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PVMOqSNQ^x^ONrqSP l |�t n opNrqV[VR n �
W¯RT�T�\Nr[VP�R n []t�w X¬wpPVP
tpu � n NQ�T_ |�MOt�� ��NQ^A�xWYqVNQP l [VMxNrqVNrW`_6N��.��t�PVR n ��[VMONQR\q
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�Tw8qV�pN PV|rwp�\N i L�MON<�xqSPV[ X6Nr[VMOt�^�R}P7W�_AX¬RT�T�TR n �
tpq�|�qSUxPSMxR n �¬w n ^ |�t n PVR}P][VP7tpu�qVt��}�TR n � �xqSN$�Yw8qVNQ^
|rw n N¨W�Nr[ �
NrN n P]Nr[VP7tpu�|�t�U n []Nrq ��qVtp[Vw8[VR n �ZqVt��}�\NrqSPN��R\[VM��TR\��M`[DXZwp|�NrqSw8[VR\t n W�Nr[ �
NrN n U n R\[VP i L7MON
P]NQ|�t n ^&X6Nr[VMOt�^ZRTP�W`_6w
^xR GcUxPVR\t n �xqSt�|�NQPVP l ��MxR}|SM¬R n opt��\opNQP
PVw8[VUOqSw8[VR\t n tpu �xqVN$�Yw8qSNQ^¬|rw n N R n w
�Tw8qV�pN [Vw n �6tpu MOtp[_�%w8[]NrqN��R\[VM&|�t�U n []Nrq%|rUOqSqVN n [_�%wpPSMxR n � i � R\��M¬qVNQPSRT^ON n |�N7[VR}X6N w n ^ZNQ�\Nro8w8[]NQ^
�TR�
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u UOqV[VMxNrq<�xqVt�|�NQPVPVR n � i�yzn
W�tp[VM=X6Nr[VMOt�^xP l [VMONZX¬w8[]NrqSR}wp��X
UYP][�P][VRT�}� �YwpPVP�[VMOqSt�UO��M=w�� n wp��^ON$�%w8[]Nrq�R n ��X¬R}�T�ª[]tAqVNQX6t(opN
wpP�X Ux|SM9�TR�
�UxRT^�wpPS��t�PSPVR\WY�\N�u�qVt�XH[VMON6PVw8[VUxqSw8[]NQ^9N���RT[ WY�}w n �pNr[ i � t��T�}R n �¬[VMON"�xqSN$�Yw8qVNQ^ |rw n N
W�Nr[X�%NrN n PVNr[VP�tpuc|�t�U n []Nrq ��qVtp[Vw8[VR n �
qVt��T�\Nrq�P�RTP�[VMON�X¬tpqVN�[]qSwp^YR\[VR\t n wp�OX6Nr[VMxt�^ l w n ^¬[VMxR}P �xqVt�|�NQPVP
RTP�qVN$��NQw8[]NQ^ºP]NropNrqSwp�§[VR}X6NQP�^Ot>� n w:P]Nrq�R\NQP�tpu
X¬RT�}�TP7[]t:N n PVUxqVN
[VMYw8[¨X6t�P][�tpu�[VMON6X6t�R}P][VUOqVNIRTP
qVNQX6t(opNQ^ i L7MON ^OqV_��xWxqVN5I�� 	 � � � � �ÂX6t�RTP][VUxqVN�J
^xRTPV|�Mxw8qV�pNQ^+u�qVt�X [VMONA�TwpP][6X¬R}�T�
R}P6|rwp�T�\NQ^
WYw8��wpPVPVN�w n ^ARTPD[VMxN�X¬wpR n P]t�UxqS|�N¨tpuªu�UONQ� u�tpq7W�t�RT�TNrqSP i

L7MONDqVNQPVUY�\[Vw n [�X¬R���NQ^ �VUxRT|�N%u�qVt�X [VMxN�N���[]qSwp|�[VRTt n �xqVt�|�NQPVP�|�t n [VwpR n P �Dw8[]Nrq l PVUx|�qSt�P]N7w n ^
tp[VMONrq�RTX �¯UOqSR\[VR\NQP i L7MON �]UYRT|�N R}P MONQw8[]NQ^�� R\[VM��TR}X6N
P]t��}UO[VR\t n []t n NQUO[]qSwp�TR Q N
[VMON6wp|rRT^xP l ��MxR}|SM
[VMON n u�tpq�X¬P�w6�xqVNQ|rR �¯R\[Vw8[]N i L7MON�|r�\NQw8q �VUxRT|�N&RTP¨[VMON n �YUxXA��NQ^=[]t*Nro8w���tpqSw8[]tpqSP w8qVqSw n �pNQ^#R n
P]NrqSRTNQP i � []NQwpXHu�qSt�X�[VMxN W�t�RT�TNrqSP R}P P]N n [�[]t:[VMON"�xqSP][�Nro>w���tpqSw8[]tpq¨w n ^*[VMxN qSNQPVUx�\[Vw n [ o8w���t�UOq
u�qVt�XGR\[DRTP�UxP]NQ^�[]t6W�t�RT�¯[VMON �]UxR}|�N�R n [VMxN n N���[�opNQPVPVNQ�cw n ^:P]t6t nci�yzn [VMxRTP �xqVt�|�NQPVPDw8W�t�UO[ � � �
tpu§[VMON]�Dw8[]Nrq RTP�Nro8w���tpqSw8[]NQ^ l |�t n |�N n []qSw8[VR n �¬[VMON �VUxRT|�N¨PVt��TRT^xP%u�qVt�X w8W�t�UO[ ��� �³[]t � � � i

�%qV_�P][Vwp�T�TR}PVw8[VR\t n tpu PVUO��w8q¬R}P wp|r|�t�XA�Y�TRTPVMxNQ^2W�_ u UOqV[VMxNrq Nro8w���tpqSw8[VR\t n tpu �%w8[]NrqZU n ^ONrq
|�t n []qVt��T�\NQ^!|�t n ^YR\[VR\t n P l R n o>wp|rUYUxX �Yw n P i ! [¬[VMxR}P6P][Vw8�pN l PVNrNQ^ |�qV_�P][Vwp�TP¬R n [VMON u�tpqSX tpu�w
PV�TUxqVqV_Iw8qVN�wp^Y^ONQ^&wpP n Ux|r�\NQRL��MxRT|�M¬�pqVt��£R n []tI�Tw8qV�pNrqDPVUO��w8qD|�qV_�P][Vwp�TP iZ! u�[]NrqD^xRTPS|SMxw8qV��R n �¨u�qVt�X
[VMON
o>wp|rUxUYX	�Yw n P�R\[��YwpPVPVNQP�[VMOqSt�UO��MA|�qV_�P][Vwp�T�TR}P]NrqSP���MYRT|SMAw8qSN
�Tw8qV�pN
t���N n opNQPVP]NQ�TP�U n ^xNrq7[VMON
wp|�[VR\t n tpuªP][VRTqVqSR n � []tZN��OMxwpUxPV[7X6tpqVN¨PVUO��w8q u�qSt�XG[VMON¨X6tp[VMONrq �TR�
�UxRT^ � n t>� n wpP X¬wpPVP]NQ|rUxRT[]N i

L7MON PVUO��w8q�|�qV_�P][Vwp�TP u�qVt�XH[VMONIX6tp[VMONrq��TR 
`UxR}^ w8qVN PVN$�Yw8qSw8[]NQ^9W�_Aw�|�N n []qSR\u UO�pN��xqVt�|�NQPVP
UxPVR n �*wY��NrqVu�tpqSw8[]NQ^ W¯wpPK�pNr[¬�TR n NQ^i��R\[VM#w9X6Nr[Vwp�T�TRT|&PV|�qVNrN n [VMxw8[6wp|�[VP6wpP6w6�Y�\[]Nrq i L7MxN&qSw>�
PVUO��w8q�RTP�^xR}PV|SMxw8qS�pNQ^*w n ^ [VMON n �YwpPSP]NQP�[VMOqVt�UO��M w:^OqSR\Nrq�W�Nru�tpqSN
W�NQR n ��^xRTPK�¯w8[V|SMONQ^ i L7MxN ^OqS_
PVUO��w8q�[VM�UxPN�xqSt�^xUY|�NQ^&RTP%[]qSw n PK��tpqV[]NQ^�[]t6WYUx� �¬P][]tpq�w8�pN¨[]NrqSX¬R n wp�TP�u�tpq�N��.��tpqS[Dw n ^&qSN$� n R n �
[]t
��MxRT[]N�PSUO��w8q w n ^:tp[VMxNrq��pN n NrqSR}|S�xqVt�^xUx|�[VP i
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� UO��w8q�R}P ! UYP][]qSwp�TRTw �kP�P]NQ|�t n ^��}w8qV�pNQP][7N��.��tpqV[�|�qVt�� �%P]NQ|�t n ^At n �\_&[]th��MONQw8[ i L7MON ! UxP �
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! UxP][]qSwp�TR}w¬w n ^*t opNrqSP]NQwpP i¨m n �}R �pN�X6t�P][�PVUO��w8q �C�xqVt�^xUx|rR n �&|�t�U n []q�R\NQP l ! UxPV[]qSwp�TRTw6N��.��tpqV[VP�X¬w��
�]tpqSR\[s_�tpu�[VMONIPVUO��w8q¨R\[ �xqVt�^xUx|�NQP i]! qVt�U n ^ � � ��Nrq�|�N n [�tpu�[VMON qSw>� PVUO��w8qS�xqVt�^xUx|�NQ^ MONrqVNIRTP
N��.��tpqS[]NQ^ i

! UYP][]qSwp�TRTw �kP&PVUO��w8q�R n ^xUxPV[]qV_2RTPZWYwpP]NQ^4wp�\t n � ! UxP][]q�wp�TRTw �kP¬NQwpPV[�|�t�wpP][�u�qVt�X n tpqS[VMONrq n
��UONrN n PV�Tw n ^
[]t n tpqV[VMONrq nJ� N$� � t�UO[VM M wp�\NQP l w n ^ R n R q�^
q�R\opNrq¶qSNr��R\t n tpu M NQP][]Nrq nh! UxPV[]qSwp�TRTw i
L7MON�[VMxqSR\o�R n ��PVUO��w8q�|rw n N u�w8q�X¬R n ��w n ^¬PSUO��w8q�R n ^YUxP][]qV_�R}P��Tw8qV�pNQ�\_I^xUON�[]t¨u wQopt�UxqSw8WY�\N7[]qSt��YRT|rwp�
|r�TRTXZw8[]N l MxR\��M:qSwpR n u�wp�T��w n ^�MxR\��Mx�\_&X6NQ|SMxw n RTP]NQ^��xqSt�|�NQPVPSR n �I[]NQ|SM n R�
`UxNQP i

