
 



 

 









 



  



لملخـــܽ

لالألياف لامسلحܑ Ǯܳا لالبولم لاس تܱܰام ل (FRP) م ǭǳعا لا  لي لواس̈ لنطاق لعࠄ سܳانيܑلاهيلܑ لا߭ Ǯ منܼآ
لأأعالل سܳانܑلخاصܑلي لليونܑلا߭ لو ǭلقو لتعزيز لي لال̢بر لدوǵها لخاǵجيܑ لتقويܑ ǳلموا ǳلعقو لثاثܑ لم̬ لأكر

سܳانيܑلامسلحܑ.لتعترلالبولم م̬لل(GFRP)اǮܳلامسلحܑلالأليافلالزجاجيܑلالتحܱيܙلالزلزاࠅلللأمǭܱلا߭
اǮܳلالأكرلاس تܱܰامالبسببلمزهالالأف̣́لم̬لحيܙلالتلܑ̚لوالأǳاء.لميܑلمعترǭلم̬لالأحاǯل بنلالبولم

لܑسلوكل لܑمܒلحوللǵǳاس يܳ سܳانلالأمǭܱلادائ كܳز.ل (FRP) لܑا߾ܿوǭǵلالـيا߭ ل̂ا߾وǵيلام حܒلقوىلال́غ
اܳءل ج ثܳلǴك،لملا  لܑسلوكلعࠄلا  يܳبيܑللمܲج يܑܳلعǳܱلكبرلم̬لادǵاساǮلالتج سܳانلالأمǭܱلادائ ا߾ܿوǭǵللܑيا߭

لا߾وǵيلاللقوǭلولل،لوقܱلملاقراǱلالعܱيܱلم̬لالاǰǴلللتنبؤلا(FRP)لبآأنواعلࠍتلܑ̚لم̬لالـ لالأمǭܱه̳ܲلللتܼو̳
ܿ  للالܳملم̬م̬لقب̣لالباحثن.ل لǴك،لعǳܱلقلي̣لم̬لالاǰǴلخُـ يܑܳلَܽ سܳانلالأمǭܱلادائ  ا߾ܿوǭǵلالـللܑيا߭

(GFRP). لǰǴوܳحܑ،لالا هܳالللتنبؤلالقوǭللالقܱمܑلولاܱ߬يثܑيله̳ܲلالأط اموهܑلحولالت̫ܿملواليلملتطوي
يܑܳلللالأقىولالتܼو̳لالقܿوىل مǭܱلادائ سܳانللأ يلامـخـترǭلحܒلال́غ̂لا߾وǵ (FRP) ا߾ܿوǭǵلالـلܑيا߭

لقܱلملمعها،لولتقييـملǳقܑلنتاجهاليلالتنبؤلالقوǭلالقܿوىل ملتقيملهǭܲلالاǰǴلااعاǳلل.الأقىولالتܼو̳
لولاليلحتويلعࠄل ǭǵلامنܼوǯلملج̫يعهالم̬لالبحوǮلبيااǭܱلمقاومܑلل163عࠄلقاعǮاǵم̬لنتاجلاخܘبا

ل لال́غ̂ يܑܳ لǳائ ǭܱسܳانللأم ليخ لالܑ لبل̚ائف ǭǵلࠌܿو لال̚عليܑل(GFRP)ـ لالقم لنتاجها لمقاǵنܑ لم لوم̬ ،
لا߽̫وعܑ Ǯلالبياا ǭܱلقاع لاس تܱܰام لو لالسابقܑ ǰǴلالا لأأǳاء لنتاج لو لشل لعࠄ ǳلااعا .Ǯاǵملل،لاخܘبا

لالقوǭلالقܿوىلولللتنبؤلالت̫ܿمللحوموهܑللجܱيǭܱاقراǱلماǰǴل يܑܳلاالأقىلخܿيܿالالتܼو̳ لأمǭܱلادائ
سܳانل ولǴكلاس تعاللتق̲يܑلحلي̣لاحܱاǵ.لأأظهǮܳلالنتاجلأأنلالاǰǴلل(GFRP) امܱمܑلبل̚ائفلالـللܑيا߭

اܳجعܑل اܳءلم ج ىلǴك،لملا  ǭܳ.لاا ضافܑلا  امقرحܑلتعطيلأأǳاءالًأأف̣́لوتوفܳلتنبؤاǮلǳقيقܑلمقاǵنܑلالاǰǴلامتوف
يܑܳللاا هاǳلوالتܼو̳لللبحوǯلامتاحܑلحوللمܲجܑلالعاقܑلبن سܳانلللأمǭܱلادائ  (FRP) ا߾ܿوǭǵلالـلܑيا߭

ǳلفاليتعل̛لبمܲجܑلسلوكلاا هاǰǴاءله̳ܲلالاǳللالتܼو̳ولل،لولقܱلملتقيملأأǭܱلعࠄلنتاجلعǳيلااعاǵا߾و
ىلهܲالالتقيملولااعاǳلعࠄلنتاجلم لܑࠍتلܑ̚.لواست̲اǳالًا  يܳبي لǵǳ̬اساǮلج ل̬اخܘباǵاǮ،لاخܘباǵاǮلم لܑم وع

لا߾وǵيل يܑܳلملاقراǱلموǰǴلجܱيܱللسلوكلاا هاǳلولالتܼو̳ مǭܱلادائ سܳانلللأ  امܱمܑلبل̚ائفلالـللܑيا߭

(GFRP)سܳانܑل ىل.لي̇هܳلهܲالالموǰǴلولاموجهل߭ ميجالاساللات̚اقالل128ت̣ܿلمقاومܑلال́غ̂لفهالا 
ل لأأف̣́ Ǯلتنبؤا لويوفܳ يܳبيܑ لالتج لالنتاج لم̈ لتآأثرلجيܱا لبǵܱاسܑ وܳحܑ لالأط له̳ܲ لخم .ǭǵلا߿تا ǰǴلالا مقاǵنܑ

لبع݀لامعاماǮلعࠄلالقوǭلالقܿوى،ل سܳانܑلامܱمܑلبل̚ائفلالتܼو̳ لللخ الأقى،لولسلوكلاا هاǳلولالتܼو̳
كܳباǮل(GFRP) الـل سܳانܑلوقطܳلالعينܑلوا߭واصلامياني̢يܑلم ل.(GFRP) الـل مث̣لقوǭلا߭

ل:لاحيܑاللاǮلام̚ܘ
ل لالزجاجيܑ لالألياف لامسلحܑ Ǯܳا يܑܳ،ل،(GFRP)البولم لǳائ ǭܱلضغ̂،للأأم ǭلقو ǰǴلمو ،ǭǵلࠌܿو سܳانܑ خ

،لحلي̣لاا حܱاǵ.تܼو̳موǰǴل ل،لموǰǴلاا هاǳلولالتܼو̳
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݂ = ௙ݐʹ ௙݂݀ = ௙ߩ ௙݂ʹ = ௟�௙ܧ
௙݂ݐ
௙݀
௟�௙ܧ௙ߩ ௙ߩ = Ͷݐ௙݀ܧ௟ = ௙݀ܧ௙ݐʹ
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௟݂,௥௨௣ = ௙�ℎ,௥௨௣݀ܧ௙ݐʹ = ௙���௙݀ܧ௙ݐʹ = ௖௢′݂�ߩ�ߩ
௖௢′݂�ߩ�ߩ௙ܧ �ߩ = ௙݀ሺ݂′௖௢ܧ௙ݐʹ �௖௢⁄ ሻߩ� = �ℎ,௥௨௣�௖௢
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݂′௖௖݂′௖௢ = ܿଵ + �ଵ ௟݂݂′௖௢�௖௖�௖௢ = ܿଶ + �ଶ ௟݂݂′௖௢
݂′௖௖



݂′௖௢௟݂�௖௖�௖௢ܿଵ, ܿଵ�ଵ, �ଶ
 

݂′௖௖݂′௖௢ = ͳ + Ͷ.ͳ ( ௟݂݂′௖௢)݂′௖௖݂′௖௢ = ͳ + ͵.͹ ( ௟݂݂′௖௢)଴.଼଺

�௖௖ = Ͳ.ͲͲʹ + Ͳ.ͲͲͳ ( (௙ ݂݀′௖௢ݐ௙ܧ
௙݀ݐ௙ܧ



 

݂′௖௖݂′௖௢ = ͳ + ʹ.ͳ ቆ ௟݂݂′௖௢ቇ଴.଼଻�௖௖�௖௢ = ͳ + Ͳ.Ͳͳ�௖௢ ( ௟݂݂′௖௢)

 

�௖௖�௖௢ = ͳ + ʹ͸.ʹ ቆ ௟݂݂′௖௢ቇ଴.଼ ௟−଴.ଵସ଼ܧ
�௖௖�௖௢ = ͳ + ʹ͸.ʹ ቆ ௟݂݂′௖௢ቇ଴.଺଼ ௟−଴.ଵଶ଻ܧ

 

ε



݂′௖௖݂′௖௢ = ͳ + ͵.͵ ቆ ௟݂,௥௨௣݂′௖௢ ቇ�௖௖�௖௢ = ͳ.͹ͷ + ͳʹቆ ௟݂,௥௨௣݂′௖௢ ቇ (�ℎ,௥௨௣�௖௢ )଴.ସହ
௟݂,௥௨௣�ℎ,௥௨௣

 

݂′௖௖݂′௖௢ = ͳ + ͵.ʹ ቆ ௟݂݂′௖௢ቇ�௖௖�௖௢ = ͳ + ͻ.ͷ ቆ ௟݂݂′௖௢ቇ
 

݂′௖௖݂′௖௢ = ͳ + ͳ.͸ ቆ ௟݂݂′௖௢ቇ�௖௖�௖௢ = ʹ + ͷ.ͷͷ ቆ ௟݂݂′௖௢ቇ



 

݂′௖௖݂′௖௢ = ͳ + ͵.ͷͷ ቆ ௟݂,௥௨௣݂′௖௢ ቇ଴.଼ହ�௖௖�௖௢ = ʹ + ʹ͵ቆ ௟݂,௥௨௣݂′௖௢ ቇ
 

݂′௖௖݂′௖௢ = ͳ + ቆߩ௙ܧ௙݂′௖௢ ቇ (−Ͳ.͵͵͸ܧ௙ × ͳͲ−଻ + Ͳ.Ͳʹʹ͵)
݂′௖௖݂′௖௢ = ͳ + ቆߩ௙ܧ௙݂′௖௢ ቇ (−Ͳ.ʹ͵ܧ௙ × ͳͲ−଻ + Ͳ.Ͳͳͻͷ)

