
Paper Number 134 

Construction Cost Implications of the Increased Seismic 
Coefficient Z for Christchurch: A Case Study 

A.D. Amaris(1), K. Hoglund(2) 
(1), Structural Engineer, Christchurch City Council, Christchurch, New Zealand.  

(2) Engineer’s Representative, Christchurch City Council, Christchurch, New Zealand 
 

2012 NZSEE 
Conference

ABSTRACT: Following the magnitude 7.1 Greendale earthquake on 4 September, 2010 and the 
magnitude 6.3 Lyttelton aftershock on 22 February, 2011 (which caused severe damage to the 
Christchurch CBD, the Eastern and Southern suburbs, the Port Hills and Lyttelton), the Department of 
Building and Housing (DBH) have imposed modifications to increase the seismic coefficient from 
Z=0.22 to Z=0.3 and the Return Period Factor at Serviceability Limit State (SLS) from Rs = 0.21 to 
Rs=0.33. 

While these changes to the seismic coefficient were put into effect the Christchurch City Council 
(CCC), Capital Programme Group (CPG) were in the process of tendering a new Council facility; the 
Aranui Library. This change led to a redesign of the foundations under a different performance criteria 
and a review of the structural capacities with consideration to the additional seismic forces. 

This paper will present the Aranui Library as a case study showing changes to the construction 
methodology to meet the new DBH modifications and identify the increase in cost that these changes 
imply. But also investigate different foundation options designed with performance levels to maintain 
the life cost of a building through high performance structural design for specific seismic conditions. 

1 INTRODUCTION  

The magnitude 7.1 Greendale earthquake on 4 September, 2010 caused damage to infrastructure in the 
Canterbury region including areas of Christchurch city and parts of Waimakariri District. Some areas 
were subjected to extensive liquefaction and lateral spread and this caused damage to many properties, 
requiring remedial work to stabilise the land and improve their resistance to liquefaction in future 
earthquakes. 

On 22 February, 2011 a magnitude 6.3 aftershock (the Christchurch earthquake) centred in Lyttelton 
caused severe damage to buildings and infrastructure in the Christchurch Business District (CBD), 
Eastern and Southern suburbs and Port Hills. 185 people lost their lives and many more were either 
seriously injured or lost limbs, making this one of New Zealand’s worst natural disasters on record. 

Ground shaking intensities recorded for both horizontal and vertical components in Christchurch city 
were well in excess of those used as a basis for building design.  This led to many masonry buildings 
(or part buildings) collapsing in the CBD and at least two multi-storey buildings collapsing entirely.  
Many modern building structures were critically damaged too. 

Considerable liquefaction and lateral spreading were evident in the CBD and suburbs and this appears 
to have caused foundation movement in a number of buildings.  These effects were more severe than 
in the Greendale earthquake and extended to areas which were not previously affected.  Additionally, 
significant areas in the Port Hills and Lyttelton suburbs were affected by land instability, including 
major slope failures and loosening of basalt boulders. 

Following the 2010/11 Canterbury earthquakes, the DBH made immediate changes to the Building 
Code for Structure (Structure Verification Method B1/VM1, Structure Acceptable Solutions, B1/AS1 
and B1/AS3) to increase the seismic hazard factor and require stronger foundations for buildings in 
recognition of the increased seismic risk for the Christchurch, Waimakariri and Selwyn Districts. 
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The changes took effect on the 19 May, 2011 so that Christchurch building owners could rebuild or 
repair with certainty as quickly as possible. The DBH agreed to increase the seismic hazard coefficient 
from 0.22 to 0.3 and the SLS from 0.21 to 0.33, however for parts of Waimakariri and Selwyn that 
already had a seismic hazard factor greater than 0.3 there is no change. Additionally, the DBH have 
redefined the term good ground to clarify that foundations on ground that is prone either to 
liquefaction or lateral spread should be specially designed for. 

CPG was in the process of tendering the Aranui Library while changes to the seismic coefficient were 
put into effect.  This led to a redesign of the foundation under a different performance criteria and a 
review of the structural capacities with consideration to the additional seismic forces. 

