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Abstract:  
The re-use and extension of the functional use of existing concrete structures provides clear sustainability 
benefits; however, the embodied energy from repair and remedial work is rarely considered when developing 
or selecting remedial options. This paper considers the factors impacting the sustainability measures of 
remedial works and considers several real-world case studies. Factors influencing the embodied energy have 
been considered and a method for assessing the embodied energy of remedial works for concrete has been 
proposed. The case studies include a marine structure, heritage building and water reservoir. Structure 
replacement and life extension remedial strategies have been considered with regard the embodied energy.
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Introduction
Concrete Sustainability
As 2050 net neutral carbon approaches, the concrete industry is tasked with transitioning current and future 
designs and construction to increasingly sustainable practices, minimising the carbon and energy footprint of 
the built environment. Strategies to promote sustainable concrete include efficient design, use of renewable 
electricity sources, and using alternative resources for the manufacturing process; the effectivity of such 
strategies can be captured during the carbon lifecycle assessment process. However, there are limited 
strategies available for the assessment of existing concrete structures, which have already emitted or 
expended carbon associated with the construction process. Indeed, it would appear that ensuring the longevity 
of these structures would appear beneficial when opposed to demolition and reconstruction, but such school 
of thought does not consider the energy and carbon efficiency of the new structure, as well as the benefit that 
newer technologies present for the whole of life embodied carbon. As such, a conversation around the 
sustainability of repair and remedial should be considered along with cost and serviceability in the life cycle 
assessment (LCA) of existing structures.

What is Sustainability? Metrics of Sustainability, Methods to Measure
But first, consideration into what sustainability is must occur. Sustainability, as defined by the UN in 1987, is 
“meeting the needs of the present without compromising the ability of future generations to meet their own 
needs” [1]. To address such a broad statement, methods to measure sustainability for buildings has been 
developed, including Green Star by the Green Building Council Australia, Leadership in Energy and 
Environmental Design (LEED) by the U.S. Green Building Council, and Building Research Establishment 
Environmental Assessment Method (BREEAM). These methods provide a framework for sustainable design 
and use inputs from LCAs to provide a rating on how sustainable a building is considered. 

LCA for buildings and structures are a useful tool that can provide quantifications on the cost, resource use, 
and environmental impact of a building at the start of its life. The LCA process, first dating back to the 1960s 
[2], is still developing with ISO 14040:2019 Environmental management – Life cycle assessment – Principles 
and framework even stating, “there is no single method for conducting LCA” [3]. LCA is broken down into four 
stages: (1) product stage, (2) construction process stage, (3) use stage, (4) end of life stage. During each 
stage, the LCA relies on accurate estimations on the building’s structure and use, as well as a quality database 
that can inform the calculations. A lack of a quality database can result in poor estimations, and limited 
accuracy in being able to compare methodologies. The focus of this paper is stage 3, the use stage, and more 
particularly the repair and remedial stages during the structure’s life.



Figure 1 – LCA, from ISO 21930:2017 [4]

Lifecycle Assessment of Repair and Remediation
The in-use stage of the LCA process includes developing an allowance for inclusion of categories B2 to B5, 
being (B2) maintenance, (B3) repair, (B4) refurbishment, and (B5) replacement. These interactions with the 
structure are considered episodic and considering scenarios over the expected life can be used to estimate 
the various LCA elements. For instance, B2 can be considered to refer to ongoing regular activities such as 
cleaning, and minor repairs, whereas B4 addresses the inevitability that materials used within the building, 
such as carpet and fittings will not reach the design life of the structural elements, resulting in several 
refurbishments during the design life of the structure; these are pertinent in office or residential buildings.

Achievement of the design life ensures amortisation of the embodied carbon over the life of the structure, and 
maximising the recyclability and reuse of the components at the end of life further improves the overall 
performance of the structure. While these are noble ambitions for new structures, existing structures are aging 
and may not have been designed or built with current thinking.

LCAs consider the whole of life, or whole of residual life embodied carbon impacts. It would seem obvious that 
the smaller materials volumes and reduced waste volume would result in remedial work having lower embodied 
carbon compared to replacement; however, this may not realise improved efficiencies in operational embodied 
carbon through improved design and construction techniques. Also given growing ability to recycle concrete 
and steel the overall embodied carbon as determined through LCA may vary.

