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NUMERICAL ANALYSIS OF SLOPE STABILITY
UNDER STATIC AND SEISMIC CONDITIONS

Abstract

This dissertation was carried out within the framework of the undergraduate curriculum of
the School of Rural and Surveying Engineering of the National Technical University of
Athens.

Soil stability is a main theme of Geotechnical Engineering. Natural and artificial slopes can
become unstable and their failure can be catastrophic. In the past, the stability of a slope
was mainly analysed by methods of marginal equilibrium. Lately, with developments in
finite element techniques and the availability of powerful calculation processors, numerical
simulations have emerged as a popular tool. Marginal equilibrium methods that analyse the
equilibrium of soil mass, where it can slide on a supposed failure surface, do not estimate
deformations and stresses acting on the mass of soil materials. With the Finite Ement
Method (FEM) using special software programs such as Abaqus or Plaxis, incoporating
appropriate models such as MohrCoulomb, they simulate the behavior of soil deformation
stresses

The main subject of the current thesis is constituted on analyzing a variety of different
slopes, either under static or seismic conditions, calculated with the Finite Element Method
(FEM). The software used for the extraction of outputs is Plaxis Software V. 8.2. The
introduction of seismic acceleration on soil model was made under pseudo-static method.
Three values of seismic acceleration were used (.16g, 0.24g and 0.369g), as they are
defined by Hellenic Seismic Code 2000 and constitute the Seismic Risk Zones of Greece.

This project required hundreds of analyses carried out on a computer, examining the
equilibrium state of different geometry of slopes, as well as soil parameters.

The aim of this study was to review a chart proposed by Taylor (1937) at a time of limited
computational means and when the marginal equilibrium method took its first steps, with
the results obtained from the Finite Elements Method (FEM) under static conditions.

The ultimate objective was to propose new diagrams and equations for the rapid
calculation of the Factor of Safety of various slopes under static and seismic conditions.

Even today, in various routine applications, engineers use the Taylor stability chart as the
main tool for determining the safety factor (FS) for homogeneous soil sloopes In addition
to Taylor's stability chart, there are many other renowned scientists who have improved or
devised new approach ways of calculating the safety factor. | hope that this effort will be
included in the list.
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18 30 5 5 2.75 2.32 2.03 1.76 1.31 0.93
18 30 10 5 1.67 1.33 1.12 0.95 0.76 0.48
18 30 20 5 1.10 0.79 0.65 0.53 0.41 0.28
18 30 40 5 0.77 0.52 0.41 0.32 0.26 0.17
I T T T T T
18 30 5 10 3.36 2.66 2.24 1.92 1.42 1.03
18 30 10 10 2.21 1.62 1.30 1.09 0.87 0.55
18 30 20 10 1.55 1.03 0.81 0.65 0.50 0.35
18 30 40 10 1.20 0.73 0.55 0.43 0.33 0.22
I
18 30 5 20 4.48 3.29 2.64 2.22 1.63 1.13
18 30 10 20 3.20 2.15 1.64 1.34 1.05 0.69
18 30 20 20 2.42 1.46 1.11 0.86 0.65 0.44
18 30 40 20 2.01 1.14 0.81 0.62 0.46 0.30
I T
18 30 5 30 5.60 3.92 3.06 2.56 1.87 1.31
18 30 10 30 4.20 2.69 1.99 1.57 1.21 0.77
18 30 20 30 3.37 1.93 1.40 1.05 0.79 0.50
18 30 40 30 2.88 1.57 1.11 0.81 0.58 0.37
I O
18 30 5 40 6.94 4.62 3.51 291 2.12 1.54
18 30 10 40 5.41 3.32 2.39 1.82 1.41 0.95
18 30 20 40 4.44 2.46 1.74 1.27 0.96 0.59
18 30 40 40 3.92 2.09 1.42 0.99 0.70 0.40
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3 Uuc 0.07 0.11 0.14 0.16 0.20 0.24
3 pum 0.02 0.07 0.11 0.14 0.17 0.22
3 ¢m - 0.02 0.06 0.1 0.13 0.18
3 0OW - - 0.03 0.06 0.1 0.15
3 T@h - - 0.01 0.03 0.07 0.12

/1




72

aoel UOI



Ns (new) Ns (Taylor)

