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om.@ |ICOLD: International Commission on Large Dams

ICOLD Bulletin oe Dam design criteria - Philosophy of choice (ec@)

ICOLD Bulletin e/l Selecting seismic parameters for large dams - Guidelines
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- |ICOLD Bulletin ewo Design features of dams to resist seismic ground motion
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- ICOLD Bulletin el Seismic design and evaluation of structures appurtenant
to dams (wool)
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m.@ FEMA : Federal Emergency Management Agency
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a.& ASTM : American Society for Testing and Materials
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Undamaged
Section K 0 10 20

Stone Pitching

R e——
(450 mm thick)

Hor. & Vert. Scales (m)

Post-earthquake
Section

Semipervious Liquefied alluvium w Presumed hard stratum

Shell Critical slip surface (yield acceleration = 0.07)






Mea Suai Dam
Damage from 6.3 M EQ

Acceleration-time history recorded at the right abutment

Acceleration (g)

0.300000

0.200000

g
g

8
g
g

0.100000

-0.200000

Station ID: MSAC Channel 3: C3  5/5/2014 (125) 11:08:05.000

T

*

Kh > PGA/2g > 0.15

it

l ! | ! ! | ! ! ! !

Peak Ground Acceleration (PGA) = 0.33g

Crack limitation, Kh used for analysis

N

0.329356 ¢
(46.820 sec)

5/6/2014
11:08:51.820

! ] L
40.000 45.000 50.000 £6.000 60.000
Time (sec)

Designed K;, = 0.1 < 0.15 cracks can be expected on the dam crest

o/

ANDANA LATADLE



Crack appeared in rehabilitation processes of Mae Suai dam. 2019
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Chi-Kang Dam, Taiwan 910 Chi-Chi Earthquake Y410 7.6 Mw 41 20 .8. 42

Faulttraca P ‘Shi-Kong ¢
Up’tl‘irusted :"'“h Taiwan Chi Chi
slde offault -~ = “921” Earthquake
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Material Properties

[ Material Properties ]

NINI15ILASIZULND DANLLUULYDU |

Static Soil Properties
2D/3D

Field Test
criteria

Site investigation

i

Dynamic Soil Properties
2D/3D

Field Test

criteria

Site investigation

and Soil testing
(Criteria)

and Soil testing
(Criteria)

LNDSULLSILLNUAY L34

Laboratory Test
criteria

Laboratory Test
criteria

Hazard Analysis (PSHA)

\ J Stress in dam body and foundation Story Drift + Cracking / Piping
Foundation Bearing Pressure

Concrete/Steel Stress

Static Analysis Seismic Analysis ’ t Static-Based Dynamic Response Static-Based Dynamic Response

A4
I [ Pre-Earthquake Analysis Dam Type‘& Material Properties Analysis Type
Hazard Classification Dam Modelmg E—— G, Gmax, G/Gmax curve, Damping - Linear
(ICOLD or FEMA?) | (2D/Equivalant 3D) - Foundation with "Soil”layer curve - Equivalent Linear
v (criteria) (check with Vs). - Non Linear
v Freeboard of dam Seepage Analysis -1-9 analysis using SHAKE or
Seismic wave vs wind wave (2D) (S::t'(';i’as)”ﬂwa’e-
Ground motion level by hazard classified
(MCE,SEE,OBE)
ﬁ‘ Initial Stress
Liquefaction [ Dynamic Response Analysis Analysis
4 A Seismic Hazard Analysis Potential Analysis Stability Analysis +
_— L. (Criteria)
Seismic Zone Characteristics
« Radus | | N[TTTTAEEITTTTTTTTTIIIIIUUU ] L i
+ Typed Deterministic Seismic ! G
* Properties of Source Hazard Analysis (DSHA) ! Earth-filed Dam ravity Dam Appurtenant Structure } ]
: ?gtf" T ;encmng required Criteria to select : « Slope & Foundation Sliding Sliding b e
riteria) . ' 7 . .
+ Attenuation Model Approach either DSHA or e i Stability (Local + Ovenl‘ur ulg Oyen‘ummg ; « Overtopping _ _ 3
PSHA method Probabilistic Seismic ! Overall) Bearing Capacity Displacement/Deformation « Post Earthquake and Liquefaction Stability

v

Seismic Loading
*  Earthfilldam and Gravity dam according to MCE, SEE, OBE (ICOLD,2010)
*  Appurtenant Structure according to MCE, MDE, OBE (USACE,2007) ‘

