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ABSTRACT: The Catholic Cathedral of the Blessed Sacrament is a category 1 listed
heritage building constructed largely of unreinforced stone masonry, and was
significantly damaged in the recent Canterbury earthquakes. The building experienced
ground shaking in excess of its capacity leading to block failures and partial collapse of
parts of the building, which left the building standing but still posing a significant hazard.
In this paper we discuss the approach to securing the building, and the interaction of the
structural, heritage and safety demands involved in a dynamic seismic risk environment.
We briefly cover the types of failures observed and the behaviour of the structure, and
investigate the performance of both strengthened and un-strengthened parts of the
building. Seismic strengthening options are investigated at a conceptual level.
We draw conclusions as to how the building performed in the earthquakes, comment on
the effectiveness of the strengthening and securing work and discuss the potential seismic
strengthening methods.
1 INTRODUCTION
As a result of the 4 September 2010 Canterbury earthquake and the more damaging 22 February 2011
Christchurch earthquake, considerable damage occurred to a significant number of buildings in
Christchurch. In this paper the damage that occurred to the Catholic Cathedral (Basilica) following
the 22 February 2011 event is considered, the approach taken to securing the building is outlined, and
the performance of the building and the securing work undertaken is evaluated.
Previous strengthening is outlined and the estimated capacity of the building is discussed. This
strengthening was completed in 2004, and addressed the worst aspects of the building.
The damage the building sustained is described in brief detail, and the observed failure modes are
identified. Urgent securing work was carried out to parts of the building to limit damage and prevent
collapse of unstable parts of the building.
Performance of the building strengthening and its effectiveness is outlined, and the performance of the
securing work is also discussed. Interaction between the structural securing requirements, driven by
limiting damage and mitigating hazards, and the heritage considerations was a key consideration
throughout the project.
Lessons learnt from the strengthening carried out, the securing work undertaken, and the approach
taken in making the building “safe” are discussed. Some conclusions are drawn with respect to the
effectiveness of strengthening similar building types, and the approach taken in securing the building
under active seismic conditions.
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2 BACKGROUND
The Roman Catholic Cathedral, 136 Barbadoes Street is listed in the Christchurch City Plan (Protected
Building Group 1) and the NZHPT Register as a Category I Historic Place, Register Number 47
(NZHPT, 2012). The first stone was laid in 1901 and construction was completed in 1905. The
building footprint is approximately 62 m long by 27 m wide, and the top of the first floor walls is 15 m
above ground level.
The neo-classical Basilica was designed by renown church architect F.W. Petre for the bishop at the
time, John Joseph Grimes. The building is widely recognised as one of the finest examples of this
type of church architecture in Australasia.
Opus International Consultants were commissioned, following the September 2010 earthquake, to
undertake an evaluation of the damage to the building, and have been providing structural engineering
and heritage consulting services for the Catholic Diocese.
3 STRUCTURAL FORM
3.1 Construction
The structural form is primarily stone used as an internal and external layer keyed into concrete poured
in between. The concrete is of no-fines construction, and has been poured in lifts that coincide with the
facing stones. The mortar used between the stones is a cement mortar, and the stones are keyed
together using grout-filled cavities called “joggles” which are intended to provide shear keys between
blocks.
• The roof is lined with terracotta roof tiles supported on steel trusses. The domed roofs have
copper cladding on timber (kauri) framing.
• The walls are generally 500 mm thick with 125 mm thick limestone cladding internally and
externally, and no-fines concrete in-between. Some clay brick lining is used in places
internally that are not visible from the main internal spaces.
• The main dome drum is supported on four large arches that spring from first floor level. These
arches have no-fines concrete internally with some areas of honey-comb construction to save
weight. Some steel straps tie the structure together horizontally. Below this, the arches are
supported by large columns with an internal spiral staircase.

