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Good evening. 

My presentation tonight is about a framework we’ve developed called the REDi Rating System which allows owners, architects, and engineers to implement resilience-based earthquake design – a holistic, and multi-disciplinary design, planning and verification approach to achieve “beyond code” resilience objectives. 

Currently, it focuses on earthquake design in the United States but it should be applicable to other developed countries with modern building codes. We we are also looking into expanding it to other natural hazards like hurricanes and flooding.
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I wanted to start off by giving a little bit of background.  Our Director of International Development is Jo da Silva.  She was recently selected to give the Brunel lecture series in which she argues that “Investment in reducing the impact of natural hazards and in enhancing the ability of communities to recover is more cost effective long term than dealing with the consequences of natural hazards.”

This was our goal in developing the REDi Rating System.  To promote resilient communities by shortening recovery times through enhanced design and planning before disaster strikes.


Modern Building Codes —
“Life Safety” Objective

Code protects lives —
does not limit damage
or maintain
functionality
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First, I wanted to give some background on the state of the practice.

Modern building codes still do not focus on resilience – the ability of an organization or community to recover quickly after an earthquake.  In fact, the basic objective of the code has not really changed in over 50 years since the first seismic codes were introduced in CA.  And that is to safeguard against loss of life, not necessarily to limit damage or maintain functionality after a design level earthquake. A design level earthquake on the West Coast of the US is around the 500 year return period but it varies from location to location.

Structural damage is allowed, as long as people can safely egress from the building. In fact, the building code relies on significant damage to dissipate energy and reduce the earthquake forces on the building – this is done through the use of ductility factors.


s ‘“Life-Safety” Performance — Building Contents
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The code also allows significant damage to architectural components and façades, mechanical ad electrical equipment, and building contents as long as the “life safety” objective is achieved. 

And these non-structural components typically represent about 80% of the total cost of a building.


Consequences of code design
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The consequences of this damage are direct financial losses associated with the costs of repairs and arguably more importantly, facility downtime – the time it takes to get back in the building and start using it again. These are not considered by the code.

This graph shows some predicted financial loss and downtime results for different code-designed buildings using a site-specific probabilistic methodology developed by FEMA that I will discuss later. 

Under design level shaking, the financial losses are generally on the order of 20-25% of the building value. Some researchers at Stanford found that the losses associated with 4 and 12 story concrete frame buildings in Los Angeles are on the order of 40% - a value that FEMA considers a threshold for deciding not to repair a building.

These are very few studies out there for predicted downtime. The estimated downtime is between 6 to 18 months but I think these are generally underestimated because they typically only account for building repair time. I’ll explain later that downtime is not just the time to make building repairs.
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We have been doing some research with Stanford University on the performance expectation of tall buildings which were designed to state of the art perf-based design guidelines. In this case the PEER Tall Building guidelines. The intended performance objectives are no different than the code objectives – “life safety” in a Design Earthquake and a low probability of collapse in the MCE.

This is a 42 story reinforced concrete core wall building with coupling beams linking the walls. The intent is to concentrate all the damage at the base of the wall in a single plastic hinge and in the coupling beams all the way up the building.   


Performance Expectation for RC Tall Buildings in
San Francisco

Shear Walls

2.5 years to achieve functional
recovery after a big earthquake

$47M to repair the building
(~26% of building value)
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It is therefore not surprising that the damage and consequences are significant. We found that it would cost $47M to repair the damage and it would take more than 2 years for the building to be functional after a big earthquake. These are entirely consistent with the code performance objectives.

Interestingly, some of the biggest losses are caused by damage to non-structural components including the façade and partitions.


+Central Business District

was closed for more than

2 years.

o Christchurch Earthquake (February 2011)
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I’ve described some theoretical predictions of financial loss and downtime but probably the best example of what the code “Life Safety” performance objective actually looks like on a city wide scale is in Christchurch, which is a modern city with modern building codes like ours. The loss of life in Christchurch was relatively minor, 185 people died, most of them in the collapse of one tower which had been previously damaged in an earthquake 6 months prior and probably should not have been occupied.

