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Abstract

When vertical shafts are constructed in soft clay with low strength, there is a risk of
basal heave, which causes the excavation surface to heave due to the low bearing
capacity of the ground against the imbalance of earth pressure at the excavation surface.
Methods of deriving a safety factor have been proposed to evaluate the stability against
the basal heave. However, there are limitations in that it is difficult to accurately
evaluate the heave stability because many assumptions are included in the theoretical
derivation. In this study, assuming that a circular vertical shaft is constructed in soft
clay, the existing safety factor equation proposed through a theoretical approach was
supplemented. Bearing capacity according to the shaft geometry, inhomogeneity of the
soil, and the effect of soil plug were considered theoretically and applied in a previous
safety factor equation. A three-dimensional numerical analysis was conducted to
simulate the occurrence of basal heave and review the supplemented equation through
various case studies. Several series of case studies were conducted targeting various
factors affecting heave stability. It was verified that the additionally considered
characteristics were properly reflected in the supplemented equation. Furthermore, the
effects of each factor constituting the safety factor equation were examined using the
results of the numerical analysis performed by simulating various cases. It was
confirmed that considering the undrained shear strength increment according to depth
had the most significant effect on the calculation of the safety factor.
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8510 tiekat Qlzto] wWislo] w2 5]H) obAgo] Wsis 7 ESH 754 Aol 714 0= Hebd S4do] 321
orA-& A] o] A-s}A Hteix]9)L-& Selstain) tleRl AlElE wAlste] 4805 S=2|aA ATl o] 85to] 441
A= QIR}S 0] 5] QB0 = kS &0 0, Zolo] mh2 vl ATIE Z710] 18 of 2okl
& ghalgol A}l F= mile A2 15t

o

ZgH )
= de=sk= —’F—X—HL 5ol TRt A7 254 0 2 8= Qi p2he AREAQ1 S H fAlSHA =
21 2|5} 92 9 2Wht Zelohs 7152 she FERER, 2ol 2H8she EYe] 271E Al Este] #524]
oPgAS SRS 4= QI & AA T Tobar and Meguid, 2010). <2177 A2F HA E Z|gtof| Al FE] = 7420
22 ARt Zojof whet ZAPHA O] B Bty o= Qlsl Z2hHo] §7]oh= ool EAste] 91 9
ZgH] TS op7 | ffRlo] AT whebA Qbdstal GubAQl AT Al AAIE HlsliAE A PR
Thofuet =2hH 51 QPAdS B7F 4 Gl ol A SHH(Goh et al., 2008).

A0 5 A2 QPEE Ve = A o 7 W 4= Q. sHo]| tfeh eFd-a2 =2 A 5
ol tiet 2k8-8-=lx} 2|32 o] Hl& = o=, tAE ol 7123t -5 WY Te= HHE HPS 1es

il
0
o O

of 58] QPSS o]2A 0 2 Frol= HHE0] A=t Terzaghi, 1943; Bjerrum and Eide, 1956; JSA,
1988). o] A= 511 P el thet o] 24 TS ol TR A E =2 A 23Hd FRPEH 2Hte] AlE-
= ez |l whE nty] F= 7}14 SFATHWu et al., 2014) & 7b:?4~ Al w2

etal., 2008), At o] o]HlA(Su et al., 1998) W AWttt L2227 HAFS 7‘1'31—4 °§°]'{Ukr1tchon etal., 2003)=
H71817] Sle) Tharet 418 ATSo] SaEllct et o] ATEe Ad AT B @RS B
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o2 9l A|El A AT AE A o2 AT Hks £ IRkl A4H G3HE Wrlehs Aol FEet
Tt Kang et al. (2018a)> HAE A[HHoflA] Al 5 =2 ol 4] HAYSH= oS AR g oz TAL
ool T E7} o] H o] FAymnt opu 2t 55 2 A] 8 Z]ytke] 75 Eqt
St HHE Zlojo] aute] dialiAl= aefstA] Fotdit. ¥ 2] 3xh gAdat 11411—:& GIE o] 24
of §tegda}7] S1et 21814 A7HKang et al., 2018b)7} =3 =| Lo, 22} & dof| wh 2|5t 2] 2] 2] ] Higte}
ZJgto] vl g arefskA] otk IS 7HRIc.