Dynamic Response Analysis

*  Return period ! "
LEM + FEM Pseudo static, LEM Analysis Analysis Analysis Analysis

Acceptable Factor of Safety Acceptable Factor of Safety
(Criteria) (Criteria)
- Limited stress and location of - Stability
Vs resulted force - Stress
Dynamic Response Analysis ° -FS. -Internal Force

Static-based Analysis
* Peak Ground Acceleration (PGA) -> [PHA, PVA] (Criteria)

Acceptable Factor of Safety
» Magnitude (M) and PGA for Liquefaction analysis

(Criteria)

« Target Response Spectrum
«Acceleration time history -> amount of motion?

Required Dynamic deformation
anlysis ? (Criteria)

Seismic Load Determination (USBR, 2015) Static-based Analysis
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Hazard Classification
(ICOLD or FEMA?)

! Recorded Seismic Data
-Accleration v/s time

Ground motion level by hazard classified
(MCE,SEE,OBE)

¢_1

Seismic Zone Characteristics

+ Seismic Source

+ Radius

» Typed

* Properties of Source

+ Detail Trenching required
(Criteria)

+ Attenuation Model Approach

Seismic Hazard Analysis
(Criteria)

Deterministic Seismic
Hazard Analysis (DSHA)

Criteria to select
either DSHA or
PSHA method

Probabilistic Seismic
Hazard Analysis (PSHA)

i

Seismic Loading
*  Earthfill dam and Gravity dam according to MCE, SEE, OBE (ICOLD,2010)
*  Appurtenant Structure according to MCE, MDE, OBE (USACE,2007)
¢ Return period

Static-based Analysis
+ Peak Ground Acceleration (PGA) -> [PHA, PVA] (Criteria)
« Magnitude (M) and PGA for Liquefaction analysis

-
Dynamic Response Analysis

« Target Response Spectrum

« Acceleration time history -> amount of motion?

A

Seismic Load Determination

As built Drawings,

Design Reports,
Construction

Instruments data
-piezometers
- settlement point

Material Properties

[ Material Properties ]

Static Soil Properties

Field Test
criteria

Site investigation
and Soil testing
(Criteria)

Laboratory Test
criteria

[
|
|

A 4

il

1

Dam Type &

Pre-Earthquake Analysis |
Dam Modeling

\ (2D/Equivalant 3D)

!

Freeboard of dam
Seismic wave vs wind wave

(criteria)

Seepage Analysis
(2D)

Liquefaction
Potential Analysis

]—{ Stability Analysis }—@ +

Earth-filled Dam
* Slope & Foundation

Stability (Local +
Overall)

v v

Gravity Dam Appurtenant Structure
Sliding Sliding
Overturning Overturning
Bearing Capacity Displacement/Deformation
Stress in dam body and foundation Story Drift

Foundation Bearing Pressure

Static Analysis
LEM + FEM

Seismic Analysis
Pseudo static, LEM

Dynamic Response
Analysis

Static-Based
Analysis

Static-Based Dynamic Response
Analysis Analysis

.

Acceptable Factor of Safety
(Criteria)

Required Dynamic deformation
anlysis ? (Criteria)

Acceptable Factor of Safety Acceptable Factor of Safety

(Criteria) (Criteria)
- Limited stress and location of - Stability
resulted force - Stress

-F.S.

Static-based Analysis

¥
[ Dynamic Soil Properties ]

Field Test
criteria

Site investigation
and Soil testing

(Criteria) Laboratory Test

criteria

®— e
Material Properties

Analysis Type

Deconvolution G, Gmax, G/Gmax curve, Damping = Linelar ;
- Foundation with "Soil" layer curve - Equivalent Linear
(check with Vs).
-1-D analysis using SHAKE or »9<

similar software.

