHG
SRUHV GHSHQGLQJ RQ WKH UHODWLYH KXPLGLIW\ > @ C

E WKH PDVV ORVV RI PLVFDQWKXV PRUWDU VKRZV D W
ZKLFK VLIQLILFDQWO\ UHGXFHV ZLWKLQ WKH ILUVW PRQYV
+0 DQG 03 DW GD\V FRUUHVSRQGV WR DQG I
YDOXH DW GD\V

7KH 6(0 LPDJHV RI PLVFDQWKXV PRUWDU DIWHUIJWKH GU\L

WKH VKULQNDJH FUDFNV EHWZHHQ PLVFDQWKXYVY DQG
PRUWDUYV 50 DQG 03 7KH LQWHUIDFH ERQGLQJ EHWZHF
FHPHQW SDVWH LV UHODWLYHO\ JRRG 7KHUHIRUH WKH
DSSHDUV WR EH DQ HIITHFWLYH PHWKRG WR UHGXFH WKH
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Fig. 8.11 (a) Drying shrinkage, (b) Mass loss and (c) Relationship between rsasaid drying

shrinkage of miscanthus mortar.

Fig. 8.12 SEM images of miscanthus mortar after drying shrinkage test.

$IWHU WKH PLVFDQWKXY PRUWDU LV FDVW FHPHQW SDV\
VDWXUDWHG VWDWH )RU PLVFDQWKXV PRUWDU WKH GU
PRLVWXUH ORVV IURP WKH & 6 + PDWUL[ DQG WKH SRURX)
WKH YROXPHWULF VWDELOLW\ 7KH UHODWLRQVKLS EHW.
PLVFDQWKXY PRUWDU FDQ EH ILWWHG DV



UL A”°

ZKHUHVY WKH GU\LQJ VKULQNDJH RI[RMW RMKHWKXWYV P®R WD
PLVFDQWKXV $RVWDKH HPSLULFDO FRQVWDQW REWDLQH
ODUJHU WKH YDOXH RI $ LQ (T LOGLFDWLQJ WKDW \
ORVV ZKHQ UHDFKLQJ WKH VDPH GU\LQJ VKULQNDJH

f "HW VZHOOLQJ

7TKH ZHW VZHOOLQJ DQG PDVV LQFUHDVH RI PZXHDQWKXYV
ZHW VZHOOLQJ RI WKH PRUWDUV +0 DQG 50 VKRZV WKH
RI WKH PRUWDU 03 LV KLIJIKHU WKDQ WKDW RI WKH PRUYV
SRURVLW\ RI WKH PRUWDU 03 7TKH ZHW VZHOOLQJ RI P
YROXPH FKDQJH FDXVHGCOBHOQWKHJZQW WK H WPDLERKDQWKXV PF
PLFURSRURXY FKDQQHOV 7KH PDVV LQFUHDVH RI WKH PR
WKDW RI WKH PRUWDUY 50 DQG 03 7KH ZDWHU HQWHUL
WKH PDLQ UHDVRQV IRU WKH VWUHQJIJWK GHJUDGDWLRC
GLVVROXWLRQ RI VRPH FHOOXORVLF FRPSRQHQWYV 7KH
VWDELOLW\ RI PLVFDQWKXV E\ KHDW WUHDWPHQW KDV I
VZHOOLQJ FKDUDFWHULVWLFV RI PLVFDQWKXV PRUWDU
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Fig. 8.13 (a) Wet swelling and (b) Mass increase of miscanthus mortar

&RQFOXVLRQV

7KH PRUWDU FRQWDLQLQJ KHDW WUHDWHG PLVFDQW}
RXWVWDQGLQJ FRPSUHVVLYH VWUHQJWK DQG IOH[XUDO
UHVSHFWLYHO\ FRPSDUHG WR WKH FRQWURO PRUWDI
WKDQNV WR WKH LQFUHDVHG GHJUHH RI FHPHQW K\GUD



FRPSDWLELOLW\ EHWZHHQ ILEUHVY DQG PRUWDU PDWUL]

7KH PHFKDQLFDO VWUHQJWK GHJUDGDWLRQ RI ELR ED
VRDNHG LQ DQ DTXHRXV VROXWLRQ PDLQO\ WDNHV SODI
PLVFDQWKXV ILEUH LV EHQHILFLDO IRU WKH VWUHQJWK |
DQG GLPHQVLRQDO VWDELOLW\ RI ELR EDVHG PLVFDQWK>

