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ABSTRACT 

 

END-OF-LIFE ANALYSIS FOR BRICK DEBRIS:  

RECOVERY, STRENGTH, LIFE CYCLE COST AND  

ENVIRONMENTAL ASSESSMENT  

 

 

¦­er Erduran, Deniz 

Ph.D., in Building Science, Department of Architecture 

Supervisor: Prof. Dr. Soofia Tahira Elias-Ozkan 

 

 

September 2018, 438 pages 

 

There exists a vast stock of masonry buildings in the world, yet, some of them are 

being demolished and disposed of; owing to the changes in building bye-laws, 

redundancies of buildings; and clearing the plots for new and mostly taller buildings. 

Either demolition or deconstruction is preferred; huge amounts of masonry-based 

waste are accumulated in the end. On the other end, since these buildings are not 

always demolished due to wear and tear, the condition of masonry walls after 

demolition may still be of a good quality that may be conducive to their use elsewhere. 

Thus, recovery of these materials not only helps to salvage the old materials but also 

contributes to environmental sustainability, as well as carrying the historical value of 

the building by integrating these materials into the new design. This study investigates 

state-of-art about rules and regulations, recovery proposals, usability & physical 

properties, environmental and economic assessment of demolition of masonry 

buildings and salvaging methods for their debris. Accordingly, two buildings i.e. a 

historical load bearing solid brick masonry building in Russia and a concrete framed, 

hollow brick infill building in Turkey were chosen to monitor their demolition 

processes and determine the eventual condition of debris. It was observed that large 
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wall sections with load bearing solid bricks from the historical building as well as the 

hollow brick wall pieces from the the reinforced concrete contemporary building could 

be reused by using various techniques to clean, cut and prepare them for integration 

into new wall construction. Mechanical properties obtained from compression, flexure 

and shear tests on few samples exhibited higher values than allowable limits in the 

standards; which is conducive in terms of materials reuse. Additionally, digital models 

of these recovery methods showed lower environmental impacts in terms of human 

health, ecosystem quality, climate change and resources in comparison to the new 

walls, when simulated in SimaPro Life Cycle Assessment software. In contrast to the 

promising results (for reuse) obtained from strength tests and environmental impact 

simulations; the costs of the proposals for reuse are higher than the construction with 

new materials. This is due to the fact that cutting and shaping of the debris brings extra 

cost to the recovery process. In conclusion, although the reuse of salvaged material 

was determined as advantageous from the point of view of environmental and social 

aspects of sustainability, the economic aspect has disadvantages that can be overcome 

by better recovery and salvaging methodologies. Hence, more efficient and cost 

reducing processes need to be investigated.   

 

Keywords: Masonry, brick, demolition, reuse, Life Cycle Assessment (LCA) and 

cost 
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TUĴLA ATIKLARI Ķ¢ĶN YAķAM SONU ANALĶZĶ: KURTARMA, 

DAYANIM, FĶYAT VE ¢EVRESEL ETKĶ DEĴERLENDĶRMESĶ 

 

 

¦­er Erduran, Deniz 

Doktora, Yapē Bilimleri, Mimarlēk Bºl¿m¿ 

Tez Yºneticisi: Prof. Dr. Soofia Tahira Elias-Ozkan 

 

 

Eyl¿l 2018, 438 sayfa 

 

D¿nya ¿zerinde b¿y¿k miktarda k©gir bina bulunsa da; bazēlarē atēl kalēĸlarē, bina 

yºnetmeliklerindeki deĵiĸiklikler ve arazilerin genelde daha y¿ksek yapēlarēn 

inĸaatēna yer a­mak ¿zere temizlenmesinden dolayē yēkēlēp bertaraf edilmektedir. 

Tercih edilen yºntem sºk¿m de yēkēm da olsa, sonu­ta b¿y¿k miktarda k©gir atēk 

sahada birikmektedir. Diĵer taraftan, bu binalar her zaman yēpranma ve aĸēnmadan 

dolayē yēkēlmadēĵē i­in, duvar atēklarē baĸka yerlerde kullanēma olanak saĵlayabilecek 

iyi ºzelliklere sahip olabilirler. Bu malzemelerin yeniden kullanēmē sadece eski 

malzemelerin kurtarēlmasēna deĵil, aynē zamanda ­evresel s¿rd¿r¿lebilirliĵe de katkē 

oluĸturur ve binanēn tarihi deĵerinin bu malzemeler aracēlēĵēyla yeni tasarēma 

aktarēlmasēnē saĵlar. Bu ­alēĸma k©gir binalarēn yēkēmē ve atēklarēn bertarafē 

konusunda kural ve d¿zenlemeleri, malzemelerin kullanēlabilirliĵi ve fiziksel 

ºzelliklerini, ­evresel etki ve ekonomik deĵerlendirme yºntemlerinin g¿ncel 

durumunu ortaya koyar. Yanē sēra, Rusyaôda bulunan ve taĸēyēcē tuĵla duvarlardan 

oluĸan tarihi bir bina ile T¿rkiyeôde bulunan, g¿­lendirilmiĸ beton iskelet ve delikli 

tuĵla dolgu duvarlardan oluĸan bir bina se­ilmiĸ, yēkēm s¿re­leri gºzlenmiĸ ve 

atēklarēn son durumu tespit edilmiĸtir. Gºzlemler, tarihi binadan gelen taĸēyēcē, dolu 

tuĵla i­eren iri duvar par­alarēnēn ve diĵer binadan gelen g¿­lendirilmiĸ beton iskelet 

i­inde bulunan delikli tuĵladan oluĸan par­alarēn; farklē teknikler ile temizlenip, 
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kesilip hazērlanarak yeni duvar yapēmēna entegre edilebileceĵini gºstermiĸtir. Alēnan 

az sayēda numune ¿zerinde yapēlan; basēn­, eĵilme, kesme dayanēmlarēnē da i­eren 

mekanik testlerin sonu­larē standartlarda izin verilen deĵerlerden y¿ksek ­ēkmēĸ; bu 

da malzemelerin yeniden kullanēlabilirliĵi a­ēsēndan uygun bulunmuĸtur. Yanē sēra, 

ºnerilen malzeme kurtarma yºntemleri SimaPro Yaĸam Dºng¿s¿ Deĵerlendirme 

yazēlēmēnda yeni duvar yapēmē ile ­evreye olumsuz etkileri a­ēsēndan karĸēlaĸtērēlēnca; 

insan saĵlēĵē, ekosistem kalitesi, iklim deĵiĸikliĵi ve doĵal kaynaklar a­ēlarēndan daha 

d¿ĸ¿k sonu­lar vermektedir. Yapēsal testler ve yaĸam dºng¿s¿ deĵerlendirmesinden 

elde edilen olumlu sonu­lara karĸēn, atēklardan elde edilen duvarlar yenilere kēyasla; 

ºzellikle malzemelerin kesim ve ĸekillendirme ¿cretlerinden dolayē daha pahalēdēr. 

