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�"��������
�#$�%����� 

 
������������ ��&�&�

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

 
 �����	
 (Fly ash)  ����������	������ �������������	
 �!"�����	"�#$�%&'()! * +,	 

�����	
&-.�(�,	��//#$���/�#0�12/#$ �3445���/�!��(1�  �$�����	
&-.�(�,	��//�#�0�3(6�
��/�����7##68�21 �8!�  /�� ���,	/36� 8��	�	
 ����2�� �#-
/�����#$�%&�-9�!�����8-�6�� �:�(#��
�#$�&;3&
�<."�����#$�&;�/=2#/##6 ������(�,	'8���/7##68�216-	
>!6�//6�
��"��9�/�#�:�����
8-�6��6�'8�&� &��#16�?�-�6�2@��"�!���:�(#��/�#�#���#�"+�?%�AB	"�1�  �A,.	��2��&��
/�#/!	�#��" �$0�/#$&�&�"�����1." ����	6�<"�����1."&-.�!���'� 	-/&�9"/�#'8��#$�
8�@��/����
�#$�%&�-96-�!��8!�
��%��$��/#�	�3��   /�#�#$
�/2@'8�����8-�6��'�"���1���9�
�"36!����&-.
 A#!(��
6�/��/  ��,.	"��/
�"B��+��6#>�+��6�B��'�&-.�</�<9"�/-.
�/��/�#A�C����/=?$&�"
�1;�/##6  '��&�-9�$/�!���<" ��&�"/�#(�2�� �#�#$�1&71%�A/�# &�&-.�-�6�2@���
����8-�6��
A#�	6&�9"�#��"�6/�#&:���
/:���"	��    2�� �#�#$�1&71%�A/�# &�&-.�-�6�2@���
����8-�6�� (k) �-9
(6�
�<"+��6��6�#�B	"������	������'�/�# &�&-.��#-
��&-
�/��/�#'8��>��-�6�2@	
!�"
��-
��6,.	'8��>��-�6�2@8�1���-
�/�� ��9�+,	2�� �#�#$�1&71%�A (k) 6-+!��&!�/�� 1 �6,.	/:���"B	"�1�
�-�6�2@6-+!��&!�/���1��-�6�2@�����	
 ��"��9��A,.	'(�2�� �#�#$�1&71%�A�-9��6�#��#$
�/2@'8�'�/�#
&:���
/:���"	��B	"�1��-�6�2@�����	
 /�#&:�+��6�B��'�'�AE21/##6/�##��/:���"	���<."�$/�!��
'�(��B�	���3� 

 
1. �,-
�� ��������� �,-
�� ��)./�0�� 
 
 /�#;</=�'��!���-9'8��1�&-.6-/�#��62��2.:��	"8�1�+,	 �1��(�-
�+��	�13�&@(#,	�1�B�� �$
�1��(�-
�	!	�/#�"�&A      �1��(�-
�	!	�/#�"�&A�>/�/F�&-.+��6�</ 3 �<" 4 �62#��/01��1�%�
'�
�#1��?����&-./!	�#��"&�"(��"A1�;= (�" (��#	��	/2$���		/) 	:��%	�:��>//� ��"(���
/#�"�&A I  +!�A1/��	�2�2	#@��	#@/(�3����/�17- Fall cone 2�66�2#N�� BS: 1377- part II, 1990 
+!�B-��:�/���(��B	"�1��(�-
�+��	�13�&@     �$�1��(�-
�	!	�/#�"�&A�&!�/�� 42.5  �$ 92.15  
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��	#@��F�2@ 2�6�:���� �$A1/��A���21/�&!�/�� 27.5   �$ 31.8 ��	#@��F�2@  2�6�:���� +�?�6��21
&�"/�
%�A �$	"+@�#$/	�&�"�+6-B	"�����&��	� ��"��"'�2�#�"&-. 5.1  �$/�#/#$��
2��
B	"�����&��	���"'�%�A&-. 5.1     
 

2�#�"&-. 5.1  
+�?�6��21&�"/�
%�A �$	"+@�#$/	�&�"�+6-B	"�1�+��	�13�&@ �1��(�-
�	!	�/#�"�&A   

����8-�6�� �$�>��-�6�2@�	#@2 ���@�#$�%&&-. 1 
 

Chemical 
Compounds 

Biomass ash Portland 
Cement Type I 

Kaolinitic 
Soil 

Soft Bangkok 
clay 

%
2SiO  74.12 20.90 59.79 63.83 

%
2 3Al O  0.57 4.76 31.84 21.34 

%
32OFe  0.88 3.41 1.59 8.41 

%MgO  1.54 1.25 - 1.54 
%CaO  5.91 65.41 - 0.94 
% ONa 2

 3.33 0.24 - 0.28 
% OK2

 1.71 0.35 3.05 2.45 
%

3SO  0.50 2.71 0.05 1.22 
Specific Gravity 1.95 3.15 2.78 2.71 

LOI 7.45 0.96 3.68  
�>2#�8,9	�A�1" ����8-�6�� 

 /�� 36% 
���,	/36� 24% 
36��	#@� 6% 
36�
>+�����$�	-
� 23% 
 /��	���6F� 11% 
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%�A&-. 5.1 /�#/#$��
2��B	"�1�+��	�13�&@  �1��(�-
�	!	�/#�"�&A   �>��-�6�2@ 
�	#@2 ���@�#$�%&&-. 1  �$����8-�6�� 

 
2. ����
 �) �'�������$�- ���������	���	��"�������#$�%����� 
 

%�A&-. 5.2 �<" 5.5  ��"+��6��6A��7@+��6�+��- +��6�+#-
�B	"�1��(�-
�/#�"�&A I 
 �$�1��(�-
�+��	�13�&@0�6�-�6�2@ �$����8-�6��&-.	�2#��!��/�# &�&-.�>��-�6�2@�&!�/�� 10 
 �$ 30 ��	#@��F�2@��
�9:�(��/B	"�>��-�6�2@  &-.#$
$�!6 28 �<" 60 ��� 2�6�:����A��!�/:���"B	"
�1��-�6�2@����8-�6��6-+!�/:���"'/���+-
"/�� 6��!��$6-�#16�?+��68,9��#1.62��&-.2!�"/��/F2�6�<."6-
AE21/##6+���
/���1��-�6�2@��"3��/�!��'��&&-.0!��6�  6��1�2��	
!�"�$6-�#16�?+��68,9�
�#1.62��&-. 2/2!�"/�� (LI = 1, 2) /F2�6  (�/ 2!6-	�2#��!���#16�?+��68,9�'��1�2!	�#16�?
�!��0�6�&!�/�� ��� �1��-�6�2@����8-�6���$6-+!�/:���"	�� /���-
��>"���'/���+-
"/��  �$A��!�&-.
#$
$���� 60 ��� �1��-�6�2@����8-�6��'(�/:���"	�� /���-
��>"&-.��� �$�>"/�!�&-.#$
$�!6 28 ��� 
&�9"�-9��,.	"6���/�o1/1#1
�#!�6&-.�/1���/�>��-�6�2@ �$����8-�6�� ��"��9�2�� �#&-.+��+�6/:���"	��
 /���-
�B	"�1��-�6�2@0�6����8-�6��+,		�2#��!���#16�?+��68,9�'��1�2!	�!��0�6 �$
#$
$�����!6  
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B ) �>��-�6�2@ : ����8-�6�� = 70:30 
 

%�A&-. 5.2 +��6��6A��7@+��6�+�� p +��6�+#-
�B	"�1��(�-
�/#�"�&A0�6�-�6�2@ �$
����8-�6��&-.	�
��!6 28 ��� 



 

  

99 

 

 

0 1 2 3 4
0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

LI = 1

LI = 2

wc/B = 2.5

wc/B = 7.5

Soft Bangkok clay
C:BioF = 90:10 at 60 days of curing

Axial Strain, %

U
n

co
n

fi
n

ed
 c

o
m

p
re

ss
iv

e 
st

re
n

g
th

 (
k

P
a)

