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SUMMARY 

Based on observed behaviour in previous earthquakes and subsequent extensive research, it 
is now well understood that hollow-core floors can be highly vulnerable to earthquake damage. 
This is particularly the case for older floors with poorly configured support details. Between the 
‘Purple Book’ and the Appendix C5E of the ‘Yellow Chapter’ the industry is equipped with well-
considered assessment tools for hollow-core floors. Very little guidance, however, is provided 
for the often-required seismic retrofitting of these floors. While Chapter eight in the PCFOG 
report provides a useful overview of potential retrofit techniques, some of the information has 
become outdated. In this paper: 

• A load combination for the gravity design of precast floor retrofits is proposed, 
• High level commentary on the appropriateness of the retrofit methods in the PCFOG 

document is provided 

• Newly developed hollow-core floor retrofits are discussed, and 

• The validation of these new retrofits and other observations from a recently conducted 
super-assembly experiment are described. 

INTRODUCTION 

The use of precast concrete elements to construct the floors of buildings became almost 
ubiquitous in New Zealand during the 1980s and through much of the 1990s (Bull 1999; fib 
Task Group 7.3 2003; CCANZ 2004). Hollow-core floor units were particularly commonly used, 
along with still substantial extents of double tee, rib and infill, and flat slab units. Unfortunately, 
failures of precast concrete floors during the Northridge earthquake (Figure 1a) and 
subsequent research at the University of Canterbury over an approximately 15-year period 
around the turn of the millennium (e.g. Figure 1b) revealed that then-typical hollow-core floor 
detailing was prone to poor seismic performance (Herlihy 1999; Jensen 2006; Liew 2004; 
Lindsay 2004; Matthews 2004; Woods 2008). Around the same time concerns were also raised 
regarding performance of some other precast floor configurations (Hare et al. 2009), with these 
concerns later confirmed and amplified by observed performance of floors of buildings in 
Christchurch (Cattanach and Thompson 2013; Cooper et al. 2012; Corney et al. 2014) and 
Wellington (Brunsdon et al. 2017; Henry et al. 2017; MBIE 2017, 2018). 

Drawing on the extensive research undertaken at the University of Canterbury and, more 
latterly, the University of Auckland (Corney 2017), detailed guidance on assessing the 



performance of existing precast concrete floors was first published for hollow-core floors 
(Fenwick et al. 2010), with less comprehensive guidance also produced for double tee floors 
(Hare et al. 2009). More recently these guidelines have refined and extended to cover all major 
flooring types (NZSEE et al. 2018), with these topics covered in Appendix C5E of the ‘Yellow 
Chapter’. While some areas of uncertainty remain about the performance of existing precast 
concrete floors, these guidelines permit thorough assessment of floors by practicing engineers. 

  

Figure 1: (a) Hollow-core floor collapse during 1994 Northridge Earthquake (Norton et al. 
1994) and (b) Hollow-core floor collapse in large-scale test with NZ typical pre-2004 support 

detailing (Matthews 2004) 

In contrast to guidance on assessment of precast concrete floors, relatively little information 
has been published that provides a clear basis for the design of retrofit upgrades for precast 
concrete floors. Available information largely comprises advice dispersed between various 
research reports (e.g. Jensen 2006; Liew 2004) and the useful but non-specific and now rather 
dated draft summary of retrofit techniques published by the ‘Precast Concrete Floors Overview 
Group’ (PCFOG 2009). This lack of guidance reflects the fact that few, if any, retrofit techniques 
for precast concrete floors have been robustly verified through analysis and experiment. 

The ReCast Floors project (Brooke et al. 2019) was established in 2018 with the aim of refining 
understanding of the behaviour of precast concrete floors and validating and documenting 
design methods for retrofit methods for such floors. The project is principally funded by BRANZ 
from the Building Levy, with additional financial support received from EQC via the UC Quake 
Centre, Concrete New Zealand Learned Society, and QuakeCoRE. Various initial outputs from 
the project (e.g. Henry et al. 2018; Parr et al. 2019; Sarkis et al. 2019; Puranam et al. 2019) 
have so far largely documented aspects of the performance of existing floors.  

