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� " ���; ��6"� �� ��'�� 60٪ V�  /

��
� �B E
.F� 0	 ,.� �	
���� $� �	
/ T
�C� �%/ ��� .�;
.; -
� $�F)� �� T
�C� �
.�� - ��;�
� '�; 

��#! " 0	 -
�	 20 �(0	 	�1���;
� ��#! %/.  

2.2.4 �6� #�27 �
��8�� #! ��
  *#�.�7 ��9 �� ������:��������6   

��! -
� -0
UQ J= �Q13 )$�F= ,�
81�A ?�R�! (
� �	
���� �� UTM �
K;� %/ )ASTM D1633 .(�
):��� 

-0
UQ �;
.; $=
� �B 0	 -
�
�	 G��C� JU� $� �%;
/ �� 0
3 �"�%� 1� 7 �"0 ���%;� -1�2 %/ .-�1� 1� 

��
.K� � �� �;
.; 	0
� �	
���� 0�18 �Q12 " 0�%M� <��;
�� -�1� �
U; �	�	 0
�Q0 $)�;
)� 
��;�
� �:!  -0"�1Q 


�   1.��>
�� V
C�;� %/ .�
):��� -0
UQ �;
.; -
� �:!  -0"�1Q �
.�� )10٪ ('�; ��=
M� %/ .,)/ 1 0
�Q0 

X�! $6
.F�  z=
�; �
��� �	1UQ -�
� �� 
��;�
� 0�05 �12 0	 ��12
��B 20 �(0	 	�1���;
�  -0"�1Q �%/ (
� 

�
�� �� 0
B �	1� �%/ 9�
! b-1�3 / 1�6 -�
B
�2 �
U; $� %�	 .0	 �
=
> p6
� -�
� )$�F= 28 �"0(� 1="
7! 

SEM -�1� %�={! ,�
F! <�� �1�K;� -
� 1.��> b-1�3 / 1�6-�
B
�2 " S�0W 
��;�
� ��%� %��.  

3 .;��%� � �(%<� � =0�  

3.1 /��0%1� 
22� �������� b-1&3 / 1&6-������  
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S
F6
H� <�U�> ��
\  %;	1B�B �
):��� $UUB 1.��> 
�� �
B
�2 
( �� 20 
! 80 I
)�
>
�� �%��0 �B �� ,�6	 

�%=%> ��� 1�g�� ���
30 0�%M� l
�� 1� 0�%M� <=� �J���Z> .�
):��� $UUB ?�M��� 1.��> p6
� B-1�3 / 

1�6-�
B
�2 �� ��'�� 48 MPa ���%;� -1�2 %/ 0	 $6
Y �B ��"
M� $UUB 1.��> B-1�3 / 1�6-�
B
�2 ,7�� 

�� @A
B 1���Q � 36.3 I
)�
>
�� ���%;� -1�2 %/ .�� 1R; $� %�0 �
):��� $UUB 1�.B )36.3 MPa (���; �� 

1.��> p6
� b-1�3 / 1�6-�
B
�2 )48 MPa (T
�1� �� $2%���d 
� 	�
� 1�=	 )�� ��
�� I
 � @A
B -'�Q (

��� .�<=�1�
��  0	 1��g! �;
21�0�%M� �
):��� �$UUB 0
�Q0 $UUB T
�1� �� 1.��> b-1�3 / 1�6-�
B
�2 0	 

,�
F! 
� 	�
� 1�=	 �%�	 $� |0 �  

  

I"%(1-
�1.��>
�� I
�:� 1���! " r1/: B-1�3 / 1�6-�
B
�2  

  

3.2 #�%7# >�� 3�#? >�� *�$����� B-1&3 / 1&6-������ � 3�#?  2�9 *�  

V@( -
�1.��> b-1�3 / 1�6-�
B
�2 1� -"0 S�0W 0	 $3 %�=�1Q ?B -0
��� $� %;�
! �� ��
�� �
.�� -�
� 

$��=� 1.��> ���
�/ 	
/ .0
�Q0 	�
� S�0W �
.�� 9�
! 	�
� �
.�� -�
� �	�
� X�! " X�! -1=@> �:! 1�\
! 

