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SUMMARY

This paper highlights some of the design and construction challenges that were overcome in
the seismic strengthening of the Triumphal Arch in Christchurch, a listed category 1 Historic
Place. The project involved a complete change to the dynamics of the structure to allow a
rocking motion to be induced to dissipate energy during a significant earthquake. The
delivery team used a number of simple but effective techniques to overcome the challenges..

INTRODUCTION

As a result of the 2010 and 2011 Christchurch Earthquake sequence, the Triumphal Arch
experienced significant structural and non-structure (stone fabric) damage. Built in 1924 as a
memorial for soldiers who fought for New Zealand, the Triumphal Arch stands on the east
abutment of the Bridge of Remembrance crossing the Avon River. The resulting damage
included; differential settlement across the four columns, horizontal displacement of the top
half of the structure above the minor arches, cracking and spalling of stonework in a number
of locations and damage to the ornate Lions. Structural assessments following the
earthquakes deemed the structure to be earthquake prone, meaning strengthening work was
required to meet the requirements of the Building Act 2014 and to once again provide safe
public passage under the structure.

STRUCTURAL DESCRIPTION

The Triumphal Arch is an integral structure with the Bridge of Remembrance and is a lightly
reinforced concrete structure clad with Tasmanian Sand Stone. It was most likely constructed
by laying the stone faces and pouring the concrete inside in lifts with the columns and arch
elements remaining hollow. It was presumed that the voids were created in the construction
of the arch to reduce the volume of concrete and weight of the structure, which was
approximately 350 tonnes prior to strengthening. The major arch stands at 14m above
ground level with both of the minor arches at 5m above ground level. The width of the



structure tapers in from 2.3m at the base to 1.4m at the top of the major arch. The
foundations vary across the base of the four columns, where the northern minor column is
built into the side of the bridge. The remaining three column foundations are independent of
each other with the two southern foundations being shallower. The foundations of the
columns penetrate into the ground in the same hexagonal shaped profile of the columns
above ground.

DESIGN PHILOSOPHY

The objective of the strengthening works was to increase the resilience of the earthquake
prone arch structure to meet requirements of the Building Act 2004 and Council policy, while
at the same time minimising the impact on the heritage fabric of the structure. An importance
level of 3 was determined for this structure as defined by NZS 1170.0 due to its significant
heritage value and the likelihood of crowds. The designers adopted a design life exceeding
100 years with a 1/2500-year seismic capacity, as the structure is to remain indefinitely
through its significance to both people of Christchurch and New Zealand. The strengthening
works carried out included the following key elements;

Installation of Micro-Piles,

Construction of two new reinforced concrete pile caps under the structure,
Construction of reinforced concrete rocking collars at the base of each column,
Installation of fabricated steel boxes inside the existing column voids,

Filling the internal voids within the existing columns and arches with concrete,
Positioning vertical sliding joint assemblies at the centre of the three arch crowns,
Horizontal Post Tensioning across the three arches,

Repairs to damaged stonework and the ornate Lions.
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The philosophy of incorporating the above elements into the existing structure is to create a
structure that rocks in the in-plane direction during an earthquake. Utilising the rocking
mechanism aims to not only prevent structural collapse, but also limit significant structural
and non-structural damage to the heritage structure during future earthquakes.

DESIGN MODELLING

The strengthening work presented many challenges for the delivery team due to; a
technically demanding design, working in the tight confined of the structure and discovering
frequent discrepancies in the original as-built drawings. Major design and constructability
issues were overcome with the aid of 3D Modeling and 3D Point Cloud Scanning of the
structure. The use of these two tools was extremely beneficial in giving the delivery team a
clear understanding of what they were constructing in a virtual space and assisting with
creating and validating construction methodologies. Construction sequences were generated
to convey work methods to operatives onsite and the setting out of multiple elements was
aided with the use of these two tools.
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Figure 2. (L-R) External 3D Scan of Structure, 3D Modeling of Rocking Collar and Pile Cap,
In-plane rocking motion induced by ground motion




One of the challenges faced was ensuring that the new steel reinforcing elements would be
able to fit into the structure’s internal voids. Utilizing the 3D Point Cloud Scanning enabled
precise profiles of both the inside and outside surfaces of the structure to be generated. This
eliminated the heath and safety risk of lowering operatives inside the voids to confirm the
internal dimensions. Following the scanning, a 3D-Model was produce of the existing
structure using the scanned data and the new design elements were positioned in the model.
This gave the delivery team the opportunity to verify the design before discovering
discrepancies and clashes onsite that would cause costly delays to the program.

STRUCTURAL MONITORING

Before civil works commenced on the structure a monitoring system was set up to identify
any slight movement of the structure and to ensure the safety of operatives working on the
site. The system incorporated; computerised survey checks, visual monitoring of existing
cracks and identification of newly formed cracking using base line records.

