
��

��R�������������F��R����F����F�����������������������9�O����������VV��������2�����������

��V������������������D�����������V�O����V����� '2,��KWWSV���GRL�RUJ����������IUDH�Y�L������

Frontiers�Research�of�Architecture�and�Engineering

KWWSV���RMV�ELOSXEOLVKLQJ�FRP�LQGH[�SKS�IUDH

�57�&/(

6LPXODWLR��RI�7HPSHUDWXUH�(IIHFWV�R��&R�FUHWH�5HVLGXDO�6WUH��WK�RI�

WKH�6ODE�&ROXP��&R��HFWLR�V��

�H�FKH��0D���

'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ�DQG�&RQVWUXFWLRQ��8QLYHUVLW��RI�1HYDGD��/DV�9HJDV�������6��0DU��
ODQG�3DUNZD���/DV�9HJDV��19��������86���

�57,&/(�,1)2 �%675�&7

�UWLFOH�KL�WRU�

5HFHLYHG�����2FWREHU�����

5HYLVHG�����2FWREHU�����

�FFHSWHG�����2FWREHU�����

3XEOLVKHG�2QOLQH�����2FWREHU�������

)LQLWH�HOHPHQW�VLPXODWLRQV�ZHUH�FRQGXFWHG�WR�H[SORUH�WKH�HIIHFWV�RI�KLJK�

WHPSHUDWXUHV�RQ�WKH�ORDGLQJ�FDSDFLW��RI�VODE�FROXPQ�FRQQHFWLRQ�IRU�WKH�

concrete��at-plate�structures�by�the��nite�element�analysis�software�AB�

�486��7KH�VWUXFWXUH�XVHG� IRU�WKH�VLPXODWLRQ�LV�D�VODE�ZKLFK�WKLFNQHVV�

LV�����PP�ZLWK�D�����PP�VTXDUH�FROXPQ�LQ�WKH�PLGGOH�RI�VODE��WKH�FRO�

XPQ�KHLJKW�LV����PP��7KH�VL]H�RI�WKLV� VODE� LV�WKH�VDPH�DV�H[SHULPHQWV�

FRQGXFWHG�E��SUHYLRXV�SDSHU��@��%DVHG�RQ�WKH�UHVXOWV�RI�VLPXODWLRQ��WKH�

SXQFKLQJ�FDSDFLW��RI�WKLV�VWUXFWXUH�QRW�H[SHULHQFHG�KLJK�WHPSHUDWXUH�FDQ�

EH�SUHGLFWHG�ZLWK�YHU��JRRG�DFFXUDF���%XW�WKH�UHVXOW�IURP�VLPXODWLRQV�XQ�

GHUHVWLPDWHG�WKH�ORDGLQJ�FDSDFLW��RI�WKH�VWUXFWXUH�DIWHU�LW�KDV�EHHQ�FRROHG�

by�around�10%.�This�phenomenon�is�a�little�bit�con�icts�with�the�known�

H[SHULPHQWDO�UHVXOWV��KRZHYHU��LW�FDQ�EH�DGMXVWHG�E��PRGLI��WKH�PDWHULDO�

SDUDPHWHUV�EXLOW�LQ�WKH�VRIWZDUH��7KLV�DUWLFOH�LV�IRFXV�RQ�KRZ�WR�EHVW�VLP�
XODWH� WKH�FRQFUHWH�EHKDYLRU�IRU�ERWK�OLQHDU�DQG�QRQOLQHDU�SDUW�XQGHU� WKH�

URRP�WHPSHUDWXUH�DQG�FRROLQJ�DIWHU�H[SHULHQFH�D�YHU��KLJK�WHPSHUDWXUH�
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5
HLQIRUFHG�FRQFUHWH�IODW� VODE�LV�D�FRPPRQO��XVHG�

