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PERSPECTIVES ON BLENDED 
CEMENTITIOUS SYSTEMS 
WITH CALCINED CLAY-
LIMESTONE COMBINATION 
FOR SUSTAINABLE LOW 
CARBON CEMENT 
TRANSITION
čLÃÌÀ>vÌ
This�paper�presents�a�summary�of�the�major�Ƃndings�from�the�
UVWFKGU�EQPFWEVGF�CV�+PFKCP�+PUVKVWVG�QH�6GEJPQNQI[�
++6���/CFTCU�
QP�.KOGUVQPG�%CNEKPGF�%NC[�%GOGPV�
.%����KP�EQORCTKUQP�
with�plain�portland�cement�and�ƃy�ash-based�binder.�The�
UVWF[�CVVGORVU�VQ�FGNKPGCVG�VJG�EJGOKECN�CPF�RJ[UKECN�GHHGEVU�
QH�DKPFGT�EQORQPGPVU�KP�.%��QP�J[FTCVKQP�CPF�JCTFGPKPI��
RTQRGTV[�FGXGNQROGPV��DKPFGT�EJGOKUVT[�CPF�FWTCDKNKV[�
KPFKECVQTU�VQ�GXQNXG�HWPFCOGPVCN�WPFGTUVCPFKPI�QP�VJG�
RGTHQTOCPEG�QH�UWEJ�NQY�ENKPMGT�DKPFGTU��5WEJ�CP�CUUGUUOGPV�
ECP�FTKXG�VJG�RTCEVKECN�CFQRVKQP�CPF�GZVGPF�VJG�CRRNKECDKNKV[�
QH�UWEJ�DKPFGTU�KP�XCTKQWU�FQOCKPU�QH�EGOGPV�DCUGF�OCVGTKCNU��
6JG�GZRGTKOGPVCN�UVTCVGI[�KPXQNXGF�VJG�CUUGUUOGPV�QH�VJG�RQTG�
UVTWEVWTG�GXQNWVKQP�CPF�GNGEVTKECN�RTQRGTVKGU�QP�EGOGPVKVKQWU�
RCUVGU��CNQPI�YKVJ�OGCUWTGOGPV�QH�VJG�FWTCDKNKV[�RCTCOGVGTU�
QP�EQPETGVG�HQT�TGUKUVCPEG�VQ�KPITGUU�QH�OQKUVWTG�D[�CDUQTRVKQP��
CPF�EJNQTKFG�KQPU�D[�OKITCVKQP�CPF�FKHHWUKQP�OGEJCPKUOU��
6JG�U[PGTIKUVKE�KPVGTCEVKQPU�QH�VJG�DNGPF�QH�ECNEKPGF�ENC[�CPF�
NKOGUVQPG�KORCEV�VJG�RJ[UKECN�UVTWEVWTG�RQUKVKXGN[�CV�GCTN[�CIGU�
as�opposed�to�ƃy�ash�systems,�which�require�prolonged�curing�
VQ�TGCNKUG�VJGKT�RQVGPVKCN��6JG�UVWF[�TGXGCNU�C�EQODKPCVKQP�QH�
ECNEKPGF�ENC[�CPF�NKOGUVQPG�ECP�DG�C�RQVGPVKCN�EQODKPCVKQP�HQT�
producing�high-performance�concrete,�more�speciƂcally�in�a�
chloride�laden�environment,�along�with�the�beneƂcial�alternative�
TGUQWTEG�WVKNKUCVKQP�CPF�UWUVCKPCDKNKV[�RTQURGEVU�

-G[YQTFU��%CNEKPGF�ENC[��(QTOCVKQP�HCEVQT��.KOGUVQPG��
/KETQUVTWEVWTG��6GTPCT[�$NGPFU�

£°�� /,"�1
/�" 
%GOGPV�EQPUWORVKQP�KU�RTQLGEVGF�VQ�SWCFTWRNG�KP�VJG�PGZV�
HGY�FGECFGU�KP�+PFKC�VQ�OGGV�VJG�ITQYKPI�KPHTCUVTWEVWTG��
GEQPQOKE�CPF�UQEKCN�CFXCPEGU��/CP[�UVTCVGIKGU�JCXG�DGGP�
UWIIGUVGF�HQT�TGFWEKPI�VJG�%1��GOKUUKQP�KP�EGOGPV�RTQFWEVKQP�

including�–�improving�the�energy�efƂciency�of�kilns�and�pre-
ECNEKPGTU��CNVGTPCVKXG�HWGNU��CNVGTPCVKXG�TCY�OCVGTKCNU��PGY�
alternative�clinkers,�improving�grinding�efƂciency,�carbon�
ECRVWTG�CPF�UVQTCIG��CPF�UWDUVKVWVKPI�ENKPMGT�YKVJ�UWRRNGOGPVCT[�
EGOGPVKVKQWU�OCVGTKCNU�
FGPQVGF�CU�5%/�JGTGCHVGT��=���?��+P�C�
VGEJPQNQI[�TQCFOCR�D[�9QTNF�$WUKPGUU�%QWPEKN�HQT�5WUVCKPCDNG�
&GXGNQROGPV�
9$%5&��CPF�+PVGTPCVKQPCN�'PGTI[�#IGPE[�
+'#���
clinker�substitution�was�identiƂed�as�one�of�the�major�solutions�
HQT�C�UWUVCKPCDNG�VTCPUKVKQP�VQ�C�EQPVTQNNGF��–%�TKUG�KP�VGORGTCVWTG�
UEGPCTKQ�KP�EGOGPV�KPFWUVT[�=�?��6JG�RTQFWEVKQP�QH�ENKPMGT��YJKEJ�KU�
VJG�GUUGPEG�QH�EGOGPV��JCU�C�UGXGTG�KORCEV�QP�VJG�TCY�OCVGTKCN�
TGUGTXGU��+V�KU�YKFGN[�CEEGRVGF�VJCV�VJG�RCVJ�HQTYCTF�HQT�VJG�
RTQFWEVKQP�QH�UWUVCKPCDNG�EQPETGVG�KPXQNXGU�VJG�TGFWEVKQP�QH�VJG�
ENKPMGT�HCEVQT�KP�VJG�DKPFGT��YJKEJ�KU�OCFG�RQUUKDNG�D[�VJG�WUG�
QH�UWKVCDNG�CNVGTPCVKXG�DKPFKPI�OCVGTKCNU�QT�5%/U�=���?��#XCKNCDKNKV[�
QH�RQVGPVKCN�UWDUVKVWVG�OCVGTKCNU�CPF�GPXKTQPOGPVCN�EQPEGTPU�
TGNCVGF�VQ�ENKPMGT�RTQFWEVKQP�JCXG�RQYGTGF�VJG�WUG�QH�5%/�
QXGT�VJG�NCUV�HGY�FGECFGU��9KVJ�VJG�NQY�CXCKNCDKNKV[�QH�IQQF�
quality�ƃy�ash�and�slag�and�the�uncertainty�of�tapping�into�the�
PCVWTCN�RQ\\QNCP�UQWTEGU��ECNEKPGF�ENC[�JCU�GOGTIGF�CU�VJG�OQUV�
RTQOKUKPI�CNVGTPCVKXG�HQT�VJG�GZVGPFGT�KP�DNGPFGF�EGOGPV =���?��
#PQVJGT�FGXGNQROGPV�QXGT�VJG�NCUV�VYQ�FGECFGU�JCU�DGGP�VJG�
KPETGCUGF�WUG�QH�ITQWPF�NKOGUVQPG�CU�CP�CFFKVKXG�KP�VJG�DKPFGT��
GKVJGT�WR�VQ����CU�C�RGTHQTOCPEG�KORTQXGT�QT�WR�VQ�����KP�
2QTVNCPF�.KOGUVQPG�%GOGPV�
2.%��HQTOWNCVKQPU�=���?��/QTG�TGEGPV�
NKVGTCVWTG�JCU�KPFKECVGF�VJG�U[PGTIKUVKE�GHHGEVU�QH�WUKPI�NKOGUVQPG�
KP�EQODKPCVKQP�YKVJ�QVJGT�5%/U�C�RCTV�QH�C�VGTPCT[�DKPFGT�U[UVGO�
YKVJ�RQTVNCPF�EGOGPV�=�s��?�

Ó°�	č
��,"1 ��" �/
, č,9�

�
 /�

"�*"-�/
�7�/�����
-/" 
�č ��

č�
� 
��
�č9
6JG�TGSWKTGOGPV�HQT�5%/U�KU�GZRGEVGF�VQ�TGCEJ�����OKNNKQP�
VQPU�CU�RGT�GUVKOCVGU�RTGUGPVGF�KP�=�?�VQ�OGGV�VJG�FGOCPF�
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HQT�EGOGPV�UWDUVKVWVGU��6JKU�KPETGCUG�KP�FGOCPF�ECP�DG�
NGXGTCIGF�D[�EQODKPGF�UWDUVKVWVKQP�QH�5%/U��YJKEJ�CTG�NKMGN[�
VQ�CEEQOOQFCVG�C�YKFG�TCPIG�QH�5%/U�YKVJ�XCTKQWU�NGXGNU�
QH�SWCNKV[�CPF�TGCEVKXKV[�RQVGPVKCN��6JG�EGOGPV�UWUVCKPCDKNKV[�
KPKVKCVKXG�
%5+��RTGFKEVU�VJCV�VJG�EQPVTKDWVKQP�QH�NKOGUVQPG�
YQWNF�KPETGCUG�HTQO����KP������VQ�PGCTN[�����D[������
CU�UWRRNGOGPVCT[�DKPFKPI�OCVGTKCN��CU�UJQYP�KP�(KIWTG�
���#FFKVKQPCNN[��ECNEKPGF�ENC[�KU�GZRGEVGF�VQ�EQORGPUCVG�
availability�of�ƃy�ash�and�slag�as�a�pozzolanic�cement�substitute.

