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Abstract 

Project Code: IUG5080029 

Project Title:                 Engineering Properties, Computer Simulations and Thermal and UV light 

Effects of Wood Plastic Composite (WPC) Products

Main Researcher:           Professor Dr Narongrit Sombatsompop 

Email address:       narongrit.som@kmutt.ac.th 

Project Period:              28st September 2007 – 27st September 2009

Objectives:

1. To study the engineering properties of wood polymer composites (WPC) products with 

different sizes and cross-sections for beam and floor applications. 

2. To propose joining methods of WPC members for optimum engineering properties for 

various WPC cross-sections. 

3. To study the effects of thermal and UV ageing on the physical, structural and mechanical 

properties of WPC products and to explore possibility of using Ca/Zn complex stabilizer for 

replacement of the existing thermal stabilizer of V.P. Wood Co. Ltd. 

4. To encourage small-medium enterprise research works in collaboration between private 

sector and university. 

Methodology, Result and Discussion 

The content of this research project was divided into two parts, which were (Part 1) studies 

on engineering properties of wood-polymer composites (WPC) with different sizes and cross-

sections as well as their joint properties, and (Part 2) effects of thermal and UV ageing on the 

properties of WPC composites products. 

Part 1 involved the effects of sizes and cross-sections of WPC products and loading direction 

on engineering properties of wood-polymer composites (WPC), and proposed methods of joining all 

the WPC parts for structural applications. This part can be described in 4 sub-parts. Part 1.1 assessed 

the engineering properties of five different cross-sections which were designated as M001, M005, 

M009, M014 and M015. The experimental results suggested that the M005 gave the highest flexural 

properties. Higher flexural properties were obtained when testing the WPVC composites in edge-wise 

loading direction. The findings in this work suggested that low number of hollow cores with thick 

flanges and webs should be used to obtain the composite with higher flexural properties. The WPVC 

composite with low density was observed to exhibit lower flexural strength. The rate of loading had a 

marginal effect on the flexural properties of the composites. Part 1.2 studied the methods of joining 

WPC products. In this part, four different joining configurations were proposed, these including I-
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Beam, II-Beam, Rectangular Beam and Square Beam and three joining methods were used, these 

being screw, screw-adhesive and adhesives. The results suggested that joining the WPC members with 

adhesives gave the most satisfaction in terms of ultimate strength capacity and cost savings. Part 1.3 

involved upgrading and improving the ready-to-use computer program by adding the engineering 

properties of a wider range of single and jointed WPC members obtained in Parts 1.1 and 1.2 into the 

existing program obtained in our previous projects with the V.P. Wood Co. Ltd. Part 1.4 studied the 

effect of Ca/Zn complex stabilizer on the thermal stability of WPC by varying the Ca/Zn stabilizer of 

2.5, 5.0 and 7.5 parts per hundred PVC in order to replace the toxic-metal based thermal stabilizer. 

The results suggested that Ca/Zn complex stabilizer gave the same stabilizing effect and mechanical 

properties of the WPC products as compared with the metal based stabilizer that was being used by the 

V.P. Wood Co. Ltd. 

Part 2 investigated the effects of thermal and UV ageing on the properties of WPC composites 

products and this part was considered by two separate parts. Part 2.1 aimed to improve the thermal 

stability of PVC using zinc stearate, lead stearate and zeolite by varying their loadings from 2.4-4.8 

phr PVC, and assess thermal stabilities in terms of yellowness index, polyene content, %weight loss, 

decomposition temperature (Td) before and after thermal ageing. It was found that the additions of Zn 

and Pb stearates into PVC and wood/PVC composite could improve the thermal stability of the PVC. 

At low test temperature, the additions of Zn and Pb stearates could improve the thermal stabilities of 

PVC by retarding the upzipped reaction and by reducing the conjugated double bonds in PVC, Pb 

stearate being the most suitable for thermally stabilizing the PVC. Around the Td range, the addition of 

Zn stearate reduced the Td value of PVC whereas that of Pb stearate had no effect on the change in Td 

value. Zeolite loading could shift the Td value of the PVC from 264 to 280oC. The addition of wood 

particles increased the polyene content and decreased the decomposition temperature of the PVC. The 

effect of wood flour on the thermal and structural changes of PVC overruled that of thermal stabilizer 

loading. Part 2.2 currently focuses on the effects of UV stabilizer type and loading as well as wood 

content on mechanical and structural properties of WPC products before and after QUV ageing. This 

part of work is yet to complete since the twin-screw extruder, which is the main equipment for this 

work, was broken down. In addition, carrying out the work in QUA equipment is time-consuming. 

However, all the problems have now been solved and we are the process of analyzing the experimental 

results and preparing a manuscript for publishing in an international journal. All are expected to be 

finalized by the end of December 2009. 

At present, the research outputs obtained from this work were two accepted publications in 

international journals with impact factors and one patent application (under consideration).  
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� Sombatsompop N, Prapruit W, Chaochanchaikul K, Pulngern T & Rosarpitak V - Effect of 

Cross-section Design and Testing Conditions on Flexural Properties of Wood/PVC Composite 

Beams - Journal of Vinyl & Additive Technology (in press) (JIF = 0.658)  

� Sombatsompop N, Taptim K, Chaochanchaikul K, Thongpin C & Rosarpitak V (2008) 

Improvement of Structural and Thermal Stabilities of PVC and Wood/PVC Composites by Pb 

and Zn Stearates, and Zeolite - Journal of Macromolecular Science. Part A: Pure and Applied 

Chemistry, 45(7): 534-541.(JIF = 0.720)  

� Reinforcing and stabilizing Methods for Wood/PVC Composite Products by Synthetic Glass 

Fiber and Thermal-UV Stabilizers, Thai Patent Application, Number 0801004853, filed on 

22nd September 2008, owned by TRF, V.P. Wood Co. Ltd. and KMUTT. 
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��	��+��=����	
@� WPC 
����?,�-����$��	�����'6� 2 
-$��-�� )���#�������#���	��#L 
-$��#7 2.1 

�'6����'�	�'�"�����
K7��
�������$���!��+��$	
�"=
��#$#;#,��=�+#L��K7��B�! )��:����$��	�B�!�#���

'�	��'�#7��%���,��'����
+��
�����7��
?#���������$���!�� )��
�����7��
?#���������$���!���#7

�/����/�����E�<� '������!$� 
��#����+��
	���
# (zinc stearate), 
��#����+�����	7$ (lead stearate) 

,��;#)�B��� (zeolite) ,���#���'�	��'�#7��'����

�����7��
?#���������$���!�� �	L�,�- 2.4 ,�� 

4.8 phr ,���/����'������=�������$	�����'�#7��,'��
#,���-��	%�#�$���(�K�� (CIE yellowness 

index) �-��,������-���-��!$��$���!��, �-��	%�#�����#� (polyene index), �'����;A���+���L/�(�	��#7


�&�
#�B' (%weight loss) ,���"
(�������
����	$ (Td) ���=�����E�<�$��	� ��$-� ���:%!
��#���� 

+��
	���
# ,��
��#����+�����	7$�'6�
�����7��
?#���������$���!���#
-$�%-$�:����'�	�'�"�

�
?#���������$���!��+���#$#;#�	L�:���
#+���#$#;# ,��$	
�"=
��#$#;#,��=�+#L��K7��B�! )��
�����7�

�
?#������$���!���	L� 2 %��� �#
-$�%-$�:����(�-$��������'�������� unzip :�
��);-+���#$#;#:(!����

B�!%!���
-�=�:(!�����	�����- ,���������� (conjugated double bond) :�
��);-�#$#;#B�!���� =�+��

�������
�����7��
?#���������$���!���#7�#�-��"
(�������
����	$+���#$#;# ��$-� �������
��#����+��


	���
#�#=��/�:(!�"
(�������
����	$+���#$#;#�#,�$)�!����� :�+
��#7�������
��#����+�����	7$B�-�#

=��/�:(!�"
(�������
����	$+���#$#;#��������'�#7��,'�� 
-$��������;#)�B����#=��/�:(!�"
(�������


����	$+���#$#;#�#�-����7�
��+EL���� 264 �'6� 280oC �����������
�=�+���
?#���������$���!��

,���"
(�������
����	$ ��$-� 
��#����+�����	7$�'6�
�����7��
?#���������$���!���#7�#'��
�������

�(���
��	��#$#;#����#7
"� 
-$�=�+���������=�+#L��K7����:��#$#;# ��$-� =�+#L��K7���#
-$��(�#7�$�/�:(!�#$#;#

�������
����	$��K7������$���!��B�!�-��+EL�   
/�(�	����$��	�:�
-$��#7 2.2 ���'�	�'�"�����
K7��
���

��K7�����,
���$#+��$	
�"=
��#$#;#,��=�+#L��K7��B�! ����
�$��	�* B�!�/�����E�<�=�+��%���,��'����


+��
�����7��
?#��������,
���$# ,��=�+��'����
=�+#L��K7�� ���:�!
��$�����-���-�:����K7����-�


��$� QUV ,��
��$�,$��!���������%��� ,���/����'������=����
��	������� ��������� 

,��)���
�!��������# ���$��	�:�
-$��#L�	��/��������B�-,�!$�
�A�  ��K7��������K7���	��#�,�����#�$(���

��-�#7:%!�'6����K7���K�(�	�:����$��	�%/��"��
#�(��(�����	L� �������#L +	L��������-���-�
��$��!$�,
���
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$#�����$���-�%!� ��K7������!�������:%!���K7���-���-�
��$��!$�,
���$# ��-��B��A�������
�$��	�* +
��#L

'�&(��-��H =-��B'B�!�!$��#,�!$ ,��+
��#L���-��($-����A�=��������� ,�����$-���
����?

�/��������$��	���
����?=������$��$��	��#�����:�$��
�����	�����%���������$��	�:�
-$��	���-�$�#L

B�!�/��$� 1 ���$�� ���:���K���	�$��� 2552  

 =��	����#7B�!���)������$��	� ��?E�+
��#L �K����$��$��	�B�!�	��������	�:��#�����:�

$��
��$�%��������%����#7�#�-� journal impact factors �/��$� 2 ���$�� ,��
�����	�� �/��$� 1 


�����	��  �#�	��#L 

� Sombatsompop N, Prapruit W, Chaochanchaikul K, Pulngern T & Rosarpitak V - Effect of 

Cross-section Design and Testing Conditions on Flexural Properties of Wood/PVC Composite 

Beams - Journal of Vinyl & Additive Technology (in press) (JIF = 0.658) �#�������#���	�

%��
����� 1 

� Sombatsompop N, Taptim K, Chaochanchaikul K, Thongpin C & Rosarpitak V (2008) 

Improvement of Structural and Thermal Stabilities of PVC and Wood/PVC Composites by Pb 

and Zn Stearates, and Zeolite - Journal of Macromolecular Science. Part A: Pure and Applied 

Chemistry, 45(7): 534-541.(JIF = 0.720) �#�������#���	�%��
����� 2 

� 
�����	�� ��K7�� “�����������,
���)��%&���	
'�-���	
�/%
�����3�)&*#�4,&6�$�7�":��,
"�;�)�"�

	�,���*(�)&*
��,����,
<��������������"$�)&*)
�����” 
�����	��B�� ��+�#7�/�+� 

0801004853 
 $	��#7 22 �	����� 2551 �#�������#���	�%��
����� 3 

 

�#�
#��	: =�+#L��K7��B�!, ������,��, $	
�"=
�, 
��	�����$��$����, �$��������-�
��$�,$��!��
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����(/ 1 ����E�<�
��	���!��$��$����+��=����	
@� WPC �#7�#(�!��	�,��+���+��=����	
@�,���-��

�	�,����',������E��-�+��(�!��	� 

1.1 ����E�<�
��	���!��$��$����
/�(�	�=����	
@� WPC �#7�#��'�-��,��+���+��(�!��	��-��H 

���$��	�:�
-$��#L�'6�����E�<�
��	������	�,���	�+��%�L�������$	
�"=
��#$#;#,��=�+#L��K7��B�! 

