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ɄŮɟɑɚɖɣɖ 

ȼ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŮˊɘəŮɜŰɟɩɜŮŰŬɘ ůŰɖɜ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ 

ŮˊɘűŬɜŮɑŬɠ ˊɚɖůɑɞɜ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ůŰɞ űɎůɛŬ Ůˊɘɟɟɞɐɠ ůɡɔəŮəɟɘɛɏɜɤɜ 

ɔŮɤŰŮɢɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ɛŮ Űɖ ɢɟɐůɖ ɛŮɗɧŭɤɜ FE. ɆɡɔəŮəɟɘɛɏɜŬ, ŮɝŮŰɎɕɞɜŰŬɘ ŭɨɞ 

Űɨˊɞɘ ŮŭŬűɩɜ əŬɘ ŰɟŮɘɠ űɞɟŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ ŬɔəɡɟɩůŮɤɜ ɔɘŬ ŰɟŮɘɠ ůɡɜŰŮɚŮůŰɏɠ 

ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ. 

Ƀɘ ŬɜŬɚɨůŮɘɠ ůɡɜɑůŰŬɜŰŬɘ Ŭˊɧ Űɖɜ əŬŰŬůəŮɡɐ əŬɘ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ ŬɜŰɘůŰɐɟɘɝɖɠ, 

ŬəɞɚɞɡɗɞɨɛŮɜŮɠ Ŭˊɧ ŬɜŬɚɨůŮɘɠ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ, ɧˊɞɡ Űɞ ɏŭŬűɞɠ 

ˊɟɞůɞɛɞɘɩɜŮŰŬɘ ɛŮ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ əŬŰŬůŰŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ 

Hardening Soil. ɄŬɟɎɚɚɖɚɏɠ ůɡůɢŮŰɑůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮ Űɞ ɔɟŬɛɛɘəɎ 

ŮɚŬůŰɘəɧ ï ɘŭŮɤŭɩɠ ˊɚŬůŰɘəɧ (LE-PL) ɛɞɜŰɏɚɞ Mohr-Coulomb. ȽŭɘŬɑŰŮɟɖ ɏɟŮɡɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ Ůˊɘɚɞɔɐɠ Űɖɠ ɞɟɗɧŰŮɟɖɠ ɔŮɤɛŮŰɟɘəɐɠ ŬˊɞŰɨˊɤůɖɠ 

Űɤɜ ŮəůəŬűɩɜ əŬɗɩɠ əŬɘ Űɞɡ əŬɗɞɟɘůɛɞɨ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰŬ 

ŮŭŬűɘəɞɨ ɢɩɟɞɡ əŬɘ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ. 

ũɘŬ Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ Űɞ ɛɞɜŰɏɚɞ ɛɘŬɠ Űɡˊɘəɐɠ ŬɜŰɘůŰɐɟɘɝɖɠ 

ɨɣɞɡɠ ῷ ρυ ά Ŭˊɧ ˊŬůůŬɚɞůɡůŰɞɘɢɑŮɠ ɛŮ 4 ůŮɘɟɏɠ ˊɟɞŮɜŰŮŰŬɛɏɜɤɜ ŬɔəɡɟɩůŮɤɜ 

əŬɗô ɨɣɞɠ. ɇɞ Ůɜ ɚɧɔɤ ůɨůŰɖɛŬ ɡˊɧəŮɘŰŬɘ ůŮ ŭɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ ɧˊɞɡ ɘůɢɨɞɡɜ 

ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ (plain strain conditions), ŬɚɚɎ əŬɘ ůŮ ŰɟɘŬɝɞɜɘəɏɠ 

ůɡɜɗɐəŮɠ, ɧˊɞɡ ŮɝŮŰɎɕɞɜŰŬɘ ŰŮŰɟŬɔɤɜɘəɏɠ ŮəůəŬűɏɠ ɛŮ ɚɧɔɞɡɠ ɛɐəɞɡɠ/ɨɣɞɡɠ: Ŭ) 

ὒȾὌ ρ əŬɘ ɓ) ὒȾὌ ςȢυ (ὒ Űɞ ɛɐəɞɠ Űɖɠ ŮəůəŬűɐɠ). 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŮɝɎɔɞɜŰŬɘ əɡɟɑɤɠ ůŮ ɧɟɞɡɠ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɤɜ əŬɗɘɕɐůŮɤɜ 

ŮˊɘűŬɜŮɑŬɠ əŬɘ ˊɚŮɡɟɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ əŬɘ ŭŮɡŰŮɟŮɡɧɜŰɤɠ ůŮ ŭɘŬɔɟɎɛɛŬŰŬ 

ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ. ȼ ŮɟɔŬůɑŬ ɞɚɞəɚɖɟɩɜŮŰŬɘ ɛŮ Űɘɠ ůɡůɢŮŰɑůŮɘɠ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮŰŬɝɨ ŭɘŭɘɎůŰŬŰɤɜ əŬɘ ŰɟɘŭɘɎůŰŬŰɤɜ ŬɜŬɚɨůŮɤɜ, Ůɜɩ ˊŬɟɎɚɚɖɚŬ 

ůɢɞɚɘɎɕɞɜŰŬɘ ŰŬ ˊɟɞűɑɚ Űɤɜ əŬɗɘɕɐůŮɤɜ. ɇŬ ůɡɛˊŮɟɎůɛŬŰŬ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɖɜ 

ŬˊɞŰɑɛɖůɖ Űɖɠ Ůˊɘɟɟɞɐɠ Űɤɜ ɔŮɤŰŮɢɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɘɠ əŬɛˊɨɚŮɠ əŬɗɘɕɐůŮɤɜ 

əŬɘ Űɤɜ ůɡɜɗɖəɩɜ ŬɜɎɚɡůɖɠ. 

 

ȿɏɝŮɘɠ ȾɚŮɘŭɘɎ: ȸŬɗɘɏɠ ŮəůəŬűɏɠ, ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ, ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ, 

2D - 3D F.E. 
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Extended summary 

1. INTRODUCTION 

The continuous urbanisation of the metropolitan areas entails significant demands on 

underground works and sustainability along with the assessment of impact to the 

adjacent infrastructure. Therefore, the design of retaining structures in the frame of 

serviceability limit states with advanced methods is highly recommended. 

Such methods have been widely presented by several researchers, as for instance 

by Peck (1969), OôRourke (1976), Mana & Clough (1981), Clough & Oô Rourke 

(1990) and Hsieh & Ou (1998) and established as semi-empirical methods for 

predicting ground settlement profiles, referring to specific retaining systems on given 

soil conditions and in-situ data. Simplified models have also been proposed for 

ground surface settlements under 2D F.E conditions (i.e. Schweiger 1998). However, 

published research examining an integrated design procedure of a retaining system 

both under 2D and 3D conditions is rather limited. 

Based on such studies, the scope of the current study is to introduce a parametric 

investigation on the ground surface displacements adjacent to deep excavations 

using both 2D and 3D F.E models. The displacements caused by deep excavations 

can be distinguished in the following: 

¶ settlements 

¶ lateral displacements 

¶ basal heave 

and are greatly affected by factors such as: 

¶ the width, length and height of the excavation 

¶ the retaining structureôs stiffness 

¶ the type and the spacing of the lateral support 

¶ the mechanical characteristics of the soil 

¶ the coefficient at rest  

¶ the workmanship during construction 

Itôs rather conceivable that combining all factors into one analysis would create a 

large spectrum of parameters and incomparable results. Thus, the current study 

employs a typical Ὄ ρυ ά tie-back wall system supported by 4 rows of prestressed 

anchorages. The latter has been subjected to 2D analyses, where plain strain 

conditions are considered and to triaxial conditions, where rectangular plan view is 

considered for ratios: a) ὒȾὌ ρ and b) ὒȾὌ ςȢυ (whereas ὒ is the excavation 

length). 

The analyses consist of the construction and simulation of the retaining structure, 

followed by serviceability statesô examination, where the soil is modelled by the non-

linear constitutive model Hardening Soil. Elastic-perfectly plastic (LE-PL) Mohr-

Coulomb models are also employed for comparison. Particular attention has been 

given to the excavation geometry as well as the definition of the surrounding soil and 

the structures characteristics. 
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2. DESIGN PROCEDURE 

 

The displacementsô parametric investigation by F.E models requires a well-defined 

geometry, well-simulated retaining structure and specific assumptions for the 

anchorages. Therefore, the design procedure, as a preliminary stage, consists of the 

a) geometry, b) material properties and c) influence parameters under which the 

comparisons are held. 

 

2.1 Geometry 

The geometry model of Figure 1 has taken into account an arbitrary preliminary 

simulation of rectangular excavations of two types: 

¶ Rectangular excavation: ὒȾὄ ρ 

¶ Rectangular excavation: ὒȾὄ ςȢυ 
 

where L: the length of excavation and B: the width of excavation 

 
Figure 1: Plan view of the examined geometry. 

 
Figure 2: Imported geometry for 2D analysis. 

 

For the rectangular excavation with ratio ὒȾὄ ςȢυ, 2D F.E models have been taken 

into account (Figure 2) supposing that plain strain conditions could adequately 

correspond to the existing conditions, whilst for the ratio ὒȾὄ ρ, triaxial conditions 

are necessarily recommended. Particularly, two types of rectangular plan views are 

considered given the pre-defined height of excavation Ὄ ρυ ά: 

¶ ὒȾὌ ρ 

¶ ὒȾὌ ςȢυ 

whereas ὒ is the excavation length. 
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The selection of such has been made, so that integer number of piles could fit in the 

width and length of excavation none of which on the boundaries as shown in Figure 

3. 

 
Figure 3: Imported geometry for 3D analyses. 

 

The geometry is being imported rigorously into the F.E software (Figure 4a, 4b, 4c). 

 

 

 

Figure 4: 2D and 3D FE models. 

 

2.2 Material properties 

The retaining bulkhead characteristics have been derived by geotechnical parametric 

investigation. Particularly, two soil stratifications have been considered: 

¶ Soil,1: weather conglomerate with overlying weathering mantle of clayey sand 

& gravel of maximum thickness 3.5 meters , in which the soil behavior can be 

assumed as ñnon-cohesiveò 

L/Hå2.5 

L/Hå1 

2D a) 

b) 

c) 



 

vi |  

 

¶ Soil,2: overconsolidated clay, in which the soil behavior can be modelled as 

purely cohesive 

  
Figure 5: Geotechnical design sections, a) soil profile 1, b) soil profile 2. 

 

,whilst the retaining system consists of a series of concrete piles and a thin layer of 

shotcrete in-between them. Particularly, piles of q80cm piles with 3 meters of 

spacing along the transversal direction have been modelled.  

 
Figure 6: Plan view of the retaining piles. 

 

Table 1: Pile design characteristics. 

Description  
Symbol  (unit of 
measurement ) 

Value 

Excavation height H (m) 15 

Embedded pile length f (m) 3 

Pile diameter q (m) 0.80 

Pile spacing s (m) 3.0 

Stiffness Ⱥ (GPa) 30 

Poisson ratio ɜ (-) 0.15 

 

The prestressed anchorages are placed in 4 rows with equivalent length along the 

excavation height and designed with pre-defined fixed anchor length of 6 meters. 

Then, the free length could derive from the active failure plan as proposed by 

Rankine (1857). 

a) b) 
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The prestressing forces can be obtained as a percentage of the design resistance of 

anchors, since no pull-out tests had been carried out. For the current study the 

prestressing forces or lock-off forces are assumed, as follows: 

ὖ πȢψz Ὑȟ 

,where Ὑȟ: the design resistance of anchors obtained by a pre-defined spectrum of 

bond stress. 

 
Figure 7: Typical layout of prestressed anchorages. 

 

Table 2: Anchors design characteristics. 

Description  
Symbol  (unit of 
measurement ) 

Value 

Number of anchors per row n (-) 4 

Drilling hole diameter Dg (cm) 12 

Vertical distance of anchorages l (m) 3.0 

Inclination angle of the anchors Ŭ (deg) 20° 

Horizontal distance of anchors Lspacing (m) 3.0 

Free anchor length Lf (m)  

Fixed anchor length Lg (m) 6,0 

Design resistance of anchors Ra,d (kN) Influence parameter 

 

2.3 Factors affecting the displacement distribution 

As mentioned above, the present study is focused on the parametric investigation of 

the ground surface displacements adjacent to deep excavations in the spectrum of 

specific geotechnical parameters using the FE method. Particularly, two soil types 

with two constitutive models: 

¶ Linear elastic ï Plastic Mohr-Coulomb with parameters: ‎ȟ•˃ȟὧȟὉȟ’ȟὙ  

¶ Non-linear Hardening Soil model with parameters: 

‎ȟ•˃ȟὧȟάȟὉ ȟὉ ȟ’ ȟὙ  

and three prestressing conditions are settled: 

¶ Lock ï off force I: ὃ ὃ 

¶ Lock ï off force II: ὃ ςὃ 

¶ Lock ï off force III: ὃ σὃ 

for three representative values of coefficient at rest: 
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¶ ὑ ρ ίὭὲ•˃ȟπȢχȟρȢπ for soil type I 

¶ ὑ πȢυȟπȢχȟρȢπ for soil type II 

The analyses have been carried out in both 2D and triaxial conditions for ratios a) 

ὒȾὌ ρ and b) ὒȾὌ ςȢυ, according to the geometries shown in Figure 2 & 3. 

 

3. OUTPUT RESULTS 

The output results are deduced in terms of normalized settlements and lateral 

displacements using the fixed excavation height Ὄ ρυ ά as a function of 

normalized distance from excavation ὨȾὌ. 

Itôs rather conceivable that the profiles are indicating settlementsô distribution using 

the non-linear Hardening Soil model, whilst for the LE-PL Mohr-Coulomb heave. 

 

 

Figure 8: Comparison of settlementsô distribution between HS and MC for both soil types. 

 

LE-PL model also indicated basal heave while underestimates the lateral and vertical 

movements surrounding the excavation as shown in Figure 8 & 9. 

 

Figure 8: Total displacements for soil type I with: a) MC, b) HS under triaxial conditions 

(L/Hå1) 

a) b) 
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Figure 8: Total displacements for soil type II with: a) MC, b) HS under triaxial conditions 

(L/Hå2.5) 

 

In order to examine the influence of model conditions on the settlementsô distribution, 

a series of comparison charts has been conducted for each prestressing force and 

coefficient at rest. A few indicative charts are presented below for ὑ ρȢπ and ὃ

ςὃ. 

From the indicative comparison charts it can be noted that the settlementsô profiles of 

2D and 3D coincide for the case of soil type II, while convergence in the maximum 

settlement at the crest is observed for the soil type I. Apparently, the narrow 

excavation indicates lower settlement profiles and limited influence zone.  

 

 
Figure 9: Settlementsô distribution comparison charts for prestressed force 2A and for 

maximum value of coefficient at rest for: a) soil type I, b) soil type II 

 

The objective of the initial analysis has been set to the ground surface displacement 

profiles, which can be part of the general Serviceability Limit States (SLS).Though, 

implicitly, Ultimate Limit States (ULS) still lie within the analysis, providing details 

regarding the design of the retaining wall and the prestressed anchorages. Hence, 

safety factor (SF) charts are also presented.  

a) b) 

a) 

b) 
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Figure 10: Bilinear variation of the safety factor with respect to the prestressing forces in the 

model conditions domain for: a) soil type I, b) soil type II. 

 

4. DISCUSSION AND CONCLUSION 

The conclusions of the current analysis can be deduced in the following bullets: 

¶ It is highly recommended using the tangent stiffness for unloading reloading 

as in Hardening Soil model. Comparative analyses with the LE-PL Mohr-

Coulomb have indicated ground surface heave instead of settlements and 

negligible effect of the prestressing forces. 

¶ Settlementsô distribution is greatly affected by the soil type (either cohesive or 

non-cohesive), the prestressing forces ὃ and the ratio ὒȾὌ under triaxial 

model conditions. On the contrary, the influence of the coefficient at rest ὑ 

seems rather negligible as the ground movements are mostly depending on 

the wall stiffness, the tangent stiffness for unloading-reloading and the 

increase on the prestressing force. 

¶ Primary influence zone (PIZ) is located among ὼ πȢψ ρȢπὌ and for ὼ

ρȢς ρȢυὌ for soil type I and II respectively, while it is rather limited for the 

lower values of ratio ὒȾὌ. In comparison with semi-empirical studies, results 

suggest a limited PIZ (ὼ ςὌ according to Clough & OôRourke (1990) and 

Hsieh & Ou (1998). 

¶ Output results have also indicated the maximum settlement point, which 

varies ὼ πȢσυπȢχὌ from the face of the retaining wall. Apparently, this 

corresponds to soil type II, where concave type prevails. For the spandrel 

type (soil type I) the maximum surface settlement develops at the crest. 

¶ Regarding the magnitude of the settlements, the latter has been determined 

within the range ᶰπȢπρυϷȟπȢπσυϷ and ᶰπȢρπϷȟπȢσυϷ for soil type I 

and II respectively, which is actually lower than the one suggested by Peck 

(1969), ρϷ and comparable with one suggested by OôRourke, πȢσϷ. 

 

a) 

b) 
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ȺɡɢŬɟɘůŰɑŮɠ 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮəˊɞɜɐɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ ŬˊɧəŰɖůɖɠ Űɞɡ 

ŭɘˊɚɩɛŬŰɞɠ Űɞɡ ȹɘŬŰɛɖɛŬŰɘəɞɨ ɀŮŰŬˊŰɡɢɘŬəɞɨ ɄɟɞɔɟɎɛɛŬŰɞɠ Ɇˊɞɡŭɩɜ (ȹɄɀɆ) 

çɆɢŮŭɘŬůɛɧɠ əŬɘ ȾŬŰŬůəŮɡɐ ɈˊɞɔŮɑɤɜ Ȱɟɔɤɜè. 

Ⱥˊɘɓɚɏˊɤɜ, Űɞɜ ɞˊɞɑɞ ŮɡɢŬɟɘůŰɩ ɗŮɟɛɎ ɔɘŬ Űɘɠ ɡˊɞŭŮɑɝŮɘɠ, Űɘɠ ŭɘɞɟɗɩůŮɘɠ əŬɘ Űɞ 

ɢɟɧɜɞ ˊɞɡ ŬűɘɏɟɤůŮ, ɩůŰŮ ŬɡŰɐ ɖ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɜŬ ŮɑɜŬɘ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ 

ˊɚɐɟɖɠ, ŮɑɜŬɘ ɞ ə. ȸŬůɑɚŮɘɞɠ ɄŬˊŬŭɧˊɞɡɚɞɠ, (Ů.ů.) ȷɜ. ȾŬɗɖɔɖŰɐɠ Űɞɡ ɇɞɛɏŬ 

ũŮɤŰŮɢɜɘəɐɠ ɀɖɢŬɜɘəɐɠ Űɞɡ ŰɛɐɛŬŰɞɠ ɄɞɚɘŰɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ ȺɀɄ. 

Ⱥˊɑůɖɠ, ŬˊŮɡɗɨɜɤ Űɘɠ ŮɡɢŬɟɘůŰɑŮɠ ɛɞɡ əŬɘ ůŰŬ ɎɚɚŬ ŭɨɞ ɛɏɚɖ Űɖɠ ŮɝŮŰŬůŰɘəɐɠ 

ŮˊɘŰɟɞˊɐɠ, Űɞɜ ə. ȿɞɡˊŬůɎəɖ, ȷɜ. ȾŬɗɖɔɖŰɐ Űɞɡ ŰɛɐɛŬŰɞɠ ɀɖɢ. ɀŮŰŬɚɚŮɑɤɜ ï 

ɀŮŰŬɚɚɞɡɟɔɩɜ Űɞɡ ȺɀɄ əŬɘ Űɞɜ ə. ũŮɟɧɚɡɛɞ, ȷɜ. ȾŬɗɖɔɖŰɐ Űɞɡ ɇɞɛɏŬ ũŮɤŰŮɢɜɘəɐɠ 

ɀɖɢŬɜɘəɐɠ Űɞɡ ŰɛɐɛŬŰɞɠ ɄɞɚɘŰɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ ȺɀɄ, ɔɘŬ Űɞɜ ɢɟɧɜɞ əŬɘ Űɖɜ 

ˊɟɞɗɡɛɑŬ Űɞɡɠ ɜŬ ůɡɛɛŮŰɎůɢɞɡɜ ůŰɖɜ ŮˊɘůŰɖɛɞɜɘəɐ ŮɝɏŰŬůɖ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ 

ŮɟɔŬůɑŬɠ. 

ŪɏɛŬ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ɞɟɑůŰɖəŬɜ ɞɘ: çȺŭŬűɘəɏɠ 

ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ 

ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠè. 
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xix |  

 

ɄɑɜŬəŬɠ Ɇɡɛɓɧɚɤɜ 

ɮΥ ˋˎ˄ˍˈ˃ʶˎˋʹ ˉʰˊʰ˃ʷˍˊˇˎ ˒ˇˊˍʾˇˎ 

ʰʴˁˎˊ˗ˋʶ˖˄ 

ɮsΥ ʵʽʱ˃ʶˍˊˇˌ ˍʷ˄ˇ˄ˍʰ 

ɰΥ ˉ˂ʱˍˇˌ ʶˁˋˁʰ˒ʺˌ 

cub: h ˋˍˊʱʴʴʽˋˍʹ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ 

c': ʁ ˄ʶˊʴˈˌ ʵʽʰˍ˃ʹˍʽˁʺ ʰ˄ˍˇ˔ʺ ʶʵʱ˒ˇˎˌ 

d: h ˉˈˋˍʰˋʹ ʰˉˈ ˍʹ˄ ˋˍʷ˕ʹ ˍʹˌ ʶˁˋˁʰ˒ʺˌ 

DgΥ ʵʽʱ˃ʶˍˊˇˌ ˇˉʺˌ ɻ ʽʰˍˊʹ˃ʱˍ˖˄ ʰʴˁˎˊ˗ˋʶ˖˄ 

ɳΥ ˃ʷˍˊˇ ˉʰˊʰ˃ˇˊ˒˖ˋʽ˃ˈˍʹˍʰˌ 

ɳ50Υ ˍʷ˃˄ˇ˄ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ 

ɳ50,ref: ˉˊʰʴ˃ʰˍʽˁˈ ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ 

ʰ˄ʰ˒ˇˊʱˌ 

ɳoed: ˃ ʷˍˊˇ ˃ˇ˄ˇʵʽʱˋˍʰˍʹˌ ˋˎ˃ˉʾʶˋʹˌ 

ɳoed,ref: ˃ʷˍˊˇ ˃ˇ˄ˇʵʽʱˋˍʰˍʹˌ ˋˎ˃ˉʾʶˋʹˌ 

ʰ˄ʰ˒ˇˊʱˌ 

ɳur: ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ˋʶ ˒ˈˊˍʽˋʹ ς 

ʰˉˇ˒ˈˊˍʽˋʹ 

ɳur,ref: ˃ʷˍˊˇ ʶ˂ʰˋˍʽˁˈˍʹˍʰˌ ʰ˄ʰ˒ˇˊʱˌ ˋʶ 

˒ˈˊˍʽˋʹ ς h ˉˇ˒ˈˊˍʽˋʹ 

F: ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˋ˒ʰ˂ʶʾʰˌ ʷ˄ʰ˄ˍʽ ʰ˄ˏ˕˖ˋʹˌ 

ˉˎʻ˃ʷ˄ʰ 

FSΥ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˋ˒ʰ˂ʶʾʰˌ 

f: ̡ ʱʻˇˌ ˉʱˁˍ˖ˋʹˌ ˉʰˋˋʱ˂˖˄ 

fy,k: ̍ ˊʽˇ ʵʽʰˊˊˇʺˌ ˍʷ˄ˇ˄ˍʰ 

ɶΥ ˏ˕ˇˌ ʴʶ˄ʽˁʺˌ ʶˁˋˁʰ˒ʺˌ 

ɶw: ˏ ˕ˇˌ ˍˇʾ˔ˇˎ ʰ˄ˍʽˋˍʺˊʽ˅ʹˌ 

ɶb: ˃ʷʴʽˋˍˇ ˏ˕ˇˌ ʵʽʵʽʱˋˍʰˍˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ 

˃ˇ˄ˍʷ˂ˇˎ 

hb: ˁ ʱˍ˖ ˈˊʽˇ ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ 

i: ˎ ʵˊʰˎ˂ʽˁʺ ˁ˂ʾˋʹ 

icr: ˁ ˊʾˋʽ˃ʹ ˎʵˊʰˎ˂ʽˁʺ ˁ˂ʾˋʹ 

ɼ0Υ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˇˎʵʶˍʷˊ˖˄ ˖ʻʺˋʶ˖˄ 

L: ɾʺˁˇˌ ʁ ˁˋˁʰ˒ʺˌ 

Lb: ˃ʷʴʽˋˍˇ ˉ˂ʱˍˇˌ ʵʽʵʽʱˋˍʰˍˇˎ ʰˊʽʻ˃ʹˍʽˁˇˏ 

˃ˇ˄ˍʷ˂ˇˎ 

Lg: ̄ ʰˁˍ˖˃ʷ˄ˇ ˃ʺˁˇˌ ʰʴˁˎˊʾ˖˄ 

Lf: ʁ ˂ʶˏʻʶˊˇ ˃ʺˁˇˌ ʰʴˁˎˊʾ˖˄ 

LpΥ ˇˊʽʸˈ˄ˍʽʰ ʰˉˈˋˍʰˋʹ ʶˉʾˉʶʵʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ 

ʰˋˍˇ˔ʾʰˌ ʰˉˈ ˍʹ˄ ˋˍʷ˕ʹ 

Lspacing: ʰˉˈˋˍʰˋʹ ʰʴˁˎˊ˗ˋʶ˖˄ ˋˍʹ ʵʽʰ˃ʺˁʹ 

ʵʽʱˋˍʰˋʹ 

lΥ ˁʰˍʰˁˈˊˎ˒ʶˌ ʰˉˇˋˍʱˋʶʽˌ ʰʴˁˎˊ˗ˋʶ˖˄ 

lb: ʵʶ˅ʾ ˁʰʽ ʰˊʽˋˍʶˊˈ ˈˊʽˇ ʵʽʵʽʱˋˍʰˍˇˎ 

ʰˊʽʻ˃ʹˍʽˁˇˏ ˃ˇ˄ˍʷ˂ˇˎ 

m: ̀ ˎ˄ˍʶ˂ʶˋˍʺˌ 

NbΥ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˎˉʶˊ˒ˈˊˍʽˋʹˌ 

Ncb: ̌ ˊʽʰˁˈˌ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ˎˉʶˊ˒ˈˊˍʽˋʹˌ 

n: ̀ ʶʽˊʷˌ ʰʴˁˎˊ˗ˋʶ˖˄ ˁʰʻΩ ˏ˕ˇˌ 

P: ˒ ˇˊˍʾˇ ˉˊˇʷ˄ˍʰˋʹˌ 

P0: ˒ ˇˊˍʾˇ ζˋ˒ʺ˄˖ˋʹˌη 

p'ref: ̄ ˂ʶˎˊʽˁʺ ˍʱˋʹ ʰ˄ʰ˒ˇˊʱˌ 

q: ʁ ˁˍˊˇˉʽˁʺ ˍʱˋʹ 

qf: ̌ ˊʽʰˁʺ ʻʶ˖ˊʹˍʽˁʺ ˍʱˋʹ ʰˋˍˇ˔ʾʰˌ 

qa: h ˋˎ˃ˉˍ˖˃ʰˍʽˁʺ ˍʽ˃ʺ ˍʹˌ ʶˁˍˊˇˉʽˁʺˌ ˍʱˋʹˌ 

Reff: h ˁˍʾ˄ʰ ʶˉʽˊˊˇʺˌ 

Rinter: ʴ˖˄ʾʰ ˍˊʽʲʺˌ ʵʽʶˉʽ˒ʱ˄ʶʽʰˌ ʶʵʱ˒ˇˎˌ ς 

ˍˇʾ˔ˇˎ ʰ˄ˍʽˋˍʺˊʽ˅ʹˌ 

Ra,k: ̝ ʰˊʰˁˍʹˊʽˋˍʽˁʺ ʰ˄ˍˇ˔ʺ ʰʴˁˎˊʾˇˎ 

Ra,dΥ ʰ˄ˍˇ˔ʺ ˋ˔ʶʵʽʰˋ˃ˇˏ ʰʴˁˎˊʾ˖˄ 

s: h ˉˈˋˍʰˋʹ ˉʰˋˋʱ˂˖˄ ˋˍʹ ʵʽʰ˃ʺˁʹ ʵʽʱˋˍʰˋʹ 

sij: ˁ ʰʻʾʸʹˋʹ 

smax: ˃ ʷʴʽˋˍʹ ˁʰʻʾʸʹˋʹ 

Vs: h ˉ˗˂ʶʽʰ ʶʵʰ˒ʽˁˇˏ ˈʴˁˇˎ 

x-y-z: ̀ ˏ˃ʲˇ˂ʰ ˁʰˊˍʶˋʽʰ˄˗˄ ʰ˅ˈ˄˖˄ 

x: ʸ˗˄ʹ ʶˉʽˊˊˇʺˌ ˍˊʽˋʵʽʱˋˍʰˍ˖˄ ʰˊʽʻ˃ʹˍʽˁ˗˄ 

˃ˇ˄ˍʷ˂˖˄ 



 

ii |  

 

ʰΥ ʴ˖˄ʾʰ ˁ˂ʾˋʹˌ ʰʴˁˎˊʾ˖˄ ˖ˌ ˉˊˇˌ ˍʹ˄ 

ˇˊʽʸˈ˄ˍʽˇ 

ʴΥ ʶʽʵʽˁˈ ʲʱˊˇˌ 

ʴhΥ ʶˉʽ˃ʷˊˇˎˌ ˋˎ˄ˍʶ˂ʶˋˍʺˌ ʰˋ˒ʰ˂ʶʾʰˌ ˁʰˍʱ 

ɳˎˊ˖ˁ˗ʵʽˁʰ 

vɻ: ˁ ʰʻʾʸʹˋʹ 

sɻmax: ˃ ʷʴʽˋˍʹ ʵʽʰ˒ˇˊʽˁʺ ˁʰʻʾʸʹˋʹ 

vɻm: ˃ ʷʴʽˋˍʹ ˁʰʻʾʸʹˋʹ 

1ʁΥ ʰ˅ˇ˄ʽˁʺ ˍˊˇˉʺ 

ʻΥ ʴ˖˄ʾʰ ʶˉʾˉʶʵʹˌ ʶˉʽ˒ʱ˄ʶʽʰˌ ʰˋˍˇ˔ʾʰˌ ˁʰˍʱ 

Rankine 

˄Υ ˂ˈʴˇˌ Poisson 

u˄r: ˂ ˈʴˇˌ Poisson ̀ ʶ ˒ˈˊˍʽˋʹ ς h ˉˇ˒ˈˊˍʽˋʹ 

ś: ɻ ˎˋˁʰ˃˕ʾʰ ˋˎˋˍʺ˃ʰˍˇˌ ʰ˄ˍʽˋˍʺˊʽ˅ʹˌ 

1̀Υ ˁʰˍʰˁˈˊˎ˒ʹ ˍʱˋʹ 

3̀Υ ˉ˂ʶˎˊʽˁʺ ˍʱˋʹ 

u̱lt: ˔ʰˊʰˁˍʹˊʽˋˍʽˁʺ ʰ˄ˍˇ˔ʺ ˋˎ˄ʱ˒ʶʽʰˌ 

ʶ˄ʷ˃ʰˍˇˌ ς ʁ ʵʱ˒ˇˎˌ 

˒Υ ʴ˖˄ʾʰ ʵʽʰˍ˃ʹˍʽˁʺˌ ʰ˄ˍˇ˔ʺˌ ʶʵʱ˒ˇˎˌ 

ʊ: ɻ ʽʱ˃ʶˍˊˇˌ ̄ ʰˋˋʱ˂ˇˎ 

˕Υ ʴ˖˄ʾʰ ʵʽʰˋˍˇ˂ʽˁˈˍʹˍʰˌ 

 

ɆɡɜŰɞɛŮɨůŮɘɠ 

2D: 2-Dimensions 

3D: 3-Dimensions 

AIR: Apparent influence range 

FEM: Finite element model 

HS: Hardening Soil 

LE-PL: Linear elastic ς plastic 

MC: Mohr-Coulomb 

NC: Normal consolidation 

OC: Overconsolidation 

PIZ: Primary influence zone 

SF: Safety factor 

SIZ: Secondary influence zone 

SLS: Serviceability limit state  

ULS: Ultimate limit state 

Y.Y.O: ˎ ˉˈʴʶʽˇˌ ˎ ʵˊˇ˒ˈˊˇˌ ˇˊʾʸˇ˄ˍʰˌ 
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1                                                                   

ȺɘůŬɔɤɔɐ 

1.1. State of the art 

ȼ ůɡɜŮɢɐɠ ŭɘŮɨɟɡɜůɖ Űɤɜ ŬůŰɘəɩɜ əɏɜŰɟɤɜ əɘ ɞɚɞɏɜŬ ŬɡɝŬɜɧɛŮɜŮɠ ŬˊŬɘŰɐůŮɘɠ 

ɓɘɩůɘɛɖɠ ŬɜɎˊŰɡɝɖɠ əŬɘ ɡˊɞɔŮɘɞˊɞɑɖůɖɠ Űɤɜ əŬŰŬůəŮɡɩɜ əŬɗɑůŰŬɜŰŬɘ ŬˊŬɟŬɑŰɖŰŮɠ 

ůŰɖ ůɨɔɢɟɞɜɖ Ůˊɞɢɐ. ȺɑɜŬɘ ůŬűɏɠ Ůˊɑůɖɠ, ɧŰɘ ůŮ ɏɜŬ ŬůŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ, ɞ 

ůɢŮŭɘŬůɛɧɠ ɤɠ ˊɟɞɠ Űɖɜ ˊɚŮɡɟɎ Űɖɠ ŬůűɎɚŮɘŬɠ Űɤɜ ɡűɘůŰɎɛŮɜɤɜ ɡˊɞŭɞɛɩɜ 

ŬˊɞŰŮɚŮɑ ŬˊɞəɚŮɘůŰɘəɐ ɚɨůɖ.  

ɆŮ ŬɡŰɧ Űɞ ˊɚŬɑůɘɞ ɞɘ ɛŮɚɏŰŮɠ ï əŬɘ əŬŰô ŮˊɏəŰŬůɖ ɞɘ əŬŰŬůəŮɡɏɠ ï Űɤɜ ůɡůŰɖɛɎŰɤɜ 

ŬɜŰɘůŰɐɟɘɝɖɠ ŮˊɘŰɟɏˊɞɡɜ Ŭəɧɛɖ ŬɟəŮŰɐ ɏɟŮɡɜŬ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, ɞɘ ŭɘɎűɞɟŮɠ ɛɏɗɞŭɞɘ 

ɞűŮɑɚɞɡɜ ɜŬ ůɡɜŭɡɎɕɞɜŰŬɘ ɏŰůɘ ɩůŰŮ ɜŬ ŭɑɜɞɡɜ ˊɞɘəɑɚŮɠ ŮɟɛɖɜŮɑŮɠ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ 

Űɤɜ ŮŭŬűɘəɩɜ ɡˊɞɢɤɟɐůŮɤɜ ŮəŬŰɏɟɤɗŮɜ Űɤɜ ůɡůŰɖɛɎŰɤɜ ŬɜŰɘůŰɐɟɘɝɖɠ. ȰˊŮɘŰŬ, ɖ 

ŮɔəŬŰɎůŰŬůɖ ůɨɔɢɟɞɜɤɜ ɛɞɜɎŭɤɜ ˊŬɟŬəɞɚɞɨɗɖůɖɠ Űɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ ɏɟɢŮŰŬɘ ɜŬ 

ŮˊɘɓŮɓŬɘɩůŮɘ ɐ ɜŬ ŭɘŬɣŮɨůŮɘ Űɘɠ Ůɜ ɚɧɔɤ ŮəŰɘɛɐůŮɘɠ. 

Ƀɘ ɛŮŰŬŰɞˊɑůŮɘɠ ˊɞɡ ˊɟɞəŬɚɞɨɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ ɚɧɔɤ ɓŬɗɘɩɜ 

ŮəůəŬűɩɜ ŬˊŬůɢɧɚɖůŮ ˊɞɚɚɞɨɠ ŮɟŮɡɜɖŰɏɠ əŬɘ ŬˊɞŰŮɚŮɑ Ŭəɧɛɖ ŮɡɟɨŰŮɟɞ  əɚɎŭɞ 

ɏɟŮɡɜŬɠ Űɖɠ ɔŮɤŰŮɢɜɘəɐɠ ɛɖɢŬɜɘəɐɠ. Ƀɘ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŮɠ ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ 

ŮəŰɑɛɖůɖɠ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ ŮɑɜŬɘ ŬɡŰɏɠ Űɤɜ Peck (1969), Clough and 

OôRourke (1990) əŬɘ Ou & Hsieh (1998). Ƀɘ Ůɜ ɚɧɔɤ ɛɏɗɞŭɞɘ əŬɘ ˊɞɚɚɏɠ ɎɚɚŮɠ 

ɓŬůɑɕɞɜŰŬɘ ůŮ ɛŮŰɟɐůŮɘɠ Ŭˊɧ ˊɟŬɔɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ůŮ ůɡɔəŮəɟɘɛɏɜɞɡɠ Űɨˊɞɡɠ 

ŮŭŬűɩɜ əŬɘ ŬɜŰɘůŰɖɟɑɝŮɤɜ. ɆŰɖɜ ɓɘɓɚɘɞɔɟŬűɑŬ ˊŬɟŬŰɑɗŮɜŰŬɘ ůɡɜɐɗɤɠ ɤɠ ɛŮŰɟɐůŮɘɠ 

ɡˊɞɢɤɟɐůŮɤɜ ŮŭɎűɞɡɠ (ŭv) ůɡɜŬɟŰɐůŮɘ Űɖɠ Ŭɜɖɔɛɏɜɖɠ ɞɟɘɕɧɜŰɘŬɠ ŬˊɧůŰŬůɖɠ Ŭ ɧ́ 

Űɖɜ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ (d/H). 

ɄŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɞɘ ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ ŮəŰɑɛɖůɖɠ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ŭəɧɛɖ əŬɘ ůɐɛŮɟŬ ůŰɘɠ ɛŮɚɏŰŮɠ ŬɜŰɘůŰɖɟɑɝŮɤɜ, ɞ ůɢŮŭɘŬůɛɧɠ Űɞɡɠ 

ɏɜŬɜŰɘ ɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ (SLS) ˊŮɟɘˊɚɏəŮɘ əŬŰɎ ˊɞɚɨ Űɞ 

ˊɟɧɓɚɖɛŬ əŬɗɩɠ ɡˊŮɘůɏɟɢɞɜŰŬɘ ˊŬɟɎɔɞɜŰŮɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ŮŭɎűɞɡɠ ï 
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əŬŰŬůəŮɡɐɠ. ɆɨɔɢɟɞɜŬ ɛɞɜŰɏɚŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ (FEM) ɏɟɢɞɜŰŬɘ ɜŬ 

əŬɚɨɣɞɡɜ Űɖɜ ˊŬɟŬˊɎɜɤ ŬˊŬɑŰɖůɖ ŮɘůɎɔɞɜŰŬɠ ˊŬɟŬɛɏŰɟɞɡɠ ŭɡůəŬɛɣɑŬɠ əŬɘ 

ůɡɛɓɘɓŬůŰɞɨ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ŮɜŰɧɠ Űɞɡ ŭɘŬəɟɘŰɞˊɞɘɖɛɏɜɞɡ ŮŭŬűɘəɞɨ ɢɩɟɞɡ. 

Ⱥɜ ŰɞɨŰɞɘɠ, ɞɘ ɛɏɗɞŭɞɘ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŭŮɜ ɡˊɞəŬɗɘůŰɞɨɜ ˊɚɐɟɤɠ Űɞ 

ˊɟɧɓɚɖɛŬ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜȚ ˊŬɟɏɢɞɡɜ Ŭˊɚɩɠ ˊɘɞ 

ŮɝŮɚɘɔɛɏɜŬ ɛɞɜŰɏɚŬ ˊɟɧɓɚŮɣɖɠ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ŮŭɎűɞɡɠ Ůűɧůɞɜ ɔɑɜɞɡɜ ɞɘ 

ůɤůŰɏɠ ˊŬɟŬŭɞɢɏɠ. ȿŬɜɗŬůɛɏɜŮɠ Ŭɟɢɘəɏɠ ˊŬɟŬŭɞɢɏɠ əŬɘ ŬɓŮɓŬɘɧŰɖŰŮɠ ůŰɞ 

ɔŮɤŰŮɢɜɘəɧ ɛɞɜŰɏɚɞ ŮɜŭɏɢŮŰŬɘ ɜŬ ɞŭɖɔɐůɞɡɜ ůŮ ŮɜŰŮɚɩɠ ŬɜŬəɟɘɓɐ ŬˊɞŰŮɚɏůɛŬŰŬ ɛŮ 

ŭɘŬűɞɟɎ ɏɤɠ əŬɘ ŰɎɝŮɤɠ ɛŮɔɏɗɞɡɠ. 

Ƀ ɔŮɤŰŮɢɜɘəɧɠ ůɢŮŭɘŬůɛɧɠ ɚɞɘˊɧɜ, ŮɑɜŬɘ ůɖɛŬɜŰɘəɧ ɜŬ ůɡɛɓŬɑɜŮɘ ɚŬɛɓɎɜɞɜŰŬɠ 

ɡˊɧɣɖ Űɘɠ ŭɘŬɗɏůɘɛŮɠ ˊɚɖɟɞűɞɟɑŮɠ Űɞɡ ɓɘɓɚɘɞɔɟŬűɘəɞɨ ɡˊɞɓɎɗɟɞɡ ůŮ ůɡɜŭɡŬůɛɧ 

ɛŮ Űɖ ɢɟɐůɖ Űɤɜ ɛɞɜŰɏɚɤɜ FE. Ⱥɝɑůɞɡ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ŭɘŬŭɟŬɛŬŰɑɕŮɘ ɖ ɎɟŰɘŬ 

ɔŮɤŰŮɢɜɘəɐ əɟɑůɖ Űɞɡ ɛŮɚŮŰɖŰɐ ɤɠ ˊɟɞɠ Űɖɜ Ůˊɘɚɞɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ŭɘŮɟŮɨɜɖůɖɠ 

əŬɘ Űɖɜ ŮɟɛɖɜŮɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ. ɇɏɚɞɠ, ɖ ɔŮɤŰŮɢɜɘəɐ ˊŬɟŬəɞɚɞɨɗɖůɖ əŬɘ ɞɘ in-

situ ɛŮŰɟɐůŮɘɠ ɏɟɢɞɜŰŬɘ ɜŬ ɞɚɞəɚɖɟɩůɞɡɜ ɛɘŬ ŮɛˊŮɟɘůŰŬŰɤɛɏɜɖ ɛŮɚɏŰɖ Ůɜɧɠ 

ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ ɓŬɗɘɩɜ ŮəůəŬűɩɜ Ŭˊɧ ˊɚŮɡɟɎɠ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ. 

 

1.2. ɆŰɧɢɞɘ-ȾɑɜɖŰɟɞ Űɖɠ ɛŮɚɏŰɖɠ 

ɋɠ ɓŬůɘəɧɠ ůŰɧɢɞɠ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟŮɡɜɖŰɘəɐɠ ŮɟɔŬůɑŬɠ ɞɟɑɕŮŰŬɘ ɖ ŬɜŬɕɐŰɖůɖ Űɖɠ 

Ůˊɘɟɟɞɐɠ ŭɘŬűɧɟɤɜ ɔŮɤŰŮɢɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɘɠ əŬŰŬɜɞɛɏɠ Űɤɜ ŮŭŬűɘəɩɜ 

ɛŮŰŬŰɞˊɑůŮɤɜ ŮˊɘűŬɜŮɑŬɠ əŬŰɎ Űɖ ɛŮɚɏŰɖ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ŮəůəŬűɩɜ ɛŮ 

ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ. ɄɟɧəŮɘŰŬɘ ɔɘŬ ŬɜŰɘəŮɑɛŮɜɞ ˊɞɡ ŮɛˊɑˊŰŮɘ ůŰɖ ɔŮɜɘəɧŰŮɟɖ 

ɛŮɚɏŰɖ Űɤɜ ůɡůŰɖɛɎŰɤɜ ŬɜŰɘůŰɐɟɘɝɖɠ Ŭˊɧ ˊɚŮɡɟɎɠ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ.  

ɆŮ ˊɘɞ ůɡɔəŮəɟɘɛɏɜɞ ˊɚŬɑůɘɞ, ŬɡŰɧ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůŰɧɢɤɜ, ŰɑɗŮɜŰŬɘ ŰŬ Ůɝɐɠ: 

ü ȺəŰɑɛɖůɖ ˊɟɞűɑɚ ɛŮŰŬŰɞˊɑůŮɤɜ (ɞɟɘɕɧɜŰɘɤɜ əŬɘ əŬŰŬəɧɟɡűɤɜ) ɛŮ ɢɟɐůɖ FE 

əŬɘ ůɡůɢɏŰɘůɖ ɛŮ ŬɜŰɑůŰɞɘɢŮɠ ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛŮɗɧŭɞɡɠ 

ü ȹɘŮɟŮɨɜɖůɖ əŬɗɘɕɐůŮɤɜ ůŮ ɧɟɞɡɠ Ŭɜɖɔɛɏɜɤɜ Űɘɛɩɜ ůɡɜŬɟŰɐůŮɘ Űɖɠ 

ɔŮɤɛŮŰɟɑŬɠ Űɖɠ ŮəůəŬűɐɠ əŬɘ ɔŮɤŰŮɢɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ŮŭɎűɞɡɠ  

ü ɉɎɟŬɝɖ ́ɟɞűɑɚ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ ŭɘŬűɞɟŮŰɘəɎ ɔŮɤŰŮɢɜɘəɎ ŭŮŭɞɛɏɜŬ 

ŮŭŬűɘəɩɜ ɐ ɖɛɘɓɟŬɢɤŭɩɜ ůɢɖɛŬŰɘůɛɩɜ 

ü Ⱥˊɘɟɟɞɐ Űɘɛɐɠ ůɢŮŭɘŬůɛɞɨ ŭɨɜŬɛɖɠ ˊɟɞɏɜŰŬůɖɠ ůŰɘɠ əŬɛˊɨɚŮɠ əŬɗɘɕɐůŮɤɜ 

ü Ⱥˊɘɟɟɞɐ ɔŮɤɛŮŰɟɑŬɠ ŮəůəŬűɐɠ ůŰŬ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ 

ü ȷɜŰɘˊŬɟŬɓɞɚɐ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮŰŬɝɨ ŭɨɞ əŬŰŬůŰŬŰɘəɩɜ ɛɞɜŰɏɚɤɜ 

ˊŮɟɘɔɟŬűɐɠ Űɖɠ ɛɖɢŬɜɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ŮŭɎűɞɡɠ 

ü ɆɢɞɚɘŬůɛɧɠ ɗɏůɖɠ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ əŬɘ ˊɟɤŰŮɨɞɡůŬɠ ɕɩɜɖɠ Ůˊɘɟɟɞɐɠ 

ü Ⱥˊɘɟɟɞɐ ůɡɜŰŮɚŮůŰɐ ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ ůŰɘɠ əŬɛˊɨɚŮɠ əŬɗɘɕɐůŮɤɜ 

ü ȺɝŬɔɤɔɐ ůɡɛˊŮɟŬůɛɎŰɤɜ ɔɘŬ Űɞɜ ɔŮɜɘəɧŰŮɟɞ ůɢŮŭɘŬůɛɧ Űɤɜ ůɡůŰɖɛɎŰɤɜ 

ŬɜŰɘůŰɖɟɑɝŮɤɜ ůŮ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ 

ɆŰɖɜ ɓɎůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ůŰɧɢɤɜ, ŬɜŬɚɧɔɤɠ ŭɘŬŰɡˊɩɜɞɜŰŬɘ əŬɘ ɞɘ ˊŬɟŬŭɞɢɏɠ 

ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ, Űɤɜ ŬɔəɡɟɩůŮɤɜ, Űɖɠ ɔŮɤɛŮŰɟɑŬɠ əŬɘ 

Űɤɜ ɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ əŬɘ Űɤɜ ɔŮɤŰŮɢɜɘəɩɜ ŭŮŭɞɛɏɜɤɜ. 

ȼ ŮɟɛɖɜŮɑŬ əŬɘ ɖ ůɡůɢɏŰɘůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ˊŬɟŬɛɏŰɟɤɜ ɗŬ ɔɑɜŮɘ ŮəŰŮɜɩɠ ŮɜŰɧɠ Űɖɠ 

ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ, ɛŮ əɑɜɖŰɟɞ ɜŬ ŬˊɞŭɞɛɐůŮɘ Űɞ ŭɡůŮˊɑɚɡŰɞ ˊɟɧɓɚɖɛŬ Űɤɜ 

ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ ŮəŬŰɏɟɤɗŮɜ Űɤɜ ůɡůŰɖɛɎŰɤɜ ŬɜŰɘůŰɐɟɘɝɖɠ ŮɜŰɧɠ ŬůŰɘəɞɨ 

ɘůŰɞɨ ůŮ Ůˊɘɛɏɟɞɡɠ ˊŬɟɎɔɞɜŰŮɠ Ůˊɘɟɟɞɐɠ əŬɘ ɛŮɗɞŭɞɚɞɔɑŮɠ. 
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1.3. ȾŮűŬɚŬɘɞˊɞɑɖůɖ ˊŮɟɘŮɢɞɛɏɜɞɡ 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɤɠ ɛɘŬ ɞɚɞəɚɖɟɤɛɏɜɖ ůŮɘɟɎ 

ˊŬɟŬɛŮŰɟɘəɩɜ ŬɜŬɚɨůŮɤɜ ɔɘŬ Űɘɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ ŬɚɚɎ əŬɘ Űɖɜ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ ï ŮŭɎűɞɡɠ. ȼ ɓɘɓɚɘɞɔɟŬűɘəɐ 

ŬˊɞŰɨˊɤůɖ űɡůɘəɎ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɖɜ əŬŰŬɜɧɖůɖ əŬɘ ɢɟɐůɖ Űɤɜ Ůɜɜɞɘɩɜ. 