Initial Stress

[ Dynamic Response Analysis Analysis

Dam Safety evaluation

Mode of failure (Criteria)

* Overtopping
* Post Earthquake and Liquefaction Stability
« Cracking / Piping

Dynamic Response Analysis



Dam Hazard Classification

Classification Factor

[ Classification of dams j Capacity (10° m?) >120 120-1 1-0.1 <0.1
(6) (4) 2) (0)
Height (m) >45 45-30 30-15 <15
Y \J \J

= (6) (4) (2) (0)
Classes depending on Classes depending on assessment of Classes depgnQ|ng on

+
assessment of failure (No of per (12) (8) (4) ()
* v * consequences Potential downstream High Moderate Low None

Height of Volume of ’ : Environmental damage (12) (8) (4) (0)
: Loss of life Economic loss
dam reservoir damage
! v y y Y y —
Total Classification Dam Category
* v (0-6) | (Low)
.
. . (7-18) Il (Moderate)
ASS|gnment iRl Differentiation of requirements for dams
for independent dam (19-30) Il (Hich)
i - S
supervision to different 2
authorities/bodies (31-36) IV (Extreme)

(on occasion)

Figure 5: Approaches for dam classification and its goals

International Commission on Large Dams, Bulletin 167 (2023) LOW, M Oderate, H |gh, EXt reme

Regulation of Dam Safety : An overview of current practice world wide
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Material Properties

Field Test
ICOLD (2016), USBR (1997, 2001), RID (2002)

- Soil and rock classification by using SPT ASTM D248,

ASTM D 3441

- Geophysics (RID, 2002), Seismic Survey, Ground
penetrating Radar

- Boring, test pits, trenches (RID, 2002)

Laboratory Test
ICOLD (2016), USBR (1997, 2001), RID (2002)

Testing
- Physical properties test

(Sieve analysis ASTM D4643-93, ASTM D422-63, ASTM D2487, Atterberg's Limit ASTM D4318-00, Relative Density test ASTM D20489, Moisture
D2937, Specific gravity ASTM C136-05, C128-01, ASTM D854-02)

- Strength testing

(Su from Unconfined Compression test ASTM D2166 or Vane shear test,
¢, ¢ from Unsaturated-Unconcolidated Undrained triaxial compression test (UU-Unsat) ASTM D 2850 and
¢, ¢, ¢', ¢' from Consolidated Undrained triiaxial test (CU) ASTM

Material Properties

v v
Static Soil Properties Dynamic Soil Properties
2D/3D 2D/3D
v v
Site investigation and Soil Site investigation and Soil
testing te§ting
(Criteria) (Criteria)

- Permeability test (falling head, pressurized head, constant head) ASTM D2434, ASTM D5084

- Compaction test ASTM D698-00a, ASTM D1557-02a ASTM D5080

- Californai Bearing Capacity (CBR) ASTM D1883-99
- Dispersive soil Testing

(Pin Hole Test ASTM D4647-06e1, Crumb Test ASTM D6572-06, Dispersion Ratio Test ASTM )

- Rock for construction material

Field Test
ICOLD (1999, 2016), USBR (1997, 2001), RID (2002)

Content ASTM D2216, Unit weight ASTM

(Durability test ASTM C535-03, Dilution Turbidity Ratio ASTM D7315-17 , Dispersion Ratio Test ASTM D4221-99, Point loading test ASTM D57317-16 , Abrasion test ASTM C136-05, C128-
01, ASTM C33, Absorption Test ASTM D6473-15, Soundness Test ASTM C88-99a)

- Swelling soil testing ASTM D4546-21

- Shear wave velocity testing ASTM D8295, D1586, D5778
(i.e. SASW, MASW, Micro-Tremor, down-hole, up-hole, cross-hole, ,
seismic refraction survey)

Laboratory Test
ICOLD (2016, 1999), USBR (1997, 2001)

Testing

- Resonant Column test ASTM D4015 - Dynamic shear modulus

- Cyclic triaxial test ASTM D 5311, ASTM D3999 - Dampling ratio

- Cyclic Hollow cylindrical Torsional shear test ASTM D4253, D4254
- Bender Elements ASTM D8295-19
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DESIGN CONCEPT

: PRELIMINARY INFORMATIONS (Desk Study)

_: - Arial photo - Topographic map
" - Adjacent site investigation report - Geological map