Sonu­ olarak, her ne kadar kurtarēlan malzemelerin yeniden kullanēmē ­evresel ve 

sosyal s¿rd¿r¿lebilirlik a­ēlarēndan avantajlē olsa da, ekonomik a­ēdan dezavantajlēdēr; 

fakat daha iyi kurtarēm ve deĵerlendirme metotlarē ile bu dezavantajlarēn ¿stesinden 

gelmek m¿mk¿nd¿r. Bu sebeple daha etkin ve fiyat seviyesini d¿ĸ¿ren alternatifler 

detaylē ­alēĸmalar gerektirmektedir.  

 

Anahtar Kelimeler: K©gir, tuĵla, yēkēm, yeniden kullanma, Yaĸam Dºng¿s¿ 

Deĵerlendirme (YDD) ve fiyat  
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CHAPTER 1 

 

INTRODUCTION  

 

 

This study covers whole process of a research project on recovery of masonry debris 

for their reuse in new constructions. The main motivation behind is the durability of 

these materials and frequent demolition of such buildings prior to their real 

deterioration. Hence, besides studying other similar researches, case studies, direct 

measurements, laboratory tests, digital simulations were also realized to find all-round 

answers to this intersected research zone of ñRecoveryò and ñMasonryò; as detailed in 

the following sections: 

 

1.1. Argument 

Owing to their durability and prevalence throughout the ages, there exists a vast stock 

of masonry buildings in the world, yet, some of them are being demolished and 

disposed of. Apart from their deterioration and age, the reasons behind the demolition 

of such buildings appear to be: changes in building bye-laws or redundancies of 

buildings; which sometimes are carried out to clear the plots for new and mostly taller 

buildings (Elias-Ozkan, 2001). On the other hand, buildings struck by disasters 

especially earthquakes have to be demolished also as they are no longer safe for 

habitation. A study on the deconstruction of Earthquake-damaged buildings in Turkey 

illustrates that, although slightly damaged buildings can be strengthened for safe 

occupancy some are severely damaged and cannot be rehabilitated. Such buildings 

underwent partial deconstruction, whenever it was possible to reclaim building 

materials or components from them. The researcher attracts attention to the impact of 

deconstruction method on the recovery rates and the quality of the construction 

materials and recommends topdown technique i.e. deconstructing the building story 
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by story, starting from its roof. On the other hand, when demolition is selected as the 

method of disposal it results in further damage on the recoverable material and the 

resultant debris mix is almost impossible to sort out (Elias-Ozkan, 2003).  Another 

option is partial demolition of old masonry buildings and refurbishment of the 

remaining parts. For instance, óófa­ade retentionò is a common approach to conserving 

the historical characteristics of an area by retaining the old fa­ade intact and 

demolishing the spaces behind. The new building is then constructed behind the 

original fa­ade (Addis, 2006). Whichever approach is selected for the end-of-life 

scenario, huge amounts of masonry makes up the demolition waste. On the other end, 

since these buildings are not always demolished due to wear and tear, the condition of 

masonry walls after partial or complete demolition may still be of a good quality that 

may be conducive to their use elsewhere. One famous method for the reuse of masonry 

components is the salvage of good quality bricks, which is mostly favored owing to 

the vintage look of the bricks that can be integrated into the modern architectural 

designs. Regardless of the design intention, this is indeed a useful way to prevent 

valuable material from being dumped as waste and thus contribute to environmental 

and economic sustainability. In addition to the reclaimed single bricks, using wall 

pieces as recovered masonry wall sections is a possible scenario such as cutting wall 

debris into new masonry blocks, of which realized examples are presented in Chapter 

2. This approach not only helps to salvage the old materials but also carries the 

historical style of the building to its current design with a new understanding. In view 

of these examples of different recovery scales, from brick units to wall sections, the 

argument of this study is that; masonry wall debris can be reassessed as a secondary 

source of construction material that offers alternative design solutions depending on 

the inherent potential of the waste material. 

 

1.2. Objectives 

Masonry based waste can be utilized in innovative manners that can, not only be 

environmentally beneficial, but also aesthetically pleasing, as explained in the 

previous section. In order to support this claim, this study was carried out to quantify 
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the eventual strength properties, environmental impacts and the economic feasibility 

of reusing waste material in new construction projects and to propose suitable design 

solutions that can be applicable. Therefore, the main objects of this study as well as 

sub-objectives appeared during the process can be noted as follows: 

 

- Determination of suitable recovery alternatives for converting demolition 

debris into new masonry blocks 

- Surveying eventual condition on the plot such as separated or mixed storage of debris  

- Understanding advantageous (usable) and disadvantageous (disposable) properties 

of debris 

- Surveying literature for available examples of reused masonry materials and 

alternative designs 

 

- Determination of mechanical properties for recovered samples  

- Deciding on proper samples and their preparation methods 

- Investigating main physical properties of the samples 

- Selecting suitable strength test methods 

- Collecting official limits for strength values for the sake of comparison 

 

- Determination of environmental impact  

- Constructing a simulation model according to design idea, with recovered materials 

- Comparing obtained environmental impact level with that of a common new wall  

 

- Determination of cost 

- Adding up all prices of materials and processes associated with the recovered wall 

- Comparing obtained cost with that of a common new wall 

 

- Assessing all parameters together 

- Combining strength, environmental impact and cost levels for final evaluations 
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1.3. Procedure 

The process of the study started with investigating the reusability for construction 

materials and ended with assessing the consequences of reusing from different 

perspectives; where the process can be grouped under seventh steps, as follows: 

 

The first step is the combination of literature surveys on separate subjects to illustrate 

the set possibilities for this study i.e. demolition processes and state regulations, 

recovery proposals, strength estimations for masonry materials, environmental impact 

and economic assessment of salvaging methods and recovered materials. 

 

The second step is the determination of two case buildings to steer their demolition 

processes and determine the eventual condition of debris for further analyses. Hence, 

a load bearing historical solid brick masonry building in Russia and a concrete framed 

hollow brick infilled building in Turkey were chosen as case studies and following 

their demolitions, a few samples were obtained to conduct the strength tests. These 

initial investigations gave clues for potential of reusability and therefore, further steps 

were also developed. Additionally, whole life cycles of the buildings starting from 

their construction were also studied for archives; which were obtained either from 

literature or inhabitants of the buildings and districts.  

