Stability of Embankments
on Soft Bangkok Clay



Two types of analysis

1. Total stress analysis —
¢, = 0 method

2.Effective stress
analysis --- use
effective cohesion &
effective friction angle



SHEAR STRENGTH OF SOILS

Safe Conditions

Unsafe conditions-- Failure



Section -9 : Part 1(a)

Mohr-Coulomb Strength Envelops in Effective
stress

(i) for sand (chesionless soil—only ¢)
(ii) clays (Cohesive soils- ¢,¢ )

Mohr-Coulomb Strength Envelops in Total
stress for only clays: c , ¢
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Coulomb was the first to express shear
strength. Subsequently with the invent of
effective stresses the equations below are
applicable for sand and clays
respectively; sand is cohesionless while
clay possesses cohesion and friction

Sand :7, =0, tan ¢
Clays:z, =c+ 0o, tang



Strength in Effective stresses

t A 5 — Angle of mternal friction T &

in degrees
Strength _¢
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Sand : ( @) Clay : (C., )

T. =0, tan @ T. =C+ O, tan@
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Strength in Effective stresses

(Compression)




. A Total stress strength Parameters
only for clays: c,, ¢,= 0

¢,=0




Safe conditions under total
& stress strtength envelop
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Clay
Total stress analysis:

At failure

Effective stress analysis:

At failure



Failure envelope
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Total stress analysis:

Limit equilibrium analysis



This analysis, in terms of total
stress, covers the case of a
fully saturated clay under
undrained conditions.

That 1s for the condition
immediately after construction.



For this analysis, the undrained
strength of the sub-soil is taken
as the in-situ strength prior to
the construction activities and
since the time is short there is no
increase or decrease in strength
due to the pore pressures
developed during the
construction stage.



Only the moment equilibrium is
considered in the analysis.

In a cross-section where the
failure is shown, the potential
failure curve is assumed to be a
circular arc. A trial failure
surface (with center O, radius r
and length L) is shown in Fig. 1.
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Tension crack
/ = d

Fig.6.2 The ¢, = 0 analysis



Potential instability is due to
the total weight of the soil
mass (W per unit length)
above the failure surface.



For equilibrium the shear
strength, which must be
mobilized along the failure
surface, is expressed as

4 C
r ==

" F  F




F 1s the factor of safety with
respect to shear strength.
Equating moments about O:

Wdzc—“Lr
F

- c,Lr
wd

Therefore F



Design Criteria
for Embankment Stability

 Minimum FoS = 1.3

at construction stage (short term)
 Minimum FoS =1.5

at service stage (Long term)

 Minimum FoS = 1.0 when reinforced
embankment is analysed without reinforcement
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Embankment Built to Failure
on Soft Clay

E.W.Brand
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F Prof Lambe had a prediction
| & symposium of an
g’ : embankment
in Boston Blue clay at the
- M.LT. Campus
Prediction | When Prediction Made|Results known When
Type . Predictions Made
A Before Event -
B During Event No
B1 During Event Yes
C After Event No
Cl After Event Yes
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DEPTH, m 0 e "
ESC e =L
+2.5 mRL SOIL DESCRIFTION (kPa) | 1+ ey |(m/sec)
CRUST Yellowish brown mottled red CLAY with 1o 0.1 =
+0.5 roots, root holes and laterite concretions
Light greenish grey CLAY with a few shells, | 40 0.5 4xio~?
UPPER very thin discontinuous sand partings,
CLAY occasional near-vertical roots and some
-5.6 decaying organic matter (<2%)
Grey CLAY with some shells, very thin 50 0.3 | Ixlo-?
LOWER ] : X
CLAY ﬂlil:ﬂ'ﬂrll nUous .'Illlﬂd partings and some
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-15.3
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Fig. 1 Soil profile and some soil properties at the site of the Muar
test embankment
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Soil Parameters Used for Soil Parameters used for
Reinforced Embankments Embankments
Depth K A M Depth K Iy M
(m) (m)
0-2 0.06 | 0.35 | 1.20 0-2 0.06 | 0.16 | 1.19
2-7 0.10 | 0.61 | 1.07 2-6 0.06 | 0.16 | 1.19
7-12 | 0.06 | 0.28 | 1.07 6-8 0.05 | 0.15 | 1.12
12-18 | 0.04 | 0.22 | 1.07 8-18 | 0.04 | 0.09 | 1.07
18-22 | 0.03 | 0.10 | 1.20