' - Mining or mineral report - Soil survey map

SITE INSPECTION

PRELIMINARY INVESTIGATION
BORING AND EXCAVATION GEOPHYSICAL SURVEY

- Soil Boring - Test Pit |

- Rock Coring - Test Trench - Seismic survey
. - Resistivity survey

- Insitu Test
- Laboratory Test
Preliminary Report
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_Preliminary Report

BORING , EXCAVATION FIELD TEST

AND LAB. TEST FIELD TRIAL

- Soil boring - Field vane shear test - Trial embankment

- Rock coring - Plate bearing test - Trial compaction
- Test pitting - Dutch cone penetration test - Trial excavation
- Soil sampling

-Pumping test — Lugeon Test - Tri :
- Laboratory test L 9 Trial blasting

| - Borehole pemeability - SPT |

Final Report and Design

STIGATION DURING CONSTRUCTIC

TIGATION DURING OPER

YA
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ISPt Back Analysis
HEE ArMasvalaaielddmsunuuInaawianu
Pseudo-static . 'Yt C ¢
Max.WL U/S Materials
3 2
ES. = 1028 t/m kKN/m Degree
PGA = 0.454 g Random Zone 1.90 12 31
Kh =1/2 PGA Coarse Filter 1.95 0 36
= 0.227
Clay Core 1.70 18 22
Foundation 2.20 50 45
110 m
-+

+318

(ﬁqmssbum IESPDJV 47 )
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Max. Extend U/S Slope
Factor of Safety
W 1.052.1.152
@ 1.152-1.252
O 1.252.1.382 Pseudo-static
O 1.352 - 1.452
O 1.452.1582 Max.WL D/S
m 1552 - 1652
o 18521752 F.S. = 1.252
: :g: :ﬁ PGA = 0.454 g
W 1552 Kh =1/2 PGA
= 0.227
Pseudo-static
Max.WL U/S
F.S.= 1.052
PGA = 0.454 ¢
Kh =1/2 PGA

= 0.227

Intake 161 m

(ﬁqmséoum IESPDJV 48 )

E usygn 3fdgans Ana SP&D  usun ANONG Iwauds ioud dlud Aa

Suparerk Planning And Design Ca. Ltd.




Rockfill Shell U/S Slope

Factor of Safety
| 11181278
m1.218- 1318
O1.218- 17418
o 1.418- 1518
o 1.516- 1.615
m1.616-1.718
O 1.716- 1.815
0 1.816- 1.915
W 1.318-2.018 a dl 1 o [ 1A Aa A
i nsInuiAasvesianlutstiufu ¥ Abutment
Pseudo-static INATTEENITVYIVRIFIUTDULBDNLUULMILATIZYIN SIS
Max.WL U/S Taniunuanignumilet tlalaSuiawesiandiulien
F.S. = 1.116 4 qs, ;
Wou TN FS > 1.10
PGA = 0.454 g
Kh =1/2 PGA
= 0.227
C
Materials ¥ (I)
t/m? kN/m? Degree
Rockfill Zone 2.25 0 40

Clay Core
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M99 60 Msufieuiiend cov vamuanianmadmnssui laluauidetiiuanide
e
Soil %COV #1 18 luauiie %COV 21
parameters u” c? s NUIRBDU
Direct shear test ~ 120.72%  108.47%  118.56%
L2
Triaxial: UU 89.48%  9332%  87.90% 57.36% ATNULLUSUSAIUVDIVDUA
Cohesion v
Triaxial: CU 11037%  12539%  95.44%  (Kulhawy, 1991)
— V1NNI1IFIUIIUNTIINAGIDU
Triaxial: €T 108.43%  113.00%  91.81%
1 A A I
Direct shear test ~ 44.46% 50.81% 32.69% INNUYUAU 37 LATINIT
Friction  Triaxial: UU 52.07% 44.90% 50.98% 17.57% = = av oA
: . ° ° LU'iEJULV]EJUQ'IU'JQEJ@‘NG]
angel  Triaxial: CU 48.80%  39.75%  51.17%  (Kulhawy, 1991)
Triaxial: CU 2849%  32.68%  22.81%

