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ABSTRACT: There is fundamental difference in the skill sets required to design a new structure 
than to evaluate an existing structure for seismic actions. Where a structure already exists, its 
load paths and seismic response are predetermined, the goal of an assessment is to 
understand the buildings seismic response rather than just complying with code clauses. This 
paper outlines the authors’ learnings gained from experience of completing many seismic 
assessments. Several key principles of seismic assessment are examined: 1) understanding 
of load paths, 2) importance (or not) of displacement and stiffness, and 3) brittle and ductile 
behaviour. The author draws from project examples to explain how a good understanding of 
these factors helps in better understanding the seismic behaviour of the building. Additionally, 
if required, it allows for a more efficient strengthening scheme to be developed by exploiting 
the structure’s existing strength as much as possible. 
 
Introduction 

During the life span of New Zealand’s current building stock significant developments in areas 
of understanding associated with earthquake design have been made. Particularly around the 
risk of earthquakes occurring in a given area, and our understanding of how to better design 
buildings to withstand the expected shaking intensities. These developments have resulted in 
an increase in the expected ground accelerations and the addition of more key principles of 
seismic design being added to the design codes. 
 
Because of these changes a large portions of New Zealand’s building stock have become out 
dates and may fall below the currently design level earthquake demand. In response to this 
legislation has set deadlines for all commercial structures in New Zealand to have a score of 
≥34%NBS (MBIE 2017). As such, the nature of assessing and strengthening is an exercise in 
risk mitigation rather than investment on the part of building owners. Typically, there are large 
costs associated with strengthening from both construction costs and disruption to businesses. 
As such the role of the engineer is to mitigate risk while also providing a cost-effective solution. 
 
This paper explores and discusses several elements of Detailed Seismic Assessments (DSA) 
that relate to the understanding and assessment of an existing building’s performance. The 
purpose is to identifying key lessons gained by the author in the areas of; (i) The understanding 
of load paths, (ii) the importance of displacement and stiffness, and (iii) brittle and ductile 
behaviour.  
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Load Paths 

As in new design, the first step in carrying out a DSA is to determine the lateral systems. In 
new design the lateral systems are chosen, their capacity designed to NZS 1170.5 and the rest 
of the structure designed to accommodate the expected drifts. In DSA it is not always this 
straight forward as the lateral system is predetermined and the focus is changed from limit 
state design, to life safety. Rather than ensuring a lateral system will respond with the required 
capacity and ductility by following code clauses, the load paths and mechanisms need to be 
identified. A building can be allowed to experience levels of damage that are considered non-
compliant in new design if it does not lead to a life safety risk as defined in NZSEE (2017). The 
critical elements need to be identified, in order to understand where the critical damage will 
occur. 
 
What is the weakest link in the chain? 
 
Earthquake forces are generated from the acceleration of a building’s mass. The collection of 
elements connecting the mass to the foundations can be seen as a chain. Each of the elements 
exists as a link in the chain. All the links need to have enough capacity to remain elastic or to 
resist the over strength of the yielding element. By viewing the lateral system as a chain, it 
allows the assessor to calculate a %NBS score for every element required to resist the 
building’s lateral load. This provides a thorough understanding of the building’s score and, if 
strengthening is required, it allows the assessor to easily identify each element that falls below 
the target score.  By identifying all the specific areas of weakness, the building’s residual 
capacity can be exploited in the strengthening scheme.  
 
The following lateral system presents an interesting case study to illustrate the chain analogy.  
 
Example 1 – Steel brace to concrete panel to concrete column. 
 
The building consists of a single storey structure with a lightweight braced roof supported by 
timber purlins on steel rafters. The rafters sit on precast concrete columns seated on pad 
foundations. Precast concrete tilt panels are bolted between columns. The lateral system relies 
on the timber purlin to act as a collector beam to transfer the load from the roof bracing to the 
rafters. The rafters are braced down to the concrete tilt panels which transfers the lateral load 
into the columns and footings.  

 

 

Figure 1 – a) Example lateral system. b) System shown using chain analogy.  



3 
 

The capacity of each element is calculated in terms of its equivalent base shear capacity (Vb). 
That way, each element and it’s specific failure mode can be compared against one another. 
For example, the axial buckling capacity of the rafter against the horizontal component of the 
rod bracing in tension. The findings of the analysis are summarised in Figure 1b with the 

limiting mechanism being the pull-out capacity of the brace to the concrete tilt panel. This brittle 
mechanism was assessed to have a rating of 20%NBS(IL2). 
This lateral system provides a good example of many different elements acting in series.  The 
method allows numerous elements in a complex system to be compared against each other 
to easily identify the weakest link and hierarchy of failure.  
 
