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1	 BACKGROUND 
The collapse of precast hollow-core floor units during 
the 1994 Northridge earthquake raised serious concerns 
about the seismic resilience of such floors. Subsequent 
earthquake reconnaissance (Norton et al. 1994) concluded 
that the failure had initiated at the support connection. 
This hollow-core floor collapse in the USA raised serious 
concerns in New Zealand, where hollow-core floors had 
been widely used since the late 1970s (PCFOG 2009). A 
series of component tests (Herlihy 1999; Mejia-McMaster 
1994; Oliver 1998) furthered the understanding of the 
seismic performance of hollow-core floor connections, but 
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ABSTRACT 
Serious concerns about the life safety risk of hollow-core floors during earthquakes were raised following the collapse 
of hollow-core units during the 1994 Northridge earthquake and in subsequent laboratory tests. To enhance the 
understanding of the seismic performance of existing hollow-core floors, a substantial experimental programme of two 
large-scale super-assembly tests with hollow-core floors was carried out. Each test specimen consisted of a two-bay 
by one-bay concrete frame with full-scale hollow-core floors, which were constructed using typical 1980s floor detailing. 
The specimens were loaded with a simulated earthquake record applied quasi-statically. 
This paper discusses the progression of hollow-core floor damage observed in both super-assembly experiments. The 
main findings include the early onset of cracks in the unreinforced webs of the hollow-core units at 0.5% interstorey 
drift. The tests also demonstrated the detrimental effect of web cracking on the gravity load-carrying capacity of hollow-
core floors. Additionally, hollow-core units that are seated at intermediate columns (so-called ‘beta units’) were found 
to get damaged more heavily than those supported away from the columns. Moreover, several transverse cracks 
were observed in the floor soffit away from the support and beyond the provided seating retrofits. Lastly, the extent of 
floor damage was found to be sensitive to the ground motion, with pulse-type motions (pushing the structure in one 
direction) tending to cause more severe floor damage than far-field motions with multiple cycles. The paper also outlines 
key challenges and recommendations for web crack inspections. 

SEISMIC DAMAGE OBSERVATIONS OF PRECAST 
HOLLOW-CORE FLOORS FROM TWO FULL-SCALE 
SUPER-ASSEMBLY TESTS  

it was not until the early 2000s that the critical shortcomings 
of these floors were exposed in a large-scale three-
dimensional laboratory experiment (Matthews 2003).

Matthews (2003) tested a segment of a typical precast 
concrete frame building with hollow-core floors (super-
assembly test). As shown in Figure 1, the super-assembly 
specimen comprised topped 300 mm hollow-core units 
spanning 12 m over two bays. While the nominal seating 
of the floors was specified as 50 mm, typical of field 
conditions, the achieved actual seating length measured 
20 mm (east) and 40 mm (west) due to construction 
tolerances.
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During Matthews’ experiment the hollow-core floors 
performed in a brittle manner and exhibited critical damage 
such as:

•	 A longitudinal tear forming between the first and 
second unit at 1.9% drift, 

•	 Collapse of the bottom flange of the first unit at 2.0% 
drift and

•	 Complete floor collapse after 2.5% drift while loading 
the floor with design live load.

One of the critical observations was that the damage 
occurred within the hollow-core units themselves (see 
Figure 2), disproving previous assumptions that all the 
deformation and damage manifests at the beam-to-floor 
interface.

Improved hollow-core floor detailing, which was developed 
based on the findings from Matthews’ test and further 
testing (Lindsay 2004; MacPherson 2005; Trowsdale 
2004), was subsequently introduced into the New Zealand 
Concrete Structures Standard with the third amendment 
to NZS3101:1995 (SNZ 2004). These provisions were 
refined and maintained in NZS3101:2006-A1, A2&A3 
(SNZ 2017)). In addition, further investigation into the 
seismic performance of the pre-2000s hollow-core floor 
detailing was conducted through several sub-assembly 
connection tests (Bull and Matthews 2003; Jensen 2006; 
Liew 2004; Woods 2008). These single hollow-core unit to 
beam specimens largely contributed to the development 
of seismic assessment procedures for hollow-core floors 
published by Fenwick et al. (2010). Three primary modes 
of failure, namely loss of support (LOS), negative moment 
failure (NMF) and positive moment failure (PMF), were 
identified in these assessment procedures.

