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Abstract 
        Tree root, as a reinforcing agent, may improve the stability of soil slopes by two mechanisms: a decrease in the 
developed shear stress via distribution of applied loads within a larger area, an increase in the mobilized shear resistance via 
its tensile strength. The latter, in addition to mechanical properties of root, is a function of diameter, number, orientation and 
deflection angle of the roots with respect to the potential slip surface. Coppin & Richard analytical model was used to asses to 
what extend willow tree roots can improve the stability factor of a planar slip surface. The required data were provided by a 
series of in-situ tests in Taleghan region using a large scale field shear stress test apparatus. Tests were run in a natural deposit 
with and without willow root to measure cohesion and internal friction angle of soil under different root density. At the end of 
the tests, the diameter and angle at which the roots were deviated and cut were measured in the sheared zone. Experimental 
results were used in the model for different water levels, revealing that for a 45 degree planar slip surface and a root density of 
5 to 26 percent the safety factor rises between 0.5 to 36 percent. 
 
Key words: Root density, Shear zone, Willow tree root, Planar slip surface, Soil slope, Shear resistance. 
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ƾſŚƴƃ�ƲǀƯŻ�ƵŚĭŶƿŵ�Żř�ƶƤƐƴƯ�ƱŚƤƫŚƏ�ƶƤƐƴƯ���Ʀƿ�Żř�ƪƨƄŤƯ�ƾƳŚŤƀƷƺƧ�ƽř

Ʋǀģ�ƽźſ�İĭŵŹƺų�ƾĭŶƳřŹ�ƹ���ƽźŤųŚŝ��ƽŹƹŚų��Ţſř��ƩŚưƃ�ƽƺſ�ƶŝ�ƶƧ
ƵŶƃ� ƵŶƳřŹ� ƮƷ�ƽƹŹ� źŝ�śƺƴū� ƹ�ŶƳř� �ŤųŚſ� ƲƿřŚƷŹŚƶƴƸě� ƶŝ� řŹ� ƶƤƐƴƯ���ƽŚƷ

ƾƯ� ƮǀƀƤţ� ŚƸĮƴſ�Ǝſƺţ� ƵŶƃ� ŹƺƈŰƯ�ƆŴƄƯ�ŶƴƧ� �ŤųŚſ� ƱŚǀƯ� ŻřƽŚƷŹŚ�
ƲǀƯŻ�ƞƬŤŴƯ�ƆŴƄƯ�ŢǀƘƋƹ�ŚƸƬƀĭ��ƾſŚƴƃ��ƽźŤƄǀŝ�ŢǀưƷř�ƹ�ƶŤƃřŵ�ƽźţ

ƪƨƃ� Źŵ�ƶŤƃřŵ� ƶƤƐƴƯ� ƾƳƺƴƧ� ƽźǀĭ�ŶƳř� �Įƴſ� Ŷůřƹ�žƴūƾƺƯ� ƶƤƐƴƯ��ŵŹ
�řŹ�ƶƘƫŚƐƯƶƳŚĭŵŚě�ŚƷƽ�ŜƬƛř�ƾƴƃƲſƺŤƀǀƬě�(Q)ƾƯ�ƪǀƨƄţ��ŶƷŵ���ƶŝ�ƶūƺţŚŝ

�ƂƤƳĬƴſ�ƾſŚƴƃƹ�Źŵ�ĦƿĭǀƘƋƹ�ƹ�ħŚų�İŤƯƹŚƤƯ�įŚƸǀŚě�Ţƿ��Ƶŵƺţ�įŹřŶ
ƄƤƳƶ�ƪƨƃ�Źŵ�ƶƤƐƴƯ�İſŚƴƃ�Ĭƴſ�æŢſř�ƵŶƃ�ƶŗřŹř��ƵŻřŶĭ���ƱŚƯŻ�Śŝ�įŚƷ
řſř� įŚƸƟƺţ� �Ʋſƺŗǀ� ƹ� ƲƃƹŹ� įŶƶƳŚĭŵŚě�ƽŚƷ� ŜƬƛř�ƾƴƃ� ƲſƺŤƀǀƬě��ƶŝ

ţźţǀ�Ŝéì�èè���êê�èå��ƹ�ÖÑ�Ò���ƺů�ŻřƋ�Ƶŵřŵ�ƪǀƨƄţ�řŹ�ƱŚƤƫŚƏ�żǀŴŝō�ƶ
Ţſř����ƱřŹŚƨưƷ�ƹ�ƽŵƹřŵæèíæ����

��
ƢǀƤŰţ�ƁƹŹ��
ƢǀƤŰţ�Ʋƿř�ŹŵƬŰţ�ƩŶƯ��ǀƫŚƳō�İƬǀŚě�żƿ�ƵŵŚƠŤſř�Śŝ�įŶů�ƩŵŚƘţ�ƁƹŹ�ƶŝ�įŹřŶ

ŚŤƳ� ŻřƿƯŻō�ŪƿŚƄƽŚƸ�įřźŝ� �ƵŶƯō�ƪưƗ� ƶŝ�ƿŵƺţ�ĨƵ�ŢŰţ�ŵƹŶŰƯ�İƃżƜƫ�
ƘƋƹŤǀƷ�įŚƸǀĥƺƫƺŗĥƹŹŶƿţ�İĪźƘƿŹ�Ʈĩřźţ�ƹ�ƵŶƃ�ƞƿƄƶźƘţ�ƿ�řźūř�ƵŶƃ�ƞ
ŚŤƳ�ƹƿİƯ�Ɩƣřƹ�ŦŰŝ�ŵŹƺƯ�Ū�ŵƺƃ���ƽřźŝưƌţǀƲ��ƶŝ�ƵŶƃ�Ƶŵřŵ�šŚƗǈƏř�Ţƣŵ

� Żř� �ƩŶƯƄƿŚƯŻō� ŪƿŚŤƳƽŚƸ�İƯ� ƵŵŚƠŤſř� Śūźŝ�ŵƺƃ� �ŚƯŻōƿƄƽŚƸ�ƕƺƳ� Żř�
ŚƯŻōƿ�ƂƮǀƤŤƀƯ�ƁźŝƤƯ�īŹżŝ�ǀƸŬţ�ƹ� ƵŚĮŤſŵ�ƹ�Ţſř�ŽŚǀ�ƶƏƺŝźƯ�šřż

ŚƯŻō� ŹŵƿƳŚĪƯ� ƵŚĮƄǀƤŰţ� żĩźƯ� ħŚų� Ĩǀ�ƹ� ħŚų� ŢƓŚƠů� šŚƤ
ŴŝōǀŶƃ�ƶŤųŚſ�ƹ�İůřźƏ�įŻŹƹŚƄĩ�ŵŚƸū�šŹřŻƹ�įŹřŵż����

Ƙţ�ƝŶƷ�Śŝ�Śūźŝ�ƮǀƤŤƀƯ�Ɓźŝ�ƂƿŚƯŻō�ƵŵŻřƹŵǀǀƹ�ƲĦƿĭǀ�ƾƃźŝ�ŢƯƹŚƤƯ�įŚƸ
ƴĤưƷ� ƹ� ħŚųǀŹ� ŵźĪƬưƗ� İſŹźŝ� Ʋƿů� Źŵ� ƶƄǀƀĭ� Ʋǀ�ŢŰţ� �İĮŤŴ
�ƽŚƸƿŹřŸĭŹŚŝë�æî� �í�êí�� ƹîíŶƃ� ƭŚŬƳř� ƩŚĪſŚěƺƬǀĩ�� �ř� Żřƿ�ƶƳ� �ŵřŶƘţ�Ʋ
ų�Źŵ�ƂƿŚƯŻōƶƄƿŹ�ħŚ��řźūř�ƶƄƿŹ�ƱƹŶŝ�ħŚų�Źŵ�ƂƿŚƯŻō�ƶſ�ƹ�ŹřŵƃŶ����

��
ƂƿŚƯŻō�ƽŚƸƷŚģ�ŢǀƘƣƺƯ��

ƽřźŝƄƿŚƯŻō�ƭŚŬƳř�ƽŚƸƾƿřźŰƇ��ƪĪƃ�ƞƬŤŴƯ�ƽŚƸŤǀƘƣƺƯ�Źŵ�ƾƿŚƸƷŚģ��ç�
Ŷƿŵźĭ�źƠů�ř�źŝ�ľŚƟźƇ�ŚƸƬŰƯ�śŚŴŤƳř�ƿ�įŚƷźƐƣ�ƶĩ�ŢƟźĭ�šŹƺƇ�ŽŚſř�Ʋ
Ź�ƞƬŤŴƯƿŹ�Żř�İƠƬŤŴƯ�įŚƸưĩřźţ�ƹ�ƶƄƿŵŵźĭ�ƪƇŚů�ƶƄ��ƯŹŚưƃ�ƵŚģ�ƪŰ�Ƶ

æ�ƶƬƇŚƟ�Źŵ� �ççŶƿŵźĭ�śŚŴŤƳř� �Ŷǀŝ�ŢųŹŵ�ƽźŤƯ���ƵŚģ�Ʋƿř�ƽřźŝ�ƾſŹźŝ�
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�Ʊŵƺŝ�ƾŤſŵ�ƪǀƫŵ�ƶŝƹ��ŵƺŝ�ƵŶƃ�śŚŴŤƳř�ƶƄƿŹ�ƱƹŶŝ�ƽŚƸĩŚų�ƾƃźŝ�ŢƯƹŚƤƯ
Ţưƀƣ�Ʋƿř�Źŵ�ħŚų�Ŷƃ�źƔƳ�ƝźƇ�ƂƿŚƯŻō�ƭŚŬƳř�Żř��Śū�ƿżĮƿ�ƵŚģ��Ʊō�Ʋ

ŹŚưƃƵ�ç�ƶƬƇŚƟ�Źŵ�çæ�ƽŹŚŧō�ŹƺĩŸƯ�ƵŚģ�Źŵ��ŶƿŵźĭźƠů�ŢųŹŵ�Żř�ƽźŤƯ�
Ź� Żřƹ�ŢƃřŶƳ� ŵƺūƹ� Ŷǀŝ�ŢųŹŵ� ƶƄƿ�ƄƿŚƯŻō� ƭŚŬƳř�ƽřźŝ� Ʊō� ŻřƽŚƸ�Ɓźŝ�

Ŷƃ�ƵŵŚƠŤſř�ŚūŹŵ�ƮǀƤŤƀƯ���
� ƵŹŚưƃ� ƵŚģè� ƶƬƇŚƟŹŵ� �ê�í�źƠů� ƶƄƿŹ� ƽźǀĮǀě�ŢƸū�ŢųŹŵ� Żř� ƽźŤƯ�

ƶƄƿŹ� ƶĩ�Ŷƿŵźĭ��ƢưƗ� Źŵ�ƾƗźƟ�ƽŚƷîåŶƳŶƃ� ƵŶƷŚƄƯ�ƽźŤƯ�ƾŤƳŚſ���ƵŚģ�
� ƵŹŚưƃé� ŠƬƇŚƟ� Źŵ� �í�çƶƄƿŹ�ƽźǀĮǀě�ŢƸū�ŢųŹŵ�ƽźŤƯ��ƾƬƇř�ƽŚƷ�ƹ�

�ƢưƗŹŵ�ƶĩ�Ŷƿŵźĭ�źƠů�ŚƸƳō�ŷƺƠƳ�ƢưƗæèå�źŤƀŝ�Ĭƴſ�ƶŝ�ŵŹƺųźŝ�Śŝ�ƾŤƳŚſ�
Ŷƿŵźĭ� ƭŚŬƳř� ƢưƗ� Ʋƿř� Śţ� ƮǀƤŤƀƯ�Ɓźŝ�ƂƿŚƯŻō� ƹ� Ŷƃ�ƞƣƺŤƯ���ƽŚƸƷŚģ

� ƵŹŚưƃê�� ƹëƶƬƇŚƟ� Źŵ�Ŝǀţźţ� ƶŝ� ���çêå�� ƹçååƾŤƳŚſ��ƶƿƹřŻ� Śŝƹ�ƽźŤƯ��ƽř
�ƩŵŚƘƯîå�ƵŹŚưƃ�ƵŚģ�Żř�ƶūŹŵ�éŶƿŵźĭ�źƠů��ŢƿŚƸƳ�Źŵ�ƹ��şŹŚưƃ�ƵŚģ�ì�ƶŝ�

� şŹŚưƃ� ƵŚģ�ŹŚƴĩ�Źŵ�šŚƘƫŚƐƯ�ƪǀưĪţ� ŹƺƔƴƯë�ƢưƗ� Śţ� �æìå�ƽźŤƯ�ƾŤƳŚſ�
źƠůŶƃ����
��

Śūźŝ�ƮǀƤŤƀƯ�Ɓźŝ�ƂƿŚƯŻō�ƵŚĮŤſŵ��
řƿ� ƵŚĮŤſŵ�ƲƽřźŝŚƯŻō�ƿŚſŚƴƃ�ƶƫŚģ�ƂǀƿŢſř� ƵŶƃ�İůřźƏ�ƢưƗ�Ʈĩ�įŚƸ��

Ɨ�ŹŵǀƩŚů�Ʋ�ƶƳƺĭ�ƶŝ�ƵŚĮŤſŵ�İůřźƏ��ŵƹŶů�ƢưƗ�Śţ�ƶĩ�Ţſř�įřçå�řŹ�źŤƯ�
İƯ��ƩŶƯ� ƱřƺţźƧŵ� �ƸŬţǀ�šřżĪƄţ� ƵŶưƗ�Ţưƀƣ� ƶſ� Żř� ƱōǀŢſř� ƵŶƃ�ƪ��

� įŹřŸĭŹŚŝ� įƺĪſƽřźŝƯŐţ�ǀ� �ƮŗŚƣ� ŹŚŝ� Ʋ�ŜƫŚƣ�śƺģŹŚƸģ��ƽżƬƟ�ƶƏŚůř�
ŶƴƴĩƵƳƺưƳ�ƶĪū��įŚƸƷ�ǀƫƹŹŶǀƳ�ƩŚưƗř�ŢƸū�ƶƏƺŝźƯ�ƮŗŚưƋ�ƹ�İĪǀ�įŚƷƹź

İƃźŝ�ƹ�ƮŗŚƣ����
��

Śūźŝ�ƮǀƤŤƀƯ�Ɓźŝ�ƂƿŚƯŻō�ƭŚŬƳř�ƁƹŹ��
ƄƿŚƯŻō� ƭŚŬƳř� ŹŵƽŚƸ�źŝŹřŶƳŚŤſř� Żř� ŚūŵB.SƵŶƃ� ƵŵŚƠŤſř�Ţſř�� �ƿř� ŹŵƲ�

ƂƿŚƯŻō��ƾŞƿźƤţ�ŵŚƘŝř�ƶŝ�ƾƧŚų�ƥƺƬŝ� řŶŤŝř�ÓÍ�ÓÍ�ƕŚƠţŹř�ƶŝ�ƹ�źŤƯ�ƾŤƳŚſ�
ÏÍƾŤƳŚſ���ŵŚŬƿř�źŤƯŶƃ���ŜƫŚƣ�žĜſ�śƺģŹŚƸģ���ŵŚƘŝř�ƶŝ�ƽżƬƟÒÍ�ÒÍ�ÐÍ�

ƾŤƳŚſ��Ʊō�ƽƹŹ�źŝ�źŤƯƵŵřŵ�ŹřźƣŶƃ���ƱŶƳřŹ�ƲǀƿŚě�ƶŝ�Śŝ�ƱŚƯżưƷŜƫŚƣ���ƥŚų�
ƾƯ�ƵŶǀƃřźţ�ƾƯřŹō� ƶŝ�ƝřźƏř�� Śŝ�ƥƺƬŝ� Śţ�ŶƃƧƲƿźŤư�Źŵ�ƾĭŵŹƺų�Ţſŵ�

ŵźǀĭ�Źřźƣ�ŜƫŚƣ��ƱŶǀƃřźţħŚų��Śţ�ŜƫŚƣ�ƱŶƳřŹ�ƹ�ƥƺƬŝ�ƝřźƏř�ƾƳŚƯŻ�ƶƯřŵř�
ƾƯ�ƥŚų�ƥƺƬŝ� ƶƧ�ŢƟŚƿ� ƪƯŚĩ� ŹƺƏ� ƶŝ�ŵźǀĭ� Źřźƣ�ŜƫŚƣ� ƪųřŵ� Źŵ��Źŵ�

� ƾƳŚŞƛŚŝ� ƾĤǀƣ� Żř� Źřŵ� ƶƄƿŹ� ƽŚƸĩŚųƽřźŝ�ƶŝ� ƶĩ� ƾƿŚƷ� ƶƄƿŹ� Ʊŵźĩ� ƖƐƣ�
�Ŷƃ�ƵŵŚƠŤſř��ŶƳŵƺŝ�ƪƈŤƯ�ħƺƬŝƥƺƬŝ�ƾƿǇŚŝ�ŮƐſ�žĜſ��ƹ�ƵŶƃ�Żřźţ��ŝ�ƶ

�ŹřƺưƷ�ƭźƳ�ƶſŚƯ�ƶƬǀſƹŶƿŵźĭŚţ���ŹŚŝƣŝ�Ţųřƺƴƨƿ�ŹƺƏ�ƶŝ�ƮŗŚ�ƶ�ƶŰƠƇ�ƶƬǀſƹ
ŵƺƃ� ƩŚưƗř� ƾƿǇŚŝ�žěƥŚų�ƥƺƬŝ� ƽƹŹ� źŝ� ƽżƬƟ� ƶŰƠƇ� ƲŤƃřŸĭ� Żř���

�ƾƤƟř�Ƃƴţ�ƹ�ƵŶƃ�ƩŚưƗř�ƶƳƺưƳ�ƶŝ�ƾƨǀƫƹŹŶǀƷ�Ʀū�ƶƬǀſƹ�ƶŝ�ŵƺưƗ�ƽƹźǀƳ
ƶƳŚĭřŶū�Ʀū�ƶƬǀſƹ�ƶŝ�żǀƳ��ŵŹřƹ�ƽřŶƿŵźĭ�Ƃǀě��ƩŚưƗř�Żř��ƽŵƺưƗ�ƽŚƷƹźǀƳ

Ɓźŝ� ƭŚŬƳř� ƽřźŝ� ƾƤƟř� ƹ�� ƶŝ� ƍƺŝźƯ� ƽŚƷźĮƄŬƴſ�ƾƬƨƃźĭŵ�ƹ� ƽŵƺưƗ�
ƤƟřƾ�ŜƈƳ�ŶƳŶƃ� �ŹƺƔƴƯ� Ʋƿř� ƽřźŝ�ĮƄŬƴſ� ŹŚƸģ�ź�ƽźǀĭ� ƵŻřŶƳř� ƽřźŝ�

źĭŵƬƨƃƾ� ƹŵ� ƹ�ƽŵƺưƗ�� źĮƄŬƴſ�ƽźǀĭ� ƵŻřŶƳř�ƽ� řźŝ� źĮƿŵźĭŵƬƨƃƾ�
ƵŶƃ�ŜƈƳ�ƾƤƟř�řŶƳ���ƪĪƃ�Źŵ�ƂƿŚƯŻō�ƭŚŬƳř�ƵƺŰƳèŢſř�ƵŶƃ�Ƶŵřŵ�ƱŚƄƳ�.��

��
ƹŹƾƃźŝ�ƶǀůŚƳ�Źŵ�ƶƄƿŹ�ƶƘƫŚƐƯ�Ɓ��
žě�Żř�ƱŚƿŚěƂƿŚƯŻō�źƷ���ŵƺưƗ�ŢƸū�Źŵ�ƹ�ƵŶƃ�řŶū�ƶƳƺưƳ�Żř�ƾƃźŝ�ƶŞƘū�

�ƾƯřŹō�ƶŝǇŚŝ�Żř�ŚƸĩŚų��Ɓźŝ�źŝŚŝŶƳŶƃ�řŶū�ƂĪģ�ƹ�ħŵŹŚĩ���ƶŝ�ŹŚĩ�Ʋƿř�
ƾƯ�šŹƺƇ�ƍŚǀŤůř�Śŝ�ƹ�İƯřŹō�ƶƄƿŹ�ƶŝ�Śţ�ŢƟźĭ�ƶŝźƋ�ƶƳƺĭ�ĢǀƷ�ŚƷ��ŵŹřƹ�ƽř

ŵƺƄƳ��žěůŚƳ�ƶŝ�ƱŶǀſŹ�Żř�ƶǀƾƃźŝ��è�źƷ�źƐƣ��įźŤƯ�ƾŤƳŚſ�ƿƶƄƿŹ�Żř�Ĩ�ŚƷ�
Ƴō�ƶƿƹřŻ�ƹŚƸůŚƳ� Żř�źţǇŚŝ�Źŵ�ƢƟř�ŮƐſ�ƶŝ�ŢŞƀƳ�ƶǀ�İƃźŝ��� ��ƪųřŵ�Źŵ�ƹ

ůŚƳƶǀ� İƃźŝ��'�ƵŻřŶƳř��ƾƯ� ƽźǀĭ�ŵƺƃ�ůŚƳ� źƿŻ� źƠůŚŝ� ƶƯřŵř� Źŵ�ƶǀ��ƾƃźŝ�
ƶƄƿŹ� ƶƿƹřŻ�Ż� Źŵ� ƢƟř� ŮƐſ� ƶŝ� ŢŞƀƳ� ŚƷƿůŚƳ� źƶǀ� İƃźŝ��"� �Ƴǀ�Ţŗřźƣ� ż

ƾƯ�ŵŵźĭ�Ż� ƶſ�ƾţŹŚŞƗ� ƶŝ�� � Šƿƹř� �'� ƹ�"�ƹřŻ� şŶƴƷŵ� ƱŚƄƳ� ƶĩƶƿŹ�ƿ�ƶƄ
ůŚƳ�ƽǇŚŝ� Źŵ�Ŝǀţźţ� ƶŝ�ƢƟř�ŮƐſ� ƶŝ�ŢŞƀƳƶǀůŚƳ� �ƾƃźŝ�ƶǀ�ƲǀƿŚě� ƹ�ƾƃźŝ�

ůŚƳƶǀƾƯ�Ţſŵ�ƶŝ��Ţſř�İƃźŝ��Ŷƿō��ƜţǀǀƹřŻ�źƶƿŹ�źƷ�ƿƀĭ�źŧř�Źŵ�ƶƄǀ�İĮŤŴ
�i��Ư�Żř�ŵƺŝ�ŶƷřƺų�šŹŚŞƗǀĮƳŚºººǀƜţ�ƲǀǀƹřŻ�źƿ�Ţưƀƣ�Źŵ�ƶƾƿǇŚŝ�Ţưƀƣ�ƹ�

ƲƿźƿŻůŚƳ�ƶǀźŝ��İƃ�ƪƨƃ��é���řźŝŚƴŝƿƲ����
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ƵŻřŶƳř�įřźŝ�ĭǀŹ�ƖƐƤƯ�ŮƐſ�įźƿƫƺĩ�Żř�ƵŵŚƠŤſř�Śŝ�ƪŰƯ�Źŵ�ŚƸƳō�źƐƣ��ƶƄǀ�ž
ƣŵ� ŹƺƏ� ƶŝǀƵŻřŶƳř� Ƣ�ĭǀ� ƹ� įźƿİƯ� ŢƃřŵŵŚ�Ŷƃ� �ŹƿƶƄ��Źŵ� ŵƺūƺƯ� įŚƷ

