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This is a Challenging Topic

According to the existing code of dike design, the designing
method of dike is safety margin method based on limit
equilibrium analysis, which can’t offer reliability index/failure
of probability for the practical engineering.

But for the probabilistic method, the stochastic character of
the geometric and strength parameters can be taken into
account, so various designing indexes are adopted according
to the importance of different components of dike in order to
decrease engineering cost.

Conventional = Rational Means



This is a Challenging Topic

Recent years, drastic floods have occurred in some large
river basins. After flood, dikes must be heightened and
widened. Therefore, it 1s important to study the influence
of the variation of Geometry and Geotechnical parameters
of flood defense on structural safety or reliability index for
design, construction and safety management of dikes.

In the Netherlands/Australia/USA/Canada, some methods
of probabilistic design and safety assessment of
embankment and revetment engineering have been
discussed by some design guides and handbooks. But in
China, further study should be carried out.

The conventional method is valid in China?/!
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How To Combat Floods?

[1998BBC] The decisive battle
to beat the flood has begun,
and danger may appear at any
time, especially around the
inland lakes, above the
warning level.

Some 3,500 local people are
now defending the dikes while
soldiers and armed police
officers are on standby for
rescue work.







How To Combat Floods?

For Yangtze river alone, some 29 billion yuan
(EURO 3.4 billion) was earmarked during the
1998-2002 period to strengthen 3000 kilometer-
long major levees shielding vast area along the
river’s middle and lower reaches.

In this case, Wang (Minister of water resources)
said confidently that * in the next 50 to 100 years,
there will be no need for China to launch another
large-scale reinforcement of the levees”



How To Combat Floods’?
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B Results display of risk analysis for whole dike
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Structure Risk

Loading 7: Strength 7
completely independent
Structural risk

R=P(Z>27)= ”fZ(Z)fé(ZA)dZdZA

VA



Structure Risk Analysis

Sliding R,
R =P(M,>M. )= j; f(M )M,
RS — ZFS(HiS) .AFO(HiS)

Fo(H, )= L:r f(M ;/ H)dM ; is probability of sliding moment

larger than resisting moment at a certain WL H

AF,(H,) the probability of i segment the frequency
exceedance curves of water levels

N is the number of segment of curve of flood water level



Structure Risk Analysis

Piping R,
R, P(J>J) jf(J)dJ
R, =3 F,(H,) AF,(H,)

=1

F,(H, )= j " £(J/H)J is probability of seepage gradient
JC
larger than critical seepage gradient at a certain WL

AF,(H, ) the probability of isegment the frequency
exceedance curves of water levels



Structure Risk Analysis

Calculating of failure of probability

Fo(Hy )= f(M,/H)M,

Fy(H)=[ f(J/H)YJ

Total risk degree
R=R_+ Rp



Faillure Modes

Modes Dam (China)| Yangtze
Piping 38 54.5
Overtopping 30
Stability inner slope 15
Stability outer slope 15
Erosion inner slope 10

Erosion outer slope

Overflow




Limit State Equation

Failure Limit state equation Icon
mode
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Calculation Methods

J-C method (FORM)

Monte Carlo method

Detailed information about these methods

can be found in related literatures



Monte Carlo Method

(1) Probabilistic distribution models and
distribution parameters of the variables related
to reliability analysis are determined;

(2) Normally distributed random numbers; The
first random sampling of all variables is done,
and the result is used in the reliability function;

(3) Repeat random sampling independently for
the total number of simulations , and then
failure probability is estimated.