Hollow-core floor damage found after the 2016 Kaikōura 
earthquake was of a nature that emphasised the need to 

assess and retrofit the many existing pre-2000 hollow-core 
floor buildings (Henry et al. 2017). The earthquake damage 
observations and subsequent research (Corney et al. 2018) 
led to refinements of the seismic assessment methods for 
precast floors, which were incorporated in the technical 
proposal to revise Section C5 (Concrete Buildings) of the 
“Guidelines for Detailed Seismic Assessment of Buildings” 
(MBIE et al. 2018), from hereon referred to as Assessment 
Guidelines C5.  

(a) Super-assembly specimen with loading rig

(a) Photo of the support connection after floor collapse

(b) Cross section showing the positive moment 
cracking generated by relative rotation demands as 
observed in Matthews’ experiment

Figure 2: Cracking within the hollow-core units 
(adapted from Matthews (2003))

(b) Plan view of the super-assembly specimen

Figure 1: Super-assembly test with 300 mm hollow-core floors (adapted from Matthews (2003))
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Whilst consideration has been given to assessment of the 
hollow-core floor performance, guidance on hollow-core 
floor retrofits has been more limited with some options 
presented in a draft document prepared by the Precast 
Concrete Floors Overview Group (PCFOG 2009); however, 
those presented retrofit solutions have remained largely 
unvalidated. 

1.1	 RECAST FLOORS PROJECT
The ‘ReCast Floors’ research project was established with 
the primary objective of validating existing and developing 
new precast floor retrofits as well as improving the 
understanding of the seismic performance of precast floors. 
As part of the ReCast Floors project, two super-assembly 
tests were conducted in the laboratory facilities at the 
University of Canterbury. These tests were primarily carried 
out to experimentally validate proposed hollow-core floor 
retrofit solutions but also to address some further questions 
on the seismic behaviour of existing hollow-core floors, 
such as:

•	 What is the seismic performance of a hollow-core floor 
with common detailing features found in existing pre-
2000s buildings? Selected detailing features included:
o	 200 mm hollow-core units spanning a single bay,
o	 Units that are seated at intermediate columns (beta 

β units) and related,
o	 Notches in the units to fit the units around 

columns.
•	 How does NMF in hollow-core floors progress on a 

system level?
•	 At what inter-storey drifts do web cracks form and how 

do they progress relative to the imposed peak drifts?
•	 How does floor damage affect the diaphragm 

performance? 
The last of these topics is discussed in detail by Parr et al. 
(2022a; b).

This paper discusses the floor damage observations from 
the two ReCast Floors super-assembly tests, addressing 
the above questions and informing what earthquake 
damage can be expected in existing hollow-core floor 
buildings. These damage observations are then compared 
to demonstrate the effect of different floor detailing and the 
ground motion sensitivity. The damage observations are 
further compared to the assessed limiting drifts based on 
the Assessment Guidelines C5. Lastly, recommendations 
are made on effective inspection techniques for the 
detection of web cracks.

2	 SUPER-ASSEMBLY SPECIMENS 
AND SETUP

Two super-assembly specimens were tested in the 
laboratory facilities at the University of Canterbury, 
Christchurch, New Zealand. Both test specimens 

represented a segment of a reinforced concrete frame building 
with retrofitted hollow-core floors and were each subjected 
to quasi-static simulated earthquake loading. Whilst the 
frame components were nominally the same for both test 
specimens, there were distinct differences in floor detailing, 
retrofit solutions and loading protocol between the two tests.  

2.1	 TEST SPECIMENS
The test specimens consisted of two-bay by one-bay 
reinforced concrete frames with precast hollow-core floor 
units, as shown in Figure 3. The general frame configuration 
incorporated typical 1980s Wellington building features, such 
as the eccentric alignment between beam centreline and 
column centreline and the resulting protrusion of the columns 
into the floor plate. The structural design and detailing of the 
frame components satisfied the latest ductile design provisions 
in accordance with NZS3101:2006-A3 (SNZ 2017) to ensure 
that these components had deformation capacity that was 
sufficient not to influence the experiment. Non-critical parts of 
the frame structure test specimens (i.e. columns, longitudinal 
beam reinforcement and the lower middle of the parallel 
beams) from the first test specimen were re-used for the 
construction of the second test specimen. 

