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ω
On modern construction,

Are current design codes adequately addressing 
the societal call for resilience?
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2ÔÄÒÓÈÎÍÒ

How about functional recovery?



Emerging Seismic Tolerant  Bridge Systems
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The quest for life -safety
ֲ Need for system nonlinear response and 

ductility during strong earthquakes was well -
understood in the US in the late 1960s
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ְ Connection failures

ְ àŬŌģǀϔŤģűƇǜǀŌǈ
I5 ξI 210 Intersection
The Karl Steinbrugge Collection, nisee@berkeley.edu

ֲ The shallow M6.6 1971 San Fernando 
Earthquake in Southern California revealed 
many systemic design failures and incipient 
systems thinking, which hampered any  
ductile response in many bridges



The quest for life -safety
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ְ Potential plastic hinges are detailed for 
ductility and energy dissipation

ֲ In the 1970s Park and Paulay proposed, 
Capacity Design , a systems thinking 
design approach

Adapted from Park and Paulay, 1990

ֲ kƑϔ:ģƽģĿűǔǺόAŌǈűťƑΩϔģϔǈǜűǔģľƇŌϔƄűƑŌƏģǔűĿģƇƇǺϔ
ģņƏűǈǈűľƇŌϔƽƇģǈǔűĿϔƏŌĿŬģƑűǈƏϔűǈϔĿŬƚǈŌƑΩ

ֲ Nowadays many bridge design codes worldwide prescribe 
the use of Capacity Design for high seismic regions

ְ Other regions in the structure, brittle or not, 
are designed to ensure the mechanism 
chosen has a high -probability of developing 
and be maintained during a strong earthquake
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The quest for life -safety
:ģƽģĿűǔǺϔAŌǈűťƑ
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ÅFunctional recovery time? Resilience?

ÅProven  to provide life -safety ξ2016 M7.8 
Kaikoura Earthquake, New Zealand 

Pros

Palermo et al., 2017

F: fractured

B: buckled

ÅLow -cycle fatigue fracture during 
straightening/buckling cycles in gravity 
load carrying columns

:ƚƑǈ



Stepping Bridges
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ÅThe first bridge engineered and built to exhibit low -
damage was the South Rangitiki Railbridge in New 
Zealand, a concept developed by Dr. I. Skinner (1974)

ÅEspecially detailed rocking interfaces result in low -
damage (i.e., minimization of functional recovery 
time), resulting in high -resilience

ÅThe main constraint in stepping bridges is that the seismic 
response of these bridges rely on their own mass distribution 
and geometry ξonly one bridge has ever designed and built this 
way

Beyond Life -safety: 
Low -damage & Recentering Bridge Systems



Beyond Life -safety: 
Low -damage & Recentering Bridge Systems

9ǀűņťŌǈϔǴűǔŬϔÕƚǈǔρǔŌƑǈűƚƑŌņϔ:ƚƇǜƏƑǈ

ÅLike the rocking column concept of Skinner, but without the 
constraint in the restoring force.  Post -tensioned columns 
can be tuned to overcome a specific geometrical or mass 
constraints

ÅConcept draws from the late 1990s NSF -PRESSS program in 
the USA (Priestley, Stanton, Sause) and New Zealand FRST 
program on precast post -tensioned structural walls (Restrepo)

Rahman & Restrepo (1999)

ÅFunding for bridge prototype development and design 
guidelines provided by NCHRP (2005), PEER & Caltrans (2009, 
2011) 
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Beyond Life -safety: 
Low -damage & Recentering Bridge Systems
Articulated Strung Wood Toy Analogy
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Beyond Life -safety: 
Low -damage & Recentering Bridge Systems

F
or

ce

Displacement

Loading

Unloading

Pros

Å©ƚƑƇűƑŌģǀϔŌƇģǈǔűĿϔǀŌǈƽƚƑǈŌϔƇűƏűǔǈϔǔŬŌϔűƑŌǀǔűģƇϔ
ŤƚǀĿŌϔǔŬģǔϔĿģƑϔģǀűǈŌϔűƑϔǔŬŌϔǈǺǈǔŌƏ

ÅExhibits no damage

ÅRecenters at the end of the excitation

Cons

ÅThe lack of energy dissipation is rather 
undesirable (response to earthquake 
excitation assessed to be very 
variable)

ÅHighly resilient
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-ÎÖŲÃÀÌÀÆÄ Ņ 3ÄÂÄÍÓÄÑÈÍÆ #ÑÈÃÆÄ 4ØÒÓÄÌÒ

