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ABSTRACT: Historically, building codes establish minimum requirements for safety 
through prescriptive criteria. Critical structures and buildings with higher importance are 
designed for larger earthquakes that occur less frequently.  However, actual performance 
of the building is rarely assessed.  The Canterbury earthquakes showed that building 
performance varied and that the traditional approach may not deliver the desired results. 

In the past decade, Performance Based Design has gained wide acceptance in the 
engineering community worldwide.  Performance Based Design provides a framework to 
assist a building designer with assessment of building performance, given the potential 
hazard it is likely to experience.  It also allows the owner to understand and choose a 
range of performance objectives rather than being limited to a building that “meets code”.  
In the United States, Performance Based Design concepts have been in use for seismic 
engineering under the framework outlined in “ASCE 41 – Seismic Rehabilitation of 
Existing Buildings”.  

This paper compares the historical and current approaches to building design in New 
Zealand with the performance based design approaches currently used in the United 
States under the framework of ASCE 41. Examples of building performance during the 
recent Canterbury earthquakes will be used to demonstrate how a performance based 
design approach can assess performance for buildings and verify equivalent performances 
using alternative designs.         

1 INTRODUCTION  

Many factors contribute to a building seismic performance: irregularity, failure modes (ductile or 
brittle), etc.  The Canterbury earthquakes have shown that seismic performance of buildings varied 
and the traditional code design approach to seismic design may not be adequate in predicting a 
buildings performance.  In the United States, Performance Based Design has been in use for seismic 
engineering under “ASCE41 – Seismic Rehabilitation of Existing Buildings”.  Even though these 
guidelines may not always be applicable to the New Zealand, some of the concepts employed in 
ASCE 41 may help assess the performance of buildings in New Zealand.                      

2 GENERAL COMPARISON BETWEEN NZ CODE AND ASCE 41 APPROACHES:  

2.1 Explicit check for Collapse under MCE  

The NZS 1170.5 code approach uses a 2 tiered system for seismic design: maintaining serviceability 
for frequent earthquakes (Serviceability Limit State, SLS) and safe guard life during large earthquakes 
(Ultimate Limit State, ULS).  However, collapse is not explicitly considered for the maximum 
considered earthquake possible at the site.  It is implicit that buildings designed for life safely have a 
margin to prevent collapse in the maximum considered earthquakes (MCE). This is provided by the 
margins build into material and design standards.  Although, this assumption may be true for ductile 
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elements, the margin for brittle elements could be much smaller.    

2.2 System ductility and component ductility 

In traditional code approach, building lateral systems are typically classified into: brittle, nominally 
ductile, limited ductility, or ductile.  Thus, the code approach to seismic design involves selection for 
ductility of the system and associated “µ”, kµ, and Sp factors.  Capacity design philosophy is then used 
to limit the failure to elements that have the desired ductility.  For assessment of existing structures, it 
is not known how a capacity design approach was employed at the time of design, so considerable 
judgement is required to assess the ductility of the system.  As a result, certain elements may be 
unfairly penalized if a conservative “µ” factor is selected.   

Under the ASCE 41 linear procedure framework, in lieu of system ductility, the building performance 
is assessed in a component by component basis.  Brittle elements such as welds, fixings, etc. are 
classified as force-controlled whereas non-brittle elements such as flexural hinging in beams are 
classified as deformation-controlled.  Deformation-controlled elements are checked using different 
“m” factors depending on the desired performance (Immediate Occupancy, Life Safety, Collapse 
Prevention) for a certain level of earthquake shaking (10% chance of exceedance in 50 years, or 2% in 
50 years, etc.).  Forced-controlled elements, which fail in a brittle manner, are intended to remain 
elastic for all levels of earthquake shaking, thus brittle elements are often controlled by MCE level 
shaking.       

 

2.3 Understanding of Building Performance and Owners’ Choice 

A building owner may request an enhanced level of building performance in order to reduce disruption 
following a significant earthquake. In the current approach in New Zealand, building performance 
under earthquake shaking could be improved by adoption of a higher importance level. This is a valid 
approach, and design to a higher level of earthquake shaking will generally result in improved 
performance and reduced damage. 