7KH KLJKHU FU\VWDOOLQLW\ RI PLVFDQWKXV ILEUH DIW
LV DWWULEXWHG WR WKH UHPRYDO RI VRPH QRQ FU\VWD
OLFURVFRSLF LPDJH DQDO\WLV GHWHFWYV PLVFDQWKXV
PLVFDQWKXV IUDJPHQWY DQG D ILEULOODWHG VXUIDFH R

7KH PRUSKRORJ\ DQG FRQWHQW RI PLVFDQWKXYV ILEUH
GLPHQVLRQDO VWDELOLW\ RI PLVFDQWKXYV PRUWDU 'U\]
PLVFDQWKXV PRUWDU LQFUHDVH UDSLGO\ ZLWKLQ WKH IL
WKH PRUWDU PDWUL[ DQG WK H BDWRWURXW HRA. WPHD/G Y ® XW\K M
LPSURANYKIH GLPHQVLRQDO VWDELOLW\ RI ELR EDVHG PLVFI
GXUDEOH LQ PRUWDU






&KDSWHU &RQFOXVLRQV DQG UHFRPPHQG

&RQFOXVLRQV

7K JRDO RI WKLV ZRUN LV WR GHYHORS ELR EDVHG DG\
SKRVSKDWH DQG LPSURYH WKH TXDOLW\ RI XQGHUO\LQ
PRGLILFDWLRQ RI DGVRUSWLYH FHPHQWLWLRXV FRPSRVI
ELR EDVHG DGVRUSWLYH FRQFUHWH DQG WKH ORQJ WHU
FRQFUHWH DUH LQYHVWLJDWHG IURP WKH VWDQGSRLQV
FHPHQW SDVWH DQWXXHRBRORXYMQUIXFWKWHKH LQQRYDWLYH
ZRUN

OLVFDQWKXY DQG VWHHO VODJ DV LQJUHGLHQWYV IRU

7KH DGVRUSWLRQ FKDUDFWHULVWLFV RI VHYHUDO JUDQ X
SURGXFW EDVLF R[\JHQ IXUQDFH VWHHO VODJ OLJKWZ
DQG ELR PDWHULDO PLVFDQWKXV DUH LQYHVWLJIJDWHG
FRPSRVLWHV WKDW FDQ EH DSSOLHG WR LPSURYH WKH
FRQFUHWH %DVLF R[\JHQ IXUQDFH VWHHO VODJ FDQ E
LQJUHGLHQW LQ WKH SURGXFWLRQ RI KLJKO\ DGVRUSWL"
FDQ EH DWW U LEKOWHHD WR IRP FHPHQW SDVWH DQG VWH
ZLWK SKRVSKDWH DQG SIRMPL HL W\I VEO H- RIDW WUHDWP H Q)
LQFUHDVH WKH DGVRUSWLRQ FDSDFLW\ RI PLVFDQWKXV
VXUIDFH DUHD )XUWKHUPRUH VWHHO VODJ LV XVHG LG
VLOLED DSSOQRY VLQWHUHG S MOWHRMEVDL QW CPLHOMERG! K L J K
DGVRUSWLYH DJJUHJDWHY +HDW WUHDWHG PLVFDQWKXV
DGVRUSWLYHKHILUKODWEBVRUSWLYH DJJUHIJDWH ZLWK JRF
VDOW DQG IUHH]H WKDZ UHVLVWDQFH FDQ EH SURGXFHG |
PHWKRG

$ SRURXV DGVRUSWLY H RSELMOMIQ JL ¥ KHAHDARHSWEA\RQ DQG S
PHFKDQLVPV WR HQKDQFH WKH DGVRUSWLRQ SHUIRUPDQ!|
SRURXV DGVRUSWL WB @ HRH/@®RW SSDIVRDH FIOIS D F DA R

FRUUHVSRQGLQJ LQLWLDO 3 FRQFHQWUDWLR®DRI P
OHDFKHG IURP WKH DGVRUSWLYH FHPHQW SDVWH UHDFW"
3 SUHFLSLWDWHY ORUHRYHU SRURXV PLVFDQWKXV LPSL
WKH SDVWH FRDWHG DJJUH I QBARH RWK_DAD A DWVRY GV IR I VLRIDFQMA
ZLWK D GRVDJH RI ZW DQG VWHHO VODJ ZLWK D ¢



