Notes by WONG Kai Sin

Basal Heave Stability
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Which method should we use?

How do we check basal heave stability?

Which method should
we use?

*Terzaghi
. - *Bjerrum & Eide
*Eide et al.

\/ \/ *Tschebotarioff
*Goh

*Chang

*Wong and Goh

Field Data °O'R0urke

b *Su et al.

*Ukritchon et al.

*Plaxis

"
w

»
3

5

MAX. WALL MOVEMENT, Bhm,

EXCAVATION DEPTH, H

i Does FOS=1 mean
failure?

o 1
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0.5 1.0 s 20 2.5
FACTOR OF SAFETY AGAINST BASAL HEAVE

Methods of Analysis
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Rigid stratum

e Terzaghi (1943)

e Bjerrum & Eide (1956)
e Eide et al. (1972)

e Goh (1994)

Terzaghi's Method

(Terzaghi, 1943) an P

Basal Heave Stability

Range of Applications
« For wide excavation
o For excavation with length much greater than width
o For sheetpile walls regardiess of penetration depth
« For diaphragm walls with short penetration depth

Limitations
« May not be applicable to narrow excavation
« Does not consider effect of shape of excavation area
« Does not consider contribution from adhesion
o Does not consider contribution from wall penetration
« Does not consider the effect of wall stiffness
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Terzaghi’s 2 5
9 VUL Vibbiiiitila
Method
ol ! -
By Cup
T
Hard Stratum
s - 5.7¢y, By If T=0.7B, B, =0.7B
YHB, - ¢, H IfT=0.7B, B1=T

‘ Bjerrum and Eide’s method (1956) ‘

Lig=1_L—"]
I
8 2

3//—-/—-

7

N, /oo

5

4
o 1 2 3 4

H/B

Range of Applications & Limitations:

c N « For narrow excavations
u C
FS = --moeeeeeee- « Ignored effect of wall penetration
vH*q « Ignored effect of clay thickness

« Ignored effect of wall stiffness

Basal Heave Stability
(Bjerrum and Eide, 1956}

15m

- Shear strength

1 90 2 4dim

Sinkhole
after Rilore

#30mm-
2
5

After loilure S
Before hi/ure/

0

Rock

Basal Heave Stability

Eide et al.’s Method (1972) |

cuNe+2¢,D(1+B/L)/B
yH+q

FS =

Range of Applications & Limitations:
e For narrow excavations

« Ignored effect of clay thickness

« Ignored effect of wall stiffness
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Goh’s Method Cu Nn
1994 FS = oo it o Hu Goh’s Method cy Ny
( ) yH+q (1994) FS = - it d M -
yH+q
74 T
72 — } 1.3 T
7 2 ID 4 " | /
s il i E /8 = 0.37 o
M os - ) ] PY] PO / TIB.=.0.87_ -
84 | / ”—/ﬂ;{r
s: ) g A B >=1.25
%7 0.3 ns4 05 %8 07 b2 o P ore
H/B
J7| S ?Original [ 1. —
A Modified | | L T et0—]
) \v i ! ; “ =" dlaphiagmwall. .
* o \\Qi :s T ™ '; T 85 i shaelpile wall
TIB 9 3z o o
oIT 10
5
5 Critical Height based on SAGE CRISP Anal 7
’ +10%, [ nailysis
Goh’s Method N
(1 994) g -10%
h=1
o 3
a
2
Advantages & Disadvantages: 2}
« Applicable only to long excavations (L>>B)
« Applicable only to wide excavations (B/H>1) L > 3 n 5
« Applicable only to constant ¢, FS.FEM

Not certain what ¢, to use if ¢, increases with depth

Considered effect of wall penetration (D)

X ) Sheetplie wall Dlaphragm wall
Considered effect of clay thickness (T) . o

Considered effect of wall stiffness (EI)

&

« Does not consider effect of excavation shape (L/B)

¥ Co-orinate (m)
385 8§ 8

£

Reliability of full penetration case (D/T=1) is uncertain

Maximum Horizontal
Displacement, &, {em)

