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Abstract: 

An automated tensile loading system to perform creep loading tests on a geogrid at elevated 

ambient temperatures was developed aiming at shortening the time required to develop a given 

creep strain. The followings were found from the results from experiments using this system. The 

tensile rupture strength of geogrid used in this study decreases significantly with an increase in the 

temperature. This result implies that the temperature affects the intrinsic (plastic) stress-strain 

property of polymer geogrid, which is known to be an elasto-viscoplastic material. The elastic 

stiffness of the geogrid that were evaluated by small unload/reload cycles after a certain period of 

sustained loading applied during otherwise monotonic loading at a constant load rate increases with 

an increase in the load level at a fixed temperature, while it decreases with an increase in the 

temperature at the same load level. Mathematical expressions are proposed to express these trends 

of the elastic stiffness described above. 

 

Keyword:  Geogrid, Temperature, Elastic Stiffness, Creep, Accelerated Creep Test, Elasto-

Viscoplastic 
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	����#�������$�(�� Stepped Isothermal Method (SIM) 
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��#*� Polypropylene (PP) N)���+�����
	��������
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1. '�,	����
��#*���� 1 (Reinforcement 1) N)�����'�� Polypropylene (PP)  

2. '�,	����
��#*���� 2 (Reinforcement 2) N)�����'�� High-density Polyethylene (HDPE)  

3. '�,	����
��#*���� 3 (Reinforcement 3) N)�����'�� Polyester (PET)  
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�������� 1  (���!�
��#������'�,	����
��#*�����Z ���!"�!������'����D 

No. Unit 1 2 3 

Fiber material 
 

Polypropylene 
High-density 

polyethylene 
Polyester 

Abbreviated name PP HDPE PET 

Standard color White Black Black 

Specimen conditions Virgin Virgin Virgin 

Aperture size  

(MD/TD)** 
mm 35 / 35 220 / 16 25 / 25 

Max tensile strength* 

(MD/TD) 
kN/m � 80 / � 80 90 / - 80 / 30 

Yield point elongation* 

(MD) 
% � 8 13 11 

*Test method based on ISO 10319 for reinforcement 1 (Polypropylene) and 2 (High-density 

polyethylene; HDPE), and ISO 10319, ASTM D4595 and AS 3706.2 for reinforcement 3 

(Polyester; PET) and **MD=machine direction (longitudinal to the roll)/TD=transverse 

directions (across roll width) 

 

 

 

 

Loading 
direction
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a)       b)   

 

c)   
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��� 2 ���	������
	�#%$�	���'���)����� Roller-clamp (+������D����#?�%�������$����
������: a) 

reinforcement 1 (Polypropylene); b) reinforcement 2 (High-density polyethylene; 

HDPE); (+� c) reinforcement 3 (Polyester) 
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!��(�� ���H�+9	�	���/�����	�����+���'����9������� Air-Booster !������
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H
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��������K���������%��	�������'��,?% 

PE ���%�(���	+�%�#���%
���������D�
	����� ���#�&�������9	���������%	�&�*�%�'������D����'����*��#9��

H
#-$�	!"�!����
��#�����	����������������
	� 

 

 

4.3.4 ����,�'���'�������������#��#-�0&�� 

����!��+%��	����-�J��%�#-$�	�����'����D 
���	�H
����,��#�	��, ���#�	��, "�������%	�&�*�%�(��

��	��+�� (+�#��$	9���9	���	+%���(
��!���
��� 3 (+� 4 ��������+���%��+����������������D #���%'�� 

	���/'����
��%����,��#�	��(+�
����	H
������#�	�� (+��	���/��	����H��'��������#�H
�����������%

	�&�*�%����������	��������D��������+��� '����D�+%��	�'�������'��������	-��� (��
��� 5) 	���/��	�

*��!���������%	�&�*�%�'�������'��	����
%���#
%	����"��-��+% '����D�	���/��	�'���������		�'��

��������%	�&�*�%���������� ,�����	���/��	�
��%�&��)����)��'�����������D� 
���	����)����)��'�����
%

���	���/#�\�!�	����
��� 1:1 ��	����'����
���+�����,��#�	�� #-$�	!����������%	�&�*�%����H��	�������#�\�

(+�(%����� N)����	������+	�'���H�����������'
	�������'�����%��	�*��!���������%	�&�*�%�����

���	������	�&�*�%�'��#�	��,%%�#�	����������D��+��Z ���#�&*��!���������%	�&�*�%� (��
��� 6) N)��-����

���%(���������%�����
��%������	����� 1 	�/�#N+#N��
 ���	�&�*�%����	���H��'��#�	��,%���#
�+ (	�������

�+��) N)�������D�*��!���������%	�&�*�%� '�������%�!"�!���������%���#�	��(����	��+�������������

�����% '�������
	��������������%	�&�*�%�(+���������%	�&�*�%����-�J��9)D� -���� 
������	�&�*�%�

N)��
���	�����	�������#-��%9)D���$	+�+� (+���������%!��%���������
�%������H��	����(%����� 
���������

9	�	�&�*�%�*��!���������%	�&�*�%�'�������'��#�	��,%���#
�+	��	����)����������D�!�+�Z ������	�����!"�!�

��������%	�&�*�%� (��D�
	�	��#
@�	�
��'�����) (+��������)������	%-��#�	�� ��
��� 7 (
�����	����

���%
�%-�����������	�&�*�%�*��!���������%	�&�*�%����#�+� '����
����+���'�#�\�H����� 	�&�*�%�������H�� 

%����%!�+�#����������#
���%��%��  
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4.4 *�����
������ 

���	����(���!�
��#������'�,	����
���	�H
������)����$	
	�#
�� N)��9)D�	���������(���)�
��
�����-)�H��'��

���	����#%$�	#�������������%
�%���!����!��(���)�9	�#��$�	���
	� ��D���D ���	������D��%�%����%���

#���%������
��%�& 900 %�++�#%�� (+�%����%���#%$�	�����D����	�
��&�'�����	����(+��
��%�& 24 

#N���#%�� 

 

���%#������)����#���'������)����H������ LVDT ��������D�#9��������"��#?�%9���#+\�����)�#9�����

���	����#-$�	�������)����#K-��'������ Gage Length #������ 3 #N���#%�� (��
��� 8a (+� 8b) "��#?�%'�

"���!��#�������)�(+������!�(��(��#�����D� ,��������H%�!��#�������%�� ')����!���������$�������	���H��%�

���%(%����� LVDT ���!"�
�%���!"����H��*��!��	�&�*�%�������� -10 �)� 70 	�/�#N+#N��
,��H%���	�


���(����%���(�����9	�����+�� 

 

(���)�!����	����'����,��,�+�#N++���������D�#9�����	�
��&�'�����	������������� ���	����'�����)�

����(���)�#�$D	����#������ 20 ������ #-$�	+� Bedding Errors �������������	����(+����9	�	�
��&�'��

���	���� �����
	�'����#���H
*��!����������%	�&�*�%�*��!���������%	�&�*�%�N)��%����������� 25 �)� 

70 	�/�#N+#N��
 9�	%�+������H��'�������
	�
���	�H
����: 1) (���)�, 2) �����)� (+� 3) 	�&�*�%� N)��

'����'�����)�,��	��,�%�����������	%-��#�	�� 
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a)  

Fans

Roller-clamp

Linear bush

Guide rod

Geogrid 
specimen 

LVDT

Initial gauge 
length = 30 mm
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Geogrid 
specimen
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4.5 �$��	��	
������   

4.5.1 	
������	
�����	
���� 

�����
	����#�������$� !"��������(�� Stepped Isothermal Method (SIM) N)����
	���%��������������!�

%���O�� ASTM D 6992 – 03 (Standard Test Method for Accelerated Tensile Creep and Creep-

Rupture of Geosynthetic Materials Based on Time-Temperature Superposition Using the Stepped 

Isothermal Method) (+� GRI Test Method GS10 (Accelerated Tensile Creep and Creep-Rupture of 

