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SUMMARY 
 
The 2016 Kaikoura earthquake resulted in shaking in excess of design level demands for 
buildings with periods of 1-2s at some locations in Wellington. This period range correlated to 
moment frame buildings of 5-15 storeys, resulting in damage to precast concrete floors. The 
critical damage states used to assess buildings during the Wellington City Council Targeted 
Assessment Programme are described along with examples of observed damage. The 
observed damage has created challenges when considering the assessment of residual 
capacity and repair strategies, as well as the seismic assessment and retrofit of both damaged 
and undamaged buildings. The ongoing work to develop additional guidance on these topics 
is discussed. 
 
 
INTRODUCTION 
 
The Mw 7.8 Kaikoura earthquake on 14th November 2016 caused significant ground shaking 
in the Wellington region.  Although structural damage to buildings in the Wellington CBD did 
not initially appear to be widespread, significant damage to precast floors in flexible frame 
buildings was subsequently discovered during more detailed inspections.  With a significant 
duration greater than 25 seconds (Bradley et al. 2017), the earthquake resulted in repeated 
cyclic demands on buildings, increasing the possibility of beam elongation and damage to 
precast floor systems.  In addition, examination of the recorded ground motions showed a 
significant amplification in the spectral acceleration demands between 1-2 seconds, in excess 
of the design spectra at several recording stations (Bradley et al. 2017).  These findings lead 
to further examination of structures with 1-2 seconds period range, which typically comprise of 
5-15 storey concrete moment frame buildings.  The observed damage to precast flooring in 
Wellington is summaries and initiatives related to the assessment of damage and repair/retrofit 
of these buildings is discussed.  A more detailed account of the damage to buildings with 
precast floor has been published by Henry et al. (2017) and Kestrel Group (2017). 
 
 
BACKGROUND 
 
Fenwick et al. (2010) summarises a number of potential undesirable failure modes of hollow-
core units that were observed during testing. Three of the key failure modes of hollowcore floor 
units are illustrated in Figure 1 and consist of: 



• Loss of support:  The unit loses seating due to a combination of insufficient length of 
support to accommodate earthquake deformations, spalling of the support beam ledge, 
and entrapment of the end of the precast unit. Following loss of seating, the vertical 
reaction force to support the unit is transferred to the insitu topping concrete which will 
likely cause the topping to peel off the unit and a subsequent collapse of the floor unit. 

• Positive moment failure: If the strength at the back face of the unit is sufficient to 
result in a weak section forming away from the support ledge.  Cracking in this location 
will generally be initiated at low drift levels with any additional deformation becoming 
concentrated at this weak section. As the crack width at this location increases, gravity 
load transfer if compromised resulting in collapse of the floor unit. 

• Negative moment failure: Where the continuity reinforcement is terminated too close 
to the support, the drop in negative moment capacity can result in a weak section. A 
crack in the top of the unit at this location can prorogate into the web of the unit causing 
loss of gravity load carrying capacity and collapse of the floor unit. 
 

 
a) Loss of support failure 

(Jensen 2006) 

 
b) Positive moment failure 

(Jensen 2006) 

 
c) Negative moment failure 

(Woods 2008) 

Figure 1. Previously identified failure modes for hollowcore floor units 
 
 
OBSERVED DAMAGE 
 
A Targeted Assessment Programme was conducted by the Wellington City Council to address 
public safety issues and to provide confidence that appropriate engineering investigations of 
buildings most affected by the 2016 Kaikoura earthquake had been carried out (Brunsdon et 
al. 2017).  The overall objective of the Targeted Damage Evaluations (TDE) was to identify the 
presence of critical damage states that could affect either local or global stability, and hence 
occupancy of part or all of a building.  The buildings selected for the TDE consisted of those 
typically consisting of 5-15 storey concrete moment frame buildings with precast concrete floor 
systems.  This type of building was commonly built during the building boom in the 1980s and 
a large majority of these buildings contain hollowcore precast concrete floor units with 
potentially non-ductile detailing. 
 