UHFRPPHQGHG IRU WKH KLJKO\ DGVRUSWLYH SDVWH WR
VDFULILFLQJ RWKHU SURSHUWLHYV

7ZR VLIHG DJJUHJDWH VNHOHWRQ VWUXFWXUH IRU SF

7R LPSURYH WKH PHFKDQLFDO VWUHQJWKY DQG 3 UHPRYI
FRQFUHWH E\ RSWLPL]LQJ WKHZRRURM/ VY NHOHD\RD FRQW

PP VWHHO VODJ DQ®SS PLPHEDIROWKH DGVRUSWLYH FI
6PDOO VL]HG DJJUHJDWHV ILOO WKH SRUBVDEBKWUDIONQ W
UHGXFLQJ SRURVLW\ DQG SHUPHDELOLW)\ DQG LPSURYLQ.
WKDZ UHVLVWDQFH RI DGVRUSWLYH FRQFUHWH 7KH RSV
REWDLQHG EDVHG RQ RUWKRJRQDO WHVW UHVXOWV 7KH
UHPRYDO FDSDFLW\ ZLWK DGHTXDWH PHFKDQLFDO VWUHI
DPRXQW RI DGVRUSWLYH FRQFUHWH LQFUHDVHV ZLWK \
UHDFWLRQ WLPH LQGLFBWQQEHKDMOHPRXIX I¥RP FRQFUHI
SUHFLSLWDWH UHDFWLRQ +D]JDUGRXV HOHPHQWYV &U €
FRQFUHWH DUH IDU EHORZ WKH PD[LPXP OLPLW YDOXH L

7KH SK\VLFR PHFKDQLFDO SURSHUWLHVY ORQJ WHUP DGV
PHFKDQLVP DQG HQYLURQPHQWDO LPSDFWV GHPRQVWUL
H[FHOOHQW 3 UHPRYDO FDSDFLW\ ZLWK DQ DGVRUSWL
FRPSDUHG WR WUDGLWLRQDO SHUYLRXV FRQFUHWH 7K
IUDFWLRQ RI DGVRUSWDYWKAR @QXWPHEWH RQFUHOMM LQFUL
/IDQJPXLU PRGHO DQG (ORYLFK PRGHO DUH VXLWDEOH IF
NLQHWLF UHVXOWY RI DGVRUSWLYH FRQFUHWH ORUHRYH
3 UHOHDVLQJ FDSDFLWAFDIQ EIHF YW LIQO\ WKK/BIVE IRU 3 UHP
VWRUPZDWHU UXQRII

,PSURYHPHQW RI ORQJ WHUP SHUIRUPDQFH RI ELR EL

7KH HIIHFWV RI RUJDQLF PDWWHU DQG SK\WLFDO SURS
SHUIRUPDQFH Rl ELR EDVHG PLVFDQWKXVJRBD@WHXNVUH F
LV PRGLILHG XVLQJ SK\VLFDO WUHDWPHQW EDOO PLOOL
KHDW WUHDWH ®SRWLIAD IQOYHKIXR/'SIOBFW RQ FRPSUHVVLYH VWU
GRVDJH RI UDZ PLVFDQWKXYHIDWLYHWMIIHK®VRQ WKH P
SURSHUWLHY DQG GXUDELOLW\ RI WKH PRUWDU 7KH KHLEL
QR PRUH WKDQ ZW LV UHFRPPHQGHG IRU DGVRUSWLYH
VLIQLILFDQWO\ UHGXFHV GU\LQJ VKULQNDJH ZLWK D Ul
FRPSDUHG WR XQWUHDWHG PLVFDQWKXV 3RZGHU\ DQG
UHFRPPHQGHG IRUPV IRU DSSOLFDWLRQ QWHVRVWILQDE



UHGXFLQJ GU\LQJ VKULQNDJH DQG WKHUPDO FRQGXFW
PHFKDQLFDO VWUHQJWK RI PLVFDQWKXVY PRUWDU

7KH HIITHFWV RI UDZ PLVFDQWKXV KHDW WUHDWHG DQG
DQG PHFKDQLFDO SURSHUWLHV ORQJ WHUP GHJUDGDW
VWDELOLW\ RI WKH PLVFDQWKXV PRUWDU DUH LQYHVWL]J
FHPHQW K\GUDWLRQ URGRFHG S§RBRUVWWAKEDQIGN\ ZLWK WK
KHDW WUHDWHG PLVFDQWKXYV LQFUHDVHY WKH FRPSUHV\

