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Design concepts for stability of dam

Ac+(V -U).tan ¢
H

SFS =

ZV 6M
b2

<FSf'

12




PIEZOMETRIC LEVEL VS. TIME

INSTRUMENT SECTION MBL6 at KM. 0+916

—24—— MBL6-P1

N.M.47

W.0.47 n.8.47 4.0.48 N.0.48 N.8.48 4.0.49 N.0.49 §.0.49

5.0.49

~ 120
= / —O—— MBL6-P4
?E 100 -
~ —&—— MBL6-P2
d 80
E —@—— MBL6-P5
- 60
E ---A--- MBL6-P3
E 40
E 20 ---®--- MBL6-P6
o 20
5 RCC EL
! | | | | | | | | |
A 0 \ \ \ \ \ \ \ \ \
PIEZOMETRIC HEAD VS. TIME
INSTRUMENT SECTION MBR7 at KM. 0+796
120 .
/ H—\ M‘\ & MBR7-P1
‘2 100
E j \ ’ —@—— MBR7-P3
E 80
E / =~/ ---A - MBR7-P2
2 60
2 / - -@®--- MBR7-P4
= 40
g Qu0eE0D - - - -00 -0 - ©00 00 %o 0 axenm U WBHNAWP sy .
N Reservoir
P RARKR FARARAAAAAAAAAAAAA A AA A AA A MAMAMMAA A n A A A An Q'Vvﬁvvv'-vvvwvvvvvvv"vgvvvv
& 20 : : :
RCC EL
0

L

L~



Y
()

NHANIINLLIN A

e !

Hiau RCC-S

{Wau RCC-B




NGRS NIRRT 59 VB TS 2 \

CAGRER

SEAULN (AU/LH03)

AUNDIUAD
(M.910.) NanI9 M3 AGIAR] N9 AGIRR] N9
AIING | aaNUUY | 520 | aanuuu | m51916 | aanwuu |

80.0.48 | +1059 | 1140 | 1,850

| I I Y I

ook

T-‘.'

A
_— e
= e
_..,-——.-

BNIYLKE) © FSS nJuam';nmumwﬂaamamamsmaulaa (Factor of Safety against Slldlng) e —— |

il
-

-

FSO I,‘lJuaGl‘i’lﬁ’J‘L!ﬂﬂN‘iJﬂBﬂﬂﬂGl’élﬂTﬁWﬂﬂﬂ’ﬂ (Factor of Safety agalnst Over urn ing

15
\_w "" 1«‘

Ik i_""hf-v-p;, - |

-



+120 by =0AWL.: hy =:0.6W.L: hy =08WL.

$110 ooyt A E e RETE P ETTREE Y AT P e
3‘, , ar ' ' ' ' ' ' .

+100

(mMSL)

+

e}

[=)

|
.
[Ye}
o
|

+
(o2}
(=}

|

: + O
a (2] [0e]
o o o
| | |
Water Level, W.L. (mMSL)
m
A
IS
| |

Water Level, W.L.

+

(o

o
|

50 60 70
Piezometric Head, h, (mMSL.)

10 20 30 40 50 60 70 80 90 100 110
Piezometric Head, h, (mMSL)

—o— MBL6-P1 —2%— MBL6-P2 —©°— MBL6-P3 — U~ ~-MBL6-P4 — 2~ ~ MBL6-P5 —0— MBR6-P1 —2%— MBR6-P2 —9— MBR6-P3 — T~ -~ MBR6-P4 — 2~ ~ MBR6-P5

]

MBR6-P6 hT=W.L. — - “hT=0.8W.L. = = hT=0.6W.L. = = "hT=0.4W.L.

- S Y / 1}
N Y ] | =

MBLG6-P6 hT=W.L. = = =hT=0.8W.L. = = HT=0.6W.L. = = "hT=0.4W.L.

1 Y 1 1 SJI
m3lasunaus Wi un Upstream Zone 1o32aU11 114819 > +80 mMSL

JoIMAR AU A USnAMIaa MBL6-P1 (n31Widluidu1dq)

Y Y
Uszansamnsanuvesiiudanaiiigu MBL6 An31 MBR6

(MBL6-P4 gaydedndninni1 MBR6-P4) 16



=
—
@
=
—
=
99

TN

Gl

W2

v
U

71y

| Guviuanaang Seepage Flowmeter Emum e IR SRR RRERERRECSRRES

analyie




30,000

| e~
oo ¢
/
)

15,000

- +90

- +80
10,000

~
©
o
m\
£
S
[}
)
©
o
)
(@]
@©
o
(b}
Q
0p)

Reservoir Level (ImMMSL)

5.000 / - 70

0 ﬂ +60

nsn1Au 48 govnau 48 Aueneu 48 Aa1AN 48 waAINau 48

—O— Total Seepage — Reservoir




1
+
—
o
(@)
)

I
+
(o)
o
seauiinluany (M.5mn.