But in Christchurch, the downtown business district was cordoned off for more than 2 years. Businesses have moved out, probably never to return. I know that the shaking was more intense than what the buildings were generally designed for and liquefaction was also a big contributor to the damage, but the point is that the damage is entirely consistent with code intended performance.  

Christchurch is a success story. This is our target right now. Most engineers I talk to say that buildings performed “well” – as in they did not collapse. But for the majority of the general public, there was a shocking realization that buildings were not designed to be “earthquake-proof”.
 



Royal Commission Reports
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A Royal Commission was established in the aftermath of the NZ earthquakes to determine whether the current design requirements are adequate and to provide recommendations. 

Among other things, they studied the performance of 5 existing buildings which were designed to the most recent code.  4 of them had to be demolished.  The 5th was base-isolated and did not suffer damage.




B
Royal Commission Conclusions

o “...Itwould not be sensible, in our opinion, to conclude that the
performance of buildings in the February earthquake demonstrates a need
for wholesale change.”

o “...the objective should be incremental improvement, rather than a change
of direction, and the necessary improvements can be incorporated within
the framework of the present rules.”

o ““However, once the objective of life-safety is achieved, the question of the
extent to which buildings should be designed to avoid damage is a social
and economic one, and the answer depends on choices that society as a
whole must make.”

* “In the circumstances, our concept of ““best practice™ is one that reflects the
existing objective of life-safety, and looks to ensure that building damage is
minimized within the limits established by the existing knowledge about
earthquake risk and our understanding of the cost implications of more
onerous requirements.”

« “Any other approach would be a radical change that we do not consider
would be justified by the experience of the Canterbury earthquakes.”

" ARUP
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But given almost carte blanche the opportunity to significantly improve the state of practice in earthquake engineering, the Royal Commission concluded:

These are disappointing conclusions. They seemed to be based somewhat on cost implications, a point that is actually misplaced as I will show later.


Other consequences — [0ss of
culture, sense of community,
and quality of life

..........

12 M6.3 Christchurch Earthquake (February 2011) ARUP
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And they are altogether more shocking when we put them in the context of the devastating consequences that Christchurch has experienced. 

While loss of life was limited, Christchurch is proving that our most significant vulnerability is really the economic losses from direct earthquake damage and the indirect losses due to business interruption, the loss of culture, sense of community,  and quality of life which could take years to recover.  

So the code may be doing a good job of protecting against loss of life but what kind of life are we leaving for the survivors.  And that’s why it’s time to shift our thinking of what is acceptable risk in our modern society.  We should be doing much better than this.  



Design to resume business
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The good news is that we can do much better than modern codes, allowing building owners to resume business operations and provide livable conditions quickly after an earthquake for little additional investment. 


REDI™ Rating System

A framework to implement

LTV}, REDi™ Rating System “resilience-based earthquake
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We developed guidelines and design criteria based on lessons learned from past earthquakes, by identifying limitations in the traditional code approach, and by adopting some codified criteria for essential facilities, by adopting non-codified best-practice approaches or by creating our own. We packaged these into a single integrated and actionable framework to help owners, engineers, and architects achieve ‘beyond-code’ resilience objectives.  





REDI Resilience Objectives
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We created three rating tiers, Platinum/Gold/and Silver, each with resilience objectives that aim to achieve a step-change reduction in earthquake risks relative to the code.  

The objectives for REDi-rated buildings in a 475 year earthquake are in terms of expected financial loss and re-occupancy and functional recovery targets and they are based on 50% confidence levels, although higher levels are encouraged. 

So for example, we should have a 50% confidence that a Gold rated building would be re-occupiable immediately, achieve functional recovery in 1 month (or the time it takes to restore utilities), and suffer no more than 5% financial loss.

This is the first main distinction between code or performance-based design and resilience-based design – to shift the goal posts of our intended resilience objectives.



Defining Post-Earthquake Recovery States
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I wanted to spend a minute to define the downtime recovery objectives. As I mentioned before, downtime is arguably more important than direct financial loss – that’s because it is more intuitive for stakeholders to understand the pace of recovery.

There are three specific recovery states associated with downtime that may be important to a building owner, depending on the occupancy type:

Re-occupancy can occur when the building is deemed safe enough for shelter – usually means the building is “green tagged” - but the building functions may not be working. People would need to use flash lights, bottled water, blankets and operable windows are important.

