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ABSTRACT

The 2010/2011 Canterbury Earthquake Sequence resulted in severe financial loss, loss of life and
disruption in Christchurch due to liquefaction and damage from strong shaking, which led to the
widespread displacement of people and business as well as a large number of building demolitions
in the central business district. Several studies have since evaluated the prevailing factors which
influenced demolition decision making, revealing that environmental impacts were not a direct
consideration. To begin to make the case for incorporating environmental factors in designing
buildings to resist earthquakes, this research is focused on quantifying the embodied carbon loss
from the demolition of buildings following earthquake damage using Christchurch as a case study.
A building data set consisting of 142 RC (reinforced concrete) buildings that were demolished
following the earthquake was used to quantify the environmental impacts of the decision making.
The quantification of embodied carbon was broken into three distinct modules, (1) embodied CO>
and energy in the building materials, (2) CO» emissions of the processes used in construction of the
building, and (3) CO, emissions of the transport and waste management processes. A material take-
off model was used to estimate material quantities across the building set. First, a lifecycle
assessment tool was used to calculate the impact in the first and second module. Second, the spatial
distribution of the waste generation was defined to determine transportation distance. Finally, the
impact of the demolition process, waste disposal and possible benefits of recycling are considered.
The results revealed the demolitions had staggering impacts in terms of CO; and energy.

1 INTRODUCTION

The building sector has a significant impact on the environment worldwide (Abergel et al. 2018; OECD
2003). In New Zealand, from the greenhouse gas inventory in 2016, the build sector’s contribution reached
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20 per cent from the consumer-view perspective (Thinkstep 2018). The 2010/2011 Canterbury Sequence
caused severe financial loss (20% of New Zealand GDP) and 185 fatalities (Parker and Steenkamp 2012).
The event caused significant damage resulting in the demolition of around 1,400 commercial and 7,500
residential properties (Brown and Milke 2016). It is estimated that around 8 million tonnes of debris from
demolition and reconstruction works was generated (Milke 2011). The work from Kim et al. (2017) and
Marquis et al. (2017) studied factors that influenced the demolition of multi-story buildings in Christchurch.
However, environmental considerations were not discussed in the consideration of whether a building was
repaired or demolished. The aim of this paper is to present a case study regarding building demolition in a
post-earthquake condition for a New Zealand context. Results are presented in term of an estimation of the
environmental impact of demolition of part of the building stock after a seismic event to highlight the
importance of environmental consideration due to seismic hazards.

This papers first gives an overview of studies about environmental impact of buildings from a New Zealand
perspective. Next, a framework to evaluate the environmental impact of buildings in post-earthquake
conditions is presented. Finally, the results of the case study covering 223 buildings within Christchurch
Central Business District (CBD) are discussed. At this stage only the post-earthquake damage and demolition
of buildings is presented, without consideration of repairs due to the complexity of repair strategies.

2 TRADITIONAL LIFE CYCLE ASSESSMENT OF NEW ZEALAND BUILDINGS

New Zealand aims to limit its greenhouses gases to net-zero by 2050 (New Zealand Parliament and New
Zealand Government 2019), legislated through the Zero Carbon Amendment Act. The Ministry of Business,
Innovation & Employment (MBIE) has released The Building for Climate Change program which proposes
to implement a cap of carbon emissions in both the operational and embodied carbon groups (MBIE 2020a,
2020b, 2020c). Regarding environmental analysis, the most accepted methodology to estimate the
environmental impact of a building is the Life Cycle Assessment(LCA) method (Bahramian and
Yetilmezsoy 2020). The LCA for buildings is addressed in European standards (BSI 2010, 2011, 2012,
2019). The traditional LCA incorporates the following modules: the production stage (A1-A3), the
construction stage (A4-AS5), use stage (B1-B7), end of life stage (C1-C4), and benefits beyond the system
boundary(D) (BSI 2011). The aim is to evaluate the environmental performance of a building in terms of
environmental impact categories (e.g. CO2 emissions, energy, eutrophication).