(WPVC) �#7�#�������=�+#L��K7��B�!:�'����

��;E7��/����+EL���'%�L�����!$����K7���	��#�,�����#�$(�����-

:����	�)����� )���/�����E�<�=�+����'�-��(�!��	��#7�#�-�
��	������	�,���	� )������/�%�L��������#7

�#+���(�!��	��#7,���-���	� �/��$� 5 (�!��	� ���/�����E�<� ,���E�<�=�+��
��$������
�� )��

�/�����E�<�=�+�����������:(!,������/�, =�+��+���, �/��$�%-����$�, �$��(��,�-�, �$��(��

%�L����, ��������������	�+�����, �	������:(!,������/� ���=��������� ��$-� ��'�-��(�!��	�

+��=����	
@���� WPVC �#=���-������-�
��	������	�,���	� %�L���� WPVC �#7�#�/��$�+��%-��

��$� (hollow core) ���:�(�!��	�+������#7�!�� ,���$��(��+��=�	�%�L�������:�,�$�	L� (web) 

,���$��(��+��=�	�%�L�������:�,�$��� (flange) �#7�#�$��(������#=��/�:(!%�L������� WPVC 

�#
��	������	�,���	��#7���7�
��+EL� 
/�(�	�=�+�����������:(!,������/� ��$-� ���:(!,������/��	�

%�L����:�,�$�	L� (edge-wise) �#=��/�:(!%�L�����#
��	������	�,���	��#7
���$-���
#����	�,��:���� 

(flat-wise)   %�L���� WPVC �#7�#�$��(��,�-��7/�?��
	������$-��#�-��$��������-�����	����7/� ���

�'�#7��,'���	������:(!,������/�B�-�-��
-�=��-�
��	������	�,���	�+��$	
�"=
�����	� �������

�������	�+��������7�B�-�#=��-�
��	������	�,���	���K7��	���
-$���($-����������������	����,��

�$��(��+��%�L������
�� (L/D) ����$-� 10 ,�� 16 
/�(�	����:(!,������/�:�������,�$�	L�,��

,�$��� ����/��	� ���$��	�:�
-$��#7 1.1 �#LB�!�	��������	�:(!�#�����:�$��
�� Journal of Vinyl & 

Additive Technology (JIF = 0.658) :�%K7���K7�� “Effect of Cross-section Design and Testing 

Conditions on Flexural Properties of Wood/PVC Composite Beams” )���#�������#���	�%��
��

��� 1 

1.2 ����E�<�
��	�����$��$����+�����(�!��	�'������#7B�!�������E��-��!$��"'��
��E�,���-�� H  

���$��	�:�
-$��#LB�!�/�����E�<�
��	�����$��$����+�����(�!��	�'�����)����!�
��	�����

�	�,���	�,��,����K�� B�!,�- Modulus of Elasticity, Modulus of Rapture ,�� Shear Modulus +��

%�L�������(�!��	�'����� ;E7�'��������$	
�"=
��#$#;#,��=�+#L��K7��B�! (WPVC) �#7�#�	���
-$� 

100:100 )���L/�(�	� )��:%!(�!��	� M001 '������	�:(!B�!���(�!��	� I-Section, II-Section ,��

(�!��	�
#7�(�#7��,���-��H �	�,
��:�!�����(/ 1 )����',������E��-� 3 ��',�� ,���#7 1 �E��-�)��

���:%!��'����#�$ ,���#7 2 �E��-�)�����:%!��'����#�$�-$��	���$ ,��,���#7 3 �E��-��!$���$ ,��

�/�����
��
��	������	�,���	�,��,����K�� �!��������������� ASTM D198(1998),�� ASTM 

D 790(1999)  
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���7������������!	+7�����   

�/�%�L����(�!��	� M001 ���/����'��������(�!��	�'�����,���-��H �!$��"'��
��E��-�

,���-��H ���'�����(�!��	��-��H '������!$� ���(�!��	� I-Section, II-Section ,��(�!��	�


#7�(�#7��,���-��H �	�,
��:�!�����(/ 1 )���/�(��:(!�#��',������E��-� 3 ��',�� ,���#7 1 �E��-�

)�����:%!��'����#�$ ,���#7 2 �E��-�)�����:%!��'����#�$�-$��	���$ ,��,���#7 3 �E��-��!$���$ ;E7�

����E��-��!$���'����#�$���/�����E��-��"�H ���� 30 �;������� 
-$�����E��-��!$���$ �/��������

)���������$����,�$����E��-�,���/�,(�-��#7����$�/��������+	�=�$%�L������K7�:(!%�L�����E����B�!�#

��7�+EL�

 

!�����(/ 1  (�!��	����'������#7:%!:�����E�<� 

 Specimen Code Cross Section 

Dimension 

(mm. x 

mm.) 

����!	+7����� 

I-Beam 

��� M001 3 @�,� 

�E��-�)�����:%!

��'����#�$

�E��-�)�����:%!

��'����#�$�-$��	�

��$

�E��-�)�����:%!

��$

103 � 173 

  

����!	+7����� 

II-Beam 

��� M001 4 @�,� 

�E��-�)�����:%!

��'����#�$

�E��-�)�����:%!

��'����#�$�-$��	�

��$ 

�E��-�)�����:%!

��$

103 � 173
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!�����(/ 1  (�!��	����'������#7:%!:�����E�<� (�-�) 

Specimen Code Cross Section 

Dimension 

(mm. x 

mm.) 

 

����!	+7����� 

Square Beam 

��� M001 3 @�,� 

�E��-�)�����:%!

��'����#�$

�E��-�)�����:%!

��'����#�$�-$��	�

��$ 

�E��-�)�����:%!

��$

105 � 103 

   

����!	+7����� 

Rectangular Beam  

��� M001 4 @�,� 

�E��-�)�����:%!

��'����#�$

�E��-�)�����:%!

��'����#�$�-$��	�

��$ 

�E��-�)�����:%!

��$

103 � 173 

 

����+
�����+	+


/�(�	�:������
������	�,���	� :����$��	��#LB�!�������$��
����?:�����	�,���	�)��

�'�#����#����($-��$	
�"=
����
����-�+#L��K7��B�!�#7�#�	���
-$�=
���#�$�	�,�-�#��',��+��(�!��	�

'������-���	� 
/�(�	�$��#��� ,�����K7���K��#7:%!:������
�� �!��������������� ASTM 

D198(1998) ;E7��'6�������������
����K7�(�
��	��+��)���
�!��B�! ,����K7�(�#���#7������������

�K�+��$	
�"���
��� �	�����A$:����:(!,������/��	�$	
�"=
� �/���������!��������������� ASTM D 

790(1999) ;E7��'6�������������
�����
��� �	��#7��-�$B$!+!���!� (�!��	����'������#7:%!:����

��
���#��'���,��+���(�!��	� �	�,
��:�!�����(/ 1 �/��$�%�L�����#7:%!�/������
��,���	�,�-��

,�� �K� 3 %�L���� �������$���������	������ ����(	$�� ,���	�����A$:������ ,
��:� ��7�(/ 1 

!�����(/ 2 
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!�����(/ 2 ����,���	���������K7���#7+��(	$��+�������
��,���	� 

(�!��	� 

$	
�"��
�� 

��K7��B+�����
�� 

 

$	
�"=
����
���,��+#L��K7�� 

PVC:SD (100:100) 

���� a (����) 0.92 

���� L (����) 2.77 

 
�	�����A$:������ (��./���#) 81.93 

���� a (����) 0.92 

���� L (����) 2.77 

 
�	�����A$:������ (��./���#) 81.93 

���� a (����) 0.55 

���� L (����) 1.65 

 
�	�����A$:������ (��./���#) 48.78 

���� a (����) 0.92 

���� L (����) 2.77 

 
�	�����A$:������ (��./���#) 81.93 

 

��7�(/ 1 ��',�������
��
��	������	�,���	�,�� 4 �"� (Four point bending) 

 

��7�(/ 2 ,
���������	L��"'��
������
��,���	�,�� 4 �"�+�����(�!��	�'����� ���

������=������
��,���	� '������!$� �-����"�	
����
��� ,���-����"�	
���,��(	� )��:%!
����

�(/ 1 ,�� 2 :�����/��$
 ����/��	�  
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��7�(/ 2 �������	L������
��,���	�,�� 4 �"�+��$	
�"(�!��	�'����� 

             

 � �243
12

aLa
I

PaE �
�

�
 


�����(/ 1 

 
I
McSR �

 

�����(/ 2 

 

��K7�  P = �L/�(�	�����/�%-$�����
��� (��$�	�) 

a = ��������������	�?E��/�,(�-��#7,������/� ;E7���-��	� L/3 (���������) 

  L = �����$����$%-$���� (���������) 

 I = )���������������%#����,��
�����+����'�	� (����������/��	�
#7) 

  � = �������)�-�+����� 
 �/�,(�-��#7,������/� (���������) 

  M = )�������	�
��
"� (��$�	����������) 

  c = �������,��
�����+����'�	�?E�+�� (���������) 
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=������
��
��	������	�,���	�+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) (�!��	����'����� )������E���',���-��H �	�,
��:�!�����(/ 3

!�����(/ 3 =������
��,���	�+��(�!��	�'������#7�#
���=
��'6� PVC:SD (100:100) 

Section Characteristics 

Specimen Inertia of 

 x- axis (Ix) 

(mm.4) 

Deflection at 

Max. load 

x10-2 (m) 

Max. load 

(N) 

Max. 

bending 

(N-m) 

Modulus of 

rupture 

(MPa) 

Modulus of 

elasticity 

(MPa) 

�E��!$���'����#�$ 6.73 3,709 1,715 9.5(0.12) 1,850(62.60) 

�E��!$���'����#�$,����$ 6.94 9,388 4,596 25.4(1.24) 3,444(132.18) 

I - Beam 

 �E��!$���$ 

15,675,807 

8.73 9,983 4,616 25.5(0.85) 3,476 (34.23) 

�E��!$���'����#�$ 6.70 6,184 2,859 14.4(0.08) 2,815(46.37) 

�E��!$���'����#�$,����$ 6.43 9,468 4,377 22.0(0.55) 3,437(48.64) 

II - Beam 

 �E��!$���$ 

17,225,696 

8.04 11,174 5,166 25.9(0.70) 3,453 (77.76) 

�E��!$���'����#�$ 7.64 6,180 2,857 14.3(0.24) 2,145(163.24)

�E��!$���'����#�$,����$ 5.97 8,931 4,129 20.7(2.10) 3,403(25.40) 

Rectangular 

Beam 

 
�E��!$���$ 

17,225,696 

8.41 11,661 5,391 27.1(0.48) 3,487(58.54) 

�E��!$���'����#�$ 4.39 7,766 2,140 23.7(0.40) 3,417(145.26) 

�E��!$���'����#�$,����$ 3.48 6,775 1,868 20.7(3.17) 3,755(89.14) 

Square Beam

  �E��!$���$ 

4,649,667 

5.03 8,959 2,470 27.4(1.33) 3,827(31.61) 

The values in parentheses indicate standard deviation (SD).
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!�����(/ 3 ,
��=������
��
��	������	�,���	�+�����(�!��	�'�����(�!��	��-��H ���

�����
����$-� ����E��-����'������#7�#'��
�����������#7
"� �K� ����E��!$���$ ��������K� ���

�E��!$���'����#�$�-$��	���$ ,������E��!$���'����#�$ ����/��	� ;E7�
����?�����
�B�!���
��	�����

�	�,���	�+�����(�!��	�'�����+��,�-��,��  ;E7�
��(�"�#7�/�:(!����E����(�!��	�'������!$���$�#

'��
��������A�K� ��$���'6��	$'��
�����(�!��	�'�����:(!����	��/�:(!���'�����
����?�	�,��

B�!��� :�+
��#7����E����'�����)���#��'����#�$�'6��	$�E� ����/�,(�-��#7�E�)����'����#�$�'6��"��#7

�-��,�+��$	
�"=
� 
-�=��/�:(!�$��
����?:�����	�,���!���#7
"� ;E7�
����?�����
�B�!����-���

�"�	
���,��(	�,���-����"�	
����
��� ,����������
����$-� (�!��	�'������	L� 4 ,�� �#
��	��

����	�,���	�:��!��#���	� 
/�(�	��	�<
����$��	��+��$	
�"(�!��	�'����� ���$��	���#7����+EL�������

����$
=�$�!���-��+��%�L���� ;E7��'6�����$
�#7�	�,���E� �	�,
��:���7�(/ 3 ;E7���K7������
�?K�B�!$-��'6�

$	
�"�#7�#�$���'���������#���)�-��	$�#7�!���-�����$��	��

 

(a) (b) 

  

(c) (d) 

��7�(/ 3 ���$��	��+��%�L������
��,���	�$	
�"(�!��	�'�����(�!��	��-��H 

(a)    I – Beam  (c)   Rectangular Beam  

(b)    II – Beam  (d)   Square Beam  
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����+
�����%�-�� 

�����
��,����K��:%!$��#����	�,�� 5 �"� (Five point bending) ��K7�:(!�������$��	�����,��

��K�����:������K7���������	� %�L�����#7:%!:������
���#��'���,��+���(�!��	��%-���#�$�	��	����

��
��,���	�;E7�,
��B$!:�!�����(/ 1 �/��$�%�L�����#7:%!�/������
��,����K��,�-��(�!��	� �K� 3 

%�L���� �������$���������	������,��(	$��B�!���"B$!:���7�(/ 4(a) ,���#�������#��+���/�,(�-�

(	$�� �$����$%-$� ,���	�����A$:������ �	�,
��:�!�����(/ 4 

 

!�����(/ 4 ����,���	���������K7���#7+��(	$��+�������
��,����K�� 

(�!��	� 

$	
�"��
�� 

��K7��B+�����
�� 

 

$	
�"=
����
���,��+#L��K7�� 

PVC:SD (100:100) 

���� a (����) 0.87 

���� L (����) 1.73 

 
�	�����A$:������ (��./���#) 8.00 

���� a (����) 0.87 

���� L (����) 1.73 

 
�	�����A$:������ (��./���#) 8.00 

���� a (����) 0.52 

���� L (����) 1.03 

 
�	�����A$:������ (��./���#) 4.76 

���� a (����) 0.87 

���� L (����) 1.73 

 
�	�����A$:������ (��./���#) 8.00 

 

��7�(/ 4(b) �'6�,=����,
��+���,��������+��,����K�� (Shear force diagram) 
 

�/�,(�-��-��H +�����+
��#7�	�,���	�,�� 5 �"� 
/�(�	������
��,���#L���������,����K������

�$����$%-$����,��+���+��,����K��
��
"��#�-���-��	� 
16
11P

 :����������=������
����,
���-�

�/��	��	�,����K�� (Shear strength) ;E7��/��$
B�!)��:%!
�����(/ 3  
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Ib
VQ

�	  
�����#7 3 

��K7�  	 = (�-$�,����K�� (��$�	�/��������������) 

Q = )���������,��
�����+���KL��#7���+��(�!��	�?E�,�$�#7�!�����(�(�-$�,��

��K�� (����������/��	�
��) 

  V = ,����K��
��
"��#7����/��-���� (��$�	�) 

I = )���������������%#����,��
�����+����'�	� (����������/��	�
#7) 

b = �$���$!��+����'�	�
-$��#7�!�����(�(�-$�,����K�� (���������) 

��7�(/ 4(a) �'6��	$��-���������	L��"'��
������
��,����K�� )���#7�������$���������	����

���#����(-����-��	� a ,������(	$������(-����-��	� a/2

 

16
5P

16
5P

�
16
11P

�

16
11P

��7�(/ 4 ��',�������
������	�,����K��

(a) �������$���������	������ ,������(	$�� 

(b) +���,��������,����K���#7����/��-���� 
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��7�(/ 5 �������	L������
��,����K��,����� 5 �"�+��$	
�"(�!��	�'����� 
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=������
��
��	������	�,����K��+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) (�!��	����'�����)���E���',���-��H �	�,
��:�!�����(/ 5

!�����(/ 5 =������
��,����K��+��(�!��	�'������#7�#
���=
��'6� PVC:SD (100:100) 

