
Ðåñßëçøç

ÅîåôÜæåôáé ç åðéññïÞ ôùí ÷áëýâäéíùí éíþí óôçí éêáíüôçôá ôùí ðëá-

êïäïêþí õðü óôñåðôéêÞ êáôáðüíçóç. ÐáñïõóéÜæïíôáé êáé ó÷ïëéÜæï-

íôáé ðåéñáìáôéêÜ áðïôåëÝóìáôá 31 äïêþí õðü êáèáñÞ óôñÝøç, óå 3

ïìÜäåò. Ç 1ç ðåñéëáìâÜíåé 13 äïêïýò ÷ùñßò óõìâáôéêïýò ïðëéóìïýò

ìå äéáôïìÝò ïñèïãùíéêÝò, Ã ìå b/bw=1.5 êáé 2, T ìå b/bw=2 êáé 3,

êáé ìå ðåñéåêôéêüôçôåò óå ßíåò 0, 1% êáé 3% ê.ü. Ç 2ç êáé 3ç ïìÜäá

Ý÷ïõí áðü 9 äïêïýò, ç ìåí 2ç ìå äéáìÞêåéò ïðëéóìïýò, åíþ ç 3ç ìå

äéáìÞêåéò êáé óõíäåôÞñåò. Óå áõôÝò ðåñéëáìâÜíïíôáé 3 ïñèïãùíéêÝò

êáé 6 äïêïß-T ìå b/bw=2 êáé 3, êáé üëåò åîåôÜæïíôáé ìå ßíåò 0, 1%

êáé 3%. Ç áýîçóç ôçò ðåñéåêôéêüôçôáò óå ßíåò ðñïêÜëåóå óå üëåò ôéò

ðåñéðôþóåéò áýîçóç ôçò óôñåðôéêÞò áíôï÷Þò Ôu êáé óçìáíôéêÞ âåë-

ôßùóç ôçò ìåôåëáóôéêÞò óõìðåñéöïñÜò êáé ôïõ êëÜäïõ áðüêñéóçò

ìåôÜ ôç ìÝãéóôç óôñåðôéêÞ ñïðÞ. Ç áýîçóç ôçò Tu ëüãù ôùí éíþí

åßíáé óçìáíôéêÞ óôéò ïñèïãùíéêÝò äéáôïìÝò, åíþ óôéò ðëáêïäïêïýò

ìåéþíåôáé ìå ôçí áýîçóç ôçò åðéññïÞò ôçò ðëÜêáò. Óôéò äïêïýò-Ô ìå

3% ßíåò êáé äéáìÞêç ïðëéóìü ç ðáñáôçñçèåßóá áýîçóç ëüãù éíþí

Þôáí 85.7%, 54.7% êáé 26.3% ãéá b/bw = 1, 2 êáé 3, áíôßóôïé÷á.

Áêüìç, áðü ôá ðåéñáìáôéêÜ áðïôåëÝóìáôá öáßíåôáé üôé ãéá ôçí ðåñß-

ðôùóç äïêþí õðü óôñÝøç, åßíáé äõíáôÞ ç ðëÞñçò áíôéêáôÜóôáóç ôùí

óõíäåôÞñùí ìå ÷ñÞóç ÷áëýâäéíùí éíþí.

1. ÅÉÓÁÃÙÃÇ

Åßíáé ãíùóôü üôé ç óôñåðôéêÞ êáôáðüíçóç ðñïêáëåß óå

ìßá äéáôïìÞ ôçí áíÜðôõîç êáèáñÞò äéáôìçôéêÞò Ýíôáóçò. Ç

áðüêñéóç óå áõôÞ ôçí ðåñßðôùóç ÷áñáêôçñßæåôáé áðü ôç

óõìðåñéöïñÜ ôïõ õëéêïý óå åöåëêõóìü ìå ôÜóç ßóç ìå ôçí

áíáðôõóóüìåíç äéáôìçôéêÞ ôÜóç. Áõôü, åîÜëëïõ, åßíáé óå

áðüëõôç óõìöùíßá êáé ìå ôá ðåéñáìáôéêÜ äåäïìÝíá, ôá

ïðïßá áðü ôéò ðñþôåò áêüìç ðñïóðÜèåéåò Ýäåéîáí üôé ôï

õëéêü áóôï÷åß åöåëêõóôéêÜ êáé ü÷é äéáôìçôéêÜ [1], [2], [3].

ÅðéðëÝïí, ç êáôáðüíçóç óå óôñÝøç óôïé÷åßùí áðü óêõñüäå-

ìá áðïôåëåß ôõðéêÞ ðåñßðôùóç, êáôÜ ôçí ïðïßá ï åöåëêõ-

óìüò, ðïõ áíáðôýóóåôáé óôç ìÜæá ôïõ óêõñïäÝìáôïò, äåí

åßíáé äõíáôüí íá ðáñáëçöèåß áðåõèåßáò áðü óõìâáôéêü ïðëé-

óìü. Ãßíåôáé Üñá öáíåñü áðü ôá ðáñáðÜíù üôé óôçí ðåñß-

ðôùóç áõôÞ, Ý÷åé éäéáßôåñç óçìáóßá êÜèå ðñïóðÜèåéá ãéá

âåëôßùóç ôçò ìéêñÞò åöåëêõóôéêÞò áíôï÷Þò ôïõ óêõñïäÝìá-

ôïò. Ðñïò áõôÞ ôçí êáôåýèõíóç, åßíáé ãåíéêþò ðáñáäåêôü üôé

ç ÷ñÞóç ÷áëýâäéíùí éíþí âåëôéþíåé ïõóéáóôéêÜ ôçí åöåëêõ-

óôéêÞ áíôï÷Þ ôïõ óêõñïäÝìáôïò [4], [5]. Ïé ÷áëýâäéíåò ßíåò

ðñïóôßèåíôáé êáôÜ ôç ìåßîç ôïõ óêõñïäÝìáôïò êáé êáôáíÝ-

ìïíôáé ôõ÷áßùò óôç ìÜæá ôïõ. Êáô� áõôüí ôïí ôñüðï, üôáí

ìéá ñùãìÞ ðñüêåéôáé íá áõîçèåß, óõíáíôÜ êáèÝôùò Þ õðü

ãùíßá Ýíáí áñéèìü éíþí, ïé ïðïßåò áíôéôßèåíôáé óôçí áýîçóç

ôïõ áíïßãìáôüò ôçò, ìå áðïôÝëåóìá íá ìåôáôñÝðåôáé ç

ìïñöÞ ôçò óõíïëéêÞò óõìðåñéöïñÜò ôïõ óêõñïäÝìáôïò áðü

øáèõñÞ óå üëêéìç (ðëÜóôéìç). ÐåéñáìáôéêÝò åñãáóßåò Ý÷ïõí

äåßîåé üôé ç óôñåðôéêÞ óõìðåñéöïñÜ ôïõ óêõñïäÝìáôïò âåë-

ôéþíåôáé óçìáíôéêÜ ìå ôçí ðñüóèåóç ÷áëýâäéíùí éíþí [6],

[7], [8]. Åðßóçò, Ý÷ïõí ãßíåé ðñïóðÜèåéåò ãéá ôç ÷ñÞóç ÷áëý-

âäéíùí éíþí, óå óõíäõáóìü ìå óõíäåôÞñåò, ùò êõñßïõ ïðëé-

óìïý äéÜôìçóçò Þ óôñÝøçò [6]. Áêüìç, Ý÷ïõí ðñïôáèåß êáé

åéäéêÝò áñéèìçôéêÝò ìÝèïäïé ãéá ôç ìåëÝôç ôçò åðéññïÞò ôùí

éíþí óôç óôñåðôéêÞ éêáíüôçôá óôïé÷åßùí ìå ïñèïãùíéêÞ êáé

Ô äéáôïìÞ [8], [9]. Åéäéêüôåñá, ãéá ôç óôñåðôéêÞ óõìðåñéöï-

ñÜ äïêþí äéáôïìÞò Ô áðü áðëü êáé ïðëéóìÝíï óêõñüäåìá

êáé ôçí åðéññïÞ ôçò ðëÜêáò óå áõôÞ Ý÷ïõí Þäç ðáñïõóéáóèåß

áíáëõôéêÜ [10], [11], [12] êáé ðåéñáìáôéêÜ áðïôåëÝóìáôá

[13], [14], [15], [16].