R opNrq � 	 � l � � �ZMxNQ|�[Vw8qVNQP7w8qVN¨^ONroptp[]NQ^A[]t6�pqVt>��R n �6|rw n N¨R nM! UYP][]qSwp�TRTw i L7MxNrqVN�w8qSN � l�� � �
|rw n N&�pqVt>�%NrqSP w n ^ � ��qSwG�³PVUO��w8q X¬RT�T�TP i L7MON¬R n ^xUxP][]qV_*�pN n NrqSw8[]NQPIX6tpqVNZ[VMxw n 	 � l � � � �]tpWYP l
^xR\qSNQ|�[V�\_2w n ^!R n ^xR\qVNQ|�[V�T_ i yzn ��
�
 �ºP]NQwpP]t n ! UxPV[]qSwp�TRTwY�xqVt�^xUx|�NQ^ � i � 	 v�RT�}�TR\t n []t nxn NQP>I v�[ J
tpu¨qSw>� PVUO��w8q�u�qVt�X 	 � vA[�tpu�PVUx��w8q�|rw n NºMxw8qSopNQP][]NQ^ i vAt�P][�tpu¨[VMON9|rw n N��xqVt�^xUx|�[VRTt n R n
��UONrN n PV�Tw n ^:RTP�[]q�w n PK��tpqV[]NQ^:[]t¬[VMON
X¬RT�T�TP%[VMOqSt�UO��M 	 � � �A��X n w8qVqSt>�-��wpUx�pN¨qSwpRT� n Nr[ �
tpq*� i
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! P�[VMxRTPD[VMONQPSRTP��xqVNQPVN n [VP�[VMxN¨qVNQP]NQw8qS|�M*R n opNQP][VRT��w8[VR\t n t n [VMxN¨X6NQ|SMxw n RT|rP7tpu�PVUO��w8q |rw n N
|�qSUxPSMxR n �¨W�Nr[ �
NrN n qVt��T�TNrqSP l w�Wxq�R\Nruc^ONQPV|�qSR �Y[VR\t n tpu qSt��T�\NrqSP%w8qVN�N��P�Y�}wpR n NQ^ZR n [VMxR}P�P]NQ|�[VR\t n i L7MON
X¬RT�}�
qSt��T�\NrqSP¬w8qSN�|rR\qS|rUxX¬u�NrqVN n [VRTwp�T�T_ �pqVt�t opNQ^ i L7MON��pqVt`t(opNQ^ qSt��T�\NrqSPIWxqSNQw��+U � [VMONAWYw8��wpPSP]N
X6tpqVN6|�t�X �¯�\Nr[]NQ�\_ l w n ^9[VM�UxP�u wp|rRT�TR\[Vw8[]NI[VMONIN���[]qSwp|�[VR\t n tpu%[VMON �VUxRT|�NIW`_*[VMON6u�t��T�\t>� R n �&XZRT�T�TP i
L7MON&P]NQ|�[VR\t n tpu��pqVt`t(opNQP n tpqSX¬wp�T�T_*u�tpqSX¬P
w � �sPVMxw���NQ^=�pqVt�t opNQP"� R\[VM=wA�pqSt`t(opN:w n ���\N i L7MON
|�t�X �xqSNQPVPVR\t n tpu �xWYqVN w8��wpR n P][D[VMON �Dwp�T�TP%tpu [VMxN � �sPVMxw���NQ^&�pqVt�t opN���R\opNQPD[VMON��pqSRQ� �YR n �¨wp|�[VRTt ncl
��MxR}�\ND[VMON�W�tp[][]t�X tpuc[VMxN7�pqVt�t opN�RTP n tp[
P]t
MxRT��Mx�\_
|�t�XA�Ywp|�[]NQ^ l [VMON�^Oq�wpR n w8�pN7tpu �VUxRT|�N7qVNQPSUx�\[VP i
� Mxw8q*�6�pqVt`t(opN�w n ���\N�� I � ��� � ����J§��R\opN X6tpqSN�PVUOqVu wp|�N l w n ^6[VMxRTP�R}P�UxP]Nru Ux��u�tpq%w�W�Nr[][]Nrq
^Oq�wpR n w8�pN l
MOt��
NropNrq��pqVt�t opN
w n ���\N�tpu�� 	 ����RTP7wp�TPVt �xqSwp|�[VRT|rw8WY�TN¨w n ^AMxwpP�W�NrN n UYP]NQ^ R n PVUO��w8q X¬RT�T�TP i

L7MON"�xqVNru�NrqVqVNQ^ qVt��}�{�pqVt�t o�R n �:�pNrt�X6Nr[]qS_9R}P�Mxt>�%NropNrq n tp[S�%NQ�T�§^ON$� n NQ^9w n ^9R n ^YUxP][]qSRTwp�
�xqSwp|�[VR}|�Nºo>w8qSRTNQPAPVR\� n RQ�Y|rw n [V�T_ i L�MON9�pqVt`t(opNQP�tpu [X�%t qSt��T�\NrqSP�tpu6w!X¬RT�T� l u�tpqAN���wpXA�Y�\N l w8qVN
w8qVqSw n �pNQ^ R n PVUx|SM2wD�DwQ_º[VMxw8[
[VMONZ[]NrNr[VM2tpu�[VMON&[]t�� qVt��T�TNrq�X6NQPVMi��R\[VMº[VMON&�pqVt�t opNQP tpu�[VMON
W�tp[][]t�XHqVt��T�ªwpP�PSMOt>� n R n 
§R\� i �8i��8i¨j wp|SMºXZRT�T�TR n �IU n R\[ |�t�XZX6t n �\_�|�t n [VwpR n P�PVR���|�_��TR n ^OqSRT|rwp�
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qVt��T�}P�w n ^ wpPVP]t�|rRTw8[]NQ^ |�M`UO[]NQP*w n ^g�Y�}w8[]NQP []t!N n w8WY�\N=|�t n [VR n UOt�UxP u�NrNQ^xR n �#tpu [VMON=X¬w8[]Nrq�RTwp�
W�Nr[X�%NrN n NQwp|SM P]Nr[�tpu¨qVt��T�}P i 
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   (Fibre)     (Fibre)
Insoluble solid

Soluble solid

Hygroscopic water

Soluble solid

WaterWater Water Juice

Solid
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Total  stress        =    Effective  stress       +      Pore  pressure
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Strain

Ultimate stress= strength
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Gradient= stiffness
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Elastic strainPlastic strain
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Cane variety

1800 18002000 2000

Q124

Platen speed = 2 mm/ min Platen speed = 1 mm/ min

GroovedFlat

Total number of tests = (2 Platen type) x ( 2 Cane variety) x (2 Preparation) x (3 repeats) = 24 

Q117

1800 2000 1800 2000

Q 117 Q 124

� ��"4����
 � � � C j �P��NrqSR}X6N n [Vwp��PV|�MONQX6N i



���


OtpqZ[VMxN N��P��NrqSRTX¬N n [Vwp� �xqVtp�pq�wpX¬X6N l []NQP][VP �%NrqVN�|rw8qVqSRTNQ^+t�UO[ ��R\[VM#[VMON �Yw8[¬w n ^![VMON
�pqVt�t opNQ^M�Y�}w8[]N n P�t n � ��� �
w n ^�� ��� 	 |rw n NQP%MYwQo�R n �
w opNrqSw8�pN]�xWxqSN�|�t n []N n [VPDtpu � 	Oi �
w n ^ ����i��
��NrqS|�N n [�qVNQPK��NQ|�[VR\opNQ�\_ i�R�n NQwp|�M tpu%[VMONQP]NZo>w8qSRTNr[VR\NQP l [VMON �YqVN$�Yw8qSw8[VR\t n �TNropNQ�TP ��� � ��w n ^ � � � �

�%NrqVN�UYP]NQ^#u�tpq [VMON:[]NQP][VP i L7MOqSNrN&[]qSR}wp�TP<�%NrqVN:u�t��}�\t>�%NQ^#u�tpq NQwp|SM!|rw8[]Nr�ptpqV_+tpu7N��.��NrqSRTX6N n [VP l
qVNQPVUY�\[VR n � R n w []tp[Vwp� � 	 []NQP][VP
wpP�PVMxt>� n R n [VMONZPV|�MONQX¬w8[VRT|¬^YRTw8�pqSwpX I 
§R\� i ��i �PJ i L7MON6tpq�^ONrq
tpu�NQwp|�M*[]NQPV[ �DwpP�|�t n ^xUx|�[]NQ^ w8[�qSw n ^Ot�X�P]t�wpP []t X¬R n R}X¬R Q N�[VMON NrqVqVtpqSP�^xUON
[]t&o8w8qSRTw8[VR\t n R n
X¬w8[]NrqSR}wp�ctpq�P]_�P][]NQX¬w8[VRT|¨NrqVqVtpqSP7R n [VMON¨N��.��Nrq�RTX6N n [Vwp��[]NQ|SM n R 
`UON i

� � 82'*
 � � � C j �P��NrqSR}X6N n [Vwp�c|�tpqSqVNQ�Tw8[VR\t n u�tpq �Yw8[ �Y�Tw8[]N nci
� � � � 	 �

� � 
 � � � � � � �

� �� �
 7 � �<��
 � )�� � ������' 	 
 � � � �
/(��
�/������$���*�- 

� � i�� � � � � i � � � i�
 � � � i
	 � � i�
��
� ��� � � ��� � � � � i������ � �8i���� �8i � � � � i�� � � i�
��

� � i�� � � � � i�
 � �8i ��� � � i ��� � i�
�


� ��� � � � � � � � � i�� 	 � � � i�� � � i���� � � i���
 � i�
��
� � i�� 	 � � � i�� � � i���� � � i���
 � i�
��
� � i�� � � � � i�� � � i
	 � � � i�� � � i�
��

� ��� 	 � ��� � � � � i���� � � � i�� � � i
	 � � � i�� 	 � i�
��
� � i���� � � � i�� � � i � 	 � i�� � � i�
��
� � i�����
 � � i�� � � i
	�	 � � i�� � � i�
��

� ��� 	 � � � � � � � i�� � 	 � � i�� � � i ��� � � i���
 � i�
��
� � i������ � � i � � � i�� 	 � � i�� � � i�
��

L7MON+N��.��Nrq�RTX6N n [Vwp�
qSNQPK��t n P]NQP tpu E
�Tw8[]N n �xqVNQPSPVUOqVN#opNrqSPVUxPi�Dt�X �xqVNQPVPSR\t n q�w8[VR\t w8qVN
PVMOt�� n R n 
§R\� i ��i�� u�tpq [VMON �Yw8[M�Y�Tw8[]N n w n ^£[VMxN9|�tpqSqVNQPK��t n ^xR n �#|rUOqSopNY�Y[�N 
�Uxw8[VR\t n PAw8qVN
��R\opN n R n L¶w8WY�TN i ��i���i 
§R\��UOqVN ��i�
 PVMOt>� P6[VMON qVNQPK��t n PVNQPIu�tpq¬[VMxN � �����pqVt�t opNQ^ �Y�Tw8[]N ncl w n ^
[VMON |rUOqVopN��Y[ N 
�Uxw8[VR\t n P6w8qVN ��R\opN n R n Lªw8WY�\N ��i���i2y [6X¬wQ_#W�N n tp[]NQ^+[VMxw8[6[VMON |�tpqVqVNQ�}w8[VR\t n
|�t�N��Z|rR\N n [VP l � � u�tpq�[VMON7|rUOWYR}|rwp�.�x[�w8qVN7wp�T�Y|r�\t�P]N�[]t
U n R\[s_ R n ^xR}|rw8[VR n ��[VMON7W�NQP][ �x[ i L7MxR}PªR}P�^xUON
[]tZ�Tw8qS�pN¨N��P��NrqSR}X6N n [Vwp�c^Yw8[Vw ��t�R n [VP�w8qSN�X¬wp^ON¨w o>wpRT�}w8WY�\N�[VMOqVt�Ux��MA^xw8[Vw¬wp|�
�UxRTPVRT[VR\t n P]_�PV[]NQX i



� �

0.5 1 1.5 2 2.5 3
Compression ratio C

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

Q117/2000

0.5 1 1.5 2 2.5 3
Compression ratio C

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

Q117/1800 (f= 14.71%)

Trial 1
Trial 2
Trial 3

0.5 1 1.5 2 2.5 3
Compression ratio C

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

Q124/2000

0.5 1 1.5 2 2.5 3
Compression ratio C

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

Q124/1800 (f= 13.24%)

� ��� �� � �	� 
�� 
 ��� � � �� �� �� � � � � � �� � � � � � � � � � ���



���

0.5 1 1.5 2 2.5
Average stress (MPa)

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

1 2
Average stress (MPa)

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

Q117/2000

0.5 1 1.5 2 2.5
Average stress (MPa)

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

1 2
Average stress (MPa)

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

Q117/1800 (f= 14.71%)

Trial 1
Trial 2
Trial 3

0.5 1 1.5 2 2.5
Average stress (MPa)

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

1 2
Average stress (MPa)

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

Q124/2000

0.5 1 1.5 2 2.5
Average stress (MPa)

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

1 2
Average stress (MPa)

0

1

2

3

4

A
ve

ra
ge

 s
tr

es
s 

(M
Pa

)

Q124/1800 (f= 13.24%)

� ��� �� � � � ��� �� � �� � � � �� �� �� � � � � � �� � � � � � � � � � ���



� �

� � 82'*
 � � � C j �P��NrqSR}X6N n [Vwp�c|�tpqSqVNQ�Tw8[VR\t n u�tpq � ��� �Y�Tw8[]N nci
� � � � 	 �

� � 
 � � � � � � �

� �� �
 7 � �<��
 � )�� � ������' 	 
 � � � �
/(��
�/������$���*�- 

� �8i�� 	 � � ��i�� � ��i
	 � � �8i � � � i�
��
� ��� � � ��� � � � ��i���� � � 
�i
	 � ��i � 
 � ��i ��� � i�
��

� �8i � � 	 � ��i���� ��i�� � � � i�
�
 � i�
�

� ��i�
 ��
 � � i � � ��i � 	 � ��i � � � i�
��

� ��� � � � � � � � ��i
	 � 	 � � i���� � i�� � � �8i�� � � i�
��
� �8i�
 ��
 � 	Oi
	 � 	Oi � � � �8i�� � � i�
��

� ��� 	 � ��� � � � ��i � ��� � � i � � � i � � � ��i���� � i�
��
� ��i � ��� � � i � 	 � i���� � ��i���� � i�
��
� �8i � 
 � � ��i � � ��i���� � �8i � 	 � i�
��

� ��� 	 � � � � � � �8i � � � � 	Oi � � ��i � 	 � �8i�� � � i�
��
� �8i
	 ��� � ��i�� � ��i � � � � i�
 	 � i�
��

� � � � � �  ���� ������' ��
��A���. �" ��� 9<���. �

L7MON yzn P][]qVt n � � �<� � M`_�^xqSwpUx�TRT|%[]NQP][VR n �¨X¬wp|SMYR n N n tpq�X¬wp�T�\_�UYP]NQ^6u�tpq�[]NQP][VR n ��tpu�X¬Nr[Vwp�TP

�DwpP�UxP]NQ^¬u�tpq
[VMON�PVUO��w8q
|rw n N |�t�X �YqVNQPVPVR\t n []NQP][VPNI 
§R\� i ��i�� � J i L7MON7X¬wp|�MxR n N7MYwpP�w¨X¬w��ORTX UxX
P][]qVt��pN�tpu ���¬X¬X R n []N n PSR\t n tpq |�t�X �YqVNQPVPVR\t n i L�MON¨R n WYUxRT�\[ � � � � � �\t�wp^ |�NQ�T� �xqSt o�RT^ONQPDu�tpqS|�N
t�UO[K�YUx[¨w n ^ � ����XZX � �So L��xqVt(o�R}^ONQP�u�tpqS|�NZw n ^=^YRTPK�Y�Twp|�NQX¬N n [�t�UO[K�¯UO[�qVNQPK��NQ|�[VR\opNQ�\_ i L7MON
�\t�wp^ q�wpXGopNQ�\t�|rR\[s_ |rw n W�N�o8w8qSR\NQ^ u�qVt�X Q NrqVtZ[]tZw�� �xqVt ��R}X¬w8[]NQ�\_ � � �¬X¬X	�>P i

L7MON yzn P][]qVt n �kP�M±_�^OqSwpUx�}RT|
|�t n []qVt��xPV_�P][]NQX��%wpP�R n []NrqVu wp|�NQ^ ��RT[VM6w 
xwpP][�L¶qSwp|*� ��� � ��^xR\���
R\[Vwp�¯|�t n []qVt��}�\Nrq�[VMxw8[_�xqVt(o�RT^xNQP�X¬w8[]NrqSRTwp�Y[]NQP][VR n �
|�t n []qVt��}P i L7MON 
YwpP][%L¶qSwp|*� ��� � �
|�t n []qVt��T�\Nrq%R n
[VUOq n MxwpP�W�NrN n R n []NrqVu wp|�NQ^A��R\[VMZw]��NrqSP]t n wp�x|�t�XA�YUO[]Nrq i !�n UxP]Nrq ��u�qSR\N n ^x�\_�P]tpu�[X�Dw8qVN u�wp|rRT�}R\[Vw8[]NQP
[VMON�t���NrqSw8[VR\t n w n ^A|�t n []qSt��ctpu¶[VMxN y~n PV[]qVt n u�tpq X¬w8[]NrqSRTwp��[]NQP][VR n �¬R n |�t�X �xqSNQPVPVR\t n tpq�[]N n PSR\t nci
L7MON�P]tpu�[X�Dw8qVN RTPDNQwpPVRT�\_�|�t n �x��UOqSNQ^:[]tZPVUxR\[�w"�Yw8qS[VRT|rUx�Tw8qD[]NQP][ i 
Otpq�N��OwpX �Y�\N l [VMxN�qSwpX PK��NrNQ^ l
P][]qVt��pN w n ^APVwpXA�Y�\N�qSw8[]N¨tpu§NQwp|�M*^xw8[Vw¬[]tZW�N¨|�t��T�\NQ|�[]NQ^ I R n [VMxRTP7|rwpPVN�[VMON��Tt�wp^Aw n ^A^xR}PK�Y�Twp|�N��
X6N n [ J�|rw n W�N¨PVNQ�\NQ|�[]NQ^Au�tpq�[VMON�[]NQP][ i%m ��t n |�t�X �Y�TNr[VR\t n tpu§[VMON¨[]NQP][ l [VMON�^xw8[VwZw8qVN�P][]tpqVNQ^*R n
w¬PK��NQ|rR �YNQ^�^YR\qVNQ|�[]tpqV_:w n ^ARTPDqSNr[]qSR\NropNQ^Au�tpq7u UOqV[VMONrq7w n wp�\_�PSRTP i



� 


� ��"-����
 � � ��� C yzn P][]qSt n U n RTw��ORTwp��[]NQP][VR n �¬X¬wp|SMxR n N i

E�qSRTtpq�[]t []NQP][VR n � l [VMON��\t�wp^&|�NQ�}�¯w n ^ � �So L �%NrqVN�|rwp�TR\Wxq�w8[]NQ^Z[]t o>wp�}RT^xw8[]N�[VMxN�X6NQwpPSUOqVN��
X6N n [VP i L�MON¨�\t�wp^A|�NQ�T� �%wpP |rwp�TR\WxqSw8[]NQ^�UxPVR n �6w¬PV[Vw n ^xw8qS^��YqVt o�R n �6qSR n �6R n P][]qSUYX6N n [�PVU � �Y�TR\NQ^
W�_ � � y �KR l w n ^�[VMONS� �So L��%wpPD|rwp�TR\WYqSw8[]NQ^:UxPVR n �
w PV[Vw n ^xw8qS^�X¬RT|�qVt�X¬Nr[]NrqD^YRTwp�x��wpUO�pN i L7MON
X¬w��ORTX UxX ^ONro�RTw8[VR\t n R n �\t�wp^9u�qVt�X [VMON¬P][Vw n ^xw8qS^ºR n PV[]qSUxX6N n [ �DwpP � � l MOt>�%NropNrq
w8[¨MYR\��MONrq
�\t�wp^xP [VMONI^ONro�RTw8[VR\t n �%wpPS��RT[VMxR n � � i L7MONIX¬w��ORTX UxX NrqVqStpq�R n ��t�PVR\[VR\t n X6NQwpPVUOqSNQX6N n [S�DwpP
��R\[VMYR n � � i