Geosynthetic Materials Based on Time-Temperature Superposition Using the Stepped Isothermal 
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Method) 
��#*�9	�(���!�
��#���������!"���
	��$	 Reinforcement 1 (Polypropylene) ,��#+$	���
	�

���	�&�*�%�#������ 27, 35, 43 (+� 51 	�/�#N+#N��
 #%$�	��	����#-��%	�&�*�%�'��9�D���)��H
���	��9�D���)�� 

'������%	����!���������� 2 	�/�#N+#N��
��	����  

 

!������
	� SIM '���	������%
���������!��(���)�(+�	�&�*�%�
	���
(�������D 

1. ���!��(���)�	������	#�$�	����	���� 3 kN/m/min !�9&���������%	�&�*�%��������� 27 	�/�

#N+#N��
'���������)����(���)�#
���%�� '����D�')�#���%�����������
	� SIM ����������8�

	�&�*�%�(+�#-��%	�&�*�%�#
@�9�D�Z !�9&���������%!��(���)������������	���	��������� ���

��
	�(����D������������(���)�#
���%�����(���������
�%��� 

2. ���!��(�������� (Sustained Loading) #
@�����#�+� 10,000 ������*���+��'�����#-��%	�&�*�%�

����	���� 2 	�/�#N+#N��
��	���� '���������)����	�&�*�%�#
���%��������H
 ,�����	�&�*�%�

*��!���������%	�&�*�%�'�#-��%#
@�9�D�Z 	��
�%���D�������� 35, 43 (+� 51 	�/�#N+#N��
 !�

����������H%�%����#-��%	�&�*�%� 	�&�*�%�'���������%!�������#
@�����#�+� 10,000 ������ 

 

�����
	� SIM ���9)D�#-$�	
����"��9	� Master Curves '�� Master Curves �������
%%���!��

���	����(���!�
��#������'�,	����#������K��9��#%$�	������%#������)�#������������%#��������'��K��9�����

	�&�*�%�	���	�� '����!��H�����%
�%-�����������(���)����#�+���$	 Creep Rupture Curve  

 

4.5.2 	
�������6�
�7/	8
%�	����9���#-�0&����
��*������/��&��#�����#-����*����
�*�	 

!������
	�#-$�	/)�8��+�����9	�	�&�*�%����%���	(���)�
��
��(+���&
%����	�+�
��� 	�&�*�%�*��!�

��������%	�&�*�%�'�#-��%9)D�'��	�&�*�%���	�H
���	�&�*�%�#
���%�����	���� 2 	�/�#N+#N��
��	���� 

'����D�'������%	�&�*�%�!�������#
@�����#�+� 2 "���,%�#-$�	'����!�����	����(���!�
��#������'�,	����	���!��

*���
%��+�����	�&�*�%�!�%� #%$�	���#�+�������%#�����'������D�!��#������/����(+��')�#-��%(���)������������	

���	������%��
(�����������(+�H��,
�(��%#	�H��(+�� 
�����������'����DH��#+$	�	�&�*�%�#
���%��H����� 30, 

35, 40, 45 (+� 50 	�/�#N+#N��
 
������ Reinforcement 1 (Polypropylene) (+� Reinforcement 2 

(High-density polyethylene; HDPE) (+���� 30, 40 (+� 50 	�/�#N+#N��
 
������ Reinforcement 3 

(Polyester) N)��'������%!��������+	������
	�!�9&�������!��(���)������������	H
��D 

1. ���!��(���)�	������	#�$�	����	���� 0.6 kN/m/min '�����������	����(���!�
��#������'�,	����K��

9�� 

2. !������������)����	����	������	#�$�	� !��(��������ND��(����O'����������#��+(	%-+�'��9���

#������ 2 kN/m *���+�����!��(�������� (Sustained Loading) #
@�#�+� 3 "���,%� ������(���)�

�+��Z ���#-$�	�����	�+�
���
��?#�
��������(���)�(+�	�&�*�%����(��������� 

 

5. %�	
���������	
������
��� 

5.1 ���!
 

#-$�	��
	�
��
����*�-9	�#��$�	���
	�(���)�(���!�
��#���������
�%��������%H����D�
���������!��(��

(+�
���������!��	�&�*�%� ')�H����������
	� Stepped Isothermal Method (SIM) ������	����(���!�


��#������ Reinforcement 1 (Polypropylene) '����D�')�H����������
	�#-$�	/)�8��+�����9	�	�&�*�%�

���%���	��&
%����	�+�
���(+����+�����(���)�
��
����	H
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5.2 	
������ Stepped Isothermal Method (SIM) 

5.2.1 ���!
 

!����		�(�����!"����(���!�
��#������'�,	���� '���	�-�'��&�!��������+�����(���)�+�+����#�+�#
%	 

N)������
Y�����!�
X''���� H�����#
�	9)D�%�#-$�	
�	�������
��+��9	�,���
�������#
��%(��#%$�			�(��


���������!"����!�������� ,������H
 ��������D����������)����	����(���!�
��#������'�,	����(+�

����#�+������	��������D������#	�H��'�����'�#������K��9�� �\'�H�����%
�%-��������������(���)�(+�+\	�

�����)%9	�#�+� ��$	���#������� Creep-Rupture Curve N)��#
��,�����DH��'�������
	� Conventional Creep 

Rupture N)��#
@������
	����H%�N��N�	� (�����!"�#�+����%��Z 	�'#
@�
WZ �����D�')�H��%����-�J���������

��
	����#�������$��������#-��%9)D�9	�	�&�*�%�(��+�	%���!"�!�����)����	���� ��$	���#������� Stepped 

Isothermal Method (SIM) N)�������
	�����������D
�%������H������#�+����
�D�����%��Z �����D�')�H�����

���%���%%��9)D���%+����� 

!������'����D �����
	� SIM ���9)D�#-$�	��
	�
��
����*�-9	�#��$�	�%$	��
	�(���)����H��

-�J��9)D�%�!�%� ,�����(
+�+!���
9	����+��	�#�$�	�'������$� (Creep Reduction Factor) (+�����

���#
����#�������������(�����!�%���O��,�� FHWA (2001)  
 

 

5.2.2 	
������
���9'��&��
		
������ SIM 

�������� 2 (
�����+�#	������(���)�#
���%��(+�	�&�*�%����!"�!������
	� SIM (+��������� 3 (
��

���-���%�#�	������Z ���!"�!������#������9�	%�+'�������
	� SIM 9�D��	�!������#������9�	%�+'�����

��
	� SIM %������D 

1) �����&(+�
�������%
�%-��������������(���)�(+����,%��+�
 (Modulus) ���������%#������)� ���

(
��!���
��� 9 

2) 
�������%
�%-��������������(���)� (Tensile Load) (+�������%#���������$� (Creep Strain) ���

#�+� (+����%
�%-��������������(���)� (Tensile Load) ���(
��!���
��� 10 (+����,%��+�
����$� 

(Secant or Creep Modulus) ���#�+����(
��!���
��� 11 

3) 
�������%
�%-�����������������%#������)�������H�����#�+� ��	� Rescaling ������(���)����(������

�����%���H����
	���� V= 54.3, 58.6 and 62.9 kN/m (
��!���
��� 12a, b (+� c ��%+����� !���


����+��� t' �$	#�+����'��#���%���9	����!��(���)�������!�(��+�	�&�*�%� �����D� t'o, t'1, t'2 (+� t'3 �$	 

#�+����'��#���%���9	����!��(���)����������	�&�*�%�#������ 27, 35, 43 ��� 51 ����	
�	
 ��
 (+� t-t’ 

�$	����#�+����+�����������������!��(���)����������(��+�	�&�*�%� 

4) 
�������%
�%-�����������������%#���������$� (Creep Strain) (+����,%��+�
����$� (Creep 

Modulus) ���#�+�!�
#�++\	������)%,��#����9�	%�+#�+�!�%� (Rescaling) !��(��+�����$�!�(��+�

"���	�&�*�%�#���%���#�+�#���%�������$�#������ t-t' ���(
��!���
��� 13 (+� 14 ��%+����� 

5) ������
���(��������%#���������$� (Creep Strain) (+����,%��+�
����$� (Creep Modulus) ,��

#+$�	�������%
�%-�������H����	�������D#K-��
������#
@�#
�����#�����D�!�(����D� (Vertical Shift) 

�+����$	!�����������H%�#
@�#
�����		�H
��	� #-$�	!��������%#���������$�������,%��+�
����$����

'��
������9	�	�&�*�%���	����� #������������'��#���%���9	�	�&�*�%����H
*���+�����#-��%	�&�*�%�

(+�� ���(
��!���
��� 15 (+� 16 ��%+����� 

6) ������
���(��#�+�,��#+$�	�������%
�%-�������H����	�����!�(���	� (Horizontal Shift) ,��#+$�	�

���%
�%-����'��
������H��'��	�&�*�%�
������H
���9�� �++�-�����H���$	 Master Curve '�����
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7) ������������#�+�������!����
��!�
��#������K��9�� (Time to Rupture) ,��
%%������!����
��!�
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Reinforcement 1 (Polypropylene) '����D�')�
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��#������K��9�� (Creep Rupture Curve) ���(
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�������� 2  ���+�#	���9	����(���)�#
���%��(+�	�&�*�%���!"�!������
	� SIM ������	����(���!�


��#������'�,	���� Reinforcement 1 (Polypropylene)   

Test No. 
Tensile load, V 

Temperature, T (°C) 
(kN/m) % of Vult* 

1 54.3 67.9 27, 35, 43 and 51 

2 58.6 73.3 27, 35, 43 and 51 

3 62.9 78.6 27, 35 and 43 

 *Vult = 80 kN/m 

 

 

�������� 3 ���-���%�#�	������Z ���!"�!������#������9�	%�+���H��'�������
	� SIM ������	����(���!�


��#������'�,	���� Reinforcement 1 (Polypropylene)   

Tensile load, V 

(kN/m) 
Parameters 

Values 
Average 

27�35 °C 35�43 °C 43�51 °C 

54.3 

Modulus shifts  42.125 34.984 28.379 35.163 

Strain shifts  0.521 0.569 0.61 0.566 

��t1  3848 4705 3862 4138 

� (t - t')  8000 8000 8000 8000 

�log10(t - t')  0.4884 0.4314 0.4873 0.469 

58.6 

Modulus shifts  33.2 26.252 23.759 27.737 

Strain shifts  0.512 0.522 0.595 0.543 

�t1  4080 4075 4094 4083 

� (t - t')  8000 8000 8000 8000 

�log10(t - t')  0.4717 0.4717 0.4704 0.4713 

62.9 

Modulus shifts  33.903 31.254  - 32.578 

Strain shifts  0.617 0.742  - 0.679 

�t1  4104 4671  - 4388 

� (t - t')  8200 8200  - 8200 

�log10(t - t')  0.4768 0.4402  - 0.4585 
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Reinforcement 1 (Polypropylene) 
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Reinforcement 1 (Polypropylene) 
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������ Reinforcement 1 (Polypropylene) 

 
 



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

 

������$�'��(
�
��
��
&   �	�*�+������,�*-����������$�'�� "�"�'���&�	#�-%�#  ��..��� ��� MRG5280049 
����������
�����������"	������� �������������"��	����
��	����$�'�� 

c) 

0 10000 20000 30000 40000 50000

0

2

4

6

8

10

12

14

16

t'
2

t'
1

t'
0

T3=43 oC

T2=35 oC

T1=27 oC
Te

ns
ile

 s
tra

in
, �
�(%

)

Elapsed time, (s)

PP geogridTensile load, V = 62.9 kN/m

 

 

��
��� 12 ���%
�%-�����������������%#������)�������H�����#�+� ��	� Rescaling ���: c) V= 62.9 kN/m


������ Reinforcement 1 (Polypropylene) 
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Rescaling ���: a) V= 54.3 kN/m (+� b) V= 58.6 kN/m 
������ Reinforcement 1 

(Polypropylene) 
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Rescaling ���: c) V= 62.9 kN/m 
������ Reinforcement 1 (Polypropylene) 
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Vertical shift ���: a) V= 54.3 kN/m (+� b) V= 58.6 kN/m 
������ Reinforcement 1 

(Polypropylene) 
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Vertical shift ���: c) V= 62.9 kN/m 
������ Reinforcement 1 (Polypropylene) 
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Shift ���: c) V= 62.9 kN/m 
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Reinforcement 1 (Polypropylene) 
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������ Reinforcement 1 (Polypropylene) 
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5.3 %�	����9���#-�0&����
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����������/��&��#� 

5.3.1 ���!
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(Elasto-Viscoplastic) (+�
�%���'��+	�����(��'��+	�����&��/�
���H��	����(%��������� Non-Linear 

Three-Component Model ���(
��!���
��� 20 (	���#"�� Hirakawa et al., 2003; Kongkitkul et al., 2004; 

Tatsuoka et al., 2004; Kongkitkul et al., 2007a)  
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2003; Kongkitkul et al., 2004) (V �$	 Tensile Load; (+� � �$	 Tensile Strain) 
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� �����  Reinforcement 1  (Polypropylene), 

Reinforcement 2 (High-density polyethylene; HDPE) (+� Reinforcement 3 (Polyester) ��%+����� '��
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#�$�	�'��	����!�����)����	����%����#���Z �������������	������
	���+����	����N)����
	�*��!��

	�&�*�%����(��������� �����D����	�������%#����� (Strain Rate) ')�(
������������(���)� (Load Level, 

V/Vmax) (+�	�&�*�%� ��D�#�$�	�%�'�����������
��?#�

�%��
9	����%
�%-�����������(���)�(+����%#�����

�)���������%,��: �) +��8&�9	�#
�����%
�%-����#�$D	(���������(���)�(+����%#������)�(+��+�����

'�����%��$�9	���
�������%%�,�����#
+����(
+�	�������%#����� (+� 9) �+�����9	�	�&�*�%� (��

�����D� 
��?#�

�%��
9	����%
�%-�����������(���)�(+����%#������)���	����'�#������������9	����	����

�\H%�H��(���������%���������������	��������Z �����
	���������)�	������	#�$�	�*��!��	�&�*�%�(��+�	%���

(��������� !�	�������)�� #�$�	�'���+�����'����&
%�������%��$�9	���
�� ���%����#-��%9)D�9	�	����

���%#����� 10 #��� ���(���)�'����,��H
#
@�
��%�&#������ �V=� x V ,����� � �$	���
�%
��
��������%

	�	�H����		��������)� (+� V �$	���(���)�
X''���� (Kongkitkul et al., 2007) ��� � 
��������
��(���!�


��#������,-+�#%	��
��#*�����Z H��#����#����!��������� 4 (+� 5 (Tatsuoka et al., 2004; Kongkitkul et 

al., 2007)  
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�������� 4 
��
���
�%
��
��������%	�	�H����		��������)� � (Kongkitkul, 2004) 

No. Reinforcement’s Specimen Ruptured strength �- value 

 name condition (kN/m)*  

1 Polyester Virgin 39.2 0.1428 

2 Polyarylate Virgin 88.0 0.0732 

3 Vinylon Virgin 60.8 0.1319 

4 Aramid Virgin 56.0 0.0665 

5 HDPE Virgin 50.0 0.1132 

6 Aged Vinylon Aged (8 yrs) 59.0 0.1595 

7 PET yarn Virgin 157.0 0.080 

8 V-3000 Virgin 33.3 0.1345 

 * at a strain rate = 1.0 %/min 
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��%�&H��'��9�	%�+'�������'��!�	��� 

Reinforcement 

type 

Range of strain rate 

(%/min) 
Viscosity: � References 

HDPE 
0.2 - 20 

(0.2, 1, 10, 20) 
0.2256 Hirai and Yatsu (2000) 

HDPE 
1 - 300 

(1, 10, 60, 300) 
0.3336 Bathurst and Cai (1994) 

HDPE 
0.1 - 98.1 

(0.1, 1, 10.1, 98.1) 
0.2524 Shinoda et al. (2002) 

PET 
1 - 125 

(1, 10, 125) 
0.1272 Bathurst et al. (1994) 