F
or

ce

Displacement

Loading

Pros

ÅNonlinear response limits the inertial force 
that can arise in the system

ÅExhibits limited or no damage, if detailed 
adequately: minimum functional recovery 
time
ÅRecenters at the end of the excitation, if 

designed appropriately

ÅÕǀŌņűĿǔģľƇŌϔǀŌǈƽƚƑǈŌ

Energy 

dissipator

Energy 

dissipator

Energy 

dissipator

Unloading

Energy
dissipated

Cons

ÅSlightly initial cost when compared
with traditional alternatives
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Beyond Life -safety: 
Low -damage & Recentering Bridge Systems

Guerrini, Restrepo, Vervelidid , Masari, ASCE JoSE (2017)

Design Considerations

1. Gap closure and recentering 

2. Energy dissipation

3. Linearity of the post -tensioning 
mechanism

͈ή ǳƚűņģƑĿŌϔƚŤϔŌƑŌǀťǺϔņűǈǈűƽģǔƚǀϔŌģǀƇǺϔ
ŤǀģĿǔǜǀŌ

5. Design of the rocking interface



ω
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Beyond Life -safety: 
Low -damage & Recentering Bridge Systems

Guerrini, Restrepo, Vervelidis , Masari, ASCE JoSE (2017)

(recommended 0.6 for use in practice)1
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Energy dissipation parameter,

Key Design Parameters

Pu: axial force (gravitational)

FED /2       FED: dissipator tensile strengthFED /2

FPT : post-tensioning force (after losses)

Pu + FED + FPT
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Beyond Life -safety: 
Low -damage & Recentering Bridge Systems

Guerrini, Restrepo, Vervelidis , Masari, ASCE JoSE (2017)

1 Columns in single curvature

2 Columns in double curvature
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Linearity of the post -
tensioning mechanism

Allowed force increment
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Beyond Life -safety: 
Low -damage & Recentering Bridge Systems

_ǜŌǀǀűƑűΩϔØŌǈǔǀŌƽƚΩϔċŌǀǳŌƇűņűǈΩϔ§ģǈģǀűΩϔ à:GϔzƚàGλ͆̈́͋ͅμ

LUPT

Avoidance of early fracture 
of energy dissipators

Å Encapsulate energy dissipators to 
avoid plastic buckling

Å Debond the dissipators over a length 
LYED and limit the tensile strain 
demand to no more than 2ED ue ,

( )12

2

0 for dog-bone milled dissipators

1 for deformed bars embedded in concrete

e

j ED S ED y b ED

YED

ED u

S

S

d c d
L

with

q e

e

- - L
=

L =

L =

( )

, ,

,

(e)

EDd

S
tr

es
s

Strain

ED ue ,



ωkǔϓņƚŌǈƑϋǔϓƏģǔǔŌǀϓŬƚǴϓ
ľŌģǜǔűŤǜƇϓǺƚǜǀϓǔŬŌƚǀǺϓűǈΨϓűǔϓ
ņƚŌǈƑϋǔϓƏģǔǔŌǀϓŬƚǴϓǈƏģǀǔϓ
ǺƚǜϓģǀŌέϓkŤϓűǔϓņƚŌǈƑϋǔϓģťǀŌŌϓ
ǴűǔŬϓŌǹƽŌǀűƏŌƑǔΨϓűǔϋǈϓǴǀƚƑť
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Professor Richard Feynman
Massachusetts Institute of Technology

1965 Noble Prize in Physics



ω RESEARCH TEAM

J.I. Restrepo, U.C. San Diego

G. Guerrini (Ph.D.), U.C. San Diego

A. Vervelidis (M.Sc.), U. Bologna

M. Masari (M.Sc.), U. Bologna

COLLABORATORS

C. Ostertag, U.C. Berkeley

J.F. Stanton, U. Washington

21

Quasi -static Testing by Guerrini et al.: Unit 1A
Key Design Features

Å ~ƚǴϔģǈƽŌĿǔϔǀģǔűƚϔĿƚƇǜƏƑǈϔǔƚϔ
űƑĿǀŌģǈŌϔǔŬŌϔǈŬŌģǀϔņŌƏģƑņϔģǔϔǔŬŌϔ
űƑǔŌǀŤģĿŌ

Å Scale 1:2.4 cantilever columns

Å Dual-shell concept

Å External & replaceable energy 
dissipators

0.88

0.47

Guerrini, Restrepo, Vervelidis , Masari, ASCE JoSE (2017)