Functional recovery is achieved after restoring livable conditions and when the building can support primary functions again. This requires restoration of water, power, HVAC systems, and elevators. 

And finally, full recovery is achieved when everything is back to normal and all repairs required for aesthetic purposes are completed.



Paths to Re-occupancy and Functional Recovery if
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In the event that the building suffers only cosmetic damage, than the path to achieve re-occupancy and functional recovery may look like this. Full recovery can occur once the cosmetic damage is repaired. This is the path we would like our buildings to follow.
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But if we allow more than only cosmetic damage to our building, we start to see a cliff-edge type effect. 

Re-occupancy can occur once any building repairs that pose a “life safety” hazard are completed. Functional recovery occurs once any building repairs that may hinder functionality of the building, like inoperable MEP equipment, are repaired. It also requires utilities to be restored unless back-up systems are in place.

But the time required to achieve these recovery objectives may be much longer than just the time it takes to repair the building.  This is due to impeding factors which delay the initiation of building repairs. 

These include the time it takes to complete post-earthquake building inspection, secure financing for repairs, mobilize engineering services, mobilize a contractor and necessary equipment, obtain permits, and for the contractor to order and receive the required components including 'long lead-time' items. We have found that these may contribute more to downtime than building repairs alone.


REDI Roadmap to Resilience
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Now back to the REDi roadmap to resilience. We now have the resilience objectives – how do we achieve them? I mentioned that we had developed specific design criteria before – these are grouped into three Resilient Design and Planning categories as you see here.

By reducing earthquake demands and/or designing increased capacity into building components, including architectural components, to accommodate the demands with little damage – that’s Building Resilience and one of the key components of resilience-based earthquake design. 

By contingency planning for utility disruption and business continuity and mitigating impeding factors to recovery – that’s Organizational Resilience.

And by reducing the risk that threats outside the building envelope may restrict site access or otherwise hinder functionality – that’s Ambient Resilience. 

And finally we verify the success of the design using a FEMA-based loss assessment which I will describe shortly. Components that contribute significantly to the losses can be re-designed to improve performance. 

I’m not going to go through the criteria in detail here but I hope you will be able to get a decent grasp of them as I go through some examples later.


Guiding Principles

Platinum

Gold

Silver

* Enhance design of structure and architectural components such that the building and contents
suffer only minimal (aesthetic) damage.

*Provide “beyond-code” provisions for egress systems and other improvements to occupant safety

* Protect MEP components and other critical systems. Provide back-up systems. This enables
continued operations of primary functions in the absence of utilities.

* Pre-identify contingency plans to provide water and fuel and waste removal or employ alternative
off-grid technologies in the event of extended utility disruption.

* Minimize risk of generally uncontrollable externalities which may affect functionality. including
site access restrictions and potential damage from external hazards such as surrounding buildings.

* Enhance design of structure and architectural components such that the building and contents
suffer only minimal (aesthetic) damage .

*Provide “beyond-code” provisions for egress systems and other improvements to occupant safety

* Protect MEP components and other critical systems or guarantee that they are replaced/repaired
within 1 month. This enables normal operations to resume once utilities are restored

* Damage to the building may potentially result in a *Yellow Tag” which would prevent re-
occupancy until the building 1s repaired.

*Provide “beyond-code” provisions for egress systems and other improvements to occupant safety
* A skilled contractor is required to make repairs to restore the building fo a state which can
support functional recovery within 6 months. It may be necessary to mitigate “impeding factors™
(see Glossary of Terms) to meet this downtime objective.

* The building can resume normal operations only once the building is repaired and utilities are
restored.
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The prescriptive requirements contained within the REDi Rating System were developed to achieve the general intent for each rating tier, distinguished by key guiding principles. 

For both Platinum and Gold, the intent is to “Enhance design….” and “Provide “beyond code”….

And MEP systems and other critical systems should be protected from being damaged but in the case of Platinum…


FEMA-based Earthguake Loss Assessment
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The success of the design and planning measures that I described above can then be explicitly verified using a FEMA-based loss assessment.

FEMA has just completed a 10 year effort to develop FEMA P-58 and a tool called PACT which probabilistically calculates earthquake losses. This is a free and publicly available software. 

