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CFRD - Outline

 Main Design Features

o Zoning
o Slab
o Plinth

* Design Check by Numerical Analysis

* Monitoring Concept
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CFRD - Design Principles

« Zoning : nomenclature following Cruz et al. (2009)

o Zone 1 Impervious (perimetral joint protection)

* 1A self-healing silt (preferably) or fine-sand
= 1B support (random) fill

o Zone 2 Filter / Transition (under the slab / curb)

= 2A processed fine filter (perimetral joint)
= 2B crushed rock transition (slab / curb support) Faceso

o Zone 3 Rockfill L

Angle depends on dam height, rock quality
N / and rockfill grading

targe rock dozed to face
y

= 3Atransition between 2B and 3B TN
= 3B main upstream rockfill downstream = , S —
= T central rockfill between 3B and 3C PN —— 3B - Quarry run rackfil out 1 m layers
» 3C downstream rockfil
= 3D material close to the DS slope 3A —Selected small rock placed in same layer thickness as zone 2 |
o Zone 4 Protection of DS Slope Cothe anet Sherard (187
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CFRD - Slab and Plinth Design

 Slab

o Thickness for high dams
= Cooke and Sherard (1987) 0.3 m + 0.002H

= |COLD Bulletin 141 0.3 m + 0.0025H

» Chinese projects 0.3 m + (0.002 =+ 0.004)H
o Slab Width between 12 m and 18 m

= Reinforcement 0.4% up to 0.5%

» Special provisions for seismic loading
o Joints

= Vertical compression

= Vertical expansion

= Perimetral

Horizontal movement (not typical)

ECS2023
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CFRD - Slab and Plinth D
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CFRD - Slab Joints

Perimetral joint detail Crest joint detail

Peme Jowt A i
I

Edge structure joint detail

Gatlak Grieme Donatis

atiak Orieme Donatisi
Anti—Spaling Reiforcement

Ana Denab

Vertical compression joint detail
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CFRD - Slab and Plinth Design

+ Plinth

o Usually founded on strong, non-erodible, groutable rock

o Width
= |COLD Bulletin 141 1/20 = 1/25H_,
= Cruzetal. (2009) (gradient) depending on RMR
= Sierra et al. (1985) (gradient) depending on Rock Conditions
= |[COLD (2010) (gradient) depending on Erodibility Class
* Minimum width 2 m to 3 m on the abutments

Inner plinth («internal slab») optimization in the main section
o Thickness : from 0.3 m to 1.0 m for high dams

o Reinforcement : from 0.3% to 0.6%

o Stability
= Dowels (grouted bars) 25-35 mm, 3-5 m long, spaced every 1.0-1.5m
= Special conditions plinth on rock reconstructions

11 ECS2023 Swiss Committee on Dams
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CFRD - Slab and Plinth Design

[\
W=3.0m,40mor5.0

according to height Toe slab reference line
of dam section

0051 2 3 4 Jsﬂem

Secton nomad to plinth line

012 4 6 8 10 12 14 16 Feet 0 1 2m
: Scale
Mangrove Creek CFRD Cethana CFRD Reece CFRD
% Slab
Potential economy of excavation
Mini-plinth
_ \ Transition
Diaphragm wall [ ——— - — //__"'"‘"'_ﬁ-
\\ Alluvial deposits ‘i‘-r?
Articulated plinth
i J'_. .
Inner slab Articulated plinth on alluvial deposit
Marulanda and Pinto (2000) Cruz et al. (2009)
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CFRD - Slab and Plinth Design
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CFRD - Slab and Plinth Design
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CFRD - Numerical Analyses

« Main Goals

o Assess the global performance to static and dynamic loading conditions

= Construction sequence for dam filling and concrete face construction

= Reservoirimpounding

» Post-construction and long-term deformation

= Seismic loading to OBE (Service Limit State) SEE (Ultimate Limit State)

o Stability conditions of the slopes
o Maximum deformation / settlement at the crest

o Structural performance of the concrete face

» Stress / Strain analysis for reinforced concrete design / check
= Joint deformation for joint layout design / check

o Seepage through dam body in case of concrete face cracking

15 ECS2023 Swiss Committee on Dams



CFRD - Numerical Analyses

« Main Features

o Foundation and dam body geometrical model
= Abutment profiles and valley shape

o Construction sequence and reservoir impounding
* Focus on staged dam filling / concrete face construction / impounding

o Structural elements modelling

» Reinforced concrete slab and plinth
= Joint types

o Constitutive modelling

= Dam body fill materials
* Reinforced concrete elements
* Interfaces (facing — dam body, slab — slab, slab — plinth)