.
3

Does not consider slippage along inner wall S =
e e et o =
Horizontal Displacement (m})
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| Comparison of Methods — Case 1 — Sheetpile Wall

Comparison of Methods — Case 2 — Sheetpile Wall

IZ
y=18 kN/m*
H=97m c=5+13z kPa
BN
D=13m
FEM (Sage Crisp) = 1.00
Terzaghi (1943) = 1.05  (1.04)

Bjerrum & Eide (1956) = 0.55 (c,atH)

= 0.98 (cyave within 0.7B below H)

Eide et al. {1972) = 0.61 (c,atH)

= 1.05 (cave within 0.78 below tip)

y= 18 kKN/m’
H=10.3m cu=30kPa
K3

D=07m

FEM (Sage Crisp) = 1.00

Terzaghi (1943) = 100 (1.00)

Bjerrum & Eide (1956) = 0.89

Eide et al. (1972) = 0.90

Goh (1994) = 1.02

13
Modification to Terzaghi’s Method
Cut H
_C-u2 T
Terzaghi (1943)
FS =
YHB, - cyH
Modified Terzaghi
57 ¢ B+ cH
FS =
yHBy
15

Basal Heave Stability

Goh (1994) = (0.99) [Useoime
within 0.58
below H
14
‘ Comparison of Methods — Case 3 — Sheetpile Wall
B=30m
i‘ |
y =18 kN/m®
H=169m ¢y =35 kPa
D j1_.1 m T=81m
FEM (Sage Crisp) = 1.00
Terzaghi (1943) = 0.86 (0.90)
Bjerrum & Eide (1956) = 0.67
Eide et al. (1972) = 0.69
Goh (1994) = 120 (1.00) 16
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B-value

Comparison of B-value

3.0

254 .. ;

2.0 oot

0.0

—e— Terzaghi
--©O-- Button

.| —w—Goh | ..
—z-- Hird et al.

0.0

0.1

02

T
03 04 05 06 07 08 09 10
T/B Ratio

17

Effect of Depth to Hard Stratum (T) ‘

L= LENGTH OF QuT

YTEY iy FIN TG

FEEEN|

p— & —y

INERLL

e

T ¥4 /1

FAILURE SURFACE

FAILURE
SURFACE.

STRENGTH
[3

=D

—{ |

45/

HARD STRATUM

When T 2 0.7B, failure surface can be developed freely.

When T < 0.7B, the development of failure surface is restrained. It is
no longer the plane of lowest resistance. Therefore, there will be an
increase in factor of safety. The correction factor 3 accounts for the

effect of depth to hard stratum, T.

Elevation (m}

Horizontal Displacements

04 03 02 o1 o0 a1
Horizontal Displacement (m)

19

18
Comparison of Methods — Case 4 — Sheetpile Wall
. B=30m

_T_'| —1
H=129m A
D=121m

FEM (Sage Crisp) = 1.00

Terzaghi (1943) = 0.95 (0.95)

Bjerrum & Eide (1956) = 0.84

Eide et al. (1972) = 097

Goh (1994) = 1.00 (1.00) 20

Basal Heave Stability
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Comparison of Methods — Case 5 — Diaphragm Wall

B=30m
v =18 kN/m*

H=15m cy =35 kPa
D=10m

R

FEM (Sage Crisp) = 1.00

Terzaghi (1943) = 0.81 (0.83)

Bjerrum & Eide (1956) = 0.75

Eide et al. (1972) = 0.89

Goh (1994) = 0.93 (0.93)

21

Comparison of Methods — Case 6 — Diaphragm Wall

ST

H=191m

B=30m

¥ =18 kN/m*
c=5+13zkPa

I

D=59m
B

FEM (Sage Crisp)

Terzaghi (1843)

Bjerrum & Eide (1956) =

Eide et al. (1972)

Goh (1994)

1.00
0.76 (0.77)
0.52 (c,atH)

0.75 (cuave within 0.78 below H)
0.83 (c,atH)
0.98 (c,avs within 0.7B below tip)

- (0.99)

22

Effect of Wall Penetration
(Zhang and Zhang, 1994)