Capacity design is a requirement of the relevant material design standards. An experienced designer, 
who has a good understanding of capacity design, can develop a well-considered and detailed 
structural system that concentrates damage in areas designed to dissipate energy and avoids 
undesirable failure mechanisms.  To quote Tom Paulay, the designer’s role is to “tell the building how 
to behave”. However, without careful consideration of capacity design, choice of structural system, 
and ductile detailing, there could be overdesigned elements which can lead to disproportionate and 
unintended damage to other primary or secondary structural elements. 

The advantage of a performance based design approach is that is that the fuses (areas where damage is 
expected, explained in following sections) are clearly identified along with the damage that can result 
from a range of earthquake scenarios. This information can be presented to the owner such that a level 
of performance can be selected to suit the owner’s requirements for safety, disruption to operation and 
budget. 

 

2.4 Case-Study Building Description 

The case-study building is a 2-story building constructed in mid 1990s in Christchurch.  The building 
is an important structure and thus was designed for Importance Level 3 (IL3). The building is 
rectangular in plan with overall dimensions 28.8m by 17.6m.  The roof height is approximately 7.6m.  

The roof is constructed of light gauge steel joists supported by 250 UB steel beams in the North-South 
direction.  The steel beams are supported by in-situ concrete columns at the north and south ends and a 
steel SHS post at the midpoint.  The east and west facade of the building consist of 150mm thick 
precast concrete walls that support the gravity load of the joists.    

The 1st floor consists of concrete topped Unispan running the east-west direction.  The slab is 



3 

supported on reinforced precast concrete beams, cast-in-place concrete columns as well as a precast 
wall at the east and west ends   

 
Figure 3.1-1: 1st Floor Plan 

 
Figure 3.1-2: Roof Plan 

The foundation system consists of a perimeter concrete ground beam and spread footings at the 
interior columns.  

There is no explicit roof diaphragm to resist the north-south direction seismic load and the load is 
distributed to interior cantilever columns and precast walls along the east and west sides based on 
tributary area.  Diagonal steel straps provide some diaphragm action for the east-west direction 
seismic load.  The 1st floor diaphragm consists of 100mm thick concrete topping. 

The lateral force resisting system above the first floor consists of a combination of precast concrete 
walls at the east and west façade and cantilever columns at interior bays above the first floor and 
precast concrete walls at the ground level.  The lateral load resisting system in the east-west direction 
consists of concrete moment frames at the ground level and cantilever columns at the 1st level.   

The lateral system of the ground level consists of concrete moment frame (MRF) in the east-west 
direction and precast concrete shear walls in the north-south direction. 
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Figure 3.1-3: Frame Elevation Figure 3.1-4: Wall Elevation 

 

2.5 Base Shear Comparison  

A 3-dimensional computer model using ETABS software by CSI Inc. is used to analyse the structure.  
Static and modal response spectrum analyses are carried out using the spectral values established from 
NZS1170.5.  The building properties are summarized in Table 3.2-1 below.   

For this paper, we will use the spectral values from NZS1170.5 as the basis for both the New Zealand 
and ASCE 41 base shear and apply the appropriate modifications for each code accordingly.  This will 
allow us to focus on comparing the system ductility approach in NZ1170.5 to the deformation and 
force-controlled action approach in ASCE 41.  The spectral values represent the design basis 
earthquake (DBE) for a higher importance facility (i.e. IL3) and represent the 1000-year earthquake.  
This approach is consistent with ASCE 41’s “Enhanced Rehabilitation Objectives”.  The spectral 
values are summarized in Table 3.2-1 below:  

 
Table 3.2-1: Building Properties and NZ1170.5 DBE Spectral Values 

0.1 sec (NS) Soil Category D 
Fundamental 
Periods 0.66 sec (EW) Seismic Hazard Factor 

(Z) 
0.3 

1.17g 
(NS) 

Building 
Seismic Weight 

4550 kN Return Period Factor 
(ULS) 

1.3 

DBE 
C(Tn) 

1.03g 
(EW) 

The NZ1170.5 demands are presented in Table 3.2-2 assuming a 1.25 ductility factor. The NS 
direction is governed by the cantilever concrete columns above the 1st floor that are spliced at the 
potential plastic hinge region and have tie spacing that does not meet code requirements for limited 
ductility. The EW direction is controlled by the singly reinforced precast panel walls with grouted duct 
starter bars at the wall base, which is consistent with recent SESOC interim guidelines.  As discussed, 
the lowest ductility factors for each direction control the design force level for all elements, regardless 
of other elements which are detailed for more ductility.   