 

The third step is the design proposal for the proper use of salvaged materials with 

regard to their determined properties such as comparative strengths of mortar and 

brick, average dimensions of wall sections and crack conditions. Consequently, 

proposal for solid bricks appeared as cutting the wall sections into new prismatic 

blocks containing old brick and mortar together, where hollow brick wall pieces were 

already small and their reuse can be sustained by smoothing the edges and applying 

new plaster.  

 

The fourth step is the analyses for the identification of main physical properties such 

as density, dimensions as well as compressive, flexural and shear resistance, of which 



 
5 

 

studies were completed in the laboratory. Obtained values were assessed according to 

allowable limits, which are quite positive for the sake of reusability; therefore, they 

were also studied from different perspectives, as noted in the further steps.  

 

The fifth step contains the constitution of simulation model in SimaPro LCA software, 

for the comparison of resultant impact compared to a new similar wall. This model 

showed favorable aspects for reclaimed proposals in term of human health, ecosystem 

quality, climate change and resources.  

 

The sixth step of the study is the price estimation of recovered wall versus new wall 

according to monitored data and information obtained from local companies or unit 

price lists by ministries; where both reclaiming projects i.e. solid and hollow brick 

debris appeared to be more expensive than the new ones.   

 

The seventh and the last step of the study contains overall discussion combining 

recovery ways, strength properties, environmental impacts and prices; which pointed 

the opportunities and revision requiring aspects for more successful masonry recovery 

projects. 

 

1.4. Disposition 

The research is presented under seven chapters where the first chapter i.e. Introduction 

contains Argument, Objectives, Procedure and Disposition while the second chapter 

i.e. Literature Review includes LCA Studies for Building Materials and Components; 

Architectural Designs on Masonry, Recovery and Reuse; Strength Tests for Masonry 

Construction and Construction and Demolition Waste Regulations in Russia & 

Turkey. The third chapter illustrates the research material under two titles as 

Demolition of a Solid Brick Masonry Building in Russia and Demolition of a Hollow 

Brick Masonry Building in Turkey. The fourth chapter is on methodology of the study, 

which is shared under sections noted as: Understanding Brick debris; Investigations 

into Materials and Strength Tests; Environmental Analysis and Economic Analysis 
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while the fifth chapter is devoted to the results and categorized into Strength Test 

Results, Life Cycle Assessment Results and Cost Analysis. Similarly, the sixth chapter 

presents discussion about comparisons of mechanical properties, environmental 

impacts and costs while the seventh i.e. the last chapter presents overall conclusions 

gathered from the process of this research.  
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CHAPTER 2 

 

LITERATURE SURVEY  

 

 

This chapter includes investigations on demolition processes, recovery proposals, 

strength estimations for masonry debris, as well as environmental impact and 

economic assessments of salvaging methods. Therefore, it presents up-to-date state of 

research in these areas from around the world, under four sections. The construction 

and demolition waste regulations for two countries i.e. Russia and Turkey were 

detailed in the first section. The featured architectural designs realized with recovered 

masonry elements have been showcased in the second section, about which 

information was obtained from two current well-accepted digital architectural archives 

and generic Google search. Inquiries about destructive and nondestructive strength 

investigations on masonry constructions were combined under the third section, and 

lastly, the broadest cluster i.e. studies on Life Cycle Assessment (LCA) of building 

materials and components, collected from four scientific databases, which are 

presented in the fourth part. This section starts with broad analyses on assessment 

trends for these components from 1960s, goes on with the method of LCA and lastly 

overviews relevant studies having different points of views and research question 

definitions, as follows: 

 

2.1. Construction and Demolition Waste Regulations in Russia and Turkey 

This section provides details into governmental regulations on construction and 

demolition waste management in Russia and Turkey, since the case studies were 

completed in these countries, as presented in the third section. Search for sources was 

realized via generic Google search with specific keywords for each country and 

official documents shared by governmental authorities were filtered among all the 
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findings set. These documents contain broad scopes including definition of waste in 

general, main categories including construction and demolition class, regulations and 

rules for disposals; as well as sample reports prepared for real demolition projects, 

when available. The documents were translated from Russian to English with Google 

Translate tool when required and obtained information was presented in chronical 

manner i.e. starting from the oldest ones. The search related to Russia is primarily 

presented here for the consistency with the order of case studies, in the following 

section. 

 

2.1.1. Regulations in Russia 

Search with ñConstruction and demolition wasteò ñRules and regulationsò and 

ñRussian Federationòi results in many sources, from which the official documents 

were filtered and studied. Among them, a commentary review by Kichigin and 

Ponomarev (2006) and Kichigin (2014) stated the laws about main aspects of general 

waste policies in Russia and provided a good structure for the following text. The 

earliest regulation (Federal Law No. 89-FZ) was dated to 1998 for the definition of 

danger classes of garbage as well as requirements for hazardous waste disposal; where 

basic rules for construction facilities and possible utilization of their waste also took 

place (Russian Federation Council [RFC] ii, 1998). Additionally, one other law was 

published in 1999 about the responsibility of businesses in terms of their harmful 

emissions according to clean air regulations as well as the declaration of hygienic 

requirement for municipal waste in the following years (RFC, 1999; Information and 

Publishing Center Russian Ministry of Health, 2001). Assessment of positive and 

negative impacts became compulsory for companies and related enforced payment 

levels were declared in 2002, besides permissible emission and waste production rates 

for entities such as construction, operation, etc. (RFC, 2002).  

 

                                                 
i ñStroitelnye i snosnye othodyò, ñPravila i poloģenijaò and ñRossijskaja Federacijaò 

[ñʉʪʨʦʠʪʝʣʴʥʳʝ ʠ ʩʥʦʩʥʳʝ ʦʪʭʦʜʳò, ñʇʨʘʚʠʣʘ ʠ ʧʦʣʦʞʝʥʠʷò and ñʈʦʩʩʠʡʩʢʘʷ 

ʌʝʜʝʨʘʮʠʷò] 
ii RFC was prefered as the abbreviation of Russian Federation Council for this study 
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Set of fees was declared for the emissions of hazardous substances to air and water 

resulted by waste disposal in 2003, while license conditions for collecting, using, 

transportation and disposal of waste has been clarified in 2006 (RFC 2003 and 2006). 

Additionally, an order was published in the same year on management of hazardous 

waste, which covers generation, collection, transportation, use, disposal and storing 

issues on radioactive materials; as well as their handling methods presented in 2011 

(RFC, 2011). 

