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SUMMARY 
 
The New Zealand Engineering Assessment Guidelines for existing buildings were updated in 
2017 to accompany the enactment of amended legislation re-defining earthquake prone 
buildings and regulating their management. This paper reviews the effectiveness of Part C of 
the Guidelines at achieving the objectives set out in Part A by reviewing expected margins 
between ultimate capacity and collapse, and by estimate of collapse probabilities for concrete 
buildings assessed and rated in accordance with the Guidelines (using the updated chapter 
C5). The review focuses on concrete buildings, and the impacts of global mechanism 
behaviour on the effectiveness and uniformity of %NBS ratings. It suggests that some soft 
storey mechanisms see comparatively poorer performance for similar %NBS. Comparisons 
with the ASCE 41 multi-objective approach are provided for context. 
 
INTRODUCTION 
 
The motivation for this paper is to explore the effectiveness of the current guidelines in 
achieving a relatively uniform and consistent assessment of %NBS for buildings which have 
similar collapse risks. The purpose is to promote continuous improvement to our assessment 
guidelines and the way that they are applied, to ensure that the most at-risk buildings are 
identified and prioritised for timely improvement, at the same time as minimising mis-guided 
prioritisation from “false positives”. 
 
This paper’s focus is limited to concrete buildings and the use of the revised chapter C5 with 
chapters C1, C2 and C3 (general, analysis provisions and seismic loading), and more 
specifically the column provisions (both loss of lateral capacity and loss of axial capacity). The 
principles may be applied to other building types where there is knowledge of the levels of 
confidence used in setting the acceptance criteria for assessments. 
 
The paper begins with a review of global performance objectives, followed by a simple 
diagrammatic review of how margins in component capacities affect global collapse margins 
(to the median expected point of lateral or axial failure leading to partial or full progressive 
collapse). It then presents a more detailed perspective using integrated collapse probabilities 
for beam/mixed sway and soft storey mechanisms for reinforced concrete frames. These are 
interpreted against the principle objectives prefaced, as well as via the relative performance of 
buildings with different characteristics in different areas of NZ (but given the same %NBS). 
This approach has also enabled a review of the CP performance level multipliers of 1.8 x ULS 
for NLRHA tier 3 assessments carried out to ASCE 41 using clause C1.6.2. 
 



PERFORMANCE OBJECTIVES FOR NEW AND EXISTING BUILDINGS 
 
Objectives and Functional Requirements of the NZ Building Code 
 
Detailed performance objectives in the verification methods (design standards) respond to the 
functional requirements of the building code, and ultimately the NZBC objective which simply 
requires buildings to have a low probability of collapse. Precedent in international standards 
and ALARP principles for managing risks generated from human activities (constructing 
buildings in hazardous areas) have led to an interpreted objective of 10-6 annualised fatality 
risk to meet the building code requirement (Standards New Zealand, 2016). The NZS 
1170.5:2004 commentary suggests that annualised collapse probabilities of 10-4 to 10-6 
(inclusive of examples of non-compliant design/construction) are likely to achieve this. 
 
Meeting the Functional Requirements with ULS Design to NZS 1170.5 Objective 2 
 
New building design is based on an ultimate capacity to resist demands from earthquake 
shaking representing a 1/500 Annual Exceedance Probability (AEP)—clearly requiring 
substantial additional collapse margins to meet the objectives. As is well understood, these are 
provided by reliability margins in material properties and strength, margins in inelastic 
deformation capacity limits, and additional detailing requirements which result in robust 
detailing tolerant to uncertainty in analysis, boundary conditions, soil structure interface 
behaviour, and action effects not explicitly accounted for. Importantly, only certain global 
inelastic mechanisms are permitted to ensure that the component strength and deformation 
limits and associated margins deliver the approximate margins required globally. The 
component deformation limits and restrictions on permissible collapse modes work together. 
 
The US Approach to Setting and Meeting Performance Objectives for New Buildings 
 
For new buildings, the stated objective is a 1% probability of collapse in a 50-year life 
(ASCE/SEI, 2017), achieved by initially targeting a 10% probability of collapse under MCE or 
2500-year return period ground motions. However, the MCE motions are adjusted in order to 
achieve a more uniform 1% collapse probability over a building’s life by applying an adjustment 
based on an estimate of the collapse probabilities which result from applying this initial target. 
This uses a generic fragility model of a buildings collapse capacity, integrated with regional 
hazard curves over the full range of return periods (Luco, et al., 2007) (ATC/FEMA, 2009). The 
MCE motions are then risk adjusted by mapped factors, such that targeting a 10% probability 
of collapse under the adjusted MCER motions should more uniformly achieve the 1% 50-yaer 
collapse probability across various regions. 
 
