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SUMMARY 

Precast concrete floors are a prevalent feature of New Zealand’s existing building stock. While 
it is well understood that older precast floors constructed using hollowcore or double tee 
precast units are substantially less robust than is required of a new building, to date no 
methods of retrofitting such floors have been comprehensively verified and there are no 
accepted guidelines describing how to design retrofits. The aim of the ReCast Floors project 
is to address these gaps. This paper  

• Reviews the differing roles of precast floors as floors and diaphragms, 

• Discusses the difficulties of ascribing a capacity to diaphragms reinforced with non-ductile 
reinforcement, and 

• Outlines a draft framework being developed that aims to simplify consideration of the 
sometimes-conflicting requirements for retrofit of precast floors required for various 
reasons. 

INTRODUCTION 

Precast concrete floors, referred to here as precast floors, are floors comprising some form of 
precast concrete component that supports an in-situ concrete slab. The combination of the 
precast and in-situ components forms a composite system that generally functions as both a 
floor and a diaphragm. Precast floors of various types have been used in New Zealand for 
many years, but became almost ubiquitous during the 1980s and 1990s due to perceived 
advantages of speed, quality, and simplicity (CCANZ 2004a). 

Four forms of precast units are commonly used to construct precast floors in New Zealand 
(CCANZ 2004b), namely: 

• Hollowcore 

• Double tee 

• Ribs (with timber infill), and 

• Flat slabs. 

While modern practice requires relatively robust connection detailing for precast concrete 
floors (NZS 3101 2017), older floors of all types may be vulnerable to brittle failure during 
earthquakes (Elwood et al. 2018; NZSEE et al. 2018). This is particularly the case for floors 
constructed using hollowcore and double tee units, which are distinguished by typically having 
longer spans and/or supporting heavier loads than rib or flat slab floors, and having historically 
been designed and constructed in ways that make the floors prone to poor performance during 



earthquakes (Fenwick et al. 2010; Hare et al. 2009). This recently been illustrated during 
earthquakes that affected Christchurch (Corney et al. 2014) and Wellington (Henry et al. 2017), 
with the partial collapse of floors in Statistics House being a particularly prominent example 
(MBIE 2017, 2018) of the vulnerability of inadequately detailed floors. 

New Zealand’s extensive use of precast floors in regions of high seismicity is unusual 
compared to other countries, with in-situ floors more commonly used internationally. 
Consequently, and in contrast to most other deficiencies found in existing buildings, little 
international research is available regarding the adequacy of existing precast floors. In this 
sense, the seismic performance of precast floors is “New Zealand’s” problem. While 
substantial progress has been made towards understanding the performance of existing 
precast floors (NZSEE et al. 2018), questions remain about some aspects of behaviour and, 
particularly, the most effective ways to retrofit existing floors to improve behaviour. 

THE RECAST FLOORS PROJECT 

The ReCast Floors (REtrofit of preCAST FLOORS) project has been established in recognition 
of the urgent industry need for answers to questions about the performance and improvement 
of existing precast floors, particularly those constructed using hollowcore or double tee units. 
Substantial funding for this three-year multi-agency programme has been provided by BRANZ 
from the Building Research Levy, with additional support provided by the Earthquake 
Commission (EQC) through the UC Quake Centre, and the Concrete New Zealand Learned 
Society. This funding is being used to support research led by the Universities of Auckland and 
Canterbury in conjunction with BRANZ comprising (Figure 1): 

• Sub-assembly testing at the University of Auckland to investigate specific aspects of the 
performance and retrofit of precast floors (e.g. Bueker et al. 2019), 

• Super-assembly testing at the University of Canterbury to investigate three dimensional 
interactions between hollowcore floors, their supporting structure, and retrofit componentry, 

• Solid finite element analysis of precast floors in conjunction with researchers from Italy 
(e.g. Sarkis et al. 2019), 

• Investigations pertaining to the New Zealand building stock, including assessment of the 
vulnerability of existing buildings (Puranam et al. 2019) and documentation of earthquake 
damage to buildings, and 

• If opportunities arise, in-situ testing of precast floor units whether in earthquake-damaged 
buildings or otherwise. 

More detailed outlines of these research plans have been published (Brooke et al. 2019; Henry 
et al. 2018). 

The ReCast Floors project has been established with the express aim of providing answers for 
the structural engineering industry. The primary output of the project is envisaged to be a 
guidance document on the retrofit of precast floors, with interim advice being promulgated 
regularly in publications accessible to practicing engineers. To ensure that the questions 
answered are relevant, as indicated in Figure 1, project leaders are engaging periodically with 
an advisory committee comprising senior practitioners, as well as liaising directly with relevant 
technical societies. 