16 ECS2023 Swiss Committee on Dams



CFRD - Numerical Analyses

17

 Three-dimensional Geometrical model of the Dam and the Foundation

o Dam foundation

Canyon and abutment shapes : critical for|narrow gorges

and / or steep abutments

Geology : critical for dynamic performance and / orfalluvium deposits

4 - Puclaro (Chile)
’ . . .
v Final Design
6 N - - -
& “Cut-off depth optimization
% he s (3D)
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g
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Fig 3 Normal Deflection of the face as a function of the shape factor
\_ Marulanda and Marulanda (2008) J e
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CFRD - Numerical Analyses

 Three-dimensional Geometrical model of the Dam and the Foundation

o Dam geometry

Crest Zone

. . .
Fill zoning i
Downstream

Zone

= Construction stages

Upstream Zone

= Structural elements : facing, plinth

Upstream Fill

Center Zone
Karahnjakar CFRD

Geometry of FE model
Quiroz and Modares (2014)

Gravel Zone Karahnjukar CFRD
Concrete Toe Wall & RCC Geometry of FE model
Quiroz and Modares (2014)
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CFRD - Numerical Analyses

« Construction Sequence and Reservoir Impounding

o Dam Construction

= Fill staged construction
= Construction of slabs
= (if any) upstream self-healing fill

Karahnjakar CFRD
Geometry of FE model
Quiroz and Modares (2014)

JunEos [ DECOS
0 odwros o MAR0E
AUG 05 W APR G5
W sepos MAY 06
B ocTis JUKE 05
[0 wowes [ JueY s

19 ECS2023

Swiss Committee on Dams



CFRD - Numerical Analyses

e Structural Elements

o Reinforced Concrete Slabs and Plinth

o Joints

= |Vertical expansion joints
= Vertical compression joints |
= Edge structure joints '
= Perimetral joints

20
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CFRD - Numerical Analyses

« Constitutive Modelling
o Dam fill material : from linear elastic to advanced elasto-plastic models

o Asimple EP model : Hardening Soil Model extended to the Small Strains

= Deviatoric and volumetric yielding and hardening

» Stress (effective confinement) dependency of deviatoric and volumetric stiffness

= Dilatancy

* Incorporation of dynamic features (initial dynamic shear modulus, cyclic degradation)
= Recent advanced options : confinement dependent shear strength

o Calibration
= [aboratory testing (design stage) with “large” equipment (oedometric, monotonic and
cyclic triaxial)
* In-situ testing (construction stage), plate load tests, geophysical investigations, etc...
= Monitoring (construction and operation), back-analysis

21 ECS2023 Swiss Committee on Dams



CFRD - Numerical Analyses
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« Constitutive Modelling

Dynamic Modulus Degradation ratio
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CFRD - Numerical Analyses

« Constitutive Modelling

o Reinforced concrete elements FE model for dynamic analysis

. . Structural élements and interfaces
u Llnear eIaStIC 18 JUM 2013 09:45:58 model7.tif

. EIaStO'plaStiC Westergaard
= Damage plasticity Added mass
= Fracture (smeared / discrete cracking) - \!

= Reinforcement modelling '-

N

o Interfaces

= Slab / rockfill

= Slab / Slab

= Slab / Plinth

= No-tension material
= Frictional behavior

Slab / plinth
interface
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Horizontal displ.
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CFRD - Numerical Analyses
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 Horizontal displacements and settlements

Impounding SEE (minimum)

SEE (maximum)

Post-SEE
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CFRD - Numerical Analyses

« Slab dynamic (maximum) horizontal displacements
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CFRD - Numerical Analyses

« Slab dynamic horizontal in-plane stress

Impounding

SEE (Minimum)

SEE (Maximum)
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CFRD - Numerical Analyses
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CFRD - Numerical Analyses

* Plinth / Slab joint opening / closing

o Scattered results due to localized geometrical
singularities (areas 1, 2, 3, 4 and 5)

o Static opening smaller than 1 mm

o Dynamic opening smaller than 3 mm
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CFRD - Numerical Analyses
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CFRD - Numerical Analyses