To achieve this target, the design level motions are typically set to be 2/3 of MCER, such that 
there is a consistent 1.5 margin between the design motions and MCER. Generally similar 
provisions exist between New Zealand and US design and material standards regarding 
strength and deformation capacity margins, and permissible mechanisms of collapse. The 
unreduced MCER motions are used for some design provisions. 
 
The key differences are the use of MCER (nominally 2500-year return period motions) and a 
uniform reduction factor off which to base the design for ultimate capacity—as opposed to the 
New Zealand use of 500-year return period motions—to achieve the performance objective. 
 
The US Approach to Assessment and Retrofit of Existing Buildings 
 
For existing buildings, performance requirements set by the BSE-2E objective (collapse 
prevention performance level) (ASCE/SEI, 2017) are for the 1000-year return period motions 
rather than the 2500-year return period motions used for new building design. This, along with 
the 25% capacity exceedance probabilities used to set the collapse prevention or CP 



component acceptance criteria, implies collapse probabilities over a 50-year life of perhaps up 
to 5% rather than the 1% target used for new designs. This is an explicit concession clearly 
acknowledged and deemed appropriate for management of existing buildings (ASCE/SEI, 
2017). A further key difference between NZ and US practice is the use of a multi-objective 
assessment for existing buildings, using two performance levels (LS and CP) at hazards 
representing the ULS and MCE motions respectively rather than only one performance check 
at the lower ULS return period. The ASCE 41 Tier 3 NLRHA approach can be used to comply 
with the EPB methodology. However different (higher) performance objectives are set by 
clause C1.6.2 (NZSEE, 2017). 
 
The US Approach to Performance Based Design of New Buildings 
 
For performance based designs falling outside the more prescriptive codified methods (e.g. 
tall buildings), generally only MCER motions and Service-Level Earthquake (SLE) motions are 
considered; acceptance criteria (such as strain limits) are set in order to target 10% probability 
of collapse under the MCER motions (PEER, 2017). Ultimate capacities assessed against a 
reduced demand (similar to our ULS performance level as stated above) become irrelevant 
and are dispensed with. Service level motions are considered against limits focussed around 
damage avoidance or limitation (requiring essentially elastic response). 
 
Concluding Remarks on Performance Objectives 
 
It is not possible to conclude categorically what the targeted collapse probabilities are for fully 
compliant B1/VM1 designs to the New Zealand Standards (beyond the simple NZS 1170.5 
ULS Objective 2) and a detailed review is outside the scope of this paper. However, to provide 
a qualitative comparator to the collapse probability estimates contained within this paper, it is 
suggested that perhaps for new designs a 1-2% probability of collapse in a 50-year life (based 
on NZS 1170.5 hazard outside the low seismicity areas) is reasonably expected. 
 
For existing buildings, given the overall objectives described in Part A (NZSEE, 2017), the clear 
message that the full spectrum of shaking must be considered, against the concessions given 
to relaxation in material safety factors and the like, the authors qualitatively suggest that 
probabilities of say 2-5% are being considered to constitute effective equivalency to new 
building designs (i.e. deserving of an Assessed Seismic Rating of 100%NBS). 
 
THE APPROACH TO COLLAPSE MARGINS IN THE NZSEE GUIDELINES 
 
Margins Provided for an Assessment at ULS Shaking 
 
Margins are generally provided for explicitly at a component level, though conservatisms in 
analysis procedures will also have some impact, discussed under the Analysis Methods 
subheading following. For components, probable strengths of brittle behaviours (such as 
shear) are reduced to provide a higher level of reliability on the calculated strength being higher 
than the actual strength. For ductile behaviours such as flexure, probable or expected 
strengths are used and instead the expected inelastic deformation capacities are reduced to 
provide reliability appropriate for the ultimate limit state. Further information can be found in 
(Opabola & Elwood, 2018). 
 
It is noted that the focus appears to be predominantly on managing the likelihood that the 
calculated ultimate capacity (to be compared with 100% ULS demand) turns out to be less 
than the actual capacity—set to 10% for the case of loss of axial capacity of non-ductile 
columns (Opabola & Elwood, 2018). It is less focussed on any explicit assurance that sufficient 
(albeit reduced) reliability exists when increased displacement demands are encountered—in 
order that the primary objectives as set out in the prior section can still be met. In ASCE 41, 
this is managed by the multi-objective assessment approach. Secondly, it is noted that margins 



built into inelastic deformation capacities may less effective (at maintaining sufficiently low 
probabilities of collapse at higher displacements) where inelastic displacement capacity is a 
small proportion of total displacement – such as is likely to be the case for soft story behaviour. 
A key focus of this paper is to investigate the significance of these two potential/perceived 
shortcomings. 
 