0�18 $� 	1�2  .1=
7! SEM 0	 ,)/ 2a �
U; $� %�	 �B J= X/
> 
�� 1.��> 1� -"0 r
H� �U�/ -� ,)/ 

$� 	1�2 " 5H� l
.! }0'� <�� l
.! -
� -"1B 1� 0
�Q0 S�0W <�� 1.��> b-1�3 / 1�6-�
B
�2 $���� 	0�	 .

0	 <�.� �I
Y -�1� S�0W �"%� �l
.! 1.��> b-1�3 / 1�6-�
B
�2 ,> $=
� �0 <�� S�0W �%( �%/ ,�)U! $� 

%�	 ),)/ 2b .(0	 <=� �	0
� S0%8 V@( " �
):��� $UUB 0
�Q0 0
�Q0 <�� S�0W 1.��> b-1�3 / 1�6-�
B
�2 �0 

pCU� $� %�B.  

3.3 .����� �%(���$  *#�.�7 ��   �������� b-1&3 / 1&6 -������  

V@( " �=
M! 
�1.��> 1� -"0 r
H� S�0W �l0 �B -
�%�=�1Q �%;�0 �%/ $>"1�;� �%���� �� ��
�� ���%;� " ��" 

$6
)6
� 1.��> 
� X=�'Q� $� %�
=  .-0
2�
� 5H� 1.��> �0 $� ��
! �� �� �6
Y ?��M! 	1B :"
� ��/0"� "�M�Y 
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-
� �� -%F�" " "	 �	 "	���" " "�	" �� 0
3 ?�M��� ,7�� $� %;
/  .1H8 �FH8 )py p = 0.3-0.5 -�1� 

-
�1.��> G��C� (,�
F! <�� 
�1.��> " S�0W �
� �0 I1��B $� %�B .1.��> b-1�3 / 1�6- �
B
�2 J= 1.��> 
� 0
� 

$��� ��� " V@( �� 1K�� �� l
.! 1�U�� 
� 5H� S�0W $� 	
/ .�<=�1�
�� SZ�
F! $)=1�)6� <�� �1.��> �
�!
B 

-
� $F��3 )$�F= Na +� K +� Ca2 +� Mg2  (+0	 �
� " 0
� +0
/ $7CU� �� S�0W ��
� 0
�Q0 S�0W <�� 

,�.6� b-1�3 / 1�6 �0 I1��B $� %��B .  

,)/ 2c J= 1=
7! SEM �� 
��;�
� $F��3 �0 �
U; �	�	� 0	 $6
Y �B ,)/ 2d �K��;  �� �%�� ��	 �� 
��;�
� 

�:!  -0"�1Q 
� 1.��> b-1�3 / 1�6 -�
B
�2 �0 �
U; $� %�	 .�%=	 $� 	
/ �B S�0W 
��;�
� SZ> �� ���� -
� 

-1.��> b-1�3 / 1�6 -�
B
�2 ,7�� $� �%;
/ " �; o)�1� .��" $6
)6
� )Mw (1.��> V-�
B
�2 �� ��'�� 

250-3000 
��B a0�'2 �%/ ��� .0
H;
.� �B I
3 J= I
)6
� J! 'B
�2 )Mw = 180 �	 (
�=1M! 1 1��
;
; 

���� I
3 J= 1.��> b- �
B
�2 
#�! 7/1-4-16 1�.���� $� %/
� .�<=�1�
�� J= 1.��> 
�� -1�3  /1�6-�
B
�2 �� 

0
3 $�B 1�20'� �� J= �0W 
��;�
� ��� )d <1 lm .(�<=�1�
�� �%=%> V@( -
�1.��> b-1�3 / 1�6-�
B
�2 " 

S�0W 
��;�
�  	
/ $� `�
�S�0W 
��;�
� 0	 ^�13� ���� -
� -1.��> b-1�3 / 1�6-�
B
�2 c.( 	
/ ),)/ 

2d . (0
H;
.� �B 1� "	 -
�1.��> b-1�3 / 1�6-�
B
�2 " S�0W 
��;�
� rZb� �%/  0
� S0
b �� $��� �%���� 

	
(" �
�!
B -
� $F��3 )$�F= Na +� Mg2  +" Ca2  +�� ��
� �
= -
� H  +�� I
�:� $�� (J�;
= %;
�> <�� 

�1�K;� -
� 1.��> b-1�3 / 1�6-�
B
�2 " S�0W 
��;�
� " �	
.; 0�181� �0<=� �1�� S"
��� �� 0
�Q0 <�� S�0W 1.��> 

b-1�3 / 1�6-�
B
�2 
� S�0W -"1B }0'� ��� ),)/ 2a .(,)/ 3 �bZ�  ,�
F! �0W " 1.��> )�� ��
�� I
 � 

�%=%> %;
�> $;
= (<�� �1�K;� -
� 1.��> b-1�3 / 1�6-�
B
�2 " S�0W 
��;�
� �0 �
U; $� %�	.  