You begin by building an informational model of the building, with all the structural and non-structural components in the building.



Performance-based Seismic Analysis
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You can predict the demands on the building using a performance-based analysis or response spectrum analysis. 



Fragility Curves

Frobability of Non-Exceedence

Fragility Curve

Partitions

0.0 0.02 0.03 0.04 0.05
Story Drift Ratio

DS1:
Cracking

DS2:
Crushing

DS3:
Warping
of studs



Presenter
Presentation Notes
PACT allows us to relate the earthquake demands in the building (in terms of accelerations and drifts at each floor) to damage in structural elements, architectural components and MEP equipment in the building using fragility curves.  The fragility curves are based on testing, observation of damage in past earthquakes, and/or detailed finite element analysis.

The example here is for standard partitions. For this particular component, three Damage States are defined. The first is gypsum board cracking, the second is gypsum board crushing usually localized at corners, and the third is cracking/crushing of the gypsum board and buckling of the studs behind. 

The fragility for partitions show they get damaged at very low levels of drift.  For a floor which experiences 0.5% interstory drift, there is a 90% probability that partitions will be cracked or worse, 60% probability that they will have localized crushing or worse, and 20% probability that the studs have buckled. 

There are over 800 standard fragility curves for various components within PACT.




Consequence Functions
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We can then assess the consequences of that damage, in terms of financial losses or repair times.

The unit cost usually goes down as the quantity of components which need to be repaired go up – this reflects economy of scale.  

There is a unique consequence function for each type of component and for each damage state.  So for partitions, the cost to repair cracks in partitions – Damage State 1 – is much lower than the cost to repair and replace all the gypsum board and metal studs behind – Damage State 3.  In fact, it’s more costly to repair partitions in Damage State 3 than it is to install them in the first place – that’s because of all the different things that are attached to partitions.

Note also the uncertainty in the consequence functions.


Confidence Levels for Earthquake Losses
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PACT runs hundreds of scenarios or realizations (called Monte Carlo simulation) to capture the uncertainty in the demands, damage to all the components in the building and the related consequences. In the end it provides the loss estimates in terms of probability of non-exceedance or what some people refer to as confidence levels. 

For example, this is a 3-story steel frame office that we had analyzed, we have a 50% confidence that the financial loss will not exceed $14M or a 90% confidence that the financial loss will not exceed $29M.  


Improvement of FEMA Method for Downtime

Definition of “Repair Classes”
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occupancy, functional recovery, and/or full recovery.
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FEMA P-58 only calculates repair time – not downtime to achieve specific recovery states.  We have made a number of improvements to allow us to use FEMA P-58 to benchmark against the REDi resilience objectives.



“Repair Classes”
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We have developed “Repair Classes” for each building component which describes whether the extent of damage predicted for that component type and the criticality of that component will hinder achievement of specific recovery states (re-occupancy, functional recovery, full recovery). 

Using partitions again as an example, DS1 was cracking and DS2 was crushing of the gypsum wall board in the corners – this would hinder full recovery (they wall board would need to be repaired for aesthetic purposes) but it would not hinder functionality for example. But DS3 is buckling of studs and since many heavy items are attached to partitions, this could pose a “life-safety” hazard and thus hinder re-occupancy. 


Impeding Factors to Recovery
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I mentioned that Impeding Factors to recovery are sometimes a bigger contributor to downtime than the time it takes to make building repairs.

We developed estimates for all the impeding factors based on interviews and surveys of experts and by researching available data.  This is an example impeding curve for the time it takes to obtain a post-earthquake inspection.  
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And here’s another one for the time it takes to access financing.  The lesson here, is that if you want access to quick financing, you better have it in your rainy day fund.


Utility Restoration Curves
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We developed utility restoration curves based on expected repair rates of the distribution system.  This was based on research of about 10 to 12 recent earthquakes in developed countries.  

Electricity is generally restored pretty quickly.  For water and natural gas systems, the average restoration time is on the order of a 3 to 6 weeks.
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But of course, if you have access to regional data like this which was developed for SF, you should be using those instead of our estimates.  This also shows that electricity comes back quickly.  But water comes back quicker than our estimates and natural gas takes a lot longer.