« Concrete face structural analysis : reinforcement design

BASING BOLGES] CEKME BOLGES/

COMPRESSION REGION TENSION REGION
490,00 Kotu Ustiinde Diisey Donati 490.00 Kotu Ustiinde Diigey Denat
Verticd Reinforcement §12/15 Vertical Reinfarcerment $12/15
Above Elevation 490.00 m as.! Above Eievation 490.00 m a.s.i
490.00 Kotu Ustiinde Yatay Donat 490.00 Kotu Ustinde Yatay Donab
Harizontal Reinforcerment §12/20 Horizonta! Reinforcement $12/15
Above Elevation 490.00 m a.s.} Above Eevation 490.00 m a.a./
490.00 Kotu Altnda Dilgey Donati 450.00 Kotu Atinda Disey Donohi
Vertical Reinforcement F14/15 Verticol Reinforcemant T 14/15
Below Elzvation 430.00 m e s.d Below Lievation 490.00 m a.8!
490.00 Kotu Altnda Yatay Donah 450.00 Kotu Altinda Yatay Denat
Horizonta Reinforcement ¥ 14/20 Horizontdl Reinforcement T 14/15
Below Flevalion 480.00 m a.s.{ Below Elevation 490.00 m a.s.}
Gevre Derzine 10.00m Mesafede Diisey Donat Gevre Derzine 10.00m Mesafede Diigey Denati
Verticd Reinforcement F14/15 Vertica Reinforcerment T 14/15
10.00m Distance From Perimeter Joint 10.00m Distance From Perimeter Joint
Gevre Derzine 10.00m Mesafede Yatay Denati Cevre Derzine 10.00m Mesafede Yatay Donab
Horlzonta! Reinforcement §14/20 Horizontal Reiforcement T 14/15
10.00m Distance From Perimeter Joint 10.00m Bistance From Perimeter Joint
Cevre Derzine 15.00m Mesafede Diigey Donali Cevre Derzine 15.00m Mesafede Diigey Denab
Vertical Reinforcement % 16/15 Vertico! Reinforcement T 16/15
15.00m Distance From Perimetsr Joint 15.00m Distance From Psrimeter Joint
Cevre Derzine 15.00m Meaafede Yatay Denati Cevre Derzine 15.00m Mesafede Yatay Donah
Horlzontal Reinforcement $16/20 Horizontdl Reinforcement 5 16/15
15.00m Distence From Perimeter Joit 15.00m Distence From Perimefer Joimt
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CFRD - Monitoring

« Main Goals

o Measure dam behaviour

= Construction

= Impounding

= Qperation (short and long term, during earthquakes)
o Parameters

= Slab movements (deflections, joint relative displacements)
* Embankment deformations (horizontal and vertical)
= Seepage and pore pressures

o Use of data

= Check dam performance and safety
= Check and calibrate model with real scale behaviour
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Instrument No. Measured Parameter

Surface Displacement Points 35 Movements on the surface

Strong Motion Accelerometer 3 Earthquake acceleration

Total Pressure Cells 3 Total pressure at dam foundation

Distributed Fibre Optic 1 Leakage detection along plinth (perimeter joint)
Temperature Sensmg System

Vibrating Wire Piezometers 35  Water pressure in dam and dam foundation

Open Standpipe Piezometers 9 Ground water pressure / seepage through the abutments
Seepage Measuring Weir 1 Seepage through the dam body (concrete face slab) and

Instrument No. Measured Parameter
3D Joint Meters 13 Movements of face slab joints and permmeter joint
I_D Joint Meters 10 Movements of face slab jomnts
“1D Joint Meters 4  Movements of face slab joints
Sloping Inclinometer 1  Deflection of concrete face slab
Tiltmeters 23 Deflection of concrete face slab
Rebar Strain Gauges 27  Strain in the concrete face slab
Concrete Stram Gauges 27  Stram in the concrete face slab
Non Stress Strain Gauges 7 Reference stramn i concrete
Magnetic Extensometers with 3 Transverse movement and settlements of the dam body
Inclinometer Tubing
Hydrostatic Settlement Cells 22 Settlement of the dam body
Fixed Embanioment 113 Transverse movement of the dam body
e * Nam Ngum 2 CFRD
Surface Displacement Points 35  Movements on the surface Monitoring System
Moll and Straubhaar (2011)
ELEVATION DAM AXIS
[masl]
+400
L FSL+375.0 EL.+381.000 IJA‘M-(;REFI' 'W/O CAMBER
= INSTRUMENTATION CABLES
i ELB@ . @~ GAUGE HOUSE
i INSTRUMENTATION ] EL.+319.000
= CABLES R
EL.+298.400
#8= s GAUGE HOUSE
i EL.+259.000
re SEEPAGE
MEASURING
r EL.+228.000 ,WEIR
- \ EL.+214.000
+200 7 TV . R Ny ey Y i
1 1 I | 1 1 1 1 L 1 1 | | 1 1 1 1 1 1 1 | 1 1 | 1 | 1 1 1 1 1
=300 =200 -100 1] 100 200 300
OFFSET [m]
LEGEND: HB 3D JOINTMETER £ STRONG MOTION ACCELEROMETER X HYDROSTATIC SETTLEMENT CELL
. TILTMETER | | SWITCH BOX i FIXED EMBANKMENT EXTENSOMETER
= SURFACE DISPLACEMENT POINT ] DATA ACQUISITION SYSTEM L] TOTAL PRESSURE CELL
=l SLOPING INCLINOMETER A VIBRATING WIRE PIEZOMETER f SETTLEMENT GAUGES WITH INCLINOMETER TUBING