 

Within this broad set of regulations, Moscow City Law No. 68 is about construction 

and demolition waste (CDW) including the requirements for entities dealing with 

CDW treatment i.e. determination of danger classes, collection, volumes to be 

processed, recycling and secondary materials (RFC, 2005). Featured 

recommendations are; proper storage of debris to keep its valuable properties, separate 

collection for further use, temporary storage during  management planning, 

compulsory checks for radiation and hygiene, and proper documentation of all process 

including economic activities. The same law also granted financial support for proper 

disposal activities in the form of reduced cost tariffs; such as environment-friendly 

technologies, use of waste in economic activities, reducing waste generation, 

collection, use, disposal and processing. Moreover, futrther plans were declared as 

decreasing the waste amount and degree of risk to the environment, increasing 

recycling activities, developing proper tools and methods for advanced disposal 

methods, ensuring educational activity on waste management in society as well as 

setting databank on current waste treatment technologies in use. This law refers to a 

unique resolution about similar topics for Moscow, since more than half million tons 

of C&D waste was recorded for the city in 1998, which made authorities take 

important steps for the prevention. Hence, Moscow City Government published an 

approval document for management prior to the demolitionôs start, which forces filling 

the indicated cells in Table 1(Russian Federation Council, 2002a). The importance of 

this document was emphasized for monitoring the real implementations for the 
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construction of a reliable databank where focus is the use of CDW as the secondary 

material resource.  

Prior classifications are in terms of danger level and volume of waste i.e. being larger 

or smaller than 2 m3; while further ones are according to the content of the garbage 

i.e. being organic, mineral or chemical based. The prior areas for their secondary use 

are also listed in the document, where ceramic-based waste including clay bricks is 

illustrated in Table 2.The same document also reminds us that, clay based waste should 

be used for backfilling the pits in disposal zones for urbanized regions, only if 

appropriate recycling activity is not available in the city.  

 

Table 1: Waste Management form [translated and derived] (RFC, 2002a: 10 and 11)  

 

 

 Table 2: Sample for waste classification method [Translated] (RFC, 2002a: 12)  

 

Amount of 

waste, weight

Period of 

temporary

storage, days

Removal

Type of 

waste

Amount of waste 

taken out, volume 

and weight

Company 

carrying the waste

Plants that 

received the waste 

(location and path)

Possible 

Type of 

waste

Organizations 

having recycling

and/or disposal 

activity

Waste amount 

for processing, 

volume and 

weight 

Owner of the end-

products 

Type of 

waste

Volume

on the site

Volume, taken 

out

Volume of waste 

under processing 

and landfill

Volume of 

received products 

for processing

Losses during the 

process 

Only for recyclable waste

Material Balance, stepwise

Accumulation and temporary storage 

End-products obtained from processing 

the  waste (terminology, tonnage, 

position where-how to use)

Period for taking waste out from 

the territory, and types of vehicles 

used

Type of waste from construction 

and demolition

Detailed description of temporary 

storage conditions

Subgroups Name (list) of waste products Prior areas for secondary use (to be processed)

Ceramics
Broken bricks, sanitary ceramics, 

porcelain and broken ceramic tiles

Production of powders;

Composition for slip casting;

Additives for flame-retardant plasters;

Raw materials for the production of pigments

Ceramic-based waste
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Last points included in the document are fixed-cost regulations for waste processing 

dictated by the government, required conditions for the temporary waste storage areas, 

such as fencing and lighting, allowable temporary storage periods and the compulsory 

conditions of the secondary materials especially in terms of fire safety regulations.  

The sample of this compulsory form that was prepared by Makarenko (2013) for the 

waste management process for the removal of a reinforced concrete foundation is 

presented in Table 3. Additionally, the location of the demolition plot and the closest 

licensed disposal plants were indicated in the document with the closest highway 

routes plotted on it. 
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Table 3: Waste Management Document, Samplei [translated and derived (Makarenko, 2013: 

12-16)  

 

                                                 
i The names of the companies were hidden intentionally, see referred document for exposed 

names 

Form of  CDW

Accumulation 

on the plot, 

(tons)

Temporary 

storage, days

Debris from disassembly 

of building
2.0 7

Debris, reinforced 

concrete
390.8 1

Form of waste

Period of 

taking the 

waste out, type 

of transport 

Waste taken out 

(tons)

Organization 

completing                             

the work

Debris from disassembly 

of building
2.0

Debris, reinforced 

concrete
390.4

Form of waste

Organization or 

entrepreneurs 

for disposal

Mass for filling, 

processing and 

burial (tons) 

Plants for 

processing

Debris from disassembly 

of building

Two alternative 

companies
2.0

Two alternative 

organizations

Debris, reinforced 

concrete

Two alternative 

companies
30.2

Two alternative 

organizations

Form of waste

Obtained 

amount,                           

(tons)

Amount, taken 

out from the plot 

(tons)

Amount,               

to be 

processed 

(tons)

Amount 

received by 

processing 

plant

Loss on 

process

Debris from disassembly 

of building
2.0 2.0 2.0

Not subject 

to processing
Insignificant loss

Debris, reinforced 

concrete
390.8 390.4 390.2

Data not 

recorded

Loss during 

disassembly, 

loading and 

transportation

Material balance, stepwise

Removal

Possible secondary uses 

Kamaz brand 

vehicle

Alternative 

proposals

Accumulation

Characteristics of temporary storage and 

process

Debris stored and taken out from the plot after 

sorting, in amounts removable with trash dumping 

hopper

Plants to carry the waste out 

Two alternative organizations

Two alternative organizations

Processing waste, 

preferences

Not subject to processing

Processing as stony road 

pavement (Macadam) and 

recovery of metal 

(reinforcement)  
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Lastly, an investment program on treatment of domestic and industrial waste in St. 

Petersburg for years between 2012 and 2020 was prepared by Greenpeace (2011) with 

the request of The Government, which analyzed the locations and capacities of 

existing waste sorting plants with alternative management suggestions. The 

researchers of this program noted that industrial, construction and demolition waste 

should be treated in better manners compared to current applications; where the 

recommendations were listed on effective policy and measures; monitoring and 

control systems, storage, transfer and alternative uses of industrial waste as well as 

advanced technical solutions for better disposal options.  