Óôçí åñãáóßá áõôÞ ìåëåôÜôáé ç åðéññïÞ ôùí ÷áëýâäéíùí

éíþí óôç óôñåðôéêÞ óõìðåñéöïñÜ ðëáêïäïêþí äéáôïìÞò Ô

êáé Ã. Ðñïò ôï óêïðü áõôü, ðáñïõóéÜæïíôáé êáé ó÷ïëéÜæïíôáé

ðåéñáìáôéêÜ áðïôåëÝóìáôá áðü ôçí êáôáðüíçóç 31 äïêþí

ìå äéáôïìÞ ïñèïãùíéêÞ, Ã êáé Ô êáé ðåñéåêôéêüôçôåò óå ßíåò

0, 1% êáé 3% ê.ü., õðü êáèáñÞ óôñÝøç. Åéäéêüôåñá, ãßíåôáé

ðñïóðÜèåéá ãéá äéåñåýíçóç ôçò åðéññïÞò ôùí éíþí óôçí

áýîçóç ôçò ìÝãéóôçò óôñåðôéêÞò áíôï÷Þò êáèþò êáé óôç âåë-

ôßùóç ôçò ìåôåëáóôéêÞò óôñåðôéêÞò óõìðåñéöïñÜò (ðëáóôé-

ìüôçôá óå óôñÝøç) äïêþí ðïõ ôáõôï÷ñüíùò õößóôáíôáé ôçí

åðéññïÞ ôçò ðëÜêáò (äïêïß Ô). Áêüìç, áðïäåéêíýåôáé ðåéñá-

ìáôéêÜ üôé óôéò åîåôáæüìåíåò ðåñéðôþóåéò åßíáé äõíáôÞ ç

ðëÞñçò áíôéêáôÜóôáóç ôùí óõíäåôÞñùí ìå ÷ñÞóç ÷áëýâäé-

íùí éíþí.
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2. ÐÅÉÑÁÌÁÔÉÊÏ ÐÑÏÃÑÁÌÌÁ

Ôï ðåéñáìáôéêü ðñüãñáììá ðåñéëáìâÜíåé óõíïëéêÜ 31

äïêïýò ÷ùñéóìÝíåò óå ôñåéò ïìÜäåò. Ç 1ç ïìÜäá áðïôåëåßôáé

áðü 13 äïêïýò ÷ùñßò óõìâáôéêïýò ïðëéóìïýò, ìå äéáôïìÝò

ïñèïãùíéêÝò, Ã ìå b/bw=1.5 êáé 2.0 êáé Ô ìå b/bw=2.0 êáé

3.0. Ïé ïñèïãùíéêÝò êáé äïêïß-Ô åîåôÜóèçêáí ãéá ðåñéåêôé-

êüôçôåò éíþí 0, 1% êáé 3% ê.ü., åíþ ïé äïêïß-Ã ãéá 0 êáé 1%.

Ç 2ç ïìÜäá ðåñéëáìâÜíåé 9 äïêïýò ìå äéáìÞêåéò ìüíï ïðëé-

óìïýò êáé äéáôïìÝò ïñèïãùíéêÝò (3 äïêïß) êáé Ô ìå b/bw=2.0

êáé 3.0 (6 äïêïß) ðïõ åîåôÜæïíôáé üëåò ãéá ïãêïìåôñéêÜ

ðïóïóôÜ éíþí 0, 1% êáé 3%. Ç 3ç ïìÜäá ðåñéëáìâÜíåé 9

äïêïýò ìå äéáìÞêåéò ïðëéóìïýò êáé óõíäåôÞñåò ∅8/20 êáé

äéáôïìÝò ïñèïãùíéêÝò (3 äïêïß) êáé Ô ìå b/bw=2.0 êáé 3.0 (6

äïêïß) ðïõ åîåôÜæïíôáé üëåò ãéá ðåñéåêôéêüôçôåò éíþí 0, 1%

êáé 3%. Ôá ÷áñáêôçñéóôéêÜ êáé ïé ïðëéóìïß üëùí ôùí äïêþí

äßäïíôáé óôïí ðßíáêá 1. Ïé óõìâïëéóìïß ôùí äïêþí ãßíïíôáé

ìå 3 êùäéêïýò. Ï ðñþôïò ïñßæåôáé áðü ôç äéáôïìÞ êáé åßíáé

R, Ls, L, Ts êáé T ãéá ïñèïãùíéêÝò, Ã ìå b/bw=1.5, Ã ìå

b/bw=2.0, T ìå b/bw=2.0 êáé T ìå b/bw=3.0, áíôßóôïé÷á. Ï

äåýôåñïò äçëþíåé ôïõò ïðëéóìïýò êáé åßíáé P, L, êáé R ãéá

äïêïýò ÷ùñßò óõìâáôéêïýò ïðëéóìïýò, ìå äéáìÞêåéò ñÜâäïõò

ìüíï êáé ìå ðëÞñç ïðëéóìü (äéáìÞêç êáé óõíäåôÞñåò), áíôß-

óôïé÷á. ÔÝëïò, ï ôñßôïò êùäéêüò äçëþíåé ôçí ðåñéåêôéêüôçôá

óå ßíåò êáé ëáìâÜíåé ôéò ôéìÝò 0, 1, 3 ãéá ðåñéåêôéêüôçôåò 0,

1% êáé 3% ê.ü., áíôßóôïé÷á.

Ãéá ôçí åêôßìçóç ôçò èëéðôéêÞò áíôï÷Þò ôïõ óêõñïäÝìá-

ôïò åëÞöèçóáí êáôÜ ôç óêõñïäÝôçóç êÜèå äïêïý 3 óõíï-

äåõôéêÜ êõâéêÜ äïêßìéá áêìÞò 15 cm áðü áðëü óêõñüäåìá,

ðñéí áðü ôçí ðñüóèåóç ôùí éíþí. ÅðéðëÝïí, ãéá êÜèå äïêü

åëÞöèçóáí êáé 3 êõëéíäñéêÜ äïêßìéá d/h=15/30 cm áðü ôï

ôåëéêü ìåßãìá ìå ßíåò, áí ç äïêüò Ý÷åé ßíåò, ãéá ôïí ðñïóäéï-

ñéóìü ôçò áíôï÷Þò Ýíáíôé åöåëêõóìïý ìå äïêéìÞ äéáññÞîåùò

(�ct,split).