ȼ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ɚɞɘˊɧɜ ɞɟɔŬɜɩɜŮŰŬɘ ɤɠ Ůɝɐɠ: 

ɇɞ 2ɞ əŮűɎɚŬɘɞ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞ ɗŮɤɟɖŰɘəɧ ɡˊɧɓŬɗɟɞ, ŭɖɚŬŭɐ Űɘɠ ɓŬůɘəɏɠ ɏɜɜɞɘŮɠ 

ɛɏůɤ Űɤɜ ɞˊɞɑɤɜ ɗŬ əŬŰŬɜɞɐůɞɡɛŮ Űɘɠ ŮŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ˊɚɖůɑɞɜ ɓŬɗɘɩɜ 

ŮəůəŬűɩɜ, Űɘɠ ŭɘɎűɞɟŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ůɢŮŭɘŬůɛɞɨ əŬɘ Űɞɜ Űɟɧˊɞ ŮəŰɑɛɖůɖɠ Űɞɡɠ 

ɛɏůɤ Űɤɜ Ůˊɘɛɏɟɞɡɠ ɛŮɗɧŭɤɜ. ȷɜŬɚɨɞɜŰŬɘ Ůˊɑůɖɠ ůɡɜɞˊŰɘəɎ ɞɘ ɛɏɗɞŭɞɘ FEM əŬɘ ɖ 

ɢɟɐůɖ Űɞɡɠ ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ əŬɘ ɞɚɞəɚɖɟɩɜŮŰŬɘ Űɞ 

əŮűɎɚŬɘɞ ɛŮ ŬɜŬűɞɟɎ ůŰɘɠ ŮˊɘŰɟŮˊɧɛŮɜŮɠ ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ əŬɗɘɕɐůŮɤɜ əŬŰɎ 

ůɡɔəŮəɟɘɛɏɜŬ ˊɟɧŰɡˊŬ əŬɘ Űɨˊɞɡɠ əŬŰŬůəŮɡɐɠ. 

ɇɞ 3ɞ əŮűɎɚŬɘɞ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŭɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ Űɞɡ ɛɞɜŰɏɚɞɡ 

ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, Űɘɠ ɔŮɤŰŮɢɜɘəɏɠ ˊŬɟŬŭɞɢɏɠ, Űɖɜ ŮɝŮŰŬɕɧɛŮɜɖ ɔŮɤɛŮŰɟɑŬ 

Űɖɠ ŮəůəŬűɐɠ əŬɘ ɔŮɜɘəɧŰŮɟŬ Űɘɠ ɛŮɗɞŭɞɚɞɔɑŮɠ ˊɞɡ ŬəɞɚɞɡɗɐɗɖəŬɜ. ȰˊŮŰŬɘ ɖ 

ŭɘŮɟŮɨɜɖůɖ ɧˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ˊŬɟŬɛŮŰɟɘəɩɜ ŬɜŬɚɨůŮɤɜ 

ůŮ ŭɘŬɔɟŬɛɛŬŰɘəɏɠ ŬˊŮɘəɞɜɑůŮɘɠ əŬɘ ɧɟɞɡɠ ŬŭɘɎůŰŬŰɤɜ Űɘɛɩɜ. ɆɡɛˊɚɖɟɩɜŮŰŬɘ Űɞ 

əŮűɎɚŬɘɞ ɛŮ ůɢŮŰɘəɏɠ ůɡůɢŮŰɑůŮɘɠ ŬˊɞŰŮɚŮůɛɎŰɤɜ, ůɢɞɚɘŬůɛɧ Űɞɡɠ əŬɘ ŭɘŬɔɟɎɛɛŬŰŬ 

ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ. 

ɆŰɞ 4ɞ əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ɔŮɜɘəɎ əŬɘ ɞɡůɘŬůŰɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ Űɖɠ 

ɛŮɚɏŰɖɠ. 

ɆŰɞ 5ɞ əŮűɎɚŬɘɞ ŰɑɗŮŰŬɘ ɞ Ůˊɑɚɞɔɞɠ Űɖɠ ŮɟɔŬůɑŬɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɞɟɘůɛɏɜŮɠ 

ɛŮɚɚɞɜŰɘəɏɠ ˊɟɞŰɎůŮɘɠ ŮˊɏəŰŬůɖɠ Űɖɠ əŬɘ 

ɇɏɚɞɠ, ˊŬɟŬŰɑɗŮŰŬɘ ɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ ŰŬ ŮɟŮɡɜɖŰɘəɎ ˊŮŭɑŬ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɤɠ ɓɎůɖ ɔɘŬ Űɖɜ ůɨɜŰŬɝɖ ŬɡŰɐɠ Űɖɠ ɛŮɚɏŰɖɠ. 
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2                                                                   

ŪŮɤɟɖŰɘəɧ ɡ́ ɧɓŬɗɟɞ 

 

ɇɞ ɗŮɤɟɖŰɘəɧ ɡˊɧɓŬɗɟɞ ŬˊɞŰŮɚŮɑ ůɖɛŬɜŰɘəɐ ˊŰɡɢɐ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮɚɏŰɖɠ əŬɗɩɠ 

ŮɘůɎɔɞɜŰŬɘ əŬɘ ůɢɞɚɘɎɕɞɜŰŬɘ ɏɜɜɞɘŮɠ ůɢŮŰɘəɎ ɛŮ Űɘɠ ŮŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ˊɞɡ 

ˊɟɞəŬɚɞɨɜŰŬɘ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ, ɛŮ ůəɞˊɧ ɜŬ Ŭˊɞŭɞɛɖɗɞɨɜ ɞɘ ˊŬɟɎɛŮŰɟɞɘ 

Ůˊɘɟɟɞɐɠ əŬɘ ɜŬ ŮɜŰŬɢɗɞɨɜ ůŮ ɏɜŬ ˊɚŬɑůɘɞ ŮɛˊŮɟɘůŰŬŰɤɛɏɜɖɠ ŭɘŮɟŮɨɜɖůɖɠ. ɇɞ 

əŮűɎɚŬɘɞ ɞɟɔŬɜɩɜŮŰŬɘ ŬɟɢɘəɎ ɛŮ Űɘɠ ˊɞɚɨ ˊɟɤŰŬɟɢɘəɏɠ ɏɜɜɞɘŮɠ Űɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ 

əŬɘ ůɡɜŮɢɑɕŮɘ ɛŮ Űɘɠ ɓŬůɘəɏɠ ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛŮɗɧŭɞɡɠ, Ůɜɩ ɞɚɞəɚɖɟɩɜŮŰŬɘ ɛŮ 

ˊŮɟɘɔɟŬűɐ Űɤɜ ˊɘɞ ůɨɔɢɟɞɜɤɜ ɛŮɗɧŭɤɜ, ɧˊɤɠ ŬɡŰɏɠ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ 

əŬɚɨˊŰɞɜŰŬɠ ɏŰůɘ ɧɚɞ Űɞ űɎůɛŬ Űɞɡ Űɟɧˊɞɡ ŮəŰɑɛɖůɖɠ Űɞɡɠ. 

 

2.1. ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ 

Ƀɘ ɛŮŰŬŰɞˊɑůŮɘɠ ˊɞɡ ˊɟɞəŬɚɞɨɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ ɚɧɔɤ ɓŬɗɘɩɜ 

ŮəůəŬűɩɜ ŬˊŬůɢɧɚɖůŮ ˊɞɚɚɞɨɠ ŮɟŮɡɜɖŰɏɠ əŬɘ ŬˊɞŰŮɚŮɑ Ŭəɧɛɖ ŮɡɟɨŰŮɟɞ əɚɎŭɞ 

ɏɟŮɡɜŬɠ Űɖɠ ɔŮɤŰŮɢɜɘəɐɠ ɛɖɢŬɜɘəɐɠ. 

ȼ ɛŮŰŬəɘɜɖůɘŬəɐ ůɡɛˊŮɟɘűɞɟɎ ɛɘŬɠ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɖɠ ŮəůəŬűɐɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ 

ˊɞɚɚɞɨɠ ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ: 

¶ Űɞ ˊɚɎŰɞɠ, Űɞ ɛɐəɞɠ əŬɘ Űɞ ɓɎɗɞɠ Űɖɠ ŮəůəŬűɐɠ 

¶ Űɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ 

¶ Űɖɜ ŬˊɧůŰŬůɖ əŬɘ ŭɡůəŬɛɣɑŬ Űɤɜ ɞɟɘɕɧɜŰɘɤɜ ůŰɖɟɑɝŮɤɜ  

¶ ŰŬ ɛɖɢŬɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɞɡ ŮŭɎűɞɡɠ 

¶ Űɖɜ ˊɟɞűɧɟŰɘůɖ Űɞɡ ŮŭɎűɞɡɠ (Ůˊɘɟɟɞɐ ůŰɞɜ ůɡɜŰŮɚŮůŰɐ ɤɗɐůŮɤɜ ůŮ ɖɟŮɛɑŬ 

ὑ) 

¶ Űɖɜ ɛɏɗɞŭɞ ŬˊɞůŰɟɎɔɔɘůɖɠ əŬɘ Űɖɜ ůŰŮɟŮɞˊɞɑɖůɖ Űɞɡ ŮŭɎűɞɡɠ 
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¶ Űɘɠ Űɡɢɧɜ ŮˊɘűɞɟŰɑůŮɘɠ 

¶ Űɞ ɓɎɗɞɠ Űɞɡ ɓɟŬɢɩŭɞɡɠ ɡˊɧɓŬɗɟɞɡ əŬɘ Űɏɚɞɠ 

¶ Űɖɜ əŬŰŬůəŮɡŬůŰɘəɐ ŬəɞɚɞɡɗɑŬ 

ũɑɜŮŰŬɘ ŬɜŰɘɚɖˊŰɧ, ɧŰɘ əŬɗɑůŰŬŰŬɘ ŬŭɨɜŬŰɖ ɖ ůɡɛˊŮɟɑɚɖɣɖ ɧɚɤɜ Űɤɜ ˊŬɟŬɔɧɜŰɤɜ ůŮ 

ɛɑŬ əŬɘ Ŭˊɚɞˊɞɘɖɛɏɜɖ ɛɏɗɞŭɞ ŬɜɎɚɡůɖɠȚ ɔɘô ŬɡŰɧ əŬɘ ɞɘ ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ ˊɞɡ 

ɗŬ ˊŬɟŬŰŮɗɞɨɜ ůŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Ůˊɘɛɏɟɞɡɠ ˊŬɟŬŭɞɢɏɠ, 

ɛŮŰɟɐůŮɘɠ ɐ ůɡɔəŮəɟɘɛɏɜɞɡɠ Űɨˊɞɡɠ ŮŭŬűɩɜ. ɄɟɞŰɞɨ ɤůŰɧůɞ ɔɑɜŮɘ ŬɜŬűɞɟɎ ůŰɘɠ 

ůɖɛŬɜŰɘəɧŰŮɟŮɠ ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛŮɗɧŭɞɡɠ, ŬɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗɞɨɛŮ ůŰɞɡɠ Űɨˊɞɡɠ Űɤɜ 

ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ ˊɞɡ ˊɟɞəŬɚɞɨɜŰŬɘ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ əŬɘ ůŰŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ ůŮ ůɢɏůɖ ɛŮ Űɞɡɠ Űɨˊɞɡɠ ŮŭŬűɩɜ. ȷɡŰɏɠ ŮɑɜŬɘ: 

¶ ȾŬŰŬəɧɟɡűŮɠ ɛŮŰŬŰɞˊɑůŮɘɠ ɐ əŬɗɘɕɐůŮɘɠ 

¶ ɃɟɘɕɧɜŰɘŮɠ ɐ ˊɚŮɡɟɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ 

¶ ȷɜɨɣɤůɖ Űɞɡ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ 

ȾŬɗɘɕɐůŮɘɠ 

ȼ ŭɘŬŰɨˊɤůɖ Űɤɜ əŬɗɘɕɐůŮɤɜ ŭŮɜ ŮɑɜŬɘ ɛɞɜɞŭɘɎůŰŬŰɖ, əŬɗɩɠ ŮɝŬɟŰɎŰŬɘ ŬűŮɜɧɠ Ŭˊɧ 

Űɞ ɛɏɔŮɗɞɠ Űɞɡɠ əŬɘ ŬűŮŰɏɟɞɡ Ŭˊɧ Űɖɜ əŬɛˊɨɚɖ əŬŰŬɜɞɛɐɠ Űɞɡɠ. ɇɞ ɛɏɔŮɗɞɠ Űɖɠ 

əŬɗɑɕɖůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ˊɚŮɡɟɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ əŬɘ 

Űɖɜ ŬˊɩɚŮɘŬ Űɞɡ ŮŭŬűɘəɞɨ ɧɔəɞɡ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Ŭɜɨɣɤůɖɠ Űɞɡ ˊɡɗɛɏɜŬ 

ŮəůəŬűɐɠ, Ůɜɩ ˊŬɟɎɔɞɜŰŮɠ ɧˊɤɠ: 

¶ ɞɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŮŭɎűɞɡɠ,  

¶ ɞɘ ŭɘŬůŰɎůŮɘɠ Űɖɠ ŮəůəŬűɐɠ 

¶ ɞ Űɟɧˊɞɠ ŭɘɎɜɞɘɝɖɠ Űɖɠ ŮəůəŬűɐɠ ɛŮ Űɖɜ ɨˊŬɟɝɖ ɐ ɛɖ ŬɜŰɖɟɘŭɤŰɩɜ ůŰɞɘɢŮɑɤɜ 

ɐ ŬɔəɡɟɩůŮɤɜ 

¶ ɖ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ əŬŰŬůəŮɡŬůŰɘəɐɠ ŬəɞɚɞɡɗɑŬɠ 

ŮˊɖɟŮɎɕɞɡɜ ůɖɛŬɜŰɘəɎ Űɖɜ əŬŰŬɜɞɛɐ Űɞɡɠ ˊɚɖůɑɞɜ Űɖɠ ŮəůəŬűɐɠ. ɀŮ ɓɎůɖ Űɞ 

ˊɟɞűɑɚ əŬŰŬɜɞɛɐɠ Űɞɡɠ, ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ŭɨɞ Űɨˊɞɡɠ: 

i. ȾɡɟŰɧɠ Űɨˊɞɠ (ɐ spandrel type): ɧˊɞɡ ɖ ɛɏɔɘůŰɖ əŬɗɑɕɖůɖ ŮɛűŬɜɑɕŮŰŬɘ əɞɜŰɎ 

ůŰɖ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ (ɆɢɐɛŬ 2-1). 

ii. Ⱦɞɑɚɞɠ Űɨˊɞɠ (ɐ concave type): ɧˊɞɡ ɖ ɛɏɔɘůŰɖ əŬɗɑɕɖůɖ ŮɛűŬɜɑɕŮŰŬɘ ůŮ 

əɎˊɞɘŬ ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ůŰɏɣɖ (ɆɢɐɛŬ 2-1). 

ȾŬŰɎ Űɞɜ Peck (1967), ɖ ɓŬůɘəɐ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ əŬɗɞɟɑɕŮɘ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ŮŭŬűɘəɩɜ 

ɡˊɞɢɤɟɐůŮɤɜ ŮɑɜŬɘ ŰŬ ɛɖɢŬɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰŬ ŮŭŬűɘəɞɨ ɢɩɟɞɡ 

əŬɘ ɧɢɘ ɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ. ȼ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ŬɜŰɘůŰɐɟɘɝɖɠ əŬɗŬɡŰɐ ŭŮɜ ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ɛŮŰŬəɘɜɖůɘŬəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ 

ŮŭɎűɞɡɠ. ȷˊŬɘŰŮɑŰŬɘ ɚɞɘˊɧɜ ŭɏůɛŮɡůɖ Űɞɡ ɞɟɘɕɧɜŰɘɞɡ ɓŬɗɛɞɨ ŮɚŮɡɗŮɟɑŬɠ ɛŮ Űɖ 

ɓɞɐɗŮɘŬ ŬɜŰɖɟɘŭɤŰɩɜ əŬŰŬůəŮɡɩɜ ɐ ŬɔəɡɟɩůŮɤɜ. 

Ƀɘ Ůˊɘɛɏɟɞɡɠ ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ ˊŬɟɞɡůɘɎɕɞɡɜ ŬŭɘɎůŰŬŰŬ ŭɘŬɔɟɎɛɛŬŰŬ 

əŬŰŬɜɞɛɐɠ əŬɗɘɕɐůŮɤɜ ůŮ ŭɘŬűɧɟɞɡɠ Űɨˊɞɡɠ ŮŭŬűɩɜ ɔɘŬ əŬɗɘɕɐůŮɘɠ ˊɞɡ 

ˊŬɟŬŰɖɟɞɨɜŰŬɘ əŬŰɎ ŰŬ ůŰɎŭɘŬ ŮəůəŬűɐɠ əŬɘ ŰɞˊɞɗɏŰɖůɖɠ ɞɟɘɕɧɜŰɘɤɜ ůŰɖɟɑɝŮɤɜ. 

ɀŮŰŬəɘɜɐůŮɘɠ ˊɞɡ ɞűŮɑɚɞɜŰŬɘ ůŮ ŬˊɞůŰɟɎɔɔɘůɖ, ŬűŬɑɟŮůɖ ɓŬɗɘɎɠ ɗŮɛŮɚɑɤůɖɠ, 

əŬŰŬůəŮɡɐ Űɞɑɢɞɡ ˊɟɏˊŮɘ ɜŬ ɚɖűɗɞɨɜ ɡˊɧɣɖ ŭɘŬűɞɟŮŰɘəɎ (Clough & OôRourke, 

1990). 
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ɆɢɐɛŬ 2-1: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ: əɡɟŰɧɠ Űɨˊɞɠ (spandrel type), əɞɑɚɞɠ Űɨˊɞɠ (concave type). 

ɄɚŮɡɟɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ 

ɀŮ Űɖ ůŮɘɟɎ Űɞɡɠ, ɞɘ ɛŮŰŬəɘɜɐůŮɘɠ Űɤɜ Űɞɑɢɤɜ ŬɜŰɘůŰɐɟɘɝɖɠ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ ˊɞɚɚɩɜ 

ˊŬɟŬɔɧɜŰɤɜ, ɧˊɤɠ: 

¶ ɞɘ ŮŭŬűɘəɏɠ ůɡɜɗɐəŮɠ 

¶ ɞɘ ůɡɜɗɐəŮɠ ɨˊŬɟɝɖɠ ɈˊɧɔŮɘɞɡ Ɉŭɟɞűɧɟɞɡ ɃɟɑɕɞɜŰŬ (Ɉ.Ɉ.Ƀ) 

¶ ŬɚɚŬɔɏɠ ůŰɖ ůŰɎɗɛɖ Űɞɡ Ɉ.Ɉ.Ƀ 

¶ Űɞ ɓɎɗɞɠ əŬɘ Űɞ ůɢɐɛŬ Űɖɠ ŮəůəŬűɐɠ 

¶ ɞ Űɨˊɞɠ əŬɘ ɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ 

¶ Ů́ ɘűɞɟŰɑůŮɘɠ ɐ űɞɟŰɑŬ ɚɧɔɤ ɡűɘůŰɎɛŮɜɤɜ əŬŰŬůəŮɡɩɜ 

¶ ɖ ɨˊŬɟɝɖ ɞɟɘɕɧɜŰɘɤɜ ůŰɖɟɑɝŮɤɜ ɧˊɤɠ ŬɜŰɖɟɑŭŮɠ ɐ ŬɔəɡɟɩůŮɘɠ 

Ƀɘ ˊɚŮɡɟɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ɡˊɞɚɞɔɘůŰɞɨɜ Ŭˊɧ ŬˊɚɞˊɞɘɖɛɏɜŮɠ 

ŬɜŬɚɨůŮɘɠ ɞɟɘŬəɐɠ ɘůɞɟɟɞˊɑŬɠ, əŬɗɩɠ ɡˊŮɘůɏɟɢɞɜŰŬɘ ˊŬɟɎɛŮŰɟɞɘ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ 

ŮŭɎűɞɡɠ ï Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ. ɀɘŬ ɛɏɗɞŭɞɠ ŮɑɜŬɘ ŰŬ ŮɚŬŰɐɟɘŬ Winkler ɛɏůɤ Űɤɜ 

ɞˊɞɑɤɜ ɡˊŮɘůɏɟɢɞɜŰŬɘ ˊŬɟɎɛŮŰɟɞɘ ŭɡůəŬɛɣɑŬɠ Űɞɡ Űɞɑɢɞɡ. ɋůŰɧůɞ, ŭŮɜ ŮɑɜŬɘ ɘəŬɜɎ 

ɜŬ ˊɟɞůɞɛɞɘɩůɞɡɜ ˊɚɐɟɤɠ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ŮŭɎűɞɡɠ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɛɏɗɞŭɞɘ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ɐ ˊŮˊŮɟŬůɛɏɜɤɜ ŭɘŬűɞɟɩɜ ɛŮ 

ŰŬ əŬŰɎɚɚɖɚŬ əŬŰŬůŰŬŰɘəɎ ɛɞɜŰɏɚŬ. 

Ƀ Clayton (2011) ŬɜŬűɏɟŮɘ ɧŰɘ ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ˊɚŮɡɟɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ ˊɟɏˊŮɘ 

ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ: 

¶ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ ɛɏŰɟɞɡ ŭɡůəŬɛɣɑŬɠ Űɞɡ ŮŭɎűɞɡɠ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɓɎɗɞɡɠ 

¶ Űɞ ɛɏŰɟɞ ŭɡůəŬɛɣɑŬɠ əŬŰɎ Űɖɜ űɧɟŰɘůɖ əŬɘ ŬˊɞűɧɟŰɘůɖ 

¶ ɖ ŬɜɘůɞŰɟɞˊɑŬ Űɖɠ ŭɡůəŬɛɣɑŬɠ Űɞɡ ŮŭɎűɞɡɠ əŬɘ ŭɖ ůŮ ˊŮɟɘˊŰɩůŮɘɠ 

ɡˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɤɜ Ŭɟɔɑɚɤɜ ɔɘŬ Űɘɠ ɞˊɞɑŮɠ ɞ ůɡɜŰŮɚŮůŰɐɠ ɤɗɐůŮɤɜ ůŮ 

ɖɟŮɛɑŬ ὑ ɛˊɞɟŮɑ ɜŬ ɚɎɓŮɘ Űɘɛɏɠ əŬɘ ɛŮɔŬɚɨŰŮɟŮɠ Űɖɠ ɛɞɜɎŭŬɠ 

ɆŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ŬɜŬɚɨůŮɘɠ ůŮ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ, ɞ Űɞɑɢɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ 

ˊɟɞůɞɛɞɘɩɜŮŰŬɘ ɤůɎɜ əŬŰŬůəŮɡŬůɛɏɜɞɠ ɛɞɜɞɛŮɟɩɠ (ñwishedò in place) ɗŮɤɟɩɜŰŬɠ 

ɧŰɘ ɞˊɞɘŮůŭɐˊɞŰŮ ˊɚŮɡɟɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ůɡɛɓŬɑɜɞɡɜ ɏˊŮɘŰŬ Ŭˊɧ ŬɡŰɧ Űɞ ůŰɎŭɘɞ, 

ɔŮɔɞɜɧɠ ˊɞɡ ŭŮɜ ɘůɢɨŮɘ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ. ũɘŬ Űɞɜ ɚɧɔɞ ŬɡŰɧ, ɞɘ Clough & 

OôRourke (1990) ŬɜŬűɏɟɞɡɜ ɤɠ ɟŮŬɚɘůŰɘəɧ ůŮɜɎɟɘɞ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Ůˊɘˊɚɏɞɜ 
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ɛŮŰŬŰɞˊɑůŮɤɜ əŬŰɎ Űɞ ůŰɎŭɘɞ əŬŰŬůəŮɡɐɠ Űɞɡ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ əŬɘ ˊɟɞŰŮɑɜɞɡɜ Űɖɜ 

ŬɜŰɘɛŮŰɩˊɘůɖ Űɞɡɠ ɛɏůɤ əŬŰɎɚɚɖɚɤɜ əŬŰŬůəŮɡŬůŰɘəɩɜ ɛŮɗɧŭɤɜ. 

ȷɜɨɣɤůɖ Űɞɡ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ 

ȷůŰɞɢɑŬ ɚɧɔɤ Ŭɜɨɣɤůɖɠ Űɞɡ ŮŭɎűɞɡɠ ˊŬɟŬŰɖɟŮɑŰŬɘ əɡɟɑɤɠ ůŮ ɛŬɚŬəɏɠ Ŭɟɔɑɚɞɡɠ, 

ɧˊɞɡ ɖ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ Űɞɡ ŮŭɎűɞɡɠ ˊŬɟŬɛɏɜŮɘ ɢŬɛɖɚɐ əɎŰɤɗŮɜ Űɖɠ 

ůŰɎɗɛɖɠ ŮəůəŬűɐɠȚ Űɘ ůɡɛɓŬɑɜŮɘ ˊɟŬɔɛŬŰɘəɎ; ȾŬɗɩɠ ŬűŬɘɟŮɑŰŬɘ Űɞ űɞɟŰɑɞ Űɖɠ 

ŮŭŬűɘəɐɠ ɛɎɕŬɠ əŬŰɎ Űɖɜ ŮəůəŬűɐ, ŭɖɚŬŭɐ ɔɑɜŮŰŬɘ ŬˊɞŰɧɜɤůɖ Űɤɜ ŰɎůŮɤɜ, ɖ 

Ɏɟɔɘɚɞɠ ŮɜŭɏɢŮŰŬɘ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ ɕɩɜɖ ŬůŰɞɢɑŬɠ ˊɟɞəŬɚɩɜŰŬɠ Ŭɜɨɣɤůɖ Űɞɡ 

ˊɡɗɛɏɜŬ Űɖɠ ŮəůəŬűɐɠ, ɧˊɤɠ ŭɘŬűŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2-2. 

ȼ ˊŮɟɘɔɟŬűɐ Űɖɠ ɞɟɘŬəɐɠ ůɡɜɗɐəɖɠ ŬůŰɞɢɑŬɠ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ɛŮ Űɞɜ ŬŭɘɎůŰŬŰɞ 

ůɡɜŰŮɚŮůŰɐ ɡˊŮɟűɧɟŰɘůɖɠ ὔ  ˊɞɡ ɞɟɑɕŮŰŬɘ ɤɠ Ůɝɐɠ: 

ὔ ‎z
(

ί
 ρ 

ɧˊɞɡ ί  ɖ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ Űɖɠ ɛŬɚŬəɐɠ Ŭɟɔɑɚɞɡ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ɓɎůɖɠ Űɞɡ ˊŮŰɎůɛŬŰɞɠ, ‎ Űɞ Ůɘŭɘəɧ ɓɎɟɞɠ Űɞɡ ŮŭɎűɞɡɠ əŬɘ ( Űɞ ɓɎɗɞɠ ŮəůəŬűɐɠ. ɋɠ 

ɔŮɜɘəɐ ůɡɜɗɐəɖ, ɛŮ Űɘɛɏɠ Űɞɡ ὔ υȢρτ ŬɜŬɛɏɜɞɜŰŬɘ ŮəŰŮŰŬɛɏɜŮɠ ˊɚŬůŰɘəɏɠ 

ˊŬɟŬɛɞɟűɩůŮɘɠ əŬɘ ŬůŰɞɢɑŬ Űɞɡ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ (Peck, 1967). 

ȯɚɚŮɠ ŬɘŰɑŮɠ ŬůŰɞɢɑŬɠ Űɞɡ ˊɡɗɛɏɜŬ Űɖɠ ŮəůəŬűɐɠ əŬɘ Űɞɡ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ ɛˊɞɟŮɑ 

ɜŬ ɞűŮɑɚɞɜŰŬɘ ůŮ: 

Ŭ. ŭɘŬůɤɚɐɜɤůɖ 

ɓ. ɡɣɖɚɐ ɡŭɟŬɡɚɘəɐ ɓŬɗɛɑŭŬ ůŰɖɜ Ŭɘɢɛɐ Űɞɡ Űɞɑɢɞɡ 

 

ɆɢɐɛŬ 2-2: ȷůŰɞɢɑŬ ɚɧɔɤ Ŭɜɨɣɤůɖɠ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ (ˊŬɟɎɗŮůɖ Ŭˊɧ Clayton et al.,1993).  

ῷ 

‎ῷ 

ί  ί  

Strength of embedded 

sheets ignored 

Movement of soil into 

base of excavation 

Strength of this 

soil ignored 

Strength of this 

soil ignored 

‎ῷ 
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2.2. ȼɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ ŮəŰɑɛɖůɖɠ Űɤɜ ŮŭŬűɘəɩɜ 

ɛŮŰŬŰɞˊɑůŮɤɜ 

Ƀɘ ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ ŬˊɞŰŮɚɞɨɜ ŬˊɞŰɏɚŮůɛŬ ŬɜŬɚɨůŮɤɜ Ŭˊɧ ŭŮŭɞɛɏɜŬ ˊŮŭɑɞɡ 

ůŮ ˊɟŬɔɛŬŰɘəɎ ɏɟɔŬ, ŮɜŰɧɠ ůɡɔəŮəɟɘɛɏɜɤɜ ŮŭŬűɘəɩɜ ůɡɜɗɖəɩɜ əŬɘ ɔɘŬ ŭŮŭɞɛɏɜɞɡɠ 

Űɨˊɞɡɠ ŬɜŰɘůŰɐɟɘɝɖɠ. ɄŬɟɞɡůɘɎɕɞɡɜ ŬŭɘŬůŰŬŰɞˊɞɘɖɛɏɜŬ ŭɘŬɔɟɎɛɛŬŰŬ əŬŰŬɜɞɛɐɠ 

əŬɗɘɕɐůŮɤɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɤɠ ɓŬůɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɜ əŬɗɑɕɖůɖ ˊɚɖůɑɞɜ Űɖɠ 

ŮəůəŬűɐɠ əŬɘ Űɖɜ ɞɟɘɕɧɜŰɘŬ ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ. ɆŰɖɜ ˊŬɟɞɨůŬ 

ɡˊɞŮɜɧŰɖŰŬ ɚɞɘˊɧɜ, ɔɑɜŮŰŬɘ ˊɟɞůˊɎɗŮɘŬ əŬŰŬɔɟŬűɐɠ Űɤɜ ůɖɛŬɜŰɘəɧŰŮɟɤɜ Ůɝ ôŬɡŰɩɜ, 

Ůɜɩ ůŰɞ Űɏɚɞɠ ůɢɞɚɘɎɕɞɜŰŬɘ ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ Űɖɠ əɎɗŮ ɛŮɗɧŭɞɡ ɤɠ ˊɟɞɠ Űɞɡɠ 

ŬɜŰɑůŰɞɘɢɞɡɠ Űɨˊɞɡɠ ŮŭŬűɩɜ. 

2.2.1 ɀɏɗɞŭɞɠ Peck (1969) 

Ƀ Peck (1969) ɐŰŬɜ ɞ ˊɟɩŰɞɠ ˊɞɡ ŬɝɘɞˊɞɑɖůŮ Ůˊɑ Űɧˊɞɡ ˊŬɟŬŰɖɟɐůŮɘɠ ˊŮŭɑɞɡ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɞɛŬŭɞˊɞɘɐůŮɘ Űɘɠ ŮˊɘűŬɜŮɘŬəɏɠ əŬɗɘɕɐůŮɘɠ ŮəŬŰɏɟɤɗŮɜ ɓŬɗɘɩɜ 

ŮəůəŬűɩɜ ůŮ ɛɞɟűɐ ŭɘŬɔɟɎɛɛŬŰɞɠ, ŬɜŬɚɧɔɤɠ Űɞɜ Űɨˊɞ Űɞɡ ŮŭɎűɞɡɠ.  

ɄɟŬəŰɘəɎ, ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Peck ŬˊŮɘəɞɜɑɕɞɡɜ Űɘɠ ůɡůŰɖɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ 

əŬɗɘɕɐůŮɤɜ ‏ , ůɡɜŬɟŰɐůŮɘ Űɖɠ Ŭɜɖɔɛɏɜɖɠ ɞɟɘɕɧɜŰɘŬɠ ŬˊɧůŰŬůɖɠ Ŭˊɧ Űɖ ůŰɏɣɖ 

Űɖɠ ŮəůəŬűɐɠ ȟ ůŮ ŮəůəŬűɏɠ ɛŮ ŬɜŰɘůŰɐɟɘɝɖ ůɡɜŮɢɞɨɠ ˊŮŰɎůɛŬŰɞɠ əŬɘ ŬɜŰɖɟɑŭɤɜ 

(ɐ əŬɘ ŬɔəɡɟɩůŮɤɜ) ɐ ɛŮɛɞɜɤɛɏɜɤɜ ɛŮŰŬɚɚɘəɩɜ ˊŬůůɎɚɤɜ əŬɘ ŬɜŰɖɟɑŭɤɜ (ɐ əŬɘ 

ŬɔəɡɟɩůŮɤɜ), ůŮ ɓŬůɘəɞɨɠ Űɨˊɞɡɠ ŮŭŬűɩɜ (ɆɢɐɛŬ 2-3). 

ȳˊɤɠ ŭɘŬűŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2-3, ɞɘ əŬɛˊɨɚŮɠ əŬɗɘɕɐůŮɤɜ ɞɛŬŭɞˊɞɘɞɨɜŰŬɘ ůŮ ŰɟŮɘɠ 

ɓŬůɘəɏɠ ɕɩɜŮɠ ὍȟὍὍȟὍὍὍȟ ɞɘ ɞˊɞɑŮɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞɜ Űɨˊɞ Űɞɡ ŮŭɎűɞɡɠ əŬɘ Űɖɜ 
ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ əŬŰŬůəŮɡŬůŰɘəɐɠ ŬəɞɚɞɡɗɑŬɠ, Ůɜɩ əŬɛˊɨɚŮɠ ˊɞɡ 

ŭɘŬɢɤɟɑɕɞɡɜ Űɘɠ ŰɟŮɘɠ ɕɩɜŮɠ ŬˊɞŰŮɚɞɨɜ Űɘɠ ˊŮɟɘɓɎɚɚɞɡůŮɠ Űɞɡ ɛŮɔɏɗɞɡɠ Űɖɠ 

əŬɗɑɕɖůɖɠ ‏ : 

¶ Ȼɩɜɖ Ὅ: 
ȷɜŬűɏɟŮŰŬɘ ůŮ Ɏɛɛɞɡɠ əŬɘ ɛŬɚŬəɏɠ ɏɤɠ ůəɚɖɟɏɠ Ŭɟɔɑɚɞɡɠ əŬɘ ɛɏůɖ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ əŬŰŬůəŮɡɐɠ 

 

¶ Ȼɩɜɖ ὍὍ: 
ȷɜŬűɏɟŮŰŬɘ ůŮ ɛŬɚŬəɏɠ ɏɤɠ ˊɞɚɨ ɛŬɚŬəɏɠ Ŭɟɔɑɚɞɡɠ, ɧˊɞɡ ɞɘ əŬɗɘɕɐůŮɘɠ 

ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ ŭɡůəɞɚɑŮɠ əŬŰɎ Űɖɜ əŬŰŬůəŮɡɐ əŬɘ ɔɘŬ: 

1. ɀɘəɟɧ ˊɎɢɞɠ Ŭɟɔɑɚɞɡ əɎŰɤ Ŭˊɧ Űɞɜ ˊɡɗɛɏɜŬ Űɖɠ ŮəůəŬűɐɠ 

2. ɀŮɔɎɚɞ ˊɎɢɞɠ Ŭɟɔɑɚɞɡ əɎŰɤ Ŭˊɧ Űɞɜ ˊɡɗɛɏɜŬ Űɖɠ ŮəůəŬűɐɠ.Ț 

ɤůŰɧůɞ ɛŮ ůɡɜŰŮɚŮůŰɐ ɡˊŮɟűɧɟŰɘůɖɠ ὔ ὔ  

 

¶ Ȼɩɜɖ ὍὍ: 
ȷɜŬűɏɟŮŰŬɘ ůŮ ɛŬɚŬəɏɠ ɏɤɠ ˊɞɚɨ ɛŬɚŬəɏɠ Ŭɟɔɑɚɞɡɠ ɛŮ ɛŮɔɎɚɞ ˊɎɢɞɠ 

Ŭɟɔɑɚɞɡ əɎŰɤ Ŭˊɧ Űɞɜ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ əŬɘ ɛŮ ὔ ὔ  

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɛŬɚŬəɩɜ ɐ ˊɞɚɨ ɛŬɚŬəɩɜ Ŭɟɔɑɚɤɜ (əŬŰɖɔɞɟɑŮɠ ὍὍȟὍὍὍ), 

ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ɞ ůɡɜŰŮɚŮůŰɐɠ ɡˊŮɟűɧɟŰɘůɖɠ ὔ  ɏɜŬɜŰɘ Ŭɜɨɣɤůɖɠ ˊɡɗɛɏɜŬ ˊɞɡ 

ɞɟɑɕŮŰŬɘ ɤɠ Ůɝɐɠ: 

ὔ ‎z
ῷ

ὧ
 ρ 
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ɧˊɞɡ ὧ  ɖ ŬůŰɟɎɔɔɘůŰɖ ŭɘŬŰɛɖŰɘəɐ ŬɜŰɞɢɐ Űɖɠ ɛŬɚŬəɐɠ Ŭɟɔɑɚɞɡ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ɓɎůɖɠ Űɞɡ ˊŮŰɎůɛŬŰɞɠ, ‎ Űɞ Ůɘŭɘəɧ ɓɎɟɞɠ Űɞɡ ŮŭɎűɞɡɠ əŬɘ ῷ  Űɞ ɓɎɗɞɠ ŮəůəŬűɐɠ. 

Ƀ ůɡɜŰŮɚŮůŰɐɠ ɡˊŮɟűɧɟŰɘůɖɠ ɡˊŮɘůɏɟɢŮŰŬɘ, ɩůŰŮ ɜŬ ɚɖűɗŮɑ ɡˊɧɣɘɜ Űɞ ŮɜŭŮɢɧɛŮɜɞ 

Ŭɡɝɖɛɏɜɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ ɚɧɔɤ ŮəŰŮŰŬɛɏɜɤɜ ˊɚŬůŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ï əŬɗɩɠ 

ŭɖɚŬŭɐ ὔ ὔ . 

ɧˊɞɡ ὔ υȢρτȟ ɞ ɞɟɘŬəɧɠ ůɡɜŰŮɚŮůŰɐɠ ɡˊŮɟűɧɟŰɘůɖɠ, ɨůŰŮɟŬ Ŭˊɧ Űɞɜ ɞˊɞɑɞ 

ŮɜŭɏɢŮŰŬɘ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ ˊɚŬůŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ. 

 

ɆɢɐɛŬ 2-3: ȻɩɜŮɠ əŬɗɘɕɐůŮɤɜ ˊɚɖůɑɞɜ ŬɜɞɘəŰɩɜ ŮəůəŬűɩɜ ɔɘŬ ŭɘŬűɧɟɞɡɠ Űɨˊɞɡɠ ŮŭŬűɩɜ ůɡɜŬɟŰɐůŮɘ 

Űɖɠ Ŭɜɖɔɛɏɜɖɠ ɞɟɘɕɧɜŰɘŬɠ ŬˊɧůŰŬůɖɠ Ŭˊɧ Űɖ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ (ˊŬɟɎɗŮůɖ Ŭˊɧ Peck, 1969). 

ȿɧɔɤ Űɤɜ ŰŮɢɜɘəɩɜ ɓŮɚŰɑɤůɖɠ Űɖɠ əŬŰŬůəŮɡɐɠ Ŭˊɧ Űɖɜ ˊŮɟɑɞŭɞ ůɡɚɚɞɔɐɠ Űɤɜ 

ɛŮŰɟɐůŮɤɜ, ůɐɛŮɟŬ ɞɘ ŬɜɖɔɛɏɜŮɠ Űɘɛɏɠ  Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ ɤɠ 

ɡˊŮɟůɡɜŰɖɟɖŰɘəɏɠ. ɆŰɖɜ ɡˊɞŮɜɧŰɖŰŬ 2.2.8 ɔɑɜŮŰŬɘ ŬɜŬűɞɟɎ ůŰɖ ůɨɔəɟɘůɖ ɧɚɤɜ Űɤɜ 

ɛŮɗɧŭɤɜ əŬɘ ůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡɠ. 

 

 

‏

Ὄ
 

Ὠ

Ὄ
 



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 

10 |  

 

2.2.2 ɀɏɗɞŭɞɠ Bowles (1988) 

Ƀ Bowles (1988) ˊɟɧŰŮɘɜŮ ɛɘŬ ɛɏɗɞŭɞ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŮŭŬűɘəɩɜ ɡˊɞɢɤɟɐůŮɤɜ 

ˊɚɖůɑɞɜ ŮəůəŬűɩɜ, ɓŬůɘɕɧɛŮɜɞɠ ůŰɘɠ əŬŰŬɜɞɛɏɠ əŬŰɎ Peck (1969) əŬɘ ůŰɘɠ 

ŬɜŬɚɨůŮɘɠ Űɞɡ Caspe (1966). ȼ ɛŮɗɞŭɞɚɞɔɑŬ ůɡɜɞɣɑɕŮŰŬɘ ůŰŬ ˊŬɟŬəɎŰɤ ɓɐɛŬŰŬ:  

(1) ȺəŰɑɛɖůɖ Űɞɡ ˊɟɞűɑɚ ˊɚŮɡɟɘəɐɠ ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ Űɞɑɢɞɡ 

(2) Ɉˊɞɚɞɔɘůɛɧɠ Űɖɠ ŬˊɩɚŮɘŬɠ ɧɔəɞɡ Űɖɠ ŮŭŬűɘəɐɠ ɛɎɕŬɠ ὠ ɚɧɔɤ Űɖɠ ˊɚŮɡɟɘəɐɠ 

ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ Űɞɑɢɞɡ 

(3) ȺəŰɑɛɖůɖ Űɞɡ Ůɨɟɞɡɠ Űɖɠ ɕɩɜɖɠ Ůˊɘɟɟɞɐɠ ɧˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɡˊɞɢɩɟɖůɖ 

ŮŭŬűɘəɐɠ ɛɎɕŬɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɛɏɗɞŭɞ Űɞɡ Caspe (1966), ɤɠ 

Ŭəɞɚɞɨɗɤɠ: 

Ὀ Ὄ Ὄ ÔÁÎτυ
•
ς ς 

ɧˊɞɡ: Ὄ  ŮɑɜŬɘ Űɞ ɓɎɗɞɠ ɔŮɜɘəɐɠ ŮəůəŬűɐɠ əŬɘ • ɖ ɔɤɜɑŬ ŮůɤŰŮɟɘəɐɠ Űɟɘɓɐɠ Űɞɡ 

ŮŭɎűɞɡɠ. ũɘŬ ůɡɜŮəŰɘəɎ ŮŭɎűɖ: Ὄ ὄ, ɔɘŬ ɛɖ ůɡɜŮəŰɘəɎ ŮŭɎűɖ: Ὄ πȢυὄὸὥὲτυ
•
ς, ɧˊɞɡ ὄ ŮɑɜŬɘ Űɞ ˊɚɎŰɞɠ Űɖɠ ŮəůəŬűɐɠ. 

(4) ȺəŰɑɛɖůɖ Űɖɠ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ ί , ɗŮɤɟɩɜŰŬɠ ɧŰɘ ŬɡŰɐ ůɡɛɓŬɑɜŮɘ əɞɜŰɎ 

ůŰɖɜ əŮűŬɚɐ Űɞɡ Űɞɑɢɞɡ ɤɠ Ůɝɐɠ: 

ί
τὠ

Ὀ
 σ 

(5) ȺəŰɑɛɖůɖ Űɤɜ əŬɗɘɕɐůŮɤɜ ŮɜŰɧɠ Űɖɠ ɕɩɜɖ Ůˊɘɟɟɞɐɠ, ɡˊɞɗɏŰɞɜŰŬɠ 

ˊŬɟŬɓɞɚɘəɐ əŬŰŬɜɞɛɐ Űɖɠ əŬɗɑɕɖůɖɠ ί  Ŭˊɧ ŬˊɧůŰŬůɖ Ὀ ɛɏɢɟɘ Űɞɜ Űɞɑɢɞ: 

ί ί
ὼ

Ὀ
 τ 

 

ɆɢɐɛŬ 2-4: ɀɏɗɞŭɞɠ Bowles ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ əŬɗɘɕɐůŮɤɜ ɛŮ ŬɜŰɘˊŬɟŬɓɞɚɐ Űɤɜ 

ůɡɛɓɧɚɤɜ: ŭvm=sw, ŭv=si, lx=x, ad=Vs. 
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2.2.3 ɀɏɗɞŭɞɠ OôRourke (1976) 

Ƀ OôRourke et al. (1976), ɓŬůɘɕɧɛŮɜɞɠ ůŰɘɠ əŬŰŬɔɟŬűɏɠ ɛŮŰɟɐůŮɤɜ əŬɗɘɕɐůŮɤɜ ůŮ 

Ŭɛɛɩŭɖ ŮŭɎűɖ ɛɏůɖɠ ɏɤɠ ɡɣɖɚɐɠ ˊɡəɜɧŰɖŰŬɠ ŬˊɧɗŮůɖɠ, ɛŮ ˊŬɟŮɛɓɞɚɐ (ůŮ 

ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ) ɚŮˊŰɩɜ Ŭɟɔɘɚɘəɩɜ ŮɜůŰɟɩůŮɤɜ, ˊɟɧŰŮɘɜŮ ɏɜŬ əɡɟŰɧ ˊɟɞűɑɚ 

əŬɗɘɕɐůŮɤɜ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ Ŭɜɖɔɛɏɜɖ əŬɗɑɕɖůɖ  əŬɘ ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ 

ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ  ɤɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɆɢɐɛŬ 2-5. 

Ƀɘ ŬɜŰɘůŰɖɟɑɝŮɘɠ, Űɤɜ ɞˊɞɑɤɜ ɞɘ ɛŮŰɟɐůŮɘɠ əŬɗɘɕɐůŮɤɜ əŬŰŮɔɟɎűɖůŬɜ, ɐŰŬɜ 

ŬɜŰɖɟɘŭɤŰɏɠ ɛŮ ɛŮɛɞɜɤɛɏɜɞɡɠ ɛŮŰŬɚɚɘəɞɨɠ ˊŬůůɎɚɞɡɠ əŬɘ ŮɜŭɘɎɛŮůŬ ˊŮŰɎůɛŬŰŬ ɤɠ 

əŬŰŬəɧɟɡűŬ ůŰɞɘɢŮɑŬ. ɆŰɞ ɆɢɐɛŬ 2-5 ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ɛɏɔɘůŰɖ Ŭɜɖɔɛɏɜɖ əŬɗɑɕɖůɖ 

πȢσϷ ŮɑɜŬɘ ˊɞɚɨ ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɞ ŬɜŰɑůŰɞɘɢɞ ɛɏɔŮɗɞɠ ρϷ əŬŰɎ Peck 

(1969), Ůɜɩ əŬɘ ɖ ɕɩɜɖ Ůˊɘɟɟɞɐɠ ɛŮɘɩɜŮŰŬɘ ɛɏɢɟɘ Űɖɜ ŬˊɧůŰŬůɖ ρȢυπ. 

ȼ ŮˊɏəŰŬůɖ Űɖɠ ɛŮɗɧŭɞɡ ůŮ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɨˊɞɡɠ ŮŭŬűɩɜ ŮˊɐɚɗŮ Ŭˊɧ Űɞɜ ɑŭɘɞ əŬɘ 

Űɞɜ Clough (1990) əŬɘ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛŮŰɏˊŮɘŰŬ.  

 

ɆɢɐɛŬ 2-5: ȾŬɗɘɕɐůŮɘɠ ůŮ ŬɜŰɖɟɘŭɤŰɏɠ ŬɜŰɘůŰɖɟɑɝŮɘɠ ůŮ Ŭɛɛɩŭɖ ŮŭɎűɖ ɛɏůɖɠ ɏɤɠ ˊɡəɜɐɠ ŭɘŬůŰɟɩůŮɤɠ 

(ˊŬɟɎɗŮůɖ Ŭˊɧ OôRourke et al.,1976). 

ȺɜŭŮɚŮɢɏůŰŮɟɖ ůɡɕɐŰɖůɖ Űɤɜ Ůˊɘɛɏɟɞɡɠ ɛŮɗɧŭɤɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰɖɜ 

ɡˊɞŮɜɧŰɖŰŬ 2.2.8. 

 

2.2.4 ɀɏɗɞŭɞɠ Mana & Clough (1981) 

ɀŮŰŬɔŮɜɏůŰŮɟŬ, ɞɘ Mana & Clough (1981), ˊɟɧŰŮɘɜŬɜ ɛɘŬ ɖɛɘ-ŮɛˊŮɘɟɘəɐ ɛɏɗɞŭɞ 

ŮəŰɑɛɖůɖɠ Űɤɜ ɛŮŰŬəɘɜɐůŮɤɜ ɚɧɔɤ ɓŬɗɘɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ŮəůəŬűɩɜ ůŮ 

Ŭɟɔɘɚɘəɞɨɠ ůɢɖɛŬŰɘůɛɞɨɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞɜ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ Ὂ ɏɜŬɜŰɘ 

Ŭɜɨɣɤůɖɠ ˊɡɗɛɏɜŬ. ȷɟɢɘəɎ ůɡůɢɏŰɘůŬɜ Űɞɜ ůɡɜŰŮɚŮůŰɐ Ὂ ɛŮ Űɘɠ ɛŮŰŬŰɞˊɑůŮɘɠ Űɞɡ 

Űɞɑɢɞɡ ɔɘŬ ŬɜŰɘůŰɖɟɘɕɧɛŮɜŮɠ (ɛŮ ŬɔəɡɟɩůŮɘɠ ɐ ŬɜŰɖɟɑŭŮɠ) ˊŬůůŬɚɞůɡůŰɞɘɢɑŮɠ ɛɏŰɟɘŬɠ 

ŭɡůəŬɛɣɑŬɠ, ɓŬůɘɕɧɛŮɜɞɘ ŬűŮɜɧɠ ůŮ ɛŮŰɟɐůŮɘɠ ˊŮŭɑɞɡ əŬɘ ŬűŮŰɏɟɞɡ ůŮ 

ŬˊɞŰŮɚɏůɛŬŰŬ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ. 

‏

Ὄ
 

Ὠ

Ὄ
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ɆɢɐɛŬ 2-6: ȾŬŰŬɜɞɛɐ əŬɗɘɕɐůŮɤɜ ˊɚŮɡɟɘəɎ Űɞɡ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ ɔɘŬ Ɏɟɔɘɚɞ (ˊŬɟɎɗŮůɖ Ŭˊɧ Mana & 

Clough, 1981). 

ȹɘɞɟɗɤŰɘəɞɑ ůɡɜŰŮɚŮůŰɏɠ ŮɘůɐɢɗɖůŬɜ ɩůŰŮ ɜŬ ůɡɛˊŮɟɘɚɎɓɞɡɜ Űɖɜ Ůˊɘɟɟɞɐ 

ˊŬɟŬɛɏŰɟɤɜ ɧˊɤɠ ɖ ŭɡůəŬɛɣɑŬ Űɞɡ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ əŬɘ Űɤɜ ŬɜŰɖɟɑŭɤɜ, Űɞ 

ˊɚɎŰɞɠ ŮəůəŬűɐɠ əŬɘ ɖ ˊɟɞűɧɟŰɘůɖ. 