Section Characteristics 

Specimen Inertia of 

 x- axis (Ix) 

(mm.4) 

Deflection at 

Max. load 

(mm) 

Max. applied 

load 

(kN) 

Max. shear 

force 

(kN) 

Shear 

strength 

(MPa) 

�E��!$���'����#�$ 1.15 17.1 5.88(0.50) 4.47(0.38) 

�E��!$���'����#�$,����$ 0.97 24.9 8.57(0.70) 6.52(0.53) 

I – Beam 

 �E��!$���$ 

15,675,807 

0.98 36.1 12.39(0.07) 9.43(0.06) 

�E��!$���'����#�$ 1.14 31.5 10.84(1.02) 4.40(0.42) 

�E��!$���'����#�$,����$ 1.08 45.7 15.69(0.12) 6.37(0.05) 

II – Beam 

 �E��!$���$ 

17,225,696 

1.13 44.9 15.42(0.29) 6.26(0.12) 

�E��!$���'����#�$ 1.35 26.8 9.21(0.34) 3.74(0.14) 

�E��!$���'����#�$,����$ 1.08 43.4 14.90(0.56) 6.05(0.23) 

Rectangular 

Beam 

 
�E��!$���$ 

17,225,696 

1.09 46.8 16.09(1.74) 6.53(0.71) 

�E��!$���'����#�$ 1.23 54.9 18.87(0.34) 8.36(0.15) 

�E��!$���'����#�$,����$ 1.04 62.6 21.5 (1.03) 9.52(0.46) 

Square Beam 

�E��!$���$ 

4,649,667 

1.06 63.3 21.8(0.87) 9.63(0.39) 

The values in parentheses indicate standard deviation (SD).
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!�����(/ 5 ,
��=������
��
��	������	�,����K��+�����(�!��	�'�����,���-��H ���

�����
����$-� ����E��-����'������#7�#'��
�����������#7
"� �K� ����E��!$���$ ��������K� ���

�E��!$���'����#�$�-$��	���$ ,������E��!$���'����#�$ ����/��	��%-���#�$�	��	��/��	�����	�,���	� 

�	L��#L���������E����'�����)���#��'����#�$�'6��	$�E��/�:(!�"��#7�E�)����'����#�$�'6��"��#7�-��,�

+��$	
�"=
��#$#;#,��+#L��K7��B�! ,���/�:(!�KL��#7�	�,����K������ �E��/�:(!���(�!��	�'������	�,��B�!

B�-��A��#7 )�������
�B�!����/��	��	�,����K�� ,����������
�����(A�B�!$-����(�!��	�'����� 

Square Beam �#'��
�������:�����	�,������#7
"� ��������K� I-Beam, ����/��	� ��-��B��A��� ��K7�

�����
���������	
����
������
 ��������
�
�������������� I-Beam ,�� Square Beam �#
��	��

����	�,����K���#7�#:��!��#���	� 
-$�
��(�"�#7�/�:(!���(�!��	�'�����,�� Rectangular Beam ,�� II-

Beam �#�/��	��	�,����K���!�� �K� $	
�"=
��#$#;#,��+#L��K7��B�! (100:100)B�-
����?���-�,���	�B�!�E�

�/�:(!���(�!��	�'���������,����K��������#7(local shear failure) ;E7�
����?�����
�B�!������$��	��

+��$	
�"(�!��	�'����� ,
���	���7�(/ 6  

 

  

(a) (b)

 

(c) (d)

��7�(/ 6 ���$��	��+��%�L������
��,����K��$	
�"(�!��	�'�����(�!��	��-��H 

(a)    I – Beam (c)   Rectangular Beam 

(b)    II – Beam  (d)   Square Beam  

��������
��
��	������	�,���	�,��,����K��+�����(�!��	�'�������',���-��H ��$-�

���(�!��	�'������	L� 4 ,�� �#
��	������	�,���	��#7�#:��!��#���	� 
-$�
��	������	�,����K�� ���

(�!��	�'�����,�� I-Beam ,�� Square Beam 
����?�	�,��B�!����$-� II-Beam ,�� Rectangular 
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Beam ,��(�������
�����!��"�:����=��� ���(�!��	�'����� I-beam �#�$���(���
��#7���/���

�/��'6����'���������#7
"� �������#�������!��"�:����=���,
��:�!�����(/ 6

!�����(/ 6 �����!��"�:����=����-�����+�����(�!��	�'�����(�!��	��-��H �#7�#
���=
��'6� 

VPVC:SD (100:100)

����(���/����) 

Section 

Characteristics WPC ��$ ��'����#�$ �(�A� �$� 

�E��!$���'�

���#�$ 
720 - 5.2 - 725.2 

�E��!$���'�

���#�$,����$ 
720 5.6 5.2 - 730.8 

I – Beam 

 
�E��!$���$ 720 5.6 - - 725.6 

�E��!$���'�

���#�$ 
960 - 10.4 - 970.4 

�E��!$���'�

���#�$,����$ 
960 8.4 10.4 - 978.8 

II – Beam 

 
�E��!$���$ 960 8.4 - - 968.4 

�E��!$���'�

���#�$ 
960 - 10.4 - 970.4 

�E��!$���'�

���#�$,����$ 
960 8.4 10.4 - 978.8 

Rectangular 

Beam 

 �E��!$���$ 960 8.4 - - 968.4 

�E��!$���'�

���#�$ 
720 - 10.4 - 730.4 

�E��!$���'�

���#�$,����$ 
720 5.6 10.4 - 736.0 

Square 

Beam 

 �E��!$���$ 720 5.6 - - 725.6 
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��������
��+!���!���$-�����E����'������!$���$�#'��
�����������#7
"�,�����(�!��	�

'����� I-Beam �#'��
�������:�����	�,������#7
"� �	��	L� ��K7��E�<��$���'6�B'B�!:�����
���,�� 

����
�$��	� B�!�#����E�<�
��	�����$��$����+�����(�!��	�'��������7����� B�!,�- ���(�!��	�

'����� I-Beam �
����(�A�, I-Beam M005 ,�� I-Beam ����:�,�!$ )���#����E��-� I-Beam �
���

�(�A� 2 ��',�� ,���#7 1 �E��!$���'����#�$�-$��	���$ ,��,���#7 2 �E��!$�Bolt�-$��	���$ 
-$� I-

Beam M005 ,�� I-Beam �/���������E��-����'������!$���$ �	�,
��:�!�����(/ 7 ,���/���

��
��
��	������	�,���	� ,��,����K���%-���#�$�	��	� �����
��:�(	$+!� 1.2 �������$��

�������	������ ����(	$�� ,���	�����A$:�������%-���#�$�	��	����(�!��	�'����� I-Beam   

 

���7������������!	+7�����   

���(�!��	�'����� I-Beam �
����(�A� 

�/�%�L����(�!��	� M001 ���$	
�"=
��#$#;#,��=�+#L��K7��B�! �#7�#�	���
-$� 100:100 ���/����

'�����:(!�'6����(�!��	� I-Beam ����	L��/��(�A���-��+��� 1��L$ x 1��L$ x 2 ��������� 
���+!�B'

:�%-����$��������+��%�L������,���-��+�����'�����  )���#�'��(���:(!��������/�����-$��	�

��($-��$	
�"=
�,���(�A��
���)���(�A����/�(�!��#7�	�,���E��#7+���-��+��(�!��	�'�����+
��#7�	�

,���	�,���(�A��
���
-$������/�(�!��#7�-$��	�$	
�"=
�:�����	�,���	�  �/�:(!���(�!��	�'������#

'��
�������:����	�,���	����+EL� ����E�<��#L���/�����E��-�%�L����)��:%!��',������E��-� 2 ��',�� 

,���#7 1 �E�)����'����#�$�-$��	���$ ,��,���#7 2 �E�)��Bolt�-$��	���$ )���/�,(�-�����E���'�

���#�$ ,�� Bolt �	L� �/���������E��-��"�H ���� 30 �;������� 
-$�����E��!$���$ �/��������)�����

����$����,�$����E��-�,���/�,(�-��#7����$�/��������+	�=�$%�L������K7�:(!%�L�����E����B�!�#��7�+EL�

���(�!��	�'����� I-Beam M005 

�/�%�L����(�!��	� M001 ,�� M005 ���$	
�"=
��#$#;#,��=�+#L��K7��B�! �#7�#�	���
-$� 100:100  ��

�/����'��������(�!��	�'�����(�!��	� I-Beam  �	L��#L:�+
��#7���'������	�,���	�������,���E�

�#7�!���-��+��(�!��	�,��,���	��#7�!����+��(�!��	�  ����'�#7����:(!%�L���� M005 ;E7��#+���,��

�$��(������$-�(�!��	� M001 �'6�%�L����
-$���,���-��+�����(�!��	�'��������'6�������7��KL��#7

:�����	�,���E�,���KL��#7:�����	�,���	� �/�:(!���'�����
����?�	�,��B�!���+EL� ����E��-����/�

����E�)����$)���/����)���������$����,�$����E��-�,���/�,(�-��#7����$���/����+	�=�$%�L����

:(!�#�$��(�����K7�:(!%�L�����E�����	�B�!�#��7�+EL� 

���(�!��	�'����� I-Beam ����:�,�!$ 

�/�%�L����(�!��	� M001 ���$	
�"=
��#$#;#,��=�+#L ��K7��B�!,���
!�:�,�!$�#7�#�	���
-$� 

100:100:10 ���/����'��������(�!��	�'�����(�!��	� I-Beam �	L��#L��K7�����$	
�"�#7����:�,�!$��

�#�$��
����?:��	�,��:�,�-��(�!��	�����$-� �/�:(!(�!��	�'������	�,��B�!���+EL� ����E��-��	���

�E�)��:%!��$)���������$����,�$����E��-�,���/�,(�-��#7����$���/����+	�=�$%�L������K7�:(!%�L����

�E����B�!�#��7�+EL�
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!�����(/ 7 (�!��	����'������#7:%!:�����E�<� 

 Specimen Code Cross Section 
Dimension 

(mm. x mm.) 

����!	+7����� 

I-Beam %
���%��B� 

��� M001 3 @�,� 

�E��-�)�����:%!Bolt�-$��	�

��$

�E��-�)�����:%!��'����#�$

�-$��	���$

103 � 173 

      

����!	+7����� 

I-Beam 

M005 

��� M001 1 @�,� 

��� M005 2 @�,� 

�E��-�)�����:%!��$ 

103 � 173

 

����!	+7����� 

I-Beam 

%!�������� 

��� M001 3 @�,� 

�E��-�)�����:%!��$

103 � 173 
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=������
��
��	������	�,���	�+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) (�!��	����'�����)���E���',���-��H +�����(�!��	�'����� I-Beam 

�	�,
��:�!�����(/ 8

!�����(/ 8 =������
��,���	�+��(�!��	�'������#7�#
���=
��'6� PVC:SD (100:100) 

Modulus of 

rupture 

Modulus of 

elasticity 
Section Characteristics 

Specimen Inertia 

of 

 x- axis (Ix) 

(mm.4) 

Deflection at 

Max. load 

x10-2 (m) 

Max. load 

(N) 

Max. 

bending 

(N-m) (MPa) (MPa) 

�E��!$���'����#�$,����$ 5.37 14,033 6,488 7.1(1.87) 1,216(70.95)
I – Beam 

�
����(�A� 

 
�E��!$� Bolt ,����$ 

78,975,248 

5.39 12,423 5,744 6.3(0.91) 899(147.80) 

I - Beam 

M005 

 

�E��!$���$ 26,817,519 9.13 16,553 7,653 25.5(0.75) 3,142(40.03) 

I-Beam ����

:�,�!$ 

 

�E��!$���$ 15,675,807 5.50 8,356 3,863 21.3(0.24) 3,876(90.79) 

The values in parentheses indicate standard deviation (SD).
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!�����(/ 8 ,
��=������
��
��	������	�,���	�+�����(�!��	�'�����(�!��	� I-Beam 

,���-��H ��������
����$-� ���(�!��	�'����� I-Beam �#7�#
��	������	�,���	�B�!����#7
"� �K�   

I – Beam M005 ��������K� I-Beam ����:�,�!$ ,�� I-Beam �
����(�A� ����/��	� ��-��B��A��� 

��K7������
�����-���#7������������ ?K�$-� I – Beam M005 ,�� I-Beam ����:�,�!$ 
����?�	�,��

�	�B�!:��!��#���	� )��
����?������=��#7����+EL�B�!�	��#L 

� �����
�����(�!��	�'����� I-Beam �
����(�A� ��$-� ����
����(�A��#=�:�����	�,���#7�#

+EL� ����,�-��	$�!���� ,�-��K7������
�?E�)����	
��	��#�-����� �	L��#L��K7����� �$��B�-�'6���KL�

��#�$�	�+��$	
�" �(�A��
���,��$	
�"=
�B�-��������/�����-$��	�  

� �����
�����(�!��	�'����� I-Beam M005 ��$-� 
����?�	�,���	�B�!�# ,����K7������
�

?E�)����	
;E7��#�-�:��!��#���	����(�!��	�'����� I-Beam :�!�����(/ 3 ,�-���'��������

(�!��	�'����� I-Beam M005 �#�$��
����?:�����	�,��B�!�#�$-����(�!��	�'����� I-

Beam �	L��#L��K7������#(�!��	�:�����	�,���E�,��,���	�����$-� 

� �����
�����(�!��	�'����� I-Beam ����:�,�!$ ��$-� ���:%!(�!��	��
����
!�:�,�!$���/�

�'6�(�!��	�'�����B�-
-�=��-�����	��/��	�����	� �	L��#L+EL����-�	�����$����+EL���'�#7B�-�#   


/�(�	��	�<
����$��	��+��$	
�"(�!��	�'����� ���$��	���#7����+EL�����������$
=�$�!���-��+��

%�L���� ;E7��'6�����$
�#7�	�,���E� �	�,
��:���7�(/ 7

 

(a) (b)

 

(c) (d) 