Severe Structural Weaknesses 
 
An assessment controlled by a Severe Structural Weakness should see increased margins 
and reduced collapse probabilities (possibly substantially) compared to other buildings with the 
same %NBS rating (after applying the 0.5 SSW factor to the global total displacement 
capacity)—provided that reasonable efforts have been made to assess their ultimate capacity 
(which encompasses higher uncertainty by the SSW definition). It is noted that the revised non-
ductile column definition now includes poorly confined columns with axial load ratios down to 
0.2 Ag f’c (NZSEE, 2018) which will affect more assessments. However, for space reasons, no 
further consideration is given in the paper (other than some brief notes in Table 2). 
 
OTHER AREAS INTRODUCING OR AFFECTING MARGINS 
 
The following factors are not explicitly considered by the paper (by calculation). However, they 
could have important impacts on overall expected levels of performance and the interpretation 
of the calculated output presented later. Therefore, brief discussion is provided for context. 
 
The Structural Performance Factor, Sp 
 
This factor accounts for favourable effects known to be present but not explicitly quantified—
though the purpose for its introduction, the relative impact of the various contributors and the 
actual appropriate value of it is frequently debated. These effects include additional sources of 
damping (including non-structural and foundation damping), and also the reduction from the 
single peak intensity to the effective “average peak” response over a number of cycles, being 
a better representation of the cyclic actions which ultimately lead to strength and stiffness 
degradation in ductile structures (not applicable to brittle structures) (Standards New Zealand, 
2016). In recent times, the latter effect is perhaps more commonly cited, with the factor being 
entirely divided out for deformation critical elements (such as ledges or sliding connections). 
 
For the purposes of the remainder of this paper, the factor is assumed to reasonably closely 
represent the reduction from peak elastic accelerations to “peak average” deformation 
demands—such that the benefit is offset by the associated reduction in provided capacity, and 
no further explicit consideration beyond this acknowledgment is given. Potentially detrimental 
duration effects are set aside, and the question of soil structure interaction is addressed 
separately in the following section. 
 
Soil Structure Interaction 
 
Assuming first that appropriate consideration of stiffness/flexibility at the soil-structure interface 
has been included in assessments (along with any major hysteretic foundation damping, if 
applicable), the beneficial effects of soil structure interaction such as inertial effects (radiation 
damping) and kinematic effects (including base averaging and embedment) (NIST/NEHRP, 
2012) are perhaps not well captured by the Sp factor—as they are not necessarily a function 
of superstructure ductility. In fact, the benefits of inertial SSI effects are greatest for stiff squat 
buildings (NIST/NEHRP, 2012). 
 
Therefore, it should be noted that some typologies such as low ductility, stiff squat buildings 
could see better performance as a result of these effects than that presented later unless 
explicit account is taken, whereas mid- to high-rise moment frames for example may not. 



Analysis Methods 
 
There are a reasonable number of areas within analysis procedures where conservatisms or 
non-conservatisms arise as we manage the predictive capabilities of various analysis types. 
One of the more notable effects observed in our assessment work is the scaling of MRSA base 
shears to equal the ESA base shear (using 100% of the structure weight). Typical scale factors 
of 1 to 1.3 are possibly an appropriate safety margin considering irregularity and some 
dynamic/non-linear effects not considered (and in any case are not overly penalising). 
However, in some cases, factors between 1.5 and 2.0 have been obtained—which has resulted 
in considerably higher demands (displacements and base shears), than those obtained from 
other methods including non-linear response history analysis. Conversely, displacement-
based techniques can be based on the effective mass for structures with more than 4 
suspended stories and so do not benefit from the same conservatism. 
 
Torsional Eccentricities 
 
Inclusion of accidental torsional eccentricity has the effect of increasing strength requirements. 
This would likely reduce collapse probabilities of a population of buildings assessed including 
0.1B torsion (which is a high allowance by international standards). 
 
Displacement based approaches, despite their benefits generally, appear to require lower 
penalties for torsion than force-based modal or static approaches for some of the more severe 
cases of unrestrained torsion. The 0.1B accidental eccentricity requirement is effectively 
removed and up to 0.025B inherent eccentricity can be accepted and not allowed for. For 
longer period structures where the effective period is greater than the NZS 1170.5 corner 
period of 3s, it is also noted the use of the Absence of Strength Eccentricity Method should not 
be used—as no penalty will result (or very little where there is a near fault factor). 
 
Therefore, caution is advised in the use of displacement-based approaches that the analysis 
margin is not eroded too much by these simplifications—particularly for structures with some 
irregulates present and inelastic unrestrained torsional behaviour which are perhaps the most 
susceptible to poor performance (the 10% accidental eccentricity is perhaps best retained for 
all methods). 
 