 
 

/ ) �>��-�6�2@ : ����8-�6�� = 90:10 
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B ) �>��-�6�2@ : ����8-�6�� = 70:30 
 

%�A&-. 5.3 +��6��6A��7@+��6�+�� p +��6�+#-
�B	"�1��(�-
�/#�"�&A0�6�-�6�2@ �$
����8-�6��&-.	�
��!6 60 ��� 
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                                                  B) �>��-�6�2@ 2!	 ����8-�6�� = 70:30 
 

%�A&-. 5.4 +��6��6A��7@+��6�+�� p +��6�+#-
�B	"�1��(�-
�+��	�13�&@0�6�-�6�2@
 �$����8-�6��&-.	�
��!6 28 ��� 
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B) �>��-�6�2@ 2!	 ����8-�6�� = 70:30 
 

%�A&-. 5.5 +��6��6A��7@+��6�+�� p +��6�+#-
�B	"�1��(�-
�+��	�13�&@0�6�-�6�2@
 �$����8-�6��&-.	�
��!6 60 ��� 
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�	/��/2�� �#	�2#��!���#16�?+��68,9�'��1�2!	�#16�?�!��0�6 �$#$
$�����!6�$
����2��+��+�6/:���"	�� /���-
�B	"�1��-�6�2@0�6�����	
 ���  	�2#��!��/�# &�&-.�>��-�6�2@
���
�����	
/F����	-/(�<."�����
&-.2�	"A1��#?�   

%�A&-. 5.6  ��"+��6��6A��7@/:���"	�� /���-
�B	"�1�+��	�13�&@0�6�-�6�2@ �$����8-�
6��&-.	�
��!6 14 �<" 60 ���  �$6-�#16�?+��68,9��#1.62���&!�/�� 1 �<" 2 �&!�B	"��8�-�(�� �$
	�2#��!��/�# &�&-. 10 �<" 40 ��	#@��F�2@��
�9:�(��/B	"�>��-�6�2@A��!�&-.	�2#��!���#16�?
+��68,9�'��1�2!	�!��0�6 �$#$
$�����!6(�<."*  	�2#��!��/�# &�&-. 20 ��	#@��F�2@6-+!�/:���"
	�� /���-
��>"&-.���  �$&-.	�2#��!��/�# &�&-. 30  �$ 40 ��	#@��F�2@/:���"���"  �1��-�6�2@����
8-�6���$6-+!��>"/�!��1��-�6�2@&-.#$
$�!66�//�!� 28 ���&-.	�2#��!���#16�?+��68,9�'��1�2!	
�!��0�6�&!�/�� 2.5 5  �$ 6.5 �&!���9�  &�9"�-9	����,.	"6���//�#'8��#16�?����8-�6��'�/�#
 &�&-.�>��-�6�2@'��#16�?6�/�/1�3�&:�'(��#16�?B	"+����-
63q�#	/3��@&-.�$�/1�B<9�6-�#16�?
��	
&-.#$
$����8!�"2�� �$36!�A-
"A	2!	�o1/1#1
��	������3��  
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+) &-.  wc/B = 6.5 
 

%�A&-. 5.6 /:���"	�� /���-
�B	"�1�B��(#,	�1�+��	�13�&@0�6�-�6�2@ �$����8-�6��&-. 
	�2#��!��/�# &�&-. 10 �<" 40 ��	#@��F�2@ ��
�9:�(��/�>��-�6�2@ 
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%�A&-. 5.7  ��"+��6��6A��7@/:���"	�� /���-
�B	"�1��(�-
�	!	�/#�"�&A0�6�-�6�2@
 �$����8-�6��&-.	�
��!6 14 �<" 60 ��� �#16�?+��68,9��#1.62���&!�/�� 1 �<" 2 �&!�B	"��8�-�(��&-.
	�2#��!���#16�?+��68,9�'��1�2!	�!��0�6�&!�/�� 2.5 �<" 5.55 &-.	�2#��!��/�# &�&-. 10 �<" 40 
��	#@��F�2@��
�9:�(��/B	"�>��-�6�2@A��!�&�/	�2#��!���#16�?+��68,9�'��1�2!	�!��0�6 (wc/B 
= 2.5 p 5.55) &-.#$
$�!66�//�!� 28 ���  	�2#��!��/�# &�&-. 20 ��	#@��F�2@'(�+!�/:���"	�� /�
��-
��>"&-.��� �8!���-
�/���1��(�-
�+��	�13�&@   �$��/B�	/:�(��2�66�2#N��/#6&�"(��"
 (!"�#$�&;3&
�:�(#��/�#&:�����BF6�1��-�6�2@3��/:�(��/:���"	��B	"�1��-�6�2@'�
(�	"�r1��21/�# (Laboratory unconfined compressive strength, qul ) &-.#$
$�!6 28 ����&!�/�� 
1000 /1�����+��  ��"��9���/%�A&-. 5.7 A��!�&-.	�2#��!���#16�?+��68,9�'��1�2!	�#16�?
�!��0�6�&!�/�� 2.5 /�# &�&-.���
����8-�6���&!�/�� 20 �<" 30 ��	#@��F�2@ ��9�6-�#$�
8�@	
!�"
6�/�A#�$��6�#�'(�/:���"	�� /���-
�B	"����BF6�1��-�6�2@6�//�!�&-.6�2#N��/#6&�"(��"
/:�(��3��  2!�6,.		�2#��!��0�6	
>!'�8!�" wc/B �&!�/�� 3.69  �����9�&-.	�2#��!��/�# &�&-.�&!�/�� 
20 ��	#@��F�2@�&!���9��<"�$����	�2#��!��/�# &�&-.&-.�(6�$�6&-.����:�(#���1��(�-
�	!	�/#�"�&A 
�#1��?	:��%	�:��>//�- 7�)��#-    2!�6,.	�1��-�6�2@����8-�6��6-	�2#��!���#16�?+��68,9�2!	
�!��0�66�//�!� 3.69  �����9��$��������!��&-.36!�(6�$�6'�/�#'8�"���:�(#���1��#1��?�-9
�A#�$/:���"	�� /���-
�B	"�1��-�6�2@����8-�6��'(�+!�2.:�/�!�&-.6�2#N��/:�(��6�/  2!���
A1��#?�/��B�	/:�(��6�2#N��/#6&�"(��"'����6 (Field unconfined compressive 
strength, quf = 600 kPa &-. 28 ���) ��9� A��!�	�2#��!��/�# &�&-.2�9" 2! 10 �<" 40 ��	#@��F�2@&-.
	�2#��!���#16�?+��68,9�'��1�2!	�!��0�62�9" 2! 2.5 �<" 4.44 ��9��$'(�/:���"&-.�>"/�!�+!�
6�2#N��'����6&-./#6&�"(��"3��/:�(��3��   2!&�9"�-9&-.	�2#��!��/�# &�&-.�&!�/�� 20 
��	#@��F�2@�$'(�+!�/:���"	�� /���-
��>"/�!�/:���"	�� /���-
�'����6&-.6�2#N��/#6&�"(��"
/:�(��3���6,.		�2#��!���#16�?+��68,9�'��1�2!	�!��0�6�&!�/�� 2.5 �<" 5.55    �:�(#��'�/#?-
B	""��		/ ��&-.2�	"/�#	�2#��!��+��6��	�%�
�&!�/�� 2 ��9� (qul = 2quf ) A��!�&-.	�2#��!��
/�# &�&-. 20 �<" 30 ��	#@��F�2@ B	"	�2#��!���#16�?+��68,9�'��1�2!	�!��0�6�&!�/�� 2.5 �<"
3.69 &-.#$
$�!66�//�!� 60 ��� '(�+!�/:���"	��2�62�	"/�# (1200 kPa)  ��"��9��A,.	'(��/1�
�#$�
8�@&�9"&�"�����1;�/##6 �$�;#=N;��2#@ (/:���" �$#$
$����) 0>��B-
��<"B	 �$�:�
	�2#��!��/�# &�&-.�-&-.������
����8-�6���-9�:�(#���1��(�-
�	!	�/#�"�&A  �&!�/�� 20 ��	#@��F�2@
��
�9:�(��/B	"�>��-�6�2@ 2!�:�(#��	�2#��!��0�6��9�+�#�#$
�/2@'8��6/�#&-. 4.8 8!�
'�/�#
		/ ���6,.	�#16�?+��68,9��&!�/�� 1 �<" 2 �&!�B	"+!���8�-�(�� 
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") &-.  wc/B = 5.55 
 