ɆŮ ŮˊɏəŰŬůɖ Űɖɠ ɛŮɗɧŭɞɡ Űɤɜ Mana & Clough (1981), ɞ Clough (1989) ˊŬɟɞɡůɑŬůŮ 

Űɖɜ ůɡůɢɏŰɘůɖ Űɖɠ ɛɏɔɘůŰɖɠ ˊɚŮɡɟɘəɐɠ ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ Űɞɑɢɞɡ ‏ȟ  ɛŮ Űɞɜ 

ůɡɜŰŮɚŮůŰɐ Ὂ əŬɘ Űɖɜ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ ” (ɆɢɐɛŬ 2-7): 

”
ὉὍ

‎Ὤ
 υ 

ɧˊɞɡ: ῴ əŬɘ Ό ŮɑɜŬɘ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬɘ ɖ ɟɞˊɐ ŬŭɟŬɜŮɑŬɠ Űɞɡ Űɞɑɢɞɡ 

ŬɜŰɘůŰɐɟɘɝɖɠ ŬɜŰɑůŰɞɘɢŬ, ‎ Űɞ Ůɘŭɘəɧ ɓɎɟɞɠ Űɞɡ ɜŮɟɞɨ əŬɘ Ὤ  ɖ ɛɏůɖ ŬˊɧůŰŬůɖ 

ɛŮŰŬɝɨ Űɤɜ ŬɜŰɖɟɑŭɤɜ ɔɘŬ ůɨůŰɖɛŬ ŬɜŰɘůŰɐɟɘɝɖɠ ɛŮ ˊɞɚɚŬˊɚɏɠ ůŰɖɟɑɝŮɘɠ.  

 

ɆɢɐɛŬ 2-7: ȹɘɎɔɟŬɛɛŬ ŮəŰɑɛɖůɖɠ Űɖɠ ɛɏɔɘůŰɖɠ ˊɚŮɡɟɘəɐɠ ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ Űɞɑɢɞɡ (ˊŬɟɎɗŮůɖ Ŭˊɧ Clough 

et al., 1989). 
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2.2.5 ɀɏɗɞŭɞɠ Clough & OôRourke (1990) 

Ƀɘ Clough & OôRourke (1990), ɓŬůɘɕɧɛŮɜɞɘ ůŮ ˊɚɖɗɩɟŬ ŭŮŭɞɛɏɜɤɜ ˊŮŭɑɞɡ, 

ˊɟɧŰŮɘɜŬɜ ɛɘŬ Űɟɘɔɤɜɘəɐ əŬŰŬɜɞɛɐ əŬɗɘɕɐůŮɤɜ ɔɘŬ ŮəůəŬűɏɠ ŮɜŰɧɠ Ŭɛɛɤŭɩɜ ɐ 

ůŰɘűɟɩɜ Ŭɟɔɘɚɘəɩɜ ŮŭŬűɩɜ. Ƀɘ ŬɜŰɘůŰɖɟɑɝŮɘɠ, Űɤɜ ɞˊɞɑɤɜ ɞɘ ɛŮŰɟɐůŮɘɠ 

ŬɝɘɞˊɞɘɐɗɖəŬɜ, ŬűɞɟɞɨůŬɜ ŬɜŰɖɟɘŭɤŰɎ ůɡůŰɐɛŬŰŬ ɛŮ ɛŮŰŬɚɚɘəɞɨɠ ˊŬůůɎɚɞɡɠ ɐ 

ŭɘŬűɟŬɔɛŬŰɘəɞɨɠ Űɞɑɢɞɡɠ ɤɠ əŬŰŬəɧɟɡűŬ ůŰɞɘɢŮɑŬ. 

ɃɡůɘŬůŰɘəɎ, ˊɟɧəŮɘŰŬɘ ɔɘŬ ɛɘŬ ŮˊɏəŰŬůɖ Űɖɠ ɛŮɗɧŭɞɡ əŬŰɎ OôRourke et al. (1976) ůŮ 

ˊŬɟɧɛɞɘŬ ŮŭɎűɖ, ɛŮ Űɖ ŭɘŬűɞɟɎ ɧŰɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ŬŭɘɎůŰŬŰɖ ˊŬɟɎɛŮŰɟɞɠ Űɞɡ 

ɚɧɔɞɡ ‏Ⱦ‏  ŬɜŰɑ Űɖɠ Ŭɜɖɔɛɏɜɖɠ əŬɗɑɕɖůɖɠ ‏ȾὌ. ɆŮ ŬɡŰɞɨɠ Űɞɡɠ Űɨˊɞɡɠ ŮŭŬűɩɜ ɖ 

ɛɏɔɘůŰɖ əŬɗɑɕɖůɖ ˊŬɟŬŰɖɟŮɑŰŬɘ əɞɜŰɎ ůŰɖ ůŰɏɣɖ, ɞˊɧŰŮ əŬɘ ˊŬɟɞɡůɘɎɕŮŰŬɘ əɡɟŰɧ 

ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ.  

ɇŬ ŬŭɘɎůŰŬŰŬ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ɔɘŬ Ŭɛɛɩŭɖ ŮŭɎűɖ əŬɘ ůŰɘűɟɏɠ ɏɤɠ ůəɚɖɟɏɠ 

Ŭɟɔɑɚɞɡɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 2-8 ɛŮ ŬɜŰɑůŰɞɘɢŮɠ ɕɩɜŮɠ Ůˊɘɟɟɞɐɠ ςῷ  əŬɘ σῷ  

ŬɜŰɑůŰɞɘɢŬ, ɧˊɞɡ ῷ  Űɞ ɓɎɗɞɠ ŮəůəŬűɐɠ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŮəůəŬűɩɜ ůŮ ɛŬɚŬəɏɠ ɏɤɠ ɛɏůɖɠ ůɡɜŮəŰɘəɧŰɖŰŬɠ Ŭɟɔɑɚɞɡɠ, ɖ 

ɛɏɔɘůŰɖ əŬɗɑɕɖůɖ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŮ ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ůŰɏɣɖ, ɡˊɞŭŮɘəɜɨɞɜŰŬɠ ɛɘŬ 

ŰɟŬˊŮɕɞŮɘŭɐ əŬŰŬɜɞɛɐ Űɤɜ əŬɗɘɕɐůŮɤɜ ɛŮ ɕɩɜɖ Ůˊɘɟɟɞɐɠ ςῷ . ȳˊɤɠ əŬɘ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɤɜ Ŭɛɛɤŭɩɜ əŬɘ ůŰɘűɟɩɜ Ŭɟɔɑɚɤɜ, ɏŰůɘ əŬɘ ůŰɘɠ ɛŬɚŬəɏɠ Ŭɟɔɑɚɞɡɠ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɞ ɓɎɗɞɠ ŮəůəŬűɐɠ ῷ  əŬɘ ɖ ɛɏɔɘůŰɖ əŬɗɑɕɖůɖ ‏  ɤɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ. 

 

ɆɢɐɛŬ 2-8: ɆɡɔəŮɜŰɟɤŰɘəɎ ŬŭɘŬůŰŬŰɞˊɞɘɖɛɏɜŬ ŭɘŬɔɟɎɛɛŬŰŬ əŬɗɘɕɐůŮɤɜ ˊɚɖůɑɞɜ ŮəůəŬűɩɜ: Ŭ) ɔɘŬ 

Ɏɛɛɞɡɠ, ɓ) ůŰɘűɟɏɠ ɏɤɠ ˊɞɚɨ ůəɚɖɟɏɠ Ŭɟɔɑɚɞɡɠ, ɔ) ɛŬɚŬəɏɠ ɏɤɠ ɛɏůɖɠ ůɡɜŮəŰɘəɧŰɖŰŬɠ Ŭɟɔɑɚɞɡɠ 

(ɄŬɟɎɗŮůɖ Ŭˊɧ Clough & OôRourke, 1990). 

‍ 

‎ 

ὥ 
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2.2.6 ɀɏɗɞŭɞɠ Ou et al.(1993) 

ȸŬůɘɕɧɛŮɜɞɘ ůŮ 10 ˊɟŬɔɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ůŰɖɜ ɇŬɥˊɏɘ Űɖɠ ɇŬɘɓɎɜ, ɞ Ou et al. (1993) 

ˊŬɟŬŰɖɟɐůŬɜ ɧŰɘ ɞɘ ŮŭŬűɘəɏɠ ɡˊɞɢɤɟɐůŮɘɠ ŭɨɜŬɜŰŬɘ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ ůŮ ůɖɛŬɜŰɘəɐ 

ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ. ȼ ŬˊɧůŰŬůɖ ŬɡŰɐ əŬɗɞɟɑůŰɖəŮ ɤɠ 

çȺɛűŬɜɐɠ Ȼɩɜɖ Ⱥˊɘɟɟɞɐɠè ɐ AIR (Apparent Influence Range) əŬɘ ŬˊɞŰŮɚŮɑ Űɞ Ůɨɟɞɠ 

ŮɜŰɧɠ Űɞɡ ɞˊɞɑɞɡ ŭɨɜŬɜŰŬɘ ɜŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ɓɚɎɓŮɠ ůŰɞɜ űɏɟɞɜŰŬ ɞɟɔŬɜɘůɛɧ 

ɡűɘůŰɎɛŮɜɤɜ əŰɖɟɑɤɜ ɐ ŭɖɛɞůɑɤɜ ŮɔəŬŰŬůŰɎůŮɤɜ. ȺəŰɧɠ ŬɡŰɐɠ Űɖɠ ɕɩɜɖɠ, ɞɘ 

əŬɗɘɕɐůŮɘɠ ɗŮɤɟɞɨɜŰŬɘ ɛɘəɟɏɠ ɐ ŬɛŮɚɖŰɏŮɠ ɔɘŬ Űɖɜ ŰɟɤŰɧŰɖŰŬ Űɤɜ əŬŰŬůəŮɡɩɜ. 

ȼ əŬɗɑɕɖůɖ ůŮ ůɡɔəŮəɟɘɛɏɜɖ ŬˊɧůŰŬůɖ Ŭˊɧ Űɞɜ Űɞɑɢɞ ŮɑɜŬɘ ŬɜɎɚɞɔɖ Űɞɡ ɓɎɗɞɡɠ 

ŮəůəŬűɐɠ. ɀɎɚɘůŰŬ, ůɨɛűɤɜŬ ɛŮ Űɞɡɠ Ou et al., ɖ AIR ɛˊɞɟŮɑ ɜŬ ŮəŰɘɛɖɗŮɑ 

ˊɟɞůŮɔɔɘůŰɘəɎ ɤɠ ɖ ŬˊɧůŰŬůɖ ɧˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ɞɘ ŮɜŮɟɔɖŰɘəɏɠ ɤɗɐůŮɘɠ əŬŰɎ 

Rankine (1857). ɇɞ Ɏɜɤ ɧɟɘɞ ŰɑɗŮŰŬɘ ɑůɞ ɛŮ Űɞ ůɡɜɞɚɘəɧ ɨɣɞɠ Űɞɡ Űɞɑɢɞɡ Ὄ Ὄ , 

ŭɖɚŬŭɐ Űɞ ɎɗɟɞɘůɛŬ Űɞɡ ɓɎɗɞɡɠ ŮəůəŬűɐɠ Ὄ  əŬɘ Űɞɡ ɓɎɗɞɡɠ ɏɛˊɖɝɖɠ Ὄ  (ɆɢɐɛŬ 

2-1). 

ὃὍὙ Ὄ Ὄ ÔÁÎτυ
•

ς
Ὄ Ὄ  φ 

ɆŮ ɧɟɞɡɠ əŬŰŬɜɞɛɐɠ əŬɗɘɕɐůŮɤɜ, ɞɘ Ou et al. (1993) ˊɟɧŰŮɘɜŬɜ ɛɘŬ ŰɟɘɔɟŬɛɛɘəɐ 

əŬŰŬɜɞɛɐ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɞɡ əɡɟŰɞɨ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ. ȼ ŮˊɏəŰŬůɖ Űɖɠ ɛŮɗɧŭɞɡ 

ɔɘŬ ɎɚɚŮɠ ŮŭŬűɘəɏɠ ůɡɜɗɐəŮɠ ŮˊɐɚɗŮ Ŭˊɧ Űɞɜ Hsieh & Ou (1998) əŬɘ ˊŬɟɞɡůɘɎɕŮŰŬɘ 

ˊŬɟŬəɎŰɤ. 

 

2.2.7 ɀɏɗɞŭɞɠ Pio-Go Hsieh & Chang-Yu Ou (1998) 

i. ȾɡɟŰɧ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ: 

ȼ əɡɟŰɐ ɛɞɟűɐ Űɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ əŬɗɘɕɐůŮɤɜ ŮɝŮŰɎůɗɖəŮ Ŭˊɧ Űɞɡɠ Ou et al. (1993) 

ɛɏůɤ ɛɘŬɠ ŰɟɘɔɟŬɛɛɘəɐɠ ůɢɏůɖɠ, ɛŮŰŬɝɨ Űɖɠ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖɠ əŬɗɑɕɖůɖɠ  əŬɘ 

Űɞɡ ɚɧɔɞɡ Űɖɠ ŬˊɧůŰŬůɖɠ Ŭˊɧ Űɖɜ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ ˊɟɞɠ Űɞ ůɡɜɞɚɘəɧ ɨɣɞɠ Űɞɡ 

Űɞɑɢɞɡ .  

ȹŮŭɞɛɏɜɞɡ ɧŰɘ Űɞ ɓɎɗɞɠ ɏɛˊɖɝɖɠ ŮɑɜŬɘ ɛɘŬ ŬɡɗŬɑɟŮŰɖ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ˊɟɞəɨˊŰŮɘ 

Ŭˊɧ Űɞɡɠ ŮŭŬűɞůŰŬŰɘəɞɨɠ ɡˊɞɚɞɔɘůɛɞɨɠ, ɞɘ Hsieh & Ou (1998), ůŰɖɜ ˊŬɟɞɨůŬ 

ɛɏɗɞŭɞ, ɢɟɖůɘɛɞˊɞɘɞɨɜ Űɞ ɓɎɗɞɠ ŮəůəŬűɐɠ Ὄ  ï ŬɜŰɑ Űɞɡ ůɡɜɞɚɘəɞɨ ɓɎɗɞɡɠ Ὄ Ὄ  

(ɆɢɐɛŬ 2-9). 

ɆŰɞ ŭɘɎɔɟŬɛɛŬ, ɛŮ ŭɘŬəŮəɞɛɛɏɜɖ, ˊŬɟŬŰɖɟɞɨɜŰŬɘ ŬˊŮɘəɞɜɑůŮɘɠ əŬɗɘɕɐůŮɤɜ ɔɘŬ 10 

ŭɘŬűɞɟŮŰɘəɏɠ ŮəůəŬűɏɠ, ɞɘ ɞˊɞɑŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɐ ŭɘŬəɨɛŬɜůɖ ɛŮŰŬɝɨ Űɞɡɠ, 

ɛɞɚɞɜɧŰɘ ɞɘ ŮŭŬűɘəɏɠ əŬɘ ɔŮɤɛŮŰɟɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ŭɘŬűɏɟɞɡɜ ɔɘŬ əɎɗŮ ŮəůəŬűɐ. 

ȷəɞɚɞɨɗɤɠ, ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ɔɟŬɛɛɘəɐɠ ˊŬɚɘɜŭɟɧɛɖůɖɠ, ˊɟɞəɨˊŰŮɘ ɖ əŬɛˊɨɚɖ 

ɛɏůɖɠ Űɘɛɐɠ ὥ Ὠ ὧ ɛŮ ůɡɜŰŮɚŮůŰɐ ˊŬɚɘɜŭɟɧɛɖůɖɠ Ὑ πȢωτω, əŬɗɩɠ əŬɘ ɖ 

əŬɛˊɨɚɖ ŭɡɜɖŰɘəɎ ɡɣɖɚɧŰŮɟɖɠ Űɘɛɐɠ ὥ ὦ ὧ. Ƀɘ ŮɝɘůɩůŮɘɠ ˊɞɡ ŭɘɏˊɞɡɜ Űɘɠ 

əŬɛˊɨɚŮɠ ὥ ὦ əŬɘ ὦ ὧ ŭɑɜɞɜŰŬɘ Ŭəɞɚɞɨɗɤɠ: 
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ὥ ὦȡ‏ πȢφσφ
Ὠ

Ὄ
ρ ‏  χ 

ŮɎɜ ς əŬɘ 

ὦ ὧȡ‏ πȢρχρ
Ὠ

Ὄ
πȢστς‏  ψ 

ŮɎɜ ς τ 

ɧˊɞɡ ‏ ŮɑɜŬɘ ɖ əŬɗɑɕɖůɖ Űɞɡ ŮŭɎűɞɡɠ ůŮ ŬˊɧůŰŬůɖ Ὠ Ŭˊɧ Űɖɜ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ. 

ȳˊɤɠ ŭɘŬűŬɑɜŮŰŬɘ ůŰɞ (ɆɢɐɛŬ 2-9), ɖ ɔɟŬɛɛɐ ὥ ὦ ɏɢŮɘ ŬˊɧŰɞɛɖ əɚɑůɖ, ɔŮɔɞɜɧɠ 

ˊɞɡ ˊɟɞɥŭŮɎɕŮɘ ɛŮɔɎɚŮɠ ɔɤɜɘŬəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ůŰŬ ɡűɘůŰɎɛŮɜŬ əŰɐɟɘŬ ï ŮɎɜ 

ɡˊɎɟɢɞɡɜ. ȼ ŬůűɎɚŮɘŬ Űɤɜ əŬŰŬůəŮɡɩɜ ˊɟɏˊŮɘ ŮɜŭŮɚŮɢɩɠ ɜŬ ŮɚɏɔɢŮŰŬɘ ɡˊɧ ŬɡŰɏɠ 

Űɘɠ ůɡɜɗɐəŮɠ ˊŬɟŬɛɧɟűɤůɖɠ, ɔɘô ŬɡŰɧ əŬɘ ɖ ɕɩɜɖ ŬɡŰɐ ɞɜɞɛɎɕŮŰŬɘ çɄɟɤŰɞɔŮɜɐɠ 

Ȼɩɜɖ Ⱥˊɘɟɟɞɐɠè ɐ Primary Influence Zone (PIZ).  

ȷɜŰɑɗŮŰŬ, ɖ ɔɟŬɛɛɐ ὦ ὧ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɖˊɘɧŰŮɟɖ əɚɑůɖ ɛŮ Ůɡɚɧɔɤɠ 

ɛɘəɟɧŰŮɟɖ Ůˊɘɟɟɞɐ ůŰŬ ɡűɘůŰɎɛŮɜŬ əŰɐɟɘŬ. ȼ ɕɩɜɖ ŬɡŰɐ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ 

çȹŮɡŰŮɟŮɨɞɡůŬ Ȼɩɜɖ Ⱥˊɘɟɟɞɐɠè ɐ Secondary Influence Zone (SIZ) əŬɘ ŮəŰŮɑɜŮŰŬɘ 

ɛɏɢɟɘ ˊŮɟɑˊɞɡ ŰɏůůŮɟɘɠ űɞɟɏɠ Űɞ ɓɎɗɞɠ ŮəůəŬűɐɠ τὌ . 

 

ɆɢɐɛŬ 2-9: ɄɟɞŰŮɘɜɧɛŮɜɖ ɛɏɗɞŭɞɠ ŮəŰɑɛɖůɖɠ Űɞɡ əɡɟŰɞɨ Űɨˊɞɡ əŬɗɘɕɐůŮɤɜ (ˊŬɟɎɗŮůɖ Ŭˊɧ Hsieh & 

Ou, 1998). 
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ii. Ⱦɞɑɚɞ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ: 

ũɘŬ Űɞɜ əɞɑɚɞ Űɨˊɞ əŬɗɘɕɐůŮɤɜ ɚɑɔɖ ůɡɕɐŰɖůɖ ɏɢŮɘ ˊɟɞɖɔɖɗŮɑ ɏɤɠ ŰɩɟŬ, ŭŮŭɞɛɏɜɞɡ 

ɧŰɘ ɔɘŬ ɜŬ ɞɟɘůŰŮɑ ŮˊŬəɟɘɓɩɠ Űɞ ˊɟɞűɑɚ ˊɟɏˊŮɘ ɜŬ ɔɜɤɟɑɕɞɡɛŮ: 

¶ ɇɞ Ůɨɟɞɠ Űɖɠ ɕɩɜɖɠ Ůˊɘɟɟɞɐɠ 

¶ ɇɖɜ əŬɗɑɕɖůɖ əɞɜŰɎ ůŰɖ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ 

¶ ɇɖ ɗɏůɖ Űɖɠ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ 

ȼ ɛɏɗɞŭɞɠ Űɤɜ Clough & OôRourke (1990) ɡˊɏŭŮɘɝŮ ɏɜŬ əɞɑɚɞ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ɔɘŬ 

Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ɛŬɚŬəɩɜ ɏɤɠ ɛɏůɖɠ ůɡɜŮəŰɘəɧŰɖŰŬɠ Ŭɟɔɑɚɞɡɠ ɛŮ Űɖ ɛɏɔɘůŰɖ 

əŬɗɑɕɖůɖ ɜŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ Ůɨɟɞɠ πȢυ‏ πȢχ‏ . 

ɆŮ ŬɜŰɘůŰɞɘɢɑŬ Űɖɠ ɛŮɗɧŭɞɡ, ɞɘ Hsieh & Ou (1998) ˊɟɧŰŮɘɜŬɜ ɛɘŬ Ŭˊɚɞˊɞɘɖɛɏɜɖ 

ɛɏɗɞŭɞ ŮəŰɑɛɖůɖɠ Űɞɡ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ (ɔɟŬɛɛɘəɞɨ Űɨˊɞɡ) ɗŮɤɟɩɜŰŬɠ ɧŰɘ ɖ 

əŬɗɑɕɖůɖ əɞɜŰɎ ůŰɖ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ ɘůɞɨŰŬɘ ɛŮ πȢυ‏ . Ⱥˊɑůɖɠ əŬŰô ŬɜŰɘůŰɞɘɢɑŬ 

ɛŮ Űɞɜ əɡɟŰɧ Űɨˊɞ əŬɗɘɕɐůŮɤɜ, ɧɟɘůŬɜ ˊɟɤŰɞɔŮɜɐ əŬɘ ŭŮɡŰŮɟɞɔŮɜɐ ɕɩɜɖ Ůˊɘɟɟɞɐɠ, 

ɞɘ ɞˊɞɑŮɠ ŮəŰŮɑɜɞɜŰŬɘ ůŮ ςὌ  əŬɘ τὌ  ŬɜŰɑůŰɞɘɢŬ (ɆɢɐɛŬ 2-10). 

ɆŰɞ ůŰɎŭɘɞ Űɖɠ ŮəŰɑɛɖůɖɠ Űɖɠ əŬɗɑɕɖůɖɠ əɞɜŰɎ ůŰɖ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ, ɞɘ Hsieh & 

Ou (1998) ˊɟɞŰŮɑɜɞɡɜ Űɖɜ Ůɝɐɠ ɛŮɗɞŭɞɚɞɔɑŬ: 

(1) ɄɟɞŮəŰɑɛɖůɖ Űɖɠ ɛɏɔɘůŰɖɠ ˊɚŮɡɟɘəɐɠ ɛŮŰŬŰɧˊɘůɖɠ Űɞɡ Űɞɑɢɞɡ ‏  ɛɏůɤ 

ŬɜŬɚɨůŮɤɜ ˊɚŮɡɟɘəɐɠ ɛŮŰŬŰɧˊɘůɖɠ, ˊ.ɢ. ɛŮ ɛɏɗɞŭɞ ˊŮˊŮɟŬůɛɏɜɤɜ 

ůŰɞɘɢŮɑɤɜ. 

(2) ȾŬɗɞɟɘůɛɧ Űɞɡ Űɨˊɞɡ əŬŰŬɜɞɛɐɠ Űɤɜ əŬɗɘɕɐůŮɤɜ Ŭˊɧ Űɞɜ Űɟɧˊɞ 

ˊŬɟŬɛɧɟűɤůɖɠ Űɞɡ ˊŮŰɎůɛŬŰɞɠ ůŰɖɜ Ŭɟɢɐ əŬɘ ůŰɞ ˊɏɟŬɠ Űɖɠ ŮəůəŬűɐɠ 

(ɆɢɐɛŬ 2-10). ũŮɜɘəɧŰŮɟŬ ŮɎɜ ΅ ρȢφὃ ŰɧŰŮ ŮɛűŬɜɑɕŮŰŬɘ əɞɑɚɞ ˊɟɞűɑɚ 

əŬɗɘɕɐůŮɤɜ, ŭɘŬűɞɟŮŰɘəɎ ŮɛűŬɜɑɕŮŰŬɘ əɡɟŰɧ ˊɟɞűɑɚ, ɧˊɞɡ ὃ ÍÁØ ὃ ȟὃ . 

 

ɆɢɐɛŬ 2-10: ɄŬɟŬɛɧɟűɤůɖ Űɞɡ Űɞɑɢɞɡ ɤɠ űŮɟɧɛŮɜɞ ˊɏŰŬůɛŬ: Ŭ) ůŰɞ Ŭɟɢɘəɧ ɓ) əŬɘ ůŰɞ ŰŮɚɘəɧ ůŰɎŭɘɞ 

Űɖɠ ŮəůəŬűɐɠ (ˊŬɟɎɗŮůɖ Ŭˊɧ Hsieh & Ou, 1998). 

(3) ȺəŰɑɛɖůɖ Űɖɠ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ ‏  əɎɜɞɜŰŬɠ ɢɟɐůɖ Űɖɠ ůɡůɢɏŰɘůɖɠ Űɤɜ 

ɛŮɔɑůŰɤɜ əŬŰŬəɞɟɨűɤɜ ï ɞɟɘɕɞɜŰɑɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ ‏ ‏  (ɆɢɐɛŬ 2-11). 

ὥ ‍ 
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ɆɢɐɛŬ 2-11: ɆɡůɢɏŰɘůɖ ɛɏɔɘůŰɖɠ ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ ɛŮ Űɖ ɛɏɔɘůŰɖ əŬɗɑɕɖůɖ (ˊŬɟɎɗŮůɖ Ŭˊɧ Hsieh & 

Ou, 1998). 

(4) ɇŮɚɘəɩɠ ŮəŰɘɛɎŰŬɘ ɖ ŮˊɘűŬɜŮɘŬəɐ əŬɗɑɕɖůɖ ůŮ ŭɘɎűɞɟŮɠ ŬˊɞůŰɎůŮɘɠ Ŭˊɧ Űɖɜ 

ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ ůɨɛűɤɜŬ ɛŮ ŰŬ ůɢɐɛŬŰŬ ɆɢɐɛŬ 2-9 əŬɘ ɆɢɐɛŬ 2-12. 

 

ɆɢɐɛŬ 2-12: ɄɟɞŰŮɘɜɧɛŮɜɖ ɛɏɗɞŭɞɠ ŮəŰɑɛɖůɖɠ Űɞɡ əɞɑɚɞɡ Űɨˊɞɡ əŬɗɘɕɐůŮɤɜ (ˊŬɟɎɗŮůɖ Ŭˊɧ Hsieh & 

Ou, 1998). 
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2.2.8 ɆɢɞɚɘŬůɛɧɠ ɖɛɘ-ŮɛˊŮɘɟɘəɩɜ ɛŮɗɧŭɤɜ 

ȼ Ůˊɘůəɧˊɖůɖ Űɤɜ ɖɛɘ-ŮɛˊŮɘɟɘəɩɜ ɛŮɗɧŭɤɜ ŮɛˊŮɟɘɏɢŮɘ Űɞɜ ůɢɞɚɘŬůɛɧ əŬɘ ůɡůɢɏŰɘůɖ 

Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ŮɜŭɘŬűɏɟɞɜŰɞɠ ůŰɞ ˊɚŬɑůɘɞ Űɖɠ ɛŮɚɏŰɖɠ Űɤɜ ŮŭŬűɘəɩɜ 

ɡˊɞɢɤɟɐůŮɤɜȚ ŬɡŰɏɠ əɡɟɑɤɠ ŮɑɜŬɘ: 

¶ ȼ ɗɏůɖ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ əŬɗɩɠ əŬɘ Űɞ ɛɏɔŮɗɞɠ ŬɡŰɐɠ 

¶ ȼ ɕɩɜɖ ˊɟɤŰŮɨɞɡůŬɠ Ůˊɘɟɟɞɐɠ 

¶ ȼ ɕɩɜɖ ŭŮɡŰŮɟŮɨɞɡůŬɠ Ůˊɘɟɟɞɐɠ 

¶ ɇŬ ŬɜŬɚɡɗɏɜŰŬ ŮŭŬűɘəɎ ˊɟɞűɑɚ 

¶ ȼ əŬɜɞɜɘəɞˊɞɑɖůɖ Űɤɜ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ 

ȺɘŭɘəɧŰŮɟŬ ɔɘŬ Űɞ ŰŮɚŮɡŰŬɑɞ, ůɖɛŮɘɩɜŮŰŬɘ ɧŰɘ əɎɗŮ ɛɏɗɞŭɞɠ ɢɟɖůɘɛɞˊɞɘŮɑ 

ŭɘŬɔɟŬɛɛŬŰɘəɏɠ ŬˊŮɘəɞɜɑůŮɘɠ ůŮ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ ɛɞɟűɐ əŬɘ ɏŰůɘ ɖ ůɨɔəɟɘůɖ Űɞɡɠ 

əŬɗɑůŰŬŰŬɘ ŮɡəɞɚɧŰŮɟɖ.  

 

i. ɀɖ ůɡɜŮəŰɘəɏɠ Ɏɛɛɞɘ: 

ũɘŬ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ɛɖ ůɡɜŮəŰɘəɩɜ ŮŭŬűɩɜ, ɧˊɤɠ Ŭɛɛɤŭɩɜ ɛɏůɖɠ ɐ ˊɡəɜɐɠ 

ŭɘŬůŰɟɩůŮɤɠ, Ůə Űɤɜ ɖɛɘ-ŮɛˊŮɘɟɘəɩɜ ɛŮɗɧŭɤɜ ˊŬɟŬŰɖɟŮɑŰŬɘ ŮɛűɎɜɘůɖ Űɞɡ əɡɟŰɞɨ 

ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ. ȼ ˊɟɩŰɖ ɕɩɜɖ əŬŰɎ Peck (1969), ˊɞɡ ŬɜŬűɏɟŮŰŬɘ ůŮ ɛɖ 

ůɡɜŮəŰɘəɎ ŮŭɎűɖ, ˊŬɟɞɡůɘɎɕŮɘ ɛɏɔɘůŰɖ Ŭɜɖɔɛɏɜɖ əŬɗɑɕɖůɖ ρϷ. Ƀɘ Hsieh & OU 

(1998) ŬɜŬűɏɟɞɡɜ ɧŰɘ Űɞ ρϷ Űɞɡ Peck ɡˊŮɟŮəŰɘɛɎ əŬŰɎ ˊɞɚɨ Űɖɜ əŬɗɑɕɖůɖ. ɀɎɚɘůŰŬ, 

ɧˊɤɠ ŭɘŬűŬɑɜŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ 2-5 (OôRourke et al., 1976), ɧˊɞɡ ɞɘ ŬŭɘɎůŰŬŰŮɠ 

ˊŬɟɎɛŮŰɟɞɘ ŮɑɜŬɘ ůɡɔəɟɑůɘɛŮɠ, ɖ ɛɏɔɘůŰɖ Ŭɜɖɔɛɏɜɖ əŬɗɑɕɖůɖ πȢσϷ ŮɑɜŬɘ ˊɞɚɨ 

ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɞ ŬɜŰɑůŰɞɘɢɞ ɛɏɔŮɗɞɠ əŬŰɎ Peck. Ⱥˊɑůɖɠ, ɖ ɕɩɜɖ Ůˊɘɟɟɞɐɠ Űɖɠ 

ŮəůəŬűɐɠ ˊɟŬəŰɘəɎ űɗɎɜŮɘ ɛɏɢɟɘ Űɖɜ ŬˊɧůŰŬůɖ ρȢυπ. ɇŬ ˊŬɟŬˊɎɜɤ 

ůɡɛˊŮɟɎůɛŬŰŬ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞ Ŭəɧɚɞɡɗɞ ůɢɐɛŬ. 

 

ɆɢɐɛŬ 2-13: Ɇɨɔəɟɘůɖ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ůŮ Ɏɛɛɞɡɠ ɛɏůɖɠ ɐ 

ˊɡəɜɐɠ ŭɘŬůŰɟɩůŮɤɠ (əɡɟŰɧɠ Űɨˊɞɠ əŬɗɘɕɐůŮɤɜ). 

ȾŬɗɘɕɐůŮɘɠ ůŮ Ŭɛɛɩŭɖ ŮŭɎűɖ ŮɝŬɟŰɩɜŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖɜ ɨˊŬɟɝɖ Ɉ.Ɉ.Ƀ. 
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ʃʶˊʽʲʱ˂˂ˇˎˋʰɵ˗˄ʹˌI (ˁ ʰˍʱ Peck, 1969)

Influence Zone
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ii. Ⱦɞəəɩŭɖ ůɡɜŮəŰɘəɎ ɡɚɘəɎ: 

ɇŬ əɞəəɩŭɖ ůɡɜŮəŰɘəɎ ɡɚɘəɎ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬɢɤɟɘůŰɞɨɜ ůŮ ŭɨɞ ɓŬůɘəɏɠ ŰŬɝɘɜɞɛɐůŮɘɠ: 

¶ ȷɟɔɘɚɩŭŮɘɠ Ɏɛɛɞɡɠ 

¶ ȷɛɛɩŭŮɘɠ Ŭɟɔɑɚɞɡɠ 

Ƀ Peck (1969) ŬɜŬűɏɟŮɘ ɧŰɘ ɖ ůɡɜɞɢɐ Űɤɜ ˊŬɟŬˊɎɜɤ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ ɛŮɘɩɜŮɘ Űɖɜ 

ŮɡŬɘůɗɖůɑŬ ůŮ ˊɘɏůŮɘɠ ŭɘɐɗɖůɖɠ əŬŰô ŮˊɏəŰŬůɖ ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ ŬůŰɞɢɑŬ Űɨˊɞɡ 

əŬŰŬɟɟɞɐɠ ŮŭɎűɞɡɠ ï ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɛɖ ůɡɜŮəŰɘəɩɜ Ŭɛɛɤŭɩɜ 

ŮŭŬűɩɜ. ȷˊŬɟŬɑŰɖŰɖ ɤůŰɧůɞ ˊŬɟŬɛɏɜŮɘ ɖ ŭɏůɛŮɡůɖ Űɤɜ ɞɟɘɕɧɜŰɘɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ.  

ũɘŬ Űɖɜ ůɡɔəŮəɟɘɛɏɜɖ əŬŰɖɔɞɟɑŬ ŮŭŬűɘəɩɜ ɡɚɘəɩɜ, ɚɧɔɤ ŬˊɞɡůɑŬɠ ɛŮŰɟɐůŮɤɜ, ŭŮɜ 

ŮɝɐɢɗɖůŬɜ ɎɛŮůŬ ŭɘŬɔɟɎɛɛŬŰŬ əŬɗɘɕɐůŮɤɜ. ȺɜŭŮɢɞɛɏɜɤɠ, ŬɜŬɚɧɔɤɠ Űɖɜ 

ˊɞůɧůŰɤůɖ Űɖɠ Ŭɟɔɑɚɞɡ ɐ Űɖɠ Ɏɛɛɞɡ ŮɜŰɧɠ Űɞɡ ŮŭŬűɘəɞɨ ůɢɖɛŬŰɘůɛɞɨ, ɜŬ 

əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ůŰŬ ŬɜŰɑůŰɞɘɢŬ ŭɘŬɔɟɎɛɛŬŰŬ ɓɎůŮɘ Űɤɜ ˊɟɞŰŮɘɜɧɛŮɜɤɜ Ŭˊɧ Űɘɠ 

ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛŮɗɧŭɞɡɠ. 

 

i. ɆŰɘűɟɏɠ əŬɘ ůəɚɖɟɏɠ Ɏɟɔɘɚɞɘ : 

ũɘŬ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ůŰɘűɟɩɜ əŬɘ ůəɚɖɟɩɜ Ŭɟɔɑɚɤɜ, ŬɜŰɑůŰɞɘɢŬ ɛŮ ŰŬ ɛɖ ůɡɜŮəŰɘəɎ 

ŮŭɎűɖ, ɞɘ Clough & OôRourke (1990) ˊɟɧŰŮɘɜŬɜ Űɟɘɔɤɜɘəɧ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ əŬɘ 

əɡɟŰɐ ɛɞɟűɐ əŬɛˊɨɚɖɠ. ȾŬŰɎ Űɞɡɠ Hsieh & Ou (1998) ɖ ɛɏɗɞŭɞɠ Űɤɜ Clough & 

OôRourke (1990) ŭɑɜŮɘ əŬɚɐ ŮəŰɑɛɖůɖ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ɛŮɗɧŭɞɡɠ Űɤɜ Peck (1969) 

əŬɘ Bowles (1988) ˊɞɡ ɡˊŮɟŮəŰɘɛɞɨɜ Űɞ ɛɏɔŮɗɞɠ Űɖɠ əŬɗɑɕɖůɖɠ. 

 

ɆɢɐɛŬ 2-14: Ɇɨɔəɟɘůɖ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ůŰɘűɟɏɠ ɏɤɠ ˊɞɚɨ 

ůəɚɖɟɏɠ Ŭɟɔɑɚɞɡɠ (əɡɟŰɧɠ Űɨˊɞɠ əŬɗɘɕɐůŮɤɜ). 

ɆŰɞɡɠ ůɡɔəŮəɟɘɛɏɜɞɡɠ Űɨˊɞɡɠ ŮŭŬűɩɜ, ɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ 

əŬɘ ɖ ŬˊɧůŰŬůɖ Űɤɜ ɞɟɘɕɧɜŰɘɤɜ ůŰɖɟɑɝŮɤɜ ɏɢɞɡɜ ɛɘəɟɐ ŮˊɑŭɟŬůɖ ůŰɘɠ ɛŮŰŬŰɞˊɑůŮɘɠ. 

ȼ ŭɡůəŬɛɣɑŬ Űɞɡ ŬɜŰɑůŰɞɘɢɞɡ ŮŭɎűɞɡɠ əŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ˊɚŮɡɟɘəɩɜ ɤɗɐůŮɤɜ ŮɑɜŬɘ 

ɞɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ ɎɛŮůŬ. 
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ii. ȾɞɟŮůɛɏɜŮɠ ˊɚŬůŰɘəɏɠ Ɏɟɔɘɚɞɘ: 

ɆŰɖɜ əŬŰɖɔɞɟɑŬ ŬɡŰɐ Ŭɜɐəɞɡɜ əŬŰɎ ɓɎůɖ ɛŬɚŬəɏɠ ɏɤɠ ɛɏŰɟɘŬɠ ůɡɜŮəŰɘəɧŰɖŰŬɠ 

ˊɚŬůŰɘəɏɠ Ɏɟɔɘɚɞɘ. O Peck (1969) ŬɜŬűɏɟŮɘ ɧŰɘ ůŮ ˊɚŬůŰɘəɏɠ əɞɟŮůɛɏɜŮɠ Ŭɟɔɑɚɞɡɠ Űɞ 

ɛɏɔŮɗɞɠ Űɖɠ əŬɗɑɕɖůɖɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ ɑůɞ ɛŮ Űɖɜ ŬˊɩɚŮɘŬ ŮŭŬűɘəɞɨ ɧɔəɞɡ ɚɧɔɤ 

ˊɚŮɡɟɘəɐɠ ɛŮŰŬŰɧˊɘůɖɠ. ɆɨɛűɤɜŬ ɛŮ Űɘɠ Ůˊɘɛɏɟɞɡɠ ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛŮɗɧŭɞɡɠ, ŰŬ 

ŮŭɎűɖ ŬɡŰɎ ŰŮɑɜɞɡɜ ɜŬ ɏɢɞɡɜ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ əŬŰŬɜɞɛɐ ŰɟŬˊŮɕɞŮɘŭɞɨɠ Űɨˊɞɡ əŬɘ 

ɕɩɜɖ ˊɟɤŰŮɨɞɡůŬɠ Ůˊɘɟɟɞɐɠ. Ƀɘ Clough & OôRourke (1990) ŮˊɘůɖɛŬɑɜɞɡɜ Űɖ ɗɏůɖ 

ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ ɛŮŰŬɝɨ πȢυ ρȢπ, Ůɜɩ ɞɘ Hsieh & Ou (1998) ɔɘŬ πȢυ. 

Ƀɘ Mana & Clough (1981) ŮɘůɐɔŬɔŬɜ ɛɎɚɘůŰŬ əŬɘ Űɞɜ ůɡɜŰŮɚŮůŰɐ Ὂ ɏɜŬɜŰɘ Ŭɜɨɣɤůɖɠ 

Űɞɡ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ ɔɘŬ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ Ŭɟɔɘɚɘəɩɜ ŮŭŬűɩɜ. ȳŰŬɜ ɞ ůɡɜŰŮɚŮůŰɐɠ 

Ὂ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞɠ Ŭˊɧ ρȢυ ŰɧŰŮ ɖ ŭɡůəŬɛɣɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŮɜŭɏɢŮŰŬɘ ɜŬ 
ŮˊɖɟŮɎůŮɘ ůɖɛŬɜŰɘəɎ Űɘɠ ɛŮŰŬŰɞˊɑůŮɘɠ (ɆɢɐɛŬ 2-7). 

 

ɆɢɐɛŬ 2-15: Ɇɨɔəɟɘůɖ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ůŮ ɛŬɚŬəɐ ɏɤɠ ɛɏůɖ 

Ɏɟɔɘɚɞ (əɞɑɚɞɠ Űɨˊɞɠ əŬɗɘɕɐůŮɤɜ). 

ȼ ɟ́ɤŰɞɔŮɜɐɠ ɕɩɜɖ Ůˊɘɟɟɞɐɠ əŬŰɎ Hsieh & Ou (1998) ɘůɞɨŰŬɘ ˊɟɞůŮɔɔɘůŰɘəɎ ɛŮ ŭɨɞ 

űɞɟɏɠ Űɞ ɓɎɗɞɠ ŮəůəŬűɐɠ ςὌ , ˊɞɡ ůɡɛˊɑˊŰŮɘ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ɕɩɜɖ Ůˊɘɟɟɞɐɠ 

ˊɞɡ ˊŬɟŬŰɖɟɐɗɖəŮ Ŭˊɧ Űɞɡɠ Clough & OôRourke (1990) (ɆɢɐɛŬ 2-15). 

ȼ ˊɟɞŰŮɘɜɧɛŮɜɖ ɛɏɗɞŭɞɠ Űɤɜ Clough & OôRourke (1990) ˊŬɟɏɢŮɘ əŬɚɐ ŮəŰɑɛɖůɖ Űɖɠ 

əŬɛˊɨɚɖɠ əŬɗɘɕɐůŮɤɜ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ əɞɑɚɞɡ ˊɟɞűɑɚ, ŬɚɚɎ ɗŮɤɟŮɑ ŬɛŮɚɖŰɏŬ 

Űɖɜ ŭŮɡŰŮɟɞɔŮɜɐ ɕɩɜɖ Ůˊɘɟɟɞɐɠ. ȷɜŰɑɗŮŰŬ, ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ ɛɏɗɞŭɞɠ Űɤɜ Hsieh & Ou 

(1998) ŭɑɜŮɘ əŬɚɎ ŬˊɞŰŮɚɏůɛŬŰŬ əŬɘ ɗŮɤɟŮɑŰŬɘ əŬŰɎɚɚɖɚɖ ɔɘŬ ɛŬɚŬəɏɠ əŬɘ ůŰɘűɟɏɠ 

Ŭɟɔɑɚɞɡɠ. ȼ ŬɝɘɞˊɘůŰɑŬ Űɖɠ ɛŮɗɧŭɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ɏɔəɡɟɖ ŮəŰɑɛɖůɖ Űɖɠ ɞɟɘɕɧɜŰɘŬɠ 

ɛŮŰŬŰɧˊɘůɖɠ ůɨɛűɤɜŬ ɛŮ Űɞ ɆɢɐɛŬ 2-11. 

ȾŬŰɎ Űɞɜ Clough et al. (1989), Űɞ ŭɘɎɔɟŬɛɛŬ ůŰɞ ɆɢɐɛŬ 2-8 ˊɟɞɦˊɞɗɏŰŮɘ Űɖɜ 

ŬɜɎˊŰɡɝɖ Ůɜɧɠ ɛɘəɟɞɨ ˊɞůɞůŰɞɨ ɛŮŰŬŰɞˊɑůŮɤɜ Ŭˊɧ Űɘɠ ůɡɜɞɚɘəɏɠ ɔɘŬ ɧůɞ ɞ Űɞɑɢɞɠ 

ŬɜŰɘůŰɐɟɘɝɖɠ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ŮɨəŬɛˊŰɞ ˊɏŰŬůɛŬ ï ˊɟɞŰɞɨ ŭɖɚŬŭɐ ŮűŬɟɛɞůŰɞɨɜ ɞɘ 

ůŰɖɟɑɝŮɘɠ. ȺɎɜ əɎŰɘ ŰɏŰɞɘɞ ŭŮɜ ɘůɢɨŮɘ, Űɞ ŭɘɎɔɟŬɛɛŬ ɡˊɞŰɘɛɎ Űɖɜ ˊɟŬɔɛŬŰɘəɐ 

ɛŮŰŬŰɧˊɘůɖ. 
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2.3. ɀɏɗɞŭɞɠ Ů́ˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ 

ɇɞ ɓŬůɘəɧŰŮɟɞ ŮɟɩŰɖɛŬ ůŰŬ ɏɟɔŬ ŬɜŰɘůŰɐɟɘɝɖɠ ŬˊɞŰŮɚŮɑ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡ Űɞɑɢɞɡ 

ɛŮ Űɞ ˊŮɟɘɓɎɚɚɞɜ ɏŭŬűɞɠ. ȼ ŬɚɚɖɚŮˊɑŭɟŬůɖ ŬˊɞŰŮɚŮɑ ůɨɜɗŮŰɞ ɔŮɤŰŮɢɜɘəɧ ˊɟɧɓɚɖɛŬ 

ˊɞɡ ŭŮɜ ŮˊɘɚɨŮŰŬɘ ɛŮ Űɘɠ ůɡɜɐɗŮɘɠ ɛŮɗɧŭɞɡɠ ɘůɞɟɟɞˊɑŬɠ əŬŰɎ Rankine, əŬɗɩɠ 

ɡˊŮɘůɏɟɢɞɜŰŬɘ ůɡɜɗɐəŮɠ ˊŬɟŬɛɞɟűɤůɘɛɧŰɖŰŬɠ ŮŭɎűɞɡɠ ï Űɞɑɢɞɡ. Ƀɘ ɛɏɗɞŭɞɘ 

ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŬˊɞŰŮɚɞɨɜ Ůˊɞɛɏɜɤɠ ɘůɢɡɟɧ ŮɟɔŬɚŮɑɞ Ůˊɑɚɡůɖɠ Űɤɜ 

ůɡɜɗŮŰɞŰɐŰɤɜ ˊɞɡ ˊɟɞůŭɑŭŮɘ ɖ ɛɖ ɔɟŬɛɛɘəɧŰɖŰŬ Űɞɡ ŮŭɎűɞɡɠ əŬɘ ɖ əŬŰŬůəŮɡŬůŰɘəɐ 

ŬəɞɚɞɡɗɑŬ. 

ɆŰɞ ˊɟɑɛŬ Űɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ, ɞɘ ɛɏɗɞŭɞɘ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ 

ŮɑɜŬɘ ɘəŬɜɏɠ ɜŬ ˊɟɞɓɚɏɣɞɡɜ Űɖɜ ɛŮŰŬŰɧˊɘůɖ Űɞɡ Űɞɑɢɞɡ, ŬŭɡɜŬŰɞɨɜ ɤůŰɧůɞ ɜŬ 

ˊɟɞɓɚɏɣɞɡɜ Űɖɜ əŬɗɑɕɖůɖ ŮˊŬəɟɘɓɩɠ ɚɧɔɤ ˊŬɟŬŭɞɢɩɜ ɔɘŬ ŰŬ əŬŰŬůŰŬŰɘəɎ ɛɞɜŰɏɚŬ 

Űɞɡ ŮŭɎűɞɡɠ əŬɘ Űɞ ůɡɛɓɘɓŬůŰɧ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ (Hsieh & Ou, 1998). ȾŬŰô 

ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ˊɟɞŰŮɑɜŮŰŬɘ, ɞ ɞɚɘůŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Űɞɡ ɏɟɔɞɡ ɛŮ ŰŬɡŰɧɢɟɞɜɖ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ɡˊɞűɞɟɏɤɜ (ˊ.ɢ. Űɞɑɢɞɠ ɛŮ ŬɔəɨɟɘŬ ɐ ŬɜŰɖɟɑŭŮɠ, Űɞɑɢɞɠ ɛŮ ŭɞəɧ 

əŬɘ ŬɔəɨɟɘŬ əɚˊ.), ɜŬ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ ŬəɟɘɓŮɑɠ ˊɟɞůɞɛɞɘɩůŮɘɠ 

ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ, ɔŮɤɛŮŰɟɑŬɠ ɛɞɜŰɏɚɞɡ, ŭɘŬəɟɘŰɞˊɞɑɖůɖɠ ə.ɚˊ. Ⱥˊɘˊɚɏɞɜ ůŰɘɠ 

ˊɟɞůɞɛɞɘɩůŮɘɠ, ɞűŮɑɚɞɡɜ ɜŬ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ əŬŰŬůəŮɡŬůŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ 

ŰɛɖɛŬŰɘəɐɠ ŮəůəŬűɐɠ ɐ Ůˊɘɛɏɟɞɡɠ ůŰɎŭɘŬ ɛŮ ůəɞˊɧ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ɖ ŬɚɚŬɔɐ 

ůŰɞ ŰŬůɘəɧ ˊŮŭɑɞ əŬɘ ɞɘ ŬɜŬɛŮɜɧɛŮɜŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ əɟɑɜŮŰŬɘ ůəɧˊɘɛɖ ɛɘŬ ůɨɜŰɞɛɖ ŬɜŬűɞɟɎ ůŰɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ 

Ůɛˊɞɟɘəɞɨ ˊɟɞɔɟɎɛɛŬŰɞɠ PLAXIS, Ůɜɧɠ ŮɝŮɘŭɘəŮɡɛɏɜɞɡ ɚɞɔɘůɛɘəɞɨ Ůˊɑɚɡůɖɠ 

ůɨɜɗŮŰɤɜ ɔŮɤŰŮɢɜɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ ˊɞɡ ɗŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɘɠ ˊŬɟŬɛŮŰɟɘəɏɠ 

ŬɜŬɚɨůŮɘɠ Űɖɠ ˊŬɟɞɨůŬɠ ŮɟɔŬůɑŬɠ. 

i. ȺɘůŬɔɤɔɐ: 

ɆŰɞ ɚɞɔɘůɛɘəɧ ŭɑɜŮŰŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ɞɘ ˊɟŬɔɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ ɡˊŮŭɎűɞɡɠ ɜŬ 

ɛˊɞɟɞɨɜ ɜŬ ɛɞɜŰŮɚɞˊɞɘɖɗɞɨɜ ɐ ɜŬ ˊɟɞůɞɛɞɘɤɗɞɨɜ ŮɑŰŮ Ŭˊɧ ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ 

ˊŬɟŬɛɧɟűɤůɖɠ ŮɑŰŮ Ŭˊɧ ŬɝɞɜɞůɡɛɛŮŰɟɘəɏɠ ůɡɜɗɐəŮɠ (ɆɢɐɛŬ 2-16). ɇɞ ˊŮɟɘɓɎɚɚɞɜ 

Űɞɡ ɚɞɔɘůɛɘəɞɨ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 4 ɓŬůɘəɎ ɡˊɧ-ˊɟɞɔɟɎɛɛŬŰŬ (Input, Calculations, 

Output, Curves) ŰŬ ɞˊɞɑŬ ŮəŰŮɚɞɨɜŰŬɘ ɏŰůɘ ɩůŰŮ ɜŬ ŬɜŰɘəŬŰɞˊŰɟɑůɞɡɜ ŮˊɘŰɡɢɩɠ ɏɜŬ 

ɔŮɤŰŮɢɜɘəɧ ɛɞɜŰɏɚɞ. ɇŬ ˊɟɞŬɜŬűŮɟɗɏɜŰŬ ŰɏůůŮɟŬ ɡˊɧ-ˊɟɞɔɟɎɛɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ 

ɔɑɜɞɡɜ ŬɜŰɘəŮɑɛŮɜɞ ŮˊŮɝŮɟɔŬůɑŬɠ ɏɜŬ ˊɟɞɠ ɏɜŬ, ůɢɖɛŬŰɑɕɞɜŰŬɠ ɛɘŬ ɞɚɞəɚɖɟɤɛɏɜɖ əŬɘ 

ɚɞɔɘəɐ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ɗŬ ɛˊɞɟŮɑ ɜŬ ŮˊɘɚɨůŮɘ Űɞ ŮəɎůŰɞŰŮ ɔŮɤŰŮɢɜɘəɧ ˊɟɧɓɚɖɛŬ. 

