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Material Properties

Material Properties

Dynamic Soil Prop
Field Test
criteria
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Site investigation
and Soil testing
(Criteria)

Site investigation
and Soil testing

Laboratory Test

(Criteria) criteria

Liquefaction
Hazard Classification Potential Analysis
(ICOLD or FEMA?) ; [ Dam and Foundation Modal Gaomaty Model Geomety
: —— S — Dam Moteing (205) ot [ e e
e T { Seismic wave vs wind wave J {ADiED)Eiiia e L -ss\?ex(lncﬂrﬂ::gfi:;:ﬁfvfzr-ent

(MCE SEE,OBE)

Seismic Hazard Analysis

Attenuation Model Approach

Probabilistic Seismic

2D 2D83D

Finite Element Method

Limit Equilibrium Method

Staged Construction

+ Nearby active fault

- Foundation with "Soil" layer
(check with Vs).
-1-D analysis using SHAKE or

Deconvolution

Non-linear Analysis

Material Properties
G, Gmax, G/Gmax curve, Damping
curve

Sgimr;; égtTrie Characteristics (Criteria) T similar software.
« Radius Stress & Strain " Dynamic Response Analysis
. ;ype i_ s Analysis !
« Properties of Source |
« Detail Trenching required L Tectonic Stress (Criteria }
(Criteria) Criteria to select Initial Stress & Strain + High seismic mné L T ! Dam Safety evaluation Emm = =y
. either DSHA or

Ciiloria? PSHA method
(Criteria?) metho Hazard Analysis (PSHA) Liquefaction N — i
o . Potential Analysis Stability Analysis Sty Ban } Ag%‘t’;?u";"t
| (Criteria 1) I l
‘ v
PGA i Mode of failure Mode of failure Mode of failure

Earthfill dam and Gravity dam according to MCE, SEE, OBE (ICOLD,2010)
Appurtenant Structure according to MCE, MDE, OBE (USACE,2007)

Earth-filled Dam Gravity Dam I

Appurtenant Structure

Slope & Foundation

Sliding Sliding

. Slopg_& Foundation Sliding ) Sliding ) [S)tabllity (’Ltocal_ + Overall) Stress in dam body and foundation Structure crack/failure
Stability (Local + Overturning Overturning s:;";‘a’;z ;‘;’t)gg/ity Resultant Force Stress in structure
i i i i Post EQ Liquefaction of foundation i
Overall) Bearing Capacity Displacement/Deformation Post EQ Liquefaction of iq Post EQ Liquefaction of

-
Static-based Analysis

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

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

Stress in dam body and foundation

——

Story Drift

Foundation Bearing Pressure

[

Static Analysis
LEM + FEM

Static Analysis
LEM + FEM

Seismic Analysis
LEM

Seismic Analysis Equivalant Static Pseudo-static
LEM Analysis Analysis

Acceptable Factor of
Safety

Acceptable Factor of
Safety

(Criteria) (Criteria)

Acceptable Factor of
Safety
(Criteria)

dam and foundation
Embankment Cracking

foundation




Appurtenant Structure

- Intake Towers

- Spillways

- Spillway gates Spillways

- Outlet Works (Water conduits, Gates and Valves) (Kanthakasikam, 2024)

- Retaining walls . w ; RESERVOIR
i W

oL warEn
s

- Parapet walls o

- Bridge S

{ DOWNSTREAM FACE )

Intake Towers
(Resatalab, 2020)

Spillway gates
(Kanthakasikam, 2024)

https://mders.org

Intake Towers Intake Towers
https://structurae.net



[ Appurtenant Structure J

Design methods

o

1. auanudumusazsiminussyn (LRFD)
MAUATZAUANNEIAYVDIDIATT v v 2. SEwheussieodls (WsD)
it Hazard Classification . o . o TNy
1) Critical structure fmunszRuATNEARyYeIeIAST 3. 35MasUseae (USD) o
2)  Non-critical structure OBE, MDE, MCE 4. Allowable Strength Design (ASD) (Iassa3nawan)
| |
v o
(USACE, 2024), (ICOLD, Bulletin 123, 2002) : (NNsEN3, 2566)
Design methods
|
v v
[ Static Based ] [ Dynamic Response Analysis }
Rigid Response i ‘ l 371U91ANS 1U1ANT ¢ | ¢ ¢
Equivalent Lateral Force Methods Response spectrum - modal analysis Linear time history
Seismic coefficient method — n o~ \ lsi . ) .
(BUIFHONLNBULNI) procedure analysis Nonlinear Time history
(USACE 2007) FEM
(USACE 2007), (48i.1301-1302-61) (USACE 1999), (Wain.1301-1302-61) FEM
LEM / FEM
LEM / FEM FEM (USACE, 2003)
- Retaining walls - Intake Towers - Intake Towers (USACE, 2003)
- Spillways - Bridge (nsuv19%a74, 2559) Acceptable - Bridge (n3uv13%a74, 2559)
|
v v v
Factor of Safety (F.S.) / Stability Criteria Stress Criteria
- Sliding (USBR, 1972), (USBR, 1977) (FEMA P-58) (USACE 2007) Internal Force