Ao A = Terzaghi (1943)7F AIQFRE QP He B 7]8EO. 2 A|9HE Kang et al. (2018b)2] 321 ¢F
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2 Aol A= A Aol A A SR Fd-a A1) fHAIE Hetstr] ffal] A[Hke] vlatdA], 22 F/doll
WE A 2] s, TS| Bulh 2702 wagsialct. ool thet ohe i T A9 g
(Terzaghi, 1943; Kang et al., 2018b) 2] F'H-& 0]-8-51%.0H, o]o]

3%

Ul 0] o] Tigk o] 24 HS Fale]

2.1 5 80| th= R|2k | 24

Terzaghi (1943)= w45 2210 FoHgH 0 & 7P A E Z]Hof| Y2]6k= &R 71 %9] s 2|9t 2]17]
2] 1Pg "W(Bearing capacity method)& 2-8510] 5% T8 Al 113 /-2 7Pdstal A]5-A4H o] vig o]
2185k ool gk 282t 21 o] HlgR A eFE&-S Restalth. FAES] WWRHRZS FAE 4=
Thal 7Hgste] 212F A2 Ele] A7], 919, @Al Bl Al Bl 2ARS O] uh oS Attt
(Fig. 1(a)). Kang et al. (2018b)-> ©]& g 13| S Y&yt 12 5 331 w0 2 2 451H(Fig. 1(b))
FAE A& skl 2 Atolli= 32k fd 2ol A WA sk= s]Hof] thish 4188 Aol A] AIQFet it

2 QP& A0 27 IS o853 oW, S 0 &2 =& Aol wiE X|§t 2|12, 2|6t o] Bt
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Overburden load
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Failure line

(a) 2D diaphragm wall (b) 3D circular vertical shaft

Fig. 1. Failure mechanisms for basal heave

2.2 22} Yol I 2| 2R

TR FA O 2|22 e 7] 20 2|2]F o] &S o] 85to] =EE 4= QlH(Terzaghi, 1943; Bjerrum and
Eide, 1956). B[Hll5> 2719] 2/ E Z]Hto]| thiof| npahz-& AT ol AR S 7] &0l thet A2 =] AN )= 5.7
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AR 2HES g o2 4w A% w9l AJE Ar(Watabe et al., 2002)0]] T2 H HHj<= HbgEo] 37]+=
ZS7Vohes 73S Ko, ol Al o] FdE 4= 9l

c.=mz+c¢ @)

210] z (m) A|HeNA ) Bl A (Pa)yZ, mr Zolol] T Ml AT 57Ha(Paim) 2,

2] Bl DA (Pa) Slnlatet. Zlolel] nfet Z7Fek Bl ARAEE Fig, 1(0)°] et
427 Wl o) ke 4%%&%1 Aol g 2SI 4+ St 427 v mhee v
Aol (1/2+1/V2) « B BER BoFo R AAHM(Fig. 1)), T2 thet 42510 w28 482
()2 ofel] A1} o] @Ik

AT

H —
F.pu)y = / c.dz » T(1+ v2)B 3)
0
2.4 ZHHE 20}

AT 22 M= 2old-& IAA 4217 YR BES FAA71= -2, s1H 9] dAo] A==
B3} Qlth(Kang et al., 2018a). o]% QF-&of thet A8) A5 T ES] Sata A IR E 2F59] ook vt

g9l o}, T E o] Actulalo] digh Ao vafslA] 9 I“J(Ukntchon et al.,, 2003). & A A= T
EAA A 22 5710l vl A= Yo RA A AR RS vEto 24 71E0] AlS Hekshgirh
WE W7-o] mp] oS viFmpazto] 091 A4 E 2|9ke] mpy] oo &2 7Pgsh, ek mpaof et #jakele
Z]7o] po|a Yol T E Zlo]o] /2 vl Zo|Ql 8 Ei= 7 Qo] g wpat Earsh= H]ula: At

Ql
ol eho = uepd 4= Qlth(Fig. 2). YHEC] ofsl 2AYsh= A el T E Uiiol sk wh| o] 2719}

Vertical shaft Vertical shaft

Soil plug

(a) Thick soil plug (d > B/2) (b) Thin soil plug (d < B/2)

