
Ðåñßëçøç

Óôçí åñãáóßá áõôÞ ðáñïõóéÜæåôáé êáé ó÷ïëéÜæåôáé ï õðïëïãéóìüò ôùí

Óõíôåëåóôþí Éóïäõíáìßáò (ÓÉ) ôùí öïñôßùí ôùí áîüíùí ôùí åìðï-

ñéêþí ï÷çìÜôùí áíÜëïãá ìå ôï åßäïò ôïõ Üîïíá (áðëüò, äéðëüò, ôñé-

ðëüò) êáé ôï åßäïò ôïõ ôñï÷ïý (áðëüò, äßäõìïò). Ï õðïëïãéóìüò ãßíå-

ôáé óýìöùíá ìå ôéò áñ÷Ýò ôùí áíáëõôéêþí ìåèüäùí õðïëïãéóìïý ôïõ

ðÜ÷ïõò ôùí ïäïóôñùìÜôùí ìå âÜóç ôçí áñ÷Þ Miner ãéá ôñåéò �ôõðé-

êÝò� äéáôïìÝò åõêÜìðôùí ïäïóôñùìÜôùí êáé Ýíá �ôõðéêü� çìéÜêá-

ìðôï ïäüóôñùìá. Ï ôõðéêüò Üîïíáò (áîïíéêü öïñôßï áíáöïñÜò) ìðï-

ñåß íá åßíáé áðëüò Üîïíáò ìå áðëïýò Þ äßäõìïõò ôñï÷ïýò. Åðßóçò,

ãßíåôáé õðïëïãéóìüò ôùí ÓÉ ìå ôïõò áíôßóôïé÷ïõò áëãüñéèìïõò ôïõ

Ïäéêïý ÐåéñÜìáôïò AASHO êáé óõãêñßíïíôáé ôá áðïôåëÝóìáôá.

1. ÅÉÓÁÃÙÃÇ

Ç öèïñÜ ôùí ïäïóôñùìÜôùí ðñïêáëåßôáé êõñßùò åîáé-

ôßáò ôçò åðáíáëáìâáíüìåíçò öüñôéóçò ôïõò áðü ôá Åìðïñé-

êÜ Ï÷Þìáôá (ÅÏ). Ç åðßäñáóç ôçò öüñôéóçò ôùí åðéâáôéêþí

ï÷çìÜôùí Ý÷åé áðïäåé÷èåß èåùñçôéêÜ êáé ðñáêôéêÜ áóÞìá-

íôç. 

ÊÜèå äéÝëåõóç ÅÏ ðñïêáëåß óôç äéáôïìÞ ôïõ ïäïóôñþ-

ìáôïò åíôáôéêÞ êáôÜóôáóç áíÜëïãç ìå ôï ìÝãåèïò ôïõ öïñ-

ôßïõ, ôï åßäïò ôùí ôñï÷þí êáé ôï óýóôçìá ôùí áîüíùí ôïõ.

Ãéá íá õðïëïãéóôïýí ïé ôÜóåéò êáé ïé áíçãìÝíåò ðáñá-

ìïñöþóåéò óôá êñßóéìá óçìåßá ôçò äéáôïìÞò ôïõ, ôï ïäü-

óôñùìá ðñïóïìïéÜæåôáé, óõíÞèùò, ìå óýóôçìá åðÜëëçëùí

åëáóôéêþí óôñþóåùí ðïõ åäñÜæåôáé óå åëáóôéêü çìß÷ùñï.

Ôï ðñïóoìïßùìá ïñßæåôáé ðëÞñùò ìå ôï ìÝôñï åëáóôéêüôç-

ôáò �Å�, ôï ëüãï ôïõ Poisson �í� êáèþò êáé ôï ðÜ÷ïò ôùí

õëéêþí ïäïóôñùóßáò. Ï õðïëïãéóìüò ãßíåôáé ìå ôç âïÞèåéá

ðñïãñáììÜôùí Ç/Õ. 

Áóôï÷ßá ôùí ïäïóôñùìÜôùí èåùñåßôáé:

1. Ç ñùãìÜôùóç ôçò áóöáëôéêÞò óôñþóçò, ç ïðïßá ðñïêá-

ëåßôáé:

á. Óôá åýêáìðôá ïäïóôñþìáôá, áðü õðÝñâáóç ôçò áíôï÷Þò

ôïõ áóöáëôïìßãìáôïò óå êüðùóç áðü êÜìøç. Êñßóéìï

óçìåßï èåùñåßôáé ï ðõèìÝíáò ôçò áóöáëôéêÞò óôñþóçò

êáé êñßóéìï ìÝãåèïò ç ìÝãéóôç ïñéæüíôéá åöåëêõóôéêÞ

ðáñáìüñöùóç �åh� (áêôéíéêÞ Þ åöáðôïìåíéêÞ).

â. Óôá çìéÜêáìðôá ïäïóôñþìáôá, áðü õðÝñâáóç ôçò áíôï-

÷Þò óå êüðùóç áðü êÜìøç ôùí êáôåñãáóìÝíùí áììï÷á-

ëßêùí ìå õäñáõëéêÝò êïíßåò. Êñßóéìï óçìåßï èåùñåßôáé ï

ðõèìÝíáò êÜèå óôñþóçò áðü êáôåñãáóìÝíï õëéêü êáé

êñßóéìï ìÝãåèïò ç ïñéæüíôéá åöåëêõóôéêÞ ôÜóç �óh�

(áêôéíéêÞ Þ åöáðôïìåíéêÞ).

2. Ç ðáñáìüñöùóç ôçò åðéöÜíåéáò êýëéóçò, ðïõ ïöåßëåôáé

óôçí õðåñâïëéêÞ ðáñáìüñöùóç ôçò óôñþóçò Ýäñáóçò,

ôüóï óôá åýêáìðôá üóï êáé óôá çìéÜêáìðôá ïäïóôñþìáôá.

Êñßóéìï óçìåßï èåùñåßôáé ç åðéöÜíåéá ôçò óôñþóçò

Ýäñáóçò êáé êñßóéìï ìÝãåèïò ç áíçãìÝíç êáôáêüñõöç

ðáñáìüñöùóç �åz�.

Êñßóéìç ëùñßäá êõêëïöïñßáò ãéá ôïí õðïëïãéóìü ôùí

ïäïóôñùìÜôùí èåùñåßôáé ç äåîéÜ, áöïý áðü áõôÞ äéÝñ÷åôáé

êáôÜ ìÝóï üñï ôï 80% ôùí åìðïñéêþí ï÷çìÜôùí, áíÜëïãá

ìå ôïí áñéèìü ôùí ëùñßäùí êõêëïöïñßáò áíÜ êáôåýèõíóç. 

Ç êõêëïöïñßá ôùí åìðïñéêþí ï÷çìÜôùí ðáñïõóéÜæåé

ðïéêéëßá óôç óýíèåóÞ ôçò, ôüóï ùò ðñïò ôï ìÝãåèïò ôùí öïñ-

ôßùí üóï êáé ùò ðñïò ôï óýóôçìá ôùí áîüíùí êáé ôï åßäïò

ôùí ôñï÷þí, ìå ôïõò ïðïßïõò áõôÜ ôá öïñôßá åöáñìüæïíôáé

óôï ïäüóôñùìá. ÅðïìÝíùò, åßíáé ðñáêôéêÜ äýóêïëï íá

ëçöèåß õðüøç óôï õðïëïãéóìü ùò Ý÷åé.

Ôï ðñüâëçìá åßíáé äõíáôü íá áðëïðïéçèåß, áí ïé äéåëåý-

óåéò ôùí äéáöïñåôéêþí ïìÜäùí áîüíùí (ïìÜäùí ðïõ ðñïêá-

ëïýí ôçí ßäéá åíôáôéêÞ êáôÜóôáóç óôï ïäüóôñùìá) ôçò

ðñáãìáôéêÞò êõêëïöïñßáò åêöñáóôïýí óå äéåëåýóåéò åíüò

ôõðéêïý Üîïíá, ïé ïðïßåò ðñïêáëïýí èåùñçôéêÜ ßóç öèïñÜ.

¸ôóé, ï õðïëïãéóìüò ôçò åíôáôéêÞò êáôÜóôáóçò ôïõ ïäï-

óôñþìáôïò èá ãßíåé ãéá ôïí ôõðéêü Üîïíá. 

Ãéá ôï óêïðü áõôü áðáéôïýíôáé áö� åíüò ìÝôñçóç êáé

êáôáãñáöÞ ôùí ðáñáìÝôñùí ôçò êõêëïöïñßáò ôùí åìðïñé-

êþí ï÷çìÜôùí (üðùò öïñôßá êáé åßäïò ôùí äéåñ÷ïìÝíùí áîü-

íùí) êáé áö� åôÝñïõ êáôÜëëçëåò ìÝèïäïé ãéá ôïí õðïëïãéóìü
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ÊñéôéêÞ Èåþñçóç ôùí Ìåèüäùí Õðïëïãéóìïý

ôùí Óõíôåëåóôþí Éóïäõíáìßáò Öïñôßùí 

ôùí Åìðïñéêþí Ï÷çìÜôùí

Ó. ÊÏËÉÁÓ

ÁíáðëçñùôÞò ÊáèçãçôÞò Å.Ì.Ð.

Ê. ÂËÁ×ÏÓ

Ðïëéôéêüò Ìç÷áíéêüò Å.Ì.Ð.