The LCA can be taken as a comparative approach at a snapshot of a structure’s life. Critical however is that 
when considering the inputs for the LCA that a degree of equivalency between the models is achieved. This is 
highlighted in the case studies where for example a do-nothing scenario would have the lowest embodied 
carbon today but without any interaction could result reduced service life and therefore increased embodied 
carbon over a longer period. To enable comparison of remedial options the assessment would need to consider 
the residual life and overall repairs over the residual life of the structure.

A review of literature on the LCA of concrete structures did not identify any research that directly considered 
the assessment of repair and remedial works. Therefore, the aim of this paper is to apply the LCA framework 
to assess major remedial works, proposed for three structures (1) water retaining structure, (2) marine 
structure, (3) heritage structure. Each remedial option has considered the embodied carbon per year of the 
additional life achieved by the respective repair method.



Methodology
The goal of a LCA is to weigh up alternative construction option and materials to identify the lowest impact of 
the options considered. Kuittinen et al [5] notes that “different goals will entail different analytical boundaries, 
different data sets and inevitably guide the focus of the assessment.’ In this way, the objective and goal of the 
remedial LCA is to consider the impact of alternative remedial options. For this study, the assessment focusses 
exclusively on the carbon associated with the remediation. In cases where the carbon associated with the LCA 
element is equivalent in all cases, these can be ignored in the comparative assessment [6, 7]. As far as 
practical, the same boundary conditions have been applied and boundary conditions detailed in each case 
study.

Replacement options based on functional unit approach as detailed in ISO 14044 [3] which estimates a kg 
CO2 e/m2 for construction activity. Carbon emissions from power supply have been estimated based on data 
for South-Eat Queensland provide by The Australian Government Clean Energy Regulator [8]. Information for 
use of vehicles as obtained from the National Transport Commission [9]. EPD’s are not generally available for 
concrete repair materials and the ICE database has been used to provide equivalent concrete, grouts, and 
reinforcement for each repair option [10].

In practice, the assessment would likely also consider the cost, time frame, practicality, and other relevant 
factors in the decision-making process.

Case Studies
Case 1 – Water Retaining Structure
Typical water storage structures consist of a circular concrete tank wall on a concrete base. Roof elements 
may be timber in older structures but are more commonly steel with corrugated or similar roof sheeting. The 
concrete structures are typically subject to leaching or alkali neutralization on the internal surface which would 
vary based on the aggressivity of the local water. The external concrete is subject to pH reduction through 
carbonation and, depending on the location, chloride ion penetration. The structural roof beams, purlins and 
sheeting are typically in a warm moist environment and therefore subject steel corrosion. Therefore, it would 
be expected that the roof and roofing materials would require more frequent maintenance and replacement in 
comparison to the concrete elements. 

Over the life of the tank, provided it's not coated, carbonation will reduce atmospheric CO2 and can be 
considered in the LCA [5, 11]. Once the carbonation front has reached the depth of reinforcement the 
reinforcement the steel is at risk of corrosion. It is not unusual for no action to be taken until such time as 
corrosion of the steel reinforcement has resulted in spalling of the concrete necessitating remediation of the 
external face of the concrete. Waste-water structure may be subject to H2S attack and as such undergo 
significant section loss in exposed areas on the internal surface. 

The case considered is a fresh water holding tank with conventionally reinforced base slab and wall with steel 
roof. The roof structure has been recently replaced and is in good condition. The concrete tank internal walls 
and floor have less the 10 mm loss and neutralisation depth. The external walls have areas of low cover 
carbonated concrete and several spalls, overall, the carbonation depth is approaching cover depth over large 
areas of the structure.

The following options have been considered in an LCA.

 Option 1 – Patch repair and coat, entails repairing the areas of spalling and applying a coating to 
prevent further carbonation and limit corrosion.

 Option 2 – Re-alkalisation, is a process whereby alkalis are forced into the concrete through use of 
current.

 Option 3 – Replacement, entail replacing the structure now prior to further deterioration takes place.



Table 1 – Water retaining structure option assessment and LCA inputs

Option 1 – Repair 2 – Re-alkalisation 3 - Replacement
Impacts on residual life Serviceability extended 

by 20 years.
Serviceability extended 
for 40 years

Serviceability of new 
structure for 100 years

Impact on cost Ongoing regular 
inspection and 
maintenance costs

Initial remedial cost 
followed by regular 
inspection

Demolition and 
construction of new 
structure

LCA Inputs Inspection
Repair materials
Repair works
Demolition waste

Inspection
Repair materials
Repair works
Demolition waste
Re-alkalisation materials
Electrical supply 
Re-alkalisation waste

Demolition
Design
Construction
Inspection

Assumptions Major repairs 
undertaken now and 
again in 20 years to 
provide 40 years life

Major repairs 
undertaken now, and 
alkalisation assumed as 
requiring 100 Ah/m2 for 
10 days using [12] 1M 
NaCO3 solution [13]

Replacement 
undertaken in the short 
term with new structure 
designed to 100 years' 
service life.