In New Zealand, several studies have been carried out considering the traditional LCA assessment. Berg,
Dowdell, and Curtis (2016b) and Thinkstep (2019) provided reference buildings in New Zealand.
Chandrakumar et al. (2020) studied the environmental impact of typical New Zealand housing and limits to
meet the global climate target. Ghose et al. (2020) and Ghose, Pizzol, et al. (2017) focus on energy efficiency
refurbishments on New Zealand office buildings. Buchanan et al. (2012) compared carbon emission of
materials used in hypothetical alternative designs for a building. While some research has been carried out on
traditional LCA stages, no previous study has investigated the environmental impact of demolition buildings
in post-earthquake conditions in New Zealand.

3 METHODOLOGY

3.1 General framework to consider environmental impact

For assessing the environmental impact of demolishing buildings in a post-earthquake condition, the
framework has been divided into three modules: (1) production of materials (A1-A3), (2) transport and
construction process (A4-A5), (3) waste management in post-ecarthquake conditions (Figure 1). Module 1
involves the raw material supply, the transport of materials, and manufacturing process of construction
materials. Module 2 includes the transport to the supply place to the construction site and construction and
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installation process. Module 3 considers demolition of structural components, temporary storage site, and
end-of-life condition (Recycling, Landfill or Reclamation). As it has been noted by Brown and Milke (2016),
the high quantity of debris produced affected the traditional flow of debris until it reached the final
destination. It was necessary to operate a temporary storage site to support the overall recovery process into
the disaster area. This module can vary depending on waste composition, disaster severity, waste
management policies and debris waste composition.

To estimate environmental impacts, a life cycle inventory data (LCI) is required. A LCI amalgamated
emission for a specific process (e.g. production of a kg of reinforcement steel) considers the resources used
and energy consumed into environmental impacts (e.g. COz,energy) (Simonen 2014). The fidelity and
methods underlying these environmental impact inventories, with particular respect to geographical and time
representatives, are important because uncertainties can be reduced with a high quality and local inventory.
Ghose, McLaren, et al. (2017) noticed a lack of country-specific data for life cycle inventory data in New
Zealand. Transport distance can be calculated with the spatial waste distribution (if available).

Module 1 Module 2 Module 3

Environmental Impact of Environmental Tmpact of Environmental Impact of End of Life in Post-Earthquake Condition
Production —» Transport and Construction —p P Recyling
Module (A1-A3) Module (A4-A3) - ;,
emporary
’ Storage Site "1"?"} Landfill

[ [
i ‘--’ Reclamation

Figure 1: General Framework to calculate environmental impact of demolishing building in post-earthquake
conditions.

3.2 Case study

The case study contains 223 reinforced concrete buildings. The buildings were located in CBD Christchurch
within four avenues (Deans, Bealey, Fitzgerald, and Moorhouse) (refer to Figure 3). The CBD contains
approximately 110 city blocks into an area of 600 hectares. The building data set represents approximately
88% of all the reinforced concrete building with more than three stories in the CBD (Kim et al. 2017).

Figure 2 shows the different lateral load resisting
B Reparr systems within the complete data set. Within the data
base, 39% correspond to Moment Frame (MF), 44%
7) Demolhed to Shear Walls (SW), 7% to Combined MF&SW, and
9% Moment Frame with Infill. Up to date, 142 of the
total buildings were demolished, 72 were repaired,
Shear Walls and 9 are considered no action/unresolved. Within the
1 penoind 44% 1991 demolished buildings comprises 68 (48%) MF
buildings, 50 (35%) SW buildings, 7 (5%) Combined
Figure 2: Lateral Load Resisting System MF&SW buildings, and 17 (12%) MF with Infill
Demolition Statistics for Building Data Set buildings. It is interesting to note that the percentage
of demolished MF building is 77% whereas
demolished SW buildings correspond to 50% in their
categories.