� � � ��� � 
 �A���� �"�/(��� 9;
 B2����


L7MONI|�t�X �xqVNQPSPVR\t n []NQP][VPS�
NrqSN |rw8qVq�R\NQ^ t�UO[�^YUOqSR n �&wZ[ �
t���qVt��}��X¬RT�T�cN��.��NrqSRTX6N n [Vwp� �xqVt��
�pqSwpX¬X¬N i L7MxN |rw n NIPVwpX �¯�\N�u�tpq�[VMON |�t�XA�xqVNQPVPVRTt n []NQP][VPS�%NrqVNI^OqSwG� n u�qVt�X�[VMON �Ttp[�UxPVNQ^�u�tpq
[VMONZXZRT�T�ªN��P��NrqSR}X6N n [VP i 
Otpq
NQwp|SM2[]NQP][ l w � ���*PVwpX �¯�\N6tpuN� n t�� n o8w8qSR\Nr[®_=w n ^ �xqVN$�¯w8qSw8[VR\t n
�\NropNQ� �DwpPS�
NQRT��MONQ^ i<! � n t�� n PVwpX �Y�TN X¬wpPSP u�tpq]�xWxqSN ^ONr[]Nrq�X¬R n w8[VR\t n �DwpP¨wp�TP]t�[Vw��pN n u�qVt�X
[VMON¨�\tp[ i L�MON�|�t n � n NQ^:U n R}w���RTwp�¯[]NQP][�|�NQ�}�¯W¯wpP]N]�%wpP��Y�Twp|�NQ^:R n [VMON yzn P][]qVt ncl w n ^:[VMxN�[]NQPV[�|�NQ�T�
PVRT^xNk�Dwp�T�TPN�%NrqVN¨W�t��\[]NQ^ R n �Y�Twp|�N i R�n [VMON
|�qVt�PVP7MONQwp^ l [VMON<�Y�Tw8[]N n �DwpP�� ��NQ^:[]tZRT[VP���t�PVR\[VR\t nci
L7MONJ�xqVN$�¯w8qVNQ^*|rw n N��DwpPS�Y�Twp|�NQ^9R n [VMONI[]NQP][�|�NQ�T�{W�_�Mxw n ^ i L�MON n t&��wpP�MONQR\��M`[ � �
� u�tpq�[VMON



� �

[]NQP][�|�NQ�}� RTPDNQP][VRTXZw8[]NQ^AW�_

� �
� �
� � �
�
�
�

� � � '
� 	
� � � '

���
�

�
�

I ��i�� J

��MONrqSN � �
� � n t6��wpP�opt��TUxX6N¨tpu§|rw n N i
�
� � |�qVt�PVP P]NQ|�[VR\t n wp�{w8qVNQw6tpu§[VMON¨|�NQ�T� i

� � � X¬wpPVP7tpu§|rw n N i
� � �xWxqSN�|�t n []N n [�R n u�qSwp|�[VR\t n ��Nrq�|�N n [Vw8�pN i
� � ^ON n PSR\[VR\NQP I PVU � � � qVNru�NrqSP�[]t¬[VMxN<�xWxqVN l w n ^ 
¬qVNru�NrqSP�[]t �]UxR}|�N i
! �T[VMOt�UO��MAR\[��DwpP�^YR��Z|rUx�\[D[]tZwp|�MxR\NropN w¬qVNQ�TR}w8WY�\N n t¬��wpP�MxNQR\��M±[�W`_ Mxw n ^M�¯�T�TR n � l u�qVt�X

[VMONJ� n t>� n MONQR\��M`[�tpuZ�¯�T�\NQ^�XZw8[]NrqSRTwp� l [VMON R n R\[VRTwp� |�t�XA�xqVNQPVPVRTt n qSw8[VRTt � 	 X¬w _AW�N
|rwp�T|rUY�Tw8[]NQ^
u�qVt�XG[VMON]�%tpq@�:t���N n R n � � � � � � � � i

� 	 � � �
�
� �

I ��i�� J

��MONrqSN � � � �%tpq@�:t���N n R n � I L7RQ� []t¬[VR �A^xRTPV[Vw n |�N¨u�tpq7�pqVt�t opNQ^D�¯�Tw8[]N n J i
� � � PVNr[7t���N n R n � i
� � �pqSt`t(opN ^ON$�Y[VM i

L7MON&opt�RT^2qSw8[VR\t 
:|�tpqSqVNQPK��t n ^xR n � []t*[VMON:|�t�X �xqSNQPVPVR\t n qSw8[VR\t9RTP<� n t>� n u�qVt�X�[VMONZu�t��T�\t���R n �
qVNQ�Tw8[VRTt nci


�� �

�

�
�
� � '

� � � � �

� �
� � '
� � � � � I ��i
	 J

L7MON yzn P][]qVt n M±_�^OqSwpUx�}RT|rPIw n ^![VMON�|�t n []qVt�� P]_�PV[]NQX �DwpPZPK��RT[V|SMONQ^!t n w n ^![VMON�|�qSt�PVP
MONQwp^*|�t n [VwpR n R n �6[VMON<�¯�Tw8[]N n �DwpP �\t��
NrqSNQ^A[]t �VUxP][7[]t�UY|SMA[VMxN¨[]t��*�Tw _pNrq tpu �Y�}�\NQ^ PVwpX �Y�TN iU! [
[VMxRTP �\t�|rw8[VR\t n [VMON�|�qSt�PVPIMONQwp^��%wpPI�\t�|@�pNQ^!R n R\[VP���t�PSR\[VR\t nci L7MON�
YwpP][6L{qSwp|*�2P]tpu�[X�Dw8qVN��DwpP
|�t n �x��UxqVNQ^�[]t:X6t(opN [VMxN
qSwpX UT�P�Dw8qS^xP�w8[�w�PK��NQ|rR �xNQ^*PK��NrNQ^ l PVw _ � X¬X �>X¬R nci ! [�[VMxR}P�PV�\t��
PK��NrNQ^ l [VMON �VUxRT|�N [VMxw8[%qVNQwp^xRT�\_6|�t�X6NQP%t�UO[%[VMOqVt�Ux��M¬[VMONk��tpqVt�UxP�Mxt��\NQP�tpu{[VMON PVR}^ON �Dwp�T�TP�tpu [VMON
[]NQP][�|�NQ�T��RTPD|�t��T�\NQ|�[]NQ^�[VMOqVt�Ux��MZ[VMON�[]qSw _&MONQ�}^¬[]tI[VMON�W�tp[][]t�XBtpu{[VMON�WYwpP]N i�m ��t n qVNQwp|�MxR n �Iw n



� �

UT�P�%w8q�^6P][]qVt��pN7tpu ����X¬X l R\[ �%wpP�|�t n �x��UOqVNQ^I[]t�U n �\t�wp^ l W�_ X¬t o�R n ��[VMON�qSwpX<R n w�^Ot>� n �Dw8qS^
^xR\qSNQ|�[VR\t nci L7MxN �\t�wp^
I R n � � J�^xw8[Vw w n ^9^xRTPK�¯�Twp|�NQX6N n [ I R n XZX�J �%wpP�P][]tpqSNQ^ºR n w ^xw8[VwM�Y�\N i
L7MON
opt��TUxX6N�tpu �]UYRT|�N�|�t��T�\NQ|�[]NQ^6�DwpP�X¬NQwpPVUOqVNQ^*UxPVR n �&wZP][Vw n ^Yw8qS^�X6NQwpPSUOqSR n � �]w8q l ��MxR}�\N�[VMON
^ON n PSR\[s_�tpu �VUxRT|�N]�DwpP�X¬NQwpPVUOqVNQ^ UxPSR n �6w¬M`_�^OqSt�X6Nr[]Nrq i

��� � � � � ) ! 
 ) � � ��!�� ' ��� ',�&! � ',# � ��� ��'*) � � #�)+'

L7MON n t n �s�}R n NQw8q6|SMxw8q�wp|�[]NrqSRTP][VRT|rPZtpu [VMxN t opNrqSwp�T��P][]qVNQPVP �sPV[]qSwpR n qVNQ�Tw8[VRTt n MxwpP6W�NrN n tpW �
P]NrqVopNQ^ W�_�P]NropNrqSwp�ªqVNQPVNQw8qS|SMONrq�P I ! ^xwpX l ��
�
 � � o t>� n R n � l ��
�
�
 w J i L7MONIX¬w8[]NrqSRTwp�¶NQPVP]N n [VRTwp�T�T_
|�t n PVR}P][VP§tpu¯^xR}PV|�qVNr[]NDtpqV��w n RT| �Yw8qS[VRT|r�\NQP§R n [VMONDu�tpq�X tpu �\� n NQP���w n ^ �\�xWxqVNQP � l [®_5�¯RT|rwp�T�\_ � ��� � ���

W�_ X¬wpPSP i
yzn R\[VR}wp�T�\_ l [VMON¬|�t�X �xqSNQPVPVR\opN6P][]qVNQPSP¨|rwpUxP]NQP�[VMxN �xWxqVNQP�[]t�PV�}RT^ON l W�N n ^9w n ^9qVNrtpqSR\N n [
��Nrq@��N n ^xRT|rUY�Tw8q�[]t=[VMxNA^xR\qVNQ|�[VR\t n tpu�w�� �¯�TR\NQ^+P][]qVNQPVP i L7MxRTPI|rwpUxP]NQPZ[VMONAX¬w8[]NrqSR}wp��[]t=u�tpqSX w
�Tw _pNrqVNQ^ XZw8[]qSR � i !�n _+u UOqV[VMONrqZR n |�qVNQwpP]N�R n |�t�X �xqVNQPSPVR\opNAu�tpqS|�N�|rwpUxPVNQPZ[VMON*�TR�
�UxRT^ �]UYRT|�N []t
N��.�xqVNQPVP
w n ^ wpP w qVNQPVUY�\[ l [VMxN¬t n P]Nr[
tpu7^ON n PVR �¯|rw8[VR\t n |rwpUxP]NQP w qSw��¯RT^=R n |�qSNQwpP]NZR n P][VR G n NQPVP i
L7MON¬|�t�XA�xqVNQPVPVRTt n t n [VMON �YqVN$�Yw8qVNQ^=|rw n NZ|rwpUxP]NQP l �xqSR}X¬w8qSRT�\_ l [VMONZqVNQw8qVqSw n �pNQX¬N n [
tpu �YWxqVNQP l
w n ^=PVtA[VMONZP][VR G n NQPSP]��RT�T�§R n |�qVNQwpP]N¬u�qVt�X �\t�t�P]NZPV[Vw8[]N:I3��MONrqSN6[VMONrqVNZw8qVNh�Y�\N n [s_9tpuDopt�RT^xP�u�tpq
[VMON��xWxqVNQP�[]t�X6t opNIR n []t JD[]t�^ON n P]N�PV[Vw8[]N I3��MxNrqVN¨[VMONrqVN
RTP�X Ux|SM*�\NQPVP�t�� ��tpqV[VU n R\[®_&u�tpq �YWxqVNQP
[]t¬qVNQw8qSqSw n �pN�J i