The floor was formed with eight 200 mm deep precast 
hollow-core floor units spanning 7.1 m in the one-bay direction 
and a 75 mm deep topping layer reinforced with non-ductile 
cold-drawn 665 mesh. Each hollow-core floor unit contained 
five 12.5 mm prestressing strands. The support connections 
to the frame, shown in Figure 4, replicated 1980s Wellington 
construction practice. The actual seating length varied for each 
unit end ranging from 15 to 55 mm. 

Four of the eight hollow-core units (U1, U4, U5 and U8 in 
Figure 3a) were seated on the plastic hinges of the support 
beams. The hollow-core units U1 and U8, located adjacent 
to the parallel beams, can be classified as ‘alpha (α) units’ 
(Brooke et al. 2022; PCFOG 2009). Previous research has 
identified that alpha units can be subjected to displacement 
incompatibilities with the adjacent parallel beam deforming 
in double curvature while the hollow-core units attempt to 
remain flat (Fenwick et al. 2010; Matthews 2003; MBIE et al. 
2018). Conversely, units U4 and U5 were seated on the plastic 
hinges at the intermediate columns and classified as ‘beta 
units’ (Brooke et al. 2022). The unique boundary conditions of 
beta units can lead to complex local demands in their support 
regions. Because previous super-assembly tests (Lindsay 
2004; MacPherson 2005; Matthews 2003) did not include 
beta units, the super-assembly tests described in this paper 
were designed to gain insights into the seismic behaviour and 
damage patterns of beta units, particularly when subjected 
to bi-directional interstorey drift demands, as expected in real 
buildings. 
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Figure 3: Super-assembly specimen with nominal dimensions.

Figure 4: Cross-section view showing the floor-to-beam connections.

(a) Support beam (b) Parallel beam
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2.2	 SETUP
The setup for the super-assembly tests, shown in Figure 5, 
allowed simultaneous bi-directional earthquake loading 
with 14 actuators installed along an L-shaped strongwall. 
The actuators were connected to the top and bottom 
of the columns along the south and east side of the test 
specimens. Load transfer between the columns was 
achieved through internal loading frames that acted as 

pantographs. The bottom of the columns rested on bi-
directional sliders with universal hinges. The combination 
of internal loading frames and sliders ensured that the 
columns remained parallel while allowing the frame 
to dilate due to beam elongation. Loading of the test 
specimens was quasi-static and thus horizontal and 
vertical accelerations could not be simulated.

Figure 5: Super-assembly test setup in University of Canterbury laboratory
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Table 1: Summary of floor detailing, retrofits and loading protocols for Tests 1 and 2

Test 1 Test 2

Starter bar 
configuration 
(see Figure 6)

Beam A1-B1 & A2-B2:
HD12 @400 mm centres with 600 mm lap
Beam B1-C1 & B2-C2:
HD12 @400 mm centres with 600 mm lap and 
mesh extending into top of the beam

Beam A1-B1 & B2-C2: 
HD12 @400 mm centres with 600 mm lap 
Beam B1-C1: 
HD12 @300 mm centres with 450 mm lap and 
mesh extending into top of the beam 
Beam A2-B2: 
665 mesh extending into top of the beam (no 
starter bars)

Retrofits Unit U1 & U4: 
Catch beams
Unit U2 & U3:  
Supplementary seating
Unit U5: 
Catch beams + supplementary transverse 
reinforcement
Unit U6 & U7: 
Supplementary seating + supplementary 
negative moment reinforcement
Unit U8: 
Supplementary transverse reinforcement
(For conceptual retrofit details, refer to 
companion paper by Brooke et al. (2022))

Units U1-U4:
Cable-catch retrofit (Brooke et al. 2022; Büker 
et al. 2021) 

Units U5-U8: 
Strongback retrofit (Büker et al. 2022)

Column ties
(see Figure 6)

2x HD20 column tie bars (installed prior to 
casting the topping)

2x HD20 column tie bars (post-installed after 
casting the topping.)
D12 ‘stitching bars’ in transverse direction 
(reinstating the load path across cut mesh 
between units U4 and U5.)