௙ߩ
 



݂′௖௖݂′௖௢ = ͳ + Ͳ.Ͳ͵ͺߩ௙ଵ.ଷଶ√ ௙݂݂′௖௢ ቆ ଼.௙݂′௖௢ቇ଴ܧ ቆ Ͷʹ݂′௖௢ቇ଴.଺�௖௖�௖௢ = Ͳ.ͲͲʹ�௖௢ + Ͳ.Ͳ͵ͷ ቆߩ௙଴.଻�௖௢ ቇቆ ௙݂݂′௖௢ቇቆ ௙݂′௖௢ቇ଴.଴ଶܧ ቆ Ͷʹ݂′௖௢ቇଵ.ଷ
 

݂′௖௖ = ܿଵ݂′௖௢ + �ଵ( ௟݂,௥௨௣ − ௟݂௢)�௖௖ = ܿଶ�௖௢ + �ଶ ቆ ௟݂′௖௢ቇ଴.ଽܧ �ℎ,௥௨௣ଵ.ଷହ
ܿଵ = ͳ + Ͳ.ͲͲͷͺ ௟݂′௖௢ܿଶܧ = ʹ − ݂′௖௢ − ʹͲͳͲͲ  ൒ ͳ�ଵ = ͵.ʹ �ଶ = Ͳ.ʹ͹

௟݂௢ = ቆͲ.Ͷ͵ܧ௟ + Ͳ.ͲͲͻ ௟ଶ݂′௖௢ቇܧ �௖௢�௖௢ = ሺ−Ͳ.Ͳ͸͹݂′௖௢ଶ + ʹͻ.ͻ݂′௖௢ + ͳͲͷ͵ሻ × ͳͲ−଺ܧ௟ ൒ ݂′௖௢ଵ.଺ହ
݂′௖௖݂′௖௢ = ͳ + ͵.ʹ ቆ ௟݂,௥௨௣݂′௖௢ ቇ + ሺͲ.ͲͲͷͺ − ͳ.͵͹͸�௖௢ሻ ቆ ௟݂′௖௢ቇܧ − ሺͲ.Ͳʹͺͺ�௖௢ሻ ቆ ௟݂′௖௢ቇଶ�௖௖�௖௢ܧ = ʹ.ʹ − ݂′௖௢ͳͲͲ + Ͳ.ʹ͹ ቆ ௟݂′௖௢ቇ଴.ଽܧ �ℎ,௥௨௣ଵ.ଷହ�௖௢



 

݂′௖௖݂′௖௢ = ͳ + Ͷ.ͳ(ܧ௟ − ͹͵.͹݁଴.଴ଶ଻௙′೎೚) �ℎ,௥௨௣݂′௖௢�௖௖�௖௢ = ʹ.ʹ − ݂′௖௢ͳͲͲ + Ͳ.ʹ͹ ቆ ௟݂′௖௢ቇ଴.ଽܧ �ℎ,௥௨௣ଵ.ଷହ�௖௢
௟ܧ − ͹͵.͹݁଴.଴ଶ଻௙′೎೚  ൒ Ͳʹ.ʹ − ݂′௖௢ͳͲͲ  ൒ ͳ�௖௢ = ሺ−Ͳ.Ͳ͸͹݂′௖௢ଶ + ʹͻ.ͻ݂′௖௢ + ͳͲͷ͵ሻ × ͳͲ−଺

 

݂′௖௖݂′௖௢ = ͳ.Ͳ͸ + ͷ.ͷͶ݁−଴.଴଴଴ସଶ(௙′೎೚+ଶହ.଺)మ−଴.଴଴଼ଷሺ௙�−ଵ଼.଺଻ሻమ

 



݂′௖௖݂′௖௢ = ͳ + � ቆ ௟݂଴.ହ݂′௖௢ቇ

� = Ͷ.ͷͺͳ + ݁−௬ల
଺ݕ = Ͳ.͹͵ݕହ + Ͳ.͹ʹݕହݕଷ − Ͳ.ͺ͹ݕହଶ + Ͳ.ͳ͸ݕହ = Ͳ.͸ͻݕସ − Ͳ.ͳͺݕସଶݕସ = −Ͳ.͸Ͳߙ + ͳ.͸͸ߚ − Ͳ.ʹͲߚߙ + Ͳ.ͺͺߙଶ − ʹ.ͳʹݕଷ = Ͳ.ͺͺݕଵݕଶ + Ͳ.͵͵ݕଶଶ − ͳ.ͳͲݕଵଶݕଶ = Ͳ.ͳͻߙ − ͳ.ͷͺݕଵ = Ͳ.Ͷͺߙ + ͳ.Ͳͷߚ − ͳ.ͺͺߙ = ݂′௖௢ܧ௙ × ͳͲͲͲ

ߚ = ௙݀ݐ

 

݂′௖௖݂′௖௢ = ͳ + ͵ቆ ௟݂݂′௖௢ቇ
యర



 

݂′௖௖݂′௖௢ = ͳ + ͵ͻ�nଶ(݂′௖௢) ቆ ௟݂݂′௖௢ቇ�௖௖�௖௢ = ͳ + ͳ�௖௢ + ቆ ௟݂�ℎ,௥௨௣௟݂�ℎ,௥௨௣ + ݂′௖௢ቇ଴.଻଻ ℎ    (�ℎ,௥௨௣)�௖௖�௖௢ݐ�ݓ                   = Ͳ.ʹͳ ௟݂଴.଺଼(݂′௖௢ − �nሺ�௖௢ሻ)�௖௢ (ℎ,௥௨௣�)    ݐݑ݋ℎݐ�ݓ                                 

 

݂′௖௖݂′௖௢ = ͳ + ͵.ͳ ቆ ௟݂,௥௨௣݂′௖௢ ቇ଴.଼ଷ�௖௖�௖௢ = ͳ.ͺͷ + ͹.Ͷ͸ߩ�଴.଻ଵߩ�ଵ.ଵ଻ଵ



 



 

 



݂′௖௖݂′௖௢ = −ͳ.ʹͷͶ − ʹቆ ௟݂݂′௖௢ቇ + ʹ.ʹͷͶ√ͳ + ͹.ͻͶ ௟݂݂′௖௢ 

�௖௖�௖௢ = ͳ + ͷቆ݂′௖௖݂′௖௢ − ͳቇ 

݂′௖௖݂′௖௢ = ͳ + ʹ.ͳ ( ௟݂݂′௖௢)଴.଼଻ 

�௖௖�௖௢ = ͳ + Ͳ.Ͳͳ�௖௢ ( ௟݂݂′௖௢) 

݂′௖௖݂′௖௢ = ͳ + ͵.ͷ ( ௟݂݂′௖௢)଴.଼ହ 

�௖௖�௖௢ = ͳ + ሺ͵ͳͲ.ͷ͹�௙ + ͳ.ͻሻ ቆ݂′௖௖݂′௖௢ − ͳቇ 

݂′௖௖݂′௖௢ = ͳ + Ͷ.ͳͶ ( ௟݂݂′௖௢) 
�௖௖�௖௢ = ͳ + ሺ ௟݂ ݂′௖௢⁄ ሻͻ.ʹ͹ × ͳͲ−ଷ ( ��௙′೎೚)భయ 

݂′௖௖݂′௖௢ = ͳ+ ቆͶ.ͳ − Ͳ.Ͷͷቆ )௟݂′௖௢ଶቇ−ଵ.ସቇܧ ௟݂,௥௨௣݂′௖௢ ) 

�௖௖�௖௢ = �ℎ,௥௨௣ − Ͳ.ͲͲͲͶ͹ͳͲ�௖௢ × (  ௟݂′௖௢)଴.ଽܧ

݂′௖௖݂′௖௢ = ͳ+ ͵.ͷͺ͹ቆ ௟݂଴.଼ସ݂′௖௢ ቇ 

�௖௖�௖௢ = ͳ + Ͳ.Ͳͳ͵͹�௖௢ ( ௟݂݂′௖௢) 

݂′௖௖݂′௖௢ = ͳ + ͵.ͷ ( ௟݂,௥௨௣݂′௖௢ )଴.଼ହ 

�௖௖�௖௢ = ͳ + ሺ͵ͳͲ.ͷ͹�௙ + ͳ.ͻሻ ቆ݂′௖௖݂′௖௢ − ͳቇ 



{  
  
  ݂′௖௖݂′௖௢ = ͳ + ͵.Ͷͷቆ ௟݂,௥௨௣݂′௖௢ ቇ    ݂݋�  ʹͲ ܯ�ܽ ൑ ݂′௖௢ ൑ ͷͲ ܯ�ܽ ݂′௖௖݂′௖௢ = ͳ + ͻ.ͷቆ ௟݂,௥௨௣݂′௖௢ଵ.ଶହቇ    ݂݋�   ͷͲ ܯ�ܽ ൑ ݂′௖௢ ൑ ʹͲͲ ܯ�ܽ

 

�௖௖�௖௢ = ͳ + �ℎ,௥௨௣ − ௖�௖௢ଵ√ଶߥ �௖௢ × ቆ ௟݂′௖௢ଶቇܧ
మయ
 

݂′௖௖݂′௖௢ = Ͳ.ͶͲͺ + ͸.ͳͷ͹ቆ ௟݂݂′௖௢ቇ − ͵.ʹͷቆ ௟݂݂′௖௢ቇଶ 

�௖௖�௖௢ = �௙Ͳ.ͷ͸�௖௢ ( ௟݂݂′௖௢)଴.଺଺ 

݂′௖௖݂′௖௢ = ͳ+ ͵.Ͷ ( ௟݂݂′௖௢)଴.଼ �௖௖�௖௢ = ͳ + ͸.͹ ቆ݂′௖௖݂′௖௢ − ͳቇమయ 

݂′௖௖݂′௖௢ = ͳ + ʹ.ʹͷ( ௟݂݂′௖௢)ଵ.ଶହ 
�௖௖�௖௢ = Ͳ.ͲͲ͵͵͸ͺ�௖௢ + Ͳ.ʹͷͻͲ�௖௢ ቆ ௙݂ܧ௙ቇభమ ( ௟݂݂′௖௢) 

{  
  
  ݂′௖௖݂′௖௢ = ͳ + Ͷ.ͷ ቆ ௟݂଴.଻݂′௖௢ቇ     ݂݋�  ݂′௖௢ ൑ ͶͲܯ�݂ܽ′௖௖݂′௖௢ = ͳ + ͵.͹ͷቆ ௟݂଴.଻݂′௖௢ቇ     ݂݋�  ݂′௖௢ > ͶͲܯ�ܽ