ƶƳƺưƳ�ŚƯŻō� ŢŰţ� įŚƷƿƂ�ŶƳŵƺŝ� İƗƺƴŤƯ� įŚƷźƐƣ� įřŹřŵ�� ��ŽŚſř� źŝ
Ƴř� ƹ�šřŶƷŚƄƯƵŻřŶ�ĭǀźƿƵŶƯō� ƪưƗ� ƶŝ� įŚƸ�ŝ�ǀźŤƄƿŹ� ŵřŶƘţ� ƲƿƶƄ��įřŹřŵ� ŚƷ
� Żř� źŤưĩ�įźƐƣéìƯ�ǀƬƾ�ŶƳŵƺŝ� źŤƯ� �Ɨ� Źŵǀ� Źŵ�ƩŚů�ƲƾƧŶƳř�źƐƣ� ŵŹřƺƯ� Żř�

ŹƿƶƄ��ƶŝ� ŚƷææêƯ�ǀƬƾ�Ƴ�źŤƯǀİƯ�ż�ſŹǀŶ� �ƲƿźŤưƧ�ƵŶƃ� ƵŶƷŚƄƯ�źƐƣ�ê�çŵƺŝ���
řŵ�ƉźƟ�Śŝ�ƵŚĮƳōƿŹ�ƖƐƤƯ�Ʊŵƺŝ�ƵźƿİƯ�ƶŞſŚŰƯ�Ʊō�ƖƐƤƯ�ŮƐſ��ƶƄ�Ŷƃ���įřźŝ

ŶƳřĭ�ƵŻřǀƹřŻ�įźƿƎų�ƹ�ƶƫŚƤƳ�Żř�ƶ�İƯ�ƵŵŚƠŤſř�Żřźţƹ�Ƃĩ�ŵƺƃ���
� �

İĩŚų�įŚƸǀƳřƹźǀƃ�įŹřŶƿŚě�Źŵ�Ʊō�źǀŧŐţ�ƹ�ƶƄƿŹ�Ʈĩřźţ��
ƶƄƿŹ�ƁźŤƀĭ�ƢưƗ�Ʊŵƺŝ�ŵƹŶŰƯ�ƶŝ�ƶūƺţŚŝ�įŹřŶƿŚě�ƩŶƯ�Żř��ŚƷ�Ƴřƹźǀƃǀ�įŚƸ

Ţſř� ƵŶƃ� ƵŵŚƠŤſř� ŵƹŶŰƯ�İĩŚų� ��Ŝǀƃ� Śŝ�ƁżƜƫ�ƲǀƯŻ�Ĩƿéê�ƹ� ƶūŹŵ�
ƹƿĭĦǀƳŚĪƯ� įŚƸǀŚų� Śŝ� ƩŵŚƘƯ� İĪƯ�ħǀŢſř� ƵŶƃ�ƉźƟ� � ŶƳƹŚƴ� ��ŜƿźƋ

ř�ƽŹřŶƿŚě�ƱŚƴǀưƏřƿŝ�ơŚưƗř�Źŵ�Ɩƣřƹ�ƁżƜƫ�ŭƺƐſ�Źŵ�Ƶŵƺţ�Ʋǀ�Ʋê�ç�Śţ�źŤƯ�
æå�źƷ�įřźŝ�ƹ�źŤƯ�ƿƶƄƿŹ�Ʈĩřźţ�ŹŚƸģ�Żř�Ĩ��šƹŚƠŤƯ�įřê��èè�ææ�ƹèè�çë�

ƴĤưƷ� ƹ� ŶƇŹŵǀŹ� ƱƹŶŝ�ħŚų� Ʋƿ� ƶƄ�Ź� ƮĩřźţƿƄƶ�å� ��ƿŵźĭ� ƶŞſŚŰƯº�Ŷ
��ƪƨƃê��ƴĤưƷ�ǀƘƣƺƯ�įřźŝ�Ʋǀř�ŮƐſ�ŢƿŚŤƀ�ŢƫŚů�ƹŵ��Ƶŵƺţ�ƪųřŵ�Źŵ�İŝ
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�ƉŚưƛř�ƪŝŚƣŢſř� 
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���ƄƿŹ�įřŹřŵ�įŚƸĩŚų�Źŵººº�Ƴ��ƶǀ����ƶƄƿŹ�İƄƄĩ�įƹź(Tr)�����ºƠƫŒƯ�ƹŵ�šŹƺƇ�ƶŝ��ƶ
Tr .cos.tg ���ƹ��Tr.sin�Śě�įŚƷƹźǀƳ�ƶŝ�ƿŶƴƴĩ�ŹřŶƵƾƯ�ƶƟŚƋř�Ƶŵƺţ��ŵƺƃ��

��ŹŵƶƿźƔƳ��ƥŚų�ŢƿƺƤţ����Ź�Ǝºſƺţ��ºƿ���ƶƄř�ƂƿřżºƟ����ƾºƃźŝ�ŢºƯƹŚƤƯ���ħŚºų����ƶºŝ�
��ƱřƺƴƗCR���ƵŶƃ�ƞƿźƘţ�����������źºŧř�źŝ�ħŚų�İĭŶƴŞƀģ�ƂƿřżƟř�Żř�Ţſř�šŹŚŞƗ�ƹ��

�ƶƄƿŹ�ŵƺūƹ����řżƟř�ƶŞſŚŰƯ�įřźŝƿ��������ƶƄƿŹ�ŵƺūƹ�źŧř�Źŵ�ħŚų�İƃźŝ�ŢƯƹŚƤƯ�Ƃ
ƐŝřŹ�Żřƶ�Wu et al  (1979)�Ż�ŭźƃ�ƶŝƿŶƃ�ƵŵŚƠŤſř�ź���
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CR���ƂƿřżƟřƾƃźŝ�ŢƯƹŚƤƯ�Ƶŵƺţ�ƪĩ�ƥŚų�Źŵ�ƶƄƿŹ�ƾŤƿƺƤţ�źŧř�źƏŚų�ƶŝ���
ôR���ƲƿźŤƄǀŝƄƧ�ŢƯƹŚƤƯ��ƶƄƿŹ�ƾƄ 

Ar/Aw���ƳƥŚų�ƪƧ�ŢůŚƀƯ�ƶŝ�ƶƄƿŹ�ŢůŚƀƯ�ŢŞƀƾƃźŝ�ŠǀůŚƳ�Źŵ����
â��ƹ�ƶƄƿŹ�Ʋǀŝ�ƶƿƹřŻƀĭ�ŮƐſǀŹŵ�İĮŤŴƥŚų�Źŵ�ƾƃźŝ�ƶǀůŚƳ���
ö��ŵ�ƥŚƨƐƇř�ƶƿƹřŻƾƳƹŹƥŚų���
á�ƹřŻ�ƶƿ�ŮƐſ�Ƶŵƺţƃ�ǀƢƟř�ŮƐſ�ƶŝ�ŢŞƀƳ�ŹřŶŞ��

Z��Ƶŵƺţ�ŮƐſ�ƶŝ�ŢŞƀƳ�ƁżƜƫ�ŮƐſ�ƢưƗ��
è�ƜţǀǀƹřŻ�źƶƿŹ�ƿůŚƳ�Źŵ�ƶƄƶǀ�źŧř�Źŵ�İƃźŝ�ƀĭǀ�ħŚų�İĮŤŴ��
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ƽřźŝƩƹŶūŹŵ� ƩŚŨƯ�æ�ƄƿŚƯŻō� Żř� ƪƇŚů� ŪƿŚŤƳ� İųźŝ�ƽŚƸ�ƮǀƤŤƀƯ� Ɓźŝ�
ƶƄƿŹ�Ʈĩřźţ�šƹŚƠŤƯ�įŚƷŶƇŹŵ�įřźŝ�ƾƿřźŰƇ�Ţſř�ƵŶƃ�ƶŗřŹř�įř��ř�Źŵƿ�Ʋ