REVIEWING COLLAPSE MARGINS WITH SIMPLE DBA 
 
To convey the perceived inconsistencies in collapse margins achieved for different global 
mechanism types (with the same %NBS), a set of diagrammatic illustrations has been 
prepared. Figure 1 illustrates the difference in margins available between mixed mechanisms 
and soft story mechanisms for flexural behaviour. The first diagram might also apply if isolated 
secondary columns had either flexure or shear failures, with the assessment controlled by loss 
of axial capacity provisions. As an interpretive aid, lognormal probability density functions have 
been overlaid, fitting the NEES ACI 369 Rectangular Column Database for columns not 

controlled by inadequate splices ( = 0.6) (ASCE/SEI, 2017). 
 
Margins between the ultimate deformation capacities and median deformations at loss of 
lateral capacity are are illustrated – assuming that it is lateral capacity which is governing the 
assessment. These deformation limits are set based on a 25-30% exceedance probability; and 
these diagrams assume that the assessor has spent considerable effort maximising the 
calculated capacity (by redistribution, etc.). The assessment could alternatively be governed 
by the provisions for ultimate deformation capacity at axial load failure (for secondary or 
isolated columns not contributing significantly to lateral strength). Margins are illustrated for 
this case also, which are larger as the limits are set based on 10% exceedance probabilities. 
Further detail on the derivation of these parameters and how they were selected can be found 
in the following section including Table 1. 



 

Figure 1: Simple schematic illustration of the effectiveness of margins provided in inelastic deformation capacities, 

in combination with use of probable flexural strengths. Example with distributed plasticity indicates margins of 

around say 1.2 to 1.5 from ultimate capacity to estimated (median) collapse (measured by total displacement 

capacity, and dependent on what has controlled the assessment of ultimate displacement capacity). Example 

columns sway with low global displacement ductility sees substantially reduced margins of say 1.1 to 1.2. 

 

Figure 2: Simple schematic illustration of margins in shear controlled soft stories are more difficult to develop, and 

are likely to be subject to increased uncertainty in secant stiffness to shear failure (“yield drift”). Examples given 

assume 0.5% yield drift (at shear failure) – indicating reduced margins where the story shear capacity is 

controlled by column shear capacities margins similar to those reductions for flexurally controlled soft stories with 

low global ductility capacity. Local shear failures in mixed mechanisms assessed using provisions for “ultimate 

deformation at loss of axial capacity” would behave more as per Figure 1. 



REVIEW OF COLLAPSE PROBABILITIES IN BUILDING ASSESSMENTS 
 
Whilst the simple review of collapse margins in the preceding section is useful for illustrative 
purposes, the outcome ultimately sought is a rating index (in our case, in the form of a %NBS 
Assessed Seismic Rating) which is reflective of the actual probability of collapse over the full 
range of potential shaking hazard—and which represents the actual risk to life safety. 
 
This requires consideration of the distribution of hazard (likelihood of greater or lesser 
displacement demands), and the considerable uncertainties associated with estimation of 
capacities. These uncertainties include the prediction of mechanism strengths and the 
uncertainty in the actual mechanism of behaviour versus that predicted (i.e. mode of collapse). 
It also includes the significant uncertainty in the assessed deformation capacity before loss of 
significant lateral capacity (leading to excessive lateral displacements and collapse), or local 
loss of gravity support, leading to partial or progressive collapse. 
 
In this section, collapse probabilities are estimated for a suite of example assessed building by 
integration of seismic demand hazard curves with fragility functions of controlling components. 
The primary intent is to investigate the impact of the two primary modes of collapse important 
for columns, being mixed sway mechanisms with distributed inelasticity, and soft storey 
mechanisms with concentrated inelasticity. The collapse probabilities are calculated for a 
period of 50 years. The annual exceedance probabilities are first generated from NZS 
1170.5:2004 (Standards New Zealand, 2016), which is the basis for the ratings. They are also 
subsequently calculated using some generic regional site-specific spectra (Bradley, 2015) 
(Bradley & Tarbali, 2017). 
 
Calculation of Collapse Probability 
 
The method employed is the same method used in ASCE 7 (since ASCE 7-10) to adjust the 
ground motion hazard maps for a uniform targeted collapse risk (Luco, et al., 2007). It takes 
the following form: 

𝑃[𝐶𝑜𝑙𝑙𝑎𝑝𝑠𝑒] =  ∫ 𝑃[𝑆𝐴 > 𝑐] 𝑓𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑐) 𝑑𝑐
∞

0
    (Eq. 1) 

  

𝑃[𝐶𝑜𝑙𝑙𝑎𝑝𝑠𝑒 𝑖𝑛 𝑌 𝑦𝑒𝑎𝑟𝑠] =  1 − (1 − 𝑃[𝐶𝑜𝑙𝑙𝑎𝑝𝑠𝑒])𝑌   (Eq. 2) 
 
Fragility functions for deformation capacities 
 
Uncertainty in mechanism strength and deformation capacities are represented by fragility 
functions fCapacity(c) representing the actual capacity, c. These are defined by lognormal 
probability density functions, anchored on calculated collapse capacities at a defined 

probability of exceedance 𝑐𝑃𝐸%, with uncertainty represented by the factor . The function 

𝑛𝑆𝐷(𝑃𝐸%) is the number of standard deviations below the mean (normally distributed) for the 
selected probability of exceedance 𝑃𝐸%, (1.28 for the 10th percentile). 
 

