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Stability Analysis of Underground Cavity

using Predicted Value of Critical Strain

Kang, Yoon Kyung

Department of Ocean Energy & Resources Engineering
Graduate School of

Korea Maritime University

Abstract

Recently there is not enough land surface because of increase of use of
national land by constructing variety structures. For this reason,
design and construction technique of underground space are developing
and use of underground space is increasing. Use patterns include tunnel,
power plane in underground cavity, underground storage of dangerous
things, underground storage of energy resources besides, underground
mining are increasing. These kind of things must be careful on the
stability because underground structure is constructed in under the
ground unlike general structures. This paper was carried out to assess
the safety of the underground space by using critical strain in the
ground. Sakurai(1982,1997) suggested critical stain what is a new
material property of the ground. To predict critical strain applied
field data through the design-parameter of ground and field Test. The
Methods are numerical analysis by using FLAC 3D and artificial neural

networks by using GUI program of MATLAB. Furthermore, predicted critical

_1_



strain is utilized to assess the safety of underground space using direct
strain estimation method. So, this paper suggest reasonable method for

predict critical strain.



[e)

=

8
B}

3}

=

IR R

S|
a

471

o ol=gr}. wA

vl
=~

WAL, YA H71E
o) N3
a7,

A &

o2 Aagrte] o]gol

= 7HA7] o

2

1o

5]

IR

o

i
o] 7

0]
yal

1t

|

g, A

T

0]
pul

R, YA

T

0]
yal

°

1.1 A9 73

o]
A

oj

Ho

] &}

g

Zholl w2 HAA E3D

ek 7171 9

3

aFHv %

e A BA

S

L
=

)
o
oF
il
i

ﬁo

o

AlE T A

=i
=

o ey AA FxRE A

o]

=

=

ZEA =M el A

AH Aoz R

ﬁo

a

X

AR AZE

W

olo

ol= W ]

=

o

o

-
o
A

—_—

B

(BEIFAril, 1986:5) 2

==
LN

ahte7)

]

=

ik

&
Rld

)
ASCE(Franklim,1976:556) ] A A A]

o

=

3

[e]

)

Tk H<t Sakurai(1982,1997)



3 M © o4 W g ROE Mo B O o e o BN
T o ™ = ~ T 5 W X0 w i w_. wno "R
do 5 }ﬂoﬂlﬂunu_z%%_é_oi%%43
S oW T o
X st
o = degsix v XPT om0 2
%o BT s e B W w3 o) o w8
ir © oy L e Fow L LT T
B N N g X e o R W oo
5 T o PR S ogyr T RN oo &
= 0 o s ° 4 = =< " o ° o
X _WM OE "y Mo Ll ,_b < =y ) < awﬁcv 1__/l Hmel OE on_o
Oy e X 9 % S M B w5
7 e ~ N ) B B
71 il s o7 ,_.FQ ﬁl HT_ e mwO \OW 0 ﬁ - EE T
[3+] = ! T MwU ,m;‘._ | S (o ‘JH — 2 O#E
«m :low_ B o 1:,_ g o ﬁl N Zo 3 :i ) < EE
= = R K W o= @ ) ol Ar Mo o
<=y A R oF o oS O K T = B
[9p] 0 ...__A.vro ;OL V ﬂ ZT ‘_Ll m J»Alo % X ‘_IAA_UH N 1J_m| OL \Wv,._
T % In e do T o P T B I PR o LGty
ot & N &o oS e % o T X
ojo ) — a\| > X°T TTRo W o= 3 S
- 5 BT TR 3 E B dmod o D8 X
° = — W oz g8 L o X % o wm S 2
o = w ,Wo =) W P8 w_w_; = Mro o) < o omvo % BS
> ~ 0O T ! )
oy 7 oo Yok g §myE AR o M S
o o 70 Wo & N | W&m_ T OB M RS Y
[ne) o il ! — ‘,Ir ~o . —
22 TeRRLucFe il g TRodx
L e + X T s 7 mw T T B e B
%0 = L ARE LwdEroy T RBEE G
TR W ow N T E e e TRy Lo
v e xA T Ye el i wn o w g %
- I omookw Mooy T g d o W oo
o e T O AEPRERER TR0 g g RT
— ~T — _O
wo . W =g ® T omggwg T 25 b
e & « g TN A TR S W R g0 B Z Ca
T K R~ T R T Mo ode B I o oFow o S N E

=

[)