Figure 1. South tower failure illustrating typical
wall construction

Figure 2. Close-up of wall construction showing nofines concrete and mesh floor reinforcing
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3.2 Gravity Load Resisting System
Gravity loads are taken by the walls everywhere except for the internal support of the mezzanine and
roof, where stone columns take the vertical load. The main dome is supported by four substantial
arches springing from first floor level, which transfer vertical loads into the large columns between
first floor and ground level.
There is little record of the foundation dimensions. The foundations are thought to be substantial
concrete strip footings under the walls, possibly 1.5-2.5 m deep. These footings are understood to step
out to over twice the wall thickness at the base.
3.3 Seismic Load Resisting System
Lateral load resistance is generally provided by the many walls of the building.
Transversely:
• The towers resist overturning by the restoring action provided by the weight of the structure
above.
• Across the nave lateral load is transferred through the first floor and roof to the walls of the
transepts and the walls at the front of the building by diaphragm action.
• The main dome resists lateral load through frame action of the reinforced concrete frame
provided by the strengthening at the top window level. Below the windows, the circular drum
transfers lateral load through the supporting arches, and the first floor diaphragm distributes
the lateral load to the transept walls and a number of other buttressing walls below first floor
level.
Longitudinally:
• The main dome structure resists lateral load through the arches, and the first floor diaphragm
distributes the lateral load to a number of wall elements below first floor level.
• The nave walls are slender due to the presence of windows, but they are still capable of
resisting substantial lateral load.
• The entry wall resists out-of-plane loads by transferring load through the first floor and roof
diaphragms to the tower walls.
3.4 Previous Structural Evaluation & Strengthening
A structural strengthening scheme had been designed in 2002 to address the key areas of the building
that were at high risk of earthquake damage. The building was evaluated to be approximately 45% of
the design standard at the time (NZS 4203, 1992), once the strengthening had been installed. However,
this was based on preliminary calculations only and engineering judgement. Construction of the
seismic strengthening was completed in 2004. The strengthening carried out included (see Figure 3):
• A new reinforced concrete topping 100 mm thick at first floor and roof level tied into the
existing floors providing diaphragm action. The roof level diaphragm stopped at the end of the
nave and did not extend around the main dome or into the transepts.
• Bracing of the top section of the two front towers using 32 mm dia. steel bracing (Reidbrace)
and reinforced concrete ring-beams 200 mm x 600 mm deep above and below the window
openings and fixed into the existing structure.
• Strengthening of the top section of the main dome using reinforced concrete ring-beams
200 mm x 600 mm deep fixed to the existing structure above and below the windows, with
every second pier strengthened to connect the beams in a similar fashion.
• Alternating internal columns along the colonnade were post-tensioned and grouted at first floor
level, as were the external parapets and ornaments.
• The gable ends of the roof and the transepts were secured along with the ornaments and the up-
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stand above the main entry.
The decision was made in 2002 not to carry out detailed calculations for the whole building, as this
would have involved significant analysis at some cost. This decision was made in light of the squat
proportions of the building, and that it was considered capable of easily resisting the minimum legal
lateral load requirement of 0.05g (DBH, 1991) for existing buildings at the time, and the more
conservative 0.1g, or 20% of the code which was required by the local authority for earthquake prone
buildings.
New RC ring-beams
& Piers

Steel Cross
bracing & RC
beams to towers
Post-tensioned internal
Nave Columns

New RC
diaphragm

Figure 3. North elevation of building showing 2002 strengthening scheme

4 EARTHQUAKE SPECTRA COMPARISON
4.1 Site Response
A seismograph forming part of the GNS (Institute of Geological and Nuclear Science) network is
located at the Cathedral College site immediately adjacent to the Catholic Cathedral. The main spectra
for the 4 September 2010 and 22 February 2011 events (GNS 2010, 2011),has been graphed to
compare the accelerations from the two events (See Fig. 4). Also plotted is the line representing 100%
of current code requirements and the capacity of the building following the 2002 strengthening,
thought to be 45% of the code at the time of the original report, which now equates to 33%NBS with
the increase in seismic risk.
4.2 Building performance
The earthquake of 22 February 2011 was the most damaging of all the earthquakes at this site to date.
Outlined in Figure 4 below (GNS 2010, 2011), the ground shaking experienced at the site was severe,
even though the worst shaking was only for a short period of time. The shaking the building
experienced was significantly more than the previously evaluated building capacity for a low period
structure, and similar to the design level for an importance level 3 building (NZS 1170.0, 2002)
designed to current standards. While the period of the main structure is understood to be short at
around 0.5 seconds, parts of the building such as the towers and the main dome will have a longer
period. Damage also caused the period of the building to increase, as more deformation/displacement
occurred.
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Figure 4. Comparison of Earthquake Spectra at Cathedral College