3.4 ./��0%1� *#�27 �%(���$ �0�  *#�.�7 ��   �������� b-1&3 / 1&6- ������  

�
):��� -0
UQ 
��;�
� �� 1.��> b-1�3 / 1�6-�
B
�2 
� �(
! �� S%� �
�� ��C> -
�	 �C> " -�
�:� 
�� 

1.��> 	0
� $�01� 0�18 �Q12 .,)/ 4� X=�12 �=
M! ��"
M� -0
UQ -1H� -1.��> b-1�3 / 1�6 -�
B
�2 �B 0	 

-
�	 20 �(0	 	�1���;
�  -0"�1Q �%/ ��� �0 �
U; $� %�	 .0	 �%��� )$�F= o> �� 7 �"0 (�;
.; $=
� 
� 
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S
=
�:� -1.��> b-1�3 / 1�6-��
B
�2 S�1��g!  $*'( 0	 ��"
M� 1000 
��B I
)�
> �
U; %;	�	 �B T
�1� �� 

1 B�%Y ��"
M� -0
UQ ��;�"
� ���; )$�F= 1050 
��B �=
� .(1=	
M� S0%8 -0
UQ 0	 $3 7 
! 14 �"0 o�� 

�%/ )�� ��
�� I
 � X�
B ��'�� V� (�� 0
3 ,�
8 $#(
! X=�'Q� �Q
= " %F� �� 14 �"0 �
�.� %/ .�� <�.� 

�v�!1! -�
�:� V� �� �
.! �;
.; 
� o> �� 14 �"0 �� 2-3٪ ,=%�! %/ .�<=�1�
�� z=
�; �
U; $� %�	 �B S�1��g! 

S0%8 �;
.; -
�  -0"�1Q �%/ 
� 1=	
M� G��C�  -0"�1Q 
� b-1�3 / 1�6-�
B
�2 �� -
( 1��g! 0	 0�%M� V� " 
= 

$6
�d JU� 
M6� �%/ ���.  

%;"0 $;
#(  �� �	
���� -0"�1Q 1.��> b-1�3 / 1�6 -�
B
�2 `�
� X=�'Q� ��"
M� -0
UQ 0	 ��=
M� 
� 
��;�
� 

�"%�  -0"�1Q $� 	
/ .�� 0
3 �f
� �;
.; -
� 1.��> 2.46 g / kg b-1�3 / 1�6- �
B
�2 �
U; 	�	 �B ��"
M� 

-0
UQ )1050 kPa ·  2280 kPa (1�U�� �� 100٪ 	
�#� ��Q
= ���� 0	 $6
Y �B 4.92 g / kg b-1.3  /�;
.; 

-
� -1.��> 1� 6-��
B
�2 X=�'Q� 200٪ )1050 kPa " 3225 kPa (�0 �
U; %;	�	.  

1\� z��
�	 )�� ��
�� I
 � 20 ° C� 60 ° C " 100 ° C (1� ��"
M� -0
UQ 
��;�
�) 28 �"0 (�:!  -0"�1Q 
� 

1.��> b-1�3 / 1�6-�
B
�2 )28 �"0 (0	 ,)/ 5 ��� 	
(
� .^1b 1R; �� -
�	 ��C> 
��;�
� �:!  -0"�1Q 

1.��> b-1�3 / 1�6 -�
B
�2 �
U; 	�	 �B ,8�%Y ��"
M� -0
UQ 0	 -�
�:� 1.��> 0.25 g / kg b-1�3 / 1�6-

 �
B
�2 )<��k.� �
U; �	�	 �%/ ��� 0	 ,)/ 4(� $=
( �B S�0W 
��;�
� Z�
B �� -
�1.��> b-1�3 / 1�6-

glu-can ,7�� $� %;
/%/
� $� � .-�1� 9=�1/ 1.��> b-1�3 / 1�6-�
B
�2 )>0.25 g / kg(� ?��;
)� �=
M! 