��7�(/ 7 ���$��	��+��%�L������
��,���	�$	
�"(�!��	�'����� I-Beam ,���-��H 

(a)    I – Beam �
����(�A��E��!$���'����#�$

,����$ 

(c)   I – Beam �
����(�A��E��!$���'����#�$

,����$ 

(b)    I – Beam M005 �E��!$���$   (d)   I – Beam ����:�,�!$ �E��!$���$ 
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=������
��
��	������	�,����K��+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) (�!��	����'�����)���E���',���-��H +�����(�!��	�'����� I-

Beam �	�,
��:�!�����(/ 9

!�����(/ 9 =������
��,����K��+��(�!��	�'������#7�#
���=
��'6� PVC:SD (100:100) 

Max. shear 

force 

Shear 

strength Section Characteristics 

Specimen Inertia of 

 x- axis (Ix) 

(mm.4) 

Deflection at 

Max. load 

(mm) 

Max. applied 

load 

(kN) (kN) (MPa) 

�E��!$���'����#�$,����$ 1.56 37.4 12.86(0.86) 9.26(0.62) 
I - Beam 

�
����(�A� 

 
�E��!$� Bolt ,����$ 

78,975,248 

1.66 39.6 13.60(0.26) 9.80(0.19) 

I - Beam 

M005 

 

�E��!$���$ 26,817,519 1.20 42.0 14.45(0.03) 10.63(0.02) 

I-Beam ����:�

,�!$
�E��!$���$ 15,675,807 0.84 28.0 9.64(1.20) 7.31(0.92) 

The values in parentheses indicate standard deviation (SD).
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!�����(/ 9 ,
��=������
��
��	������	�,����K��+�����(�!��	�'�����,�� I-Beam 
,���-��H ��������
����$-� ���(�!��	�'����� I-Beam �#7�#
��	������	�,����K��B�!����#7
"� 

�K� I – Beam M005 ��������K� I-Beam ����:�,�!$ ,�� I-Beam �
����(�A� ����/��	� 
����!��

�	������
��,���	� 
/�(�	��	�<
����$��	��+��$	
�"(�!��	�'����� ���$��	���#7����+EL�����������$
=�$

�!���-��+��%�L���� ;E7��'6�����$
�#7�	�,���E� �	�,
��:���7�(/ 8

 

  

(a) (b)

 

(c) (d) 

��7�(/ 8 ���$��	��+��%�L������
��,����K��$	
�"(�!��	�'����� I-Beam ,���-��H 

(a)    I – Beam �
����(�A��E��!$���'����#�$

,����$ 

(c)   I – Beam �
����(�A��E��!$���'����#�$

,����$ 

(b)    I – Beam M005 �E��!$���$   (d)   I – Beam ����:�,�!$ �E��!$���$ 

 

��������
��
��	������	�,���	�,��,����K��+�����(�!��	�'����� I-Beam ,���-��H 

��$-� ���'��������(�!��	�'�����:(!�#+���:(&-+EL� 
-�=��/�:(!���(�!��	�'����� �#

�$��
����?:�����	�,��B�!���+EL�
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1.3 ���'�	�'�"�)'�,��������$�����
/���A���'
/�(�	�������,��)���
�!��  

       ���$��	��#L��#7�$+!���	����'�	�'�"�,��'�	�,�!)'�,��������$�����
/�(�	�������,��)���
�!��


/���A���' �#7�
�$��	�B�!�/�����	���B$!:�)������$��	������#7 4 ;E7�:%!���,��)���
�!���KL�,�����+��

$	
�"=
���������� (�#$#;#,������������#�) ,��+#L��K7��B�! )���/����'���$�=��!$�)'�,��� 

Microsoft excel �/��$� 4 )'�,��� B�!,�-  

� )'�,������,���KL�,��%-$���#�$ (Floor simple span loading) 

� )'�,������,���KL�,���-���K7�� (Floor continuous span loading) 

� )'�,������,�����,��%-$���#�$ (Beam simple span loading) 

� )'�,������,�����,���-���K7�� (Beam continuous span loading) 

)���	$��-��+��)'�,���
/���A���',
��B�!:���7�(/ 9  

 

)'�,����#7B�!,
��:���7�(/ 9 �#L�#+!��/��	��#7:%!
/�(�	�������,�����(�K��KL������(�!��	� M001 ;E7�

�'6�(�!��	���$�,�� 3 %-�� ;E7��'6���"-�+��$	
�"�#7B�!�/������
��(�
��	�����$��$����:�

(!��'���	�����,�!$��-��	L�   
��(�"�#7)'�,������,��
/���A���'�#7�	���+EL�
����?:%!B�!�����(�!��	��#7

�#�"

��	�����$��$����,�!$ ��K7�����$	
�"=
���($-�����
���,��+#L ��K7�� (Wood-polymer 

composites)  �'6�$	
�"�#7�"

��	�����$��$����,'��'�#7�����+���,����',��+��(�!��	� ������

��
���#7=-���� $	
�"=
��#7�#
-$�=
�%�����#�$�	� ,�-�	�,��:���������#�$�	�(�K��#+���(�!��	��#7

,���-���	�  ��B�!=������
���"

��	���%�����#7,���-���	� �������#L�	���$-�$	
�"=
�'������#L�'6� 

anisotropic material �-����"�	
��������
��,���	�+��%�L���
��:�,�$��� Flat-wise ,��,�$�	L� 

Edge-wise  �#�-��#7,���-���	� ;E7�,���-�����$	
�":����)���
�!��'������K7�H �%-� �(�A� �����#� 

(�K�B�! �	��	L� �
�$��	�* �!�����	���$	�:�������,���
�� =�!���,���!�������
�����������	�,��

+��)���
�!������ ,��:
-�"

��	��+��$	
�":(!
����!���	�����������	��L/�(�	�����"� �������#7$	
�"

=
���($-�����
���,��+#L��K7��B�!�'6�$	
�"�#7�#�"

��	�����$��$����,'��'�#7�������'�-��,��+���

+��(�!��	� �	��	L�����#7�����,��)���
�!���#7�#(�!��	�:� H ���!���/������
����K7�(�
��	�����

$��$�����#7�!������-���
�� ���+!��/��	��	���-�$�#L �/�:(!)'�,���
/���A���'
/�(�	�������,���#7�#���-

:�'���"�	��	�+���$��(���(���,���#�$���/��'6��!���#���'�	�'�"�'��
����������:%!���:(!

������"�(�!��	����(�K��KL��#7������<	�=�!�-$��"�$��	�=������-�	L�(�� 
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��7�(/ 9 )'�,������,���KL�%-$���#�$ (�	$��-��)   

 

�	��	L� :����$��	���	L��#L ���'6�����	����-���K7�����)'�,������,������:(!
����?

���,��������"�$	
�"=
��#7�#+���,��(�!��	��K7� H ����(�K���� M001 �%-� (�!��	���$��#7�#

+���,���/��$�%-���'�����7�+EL� ,�����(�!��	�'����� ��-��B��A��� ���!���/��������:�(	$+!��#7 

1.1 ,�� 1.2 �K������
��(�
��	�������+��$	
�"(�!��	��	L�H �-�� ��K7��/�
��	��+��$	
�"�#7��
��

,�!$���7���:�)'�,��� ��7�(/ 10 ,
��$��#�����#������'�-��(�!��	�+��$	
�",����',��+���L/�(�	�

����"� ��!���������#���-��H ����#7=�!:%!����/�(����:�)'�,��� +��)'�,����#7�#���-���� ���

��#���� �/�B�!)����������#7��'�#7�#+!��$�� Click to Enlarge :�
-$�+�����+!����:���7�(/ 10 �#L ���'6�


-$�(�	�:�����	���)'�,������,���-�B' ���+!�����������$
�#L���!�����7�+EL���K7�:(!������"�

(�!��	�:�(�����',������#7=�!���,���!����� ,���#7
/��	&�K� ��K7�:��A����#7=�!:%!���)'�,���

�!��������7�(�K���+!���� ���!��
����?�/�B�!�	��#�!$�����$�����#7B�-;	�;!�� (�K��-���-����:%!��� 

��-�$)��
�"' :�
-$�+������	���)'�,���
/���A�
/�(�	�������,�����,���KL� ���'6�����	���

:(!)'�,���:%!���B�!�	�(�!��	����,���KL��#7(���(���+EL� ,�����7�����$����:�������7���

���+!����:(!�-���-����:%!���   

 



 

��������	�
����
� IUG5080029 �.��. 
��������� 
��	��
��� 

33

 
��7�(/ 10 '"��
/�(�	���K������'�-��(�!��	�$	
�",���������#���#7=�!:%!����/�(�� 

 

���7�	�7����7��������$��%!��� 

(�	���������
��
��	�������+��$	
�"(�!��	��-��H ,�����(�!��	�'�����:��	�'�� 1.1 

,�� 1.2 ,�!$ B�!�/�+!�����#7B�!:
-��:�)'�,���
/���A���' )�����/�+!���������
��
��	�������:�

(	$+!� 1.1 :
-:�)'�,����	L� 4 )'�,��� 
-$�+!���������
��
��	�������:�(	$+!� 1.2 ;E7��'6����

��
��
��	�������+�����(�!��	�'��������7���:�)'�,������,�����,��%-$���#�$ ,��

)'�,������,�����,���-���K7�� ��-��	L� ��K7�����$-� ����/�(�!��	�'������#�$���(���
�:����

�/�B':%!�'6��������$-� �	$��-��)'�,���������,���KL�,������#7�#���'�	�'�"�,�!$ ,
��:���7�(/ 

11-18 
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��7�(/ 11 )'�,������,���KL�%-$���#�$ 

 
��7�(/ 12 (�!��	��#7B�!�/�������7�������:�)'�,������,���KL�%-$���#�$ 
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��7�(/ 13 )'�,������,���KL��-���K7�� 

 

 
��7�(/ 14 (�!��	��#7B�!�/�������7�������:�)'�,������,���KL��-���K7�� 
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��7�(/ 15 )'�,������,�����%-$���#�$ 

 
��7�(/ 16 (�!��	��#7B�!�/�������7�������:�)'�,������,�����%-$���#�$ 
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��7�(/ 17 )'�,������,������-���K7�� 

 
��7�(/ 18 (�!��	��#7B�!�/�������7�������:�)'�,������,������-���K7�� 
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���7�����'���7����� 

 )'�,���������,���KL�,����� B�!,�-�����'6� 2 
-$�(�	� B�!,�- 
-$�+�����'���+!����

��KL���!��#7=�!:%!��� (�K�
-$� INPUT DATA 
-$��#7
���'6����
�"'=�+��������,�����+!�����#7=�!:%!

'�����B':�
-$�,�� (�K�
-$� DESIGN SUMMARY )���������#��)'�,���:�,�-��
-$�,
��B�!

�	��#L  

INPUT DATA �K� 
-$�+��)'�,����#7:(!=�!:%!'���+!�����#7�/��'6��-�������,����B' �%-� �L/�(�	��#7

����/��-���� �$����$%-$���� ��!���	L���K��+���(�!��	�,��%���$	
�"=
� (Wood-plastic 

composite) �#7�!�����:%!��� )���������#��+��+!�����#7�!��'�����:�)'�,����# �	��#L 

w
DL

   �K� �L/�(�	�����"����#7,��,=-������
�7/��
���#7����/��-��	$)���
�!���#7���,�� �%-� 

�L/�(�	�+��$	
�"��,�-�=�$�KL� ,���L/�(�	�=�	� (Wall  load) �'6��!�  

 w
LL

   �K� �L/�(�	�����"���,��,=-������
�7/��
��(�K��L/�(�	��#7�'�#7�����
�������/���� 

�%-� �L/�(�	���,���L/�(�	��N����������    

 w
SELF

   �K� �L/�(�	�+��$	
�" Wood-plastic �#7���,�� 

 w
TL

 �K� =��$�+���L/�(�	�,��,=-������
�7/��
���	L�(�� (wDL, wLL ,�� wSELF) 

 P
LL

 �K� �L/�(�	�����"�,���"� )������/��#7�/�,(�-� H :� ����$%-$���� (Span) 

 Product Code �K� 
-$��#7,
���(	
+��$	
�"=
��#7��K��:�������,��:%!��� ;E7������:�
-$�

+��%���$	
�" �	���
-$�=
� ,��+���$	
�" 

 Polymer Type �K� %���+�����
����#7:%!�'6�
-$�=
�:�$	
�" Wood-plastic  

 Mix Ratio �K� �	���
-$�=
���($-�����
����-�+#L��K7�� (Plastic: wood) 

Member Size �K� +���(�!��	�+��$	
�"�#7�!�����:%!��� 

 Member Span �K� ����(-����($-���"�����	� 

 Method of Joining �'6�
-$��#7:(!��K����',������E��-����(�!��	�'����� ;E7�
����?��K��B�!