5 DAMAGE OBSERVED
5.1 4 September 2010 Earthquake
The first of the Canterbury earthquakes was the M7.1 event that occurred early on 4 September 2010.
This event caused some damage to the Basilica, but it was generally limited to minor damage to the
facing stone. Damage noted consisted of minor to moderate cracking to underside of the first floor
diaphragm all around the nave and the main dome, minor cracking and displacement of stone in west
wall of the sacristy, and evidence of out-of-plane movement of the middle column of the north bell
tower eastern elevation.
5.2 22 February 2011 Earthquake
The M6.3 event centred under Lyttelton, caused significant damage to the Basilica (See Fig. 5). The
main damage can be listed as follows:
• Catastrophic failure of both the north and south towers. Debris was stopped from reaching the
road by the shipping containers placed following the Boxing Day earthquake in case of this
eventuality.
• Significant damage to the main dome drum, including the entire keystone section of the
supporting north arch dropping out, and significant cracking to the south arch. Residual
displacement of approximately 75 mm. Noticeable settlement of between 100 mm and
200 mm to the main columns.
• Collapse of a large section of the first floor roof around the main dome on the north side.
• Significant rotation of the first floor walls on the east side of the main dome due to movement
of the dome structure. The top of the walls displaced outward approximately 150 mm.
• Moderate spalling of the ground floor piers at the top and bottom of the windows on the north
and south elevations of the nave. This was thought to be due to rocking in-plane.
• Moderate shear/sliding at base of the ground floor windows on north and south elevations at
rear of building.
Status: Following this inspection the building was given a red placard. No one entered the building
following this event until “making safe” work had been completed on 6 October 2011.
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Figure 5. Site plan showing extent of damage following 22 Feb 2011 event

5.3 Failures Observed
The failure mechanisms observed for the two towers and the transepts were block-type failure
mechanisms due to lateral load, characterised by overturning. This failure pattern, mode B2 and
others shown in Figure 6 below (D’Ayala & Speranza, 2002), are known to occur in unreinforced
masonry buildings subject to large earthquakes and is governed by the proportions and material
properties of the structure. This failure type can be seen in the south tower collapse as shown in the
annotated photos in Figure 7 below.

Figure 6. Observed failure mechanisms in unreinforced multi-storey masonry buildings
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Figure 7. Illustration of the south tower block failure and the resulting damage

6 SECURING WORKS
6.1 Heritage considerations
The primary heritage objective throughout the duration of the make safe works was to undertake
recording and deconstruction in a manner that would protect and preserve the historic fabric of the
building for possible later reconstruction.
Emergency make safe works required stabilisation and the removal of falling hazards that included the
northern bell-tower and main dome. These works, requiring Historic Places Trust, Christchurch City
Council, Civil Defence and later CERA approval were to become part of a retrospective resource
consent application.
6.2 Urgent Securing
The approach taken to securing immediately after the February earthquakes was complicated by the
fact that parts of the building were still extremely unstable in a very active seismic environment. For
this reason initial securing needed to be carried from a distance to ensure the safety of the contractors.
The solution decided on was to fix together shipping containers that were craned into position against
the building, with sand used for ballast. Pea-straw hay-bales were used to provide an interface that
would not damage the decorative facing stones of the building. This provided an immediate solution
which was able to prevent collapse, and was stiff enough to control drift. The failure mechanism of
the system in this case is sliding of the container stack. (See Fig. 8, 9).
This method of securing enabled us to satisfy safety considerations and heritage concerns while
achieving a robust structural solution.
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Figure 8. Containers buttressing the south transept