Ï ïðëéóìüò êáé ôá ìç÷áíéêÜ ÷áñáêôçñéóôéêÜ üëùí ôùí

äïêþí ôïõ ðñïãñÜììáôïò äßäïíôáé óôïí ðßíáêá 1, åíþ ôá

ãåùìåôñéêÜ ÷áñáêôçñéóôéêÜ ôùí äéáôïìþí êáé ç èÝóç ôùí

ïðëéóìþí óå áõôÝò ðáñïõóéÜæïíôáé óôïõò ðßíáêåò 2, 3 êáé 4.

Ïé ßíåò ðïõ ÷ñçóéìïðïéÞèçêáí åßíáé âéïìç÷áíéêÜ ðáñáãüìå-

íåò ìå Üêñá äéáìïñöùìÝíá óå áãêýñéá (hooked fibers) ìå

ìÞêïò Lf = 30 mm, äéÜìåôñï Df = 0.8 mm êáé ëüãï Lf /

Df =37.5 (DRAMIX ZC 30/.80).

¼ëåò ïé äïêïß Ý÷ïõí óõíïëéêü ìÞêïò 1.60 m êáé ôá Üêñá

ôïõò Ý÷ïõí äéáìïñöùèåß óå ðôåñýãéá (ó÷. 1). Óôá ðôåñýãéá

ôïðïèåôÞèçêå óå üëåò ôéò ðåñéðôþóåéò ðõêíüò ïðëéóìüò,

þóôå ç åðéâáëëüìåíç óå áõôÜ öüñôéóç íá ðáñÜãåé óõíèÞêåò

êáèáñÞò êáé óôáèåñÞò óôñåðôéêÞò êáôáðüíçóçò óôï ìåóáßï

ôìÞìá ôïõ äïêéìßïõ, ÷ùñßò íá ðñïêáëåß óôá Üêñá ñçãìáôþ-

óåéò êáé áíåðéèýìçôåò ðáñáìïñöþóåéò. Ìå áõôü ôïí ôñüðï

ôï êåíôñéêü ôìÞìá ôçò äïêïý êáôáðïíåßôáé óå êáèáñÞ óôñÝ-

øç êáé Ý÷åé ìÞêïò óôáèåñü óå üëåò ôéò ðåñéðôþóåéò 60 cm.
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Ðßíáêáò 1: ×áñáêôçñéóôéêÜ äïêþí.

Table 1: Reinforcement of tested beams.

Óôéò 9 äïêïýò ïñèïãùíéêÞò äéáôïìÞò (R) ôï êåíôñéêü ôìÞìá

Ý÷åé äéáóôÜóåéò 10/20 cm, óôéò 2 äïêïýò Ã ìå b/bw=1.5 (Ls)

Ý÷åé äéáóôÜóåéò b/bw/h/hf : 15/10/20/5 cm, óôéò 2 äïêïýò Ã ìå

b/bw=2 (L) Ý÷åé äéáóôÜóåéò b/bw/h/hf : 20/10/20/5 cm, óôéò 9

äïêïýò Ô ìå b/bw=2 (Ts) Ý÷åé äéáóôÜóåéò b/bw/h/hf:

20/10/20/7÷11 cm êáé óôéò 9 äïêïýò Ô ìå b/bw=3 (T) Ý÷åé

äéáóôÜóåéò b/bw/h/hf : 30/10/20/7÷11 cm (ó÷. 1 êáé ðßíáêåò

2, 3 êáé 4).

  



Ïé äïêïß óôçñß÷èçêáí áìöéÝñåéóôá êáôÜ ôç äéåýèõíóç

ôïõ ÜîïíÜ ôïõò, óå óçìåßá ðïõ áðåß÷áí 5 cm áðü ôá Üêñá

ôïõò, ìå óôçñßîåéò ðïõ Ý÷ïõí ôç äõíáôüôçôá óôñïöÞò ðåñß

ôïí ìåãÜëï Üîïíá ôçò äïêïý. Ç öüñôéóç åðéâëÞèçêå ìå

ìç÷áíéêÞ ðñÝóá óå 2 óçìåßá óôá Üêñá ôùí ðôåñõãßùí ìÝóù

÷áëýâäéíçò äéáäïêßäáò ðïõ ôïðïèåôÞèçêå ëïîÜ ùò ðñïò ôïí

Üîïíá ôçò äïêïý, üðùò öáßíåôáé óôï ó÷Þìá 1. Ãéá ôç ìÝôñç-

óç ôïõ åðéâáëëüìåíïõ öïñôßïõ ÷ñçóéìïðïéÞèçêå çëåêôñïíé-

êü äõíáìüìåôñï (load cell) ìåãßóôïõ öïñôßïõ 200 kN êáé

áêñéâåßáò 0.05 kN. Ãéá ôïí ðñïóäéïñéóìü ôçò ãùíßáò óôñï-

öÞò ðïõ åðéâÜëëåôáé óôï äïêßìéï ÷ñçóéìïðïéÞèçêáí ïé âõèß-

óåéò ôùí ðôåñõãßùí ôùí äïêþí êÜôù áðü ôá óçìåßá åðéâïëÞò

ôïõ öïñôßïõ. Ïé âõèßóåéò áõôÝò ìåôñÞèçêáí ìå ôç ÷ñÞóç

çëåêôñïíéêþí ìçêõíóéïìÝôñùí óõíïëéêÞò äéáäñïìÞò 100 mm

êáé áêñéâåßáò 0.02 mm.

3. ÐÅÉÑÁÌÁÔÉÊÁ ÁÐÏÔÅËÅÓÌÁÔÁ 

Ïé ðåéñáìáôéêÝò ìåôñÞóåéò åëÞöèçóáí ãéá óõíå÷Þ âáèìé-

áßá áýîçóç ôïõ öïñôßïõ Ýùò ôçí ôéìÞ ôïõ ìåãßóôïõ öïñôßïõ

êáé êáôüðéí ãéá óõíå÷Þ áýîçóç ôçò ðáñáìüñöùóçò ìÝ÷ñé

ôçí ôåëéêÞ áóôï÷ßá ôïõ äïêéìßïõ Þ ìÝ÷ñé íá ðáñáôçñçèåß

ðôþóç ôïõ öïñôßïõ êáôÜ 20% ôïõëÜ÷éóôïí. Ôï åðéâáëëüìå-

íï öïñôßï ìåôåôñÜðç óå óôñåðôéêÞ ñïðÞ Ô (kNcm), åíþ ïé

áíôßóôïé÷åò ìåôñÞóåéò ìåôáôïðßóåùí óå óôñåðôéêÞ óôñïöÞ

áíÜ ìÞêïò ϑ (rad/cm) ôïõ êåíôñéêïý ôìÞìáôïò ôùí äïêþí.

Óôá ó÷Þìáôá 2, 3 êáé 4 ðáñïõóéÜæåôáé ç óõìðåñéöïñÜ Ýíá-

íôé ôçò óôñåðôéêÞò êáôáðüíçóçò õðü ìïñöÞ äéáãñáììÜôùí

óôñåðôéêÞò ñïðÞò T - áíçãìÝíçò óôñåðôéêÞò óôñïöÞò ϑ, ôùí

äïêþí ôçò 1çò, 2çò êáé 3çò ïìÜäáò äïêéìßùí, áíôßóôïé÷á.

