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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

Typical Zones in CFRD
Cooke and Sherard (1987)

• 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)

o Zone 3 Rockfill
 3A transition between 2B and 3B
 3B main upstream rockfill downstream
 T central rockfill between 3B and 3C
 3C downstream rockfill
 3D material close to the DS slope

o Zone 4 Protection of DS Slope
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CFRD – Design Principles
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CFRD – Design Principles

1A cohesionless fine-grained material
1B random fill

2A Sand
2B Crushed sand-gravel mixture

3A-1 Marly Limestone (excavation or quarry)
3A-2 Marly Limestone (stockpiles)
3B Basalt
3C Basalt (Oversize)
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CFRD – Design Principles
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CFRD – Design Principles
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CFRD – Slab and Plinth Design

• Slab
o Thickness for high dams

 Cooke and Sherard (1987) 0.3 m + 0.002H
 ICOLD 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)
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CFRD – Slab and Plinth Design



10 ECS2023 Swiss Committee on Dams

CFRD – Slab Joints
Perimetral joint detail Crest joint detail Vertical expansion joint detail

Edge structure joint detail

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

 ICOLD Bulletin 141 1/20 ÷ 1/25 Hmax
 Cruz et al. (2009) (gradient) depending on RMR
 Sierra et al. (1985) (gradient) depending on Rock Conditions
 ICOLD (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 1.0-1.5 m
 Special conditions plinth on rock reconstructions
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CFRD – Slab and Plinth Design

Mangrove Creek CFRD Cethana CFRD Reece CFRD

Inner slab
Marulanda and Pinto (2000)

Articulated plinth on alluvial deposit
Cruz et al. (2009)



13 ECS2023 Swiss Committee on Dams

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
 Reservoir impounding
 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
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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)
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CFRD – Numerical Analyses

• 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 / or alluvium deposits

Marulanda and Marulanda (2008) 

Puclaro (Chile)
Final Design

Cut-off depth optimization
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CFRD – Numerical Analyses

• Three-dimensional Geometrical model of the Dam and the Foundation
o Dam geometry

 Fill zoning

 Construction stages

 Structural elements : facing, plinth

Kárahnjúkar CFRD
Geometry of FE model

Quiroz and Modares (2014)

Kárahnjúkar CFRD
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

Kárahnjúkar CFRD
Geometry of FE model

Quiroz and Modares (2014)
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CFRD – Numerical Analyses

• Structural Elements
o Reinforced Concrete Slabs and Plinth

o Joints
 Vertical expansion joints
 Vertical compression joints
 Edge structure joints
 Perimetral joints
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CFRD – Numerical Analyses

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

o A simple 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
 Laboratory 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
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CFRD – Numerical Analyses

• Constitutive Modelling

o Calibration with laboratory testing
 Volumetric elasto-plastic behavior
 Deviatoric elasto-plastic behavior
 Confinement dependency of stiffness and shear strength
 Cyclic degradation of dynamic shear modulus
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CFRD – Numerical Analyses

• Constitutive Modelling
o Reinforced concrete elements

 Linear elastic
 Elasto-plastic
 Damage plasticity
 Fracture (smeared / discrete cracking)
 Reinforcement modelling 

o Interfaces
 Slab / rockfill
 Slab / Slab
 Slab / Plinth
 No-tension material
 Frictional behavior 

FE model for dynamic analysis
Structural éléments and interfaces

Slab / slab
interface

Slab / rockfill
interface

Plinth

Slab / plinth
interfaceRC Slab

Westergaard
Added mass
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CFRD – Numerical Analyses
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CFRD – Numerical Analyses

Phase 1

Phase 2 Phase 3

Phase 4
Concrete face
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CFRD – Numerical Analyses
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CFRD – Numerical Analyses
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CFRD – Numerical Analyses

• Horizontal displacements and settlements
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CFRD – Numerical Analyses

• Slab dynamic (maximum) horizontal displacements

5 cm (left to right)

5 cm (right to left)
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CFRD – Numerical Analyses

• Slab dynamic horizontal in-plane stress

[Pa]Impounding

SEE (Minimum)

SEE (Maximum)



31 ECS2023 Swiss Committee on Dams

CFRD – Numerical Analyses

• Slab vertical joints opening / closing
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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

• Vertical joints layout : distribution of expansion joints
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CFRD – Numerical Analyses

• Concrete face structural analysis : reinforcement design
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CFRD – Monitoring

• Main Goals
o Measure dam behaviour

 Construction
 Impounding
 Operation (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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CFRD – Monitoring

Nam Ngum 2 CFRD
Monitoring System

Moll and Straubhaar (2011)
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CFRD – Monitoring
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CFRD – Monitoring
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CFRD – Monitoring
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