Monte Carlo Method

P =P(g(x1,x2,---,xn)30)

1, g() <0
0, g(-)>0
M

A 1
P ZWZ](g(xl,xz,---,xn)SO)ZW

](g(xlﬂxza'”axn)):{

M  isthe number that g(-) <0

N Is the total number of simulations

Theory Demonstration Programme Display
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3 Safety evaluation on individual
dike section

Inclined Facing Embankment



Typical Dike Section Used This Study

dEErE Y Impermeable Layer

An idealized cross section with inclination facing on
two-phase fluvial facies basemen t



Geometry and Geotechnical Parameters

Mean Standard

Variable Description Unit  Type L.
value  Deviation

DV--- Design variables; DC--- Deterministic Constants; RV---Random Variables



Modelling of Overtopping Mechanism
z,=h,—h,6 —h —e

height | Normal distribution | 11.0m 0.051m
h of dike
0 crest

swash | exponential 8.34m 0.9m
h height | distribution
\%%

surge | Normal distribution | 0.638 0.44
hs height

Normal distribution
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Fig. 2 Relation between height of dike

and reliability index



Modelling of Piping Mechanism Zi

F — AH /AH — }/nkdks T ysbtsb

CN strength loading h
7/ W oap

h e

= e
1+ A*L, +tanhAd* L,

A= af L =2*m*h *h
\/kshbchbs C=2FmFh+w+m*h,



Modelling of piping mechanism Zi

Z2 :7/nkdks _7/whap +7/sbtsb

Clay Residual Piping-

layer water head berm



Piping---Result (B) 2
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Fig. 3 Thickness of clay stratum



Piping---Result (C) 7
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Fig. 4 Width of foreland



Piping---Result (D) 2
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Fig. 5 Slope ratio



Piping---Result (E) 7
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Fig. 6 Crest width



Piping---Result (F) 7
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Fig. 7 Permeability coefficient of clay



Piping---Result (G) i
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Fig. 8 Permeability coefficient of sand



Piping---Result (H) 2
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Fig. 9 Thickness of piping-berm



Piping---Result (1) 2
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Fig. 10 Width of piping-berm




Z

Piping---Result (J)

Chinese

As shown in right dks
Figure, the variables B dks
. Hw E L1
that contribute most U m
to the Reliability Ow
index against piping : E EC
S
are the water level, O tsb
thickness of clay w OX
layer, seepage Ke = 1}11'?;

coefficient of sand,
and the slope ratio. Xish

Ks

Relative influence of the variables on Reliability

Index



Modelling of Sliding Stability
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Slope Stability of Dike A

Table 1 Statistic of geotechnical parameters

Symbol Name/unit Distribution Mean value Star}dgrd
type deviation

Cohensive

C (kPa) Normal 12.54 2.8
Inner

¢ friction Normal 21.58 3.5
angle(0)

4 Bulk gravity - o al 18.84 3.1

(kN/m3)




Sliding---Result (K)

— Factor of Safety
-~ Reliability Index
p - A= - =" g

2 25 3 35 4 45
m

Fig. 11 Influence of slope ratio




Diagram of safety evaluation
Process

height <@ {|ood water height and wind wave

thickness of Clay Iayer_ characteristics of piping

!

slope ratio/width cross @mmm  characteristics of piping

crest/ foreland/piping-

berm/fill

!

strength characteristics < slope stability

!

Suggestion of Strengthenment and Rebuilding <{msssmTraditional Methods



Some Conclusions---(A) ---case A °

(1)The reliability index of overtopping

increases with the height of dike.

(2)The reliability index of seepage stability of

dike foundation infregses with the slope

ratio, width cross ¢

of dike foundation,

re

st, width of clay layer

W

idth of foreland, width

and thickness of piping-berm behind dike.



Some Conclusions---(B)---case A

(3) The reliability index of seepage stability

of dike foundation reases with the

increase of seepage coefficient of clay layer

and sand layer.

(4) The reliability index of slope stability

increases with the slope ratio of dike.



3 Safety evaluation on individual
dike section

Homogeneous Embankment



typical cross section of dike

Slope ratio=3; Width=7m; Height=10m



Limit State Equation

Failure Limit state equation Icon
mode
S||d|ng zy,=Fy —1=M_/M_ -1 E
Piping
ZZ :Jc _J m
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Statistical characteristics of
random variables

Stophastlc Symbol  Name/unit Distribution Mean value StaI.ldE.ll‘d

variables type deviation
Cohensive

X1 C (kPa) Normal 12.54 2.8
Inner

Xy ¢ friction Normal 21.58 3.5
angle(0)
Bulk gravity

X3 Y (kN/m3) Normal 18.84 3.1
Critical

Xy JC seepage Normal 0.55 0.093

gradient




Sensitivity analysis of Geotechnical
and Geometry parameters

Geotechnical variables

Geometry variables



Mean values of C ¢ on S,
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Standard deviation of C ¢ on /.