PP 
0.1 - 99.3 

(0.1, 1, 10, 99.3) 
0.2326 Shinoda et al. (2002) 
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H�����	�������%#����� & '��������#-��%9)D�#%$�		�&�*�%����!"���
	�#-��%9)D���D�Z ���	����(���)������#������ V�  

= 0.6 kN/m/min ��D���D#�$�	�'�����+�+�9	����
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 Etan 9	����%
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�� 

T (oC) 
Strain rate (%/min), for reinforcement 

1 (PP) 2 (HDPE) at yield 2 (HDPE) at residual 3 (PET) 

30 0.098 0.659 > 2.188 0.086 

35 0.110 0.608 > 1.652 - 

40 0.114 0.653 > 1.505 0.083 

45 0.115 0.791 > 2.275 - 

50 0.122 0.768 > 2.242 0.100 
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�������� 7 ������+�����(���)�
��
�����H��'�������
	���������)�	������	#�$�	����	����(���)�#������ 0.6 

kN/m/min *��!��	�&�*�%����(���������(+����
���(��!��#
@�������	�������%#�����#������ 

0.1 %/min 

No. Material type T (oC) Vmax (kN/m)
Factor of 

strain rate 
�Vmax (kN/m) 

Vmax after correction for 

d�/dt = 0.1 %/min 

(kN/m) 

1 
Polypropylene 

(PP) 

30 99.137 0.984 -0.162 99.298 

35 97.312 1.098 0.919 96.393 

40 95.110 1.140 1.259 93.851 

45 93.477 1.146 1.287 92.190 

50 92.037 1.224 1.879 90.158 

2 

High-density 

polyethylene 

(HDPE) 

(at yield) 

30 65.756 6.588 6.094 59.661 

35 62.053 6.084 5.509 56.545 

40 56.977 6.534 5.258 51.720 

45 51.856 7.908 5.272 46.584 

50 48.621 7.680 4.873 43.748 

3 
Polyester 

(PET) 

30 67.429 0.864 -0.611 68.041 

40 65.390 0.828 -0.765 66.155 

50 64.863 1.002 0.008 64.855 
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Reinforcement type �- value References 

PP 0.2326 Shinoda et al. (2002) 

HDPE 0.1132 Kongkitkul et al. (2007) 

PET 0.1428 Kongkitkul et al. (2007) 
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�������� 9 
��
���-���%� #�	���� ��Z ��� '�������������%'��'�����%����%,���%�����
��
������ 

Reinforcement 2 (High-density polyethylene; HDPE) 

T (oC) �y (%) Vy (kN/m) Log(�y) Log(Vy)   fy�    fy� �min 

30 24.862 65.756 1.396 1.818 0.276 -1.510 0.739 

35 25.189 62.053 1.401 1.793 0.299 -1.958 0.581 

40 24.683 56.977 1.392 1.756 0.320 -2.295 0.504 

45 24.765 51.856 1.394 1.715 0.323 -2.108 0.550 

50 24.630 48.621 1.391 1.687 0.341 -2.704 0.436 
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5.3.3 6
�
���*���%�	�����#-�0&��, Af 

��
��� 25, 26 (+� 27 (
�����%
�%-�����������	����
���(���)�
��
����	(���)�
��
�����	�&�*�%�	���	�� 

(Vmax/Vmaxo) ���	�&�*�%�(��+�	% (T) ���
��� Reinforcement 1 (Polypropylene), Reinforcement 2 

(HDPE) ��� Reinforcement 3 (Polyester) ��������� �������� 1 ������ Fit ����������������������
	
�������������!��"��� 25, 26 (+� 27 
 

max 0

max 0

1
b

f

o

V T TA a
V T


 ��
� � � � �

� �
, T � To (1a) 

max 0

max 0

1
b

f

o

V T TA a
V T


 ��
� � � � �

� �
, T< To (1b) 

 

,����� To �$	���	�&�*�%�	���	�� (#������ 30 oC), Vmaxo �$	���(���)�
��
��'�������
	����	�&�*�%�#������ 

To, A
f  �$	 -���%�#�	���+�����	�&�*�%� N)��%����+�+�#%$�		�&�*�%�
��9)D� (+� a (+� b �$	�����������(
��

!��������� 10 
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%������ 1 ��	�(+�*���+�����
���(��
���������	�������%#�������� 

0.1 %/min 

Reinforcement 

type 

Original Correction for �� = 0.1 %/min 

a b a b 

PP 0.11 0.91 0.127 0.8 

HDPE 0.405 1.02 0.424 1.06 

PET 0.04 0.33 0.06 0.76 

 
 



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

 

������$�'��(
�
��
��
&   �	�*�+������,�*-����������$�'�� "�"�'���&�	#�-%�#  ��..��� ��� MRG5280049 
����������
�����������"	������� �������������"��	����
��	����$�'�� 

25 30 35 40 45 50 55
0.84

0.88

0.92

0.96

1.00

1.04
Original

A
f
 = f(T) = 1-0.11((T-T0)/T0)

0.91

R2 = 0.9967

Correction for d��dt = 0.1 %/min

A
f
 = f(T) = 1-0.127((T-T0)/T0)

0.80

R2 = 0.9986

A
f

=
V m

ax
 / 

V
m

ax
o

Temperature, T (oC)  
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��� 25 -���%�#�	���+�����	�&�*�%�, Af 
������ Reinforcement 1 (Polypropylene) 

 

 

25 30 35 40 45 50 55
0.6

0.7

0.8

0.9

1.0

1.1

Af
=

V m
ax

 / 
V

m
ax

o

Original

A
f
 = f(T) = 1-0.405((T-T0)/T0)

1.02

R2 = 0.9941

Correction for d��dt = 0.1 %/min

A
f
 = f(T) = 1-0.424((T-T0)/T0)

1.06

R2 = 0.9907

Temperature, T (oC)  
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������ Reinforcement 2 (HDPE) 
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25 30 35 40 45 50 55
0.92

0.94

0.96

0.98

1.00

1.02

Af
=

V m
ax

 / 
V

m
ax

o

Original

A
f
 = f(T) = 1-0.04((T-T0)/T0)

0.33

Correction for d��dt = 0.1 %/min

A
f
 = f(T) = 1-0.06((T-T0)/T0)

0.76

Temperature, T (oC)  
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������ Reinforcement 3 (Polyester) 
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5.4 %�	����9���#-�0&��*����
���
�*�	�*�<��� 

5.4.1 ��
����6��+������
�����/������
��������/��!
����	
��/��$=������ 

��
��� 28, 29 (+� 30 (
�����%
�%-�����������(���)�(+����%#������)����H��'�����!��(��������#
@�

���	�����(	%-+�'��9���#+\�#-$�	/)�8�-[�����%	�+�
���9	�(���!�
��#������,-+�#%	�������
	�*��!��

	�&�*�%�(��+�	%���(��������� 
������ Reinforcement 1 (Polypropylene), Reinforcement 2 (HDPE) (+� 

Reinforcement 3 (Polyester) ��%+����� ��������(���)����N)�����!��(���)�#
@����	�������%�������(
��!�

�������� 11 ��	����'�!��(��������#
@����	� '�!��(�������� (Sustained Loading) ��������	�#
@�

����#�+� 3 "���,%�#-$�	+��+�����'�����-�J��9	����%#�������#�+$	���#���9)D�,����&
%��������

���%��$�9	�(���!�
��#������,-+�#%	�� �����D� ��&+��8&�9	����%
�%-�����������(���)�(+�

���%#������)�!�����������!��(��������#
@����	�')�#
@���	�9���#
@�	�+�
��� ���!"�#���������+���#
@�

����	%������	���������9���!����/)�8���&
%����	�+�
���9	���
�������/����%#�������&��������

��
	����+��(��	��(��
�%(�� (	���#"�� Shibuya et al., 1992; Tatsuoka et al., 1994; Hoque and 

Tatsuoka, 1998) 
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No. Reinforcements type Tensile load, V (kN/m) 

1 Polypropylene (PP) 16, 32, 48 and 64 

2 HDPE 9, 18, 27 and 36 

3 Polyester (PET) 8, 16, 24 and 32 

 
 