𝑓𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑐) = ∅ [
ln 𝑐−(ln 𝑐𝑃𝐸%+ 𝑛𝑆𝐷(𝑃𝐸%)𝛽 

𝛽
]

1

𝑐𝛽
 , ∅[. ] is the standard normal PDF, (Eq. 3) 

  
The calculated capacity is taken as equal to the displacement demand at the assessed 
%NBS rating (on the assumption that at that precise level of shaking, the assessor has found 
that the limiting component has reached its capacity). For illustrative purposes the functions 
are most helpfully presented as ratio of the actual collapse capacity divided by the calculated 
collapse capacity (however in the integrations, the actual capacities are used). 
 
The examples shown in Figure 3 represent component fragility functions used for assessments 
where the acceptance criteria are set by exceedance probabilities (the probability that the 
calculated capacity has overestimated the collapse capacity) of 0.1 (the target value for loss 



of axial capacity of columns in equation C5.59 of Section C5 2018); and 0.3 (the target value 
for loss of significant lateral strength in equation C5.33 of Section C5 2018) (Opabola & 
Elwood, 2018) (ASCE/SEI, 2017). Exceeding either of these capacities could lead to partial or 
complete collapse, though loss of lateral strength would need to occur over a significant 
proportion of elements to significant impact the global lateral strength.   

 

Figure 3: Probability functions for components with capacities (acceptance criteria) based on a probability of 

exceedance  of 10% (left); and 30% (right); c is the actual capacity 

 
For this paper, we have chosen to generate fragility functions based on component 
deformation capacities (not overall building collapse fragilities), as this allows us to make use 
of reasonably robust datasets concerning deformation capacity of concrete columns to set the 
fragility functions (ASCE/SEI, 2017) (Opabola, et al., 2018) (Opabola & Elwood, 2018). The 
seismic demand curves are transformed to represent local component demand (i.e. storey 
displacement demands) by overlaying the mechanism type and the displacement ductility 
capacity at the assessed %NBS. This transformation is described in the following section. 

Table 1: Fragility functions adopted for concrete columns assumed to govern assessments 

 
 
The fragility functions used for columns are shown in Table 1. For some of the subsets of 
column data, lower variability is shown to result (coefficients of variation as low as 30%). 
However, there is increased uncertainty in columns in buildings subject to seismic demands, 
as the conditions are different to laboratory tests, many of which do not include effects such 
as varying axial load or bidirectional effects (Boys, et al., 2008), or degradation from particularly 
long duration motions. Therefore, we considered a broader range of uncertainty than than 
obtained from the published analysis on component test data, to consider sensitivity to this 

parameter . Though simplistic, this larger range of variability is also intended to allow for other 
factors affecting the probability distribution of actual versus calculated total deformation 
capacity, such as the relative proportions of elastic and inelastic demand on a given column 
sub-assemblage, and the uncertainty in yield displacements (Elwood & Eberhard, 2009). 
 
It is noted that despite the above comment regarding effects not captured in laboratory testing, 
the exceedance probabilities of calculated capacities themselves have not been adjusted for 
the following reasons: 

• For loss of lateral load, our experience indicates that assessments will generally 
cautiously estimate the actual point at loss of lateral strength, due to rationalisation of 
assessment efforts and necessary simplification. 



• Residual strength exists beyond the nominal 80% limit used to define the point of loss 
of lateral capacity. 

• For loss of axial capacity, few tests have been progressed to the point of actual axial 
load collapse to avoid damage to equipment, or other factors related to experimental 
setup. Therefore, there is a qualitative margin between reported “end of test” and the 
actual drift at which an axial failure would be expected to occur (ASCE/SEI, 2017). 

 
Seismic Demand 
 
Hazard curves are generated for elastic 5% damped spectral accelerations and displacements. 
In order to transform this into component demand, a matrix of concrete frame buildings was 
compiled, identified by a simple set of characteristics: number of stories, clear height of a 
column sway mechanism (for those situations where a soft storey mechanism was to be 
assumed), yield drift, and initial period. The displacement ductilities for the systems are 
determined from the displacement demand relative to the yield drift. Each building was tested 
with both beam sway and soft storey mechanisms. 
 