3.89
4.4 |
3.88 |
»n 4.0 | n
Q. Q. 3.87 |
3.6 | 386 |
3.2 — 3.85
22242628 3 3.2 1 2 3 4 5

5. (kPa) 5 (°)



Mean values and SV of/ on p,
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Influence of slope ratio on 3. 5,
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Influence of Width and Height on 5. S,
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Frequency of high water elevation
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Risk results

Structure risk at various water levels /

Slope Seepage
H,, _ instability  instability "
(m) R, R, -
P 4 )54 . »
x10 (x107™) (x10°7)

8.0 389 11.64 435 1.5 13.23
85 388 797 426 1.88 9.85
9 387 397 4.07 1.74 5.71
95 386 151 3.92 1.19 2.70
10 385 051 3.75 0.76 1.27

Sum 25.61 7.16 32.77




Some conclusions---case B

The statistics parameters of shear strength
parameters of ¢ . @ have some influence on
the reliability index against sliding. 4 is more

sensitive than 4, , O, is more sensitive
than O, .

The statistics parameters of seepage gradient
have obvious influence on the reliability index
of seepage deformation instability.



Some conclusions---case B

The variation of upstream and downstream slope ratio
only has effects on the corresponding slope instability
risk. Seepage path prolongs with the increasing of slope
ratio, and the risk of piping decreases.

Increasing of width cross the crest has great influence
on the risk of seepage deformation instability and has
little influence on the risk of slope instability.

The risks of sliding and piping increase with the height
of the dike.
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Coming up next......

Safiety evaluation on whole dile section
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Definition of Anqing flood defence
system’s boundaries

The cross sectional

and statistical

properties are

assumed to be

constant along to

section




Position of main flood defence

components
Component No. Section Length | Type of dike Percent
Initial Terminal  |(M) (%)
position
A 000+000 |05+687 5,687 Homogeneous dike [11.26
of steal-concrete
anti-flood wall with
foundation treatment
B 05+687 14+500 8,813 Homogeneous dike [17.45
with cement soil core
C 14+500 28+180 13,680 Homogeneous dike (27.08
with piping berm or
relief well
28+180 45+000 16,820 Homogeneous dike |33.31
E M0+000 M5+000 5,500 Homogeneous dike |10.89




Geometry of eve ike
subsection

08+687. bnp 08+387. bmp 11+287. bmp 124737, bmp 12+842. bnp 18+837. bmp 18+987. bmp 19+75T. bmp 204287 bnp 20+487T. bnp 20+804. bnp
— p— ——r— pamns i,
13+737. bp 14+187. bnp 14+587. bnp 144837, bnp 15+187. bap 15+287. bmp 21+087. bap 21+202. bnp 21+48T, bap 21+682. bnp 224287, bp 22+687. bnp
T | = e — it = = -
15+T78T. bup 16+337. bng 16+987. bnp 17+137. bmp 18+187. bp 18+647. bnp 22+857. bmp 23+757. bnp 23+98T. bmp 24+037. bnp 24+487. bup 24+657. bmp
18+8:bmp 18+9;mp 19+T;mp 2D+;bmp ZDM‘S;._bmp 2D+9;mp 29+6;. bmp 3E|+2;. bmp 3E|+3;. bmp J1+TET. bnp 33+1 3—7 bnp 34+68_’|'. bmp

36+187. bnp 3T+187. bmp FE+38T. bmp A0+4 389, bmp 40+6ET. bnp

Actual—> Profile = Ideal

41+344. bnp HO+000. bmp MO+94E. bmp Mi+T48. bmp N2+448. bmp N3+548. bmp

N5+248. bnp



Limit State Equation

Failure Limit state equation Icon
mode
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Statistic characteristic of safety indexes
at various water levels
for the whole dike