Fig. 2. Assumption for failure shapes in soil plug
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H+d T
Fc(plug) = /H Czdz . \/5 B (4)

A7, Fopugs BHES] Tjof] tiet A N)=, d= BHES] Zol(m)E SJrleith

—F

i
Fy=F, (o) T F. wiplug) = EWol
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0:17 ]/\—1 F w(soil)—q_ %;_d— }\\:]15:—01]/\—1 __’Z_H:] Z]H]-Q’] —E|!‘7 ﬂoﬂ 9’16} XL’Q—E:](N)%, F surchargex= /\]—ZH ]‘F(N)E, w(plug)L ]—H
EOAFN)S, v &0 HAFTEN/mM’) S, g= DA 2-85l= A6t (Pa)yS owletet. s]Hof tigh
Age e Auto] A A|2fat 427 vl 9 PR Ue] 7P wh o] wel g ehs Hgk Aatelo 2 74
k. kb 5o diet A £ A (1)-4)8 Bl ohg A3t 2o] BT

? H o H+d T
F.= (6.63+1.2\/—)c2+/ c.dz « T(1+ /2 )B+/ c.dz « —=DB (6)
H 0 d V2

2hgefu} 2]5)2l0) 2 HREL U8 u9o] U0 Utro] nhjgie] A8 sks S0 & Hlisct, of

[¢} )
2 5o 43 2ol et 28-3210] HLERA SHAR(SF)S the A} 2o fira & gict,

>3 H+d 9 H+d
SFz{(6.63+1.2\/%)cZ+/0 czdzx2(2+—\/2)+fH czdle}/(vHJrq) @)

19 72 19ksto] AIQHE 4] (7)2 ois] kel el o] Aol Tl wut o dhe 7hast 2 7Hy
S-S ek ek, nfebd Aok g A1o] RS Brtel] Qe thakat A dhete] g
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SR Aol Basitt. e v AT 22 A s|o] BAshE £t ARA 0 & BrIsE 2l il of2teH,
AHre] vl S 5o 2std g o= Qlsf A I R o2l W o g AIRIRt At A o= vlws)
£ 2 TR oY}, 2T AL I oM 4 7 S HlofHE 7o 2 3 AR P Wu et al., 2014)
© 22 ARS A I 5 51O A o 7B HES] Qbda A 0f Aot vlwstgl o, 511 e el Hish
834 2T gt mEbA 2 Al E AT 2 S o] Ak AR BATD 4 Qe 33
A2 ol e EET oA TRt %Z.‘ Z204 3ol Hiet & B o2 HESKAIA}
SHRITt. Aol AE vig o s & Aol Hebd e Alo] a-8-8S ATt e, ARA+E Sl o
Ut 1Ak 51y Pl it Y2 Bk E‘r

3.1 3218 25 2

SeAT A A MBS 8118 AT QPSS T ESP] Slal BAE Ao AR 319 99 2178
ARslo] A SA4S ohch 2 Aol AE RS B P S AN 44 WES Ee
o] MAZ}F 7Pt AR T2 7ol FLAC3D (ver. 5.0)2 ARESIIT

A6 RElO] Al AT o 0 =R 2 217 0] 3. 50| 2 AAsto] HAH vk BiAIZ o (Fig.
3(a)), S|"0& Qlgt 2| W & 25| BAR 5 Q= g Bl Mohr-Coulomb R 8- AR8-51o] H]Hl
T 20 HAE RS BAFSE TH(Itasca Consulting Group, 2009). A|5H 7 @ A4-Q1 H]vl<= HH ) = Z]o|
of whet g4 0 2 kst R 4] (2)of whet A=Istl O H(Fig. 3(b)), REZRS H]Hlla =4 01]/\1—4 =257
Stof 0of 77k A 08 7HESEiT Wi, 7, FolsH] 5 51 o] ATt 21504 Q1 o] gl= A NS4S
TLHA| A27gstint. AlolA] o]l 218 AREe] £/ ARl A 0 = 5H-S RARRE A1) -—r’(Kang etal.,

FLAC3D 5.00 FLAC3D 5.00

©2012 hasca Consulting Group, Inc. ©2012 htasca Consulting Group, Inc.