Performance Expectation for
REDI-designed Tall Buildings in SF
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Going back to the PEER-designed tall building, we then re-designed it using the REDi guidelines to achieve REDi Gold objectives. The financial losses reduced to 3.5% compared to 26% for the PBD building and functional recovery is achieved once utilities are restored or approximately 1 month compared to 2.5 years for the PBD building.  

 don’t have time to go into details but we were able to achieve this by virtually eliminating damage through enhanced design of the components in the yellow box.



.
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We were able to achieve this by virtually eliminating damage through enhanced design of the components in the yellow box. I’ll go into a little more detail in a project example I will show.



But that must cost a fortune!?

REDI building costs only 2% more than the conventionally

designed building
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So why isn’t this commonly done in practice?  The typical argument is that resilient buildings cost way too much money – the Royal Commission Reports referenced that. But we believe these are overstated. 

We estimated that there is only a 2% cost premium on the conventional design – literally cents on the dollar. That’s equivalent to the current market rate for one 2bd/3bth condo in the Millennium Tower.

While some other researchers have shown the cost premium to be in the 5% range, we also have past project experience that shows the cost premium for a base-isolated hospital was nothing.  That’s because the isolators reduced the demands on the building so greatly that about 3000 tons of steel were removed from the building, more than offsetting the cost of the isolators and flexible connections.



Potential Incentives

Increased rental premiums for resilient buildings —
approximately 5% to 10%
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Presentation Notes
So could a developer actually make money by advertising the resilience of their building?  In japan, base-isolated buildings command a 5 to 10% premium in rent.

A few years ago, researchers at PEER found that people were willing to pay a 5 to 10% premium for enhanced performance. 

And we hope that a rating system, much like what LEED has done so successfully for sustainability in the US, would give traction to such initiatives.


Potential Incentives

o Governments: zoning flexibility, expedited
permits, etc

e Insurers: reduced premiums and capacity
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Now many owners, especially developers, may still not feel comfortable with the minimal first costs associated with far greater earthquake resilience. We need to entice them with other incentives.  

Governments could offer incentives to build better because it is in their best interest.  NIBS found that for every $1 spent on mitigation, $4 is saved on recovery efforts.

And perhaps the most important potential incentive is the prospect of reduced earthquake insurance premiums. Would reducing the risks to a building from 20% financial loss to 5% financial loss translate to lower premiums?  


Project Example

 Downtown SF
e 55 stories, 800’ tall
e Mixed-use
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I’ve got about 10 slides remaining to show you a recent project example – actually we are currently in the middle of design now.


Earthquake Hazard in SF Bay Area
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Tall Building Performance-based Design Guidelines

(PEER TBI)

o SF required for most tall
buildings

» Requires code-equivalent
performance (i.e. “life-
safety” and “collapse
prevention”)

Guidelines for
Performance-
Based Seismic
Design of
Tall Buildings

Recommended
Administrative
Bulletin

on the

Seismic Design & Review of : -k

Tall Buildings Using Non-

NORTHERN CALIFORNIA
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In San Francisco, most high-rise buildings follow a performance-based design approach, which requires more rigorous non-linear response history analysis to explicitly verify the structural performance and requires a peer review. 

But it targets the same exact code objectives I described above.  In other words tall buildings can be damaged just as much as other buildings, as long as they meet “life-safety” standards.


.

First REDI “Gold” Building

5 aba .0
N
L2\ *TM -
> RED1™ Rating System
\ Resilience-based Earthquake Design Initiative
AN EGE Quaxes| /  for the Next Generation of Buildings

- REDI

Version 1.0
October 2013

e Owner (developer) wants to
pursue RED1 “Gold”
objectives

 Incorporated into Basis of
Design

1.1.1 - Resilience Workshop

Conduct a comprehensive workshop with
the Owner...to agree on resilience
objectives and to identify risk drivers and
a resilience plan for the facility...
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After presenting the owner – who is a developer – the consequences of code-based design and the potential for far better performance with little additional investment, they elected to pursue a REDi Gold rating.

We incorporated this into the Basis of Design that is approved by the City, alongside the building code requirements and PEER Tall Building requirements.  