Additional gravity 
weights on floor

No additional loads (only self-weight of the floor) Additional weights on units U1-U4 in 
accordance with:
Ed = G+ψE Q + Eu (SNZ 2011)

Loading protocol
(see Figure 7)

Phase 1: 
2016 Kaikoura Earthquake (far-field)
Phase 2: 
Standard Loading Protocol
(Bi-directional circular loading pattern)

Phase 1: 
1994 Northridge Earthquake (pulse-type) 
Phase 2: 
Standard Loading Protocol 
(Bi-directional elliptical loading pattern with 1 (||) 
to 0.5 ( ) ratio)

2.3	 TEST CONFIGURATIONS AND LOADING 
PROTOCOLS

While the frame and setup of the two test specimens 
were generally similar, there were distinct differences 
in terms of floor detailing, floor retrofits and loading 

protocols. These differences are outlined for each of the 
two tests in Table 1 and elaborated in the following sub-
sections. Table 1 also contains references to companion 
papers with more detail on the retrofits.
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2.3.1	 Starter bar configurations

The starter bar configurations at the supports were varied 
between the two test specimens to investigate the effect of 
different reinforcement arrangements on the floor performance. 
For the first specimen, the starter bar configuration was 
generally kept consistent with slight variations between the two 
bays (refer to Table 1 and Figure 6a). 

Test specimen 2 comprised several different starter bar 
configurations, as shown in Figure 6b (also refer to Table 
1). Most notably, the detailing along B1-C1 was designed 
to be particularly critical for negative moment failure, firstly 

to investigate how a negative moment failure evolves on a 
system level and secondly to test the retrofit solutions for 
this failure mode. A 30 mm-deep saw cut was made at the 
end of the starter bars along beam B1-C1 prior to testing 
to ensure that a negative moment crack formed in this for 
NMF critical location (Figure 6b). The detailing along beam 
A2-B2 was in contrast to this highly reinforced connection, 
with only mesh extending from the topping into the top of the 
beam. Although the ‘mesh only’ configuration is not typically 
encountered along seismic frames, it is more commonly 
found at internal supports. 

Figure 6: Starter bar configuration and column tie detailing.

(a) Test specimen 1 (b) Test specimen 2

2.3.2	 Retrofits

Both test specimens comprised a variety of floor retrofits 
that primarily aimed to prevent the collapse of the flooring 
units and ensure life safety performance. The retrofits were 
designed to only actively engage when the floor underwent 
vertical dislocation relative to the support structure. For this 
reason, the damage observed at low-to-medium drift levels 
was not significantly affected by the presence of the floor 
retrofits. A list of the retrofit solutions that were installed 
in each test specimen can be found in Table 1. However, 
it should be noted that this paper does not discuss the 
performance of the retrofit solutions but only focuses on the 
floor performance. For more detail on the retrofit solutions 
refer to the companion papers by Brooke et al. (2022) and 
Büker et al. (2022).

That notwithstanding, the column tie retrofits, which tie the 
intermediate columns into the topping layer, warrant further 
elaboration within this paper because these tie bars actively 
affected the floor performance. Column tie reinforcement 
was required for the intermediate columns B1 and B2 as 
per NZS3101:2006-A3 (SNZ 2017) to prevent the columns 

from translating outwards. As column ties were typically not 
installed in existing 1980s precast floor buildings, they were 
considered a retrofit solution for these tests. For the first test 
specimen, the column tie bars were epoxied into the inner 
face of the intermediate columns and placed under the mesh 
reinforcement before casting the topping concrete. For the 
second test specimen the column ties were post-installed 
after the topping concrete had been laid. Grooves were 
cut into the topping layer, which required cutting the mesh 
reinforcement to achieve sufficient depth for reinforcement 
coverage. For this reason ‘stitching bars’ were needed to be 
installed across where the mesh had been cut. The grooves 
for both the column ties and stitching bars were roughened 
and subsequently filled with high-strength cementitious 
grout.  