 

ɆɢɐɛŬ 2-16: ɄɟɞůɞɛɞɑɤɛŬ ɔɘŬ: Ŭ) ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ, ɓ) ŬɝɞɜɞůɡɛɛŮŰɟɘəɏɠ ůɡɜɗɐəŮɠ 

(ˊŬɟɎɗŮůɖ Ŭˊɧ Brinkgreve et al., 2014). 

ɀɘŬ ůɨɜŰɞɛɖ ˊŮɟɘɔɟŬűɐ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ əɎɗŮ ɡˊɧ-ˊɟɞɔɟɎɛɛŬŰɞɠ ɗŬ ŮˊɘŰŮɡɢɗŮɑ 

ˊŬɟŬəɎŰɤ. 

ὥ ‍ 
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ii. Input program: 

ũɘŬ Űɖɜ ŭɘŮɝŬɔɤɔɐ əŬɘ ɞɚɞəɚɐɟɤůɖ ɛɘŬɠ ŬɜɎɚɡůɖɠ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, ŮɑɜŬɘ 

ŬɜŬɔəŬɑɞɠ ɞ əŬɗɞɟɘůɛɧɠ Űɞɡ ɔŮɤɛŮŰɟɘəɞɨ ɛɞɜŰɏɚɞɡ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɤɜ ɘŭɘɞŰɐŰɤɜ 

Űɞɡ ŮŭɎűɞɡɠ əŬɘ Űɤɜ ůɡɜɞɟɘŬəɩɜ ůɡɜɗɖəɩɜ Űɞɡ ɛɞɜŰɏɚɞɡ. ȼ ˊɟɞŬɜŬűŮɟɗŮɑůŬ 

ŭɘŬŭɘəŬůɑŬ ɔɑɜŮŰŬɘ ŮɜŰɧɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ INPUT. 

ȷˊŬɘŰŮɑŰŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ŭɘŭɘɎůŰŬŰɞɡ (ɐ ŰɟɘŭɘɎůŰŬŰɞɡ) ɔŮɤɛŮŰɟɘəɞɨ ɛɞɜŰɏɚɞɡ 

ůɡɔəɟɞŰɞɨɛŮɜɞɡ Ŭˊɧ ůɖɛŮɑŬ, ɔɟŬɛɛɏɠ əŬɘ ɎɚɚŬ ůŰɞɘɢŮɑŬ əŬŰɎ Űɘɠ ŭɘŮɡɗɨɜůŮɘɠ Űɤɜ 

Ŭɝɧɜɤɜ x-y-(z). ũɘŬ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ ˊɨəɜɤůɖɠ Űɞɡ əŬɜɎɓɞɡ, ŭɘŬŭɘəŬůɑŬ ˊɞɡ əŬɗɞɟɑɕŮɘ 

Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ, ɔɑɜŮŰŬɘ ɢɟɐůɖ Űɖɠ ŮɜŰɞɚɐɠ ñˊɨəɜɤůɖ 

əŬɜɎɓɞɡò ɛɏůɤ Űɖɠ ɞˊɞɑŬɠ Űɞ ɚɞɔɘůɛɘəɧ ŬɡŰɧɛŬŰŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑ Űɖɜ ˊɨəɜɤůɖ ůŰɘɠ 

ŮˊɘűɎɜŮɘŮɠ Űɞɡ ɞɟɘɞɗŮŰɖɛɏɜɞɡ ɢɩɟɞɡ. ɇɏɚɞɠ, ɞɘ Ŭɟɢɘəɏɠ ŮɜŮɟɔɏɠ ŰɎůŮɘɠ ɞɟɑɕɞɜŰŬɘ ɜŬ 

çɡˊŬəɞɨɜè ůŰɘɠ Ŭɟɢɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŮŭŬűɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ. 

ȼ ɔŮɜɘəɧŰŮɟɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ ŭɘŬűŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ: 

Å ũŮɜɘəɏɠ ɟɡɗɛɑůŮɘɠ: ũɑɜŮŰŬɘ əŬɗɞɟɘůɛɧɠ Űɞɡ ŬɟɢŮɑɞɡ Ůɝɧŭɞɡ, ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ɞɘ 

Ŭɟɢɘəɏɠ ůɡɜɗɐəŮɠ Űɞɡ ɛɞɜŰɏɚɞɡ, ŭɖɚŬŭɐ ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ ɐ 

ŬɝɞɜɞůɡɛɛŮŰɟɘəɏɠ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɞɘ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ, ɞɟɑɕɞɜŰŬɘ ɞɘ ɛɞɜɎŭŮɠ 

ɛɏŰɟɖůɖɠ Űɤɜ ɛŮŰŬɓɚɖŰɩɜ ˊɞɡ ˊɟɧəŮɘŰŬɘ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ əŬɘ əŬɗɞɟɑɕŮŰŬɘ ɞ 

Űɨˊɞɠ Űɤɜ ůŰɞɘɢŮɑɤɜ (ŰɟɘɔɤɜɘəɎ ɛŮ 6 ɐ 15 ůɖɛŮɑŬ əŬɘ ŰŮŰɟŬŮŭɟɘəɎ ɛŮ 10 ůɖɛŮɑŬ). 

ɇɏɚɞɠ ɛŮ Űɖɜ ŮɜŰɞɚɐ ñboreholeò ɔɑɜŮŰŬɘ əŬɗɞɟɘůɛɧɠ Űɞɡ ŮŭŬűɘəɞɨ ɢɩɟɞɡ. 

Å ũŮɤɛŮŰɟɑŬ: ɄŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ɔŮɤɛŮŰɟɘəɞɨ ɛɞɜŰɏɚɞɡ ɛŮ ɢɟɐůɖ 

ůɖɛŮɑɤɜ, ɔɟŬɛɛɩɜ, ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ, ůŰɞɘɢŮɑɤɜ ŭɘŮˊɘűŬɜŮɘɩɜ, ŬɔəɡɟɩůŮɤɜ, əɚˊ. 

Å ɄŬɟɎɛŮŰɟɞɘ ŮŭɎűɞɡɠ & ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ: ɔɑɜŮŰŬɘ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ 

ɔŮɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ŮŭɎűɞɡɠ əŬɘ ɧɚɤɜ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ. ɇɞ ɏŭŬűɞɠ ɛˊɞɟŮɑ 

ɜŬ ˊɟɞůɞɛɞɘɤɗŮɑ ɛɏůɤ ŭɘŬűɧɟɤɜ əŬŰŬůŰŬŰɘəɩɜ ɛɞɜŰɏɚɤɜ, ɖ Ůˊɘɚɞɔɐ Űɤɜ ɞˊɞɑɤɜ 

ɔɑɜŮŰŬɘ Ŭˊɧ Űɞɜ ɢɟɐůŰɖ ɔɘŬ ŮəŮɑɜŬ ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɘɠ ˊŬɟŬŭɞɢɏɠ Űɞɡ ɔŮɤŰŮɢɜɘəɞɨ 

ˊɟɞɓɚɐɛŬŰɞɠ ˊɞɡ ŮɝŮŰɎɕŮɘ. ɇŬ Mohr-Coulomb (MC) əŬɘ Hardening Soil (HS) ŮɑɜŬɘ 

Ŭˊɧ ŰŬ ˊɚɏɞɜ ɔɜɤůŰɎ əŬɘ Ůŭɩ əɟɑɜŮŰŬɘ ůəɧˊɘɛŬ ɖ ŬɜŬűɞɟɎ Űɞɡɠ əŬɗɩɠ ɗŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ. 

Å Ʉɨəɜɤůɖ: ȼ ˊɨəɜɤůɖ əŬɜɎɓɞɡ ŮɑɜŬɘ ɖ ůɨɜɗŮůɖ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ 

ůŰŬ ɞˊɞɑŬ ɏɢŮɘ ˊɟɞɖɔɖɗŮɑ ŭɘŬəɟɘŰɞˊɞɑɖůɖ. Ƀ ɓŬůɘəɧɠ Űɨˊɞɠ Űɞɡ ůŰɞɘɢŮɑɞɡ ůŮ 

ŭɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ ŮɑɜŬɘ ŰŬ 6-node əŬɘ Űɞ 15-node ŰɟɘɔɤɜɘəɎ ůŰɞɘɢŮɑŬ (ɆɢɐɛŬ 

2-17). ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ Ŭɜ əŬɘ ɛŮɔŬɚɨŰŮɟɖ ˊɨəɜɤůɖ ɛˊɞɟŮɑ ɜŬ űŬɑɜŮŰŬɘ 

çɎŰŬəŰɖè, ɤůŰɧůɞ ɖ ŬɟɘɗɛɖŰɘəɐ ŬɜɎɚɡůɖ ɔɑɜŮŰŬɘ ˊɘɞ ŬɝɘɧˊɘůŰɖ Ŭˊɧ Űɖɜ 

ˊɟɞəŬɗɞɟɘůɛɏɜɖ. 
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ɆɢɐɛŬ 2-17: ɇɟɘɔɤɜɘəɧ ůŰɞɘɢŮɑɞ ɛŮ: Ŭ) 6 ůɖɛŮɑŬ, ɓ) 15 ůɖɛŮɑŬ (ˊŬɟɎɗŮůɖ Ŭˊɧ Brinkgreve et al., 2013). 

Å ȷɟɢɘəɏɠ ůɡɜɗɐəŮɠ: ɆŰɞ ůŰɎŭɘɞ ŬɡŰɧ əŬɗɞɟɑɕɞɜŰŬɘ ɞɘ ůɡɜɗɐəŮɠ ɡŭɟɞűɧɟɞɡ 

ɞɟɑɕɞɜŰŬ əŬɘ Űɤɜ Ŭɟɢɘəɩɜ ŮɜŮɟɔɩɜ ŰɎůŮɤɜ ɛŮ ɓɎůɖ Űɞɜ ůɡɜŰŮɚŮůŰɐ ɤɗɐůŮɤɜ ůŮ 

ɖɟŮɛɑŬ ὑ. ȷɡŰɐ ɖ ˊŬɟɎɛŮŰɟɞɠ ɗŬ ŮɝŮŰŬůɗŮɑ ůŰɞ ůŰɎŭɘɞ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ əŬɘ ŭŮɜ 

ɚŬɛɓɎɜŮɘ ůɡɔəŮəɟɘɛɏɜɖ Űɘɛɐ. 

iii. ɈˊɞɚɞɔɘůŰɘəɐ ŭɘŬŭɘəŬůɑŬ: 

ȾŬɗɩɠ ɚɞɘˊɧɜ Űɞ ɔŮɤɛŮŰɟɘəɧ ɛɞɜŰɏɚɞ ŭɖɛɘɞɡɟɔɖɗŮɑ, ɖ ˊɨəɜɤůɖ Űɞɡ əŬɜɎɓɞɡ 

ŮˊɘŰŮɡɢɗŮɑ əŬɘ ɞɘ Ŭɟɢɘəɏɠ ůɡɜɗɐəŮɠ ɞɟɘůŰɞɨɜ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞɠ ɞ əŬɗɞɟɘůɛɧɠ Űɤɜ 

ɓɖɛɎŰɤɜ ˊɞɡ ɗŬ Ŭəɞɚɞɡɗɖɗɞɨɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ Ŭɜ Űɞ ɔŮɤŰŮɢɜɘəɧ ˊɟɧɓɚɖɛŬ 

ˊŮɟɘɚŬɛɓɎɜŮɘ ˊɚŬůŰɘəɏɠ ˊŬɟŬɛɞɟűɩůŮɘɠ, ůŰŮɟŮɞˊɞɑɖůɖ, ŭɡɜŬɛɘəɐ Ŭˊɧəɟɘůɖ, ə.ɚ.ˊ., 

ɗŬ ˊɟɏˊŮɘ ɖ ɡˊɞɚɞɔɘůŰɘəɐ ŭɘŬŭɘəŬůɑŬ ɜŬ ŭɘŬɘɟŮɑŰŬɘ ůŮ ŭɘɎűɞɟŬ ůŰɎŭɘŬ. ȺɜŭŮɘəŰɘəɎ ɗŬ 

ɛˊɞɟɞɨůŬɜ ɜŬ ŬɜŬűŮɟɗɞɨɜ ůŰɎŭɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɞɡ űɞɟŰɑɞɡ, ŮəůəŬűɐɠ, ŬɗɏɚɖŰɖɠ 

ɡˊŮɟŮůəŬűɐɠ əŬɘ ɞɨŰɤ əŬɗŮɝɐɠ.  

ȺˊɘɚɏɔɞɜŰŬɠ Űɞɜ ˊŬɟɎɔɞɜŰŬ ñPlasticò ɛŮŰŬɝɨ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ űɎůŮɤɜ, ɞŭɖɔŮɑ ůŮ 

ɛɖ ɔɟŬɛɛɘəɏɠ ŮɝɘůɩůŮɘɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ Ůˊɘɚɡɗɞɨɜ ůŮ əɎɗŮ ɡˊɞɚɞɔɘůŰɘəɐ űɎůɖ ˊɞɡ 

űɏɟŮɘ ŮɜŮɟɔɞˊɞɑɖůɖ űɞɟŰɑɞɡ. ɆŮ ˊŮɟɘˊŰɩůŮɘɠ ŮəŰɑɛɖůɖɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ ï 

ŭɖɚŬŭɐ ůŰɞɜ ɏɚŮɔɢɞ Űɤɜ ɃɟɘŬəɩɜ ȾŬŰŬůŰɎůŮɤɜ ȷůŰɞɢɑŬɠ (ULS) ï ŮˊɘɚɏɔŮŰŬɘ ɞ 

ˊŬɟɎɔɞɜŰŬɠ ñSafetyò, ŭɘŬŭɘəŬůɑŬ ɛɏůɤ Űɖɠ ɞˊɞɑŬɠ, ɛŮ Űɖɜ ŰŬɡŰɧɢɟɞɜɖ ɛŮɑɤůɖ Űɤɜ 

ɛɖɢŬɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ŮŭɎűɞɡɠ cô əŬɘ űô, ŮɚɏɔɢŮŰŬɘ ɖ ɘůɞɟɟɞˊɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ əŬɘ 

Űɞɡ ůɡɛɓɘɓŬůŰɞɨ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ.  

iv. Output program: 

ɆŰɖɜ ɚŮɘŰɞɡɟɔɑŬ ñOutputò ŮɑɜŬɘ ŮűɘəŰɧ ɜŬ ŮɚŮɔɢɗɞɨɜ ŰŬ ŮɝŬɔɧɛŮɜŬ ŬˊɞŰŮɚɏůɛŬŰŬ əŬɘ ɞɘ 

ɛɖɢŬɜɘůɛɞɑ ˊŬɟŬɛɞɟűɩůŮɤɜ. ɇŬ ɓŬůɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ 

ˊɟɞəɨɣɞɡɜ Ŭˊɧ ɛɘŬ ŬɜɎɚɡůɖ ɛŮ ɚɞɔɘůɛɘəɧ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮɑɜŬɘ űɡůɘəɎ ɞɘ 

ɛŮŰŬəɘɜɐůŮɘɠ əŬɘ ɞɘ ŰɎůŮɘɠ. 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ ŮɝŬɢɗɞɨɜ ŮɑŰŮ ɛŮ Űɖɜ ɓɞɐɗŮɘŬ ɔɟŬɛɛɩɜ, ŮɑŰŮ ůəɘɩɜ ŮɑŰŮ 

ɛɏůɤ Ɏɚɚɤɜ ŬɜŬˊŬɟŬůŰɎůŮɤɜ ï ɧˊɞɘŬ ŭɖɚŬŭɐ ŮɝɡˊɖɟŮŰɞɨɜ əŬɚɨŰŮɟŬ ɔɟŬűɘəɎ Űɞɜ 

ɢɟɐůŰɖ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ůˊɑůɖɠ ɛˊɞɟɞɨɜ ɜŬ ŮɝŬɢɗɞɨɜ ůŮ ˊɑɜŬəŮɠ , əŬɗɩɠ ɖ 

ɘŭɘɞɛɞɟűɑŬ Űɞɡɠ ɛɞɘɎɕŮɘ ɛŮ ŬɡŰɐ Űɤɜ ɡˊɞɚɞɔɘůŰɘəɩɜ űɨɚɚɤɜ Űɞɡ EXCEL. 

v. Curves program: 

ɀɏůɤ Űɖɠ ˊŬɟŬˊɎɜɤ ɚŮɘŰɞɡɟɔɑŬɠ ɔɑɜŮŰŬɘ ŬɜŰɘɚɖˊŰɐ ɖ ŭɖɛɘɞɡɟɔɑŬ əŬɛˊɨɚɤɜ 

űɞɟŰɑɞɡ-ɛŮŰŬəɑɜɖůɖɠ, ŰɎůŮɤɜ-ˊŬɟŬɛɞɟűɩůŮɤɜ, ŭɘŬŭɟɞɛɐɠ Űɤɜ ŰɎůŮɤɜ, ůɡɜŰŮɚŮůŰɐ 

ŬůűŬɚŮɑŬɠ əɚˊ. ůŮ ůɡɔəŮəɟɘɛɏɜŬ ŮˊɘɚŮɔɛɏɜŬ ůɖɛŮɑŬ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ Űɞɡ 

ŭɘŬəɟɘŰɞˊɞɘɖɛɏɜɞɡ ɢɩɟɞɡ. 

‍ ‌ 
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ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɖ ˊŬɟŬˊɎɜɤ ˊŮɟɘɔɟŬűɐ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ɚɞɔɘůɛɘəɞɨ 

ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ PLAXIS ŮɑɜŬɘ ůɨɜŰɞɛɖ əŬɘ ŭŮɜ ŬˊɞŰŮɚŮɑ ɞŭɖɔɧ. ũɘŬ 

ŮɜŭŮɚŮɢɏůŰŮɟɖ əŬŰŬɜɧɖůɖ Űɤɜ Ůˊɘɛɏɟɞɡɠ ɚŮɘŰɞɡɟɔɘɩɜ, ˊɟɞŰŮɑɜŮŰŬɘ Ŭˊɧ Űɞɜ ůɡɜŰɎɝŬ, 

ɜŬ ŬɜŬɕɖŰɖɗɞɨɜ ŰŬ ŮɔɢŮɘɟɑŭɘŬ ɢɟɐůɖɠ. ȼ ŭɘŮɡəɟɑɜɖůɖ Űɤɜ Ůˊɘɛɏɟɞɡɠ ɡˊɞ-

ˊɟɞɔɟŬɛɛɎŰɤɜ ɏɔɘɜŮ ɛŮ ůəɞˊɧ ɜŬ ɔɑɜŮɘ ŬɜŰɘɚɖˊŰɐ ɖ ˊŮɟɘɔɟŬűɐ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ 

əŬŰɎůŰɟɤůɖɠ Űɞɡ ɛɞɜŰɏɚɞɡ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ůŰɞ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ. 

 

2.4. ȺˊɘŰɟŮˊɧɛŮɜŮɠ əŬɗɘɕɐůŮɘɠ 

ȷűɧŰɞɡ ŬɜŬɚɨɗɖəŬɜ ɞɘ ůɖɛŬɜŰɘəɧŰŮɟŮɠ Ůə Űɤɜ ɖɛɘ-ŮɛˊŮɘɟɘəɩɜ ɛŮɗɧŭɤɜ əŬɘ ˊɟɞŰɞɨ 

ɛɘɚɐůɞɡɛŮ ɔɘŬ ˊŬɟŬɛŮŰɟɘəɏɠ ŬɜŬɚɨůŮɘɠ ůŰɞ əŮűɎɚŬɘɞ 3, ŮɑɜŬɘ ɗŮɛɘŰɧ ɜŬ ɔɑɜŮɘ ŬɜŬűɞɟɎ 

ůŰɘɠ ŮˊɘŰɟŮˊɧɛŮɜŮɠ ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ əŬɗɘɕɐůŮɤɜ. 

ɆŰŬ ˊɚŬɑůɘŬ əŬŰŬůəŮɡɐɠ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ ɛŮ ɓŬɗɘɎ ŮəůəŬűɐ ŮɜŰɧɠ 

ŬůŰɘəɞɨ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ɞűŮɑɚɞɡɜ ɜŬ ŰɖɟɞɨɜŰŬɘ ˊɎɜŰŬ ɞɘ ŭɘŬŰɎɝŮɘɠ ŰɟɤŰɧŰɖŰŬɠ Űɤɜ 

ɗŮɛŮɚɘɩůŮɤɜ Űɤɜ ɡűɘůŰɎɛŮɜɤɜ əŬŰŬůəŮɡɩɜ. ȾŬŰɎ ŭɘŬŭɞɢɘəɏɠ űɎůŮɘɠ ŮəůəŬűɐɠ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɖ Ůˊɞɛɏɜɤɠ ɖ ůɨɔəɟɘůɖ Űɤɜ Űɘɛɩɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ɤɠ ŬˊɞŰŮɚɏůɛŬŰŬ 

ɛŮɚɏŰɖɠ ɛŮ ŬɡŰɏɠ ˊɞɡ ɛŮŰɟɞɨɜŰŬɘ ůŰɞ ˊŮŭɑɞ (in-situ) Ŭˊɧ ɏɜŬ ŮɜŮɟɔɧ ŭɑəŰɡɞ 

ˊŬɟŬəɞɚɞɨɗɖůɖɠ. 

ũŮɜɘəɧŰŮɟŬ, ůɨɛűɤɜŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ŰŬ ŮˊɘŰɟŮˊɧɛŮɜŬ ɧɟɘŬ ŭɑɜɞɜŰŬɘ ŮɑŰŮ ɤɠ 

ɛɏɔɘůŰɖ ŬɜŮəŰɐ əŬɗɑɕɖůɖ ί , ŮɑŰŮ ɤɠ ɛɏɔɘůŰɖ ŬɜŮəŰɐ ŭɘŬűɞɟɘəɐ əŬɗɑɕɖůɖ ‏ί ȟ  

(ˊ.ɢ. ɛŮŰŬɝɨ ŭɨɞ ɔŮɘŰɞɜɘəɩɜ ˊŮŭɑɚɤɜ ὭȟὮ) ŮɑŰŮ ɤɠ ɛɏɔɘůŰɖ ɔɤɜɘŬəɐ ůŰɟɞűɐ — ὸὥὲ—

 .ίȾὰ, ɧˊɞɡ ɡˊŮɘůɏɟɢŮŰŬɘ əŬɘ Űɞ ɛɐəɞɠ Űɖɠ ɡűɘůŰɎɛŮɜɖɠ əŬŰŬůəŮɡɐɠ ὰ‏

ɄɑɜŬəŬɠ 2-1: ȺˊɘŰɟŮˊɧɛŮɜŮɠ əŬɗɘɕɐůŮɘɠ əŰɖɟɑɤɜ əŬŰɎ Skempton & Mc Donald (1956). 

Ⱥɑŭɞɠ 
ŪŮɛŮɚɑɤůɖɠ 

ȰŭŬűɞɠ ɀɏɔɘůŰŮɠ ȺˊɘŰɟŮˊɧɛŮɜŮɠ ɇɘɛɏɠ 

Ƀɚɘəɐ ȾŬɗɑɕɖůɖ ȹɘŬűɞɟɘəɐ 
ȾŬɗɑɕɖůɖ 

ɆŰɟɞűɐ ñŭ/Lò 

ɄɏŭɘɚŬ ȯɟɔɘɚɞɠ 7.5 cm 4.5 cm 

1 : 500 
 ȯɛɛɞɠ 5 cm 3.2 cm 

ȾɞɘŰɧůŰɟɤůɖ ȯɟɔɘɚɞɠ 7.5 - 12.5 cm  

 ȯɛɛɞɠ 5 - 7.5 cm 

 

ɄɑɜŬəŬɠ 2-2: ȺˊɘŰɟŮˊɧɛŮɜŮɠ Űɘɛɏɠ ɔɤɜɘŬəɐɠ ůŰɟɞűɐɠ ɗ ɔɘŬ ŭɘŬűɧɟɞɡɠ Űɨˊɞɡɠ əŬŰŬůəŮɡɐɠ əŬŰɎ Bjerrum 

(European Soil Mechanics Congress, 1963). 

No Ⱥɑŭɞɠ ȾŬŰŬůəŮɡɐɠ ȺˊɘŰɟŮˊɧɛŮɜɖ ɇɘɛɐ 

1 ȺɡŬɑůɗɖŰŮɠ ɛɖɢŬɜɞɚɞɔɘəɏɠ ŮɔəŬŰŬůŰɎůŮɘɠ 1 : 750 

2 ɄɚŬɘůɘɤŰɏɠ əŬŰŬůəŮɡɏɠ 1 : 600 

3 Ɇɡɜɐɗɖ əŰɐɟɘŬ, ɢɤɟɑɠ ŬɜŮəŰɏɠ ɟɖɔɛŬŰɩůŮɘɠ ůŰɖɜ ŰɞɘɢɞˊɞɘɑŬ 1 : 500 

4 Ɇɡɜɐɗɖ əŰɐɟɘŬ, ɛŮ ŬɜŮəŰɏɠ ɟɖɔɛŬŰɩůŮɘɠ ůŰɖɜ ŰɞɘɢɞˊɞɘɑŬ 1 : 300 

5 ȯəŬɛˊŰŬ əŰɐɟɘŬ, ɛŮ ŮˊɘŰɟŮˊɧɛŮɜɖ Ŭˊɧəɚɘůɖ Ŭˊɧ Űɖɜ əŬŰŬəɧɟɡűɞ 1 : 250 

6 ȺɨəŬɛˊŰŮɠ ˊɚɘɜɗɞŭɞɛɏɠ ɛŮ ȼ/L < 1/4 ɎɜŮɡ ɟɖɔɛŬŰɩůŮɤɜ  
(H/L ŮɑɜŬɘ ɞ ɚɧɔɞɠ Űɞɡ ɨɣɞɡɠ ˊɟɞɠ Űɞ ɛɐəɞɠ Űɞɡ Űɞɑɢɞɡ) 
 
ȳɟɘɞ ɔɘŬ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ˊɘɗŬɜɧɜ ɜŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ɕɖɛɘɏɠ ůŰɞɜ 
űɏɟɞɜŰŬ ɞɟɔŬɜɘůɛɧ 

1 : 150 
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ɄɑɜŬəŬɠ 2-3: ȺˊɘŰɟŮˊɧɛŮɜŮɠ əŬɗɘɕɐůŮɘɠ əŬŰɎ ȺɡɟɤəɩŭɘəŬ (ȺɁ 1997-1). 

1 ɀɏɔɘůŰɖ ŮˊɘŰɟŮˊɧɛŮɜɖ ůŰɟɞűɐ ɔɘŬ ůɡɜɐɗɖ əŰɖɟɘŬəɎ ɏɟɔŬ əŬɘ Űɞɑɢɞɡɠ 
ŬɜŰɘůŰɐɟɘɝɖɠ Ŭˊɧ ůəɡɟɧŭŮɛŬ 

1 : 200 ɏɤɠ 1 : 300 

2 ɀɏɔɘůŰɖ ŮˊɘŰɟŮˊɧɛŮɜɖ ŭɘŬűɞɟɘəɐ əŬɗɑɕɖůɖ (ɃȾȿ): 1 : 500 

3 ŪŮɛŮɚɘɩůŮɘɠ ɛŮ ˊɏŭɘɚŬ 
3Ŭ. Ɇɡɜɞɚɘəɐ əŬɗɑɕɖůɖ 
3ɓ. ȹɘŬűɞɟɘəɐ əŬɗɑɕɖůɖ (ŬɜɎɛŮůŬ ůŮ ɔŮɘŰɞɜɘəɎ ˊɏŭɘɚŬ) 

 
50 mm 
20 mm 

4 
ɀŮɔŬɚɨŰŮɟŮɠ ɡˊɞɢɤɟɐůŮɘɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŬˊɞŭŮəŰɏɠ ɡˊɧ Űɘɠ ˊɟɞɦˊɞɗɏůŮɘɠ ɧŰɘ ɞɘ ůɢŮŰɘəɏɠ 
ůŰɟɞűɏɠ ˊŬɟŬɛɏɜɞɡɜ ŮɜŰɧɠ ŬˊɞŭŮəŰɩɜ ɞɟɑɤɜ əŬɘ ɧŰɘ ɞɘ ɞɚɘəɏɠ ɡˊɞɢɤɟɐůŮɘɠ ŭŮɜ ˊɟɞəŬɚɞɨɜ 
ˊɟɞɓɚɐɛŬŰŬ ɛŮ ŰŬ ŭɑəŰɡŬ əɞɘɜɐɠ ɤűɏɚŮɘŬɠ ŰŬ ɞˊɞɑŬ ŮɘůɏɟɢɞɜŰŬɘ ůŰɞ ɏɟɔɞ, ɐ əɚɑůɖ əɚˊ. 

 

Ⱥə Űɤɜ ŬɜɤŰɏɟɤ ŭɘŬŰɎɝŮɤɜ Űɞɡ ȺɡɟɤəɩŭɘəŬ ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɔɘŬ ůɡɜɐɗɖ űɏɟɞɜŰŬ 

ɞɟɔŬɜɘůɛɧ ɡűɘůŰɎɛŮɜɤɜ əŰɖɟɑɤɜ, ɖ ɛŮɜ ɛŮɛɞɜɤɛɏɜɖ əŬɗɑɕɖůɖ ŭŮɜ ŮˊɘŰɟɏˊŮŰŬɘ ɜŬ 

ɝŮˊŮɟɜɎŮɘ ŰŬ 5 cm: 

ί υ ὧά 

ɖ ŭŮ ŭɘŬűɞɟɘəɐ əŬɗɑɕɖůɖ ŬɜɎɛŮůŬ ůŮ ɔŮɘŰɞɜɘəɎ ˊɏŭɘɚŬ ŰŬ 2 cm: 

ί‏ ς ὧά 

ɀŮ ɓɎůɖ ŰŬ ˊŬɟŬˊɎɜɤ əŬɘ ŬɜŬɚɧɔɤɠ Űɘɠ ŮəɎůŰɞŰŮ ůɡɜɗɐəŮɠ əŬŰŬůəŮɡɐɠ, 

ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɧɟɘŬ ůɡɜŬɔŮɟɛɞɨ əŬɘ ŮˊɘűɡɚŬəɐɠ ï ůɡɜɐɗɤɠ Űɞ 

80% Űɤɜ ɞɟɑɤɜ ůɡɜŬɔŮɟɛɞɨ: 

ɷ”―‛ ‐“―•‡‗‌‖ʙ‟ ψπϷ ὼ ȿ‏ί ȿ ρȢφ ὧά 

ȼ ůɖɛŬůɑŬ Űɖɠ ɔŮɤŰŮɢɜɘəɐɠ ˊŬɟŬəɞɚɞɨɗɖůɖɠ ɚɞɘˊɧɜ, çŮɜŮɟɔɞˊɞɘŮɑŰŬɘè Ŭəɧɛɖ 

ˊŮɟɘůůɧŰŮɟɞ ůŰɖɜ Űɐɟɖůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ɞɟɑɤɜ əŬɗɘɕɐůŮɤɜ. 

ɇŮɚɘəɩɠ ůɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ɞ ůɡɜŭɡŬůɛɧɠ Űɤɜ ɡˊɞɚɞɔɘůŰɘəɩɜ əŬɘ ɖɛɘ-ŮɛˊŮɘɟɘəɩɜ 

ɛŮɗɧŭɤɜ ɛŮ Űɖɜ ɛɏɗɞŭɞ ˊŬɟŬəɞɚɞɨɗɖůɖɠ ŬˊɞŰŮɚŮɑ Ůɡɚɧɔɤɠ Űɖɜ ŮɔəɡɟɧŰŮɟɖ 

ɛŮɗɞŭɞɚɞɔɑŬ ˊŬɟɏɢɞɜŰŬɠ ůɡɜŭɡŬůŰɘəɐ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ Űɘɠ ŮŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ.  

 

ɆŰɞ ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ ɔɑɜŮŰŬɘ Ŭˊɞŭɧɛɖůɖ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ Űɤɜ ŮŭŬűɘəɩɜ 

ɛŮŰŬŰɞˊɑůŮɤɜ ˊɚɖůɑɞɜ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ůŮ Ůˊɘɛɏɟɞɡɠ ůŰɎŭɘŬ ŬɜɎɚɡůɖɠ. ȷɡŰɎ 

ůɡɜɑůŰŬɜŰŬɘ Ŭˊɧ Űɖɜ əŬŰɎůŰɟɤůɖ Űɞɡ ɔŮɤɛŮŰɟɘəɞɨ ɛɞɜŰɏɚɞɡ, Űɞɡ ɛɞɜŰɏɚɞɡ 

ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ əŬɘ Űɤɜ Ůˊɘɛɏɟɞɡɠ ˊŬɟŬŭɞɢɩɜ ɛŮ Űɖɜ ˊŬɟŬɛŮŰɟɘəɐ 

ŭɘŮɟŮɨɜɖůɖ ɜŬ ŬəɞɚɞɡɗŮɑ. 
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3                                                                   

ȹɘŮɟŮɨɜɖůɖ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ 

ɇɞ əŮűɎɚŬɘɞ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ ŭɘŬɘɟŮɑŰŬɘ ůŮ ŭɨɞ ɛɏɟɖ Ůə 

Űɤɜ ɞˊɞɑɤɜ Űɞ 1ɞ ŬˊɞŰŮɚŮɑ ˊɟɞəŬŰŬɟəŰɘəɧ ůŰɎŭɘɞ Űɞɡ 2ɞɡ. 

i. ɀŮɗɞŭɞɚɞɔɘəɐ ˊɟɞůɏɔɔɘůɖ (1ɞ ɛɏɟɞɠ) 

ii. ɄŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ (2ɞ ɛɏɟɞɠ) 

ȼ ɛŮɗɞŭɞɚɞɔɘəɐ ˊɟɞůɏɔɔɘůɖ ˊɟɞɖɔŮɑŰŬɘ Űɤɜ ˊŬɟŬɛŮŰɟɘəɩɜ ŬɜŬɚɨůŮɤɜ, ɛŮ ůəɞˊɧ ɜŬ 

ŮɘůɎɔŮɘ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ˊŬɟŬŭɞɢɏɠ ï ŮɑŰŮ Űɞɡ ɓɘɓɚɘɞɔɟŬűɘəɞɨ ɡˊɞɓɎɗɟɞɡ ŮɑŰŮ 

ɓɞɖɗɖŰɘəɏɠ ï ɔɘŬ Űɞ ɛɞɜŰɏɚɞ ˊɟɞůɞɛɞɑɤůɖɠ. ɇɞ ůŰɎŭɘɞ ŬɡŰɧ ɝŮəɘɜɎ ɛŮ Űɖ ɔŮɤɛŮŰɟɑŬ 

əŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɡˊɧ ŮɝɏŰŬůɖ ɛɞɜŰɏɚɞɡ, ůɡɜŮɢɑɕŮɘ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ 

ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɞɡ ŮŭŬűɘəɞɨ ɢɩɟɞɡ, Űɤɜ ůɡůŰɖɛɎŰɤɜ ŬɜŰɘůŰɐɟɘɝɖɠ əŬɘ ɧɚɤɜ Űɤɜ 

Ůˊɘɛɏɟɞɡɠ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ ŮɜŰɧɠ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ əŬɘ ɞɚɞəɚɖɟɩɜŮŰŬɘ ɛŮ 

Űɖɜ ŬɜŬűɞɟɎ ůŰɞɡɠ ŬˊŬɟŬɑŰɖŰɞɡɠ Ůɚɏɔɢɞɡɠ əŬŰɎ ȺɡɟɤəɩŭɘəŬ (ȺɁ 1997-1:2004) əŬɘ 

Űɖɜ ɛŮɚɏŰɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Ůˊɘɟɟɞɐɠ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ. 

ȼ ˊŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ ŬˊŬɟŰɑɕŮŰŬɘ Ŭˊɧ ŬɜŬɚɨůŮɘɠ ůŰɞ ɛɞɜŰɏɚɞ ˊŮˊŮɟŬůɛɏɜɤɜ 

ůŰɞɘɢŮɑɤɜ ɔɘŬ əɎɗŮ ŮɝŮŰŬɕɧɛŮɜɖ ˊŬɟɎɛŮŰɟɞ Ůˊɘɟɟɞɐɠ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ 

əŬɘ ůɡůɢɏŰɘůɖ ŬɡŰɩɜ ɛŮŰŬɝɨ Űɞɡɠ. 

3.1. ȺɝŮŰŬɕɧɛŮɜɖ ɔŮɤɛŮŰɟɑŬ 

ɆŰɖɜ ŮɝɏŰŬůɖ Ůɜɧɠ ɛɞɜŰɏɚɞɡ ŮŭŬűɘəɩɜ ɡˊɞɢɤɟɐůŮɤɜ ŮəŬŰɏɟɤɗŮɜ ɓŬɗɘɩɜ 

ŮəůəŬűɩɜ, Ůə Űɤɜ ɓŬůɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůɢŮŭɘŬůɛɞɨ ŮɑɜŬɘ ɞɘ ŭɘŬůŰɎůŮɘɠ Űɖɠ 

ŮəůəŬűɐɠ əŬɗŬɡŰɐɠ. ɀɘŬ ŮəůəŬűɐ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ əŬŰɎ ɓɎůɖ Ŭˊɧ Űɘɠ 

ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ˊɚɎŰɞɡɠ `, Űɞɡ ɛɐəɞɡɠ ὒ əŬɘ Űɞɡ ɨɣɞɡɠ Ὄ) əŬɘ əŬŰô ŮˊɏəŰŬůɖ 

Ŭˊô Űɞɡɠ ŬɜŰɑůŰɞɘɢɞɡɠ ɚɧɔɞɡɠ Űɞɡɠ, Ὄ
ὄȟ
ὒ
ὄȟ
ὒ
Ὄ. ȼ ŮəůəŬűɐ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŮɑŰŮ 

ɞɟɗɞɔɤɜɘəɐ ɛŮ ɚɧɔɞɡɠ ὒὄ ρ, ŮɑŰŮ ŰŮŰɟŬɔɤɜɘəɐ ὒ
ὄ ρ ŮɑŰŮ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ 

ɔɤɜɑŮɠ ɧˊɞɡ ɞ ɚɧɔɞɠ ὒ
ὄ ŬˊŬɘŰŮɑ Ůɘŭɘəɐ ŬɜɎɚɡůɖ. 
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ȺɝŮŰɎɕɞɜŰŬɠ ɚɧɔɞɡ ɢɎɟɖ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ ŮəůəŬűɩɜ ɗŮɤɟɩɜŰŬɠ ŮɜɘŬɑŮɠ ŭɘŬəɟɘŰɏɠ 

ŭɘŬůŰɎůŮɘɠ (ɢɤɟɑɠ ŭɖɚŬŭɐ Űɖɜ ůɡɛˊŮɟɑɚɖɣɖ ɔɤɜɘɩɜ): 

¶ ɇŮŰɟŬɔɤɜɘəɐ ŮəůəŬűɐ: ɚɧɔɞɠ ,
" ρ 

¶ Ƀɟɗɞɔɤɜɘəɐ ŮəůəŬűɐ: ɚɧɔɞɠ ,
" ςȢυ 

,ɚŬɛɓɎɜɞɜŰŬɘ ɞɘ əɎŰɤɗɘ ŮɜŭŮɘəŰɘəɏɠ Űɞɛɏɠ. 

 

ɆɢɐɛŬ 3-1: ȾɎŰɞɣɖ əŬɘ ŮɜŭŮɘəŰɘəɐ Űɞɛɐ ɔɘŬ ŮəůəŬűɏɠ ɛŮ ɚɧɔɞ ɛɐəɞɡɠ - ˊɚɎŰɞɡɠ: L/B=1, L/B=2.5. 

ȼ Ůˊɘɚɞɔɐ Űɤɜ ŭɘŬůŰɎůŮɤɜ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ˊɟɧɓɚɖɛŬ 

ˊɞɡ ŬɜŬɚɨɞɡɛŮ əŬɘ Űɘɠ Ůˊɘɛɏɟɞɡɠ ˊŬɟŬŭɞɢɏɠ. ŪŮɤɟɖŰɘəɎ, ɖ Ůˊɘɚɞɔɐ Űɤɜ ůɡɜɗɖəɩɜ 

ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ (plain strain conditions) ůŮ ŭɘůŭɘɎůŰŬŰŬ ɛɞɜŰɏɚŬ ɗŬ 

ŮˊŬɟəɞɨůŮ ɤɠ ůɡɜŰɖɟɖŰɘəɐ ɚɨůɖ ŮɝŮŰɎɕɞɜŰŬɠ ˊɢ. ɃɟɘŬəɏɠ ȾŬŰŬůŰɎůŮɘɠ ȷůŰɞɢɑŬɠ 

(ULS). ɆŮ ŬůŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ ɧɛɤɠ, ɧˊɞɡ ɛŬɠ ŮɜŭɘŬűɏɟŮɘ ɖ ŬɟɢɘŰŮəŰɞɜɘəɐ əŬɘ ɞ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ, ŮɑɜŬɘ ˊɟɞŰɘɛɧŰŮɟɖ ɖ Ůˊɘɚɞɔɐ ŰɟɘůŭɘɎůŰŬŰɞɡ 

ɛɞɜŰɏɚɞɡ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ (3D). ɀɎɚɘůŰŬ ůŮ ɓŬɗɘɏɠ ŮəůəŬűɏɠ, ɧůɞ 

ɛŮɔŬɚɩɜŮɘ Űɞ ɓɎɗɞɠ ŮəůəŬűɐɠ, Űɧůɞ ɛŮɔŬɚɨŰŮɟɖ Ŭɜɨɣɤůɖ Űɞɡ ˊɡɗɛɏɜŬ ŬɜŬɛɏɜɞɡɛŮ 

ůŮ ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠȚ ɤɠ Ůə ŰɞɨŰɞɡ ɚɨɜɞɡɛŮ ɤɠ ˊɟɞɠ Űɘɠ 3 

ŭɘŬůŰɎůŮɘɠ ŮɑŰŮ ɗŮɤɟɞɨɛŮ ˊŬɟŬɓɞɚɘəɐ ɛŮŰŬɓɞɚɐ Űɞɡ ɛɏŰɟɞɡ ŭɡůəŬɛɣɑŬɠ Űɞɡ 

ŮŭɎűɞɡɠ ῴ. 

ɀɘŬ ˊŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ ɤůŰɧůɞ, ŮɑɜŬɘ ŭɡůəɞɚɧŰŮɟɖ ůŮ ɏɜŬ ŰɟɘůŭɘɎůŰŬŰɞ 

ɛɞɜŰɏɚɞ ɚɧɔɤ ˊɞɚɚŬˊɚɩɜ ˊŬɟŬɛɏŰɟɤɜ Ůˊɘɟɟɞɐɠ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ůŰɖɜ ˊŬɟɞɨůŬ 

ɛŮɚɏŰɖ ŬəɞɚɞɡɗɐɗɖəŮ ɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ŭŮŭɞɛɏɜɤɜ ɛɏůɤ ŭɘŭɘɎůŰŬŰɤɜ ŬɜŬɚɨůŮɤɜ 

(2D) ŬɟɢɘəɎ, ɞɨŰɤɠ ɩůŰŮ ɜŬ ŬˊɞűŮɡɢɗŮɑ ɛŮɔɎɚɞɠ ɧɔəɞɠ ŭŮŭɞɛɏɜɤɜ əŬɘ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɛɘŬ ˊɟɞəŬŰŬɟəŰɘəɐ Ŭɝɘɞɚɧɔɖůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Ůˊɘɟɟɞɐɠ. ɇŬ 

ŰɟɘŭɘɎůŰŬŰŬ ɛɞɜŰɏɚŬ (3D) ɏɟɢɞɜŰŬɘ ɏˊŮɘŰŬ ɜŬ əŬɚɨɣɞɡɜ Űɘɠ ŬˊŬɘŰɐůŮɘɠ ŰŮŰɟŬɔɤɜɘəɩɜ 

ŮəůəŬűɩɜ (ɚɧɔɞɡɠ ὒȾ` ρ), ɧˊɞɡ ˊŬɨɞɡɜ ɜŬ ɘůɢɨɞɡɜ ɞɘ ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ 

ˊŬɟŬɛɧɟűɤůɖɠ ï ɚɧɔɤ Ůˊɘɟɟɞɐɠ Űɖɠ 3ɖɠ ŭɘɎůŰŬůɖɠ. 

ũɘŬ Űɘɠ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ ŮəůəŬűɩɜ, Űɞ ŰɟɘŬɝɞɜɘəɧ ɛɞɜŰɏɚɞ ŭɘŬűŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3-2. 

ɀŮ ŭɘŬɔɟɎɛɛɘůɖ ɎɜɤɗŮɜ Űɖɠ ůŰɎɗɛɖɠ ŮəůəŬűɐɠ ï ŭɖɚŬŭɐ ɛɏɢɟɘ ɨɣɞɠ ῷ ï 

ŮɛűŬɜɑɕŮŰŬɘ ɞ ɧɔəɞɠ ˊɟɞɠ ŮəůəŬűɐ, Ůɜɩ əɎŰɤɗŮɜ ŬɡŰɐɠ ï ŭɖɚŬŭɐ ɛɏɢɟɘ ɨɣɞɠ ῷ Ὢ  

Űɞ ɓɎɗɞɠ ŮɔəɘɓɤŰɘůɛɞɨ Űɞɡ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ. ūɡůɘəɎ, Ŭəɧɛɖ ŭŮɜ ɏɢŮɘ ˊɟɞɖɔɖɗŮɑ 
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ůɡɕɐŰɖůɖ ɔɘŬ Űɞɜ ŮŭŬűɘəɧ ɢɩɟɞ, ŰŬ Ůˊɘɛɏɟɞɡɠ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ, Űɘɠ ŬəŰɑɜŮɠ Ůˊɘɟɟɞɐɠ, 

Űɘɠ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ, Űɖɜ ůɡɛɛŮŰɟɑŬ ə.ɞ.ə.  

 

ɆɢɐɛŬ 3-2: ɇɟɘŬɝɞɜɘəɧ ɛɞɜŰɏɚɞ ɔɘŬ: ŰŮŰɟŬɔɤɜɘəɐ ŮəůəŬűɐ (L/B=1), ɞɟɗɞɔɤɜɘəɐ ŮəůəŬűɐ (L/B=2.5). 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ůŰɘɠ ɖɛɘ-ŮɛˊŮɘɟɘəɏɠ ɛŮɗɧŭɞɡɠ, ɞɘ ŮŭŬűɘəɏɠ ɡˊɞɢɤɟɐůŮɘɠ 

ŮɝŮŰɎɕɞɜŰŬɘ ɧɢɘ ɛɧɜɞ ɤɠ ˊɟɞɠ Űɖɜ ɗɏůɖ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ əŬɘ Űɖɜ əŬŰŬɜɞɛɐ Űɞɡɠ, 

ŬɚɚɎ əŬɘ ɤɠ ˊɟɞɠ Űɖɜ ɕɩɜɖ ˊɟɤŰŮɨɞɡůŬɠ əŬɘ ŭŮɡŰŮɟŮɨɞɡůŬɠ Ůˊɘɟɟɞɐɠ. 

ɄɟɞəŮɘɛɏɜɞɡ ɚɞɘˊɧɜ ŬɡŰɏɠ ɜŬ ɚɖűɗɞɨɜ ɡˊɧɣɖ ůŰɖɜ ŬɟɘɗɛɖŰɘəɐ ˊɟɞůɞɛɞɑɤůɖ, 

ɚŬɛɓɎɜɞɜŰŬɘ əŬŰɎɚɚɖɚŮɠ ŬəŰɑɜŮɠ Ůˊɘɟɟɞɐɠ. Ƀ Schweiger (1998), ŮɟɔŬɕɧɛŮɜɞɠ ůŮ 

ůɡɛɛŮŰɟɘəɐ ŮəůəŬűɐ ůŮ ŬɜŬɚɨůŮɘɠ ŭɘŭɘɎůŰŬŰɤɜ ɔŮɤɛŮŰɟɘəɩɜ ɛɞɜŰɏɚɤɜ, ŬɜŬűɏɟŮɘ 

ŮɜŭŮɘəŰɘəɐ ŬəŰɑɜŬ Ůˊɘɟɟɞɐɠ ς σ ὼ `, ɧˊɞɡ  ` Űɞ ˊɚɎŰɞɠ Űɖɠ ŮəůəŬűɐɠ. ɆŰɖɜ 

ŭɘŭɘɎůŰŬŰɖ ɛŮɚɏŰɖ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɞɘ ŬəŰɑɜŮɠ Ůˊɘɟɟɞɐɠ ˊɞɡ ŬɜŬɔɟɎűɞɜŰŬɘ ůŰɞɜ 

ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ: 

ɄɑɜŬəŬɠ 3-1: ȳɟɘŬ Ůˊɘɟɟɞɐɠ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ. 