This paper will present Aranui Library (Figure 1) as a case study and identify increases in the 
construction cost with reference to different foundation options. These options have been designed 
with performance levels that maintain a life cost of the building by using high performance structural 
design for specific seismic conditions and for the role of Structural Engineers in the design of safe 
and/or sustainable building construction. 

2 BUILDING DESCRIPTION  

2.1 Architectural Configuration 

The new library is sustainably designed to optimize the use of natural light through extensive glazing, 
orientation to sun and with high-bay glazing to disperse light deep into the library’s interior. A heat-
coolth transfer ventilation system provides sustainability to its economic life cycle too.  

The library sits on the edge of Wainoni Park in the midst of the Eastern suburbs, one of the worst areas 
affected by liquefaction, and is designed to reflect the community's diverse culture through art murals, 
providing cultural spaces for learning and whanau activities, cultural literature and modern 
technology. It is designed with consideration of the diverse community demographics. 

 
Figure 1: Aranui Library - Artist’s impression 

The Library encompasses an overall coverage of 1007m2 but has a floor surface area of only 500m2. It 
will feature the most advanced technology of any other library in Christchurch: free wireless 
broadband accessibility (via fibre optic cabling), gaming consoles, electronic reader self-checkout and 
book returns systems, a sophisticated anti-graffiti and fire protection system, and cultural art adorning 
both the glazing and the external walls. A youth area also caters for an external (but enclosed) 
children’s playground. 

2.2 Structural Configuration 

The design is a single storey building, roughly triangular shaped, comprising precast concrete walls 
and beams that essentially form a mesh of closed boxes. These are tied together with specific cleats 
and plates designed to comply with the new earthquake standards. The roof profile is Aramax in 
1.2mm ZAM zinc-coated steel. This roofing has a maximum self-supported span capacity of 20m due 
to the nature of its unique trough profile, however the Aranui Library only spans a maximum 9.0m as 
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it is supported by internal and perimeter roof frames (Figure 2). The wind and seismic lateral loads are 
resisted by the reinforced concrete walls.  

 

Figure 2: Structural Configuration 

 

The precast concrete walls are nominally 150mm thick while varying in height to suit architectural 
requirements. These are tied to and cantilever off an extensive array of reinforced concrete foundation 
beams (Figure 3). Horizontal steel struts and diagonal braces are added to the overhead precast beams 
in response to strains from the out-of-plane seismic loads and these transfer the forces back into the 
precast walls. 

 
Figure 3: Foundation Detail 
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The floor slab was originally planned as a 125mm reinforced concrete slab floating on hardfill, with a 
typical reinforced perimeter footing. The three peripheral points (X, Y & Z) acting as pin connections 
since these members stand on isolated foundations and independently transfer seismic mass to ground. 

In accordance with AS/NZS 1170: Structural Design Actions (Part 0), the building has been designed 
as an Importance Level 3 building for major structures affecting crowds or building of high value to 
the community. This equates to buildings being designed for 1000 year return periods on seismic and 
wind events and for a design life of 50 years under the New Zealand Building Code (NZBC). 

2.3 Geotechnical Investigations 

In April 2010 Geotech investigations were carried out using two cone penetrometer (CPT) tests 
between 13.3m and 14.5m and to check the near-surface conditions eight hand-auger boreholes were 
drilled across the site and scala penetrometer tests (SPTs) conducted at these points also. 

The shallow SPTs indicated that the near-surface materials are medium-dense to loose becoming 
medium-dense to dense below 0.5-1.2m. More accurate CPT plots indicated medium-dense conditions 
down to 4-5m (with loose materials above 1m in some cases) and pockets of dense materials at 13-
15m where a dense to very-dense layer was struck. The CPTs could not penetrate this layer but it is 
likely to be dense sands. The water table was assessed at 1.6m based on observations in the hand auger 
boreholes. 

A geotechnical report released in May 2010 determined that the proposed site for the Aranui Library 
was potentially liquefiable but shallow foundations (with the removal of silt material from 700-
900mm below ground) were feasible for the proposed single level building. Where suitable the fill 
could be retained for re-compaction or the site backfilled with compacted granular hardfill. 