2.3.3	 Loading Protocols 

Two different series of loading protocols were adopted for 
the two experiments. The loading protocols were developed 
aiming to represent realistic earthquake loading scenarios 
for hollow-core floor buildings in Wellington. During the 2016 
Kaikōura earthquake a significant number of Wellington 
buildings incurred damage to hollow-core flooring (Henry et 
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al. 2017), and consequently the displacement demands 
in the first test were aimed to simulate shaking from this 
earthquake. To evaluate the interstorey drift demands 
imposed by this earthquake, De Francesco and Sullivan 
(2022) developed a three-dimensional finite element model 
of a thirteen-storey reinforced-concrete frame building with 
hollow-core floors featuring typical characteristics of 1980s 
construction practice in Wellington. Nonlinear time-history 
analyses were conducted for both horizontal components 
of the 2016 Kaikōura earthquake record from the CPLB 
station (Chandramohan et al. 2017). The inter-storey drift 
response was identified to be largest at the third storey. The 
response at the third storey was extracted, simplified and 
converted into a circular bi-directional cloverleaf loading 
pattern, which is schematically illustrated in Figure 7c. For a 
clear differentiation of the loading direction, the inter-storey 
drift demands applied in the direction parallel to the hollow-
core unit span (North-South direction) are marked with a ‘||’ 
symbol and inter-storey drift demands transverse to the unit 
span (East-West direction) are marked with a ‘ ’ symbol. 
After the simulation of the 2016 Kaikōura earthquake, 
loading was continued with progressively increasing drift 

levels following the same circular cloverleaf pattern. The 
entire loading sequence for Test 1 is shown in Figure 7a and 
is listed numerically in Table 2.

The experimental observations during Test 1 (refer to 
Section 3.1) highlighted that torsional softening of the frame 
structure, due to the many bi-directional cycles of the far-field 
2016 Kaikōura earthquake motion, can significantly decrease 
the floor demands. To contrast these findings, the second 
test simulated a near-fault, pulse-type motion from the 1994 
Northridge earthquake recorded at the Rinaldi Receiving 
Station. The inter-storey drift response was derived using 
the same procedure as for Test 1. The derived simplified 
earthquake demand consisted of an initial pulse to -2.0% 
(||) inter-storey drift, followed by loading to +1.0% (||) and 
±1.0% ( ) as shown in Figure 7b. The directionality from the 
1994 Northridge earthquake motion was further continued 
in the standard loading protocol phase by using an elliptically 
shaped cloverleaf loading pattern (Figure 7d). The aspect 
ratio between the parallel (||) and transverse ( ) direction was 
1:0.5. The entire loading sequence for Test 2 is shown in 
Figure 7b and is listed numerically in Table 3.

(7a) Test 1 – Drift in parallel and transverse 
direction plotted against the number of cycles. 

(7b) Test 2 – Drift in parallel and transverse 
direction plotted against the number of cycles. 

Figure 7:  Loading protocols with low-intensity cycles to 0.125% drift omitted for clarity. (Note: ROM# refers 
to the application of Rhomboid loading as shown in Figure 8.)
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Table 2: Numerical loading sequence of Test 1

Loading Phase No. of 
Cycles

Inter-storey 
drift

Low intensity cycles 2 0.125%

2016 Kaikōura EQ

2 0.25%

3 0.5%

5 0.75%

- ROM1

1 1.0%

1 1.5%

- ROM2

Standard Loading 
Protocol

1 1.5%

2 2.0%

2 2.5%

- ROM3

1 3.0%

Table 3: Numerical loading sequence of Test 2

Loading 
Phase No. of Cycles Inter-storey 

drift

Low intensity 
cycles 2 0.125%

1994 Northridge
EQ

-

-2.0% (||),

+1.0% (||),

+1.0% ( ),

-1.0% ( )

- ROM1

Standard 
Loading Protocol

1 1.5%1

1 2.0%1

- ROM2

1 2.5%1

1 3.0%1

- ROM3

1 3.5%1

1 4.0%1

- ROM4

- +4.0% ( ),

-4.0% ( ),

1 5.0%1

1 Reflects peak-drift value in (||) direction. Drift in ( ) is 50% of the 
stated (||) value due to the elliptical loading pattern (Figure 7d).

(7c) Test 1 – Circular loading pattern (7d) Test 2 – Elliptical loading pattern with an 
aspect ratio of 1:0.5
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Because of the quasi-static application of loading, no inertial 
forces were applied to the specimen and consequently 
the in-plane diaphragm demands could not be simulated. 
Nonetheless, to investigate the effect of progressive 
floor damage on the diaphragm capacity, a deformation 
pattern referred to as ‘rhomboid’ loading (ROM) was 
imposed at different points throughout the earthquake 
loading phases. The rhomboid loading was applied by 
horizontally translating the frame at gridline 2 in the positive 
and negative transverse direction while holding the frame 
at gridline 1 in place, as schematically shown in Figure 8. 
For further details on the rhomboid loading, as well as an 
analysis of the diaphragm performance at different floor 
damage stages, refer to Parr et al. (2022a; b).