Åéäéêüôåñá, óôï ó÷Þìá 2 ðåñéëáìâÜíïíôáé ôá äéáãñÜì-

ìáôá Ô - ϑ ôùí äïêþí ÷ùñßò óõìâáôéêü ïðëéóìü (1ç ïìÜäá)

êáé óõãêñßíïíôáé ïé áðïêñßóåéò ôùí äïêéìßùí ìå ßäéá äéáôï-

ìÞ ÷ùñßò êáé ìå ßíåò.
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Ó÷Þìá 1: ÐåéñáìáôéêÞ äéÜôáîç.

Figure 1: Test setup.

Óôï ðñþôï áðü ôá äéáãñÜììáôá ôïõ ó÷Þìáôïò 2 ðáñïõ-

óéÜæåôáé êáé óõãêñßíåôáé ç óõìðåñéöïñÜ ôùí 3 ïñèïãùíéêþí

äïêþí ìå 0, 1% êáé 3% ßíåò, óôï 2ï äéÜãñáììá ïé áðïêñß-

óåéò ôùí 2 äïêþí Ã ìå b/bw=1.5 (Ls) ãéá 0 êáé 1% ßíåò, óôï

3ï ôùí 2 äïêþí Ã ìå b/bw=2 (L) ãéá 0 êáé 1% ßíåò, óôï 4ï ïé

Ó÷Þìá 2: ÁðïôåëÝóìáôá äïêþí ÷ùñßò óõìâáôéêü ïðëéóìü.

Figure 2: Experimental curves of beams without conventional reinforcement.



áðïêñßóåéò ôùí 3 äïêþí Ô ìå b/bw=2 (Ts) ãéá 0, 1% êáé 3%

ê.ü. ßíåò êáé óôï 5ï ïé áíôßóôïé÷åò áðïêñßóåéò ôùí 3 äïêþí

Ô ìå b/bw=3 (T). Ïé áíôßóôïé÷åò ÷áñáêôçñéóôéêÝò ôéìÝò äßäï-

íôáé óôïí ðßíáêá 2.

Óôï ó÷Þìá 3 ðåñéëáìâÜíïíôáé 3 äéáãñÜììáôá ðïõ

ðáñïõóéÜæïõí ôçí áðüêñéóç ôùí äïêþí ôçò 2çò ïìÜäáò ðïõ

Ý÷ïõí óõìâáôéêü ïðëéóìü áðü äéáìÞêåéò ìüíï ñÜâäïõò, åíþ

ôá áíôßóôïé÷á áðïôåëÝóìáôá äßäïíôáé óôïí ðßíáêá 3. Óôï

ðñþôï äéÜãñáììá ðáñïõóéÜæåôáé êáé óõãêñßíåôáé ç óõìðåñé-

öïñÜ ôùí 3 ïñèïãùíéêþí äïêþí ìå 0%, 1% êáé 3% ßíåò. Óôï
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Ðßíáêáò 2: ÁðïôåëÝóìáôá äïêþí ÷ùñßò óõìâáôéêü ïðëéóìü.

Table 2: Experimental data of beams without reinforcement.

Ðßíáêáò 3: ÁðïôåëÝóìáôá äïêþí ìå äéáìÞêç ìüíï ïðëéóìü.

Table 3: Experimental data of beams with longitudinal reinforce-

ment only.

Ó÷Þìá 3: ÁðïôåëÝóìáôá äïêþí ìå äéáìÞêç ìüíï ïðëéóìü.

Figure 3: Experimental curves of beams with longitudinal rein-

forcement only.



äåýôåñï äéÜãñáììá ôá áíôßóôïé÷á äéáãñÜììáôá ôùí 3 äïêþí

Ô ìå b/bw=2 (Ts) êáé óôï ôñßôï ôá áíôßóôïé÷á äéáãñÜììáôá

ôùí 3 äïêþí Ô ìå b/bw=3 (T). Óôï ó÷Þìá 4 ðåñéëáìâÜíïíôáé

3 äéáãñÜììáôá ðïõ ðáñïõóéÜæïõí ôçí áðüêñéóç ôùí äïêþí

ôçò 3çò ïìÜäáò ðïõ Ý÷ïõí ðëÞñç óõìâáôéêü ïðëéóìü (äéá-

ìÞêåéò ñÜâäïé êáé óõíäåôÞñåò) êáôÜ ôñüðï ðáñüìïéï ìå

åêåßíï ôïõ ó÷Þìáôïò 3, åíþ ïé ÷áñáêôçñéóôéêÝò ôéìÝò äßäï-

íôáé óôïí ðßíáêá 4.

4. ÁÍÁËÕÔÉÊÁ ÁÐÏÔÅËÅÓÌÁÔÁ

Ç áíáëõôéêÞ ðñüâëåøç ôçò óôñåðôéêÞò óõìðåñéöïñÜò

êáé éäéáßôåñá ôçò ìÝãéóôçò óôñåðôéêÞò ñïðÞò óôïé÷åßùí áðü

áðëü êáé ïðëéóìÝíï óêõñüäåìá áðïôåëåß ìÝ÷ñé óÞìåñá áíôé-

êåßìåíï Ýñåõíáò. Ãéá ôï áðëü óêõñüäåìá Ý÷ïõí ðñïôáèåß ç

êëáóéêÞ åëáóôéêÞ èåùñßá êáôÜ Saint Venant êáé ç óõìðëÞ-

ñùóÞ ôçò êáôÜ Prandtl [2], ç ðëáóôéêÞ èåùñßá [3], ç èåùñßá

ôçò ëïîÞò êÜìøçò (skew-bending) [2], [3], êáèþò êáé ðñü-

óöáôåò ðñïôÜóåéò ìå âÜóç ôçí åëáóôéêÞ èåùñßá ôñïðïðïéç-

ìÝíç, þóôå íá ëáìâÜíåé õðüøç äéãñáììéêÞ åöåëêõóôéêÞ

áðüêñéóç (tension softening) ãéá ôï óêõñüäåìá (Karayannis

1994, 1995 [8], [10], [12]). Ãéá ôï ïðëéóìÝíï óêõñüäåìá ïé

ðåñéóóüôåñåò ðñïóðÜèåéåò, ðïõ Ý÷ïõí ãßíåé, âáóßæïíôáé

êõñßùò óôï äéêôõùìáôéêü ìïíôÝëï [3], [7]. ÅéäéêÜ ãéá ôï éíï-

ðëéóìÝíï óêõñüäåìá ïé åñãáóßåò, ðïõ Ý÷ïõí ðáñïõóéáóèåß,

ðñïóðáèïýí íá ôñïðïðïéÞóïõí õðÜñ÷ïõóåò èåùñßåò ãéá ôï

áðëü óêõñüäåìá ëáìâÜíïíôáò êáôÜëëçëá õðüøç ôçí áýîç-

óç ôçò áíôï÷Þò ôïõ óêõñïäÝìáôïò ëüãù ôùí éíþí. ÁíáöÝñï-

íôáé ïé ðñïôÜóåéò ôùí Craig ê.Ü., 1986 [17], Mansur & Para-

masivam, 1985 [18], Wafa ê.Ü., 1992 [19], ïé ïðïßïé ðñïôåß-

íïõí ôçí åðÝêôáóç ôçò èåùñßáò ôçò ëïîÞò êÜìøçò [2], [3]

áíôéêáèéóôþíôáò ïõóéáóôéêÜ óôéò ó÷Ýóåéò, ðïõ ðñïêýðôïõí

áðü áõôÞí, ôá ìç÷áíéêÜ ÷áñáêôçñéóôéêÜ ôïõ áðëïý óêõñï-

äÝìáôïò ìå åêåßíá ôïõ éíïóêõñïäÝìáôïò. ¸ôóé ðñïêýðôïõí

ïé ó÷Ýóåéò:

l ÊáôÜ ôïõò Craig ê.Ü., 1986 [17]:

(4.1)

üðïõ ç èëéðôéêÞ áíôï÷Þ ôïõ óýíèåôïõ ìåßãìáôïò,

(4.2)

üðïõ ƒrf ç áíôï÷Þ óå êáìðôéêü åöåëêõóìü ôïõ óýíèåôïõ

ìåßãìáôïò.

l ÊáôÜ ôïõò Mansur & Paramasivam, 1985 [18]:

(4.3)T
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Ó÷Þìá 4: ÁðïôåëÝóìáôá äïêþí ìå äéáìÞêåéò ñÜâäïõò êáé óõíäåôÞñåò.