EEEEE 0 o0 s 0 5w
0.121 0.144 0.164 0.189 0.254 0.360 0.07 0.11 0.135 0.16 0.195 0.238
0.100 0.125 0.149 0.176 0.218 0.348 0.07 0.11 0.135 0.16 0.195 0.238
0.076 0.105 0.128 0.158 0.202 0.300 0.07 0.11 0.135 0.16 0.195 0.238
0.054 0.081 0.102 0.129 0.163 0.247 0.07 0.11 0.135 0.16 0.195 0.238
0.099 0.125 0.149 0.174 0.235 0.324 0.02 0.072 0.108 0.135 0.174 0.217
0.075 0.103 0.128 0.154 0.192 0.302 0.02 0.072 0.108 0.135 0.174 0.217
0.054 0.081 0.103 0.129 0.167 0.241 0.02 0.072 0.108 0.135 0.174 0.217
0.035 0.057 0.075 0.097 0.126 0.194 0.02 0.072 0.108 0.135 0.174 0.217
0.074 0.101 0.126 0.150 0.204 0.296 0.022 0.06 0.095 0.132 0.18
1
0.052 0.078 0.102 0.125 0.159 0.243 0.022 0.06 0.095 0.132 0.18
1
0.034 0.057 0.075 0.097 0.128 0.192 0.022 0.06 0.095 0.132 0.18
1
0.021 0.037 0.051 0.067 0.090 0.140 0.022 0.06 0.095 0.132 0.18
0.060 0.085 0.109 0.130 0.178 0.254 0.025 0.06 0.1 0.15
1
0.040 0.062 0.084 0.106 0.138 0.217 0.025 0.06 0.1 0.15
1
0.025 0.043 0.060 0.080 0.106 0.165 0.025 0.06 0.1 0.15
1
0.014 0.027 0.038 0.051 0.072 0.114 0.025 0.06 0.1 0.15
0.048 0.072 0.095 0.115 0.157 0.216 0.006 0.033 0.07 0.12
1
0.031 0.050 0.070 0.092 0.118 0.176 0.006 0.033 0.07 0.12
1
0.019 0.034 0.048 0.065 0.087 0.141 0.006 0.033 0.07 0.12
1
0.011 0.020 0.029 0.042 0.059 0.105 0.006 0.033 0.07 0.12
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FoS (plaxis) FoS(Mwaypappua Taylor)
2.75 2.32 2.03 1.76 1.31 0.93 5.29 3.03 2.46 2.08 1.75 1.40
1.67 1.33 1.12 0.95 0.76 0.48 2.38 1.52 1.23 1.04 0.85 0.70
1.10 0.79 0.65 0.53 0.41 0.28 1.19 0.76 0.62 0.52 0.43 0.35
0.77 0.52 0.41 0.32 0.26 0.17 0.60 0.38 0.31 0.26 0.21 0.18
3.36 2.66 2.24 1.92 1.42 1.03 16.67 4.63 3.09 2.47 1.92 1.54
2.21 1.62 1.30 1.09 0.87 0.55 8.33 2.31 1.54 1.23 0.96 0.77
1.55 1.03 0.81 0.65 0.50 0.35 4.17 1.16 0.77 0.62 0.48 0.38
1.20 0.73 0.55 0.43 0.33 0.22 2.08 0.58 0.39 0.31 0.24 0.19
4.48 3.29 2.64 2.22 1.63 1.13] #gpiv/o! 15.15 5.56 3.51 2.53 1.85
r
3.20 2.15 1.64 1.34 1.05 0.69] #piv/o! 7.58 2.78 1.75 1.26 0.93
r
2.42 1.46 111 0.86 0.65 0.44 #DIV/Ol 3.79 1.39 0.88 0.63 0.46
2.01 1.14 0.81 0.62 0.46 0.30]" #DIV/0! 1.89 0.69 0.44 0.32 0.23
5.60 3.92 3.06 2.56 1.87 1.31] #piv/o! #DIV/O! 13.33 5.56 3.33 2.22
r r
4.20 2.69 1.99 1.57 121 0.77| #piv/o!  #DIV/O! 6.67 2.78 1.67 1.11
r r
3.37 1.93 1.40 1.05 0.79 0.50 #ow/m #DIV/OI 3.33 1.39 0.83 0.56
2.88 1.57 1.11 0.81 0.58 0.37)" #DIV/0! #DlV/OI 1.67 0.69 0.42 0.28
6.94 4.62 3.51 2.91 2.12 1.54| gpiv/o!  #DIV/O! 55.56 10.10 4.76 2.78
r r
5.41 3.32 2.39 1.82 1.41 0.95| gpiv/o!  #DIV/0! 27.78 5.05 2.38 1.39
r r
4.44 2.46 174 1.27 0.96 0.59| gpiv/o!  #DIV/0! 13.89 2.53 1.19 0.69
r r
3.92 2.09 1.42 0.99 0.70 0.40| gpiv/o!  #DIV/O! 6.94 1.26 0.60 0.35
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6.00
y = -0.0236x + 3.0895
y = -0.0149x + 1.8347
@ 5
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5.00 \
N y = -0.0074x + 0.7951
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\
\
\
\
4.00 N
\
\
\
\
\
\
\
3.00
2.00
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0.00
15 30 45 slope angle 60 75 90
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--@~--Taylor 5m -<®--Taylor 10m ==®--Taylor 20m
=—@— Plaxis 40m -=@®--Taylor 40m  ceeeeees Linear (Plaxis 5m)
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y = -0.0422x + 4.7794
y = -0.0308x + 3.2922
y = -0.0241x +2.4186
y = -0.0206x + 1.9707
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5 60 75 90
slope angle
=@ Plaxis 5m —@— Plaxis10m =@ Plaxis 20m
--@--Taylor 5m =<@®--Taylor 10m ==@--Taylor 20m
=@ P|axis 40m -=@®-=-Taylor40m = ceeceeee Linear (Plaxis 5m)
KEeulT U 5. 16
14.00 u=30 y = -0.0535x + 5.8621
13.33 &~
N y = -0.0419x + 4.2743
\ = 4
12.00 \ y = -0.0344x + 3.3135
\ y = -0.0301x + 2.8022
\\
\
10.00 Y

0.00 ®——— 0.00-@

15 _ 30 45 slop_e ang|e60 75_ 90
=@ Plaxis 5m =—@— Plaxis 10m =—@— Plaxis 20m
--@--Taylor 5m =@ --Taylor 10m ==@®--Taylor 20m
—@— Plaxis 40m -=@®--Taylor40m ceeeeees Linear (Plaxis 5m)
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Linear (Plaxis 10m)
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=@ Plaxis 5m
--@--Taylor 5m
=@ P|axis 40m

.

y = -0.0668x + 7.1143
\‘ \ y = -0.0546x + 5.4137
]
“ '| y = -0.0461x + 4.3299
\
\ \ y = -0.0424x + 3.8107
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45 60 75 90
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Hoek & Bray (1977)
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Hoek & Bray (1977)
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i T'mp

i Ton

i I'np

iTTp

T dpn

Ns | Gy, H

ANs | GFy, |

Gly. H

Gl y. H

Ns

[ Gy, |

ANs | GFy, |

0.121 0.031814054
0.1 0.05238842]
0.076 0.079898323
0.054 0.113474273
0.099 0.052509524
0.075 0.079822084
0.054 0.113612744
0.035 0.146694659
0.074 0.081279641
0.052 0.113883053
0.034 0.1501527371
0.021 0.180809853
0.06 0.103079851
0.04 0.13746435
0.025 0.171473201
0.014 0.200538471
0.048 0.120872894
0.031 0.155101599
0.019 0.189156811

0.011 0.21383782¢

0.144
0.125
0.105
0.081
0.125
0.103
0.081
0.057
0.101
0.078
0.057
0.037
0.085
0.062
0.043
0.027
0.072