Figure 9. Containers buttressing the bell tower

6.3 Internal Inspections
As the building was too dangerous to enter following the February event, little was known about the
condition of the internal structure. In order to make decisions on how to approach securing/
deconstruction and appropriate methods to use, more information was needed. Initially an iPad
controlled flying drone was used to fly into a broken window and capture video footage of the inside
of the building. This established that some damage had occurred to the main dome support structure
that was not apparent from the outside.
Following this, a remote-controlled robot from the New Zealand Army normally design was used to
gain more complete footage of a large part of the inside of the building. This information showed the
full extent of the damage to the main structure, and gave confidence to the methods used for
deconstructing the main dome.
6.4 Deconstruction
The main dome was damaged following the February event, and this worsened in the July event. Due
to the dome becoming unstable and causing damage to the remainder of the building in aftershocks,
the decision was made to bring it down. The only safe method was to remove it in sections down to
lower strengthening ringbeam, and then “nibble” down through the drum and arches to first floor level
using a long-reach excavator. Following this work, the building was considered sufficiently stable to
leave until a decision was made on the building’s future. A selection of key features were salvaged
during this process as representative samples.
7 PERFORMANCE
7.1 General
The building has performed in excess of its expected capacity in an event (22 February earthquake)
that exceeded the design level accelerations significantly. The strengthening completed in 2004
undoubtedly prevented catastrophic collapse of the main part of the building. It is noted that the short
duration of the earthquake assisted in minimising damage. Brittle URM structures such as this suffer
substantial degradation under longer duration shaking.
7.2 Strengthened Elements:
In the 22 February event, the two towers experienced high accelerations which caused failure of both
towers, initiated just below the strengthening at the third level. The strengthening of the towers
finished at the 3rd floor level, where the loads were transferred to the existing structure. The failure of
the tower occurred where the strengthening stopped, as the accelerations exceeded the shear/sliding
capacity of the walls, and the existing structure had no tensile capacity to resist overturning forces.
The presence of window openings in the wall resisting the shear/sliding also contributed to this failure.
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The strengthened floor and roof diaphragms performed well, even though some parts of the diaphragm
were showing signs of stress (See Fig 10.). The diaphragm was critical to restraining the large
columns and arches that supported the main dome, and was effective in spreading the loads into the
lateral load resisting walls.
The reinforced concrete strengthening to the top of the main dome performed well. As with the front
towers, the strengthening addressed the weakest part of the structure which was around the window
openings near the top of the structure. This had the effect of moving the failure point lower down the
supporting structure to the main arches. The response of the supporting arches was to rock back and
forth, which caused damage, but also dissipated energy effectively.
The post-tensioned nave columns show no signs of damage, apart from some moderate spalling
damage to the decorative column capitals due to rotation of the columns. The strengthening of these
elements has been effective, but this is not unexpected, as the columns are much more slender than the
wall elements, and therefore have a greater ability to sustain rotation.
It is important to note, that the strengthening was carried out to a budget, and the intention of the
strengthening was to address features of the building most at risk of failure in a seismic event. This
strengthening enabled the building to perform to its expected capacity in the September 2010
earthquake, and most of the building performed better than expected in the February 2011event.
7.3 Un-Strengthened Elements:
The behaviour of un-strengthened parts of the building was characterised by the following
mechanisms:
• Sliding/shear failures (walls)
• Rocking of some elements (piers, arches); See Fig. 11.
• Block-type failure mechanisms (transepts, towers)