M E

R4

3+ A

ol A

Ul
=

sgte] ©

[e)

R

o gleh,

1

0]
T

(2007:343)

=%
]

| A=

<)

73§~ Sakurai(1997:453), Swarup(2000:38), Hoek

oA A3t

5 %

f

sheith. el

S

%y
(2000)°l 9]

ko)

P
T

§A18 AT7h AAEUT, Singh

=
=



==
o

Sakurai 7}

= O
=1

€]

A

3
i
Alr
=

B!

o
A

X
i



2.1.1 4ukd 2l WHeNde &7+

TZE AlFdFdA WHAAS A= HE9 <HAA 7HY 23 #dy)
Folgtar & 4 Quf. AAR Auke] AEu} AlFFAo] Fo] thE7] wito
At AL 7FEAE A= oJH AN dubyow =4S ¢ Qe HE]7)

]
A
TR ZA dEel  Hu sk v (A, 1986:5) 7 ASCE(Franklin,
1976:556) A AAE QA 7= Jgitore 77t Fig. 2.1.13 Table 2.1.1,
Table 2.1.29} #t}.
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0.5 1.0 c.0 10,0 100 300

Uniaxial compressive strength (MPa)

Fig 2.1.1 Caution Level by Strength-Strain of Rock (&=
ZAAAR)
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2.2.2 FAHX A&

He ojul HAIFHE HPHQl ITASCAAFS] FLAC(Fast Lagrangian Analysis of
Continua)3DE AF&3F3ATE. FLAC 3D &3H4 AAES 138 A= 329 &3
4= 32 (explicit finite difference) ZZ 1ol 33} %A I+
oA (finite differnce mesh) 22 U3dl= WF ApASHAl 38t 9
o §JAel A Ztzhel Aukg Aol s (Solution)E F& 4~ o 1 AAFE

= Fig 2.2.29F ZT}F(ITASCA Consulting,2006).

For all gridpoints {nodes)

Equilibrium Equation

Velocities {Equation of Motion) Modal Forces
dn. g,
p—t=—Tipe
dt | dx . i
i
sauss’ Theorem o= i _,l-
A
For all zones (Elements)
Stress-5train Relation
(Constitutive Equation)
New Stress

Strain rates =g & K_EG‘ ZFe LAF
ay_ d§+{ E'J'( 5 ]'HH:+ é’!}-}

Fig 2.2.2 Arithmetic implementation of FLAC 3D
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AAA] AFEE 2L Nohr-Coulomb R @& Mohr-Coulomb 2]& ol=% B

==hke
o] 7b4 dutzel wy el Avkuly] A2 o2 FLAC 3DoA = A4 e
g S8 dEHsR A&t 4 (2.2.3)%

ot

=
, AURAAS, v, 34

=~

Fig 2.2.3& Morh-Coulomb 2 =2] A3} 33 7] 5 0] tH(Goodman, 2006:80) .

Tf = otan® + ¢ (2.2.3)

T
f Mohr-Coulomb criterion

Mohr envelope

Fig 2.2.3 The Mohr-Coulomb failure crierion
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Itasca Consulting Group, Inc.
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Table 2.2.1 Input parameter for the numerical model

unit émodulus oﬁ

é angle of

Target | separa weight EelasticityéPOiS:9n'S§ cohesion é inFei?al
—_ 1 H : ratio riction
ground tion (RN/m) (WPa) (kPa) -
Soil rock| 19 48.1 0.33 19.6 30
y | Weathered: o) 935 .4 0.30 49.0 32
............ rock o
Bed rock i 23 1863.3 0.27 372.7 34
Soil rock: 18 21.6 0.35 1.2 27
g | Weathered: 08.1 0.30 13.7 30
............ rock i
Bed rock 25 7845.3 0.22 2451.7 37
Soil rocki 20 9.0 1 0.30 19.6 30
3 | Weatheredi 196.1 ©  0.29 49.0 39
............ rock ..
Bed rock | 24.5 1735.8 © 0.27 980.7 34
Soil rock! 19 50.0 0.35 15 30
g | Weatheredi o, 130.0 0.33 50 32
............ rock i
Bed rock | 24 25000 0.30 5000 35
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2.2.3 FAH 23 FAUGE A2

ZF g A gk diste] =AM S et A} Fig 2.2.59F 2o 7} Xty
F& Table 2.2.33} o] vpehd 4= 9t}