Additional recommendations and alternative options to mitigate the impact or reduce the liquefaction 
susceptibility of the site were proposed in the report: 

• Densification of the loose deposits by vibroflotation, vibroreplacement (stone columns) or dynamic 
consolidation. The structural team determined these methods were expensive, laborious and untidy, 
and due to large vibrations during compaction they are only suitable for sites where a large distance 
from neighbouring structures (ie houses) can be maintained. 

• A standard method to mitigate the risk of liquefaction was proposed to support the building on piles 
that extend to the dense layer at 13-15m below ground, however this would be expensive and 
additional Geotech information was required to determine the suitable bearing depth. 

• Another method used to reduce the magnitude of differential settlement is to construct a 1m thick 
compacted gravel raft under the building with some base reinforcing (Geogrid) to add rigidity. The 
structural team did not initially consider this cost-effective and disregarded it. 

• A further approach recognizes that in the Ultimate Limit State (ULS) of a seismic event the design 
codes allow for a proportionate degree of damage to a building on the premise the building will 
retain structural integrity to permit the safe egress of its occupants. The additional damage due to 
liquefaction in this case could be relatively minor. This being the case it could be appropriate for 
the client to accept this risk and design the building to allow for safe egress. This is the approach 
the structural team adopted. 

The design of the foundation system is consistent with the Geotech report of May 2010. Specific 
design required the footings to be tied together with beams to prevent gross lateral movement. 
Attention to seatings, bearings and connections in other parts of the structure were required to achieve 
this. The building needed to cope with differential settlement up to 260mm. 

Following the Greendale earthquake of 4 September, 2010 the site for Aranui Library did not show 
signs of liquefaction however the structural team undertook a perceptive review of the project and 
concluded to attach the precast wall panels to the floor system and tie the structure together. 
Additionally, by including a Geogrid and compacted granular fill basecourse this stabilizes the 
foundation and building more than simply relying on the concrete floor as a floating slab system. 
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3 STRUCTURAL MODIFICATIONS DUE TO THE INCREASE IN SEISMIC HAZARD 
COEFFICIENT 

The 22 February, 2011 earthquake resulted in extensive liquefaction in the Eastern suburbs and 
Wainoni was no exception. There were signs of silt eject in Wainoni Park adjacent the Aranui Library 
site and to some minor degree on the site itself. 
Additionally, tendering for the Aranui Library was two weeks from closing when the 4 September, 
2010 earthquake struck and this resulted in an extension to the tender validity period.  A contractor 
was awarded the project and site possesion granted mid December 2010. Following the 22 February, 
2011 earthquake the project was put on hold while the CCC reassesed the need to continue with this 
project. Consequently a review of the foundation design was conducted to satisfy the 
recommendations of the geotech report. 

During this time the DBH increased the seismic hazard coefficient from 0.22 to 0.3 and the return 
period factor from 0.25 to 0.33.  So the design team reviewed the Aranui Library superstructure in 
order to meet the amended requirements of the NZBC. Although this was deemed unnecessary 
because a Building Consent had been approved prior to the Greendale event, but the design team were 
encouraged to show integrity in wake of the Lyttelton event where lives were lost. 

3.1 Review of the Superstructure 

Therefore, the library was re-designed for a horizontal design action at Serviceability Limit State 
(SLS) of 0.21g (previously 0.12g) and Ultimate Limit State (ULS) of 1.0g (previously 0.67g). 
Consequently the reinforcing was increased in many concrete beams, precast walls and foundations, 
and additionally some steel roof members were increased; the bracing system and their connections. 

3.2 Review of the Foundation for Liquefaction Effects 

A combined Geotech and structural meet reviewed the foundation design philosophy to consider 
liquefaction and lateral spread and to adopt an optimum life cost solution for the project.   

Preliminary investigations indicated that increases in Zone and Return Period Factor (Z and Rs) have 
nearly doubled the SLS design input on ground motion from 0.06g to 0.11g. Therefore for a 1000 year 
ULS the increase in peak ground acceleration will induce theoretical SLS settlement between 15-
45mm, however ULS ground settlement is estimated between 200-280mm. 

The structural/Geotech review produced a report and this was presented to the CCC. It recommended a 
full avoidance strategy be adopted to address the liquefaction issue. This would require either ground 
improvements or piling to considerable depths, but even with deep piling there were doubts if 
deformations in a ULS event could be avoidable. 