Table 10 Summary of All 31 Predictions Made for the Pailure Thickness and Pailure SBurface of Uhe Muar Test Embankment (Figure 42)

Predicior Strangths Adopted 3 Precictions for Fallure, m
Method of Analysls Pallurs Burface [T}
Ho. Hame and Organisation Saft Clay Fi Depth s | vhsimam
1 4.5, Younger, J. Riyanio & C. Saijadiningrat, Fellenius 0.68 - 0.08 x vane Wy 0 kP - = L]
Dandung Institute of Technology, Indonesla {1 varled with I} (from come data)
' K.L. Slu, Spacial Projects Division, 0CO, Dearing copacily 5y % 10 kP Zere T e an
long Kong .
3 | R.A. Fraser, Maunsell Geoteehnical Emplrical chart Kurlhara Fig. 8.5, Zero et 18 3
Sarvicen Lig, long Kong (Kurihars, 1577) with w = 0% £
4 | TTrainees’, Dusign Division, QCO, I Fallanius 1.2 x vans €n 4 kPa, @ =31* e bAr
1 | Kong ' o o . {eonsolidatlonl [partially eracked
H "Design Team', Daslgn Division, GCO, Dishop 1.1 x vane e= 4 kPa, @=21" [ E L ne ar
long Kong {consoiidation} i
® | €.0.Lo& ¥.C. Lo, Fort Works Division, Dlshop 0.0 x vane @4 kPe, @ =30 a2 " X
Civil Enginesring Departmant, long Kong ipartinlly cracked)
1 ‘Erginesr’, lsland East Division, OCO, Slabllity chary 0.0 % vane Tare LE} 1t oo
Tong Kong * INITRI, 1982)
» ACTUAL FAILURE - =18 bk
¥ | 400, Shen, Materisla Division, 0CO, Tallanive 0.0 5 vane caBUkPe, Bl e, 1] 53,
Hong Kong
L A5 DALASUBRAMANIAM ot al, Asien Fellenius 0.0 ¥ vane =0 kPs, @ = 24" 80 n L2
Institute of Technalogy, Dangkok, Thailand g
18 | T.5K. Lam, Special Projects Division, GCO, Bishep 1.2 % vane ewldkPa, ® =2 sar e s0*
llong Keng {eonsslidation)
W | P.Te. Special Projecta Divislen, GCO, Stability chart i, kPe ewldkPa, @21 L2 1) o
llong Kong Law, 1918) leansalldation) . 1
it | 'E& N Sections’, lsland Bast Dluislsa, GGO, Stability ehart 1o ® 8 kPa 2ere - - 0"
Heoag Keng Taylor, 1048}
13| 800 Mak, lsland East Bivlsion, GEQ, Btability ehart 0.0 & vane cwlikfs, @=31" 50 " S0
Hang Kong {Lew, 1900) 1@ from cone dats)
L BLF. Ch Han Taclnologleal Daaring capacii; UL e, @ a0t .5 =94 “r
|umumu£ e Sichpasiy (20 kPa in crust)
13 | .. Weeth, Oalerd ¥i VK based on ‘Corractied vane' "Seme coniribution’ - - 4.
Imvited Mrediciors
I8 | 0. Weng, Oreg Wong & Astoclaled, Hong “Experience’ chocked AVErage vane, Zaro (eracked) g ) 4
Kong by bearing copacity withNg = #
" ; . Chen, Ova Arup & Partnars, Hong Janby 0.0 % vane ewldkPa, O =2l 500 o* 40
s 5. Duttling, Scott Wilioa Kirkpatrick Janbu 0.0 & vans Zero (eracked) 4.5 L “
& Partners, llong Kong
1] ':l. Atoshl, Fukken Co, Lid, Hircsnima, Felleniug Zere 4.5 o+ LR L
X apan
10 | J.P. MAGHAN, Laborstsire Central Dishop T30 b-n a2
Poris ot Chaussdes, Paris, France
| O FOULDS, €Y. Lee & 0.0 Small, Fallaniue LB B b
Sydnay Unlversity, Ausiralis
| MLH. Coldsworthy, Homard Humphelss dakobsgn (1948) oy ® 134 kP »e n s
& Partnnes, Johars, Malaysls [nvarage vane o § m)
13 | I Tan, ). Erest & C. Blshop Vane/SIANSEP cup, @u2* X " 18
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of Technology, Japan
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[ G, Ass & O, Eide, Horwegian Oestechnical Dishop =043 - 0.1 ¢ vane Zero (eracked) EX] " 1
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197 | Stwient’, Developmant & Alrport Division, Fallaniu. Vane coldkPa, @80 34t ns* 18"
Civil Enginearing Department, llong Kong
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Fig. 6 The failure surfaces predicted by all 31 predictors (see Table 1 for
surface numbers)
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Table 2 Actual failure conditions for the test embankment compared with
predictions of *major’® predictors (all values in metres)