A description of Critical Damage States (CDS) were developed to guide engineers conducting 
TDEs on Wellington buildings.  A summary of the Critical Damage States is shown in Table 1.  
CDS A, B, and C, related to the damage in the primary structure, while CDS D related to 
damage to secondary structural and non-structural elements.  CDS A identified damage where 
the gravity load path may have been compromised in precast floor systems, thus posing a 
possible risk of local collapse under gravity loading (i.e. without aftershock).  CDS B identified 
damage posing risk of collapse, but only in the case of future aftershocks.  CDS B included 
both local collapse of precast floor units (CDS B1 and B2) and global collapse risk due to 
support for, or damage to, concrete columns (CDS B3 and B4).  CDS C identified damage, 
anticipated to be found in many of the buildings, but not posing a direct collapse risk, but still 
important to be identified in terms of assessing future seismic performance and repair 
decisions for the building. 
 



Table 1.  Critical damage states 

Critical Damage 
State 

ID Description Notes 

CDS A:  
Damage posing 

local collapse risk 
(possibly without 

aftershock) 

A1 
Transverse cracking at ends of 
hollow core floor units or diagonal 
cracking at the ends of ribs. 

- Within 400mm of the supporting beam. 

- With vertical dislocation or diagonal 
crack in web. 

A2 
Significant damage to support for 
flange-hung double tee floor units. 

With vertical dislocation at the support. 

CDS B:  
Damage posing 
local or global 
collapse risk in 

the case of 
aftershock 

B1 
Transverse cracking at ends of 
hollow core floor units or diagonal 
cracking at the ends of ribs. 

- Within 400mm of the supporting beam. 

- Not meeting A1 criteria. 

B2 Reduced precast floor unit support. 

- Evidence of seating loss due to 
elongation and/or spalling. 

- Not meeting A2 criteria. 

B3 
Loss of lateral support for columns 
over multiple stories. 

- Significant cracking adjacent to 
columns with no reinforcement ties into 
the floor diaphragm. 

B4 Shear damage to corner columns. 

- Due to beam elongation and shear 
demands. 

- Inclined cracks greater than 0.5 mm. 

CDS C: 
Damage to 

primary structure 
posing lower risk 

C1 Plastic hinge damage. 
- See criteria in Beam Plastic Hinges 
section below. 

C2 
Web cracking in hollow core floor 
units. 

- Splitting webs along the length of the 
unit. 

- Observed with a borescope camera. 

C3 
Longitudinal cracking of hollow core 
floor units. 

- Either bottom or top soffit. 

C4 Mesh fracture in floor toppings. 
- Location of mesh fracture will affect the 
diaphragm load paths and column 
lateral restraint. 

CDS D:  
Damage to 
secondary 

structural and 
non-structural 
elements that 

may cause 
increased life 

safety risk 

D1 Stairs. 
- Damage to stair supports. 

- Damage to stair unit itself. 

D2 
Heavy cladding elements effecting 
external spaces, especially public 
spaces. 

- Damage to panels and/or fixings with 
inadequate moment allowances or brittle 
connections. 

D3 
Heavy overhead non-structural 
elements. 

- Focus on elements posing life safety 
risk. 

 
Damage Statistics 
 
Inspection reports of 64 buildings, as required by the TDE process, provided an overview of 
the damage to multi-storey concrete buildings during the Kaikoura earthquake.  As shown in 
Figure 2, 52% (33) of inspected buildings showed evidence of at least one CDS, with 28 
reported with CDS A or B (all classified as floor CDS), 26 reported with CDS C (10 classified 
as floor CDS and 16 as frame CDS), and 5 buildings with reported CDS D (secondary 
elements).  Of the CDS A or B cases, 8 buildings showed distributed damage across the floor 
diaphragm and/or over three or more stories, with the remaining 25 buildings exhibiting more 
localised or isolated damage.   Further details on the TDE buildings are provided in the WCC 
Targeted Assessment Programme report by Kestrel Group and QuakeCoRE (2017). 