0 5 10 15 20 25 30

0

20

40

60

80

100

120

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

PP geogrid

50 oC

45 oC

40 oC

35 oC

T = 30 oC

Load termination

 
 
��
��� 28 ���%
�%-�����������(���)�(+����%#������)�'��!��(��������#
@����	������������)�

���	����*��!��	�&�*�%�(��+�	%����Z 
������ Reinforcement 1 (Polypropylene) 
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@����	������������)�

���	����*��!��	�&�*�%�(��+�	%����Z 
������ Reinforcement 2 (HDPE) 
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���	����*��!��	�&�*�%�(��+�	%����Z 
������ Reinforcement 3 (Polyester) 
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5.4.2 ��
���
�*�	�*�<�����������
 (keq) 

��
��� 31 �)� 35, ��
��� 36 �)� 40 (+���
��� 41 �)� 43 (
����������	�+�
���
��?#�
#����#��� (keq) '��

���%
�%-�����������(���)�(+����%#�����!�"������ Unloading 9	����!��(���)�#
@����	������������(��

�)� (V/Vmax) (��������� (+���
	�*��!��	�&�*�%� (T) ���(��������� 
������ Reinforcement 1 

(Polypropylene), Reinforcement 2 (HDPE) (+� Reinforcement 3 (Polyester) ��%+����� 

 

 

a) 

2.75 2.80 2.85 2.90 2.95

14.0

14.5

15.0

15.5
�keq= 1877.4 kN/m

1 1902.4
2 1877.4
3 1881.3
4 1809.0
5 1795.7
6 1883.4
7 1870.8
8 1874.0
9 1928.8
10 1929.5

Loop       keq (kN/m)

10th unloading

1st unloading

PP : Temperature = 30 oC
Load level, (V/Vmax) = 0.161

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1

 

b) 

6.7 6.8 6.9 7.0 7.1

30.0

30.5

31.0

31.5
�keq= 2523.6 kN/mPP : Temperature = 30 oC

Load level, (V/Vmax) = 0.322

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1st unloading 10th unloading

1 2521.6
2 2243.5
3 2368.0
4 2383.1
5 2441.1
6 2542.3
7 2583.5
8 2527.4
9 2502.9
10 2523.8

Loop       keq (kN/m)

keq
1
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��?#�
#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 30 oC 

(+���������(���)� (V/Vmax) #������: a) 0.161; (+� b) 0.322 
������ Reinforcement 1 

(Polypropylene) 
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c) 

10.2 10.3 10.4 10.5 10.6 10.7

46.0

46.5

47.0

47.5

Loop       keq (kN/m)

1 2990.8
2 2916.9
3 2953.4
4 3011.5
5 2938.0
6 3204.8
7 2913.5
8 2979.9
9 2801.8
10 2849.1

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq1
1st unloading 10th unloading

�keq= 2955.8 kN/mPP : Temperature = 30 oC
Load level, (V/Vmax) = 0.484

 

 

d) 

13.3 13.4 13.5 13.6 13.7 13.8

62.0

62.5

63.0

63.5

1 3672.2
2 3345.4
3 3311.6
4 3157.3
5 3266.2
6 3162.9
7 3070.7
8 3074.2
9 3174.8
10 3002.7

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

Loop       keq (kN/m)

�keq= 3307.7 kN/mPP : Temperature = 30 oC
Load level, (V/Vmax) = 0.646

keq
1

1st unloading 10th unloading
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���
��?#�
#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 30 oC 

(+���������(���)� (V/Vmax) #������: c) 0.484; and d) 0.646 
������ Reinforcement 1 

(Polypropylene) 
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a) 

3.30 3.35 3.40 3.45 3.50 3.55

14.0

14.5

15.0

Te
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ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 1742.3
2 1580.6
3 1651.0
4 1623.9
5 1653.8
6 1708.7
7 1759.3
8 1751.8
9 1825.6
10 1927.6

Loop       keq (kN/m)

�keq= 1711.2 kN/mPP : Temperature = 35 oC
Load level, (V/Vmax) = 0.164

keq
1

1st unloading
10th unloading

 

 

b) 

7.5 7.6 7.7 7.8 7.9 8.0

30.0

30.5

31.0

31.5

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2378.7
2 2306.0
3 2282.0
4 2336.3
5 2379.1
6 2355.8
7 2272.3
8 2300.1
9 2292.2
10 2314.5

Loop       keq (kN/m)

�keq= 2321.7 kN/mPP : Temperature = 35 oC
Load level, (V/Vmax) = 0.329

keq
11st unloading 10th unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 35 oC 

(+���������(���)� (V/Vmax) #������: a) 0.164; (+� b) 0.329 
������ Reinforcement 1 

(Polypropylene) 
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c) 

11.4 11.5 11.6 11.7 11.8 11.9 12.0

46.0

46.5

47.0

47.5

Te
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ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2736.1
2 2544.2
3 2640.4
4 2670.6
5 2746.7
6 2865.7
7 2783.4
8 2674.9
9 2650.6
10 2691.3

Loop       keq (kN/m)

�keq= 2695.1 kN/mPP : Temperature = 35 oC
Load level, (V/Vmax) = 0.493

keq
11st unloading

10th unloading
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14.9 15.0 15.1 15.2 15.3 15.4 15.5 15.6

62.0

62.5

63.0

Te
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ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 3011.6
2 3171.0
3 3028.1
4 3079.1
5 2959.7
6 2902.6
7 3027.6
8 3070.1
9 3108.8
10 3021.8

Loop       keq (kN/m)

�keq= 3049.6 kN/mPP : Temperature = 35 oC
Load level, (V/Vmax) = 0.658

keq

1
1st unloading 10th unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 35 oC 

(+���������(���)� (V/Vmax) #������: c) 0.493; (+� d) 0.658 
������ Reinforcement 1 

(Polypropylene) 
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a) 

3.65 3.70 3.75 3.80

14.0

14.5

15.0

15.5

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 1620.7
2 1657.7
3 1563.8
4 1568.3
5 1585.3
6 1605.3
7 1598.2
8 1600.6
9 1612.5
10 1638.9

Loop       keq (kN/m)

�keq= 1603.7 kN/mPP : Temperature = 40 oC
Load level, (V/Vmax) = 0.168

keq
1

1st unloading

10th unloading

 

 

b) 

8.6 8.7 8.8 8.9 9.0 9.1

30.0

30.5

31.0

31.5

Te
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, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2227.3
2 2138.0
3 2099.7
4 2140.4
5 2125.6
6 2215.3
7 2017.8
8 2083.2
9 2077.4
10 2088.9

Loop       keq (kN/m)

�keq= 2102.1 kN/mPP : Temperature = 40 oC
Load level, (V/Vmax) = 0.336

keq
1

1st unloading

10th unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 40 oC 

(+���������(���)� (V/Vmax) #������: a) 0.168; (+� b) 0.336 
������ Reinforcement 1 

(Polypropylene) 
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c) 

12.6 12.7 12.8 12.9 13.0 13.1 13.2 13.3

46.0

46.5

47.0

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2521.9
2 2523.6
3 2514.3
4 2570.2
5 2569.4
6 2605.8
7 2480.7
8 2556.1
9 2543.0
10 2525.6

Loop       keq (kN/m)

�keq= 2525.7 kN/mPP : Temperature = 40 oC
Load level, (V/Vmax) = 0.505

keq
1

1st unloading 10th unloading

 

 

d) 

15.5 15.6 15.7 15.8 15.9 16.0 16.1 16.2

62.0

62.5

63.0

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2869.0
2 2845.1
3 3289.4
4 2867.3
5 2870.7
6 2872.0
7 2863.7
8 2883.6
9 2808.1
10 2868.7

Loop       keq (kN/m)

�keq= 2860.9 kN/mPP : Temperature = 40 oC
Load level, (V/Vmax) = 0.673

keq
1

1st unloading

10th unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 40 oC 

(+���������(���)� (V/Vmax) #������: c) 0.505; (+� d) 0.673 
������ Reinforcement 1 

(Polypropylene) 
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a) 