Global Displacement Demands for Elastic and Inelastic Systems 
 
For determining displacement demands on inelastic systems, two methods were used. The 
first was the conventional force-based approach using the constant displacement assumption 
thus giving the same displacements for an elastic system as an inelastic system, all other 
parameters remaining the same. The second method used a displacement-based approach, 
effectively a simplified single degree of freedom SLaMA analysis, iterating to a solution based 
on effective stiffness and damping. The resulting demand curve is a composite of hazard 
curves as the displacements and effective periods increase. Medium-high damping from 
Section C2 of the NZSEE guidelines was used (NZSEE, 2017). 
 
Generally, the SLaMA method results in slightly larger predicted displacement demands for 
inelastic systems than the constant displacement assumption. SLaMA displacements become 
much larger when the implied displacement ductility is very high (>6) and maximum damping 
is reached, but this is usually beyond the demand/calculated capacity ratios contributing most 
to likely collapses—and so the difference in results obtained by the two methods are less than 
what difference in the two demand curves in Figure 4 imply, and the overall results are 
reasonably similar. For space reasons only the DBA/SLaMA results are presented (considered 
to be more appropriate). 
 
Determining Storey Displacement Demands 
 
Capacities are equated to a global displacement demand at the assigned %NBS rating by 
definition. Therefore, there is initially no need to resolve demand curves for global 
displacement demand into a storey displacement demand, as the displacement capacity is still 
set to be equal to that demand. This assumes, perhaps simplistically, that the distribution of 
displacements across stories is similar for varying levels of global displacement demand. 
Beam sway mechanisms were assumed to develop an inelastic mechanism which is 
sufficiently close to the elastic displaced shape that no adjustment is needed to demand curves 
(apart from transforming them into the displacement spectrum by the method described in the 
previous section). 
 
For the tests with a soft storey mechanism in one of the lower floors, all global inelastic demand 
was concentrated in that level. This was implemented by amplifying the displacement demand 
by the ratio of the effective mass height over the mechanism height, for the increment of 
displacement demand which was beyond the yield displacement. This is the reason that 
displacement ductilities less than 1 are reported in the results tables—for example if the system 
yield displacement is twice the assessed capacity (perhaps indicating a poorly confined 



secondary column or short column controls the assessment), then the displacement ductility 
at the assessed capacity is recorded as 0.5. Where the assessed ductility capacity of the 
mechanism is greater than 1, the amplified curve is factored to ensure that the exceedance 
probability when demand matches the assessed displacement capacity is consistent, i.e. as 
per the assessed %NBS rating. These adjustments reflect the way in which storey 
displacement demands vary with different global displacement demand for soft story 
mechanisms, as shown in Figure 4. 
 
It will be noted that for soft story mechanisms with at least some system ductility capacity, 
displacement demands which are less than the assessed capacity come with lower 
exceedance probabilities than their unadjusted beam sway counterparts. This is the penalty 
associated with concentration of inelastic demand (which has already penalised the global 
displacement capacity used for the assigned %NBS rating) working in reverse; it is important 
when it comes to integrating with collapse fragilities to arrive at overall collapse probabilities. 
 

  

Figure 4: NZS 1170.5 Hazard curves for component demand (normalised to assessed displacement capacity); 

storey displacement demands for a 100% NBS (IL2) 6 storey concrete frame in WGTN, with T1 = 1.2s; Site 

Subsoil Class C with sys = 1 (left), and Site Subsoil Class D with sys = 1.5 (right); SLaMA uses Med-High 

damping 

Test Buildings 
 
Test buildings were generated for Auckland and Wellington. the storey height was set to be 
3.8m, and the clear height for a soft storey was taken to be 3m. The initial period was estimated 
using empirical relationships for concrete frame buildings. Therefore, the primary variables 
were the number of stories and the yield drift. Yield drifts of 1.0% and 0.7% were used for the 
Auckland and Wellington buildings, respectively. Calculations were completed assuming 
different assessed %NBS ratings, 20%, 33%, 67% and 100% (i.e. calculated capacities). 
 
As the displacement ductilities fall out of the displacement demand relative to the yield 
displacement assigned, a separate set of buildings was tested with arbitrarily selected system 
displacement ductilities of 1 and 2 to specifically control ductility as a variable. This was 
primarily for illustrative purposes, given the relatively limited range of system displacement 
ductilities captured by building examples listed above—and it should be noted that the yield 
drifts inferred by the arbitrarily selected values were lower in some cases than what would be 
generally encountered, particularly for low %NBS ratings in Auckland. 
 
Estimated Collapse Probabilities of Ductility 1 and 2 Buildings (NZS 1170.5:2004 Demands) 
 
The results from buildings with displacement ductilities set to precisely 1 and 2 are shown in 
Figure 5, and are presented as ratio of the collapse probability obtained for a soft storey 

mechanism versus that of a mixed mechanism, using the average result from the three  
values considered. Full results are presented for 3 selected notable results in Table 2. The 
results were not found to be sensitive to the chosen beta value over a reasonable range. 
 