Table 2 – Water retaining structure comparative CO2 e LCA Results

LCA Category A1- A5 B1 – B6 C1 – C4 Total Estimated 
Life

CO2 e per 
year

Repair 11,821 kg 71,600 kg 12,672 kg 96,093 kg 40 years 2,402 kg
Re-
alkalisation

12,410 kg 71,600 kg 12,672 kg 96,682 kg 40 years 2,417 kg

Replacement 142,511 kg 107,400 kg 12,672 kg 262,583 kg 100 years 2,626 kg

Considering the embodied carbon over a 40-year life there is minor difference between the alternative repair 
options, with similar CO2 e for each of the considered methods. Re-alkalisation has slightly lower CO2 e; 
however, when considering increasing renewable future energy sources may provide an effective method of 
concrete life extension. In this case, given the minor nature of the repairs the lower cost solution i.e., 
undertaking ongoing remedial works is a reasonable approach at this time. The structure would at some stage 
require replacement and considering the further embodied carbon reductions in materials and construction 
techniques are expected any future replacement would benefit from the improvements. The current CO2 e 
associated with replacement in total is more than 2.5 times the repair CO2 e, so does not presently indicate a 
sustainable solution.

Case 2 – Marine structure
Marine structures are particularly prone to deterioration through chloride induced corrosion. In particular, port 
structures are also expected to remain in service for prolonged periods of time and once active corrosion is 
observed cathodic protection systems are regularly installed. 

When at the end of their service live, marine structures are not normally replaced due to the impact on the 
users and the impact of removing access for extended periods during replacement. As such its more common 
to rehabilitate the structure. In some cases, discrete elements may be replaced.

This case considers the deck slab of a wharf structure. The deck slab soffit was found to have extensive 
spalling and was considered at the end of service life. Doing nothing, which entails sequentially isolating 
increasing areas of the wharf until it is no longer serviceable is not considered a viable option as the structure 
no longer retains its required function. Ultimately this approach would result in complete replacement was no 
longer serviceable. The following options have been considered:



 Option 1 – Patch repair and coat, entails undertaking ongoing repair works to maintain serviceability.
 Option 2 – Install Impressed Current Cathodic Protection (ICCP) entails the repair, possible 

structural strengthening, and cathodic protection of the structure.
 Option 3 – Replacement, entails the removal and replacement of the deck elements.

Table 3 – Marine structure option assessment and LCA inputs

Option 1- Patch repair Option 2 - ICCP Option 3 - 
Replacement

Impacts on residual life Serviceability extended 
by 20 years.

Serviceability extended 
for 50 years

Serviceability of new 
structure for 100 years

Impact on cost Ongoing regular 
inspection and 
maintenance costs

Initial remedial cost 
followed by regular 
inspection and 
maintenance of ICCP 
system

Demolition and 
construction of new 
structure

LCA Inputs Inspection
Repair materials
Repair waste
Repair works
Demolition waste
2 x major repair 
interventions providing 
40 years life

Inspection
Repair materials
Repair waste
Repair works
Demolition waste
ICCP installation
ICCP monitoring
ICCP electrical supply

Demolition
Design
Construction
Inspection

Table 4 – Marine structure comparative CO2 e LCA

LCA Category A1- A5 B1 – B6 C1 – C4 Total Life CO2 e per 
year

Patch repair 141,715 kg - 18,512 kg 160,227 kg 40 years 4,006 kg
ICCP 68,623 kg 157,253 kg 20,452 kg 246,328 kg 50 years 4,927 kg
Replacement 269,173 kg - 18,512 kg 287,685 kg 100 years 2,877 kg

The greater works and ongoing electrical supply of the ICCP system give the highest overall embodied carbon, 
however the use of solar or renewable energy sources would impact this assessment. Ongoing repairs provide 
similar overall CO2 e over the anticipated design life. Given the current state of the structure replacement 
provides the lowest embodied carbon over the anticipated life of the structure. When considering the lack of 
service of the structure the favoured option commercially was replacement and the LCA supports this view 
with the lowest CO2 e over the life of the structure. 