 

�௖௖�௖௢ = ݂′௖௖ − ݂′௖௢ܧଶ�௖௢ ଶܧ  = ݉ଶ(ʹͶͷ.͸ͳ݂′௖௢௠భ + Ͳ.͸͹ʹͺܧ௟) 
{݉ଵ = Ͳ.ͷ,   ݉ଶ = Ͳ.ͺ͵,    ݂′௖௢ ൑ ͶͲܯ�ܽ ݉ଵ = Ͳ.ʹ,   ݉ଶ = ͳ.͹͵,    ݂′௖௢ > ͶͲܯ�ܽ  

݂′௖௖݂′௖௢ = Ͳ.ͻͳ + ͳ.ͺͺቆ ௟݂,௥௨௣݂′௖௢ ቇ + ͹.͸ ቆ ௙݂݀′௖௢ቇ �௖௖�௖௢ݐ = ͳ + ͳ͵.ʹͶ ቀݐ௙ ௙݂ �ℎ,��೛�೎೚ ቁ(݂݀′௖௢ + ͵.͵ ௙݂ݐ௙) 
݂′௖௖݂′௖௢ = ͳ + ሺʹ.͹͹ߩ�଴.଻଻ − Ͳ.Ͳ͹ሻߩ�଴.ଽଵ 

�௖௖�௖௢ = ͳ.ͷ + ͸.͹ͺߩ�଴.଺ଷߩ�ଵ.଴଼ 

݂′௖௖݂′௖௢ = ͳ+ ͳ.ͺͷ ( ௟݂݂′௖௢) �௖௖�௖௢ = ͳ.Ͷͷ + ͳͷ ( ௟݂݂′௖௢)
݂′௖௖݂′௖௢ = ͳ + ͳ.͸ͻ ( ௟݂,௥௨௣݂′௖௢ )଴.଺ଷ �௖௖�௖௢ = ͳ + ͳ͵.ʹ ( ௟݂,௥௨௣݂′௖௢ )଴.଺

݂′௖௖݂′௖௢ = ͳ + ͵.ʹͻ ( ௟݂,௥௨௣݂′௖௢ ) �௖௖�௖௢ = ͳ+ Ͳ.ͷͶ [( ͳͷ.ͳ) (�ℎ,௥௨௣�௖௢ )ቆ [௟݂′௖௢ቇ଴.ହ଺ܧ



݂′௖௖݂′௖௢ = ͳ + ௟�ℎ,௥௨௣ܧ + ௟ଵ.ହ�ℎ,௥௨௣ଶܧ + ݂ܽ′௖௢
ܽ = ௟ܧ√ − ݂′௖௢√�ℎ,௥௨௣ ൒ Ͳ

�௖௖�௖௢ = (ͳ + �ܾ௖௢)(�௖௢௖ + ௟݂′௖௢ܧ ሺʹ�௖௢ + ܾሻ)ܾ = �ℎ,௥௨௣ − �ℎ,௥௨௣ ���′೎೚ܿ = ݂′௖௢ሺ�௖௢ + �ℎ,௥௨௣ + ݁�ℎ,��೛ሻ ௟⁄�ℎ,௥௨௣ܧ = �௙ ݂′௖௢଴.ଵଶହ⁄�௖௢ = (݂′௖௢଴.ଶଶହ ͳͲͲͲ⁄ )�௦���௦ = ሺͳͷʹ ݀⁄ ሻ଴.ଵ;   �� = ሺʹ݀ ℎ⁄ ሻ଴.ଵଷ
݂′௖௖݂′௖௢ = ͳ+ ሺͲ.ͺͷ + ͳ.ͶͲߩ�ሻߩ�଴.଼ଶߩ�଴.ଽଵ

�ߩ = ௧�ௗ �ߩ = ଶ��௙′೎೚ �೎೚⁄
�௖௖�௖௢ = ͳ.ͷ + ሺ−Ͳ.Ͳͻ + ͵.ʹ͹ߩ�଴.ସሻߩ�଴.଺ߩ�ଵ.଴ସߩ� = ௧�ௗ �ߩ = ଶ��௙′೎೚ �೎೚⁄

݂′௖௖݂′௖௢ = ͳ + ሺʹ.ͷ − Ͳ.Ͳͳ݂′௖௢ሻܧ௟�௙݂′௖௢ �௖௖�௖௢ = ͳ.ͷ + ሺͲ.͵ − Ͳ.ͲͲͳ݂′௖௢ሻ ቆ ௟݂′௖௢ቇ଴.଻ହܧ �௙ଵ.ଷହ�௖௢
 

ε

 

ܴଶ = ቆ ∑ሺݔ − ݕሻሺݔ − ݔሻ√∑ሺݕ − ݕሻଶ∑ሺݔ − ሻଶቇଶݕ
ܧܵܯܴ = √∑ሺݔ − ሻଶ݊ݕ

ܧܣܣ = ∑ |௫−௬௬ |݊



ݕ̅݊ݔ̅ݕݔ



 

ε

ρε

ε ε

ε

ε

�� = Ͳ.͸Ͷͷ + ͳ.Ͷͻ ݂′௖௢ × ͳͲ−ଷ + ͳͷ.ͷ ௙݂⁄ − ͳͷ.ͳ͵ ௙݂ଶ × ͳͲ−଼

�

�



 

 

݂′௖௖݂′௖௢ = −ͳ.ʹͷͶ − ʹቆ ௟݂݂′௖௢ቇ + ʹ.ʹͷͶ√ͳ + ͹.ͻͶ ቆ ௟݂݂′௖௢ቇ

�௖௖�௖௢ = ͳ + ͷቆ݂′௖௖݂′௖௢ − ͳቇ
௟݂�௖௢ �



 

��

� �



݂′௖௖݂′௖௢ = ͳ + ʹ.ͳ ( ௟݂݂′௖௢)଴.଼଻�௖௖�௖௢ = ͳ + Ͳ.Ͳͳ�௖௢ ( ௟݂݂′௖௢)

�



 

݂′௖௖݂′௖௢ = ͳ + ͵.ͷ ( ௟݂݂′௖௢)଴.଼ହ�௖௖�௖௢ = ͳ + ሺ͵ͳͲ.ͷ͹�௙ + ͳ.ͻሻ ቆ݂′௖௖݂′௖௢ − ͳቇ
�௙

��

� �



�

��

� �



 

݂′௖௖݂′௖௢ = ͳ + Ͷ.ͳͶ ( ௟݂݂′௖௢)�௖௖�௖௢ = ͳ + ሺ ௟݂ ݂′௖௢⁄ ሻͻ.ʹ͹ × ͳͲ−ଷ ( ��௙′೎೚)భయ

�



 

݂′௖௖݂′௖௢ = ͳ + (Ͷ.ͳ − Ͳ.Ͷͷ ቆ ௟݂′௖௢ଶቇ−ଵ.ସ)ቆܧ ௟݂,௥௨௣݂′௖௢ ቇ�௖௖�௖௢ = �ℎ,௥௨௣ − Ͳ.ͲͲͲͶ͹ͳͲ�௖௢ × ( ௟݂′௖௢)଴.ଽܧ

��

� �



 

��

� �



݂′௖௖݂′௖௢ = ͳ + ͵.ͷͺ͹ ቆ ௟݂଴.଼ସ݂′௖௢ ቇ
�௖௖�௖௢ = ͳ + Ͳ.Ͳͳ͵͹�௖௢ ( ௟݂݂′௖௢)



��
 

�
݂′௖௖݂′௖௢ = ͳ + ͵.ͷ ቆ ௟݂,௥௨௣݂′௖௢ ቇ଴.଼ହ�௖௖�௖௢ = ͳ + ሺ͵ͳͲ.ͷ͹�௙ + ͳ.ͻሻ ቆ݂′௖௖݂′௖௢ − ͳቇ

௟݂,௥௨௣

��

� �



��

� �



 

݂′௖௖݂′௖௢ = ͳ + ͵.Ͷͷ ቆ ௟݂,௥௨௣݂′௖௢ ቇ Ͳ ൑ʹ  �݋݂                ݂′௖௢ ൑ ͷͲ ܯ�݂ܽ′௖௖݂′௖௢ = ͳ + ͻ.ͷ ቆ ௟݂,௥௨௣݂′௖௢ଵ.ଶହቇ ͷͲ ൑   �݋݂                ݂′௖௢ ൑ ʹͲͲ ܯ�ܽ
ε

ε ν

�௖௖�௖௢ = ͳ + �ℎ,௥௨௣ − ௖�௖௢ଵ√ଶߥ �௖௢ × ቆ ௟݂′௖௢ଶቇܧ
మయ



��

� �



 

݂′௖௖݂′௖௢ = Ͳ.ͶͲͺ + ͸.ͳͷ͹ ቆ ௟݂݂′௖௢ቇ − ͵.ʹͷ ቆ ௟݂݂′௖௢ቇଶ
� ��௖௖�௖௢ = �௙Ͳ.ͷ͸�௖௢ ( ௟݂݂′௖௢)଴.଺଺
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Wu et al. (2006)

R² = 0.26

RMSE = 0.75

AAE = 0.52

n = 163



 

݂′௖௖݂′௖௢ = ͳ + ͵.Ͷ ( ௟݂݂′௖௢)଴.଼�௖௖�௖௢ = ͳ + ͸.͹ ቆ݂′௖௖݂′௖௢ − ͳቇ
మయ

��

� �



��

� �



 

݂′௖௖݂′௖௢ = ͳ + ʹ.ʹͷ ( ௟݂݂′௖௢)ଵ.ଶହ

�௖௖�௖௢ = Ͳ.ͲͲ͵͵͸ͺ�௖௢ + Ͳ.ʹͷͻͲ�௖௢ ቆ ௙݂ܧ௙ቇభమ ( ௟݂݂′௖௢)
௙݂ܧ௙



 

��

� �



݂′௖௖݂′௖௢ = ͳ + Ͷ.ͷ ቆ ௟݂଴.଻݂′௖௢ቇ ௖௢′݂  �݋݂    ൑ ͶͲܯ�݂ܽ′௖௖݂′௖௢ = ͳ + ͵.͹ͷ ቆ ௟݂଴.଻݂′௖௢ቇ ௖௢′݂  �݋݂    > ͶͲܯ�ܽ
�௖௖�௖௢ = ݂′௖௖ − ݂′௖௢ܧଶ�௖௢