The ReCast Floors project is focussed on precast floors in their role as floors. The aim of the 
project is not to develop assessment or retrofit techniques for diaphragms. Nonetheless, retrofit 
of precast floors to improve gravity capacity cannot be considered in isolation from the other 
role of the floor as a diaphragm. The purpose of this paper is to contrast the roles of precast 
floors as both floors and diaphragms, and to consider the potentially conflicting retrofit arising 
from these disparate roles. 



 

Figure 1: Schematic outline of the ReCast Floors project 

ROLES OF PRECAST FLOORS 

As noted previously, precast floors typically have two functions in buildings, namely: 

• As floors, in which role their purpose is to transfer vertical actions arising from the contents 
of the building (and the floor) to supporting structure, and 

• As diaphragms, whereby the floors transfer horizontal inertia actions to supporting structure 
and/or transfer horizontal forces between vertical elements of the structure. 

While the identification of these roles is somewhat trivial, it is useful to consider the behaviour 
of typical precast concrete floors when they act either as floors or diaphragms. Consideration 
of the load paths available or required in each of these scenarios gives rise to the conclusion 
that retrofit approaches for each role are distinct and may conflict either practically or with 
respect to the targeted alteration of load paths. It also serves as a reminder of the need to 
consider the design of precast floors holistically (Hare et al. 2009) and that failure to do so in 
the past is a key cause of many of the deficiencies now observed. 

Load paths and failure of precast floors acting as floors 

Self-weight comprises a substantial portion of the gravity demand carried by typical precast 
floors. Consequently (assuming typical unpropped construction) the critical load case may 
occur before composite action develops, at a time when there is no fixity at the ends of the 
precast unit. Whether for this reason, or other pragmatic reasons, design of precast floors to 
resist gravity actions is typically undertaken assuming that the floor is simply supported (Bull 
1999). Consequently, the critical load paths required to maintain gravity support are the shear 
strength, positive moment (sagging) capacity, and seating support required to transfer 
demands to the support structure. The negative moment (hogging) capacity is relatively 
unimportant, except to the extent that the existence of negative moment capacity at the ‘simple’ 
supports can give rise to demands in the floor span that were not considered during design of 
the system. 



Numerous failure types with the potential to compromise the load paths required to maintain 
gravity load support have been identified (Fenwick et al. 2010; NZSEE et al. 2018) that can 
occur when lateral deformations are imposed on a precast floor. These can be categorised as: 

• Support failures, including loss of seating for all types of precast units and ‘birds mouth’ 
and other failures associated with the loop bar support detail commonly found in existing 
double tee floors (Hare et al. 2009), 

• Negative moment failure, which occurs when the moment demand exceeds capacity at a 
point where starter bars terminate and topping is then reinforced only with low ductility 
mesh. The resulting brittle behaviour compromises the shear capacity of the floor. While 
commonly associated with hollowcore floors, this form of failure can also theoretically affect 
other types of units, 

• Positive moment failure near the support, resulting when entrapment of the end of a precast 
unit results in unintended fixity and consequent development of positive moments adjacent 
to the support in regions where the prestress tendons are not effectively developed, and 
the positive moment capacity is consequently low. If the resulting crack reaches sufficient 
width, the shear capacity of the floor can be compromised, 

• Positive moment failure in the span, which is hypothesised as a possibility based on the 
observation of cracks (away from the support) across the soffit of hollowcore units in 
earthquake damaged buildings (Brunsdon et al. 2017; Henry et al. 2017). It is probable that 
such cracks are a result of poor development of prestressing strands. Attempts to date 
have failed to reproduce such damage in the laboratory. Typically there is some strand pull 
in after casting of the units and release of the tendons. What level of pull in is critical for 
loss of bond and positive moment capacity has not yet been determined. 

• Web failures, which compromise the shear capacity of units and arise where significant 
torsional demands are placed on hollowcore units due to differing displacements of the two 
supports, whether in alpha or beta units1 or otherwise. 

Most of the failures identified above are brittle, and have little redundancy. It is sometimes 
asserted that redundancy could exist through a precast unit ‘hanging’ from the topping 
concrete. While this may be plausible for rib units with specific detailing (NZSEE et al. 2018), 
it is generally not a reliable load path. This was demonstrated by the Statistics House failures. 
As shown in Error! Reference source not found. the topping concrete did not collapse with 
the double tee units but instead remained suspended in place. 