Moment Frame
68] Denol w0 39% [88]

4

Paper 48— Quantifying the embodied carbon cost from demolitions following the Canterbury Earthquakes

NZSEE 2021 Annual Conference



A LT
L 1) il P
mmﬁﬁ--ﬂuﬂ. R

;gu S o) Hﬁn”& Q"'
;ﬁ; ;%‘éj Q?MI %@%‘%Yw% %“ﬁ% ﬁ %% BEALEYAVE i‘g

;g%’ié’g w‘;@’? ‘y‘%% “:%‘E.Ri S %ar

EE‘?‘a

"&‘éﬁ_%ggﬁ;’ i) - ﬁf‘lﬁ-i
maﬂr"’:ﬁ» 'm-$ %Eﬂﬁﬁ

e e T Zp s
= b A L e
g 5 SNTEN T e
e ' N S P eﬁ%ﬁiﬁ%ﬁ%
g o e Fs B Lmﬂli"’m?ﬁ:‘ﬁﬁ%ﬁﬂ
s AN [ e
o %W% K% @l"mm Wgﬁ%&%«
el BICR S he: STk
L L e CHsARERR LRl
%%}%é [l Demolished >@P Sl w!-?' \ ww_lﬁﬂw Eﬁ%ma

[l Works Underway Demolished " ay ot ﬂ“mw-é %Wg

| | () Demoished or Partal Demaished
Significant Buidings

* [ T DR LT L L5 e L s e
Figure 3: Overview of Demolished Buildings in Christchurch CBD (Reproduced from (Marquis et al. 2017))
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To calculate the environmental impact, it is necessary to estimate the quantity of structural and non-structural
materials. For structural components, a take-off model was developed. The non-structural components were

assumed values from the literature. This is described in the following section. The structural components
considered are in-situ concrete foundations, beams, columns and shear walls, precast elements, and
reinforced and unreinforced masonry walls. Within the building data set, a subset of 12 buildings with a
complete set of structural drawing to develop a material take-off model was selected. The quantity of
materials in each building was used to identify the occurrence of the different structural characteristics,

namely foundation types, structural walls, pre-cast components (panels, beams, columns), and floor systems.
The model considers that different elements (e.g. foundations, beams, columns) contain different volumetric

reinforced ratio (pv). The model was fit based on Equation (1).

Wyt = A X GFA+ B

where 4, B = coefficients summarised in Table 1; and GFA = Ground Floor Area in m?.

Table 1: Regression Coefficients for Equation 1.

Condition A B
Spread Foundation (in-situ, pv = 1%) 0.205 -29.22
Raft Foundation (in-situ, pv = 1%) 0.118 221.23
Pile Cap (in-situ, pv = 1%) 0.140 17.37
Beams, Columns and Shear Walls in Building with Structural Walls (in-  0.175 -13.09
situ, pv=1.5%)

Beams, Columns and Shear Walls in Building with Structural Walls and  0.063 0
Precast elements (in-situ, pv = 1.5%)

Beams and Columns in Buildings without Structural Walls 0.165 2.85
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Panels (precast) 0.045 0

Beams or Columns (precast) 0.060 0
Walls (with precast panels) 0.029 100.55
Walls (without precast panels) 0.116 -13.03
Precast Floor Category A* (pv =1%) 0.162 0
In-situ Floor Category A* (pv = 1.5%) 0.191 0
Precast Floor Category B** (py =1%) 0.218 0
In-situ Floor Category B** (pv = 1.5%) 0.152 0
In-situ Floor Category C*** (pv = 1.5%) 0.325 0
In-situ Floor Category D**** (py = 1.5%) 0.413 0

*Category A (Rib&Infill and Double T)

**Category B (Unispan and Hollow Core)

***Category C (Steel Deck)

****Category D (Solid Slab)

The take-off model was validated with a different subset of six buildings. Six BIM models were developed to
obtain the quantity of materials. The error between the take-off model and exact values are between 7-8% for
individual components (foundations, beams, columns, etc.). The error for the total weight is 5%. Figure 4
illustrates the accuracy of the take-off model.
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Figure 4: Take-off model compared to BIM models

The take-off model was applied to the entire building data set to obtain the quantity of structural concrete and
masonry component materials. The model estimates 592 kilo tonnes of building materials from 142
demolished buildings from the case study. This value corresponds to only values from elements calculated
from the take-off model. The breakdown of the building materials is 18% to substructure (in-situ concrete
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with 1% reinforced ratio) , 82% to superstructure (60% to in-situ concrete with 1.5% reinforced ratio, 17% to
precast concrete with 1-1.5% reinforced ratio, and 5% to unreinforced and reinforced masonry walls).