PN
TR

fu]

|
%]

|
oh

1
ca

Crown Settlement (mm)
I
B

i
[

Target Ground

Fig 2.2.5 Crown settlement of targer ground in

FLAC 3D

Table 2.2.3 Critical strain and crown settlement of

targer ground in FLAC 3D

Target Ground

Crown Settlement

Critical Strain

(om)

1 1.18 é 0.002
.................... e e
.................... e et
.................... e e ———
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A WESo]  wmEA AT AlYAaE SEA(excitatory)I A

(inhibitory) 27} e &2 #2]& 4 At}

Cell body or Soma

Fig 2.3.1 Schematic diagram of the biological neuron

Fig 2.3.2% wH9 75 ER2EA 27| dHAlse 9 rrlo] =& wo
W Zb e st Al Ve eF el A o R A=
(summing junction)< &=t} oluf A8 &3} g
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WA 71 EA BHgAIRIT

_22_



o]
AR

+ann
Y = F(X)

Xiwy+Xowy+-
A Z= 385 (supervised learning), A&

X

w1y
Wn

Fig 2.3.2 Function model of neurons

Input
(unsupervised learning) 12|31 7 A4 g5 (competitive learning)©]

B

I8¢

kel
©

)
file)
o

TR
T
0

o
MO
o
=y
(i
o

N
file)

et
Tor
1

o]
o
jang

A|m
Tor

<
o

o

il

il

dl

A%

]

o we}

AT
_ZMO

A

™

—

FA A QEe] AL

A

t}o

A" (single layer feedforward network)®} th&E

=
(multi layer feedforward network) S = YE}IT}H,

Fig 2.3.34

)
=

]

HZ(input layer)¥ == Z(output layer)o = FAHI ths

A

o]
H

Tz

A
K

il
TR

)
L

_23_



(feed-forward network)3}

o
0
Ny

To-

A4r
rd

all

e
e

o

0

—

0

el

et
&

2 FZophas Afm

zo

o

o

oj

Ko

!

X
o

3l Fig 2.3.44 7 e}

ok

;OE

F
iz

)

)

)

=4 o7l

0|
L

)

)

i
il

b
T

o
o)
o

!
T

ay!
A

o

[

o= o

+1 Afole] gro] B,

ot

el ¥l 7Hss

=2}
=

Recurrent Network

Multi Layer

Perceptron
ADALINE

Linear Associative

Memory

Forward Network

Multi Layer

MADALINE
BP

Single Layer

Hebb Net

Perceptron
ADALINE

Linear Associative

Memory

Fig 2.3.3 Classification of ANN based on their structures

_24_



P

HE)'N f(a)

0 > 0 >
3 a
(a) identity function (b) ramp function
f(a) HE) N
0 T 5 0 T 5
1 -1 —:
(¢) monopolar step function (d) bipolar step function
HEN f(a)

1 +1
0.5

/ a
0 d
> 1
(e) monopolar sigmoid function (f) bipolar sigmoid function

Fig 2.3.4 Activation Function of ANN

_25_



Propagation, BP)

=0

{|m
o

)

—_
file)

]

]

s
E)

601:

B
T
N

fi%e)

olo

mjn

ol

Y

0

B

4
G

SF
=t

1A

3

of o

N
N

K

1

A A8t

o
=

)2 AA

A ol A

Ea

e

°
o

e

etk

g5l A

ﬂ

s )

o H =)
= G40

~
HO

)

=)

o)

o b4 deiA oA

H
H

1o

ﬂ
N
e
A
Bl

N

A
o7

o

=
|

~
file)

0

) ﬁo
ar
o]

Iy
aK

ol

=
o

(convergence criteria)

47)%
ol ohekA

P
T

F7A] =2

L=,

=

o} u}

5

<
o

KeR
| N

s A

2 173

ak

a

&

TR
xr

N

Hr

olo

H

_26_



A= AAF & Aol

o=
Aurel -4 BEE A FAMPES o Ssed AFNFY Ee AE
317 SAskel Aol AgE e tFAelA HolEE FEs L o))

=3k dolHe %
10170 = Table 2.3.2, Table 2.3.3% 2o FH(Training)d s 7770, A

A(testing) S 93] 24709] dlolE & o] &3ttt

Table 2.3.1 Design of Artificial Neural Network

Network Type Feed-forward back propagation
""""""" TralnlngFunctlon TRAINSCG (TRAIN Scaled Conjugate Gradient)
Adaption Leaning Function| LEANDGDY
.......... PerformanceFunctlon MSE
.................................................................. - thlddenlayer -