ଶܧ = ݉ଶ(ʹͶͷ.͸ͳ݂′௖௢௠భ + Ͳ.͸͹ʹͺܧ௟){݉ଵ = Ͳ.ͷ,   ݉ଶ = Ͳ.ͺ͵,    ݂′௖௢ ൑ ͶͲܯ�ܽ ݉ଵ = Ͳ.ʹ,   ݉ଶ = ͳ.͹͵,    ݂′௖௢ > ͶͲܯ�ܽ 



 

��

� �



݂′௖௖݂′௖௢ = Ͳ.ͻͳ + ͳ.ͺͺ ቆ ௟݂,௥௨௣݂′௖௢ ቇ + ͹.͸ ቆ ௙݂݀′௖௢ቇݐ
�௖௖�௖௢ = ͳ + ͳ͵.ʹͶ(ݐ௙ ௙݂ߩ�)(݂݀′௖௢ + ͵.͵ ௙݂ݐ௙)



 

݂′௖௖݂′௖௢ = ͳ + ሺʹ.͹͹ߩ�଴.଻଻ − Ͳ.Ͳ͹ሻߩ�଴.ଽଵ�௖௖�௖௢ = ͳ.ͷ + ͸.͹ͺߩ�଴.଺ଷߩ�ଵ.଴଼
�ߩ�ߩ �ߩ = ௙ሺ݂′௖௢ݐ௙ܧʹ �௖௢⁄ ሻ݀ߩ� = �ℎ,௥௨௣�௖௢  

��

� �



��

� �



 

݂′௖௖݂′௖௢ = ͳ + ͳ.ͺͷ ( ௟݂݂′௖௢)�௖௖�௖௢ = ͳ.Ͷͷ + ͳͷ ( ௟݂݂′௖௢)



 

݂′௖௖݂′௖௢ = ͳ + ͳ.͸ͻ ቆ ௟݂,௥௨௣݂′௖௢ ቇ଴.଺ଷ�௖௖�௖௢ = ͳ + ͳ͵.ʹ ቆ ௟݂,௥௨௣݂′௖௢ ቇ଴.଺

��

� �



 

��

� �



ρ�
݂′௖௖݂′௖௢ = ͳ + ͵.ʹͻ ቆ ௟݂,௥௨௣݂′௖௢ ቇ�௖௖�௖௢ = ͳ + Ͳ.ͷͶ [( ͳͷ.ͳ) (�ℎ,௥௨௣�௖௢ ) ቆ [௟݂′௖௢ቇ଴.ହ଺ܧ



 

�
E �݂′௖௖݂′௖௢ = ͳ + ௟�ℎ,௥௨௣ܧ + ௟ଵ.ହ�ℎ,௥௨௣ଶܧ + ݂ܽ′௖௢    ܽ = ௟ܧ√ − ݂′௖௢√�ℎ,௥௨௣ ൒ Ͳ

�௖௖�௖௢ = (ͳ + �ܾ௖௢) (�௖௢௖ + ௟݂′௖௢ܧ ሺʹ�௖௢ + ܾሻ)
ܾ = �ℎ,௥௨௣ − �ℎ,௥௨௣ ���′೎೚ܿ = ݂′௖௢ሺ�௖௢ + �ℎ,௥௨௣ + ݁�ℎ,��೛ሻ ௟⁄�ℎ,௥௨௣ܧ = �௙ ݂′௖௢଴.ଵଶହ⁄�௖௢ = (݂′௖௢଴.ଶଶହ ͳͲͲͲ⁄ )�௦��

��

� �



�௦ = ሺͳͷʹ ݀⁄ ሻ଴.ଵ�� = ሺʹ݀ ℎ⁄ ሻ଴.ଵଷ



 

ρ ρ
ρε

݂′௖௖݂′௖௢ = ͳ + ሺͲ.ͺͷ + ͳ.ͶͲߩ�ሻߩ�଴.଼ଶߩ�଴.ଽଵ�௖௖�௖௢ = ͳ.ͷ + ሺ−Ͳ.Ͳͻ + ͵.ʹ͹ߩ�଴.ସሻߩ�଴.଺ߩ�ଵ.଴ସ
�ߩ = ௙ݐ �ߩ⁄݀ = ௙݂′௖௢ܧʹ �௖௢⁄

��

� �



��

� �



 

݂′௖௖݂′௖௢ = ͳ + (ʹ.ͷ − Ͳ.Ͳͳ݂′௖௢) ( ௟݂݂′௖௢)�௖௖�௖௢ = ͳ.ͷ + ሺͲ.͵ − Ͳ.ͲͲͳ݂′௖௢ሻ ቆ ௟݂′௖௢ቇ଴.଻ହܧ �௙ଵ.ଷହ�௖௢



 

��

� �



• 

݂′௖௖݂′௖௢ = ܿଵ + �ଵ ቆ ௟݂݂′௖௢ቇ�௖௖�௖௢ = ܿଶ + �ଶ ቆ ௟݂݂′௖௢ቇ
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ρ� ρK

௟݂,௥௨௣݂′௖௢ = �ߩ�ߩ
݂′௖௖݂′௖௢ = Ͳ.͹͹ͷ + ͳͷ.ͺ݂′௖௢ + �ߩ (Ͷ.͵Ͷ ߩ� + ʹͶ.ͷߩ� − ͳ͸.Ͷ)

ρ�
݂′௖௖݂′௖௢ = ቆͲ.͹͹ͷ + ͳͷ.ͺ݂′௖௢ቇ + (Ͷ.͵Ͷ − ͳ͸.Ͷߩ� + ʹͶ.ͷߩ�ଶ ) ቆ ௟݂,௥௨௣݂′௖௢ ቇ

 





  



 

ρ� ρ
ρ

�௖௖�௖௢ = ͵.ͷ͹ߩ�ߩ�Ͳ.ͲͺͶʹ + ௙ߩ + ʹ.͵ͳͲ.͵ͳ ߩ�ଶ − �ߩ
(ρ� ρK, and ρf)�௖௖�௖௢ = ቆ ʹ.͵ͳͲ.͵ͳ ߩ�ଶ − +  ቇ�ߩ ቆ ͵.ͷ͹Ͳ.ͲͺͶʹ + ௙ቇቆߩ ௟݂,௥௨௣݂′௖௢ ቇ
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� �
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�
௖݂ = ݂′௖ଵ [ʹ ( �௖�௖ଵ) − ( �௖�௖ଵ)ଶ]      �݂  �௖ ൑ �௖ଵ
௖݂ = ݂′௖ଵ + ଶሺ�௖ܧ − �௖ଵሻ    �݂  �௖ > �௖ଵ

ଶܧ = ݂′௖௖ − ݂′௖ଵ�௖௖ − �௖ଵ

௖݂ = ሺܧଵ − ଶሻ�௖[ͳܧ + ቀሺ�భ−�మሻ�೎௙೚ ቁ௡]భ೙ + ଶ�௖ܧ

�
�



ଵܧ = Ͷ͹͵Ͳ√݂′௖௢݊ = ͳ + ͳ�భ�మ − ͳ − ଶ�௖௖௢݂ܧ = ݂′௖௖ − ଶ�௖௖ܧ

௖݂ = ௖ͳ�ܣ + ௖�ܥ + ௖ଶ�ܦ
ܣ = ܥଵܧ = ଵ݂′௖ଵܧ − �ʹ௖ଵ + ܦଶ�௖ଵ݂′௖ଵଶܧଵܧ = ͳ�௖ଵଶ − ଶܧଵܧଶ݂′௖ଵଶܧଵܧ

�

E
1



 

 

௖݂ = ଵ�௖ܧ − ሺܧଵ − ଶሻଶͶܧ ௢݂ �௖ଶ                  �݂  Ͳ ൑ �௖ ൑ �௖ଵ
௖݂ = ௢݂ + ଶ�௖ܧ                     �݂  �௖ଵ ൑ �௖ ൑ �௖௖

ଵܧ ଵܧ = Ͷ͹͵Ͳ√݂′௖௢   ሺGPaሻܧଶ ଶܧ = ሺ݂′௖௖ − ݂′௖௢ሻ �௖௖⁄  ሺܩ�ܽሻ
௢݂

�
�



�௖ଵ
�௖ଵ = ʹ݂′௖௢ ሺܧଵ − ⁄ଶሻܧ
݂′௖௖݂′௖௢ = ͳ + ͵.͵ ቆ ௟݂,௥௨௣݂′௖௢ ቇ�௖௖�௖௢ = ͳ.͹ͷ + ͷ.ͷ͵ (�ℎ,௥௨௣�௖௢ )଴.ସହ ቆ ௟݂,௥௨௣݂′௖௢ ቇ

௟݂,௥௨௣�ℎ,௥௨௣  �௖௢

 

�

�



௖݂ = ሺܧଵ − ଶሻ�௖[ͳܧ + ቀሺ�భ−�మሻ�೎௙೚ ቁ௡]భ೙ + ଶ�௖ܧ
ଵܧ ଵܧ = Ͷ͹͵͵√݂′௖௢ ሺܩ�ܽሻܧଶ ଶܧ = �ଵܧ௟ߤ௧௨ ሺܩ�ܽሻ

�ଵ = Ͷ.ͳ − Ͳ.Ͷͷ ቆ ௧௨ߤ௟݂′௖௢ଶቇ−ଵ.ସܧ = ͳͲ ( ௟௢݂ܧ௟݂′௖௢)−଴.ଽܧ
௢݂ = ሺͳ + Ͷ.ͺ × ͳͲ−ସܧ௟ሻ݂′௖௢  ሺܯ�ܽሻ݊ = .