 
Table 3.2-2: NZS1170.5 Demands 
 North-South East-West 

µ 1.25 1.25 

kµ 1.14 1.24 

Sp 0.93 0.93 

V/W 0.95g 0.77g 

 

The ASCE 41 demands are presented in Table 3.2-3 below.  The C1 and C2-factors scale the linear 
elastic deformations (and forces) to achieve the expected inelastic demands and account for pinched 
hysteretic response and strength and stiffness degradation.  The base shear demands are presented for 
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deformation-controlled actions with upper and lower bound m-factors, which will be discussed further 
in later sections, and force-controlled actions.  

 
Table 3.2-3: ASCE 41 DBE Demands 
  North-South East-West 

C1 1.01 1.10 
C2 1.00 1.02 

Deformation-Controlled Actions 

V/W, m = 2 0.59g 0.58g 

V/W, m = 6 0.20g 0.19g 
Force-Controlled Actions 

V/W, J = 1 1.17g 1.03g 
  

 

In addition to satisfying life safety (LS) performance objectives for the DBE, ASCE 41 also requires 
the designer to ensure that components can meet collapse prevention (CP) performance level at the 
maximum considered earthquake (MCE).  The MCE is approximately the 2500-year earthquake, 
which in NZS1170.5 is equivalent to a return period factor of 1.8.  To remain consistent for both 
methods, we will use the 1.8-factor to define the MCE level in lieu of 1.3 used for the DBE level, 
which increases the spectral demands by 1.4 (=1.8/1.3).    

2.6 Comparison of results: 

2.6.1 Force-Controlled Actions: 

Force controlled actions are those that tend to have non-ductile or brittle behaviour and failure could 
be catastrophic. One of the force controlled elements identified in the case study building is the 
welded connections between the flat steel bracing and steel beams at the roof diaphragm.   

Forced controlled elements are intended to remain elastic during the MCE event or the maximum 
delivered force determined using a capacity based method (e.g. connection demands may be limited by 
the expected strength of connecting member).   

Table 3.3-1 summarizes the roof brace connection check using both the NZ1170.5 and ASCE 41 
approach.  Note that the brace capacity exceeds the connection strength so we cannot limit the demand 
using a capacity based method.  In the NZ1170.5 check, the DBE demand with a ductility factor of 
1.25 was used to check the connection capacity, which passes with 130% NBS.  Note that this implies 
the connection has the capacity to remain elastic (µ = 1) under the DBE.  For ASCE 41 checks, the 
connection is controlled by the MCE demand, which suggests the connection will fail at 70% of the 
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MCE, suggesting that strengthening is required to achieve the collapse prevention performance 
objective.  Given that NZ1170.5 does not explicitly check the MCE-level, this critical structural 
weakness could be overlooked using this approach.  

 
Table 3.3-1: Welded Connection Demand and Capacity 
Demand, D 36 kN DBE connection demand from ETABs model.  
Demand, D* 50 kN MCE connection demand from ETABs model. 

Capacity, C 35 kN Welded connection capacity. 

NZ1170.5 

(Sp/kµ)D 27 kN Modified demand with µ = 1.25 

C/D = %NBS 130% Passes DBE check. 

ASCE 41 Check 
(1/J)D 36 kN Force controlled action with J=1. 

C/D = %NBS ~100% Passes DBE check. 

C/D* = MCE Check 70% Fails MCE check – brittle failure of welded connection. 

 

2.6.2 Deformation-Controlled Actions 

Deformation controlled behaviour are those types that are ductile with appropriate details to provide 
sustained energy dissipation over multiple earthquake deformation cycles. A few of the prominent 
deformation controlled elements identified in the case study building are as follows: 

• Wall panels undergoing flexural hinging governed by rebar dowel yielding in precast grouted 
duct connections.   