Figure 10. Diaphragm damage at 1st floor Figure

11. 20mm gap evidence of wall pier rocking

Due to the typical construction having no-fines concrete poured with joints in the same plane as the
stone joints, the walls had weak shear resistance. There was very little cementitious bond due to the
lack of fine particles, and poor aggregate interlock because of the cold joints between concrete pours.
Because of this construction method, the walls did not resist shear forces as well as would otherwise
have been expected.
7.4 Securing Methods:
The use of shipping containers as propping to the front tower and both transepts proved effective in
the 13 June and 23 December 2011 events of magnitude 6.4 and 6.0 respectively. No movement of
the containers was observed following these events, and only minor movement of the south transept
was observed following the 23 December event. This was due to some compression of the pea-straw
hay-bales.
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8 STRENGTHENING OPTIONS
Strengthening options have been considered at a conceptual level. Bearing in mind that preservation of
the heritage fabric will be a requirement of any strengthening programme, the strengthening scheme
considered comprised the following:
• Demolish and re-build the most damaged parts of the building using reinforced concrete and
stone veneer,
• Add additional RC diaphragms to increase stiffness and capacity, and
• Install vertical and horizontal post-tensioning to lateral resisting wall elements.
Other options such as base isolation and complete rebuilding could be considered, but these options
would be at a substantial cost.
9 LESSONS LEARNT
The Catholic Basilica suffered extensive damage in the Canterbury earthquakes, and its performance
illustrated three main lessons in strengthening large buildings of this type:
1. Strengthening that ties the building together, such as a well-connected floor diaphragm is the
most effective solution to improve the global performance of the structure, provided the load
can be adequately transferred to the walls.
2. Addressing the weakest element, such as the top section of a tower, may raise the failure point,
slightly, but continuity of strengthening is required to prevent global collapse occurring.
Preferably this needs to be done using a ductile mechanism.
3. Stiffness compatibility of strengthening solutions is critical to ensure the strengthened structure
responds as intended under the design loads.
Working in and around a substantial unreinforced masonry building in a climate of considerable
seismic activity, life safety must come first. Safety must form the basis of any securing option. While
heritage requirements cannot be ignored, these must be balanced against the risk environment.
Having a governing body with significant powers such as CERA assisted in making sure that any
necessary securing or deconstruction could be done speedily. This was crucial to reduce risk and
minimise damage to the remainder of the building from the ongoing aftershocks.
Simple solutions can be used to secure buildings or prevent collapse. Sometimes more unconventional
solutions, such as shipping containers, can provide the safest and quickest options.
Securing of a large building with numerous hazards is best approached in stages, with risks re-assessed
at each stage to incorporate any change in the environment or understanding of the building. The final
securing carried out is likely to be far different to the original plan due to such an uncertain seismic
environment.
With the large number of significant aftershocks since the first earthquake in September 2010, the
building degraded in strength and damage progressively increased. Following a major earthquake, a
URM building such as the Basilica may survive the first earthquake well, but will need conservative,
comprehensive securing to prevent irreparable damage from aftershocks.
10 CONCLUSIONS
Large unreinforced buildings can have their performance significantly improved by a moderate level
of strengthening, however extensive strengthening would have been required to prevent the Catholic
Cathedral from partial collapse in the 22 February 2011 earthquake. The effectiveness of tying such
buildings together using strengthening such as floor diaphragms was illustrated in this case, as the
strengthened diaphragms prevented global collapse of the building in an event that exceeded its
expected capacity by approximately two and a half times.
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In a seismically active environment, less conventional securing solutions such as shipping containers
can be used as a means of securing URM buildings without placing human lives at risk.
Progressive degradation of vulnerable URM structures can be expected following a major earthquake
due to aftershocks. Securing measures should be taken to protect against such degradation in
anticipation of a significant number of damaging aftershocks occurring.
Securing a significant heritage building under a climate of constant seismic activity is challenging, as
heritage requirements must be balanced against the risk to human life.
Remote internal inspections are a useful way of gathering information on the condition of the internal
structure. Even if a complex robot such as the Army device used are not available, innovative,
cheaper solutions can be found, such as the iPad controlled drone used on the Basilica.
Sound engineering judgement and innovative solutions are required to achieve a successful outcome.
A collaborative peer review process is advisable to achieve this, and a staged approach to any securing
and deconstruction is recommended as the understanding of the building in its damaged state will
change as more is uncovered.
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