1
+

(00}
o

v

I
+
~
(@)

=
e
~
=<
A
)
2
S
=
e
P
(o
c
r
)
a

0 [ [ [ [ [ I I I +60
n.A.49 W.A.49 11.21.49 n.m.49 §.m.49 n.e.49 #.A.49 W.e.49 6.m.49

—/— Seepage monitoring from V-Notch Weir = Reservoir







=

Elevation (m. MSL.)

+10
2+200 2+000 1+800 1+600 1+400 1+200 1+000 0+800 0+600 0+400 0+200

21




I
2 IMPOUNDING

=

-~
.
%
=
g
=
2
S
>
=2
5

+10
2+200 2+000 1+800 1+600 1+400 1+200 1+000 0+800 0+600 0+400 0+200

22




Piezometer (L@3t@512¥9
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FSS < 1.5

FSS < 1.1

.

u,smuaaaml,l,azfamwmu FSO < 9 FSO < 1.5 FSO < 1.1 .
Uananaaaimizan)
L]
.
at
Seepage Flowmeter GB-P 2 3.8 GB-P 2 19.7 GB-P 2 39.4 i
Usnamsiva 8.3/5/8.) | GB-D1 20.7 GB-D1 24.1 GB-D1 =8.2 .
GB-D2 2 0.5 GB-D2 2 4.2 GB-D2 2 8.4 -
n‘r'#}
GB-D4 2 0.3 GB-D4 2 1.3 GB-D4 2 2.6 ;'//
GS-P 2 2.0 GS-P 2 8.2 GS-P = 16.4 /
GS-D2 2 0.5 GS-D2 = 4.2 GS-D2 2 8.4
GS-D4 2 0.3 GS-D4 2 1.3

GS-D4 2 2.6
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Question

=) DRAWDOWN €
SEEPAGE
- CONDITION

@ @ |N1 .
3 Nq
H N1
___________________________________________ ;'______E_________________
LEGEND
ZONE DESCRIPTION
D) EARTHFILL
2ACBEOED FILTERDRAINS
Where is the location for instrument for measuring pressure? @ EARTH OR ROCKFILL
@ RIP RAP

25
Fell et al (2005) Geotechnical Engineering of Dams
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System Responses of Embankment dam

INITIATION CONTINUATION PROGRESSION FORMATION OF A

|( OF EROSION >|( OF EROSION )|< TO FORM A PIPE BREACH MECHANISM

Crest settlement or

- ihol ; Crest ,
sinkhole on dam overtopping
or
Gross enlargement Dam storage
of pipe > empties
or _
Pipe remains velli —> Crest subsides
Zoning without +Upcn P Unravelling of toe leading to
Concentrated filter, or filter or overtopping
- - i R
omitted . Saturation/high = Breacl
leak TR = I N gh . reach
1 —> or —&P'P'";— hole] | pore pressures in DF‘“* nstream
o Filter holds crack | '™ 7 dis slope slide
Suffusion SO CHER | A
oI I b J
Filter allows (for low perfneability d/s zone) !
O 1
excessive or I
- - . Crest settlement Crest
continuing erosion = Pipe collapses=="""" I —p
) or sinkhole overtopping

27
Fell et al (2005) Geotechnical Engineering of Dams



Critical Hydraulic Gradient

Khilar, Folger and Gray (1985)

i _ ’rc (’70
© T 2878Y. K,

)1/2

When 1 Critical Hydraulic Gradient

T Critical tractive shear stress (0.2 - 20 dynes/cm?)
for clay 1s related to PI, LL (Wan and Fell, 2004)

for nonerodible soil if T, > 10 dynes/cm?
n, Initial porosity
K, Intrinsic permeability

for k=107 cm/sec, K= 1019 cm?

28



Hydraulic Fracturing

Duncan and Seed (1981)
Up < 03 Tt
where o, minor principle stress
t tensile strength of the soil

U, hydraulic fracturing pressure
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Construction Period: 1973-1978

r200 M.