0.037759458
0.06568218
0.110465484
0.169223721
0.066213664
0.10877666¢
0.170528994
0.241875144
0.11062925]
0.16928848]
0.24878348
0.319272134
0.147433674
0.214548591
0.2997664945
0.36820808
0.181741311
0.05 0.252436712
0.034 0.340681944

0.02 0.400907612

0.0431403671
0.078254614
0.1348053371
0.214432999
0.078717403
0.135323853
0.216884354
0.3188553
0.13781531]
0.222068471
0.329384821
0.448791904
0.18861492
0.28954376¢
0.412393044
0.51966720¢
0.239332464
0.351087717
0.482518471

0.592584484

0.049596744
0.092482731
0.165384991
0.270862734
0.091789161
0.162513344
0.273375164
0.410062744

0.1637293
0.272025584

0.42569618
0.587048764
0.22535139
0.367504944
0.551432927
0.710147933
0.288846684
0.461550957
0.65863393

0.848432381

0.254
0.218
0.202
0.163
0.235
0.192
0.167
0.126
0.204
0.159
0.128

0
0.178
0.138

0

0
0.157
0.118

0

0.066581934
0.114664041
0.211836959
0.341752593

0.12434907|
0.203610832
0.353360683
0.534324184
0.22288440(
0.347299847
0.55909406

0.78781436
0.308578444
0.476361608§
0.732678007
0.99543149¢
0.396362604
0.595951444
0.873152587

1.19529862

0.36 0.09458233¢
0.348 0.1826485671
0.3 0.314707424
0.247 0.5176844
0.324 0.171191243
0.302 0.320012664
0.241 0.50961555]
0.194 0.820125493
0.296 0.322668641
0.243 0.531343404
0.192 0.836713183
0.14 1.221376627
0.254 0.440389221
0.217 0.750780584
0.165 1.145536244
0.114 1.577459753
0.216 0.54345831
0.176 0.887936119
0.141 1.417398024
0.105 2.118938463
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1.8

1.6

1.4

1.2

tan. K

0.8

0

31

y = 828.01%- 922.47% + 390.07%- 78.19x + 6.8465
y = 831.33%-617.81% + 185.36%- 30.139x + 2.4326
y =-365.44% + 101.14%+ 18.602%- 10.996x + 1.2488

=
- y =-511.95% + 149.43%+ 4.9757%- 7.1198x + 0.7876
y =-274.29% + 31.257% + 20.086%- 6.0507x + 0.5161
N * @ y =819.11%- 286.76% + 42.412%- 4.2203x + 0.2542
.
N =
p *
Y <
- o
@
S
o2 . B
e —S
=
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mp

ApUEUU A

B=15° =30° B=45° B=60° =75° B=90°
c/y*H*tand | tand/F |c/y*H*tand| tand/F |c/y*H*tand | tand/F |c/y*H*tand | tand/F |c/y*H*tand | tand/F |c/y*H*tand | tand/F
3.81001743 | 0.03181406 | 3.81001743 | 0.03775946 | 3.81001743 | 0.04314037 | 3.81001743 | 0.04959675 | 3.81001743 | 0.06658194 | 3.81001743 | 0.09458234
1.90500872 | 0.05238842 | 1.90500872 | 0.06568218 | 1.90500872 | 0.07825462 | 1.90500872 | 0.09248273 | 1.90500872 | 0.11466404 | 1.90500872 | 0.18264857
0.95250436 | 0.07989832 | 0.95250436 | 0.11046548 | 0.95250436 | 0.13480534 | 0.95250436 | 0.165385 |0.95250436|0.21183696|0.95250436 | 0.31470742
0.47625218 | 0.11347427 [ 0.47625218  0.16922372 | 0.47625218 | 0.214433 |0.47625218 | 0.27086274 | 0.47625218 | 0.34175259 | 0.47625218 | 0.5176844
1.89042727 | 0.05250952 | 1.89042727 | 0.06621366 | 1.89042727 | 0.0787174 | 1.89042727 | 0.09178916 | 1.89042727 | 0.12434907 | 1.89042727 | 0.17119124
0.94521364 | 0.07982208 | 0.94521364 | 0.10877667 | 0.94521364 | 0.13532385 | 0.94521364 | 0.16251335 | 0.94521364 | 0.20361083 | 0.94521364 | 0.32001267
0.47260682 | 0.11361275 | 0.47260682 | 0.170529 |0.47260682 | 0.21688436 | 0.47260682 | 0.27337516 | 0.47260682 | 0.35336068 | 0.47260682 | 0.50961555
0.23630341| 0.14669466 | 0.23630341 | 0.24187515| 0.23630341 | 0.3188553 | 0.23630341 | 0.41006275 | 0.23630341 | 0.53432418 | 0.23630341 | 0.82012549
0.91582581 | 0.08127964 | 0.91582581 | 0.11062925 | 0.91582581 | 0.13781531| 0.91582581 | 0.1637293 | 0.91582581 | 0.22288441 | 0.91582581 | 0.32266865
0.4579129 | 0.11388305 | 0.4579129 | 0.16928848 | 0.4579129 |0.22206848 | 0.4579129 |0.27202559 | 0.4579129 | 0.34729984 | 0.4579129 | 0.53134341
0.22895645 | 0.15015274 | 0.22895645 | 0.24878348 | 0.22895645 | 0.32938483 | 0.22895645 | 0.42569618 | 0.22895645 | 0.55909406 | 0.22895645 | 0.83671318
0.11447823 | 0.18080985 | 0.11447823 | 0.31927214 | 0.11447823 | 0.4487919 | 0.11447823 | 0.58704877 | 0.11447823 | 0.78781436 | 0.11447823 | 1,22137663
0.57735027 | 0.10307986 | 0.57735027 | 0.14743367 | 0.57735027 | 0.18861492 | 0.57735027 | 0.22535139 | 0.57735027 | 0.30857844 | 0.57735027 | 0.44038922
0.28867513 | 0.13746435 | 0.28867513 | 0.2145486 | 0.28867513 | 0.28954377 | 0.28867513 | 0.36750495 | 0.28867513 | 0.47636161 | 0.28867513 | 0.75078058
0.14433757| 0.1714732 |0.14433757 | 0.2997665 |0.14433757 | 0.41239305 | 0.14433757 | 0.55143292 | 0.14433757 | 0.73267801 | 0.14433757 | 1.14553625
0.07216878 | 0.20053848 | 0.07216878 | 0.36820808 | 0.07216878 | 0.51966721 | 0.07216878 | 0.71014793 | 0.07216878 | 0.9954315 | 0.07216878 | 157745975
0.3972512 | 0.12087289 | 0.3972512 | 0.18174131| 0.3972512 | 0.23933247| 0.3972512 | 0.28884669 | 0.3972512 | 0.3963626 | 0.3972512 |0.54345831
0.1986256 | 0.1551016 | 0.1986256 | 0.25243671| 0.1986256 | 0.35108771| 0.1986256 |0.46155095| 0.1986256 | 0.59595144| 0.1986256 |0.88793612
0.0993128 | 0.18915682 | 0.0993128 | 0.34068195 | 0.0993128 | 0.48251848 | 0.0993128 | 0.65863393 | 0.0993128 | 0.87315258| 0.0993128 | 1.41739803
0.0496564 | 0.21383783 | 0.0496564 | 0.40090761 | 0.0496564 | 0.59258449 | 0.0496564 | 0.84843239| 0.0496564 | 1.19529862 | 0.0496564 |2.11893846
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B=15° B=30° B=45° B=60° B=75" B=90°
Ns c/y*H*tand Ns c/y*H*tand Ns c/y*H*tand Ns c/y*H*tand Ns c/y*H*tand Ns c/y*H*tand