%�A&-. 5.7 /:���"	�� /���-
�B	"�1��(�-
�/#�"�&A�#1��?	:��%	�:��>//� p 7�)��#- 0�6�-�6�2@ 
 �$����8-�6��&-.	�2#��!��/�# &�&-. 10 �<" 40 ��	#@��F�2@ ��
�9:�(��/�>��-�6�2@ 
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��"��9���/0�&��	�B��"2��0>��B-
��$�:�2�� �#&-.+��+�6/:���"	�� /���-
�B	"�1��-�6�2@
0�6����8-�6��&�9" 3 2�� �#+,		�2#��!���#16�?+��68,9�'��1�2!	�!��0�6 #$
$�����!6 �$
	�2#��!��/�# &�&-.�>��-�6�2@���
����8-�6��6�A1��#?�'�/�#�1�+#�$(@0�����/�#A�C��/:���"
	�� /���-
�B	"�1��-�6�2@0�6����8-�6��'�(��B�	���3�   

 
3. � ��&�&�

��'�(�)���������"������	$���#$�%��������	������ ���!� 
 
 3.1 	����4���5�����.�	����� 

'�/�#		/ ���!��0�6B	"�1��-�6�2@�����	

�"36!6-/�#;</=�/��	
!�" A#!(��
 
(�/ 2!�:�(#��"��+	�/#-20�6�����	
��9� 2�66�2#N��	�"/E= (British Standard) 3�� �$�:�
+!� 4/�2	#@ �#$�1&71%�A (Efficiency Factor) (#,	+!� k ��
/�# &�&-.�>��-�6�2@���
�#16�?����
�	
&-.6-�#$�1&71%�A�&-
��&!�+��6��6�#�B	"�>��-�6�2@   ��"��9��<"6-+��6����3�3��&-.�$�:�+!�
 4/�2	#@�#$�1&71%�A�-96��#$
�/2@'8�/��"���1� �$���� ��&�"'�/�#&:���
/:���"	�� /��-
�
B	"�1��-�6�2@�����	
3��     

Horpibulsuk et al. (2003) 3���:����	�6/�#&:���
/:���"	��B	"�1��-�6�2@&-.�#16�?
+��68,9�  �#16�?�-�6�2@   �$	�
��!6'�*  ��
	�;�
�6621N��	�2#��!���9:�'��1�2!	�-�6�2@ 
(Clay-water/cement ratio hypothesis) �<."���	��
 Miura et al. (2001) �6621N���9:�'��1�2!	
�-�6�2@/�!���!� z/:���"B	"�1�8�1�(�<."&-.0�6/���-�6�2@B<9�	
>!/��2�� �#�A-
"2����-
�+,		�2#��!��
B	"�#16�?+��68,9�'��1�2!	�#16�?�-�6�2@ (Clay-water/cement ratio, wc/C){   ��//#	�
+��6+1���"/�!�� �$��/0�&��	�'��&&-.0!��6� 0>��B-
�3��&:�/�#A1��#?�/:���"	�� /���-
�
B	"�1��-�6�2@/���!��/���B	"�#16�?+��68,9�'��1�2!	�#16�?�-�6�2@, C/wc &-.#$
$�����!6(�<." 
* A��!�6-+��6��6A��7@���� ������2#"��"�6/�#&-. 5.1 
 

u

c

C
q A E

w

 
= + 

 
                  (5.1) 

 
�6,.	 qu +,	/:���"	�� /���-
�&-.#$
$�!6+!�(�<." (kPa)  A  �$ E  +,	+!�+"&-.�<."B<9�	
>!/��8�1�B	"�1�  
 �$ C/wc  +,	 cement/clay-water ratio �<."+,	�#16�?�-�6�2@��
�9:�(��/ (�"2!	�9:�'��1� 
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'�/#?-B	"�1��-�6�2@�����	
 0>��B-
�3���#$
�/2@/#	�+��6+1�B��"2�� �$(��//�#B	"
/�#'8�2�� �#�#$�1&71%�AB	"������	������6�8!�
'�/�#�1�+#�$(@ ��
0>��B-
�3��/:�(��
�#16�?�-�6�2@�&-
��&!�+,	 Ce �6,.	�#16�?�-�6�2@�&-
��&!��-96-+!���"�6/�#&-. 5.2  

 
BioFkCe .=                    (5.2) 

 
�6,.	  Ce +,	�#16�?�-�6�2@�&-
��&!�, k +,	2�� �#�#$�1&71%�A �$ BioF +,	�#16�?����8-�6�� 
(%)   ��"��9��#16�?�!��0�6#$(�!�"�-�6�2@ �$�����	
 (Binder content) �<"�/1���/0�#�6B	"
�#16�?�-�6�2@&-.'�!'�/�#0�6, Ci  �$�#16�?�-�6�2@�&-�
��&!�&-.�/1���//�#'�!�����	
�B��3�
 &�&-., Ce +��6��6A��7@B	"/�#A�C��/:���"	�� /���-
�B	"�1��-�6�2@'��6/�#&-. 5.1 �<"�>/
�#$
�/2@�:�(#��/:���"	�� /���-
�B	"�1��-�6�2@0�6�����	
3����"�6/�#&-. 5.3 
  

 E
w

BioFkC
Aq

c

i

u +






 +
=

.                    (5.3/)   

 E
w

BioF
A

w

C
Aq

cc

i

u +







+







= 2                   (5.3B) 

       
�6,.	 2�� �#�#$�1&71%�A k 6-+!�/��  

A

A2   

 
 '�/#?-&-.+!�2�� �#�#$�1&71%�A k 6-+!��&!�/�� 1 (6�
�<"+��6��6�#�B	"������	���
���&-.	�2#��!��/�# &�&-.�-96-+!��&-
��&!�+��6��6�#�B	"�>��-�6�2@ 100 ��	#@��F�2@  ��"��9���/
�6/�#B��"2��  ����#�&#��+��6��6A��7@#$(�!�"2�� �#�#$�1&71%�A k '�A��@B	"	�2#��!��/�#
 &�&-. �$8�1�B	"�1�  �#���6�#�&:���
/:���"	�� /���-
�B	"�1��-�6�2@����8-�6��3�� ��/
0�&��	��1��-�6�2@ �$�1��-�6�2@0�6����8-�6���:�+��6��6A��7@��/�6/�#&-. 5.3 6��#$
�/2@
3����"%�A&-. 5.8 �<."6-+��6��6A��7@���� ���6/�#����2#"   �$A��!�+��6��6A��7@B	"+!�+"&-. A 
 �$ E    /����������/��F	//��1&<63����"�6/�#&-. 5.4  �$ 5.5  �$%�A&-. 5.9 
 

78.54 1234.59lnA D= +                           (5.4) 
 

162.39 181.01lnE D= −                           (5.5) 
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�6,.	 D +,	#$
$�����!6 (���) 
��//�# /���)(����
�17-  Multi Linear Regression +!�2�� �#�#$�1&71%�A k  ��"��"

2�#�"&-. 5.2 �$�(F��!�+!�2�� �# k  &-.	�2#��!��/�# &�&-.(�<." * �$6-+!��A1.6B<9�2�6#$
$���� 
��"��9�0>��B-
�3��A1��#?�	�2#�/�#���-.
� ��"2�� �#�#$�1&71%�A k  /������'���/��F	//��1
&<6A��!�6-+��6��6A��7@��������2#"��"'�%�A&-.  5.10  �$3��(�+��6��6A��7@#$(�!�" 
Normalized  k-factor  /��������
'8�#$
$�����!6&-. 28 �������2��	��"	1"3��0���"�6/�#&-. 5.6 

�:�(#������8-�6�� 
 

 
28

0.4198ln 0.405Dk
D

k
= −                                          (5.6) 

 
�6,.	 