Furthermore, lessons learned from the 22 February, 2011 earthquake indicated that foundation damage 
is more from liquefaction than structural shake, so it must be appreciated that there could be some 
liquefaction-induced damage to an otherwise structurally sound building, and the aim is to reduce the 
magnitude of this damage rather than eliminate it. 

AS/NZS 1170: Structural Design Actions, considers the preservation of life as well as the resilience of 
structure from collapse in a ULS seismic event. It is therefore permissible to have severe damage to a 
building following a ULS seismic event but still maintain integrity to the structure to allow safe egress 
of its occupants. 

The Geotech and structural design teams recommended that to mitigate the impact and reduce 
liquefaction susceptibility on the Aranui Library site, and reduce the magnitude of differential 
settlement, an option to construct a 1m deep compacted gravel raft of imported granular fill beneath 
the foundations was considered. Hence the combination of multiple compacted layers of gravel and 
Geogrid mesh was decided the optimum design solution for this site (Figure 4). 
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Figure 4: Geotechnical Engineer’s Design of Raft Slab System 

4 FOUNDATION COST OPTIONS: ANALYSIS AND RECOMMENDATIONS 

Along with this recommendation the design team developed several foundation alternatives and these 
were priced by a Quantity Surveyor to provide assistance with the decision making. A preferred option 
was presented to the client (Christchurch City Libraries) based on economic cost benefits and 
mitigating liquefaction susceptibility on the site (Table 1). 

Table 1: Gravel Raft Options + Cost Estimates 

OPTION DESCRIPTION RANGE OF COST 

1 Raft Foundation with Elevated Footings $330,000-$360,000

2 Gravel Compaction Raft + Waffle Slab $340,000-$380,000

3A Gravel Compaction Raft + Waffle Slab + 15m Piles (250mm dia) $550,000-$620,000

3B Gravel Compaction Raft + Vibroflotation $900,000-$1,000,000

3C Gravel Compaction Raft + Waffle Slab + 15m Piles + Vibroflotation $1,000,000-$1,200,000

4A 30m Piles (450mm square concrete) $1,000,000-$1,200,000

4B 30m Piles (steel) $800,000-$950,000

 

4.1 Option 1: Raft Foundation with Elevated Footings 

The original design proposed a reinforced concrete slab floating 800mm above the foundations, and to 
avoid additional compaction Option 1 proposed to raise the concrete foundation up to this slab. This 
was the cheapest option at a cost estimated between $330,000-$360,000. It would require less 
excavating but time to update the documentation. 

4.2 Option 2: Gravel Compaction Raft + Waffle Slab 

This option consisted of leaving the concrete footings as in Option 1 but with a new waffle slab floor 
construction over. This is a moderate solution at $340,000-$380,000 and has the advantage of adding 
lateral stiffness to the foundation structure, but it requires a lot more labour to construct and additional 
excavation and compaction work.  The design team chose this option as it could be easily 
implemented. 
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4.3 Option 3: Gravel Compaction Raft, Waffle Slab, 15m Piles and Vibroflotation 

Geotech reports from previous investigations around Wainoni Park determined that sand extended 
down to 27m and this is overlying a layer of clay, then gravels continue to 42m. Therefore the pile 
option for this site would need to reach the dense sand and not solid gravels. Under high loads from 
earthquake shake even non-liquefiable sand deposits can suffer from increased water pressure and 
therefore lose stiffness without liquefying. 

Pile settlements under liquefaction are difficult to estimate and will require extensive site data. 
However given the relatively low amounts of settlement already calculated for the SLS (15-45mm) by 
raft foundation alone (Ref Option 1 &2), and the fact that the site has not liquefied in any of the recent 
earthquakes since February 22nd, it is the believe that additional piling will very likely assist in further 
reducing settlements to negligible amounts. However, at ULS the structure and piles might suffer 
some deformation, in which might result in the need to re-level after earthquakes.  