Figure 4: Experimental curves of beams with longitudinal bars and

stirrups.



l ÊáôÜ ôïõò Wafa ê.Ü., 1992 [19]:

(4.4)

üðïõ ƒctf,split ç åöåëêõóôéêÞ áíôï÷Þ óå äéÜññçîç ôïõ óýíèå-

ôïõ ìåßãìáôïò.

Ïé ðáñáðÜíù ó÷Ýóåéò áíáöÝñïíôáé êõñßùò óå ïñèïãùíé-

êÝò äéáôïìÝò, áëëÜ ðñïôåßíåôáé ç åöáñìïãÞ ôïõò êáé óå äéá-

ôïìÝò Ô Þ Ã. Óå áõôÞ ôçí ðåñßðôùóç, ÷ùñßæåôáé ç äéáôïìÞ óå

T
b h

u sb ctf split, ,( . )=
2

3
0 71 f
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Ðßíáêáò 4: ÁðïôåëÝóìáôá äïêþí ìå äéáìÞêåéò ñÜâäïõò êáé óõíäåôÞñåò.

Table 4: Experimental data of beams with longitudinal bars and stirrups.

Ðßíáêáò 5: Óýãêñéóç ðåéñáìáôéêþí êáé áíáëõôéêþí áðïôåëåóìÜôùí

ãéá ôéò äïêïýò ÷ùñßò óõìâáôéêü ïðëéóìü.

Table 5: Comparisons between experimental and analytical data

for the beams without reinforcement.

ïñèïãùíéêÜ ôìÞìáôá êáé ç ôåëéêÞ óôñåðôéêÞ áíôï÷Þ ðñïêý-

ðôåé ùò Üèñïéóìá ôùí áíôï÷þí ôùí åðß ìÝñïõò áíôï÷þí ôùí

ïñèïãùíßùí. Ãéá ôéò ðåñéðôþóåéò äïêþí ïðëéóìÝíùí ìå äéá-

ìÞêåéò ñÜâäïõò ìüíï, äåäïìÝíïõ üôé ç ìÝãéóôç óôñåðôéêÞ

áíôï÷Þ äåí äéáöÝñåé áðü ôçí áíôï÷Þ ôùí áíôßóôïé÷ùí äïêþí

÷ùñßò ïðëéóìïýò [2], [3], åßíáé äõíáôÞ ç ðñïóÝããéóÞ ôïõò ìå

ôéò ðñïçãïýìåíåò èåùñßåò. 

Ç áíáëõôéêÞ ðñüâëåøç ôçò ìÝãéóôçò óôñåðôéêÞò áíôï÷Þò

ôùí ïñèïãùíéêþí äïêþí ìå äéáìÞêåéò ñÜâäïõò êáé óõíäåôÞ-

ñåò åßíáé äõíáôÞ ìå äéêôõùìáôéêü ìïíôÝëï [3], [7]. ÔÝëïò,

ãéá ôéò äïêïýò ìå ìç ïñèïãùíéêÞ äéáôïìÞ (äïêïß Ô êáé Ã) êáé

ìå ðëÞñç ïðëéóìü (äéáìÞêåéò ñÜâäïé êáé óõíäåôÞñåò) äåí

õðÜñ÷åé êÜðïéá êïéíþò ðáñáäåêôÞ èåùñßá, ç ïðïßá íá ðñï-

âëÝðåé ôç óôñåðôéêÞ óõìðåñéöïñÜ ôïõ Þ êáé ìüíï ôçí áíôï-

÷Þ ôïõò.

Ðßíáêáò 6: Óýãêñéóç ðåéñáìáôéêþí êáé áíáëõôéêþí áðïôåëåóìÜôùí

êáôÜ ôï ôñïðïðïéçìÝíï äéêôõùìáôéêü ìïíôÝëï [7] ãéá ôéò äïêïýò ìå

ïñèïãùíéêÞ äéáôïìÞ êáé ðëÞñç óõìâáôéêü ïðëéóìü.

Table 6: Comparisons between experimental and analytical data

obtained by the modified truss model [7] for rectangular beams

with longitudinal bars and stirrups.



Óôïí ðßíáêá 5 ðáñïõóéÜæïíôáé ïé ðñïâëÝøåéò ôùí ó÷Ýóåùí

1, 2, 3 êáé 4 ãéá ôéò äïêïýò ìå ßíåò ÷ùñßò óõìâáôéêïýò ïðëé-

óìïýò RP1, RP3, LsP1, LP1, TsP1, TsP3, TP1 êáé TP3. Óôïí

ßäéï ðßíáêá ðáñïõóéÜæïíôáé êáé ïé ðñïâëÝøåéò, Tcal, ìå âÜóç

ôçí åëáóôéêÞ èåùñßá ôñïðïðïéçìÝíç, þóôå íá ëáìâÜíåé

õðüøç ôñéãñáììéêÞ åöåëêõóôéêÞ áðüêñéóç (tension soften-

ing) ãéá ôï éíïóêõñüäåìá [8], [9], [10], [12]. Óôïí ðßíáêá 6

ðáñïõóéÜæïíôáé ïé ðñïâëÝøåéò ôïõ äéêôõùìáôéêïý ìïíôÝëïõ

ôïõ Hsu (1984) [3] ãéá ôçí ðåñßðôùóç ôùí ïñèïãùíéêþí

äïêþí ìå ðëÞñç ïðëéóìü (äïêïß RR0, RR1 êáé RR3) êáôÜë-

ëçëá ôñïðïðïéçìÝíï, þóôå íá ëáìâÜíåé õðüøç ôçí åðéññïÞ

ôùí éíþí óôçí åöåëêõóôéêÞ áðüêñéóç ôïõ óêõñïäÝìáôïò [7].

5. ÏÉ ÉÍÅÓ ÙÓ ÊÕÑÉÏÓ ÏÐËÉÓÌÏÓ 
ÓÔÑÅØÇÓ

ÅîåôÜæåôáé ç äõíáôüôçôá ôçò ÷ñÞóçò ôùí éíþí ùò êõñßïõ

ïðëéóìïý óôñÝøçò ìå óêïðü ôçí åëÜôôùóç Þ êáé ôçí ðëÞñç

áíôéêáôÜóôáóç ôùí óõíäåôÞñùí. Ðñïò ôï óêïðü áõôü

ðáñïõóéÜæïíôáé óõãêñéôéêÜ äéáãñÜììáôá (ó÷. 5) ôçò óõìðå-

ñéöïñÜò äïêþí ìå ðëÞñç óõìâáôéêü ïðëéóìü êáé ôçò óõìðå-

ñéöïñÜò äïêþí ôçò ßäéáò ìïñöÞò, áöïý áíôéêáôáóôÜèçêáí ïé

óõíäåôÞñåò ìå ÷áëýâäéíåò ßíåò óå ïãêïìåôñéêü ðïóïóôü 1%

êáé 3%.