(KIWTG����%QPVTKDWVKQP�QH�FKHHGTGPV�EGOGPVKVKQWU�CPF�RQ\\QNCPKE�
OCVGTKCNU�VQ�EQPUVKVWGPV�DKPFKPI�OCVGTKCNU�CU�UWIIGUVGF�KP�VJG�%5+�

TGRQTV�=��?�

Ó°£�č``�Ì�����v����i�Þ��À�Õ�`����iÃÌ��i�
*�Ü`iÀ
)TQWPF�NKOGUVQPG�KU�FTCYKPI�KPVGTGUV�CU�CP�CFFKVKXG�KP�EGOGPV�
YQTNFYKFG��#�NQECNN[�CXCKNCDNG�TGUQWTEG�HQT�EGOGPV�RNCPVU�CPF�
VJG�NQY�GOKUUKQP�HCEVQT�QH�NKOGUVQPG�
5GG�6CDNG����OCMGU�KV�
C�XKCDNG�EJQKEG�VQ�TGFWEG�GOKUUKQP�RQVGPVKCN�KP�EGOGPVKVKQWU�
materials�by�moderately�and�judiciously�increasing�Ƃller�
UWDUVKVWVKQP�NGXGN�=�����?��+P�CFFKVKQP�VQ�VJG�EWTD�QP�GOKUUKQPU��
VJG�GPGTI[�FGOCPF�QH�VJG�DKPFGT�CPF�EQPETGVGU�HQT�ECNEKPGF�
ENC[�NKOGUVQPG�EQODKPCVKQP�YGTG�HQWPF�VQ�DG�TGFWEGF�D[�
CDQWV�����CPF�����TGURGEVKXGN[�YKVJ�TGURGEV�VQ�12%�=�����?��+P�
EWTTGPV�RTCEVKEG��OQUV�KPVGTPCVKQPCN�UVCPFCTFU�CNNQY�QPN[����
NKOGUVQPG�CU�RGTHQTOCPEG�GPJCPEGTU�KP�QTFKPCT[�RQTVNCPF�
EGOGPV�
12%���+PVGTCEVKQP�HTQO�UNQY�FKUUQNWVKQP�QH�ECNEKVG�
DTKPIU�KP�C�YJQNG�TCPIG�QH�PGY�QRRQTVWPKVKGU�HQT�WVKNK\CVKQP�QH�
NKOGUVQPG��YJKEJ�TGSWKTGU�QPN[�ITKPFKPI��YKVJQWV�CP[�GPGTI[�
KPVGPUKXG�ECNEKPCVKQP�RTQEGUU��.KOGUVQPG�KU�C�TGCFKN[�CXCKNCDNG�
TGUQWTEG�PGCT�ENKPMGTK\CVKQP�WPKVU��*GPEG��KV�FQGU�PQV�TGSWKTG�
extensive�transportation�as�slag�and�ƃy�ash�to�supplement�
EGOGPV�RTQFWEVKQP�JQWUGU��*QYGXGT��VJG�UNQY�WRVCMG�KP�+PFKCP�
UVCPFCTFU�CPF�KPFWUVT[�CEVU�CU�C�DCTTKGT�VQ�NKOGUVQPG�CU�C�DKPFGT�
EQORQPGPV��6JKU�PGEGUUKVCVGU�GZVGPUKXG�TGUGCTEJ�UVWFKGU�VQ�
FGXGNQR�VJG�UVCVG�QH�CTV�MPQYNGFIG�QP�VJG�UWDLGEV�QH�UWEJ�
EQORQUKVG�EGOGPVKVKQWU�U[UVGOU��YJKEJ�ECP�GNWEKFCVG�VJG�CTGCU�
of�beneƂts�and�address�the�concerns�for�suitable�adoption.

/>L�i�£\�-Õ��>ÀÞ��v�Ì�i�i��ÃÃ����v>vÌ�À��v�`�vviÀi�Ì�
L��`��}��>ÌiÀ�>�Ã

OPTIONS FOR BINDING 
MATERIALS

EMISSION FACTOR  
(kg-CO2 PER kg-

MATERIAL)

SOURCES

%NKPMGT�
�)[RUWO ��������� =��s��?

%CNEKPGF�ENC[ �������� =��?

.KOGUVQPG ����� =��?

$GNKVG�;GoGNKOKVG�(GTTKVG�
ENKPMGT�

�������� =��?

%CTDQPCVGF�ECNEKWO�
UKNKECVG�ENKPMGTU

���� =��?

))$5 ����� =��?

.%��DKPFGT ��������� =��������?

.KOGUVQPG�RQYFGT�YCU�VTCFKVKQPCNN[�EQPUKFGTGF�CU�CP�KPGTV�
Ƃller.�A�more�rational�understanding�of�the�physio-chemical�
EQPVTKDWVKQP�QH�NKOGUVQPG�KP�C�J[FTCVKPI�EGOGPVKVKQWU�OCVTKZ�JCU�
DGGP�GORJCUKUGF�KP�NKVGTCVWTG�=�����?��6JG�EJGOKECN�KPVGTCEVKQP�QH�
ECTDQPCVG�URGEKGU�JCU�ETGCVGF�CXGPWGU�HQT�LWFKEKQWU�NKOGUVQPG�
CFFKVKQPU�=�����?��6JG�CNWOKPCVG�ECTDQPCVG�KPVGTCEVKQP�ECP�CNVGT�
RJ[UKECN�UVTWEVWTG�FGXGNQROGPV�DGECWUG�QH�VJG�FKHHGTGPEG�KP�
space-Ƃlling�characteristics�of�the�additional�hydrate�phases�=��?��
The�extent�of�beneƂt�that�could�be�availed�from�such�interaction�
needs�to�be�elucidated�with�scientiƂc�research�studies.

Ó°Ó�
>�v��i`�v�>Þ�>Ã�>�«�ââ��>��v�>`��ÝÌÕÀi
%CNEKPGF�ENC[�KU�CP�CEMPQYNGFIGF�RQ\\QNCPKE�CFOKZVWTG�KP�VJG�
+PFKCP�UVCPFCTF��KV�KU�CP�KPITGFKGPV�QH�2QTVNCPF�2Q\\QNCP�%GOGPV�
CU�RGT�+5������2CTV���=��?��*QYGXGT��VJG�RQVGPVKCN�WVKNK\CVKQP�QH�
ECNEKPGF�ENC[�JCU�DGGP�WPFGTOKPGF�FWG�VQ�UWTRNWU�CXCKNCDKNKV[�
of�ƃy�ash�from�thermal�power�plants�in�the�last�few�decades�
CPF�NCEM�QH�MPQYNGFIG�QP�VJG�SWCNKV[�QH�ENC[�VQ�DG�WUGF�HQT�
UWEJ�CRRNKECVKQPU��5VWFKGU�JCXG�UJQYP�VJCV�����MCQNKPKVG�ENC[U�
RQUUGUU�GZEGNNGPV�RQ\\QNCPKE�DGJCXKQWT�CHVGT�FGJ[FTQZ[NCVKQP�
D[�VJGTOCN�CEVKXCVKQP�=�?��%CNEKPGF�ENC[�YKVJ�QPN[�����MCQNKPKVG�
content�was�found�sufƂcient�to�produce�strengths�similar�to�
RNCKP�RQTVNCPF�EGOGPV�D[���FC[U�QH�EWTKPI�=��?��6JG�RTGUGPEG�QH�
TGCEVKXG�CNWOKPCVGU�KP�ECNEKPGF�ENC[�OCMGU�KV�CP�KFGCN�EQPUVKVWGPV�
HQT�EQ�UWDUVKVWVKQP�YKVJ�ECNEKVG�TKEJ�OCVGTKCNU�UWEJ�CU�NKOGUVQPG��
FQNQOKVG��OCTDNG�UVQPG�=�����?�

.KOGUVQPG�%CNEKPGF�%NC[�%GOGPV�
.%���DKPFGT�OCMGU�WUG�QH�
VJGUG�VYQ�YKFGN[�CXCKNCDNG�TGUQWTEGU�CPF�VJGKT�KPVGTCEVKQP�YKVJ�
ENKPMGT�EQORQWPFU�CPF�DGVYGGP�ECNEKPGF�ENC[�NKOGUVQPG��#�
V[RKECN�NKOGUVQPG�ECNEKPGF�ENC[�EGOGPV�KU�EQORQUGF�QH�RQTVNCPF�
ENKPMGT��ECNEKPGF�ENC[�
 ������NKOGUVQPG�CPF�I[RUWO��CU�UJQYP�KP�
(KIWTG���
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(KIWTG����%QORQPGPVU�QH�.KOGUVQPG�%CNEKPGF�%NC[�%GOGPV�
.%������
OQTG�FGVCKNU�ECP�DG�HQWPF�KP�YYY�NE��EJ�

#�YKFGN[�CFQRVGF�.%��EQORQUKVKQP�KU������������
ENKPMGT��
ECNEKPGF�ENC[��NKOGUVQPG��I[RUWO��YKVJ�NKOGUVQPG�ECNEKPGF�ENC[�
TCVKQ�QH������+V�KU�KORQTVCPV�VQ�PQVG�VJCV�VJG�EQORQUKVKQP�QH�VJG�
KPITGFKGPVU�ECP�DG�QRVKOKUGF�DCUGF�QP�VJG�TGSWKTGOGPV��#NN�
HQWT�KPITGFKGPVU�EQNNGEVKXGN[�EQPVTKDWVG�VQ�OWNVKRNG�KPVGTCEVKQPU��
#FFKVKQPCNN[��VJGTG�KU�CORNG�QRRQTVWPKV[�VQ�GZRNQTG�.KOGUVQPG�
%CNEKPGF�%NC[�
.%���OKZVWTG�CU�C�RQ\\QNCPKE�CFOKZVWTG�HQT�JKIJ�
RGTHQTOCPEG�EQPETGVKPI�CRRNKECVKQPU�=��?.�This�attracts�signiƂcant�
KPVGTGUV�KP�VJG�TGUGCTEJ�EQOOWPKV[�VQ�WPFGTUVCPF��XCNKFCVG�CPF�
GXQNXG�UWEJ�VGEJPQNQI[�HQT�NCTIG�UECNG�EQOOGTEKCNK\CVKQP�CPF�
Ƃeld�adoption.