3.85 3.90 3.95 4.00 4.05

14.0

14.5

15.0

15.5

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 1426.0
2 1490.2
3 1480.3
4 1463.9
5 1467.8
6 1499.5
7 1519.0
8 1506.0
9 1440.6
10 1432.6

Loop       keq (kN/m)

�keq= 1479.5 kN/mPP : Temperature = 45 oC
Load level, (V/Vmax) = 0.171

keq
1

1st unloading

10th unloading

 

 

b) 

8.8 8.9 9.0 9.1 9.2

30.5

31.0

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2110.7
2 1868.3
3 1969.2
4 1952.1
5 2063.0
6 1883.0
7 2030.4
8 1828.7
9 1923.0
10 2012.0

Loop       keq (kN/m)

�keq= 1961.6 kN/mPP : Temperature = 45 oC
Load level, (V/Vmax) = 0.343

keq
1

1st unloading

10th unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 45 oC 

(+���������(���)� (V/Vmax) #������: a) 0.171; (+� b) 0.343 
������ Reinforcement 1 

(Polypropylene) 
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c) 

12.7 12.8 12.9 13.0 13.1 13.2 13.3 13.4

46.0

46.5

47.0

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2579.4
2 2501.0
3 2609.1
4 2609.9
5 2450.0
6 2580.7
7 2349.1
8 2249.6
9 2332.8
10 2592.1

Loop       keq (kN/m)

�keq= 2345.4 kN/mPP : Temperature = 45 oC
Load level, (V/Vmax) = 0.514

keq
1

1st unloading

10th unloading

 

 

d) 

16.8 17.0 17.2 17.4 17.6 17.8 18.0 18.2

62.0

62.2

62.4

62.6

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2654.3
2 2693.3
3 2665.9
4 2815.4
5 2655.9
6 2659.4
7 2655.2
8 2651.6
9 2652.0
10 2658.2

Loop       keq (kN/m)

�keq= 2656.6 kN/mPP : Temperature = 45 oC
Load level, (V/Vmax) = 0.685

keq
1

1st unloading 10th unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 45 oC 

(+���������(���)� (V/Vmax) #������: c) 0.514; (+� d) 0.685 
������ Reinforcement 1 

(Polypropylene) 
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a) 

4.65 4.70 4.75 4.80 4.85 4.90 4.95

14.0

14.5

15.0

15.5

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 1371.3
2 1328.3
3 1374.9
4 1391.0
5 1425.6
6 1413.9
7 1455.5
8 1416.8
9 1394.8
10 1395.6

Loop       keq (kN/m)

�keq= 1398.0 kN/mPP : Temperature = 50 oC
Load level, (V/Vmax) = 0.174

keq
1

1st unloading

10th unloading

 

 

b) 

10.2 10.3 10.4 10.5 10.6 10.7 10.8

30.0

30.5

31.0

31.5

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

1 2159.9
2 2141.8
3 2057.0
4 2072.6
5 2054.7
6 1971.9
7 1899.7
8 1898.5
9 1905.7
10 1967.5

Loop       keq (kN/m)

�keq= 1901.3 kN/mPP : Temperature = 50 oC
Load level, (V/Vmax) = 0.348

keq
1

1st unloading 10th unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 50 oC 

(+���������(���)� (V/Vmax) #������: a) 0.174; (+� b) 0.348 
������ Reinforcement 1 

(Polypropylene) 
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c) 

15.2 15.4 15.6 15.8 16.0 16.2

46.0

46.2

46.4

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

2 2281.9
3 2266.0
4 2252.5
5 2267.9
6 2272.3
7 2281.6
8 2290.2
9 2229.3
10 2231.0

Loop       keq (kN/m)

�keq= 2260.3 kN/mPP : Temperature = 50 oC
Load level, (V/Vmax) = 0.521

keq

1

2nd unloading 10th unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 50 oC 

(+���������(���)� (V/Vmax) #������: c) 0.521 
������ Reinforcement 1 (Polypropylene) 
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a) 

1.42 1.44 1.46 1.48 1.50 1.52 1.54 1.56 1.58
6.8

7.0

7.2

7.4

7.6

7.8

8.0

8.2

Loop       keq (kN/m)

HDPE : Temperature = 30 oC
Load level, (V/Vmax) = 0.130

�keq= 1541.6 kN/m

1 2049.9
2 1493.8
3 1558.9
4 1555.3
5 1549.5
6 1528.3
7 1516.1
8 1551.9
9 1539.5
10 1533.1Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq1

 

 

b) 

3.80 3.84 3.88 3.92 3.96 4.00 4.04

16.0

16.4

16.8

17.2

Loop       keq (kN/m)

HDPE : Temperature = 30 oC
Load level, (V/Vmax) = 0.259

�keq= 1690.7 kN/m

1 1972.1
2 1639.2
3 1706.0
4 1694.2
5 1698.5
6 1704.1
7 1679.9
8 1677.1
9 1700.5
10 1716.8Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 30 oC 

(+���������(���)� (V/Vmax) #������: a) 0.130; (+� b) 0.259 
������ Reinforcement 2 

(HDPE) 
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a) 

1.92 1.94 1.96 1.98 2.00 2.02 2.04 2.06 2.08

7.0

7.5

8.0

8.5

Loop       keq (kN/m)

HDPE : Temperature = 35 oC
Load level, (V/Vmax) = 0.136

�keq= 1282.0 kN/m

1 1275.0
2 1285.8
3 1287.6
4 1292.9
5 1280.3
6 1275.1
7 1269.2
8 1267.0
9 1227.0
10 1305.0Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq
1

 

 

b) 

5.00 5.04 5.08 5.12 5.16 5.20

16.0

16.5

17.0

17.5

Loop       keq (kN/m)

HDPE : Temperature = 35 oC
Load level, (V/Vmax) = 0.272

�keq= 1422.7 kN/m

1 1674.3
2 1455.4
3 1433.7
4 1462.9
5 1412.5
6 1415.7
7 1411.9
8 1403.1
9 1410.9
10 1398.3Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 35 oC 

(+���������(���)� (V/Vmax) #������: a) 0.136; (+� b) 0.272 
������ Reinforcement 2 

(HDPE) 
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c) 

8.70 8.75 8.80 8.85 8.90 8.95 9.00
24.5

25.0

25.5

26.0

26.5

Loop       keq (kN/m)

HDPE : Temperature = 35 oC
Load level, (V/Vmax) = 0.408

�keq= 1542.5 kN/m

1 1512.2
2 1536.8
3 1506.1
4 1496.2
5 1540.2
6 1530.2
7 1544.0
8 1566.8
9 1573.5
10 1573.0Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq
1

 

 

d) 

12.84 12.90 12.96 13.02 13.08 13.14 13.20 13.26 13.32

34.0

34.4

34.8

35.2

Loop       keq (kN/m)

HDPE : Temperature = 35 oC
Load level, (V/Vmax) = 0.544

�keq= 1603.4 kN/m

1 1315.6
2 1069.7
3 1144.6
4 1242.2
5 1404.3
6 1595.9
7 1602.3
8 1603.0
9 1606.1
10 1609.6Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 35 oC 

(+���������(���)� (V/Vmax) #������: c) 0.408; (+� d) 0.544 
������ Reinforcement 2 

(HDPE) 
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a) 

2.60 2.64 2.68 2.72 2.76 2.80

6.8

7.2

7.6

8.0

8.4

Loop       keq (kN/m)

HDPE : Temperature = 40 oC
Load level, (V/Vmax) = 0.149

�keq= 1013.9 kN/m

1   866.7
2   867.4
3   869.4
4   904.8
5   939.1
6   952.8
7   944.1
8 1076.3
9 1079.2
10 1091.8Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq
1

 

 

b) 

6.08 6.12 6.16 6.20 6.24 6.28
15.8

16.0

16.2

16.4

16.6

16.8

17.0

Tensile strain, ��(%)

Loop       keq (kN/m)

HDPE : Temperature = 40 oC
Load level, (V/Vmax) = 0.297

�keq= 1129.5 kN/m

1 1104.0
2 1104.8
3 1103.4
4 1108.9
5 1103.5
6 1122.8
7 1139.0
8 1127.6
9 1114.9
10 1128.6Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