ɄŮɟɘɔɟŬűɐ Ɇɨɛɓɞɚɞ 

ɀɏɔɘůŰɞ ˊɚɎŰɞɠ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ Lb 

ȹŮɝɑ əŬɘ ŬɟɘůŰŮɟɧ ɧɟɘɞ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ 
(ɛŮŰɟɖɛɏɜɞ Ŭˊɧ Űɖɜ ůŰɏɣɖ Űɞɡ Űɞɑɢɞɡ) 

lb 

ɀɏɔɘůŰɞ ɨɣɞɠ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ Hb 

ȾɎŰɤ ɧɟɘɞ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ (ɛŮŰɟɖɛɏɜɞ 
Ŭˊɧ Űɖ ůŰɎɗɛɖ ɔŮɜɘəɐɠ ŮəůəŬűɐɠ) 

hb 

 

ɔɘŬ Űɘɠ ɞˊɞɑŮɠ ɘůɢɨɞɡɜ ɞɘ Ůɝɐɠ ˊŮɟɘɞɟɘůɛɞɑ: 
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 ”―‒ʝ’†―‌ ‌‖†ʚ’‌ ‐“―””‛ʙ‟ȡ ὰ ÍÁØὙ υπφπάȟσ τὌ  

Ὼ‌†‌‖ʝ”‡•– ‌‖†ʚ’‌ ‐“―””‛ʙ‟ȡὌ ῷ Ὤ 

ῼʘ‎―„†‛ “‗ʗ†‛‟ ‌”―—‘–†―‖‛ʞ ‘‛’†ʘ‗‛ȡὒ ςὰ ὄ 

ɧˊɞɡ: Ὑ  ˊɟɞəɨˊŰŮɘ Ŭˊɧ əŬɜɞɜɘůɛɞɨɠ əŬɘ Ὄ Űɞ ɨɣɞɠ Űɖɠ ŮəůəŬűɐɠ. ɇɞ Ὤ ŮɑɜŬɘ Űɞ 

ɨɣɞɠ Űɞɡ ˊɡɗɛɏɜŬ Űɞɡ ɛɞɜŰɏɚɞɡ Ŭˊɧ Űɖ ůŰɎɗɛɖ ɔŮɜɘəɐɠ ŮəůəŬűɐɠ ˊɞɡ ůɡɜɐɗɤɠ 

ɚŬɛɓɎɜŮɘ Űɘɛɏɠ ρͯȢυ` . ȺɎɜ ŮɜŰɞˊɑůɞɡɛŮ ɓɟŬɢɩŭŮɠ ɡˊɧɓŬɗɟɞ ůŮ əɎˊɞɘɞ ɓɎɗɞɠ, ŰɧŰŮ 

ŰɞˊɞɗŮŰŮɑŰŬɘ Űɞ ɧɟɘɞ ŭɘŮˊɘűɎɜŮɘŬɠ ŬɡŰɧ. 

ũɘŬ Űɖɜ ˊŬɟɞɨůŬ ŬɜɎɚɡůɖ ŮˊɘɚɏɢɗɖəŬɜ Űɡˊɘəɏɠ ŭɘŬůŰɎůŮɘɠ ŬɜŰɑůŰɞɘɢɤɜ ɛŮ ŮəůəŬűɏɠ 

ůŮ ůŰŬɗɛɞɨɠ ɛŮŰɟɧ əŬɘ ɔɘŬ ɢɟɐůɖ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ Űɨˊɞɡ 

ˊŬůůŬɚɞůɡůŰɞɘɢɘɩɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ ï ɧˊɤɠ ɗŬ ŭɞɨɛŮ ˊŬɟŬəɎŰɤ. 

ɄɑɜŬəŬɠ 3-2: ũŮɤɛŮŰɟɘəɎ ŭŮŭɞɛɏɜŬ ŮəůəŬűɐɠ. 

ɄŮɟɘɔɟŬűɐ Ɇɨɛɓɞɚɞ ɀɞɜɎŭŬ ɛɏŰɟɖůɖɠ (m) 

ȴɣɞɠ ŮəůəŬűɐɠ H 15,00 

ɄɚɎŰɞɠ ŮəůəŬűɐɠ B * 

ɀɐəɞɠ ŮəůəŬűɐɠ L * 

*ȺɝɏŰŬůɖ ɤɠ ˊŬɟɎɛŮŰɟɞɠ Ůˊɘɟɟɞɐɠ 

 

ɆɨɛűɤɜŬ ɛŮ ɧɚŬ ŰŬ ŭŮŭɞɛɏɜŬ ˊɟɞəɨˊŰŮɘ ɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ ŭɘŭɘɎůŰŬŰɞɡ ɛɞɜŰɏɚɞɡ 

(ɆɢɐɛŬ 3-3). ȼ Ůɜ ɚɧɔɤ ɔŮɤɛŮŰɟɑŬ əŬɚɨˊŰŮɘ ɘəŬɜɞˊɞɘɖŰɘəɩɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ 

ɞɟɗɞɔɤɜɘəɩɜ ŮəůəŬűɩɜ ɚɧɔɤ ɘůɢɡɞɡůɩɜ ůɡɜɗɖəɩɜ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ.   

 

ɆɢɐɛŬ 3-3: ȳɟɘŬ Ůˊɘɟɟɞɐɠ 2D ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ. 

ɇɟɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ ŬɜɎɚɡůɖ Űɤɜ ŰŮŰɟŬɔɤɜɘəɩɜ ɐ ˊŮɟɑˊɞɡ 

ŰŮŰɟŬɔɤɜɘəɩɜ ŮəůəŬűɩɜ. ɇɞ ɛɐəɞɠ əŬɘ ˊɚɎŰɞɠ Űɖɠ ŮəůəŬűɐɠ ůŰɘɠ Ůɜ ɚɧɔɤ 

ˊŮɟɘˊŰɩůŮɘɠ ɚŬɛɓɎɜɞɜŰŬɘ ɑůŬ. ɆɡɔəŮəɟɘɛɏɜŬ ůŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŮɝŮŰɎɕɞɜŰŬɘ: 

¶ ὒ ὄ ρψ άᴼ ρȢςπ ρ 

¶ ὒ ὄ σφ άᴼ ςȢτπ ςȢυ 
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ɆɢɐɛŬ 3-4: ȾɎŰɞɣɖ ŮɝŮŰŬɕɧɛŮɜɤɜ ŰŮŰɟŬɔɤɜɘəɩɜ ŮəůəŬűɩɜ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ Űɤɜ 3D ɛɞɜŰɏɚɤɜ. 

Ƀɘ ˊŬɟŬˊɎɜɤ Űɘɛɏɠ ŮɑɜŬɘ ŮɜŭŮɘəŰɘəɏɠ əŬɘ ɖ Ůˊɘɚɞɔɐ Űɞɡɠ ɏɔɘɜŮ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ 

ůŰŬ ɔɟŬɛɛɞůəɘŬůɛɏɜŬ ŰɛɐɛŬŰŬ ɜŬ çɢɤɟɎŮɘè ŬəɏɟŬɘɞɠ Ŭɟɘɗɛɧɠ ˊŬůůɎɚɤɜ ŮɜŰɧɠ Űɤɜ 

ɛɖəɩɜ, əŬɜɏɜŬɠ Ůə Űɤɜ ɞˊɞɑɤɜ ɜŬ ɛɖɜ ɓɟɑůəŮŰŬɘ ůŰŬ ɧɟɘŬ Űɞɡ ɛɞɜŰɏɚɞɡ ɩůŰŮ ɜŬ ɛɖɜ 

ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ˊɟɞɓɚɐɛŬŰŬ ůŰɖɜ ˊɟɞůɞɛɞɑɤůɖ (ɆɢɐɛŬ 3-5): 

 

ɆɢɐɛŬ 3-5: ũŮɤɛŮŰɟɑŬ 3D ɛɞɜŰɏɚɤɜ ɔɘŬ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ŮɝŮŰŬɕɞɛɏɜɤɜ ŰŮŰɟŬɔɤɜɘəɩɜ ŮəůəŬűɩɜ. 

 

ɇŬ ˊŬɟŬˊɎɜɤ ɛɞɜŰɏɚŬ ŮˊŮəŰŮɑɜɞɜŰŬɘ ůŰɖɜ ŮˊɧɛŮɜɖ ŮɜɧŰɖŰŬ ɤɠ ˊɟɞɠ Űɞɜ 

ˊŮɟɘɓɎɚɚɞɜŰŬ ŮŭŬűɘəɧ ɢɩɟɞ əŬɘ ŰŬ Ůˊɘɛɏɟɞɡɠ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ɏɜŬ ˊɟɞɠ ɏɜŬ 

ŬɝɘɞˊɞɘɩɜŰŬɠ ŮɛˊŮɘɟɘəɏɠ ɛŮɗɞŭɞɚɞɔɑŮɠ əŬɘ ŬɜŬűɞɟɏɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ. ɇŮɚɘəɩɠ, 

ˊŬɟɏɢŮŰŬɘ ɏɜŬ ˊɚɐɟŮɠ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ˊɞɡ ɗŬ ŬˊɞŰŮɚŮɑ Űɖɜ ɓɎůɖ Űɖɠ 

ŭɘŮɟŮɨɜɖůɖɠ. 
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3.2. ȷɟɘɗɛɖŰɘəɐ ɟ́ɞůɞɛɞɑɤůɖ 

ȼ ˊɟɞůɞɛɞɑɤůɖ ɛŮ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ ŭŮɜ ŮɑɜŬɘ Ůɨəɞɚɖ əŬɗɩɠ ŬˊŬɘŰŮɑ ɛɘŬ ůŮɘɟɎ 

Ŭˊɧ Ůˊɘɛɏɟɞɡɠ ůŰɎŭɘŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ, ɧˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ Ůˊɘɛɏɟɞɡɠ ˊŬɟŬŭɞɢɏɠ əŬɘ 

ŭŮŭɞɛɏɜŬ ŮɘůŬɔɤɔɐɠ. ȼ ŮɜɧŰɖŰŬ ŬɡŰɐ ɏɢŮɘ ůŰɧɢɞ Űɖɜ ŭɘŬɑɟŮůɖ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ůŮ 

ůŰɎŭɘŬ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊŬɟŬɢɗŮɑ Űɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ˊɟɞɠ ŭɘŮɟŮɨɜɖůɖ Űɤɜ 

ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ. 

3.2.1  ȽŭɘɧŰɖŰŮɠ ɛɞɜŰɏɚɞɡ 

ɆŰɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɛɞɜŰɏɚɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ɞɘ Ŭɟɢɘəɞɑ ɜɧɛɞɘ ŭɘŮɨɗɡɜůɖɠ Űɤɜ Ŭɝɧɜɤɜ, 

ɛɞɜɎŭɤɜ ɛɏŰɟɖůɖɠ əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ůŰŬɗŮɟɩɜ Űɘɛɩɜ Űɞɡɠ. ũɘŬ Űɞ ŭɘŭɘɎůŰŬŰɞ 

ɛɞɜŰɏɚɞ ŮˊɘɚɏɢɗɖəŬɜ ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ ůŮ ɎɝɞɜŮɠ x-z ɛŮ ŰŬ ɗŮŰɘəɎ 

ˊɟɧůɖɛŬ ɜŬ ŬɜŬɔɟɎűɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3-7. ȿɧɔɤ ůɡɛɛŮŰɟɘəɐɠ ŮəůəŬűɐɠ ůɡɜɞɚɘəɞɨ 

ˊɚɎŰɞɡɠ ὄ ŬɝɘɞˊɞɘɞɨɛŮ Űɖɜ ůɡɛɛŮŰɟɑŬ ŮɟɔŬɕɧɛŮɜɞɘ ɛŮ ŬɟɘůŰŮɟɧ ɧɟɘɞ .  

ũɘŬ ɚɧɔɞɡɠ ˊŬɟŬɔɤɔɐɠ ŭɘŬɔɟŬɛɛɎŰɤɜ əŬɗɘɕɐůŮɤɜ ˊɚɖůɑɞɜ Űɖɠ əŮűŬɚɐɠ Űɞɡ Űɞɑɢɞɡ, 

ŮˊɘɚɏɢɗɖəŮ ɤɠ Ŭɟɢɐ Űɤɜ Ŭɝɧɜɤɜ ɖ əŮűŬɚɐ Űɞɡ Űɞɑɢɞɡ: 

ɄɑɜŬəŬɠ 3-3: ɆɡɜŰŮŰŬɔɛɏɜŮɠ ŭɘŭɘɎůŰŬŰɞɡ ɛɞɜŰɏɚɞɡ. 

ɄŮɟɘɔɟŬűɐ ɆɡɜŰŮŰŬɔɛɏɜŮɠ ï ȻŮɨɔɞɠ (x,z) 

ȷɟɢɐ Űɤɜ Ŭɝɧɜɤɜ (əŮűŬɚɐ Űɞɡ Űɞɑɢɞɡ) (0,0) 

ɄɎɜɤ ŬɟɘůŰŮɟɧ ɧɟɘɞ (-15,0) 

ȾɎŰɤ ŬɟɘůŰŮɟɧ ɧɟɘɞ (-15,35) 

ɄɎɜɤ ŭŮɝɑ ɧɟɘɞ (60,0) 

ȾɎŰɤ ŭŮɝɑ ɧɟɘɞ (60,35) 

 

ũɘŬ Űɞ ŰɟɘŭɘɎůŰŬŰɞ ɛɞɜŰɏɚɞ ŬəɞɚɞɡɗŮɑŰŬɘ ŭɘŬűɞɟŮŰɘəɐ ŭɘŬŭɘəŬůɑŬ əŬɗɩɠ ˊɟɩŰŬ 

ůɢŮŭɘɎɕŮŰŬɘ ɖ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ xy ɛŮ Űɘɠ ůɡɜŰŮŰŬɔɛɏɜŮɠ ˊɞɡ ŭɘŬűŬɑɜɞɜŰŬɘ ůŰɞɜ 

ɄɑɜŬəŬɠ 3-4 & ɄɑɜŬəŬɠ 3-5 əŬɘ ɏˊŮɘŰŬ ůɢŮŭɘɎɕŮŰŬɘ ɖ 3ɖ ŭɘɎůŰŬůɖ (ŭɖɚ. ɖ əŬŰŬəɧɟɡűɖ 

z). Ƀɘ ŭɘŬůŰɎůŮɘɠ Űɞɡ Ůˊɘˊɏŭɞɡ xy ŮɚɐűɗɖůŬɜ Ŭˊɧ Űɞ ɆɢɐɛŬ 3-4 əŬɘ ɖ əŬŰŬəɧɟɡűɖ 

ŬˊɧůŰŬůɖ ůɨɛűɤɜɖ ɛŮ ŬɡŰɐ Űɞɡ ŭɘŭɘɎůŰŬŰɞɡ ˊŮŭɑɞɡ (ᾀ συ ά). 

ɄɑɜŬəŬɠ 3-4: ɆɡɜŰŮŰŬɔɛɏɜŮɠ ŰɟɘŭɘɎůŰŬŰɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ ŮəůəŬűɐ ɛŮ ɚɧɔɞ L/Hå1. 

ɄŮɟɘɔɟŬűɐ ɆɡɜŰŮŰŬɔɛɏɜŮɠ (x,y) 

ȷɟɢɐ Űɤɜ Ŭɝɧɜɤɜ (ɆɖɛŮɑɞ 0) (0,0) 

ɆɖɛŮɑɞ 1 (ɤɟɞɚɞɔɘŬəɎ) (0,39) 

ɆɖɛŮɑɞ 2 (ɤɟɞɚɞɔɘŬəɎ) (39,39) 

ɆɖɛŮɑɞ 3 (ɤɟɞɚɞɔɘŬəɎ) (39,0) 

ȾɎŰɤ ɧɟɘɞ, z -35 
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ɄɑɜŬəŬɠ 3-5: ɆɡɜŰŮŰŬɔɛɏɜŮɠ ŰɟɘŭɘɎůŰŬŰɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ ŮəůəŬűɐ ɛŮ ɚɧɔɞ L/Hå2.5. 

ɄŮɟɘɔɟŬűɐ ɆɡɜŰŮŰŬɔɛɏɜŮɠ (x,y) 

ȷɟɢɐ Űɤɜ Ŭɝɧɜɤɜ (ɆɖɛŮɑɞ 0) (0,0) 

ɆɖɛŮɑɞ 1 (ɤɟɞɚɞɔɘŬəɎ) (0,48) 

ɆɖɛŮɑɞ 2 (ɤɟɞɚɞɔɘŬəɎ) (48,48) 

ɆɖɛŮɑɞ 3 (ɤɟɞɚɞɔɘŬəɎ) (48,0) 

ȾɎŰɤ ɧɟɘɞ, z --35 

 

3.2.2  ũŮɤɛŮŰɟɑŬ ɛɞɜŰɏɚɞɡ 

ȼ ɔŮɤɛŮŰɟɑŬ ˊɞɡ ŮɝŮŰɎůŰɖəŮ ůŰɖɜ ˊɟɞɖɔɞɨɛŮɜɖ ŮɜɧŰɖŰŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ɛŮɔɎɚɞ ɧɔəɞ 

ŭŮŭɞɛɏɜɤɜ əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ ŬɝɘɞˊɞɘŮɑŰŬɘ ɖ ůɡɛɛŮŰɟɑŬ Űɖɠ ŮəůəŬűɐɠ ɛŮ ŬɟɘůŰŮɟɧ ɧɟɘɞ 

. ɆŰɞ ɆɢɐɛŬ 3-7 ŭɘŬűŬɑɜŮŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɞɛɐ Űɞɡ ɛɞɜŰɏɚɞɡ ˊɞɡ ɗŬ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŰɘɠ ŭɘŭɘɎůŰŬŰŮɠ ˊŬɟŬɛŮŰɟɘəɏɠ ŬɜŬɚɨůŮɘɠ. ȷɜŬɔɟɎűɞɜŰŬɘ ɞɟɘůɛɏɜŬ 

ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ, ɧˊɤɠ ŰŬ ɧɟɘŬ Ůˊɘɟɟɞɐɠ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ, ɞɘ 

ŭɘŬůŰɎůŮɘɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ əŬɘ ŰŬ Ůˊɘɛɏɟɞɡɠ ůŰɎŭɘŬ ŮəůəŬűɐɠ ˊɞɡ ɗŬ 

ɛŬɠ ŬˊŬůɢɞɚɐůɞɡɜ ůŰŬ ůŰɎŭɘŬ ŬɜɎɚɡůɖɠ. 

ȼ ˊŮɟɑˊŰɤůɖ Űɤɜ Űɟɘɩɜ ŭɘŬůŰɎůŮɤɜ ŮɛűŬɜɑɕŮɘ Ůˊɘˊɚɏɞɜ ŭɡůəɞɚɑŮɠ ɚɧɔɞɡ Űɞɡ 

ɛŮɔɎɚɞɡ ɧɔəɞɡ ŭŮŭɞɛɏɜɤɜ ˊɞɡ ɡˊŮɘůɏɟɢɞɜŰŬɘ. ɋůŰɧůɞ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

əŬɚɨˊŰɞɜŰŬɘ ɞɘ ɕɩɜŮɠ ŮɛűɎɜɘůɖɠ ˊɚŬůŰɘəɩɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ˊŮɟɘɛŮŰɟɘəɎ Űɤɜ 

ˊŬəŰɤɛɏɜɤɜ ɛɖəɩɜ Űɤɜ ŬɔəɡɟɩůŮɤɜ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɕɩɜɖ Ůˊɘɟɟɞɐɠ 

ŰɞɡɚɎɢɘůŰɞɜ ŭɘˊɚɎůɘŬ Űɞɡ ɨɣɞɡɠ ɔŮɜɘəɐɠ ŮəůəŬűɐɠ, ŭɖɚ. ὼ ςὌ (ɆɢɐɛŬ 3-6). 

ȺəɛŮŰŬɚɚŮɡɧɛŮɜɞɘ Ůə ɜɏɞɡ Űɖɜ ůɡɛɛŮŰɟɑŬ Űɤɜ ŰŮŰɟŬɔɤɜɘəɩɜ ŮəůəŬűɩɜ, ŮɟɔŬɕɧɛŬůŰŮ 

ůŰɞ ŰŮŰŬɟŰɖɛɧɟɘɞ ɛŮ ŭɘŬůŰɎůŮɘɠ  əŬɘ  ɛŮ ɕɩɜɖ Ůˊɘɟɟɞɐɠ Űɖɜ ˊɚɏɞɜ ŮˊŬɟəɐ, ŭɖɚ. 

ὼ ςὌ σπ ά. 

 

ɆɢɐɛŬ 3-6: Ȼɩɜɖ Ůˊɘɟɟɞɐɠ ŰŮŰɟŬɔɤɜɘəɩɜ ŮəůəŬűɩɜ. 
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ɆɢɐɛŬ 3-7: ɉŬɟŬəŰɖɟɘůŰɘəɐ Űɞɛɐ 2D ɛɞɜŰɏɚɞɡ əŬɘ ŮɜŭŮɘəŰɘəɎ ůŰɎŭɘŬ ŬɜɎɚɡůɖɠ. 

ȼ ́ ɟɞůɞɛɞɑɤůɖ Űɞɡ ˊŬɟŬˊɎɜɤ ɛɞɜŰɏɚɞɡ ůŰɞ ɚɞɔɘůɛɘəɧ ŭɨɞ ŭɘŬůŰɎůŮɤɜ 

ŭɘŬűŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3-8:  

 

ɆɢɐɛŬ 3-8: Ʉɟɞůɞɛɞɑɤůɖ FEM ůŮ 2D ɔɘŬ: Ŭ) Űɨˊɞ ŮŭɎűɞɡɠ Ƚ, ɓ) Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ. 

ȼ ˊɟɞůɞɛɞɑɤůɖ Űɤɜ ɛɞɜŰɏɚɤɜ ůŰɞ ɚɞɔɘůɛɘəɧ Űɟɘɩɜ ŭɘŬůŰɎůŮɤɜ ŭɘŬűŬɑɜŮŰŬɘ Ůŭɩ 

(ɆɢɐɛŬ 3-9 əŬɘ ɆɢɐɛŬ 3-10):  

Ŭ) 

ɓ) 
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ɆɢɐɛŬ 3-9: Ʉɟɞůɞɛɞɑɤůɖ FEM ůŮ 3D ɔɘŬ ŰŮŰɟŬɔɤɜɘəɐ ŮəůəŬűɐ ɛŮ L/Hå1. 

  

  

ɆɢɐɛŬ 3-10: Ʉɟɞůɞɛɞɑɤůɖ FEM ůŮ 3D ɔɘŬ ŰŮŰɟŬɔɤɜɘəɐ ŮəůəŬűɐ ɛŮ L/Hå2.5. 

ɇŬ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ əŬɘ ɞ ˊŮɟɘɓɎɚɚɞɜŰŬɠ ŮŭŬűɘəɧɠ ɢɩɟɞɠ ŮɝŮŰɎɕɞɜŰŬɘ ɤɠ ˊɟɞɠ Űɖɜ 

ŮɘůŬɔɤɔɐ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ (material properties) ůŮ ŮˊɧɛŮɜɖ ŮɜɧŰɖŰŬ. 

Soil,1 

Soil,1 

Soil,2 

Soil,2 
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3.2.3  ɆɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ 

ȺəŰɧɠ Ŭˊɧ ŰŬ ɧɟɘŬ Űɞɡ ɛɞɜŰɏɚɞɡ, ŬˊŬɘŰŮɑŰŬɘ əŬɘ ɖ ŮɘůŬɔɤɔɐ Űɤɜ ůɡɜɞɟɘŬəɩɜ 

ůɡɜɗɖəɩɜ. Ƀɘ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ɟɡɗɛɑɕɞɡɜ Űɞɡɠ ɓŬɗɛɞɨɠ ŮɚŮɡɗŮɟɑŬɠ Űɞɡ 

ɛɞɜŰɏɚɞɡ əŬɘ ɞ əŬɗɞɟɘůɛɧɠ Űɞɡɠ ŮɑɜŬɘ ˊɟɞŬˊŬɘŰɞɨɛŮɜɞɠ Űɤɜ ŬɜŬɚɨůŮɤɜ ɞɨŰɤɠ ɩůŰŮ 

Űɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ůɡɛɓɘɓŬůŰɞɨ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ɜŬ ŮɑɜŬɘ ɞɟɘůɛɏɜɞ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŬɜɎɚɡůɖ əŬɘ ɔŮɜɘəɧŰŮɟŬ ůŰɘɠ ŬɜŬɚɨůŮɘɠ ůɡůŰɖɛɎŰɤɜ ŬɜŰɘůŰɐɟɘɝɖɠ 

əŬɗɞɟɑɕɞɜŰŬɘ əɡɚɑůŮɘɠ Ůˊɑ Űɤɜ ˊɚŬɥɜɩɜ ɞɟɑɤɜ Űɞɡ ɛɞɜŰɏɚɞɡ ɔɘŬ ŭɏůɛŮɡůɖ Űɖɠ 

ɞɟɘɕɧɜŰɘŬɠ ɛŮŰŬŰɧˊɘůɖɠ. Ƀɘ əɡɚɑůŮɘɠ ŭŮůɛŮɨɞɡɜ Űɖɜ ɛŮŰŬəɑɜɖůɖ əɎɗŮŰŬ ůŮ ŬɡŰɏɠ əŬɘ 

ŮˊɘŰɟɏˊɞɡɜ ɛŮŰŬŰɞˊɑůŮɘɠ ůŰɖɜ ŮɔəɎɟůɘŬ ŭɘŮɨɗɡɜůɖ. ȷɟɗɟɩůŮɘɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɞɜ 

ˊɡɗɛɏɜŬ Űɞɡ ɛɞɜŰɏɚɞɡ ɛŮ ůəɞˊɧ Űɖɜ ŭɏůɛŮɡůɖ əŬɘ Űɤɜ ɞɟɘɕɧɜŰɘɤɜ əŬɘ Űɤɜ 

əŬŰŬəɧɟɡűɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ (ɆɢɐɛŬ 3-11). ɆŰɞ ɚɞɔɘůɛɘəɧ ɡˊŮɘůɏɟɢɞɜŰŬɘ ɛŮ Űɖɜ 

ˊɟɞəŬɗɞɟɘůɛɏɜɖ Ůˊɘɚɞɔɐ Űɤɜ standard fixities. 

 

ɆɢɐɛŬ 3-11: ɆɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ. 

Standard fixities ŮˊɘɚɏɔɞɜŰŬɘ əŬɘ ůŰɖɜ ɛŮɚɏŰɖ ůŰɘɠ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ (3D). 

 

3.2.4  ɄŬɟɎɛŮŰɟɞɘ ŮŭɎűɞɡɠ & ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ 

ɇɨˊɞɘ ŮŭŬűɩɜ: 

Ƀ ˊŮɟɘɓɎɚɚɞɡůŮɠ ŮŭŬűɘəɏɠ ůɡɜɗɐəŮɠ ɡˊŮɘůɏɟɢɞɜŰŬɘ ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ɛɏůɤ 

Űɤɜ əŬŰɎɚɚɖɚɤɜ əŬŰŬůŰŬŰɘəɩɜ ɜɧɛɤɜ ˊɞɡ ŭɘɏˊɞɡɜ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɜŰɞɢɐɠ əŬɘ 

ˊŬɟŬɛɞɟűɤůɘɛɧŰɖŰŬɠ Űɞɡɠ. ȼ Ůˊɘɚɞɔɐ Űɞɡ əŬŰŬůŰŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ 

ˊɞɚɚɞɨɠ ˊŬɟɎɔɞɜŰŮɠ əŬɘ əɡɟɑɤɠ Ŭˊɧ Űɞ ɔŮɤŰŮɢɜɘəɧ ˊɟɧɓɚɖɛŬ ˊɞɡ ŬɜŬɚɨɞɡɛŮ.  

ɇɞ Mohr ï Coulomb (MC), ɏɜŬ ɔɟŬɛɛɘəɩɠ ŮɚŬůŰɘəɧ ï ɘŭŮɤŭɩɠ ˊɚŬůŰɘəɧ əŬŰŬůŰŬŰɘəɧ 

ɛɞɜŰɏɚɞ, əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ŬɜŰɞɢɐɠ: 

¶ •ȡ‎‟ʙ‟ ‌’†‛…ʙ‖―†–‘†‌―‏ ‌ʚ’‫  

¶ ‪ȡ‎‟‌†–†ʝ‖―‗‛†„‌―‏ ‌ʚ’‫  

¶ ὧȡ‏―‌†‘–†―‖ʙ ‌’†‛…ʙ    



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 

36 |  

 

əŬɘ Ŭˊɧ Űɘɠ ŮɚŬůŰɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ: 

¶ ῴȡ‘ʘ†”‛ “‌”‌‘‛”•‟‌†–†ʝ‘―„‫  

¶ ’ȡ‗ʝ‎‛‟ ὖέὭίίέὲ 

ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůɡůŰɖɛŬŰɘəɎ ɤɠ ɛɞɜŰɏɚɞ ŮˊŬɟəɏɠ ɔɘŬ ŬɜɎɚɡůɖ Űɤɜ ŰɎůŮɤɜ əŬɘ ɤɠ 

ŮɨɢɟɖůŰɞ ɚɧɔɤ Űɤɜ ůɢŮŰɘəɎ ɔɟɐɔɞɟŬ ɡˊɞɚɞɔɑůɘɛɤɜ ɔŮɤŰŮɢɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ. ɆŰŬ 

ɓŬůɘəɎ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɞɡ, ɖ ŮɚŬůŰɘəɐ ŬˊɞűɧɟŰɘůɖ (ŭɖɚ. ɑŭɘɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ůŰɖɜ űɧɟŰɘůɖ əŬɘ ŬˊɞűɧɟŰɘůɖ). 

ȷɜŰɑɗŮŰŬ, Űɞ Hardening Soil (HS) ˊŮɟɘɔɟɎűŮɘ Űɖ ůɢɏůɖ ɛŮŰŬɝɨ Űɖɠ Ŭɝɞɜɘəɐɠ Űɟɞˊɐɠ 

əŬɘ Űɖɠ ŮəŰɟɞˊɘəɐɠ ˊŬɟŬɛɧɟűɤůɖɠ ɡˊɧ Űɡˊɘəɐ ŭɞəɘɛɐ ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ ɤɠ 

ůɡɜɎɟŰɖůɖ ɡˊŮɟɓɞɚɐɠ (ŭɖɚ. ɛɖ ɔɟŬɛɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ). Ƀɘ ŬɜŬɚɨůŮɘɠ ůŰŬ ŭɘŬűɧɟɞɡ 

Űɨˊɞɡ ɔŮɤŰŮɢɜɘəɎ ɚɞɔɘůɛɘəɎ ˊɞɡ ŬˊŬɘŰɞɨɜ ŭŮɑəŰŮɠ ˊŬɟŬɛɞɟűɤůɘɛɧŰɖŰŬɠ Űɞɡ 

ŮŭɎűɞɡɠ ˊɟɞŰŮɑɜɞɡɜ Űɖɜ ɢɟɐůɖ Űɞɡ ɤɠ ˊɟɞɖɔɛɏɜɞ ɛɞɜŰɏɚɞ ˊɞɡ ɓŮɚŰɘɩɜŮɘ əŬŰɎ ˊɞɚɨ 

Űɞ ɛɞɜŰɏɚɞ Mohr-Coulomb. ȼ ŭɘŬűɞɟɞˊɞɑɖůɖ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬŰɎ Űɖɜ 

űɧɟŰɘůɖ əŬɘ ŬˊɞűɧɟŰɘůɖ ŮɑɜŬɘ ɞ əɨɟɘɞɠ ɚɧɔɞɠ Űɖɠ ůɡɔəɟɘŰɘəɐɠ ŮűŬɟɛɞɔɐɠ Űɤɜ ŭɨɞ 

ˊɟɞůɞɛɞɘɤɛɎŰɤɜ. ɄŬɟŬəɎŰɤ ŬɜŬɔɟɎűɞɜŰŬɘ ɞɟɘůɛɏɜŮɠ ɓŬůɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ 

ŭɘɏˊɞɡɜ Űɞ əŬŰŬůŰŬŰɘəɧ ɛɞɜŰɏɚɞ HS. 

ȼ ůɡɜɎɟŰɖůɖ ɡˊŮɟɓɞɚɐɠ ˊɞɡ əŬɗɞɟɑɕŮɘ Űɖɜ ůɡůɢɏŰɘůɖ Űɖɠ ŮəŰɟɞˊɘəɐɠ ŰɎůɖɠ ή əŬɘ 

Űɖɠ Ŭɝɞɜɘəɐɠ Űɟɞˊɐɠ ‐, ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ Ŭəɧɚɞɡɗɖ ůɢɏůɖ ůɡɜŬɟŰɐůŮɘ Űɖɠ ˊɚŮɡɟɘəɐɠ 

ŰɎůɖɠ „ ɡˊɧ ůɡɜɗɐəŮɠ ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ əŬɘ Űɞɡ ŰŮɛɜɧɛŮɜɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ 

ῴ : 

‐
ή

ςὉ
Ͻ
„ „

ή „ „
 ȟ‎―‌ ή ή ω 

ɧˊɞɡ ή ɖ ŬůɡɛˊŰɤɛŬŰɘəɐ Űɘɛɐ Űɖɠ ŮəŰɟɞˊɘəɐɠ ŰɎůɖɠ əŬɘ Ὁ  Űɞ Űɏɛɜɞɜ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ŰɎůɖ ή , ɧˊɞɡ ή ɖ ɞɟɘŬəɐ ɗŮɤɟɖŰɘəɐ ŰɎůɖ 

ŬůŰɞɢɑŬɠ ɡˊɞɚɞɔɘɕɧɛŮɜɖ ɓɎůŮɘ Űɖɠ ɞɟɗɐɠ ŰɎůŮɤɠ ὴ əŬɘ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ɛɏɔɘůŰɖɠ 

ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ ὧ əŬɘ •ᴂ. 

ũɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ Ὁ  ɢɟŮɘɎɕŮŰŬɘ Űɞ ˊɟŬɔɛŬŰɘəɧ ɛɏŰɟɞ 

ŮɚŬůŰɘəɧŰɖŰŬɠ ŬɜŬűɞɟɎɠ Ὁ  ɡˊɞɚɞɔɘɕɧɛŮɜɞ ɔɘŬ ˊɚŮɡɟɘəɐ ŰɎůɖ ŬɜŬűɞɟɎɠ ὴ  əŬŰɎ 

Űɖɜ ůɢɏůɖ: 

ῴ ῴ Ͻ
„ ὧϽὧέὸ•

ὴ ὧϽὧέὸ•
 ρπ 

ɧ́ ɞɡ  π ά ρ ůɡɜŰŮɚŮůŰɐɠ (ŮəɗɏŰɖɠ) ˊɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ Űɨˊɞ Űɞɡ ŮŭɎűɞɡɠ. 

¶ ‎―‌ ʗ‘‘‛‡‟ȡά πȢτ πȢφ 

¶ ‎―‌ ὔὅ ʗ”‎―‗‛ȡά ρȢπ 

¶ ‎―‌ ὕὅȡά πȢυ πȢχ 

ũɘŬ ɧɚŬ ŰŬ ŮŭɎűɖ ɘəŬɜɞˊɞɘɖŰɘəɎ ɛˊɞɟŮɑ ɜŬ ɚɖűɗŮɑ ά πȢυ. 

ũɘŬ ɛɖ ůɡɜŮəŰɘəɎ ŮŭɎűɖ ὧ π, ῴ ῴ Ͻ , ɧˊɞɡ ὴ ρππ Ὧὖὥ (ɑůɖ ɛŮ 

Űɖɜ ŬŰɛɞůűŬɘɟɘəɐ). 
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ɆŰɞ ɛɞɜŰɏɚɞ ɡˊŮɘůɏɟɢŮŰŬɘ əŬɘ ɏɜŬ Ɏɚɚɞ ɛɏŰɟɞ, ŬɡŰɧ Űɖɠ ɛɞɜɞŭɘɎůŰŬŰɖɠ ůɡɛˊɑŮůɖɠ 

ˊɞɡ ˊɟɞəɨˊŰŮɘ ɤɠ Ůɝɐɠ: 

ῴ ῴ Ͻ
„ ὧϽὧέὸ•

ὴ ὧϽὧέὸ•ᴂ
ȟ‎―‌ „ π ρρ 

ɇɞ ɛɏŰɟɞ ɛɞɜɞŭɘɎůŰŬŰɖɠ ůɡɛˊɑŮůɖɠ ɛˊɞɟŮɑ ɜŬ ɚɖűɗŮɑ ˊɟɞůŮɔɔɘůŰɘəɎ ɤɠ Ůɝɐɠ 

¶ ‎―‌ “‛‗ʞ „†―•”ʝ ‡‗―‖ʝȡῴ ρȢς Ὁ  

¶ ‎―‌ ‘‌‗‌‖ʝ ‡‗―‖ʝȡῴ πȢχ Ὁ  

¶ ‎―‌ ‗‛―“ʗȡῴ Ὁ  

 

ȾŬŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ, ɞɘ ŬɜɖɔɛɏɜŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɓɎůŮɘ Űɞɡ 

ŬɜŰɑůŰɞɘɢɞɡ ɛɏŰɟɞɡ ŮɚŬůŰɘəɧŰɖŰŬɠ ῴ  ˊɞɡ ŮɝŬɟŰɎŰŬɘ əŬɘ ŬɡŰɧ 

Ŭˊɧ Űɞ ˊŮŭɑɞ Űɤɜ ŮˊɘɓŬɚɚɧɛŮɜɤɜ ŰɎůŮɤɜ: 

ῴ ῴ Ͻ
„ ὧϽὧέὸ•

ὴ ὧϽὧέὸ•
 ρς 

ɆɡůɢŮŰɘɕɧɛŮɜɞ ɛŮ Űɞ Ὁ , Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ əŬŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ ɚŬɛɓɎɜŮŰŬɘ 

ŮɜŰɧɠ Űɞɡ Ůɨɟɞɡɠ: 

ῴ σ τϽὉ  

Ůɜɩ ɛŮ Űɞ ῴ , ŮɜŰɧɠ Űɞɡ Ůɨɟɞɡɠ: 

¶ ‎―‌ ‌”‎ʚ‗‛‡‟ȡ ῴ σ φϽὉ   

¶ ‎―‌ ʗ‘‘‛‡‟ȡ ῴ ψ ρπϽὉ  

 

ɆɢɐɛŬ 3-12: ɈˊŮɟɓɞɚɘəɐ ůɡůɢɏŰɘůɖ ŰɎůŮɤɜ ï ˊŬɟŬɛɞɟűɩůŮɤɜ Ŭˊɧ Űɡˊɘəɐ ŭɞəɘɛɐ ŰɟɘŬɝɞɜɘəɐɠ ɗɚɑɣɖɠ 

ɡˊɧ ůŰɟŬɔɔɘɕɧɛŮɜŮɠ ůɡɜɗɐəŮɠ (ˊŬɟɎɗŮůɖ Ŭˊɧ Schanz et al, 1999). 

ɆŮ ŬɜŰɘůŰɞɘɢɑŬ ɛŮ Űɞ MC, Űɞ ῴ  ɛˊɞɟŮɑ ɜŬ ɚɎɓŮɘ Űɘɛɏɠ ŮɜŰɧɠ Űɞɡ Ůɨɟɞɡɠ: 

Hyperbolic function 

Mohr-Coulomb failure limit 

ρ

ς
ή 
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ῴ ρȟσ ρȟυϽῴ 

ɧˊɞɡ ῴ Űɞ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ Űɞɡ ŮŭɎűɞɡɠ ůŰɞ ɛɞɜŰɏɚɞ MC. 

 

ɆŰɞ ůŰɎŭɘɞ Ůˊɘɚɞɔɐɠ Űɞɡ ŮŭŬűɘəɞɨ ˊɟɞűɑɚ əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ˊŬɟŬɛɏŰɟɤɜ, ɖ 

ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŮůŰɑŬůŮ ůŰɖɜ Ůˊɘɚɞɔɐ ŭŮŭɞɛɏɜɤɜ Ŭˊɧ ˊɟŬɔɛŬŰɘəɎ ɛɖŰɟɩŬ 

ŭŮɘɔɛŬŰɞɚɖˊŰɘəɩɜ ɔŮɤŰɟɐůŮɤɜ ˊɞɡ ŮəŰŮɚɏůɗɖəŬɜ ůŰŬ ˊɚŬɑůɘŬ əŬŰŬůəŮɡɐɠ Űɞɡ 

ɏɟɔɞɡ ɛŮ ŰɑŰɚɞ çȹȽȺɈŪȺɇȼɆȼ ɅȺɀȷɇɃɆ ȺɆɉȷɇȽȷɆ ï ɇɀȼɀȷ ȷɄɃ ɆɈɀȸɃȿȼ 

ȷũɋũɃɈ ȺɈɄɈɅȽȹɋɁ ȺɋɆ ȿȺɋūɃɅɃ ɄȷɅɁȼŪɃɆè ɛŮ ŬɜɎŭɞɢɞ ɏɟɔɞɡ Űɖɜ 

Intrakat Constructions S.A əŬɘ ɛŮɚŮŰɖŰɐ Űɞɜ ə. ɉɟɐůŰɞ ɆŰɟŬŰɎəɞ. ȹɨɞ Ůɝ ŬɡŰɩɜ 

ůɡɜɞɚɘəɞɨ ɓɎɗɞɡɠ ςπȟππ ά, Ůə Űɤɜ ɞˊɞɑɤɜ ŮɚɐűɗɖůŬɜ ŰŬ ŭŮŭɞɛɏɜŬ ŮˊŮɝŮɟɔŬůɑŬɠ 

Űɤɜ ŮŭŬűɘəɩɜ ˊɟɞűɑɚ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰŬ ɆɢɐɛŬ 3-15 & ɆɢɐɛŬ 3-16. ɄɟɧəŮɘŰŬɘ ɔɘŬ 

ŭŮɘɔɛŬŰɞɚɖˊŰɘəɏɠ ɔŮɤŰɟɐůŮɘɠ ˊɞɡ ɏɔɘɜŬɜ ůŰŬ ˊɚŬɑůɘŬ ɛŮɚɏŰɖɠ ŬɜɞɘəŰɩɜ əɡəɚɘəɩɜ 

űɟŮɎŰɤɜ əŬɘ ŬɜŰɘůŰɖɟɑɝŮɤɜ Űɨˊɞɡ Berlinoise ˊŬɟɞɡůɑŬ ˊɟɞŮɜŰŮŰŬɛɏɜɤɜ 

ŬɔəɡɟɩůŮɤɜ ɛŮ ɗɏůɖ ɏɟɔɞɡ Űɞɡɠ ŭɐɛɞɡɠ ȷɢŬɟɜɩɜ-ȻŮűɡɟɑɞɡ. ŪŮɤɟɞɨɜŰŬɘ 

ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŮŭŬűɘəɩɜ ˊɟɞűɑɚ ɔɘŬ Űɖɜ ŮɝɏŰŬůɖ ŮŭŬűɘəɩɜ 

ɛŮŰŬŰɞˊɑůŮɤɜ ˊɚɖůɑɞɜ ɓŬɗɘɩɜ ŮəůəŬűɩɜ əŬɚɨˊŰɞɜŰŬɠ Űɞ űɎůɛŬ ɖɛɘɓɟŬɢɤŭɩɜ 

ůɢɖɛŬŰɘůɛɩɜ əŬŰɎ Űɧˊɞɡɠ ŬˊɞůŬɗɟɤɛɏɜɤɜ əŬɘ ɡˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɤɜ Ŭɟɔɑɚɤɜ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ůŰɖɜ ɔŮɩŰɟɖůɖ ũɀ-1 əŬɘ ɛɏɢɟɘ ɓɎɗɞɠ σȢυ τȢπ ά ůɡɜŬɜŰɎŰŬɘ 

ŬɟɔɘɚɩŭŮɠ ŬɛɛɞɢɎɚɘəɞ ˊɡəɜɐɠ ŬˊɞɗɏůŮɤɠ, ɛŬɜŭɨŬɠ ŬˊɞůɎɗɟɤůɖɠ Űɖɠ 

ɡˊɞəŮɑɛŮɜɖɠ ɕɩɜɖɠ əɟɞəŬɚɞˊŬɔɞɨɠ. ũɘŬ ɓɎɗɞɠ τȢπ ςπȢπ ά ůɡɜŬɜŰɎŰŬɘ ɢŬɚŬɟɧ 

əɟɞəŬɚɞˊŬɔɏɠ əŬŰɎ Űɧˊɞɡɠ ŬˊɞůŬɗɟɤɛɏɜɞ. ȿŬɛɓɎɜŮŰŬɘ ɚɞɘˊɧɜ ɞ 1ɞɠ Űɨˊɞɠ 

ŮŭŬűɘəɞɨ ˊɟɞűɑɚ ɛŮ ɔŮɤŰŮɢɜɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ůɢŮŭɘŬůɛɞɨ ŬɡŰɏɠ ˊɞɡ ˊɟɞɏəɡɣŬɜ 

Ŭˊɧ ůŰŬŰɘůŰɘəɐ ŮˊŮɝŮɟɔŬůɑŬ ŮˊɘŰɧˊɞɡ əŬɘ ŮɟɔŬůŰɖɟɘŬəɩɜ ŭɞəɘɛɩɜ (ɆɢɐɛŬ 3-13). ũɘŬ 

ŬˊɚɞɨůŰŮɡůɖ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ, əɎŰɤɗŮɜ Űɖɠ ɕɩɜɖɠ Űɤɜ 20 ɛɏŰɟɤɜ 

ɗŮɤɟŮɑŰŬɘ ɞɛɞɔŮɜɞˊɞɘɖɛɏɜɖ ɕɩɜɖ ɛŮ ˊŬɟŬɛɏŰɟɞɡɠ ŬɡŰɏɠ Űɖɠ Ȼɩɜɖɠ 2 (ŭɖɚ. Űɞɡ 

əɟɞəŬɚɞˊŬɔɞɨɠ). 
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ɆɢɐɛŬ 3-13: ũŮɤŰŮɢɜɘəɐ Űɞɛɐ ůɢŮŭɘŬůɛɞɨ ŬɜŰɘůŰɐɟɘɝɖɠ ï 1ɞɠ Űɨˊɞɠ ŮŭŬűɘəɞɨ ˊɟɞűɑɚ. 

Ƀ 2ɞɠ Űɨˊɞɠ ŮŭŬűɘəɞɨ ˊɟɞűɑɚ Ůɝɐɢɗɖ Ŭˊɧ Űɖɜ ɔŮɩŰɟɖůɖ ũȷ-2 ɛŮ Űɖɜ ˊŬɟŬŭɞɢɐ ɧŰɘ ɖ 

ůŰɘűɟɐ ɡˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞɠ ˊɞɡ ůɡɜŬɜŰɎŰŬɘ ɛɏɢɟɘ ɓɎɗɞɠ 11 ɛɏŰɟɤɜ 

ŮəŰŮɑɜŮŰŬɘ ɛɏɢɟɘ ɛŮɔŬɚɨŰŮɟɞ ɓɎɗɞɠ. ȼ ɡˊɧɗŮůɖ ɞɛɞɘɞɔɏɜŮɘŬɠ ˊɟɞŰɎɗɖəŮ ɛŮ ůəɞˊɧ ɜŬ 

ŬˊɞűŮɡɢɗŮɑ ɡɣɖɚɧɠ ɧɔəɞɠ ŭŮŭɞɛɏɜɤɜ ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ əŬɗɩɠ ɛŬɠ 

ŮɜŭɘŬűɏɟɞɡɜ ɞɘ əŬɗɘɕɐůŮɘɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ əɞɜŰɎ ůŰɖ ůŰɏɣɖ Űɖɠ ŮəůəŬűɐɠ. 

ȰˊŮɘŰŬ, ŮɑɜŬɘ ˊɟɞűŬɜɏɠ ɧŰɘ Űɞ ɓɟŬɢɩŭŮɠ ɡˊɧɓŬɗɟɞ ˊɞɡ ůɡɜŬɜŰɎŰŬɘ ůŮ ɛŮɔɎɚɞ 

ɓɎɗɞɠ ï Ůɜ ˊɟɞəŮɘɛɏɜɤ ɞ ŬůɓŮůŰɞɚɘɗɘəɧɠ ůɢɖɛŬŰɘůɛɧɠ ï ůɡɜɘůŰɎ ŭɡůɛŮɜɐ ɕɩɜɖ 

ŬɜɎˊŰɡɝɖɠ ůɖɛŬɜŰɘəɩɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ. 

Ƀɘ ɔŮɤŰŮɢɜɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ůɢŮŭɘŬůɛɞɨ ˊɟɞɏəɡɣŬɜ ɨůŰŮɟŬ Ŭˊɧ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ 

ŮˊɘŰɧˊɞɡ əŬɘ ŮɟɔŬůŰɖɟɘŬəɩɜ ŭɞəɘɛɩɜ. 
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ɆɢɐɛŬ 3-14: ũŮɤŰŮɢɜɘəɐ Űɞɛɐ ůɢŮŭɘŬůɛɞɨ ŬɜŰɘůŰɐɟɘɝɖɠ ï 2ɞɠ Űɨˊɞɠ ŮŭŬűɘəɞɨ ˊɟɞűɑɚ. 

ɆŰɘɠ ŭŮɘɔɛŬŰɞɚɖˊŰɘəɏɠ ɔŮɤŰɟɐůŮɘɠ ŭŮɜ ɓɟɏɗɖəŮ ɡˊɧɔŮɘɞɠ ɡŭɟɞűɧɟɞɠ ɞɟɑɕɞɜŰŬɘ. ȼ 

ůŰɎɗɛɖ ˊɞɡ ŬɜŬɔɟɎűŮŰŬɘ ůŰɖ ũɀ-2 ŮəŰɘɛɎŰŬɘ ɧŰɘ ŮɑɜŬɘ ɜŮɟɎ ŭɘɎŰɟɖůɖɠ. ɆŰɖ ˊŬɟɞɨůŬ 

ɛŮɚɏŰɖ Ůˊɞɛɏɜɤɠ ŭŮɜ ɞɟɑɕŮŰŬɘ ůŰɎɗɛɖ ɈɈɃ (ɡˊɧɔŮɘɞɡ ɡŭɟɞűɧɟɞɡ ɞɟɑɕɞɜŰŬ). 