Dk  +,	2�� �#�#$�1&71%�A&-.#$
$�����!6(��"��/ D ���, 28k  +,	2�� �#�#$�1&71%�A&-.
#$
$�����!6(��"��/ 28 ���  
 �6/�#&-. 5.6 ��6�#��:�6��#$
�/2@'8�"��3��(�/&#���A-
"+!�2�� �# k &-.#$
$����28 
���B	"	�2#��!��/�# &�&-.(�<." * �#���6�#�&:���
+!�2�� �# k B	"	�2#��!����9� * &-.#$
$����
	,.� * (7 p 60 ���) 3�� 
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%�A&-. 5.8 /:���"	�� /���-
�B	"�1��(�-
�+��	�13�&@0�6�-�6�2@ �$����8-�6�� 10 �<" 40%  
��
�9:�(��/�>��-�6�2@ &-.	�
��!62!�" * 
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A = 78.54 + 1234.59 ln D
   |r|=0.9897

E

E = 162.39 - 181.01 ln D
   |r|=0.9650

Cement -biomass ash admixed kaolinitic soil

 
 

%�A&-. 5.9 A�#�61�2	#@ A  �$ E /����/��F	//�#1&<6B	"����B	"�1��(�-
�+��	�13�&@0�6
�-�6�2@ �$����8-�6�� 10 �<" 40% ��
�9:�(��/�>��-�6�2@  

 
2�#�"&-. 5.2  

2�� �#�#$�1&71%�A k B	"����8-�6��'��1�+��	�13�&@0�6�-�6�2@ �$����8-�6�� 
 

C:BioF #$
$�����!6, 
��� 

Multi-Linear 
Regression 

R2 k = 2
A

A
 

  A A2   

90:10 7 2609.02 6511.56 0.957 2.50 
 14 3065.28 9281.24 0.955 3.03 
 28 3663.28 12844.88 0.954 3.51 
 60 4469.22 19876.29 0.979 4.45 

80:20 7 1994.07 1188.45 0.836           0.60 
 14 3233.18 8416.85 0.919           2.60 
 28 4632.00 17749.53 0.877          3.83 
 60 4937.58 24115.57 0.956          4.88 

70:30 7 2495.63 642.29 0.968          0.26 
 14 3099.05 3014.71 0.951          0.97 
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2�#�"&-. 5.2 (2!	) 
 

C:BioF #$
$�����!6, 
��� 

Multi-Linear 
Regression 

R2 k = 2
A

A
 

  A A2   
 28 4094.07 5337.84 0.922          1.30 
 60 5209.91 8775.15 0.953          1.68 

60:40 14 2917.70 2784.68 0.935          0.95 
 28 3908.80 4881.14 0.919          1.25 
 60 4512.54 7478.68 0.876          1.66 

(6�
�(2� 1.   Ci/wc = 0.1-0.4  �$  BioF/wc = 0 p 0.16 
2. C:BioF = �#16�?�-�6�2@: �#16�?����8-�6�� '�(�!�
��	#@��F�2@ 
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k(90:10) = 0.697 + 0.890 ln D
  |r| = 0.9901

k(80:20) = - 2.93 + 1.967 ln D
    |r| = 0.9847

k
-f

ac
to

r

Curing Time, days

k(70:30) = - 0.879 + 0.6440 ln D
  |r| = 0.9799
k(60:40) = - 0.348 + 0.4860 ln D
  |r| = 0.9981
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kD/k28 = 0.4198 ln D- 0.405
   |r| = 0.9326
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/k
2

8

 
 

%�A&-. 5.10 +��6��6A��7@#$(�!�"2�� �#�#$�1&71%�A k B	"�1�+��	�13�&@0�6�-�6�2@ �$ 
����8-�6��/������#!�6/��/�# Normalization 
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 �A,.	2#���	�+��6����3�3��'�/�#�:�2�� �#�#$�1&71%�A k �-9 3��#$
�/2@'8�"��  2�#�"
&-. 5.3  ��"0�/�#&:���
/:���"	�� /���-
�B	"�1�+��	�13�&@0�6�-�6�2@ �$����8-�6��&-.
	�2#��!��/�# &�&-. 15 ��	#@��F�2@ &-.#$
$�!6 7 �<" 60 ��� �6,.	+!�2�� �#�#$�1&71%�A k &-. 15 
��	#@��F�2@ �-9(���//�#  Interpolation  �$��6�#�+:���?(�+!�  A  �$ E  3����/�6/�#&-.  5.4 
 �$ 5.5 A��!�+��601�A���B	"0�/�#&:���
��/+!� Mean Absolute Percent Error, MAPE 
�&!�/�� 17.84 % �<."	
>!'��/?�@&-.
	6#��3��'�&�"�1;�/##6  

 
2�#�"&-. 5.3  

/�#&:���
/:���"	�� /���-
�B	"�1��(�-
�+��	�13�&@0�6�-�6�2@ �$����8-�6�� 15 % 
(LL = 42.50% and PL = 33.5%) 

 
 
 

C:BioF 

 
 

Time,  

 

 

wc 

 

 

 

Ci 

 

 

BioF 
 

 

 

k 
Laboratory 
strength, 
qul 

Predicted 
strength, 
qup 

/ /
100

up ul

ul

q q

q

−
×

 
 

 days , % , % , %  kPa kPa , % 
100:0 7 42.50 17.00 0 1.00 856.57 802.54 6.31 

 7 51.60 20.64 0 1.00 731.17 802.54 9.76 
 7 50.89 14.54 0 1.00 626.82 519.00 17.20 
 7 58.69 16.77 0 1.00 590.50 519.06 12.10 
 7 42.50 8.50 0 1.00 262.81 306.35 16.57 
 7 50.89 7.83 0 1.00 220.89 191.88 13.13 
 7 51.60 6.88 0 1.00 145.21 140.95 2.93 

85:15 7 43.10 10.47 1.85 1.94 579.81 618.93 6.75 
 7 50.89 12.36 2.18 1.94 570.84 618.96 8.43 
 7 58.69 14.25 2.52 1.94 587.52 618.94 5.35 
 7 43.10 5.64 0.99 1.94 268.52 245.68 8.51 
 7 50.89 6.66 1.17 1.94 218.59 245.68 12.39 
 7 58.69 7.67 1.35 1.94 171.71 245.64 43.05 

100:0 14 42.50 17.00 0.00 1.00 997.96 1019.37 2.15 
 14 51.60 20.64 0.00 1.00 856.95 1019.37 18.95 
 14 50.89 14.54 0.00 1.00 760.28 638.04 16.08 
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2�#�"&-. 5.3 (2!	) 
 

C:BioF 
 

Time,  
 

wc 

 

 

Ci 
 

BioF 
 

 

k 
Laboratory 
strength, 
qul 

Predicted 
strength, 
qup 

/ /
100

up ul

ul

q q

q

−
×  

 

 days , % , % , %  kPa kPa , % 
 14 50.89 7.83 0.00 1.00 301.55 198.03 34.33 
 14 42.50 5.67 0.00 1.00 225.68 129.85 42.46 
 14 51.60 6.88 0.00 1.00 203.04 129.59 36.18 