+I80

Dam Instrument Section

Settlement points

Operating Piezometers

Non-operating Piezometers

V-Notch weir

_=‘-f17‘.-—;;_:__*.:;-_—:tti__ 7

(8 2 sk /[0 O

- /LW LTSN
] lsoxrra !

S$1,52,53,54,S5,
S6,57,58,5*

(@)
(0]
Type of Location No. of instrument
instrument
Installed Operated
Settlement points On dam crest 9 9
On downstream 6 6
berms
Pore pressure Sta. 19+00 30 10
transducers
Additional pressure | Downstream of 32 14
cells grouting curtain
Open standpipe Downstream of 5 5
piezometers clay core
V-notch weirs Gallery 10 10
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Hydraulic Gradient

Hydraulic Gradient
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Water Level (mMSL)
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Year

- At elevation of +70 mASL of clay core, the hydraulic gradient equaled to 6 in 1981 and it
decrease with time and stable in 1988.

- At dam base (+55 mASL) and mid-height (+90 mASL) , the hydraulic gradient tended to
be stable in range of 3.5 and 3 respectively.
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WATER LEVEL (mMSL)
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Settlement during construction

b) )
8000 | | >
Sandy and Gravelly Cores | 4% |
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— R*=0.97 |
£ | X
=
= o000 Clayey and Silty Cores || HBlowerng X  / /|
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= R*=0.96 |
“’CT" 5004+— - — - — - — - — /L OOl N —-=- -~ _ L _ |—
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= 2% |
= |
= N
g 3000 . — 0 - R Sandy and Gravelly Cores
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b . | A = R*=0.94
7)) g S e ey e
o 2000 P —] |
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© . -- (GM/SM/GP/SP) - non plastic |
1000 . oy 8- — - — - — - — - —or low fines content — -
| R®=0.98 |
0 e e e
100 150 200
Embankment height (m)
OClayey and silty cores @ Sandy and gravelly cores - medium to thick, plastic fines
A Sandy and gravelly cores - non plastic or low fines content X Sandy and gravelly cores - thin

Hunter and Fell (2003) The Deformation of Embankment Dams



Settlement during construction
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Settlement during construction

b) 0% 1 A
ACﬁ( &A# Likely arc|hing across
1% 4N\ o‘;(}-o.____‘.;\, Z narrow core at Naramata —
[ \x )ﬂ: G-ﬁ-tph S ~ ’L
faf NTRRTEL gonn —
o h 3 2 G “& ©| o o | o~
3 3% N A l—x—+—_E_ ™~
c N - X S ‘R ~
= 4% AA <R <2 I
» p A " .
S 5% S X A Ay
= \k
g 6% : : B S— approximate bounds for sandy and
At Hirakud - strains up to gravelly earthfills with plastic fines
13.5% measured at stresses
7% up to 860 kPa.
A
- A
8%
0 500 ' 1000 1500 2000 2500 3000
Estimated effective vertical stress (kPa)
O Naramata = Frauenau » Andong & Bradbury - IVIM A A Copeton - IVIV A
X Copeton - VM B 4 Copeton - IVM C OWvyangala - VM A OWyangala - VIV B == Burrendong - Zone 1B
O Granby - IVM A ® Granby - IVM B ¥ Deer Creek A Hirakud A Trinity - IVM A

Hunter and Fell (2003) The Deformation of Embankment Dams



Magnetic Settlement Gauges
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Internal Settlement Gauges
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Settlement of Khao Laem Dam

Rock foundation
Section 1

Rock foundation

Section 2

41



Settlement of Khao Laem Dam

Pouring faced slab || Firstfilling || First full storage
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Settlement

Estimation of Moduli of Rockfill

f"-\\
,"' N Erc :7/H(d1/5s)
x| ! E. = rockfill modulus during construction in MPa
o i y = unit weight of the rockfill in kN/m3
H = Height of fill above that layer in m
MODULLS DURING CONSTRUCTION d, = athickness of layer.of the dam in m
o, = settlement of layer in mm
Difference of Elapsed Time
— Date

A >

\ Settlement of Layer, §
: Lower Layer after installing HSC
T == _ Upper Layer
Date of installation EDate of Reading ~ Lower Layer
— ) E, =y,(d,/5,)

E; = rockfill modulus on first filling in MPa
Y, = unit weight of water in kN/m3

h = depth from reservoir surface in m

d, = depth normal to the face slab in m

MCDULUS DURING RESERVOIR FILLING 5, =face slab deflection at depth h from the reservoir surface4d mm




Results from Field Monitoring
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The initial tangential modulus is oA L1 |
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9 100 1g—— DA
. N g = S
The Modulus at the higher stress 2 %0l e
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Long term settlement

* Time-dependent settlement due to consolidation

process in compacted soil, creep in compacted
rockfill.