L7MON¬w opNrqSw8�pN&opNrqS[VRT|rwp��P][]qSNQPVP�w n ^=[VMON¬opt��TUxX¬Nr[]qSRT|6P][]qSwpR n RTP¨|rwp�T|rUx�}w8[]NQ^ºu�qSt�X [VMON¬N�� �
��NrqSRTX6N n [Vwp�DqVNQPK��t n PVN i L7MONA|�t�XA�xqVNQPVPVRTt n qSw8[VR\t XZwQ_!W�N qVNQ�Tw8[]NQ^ []t opt��TUxX¬Nr[]qSRT| P][]qSwpR n W`_
^ON$� n R n �

� � � � � � �
� '
� � �
� I ��i �;J

w n ^ � � � � �
� '
� � I ��i�� J

��MONrqSN � � � RTP n t���wpP�opt��TUxX6N l � � � ' RTP [VMONIqVNru�NrqVN n |�N opt��TUxX6NIu�tpq�opt��}UxX6Nr[]qSRT| P][]qSwpR ncl w n ^ �

RTPD[VMON�opt��TUxX6N¨w8[�w n _:[VRTX6N i L7MxNrqVNru�tpqSN

� �
� �
�
�

�
� �
� '
� � � �
�

� �
� '
� � �

I ��i �PJ



���

 σav = 0.3884C 3 - 1.1099C 2 + 1.7264C  - 0.8011

0

1

2

3

4

5

0.5 1.0 1.5 2.0 2.5 3.0
Compression ratio C

A
ve

ra
ge

 s
tr

es
s 

   
 (M

 P
a)

� ��"4����
 � � � � Ck��UxwpPSR �sP][Vw8[VRT|�qVNQP@��t n P]N�u�tpq �¯w8[��Y�Tw8[]N nci

L7MON¨w8W�t(opN¨N 
`UYw8[VR\t n ��R\opNQP

� �
� � � ���
�
� � �

I ��i�� J

��MONrqSN � ��� � RTPD[VMON�opt��TUxX6Nr[]qSR}|�PV[]qSwpR n w8[�� � �8i
� � � RTPD[VMON�opt��TUxX6Nr[]qSR}|�PV[]qSwpR n w8[�w n _M��t�PVR\[VR\t nci

y u¶[VMON n tI��wpP�opt��TUYX6N¨RTP%[Vw��pN n wpP�[VMxN�qSNru�NrqVN n |�N�opt��TUxX6N l [VMON n [VMxN¨|�t�X �xqVNQPVPSR\t n X¬wQ_
W�N�N��P�YqVNQPVP]NQ^AwpP

� �
�

�
� � �
I ��i�
 J


§R\��UOqVN ��i���� PVMOt���PI[VMON wQopNrq�w8�pN*P][]qVNQPSP � P6|�t�X �xqSNQPVPVR\t n qSw8[VR\tº|�Mxw8qSwp|�[]NrqSRTPV[VRT|rP l tpu�w
[s_P�YRT|rwp� �¯w8[ �¯�Tw8[]N n []NQP][�u�tpq � ��� � � ��� � � I L¶qSRTwp� � J i L�MON n t n �s�TR n NQw8q�|�Mxw8qSwp|�[]NrqSRTPV[VRT|rP�tpu¶PV[]qSwpR n
Mxw8qS^xN n R n ��W�NQMxwQo�R\t�UOq�tpu�[VMON��xWxqSt�UxP�P]t��TRT^IX¬w8[]q�R �IR}P§tpW`o�R\t�UxP§u�qVt�X<[VMON��Y��UOqVN���R\[VM6w n R n R\[VRTwp�
MxR\��MY�\_Z|�t�X �xqSNQPVPVR\WY�TNk�¯MxwpP]N l u�t��T�\t>�%NQ^ W�_&[VMxN¨t n P]Nr[7tpu§^ON n PSR �Y|rw8[VR\t nci

! PSRTX¬RT�Tw8q§qVNQPSUx�\[�RTP�PVMOt�� n u�tpq � �����pqVt�t opNQ^ �Y�Tw8[]N n P�R n 
§R\� i ��i���� u�tpq � ��� � � ��� � � I L¶qSRTwp�
� JDwp�\t n �A��R\[VM:[VMON�N 
�Uxw8[VR\t n tpu �Y[][]NQ^A|rUOqVopN¨[]tZ[VMON�^xw8[Vw i

L7MON��pqVt�t o�R n �9NHG�NQ|�[VPZw n ^+[VMON �xWxqVN �Y�TwpP][VR}|ZW�NQMxw o�R\t�Uxq w8qVN NQPSP]N n [VR}wp�T�\_=^ONr[]NrqSXZR n NQ^
u�qVt�X [VMxN�w8W�t opN:qVNQP@��t n P]NQP i L�MON&^ONr[VwpR}�TP�t n [VMON:^ONr[]NrqSX¬R n w8[VR\t n tpu��Y�TwpP][VRT|ZW�NQMxwQo�R\t�UOqIw8qVN



���

      σav = 3.8666C 3 - 9.4545C 2 + 8.7864C  - 2.7016

0

2

4

6

8

0.5 1.0 1.5 2.0 2.5
Compression ratio C

A
ve

ra
ge

 s
tr

es
s 

   
(M

 P
a)

� ��"4����
 � � � � Ck��UxwpPSR �sP][Vw8[VRT|�qVNQP@��t n P]N�u�tpq � ��� �Y�Tw8[]N nci

N��.�Y�TwpR n NQ^ R n �DMxw��x[]Nrq � i � R n |�N n t n tp[VRT|�NQw8WY�TN o8w8qSRTw8[VRTt n R n [VMONY�Y�TwpP][VR}|�W�NQMxw o�R\t�Uxq �DwpP
tpWYP]NrqSopNQ^�u�tpq�w n _Atpu�[VMON |�tpqVqVNQ�Tw8[VRTt n P PSMOt>� n R n 
§R\� i ��i�
 u�tpq�[VMON
|rw n NQP]� ��� �¬w n ^ � ��� 	 tpq
u�tpqª[VMxN �YqVN$�Yw8qSw8[VR\t n �\NropNQ�TP ��� � ��w n ^ � � � � l [VMONDN��P��NrqSRTX¬N n [Vwp��|�tpqVqVNQ�Tw8[VRTt n PSMOt>� n R n 
§R\� i���i����
RTP�UO[VR}�TRTP]NQ^:wpP�wIqSN$�xqVNQP]N n [Vw8[VR\opN
|rwpPVN¨u�tpq�[VMON � �����pqVt�t opN i

y~n �xqSR n |rR �Y�\N l [VMON_�xqVN$�Yw8qVNQ^�|rw n N�W�NQMxw opNQP¶�TRQ�pN�tp[VMONrqªPVt��TRT^xP ��MxN n PVUOW �]NQ|�[]NQ^¨[]t�|SMxw n �pNQP
R n �Tt�wp^xR n � l WYUO[¨[VMxNrqVN&w8qVN�PVR\� n RQ�Y|rw n [
^xR G�NrqVN n |�NQP l []t |�t�XA�Yw8qVNh� R\[VM=P][]NrNQ�
tpq |�t n |�qVNr[]N l R n
[VMON¨u�t��T�\t���R n � qVNQPK��NQ|�[VP i

I � J E�qVN$�Yw8qSNQ^A|rw n N�RTPN�%NQw��AR n []N n PSR\t nci

I � J y~n |�t�X �YqVNQPVPVR\t n l �xqSN$�Yw8qVNQ^:|rw n N]��RT�}�Y�pN n Nrq�wp�T�\_ZU n ^ONrqV�ptIw6|SMxw n �pN¨R n opt��}UxX6N�tpq7w n
R n |�qVNQwpP]N¨R n ��tpqSN �YUxRT^ �xqVNQPSPVUOqVN i

I � J � w8[VUOqSw8[]NQ^¬|rw n N�|rw n t n �\_ U n ^ONrqS�pt�w�|SMxw n �pN R n opt��TUxX6N7wpP ��tpqVN7�}R�
`UYRT^�RTP§N��.�xqVNQPSP]NQ^ i

I 	 J��{R �pN�P]t�RT� l R n R\[VRTwp�T�\_I^ON n PVNrq �YqVN$�Yw8qVNQ^:|rw n N�^xRT�}w8[]NQP I R n tpq�^ONrqD[]t WYqVNQw��Z[VMON�R n []NrqS�\t�|@� �
R n �ºu�qSRT|�[VR\t n W�Nr[ �
NrN n �xWxqVNQP J w n ^!NropN n [VUxwp�T�\_+qVNQwp|�M w=PV[]NQwp^O_ P][Vw8[]N*PSMONQw8q&P][]qSNQPVP l
|�tpqVqVNQPK��t n ^xR n �:[]t�[VMONZwp|�MxR\NropNQX6N n [�tpuD[VMON�|�qSR\[VRT|rwp�§opt�R}^=qSw8[VR\t i ! n R n R\[VR}wp�T�\_A�\t�t�P]N
PVwpX �Y�\N�qSNQwp|SMONQP�[VMON�PVwpX6N¨|�q�R\[VRT|rwp� PVMxNQw8q�P][]qVNQPVP���R\[VMOt�UO[7^YRT�Tw8[VR\t nci