0.121 |3.810017434| 0.144 |3.810017434| 0.164 |3.810017434| 0.189 |3.810017434| 0.254 |3.810017434 0.36 3.810017434

0.1 1.905008717 | 0.125 1.905008717 | 0.149 1.905008717 | 0.176 1.905008717 | 0.218 1.905008717| 0.348 1.905008717

0.076 |0.952504359| 0.105 |0.952504359| 0.128 |[0.952504359| 0.158 |0.952504359| 0.202 (0.952504359 0.3 0.952504359

0.054 |[0.476252179| 0.081 |0.476252179| 0.102 |[0.476252179| 0.129 |0.476252179( 0.163 |0.476252179| 0.247 |0.476252179

0.099 |[1.890427273| 0.125 |1.890427273| 0.149 |[1.890427273| 0.174 |1.890427273|( 0.235 |[1.890427273| 0.324 |1.890427273

0.075 |0.945213637| 0.103 |0.945213637| 0.128 |[0.945213637| 0.154 |0.945213637| 0.192 (0.945213637| 0.302 |0.945213637

0.054 |0.472606818| 0.081 |0.472606818| 0.103 |(0.472606818| 0.129 |0.472606818| 0.167 |(0.472606818| 0.241 |0.472606818

0.035 |0.236303409| 0.057 |0.236303409| 0.075 |[0.236303409| 0.097 |0.236303409| 0.126 (0.236303409| 0.194 |0.236303409

0.074 |0.915825806| 0.101 |0.915825806| 0.126 |0.915825806 0.15 0.915825806 | 0.204 |0.915825806| 0.296 |0.915825806

0.052 |[0.457912903| 0.078 |0.457912903| 0.102 |[0.457912903| 0.125 |0.457912903( 0.159 |0.457912903| 0.243 |0.457912903

0.034 |0.228956452| 0.057 |0.228956452| 0.075 |[0.228956452| 0.097 |0.228956452| 0.128 |0.228956452| 0.192 |0.228956452

0.021 |0.114478226| 0.037 [0.114478226| 0.051 |[0.114478226| 0.067 |0.114478226 0 0.114478226 0.14 0.114478226

0.06 0.577350269 ( 0.085 |[0.577350269| 0.109 |0.577350269 0.13 0.577350269 | 0.178 |0.577350269| 0.254 |0.577350269

0.04 0.288675135| 0.062 |0.288675135| 0.084 |[0.288675135| 0.106 |0.288675135| 0.138 |[0.288675135| 0.217 |0.288675135

0.025 |[0.144337567| 0.043 |0.144337567 0.06 |0.144337567 0.08 0.144337567 0 0.144337567 | 0.165 |0.144337567

0.014 |0.072168784| 0.027 |0.072168784| 0.038 |0.072168784| 0.051 |0.072168784 0 0.072168784 | 0.114 |0.072168784

0.048 |0.397251198| 0.072 |0.397251198| 0.095 |(0.397251198| 0.115 |0.397251198| 0.157 (0.397251198| 0.216 |0.397251198

0.031 |0.198625599 0.05 0.198625599 0.07 0.198625599 | 0.092 |0.198625599| 0.118 (0.198625599| 0.176 |0.198625599

0.019 |0.099312799| 0.034 |0.099312799| 0.048 |[0.099312799| 0.065 |0.099312799 0 0.099312799| 0.141 |0.099312799

0.011 0.0496564 0.02 0.0496564 0.029 0.0496564 0 0.0496564 0 0.0496564 0.105 0.0496564
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(Psarropoulos & Antoniou, 2015).