��K7��#�����K�� Member Size +�����(�!��	�'����� )���#��',������E��-�:(!��K�� 2 $��# B�!,�- ���

�E��!$���'����#�$ (Screw Joint) ,������E��!$���$ (Adhesive-Bonded Joint) 

Maximum Span Length Permitted �'6�
-$�+�����,
��=�����/��$
(������$����$%-$�


��
"� (Maximum Span Length) ��K7��	��L/�(�	�����"��#7�/�(��)���#7���(�K��KL��	���
����?�	�

�L/�(�	�����L/�(�	�����"��#7=�!:%!'����-���)'�,���B�!��-��'����	��'6�B'�����K7��B+ ����	�,���	� 

����	�,����K��,�����)�-��	$B�! ;E7��'6����K7���K�:����'���+!����,��%-$�:(!=�!:%!)'�,�������$-�

�����$����$%-$����(�K��KL� �#7�(���
�:�������,�� )��B�-�!�������
"-��-�(������$����$%-$� 

(Span)  
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Maximum Live Load Permitted �'6�
-$�+�����,
��=�����/��$
(��-��L/�(�	�����"���


��
"�+���KL�,�������K7�$��������-:������$����$%-$���� (Span) �#7�/�(������#7=�!:%!'����-���

)'�,���B�!��-��'����	��'6�B'�����K7��B+ ����	�,���	� ����	�,����K��,�����)�-��	$ ;E7��'6�

���K7���K��#7%-$�:����'���+!����,��%-$�:(!=�!:%!)'�,�������?E��L/�(�	�����"���
��
"��#7��:%!���,��

B�!)��B�-�!�������
"-��-��L/�(�	�����"�

 Click to Enlarge �K� '"��
/�(�	���K������'�-��(�!��	�$	
�",���������#��+��+!�����#7=�!:%!���

�/�(�� 

DESIGN SUMMARY �K� 
-$�+�����,
��=�+��������,�����+!������KL���!��#7=�!:%!'����+!�B'���


-$��#7 1 )��)'�,��������:(!=�!���,������$-� ��K7��/�(���$����$%-$� (Member span) �#7�!����� 

'��������
��� (Polymer type) ,��+���+��(�!��	� (Member size) ���(�K��KL�B$! ���(�K��KL��	L� 

H ��
����?�	��L/�(�	�����"��-��H B�!(�K�B�-  )��)'�,�����,
��=������$�
���-�,����!��#7

����+EL������'�#����#���	��-��#7$	
�"�	�B�! ,��,
�������$�
�������K7��B++��������,���#7�/�(��

B$!:�)'�,����	L� 4 +	L���� �	��#7B�!��-�$B$!+!���!�  

 Click to Analysis Part �K� '"��
/�(�	�:(!=�!���,�����������#������/��$
$������(�=�+��

)'�,��� ;E7��������#��:�
-$��#L���'6�
-$��#7=�!:%!)'�,����!��'����(	
=-���-���+!���B�! 

����%�!� )'�,������/��$
�-��#7,���	�
��
"� ,����K��
��
"� ,���-����,�-��	$�#7���:(!)���	�)��	��

��K7�:%!��$�
���	��-��#7��������L/�(�	�����"������� 

 

����@�����7�����%�-,��!�� 

'	,�!����������� 

 )'�,������/�(��:(!=�!:%! 
����?,�!B+B�!�����:�
-$�+�� INPUT DATA ��-��	L� )�����7��!�

���:%!���)'�,��� �	��#L 

1.  '����-��L/�(�	�����"����#7 (wDL) �L/�(�	�����"��� (wLL) ,�� �L/�(�	�,���"� (PLL) �#7

�!��������,�� :�%-�� wDL, wLL ,�� PLL ����/��	� 

2.  ��K��%���$	
�"�#7�!��������,�� :�%-�� Polymer type 

3.  ��K���	���
-$�=
�$	
�"��($-�����
����-�+#L��K7�� (Plastic: Wood) :�%-�� Mix ratio 

4.  ��K��+���$	
�"�#7�!�����:�%-�� Member size 

5.  '����-������$����$%-$����,���KL� (Span) �#7�!��������,�� :�%-�� Member span 

6.  ��$����-�������,��$-�=-�������K7��B+ ����#7)'�,����/�(��B$!(�K�B�- )��
	����:�


-$�+�� DESIGN SUMMARY ?!�=-�������K7��B+)'�,�����+EL��/�$-� OK �	L�(�� (��)'�,���

,
���/�$-� NO OK +EL��� ,
��$-�������,��B�-=-�������K7��B+�#7)'�,����/�(��B$!   
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��7�(/ 19 +	L�������:%!���)'�,��� 

  

�����7�(/ 19 ,
��+	L�������:%!���+��)'�,��� (�����+�#7'����:���'��,
��+	L�������

:%!)'�,����#7
����!���	��/��	�+	L����+!���!� 

 

���%�(��+�'��+����!	+'���	
+��(/%�-�������� 

=�!:%!���
����?����'�-��(�!��	�+��$	
�",���	�<
�+��,���#7����/��-�$	
�" ��!���	�

�������#���-��H����#7=�!:%!���B�!�/�(����:�)'�,��� )����K���#7��'�#7�#+!��$�� Click to Enlarge �	�

��7�(/ 20 

 

 

 

 

 

��7�(/ 20 '"��
/�(�	���K������'�-��(�!��	�$	
�",���������#���#7=�!:%!����/�(�� 

 

1 
2 

3 

4
5 

6 
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���%�-������7������
+������%�(�+����#���
 

=�!:%!���
����?���������#������/��$
$������(�=�+��)'�,��� )����K���#7 Click to analysis part 

,���!��=-��+	L�������'����(	
=-�� �E�
����?�+!���B�! �	���7�(/ 21 :�
-$��#L=�!:%!
����?�'�#7��

�(	
=-������#7�!�����,��:���
#�#7=�!:%!����K��(	
=-�� =�!:%!���
����?�+!����(	
=-��B�!)���!�����

�/�?������#7)'�,����	L�B$!:(!?���!�� )'�,����E���:(!�(	
=-��,�-=�!:%!��� 

 
��7�(/ 21 '"����K�����������#������/��$
$������(�=�+��)'�,��� 

 

���%7�(/����	
&����(/�@�%7]+%'����
��������%�(�+����#���
 (Analysis part)  

����'�#7���(	
=-�� :(!=�!:%!�����K���#7'"�� Edit password ��'����(�!��-�� Create a new password 


/�(�	��'�#7���(	
=-��+EL��� �	���7�(/ 22 =�!:%!������!��'����(	
=-������:�%-�� Type your password 

,��'����(	
=-��:(�-:�%-�� Type a new password ,���K��	��(	
=-��:�%-�� Type a new password 

again to confirm 

 
��7�(/ 22 '"����K���'�#7���(	
=-��:�����+!����������#������/��$
$������(�=�+��)'�,��� 
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���!���+���	
&���%�-/��-���	
&����(/�@�%7]+%'��
��������%�(�+����#���
 

����+!����(	
=-����
#�K��(	
=-�� :(!=�!:%!�����K���#7'"�� Forgot password ��'����(�!��-�� Forgot 

password =�!:%!������!��'����/����:(!?���!��:�%-�� Answer ,�!$)'�,�����:(!�(	
=-��:�%-�� Your 

password is �	���7�(/ 23 

 

 
��7�(/ 23 '"����K��
/�(�	��+!����(	
=-����
#�K��(	
=-�� 

 

���%7�(/���#�F������#�!���(/�@�
#���	���
(�-���	
&��� 

����'�#7���/�?��,���/�����#7:%!
/�(�	���
#�K��(	
=-�� :(!=�!:%!��K���#7'"�� Edit question & answer ��

'����(�!��-�� Create a new question and answer =�!:%!���
����?�'�#7���/�?��:�%-�� Type your 

question ;E7����#�/�?������'�������- :�����'�#7���/���� =�!:%!���!��'����/���������#7%-�� Type your 

answer ,��'����/����:(�-:�%-�� Type a new answer ,���K��	��/����:(�-:�%-�� Type a new 

answer again to confirm �	���7�(/ 24 
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��7�(/ 24 '"����K��
/�(�	��'�#7���/�?��,���/�����#7:%!
/�(�	���
#�K��(	
=-�� 

 

������1'�7�����%�-/����������1��&���!��%�-/��1'  

:����:%!���)'�,������,�� Wood-plastic design (���-��#7���,��:�
-$�+�� DESIGN 

SUMMARY B�-=-�������K7��B+�#7�	L�B$! :(!�'�#7��,'���-�:�
-$� INPUT DATA �	��#L 

������1'����������+��+�����������@��� Span 

���,�!B+������,��:(!=-�������K7��B+)���������$����$%-$� Span �� 
����?�/�B�!)����$��%A�

���� Span :�
-$� INPUT DATA/Maximum length permitted ;E7�,
���-�+������ Span 
��
"��#7


����?:%!���B�! ,�!$:(!�/�����'�#7���-����� Span :�%-�� Member span (����7�(/ 25 '�����) 

  

 

��7�(/ 25 ���,�!B+)'�,���)������������$����$%-$� (Span) 
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������1'����������+�%7�(/��@��+�	
+� 

���,�!B+������,��:(!=-�������K7��B+)���'�#7��B'��K��%���$	
�" Wood-plastic �#7
����?�	�

�L/�(�	�B�!�#+EL�:�
-$� INPUT DATA/Polymer type ($	
�"�#7�	��L/�(�	�B�!��� �$���'���+��$	
�"��

���+EL�) $	
�"�#7 �	��L/ �(�	���#���/ ��	�����!��B'�����������
��:�(!��'���	����� �K� 

PE(100:100), PP(100:100), PVC(100:50) ,�� PVC(100:100) (����7�(/ 26'�����) 

 
��7�(/ 26 ���,�!B+)'�,���)������'�#7��%���$	
�" 

 

������1'����������+�%7�(/��'��+�	
+� 

���,�!B+������,��:(!=-�������K7��B+)���'�#7��B'��K��+���+��$	
�" Wood-plastic :�
-$� 

INPUT DATA/Member size :(!�#+���:(&-+EL� (����7�(/ 27 '�����)  

 

��7�(/ 27 ���,�!B+)'�,���)���'�#7��+���+��$	
�" 
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������1'����������+��+�,#���	��������� 

���,�!B+������,��:(!=-�������K7��B+)�����L/�(�	�����"����� 
����?�/�B�!)����$��%A��L/�(�	�

����"� :�
-$� INPUT DATA/ Maximum weight permitted ,
���-�+���L/�(�	�����"���
��
"��#7


����?:%!���B�! ;E7�:�)'�,����#L�/�(��:(!�'�#7��,'��������-��L/�(�	�����"��� (wLL) ,��:(!���-�

�L/�(�	�����"����#7 (wDL) B$! �������#L:�
-$�+���L/�(�	�����"� wSELF ���'�#7��,'���	�)��	�����

(�!��	�+����� (Member Size) �#7��K��B$! (����7�(/ 28 '�����) 

 

 

��7�(/ 28 ���,�!B+)'�,���)������'�#7��+����L/�(�	�����"��� (Live Load, LL) 

 

������'�	�'�"�)'�,���
/���A���' �/�:(!)'�,���
/���A���'
/�(�	�������,���#7�#���-:�

'���"�	��#�$��(���(���,���#'��
����������:�:%!��� ,��������"�(�!��	����(�K��KL� �#7���

���<	�=�!�-$��"�$��	�=������- 
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1.4 ����E�<�=�+�����:%!
�����7��
?#���������$���!�� %���  Ca/Zn complex :�'����
�-��H 

�'�#����#���	�
�����7��
?#���������$���!���#7������<	�:%! 


/�(�	����$��	�:�
-$��#L�'6�����E�<��$���'6�B'B�!+�����:%! Ca/Zn complex ,�����:%!
��

���7��
?#���������$���!���#7������<	�:%! ,����K7��E�<�(�'����
+�� Ca/Zn complex �#7�(���
�:�

����/�$	
�"=
���($-������B$������B���,��=�+#L��K7��B�! ��K7�:(!B�!$	
�"=
��#7�#�
?#���������$��

�!���#7�#+��$	
�"=
��#$#;#,��=�+#L��K7��B�! :��	���
-$� 100:100 
-$�)���L/�(�	� )���������#�����

$��	�:�
-$��#7 1.4 �'6��	���7�(/ 29 

 

�#$#;# + =�+#L��K7��B�!  

(:%!=�+#L��K7��B�! 100 
-$�:��#$#;# 100 
-$�)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

��7�(/ 29 ,=�����/������������E�<�=�+��%��� ,��'����

��'����	�����
K7��
�������$���!�� 

 

 

 

 

 

Ca/Zn Complex 

=
�+��=
��!$����K7��'���=
��$����A$
�� 

���#��%�L������
��
��	��=����	
@��!$����K7���	��#� ,�����#�$(�����- 

��
��
��	������� 
� 
��	������!�����,���E�  

� 
��	������!���������	� 
 

����-��!$��$���!�� 


 �"
(���� 177 
C :��$���-��H

� ����'�#7��,'��
# 

� �	%�#�$���(�K�� 

5.1 phr 

PF601 + PF608A 

(3.6 + 1.5)   

5 phr 2.5 phr 7.5 phr 
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=������
��
��	������	�,���E�+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) �#7�#�������
�����7�

�
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��+��

���<	� 

 ��������
��
��	������	�,���E�+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) �#7�#�������


�����7��
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��

+�����<	� �������#��+��=���������,
��:�!�����(/ 10 

 

!�����(/ 10 =������
��,���E�+��%�L���� 

Max.  Strain at 

 load Break 

Max. tensile  

stress 

Modulus of  

elasticity Formula 

 (N)  (%) (MPa) (MPa) 

PVC:SD (100:100) 351.7 3.2 12.3(0.3) 721(73.2) 

PVC:SD (100:100)+ Ca/Zn 2.5 phr 362.2 3.8 12.4(0.5) 698(43.8) 

PVC:SD (100:100)+ Ca/Zn 5.0 phr 367.6 2.2 12.1(0.7) 847(42.5) 

PVC:SD (100:100)+ Ca/Zn 7.5 phr 312.2 2.3 10.3(1.2) 704(64.6) 

       The values in parentheses indicate standard deviation (SD).
 

 ��������
������	�,���E�+��$	
�" WPC �#7�#�������
�����7��
?#���������$���!��%��� 

Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��+�����<	� ��$-��������
�����7�

�
?#���������$���!��%��� Ca/Zn complex :(!=�����	�,���E�B�-,���-�������
#+��
�����7�

�
?#���������$���!��+�����<	�����	�  
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=������
��
��	������	�,���	�+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) �#7�#�������
�����7�

�
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��+��

���<	� 

 ��������
��
��	������	�,���	�+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) �#7�#�������


�����7��
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��

+�����<	� �������#��+��=���������,
��:�!�����(/ 11

!�����(/ 11 =������
���/��	��	�,���	�+��%�L���� 

Max.  

 load 
Max. stress 

Modulus of  

elasticity Formula 

 (N)  (MPa) (MPa) 

PVC:SD (100:100) 18.3 21.4(1.1) 1,388(172.1) 

PVC:SD (100:100)+ Ca/Zn 2.5 phr 24.9 19.0(0.5) 1,346(89.8) 

PVC:SD (100:100)+ Ca/Zn 5.0 phr 26.3 23.8(1.0) 1,828(138.1) 

PVC:SD (100:100)+ Ca/Zn 7.5 phr 26.2 20.9(2.6) 1,526(224.9) 

The values in parentheses indicate standard deviation (SD).