Modified Terzaghi’'s
Method for
Diaphragm Wall

(Wong and Goh, 2001)

23

Method 1:

Method 2:

Note: By =0.7B or (T-D) whichever is smaller and Bs < B1

Fo1 =

Feo =

5.7 cuBy

yHBy-cpwH-(1 +0)CclyD +qBs

5.7 CopBy + CunH + (1 +0) CuaD

yHB+ qB

24

Basal Heave Stability
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Modified Terzaghi’s Method for Diaphragm Wall

(Wong and Goh, 2001)

Case 5
y=18 kN/m®
H=15m c, =35 kPa
D=10m
i
Terzaghi (1943) : Fs = 0.81
Modified Terzaghi: Fs; = 0.94
Fe = 0.96

25

Modified Terzaghi’s Method for Diaphragm Wall
(Wong and Goh, 2001)

Case 6

T

H=19.1m

IZ
y=18 kN/m®
cu=5+1.3zkPa

D=59m
&

Terzaghi (1943) :
Modified Terzaghi :

F, = 0.76
F31 = 094
Fe= 0.95

Diaphragm Wall 1

Comparison of Methods — Case 20

B=30m
IZ
=18 kN/m®
H=223m cu=5+1.3zkPa
0
D=27m T=58m
Terzaghi (1943): Fs=0.82
Modified Terzaghi: Fs =1.13 (Method 1)

Fs=1.06 (Method 2)

27

Narrow Excavation for all Wall Types

Modified Eide et al.’s Method

Cus Nc B + 2acD (1 + B/L) /B
yYH+q

1t

s

becorces T7IYTITIY 7777

For (H+DY/B < 2.5: N, ~ 5 (140.2B/L) [1+ 0.2(H+D)/B]

For (H+D)/B 22.5: N, ~ 7.5 (1+0.2B/L)

T/B |015| 02 | 03| 04| 05 | 06

207

Basal Heave Stability

B 1.60 | 1.34 | 1.16 | 1.08 | 1.04 | 1.02

1.00
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Wide Excavation with Sheetpile Wall

B By
T2 R2 22122 dibiidiilila
al o
B, s
Modified Terzaghi
5.7 cuy Bi+ CunH
Fg = =mmemrmommmemnmenmnen e
YHBi+ qBs
Goh (1994)
Cy Npy
Fs = cmmommeeaes Mt Mg Hay
YH+q

Note: B =0.7B or T whichever is smaller and Bs < B, 29

Wide Excavation with Diaphragm Wall ‘

Modified Goh’s Method
cu Ny
FS = wmmmemoee- Mt Hd Pw
yH+q

Use average c, within 0.5B below the formation level.

31

Basal Heave Stability

B
B B,
bhed ’ e
" o
° ” f *Cud ’ r Cud
B Cup
Modified Terzaghi
57¢wBi+ cwH + (1+ a)cyD
Fs =
YHB(+ qB
Modified Goh
Cy Np
Fo = ol g
yH+q
Note: B = 0.7B or (T-D) whichever is smallerand B; g B:
30
Modified Goh’s Method
Cu Nn
FS = e Mt Hd Hw
yH+q
i |
k “ 7B = 0.37} , T
Wy | sl _TB=0E
) | TB=1
/B >= 125
i

1 O3 O —

oIT
P u-
sheetplie wall

e 11 o o3

oI
32
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How important is the shape factor?

33

Basal Heave Failure in Taipei (1998)

Basal Heave Failure in Taipei (1998)

T W K r
i \
g b L
1
A A A A a Excavaiion wall
B+l .
|.. — ]

Factor of Safety

Method A-A B-B

Terzaghi 0.67 0.66

Bjerrum & Eide | 0.58/0.69 | 0.61/0.69

Wong & Goh 0.94 0.99

35

Basal Heave Stability

Lot
o f 2 Undrained shear strength (kPa)
[rarm—
i peiilsa
1] 25 50 T 100
ity wasa i : . ;
i
e
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34
What factor of safety should we use?
Field Data Finite Element Analysis
3 T T T T T T 3.0 T T T T T T
Freewat | Fixsawor
-} @ oslo # | -
Fiua :{ Son 5
=, . s Bowtine P1. N.¥. Az, 0 |
HE 8 r,..mw,..l{; oste sl
b i ] §
8|z sk T
2|8 2le
A | = X |
i . L R N\
Hi 5 | CIE | S e 'F
H 2§ o o 27 b swur stist 2000 1m our m
88
°s o5 5 s x 3 : 35 °, o5 s i 25 7% EX I

