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Above-ground structures of NPPs

Buildings

Cooling 
towers

Containment 
structures

Containment on pile foundations
e.g.
▪ Point-Beach NPP (USA)
▪ H.B. Robinson NPP (USA)
▪ Angra NPP (Brazil)
▪ Gosgen-Daniken NPP (Switzerland)

(Zou et al., 2020)

Rock

Soil 



Hydraulic tunnels
(cooling system)

Water intake
(lake, sea, river)

Underground structures of NPPs

Nuclear waste repositories
(e.g. caverns, shafts, tunnels)

caverns

(Kari and Puttonen, 2014)

(IAEA, 2020)

Underground reactors



(Kennedy, 2019)

Segmental tunnels
(precast segments)

Longitudinal joints

Transversal 
joints

Segment

Diameter = 7 m

Examples of tunnels and shafts of the cooling system in NPPs



Length ≈ 1 km

Depth ≈ 30 m

Diameter ≈ 3 m

Perry Nuclear Power Plant
(USA)

Examples of tunnels and shafts of the cooling system in NPPs

Intake shaft

Intake tunnel

Traditional tunnel

tunnel
tunnel



Nonlinear SSI analysis

(Structural nonlinearity)

Chapter 4 - Analysis of structures
(4.1 GENERAL REQUIREMENTS): (a) The seismic analysis of safety-related structures is typically performed
by analysis of linearly elastic mathematical models. Nonlinear analysis may be performed in some cases,
especially for beyond design basis calculations or evaluation of existing facilities.

ASCE 4-16: Seismic Analysis of Safety-Related Nuclear Structures

(Coleman et al., 2016)

Chapter 5 - SSI
(5.1 GENERAL REQUIREMENTS): (a) SSI effects shall be considered for all safety-related nuclear structures.

Recorded seismic demand exceeded design value



Nonlinear SSI analysis

(Structural nonlinearity)

Chapter 4 - Analysis of structures
(4.1 GENERAL REQUIREMENTS): (a) The seismic analysis of safety-related structures is typically performed
by analysis of linearly elastic mathematical models. Nonlinear analysis may be performed in some cases,
especially for beyond design basis calculations or evaluation of existing facilities.

ASCE 4-16: Seismic Analysis of Safety-Related Nuclear Structures

(or definition of fragility curves)

(TEPCO, 2011)

(TEPCO, 2011)

(Coleman et al., 2016)

Underground structures 
were damaged

Often designed to 
remain elastic



Free Field
(NO SSI)

Primary soil 
nonlinearity

Rock

Soil (linear)

Soil (nonlinear)

ASCE 4-16: Seismic Analysis of Safety-Related Nuclear Structures

Chapter 5 – SSI: Nonlinear Behavior of Soil: Primary and secondary soil nonlinearity

Secondary soil 
nonlinearity due to SSI

Nonlinear SSI analysis

(Soil nonlinearity)

(…) rigorous nonlinear analysis of a typical nuclear structure requires a fully three-dimensional model and an appropriate
set of constitutive equations for soil. These requirements are currently beyond the state of the art for design.

COMMENTARY: C5.1.4 Nonlinear Behavior of Soil

5.1.4 (d) Primary nonlinearities shall be considered in the SSI analysis. Secondary nonlinearities, including local soil
nonlinear behavior in the vicinity of the soil-structure interface, need not be considered, except for the calculation of
seismic soil pressure.



Solution of dynamic SSI: linear vs nonlinear

SUBSTRUCTURE METHOD DIRECT METHOD

Free Field

Kinematic 
SSI

Inertial 
SSI
+

▪ Superposition of effects
▪ Frequency domain

Structure

Soil

Interfaces Complete model

Linear analysis
(equivalent-linear) 

Problems to capture
moderate-to-high nonlinearities

No 
superposition 

of effects

Frequency 
domain

Time 
domain

Fully nonlinear
dynamic analysis

NL structure
NL soil
NL interfaces

NLSSI



Some questions 

Soil-structure stiffness ratio One of the main variables of SSI
struct

soil
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Simple models for above-ground structures
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Simple models for underground structures

F

Displacement 
structural demand

Free-field Presence of the structure

free field− free field−

Could not be constant 
during earthquakes 

Evolution of soil and 
structural nonlinearity

(Wang, 1993)

Stiffness contrast

Reference model Free-field 
(no structure)



Some questions 

▪ What happens to the whole system with the evolution of structural damage and soil nonlinearity?

▪ Does structural nonlinearities affect soil nonlinearity?

▪ Does soil properties affect structural capacity?

YES
numerical evidence

▪ Is the gap between geotechnical and structural engineers detrimental to solve NLSSI problems?