This paper focusses on the validation of hollow-core retrofit methods using super-assembly 
tests recently undertaken at the University of Canterbury as part of the ReCast Floors project. 
The development of a number of novel retrofit methods that were included in these tests is 
discussed, along with the extent to which previous guidance on retrofit methods remains valid. 

RETROFITTING HOLLOW-CORE FLOORS 

Hollow-core floor units are susceptible to several failure modes that can compromise the ability 
of the unit to support gravity actions and consequently cause the unit to collapse. These modes 
include loss of support (LOS), positive and negative moment failure (PMF and NMF), torsional 
failure, and failure due to imposition of incompatible displacements (NZSEE et al. 2018).  

Unit designations 

Certain hollow-core units are more prone to damage during an earthquake. Notably this 
includes, with reference to Figure 2: 



• ‘Alpha’ units that are immediately adjacent to a parallel moment frame beam, and 

• ‘Beta’ units that are supported at or adjacent to an intermediate column. 

Beta units are notably not addressed at all in the current Appendix C5E assessment guidance, 
but their susceptibility to damage has now been well documented both in the laboratory as 
discussed in this paper and in earthquake damaged buildings (Siddiqui et al. 2019). 

 

Figure 2: Underside of the ‘super assembly’ specimen with alpha and beta units identified  

Design actions for hollow-core retrofits 

Retrofits for hollow-core floors generally have one of two aims: 

1. Suppression of behaviour types that lead to the failures listed above, or 
2. Provision of a redundant load path for gravity actions so that failure of the hollow-core unit 

does not lead to collapse. 

Retrofits focussed on the second of these aims require consideration of a scenario that is 
outside of those generally considered specifically during design, i.e. ultimate limit state (ULS) 
gravity capacity in a post-disaster context. While loss of seating, negative moment failure, or 
other damage that compromises the gravity capacity of precast floors typically arise in the 
context of an earthquake, the load path being considered is critical to the structure being able 
to support gravity actions. Consequently, it is appropriate that the gravity actions used in 
checks of this load path are consistent with the design action combinations used in New 
Zealand for ULS gravity checks. This would suggest that a load combination of 1.2𝐺 + 1.5𝑄 be 
used, although, as recognised in NZS 1170.5, it is unlikely that the full imposed action (Q) is 
present on a floor at the time of an earthquake. Considering these points: 

• If post-earthquake access is likely to be restricted where floors are sufficiently damaged 
that gravity actions are being resisted by retrofits. It is reasonable to reduce the imposed 
actions such that a combination of 1.2𝐺 + 1.5𝜓𝐸𝑄 is used for design. 

• The full (1.2𝐺 + 1.5𝑄) combination should be used for design where a retrofit is intended to 
provide permanent support after an earthquake (i.e. if the floors are intended to be put back 
in service without repair despite the original load paths being compromised)  

• The full (1.2𝐺 + 1.5𝑄) combination should also be used if the floor unit being considered is 
part of a main evacuation route from a building in which case there is a potential for large 
imposed actions to occur in the immediate aftermath of an earthquake. 



The area reduction factor, 𝜓𝑎, is not included in these combinations because it is required to 
be taken as 1.0 for one-way slabs such as precast concrete floors. Furthermore, for retrofit 
solutions that require the floor to drop considerably in order to engage, the demand 
amplification due to the impact should be accounted for in the design. 

Existing approaches to retrofit of hollow-core floors 

Historically, by far the most common retrofit applied to hollow-core floors has been the 
installation of seating extensions intended to address the risk of loss of support. These have 
commonly taken the form of steel angle or RHS sections fixed to the face of the supporting 
beams, though other designs have also been implemented. Installation of the retrofit seating 
flush against the soffit of a unit can lead to complex demands being induced in the unit and/or 
retrofit element if an earthquake causes rotation of the floor unit relative to the support beam. 
Consequently, there are benefits to setting the retrofit seat down from the soffit of the unit, 
although this implies that the floor unit will drop noticeably before being ‘caught’ by the retrofit 
seat. This drop has obvious implications for the post-earthquake utility of the floor and could 
induce dynamic impact forces or disrupt diaphragm load paths in ways that are hard to quantify. 
Detailed guidance on the design of retrofit seating measures is currently in preparation, which 
is likely to include identification of scenarios in which retrofit seating alone is not a sufficient 
solution. Preliminary guidance on seating design has been presented at recent seminars 
(Büker et al. 2021). 