ɆŰŬ ɛɞɜŰɏɚŬ Mohr ï Coulomb əŬɘ Hardening Soil, ɧˊɤɠ ŮɑŭŬɛŮ ˊŬɟŬˊɎɜɤ, ůŰɘɠ 

ˊŬɟŬɛɏŰɟɞɡɠ ŬɜŰɞɢɐɠ ŬˊŬɘŰŮɑŰŬɘ əŬɘ ɖ ɔɤɜɑŬ ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ ‪ ɖ ɞˊɞɑŬ ɚŬɛɓɎɜŮɘ 

Űɘɛɏɠ ŬɜŬɚɧɔɤɠ Űɞɜ Űɨˊɞ űɧɟŰɘůɖɠ (ŬůŰɟɎɔɔɘůŰŮɠ ɐ ůŰɟŬɔɔɘɕɧɛŮɜŮɠ ůɡɜɗɐəŮɠ) əŬɘ Űɘɠ 

ŮŭŬűɘəɏɠ ůɡɜɗɐəŮɠ. ɄɟɞůŮɔɔɘůŰɘəɎ ɛˊɞɟŮɑ ɜŬ ɚɎɓŮɘ Űɘɠ Ůɝɐɠ Űɘɛɏɠ: 

¶ ‎―‌ ʗ‘‘‛‡‟…‌‗ʚ‖―‌ȡ‪ σ υЈ ʙ  

¶ ‎―‌ ‌”‎ʚ‗‛‡‟ȡ‪ πЈ 

¶ ‎―‌ ‖”‛‖‌‗‛“‌‎ʘ‟ ‘‐ „‡‎‖‛‗‗–†―‖ʙ ʞ‗– ‌”‎ʚ‗‛‡ȡ‪ πЈ 

ũɘŬ ŰŬ ŮɝŮŰŬɕɧɛŮɜŬ ŮŭŬűɘəɎ ˊɟɞűɑɚ Ůˊɞɛɏɜɤɠ ɛˊɞɟŮɑ ɜŬ ŬɔɜɞɖɗŮɑ əŬɘ ɖ ɔɤɜɑŬ 

ŭɘŬůŰɞɚɘəɧŰɖŰŬɠ (ŭɖɚ. ‪ πЈ). 
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ɆɢɐɛŬ 3-15: ȺŭŬűɞŰŮɢɜɘəɐ Űɞɛɐ ɔŮɩŰɟɖůɖɠ ũM-1. 
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ɆɢɐɛŬ 3-16: ȺŭŬűɞŰŮɢɜɘəɐ Űɞɛɐ ɔŮɩŰɟɖůɖɠ ũȷ-2.
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ɇŮɚɘəɩɠ ɔɘŬ Űɘɠ ŬɜŬɚɨůŮɘɠ ŮˊɘɚɏɔɞɜŰŬɘ ŭɨɞ ůɡɜŰɞɛŮɨůŮɘɠ ɔɘŬ ŰŬ ŭɨɞ ˊɟɞűɑɚ ŮŭŬűɩɜ 

ˊɞɡ ɗŬ ŬˊɞŰŮɚɏůɞɡɜ əŬɘ ɛɘŬ Ůə Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Ůˊɘɟɟɞɐɠ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ Űɤɜ 

ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ: ȷɡŰɏɠ əŬɗɞɟɑɕɞɜŰŬɘ ɤɠ Ůɝɐɠ: 

¶ Soil,1: əɟɞəŬɚɞˊŬɔɏɠ əŬŰɎ Űɧˊɞɡɠ ŬˊɞůŬɗɟɤɛɏɜɞ ɛŮ ɡˊŮɟəŮɑɛŮɜɞ ɛŬɜŭɨŬ 

ŬˊɞůɎɗɟɤůɖɠ Ŭɟɔɘɚɩŭɞɡɠ ŬɛɛɞɢɎɚɘəɞɡ ˊɎɢɞɡɠ 3.5 ɛɏŰɟɤɜ, ŮűŮɝɐɠ 

ŬˊɞəŬɚɞɨɛŮɜɞ ɤɠ ɛɖ ůɡɜŮəŰɘəɧ ɏŭŬűɞɠ əŬɗɩɠ ɖ ůɡɛˊŮɟɘűɞɟɎ ˊɟɞůŮɔɔɑɕŮɘ 

ˊŮɟɘůůɧŰŮɟɞ ɛɖ ůɡɜŮəŰɘəɧ Űɨˊɞ ŮŭɎűɞɡɠ. 

¶ Soil,2: ɈˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖ (OC) Ɏɟɔɘɚɞɠ, ŮűŮɝɐɠ ŬˊɞəŬɚɞɨɛŮɜɖ ɤɠ 

ůɡɜŮəŰɘəɧ ɏŭŬűɞɠ əŬɗɩɠ ɖ ůɡɛˊŮɟɘűɞɟɎ ˊɟɞůŮɔɔɑɕŮɘ ˊɚɐɟɤɠ ɏɜŬ ůɡɜŮəŰɘəɧ 

Űɨˊɞ ŮŭɎűɞɡɠ 

ɆɨɛűɤɜŬ ɛŮ ɧɚŬ ŰŬ ˊŬɟŬˊɎɜɤ əŬɘ ŬɝɘɞˊɞɘɩɜŰŬɠ Űɘɠ Ůˊɘɛɏɟɞɡɠ ŮɛˊŮɘɟɘəɏɠ əŬɘ 

ɓɘɓɚɘɞɔɟŬűɘəɏɠ ˊŬɟŬŭɞɢɏɠ, ůŰɞɡɠ ˊŬɟŬəɎŰɤ ˊɑɜŬəŮɠ ˊŬɟŬŰɑɗŮɜŰŬɘ ɞɘ ɔŮɤŰŮɢɜɘəɏɠ 

ˊŬɟɎɛŮŰɟɞɘ ůɢŮŭɘŬůɛɞɨ Űɤɜ ŮŭŬűɘəɩɜ ɛɞɜŰɏɚɤɜ ɛŮ Mohr-Coulomb əŬɘ Hardening 

Soil ŬɜŰɑůŰɞɘɢŬ: 

ɄɑɜŬəŬɠ 3-6: ɄŬɟɎɛŮŰɟɞɘ ˊŮɟɘɔɟŬűɐɠ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰŬ ŮŭŬűɘəɞɨ ɢɩɟɞɡ ɛŮ Mohr-Coulomb (MC). 

ɆɡɜŰɧɛŮɡůɖ ɄŮɟɘɔɟŬűɐ 
ɀɞɜŬŭɘŬɑɞ 
ɓɎɟɞɠ 

ȺɚŬůŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ɄŬɟɎɛŮŰɟɞɘ ŬɜŰɞɢɐɠ 

 
 

ɔ (kN/m3) Ⱥ (MPa) ɜ (-) ű' (°) c' (kPa) Rint 

MCsoil,1 (MC1) 

ȷɟɔɘɚɩŭŮɠ ŬɛɛɞɢɎɚɘəɞ 
(ɕɩɜɖ ŬˊɞůɎɗɟɤůɖɠ 
əɟɞəŬɚɞˊŬɔɞɨɠ) 

21 40 0.2 35 5 

0.5 
ȾɟɞəŬɚɞˊŬɔɏɠ əŬŰɎ Űɧˊɞɡɠ 

ŬˊɞůŬɗɟɤɛɏɜɞ 22 130 0.2 37,5 25 

MCsoil,2 (MC2) 
ɈˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖ (OC) 

Ɏɟɔɘɚɞɠ  20 30 0.2 25 25 0.7 

 

ɄɑɜŬəŬɠ 3-7: ɄŬɟɎɛŮŰɟɞɘ ˊŮɟɘɔɟŬűɐɠ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰŬ ŮŭŬűɘəɞɨ ɢɩɟɞɡ ɛŮ Hardening Soil (HS). 

ɆɡɜŰɧɛŮɡůɖ ɄŮɟɘɔɟŬűɐ 
ɀɞɜŬŭɘŬɑɞ 
ɓɎɟɞɠ 

ȺɚŬůŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ɄŬɟɎɛŮŰɟɞɘ ŬɜŰɞɢɐɠ 

 
 

ɔ (kN/m3) 
Ⱥ50

ref 

(MPa) 
Ⱥur

ref 

(MPa) 
ɜur (-) m (-) ű' (°) 

c' 
(kPa) 

Rint 

HSsoil,1 (HS1) 

ȷɟɔɘɚɩŭŮɠ ŬɛɛɞɢɎɚɘəɞ 
(ɕɩɜɖ ŬˊɞůɎɗɟɤůɖɠ 
əɟɞəŬɚɞˊŬɔɞɨɠ) 

21 52 156 0.2 0.5 35 5 

0.5 
ȾɟɞəŬɚɞˊŬɔɏɠ əŬŰɎ Űɧˊɞɡɠ 

ŬˊɞůŬɗɟɤɛɏɜɞ 22 169 507 0.2 0.6 37,5 25 

HSsoil,2 (HS2) 
ɈˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖ (OC) 

Ɏɟɔɘɚɞɠ  20 39 117 0.2 0.6 25 25 0.7 

 

ũɘŬ Űɞ ɛɞɜŰɏɚɞ HS Ůɚɐűɗɖ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ŬɜŬűɞɟɎɠ ɑůɞ ɛŮ: 

ῴ ρȢσϽὉ 

Ůɜɩ ɔɘŬ Űɞ ɛɏŰɟɞ ůŮ űɧɟŰɘůɖ əŬɘ ŮˊŬɜŬűɧɟŰɘůɖ: 

ῴ σϽὉ  
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ɇɞɑɢɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ: 

ȼ ŬɜŰɘůŰɐɟɘɝɖ ɛɏůɤ ˊŬůůŬɚɞůɡůŰɞɘɢɘɩɜ (ŭɖɚ. ɛŮɛɞɜɤɛɏɜɞɘ űɟŮŬŰɞˊɎůůŬɚɞɘ 

ɞˊɚɘůɛɏɜɞɡ ůəɡɟɞŭɏɛŬŰɞɠ) ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ ŮɜŭŮɑəɜɡŰŬɘ ůŮ 

ˊŮɟɘˊŰɩůŮɘɠ ɨɣɞɡɠ ŬɜŰɘůŰɐɟɘɝɖɠ ɛɘəɟɧŰŮɟɞɡ Ŭˊɧ ςπ ά. ũɘŬ ɛŮɔŬɚɨŰŮɟŬ ɓɎɗɖ 
ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡɜɐɗɤɠ ŭɘŬűɟŬɔɛŬŰɘəɞɑ Űɞɑɢɞɘ əŬɘ ŬɜŰɖɟɑŭŮɠ, Ůɜɩ ɔɘŬ ɛɘəɟɧŰŮɟŬ 

ɛŮŰŬɚɚɘəɏɠ ˊŬůůŬɚɞůŬɜɑŭŮɠ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ, ɚɧɔɤ Űɞɡ ŮɝŮŰŬɕɧɛŮɜɞɡ ɨɣɞɡɠ ŮəůəŬűɐɠ ῷ ρυ ά, 

ŮˊɘɚɏɔŮŰŬɘ ɖ ˊɟɞůɞɛɞɑɤůɖ ɛŮ ɛŮɛɞɜɤɛɏɜɞɡɠ űɟŮŬŰɞˊŬůůɎɚɞɡɠ + ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ 

ŬɔəɡɟɩůŮɘɠ.  

ɇɡˊɘəɏɠ ŭɘɎɛŮŰɟɞɘ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ ɛŮ űɟŮŬŰɞˊŬůůɎɚɞɡɠ ɤ́ ɚɘůɛɏɜɞɡ 

ůəɡɟɞŭɏɛŬŰɞɠ əɡɛŬɑɜɞɜŰŬɘ ɛŮŰŬɝɨ φɲπ ᶮρππ, Ůɜɩ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ŬɜɎ ŬˊɞůŰɎůŮɘɠ 
ůɡɜɐɗɤɠ ɛŮŰŬɝɨ ί ρȢυ σϽὈ, ɧˊɞɡ Ὀ ɖ ŭɘɎɛŮŰɟɞɠ Űɖɠ ɞˊɐɠ. ɀŮɔŬɚɨŰŮɟŮɠ 

ŬˊɞůŰɎůŮɘɠ ŬɜŬɘɟɞɨɜ Űɖɜ ɞɛɞɔŮɜɞˊɞɑɖůɖ əŬɘ ˊŬɨɞɡɜ ɜŬ ɘůɢɨɞɡɜ ˊɚɏɞɜ ůɡɜɗɐəŮɠ 

ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ. ȰɜŬ Űɡˊɘəɧ ůəŬɟɑűɖɛŬ Űɖɠ ŭɘɎŰŬɝɖɠ Űɤɜ 

űɟŮŬŰɞˊŬůůɎɚɤɜ ůŮ əɎŰɞɣɖ ŭɘŬűŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ: 

 

ɆɢɐɛŬ 3-17: ɇɡˊɘəɐ ŭɘɎŰŬɝɖ ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ ɛŮ űɟŮŬŰɞˊŬůůɎɚɞɡɠ ɤ́ ɚɘůɛɏɜɞɡ ůəɡɟɞŭɏɛŬŰɞɠ. 

Ƀɘ ́ɎůůŬɚɞɘ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ ŮɨəŬɛˊŰŬ ŰɞɘɢɑŬ ŬɜŰɘůŰɐɟɘɝɖɠ Űɨˊɞɡ ˊɟɞɓɧɚɞɡ 

(cantilever retaining wall). ȼ ůŰŬŰɘəɐ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ ŮɝŬůűŬɚɑɕŮŰŬɘ ɛŮ Űɞ ŮˊŬɟəɏɠ 

ɓɎɗɞɠ ɏɛˊɖɝɖɠ əɎŰɤ Ŭˊɧ Űɖɜ ůŰɎɗɛɖ Űɖɠ ɔŮɜɘəɐɠ ŮəůəŬűɐɠ. ɄɟɞůɗɏŰɞɜŰŬɠ ůŮɘɟɏɠ 

ˊɟɞŮɜŰŮŰŬɛɏɜɤɜ ŬɔəɡɟɩůŮɤɜ, ɞɘ ŰŮɚŮɡŰŬɑŮɠ ŬɜŬɚŬɛɓɎɜɞɡɜ ɜŬ ɛŮŰŬɓɘɓɎɕɞɡɜ ůŰɞ 

ɏŭŬűɞɠ ŰŬ ŮˊɘɓŬɚɚɧɛŮɜŬ űɞɟŰɑŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ɛŮɑɤůɖ Űɞɡ ŬˊŬɘŰɞɨɛŮɜɞɡ 

ɓɎɗɞɡɠ ɏɛˊɖɝɖɠ. Ɇɡɜɐɗɤɠ ŮɛűŬɜɑɕŮŰŬɘ ˊɚŬůŰɘəɐ Ɏɟɗɟɤůɖ ůŮ ŬˊɧůŰŬůɖ ͯπȢρ

πȢσῷ əɎŰɤ Ŭˊɧ Űɖ ůŰɎɗɛɖ ɔŮɜɘəɐɠ ŮəůəŬűɐɠ, ɧˊɞɡ ῷ Űɞ ɨɣɞɠ ŮəůəŬűɐɠ. 

ɄɟɞəŮɘɛɏɜɞɡ ɚɞɘˊɧɜ ɜŬ ɘəŬɜɞˊɞɘŮɑŰŬɘ Űɞ ŬˊŬɘŰɞɨɛŮɜɞ ɓɎɗɞɠ ɏɛˊɖɝɖɠ Ŭˊɧ ɛɖɢŬɜɘəɐɠ 

Ɏˊɞɣɖɠ, ŮˊɘɚɏɢɗɖəŮ Ůə ˊŬɟŬŭɞɢɐɠ Űɞ ͯπȢςῷ, ŭɖɚŬŭɐ: 

Ὢ σ ά 

ɇɞ ůɡɜɞɚɘəɧ Ůˊɞɛɏɜɤɠ ɨɣɞɠ Űɞɡ Űɞɑɢɞɡ ŬɜɏɟɢŮŰŬɘ ůŰŬ Ὄ Ὄ Ὢ ρψ ά. 

ȼ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ ůŰɞ ɚɞɔɘůɛɘəɧ ɔɑɜŮŰŬɘ ɛɏůɤ Ůɜɧɠ ŭɞɛɘəɞɨ 

ůŰɞɘɢŮɑɞɡ (Űɨˊɞɡ plate ɐ circular beam) ɛŮ ůɡɔəŮəɟɘɛɏɜɖ ŭɡůəŬɛɣɑŬ əŬɘ ŭɡůŰɏɜŮɘŬ, 

ɞɘɞɜŮɑ ɔɟŬɛɛɘəɩɠ ŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ əŬɘ ůɡɜɞɚɘəɧ ɨɣɞɠ ŰŬ 18 ɛɏŰɟŬ. ȳˊɤɠ ɗŬ 
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ŬɜŬűŮɟɗŮɑ əŬɘ ůŰɞɡɠ Ůɚɏɔɢɞɡɠ ŮˊɎɟəŮɘŬɠ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ, ˊɟɏˊŮɘ ůŮ əɎɗŮ 

ůŰɎŭɘɞ ɜŬ ŮɝŮŰɎɕŮŰŬɘ ɖ ɟɞˊɐ ŬɜŰɑůŰŬůɖɠ Űɞɡ ˊŬůůɎɚɞɡ əŬɘ ɖ ŮˊɘűɎɜŮɘŬ ŬůŰɞɢɑŬɠ. 

ȼ Űɡˊɘəɐ ŭɘŬŰɞɛɐ Ůɜɧɠ ɛŮɛɞɜɤɛɏɜɞɡ űɟŮŬŰɞˊŬůůɎɚɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ ɛŮ 

ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ ŭɘŬűŬɑɜŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ůɢɐɛŬ: 

 

ɆɢɐɛŬ 3-18: ɇɡˊɘəɐ ŭɘŬŰɞɛɐ űɟŮŬŰɞˊɎůůŬɚɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ. 

ɆɨɛűɤɜŬ ɛŮ ɧɚŬ ŰŬ ˊŬɟŬˊɎɜɤ, ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ ˊŬɟŬŰɑɗŮɜŰŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ 

ůɢŮŭɘŬůɛɞɨ Űɤɜ ŮɝŮŰŬɕɧɛŮɜɤɜ űɟŮŬŰɞˊŬůůɎɚɤɜ: 

ɄɑɜŬəŬɠ 3-8: ɄŬɟɎɛŮŰɟɞɘ ůɢŮŭɘŬůɛɞɨ Űɞɡ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ ɛŮ űɟŮŬŰɞˊŬůůɎɚɞɡɠ. 

ɄŮɟɘɔɟŬűɐ 
Ɇɨɛɓɞɚɞ (ɛɞɜɎŭŬ 
ɛɏŰɟɖůɖɠ) 

ɇɘɛɐ 

ȴɣɞɠ ŮəůəŬűɐɠ H (m) 15 

ȸɎɗɞɠ ˊɎəŰɤůɖɠ ˊŬůůɎɚɤɜ f (m) 3 

ȹɘɎɛŮŰɟɞɠ ˊŬůůɎɚɤɜ q (m) 0.80 

ɃɟɘɕɧɜŰɘŮɠ ŬˊɞůŰɎůŮɘɠ ˊŬůůɎɚɤɜ s (m) 3.0 

Ⱥɘŭɘəɧ ɓɎɟɞɠ ɤ́ ɚɘůɛɏɜɞɡ 
ůəɡɟɞŭɏɛŬŰɞɠ űɟŮŬŰɞˊŬůůɎɚɞɡ 

ɔ (kN/m3) 25 

ɀɏŰɟɞ ŭɡůəŬɛɣɑŬɠ Ⱥ (GPa) 30 

ȿɧɔɞɠ Poisson ɜ (-) 0.15 

 

ɀŮ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ˊŬůůŬɚɞůɡůŰɞɘɢɑŬɠ ŰɞˊɞɗŮŰŮɑŰŬɘ əŮűŬɚɧŭŮůɛɞɠ, ɩůŰŮ ŬɡŰɐ 

ɜŬ ɚŮɘŰɞɡɟɔŮɑ ůŬɜ ŮɜɘŬɑɞɠ Űɞɑɢɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ. ȼ ůɡɛˊŮɟɑɚɖɣɖ Űɞɡ əŮűŬɚɧŭŮůɛɞɡ 

ůŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ɔɑɜŮŰŬɘ ɛɏůɤ Ůɜɧɠ ŭɞɛɘəɞɨ ůŰɞɘɢŮɑɞɡ Űɨˊɞɡ ŬɜŰɖɟɑŭŬɠ (strut) 
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ɛŮ ůɡɔəŮəɟɘɛɏɜɖ ŭɡůŰɏɜŮɘŬ əŬɘ ŭɡůəŬɛɣɑŬ. ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŮˊɘɚɏɢɗɖəŮ ɖ ɛɖ 

ůɡɛˊŮɟɑɚɖɣɖ Űɞɡ ɤɠ ůŰɞɘɢŮɑɞ ŭɨůəɞɚŬ ɓŬɗɛɞɜɞɛɐůɘɛɞ.  

 

ȺəŰɞɝŮɡɧɛŮɜɞ ůəɡɟɧŭŮɛŬ + ˊɚɏɔɛŬ: 

ȺəŰɞɝŮɡɧɛŮɜɞ ůəɡɟɧŭŮɛŬ ɛŮ Ůɜɘůɢɡɛɏɜɞ ɛŮŰŬɚɚɘəɧ ˊɚɏɔɛŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ůŰɟɩůŮɘɠ 

Űɤɜ 5-10 cm Ůˊɑ Űɖɠ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɖɠ ŮˊɘűɎɜŮɘŬɠ ɔɘŬ ŭɖɛɘɞɡɟɔɑŬ ŮɜɘŬɑɞɡ əŮɚɨűɞɡɠ 

əŬɘ Ůɜɑůɢɡůɖ ŬˊɞŭɡɜŬɛɤɛɏɜɤɜ ŭɘŬŰɞɛɩɜ ɛŮŰŬɝɨ ŭɨɞ ŭɘŬŭɞɢɘəɩɜ ˊŬůůɎɚɤɜ (ɆɢɐɛŬ 

3-17). 

ɆŰɞ ŬɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ ŮɘůɎɔŮŰŬɘ ɤɠ Ůɜɘůɢɡɛɏɜɖ ŭɡůəŬɛɣɑŬ Űɞɡ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ 

ˊɟɞůŰɘɗɏɛŮɜɖ ŬɚɔŮɓɟɘəɎ. 

 

ɄɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ: 

ȷˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŭɨɞ ɓŬůɘəɎ ɛɏɟɖ: 

¶ Űɞ ŮɚŮɨɗŮɟɞ ɛɐəɞɠ, ὒ əŬɘ 

¶ Űɞ ˊŬəŰɤɛɏɜɞ ɛɐəɞɠ, ὒ 

Ůɜɩ ůɡɜɐɗɤɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ əŬŰŬəɧɟɡűŮɠ ŬˊɞůŰɎůŮɘɠ: ὰ ςȢυ υȢυά 

 

ɆɢɐɛŬ 3-19: ɇɡˊɘəɐ ŭɘɎŰŬɝɖ ˊɟɞŮɜŰŮŰŬɛɏɜɤɜ ŬɔəɡɟɩůŮɤɜ. 

ũɘŬ Űɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ, ŭŮŭɞɛɏɜɞɡ Űɞɡ ɨɣɞɡɠ ŬɜŰɘůŰɐɟɘɝɖɠ ůɢŮŭɘŬůɛɞɨ ῷ ρυ ά, 

ŮˊɘɚɏɢɗɖəŮ ŬɜŰɘůŰɐɟɘɝɖ ɛŮ 4 ůŮɘɟɏɠ ˊɟɞŮɜŰŮŰŬɛɏɜɤɜ ŬɔəɡɟɩůŮɤɜ ůŮ ŬˊɞůŰɎůŮɘɠ ὰ

σ ά əŬɘ ɡˊɧ ɔɤɜɑŬ ‌ ςπЈ ɤɠ ˊɟɞɠ Űɖɜ ɞɟɘɕɧɜŰɘɞ (űɞɟɎ ɤɟɞɚɞɔɘŬəɐ). 

ɇɞ ˊŬəŰɤɛɏɜɞ ɛɐəɞɠ ˊɟɞŭɘŬůŰŬůɘɞɚɞɔŮɑŰŬɘ ɤɠ ŮɡɟɘůəɧɛŮɜɞ Ůɝɞɚɞəɚɐɟɞɡ ŮəŰɧɠ Űɖɠ 

ˊɘɗŬɜɐɠ ŮˊɘűɎɜŮɘŬɠ ŬůŰɞɢɑŬɠ. ȷɡŰɐ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɤɠ ŮˊɑˊŮŭɖ ůɨɛűɤɜŬ ɛŮ Űɖɜ 
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ŬɜɎˊŰɡɝɖ Űɞɡ ˊɟɑůɛŬŰɞɠ Űɤɜ ŮɜŮɟɔɖŰɘəɩɜ ɤɗɐůŮɤɜ əŬŰɎ Rankine (1857). ũɘŬ 

ɞɛɞɘɧɛɞɟűɞ ůɢɖɛŬŰɘůɛɧ ɛŮ ŮɜɘŬɑŮɠ ɛɖɢŬɜɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ •ᴂȟὧᴂ ɖ ɔɤɜɑŬ ɗ ŮəŰɘɛɎŰŬɘ 

əŬŰɎ Űɞɜ ŭɡůɛŮɜɏůŰŮɟɞ Űɟɧˊɞ. ȰŰůɘ, Űɞ ŮɚŮɨɗŮɟɞ ɛɐəɞɠ ɚŬɛɓɎɜŮŰŬɘ ŰɞɡɚɎɢɘůŰɞɜ ɑůɞ 

ɛŮ Űɖɜ ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ɗŮɤɟɖŰɘəɐ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ ŬůŰɞɢɑŬɠ ˊɞɡ ůɢɖɛŬŰɑɕŮɘ 

— τυ  ɛŮ Űɖɜ ɞɟɘɕɧɜŰɘɞ, ɧˊɞɡ • ɖ ŮɜŮɟɔɧɠ ɔɤɜɑŬ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ Űɖɠ 

Ůˊɑɢɤůɖɠ. ɇɞ ˊŬəŰɤɛɏɜɞ ɛɐəɞɠ ůŮ ŬɔəɨɟɘŬ Űɨˊɞɡ ȷ ɛˊɞɟŮɑ ɜŬ ŮəŰɘɛɖɗŮɑ ɓɎůŮɘ Űɖɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɐɠ ŬɜŰɞɢɐɠ ůɡɜɎűŮɘŬɠ ŮɜɏɛŬŰɞɠ ï ŮŭɎűɞɡɠ ȟὪ ȟ ɤɠ Ůɝɐɠ: 

ὒ
Ὑȟ

“ϽὈ ϽὪ ȟ
 ρσ 

ɧˊɞɡ Ὀ  ɖ ŭɘɎɛŮŰɟɞɠ Űɞɡ ɓɞɚɓɞɨ ˊɎəŰɤůɖɠ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3-18 ˊɞɡ 

ɚŬɛɓɎɜŮɘ Űɘɛɏɠ: 

¶ ‎―‌ ʘ‏‌•‛‟ȡ Ὀ ḙρςρυὧά  

¶ ‎―‌ ‍”ʗ…‛ȡ Ὀ ḙφ ψὧά  

əŬɘ Ὑȟ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ ŬɜŰɞɢɐ Űɞɡ Ŭɔəɡɟɑɞɡ ˊɞɡ ˊɟɞəɨˊŰŮɘ ŮɑŰŮ Ŭˊɧ ŭɞəɘɛɏɠ 

ŮɝɧɚəŮɡůɖɠ ŮɑŰŮ Ŭˊɧ ůɢŮŭɘŬůɛɧ ɛŮ ɢŬɟŬəŰɖɟɘůŰɘəɐ ŬɜŰɞɢɐ Űɤɜ ŰŮɜɧɜŰɤɜ (əŬŰɎ ȺɁ 

1997-1:2004) ɤɠ Ůɝɐɠ: Ὑȟ Ὑȟ ὪȟϽὃ, ɧˊɞɡ Ὢȟ Űɞ ɧɟɘɞ ŭɘŬɟɟɞɐɠ əŬɘ ὃ ɖ 

ŭɘɎɛŮŰɟɞɠ Űɞɡ ŰɏɜɞɜŰŬ. Ɇɡɜɐɗɤɠ ɚŬɛɓɎɜɞɜŰŬɘ ŰɏɜɞɜŰŮɠ ˊɟɞɏɜŰŬůɖɠ ɛŮ ŭɘɎɛŮŰɟɞ 

πɲȢφ πȢφϽςȢυτὧά ρȢσω ὧά  əŬɘ ɢɎɚɡɓŬɠ ɡɣɖɚɐɠ ŬɜŰɞɢɐɠ ὛρχππȾρωππ.  

ɆŰɞ ˊɚŬɑůɘɞ Űɖɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ, ɞɘ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ ˊɟɞůɞɛɞɘɩɜɞɜŰŬɘ 

ɤɠ ůɡɜŭɡŬůɛɧɠ ŭɨɞ ůŰɞɘɢŮɑɤɜ, Ůɜɧɠ ůŰɞɘɢŮɑɞɡ ŭɘəŰɡɩɛŬŰɞɠ (node to node anchor ï 

truss element) ɔɘŬ Űɞ ŮɚŮɨɗŮɟɞ ɛɐəɞɠ əŬɘ Ůɜɧɠ ůŰɞɘɢŮɑɞɡ Űɨˊɞɡ ɔŮɤˊɚɏɔɛŬŰɞɠ 

(geogrid) ɐ ɓɞɚɓɞɨ ˊɎəŰɤůɖɠ (embedded beam row) ɔɘŬ Űɞ ŮɔəɘɓɤŰɘůɛɏɜɞ ɛɐəɞɠ. 

ɆŰɞ ŮɚŮɨɗŮɟɞ Ɏəɟɞ ɖ ůɡɛˊŮɟɘűɞɟɎ ɞɟɑɕŮŰŬɘ ŮɚŬůŰɞˊɚŬůŰɘəɐ ɛŮ ɛɏɔɘůŰɞ űɞɟŰɑɞ ŬɡŰɧ 

Űɞɡ űɞɟŰɑɞɡ ůɢŮŭɘŬůɛɞɨ. ȷɜŰɑůŰɞɘɢŬ ɞɟɑɕŮŰŬɘ əŬɘ ůŰɞ ˊŬəŰɤɛɏɜɞ ɛɐəɞɠ. 

ɆɨɛűɤɜŬ ɛŮ ɧɚŬ ŰŬ ˊŬɟŬˊɎɜɤ, ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ ˊŬɟŬŰɑɗŮɜŰŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ 

ůɢŮŭɘŬůɛɞɨ Űɤɜ ŬɔəɡɟɩůŮɤɜ: 

ɄɑɜŬəŬɠ 3-9: ɄŬɟɎɛŮŰɟɞɘ ůɢŮŭɘŬůɛɞɨ Űɤɜ ŬɔəɡɟɩůŮɤɜ. 

ɄŮɟɘɔɟŬűɐ 
Ɇɨɛɓɞɚɞ (ɛɞɜɎŭŬ 
ɛɏŰɟɖůɖɠ) 

ɇɘɛɐ  

ȴɣɞɠ ŮəůəŬűɐɠ H (m) 15 

ɆŮɘɟɏɠ ŬɔəɡɟɩůŮɤɜ əŬɗô ɨɣɞɠ n (-) 4 

ȹɘɎɛŮŰɟɞɠ ɞˊɐɠ ŬɔəɡɟɩůŮɤɜ Dg (cm) 12 

ȾŬŰŬəɧɟɡűɖ ŬˊɧůŰŬůɖ 
ŬɔəɡɟɩůŮɤɜ 

l (m) 3.0 

ũɤɜɑŬ əɚɑůɖɠ Ŭɔəɡɟɑɤɜ Ŭ (deg) 20° 

ɃɟɘɕɧɜŰɘŬ ŬˊɧůŰŬůɖ ŬɔəɡɟɩůŮɤɜ Lspacing (m) 3.0 

ȺɚŮɨɗŮɟɞ ɛɐəɞɠ Ŭɔəɡɟɑɤɜ Lf (m)  

ɄŬəŰɤɛɏɜɞ ɛɐəɞɠ Ŭɔəɡɟɑɤɜ Lg (m) 6,0 

ȷɜŰɞɢɐ ůɢŮŭɘŬůɛɞɨ Ŭɔəɡɟɑɤɜ Ra,d (kN) -* 

*ȺɝɏŰŬůɖ ɤɠ ˊŬɟɎɛŮŰɟɞɠ Ůˊɘɟɟɞɐɠ 
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ȷˊɧ Űɞɜ ˊŬɟŬˊɎɜɤ ˊɑɜŬəŬ ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɚŮɑˊŮɘ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ŮɚŮɨɗŮɟɞɡ 

ɛɐəɞɡɠ Ŭɔəɡɟɑɤɜ əŬɘ ɖ ŬɜŰɞɢɐ ůɢŮŭɘŬůɛɞɨ Űɤɜ ŬɔəɡɟɩůŮɤɜ.  

ɇɞ ŮɚŮɨɗŮɟɞ ɛɐəɞɠ ůŰɖɜ ˊŬɟɞɨůŬ ŬɜɎɚɡůɖ ɚŬɛɓɎɜŮŰŬɘ ˊɟɞůŮɔɔɘůŰɘəɎ ɚɑɔɞ 

ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɖɜ ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ɗŮɤɟɖŰɘəɐ ŮˊɑˊŮŭɖ ŮˊɘűɎɜŮɘŬ ŬůŰɞɢɑŬɠ ˊɞɡ 

ůɢɖɛŬŰɑɕŮɘ — τυ  ɛŮ Űɖɜ ɞɟɘɕɧɜŰɘɞ, ɧˊɞɡ • ɖ ŮɜŮɟɔɧɠ ɔɤɜɑŬ ŭɘŬŰɛɖŰɘəɐɠ 

ŬɜŰɞɢɐɠ Űɖɠ Ůˊɑɢɤůɖɠ. ɃɟɘůɛɏɜŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ Ůŭɩ ɤůŰɧůɞ ɔɘŬ Űɖɜ ɔɤɜɑŬ 

ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ: 

ũɘŬ Űɞ ŮŭŬűɘəɧ ˊɟɞűɑɚ Űɞɡ əɟɞəŬɚɞˊŬɔɞɨɠ əŬɘ Űɞɡ ɡˊŮɟəŮɑɛŮɜɞɡ ɛŬɜŭɨŬ 

ŬˊɞůɎɗɟɤůɖɠ Űɞɡ, ɚŬɛɓɎɜŮŰŬɘ Űɞ ɛɏɔɘůŰɞ • σχȢυЈO — φσȢχυЈ. ȰŰůɘ, Űɞ ɛɏɔɘůŰɞ 
ɞɟɘɕɧɜŰɘɞ ɛɐəɞɠ ὒ ˊɞɡ ŮəŰŮɑɜŮŰŬɘ Űɞ ŮɜŮɟɔɖŰɘəɧ ˊɟɑůɛŬ ɗŬ ˊɟɞəɨɣŮɘ ɤɠ Ůɝɐɠ: 

ὒȟ ȟ

Ὄ Ὢ

ÔÁÎ —
ψȢψ ά 

ȷɜŰɑůŰɞɘɢŬ ɔɘŬ Űɖɜ ɡˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖ Ɏɟɔɘɚɞ ˊɟɞəɨˊŰŮɘ: 

• ςυЈO— υχȢυЈO ὒȟ ȟ

Ὄ Ὢ

ÔÁÎ —
ρρȢυ ά 

ɧˊɞɡ Ὄ Űɞ ɨɣɞɠ ɔŮɜɘəɐɠ ŮəůəŬűɐɠ əŬɘ Ὢ Űɞ ɓɎɗɞɠ ɏɛˊɖɝɖɠ Űɤɜ ˊŬůůɎɚɤɜ. 

ɇŬ ˊŬɟŬˊɎɜɤ ɛŮɔɏɗɖ əŬɘ ɞɘ ɡˊɞɚɞɔɘůɛɞɑ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ əŬŰô ŬɜŰɘůŰɞɘɢɑŬ ɛŮ Űɞ 

ɆɢɐɛŬ 3-19. 

ɆɖɛŮɘɩɜŮŰŬɘ Ůˊɑůɖɠ ɧŰɘ ɔɘŬ Űɘɠ ŭɨɞ ɓŬɗɨŰŮɟŮɠ ŬɔəɡɟɩůŮɘɠ (ŭɖɚ. Űɖɜ 3ɖ əŬɘ 4ɖ ůŮɘɟɎ 

ŬɔəɡɟɩůŮɤɜ), ˊɟɏˊŮɘ ɜŬ ɘůɢɨŮɘ: 

ὒ υ ά 

 

Ƀɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ Űɘɛɏɠ ŬɜŰɞɢɐɠ ůɢŮŭɘŬůɛɞɨ Űɤɜ ŬɔəɡɟɩůŮɤɜ ɗŬ ɡˊɞɚɞɔɘůŰɞɨɜ ɛŮ 

ɓɎůɖ Űɘɠ ɔŮɤŰŮɢɜɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɤɜ ŮŭŬűɩɜ. ɀŮŰŬůɢɖɛŬŰɑɕɞɜŰŬɠ Űɖɜ ůɢɏůɖ [13] 

ɏɢɞɡɛŮ: 

Ὑȟ
Ὑȟ
‎

ὒϽ“ϽὈ Ͻ†  ρτ 

ɧˊɞɡ † Ὢ ȟ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ ŬɜŰɞɢɐ ůɡɜɎűŮɘŬɠ ŮɜɏɛŬŰɞɠ ï ŮŭɎűɞɡɠ, ‎ ρȢρπ 

Ůˊɘɛɏɟɞɡɠ ůɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ Űɞɡ ȺɡɟɤəɩŭɘəŬ 7 (ȺɁ 1997-1:2003) əŬɘ ɀɏɗɞŭɞ 

ȷɜɎɚɡůɖɠ 2* (D.A.-2*) əŬɘ ɔɘŬ ŭŮŭɞɛɏɜɖ ŭɘɎɛŮŰɟɞ ɞˊɐɠ ŭɘŬŰɟɖɛɎŰɤɜ əŬɘ ˊŬəŰɤɛɏɜɞ 

ɛɐəɞɠ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ɔɘŬ ŰŬ ůɡɔəŮəɟɘɛɏɜŬ ŮŭŬűɘəɎ ˊɟɞűɑɚ ˊɞɡ ˊŬɟŬˊɏɛˊɞɡɜ ůŮ 

ůɢɖɛŬŰɘůɛɞɨɠ ɡˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖɠ Ŭɟɔɑɚɞɡ əŬɘ ŬˊɞůŬɗɟɤɛɏɜɞɡ ɖɛɘɓɟɎɢɞɡ, 

ɚŬɛɓɎɜŮŰŬɘ ɞɛɞɘɞɔŮɜɐ Űɘɛɐ ŭɘŬɛɏŰɟɞɡ ˊɞɡ ɘůɞɨŰŬɘ ɛŮ Űɖɜ ŭɘɎɛŮŰɟɞ Űɞɡ ŭɘŬŰɟɐɛŬŰɞɠ: 

Ὀ ρς ὧά 

ɇɞ ˊŬəŰɤɛɏɜɞ ɛɐəɞɠ Ůɚɐűɗɖ əŬŰɎ ˊŬɟŬŭɞɢɐɜ ɑůɞ ɛŮ: 

ὒ φ ά 

ȼ ɢŬɟŬəŰɖɟɘůŰɘəɐ ŬɜŰɞɢɐ ůɡɜɎűŮɘŬɠ Űɞɡ ɓɞɚɓɞɨ ˊɎəŰɤůɖɠ †  ŮɑɜŬɘ Űɞ ɎɗɟɞɘůɛŬ 

Űɤɜ Űɞˊɘəɩɜ ůɡɜŬűŮɘɩɜ(ɞɚɞəɚɐɟɤɛŬ), ŭɖɚŬŭɐ: 
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† †Ὠὰ 

ɄɟɧəŮɘŰŬɘ ɔɘŬ ɏɜŬ ɛɏůɞ-ˊɚŬůɛŬŰɘəɧ ɛɏɔŮɗɞɠ, ŭɘɧŰɘ ɖ əŬŰŬɜɞɛɐ Űɖɠ ŭɘŬŰɛɖŰɘəɐɠ ŰɎůɖɠ 

ŮɑɜŬɘ Ŭɜɞɛɞɘɧɛɞɟűɖ əŬŰɎ ɛɐəɞɠ Űɞɡ ɓɞɚɓɞɨ. Ⱥűɧůɞɜ ɚɞɘˊɧɜ ŭŮɜ ŭɘŬŰɑɗŮɜŰŬɘ 

ŭŮŭɞɛɏɜŬ ŭɞəɘɛɩɜ ŮɝɧɚəŮɡůɖɠ, ŬɡŰɐ ŮɝŮŰɎɕŮŰŬɘ ɤɠ ˊŬɟɎɛŮŰɟɞɠ ɛŮ ůɡɔəŮəɟɘɛɏɜɞ 

űɎůɛŬ Űɘɛɩɜ ɓɎůŮɘ Űɤɜ ɜɞɛɞɔɟŬűɖɛɎŰɤɜ əŬŰɎ Ostermayer (1974) əŬɘ Ostermayer & 

Scheele (1977) ɔɘŬ ůɡɜŮəŰɘəɎ əŬɘ ɛɖ ůɡɜŮəŰɘəɎ ŮŭɎűɖ ŬɜŰɑůŰɞɘɢŬ. ɆɡɔəŮəɟɘɛɏɜŬ ɞɘ 

Űɘɛɏɠ ŭɘŬűŬɑɜɞɜŰŬɘ ůŰɞɜ ˊŬɟŬəɎŰɤ ˊɑɜŬəŬ: 

ɄɑɜŬəŬɠ 3-10: ɇɘɛɏɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ ŬɜŰɞɢɐɠ ůɡɜɎűŮɘŬɠ ŮɜɏɛŬŰɞɠ ï ŮŭɎűɞɡɠ ɔɘŬ ŰŬ ŭɨɞ ŮŭŬűɘəɎ 

ˊɟɞűɑɚ. 

ɇɨˊɞɠ ŮŭɎűɞɡɠ 
ɉŬɟŬəŰɖɟɘůŰɘəɐ ŬɜŰɞɢɐ 

ůɡɜɎűŮɘŬɠ ŮɜɏɛŬŰɞɠ ï ŮŭɎűɞɡɠ, 
Űult  (kN/m2) 

Soil,1 

150 

300 

450 

Soil,2 

100 

200 

300 

 

ɇŬ ɛɧɜɘɛŬ ɚŮɘŰɞɡɟɔɘəɎ ŬɔəɨɟɘŬ ˊɟɞŮɜŰŮɑɜɞɜŰŬɘ ɛŮ űɞɟŰɑɞ ὖ ρȢςυzὖ ʝ 

əŬɘ əɚŮɘŭɩɜɞɡɜ (lock-off) ůŰɞ çűɞɟŰɑɞ ůűɐɜɤůɖɠè ὖ πȢψ πȢωϽὖ ʝ. 

ɄɟɞůŮɔɔɘůŰɘəɎ ɚɞɘˊɧɜ ɛˊɞɟŮɑ ɜŬ ɚɖűɗŮɑ űɞɟŰɑɞ çůűɐɜɤůɖɠè ɐ ɔŮɜɘəɧŰŮɟŬ 

Ŭɔəɨɟɤůɖɠ: 

ὖ πȢψϽὙȟ 

ɇŮɚɘəɩɠ, ɛŮ ɓɎůɖ ŰŬ ˊŬɟŬˊɎɜɤ əŬɘ Űɖɜ ůɢɏůɖ [14] ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ Űɘɛɏɠ 

ůɢŮŭɘŬůɛɞɨ Űɤɜ ŬɔəɡɟɩůŮɤɜ əŬɘ ŰŬ űɞɟŰɑŬ ůűɐɜɤůɖɠ (lock-off load) ůŰɞ űɎůɛŬ 

Űɘɛɩɜ Űɞɡɠ.  

ɄɑɜŬəŬɠ 3-11: ɇɘɛɏɠ ůɢŮŭɘŬůɛɞɨ Űɤɜ ŬɔəɡɟɩůŮɤɜ əŬɘ űɞɟŰɑŬ ůűɐɜɤůɖɠ. 

ɇɨˊɞɠ ŮŭɎűɞɡɠ ȷɜŰɞɢɐ ůɢŮŭɘŬůɛɞɨ 
ŬɔəɡɟɩůŮɤɜ, Ra,d (kN) 

ūɞɟŰɑɞ ůűɐɜɤůɖɠ (lock -
off) , P0 (kN) 

Soil,1 

308 247 

617 494 

925 740 

Soil,2 

206 165 

411 329 

617 494 

ȼ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɛŮŰɏˊŮɘŰŬ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ ɗŬ ɚɎɓŮɘ ɡˊɧɣɖ Űɞ űɎůɛŬ Űɤɜ 

ˊŬɟŬˊɎɜɤ Űɘɛɩɜ. 
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ɆŰɞɘɢŮɑŬ ŭɘŮˊɘűɎɜŮɘŬɠ: 

ɆŰɞɘɢŮɑŬ ŭɘŮˊɘűɎɜŮɘŬɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ˊɎɜŰɞŰŮ ůŰŬ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ˊɞɡ ɏɢɞɡɜ 

ůɡɜɏɢŮɘŬ ůŰɖɜ ŭɘŬɛɐəɖ ŭɘɎůŰŬůɖ. ȰŰůɘ, ůŰɞɡɠ űɟŮŬŰɞˊŬůůɎɚɞɡɠ ŬɜŰɘůŰɐɟɘɝɖɠ 

ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɞɘɢŮɑŬ ŭɘŮˊɘűɎɜŮɘŬɠ, Ůɜɩ ůŰŬ ŬɔəɨɟɘŬ ɚɧɔɤ Űɖɠ ɛɘəɟɐɠ ŭɘŬŰɞɛɐɠ ŭŮɜ 

ŰɞˊɞɗŮŰɞɨɜŰŬɘ.  

ȹɘɏˊɞɜŰŬɘ Ŭˊɧ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ɟɞɐɠ (ŬŭɘŬˊɏɟŬŰɖ, ŭɘŬˊŮɟŬŰɐ ɐ ɖɛɘŭɘŬˊŮɟŬŰɐ 

ŭɘŮˊɘűɎɜŮɘŬ) əŬɘ Űɖɜ ɔɤɜɑŬ Űɟɘɓɐɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ ŮŭɎűɞɡɠ ï Űɞɑɢɞɡ, 

‏  ʙ Ὑ  əŬŰɎ Coulomb (1776). ȼ ŰŮɚŮɡŰŬɑŬ ɚŬɛɓɎɜŮɘ Űɘɛɏɠ Ŭˊɧ Ὑ

πȢσ ρȢπ ŬɜŬɚɧɔɤɠ Űɞɜ Űɨˊɞ Űɞɡ ŮŭɎűɞɡɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ Ůɚɐűɗɖ: 

¶ Ὑ πȢυ ‎―‌ †‌ „‡‘“‐”―•‐”ʝ‘‐’‌ ʗ‖―†‖‐’‡„ –‘ ‟‫ 

¶ Ὑ πȢχ ‎―‌ †‌ „‡’‐‖†―‖ʗ ‐‏ʗ•– “Ȣ…Ȣ‡“‐”„†‐”‐‛“‛―–‘ʘ’‐‟ ‌”‎ʚ‗‛‡‟ 

 

3.2.5  ȹɘŬəɟɘŰɞˊɞɑɖůɖ 

ȼ ŭɘŬəɟɘŰɞˊɞɑɖůɖ ŮɑɜŬɘ ɛɘŬ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ɏˊŮŰŬɘ Űɖɠ əŬŰɎůŰɟɤůɖɠ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ 

ɛɞɜŰɏɚɞɡ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɞɟɘůŰŮɑ ŮˊŬəɟɘɓɩɠ ɐ ˊɟɞůŮɔɔɘůŰɘəɎ ɞ Ŭɟɘɗɛɧɠ Űɤɜ 

ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ Űɞɡ ŮŭŬűɘəɞɨ ɢɩɟɞɡ.  

ɆŰɘɠ ŭɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ ŮˊɘɚɏɢɗɖəŮ Űɞ Űɟɘɔɤɜɘəɧ 15-əɞɛɓɘəɧ ůŰɞɘɢŮɑɞ ï ŬɜŰɑ Űɞɡ 

Űɟɘɔɤɜɘəɞɨ 6-əɞɛɓɘəɞɨ ï ɔɘŬ ɚɧɔɞɡɠ ɛŮɔŬɚɨŰŮɟɖɠ ɡˊɞɚɞɔɘůŰɘəɐɠ ŬəɟɑɓŮɘŬɠ. 

ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ŬɡŰɧɛŬŰɖ ˊŬɟŬɔɤɔɐ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ɔɘŬ ˊɞɚɨ əŬɚɐ 

(Very fine) ˊɨəɜɤůɖ Űɞɡ əŬɜɎɓɞɡ.  

 

ɆɢɐɛŬ 3-20: ɇɟɘɔɤɜɘəɧ 15-əɞɛɓɘəɧ ůŰɞɘɢŮɑɞ ɔɘŬ 2D ŬɜŬɚɨůŮɘɠ (ˊŬɟɎɗŮůɖ Ŭˊɧ Brinkgreve et al., 2013). 

ȷɜŰɑɗŮŰŬ, ůŰɘɠ ŰɟɘŭɘɎůŰŬŰŮɠ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɞ ŰŮŰɟŬŮŭɟɘəɧ 10-əɞɛɓɘəɧ ůŰɞɘɢŮɑɞ əŬɘ 

əŬɚɐ ˊɨəɜɤůɖ əŬɜɎɓɞɡ (fine) ɛŮ ɓŮɚŰɑɤůɖ ŭɘŬəɟɘŰɞˊɞɑɖůɖɠ əɞɜŰɎ ůŰɖɜ ŮəůəŬűɐ. 

 

ɆɢɐɛŬ 3-21: ɇŮŰɟŬŮŭɟɘəɧ 10-əɞɛɓɘəɧ ůŰɞɘɢŮɑɞ ɔɘŬ 3D ŬɜŬɚɨůŮɘɠ (ˊŬɟɎɗŮůɖ Ŭˊɧ PLAXIS 3D-Reference 

Manual). 
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3.2.6  ɆŰɎŭɘŬ ŬɜɎɚɡůɖɠ 

ȸŬůɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ůŰŬ ɚɞɔɘůɛɘəɎ ˊŮˊŮɟŬůɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ŮɑɜŬɘ ŰŬ ůŰɎŭɘŬ 

ŬɜɎɚɡůɖɠ, ɛɏůɤ Űɤɜ ɞˊɞɑɤɜ ŮˊɘŰɟɏˊŮŰŬɘ ɖ ŭɘɎůˊŬůɖ Űɖɠ əŬŰŬůəŮɡŬůŰɘəɐɠ 

ŬəɞɚɞɡɗɑŬɠ ɛɘŬɠ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɖɠ ɓŬɗɘɎɠ ŮəůəŬűɐɠ ůŮ Ůˊɘɛɏɟɞɡɠ ůŰɎŭɘŬ.  

ȺɟɔɞŰŬɝɘŬəɎ ɞɘ ŮɟɔŬůɑŮɠ ɔɑɜɞɜŰŬɘ Ůɜ ˊŬɟŬɚɚɐɚɤ, ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŮˊɖɟŮɎɕŮɘ 

ůɖɛŬɜŰɘəɎ Űɖɜ ŬˊɞŰɧɜɤůɖ Űɤɜ ɛŮŰŬəɘɜɐůŮɤɜ əŬɘ ˊɞɡ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŬˊɞŰɡˊɤɗŮɑ 

ŮˊŬɟəɩɠ ɛŮ Űɖɜ ŭɘŬɑɟŮůɖ ůŮ Ůˊɘɛɏɟɞɡɠ ůŰɎŭɘŬ. ȷɡŰɧ ˊɞɡ ɤůŰɧůɞ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ 

ŮɑɜŬɘ ɖ ŭɘŬɑɟŮůɖ ůŮ ɧůɞ Űɞ ŭɡɜŬŰɧɜ əŬŰŬɚɚɖɚɧŰŮɟŬ ůŰɎŭɘŬ ŬɜɎɚɡůɖɠ. ȹɖɚŬŭɐ, ůŰŬ 

ůŰɎŭɘŬ ˊɞɡ ˊɟɞəŬɚɞɨɜ ůɖɛŬɜŰɘəɏɠ ɛŮŰŬəɘɜɐůŮɘɠ, ɧˊɤɠ ˊ.ɢ. ůŰɎŭɘŬ ŮəůəŬűɐɠ, 

ŬˊɞůŰɟɎɔɔɘůɖɠ, əŬŰŬůəŮɡɐɠ Űɞɑɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ ə.ɞ.ə.  