10th unloading

1st unloading

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 40 oC 

(+���������(���)� (V/Vmax) #������: a) 0.149; (+� b) 0.297 
������ Reinforcement 2 

(HDPE) 
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c) 

10.04 10.08 10.12 10.16 10.20 10.24 10.28 10.32 10.36

24.8

25.0

25.2

25.4

25.6

25.8

26.0

26.2

Loop       keq (kN/m)

HDPE : Temperature = 40 oC
Load level, (V/Vmax) = 0.446

�keq= 1217.2 kN/m

1 1110.9
2 1024.4
3 1006.8
4 1043.1
5 1203.7
6 1213.1
7 1340.9
8 1232.1
9 1215.8
10 1221.2Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq
1

 

 

d) 

14.72 14.80 14.88 14.96 15.04

34.0

34.4

34.8

35.2

35.6

Loop       keq (kN/m)

HDPE : Temperature = 40 oC
Load level, (V/Vmax) = 0.594

�keq= 1265.2 kN/m

1 1166.9
2   992.5
3 1071.1
4 1007.0
5 1184.3
6 1305.8
7 1309.7
8 1305.0
9 1319.4
10 1750.8Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

10th unloading

1st unloading

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 40 oC 

(+���������(���)� (V/Vmax) #������: c) 0.446; (+� d) 0.594 
������ Reinforcement 2 

(HDPE) 
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a) 

2.88 2.92 2.96 3.00 3.04
6.8

7.0

7.2

7.4

7.6

7.8

8.0

Loop       keq (kN/m)

HDPE : Temperature = 45 oC
Load level, (V/Vmax) = 0.163

�keq= 810.4 kN/m

1 788.6
2 810.2
3 801.9
4 833.0
5 825.6
6 809.2
7 825.0
8 820.3
9 831.9
10 828.8Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

keq
1

10th unloading

1st unloading

 

 

b) 

6.85 6.90 6.95 7.00 7.05 7.10 7.15

16.0

16.4

16.8

17.2
Loop       keq (kN/m)

HDPE : Temperature = 45 oC
Load level, (V/Vmax) = 0.327

�keq= 894.7 kN/m

1 983.3
2 971.6
3 954.4
4 902.4
5 898.2
6 876.8
7 876.5
8 860.0
9 807.6
10 795.8Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

keq
1

10th unloading

1st unloading
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@����	����	�&�*�%�#������ 45 oC 

(+���������(���)� (V/Vmax) #������: a) 0.163; (+� b) 0.327 
������ Reinforcement 2 

(HDPE) 
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c) 

11.30 11.35 11.40 11.45 11.50 11.55 11.60

24.8

25.2

25.6

26.0

26.4

Loop       keq (kN/m)

HDPE : Temperature = 45 oC
Load level, (V/Vmax) = 0.491

�keq= 958.0 kN/m

1   884.8
2 1011.9
3   967.3
4   961.6
5 1001.0
6   950.0
7   969.5
8   955.2
9   944.5
10   889.3Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

keq
1

10th unloading

1st unloading

 

 

d) 

16.2 16.3 16.4 16.5 16.6 16.7

34.0

34.4

34.8

35.2

Loop       keq (kN/m)

HDPE : Temperature = 45 oC
Load level, (V/Vmax) = 0.654

�keq= 1040.2 kN/m

1   986.0
2 1062.9
3 1060.2
4 1093.4
5 1081.5
6 1050.6
7 1051.4
8 1041.0
9 1054.7
10 1003.5Te

ns
ile

 lo
ad

, V
 (k

N
/m

)

Tensile strain, ��(%)

keq
1

10th unloading

1st unloading
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 45 oC 

(+���������(���)� (V/Vmax) #������: c) 0.491; (+� d) 0.654 
������ Reinforcement 2 

(HDPE) 
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a) 

3.05 3.10 3.15 3.20 3.25 3.30

6.8

7.2

7.6

8.0

8.4
HDPE : Temperature = 50 oC
Load level, (V/Vmax) = 0.173

�keq= 675.8 kN/m

1 667.6
2 672.4
3 697.3
4 672.4
5 704.6
6 715.0
7 669.2
8 708.7
9 725.1
10 704.1

Loop       keq (kN/m)

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1

 

 

b) 

7.55 7.60 7.65 7.70 7.75 7.80 7.85
15.8

16.0

16.2

16.4

16.6

16.8

17.0

17.2 HDPE : Temperature = 50 oC
Load level, (V/Vmax) = 0.347

�keq= 749.3 kN/m

1 647.2
2 719.9
3 733.6
4 716.6
5 732.0
6 744.5
7 754.1
8 737.3
9 739.6
10 736.7

Loop       keq (kN/m)

10th unloading

1st unloading

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 50 oC 

(+���������(���)� (V/Vmax) #������: a) 0.173; (+� b) 0.347 
������ Reinforcement 2 

(HDPE) 
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c) 

12.70 12.75 12.80 12.85 12.90 12.95 13.00
24.8

25.0

25.2

25.4

25.6

25.8

26.0 HDPE : Temperature = 50 oC
Load level, (V/Vmax) = 0.520

�keq= 804.5 kN/m

1 801.1
2 805.2
3 810.0
4 889.9
5 827.1
6 769.2
7 837.0
8 782.9
9 803.7
10 774.6

Loop       keq (kN/m)

10th unloading

1st unloading

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1

 

 

d) 

19.4 19.5 19.6 19.7 19.8 19.9 20.0

33.8

34.0

34.2

34.4

34.6

34.8

35.0

35.2
�keq= 843.6 kN/m

1 578.9
2 746.4
3 859.6
4 845.9
5 804.8
6 781.1
7 887.0
8 907.0
9 910.2
10 820.5

Loop       keq (kN/m)

10th unloading

1st unloading

HDPE : Temperature = 50 oC
Load level, (V/Vmax) = 0.694

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1

 

 

��
��� 40 ��������	�+�
���
��?#�
#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 50 oC 

(+���������(���)� (V/Vmax) #������: c) 0.520; (+� d) 0.694 
������ Reinforcement 2 

(HDPE) 
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a) 

1.9 2.0 2.1 2.2 2.3 2.4

6.0

6.5

7.0

7.5
�keq= 1246.2 kN/m

1 1433.4
2 1267.6
3 1240.9
4 1218.1
5 1220.4
6 1244.9
7 1219.1
8 1198.9
9 1276.8
10 1281.8

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 30 oC
Load level, (V/Vmax) = 0.119

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1

 

 

b) 

4.7 4.8 4.9 5.0 5.1
13.5

14.0

14.5

15.0

15.5

16.0
�keq= 1726.4 kN/m

1 2073.7
2 1747.4
3 1731.5
4 1699.7
5 1736.3
6 1716.3
7 1736.4
8 1721.0
9 1737.0
10 1711.7

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 30 oC
Load level, (V/Vmax) = 0.237

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 30 oC 

(+���������(���)� (V/Vmax) #������: a) 0.119; (+� b) 0.237 
������ Reinforcement 3 

(Polyester) 
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c) 

6.90 6.95 7.00 7.05 7.10 7.15 7.20

22

23

24
�keq= 2091.1 kN/m

1 2534.2
2 2162.1
3 2089.4
4 2060.1
5 2103.4
6 2068.8
7 2097.5
8 2048.5
9 2083.8
10 2106.0

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 30 oC
Load level, (V/Vmax) = 0.356

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1

 

 

d) 

8.80 8.85 8.90 8.95 9.00 9.05

30.0

30.4

30.8

31.2

�keq= 2390.3 kN/m

1 2994.8
2 2688.9
3 2463.5
4 2418.8
5 2423.6
6 2395.9
7 2393.2
8 2387.2
9 2404.6
10 2235.4

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 30 oC
Load level, (V/Vmax) = 0.475

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 30 oC 

(+���������(���)� (V/Vmax) #������: c) 0.356; (+� d) 0.475 
������ Reinforcement 3 

(Polyester) 
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a) 