DT Neurons ..... i
TransferFunCtlon ................ o

................................. Goal 1E03~1E -
EDOChS .................................. 10000~1000 "
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Table. 2.3.2 Training data for ANN analysis

L i Uniaxial
P wave :; S wave ; Specific ; Absorp ; X

: Modulus of .
NO velocity velocity gravity -tion Cosnlprreisstge elasticity (itlroalgl)

Gufs) = Gu/s)  (g/a) %) (kgf/d§2 ) | Cst/en® )

2.495 | 1.92 | 2.67 | 0.32 | 745 225000 : 3.31
e o e
.............................. v prro s

s 0.8l 504000 i 2.66
58 i 0.67 962000 4.65
88000 3.68
372000 1.55
313000 2.33
469000 0.87
571000 2.9
41000 7.61
90000 2.97
25000 9.64
527000 1.87
459000 1.74
141000 2.65
736000 0.87
274000 0.86
300000 2.53
1035000 0.95
660000 0.86
335000 1.71
274000 0.86
350000 1.80
346000 1.25
110000 2.05
423000 1.39
393000 1.97
923000 1.34
488000 1.83
370000 1733




L i Uniaxial
P wave : S wave ; Specific ; Absorp : x

: Modulus of .
NO velocity velocity gravity ~-tion CoSmtprree;sgstlﬁfe elasticity (itlroalgl)
(km/s) (km/s) (g/cm) (%) (kef/cm? ) é(kgf/cm2 )

: 271§ 051§ 1263 548000 | 2.30
76 0 0.14 i L 759000 1.28
740, : 588000 0.73
721 0.4 L 776000 0.58
718 0.5 f 372000 1.35
721 0.226 L 634000 2.71
72 : 944000 2.52
71 : 686000 1.62
.58 : 297000 5.15
.65 : 528000 2.20
.69 : 1283000 0.72

: : : 376000 2.90
665000 3.11
778000 2.42
484000 2.00
931000 2.49
985000 1.69
543000 3.19
609000 2.50
615000 2.62
594000 2.73
589000 1.51
757000 1.47
671000 3.74
1034000 2.09
735000 3.39
493000 4.22
95000 4.11
82000 11.59
265000 i 5.28
833000 i 2.62
817000 | 1.32




P wave S wave Specific Absorp Uniaxia'l Modulus of .
NO velocity velocity gravity -tion Cosnlprreisgstge elasticity (itlroalgl)

(km/s) (km/s) (g/cm) (%) (kef /em? ) E(kgf/cm2 )

5.20 ! L 2.61 0.459 i 2380 | 627000 | 3.80

. o.iiém?"mm"§646 ...... 30000 o

2.71 i 623000 3.15

2.42 i : ;161000 3.29

2.53 ¢ 1.96 i 1670 i 335000 4.99

S i R B Tt o

57 P e i e

2.611 875204 2.08

2.651 776734 2.21

2.633 547755 2.32

2.634 636224 2.20

2.633 707346 2.17

2.615 387448 2.45

2.483 105918 2.74
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Table 2.3.3 Testing data for ANN analysis

L i Uniaxial
P wave :; S wave ; Specific ; Absorp ; X

: Modulus of .
NO velocity velocity gravity -tion Cosnlprreisstge elasticity (itlroalgl)

Gufs) = Gu/s)  (g/a) %) (kgf/d§2 ) | Cst/en® )

2.495 | 1.92 | 2.67 | 0.32 | 745 225000 : 3.31
e o e
.............................. v prro s

s 0.8l 504000 i 2.66
58 i 0.67 962000 4.65
88000 3.68
372000 1.55
313000 2.33
469000 0.87
571000 2.9
41000 7.61
90000 2.97
25000 9.64
527000 1.87
459000 1.74
141000 2.65
736000 0.87
274000 0.86
300000 2.53
1035000 0.95
660000 0.86
335000 1.71
274000 0.86
350000 1.80
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CASE (absolute value)
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Fig 2.3.13 Error value between ANN's results and Laboratory
results (CASE 1-1)
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Fig 2.3.14 Error value between ANN's results and Laboratory
results (CASE 1-2)
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Fig 2.3.15 Error value between ANN's results and Laboratory
results (CASE 2)
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Fig 2.3.16 Error value between ANN's results and Laboratory
results (CASE 3)
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Fig 2.4.1 Stability analysis of results by numerical (FLAC)
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