Two case studies:

1) Tunnels

2) CIDH bridge columns

2D fully nonlinear time history analysis

3D detailed modelling with experimental benchmark

NLSSI implies nonlinearity of the whole system (structure + soil) Stiffness ratio is not constant

Soil-structure stiffness ratio One of the main variables of SSI
struct

soil

K

K



1) Fragility analysis of underground tunnels: fully nonlinear SSI

Definition of numerical fragility curves considering variability of seismic
input, structural and geotechnical nonlinearities, depth of tunnel.

(see Andreotti and Lai, 2017a, 2017b, 2019)

Critical scenarios for tunnels

2008 Wenchuan earthquake (China) 

Mw=7.9

Epicentral distance ≈ 14.2 Km 

Mw=6.9

Epicentral distance < 15 Km

1980 Irpinia earthquake (Italy)

(Li, 2012) (Cotecchia, 1986)

1990 Manjil earthquake (Iran)

Mw=7.4

Epicentral distance < 32 Km

(Wieland, 2011)

From the suite of analysis: investigation on NLSSI effects

Early objective



-80 m

RC lining
Fractured 

rock mass
D = 9 m

Fragility analysis of underground tunnels: fully nonlinear SSI

RC Tunnel lining

Very good quality
(GSI=75)

Average quality 
(GSI=50)

Very poor
(GSI=30)

Hoek and Brown (1997)

Mohr-Coulomb model

Selected scenario to evaluate NLSSI

FLAC 2D

Problems to model cyclic nonlinear 
behaviour of RC structures

Rock mass parameters



Modelling nonlinear cyclic behaviour of structural elements and damage assessment

Implemented Model

Finite  length  inelastic  zone
(plastic  hinge region)

Elementary part

 

(a) (b) 

Hysteretic law

Bi-linear elastic phase

Plastic phase

- stiffness and strength degradation

- Axial interaction (M-N)

FLAC 2D Standard Model

I cracking

Strength 
degradation

Stiffness 
degradation

Transfer of knowledge 
from structural to 

geotechnical systems

Application of 
concepts



FLAC 2D numerical model

fmax= 20 Hz

Nonlinear soil

Nonlinear 
structure

Multi-step 
static analysis

Nonlinear time 
history analysis

Initial 
conditions
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structure

Nonlinear
structure

Ground plasticity

1

2 3

Linear structure (t=3.2 s) Nonlinear structure (t=3.2 s)

Principal stress (1)

MIN (lower)

Results: NLSSI tunnel
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Results: NLSSI tunnel
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1

2 3

Total shear strain

Linear structure

Linear structure

Linear structure

Localized
strains

Linear structure Nonlinear structure

Distributed
strains

Linear vs Nonlinear structure: shear strains and structural deformations

Results: NLSSI tunnel

t=3.2 s t=3.2 s
I cracking yielding

Numerical evidence
Structural nonlinearity affects soil nonlinearity



Experimental benchmark: full-scale cyclic test by UCLA (Janoyan, Wallace and Stuart, 2006)

2) Detailed modelling of CIDH bridge column

▪ Severe nonlinearity of both soil and structure

▪ Full-scale test

▪ High quality experimental data: soil + structure

Why this test?



Models

▪ Soil: Mohr-Coulomb plasticity

▪ Concrete: Concrete damaged plasticity

▪ Steel: bi-linear with hardening

▪ Interface: Frictional model allowing separation

2) Detailed modelling of CIDH bridge column

(Andreotti and Calvi, 2021)

3D MODEL
(ABAQUS)

Fiber sections and 
p-y curves 

(SeismoStruct)



Calibration of model parameters

▪ Characterization tests small specimens

▪ M-Curv data at ground level

Structural parameters

▪ In-situ tests

Soil parameters

section



Comparison 3D model and fiber sections/p-y curves 

Force-displacement Displacement profile

Fiber sections 
& p-y curves

3D model



Plastic strain
(PE max principal)

Concrete

Soil

Steel reinforcement

= 991 mm= 490 mm

= 103 mm= 10 mm

Soil plasticity Tensile cracks in 

concrete

Yielding of steel 

reinforcement 

Plastic hinge
Activation of 

plastic hinge

F



I

0.5·Δy

Ground Line

II

Δy

III

2·Δy

EL structure

NL soil

EL structure – NL soil

Plastic hinge

3D model: Elastic vs Nonlinear structure 

NL structure

NL soil

Force-displacement Displacement profile

Results with identical soil and different structural behaviour (LIN vs NL)



I

0.5·Δy

Ground Line

II

Δy

III

2·Δy

EL structure – NL soil

Plastic hinge

NL structure
(decreasing structural stiffness)

EL structure
(constant structural stiffness)

Structural influence on soil nonlinearity

Plastic hinge

▪ Greater volume of nonlinear soil

▪ Soil nonlinearity goes deeper

Plastic strains

▪ Evaluation of inertial 
interaction only! 