ŵŚƤƯ� �ƩƹŶūƿƶƳƺưƳ� Źŵ� İĭŶƴŞƀģ� ź�Ź� įřŹřŵ� įŚƷƿ� ƶƄ(C)��İĭŶƴŞƀģ� Śŝ
ƳƺưƳƶŹ�ƱƹŶŝ�ƿŚƤƯ�ƶƄƿřżƟř�ŹřŶƤƯ�ƹ�ƶƀƿŹ�ŵƺūƹ�Żř�İƃŚƳ�İĭŶƴŞƀģ�Ƃƿ�ƶƄ

(CR)ŝ��ƶŢſř�ƵŶƯō�Ţſŵ���
ƽřźŝŝ�� ƶƹřŻ� ƱŵŹƹō� Ţſŵƶƿ�ŵŚƠŤſř� ƹ�ƵƐŝřŹ� Źŵ� Ʊō�ƶ�éƶƄƿŹ� řŶŤŝř� ���ŚƷ

Ɯţ� ŹřŶƤƯ�žĜſ� �ƵŶƃ� įŶƴŝ� ƵŵŹ� źƐƣ�ŽŚſřźŝǀǀƹřŻ� źƿ� źƷ� įřźŝ� ƶƿ�Żř�Ĩ
ŹƿƶƄ��ŚƷ�i�Ŷƿŵźĭ�ƶŞſŚŰƯ�ŚƿřƹŻ�ƲǀĮƳŚǀƯ��ƵŵŹ�źƷ�įřźŝ�ƵŚĮƳō��ƶŞſŚŰƯ�����Źŵ

�ƶƐŝřŹ�Żř�ƵŵŚƠŤſř�Śŝ�ŚƸŤƳřéƳŚǀƯ��ƢƟř�ŮƐſ�ƶŝ�ŢŞƀƳ�ƶƄƿŹ�ƶƿƹřŻ�źǀǀƜţ�İƬĩ�ƲǀĮ
ůŚƳ� Źŵ� ƶǀŶƃ� ƶŞſŚŰƯ� ƾƃźŝ� �� ƩƹŶūŹŵç�įŶƴŝ� ƵŵŹ� ƵƺŰƳ� Żř� ƶƳƺưƳ�Ĩƿ�

ŹƿƶƄ��ƶŞſŚŰƯ�ƹ�ŚƷŚſŚƴƃ�ƶƫŚģ�Źŵ�ƿŹŚưƃ�İƵ�ì�Ţſř�ƵŶƃ�Ƶŵřŵ�ƱŚƄƳ�� ��Źŵ
řƿƩƹŶū�Ʋ���
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ƫŵ�ƶŝ�Ţſř�źĩŷ�ƶŝ�ƭŻǇǀř�ƪƿƲ�ŚƯŻō�Źŵ�ƶĩƿƄƽŚƸ�Ɓźŝ�ŮƐſ�ƵŶƯō�ƪưƗ�ƶŝ�
ƺưƳƶƳ��ŹřŶƤƯ� řŸƫ� Ƶŵƺŝ�ƢƟř�ŮƐſ�Śŝ�įŻřƺƯ� ŚƷ�Ŭƴſ�ƢƟř�ŮƐſ�ƶŝ�ŢŞƀƳǀ�ƵŶ
ƵŶƃŢſř���ƿŚƯŻō�Żř�ƪƇŚů�ŪƿŚŤƳ�ƲǀƴĤưƷƄŚƸİƯ�ƱŚƄƳ���ƶƿƹřŻ�ŹřŶƤƯ�ƶĩ�ŶƷŵ

�Ʋǀŝ� � ƶƤƐƴƯ�ħŚų�ƾƬųřŵ�ħŚĪƐƇřéå� Śţ�éç�Ţſř�� ��šŚŞſŚŰƯ� Źŵ� řŸƫ
Śěƿŵƺţ�įŹřŶƵƯ�ŹřŶƤƯ�Żř��İƋźƟ�ƲǀĮƳŚǀ�éæŢſř�ƵŶƃ�ƵŵŚƠŤſř�ƶūŹŵ����

ƽŚū�Śŝ�ĭ�įŹřŸ� ö�ƹ�ƶƐŝřŹ�Źŵ��éřżƟř�ŹřŶƤƯ�ƿ�Źŵ�ħŚų�İƃźŝ�ŢƯƹŚƤƯ�Ƃ
Ź�ŵƺūƹ�źŧřƿ�ƶƄ(CR)ř�ƱŵƺưƳ�ŹƺƔƴƯ�Śŝ�ƹ�ƶŞſŚŰƯ�ƿƐŝřŹ�Źŵ�ŚƷźŤƯřŹŚě�Ʋƶ�è��

�ƲŤƟźĭ� źƔƳ� Źŵ� Śŝ� ŵƹŶŰƯ� İĩŚų� įŚƸǀƳřƹźǀƃ� įřźŝ� ƱŚƴǀưƏř� ŜƿřźƋ
ƶƄƿŹ�ŢůŚƀƯ�ŢŞƀƳƹ�ƾŝŚŤƀƿř�ŮƐſ�Ʊƺģ�ƾƿŚƷźǀƜŤƯ��ƞƬŤŴƯ�ơŚưƗř�Źŵ�įř

Ŷƿŵźĭ� ƶŞſŚŰƯ�ƶƯřŵř� Źŵ��ƱŚƴǀưƏř�ŜƿźƋ�ƽŚƷŹřŵƺưƳ���źƔƳ� Źŵ� Śŝ� �ƢưƗ�
ƶƄƿŹ�ŢůŚƀƯ�ƽŚƸŤŞƀƳ�ƲŤƟźĭ�Ŷƿŵźĭ�ƮſŹ�šƹŚƠŤƯ�ƽř���ƵŶƯō�Ţſŵ�ƶŝ�ŪƿŚŤƳ

�ƽŚƸƬƨƃ�Źŵë� �Śţ�íŚŤƳ�ƹ� ƵŶƃ�ƶŗřŹř� �ƿ�ƪĪƃ�Źŵ� ŚƸƳō�Ūî�ƵŶƃ�įŶƴŝ�Ɩưū�
Ţſř���

� ƪĪƃ� ŹŵëƜţ�ǀǀźƋ�šřźƿưƏř�ŜǀŚě� ƱŚƴƿ� Źŵ�įŹřŶźŝřźŝŹ� Ʈĩřźţ�ƿ� ƶƄ�ƮſŹ
Ţſř� ƵŶƃ� �řƿƴĤưƷ�ƹ� ŹřŵƺưƳ�Ʋǀ�ƲźĮƿŵİƯ�ƱŚƄƳ� ŚƷŹřŵƺưƳ���ƽřźŝ� ƶƧ�ŶƴƷŵ