To the extent that generic guidance about the appropriateness and design of other retrofit 
measures exists in Chapter 8 of the PCFOG report (2009) and other sources, this guidance 
remains generally valid. Table 1 provides a summary of the retrofit techniques outlined in the 
PCFOG report and current views on their validity. Points of note include: 

• Testing has confirmed that negative moment failure can be suppressed by installation of 
retrofit reinforcement to increase the negative moment capacity beyond the ends of as-
built starter bars as suggested in section 8.4.6.4 of the PCFOG report (Table 1g).  

• As identified at sections 8.4.6.1 and 8.4.9.1 of the PCFOG report and elaborated on below 
Table 1, infilling of cores is not a valid retrofit solution (Table 1d). 

• Contrary to section 8.4.3.1 of the PCFOG report, release of negative moment capacity by 
drilling along the ends of hollow-core units (Table 1b) has now been determined to be 
ineffective. While reduction of negative moment demand by cutting starter bars could be 
effective, this is likely to have other consequences to diaphragm behaviour that make the 
approach undesirable. 

• The alpha slab retrofits outlined in section 8.4.8 of the PCFOG report (Table 1c and h) are 
challenging to test as demonstration of performance requires severe failure of the alpha 
slab, which is not guaranteed to occur in a particular test. For instance, such measures 
were installed in the super-assembly during recent testing, but post-test investigations 
suggest the alpha slabs were not sufficiently compromised to validate the retrofits. 

• Similar comments to those above apply to the retrofits for restraint of columns proposed at 
section 8.4.10.1 of the PCFOG report. In this case though, the testing difficulty arises 
because the column buckling demands imposed during testing generally cannot match 
those that may occur in reality. Notwithstanding, it is strongly recommended that ties extend 
either to the next beam line or across the full width of the building. 

The inadequacy of core infilling as a means of retrofitting hollow-core units warrants 
elaboration. Concern about the approach is twofold: 

• The presence of infilled cores will increase the flexural strength and stiffness of the end 
region of the hollow-core unit, which is likely to increase vulnerability to negative or positive 
moment failure outside the filled region. 



Table 1: Summary of retrofits  

Retrofit PCFOG image Comments 

a. Enhanced 
support 
details 

 

Can effectively address LOS. 

Simple support extensions (e.g. angles) alone 
are not sufficient for PMF due to uncertainty of 
location of crack and the lack of integrity of end 
of unit when a shallow-slope PM crack forms as 
discussed later in this paper. 

b. Release 
of 

restraint 

 

Not an effective method of preventing NMF. 

May be effective if reinforcement was cut but 
this is unlikely to be desirable due to impact on 

diaphragms. 

c. Hangers 
anchored 
at soffit 

 

Considered likely to be an effective retrofit for 
alpha slabs and other scenarios where web 
failure is anticipated. 

Recommended that a single steel element be 
placed across a unit rather than a series of 
washers (e.g. Figure 7). 

Detailed design guidance needs to be 
developed. 

d. Core 
infilling 

 

Not a viable retrofit solution and may 
detrimentally affect performance. 

Principle problem is cold joint surrounding infill. 
Solution not improved by use of fibre concrete 
or other less brittle materials. 

e. Hangers 
between 
units 

 

Not an effective retrofit solution. 

Cannot provide effective support to the central 
part of the soffit. 

f. Hangers 
anchored 
in cores 

 

Not an effective retrofit solution and may 
detrimentally affect performance. 

Similar problems to core infilling described at 
Table 1d 

g. Crack 
control at 
end of 
starter 
bars 

 

Can effectively suppress NMF. 

Post-installed reinforcing bars preferred to FRP 
due to their increased ductility and robustness 

h. Alpha 
slab 
support 
beams  

Considered likely to be an effective retrofit for 
alpha slabs. 

Detailed design guidance needs to be 
developed. Design needs to consider relative 
displacement due to deformation of support and 
parallel beams. 