Ó°Î�
�i��ÃÌÀÞ��v����iÃÌ��i�v>�v��i`�v�>Þ�vi�i�Ì
The�combination�of�Ƃnely�ground�limestone�and�calcined�clay�
JCU�GOGTIGF�CU�C�INQDCN�UQNWVKQP�HQT�NCTIG�XQNWOG�EGOGPV�
TGRNCEGOGPV��ECVGTKPI�VQ�VJG�KPETGCUKPI�FGOCPF�HQT�EGOGPVKPI�
OCVGTKCNU�CPF�UWRRNGOGPV�ENKPMGT�RTQFWEVKQP��5VWFKGU�QH�UWEJ�
VGTPCT[�DNGPFGF�U[UVGOU�KP�RCUVG�CPF�EQPETGVG�TGXGCN�KPVGTGUVKPI�
RJ[UKEQEJGOKECN�GHHGEVU�QP�VJG�UVTWEVWTG�FGXGNQROGPV��UVTGPIVJ�
CPF�FWTCDKNKV[�RGTHQTOCPEG��6JG�EJGOKECN�KPVGTCEVKQPU�KP�
.%��DKPFGT�KPENWFG�VJG�ENKPMGT�TGCEVKQP��RQ\\QNCPKE�TGCEVKQP��
NKOGUVQPG�KPVGTCEVKQP�YKVJ�ENKPMGT�J[FTCVKQP�CPF�J[FTCVKQP�
RTQFWEVU��CPF�NKOGUVQPG�ECNEKPGF�ENC[�KPVGTCEVKQP��+PKVKCNN[��VJG�
$QIWGUo�EQORQWPFU�TGCEV�VQ�RTQFWEG�%�5�*��%*�CPF�'VVTKPIKVG�
CU�IKXGP�KP�'SWCVKQP������+P�VJG�RTGUGPEG�QH�GZEGUU�CNWOKPCVGU�KP�
ENKPMGT��GVVTKPIKVG�EQPXGTVU�VQ�OQPQUWNRJCVG�
/U���6JG�CFFKVKQP�
QH�CP�CNWOKPQUKNKECVG�DCUGF�RQ\\QNCPKE�CFOKZVWTG�NGCFU�VQ�VJG�
HQTOCVKQP�QH�RQ\\QNCPKE�%�#�5�*�YKVJ�XCTKCDNG�NGXGNU�QH�UKNKEC�
CPF�CNWOKPC�KP�VJG�RQ\\QNCPKE�%�#�5�*�CU�IKXGP�KP�'SWCVKQP����
This�reaction�leads�to�a�signiƂcantly�improved�pore�Ƃlling�and�
produces�major�beneƂts�on�transport�properties�=������?�


����iÀ�Ài>vÌ���Ã\

%�5�
����*� �%���5*�
���%*�� � 'SWCVKQP��

%�5�
����*� �%���5*�
���%*� � 'SWCVKQP��

%�A�+�3CŜ�+�32H� �%�A.3CŜ.H��� � 'SWCVKQP��

*�ââ��>��v�Ài>vÌ���\

#5%/�
�55%/�
�%*
*� �%�#�5�*�
XCT[KPI�UVQKEJKQOGVT[��'SWCVKQP��

In�the�presence�of�Ƃne�limestone�particles�in�the�hydrating�
EGOGPVKPI�OCVTKZ��VJG�GVVTKPIKVG�RTGEKRKVCVGF�KPKVKCNN[�KU�UVCDKNKUGF�
CU�UWIIGUVGF�KP�=��?��CPF�VJG�CNWOKPCVGU�TGCEV�YKVJ�NKOGUVQPG�VQ�
RTQFWEG�ECTDQCNWOKPCVGU�CU�IKXGP�KP�'SWCVKQP���CPF�'SWCVKQP�
��YKVJ�XCT[KPI�NGXGNU�QH�ECTDQPCVG�KQPU�
K�G���*GOK��QT�/QPQ��=��?��
%CNEKPGF�MCQNKPKVKE�ENC[�ECVCN[UGU�VJKU�KPVGTCEVKQP�HWTVJGT�FWG�VQ�
VJG�RTGUGPEG�QH�TGCEVKXG�CNWOKPCVG��#NWOKPCVGU�KP�ECNEKPGF�ENC[�
EQWNF�CNUQ�KPETGCUG�VJG�CFFKVKQPCN�FGOCPF�QH�I[RUWO�VQ�GPUWTG�
VJCV�ECNEKVG�KPVGTCEVKQP�RTQEGGFU�CHVGT�VJG�EQPUWORVKQP�QH�
I[RUWO��YJKEJ�PGGFU�VQ�DG�EQPVTQNNGF�VQ�QEEWT�CHVGT�VJG�RTKOCT[�
UKNKECVG�TGCEVKQP�=��?�

���iÃÌ��i���ÌiÀ>vÌ����Ü�Ì��v����iÀ�«�>ÃiÃ

%�#�
�%C%1��
�%*�
�*� �%�#�%C%1��*��� 'SWCVKQP��

���iÃÌ��i���ÌiÀ>vÌ����Ü�Ì��v>�v��i`�v�>ÞÉ-
�

#5%/�
�Z%C%1��
��%*�
�*� �%�#�Z%C%1��*������ 'SWCVKQP��

#�OCLQT�KPVGTPCVKQPCN�EQNNCDQTCVKXG�RTQLGEV�DGVYGGP�NGCFKPI�
WPKXGTUKVKGU�UWEJ�CU�'2(.�
5YKV\GTNCPF���7%.8�
%WDC���++6U�&GNJK��
$QODC[�CPF�/CFTCU�
+PFKC��KP�RCTVPGTUJKR�YKVJ�CP�+PFKCP�PQP�
IQXGTPOGPVCN�QTICPK\CVKQP�ECNNGF�&GXGNQROGPV�#NVGTPCVKXGU�
has�resulted�in�a�systematic�scientiƂc�study�on�Limestone�
%CNEKPGF�%NC[�%GOGPV�
.%����YJKEJ�JCU�EQPVTKDWVGF�XCUVN[�VQ�VJG�
FGXGNQROGPV�QH�UWEJ�NQY�ENKPMGT�DKPFGTU�=��?��5Q�HCT��VYQ�OCLQT�
RKNQV�UECNG�KPFWUVTKCN�RTQFWEVKQPU�JCXG�DGGP�OCFG�KP�VJG�RTQLGEV�
KP�+PFKC��FGVCKNU�QH�VJG�UCOG�ECP�DG�HQWPF�KP�=�����?��6JG�EWTTGPV�
RCRGT�CKOU�VQ�VJTQY�NKIJV�QP�VJG�OCLQT�QWVEQOGU�QH�VJG�TGUGCTEJ�
QP�VGTPCT[�DKPFGT�U[UVGOU�KPXQNXKPI�NKOGUVQPG�CPF�ECNEKPGF�
ENC[��6JG�UVWFKGU�QP�J[FTCVKQP��OKETQUVTWEVWTG�CPF�EQPETGVG�
RGTHQTOCPEG�YKVJ�.%��binder�systems�has�led�to�signiƂcant�
KPUKIJVU�KPVQ�VJG�UVTWEVWTG�RTQRGTV[�TGNCVKQPUJKRU��6JKU�RCRGT�
OCKPN[�TGNKGU�QP�VJG�TGUWNVU�CNTGCF[�RWDNKUJGF�KP�=��?��=��?�CPF�=��?��KP�
EQPLWPEVKQP�YKVJ�UQOG�PGY�UVWFKGU�ECTTKGF�QWV�KP�VJG�RTQLGEV��
#P�QXGTXKGY�QH�VJG�TGUGCTEJ�CPF�FGXGNQROGPV�OCFG�KP�VJG�
NCUV�UKZ�[GCTU�KU�UWOOCTK\GF�KP�VJKU�RCRGT�YKVJ�GORJCUKU�QP�VJG�
RQVGPVKCN�WRVCMG�QH�.%��technology�for�standardization�and�Ƃeld�
CRRNKECVKQPU�

Î°��č/
,�č�-�č ����8/1,
-
1TFKPCT[�2QTVNCPF�EGOGPV�QH����)TCFG�EQPHQTOKPI�VQ�+5�����=��?��
Type�F�ƃy�ash�from�North�Chennai,�and�Limestone�Calcined�Clay�
%GOGPV�
.%���HTQO�CP�KPFWUVTKCN�RTQFWEVKQP�
TGRQTVGF�KP�=�����?��
were�used�as�the�binders�in�this�study�in�Phase�1.�The�ƃy�ash�
CPF�EGOGPV�YGTG�DNGPFGF�KP�VJG�TCVKQ�QH�������VQ�RTQFWEG�VJG�
DKPFGT�VGTOGF�CU�(#����6JG�EQORNGVG�FGUETKRVKQP�QH�OCVGTKCN�
EJCTCEVGTKUVKEU�KU�RTQXKFGF�KP�&JCPFCRCPK�CPF�5CPVJCPCO�

����� ��?��+P�CP�GZVGPUKQP�VQ�2JCUG����UQOG�KPXGUVKICVKQPU�CTG�
RTGUGPVGF�HTQO�VJG�QP�IQKPI�UVWFKGU�CV�++6�/CFTCU�
K�G���2JCUG�
����%CNEKPGF�ENC[�HTQO�$JWL��)WLCTCV�
YKVJ�CTQWPF�����MCQNKPKVG�
EQPVGPV��CPF�NKOGUVQPG�HTQO�C�EGOGPV�RNCPV�KP�#TK[CNWT�
YKVJ�
%C1�EQPVGPV�QH������YGTG�WUGF�VQ�RTQFWEG�VJG�VGTPCT[�DNGPFGF�
U[UVGOU��YKVJ�VJG�HQTOWNCVKQPU�KPFKECVGF�KP�6CDNG���
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/>L�i�Ó\�	��`iÀ�ÃÞÃÌi�Ã���ÛiÃÌ�}>Ìi`����Ì�i�ÃÌÕ`Þ

TYPE MIX ID: OPC (**CLINKER) % SCM % LIMESTONE* % GYPSUM %

2JCUG�� 12% 12% ��� � � �

(#�� (#�� �� �� � �

.%� .%� ����� �� �� �

2JCUG�� 12% 12% ��� � � �

%NCUU�(

(#(�� �� �� ��� ���

(#(�� ���� �� � ���

(#(.�� ���� �� �� ���

(#(.�� ���� �� �� ���

(#(.�� ���� �� �� ���

%CNEKPGF�%NC[

%%�� ���� �� ��� ���

%%�� ���� �� � ��

%%.�� ���� �� �� ���

%%.�� ���� �� �� ���

%%.�� ���� �� �� ���

0QVG���KPENWUKXG�QH�NKOGUVQPG�EQPVTKDWVGF�HTQO����ECNEKVG�RTGUGPV�KP�12%

)[RUWO�COQWPV�YCU�CFLWUVGF�HQT�VJG�ECNEKPGF�ENC[���CFOKZGF�
DKPFGT�VQ�GPUWTG�VJCV�VJG�CNWOKPCVG�RGCM�KU�RWUJGF�DG[QPF�VJG�
OCKP�UKNKECVG�J[FTCVKQP�RGCM�DCUGF�QP�KUQVJGTOCN�ECNQTKOGVT[�
proƂles.�This�ensures�proper�early�hydration�of�tricalcium�
UKNKECVGU�CU�TGEQOOGPFGF�KP�VJG�NKVGTCVWTG�=�����?��(KIWTG���UJQYU�
VJG�KORCEV�QH�RTQRGT�I[RUWO�FQUCIG�QP�VJG�UKNKECVG�J[FTCVKQP�
RGCMU�YKVJ�
Y�)��CPF�YKVJQWV�
Y�Q�)��I[RUWO�EQTTGEVKQP��6JG�
CFFKVKQPCN�CNWOKPCVGU�HTQO�ECNEKPGF�ENC[�CPF�CEEGNGTCVKQP�KP�
clinker�reaction�due�to�Ƃne�substitutes�increase�the�demand�for�
I[RUWO�OCTIKPCNN[�HQT�.%��DKPFGT�EQORQUKVKQP��6JG�CFFKVKQPCN�
I[RUWO�
�����KP�VJKU�ECUG��FGNC[U�VJG�CRRGCTCPEG�QH�VJG�
CNWOKPCVG�RGCM�QWVUKFG�VJG�UKNKECVG�RGCM�CPF�GPUWTGU�RTQRGT�
silicate�reaction.�A�detailed�investigation�on�the�inƃuence�of�
I[RUWO�FQUCIG�QP�VJG�J[FTCVG�RJCUG�CUUGODNCIG�QH�.%��DKPFGT�
ECP�DG�HQWPF�KP�-TKUJPCP�GV�CN��
������=��?�

Figure�3:�Effect�of�gypsum�addition�on�the�hydration�proƂles�of��
.%��DKPFGT�

#�OCLQT�RCTV�QH�VJKU�RCRGT�TGRQTVU�VJG�TGUWNVU�QH�VJTGG�V[RGU�QH�
EQPETGVG�RTQFWEGF�YKVJ�VJG�VJTGG�DKPFGT�U[UVGOU��
K��%QPETGVG�
QH�ITCFG�/���
K�G��EJCTCEVGTKUVKE�EQORTGUUKXG�UVTGPIVJ�QH����
/2C���
KK��%QPETGVG�QH�ITCFG�/���
K�G��EJCTCEVGTKUVKE�EQORTGUUKXG�
UVTGPIVJ�QH����/2C���CPF�
KKK��%QPETGVG�YKVJ�DKPFGT�EQPVGPV�QH�
����MI�O��CPF�Y�D�QH������
FGUKIPCVGF�CU�%�OKZ���#�UGEQPF�
KPXGUVKICVKQP�TGRQTVU�VJG�TGUWNVU�QH�DKPCT[�CPF�VGTPCT[�DNGPFGF�
mixtures�with�ƃy�ash/�calcined�clay�and�limestone,�as�indicated�in�
6CDNG����+P�CNN�VJG�OKZGU�KP�2JCUG����VJG�DKPFGT�EQPVGPV�CPF�Y�D�
YGTG�OCKPVCKPGF�CV�����MI�O��CPF������TGURGEVKXGN[�

(QT�CNN�EQPETGVG�OKZGU��VJG�EQCTUG�CIITGICVG�YCU�ETWUJGF�
granite�with�a�maximum�size�of�20�mm,�and�the�Ƃne�aggregate�
was�well-graded�river�sand.�The�coarse�to�Ƃne�aggregate�ratio�
YCU�OCKPVCKPGF�CV�������D[�YGKIJV�CPF�C�RQN[ECTDQZ[NKE�GVJGT�

2%'��DCUGF�UWRGTRNCUVKEK\GT�YCU�WUGF�VQ�QDVCKP�C�UNWOR�QH����
s�����OO��6JG�CEVWCN�EQORQUKVKQP�QH�EGOGPV�RCUVG�WUGF�KP�VJG�
UVWF[�KU�OGPVKQPGF�KP�VJG�FKHHGTGPV�UGEVKQPU�

{°�,
-1�/-

{°£��Þ`À>Ì���]��>À`i���}�>�`�
��«ÀiÃÃ�Ûi�
ÃÌÀi�}Ì�
(KIWTG���RTGUGPVU�J[FTCVKQP�JGCV�CPF�UGVVKPI�EJCTCEVGTKUVKEU�
QH�VJG�EGOGPV�RCUVG�
Y�D�������HQT�CNN�DKPFGT�EQORQUKVKQPU�
KPXGUVKICVGF�KP�2JCUG����6JG�EWOWNCVKXG�JGCV�TGNGCUG�KP�VJGUG�
binder�systems�reƃects�the�kinetics�of�hydration�reaction�in�
DKPCT[�CPF�VGTPCT[�EQODKPCVKQPU��+V�KU�ENGCT�VJCV�CP�KPETGCUG�KP�
the�amount�of�SCM,�i.e.,�ƃy�ash�or�calcined�clay�from�30%�to�
�����TGFWEGU�VJG�VQVCN�JGCV�TGNGCUG�D[���FC[U��6JG�TGFWEVKQP�
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was�signiƂcantly�higher�for�increasing�dosage�of�ƃy�ash�than�
ECNEKPGF�ENC[��CU�PQVKEGF�KP�(KIWTG��
C��CPF�(KIWTG��
D���6JG�GCTN[�
KPVGTCEVKQP�QH�ECNEKPGF�ENC[�CPF�VJG�EQPUGSWGPV�CEEGNGTCVKQP�KP�
VJG�J[FTCVKQP�RTQEGUU�EQPVTKDWVG�VQ�VJG�JGCV�TGNGCUG�KP�ECNEKPGF�
clay�binder�combinations�as�opposed�to�ƃy�ash�binders.�A�
combination�of�limestone-ƃy�ash�showed�higher�heat�release�
than�FAF42,�which�is�characteristic�of�the�positive�inƃuence�of�
NKOGUVQPG�QP�GCTN[�J[FTCVKQP�EJCTCEVGTKUVKEU��(KIWTG��
D��UJQYU�
that�the�change�in�heat�release�was�not�signiƂcant�between�
%%���CPF�%%����CPF�QPN[�C�OCTIKPCN�XCTKCVKQP�YCU�QDUGTXGF�
KP�VJG�EWOWNCVKXG�JGCV�TGNGCUG�FWG�VQ�NKOGUVQPG�CFFKVKQP�KP�
ECNEKPGF�ENC[�DKPFGTU��*KIJ�TGCEVKXKV[�RQVGPVKCN�QH�VJG�ECNEKPGF�
ENC[�UVCTVU�FQOKPCVKPI�J[FTCVKQP�HTQO�VJG�GCTN[�UVCIGU�KVUGNH��6JG�
QPUGV�QH�GPGTI[�TKUG�HQT�ECNEKPGF�ENC[�DKPFGT�KU�UKOKNCT�VQ�12%�KP�
(KIWTG��
D��

Setting�characteristics�of�all�binder�compositions�with�ƃy�ash�and�
ECNEKPGF�ENC[�KU�RTGUGPVGF�KP�(KIWTG���
E��CPF�
F���TGURGEVKXGN[��
6JG�RGPGVTCVKQP�TGUKUVCPEG�TGFWEGU�YKVJ�KPETGCUKPI�FQUCIG�QH�
ƃy�ash�(See�FAF30�and�FAF42�in�Figure�4�(c)).�Increase�of�dosage�
of�ƃy�ash�from�30%�to�42%�shifts�the�time�taken�to�develop�
TGUKUVCPEG�HTQO�PGCTN[���JQWTU�VQ���JQWTU��#FFKVKQP�QH�NKOGUVQPG�
OCPCIGU�VQ�FGNC[�CPF�UJKHV�VJG�VKOG�VCMGP�DGVYGGP�����JQWTU�
in�all�ternary�binders�with�limestone-ƃy�ash�combination.�This�
shift�signiƂes�the�acceleration�in�hydration�characteristics�due�

VQ�VJG�RTGUGPEG�QH�NKOGUVQPG�CFFKVKQP��VQ�EQORGPUCVG�HQT�VJG�
delay�in�setting�characteristics�of�ƃy�ash�binders�and�bring�it�
ENQUG�VQ�RNCKP�RQTVNCPF�EGOGPV��5KOKNCT�TGUWNVU�YGTG�RTGXKQWUN[�
reported�for�high�volume�ƃy�ash�concretes�with�a�minor�dosage�
QH�NKOGUVQPG�KP�NKVGTCVWTG�=��?�

In�contrast�to�the�ƃy�ash�mixes,�an�increase�in�calcined�clay�
FQUCIG�HTQO�%%���VQ�%%���TGUWNVGF�KP�GCTN[�JCTFGPKPI��CPF�
VJG�8KECV�TGUKUVCPEG�YCU�HWTVJGT�CEEGNGTCVGF�KP�VJG�RTGUGPEG�
QH�NKOGUVQPG�ECNEKPGF�ENC[�EQODKPCVKQP��6JG�EQODKPGF�GCTN[�
EQPVTKDWVKQP�QH�DQVJ�ECNEKPGF�ENC[�CPF�NKOGUVQPG�ECP�CNUQ�DG�
PQVKEGF�KP�VJG�GPGTI[�RCVVGTP�KP�(KIWTG��
D���YJKEJ�EQNNGEVKXGN[�
CEEGNGTCVGU�VJG�UGVVKPI�EJCTCEVGTKUVKEU�QH�ECNEKPGF�ENC[�
NKOGUVQPG�DKPFGTU��6JG�RGPGVTCVKQP�TGUKUVCPEG�YCU�HQWPF�VQ�TKUG�
DGVYGGP�����JQWTU��YJKEJ�KPFKECVGU�VJCV�.%��HQTOWNCVKQPU�JCXG�
TGIWNCT�UGVVKPI�EJCTCEVGTKUVKEU�CPF�EQWNF�CFGSWCVGN[�OGGV�VJG�
TGSWKTGOGPVU�QH�DNGPFGF�CPF�OCUQPT[�EGOGPV�CRRNKECVKQPU��+P�
ƃy�ash�mixes,�limestone�addition�was�found�to�be�beneƂcial�in�
KORTQXKPI�VJG�MKPGVKEU�QH�JGCV�TGNGCUG�TCVG��CPF�EQTTGURQPFKPIN[�
TGFWEGF�VJG�FGNC[�KP�UGVVKPI�EJCTCEVGTKUVKEU�VJCV�CTG�V[RKECN�KP�
higher�dosage�of�ƃy�ash�additions�as�a�cement�substitute.