 

Figure 2: View of topping concrete still in position following collapse of a double tee unit 

(Hare et al. 2019) 

                                                
1 i.e. those respectively adjacent to the corner column of a frame or an internal column. 



Load paths and failure of precast floors acting as diaphragms 

Whereas composite action between the precast unit and topping is relied on to resist gravity 
actions, only the in-situ topping is generally considered when determining the diaphragm 
strength of a precast concrete floor. This is because there is typically: 

• No continuous reinforcement either between precast units or between units and the support 
structure, and 

• A high probability of gaps between units that create uncertainty about the ability to transfer 
compression forces except through the topping concrete. 

Diaphragm load paths must generally be identified using strut-and-tie analysis (NZS 3101 
2017; NZSEE et al. 2017, 2018) or other methods that follow similar principles, such as grillage 
modelling (NZSEE et al. 2017, 2018) or other finite element approaches that make appropriate 
allowance for concrete cracking (e.g. Darwin and Pecknold 1977; Vecchio and Collins 1986). 
All such methods effectively require identification of effectively reinforced ‘ties’ that resist 
tension or compression forces, and ‘struts’ deemed only to resist compression forces. 
Diaphragm failure is predicted to occur when demands exceed the capacity of struts or ties. 

Irrespective of the method used to analyse a diaphragm, it must be understood that estimates 
of reinforcement strains are unlikely to be anything better than rough approximations due to 
the uncertain impact of phenomena such as shrinkage of the floor and beam elongation, and 
the inherent uncertainty of demands in highly indeterminate elements such as diaphragms. 

Assessment of diaphragm load paths becomes particularly problematic in the unfortunately 
common scenario where ties required to maintain equilibrium are reinforced only by low 
ductility mesh reinforcement (e.g. Figure 3). Recent guidance (NZSEE et al. 2018) states that 
reinforcement (including low ductility mesh) with less than 0.05 strain capacity cannot be 
reliably included in a strut-and-tie analysis due to the unknown strain demands. Consequently, 
it becomes difficult or impossible to identify reliable diaphragm load paths for many buildings, 
particularly those constructed from the 1980s to mid-2000s. 

 

Figure 3: Exemplar 1980s floorplate without effective reinforcement of key ties (Elwood and 
Brooke 2019) 

Despite the inability to identify load paths, evidence from past earthquakes shows that such 
diaphragms have some capacity. Attempting to address this discrepancy, recent guidance 
(NZSEE et al. 2018) provides two approaches that might be used to determine a dependable 
capacity for inadequately reinforced diaphragms. The first approach is restricted in its 
application to a small subset of buildings, and deems the diaphragm capacity to be sufficient 
to withstand a moderate earthquake without calculations being required to demonstrate this. 
The second approach requires: 



“An elastic analysis where strain demands on mesh due to seismic loads do not 
exceed yield strain (0.003). Total strain including shrinkage and creep effects 
shall not exceed the lower bound tensile strain [of typically 0.015]…Analysis must 
account for any pre-existing cracks and detachment from seismic system due to 
geometric elongation of beams and walls.” 

The requirements for this elastic analysis are not precisely defined, and it must be 
acknowledged that the approach described has not been calibrated or validated against any 
robust analysis or testing. Points to note include (Elwood and Brooke 2019): 

• The analysis must generally comply with relevant provisions of the assessment guidelines, 
with demands calculated in accordance with Section C2 (NZSEE et al. 2017) and ‘%NBS’ 
capacities determined in accordance with ‘Step 12’ of Section C5.6.3.3 (NZSEE et al. 
2018), 

• The intent of the ‘elastic’ analysis is that the maximum demand in the diaphragm not 
exceed the yield strain of the non-ductile reinforcement. It is not specified over what width 
the maximum demand may be averaged. However, the intent of the approach is that a 
relatively refined analysis model be used to determine this, with element sizes not 
exceeding approximately 0.5-1.0 m width. Refining the mesh to this extent will result in 
identification of large concentrated demands at re-entrant corners, concentrated supports, 
or other stress raisers, 

• Assessing the impact of other factors on the behaviour will inevitably be complex. The likely 
magnitudes of creep and shrinkage (greater than 500 με restrained shrinkage), geometric 
elongation (e.g. 0.5% of beam depth (Appendix C5E of NZSEE et al. 2018)), and existing 
cracking (commonly 2-3 mm from creep and shrinkage) are all sufficient alone to exceed 
the tensile strain capacity of mesh. 