• As illustrated in Figure 3a, for this infill to effectively increase the shear strength of the end 
of the unit it must contribute to resisting vertical tensile forces that have to anchor effectively 
into the top and bottom flanges where the flexural tension and compression forces are 
located. The infill material itself is not prestressed, and so depending on its composition it 
is unlikely to be able to reliably resist tension forces. Irrespective of its composition, the 
infill material is separated from the hollow-core unit by a cold joint. Even in favourable 
circumstances cold joints have greatly reduced tensile capacity compared to concrete 



(Torres et al. 2016). This reduction is likely to be even more significant in relation to the 
inside of a hollow-core unit that is likely to be old, smooth/unroughened, and dusty. 

The ineffectiveness of core infilling as a means of retrofit can be demonstrated by reference to 
previous testing that considered core infilling as a solution for new hollow-core (e.g. Liew 
2004). For example, the test shown in Figure 3b clearly shows the clean separation of the core 
infill from the hollow-core unit. While the filled core in the unit shown in Figure 3b contained 
‘paperclip’ reinforcement, this does not detract from the observation that no effective force 
transfer could occur across the cold joints at the top and bottom of the infill. 

A more detailed overview of available or proposed retrofit techniques is currently in preparation 
and anticipated to be published later in 2021. 

 

            (a)             (b) 

Figure 3: (a) Illustration of necessity of tension forces crossing cold joints at top and bottom 
of core and (b) failure during testing showing debonding of hollow-core unit from infilled core 

(adapted from Jensen 2006) 

NEWLY DEVELOPED RETROFITS 

Two new hollow-core floor retrofit techniques have been developed and experimentally 
validated. These new retrofits, namely strongback retrofit and cable catch retrofit, expand the 
repertoire of hollow-core floor retrofit techniques described above and have been tested in a 
super-assembly experiment conducted at the University of Canterbury. 

The new retrofit solutions were developed with the intent of providing an alternative load path 
once a hollow-core unit is not able to sustain its gravity loads.  

One of the key drivers for the development of these novel retrofit techniques is the uncertainty 
as to where a positive moment crack can form as cautioned in Appendix C5E (NZSEE et al. 
2018). If the prestressing strands in the hollow-core units are poorly bonded, a positive moment 
crack is not guaranteed to form at the edge of the seating ledge. In the absence of suitable 
non-destructive methods to detect poorly bonded strands, retrofits should ideally address the 
possibility of a positive moment crack forming away from the support. 

A second consideration was the desire for solutions that can be installed from just one side of 
the floor, for instance only from the bottom. This reduces the amount of physical disruption and 
the downtime for retrofit installation in occupied buildings because the work can be conducted 
while only significantly impacting one storey at a time. 

Strongback retrofit 

As shown in Figure 4 the alternative load path for the strongback solution is provided by three 
I-beams, termed strongbacks, which are supported on a seating angle on one side and fixed 



to the hollow-core floor on the opposite side. An additional steel plate with screw-anchors at 
roughly mid-span of the I-beam acts as supplemental shear reinforcing to add shear strength 
to the unreinforced hollow-core floor webs. This steel plate is not connected to the I-beams. 
Seating angles are design according to the draft recommendations presented by Büker et al. 
(2021) using the capacity design method for the anchor bolts.  

 

(a) 

 

(b) 

 

(c) 

Figure 4: Strongback retrofit showing (a) side elevation, (b) cross section, and (c) plan view 
of soffit 

The strongback retrofit is particularly notable for its ability to address cases of negative moment 
failure (NMF) or positive moment failure (PMF) away from the support. Figure 5a illustrates the 
mechanism of the strongback retrofit when a NMF has developed. Once the NMF has 
occurred, the gravity load path through the section of floor between the end of the starter bars 
and the back face of the unit (faded in Figure 5a) becomes unreliable. As a result, the 
strongbacks are required to provide the gravity load path to the seating angle. On the opposite 
side of the strongback, the forces are transmitted from the floor into the I-beams through a 
compression-tension force couple. Note that the compression reaction is the sum of the 
reaction at the seating angle and the tension force in the anchors. The supplemental shear 
anchors assist with resisting the resulting increased shear forces in the webs as well as help 
to restrain web-splitting where the compression force lands. Similarly, the strongback retrofit 



prevents floor collapse when a positive moment failure occurs away from the support as 
demonstrated in Figure 5b.  