 

 ��������
������	�,���	�+��$	
�" WPC �#7�#�������
�����7��
?#���������$���!��%��� 

Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��+�����<	� ��$-��������
�����7�

�
?#���������$���!��%��� Ca/Zn complex 
-�=��-�����	�,���	�+��$	
�" WPC B�-,���-�����

��
#
�����7��
?#���������$���!��+�����<	�����	� �%-���#�$�	��	�����	�,���E�+��$	
�" WPC 

 

=������
������'�#7��,'��
#���������	�����-���-��!$��$���!�� +��%�L�����#7�#�������
�����7�

�
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��+��

���<	� 
 �"
(���� 177 �����;��;#�
  

 ��������
������'�#7��,'��
#���������	�����-���-��!$��$���!��+��%�L�����#7�#�������


�����7��
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��

+�����<	� 
 �"
(���� 177 �����;��;#�
 �������#��+��=���������,
��:�!�����(/ 12 ,�� 13 
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!�����(/ 12 �-� Hue/value/chroma +��%�L����$	
�"=
��#$#;#,��+#L��K7��B�! (100:100) 
 �$��:����

���-��H �	� �#7�"
(���� 177 �����;��;#�
 

Hue/value/chroma at vary time in oven (min) Formula 

0 30 60 120 270 

VP 

Formula 

7.8YR/4.1/

2.5 

4.6YR/3.7/

2.3 

3.7YR/3.4/

2.0 

4.2YR/3.3/

1.8 

2.5YR/2.8/

0.7 

Ca/Zn 

2.5 phr 

7.6YR/4.7/

2.9 

3.9YR/3.7/

2.3 

3.4YR/3.4/

2.1 

3.3YR/3.1/

1.6 

7.7R/2.7/  

0.5 

Ca/Zn 

5.0 phr 

7.5YR/4.2/

2.7 

3.3YR/3.4/

2.1 

2.6YR/3.1/

1.7 

2.7YR/3.0/

1.3 

7.2R/2.5/ 

0.3 

Ca/Zn 

7.5 phr 

8.1YR/4.5/

2.7 

3.8YR/3.5/

2.2 

3.0YR/3.1/

1.7 

3.1YR/2.9/

1.1 

9.0R/2.6/ 

0.5 

 

!�����(/ 13 
#+��%�L�����#$#;#�#7�#�������
�����7��
?#���������$���!�� %���  Ca/Zn complex :�

'����
 �-��H �	� �'�#����#���	���
#�������
��'��������	7$
��� VP 
 �$��:�������-��H �	� �#7

�"
(���� 177 �����;��;#�
 

 
 

 ��������
������'�#7��,'��
#���������	�����-���-��!$��$���!��+��%�L�����#7�#�������


�����7��
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��

+�����<	� 
 �"
(���� 177 �����;��;#�
 ��$-� 
#%�L�������7��!��#
#:��!��#���	� ,����K7��$��=-��B' 

��$-� %�L�����#7�#�������
�����7��
?#���������$���!��%��� Ca/Zn complex ���7��#
#�+!� 
 �$�� 90 

���# ;E7��+!���A$�$-�%�L�����#7�#�������
�����7��
?#���������$���!��+�����<	� �-����$-� %�L�����#7�#

�������
�����7��
?#���������$���!�� %��� Ca/Zn complex �#����
K7��
�����K7������$���!��B�!

��A$�$-���
#
�����7��
?#���������$���!��+�����<	� ,�-��K7������
�?E��$���#7:%!:����+EL���' ��
#���
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����
�����7��
?#������$���!�� %��� Ca/Zn complex ,����
#�������
�����7��
?#���������$��

�!��+�����<	�?K�$-��#'��
�������B�-,���-���	� 

 

=������
������'�#7��,'��
#���������	�����-���-��!$��$���!�� +��%�L�����#7�#�������
�����7�

�
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��+��

���<	� 
 �"
(���� 60 �����;��;#�
  

 ��������
������'�#7��,'��
#���������	�����-���-��!$��$���!��+��%�L�����#7�#�������


�����7��
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��

+�����<	� 
 �"
(���� 60 �����;��;#�
 �������#��+��=���������,
��:�!�����(/ 14 ,�� 15 

 

!�����(/ 14 �-� Hue/value/chroma +��%�L����$	
�"=
��#$#;#,��+#L��K7��B�! (100:100) 
 �$��:����

���-��H �	� �#7�"
(���� 60 �����;��;#�
 

Hue/value/chroma at vary time in oven (min) Formula 

0 4 12 20 24 

VP 

Formula 

7.8YR/4.1/

2.5 

7.8YR/4.4/

2.5 

7.9YR/4.3/

2.5 

7.9YR/4.5/

2.5 

8.1YR/4.4/

2.6 

Ca/Zn 

2.5 phr 

7.6YR/4.7/

2.9 

7.6YR/4.5/

2.8 

7.6YR/4.5/

3.0 

7.5YR/4.5/

2.8 

7.7YR/4.6/

2.9 

Ca/Zn 

5.0 phr 

7.5YR/4.2/

2.7 

7.6YR/4.2/

2.7 

7.7YR/4.2/

2.7 

7.8YR/4.3/

2.8 

7.8YR/4.2/

2.8 

Ca/Zn 

7.5 phr 

8.1YR/4.5/

2.7 

8.0YR/4.4/

2.7 

8.1YR/4.4/

2.7 

7.8YR/4.4/

2.9 

8.0YR/4.4/

2.8 
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!�����(/ 15 
#+��%�L�����#$#;#�#7�#�������
�����7��
?#���������$���!�� %���  Ca/Zn complex :�

'����
 �-��H �	� �'�#����#���	���
#�������
��'��������	7$
��� VP 
 �$��:�������-��H �	� �#7

�"
(���� 60 �����;��;#�
 

 
 

��������
������'�#7��,'��
#���������	�����-���-��!$��$���!��+��%�L�����#7�#�������


�����7��
?#���������$���!��%��� Ca/Zn complex �'�#����#���	�
�����7��
?#���������$���!��

+�����<	� 
 �"
(���� 60 �����;��;#�
 ��$-�
#%�L�������7��!��#
#:��!��#���	� ,����K7��$��=-��B' 

��$-�
#%�L����B�-�'�#7��,'��



 

��������	�
����
� IUG5080029 �.��. 
��������� 
��	��
��� 

52


����(/ 2 ����E�<�=�+��,
���$#,���$���!���#7�#�-�����'�#7��,'��
��	��+��=����	
@� WPC

2.1 ���'�	�'�"�����
K7��
���+��$	
�"=
��#$#;#,��+#L��K7��B�!��K7������$���!�� 
 
/�(�	����$��	�:�
-$��#L�'6�����E�<�=�+��%���,��'����

�����7��
?#���������$���!���#7

�#�-����'�	�'�"�
��	������$���!�� ,������'�#7��,'��)���
�!��������#+��$	
�"=
��#$#;#,��=�+#L

��K7��B�! :��	���
-$� 100:0 ,�� 100:50 
-$�)���L/�(�	� 
�����7��
?#���������$���!���#7�/���

�/�����E�<��#�	L�(�� 3 %��� �K� 
��#����+��
	���
# (zinc stearate), 
��#����+�����	7$ (lead 

stearate) ,��;#)�B��� (zeolite) ,���#���'�	��'�#7��'����

�����7��
?#���������$���!�� �	L�,�- 

2.4 ,�� 4.8 phr 
/�(�	����'������=����$��	� ����
�$��	�* B�!�/����'������=�������$	����

�'�#7��,'��
#,���-��	%�#�$���(�K�� (CIE yellowness index) �-��,������-���-��!$��$���!��, �-�

�	%�#�����#� (polyene index), �'����;A���+���L/�(�	��#7
�&�
#�B' (%weight loss) ,���"
(�������


����	$ (Td) ���=�����E�<�$��	� ��$-� ���:%!
��#����+��
	���
# ,��
��#����+�����	7$�'6�
�����7�

�
?#���������$���!���#
-$�%-$�:����'�	�'�"��
?#���������$���!��+���#$#;#�	L�:���
#+���#$#;# 

,��$	
�"=
��#$#;#,��=�+#L��K7��B�! ����-���-��!$��$���!���#7�"
(���� 177 �����;��;#�
 ��$-� ���

����
��#����+��
	���
# ,��
��#����+�����	7$
����?%-$�'�	�'�"��
?#���������$���!��+���#$#;#

)�����(�-$��������'�������� unzip :(!����B�!%!��� ,���/�:(!��������	�����-  ,���������� 

(conjugated double bond) :�
��);-�#$#;#����B�!���� =�+���������
�����7��
?#���������$���!���#7

�#�-��"
(�������
����	$+���#$#;# ��$-� �������
��#����+��
	���
#�#=��/�:(!�"
(�������
����	$+��

�#$#;#�#,�$)�!����� :�+
��#7�������
��#����+�����	7$B�-�#=��/�:(!�"
(�������
����	$+���#$#;#����

����'�#7��,'�� 
-$��������;#)�B����#=��/�:(!�"
(�������
����	$+���#$#;#�#�-����7�
��+EL���� 264 B'

�'6� 280 �����;��;#�
 ���=����$��	��	���-�$
����?
�"'B�!$-�
�����7��
?#���������$���!���#7

�(���
��	��#$#;#����#7
"� �K� 
��#����+�����	7$ 
-$�=�+���������=�+#L��K7����:��#$#;# ��$-� =�+#L

��K7���#
-$��(�#7�$�/�:(!�#$#;#�������
����	$��K7������$���!��B�!�-��+EL� ���$��	�:�
����(/ 2.1 �#LB�!?��

�/�B'�=�,��-:�$��
�� Journal of Macromolecular Science. Part A: Pure and Applied Chemistry 

(JIF = 0.720) :�%K7���K7�� “Improvement of Structural and Thermal Stabilities of PVC and 

Wood/PVC Composites by Pb and Zn Stearates, and Zeolite” )���#�������#���	�%��
����� 2 

,��=����$��	����
-$�B�!?���/�B'�K7�+���
�����	�� ��+�#7�/�+� 0801004853 �������#��+��


�����	���	���-�$�	�%��
����� 2 
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�/��$�%	7$)���#7:%!�����-�
��$�  �/��$���K�� 

2.2 ���'�	�'�"�����
K7��
���+��$	
�"=
��#$#;#,��+#L��K7��B�!��K7�����,
���$#

 ���$��	�:�
-$��#L�'6�����E�<����'�	�'�"�����
K7��
�����K7�����,
���$#+��$	
�"=
��#$#;#,��

=�+#L��K7��B�! )������E�<�=�%���,��'����
+��
�����7��
?#������-�,
���$# ,��=�+��'����
=�+#L

��K7�� ���:�!
��$�����-���-�:����K7����-�
��$� QUV ,��
��$�,$��!���������%��� )���/����

'������=����
��	������� ��������� ,��)���
�!��������# )���������#�����$��	�:�
����(/ 2.2 

�'6��	���7�(/ 30

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

��7�(/ 30 ,=�=	�����/��������$��	����'�	�'�"�����
K7��
���+��$	
�"=
��#$#;#,��=�+#L��K7��B�!��K7�����    

,
���$#  
 

  ��
��%�L�����#7=���+EL����������� ASTM

� 
��	������!�����,���E� � ���+����	$����$���!��

� 
��	������!���������	��	$ � �$��
����?:�����'���=�$+���L/�

� ���$������(�����'�#7��,'��
#

rutile titanium dioxide  

0 2.5 5.0 

benzotriazole 

0 1.0 2.0 

benzophenone 

0 1.0 2.0 

'����
+��
�����7��
?#������-�,
�:� 100 
-$��#$#;# 

=
�+��=
��!$����K7��'���=
��$����A$
�� 

���#��%�L������
��
��	��=����	
@��!$����K7���	��#� ,�����#�$(�����- 

���K7����-�
��$� )��:%! UVB-310 nm Lamp 
��$���������,�!� 

240 0 480 720 3 6 9 0 12 

�#$#;# + =�+#L��K7��B�!  