Lessons learnt 

From this example it is possible to understand the importance of following the load path, and 
the need to understand how each element transfers the load to the next. Seeing the load path 
as a continuous chain of elements provides a holistic view of a building’s lateral system. This 
is particularly beneficial when it comes to developing a seismic strengthening concept. 
An additional lesson from this chain analogy is in the setting out and process of a DSA. 
Identifying the critical load paths, or chains, clearly defines the scope of items in the primary 
system that require checking. The more clearly the scope is defined the more efficiently the 
job can be undertaken.  
 
Setting an assessment out in this way provides a simple and holistic view of a building’s lateral 
system. It allows the requirements of a strengthening scheme to be set out in a way that our 
clients can understand. It also facilitates the discussion to find and then discuss the most cost 
effective way of implementing the strengthening scheme with the client.   
 

Life safety rather than damage limitation. 
 

By clearly identifying the hierarchy of the system it allows the engineer to judge if the weak link 
in the chain constitutes a life safety hazard. If not, the building should be ‘pushed further’ to 
find if a secondary load path yields a higher score. Better understanding what happens to a 
building when its elements reach their probable capacities allows unnecessary conservatism 
to be removed from an assessment.   
 
The following example outlines a scenario where a typically unacceptable level of damage was 
not considered to pose a life safety hazard. As a result, a higher %NBS was reached for the 
building.  
 
 
 
 
 

Figure 2 - Capacity of different elements as base shear capacity. 
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Example 2 – Bar buckling in flanged shear walls. 
 
The building is a 7 storey in-situ concrete structure. The lateral system consists of shear walls 
and moment resisting frames in the transverse and longitudinal directions respectively. The 
transverse shear walls are being assessed. As shown in Figure 3, the ends of the shear walls 
are continuous with the concrete columns of the longitudinal frames, similar to flanged walls. 
 

The column shear reinforcement within the wall’s plastic hinge region exceeds the minimum 
6db (6 x bar diameter) spacing required to restrain bar buckling. As a result, the stirrups could 
not be relied upon to provide enough restraint to the columns longitudinal bars under the cyclic 
loading and post yield strains. The probable curvature capacity of a wall is limited at the point 
where the buckling and fracture of longitudinal reinforcement is expected to occur.  
 
The limited curvature capacity which results from the column’s longitudinal reinforcement 
buckling early means the flanged walls only achieve a score of ~40%NBS. However, in this 
case, can it be justified that the bar buckling does not present a lift safety hazard? This 
assessment is based on the following factors: 
 

1. Is there a significant reduction in capacity without a redundant lateral load path?  
The fracture of the longitudinal bars does result in a strength degradation of the wall’s 
total bending capacity, however, checks the wall’s web reinforcement outside the 
compression zones show the web has an adequate flexural capacity and therefore a 
redundant load path. 

 

Figure 3 – Accelleration Displacement Response Spectra and pushover curve for flanged wall. 
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2. Is there a loss of gravity support to the structure?  
As the walls were integral to the columns, axial demand can be expected to redistribute 
into the walls to maintain load carrying capacity for the structure above.  

 

Based on this assessment of the life safety risk posed by the buckling of reinforcement, these 
walls are reanalysed without the column’s longitudinal bars. As a shown in Figure 3, the 
increased ductility resulted in the building’s score increasing to 100%NBS. This is not to 
suggest that bar buckling is never considered a critical weakness in a structure. In many cases 
it can be considered the buildings critical weakness. As with any element or building part not 
being considered to present a life safety risk, this should be given careful consideration on a 
case by case basis and checked against NZSS (2017) Part A, for what constitutes a life safety 
hazard.  
 
In summary: challenging our assumptions of what constitutes a life safety hazard improves our 
understanding of the expected seismic performance. It can also result in a greater seismic 
score and in some cases prove that strengthening is not required.   
 
Lessons learnt 

The DSA outlined in the example above teaches that it is important to challenge what an 

element reaching its probable capacity means, and whether it constitutes a life safety hazard. 

The high costs associated with seismic strengthening and business disruption, outlines the 

need for an engineer to provide a cost effective solution while protecting a building’s occupants.  

Load paths allow an engineer to correctly identify a building’s key elements and then their 
capacities. However, in buildings with multiple systems, the distribution of load between them 
is determined by both their initial and effective stiffness’s.  
 

Displacement and Stiffness 

Force and displacement are two sides of the same coin, F=▲k. On the one side, an applied 

force will cause an element to deflect. On the other, an element needs to be able to deflect to 

resist the external forces being applied.  

Elastic vs Effective stiffness 
 
An understanding of relative elastic stiffness between different types of lateral systems can aid 

in identifying key areas of focus early on in an assessment. This is essential when carrying out 

an initial seismic assessment where modelling is not typically within the scope of works.  