 

(a) 

 

(b) 

Figure 5: Load path through strongback retrofit addressing (a) a negative moment failure and 
(b) a positive moment failure away from the support   

Cable catch retrofit 

The second new method to retrofit hollow-core floors is the cable-catch system. Two wire 
ropes, spanning underneath and parallel to each flooring unit, are deflected by diverters 
located about one meter from each support. The wire ropes are connected to stiffeners welded 
to steel brackets which are anchored to the beams. The steel brackets are set down with a 
layer of polystyrene. This compressible polystyrene prevents overloading of the epoxy anchor 
rods due to prying action at the tip of the angle caused by negative relative rotation between 
the floor and support beam. Note also that the prying action can cause additional negative 
moment demands in the floor which may result in an unexpected negative moment failure as 
shown by Parr et al. (2019). The cable catch retrofit is shown schematically in Figure 6. 
Although the wire rope is drawn tight here, it is required to install the cable slack to allow for 
frame dilation. If sufficient slack is not provided elongation of the frame could induce upward 
forces on the diverters that would potentially ‘break the back’ of the hollowcore units. 



 

(a) 

 

(b) 

Figure 6: Cable-catch system showing (a) side elevation and (b) cross section through 
diverter 

Applicability of the new retrofit solutions 

Both new retrofit solutions address all failure modes specified in Appendix C5E including PMF 
away from the support. Hollow-core units that are prone to web-splitting triggered by 
deformation incompatibility (e.g. alpha units) may require additional measures to prevent 
separation and collapse of the bottom half of the hollow-core unit. One possible measure is 
the installation of hangers (Figure 7) throughout the span of the unit. Damage due to torsion 
demands is typically initiated near the end of the members and therefore expected to be 
addressed by these retrofits, though experimental demonstration of this would be desirable. 
While torsion cracks away from the end of the units have been observed in some cases after 
the 2016 Kaikoura earthquake (Henry et al. 2017) further research is needed to confirm the 
significance of such cracking on the seismic floor performance.  

 

Figure 7: Suggested hanger detail 

EXPERIMENTAL VALIDATION OF NEW RETROFITS 

Validation of the new retrofits was achieved through testing of a two-by one bay segment of a 
RC moment resisting frame building with 200 mm deep hollow-core units (see Figure 8a). As 
shown in Figure 8b the western bay of the specimen was retrofitted with the strongback retrofit 
(Figure 8c) and the cable-catch system was installed in the eastern bay (Figure 8d). Several 
deficient support details were used to replicate conditions of existing hollow-core floor 



buildings. The frame was subjected to bi-directional loading with a pulse-like motion recorded 
during the 1994 Northridge earthquake followed by progressively increasing drift levels. 

  

(a)      (b)  

  

(c)      (d) 

Figure 8: Super-assembly specimen: (a) Overview of test setup, (b) Retrofit layout, (c) 
Strongback retrofit installed and (d) Cable catch retrofit in place 

Observed retrofit performance 

One of the supports was intentionally designed to be prone to NMF with the objectives to firstly 
validate the retrofits are performing as expected and secondly to investigate how the NMF 
evolves on a system level.   

After the rupture of the non-ductile mesh at 1.6% interstorey drift, the strongbacks started to 
progressively transfer the loads from the flooring units to the seating angles. The image shown 
in Figure 9 was taken at 5% drift. Previous longitudinal splitting through the first cell of the 
hollow-core unit shown caused the bottom edge of the unit to drop out which exposed the 
interior of the floor unit. Although a wide negative moment crack opened, the screw anchors 
prevented any web-crack propagation towards mid-span. 