2.4	 ASSESSED DRIFT CAPACITY OF THE FLOOR 
SYSTEM

The drift capacity of the precast floor components in the 
super-assemblies can be assessed for the three potential 
failure modes (LOS, NMF and PMF) using the Assessment 
Guidelines C5 (MBIE et al. 2018). This assessment 
identifies the drift level at which a flooring unit is expected 
to lose its reliable gravity load path. This point is unlikely 
to coincide with the collapse of the flooring unit because 
precast concrete floors, particularly hollow-core floors, 
may have unreliable load paths that cannot reliably be 
quantified and depended on (MBIE et al. 2018). 

The assessed drift capacities of the tested flooring units 
are listed in Table 4. The drift capacities are provided for 
each failure mode under consideration of the different 
demands based on the flooring unit’s location relative to 
the parallel beams. All listed drift capacities exclude the 
factor of 2, which is used in the Assessment Guidelines 
C5 to account for the uncertainties in estimating the drift 
demands and capacities and the step-change nature 

of the floor performance when the demands exceed 
these capacities. For simplicity, the LOS assessment was 
conducted assuming a specified seating length of 50 mm 
and construction tolerances of 20 mm. The assessment of 
the floor diaphragm is omitted in this paper. 

Table 4: Assessed drift capacities based on the 
Assessment Guidelines C5 (excluding factor 2)

Failure mode Units affected Limiting drift

LOS1* U1,U2,U7,U8 1.2%

LOS2* All 1.3%

NMF All** 1.0%

PMF1* U1,U2,U7,U8 2.0%

PMF2* All 3.1%

PMF3* U1,U8 1.4%
Footnote: 

* Drift capacities depend on the displacement demands, which 
are defined as follows:

PMF1 – Demands due to support rotation and elongation of the 
parallel beam (within elongation zone)

PMF2 – Demands due to support rotation and unit movement 
due to plastic elongation of the starter bars (outside elongation 
zone)

PMF3 – Demands due to displacement incompatibility between 
floor and parallel beam (alpha units only)

** NMF is precluded for the mesh only configuration (U1-U4 
at North support of test specimen 2) and where supplemental 
negative moment reinforcement was installed (U6-U7 of test 
specimen 1)

3	 QUALITATIVE DAMAGE 
OBSERVATIONS

The qualitative observations of floor damage relative to 
the imposed inter-storey drift demands are outlined in this 
section. A more detailed description and forensic analysis 
of this damage is not addressed in this paper but will form 
part of a PhD thesis (Büker (In Preparation)). 

3.1	 FLOOR DAMAGE IN TEST 1
This section outlines the observed floor damage from 
Test 1 chronologically. The progression of damage in 
the floor is also summarised in Figure 11, where the key 
damage states are plotted against the imposed peak drifts. 
Visualisations of the floor damage in the form of photos and 
crack maps are presented sequentially in Figure 12.  

As described above, the first test simulated the 2016 
Kaikōura earthquake followed by a standard loading 
protocol with progressively increasing inter-storey drifts.

2016 Kaikōura Earthquake (KEQ)

During loading the first sign of floor damage occurred 
at +0.25% ( ) inter-storey drift when a longitudinal split 
(0.4 mm wide) formed between the beta units U4 and 

Figure 8: Rhomboid loading
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U5 (Figure 12a). This split was initiated by the transverse 
displacement demands that arise from the rotation and 
elongation of the beams connecting into the intermediate 
columns, as schematically demonstrated in Figure 9. 

During the load cycles to 0.5% drift, a substantial amount 
of new cracking occurred with three main locations of 
cracking. Firstly, longitudinal splits formed down the first 
cell of the alpha units U1 and U8 while loading to ±0.5% 
( ) drifts. Secondly, transverse soffit cracks along the 
seating ledge of the support beams in alpha and beta 
units occurred when loading to ±0.5% (||) drift. Lastly, 
the warping deformations due to the simultaneous bi-
directional loading generated cracks around the columns 
in the soffit and top of the floor (refer to Figure 12b).