(KIWTG���RTGUGPVU�VJG�GXQNWVKQP�QH�EQORTGUUKXG�UVTGPIVJ�HQT�
VJG�EQPETGVG�OKZGU��(KIWTG��
C��CPF��
D��UJQYU�VJG�TGUWNVU�HTQO�
2JCUG���=��?��YJKNG�(KIWTG��
E��CPF�
F��UJQYU�VJG�TGUWNVU�HTQO�


C� 
D�


E� 
F�

Figure�4:�Hydration�heat�of�ƃy�ash�(a)�and�calcined�clay�(b)�mixes�and�Setting�characteristics�of�ƃy�ash�(c)�and�calcined�clay�(d)�mixes�as�presented�in�=��?�
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2JCUG����+V�KU�GXKFGPV�HTQO�(KIWTG��
C��VJCV�VJG�TCVGU�QH�UVTGPIVJ�
FGXGNQROGPV�QH�.%��EQPETGVG�CTG�UKOKNCT�VQ�12%�EQPETGVG�CPF�
signiƂcantly�higher�than�FA30�concrete,�which�needs�extended�
EWTKPI�VQ�CEJKGXG�UKOKNCT�WNVKOCVG�UVTGPIVJU��.%��YCU�CDNG�VQ�
RTQFWEG�EQORCTCDNG�UVTGPIVJ�FGXGNQROGPV�FGURKVG�NQYGT�
ENKPMGT�EQPVGPV�VJCP�(#����1P�VJG�QVJGT�JCPF��VJG�2JCUG���TGUWNVU�
KP�(KIWTG���
F��KPFKECVG�VJCV�KV�KU�RQUUKDNG�VQ�RTQFWEG�EQPETGVG�
UVTGPIVJU�YKVJ�ECNEKPGF�ENC[�NKOGUVQPG�EQODKPCVKQPU�QP�RCT�YKVJ�
12%�UVTGPIVJU�YJGP�VJG�ECNEKPGF�ENC[�KU�CV��������TGRNCEGOGPV�
NGXGN��CPF�NKOGUVQPG�KU�WUGF�WR�VQ�����TGRNCEGOGPV�NGXGN�

6JG�EQORTGUUKXG�UVTGPIVJ�FGXGNQROGPV�
WR�VQ�����FC[U��KP�
concretes�reafƂrmed�the�inƃuence�of�limestone�on�the�early�
CIG�OGEJCPKECN�RTQRGTVKGU�
5GG�(KIWTG��
E��CPF�
F����6JKU�ECP�
be�identiƂed�from�the�comparable�strength�development�of�
VGTPCT[�OKZGU�YKVJ�NKOGUVQPG�VQ�DKPCT[�OKZGU��6JG�GCTN[�KPETGCUG�
KP�J[FTCVKQP�CPF�UVTGPIVJ�YGTG�RQUUKDNG�FGURKVG�VJG�HCEV�
VJCV�NKOGUVQPG�KU�TGRNCEGF�CV�VJG�GZRGPUG�QH�C�OQTG�TGCEVKXG�


C� 
D�


E� 
F�

(KIWTG����4GUWNVU�HQT�EQORTGUUKXG�UVTGPIVJ�GXQNWVKQP�C��EQORCTKUQP�QH�UVTGPIVJ�GXQNWVKQP�HTQO�RJCUG���EQPETGVG�OCFG�YKVJ�12%��(#���CPF�.%��


TGRTQFWEGF�HTQO�=��?)�and�Inƃuence�of�ƃy�ash/calcined�clay-limestone�ratio�on�strength�development�of�LC��EQPETGVG�HTQO�2JCUG���UVWFKGU��
(c)�ƃy�ash�and�(d)�calcined�clay�=��?�

component�such�as�clinker�and�pozzolan.�For�both�ƃy�ash�and�
ECNEKPGF�ENC[��EQORTGUUKXG�UVTGPIVJU�CV���FC[U�CPF����FC[U�
YGTG�OCTIKPCNN[�JKIJGT�HQT�VGTPCT[�OKZGU�VJCP�DKPCT[�OKZGU�YKVJ�
����5%/U��'XGP�KP�%%.���YKVJ�NKOGUVQPG�UWDUVKVWVKQP�QH������
VJGTG�KU�C�UVGCF[�FGXGNQROGPV�QH�UVTGPIVJ�WR�VQ�����FC[U��+P�
%%���YKVJ�����DKPCT[�UWDUVKVWVKQP�QH�ECNEKPGF�ENC[��VJGTG�YCU�
C�UVCIPCVKQP�KP�VJG�UVTGPIVJ�FGXGNQROGPV�DG[QPF����FC[U�CV�
JKIJGT�UWDUVKVWVKQP�NGXGNU�QH�ECNEKPGF�ENC[�FWG�VQ�C�RTQDCDNG�
portlandite-deƂcient�state.�The�compressive�strength�results�
HTQO�QPIQKPI�2JCUG���UVWFKGU�KPFKECVG�VJG�EQORQUKVKQPCN�
TQDWUVPGUU�QH�ECNEKPGF�ENC[�NKOGUVQPG�EQODKPCVKQP�VQ�RTQFWEG�
EQORCTCDNG�GCTN[�CPF�NCVGT�CIG�OGEJCPKECN�UVTGPIVJU�VQ�RNCKP�
RQTVNCPF�EGOGPV�CPF�CEEQOOQFCVG�XCT[KPI�NGXGNU�QH�NKOGUVQPG�
calcined�clay�ratio.�In�ƃy�ash-limestone�combination,�early�age�
UVTGPIVJ�QH�VGTPCT[�OKZGU�YCU�HQWPF�VQ�DG�EQORCTCDNG�VQ�DKPCT[�
ƃy�ash�binders.�However,�a�consistent�difference�in�strengths�
YCU�XKUKDNG�CV�NCVGT�CIGU�YKVJ�KPETGCUKPI�FQUCIG�QH�NKOGUVQPG�CU�
UJQYP�KP�(KIWTG��E�
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{°Ó��ÕÀ>L���ÌÞ�v�>À>vÌiÀ�ÃÌ�vÃ
6JG�FGVCKNGF�TGUWNVU�QH�FWTCDKNKV[�VGUVU�QP�EQPETGVGU�HTQO�VJG�
2JCUG���UVWF[�CTG�RTGUGPVGF�KP�&JCPFCRCPK�GV�CN��=�����?��6JG�
EQPEGRV�QH�HQTOCVKQP�HCEVQT�JCU�DGGP�GZVGPUKXGN[�GZRNQTGF�KP�
=�����?��+P�UKORNG�VGTOU��VJG�HQTOCVKQP�HCEVQT�KU�VJG�TCVKQ�QH�VJG�
EQPFWEVKXKV[�QH�VJG�RQTG�UQNWVKQP�
σR��VQ�VJG�GHHGEVKXG�EQPFWEVKXKV[�
QH�VJG�DWNM�EQPETGVG�
σD��CU�IKXGP�KP�'SWCVKQP���YJKEJ�KU�TGNCVGF�
VQ�RQTQUKV[�
φ���RQTG�EQPPGEVKXKV[�
β��CPF�EGOGPVCVKQP�GZRQPGPV�

O���6JG�WUG�QH�HQTOCVKQP�HCEVQT�JGNRU�KP�WPFGTUVCPFKPI�VJG�
inƃuence�of�pore�structure�i.e.,�pore�volume�(φ��CPF�EQPPGEVKXKV[�
QP�FWTCDKNKV[��YKVJQWV�VJG�EQPEQOKVCPV�GHHGEVU�QH�VJG�RQTG�
UQNWVKQP�EQPFWEVKXKV[�

)� σR � � � � 'SWCVKQP��σS φP φ.β

6JG�XCTKCVKQP�QH�HQTOCVKQP�HCEVQT�YKVJ�CIG�HQT�VJG�EGOGPV�
RCUVG�UVWFKGF�KP�2JCUG���KU�RTGUGPVGF�KP�(KIWTG���
C���DCUGF�QP�
&JCPFCRCPK�CPF�5CPVJCPCO�=��?��6JG�TGUWNV�ENGCTN[�UJQYU�VJCV�
RQTG�VQTVWQUKV[�
QT�FKUEQPPGEVGFPGUU���CU�TGRTGUGPVGF�D[�VJG�
HQTOCVKQP�HCEVQT��TCRKFN[�KPETGCUGU�HQT�.%��EQPETGVGU��+P�VJG�ECUG�
QH�(#����GZVGPFGF�EWTKPI�KU�GUUGPVKCN�VQ�IGV�VJG�UCOG�NGXGN�QH�
KPETGCUG�KP�HQTOCVKQP�HCEVQT��6JG�12%�RCUVG��QP�VJG�QVJGT�JCPF��
FQGU�PQV�UJQY�OWEJ�KPETGCUG�KP�HQTOCVKQP�HCEVQT�DG[QPF���FC[U��
(TQO�VJG�UCOG�NKVGTCVWTG��VJG�TGUWNVU�QH�VJG�TGNCVKQPUJKR�DGVYGGP�
formaton�factor�and�the�water-Ƃlled�porosity�(as�determined�
D[�XCEWWO�UCVWTCVKQP�RTQEGUU�QP�VJKP�UNKEGU�QH�EGOGPV�RCUVG��
are�presented�in�Figure�6�(b)�reafƂrming�Archie’s�law�for�
EGOGPVKVKQWU�RQTQWU�U[UVGOU��6JG�RNQV�KP�(KIWTG���
D��ENGCTN[�
KPFKECVGU�VJCV�VJG�HQTOCVKQP�HCEVQT�ECP�DG�C�WPKH[KPI�CRRTQCEJ�
VQ�EQORCTG�VJG�ECRKNNCT[�RQTG�URCEG��UVTWEVWTG�FGXGNQROGPV�
CPF�FWTCDKNKV[�EJCTCEVGTKUVKEU�CETQUU�EGOGPVKVKQWU�U[UVGOU�YKVJ�
FKHHGTGPV�DKPFGT�EJGOKUVT[�

The�promising�trends�of�formation�factor�to�reƃect�the�structure�
FGXGNQROGPV�KP�ECRKNNCT[�RQTG�URCEG�YGTG�GZVGPFGF�VQ�
WPFGTUVCPF�VJG�FWTCDKNKV[�RGTHQTOCPEG�QH�EQPETGVG�OCFG�YKVJ�
FKHHGTGPV�DKPFGT�U[UVGOU��6JG�TGUWNVU�QH�VJG�EJCTIG�RCUUGF�KP�

4%26�
CU�FGVGTOKPGF�HTQO�VJG�#56/�%�����=��?���RNQVVGF�CICKPUV�
HQTOCVKQP�HCEVQT��CTG�RTGUGPVGF�KP�(KIWTG���
C��CPF�
D���6JG�
EJCTIG�RCUUGF�KP�4%26�CPF�HQTOCVKQP�HCEVQT�YCU�OGCUWTGF�
QXGT�FKHHGTGPV�EWTKPI�CIGU�WR�VQ���[GCT�CU�UJQYP�KP�(KIWTG���
(a).�The�inƃuence�of�the�binder�type�is�evident,�with�the�results�
HTQO�VJG�.%��EQPETGVGU�UJQYKPI�C�OWEJ�NQYGT�EJCTIG�RCUUGF�
CPF�JKIJGT�HQTOCVKQP�HCEVQT�CU�EQORCTGF�VQ�(#����YJKEJ�KP�VWTP�
UJQYU�JKIJGT�TGUKUVCPEG�VQ�KQPKE�KPITGUU�VJCP�12%�EQPETGVGU��
6JG�EQODKPGF�TGFWEVKQP�QH�RQTQUKV[�CPF�RQTG�EQPPGEVKXKV[��
YJKEJ�NGCFU�VQ�JKIJGT�HQTOCVKQP�HCEVQT��ECP�GZRNCKP�VJG�TQNG�
QH�RQTG�UVTWEVWTG�FGXGNQROGPV�QP�FWTCDKNKV[�RCTCOGVGT��+P�
5CPVJCPCO�GV�CN��=��?,�the�inƃuence�of�formation�factor�to�
TGRTGUGPV�EJNQTKFG�VTCPURQTV�YCU�XCNKFCVGF�YKVJ�OKITCVKQP�
coefƂcient�based�on�NT�BUILD�492�test�=��?��YJKEJ�KU�C�TGNKCDNG�
VGUV�HQT�EJNQTKFG�RGPGVTCDKNKV[�CPF�CNUQ�IKXGU�CP�CEEGRVCDNG�
RCTCOGVGT�HQT�RGTHQTOCPEG�DCUGF�FGUKIP�CRRTQCEJGU�CPF�
UGTXKEG�NKHG�GUVKOCVGU�CU�RGT�(+$�/QFGN�%QFG����=��?��6JKU�
relationship�conƂrms�the�generic�adoption�of�formation�factor�
CU�C�TGRTGUGPVCVKXG�OKETQUVTWEVWTG�DCUGF�HCEVQT�YJKEJ�TGNCVGU�VQ�
FWTCDKNKV[�EJCTCEVGTKUVKEU�QH�C�TCPIG�QH�EQPETGVGU�CETQUU�FKHHGTGPV�
DKPFGT�EJGOKUVT[�D[�FGEQPXQNWVKPI�VJG�KORCEV�QH�RQTG�UVTWEVWTG�
CPF�RQTG�UQNWVKQP�HTQO�VJG�DWNM�GNGEVTKECN�TGURQPUG�

6JG�TGUWNVU�HQT�VJG�UGEQPFCT[�TCVG�QH�YCVGT�CDUQTRVKQP�CU�RGT�
#56/�%�����=��?�CNUQ�KPFKECVG�C�UWRGTKQT�RGTHQTOCPEG�HQT�VJG�.%��
EQPETGVGU�
TGUWNVU�KP�(KIWTG���RTGUGPVGF�JGTG�CTG�HQT�VJG�%�OKZ���
In�simple�terms,�the�superlative�beneƂt�of�early�rise�in�formation�
HCEVQT�KU�RTWFGPV�PQV�LWUV�KP�OKITCVKQP�DCUGF�GZRGTKOGPVU��DWV�
CNUQ�KP�WPKFKTGEVKQPCN�YCVGT�CDUQTRVKQP�D[�C�OGCUWTG�QH�OQKUVWTG�
VTCPURQTV�KP�.%��QP�CP�WPUCVWTCVGF�EQPETGVG�U[UVGO��6JKU�
FKHHGTGPEG�KP�RGTHQTOCPEG�FTCYU�CVVGPVKQP�VQ�VJG�HWPFCOGPVCN�
FKHHGTGPEG�KP�VJG�EJCTCEVGTKUVKEU�QH�ECRKNNCT[�RQTG�URCEG�QH�VJG�
DKPFGT�RJCUG��+V�KU�ENGCTN[�UJQYP�D[�VJG�RWDNKUJGF�YQTMU�QH�#XGV�
CPF�5ETKXGPGT�=��?�CPF�&JCPFCRCPK�CPF�5CPVJCPCO�=��?�VJCV�VJKU�
GFIG�KP�RGTHQTOCPEG�ECP�DG�TGNCVGF�VQ�VJG�TCRKF�FGXGNQROGPV�
QH�C�RQTG�UVTWEVWTG�K�G���GCTN[�FKUEQPPGEVKQP�KP�ECRKNNCT[�RQTG�
URCEG�KP�VJG�.%��DKPFKPI�RJCUG��'XKFGPEG�QH�VJKU�RJGPQOGPQP�KU�


C� 
D�

(KIWTG����
C��%JCPIG�KP�HQTOCVKQP�HCEVQT�YKVJ�EWTKPI�CIG�HQT�VJG�2JCUG���HQT�EGOGPV�RCUVG��
D��'ZRNQTKPI�TGNCVKQPUJKRU�DGVYGGP�HQTOCVKQP�HCEVQT�CPF�
durability�(in�terms�of�water-Ƃlled�porosity)�for�all�Phase�1�binder�compositions�–�from�=��?�
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C� 
D�

(KIWTG����
C��%JCTIG�RCUUGF�CU�C�HWPEVKQP�QH�CIG�HTQO�=��?�and�(b)�Inƃuence�of�formation�factor�on�durability�indices.


C� 
D�
(KIWTG����4GUWNVU�QH�VJG�UQTRVKXKV[�VGUV�CU�RGT�#56/�%�����


C� 
D�

(KIWTG����2QTG�UK\G�FKUVTKDWVKQP�HTQO�OGTEWT[�KPVTWUKQP�RQTQUKOGVT[��CU�RTGUGPVGF�KP�&JCPFCRCPK�CPF�5CPVJCPCO�=��?�
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RTGUGPVGF�KP�(KIWTG���HTQO�=��?��YJGTG�VJG�TGUWNVU�ENGCTN[�KPFKECVG�
the�shift�in�pores�towards�Ƃner�sizes�as�early�as�7�days�for�the�LC��
U[UVGOU�HQT�EGOGPV�RCUVGU�YKVJ������Y�D��#�UKOKNCT�TGFWEVKQP�KP�
RQTG�UK\GU�YCU�CNUQ�PQVKEGF�KP�VJG�RQTQUKOGVT[�CUUGUUOGPV�OCFG�
QP�.%��EQPETGVGU�=��?�CPF�RCUVG�YKVJ�XCT[KPI�YCVGT�DKPFGT�TCVKQ�=��?��
6JGUG�VTGPFU�UGGO�VQ�KPFKECVG�VJCV�.%��U[UVGOU�YQWNF�PQV�DG�
signiƂcantly�affected�by�the�curing�duration�with�respect�to�the�
FGXGNQROGPV�QH�VJG�FWTCDKNKV[�EJCTCEVGTKUVKEU�

In�order�to�validate�the�potential�beneƂts�of�early�reƂnement�
QH�RQTG�UVTWEVWTG��VJG�GHHGEVU�QH�EWTKPI�FWTCVKQP�QP�12%��(#���
CPF�.%��EQPETGVG�YGTG�UVWFKGF��%QPETGVGU�KP�VJG�%�OKZ�ECVGIQT[�
YGTG�UWDLGEVGF�VQ�FKHHGTGPV�OQKUV�EWTKPI�TGIKOG�
K�G�����FC[U��
��FC[U�CPF����FC[U��CHVGT�YJKEJ�VJG�EQPETGVGU�YGTG�RNCEGF�KP�
C�EQPVTQNNGF�GPXKTQPOGPV�
��–%�CPF�����4*��VKNN�VJG�CIG�QH�
VGUVKPI��0QP�UVGCF[�UVCVG�OKITCVKQP�GZRGTKOGPV�YCU�WUGF�VQ�
GXCNWCVG�VJG�EJNQTKFG�TGUKUVCPEG�CV����FC[U�CPF����FC[U�CHVGT�VJG�
KPKVKCN�OQKUV�EWTKPI��6JG�TGUWNVU�HTQO�VJG�UVWF[�CTG�RTGUGPVGF�KP�
(KIWTG�����YJKEJ�UJQYU�VJCV�.%��concretes�attain�signiƂcantly�
JKIJGT�TGUKUVCPEG�VQ�KPITGUU�QH�EJNQTKFG�KQPU�KTTGURGEVKXG�QH�VJG�
OQKUV�EWTKPI�FWTCVKQP�
XCTKGF�DGVYGGP���CPF����FC[U���6JG�12%�
and�FA30�concretes�show�a�signiƂcant�dependence�on�curing�

FWTCVKQP��(QT�KPUVCPEG��VJG�KORCEV�QH�GZVGPFGF�OQKUV�EWTKPI�
FWTCVKQP�ECP�DG�PQVKEGF�KP�(KIWTG����TGRQTVKPI�VJG�VTCPURQTV�
RGTHQTOCPEG�QH�12%�EQPETGVGU�CV����FC[U��6JG�EQPETGVGU�EWTGF�
HQT����FC[U�UJQY�NQYGT�&PUUO�VJCP�EQPETGVGU�EWTGF�HQT���FC[U�CPF�
��FC[U��CU�UGGP�KP�(KIWTG����
D���#V����FC[U��VJG�FKHHGTGPEG�YCU�
insigniƂcant�to�capture�the�inƃuence�of�curing�in�OPC�concretes.�
For�ƃy�ash�concrete,�there�was�a�consistent�reduction�in�
VTCPURQTV�RCTCOGVGT�HQT�GZVGPFGF�EWTKPI�HTQO���FC[U�VQ����FC[U��
YJKEJ�YCU�XKUKDNG�D[����FC[U�
5GG�(KIWTG���C���(N[�CUJ�EQPETGVGU�
OCPCIGF�VQ�CVVCKP�UKOKNCT�TGUKUVCPEG�VQ�EJNQTKFG�VTCPURQTV�D[�
���FC[U�CHVGT�VJG�KPKVKCN�OQKUV�EWTKPI�TGIKOG�FWG�VQ�UVGCF[�
interaction�of�ƃy�ash�on�the�microstructure�(See�Figure�10b).�The�
.%��EQPETGVG�UJQYGF�NQYGT�&PUUO�KTTGURGEVKXG�QH�EWTKPI�FWTCVKQP��
CPF�VJG����FC[U�EWTGF�.%��EQPETGVG�UJQYGF�NQYGT�&PUUO�CV�DQVJ�
���FC[U�CPF����FC[U�
5GG�(KIWTG���D���6JG�TGUWNVU�TGKVGTCVG�VJG�
HCEV�VJCV�VJG�GCTN[�FGXGNQROGPV�QH�RQTG�UVTWEVWTG�PQVKEGF�HTQO�
microstructural�assessment�Ƃrmly�controls�the�performance�
EJCTCEVGTKUVKEU�KP�EQPETGVG�U[UVGOU�

{°Î���vÀ�ÃÌÀÕvÌÕÀi
6JG�XCTKCVKQP�KP�VJG�OKETQUVTWEVWTG�EJCTCEVGTKUVKEU�YCU�UVWFKGF�KP�
QTFGT�VQ�WPFGTUVCPF�VJG�ECWUG�QH�GCTN[�FGXGNQROGPV�QH�RJ[UKECN�


C� 
D�
Figure�10:�Inƃuence�of�curing�age�on�durability�properties.