85:15 14 43.10 14.65 2.59 2.68 1417.88 1355.71 4.38 
 14 50.89 12.36 2.18 2.68 667.33 878.29 31.61 
 14 58.69 9.98 1.76 2.68 428.77 520.20 21.32 
 14 50.84 6.66 1.17 2.68 406.91 328.10 19.37 

100:0 28 42.50 17.00 0.00 1.00 1200.54 1236.21 2.97 
 28 51.60 20.64 0.00 1.00 1160.49 1236.21 6.52 
 28 50.89 14.54 0.00 1.00 1052.18 757.07 28.05 
 28 42.50 8.50 0.00 1.00 348.10 397.72 14.25 
 28 51.60 10.32 0.00 1.00 321.71 397.72 23.63 
 28 51.60 6.88 0.00 1.00 242.14 118.22 51.18 

85:15 28 43.10 14.65 2.59 3.13 1806.99 1772.00 1.94 
 28 50.89 12.36 2.18 3.13 837.38 1139.80 36.12 
 28 58.69 9.98 1.76 3.13 505.27 665.61 31.73 
 28 50.84 6.66 1.17 3.13 457.22 411.23 10.06 

100:0 60 42.50 17.00 0.00 1.00 1372.75 1474.62 7.42 
 60 51.60 20.64 0.00 1.00 1368.44 1474.62 7.76 
 60 50.89 14.54 0.00 1.00 1178.19 887.95 24.63 
 60 42.50 8.50 0.00 1.00 411.27 447.95 8.92 
 60 51.60 10.32 0.00 1.00 388.79 447.95 15.22 
 60 50.89 7.83 0.00 1.00 398.83 211.02 47.09 

85:15 60 43.10 14.65 2.59 3.99 2215.37 2395.55 8.13 
 60 50.89 12.36 2.18 3.99 1360.85 1545.78 13.59 
 60 58.69 9.98 1.76 3.99 810.13 908.41 12.13 
 60 50.84 6.66 1.17 3.99 769.54 566.49 26.39 

Mean Absolute Percent Error, MAPE  (MAPE =
1

/ /1
100

n
up ul

i ul

q q

n q=

−
×∑ ) 17.84 % 
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3.2 	���������6����,���)  
��/(��//�#B��"2���6,.	�:��1��(�-
�	!	�/#�"�&A0�6�-�6�2@ �$����8-�6�����


	�2#��!��/�# &�&-. 10 �<" 40 ��	#@��F�2@��
�9:�(��/B	"�>��-�6�2@ &:�/�# /���)(����
�17- Multi 
Linear Regression +!�2�� �#�#$�1&71%�A k  ��"��"2�#�"&-. 5.4 �$�(F��!�+!�2�� �# k &-.
	�2#��!��/�# &�&-.(�<." * �$6-+!��A1.6B<9�2�6#$
$���� ��/0�&��	��1��(�-
�	!	�/#�"�&A  
0�6�-�6�2@ �$�1�/#�"�&A�-�6�2@0�6����8-�6���:�+��6��6A��7@��/�6/�#&-. 5.3  �$2�� �# k  
��/2�#�"&-. 5.4 6��#$
�/2@3����"%�A&-. 5.11 �<."6-+��6��6A��7@���� ���6/�#����2#"   �$
A��!�+��6��6A��7@B	"+!�+"&-. A  �$ E    /����������/��F	//��1&<63����"�6/�#&-. 5.7  �$ 
5.8  �$%�A&-. 5.12 �6,.	 D +,	#$
$�����!6 (���) 

 
1686.86 439.38 lnA D= +                  (5.7) 

 
235.65 56.95lnE D= − +                  (5.8) 

 
2�#�"&-. 5.4  

2�� �#�#$�1&71%�A k B	"����8-�6��'��1��(�-
�/#�"�&A0�6�-�6�2@ �$����8-�6�� 
 

C:BioF #$
$�����!6, Mu l t i -L inear  Regress ion R2 k = 2
A

A
 

 ��� A A2   
90:10 7 2282.16 830.43 0.862 0.36 

 14 3189.34 1724.46 0.916 0.54 
 28 3305.52 3870.34 0.912 1.17 
 60 3531.17 5479.20 0.909 1.55 

80:20 7 2239.94 1528.05 0.869       0.68 
 14 3036.34 3969.41 0.873       1.31 
 28 3105.50 4754.69 0.913       1.53 
 60 3530.86 7256.07 0.921       2.06 

70:30 7 2136.29 1182.08 0.805       0.55 
 14 3224.47 3189.74 0.895 0.99 
 28 3223.61 4600.51 0.915 1.43 



 

  

115 

 

 

2�#�"&-. 5.4 (2!	) 
 

(6�
�(2� 1.   Ci/wc = 0.08-0.4  BioF/wc = 0 p 0.16 
2. C:BioF = �#16�?�-�6�2@: �#16�?����8-�6�� '�(�!�
��	#@��F�2@ 
 
 

0 0.2 0.4 0.6 0.8 1 1.2
0

500

1000

1500

2000

2500

qu (7 days) = 2480.83 (Ci+k.F)/wc) - 112.57
   |r| = 0.9575

qu(14 days) = 2935.74 (Ci+k.F)/wc -101.01
    |r| = 0.9419

qu(28 days) = 3152.42 (Ci+k.F)/wc -50.54
   |r| = 0.9544

qu(60 days) = 3456.08 (Ci+k.F)/wc + 5.59
  |r| = 0.9675

U
n

c
o
n
fi

n
ed

 c
o

m
p
re

ss
iv

e 
st

re
n
g

th
 (

k
P

a
)

(Ci+k.BioF)/w c

7 days

14 days

28 days

60 days

Soft Bangkok soil

 
 

%�A&-. 5.11 /:���"	�� /���-
�B	"�1��(�-
�	!	�/#�"�&A0�6�-�6�2@ �$ 
����8-�6�� 10 �<" 40 ��	#@��F�2@��
�9:�(��/�>��-�6�2@ &-.	�
��!62!�" * 

 

C:BioF #$
$�����!6, Mu l t i -L inear  Regress ion R2 k = 2
A

A
 

 ��� A A2   

 60 3774.67 6567.13 0.940 1.74 
60:40 7 2008.31 654.25 0.799       0.33 

 14 2966.89 1683.84 0.832       0.57 
 28 3830.18 4581.51 0.917 1.20 
 60 3916.82 5405.05 0.937 1.38 
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A

Soft Bangkok soil

A = 439.38 + 1686.86 ln D
|r| = 0.9874

100 101 102
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50

E

Time, days

E = -235.65 + 56.95 ln D
|r| = 0.9721

 
 

%�A&-. 5.12 A�#�61�2	#@ A  �$ E /����/��F	//�#1&<6B	"����B	"�1��(�-
�/#�"�&A  
0�6�-�6�2@ �$����8-�6�� 10 �<" 40 ��	#@��F�2@��
�9:�(��/�>��-�6�2@  

 
��/2�#�"&-. 5.4  A��!�&-.	�2#��!��/�# &�&-.(�<." * +!�2�� �# k �$6-+!��A1.6B<9�2�6

#$
$�����!6��"��9�A1��#?�	�2#�/�#���-.
� ��"2�� �#�#$�1&71%�A k  /������'���/��F	//�
�1&<6�8!���-
�/��'�/#?-B	"�1�+��	�13�&@A��!�6-+��6��6A��7@��������2#"��"'�%�A&-. 5.13  �$
3��(�+��6��6A��7@#$(�!�" Normalized  k-factor  /��������
'8�#$
$�����!6&-. 28 �������
2��	��"	1"3��0���"�6/�#&-. 5.9 

 

 
28

0.4334 ln 0.493Dk
D

k
= −                                          (5.9) 

        
�6,.	 Dk  +,	2�� �#�#$�1&71%�A&-.#$
$�����!6(��"��/ D ���, 28k  +,	2�� �#�#$�1&71%�A&-.
#$
$�����!6(��"��/ 28 ���  
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0