ôçò éóïäõíáìßáò ôçò êõêëïöïñßáò áõôÞò ìå ôéò äéåëåýóåéò

åíüò ôõðéêïý Üîïíá. Áðü ôï 1987 ôá ÅñãáóôÞñéá Ïäïðïéßáò

ôïõ Å.Ì.Ð. [1, 2] êáé ôïõ Á.Ð.È. [3, 4, 5] äéåîÜãïõí ó÷åôé-

êÝò ìåôñÞóåéò, ÷Üñç óå åñåõíçôéêÜ ðñïãñÜììáôá ðïõ áíÝèå-

ôå ôï ÔÅÏ, áëëÜ ðéóôåýåôáé üôé ïé ìåôñÞóåéò áõôÝò èá ðñÝðåé

íá åíôáôéêïðïéçèïýí êáé íá óõóôçìáôïðïéçèïýí ðåñéóóüôå-

ñï. Ôçí ðåñßïäï áõôÞ, åíþ õðÜñ÷åé óå ðëÞñç åîÝëéîç ôï

ìåãáëýôåñï ðñüãñáììá êáôáóêåõÞò ïäéêþí Ýñãùí ðïõ

õðÞñîå ðïôÝ, åíôïýôïéò, äåí Ý÷åé ãßíåé ðëÞñùò êáôáíïçôü

ðüóï áðáñáßôçôåò åßíáé áö� åíüò ïé óõóôçìáôéêÝò ìåôñÞóåéò

ãéá ôéò óõíèÞêåò öüñôéóçò ôùí ïäïóôñùìÜôùí, áö� åôÝñïõ

Ýíá óýã÷ñïíï óýóôçìá äéáóôáóéïëüãçóçò âáóéóìÝíï óå

ìåôñÞóåéò ôùí ÷áñáêôçñéóôéêþí ôùí õëéêþí, üðùò áõôÜ

êáôáóêåõÜæïíôáé óôç ÷þñá ìáò.

Ç áíÜëõóç ôçò êõêëïöïñßáò óôéò åèíéêÝò ïäïýò, ðïõ

Ýãéíå ìÝ÷ñé óÞìåñá [1-5], óôçñß÷èçêå êõñßùò óå ðåéñáìáôé-

êïýò óõíôåëåóôÝò éóïäõíáìßáò ðïõ ðñïóäéïñßóôçêáí óôï

Ïäéêü Ðåßñáìá AASHO. Óôçí åñãáóßá áõôÞ ãßíåôáé äéåñåý-

íçóç ôïõ ðñïóäéïñéóìïý ôùí óõíôåëåóôþí éóïäõíáìßáò ìå

áíáëõôéêÝò ìåèüäïõò õðïëïãéóìïý ôùí ïäïóôñùìÜôùí, ïé

ïðïßåò óôçñßæïíôáé óå íüìïõò áóôï÷ßáò ôùí õëéêþí ïäï-

óôñùóßáò êáé ôùí õëéêþí ôçò óôñþóçò Ýäñáóçò.

ÓÕÌÂÏËÉÓÌÏÉ

Å : ôï ìÝôñï åëáóôéêüôçôáò.

í : ï ëüãïò ôïõ �Poisson�.

åh : ç ìÝãéóôç ïñéæüíôéá áíçãìÝíç åöåëêõóôéêÞ ðáñáìüñ-

öùóç.

óh : ç ìÝãéóôç ïñéæüíôéá åöåëêõóôéêÞ ôÜóç.

åz : ç ìÝãéóôç êáôáêüñõöç áíçãìÝíç èëéðôéêÞ ðáñáìüñ-

öùóç.

D : åh Þ óh Þ åz.

P : ôï öïñôßï åíüò Üîïíá.

Í : ïé åðáíáëÞøåéò öüñôéóçò ìÝ÷ñé ôçí áóôï÷ßá.

pt : ï ôåëéêüò äåßêôçò ëåéôïõñãéêüôçôáò.

SN : o äåßêôçò äïìéêÞò áíôï÷Þò.

3. ÓÕÍÔÅËÅÓÔÅÓ ÉÓÏÄÕÍÁÌÉÁÓ 
3.1. ÂáóéêÞ èåùñçôéêÞ ðñïóÝããéóç

O �íüìïò Miner� ÷ñçóéìïðïéåßôáé åõñýôáôá óôéò ðåñé-

ðôþóåéò åðáíáëáìâáíüìåíùí öïñôßóåùí õëéêþí ãéá ôçí

åêôßìçóç ôçò áíôï÷Þò ôïõò óå êüðùóç. Óýìöùíá ìå ôçí õðü-

èåóç áõôÞ, áí �Íi� ôï ðëÞèïò ôùí öïñôßóåùí �Pi�, ðïõ áðáé-

ôïýíôáé ãéá íá áóôï÷Þóåé Ýíá õëéêü, êáé �ni� åßíáé ïé ðñáã-

ìáôéêÝò öïñôßóåéò ðïõ ðñáãìáôïðïéïýíôáé, ôüôå ç öèïñÜ,

ðïõ ðñïêëÞèçêå áðü ôéò ni öïñôßóåéò åßíáé:

(3.1)

Ãéá äéÜöïñåò ïìÜäåò öïñôßóåùí Pi, üðïõ i=1,2,... v, ôï

Üèñïéóìá ôùí åðéìÝñïõò öèïñþí óõíéóôÜ ôç óõíïëéêÞ

öèïñÜ. Áóôï÷ßá äåí åðÝñ÷åôáé, åöüóïí ç óõíïëéêÞ öèïñÜ

äåí õðåñâåß ôç ìïíÜäá, äçëáäÞ üôáí:

(3.2)

Óôá ïäïóôñþìáôá ïé öïñôßóåéò áðü ôéò äéåëåýóåéò ôùí

äéáöüñùí áîüíùí ôùí ï÷çìÜôùí ðñïêáëïýí åðáíáëáìâáíü-

ìåíåò åðéðïíÞóåéò óôéò óôñþóåéò ôïõ ïäïóôñþìáôïò êáé óôç

óôñþóç Ýäñáóçò, êáé o íüìïò Miner ìðïñåß íá åöáñìïóôåß

ìå éêáíïðïéçôéêÞ áêñßâåéá ãéá ôç ìåôáôñïðÞ ôçò ðñáãìáôé-

êÞò ìéêôÞò óõíèÝóåùò êõêëïöïñßáò (Pi, Ni, ni) óå �éóïäýíá-

ìç� êõêëïöïñßá åíüò ôõðéêïý öïñôßïõ (Po, No, no), ç ïðïßá

ðñïêáëåß óôï ïäüóôñùìá ôçí ßäéá öèïñÜ ìå ôçí ðñáãìáôéêÞ

êõêëïöïñßá. 

¸ôóé, áí ôï ôõðéêü öïñôßï åßíáé Ño êáé ïé áðáéôïýìåíåò

äéåëåýóåéò/öïñôßóåéò ìÝ÷ñé ôçí áóôï÷ßá åßíáé Ío, óýìöùíá

ìå ôo �íüìï Miner� ãéá íá ðñïêáëåßôáé ç ßäéá öèïñÜ ìå ni

äéåëåýóåéò ôïõ öïñôßïõ Ñi èá ðñÝðåé:

êáé åðïìÝíùò (3.3)

Áðü ôç ó÷. (3.3) ðñïêýðôåé üôé ï áñéèìüò ôùí ðñáãìáôï-

ðïéïýìåíùí äéåëåýóåùí �ni� ôïõ öïñôßïõ �Ñi� ìåôáôñÝðåôáé

óå éóïäýíáìåò, áðü áðüøåùò öèïñÜò, äéåëåýóåéò no ôïõ ôõðé-

êïý öïñôßïõ, áí ðïëëáðëáóéáóôåß ìå ôï ëüãï Ío/Íi. Ï ëüãïò

áõôüò áðïôåëåß ôï ÓõíôåëåóôÞ Éóïäõíáìßáò (ÓÉ).

Ç ôéìÞ ôïõ óõíôåëåóôÞ éóïäõíáìßáò åðçñåÜæåôáé áðü:

1. Åßäïò ôïõ ïäïóôñþìáôïò.

l Åýêáìðôï ïäüóôñùìá.

l ÇìéÜêáìðôï ïäüóôñùìá.

l Äýóêáìðôï ïäüóôñùìá.

2. ÐáñÜãïíôåò öüñôéóçò ôïõ ïäïóôñþìáôïò.

l ÌÝãåèïò áîïíéêïý öïñôßïõ.

l Ðßåóç åöáñìïãÞò öïñôßïõ.

l ÄéÜôáîç áîüíùí.

l ÄéÜôáîç ôñï÷þí.

3. ×áñáêôçñéóôéêÜ ôùí óôñþóåùí ôïõ ïäïóôñþìáôïò.

l Ìç÷áíéêÜ ÷áñáêôçñéóôéêÜ ôùí óôñþóåùí.

l ÐÜ÷ç ôùí óôñþóåùí.

4. ×áñáêôçñéóôéêÜ ôõðéêïý Üîïíá. 

l ÌÝãåèïò ôïõ öïñôßïõ.

l Åßäïò ôùí ôñï÷þí.