 
Figure 2.  CDS identified in TDE buildings 

 
Seating Damage 
 
As observed in previous research and past earthquakes, axial elongation of beams due to 
plastic hinging and damage to precast floor unit support connections can result in potential 
loss-of support of precast floor units.  The only case of reported loss-of support leading to 
localised collapse of the floor units occurred in the Statistics House building.  Residual frame 
dilation in Statistics House was estimated to be in the order of 100-150 mm over the first three 
levels of the north and south frames (MBIE, 2017).  The frame configuration of two bays of 
frame to a single floor span, coupled with a sliding support detail at the outer end, led to a likely 
seating reduction in the order of 60 mm in the worst case, at the outer end support.  This 
elongation combined with rotation of the support beam and damage to the flange-supported 
double tee units led to the loss of support of several units.  The loop bar detail used in the 
supports of the double tee units in Statistics House is still used sporadically in current 
construction practice, despite being identified as potentially non-compliant and dangerous by 
Hare et al. (2009). 
 
Beam elongation was identified in a number of other buildings, predominantly affecting 
unrestrained corner columns that were pushed out from the building with associated floor 
corner cracking, as shown in Figure 3.  The beam elongation generally reduced the seating 
width for units spanning into corners, but with the exception of Statistics House, sufficient 
residual seating of precast units was maintained.  In restrained beams away from the corners, 
hinging was often less significant, with cracks that had generally closed leading to minimal 
residual beam elongation. 
 

   
Figure 3.  Cracking at corners of floor diaphragm 

 
In addition to beam elongation, the building drift and associated rotation of the support beam 
can lead to damage at the support.  Minor spalling of the support ledge was observed in many 

 

CDS, 33, 
52%

Nil, 31, 
48%

A(floor), 
14, 24%

B(floor), 
14, 24%

C(floor), 
10, 17%

C(frame), 
16, 27%

D, 5, 8%

 

Clusters of 
CDS 

CDS 
ID 

A(floor) A1, A2 
B(floor) B1, B2 

B(frame) B4, B3 
C(floor) C2, C3, C4 

C(frame) C1 
D D1, D2, D3 



buildings with hollowcore floor units seated directly on the support beam, as shown by the 
example in Figure 4a.  The use of a bearing strip, as required by NZS 3101:2006 and used 
since the mid-2000s, can delay the onset of such minor spalling by allowing the unit to slide 
relative to the support beam.  However, spalling of support ledges was still observed when the 
building is subjected to high drift demands with bearing stresses and prying effects increased.  
An example of significant spalling of the support beam are shown in Figure 4b where the entire 
cover concrete has been lost.  The seating length in this building was adequate to ensure that 
a residual bearing area was maintained to prevent complete loss of support and potential 
collapse of the floor units.  Despite the extensive damage observed, Figure 4b highlights the 
importance of proposed changes to design standard requirements in NZS 3101:2006 (draft 
amendment 3) were seating lengths must be sufficient to accommodate demands due to both 
elongation and rotation, as well as the loss of bearing area due to spalling.  In addition, the 
ledge reinforcing is visible in the photos, indicating that that adequate ledge reinforcement is 
essential to maintaining support during large earthquakes. 
 

  
 (a) Minor spalling (b) Spalled ledge exposing reinforcing 

Figure 4.  Support ledge spalling 
 
Cracking of Floor Diaphragms 
 
Beam elongation and rotations caused extensive cracking to floor diaphragms due to 
displacement incompatibilities.  Locations of stretched or offset floor coverings are often one 
of the first places to look when assessing precast floor damage.  Many of these cracks initiate 
as shrinkage cracks which typically propagate at the joints between precast concrete floor 
units, or between the floor unit and the support beam.  In some cases these shrinkage cracks 
are widened during the earthquake as additional deformations are imposed on the floor.  
Cracks in the concrete topping do not necessarily pose a significant risk in terms of potential 
collapse, but may result in fracture of mesh reinforcing, a reduction in diaphragm stiffness, and 
potential loss of diaphragm load paths.  As such, the topping cracks alone were not considered 
a critical damage state, but further investigation was required to identify if cracks propagated 
through hollowcore units (CDS A, B & C) or if mesh fracture had occurred (CDS C). 
 