Water levels

Crest Level i S
Freeboard=2m B
Design Level 3
g
9
12 /
10
8 | 077
= 6 |
4 |
2 |
0 i | | | |

12 3 45617 89
Water Level (m)



Occurrence frequency for each
water level

Rank

© 00 N O O & WOWDN -

WL

21.19
20.79
20.29
19.79
19.29
18.79
18.29
17.79
17.29

Frequency Return Period (ys)

0.001094
0.003281
0.006016

0.00875
0.011485
0.014219
0.035749
0.076726
0.100912

914
305
166
114
87
70
28
13
10



Statistic characteristic of safety
indexes---overtopping (1)

- = 05+687
- === M0+000
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Reliability index against overtopping



Statistic characteristic of safety
indexes---overtopping (2)

ROIR
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2.0 .. Average
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Probability of failure of overtopping



Statistic characteristic of safety
indexes---Sliding (1)

28 J; -/ - ~~g--@——a---g—fﬁ?
<7’|2'6 ] —— Quter side sliding
- === |nner side sliding
L
24 |
2.2

12345672389
SN

Safety factor against sliding



Statistic characteristic of safety
indexes---Sliding (2)

3.96 | —— Outer side sliding 7

= === |nner side slidin;qy et S

»}195 B -
o~ N o - ff
N =

fm = -\
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Reliability index against sliding



Statistic characteristic of safety
indexes---Sliding (3)
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Risk degree of sliding



Statistic characteristic of safety
indexes---Piping (1)
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Statistic characteristic of safety
indexes---Piping (2)
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Reliability index against piping



Statistic characteristic of safety
indexes---Piping (3)
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Conclusions from this section

————

1) Multi-evaluation index for safety of more than fifty dike
subsections can meet the design standard, and the risk degree of
potential damage is considerable little, especial for seepage
instability.

2) The total risk of upstream sliding for whole dike section in
design water level is 0.696x10-2, yet it is 0.702x10-2 in first water
level (almost equal to the crest height of dike). The risk degree
decrease by around 0.02% with a decreasing of water level for
each 0.5m.

3) For seepage instability, the risk degree of design water level is
2.94x10-44, and it is 2.08x10-39 in first water level. It can be seen
that the risk degree reduce by 10 to 100 times when the water

level is decreased by 0.5m.



Distribution of evaluation indexes
for 3 whole dike at different water levels



Distribution of evaluation indexes
---Design water level (WL)

19.4 |
19.2
=19.0
"188
< 186
18.4
18.2

5 10 15 20 25 30 35 40 45
DikeSect(x1 03 m)

Distribution of Design Water level for whole dike section



Distribution of evaluation indexes
---overtopping (1)
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Distribution of evaluation indexes
---overtopping (2)
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Distribution of evaluation indexes
---outer slope stability (1)

3.9 |

3.0 | =
HIVATE
LL 2.0 *_‘ "K..\.

1.5 | ' N\,
1.0

‘ | | | | | | | b
5 10 15 20 25-30 35 40 45 i
Section(x10%m) _.,,.-»»f'f"'*’/

_

s SR Sy
Distribution of safety factor of outer slope stability



Distribution of evaluation indexes
---outer slope stability (2)
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Distribution of evaluation indexes
---outer slope stability (3)
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Distribution of evaluation indexes
---inner slope stability (1)
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Distribution of evaluation indexes
---inner slope stability (2)
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Distribution of evaluation indexes
---inner slope stability (3)

0.10 =g
0.08 | =
0.06 | v .
_0.04 | ;
~ 0.02 | 1
0.00 | 4 \
'0.02 B TN
-0.04 | | | | | | | | kY
5 10 15 20 25 30 35 40 45 .
Section(x1'03 m) " .
N

Risk degree of inner slope stability



Distribution of evaluation indexes
---piping (1)
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Distribution of evaluation indexes
---piping (2)
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Distribution of evaluation indexes _
---piping (3)

8 | —y
w 4 1
3 \!
a 2| L
0 \
-2 | | | | ?