3D JOINT METER
2D JOINT METER
1D JOINT METER
TILTMETER

SURFACE DISPLACEMENT POINT

SETTLEMENT GAUGES WITH
INCLINOMETER TUBING

SLOPING INCLINOMETER

OPEN STANDPIPE PIEZOMETER

STRONG MOTION ACCELEROMETER

SWITCH BOX

DATA ACQUISITION SYSTEM

NONSTRESS METER

THREE DIRECTION CONCRETE STRAIN METER
REBAR STRAIN METER

SEEPAGE MEASURING WEIR

¢:-s--80\ﬁmo-§;

DISTRIBUTED FIBER OPTIC TEMPERATURE
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Measured Properties Location Type of Instrument Designation | | Seltlement Monuments a7
D P——— = & D tand 53 P " Hydraulic Settlement Cell 93
am horiz. displacements am crest and slopes urvey monuments, survey - :
surface setilements equipment SM Reservoir of Hydraulic Settlement Cell
- . Magnet Extensometer 4
Settlemer#:of dam bedy and | Inside dam and dam Hydraulic settlement cell -
dam fouritltion foundation sC Horizontal Extensometer 42
. . Inclinometer 8
Seftlements of dam body in Inside dam on the dam Magnet extensometer ME 5D Jointmeter 19
central section axis at 1km8g0
3D Jointmeter 60
Horizontal displacement of dam| Dam body Fill type horizontal Total Pressure Cell 93
body extensometer EX ,
Strainmeter 13
Deformation of upstream dam | On the surface of the Conventional inclined Pore Water Pressure Cell 72
face concrete slabs inclinometer IN Fiber Optical Cable p
Displacement in joints Across construction joints | Two dimensional electr. joint Piezometer Standpipe 9
of slabs meter HJM Reservoir Level Gauge (electronic + water level 1
- - - - — indicator
Displacements of perimeter Across, parallel and per- | Three dimensional electr. join{ Scal d'l.ﬁi' ter Level Indicator Tempiat ]
joint pendicular to perimeter | meter PJM caled VWater Level Indicalor Template
joint Accelerometer 5 Type of Instrument Frequency of Monitoring
Stresses in dam body Inside dam body Electrical total pressure cell TPC Portable Read-out Device 3 Dam Construction IRese”c’i_' Up to end of
mpounding Defects Liability
Strain in concrete Inside concrete slab of Electrical strain meter
) sSTM Survey Monuments monthly monthly monthly
surface sealing
- , - - Hydraulic Settl t Cell 15d dail dail
Seepage water pressure In dam foundation and on |Electrical vibrated wire yraulc serement weTs|  every 1o davs ay ay
both sides of grou‘l curtain piezometer TP Horizontal Extensometer every 15 days daily daily
Seepage water flow through | Beneath perimeter joint | Leakage detection system Magnet Extensometer every 13 days weekly weekly
vertical construct. joints and and beneath vertical using fiber optics Inclinometer after construction | every 15 days monthly
perimeter joint _COHStr- joints of dam seal- Total pressure cells every 15 days daily daily
ing on steep abutment
Jointmeter after construction daily daily
Ground water table At downstream dam toe | Standpipe piezometer SP Strainmeter afier construction daily daily
Seepage water flow through In drainage trench at V-notch measuring weir Electrical Piezometer every 15 days daily daily
dam downstream dam toe
Standpipe Piezometer every 15 days every 15 days monthly
Reservoir level On the surface of the High precision electrical Vnotch - ) . - aal 3ai
concrete slabs pressure gauge and staff “Nofch measuring weirs | after consiuction ay aly
gauge Leakage detection syst. after construction automatically automatically
Seismic acceleration On firm rock at dam site Seismic accelerometer and Reservoir Level after construction automatically & manual checks
and on dam crest seismograph ACM
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CFRD - Monitoring
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ELECTRICAL CABLES AND/OR TUBES FIBER OPTICAL CABLE GAUGING STATION
o INKLINOMETRE HARICI COKME ROPERI ELEKTRONIK SU KOTU OLCER

INCLINOME TER SETTLEMENT MONUMENT ELECTRONIC WATER LEVEL METER
2 YONLU DERZ OLCER BIRIM DEFORMASYON OLCER MANYETIK EKSTENSOMETRE

2 DIMENSION JOINT METER ¢ STRAIN METER %E MAGNET EXTENSOMETER

’E’ 3 yONLU DERZ OLCER HIDROLIK OTURMA OLGER (REZERVUAR)

3 DIMENSIONS JOINT METER WATER LEVEL RESERVOIR

W IVME OLCER
ACCELEROMETER
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