ɆɡɔəŮəɟɘɛɏɜŬ, ŰŬ ůŰɎŭɘŬ ŬɜɎɚɡůɖɠ (stages) ˊɞɡ ŮˊɘɚɏɢɗɖəŬɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ (ɆɢɐɛŬ 

3-7): 

- Phase 1: ȾŬŰɎůŰŬůɖ Ŭɟɢɘəɞɨ ŰŬůɘəɞɨ ˊŮŭɑɞɡ ɛŮ ɓɎůɖ Űɞɜ ůɡɜŰŮɚŮůŰɐ 

ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ Ὼ („ ‎ᾀȟ„ Ὼ‎ᾀȟῺ “‌”ʗ‘‐†”‛‟ ‐“―””‛ʙ‟ 

 

- Phase 2: ȺɜŮɟɔɞˊɞɑɖůɖ Űɞɡ ˊŬůůŬɚɧŰɞɘɢɞɡ ŬɜŰɘůŰɐɟɘɝɖɠ əŬɘ Űɤɜ 

ŭɘŮˊɘűŬɜŮɘɩɜ 

 

- Phase 3: ȺəůəŬűɐ 1ɞɡ ŰɛɐɛŬŰɞɠ ɛɏɢɟɘ ɓɎɗɞɠ πȟυ ά əɎŰɤ Ŭˊɧ Űɖ ůŰɎɗɛɖ Űɖɠ 

1ɖɠ Ŭɔəɨɟɤůɖɠ (ůɡɜɞɚɘəɧɠ ɓɎɗɞɠ σȟυ ά) 

 

- Phase 4: ȺɜŮɟɔɞˊɞɑɖůɖ 1ɖɠ ůŮɘɟɎɠ ŬɔəɡɟɩůŮɤɜ + ˊɟɞɏɜŰŬůɖ ɛŮ űɞɟŰɑɞ 

çůűɐɜɤůɖɠè ὖ 

 

- Phase 5: ȺəůəŬűɐ 2ɞɡ ŰɛɐɛŬŰɞɠ ɛɏɢɟɘ ɓɎɗɞɠ πȟυ ά əɎŰɤ Ŭˊɧ Űɖ ůŰɎɗɛɖ Űɖɠ 

2ɖɠ Ŭɔəɨɟɤůɖɠ (ůɡɜɞɚɘəɧɠ ɓɎɗɞɠ φȟυ ά) 

 

- Phase 6: ȺɜŮɟɔɞˊɞɑɖůɖ 2ɖɠ ůŮɘɟɎɠ ŬɔəɡɟɩůŮɤɜ + ˊɟɞɏɜŰŬůɖ ɛŮ űɞɟŰɑɞ 

çůűɐɜɤůɖɠè ὖ 

 

- Phase 7: ȺəůəŬűɐ 3ɞɡ ŰɛɐɛŬŰɞɠ ɛɏɢɟɘ ɓɎɗɞɠ πȟυ ά əɎŰɤ Ŭˊɧ Űɖ ůŰɎɗɛɖ Űɖɠ 

3ɖɠ Ŭɔəɨɟɤůɖɠ (ůɡɜɞɚɘəɧɠ ɓɎɗɞɠ ωȟυ ά) 

 

- Phase 8: ȺɜŮɟɔɞˊɞɑɖůɖ 3ɖɠ ůŮɘɟɎɠ ŬɔəɡɟɩůŮɤɜ + ˊɟɞɏɜŰŬůɖ ɛŮ űɞɟŰɑɞ 

çůűɐɜɤůɖɠè ὖ 

 

- Phase 9: ȺəůəŬűɐ 4ɞɡ ŰɛɐɛŬŰɞɠ ɛɏɢɟɘ ɓɎɗɞɠ πȟυ ά əɎŰɤ Ŭˊɧ Űɖ ůŰɎɗɛɖ Űɖɠ 

4ɖɠ Ŭɔəɨɟɤůɖɠ (ůɡɜɞɚɘəɧɠ ɓɎɗɞɠ ρςȟυ ά) 

 

- Phase 10: ȺɜŮɟɔɞˊɞɑɖůɖ 4ɖɠ ůŮɘɟɎɠ ŬɔəɡɟɩůŮɤɜ + ˊɟɞɏɜŰŬůɖ ɛŮ űɞɟŰɑɞ 

çůűɐɜɤůɖɠè ὖ 

 

- Phase 11: ȺəůəŬűɐ ŰŮɚŮɡŰŬɑɞɡ ŰɛɐɛŬŰɞɠ ɛɏɢɟɘ Űɞ ɓɎɗɞɠ ɔŮɜɘəɐɠ ŮəůəŬűɐɠ 

(ůɡɜɞɚɘəɧɠ ɓɎɗɞɠ ρυ ά) 

 

- Phase 12: Ɉˊɞɚɞɔɘůɛɧɠ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ SF ɛɏůɤ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ 

Safety (ŭɖɚ. ŰŬɡŰɧɢɟɞɜɖɠ ɛŮɑɤůɖɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ ŮŭɎűɞɡɠ 

•ᴂȟὧᴂ). 
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3.3. ȰɚŮɔɢɞɘ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ 

ɇɞ ˊɟɧɓɚɖɛŬ Űɤɜ ŮŭŬűɘəɩɜ ɡˊɞɢɤɟɐůŮɤɜ ŮəŬŰɏɟɤɗŮɜ ɓŬɗɘɩɜ ŮəůəŬűɩɜ 

ˊɟɞɦˊɞɗɏŰŮɘ ɛɧɜɞ ŮɝɏŰŬůɖ Űɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠȚ ɤůŰɧůɞ ɞɘ ɞɟɘŬəɏɠ 

əŬŰŬůŰɎůŮɘɠ ŬůŰɞɢɑŬɠ ŭŮɜ ůɖɛŬɑɜŮɘ ɧŰɘ ˊŬɨɞɡɜ ɜŬ ɘůɢɨɞɡɜ, ŭɘɧŰɘ ŭɘŬűɞɟŮŰɘəɎ ɞɘ 

ɛŮŰŬəɘɜɐůŮɘɠ ŭŮɜ ɗŬ ɏɢɞɡɜ ɜɧɖɛŬ ï ɗŮɤɟɩɜŰŬɠ ŭɖɚŬŭɐ ɞɘɞɜŮɑ ŮɚŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ 

ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ. 

ɆŰɞ ˊɚŬɑůɘɞ ɚɞɘˊɧɜ Űɤɜ ŬɜŬɚɨůŮɤɜ, ŰɑɗŮɜŰŬɘ ŮůɤŰŮɟɘəɞɑ ɏɚŮɔɢɞɘ, ɞɨŰɤɠ ɩůŰŮ ɜŬ 

ŮˊŬɚɖɗŮɨŮŰŬɘ ůɡɜŮɢɩɠ ɖ ŮˊɎɟəŮɘŬ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ. ɄŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɘɜ, 

ɞűŮɑɚŮɘ ɜŬ ŮɝŮŰɎɕŮŰŬɘ: 

¶ Ƀ ɏɚŮɔɢɞɠ Űɖɠ ɟɞˊɐɠ ŬɜŰɑůŰŬůɖɠ Űɞɡ Űɞɑɢɞɡ  

¶ Ɉˊɧ Űɖɜ  ˊŬɟɞɡůɑŬ ɈɈɃ, ɞ ɏɚŮɔɢɞɠ Űɖɠ ɛɏɔɘůŰɖɠ ɡŭɟŬɡɚɘəɐɠ əɚɑůɖɠ ůŰɖɜ 

Ŭɘɢɛɐ Űɞɡ Űɞɑɢɞɡ, ɩůŰŮ ɜŬ ɛɖɜ ŮɛűŬɜɘůŰɞɨɜ űŬɘɜɧɛŮɜŬ ɡŭɟŬɡɚɘəɐɠ 

ɡˊɞůəŬűɐɠ, Ὥ Ὥ πȢχ  

¶ Ƀ ɏɚŮɔɢɞɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ (SF) Űɤɜ ɔŮɘŰɜɘŬɕɧɜŰɤɜ ˊɟŬɜɩɜ ůŮ 

əɎɗŮ ůŰɎŭɘɞ ɐ ɛɏɢɟɘ Űɖ ɔŮɜɘəɐ ůŰɎɗɛɖ ŮəůəŬűɐɠ. ũŮɜɘəɎ, ˊɟɏˊŮɘ ůŮ əɎɗŮ 

ůŰɎŭɘɞ ŮəůəŬűɐɠ, ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ əŬŰŬůəŮɡɐɠ Űɞɡ Űɞɑɢɞɡ, 

ɜŬ ŮɝŬůűŬɚɑɕŮŰŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ɏɜŬɜŰɘ ŮɡůŰɎɗŮɘŬɠ ˊɟŬɜɞɨɠ, ὛὊ ρȢσχυ 

Ůűɧůɞɜ ˊŬɟŬŰɖɟɖɗŮɑ ɈɈɃ ɐ ὛὊ ρȢςυ ɢɤɟɑɠ Űɖɜ ˊŬɟɞɡůɑŬ ɈɈɃ. Ƀ 

ˊŬɟŬˊɎɜɤ ůɡɜŰŮɚŮůŰɐɠ ɚŬɛɓɎɜŮŰŬɘ ˊɞɚɚŬˊɚŬůɘɎɕɞɜŰŬɠ Űɞɡɠ Ůˊɘɛɏɟɞɡɠ 

ůɡɜŰŮɚŮůŰɏɠ ŬˊɞɛŮɑɤůɖɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ •ȟὧȢ  

¶ Ƀ ɏɚŮɔɢɞɠ Űɤɜ ŰŮɜɧɜŰɤɜ ɤɠ ˊɟɞɠ Űɖɜ ŰɎůɖ ŭɘŬɟɟɞɐɠ Űɞɡɠ 

¶ Ƀ ɏɚŮɔɢɞɠ ɧŰɘ Űɞ ˊŬəŰɤɛɏɜɞ ɛɐəɞɠ Űɤɜ Ŭɔəɡɟɑɤɜ ŮɑɜŬɘ ŮəŰɧɠ Űɞɡ əɨəɚɞɡ 

ŬůŰɞɢɑŬɠ. ɇŬ ŬɔəɨɟɘŬ ï ɤɠ ŭɞɛɘəɎ ůŰɞɘɢŮɑŬ ï əŬɘ ɞ Űɞɑɢɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ ï ɤɠ 

ˊɟɞɠ Űɞ ŬˊŬɘŰɞɨɛŮɜɞ ɓɎɗɞɠ ɏɛˊɖɝɖɠ ï ŮɜŭɏɢŮŰŬɘ ɜŬ ŭɘŬůŰŬůɘɞɚɞɔɞɨɜŰŬɘ 

ŮˊŬɟəɩɠ, ŬɚɚɎ ɜŬ ɛɖɜ ŮəŰɟɏˊɞɡɜ Űɖɜ ŬůŰɞɢɑŬ 

ɆɡɔəŮəɟɘɛɏɜŬ ˊŬɟŬəɎŰɤ, əŬŰɎ Űɞ ˊɟɧŰɡˊɞ ȺɁ 1997-1:2004, ŬɜŬűɏɟɞɜŰŬɘ ɞɘ 

ŬˊŬɘŰɐůŮɘɠ ůɢŮŭɘŬůɛɞɨ ɔɘŬ ŰŬ ɏɟɔŬ ŬɜŰɘůŰɐɟɘɝɖɠ ůŮ ɃɟɘŬəɏɠ ȾŬŰŬůŰɎůŮɘɠ ȷůŰɞɢɑŬɠ 

(ULS): 

¶ ȷˊɩɚŮɘŬ ɞɚɘəɐɠ ŮɡůŰɎɗŮɘŬɠ (Űɨˊɞɡ GEO) 

¶ ɆɡɜŭɡŬůɛɏɜɖ ŬůŰɞɢɑŬ ŮŭɎűɞɡɠ əŬɘ ŭɞɛɘəɞɨ ůŰɞɘɢŮɑɞɡ (Űɨˊɞɡ GEO) 

¶ ȰɚŮɔɢɞɠ ůŰŬŰɘəɐɠ ŮˊɎɟəŮɘŬɠ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ (Űɨˊɞɡ STR) 

¶ ȷůŰɞɢɑŬ ɚɧɔɤ ɡŭɟŬɡɚɘəɐɠ Ŭɜɨɣɤůɖɠ (hydraulic heave) əŬɘ ŭɘŬůɤɚɐɜɤůɖɠ 
(piping) 

¶ ȰɚŮɔɢɞɠ Ŭɜɨɣɤůɖɠ ɚɧɔɤ ŭɡɜɎɛŮɤɜ ŬɜɩůŮɤɠ (UPL) 

,Ůɜɩ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ Űɤɜ ˊɟɞŮɜŰŮŰŬɛɏɜɤɜ ŬɔəɡɟɩůŮɤɜ ɏɜŬɜŰɘ ɞɟɘŬəɩɜ 

əŬŰŬůŰɎůŮɤɜ ŬůŰɞɢɑŬɠ, əŬŰɎ Űɞ ɑŭɘɞ ˊɟɧŰɡˊɞ, ŬɜŬűɏɟɞɜŰŬɘ ɞɘ Ůɝɐɠ: 

¶ ɆɢŮŭɘŬůɛɧɠ ŬɔəɡɟɩůŮɤɜ ɏɜŬɜŰɘ ŮɝɧɚəŮɡůɖɠ (ɏɚŮɔɢɞɠ ŰɎůɖɠ ůɡɜɎűŮɘŬɠ Űɞɡ 
ɓɞɚɓɞɨ ˊɎəŰɤůɖɠ) 

¶ ɆɢŮŭɘŬůɛɧɠ ŬɔəɡɟɩůŮɤɜ ɤɠ ŭɞɛɘəɧ ůŰɞɘɢŮɑɞ (ɏɚŮɔɢɞɠ Űɘɛɐɠ ůɢŮŭɘŬůɛɞɨ Űɞɡ 
űɞɟŰɑɞɡ Űɖɠ Ŭɔəɨɟɤůɖɠ) 

 

ɆŰɞ ˊɟɧŰɡˊɞ Űɞɡ ȺɡɟɤəɩŭɘəŬ 7 (ȺɁ 1997-1:2004) ŭŮɜ ŬɜŬűɏɟɞɜŰŬɘ ŬɜŬɚɡŰɘəɩɠ 

ŭɘŬŰɎɝŮɘɠ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ ɏɜŬɜŰɘ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠȚ Ůɝɞɨ əŬɘ ɖ 

ŭɘŮɟŮɨɜɖůɖ ɛɏůɤ ŬɟɘɗɛɖŰɘəɩɜ ɛŮɗɧŭɤɜ. 
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3.4. ɄŬɟɎɛŮŰɟɞɘ Ů́ ɘɟɟɞɐɠ 

ɆŰɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ŮɜɧŰɖŰŮɠ ŬɜŬűɏɟɗɖəŮ ŬɜŬɚɡŰɘəɎ ɖ ŭɘŬŭɘəŬůɑŬ əŬŰɎůŰɟɤůɖɠ Űɞɡ 

ɛɞɜŰɏɚɞɡ ŬɟɘɗɛɖŰɘəɐɠ ˊɟɞůɞɛɞɑɤůɖɠ ɛŮ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ əŬɘ ɞɘ ŬˊŬɟŬɑŰɖŰŮɠ 

ůɡɜɗɐəŮɠ ˊɞɡ ɞűŮɑɚɞɡɜ ɜŬ ɘəŬɜɞˊɞɘɞɨɜŰŬɘ ůŮ əɎɗŮ ůŰɎŭɘɞ ŬɜɎɚɡůɖɠ. 

ɆŮ ɛɘŬ ɛŮɚɏŰɖ ˊŬɟŬɛŮŰɟɘəɐɠ ŭɘŮɟŮɨɜɖůɖɠ ɞɟɘůɛɏɜŮɠ ˊŬɟɎɛŮŰɟɞɘ ˊɟɏˊŮɘ ɜŬ 

ˊŬɟŬɛɏɜɞɡɜ ůŰŬɗŮɟɏɠ ɐ ɜŬ ŮɝŮŰɎɕɞɜŰŬɘ ůŮ ůɡɔəŮəɟɘɛɏɜɞ Ůɨɟɞɠ Űɘɛɩɜ. ɆŰɖɜ ˊŬɟɞɨůŬ 

ɛŮɚɏŰɖ ŮɝŮŰɎɕŮŰŬɘ ɖ Ůˊɘɟɟɞɐ Űɤɜ Ŭəɧɚɞɡɗɤɜ ˊŬɟŬɛɏŰɟɤɜ ï ŮɜŰɧɠ Űɞɡ ŬɜŰɑůŰɞɘɢɞɡ 

ɞɟɘůɛɏɜɞɡ űɎůɛŬŰɞɠ Űɘɛɩɜ Űɞɡɠ ɐ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ˊŮɟɘˊŰɩůŮɤɜ ŬɜɎɚɡůɖɠ ï ůŰɖɜ 

əŬɛˊɨɚɖ əŬŰŬɜɞɛɐɠ Űɤɜ əŬɗɘɕɐůŮɤɜ. 

 

¶ ȺŭŬűɘəɏɠ ůɡɜɗɐəŮɠ: 

Ƀɘ ŮŭŬűɘəɏɠ ůɡɜɗɐəŮɠ ŮɝŮŰɎůɗɖəŬɜ ůŰɖɜ ɡˊɞŮɜɧŰɖŰŬ Űɤɜ ɡɚɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ 

ɨůŰŮɟŬ Ŭˊɧ ŮˊŮɝŮɟɔŬůɑŬ ˊɟŬɔɛŬŰɘəɩɜ ŭŮɘɔɛŬŰɞɚɖˊŰɘəɩɜ ɔŮɤŰɟɐůŮɤɜ ůŰŬ ˊɚŬɑůɘŬ 

ɛŮɚɏŰɖɠ əŬɘ əŬŰŬůəŮɡɐɠ ɏɟɔɤɜ ŮəůəŬűɐɠ əŬɘ ŬɜŰɘůŰɐɟɘɝɖɠ. Ƀɘ ɔŮɤŰŮɢɜɘəɏɠ 

ˊŬɟɎɛŮŰɟɞɘ əŬɗɞɟɑůŰɖəŬɜ ɓɎůŮɘ əɟɘŰɖɟɑɤɜ ůŰŬŰɘůŰɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ Ůˊɑ Űɧˊɞɡ əŬɘ 

ŮɟɔŬůŰɖɟɘŬəɩɜ ŭɞəɘɛɩɜ ɛŮ ˊŬɟɎɚɚɖɚɖ ɢɟɐůɖ ɓɘɓɚɘɞɔɟŬűɑŬɠ əŬɘ ŮɛˊŮɘɟɘəɩɜ Űɘɛɩɜ. 

ɈˊŮɘůɏɟɢɞɜŰŬɘ ůŰɖɜ ˊŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ ɛɏůɤ ŭɨɞ Űɨˊɤɜ ŮŭɎűɞɡɠ ɛŮ Űɘɠ 

ŬəɧɚɞɡɗŮɠ ůɡɜŰɞɛŮɨůŮɘɠ: 

ɄɑɜŬəŬɠ 3-12: ȺŭŬűɘəɎ ˊɟɞűɑɚ ŬɜɎɚɡůɖɠ əŬɗɘɕɐůŮɤɜ. 

ɆɡɜŰɧɛŮɡůɖ ɄŮɟɘɔɟŬűɐ Mohr -Coulomb  (MC) Hardening Soil  (HS) 

Soil,1 

ȷɟɔɘɚɩŭŮɠ ŬɛɛɞɢɎɚɘəɞ (ɕɩɜɖ 
ŬˊɞůɎɗɟɤůɖɠ 
əɟɞəŬɚɞˊŬɔɞɨɠ) MCsoil,1 (MC1) HSsoil,1 (HS1) 

ȾɟɞəŬɚɞˊŬɔɏɠ əŬŰɎ Űɧˊɞɡɠ 
ŬˊɞůŬɗɟɤɛɏɜɞ 

Soil,2 
ɈˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖ (OC) 

Ɏɟɔɘɚɞɠ  
MCsoil,2 (MC2) HSsoil,2 (HS2) 

 

¶ ɆɡɜŰŮɚŮůŰɐɠ ɤɗɐůŮɤɜ ůŮ ɖɟŮɛɑŬ: Ὼ : 

ɄɟŬəŰɘəɎ ˊɟɧəŮɘŰŬɘ ɔɘŬ Űɞɜ ůɡɜŰŮɚŮůŰɐ Ůˊɘɟɟɞɐɠ Űɤɜ ɞɟɘɕɧɜŰɘɤɜ ŮɜŮɟɔɩɜ ŰɎůŮɤɜ 

ůŰɞ Ŭɟɢɘəɧ ŰŬůɘəɧ ˊŮŭɑɞ. Ɉɣɖɚɐ Űɘɛɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ Ὼ ůɖɛŬɑɜŮɘ ɡɣɖɚɏɠ ɞɟɘɕɧɜŰɘŮɠ 

ŰɎůŮɘɠ, ŮɛűɎɜɘůɖ ůɖɛŬɜŰɘəɩɜ ůɡɔəɚɑůŮɤɜ ɐ ŮəɗɚɑɣŮɤɜ ůŮ ˊŮɟɑˊŰɤůɖ ŮəůəŬűɐɠ əŬɘ 

əŬŰô ŮˊɏəŰŬůɖ əŬɗɘɕɐůŮɘɠ ï ŬɜŬɚɧɔɤɠ ɓɏɓŬɘŬ ɛŮ Űɖɜ ŭɡůəŬɛɣɑŬ Űɞɡ ŮŭɎűɞɡɠ əŬɘ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ŬɜŰɘůŰɐɟɘɝɖɠ. 

ȺɝŮŰɎɕŮŰŬɘ Ůˊɞɛɏɜɤɠ ůŬɜ ˊŬɟɎɛŮŰɟɞɠ Ůˊɘɟɟɞɐɠ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ŮɜŭŮɢɧɛŮɜŮɠ 

ˊŮɟɘˊŰɩůŮɘɠ ˊɟɞűɧɟŰɘůɖɠ Űɞɡ ŮŭŬűɘəɞɨ ɧɔəɞɡ, ɡɣɖɚɐɠ ˊɚŬůŰɘɛɧŰɖŰŬɠ, 

ůŰŮɟŮɞˊɞɑɖůɖɠ əɚˊ. ůŰɞ űɎůɛŬ Űɘɛɩɜ ˊɞɡ ŭɘŬűŬɑɜŮŰŬɘ Ůˊɑ Űɞɡ (ɄɑɜŬəŬɠ 3-13). 

ɃɟɘůɛɏɜŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ ɔɘŬ Űɞɜ ůɡɜŰŮɚŮůŰɐ Ὼ: 

Ƀ Jaky (1944) ŮɘůɐɔŬɔŮ Űɖɜ Ŭəɧɚɞɡɗɖ ɗŮɤɟɖŰɘəɐ Ůɝɑůɤůɖ ɔɘŬ Űɞɜ ůɡɜŰŮɚŮůŰɐ 

ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ: 

Ὼ ρ ίὭὲ•ᴂ 
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ɖ ɞˊɞɑŬ ˊŮɟɘɔɟɎűŮɘ əŬŰɎ ɓɎůɖ əɞəəɩŭɖ ɡɚɘəɎ ɛŮ ɔɤɜɑŬ ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ •ᴂ. ȼ 
ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ ŬɜŬűɏɟŮŰŬɘ ůŮ əŬɜɞɜɘəɎ ůŰŮɟŮɞˊɞɘɖɛɏɜŬ ŮŭɎűɖ. ȰŰůɘ ɔɘŬ 

əɞəəɩŭɖ ɡɚɘəɎ ɛŮ • σπЈ ɚŬɛɓɎɜŮŰŬɘ Űɘɛɐ ůɡɜŰŮɚŮůŰɐ ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ:  

Ὼ πȢυ 

ũɘŬ Űɞɜ 1ɞ Űɨˊɞ ŮŭŬűɘəɞɨ ˊɟɞűɑɚ, ůɡɛˊŮɟɘűŮɟɧɛŮɜɞɡ ɤɠ ɛɖ ůɡɜŮəŰɘəɧ, ɚŬɛɓɎɜŮŰŬɘ 

Ůˊɞɛɏɜɤɠ űɎůɛŬ Űɘɛɩɜ Ŭˊɧ Ὼ ρ ίὭὲ•ᴂ ɏɤɠ əŬɘ Ὼ ρȢπ. 

ȷɜŰɑɗŮŰŬ, ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɡˊŮɟŮůŰŮɟŮɞˊɞɘɖɛɏɜɖɠ (OC) Ŭɟɔɑɚɞɡ ɛˊɞɟŮɑ ɜŬ 

ɔɑɜŮɘ ŮɑŰŮ ɢɟɐůɖ Űɖɠ Ůɝɑůɤůɖɠ Űɤɜ Mayne & Kulhawy (1982) ŮɎɜ ɔɜɤɟɑɕɞɡɛŮ Űɞɜ 

ɓŬɗɛɧ ɡˊŮɟůŰŮɟŮɞˊɞɑɖůɖɠ ὕὅὙ, ɐŰɞɘ: 

Ὼ ρ ίὭὲ• ϽὕὅὙ  

ŮɑŰŮ ɢɟɐůɖ űɎůɛŬŰɞɠ Űɘɛɩɜ ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɘɛɏɠ ůɡɜŰŮɚŮůŰɐ ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ 

Ὼ πȢυ ɏɤɠ əŬɘ Ὼ ρȢπ. ɄŮɟɘˊŰɩůŮɘɠ ɘůɢɡɟɎ ɡˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɤɜ Ŭɟɔɑɚɤɜ ɛŮ 

Ὼ ρȢπ ï ɧˊɤɠ ɖ Ɏɟɔɘɚɞɠ Űɞɡ çȿɞɜŭɑɜɞɡè ï ŭŮɜ ɡˊŮɘůɏɟɢɞɜŰŬɘ ůŮ ŬɡŰɐɜ Űɖɜ ɛŮɚɏŰɖ. 

ɄɑɜŬəŬɠ 3-13: ɇɘɛɏɠ ůɡɜŰŮɚŮůŰɐ ɤɗɐůŮɤɜ ůŮ ɖɟŮɛɑŬ Ⱦ0 ɔɘŬ əɎɗŮ ŮŭŬűɘəɧ ˊɟɞűɑɚ. 

ȺŭŬűɘəɧɠ Űɨˊɞɠ ɆɡɜŰɧɛŮɡůɖ ɄŬɟɎɛŮŰɟɞɠ 

Soil,1 Ⱦ0 

1-sinűô 

0.7 

1.0 

Soil,2 Ⱦ0 

0.5 

0.7 

1.0 

 

¶ ȾŬŰŬůŰŬŰɘəɧ ɛɞɜŰɏɚɞ: 

ȼ Ůˊɘɚɞɔɐ Űɞɡ əŬŰɎɚɚɖɚɞɡ əŬŰŬůŰŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɔŮɤŰŮɢɜɘəɧ 

ˊɟɧɓɚɖɛŬ ˊɞɡ ŬɜŬɚɨɞɡɛŮ. ɋɠ ˊŬɟɎɛŮŰɟɞɠ ŭɘŮɟŮɨɜɖůɖɠ ɡˊŮɘůɏɟɢŮŰŬɘ Ůˊɞɛɏɜɤɠ ɖ 

ɢɟɐůɖ Űɞɡ Mohr-Coulomb (MC), Ůɜɧɠ ɔɟŬɛɛɘəɩɠ ŮɚŬůŰɘəɞɨ ï ɘŭŮɤŭɩɠ ˊɚŬůŰɘəɞɨ 

əŬŰŬůŰŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ, əŬŰɎɚɚɖɚɞɡ ɔɘŬ ŬɜŬɚɨůŮɘɠ ŬɜŬˊŰɡůůɧɛŮɜɤɜ ŰɎůŮɤɜ, 

ůɡɜŰɖɟɖŰɘəɞɨ ŭŮ ɔɘŬ ˊŬɟŬɛɞɟűɩůŮɘɠ. ɄŬɟɎɚɚɖɚŮɠ ŬɜŬɚɨůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮ 

Űɞ Hardening Soil (HS), Ůɜɧɠ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ ŰɎůɖɠ ï ˊŬɟŬɛɧɟűɤůɖɠ ˊɞɡ 

ɚŬɛɓɎɜŮɘ ɡˊɧɣɖ ŭɘŬűɞɟŮŰɘəɧ ɛɏŰɟɞ ŮɚŬůŰɘəɧŰɖŰŬɠ ůŮ űɧɟŰɘůɖ əŬɘ ŬˊɞűɧɟŰɘůɖ.  

ɄɟɧəŮɘŰŬɘ ɔɘŬ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ˊɟɞůɞɛɞɘɩɛŬŰŬ ɞˊɧŰŮ ɖ ɎɛŮůɖ ůɨɔəɟɘůɖ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ ɜŬ ɛɖɜ ɏɢŮɘ ɏɜɜɞɘŬ, ˊŬɟɎ ɛɧɜɞ ɞɘ ɔŮɜɘəɏɠ ŭɘŬˊɘůŰɩůŮɘɠ ɔɘŬ Űɞɜ Űɟɧˊɞ 

ŬɜɎˊŰɡɝɖɠ Űɤɜ əŬɗɘɕɐůŮɤɜ. ɋůŰɧůɞ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɡˊɎɟɢŮɘ ɛɘŬ ůɢŮŰɘəɐ ůɨɔəɚɘůɖ 

Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ ŮɝŬɔɧɛŮɜɤɜ əŬɗɘɕɐůŮɤɜ, ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ŭɨɞ ˊŬɟɎɚɚɖɚɞɘ 

Űɨˊɞɘ ŮŭŬűɩɜ ɛŮ ůɡɔəɟɑůɘɛŮɠ ˊŬɟŬɛɏŰɟɞɡɠ HS əŬɘ MC (ɄɑɜŬəŬɠ 3-6 & ɄɑɜŬəŬɠ 3-7). 
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¶ ȹɘŬůŰɎůŮɘɠ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ: 

ȼ ŬɜɎɚɡůɖ ůŰɘɠ ŭɨɞ ŭɘŬůŰɎůŮɘɠ (2D) əŬɘ ɔɘŬ ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ 

ŬˊɞŰŮɚŮɑ ůɡɜŰɖɟɖŰɘəɐ ŮɝɏŰŬůɖ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ. ȼ Ůˊɘɟɟɞɐ Űɖɠ 3ɖɠ 

ŭɘɎůŰŬůɖɠ ɗŬ ŮɝŮŰŬůɗŮɑ Ůűɧůɞɜ ˊɟɞɖɔɖɗɞɨɜ ŬɜŬɚɨůŮɘɠ ůŰɘɠ ŭɨɞ ŭɘŬůŰɎůŮɘɠ ɔɘŬ 

ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ. ȰˊŮɘŰŬ ɗŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗɞɨɜ ŰɟɘůŭɘɎůŰŬŰŮɠ 

ŬɜŬɚɨůŮɘɠ ɔɘŬ ŰŮŰɟŬɔɤɜɘəɏɠ ɔŮɤɛŮŰɟɑŮɠ ŮəůəŬűɐɠ ὒȾὄ ρ əŬɘ ŭɘŬűɞɟɞˊɞɑɖůɖ Űɞɡ 

ɚɧɔɞɡ ɛɐəɞɡɠ/ɨɣɞɡɠ ὒȾὌ  ŮəůəŬűɐɠ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɝŬɢɗɞɨɜ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ 

Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ɢɟɐůɖɠ Űɞɡ 2D ůŰɞ ˊɟɧɓɚɖɛŬ Űɤɜ ŮŭŬűɘəɩɜ 

ɡˊɞɢɤɟɐůŮɤɜ ˊɚɖůɑɞɜ ɓŬɗɘɩɜ ŮəůəŬűɩɜ. ɆɡɔəŮəɟɘɛɏɜŬ: 

ɄɑɜŬəŬɠ 3-14: Ⱥɑŭɞɠ ŬɜɎɚɡůɖɠ əŬɘ ˊŬɟɎɛŮŰɟɞɠ Űɞɡ ɛɐəɞɠ ŮəůəŬűɐɠ. 

Ⱥɑŭɞɠ ŬɜɎɚɡůɖɠ ȽŭɘɧŰɖŰŮɠ ɛɞɜŰɏɚɞɡ ɄŬɟɎɛŮŰɟɞɠ 

2D 

ɆɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ 
ˊŬɟŬɛɧɟűɤůɖɠ (plain strain 

conditions) ŬɜŮɝŬɟŰɐŰɤɠ ɛɐəɞɡɠ 
ŮəůəŬűɐɠ 

- 

3D 
ɇŮŰɟŬɔɤɜɘəɐ ŮəůəŬűɐ ɛŮ ɚɧɔɞ 

L/B=1.0 

L/Hå1.0 

L/Hå2.5 

 

¶ ɇɘɛɐ ůɢŮŭɘŬůɛɞɨ ŬɜŰɞɢɐɠ Ŭɔəɡɟɑɤɜ: 

ȺɝŮŰɎɕŮŰŬɘ ɤɠ ˊŬɟɎɛŮŰɟɞɠ Ůˊɘɟɟɞɐɠ Űɖɠ əŬɛˊɨɚɖɠ əŬŰŬɜɞɛɐɠ Űɤɜ əŬɗɘɕɐůŮɤɜ. 

ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŰŬ űɞɟŰɑŬ çůűɐɜɤůɖɠè (lock-off forces) ůŰɞ Ůɨɟɞɠ Űɤɜ Űɘɛɩɜ ˊɞɡ 

ŭɘŬűŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ ůŮ ŬɜŰɘůŰɞɘɢɑŬ ɛŮ Űɞɜ Űɨˊɞ Űɞɡ ŮŭɎűɞɡɠ. 

ɄɑɜŬəŬɠ 3-15: ūɞɟŰɑɞ ůɢŮŭɘŬůɛɞɨ Űɤɜ ŬɔəɡɟɩůŮɤɜ ɔɘŬ əɎɗŮ ŮŭŬűɘəɧ ˊɟɞűɑɚ. 

ȺŭŬűɘəɧɠ Űɨˊɞɠ ɆɡɜŰɧɛŮɡůɖ ˊŬɟŬɛɏŰɟɞɡ 
ūɞɟŰɑɞ ůűɐɜɤůɖɠ 

(lock -off force) , P0 (kN) 

Soil,1 

A1 247 

A2 494 

A3 740 

Soil,2 

A1 165 

A2 329 

A3 494 
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3.5. ɄŬɟŬɛŮŰɟɘəɐ ŭɘŮɟŮɨɜɖůɖ  

ɆŰɞ 2ɞ ůŰɎŭɘɞ, ŬɡŰɧ Űɖɠ ˊŬɟŬɛŮŰɟɘəɐɠ ŭɘŮɟŮɨɜɖůɖɠ, ŮɝŮŰɎɕɞɜŰŬɘ ɞɘ ŮŭŬűɘəɏɠ 

ɛŮŰŬŰɞˊɑůŮɘɠ ˊɚɖůɑɞɜ Űɖɠ ŮəůəŬűɐɠ ɔɘŬ ŭŮŭɞɛɏɜŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ŮɘůŬɔɤɔɐɠ. Ƀɘ 

ŮŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ, ɧˊɤɠ ŬɜŬűɏɟɗɖəŮ əŬɘ ůŰɞ ŮɘůŬɔɤɔɘəɧ əɞɛɛɎŰɘ, ɢɤɟɑɕɞɜŰŬɘ ůŮ: 

¶ ȾŬɗɘɕɐůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɐ ŮŭŬűɘəɏɠ ɡˊɞɢɤɟɐůŮɘɠ, ŮűŮɝɐɠ ŬɜŬˊŬɟɘůŰɎɛŮɜŮɠ ɛŮ 

Űɞ ůɨɛɓɞɚɞ ό  

¶ ɃɟɘɕɧɜŰɘŮɠ ɐ ˊɚŮɡɟɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ, ŮűŮɝɐɠ ŬɜŬˊŬɟɘůŰɎɛŮɜŮɠ ɛŮ Űɞ ůɨɛɓɞɚɞ 

ό 

Ƀɘ ˊɟɩŰŮɠ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ, Ůɜɩ ɞɘ 

ŭŮɨŰŮɟŮɠ ůŰɘɠ ˊɚŮɡɟɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ Űɞɡ Űɞɑɢɞɡ. ɇŬ ˊɟɧůɖɛŬ ɞɟɑɕɞɜŰŬɘ əŬŰɎ 

ůɨɛɓŬůɖ ɗŮŰɘəɎ, ɔɘŬ Űɘɠ əŬɗɘɕɐůŮɘɠ ˊɟɞɠ ŰŬ əɎŰɤ əŬɘ ɔɘŬ Űɘɠ ˊɚŮɡɟɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ 

ɔɘŬ ɛŮŰŬəɑɜɖůɖ Űɞɡ Űɞɑɢɞɡ ˊɟɞɠ ŰŬ ŬɜɎɜŰɖ. ȺɑɜŬɘ ˊɟɞűŬɜɏɠ ɞ Űɞɑɢɞɠ ɜŬ ɛŮŰŬŰɞˊɑɕŮŰŬɘ 

ˊɟɞɠ Űɖɜ ˊɚŮɡɟɎ Ŭˊô ɧˊɞɡ ŬűŬɘɟŮɑŰŬɘ ɞ ŮəůəŬˊŰɘəɧɠ ɧɔəɞɠ əŬɘ Ůˊɞɛɏɜɤɠ ŰŬ 

ˊɟɧůɖɛŬ ɜŬ ŮɑɜŬɘ ŬɟɜɖŰɘəɎ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ŬɜɖɔɛɏɜŮɠ ˊŬɟɎɛŮŰɟɞɘ ɛŮŰŬŰɞˊɑůŮɤɜ ɐ 

əŬɗɘɕɐůŮɤɜ ɛŮ ɢɟɐůɖ Űɞɡ ůŰŬɗŮɟɞɨ ɨɣɞɡɠ ŮəůəŬűɐɠ ῷ ůŮ ɧɚŮɠ Űɘɠ ŬɜŬɚɨůŮɘɠ. ȰŰůɘ 

ˊŬɟɎɔɞɜŰŬɘ əŬɜɞɜɘəɞˊɞɘɖɛɏɜŬ ŭɘŬɔɟɎɛɛŬŰŬ əŬɗɘɕɐůŮɤɜ ɛŮ Űɞɜ əŬŰŬəɧɟɡűɞ ɎɝɞɜŬ 

ɜŬ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ Ŭɜɖɔɛɏɜɖ əŬɗɑɕɖůɖ əŬɘ Űɞɜ ɞɟɘɕɧɜŰɘɞ ɎɝɞɜŬ ůŰɖɜ Ŭɜɖɔɛɏɜɖ 

ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ůŰɏɣɖ ˊɞɡ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ ὨȾῷ  ɐ ŬɜŰɑůŰɟɞűŬ ɔɘŬ Űɘɠ ˊɚŮɡɟɘəɏɠ 

ɛŮŰŬŰɞˊɑůŮɘɠ. ɇŬ ˊŬɟŬɔɧɛŮɜŬ ŭɘŬɔɟɎɛɛŬŰŬ əŬɗɑůŰŬɜŰŬɘ ɏŰůɘ ůɡɔəɟɑůɘɛŬ ɛŮ ŮəŮɑɜŬ 

Űɤɜ Ůˊɘɛɏɟɞɡɠ ɖɛɘ-ŮɛˊŮɘɟɘəɩɜ ɛŮɗɧŭɤɜ. ɀɎɚɘůŰŬ, ůŰɞ ŰŮɚŮɡŰŬɑɞ ɛɏɟɞɠ Űɖɠ 

ůɡůɢɏŰɘůɖɠ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ, ŬɜŬɚɨɞɜŰŬɘ ɞɘ ɕɩɜŮɠ Ůˊɘɟɟɞɐɠ əŬɘ ɖ əɡɟŰɧŰɖŰŬ Űɤɜ 

ˊɟɞűɑɚ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɘɠ ŬɜŬɚɨůŮɘɠ ůŮ ˊŮˊŮɟŬůɛɏɜŬ ůŰɞɘɢŮɑŬ əŬɘ 

ůɡɔəɟɑɜɞɜŰŬɘ ɛŮ ŮəŮɑɜŮɠ Űɤɜ ɖɛɘ-ŮɛˊŮɘɟɘəɩɜ ɛŮɗɧŭɤɜ.  

Ƀɘ ɛŮŰŬŰɞˊɑůŮɘɠ ɚɧɔɤ Ŭɜɨɣɤůɖɠ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ ï ˊɞɡ  ˊŬɟŬŰɖɟɞɨɜŰŬɘ əɡɟɑɤɠ 

əŬŰɎ Űɖ ɢɟɐůɖ Űɞɡ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɞɨ ï ŰɏɚŮɘŬ ˊɚŬůŰɘəɞɨ ɛɞɜŰɏɚɞɡ Mohr-Coulomb 

ï ŭŮɜ əŬɜɞɜɘəɞˊɞɘɞɨɜŰŬɘ ůŮ ŭɘŬɔɟŬɛɛŬŰɘəɏɠ ŬˊŮɘəɞɜɑůŮɘɠ ɚɧɔɤ ɘŭɘɧɛɞɟűɖɠ 

əŬŰŬɜɞɛɐɠ Űɞɡɠ. ɋůŰɧůɞ, ůɢɞɚɘɎɕɞɜŰŬɘ ɤɠ ˊɟɞɠ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɞɡ 

əŬŰŬůŰŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ əŬɘ Űɤɜ ŭɘŬůŰɎůŮɤɜ Űɞɡ ŬɟɘɗɛɖŰɘəɞɨ ˊɟɞůɞɛɞɘɩɛŬŰɞɠ. 

ȺəŰɧɠ Ŭˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ɛŮŰŬŰɞˊɑůŮɤɜ ï ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ůɡɕɖŰɖɗɞɨɜ ɞɘ ɞɟɘŬəɏɠ 

əŬŰŬůŰɎůŮɘɠ ŬůŰɞɢɑŬɠ ï ŮɝɎɔɞɜŰŬɘ əŬɘ ŭɘŬɔɟɎɛɛŬŰŬ ɛŮŰŬɓɞɚɐɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ 

ŬůűŬɚŮɑŬɠ ɔɘŬ əɎɗŮ Űɨˊɞ ɛɞɜŰɏɚɞɡ, Űɨˊɞ ŮŭɎűɞɡɠ əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ.  

 

ũɘŬ Űɖɜ ŬɜɎɔɜɤůɖ Űɤɜ ŭɘŬɔɟŬɛɛɎŰɤɜ ɡˊŮɜɗɡɛɑɕɞɜŰŬɘ ɞɘ ˊŬɟŬəɎŰɤ ůɡɜŰɞɛŮɨůŮɘɠ: 

¶ ɇɨˊɞɘ ŮŭŬűɘəɩɜ ˊɟɞűɑɚ:  ʞ“‛‟ ‐‏ʗ•‛‡‟ Ό ὛέὭὰȟ ʞ“‛‟ ‐‏ʗ•‛‡‟ ΌΌὛέὭὰ 

¶ ȾŬŰŬůŰŬŰɘəɧ ɛɞɜŰɏɚɞ: ὓὅ ὓέὬὶ ὅέόὰέάὦȟὌὛ ὌὥὶὨὩὲὭὲὫ ὛέὭὰ 

¶ ūɞɟŰɘəɐ əŬŰɎůŰŬůɖ ɐ űɞɟŰɑŬ çůűɐɜɤůɖɠè (lock-off forces): ΅ȟ̈́ ȟ̈́  

¶ ɆɡɜŰŮɚŮůŰɐɠ ɤɗɐůŮɤɜ ůŮ ɖɟŮɛɑŬ: ὑ 

¶ Ƀɟɗɞɔɤɜɘəɏɠ ŮəůəŬűɏɠ ɧˊɞɡ ɘůɢɨɞɡɜ ůɡɜɗɐəŮɠ ŮˊɑˊŮŭɖɠ ˊŬɟŬɛɧɟűɤůɖɠ: 

ɉɟɐůɖ ŭɘŭɘɎůŰŬŰɤɜ ɛɞɜŰɏɚɤɜ 2D 

¶ ɇŮŰɟŬɔɤɜɘəɏɠ ŮəůəŬűɏɠ: ɉɟɐůɖ ŰɟɘŭɘɎůŰŬŰɤɜ ɛɞɜŰɏɚɤɜ 3D 
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3.5.1  ȹɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŬɜŬɚɨůŮɤɜ ŮɝɎɔɞɜŰŬɘ ůŮ əŬɗɘɕɐůŮɘɠ ŮˊɘűŬɜŮɑŬɠ əɞɜŰɎ ůŰɖɜ 

əŮűŬɚɐ Űɞɡ Űɞɑɢɞɡ əŬɘ ůŮ ˊɚŮɡɟɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ Űɞɡ Űɞɑɢɞɡ. ũɘŬ Űɖɜ ŭɘŬɔɟŬɛɛŬŰɘəɐ 

ŬɜŬˊŬɟɎůŰŬůɖ ɚŬɛɓɎɜɞɜŰŬɘ ɞɟɘɕɧɜŰɘŮɠ Űɞɛɏɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ əŬɘ 

əŬŰŬəɧɟɡűŮɠ Űɞɛɏɠ əŬɗô ɨɣɞɠ Űɞɡ Űɞɑɢɞɡ. ɉɟɖůɘɛɞˊɞɘɐɗɖəŮ əɡɟɑɤɠ Űɞ ŮŭŬűɘəɧ 

ˊɟɞůɞɛɞɑɤɛŬ Hardening Soil Model Ůɜɩ ůɡɔəɟɘŰɘəɏɠ ŬɜŬɚɨůŮɘɠ ɏɔɘɜŬɜ ɛŮ Űɞ 

ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɧ ï ɘŭŮɤŭɩɠ ˊɚŬůŰɘəɧ ɛɞɜŰɏɚɞ Mohr-Coulomb (MC) ɛŮ Űɖɜ 

ɡˊɧɗŮůɖ ῴ ρȢσϽὉ. 

ɇŬ ˊɟɩŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɘŭɘɎůŰŬŰɤɜ ŬɜŬɚɨůŮɤɜ ɡˊɞŭŮɘəɜɨɞɡɜ Ŭɜɨɣɤůɖ 

ŮˊɘűŬɜŮɑŬɠ ˊɚɖůɑɞɜ Űɖɠ ŮəůəŬűɐɠ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ Mohr-Coulomb, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ 

HS ˊɞɡ ɡˊɞŭŮɘəɜɨŮɘ əŬɗɘɕɐůŮɘɠ ůɡɔəŮəɟɘɛɏɜɖɠ əŬŰŬɜɞɛɐɠ, ɧˊɞɡ ɖ ɛɏɔɘůŰɖ əŬɗɑɕɖůɖ 

ŮɛűŬɜɑɕŮŰŬɘ ůŮ əɎˊɞɘŬ ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ůŰɏɣɖ ɐ ˊɞɚɨ əɞɜŰɎ ůŰɖ ůŰɏɣɖ ï 

ŬɜŬɚɧɔɤɠ Űɞɜ ŮŭŬűɘəɧ Űɨˊɞ.. ɀŮɔɎɚɖ Ŭɜɨɣɤůɖ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ ˊŬɟŬŰɖɟŮɑŰŬɘ 

Ůˊɑůɖɠ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ MC. ȳůɞɜ ŬűɞɟɎ Űɘɠ ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ əŬŰô ŬˊɧɚɡŰɖ Űɘɛɐ, Űɞ 

ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɧ ï ŰɏɚŮɘŬ ˊɚŬůŰɘəɧ (LE-PL) MC ɡˊŮɟŮəŰɘɛɎŮɘ Űɘɠ ɛŮŰŬŰɞˊɑůŮɘɠ, Ůɜɩ 

ɞɘ ɑŭɘŮɠ Ůˊɑůɖɠ ŭŮɜ ŭɘŬűɞɟɞˊɞɘɞɨɜŰŬɘ ůɖɛŬɜŰɘəɎ ůɡɜŬɟŰɐůŮɘ Űɞɡ ŬɡɝŬɜɧɛŮɜɞɡ 

űɞɟŰɑɞɡ ŬɔəɡɟɩůŮɤɜ. ȺɜŭŮɘəŰɘəɎ ˊŬɟŬŰɑɗŮŰŬɘ ɏɜŬ ŭɘɎɔɟŬɛɛŬ ŬɜɡɣɩůŮɤɜ 

ŮˊɘűŬɜŮɑŬɠ ɛŮ ɢɟɐůɖ Űɞɡ MC ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ ɔɘŬ Ὼ ρ ίὭὲ• (ɆɢɐɛŬ 3-24). 

ɇɞ ŮɜŭŮɘəŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ Űɤɜ ɢɟɤɛŬŰɘəɩɜ ŬˊŮɘəɞɜɑůŮɤɜ Űɤɜ ŬˊɧɚɡŰɤɜ 

ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ Űɖɜ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ρ̈́ əŬɘ Ὼ ȟ ρ ίὭὲ• Ǫ ὑ ȟ πȢυ 

ɡˊɞŭŮɘəɜɨŮɘ Űɖɜ Ŭɜɨɣɤůɖ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ əŬŰɎ Űɖ ɢɟɐůɖ Űɞɡ MC. ȰˊŮɘŰŬ 

ŭɘŬűŬɑɜɞɜŰŬɘ ɞɘ əŬɛˊɨɚŮɠ Űɤɜ əŬɗɘɕɐůŮɤɜ ɔɘŬ əɎɗŮ ˊŮɟɑˊŰɤůɖ. 

 

 

 

ɆɢɐɛŬ 3-22: ɄŬɟŬɛɞɟűɤɛɏɜɞɠ əɎɜɜŬɓɞɠ əŬɘ ɢɟɤɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ, 

Ⱦ0=1-sinűô əŬɘ ȷ1 ɛŮ ɢɟɐůɖ MC əŬɘ HS ŬɜŰɑůŰɞɘɢŬ ůŮ 2D. 

Soil,1 ï Mohr-Coulomb 

Soil,1 ï Hardening Soil 
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ɆɢɐɛŬ 3-23: ɄŬɟŬɛɞɟűɤɛɏɜɞɠ əɎɜɜŬɓɞɠ əŬɘ ɢɟɤɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ, 

Ⱦ0=0.5 əŬɘ ȷ1 ɛŮ ɢɟɐůɖ MC əŬɘ HS ŬɜŰɑůŰɞɘɢŬ ůŮ 2D. 