The results show that buildings which could develop a soft story, particularly taller buildings, 
are likely to have higher collapse probabilities than a mixed mechanism given the same %NBS, 



when the assessed ultimate ductility capacity is low i.e. close to 1 (including when found to be 
limited to essentially elastic behaviour), possibly increasing by a factor of 1.2 to 1.8. P-Delta 
and resulting ratcheting effects were not included, which would likely increase this difference. 
 

 

Figure 5: Comparison of collapse probabilities obtained for beam sway mechanisms and soft storey mechanisms, 

for otherwise similar buildings, for assessed ductility capacities of 1.0 and 2.0.  Adjusted datapoints had the 

%NBS reduced by the multiplying the demand by a possible soft story performance factor (right). 

 

Table 2: Estimated 50-year collapse probabilities for three example datapoints used to generate Figure 5, for 6 

storey buildings. MOD refers to assessments where the performance factor shown in Figure 5 was applied. 

 
 
The results are somewhat dependent on the acceptance criteria confidence. It is likely that soft 
storey %NBS assessments are controlled by loss of lateral capacity (rather than axial failure 
of a degraded column no longer contributing to lateral resistance), for which the exceedance 
probability is about 25-30% at the calculated capacity. The authors consider it just as likely that 
closer to 10% exceedance probability are achieved at the assessed %NBS for loss of lateral 
capacity (rather than 30%), due to the rationalisations observed in real assessments when 
assessing the capacity of elements across an entire storey. Whilst this implies lower collapse 
probabilities overall (central table, Table 2), low ductility column sway mechanisms enjoy less 
of a reduction due to the concentration of any excessive inelastic demand in the soft storey, 
and the resulting high collapse probability contributions from displacement demands greater 
than the assessed capacity. Figure 6 illustrates these effects leading to this disproportionately 
high collapse risk, which corresponds to the central table within Table 2. 
 

 

Figure 6: 6 Storey building, ductility 1, with EP 10% for a 100%NBS rating (central table in Table 2). The bump to 

the right of the right hand figure (where collapse probability distributions for soft storey and mixed mechanisms 

diverge) is due to the disproportionate increase in displacements demands beyond the yield deformation. 



 

Figure 7: Demand curve and collapse probability distribution for 6 Storey Frame (yield drift 0.7%), WGTN Site 

Subsoil Class C, 67% NBS (IL2); ratio of assessed global displacement capacity to yield displacement 0.9. Note 

the bump in the right of the right hand figure as discussed under Figure 5 representing soft storey development. 

 

 

Figure 8: Demand curve and collapse probability distribution for 6 Storey Frame (yield drift 1.0%), AKL Site 

Subsoil Class C, 67% NBS (IL2); ratio of assessed global displacement capacity to yield displacement 0.2 

(implying that the rating must be heavily governed by a local column deficiency, perhaps a short column or infill 

wall rather than the global capacity of the sway mechanism). Even if a soft storey might form eventually, the 

change in demand at that point is too far beyond the assessed capacity of the limiting element to contribute. 

 

Figure 9: Demand curve and collapse probability distribution for 6 Storey Frame (yield drift 0.7%), WGTN Site 

Subsoil Class D, 100% NBS (IL2); ratio of assessed global displacement capacity to yield displacement 2.1; for 

soft stories, the improved reliability at displacements demands lower than the assessed displacement capacity 

results in similar estimated collapse probabilities to mixed mechanisms (given the same %NBS), i.e. the entire 

probability distribution is shifted to the right (rather than exhibiting the bump shown in Figure 6 and Figure 7). 

 
 
 



Estimated Collapse Probabilities of Test Buildings (NZS 1170.5:2004 Demands) 
 
The resulting estimated collapse probabilities for the suite of AKL and WGTN test buildings are 

presented in Figure 3 for the average of the  values considered. Component (storey) 
displacement demand curves, and collapse probability distributions are presented in Figure 7, 
Figure 8 and Figure 9 with commentary for some of the notable results (being expressed as a 
function of ratio of displacement demand to calculated capacity). Corresponding collapse 

probabilities for these examples including all  values considered are given in Table 3. 
 
It is noted that the use of acceptance criteria with 25% exceedance probability, with 1.8 x ULS 
shaking for ASCE 41 tier 3 assessments results in more consistent assessment of collapse 
risk across mechanism types – and are systematically conservative compared with the 
application of the Engineering Assessment Guidelines. A 1.5 factor would be more consistent, 
still giving lower estimated collapse probabilities than the Guidelines. 
 