for�both�of�ce�buildings,�residential�and�parking�

JDUDJHV��ZKLFK�FRQVLVWV�D�XQLIRUP�WKLFNQHVV�VODE�

VXSSRUWHG�GLUHFWO��RQ�WKH�FROXPQV��%��WKLV�ZD��� WKH�FRQ�

VWUXFWLRQ�FRVW�DQG�DUFKLWHFWXUDO�YHUVDWLOLW��ZLOO�EH�YHU��

ORZ��8QH[SHFWHG�ILUH�ZLOO� WKUHDWHQ�WKH�UHOLDELOLW��RI� IODW�

SODWH�VWUXFWXUH�GXH�WR�FRPELQHG�RI�EHQGLQJ�DQG�VKHDU��LW�

ZLOO�LQFUHDVH�WKH�SUREDELOLW��RI�IDLOXUH�RI�VODE�FROXPQ�MRLQW�

DQG�PD��FDXVH�WKH�SURJUHVVLYH�FROODSVH�RI�ZKROH�VWUXFWXUH�

in�the�end.�One��at�slab�parking�garage�collapsed�leads�7�

SHRSOH�GHDG�LQ�WKLV�FDWDVWURSKH�LQ�6ZLW]HUODQG��7KH�UHDVRQ�

of�collapse�is�due�to��re�lasted�for�more�than�90�minutes,�

WKLV�PDNHV�WKH�SXQFKLQJ�FDSDFLW��GHFUHDVH�DW�WKH�VODE�FRO�

XPQ�MRLQW����@��,I�ERWK�WKH�OLQHDU�DQG�QRQOLQHDU�EHKDYLRU�RI�

FRQFUHWH�EHIRUH�DQG�DIWHU�H[SHULHQFHG�KLJK�WHPSHUDWXUH�

FDQ�EH�VLPXODWHG�E��WKH�VRIWZDUH�DFFXUDWHO���LW�FDQ�SUHYHQW�

GLVDVWHU�OLNH�WKLV�DQG�JLYH�VXJJHVWLRQ�DERXW�WKH�SUREDELOLW��

RI�VWUXFWXUDO�IDLOXUH��

����HDW�7UD�VIHU���DO�VLV�

7KH�DXWKRU�XVLQJ��%�486�WR�VLPXODWH� WKH�EHKDYLRU�RI�

WKLV�VWUXFWXUH�GXULQJ�WKH�KHDWLQJ�DQG�ORDGLQJ�SURFHVV�EH�

FDXVH�WKLV�VRIWZDUH�FDQ�VLPXODWH�YHU��ZHOO� LQ�PDQ��DUHDV�

VXFK�DV��G�QDPLFV�� VWDWLF� ORDGLQJ�� WHPSHUDWXUH�DQG�VR�

RQ����@��7KH�VTXDUH�VODE�VKRZQ�LQ�)LJXUH���LV�WKH�VWUXFWXUH�

VLPXODWHG�E���%�486�� WKH�PRGHO�XVLQJ�HOHPHQW� W�SH�
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&�'�7��(LJKW�OD�HUV�DUH�GLYLGHG�DORQJ�VODE�GHSWK�VR�WKH�

PHVK�VL]H�ZDV�DSSUR[LPDWHO�������PP��

)L�XUH����3ODQ�YLHZ�RI�H[SHULPHQWDO�VWUXFWXUH

2Q�WKH�RWKHU�KDQG��LQ�RUGHU� WR�PDNH� WKH�PHVK�VL]H�LQ�

DOO� WKUHH�GLUHFWLRQV�DUH�DOPRVW�WKH�VDPH��XVH����PP�VL]H�

PHVK� LQ�ERWK� WZR�KRUL]RQWDO�GLUHFWLRQV��7KHUH�DUH� WZR�

W�SHV�RI�FRQFUHWH� VODE�ZLOO�EH� VLPXODWHG� LQ� WKLV�SDSHU��

*URXS����FRQFUHWH�FRPSUHVVLYH�VWUHQJWK�LV���03D��UHLQ�

IRUFHPHQW�GLVWULEXWLRQ�LV�12���EDUV�#����PP�IRU�WKH�WRS�

PDW�DQG�12���EDUV�#����PP�IRU�WKH�ERWWRP�PDW��*URXS�

%��FRQFUHWH�FRPSUHVVLRQ�VWUHQJWK�LV�����03D��ZLWK�12���

EDUV�#����PP�IRU�WKH�WRS�PDW�DQG�12���EDUV�#���PP�

IRU�WKH�ERWWRP�PDW��VR�WKH�UHLQIRUFHPHQW�UDWLR�DUH����IRU�

*URXS���DQG������IRU�*URXS�%��'XH�WR� WKH�SUHVHQFH�RI�

UHLQIRUFHPHQW�KDV�YHU��IHZ�FRQWULEXWLRQ�WR�WKH�KHDW�WUDQV�

IHU�SURFHVV�RI�D� UHLQIRUFHG�FRQFUHWH� VODE��@�DQG�ERWK�WKH�

WRS�DQG�ERWWRP�UHLQIRUFHPHQW�UDWLR�RI�VODE�ZDV�QRW�KLJK��

WKH�UHLQIRUFHPHQW�EDUV�FRXOG�EH�QHJOHFWHG�IURP� WKH�KHDW�

WUDQVIHU�DQDO�VHV��1HJOHFWLQJ�IUHH�ZDWHU�HYDSRUDWLRQ�LQ�WKH�

KHDWLQJ�SURFHVV�GXH�WR� WKLV�HIIHFW�WR�WKH�UHVXOW�LV�VPDOO�DV�

ZHOO��8VH������NJ�P��as�the�concrete.�Both�speci�c�heat�

DQG�WKHUPDO�FRQGXFWLYLW��GHILQHG�DFFRUGLQJ� WR��6&(��@��

�OO� WKH�WHPSHUDWXUH�GDWD�DUH�DFTXLUHG�E�� WKH�1,�GDWD�DF�

TXLVLWLRQ� V�VWHP�DW�WKH�KHDWHG�VODE�WRS�IDFH�ZDV�DSSOLHG�

DV� WHPSHUDWXUH�ERXQGDU��FRQGLWLRQ� LQ� WKH� VLPXODWLRQV��

Introduce�heat�convection�transfer�coef�cient�in�order� to�

H[SODLQ�WKH�KHDW�WUDQVIHU�EHWZHHQ�WKH�FRQFUHWH�VXUIDFH�DQG�

WKH�DLU���OO�XQKHDWHG�VSHFLPHQ�VXUIDFHV�DUH�DVVLJQHG�ZLWK�

a�heat�convection�transfer�coef�cient�of�20�J/(m˚C)�and�15�

J/(m˚C)�to�compare�the�simulation�results�to�experimental�

UHVXOWV��EHFDXVH�WKHVH�WZR�YDOXHV�DUH�PRVW�FRPPRQO��XVHG�

LQ�KHDW�WUDQVIHU�DQDO�VLV�IRU�FRQFUHWH��)URP�WKH�)LJXUH����D��

and�Figure�2�(b),�greater�heat�convection�transfer�coef��

cient�means�lower�temperature�in�concrete�and�20�J/(m˚C)�

LV�PRUH�VXLWDEOH�IRU�FRQFUHWH�KHDW�WUDQVIHU��,Q�JHQHUDO��WKH�

VLPXODWLRQ�UHVXOWV�SUHGLFW�WKH�WHPSHUDWXUH�RI�FRQFUHWH�VODE�

LV�D�OLWWOH�KLJKHU�WKDQ�WKH�H[SHULPHQW�UHVXOWV��,W�LV�SRVVLEOH�

that�the�concrete�thermal�properties�de�ned�by�ASCE�does�

QRW�FRQVLGHU�WKH�ZDWHU�HYDSRUDWLRQ�HIIHFWV���V�LW�LV�VKRZQ�

LQ� WKH� ILJXUH�� WKH�VLPXODWLRQ� UHVXOWV�KDYH�QRW�D�SODWHDX�

when�the�temperature�attains�to�100˚C�temperature�in�the�

PLGGOH�RI�VODE�DQG�WKLV�WHPSHUDWXUH�LV�ERLOLQJ�WHPSHUDWXUH�

RI�ZDWHU��7KLV�PD�EH�WKH�PDLQ�UHDVRQ�WKDW�WKH�VLPXODWLRQ�

results�overestimated�the�temperature�by�around�53˚C�at�

25�mm�below�slab�heated�face,�55˚C�in�the�middle�of�slab�

and�30˚C�at�bottom�face�with�heat�convection�transfer�co�

ef�cient�of�20�J/(m˚C).�

)L�XUH���D���&RPSDULVRQ�EHWZHHQ�VLPXODWHG�DQG�PHD�
VXUHG�WHPSHUDWXUH�KLVWRU��RI�*URXS��

)L�XUH���E���&RPSDULVRQ�EHWZHHQ�VLPXODWHG�DQG�PHD�
VXUHG�WHPSHUDWXUH�KLVWRU��RI�*URXS�%

'2,��KWWSV���GRL�RUJ����������IUDH�Y�L������
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)LJXUH��� VKRZV�WKH�GHWDLO�RI� WHPSHUDWXUH�GLVWULEXWLRQ�

IRU�WKH�ZKROH�PRGHO�XQGHU�*URXS���KHDWLQJ�SURFHVV���V�

it�is�shown�in�the��gure,�when�the�heated�area�of�slab�top�

IDFH�DWWDLQV�WR�KHV���� ��DW�WKH�TXDUWHU�KHLJKW�WKH�VLPX�

ODWLRQ�WHPSHUDWXUH�H[FHHGV���� ��WKLV�ZLOO�FDXVH�PRUH�

WKDQ�����UHGXFWLRQ�RI�FRQFUHWH�UHVLGXDO�VWUHQJWK�EDVHG�RQ�

�&,������@��'HFUHDVH�RI�SRVW�SXQFKLQJ�UHVLVWDQFH�VKRXOG�

EH�H[SHFWHG�DFFRUGLQJ�WR�UHVXOW�RI�KHDW�WUDQVIHU�DQDO�VLV��

KRZHYHU��ERWK� WKH�H[SHULPHQWDO� DQG�VLPXODWLRQ�UHVXOWV�

FDQ�W�JHW�WKLV�SKHQRPHQRQ�YHU��ZHOO��

���6LPXODWLR��RI�/RDGL���7HVWV

'XH�WR� WKH� V�PPHWU���RQO��RQH�TXDUWHU�RI� VODE�ZLWK�WKH�

FRUUHFW�ERXQGDU��UHVWUDLQWV�ZLOO�EH�VLPXODWHG�LQ�WKLV�SDUW��

XVLQJ�DQ�HTXLYDOHQW�GLVSODFHPHQW� LQVWHDG�RI� ORDG�GULYHQ�

DV�DQDO�VLV�PHWKRG��'�QDPLF�H[SOLFLW� DOJRULWKP�LV�XVHG�

LQ�WKH�ZKROH�SURFHVV��7KH�PHVK�VL]H� LV�WKH�VDPH�DV�KHDW�

WUDQVIHU�DQDO�VLV��5HLQIRUFHPHQW�LQ�WKH�VODE�ZDV�PRGHOHG�

XVLQJ�HPEHGGHG�WUXVV�HOHPHQWV�� WKH�PDWHULDO�SURSHUW��RI�

VWHHO� LV�ELOLQHDU� VWUHVV�VWUDLQ� UHODWLRQVKLS�DQG����VWUDLQ�

KDUGHQLQJ� UDWLR��&RQFUHWH�ZDV�PRGHOHG�XVLQJ�&RQFUHWH�

'DPDJHG�3ODVWLFLW������@��)LYH�LPSRUWDQW�SDUDPHWHUV�XVHG�WR�

de�ne�concrete�material�property�are�determined�by�sug�

JHVWLRQ�RI��3RODN���@��

)L�XUH����3UHGLFWHG�WHPSHUDWXUH�GLVWULEXWLRQ�IRU�JURXS���
VSHFLPHQ�

�����'LODWLRQ�DQJOH�ZDV�GHILQHG�DV���R�� WKLV�SDUDPHWHU�

HIIHFWV�WKH�UHVXOW�D�ORW������(FFHQWULFLW��H� ����������IE��IF��

 �����������YLVFRVLW��SDUDPHWHU�ZDV�WDNHQ�DV�]HUR������.�

 �������7KH�VWUHVV�VWUDLQ�UHODWLRQVKLS�RI�FRQFUHWH�LQ�URRP�

WHPSHUDWXUH�LV�GHWHUPLQHG�DFFRUGLQJ�WR��&,�����FRGH����@��

6WUHVV�VWUDLQ�UHODWLRQVKLS�RI�FRQFUHWH�DIWHU�FRROLQJ�IURP�

GLIIHUHQW�WHPSHUDWXUHV�LV�GHWHUPLQHG�E��WKH�H[SHULPHQWDO�

GDWD�JLYHQ�E��/HH�HW�DO���@��7KH�WHPSHUDWXUH�RI�HDFK�OD�HU�LV�

EDVHG�RQ�WKH�DYHUDJH�YDOXH�RI�QRGDO�WHPSHUDWXUH�EHWZHHQ�

WKH� OD�HUV��&RQFUHWH�FRPSUHVVLRQ�SURSHUW��ZDV�GHILQHG�

E��VWUHVV�VWUDLQ�UHODWLRQVKLS�DV�VKRZQ�LQ�)LJXUH����DQG�WKH�

tension�part�was�de�ned�by�tension�fracture�energy�built-

LQ��%�486��7KH�PDWHULDO�SDUDPHWHU�RI�FRQFUHWH�WHQVLRQ�

SDUW�LV� VKRZQ� LQ�7DEOH���� ��V� WKH� WHPSHUDWXUH� LQFUHDVH�

IURP�URRP�WHPSHUDWXUH�WR�DERYH���� ��WKHQ�FRROLQJ�WR�

WKH� URRP� WHPSHUDWXUH�� WKH�UHVLGXDO�VWUHQJWK�RI�FRQFUHWH�

LV� VKRZQ� WKURXJK�VWUHVV�VWUDLQ�UHODWLRQVKLS�LQ�)LJXUH����

Concrete�material�property�of�Group�B�is�de�ned�with�the�

VDPH�PHWKRG��

7HPSHUDWXUH��℃ � 7HQVLRQ��03D� 7HQVLRQ�)UDFWXUH�(QHUJ���7)(�

7� ��� ���� ����

7� ���� ���� ����

7� ���� ���� ����

7� ���� ���� ����

7� ���� ���� ����

7� ���� ���� ����

7� ���� ���� ����

7� ���� ���� ���

7� ���� ���� ���

)L�XUH����6WUHVV�VWUDLQ�UHODWLRQVKLS�IRU�6SHFLPHQ���FRQ�
FUHWH�DIWHU�FRROLQJ�IURP�GLIIHUHQW�WHPSHUDWXUH

/RDGLQJ�VLPXODWLRQ�LV�SHUIRUPHG�DIWHU� WKH�DOO�WKH�PD�

WHULDO�SURSHUW��KDYH�EHHQ�GHWHUPLQHG��WKH�VODE�LV�GLYLGHG�

by�8�layers,�each�layers�property�is�de�ned�by� the�same�

DV�)LJXUH���DQG�7DEOH����WKH�UHVXOWV�RI�ERWK�XQKHDWHG�DQG�

FRROLQJ�DIWHU�KHDWHG� LV�VKRZQ�LQ� WKH�)LJXUH����:KHQ� WKH�

PD[LPXP�SULQFLSOH�SODVWLF�VWUDLQ�EHFRPHV�SRVLWLYH��FRQ�

FUHWH�FUDFNLQJ�RFFXUV��0D[LPXP�SULQFLSDO�SODVWLF�VWUDLQ�RI�

ERWK�*URXS���DQG�*URXS�%�VSHFLPHQ�DIWHU�FRROLQJ�IURP�

KLJK� WHPSHUDWXUH�LV� VPDOOHU�WKDQ�WKH�XQKHDWHG�VSHFLPHQ��

DQG�ORDGLQJ�FDSDFLW��LV�LQ�WKH�VDPH�WUHQG�

'2,��KWWSV���GRL�RUJ����������IUDH�Y�L������
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�D���URXS���ZLWKRXW�H�SHULH�FH�7HPSHUDWXUH