$� %;�
! �� ��
�� $��B1! �� �
):��� $UUB -
�1.��> b-1�3 / 1�6-�
B
�2 " �
)Hb� <�� S�0W V@( 1.��> 

b-1�3 / 1�6-�
B
�2 " S�0W 	��� 
��;�
� 5�D
! �	�	 	
/ .0	 �HM; ,8�%Y )0.25 g / kg(� t1Q $� 	
/ �B 

1�U�� S�0W 
��;�
� 9�
! -
�1.��> b-1�3 / 1�6 -�
B
�2 V@( $� �%;
/ �B `�
� 	
K=� ,8�%Y �
)Hb� <�� 

S�0W <�� S�0W 
��;�
� $� 	
/ .0	 <�.� �I
Y 0	 9=�1/ 1.��> b-1�3 / 1�6-�
B
�2 )< 0�25 g / kg(� �	"'Q� 

B-1�3 / 1�6-�
B
�2 1�U�� `�
� �Q
D� 0
� b-1�3 / 1�6 -
�1.��> �
B
�2 �B 
�
.� �
� �0 �=
M! $� %��B.  
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,)/ 2 .1="
7! SEM .�;�	 -
� �U�/ -� " S
��B1! b-1�3 / 1�6-�
B
�2 )a " b).  
��;�
�$F��3 )�0
B JU� 

0	 110 �(0	 	�1���;
�) (� .(4.92 g / kg b-1�3 / 1�6-�
B
�2 1.��>  -0"�1Q ) 
��;�
� -0"�1Q 0	 20 ° Cy 

28 �"0) (d.(  

�
):��� -0
UQ 
��;�
� �� -
�1.��> b-1�3 / 1�6-�
B
�2 �B 0	 -
�	 20 " 60 �(0	 	�1���;
�  -0"�1Q $� 

�	
/ �� 0
3 ,�
8 $#(
! X=�'Q� $� �%�
= $;
�� �B -�
�:� -1.��> X�� �� 0.49 �12 1� �12
��B -�
�:� b-1 

X=�'Q� %�
= .0	 -�
�:� 1.��> b-1�3 / 1�6 -�
B
�2 X�� �� 2.46 �12 0	 ��12
��B -
�	 �C> 1� 1\� X=�'Q� 

S0%8 -1�\
! ��/�%; 0	 $6
Y �B 1!E
� �� 2.46 �12 0	 �12
��B J= 1\� '=
.�� �%�
U� %/ .�� 0
3 ,�
8 �$#(
! 

�;
.; $=
� �B 0	 -
�	 60 �(0	 	�1���;
� JU� $� �%;
/ 	
�#� -1�U�� �0 �
U; $� %��	 .0	 �H��0 
� �<=� 

1.��> b-1�3-�
B
�2 )�� ��
�� I
 � �E0
B (J= I+ �0 �� i=13 J= X�B�" J=1!"1�;� 0	 -
�	 60 �(0	 

	�1���;
� ,�)U! $� %�	   .�<=�1�
�� 	1)�.� 1�#� �;
.; $=
� �B 0	 -
�	 60 �(0	 	�1���;
� JU� $� �%;
/ 

��Q121� �� ?�R�! S0�1Y 	
K=� �%/ 9�
! V@( S0�1Y 0	 I
3 ,�)U! I+ 1.��> b-1�3 / 1�6-�
B
�2 0	 ��Y1� 

��6"� p6
� 0	 1=� -
�	 V
�H� %;1�2 $� 0�18.  
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� <=� �I
Y �;
.; $=
� �B �� S%� $;E
3 )$�F= X�� �� 21 �"0 (�:!  -0"�1Q 
� -
�	 100 �(0	 	�1���;
� 

0�18 �%;0�	 0	 I
3 �
�� ?B� �=
M! $� %;
/ .�<=�1�
�� �(0	 S0�1Y E
� 
= -
�12 X�� �� %Y� ,�
)! -"1�; 