• Concrete MR beams exhibiting flexural hinging 

Elements with these behaviours are expected to experience inelastic deformation, incur damage (i.e. 
steel yielding, concrete cracking, etc.), but also maintain their strength over varying levels of ductility 
before ultimately losing strength.  These elements are the fuses that dissipate the earthquake’s energy 
and maintain the building’s stability.  They may require post-earthquake repair and may have 
sustained permanent residual deformations.  

The precast concrete wall checks in the north-south direction are summarized in Table 3.3-2.  For 
NZ1170.5, we have assumed a 1.25 system ductility factor for the DBE demand in the east-west 
direction.  This suggests the wall capacity is 63%NBS.   

ASCE 41 assigns m-values of 1.25 (LS) and 2.0 (CP) for jointed precast concrete walls controlled by 
flexure.  This approach suggests the wall capacity is governed by the DBE demand with 64%NBS.  
The MCE check does not govern here because the margin between the allowable ductility and demand 
was reduced because of the building’s Enhanced Performance Objective (i.e. Ru = 1.3).   

For this direction, since the lateral system consists of a single type of element, the system ductility 
approach (NZS1170) and the component ductility (ASCE41) approach yield similar results.  

 
Table 3.3-2:Wall Rebar Dowel and Grouted Duct Demand and Capacity 
Demand, D 301 kN DBE connection demand from ETABs model.  

Demand, D* 417 kN MCE connection demand from ETABs model. 
Capacity, C 155 kN Rebar dowel’s expected yield capacity. 

NZ1170.5 
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(Sp/kµ)D 245 kN Modified demand with µ = 1.25 

C/D = %NBS 63% Capacity is just shy of 67%NBS. 

ASCE 41 Check 
(C1C2/m)D 241 kN Deformation controlled action with m=1.25 (DBE, life safety). 

C/D = %NBS 64% %NBS similar to NZ1170.5. 

(C1C2/m)D* 213 kN Deformation controlled action with m=2.0 (MCE, collapse 
prevention). 

C/D* = MCE Check 73% MCE %NBS is slightly higher than DBE. See discussion. 

Results from the reinforced concrete beam in the east-west frames are summarized in Table 3.3-3.  
The beams have ductile detailing.  For NZ1170.5, we have assumed a 1.25 system ductility factor for 
the DBE demand in the east-west direction.  This suggests the beam capacity is 35%NBS.   

ASCE 41 assigns m-values of 6.0 (LS) and 7.0 (CP) for concrete moment beams with ductile detailing 
and low shear stress.  This approach suggests the beam capacity is governed by the MCE demand with 
118%NBS.  This is significantly higher than predicted by NZ1170.5, which highlights the difference 
between evaluating ductility at a system versus component level.  While certain elements may behave 
with limited ductility (µ=1.25), applying this demand to whole system can unfairly penalize elements 
that are well detailed and can achieve much higher ductilities.   

 
Table 3.3-3: Reinforced Concrete Moment Resisting Beam 
Demand, D 918 kN-m DBE connection demand from ETABs model.  

Demand, D* 1271 kN-m MCE connection demand from ETABs model. 

Capacity, C 239 kN-m Beam’s expected flexural capacity. 

NZ1170.5 

(Sp/kµ)D 689 kN-m Modified demand with µ = 1.25 

C/D = %NBS   35% Capacity is just above being considered earthquake prone. 

ASCE 41 Check 
(C1C2/m)D 174 kN-m Deformation controlled action with m=6 (DBE, life safety). 

C/D = %NBS 137% Element is okay for higher ductility demand 

(C1C2/m)D* 203 kN-m Deformation controlled action with m=7 (MCE, collapse 
prevention). 

C/D* = MCE Check 118% Element okay for high ductility demand. 

 

2.6.3 Secondary Elements 

Secondary components are those that do not contribute significant or reliable earthquake resistance 
compared to the primary lateral resisting elements.  These are usually non-structural components, 
gravity only elements, or elements that initially attract load but will deform beyond where they can 
provide sustained lateral resistance.  Some of the secondary elements identified in the case study 
building are as follows: 

• Interior concrete gravity-resisting columns. 

• Fascia precast beams with weld plate connections.  