(:%!=�+#L��K7��B�! 0, 50(�K� 100 
-$�:��#$#;# 100 
-$�)  

+ 


�����7��
?#������-�,
���$# ('�	��'�#7��%���,��'����
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 ���,=�����/��������$��	�+!���!� +
��#L����
�$��	�* �	�B�-
����?�/��������$��	�B�!������

,=� ��K7��������K7���	��#�,�����#�$(�����-�#
����#7B�-�-��
����
� �
#�(�����	L� ,���#=�!�#7:%!���

���K7���	���-�$�'6��/��$���� �/�:(!B�-
����?+EL���'%�L����$	
�"=
��#$#;#,��+#L��K7���#7�#���'�	��'�#7��

%���,��'����

��'����	�����
K7��
������,
���$#B�!����"�
��� ,��:�
-$�+��+	L��������-���-�


��$��!$�,
���$# �����$���-�%!� ��K7������!�������:%!���K7���-���-�
��$��!$�,
���$# ;E7����:%!���

���K7��,�-����	L��#%-$��$�����:%!����'6���K��H ����-��	� �E��/�:(!����/��������
����(/ 2.2 �����$��

�-�%!� ,�-��-��B��A��� =����$��	����
-$�+�����$��	�
����(/ 2.2 B�!?���/�B'�K7�+���
�����	�� ��+�#7�/�

+� 0801004853 )���#�������#���	�%��
����� 3 
/�(�	������$���#7���$-���:%!:�����/��������

$��	�:�
����(/ 2.2 �
�A�
�L� ,��=��#7���$-���B�!�	��#�������#���	�!�����(/ 16

 

!�����(/ 16 �������#��+�������$��:�����/��������$��	�
����(/ 2.2 ,��=��#7���$-���B�!�	�

�����%�(�+'����� ����%����(/��+���

��+#�%������%
�B�

&��(/��+�����1+��	�

1. � � � �E � < � � � � ' �	 � ' �" � � � �

�
K7��
���+��$	
�"=
��#$#;#,��

=�+#L � �K7 ��B�! ��K7 � ����,
��� $#

���:�!
���*������,���;�,��6�$�
,���
���* QUV

�	�$��� 2552 ���$��$��	� �/��$� 1 ���$�� �#�����:�

$��
�����	�����%��� 

2. � � � �E � < � � � � ' �	 � ' �" � � � �

�
K7��
���+��$	
�"=
��#$#;#,��

=�+#L � �K7 ��B�! ��K7 � ����,
��� $#

� � � : �!
 � � � * ) � � &" $ � � � �
����=���

�"����	��� 2554 
�����$��
	��	�����($-�������
�����

�
K7��
�����K7�����,
���$#+��$	
�"=
�

�#$#;#,��+#L��K7��B�!���:�!
���*���;="���
-����	�
���*������,���;�,��6�$�,���
���*
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!�����(/ 17 Research Output �#7B�!������$��	�:�)������ 


�������(/ Research Output


-$��#7 1 ����E�<�
��	���!��$��$����

+��=����	
@� WPC �#7�#(�!��	�,��+���

+��=����	
@�,���-���	�,����',�����

�E��-�+��(�!��	� 

 

� Sombatsompop N, Prapruit W, Chaochanchaikul K, 

Pulngern T & Rosarpitak V - Effect of Cross-

section Design and Testing Conditions on Flexural 

Properties of Wood/PVC Composite Beams - 

Journal of Vinyl & Additive Technology 

(accepted) (JIF = 0.658) 

� )'�,��������$�����
/���A���'
/�(�	�������,��

)���
�!����� ,���KL� WPC 


-$��#7 2 ����E�<�=�+��,
���$#,��

�$���!���#7�#�-�����'�#7��,'��
��	��

+��=����	
@� WPC 

 

� Sombatsompop N, Taptim K, Chaochanchaikul K, 

Thongpin C & Rosarpitak V (2008) Improvement 

of Structural and Thermal Stabilities of PVC and 

Wood/PVC Composites by Pb and Zn Stearates, 

and Zeolite - Journal of Macromolecular Science. 

Part A: Pure and Applied Chemistry, 45(7): 

534-541.(JIF = 0.720) 

� 
�����	�� ��K7�� �����������,
���)��%&���	
'�-��
�	
�/%
�����3�)&*#�4,&6�$�7�":��,
"�;�)�"�
	�,���*(�
)&*
��,����,
<��������������"$�)&*)
�����  
��+�#7�/�+� 0801004853 

� ���$��$� �	 �  �/ � � $�  1 ���$ ��  �#�� ��� : �

$��
��$�%�������	�����%���  ���- ��($- �����

�/��������$��	� ,�����#���!���	� 
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��������-/�; �(/%�(/��'����	�������	��(/1+��	���� 

�����
��
��	��$	
�"=
�����������#�,���
!�:�����%���;E7��'6�%�L�����	$��-���#7������<	�=�!

�-$�$��	��/�������-��'����� ��K7��'�#����#��=��	�=����	
@�+��������<	� �	�%��
����� 4

����
�$��	�* B�!�'6��	�$��	��#7��#L��:�)������ 2B-KMUTT ;E7��'6�)������'������
�!���"$%�

:(!�+!�
�-����!�����$��	� ���. �"-��#7 4

�����
��
��	��������BN+��$	
�" WPC ;E7��'6�=����	
@�+��������<	�=�!�-$�$��	� ;E7�

'������!$� $	
�"=
�����������#�,��+#L��K7�� :��	���
-$� 100:100 
-$�)���L/�(�	� $	
�"

=
�����������#�,��+#L��K7�� :��	���
-$� 100:100 
-$�)���L/�(�	� ,��$	
�"=
��#$#;#,��+#L

��K7�� :��	���
-$� 100:100 
-$�)���L/�(�	�  �	�%��
����� 5

�	��/���-�K������
��
��	��+��$	
�" WPC ���:(!,�-���<	�=�!�-$�$��	� �	�%��
����� 6

�����
��
��	������	�,���	�+��%�L����$	
�"=
��#$#;#,��+#L��K7�� (100:100) �#7�#�������

=��	��	��'�#����#���	��������,���;#����������� ;E7��'6�=����	
@�+��������<	� �	�%��
��

��� 7

����E�<�
��	������	�,����K��+����$�#7�E����%�L����$	
�"=
��#$#;#,��+#L��K7��B�! (100:100)

%��
����� 8
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- =����$��	� Sombatsompop N, Prapruit W, Chaochanchaikul K, T. Pulngern & 

Rosarpitak V - Effect of Cross-section Design and Testing Conditions on 

Flexural  Properties of Wood/PVC Composite Beam, Journal of Vinyl & 

Additive Technology (accepted)(JIF = 0.658) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Effect of Cross-Section Design and Testing Conditions
on Flexural Properties of Wood/Poly(vinyl chloride)
Composite Beams

N. Sombatsompop,1 W. Prapruit,1 K. Chaochanchaikul,1 T. Pulngern,2 V. RosarpitakAQ1, AQ2
3

1 Polymer PROcessing and Flow (P-PROF) Group, School of Energy, Environment and Materials,
King Mongkut’s University of Technology Thonburi (KMUTT), Thongkru, Bangmod, Bangkok 10140, ThailandAQ3

2 Department of Civil Engineering, Faculty of Engineering, King Mongkut’s University of Technology
Thonburi (KMUTT), Thongkru, Bangmod, Bangkok 10140, Thailand

3 V.P. Wood Co., Ltd., 25/5 Moo 4, Soi Suksawad 66, Bangmod, Thungkru, Bangkok 10140, Thailand

Highly filled wood/poly(vinyl chloride) (WPVC) compo-
sites were manufactured in five different cross-sec-
tions using an industrial-scale twin-screw extruder and
the flexural properties of such composites were eval-
uated, the effects of sample direction, span length, and
rate of loading were also taken into account. The ex-
perimental results suggested that the cross-section
design of WPVC composite products had a significant
effect on the flexural properties. Higher flexural proper-
ties were obtained when testing the WPVC composites
in edge-wise loading direction. The findings in this
work suggested that low number of hollow cores with
thick flanges and webs should be used to obtain the
composite with higher flexural properties. The WPVC
composite with low density was observed to exhibit
lower flexural strength. The rate of loading had a mar-
ginal effect on the flexural properties of the compo-
sites. The minimum length/depth ratios of the WPVC
beam to be used for steady flexural properties were 10
under edge-wise direction and 16 under flat-wise
direction. J. VINYL ADDIT. TECHNOL., 00:000–000, 2009.
ª 2009 Society of Plastics Engineers

INTRODUCTION

Natural fibers such as wood, pineapple, sisal, coconut

coir, jute, palm, cotton, rice husk, and bamboo are widely

used as reinforcing materials in thermoplastics, thermo-

sets, and rubbers [1–4], as they offer low-density and

low-cost products with good mechanical properties, better

dimensional stability, recyclability, and environmental

advantage. Wood fibers were initially used for reducing

and disposing large amounts of natural fiber waste materi-

als and for cost reduction, but now preferably used as

reinforcing materials in polymers. The production of

wood/polymer composite (WPC) articles is usually gov-

erned by conveying, forming, and consolidating processes.

Recently, WPC products have been extensively developed

and used in buildings and constructions, automotives, and

for gardening and outdoor products, although their

strength limits are still questionable.

Reinforcements of the wood members have been car-

ried out extensively, for example, laminating the wood

members with reinforced-plastic sheets [5–7] while those

of the WPC products have just been attractive to research-

ers and engineers. The reinforcements of the WPC have

been carried out by the addition of glass fiber [8–10], and

by the selection of suitable processing methods [11, 12].

Tungjitpornkull et al. [8] suggested that the mechanical

moduli and strengths of the wood/poly(vinyl chloride)

(WPVC) composites increased with increasing glass-fiber

contents. At low glass-fiber contents, the concentration of

carbonyl groups to form chemical interaction with WPVC

composites was important, whereas at high glass-fiber

loading, the final length of glass fiber after final process-

ing exhibited the dominant effect. Rizvi and Semeralul

[9] found the tensile properties of the wood/high-density

polyethylene (HDPE) composites were improved by addi-

tion of 5% glass fiber, whereas Jiang et al. [10] did not

find positive effects when adding short glass fibers into

WPVC composites. Liu et al. [11] found that higher

impact strength of kenaf fiber reinforced soy-based bio-

composites was obtained by compression molding when

compared with extrusion and injection processes due to

low voids present in the composite samples. Tungjitporn-

kul and Sombatsompop [12] suggested that the glass-fiber
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reinforced WPVC composites produced from the com-

pression molding process had better mechanical properties

than those from the extrusion process as a result of lower

shearing stress, which resulted in less thermal degradation

of poly(vinyl chloride) (PVC) and lower breakage of glass

fiber, and higher specific density. Ermolaeva et al. [13]

showed how structural optimization could be used during

material selections using a wide range of metals, alloys,

synthetic fiber/polymer, and natural fiber/polymer compo-

sites. They suggested that steel was the best choice for

the heavily loaded application whereas natural fiber/poly-

mer composites were suitable for the lightly loaded struc-

ture, unless the orientations of the fiber were taken into

account.

Improvement of WPVC composites could also be car-

ried out through coextrusion technique and additions of

nanoparticles [14–17]. Jin and Matuana [14] found that

the moisture uptake rate could be reduced together with

an increase in flexural strength of WPVC composites by

applying rigid PVC with a small amount of wood content

as cap layer onto WPVC composite extrudate. Faruk and

Matuana [15] investigated the effect of nanoclay addition

into wood/HDPE to enhance the mechanical properties,

and suggested that melt blending technique was the best

approach for incorporating the nanoclay into the HDPE

before adding the wood particles to form the final compo-

sites. The approach of melt blending technique was well

applicable in the case of WPVC composites using carbon

nanotube as reinforcing agent [16]. Matuana and Faruk

[17] improved the mechanical properties of nanoclay-

filled WPVC by using chitin as chemical coupling agent

and found that the properties of the WPVC composites

were very similar to solid wood.

Recent literature, apart from the aforementioned works

[1–13], indicate that the articles on the property develop-

ments and structure-property relationships of WPC prod-

ucts have been extensively published, but effects on

cross-section design and testing conditions (loading direc-

tions, span length, and rate of loading) on the mechanical

properties for these types of composites are very rare and

still open for discussion, most of the evidences are avail-

able for woods, metals, concretes, and synthetic fiber-rein-

forced composites [4–6, 18–21]. This work aimed to

assess the flexural properties of WPVC composites pro-

duced by an industrial-scale twin-screw extruder through

the effects of product cross-section design, span-to-depth

ratio, loading direction, and rate of loading. The measure-

ment of the flexural properties of WPVC composites

using industrial-scale test-specimens would discriminate

this work from other published works, which usually

reported the mechanical properties of such composites

with laboratory-scale specimens [2, 3, 8–12, 22–24]. In

addition, the wood flour content used in this work was

relatively high [25], enhancing the possibility of using

wood flour as reinforcing and extending (cost reducing)

fillers in PVC matrix. The ratio of the wood:PVC used

for making the composite was 1:1. The effects of cross-

section design and testing conditions, which were referred

to as testing direction, span length, and rate of loading,

on flexural properties were then considered. The experi-

mental results in this work will offer some preferred char-

acteristics of the cross-section design for optimum flexural

properties of the WPVC composites.

EXPERIMENTAL

Raw Materials

Suspension PVC powder was supplied by V.P. Wood

Co., Ltd. (Bangkok, Thailand) in the form of powder and

used trade name as SIAMVIC 266RB having a K value

of 66. The PVC powder was dry-blended with various

necessary additives to give PVC compound for further

melt-blending with wood particles in making WPVC com-

posites. The details and quantities of the additives were

used as employed in previous works [8, 12] for making

PVC compounds. Wood sawdust particles used had aver-

age size of 100–300 lm, supplied by V.P. Wood Co.,

Ltd. (Bangkok, Thailand). In this work, a very high con-

tent of wood particles in the PVC compounds was fixed

at 100 parts per hundred (phr) of PVC powder, and the

wood particles were chemically treated with 1.0 wt% N-
2(aminoethyl)3-aminopropyl trimethoxysilane (KBM603,

Mw ¼ 222.4). The detailed experimental procedure on the

KBM603 silane treatment was already given in our previ-

ous work [26].

Melt-Blending and Sample Preparation of WPVC
Composites

An industrial-scale twin-screw extruder with counter-

rotating screws was used for melt-blending PVC com-

pound and wood particles, and also for producing the test

specimens with five different cross-section configurations.

The compounding and sample-production processes were

started by drying the wood particles in an oven at a tem-

perature of 808C for 24 h until the weight of the wood

particles was constant. Subsequently, the PVC compound

was dry-blended with dried wood particles using a high-

speed mixer for 2 min before being melt-blended in the

twin-screw extruder (KMD-90-36, KraussMaffei Technol-

ogies GmbH, Germany). The screws used had the diame-

ter and length of 90 and 3240 mm, respectively. The

blending temperature profiles of the barrel from hopper to

die zones were varied depending on the positions on the

extruder length as shown in Fig. F11. The blending tempera-

ture set on the screw zones were 1808C for Zones 1 and

2, 1708C for Zone 3, 1758C for Zone 4, and 1808C for

Zones 5 and 6. The screw rotating speed was 15 rpm.

Dies with five cross-section configurations were used to

produce WPVC extrudates (test samples), which were

then solidified by passing through a cooling system and a

size-control device for further mechanical characteriza-
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tions. The sample codes, cross-section configurations, and

dimensions are shown in TableT1 1.

CHARACTERIZATIONS

Flexural Properties

Effect of Cross-Section Design and Loading Direc-
tion. The flexural properties in terms of four-point bend-

ing test for WPVC composites with five different cross-

sections were evaluated. The loading directions (edge-

wise and flat-wise) and span length for each cross-section

were also considered. The flexural properties of the

WPVC composites were determined in accordance with

ASTM-D198 (1998), focusing on modulus of elasticity

(E) and modulus of rupture (SR) in Eqs. 1 and 2, respec-
tively. The dimensions of the test specimens were already

given in Table 1. The rate of loading (R) used in this sec-

tion (the effects of cross-section design and loading direc-

tion) were calculated using Eq. 3 in ASTM-D790 (1999).