20 2.5 30 X Y
FACTOR OF SAFETY AGAINST BASAL HEAVE FACTOR OF SAFETY AGAINST BASAL HEAVE

36
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How reliable is the computed F.S.?

B B [ Subsoil Conditions & Idealized Soil Profile j
¥
ds Cu
Lt P
LI e -
Y1 u1 *'L ¥ ﬁ%% V"’y”//c/ag
x Y x === ‘gg =) ;
A =i Eis= ﬁh@t
Y2 Cuz O S #o Mo Sitty clay
" — 3 — Dense .r,'liy Sand
- a—————
57 cpBy+ cyH
FS =
Y H B1 * Qs Bs
37 38
What type of test should we conduct to determine c,? Basal Heave of Wall with Full Penetration to Hard Stratum
u
B=30m
e Field tests: FVT, SPT, CPT, PMT, DMT, BST — -
Hoa =7 . 5% :‘:
e Lab Tests: UU, UC, ICU, Ck,TC, Ck,TE, Ck;DSS g 7z e N
e Others:  Fall cone, Torvane, Pocket Penetrometer D= 70 1
. } I
. Case 7 - Sheetpile Wall Excavation Depth Hm)
Which strength envelope should we use ? ‘
FEM (Sage Crisp) = 134m
1. Most conservative: - -
"worst scenario” Terzaghi (1943) = 125m
2. Best Estimate: Bjerrum & Eide (1956) = 10.8m
most probable scenario Eide et al. (1972) = 70m
3. Most optimistic: _
"most favourable scenario” Depth Goh (1994) = 12.8m
39 40

Basal Heave Stability 10
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Basal Heave of Wall with Full Penetration to Hard Stratum

B=30m

Himax = ? y =18 kN/m®
cu=35kPa

D = 70-Hmax

Displacement, 5, {cm}
H

L
n
012345678 918111213141516171819202122232425262728
Excavation Denth, H {m}

Case 8 - Diaphragm Wall

FEM (Sage Crisp) = 70m
Terzaghi (1943) = 125m
Bjerrum & Eide (1956) = 10.8 m
Eide et al. (1972) = 70m
Goh (1994) = 18m

Basal Heave of Wall with Full Penetration to Hard Stratum

B=30m

= y= 18 kN/m®
c,=35kPa

D = 30-Humax

Maximur Hortzontal
Displacement, 5, [cm}

Case 9 - Sheetpile Wall

a
0 123 4 85 678 910111213 1415167 181320 21

Excavation Depth, H (m)

Excavation with Full Penetration of Wall into Hard Stratum

Basal heave stability
is not an issue for
this case.

43

Basal Heave Stability

FEM (Sage Crisp) = 30m
Terzaghi (1943) = 12.56m
Bjerrum & Eide (1956) = 108 m
Eide et al. (1972) = 30m
Goh (1994) = 12.8m
42
Basal Heave Stability with Jet Grout Slab
Block Failure
57 cuypBi + CinH + cuwD + wcue D
Fo =
YHBy + qB;
Note: Bi = 0.7B or (T-D) whichever is smaller and B; < B,
44

10/26/2007
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Basal Heave Stability at Clarke Quay
(Shirlaw et al. 2000)

LOAD =10n,

0 LLLL%— fegbbeb-} L LL
FILC
(R U 25
ESTUARNE -
—_— STRUT
gy FLVIAL CLAY A St
SHEET PILE—
8om _
MARINE CLAY 21025m
tam [} -
[4—10ms aoren
PILES AT #m cfc
24m.
WEATHERED ROCK
L L
Factor of Safety without JGP = 0.45 to 0.6 49

‘ Evaluation of Adhesion on Piles with JGP in FEA ‘

O Q,onpilesinfield=(ndh/s)c,
Qg on piles in FEA=2h C,ea

Carea=(md Cy)/(25)

Pile Carea
Spacing
2.5d 0.63 c,
3.0d 0.52c,
3.5d 0.45c,
40d 0.39 c,

50

How can we determine c,
between JGP and pile?