The survey system involved installing monitoring targets on the structure, back-sight targets
on existing buildings in the vicinity of the structure and positioning a permanent plinth for a
survey total station to be mounted to. The structure was monitored multiple times daily from
the plinth and any movement in the structure was able to be determined immediately. Before
mobilising onsite a thorough dilapidation photo survey of the whole structure was
undertaken. This gave the delivery team the ability to compare suspected new cracks with
the state of the structure before construction. To complement the photo record, a number of
the large existing cracks on the structure had Tell-Tale crack monitors fixed across them. This
was a low cost solution to identify any movement in the existing cracks. Vibration monitoring
was also used during the piling operation to ensure the structure was not subjected to
damaging vibrations. The German Standard Din4150-3:1991 was adopted for historic
buildings and a peak particle velocity of 3mm/s was set in accordance with the Standard.
Continuous monitoring was set up to feed alerts to a siren and light on site when vibrations
80% and 100% of the limit were transmitted to the structure.

Figure 3. (L-R) Survey Prism, Crack Tell-Tale Visual Monitor, Vibration Monitoring Sensor

TEMPORARY WORKS

To enable a large portion of the strengthening works to be undertaken, a number of
temporary works items had to be designed, manufactured and installed. Not only were these
temporary works needed to carry out the construction work, but they were also required to
ensure the safety of the operatives working on and around the structure.

As a result of the damage sustained, the likely action of the main Arch under a seismic event
was rocking about the existing crack line at the level of the Lions, midway up the major
columns, but it was unlikely to topple as a result. However, uncertainties existed around the
integrity of this hinge point, specifically the possibility of degradation of the rocking surfaces
under prolonged seismic shaking. This issue was addressed by installing steel
circumferential reinforcement clamps above and below the cracks on the major columns to
reinforce the hinge point and provide residual capacity to the crack line. The clamps were



designed to fit the profile of the columns, then lifted into place and tensioned to provide the
required circumferential confinement.

Flgure 4, (L R) Steel Column Clamp, Temporary Access Hatch in side of Column Scaﬁoldmg

A large majority of the enabling works required the localized removal of existing structural
concrete. Before any removal could take place, an engineering assessment was required to
assess the structure’s structural strength following the reduction in cross-sectional area.
Where it was deemed that the cross-sectional loss was too much, additional temporary
works were installed or staged demolition/rebuild methodologies were implemented. A staged
core and grout method was adopted for the multiple large diameter core holes through the
base of the columns required for the rocking collar construction. Additional temporary works
were required when access holes were cut into the base of the columns to allow operatives
access to complete critical work inside the columns. Following the removal of concrete,
temporary steel frames with removal cover plates were installed at the base of each column
to maintain the global strength of the structure. Another structural strength issue was
encountered when removing the concrete baffle walls inside the three arch voids. To maintain
the structural integrity of the arches during the baffle wall removals, steel tie plates had to be
secured across the top of the voids walls. The steel tie plates were also designed to
strengthen the existing concrete walls, acting as formwork, when pouring the new concrete.

Scaffolding was other item that needed careful consideration to enable safe access to the
structure over its full height. The delivery team had identified that the top half of the structure
had the potential to rock during a moderate earthquake and therefore additional clearance
between the structure and scaffold had to be allowed to ensure the structure didn’t come into
contact with scaffold. This resulted in harness and lanyard only areas being setup where
gaps between the scaffold and structure presented a risk to the workforce. The delivery team
saw an opportunity to make a programme saving by erecting the scaffold to the structure
whilst work continued on the pile cap construction below. This called for a special lightweight
scaffold to be designed with its footings outboard of the pile cap construction area. The
design utilized precast concrete blocks to form the footings, with scaffold column towers build
off them. To bridge the large spans across the pile cap, scaffold trusses and steel I-beams
were incorporated with a standard tube and clip system. An independent lifting tower was
also constructed to assist with moving materials and equipment up and down the scaffold.

Access to the north end of the structure was extremely difficult due to the proximity to the
river. To enable construction work to be undertaken in this area, a temporary access track
was installed down along the riverbank. Pre-cast concrete blocks were placed in the river to
form a temporary retaining wall, bidim cloth placed over the bank and aggregate with geo-
grid was used as infill to construct the track. A temporary dam was also setup around the
track to enable the area to be dewatered. Water was pumped out of the dam through a
sediment tank before being discharged into the river via the riverbank.

Less significant, but still important designs included; designing lifting eyes on all steel
sections, positioning holes in the fabricated steel sections to allow concrete to flow in and out
and calculating the allowable heights of concrete pours in the existing columns with
considerations made for hydrostatic pressures.



Figure 5. (L-R) Inside of Major Column, Access tack and Dam, ite setu>p dring F’lllng
CONFINED SPACES

In order to carry out aspects of the strengthening work, operatives had to enter the tight
confines inside the arches and columns of the structure. Due to the restricted working space
in these areas, a comprehensive confined spaces entry procedure was established to control
this work. A rescue davit hoist was secured to the top of the columns which provided a
secondary means of escape should the entry hatch have ever got blocked or the operative
incapacitated. The confined spaces work inside the structure included; reducing the floor
level of the columns by 1m using hydro-demolition to accommodate the steel column boxes,
setting out the base plates to receive the steel boxes, removal of concrete ledges to allow the
steel boxes to fit and a number of concrete removal and coring activities inside the arches.