 

2.1.2. Regulations in Turkey 

Search with keywords, such as ñConstruction and demolition wasteò ñRules and 

regulationsò and ñTurkeyòi results in many sources, from which the official documents 

were filtered and studied. Among them, ñWaste management in Turkeyiiò document 

prepared by Ministry of Environment and Urbanization (2012) gives us a broad 

perspective about types of general wastes, plants for disposal, laws and regulations in 

chronological order. The governmental controls were analyzed in three groups as laws, 

regulations and legislationsiii ; first of which was the publication of Environmental Law 

in 1983. Additionally, regulations about the control of solid waste in 1991, medical 

waste in 1993, dangerous waste in 1995 and the legislation on the use of waste as 

combustible source were published in 2001. The laws specialized on metropolitan 

municipalities and national penalty amounts were published in 2004 as well as the 

regulations on earth excavations, construction and demolition waste, packaging waste, 

waste oil, used batteries and accumulators conducted in the same year. Laws for 

municipalities and local governments were published one year later, as well as 

legislations on vegetal waste oils and transportation of dangerous waste types.  

 

                                                 
i ñĶnĸaat ve yēkēm atēĵēò, ñYºnetmelik, mevzuatò ve ñT¿rkiyeò  
ii T¿rkiyede atēk yºnetimi 
iii  Kanun, yºnetmelik, genelge 
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In later years, besides the extensions and revisions of these documents, many specific 

legislations were presented such as the requirements for solid waste disposal plants, 

determination of danger levels, storage conditions for waste and waste burning, rules 

on old vehicles, oil tankers and tires, sterilization and disposal of medical waste. 

Moreover, publications on integrated waste management, recovery of benign inert 

waste and its reuse for rehabilitation, restoration and infill projects and approval 

conditions for setting solid waste processing organizations were presented by the 

ministry stepwise in the following years.  

 

The current waste management bye-lawi (2015) covers the norms for a broad scope 

including gas emissions, waste water, excavations, mining, bio wastes, packages, cars, 

construction works, municipal wastes as well as the responsibilities of waste producers 

and waste handlers i.e. authorities in different scales such as municipalities and 

ministries, and penalties for inappropriate cases. Moreover, all available up-to-date 

technologies for different disposals were also listed such as permanent storing, surface 

filling, deep burial, burning on the land and on the sea. Lastly, this document also 

gives classes, definition, code and explanation of the wastes among which, the clay 

brick based one is presented in Table 4. It should be noted that, this piece just 

represents the clay waste obtained after demolition, while the waste occurred during 

the production of bricks are noted under another group.  

 

Table 4: Partial table from waste categories list [translated]                                                    

(Ministry of Environment and Urbanization, 2015: 40)  

 

                                                 
i Atēk yºneim yºnetmeliĵi, ministry of environment 

17

Code Definition Notes

17 01 Concrete, Brick, Clay roof tile and Ceramics

17 01 01 Concrete

17 01 02 Bricks

17 01 03 Clay roof tiles and Ceramics

17 01 06 Concrete, Brick, Clay roof tile and Ceramics with hazardous substanceLikely hazardous

17 01 07 Concrete, Brick, Clay roof tile and Ceramics other than 17 01 06 group

Construction and Demolition Waste                                                                                  

(Obtained from contaminated zones, including soil)
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Concrete, bricks and clay roof tiles were grouped under the same class i.e. No. 17 as 

seen in Table 4 where the single specific explanantion is about containing  hazardous 

susbtances. 

 

The first specific bye-law on construction and demolition waste management titled 

Earth excavation, construction and demolition waste controli (2004) states four main 

leading principles: Minimizing earth excavation as much as possible, reuse of resultant 

soil for infrastructural projects, separate storage of soil and construction waste, 

compulsory selective demolition and categorization of resultant garbage for better 

recovery and disposal. Additionally, tasks of authorities are also clarified there as; 

establishment of recovery and storage organization; determining disposal and 

transportation fees, announcing the information of available companies, frequent 

controls and steering the disposal facilities in enterprises. Moreover, they are also 

responsible for encouraging the companies for better reuse of waste, creating statistical 

data sets about processes for the records of the ministry and conducting strategical 

plans in case of natural disasters, beforehand.  

 

Revised and extended version of this document was published in 2017 and includes 

more detailed rules, requirements and permissions on construction and demolition 

waste; where the biggest revision is compulsory permission document i.e. demolition 

licenseii to be submitted to authorities before starting the demolition works. This is an 

umbrella document required for buildings larger than 250 m2 and higher than two 

stories; gathering many official documentation such as risk assessment form of 

building, bills of required payments, certificate ownership and photographs of the 

building. Waste acceptance formiii  is one of the compulsory documents, which 

includes the information about demolishing company, date and location of the 

demolition, information of the responsible people on the plot, information and license 

of garbage transporting company and vehicle registration plates. Additionally, the 

                                                 
i Hafriyat topraĵē inĸaat ve yēkēntē atēklarēnēn kontrol¿ yºnetmeliĵi 
ii Yēkēm ruhsatē 
iii  Atēk kabul formu 
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most important part noted in this document appears as the notation of selected disposal 

methods, as shown in Table 5.  

 

Table 5: Partial table from waste acceptance form [translated]                                          

(Ministry of Environment and Urbanization, 2017: 18)  

 

 

Lastly, details about the process and resultant waste amounts are required to be noted 

in plan of demolitioni document, as shown in Table 6. The amounts of materials 

obtained from demolition should be noted in three classes as topsoil appropriate for 

vegetation, excavated earth and mixed debris. Moreover, the amounts for disposal and 

recovery should be noted separately on this document.  

 

                                                 
i Yēkēm planē 

Name of the company: License no. of the company:

Name of the owners: Weight of the waste: Storing

Address of the firm: Disposal and Recovery Methods:

City and code: Grinding

District:

Quarter: Sieving

Street:

Phone number: Date for receiving the waste: Others

3) Plant receiving the waste
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Table 6: Table of Waste management plan [translated]                                                   

(Ministry of Environment and Urbanization, 2017: 22)  

 

 

2.2. Design with Recovered Masonry 

This section provides details into the architectural designs with reclaimed, recovered 

and reused masonry components for new constructions.  Data on such projects were 

obtained from two famous digital archives of architectural designs from around the 

world, as well as a generic Google search. First resource is Archdaily, which was 

founded in 2008 by some architects in order to generate a platform where data on 

recent projects can be stored and accessed by those concerned. Hence, the interface of 

this database offers data in the form of project presentations with images and 

explanatory texts, articles and interviews. Moreover, news, events and competitions 

are also announced and stored in this web-site; where architects can submit their own 

projects for publication. The second archive is the architectural and design digital 

Name Surname:

Address:

Phone:

Information on demolition:

Topsoil 

(Vegetal)

Excavated 

Earth
C&D Waste

Recovery methods and amounts

Disposal methods and amounts

Start and End Date of the Process:

Approximate amounts (m
3
 ,  ton)

Names and Codes of the Waste

Safety precautions around the demolition plot

Recording and reporting methods

(Dust, noise and view)

Precautions to be taken during transportation

Licence of the company for transportation of 

Temporary storing methods for demolition plot

Waste producer

The location of the plot (earth excavation, C&D waste)

Dwelling, commercial building, road, bridge, etc. 