1.92 1.96 2.00 2.04 2.08 2.12 2.16 2.20

6.0

6.5

7.0

7.5

8.0
�keq= 1088.7 kN/m

1 1242.9
2 1140.2
3 1106.0
4 1089.2
5 1093.0
6 1089.5
7 1105.4
8 1074.8
9 1072.8
10 1078.8

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 40 oC
Load level, (V/Vmax) = 0.122

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1

 

 

b) 

4.08 4.12 4.16 4.20 4.24 4.28

14.0

14.5

15.0

15.5

16.0
�keq= 1353.9 kN/m

1 1751.9
2 1414.2
3 1382.0
4 1364.3
5 1355.0
6 1312.1
7 1330.0
8 1328.8
9 1338.0
10 1322.3

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 40 oC
Load level, (V/Vmax) = 0.245

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

Tensile strain, ��(%)

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 40 oC 

(+���������(���)� (V/Vmax) #������: a) 0.122; (+� b) 0.245 
������ Reinforcement 3 

(Polyester) 
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c) 

5.84 5.88 5.92 5.96 6.00

22.0

22.4

22.8

23.2

23.6

Tensile strain, ��(%)

�keq= 1718.7 kN/m

1 2443.4
2 1949.3
3 1820.3
4 1776.6
5 1752.0
6 1713.6
7 1703.7
8 1686.5
9 1735.8
10 1720.8

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 40 oC
Load level, (V/Vmax) = 0.367

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

keq
1

 

 

d) 

7.24 7.28 7.32 7.36 7.40

30.0

30.4

30.8

31.2

31.6

Tensile strain, ��(%)

�keq= 1901.5 kN/m

1 2576.7
2 2085.0
3 1939.6
4 1888.1
5 1896.4
6 1927.5
7 1958.3
8 1915.4
9 1831.1
10 1855.5

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 40 oC
Load level, (V/Vmax) = 0.489

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

keq
1

 

 

��
��� 42 ��������	�+�
���
��?#�
#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 40 oC 

(+���������(���)� (V/Vmax) #������: c) 0.367; (+� d) 0.489 
������ Reinforcement 3 

(Polyester) 
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a) 

3.56 3.60 3.64 3.68 3.72

14.0

14.4

14.8

15.2

15.6

 Tensile strain, ��(%)

�keq= 1193.8 kN/m

2 1202.9
3 1187.8
4 1175.3
5 1203.8
6 1192.8
7 1199.3
8 1194.3
9 1254.2
10 1264.1

Loop       keq (kN/m)

10th unloading

2nd unloading

PET : Temperature = 50 oC
Load level, (V/Vmax) = 0.247

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

keq
1

 

 

b) 

8.20 8.25 8.30 8.35 8.40 8.45 8.50 8.55 8.60

22.0

22.5

23.0

23.5

24.0

 Tensile strain, ��(%)

�keq= 1387.0 kN/m

1 1423.0
2 1390.0
3 1375.7
4 1372.5
5 1399.4
6 1370.5
7 1376.5
8 1360.5
9 1389.4
10 1413.1

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 50 oC
Load level, (V/Vmax) = 0.370

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

keq
1
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 50 oC 

(+���������(���)� (V/Vmax) #������: a) 0.247; (+� b) 0.370 
������ Reinforcement 3 

(Polyester) 
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c) 

10.20 10.26 10.32 10.38 10.44 10.50

30.0

30.5

31.0

31.5

32.0

 Tensile strain, ��(%)

�keq= 1560.0 kN/m

1 1585.9
2 1556.7
3 1544.7
4 1561.0
5 1559.9
6 1555.2
7 1561.5
8 1555.7
9 1549.1
10 1569.7

Loop       keq (kN/m)

10th unloading

1st unloading

PET : Temperature = 50 oC
Load level, (V/Vmax) = 0.493

Te
ns

ile
 lo

ad
, V

 (k
N

/m
)

keq
1

 

 

 

��
��� 43 ��������	�+�
���
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#����#��� (keq) '�����!��(��#
@����	����	�&�*�%�#������ 50 oC 

(+���������(���)� (V/Vmax) #������: c) 0.493 
������ Reinforcement 3 (Polyester) 
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��!���
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��� 31 �)� 43 '��'������	�'����� 10 �	����!��(��������ND��!�(��+�

�����(���)�(+�	�&�*�%� '������	�+�
���
��?#�
#����#���'�����%"��!�
��� Unloading ,��#	�������

��	����
��(+�������%�����
��		�H
(+�������������#K+���9	�������%"�����#�+$	 ��
��� 44, 45 (+� 46 (
��

���%
�%-��������������	�+�
���
��?#�
#����#��� (keq) (+���������(���)� (V/Vmax) !�
#�++\	������)%��D�


	�(�� 
������ Reinforcement 1 (Polypropylene), Reinforcement 2 (HDPE) (+� Reinforcement 3 

(Polyester) ��%+����� '����
����+���'�#�\�H����� ��� keq #-��%9)D�	����%����
����L#%$�	�����(���)�#-��%%��

9)D� (
��!��#�\������&
%����	�+�
���9	�(���!�
��#������,-+�#%	�����H����
	�%�+��8&�#
@� Hypo-

Elasticity !�	�������)�� ���#
����#������������(���)�#������(+��'�-���� ��� keq +�+�	����%����
����L

#%$�		�&�*�%�(��+�	%#-��%9)D� ��D���D-����
%������ 2 
�%��� Fit #9�����9�	%�+���H��'�������
	����(��+�

	�&�*�%� 

 

,
max

m

eq T eqo
Vk k
V

 �

� � �
� �

 (2) 

 

#%$�	 keq,T  �$	 ��� keq #%$�		�&�*�%�#������ T; keqo �$	 ��� keq,T #%$�	 V = Vmax; (+� m �$	��������N)��#
@�	�
��

'�����	�&�*�%�(��+�	% ���#K+���9	���� m ���(
��!���
��� 44, 45 (+� 46 %����#������ 0.415, 0.166 (+� 

0.427 ��%+����� 
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0.2 0.4 0.6 0.8 1

1500

2000

2500

3000

3500

4000

4500
5000

0.1
1250

keq,T = keqo(V/Vmax)
m, m = 0.415 

            T (oC), keqo(kN/m) 
; 30, 3996.6
; 35, 3634.1
; 40, 3351.0
; 45, 3089.6
; 50, 2942.6

R2 = 0.9987
R2 = 0.9986

R2 = 0.9977

R2 = 0.9992

R2 = 0.9994
El

as
tic

 s
tif

fn
es

s,
 k

eq
 (k

N
/m

)

Load level, V/Vmax  
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����Z ��� 
������ Reinforcement 1 (Polypropylene) 

 

 

0.1 1

1000

2000

3000

4000

5000

6000

600

keq,T = keqo(V/Vmax)
m, m = 0.166

           T (oC),  keqo(kN/m) 
;     30,        2136.7
;     35,    1778.3
;     40,   1385.5
;     45,   1092.4
;     50,      897.1

R2 = 0.9960

R2 = 0.9975

R2 = 0.9977

R2 = 0.9714

R2 = 0.9398

El
as

tic
 s

tif
fn

es
s,

 k
eq

 (k
N

/m
)

Load level, V/Vmax  
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����Z ��� 
������ Reinforcement 2 (HDPE) 
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0.1 1
900

1200

1500

1800

2100

2400

2700

3000
keq,T = keqo(V/Vmax)

m, m = 0.427 

            T (oC), keqo(kN/m) 
; 30, 3232.6
; 40, 2583.4
; 50, 2127.0 R2 = 0.9841

R2 = 0.9890

R2 = 0.9929

E
la

st
ic

 s
tif
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s,
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eq
 (k

N
/m

)

Load level, V/Vmax  
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����Z ��� 
������ Reinforcement 3 (Polyester) 
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5.4.3 	
��$��������������
���
 keq ����#-�0&�� 

��� keqo 
������	�&�*�%����(���������(
��!���
��� 44, 45 (+� 46 N)��'�#�\�H����� ��� keqo +�+�#%$�		�&�*�%�

#-��%9)D� ������(
��!���
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