�ƂƿřżƟř�Śŝ��ƲǀƘƯ�ƢưƗ�ƦƿAr/Aw���Ʋƿř�ƹ�ƵŶƃ�źŤƄǀŝ�ƥŚų�ƾƃźŝ�ŢƯƹŚƤƯ�
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Śě� ƱŚƴǀưƏř�ŜƿźƋ�ƂƿřżƟř�ŜūƺƯ� źƯřƿƾƯ�ƾƧŚų�ƽŚƸǀƳřƹźǀƃ� įŹřŶ�ŵƺƃ��
�ƪĪƃìŚŤƳ�ƿƵŵƺţ�Ū�İƯ�ƱŚƄƳ� řŹ�įř�ř�ŮƐſ�Ʊō�Źŵ�ƶĩ�ŶƷŵƿ�źŝ�ƢŞƐƴƯ�İŝŚŤƀ
ŰƠƇƶƀĭ�ǀƹ� İĮŤŴ�ƿŚě� ŚǀƿƲ�ŵŹřŵ� Źřźƣ� Ʊō� Żř� źţ� �ř� ŹŵƿƪĪƃ� Ʋ�źƋ�ƿ�Ŝ
ưƏřǀŹ�Ʈĩřźţ�įřźŝ�ƱŚƴƿƶƄ��è�çë��� �è�ææ�� �ì�é��Ź�ƱƹŶŝ�ƹƿ�ŢƠƷ�Źŵ�ƶƄ
ŰƠƇƶƀĭ�ǀ�šƹŚƠŤƯ�İĮŤŴ��ê�ç��è��ê�è��é��ê�é��ê�ƹ�æåƢưƗ�źŤƯ����ƮſŹ

Ţſř� ƵŶƃ� �İƯŚưţ� ŹŵƲƿř�Ź� įŚƸưĩřźţ� Źŵ� �ơŚưƗř�ƿƶƄ�ŝ� įřǀ�Ƶŵƺţ� �źŤƄ
Śěƿ� źţŹřŶŢſř� �řƿƋƺƯ�Ʋ�ƪĪƃ�Źŵ�ƕƺí�Ƴ�ǀŢſř�ơŵŚƇ�ż� �ř� Źŵƿ��ŢƫŚů�Ʋ

ƽřźŝ� źǀŧŐţ� ƾſŹźŝ�ƱŚƯżưƷŹ� Ʈĩřźţ�ƿř� ŮƐſ� ƹ� ƶƄƿ�ƽŹřŶƿŚě� Źŵ� � İŝŚŤƀ
� ƶŝ� ƥŚų� ƾŝŚŤƀƿř� ŮƐſ� �ƾƧŚų� ƽŚƸǀƳřƹźǀƃê�çŰƠƇ� Żř� źţǇŚŝ� źŤƯ�ƶ�

ƀĭǀŢſř� ƵŶƃ� Ƶŵřŵ�ƩŚƤŤƳř�İĮŤŴ� �� ƱŚưƷƶƳƺĭƾƯ� ƵŶƷŚƄƯ� ƶƧ��ŵƺƃ��ƽřźŝ�
�ƶƄƿŹ�ƱƹŶŝ�ƥŚųíç�åFS=ƹ�ƵŶƃ�ƶŞſŚŰƯ�ƔƳ�Źŵ�Śŝ�ƥŚų�ƱŚưƷ�ƽřźŝ�ºº�ź

�ƲŤƟźĭè�çë��Ar/Aw =ƴǀưƏř�ŜƿźƋ�ººººº�ƶŝ�ƱŚæç�æ��FS=��ƶŤƟŚƿ�ƂƿřżƟř
Ţſř���Ź�ƱƹŶŝ�ƾƧŚų�ƾƳřƹźǀƃ�Ʀƿ�źĮƿŵ�šŹŚŞƗ�ƶŝƿ�Źŵ��ƁżƜƫ�ŶƘŤƀƯ�ƹ�ƶƄ

Ţſř�ƵŶǀſŹ�ŹřŶƿŚě�ŢƫŚů�ƶŝ�ŢųŹŵ�ŠƄƿŹ�ŵƺūƹ�źŧř���
ŚƸƬƨƃ�ƲƿřƴĤưƷ�ǀƺĭ�ƲƿƮĩ�ơŚưƗř� Źŵ� ƶĩ�Ţſř�Ʊō�įŚ�ųŹŵ�ŠƄƿŹ� �źţ�ƱŚŤ

ŝ� źǀŧŐţǀŶƳŹřŵ� ƾƧŚų�ƽŚƸǀƳřƹźǀƃ� ƽŹřŶƿŚě� Źŵ�įźŤƄ� ��Źŵ� �źĮƿŵ�šŹŚŞƗ� ƶŝ
ě� ơŚưƗřǀƿŚƲ�ŧŐţ� źţǀřżƟř� źƿŹ� Źƺƌů� Żř� ƪƇŚů� İŤƯƹŚƤƯ�ƂƿƮĩ� ƶƄ�ĬƳŹ��źţ
Ţſř� �řƿ� ƕƺƋƺƯ� ƲřŹŚƨƃō� ƪĪƃ� Źŵ�î�ŶƿŵİƯ� Ƶ�ŵƺƃ� �řżƟřƿźƋ� Ƃƿ�Ŝ
ưƏřǀŹ�Ʈĩřźţ�ŢƫŚů�Źŵ�ƱŚƴƿƶƄ��įřè�çë���ŰƠƇ�įřźŝƶ�ƽŚƷƀĭ�ǀ�Ɩƣřƹ�İĮŤŴ
�Źŵ�ơŚưƗřê�ç�Śţ�źŤƯ�æåţźţ�ƶŝ�źŤƯ�ǀ�Żř�Ŝê�èë���Śţè�ç���ƂƷŚĩƿŢſř�ƶŤƟŚ��
řƿŹ�Ʈĩřźţ�įřźŝ�ƕƺƋƺƯ�ƲƿƶƄ��įřè�ææ��ŝǀ�Ʋè�æè�Śţ��íê�����Ʈĩřźţ�įřźŝ�ƹ
ŹƿƶƄ��įřê�éŝ� �ǀ�Ʋì�è���Śţê�å��ƜŤƯǀ�źŢſř� �řżƟř� Śŝ�ƶĩ�Ţſř�Ʊō�ŢƬƗƿ�Ƃ

�ƽŚƷźŤƯřŹŚě� ƲŤƟźĭ� źƔƳŹŵ�ŢŝŚŧ�šŹƺƇ� Źŵ� �ƢưƗr, C� ƹ� �RAR��

řżƟř� Żř� ƪƇŚů� ƾƤƟř� ŠƠƫŒƯƿƳ� ƾƧŚų� ŹŚŝźſ�ƂǀřżƟř� żƿ�ƂƿŧŐţ� řŸƫ� ƹ� ƶŤƟŚǀ�ź
ŹŶţ�ƶŝ�řŹ�ƶƄƿŹ�Żř�ƪƇŚů�ƾƟŚƋř�ƾƃźŝ�ŢƯƹŚƤƯƿƮĩ�Ū�İƯ�źţ�ŶƴƧ��ř�ƶŤŞƫřƿ�Ʋ

ŵƹŶŰƯ� Źŵ� ƎƤƟ�ŦŰŝƵŹ� ŷƺƠƳ�ƿơƺƟ� įŻŚſ� ƩŶƯ� Źŵ� ƹ�Ţſř� ơŵŚƇ� ƶƄ��
Ź�ŷƺƠƳ�ƢưƗ�ƵŹřƺưƷƿŻ�Śţ�ƶƄƿƀĭ�ŮƐſ�źǀŢſř�Ƶŵƺŝ�ƉƹźƠƯ�İĮŤŴ���

�ƪĪƃîƴĤưƷ�ǀİƯ�ƱŚƄƳ�Ʋ��ƶĩ�ŶƷŵŹƿƄƶŚě�Źŵ�ƱŚŤųŹŵ�ƿƵŵƺţ�įŻŚſŹřŶ��įŚƷ
ŚƤƯ�Źŵ�śō�Żř�ƵŶƃ�ƕŚŞƃř�İƃżƜƫƿƵŵƺţ�Śŝ�ƶƀ�ƛ�įŚƷǀƕŚŞƃř�ź��įźţźŧŒƯ�ƂƤƳ�

řƿƯ� ŚƠƾ�ŶƴƴƧ� �ŝ�ơŚưƗř�Źŵ�ƶŤŞƫřǀř� �źŤƄƿİƯ�ƂƷŚĩ�šƹŚƠţ�Ʋ�ƿ� ƶŝ�ŶŝŚƶƳƺĭ�ƽř�
Śů�įřźŝ� ƶĩƽŚƸŤƫ� ƢưƗ� Żř� �ƵŶƃ� ƶƘƫŚƐƯ�éŚě� ƶŝ� źŤƯ�ǀƿƲ�řżƟř� ŶƇŹŵ� źţƿ�Ƃ