1

2

3

k(90:10) = -0.862 + 05884 ln D
  |r| = 0.9814
k(80:20) = - 0.439 + 0.611 ln D
    |r| = 0.9856

k
-f

ac
to

r

Curing time, days

k(70:30) = - 0.505 + 0.560 ln D
  |r| = 0.9947

k(60:40) = - 0.746 + 0.528 ln D
  |r| = 0.9725

100 101 102

0

0.5

1

1.5
kD/k28 = 0.4334 ln D- 0.493
   |r| = 0.9595

k
D

/k
2

8

Soft Bangkok soil

 
 

%�A&-. 5.13 +��6��6A��7@#$(�!�"2�� �#�#$�1&71%�A k B	"�1�/#�"�&A/������#!�6/�� 
Normalization 

 
��/�6/�#&-. 5.6  �$ 5.9 A��!�+��6��6A��7@#$(�!�" Normalized  k-factor  B	"����8-�

6���:�(#���1�+��	�13�&@ �$�1��(�-
�	!	�/#�"�&A/��������
'8�#$
$�����!6&-. 28 �������
2��	��"	1"��9�6-+!�'/���+-
"/��    �:�(#���1���62��2.:�(�<." * &-. 2!�$	�2#��!��/�# &�&-.�$6-2��
 �#�#$�1&71%�A k B<9�	
>!/��8�1�B	"�1� �$8�1�B	"�����	
&�9"�-9�$6-+!��A1.6B<9�2�6#$
$����
 2!�$6-+!�	�2#�/�#���-.
� ��"2�� �#�#$�1&71%�A k  /������'���/��F	//��1&<6+"&-.   ��"��9�
��/%�A&-. 5.14 0>��B-
�B	 �$�:��17-/�#&:���
+!�2�� �#�#$�1&71%�A k  B	"�� ��8-�6���-9�:�(#��
�1���62��2.:�&-.#$
$�!62!�" *  (7 p 60 ���) �A-
"&:�/�#&��	�/:���"	�� /���-
�B	"�1��-�6�2@
����8-�6��&-.	�2#��!��/�# &�&-.2!�" * &-.#$
$�!6 28 ����A-
"/�#&��	���-
��&!���9���"�6/�#&-. 
5.10 

�:�(#���1���62��2.:� (7 p 60 ���) 
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28

0.4284 ln 0.455Dk
D

k
= −                                       (5.10) 

 

100 101 102

0

0.5

1

1.5

kD/k28(low swelling soil)  = 0.4284 ln D- 0.455
   |r| = 0.9453

k
D

/k
2

8

Low swelling clay

Soft Bangkok clay

Kaolintic soil

Curing time, days  
 

%�A&-. 5.14 +��6��6A��7@#$(�!�" Normalization B	"2�� �#�#$�1&71%�A k B	"�1��(�-
���6
2��2.:�0�6�-�6�2@ �$����8-�6��/������ 

 

�����!�����!�� �� 	����	������	��"�������#$�%����� 

 
 ��/�6/�#&-. 4.8  �$3���6/�#&-.��6�#�&:���
/:���"B	"�1��-�6�2@&-.�#16�?+��68,9� 
(LI = 1 -2 �:�(#���1���62��2.:�  �$ LI = 0.6 p 1 �:�(#���1���62���>")  �#16�?�-�6�2@   �$
#$
$�!6'�*  ��
	�;�
�A-
" +!0�/�#&��	���-
�&-.	�
��!6 28 ��� �<."�6/�#�-9�����6/�#��/�
&-.��6�#�'8�3��/���1�&�/8�1�  0>��B-
�+���!��6/�#&-. 4.8  ��6�#��#$
�/2@'8�/���1��-�6�2@����8-�
6��  ��
�#-
/�!��0�6#$(�!�"�-�6�2@ �$����8-�6���!�������8,.	6�#$��� (Binder)  ��"��9�  
�6/�#&-. 4.8  �>/�#$
�/2@ �$��6�#��B-
�'(6!���� 
 

�:�(#���1�&-.+#	�+��6/�#��62��2.:��<"�>" (7 p 60 ���) 

( )
( )

*

*
28

1.40
*

( / ) 28

*

( / )

/
(0.103 0.265ln )

/

c D

c

cw C

cw C D

q w C
D

q w C

     = + 
     

                   (5.11) 

 
�6,.	  C* +,	�#16�?�-�6�2@�&-
��&!�  �<."6-+!��&!�/��   
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BioFkCC i .* +=               (5.12) 
 

�6,.	  k  +,	2�� �#�#$�1&71%�A �<."�$6-+!��A1.6B<9�2�6	�
��!6 
i

C  +,	�#16�?�-�6�2@&-.'�!'�/�#
0�6 (%)   �$ BioF +,	�#16�?����8-�6�� (%)  �$�6,.	�#���6�#�&#��+��6��6A��7@B	"	�2#�
/�#���-.
� ��"2�� �#�#$�1&71%�A k ��/�6/�#&-. 5.10 '�/#?-B	"�1���62��2.:� 
 ��/+��6��6A��7@'��6/�#&-. 5.11  �#���6�#�&:���
/:���"	�� /���-
�B	"�1��-�6�2@
����8-�6���A-
"&:�/�#&��	�0�6�1��-�6�2@/������8-�6��&-.	�2#��!��/�# &�&-.2!�" * (10 p 
40%)  �$&-.#$
$�!6 28 ����&!���9�3��     �<."�$'8�����B�	6>�	��"	1"'�/�#8!�
&:���
/:���"	�� /�
��-
�B	"�1��-�6�2@����8-�6��&-.#$
$�����!62!�" * (7-60 ���) &-.	�2#��!��0�62!�" * '�&-.�-9
0>��B-
�B	��,	/2��	
!�"&��	���"2�#�"&-. 5.5 �6,.	2�� �#�#$�1&71%�A k  (�3����//�# /���)(�
���
�17-  Multi Linear Regression  3��0���"'�2�#�"&-. 5.5  �$	�;�
�6/�#&-. 5.10 '�/�#(�
+!�2�� �#�#$�1&71%�A k &-.#$
$�!6	,.� * B	" 2!�$	�2#��!��/�# &�&-.(�<." *  ��"��9��#$
�/2@'8�
�6/�#&-. 5.11 '�/�#&:���
/:���"	�� /���-
�B	"�1��-�6�2@����8-�6�� ��"��"'�2�#�"&-. 5.6 
�<" 5.8  A��!�+��601�A���B	"0�/�#&:���
��/+!� Mean Absolute Percent Eror, MAPE 
�&!�/�� 20.73%, 17.77%  �$ 15.97% �:�(#��&-.	�
��!6 7, 14  �$ 60 ��� 2�6�:���� �<."	
>!'�
�/?�@&-.
	6#��3��'�&�"�1;�/##6  �$A��!�+��6+����+�,.	�&-.�/1�B<9��$��	
�"2�6#$
$����
�!6&-.6�/B<9� 
 

2�#�"&-. 5.5  
/:���"	�� /���-
�B	"�1��(�-
�/#�"�&A0�6�-�6�2@ �$����8-�6��&-.	�
��!6 28 ���                   

 (LL = 92.15% and PL = 42.5%) 
 

C:BioF Time, wc 

 
Ci BioF 

 
k wc/C

*
 Laboratory 

strength, qul 
Remark 

 days , % , % , %   kPa  
100:0 28 92.15 25.00 0 1.00 3.69 866.59 Reference 

 28 110.94 25.00 0 1.00 4.44 733.55  
90:10 28 92.15 22.50 2.50 1.13 3.64 934.08  

 28 110.94 22.50 2.50 1.13 4.38 684.43  
80:20 28 92.15 20.00 5.00 1.55 3.32 1009.78  