» For earthfill embankment, coefficient of
secondary settlement due to consolidation

should be less than 2% of dam height /log cycle
time Charles and Tedd (1991)

* Hunter and Fell (2003) summarized coefficient

of Earthfill and Rockfill Embankment in following
tables
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Embankment crest region, typical range of post construction settlement and long-term settlement rate

Core Properties

Crest Settlement (%)*1, *2

Long-term Settlement Rate *1, *3

Classification Core Width | Moisture 3 yrs 10 yrs 20 to 25 Steady/Slow Fluctuating
content yrs Reservoir Reservoir
CL/CH Thin to dry 0.05 to 0.10 to 0.20 to 0.04 to 0.50 (most < | 0.09 to 0.57
medium 0.55 0.65 0.95 0.26)
wet 0.04 to 0.08 to 0.20 to
0.75 0.95 1.10
Thick all (most dry) | 0.02 to 0.10to 1.0 [0.5t0 1.0
0.75
SC/GC Thin to dry 0.10 to 0.10 to < 0.5 0 to 0.26 0.06 to 0.37
medium 0.25 0.40
wet 0.15 to 0.20 to < 1.1
0.80 1.10
Thick all (most dry) | 0.05 to 0.10 to 0.10 to
0.20 0.35 0.45
SM/GM Thin to thick | all 0.06 to 0.10 to <05t00.7 [<0.10 0.03 to 0.21
0.30 0.65
Very Broad Earthfill Cores - most CL and dry 0.0 to 0.60 [0.0 to 0.80 [0.05to 0.08 & 0.44 0.07 to 0.70 (most
placed 0.76 < 0.35)

Note: *1 excludes possible outliers.

*2 crest settlement as a percentage of the embankment height

*3 long-term settlement rate in units of % settlement per log cycle of time (settlement as a percentage of dam height).
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Embankment shoulder regions, typical range of post construction settlement and long-term settlement rate

Material Compaction Downstream Shoulder *1 Upstream Shoulder *1
Type Rating Settlement (%) *2 Settlement Settlement (%) *2 Settlement
3 yrs 10 yrs Rate *3 3 yrs 10 yrs Rate *3
Well 0.05 to 0.35 0.05to0 0.55 [ 0.0 to 0.33 0.10 to 0.60 0.10 to 0.70 | 0.05 to 0.70
(most < 0.50)
reasonably to < 0.30 < 0.50 0.04 to 0.31 0 to 0.55 0.10 to 0.60 [ 0.10 to 0.56
well (most > 0.15) (most < 0.50)
reasonable 0.20to 1.0 0.10to 1.0 0.10to 1.0 < 0.70 -*5 < 0.55
poor 0.10to 7 *5 0.15to ?7*5 10.10 to 0.25 0.10 to 1.05 0.15to 1.20 | 0.10 to 0.82
(most < 0.60)
Rockfill poor — dry *4 0.15 to 1.60 0.30 to 2.00 [ 0.20 to 0.75 0.15 to 1.35 0.20 to 1.6
Gravels - <0.15 < 0.25 0.02 to 0.065 <0.15 < 0.25 < 0.21
Earthfills - 0.0 to 0.40 0.0to 0.70 [ 0.0 to 0.40 0.05 to 0.60 0.10 to 0.70 | 0.10 to 0.60

Note: *1 Excludes possible outliers.

*2 Settlements quoted are a percentage of the height from the SMP to foundation level.

*3 The long-term settlement rates are in units of % settlement per log cycle of time (settlement as a percentage of the height from the SMP to

foundation level).

*4 For the dry placed and poorly compacted rockfills, a large range in settlements is observed. For rockfills placed in dry climatic regions

settlements are likely to be toward the upper end of the range.