- Foundation Bearing Pressure (USBR, 1977) (USACE 2007)
- Concrete/Steel Stress (USACE 2007)
- NYNTENTI (2566)

- Overturning (Resultant location at Base) (USACE 2007) - Shear (18n.1301-1302-61)**
- Allowable Displacment / Deformation (8gi.1301-1302-61)** - Bending moment (1&K.1301-1302-61)**
- Allowable Story Drift (1&K.1301-1302-61)** - Torsion (18W.1301-1302-61)**

- Floatation (USBR, 1972), (USBR, 1977) ** IUDIATS ** UDIANT
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Table 1
Consequence-based project feature classification szﬁummé’ﬂﬁ’mﬂmmmi
Project Direct Loss of Disruption or Loss of Property Adverse 1 Y o o oa a .
Feature | Life? Project Feature Service or | Losses? Environmental 1) lasvasnaing/ings Critical structure
1 = e 5 P 1o o a a L.
e Fumstislity Lossol Impacts 2) laseailusagingd Non-Critical structure

Service or Access for
Lifeline Facilities®

(USACE, 2024), (ICOLD, Bulletin 123, 2002)

Non- None expected None or damages are Minimal Minimal damage

Critical cosmetic or rapidly repairable

Critical None expected to | Probable or likely Major to Major to extensive
probable or likely extensive damage®

(one or more)

Notes:

' Categories are based on project feature performance. Project performance could be impacted by
performance of a single or multiple individual project feature within a project or system.

2 Loss of life potential is based on failure or inundation mapping of the area downstream of the dam or
within the leveed area. In some cases, inundation mapping may also include upstream areas.

3 Indirect threats to life caused by the interruption of lifeline or other facility services because of project
failure or operation loss (such as direct loss of [or access to] critical medical facilities, safe water supply).
4 Direct economic impact of property damages, project facilities, downstream property, and property
within the leveed or upstream area, and indirect economic impact because of loss of project services
(such as inundation impact on navigation industry because of the loss of a dam and navigation pool,
impact on a community of the loss of water or power supply).

5 Adverse environmental impacts caused by the project feature failure or loss of water supply for
environmental purpose, beyond what would normally be expected for the magnitude flood event if the
project did not exist.

6 In some cases, major to extensive damage may require extensive mitigation and, in some cases, it may
be difficult or impossible to mitigate the environmental damage.

(USACE, 2024)



NS5l OBE, MDE, MCE ( o¢/lunuIn Hazard Classification)

Table 2
Criteria for seismic design ground motions

Project | Minimum Earthquake Return | Earthquake Return Period for MDE-GM
Feature | Period for OBE-GM'
Type
Non-
Critical

145-year return period? 975-year return period

Greater* of the following:
1) 2,475-year return periods®

2) MCE-GM (84th percentile values from ground motion
models for source slip rate, SR 2 0.9 mm/year,
median or 50th percentile values for SR 0.3
mm/year, and interpolation for SR values between
0.3 mm/year and 0.9 mm/year (see paragraph 9c(4))

Critical | 475-year return period®

Notes:

1 Earthquake return periods are based on 50 years of new project feature service life or additional 50

years of service life for an existing project feature.

2 A higher earthquake return period for OBE-GM, such as a 225-year return period, can be used for a

Non-Critical project feature based on the consequences, project feature functionality, project feature

service life, and/or post-earthquake response and repair.

3 A higher earthquake return period for OBE-GM, such as a 975-year return period, can be used for a

Critical project feature based on the consequences, project feature functionality, project feature service

life, and/or post-earthquake response and repair.

4 If the 84th percentile MCE-GM (irrespective of slip rates) is lower than the 2,475-year return period GM

in a low seismic ground motion hazard region (paragraph 9d), the 84th percentile MCE-GM can be

considered for MDE-GM of the Critical project feature based on the significance of the consequences,

project feature functionality, project feature service life, and/or post-earthquake response and repair.

However, the selected MCE-GM value cannot be lowered below 90 percent of the 2,475-year return

period GM.

5 A higher earthquake return period for MDE-GM (such as 5,000 or 10,000 years) can be used for a

Critical project feature based on the consequences, project feature functionality, project feature service

life, and/or post-earthquake response and repair.

% In regions where mapped seismic sources are not available for MCE-GM determination, a minimum

earthquake return period of 2,475 years will be used for MDE-GM. (USACE, 2024)
b



Seismic coefficient method (Pseudo-

Rigid response structure
- Retaining walls

- Spillways

LLiQLLcjuﬁu"Lm%gﬂLLUmL‘TJumeﬁasmd’m (simply as static
forces) wavaysmdiuLsisuiuuuadn (hydrostatic
pressures) wsesuthanedn (uplift) wsanuRAY (backfill soil
pressures) Waghsiliunag (gravity loads)
msisiludesiuaziforteiumsinnshiaiosnmse
A3V (rotational) wazmsideuvedlasiain (sliding) Mifedn
Tnssasrafuinguds (rigid body)
wsafinseihselassassarmwinildnninaveslasadng wad
iutuvea LagkansENUTR IR URLLUUNAMANS LA AN
Frendulszansuiuulm

gueeeinduUsyavsunuRulm Snldduavdiuvasemuiss
QaqmaaﬁuﬁuﬁuamL“fJuLﬂwhumﬁsu (decimal fraction)