• Option 3A with a total cost estimated $550,000-$620,000 ($200,000 more from Option 2) was 
develop using short piles (15m in length) as a further way to reduce the settlements of the 
building at SLS to a negligible level but knowing that this option would not necessary be 
technically twice as good to reduce settlements (at SLS) as option 2 which some settlements 
can occur. In addition, to facilitate this option, further site investigations and design will be 
require delaying the project further more. 

• Option 3B include an improvement to the objectives of avoid liquefaction or “full avoidance” 
strategy by ground improvements using vibroflotation in addition to raft foundation. This 
methods is time consuming and messy and due to the large vibrations caused it might not be 
possible due to the neighbouring surrounding.  Total estimated cost was around $900,000-
$1Mil. 

• Option 3C was done as costing exercises which include short piles and ground improvements 
to not only improved the settlements at SLS but also to enhance the performance at ULS. Cost 
estimated for piling was $200,000.  Therefore, total cost estimated was between more $1Mil-
$1,2Mil 

4.4 Option 4: 30m Piles 

As a final costing exercise, option 4A and option 4B were identified as possible solutions for 
comparing with option 3A to 3C. The new options suggested using deep piles where the piles will 
penetrate through the soil to solid bearing (gravel layers).  However, these options are not commonly 
use for a building of this size and costs are considerate higher than other previously identified options.  
It is concluded that these options are not feasible for this project. However for costing comparison the 
total cost estimated were $1Mil-$1,2Mil and $800,000-$1Mil for the concrete and steel deep pile 
respectively. 

5 RECOMMENDED FOUNDATION OPTION 

The geotechnical and structural design team recommend that in order to mitigate the impact or reduce 
the liquefaction susceptibility of the site, and to reduce the magnitude of differential settlements, 
taking into account cost and time of delivery, option 2 (Figure 5) is to be chosen as the preferred 
option. This solution had been also proposed back in 2010, but at that time design criteria and life-cost 
effective of the structure was different. 

Option 2 will involve constructing a compacted gravel raft in the order of 1m thick of imported 
granular fill under the building, with some base reinforcing (with a geogrid) to give additional strength 
and reduce the risk of liquefaction penetrating the floor slab.  A waffle floor slab will also be 
incorporated to further stiffen the foundation system.   
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Figure 5: Raft Slab Construction Adopted for Aranui Library 

6 ADDITIONAL COST DUE TO INCREASED SEISMIC FACTOR 

Table 2, shows the costs associated with the superstructure and foundation increased costs.  It can be 
seen that the additional costs associated to the increased in the seismic coefficient in the super 
structure and the adoption of a new strategy to reduce and mitigate the liquefaction by using a robust 
foundation at the sub structure was 11.6% of the total construction costs. 

6.1 Super-Structure Costs 

Table 2 indicates that the increased in the total cost of the super-structure did not affect much in the 
total construction cost. Additional reinforcing steel was required on some precast panels and concrete 
beams.  However, precast panel costs reduced to 0.5% due to the changed from precast manufacturer 
and the construction methodology for the artwork attached to them (previously specified sand blast 
and now retarded paper). 

The costs associated with the structural steel work increased by 0.3% by adding some additional roof 
elements and changes on steel section and bracing sizes.  

Table 2: Additional cost due to the increased in the seismic factor 

ITEM PRE EQ POST EQ ADDITIONAL COST DIFFERENCE 

Excavation & Filling $49,244 $252,110 $202,866        . 6.9% 

Foundation Concrete Work $76,493 $153,699 $77,206        . 2.6% 

Foundation Reinforcing Steel $26,538 $97,390 $70,852        . 2.4% 

Precast Concrete Work $258,443 $241,390 -$17,053        . -0.6% 

Structural Steel $88,365 $96,500 $8,135        . 0.3% 

TOTAL $2,341,778 $2,941,477 $342,006        . 11.6% 

 

6.2 Sub-Structure Costs 

The foundation construction costs correspond to about 11% of the total costs.  This value is due to the 
increased on the excavation, filling and materials costs representing 6.9% of the total costs, in addition 
to concrete work with 2.6% and steel reinforcement with 2.4%. 
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Table 3, shows the breakdown of the increased in the foundation cost. As the selected option was to 
leave the foundation beams at the same level, additional excavation and filling were required 
increasing to 4.1% of the total costs.  These costs could be reduced if option 1 (Table 1) would had 
been selected.  The geotextile and geogrid materials were 2.7% of the total construction costs. 