C� 
D�
(KIWTG�����%QORQUKVKQP�QH�%#5*�KP�VJG�12%��(#����CPF�.%��EGOGPVKVKQWU�U[UVGOU�CV�����FC[U�
TGRTQFWEGF�HTQO�=��?��
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structure�and�durability�properties.�The�signiƂcant�change�in�
FWTCDKNKV[�RTQRGTVKGU�KP�.%��U[UVGOU�ECP�DG�GZRNCKPGF�D[�VJG�
EJCTCEVGTKUVKEU�QH�VJG�%�#�5�*�RJCUG�RTQFWEGF�KP�VJG�ECNEKPGF�
ENC[�NKOGUVQPG�U[UVGOU��'PGTI[�FKURGTUKXG�:�TC[�CPCN[UKU�YCU�
ECTTKGF�QWV�QP�PGCTN[�����RQKPVU�HQT�GCEJ�EGOGPV�RCUVG�OCFG�QH�
VJTGG�DKPFGT��6JG�XCTKCVKQP�KP�EJGOKUVT[�QH�%�#�5�*�RTQFWEGF�KP�
VJG�VJTGG�DKPFGTU�YGTG�CUUGUUGF��/KETQUVTWEVWTCN�EQORQUKVKQP�
QH�.%��RTGUGPVGF�KP�=��?�KU�TGRTQFWEGF�KP�(KIWTG�����6JG�JKIJ�
TGCEVKXKV[�QH�ECNEKPGF�ENC[�NQYGTGF�VJG�%C�
5K
#N��VQ������KP�
VJG�.%��U[UVGO��+P�12%�CPF�(#����VJG�TCVKQ�QH�%C�
5K
#N��YCU�
PGCTN[������CPF�������TGURGEVKXGN[��6JG�EJGOKECN�EQORQUKVKQP�
KPJGTGPVN[�CNVGTU�VJG�OQNCT�XQNWOG�QH�VJG�DWNM�%�#�5�*�CPF�VJWU��
space-Ƃlling�characteristics�of�the�microstructure.�A�signiƂcant�
TGFWEVKQP�KP�%C�5K�TCVKQ�KPFKECVGU�VJCV�VJG�NQY�RCEMKPI�FGPUKV[�
C-A-S-H�(further�reafƂrmed�in�=��?��HQTOGF�KP�.%��KU�VJG�ECWUG�HQT�
dominant�reƂnement�of�the�capillary�porosity,�contribute�to�
densiƂcation�and�discontinuation�of�the�capillary�pores.�The�
early�rise�in�resistivity�and�formation�factor�conƂrms�the�primary�
KORNKECVKQP�QH�VJG�5%/oU�TGCEVKXKV[�QP�EQPETGVG�RTQRGTVKGU��6JKU�
FKHHGTGPEG�KP�%�#�5�*�EJGOKUVT[�CPF�TGUWNVGF�FGXGNQROGPV�QH�
OCETQUEQRKE�RTQRGTVKGU�RNCEGU�GORJCUKU�QP�VJG�HCEV�VJCV�VJG�
FWTCDKNKV[�KPFKEGU�ECP�DG�CFLWUVGF�VQ�C�VCTIGV�XCNWG�D[�C�UWKVCDNG�
OKZVWTG�RTQRQTVKQPKPI�UEJGOG��*QYGXGT��VJG�MKPGVKEU�QH�RTQRGTV[�
FGXGNQROGPV�KU�FKTGEVN[�IQXGTPGF�D[�VJG�TGCEVKXKV[�QH�5%/�
EQPUVKVWGPVU�KP�DKPFGT�RJCUG�=��?�

x°���-
1--�" �q���*č
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� �1
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6JG�TGUWNVU�KP�VJG�RTGEGFKPI�UGEVKQP�KPFKECVG�VJCV�VTCPURQTV�
RCTCOGVGTU�QH�.%��EQPETGVGU�CTG�GZRGEVGF�VQ�DG�UWRGTKQT�KP�
EJNQTKFG�GPXKTQPOGPVU��*QYGXGT��VJG�RGTHQTOCPEG�QH�EQPETGVG�
UVTWEVWTGU�KU�CNUQ�CHHGEVGF�VQ�UQOG�GZVGPV�D[�UVGGN�DKPFGT�
EJCTCEVGTKUVKEU��.KVGTCVWTG�KPFKECVGU�VJCV�VJG�EJNQTKFG�VJTGUJQNF�KU�
NQYGTGF�KP�DNGPFGF�DKPFGT�U[UVGOU�=��?��+PFGGF��TGUWNVU�HTQO�VJG�
UVWF[�EQPFWEVGF�KP�VJG�++6�/CFTCU�
TGRQTVGF�KP�2KNNCK�GV�CN��=��?��CNUQ�
HQWPF�C�TGFWEVKQP�KP�EJNQTKFG�VJTGUJQNF�XCNWG��6JG�FGVGTOKPCVKQP�
QH�VJG�EJNQTKFG�VJTGUJQNF�YCU�CU�RGT�VJG�OGVJQF�UWIIGUVGF�D[�
4GPICTCLW�GV�CN��=��?��6JG�EJNQTKFG�VJTGUJQNF�KP�(#���CPF�.%��YGTG�
������CPF�������
D[�YGKIJV�QH�DKPFGT���TGURGEVKXGN[��YJKEJ�YCU�
NQYGT�VJCP�������HQWPF�KP�12%�DKPFGT =��?��2KNNCK�GV�CN� =��?�WUGF�VJG�
EJNQTKFG�VJTGUJQNF�FCVC�CNQPI�YKVJ�VJG�VTCPURQTV�EJCTCEVGTKUVKEU�
(chloride�diffusion�coefƂcient)�shown�in�Figure�12�–�to�predict�the�
UGTXKEG�NKHG�YKVJ�TGURGEV�VQ�EJNQTKFG�KPFWEGF�EQTTQUKQP�CU�RGT�VJG�
RTQDCDKNKUVKE�OQFGNNKPI�CRRTQCEJ�UWIIGUVGF�D[�.+('������6JG�
TGUWNVU�QH�VJG�CPCN[UKU��UJQYP�KP�(KIWTG�����KPFKECVG�VJCV�FGURKVG�
VJG�NQYGT�EJNQTKFG�VJTGUJQNF��VJG�UGTXKEG�NKHG�QH�.%��EQPETGVGU�
KU�QP�RCT�YKVJ�(#����CPF�OWEJ�UWRGTKQT�VQ�12%�U[UVGOU�KP�C�
EJNQTKFG�GPXKTQPOGPV��6JG�KPITGUU�TCVG�YCU�HQWPF�VQ�DG�NQYGT�
D[�CP�QTFGT�QH�OCIPKVWFG�HQT�.%��EQPETGVG�CPF�VJG�GXQNWVKQP�QH�
EJNQTKFG�VTCPURQTV�YCU�CNUQ�YCU�HQWPF�VQ�DG�JKIJGT�VJCP�12%�
EQPETGVG�=��?.�Both�these�factors�dominantly�inƃuenced�the�service�
NKHG�GUVKOCVGU�KP�VJG�ECUG�QH�.%��EQPETGVG�U[UVGOU�VQ�RTQFWEG�
NQPIGT�VKOG�HQT�EQTTQUKQP�KPKVKCVKQP�

Figure�12:�Comparison�of�chloride�diffusion�coefƂcients�for�all�mixes�
HTQO�2JCUG���HTQO�=��?�

(KIWTG�����%QORCTKUQP�QH�UGTXKEG�NKHG�ECNEWNCVKQPU�HQT�VJG�EQPETGVGU�YKVJ�
VJG�VJTGG�DKPFGT�U[UVGOU�CU�RTGUGPVGF�KP�=��?�

6JG�EQTTQUKQP�RTQRCICVKQP�EWTTGPV�KU�GZRGEVGF�VQ�DG�NQYGT�
HQT�.%��DKPFGT�CU�EQPETGVG�TGUKUVKXKV[�RNC[U�C�ETWEKCN�TQNG�KP�
VJG�EQTTQUKQP�EWTTGPV�FGPUKV[�QH�UVGGN�=��?��6JKU�TGFWEVKQP�EQWNF�
DG�RCTVKCNN[�CVVTKDWVGF�VQ�VJG�GZVTGOGN[�JKIJ�TGUKUVKXKV[�QH�.%��
EQPETGVGU�s�CP�QTFGT�QH�OCIPKVWFG�JKIJGT�VJCP�HQT�12%�CPF�
signiƂcantly�higher�than�FA30�as�found�in�=�����?��#�UVWF[�QP�VJG�
inƃuence�of�concrete�mixture�proportioning�on�the�resistivity�
development�conƂrmed�the�higher�resistivity�potential�of�LC��
EQPETGVGU��(KIWTG����RTGUGPVU�C�TGUKUVKXKV[�TCPIG�HQT�EQPETGVGU�
DGVYGGP�/���/���UVTGPIVJ�ITCFGU��6JG�TGUKUVKXKV[�TKUG�YCU�
HQWPF�VQ�QEEWT�EQPUKUVGPVN[�DGVYGGP���VQ���FC[U�KP�.%��
concretes,�whereas�ƃy�ash�concretes�showed�a�major�increase�
QPN[�RQUV����FC[U��6JG�JKIJGT�TGUKUVKXKV[�QH�.%��EQPETGVGU�KU�
GZRGEVGF�VQ�UNQY�FQYP�VJG�EQTTQUKQP�RTQRCICVKQP�s�RQUV�
KPKVKCVKQP��%WTTGPV�YQTM�CV�++6�/CFTCU�NQQMU�CV�VJG�TQNG�QH�VJG�%5*�
EJGOKUVT[�KP�CFFKVKQP�VQ�VJG�RQTG�UVTWEVWTG�EJCTCEVGTKUVKEU�YKVJ�
TGURGEV�VQ�VJG�FGXGNQROGPV�QH�TGUKUVKXKV[��TGUKUVCPEG�VQ�UWNRJCVG�
KPITGUU�=��?,�and�inƃuence�of�corrosion�initiation�and�propagation�
EJCTCEVGTKUVKEU�KP�EJNQTKFG�CPF�ECTDQPCVKQP�GPXKTQPOGPVU�HQT�.%��
EQPETGVGU�
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(KIWTG�����5WTHCEG�TGUKUVKXKV[�QH�EQPETGVGU�OGCUWTGF�WUKPI�9GPPGT�
��RTQDG�VGUV�DCUGF�QP����UGVU�QH�.%��EQPETGVGU�CPF����UGVU�QH�(#���

EQPETGVGU�TGRQTVGF�KP�=��?�
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+P�VJKU�UGEVKQP��VJG�RQVGPVKCN�QH�NQY�ENKPMGT�.%��DKPFGT�HQT�WUG�
in�Ƃbre-reinforced�concretes�(FRC)�is�highlighted�based�on�
C�UOCNN�UECNG�RCXGOGPV�UGIOGPV�EQPUVTWEVGF�HQT�HGCUKDKNKV[�
CUUGUUOGPV�CPF�FGOQPUVTCVKQP�RWTRQUG��#�UGIOGPV�QH�EQPETGVG�
RCXGOGPV�YKVJ�(4%�YCU�OCFG�YKVJ�12%�CPF�.%��KP�(GD������

5GG�(KIWTG����
C����
D���KPUKFG�++6�/CFTCU�ECORWU��6JG�EQPETGVG�
OKZVWTG�YCU�EQORQUGF�QH�����MI�O��DKPFGT�EQPVGPV�CPF�����
YCVGT�DKPFGT�TCVKQ�YKVJ����MI�O��FQUCIG�QH�JQQMGF�GPF�UVGGN�
Ƃbres�(i.e.,�about�0.2%�by�volume�of�concrete).�Both�FRCs�(OPC�
CPF�.%���JCF�C�EQORTGUUKXG�UVTGPIVJ�QH�CDQWV����/2C�CV����
FC[U��(KIWTG����
E��UJQYU�VJG�XKGY�QH�VJG�KP�UGTXKEG�RCXGOGPV�
UGIOGPVU�CU�QP�5GR�������6Q�EJCTCEVGTK\G�VJG�DGJCXKQWT�QH�VJG�
LC3-FRC�concretes,�ƃexural�testing�was�carried�out�on�concrete�
WUGF�KP�VJG�RCXGOGPVU�CU�RGT�0C[CT�GV�CN��
������CHVGT����FC[U�QH�
EQPETGVKPI�=��?.�A�typical�ƃexural�response�of�the�plain�concrete�


C��%QPETGVG�RQWT�HQT�C�RCXGOGPV�UGIOGPV�YKVJ�(4%�OCFG�YKVJ�.%��� 
D��(KPKUJGF�RCXGOGPV�UGIOGPVU�YKVJ�12%�CPF�.%��EQPETGVG�KP��
(GDTWCT[������


E��+PVGITKV[�QH�RCXGOGPV�UGIOGPVU�KP�5GRVGODGT������ 
F��(NGZWTG�TGURQPUG�QH�.%��EQPETGVG�WUGF�KP�RCXGOGPV�

(KIWTG�����&GVCKNU�QP�(4%�RCXGOGPV�UGIOGPVU�OCFG�YKVJ�.%��EQPETGVGU�
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CPF�(4%�OCFG�YKVJ�.%��KU�IKXGP�KP�(KIWTG����
F���+P�IGPGTCN��
VJG�DGJCXKQWT�KU�OQTG�V[RKECN�QH�VJG�(4%�YJKEJ�KU�GZRGEVGF�VQ�
UJQY�VQWIJGPKPI�EJCTCEVGTKUVKEU�QT�JKIJGT�GPGTI[�CDUQTRVKQP�
ECRCEKV[�KP�EQORCTKUQP�VQ�RNCKP�EQPETGVG�CU�FGOQPUVTCVGF�KP�VJG�
PWOGTQWU�RTGXKQWU�YQTMU�HTQO�QWT�NCDQTCVQT[�=��s��?�

Ç°�
" 
�1-�" -
5VWFKGU�EQPFWEVGF�QXGT�VJG�NCUV�UKZ�[GCTU�CV�++6�/CFTCU�
GXCNWCVKPI�VJG�TQDWUVPGUU�QH�.%��DKPFGT�JCXG�UJQYP�VJCV�VJG�
PGY�DKPFGT�KU�C�RTQOKUKPI�NQY�ECTDQP�CNVGTPCVKXG�VQ�OGGV�
VJG�ITQYKPI�FGOCPF�HQT�EGOGPV�CPF�EQPETGVG�KP�VJG�NKIJV�QH�
dwindling�resources�of�slag�and�ƃy�ash�in�certain�geographical�
NQECVKQPU��6JG�MPQYNGFIG�IGPGTCVGF�ECP�UGXGTG�CU�C�XKVCN�
FCVCDCUG�HQT�UVCPFCTFK\CVKQP�QH�VJG�ECNEKPGF�ENC[�NKOGUVQPG�
EGOGPV�CPF�HCEKNKVCVG�KPFWUVTKCN�WRVCMG�QH�VJKU�NQY�ECTDQP�
technology.�More�speciƂc�conclusions�summarising�the�
RGTHQTOCPEG�QH�ECNEKPGF�ENC[�NKOGUVQPG�DKPFGT�DCUGF�QP�VJG�
TGUWNVU�RTGUGPVGF�KP�VJKU�RCRGT�CTG�

��� &WTCDKNKV[�RGTHQTOCPEG�EQPEGTPKPI�EJNQTKFG�KPITGUU��
OQKUVWTG�KPITGUU�CPF�EQTTQUKQP�TGUKUVCPEG�YCU�UVWFKGF��.%��
U[UVGOU�YGTG�HQWPF�VQ�JCXG�DGVVGT�TGUKUVCPEG�
VJCP�12%�
CPF�(#���U[UVGOU��CICKPUV�EJNQTKFGU��OQKUVWTG�CPF�EJNQTKFG�
KPFWEGF�EQTTQUKQP�KPKVKCVKQP�

��� 6JG�VGTPCT[�U[UVGO�YKVJ�EGOGPV�NKOGUVQPG�ECNEKPGF�ENC[�
QHHGTU�CP�GZEGNNGPV�CNVGTPCVKXG�EGOGPV�HQT�VJG�HWVWTG�YKVJ�MG[�
beneƂts�for�high-performance�application�in�chloride�laden�
GPXKTQPOGPV��/QTG�FGVCKNGF�KPXGUVKICVKQP�QP�ECTDQPCVKQP�
CPF�ECTDQPCVKQP�KPFWEGF�EQTTQUKQP�KU�PGEGUUCT[�FWG�VQ�NQY�
ENKPMGT�EQPVGPV�KP�UWEJ�DKPFGT�U[UVGOU�

��� 6JG�.%��U[UVGOU�GZJKDKVGF�UNKIJVN[�NQYGT�EJNQTKFG�VJTGUJQNF�
than�the�OPC�and�FA30�systems.�However,�the�signiƂcantly�
lower�chloride�diffusion�coefƂcient�results�in�a�delay�in�the�
VKOG�VCMGP�HQT�EJNQTKFGU�VQ�DWKNF�QP�VJG�UVGGN�UWTHCEG�CPF�
in�turn�is�reƃected�as�much�longer�service�life�estimates�for�
EJNQTKFG�GZRQUWTG�

��� 6JG�UVWF[�RWVU�HQTYCTF�VJG�RTQOKUKPI�WUG�QH�VJG�ECNEKPGF�
ENC[�NKOGUVQPG�OKZVWTG�KP�RTQFWEKPI�XCTKQWU�ITCFG�QH�
EQPETGVGU�CPF�VJG�EQORQUKVKQPCN�TQDWUVPGUU�VQ�FGCN�
YKVJ�EJCPIG�KP�ECNEKPGF�NKOGUVQPG�TCVKQ��6JG�KORCEV�QH�
early�reƂnement�of�pore�structure�due�to�densiƂcation�of�
ECRKNNCT[�RQTG�URCEG�CPF�C�EQTTGURQPFKPI�KORTQXGOGPV�KP�
macroscopic�properties�were�identiƂed�as�the�fundamental�
FTKXKPI�HQTEG�HQT�JKIJGT�HQTOCVKQP�HCEVQT�CPF�FWTCDKNKV[�
KPFKEGU�

5.� The�positive�role�of�limestone�was�conƂrmed�based�on�heat�
TGNGCUG��UGVVKPI�CPF�GCTN[�CIG�UVTGPIVJ�FGXGNQROGPV�YKVJ�
calcined�clay�and�ƃy�ash�binder.�This�alteration�in�strength�

FGXGNQROGPV�FWG�VQ�NKOGUVQPG�CFFKVKQP�YCU�QDXKQWU�CV�
CNN�CIGU�HQT�ECNEKPGF�ENC[�NKOGUVQPG�DKPFGTU��6JG�GZVGPV�
of�beneƂt�in�concrete�performance�was�mainly�governed�
by�the�choice�of�SCM�(i.e.,�calcined�clay�or�ƃy�ash).�The�
ECNEKPGF�ENC[�NKOGUVQPG�DKPFGTU�EQWNF�CEEQOOQFCVG�WR�VQ�
15%-20%�Ƃnely�ground�limestone�without�any�reduction�in�
OGEJCPKECN�CPF�FWTCDKNKV[�EJCTCEVGTKUVKEU�

$CUGF�QP�VJG�RTQOKUKPI�TGUWNVU�HTQO�VJG�.%��2JCUG���RTQLGEV��KV�
is�believed�that�many�areas�of�application�would�beneƂt�from�
UWEJ�NQY�ECTDQP�EGOGPV��EQPUKFGTKPI�KVU�JKIJ�RGTHQTOCPEG�
RQVGPVKCN�CICKPUV�CVVCEM�HTQO�KQPKE�KPITGUU��1PG�UWEJ�CRRNKECVKQP�
in�a�concrete�pavement�is�demonstrated�based�on�Ƃeld�
KORNGOGPVCVKQP�QH�(4%�EQPETGVGU�OCFG�YKVJ�.%��DKPFGT��.QYGT�
ECTDQP�HQQVRTKPV�CPF�DGVVGT�FWTCDKNKV[�RGTHQTOCPEG�YKVJ�.%��
are�seen�as�major�beneƂts�for�the�cement�in�further�concrete�
CRRNKECVKQPU�
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QVJGT�RTQLGEV�UVCHH�KP�%KXKN�'PIKPGGTKPI��
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