 

Figure 10: Estimated collapse probabilities obtained from example assessments governed by column acceptance 

criteria (assuming 10% exceedence probabilities) for beam sway mechanisms (mixed), and column sway 

mechanisms; for assessments to NZSEE C5 Yellow (2018), and ASCE 41-17 using CP performance level with 

multipliers on ULS shaking of 1.8 (current requirement) and 1.5 (proposed). 

 

Table 3: Estimated 50-year collapse probabilities matching Figure 7, Figure 8 and Figure 5 respectively 

(comparing beam sway with column sway mechanisms). MOD denotes that a column sway performance factor 

has been applied to the demand side (refer to Figure 6). 

 
 
Estimated Collapse Probabilities Using Regional Site-specific Hazard 
 
The use of generic site specific spectra (Bradley & Tarbali, 2017) did not appear to significantly 
affect the difference in outcome between mixed and soft storey mechanisms as presented in 
Figure 5. However only AKL Class C and WGTN Class C and D spectra were compared. As is 
to be expected, the biggest change to the results presented previously is in the absolute 50-
year collapse probabilities when ratings (i.e. capacities) are assumed to be set based on NZS 
1170.5:2004 spectra, but where the site-specific hazard curves are used. The results in Figure 
11 are self-explanatory, arising from deterministic lower limits setting the NZS 1170.5 hazard 
in Auckland, and the underestimated Wellington hazard known to be a poor reflection of the 



current state of knowledge. None of the modifications for basin edge effects currently tabled 
for inclusion in future loadings standard revisions are included. 
 
Whilst acknowledging that it is a question of both risk and consequence (and noting the 
limitations of this study to concrete column performance), Figure 11 shows vividly that the 
%NBS (particularly if determined using NZS 1170.5:2004) does not necessarily deliver the best 
allocation of limited resource (not to mention financial hardship). Nor can it be the one single 
answer to all questions of risk, which are born out of many different contexts. 

 

Figure 11: Estimated collapse probabilities generated in a similar manner to Figure 10, using %NBS ratings 

assigned based on NZS 1170.5:2004 spectra, however using demands calculated from regional site specific 

spectra (Bradley & Tarbali, 2017). Note that heightened risks from basin edge effects are not included. 

 
CONCLUSIONS 
 
The results in this paper should be interpreted with due consideration of the complexity 
associated with prediction of collapse probabilities. The relative comparisons are likely to be 
the most useful. For reinforced concrete frames in which a soft storey mechanism is not 
suppressed, it is shown that compared to frames where a beams sway or mixed mechanism 
is more likely, there is a significantly reduced margin to expected collapse. This is due to the 
concentration and disproportionate increase in inelastic demand in the soft storey for motions 
which are greater than that used for assessment (i.e. ULS motions). 
 
The greatest unaccounted risk lies with structures with an assessed global ductility capacity of 
close to or slightly less than 1.0; which includes assessments limited to elastic actions (and for 
which a column sway is not shown to be suppressed under higher demands). This includes 
assessments finding columns to be predominantly shear controlled. The collapse probabilities 
of such systems could be 20-80% higher than mixed mechanisms with the same %NBS. 
Assessments finding soft-storey mechanisms with a global ductility capacity of greater than 2 
or even 1.5 (likely to have relatively well detailed columns to achieve these capacities) should 
have similar collapse probabilities as mixed mechanisms given the same %NBS. 
 
In lieu of a multi-objective assessment, a ULS performance factor of 1.3 was tested—applied 
to the global displacement demand (reducing %NBS by 1 / 1.3) linearly reducing from 1.3 to 1 
at assessed displacement ductilities of 1 to 2 respectively. It would be applied via section C2 
for those frame assessments (including elastic assessments) where a shear or flexure 
controlled soft storey is not shown to be suppressed. This mechanism performance factor 
appears to be somewhat effective at ensuring that structures with the most undesirable 
mechanisms (soft stories with little or no inelastic displacement capacity) are better targeted. 
However, despite the clear trends observed, in the authors opinion it is not clear from this work 
alone that the added complexity of such an adjustment is the correct approach, given other 



uncertainties. It is importantly noted that the assessment methodology and other factors 
discussed in the paper affects the outcome. 
 
The review of estimated collapse probabilities also showed that the application of ASCE 41 as 
an alternative methodology under section C1.6.2 of the assessment guidelines results in more 
consistent margins across mechanism types. On an absolute scale, it results in systematically 
conservative assessments compared to application of the NZSEE guidelines, as assessments 
are exclusively governed by the 1.8 factor on ULS (IL2) shaking applied to the CP performance. 
It is suggested that a 1.5 (IL2) factor on ULS shaking would be more appropriate. This would 
improve uniformity of assessments and reduce disincentives to apply this method when 
appropriate given the identified expected structure/foundation behaviours. 
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