Taken together, the expectation from the above should be that the suggested ‘elastic analysis’ 
would be complex to undertake, and likely to determine that non-ductile mesh does not make 
a significant contribution to the dependable capacity of a diaphragm. 

Discussion sometimes arises regarding the possibility of developing diaphragm load paths by 
reliance on tendons in the precast units in conjunction with overlapping starter bars at the ends 
of the units. Apart from only offering the possibility of capacity parallel to the span of precast 
units, such load paths are not dependable. As shown in Figure 4, development of a non-contact 
splice between starter bars in the topping and tendons near the soffit of the precast unit 
requires development of a vertical tension force that can only be resisted by the tensile strength 
of concrete, including across the cold joint. 

 

Figure 4: Strut-and-tie model showing tensile stress across cold joint required to mobilise 
tendons as a diaphragm load path (adapted from Jensen 2006) 



TYPICAL RETROFIT APPROACHES FOR PRECAST CONCRETE FLOORS 

As when considering the behaviour of existing precast floors, consideration of their two 
disparate roles is required when determining retrofit requirements for deficient floors. 

Floor behaviour retrofits 

Despite the deficiency of many existing precast floors having been understood for some time 
(e.g. Fenwick et al. 2010; Hare et al. 2009; Matthews 2004), there has been very little validation 
of the behaviour of retrofit solutions intended to improve the gravity load paths of precast floors. 
Addressing this deficit is a key aim of the ReCast Floors project. 

The most comprehensive source of ‘exemplar’ retrofit solutions for precast floors remains 
Chapter 8 of the (draft) ‘PCFOG’ (2009) report. The content provided there remains largely 
relevant. Attention should in particular be paid to the observation in the report that infilling of 
cores (e.g. with fibre reinforced concrete) is not a viable means of increasing the shear strength 
of hollowcore units because the required load path would still rely on the tensile strength of 
concrete and transfer of tensile forces across (poorly prepared) cold joints at the interface 
between the unit and the suggested infill. Similar concerns should lead to rejection of 
suggestions to increase the shear strength by installation of FRP ‘sleeves’ within the cores of 
hollowcore units. 

Based on the PCFOG report, recent and ongoing testing (Bueker et al. 2019), and discussions 
with Wellington and Auckland consultants during June 2019, Table 1 provides a brief summary 
of retrofit approaches available to address different behaviour types that may compromise the 
gravity capacity of precast floors. Interactions between these retrofit requirements, and those 
required to address diaphragm deficiencies, are discussed further later in this paper.  

Diaphragm retrofit 

In contrast to retrofit to address gravity load path deficiencies in precast floors, retrofit to 
improve diaphragm load path capacity is conceptually relatively simple. Given that the general 
approach referred to previously of assuming that the strength of the diaphragm arises 
principally from the in-situ topping concrete, and that diaphragm inadequacy manifests as 
inadequacy of tension and/or compression capacity in critical locations, the retrofit entails 
providing supplementary tension and/or compression capacity where required. Most 
commonly deficiencies are found to relate to the tension capacity of ties, with retrofit works 
most often involving installation of remedial tie reinforcement. 

While conceptually simple, diaphragm strengthening is typically complex when considered in 
detail. This is due primarily to challenges encountered in anchoring retrofit reinforcement to 
existing vertical elements, though it is noteworthy also that ensuring the durability of retrofit 
elements without having these impede on the usability of the floor can also present issues. 

A further key consideration for diaphragm retrofit pertains to the aforementioned difficulty of 
accurately predicting (strain) demands in diaphragms, particularly at interfaces with elements 
of the vertical structure that are subject to large plastic deformation demands. The need to 
accommodate uncertain but potentially large deformation demands gives rise to a common 
preference for utilising ductile materials such as steel for retrofit of diaphragms in preference 
to strong but non-ductile materials such as FRP. The appropriate use of ductile materials can 
provide ‘fuses’ that limit force demands in the ties and consequently avoids overstressing 
potentially brittle connections of retrofit ties. A downside of using steel retrofit elements is that 
they may be thicker, and consequently harder to accommodate without disruption, than FRP 
elements. If such concerns are critical, ‘hybrid’ solutions utilising ductile materials only in critical 
locations (e.g. Ormeno et al. 2019) may be beneficial. 