Ïé äïêïß, ðïõ óõãêñßíïíôáé, åßíáé:

á) ÏñèïãùíéêÝò äïêïß ìå äéáìÞêç ïðëéóìü 4∅10 êáé óõí-

äåôÞñåò ∅8/20cm (ïãêïìåôñéêü ðïóïóôü 0.60%) (ó÷Þìá

5á), 

â) äïêïß äéáôïìÞò Ô ìå b/bw=2, äéáìÞêç ïðëéóìü 6∅10 êáé

óõíäåôÞñåò ∅8/20cm (ïãêïìåôñéêü ðïóïóôü 0.73%) (ó÷Þìá

5â) êáé

ã) äïêïß äéáôïìÞò Ô ìå b/bw=3, äéáìÞêç ïðëéóìü 8∅10 êáé

óõíäåôÞñåò ∅8/20 cm (ïãêïìåôñéêü ðïóïóôü 0.70%)

(ó÷Þìá 5ã).

Áðü ôá äéáãñÜììáôá ôïõ ó÷Þìáôïò 5 öáßíåôáé üôé åßíáé

äõíáôÞ ç ðëÞñçò áíôéêáôÜóôáóç ôùí óõíäåôÞñùí ìå ÷áëý-

âäéíåò ßíåò óå ïñèïãùíéêÝò äïêïýò õðü óôñåðôéêÞ êáôáðü-

íçóç [16].

Åéäéêüôåñá, ðáñáôçñåßôáé üôé, ãéá íá åðéôåõ÷èåß ðáñü-

ìïéá ìåôåëáóôéêÞ óõìðåñéöïñÜ, ôï êáô� üãêïí ðïóïóôü éíþí

ðïõ áðáéôåßôáé åßíáé ðïëý õøçëüôåñï áðü ôï ïãêïìåôñéêü

ðïóïóôü ôùí óõíäåôÞñùí. Áêüìç, èá ðñÝðåé íá óçìåéùèåß

üôé óôéò äïêïýò-Ô ìå ìåãÜëç åðéññïÞ ôçò ðëÜêáò (b/bw=3)

êáèßóôáôáé äõóêïëüôåñç ç áíôéêáôÜóôáóç ôùí åãêáñóßùí

ïðëéóìþí ìå ßíåò.

6. ÅÐÉÑÑÏÇ ÔÙÍ ÉÍÙÍ ÓÔÇ 
ÌÅÔÅËÁÓÔÉÊÇ ÁÐÏÊÑÉÓÇ

Áðü ôçí ðáñïýóá åñãáóßá áëëÜ êáé áðü Üëëåò [6], [7]

öáßíåôáé üôé ç åðéññïÞ ôùí éíþí óôç âåëôßùóç ôçò éêáíüôç-
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Ó÷Þìá 5: Äéåñåýíçóç ãéá ôç äõíáôüôçôá áíôéêáôÜóôáóçò åãêÜñóéïõ

ïðëéóìïý ìå ÷áëýâäéíåò ßíåò.

Figure 5: Comparisons with a view to the replacement of transver-

sal reinforcement by steel fibers.

á.



(6.3)

üðïõ ϑTe ç ãùíßá óôñïöÞò óôï óçìåßï ôïõ ôÝëïõò ôïõ óôá-

äßïõ I (ôÝëïò ôçò åëáóôéêÞò ðåñéï÷Þò), ϑTu ç ãùíßá óôñïöÞò

óôï óçìåßï ôçò ìåãßóôçò óôñåðôéêÞò ñïðÞò êáé ϑ85Tu ç ãùíßá

óôñïöÞò óôï óçìåßï åêåßíï, ìåôÜ ôç ìÝãéóôç óôñåðôéêÞ

ñïðÞ, óôï ïðïßï ðáñáôçñåßôáé ðôþóç ôçò ìåãßóôçò óôñåðôé-

êÞò ñïðÞò êáôÜ 15% (ôÝëïò �áîéüðéóôçò� ðåñéï÷Þò óôáäßïõ

ÉÉÉ). ¼ëïé ïé äåßêôåò ì (ó÷Ýóåéò 5, 6 êáé 7) åêöñÜæïõí ôçí

éêáíüôçôá ôïõ óôïé÷åßïõ ãéá ðëáóôéêÞ óôñåðôéêÞ ðáñáìüñ-

öùóç (óôñåðôéêÞ ðëáóôéìüôçôá). Ï äåßêôçò ìÔ85 ðñïóäéïñß-

æåôáé ãéá üëåò ôéò äïêïýò êáé äßäåôáé óôïõò ðßíáêåò 2, 3 êáé

4, åíþ ïé Üëëïé äýï äåßêôåò ìÔu êáé ìÔ85e ðñïóäéïñßæïíôáé

ìüíï ãéá ôéò äïêïýò ôçò 3çò ïìÜäáò (ðßíáêáò 4).

Áðü ôéò ôéìÝò ôïõ äåßêôç ìÔ85 öáßíåôáé üôé ìå ðñüóèåóç

éíþí 1% ê.ü. áõôüò áõîÜíåé ðåñßðïõ 18%, êáôÜ ìÝóïí üñï

üëùí ôùí äïêéìßùí, åíþ ìå ðñüóèåóç éíþí 3% ê.ü. áõîÜíåé

êáôÜ ìÝóïí üñï ðåñßðïõ 144%.

7. ÓÕÃÊÑÉÓÅÉÓ - ÓÕÌÐÅÑÁÓÌÁÔÁ

Ãéá ôçí êáëëßôåñç áîéïëüãçóç ôùí ðåéñáìáôéêþí áðïôå-

ëåóìÜôùí óå ü,ôé áöïñÜ ôçí åðéññïÞ ôùí éíþí óôç ìåãßóôç

óôñåðôéêÞ ñïðÞ ôùí äïêþí ìå äéáôïìÞ ïñèïãùíéêÞ, Ã êáé Ô,

óõíôÜ÷èçêáí ï ðßíáêáò 7 êáé ôï ó÷Þìá 6.

Áðü ôïí ðßíáêá 7 öáßíåôáé üôé óôéò ïñèïãùíéêÝò äïêïýò

ç ðñüóèåóç éíþí êáôÜ 1% êáé 3% ê.ü. ðñïêÜëåóå áõîÞóåéò

óôç ìÝãéóôç óôñåðôéêÞ ñïðÞ ßóåò ìå 18.2%÷64.3% êáé

34.5%÷85.7%, áíôßóôïé÷á. Óôéò äïêïýò ìå äéáôïìÞ Ô êáé

b/bw=2 ïé áíôßóôïé÷åò áõîÞóåéò Þôáí 11.6%÷33.8% êáé

24.6%÷54.7%. ÔÝëïò, óôéò äïêïýò ìå äéáôïìÞ Ô êáé b/bw=3

ïé áíôßóôïé÷åò áõîÞóåéò Þôáí 3.2%÷20% êáé 18.8%÷32.3%.