Maximum

Slip Maximum | Maximum Excess
Predictor Fill Fill Surface | Embankment Surface Lateral Pore Pressure
Thickness | Height Depth Settlement Heave Movement in Piezometer P2
Bala 5.0 435 3.0 | 0.65 0.18 l].i’nj 1.0
MNakage 1.5 3.20 4.6 0.30 0.25 0.50 _ 6.2 B
Poulos | ' 3.8 345 | 59 0.35 0.05 0.16 5.7 ﬂ
Magnan 3.8 3.25 '?:E—I 1.0 0.55 0.09 0.12 107 R
Average | 40 355 6.1. 0.50 0.14 028 5.0
ACTUAL 5.4 4,70 8.2 ' 0.70 0.15 h 0.37 9.3




Effective stress analysis:

Limit equilibrium analysis



The method of slices

In this method the potential failure
surface, in section, iIs again assumed to
be a circular arc with center O and
radius r. The soil mass (ABCD) above
a trial failure surface (AC) is divided
by vertical planes into a series of slices
of width b, as shown in Fig. 6.5.



Fig. 6.5 The method of slices




The base of each slice is assumed to be a
straight line. For any slice the
inclination of the base to the horizontal
is o and the height measured on the
center-line, is h. The analysis is based on
the use of a lumped factor of satety (),
defined as the ratio of the available
shear strength (t,) to the shear strength
(t,), which must be mobilized to
maintain a condition of limiting
equilibrium.



That is, ()

The factor of safety is taken to be the
same for each slice, implying that
there must be mutual support
between slices that is forces must act
between the slices.



The forces per unit dimension normal to
the section) acting on a slice are:

The total unit weight of the slice,

W =vybh (y,,,). The total normal force on the
base, N (equal to cl). In general this force
has two components, the effective normal
force N' (equal to 57) and the boundary
water force U (equal to, ul), where u is the
pore water pressure at the center of the base
and 1 is the length of the base.



The shear force on the base, T=7 ml

The total normal force on the sides, E,
and E,.

The shear forces on the sides X, and

X,

Any external forces must also be
included in the analysis.



The problem is statically
indeterminate and in order to obtain a
solution assumptions must be made
regarding the inter-slice forces E and
X: in general the resulting solution for
factor of safety is not exact.



Considering moments about O, the sum of
the moments of the shear forces T on the
failure arc AC must equal the moment of
the weight of the soil mass ABCD.

For any slice the lever arm of W is r sin o,
and therefore

>XTr=2Wrsin«o






For an analysis in terms of effective stresses

. Y(c'+ o' tang")l 7 c'L+tangd>ZN'
W sina 2Wsin o
L, is the arc length AC

Equation 6.3 is exact but

approximations are introduced in
determining the forces N'.



The Fellenius (or Swedish )

solution

In this solution for each slice it is
assumed that the resultant of the
inter-slice forces is zero. The solution
involves resolving the forces on each
slice normal to the base, that is

N' =W cosa —ul



Hence the factor of safety in terms of

effective stress (Equation 6.3) iIs given
by

- c'L+tangZ(W cosax —ul)
2Wsin«

F




The components Wcosa and Wsino. can
be determined graphically for each slice.
Alternatively, the value of o cab be
measured or calculated. Again, a series of
trial failure surfaces must be chosen in
order to obtain the minimum factor of
safety. This solution underestimates the
factor of safety: the error, compared with
more accurate methods of analysis is
usually within 5 to 20 percent.



For an analysis in terms of total stress
the parameters ¢, and ¢ are used and
the value of u in equation 6.4 is zero. If
¢, = 0, the factor of safety is given by

Cu L An exact value of
. F is obtained
2Wsmao

F =



The Bishop Routine Solution

In this solution it is assumed that the
resultant forces on the sides of the
slices are horizontal, that is

X, —X,=0



For equilibrium the shear force on
the base of any slice is

1
T=—(l+Ntang’
F( ?)

Resolving the forces in the vertical
direction:
c'l . N’

W =N"cosa +ulcosa +—sina +
F F

tan@'sin o



N!