Results with identical soil and different structural behaviour (LIN vs NL)



Stiff Soil 
(AVG parameters)

2 m

3.8 m

Different plastic 

hinge length
higher 

plastic strains

Steel
Concrete

Plastic strain

Concrete Steel

Plastic hinge Plastic hinge

Stiff Soil Soft Soil 

Influence of soil stiffness on structural nonlinearity

▪ Concentration of strains (soil & structure)

▪ Smaller plastic hinge length

▪ Higher curvature demand 

Stiff soils

▪ Distribution of strains

▪ Larger plastic hinge length

▪ Lower curvature demand 

Soft soils

Numerical evidence
Soil properties affect structural capacity 

Soft Soil 
(MIN parameters)

PH region

Identical structure
different soil

R

H

V E Hazard

Vulnerability

Exposure

Seismic risk 
NLSSI

Seismic demand is modified by 
secondary soil nonlinearity

Structural capacity 
affected by soil propertiesHow much?



Experimental tests: issues of NLSSI

- Centrifuge tests Correct reproduction of soil properties and confinement

Problems to reproduce detailing and damage of reinforced 

concrete elements

- Shake tables with small soil boxes

Artificial gravity field

Small scale structural models (1/20 – 1/50)

Less problems to reproduce RC elements

Problems to reproduce soil properties and confinement

Larger structural models (scale 1/10 – 1/5)

Small soil vertical stress

- Mobile laboratory for in-situ dynamic tests 

4 actuators

Full scale tests in-situ (dynamic inertial SSI interaction)

Feasibility study to reproduce kinematic SSI interaction(Calvi et al., 2021)



6.6 m

4.6 m

Experimental tests on NLSSI: fill the gap between research and practice

Important 

contributions to

dynamic NLSSI

▪ Structural damage of RC elements

▪ Failure mechanisms of the system

▪ Kinematic and inertial interaction

▪ Soil properties

▪ Primary and secondary soil nonlinearity

▪ Damping (e.g. radiation)

New shake table with big soil box

University of Nevada, Reno

above-ground structures

shallow foundations



4.6 m

Experimental tests on NLSSI: fill the gap between research and practice

New shake table with big soil box

University of Nevada, Reno

6.6 m

above-ground structures

deep foundations

Important 

contributions to

dynamic NLSSI

▪ Structural damage of RC elements

▪ Failure mechanisms of the system

▪ Kinematic and inertial interaction

▪ Soil properties

▪ Primary and secondary soil nonlinearity

▪ Damping (e.g. radiation)



New shake table with big soil box

6.6 m

4.6 m

Experimental tests on NLSSI: fill the gap between research and practice

University of Nevada, Reno

Containment of 

underground reactors

Important 

contributions to

dynamic NLSSI

▪ Structural damage of RC elements

▪ Failure mechanisms of the system

▪ Kinematic and inertial interaction

▪ Soil properties

▪ Primary and secondary soil nonlinearity

▪ Damping (e.g. radiation)



6.6 m

4.6 m

Experimental tests on NLSSI: fill the gap between research and practice

New shake table with big soil box

University of Nevada, Reno

Underground structures

(e.g. tunnels)

▪ Structural damage of RC elements

▪ Failure mechanisms of the system

▪ Kinematic and inertial interaction

▪ Soil properties

▪ Primary and secondary soil nonlinearity

▪ Damping (e.g. radiation)

Important 

contributions to

dynamic NLSSI



6.6 m

4.6 m

Experimental tests on NLSSI: fill the gap between research and practice

New shake table with big soil box

University of Nevada, Reno

Underground structures

(e.g. shafts)

Important 

contributions to

dynamic NLSSI

▪ Structural damage of RC elements

▪ Failure mechanisms of the system

▪ Kinematic and inertial interaction

▪ Soil properties

▪ Primary and secondary soil nonlinearity

▪ Damping (e.g. radiation)



New shake table with big soil box

6.6 m

4.6 m

Experimental tests on NLSSI: fill the gap between research and practice

University of Nevada, Reno

Bridge columns

Important 

contributions to

dynamic NLSSI

▪ Structural damage of RC elements

▪ Failure mechanisms of the system

▪ Kinematic and inertial interaction

▪ Soil properties

▪ Primary and secondary soil nonlinearity

▪ Damping (e.g. radiation)
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