5. Áóôï÷ßá ôïõ ïäïóôñþìáôïò.

l ÌïñöÞ ôçò áóôï÷ßáò, áíÜëïãá ìå ôï åßäïò ôïõ ïäïóôñþ-

ìáôïò êáé ôçí åîåôáæüìåíç óôñþóç.

l Êáèïñéóìüò ôçò áóôï÷ßáò. 
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Óôï óçìåßï áõôü èá ðñÝðåé íá åðéóçìáíèåß ç óçìáíôéêÞ

äéáöïñÜ ðïõ ìðïñåß íá õðÜñ÷åé ìåôáîý ôùí ÓÉ, ðïõ åîÜãï-

íôáé áðü ìåôñÞóåéò óå ðåéñáìáôéêïýò äñüìïõò (ð.÷. AASHO)

ìå ôç âïÞèåéá �ëåéôïõñãéêþí� êñéôçñßùí áóôï÷ßáò ôïõ ïäï-

óôñþìáôïò (ð.÷. äåßêôçò ëåéôïõñãéêüôçôáò), êáé åêåßíùí ðïõ

åîÜãïíôáé èåùñçôéêÜ ìå ôç âïÞèåéá êñéôçñßùí ðïõ âáóßæï-

íôáé óå íüìïõò áóôï÷ßáò õëéêþí (êüðùóç, ðáñáìüñöùóç),

ëüãù ôçò äéáöïñÜò óôá êñéôÞñéá áóôï÷ßáò. Ôá ðñþôá áíáöÝ-

ñïíôáé óôï ïäüóôñùìá êáé èåùñïýí üôé áõôü áóôü÷çóå, üôáí

ïé öèïñÝò ôïõ áèñïéóôéêÜ (ãéá ôï óýíïëï ôïõ ïäïóôñþìáôïò)

öèÜóïõí óå Ýíá ïñéóìÝíï åðßðåäï, åíþ ôá äåýôåñá áíáöÝñï-

íôáé óôï õëéêü ôçò åîåôáæüìåíçò óôñþóçò êáé èåùñïýí áóôï-

÷ßá, üôáí ç ñùãìÜôùóç Þ ç ðáñáìüñöùóç öèÜóåé Ýíá ïñé-

óìÝíï åðßðåäï. ¼ôáí ï õðïëïãéóìüò ôïõ ïäïóôñþìáôïò ãßíå-

ôáé ìå áíáëõôéêÝò ìåèüäïõò, åßíáé ðñïôéìüôåñï ãéá ëüãïõò

óõíÝðåéáò ïé óõíôåëåóôÝò éóïäõíáìßáò íá Ý÷ïõí õðïëïãéóôåß

ìå áíÜëïãåò ìåèüäïõò. Ç åñãáóßá áõôÞ åßíáé ìéá ðñïóðÜèåéá

ðñïò ôçí êáôåýèõíóç áõôÞ.

3.2. Áíáëõôéêüò õðïëïãéóìüò óõíôåëåóôþí éóïäõíáìßáò

Ïé íüìïé êüðùóçò ôùí áóöáëôïìéãìÜôùí êáé ôùí êáôåñ-

ãáóìÝíùí ìå õäñáõëéêÝò êïíßåò áììï÷áëßêùí êáèþò êáé ïé

áëãüñéèìïé áóôï÷ßáò ôçò óôñþóçò Ýäñáóçò åßíáé äõíáôüí íá

åêöñáóôïýí [6] áðü ôç ãåíéêÞ ó÷Ýóç:

D= Ê x N-a (íüìïò áóôï÷ßáò) (3.4)

üðïõ:

D åßíáé åßôå ç ìÝãéóôç åðéâáëëüìåíç åöåëêõóôéêÞ áíçãìÝíç

ðáñáìüñöùóç Þ ôÜóç óôá ðåéñÜìáôá êüðùóçò ôùí áóöáë-

ôïìéãìÜôùí Þ ôùí êáôåñãáóìÝíùí ìå õäñáõëéêÝò êïíßåò õëé-

êþí áíôßóôïé÷á, åßôå ç ìÝãéóôç êáôáêüñõöç áíçãìÝíç èëé-

ðôéêÞ ðáñáìüñöùóç ðïõ áíáðôýóóåôáé óôçí åðéöÜíåéá ôçò

óôñþóçò Ýäñáóçò.

N åßíáé ïé åðáíáëÞøåéò ôùí öïñôßóåùí ðïõ áðáéôïýíôáé ãéá

íá ðñïêëçèåß áóôï÷ßá óôï áíôßóôïé÷ï õëéêü.

Ê, a åßíáé óõíôåëåóôÝò ðïõ åîáñôþíôáé áðü ôï ìç÷áíéóìü

áóôï÷ßáò, ôéò ìç÷áíéêÝò éäéüôçôåò ôùí õëéêþí êáé ôá ÷áñá-

êôçñéóôéêÜ ôçò ðåéñáìáôéêÞò äéÜôáîçò.

Ç áðüêñéóç ôïõ ïäïóôñþìáôïò óôéò öïñôßóåéò áðü ôá

öïñôßá ôùí ï÷çìÜôùí åßíáé äõíáôü íá åêöñáóèåß [6] áðü ôç

ãåíéêÞ ó÷Ýóç:

Då,ó = ë x (P)b (íüìïò áðüêñéóçò) (3.5)

üðïõ:

Då,ó åßíáé åßôå ç ìÝãéóôç ïñéæüíôéá áíçãìÝíç ðáñáìüñöùóç

Þ ôÜóç ðïõ áíáðôýóóåôáé óôïí ðõèìÝíá ôùí áóöáëôïìéãìÜ-

ôùí Þ ôùí êáôåñãáóìÝíùí óôñþóåùí áíôßóôïé÷á, åßôå ç ìÝãé-

óôç êáôáêüñõöç áíçãìÝíç ðáñáìüñöùóç ðïõ áíáðôýóóåôáé

óôçí åðéöÜíåéá ôçò óôñþóçò Ýäñáóçò.

Ñ åßíáé ôï öïñôßï ôïõ Üîïíá ôïõ ï÷Þìáôïò.

b åßíáé åêèÝôçò ðïõ åîáñôÜôáé áðü ôçí ðßåóç åöáñìïãÞò ôïõ

öïñôßïõ êáé ôéò ìç÷áíéêÝò éäéüôçôåò ôùí õëéêþí ôïõ ïäï-

óôñþìáôïò.

ë åßíáé óõíôåëåóôÞò, ðïõ åîáñôÜôáé áðü ôéò ìç÷áíéêÝò éäéü-

ôçôåò ôùí õëéêþí ôïõ ïäïóôñþìáôïò êáé áðü ôï �óýóôçìá�

ôùí áîüíùí öüñôéóçò êáé ôïí áñéèìü ôùí ôñï÷þí áíÜ Üîïíá.

Ãéá íá èåùñçèåß üôé 2 Þ 3 Üîïíåò áðïôåëïýí ðïëëáðëü

�óýóôçìá�, ðñÝðåé ç áðüóôáóç ìåôáîý ôïõò íá åßíáé ìéêñü-

ôåñç áðü 2m [7]. Ôüôå ç åíôáôéêÞ Þ ç ðáñáìïñöùóéáêÞ

êáôÜóôáóç, ðïõ ðñïêáëåß ï êÜèå Ýíáò Üîïíáò ÷ùñéóôÜ óôá

êñßóéìá óçìåßá ôïõ ïäïóôñþìáôïò, åðéäñÜ óôá áíôßóôïé÷á

ìåãÝèç ôïõ ðñïçãïýìåíïõ Þ ôïõ åðüìåíïõ. Áõôü Ý÷åé ùò

áðïôÝëåóìá ïé Üîïíåò ôïõ óõóôÞìáôïò íá ðñïêáëïýí óôï

ïäüóôñùìá äéáöïñåôéêÞ öèïñÜ áðü áõôÞ ðïõ èá ðñïêáëïý-

óáí, áí åß÷áí èåùñçèåß áíåîÜñôçôïé.

Ç åðéöÜíåéá åðáöÞò ôïõ ôñï÷ïý èåùñåßôáé ìå éêáíïðïéç-

ôéêÞ ðñïóÝããéóç ùò êõêëéêÞ ìå áêôßíá r êáé ïìïéüìïñöç

ðßåóç p, ç ïðïßá éóïýôáé ìå ôçí åóùôåñéêÞ ðßåóç ôùí áåñï-

èáëÜìùí. Ìåôáîý ôïõ öïñôßïõ ôïõ ôñï÷ïý �Q� êáé ôùí �p�

êáé �r� èåùñåßôáé üôé éó÷ýåé ç ó÷Ýóç:

pðr2= Q (3.6)

Åðßóçò, Ý÷åé ðáñáôçñçèåß üôé óôá êïéíÜ åëáóôéêÜ ìåôáîý

ôùí �p�, �Q� êáé �r� éó÷ýåé [6] ç åìðåéñéêÞ ó÷Ýóç:

ðr2= 0.08xQ+82 (3.7)

üðïõ: r óå cm êáé Q óå kg.

Ìå ôçí ðñïûðüèåóç áõôÞ, åîåôÜæïíôáò ôïí ßäéï ôýðï

ïäïóôñþìáôïò, ï åêèÝôçò �b� ôçò ó÷. (3.5) åßíáé ßóïò ãéá

áðëïýò êáé äßäõìïõò ôñï÷ïýò ìå äéáöïñåôéêÜ öïñôßá. 