݂′௖௖݂′௖௢ = ͳ + (Ͷ.ͳ − Ͳ.Ͷͷ ቆ ௟݂′௖௢ଶቇ−ଵ.ସ)ቆܧ ௟݂,௥௨௣݂′௖௢ ቇ�௖௖�௖௢ = �ℎ,௥௨௣ − Ͳ.ͲͲͲͶ͹ͳͲ�௖௢ × ( ௟݂′௖௢)଴.ଽܧ
 



௖݂ = ݂′௖ଵ [ʹ ( �௖�௖ଵ) − ( �௖�௖ଵ)ଶ]                   �݂  �௖ ൑ �௖ଵ
௖݂ = ݂′௖ଵ + ଶሺ�௖ܧ − �௖ଵሻ                 �݂  �௖ > �௖ଵ

݂′௖ଵ = ݂′௖௢�௖ଵ = �௖௢ܧଶ = ݂′௖௖ − ݂′௖ଵ�௖௖ − �௖ଵ݂′௖௖݂′௖௢ = ͳ + ͵.ͷ ቆ ௟݂,௥௨௣݂′௖௢ ቇ଴.଼ହ�௖௖�௖௢ = ͳ + ሺ͵ͳͲ.ͷ͹�௙ + ͳ.ͻሻ ቆ݂′௖௖݂′௖௢ − ͳቇ
 

௖݂ = ଵ�௖ܧ [ͳ − ͳ݊ ( �௖�௖ଵ)௡−ଵ]                     �݂  Ͳ ൑ �௖ ൑ �௖ଵ௖݂ = ௖݂ଵ + ଶሺ�௖ܧ − �௖ଵሻ                   �݂  �௖ଵ ൑ �௖ ൑ �௖௖
݊ = ଵ�௖ଵܧଵ�௖ଵܧ − ௖݂ଵ

� �



ଵܧ = Ͷ͹ͲͲ√݂′௖௢ܧଶ = ݂′௖௖ − ݂′௖ଵ�௖௖ − �௖ଵ݂′௖ଵ݂′௖௢ = ͳ + ͵ቆߩ௙ܧ௙�௙݂′௖௢ ቇ
�௖ଵ = Ͳ.ͲͲʹ͹Ͷͺ + Ͳ.ͳͳ͸ͻ ቆߩ௙ܧ௙�௙݂′௖௢ ቇలళ ቆ ௙݂ܧ௙ቇభమ݂′௖௖݂′௖௢ = ͳ + ʹ.ʹͷ ቆ ௟݂݂′௖௢ቇଵ.ଶହ�௖௖�௖௢ = Ͳ.ͲͲ͵͵͸ͺ�௖௢ + Ͳ.ʹͷͻͲ�௖௢ ቆ ௙݂ܧ௙ቇభమ ( ௟݂݂′௖௢)

௙�௙݂ܧ௙ߩ
௙݂
௟

�

�



 

௖݂ = ଵ�௖ܧ − ሺܧଵ − ଶሻଶͶ݂′௖௢ܧ �௖ଶ                     �݂  Ͳ ൑ �௖ ൑ �௖ଵ
௖݂ = ݂′௖௢ + ଶ�௖ܧ                 �݂  �௖ଵ < �௖ ൑ �௖௖ �ߩ      ݀݊ܽ    ൒ Ͳ.Ͳͳ

ଵܧ = Ͷ͹͵Ͳ√݂′௖௢ܧଶ = ݂′௖௖ − ݂′௖௢�௖௖ �
�௖ଵ = ʹ݂′௖௢ܧଵ − ଶ݂′௖௖݂′௖௢ܧ = ͳ + ͵.ͷሺߩ� − Ͳ.Ͳͳሻߩ� , �ߩ   ݂� ൒ Ͳ.Ͳͳ�௖௖�௖௢ = ͳ.͹ͷ + ͸.ͷ ߩ�଴.଼ × ଵ.ସହ�ߩ

௖௢��ߩ�ߩ
 

௖݂ = ሺܧଵ − ଶሻ�௖[ͳܧ + ቀሺ�భ−�మሻ�೎௙೚ ቁ௡]భ೙ + ଶ�௖ܧ



ଵܧ = Ͷ͹͵Ͳ√݂′௖௢ܧଶ = ݂′௖௖ − ݂′௖௢�௖௖ − �௖௢௢݂ = ݂′௖௖ − ଶ�௖௖ܧ

݊ = ͳ + ͳሺܧଵ ⁄௖௢ܧ ሻ − ͳܧ௖௢ = ݂′௖௢�௖௢
݂′௖௖݂′௖௢ = ͳ + ͵.ͷͷ ቆ ௟݂,௥௨௣݂′௖௢ ቇ଴.଼ହ�௖௖�௖௢ = ʹ + ʹ͵ቆ ௟݂,௥௨௣݂′௖௢ ቇ

 

௖݂ = ଵ�௖ܧ − ሺܧଵ − ଶሻଶͶ݂′௖௢ܧ �௖ଶ            �݂  Ͳ ൑ �௖ ൑ �௖ଵ
௖݂ = ௢݂ + ଶ�௖ܧ               �݂  �௖ଵ < �௖ ൑ �௖௖



ଵܧ = Ͷ͹͵Ͳ√݂′௖௢ܧଶ = ݉ଶ(ʹͶͷ.͸ͳ݂′௖௢௠భ + Ͳ.͸͹ʹͺܧ௟)
{݉ଵ = Ͳ.ͷ,   ݉ଶ = Ͳ.ͺ͵,    ݂′௖௢ ൑ ͶͲܯ�ܽ ݉ଵ = Ͳ.ʹ,   ݉ଶ = ͳ.͹͵,    ݂′௖௢ > ͶͲܯ�ܽ 

�
௖݂ଵ = ଵ�௖ଵܧ − ሺܧଵ − ଶሻଶͶ݂′௖௢ܧ �௖ଵଶ

�௖ଵ = ʹ݂′௖௢ܧଵ − ଶܧ
ε݂′௖௖݂′௖௢ = ͳ + Ͷ.ͷ ቆ ௟݂଴.଻݂′௖௢ቇ ௖௢′݂  �݋݂                  ൑ ͶͲܯ�݂ܽ′௖௖݂′௖௢ = ͳ + ͵.͹ͷ ቆ ௟݂଴.଻݂′௖௢ቇ ௖௢′݂  �݋݂              > ͶͲܯ�ܽ�௖௖�௖௢ = ݂′௖௖ − ݂′௖௢ܧଶ�௖௢

 

௖݂ = ቆ ሺ�௖ܣ �௖௖⁄ ሻ + ሺ�௖ܤ �௖௖⁄ ሻଶͳ + ሺܣ − ʹሻሺ�௖ �௖௖⁄ ሻ + ሺܤ + ͳሻሺ�௖ �௖௖⁄ ሻଶቇ݂′௖௖

ܣ = ܤ௖�௖௖݂′௖௖ܧ = ሺܣ − ͳሻଶͲ.ͷͷ − ͳ



�
݂′௖௖݂′௖௢ = ͳ + ͵.ʹͶ ( ௟݂݂′௖௢)଴.଼�௖௖�௖௢ = ͳ + ͳ͹.Ͷ ( ௟݂݂′௖௢)ଵ.଴଺

 

′

௖݂ = ݂′௖ଵ ቀ �೎�೎భቁ ݊݊ − ͳ + ቀ �೎�೎భቁ௡                 �݂  Ͳ ൑ �௖ ൑ �௖ଵ
௖݂ = ݂′௖ଵ + ଶሺ�௖ܧ − �௖ଵሻ              �݂  �௖ଵ < �௖ ൑ �௖௖

݊
݊ = ଵܧ ቆܧଵ − ݂′௖ଵ�௖ଵ ቇ⁄

ଵܧ = ͶͶͲͲ√݂′௖௢ ሺܯ�ܽሻܧଶ
ଶܧ = ݂′௖௖ − ݂′௖ଵ�௖௖ − �௖ଵ� �

݂′௖ଵ = ݂′௖௢ + Ͳ.ͲͲ͹ܧ௟



�௖ଵ = �௖௢ ቆͳ + Ͳ.ͲʹͶ ௟݂′௖௢ቇ݂′௖௖݂′௖௢ܧ = ͳ + (ʹ.ͷ − Ͳ.Ͳͳ݂′௖௢)ܧ௟�௙݂′௖௢�௖௖�௖௢ = ͳ.ͷ + ሺͲ.͵ − Ͳ.ͲͲͳ݂′௖௢ሻ ቆ ௟݂′௖௢ቇ଴.଻ହܧ �௙ଵ.ଷହ�௖௢
 

 

 �
 ��
 � �
 �

Ͳ  �݋ܨ • ൑ �௖ ൑ �௖ଵ ଵܨ = ௖݂ = ܽ�௖ଶ + ܾ�௖ + ଵܨܿ = Ͳ        �݂  �௖ = Ͳ݀ ௖݂݀�௖ = ଵ     �݂  �௖ܧ = Ͳ݀ ௖݂݀�௖ = ଶ     �݂  �௖ܧ = �௖ଵ



௖ଵ�  �݋ܨ • ൑ �௖ ൑ �௖௖ ଶܨ = ௖݂ = ܽ′�௖ + ܾ′ܽ′ > Ͳ݀ ௖݂݀�௖ = ଶ        �݂  �௖ܧ = �௖ଵ
௖݂ = ௖݂௖         �݂  �௖ = �௖௖ܨଶ = ௖݂ = ௢݂         �݂  �௖ = Ͳ

ଵܨ = ଶ            �݂  �௖ܨ = �௖ଵ
ܿ = Ͳ
ܾ = ଵܧ

ܽ = ଶܧ − ଵʹ�௖ଵܧ
ܽ′ = ଶܧ

ܾ′ = ݂′௖௖ − ଶ�௖௖ܧ
ଶܧ = ݂′௖௖ − ௢݂�௖௖ 
�௖ଵ = ʹ ௢݂ܧଵ −  ଶܧ



ܽ = − ሺܧଵ − ଶሻଶͶܧ ௢݂

௖݂ = ଵ�௖ܧ − ሺܧଵ − ଶሻଶͶܧ ௢݂ �௖ଶ              �݂  Ͳ ൑ �௖ ൑ �௖ଵ
௖݂ = ݂′௖ଵ + ଶሺ�௖ܧ − �௖ଵሻ             �݂  �௖ଵ ൑ �௖ ൑ �௖௖

݂′௖௖݂′௖௢ = ቆͲ.͹͹ͷ + ͳͷ.ͺ݂′௖௢ቇ + (Ͷ.͵Ͷ − ͳ͸.Ͷߩ� + ʹͶ.ͷߩ�ଶ ) ቆ ௟݂,௥௨௣݂′௖௢ ቇ�௖௖�௖௢ = ቆ ʹ.͵ͳͲ.͵ͳ ߩ�ଶ − +  ቇ�ߩ ቆ ͵.ͷ͹Ͳ.ͲͺͶʹ + ௙ቇߩ ቆ ௟݂,௥௨௣݂′௖௢ ቇ

ଵܧ = ͸ͷ.͹ + ͳͳͲͲ͸Ͷ.ͺ − ͵.͵͹݂′௖௢   ሺܩ�ܽሻ௢݂ = ݂′௖௢ + ͳ.ͺ͹( ௟݂,௥௨௣)଴.ଶ  ሺܯ�ܽሻ
 



� � � �





 

0

10

20

30

40

50

60

70

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Harries and Kharel (2002) (A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model



0

10

20

30

40

50

60

70

0 0.005 0.01 0.015 0.02 0.025 0.03

S
tr

es
s 

(M
P

a)

Strain

Harries and Kharel (2002) (B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model

0

10

20

30

40

50

60

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Harries and Kharel (2002) (C)