And one of our first and most important tasks was to conduct a Resilience Workshop to agree on… This is the first criterion of the REDi Guidelines.  We noticed that most owners and designers don’t even talk about resilience – so we made it mandatory if you wanted to achieve any of the ratings.


Structural Design

2.2.4 - Minimize Structural Damage

The superstructure (and foundations) are
designed to remain essentially elastic (e.g.
cracking allowed) for the demands in 2.2.2
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The REDi criteria state that “The superstructure…

We achieved this by reducing the earthquake demands on the building.  By incorporating viscous dampers into the load path of our mega-braces, we are able to generate about 8% additional damping.  We are also allowing the megacolumns to uplift slightly to decrease foundation demands.  


Reduced Earthquake Demands

Kinematic response

i
}(/J\y

Free-field response

ARUP
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We also reduced the earthquake demands by more realistically characterizing the earthquake ground motions. We did this by accounting for kinematic effects using a 3D nonlinear soil site response analysis. Since we have a very deep basement, it interferes with the seismic waves and causes them to be non-coherent – thus lowering the earthquake demands associated with higher modes of the building.


Non-structural Enhancements

2.3.1 - Minimize Non-structural Damage
For non-structural components...design
the anchorage to remain essentially elastic
and design the components to
accommodate relative displacements with
minimal (aesthetic only) damage.
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Drywallscrews . _ o, ) B <« Ts T e T

Screw and
____spring washer
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Figure 2.1. Cross section (on the left) and side-view elevation (on the right) of the proposed new
sliding/frictional connection.
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Moving on to non-structural enhancements.  The REDi criteria state that “For non-structural…

We are designing all the anchorage in the building to remain essentially elastic.  




Improved Par;itiqn Connpection Performance
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Viable Alternative?
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Functional MEP Systems

2.3.2 - Equipment Functionality
Mechanical and electrical equipment,
back-up systems, or any other mission-
critical components...to remain operable
In the design level earthquake.




Facades 700

2.3.4 Protect Facades 600
Facades and curtain walls are designed and
tested to accommodate relative
displacements such that connections remain
elastic and the building envelope remains
effective in preventing air and water
Intrusion.
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Elevators

2.5.3 - Elevators

Elevator design meets the California Office
of Statewide Health Planning and
Development (OSHPD)...




Expected Cost Implications to Achieve REDI Gold

Essentially elastic structure using innovative seismic
features

Enhanced partition connections
Displacement-tolerant facade system

Stronger elevator guiderails to meet CA hospital
requirements

Seismically-certified MEP equipment
Essentially elastic component anchorage

Contingency planning:
- Retain professional for post-EQ inspection
- Train facility manager to certify elevator

Recommendations for tenant fit-out contracts:
- Anchor heavy and mission-critical contents
- Improved partitions
- Food and water

Observation of non-structural component installation

Seismic Peer Review

None

~5% premium
None
$63k to upgrade S1

)
Nominal
$15k/yr

None

$50k
None




Lessons (being) learned

» People comfortable with the status quo

e Some cost premium OK

« All design team members are key — especially the architect

o Supportive and willing owner

« The prospect of reduced earthquake insurance premium is a
driver
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When we first developed the REDi Rating System we were aware that it had to be accessible and practical if it were to be implemented.  And if this project is an example, I think we’ve been able to achieve that.

But it has not been easy – mostly because people don’t feel the need to go beyond the status quo.  I’ll use the example of architectural specifications for example – those have been standardized over many years.  It’s very difficult to convince an architect that the specifications that they wrote need to be modified.  

I’ve found that whenever the potential costs of an enhancement is perceived to be too high, there is resistance by the design team and owner.  Luckily, the costs of our enhancements have been pretty low.  If they were truly 5% of the total building costs, than I am not sure if they would be pursuing REDi Gold.

This can only work if all design team members are on board and if you have a generally supportive owner.  I say the architect is key because if they were to change their spec or details, no one would question it.  As an engineer, it’s harder to implement that change.


REDI1 Guidelines available for download

www.arup.com/publications
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The REDi guidelines are available for download on our website.

If you have any current or future projects that you think may benefit from a resilience-based design approach, feel free to catch up with me after the presentations.
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