Ïé ìÝóïé üñïé ôùí áõîÞóåùí óå ðïóïóôÜ (%) öáßíïíôáé êáé

óôï ó÷Þìá 6. Ðáñáôçñåßôáé áðü áõôü üôé ç ðñïóèÞêç éíþí

óå êÜèå ðåñßðôùóç ðñïêáëåß áýîçóç ôçò ìÝãéóôçò óôñåðôé-

êÞò ñïðÞò ôïõ óôïé÷åßïõ, áëëÜ ç áýîçóç áõôÞ åßíáé ìéêñü-

ôåñç, üóï áõîÜíåôáé ç åðéññïÞ ôçò ðëÜêáò (b/bw) óôéò äéá-

ôïìÝò Ô.

Áêüìç, áðü ôá ðåéñáìáôéêÜ áðïôåëÝóìáôá ðáñáôçñåßôáé

üôé ç éêáíüôçôá ôùí äïêþí ÷ùñßò ßíåò, ãéá ðáñáìüñöùóç

ìåôÜ ôï óçìåßï ðëÞñïõò ñçãìáôþóåùò, åßíáé óçìáíôéêÜ

ìéêñüôåñç óå ó÷Ýóç ìå ôéò äïêïýò ìå ßíåò (óå ìéêñüôåñï

âáèìü ôùí äïêþí ìå ðëÞñç óõìâáôéêü ïðëéóìü). ÅðéðëÝïí,

ðáñáôçñåßôáé üôé ç éêáíüôçôá ôùí éäßùí äïêþí ãéá ðåñáéôÝ-

ñù ðáñáìüñöùóç (ìåôÜ ôï óçìåßï ôçò ìÝãéóôçò ñïðÞò) âåë-

ôéþíåôáé ìå ôçí ðñïóèÞêç ôùí éíþí. Ìå ôç ÷ñÞóç åéäéêþí

äåéêôþí öáßíåôáé êáé ðïóïôéêÜ üôé ç åðéññïÞ ôùí éíþí óôç

âåëôßùóç ôçò éêáíüôçôáò ôùí äïêþí óêõñïäÝìáôïò ãéá

óôñåðôéêÞ ðáñáìüñöùóç ìåôÜ ôï ôÝëïò ôïõ åëáóôéêïý óôá-

äßïõ åßíáé ðïëý óçìáíôéêÞ.

µ ϑ
ϑT e

Tu

Te
85

85=

ôáò ôùí äïêþí óêõñïäÝìáôïò ãéá óôñåðôéêÞ ðáñáìüñöùóç

ìåôÜ ôï ôÝëïò ôïõ åëáóôéêïý óôáäßïõ åßíáé ðïëý óçìáíôéêÞ.

Ãéá ôçí åêôßìçóç êáé áîéïëüãçóç ôçò åðéññïÞò áõôÞò ÷ñçóé-

ìïðïéïýíôáé ïé ðáñáêÜôù äåßêôåò:

(6.1)

(6.2)µ ϑ
ϑT

Tu

Tu
85

85=

µ ϑ
ϑTu

Tu

Te

=
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Ðßíáêáò 7: Ðïóïóôéáßá áýîçóç óôçí áíôï÷Þ, ôçí áêáìøßá êáé ôçí

ðëáóôéìüôçôá (äåßêôçò ìT85 ) ôùí äïêþí ëüãù ôçò ðñïóèÞêçò éíþí.

Table 7: Increase of torsional strength, stiffness and ductility (ìT85 )

of beams due to the addition of steel fibers.

Ó÷Þìá 6: Áýîçóç ôçò ìÝãéóôçò óôñåðôéêÞò áíôï÷Þò ôùí äïêþí ëüãù

ôçò ðñïóèÞêçò éíþí.

Figure 6: Increase of torsional strength of beams due to the addi-

tion of steel fibers.



119Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, É, ôåý÷. 2  2000  Tech. Chron. Sci. J. TCG, I, No 2

ÔÝëïò, áðü ôç óýãêñéóç ôçò óõìðåñéöïñÜò äïêþí ìå óõí-

äåôÞñåò ðñïò ôç óõìðåñéöïñÜ äïêþí ßäéáò ìïñöÞò ìå ßäéïõò

äéáìÞêåéò ïðëéóìïýò êáé ÷áëýâäéíåò ßíåò ðñïÝêõøå üôé åßíáé

äõíáôÞ ç ðëÞñçò áíôéêáôÜóôáóç ôùí óõíäåôÞñùí ìå ßíåò. Ç

ðëÞñçò áíôéêáôÜóôáóç ôùí åãêáñóßùí ïðëéóìþí áðü ßíåò óå

äïêïýò-Ô öáßíåôáé äõó÷åñÝóôåñç, üóï áõîÜíåé ï ëüãïò b/bw.
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Abstract

The influence of steel-fibers on the capacity of flanged beams under

torsion was experimentally investigated. Test results of 31 beams

tested in pure torsion are presented and discussed. The specimens

were sorted into 3 groups based on the reinforcement. The 1st group

comprised 13 beams without reinforcement with rectangular, Ã and T

cross-sections and 0, 1% and 3% steel fiber volume fractions. The 2nd

and 3rd group comprised 9 beams each. Beams of the 2nd group had

longitudinal reinforcement only, whereas beams of the 3rd group had

both longitudinal bars and stirrups. Each of these two groups inclu-

ded rectangular and T-beams with b/bw=2 and 3, and steel-fiber vo-

lume fractions 0, 1% and 3%. From the results it is concluded that any

increase of the steel-fiber fraction yields an increase of the torsional

strength and significant improvement of the post-elastic response, and

especially of the response branch after the maximum torque moment.

The increase of the torsional strength for the T-beams with 3% steel-

fiber fraction was 85.7%, 54.7% and 26.3% for beams with b/bw=1

(rectangular), 2 and 3, respectively. Finally, based on the presented

test results it is concluded that for beams in torsion, the full replace-

ment of stirrups with steel-fibers can be achieved.

1. INTRODUCTION

The behaviour of concrete elements in torsion is an open

problem in the field of the design of concrete structures. It has

been deduced from early experimental efforts (Anderson, 1935

[1], Cowan, 1965 [2], [3]) that the response of an element in

pure torsion is fully characterized by the behaviour of the

material in direct tension. Thus, in order to enhance the tor-

sional behaviour of concrete elements, the improvement of the

poor performance of concrete in tension, by incorporating

steel-fibers, has been proposed and extensively used in the last

decades [4], [5]. Moreover, in this case the phenomenon of tor-

sion of steel-fiber concrete elements has been even more open

to question and, although considerable theoretical and experi-

mental research has been carried out on the behaviour of steel-

fiber concrete in direct tension, bending and shear, compara-

tively little attention has been paid to its behaviour in torsion.

Experimental works have shown that the use of steel-fibers

significantly improves the torsional behaviour of concrete [6],

[7], [8]. Further, numerical methods for the study of the influ-

ence of steel-fibers on the torsional capacity of rectangular and

T-beams have also been proposed [8], [9]. The torsional

behaviour of plain and reinforced concrete T-beams has also

been the object of many studies, both analytical [10], [11], [12]

and experimental [13], [14], [15], [16].