In a DSA, an understanding of relative stiffness leads to more accurate assumptions about 

load distribution in hand calculations or allows an engineer to pick up on modelling errors early 

on.  
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Figure 4 shows lateral systems of different configurations but comparable elastic stiffnesses. 

It shows how many more bays of a different lateral system would be required to match the 

elastic or cracked stiffness of the first.  

Figure 5 explores how two lateral systems of differing stiffness can work in parallel. Lateral 

system 1 is taken to be a high capacity, high stiffness system, such as a wall or braced 

frame. Lateral system 2 is a weaker, more flexible and ductile system, such as a steel portal 

frame with appropriate detailing. The top line represents the pushover curve of the two 

systems working together, as if connected by a rigid diaphragm. Following the pushover 

curve, Point 1 represents the elastic capacity of the dual system, where the stiff element 

reaches its probable capacity. As shown, the more flexible lateral system has only been able 

to deflect enough to utilise 50% of its capacity. Point 2 indicates the point where the dual 

system reaches its maximum capacity. It can be seen that the stiff lateral system has a 

ductility demand of ~2 to allow the flexible system to fully develop. In addition, this this, the 

impact of post elastic stiffness, or effective stiffness, on the distribution of load in ductile 

structures. 

This shows that a stiffer element needs to be sufficiently ductile for the dual system’s maximum 

lateral capacity to be reached. If not, the result will be an overestimation of the buildings lateral 

capacity. 

Lessons learnt 

This study illustrates the lessons learnt when it comes to identifying load paths in the early 

stages of an assessment. That is: (i) As appreciation of the relative stiffness between lateral 

systems helps to better understand the performance of a building. (ii) The need to challenge 

what our assumptions are when carrying out a DSA and understand how we are assuming a 

building will respond to an earthquake.  

Figure 4 - Relative stiffnesses of different lateral systems 



7 
 

Deflection compatibility. 
 
In addition to understanding the distribution of loading, attention needs to be given to the 
amount of movement expected. Secondary structures and gravity systems need to be flexible 
enough to “go along for the ride” or the lateral system needs to be stiff enough to limit the 
amount of load they attract. The following example of seismic strengthening shows how 
designing an element for displacement compatibility can be as critical as for capacity.  
 
Example 3 – Displacement compatibility.  
 
The building consists of a single storey utility building. Perimeter precast concrete panels form 
a four-sided box with roof bracing to provide restraining the panels out of plane. The demand 
on the bracing is increasing by 80% due to the building’s importance level changing from IL2 
to IL4. As a result, the roof bracing’s brittle mechanism is insufficient in one direction. Following 
discussion with the client a new roof beam was deemed more cost effective as site welding of 
the bracing would have disrupted businesses continuity.  
 
A 600CWB148 is sized based on the bending demand applied from parts loading of the roof 
and panels out of plane, the beams lateral displacement is 700 mm. The connection of the 
panels to the ground slab doesn’t allow free rotation and the panels have been assessed to 
have a deflection capacity of only 290 mm. Therefore, while the 600CWB148 beam is strong 
enough to provide support to the panels, it is not stiff enough to protect them from exceeding 
their probable capacity. An 850LB129 is required to achieve this.  
 
Lessons learnt 

The lesson learnt from this example is the importance of considering the effects of a primary 

structure’s deflection on the secondary structure. All elements with the potential of being a life 

safety hazard should be considered in an assessment. This example illustrates how load will 

follow stiffness before if follows design intent.  

 

Figure 5 – Interaction of two systems of different stiffnesses in parallel. 
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Brittle and ductile behaviour.  
 
Displacement and stiffness have a liner relationship prior to yielding. Past this point it is 
important to understand what is meant by ductility. Ductility is the ability to maintain load 
carrying capacity, past the point of yielding. This has the effect of increased dampening (energy 
dissipation) and an increase in the building’s effective period. An ADRS curve, as see Figure 
2, shows how these two factors directly relate to a building’s %NBS. Dampening serves to 
scale down the elastic forces, and the increased period is shown in the increased length of the 
pushover curve.  
 
In new design a ductility is chosen. Factors such as acceptable damage, importance level and 
architectural considerations all play a part in this decision. In concrete structures, ductility is 
achieved in the detailing. Links are required to confine reinforcement and concrete, and laps 
are located outside of hinge regions. For steel elements ductility is achieved by arresting local 
buckling in cross section and global buckling in elements. When these, and other, minimum 
criteria are met we know that hinging in the plastic hinge regions gives us a reliable level 
hysteric dampening and energy dissipation, I.E. ductility. 
 