źƋƿưƏř�ŜǀŚě�ƱŚƴƿŵƺţ�ƹŵ�Źŵ�įŹřŶƵůŚƳ�įřŹřŵ�ƶǀ�ƹ�ƕŚŞƃř��ůŚƳ�ƱƹŶŝƶǀ�ƕŚŞƃř�
ƿŢſř�ƱŚƀĪ���
��

įźǀĭ�ƶŬǀŤƳ��
�ŹƺƌººůƶƄººƿŹħŚººų�Źŵ�ŢººųŹŵ��ŚěººƿƵŵƺººţ�įŹřŶ�ººų�įŚººƷƧŚřżººƟř�řŹ�İƿ�Ƃ

İƯ��ŶƷŵ�����řżºƟř�ŹřŶƤƯƿ�Śě�Ƃ�ºƿ�����Ź�Ʈĩřźºţ�Śºŝ�įŹřŶ�ºƿƶƄ�����ºƐŝřŹ�ŚºƷƶ��ƤŤƀºƯ�ǀ�ŵŹřŵ�Ʈ��
��ƶƀƿŚƤƯƋ�ƱŚƴǀưƏř�Ŝƿź�Śě�ƿįŹřŶ������ƁżºƜƫ�ƲǀºƯŻ�ƹŵ�Źŵ��ŵ��ůŚƳ�įřŹř�ƶºǀ����ƹ�ƕŚŞºƃř��
�ůŚƳ�ƱƹŶŝ��ƶǀ��ƺĭ�ƕŚŞºƃř�ºƿ��������Ź�ŵƺºūƹ�ƶºĩ�Ţºſř�Ʊō�įŚ�ºƿƄƶ�ĭ��ºǀ���ŵƺºţ�Źŵ�ƵŚƵ��Ʃƹř�

��ŵƺţ�Żř�źţźŧŒƯƵ��Ţſř�ƭƹŵ����Ɨ�Źŵǀ�ƩŚů�Ʋ��ř�ƿ���������ŶºƘŝ�ƶºŝ�İƇŚų�ƢưƗ�Żř�šƹŚƠţ�Ʋ
��Ţſř�ƉŚưƛř�ƪŝŚƣ�����Ź�Ʈĩřźţ�Ĩƿ�įřźŝ�ºƿƄ��ƶ�����řżºƟř�Śºŝ��ŢºŝŚŧƿ�����ŮƐºſ�ƢºưƗ�Ƃ

ƀĭǀ�ŧŐţ��İĮŤŴǀ�Ź�źƿ���Ʈĩ�ƱŚƴǀưƏř�ŜƿźƋ��Źŵ�ƶƄ�ƾƯ�źţ�ŵƺƃ���ºƫ�ŶºƯ�Źŵ�řŸƿźƿ�Ţ
��ƯŻ�İůřźƏ�ƹǀ�ƃżƜƫ�ƲŚƸ����ƁƹŹ�ƶŝ���ƾŤųŚƴƃ�ŢƀƿŻ�Śŝ�ƿ���ŵƹŶºŰƯ�źºŝ�ƵƹǈƗ�Ŷƿ�Ţ
��Ź�ŷƺƠƳ�ƢưƗƿ�ŵƹŶŰƯ��ƶƄƿ��ŧŐţ�ƂƷŚĩ�Ţǀ�ř�źƿ��ƲƁƹŹ���ŝ�ơŚưƗř�Źŵ��ºǀ��Ƴ�řŹ�źŤƄ�ºǀ�ż

ŢƟźĭ�źƔƳ�Źŵ���

��
��
��

� �� �ƩƹŶūæ���ŚŤƳ�ƿŚƯŻō�Ūƿŵƺţ�İĭŶƴŞƀģ�İƷŚĮƄƵħŚų�(C)�ħŚų�İĭŶƴŞƀģ�ƂƿřżƟř�ƹ�(CR)��
Źřŵ�ƶƄƿŹ�ħŚų 

Ar/Aw =%26.3� �

ųŹřŵ�ƶƄƿŹ�ħŚ��

Ar/Aw =%11.3 

Źřŵ�ƶƄƿŹ�ħŚų��

Ar/Aw =%4.7  

ƶƄƿŹ�ƱƹŶŝ�ħŚų � �

25.9 14.49 10 8.58 C 

17.22� �5.91� �1.42 0.0� �
CR 

��

��

��

��

��
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�ƪƨƃæ��ƶƄƤƳ�Żř�ƵŵŚƠŤſř�Śŝ�ƶƤƐƴƯ�ƾſŚƴƃ�Ĭƴſ�ŠƄƤƳ��ƯŻ�ƱŚƯŻŚſ�įŚƷǀ�ŹƺƄĩ�İſŚƴƃ�Ʋ���ƱřŹŚƨưƷ�ƹ�ƽŵƹřŵ�Żř�ƪƤƳ�ƶŝæèíæ���
 

 
 

�ƩƹŶūç���ƶƄƿŹ�ƶƘƫŚƐƯ�žě�Żř�ƱŚƿŚě�ƵŹŚưƃ�ƵŚģ�Źŵ�ƂƿŚƯŻō�ì�ƢưƗ�ƹæçåźŤƯ�İŤƳŚſ���



 
�ƯǀĮƳŚǀƲƜţ�ǀǀ�źƹřŻƿƵŵŹ�źƷ�Źŵ�ƶ��x�

�ŵřŶƘţŹ�ƿƵŵŹ�źƷ�ƶƄ���
 

ƯǀĮƳŚǀƜţ�Ʋǀǀ�ź
ƹřŻƿ�ƵŵŹ�źƷ�Źŵ�ƶ

�ƶūŹŵ�� �

Ź�ŶƇŹŵƿ�Źŵ�ƶƄůŚƳƶǀ�
İƃźŝ��
Ar/Aw� �

ŵřŶƘţ� �Ź�źƐƣƿ�ƶƄ
(mm) 

ƵŵŹ� �

35.7 5.1 6.93 7 0-5 A 
17 3.4 4.95 5 5-10 B 

18.4 4.6 3.96 4 10-20 C 
14.8 3.7 3.96 4 20-50 D 
9.6 4.8 1.98 2 50-100 E 
4.2 2.1 1.98 2 100-200 F 

��
��
 
2.6 
 

169.4 2.2 
76.24 77 ƀĭǀƶŤŴ� �H 

_��
269.1 27.1 

100 101 _��Ɩưū� �
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��

��

��

 
 

ƪĪƃç�įŚƸƷŚģ�šŚƈŴƄƯ�ƹ�ŢǀƘƣƺƯ��ōƂƿŚƯŻ��
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��

��

��

 
 
 
 
 

� ���
ƪƨƃè��řƮǀƤŤƀƯ�Ɓźŝ�ƂƿŚƯŻō�ƭŚŬƳƸŬţ�ƹ�ǀƱō�šřż��

 
 
 
 
 
 
��

��

��

��

��

��

��
��

ƪĪƃé�ůŚƳ��ƶǀŚŝ�ƶĩ�İƃźŝƿŶ�ƹřŻƹ�źƐƣ�ƶƿ�ƶƄƿŹ�ĭ�ƵŻřŶƳř�Ɓźŝ�ŮƐſ�ƶŝ�ŢŞƀƳ�ŚƷǀŵƺƃ�įź��

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

���ƢƟř�ƶŝ�ŢŞƀƳ�Ƶŵƺţ�ŮƐſ�ƶƿƹřŻ�:ZŰƠƇ�ƢưƗ�ƶ�ƶŝ�ŢŞƀƳ�İĮŤŴǀƀĭ���
���������������Ƶŵƺţ�ŮƐſhw  ��ŢŞƀƳ�ŮƐſ�ƕŚƠţŹř�ŰƠƇ�ƶŝƶƀĭ�ǀİĮŤŴ��

��
�����ƪĪƃê��ţŚưƃ�ƖƐƤƯ�ŮƐſ�ǀŹřŵ�ƶƄƿŹ�įŚƸĩŚų�Źŵ�ƾƋźƟ�ƁżƜƫ�ƲǀƯŻ�Ĩ��������������������ƪƨƃë�Ɯţ�ǀǀŚě�ƱŚƴǀưƏř�ŜƿźƋ�šřźƿ�įŹřŶƿŵƺţ�ĨƵƛ�İĩŚų�ǀƕŚŞƃř�ź���

�����������������������������������������������������������������������������������������������������������������������������������������Ź�Ʈĩřźţ�ƪŝŚƤƯ�ŹŵƿŰƠƇ�ƞƬŤŴƯ�ơŚưƗř�įřźŝ�ƶƄƶƀĭ�ǀİĮŤŴ��
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ƪĪƃì�Śě�ƱŚƴǀưƏř�ŜƿźƋ�šřźǀǀƜţ�ƿƀĭ�ŮƐſ�ƢưƗ�ƶŝ�ŢŞƀƳ�įŹřŶǀƎƿřźƃ�Źŵ�İĮŤŴ ř�ŮƐſ�ơŚŞƐƳř�ƿŰƠƇ�źŝ�İŝŚŤƀ�ƶƀĭİĮŤŴǀ��

Ź�Ʈĩřźţ�įřźŝ��ƹƿƶƄ��įřAr/Aw)���ƞƬŤŴƯ��
 

 
ƪƨƃí�ǀưƏř�ŜƿźƋ�šřźǀǀƜţ�Śě�ƱŚƴƿƀĭ�ŮƐſ�ƢưƗ�ƶŝ�ŢŞƀƳ�įŹřŶǀř�ŮƐſ�Ǝƿřźƃ�Źŵ�İĮŤŴƿŰƠƇ�Żř�źţǇŚŝ�İŝŚŤƀƶƀĭ�ǀįřźŝ�ƹ�İĮŤŴ��

Ź�Ʈĩřźţ�ƿƶƄ��įřAr/Aw)�ƞƬŤŴƯ����
��
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��ŹŚƸŝÕÒ���ƩŚſ��ƮƷŵżƳŚě�ƵŹŚưƃ����ÒÖ��                                                          ÖÐ ��
 

ƽŹŚĮƴŝŚŤƧ 

ƽźǀŤſř�ƙ��ŵŚƃ����Ƶ�ƾůŚŤƟ���ƭ��ƕ����ÎÐÕÍ�����ŚƸŞǀƃ�ŢǀŞŨţ�Źŵ�ƾſŶƴƸƯƺǀŝ�ƁƹŹ�Żř�ƵŵŚƠŤſř��ƅ��žƳřźƠƴĩ�šǇŚƤƯ�ƶƗƺưŬƯ��éåæ�éåí���
ƽŵƹřŵ��ƭ��Ƶ��ƱŚǀƯƺǀƛ����ũ����ƾƗŚƘƃ���Ɖ����ƶƘưū�ƭŚƯř���Ź����æèíæ�������������ƪºƯřƺƗ�źºƔƳ�ƶºƐƤƳ�Żř�ƱŚºƤƫŚƏ�żºƿźŝō�şŻƺºů�Źŵ�ŚºƷ�ƁżºƜƫ�ƲǀºƯŻ�ƽŶƴŝ�ƶƤŞƏ��ƽŹřŶºƿŚěŚƳ�ƾƬºƇř����

��İţŚƤǀƤŰţ�ŭźƏ�ƁŹřżĭ��ƽŹřŵżǀŴŝō�ƹ�ħŚų�ŢƓŚƠů�şŶĪƄƷƹĦěæçíƅ���
ƾƗŚƠƃ�ƱŚŤƀŬŝ��ƭ���ƾưǀƬſ�Ųǀƃ�ƪĭ��ƭ����ÎÐÕÎ�������������ƪºŰƯ�Źŵ�ƱƹŹŚºĩ�ƪůŚºſ�ħŚºų�ƾºƃźŝ�ŢºƯƹŚƤƯ�źºŝ�żºĭ�ƹ�ƵŶºě�ƱŚŤųŹŵ�ƶƄƿŹ�źŧř�ƲǀǀƘţ�����ƱƺºƴƟ�ƹ�ƭƺºƬƗ�ƶºƬŬƯ��

�ũ��ƾƘǀŞƏ�ƖŝŚƴƯ�ƹ�ƽŻŹƹŚƄĩë�Ɓ��é�ƅ��çì�éå��
References 
Bishop, D.M. 	 Stevens, M.E. ,1964- �Land slides on logged Areas in southeast Alaska�, USDA Forest service Research 

paper NOR-1,18pp. 
Burroughs, E.R. and Thomas, B.R., 1977- �Declining root strength in Douglas-fir after felling as a factor in slope stability�, 

USDA For. Serv. Res. Pap. INT-190. 
Coppin, N.J. & Richards, I.G.,1990- "Use of vegetation in civil engineering", Construction Industry Research And 

Information Association / Butterworths, London. 
Endo, T. & Tsuruta, T. ,1969- �The effect of tree roots upon rhe shearing strength of soil�, Annual report of the Hokkaido 

Branch, Tokyo Forest Experimental Station Vol. 18, pp. 168-179. 

Gray, D.H. & Megahan, 1980- �Forest vegetation removal and slope stability in the Idaho, Batholith�, USDA Research Paper 
INT-271, Ogden, UT, 23 p. 

Gray, D.H., 1974- "Reinforcement and stabilization of soil by vegetation", Journal of the Geotechnical Engineering, 
Proceedings of the American Society of Civil Engineers. Vol. 100 No GT6, pp. 699. 

Kazutoki, A. & Ziemer, R.R.,1991"Effect of tree roots on a shear zone: modeling reinforced shear stress", Canadian Jour. For 
Research, Vol. 21, pp. 1012-1019 

Nilaweera, N.S. & Nutalaya, P.,1999- "Role of tree roots in slope stabilisation", Bull. Of Eng. Geology and Environment, Vol. 
57, pp. 337-342 

O�Loghlin, C.L. ,1984- �Effects of introduced forest vegetation for protecting against Landslides and erosion in New Zealand 
steep lands�, Paper presented to Symposium on effects of forest land use on erosion and slope stability, Honolulu, 
Hawaii. 

Waldron, L. J.,1977- "The shear resistance of root permeated homogeneous and stratified soil", Soil Science Society of 
America Proceedings, 41, pp. 843-849. 

Wu, T.H., McKinnell, W.P. & Swanston, D.N.,1979- "Strength of tree roots and landslides on Prince of Wales Island, 
Alaska", Canadian Geotechnical Journal, Vol. 16, No. 1, pp. 19-33. 

Ziemer, R. ,1981- "Roots and shallow stability of forested slopes", International Association of Hydrological Sciences, 
Publications No .132, pp.343-361. 

Ziemer, R.R. & Swamstom, D.N.,1977- "Root strength changes after logging in Southeast Alaska", USDA Forest Service 
Research Note, PNW �306, December, 10 p. 

 
 
 
 
 
 
��
��
��
*�įŹřŵżǀŴŝō�ƹ�ħŚų�ŢƓŚƠů�šŚƤǀƤŰţ�żĩźƯ�� �

**ƮƬƘƯ�Ţǀŝźţ�ƵŚĮƄƳřŵ��ƭƺƬƗ�ƵŶƨƄƳřŵ���
��
 

* Soil Conservation & Watershed Management Research Institute 
**Faculty of Sciences, Tarbiat-Moallem University; 

Archive of SID

www.SID.ir

www.sid.ir
www.sid.ir