 28 110.94 20.00 5.00 1.55 4.00 786.47  
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2�#�"&-. 5.5 (2!	) 
 

C:BioF Time, wc 

 
Ci BioF 

 
k wc/C

*
 Laboratory 

strength, qul 
Remark 

 days , % , % , %   kPa  
70:30 28 92.15 17.50 7.50 1.06 3.62 926.26  

 28 110.94 17.50 7.50 1.06 4.36 703.81  
60:40 28 92.15 15.00 10.00 0.67 4.25 769.40  

 28 110.94 15.00 10.00 0.67 5.11 587.47  
(6�
�(2� - 2�� �#�#$�1&71%�A k  (�3����//�# /���)(����
�17-  Multi Linear Regression   

 
2�#�"&-. 5.6  

/�#&:���
/:���"	�� /���-
�B	"�1��(�-
�/#�"�&A I 0�6�-�6�2@ �$����8-�6��&-.	�
��!6 7 ��� 
 

C:BioF Time,  wc Ci BioF k Laboratory 
strength, qul 

Predicted 
strength, qup 

/ /
100

up ul

ul

q q

q

−
×  

 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 
100:0 7 103.00 41.20 0.00 1.00 928.54 924.68 0.42 

 7 167.80 67.12 0.00 1.00 751.47 924.68 23.05 
 7 110.94 31.70 0.00 1.00 593.49 577.31 2.73 
 7 129.72 37.06 0.00 1.00 592.78 577.31 2.61 
 7 110.94 24.99 0.00 1.00 466.81 413.78 11.36 
 7 110.94 20.17 0.00 1.00 365.85 306.62 16.19 
 7 129.72 19.96 0.00 1.00 305.28 242.68 20.51 
 7 103.00 13.73 0.00 1.00 154.24 198.62 28.77 
 7 167.80 22.37 0.00 1.00 190.02 198.62 4.52 

90:10 7 103.00 37.08 4.12 0.43 944.71 851.47 9.87 
 7 167.80 60.41 6.71 0.43 604.33 851.47 40.89 
 7 103.00 18.54 2.06 0.43 513.50 322.65 37.17 
 7 167.80 30.20 3.34 0.43 270.13 322.52 19.40 
 7 103.00 12.36 1.37 0.43 299.91 182.89 39.02 
 7 167.80 20.14 2.24 0.43 195.71 182.89 6.55 
 7 92.15 22.50 2.50 0.43 504.04 494.43 1.91 
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2�#�"&-. 5.6 (2!	) 
 

C:BioF Time,  wc 

 
Ci BioF k Laboratory 

strength, qul 
Predicted 

strength, qup 

/ /
100

up ul

ul

q q

q

−
×  

 
 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 
 7 92.15 18.00 2.00 0.43 457.23 361.77 20.88 
 7 110.94 22.50 2.50 0.43 347.32 381.31 9.78 
 7 110.94 18.00 2.00 0.43 247.93 279.00 12.53 

80:20 7 103.00 32.96 8.24 0.59 894.98 819.51 8.43 
 7 167.80 53.70 13.42 0.59 824.55 819.51 0.61 
 7 103.00 16.48 4.12 0.59 558.64 310.54 44.41 
 7 167.80 26.85 6.71 0.59 278.19 310.54 11.63 
 7 103.00 10.99 2.75 0.59 285.34 176.03 38.31 
 7 167.80 17.90 4.47 0.59 199.94 176.03 11.96 
 7 92.15 20.00 5.00 0.59 503.59 475.88 5.50 
 7 92.15 16.00 4.00 0.59 456.90 348.19 23.79 
 7 110.94 20.00 5.00 0.59 359.80 367.00 2.00 
 7 110.94 16.00 4.00 0.59 266.36 268.53 0.81 

70:30 7 103.00 28.84 12.36 0.40 851.01 700.86 17.64 
 7 167.80 46.98 20.14 0.40 485.18 700.86 44.45 
 7 103.00 14.42 6.18 0.40 539.03 265.58 50.73 
 7 167.80 23.49 10.07 0.40 238.72 265.58 11.25 
 7 103.00 9.61 4.12 0.40 327.12 150.54 53.98 
 7 167.80 15.66 6.71 0.40 170.70 150.54 11.81 
 7 92.15 17.50 7.50 0.40 493.63 406.98 17.56 
 7 92.15 14.00 6.00 0.40 449.93 297.78 33.82 
 7 110.94 17.50 7.50 0.40 357.49 313.86 12.20 
 7 110.94 14.00 6.00 0.40 264.09 229.65 13.04 

60:40 7 167.80 40.27 26.85 0.25 466.96 562.87 20.54 
 7 103.00 12.36 8.24 0.25 553.05 213.29 61.43 
 7 167.80 20.14 13.42 0.25 228.86 213.29 6.81 
 7 103.00 8.24 5.49 0.25 340.15 120.90 64.46 
 7 167.80 13.42 8.95 0.25 149.74 120.90 19.26 
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2�#�"&-. 5.6 (2!	) 
 

C:BioF Time,  wc 

 
Ci BioF 

 
k 

Laboratory 
strength, qul 

Predicted 
strength, qup 

/ /
100

up ul

ul

q q

q

−
×

 
 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 
 7 92.15 15.00 10.00 0.25 448.07 326.85 27.06 
 7 92.15 12.00 8.00 0.25 358.45 239.15 33.28 
 7 110.94 15.00 10.00 0.25 297.00 252.07 15.13 
 7 110.94 12.00 8.00 0.25 246.05 184.43 25.04 

Mean Absolute Percent Error, MAPE  (MAPE =
1

/ /1
100

n
up ul

i ul

q q

n q=

−
×∑ )                            20.73 % 

 
2�#�"&-. 5.7  

0�&:���
/:���"	�� /���-
�B	"�1��(�-
�/#�"�&A0�6�-�6�2@ �$����8-�6��&-.	�
��!6 14 ��� 
 

C:BioF Time,  wc 

 
Ci BioF 

 
k Laboratory 

strength, qul 
Predicted 

strength, qup 

/ /
100

up ul

ul

q q

q

−
×  

 
 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 

100:0 14 103.00 41.20 0.00 1.00 1284.92 1199.22 6.67 
 14 167.80 67.12 0.00 1.00 1020.20 1199.22 17.55 
 14 92.15 24.97 0.00 1.00 701.26 695.31 0.85 
 14 110.94 24.99 0.00 1.00 553.30 536.63 3.01 
 14 92.15 19.99 0.00 1.00 600.76 509.14 15.25 
 14 103.00 20.60 0.00 1.00 352.05 454.42 29.08 
 14 167.80 33.56 0.00 1.00 339.26 454.42 33.94 
 14 110.94 20.17 0.00 1.00 399.55 397.66 0.47 
 14 103.00 13.73 0.00 1.00 211.67 257.59 21.70 
 14 167.80 22.37 0.00 1.00 234.10 257.59 10.04 

90:10 14 103.00 37.08 4.12 0.76 1079.91 1159.68 7.39 
 14 167.80 60.41 6.71 0.76 924.33 1159.68 25.46 
 14 103.00 18.54 2.06 0.76 550.12 439.44 20.12 
 14 167.80 30.20 3.34 0.76 321.64 439.15 36.53 
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2�#�"&-. 5.7 (2!	) 
 

C:BioF Time,  wc 

 
Ci BioF 

 
k 

Laboratory 
strength, qul 

Predicted 
strength, qup 

/ /
100

up ul

ul

q q

q

−
×

 
 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 
 14 103.00 12.36 1.37 0.76 340.15 249.10 26.77 
 14 167.80 20.14 2.24 0.76 282.96 249.10 11.97 
 14 92.15 22.50 2.50 0.76 658.34 673.41 2.29 
 14 92.15 18.00 2.00 0.76 597.12 492.72 17.48 
 14 110.94 22.50 2.50 0.76 501.76 519.34 3.50 
 14 110.94 18.00 2.00 0.76 345.05 379.99 10.13 