Ï óõíôåëåóôÞò éóïäõíáìßáò (ÓÉ) (âë. ó÷. (3.3)) åßíáé

äõíáôü íá ðñïóäéïñéóôåß áðü ôéò ó÷. (3.4) êáé (3.5) ùò áêï-

ëïýèùò:

×ñçóéìïðïéþíôáò ôïõò äåßêôåò �i� êáé �ï� ãéá ôï ôõ÷áßï

öïñôßï Üîïíá i êáé ãéá ôï öïñôßï ôïõ ôõðéêïý Üîïíá �ï�

(öïñôßï áíáöïñÜò) áðü ôç ó÷. (3.4) ðñïêýðôåé:

(3.8)

ÄåäïìÝíïõ üôé ï óõíôåëåóôÞò �Ê� áðáëåßöåôáé êáé ï

åêèÝôçò �a� åßíáé êïéíüò êáé ãéá ôéò äýï öïñôßóåéò. 

Áðü ôç ó÷. (3.5) ðñïêýðôåé:

(3.9)

êáé åðïìÝíùò: 

ÓÉ (3.10)
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ÅÜí ôï óýóôçìá öüñôéóçò �i� (áñéèìüò áîüíùí, áñéèìüò

ôñï÷þí) åßíáé ôï ßäéï ìå ôï óýóôçìá �ï� ðïõ èåùñåßôáé ùò

ôõðéêü (óýóôçìá áíáöïñÜò), ï ðáñÜãùí ëi/ëï = 1 êáé ç ó÷.

(3.7) áðëïðïéåßôáé óôç ó÷Ýóç:

ÓÉ = (Pi/Po)b/a (3.11)

Ãéá ôá åýêáìðôá ïäïóôñþìáôá ïé óõíÞèåéò ôéìÝò ôùí a

êáé b åßíáé a≅0.2 (êüðùóç áóöáëôïìéãìÜôùí) êáé b≅0.8,

ïðüôå ï ëüãïò b/a=4 êáé ç ó÷. (3.9) ðáßñíåé ôç ãíùóôÞ ìïñöÞ

(íüìïò ôåôÜñôçò äýíáìçò):

ÓÉ (3.12)

¼ôáí üìùò ôá óõóôÞìáôá �i� êáé �ï� äåí åßíáé üìïéá,

ôüôå ãéá ôïí ðñïóäéïñéóìü ôïõ ÓÉ ðñÝðåé íá õðïëïãéóôåß ï

ëüãïò , ìÝóù ôçò ó÷. (2.9) èÝôïíôáò Pi=Po, ïðüôå

ðñïêýðôåé: 

(3.13)

¸ôóé, ãéá äåäïìÝíï ïäüóôñùìá êáé óõãêåêñéìÝíåò äéáôÜ-

îåéò áîüíùí/ôñï÷þí êáé öïñôßùí (i,ï) åßíáé äõíáôü íá õðï-

ëïãéóôïýí ôá ìåãÝèç Di êáé Do êáé ìå âÜóç ôç ó÷. (3.10) íá

õðïëïãéóôïýí ïé ÓÉ.

Óôï ó÷Þìá 1 ðáñïõóéÜæïíôáé ôõðéêÝò êáôáíïìÝò ôùí

åíôáôéêþí Þ ðáñáìïñöùóéáêþí ìåãåèþí ðïõ áíáðôýóóï-

íôáé óôéò êñßóéìåò èÝóåéò óå Ýíá åýêáìðôï Þ çìéÜêáìðôï

ïäüóôñùìá ùò óõíÜñôçóç ôçò ïñéæüíôéáò áðüóôáóçò áðü

ôçí êñßóéìç èÝóç × Þ ôïõ ÷ñüíïõ t äéÝëåõóçò ôïõ öïñôßïõ

ôüóï ãéá ôïí ôõðéêü Üîïíá üóï êáé ãéá Ýíá ôñéðëü óýóôçìá

áîüíùí. Óôçí ðåñßðôùóç ðïõ ï Üîïíáò i óõììåôÝ÷åé óå ðïë-

ëáðëü óýóôçìá áîüíùí, ùò Di, ìðïñåß íá èåùñçèåß åßôå ç

áðüëõôç ôéìÞ ôïõ ìåãÝèïõò Di åßôå ç ìÝãéóôç äéáöïñÜ ôçò

êïñõöÞò áðü ôçí êïéëßá ôçò êáìðýëçò êáôáíïìÞò ôïõ ìåãÝ-

èïõò Di* (åýñïò). ÈåùñçôéêÜ èá ìðïñïýóå íá ëçöèåß õðüøç

áêüìç áêñéâÝóôåñá ç öèïñÜ ðïõ ðñïêáëåßôáé óôï ïäüóôñù-

ìá áðü ôç äéÝëåõóç ôïõ óõóôÞìáôïò áîüíùí/ôñï÷þí i, áñêåß

íá åßíáé åðáñêþò ãíùóôüò ï íüìïò áóôï÷ßáò/êüðùóçò ôïõ

õëéêïý ôçò óôñþóåùò ðïõ åîåôÜæåôáé. Èá ìðïñïýóå ð.÷. íá

ëçöèåß õðüøç ïëüêëçñç ç êáôáíïìÞ ôïõ êñßóéìïõ ìåãÝèïõò

óõíáñôÞóåé ôïõ óõíïëéêïý ÷ñüíïõ öüñôéóçò, äçëáäÞ ç

óõíïëéêÞ åðéâáëëüìåíç åíÝñãåéá (∫Dt dt). ÅðåéäÞ, üìùò, ïé

íüìïé áóôï÷ßáò/êüðùóçò ôùí õëéêþí äåí åßíáé áêüìç åðáñ-

êþò ãíùóôïß, óôçí åñãáóßá áõôÞ ëÞöèçêå õðüøç ìüíï ç

ìÝãéóôç ôéìÞ ôïõ Di. 

Åðéóçìáßíåôáé, åðßóçò, üôé ç ó÷. (3.10) äåí éó÷ýåé ãéá ôñï-

÷ïýò ìå åõñý ðÝëìá (wide base), åðåéäÞ óôçí ðåñßðôùóç

áõôÞ ï åêèÝôçò b, ðïõ åîáñôÜôáé áðü ôç ó÷Ýóç ìåôáîý öïñ-

ôßïõ êáé ðßåóçò åðáöÞò p, åßíáé äéáöïñåôéêüò.

4. ÁÍÁËÕÔÉÊÏÓ ÕÐÏËÏÃÉÓÌÏÓ 
Ó×ÅÓÅÙÍ ÉÓÏÄÕÍÁÌÉÁÓ ÃÉÁ 
ÅÕÊÁÌÐÔÁ ÊÁÉ ÇÌÉÁÊÁÌÐÔÁ
ÏÄÏÓÔÑÙÌÁÔÁ

Óôï ó÷Þìá 2 öáßíïíôáé ïé äéáôïìÝò ôñéþí åõêÜìðôùí êáé

åíüò çìéáêÜìðôïõ ïäïóôñþìáôïò ãéá ôá ïðïßá õðïëïãßóôç-

êáí ïé óõíôåëåóôÝò éóïäõíáìßáò. Ôá ïäïóôñþìáôá áõôÜ èá

ìðïñïýóáí íá èåùñçèïýí üôé åßíáé ôõðéêÜ ïäïóôñþìáôá

áõôïêéíçôïäñüìïõ ìå åëáöñéÜ, ìÝóç êáé âáñåßá êõêëïöï-

ñßá. Óôï ßäéï ó÷Þìá äßíïíôáé, åðßóçò, êáé ôá ìç÷áíéêÜ ÷áñá-

êôçñéóôéêÜ ôùí õëéêþí ôùí óôñþóåùí êáèþò êáé ôá ÷áñá-

êôçñéóôéêÜ ôïõ ôõðéêïý Üîïíá 13t. Ãéá ëüãïõò óýãêñéóçò ìå

ôïõò ÓÉ, ðïõ ðñïÝêõøáí áðü ôï Ïäéêü Ðåßñáìá AASHO, o

õðïëïãéóìüò ôïõ ÓÉ Ýãéíå êáé ìå öïñôßï ôõðéêïý Üîïíá 8.2 t

ðïõ ÷ñçóéìïðïéåßôáé êõñßùò óôéò Ç.Ð.Á. Óôï ó÷Þìá 3 ðáñïõ-

óéÜæïíôáé, åðßóçò, ïé óõíôåëåóôÝò a êáé SN ðïõ ÷ñåéÜæïíôáé

óôïí õðïëïãéóìü ôùí ÓÉ êáôÜ AASHO.

Ï áíáëõôéêüò õðïëïãéóìüò ôùí ó÷Ýóåùí éóïäõíáìßáò

âáóßóôçêå óôç ìåèïäïëïãßá ðïõ áíáðôý÷èçêå óôçí ðáñÜ-

ãñáöï 3.2 êáé åéäéêüôåñá óôç ó÷. (3.10).

Õðïëïãßóôçêáí ó÷Ýóåéò éóïäõíáìßáò ãéá ôïõò áêüëïõ-

èïõò Üîïíåò, ìå óõíÞèç ìåãÝèç ðÝëìáôïò:

l Áðëüò Üîïíáò ìå áðëïýò ôñï÷ïýò.

l ¢îïíáò ìå áðëïýò ôñï÷ïýò ðïõ óõíèÝôåé äéðëü óýóôçìá.

l Áðëüò Üîïíáò ìå äßäõìïõò ôñï÷ïýò.

l ¢îïíáò ìå äßäõìïõò ôñï÷ïýò ðïõ óõíèÝôåé äéðëü óýóôçìá.

l Áêñáßïò Üîïíáò ìå äßäõìïõò ôñï÷ïýò ðïõ óõíèÝôåé ôñé-

ðëü óýóôçìá.

l Êåíôñéêüò Üîïíáò ìå äßäõìïõò ôñï÷ïýò ðïõ óõíèÝôåé ôñé-

ðëü óýóôçìá.