3.2.1 Environmental impacts

It is considered that the environmental impact of module (1) and (2) (refer figure 1) is assuming a like-for-
like replacement of materials that were demolished This assumption represents the embodied carbon and
energy to build back the lost floor area within the Christchurch CBD. This quantitative assessment of
embodied carbon and energy considers that the service life of building materials was cut short by deciding to
demolish or repair buildings. These materials were quantified to obtain the potential climate change impact
in order to make those materials that was then potentially wasted due to premature demolitions. The typical
service life for a New Zealand non-residential building is 60 years based on data from (Dowdell et al. 2016).
The environmental data provided for that module (1) and (2) correspond to LCAQuick v3.3. The supporting
data obtained from this database can be found in (Dowdell et al. 2020). For module (3), the environmental
data correspond to different sources from (BRANZ n.d.; Ecoinvent n.d.; Pacific Steel 2018; Tabata et al.
2017). The non-structural component considered are Glazing & Framing, Mechanical, electrical and
plumbing (MEP) and Tenants improvements (TI). The data for Glazing & Framing correspond from (Berg,
Dowdell, and Curtis 2016a). It corresponds to the average of embodied impact/m? figure from New Zealand
reference commercial buildings developed by the authors. The data for MEP (include mechanical, electrical
components) and TI (include finishes, furniture and fixtures) is from a study of (The Carbon Leadership
Forum 2019). That study estimated a range of values per square meter for these components focussing on
commercial office buildings in the United States.

3.3 Resuults

Figure 5 illustrates the environmental impact of module (1). The beams, columns and slabs are the highest
contributors to both carbon and energy categories with 46% and 58%, respectively. The non-structural
components encompass 30% of the total embodied carbon and 12% of the total embodied energy (in this
percentage is not considered MEP and TI).

Environmental Impact A1-A3 Total EEEVKOZme ntal nga:tgA}.(-;;?v[ 3 (NC
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Figure 5: Environmental Impact Module 1 in terms of CO:2 and energy.
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Recyling . A total value of 306,608 tonnes embodied carbon
-20k Tonnes CO, [-7%} Module 3 . . .
- 14k Tonnes CO, [5%] was estimated using the model for the 142 buildings,

] Module 2 considering the three modules with the split shown
15k Tonnes CO, [5%] in the Figure 6. The product stage (Module 1)
Module 1 contains 90% of the total carbon, followed by
273k Tonnes CO2 [90%] .

Construction and Waste Management stages both
with 5%. For recycling from Module 3, the value
(7%) corresponds mainly to benefits attributed to

recycling of steel scrap.

303 680 CO2 Tonnes
Total

Figure 6: Total Environmental Impact in terms of
CO: (Module 1,2 and 3)

4 CONCLUSIONS

This paper presents a case study to calculate the environmental impact resulting from demolishing buildings
after the Canterbury Earthquake. The embodied carbon and energy were quantified (stages A1-AS), and the
carbon emission of the waste management in post-earthquake conditions of 142 concrete buildings in
Christchurch CBD. The total of carbon impact of 303,608 T CO2eq is equivalent to emissions due to the
electricity purchased by 400,000 New Zealand houses each year. The result highlights the importance of the
environmental impacts of demolishing buildings following earthquakes.

Owing to the large variety of complex conditions after an earthquake, only the environmental impact of
demolished buildings was estimated. The large number of other buildings that required a range of repair
techniques are not taken into account due to the variety of these repairs. Future work will expand this
framework adding seismic repairs over the life span of the New Zealand building stock.
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