YBIANULTIVDILTIIUDI9VDILAN

static analysis)

B - characteristic vertical virtual
(@=0p) back (o = 0) Cc
@ (b) i L .
equivalent wall 1 v
conijif(‘ele inclination | ‘D g
wall (y«) 1_m=uw"\|) B ‘/.
L
SO o - % ' ./
/ L o
£l s AL U ag_g
3 body @0 i / a - characteristic
H *a Y 1 forces "\ ‘:'—,N/ (@=0,)
+a, Y v A ;
Y ;
1

b:— *‘dry, cohesionless

backfill (¢, v)
J=— B —=
H / Hm’r
bearing capacity V / V:zlr
."‘ C
l ]
H B'=B-2¢
Py =sK,(1-a)yH
I i v — B —

Figure 1: Pseudo-dynamic analysis of cantilever retaining walls for seismic loading: (a) Problem under
consideration, (b) seismic Rankine stress field characteristics, (c) Modified virtual back approach by stress limit
analysis, (d) Stability analysis of wall foundation according to Meyerhof (EC 7).

(Kloukinas, 2013)



Equivalent Lateral Force Methods (LsaaLiiguLyin)
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W.h,
F, = ——(V-F
- Intake Towers —— G et
Z,: W, h,
. j=i
- Bridge N /
M ! /!
T=2n|— (4-2) ] /
H K
- Spillways Ll b
: / :
\‘Yq ; F=—0>Wiy
/ / Wkt
a) Step 1- Determine Fundamental Period of Vibration (T) %"ﬁ—ﬁ ;f*-_-——-— ; d
L T
Spectral ', /
Acceleration e ‘-—-,——* !}
< L
- 'Fy
T N A Vipe = (S,)— (4-3) :# =
f g / 4
-
Period ‘.'f /
[— . ;’
b) Steps 2 & 3 -Determine Spectral Acceleration S, at Period T and then Total Inertia Force _.‘:I,r h
i
‘-““
L =
R
E—
—
e Fundamental =
— Mode Shape
—
c) Step 4 -- Distribute Total Inertia Force along the Height In Accordance with ( )
Fundamental Mode Shape Bo ura h La 20 1 4
(USACE, 2007) ’

Figure 4-3. lllustration of Equivalent Lateral Force Method



Response spectrum

HuisnstiesgiiBeanamans lnemnungngedaueInsneuaueweslnssass
wuudadusionsindeuiivesiuiuiosmnuiuivlmmeadnasumsnevaues
Srnulnuaiisnduazuansrsiululuusasnisinse
TngUnfudsnnulvuefitdiusudfyazfismemnnanuveusas lnuadildly
MmTEegiatios 90 Wesidudvewaimunvedasiadng

MIATIEAlLe (Modal analysis) Ingunfazaiiiunisingldgenduwisnouiaines
fflnnuannsalunmsmaumsduazifieulas suavedlymn (mode shapes) i
dusudRayiaue Tu{]ﬁlqﬁuﬁiﬂmﬂimmﬁmeﬂmqa%ﬁqmﬂmﬁﬁﬂam‘w
FINA

0.35

- Intake Towers 030
- Bridge e
- Spillways o

0.15

Acceleration [g]
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0.0 0.5 1.0 1.5 20
Period [sec]

Figure C-2. Standard horizontal (blue) and vertical (red) acceleration response spectra
for example C-2

(b)

(d)

(e)

modal analysis

(Xiaona Li, 2024)



Linear time history
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Figure 5. Horizontal component of earthquake input acceleration time histories

modal analysis



N1SATAUAITNITIATIZHLENANBIAUTZNBUVBY Spillways Usetanenes a1y ICOLD, 2002

Table 1
Analysis method of spillway component structures
Spillway structures Components Usual approaches REFTEd
P y P PP models
inlet morning glory pseudo-static 3D
and

crest structures

drop inlet structures

response spectrum

overflow structures :

straight ogee

pseudo-static
using elastic

2D plane-strain or
plane-stress or

[ Pseudo-static ] (Static Base)

v

v

crests, foundation

labyrinth 3D
siphon structures response spectrum 2D or 3D
fuse plug structures : |deformation analysis [ 2D

zoned embankment

Newmark method or

liquefaction potential

Rigid Response
Frequency > 33 Hz

Frequency < 33 Hz

chutes

conveyance
structures :

floor slab and
connecting walls

pseudo-static

using elastic
foundation

2D plane-strain or
plane-stress

terminal structures

hydraulic jump
stilling basin

flip bucket
impact structures

pseudo-static

using elastic
foundation

2D

SEISMIC DESIGN AND EVALUATION OF STRUCTURES APPURTENANT TO DAMS

(ICOLD, Bulletin 123, 2002)

Peak ground

acceleration, PGA

Spectral acceleration
corresponding to the

fundamental frequency

(ICOLD, 2002)
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