Table 1: Common retrofit approaches for hollowcore floors 

Failure type Common retrofit methods Comments 

Loss of support or 
positive moment 
failure (near 
support) 

Supplementary seating provided 
via angles, RHS, or (for double tee 
units) heavy corbels. 
Guidance suggests support set 
down from unit to avoid 
exacerbating negative moment 
issues 

Initial results (Bueker et al. 
2019) indicate separation of 
support from unit may not be 
critical, provided remedial 
support is ‘flexible’ 

Positive moment 
failure (in span) 

Extended support brackets 

Damage not reproducible in 
laboratory to date. 
Length of brackets may be 
impractical – cracks observed at 
least 1 m from face. 

Negative moment 
failure 

Selective weakening by inducing 
cracking at rear of unit and/or 
cutting some starter bars 

Initial results (Bueker et al. 
2019) indicate existence of 
cracking may not be sufficient to 
prevent failure 

Enhancing negative moment 
capacity beyond starter bars by 
increasing the tensile strength of 
the top flange 

Strengthening may be achieved 
by use of FRP (PCFOG 2009) 
or alternatively by installation of 
reinforcing bars (Bueker et al. 
2019) 

Web splitting 
failures  
(alpha slab, beta 
slab, torsional 
units) 

Various supplementary catch 
brackets including: 

• Hangers installed through units 

• Cantilever or pinned beams 
transverse to the span of the 
precast unit 

• Beams spanning parallel to, and 
along the full length of, precast 
units 

• Diagonal brackets across the 
corner of frames for (partial) 
support of alpha slabs. 

Brackets provided must 
accommodate (potentially 
significant) elongation of plastic 
hinge regions. 
In particular, diagonal brackets 
across the corner of frames 
should be telescoping and 
pinned in the plane of the 
diaphragm to avoid inducing 
unwanted forces. 

 

FRAMEWORK FOR DETERMINING RETROFIT REQUIREMENTS FOR PRECAST 
FLOORS 

It should be evident from the preceding section that a variety of different retrofit approaches 
may be required depending on the issues identified with a particular precast floor. For some 
floors (or parts of floors) only one form of retrofit may be required, while for others (or other 
parts) several different forms of retrofit may be required. Where this is the case it is likely to be 
beneficial to consider retrofit requirements in a logical order rather than piecemeal because of 
interactions that may arise between different behaviours. For example: 

• The need to maintain (or enhance) diaphragm capacity may mandate the tensile capacity 
of the top flange of a floor. This could impact on the negative moment behaviour of the 
floor, or preclude selective weakening mitigation measures for this behaviour, 

• While potentially less significant than previously understood (Bueker et al. 2019), 
supplementary seating may impact on the negative moment behaviour of a floor. 



In addition to specific interactions between retrofits for different behaviour, it can also be 
identified that some aspects of behaviour are more holistic than others. That is to say, 
diaphragm retrofit requirements are effectively determined by the overall behaviour of the 
building, whereas retrofit to improve gravity capacity can be considered more granularly or 
even on a unit-by-unit basis. 

The above points suggest (as indicated in Figure 1 for hollowcore units) that it would be logical 
to consider negative moment retrofit (or even behaviour) after designs for diaphragm and/or 
seating retrofit are completed. By this approach, any (positive or negative) impacts arising from 
other strengthening measures would be encompassed in the checks initially undertaken, rather 
than iterative design alterations arising as other aspects are developed. 

 

Figure 5: Schematic illustration of sequential approach to retrofit design 

In contrast, for other floor types (e.g. double tee floors as indicated in Figure 1) retrofits required 
for different purposes (e.g. to improve seating versus to improve diaphragm capacity) are 
unlikely to impact on the one and other. Consequently, the order of designing these different 
retrofits is likely to be inconsequential to the outcome achieved or the effort required. 

CONCLUSIONS 

Existing precast floors may be deficient for a number of reasons pertaining either to their 

roles as floors or diaphragms. Due to the different load paths required for precast floors to 

resist either gravity or diaphragm actions different, but potentially interacting, retrofit 

approaches are required to improve the performance of precast floors in these roles. It is 

suggested that following a logical approach to the order of design of these retrofits is likely to 

reduce the extent of iterative design required for certain floor and behaviour types. 

Retrofit approaches to address deficiencies of gravity capacity that were identified previously 

(PCFOG 2009) remain largely current, though only limited or no validation has been 

undertaken to take. The ReCast Floors project aims to address this deficit. 

Non-ductile reinforcement is not generally a reliable load path for diaphragms. Despite 

methods introduced in recent guidance (NZSEE et al. 2018) that aim to determine the 

capacity of load paths relying on such reinforcement, it should not be expected that any 

substantial capacity can be calculated. 
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