General settings X ’
General
Fiename  45010m10phi.plx Model [Plane strain -
Directory E:VTTYXIAKH\PLAXIS \opUypara\10n Elements llSNode L]
Title I45010m50h|
Comments Acceleration
Gravityangle: -901 1.0 G
x-acceleration : |-0.080 :} G
y-acceleration : |0.000 :I G
Earthgravity : [5.800 | 3] mis’ ;
)
I~ Set as default E
§
Next I oK | Cancel I Help l E
e e e e e
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@ Plaxis 82 Input - 45010m10phi.ph* - (=] X
File Edt View Geometry Loads Matenials Mesh Initial Help
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Point number and coordinales |
Pixels: 414x 13 Units : 8,000 x 28.000 m Current selection : None
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GUO6 O ¢UdbUeAUR ¢slT UeUO ¢UdOoGEAFYT UIUE ¢ ®EU & 1
U O6 & (Is5m) @ UE 0a30kNRGO ¢ 06 ¢oOxédt Ul Uou UE
UpETUGUVUES, TU UE a®eesUEDD W06 ¢ O0OBEBGe Be BWUEe U E
7 O Ul 06, GUE G661 @RUEU UO¢ 02 UU ge matdridl SetsdU Ed UG
UeUUE&UU aUO o6 ¢ ChcutibdiOd Y WET a Ooge UERhi/cbdb®tion)T UOT
UpO6 ¢OUAT UUOGOEOQUT UUT GUUWEUeg 1TUSRGE UEO C
GOT UYEO &pl ORGO (
Dzl Ue DT 508 DRWGAD Ty U GiEGth é UE cl =
a =5c a=3%0 a =45 a=6&0 a =175 a=x0
&3U=0 5.29 3.03 2.46 2.08 1.75 1.40
&3WU=0 2.75 2.32 2.03 1.76 1.31 0.93
U=0 90 1.87 1.78 1.74 1.55 1.15 0
U #9.12g 1.6 1.53 1.52 1.47 1.06 0
U=0.g9g1 1.3 1.23 1.24 1.22 0.83 0
& 3/& 3 1.92 1.31 1.21 1.18 1.34 1.51
Dzl Ue UE® 150 UaUGOFY G dES0IssWED §=10
ampec a=3x0 a =45 a =60 a =715 a=%x0
&3WU=0 16.67 4.63 3.09 2.47 1.92 1.54
&3(U=0 3.36 2.66 2.24 1.92 1.42 1.03
U=0 .g0 2.40 2.18 1.95 1.68 1.25 0
U #9.12g 2.06 1.96 1.82 1.59 1.15 0
U=0.g9g1 1.68 1.61 1.61 1.44 1.01 0
& 3/& 3 4.96 1.74 1.38 1.29 1.35 1.5
Dzl UeUBG650D00GUDOFY O MESIsUED q=20
ampc| a=30 a =45 a=6a0 a =75 a =20
&3U=0 - 15.15 5.56 3.51 2.53 1.85
&3WU=0 4.48 3.29 2.64 2.22 1.63 1.13
U=0 .g0 3.30 2.74 2.31 1.98 1.44 0.75
U #9.12g 2.87 2.52 2.16 1.88 1.35 0.54
U=0.g9g1 2.87 2.23 1.96 1.72 1.18 0
& 3/& 3 - 4.60 2.11 1.58 1.55 1.64
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Dx 1 UR1G6T U0T UG USOFY G dHESuIssUED Q=30

ampec a=30 a=4>5 a=¢60 a=5c a=x0
&3WU=0 - - 13.33 5.56 3.33 2.22
&3U=0 5.6 3.92 3.06 2.56 1.87 1.31
U=0 .90 4.18 3.26 2.69 2.29 1.64 0.66
U #9.12g 3.68 3.02 2.53 2.16 1.54 0.64
U=0 g1 3.08 2.69 2.30 1.99 1.37 0
& 3/& 3 - - 4.36 2.17 1.78 1.69
Dz 1 UR1GG61T UUIT UG UGOFY O dHESnIesUED =40
ampec a=3x0 a =45 a =60 a=T15 a=%x0
&3WU=0 - - 55.56 10.10 4.76 2.78
&3U=0 6.94 4.62 3.51 2.91 2.12 1.54
U=0 .90 5.19 3.86 3.09 2.6 1.88 0.78
U #9.12g 4.58 3.57 2.90 2.46 1.76 0.55
U=0 g1 3.86 3.2 2.65 2.26 1.52 0
& 3/& 3 - - 15.83 3.47 2.25 1.81
= 1400 . H=5m
) \ \ o~ \ a=5 10
\ .
— \ \ \ (plaxis)
D 12.00 \ v ' ——0u=10 1
2 \ \ Voo (plaxis)
g 10.00 \ \ O e—u=20 1
‘ A \ \ (plaxis)
O \‘ \ \ \\ ——0=30 1
. 3.00 \ \ (plaxis)
S ‘ \ v —e—i=40 1
\ (plaxis)
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(H=10m).
Dzl UR18G61T UUT UG UGOFY O IMEIODE UE i =5
ampc a=23%0 a=4>5 a=¢60 a=17>5 a=x0
OYU=0 2.38 1.52 1.23 1.04 0.85 0.70
"oOYU=0 1.67 1.33 1.12 0.95 0.76 0.48
U=0.90/ 1.25 1.09 0.78 0 0 0
U #9.12¢g 1.10 0.96 0.52 0 0 0
U=0.g1] 0.86 0.64 0.35 0 0 0
"OYOY 1.43 1.14 1.1 1.09 1.12 1.46
Dzl UMG6T U0T UAUBOFY O MEIODE UE @=10
amMpec a=30 a =45 a=6e0 a=7175 a=%%0
"OYU=0 8.33 2.31 1.54 1.23 0.96 0.77
oYU=0 2.21 1.62 1.30 1.09 0.87 0.55
U=0 g0 1.65 1.35 1.14 0.48 0 0
U #9.12¢g 1.46 1.25 1.07 0.49 0 0
U=0 g1 1.24 1.11 0.85 0.33 0 0
"oY'oY 3.77 1.43 1.18 1.13 1.10 1.4
Dzl U21BG61T UUT UGUGOFY 0 IMEIODEUE @=20
amMpc a=30 a =45 a =60 a =175 a=ox0
OYU=0 - 7.58 2.78 1.75 1.26 0.93
oYU=0 3.20 2.15 1.64 1.34 1.05 0.69
U=0 .90/ 2.38 1.81 1.44 1.19 0.48 0
U #9.12g 2.10 1.67 1.36 1.13 0.32 0
U=0.g1] 1.79 1.48 1.23 1.04 0.18 0
oYoY - 3.53 1.70 1.31 1.2 1.35
Dz é U16Go6T UUT UG UGOFY o IMEIODDEUE @=30
amMpc a=3x0 a =45 a=6e0 a=7175 a=%%0
OYU=0 - - 6.67 2.78 1.67 1.11
oYU=0 4.20 2.69 1.99 1.57 1.21 0.77
U=0 .90/ 3.5 2.27 1.76 1.40 1.09 0
0 £.12¢ 2.79 2.11 1.65 1.32 1.03 0
= 08g 2.37 1.87 1.50 1.21 0.80 0
o YOY - - 3.35 1.77 1.38 1.44
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OYU=0 - - 27.78 5.05 2.38 1.39
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U=0.90 4.04 2.80 2.08 1.64 1.48 0
U#9.12g 3.57 2.58 1.97 1.53 1.22 0
U=0 g1 3.03 2.28 1.79 1.40 1.09 0
&3/&3 - - 11.62 2.77 1.69 1.46
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0
Dz | UBLUH® OT OAEGT 0O ¢ U0 UT «U&@T UREUAREEI Do &0Os WED
P U6 0O UUUEe&0 ol egelO ARy U

