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Abstract. The present work sets out to investigate numerically, by means of dynamic Non-
linear Finite-Element Analysis (NLFEA), the effect of the strain-rate exhibited under high 
loading rates (associated usually with blast and impact problems) on the material properties 
of structural concrete and the ensuing cracking process it undergoes. The numerical predic-
tions obtained were initially validated against relevant published data obtained from tests on 
plain concrete prismatic and cylindrical specimens under increasing loading rates under di-
rect or indirect tension, uniaxial compression and flexure. The numerical studies reveal that 
the responses under impact loading differ significantly from those under static loading once 
certain thresholds of loading rates are exceeded. The study builds on previous work [1-3], 
which has shown that the commonly observed stress-strain relationship of plain concrete 
specimens under high rates of loading actually describes dynamic structural response rather 
than material behaviour. A couple of finite element packages were used, in the present study, 
which adopt different approaches for modelling concrete material behaviour. The compara-
tive analysis of the predictions obtained reveals that when realistically accounting for the 
brittle nature and the triaxiality which characterise concrete material behavior, the experi-
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mentally and numerically observed variation in specimen behaviour (under increasing load-
ing rates) is primarily attributed to parameters associated with structural response and not, 
as widely considered, to strain-rate sensitivity of the material properties of structural con-
crete. Furthermore, it is shown that strain-rate sensitivity in concrete is based on an interpre-
tation of the experimental evidence through the use of material models the analytical 
formulation of which depends heavily on parameters associated with post-failure mechanisms 
(i.e. strain softening, tension stiffening, shear-retention ability, etc) which attribute ductile 
characteristics to concrete material behaviour that is not compatible with its brittle nature. 
The response is also affected by the nature of the problem at hand (a wave propagation prob-
lem within a highly nonlinear material). Therefore, it is concluded that at the material level 
the numerical study shows that the effect of high loading rates on the behaviour of concrete is 
mainly linked to the development of inertia forces rather than strain-rate sensitivity of its ma-
terial properties. Overall the aim of the present study is to provide insight into the effect of 
loading-rate on the mechanics underlying RC structural dynamic response under impact 
loading. 
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1 INTRODUCTION 
,W� KDV� EHHQ�ZHOO� HVWDEOLVKHG�� ERWK� H[SHULPHQWDOO\� DQG�QXPHULFDOO\�� WKDW� WKH� EHKDYLRXU� RI�

SODLQ�FRQFUHWH�VSHFLPHQV��ZLWK�D�ORZ�PRLVWXUH�FRQWHQW��GLIIHUV�FRQVLGHUDEO\�IURP�WKDW�XQGHU�
VWDWLF�ORDGLQJ��RQFH�FHUWDLQ�WKUHVKROGV�RI�DSSOLHG�ORDGLQJ�UDWHV�DUH�VXUSDVVHG�>���@��1HYHUWKH�
OHVV��WKHUH�KDV�EHHQ�FRQVLGHUDEOH�GHEDWH�FRQFHUQLQJ�WKH�UHDVRQV�WKDW�WULJJHU�WKLV�VKLIW��7KHUH�LV�
D�FRQVHQVXV�WKDW�LQHUWLD�KDV�D�VLJQLILFDQW�HIIHFW�RQ�WKH�EHKDYLRXU�H[KLELWHG�E\�SODLQ�FRQFUHWH�
VSHFLPHQV�XQGHU�KLJK�UDWH�ORDGLQJ��+RZHYHU��FRQVLGHUDEOH�GLVDJUHHPHQW�H[LVWV�UHJDUGLQJ�WKH�
LQIOXHQFH�RI�VWUDLQ�UDWH�VHQVLWLYLW\�RQ�WKH�PDWHULDO�SURSHUWLHV�RI�VWUXFWXUDO�FRQFUHWH��0DQ\�UH�
VHDUFKHUV�FRQVLGHU�WKDW�WKH�material�SURSHUWLHV�RI�FRQFUHWH�DUH�GHSHQGHQW�RQ�WKH�UDWH�RI�GHIRU�
PDWLRQ� �L�H�� VWUDLQ�UDWH� GHSHQGHQF\��� D� YLHZ� ZKLFK� XQWLO� UHFHQWO\� ZDV� ZLGHO\� DFFHSWHG� DQG�
LQFRUSRUDWHG�LQWR�WKH�IUDPHZRUN�RI�H[LVWLQJ�PLOLWDU\�FRGHV�IRU�WKH�GHVLJQ�DQG�DQDO\VLV�RI�5&�
VWUXFWXUHV�XQGHU�EODVW�DQG�LPSDFW��/DWHO\�KRZHYHU��DQ�LQFUHDVLQJ�QXPEHU�RI�UHVHDUFKHUV�>����@�
KDYH�H[SUHVVHG� WKH�RSSRVLWH�YLHZ�� VWDWLQJ� WKDW� WKH�material� SURSHUWLHV�RI� VWUXFWXUDO� FRQFUHWH�
�FKDUDFWHULVHG�E\�D�ORZ�PRLVWXUH�FRQWHQW��DUH�HVVHQWLDOO\�VWUDLQ�UDWH�LQGHSHQGHQW�DQG�WKDW�WKH�
REVHUYHG�FKDQJHV�LQ�VSHFLPHQ�EHKDYLRXU�ZLWK�LQFUHDVLQJ�ORDGLQJ�UDWHV�LV�WKH�UHVXOW�RI��D��SD�
UDPHWHUV�DIIHFWLQJ�structural�UHVSRQVH���E��WKH�EULWWOH�QDWXUH�DQG�WULD[LDOLW\�FKDUDFWHULVLQJ�FRQ�
FUHWH� PDWHULDO� EHKDYLRXU� DQG� �F�� WKH� QDWXUH� RI� WKH� SUREOHP� DW� KDQG� �D� ZDYH� SURSDJDWLRQ�
SUREOHP�ZLWKLQ�D�KLJKO\�QRQOLQHDU�PDWHULDO����

7KH�SUHVHQW�VWXG\�EXLOGV�RQ�SUHYLRXV�UHVHDUFK�ZRUN�>���@��ZKLFK�KDV�VKRZQ�WKDW�WKH�FRP�
PRQO\� REVHUYHG� VWUHVV�VWUDLQ� UHODWLRQVKLS� RI� SODLQ� FRQFUHWH� VSHFLPHQV� XQGHU� KLJK� UDWHV� RI�
ORDGLQJ� DFWXDOO\� GHVFULEHV� G\QDPLF� structural� UHVSRQVH� UDWKHU� WKDQ�material� EHKDYLRXU��7KH�
SUHVHQW�VWXG\�DLPV�DW�LQYHVWLJDWLQJ�QXPHULFDOO\��YLD�G\QDPLF�QRQOLQHDU�ILQLWH�HOHPHQW�DQDO\VLV�
�1/)(A��RI�SODLQ�FRQFUHWH�SULVPDWLF�VSHFLPHQV�XQGHU�LQFUHDVLQJ�ORDGLQJ�UDWHV�XQGHU�XQLD[LDO�
FRPSUHVVLRQ�DQG� WHQVLRQ��(PSKDVLV� LV�PDLQO\�IRFXVHG�RQ� LQYHVWLJDWLQJ� WKH�HIIHFW�RI� ORDGLQJ�
UDWH�RQ�VSHFLILF�DVSHFWV�RI�VSHFLPHQ�EHKDYLRXU��VXFK�DV�WKH�PD[LPXP�VXVWDLQHG�ORDG�DV�ZHOO�
WKH�YDULDWLRQ�RI�WKH�VWUHVV�GLVSODFHPHQW�ZLWKLQ�WKH�VSHFLPHQ�GXULQJ�WKH�ORDGLQJ�SURFHVV��7KLV�
LV�FDUULHG�RXW�LQ�RUGHU�WR�LGHQWLI\�WKH�WUXH�UHDVRQV�WKDW�WULJJHU�WKH�REVHUYHG�VKLIW�LQ�VSHFLPHQ�
EHKDYLRXU�ZLWK�LQFUHDVLQJ�ORDGLQJ�UDWHV��ZKLFK�LV�D�QHFHVVDU\�SUHUHTXLVLWH�IRU�GHYHORSLQJ�DQ�
HIIHFWLYH�PHWKRG��ERWK�LQ�WHUPV�RI�VDIHW\�DQG�HFRQRP\��IRU�DVVHVVLQJ�5&�VWUXFWXUDO�UHVSRQVH�
XQGHU�KLJK�ORDGLQJ�UDWHV��7KXV��WKH�ZRUN�ZLOO�KDYH�LPSOLFDWLRQV�IRU�LPSDFW�UHVLVWDQW�GHVLJQ���

)RU�WKH�QXPHULFDO�LQYHVWLJDWLRQ��WZR�ILQLWH�HOHPHQW�DQDO\VLV��)(A��VRIWZDUH�SDFNDJHV�ZHUH�
FRQVLGHUHG��ERWK�FDSDEOH�RI�FDUU\LQJ�RXW�WKUHH�GLPHQVLRQDO���'��QRQOLQHDU�VWDWLF�DQG�G\QDPLF�
DQDO\VHV��QDPHO\�A%A486�>��@�DQG�DQG�5&�),1(/�>�����@��7KH�ODWWHU�VWXG\�>�@�LV�HVVHQWLDO�
O\�DVVHVVHG�LQ�WKH�SUHVHQW�ZRUN�XVLQJ�A%A486��7R�UHDOLVWLFDOO\�GHVFULEH�WKH�QRQOLQHDU�EHKDY�
LRXU� RI� FRQFUHWH� XQGHU� KLJK� ORDGLQJ� UDWHV� LW� LV� LPSHUDWLYH� WKDW� WKH� PDWHULDO� PRGHOV��
LQFRUSRUDWHG� LQWR� DQ\� )(A�SDFNDJH�� DUH� FDSDEOH� RI� DFFXUDWHO\� GHVFULELQJ� FRQFUHWH�PDWHULDO�
EHKDYLRXU�XQGHU�ERWK�VWDWLF�DQG�G\QDPLF�ORDGLQJ��A%A486�LQFRUSRUDWH�FRQFUHWH�FRQVWLWXWLYH�
PRGHOV�WKH�DQDO\WLFDO�IRUPXODWLRQ�RI�ZKLFK�LV�EDVHG�RQ�FRQWLQXXP�PHFKDQLFV�WKHRULHV�DQG�UH�
OLHV� KHDYLO\� RQ� WKH� XVH� RI�post�IDLOXUH� FRQFUHWH� FKDUDFWHULVWLFV� �L�H�� VWUDLQ� VRIWHQLQJ�� WHQVLRQ�
VWLIIHQLQJ�DQG�VKHDU�UHWHQWLRQ���2Q�WKH�RWKHU�KDQG��5&�),1(/�LQFRUSRUDWHV�D�IXOO\�EULWWOH�HP�
SLULFDO� >��@� PDWHULDO� ODZ� GHVFULELQJ� FRQFUHWH� EHKDYLRXU� XQGHU� WULD[LDO� ORDGLQJ� ZKLOH� DW� WKH�
VDPH�WLPH�DGRSWLQJ�D�XQLTXH�LWHUDWLYH�VROXWLRQ�VWUDWHJ\�FDSDEOH�RI�FRPSHQVDWLQJ�IRU� WKH�QX�
PHULFDO�LQVWDELOLWLHV�VWHPPLQJ�IURP�WKH�EULWWOH�FRQFUHWH�PDWHULDO�ODZ�DGRSWHG�>��@��7KH�SUHVHQW�
DQG�SUHYLRXV�VWXGLHV�>���@�KDYH�VKRZQ�WKDW�WKH�material SURSHUWLHV�RI�VWUXFWXUDO�FRQFUHWH�DUH�
HVVHQWLDOO\�VWUDLQ�UDWH�LQGHSHQGHQW�DQG�WKDW�DQ\�HIIHFW�RI�ORDGLQJ�UDWH�RQ�VSHFLPHQ�EHKDYLRXU�
LV�FOHDUO\�DWWULEXWHG�WR�SDUDPHWHUV�DVVRFLDWHG�ZLWK�WKH�G\QDPLF�UHVSRQVH�RI�WKH�VSHFLPHQ��DFW�
LQJ�DV�D�structure���7KLV�VKHGV�GRXEW�RQ�WKH�DSSOLFDELOLW\�RI�VXFK�SRVW�IDLOXUH�UHVSRQVHV�IRU�WKH�
SXUSRVHV�RI�LPSDFW�UHVLVWDQW�GHVLJQ���
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2 MATERIAL BEHAVIOUR OF CONCRETE UNDER STATIC LOADING 
&RQFUHWH�LV�D�KHWHURJHQHRXV�PDWHULDO�VLQFH�LWV�EDVLF�FRPSRQHQWV��DJJUHJDWH��FHPHQW�SDVWH�

DQG�IUHH�ZDWHU��KDYH�FRQVLGHUDEO\�GLIIHUHQW�PDWHULDO�SURSHUWLHV�>��@��(YHQ�LQ�DQ�XQORDGHG�VWDWH��
LW�FRQWDLQV�YRLGV�DQG�GLVFRQWLQXLWLHV�LQ�WKH�IRUP�RI�PLFURFUDFNV�>��@��AV�D�UHVXOW��ZKHQ�DQ�H[�
WHUQDO� ORDG� LV� DSSOLHG�RQ�D�FRQFUHWH� VSHFLPHQ��D� FRPSOH[� LQWHUQDO� VWUHVV� ILHOG�GHYHORSV��7KH�
EHKDYLRXU� RI� FRQFUHWH� LQ� XQLD[LDO� WHQVLRQ� LV� PDLQO\� GHWHUPLQHG� E\� WHVWLQJ� SODLQ� FRQFUHWH�
SULVPV� LQ� GLUHFW�� RU� LQGLUHFW� �VSOLWWLQJ�� WHQVLRQ� DQG� IOH[XUH�� %DVHG� RQ� WKH� DYDLODEOH� H[SHUL�
PHQWDO�GDWD�LW�LV�REVHUYHG�WKDW�FRQFUHWH�HVVHQWLDOO\�EHKDYHV�HODVWLFDOO\�XQWLO�LW�UHDFKHV�LWV�WHQ�
VLOH� VWUHQJWK� DQG� WKHQ� IDLOV� LQ� D� EULWWOH� PDQQHU� VXIIHULQJ� DQ� DEUXSW� ORVV� RI� ORDG� FDUU\LQJ�
FDSDFLW\��7KH�EHKDYLRXU�RI�FRQFUHWH�XQGHU�XQLD[LDO�FRPSUHVVLRQ�LV�GHWHUPLQHG�PDLQO\�E\�WHVW�
LQJ� SODLQ� FRQFUHWH� F\OLQGHUV� RU� SULVPV� �VHH� )LJXUH� �D�� DQG� LV� GHVFULEHG� WKURXJK� WKH� W\SLFDO�
VWUHVV�VWUDLQ�FXUYHV�SUHVHQWHG�LQ�)LJXUH��E��7KHVH�FXUYHV�GHVFULEH�WKH�GHIRUPDWLRQ�EHKDYLRXU�
RI� WKH�FRQFUHWH� VSHFLPHQ�SDUDOOHO� DQG�QRUPDO� WR� WKH�GLUHFWLRQ�RI� ORDGLQJ��6XFK�FXUYHV�FRP�
SULVH�DQ�DVFHQGLQJ�DQG�D�VXEVHTXHQW�GHVFHQGLQJ�EUDQFK��%DVHG�RQ�DYDLODEOH�H[SHULPHQWDO�GDWD�
>�����������@��WKH�GHVFHQGLQJ�EUDQFK�GRHV�QRW�GHVFULEH�material�EHKDYLRXU�EXW�WKH�LQWHUDFWLRQ�
EHWZHHQ�VSHFLPHQ�DQG�WHVWLQJ�GHYLFH��7KLV�LQWHUDFWLRQ�LV�WKH�UHVXOW�RI�IULFWLRQDO�IRUFHV�GHYHO�
RSLQJ�DW�WKH�LQWHUIDFH�EHWZHHQ�WKH�VSHFLPHQ�DQG�WKH�VWHHO�SODWHQV�QRUPDOO\�XVHG�WR�DSSO\�WKH�
H[WHUQDO�ORDG��AV�D�UHVXOW�WKH�VSHFLPHQ�LV�VXEMHFWHG�WR�ODWHUDO�FRQILQHPHQW�FORVH�WR�LWV�VXSSRUWV�
�VHH�)LJXUH��D���AQRWKHU�LPSRUWDQW�DVSHFW�RI�FRQFUHWH�EHKDYLRXU�LQ�FRPSUHVVLRQ�LV�WKDW�LW�H[�
KLELWV� DQ� DEUXSW� LQFUHDVH� RI� WKH� UDWH� RI� WKH� ODWHUDO� H[SDQVLRQ�ZKHQ� WKH� ORDG� DSSURDFKHV� WKH�
SHDN�OHYHO��7KH�ODWWHU�OHYHO�FRUUHVSRQGV�WR�WKH�PLQLPXP�YROXPH�OHYHO�PDUNLQJ�WKH�EHJLQQLQJ�
RI�D�GUDVWLF�YROXPH�GLODWLRQ�OHDGLQJ�UDSLGO\�WR�IDLOXUH��7KH�YDULDWLRQ�RI�WKH�YROXPH�RI�FRQFUHWH�
XQGHU�LQFUHDVLQJ�FRPSUHVVLRQ�LV�DOVR�VKRZQ�LQ�)LJXUH��E��6LPLODU�WUHQGV�RI�EHKDYLRXU�DUH�DOVR�
REVHUYHG�XQGHU�WULD[LDO�FRPSUHVVLRQ�VWDWHV�RI�VWUHVV���

)LJXUH�����6WUHVV�VWDWH�ZLWKLQ�WKH�FRQFUHWH�F\OLQGHU�VSHFLPHQ�XQGHU�XQLD[LDO�FRPSUHVVLRQ�>��@�

3 EFFECT OF LOADING RATE ON CONCRETE BEHAVIOUR 
7R�GDWH��D�ODUJH�QXPEHU�RI�H[SHULPHQWV�KDYH�EHHQ�FDUULHG�RXW�WR�H[DPLQH�WKH�EHKDYLRXU�RI�

FRQFUHWH��SULVPDWLF�RU�F\OLQGULFDO��VSHFLPHQV�XQGHU�KLJK�UDWHV�RI�XQLD[LDO�FRPSUHVVLRQ��GLUHFW�
RU�LQGLUHFW�WHQVLRQ�>������@��7KH�REVHUYHG�VKLIW�LQ�VSHFLPHQ�EHKDYLRXU�ZLWK�LQFUHDVLQJ�ORDGLQJ�
UDWHV�SULPDULO\�WDNHV�WKH�IRUP�RI�DQ�LQFUHDVH�LQ�WKH�PD[LPXP�VXVWDLQHG�ORDG��7KLV�FKDQJH�EH�
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FRPHV�PRUH�SURQRXQFHG�ZLWK�LQFUHDVLQJ�ORDGLQJ�UDWHV�DQG�LQWHQVLW\��A�VXPPDU\�RI�DYDLODEOH�
H[SHULPHQWDO�GDWD�LV�SUHVHQWHG�LQ�)LJXUH����H[SUHVVLQJ�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�PD[LPXP�
VXVWDLQHG�ORDG�PD[3G��QRUPDOLVHG�ZLWK�UHVSHFW�WR�LWV�ORDG�FDUU\LQJ�FDSDFLW\�XQGHU�VWDWLF�ORDG�
LQJ�PD[3V��DQG�WKH�UDWH�RI�D[LDO�GHIDPDWLRQ�H[KLELWHG�E\�WKH�VSHFLPHQ�H[SUHVVHG�DV�VWUDLQ�UDWH�
LQ�FRPSUHVVLRQ��)LJXUH��D��RU�WHQVLRQ��)LJXUH��E����

�D�� �E��

)LJXUH�����([SHULPHQWDO�GDWD�IRU�VWUHQJWK�LQFUHDVH�XQGHU�GLIIHUHQW�VWUDLQ�UDWHV�IRU�FRQFUHWH�VSHFLPHQV�XQGHU��D��
FRPSUHVVLRQ�DQG��E��WHQVLRQ��>�@�

%DVHG� RQ� WKH� DYDLODEOH� WHVW� GDWD� DQG� WKH� XVH� RI� UHJUHVVLRQ�DQDO\VLV� D� QXPEHU� RI� FXUYHV�
KDYH�EHHQ�SURSRVHG�WR�GDWH�GHVFULELQJ�WKH�LQFUHDVH�RI�VSHFLPHQ�VWUHQJWK�XQGHU�XQLD[LDO�FRP�
SUHVVLRQ��)LJXUH��D��DQG�WHQVLRQ��)LJXUH��E��ZLWK�LQFUHDVLQJ�ORDGLQJ�UDWHV��+RZHYHU��LW�LV�HYL�
GHQW�WKDW�WKH�EHKDYLRXU�RI�WKH�FRQFUHWH�VSHFLPHQV�XQGHU�KLJK�UDWH�ORDGLQJ�GLIIHUV�FRQVLGHUDEO\�
FRPSDUHG� WR� WKDW� HVWDEOLVKHG� XQGHU� VWDWLF� ORDGLQJ� WKH� H[SHULPHQWDO� GDWD� FDQQRW� SURYLGH� WKH�
UHDVRQV�WKDW�WULJJHU�WKLV�VKLIW��)XUWKHUPRUH��ZKHQ�LQVSHFWLQJ�WKH�DYDLODEOH�H[SHULPHQWDO�GDWD�LW�
LV�FOHDU�WKDW�LW�LV�FKDUDFWHULVHG�E\�FRQVLGHUDEOH�VFDWWHU��7KLV�VFDWWHU�LV�OLQNHG�WR�D�ZLGH�UDQJH�RI�
SDUDPHWHUV� ZKLFK� YDU\� IURP� H[SHULPHQW� WR� H[SHULPHQW� DQG� LQFOXGH� WKH� H[SHULPHQWDO� WHFK�
QLTXHV�LPSOHPHQWHG��WKH�JHRPHWU\�DQG�PRLVWXUH�FRQWHQW�RI�WKH�VSHFLPHQV��WKH�GLIIHUHQW�W\SHV�
RI�FRQFUHWH�XVHG��HWF� >���@��AV�D� UHVXOW� WKH�DYDLODEOH� WHVW�GDWD�FDQ�RQO\�SURYLGH�D�qualitative�
GHVFULSWLRQ�RI�WKH�HIIHFW�RI�ORDGLQJ�UDWH�RQ�WKH�VSHFLPHQ�EHKDYLRXU���

�D�� �E��

)LJXUH�����5HJUHVVLRQ�DQDO\VLV�FXUYHV�IRU�VWUHQJWK�LQFUHDVH�XQGHU�GLIIHUHQW�VWUDLQ�UDWHV�IRU�FRQFUHWH�VSHFLPHQV�
XQGHU��D��FRPSUHVVLRQ�DQG��E��WHQVLRQ�>�@�
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,Q� RUGHU� WR� JDLQ� LQVLJKW� LQWR� WKH� EHKDYLRXU� RI� FRQFUHWH� XQGHU� KLJK� ORDGLQJ� UDWHV� DQG� WR�
TXDQWLI\� WKH�HIIHFWV�RI�YDULRXV�SDUDPHWHUV�RQ� WKH�G\QDPLF� UHVSRQVH�RI�SODLQ� FRQFUHWH� VSHFL�
PHQV��QRQOLQHDU�ILQLWH�HOHPHQW�DQDO\VLV��1/)(A��ZDV�HPSOR\HG�>��@��7KURXJK�D�FRPSDULVRQ�
RI�WKH�QXPHULFDO�SUHGLFWLRQV�ZLWK�WKH�DYDLODEOH�H[SHULPHQWDO�GDWD��LQ�D�SUHYLRXV�VWXG\��LW�ZDV�
VKRZQ�>�@�WKDW�FRQFUHWH�VSHFLPHQV�XQGHU�LPSDFW�ORDGLQJ�PXVW�EH�YLHZHG�DV�structures�DQG�QRW�
DV�material�XQLWV�IRUP�ZKLFK�DYHUDJH�PDWHULDO�SURSHUWLHV�FDQ�EH�GHWHUPLQHG�EHFDXVH�WKHLU�EH�
KDYLRXU�LV�GLUHFWO\�OLQNHG�WR�WKH�LQHUWLD�HIIHFW�RI�WKHLU�PDVV�DV�ZHOO�DV�WR�WKHLU�JHRPHWU\�DQG�WKH�
LPSRVHG�ERXQGDU\�FRQGLWLRQV��7KH�SUHVHQW�QXPHULFDO�VWXG\�H[WHQGV�WKH�SUHYLRXV�RQH�E\�XVLQJ�
A%A486�VRIWZDUH����

4 CONSTITUTIVE MODELLING OF CONCRETE MATERIAL BEHAVIOUR 
7KH� IRUPXODWLRQ� RI� DQDO\WLFDO� FRQVWLWXWLYH�PRGHOV� GHVFULELQJ� WKH�PDWHULDO� EHKDYLRXU� RI�

FRQFUHWH� LV�EDVHG�PDLQO\�RQ� WKH�DQDO\VLV�RI� H[SHULPHQWDO�GDWD�JDWKHUHG� IURP� WHVWV� VLQFH� WKH�
HDUO\���¶V�LQ�ZKLFK�FRQFUHWH�VSHFLPHQV��F\OLQGHUV�RU�FXEHV��ZHUH�VXEMHFWHG�WR�XQLD[LDO��ELD[L�
DO�RU�WULD[LDO�ORDGLQJ�FRQGLWLRQV��A�UHYLHZ�RI�WKH�WHVW�GDWD�REWDLQHG�LV�SUHVHQWHG�E\�>����������@��
%DVHG�RQ� WKH�SUHFHGLQJ� WHVWV�� VWUHVV�VWUDLQ� UHODWLRQVKLSV�DUH�REWDLQHG�GHVFULELQJ� WKH�PDWHULDO�
EHKDYLRXU�XQGHU�PXOWLD[LDO�VWUHVV�VWDWHV�DV�ZHOO�DV�IDLOXUH�FULWHULD��+RZHYHU��LW�VKRXOG�EH�QRWHG�
WKDW�WKLV�GDWD�LV�FKDUDFWHULVHG�E\�FRQVLGHUDEOH�VFDWWHU�GXH�WR�KHWHURJHQHRXV�QDWXUH�RI�FRQFUHWH�
DV�ZHOO�DV� WKH�YDULDWLRQ�RI�YDULRXV�SDUDPHWHUV�IURP�WHVW� WR� WHVW�VXFK�DV�FRQFUHWH�PL[��FXULQJ�
FRQGLWLRQV�� VWDWLF� XQLD[LDO� FRPSUHVVLYH� VWUHQJWK� RI� FRQFUHWH� fc�� WKH� H[SHULPHQWDO� WHFKQLTXHV�
XVHG��DV�ZHOO�DV�WKH�VKDSH�DQG�VL]H�RI�WKH�VSHFLPHQV�>��@��

7KH�PRGHOV�RI�FRQFUHWH�EHKDYLRXU�PD\�EH�EURDGO\�FODVVLILHG�LQWR�WZR�FDWHJRULHV��WKRVH�GL�
UHFWO\� GHULYHG� GLUHFWO\� IURP� UHJUHVVLRQ� DQDO\VHV� RI� H[SHULPHQWDO� GDWD� �VR�FDOOHG� HPSLULFDO�
PRGHOV�� DQG� WKRVH� UHO\LQJ� RQ� FRQWLQXXP�PHFKDQLFV� WKHRULHV� �VXFK� DV�� QRQOLQHDU� HODVWLFLW\��
SODVWLFLW\��YLVFR�SODVWLFLW\��GDPDJH�PHFKDQLFV��IRU�WKHLU�GHYHORSPHQW��DOWKRXJK�WKH�ODWWHU�DOVR�
UHPDLQ�GHSHQGHQW�RQ�WKH�XVH�RI�H[SHULPHQWDO�GDWD�IRU�WKHLU�FDOLEUDWLRQ��7KH�UHVXOWLQJ�IRUPXOD�
WLRQV� XVXDOO\� LQFRUSRUDWH� D� QXPEHU� RI� SDUDPHWHUV�� WKH� HYDOXDWLRQ� RI� ZKLFK� LV� HVVHQWLDO� IRU�
DFKLHYLQJ�D�FORVH�FRUUHODWLRQ�EHWZHHQ�WKH�PRGHO�SUHGLFWHG�EHKDYLRXU�DQG�LWV�H[SHULPHQWDOO\�
HVWDEOLVKHG� FRXQWHUSDUW�� 7KHVH� SDUDPHWHUV�� ZKLFK� DUH� XVXDOO\� OLQNHG� WR� SRVW�SHDN� VWUHQJWK�
FRQFUHWH�FKDUDFWHULVWLFV�LQ�ERWK�FRPSUHVVLRQ�DQG�WHQVLRQ��VXFK�DV��IRU�H[DPSOH��VWUDLQ�VRIWHQ�
LQJ��WHQVLRQ�VWLIIHQLQJ��VKHDU�UHWHQWLRQ�DELOLW\��FRXSOHG�ZLWK�VWUDLQ�UDWH�VHQVLWLYLW\�ZKHQ�KLJK�
UDWH�ORDGLQJ�FRQGLWLRQV�DUH�FRQVLGHUHG��DUH�RIWHQ�HVWDEOLVKHG�WKURXJK�FDOLEUDWLRQ�EDVHG�RQ�WKH�
XVH�RI�H[SHULPHQWDO�LQIRUPDWLRQ�DW�WKH�structural��UDWKHU�WKDQ�DW�WKH�material�OHYHO���

7KH�DSSOLFDWLRQ�RI�)(A�VRIWZDUH�SDFNDJHV�LQ�SUDFWLFDO�VWUXFWXUDO�DQDO\VLV�KDV�VKRZQ�WKDW�
WKH�PDMRULW\� RI� FRQVWLWXWLYH� UHODWLRQVKLSV� DUH� FDVH�VWXG\� GHSHQGHQW�� VLQFH� WKH� VROXWLRQV� RE�
WDLQHG�DUH�UHDOLVWLF�RQO\�IRU�SDUWLFXODU�W\SHV�RI�SUREOHPV��7KH�H[WHQVLRQ�RI�WKH�DSSOLFDELOLW\�RI�
WKHVH�SDFNDJHV�WR�D�GLIIHUHQW�VHW�RI�SUREOHPV�UHTXLUHV�PRGLILFDWLRQV��VRPHWLPHV�VLJQLILFDQW��RI�
WKH�FRQVWLWXWLYH�UHODWLRQVKLSV��7KH�YDVW�PDMRULW\�RI�FRQVWLWXWLYH�PRGHOV�GHVFULELQJ�WKH�EHKDY�
LRXU�RI�FRQFUHWH�XQGHU�G\QDPLF� ORDGLQJ�DVVXPH�WKDW� WKHUH� LV� D� OLQN�EHWZHHQ� WKH�FRQVWLWXWLYH�
SURSHUWLHV�RI�FRQFUHWH�DQG�WKH�VWUDLQ�UDWH�DW�ZKLFK�WKH�PDWHULDO�LV�ORDGHG�DQG��FRQVHTXHQWO\��WKH�
H[WHUQDO� ORDGLQJ�UDWH��AOWKRXJK�WKLV�VHHPV�WR�EH�WKH�FDVH�IRU�ORZ�ORDGLQJ�UDWHV��ZKHUH�FUHHS�
SOD\V�D�VLJQLILFDQW�UROH�LQ�PDWHULDO�EHKDYLRXU�� LW�KDV�EHHQ�SURSRVHG�WKDW� IRU�WKH�FDVH�RI�KLJK�
ORDGLQJ�UDWHV�WKHUH�LV�QR�QHHG�WR�FKDQJH�WKH�VWDWLF�YDOXH�RI�<RXQJ¶V�PRGXOXV�>������@��

4.1 RC-FINEL and ADINA 
5&�),1(/� KDV� EHHQ� IRXQG� WR� SURYLGH� UHDOLVWLF� SUHGLFWLRQV� RI� D�ZLGH� UDQJH� RI� GLIIHUHQW�

FRQFUHWH�VWUXFWXUDO� IRUPV�XQGHU�VWDWLF� �PRQRWRQLF�DQG�F\FOLF�� >��@�DQG�G\QDPLF��HDUWKTXDNH�
DQG�LPSDFW��>��@�ORDGLQJ�FRQGLWLRQV��,W�LQFRUSRUDWHV�D�EULWWOH�PDWHULDO�PRGHO��ZKLFK�GHVFULEHV�
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WKH�EHKDYLRXU�RI�FRQFUHWH�XQGHU�WULD[LDO�ORDGLQJ�FRQGLWLRQV�>��@��DV�ZHOO�DV�D�XQLTXH�QRQOLQHDU�
VWUDWHJ\�WKH�IRUPXODWLRQ�RI�ZKLFK�DOORZV�IRU�WKH�EULWWOH�QDWXUH�RI�WKH�PDWHULDO�PRGHO�HPSOR\HG��
ZKLOH�DW�WKH�VDPH�WLPH�LW�SURYLGHV�D�UHDOLVWLF�GHVFULSWLRQ�RI�WKH�FUDFNLQJ�SURFHVV�DQG�PLQLPL]�
HV�WKH�OLNHOLKRRG�RI�QXPHULFDO�LQVWDELOLWLHV�DVVRFLDWHG�ZLWK�WKLV�SURFHVV�>�����@��7KH�PDWHULDO�
PRGHO� RI� FRQFUHWH� EHKDYLRXU� DGRSWHG� LV� FKDUDFWHULVHG� E\� ERWK� VLPSOLFLW\� �IXOO\� EULWWOH��ZLWK�
QHLWKHU�VWUDLQ�UDWH�QRU�ORDG�SDWK�GHSHQGHQF\��IXOO\�GHILQHG�E\�D�VLQJOH�PDWHULDO�SDUDPHWHU���WKH�
XQLD[LDO� F\OLQGHU� FRPSUHVVLYH� VWUHQJWK� fc�� DQG� DWWHQWLRQ� WR� WKH� DFWXDO� SK\VLFDO� EHKDYLRXU� RI�
FRQFUHWH�LQ�D�VWUXFWXUH��XQDYRLGDEOH�WULD[LDOLW\�ZKLFK�LV�GHVFULEHG�RQ�WKH�EDVLV�RI�H[SHULPHQWDO�
GDWD�RI�FRQFUHWH�F\OLQGHUV�XQGHU�GHILQDEOH�ERXQGDU\�FRQGLWLRQV���

&UDFN�IRUPDWLRQ� LV�PRGHOOHG�E\�XVLQJ� WKH�VPHDUHG�FUDFN�DSSURDFK��A�FUDFN�IRUPV�ZKHQ�
WKH�VWUHVV�GHYHORSLQJ� LQ�D�JLYHQ�SDUW�RI� WKH�VWUXFWXUH�FRUUHVSRQGV� WR�D�SRLQW� LQ� WKH�SULQFLSDO�
VWUHVV�VSDFH�WKDW�OLHV�RXWVLGH�WKH�VXUIDFH�GHILQLQJ�WKH�IDLOXUH�FULWHULRQ�IRU�FRQFUHWH��WKXV�UHVXOW�
LQJ�LQ�ORFDOL]HG�PDWHULDO�IDLOXUH��7KLV�IDLOXUH�WDNHV�WKH�IRUP�RI�D�FUDFN�DQG�LV�IROORZHG�E\�LP�
PHGLDWH� ORVV� RI� ORDG�FDUU\LQJ� FDSDFLW\� LQ� WKH� GLUHFWLRQ� QRUPDO� WR� WKH� SODQH� RI� WKH� FUDFN��
&RQFXUUHQWO\��WKH�VKHDU�VWLIIQHVV�LV�DOVR�FRQVLGHUHG�WR�UHGXFH�GUDVWLFDOO\�WR�D�YHU\�VPDOO�SHU�
FHQWDJH�RI�LWV�SUHYLRXV��L�H��XQFUDFNHG��YDOXH��+RZHYHU��LW�LV�QRW�VHW�WR�]HUR�LQ�RUGHU�WR�PLQL�
PL]H� WKH� ULVN� RI� QXPHULFDO� LQVWDELOLWLHV� GXULQJ� WKH� H[HFXWLRQ� RI� WKH� VROXWLRQ� SURFHGXUH�� DV�
H[SODLQHG�HOVHZKHUH�>�����@��A�SURFHGXUH�IRU�FUDFN�FORVXUH�LV�DOVR�SURYLGHG�DQG�IXOO�GHVFULS�
WLRQ�RI�WKH�WULD[LDO�FRQVWLWXWLYH�PRGHO�DQG�QXPHULFDO�IRUPXODWLRQV�XVHG�LQ�5&�),1(/�VRIWZDUH�
LV�SURYLGHG�HOVHZKHUH�>�����@��,W�VKRXOG�EH�QRWHG�WKDW�A',1A�VRIWZDUH�SDFNDJH�>��@�QRZ�LQ�
FOXGHV�WKH�VDPH�WULD[LDO�PRGHO�E\�.RWVRYRV�DQG�3DYORYLF�>��@�WKDW�LV�XVHG�LQ�5&�),1(/��DOW�
KRXJK�WKHUH�VRPH�GLIIHUHQFHV�LQ�WKH�QRQ�OLQHDU�VROXWLRQ�VWUDWHJ\���

4.2 ABAQUS   
7KH�FRQFUHWH�GDPDJHG�SODVWLFLW\�PRGHO�LV�RIIHUHG�LQ�A%A486�IRU�WKH�DQDO\VLV�RI�FRQFUHWH�

DW�ORZ�FRQILQLQJ�SUHVVXUHV��OHVV�WKDQ�IRXU�RU�ILYH�WLPHV�WKH�XOWLPDWH�FRPSUHVVLYH�VWUHVV�LQ�XQL�
D[LDO�FRPSUHVVLRQ�ORDGLQJ���,W�LV�EDVHG�RQ�WKH�PRGHOV�SURSRVHG�E\�/XEOLQHU�HW�DO��>��@�DQG�/HH�
DQG�)HQYHV�>��@��ZLWK�WKH�DVVXPSWLRQ�RI�VFDODU��LVRWURSLF��GDPDJH�DQG�LV�GHVLJQHG�IRU�DSSOLFD�
WLRQV�LQ�ZKLFK�WKH�FRQFUHWH�LV�VXEMHFWHG�WR�DUELWUDU\�ORDGLQJ�FRQGLWLRQV��7KH�PRGHO�WDNHV�LQWR�
FRQVLGHUDWLRQ�WKH�GHJUDGDWLRQ�RI�WKH�HODVWLF�VWLIIQHVV�LQGXFHG�E\�SODVWLF�VWUDLQLQJ�ERWK�LQ�WHQ�
VLRQ�DQG�FRPSUHVVLRQ��7KHUH�DUH�WZR�IDLOXUH�PHFKDQLVPV�IRU�WKH�PHFKDQLFDO�UHVSRQVH�RI�WKH�
FRQFUHWH�LQFOXGH�WHQVLOH�FUDFNLQJ�DQG�FRPSUHVVLYH�FUXVKLQJ��7KH�HYROXWLRQ�RI�IDLOXUH�LV�FRQ�
WUROOHG�E\�WZR�KDUGHQLQJ�YDULDEOHV��ZKLFK�DUH�UHIHUUHG�WR�DV�HTXLYDOHQW�SODVWLF�VWUDLQV�LQ�WHQ�
VLRQ� DQG� FRPSUHVVLRQ�� UHVSHFWLYHO\�� 7KH� PRGHO� DVVXPHV� WKDW� WKH� XQLD[LDO� WHQVLOH� DQG�
FRPSUHVVLYH� UHVSRQVH� RI� FRQFUHWH� LV� FKDUDFWHUL]HG� E\� GDPDJHG� SODVWLFLW\�� DGRSWLQJ� D� SRVW�
SHDN�EUDQFK�RQ�WKH�FRUUHVSRQGLQJ�VWUHVV�VWUDLQ�FXUYHV���

5 RESULTS AND DISCUSSION  

5.1 Dynamic problem investigated 
7KH�SUHVHQW�QXPHULFDO�LQYHVWLJDWLRQ�XVHV�D�FRQFUHWH�SULVP��VLPLODU�WR�WKH�VSHFLPHQV�XVXDO�

O\� WHVWHG� WR� GHWHUPLQH� WKH�PDWHULDO� SURSHUWLHV� RI� FRQFUHWH� XQGHU� VWDWLF� ORDGLQJ�� 7KH� SULVPV�
ZHUH�VXEMHFWHG�WR�XQLD[LDO�FRPSUHVVLRQ�DQG�WHQVLRQ��IRU�ZKLFK�WKH�SULVPV�ZHUH�DVVXPHG�WR�EH�
IL[HG� DW� WKHLU� ERWWRP� IDFH� DQG� DUH� VXEMHFWHG� WR� DQ� D[LDO� ORDG� DSSOLHG� DW� WKHLU� XSSHU� IDFH��
WKURXJK�D� ULJLG� HOHPHQW� �PLPLFNLQJ�VWHHO�SODWHQ� LQ�H[SHULPHQW��ZLWK� WKH� VDPH�FURVV�VHFWLRQ�
�VHH�)LJXUH����LQ�RUGHU�IRU�WKH�H[WHUQDO�ORDG�WR�EH�GLVWULEXWHG�XQLIRUPO\�RQ�WKH�XSSHU�IDFH�RI�
WKH�FRQFUHWH�SULVP��,W�LV�DVVXPHG�WKDW� WKH�FRQFUHWH�SULVPDWLF�VSHFLPHQ�DQG�WKH�ULJLG�HOHPHQW�
RQ� WRS� DUH� IXOO\�ERQGHG�DW� WKHLU� LQWHUIDFH��7KH�SULVP�KHLJKW� LV� ���PP�DQG� LWV� FURVV�VHFWLRQ�
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IRUPV�D�VTXDUH�ZLWK�D�ZLGWK�RI����PP�ZKHUHDV�WKH�ULJLG�HOHPHQW�KDV�D�KHLJKW�RI����PP��%H�
FDXVH� RI� WKH� GRXEOH� V\PPHWU\� RI� WKH� SUREOHP�DW� KDQG�� RQH� TXDUWHU� RI� WKH� DFWXDO� VSHFLPHQ�ZDV�
PRGHOHG�ZLWK�VXLWDEOH�ERXQGDU\�FRQGLWLRQV��7KH�XQLD[LDO�FRPSUHVVLYH�VWUHQJWK�RI�FRQFUHWH�fF�LV�
��03D��,Q�DOO�FDVHV�WKH�H[WHUQDO�ORDG�LV�DSSOLHG�LQFUHPHQWDOO\�DV�D�IRUFH�ZLWK�LWV�YDOXH�LQFUHDV�
LQJ�OLQHDUO\�DW�D�FRQVWDQW�UDWH�XQWLO�WKH�ORDG�FDUU\LQJ�FDSDFLW\�RI�WKH�5&�VSHFLPHQ�LV�UHDFKHG�
DQG�IDLOXUH�RFFXUV��,QLWLDOO\�WKH�VWDWLF�SUREOHP�LV�LQYHVWLJDWHG�WR�HIIHFWLYHO\�FDOLEUDWH�WKH�PRGHO�
DQG�WKLV�LV�IROORZHG�E\�WKH�LQYHVWLJDWLRQ�RI�WKH�G\QDPLF�SUREOHPV�DW�KLJKHU�ORDGLQJ�UDWHV���

�D��

�E��������������������������������������F�����������������������������������������������������G�
Figure 4:��D��'HWDLOV�RI�WKH�SULVP�VSHFLPHQ�PRGHOOHG���E��V\PPHWULFDO�DUUDQJHPHQW�DQG�FRDUVH�PHVK�DGRSWHG�E\�
&RWVRYRV�DQG�3DYORYLF�>�@���F��ILQHU�PHVK�XVHG�LQ�FXUUHQW�VWXG\�DQG��G��QRGHV�ZKHUH�YDOXHV�RI�D[LDO���������DQG�
ODWHUDO��������GLVSODFHPHQWV�ZHUH�H[DPLQHG��

5.2 Modelling of the dynamic problem 
,Q�WKH�SUHYLRXV�QXPHULFDO�VWXG\�E\�&RWVRYRV�DQG�3DYORYLF�>�@��D�FRDUVH�PHVK�RI�WKUHH����

QRGHG�EULFN�HOHPHQWV��VHH�)LJXUH��E��ZDV�XVHG��7KLV�IROORZV�WKH�SKLORVRSK\�XSRQ�ZKLFK�WKH�
)(�PRGHO�XVHG� LQ� WKDW� VWXG\�ZDV�EDVHG��ZKLFK�GRHV�QRW� HPSOR\�VPDOO� ILQLWH�HOHPHQWV� >��@��
7KLV�LV�EHFDXVH�WKH�ODWWHU�PDWHULDO�PRGHO�LV�EDVHG�RQ�H[SHULPHQWV�RQ�FRQFUHWH�F\OLQGULFDO�VSHF�
LPHQV��VXEMHFWHG�WR�YDULRXV�WULD[LDO� ORDGLQJ�FRQGLWLRQV��DQG�WKXV�WKHVH�F\OLQGHUV�FRQVWLWXWH�D�
³PDWHULDO�XQLW´�IRU�ZKLFK�DYHUDJH�PDWHULDO�SURSHUWLHV�DUH�REWDLQHG��+HQFH�WKH�YROXPH�RI�WKHVH�
F\OLQGHUV�ZDV�XVHG�WR�SURYLGH�D�UHDVRQDEOH�JXLGHOLQH�WR�WKH�RUGHU�RI�PDJQLWXGH�RI�WKH�VL]H�RI�
WKH�)(�ZKLFK�VKRXOG�EH�XVHG�IRU�FRQFUHWH�PRGHOOLQJ��,Q�WKH�SUHVHQW�VWXG\��RQ�WKH�RWKHU�KDQG��
WKH�VDPH�FRQFUHWH�VSHFLPHQ�ZDV�PRGHOOHG�XVLQJ�D�ILQHU�PHVK�ZLWK�DQ�HOHPHQW�VL]H�RI���PP�DV�
VKRZQ�LQ�)LJXUH��F��A�GLIIHUHQW�FRQVWLWXWLYH�PRGHO�IRU�FRQFUHWH�ZDV�DOVR�XVHG��L�H��SODVWLVWLFL�
W\�EDVHG�DV�RSSRVHG�WR�WKH�EULWWOH�RQH�XVHG�SUHYLRXVO\��7KH�SUHVHQW�VWXG\�DLPV�WR�LQYHVWLJDWH�
WKH�FDSDELOLW\�RI� WKH�)(�PRGHO�GHYHORSHG�XVLQJ�A%A486�VRIWZDUH�>��@�WR�VLPXODWH�WKH�EH�
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KDYLRXU� RI� FRQFUHWH� SULVP� XQGHU� KLJK� UDWHV� RI� D[LDO� FRPSUHVVLYH� DQG� WHQVLOH� ORDGLQJ��A� UH�
GXFHG�LQWHJUDWLRQ�VFKHPH�LV�DGRSWHG�IRU�WKH�HOHPHQW�IRUPXODWLRQ�WR�DYRLG�QXPHULFDO�SUREOHPV�
GXH�WR�ORFNLQJ��7KH�ORDG�ZDV�DSSOLHG�DV�XQLIRUP�SUHVVXUH�GLUHFWO\�RQ�WKH�SULVP�WRS�VXUIDFH����

5.3 Discussion of results under high rate of compressive loading 
A�FRPSDULVRQ�ZDV�FDUULHG�RXW�EHWZHHQ�WKH�SUHYLRXV�VWXG\��DGRSWLQJ�PDFUR�PRGHOOLQJ��XV�

LQJ�),1(/�VRIWZDUH�>�@�DQG�WKH�SUHVHQW�UHVHDUFK�ZRUN��XWLOLVLQJ�PXFK�VPDOOHU�HOHPHQWV��XVLQJ�
A%486�VRIWZDUH��XQGHU�LQFUHDVLQJ�UDWHV�RI�ERWK�FRPSUHVVLYH�DQG�WHQVLOH�ORDGLQJ��7KH�UHVXOWV�
IRU� WKH� FRPSUHVVLYH� ORDGLQJ� DUH� GHSLFWHG� LQ� )LJXUH� ��� ZKLFK� VKRZ� WKDW� WKH� D[LDO� VWUHVV�
GLVSODFHPHQW�FXUYHV� IRU�ERWK�VWXGLHV�DUH� LQ�JRRG�DJUHHPHQW�� ,W�FDQ�DOVR�EH�VHHQ� WKDW� WKH� UH�
VSRQVH� RI� WKH� FRQFUHWH� SULVP� XQGHU� VWDWLF� DQG� ORZ� UDWHV� RI� ORDGLQJ� �ORZHU� WKDQ� ��������
03D�VHF��DUH�VLPLODU��%XW��WKH�QXPHULFDO�VWUHVV�GLVSODFHPHQW�FXUYHV�EHJLQ�WR�GLIIHU�IURP�WKHLU�
VWDWLF�FRXQWHUSDUWV�DV� WKH�DSSOLHG� ORDGLQJ�UDWH� LQFUHDVHG� �DERYH���������03D�VHF��� ,W�FDQ�EH�
FRQFOXGHG� WKDW�� DV� WKH� UDWH� RI� ORDGLQJ� EHFRPHV� KLJKHU�� WKH� ORDG�FDUU\LQJ� FDSDFLW\� DQG� VXV�
WDLQHG�PD[LPXP�D[LDO�VWUDLQ�H[KLELWHG�E\�WKH�VSHFLPHQ�LQFUHDVH��

7KH� YDULDWLRQ� RI� WKH� ORDG�FDUU\LQJ� FDSDFLW\�PD[PG� �QRUPDOLVHG�ZLWK� UHVSHFW� WR� LWV� YDOXH�
XQGHU�VWDWLF�ORDGLQJ�PD[PV��DW�WKH�PD[LPXP�VXVWDLQHG�ORDG�YHUVXV�WKH�VWUHVV�DQG�VWUDLQ�UDWHV�
DUH�VKRZQ�LQ�)LJXUH���D��DQG��E���UHVSHFWLYHO\���

�
�

�
�D��
�
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Figure 5:�&RPSDULVRQ�EHWZHHQ�QXPHULFDO�VWUHVV�GLVSODFHPHQW�FXUYHV�IURP�SUHYLRXV�VWXG\�>�@��FRQWLQXHV�OLQH��

ZLWK�FXUUHQW�QXPHULFDO�VWXG\��GDVKHG�OLQH��IRU�FRQFUHWH�SULVP�XQGHU�GLIIHUHQW�VWUHVV�UDWHV�XS�WR��D����������DQG��E��
����������03D�VHF� 

Figure 6:�&RPSDULVRQ�RI�WKH�QXPHULFDO�',)�H[SUHVVHG�DV��D��PD[PG�PD[PV�DQG��E��PD[εG�PD[εV�IRU�GLIIHUHQW�
DSSOLHG�VWUHVV�UDWH�EDVHG�RQ�SUHYLRXV�VWXG\�>�@�DQG�FXUUHQW�QXPHULFDO�VWXG\�

A[LDO�DQG�ODWHUDO�GLVSODFHPHQW�ZHUH�PHDVXUHG�DW�GLIIHUHQW�QRGHV�DORQJ�WKH�KHLJKW�RI�WKH�VSHF�

LPHQ�DQG�WKH�UHOHYDQW�QRGHV�DUH�KLJKOLJKWHG�LQ�)LJXUH��G��7KH�HQVXLQJ�QXPHULFDO�UHVXOWV�SUH�

VHQWHG� LQ�)LJXUH��� VKRZ� WKDW�ERWK� D[LDO� DQG� ODWHUDO� GLVSODFHPHQWV�RI� WKH�QRGHV� FORVH� WR� WKH�

ERWWRP�RI�WKH�VSHFLPHQ�JUDGXDOO\�GHFUHDVH�DV�WKH�UDWH�RI�ORDGLQJ�LQFUHDVHV��RYHU�WKH�YDOXH�RI�

��������03D�VHF���7KLV�GLVSODFHPHQW�EHFRPHV�YHU\�VPDOO��HYHQ�QHJOLJLEOH��DV�FRPSDUHG�ZLWK�

WKH�GLVSODFHPHQWV�DW�WKH�XSSHU�SDUW�RI�WKH�VSHFLPHQ�LQ�WKH�FDVH�RI�YHU\�KLJK�UDWHV�RI�ORDGLQJ�

�RYHU���������03D�VHF���,Q�DGGLWLRQ��WKH�QXPHULFDO�UHVXOWV�SUHVHQWHG�LQ�)LJXUH���VKRZ�WKDW�WKH�

D[LDO�GLVSODFHPHQW� LQ� VWDWLF� FDVH� LV� OLQHDU��ZKLOH� WKH�GLVSODFHPHQW� DW� WKH�QRGHV� LQ� WKH� ORZHU�
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SDUW�RI�WKH�VSHFLPHQ�EHFRPHV�QHJOLJLEOH�LQ�WKH�FDVH�RI�KLJK�UDWH�RI�ORDGLQJ��7KLV�ZDV�WUXH�IRU�

ERWK�WKH�SUHYLRXV�DQG�FXUUHQW�QXPHULFDO�VWXGLHV��ZKLFK�DUH�LQ�JRRG�DJUHHPHQW��)LJXUH���GH�

SLFWV� D� VFKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� D[LDO� DQG� ODWHUDO� GHIRUPDWLRQV� XQGHU� ERWK� ORZ�� DQG�

KLJK�UDWH� ORDGLQJ��)LJXUH��� LQGLFDWH� WKDW�� DV� WKH� UDWH�RI� ORDGLQJ� LQFUHDVHV�� WKH�SRUWLRQ�RI� WKH�

KHLJKW��heff��RI�WKH�SULVP�PRVWO\�DIIHFWHG�E\�WKH�DSSOLHG�ORDG�UHGXFHV��)RU�UHODWLYHO\�KLJK�UDWHV�

RI�ORDGLQJ��WKLV�effective� OHQJWK�LV�FRQILQHG�LQ�WKH�UHJLRQ�RI�WKH�SULVP�LQ�WKH�SUR[LPLW\�RI�WKH�

DSSOLHG�ORDG��DW�WKH�XSSHU�IDFH��DQG�H[WHQGLQJ�GRZQZDUGV��ZKHUHDV�WKH�UHPDLQGHU�RI�WKH�VSHF�

LPHQ��L�H�� WKH�ERWWRP�SRUWLRQ��UHPDLQV�SUDFWLFDOO\�XQDIIHFWHG�E\�WKH�DSSOLHG�ORDG��7KHUHIRUH��

XQGHU�KLJK�UDWHV�RI�ORDGLQJ��WKH�SULVP�EHKDYLRXU�LV�HVVHQWLDOO\�FKDUDFWHUL]HG�E\�heff���7KLV�H[�

SODLQV�WKH�DSSDUHQW�LQFUHDVH�LQ�ORDG�FDUU\LQJ�FDSDFLW\�DQG�FRQILUPLQJ�WKDW�LW�LV�QRW�DQ�LQWULQVLF�

material��EXW�LV�GXH�WR�WKH�VSHFLPHQ�UHVSRQGLQJ�DV�D�structure�ZLWK�GLIIHUHQW�effective�OHQJWKV���

10,000 MPa/sec 

200,000 MPa/sec 
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1,000,000 MPa/sec 

4,000,000 MPa/sec 
Figure 7:�&RPSDULVRQ�RI�QXPHULFDO�D[LDO�VWUHVV�D[LDO�GLVSODFHPHQW�DQG��ODWHUDO�GLVSODFHPHQW�FXUYHV�DW�GLIIHUHQW�
VWUHVV�UDWHV��ZLWK�WKH�UHVXOWV�PHDVXUHG�DW�GLIIHUHQW�GLVWDQFHV�IURP�WKH�WRS�IDFH�RI�WKH�VSHFLPHQ�EDVHG�RQ�SUHYLRXV�

VWXG\�>�@��FRQWLQXHV�OLQH��DQG�FXUUHQW�QXPHULFDO�VWXG\�GDVKHG�OLQH��

Static                              High rate of loading (2,000,000 MPa/sec) 
Figure 8:�A�VFKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�GLVWULEXWLRQ�RI�D[LDO�GLVSODFHPHQW��A��DQG�ODWHUDO�GLVSODFHPHQW��/��

DORQJ�WKH�ORQJLWXGLQDO�D[LV�RI�WKH�FRQFUHWH�SULVP�SULRU�WR�IDLOXUH 
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5.4 Discussion of results under high rate of tensile loading 
6LPLODUO\�WR�WKH�FDVH�ZLWK�FRPSUHVVLYH�ORDGLQJ��WKH�UHVSRQVHV�RI�WKH�VSHFLPHQ�XQGHU�WHQ�

VLOH� ORDGLQJ� �VHH� )LJXUH� ��� VKRZV� WKDW� WKH� D[LDO� VWUHVV�GLVSODFHPHQW� FXUYHV� RI� WKH� FRQFUHWH�
SULVP� XQGHU� VWDWLF� DQG� ORZ� UDWHV� RI� ORDGLQJ� �ORZHU� WKDQ� ��������03D�VHF�� DUH� VLPLODU�� AW�
KLJKHU�ORDGLQJ�UDWHV��RQ�WKH�RWKHU�KDQG��FXUYHV�EHJLQ�WR�GLIIHU�IURP�WKHLU�VWDWLF�FRXQWHUSDUWV�DV�
WKH�DSSOLHG�ORDGLQJ�UDWH� LQFUHDVHG��7KXV�� LW�FDQ�EH�FRQFOXGHG�WKDW��DV� WKH�UDWH�RI�ORDGLQJ�EH�
FRPHV�KLJKHU��WKH�ORDG�FDUU\LQJ�FDSDFLW\�DQG�VXVWDLQHG�PD[LPXP�D[LDO�VWUDLQ�H[KLELWHG�E\�WKH�
VSHFLPHQ�LQFUHDVH��7KLV�LV�FRQILUPHG�LQ�)LJXUH�����ZKLFK�VKRZV�WKH�YDULDWLRQ�RI�WKH�D[LDO�UH�
DFWLRQ� ZLWK� WKH� VWUHVV� UDWH�� 7KH� UHVXOWV� RI� WKH� SUHYLRXV� ),1(/�EDVHG� DQG� WKH� FXUUHQW�
A%A486�EDVHG�VWXG\�ZHUH�DOVR�LQ�JRRG�DJUHHPHQW���

Figure 9:�&RPSDULVRQ�EHWZHHQ�D[LDO�WHQVLOH�VWUHVV�D[LDO�GLVSODFHPHQW�FXUYHV�IRU�FRQFUHWH�SULVP�XQGHU�GLIIHUHQW�
VWUHVV�UDWHV�EDVHG�RQ�SUHYLRXV�VWXG\�>�@��FRQWLQXHV�OLQH��ZLWK�FXUUHQW�QXPHULFDO�VWXG\��GDVKHG�OLQH� 
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Figure 10:�&RPSDULVRQ�RI�WKH�QXPHULFDO�UHVXOWV�RI�WKH�YDULDWLRQ�RI�WKH�D[LDO�UHDFWLRQ�ZLWK�VWUHVV�UDWH�DW�WKH�ERW�
WRP�RI�WKH�VSHFLPHQ��GDVKHG�OLQH��ZLWK�SUHYLRXV�VWXG\�>�@�UHVXOWV��FRQWLQXHV�OLQH���

6 CONCLUSIONS 

x &RQFUHWH�VSHFLPHQV�XQGHU�LPSDFW�ORDGLQJ�QHHG�WR�EH�YLHZHG�DV�structures�DQG�QRW�DV�ma-
terial�XQLWV�IRUP�ZKLFK�DYHUDJH�PDWHULDO�SURSHUWLHV�FDQ�EH�GHWHUPLQHG��L�H��RQO\�FRUUHFW
XQGHU�VWDWLF�ORDGLQJ��

x 6SHFLPHQ�EHKDYLRXU�LV�GLUHFWO\�OLQNHG�WR�WKH�inertia�HIIHFW�RI�WKHLU�PDVV�DV�ZHOO�DV�WR�WKHLU
JHRPHWU\�DQG�WKH�LPSRVHG�ERXQGDU\�FRQGLWLRQV�

x ,PSDFW� SUREOHP� VKRXOG� EH� FRQVLGHUHG� DV� D� ZDYH� SURSDJDWLRQ� SUREOHP�ZLWKLQ� D� KLJKO\
QRQOLQHDU�PDWHULDO� DV� WKH� DSSOLFDWLRQ� RI� WKH� H[WHUQDO� ORDGV� OHDGV� WR� WKH� GHYHORSPHQW� RI
VWUHVV�ZDYHV�ZKLFK�SURSDJDWH� WKURXJK� WKH�FRQFUHWH�PHGLXP��DZD\�IURP�WKH�DUHD�ZKHUH
WKH�ORDG�LV�LPSRVHG�

x 7KH�SURSDJDWLRQ�VSHHG�RI�WKHVH�ZDYHV�GHSHQGV�RQ�WKH�PDWHULDO�SURSHUWLHV�RI�FRQFUHWH�DQG
WKH� OHYHO�RI�GDPDJH� �FUDFNLQJ�� VXVWDLQHG�E\� WKH� FRQFUHWH�PHGLXP��ZKLOH� WKHLU� LQWHQVLW\
OHYHO�GHSHQGV�RQ�WKH�UDWH�RI�ORDGLQJ�DQG�WKH�PDJQLWXGH�RI�WKH�DSSOLHG�ORDG�

x ,Q� WKH�FDVH�RI� ORZ� ORDGLQJ� UDWHV�� WKH�VWUHVV�ZDYHV�JHQHUDWHG�� WUDYHO� WKURXJK� WKH�ZKROH
OHQJWK�RI�WKH�VSHFLPHQ�

x 8QGHU�KLJK�UDWHV�RI�ORDGLQJ�WKH�QXPHULFDO�UHVXOWV�UHYHDO�WKDW�WKH�VSHFLPHQ�H[KLELWV�D�lo-
calised�UHVSRQVH�DV�IDLOXUH�RFFXUV�SULRU�WR�WKH�VWUHVV�ZDYHV�EHLQJ�DEOH�WR�WUDYHO�WKH�IXOO
OHQJWK�RI�WKH�VSHFLPHQ�

x AV�D� UHVXOW�only� WKH� UHJLRQ�RI� WKH�FRQFUHWH� VSHFLPHQ�FORVH� WR� WKH�SRLQW�RI� ORDGLQJ�GH�
IRUPV�ZKHUHDV�WKH�UHVW�UHPDLQV�SUDFWLFDOO\�XQDIIHFWHG�
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x 8QGHU�KLJK�UDWHV�RI�XQLD[LDO�FRPSUHVVLRQ��KLJK�UDWHV�RI�D[LDO�DQG�ODWHUDO�GHIRUPDWLRQ�DUH
DOVR�H[KLELWHG�ZKLFK�WULJJHU�WKH�GHYHORSPHQW�RI�VLJQLILFDQW�inertia�IRUFHV�LQ�WKHVH�GLUHF�
WLRQV��7KHVH�IRUFHV�KDYH�D�confining�HIIHFW�RQ�WKH�FRQFUHWH�SULVP�DQG�WHQG�WR�UHVWULFW�WKH
GHIRUPDWLRQV�ERWK�D[LDOO\�DQG�ODWHUDOO\��WKXV�HVVHQWLDOO\�FRQILQLQJ�WKH�FRQFUHWH�VSHFLPHQ
�inertial confinement��DQG�VORZLQJ�GRZQ�WKH�FUDFNLQJ�SURFHVV�LW�XQGHUJRHV�FRPSDUHG�WR
WKDW�HVWDEOLVKHG�XQGHU�VWDWLF�WHVWLQJ�

x 7KH�FRQILQHPHQW�HIIHFW�DOORZV�WKH�SULVP�WR�H[KLELW�KLJKHU�ORDG�FDUU\LQJ�FDSDFLWLHV�DQG
PD[LPXP�YDOXHV�RI�VWUDLQ�FRPSDUHG�WR�WKRVH�HVWDEOLVKHG�XQGHU�VWDWLF�ORDGLQJ�
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