Although the strands in the installed hollow-core units had good bond conditions, positive 
moment cracks were observed up to 350 mm from the support. Cut-outs in the alpha and beta 
units, required to fit the precast units around the columns, acted as stress raisers and, 
consequently, crack initiators as shown in Figure 10a. Units without these cut-outs, however, 
still had positive moment cracks forming away from the seating ledge, e.g. in the unit next to 
the eastern alpha unit (Figure 10b). It is noteworthy that the transverse soffit crack away from 
the beam edge in this unit ultimately remained closed with deformations concentrating at the 
beam edge. 



 

Figure 9: Negative moment failure retrofitted with strongback retrofit 

  

                               (a)                         (b) 

Figure 10: Positive moment cracking (a) in the eastern alpha unit at 4% drift and (b) in unit 
next to the eastern alpha unit at 2% drift (hidden cracking is indicated by dashed red line) 

Extensive and significant web cracking occurred during the experiment, with these cracks 
generally not being externally visible. The web-cracks predominantly formed by propagating 
from the positive moment crack diagonally upwards in the direction of web-shear as shown in 
Figure 11a. Due to the lack of shear reinforcement and progressive slip of the strands, the floor 
would likely have collapsed. Both retrofit solutions, however, provided an alternative load path 
and ensured gravity load transfer while sustaining additional seismic loading up to 5% drift. 
Furthermore, the screw anchors in both retrofit solutions successfully prevented the 
progression of web-cracking towards the floor mid-span. The pre-compression in the webs 
from tightening these anchors appeared to have been highly beneficial for the purpose of 
restraining web-crack propagation. Overall, the presence of the screw anchors helped to 
maintain the integrity of the floor, in particular, when compared to the floor performance in 
Matthews’ experiment (2004) in which the bottom flange of a hollow-core unit collapsed. 

The hollow-core floor damage observed during the experiment also raises concerns as to 
whether retrofitting with only a seating angle is appropriate even when a NMF or a PMF away 
from the support is not expected. The shallow diagonal web-cracks that initiated at a positive 
moment crack leave the floor transferring the gravity loads through a slender triangular 
concrete section into the angle. As shown in Figure 11b, this can result in secondary cracks 
(marked in purple) at the tip of the angle. With the already impaired bond conditions around 
the strands, it is questionable whether the floor can still be supported after the secondary 
cracks formed. 

NMF 

Strongback 

Exposed interior of  
hollow-core unit 



Further publications providing more details on the observed damage progression of the tested 
hollow-core floor and the retrofit performance are in preparation.  

  

                (a)       (b) 

Figure 11: (a) Shallow diagonal web cracking at 2.5% drift and (b) secondary soffit crack 
(marked in purple) at the tip of the angle photographed at 4.0% drift  

CONCLUSIONS  

The poor performance of many hollow-core floors during earthquakes has been apparent for 
many years, first being highlighted by collapses during the 1994 Northridge earthquake (Norton 
et al. 1994) and then emphasised by extensive research (e.g. Fenwick et al. 2010; Matthews 
2004). However, it was not until the 2016 Kaikoura earthquake that the need to retrofit these 
floors became a key concern amongst consulting engineers and building owners. 
Consequently, until recently, guidance on retrofit of hollow-core floors was limited, largely being 
contained in the draft PCFOG report (2009). 

While the PCFOG report provides useful guidance for retrofitting, some of the information is 
deemed outdated. Updating comments on various key retrofit technique are provided in this 
paper and the lack of more detailed guidance for many of the presented retrofits is highlighted. 
In particular, it is emphasised and shown that only filling the cores with concrete is an 
insufficient solution due to the lack of reliable tension load paths between the infill material and 
the hollow-core unit. 

In addition, a new load combination (1.2𝐺 + 1.5𝜓𝐸𝑄) is introduced for the design of precast 
floor retrofits that only require restricted post-earthquake access. In cases where a full 
reoccupation of the building is targeted or the flooring units are part of the evacuation route, 
the full gravity load demand (1.2𝐺 + 1.5𝑄) should be assumed.  

The strongback retrofit and the cable catch retrofit are effective new solutions that can address 
the majority of the hollow-core floor failure modes including PMF away from the support. The 
successful experimental validation of these novel retrofits is presented in this paper. The 
experiments also demonstrate that seating extension, such as steel brackets, are not sufficient 
when shallow web-cracks or PM cracks form beyond the seating retrofit.  
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