� 	

����� � #��(' � � � !�# � � !�#%'	��� ' � ! � ',# � � � � ' � ) � ��' � ',# �

L7MON�U n |�NrqV[VwpR n [®_ZR n [VMON�|rwp�}|rUx�Tw8[]NQ^�N��P��NrqSR}X6N n [Vwp�¯qVNQPVUY�\[VP
R}P�WYwpPVNQ^&t n [VMON�U n |�NrqV[VwpR n �
[VR\NQPDtpu¶[VMON]�xqSRTXZw8qV_6N��P��NrqSR}X6N n [Vwp��X6NQwpPSUOqVNQX6N n [VP i L7MON�U n |�NrqV[VwpR n [VR\NQPDR n [VMON�|rwp�T|rUx�Tw8[VR\t n tpu
|�t�X �xqSNQPVPVR\t n qSw8[VRTt l w n ^ºw opNrqSw8�pN&opNrqS[VRT|rwp��P][]qVNQPSP¨w8qVN¬NQP][VR}X¬w8[]NQ^ºW�_ w��YqVt�|�NQ^YUOqVNIN��P�¯�TwpR n NQ^
W�_ � t��}X¬w n I ��
�
�� J i_! |r|�tpqS^xR n �
[]t6[VMxR}P�[VMONrtpqS_ l ��MON n [VMON�N��P��NrqSRTX¬N n [Vwp��qVNQPVUY�\[ � RTPDw ��R\opN n
u U n |�[VR\t n tpuc[VMxN R n ^xN$��N n ^ON n [ �YqSRTX¬w8qV_
o>w8q�RTw8WY�\NQP � � � � � � � � � � � � l w n ^&�\Nr[ � � ��� � � � � � ��� � l W�N
[VMON¨U n |�NrqV[VwpR n [VR\NQP7R n [VMON�R n ^ON$��N n ^ON n [_�YqSRTX¬w8qV_Zo>w8qSR}w8WY�\NQP l [VMON n [VMxN¨U n |�NrqV[VwpR n [s_ ��� R n [VMON
|rwp�T|rUx�}w8[]NQ^ qVNQPVUx�T[ � RTPD��R\opN n W`_

��� �
� � �
� � � � � � � � � � �

� � � � � � � � � � � � � � �
� � �

� � � � I ��i�� � J

� � � � � �  �9 
 �������. -� )3�� 9;� ��/(��
��?�����- ���$�����
L7MON |�t�X �xqVNQPVPSR\t n q�w8[VR\t&u�tpq�[VMON []NQP][VP�RTP�|rwp�}|rUx�Tw8[]NQ^ u�qSt�X�[VMxN
qSw8[VRTt&tpu n tZ��wpP�MONQR\��M`[

� �
� l []t [VMON wp|�[VUxwp��MxNQR\��M±[ � tpu�[VMON*PK��NQ|rRTX6N n R n [VMONA[]NQP][�|�NQ�T� i�M MON n [VMON�PK��NQ|rRTX¬N n RTP
w8qVt�U n ^ � �:X¬X l [VMxNI|�t�XA�xqVNQPVPVRTt n qSw8[VRTt:R}P w8qVt�U n ^ ��i 
Otpq�w n t���wpP�MONQR\��M`[�tpu � � X¬X l [VMON
|�t�X �xqSNQPVPVR\t n qSw8[VRTtZRTPDN��.�xqVNQPVP]NQ^AW`_

� �
� �
�
� �

� �
� �
� ����� I ��i���� J

L7MONIX¬w��ORTX UxX NrqSqVtpq�u�tpq n t:��wpP�MONQR\��M`[�|rwp�T|rUx�Tw8[VR\t n RTP ��R\[VMYR n ��i�� � l W¯wpP]NQ^ t n w n NQPV[VRTX¬w��
[VR\t n ��R\opN n R ni! ^xwpX I ��
�
 �PJ i L7MON&tp[VMONrq"�xqSRTXZw8qV_ X¬NQwpPVUOqVN l � MxwpP w n NrqVqVtpq tpu � � i L7MON
U n |�NrqS[VwpR n [®_ I � � J w8[¨X¬w��ORTX UxX |�t�X �xqVNQPVPSR\t n qSw8[VR\t:WYwpP]NQ^ t n [VMON �xq�RTX¬w8qV_AX6NQwpPSUOqVNQX6N n [VP
� �
� w n ^ � RTPD��R\opN n W`_

� � � � � �
� � � �

� �
� � � � � � �
� � � � � � I ��i���� J

w n ^Z[VMxRTP �%tpq@��P�t�UO[
[]t�W�N���RT[VMxR n � � i L7MON�U n |�NrqV[VwpR n [®_Iw8[D�\t��
Nrq%|�t�X �xqVNQPVPSR\t n qSw8[VRTt�P�RTP
wp�TP]t
��R\[VMYR n � � i



� �

� � � ��� �  �9 
 �������. -� )3�� 7 
�������9;��' �A����
 ���

L7MON wQopNrqSw8�pN6opNrqV[VR}|rwp�¶P][]qSNQPVP R}P�|rwp�T|rUx�}w8[]NQ^�u�qVt�X�[VMON�opNrqV[VR}|rwp�¶u�tpqS|�N � � w n ^�[VMON |�qSt�PVP
P]NQ|�[VR\t n wp� w8qVNQw � tpuª[VMON<�Y�Tw8[]N n i

� � �
� �
� I ��i���� J

L7MON U n |�NrqV[VwpR n [s_ u�tpq�[VMON�u�tpqS|�N
X¬NQwpPVUOqVNQX6N n [�RTP�� � � � wpP�tpW¯P]NrqVopNQ^ u�qSt�X [VMON |rwp�TR �
WxqSw8[VRTt n �xqSt�|�NQ^xUxqVN i 
OtpqD[VMON�w8qSNQw l [VMxN�U n |�NrqV[VwpR n [s_ZRTP � i � � � � �6X � I�[VMxRTP%RTP%w8qVqSR\opNQ^&WYwpP]NQ^&t n
w n NrqVqVtpq�tpu�� � X¬X R n �TN n �p[VM9X6NQwpPVUOqVNQX¬N n [ J i L7MONIU n |�NrqV[VwpR n [s_ R n [VMON6P][]qVNQPVP�|rwp�T|rUY�Tw8[VR\t n
RTPDNQP][VR}X¬w8[]NQ^Au�qVt�X

� � � �
� � � �
� � �

��� � � � � � � � �
� � ��� � � I ��i�� 	 J

� UOW¯P][VR\[VUO[VR n �Z[VMON6qVNQ�TNro>w n [�o>wp�}UONQP l [VMON¬U n |�NrqV[VwpR n [s_9R n P][]qVNQPVP�|rwp�T|rUx�Tw8[VR\t n �%tpq@��P�t�UO[�[]tAW�N
� i�� � i

����� � � � ����',) ) !"�$# � #�� �$� ��� � ' ��� � #��
'

y [ RTP�� n t>� n [VMxw8[ � MON n wZPSwpX �Y�\N¨X¬wpPSP7tpu �xqVN$�¯w8qVNQ^A|rw n N RTP7�\t�wp^ONQ^ l R\[���R}�T��W�N¨|�t�X �
�xqVNQPSP]NQ^ l w n ^�R\[ � RT�T�pPK�%NQ�T����MxN n U n �\t�wp^xNQ^ i yzn w7PVw8[VUxqSw8[]NQ^
PSwpX �Y�\N�|�t n ^YR\[VR\t ncl [VMON
RTXZX6NQ^xRTw8[]N
qVNQPK��t n PVN�[]t¬�\t�wp^xR n �
RTP%w n R n |�qSNQwpP]N�R n ��tpqVNk�xqVNQPVPSUOqVN l w n ^:R\u ^OqSwpR n w8�pN�RTP_��t�PVPVR\W¯�\N l [VMON �VUxRT|�N
�xt���P�t�UO[¨tpuD[VMON¬PSwpX �Y�\N¬wpP
R\[�|�t�X �xqVNQPVPVNQP¨tpq¨WYwp|*�=R n []tAR\[¨wpP�R\[¨P@�
NQ�T�}P i L7MON6qSw8[]N¬tpu �xt��
w n ^ [VMxNrqVNru�tpqSN�tpu§opt��TUxX6N
|SMxw n �pN RTP7|�t n []qVt��T�\NQ^�W`_:[VMONR��Nrq�X6NQw8WYRT�TRT[s_Ztpu§[VMONR�xqVN$�Yw8qVNQ^�|rw n N i
� Ux|�M:|SMxw n �pNQP�R n opt��TUYX6N�w8qSN qVNQ�}w8[]NQ^&[]tI[VMON�NHG�NQ|�[VR\opN�P][]qVNQPVP i�y~n [VMON�u�t��}�\t>��R n �
P]NQ|�[VRTt n P l [VMON
�xqSR}X6N=I � J n tp[Vw8[VR\t n qVNru�NrqSP�[]tZNHG�NQ|�[VR\opN P][]qVNQPVP�P][Vw8[]NQP i

� � � � � � ���4�� �
�B 9;�- �B2�*�����4 ����. ��� (��� ������' 9;� ��/���
��?�����4 
M MxN n �\t�wp^xR n �9R}P¬w�� �Y�TRTNQ^#PS�\t>���T_ l PVUY|SM![VMxw8[Z[VMONA�TR�
�UxRT^#^OqSwpR n P6wG�DwQ_ ��R\[VMxt�UO[¬w n _

R n |�qSNQwpP]N7R n ��tpqVNN�xqVNQPVPVUxqVN l [VMON�opt��TUxX¬N � RT�T��^ONQ|�qVNQwpP]N�w n ^6P][]qVNQPVP �sPV[]qSwpR n W�NQMxwQo�R\t�UOq�RTP�^xN$� n NQ^
R n []NrqSXZP�tpu§NHG�NQ|�[VR\opN P][]qVNQPVP i L7MON]�xqSR n |rR �Ywp��|�t n P][Vw n [VP w8qSN



���

X6t�^xUx�TUYP
tpuªNQ�TwpP][VR}|rR\[s_d#

� � �
� ���
� �

I ��i�� �;J

[VMON¨W¯Ux� �ZX6t�^xUx�}UxP$#

� � �
� % �
� � �

w n ^ I ��i���� J

[VMON�X¬t�^xUY�TUxP
tpuªq�R\��RT^xR\[®_¬tpq PSMONQw8q�X6t�^xUx�TUYP$#

� � � � �
� �

I ��i�� �PJ

zσ’

ε h
’σ = 0

’σz
�N�*"-����
 � � � � C m n R}w���RTwp�c|�t�XA�xqVNQPVPVRTt nci

! �T[VMOt�UO��M l MxNrqVN��
NAw8qSNA|�t n |�Nrq n NQ^ � R\[VM#t n N��s^xRTX6N n PVR\t n wp�D�\t�wp^xR n � l [VMON |�t n ^xRT[VR\t n P
^xUOq�R n �I|�t�X �xqVNQPVPSR\t n w n ^APK�%NQ�T�TR n �6RTP�RT�T�TUYP][]qSw8[]NQ^:R n 
§R\� i ��i�����i � N n |�N l W`_ �YUO[][VR n �

��� � �
� � ��� � � w n ^ � �� � � �� � � ��

L7MON n

��� � � �
�

�
� � � � �� � � �� � � � �� �

L7MONrqSNru�tpqVN

� �� �
�

�
� �
� �� I ��i���� J



� �


Otpq�w n RTP]tp[]qVt��¯RT|�NQ�TwpP][VRT|�XZw8[]NrqSRTwp�

� � �
�

� �
� � �� � � � � �� � I ��i���
 J

� UOW¯P][VR\[VUO[VR n �
u�tpq � � u�qVt�X j 
 i I ��i���� J�R n j 
 i I ��i���
 J

� � �
� ��
� �

� I � � � J I � � � � J
�
� � � I ��i�� � J

� � � ��� �  �
 � B(� ��
� ������4 ���' 9;� ��/(��
��?�����4 �� �B �?� 
6'.'��. �"
o qSwpR n NQ^9W�NQMxw o�R\t�Uxq¨^xUOqSR n ��t n N��s^xRTX6N n PSR\t n wp�§|�t�X �xqVNQPSPVR\t n RTP�|r�\t�PVN¬[]tA[VMONZR}^ONQwp�TR Q NQ^

|�t�X �xqSNQPVPVR\t n |rUOqVopN wpP¬PSMOt>� n R n 
§R\� i ��i�� 	 I w J i L7MON:opNrqV[VR}|rwp��P][]qSwpR n |rw n W�N:N��P�xqSNQPVP]NQ^+R n
[]NrqSX¬PDtpu¶w |�Mxw n �pN¨R n [VMxR}|@� n NQPVP I � � J l wI|�Mxw n �pN¨R n opt�RT^�qSw8[VR\t I � 
�J�tpq7wI|�Mxw n �pN¨R n PK��NQ|rR �Y|
opt��TUxX¬N@I ^ � J i

� �� �
� � 


� � 
 �
� � �

���
tpq ^ � � ^ �

� �
^ 


� � 
 �
^ �
�

I ��i�� � J

oσ σ’
a’

zσ ’1.0

A, C

’
oσ

B
ke

aσ σ

(a) Compression and swelling curve

NCL

(b) Idealized line

λ

O
O

D

Ne

κ

’ ln ’
z

NCL Slope = 

ee

SRL SRL Slope = 

D

B
A

� ��"4����
 � � � � C R�n N��s^YRTX6N n PVRTt n wp�¯|�t�XA�xqVNQPVPVRTt n w n ^APK�%NQ�T�TR n � i

M MxN n 
ARTP"�Y�Ttp[][]NQ^!w8��wpR n P][¬�\tp� � �� I 
§R\� i ��i�� 	 I�W-J J l [VMON � tpqSX¬wp� �%t�XA�xqVNQPVPVRTt n �¶R n N
I � �N�(JDw n ^ � �
NQ�}�TR n � � NQ|�t�X �YqVNQPVPVR\t n �{R n NQP I � � �(J�w8qVN�N��P�YqVNQPVP]NQ^AwpP �TR n NQw8q�u U n |�[VRTt n P i

	 � � # 
 � 
�� � � �\tp� � �� I ��i���� J

� � � # 
 � 

�
� � �\tp� � �� I ��i���� J



���

��MONrqSN�
 � � [VMON¨opt�RT^ q�w8[VR\t>I�N�J�w8[ ���� � �8i � � E§w i
� �<PV�\t���N�tpu¶[VMxN � ��� i


�
� [VMON¨opt�RT^ q�w8[VR\t>I�N�J�w8[ ���� � �8i �¬� E§w>I�t n [VMON � � �(J i

� �<PV�\t���N�tpu¶[VMxN � � � i

L7MON �Yw8qSwpX6Nr[]NrqSP 
 � � �:w n ^ �:X¬wQ_ZW�N |�t n PVRT^ONrqSNQ^ZwpPD|�t n P][Vw n [VP%u�tpqDwR�¯w8qV[VRT|rUx�Tw8q
|rw n N
U n ^xNrq
�TRTXZR\[]NQ^ P][]qSNQPVP�q�w n �pN i L7MON&P@�
NQ�T�}R n ���TR n N � � X6NrNr[VP [VMON n tpqSX¬wp�%|�t�X �xqSNQPVPVR\t n �TR n N
w8[ � l ��MxRT|�M*RTP�w&_�R\NQ�}^D��t�R n [ w n ^*[VMON _�R\NQ�}^�P][]qVNQPSP RTP ���� i�m�n �TRQ�pN¨[VMON n tpqSX¬wp�ª|�t�X �xqVNQPSPVR\t n
�TR n N l [VMONrqVNZRTP n t�U n R�
�UONIU n �\t�wp^ �(qVNQ�\t�wp^º�TR n N i L7MON6|rw n N&PSwpX �Y�\N6|�t�Ux�T^=W�N6U n �\t�wp^ONQ^9u�qVt�X
w n _D��t�R n [�t n [VMxN n tpqSXZwp�¶|�t�X �YqVNQPVPVR\t n �TR n N l w n ^*[VMONrqVN
w8qSN w n _ n UxX�W�Nrq tpu�PK�%NQ�T�TR n �¬�}R n NQP i
� tp[]NA[VMxw8[¬[VMONAP@�
NQ�T�}R n ����qVNQ�\t�wp^YR n �*�}R n N:RTP �Yw8[][]Nrq l R n ^xR}|rw8[VR n �9R n |�qVNQwpP]NQ^!PV[VR G n NQPVP i ! [¬[VMON
R n []NrqSP]NQ|�[VR\t n tpuª[VMxN�[X�%t&�TR n NQP l 
¨MxwpP w6|�t�X¬X6t n o8wp�TUON


�� 
 � � �2�\tp� � �� � 
 � � � �\tp� � �� I ��i�� 	 J

L7MON n

�\tp� � �� � 
 � � 
 �
� � � I ��i�� �;J

� � � � � �  -��
���/(��
 ���$���*�- 
�4% �4 �
 � B(� ��
� ������4 ���' ��
 �?�@��
����('*��� ���*���
������� ������' ��
��A���
o UOqSR n ��[VMxN7R n |�qVNQwpP]N w n ^¬^ONQ|�qVNQwpPVN�tpu � �� R n t n N��s^xRTX6N n PVR\t n wp���\t�wp^xR n �¨w n ^¬U n �\t�wp^xR n � l

[VMON6MOtpqSR Q t n [Vwp��P][]qSNQPVP � �� |SMYw n �pNQP l PVR n |�N ��� RTP�MONQ�T^ |�t n P][Vw n [�w n ^ [VMONIqSw8[VR\t tpu � �� []t � �� RTP
N��.�xqVNQPVP]NQ^Au�qVt�X j 
 i I ��i���� J7wpP

����
� ��
� �

� � �
� � � I |�t`N��Z|rRTN n [7tpu��Tw8[]Nrq�wp� �xqVNQPVPSUOqVN�J I ��i���� J

� NrqVN l [VMON=Eªt�RTPSP]t n �kP�qSw8[VR\t � l |rw nxn tp[�W�NINQwpPVRT�\_ X6NQwpPVUOqSNQ^ºMOt>�%NropNrq l [VMON¬�Tw8[]NrqSwp��|�t�N��Z|rR\N n [
� � |�t�Ux�}^6W�N7X6NQwpPVUOqVNQ^ZN��P��NrqSR}X6N n [Vwp�}�\_ i ! ^xwpX I ��
�
 �PJ
X6NQwpPSUOqVNQ^ � � u�tpq�[VMxqVNrN��xqVN$�¯w8qSw8[VR\t n
�\NropNQ�TP I R i N i w8[ � � � � � 	Ol � � � � ����l w n ^ � 	�	 � � � � J � w n ^ n tp[VRT|�NQ^&[VMxw8[
R\[%MxwpP�t n �\_¬w�PVXZwp�T�ONHG�NQ|�[

	
� 0�*
��� %'� ��0 #�	���� 	���*
�����	��
 ��� %$��� �+	 0�%$�
�
	 #��
*
�
��
 � 0"	��"#�	���%'#)%'��*
 $� �
	�� 	����  $# 	�
 ��
����������! &#�	"� 	 #��1�� 

��0�	 ��0"#�	��"�"	 #�#���� %'�#�����!#$���%�  $#��� !��	��� ���"��




��


t n [VMON �xqSN$�Yw8qSw8[VR\t nci L7MxN � � o8w8qSR\NQ^&u�qSt�X � i���� � � i�����l ��MYRT|SM&R n ^xRT|rw8[]N�[VMON R n []Nrq n wp�Y[]N n ^ON n |�_
tpu �xqVN$�Yw8qSNQ^ |rw n N¨[]t¬qVNQPSRTP][7�Tw8[]NrqSwp� N��P�Yw n PVR\t nci

! |�t nxn NQ|�[VR\t n |rw n W�N XZwp^ON9W�Nr[ �
NrN n t n N��s^xRTX6N n PVR\t n wp��w n ^4[]qSRTw��ORTwp��|�t�X �xqVNQPSPVR\t n
UxPVR n � � � i o UOqSR n �#t n N��s^xR}X6N n PVR\t n wp� �\t�wp^YR n �+w n ^ U n �\t�wp^YR n � l ���� w n ^ ���� w8qVNº�pN n NrqSwp�T�T_
U n N 
�Uxwp� l w n ^�P]t
[VMxNrqVN�w8qSN�PVMxNQw8q%P][]qSNQPVP]NQPDR n [VMON �YqVN$�Yw8qVNQ^&|rw n N iU!�n _¬|�t�X �¯w8qSRTP]t n W�Nr[X�%NrN n
RTP]tp[]qSt��YRT|�w n ^Zt n N��s^xRTX6N n PVR\t n wp�O|�t�X �YqVNQPVPVR\t n w n ^ZP@�
NQ�T�}R n �S��RT�T�OMYwQopN�[]t
[Vw��pN�wp|r|�t�U n [%tpuc[VMON
PVMONQw8q�P][]qVNQPSP i L7MON �TR n �&W�Nr[ �
NrN n [VMONQPVN
|rw n W�N�^ONropNQ�\t���NQ^AW�_ n tp[VR n �Z[VMxw8[ t n N��s^xRTX6N n PVR\t n wp�
�\t�wp^xR n ��RTP�w�PK��NQ|rRTwp�O|rwpP]N tpuB�¯�Tw n N7P][]qSwpR nci 
xqVt�X j 
`P i I ��i ��� J�w n ^�I ��i � � JZ��R\[VM � � � � � � ����
I�WYR �sw��ORTwp�cP]_�X¬X6Nr[]qS_$J l w n ^ X¬w���R n �¬UxP]N�tpu j 
 i I ��i���� J l �
N�MYwQopN