ENVIRONMENTAL CONTROLS

Working so close to an active waterway, special attention was given to implementing robust
environmental controls. It was paramount for the success of the project that no
environmentally damaging discharges entered the waterways. Dewatering activities were
closely monitored with constant checking of the suspended particles and pH levels of the
water. All stockpiles on site were covered to reduce sediment run off and a floating boom was
placed in the river around the worksite to capture any sediment discharges. The slurry from
concrete coring operations was pumped into holding tanks onsite before being removed from
site for disposal. Bunds were setup around all piling plant with plastic sheeting underneath to
contain any spillages of bentonite mud. Emergency spill kits were onsite at all times ready to
be utilised by trained operatives in the event of a spill, including CO; to alter water pH levels.

PERMANENT CONSTRUCTION WORKS

The strengthening works involved a number of different construction operations. In terms of
size the project as a whole was relatively small, but what made it challenging for the delivery
team was the complexity of the design and tolerances that had to be met. Not only was the
structure close to 100 years old, but also the historic significance meant that additional work
was required to prevent further damage.

Micro-Piling

To overcome the sandy soils beneath the structure and the potential consequences
associated with liquefaction, new piles were installed to replace the existing relatively shallow
pad foundations. The initial design called for large diameter reinforced concrete bored piles
which the delivery team had concerns about for a number of reasons. These included; the
close proximity of the piles to the structure, the potentially damaging vibrations and heavy
weight associated with large piling equipment and the limited space on site. The solution was
to replace the single large diameter piles with smaller micro-pile clusters. Micro-Piling was a
suitable alternative using of a smaller rig providing improved maneuverability and a low
vibration drilling method. In total, 32 No. 300mm@ micro-piles were drilled to an approximate



depth of 26m, with an additional test pile being installed onsite to verify the design capacities.
A 15 tonne Casagrande Crawler Drill Rig using a tri-cone drilling head and bentonite drilling
mud was used to wash bore the piles. The piles were constructed with steel casings through
the top 18m and a 50mm@ high tensile threaded bar was lowered in sections down the
drilled hole before grout was pumped in using a tremi line. A large amount of equipment was
required for the drilling task, including the addition of a 50 tonne Crawler Crane used to move
materials around the site and feed casings. This made the small site extremely tight and
resulted in a number of exclusion zones being set up to manage the safety of operatives.

The finished level for the piles was 1.5m below the existing ground level to tie into the new
pile cap. Again due to the nature of the site, the working level could not be lowered and the
piles had to be constructed at existing ground level to assist with plant access. Therefore
consideration had to be made to extend the pile to existing ground level and once the area
was excavated for the pile cap, the tops of the piles were cut off to the required level. The
finished piles were capped with a steel top plate secured to the threaded road with a nut. A
number of protection measures were put in place to ensure that the stonework was not
damaged during piling. To protect the stonework from stains a result of hydraulic leaks and
bentonite splashes, the structure was wrapped with plastic sheeting and continually washed
down. The bases of the columns were also protected from knocks and scrapes by using
plywood sheeting placed around the perimeter of the columns.

Pile Cap

The columns of the existing structure were founded independently on separate shallow
foundations. To transfer the load from the structure to the new piles, two 900mm thick pile
caps were constructed to create a single bearing slab surrounding all columns below the
rocking collars. The construction of the main pile cap was not just a straightforward
operation. There was risk of ground heave around the existing shallow foundations when
excavating for the new pile cap. To mitigate this risk the excavation for the new slab had to
be carried out in alternating bays, similar to underpinning, replacing the removed overburden
pressures of excavated material with a lightly reinforced 150mm thick blinding slab.

The main pile cap construction involved the placement and tying of 30 tonnes of reinforcing
steel consisting of over 250 different tagged items. A large number of DH32 bars were
required in the bottom mat in long sections, which proved particularly difficult to install in the
excavation. The reinforcing cage was already too congested to allow standard laps, so
Ancon threaded couplers were utilised to provide full strength connections to multiple DH32
bars. To connect the pile cap to the structure, over 200 holes were cored horizontally into the
base of the columns so that DH25 L-Dowels could be epoxied in. Starter bars for the rocking
collar perimeter retaining walls also had to be hung inside the congested steel cage with
couplers positioned at the finished concrete height with zero tolerance for misalignment.
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Figure 6. (L-R) Pilling Work, Pile Cap Reinforcement, Rocking Collar Coring
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A smaller pile cap was built at the north end of the structure at river level. The cap connected
- four piles to the base of the north minor column. The difficulty with constructing the lower pile