HiHEYa (1) Homogeneous zone
(2) Core zone
(3) Shell zone

& a oo yg W 1 o 1 4 = g a
ﬂuﬂﬂTﬁ?Lﬂ§13WH1ﬁ1Wﬂ1ﬂ1ﬂﬂ1§'§?U§ jﬂﬂJﬂHﬂNTﬂWﬂUﬂﬂﬂ'ﬂﬂ VI 37 IﬂiﬂﬂTi A

1 o
A1519HUINA A1 110U Y A
U3 (2553)



Wi’]f»]mauﬁ'a"i'aq Core Zone

Effective Strength Test(Triaxial CU Test)
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-
=
5 10.00
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0.00
150 2.00 250 .00 .50 4.00 450 5.00 5 50 6.00 6.50

Cohesion, ' (t/m?)



A1AMaNTRANTNUIEA Core Zone

Permeability (Pressure Head)

— 1.0E-D4 O TP-A1 + TP-A3
& TP-AT 4 TP-AS
£ B TP-AD TP-A12
& 10805 T
E Core Zone O o TP-A14 —#— Design Core
= ky =4.0E-07 cm/sec
= 1OE-6 kx=1.6E-06 cm/sec
5 O
£
= 1.0E-07 ‘
o
° s
& 1.0E-08
L=
O
1.0E-09
0.00 10.00 20.00 30.00 40.00 50.00 60.00

Liquid Limit (%)
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_________________

Freeboard of dam
(Seismic wave vs wind wave)

Liguefaction potential analysis
(e.g. Seed ‘s method)

[ Seismic hazard Analysis ]

]_

[ Pre-Earthquake Analysis ]

h 4

|

sections)

3D0r3D equwalent (several cross-

|

—

Dam model geometry (2D or 3D)
(Criteria: Valley shapefactor, steep Dam Type selection ]
abutments and heterogenous foundation)

Reservoir water level

]

\ 4

Earth-filled Dam

Slope & Foundation Stability

(Local + Overall)

v

Static Analysis

[ LEM +

Criteria
[ 2D or 3D Seepage analysis |<7
y
4>[ 2D or 3D Stability analysis ]
v
Gravity Dam / Appurtenant Structure
+ Sliding » Sliding ‘
«  Overturning * Overturning
| «  Bearing Capacity * Displacement/Deformation
v «  Stress in dam body and foundation etc. * Story Drift ‘
* Foundation Bearing Pressure

Seismic Analysis
FEM Pseudostatic (LEM)

|

v

Acceptable Factor of Safety
(Criteria)

J

[

Dynamic Response
Analysis

i
(=

Seismic deformation
analysis required?
(USBR, 2015)

(Criteria)

\ 4

Details shownin
next sections

Concrete/Steel Stress efc.

~

sections

[ Details shown in next




WNUANEDY WauAuLaziU (Existing Dam)

Required deformation
analysis (using

Not Meet

y

Post-earthquake analysis |«

\ 4

Verify with Swaisgood (2003)

A
Earth-filled Dam

v

Mode of failure
Overtopping
- Crest settlement allowance should not exceed 50% of the designed
freeboard (ICOLD Bulletin 148, 2016)
Post-earthquake stability
- Overall factors of safety should exceed 1.0, calculated using material
strengths after earthquake or residual strength for liquefiable materials
(FEMA, 2005).
Cracking / Piping
- Deformation of filter must ensure its serviceable width remains at least
half of the original (Wieland, 2014). Seepage analysis must be performed
using the remaining filter layer thickness, and factor of safety should
exceed 1.3.

requirements suggested by d )
USBR (2015) ynamic response
analysis)
Y
A
- , Staged construction data / Dynamic material properties
Seismic Hazard Analysis Instrumentations data Ny —
Damping curve)
A
; 2D or 3D or Equivalent
Earthquake motions or SD?TI;O(?:INa en I
(= 5 motions (USBR, 2015)) i
Horizontal and vertical ground . Analysis Type
motions \ Tlme domain apalyms
- Linear analysis
Material model - Equivalent linear analysis
) ) selections - Nonlinear analysis
Dam's foundation consists of soi

ayers (Vg < 760 m/s)2

y

Initial stress Analysis

@ @ using FEM

Deconvolution from free-field to
desired depth with V > 760 m/s or
deep firm-ground V50> 440 m/s