    Urban / Rural area / Municipality / Local government

Appendix 5: Earth Excavation, Topsoil and C&D Waste, Management Plan

Data, after the demolition process

Permission                                                                                                                      
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journal called Dezeen, which was launched in London in 2015. The scope of this 

archive is broader compared to the first one, since it contains data on architecture, 

industrial products, fine arts and technology. This archive also presents information in 

different formats as videos, images, drawings, explanatory texts, interviews, etc.  

 

Lastly, ñmasonry, reuseò keywords were also used for search in Google images, in 

order check the designs that could have been missed. Search option in Archdaily does 

not provide refining tool within the outcomes, therefore search with ñmasonry, brick, 

reuseò keywords results in 544 resources that may contain only one keyword; while 

Dezeen offers a more user friendly tool and search with ñreuse, masonryò words within 

the set of ñarchitecture, brickò results in 7 more concentrated sources. Lastly, as result 

of Google search, 2 projects attracted attention as being similar to the design style in 

question. Selected projects are presented from largest to narrowest scale i.e. from reuse 

of entire masonry buildings to separated components and lastly to materials as building 

units; in the following text. Large set of findings in the first archive includes projects 

on old-new masonry buildings, techniques; clay bricks, other units; reuse of various 

materials as wood, steel; as well as combined versions of all these aspects. Therefore, 

sources were overviewed one by one and related ones were determined, many of which 

are on adaptive reuse of masonry buildings i.e. altering existing buildings into new 

functions with partial modifications and renovations. Common projects of this group 

includes converting abandoned warehouses into new centers, renovation of war-

earthquake based damaged buildings; refurbishment of deteriorated viaducts into new 

facilities; maintaining historical masonry facades, piers while renewing the rest of the 

buildings with different methods.  
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Figure 1: Adaptive reuse of Hughes brick Warehouse (Archdaily, 2014) 
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One is the adaptive reuse project of Hughes Warehouse in USA in 2012; which was 

designed by Overland Partners Company working in architectural, urban and master 

planning scales (Archdaily, 2014). This brick masonry warehouse had been built in 

1918 with 2200 m2-closed area and converted into an innovative and functional studio 

space recently. New design gave priority to socialization of personnel, therefore 

included suitable areas for large meetings such as project reviews, design 

presentations, visiting student critiques, and dining. Therefore, the architects remind 

us that, the requirements of these new spaces were sustained by the integration of 

current systems; such as glass and steel based fenestrations punched into the existing 

masonry walls, while keeping the historical characteristics of the building, as much as 

possible; as illustrated in Figure 1. Although many adaptive reuse projects presented 

in Archdaily archive also contain reuse of old brick units when available; their use was 

not noted with specific technique other than conventional bonding; therefore, they 

have not been presented and discussed here.  

 

One other project is Community Center Building in Westvleteren, Belgium, designed 

by Tom Vanhee Architects Workshop in 2010, as refurbishment of an 19th century old 

masonry school building (Archdaily, 2014a). The architects chose to renovate this 690 

m2 building in a manner that reflects all the previous and recent architectural 

interventions, that are easily distinguishable within the collage of different types of 

masonry work. This building is especially important in terms of demonstrating the 

possibility of bringing different masonry pieces together in a safe and aesthetically 

pleasing way, as illustrated in Figure 2. 
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Figure 2: Refurbishment of Community Center Building in Westvleteren, Belgium 

(Archdaily, 2014a) 
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Besides adaptive reuse and refurbishment designs, one house extension project called 

Cubo House in Melbourne, planned by Phooey Architects in 2013, presents a unique 

example in terms of including reused masonry wall pieces as masonry panels 

(Archdaily, 2015). This project was an addition and alteration intervention in an 

existing dwelling where some parts of the building were demolished and many 

components were reused. Within this context, one old masonry wall of the building 

was cut carefully into rectangular pieces and the sections were reused on the new 

elevation. This approach not only helped to salvage the old materials but also carried 

the historical style of the building to its current design with a new understanding, as 

shown in Figure 3. Besides brick walls pieces, metal and wooden components of the 

house such as stairs and garden gate were also reused for new functions in this project.  

 

Reuse of masonry materials i.e. brick, stone and even roof tiles obtained from 

reclaimed demolition waste from surrounding villages, can be seen in Ningbo History 

Museum in Zhejiang, China (Figure 4) designed by Architect Wang Shu (Hobson, 

2016). The harmonious use of different materials as masonry wall components and the 

integration of this ópatchwork wallô into reinforced concrete is also noteworthy in this 

building. 

 

Lastly, one other project illustrates use of recovered clay roof tiles as sunscreen 

elements on the fa­ade of new office building named The Beehive, designed by Luigi 

and Raffaello Rosselli architects, in Australia in 2017 (Archdaily, 2018). These 

architects attract attention to huge rate of construction and demolition waste among 

all types of wastes, produced. Additionally, they state that, this is not only an office-

building project; but also the expression of an experience on reuse of waste for a 

sustainable model. Their initial search started with determination of suitable materials 

for filtering the strong sunrays via fa­ade; among the available alternatives among 

waste stream. The architects attract attention to that, clay roof tiles were good for this 

purpose and available in large quantities as waste; while their geometrical complexity 

required the study with  full scale tests and hand built prototypes; especially for 
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stability of tiles in multiple courses. These studies let researchers to find the best 

patterns in terms of strength and curved geometries, as illustrated in the final design 

in Figure 5. Moreover, clay tiles were also used as bookshelves, which are important 

elements for interior space.   