1.3000E+04

(a) Zone configuration (b) Inhomogeneous undrained shear strength

Fig. 3. 3D numerical model for circular vertical shaft in clay
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2018a)2] FAHE

(Terzaghi, 1943)°]4 7F4 5
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T

42 A2 ST Table 1) 51 PR 0o B o121 A1 A5 5
Hol| Tiigh oS WelE T folmlstA] Lom|, QPHE Aol ©RE ob/|E 4 ok webA AdeT
w4 9IS Tefste] SATEE $27 79 V2 o g Al 9
ASRe Agre] Hlii AT S ol 57 At 24 nhale] WS A

Sl tiet 22 I S ES 54 dde @Eo} 2ol 2

L B ol A o] Ty ZolahE
]

shell 242 ZA510] 527 U7.9] PHESH o) ke Helx7].0 24 BAsIch S21a ) Qe 4
215k 2fo|d o] E/4J2 Table 13+ 2t
Table 1. Input properties in the numerical model
Element type Value
Constitutive model Mohr-Coulomb model
Unit weight (kN/m?) 19.6
Undrained shear strength at surface (kPa) 32
Ground Undrained shear strength increase rate (kPa/m) 0.8
Friction angle (°) 0.1
Elastic modulus (MPa) 14.0
Poisson’s ratio 0.495
Constitutive model Shell-type element
Elastic modulus (GPa) 30.0
Structure Poisson’s ratio 0.15
Soil-lining coupling stiffness (GPa) 511.3
Adhesion (Pa) 0.1
3.2 Z=ULYS O|SS IE =5
FAsliA o] s|Hof thet e e A S of-§oto] At it o] ’iR 27| 210] 267w
ol B AaAE 287t FH Aollie Fof why o -5 wEsH | & HhEste] o7 IS | St A
Alg=2] ] AgES EEot] o] & &R EE7H K Itasca Consulting Group, 2009). BHE-4.0 2 8% =71
HEAGT FSyian= The 253 o] 21850 e w74 A (Cpiar) B HHFEZH( D i) 24 784 S
o] wheggic
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1
Ctrial — FS; ) * Cinitial (8)
ria
. 1
Qstrml = arctan FStrial * tan@nm‘ml (9)
A7V, Cinitiare 271 AHFEZ, Dipiniare: 7] HHFHFEZS SJu|Ric,

FLAC3D 5.00

©2012 Itasca Consulting Group, Inc.
Liner
Displacement
Contour of Mas. Principa Strain Tacrement
1.0000E+01
8.7500E+00
7.5000E+00
6.2500E+00
5.0000E+00

3.7500E+00
2.5000E+00

1.2500E+00
I 0.0000E+00 L]

o

o
LA

NENNRRNNNNRE |

-1.2500E+00 !
-2.5000E+00

-3.7500E+00 |
-5.0000E+00 ‘

-6.2500E+00
-7.5000E+00

-8.7500E+00
-1.0000E+01
-1.0041E+01 1 ‘ [ | ‘ I

(@) Numerical simulation (this study) (b) Centrifugal model test (Kang et al., 2018a)

Fig. 4. Basal heave simulation in numerical and experimental methods

][]

4, 3|8 A0 chist At A+

B ol A= 321 SRl R Ella} A 74 o] g5t 6] o gof] that tiakel QlkS o] dgke Wt
517] et ALl fel chol /1sslsict. A Ao AR 224 S11 SHHS A Terzaghi, 1943)7427%

oA BT 3241 QPHE A2 AISH ATkt 37 ] msted 2t elke] ol el e Jt FohH 02 1
o Agsel B e Al
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4.1 S[5HA S8 AR A4

AT A AR S 25 51 el T oA o 028 o o 44
Aol B AFgslel Aol Sshick F AR A Bl AL ol 2 AR WS TIRko 2 A
41 (2 o S 1% 1510, 27 o) AL §1o 2481 o) 251 S4(Table 1)
2 7]9EO & Table 29} o] s Alo| 25 AR ATk, 5217 24 27, 24 7o), Aol Wl AeE, 2
o] %—wawg& 7he, Akl YR e 1 T Zlolo] dhel 2t ¥t Azl SY A
7}@6}3&9_