Óôçí ðåñßðôùóç ôùí áîüíùí ðïõ óõíèÝôïõí ôñéðëü

óýóôçìá, ïé ó÷Ýóåéò éóïäõíáìßáò ôïõ êåíôñéêïý Üîïíá ìå ôïí

áêñáßï åßíáé äéáöïñåôéêÝò, áöïý ôá åíôáôéêÜ ìåãÝèç, ðïõ

áíáðôýóóïíôáé åîáéôßáò ôïõ êåíôñéêïý Üîïíá, åðáëëçëßæï-

íôáé ìå áõôÜ êáé ôùí äýï áêñáßùí. Äåí åîåôÜóôçêå ç éóïäõ-

íáìßá ôñéðëïý óõóôÞìáôïò áîüíùí ìå áðëïýò ôñï÷ïýò, áöïý

åßíáé äéáðéóôùìÝíï üôé äéáèÝôïõí åßôå äßäõìïõò åßôå ôñï÷ïýò

ìå åõñý ðÝëìá.

Ïé éóïäõíáìßåò õðïëïãßóôçêáí ãéá ôõðéêü Üîïíá ìå

áðëïýò Þ äßäõìïõò ôñï÷ïýò, ãéá äýï ôõðéêÝò äéáôïìÝò, ìßá

åýêáìðôïõ êáé ìßá çìéÜêáìðôïõ ïäïóôñþìáôïò. Ôá ðëÞñç

÷áñáêôçñéóôéêÜ ôùí äéáôïìþí ðáñïõóéÜæïíôáé óôï ó÷Þìá 2. 

Ïé óõíôåëåóôÝò (ëi/ëo)1/a õðïëïãßóôçêáí áðü ôç ó÷.

(3.13), áöïý ðñïçãïõìÝíùò õðïëïãßóôçêáí ïé áíôßóôïé÷åò

ãéá êÜèå ðåñßðôùóç áðüëõôåò ìÝãéóôåò ôéìÝò ôùí åíôáôéêþí

ìåãåèþí Di êáé Do. Ï õðïëïãéóìüò ôùí åíôáôéêþí ìåãåèþí

Ýãéíå ìå ôï ðñüãñáììá Ç/Õ BISAR, ôïõ ïðïßïõ ç ìáèçìáôé-

êÞ áíÜëõóç âáóßæåôáé óôç ìÝèïäï ôùí åðÜëëçëùí åëáóôé-

êþí óôñþóåùí.
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Ó÷Þìá 1: ÊáôáíïìÞ ðáñáìïñöùóéáêþí ìåãåèþí D ðïõ áíáðôýóóïíôáé êáôÜ ôç äéÝëåõóç áðëïý Þ ôñéðëïý óõóôÞìáôïò áîüíùí, óõíáñôÞóåé

ôçò ïñéæüíôéáò áðüóôáóçò x Þ ôïõ ÷ñüíïõ t.

Figure 1: Strain distribution (D) due to the passage of single or tridem axle, in relation to the horizontal distance "x" or the time "t".

Óôï ðñüãñáììá BISAR åéóÞ÷èçóáí: 

l Ôá ÷áñáêôçñéóôéêÜ ôùí äéáôïìþí, üðùò ðáñïõóéÜæïíôáé

óôï ó÷Þìá 2. Ãéá ôéò äéáôïìÝò 1, 2 êáé 3 Ýãéíå ç ðáñáäï-

÷Þ ôçò ðëÞñïõò óõíÜöåéáò ìåôáîý ôùí óôñþóåùí. Ãéá ôéò

äéáôïìÝò 4 êáé 4á õðïëïãßóôçêáí ïé ïñéæüíôéåò åöåëêõ-

óôéêÝò ôÜóåéò, ôüóï ìå ôçí ðáñáäï÷Þ ôçò ðëÞñïõò óõíÜ-

öåéáò ìåôáîý ôùí äýï óôñþóåùí ôïõ Ê.È.Á. üóï êáé ìå

ôçí ðáñáäï÷Þ ôçò ðëÞñïõò ïëßóèçóçò, êáé ôåëéêÜ õéïèå-

ôÞèçêáí ïé ìÝóåò ôéìÝò ôùí äýï.

l Áîïíéêü öïñôßï 13t.

l Ç ðßåóç åöáñìïãÞò ôïõ öïñôßïõ ãéá ôçí ðåñßðôùóç ôïõ

Üîïíá ìå áðëïýò ôñï÷ïýò èåùñÞèçêå ßóç ìå 0.920MPa

êáé ç áêôßíá åðáöÞò 150mm, åíþ ãéá Üîïíá ìå äßäõìïõò

ôñï÷ïýò èåùñÞèçêå ßóç ìå 0.662ÌPa ìå áêôßíá ôïõ

êýêëïõ åðáöÞò 125mm. 

l Ãéá ôá ðïëëáðëÜ óõóôÞìáôá áîüíùí, ç áðüóôáóç ìåôá-

îý ôùí áîüíùí èåùñÞèçêå ßóç ìå 130cm, ôéìÞ ðïõ âáóß-

æåôáé óå óôáôéóôéêÞ äéáðßóôùóç åñåõíçôéêïý ðñïãñÜììá-

ôïò ôïõ Å.Ì.Ð. [9].

Óôïí ðßíáêá 1 ðáñïõóéÜæïíôáé ôá åíôáôéêÜ Þ ðáñáìïñ-

öùóéáêÜ ìåãÝèç Di êáé Do, ôá ïðïßá õðïëïãßóôçêáí áíÜëï-

ãá ìå ôïí ôýðï ôïõ ïäïóôñþìáôïò, ôçí êñßóéìç èÝóç êáé ôïí

Üîïíá ðïõ ðñïêáëåß ôçí åíôáôéêÞ êáôÜóôáóç. Áíôßóôïé÷á,

óôïí ðßíáêá 2 ðáñïõóéÜæïíôáé ïé ôåëéêÝò ó÷Ýóåéò éóïäõíá-

ìßáò ãéá êÜèå ðåñßðôùóç ãéá ôõðéêü Üîïíá ìå áðëïýò ôñï-

÷ïýò êáé óôïí ðßíáêá 3 ãéá ôõðéêü Üîïíá ìå äßäõìïõò ôñï-

÷ïýò, ïé ïðïßåò õðïëïãßóôçêáí ìå ôç âïÞèåéá ôçò ó÷. (3.10)

ãéá ôéò áêüëïõèåò ôéìÝò ôùí a êáé b:

l b=0.833, áðü ôï �íüìï áðüêñéóçò� ãéá óõíÞèåéò áðëïýò

êáé äßäõìïõò ôñï÷ïýò, ãéá ôá åýêáìðôá ïäïóôñþìáôá

(äéáôïìÞ 1, 2, 3) [9]. 

l b=1, áðü ôï �íüìï áðüêñéóçò� ãéá óõíÞèåéò áðëïýò êáé

äßäõìïõò ôñï÷ïýò, ãéá ôá çìéÜêáìðôá ïäïóôñþìáôá (äéá-

ôïìÝò 4 êáé 4á) [9].

l a=0.207, ãéá ôçí êüðùóç ôçò áöáëôéêÞò óôñþóçò (áðü

åñãáóôçñéáêÝò ìåôñÞóåéò ôïõ �LCPC� ãéá åëëçíéêÜ

áóöáëôïìßãìáôá) [9]. 

l a=0.253, ãéá ôçí áóôï÷ßá ôçò óôñþóçò Ýäñáóçò (TRRL) [9].

l a=0.083, ãéá ôçí êüðùóç ôïõ Ê.È.Á. [9].

l Óôïõò ðßíáêåò 1-3 ç Ýíäåéîç ôïõ âÝëïõò õðïäåéêíýåé ôïí

Üîïíá ãéá ôïí ïðïßï õðïëïãßóôçêå ôï ìÝãåèïò D Þ ç

ó÷Ýóç éóïäõíáìßáò. Ïé áíáãñáöüìåíåò ó÷Ýóåéò éóïäõíá-

ìßáò áíáöÝñïíôáé óôç óõìâïëÞ êÜèå Üîïíá ÷ùñéóôÜ.

¸ôóé ð.÷. ãéá ôçí ðåñßðôùóç áðëþí ôñï÷þí êáé êüðùóçò

ôçò áóöáëôéêÞò óôñþóçò (ðßíáêáò 2), äéÝëåõóç åíüò

óõóôÞìáôïò äéðëþí áîüíùí (öïñôßï êÜèå Üîïíá Pi) ìå

áðëoýò ôñï÷ïýò éóïäõíáìåß ìå (2x1.18) (Pi/Po)4 äéåëåý-

óåéò ôõðéêïý Üîïíá Po. Ïìïßùò, äéÝëåõóç åíüò óõóôÞìá-

ôïò ôñéðëþí áîüíùí (öïñôßï êÜèå Üîïíá Pi) éóïäõíáìåß

ìå (2x0.19 + 0.13) (Pi/Po)4= 0.51 (Pi/Po)4 äéåëåýóåéò ôõðé-

êïý áðëïý Üîïíá Po.