FigureF2 2 shows experimental arrangement for four-point

bending tests for WPVC-1-test specimen in edge-wise and

flat-wise directions. The experimental results reported in

this work were averaged from at least five independent

determinations.

E ¼ Pa

12DI
ð3La� 4a2Þ (1)

SR ¼ Mc

I
(2)

R ¼ ZL2

6d
(3)

where P is the applied load (N), a is the distance from

reaction to nearest load point (mm), L is the span length

of composite beam (mm), I is the moment of inertia of

the cross-section (mm4), D is the deflection (mm), M is

the maximum bending moment (N mm), c is the distance

from neutral axis of beam to extreme outer fiber (mm), Z
is the rate of straining of outer fiber (mm/mm/min), and d
is the depth of composite beam (mm).

Effects of Span Length/Depth Ratio and Rate of Loa-
ding. In this section, a selected cross-section was used

to determine the effects of the span length/depth (L/D) ra-

tio and rate of loading. The former one was carried out

by varying the span/depth ratio of the selected composite

specimen and the flexural properties were measured in ac-

cordance with ASTM-D198 (1998). For the effect of rate

of loading (R), the span length was fixed and the rate of

loading was independent of the specimen thickness. In

this case, the rate of loading was varied from 10 to

250 mm/min for edge-wise loading and 5 to 65 mm/min

for flat-wise loading.

Specific Density

The specific density of WPVC composite specimen

was determined using a specific density tester (EW
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FIG. 1. Screw zones for temperature profile setting in the twin-screw extruder.

TABLE 1. Specimen code, cross-section, and dimensions for WPVC

composites used in this work.

Specimen

code Cross-section

Dimension

(mm)

WPVC-1 35 3 103

WPVC-2 38 3 144

WPVC-3 20 3 90

WPVC-4 20 3 200

WPVC-5 20 3 250
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120SG), supplied by Mirage trading Co., Ltd., Company

(Bangkok, Thailand). The test procedure followed the

ASTM D6111 (2003).

RESULTS AND DISCUSSION

Effect of Cross-Section and Loading Direction

FigureF3 3 shows load-displacement curves for WPVC

composites using two cross-sections (WPVC-1 and

WPVC-2) at edge-wise (Fig. 3a) and flat-wise (Fig. 3b)

loading directions and their flexural properties are listed in

TableT2 2. It can be seen that the load-displacement curves

and their flexural properties of these twoAQ5 cross-sections

were different and the results were also affected by the

loading direction. Considering the effect of cross-section, it

can be seen that the modulus of elasticity and modulus of

rupture for WPVC-2 were greater than those for WPVC-1.

The differences in modulus of elasticity measured at small

deformation between these two cross-sections (�23%)

were more significant than those in modulus of rupture

measured at large deformation (�10%). This suggested

that the intrinsic properties of the WPVC were changed by

the cross-section design. The reason for the greater moduli

of WPVC-2 compared with those of WPVC-1 may be asso-

ciated with greater web thickness in WPVC-2 sample when

compared with those in WPVC-1. Similar behavior on the

effect of core thickness on flexural modulus was also found

with other materials such as aluminum-foam sandwich

structures [27]. Moreover, the greater modulus for WPVC-

2 member obtained in this work may also be associated

with the overall size effect when compared with the

WPVC-1. This view was also the case for construction

materials such as wood particleboards, oriented-strand and

fiber boards, and concretes [28, 29].

For the effect of loading direction, it was found that

for a given cross-section, the specimens with edge-wise

loading direction yielded higher modulus of elasticity and

modulus of rupture than those with flat-wise loading
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FIG. 2. An experimental arrangement for four-point bending tests for WPVC-1-test specimen in edge-wise

and flat-wise directions for WPVC composite. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.] AQ4

FIG. 3. Load-displacement curves for WPVC composites using WPVC-1 and WPVC-2: (a) Edge-wise

direction and (b) flat-wise direction.
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direction. However, after taking statistical values into

account, it was observed that the effect of loading direc-

tion on modulus of rupture was less pronounced than that

on modulus of elasticity. Generally, the flexural properties

of more homogeneous materials like metallic and concrete

materials are unaffected by the loading directions because

of their isotropic properties [30]. WPVC composites, in

this case, were heterogeneous and anisotropic due to

incompatibility between strongly hydrophilic cellulose

fibers and hydrophobic polymers, leading to low-mechani-

cal strength of the composites. Work by Sombatsompop

and Chaochanchaikul [26], and Choudhury [1] suggested

that introduction of chemical coupling agents could

improve the dispersion of the wood fibers in polymer

matrices, and therefore enhance the mechanical properties

of the composites.

Load-displacement curves and flexural properties for

WPVC composites for WPVC-3, WPVC-4, and WPVC-5

are shown in Fig. F4, T34 and Table 3, respectively. It was

observed that though the slenderness ratios for all speci-

mens were the same, the modulus of elasticity and the

modulus of rupture were different. WPVC-3 yielded the

highest modulus of elasticity and the modulus of rupture,

whereas the lowest values were given by WPVC-5. The

differences in the flexural properties were thought to be

affected by two main reasons, number of hollow cores

and thickness of flanges and webs as previously men-

tioned [27]. Comparing WPVC-3 and WPVC-4 with

WPVC-5, it was clearly seen that the number of hollow

cores for WPVC-5 was greater together with thinner

flanges and webs when compared with those for the other

two cross-sections. With these reasons, it was likely that

more difficult flow would have occurred when extruding

the WPVC-5 extrudate. If this was the case, greater shear-

ing stresses during the flow for WPVC-5 extrudate would

be expected. As a result, the solidified WPVC-5 specimen

would have lower resistances to flexural loading. These

explanations could be substantiated by composite density
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FIG. 4. Load-displacement curves for WPVC composites usingWPVC-3,

WPVC-4, andWPVC-5 in flat-wise loading direction.
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results as given in TableT4 4. It can be seen that the density

for WPVC-5 appeared to be much lower than the other

composite specimens. This was caused by the difficulty in

flowing of the composite melt through the WPVC-5 die.

It was also thought that the composite melt in WPVC-5

cross-section was fracturing at high-shear stress to form

voids that resulted in low density and modulus. The

results in Figs. 3 and 4, and Tables 2 and 3 suggested that

different shear stresses in various parts of the WPVC

specimen account for differences in properties of various

WPVC specimens and differences of edge-wise and flat-

wise directions.

Effect of Span Length and Rate of Loading

Considering the optimum flexural properties in Tables

2 and 3, WPVC-2 composite specimen was selected for

studying the effect of span length. TablesT5, T6 5 and 6 show

the flexural properties of WPVC-2 member for different

span/depth (L/D) ratios in edge-wise and flat-wise loading

directions, respectively. For both loading directions, the

flexural moduli were affected by the span length and

appeared to increase with increasing L/D ratio, this find-

ing being in line with Pang and Fancey [31]. The moduli

for the edge-wise direction approached a steady state

when the L/D ratio was about 10, whereas those for the

flat-wise direction reached a plateau when the L/D ratio

was 16. As WPVC composites in this case were heteroge-

neous and likely anisotropic, the different L/D ratios to

reach the steady moduli at the edge-wise and flat-edge

directions would be expected, this being also suggested

by L/D effect in plywood and laminate lumbers [32].

ASTM-D790 (1999) has recommended that the L/D ratio

for determination of flexural properties of reinforced plas-

tics is 16, whereas ASTM-D198(2005a) has suggested the

L/D ratio for testing lumbers is 11–15 for lumbers. It was

interesting to note that our findings on minimum L/D
ratios to be used were positioned in between these two

ASTM testing standards, these being 10 for edge-wise

direction and 16 for flat-wise direction. This was reasona-

ble because the tested specimen used in this work was a

mixture of plastic and wood. In summary, the minimum

L/D ratio that should be used for WPVC composites,

regardless of loading direction, should be at least 16 for

obtaining the steady flexural properties. Lower values

may be used if the specimen was specifically tested in

edge-wise loading direction.

The WPVC-2 composite member with L/D ratio of 16

was used for investigating the sensitivity of flexural prop-

erties of WPVC composites to the rate of loading through

four-point bending test. Figure F55 shows load-displacement

curves for WPVC-2 composite specimens in edge-wise

and flat-wise directions under various rates of loadings. It

can be seen that the rate of loading had a small effect for

WPVC composite materials. However, the slope varia-

tions in load-displacement curves were observed, indicat-

ing that the flexural properties of the tested specimen

increased with increasing rate of loading. This behavior

was also found with steels, woods, and wood fasteners

[33–35].

In summary, the experimental results from this work

could be beneficial for scientists and engineers in WPC

industries to realize that the stiffness of the WPVC com-

posites was varied by the design of product cross-sections.

The experimental results obtained in this work recom-

mended that the WPVC cross-section with low number of

hollow cores with thick flanges and webs should be used

to obtain the optimum flexural strength. Besides, higher

compactness of the composites, referred to as bulk com-

posite density tended to give better flexural strength. As

the formulation of the WPVC composites used for manu-

facturing all WPVC cross-sections and the processing pa-

rameters on the screw extruder used were not adjusted,

but clearly indicated by being referred to our previous

works [8, 12], the changes in the experimental results

obtained were truly affected by the design of the cross-
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TABLE 3. Flexural properties for WPVC composites using WPVC-3, WPVC-4, and WPVC-5 in flat-wise direction.

Specimen

code

Loading

direction

Specimen

span (mm)

Specimen

inertia of

X-axis (IX)

(mm4)

Deflection at

max. load

3 1022 (m)

Max.

load

(N)

Max.

bending

(N m)

Modulus

of rupture

(MPa)

Modulus

of

elasticity

(MPa)

WPVC-3 Flat-wise 320 53,917 1.24 2127 113 21.0 (0.37) 2097 (74)

WPVC-4 320 115,642 1.20 4387 234 20.2 (0.12) 1849 (28)

WPVC-5 320 145,260 1.19 5604 299 20.6 (0.31) 1425

(108)

The values in parentheses indicate standard deviation (SD).

TABLE 4. Bulk density results for WPVC composite beams.

Specimen code Density (g/cm3)

WPVC-1 1.39 (0.010)

WPVC-2 1.38 (0.010)

WPVC-3 1.33 (0.020)

WPVC-4 1.30 (0.030)

WPVC-5 1.14 (0.030)

The values in parentheses indicate standard deviation (SD).
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sections used. Therefore, any extrusion plants could use

the experimental data, even though they may have differ-

ent PVC compound formulations and processing parame-

ter settings, for obtaining a most suitable cross-section of

their WPVC products with optimum flexural properties.

Moreover, this work measured the flexural properties of

WPVC composites using industrial-scale test-specimens

and this would discriminate the findings in this work from

other existing works, which usually determined the me-

chanical properties of WPCs with laboratory-scale speci-

mens. In addition, using industrial-scale test-specimens

could also minimize a scaling-up problem when requiring

to utilize the data for industrial productions of WPVC

composites by other extrusion plants.

CONCLUSION

In this work, the flexural properties of WPVC compo-

sites in an industrial-scale specimen form, which were

manufactured using dies with different cross-section

designs were investigated in terms of loading direction

and span length. The experimental results suggested that

the flexural properties were greatly affected by cross-sec-

tion design due to a change in the intrinsic properties of

the WPVC during processing. The WPVC composites

with edge-wise loading direction seemed to give higher

flexural properties than those with the flat-wise direction.

The number of hollow cores, thickness of flanges, and

webs and composite density of the WPVC composites
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TABLE 5. Flexural properties of WPVC-2 composite specimen for different span/depth (L/D) ratios in edge-wise loading direction AQ7.

Sample

code

L/D

ratio

Span length

(mm)

Deflection

at max. load 3
1022 (m)

Max.

load (N)

Max.

bending

(N m)

Modulus of

rupture

(MPa)

Modulus of

elasticity

(MPa)

WPVC-2: L1 2.2 320 1.71 21,900 1168 17.4 (0.45) 344 (15)

WPVC-2: L2 4.3 618 1.26 17,747 1828 27.2 (0.63) 1539 (1)

WPVC-2: L3 10.1 1450 3.00 7462 1804 26.8 (0.03) 2920 (4)

WPVC-2: L4 11.5 1654 3.87 6284 1732 25.7 (1.09) 2888 (38)

WPVC-2: L5 16.1 2314 7.62 4153 1602 23.8 (0.64) 2823 (00)

The values in parentheses indicate standard deviation (SD).

TABLE 6. Flexural properties of WPVC-2 composite specimen for different span/depth (L/D) ratios in flat-wise loading direction.

Sample

code

L/D

ratio

Span

length (mm)

Deflection at

max. load 3
1022 (m)

Max.

load (N)

Max.

bending

(N m)

Modulus of

rupture

(Mpa)

Modulus of

elasticity

(MPa)

WPVC-2: L1 8.4 320 0.75 9727 519 20.0 (0.41) 1036 (22)

WPVC-2: L2 16.3 618 1.86 6295 649 25.1 (0.79) 2974 (7)

WPVC-2: L3 38.2 1450 8.57 2078 502 19.4 (0.38) 2983 (5)

WPVC-2: L4 43.5 1654 11.12 1938 534 20.6 (0.16) 3195 (6)

WPVC-2: L5 60.9 2314 N/A N/A N/A N/A 3106 (281)

The values in parentheses indicate standard deviation (SD). N/A, not applicable.

FIG. 5. Effect of rate of loading on load-displacement curves for WPVC-2 composite specimen: (a) Edge-wise direction and (b) flat-wise direction.
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played important roles in changes in the flexural proper-

ties when considering different designs of composite

cross-sections. The L/D ratio for the WPVC composites

was dependent on the loading direction, and the minimum

L/D ratios found in this work were 10 for edge-wise

direction and 16 for flat-wise direction. The flexural prop-

erties were slightly affected by the rate of loading.
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