Experimental
Fahmy and Wu (2010)
Fallah pour et al. (2018)
Proposed model



 

0

10

20

30

40

50

60

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

Harries and Kharel (2002) (D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



0

10

20

30

40

50

60

70

0 0.005 0.01 0.015 0.02

S
tr

es
s 

(M
P

a)

Strain

Harries  and Carey (2003) (A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model

0

10

20

30

40

50

60

70

0 0.01 0.02 0.03 0.04

S
tr

es
s 

(M
P

a)

Strain

Harries  and Carey (2003) (B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model



0

10

20

30

40

50

60

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

Harries  and Carey (2003) (C)

Experimental

Fahmy and Wu (2010)

Fallah pour et al. (2018)

Proposed model

0

10

20

30

40

50

60

0 0.005 0.01 0.015 0.02 0.025 0.03

S
tr

es
s 

(M
P

a)

Strain

Harries  and Carey (2003) (D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



 Au and Buyukozturk 

0

10

20

30

40

50

60

0 0.007 0.014 0.021 0.028 0.035

S
tr

es
s 

(M
P

a)

Strain

Au and Buyukozturk (2005) (A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model



0

10

20

30

40

50

60

0 0.01 0.02 0.03 0.04 0.05 0.06

S
tr

es
s 

(M
P

a)

Strain

Au and Buyukozturk (2005) (B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model

0

10

20

30

40

50

0 0.01 0.02 0.03 0.04

S
tr

es
s 

(M
P

a)

Strain

Au and Buyukozturk (2005) (C)

Experimental
Fahmy and Wu (2010)
Fallah pour et al. (2018)
Proposed model



 

0

10

20

30

40

50

0 0.007 0.014 0.021 0.028 0.035

S
tr

es
s 

(M
P

a)

Strain

Au and Buyukozturk (2005) (D)

Experimental
Teng et al. (2009)
Youssef et al. (2007)
Proposed model



0

30

60

90

120

150

180

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Almusallam (2007) (A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model

0

25

50

75

100

125

150

175

200

0 0.01 0.02 0.03 0.04

S
tr

es
s 

(M
P

a)

Strain

Almusallam (2007) (B)

Experimental

Matthys et al. (2006)

Pellegrino and Modena (2010)

Proposed model



0

20

40

60

80

100

120

140

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Almusallam (2007) (C)

Experimental
Fahmy and Wu (2010)
Fallah pour et al. (2018)
Proposed model

0

25

50

75

100

125

150

0 0.003 0.006 0.009 0.012 0.015 0.018

S
tr

es
s 

(M
P

a)

Strain

Almusallam (2007) (D)

Experimental
Teng et al. (2009)
Youssef et al. (2007)
Proposed model



 

0

5

10

15

20

25

30

35

40

45

50

0 0.006 0.012 0.018 0.024 0.03

S
tr

es
s 

(M
P

a)

Strain

Wu et al. (2008) (1-A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model



0

5

10

15

20

25

30

35

40

45

50

0 0.006 0.012 0.018 0.024 0.03

S
tr

es
s 

(M
P

a)

Strain

Wu et al. (2008) (1-B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model

0

5

10

15

20

25

30

35

40

45

50

0 0.006 0.012 0.018 0.024 0.03

S
tr

es
s 

(M
P

a)

Strain

Wu et al. (2008) (1-C)

Experimental
Fahmy and Wu (2010)
Fallah Pour et al. (2018)
Proposed model



0

5

10

15

20

25

30

35

40

45

50

0 0.006 0.012 0.018 0.024 0.03

S
tr

es
s 

(M
P

a)

Strain

Wu et al. (2008) (1-D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



0

5

10

15

20

25

30

35

40

45

50

0 0.005 0.01 0.015 0.02 0.025

S
tr

es
s 

(M
P

a)

Strain

Wu et al. (2008) (2-A)

Experimental

Lam and Teng (2003)

Xiao and Wu (2003)

Proposed model

0

5

10

15

20

25

30

35

40

45

50

0 0.007 0.014 0.021 0.028 0.035

S
tr

es
s 

(M
P

a)

Strain

Wu et al. (2008) (2-B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model



0

5

10

15

20

25

30

35

40

45

50

0 0.005 0.01 0.015 0.02 0.025

S
tr

es
s 

(M
P

a)

Strain

Wu et al. (2008) (2-C)

Experimental
Fahmy and Wu (2010)
Fallah Pour et al. (2018)
Proposed model

0

5

10

15

20

25

30

35

40

45

50

0 0.005 0.01 0.015 0.02 0.025

S
tr

es
s 

(M
P

a)

Strain

Wu et al. (2008) (2-D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



 

0

20

40

60

80

100

120

0 0.005 0.01 0.015 0.02 0.025 0.03

S
tr

es
s 

(M
P

a)

Strain

Cui and Sheikh (2010) (A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model



0

20

40

60

80

100

120

0 0.008 0.016 0.024 0.032 0.04

S
tr

es
s 

(M
P

a)

Strain

Cui and Sheikh (2010) (B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model

0

20

40

60

80

100

120

0 0.005 0.01 0.015 0.02 0.025 0.03

S
tr

es
s 

(M
P

a)

Strain

Cui and Sheikh (2010) (C)

Experimental
Fahmy and Wu (2010)
Fallah Pour et al. (2018)
Proposed model



 

0

20

40

60

80

100

120

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

S
tr

es
s 

(M
P

a)

Strain

Cui and Sheikh (2010) (D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



0

10

20

30

40

50

60

70

0 0.006 0.012 0.018 0.024 0.03

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (1-A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model

0

10

20

30

40

50

60

0 0.006 0.012 0.018 0.024 0.03

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (1-B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model



0

10

20

30

40

50

60

0 0.006 0.012 0.018 0.024 0.03

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (1-C)

Experimental
Fahmy and Wu (2010)
Fallah Pour et al. (2018)
Proposed model

0

10

20

30

40

50

60

70

0 0.006 0.012 0.018 0.024 0.03

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (1-D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



0

10

20

30

40

50

60

70

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (2-A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model



0

10

20

30

40

50

60

70

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (2-B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model

0

10

20

30

40

50

60

70

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (2-C)

Experimental
Fahmy and Wu (2010)
Fallah Pour et al. (2018)
Proposed model



0

10

20

30

40

50

60

70

0 0.003 0.006 0.009 0.012 0.015 0.018

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (2-D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



0

10

20

30

40

50

60

70

80

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (3-A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model

0

10

20

30

40

50

60

70

80

0 0.005 0.01 0.015 0.02 0.025

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (3-B)

Experimental

Matthys et al. (2006)

Pellegrino and Modena (2010)

Proposed model



0

10

20

30

40

50

60

70

80

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (3-C)

Experimental
Fahmy and Wu (2010)
Fallah Pour et al. (2018)
Proposed model

0

10

20

30

40

50

60

70

80

0 0.005 0.01 0.015 0.02 0.025

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (3-D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



0

10

20

30

40

50

60

70

80

90

100

110

0 0.005 0.01 0.015 0.02 0.025

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (4-A)

Experimental

Lam and Teng (2003)

Xiao and Wu (2003)

Proposed model



0

10

20

30

40

50

60

70

80

90

0 0.007 0.014 0.021 0.028 0.035

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (4-B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model

0

10

20

30

40

50

60

70

80

90

0 0.005 0.01 0.015 0.02 0.025

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (4-C)

Experimental
Fahmy and Wu (2010)
Fallah Pour et al. (2018)
Proposed model



0

10

20

30

40

50

60

70

80

90

0 0.005 0.01 0.015 0.02 0.025 0.03

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (4-D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



0

10

20

30

40

50

60

70

80

90

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (5-A)

Experimental
Lam and Teng (2003)
Xiao and Wu (2003)
Proposed model

0

10

20

30

40

50

60

70

80

90

100

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (5-B)

Experimental
Matthys et al. (2006)
Pellegrino and Modena (2010)
Proposed model



0

10

20

30

40

50

60

70

80

90

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (5-C)

Experimental
Fahmy and Wu (2010)
Fallah Pour et al. (2018)
Proposed model

0

10

20

30

40

50

60

70

80

90

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

Touhari and Mitiche-Kettab (2016) (5-D)

Experimental
Youssef et al. (2007)
Teng et al. (2009)
Proposed model



 

- 

- 

- 

- 

- 

- 

 

• 
• 

• 



 

 

ε

- 

݂′௖௖݂′௖௢ = ቆͲ.͹͹ͷ + ͳͷ.ͺ݂′௖௢ቇ + (Ͷ.͵Ͷ − ͳ͸.Ͷߩ� + ʹͶ.ͷߩ�ଶ ) ቆ ௟݂,௥௨௣݂′௖௢ ቇ



�௖௖�௖௢ = ቆ ʹ.͵ͳͲ.͵ͳ ߩ�ଶ − +  ቇ�ߩ ቆ ͵.ͷ͹Ͳ.ͲͺͶʹ + ௙ቇߩ ቆ ௟݂,௥௨௣݂′௖௢ ቇ
- 

�� = ∫ �݀��೎೎଴          [ܰ.݉−ଶ = ܰ.݉.݉−ଷ = �.݉−ଷ]

 

 

 

ε ε



ε

�௖௢ = ݂′௖௢଴.ଶଶହ௞೏ͳͲͲͲ �௦��
�ௗ = ቆʹͶͲͲߩ௖,௙ ቇ଴.ସହ�௦ = (ͳͷʹ݀ )଴.ଵ
�� = (ʹℎ݀ )଴.ଵߩ௖,௙

ℎ݀

ρε



- 

- 

- 

- ε ε

ε ε

- 



0

10

20

30

40

50

60

70

80

90

0 0.008 0.016 0.024 0.032 0.04

S
tr

es
s 

(M
P

a)

Strain

tf = 3 mm

tf = 2 mm

tf = 1 mm

f'co = 30 MPa
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) 

1.39

1.53

1.75

2.20

2.65

2.19

4.60

7.89

12.62

15.87

10.61

11.02

12.29

0.17

0.41

0.78

1.47

2.11

0 2 4 6 8 10 12 14 16 18 20

0.2

0.5

1

2

3

tf
 (

m
m

)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 30 MPa
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm



0

20

40

60

80

100

120

0 0.004 0.008 0.012 0.016 0.02 0.024 0.028

S
tr

es
s 

(M
P

a)

Strain

tf = 3 mm

tf = 2 mm

tf = 1 mm

tf = 0.5 mm

tf = 0.2 mm

f'co = 60 MPa
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm

1.08

1.15

1.27

1.50

1.72

1.41

2.72

4.49

7.05

8.81

7.55

8.75

10.41

13.31

16.05

0.21

0.46

0.83

1.48

2.03

0 2 4 6 8 10 12 14 16 18 20

0.2

0.5

1

2

3

tf
 (

m
m

)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 60 MPa
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm



- 

- 

0

20

40

60

80

100

120

140

0 0.004 0.008 0.012 0.016 0.02 0.024

S
tr

es
s 

(M
P

a)

Strain

tf = 3 mm
tf = 2 mm
tf = 1 mm
tf = 0.5 mm
tf = 0.2 mm

f'co = 90 MPa
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm



0.98

1.03

1.11

1.27

1.43

1.16

2.09

3.36

5.20

6.46

0.48

6.81

13.02

17.49

0.24

0.51

0.92

1.60

2.15

0 2 4 6 8 10 12 14 16 18 20

0.2

0.5

1

2

3
tf

 (
m

m
)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 90 MPa
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm

0

20

40

60

80

100

120

140

160

180

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

tf = 3 mm
tf = 2 mm
tf = 1 mm
tf = 0.5 mm
tf = 0.2 mm

f'co = 120 MPa
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm



 

0.93

0.97

1.04

1.16

1.29

1.02

1.77

2.79

4.26

5.27

1.42

11.35

17.69

0.99

1.72

2.31

0 2 4 6 8 10 12 14 16 18 20

0.2

0.5

1

2

3

tf
 (

m
m

)
Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 120 MPa
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm



- 

- 

- 

- ε ε

ε ε
ε ε

- 



0

10

20

30

40

50

60

70

0 0.008 0.016 0.024 0.032 0.04

S
tr

es
s 

(M
P

a)

Strain

ff = 1400 MPa
ff = 1000 MPa
ff = 700 MPa
ff = 400 MPa

f'co = 30 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm

1.72

1.94

2.20

2.24

7.64

10.43

12.62

12.88

10.38

10.18

11.02

11.12

0.74

1.11

1.47

1.51

0 2 4 6 8 10 12 14 16 18 20

400

700

1000

1400

ff
 (

M
P

a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 30 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm



0

10

20

30

40

50

60

70

80

90

100

0 0.004 0.008 0.012 0.016 0.02 0.024

S
tr

es
s 

(M
P

a)

Strain

ff = 1400 MPa
ff = 1000 MPa
ff = 700 MPa
ff = 400 MPa

f'co = 60 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm

1.29

1.36

1.50

1.53

5.05

5.96

7.05

7.35

10.43

11.12

13.31

13.86

0.96

1.17

1.48

1.56

0 2 4 6 8 10 12 14 16 18 20

400

700

1000

1400

ff
 (

M
P

a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 60 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm



- 

- 

0

20

40

60

80

100

120

140

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

ff = 1400 MPa
ff = 1000 MPa
ff = 700 MPa
ff = 400 MPa

f'co = 90 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm



1.15

1.18

1.27

1.31

4.23

4.48

5.20

5.49

7.77

9.24

13.02

14.37

1.20

1.30

1.60

1.72

0 2 4 6 8 10 12 14 16 18 20

400

700

1000

1400

ff
 (

M
P

a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 90 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm

0

20

40

60

80

100

120

140

160

0 0.003 0.006 0.009 0.012 0.015 0.018

S
tr

es
s 

(M
P

a)

Strain

ff = 1400 MPa
ff = 1000 MPa
ff = 700 MPa
ff = 400 MPa

f'co = 120 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm



- 

1.07

1.09

1.16

1.20

3.80

3.73

4.26

4.55

4.00

5.86

11.35

13.80

1.44

1.43

1.72

1.89

0 2 4 6 8 10 12 14 16 18 20

400

700

1000

1400

ff
 (

M
P

a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 120 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm



 

- 

- 

- 

- ε ε



0

10

20

30

40

50

60

70

80

90

0 0.008 0.016 0.024 0.032

S
tr

es
s 

(M
P

a)

Strain

Ef = 75 GPa
Ef = 50 GPa
Ef = 25 GPa

f'co = 30 MPa
ff = 1000 MPa
tf = 2 mm
(h,d) = (160,320) mm



2.62

2.20

2.04

12.36

12.62

13.08

15.57

11.02

9.05

1.62

1.47

1.44

0 2 4 6 8 10 12 14 16 18 20 22 24

25

50

75

E
f (

G
P

a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 30 MPa
tf = 2 mm
ff = 1000 MPa
(h,d) = (160,320) mm

0

10

20

30

40

50

60

70

80

90

100

110

0 0.004 0.008 0.012 0.016 0.02 0.024

S
tr

es
s 

(M
P

a)

Strain

Ef = 75 GPa

Ef = 50 GPa

Ef = 25 GPa

f'co = 60 MPa
ff = 1000 MPa
tf = 2 mm
(h,d) = (160,320) mm



- 

1.72

1.50

1.44

6.74

7.05

7.60

21.09

13.31

10.75

1.54

1.48

1.56

0 2 4 6 8 10 12 14 16 18 20 22 24

25

50

75

E
f 

(G
P

a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 60 MPa
tf = 2 mm
ff = 1000 MPa
(h,d) = (160,320) mm



0

20

40

60

80

100

120

140

160

0 0.004 0.008 0.012 0.016 0.02 0.024

S
tr

es
s 

(M
P

a)

Strain

Ef = 75 GPa
Ef = 50 GPa
Ef = 25 GPa

f'co = 90 MPa
ff = 1000 MPa
tf = 2 mm
(h,d) = (160,320) mm

1.68

1.43

1.38

6.12

6.46

7.05

29.86

17.49

14.06

2.24

2.15

2.31

0 4 8 12 16 20 24 28 32 36

25

50

75

E
f (

G
P

a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 90 MPa
tf = 2 mm
ff = 1000 MPa
(h,d) = (160,320) mm



0

20

40

60

80

100

120

140

160

0 0.004 0.008 0.012 0.016 0.02 0.024

S
tr

es
s 

(M
P

a)

Strain

Ef = 75 GPa

Ef = 50 GPa

Ef = 25 GPa

f'co = 120 MPa
ff = 1000 MPa
tf = 2 mm
(h,d) = (160,320) mm

1.49

1.29

1.26

4.93

5.27

5.86

32.95

17.69

13.69

2.34

2.31

2.55

0 4 8 12 16 20 24 28 32 36 40

25

50

75

E
f (

G
P

a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 120 MPa
tf = 2 mm
ff = 1000 MPa
(h,d) = (160,320) mm



 

ࢉࢌ = ࢉ�ሺ�ࢉ′ࢌ ⁄�ࢉ� ሻ࢘࢘ − ૚ + ሺ�ࢉ ⁄�ࢉ� ሻ࢘ :ࢌ࢏            ૙ ൑ ࢉ� ൑ �ࢉ�
ࢉࢌ = �ࢉ′ࢌ − �ࢉ′ࢌ − ૚࢙ࢋ࢘,ࢉࢌ + ( ૛−(�ࢉ�−࢏,ࢉ��ࢉ�−ࢉ� :ࢌ࢏            ࢉ� > �ࢉ�

࢘ = ࢉ�ࢉ� − �ࢉ′ࢌ ⁄�ࢉ�
ࢉ� = ૝૝૙૙√ࢉ′ࢌ� ( ૛૝૙૙)૚.૝ࢌ,ࢉ�



࢏,ࢉ� = ቆ૛. ૡ�ࢉ� ቆࢉ′ࢌ࢙ࢋ࢘,ࢉࢌ� ቇ ૙.૚૛−�ࢉ′ࢌ + ૚૙�ࢉ� ቆ૚ − �ࢉ′ࢌ࢙ࢋ࢘,ࢉࢌ ቇ ૙.૝ૠቇ−�ࢉ′ࢌ ( ૛૝૙૙)૙.૝ࢌ,ࢉ�
ࢎ,ࢉ� = :ࢌ࢏          ࢉ� ૙ ൑ ࢉ� ൑ ࢎ,ࢉ��ࢉ� = ࢉࢌ) − ࢉ�(�ࢉ′ࢌ (૚ − ࢎ࢘� ) + �ࢉ� + ሺ�ࢉ − ࢎ࢘�ሻ�ࢉ� + ࢊ� ሺ�ࢊ −�࢘ሻࢎ :ࢌ࢏            ࢉ� > ࢊ��ࢉ� = ૛ࢊ�ࢊ = ૙. ૙૛ࢉ′ࢌ�−૙.૞ ቆࢉ′ࢌ� − �ࢉ′ࢌࢉࢌ ቇ

௖݂,௥௘௦ߩ௖,௙�௖,ℎܪ௥
ℎ݀

- 

- ε ε

- 

- 



0

10

20

30

40

50

60

70

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

S
tr

es
s 

(M
P

a)

Strain

confined concrete

unconfined concrete

f'co = 30 MPa
tf = 2 mm
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm

0

10

20

30

40

50

60

70

80

90

100

0 0.004 0.008 0.012 0.016 0.02 0.024

S
tr

es
s 

(M
P

a)

Strain

confined concrete
unconfined concrete

f'co = 60 MPa
tf = 2 mm
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm



0

20

40

60

80

100

120

0 0.003 0.006 0.009 0.012 0.015 0.018

S
tr

es
s 

(M
P

a)

Strain

confined concrete
unconfined concrete

f'co = 90 MPa
tf = 2 mm
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm

0

20

40

60

80

100

120

140

160

0 0.003 0.006 0.009 0.012 0.015

S
tr

es
s 

(M
P

a)

Strain

confined concrete
unconfined concrete

f'co = 120 MPa
tf = 2 mm
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm



2.20

1.50

1.27

1.16

12.62

7.05

5.20

4.26

11.02

13.31

13.02

11.35

1.47

1.48

1.60

1.72

0 4 8 12 16 20 24

30

60

90

120

f'
co

 (
M

P
a)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

ff = 1000 MPa
tf = 2 mm
Ef = 50 GPa
(h,d) = (160,320) mm

0

20

40

60

80

100

120

140

160

0.000 0.008 0.016 0.024 0.032

S
tr

es
s 

(M
P

a)

Strain

30 MPa
60 MPa
90 MPa
120 MPa

tf = 2 mm
ff = 1000 MPa
Ef = 50 GPa
(h,d) = (160,320) mm



 

- 

- 

- 



- ε ε
ε ε

- 

0

15

30

45

60

75

90

0 0.01 0.02 0.03 0.04 0.05

S
tr

es
s 

(M
P

a)