5. ÕÐÏËÏÃÉÓÌÏÓ ÔÙÍ ÓÕÍÔÅËÅÓÔÙÍ
ÉÓÏÄÕÍÁÌÉÁÓ ÓÕÌÖÙÍÁ ÌÅ ÔÇ
ÌÅÈÏÄÏ ÔÏÕ ÏÄÉÊÏÕ ÐÅÉÑÁÌÁÔÏÓ
AASHO

Ï õðïëïãéóìüò Ýãéíå ìå ôç âïÞèåéá ôùí åìðåéñéêþí ó÷Ý-

óåùí éóïäõíáìßáò ðïõ åîÞ÷èçóáí áðü ôçí åðåîåñãáóßá ôùí

áðïôåëåóìÜôùí ôïõ Ïäéêïý ÐåéñÜìáôïò AASHO:

(5.1)

(5.2)

(5.3)

üðïõ: 

Wtx åßíáé ï áñéèìüò ôùí äéåëåýóåùí ôïõ áîïíéêïý öïñôßïõ x

óôïí ÷ñüíï t.

Wt18 åßíáé ï áñéèìüò ôùí äéåëåýóåùí ôïõ ôõðéêïý áðëïý

Üîïíá öïñôßïõ 18-kip ìå äßäõìïõò ôñï÷ïýò.

Lx åßíáé ôï öïñôßï óå kips.

L2 åßíáé ï êùäéêüò ôùí áîüíùí = 1 ãéá áðëü, = 2 ãéá äéðëü,

= 3 ãéá ôñéðëü Üîïíá.

SN=a1h1+a2h2+a3h3 (äåßêôçò äïìéêÞò áíôï÷Þò).

pt: åßíáé ï äåßêôçò ëåéôïõñãéêüôçôáò óôï ÷ñüíï t êáôÜ ôïí

ïðïßï èåùñåßôáé üôé ôï ïäüóôñùìá ðñÝðåé íá áíáêáéíéóèåß.

Oé óõíôåëåóôÝò a1, a2 êáé a3 õðïëïãßóôçêáí ìå âÜóç ôéò

ó÷åôéêÝò ïäçãßåò [10] êáé äßíïíôáé óôï ó÷Þìá 2. Åéäéêüôåñá

ãéá ôçí ðåñßðôùóç ôïõ çìéáêÜìðôïõ ïäïóôñþìáôïò, ìå ôéò

ïäçãßåò äåí åßíáé äõíáôü íá õðïëïãéóôïýí ôéìÝò a2, ïé ïðïßåò

íá áíôéóôïé÷ïýí óôéò õøçëÝò ôéìÝò ôïõ ìÝôñïõ åëáóôéêüôçôáò

�Å� ôùí êáôåñãáóìÝíùí óôñþóåùí Ê.È.Á. ôçò äéáôïìÞò 4.

Ãéá ôï ëüãï áõôü ïé ÓÉ õðïëïãßóôçêáí ãéá ôç äéáôïìÞ 4á, ç

ïðïßá ðåñéëáìâÜíåé óôñþóç ìå ìåéùìÝíç ôéìÞ ôïõ ìÝôñïõ

åëáóôéêüôçôáò Å=7000 ÌPa. 
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Ó÷Þìá 2: ÄéáôïìÝò êáé ìç÷áíéêÜ ÷áñáêôçñéóôéêÜ ôùí õëéêþí ôùí ïäïóôñùìÜôùí, ãéá ôá ïðïßá õðïëïãßóôçêáí ïé ó÷Ýóåéò éóïäõíáìßáò. 

Figure 2: Pavement structure and material properties. 



49Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, É, ôåý÷. 2  2000  Tech. Chron. Sci. J. TCG, I, No 2

Ðßíáêáò 1: ÌÝãéóôá ðáñáìïñöùóéáêÜ êáé åíôáôéêÜ ìåãÝèç.

Table 1: Maximum strains and stresses.

Ðßíáêáò 2: Ó÷Ýóåéò éóïäõíáìßáò ùò ðñïò ôõðéêü Üîïíá ìå áðëïýò ôñï÷ïýò.

Table 2: Relationships for determining ESAL factors in case of standard axle with single wheels.

Èá ðñÝðåé íá ðáñáôçñçèåß üôé ëüãù ôçò åìðåéñéêÞò ðñï-

Ýëåõóçò ôùí ó÷Ýóåùí áõôþí, ç áðüêñéóÞ ôïõò óå üëï ôï

åýñïò ôùí ôéìþí SN êáé p äåí åßíáé üðùò èá áíáìåíüôáí, áí

ç ðñïÝëåõóç ôùí ó÷Ýóåùí óôçñéæüôáí óå èåùñçôéêü öõóéêü

ìïíôÝëï. Éäéáßôåñá áõôü öáßíåôáé ãéá ìåãÜëåò ó÷åôéêþò ôéìÝò

ôïõ pt. Óôo ó÷. 3 öáßíåôáé ç ìåôáâïëÞ ôïõ äåßêôç éóïäõíá-

ìßáò ÓÉ êáôÜ AASHO (W18/Wx) ùò óõíÜñôçóç ôïõ SN ãéá

äéÜöïñåò ôéìÝò ôïõ pt ãéá äéðëü Üîïíá ìå äßäõìïõò ôñï÷ïýò

öïñôßïõ 12t êáé 20t. Åßíáé öáíåñü üôé ïé óõíôåëåóôÝò éóïäõ-

íáìßáò åßíáé áíåîÜñôçôïé ôçò ôéìÞò ôïõ SN ãéá pt=1.5 êáé

ðñáêôéêÜ ãéá ìéêñÝò ôéìÝò ôïõ pt ìÝ÷ñé ðåñßðïõ 2.5. Ðáñáôç-

ñåßôáé, åðßóçò, ãéá ôá öïñôßá ðïõ åîåôÜæïíôáé üôé: á) ãéá öïñ-

ôßï ìéêñüôåñï ôïõ ôõðéêïý öïñôßïõ ï ÓÉ ðáñïõóéÜæåé ìÝãéóôç

ôéìÞ ãéá SN=3, ìåôÜ ôçí ïðïßá åëáôôþíåôáé, â) ãéá öïñôßï

ìåãáëýôåñï ôïõ ôõðéêïý ï ÓÉ ðáñïõóéÜæåé åëÜ÷éóôï ãéá ôéìÞ

ôïõ SN=4, ìåôÜ ôçí ïðïßá áõîÜíåé. Óôéò ìåôáâïëÝò áõôÝò ôïõ

ÓÉ äåí ìðïñåß íá äïèåß Üìåóç öõóéêÞ åîÞãçóç êáé ïñéóìÝíåò

áðü áõôÝò åßíáé áíôßèåôåò áðü ôéò ìåôáâïëÝò ðïõ áíáìÝíï-

íôáé ìå âÜóç ôç äïìéêÞ óõìðåñéöïñÜ ôùí ïäïóôñùìÜôùí.

Åßíáé öáíåñü üôé ç ó÷Ýóç (5.1) ôïõ AASHO äåí ìðïñåß íá

÷ñçóéìïðïéçèåß ãéá ïðïéáäÞðïôå ôéìÞ SN êáé ãéá ôéìÝò pt

ìåãáëýôåñåò ôïõ 3. ÅðïìÝíùò, ãéá ðåñéðôþóåéò ïäïóôñùìÜ-

ôùí áõôïêéíçôïäñüìùí Þ Üëëùí ïäïóôñùìÜôùí, ãéá ôá

ïðïßá êñßíåôáé óêüðéìï íá åðéëåãåß ôåëéêÞ êáôÜóôáóç ëåé-



ôïõñãéêüôçôáò pt≥3.0, ç ÷ñÞóç ôùí ÓÉ ôùí ó÷Ýóåùí AASHO

ðñÝðåé íá ãßíåôáé ìå ðñïóï÷Þ êáé óôï óçìåßï áõôü êñßíåôáé

áíáãêáßá ìéá ó÷åôéêÞ äéåñåýíçóç. ¢ëëïé ðåñéïñéóìïß ãéá ôç

÷ñÞóç ôùí ó÷Ýóåùí AASHO åßíáé üôé ìå áõôÝò äåí ðáñÝ÷å-

ôáé ç äõíáôüôçôá äéÜêñéóçò ìåôáîý äßäõìùí ôñï÷þí êáé

áðëþí ôñï÷þí, üðùò åðßóçò äåí åßíáé äõíáôüí íá ëçöèåß

õðüøç ç ìåãÜëç áêáìøßá ôùí óôñþóåùí áðü êáôåñãáóìÝíá

ìå õäñáõëéêÝò êïíßåò õëéêÜ, üðùò ðñïâëÝðåôáé áðü ôéò ðñï-

äéáãñáöÝò ðïëëþí åõñùðáúêþí ÷ùñþí [7, 9].

6. Ó×ÏËÉÁÓÌÏÓ ÁÐÏÔÅËÅÓÌÁÔÙÍ
6.1. ÁíáëõôéêÝò ó÷Ýóåéò éóïäõíáìßáò

1. Ïé äßäõìïé ôñï÷ïß åßíáé åõìåíÝóôåñïé áðü ôïõò áðëïýò

ôñï÷ïýò (ðßíáêáò 2 Þ 3) ãéá üëåò ôéò ðåñéðôþóåéò ôýðïõ ïäï-

óôñþìáôïò Þ áóôï÷ßáò óôñþóçò (áóöáëôéêÞò, Ê.È.Á. Þ

óôñþóçò Ýäñáóçò). Ôï ãåãïíüò üôé ï áñéèìüò ôùí ôñï÷þí

�ìå åõñý ðÝëìá� óõíå÷þò áõîÜíåé åéò âÜñïò ôùí äßäõìùí

ôñï÷þí äçìéïõñãåß ôçí åðåßãïõóá áíÜãêç Ýñåõíáò ó÷åôéêÜ

ìå ôïõò ÓÉ ôùí áîüíùí ðïõ äéáèÝôïõí ôñï÷ïýò ìå ôï ðÝëìá

áõôü.