51

Mixing of clay & cement

Roughen the surface 1

Completed
specimens

Specimen
and
moulds

Basal Heave Stability
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Compressive strength of specimen at different curing time

Shear Strength (kPa)

Adhesion between concrete with clay-cement mixture

(Goh, 2005)
700 T T T T
| | | :
| | | y =0.448x + 444.82
600 — — — + B e
: : * 20%W@28days
s00 | — — . .
 30%W@28days
] ] y=0.3348x + 369.64
B Tq T || e 20uw@2sdays-
‘ i separate
300 4 : : A 30%W@28days-
I f separate
| | y = 0.7408x
2001 — — ¢ . .
I I Y= 06273
I I
100 I I -7 I
I P I I
L= I I
=7 | | |
0 5 100 150 200 250 300 350 400 450 500
Normal Stress (kPa)
54

(Goh, 2005)
1600
1400 T e e — —
g
g 1200 - - — S . 1
= 28 days
2 1000
g
@ 14 days
5
(2]
L8000 T - - - - — .~ — - —— - - - —
8 600 B/ days _ _ _ |
£
5
S
4001 - - ————— — . - - - - - —
00 F ——————=—|F—=—=——=——"=—" |~ —"—"=—"—"—"—"—~—~"—~"—~——~—~—— —~+
I I
0 | |
0 10 20 30 40
Water added (%)
53
PreliminaryTest Pile TP2
Max load
1750 Tonnes  Rod extensometers
. mame‘er* (damaged on SPT Blows per Shear Transfer
installation) mm penetration at maximum load
/. "
Typical o
. . Sandy o Pile head settlement  _
Pile Load Test at ade Groa | 19590 A maximumioad
T Residual settlement =4mm
KPE B
Marine Clay ©3)
(Shirlaw et al., 2005) I
e Jet Grout Slab (754)
. ® | 20m T
(197)
v j_l
- . . (52)
Measured adhesion L.
=754 kPa . | 3 Marine Clay
. . 65.5m| n L]
Adhesion at failure v
>>754 kPa Yo o 1
[l [l (126)
v FuvialSand | 30308
. . 441300 2
[~ 55/300
|| 100220 (106)
Old Alluvium 100/260
| (15)
100/280
" " 100/220
. o | 6on 100/220
L] Ll 0 T T
® 2 0 500 1000

Shear transfer (kN/m2)

Basal Heave Stability

Bottom Heave in Sand

T =
.
’ se ¥'s Weighed averdfe of
Use ¥ = Potrl wnit wl /:,ZI AN
b A fdﬂaye/ wnit wit % - 32’, _ 4‘)’“

.

Fs - 2 (L)t tera,

- /- Jind,

1t S,

7E7‘4’0¢3' 2 ¢z' _
Ny = 180 tangy [ €77 dent 457 2 /]

56
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Piping in Sand

3 " .
Queich condibions
/

L
L

Piping is a phenomenon of water rushing up through pipe-
shaped channels due to upward seepage under high
gradient. It can lead to total collapse of the system. Sufficient
penetration of sheetpile must be used to lengthen the
seepage path and to reduce the hydraulic gradient.

57

Basal Heave Stability

Penetration Depth
against Piping
(Teng, 1962)

Site conditions Width of excavation

[
L

80 4D 2D D D 1D

1. Homogeneous with infinite depth

Loose sand 07D 08D 09D 10D 1.2D 14D
Densc sand 04D 05D 06D 08D 1.0D 1.3D

2. Homogeneous, impervious layer below (dense)

HyD =1 04D 04D 06D 08D 09D
HiD=2 04D 05D 03D 11D 13D

10/26/2007
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