Transverse Cracking 
 
When assessing the critical damage states, it was important to identify whether the cracks in 
the floor topping concrete had propagated between the joints of precast units or through the 
unit itself.  The most common hollowcore floor unit damage patterns observed in Wellington 
buildings can be described as a combination of crack sections shown in Figure 5.  Transverse 
cracking in hollow core units was observed in 14 of the 64 TDE buildings.  In three of these 
buildings the transverse cracks were identified to have propagated diagonally through the web 
of the hollowcore (CDS A1), but in the remaining 11 buildings the orientation of the cracking 
through the hollowcore unit had not been confirmed.  Transverse cracking close to the supports 
of hollowcore units was also observed during the 2010/2011 Canterbury earthquake sequence 



(Corney et al. 2014), but was more prevalent in the Kaikoura earthquake due to the prevalence 
of 1980s hollowcore unit construction in Wellington and the earthquake characteristics.  Away 
from the floor diaphragm corners, transverse cracking was typically observed in individual units 
(i.e. not continuing through multiple units).  Transverse cracks were sometimes found in floor 
units randomly distributed across a floor diaphragm, both adjacent to exterior seismic frames 
and near interior gravity frames.  
 

 
Figure 5.  Cross sections of observed transverse cracking in hollowcore floor units 

 
Figure 6a shows an example of transverse cracking within 100 mm of beam support.  This type 
of cracking was consistent with previously identified failure modes.  The bottom flange 
prestressing strand is not well developed at the ends of the unit and may also be affected by 
strand draw-in or slip.  As a result, transverse cracks near the support can significantly impact 
the shear capacity near the ends of the hollowcore floor units.  Several buildings were also 
found where single transverse cracks in the hollowcore units occurred at approximately 300 
mm from the support (gravity or seismic frames) as shown in Figure 6b.  The location of crack 
on top surface typically corresponded to the end of the starter bars and in many cases the 
crack was found to extend vertically for the full depth of the unit.  While past research has 
shown that negative moments at supports may lead to cracking at the end of the starter bars, 
this cracking was previously found to extend into a diagonal crack in the unit web with 
significant concern for remaining gravity load support, in contrast to the vertical crack observed 
here.  Given the distance of the transverse crack from the support (typically 300 mm), the bond 
for bottom flange prestress strand is likely sufficient to sustain gravity loads, but further 
widening of the crack in aftershocks was still a concern.  It is noted that typical retrofits of 
hollowcore floor systems in New Zealand only provide support for units within approximately 
100 mm of the supporting beam and would not prevent collapse of units failing at such cracks 
at approximately 300 mm from the support.  Further research is needed to understand the 
cause of this cracking pattern, the capacity in future aftershocks, and potential retrofit 
techniques to address this failure mode. 
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 (a) Close to the support (b) ~300mm away from support 

Figure 6.  Transverse cracking of hollowcore floor units 
 
Longitudinal Cracking 
 
Topping cracks often propagate through the joints between units, but in some cases the 
position of hollowcore units relative to the beam hinges, and the limited capacity of 
unreinforced hollowcore unit to resist tension perpendicular to the unit, can result in longitudinal 
cracking along the length of the unit.  Examples of longitudinal splitting cracks are shown in 
Figure 7.  Some longitudinal cracks are isolated to the end of the unit, whereas others 
propagate almost the entire length.  In addition, some mixed cases of longitudinal cracks 
propagating diagonally across units (through multiple cells) were observed.  In general, 
longitudinal splitting cracks can be commonly found in buildings with hollowcore floor units.  A 
survey of parking buildings in Auckland with hollowcore floor units identified several cases of 
longitudinal cracking, highlighting that longitudinal cracks can form due to loading other than 
earthquakes.  Longitudinal cracks were not classified as a significant collapse risk as they do 
not significantly compromise the vertical load capacity of the hollowcore unit. 
 

   
Figure 7.  Longitudinal cracks in hollowcore floor units 

 
ONGOING WORK 
 
Design Standards 
 
The investigation into failure of the floor units in the Statistics New Zealand building resulted 
in a number of recommendations to update design standards (MBIE 2017).  Many of the issues 
identified have already been included in the current draft amendment 3 to NZS 3101:2006, 
including the explicit calculation of expected axial elongation in beams and increased seating 



lengths to account for earthquake deformations and support damage.  Ongoing analysis of the 
data collected from the performance of precast flooring during the Kaikoura earthquake will be 
used to inform any further changes required to NZS 3101.  Although repairability is not required 
to be considered during the design process, recommendations regarding the expected levels 
of damage to precast floor systems during different levels of earthquake shaking may help to 
better inform engineers regarding selection of floor systems in different types of structures. 
 