2. Ãéá ôá åýêáìðôá ïäïóôñþìáôá

l Ôá óõóôÞìáôá áîüíùí (äéðëïß Þ ôñéðëïß Üîïíåò) ìå

äßäõìïõò ôñï÷ïýò åßíáé åõìåíÝóôåñá óå óýãêñéóç ìå

äýï Þ ôñåéò áíåîÜñôçôåò äéåëåýóåéò ôùí áíôßóôïé÷ùí

áðëþí áîüíùí, ãéá ôçí ðåñßðôùóç ôçò áóôï÷ßáò ôçò

áóöáëôéêÞò óôñþóçò. ¸ôóé ð.÷. ãéá ôç äéáôïìÞ 2 êáé ãéá

ôõðéêü Üîïíá åðß äßäõìùí ôñï÷þí ìßá äéÝëåõóç ôñéðëïý

Üîïíá ìå öïñôßï êÜèå Üîïíá Ñi éóïäõíáìåß ìå

(2×0.73+0.58)(Pi/Po)4=2.04(Pi/Po)4 äéåëåýóåéò ôõðéêïý
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Ðßíáêáò 3: Ó÷Ýóåéò éóïäõíáìßáò ùò ðñïò ôõðéêü Üîïíá ìå äßäõìïõò ôñï÷ïýò.

Table 3: Relationships for determining ESAL factors in case of standard axle with twin wheels.

Ó÷Þìá 3: ÌåôáâïëÞ ôïõ ÓÉ óå ó÷Ýóç ìå ôéò ôéìÝò SN êáé pt, ãéá äéðëü

óýóôçìá áîüíùí ìå öïñôßï á) 12t êáé â) 20t.

Figure 3: Variation of the ESAL factors vs SN and pt, for tandem

axle of a) 12t and b)20t.



Üîïíá ìå äßäõìïõò ôñï÷ïýò, Ýíáíôé 3(Pi/Po)4, ðïõ éóïäõ-

íáìïýí ôñåßò áíåîÜñôçôåò äéåëåýóåéò ôïõ áðëïý Üîïíá ìå

äßäõìïõò ôñï÷ïýò. Áíôßèåôá, ôá óõóôÞìáôá áîüíùí ìå

áðëïýò ôñï÷ïýò ðñïêáëïýí ôçí ßäéá Þ ëßãï ìåãáëýôåñç

öèïñÜ óôçí áóöáëôéêÞ óôñþóç, óå óýãêñéóç ìå äýï Þ

ôñåßò áíåîÜñôçôåò äéåëåýóåéò ôùí áíôßóôïé÷ùí áðëþí

áîüíùí (âë. ðßíáêá 2).

l Ãéá ôçí ðåñßðôùóç áóôï÷ßáò ôçò óôñþóçò Ýäñáóçò ç

óýãêñéóç ãßíåôáé ðåñéóóüôåñï ðïëýðëïêç, äéüôé åîáñôÜ-

ôáé áðü ôá ÷áñáêôçñéóôéêÜ ôçò öüñôéóçò êáé ôç äõóêáì-

øßá ôïõ ïäïóôñþìáôïò. ÃåíéêÜ óõãêñßíïíôáò ðïëëáðëÜ

óõóôÞìáôá áîüíùí, ìå áðëïýò Üîïíåò åðß ïìïßïõ åßäïõò

ôñï÷þí, ï ÓÉ áõîÜíåé, üóï ç áêáìøßá ôïõ ïäïóôñþìáôïò

åßíáé ìåãáëýôåñç (äéáôïìÝò 3, 2, 1).

3. Ãéá ôá çìéÜêáìðôá ïäïóôñþìáôá

Ïé ôéìÝò ôùí ÓÉ êáé éäéáßôåñá ç ôéìÞ 12 ôïõ åêèÝôç äåß-

÷íïõí ðüóï åõáßóèçôá åßíáé ôá ïäïóôñþìáôá áõôÜ óå öïñ-

ôßá ìåãáëýôåñá áðü Ñï êáé ðüóï ìéêñÞ åßíáé ç åðéññïÞ ôùí

öïñôßùí, üóï áõôÜ åßíáé ìéêñüôåñá áðü Ñï. Ôá óõóôÞìáôá

áîüíùí åßíáé ãåíéêÜ äõóìåíÝóôåñá áðü ôïõò áðëïýò Üîïíåò.

Ïé äéáöïñÝò áõôÝò ðñÝðåé íá ëáìâÜíïíôáé õðüøç óôçí áíÜ-

ëõóç ôùí ìåôñÞóåùí ôçò êõêëïöïñßáò (õðïëïãéóìüò äåé-

êôþí öèïñÜò).

6.2. Óýãêñéóç ÓÉ ðïõ ðñïêýðôïõí ìå áíáëõôéêÞ ìÝèïäï

ìå åêåßíïõò ôïõ AASHO

Óôá ó÷Þìáôá 5 êáé 6 óõãêñßíïíôáé ïé ÓÉ, ðïõ ðñïêýðôïõí

ìå áíáëõôéêÝò ìåèüäïõò õðïëïãéóìïý, ìå åêåßíïõò ðïõ ðñï-

êýðôïõí áðü ôéò ó÷Ýóåéò AASHO. Ç óýãêñéóç ãßíåôáé ìå

áíáãùãÞ óå éóïäýíáìåò äéåëåýóåéò ôõðéêïý Üîïíá 8.2t ìå

äßäõìïõò ôñï÷ïýò ãéá óõóôÞìáôá äéðëþí áîüíùí ìå äßäõ-

ìïõò ôñï÷ïýò (ó÷. 5) Þ ìå áðëïýò ôñï÷ïýò (ó÷. 6) ãéá ôåëéêÞ

ôéìÞ pt=2.5. Åßíáé öáíåñü üôé ãéá äßäõìïõò ôñï÷ïýò ïé äéá-

öïñÝò äåí åßíáé óçìáíôéêÝò (<30%) êáé ïé ÓÉ ôïõ AASHO

âñßóêïíôáé óõíÞèùò ìåôáîý ôùí ôéìþí ðïõ ðñïêýðôïõí ãéá

êüðùóç ôùí áóöáëôéêþí óôñþóåùí êáé åêåßíùí ãéá áóôï÷ßá

ôçò óôñþóçò Ýäñáóçò, üðùò èá Ýðñåðå íá áíáìÝíåôáé, áöïý

ï äåßêôçò åîõðçñåôéêüôçôáò áíôáíáêëÜ ôç óõíïëéêÞ áðüêñé-

óç ôïõ ïäïóôñþìáôïò. Áõôü èåùñåßôáé éäéáßôåñá åíäéáöÝñïí

óå ü,ôé áöïñÜ óôçí áîéïðéóôßá ôùí áíáëõôéêþí ìåèüäùí êáé

ôùí ó÷åôéêþí áëãïñßèìùí áóôï÷ßáò ðïõ ëÞöèçêáí õðüøç

óôïí õðïëïãéóìü. 

ÁíôéèÝôùò, ç óýãêñéóç ãéá ôçí ðåñßðôùóç ôùí áðëþí

ôñï÷þí äåß÷íåé óçìáíôéêÝò äéáöïñÝò. Ïé äéáöïñÝò áõôÝò èá

ðñÝðåé íá áðïäïèïýí, óôï ìåãáëýôåñï ðïóïóôü ôïõò, óå

áäõíáìßá ôïõ åìðåéñéêïý áëãïñßèìïõ AASHO íá óõìðåñé-

ëÜâåé üëåò ôéò ðåñéðôþóåéò öüñôéóçò. Óôçí áäõíáìßá ôùí

áëãïñßèìùí AASHO íá ëÜâïõí õðüøç ôïõò ôçí åðéññïÞ

ôùí ìåãÜëçò áêáìøßáò óôñþóåùí áðü Ê.È.Á. èá ìðïñïýóå
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Ó÷Þìá 4: Óýãêñéóç ìåôáîý ôùí áíáëõôéêþí êáé ôùí åìðåéñéêþí

(AASHTO) ó÷Ýóåùí õðïëïãéóìïý ôùí ÓÉ äéðëþí áîüíùí ìå äßäõ-

ìïõò ôñï÷ïýò, ãéá ìéá äéáôïìÞ çìéêÜìðôïõ ïäïóôñþìáôïò.

Figure 4: Comparison between analytical and empirical determi-

nation of ESAL factors for tandem axles with twin wheels, for semi-

rigid pavement structure.

åðßóçò íá áðïäïèåß êáé ç óçìáíôéêÞ äéáöïñÜ ðïõ ðáñáôç-

ñåßôáé êáé ãéá ôçí ðåñßðôùóç ôùí ïäïóôñùìÜôùí ðïõ ðåñé-

ëáìâÜíïõí óôñþóåéò áðü Ê.È.Á. ãéá öüñôéóç ìå äßäõìïõò

ôñï÷ïýò (âë. ó÷Þìá 4).