While these elements are not intended to be part of the building’s lateral resisting system, they will 
attract load as the building displaces.  These elements should be detailed to accommodate expected 
drifts and possess the strength to withstand these loads.  
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The example in Table 3.3-4 shows the force demand versus capacity check on the welded fascia beam 
connections.  The welded plate connection tends to resist rotation flexibility between fascia beam and 
column and therefore attracts loads under building drift.  Brittle weld failure limits the connection 
strength.  NZ1170.5 checks the connection for the DBE demands using the system ductility factor of 
1.25, which shows the connection meets 20%NBS.  

ASCE 41 requires that the connection remains elastic (force-controlled) for both the DBE and MCE 
demands. This approach suggests the connection is 11%NBS.  While both methods show that the 
fascia beam is a critical structural weakness, one could imagine a situation where the connection has 
the capacity to meet the DBE but not the MCE demands.  This is a case where an explicit MCE check 
is necessary.  

 
Table 3.3-4: Welded Connection Demand and Capacity 
Demand, D 133 kN-m DBE connection demand from ETABs model.  
Demand, D* 186 kN-m MCE connection demand from ETABs model. 

Capacity, C 20 kN-m Welded connection capacity. 

NZ1170.5 

(Sp/kµ)D 100 kN-m Modified demand with µ = 1.25 

C/D = %NBS 20% Fails DBE check – brittle failure of welded connection. 

ASCE 41 Check 
(1/J)D 133 kN Force controlled action with J=1. 

C/D = %NBS   15% Fails DBE check – brittle failure of welded connection. 
C/D* = MCE Check 11% Fails MCE check – brittle failure of welded connection. 

 

2.7 Discussion of non-linear analysis 

The approaches discussed thus far are based on the simplifying assumption that we can accurately 
capture nonlinear behaviours using linear elastic results.  A more correct and direct way is to create a 
computer model that captures material nonlinearities and appropriately models the component’s 
strength and hysteretic behaviour.  This requires much more time and expertise to model, debug, 
interpret, and post-process the results, but can provide a clearer picture of the building’s expected 
performance.  This approach can provide insight on how forces are redistributed once elements 
experience ductile hinging and strength deterioration. ASCE 41-06 provides guidance to model the 
hysteretic backbone curves for various actions, but additional research is often required to capture a 
component’s hysteretic behaviour.  

The nonlinear approach is only useful if ductile mechanisms can be developed.  If it is clear that a 
structure is governed by a brittle, force-controlled action that pre-empts ductile actions, then a 
nonlinear model will be a waste of time and simply produce the same results as a linear model.   

3 CONCLUSIONS 

• Understanding the building’s performance at multiple hazard levels and ensuring that it is 
acceptable for its use is the fundamental philosophy of performance based design.  At a 
minimum, the building should have the strength to ensure life safety for the DBE, but it should 
also have the ductility to prevent collapse at the MCE.   

• Brittle, force-controlled actions should be protected from failure at both DBE and MCE 
demands. Capacity based methods can be used to limit demands in these elements.  

• Ductile, deformation-controlled actions are fuses in structures that absorb the earthquake’s 
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energy and protect other brittle actions.   

• Secondary elements such as gravity framing and cladding should also be checked for strength 
and deformation compatibility at expected MCE drifts.  Failure of these elements could lead to 
life safety or collapse hazards  

• The component-based ductility approach in ASCE 41-06 allows the user to evaluate each 
element based on its ability to deform in a ductile manner and absorb damage.  All elements 
and behaviours are not treated the same and deformation capacities are based on detailing, 
actions, and consequences of failure.  This allows more leniency in the assessment of ductile 
elements, which is an advantage over using the single system ductility approach.  

• The example illustrates that ASCE 41 and NZ1170 sometimes yield similar results, but there 
are notable exceptions where NZ1170 does not identify CSW’s (especially for MCE ground 
motions) and other exceptions where NZ1170 may significantly penalize components 
compared to ASCE 41 (especially ductile components in system that has some brittle 
elements). 

• The PBD approach provides a framework which can be helpful in assessing and 
communicating levels of building performance for varying hazard levels. 

• Good design using a system ductility approach and capacity design principles will provide 
reliable building performance. PBD is intended to more explicitly and rigorously detail how a 
building will perform at a range of hazard levels. 

• It seems reasonable to conclude that PBD would have made a difference in Christchurch, 
simply based on the interim design guidelines from SESOC and the DBH stair advisory. 
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