*5 insufficient data.
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Yield stress
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Settiment (mm)

Creep or Time-dependent
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Campos Novos dam

pe——— o

11
‘,,‘;}? Construction period: 2001 - 2005
. ‘.--.‘i'é" Dam Height (m): 202
LLIN B Crest length (m): 590
N ‘ ’ i'iti L Face area (m?): 106,000
§ N _ﬁ;* Volume of rockfill (m3) 12,500,000
{ : o Reservoir capacity (Mm3): | 1480
éﬁ i > Eiopa itk Bw, 656 Rock Type: Basalt
3 Etapa (A8 Elev. 840 %Reinforcement: 04-0.5
Rated power per turbine: 300 MW
Turbine discharge: 3 x 186 m3/s
Total investment: $ 671 Million
J Problem concerned: Spalling (horizontal
665,00 compression in the central
GGU'P“ part Fc))f face slab)
0 Py o FASE 570,00 (TR = 500 anos)
540,00 (TR = 200 a ¢
m. 72 FASE
EL4gsS) A 12 FASE

59
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It took more than 8 months for reoperation.

== Repair costs and penalties are about $110.9 million
- (~20% of the price tag)
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It was reported that the water lowering was
caused by the failure of a diversion tunnel.
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FEM analysis for stresses

( Xavier et al, 2008)
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Longitudinal movements
were measured from the

downstream surface
monuments.

Xavier et al (2008)
concluded that

1. Longitudinal movement
induced over compressive
stress during first
impounding.

2. 2D FE studies have not
represented the

movement at the central
portion. 63



System Responses of CFRDs

Crest wall join Zone 2B

=

Zone 2E
Zone 2D

Concrete face
slab with joints

Zone 2 Gabions or other

meshed protection

Zone 3A Zone 3B

Perimetric join
Plinth——__

Initiation of a concentrated leak ——— Continuation » Progression » Breach

Opening of perimetric joint (a) Will zones 2D, 2E Will the leak progressively Will overall instability of the
Opening of vertical joints (b) 2F and 3A actas a erode fines (or form a pipe), downstream slope, or
Cracking of the face slab (c) filter system according leading to progressively unravelling occur, leading to
Opening of the crest wall joints  (d) to filter design criteria? larger leakage? loss of freeboard?
Internal erosion and piping of (e)
the foundation under the plinth
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Features of NN2 HP Project
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LayOUt of NN2 dam
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Typical Dam Section

UPSTREAM

T
o LN

DOWNSTREAM

1A Selected fined grained soil

1AA Non cohesion silt (cover joint only)

1B Random fill

2A Perimeter zone filter - Sandy gravel (Max 19mm)
2B Dam face bedding layer - Sandy gravel

(Max 76mm)

3A Transition zone - Selected small quarry run rockfill
3B Rockfill - Sound sandstone

3C Rockfill - Sandstone

3D Rockfill (Drainage zone) — Selected sandstone

3E Oversized rockfill
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Dam Instruments in NN2 HP

There are totally 475 sensors and many kinds of instrument
and they can be grouped by dam behaviour as follows:

1. Seepage and water pressure in foundation: Piezometers and

2. Displacement of dam body: Monuments, Hydrostatic settlement

cells, Fixed embankment extensometers, Inclinometers with
magnetic settlement gages

3. Displacement of face slab: Monuments, Inclined inclinometer,
Electro-level (Tiltmeters),

Reservoir level, Rain gauge,
Anemometer, Accelerometer




Referenced NSM for Strainmeters
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Major and Minor Principle Strain

&, = major principal strain
&g, = minor principal strain
@ = direction of major principal strain

_ 2 . 2 .
Eg=&,C08" O+¢&,sin" O+y, sinfcosd

Vi =28 _(53 +51)

L +\/(83_81)2+(282_(83+31))2

" 2 2

n

. ates _\/(83 —&,)’ + (26, — (e +5))°

2 2
X,y = coordination
Ep = normal strain along angle 6 with x-axis
&, = normal strain in x direction
g, = normal strain in y direction
Yy = Shear strain on xy plane

26, —\&y+ ¢
tan 2¢ = 2 (3 1)
£y — & 70




Strain-90, ustrain

Strains within Face Slab
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Strain-90, pstrain
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Strain-90, pstrain
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Strain-90, pstrain
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Perimetric Joint Movement
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Seepage through dam foundation
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Basis Configuration of DFOT

Two loops of DFOT were installed along the plinth beneath the
perimetric joint.

Loop 2 is located above Loop 1 about 10 cm. The temperature
surround the sensor will be measured every 12 minutes and a

PLINTH REFERENCE LINE

leakage.

e e
------------------------
ettt
GG

Loop Heated




Distributed Fiber Optic for Temperature
(DFOT)
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Temperature Variation on Date 17 Sep 2010 (Loop 1-2)
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Temperature Variation on Date 14 Oct 2010 (Loop 1-2)
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Temperature Variation on Date 17 Feb 2011 (Loop 1-2)
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