Table 3 Total foundation increased costs breakdown. 

ITEM ADDITIONAL COST DIFFERENCE 

EXCAVATION AND FILLING   

Excavation $49,675           . 1.7% 

Compacted Hardfill $72,000           . 2.4% 

Geotextile Cloth Placed on Hardfill $30,120           . 1.0% 

RE570 Tensar Placed in Hardfill $51,072           . 1.7% 

TOTAL $202,867           . 6.9% 

FOUNDATION CONCRETE WORK   

Concrete in Waffle Slab $13,786           . 0.5% 

125 Ground Floor Slab on 300 EPS on Sand Blinding $61,440           . 2.1% 

Foundation Concrete Work $1,979           . 0.1% 

TOTAL $77,205           . 2.6% 

FOUNDATION REINFORCING STEEL   

Reinforcing Steel in Waffle Slab $12,599           . 0.4% 

Reinforcing Steel in Ground Floor Slab $0           . 0% 

Foundation Reinforcing Steel $58,253           .  2.0%  

TOTAL $70,852           . 2.4% 

 

The waffle slab was 3.0% of the total construction costs while the foundation concrete work and 
additional reinforcing steel was only 2.1% of the total cost.  If no gravel compaction Raft + Waffle 
Slab were considered, the foundation update costs would have been 2.1% in addition to 0.3% of the 
super-structure. 

7 CONCLUSION 

Following the Canterbury earthquakes and recent changes to the seismic coefficient to the Building 
Code's supporting documents for the structure from the Department of Building and Housing, Capital 
Programme Group (Christchurch City Council) undertook a structural design update for Aranui 
Library due to increased seismic actions. 

As a result, minor changes to the superstructure were required with more major update on foundations 
due to the adoption to a new foundation philosophy. 

Four options were concept proposed and cost estimated for decision making in the final detail 
foundation solution.  The options ranging from raft foundation excluding or including piles or ground 
improvements could be adopted depending on the definition of design criteria to accept damage at 
serviceability limit state. 

The used of short 15m long piles (with an increased on $250,000 more from the raft option with a total 
of $500,000) as a further way to reduce the settlements of the building at SLS was studied but not 
implemented.  Similarly, deep piles with a total cost of $1,0Mil were not the optimal solution as more 
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than 30m long piles were required without achieve gravel support and at ULS the structure and piles 
might suffer some deformation, in which might result in the need to re-level after earthquakes.  In both 
cases, time required for further ground investigations and design will be require delaying the project 
further more. 

The use of a raft and ground improvements was the structurally most sound option but most expensive 
which increased cost of $1,0Mil.  However, technically was not possible due to the neighbouring 
surrounding next to the project.  

The recommended foundation option in order to mitigate the impact or reduce the liquefaction 
susceptibility of the site, and to reduce the magnitude of differential settlements, taking into account 
cost and time of delivery, was the use of a gravel compacted raft in the order of 1m thick of imported 
granular fill under the building, with some base reinforcing (with a geogrid) to give additional strength 
and the implementation of a waffle slab. This option added $350,000 to the existing foundation costs 
which included the construction of a waffle floor slab to further stiffen the foundation system and 
reduce and least impact on programme.   

The costs associated with the structural steel work increased by 0.3% by adding some additional roof 
elements and changes on steel section and bracing sizes. However, the foundation construction costs 
correspond to about 11% of the total costs.  This value is due to the increased on the excavation, filling 
and materials costs representing 6.9% of the total costs, in addition to concrete work with 2.6% and 
steel reinforcement with 2.4%. 

As the selected option was to leave the foundation beams at the same level, additional excavation and 
filling were required increasing to 4.1% of the total costs.  The geotextile and geogrid materials were 
2.7% of the total construction costs. 

The waffle slab implemented represents 3.0% of the total construction costs while the foundation 
concrete work and additional reinforcing steel was only 2.1% of the total cost.  If no gravel 
compaction Raft + Waffle Slab were considered, the foundation update costs would have been 2.1% in 
addition to 0.3% of the super-structure. 
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