5 1015202530354045 P

Section(x103m) .~

risk degree of piping



Coming up next......

Connbinaton ofte falure probabite



Combination of failure
probabilities

For sections:
can be expressed by the formula of a series system:
P {section fails} = P{Z,< Oor Z,< Oor Z,< Oor Z, < U}
The fundamental lower and upper bounds are given by:

4
max P{Z . <0} < P{section_fails} < ZP{Z <0}

For the whole dike: -
A series system with 55 consecutive segments:
P{dike fails} = P{Z;<00rZ, <00rZ<00r2Z <0, . . orZ: <0}
The funamental lower and upper boundss:5
max_ P{Z, <0} < Pldike _ fails}< ZP{ZZ. <0}

i=l




Combination of the failure
probabilities---safety factor
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Combination of the failure
probabilities---risk degree
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Combination of the failure
probabilities---relation
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Overall failure probabilities of the dike

Rank | WL Return | Overall failure probability
period Lower
?;e\;‘g) boundary Upper boundary
1 21.19 914 1.7042 1.4716
2 20.79 305 0.9474 0.7702
3 20.29 166 0.5862 0.4347
4 19.79 114 0.4306 0.2924
5 19.29 87 0.4382 0.2718
6 18.79 70 0.5017 0.3405
7 18.29 28 0.3450 0.2246
8 17.79 13 0.4232 0.2654 C
9 [1720] 10 0.1578 01577| E



Conclusions from this section

——

1) The weakest point can be found: the reliability method
provides estimates of the probability of faliure of the flood
defence system, identifies weak system components and
identifies which parameters contribute most to the probability
of failure.

2) Section 05+687 and M0+000 turn out to be the weakest link



Coming up next......

1 Object of this study
2 Structural risk analysis method

3 Safety evaluation on individual dike
section

4 Safety evaluation on whole dike section
5 software SADSS
6 Some conclusions



software system
on whole dike section



Diagram of Risk Analysis Process

Engineering Information Database Sensitivity Analysis
Statistic Parameters of soil Geometry Parametric Analysis
Reliability Analysis Risk Analysis—Risk Map

Suggestion of Strengthenment and Rebuilding
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Traditional Methods




Functional Modulus SeDcs
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SADSS---Various evaluation index

Safety asseszment and decision support sofeware system of dike
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For Each Dike Subsection
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SADSS---Safety grade and technical standard

B Technical Criterion of safety ev... _; SADED
Sliding
SafetyFac A s B
RelibIndex 4 P80

RBiskllegree A 1. 0E-5 B

Seepage
SafetyFac A 3. 00 B
RelibIndex A 3. 60
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SADSS---Statistic pie chart

W Statistical chart of rvisk result of whole dike for Anging
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SADSS---Statistic report forms s
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SAD

1SS---1

Inquirernent of results for whole dike

ata inquiry
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SADSS---system demonstratior®=

Demonstration of results

Photo/Mesh/Profile/Seepage/Stability

Demonstration of System function



Conclusions

1) As we known, the deterministic method has been using in the
active code of designing of dikes and revetments. In this case, it
is a difficult task to transform and extend the new method. It is
no doubt that the non-deterministic associated with the
deterministic method will be rather scientific methods and
means to assess the safety of dike, at least in recent years.

2) Probabilistic risk analysis is the up-to-date research field of
safety assessment techniques of dike. Probability techniques
are rational means to quantity and incorporate uncertainty into
safety analysis and design.

3) The development of the software system for safety
management and risk assessment of dike is helpful to the
design, maintenance, safety evolution of river levee and
revetment in China.



Areas for Further Study

in @ probabilistic
framework should be performed in the future,
for the proposed existing dike improvement

Shortcoming --- ?/!

Flood duration. Some levees may be subjected
to significant water heights for many months.
When this occurs, the phreatic surface within
the levee will rise, increasing pore pressure and
increasing the risk of failure due to under-
seepage and slope stability. ?
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