UHVSHFWLYHO\ FRPSDUHG WR XQWUHDWHG PLVFDQW
PLVFDQWKXVY PRUWDU GHJUDGHYV SULPDULO\ GXULQJ WKH
+HDW WUHDWHG PLVFDQWKXV ILEUH LPSURYHV FHPHQW |
GLPHQVLRQDO VWDELOLW\ RI PLVFDQWKXV PRUWDU 7KH
FDQ EH XVHG WR LPSURYH WKH GLPHQWLRWDQFHWRDIEE DRV
EDVHG PLVFDQWKXV PRUWDU

SHFRPPHQGDWLRQV

7KLV ZRUN LQYHVWLJDWHYV WKH SK\VLFDO DQG PHFKDQLF
DQG GXUDELOLW\ RI ELR EDVHG DGVRUSWLYH FRQFUHWH
FDSDFLW\ I[URP VWRUPZDWHU UXQRIl 7KH VHOHFWLRQ D¢
DJJUHJDWH WKH PRGLILFDWLRQ RI DGVRUSWLYH FHPHQ)\
DGVRUSWLYH FRQFUHWH DQG WKH GHJUDGDWLRQ RI ELR |
LQ WKLV ZRUN 7KH SUHVHQWHG ILQGLQJV FDQ EH XVHG V
VHUYLFH OLIH Rl VXVWDLQDEOH ELR EDVHG DGVRUSWLYH
VRPH UHOHYDQW RSHQ TXHVWLRQV IRU IXWXUH UHVHDUF

7KH HITHFWV RI D ZHDNO\ DFLGLF SKRVSKDWH VROXWLI
DGVRUSWLYH FRQFUHWH VKRXOG EH LQYHVWLJDWHG LQ |
FRQFUHWH LV IUHTXHQWO\ LQ FRQWDFW ZLWK FRQWDPLQ
RQ WKH GXUDELOLW\ RI DGVRUSWLYH FRQFUHWH VKRXO
SRURXV VWUXFWXUH DQG QXWULHQW FDSWXUH FDSDFLW
IRVWHU OXVK SODQW JURZWK IRU ORZ FDUERQ HFRORJLF
DLU WHPSHUDWXUH GXULQJ WKH KRW VHDVRQ VKRXOG EF

6WRUPZDWHU UXQRII FRQWDLQV D YDULHW\ RI SROOXW
HWF S3UHFLSLWDWH PHFKDQLVPV IRU YDULRXV SROOXW
FRQFUHWH DQG WKXV RWKHU SROOXWDQW UHPRYDO HJS
DQG KHDY\ PHWDOV VKRXOG EH SHUIRUPHG LQ IXWXUH ZF
WKH DGVRUSWLRQ SHUIRUPDQFH DQG SROOXWDQW UHPF



FRQFUHWH

$00 DGVRUEHQW PDWHULDOV ZLOO UHDFK VDWXUDWLR
LV QHFHVVDU\ WR FRQVLGHU KRZ WR H[WHQG WKH VHUY
DIWHU VDWXUDWLRQ 7KH UHFRYHU\ RI DEVRUEHG QXWUL
IXWXUH ZRUN WRUFRODE®ISBWR D EMWRIQEPHGV DV ITHUWLOL]JHU IF
LQ YHIHWDO HFRORJLFDO FRQFUHWH RU WR FXOWLYDW
GHFRPSRVH DEVRUEHG RUJDQLF PDWWHU
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Urban surfaces such as streets, parking lots and roofs are
regarded as critical channels of agueous contaminant transport.
Various pollutants such as nitrate, phosphate, and heavy metals
are carried by stormwater runoff to enter nearby rivers during
the rainy season. Phosphorus (P) is one of the main pollutants in
stormwater runoff from farmland, industry, domestic sewage
and atmospheric pollution sediments, etc. The pollution level of
the water body will be reduced if pollutants from stormwater
runoff can be effectively removed by adsorption and physical
¢OWUDWLRQ E\ SHUYLRXV SDYHPHQWY &RQYHQWLRQDO S|
concrete needs improvements to meet the requirements of
sustainable and ecological cities. This work aims to develop
bio-based adsorptive concretes that can reduce accelerated
stormwater runoff and remove P from stormwater runoff to
improve underlying water quality. The adopted research idea is
to replace conventional cementitious composites with highly
adsorptive materials to produce porous bio-based adsorptive
concrete, and the investigated characteristics focus on
adsorptive cementitious composites, performance evaluation
and durability of bio-based adsorptive concrete.
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