Dynamic response analysis

(FEMA, 2005)

A

Deconvolved earthquake
motions

Acceptable with respect to

No special Remedial
action needed actions/Design
adjustment
required
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1. nvinsiansanlunisagaimazd Dynamic analysis virald nnsfiansninaniu
[ o a s‘ai o Y ai 1 dl A v
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2. 13 Verify amnugnsasaasianisimsyd Dynamic analysis waz nsldaans
Uszilupnnnilaandesianisns lugduuusreunidusanivun Inaendeanasann

Dynamic analysis ilusadaalunisaanuuy



Dynamic shear stress and shear strain
response in RPB clay core (During time of shaking)
shear strain

@Q‘i . 1.>2-3% -- Induced crack
o ' 2.>5-10% --Induced crack & Slope Instability

'
R |
X 300 | 300
\
\
| 200- 200-
[] ' T T
o o
L = =
\ w100 w100
} o &
i & &
\ § 0 § 0
! 2 2
‘ @ G
[-] > >
== X .100- % 100
-200- -200
o
300 300 |
high strain low strain and linear zone
400 i - j 400 | = | |
0.004  -0.002 0 0.002  0.00. -0.004  -0.002 0 0.002  0.004
X-Y Shear Strain X-Y Shear Strain
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Filter performance

End of shaking (MCE)

60

50

=40 sec
=2 sec
=e=4 sec
e 5.6 SEC
—5.68 sec
=ll=5.7 sec

5.84 sec

40

30

Elevation of filter (m.MSL.)

20

10

=0=6 sec
=10 sec
==0==15 sec
20 sec
=ie=24 sec
28 sec

32 sec

=fi—1 sec
=¢=3 sec
=@="5 sec
—5.67 sec
=4—5.69 sec
=fe=5.8 sec
=}=5.9 sec
et G SEC
=12 sec
=17 sec
=22 sec
26 sec
30 sec

34 sec

o

ANTANA LATADLY



Y-Displacement (m)

04

04+

0.2

0.3+

0.5

0.6

0.7

Time (sec)

15 20

1.417 m. /l

AE 3 LN

4NTANG LAZATUY



-0.001

150

100

50

0

-50

-100

-150

-0.004

300

200

100

-100

-200

-300

Case 1 with filter

crest

-0.0005 0 0.0005 0.001 0.0015

core center

-0.002 0 0.002 0.004 0.006 0.008 0.01

core bottom

-0.01

0 0.01 0.02 0.03 0.04

Stress-Strain curve

-10
-15
-20

Case 2 without filter

crest

-0.002 -0.0015 -0.001 -0.0005 0 0.0005

150

100

50

core center

-0.005 0 0.005 0.01 0.015

-100

-200

-300

core bottom

-0.01 8] 0.01 0.02 0.03 0.04



/Loass N

Horizontal

- Headvwater and talvealer pressures
- Earth and silt pressures
- Wave pressure,

tmertial force (Dam body)
Hyvdrodyrnamic forces
Vertical
- Deodload
Uplift

\ tnertial force (Dam body) /

F/;asic loadine conditions

f//.‘-*F"!-"'."'!-“Nr'

Unusual = Construction

Usual - Normal operating construction
Unusual - Flaod Discharge (SPF)
Extreme - Construction with OBE
Uniuisual - Normal operating with OBE
Extreme - Nomnal operating with SEE
Extreme - Frobable Max Flood (PMF)

~

4

'

Equivalent Lateral

Force Methods

r/- Acceptable
1. Factor of Safety (F.5.)
- Sliding (LISBR, 1974 (LISACE, 1995} (RID. 2002)

2. Stability Criteria
L\; Resultant location at Base (Overturning) (LISACE, 1995)

- Compressive Stress (Foundation) (LU'SER, 1876), (RID. 2002)

"'\.‘

v

p——

Dynamic Response Analysis ]

:

:

'