80:20 14 103.00 32.96 8.24 1.05 929.97 1215.08 30.66 
 14 103.00 16.48 4.12 1.05 593.22 460.43 22.39 
 14 103.00 10.99 2.75 1.05 294.77 260.99 11.46 
 14 167.80 17.90 4.47 1.05 297.98 261.00 12.41 
 14 92.15 20.00 5.00 1.05 799.18 705.57 11.71 
 14 92.15 16.00 4.00 1.05 682.73 516.26 24.38 
 14 110.94 20.00 5.00 1.05 752.09 544.14 27.65 
 14 110.94 16.00 4.00 1.05 470.46 398.14 15.37 

70:30 14 103.00 28.84 12.36 0.72 1232.09 1058.71 14.07 
 14 167.80 46.98 20.14 0.72 916.00 1058.71 15.58 
 14 103.00 14.42 6.18 0.72 557.25 401.18 28.01 
 14 167.80 23.49 10.07 0.72 346.94 401.18 15.63 
 14 103.00 9.61 4.12 0.72 429.07 227.41 47.00 
 14 167.80 15.66 6.71 0.72 251.05 227.41 9.42 
 14 92.15 17.50 7.50 0.72 660.41 614.77 6.91 
 14 92.15 14.00 6.00 0.72 612.72 449.82 26.59 
 14 110.94 17.50 7.50 0.72 574.31 474.12 17.45 
 14 110.94 14.00 6.00 0.72 319.56 346.91 8.56 

60:40 14 103.00 24.72 16.48 0.45 928.40 848.50 8.61 
 14 167.80 40.27 26.85 0.45 645.42 848.50 31.46 
 14 167.80 20.14 13.42 0.45 316.27 321.52 1.66 
 14 167.80 13.42 8.95 0.45 197.66 182.26 7.79 
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2�#�"&-. 5.7 (2!	) 
 

C:BioF Time,  wc Ci BioF k Laboratory 
strength, qul 

Predicted 
strength, qup 

/ /
100

up ul

ul

q q

q

−
×  

 
 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 
 14 103.00 12.36 8.24 0.45 651.84 321.52 50.67 
 14 103.00 8.24 5.49 0.45 375.25 182.26 51.43 
 14 92.15 15.00 10.00 0.45 555.59 492.71 11.32 
 14 92.15 12.00 8.00 0.45 486.04 360.51 25.83 
 14 110.94 15.00 10.00 0.45 444.88 379.98 14.59 
 14 110.94 12.00 8.00 0.45 290.50 278.03 4.29 

Mean Absolute Percent Error, MAPE  (MAPE =
1

/ /1
100

n
up ul

i ul

q q

n q=

−
×∑ )                            17.77 % 

 
2�#�"&-. 5.8  

0�&:���
/:���"	�� /���-
�B	"�1��(�-
�/#�"�&A0�6�-�6�2@ �$����8-�6��&-.	�
��!6 60 ��� 
C:BioF Time,  wc 

 
Ci BioF k 

Laboratory 
strength, qul 

Predicted 
strength, qup 

/ /
100

up ul

ul

q q

q

−
×

 
 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 

100:0 60 103.00 41.20 0.00 1.00 1555.17 1775.63 14.18 
 60 167.80 67.12 0.00 1.00 1364.20 1775.63 30.16 
 60 92.15 24.97 0.00 1.00 1037.35 1029.51 0.76 
 60 110.94 24.99 0.00 1.00 838.70 794.57 5.26 
 60 92.15 19.99 0.00 1.00 737.93 753.85 2.16 
 60 103.00 20.60 0.00 1.00 549.33 672.84 22.48 
 60 167.80 33.56 0.00 1.00 609.26 672.84 10.44 
 60 110.94 20.17 0.00 1.00 513.51 588.79 14.66 
 60 103.00 13.73 0.00 1.00 353.46 381.40 7.90 
 60 167.80 22.37 0.00 1.00 383.44 381.40 0.53 

90:10 60 103.00 37.08 4.12 1.47 1369.75 1893.02 38.20 
 60 167.80 60.41 6.71 1.47 1308.74 1893.02 44.64 
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2�#�"&-. 5.8 (2!	) 
 

C:BioF Time,  wc 

 
Ci BioF 

 
k Laboratory 

strength, qul 
Predicted 

strength, qup 

/ /
100

up ul

ul

q q

q

−
×  

 
 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 
 60 103.00 18.54 2.06 1.47 879.99 717.32 18.49 
 60 167.80 30.20 3.34 1.47 637.91 716.46 12.31 
 60 103.00 12.36 1.37 1.47 566.90 406.62 28.27 
 60 167.80 20.14 2.24 1.47 492.78 406.62 17.49 
 60 92.15 22.50 2.50 1.47 1165.63 1099.24 5.70 
 60 92.15 18.00 2.00 1.47 917.99 804.30 12.38 
 60 110.94 22.50 2.50 1.47 825.64 847.74 2.68 
 60 110.94 18.00 2.00 1.47 702.31 620.28 11.68 

80:20 60 103.00 32.96 8.24 2.01 1709.21 2299.16 34.52 
 60 167.80 53.70 13.42 2.01 1447.69 2299.16 58.82 
 60 103.00 16.48 4.12 2.01 918.37 871.22 5.13 
 60 167.80 26.85 6.71 2.01 818.31 871.22 6.47 
 60 103.00 10.99 2.75 2.01 698.53 493.85 29.30 
 60 167.80 17.90 4.47 2.01 613.65 493.85 19.52 
 60 92.15 20.00 5.00 2.01 1332.32 1335.08 0.21 
 60 92.15 16.00 4.00 2.01 985.82 976.86 0.91 
 60 110.94 20.00 5.00 2.01 880.28 1029.62 16.97 
 60 110.94 16.00 4.00 2.01 764.99 753.36 1.52 

70:30 60 103.00 28.84 12.36 1.38 1750.73 2062.97 17.83 
 60 167.80 46.98 20.14 1.38 1621.84 2062.97 27.20 
 60 103.00 14.42 6.18 1.38 1112.96 781.72 29.76 
 60 167.80 23.49 10.07 1.38 945.03 781.72 17.28 
 60 103.00 9.61 4.12 1.38 567.65 443.12 21.94 
 60 167.80 15.66 6.71 1.38 519.42 443.12 14.69 
 60 92.15 17.50 7.50 1.38 1246.36 1197.93 3.89 
 60 92.15 14.00 6.00 1.38 877.75 876.51 0.14 
 60 110.94 17.50 7.50 1.38 835.99 923.85 10.51 
 60 110.94 14.00 6.00 1.38 739.58 675.97 8.60 
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2�#�"&-. 5.8 (2!	) 
 

C:BioF Time,  wc 

 
Ci BioF 

 
k 

Laboratory 
strength, qul 

Predicted 
strength, qup 

/ /
100

up ul

ul

q q

q

−
×

 
 days , % , % , % (Eq.5.10) kPa kPa (Eq.5.11) , % 

60:40 60 103.00 24.72 16.48 0.87 1690.88 1648.05 2.53 
 60 167.80 40.27 26.85 0.87 1626.57 1648.05 1.32 
 60 103.00 12.36 8.24 0.87 1088.54 624.49 42.63 
 60 167.80 20.14 13.42 0.87 911.90 624.49 31.52 
 60 103.00 8.24 5.49 0.87 528.57 354.00 33.03 
 60 167.80 13.42 8.95 0.87 480.96 354.00 26.40 
 60 92.15 15.00 10.00 0.87 1026.84 956.99 6.80 
 60 92.15 12.00 8.00 0.87 798.72 700.22 12.33 

Mean Absolute Percent Error, MAPE  (MAPE =
1

/ /1
100

n
up ul

i ul

q q

n q=

−
×∑ )                            15.97 % 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