Case 3 – Heritage structure (100-year-old building)
Heritage structures are considered those buildings or structures that are aged and have cultural or local 
community significance. As such there is a desire to retain historical concrete elements within the structure, 
even though they may be beyond their service life. Retaining these elements may require extensive remedial 
or additional structural elements to ensure serviceability of the structure.

This case considers a beachfront heritage structure for which there is an intent to preservice the building fabric. 
The aim being to undertake a comprehensive refurbishment and remediate the structural components to 
enable reuse of the building. The structural elements particularly the earth retaining external wall and floor slab 
were noted to be is poor condition, with extensive corrosion and spalling. Furthermore, without strengthening, 
were found to be structurally inadequate. Do nothing, which entails taking the structure out of functional service 
and maintaining facade elements to retain heritage features, similar to the marine structure as this means the 
structure is no longer usable has not been considered in the assessment. The following have been considered:

 Option 1 – Structural repair, includes undertaking extensive remedial works to reinstate and retain 
serviceability of the building while retaining heritage building elements.



 Option 2 – Replacement entails demolition of the structure and replacement with a new structure.

Table 5 – Heritage structure comparative CO2 e LCA

LCA 
Category

A1- A5 B1 – B6 C1 – C4 Total Life CO2 e per 
year

Repair 396,816 kg 49,158 kg 27,815 kg 473,789 kg 50 years 9,476 kg
Replacement 374,693 kg 49,158 kg 27,815 kg 451,666 kg 50 years 9,033 kg

The lowest embodied carbon is clearly taking no action, however given the structure is in a poor condition and 
no longer in service this option is not preferred. Community expectation is that the structure is renovated and 
provides a public beachfront and entertainment facility.

Non-visible structural elements such as walls and floors which no longer meet code requirements can be 
replaced while retaining façade elements such as the external brickwork and architectural features. While more 
complex construction would be required the overall reduction in material volume compared to complete 
replacement offers an embodied carbon saving. By improving the structural function there is scope to improve 
the whole structure envelope and take advantage of the renewal to improve operational efficiency of the 
structure. 

Case Study Discussion
The following has been observed from the case studies:

 The extent of repair is determined by the degree of deterioration of the structure or structural elements. 
 The total CO2 e associated with extensive repair may be lower this has to be considered in terms of 

the achieved life of the repair.
 Comparing remedial and replacement options considering the CO2 e per year of life achieved appears 

to be a reasonable means of comparison.
 When considering the LCA for each of the remedial options the consideration of all of the LCA stages 

has provided a detailed means of assessing each option.

Conclusion
A review of literature on the LCA of concrete structures did not identify any research that directly considered 
the assessment of repair and remedial works. 

The LCA stages for repair and remediation while considered in terms of minor works over the structure's life 
can be used with additional consideration when assessing major remedial works. This concept was assessed 
considering three case studies of different structures requiring varying degrees of remediation. The 
assessments indicate that by conducting an in-service, stage LCA considering the impact on residual life can 
provide insight into the various asset management and remedial options available to the asset owner.

The combination of impact on residual life, cost and embodied carbon or other sustainability measure can be 
used to aid asset owners in determining the preferred remedial strategy or technique.

When considering the three structures and various state of deterioration, it was apparent that the embodied 
carbon will depend on the type of structure and the degree of deterioration. While it may seem obvious that 
the remedial technique that uses the least material would have the lowest net embodied carbon, when 
considering the impact on the life of the structure, it may be beneficial to undertake a more substantial repair 
to ensure extending the life of the structure and amortise the embodied carbon over the residual life of the 
structure. 

Figure 2 Representation of remedial cycle within the whole of life cycle

When considering remedial option for existing structures, it is widespread practice to consider the cost and 
impacts of several factors such as cost, serviceability, life of repair. From the case studies it was found that 



with many LCA elements being equal the assessment could be simplified to assess the structures. A key 
element for each of the cases considered is the boundary conditions. An assessment of the LCA is required 
to ensure that the assessments are equitably compared. It was observed that using the LCA as for new 
structures much of the operational, end of life and re-use and recycling stages remained equivalent as often 
repair works would only replace elements of the structure. Therefore, these items being equal the assessment 
can exclude these or only consider the changes due to these. In this way a reduced LCA can be undertaken 
within the overall LCA framework. From the assessment it is proposed that when considering a LCA for 
remedial works all of the stages of the LCA can be applied to assess the given repair. Figure 2 visualises the 
process of completing an LCA with the use stage of a structure.
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