Although, at this stage, there was only minor cracking 
visible on the exterior of alpha unit U8, a web crack was 
suspected of having formed at the south support during 
the 0.5% drift cycles. This web crack was detected 
through simple acoustic testing by tapping a hammer on 
the underside of the floor lengthways along the webs. A 
distinct difference in the pitch of the sound response could 
be heard where the crack was suspected. Nonetheless, 
visual confirmation of the crack was not possible with a 
borescope camera at this stage. The web crack at this 
previously identified location became clearly visible at 
+1.0% (||) drift, as indicated in Figure 12c.   

At +1.5% (||) the transverse soffit cracks along the 
south support of the units had widened substantially. 
Most notably, the transverse soffit crack in beta unit U4 
measured 4 mm with a vertical offset of 2.7 mm and the 
soffit corner crack in alpha unit U1 measured 3.8 mm in 
width with a vertical offset of 2.5 mm. These observations 
are of particular significance because a vertical dislocation 
in excess of 2 mm is considered an indicator that the 
reliable gravity load paths between the floor and the 
support have been lost (Corney et al. 2021). 

With further progression of loading, the elongation from 
the plastic hinges at the intermediate columns B1 and B2 
concentrated in the split between the two beta units U4 and 
U5. As a result, the non-ductile 665 mesh wires across the 
split fractured while loading to +1.5% ( ) drift (Figure 12d). 

At this point in the test, the beams had sustained extensive 
cracking in the plastic hinges, resulting in a significant 
reduction in the torsional stiffness of the damaged beam 
hinges. Furthermore, dilation of the frame due to beam 
elongation induced tension in the starter bars which 
extend from the top of the beam into the floor topping. 
This eccentrically acting tension force in the starter bars 
combined with the eccentrically acting floor weight with 
respect to the centre of the beam caused the beam 
to sustain a permanent positive rotation relative to the 
floor. This behaviour had three critical effects on the floor 
performance:

1.	 As the beams were no longer fully constrained to twist 
as drift was imposed on the columns, the relative 
rotations between the floor and the beams decreased, 
particularly for the units closer to the midspan of the 
beam, as indicated in Figure 10. 

2.	 A permanent relative positive rotation between the 
support beam and the floor meant an increase in 
seating demands or widening of the positive moment 
cracks. 

3.	 The behaviour described in above points (1) and (2) 
also resulted in the relative negative rotations between 
the floor and the support (remaining small after the 
beams lost torsional stiffness). Thus, the negative 
moment demands at the end of the starter bars, which 
is the critical section for negative moment failure, were 
relieved to some extent thus decreasing the potential for 
negative moment failure.

Figure 9: Transverse displacement demands 
generating split (shown in red) between beta units 
(deformation exaggerated for clarity)

Figure 10: Schematic demonstrating the effect of 
reduced torsional stiffness in the support beam on 
the relative rotation between the floor and beam 
(adapted from Matthews (2003))
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Standard Loading Protocol (SLP)

Despite the reduced relative rotation demand on the 
floor, additional damage was observed during the 
standard loading protocol phase particularly in locations 
already damaged during the 2016 Kaikōura earthquake 
simulation.

Throughout the seismic loading, splitting cracks along 
the column ties had developed in the vicinity of the 
intermediate columns. During the cycles to 2.0% 
and 2.5% the topping concrete over the column ties 
at the face of the columns spalled off, exposing the 
reinforcement (Figure 12e). 

From the borescope inspections conducted during the 
2.5% drift cycles it was concluded that web cracking was 
present in multiple locations, as indicated in Figure 12f. 
Only alpha and beta units exhibited web cracking in this 
first test. The majority of detected web cracks were an 
extension of the soffit cracks and propagated at an angle 
of 45° or steeper in the direction of the gravity shear, which 
is consistent with the positive moment crack propagation 
observations from Matthews’ super-assembly experiment 
(2003, see Figure 2). 

The first experiment was terminated after finishing the 3% 
drift cycles due to an actuator control error.

Figure 11:  Summary of damage observed in first experiment (refer to Section 2.4 for the definition of failure 
modes)

12(b) Transverse soffit cracking in alpha and beta units, longitudinal splits through the first cell of alpha units U1 
and U8, and increased cracking around the corners during the 0.5% cycles.

12(a) Full-length longitudinal split between the two beta units shown after 0.25% drift cycles.