In this work the influence of the steel-fibers on the tor-

sional behaviour of T- and Ã-beams, was experimentally inve-

stigated. Test results of 31 beams in pure torsion with rectan-

gular, Ã and T cross-sections and 0, 1% and 3% steel-fiber vo-

lume fractions, are presented.

2. EXPERIMENTAL PROGRAM

A series of 31 beams sorted into 3 groups were constructed

and tested in pure torsion. The 1st group comprised 13 beams

without reinforcement with rectangular, Ã and T cross-sections

and 0, 1% and 3% steel fiber volume fractions. The 2nd and

3rd group comprised 9 beams each. Beams of the 2nd group

had longitudinal reinforcement only, whereas beams of the 3rd

group had both longitudinal bars and stirrups. Each of these

two groups included rectangular and T-beams with b/bw =2

and 3, and steel-fiber volume fractions 0, 1% and 3%. Steel-

fiber volume fractions and reinforcements of all specimens are

given in table 1. Cube compression strength and splitting ten-

sion strength of concrete obtained from supplementary tests

conducted for each beam are also given in table 1. Geometri-

cal characteristics and details concerning the position of the

reinforcement are presented in tables 2, 3 and 4. Hooked fibers

with Lf = 30 mm and Df = 0.8 mm were used in the program.

The total length of the beams, common for all specimens,

was equal to 1.60 m and was divided into three parts; two

heavily reinforced end parts and one steel-fiber reinforced

middle part. The middle part was 60 cm long and was the part
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where the cracking and, finally, the failure were localized

during the tests (figure 1). Test setup is shown in figure 1.

3. EXPERIMENTAL RESULTS

All specimens were tested under monotonically increasing

torque moment until the value of the maximum torque and then

in increasing torsional rotation. The torsional responses of the

specimens of groups 1, 2 and 3 are presented in figures 2, 3

and 4, respectively.

In figure 2, particularly, the experimental curves of steel-

fiber concrete beams with rectangular, Ls (b/bw=1.5), L

(b/bw=2), Ts (b/bw=2) and T (b/bw=3) cross-sections, are pre-

sented and compared to the curves of the beams without fibers.

Similar experimental curves for the 2nd and 3rd group of speci-

mens are presented in figures 3 and 4, respectively.

4. ANALYTICAL RESULTS

The analytical prediction of the torsional behaviour and the

maximum torque moment of plain and reinforced concrete

beams is even today an open problem in the field of concrete

research. The elastic response of homogeneous structural ele-

ments in torsion is described well by Saint Venant�s theory and

its alternative approach by Prandtl [2]. Although these theories

properly describe the elastic behaviour, they fail to predict the

ultimate torsional strength of concrete elements. They are

based on the assumption that brittle failure occurs when the

maximum developing shear stress reaches the material maxi-

mum tensile strength. Thus, ignoring the post cracking tension

softening phenomenon of the material, they consistently under-

estimate the ultimate torsional strength of the element. For

plain concrete members the ultimate torque has been experi-

mentally found to be roughly up to 50% greater than the pre-

dicted one (Hsu [3]). Furthermore, in the case of steel-fiber

reinforced concrete elements the post cracking strength of the

composite material represents an even more important part of

the element strength and energy absorption capacity. 

Hsu has proposed the skew bending theory for the predic-

tion of the torsional strength of plain concrete beams [3] and

other researchers have proposed modified versions of the same

theory in order to predict the torsional strength of steel-fiber

concrete members (Craig et al., 1986 [17], Mansur & Parama-

sivam, 1985 [18], Wafa et al., 1992 [19]). Relations yielded by

these efforts are presented and used for the prediction of the

torsional strength of beams tested in the present work:

l Craig et al., 1986 [17]:

(4.1)

where the compression strength of the composite,

(4.2)

where ƒ ŕf the rupture strength of the composite.

l Mansur & Paramasivam, 1985 [18]:

(4.3)

l Wafa et al., 1992 [19]:

(4.4)

where ƒctf,split the splitting strength of the composite.

Recently, a new efficient numerical algorithm for the

analysis of plain concrete (Karayannis, 1995) [10] and steel-

fiber concrete elements [7], [8], [9] in torsion, has also been

proposed. This technique can be regarded as a combination of

the numerical techniques of finite elements and finite diffe-

rences. It uses a finite difference scheme resulting from a se-

cond-order finite element shape function for the solution of the

equation of torsion and it can be applied to elements with prac-

tically any cross-section, since it utilizes numerical mapping. 

The analytical predictions for reinforced concrete and

steel-fiber concrete elements are mainly based on the truss

model [3], [7].

Based on the above mentioned theories, predictions for the

tested beams of groups 1 and 3 are presented in tables 5 and 6,

respectively.

5. STEEL-FIBERS AS MAIN TORSIONAL 
REINFORCEMENT 

The use of steel-fibers as a replacement for stirrups for

beams in torsion was also investigated. Comparative study of

the response curves of reinforced concrete beams with stirrups

∅8/20 and beams with longitudinal reinforcement and steel-

fiber volume fraction 1% and 3%, are presented in figure 5a, b

and c for rectangular beams, T-beams with b/bw=2 and T-

beams with b/bw=3, respectively.

From these comparisons it may be deduced that, for beams

in torsion, stirrups can be replaced by steel-fibers. Based on the

experimental curves of figure 5, it seems that this replacement

is more successful in rectangular beams than in flanged ones

[16].

6. INFLUENCE OF STEEL-FIBERS ON THE

POST-ELASTIC RESPONSE

From the results of the present study and from the literature

[6], [7] it is concluded that any increase of the steel-fiber frac-
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tion yields a significant improvement of the post-elastic

response of the beam, and especially of the response branch

after the maximum torque moment.

For a better understanding and the evaluation of this influ-

ence the following indices are proposed and used in the present

work:

(6.1)

(6.2)

(6.3)

where ϑTe is the torsional rotation at the end of the elastic

stage, ϑTu the rotation at the maximum torque Tu and ϑ85Tu

the rotation at the point of 0.85Tu of the post maximum torque

response branch (end of the reliable response range).

Values of index ìÔ85 for the examined beams are presented

in tables 2, 3 and 4, whereas values of indices ìÔu and ìÔ85e

for 3rd group beams are given in table 4.

7. CONCLUSIONS

For the better understanding and the evaluation of the

experimental results of this study, concerning the influence of

the steel-fibers on the torsional strength of rectangular and

flanged beams, table 7 and figure 6 are presented. Table 7

shows that the addition of fiber volume fractions 1% and 3%

to the rectangular beams caused an increase of the torsional

strength equal to 18.2%÷64.3% and 34.5%÷85.7%, respective-

ly. Further, the addition of fiber volume fraction 1% and 3% to

the T-beams with b/bw=2 caused an increase of the torsional

strength equal to 11.6%÷33.8% and 24.6%÷54.7%, respectively.

Furthermore, the addition of fiber volume fraction 1% and 3%

to the T-beams with b/bw=3 caused an increase of the torsion-

al strength equal to 3.2%÷20% and 18.8%÷32.3%, respective-

ly (see also figure 6).

From the results of the present work it is also concluded

that any increase of the steel-fiber fraction yields a significant

improvement in the post-elastic response of the beams, and

especially of the response branch after the maximum torque

moment. Finally, the comparisons of figure 5 suggest that for

rectangular beams in torsion, stirrups could be replaced by

steel-fibers.
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