-
�1.��> b-1�3 / 1�6-�
B
�2 �0 ,�C� $� %�B .$#=%� ��� �B -
�1.��> B-1�3-�
B
�2 0	 -
�	 120 �(0	 

	�1���;
� $=
�12 �0 �
U; $� %��	 �B 0
��
� ,/ " �=1Q �0 �%( $� %��B .�<=�1�
�� 0
R�;� $� 	"0 	1)�.� 

$!0�1Y X�� �� %Y )
�	 " S%� �
�� S0�1Y (	1)�.� �=
M! �%��B -
�1.��> b-1�3 / 1�6-�
B
�2 �0 G8
�� 

%�B .0	 -
�	1�0
B �$�.� �=
M! $�> <��!� b-1�3 / 1�6-��
B
�2 0	 <=1!E
� ��'�� 1.��> b-1�3 / 1�6 -�
B
�2 " 

0	 -
�	 1=� 60 �(0	 	�1���;
� X=�'Q� $� %�
= .�� 0
R�� $�01� $UC�1\� �=
M! 1.��> b-1�3 / 1�6-��
B
�2 

1=	
M� �
):��� 28 ��"0 �� 2.46 " 4.92 g / kg b-1.3 / 1.6-glycane-treated 
��;�
� � 
��;�
� $F��3 " 

10٪ �
.�� 
��;�
� 0	 ,)/ 6 ��=
M� �%/ ��� . -0"�1Q   1.��>
�� 
� �	
���� �� 1.��> b-1�3 / 1�6-�
B
�2 

	
�#� ,�
8 $#(
! 0	 S0%8 
��;�
� ��� ��/�	 .1�\{! �	
� $6� 1� S0%8 �
� �� 0
3 ,�
8 $#(
! $���� 	0�	 �B 


=� �	
� $6� �='K!  �%/" 
= �� ��
�� 1�=
Q �*�0� $� 	
/ .$�
��� �B �	
� $6� �='K! $� �	
/ f�
� �
� %�;
� 

�S0%8 $�C� " I"%� 0
R�;� $� 	"0 �B �� ,�6	 0�%M� V� E
� 0	 �
� V@( �%/ 9�
! 	�
� $6� X�
B $� �%�
= 

0	 �)�6
Y 	�
� $)�;
20� �� ��
�� 1��Q 	
(
� �%���� 
�1��Q ,.� $� %��B �� ��
�� ��=
M! 0	 �K��; X=�'Q� 

S0%8 �
� .<=�1�
�� XM; ��6"� -
�1.��> b-1�3 / 1�6-�
B
�2 0	 �=
M! �
� �� 1R; $� %�0 �� ��
�� �=
M! 

�%��B 
� ���.  

0
H;
.� �B 0	 ,)/ 4 " 6��
U; �	�	 �%/ ��� .%�=�1Q 1.��> 4.92 g / kg b-1�3 / 1�6- �
B
�2� 0�%M� 0
��� 

1!E
� ��"
M� -0
UQ �0 ���; �� 10٪ �
.�� %�6
! $� %�B .<=� ��%� $�F� �B ,8�%Y �
�; �� 	
�#� ,�
8 	
.��� 
� 

�	
���� �� 1.��> b-1�3 / 1�6-�
B
�2 -�1� $�='�=
( T
�C� �	1B �
.�� $��=
� ,8�%Y 0.5٪ �
� 0	 1R; 

��Q12 	
/ .X�B�" �
� -�
.�� ��6"� C-S-H )-
#!�0%�� S
)���� ?���B (" -
#6+ C-A-H )-
#!�0%�� 

�
����
6� ?���B (%�6
! $� %�B �B �� i=13 X�B�" �
��
!�0%�� �
.�� " C-S-H 
= C- I+ -
� A-H �B 9�
! 



 

12 

 

X�B�" $;E"�
> �
�� 
�%��B"0%�� )OH (" 	�
� $;%F� �
� l0 ,�)U! $� %;
/ .I+ -
� C-S-H " C-A-H 

0	 �
� `�
� 	
K=� l
.! 	%K� �%/ $� %;
/ �B `�
� X=�'Q� S0%8 $)='�Q <�� S�0W $� 	
/.  

3.5 $=�0
B -	
7�8� V 1.��> b-1�3 / 1�6-�
B
�2 0	 ��=
M� 
� �
.��:  

0	 ��=
M� 
� ��
.�� z=
�; ,b
Y �� ��"
M� -0
UQ 1.��> b-1�3 / 1�6-��
B
�2 �� q
:6 �1( ���; �� 1.��> b-

1�3 / 1�6- �
B
�2 1!1� ��� .�� �
2%=	 $�%�#� �
� � �='K! " ,��:! $UC�1\� -	
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