�E���URXS���DIWHU�FRROL���IURP�KL�K�WHPSHUDWXUH

�F���URXS���ZLWKRXW�H�SHULH�FH�7HPSHUDWXUH

�G���URXS���ZLWKRXW�H�SHULH�FH�7HPSHUDWXUH

)L�XUH����&UDFNLQJ�SDWWHUQ�LQ�WHQVLRQ�VXUIDFH�DW�WKH�
SXQFKLQJ�IDLOXUH�RI�*URXS���DQG�%�VSHFLPHQ

'XH�WR�WKH�WRS�OD�HU�RI�UHLQIRUFHPHQW�GLVWULEXWLRQ�LV�WKH�

VDPH�LQ�*URXS���DQG�%��WKH�VWUHVV�LQ�ERWWRP�OD�HU�RI�UHLQ�

IRUFHPHQW�LV�VKRZQ�LQ�)LJXUH����7KH�UHVXOW�LV�WKH�VDPH�DV�

WKH�H[SHULPHQW�UHVXOW��LQ�WKH�UHDO�H[SHULPHQW��WKHUH�DUH�WZR�

UHLQIRUFHPHQWV�DUH�EURNHQ�LQ�ERWK�*URXS���DQG�%��)URP�

WKH�VLPXODWLRQ�UHVXOWV��WKH�WKHUH�DUH�WZR�EDUV��VWUHVV�JUHDWHU�

WKDQ�WKH��LHOG�VWUHQJWK���NVL��

)L�XUH����6WUHVV�GLVWULEXWLRQ�RI�UHLQIRUFHPHQW�LQ�WKH�ERW�
WRP�OD�HU�DIWHU�FRROLQJ�IURP�KLJK�WHPSHUDWXUH

'2,��KWWSV���GRL�RUJ����������IUDH�Y�L������
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&RQFUHWH�ORDGLQJ�FDSDFLW��GRHVQ�W�FKDQJH�DIWHU�FRROLQJ�

IURP� WHPSHUDWXUH�� WKLV�SKHQRPHQRQ�FDQ�EH�DFKLHYHG�E��

FKDQJLQJ�WKH�WHQVLRQ� IUDFWXUH�HQHUJ�� LQ��%�486��7KLV�

SDUDPHWHU�HIIHFWV�ERWK� WKH� OLQHDU�DQG�QRQOLQHDU�SDUW�RI�

)RUFH�GLVSODFHPHQW�FXUYH�DV�VKRZQ�LQ�)LJXUH���DQG�)LJXUH�

��DV�VKRZQ�EHORZ��

)L�XUH����&RPSDULVRQ�EHWZHHQ�H[SHULPHQWDO�UHVXOWV�DQG�
VLPXODWLRQ�UHVXOWV�RI�*URXS���VSHFLPHQ

)L�XUH����&RPSDULVRQ�EHWZHHQ�H[SHULPHQWDO�UHVXOWV�DQG�
VLPXODWLRQ�UHVXOWV�RI�*URXS�%�VSHFLPHQ

���&R�FOXVLR�

����)LQLWH�HOHPHQW�VLPXODWLRQ�FDQ�SUHGLFW�WKH�SXQFKLQJ�

FDSDFLW��RI�VODE���FROXPQ�FRQQHFWLRQV�LQ�URRP�WHPSHUD�

WXUH�ZHOO���RZHYHU�� WKH� VLPXODWLRQ�XQGHUHVWLPDWHG� WKH�

UHVLGXDO�SXQFKLQJ�VWUHQJWK�D�OLWWOH��7KLV�SUREOHP�FDQ�EH�

VROYHG�E��PRGLI��WKH�GLODWLRQ�DQJOH�DQG�WHQVLRQ�IUDFWXUH�

HQHUJ���7)(��LQ�WKH�VRIWZDUH

����%DVHG�RQ�WKH�VLPXODWLRQ�UHVXOW��LQFUHDVH�WKH�GLODWLRQ�

DQJOH�RI�FRQFUHWH�LQ� WKH� VLPXODWLRQ�SURFHVV�FDQ�LPSURYH�

WKH�ORDGLQJ�FDSDFLW��RI�FRQFUHWH�DQG�H[WHQG�WKH�QRQ�OLQHDU�

EHKDYLRU�RI�FRQFUHWH�DV�ZHOO�

����0RGLI��WKH�WHQVLRQ�IUDFWXUH�HQHUJ��RI�FRQFUHWH�PD�

WHULDO�FDQ�DOVR�LPSURYH�WKH�ORDGLQJ�FDSDFLW��DQG�QRQ�OLQHDU�

EHKDYLRU�RI�FRQFUHWH��,W�PDNHV�WKH�VLPXODWLRQ�UHVXOW�PRUH�
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