 

Lastly, further details about the buildings are listed in Table 7.  
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Figure 3: Reuse of brick wall pieces in Cubo House (Archdaily, 2015) 
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Figure 4: Reuse of various masonry materials in Ningbo History Museum (Hobson, 2016) 
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Figure 5: Reuse of clay roof tiles in The Beehive Office Building (Archdaily, 2018) 
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Table 7: Information about the selected buildings 

 

 

Building Recovered components Reused as Main additions Awards Notes References

Hughes 

Warehouse

Whole warehouse building with 

brick fa­ades
Studio space

Glass and steel 

components
AIA/COTE Top Ten Green Projects Award, 2015

The COTE (Committee on the Environment)Top Ten Awards is a 

famous program organized by American Institute of Architects 

(AIA). Ten projects are recognized annually for their success in 

design and environmental performance

(AIA, 2018 and 

2018a)

Community 

Center in 

Westvleteren

Whole building (formerly school, 

town hall, library and youth club) 

with brick fa­ades

Space for various community 

activities

New bricks as contrast to 

old ones. Glass, steel, 

timber (staircase) and  

insulated new windows

Belgian Building Award in 2014 for non-residential buildings

Nominated for the best use of ceramic materials, 

Wienerberger Price (the Belgian Prize for Architecture and 

Energy), Belgian prize for architecture and energy

From the jury report: "... At the community house in Westvleteren, an 

existing construction forms the basis of an original project. The 

architect built new volumes on old 'ruins' and created an 

uncompromising 'patchwork' of old and new, whereby the bold choice 

of brick gives the project an extra strong character. According to the 

jury, this all forms a coherent, accessible and sustainable whole, 

tailored to the current expectations of our society"

(Batibouw, 2014) 

and (Atelier Tom 

Vanhee, n.d.) 

Cubo House

a)Partial buildings (dysfunctional 

parts), b)original staircase, 

existing steps, c) existing 

windows,  d)leftover stair 

balustrades, e)metal security 

doors, f)slate roof tiles

a)habitable environments,  

b)chandelier, c)feature wall & 

lightwell, d)screen of kid's loft bed 

and joinery handles in the kitchen, 

e)external privacy & sun shading 

devices, f)window sills & feature 

elements

Photovoltaic cells, solar 

hot water & water 

collection tanks (not 

visible on the facades)

Bruce Mackenzie Landscape Award Finalist in 2014. Think 

Brick National Awards. Houses Awards Commendation - 

2014. Residential Alterations & Additions Award - 

Commendation 2014 (by Australian Institute of Architects). 

Green Dot Award - Residential Built - Honorable Mention 

2013. 6
th
 Annual International Green Dot.

-
(Phooney 

Architects, n.d.)

Ningbo 

History 

Museum

Bricks, clay tiles, stone units New masonry units Concrete walls Pritzker Architecture Prize, 2012

Jury report: His approach to building is both critical and experimental. 

Using recycled materials, he is able to send several messages on the 

careful use of resources and respect for tradition and context as well 

as give a frank appraisal of technology and the quality of construction 

today, particularly in China. Wang Shuôs works that use recycled 

building materials, such as roof tiles and bricks from dismantled walls, 

create rich textural and tactile collages. Working in collaboration with 

construction workers, the outcome sometimes has an element of 

unpredictability, which in his case, gives the buildings a freshness and 

spontaneity.

(Frearson, 2012)

Beehive 

Office 

Building

Clay brick tiles Sun shading element and bookshelves-

Sustainable Architecture Milo Dunphy Award, Commercial 

Architecture Sir Arthur G. Stephenson Award, Small Project 

Architecture Robert Woodward Award

-
(Editorial Desk 

AAU, 2018)
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Table 8:  List of sources on strength tests 

 

 

 

Database Journal Title Key points Reference

1
ICE Library (Institute of 

Civil Engineers)
Proceedings of the Institution of Civil Engineers The biaxial compressive strength of brick masonry Strength test, one type Page, 1981

2
ASCE Library (American 

Society of Civil Engineers)
Journal of Structural Engineering Response of masonry bed joints in direct shear Strength test, one type Atkinson et al., 1989

3
ASCE Library (American 

Society of Civil Engineers)
Journal of Materials in Civil Engineering New test for determination of masonry tensile bond strength Strength test, one type Khalaf, 2005

4 ELSEVIER Engineering Structures Finite element modelling of deformation characteristics of historical stone masonry shear walls Strength test, one type Senthivel & Louren­o, 2009

5 Springer Link Materials and Structures Strength and elasticity of brick masonry prisms and wallettes under compression Strength test, one type Gumaste et al., 2007

6 Springer Link Materials and Structures Flexural bond strength of natural hydraulic lime mortar and clay brick Strength test, one type Pavia & Hanley, 2010

7 ELSEVIER Engineering Structures Experimental and numerical investigation of masonry under three-point bending (in-plane) Strength test, two types Chaimoon & Attard, 2009

8
ASCE Library (American 

Society of Civil Engineers)
Journal of Materials in Civil Engineering Brick-mortar bond and masonry compressive strength Strength test, three types Sarangapani et al., 2005

9 Springer Link Materials and Structures Influence of shear bond strength on compressive strength and stressïstrain characteristics of masonryStrength test, three types Reddy & Vyas, 2008

10
ASCE Library (American 

Society of Civil Engineers)
Journal of Materials in Civil Engineering

Compressive, flexural bond, and shear bond strengths of in situ New Zealand unreinforced clay brick 

masonry constructed using lime mortar between the 1880s and 1940s
Strength test, four types Lumantarna et al., 2014

11 Wiley Online Library Progress in Structural Engineering and Materials Nondestructive testing and damage assessment of masonry structures Strength test, many types Schuller, 2003

12 Delft University Heron 
Composition of mortar as a function of distance to the brick-mortar interface: a study on the formation of 

cured mortar structure in masonry using NMR, PFM and XRD
Microscopic analyses Bracken et al., 1999

13

ISISE (The Institute for 

Sustainability & Innovation in 

Structural Engineering)

- Structural masonry analysis: Recent developments and prospects Modelling, mathematical representation Louren­o, 2008

14 ELSEVIER Cement and Concrete Composites Influence of a new type of additive on the performance of polymer-lightweight mortar composites Alternative mortar mixture analyses G¿nd¿z et al., 2007

15 Canada Masonry Symposium- The use of pozzolans to ēmprove bond and bond strengthAlternative mortar mixture analyses Taha & Shrive, 2001
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2.3. Strength Tests for Masonry Constructions 

Data on strength analyses of brick, mortar and their bonding were obtained using 

Google Academic search engine, since it scans several scientific databases at the same 

time. Keywords ñbond strength", "brick masonry" and "mortar typeò were used for 

filtering and resulted in many sources, which were further investigated with title and 

abstract, in terms of ñadherence of mortarò and ñmasonry failure typesò. 

Consequently, 15 most related ones were selected and presented in Table 8; with 

headings including database, journal, title, key points (used for categorization of 

sources) and reference. The categorization according to key points results in three 

groups i.e. studies conducting one or more types of strength tests, microscopic and 

modelling analyses and lastly, alternative mortar mixture searches. Consequently, 

eleven sources fall into the first category while two sources fall into second and two 

into the third category; of which details are presented in the following text.  

 

Research by Page (1981) consists the results of  series of tests on half-scale brickwork, 

of which configurations are illustrated in Figure 6.  