 

ɆɢɐɛŬ 3-24: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 2D ɔɘŬ Ⱦ0=1-sinűô ɛŮ MC.  

ȷɜŰɑůŰɞɘɢŬ ˊɟɞəɨˊŰɞɡɜ əŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ɔɘŬ Ὼ πȢχȟρȢπ ɧˊɞɡ Ů́ ɘɓŮɓŬɘɩɜŮŰŬɘ ɖ 

ɛɖ ɟŮŬɚɘůŰɘəɧŰɖŰŬ Űɞɡ LE-PL ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ. 

ɀŮ Űɖ ɢɟɐůɖ Űɞɡ HS ŬɜŰɑɗŮŰŬ ˊŬɟɎɔɞɜŰŬɘ ŬɜɎɚɞɔŬ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ɛŮ ɛŮɑɤůɖ 

Űɖɠ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ ό  əŬɗô ɧůɞ ŬɡɝɎɜŮŰŬɘ Űɞ űɞɟŰɑɞ Űɤɜ ŬɔəɡɟɩůŮɤɜ ὃ. ũɘŬ Űɖɜ 

ˊŮɟɑŰˊɤůɖ Űɞɡ ŮŭɎűɞɡɠ Ƚ ɖ əŬŰŬɜɞɛɐ Űɤɜ əŬɗɘɕɐůŮɤɜ ɛˊɞɟŮɑ ɜŬ ŬɜŰɘůŰɞɘɢɖɗŮɑ 

ˊɟɞůŮɔɔɘůŰɘəɎ ɛŮ Űɞɜ əɡɟŰɧ Űɨˊɞ əŬɘ ŭɖ ůŰɘɠ ˊŮɟɘˊŰɩůŮɘɠ ůɡɜŰŮɚŮůŰɐ ɞɡŭŮŰɏɟɤɜ 

ɤɗɐůŮɤɜ Ὼ πȢχ Ǫ Ὼ ρȢπ. ȼ ˊɟɤŰɞɔŮɜɐɠ ɕɩɜɖ Ůˊɘɟɟɞɐɠ ŮəŰŮɑɜŮŰŬɘ ɏɤɠ əŬɘ 

Soil,2 ï Hardening Soil 

Soil,2 ï Mohr-Coulomb 

ʰ˄ˏ˕˖ˋʹ 
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ρͯȢςῷ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ ˊɞɡ ˊɟɞŰŮɑɜɞɡɜŮ ɞɘ Hsieh & Ou (1998) (ςῷ  ɔɘŬ ɑŭɘɞ 

Űɨˊɞ ŮŭɎűɞɡɠ. 

 

ɆɢɐɛŬ 3-25: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 2D ɔɘŬ Ⱦ0=1-sinűô ɛŮ HS. 

 

ɆɢɐɛŬ 3-26: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 2D ɔɘŬ Ⱦ0=0.7 ɛŮ HS. 

 

ɆɢɐɛŬ 3-27: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 2D ɔɘŬ Ⱦ0=1.0 ɛŮ HS. 
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ɆŰɞ əɎŰɤɗɘ ŭɘɎɔɟŬɛɛŬ ˊŬɟŬŰɑɗŮŰŬɘ ůɨɔəɟɘůɖ Űɤɜ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ɛŮŰŬɝɨ Űɞɡ HS 

əŬɘ Űɞɡ LE-PL ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ Űɨˊɞɡ ŮŭɎűɞɡɠ Ƚ əŬɘ Ὼ ρ ίὭὲ•. 

 

ɆɢɐɛŬ 3-28: Ɇɨɔəɟɘůɖ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ Űɞɜ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ ɛŮ ɢɟɐůɖ MC əŬɘ HS ɔɘŬ 

Ⱦ0=1-sinűô ůŮ 2D. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ Űɨˊɞɡ ŮŭɎűɞɡɠ ȽȽ (ɡˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖɠ Ŭɟɔɑɚɞɡ) 

ˊŬɟŬŰɖɟɞɨɜŰŬɘ ˊɞɚɨ ɡɣɖɚɏɠ əŬɗɘɕɐůŮɘɠ ɔɘŬ Űɖɜ ŬůɗŮɜɏůŰŮɟɖ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ΅ 

ˊɞɡ ɞűŮɑɚɞɜŰŬɘ əɡɟɑɤɠ ůŰɞɜ ɞɟɘŬəɩɠ ɢŬɛɖɚɧ ůɡɜŰŮɚŮůŰɐ ὊὛ ρȢρ. Ƀɘ ŬɜŬɚɨůŮɘɠ ɛŮ 

Űɞ LE-PL MC ŭŮɜ ɡˊɞŭŮɘəɜɨɞɡɜ ŭɘŬűɞɟɞˊɞɑɖůɖ ůŰŬ ˊɟɞűɑɚ Űɤɜ ŬɜɡɣɩůŮɤɜ ˊŬɟɎ 

ɛɧɜɞ ŮɚɎɢɘůŰŬ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ŬůɗŮɜɏůŰŮɟɞɡ űɞɟŰɑɞɡ Ŭɔəɨɟɤůɖɠ. ȺɜŭŮɘəŰɘəɎ 

ˊŬɟŬŰɑɗŮŰŬɘ ɏɜŬ ŭɘɎɔɟŬɛɛŬ ŬɜɡɣɩůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɛŮ ɢɟɐůɖ Űɞɡ MC ɔɘŬ Űɞɜ Űɨˊɞ 

ŮŭɎűɞɡɠ ȽȽ əŬɘ Ὼ πȢυ. ȷɜŰɑůŰɞɘɢŬ ˊɟɞəɨˊŰɞɡɜ əŬɘ ɔɘŬ Ὼ πȢχȟρȢπ (ɆɢɐɛŬ 3-29). 

 

ɆɢɐɛŬ 3-29: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ ůŮ 2D ɔɘŬ Ⱦ0=0.5 ɛŮ MC. 

ũɘŬ Űɖɜ ˊŮɟɑŰˊɤůɖ Űɞɡ ŮŭɎűɞɡɠ ȽȽ ɖ əŬŰŬɜɞɛɐ Űɤɜ əŬɗɘɕɐůŮɤɜ ɛˊɞɟŮɑ ɜŬ 

ŬɜŰɘůŰɞɘɢɖɗŮɑ ɛŮ Űɞɜ əɞɑɚɞ Űɨˊɞ ɧˊɞɡ ɖ ɛɏɔɘůŰɖ əŬɗɑɕɖůɖ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŮ ɛɘəɟɐ 

ŬˊɧůŰŬůɖ Ŭˊɧ Űɖ ůŰɏɣɖ ͯ πȢυ. ȼ ˊɟɤŰɞɔŮɜɐɠ ɕɩɜɖ Ůˊɘɟɟɞɐɠ ŮəŰŮɑɜŮŰŬɘ Ůə 

ɜɏɞɡ ɏɤɠ əŬɘ ρͯȢςῷ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ ˊɞɡ ˊɟɞŰŮɑɜɞɡɜŮ ɞɘ Hsieh & Ou (1998) 

(ςῷ  ɔɘŬ ůɡɜŮəŰɘəɎ ŮŭɎűɖ. 

ʰ˄ˏ˕˖ˋ ́



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 

61 |  

 

 

ɆɢɐɛŬ 3-30: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ ůŮ 2D ɔɘŬ Ⱦ0=0.5 ɛŮ HS. 

 

ɆɢɐɛŬ 3-31: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ ůŮ 2D ɔɘŬ Ⱦ0=0.7 ɛŮ HS. 

 

ɆɢɐɛŬ 3-32: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ ůŮ 2D ɔɘŬ Ⱦ0=1.0 ɛŮ HS. 



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 
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ɄŬɟŬŰɑɗŮŰŬɘ Ůə ɜɏɞɡ ɔɘŬ Űɞɜ Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ ůɨɔəɟɘůɖ Űɤɜ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ 

ɛŮŰŬɝɨ Űɞɡ HS əŬɘ LE-PL ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ əŬɘ Ὼ πȢυ.  

 

ɆɢɐɛŬ 3-33: Ɇɨɔəɟɘůɖ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ ɛŮ ɢɟɐůɖ əŬɘ MC əŬɘ HS ɔɘŬ 

Ⱦ0=0.5 ůŮ 2D. 

ɆŰŬ ůɡɛˊŮɟɎůɛŬŰŬ Ůə Űɤɜ ŭɘŭɘɎůŰŬŰɤɜ ŬɜŬɚɨůŮɤɜ ɚɞɘˊɧɜ, ˊɟɞəɨˊŰŮɘ ŬɟɢɘəɎ: 

¶ ȼ ɛɖ ɟŮŬɚɘůŰɘəɐ űɨůɖ Űɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ ɢɟɐůɖ Űɞɡ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɞɨ ï 

ɘŭŮɤŭɩɠ ˊɚŬůŰɘəɞɨ (LE-PL) MC. ɀɎɚɘůŰŬ, ɛŮ ɢɟɐůɖ Űɞɡ ŰŮɚŮɡŰŬɑɞɡ, ůŰɘɠ 

ŬɜŬɚɨůŮɘɠ ˊŬɟŬŰɖɟɐɗɖəŮ ɛŮɔɎɚɖ Ŭɜɨɣɤůɖ ˊɡɗɛɏɜŬ ŮəůəŬűɐɠ. 

¶ ȰˊŮɘŰŬ, ɛŮ ɢɟɐůɖ Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ HS, ɖ Ůˊɘɟɟɞɐ Űɖɠ űɞɟŰɘəɐɠ 

əŬŰɎůŰŬůɖɠ ůŰɖɜ ɛŮɑɤůɖ Űɤɜ əŬɗɘɕɐůŮɤɜ ŭɑɢɤɠ Űɖɜ Ŭɚɚɞɑɤůɖ Űɖɠ əŬŰŬɜɞɛɐ 

Űɤɜ, 

¶ ɖ ŮˊŬɚɐɗŮɡůɖ Űɖɠ əɡɟŰɧŰɖŰŬɠ Űɤɜ əŬɛˊɨɚɤɜ ŬɜŬɚɧɔɤɠ Űɞɜ ŮŭŬűɘəɧ Űɨˊɞ, 

¶ ɖ ɗɏůɖ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ əŬɘ 

¶ ɖ ɕɩɜɖ ˊɟɤŰŮɨɞɡůŬɠ Ůˊɘɟɟɞɐɠ. 

 

ɆŰɖɜ ŮɝɏŰŬůɖ Űɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ əŬɘ ŭɘŮɟŮɨɜɖůɖɠ Űɤɜ ŮŭŬűɘəɩɜ 

ɛŮŰŬŰɞˊɑůŮɤɜ ˊŬɟŬŰɖɟɐɗɖəŬɜ ɛŮɔɎɚŮɠ ŭɘŬűɞɟɏɠ ŬɜɎ Űɨˊɞ ŮŭŬűɘəɞɨ ˊɟɞűɑɚ əŬɘ 

əŬŰŬůŰŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ. ȷɜŰɑɗŮŰŬ, əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ñSafetyò ï ŭɖɚŬŭɐ ŰŬɡŰɧɢɟɞɜɖɠ 

ŬˊɞɛŮɑɤůɖɠ Űɤɜ ɛɖɢŬɜɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ŮŭɎűɞɡɠ ï ɛŮŰŬɝɨ Űɞɡɠ ŰŬ ɛɞɜŰɏɚŬ ŭŮɜ 

ˊŬɟɞɡůɘɎɕɞɡɜ ŭɘŬűɞɟɏɠ. ɄŬɟŬəɎŰɤ ˊŬɟŬŰɑɗŮɜŰŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɞɡ ůɡɜŰŮɚŮůŰɐ 

ŬůűŬɚŮɑŬɠ ɔɘŬ ˊɟɞəŬɗɞɟɘůɛɏɜɞ Ŭɟɘɗɛɧ ɓɖɛɎŰɤɜ əŬɘ ɛŮ ɢɟɐůɖ Űɞɡ əŬŰŬůŰŬŰɘəɞɨ 

ɛɞɜŰɏɚɞɡ Hardening Soil (ˊŬɟɧɛɞɘŬ ŮɑɜŬɘ əŬɘ ɛŮ ɢɟɐůɖ Űɞɡ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɞɨ ï 

ɘŭŮɤŭɩɠ ˊɚŬůŰɘəɞɨ MC). 

ɆɨɛűɤɜŬ ɛŮ Űɞ ˊɟɧŰɡˊɞ ȺɁ 1997-1:2004 ɔɘŬ ULS, ɞ ŮɚɎɢɘůŰɞɠ ůɡɜŰŮɚŮůŰɐɠ 

ŬůűŬɚŮɑŬɠ ɏɜŬɜŰɘ ŬůŰɞɢɑŬɠ ŬˊɞɡůɑŬ ɈɈɃ ɞɟɑɕŮŰŬɘ ɤɠ ὊὛ ρȢςυ ˊɞɡ ˊɟɞəɨˊŰŮɘ 

ŮűŬɟɛɧɕɞɜŰŬɠ Ůˊɘɛɏɟɞɡɠ ůɡɜŰŮɚŮůŰɏɠ ŬůűŬɚŮɑŬɠ ‎ ρȢςυ ůŰɘɠ ˊŬɟŬɛɏŰɟɞɡɠ 

ŭɘŬŰɛɖŰɘəɐɠ ŬɜŰɞɢɐɠ Űɞɡ ŮŭɎűɞɡɠ •ȟὧᴂ. Ƀ Ůɜ ɚɧɔɤ ůɡɜŰŮɚŮůŰɐɠ ɘəŬɜɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ 

ˊŮɟɑˊŰɤůɖ Űɞɡ Űɨˊɞɡ ŮŭɎűɞɡɠ Ƚ ɔɘŬ əɎɗŮ űɞɟŰɑɞ Ŭɔəɨɟɤůɖɠ. ɀɎɚɘůŰŬ, ŮɨɚɞɔŬ 

ˊɟɞəɨˊŰŮɘ ɧŰɘ ɛŮɔŬɚɨŰŮɟɖ ŭɨɜŬɛɖ Ŭɔəɨɟɤůɖɠ ŮˊɘűɏɟŮɘ ɛŮɔŬɚɨŰŮɟɞ ůɡɜŰŮɚŮůŰɐ 

ŬůűŬɚŮɑŬɠ (ɏɤɠ əŬɘ ŰɎɝɖɠ 41% ɔɘŬ ŰɟɘˊɚɎůɘɞ űɞɟŰɑɞ Ŭɔəɨɟɤůɖɠ ΅ σϽ̈́ ). 



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 
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ɆɖɛŮɘɩɜŮŰŬɘ Ůˊɑůɖɠ ɧŰɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ɤɗɐůŮɤɜ ůŮ ɖɟŮɛɑŬ Ὼ ŭŮɜ ŮˊɖɟŮɎɕŮɘ Űɞɜ 

ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ ˊŬɟɎ ɛɧɜɞ Űɞ Ŭɟɢɘəɧ ŰŬůɘəɧ ˊŮŭɑɞ əŬɘ Űɘɠ ɛŮŰŬŰɞˊɑůŮɘɠ.  

 

ɆɢɐɛŬ 3-34: ɆɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ SF ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ I ůŮ 2D. 

ũɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ Űɨˊɞɡ ŮŭɎűɞɡɠ ȽȽ əŬɘ Űɖɜ ɢŬɛɖɚɧŰŮɟɖ ŭɨɜŬɛɖ Ŭɔəɨɟɤůɖɠ, 

ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ ὊὛ ρȢςυ ŭŮɜ ɘəŬɜɞˊɞɘŮɑŰŬɘ (ɚŬɛɓɎɜŮɘ 

Űɘɛɐ ˊŮɟɑˊɞɡ ɑůɖ ɛŮ ὊὛ ρȢρ). ȼ ˊŮɟɑˊŰɤůɖ Ůˊɞɛɏɜɤɠ Űɖɠ ɡˊŮɟůŰŮɟŮɞˊɞɘɖɛɏɜɖɠ 

Ŭɟɔɑɚɞɡ ɛŮ Űɖɜ ɛɘəɟɧŰŮɟɖ ŮűŬɟɛɞɕɧɛŮɜɖ ŭɨɜŬɛɖ Ŭɔəɨɟɤůɖɠ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ 

ˊŬɟɞɡůɘɎɕŮɘ ˊɟɧɓɚɖɛŬ ŭɘŬůŰŬůɘɞɚɧɔɖůɖɠ. ȼ ůɡɛˊŮɟɑɚɖɣɖ ůŰŬ ŭɘŬɔɟɎɛɛŬŰŬ 

ɤůŰɧůɞ, ɔɑɜŮŰŬɘ ŭɘɧŰɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ˊŬɟŬɛɏɜŮɘ ɛŮɔŬɚɨŰŮɟɞɠ Űɖɠ ɛɞɜɎŭŬɠ əŬɘ əŬŰô 

ɞɟɘůɛɏɜŬ ŭɘŬűɞɟŮŰɘəɎ ˊɟɧŰɡˊŬ ŮɑɜŬɘ ŬˊɞŭŮəŰɧɠ. ȼ ɛɏɔɘůŰɖ ɛŮŰŬɓɞɚɐ ˊŬɟŬŰɖɟŮɑŰŬɘ 

Űɖɠ ŰɎɝɖɠ Űɞɡ 29% ɔɘŬ ŰɟɘˊɚɎůɘɞ űɞɟŰɑɞ Ŭɔəɨɟɤůɖɠ (ŭɖɚ. ΅ σϽ̈́ ). 

 

ɆɢɐɛŬ 3-35: ɆɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ SF ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽI ůŮ 2D. 

ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŮɝŮŰɎůɗɖəŮ ɛɧɜɞ ůɨůŰɖɛŬ ŬɜŰɘůŰɐɟɘɝɖɠ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ 

ŬɔəɡɟɩůŮɘɠ. Ƀɘ ůɡɜɗɐəŮɠ ŮɡůŰɎɗŮɘŬɠ Űɞɡ ŮŭŬűɘəɞɨ ˊɟɑůɛŬŰɞɠ ŬɜɎɜŰɖ Űɞɡ Űɞɑɢɞɡ 

ŮɑɜŬɘ ɓŮɚŰɘɤɛɏɜŮɠ ɡˊɧ Űɖɜ ˊŬɟɞɡůɑŬ ˊɟɞŮɜŰŮŰŬɛɏɜɤɜ ŬɔəɡɟɩůŮɤɜ. ɉɤɟɑɠ Űɖɜ 

ˊŬɟɞɡůɑŬ ɞɟɘɕɧɜŰɘɤɜ ůŰɖɟɑɝŮɤɜ ɐ ŮˊŬɟəɞɨɠ ɓɎɗɞɡɠ ɏɛˊɖɝɖɠ, ɞ ůɡɜŰŮɚŮůŰɐɠ 

ŬůűŬɚŮɑŬɠ ɏɜŬɜŰɘ ɞɚɘůɗɐůŮɤɠ Űɞɡ ŮŭŬűɘəɞɨ ˊɟɑůɛŬŰɞɠ ŮɜŭɏɢŮŰŬɘ ɜŬ ŭɘŬəɡɓŮɡɧŰŬɜ.  



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 
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ɇɏɚɞɠ ɞɘ ŭɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ ůɡɜɘůŰɞɨɜ ůɡɜŰɖɟɖŰɘəɐ ɗŮɩɟɖůɖ ɞɟɘŬəɩɜ 

əŬŰŬůŰɎůŮɤɜ ŬůŰɞɢɑŬɠ. ɀɎɚɘůŰŬ, ɧˊɤɠ ɗŬ ŭɞɨɛŮ ˊŬɟŬəɎŰɤ, ɞɘ ŰɟŮɘɠ ŭɘŬůŰɎůŮɘɠ 

Ůˊɘűɏɟɞɡɜ Ŭɨɝɖůɖ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ ɔɘŬ Űɘɠ ɑŭɘŮɠ ŮŭŬűɘəɏɠ ůɡɜɗɐəŮɠ əŬɘ 

ŭɡɜɎɛŮɘɠ ˊɟɞɏɜŰŬůɖɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŰŮŰɟŬɔɤɜɘəɐɠ ŮəůəŬűɐɠ ɛŮ ɚɧɔɞ ὒȾὌ 

ρ. ũɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŰŮŰɟŬɔɤɜɘəɐɠ ŮəůəŬűɐɠ ɛŮ ɚɧɔɞ ὒȾὌ ςȢυ ɞɘ Űɘɛɏɠ Űɞɡ 
ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ ůɡɛˊɑˊŰɞɡɜ ɛŮ Űɘɠ ŭɘŭɘɎůŰŬŰŮɠ. 

 

3.5.2  ɇɟɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ 

Ƀɘ ŰɟɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ ɡˊɞŭŮɘəɜɨɞɡɜ ˊɘɞ ɚŮˊŰɞɛŮɟɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ 

ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ əŬɗɩɠ ŭɘŬűŬɑɜŮŰŬɘ ɖ ŭɘŮɨɗɡɜůɖ əŬɘ ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɞɡɠ 

əŬɗô ɨɣɞɠ əŬɘ əŬŰɎ ɛɐəɞɠ Űɖɠ ŮəůəŬűɐɠ. Ƀɘ ɛɏɔɘůŰŮɠ əŬɗɘɕɐůŮɘɠ ˊŬɟŬŰɖɟɞɨɜŰŬɘ əŬŰɎ 

ŰŬ ŮˊɑˊŮŭŬ ůɡɛɛŮŰɟɑŬɠ Ůɜɩ ŮɚŬɢɘůŰɞˊɞɘɞɨɜŰŬɘ ůŰɘɠ ɔɤɜɑŮɠ. ũɘŬ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ 

ŮˊɘɚɏɔɞɜŰŬɘ ɞɟɘɕɧɜŰɘŮɠ əŬɘ əŬŰŬəɧɟɡűŮɠ Űɞɛɏɠ əɞɜŰɎ ůŰŬ ŮˊɑˊŮŭŬ ůɡɛɛŮŰɟɑŬɠ, ŮəŮɑ 

ŭɖɚŬŭɐ ɧˊɞɡ ŮɛűŬɜɑɕɞɜŰŬɘ ɞɘ ɛɏɔɘůŰŮɠ ˊŬɟŬɛɞɟűɩůŮɘɠ (əŬɗɘɕɐůŮɘɠ əŬɘ ˊɚŮɡɟɘəɏɠ 

ɛŮŰŬŰɞˊɑůŮɘɠ), ŬɜŰɑ ɔɘŬ ɛɘŬ ŭɘŬŰɞɛɐ əɞɜŰɎ ůŰɖɜ əŮűŬɚɐ Űɞɡ ˊŬůůɎɚɞɡ ï ɧˊɤɠ ůŰɘɠ 

ŭɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ. Ƀɘ ŰŮɚŮɡŰŬɑŮɠ ŬɜŬűɏɟɞɜŰŬɘ ůŮ ɛɑŬ çɛɏůɖè əŬŰɎůŰŬůɖ Űɤɜ 

ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ əŬɘ ɧɢɘ ůŰɖɜ ɛɏɔɘůŰɖ. 

ɉɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ŮŭŬűɘəɧ ˊɟɞůɞɛɞɑɤɛŬ Hardening Soil Model Ůɜɩ ůɡɔəɟɘŰɘəɏɠ 

ŬɜŬɚɨůŮɘɠ ɏɔɘɜŬɜ ɛŮ Űɞ LE-PL MC. ũɘŬ Űɞ ˊɟɞůɞɛɞɑɤɛŬ LE-PL ɞɘ ŬɜɡɣɩůŮɘɠ Űɞɡ 

ˊɡɗɛɏɜŬ Űɖɠ ŮəůəŬűɐɠ ŮɑɜŬɘ ɡɣɖɚɏɠ, ɖ əŬŰŬůəŮɡɐ ŬɜŰɘůŰɐɟɘɝɖɠ ůɡɛˊŬɟŬůɨɟŮŰŬɘ 

ˊɟɞɠ ŰŬ ˊɎɜɤ əŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ˊŬɟŬŰɖɟŮɑŰŬɘ Ůə ɜɏɞɡ Ŭɜɨɣɤůɖ ŮŭɎűɞɡɠ. 

ȺɜŭŮɘəŰɘəɎ ˊŬɟŬŰɑɗŮɜŰŬɘ ŭɨɞ ŭɘŬɔɟɎɛɛŬŰŬ ŬɜɡɣɩůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ŮŭɎűɞɡɠ ɛŮ 

ɢɟɐůɖ Űɞɡ MC ɔɘŬ Űɞɡɠ ŭɨɞ Űɨˊɞɡɠ ŮŭŬűɩɜ Ƚ əŬɘ ȽȽ ɔɘŬ Ὼ ρ ίὭὲ• əŬɘ Ὼ πȢυ 

ŬɜŰɑůŰɞɘɢŬ (ɆɢɐɛŬ 3-38 & ɆɢɐɛŬ 3-43). 

ȷɜŰɑůŰɞɘɢŬ ˊɟɞəɨˊŰɞɡɜ əŬɘ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ɔɘŬ Ὼ πȢχȟρȢπ. ȺˊɘɓŮɓŬɘɩɜŮŰŬɘ Ůə 
ɜɏɞɡ ɖ ŬŭɡɜŬɛɑŬ Űɞɡ LE-PL ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŮŭŬűɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ ï ɧˊɤɠ əŬɘ 

ůŰɘɠ ŭɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ. 

 

ɇŮŰɟŬɔɤɜɘəɐ ŮəůəŬűɐ ɛŮ ɚɧɔɞ ὒȾὌ ρȡ 

ɆŰɘɠ ŰɟɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ, ɛŮ Űɖ ɢɟɐůɖ ɢɟɤɛŬŰɘəɩɜ ŬˊŮɘəɞɜɑůŮɤɜ əŬɘ 

ˊŬɟŬɛɞɟűɤɛɏɜɞɡ əŬɜɜɎɓɞɡ ɔɑɜŮŰŬɘ əŬɚɨŰŮɟŬ ŬɜŰɘɚɖˊŰɐ ɖ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɤɜ 

ɛŮŰŬŰɞˊɑůŮɤɜ ˊɚɖůɑɞɜ əŬɘ əɎŰɤɗŮɜ Űɖɠ ŮəůəŬűɐɠ, ɧˊɤɠ ůŰɞ ˊŬɟŬəɎŰɤ ˊŬɟɎŭŮɘɔɛŬ 

(ɔɘŬ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ρ̈́ əŬɘ Ὼ ȟ ρ ίὭὲ• Ǫ ὑ ȟ πȢυ əŬɘ ŰŬɡŰɧɢɟɞɜɖ 

ɢɟɐůɖ MC əŬɘ HS). 

 

Soil,1 ï Mohr-Coulomb 
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ɆɢɐɛŬ 3-36: ɄŬɟŬɛɞɟűɤɛɏɜɞɠ əɎɜɜŬɓɞɠ əŬɘ ɢɟɤɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ, 

Ⱦ0=1-sinűô əŬɘ ȷ1 ɛŮ ɢɟɐůɖ MC əŬɘ HS ŬɜŰɑůŰɞɘɢŬ ůŮ 3D, LåH. 

 

 

 

ɆɢɐɛŬ 3-37: ɄŬɟŬɛɞɟűɤɛɏɜɞɠ əɎɜɜŬɓɞɠ əŬɘ ɢɟɤɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ, 

Ⱦ0=1-sinűô əŬɘ ȷ1 ɛŮ ɢɟɐůɖ MC əŬɘ HS ŬɜŰɑůŰɞɘɢŬ ůŮ 3D, LåH. 

Soil,2 ï Mohr-Coulomb 

Soil,2 ï Hardening Soil 

Soil,1 ï Hardening Soil 
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ɆɢɐɛŬ 3-38: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 3D, LåH ɔɘŬ Ⱦ0=1-sinűô ɛŮ MC. 

 

ɆɢɐɛŬ 3-39: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 3D, LåH ɔɘŬ Ⱦ0=1-sinűô ɛŮ HS. 

 

ɆɢɐɛŬ 3-40: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 3D, LåH ɔɘŬ Ⱦ0=0.7 ɛŮ HS. 

ʰ˄ˏ˕˖ˋʹ 
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ɆɢɐɛŬ 3-41: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 3D, LåH ɔɘŬ Ⱦ0=1.0 ɛŮ HS. 

 

ɆɢɐɛŬ 3-42: Ɇɨɔəɟɘůɖ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ ɛŮ ɢɟɐůɖ əŬɘ MC əŬɘ HS ɔɘŬ 

Ⱦ0=1-sinűô ůŮ 3D, LåH. 

 

ɆɢɐɛŬ 3-43: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽȽ ůŮ 3D, LåH ɔɘŬ Ⱦ0=0.5 ɛŮ MC. 

ʰ˄ˏ˕˖ˋʹ 



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 
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ɆɢɐɛŬ 3-44: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽȽ ůŮ 3D, LåH ɔɘŬ Ⱦ0=0.5 ɛŮ HS. 

 

ɆɢɐɛŬ 3-45: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽȽ ůŮ 3D, LåH ɔɘŬ Ⱦ0=0.7 ɛŮ HS. 

 

ɆɢɐɛŬ 3-46: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽȽ ůŮ 3D, LåH ɔɘŬ Ⱦ0=1.0 ɛŮ HS. 
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ɆɢɐɛŬ 3-47: Ɇɨɔəɟɘůɖ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ ɛŮ ɢɟɐůɖ əŬɘ MC əŬɘ HS ɔɘŬ 

Ⱦ0=0.5 ůŮ 3D, LåH. 

 

ɆŰŬ Ůˊɘɛɏɟɞɡɠ ůɡɛˊŮɟɎůɛŬŰŬ Ůə Űɤɜ ŰɟɘŭɘɎůŰŬŰɤɜ ŬɜŬɚɨůŮɤɜ ɔɘŬ ɚɧɔɞ 

ɛɐəɞɡɠ/ɨɣɞɡɠ ŮəůəŬűɐɠ ὒȾὌ ρ , ˊɟɞəɨˊŰŮɘ: 

¶ ȼ ɛɖ ɟŮŬɚɘůŰɘəɐ űɨůɖ Űɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ ɢɟɐůɖ Űɞɡ ɔɟŬɛɛɘəɎ ŮɚŬůŰɘəɞɨ ï 

ɘŭŮɤŭɩɠ ˊɚŬůŰɘəɞɨ (LE-PL) MC ï ɞɛɞɑɤɠ ɛŮ Űɘɠ ŭɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ.  

¶ ɀŮ ɢɟɐůɖ Űɞɡ ɛɖ ɔɟŬɛɛɘəɞɨ ɛɞɜŰɏɚɞɡ HS, ɖ Ůˊɘɟɟɞɐ Űɖɠ űɞɟŰɘəɐɠ 

əŬŰɎůŰŬůɖɠ ůŰɖɜ ɛŮɑɤůɖ Űɤɜ əŬɗɘɕɐůŮɤɜ ŭɑɢɤɠ Űɖɜ Ŭɚɚɞɑɤůɖ Űɖɠ əŬŰŬɜɞɛɐ 

Űɤɜ, 

¶ ɖ ɛŮɑɤůɖ Űɤɜ ɛɏɔɘůŰɤɜ Űɘɛɩɜ Űɤɜ əŬɗɘɕɐůŮɤɜ əŬɘ ŭɖ ůŰɖɜ ˊŮɟɑˊŰɤůɖ 

űɞɟŰɘəɐɠ əŬŰɎůŰŬůɖɠ ρ̈́ əŬɘ ɓŬůɘəɧ Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ ï ɚɧɔɤ Ŭɨɝɖůɖɠ əŬɘ Űɞɡ 

ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ SF. 

¶ ɞ ˊŮɟɘɞɟɘůɛɧɠ Űɖɠ ɕɩɜɖɠ ˊɟɤŰŮɨɞɡůŬɠ Ůˊɘɟɟɞɐɠ ůŮ ρȢπ əŬɘ ůŮ ὨȾὌ ρȢς 

ɔɘŬ Űɞɜ ŮŭŬűɘəɧ Űɨˊɞ Ƚ əŬɘ ȽȽ ŬɜŰɑůŰɞɘɢŬ. 

¶ ɖ ɑŭɘŬ ɗɏůɖ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ, əŬɘ 

¶ ŮɛűŬɜɐɠ əɡɟŰɧɠ Űɨˊɞɠ əŬŰŬɜɞɛɐɠ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ŮŭŬűɘəɞɨ Űɨˊɞɡ Ƚ. 

 

ɇŬ ŭɘŬɔɟɎɛɛŬŰŬ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ ŰŮŰɟŬɔɤɜɘəɐɠ ŮəůəŬűɐɠ 

ɛŮ ὒȾὌ ρ ɡˊɞŭŮɘəɜɨɞɡɜ Ŭɨɝɖůɖ ɛŮɔɏɗɞɡɠ. ɀɎɚɘůŰŬ, ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ 

ŮŭŬűɘəɞɨ Űɨˊɞɡ ȽȽ əŬɘ ŭɨɜŬɛɖ ˊɟɞɏɜŰŬůɖɠ Űɖɜ ŮɚɎɢɘůŰɖ, ɞ ůɡɜŰŮɚŮůŰɐɠ ˊɚɏɞɜ 

ɝŮˊŮɟɜɎŮɘ Űɞɜ ŮɚɎɢɘůŰɞ ὊὛ ρȢςυ. Ⱥˊɑůɖɠ ˊɟɞűŬɜɐɠ ŮɑɜŬɘ ɖ Ŭɨɝɖůɖ Űɞɡ 

ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ, ŬɡɝɎɜɞɜŰŬɠ Űɘɠ ŭɡɜɎɛŮɘɠ ˊɟɞɏɜŰŬůɖɠ ï ɧˊɤɠ əŬɘ ůŰɘɠ 

ŭɘŭɘɎůŰŬŰŮɠ ŬɜŬɚɨůŮɘɠ. 
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ɆɢɐɛŬ 3-48: ɆɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ SF ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ I ůŮ 3D, LåH.. 

 

ɆɢɐɛŬ 3-49: ɆɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ SF ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ ůŮ 3D, LåH. 

 

ȼ Ůˊɘɟɟɞɐ Űɤɜ ŰɟɘŬɝɞɜɘəɩɜ ůɡɜɗɖəɩɜ əŬŰɎ ŰŬ ɎəɟŬ ɏɢŮɘ ŭŮůˊɧɕɞɡůŬ ůɖɛŬůɑŬ ï 

ɧˊɤɠ ɗŬ ŭɞɨɛŮ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŰŮŰɟŬɔɤɜɘəɩɜ ŮəůəŬűɩɜ ɛŮ ɚɧɔɞ ὒȾὌ ςȢυ. Ƀɘ 
ŭɡɜɎɛŮɘɠ ˊɟɞɏɜŰŬůɖɠ ŮɛűŬɜɩɠ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ əŬŰŬɜɞɛɏɠ əŬɗɘɕɐůŮɤɜ ŬɚɚɎ ɧɢɘ Űɧůɞ 

Űɘɠ ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ ɛɞɜɞŭɘɎůŰŬŰŬ. Ɉˊɧ ŰɟɘŭɘɎůŰŬŰŮɠ ůɡɜɗɐəŮɠ Ůˊɑůɖɠ, 

ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ ŬɜŬɚɧɔɤɠ Űɞɜ ɚɧɔɞ ὒȾὌ. ɀŮɔŬɚɨŰŮɟɞɘ 

ůɡɜŰŮɚŮůŰɏɠ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ůŰɖɜ ůŰŮɜɧŰŮɟɖ ŮəůəŬűɐ.  

 

ɇŮŰɟŬɔɤɜɘəɐ ŮəůəŬűɐ ɛŮ ɚɧɔɞ ὒȾὌ ςȢυȡ 

ɆŰŬ əɎŰɤɗɘ ŭɘŬɔɟɎɛɛŬŰŬ ˊŬɟŬŰɑɗŮŰŬɘ Ůə ɜɏɞɡ ˊŬɟŬɛɞɟűɤɛɏɜɞɠ əɎɜɜŬɓɞɠ əŬɘ 

ɢɟɤɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛŮ Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɤɜ ˊŬɟŬɛɞɟűɩůŮɤɜ ɔɘŬ Űɖɜ 

ˊŮɟɑˊŰɤůɖ ŭɨɜŬɛɖɠ Ŭɔəɨɟɤůɖɠ ρ̈́ əŬɘ ůɡɜŰŮɚŮůŰɐ ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ ɣ ρ

ÓÉÎ• əŬɘ ɣ πȢυ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ əŬɘ ȽȽ ŬɜŰɑůŰɞɘɢŬ əŬɘ ˊŬɟɎɚɚɖɚɖ ɢɟɐůɖ Űɤɜ 

ɛɞɜŰɏɚɤɜ MC əŬɘ HS. 



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 

71 |  

 

 

 

ɆɢɐɛŬ 3-50: ɄŬɟŬɛɞɟűɤɛɏɜɞɠ əɎɜɜŬɓɞɠ əŬɘ ɢɟɤɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ, 

Ⱦ0=1-sinűô əŬɘ ȷ1 ɛŮ ɢɟɐůɖ MC əŬɘ HS ŬɜŰɑůŰɞɘɢŬ ůŮ 3D, Lå2.5H. 

 

 

ɆɢɐɛŬ 3-51: ɄŬɟŬɛɞɟűɤɛɏɜɞɠ əɎɜɜŬɓɞɠ əŬɘ ɢɟɤɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɛŮŰŬŰɞˊɑůŮɤɜ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ, 

Ⱦ0=0.5 əŬɘ ȷ1 ɛŮ ɢɟɐůɖ MC əŬɘ HS ŬɜŰɑůŰɞɘɢŬ ůŮ 3D, Lå2.5H. 

Soil,1 ï Hardening Soil 

Soil,1 ï Mohr-Coulomb 

Soil,2 ï Hardening Soil 

Soil,2 ï Mohr-Coulomb 
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ɆɡɔəŮəɟɘɛɏɜŬ ɞɘ əŬɛˊɨɚŮɠ əŬɗɘɕɐůŮɤɜ ɔɘŬ əɎɗŮ ˊŮɟɑˊŰɤůɖ űŬɑɜɞɜŰŬɘ ˊŬɟŬəɎŰɤ: 

 

ɆɢɐɛŬ 3-52: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 3D, Lå2.5H ɔɘŬ Ⱦ0=1-sinűô ɛŮ MC. 

 

ɆɢɐɛŬ 3-53: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 3D, Lå2.5H ɔɘŬ Ⱦ0=1-sinűô ɛŮ HS. 

 

ɆɢɐɛŬ 3-54: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 3D, Lå2.5H ɔɘŬ Ⱦ0=0.7 ɛŮ HS. 

ʰ˄ˏ˕˖ˋʹ 
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ɆɢɐɛŬ 3-55: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ ůŮ 3D, Lå2.5H ɔɘŬ Ⱦ0=1.0 ɛŮ HS. 

 

ɆɢɐɛŬ 3-56: Ɇɨɔəɟɘůɖ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ ɛŮ ɢɟɐůɖ əŬɘ MC əŬɘ HS ɔɘŬ 

Ⱦ0=1-sinűô ůŮ 3D, Lå2.5H. 

 

ɆɢɐɛŬ 3-57: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽȽ ůŮ 3D, Lå2.5H ɔɘŬ Ⱦ0=0.5 ɛŮ MC 

ʰ˄ˏ˕˖ˋʹ 
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ɆɢɐɛŬ 3-58: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽȽ ůŮ 3D, Lå2.5H ɔɘŬ Ⱦ0=0.5 ɛŮ HS. 

 

ɆɢɐɛŬ 3-59: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽȽ ůŮ 3D, Lå2.5H ɔɘŬ Ⱦ0=0.7 ɛŮ HS. 

 

ɆɢɐɛŬ 3-60: Ʉɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ ȽȽ ůŮ 3D, Lå2.5H ɔɘŬ Ⱦ0=1.0 ɛŮ HS. 
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ɆɢɐɛŬ 3-61: Ɇɨɔəɟɘůɖ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ ɛŮ ɢɟɐůɖ əŬɘ MC əŬɘ HS ɔɘŬ 

Ⱦ0=0.5 ůŮ 3D, LåH. 

ɆŰŬ Ůˊɘɛɏɟɞɡɠ ůɡɛˊŮɟɎůɛŬŰŬ Ůə Űɤɜ ŰɟɘŭɘɎůŰŬŰɤɜ ŬɜŬɚɨůŮɤɜ ɔɘŬ ɚɧɔɞ 

ɛɐəɞɡɠ/ɨɣɞɡɠ ŮəůəŬűɐɠ ὒȾὌ ςȢυ , ˊɟɞəɨˊŰŮɘ ɞɛɞɑɤɠ: 

¶ ȼ ɛɖ ɟŮŬɚɘůŰɘəɐ űɨůɖ Űɤɜ ɛŮŰŬŰɞˊɑůŮɤɜ Űɞɡ MC 

¶ ɖ Ůˊɘɟɟɞɐ Űɖɠ űɞɟŰɘəɐɠ əŬŰɎůŰŬůɖɠ ůŰɖɜ ɛŮɑɤůɖ Űɤɜ əŬɗɘɕɐůŮɤɜ ŭɑɢɤɠ Űɖɜ 

Ŭɚɚɞɑɤůɖ Űɖɠ əŬŰŬɜɞɛɐ Űɤɜ, 

¶ ɖ Ŭɨɝɖůɖ Űɤɜ ɛɏɔɘůŰɤɜ Űɘɛɩɜ Űɤɜ əŬɗɘɕɐůŮɤɜ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ůŰŮɜɧŰŮɟɖ 

ŮəůəŬűɐ (ὒȾὌ ρ, 

¶ ɖ ŬɜŰɘůŰɞɘɢɑŬ Űɖɠ ɕɩɜɖɠ ˊɟɤŰŮɨɞɡůŬɠ Ůˊɘɟɟɞɐɠ ɛŮ ŬɡŰɐ Űɤɜ ŭɘŭɘɎůŰŬŰɤɜ 

ŬɜŬɚɨůŮɤɜ ρͯȢςῷ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ Űɨˊɞɡ ŮŭɎűɞɡɠ ȽȽ əŬɘ ɛŮ ŬɡŰɐ Űɖɠ 

ůŰŮɜɧŰŮɟɖɠ ŮəůəŬűɐɠ ůŮ ρȢπ ɔɘŬ Űɨˊɞ ŮŭɎűɞɡɠ Ƚ. 

¶ ɖ ɑŭɘŬ ɗɏůɖ ɛɏɔɘůŰɖɠ əŬɗɑɕɖůɖɠ 

ɀŮɑɤůɖ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ˊɚŬŰɨŰŮɟɖɠ 

ŮəůəŬűɐɠ ὒȾὌ ςȢυ. ȺɘŭɘəɎ ɔɘŬ Űɞɜ Űɨˊɞ ŮŭɎűɞɡɠ ȽȽ, ɞɘ Űɘɛɏɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ 

ŬůűŬɚŮɑŬɠ ůɡɛˊɑˊŰɞɡɜ ɛŮ ŬɡŰɏɠ Űɤɜ ŭɘŭɘɎůŰŬŰɤɜ ŬɜŬɚɨůŮɤɜ 

 

ɆɢɐɛŬ 3-62: ɆɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ SF ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ I ůŮ 3D, Lå2.5H. 
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ɆɢɐɛŬ 3-63: ɆɡɜŰŮɚŮůŰɐɠ ŬůűŬɚŮɑŬɠ SF ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ ůŮ 3D, Lå2.5H. 

 

ɇŬ ˊŬɟŬˊɎɜɤ ŭɘŬɔɟɎɛɛŬŰŬ ŬˊɞŰŮɚɞɨɜ ŰŬ ˊɟɩŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŭɘŭɘɎůŰŬŰɤɜ 

əŬɘ ŰɟɘŭɘɎůŰŬŰɤɜ ŬɜŬɚɨůŮɤɜ ůŰɞ űɎůɛŬ Űɤɜ ˊɟɞəŬɗɞɟɘůɛɏɜɤɜ ˊŬɟŬɛɏŰɟɤɜ 

Ůˊɘɟɟɞɐɠ. ɆɡɔəŮəɟɘɛɏɜŬ, əŬɜɞɜɘəɞˊɞɘɐɗɖəŬɜ ůŰɖ ɛɞɟűɐ əŬɛˊɨɚɤɜ əŬɗɘɕɐůŮɤɜ ɔɘŬ 

əɎɗŮ Űɨˊɞ ŮŭɎűɞɡɠ, ŭɨɜŬɛɖ ˊɟɞɏɜŰŬůɖɠ əŬɘ ůɡɜŰŮɚŮůŰɐ ɤɗɐůŮɤɜ ůŮ ɖɟŮɛɑŬ. 

ɄɟɞəŮɘɛɏɜɞɡ ɤůŰɧůɞ ɜŬ ɔɑɜŮɘ ŬɜŰɘɚɖˊŰɐ ɖ Ůˊɘɟɟɞɐ Űɖɠ 3ɖɠ ŭɘɎůŰŬůɖɠ ůŰɘɠ əŬɛˊɨɚŮɠ 

Űɤɜ əŬɗɘɕɐůŮɤɜ, ˊŬɟŬəɎŰɤ ˊŬɟŬŰɑɗŮɜŰŬɘ ůɡůɢŮŰɑůŮɘɠ əŬɛˊɨɚɤɜ əŬɗɘɕɐůŮɤɜ 

ŮˊɘűŬɜŮɑŬɠ əŬɘ ˊɚŮɡɟɘəɩɜ ɛŮŰŬŰɞˊɑůŮɤɜ ɛŮŰŬɝɨ ŭɘŭɘɎůŰŬŰɤɜ əŬɘ ŰɟɘŭɘɎůŰŬŰɤɜ 

ŬɜŬɚɨůŮɤɜ. 

ɆɡɜɎɛŬ ˊŬɟŬɓɎɚɚɞɜŰŬɘ ůɡɔəɟɘŰɘəɎ ɘůŰɞɔɟɎɛɛŬŰŬ ůɡɜŰŮɚŮůŰɐ ŬůűŬɚŮɑŬɠ ï ɧɛɞɘŬ ɛŮ 

ŬɡŰɎ ˊɞɡ ˊɟɞɏəɡɣŬɜ ˊŬɟŬˊɎɜɤ. 

 

3.5.3  ɆɡůɢɏŰɘůɖ ŬˊɞŰŮɚŮůɛɎŰɤɜ 

ɄŬɟŬəɎŰɤ ŭɘŬűŬɑɜŮŰŬɘ ɖ ůɨɔəɟɘůɖ Űɤɜ ˊɟɞűɑɚ əŬɗɘɕɐůŮɤɜ ɔɘŬ ŭɘŭɘɎůŰŬŰŮɠ (2D) əŬɘ 

ŰɟɘŭɘɎůŰŬŰŮɠ ůɡɜɗɐəŮɠ (3D) ɛŮ ɚɧɔɞɡɠ ὒȾὌ ρ əŬɘ ὒȾὌ ςȢυ ŬɜŰɑůŰɞɘɢŬ, ɔɘŬ Űɞɜ ɑŭɘɞ 
Űɨˊɞ ŮŭɎűɞɡɠ, űɞɟŰɑɞ Ŭɔəɨɟɤůɖɠ əŬɘ ůɡɜŰŮɚŮůŰɐ ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ. Ƀɘ 

ůɡůɢŮŰɑůŮɘɠ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŮ ɛɞɟűɐ ŭɘŬɔɟŬɛɛŬŰɞˊɞɑɖůɖɠ ɛŮ Űɖɜ Ŭɜɖɔɛɏɜɖ əŬɗɑɕɖůɖ 

όȾὌ  əŬɘ Űɖɜ Ŭɜɖɔɛɏɜɖ ŬˊɧůŰŬůɖ Ŭˊɧ Űɖɜ ůŰɏɣɖ ὨȾὌ  ɜŬ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞɜ 

əŬŰŬəɧɟɡűɞ əŬɘ ɞɟɘɕɧɜŰɘɞ ɎɝɞɜŬ ŬɜŰɑůŰɞɘɢŬ. Ⱥˊɑůɖɠ, ŮɚɐűɗɖůŬɜ ɛɧɜɞ ɔɘŬ Űɞ ɛɖ 

ɔɟŬɛɛɘəɧ əŬŰŬůŰŬŰɘəɧ ɛɞɜŰɏɚɞ Hardening Soil (HS) əŬɗɩɠ ɛɘɚɐůŬɛŮ ˊɟɞɖɔɞɡɛɏɜɤɠ 

ˊŮɟɑ ɛɖ ɟŮŬɚɘůŰɘəɧŰɖŰŬɠ Űɞɡ Mohr-Coulomb (MC).  
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ɆɡɜŰŮɚŮůŰɐɠ ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ Ὼ ȟ ρ ίὭὲ• Ǫ ὑ ȟ πȢυȡ 

 

ɆɢɐɛŬ 3-64: ȾŬɗɘɕɐůŮɘɠ Ůɘ́űŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ, Ⱦ0=1-sinűô əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ1 ɛŮ HS. 

 

ɆɢɐɛŬ 3-65: ȾŬɗɘɕɐůŮɘɠ Ůɘ́űŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ, Ⱦ0=1-sinűô əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ2 ɛŮ HS. 

 

ɆɢɐɛŬ 3-66: ȾŬɗɘɕɐůŮɘɠ Ůɘ́űŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ, Ⱦ0=1-sinűô əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ3 ɛŮ HS. 



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 
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ɆɢɐɛŬ 3-67: ȾŬɗɘɕɐůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ, Ⱦ0=0.5 əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ1 ɛŮ HS. 

 

ɆɢɐɛŬ 3-68: ȾŬɗɘɕɐůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ, Ⱦ0=0.5 əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ2 ɛŮ HS. 

 

ɆɢɐɛŬ 3-69: ȾŬɗɘɕɐůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ IȽ, Ⱦ0=0.5 əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ3 ɛŮ HS. 

 



ȺŭŬűɘəɏɠ ɛŮŰŬŰɞˊɑůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɚɧɔɤ ɓŬɗɘɩɜ ŮəůəŬűɩɜ ŬɜŰɘůŰɖɟɘɕɞɛɏɜɤɜ ɛŮ ˊɟɞŮɜŰŮŰŬɛɏɜŮɠ ŬɔəɡɟɩůŮɘɠ 
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ɆɡɜŰŮɚŮůŰɐɠ ɞɡŭŮŰɏɟɤɜ ɤɗɐůŮɤɜ Ὼ πȢχȡ 

 

ɆɢɐɛŬ 3-70: ȾŬɗɘɕɐůŮɘɠ Ůɘ́űŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ, Ⱦ0=0.7 əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ1 ɛŮ HS. 

 

ɆɢɐɛŬ 3-71: ȾŬɗɘɕɐůŮɘɠ Ůɘ́űŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ, Ⱦ0=0.7 əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ2 ɛŮ HS. 

 

ɆɢɐɛŬ 3-72: ȾŬɗɘɕɐůŮɘɠ ŮˊɘűŬɜŮɑŬɠ ɔɘŬ ŮŭŬűɘəɧ Űɨˊɞ Ƚ, Ⱦ0=0.7 əŬɘ űɞɟŰɘəɐ əŬŰɎůŰŬůɖ ȷ3 ɛŮ HS. 












