2
1.9 y =0.4647x0.973
1.8 y =0.2339x 0741
1.7 y = 0.18x 067
1.6 y = 0.1457x 0588
15 y = 0.136x 0514
1.4 y = 0.1133x 0379
1.3
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582g¢ OU0UI 07 UUU T U UBREéggUE

Parameters C2{ 6L EAAD hrna
1 c H phi
18 30 5 5 1.60 1.53 1.52 1.47 1.06 0.00
18 30 10 5 1.10 0.96 0.52 0.00 0.00 0.00
18 30 20 5 0.17 0.00 0.00 0.00 0.00 0.00
18 30 40 5 0.00 0.00 0.00 0.00 0.00 0.00
18 30 5 10 2.06 1.96 1.82 1.59 1.15 0.00
18 30 10 10 1.46 1.25 1.07 0.49 0.00 0.00
18 30 20 10 1.03 0.12 0.00 0.00 0.00 0.00
18 30 40 10 0.41 0.00 0.00 0.00 0.00 0.00
18 30 5 20 2.87 2.52 2.16 1.88 1.35 0.54
18 30 10 20 2.10 1.67 1.36 1.13 0.32 0.00
18 30 20 20 1.61 1.16 0.66 0.00 0.00 0.00
18 30 40 20 1.33 0.60 0.00 0.00 0.00 0.00
18 30 5 30 3.68 3.02 2.53 2.16 1.54 0.64
18 30 10 30 2.79 2.11 1.65 1.32 1.03 0.00
18 30 20 30 2.24 1.53 1.17 0.00 0.00 0.00
18 30 40 30 1.93 1.23 0.66 0.00 0.00 0.00
18 30 5 40 4.58 3.57 2.90 2.46 1.76 0.55
18 30 10 40 3.57 2.58 1.97 1.53 1.22 0.00
18 30 20 40 2.98 1.90 1.44 1.04 0.00 0.00
18 30 40 40 2.61 1.62 1.18 0.12 0.00 0.00
Dz i UeUBp Bl BAEGT 0O OGTU&BUMW@MMﬁWEEQé@OUGIé'éC
UOREEéE®D LOJ(I)ELQ REVITROB)O®. 1RRAEGYT Ee OU
i T'mp i Ton i Top iTcn iTtp i T dn

Ok F I fliihy.pxG |Gy . k@ Fl|dFy PG FI| Gl Y . PxGFl|lly.PxGpl| il y,
3.810017434 0.054714 3.810017 0.057334 3.810017 0.057559 3.810017 0.059557 3.810017 0.082534 3.810017
1.905008717 0.079391 1.905009 0.091134 1.905009 0.167284 1.905004 0 1.905009 0 1.905009
0.952504359 0.502804 0.952504 0 0.952504 0 0.952504 0O 0.952504 0 0.952504
0.476252179 0 0.47625 0 0.476253 0 0.47625 0 0.476253 0 0.476252
1.890427273 0.08543| 1.890427 0.090009 1.890427 0.09699( 1.890427 0.111177 1.890427 0.153997 1.890427
0.945213637 0.120934 0.945214 0.141514 0.945214 0.165255 0.945214 0.360587 0.945214 0 0.945214
0.472606818 0.171859 0.472607 1.533279 0.472607 0 0.4726071 O 0.4726071 O 0.472607
0.236303409 0.434303 0.236303 O 0.23630§ O 0.236303 O 0.236303 O 0.236303 O
0.915825806 0.126775 0.91582§ 0.144604 0.915826 0.168661] 0.915826 0.193911 0.91582¢ 0.268811] 0.915826 0.670299
0.457912903 0.17299] 0.457913 0.21820d 0.457919 0.267624 0.457913 0.322669 0.457913 1.14456(0.457913 0O
0.228956452 0.225644 0.22895§ 0.314859 0.228956 0.548144 0.22895§ 0 0.228956 0O 0.22895 O
0.114478226 0.272841 0.114479 0.608644 0.114479 0O 0.114479 0 0.114479 0 0.114474 0
0.577350269 0.157104 0.57735|0.191114 0.577350.228654 0.57735|0.267664 0.57735|0.375634 0.57735 | 0.899299
0.288675135 0.207307 0.288675 0.274144 0.288679 0.35076| 0.288675 0.437714 0.288675 0.561624 0.288679 0
0.144337567 0.258207 0.144339 0.37859| 0.14433§ 0.4943070.14433§ 0 0.14433d O 0.144334 0
0.072168784 0.29945¢ 0.072169 0.470924 0.072169 0.881451 0.072169 0 0.072169 0 0.07216 0
0.397251198 0.18341| 0.397251 0.23497d 0.397251] 0.289744 0.397251] 0.340544 0.397251 0.476761] 0.397251] 1.52010
0.198625599 0.234845 0.19862§ 0.325611 0.198626 0.425729 0.198626 0.549509 0.198626 0.686099 0.19862 0
0.099312799 0.28205| 0.099313 0.441631 0.099313 0.583519 0.099313 0.806054 0.099313 0 0.099313 0
0.0496564 | 0.321371 0.049656 0.517963 0.049656 0.714127 0.049656 6.87786€ 0.049656 0 0.049656 O