Strain

d = 300 mm
d = 250 mm
d = 200 mm
d = 150 mm
d = 100 mm

f'co = 30 MPa
ff = 1000 MPa
Ef = 50 GPa
tf = 2 mm



2.70

2.26

2.03

1.90

1.80

16.44

12.61

10.21

8.57

7.37

11.66

11.05

11.04

11.28

11.63

2.64

1.86

1.45

1.19

0.78

0 2 4 6 8 10 12 14 16 18 20 22

100

150

200

250

300

d
 (

m
m

)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 30 MPa
ff = 1000 MPa
Ef = 50 GPa
tf = 2 mm

0

20

40

60

80

100

120

0 0.004 0.008 0.012 0.016 0.02 0.024 0.028

S
tr

es
s 

(M
P

a)

Strain

d = 300 mm
d = 250 mm
d = 200 mm
d = 150 mm
d = 100 mm

f'co = 60 MPa
ff = 1000 MPa
Ef = 50 GPa
tf = 2 mm



- 

- 

1.75

1.52

1.41

1.34

1.29

10.20

7.86

6.39

5.38

4.65

15.30

13.52

12.67

12.20

11.91

2.23

1.57

1.20

0.98

0.82

0 2 4 6 8 10 12 14 16 18 20 22

100

150

200

250

300

d
 (

m
m

)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 60 MPa
ff = 1000 MPa
Ef = 50 GPa
tf = 2 mm



0

20

40

60

80

100

120

140

0 0.004 0.008 0.012 0.016 0.02 0.024

S
tr

es
s 

(M
P

a)

Strain

d = 300 mm
d = 250 mm
d = 200 mm
d = 150 mm

f'co = 90 MPa
ff = 1000 MPa
Ef = 50 GPa
tf = 2 mm

1.45

1.29

1.21

1.16

1.13

6.71

5.19

4.23

3.58

3.10

16.79

13.50

11.44

9.87

8.56

2.37

1.69

1.31

1.06

0.89

0 2 4 6 8 10 12 14 16 18 20 22

100

150

200

250

300

d
 (

m
m

)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 90 MPa
ff = 1000 MPa
Ef = 50 GPa
tf = 2 mm



0

20

40

60

80

100

120

140

160

180

0 0.004 0.008 0.012 0.016 0.02

S
tr

es
s 

(M
P

a)

Strain

d = 300 mm
d = 250 mm
d = 200 mm
d = 150 mm
d = 100 mm

f'co = 120 MPa
ff = 1000 MPa
Ef = 50 GPa
tf = 2 mm

1.31

1.18

1.11

1.08

1.05

5.48

4.25

3.48

2.95

2.56

17.11

12.12

8.66

5.81

3.29

2.37

1.69

1.31

1.06

0.89

0 2 4 6 8 10 12 14 16 18 20 22

100

150

200

250

300

d
 (

m
m

)

Energy absorption capacity E2 x 10-2
Strain enhancement Strength enhancement

f'co = 120 MPa
ff = 1000 MPa
Ef = 50 GPa
tf = 2 mm



 

- 

- 

- 

- 

- 

- ε ε

- ε ε

- 

- 

- 

- 

- 



▪ 

▪ 

▪ 

▪ 

▪ 

- 



- 

- 

- 

- 

▪ 

▪ 

▪ 

▪ 

▪ 



 



عمران یمϬندس یکنگره مل یندϭازدهم
















































	Acknowledgment
	Dedication
	Abstract
	Résumé
	ملخـــص
	Table of contents
	List of tables
	List of figures
	List of symbols, abbreviations
	Chapter 1   Introduction
	1.1 Research background
	1.2 Problem Statement
	1.3 Research Scope and objectives
	1.4 Thesis outline

	Chapter 2   Fiber-reinforced polymers in the rehabilitation of RC columns
	2.1 Introduction
	2.2 Deficiencies in reinforced concrete columns
	2.3 Necessity for reinforcement
	2.4 Methods of retrofitting of RC columns
	2.4.1 General
	2.4.2 External prestressing steel strands
	2.4.3 Shape memory alloys (SMAs) spirals

	2.5 Passive confinement techniques
	2.5.1 Steel jacketing
	2.5.2 Concrete jackets
	2.5.3 FRP composites
	2.5.3.1 FRP strengthening methods
	2.5.3.1.1 Wet lay-up process
	2.5.3.1.2 Prefabricated shells
	2.5.3.1.3 Automated winding



	2.6 FRP materials
	2.6.1 Constituents
	2.6.1.1 Fibers
	2.6.1.2 Matrix

	2.6.2 Fabrication
	2.6.3 Properties of FRP composites
	2.6.3.1 Tensile strength and elasticity modulus
	2.6.3.2 Fiber volume fraction
	2.6.3.3 Fatigue and Creep


	2.7 Conclusion

	Chapter 3   Previous experimental research on axially loaded FRP-confined concrete
	3.1 Introduction
	3.2 Mechanism of FRP confinement
	3.3 Previous experimental work on FRP-confined concrete under axial compression
	3.3.1 Lin and Chen (2001)
	3.3.2 Thériault et al. (2004)
	3.3.3 Lin and Liao (2004)
	3.3.4 Berthet et al. (2005)
	3.3.5 Almusallam (2007)
	3.3.6 Sheikh et al. (2007)
	3.3.7 Wu et al. (2008)
	3.3.8 Benzaid et al. (2009)
	3.3.9 Comert et al. (2010)
	3.3.10 Cui and Sheikh (2010)
	3.3.11 Micelli and Modarelli (2013)
	3.3.12 Touhari and Mitiche-Kettab (2016)
	3.3.13 Guo et al. (2016)
	3.3.14 Oliveira et al. (2019)
	3.3.15 Khaloo et al. (2020)

	3.4 Experimental database
	3.4.1 Existing databases
	3.4.2 Selection of the new database

	3.5 Conclusion

	Chapter 4   Previous research on modeling the ultimate conditions FRP-confined concrete under compression
	4.1 Introduction
	4.2 Modeling of FRP-confined concrete under axial compression
	4.3 Review of some design-oriented ultimate stress and ultimate strain models for FRP-confined concrete
	4.3.1 Fardis and Khalili (1982)
	4.3.2 Karbhari and Gao (1997)
	4.3.3 De Lorenzis and Tepfers (2003)
	4.3.4 Lam and Teng (2003)
	4.3.5 Wu et al. (2009)
	4.3.6 Benzaid et al. (2010)
	4.3.7 Pellegrino and Modena (2010)
	4.3.8 Rousakis et al. (2012)
	4.3.9 Elsanadedy et al. (2012)
	4.3.10 Ozbakkaloglu and Lim (2013)
	4.3.11 Lim and Ozbakkaloglu (2014)
	4.3.12 Al abadi et al. (2016)
	4.3.13 Cascardi et al. (2017)
	4.3.14 Raza et al. (2020)
	4.3.15 Arabshahi et al. (2020)
	4.3.16 Ahmad et al. (2020)

	4.4 Conclusion

	Chapter 5   Evaluation and proposition of ultimate condition models for axially loaded GFRP-wrapped concrete
	5.1 Introduction
	5.2 Existing strength and strain models
	5.3 Study of the performance of the strength and strain models
	5.3.1 Statistical evaluation
	5.3.2 Strain efficiency factor
	5.3.3 Performance assessment of the models
	5.3.3.1 Saadatmanesh et al. (1994)
	5.3.3.2 Karbhari and Gao (1997)
	5.3.3.3 Toutanji (1999)
	5.3.3.4 Moran and Pantelides (2002)
	5.3.3.5 Xiao and Wu (2003)
	5.3.3.6 Bisby et al. (2005)
	5.3.3.7 Matthys et al. (2006)
	5.3.3.8 Berthet et al. (2006)
	5.3.3.9 Wu et al. (2006)
	5.3.3.10 Ciupala et al. (2007)
	5.3.3.11 Youssef et al. (2007)
	5.3.3.12 Fahmy and Wu (2010)
	5.3.3.13 Pham and Hadi (2014)
	5.3.3.14 Sadeghian and Fam (2015)
	5.3.3.15 Touhari and Mitiche-Kettab (2016)
	5.3.3.16 Huang et al. (2016)
	5.3.3.17 Baji et al. (2016)
	5.3.3.18 Lim et al. (2016)
	5.3.3.19 Keshtegar et al. (2017)
	5.3.3.20 Fallah Pour et al. (2018)
	5.3.3.21 Summary


	5.4 Proposed models for the ultimate condition of GFRP-wrapped concrete
	5.4.1 Proposed ultimate stress model
	5.4.2 Validation of the proposed strength model
	5.4.3 Proposed ultimate strain model
	5.4.4 Validation of the proposed strain model

	5.5 Conclusion

	Chapter 6   Evaluation and proposition of stress-strain models for axially loaded GFRP-wrapped concrete
	6.1 Introduction
	6.2 Stress-strain models for FRP-confined concrete
	6.2.1 Design-oriented stress-strain models

	6.3 Review of some design-oriented stress-strain models
	6.3.1 Lam and Teng (2003)
	6.3.2 Xiao and Wu (2003)
	6.3.3 Matthys et al. (2006)
	6.3.4 Youssef et al. (2007)
	6.3.5 Teng et al. (2009)
	6.3.6 Pellegrino and Modena (2010)
	6.3.7 Fahmy and Wu (2010)
	6.3.8 Kwan et al. (2015)
	6.3.9 Fallah Pour et al. (2018)

	6.4 Proposed stress-strain model for GFRP-wrapped concrete
	6.4.1 Mathematical equation
	6.4.2 Validation of the proposed model
	6.4.2.1 Comparison with test results of Harries and Kharel (2002)
	6.4.2.2 Comparison with test results of Harries and Carey (2003)
	6.4.2.3 Comparison with test results of Au and Buyukozturk (2005)
	6.4.2.4 Comparison with test results of Almusallam (2007)
	6.4.2.5 Comparison with test results of Wu et al. (2008)
	6.4.2.6 Comparison with test results of Cui and Sheikh (2010)
	6.4.2.7 Comparison with test results of Touhari and Mitiche-Kettab (2016)
	6.4.2.8 Summary of the performance of the models


	6.5 Conclusion

	Chapter 7   Influencing parameters on the behavior of GFRP-wrapped concrete under compression
	7.1 Introduction
	7.2 Strength and ductility parameters
	7.3 Influencing parameters on the stress-strain behavior of GFRP-wrapped concrete
	7.3.1 Effect of FRP properties
	7.3.1.1 Jacket thickness
	7.3.1.2 Tensile strength
	7.3.1.3 Modulus of elasticity

	7.3.2 Effect of concrete strength
	7.3.3 Effect of specimen diameter

	7.4 Conclusion

	Conclusions and perspectives
	References