Response spectrum

- modal analysis

Time history-

modal analysis

Manlinear Time

history - direct

Vs

J

procedure integration procedure
FEM procedure FEM
FEM FEM
l wnaumAITaaRY
- mio LTI R L EAT S ]
Acceptable -\1 o @ _ init
- AT FUUTED fwmiauze | Y wieuseaun | 49 .
Stress Criteria man Il fndfgw L wiflgnmn | FTn w;' WLLTIR g
- Foundation Bearing Pressure (LISACE, - . s
1995)
- Concrete Stress (Compression & Tension ) wignaahuni Middle 153 30 <Fwoailn a0 03 f; 0
'\fUM'E 1993} _/’ wansalilaung widdie 172 | 2o <Fwoiln 27 | osf | osg®
waraafhousigagn | withinbase | 13 | st3ddlvoln | 13 aaf | 1587




ion containing three joint sets, 10

1996).

| model (Lemos,

1 3DEC analysis of concrete arch dam, and foundat
ica

imensiona

ompare calculated displacement with phys

Figure 7.11 Three-d

-



Appurtenant Structure

- Intake Towers

- Spillways

- Spillway gates
Spillways

- Outlet Works (Water conduits, Gates and Valves)

(Kanthakasikam, 2024)
- Retaining walls

- Parapet walls . LB ) ReservoR

738’
6.113"
50"

- Bridge o3

5150 —)

INTAKETOWER

NORMAL WATER
ELsanoc

“ {_ AUXILIARY SPILLWAY

UPSTREAM FACE = \

DOWNSTREAM FACE )

Intake Towers
(Resatalab, 2020)

Spillway gates
(Kanthakasikam, 2024)

https://mders.org

Intake Towers

Intake Towers
https://structurae.net



[ Appurtenant Structure } f \

Design methods
1.
) { | }

35
 Afmnoussiiveuly (WsD)
[ Hazard Classification } a8

OBE, MDE, MCE
2) Essential structure |

3)  Other structure v
/ [ Design methods ]

|
v v

[ Static Based J

auANATUYULaTIMENUTIYN (LRFD)

AMUUATEAUANNAIAYVIDIATT

1) CGritical structure dslsede (Raa.)

[ ANUUATZAUANUFIAYVDIDIATS ]

\ . Allowable Strength Design (ASD) (Tmaa%wmﬁn)
|

/

Rigid Response
Frequency > 33 Hz

WUBIAS [ Dynamic Response Analysis ]

Frequency < 33 Hz ‘

(ICOLD, 2002) { (1coLD, 2002) MLLLULER ! y
Equivalent Lateral Force Methods Response spectrum — modal analysis Time history-modal Nonlinear Time history
Seismic coefficient method e o o . ;
(FFuTERANBUNIN) procedure analysis procedure - direct integration
(USACE 2007) .
(USACE 2007), (1en.1301-1302-61) (USACE 2007), (18i.1301-1302-61) e procedure
LEM / FEM I
LEM / FEM FEM FEM
- Retaining walls - Intake Towers - Intake Towers
- Spillways - Bridge Acceptable - Bridge
- Spillways (Linear Elastic) - Spillways
|
2 v v
/ Factor of Safety (F.S.) / Stability Criteria ) / I / )
- Sliding M _ I t l. F
Sliding (USBR, 1972), (USBR, 1977) (FEMA P-58) (USACE 2007) Stress Criteria nternal Force
- Overturning (Resultant location at Base) (USACE 2007) ) ) - Shear (u86.1301-1302-61)**
- Foundation Bearing Pressure (USBR, 1977) (USACE 2007) .
- Allowable Displacment / Deformation (186.1301-1302-61)** - Bending moment (18i.1301-1302-61)**
- Concrete/Steel Stress (USACE 2007) .
- Allowable Story Drift (#80.1301-1302-61)** - Torsion (H8H.1301-1302-61)**

\— Floatation (USBR, 1972), (USBR, 1977) % 31UBIANS / \ / \ U713 /
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L.MsHNTaNsEaLLRuAY 11 vse return period dwsueimsdsenouunas
Uszinn nasunoge s

2. manwaves s mvuami 33 Hz iieswun msleas Seismic coefficient,
Equivalent static, Dynamic analysis sziasanodials

3.msmvuan1 Damping ratio 3-5% a2 14lunsalla
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