Dz 1 U3 & O OAEGYT 0 O ¢ Ud UT 2U&@@T UREUVUARE®EiI IO0o ®0s UE
‘r‘UouOuUUUE &0 Go6legeUd ARY GUEGT Eé g L°J¢

o|Oo|Oo|Oo|Oo|O|O

124



1.9
1.8
1.7
1.6
15
1.4
13
1.2
11

tand F
-

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

58.3g¢ OUU

KE
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é 0 baHgs5QT OAEGT 0 O

y = 0.5873x 0.9
V=10:262 9175

y = 0.1889x 0683
y = 0.1658x 0583

y = 0.1546x 0518
y = 0.134x 0368

AN ~ rr o~ o ~ N\ ~

Parameters FoS (plaxis) a=0.18g
J © H phi
18 30 5 5 1.30 1.23 1.24 1.22 0.83 0.00
18 30 10 5 0.86 0.64 0.35 0.00 0.00 0.00
18 30 20 5 0.12 0.00 0.00 0.00 0.00 0.00
18 30 40 5 0.00 0.00 0.00 0.00 0.00 0.00
e, s 00 45 60 75 90
18 30 5 10 1.68 1.61 1.61 1.44 1.01 0.00
18 30 10 10 1.24 111 0.85 0.33 0.00 0.00
18 30 20 10 0.72 0.08 0.00 0.00 0.00 0.00
18 30 40 10 0.27 0.00 0.00 0.00 0.00 0.00
e, s 00 45 60 75 90
18 30 5 20 2.87 2.23 1.96 1.72 1.18 0.00
18 30 10 20 1.79 1.48 1.23 1.04 0.18 0.00
18 30 20 20 1.37 1.04 0.44 0.00 0.00 0.00
18 30 40 20 0.97 0.40 0.00 0.00 0.00 0.00
e, s 00 45 60 75 90
18 30 5 30 3.08 2.69 2.30 1.99 1.37 0.00
18 30 10 30 2.37 1.87 1.50 1.21 0.80 0.00
18 30 20 30 1.90 1.35 1.07 0.00 0.00 0.00
18 30 40 30 1.61 1.09 0.43 0.00 0.00 0.00
. 15 30 45 60 75 90
18 30 5 40 3.86 3.20 2.65 2.26 1.52 0.00
18 30 10 40 3.03 2.28 1.79 1.40 1.09 0.00
18 30 20 40 2,51 1.69 1.31 0.94 0.00 0.00
18 30 40 40 2.20 1.46 1.04 0.08 0.00 0.00

~ AR

Az -

Power (a =
—— Power (a
—— Power (a
——Power (a =
— Power (@
—— Power (@ =
0 010203040506070809 1 1112131415161.71819 2
c/A H*tan (i
B&QEEABU“TU U UARAGEOOE@DBRIEARD AR
Uéo pOoUTOOOIOPUUUEe 20 Go6l egelO ARy

| @07 OUU T U UBOREéed gUdg

67U ur/5)U ucwm% WOGUIONEB G 0

U0 REqPﬂJA? g/EaeLOR 1806 TRBALGT Eé OU

w



| i T'mp i Ton iTop iTcn iTtp i T ¢n
dk ! fl|GFYy k@ Fl| Gl Y PG pl|dFy px@G |Gy D@ Fl|ldFy . D@ FlI| G Y.,
3.810017 0.067559 3.810017 0.070899 3.810017 0.070444 3.810017 0.071944 3.810017 0.105914 3.810017
1.905009 0.101619 1.905009 0.136707 1.905009 0.250684 1.905009 0 1.905009 0 1.905009
0.952504 0.754213 0.952504 0 0.952504 0 0.952504 0 0.952504 0 0.952504
0.476252 0 0.476252 0 0.476252 0 0.476252 0 0.476252 0 0.476252
1.890427 0.104957 1.890427 0.109384 1.890427 0.10952] 1.890427 0.12211]1.890427 0.174064 1.890427
0.945214 0.142314 0.945214 0.158994 0.945214 0.207684 0.945214 0.54088] 0.945214 0 0.945214
0.472607 0.244559 0.472607 2.289961 0.472607 0 0.472607 0 0.472607 0 0.472607
0.236303 0.650653 0.236303 0 0.236303 0 0.236303 0 0.236303 0 0.236303
0.91582¢ 0.126779 0.915826 0.163509 0.915826G 0.185604 0.915826 0.211734 0.915824 0.307407 0.915826
0.457913 0.203563 0.457913 0.24542§ 0.457913 0.29567] 0.457913 0.35030§ 0.457913 2.07983| 0.457913
0.228956 0.265674 0.228956 0.351323 0.228956 0.825329 0.228954 0 0.228956 0 0.228954
0.114478 0.37407]0.114478 0.905399 0.114478§ 0 0.114478 0 0.114478 0 0.114478
0.57735| 0.18733| 0.57735(0.21462§ 0.57735|0.250695 0.57735| 0.29071| 0.57735|0.421114 0.57735
0.288675 0.243813 0.288675 0.308574 0.288675 0.385929 0.288675 0.478334 0.288675 0.725314 0.288675
0.144338 0.30467] 0.144338 0.429257 0.144338 0.54059] 0.144338§ 0 0.144338 0 0.144338
0.072169 0.358824 0.072169 0.529679 0.072169 1.333374 0.072169 0 0.072169 0 0.072169
0.397251/0.217215 0.397251 0.261973 0.397251 0.31712] 0.397251 0.370954 0.397251 0.553861 0.397251,
0.19862¢ 0.277297 0.198626 0.367543 0.19862G 0.469821 0.1986264 0.600644 0.198624 0.770523 0.198626
0.099313 0.334434 0.099313 0.496215 0.099313 0.640049 0.099313 0.891717 0.099313 0 0.099313
0.049656 0.381754 0.049654 0.57670] 0.0496564 0.809944 0.0496560 10.23294 0.049656 0 0.049654

¢
Eé

(o} lo} [lo] lo] o] lo] (o] (o] lo] (o] (o] (o} o] (o] (o] lo) (o] (o] (o} fe]