F

( c'l . A
W sina —ul cosa
\ F y
(cosa - (tanatan¢ ))



It is convenient to substitute

[

= bseco

From equation 6.3 after some re-
arrangements

1
- YWsina

F 2

{¢'b+ (W —ub)tang'}

SCCX

1+

(tancr tang')

F




PLAXIS analysis:

Continuum approach



FINITE ELEMENT METHOD
IN STABILITY ANALY SIS

8Sm 12 m 20 m

i \
Embankment sand fill 4m N

g 3
Peat-3m

Clay 3m

Pensesand

Backfill Increment = 2m x 2

C - ¢ Reduction Stability Analysis :
(1) Immediate After First and Second Backfill
(2) After Long-Term Consolidation




THE CONCEPT OF C ~ ¢ REDUCTIONS
SLOPE STABILITY ANALYSIS

T

Sd]%l)/ FaC for = SF — maximumavailable _ C+ Gn tan¢

T

required for equilibrium

c, +o,tang,

Safety Factor = SF = (1+ZMlspj
i=1

c.=cC (l—ZMfFj , tang =tang (l—ZMlst
=l i=1




FINITE ELEMENT DICRETIZATION
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® Material zones

® Element types

® |nitial and boundary

conditions

® Mesh generation

(coarseness)

® Simulation :

(phase 1) 1st stage construction

(phase 5) C ~ ¢ reduction

(phase 2) 200 days consolidation

(phase 3) 2nd stage construction

(phase 6) C ~ ¢ reduction

(phase 4) consolidation to Au=1kpa

(phase 7) C ~ ¢ reduction




MATERIAL PROPERTIES OF THE
ROAD EMBANKMENT AND SUBSOIL

Parameter

Name Clay Peat Sand Unit
(Embankment)

Material model Model MC MC MC -

Type of behavior Type | undrained | unrained drained -
Dry soil weight Vary 15 8 16 kN/m’
Wet soil weight Viet 28 11 20 kN/m’
Horizontal K, 1x10™ 2x107 1.0 m/day

permeability

Vertical permeability K, 1x10™ 1x107 1.0 m/day
Young’s modulus E. 1000 350 3000 kN/m’

Poisson’s ratio Vv 0.33 0.35 0.3 -
Cohesion C..; 2.0 5.0 1.0 kN/m’

Friction angle o) 24 20 30 0

Dilatancy angle Y 0.0 0.0 0.0 0




Phase 1-- 1st stage construction

maximum settlement 8,=1.61cm

Phase 2 -- 200 days consolidation

maximum settlement 8,=2.93cm

Phase 3-- 2nd stage construction

Eﬂﬂ“ﬂ“““ﬂﬂ“’ maximum settlement dv=4.14cm

.|| Phase 4 -- consolidation to
Au=1lkpa

maximum settlement ov=6.10cm




[k ]
Phase 1-- 1st stage construction 2o
. <2.000
maximum €XCesS pore pressure 400
-{ -6.000
Au= 34.88 kPa | -8.000
— -10.000
— -12.000
14000
—{ 16000/
— -18.000]
—-20.000
] 22000
24,000

+26.0001

| 26000
30,000

| B <32 000
-34.000

-36.A00

[kM/me]

Phase 2-- 200 days consolidation I 0500

0.000
0500

maximum €Xcess pore pressure 000
~1.500

Au= 8.9 kPa 2000

e o
_ - 3,000
— -3.500
—{ -4.000
— -5.000
{5500
| 5000
{5500
7.000
7500
5,000
B0
3,000




Global Safety Factor SF

SAFETY FACTOR OF EMBANKMENT

AND DISPLACEMENT AT TOE

Sum-hsf

1.5

14

T

1.2

11

1.0

1_'-*“ ________________________
| Safety Factor = SF = (1+ZMSFJ
SF 3 17 1mmed1ate after first backﬁll
_____________ S_F____1___(_)_7__1_I_I_1¥_I_1_¢_d1?!_t_¢__%l_f_t_f?_lf__S_Q_C_Q_I_l_@b@@.kﬁll---------___

a0 100 1350 200 250 300 350
L] [rmi]

Displacement at embankment toe




POSSIBLE FAILURE MECHANISM
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