7. ÓÕÌÐÅÑÁÓÌÁÔÁ

Ôá áêüëïõèá ãåíéêÜ óõìðåñÜóìáôá ðñïêýðôïõí áðü ôá

ðáñáðÜíù åêôåèÝíôá:

1. Ïé áëãüñéèìïé õðïëïãéóìïý ôùí ÓÉ AASHO Ý÷ïõí

ðåñéïñéóìÝíç éó÷ý ôüóï ùò ðñïò ôçí ôåëéêÞ ôéìÞ ôïõ äåßêôç

åîõðçñåôéêüôçôáò, ðïõ èá ëçöèåß õðüøç (pt=1.5 Ýùò 3.0),

üóï êáé ùò ðñïò ôç ìïñöÞ ôçò öüñôéóçò (äßäõìïé ôñï÷ïß,

äéðëïß Üîïíåò) êáé ôï åßäïò ôïõ ïäïóôñþìáôïò (åýêáìðôá

ïäïóôñþìáôá ìå ü÷é ìåãÜëï ðÜ÷ïò áóöáëôéêþí óôñþóåùí).

Äåí ëáìâÜíåôáé åðßóçò åðáñêþò õðüøç ç ìåãÜëç äõóêáì-

øßá ôùí óôñþóåùí áðü Ê.È.Á. 

2. Ïé áíáëõôéêÝò ìÝèïäïé õðïëïãéóìïý ðáñÝ÷ïõí ôç

äõíáôüôçôá êáèïñéóìïý ÓÉ ãéá ïðïéáäÞðïôå ìïñöÞ öüñôé-

óçò êáé äéÜöïñá åßäç ïäïóôñùìÜôùí, ìå ôçí ðñïûðüèåóç

üôé ïé íüìïé áóôï÷ßáò ôùí õëéêþí åßíáé åðáñêþò ôåêìçñéù-

ìÝíïé. Ïé ðßíáêåò 2 êáé 3 ðáñÝ÷ïõí ôç äõíáôüôçôá õðïëïãé-

óìïý ôùí ÓÉ ãéá 3 ôõðéêÜ ðÜ÷ç ïäïóôñùìÜôùí.

3. Ôá çìéÜêáìðôá ïäïóôñþìáôá Ý÷ïõí ÓÉ óçìáíôéêÜ äéá-

öïñåôéêïýò áðü åêåßíïõò ôùí åõêÜìðôùí ïäïóôñùìÜôùí êáé

áõôü ðñÝðåé íá ëáìâÜíåôáé õðüøç óôç äéáóôáóéïëüãçóç [9]

ôùí ïäïóôñùìÜôùí áõôþí. Ôá öïñôßá ôùí áîüíùí, ðïõ åßíáé

ìåãáëýôåñá áðü ôï ôõðéêü öïñôßï êáé åðïìÝíùò êáé áðü ôï

åðéôñåðüìåíï üñéï, ðñïêáëïýí óçìáíôéêÜ ìåãáëýôåñç

öèïñÜ óôá çìéÜêáìðôá ïäïóôñþìáôá áðü ôç öèïñÜ ðïõ



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

Ó÷Þìá 5: Óýãêñéóç ìåôáîý ôùí áíáëõôéêþí êáé ôùí åìðåéñéêþí

(AASHTO) ó÷Ýóåùí õðïëïãéóìïý ôùí ÓÉ äéðëþí áîüíùí ìå äßäõ-

ìïõò ôñï÷ïýò, ãéá ôñåéò äéáôïìÝò åõêÜìðôùí ïäïóôñùìÜôùí.

Figure 5: Comparison between analytical and empirical determi-

nation of ESAL factors for tandem axles with twin wheels, for 3

flexible pavement structures.

Ó÷Þìá 6: Óýãêñéóç ìåôáîý ôùí áíáëõôéêþí êáé ôùí åìðåéñéêþí

(AASHTO) ó÷Ýóåùí õðïëïãéóìïý ôùí ÓÉ äéðëþí áîüíùí ìå áðëïýò

ôñï÷ïýò, ãéá ôñåéò äéáôïìÝò åõêÜìðôùí ïäïóôñùìÜôùí.

Figure 6: Comparison between analytical and empirical determi-

nation of ESAL factors for tandem axles with single wheels, for 3

flexible pavement structures.
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ðñïêáëïýí óôá åýêáìðôá ïäïóôñþìáôá, åíþ ôá öïñôßá, ðïõ

åßíáé ìéêñüôåñá áðü ôï ôõðéêü öïñôßï, ðñïêáëïýí ó÷åäüí

áóÞìáíôç öèïñÜ.
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Abstract

In this work the derivation of the commercial vehicle axle load

equivalency factors is presented and discussed. The derivation was

based on Miner�s law and was carried out according to the analyti-

cal/mechanistic design methods for three flexible pavements and

one semirigid pavement typical for highway construction. The ana-

lytically derived equivalency factors are compared with those

derived by the AASHO Road Test algorithms and the limitations as

well as the differences are discussed.

In order to take into consideration traffic loading in pave-

ment design it is necessary to introduce the concept of load

equivalency. Although this is not absolutely necessary for the

analytical/mechanistic design methods, since in these me-

thods the different loads can be considered separately, the

concept of equivalency greatly simplifies the work. In addi-

tion, the estimation of the traffic for the design period, the

monitoring of the changes that are taking place and the

derivation of traffic guide values for different road classes are

greatly facilitated by the introduction of this concept.

The load equivalency concept is based on Miner�s law

(3.1 to 3.3) and the associated load equivalency factors are

derived from the relationship 3.4, which defines the failure

criterion of the pavement materials (fatigue for the bound

materials or accumulation of permanent deformation for the

subgrade materials), and from the relationship 3.5, which

defines pavement response to loading. In addition, the

relationships 3.6 and 3.7 are considered to hold.

In the above relationships N is the number of load repeti-

tions to failure, D (see fig. 1) defines the stresses or strains

induced by the loading at the critical points of the pavement

layer (depending on the failure criterion). The subscripts �i�

and �o� are used for the axle load Pi and for the reference axle

load Po as well as for all the associated stresses, strains, load

repetitions etc. By using eqs 3.4 and 3.5 the load equivalen-

cy factor No/Ni defined by the eq. 3.3 is given by eq. 3.10. In

this relationship the factors ë depend on the type of loading

(single or dual wheels, single, tandem or tridem axles) as well

as on the mechanical characteristics of the pavement layers

and the materials from which they are constructed. The fac-

tor �a� depends on the failure criterion and the material cha-

racteristics (slope of the fatigue line or of the deformation

line in respect to load repetitions for bound materials and

soils respectively) and the factor �b� on the material response

to the type of loading. For flexible pavements (a≈0.2 and

b≈0.8) and for same type of axle loading eq. 3.10 is reduced

to the well known �4th power� relationship 3.12.

In this work the axle load equivalency factors were

derived for three flexible and one semi-rigid pavement struc-

tures typical for highway pavements, fig. 2. As reference axle

load (standard axle load) a 13t axle load with single or dual

tires was considered. For this purpose eqs 3.10 and 3.13 were

used and the strains and stresses at the critical points of the

pavements, which are necessary for the determination of the

equivalency factors, were computed using the BISAR pro-

gramme and are given in table 1.

Tables 2 and 3 present the derived relationships for the

determination of the equivalency factors for 13t standard axle

load on single (table 2) and dual tires (table 3) for various

types of axles with single, tandem or tridem axles on single

or dual tires. It can be seen that in all cases dual tires have a

less damaging effect than the single tires. The increasing

number of �wide base� single tires substituting for the normal

dual tires is therefore causing an urgent need for a special

study.

For flexible pavements, the axle systems (tandem or tri-

dem) have a less damaging effect than single axles in the case

of fatigue failure of the asphalt layers, while in the case of

subgrade failure (deformation failure), the comparison

becomes more complex because of the interactions of layer

thickness (rigidity) and loading geometry. In the latter case it

is better to examine each case separately. 

For the semi-rigid pavements the exponent 12 shows the

importance of the axle load value on the damage incurred by

this type of pavements. This has a double effect; low loads

cause negligible damage, while loads higher than the stan-
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dard load cause very great damage. The latter has great sig-

nificance as far as the loads greater than the legal limit are

concerned, implying that there is a need for effective vehicle

axle load control in order to avoid premature failure of this

type of pavements. Axle systems (tandem or tridem axles)

are in general more damaging than single axles, especially

the more rigid the bound layers are.

From the above analysis it can generally be concluded

that in order to derive average damage factors (ESALS/

Commercial vehicle) the analysis of traffic data should be

very detailed and should also take into account representative

pavement structures and all the major loading geometries of

modern commercial vehicles.

Figure 3 shows the dependence of the AASHO Road Test

Equivalency factors on the value of the terminal serviceabi-

lity, pt, and on the structural number SN. It can be seen that

there are cases in which this dependence is not consistent

with the expected behaviour of the pavement model and can

therefore be considered as erratic. This could be attributed to

the statistical nature of the derivation of the AASHO algo-

rithms.

In figs 5 and 6 the equivalency factors determined by the

mechanistic method are compared to those determined using

the AASHO algorithms. It can be seen that when the com-

parison is based on 8.2t standard axle load with dual tires the

differences are insignificant (fig. 5) while this is not true

when the same axle load on single tires is taken as standard

(fig. 6). This is attributed to the fact that the AASHO algo-

rithms cannot distinguish dual tires and single tires. It is esti-

mated that this may quickly become a rather serious short-

coming, since the use of wide base single tires is rapidly

expanding. Another shortcoming of the AASHO algorithms

is that the high modulus of elasticity values of the cement

bound granular materials (E>7000 MPa), used in various

European countries, cannot be taken into consideration (fig. 4).
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