WA an RIT
ao6l egeu

U B¢l O DO UEG e
BEgY) GUEGYT Eegd Uy

Dz | U8 O OAE

r 0600

Uo A
20 J0

y = 0.3242x 0785
y = 0.2192x 0651
y =0.1989x 0578

y =0.1617x-0515
y = 0.1658x 0-364

1.9
1.8
1.7
1.6
15
1.4
13
1.2
11

Power (& = 14p
—— Power (& = 330
——Power (& = 446
—— Power (& = 680
—— Power (& = 736
Linear (& = 930

tand F
-

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1 SEmmy

0 0102030405060.70809 1 111213141516171819 2
c/A H*tan

m
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a
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T pul]
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B
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10.00

20.00

40.00

50.00 60.00
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140.00
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Dzl Uelldd DUUVGU&0 UGGdUI UsUO AEU ART 600 TUETRE U eEled
c=30kN/& & ULE5H
a 4bc a 30c a==6o0
H=5m H=40m H=10m H=20m
FS 2.04 0.41 1.31 0.50
U=0 .08 1.75 0 1.08 0
U=0.g12 1.48 0 0.92 0
U=0.g918 1.18 0 0.62 0
Dzl Ue2dd® 1 U0T VaWgoaF®d NEU ART 66U UGRUQO &)@ ED E
061 O@0CkN/a & ULESH
a 4bc a 30c a=~60
H=5m H=40m H=10m H=20m
FS 2.257 0.545 1.586 0.613
U=0 .08 1.966 0 1.337 0
U=0.912 1.825 0 1.227 0
U=0.g18 1.58 0 1.09 0
Dzl Uel3dd 1 U001 UG 0@iokg UREU ART 66U UGRUGO BIAId@ T ED E
61 O&@0CkN/a é ULESH
a 4bc a 30c a =60
H=5m H=40m H=10m H=20m
FS 2.683 0.807 2.116 0.817
U=0.908 2.348 0 1.783 0
U=0.g12 2.19 0 1.644 0
U=0.g918 1.982 0 1.477 0
Dz 1 Uealdd 10l Ug0 UIRYUITABWOART 6 U UG RUQO Ba)d @ ED E
061 O8BokN/a & ULESH
a 45c a 30c a =60
H=5m H=40m H=10m H=20m
FS 3.099 1.069 2.668 1.019
U=0 .08 2.734 0.949 2.265 0.502
U=0.912 2.565 0.675 2.097 0.337
U=0.g918 2.343 0.463 1.869 0.227
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DMTU@SL(IBIUUIUUUQOFEQJUM\IE UDUARD s UVUGRUBO B&D @Y
61 O@B0CkN/a é ULESH

a 4bc a 30c a=#60

H=5m H=40m H=10m H=20m
FS 3.598 1.4 3.309 1.192
U=0 .08 3.194 1.213 2.801 1.096
U=0.g12 3.006 1.104 2.602 1.024
U=0.918 2.733 1.006 2.334 0.939

Dzl Ue7d® T 0T VGUBOFY O ABIDOARD s UVAGRGEUOEBIDOT Bd
61 OeB0CkN/a & UEH
a 45c a 30c a==60
H=5m H=40m H=10m H=20m
FS 1.986 0.407 1.307 0.508
U=0.908 1.756 0 1.078 0
U=02g1 1.633 0 0.898 0
U=0.g18 1.436 0 0.595 0
Dz i Uesld® i UUT UGUBOFY O ABIDOUARD sU UVGRUB S B WY ED
I O 8=800kN/& ULEH
a 45c a 30c a =60
H=5m H=40m H=10m H=20m
FS 2.208 0.546 1.592 0.624
U=0 .08 1.955 0 1.337 0
U=0.g12 1.821 0 1.23 0
U=0.g18 1.648 0 1.09 0
Dz 1 Uedld®d i UUT UGUBOFY O ABIDU ARD 4 (1 o ERRADY aiEcE2@D E
061 OgockN/a é ULEH
a 45c a 30c a =60
H=5m H=40m H=10m H=20m
FS 2.646 0.798 2.094 0.832
U=0.908 2.343 0 1.769 0
U=0.g12 2.185 0 1.633 0
U=0.g18 1.979 0 1.462 0
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Dzl U10861 UUT VGUOOFYE AEUVVLABRD s UG RUQDO A Id @Y ED E
0ol OeBCkN/a & UEH
a 45c a 30c a =60
H=5m H=40m H=10m H=20m
FS 3.088 1.062 2.62 1.002
U=0.g08 2.724 0.928 2.221 0.518
U=0.g12 2.554 0.592 2.054 0.346
U=0.g918 2.324 0.408 1.836 0.23
Dzl U1l G661 UUT UGUOOFY O AEIUDLARD s U U aiR(BEDd B180d @Y EDS E
g6l OeB0kN/a é UEH
a 45c a 30c a =60
H=5m H=40m H=10m H=20m
FS 3.581 1.375 3.218 1.195
U=0.g08 3.133 1.202 2.715 1.042
U=0.g12 2.939 1.086 2.515 0.982
U=0.918 2.672 0.979 2.258 0.934
gotd UU oUBUGAT R UTuUEeUEe A& UpOUUOT &Gt UUU ¢ Ud UL
(F9 uwUT UoEBUAAUUUE GETUT UEeE DOOUT OUURKE DHPBERE
TyoOoU0aldoog Go6T 0UT UVUAGUG UGGEUT UgUO eURBUsUUE UYT U
Ul UG &dOT UUE UUBUURBOT U e UMaxistd W UwrAA @ E U ¢ BRRID EG W
UpsRRT U AdU E ¢U006Gs U UO6 UTUO adi UV®EdWamad
bp00eUpUUE Usil UE gUEOO eUE AEU UU uUO UERGYT UU
GEVUGUBGY Ee £ UoOUUT &edT UUU UT tUROT & RO uUl o6¢ @0
UEO Pt UsuOGUUUEegd T UeuuoO6 GEUDUE Ul T ¢Od80OUT I
aU@o Ul @.
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