, 21 W] 319401] E}— e HE Al U A] ks dEoflA 511 EAS BARSH] flsf 244
Al

Table 2. Parametric cases for deriving safety factor from numerical simulations

Parameter Input values for each parametric case
Shaft depth (m) 2.5 5 10 15 20 25
Shaft diameter (m) 2.5 5 10 15 20
Undrained shear strength (kPa) 13 22 32 41 51
Undrained shear strength increasing rate (kPa/m) 0.1 0.4 0.8 1.2 1.6
Unit weight (kN/m®) 15.7 17.6 19.6 21.6 23.5
Soil plug depth (m) 0 1 2 3 4 5

3 = FL Fig, 59 2Tk Fig, S(ay'=2 4 Zol7t Z71atel
et 22 lel] AH9Sh B9 57h 28] Qo] AAThe ek, ol 24T 4XIs)A S Bo) ma o

10 10 ¢
' —— 3D modified equation " —— 3D modified equation

8 L \ 2D equation (Terzaghi, 1943) 8 ' 2D equation (Terzaghi, 1943)
- \ — @— Numerical result H — ®- - Numerical result
2 3 " § \
> \
g 4 e 5 4

2t LJ \““-0____.“__ 2

0 1 1 1 1 1 0 1 1

0 10 20 30 0 10 20 30
Shaft depth [m] Shaft diameter [m]
(a) Effect of shaft depth (b) Effect of shaft diameter

Fig. 5. Safety factor variation according to the shaft geometry
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o] vis Qo] §AFHE KTk, Fig. S(by-22 A7el T2 Q&) WstE LIy, 371 dARS 112
S AIRPALS Terzaghi©) 2218 QPR AT} B 2 QPSS 251900 Sxsll4] Aot Bt fAR 4%

22 e ool 2wy A 4212 0] 271o]) ek ulx)] whe]] 5]e] dhet Aaleel 2 Jare
n 2 70 2 oAbsIck webd 22 A Lehls 24 270} glolo] H &2 Qg Zo] Ei 2| 5] 7
of Q3Fe ]I 1 Qo] ok P%J@%ﬁ%ﬂﬂﬁ%EM%ﬂﬂ#%@%ﬂ@%&%%ﬂ;ﬂ

£ Ko} 2435] vtedsalr] wlZoll 224 A& AR8ste] At Aol vlsl 424 B AR 21E EE
SIS Ao 2 oAtEL) T, H dqtol A E-85F Salgado et al. (2004)2] FAAI RS R A 7| 25
tidoz T2H AT Aito]7] wfEel] ¢F *X‘%L =2HOA 9] 2|2 4Hgof| §lof

5Y P& Ae Ttk A AR 240l sligshe dARE=E Hivle A, ool mE HiHie-

I S7hE, 1R EE ROl Qnt A HeA 9 ‘ﬂ‘ﬂH Aot Zlolof mbE vivis A= S7He

of ed-&e njAl= Y2 Fig. 63 o] Uepdt. &2 valle =7t 7ol whet A9 291 57t

BFE EAH(Fig. 6(a)). Folol whe vl MY o] S7PF kg 32k At 2l Bva2 M=
oF Lk

(-]
H

—— 3D modified equation
—— — 2D equation (Terzaghi, 1943)

5 6 |- -®- Numerical result 5 3
© -
8 8
2* 2
3 & ]
® 2 *
1r — 3D modified equation
— — 2D equation (Terzaghi, 1943)
0 -, L R L R L R 0 — 49— Numerical result
0 "_70 40 60 80 0 0.5 1 1.5 2
Undrained shear strength [kPa]
Undrained shear strength
increasing rate [kPa/m]
(a) Effect of undrained shear strength (b) Effect of undrained shear strength increment

Fig. 6. Safety factor variation according to the cohesive characteristics of soil
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i ]
¢
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Safety factor
N

—
T

0 L L L L L L L L L
15 17 19 21 23 25

Unit weight [kN/m?3]

Fig. 7. Effect of unit weight on safety factor

6
—— 3D modified equation
2D equation (Terzaghi, 1943)
o — - Numerical result
]
-
(%]
8
>
=)
2
©
[72]
0 L L L Il L L L Il
0 2 4

Soil plug depth [m]
Fig. 8. Effect of soil plug depth on safety factor
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