vANQw n*n tpqSX¬wp� PV[]qVNQPVP % � � �

�
� �� I � � � � � J I ��i�� �PJ

o Nro�RTw8[]tpqSR}|�tpq PVMxNQw8q�P][]qVNQPVP � � � � �� I �
� � � J I ��i���� J

! PSPVUxX¬R n ��w�|�t n PV[Vw n [Io8wp�TUONZtpu � i���� u�tpq
[VMxN&�Tw8[]NrqSwp�_�xqVNQPSPVUOqVNZ|�t�N��Z|rR\N n [ I � � J l [VMON
�\t�wp^xR n �#w n ^4U n �\t�wp^xR n �2|SMYw8qSwp|�[]NrqSRTP][VR}|rP:tpu
[VMON �Yw8[M�Y�}w8[]N n R}P �¯�\tp[][]NQ^ R n 
§R\� i ��i�� ����R\[VM
opt�RT^#qSw8[VR\t I 
�J
wpPI[VMON�tpqS^xR n w8[]N i L7MON n tpqSX¬wp�%|�t n P]t��TRT^Yw8[VR\t n �}R n NZtpu ^OqSwpR n NQ^ []qSRTw��ORTwp�
[]NQP][
qVNQPVUY�\[VP	I2�{NQR\[V|SM l ��
�
�� J�RTP wp�TP]t:|�t�X �Yw8qVNQ^Y��RT[VMA[VMONIU n RTw��ORTwp�c[]NQPV[�qSNQPVUx�\[VP R n 
§R\� i ��i�� � i L7MON
U n R}w���RTwp��[]NQPV[�qVNQPVUY�\[VP�w8qVN R n qVNQwpP]t n w8WY�\N w8�pqSNrNQX6N n [ ��R\[VM¬[VMON�[]qSR}w���RTwp�xqVNQPVUx�\[VP l w n ^ZRT[�X¬wQ_6W�N
n tp[]NQ^�[VMxw8[�[VMON�[]qSRTw��ORTwp��qVNQPVUx�T[VP I2� NQR\[V|�M l ��
�
�� J��%NrqVN¨�pN n NrqSw8[]NQ^*u�tpq Mxw n ^�|�t�X �Ywp|�[]NQ^ |rw n N l
u�qVt�X1MxRT��M �xqVNQPVPSUOqVN�RTPVtp[]qVt��YRT|�^Oq�wpR n NQ^¬|�t�X �YqVNQPVPVR\t n []NQP][VP_��R\[VM¬wR�xqVN$�Yw8qSw8[VRTt n tpu � 	�	 � � � �IR n
M wp^x^x�TN¨MxwpX¬X6Nrq�XZRT�T� i

� � � � � � 
 ��
 �����. ��$�����4 3��% '*�4"�� �<�*��������9 82��'�! ��� B(�('.� %&��� � '�����B(�. �"��� �B �( �

'�����B(�. �"��A��� ��
 �

� Nru�NrqVqSR n �º[]t 
§R\� i ��i�� � l [VMxN�PV�\t���N tpu�[VMON n tpq�X¬wp�7|�t�X �xqSNQPVPVR\t n �}R n N � � R}PZPVMOt�� n
[s_P�YRT|rwp�}�\_Zu�tpqk� ��� � � ��� � � I L¶qSRTwp� � J i

� 


� � n�� ��
� � ����� � I � � �-J I ��i���
 J




 �

� RTXZRT�Tw8qS�\_ l [VMON�PV�Tt���N�tpu§[VMON¨U n �\t�wp^ �TR n N � � RTP

� 


� � n�� ��
� � � ��� � I � � �-J I ��i�� � J

L7MONDwQopNrqSw8�pN o>wp�}UONQPªtpu �6w n ^ �Zw8qVNDNQP][VRTX¬w8[]NQ^6^YR\qVNQ|�[V�\_¨u�qVt�X [VMON��\t�wp^xR n ��w n ^ U n �\t�wp^ �
R n �:|rUOqVopNQP�u�tpq�[VMON6|rw n NQP�� ��� ��w n ^i� ��� 	Oi Lªw8WY�\N ��i
	 PVMxt>��P�[VMONIqSw n �pN6tpu
wQopNrq�w8�pNZo8wp�TUONQP
NQP][VRTXZw8[]NQ^&u�qVt�X�wp�T�¯[VMON []q�RTwp�x[]NQP][VPDu�tpq%[VMON �¯w8[%w n ^&�pqVt�t opNQ^M�Y�}w8[]N n P i L7MON��\tp��w8qSR\[VMxXZRT|7WYUY� �
X6t�^xUx�TR � l w n ^ �h�
NrqSN�NQP][VRTX¬w8[]NQ^&R n ^ON$��N n ^ON n [V�\_@I ! ^xwpX l ��
�
 �PJ�u�qSt�X<RTP]tp[]qVt��YR}|
[]q�RTw���R}wp��[]NQP][
qVNQPVUY�\[VP	I2�{NQR\[V|SM l ��
�
�� J i L7MxN¨NQP][VRTX¬w8[]NQ^*o8wp�TUONQP7tpu � w n ^ �*u�qSt�X []qSRTw��ORTwp�¶w n ^�U n RTw���R}wp��[]NQP][
qVNQPVUY�\[VP�w8qVN�|�t�X �¯w8qVNQ^AR n Lªw8WY�\N i ��i
	Oi

Q117/1800 (Trial1) Flat platen

0

6

12

18

24

1 2 3 4 5 6 7 8

Mean stress  ln p'  (k Pa)

V
oi

d 
ra

tio
  e

e = -1.62 ln(p')+ 15.5
      (Leitch, 1996)
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Q117/1800 (f=14.71%)
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(b) Rezoning by ABAQUS

(a) Before rezoning

(d) Rezoning by calculation (With grid control)

(c) Rezoning by calculation (Without grid control)
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(Ave. Crit.: 75%)
S, Mises

+7.913e+03
+1.394e+05
+2.708e+05
+4.023e+05
+5.337e+05
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+9.281e+05
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(Ave. Crit.: 75%)
S, Mises
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UVARM1
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UVARM1

-1.317e+00
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-8.563e-01
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-3.952e-01
-2.800e-01
-1.647e-01
-4.941e-02
+6.587e-02

1

2

3

��� ��� �� � �� 	� 
 � �� � 
�� �� ��� �� � �� � �� 	� 
 � �� � �� �

� ��� �� � ��� ���� �� � � ��� � � �  ��� �� � �� �� � ! �� � � � " # 
 	 �%$ � &(' � � �� ��� � �� 
 � 	 !) � � �� �� � " # �



>
��
�

(Ave. Crit.: 75%)
VOIDR

+6.363e+00
+7.234e+00
+8.105e+00
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+9.848e+00
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POR
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-5.954e+02
-3.921e+02
-1.888e+02
+1.449e+01
+2.178e+02
+4.211e+02
+6.244e+02
+8.277e+02
+1.031e+03
+1.234e+03
+1.438e+03

1

2

3

(Ave. Crit.: 75%)
POR

-7.301e+05
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Resultant juice velocity

3

2

1

Max +4.37e−02

Resultant juice velocity
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Speed ratio = S f  / S  = feed speed/roller surface speed
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1.41

ratios

1.41 1.43 2.11 2.15

Speed= 0.15 m/ s Speed= 0.30 m/ s

Two−roll (flat) mill
experiments

Compression

Total number of tests = (2 speed) x (6 compression ratios) x (2 repeat) = 24

2.872.82 2.87 1.43 2.822.11 2.15
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Roll diameter 750 mm

Fibre density 1530 kg/cu.m

Trial 1 & Trial 2

S. No Ju. Den Ca. den Fib.ratio Cane Ma No gas ht Wo.Op Mill Cont,ang Feed Ht. Initial Initial Speed

kg/cum kg/cum % kg mm mm C. Ratio degree mm C. Ratio V. Ratio m/s

1 1090 1147 17.13 8.30 35.73 25 1.41 9.70 80 0.45 16.45

2 1072 1130 17.22 10.00 43.68 30 1.43 10.96 80 0.55 13.40

3 1090 1147 17.13 10.14 43.67 20 2.11 14.43 80 0.55 13.27 0.15

4 1072 1130 17.22 15.53 67.88 30 2.15 18.29 110 0.62 11.74

5 1090 1147 17.13 13.85 59.63 20 2.82 18.71 100 0.60 12.06

6 1072 1130 17.22 21.55 94.18 30 2.87 23.88 155 0.61 11.94

7 1090 1147 17.13 8.30 35.73 25 1.41 9.70 80 0.45 16.45

8 1072 1130 17.22 10.00 43.68 30 1.43 10.96 80 0.55 13.40

9 1090 1147 17.13 10.14 43.67 20 2.11 14.43 80 0.55 13.27 0.30

10 1072 1130 17.22 15.53 67.88 30 2.15 18.29 110 0.62 11.74

11 1090 1147 17.13 13.85 59.63 20 2.82 18.71 100 0.60 12.06

12 1072 1130 17.22 21.55 94.18 30 2.87 23.88 155 0.61 11.94
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(Ave. Crit.: 75%)
S, S22

-4.713e+06
-4.189e+06
-3.664e+06
-3.140e+06
-2.615e+06
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-1.567e+06
-1.042e+06
-5.178e+05
+6.577e+03
+5.310e+05
+1.055e+06
+1.580e+06
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(Ave. Crit.: 75%)
VOIDR

+0.000e+00
+1.374e+00
+2.748e+00
+4.122e+00
+5.497e+00
+6.871e+00
+8.245e+00
+9.619e+00
+1.099e+01
+1.237e+01
+1.374e+01
+1.512e+01
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(Ave. Crit.: 75%)
VOIDR

+0.000e+00
+1.374e+00
+2.748e+00
+4.122e+00
+5.497e+00
+6.871e+00
+8.245e+00
+9.619e+00
+1.099e+01
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POR

-5.545e+06
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FLVEL, Resultant

 at elem 301 int 2
Min +8.021e-09
 at elem 210 int 5
Max +2.812e-01
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U, Resultant

 at node 415
Min +2.188e-01
 at node 805
Max +2.742e-01
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