Seismic Assessment Guidance 
 
The damage to precast floors raised a number of questions regarding the seismic assessment 
of existing buildings with precast floors (particularly hollowcore).  Gaps and inconsistencies in 
the way that engineers have been assessing the risk of precast floors has resulted in an urgent 
need for additional guidance.  A working group was formed by the Building Systems 
Performance branch of MBIE to provide interim guidance on the seismic assessment of 
precast floors.  This guidance will rely on existing publications (such as Fenwick et al. 2010) 
and experiences from the Kaikoura earthquake to propose amendments to New Zealand “The 
Seismic Assessment of Existing Buildings” guidelines. 
 
Research Programme 
 
A short-term recovery project was funded to assess the damage to buildings with precast 
floors.  The objectives of this research include: 

1. Data collection – Collect anonymised data on the damage patterns present in 
Wellington buildings with precast floors. 

2. Standard details for repairs and retrofits – Workshops with engineers engaged in the 
assessment of concrete buildings to develop standard details for repairs and retrofits. 

3. Testing of damaged floor units and repairs – Assess the residual capacity of damaged 
floor units and validation of simple rapid repair techniques.   

 
Based on the observed damage patterns, the testing will focus on the capacity of hollowcore 
floors with transverse cracks through the unit.  The nature of these cracks leads to uncertainty 
in both the residual gravity load carrying capacity of the floor as well as in the performance of 
the floor during further seismic loading.  Several factors are considered to influence the 
performance of the damaged floor including the orientation and width of the crack, the distance 
of the crack from the support, and the support connection detailing.  The implications of these 
factors on the vulnerability of the floor however need to be experimentally validated to assist 
assessment and retrofit procedures.  A total of eight test specimens are being prepared with 
the detailing of the first four specimens outlined in Table 2. The detailing of the second four 
specimens are to be determined following the initial tests.  The testing of retrofits for buildings 
with precast floors will also be performed in a later phase of the research programme.  All test 
specimens are considered to emulate construction practices either consistent with typical 
1980s construction. 
 

Table 2. Test plan (initial four tests) 
 

Test 
Transverse crack 

Continuity 
reinforcement 

Core fill 

Orientation 
Distance from 
support 

Type 
Extension 
into floor 

HC1 Diagonal 150 mm 665 mesh - 75 mm dam plug 

HC2 Vertical 300 mm 665 mesh - 300 mm 

HC3 Vertical 150 mm 
D12 at 300 
mm 

600 mm 75 mm dam plug 

HC4 Diagonal 300 mm 
D12 at 300 
mm 

600 mm 300 mm 



Figure 8 shows an outline of the test setup which will include a single hollowcore unit and a 
portion of the support beam. The tests will be carried out through the following stages: 

Stage 1: Induce observed damage state to the floor. 
Stage 2: Test residual capacity (apply gravitational loading to 1.2G + 1.5Q). 
Stage 3: Apply simulated seismic rotational and pull-off deformations to ±1% drift with 

seismic gravitational loading apply to floor. 
Stage 4: Retest residual gravity capacity (if intact). 
Stage 5: Increase seismic loading. 
Stage 6: Repeat till failure. 

 

 
Figure 8. Hollow-core support connection residual capacity test setup 

 
 
CONCLUSIONS 
 
The earthquake dynamic characteristics resulted in high drift demands on some multi-storey 
storey moment frame buildings in the period range of 1-2 seconds.  Deformation demands 
resulted in damage to floor diaphragms, in particular, reduced seating for precast floor units 
and cracking in hollowcore units.  In many cases the observed damage aligned closely to 
damage patterns identified during prior research; however, some inconsistencies were also 
observed (most notably transverse cracking in hollowcore units approximately 300 mm from 
the support beam).  The apparent randomness of damaged hollowcore locations in some 
buildings has made it difficult to identify the exact cause of damage.  The severity of different 
types and locations of transverse cracking in hollowcore units and the residual load capacity 
is a topic that requires additional research and testing in order to provide improved guidance 
for damage assessment, repair, and retrofits. 
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