For a DSA the criteria that can ensure the formation of a sufficiently ductile plastic hinge, needs 
to be assessed. It is particularly important to understand how materials and elements behave 
when yielding occurs. Below the process for assessing a cantilever column using the SLaMA 
method is used to illustrate the lessons drawn from ductility.  
 
Taking moments about the support shows that the column’s shear demand at the point of 
hinging is Mprob/hcol. If Mprob/hcol > Vprob, a shear mechanism is expected. If this does not occur,  
the column will begin to form a plastic hinge. As the hinge rotates, the strain in the longitudinal 
reinforcement induces the effect of strain hardening. This increases the steel capacity, and 
with it the bending capacity of the section, the maximum expected capacity is defined as the 
overstrength capacity, Mo. The shear demand in the column is now increased to V*=Mo/hcol.  

Figure 6 - Example of strengthening to precast concrete panels 
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At the same time, as the rotation in the hinge increases, degradation occurs in the plastic hinge 
resulting in a reduced shear capacity. As shown by Stirrat et al, (2014) these two effects 
combined can result in a flexural-shear mechanism. That is to say, an unstable plastic hinge 
forms where the section degrades sufficiently for a premature shear failure.  

 
Not adequately accounting for the overstrength of a yielding element can result in the 
misidentification of the mechanism. This can lead to inflation of the final %NBS as it assumes 
the building is able to dissipate energy without a loss in capacity. In other types of lateral system, 
such as bracing and EBFs the same is true. By taking the ratio of horizontal design action 
coefficients from NZS1170.5, the extent of this potential inflation can be quantified. A yielding 
brace can be relied upon to provide a ductility of 3 or more, but shear failure of the weld results 
in a brittle mechanism and elastic loading. This lack of energy dissipation means the building 
score can go from 100%NBS to 40%NBS. Figure 8 shows an EBF used for the upper floor in 
a low-rise structure. The lower level is supported by shears walls connected through the 
transfer diaphragm. If correctly designed a ductility of 4 or more can be achieved. However, in 
the case of this building, the development of the hold down bolts is not sufficient to yield the 
EBF’s link. The result is a rocking mechanism with a ductility of 2. This results in the score 
going from 100%NBS to 60%NBS. 

Lessons learnt 

• This use of capacity to determine a demand is a good way to identify the actual 
mechanism of a building. If a mechanism is found in this way, then a building’s response 
can be understood before applying load. This helps when determining the resilience of 
a system as well as  its capacity. Resilience is the ability of a building to perform  beyond 
its capacity. A brittle system working near 100%ULS loading may not offer resilience, 
similarly, a system that fully utilises its ductile capacity may not constitute a resilient 
mechanism. 

Figure 8 - Example of rocking EBF frame 

Figure 7 - Shear Demand Increase resulting from strain hardening 
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• This lesson is also applicable when analysing a frame elastically. For framed buildings, 
a range of reinforcement and section configurations can lead to large amounts of 
computation being required. In new design, a check on the weakest column can lead 
to the assumption that, as all other columns are similar, they are ok ‘by inspection’. 
However, a stronger section can result in a weaker mechanism, as seen in Figure 7. 
There is the risk that a shear, or flexural-shear, mechanism could be overlooked and 
as a result an inappropriately high ductility could be used. When it comes to determining 
a mechanism care and precision is required.  

•  The significant reductions in seismic demand that ductility allows, highlights the 
importance of ensuring that the mechanism can sustain that required level of ductility. 
As discussed above,  misidentifying  a mechanism can significantly inflate the buildings 
final %NBS.   

Conclusion 

This paper has explored and discussed the following elements of DSAs with the purpose of 
identifying key lessons in the areas of: (i) The understanding of load paths, (ii)  the importance 
of displacement and stiffness, and (iii) brittle and ductile behaviour.  
 
An over arching theme of these lessons is that a DSA requires a thorough understanding of 
building performance and load paths. While this is also true for new design, the restrictions 
placed on an assessment by virtue of the structure already being built provides an additional 
challenge and level of complexity to the analysis. In new design the need for the same level of 
rigor can be avoided by detailing the structure to suit the code requirements. In DSAs it is not 
uncommon for an existing element to fall outside these requirements. It requires the engineer 
to fully understand the story being told by an equation to determine its applicability when 
applying it to an unconventional or convoluted existing load path. 
 
In summary, this shift in thinking, from a new design’s “deemed to comply” approach, to the 
DSA’s essential need to identify the actual building performance means that DSAs offer an 
excellent education when it comes to understanding a building’s global response. In contrast, 
this big picture understanding of building response is typically only developed at the concept 
stages of a new design. Therefore, it can take many years of design experience to gain the 
relevant experience to develop a good understanding of building performance. 
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