 

 

Figure 6: Test setup alternatives (Page, 1981) 

 

According to the findings, the researcher stated that cracks were propagated within 

bed-head joint lines or lines including brick and mortar together, in the case of uniaxial 

compression, depending on the comparative orientations of load and bed joints. It was 

also noted that, in case of biaxial compression, the failure occurred within the 
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thickness of the masonry wall, regardless of load-bed joint orientation; which was 

explained with the presence of compressive load in the other direction. On the other 

hand, it is also noted that, the relative ratios of those compressive loads changed the 

failure type, where load-bed joint orientation was decisive. 

 

Similarly, the study by Gumaste et al. (2007) also investigated the compressive 

strength for strong brickïweak mortar and weak brickïstrong mortar combinations via 

small wall sections, with measuring compressive strength and elastic modulus values, 

as the setup and the samples are shown in Figure 7.  

 

 

Figure 7: Test setup and resultant cracks on sample wall sections (Gumaste et al., 2007) 

 

The researchers remind us that, these brick-mortar combinations were needed since, 

elastic modulus of cement mortar can be many times higher than bricks in Indian 

context, contrary to the ordinary cases. They also indicated that moderate strength 

bricks as well as relatively higher strength ones with alternative cement based mortars 

(cement, lime, sand combinations) having different strengths were investigated within 

the scope of this study. The researchers attracted attention to that, the coefficient of 

variation for table moulded bricks was higher and failure started within the body of 

bricks in most of the test trials.  Additionally, failure mostly appeared at bonds for 

walls with wire-cut bricks and mortars with ~1:6 cement-sand ratio. The elastic 

modulus of bricks, mortars and masonry panels were calculated according to the 
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results obtained by this testing procedure. Lastly, it was concluded that elastic modulus 

obtained from walls with different bonding styles (stack and English bond) were close 

and the mortars having different modulus values hardly influenced the results. 

 

Atkinson et al. (1989) investigated the shear based strength properties, where 

objective was analyzing shear failure of bed mortar under static and cyclic loading 

according to the setup given in Figure 8. The researchers noted that, shear is dominant 

in case of lateral forces, which is not a commonly studied aspect especially for post-

pick situations, since most test setups result in collapse and do not let monitoring the 

conditions afterwards.  

 

  

Figure 8: Side view of the test setup for shear test Atkinson et al. (1989) 

 

The researchers introduce the setup as two independent actuators applying shear and 

normal loads that can work either in force or displacement control mode. Four cycles 

of shear reversal was used in displacement control mode for this experiment with 

various samples including wall pieces obtained from historical buildings, old bricks 

bonded with new mortar and new bricks bonded with new mortar. The results 

indicated that, shear displacement had a pick for the first loading and the residuals 
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were not affected by the numbers of cycles; which was also valid for new and old 

samples. Additionally, older samples resulted in lower shear strength values and less 

prominent picks which was explained with low quality of mortar. Lastly, the authors 

also indicated that, the outcomes of this experiment are applicable for modeling bed-

mortar joint and shear behavior correlation. 

 

A similar test setup was also used by Senthivel & Louren­o (2009) where experimental 

and numerical results were obtained and discussed for historical stone masonry walls, 

including mortarless samples. Monotonic and reversed cyclic loading tests with three 

different pre-compression loading models were completed (setup in Figure 9) and 

obtained data were used in numerical estimations of simulation models. 

 

 

Figure 9: Test setup and digital models (Senthivel & Louren­o, 2009) 

 

The results were modeled according to micro-modelling technique, i.e. masonry units 

were assumed as continuous elements while mortar joints and potential cracks have 

no thicknesses, and expected failure modes were investigated. Vertical load was kept 

constant while amount of lateral load was altered, and hence data for masonry walls 

with different materials were obtained; where no crack was observed within the 

masonry unit, and hence unit cracks were not considered in digital models. The 

researchers also noted that this ordinary model was not capable to indicate impacts of 

cyclic loading and therefore is not suitable for its representation. On the other hand, 
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monotonic loading representation was found to be sufficiently consistent with the 

experiment. 

 

The study on tensile strength by Khalaf (2005) focused on clay bricks, calcium silicate 

bricks and different types of mortars for testing a new proposal of Z-shaped test setup 

configuration, for flexural strength determination according to three point loading 

diagram, as shown in Figure 10.  

 

 

Figure 10: Z type setup proposal for flexural test (Khalaf, 2005) 

 

The motivation of the researcher was the need of a simpler and reliable alternative 

model over the complexity of other setups such as cross-brick couplet test. The 

diagram of this bending test setup and proposed calculations for free body diagram 

were presented and it was noted that, the coefficient of variation was not high within 

the results and the comparison of outputs with those from standards setups were also 

close. Consequently, the researcher reminds us that, this test suggests faster and easier 

process with reliable flexural strength results.  

 

One other study about flexural bond strength is by Pavia & Hanley (2010) focusing 

on natural hydraulic lime (NHL) mortars with different mixtures via bond wrench test, 

as illustrated in Figure 11.  
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Figure 11: Bond wrench test setup and expected failure types (Pavia & Hanley, 2010) 

 

The authors state that, water retentivity of NHL mortars are high, therefore a stronger 

bond compared to cement and cement-lime mortars have been ensured. Additionally, 

the findings showed that, half of the samples failed at lower interface, one third failed 

at both interfaces while only one eighth of all was damaged at upper interface. The 

authors also remind us that, none of wall sections failed due to tension within the 

mortar; which was explained with good and homogeneous bonds ensured by these 

mortars. Lastly, contrary to the general statement of strong bond- strength of the binder 

relation, authors noted that a stronger correlation is present between good bond and 

mortarôs water retention capacity.  

 

In addition to one test including studies explained up to this point, other studies consist 

various tests together as detailed in the following part. One of these studies is by 

Chaimoon & Attard (2009) which used bending and shear tests together as well as 

models in digital tools, as noted in Figure 12.  
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Figure 12: Shear test, three pointing bending test and digital modelling                           

(Chaimoon & Attard, 2009) 

 

Post pick behavior of walls bonded with low strength mortar was tested under three 

point bending, as well as control tests with notch opening displacement. Additionally, 

modified shear test was applied with several loading-unloading cycles in order to 

obtain stress strain diagrams for repetitive cases. Besides these tests, masonry panels 

were also mathematically analyzed in order to drive correlations for Finite Element 

Model (FEM) according to micro-modeling method. The results obtained from direct 

tests, digital models as well as crack patterns were compared and their consistency 

were emphasized; such as the crack-path exactly following joint line for low strength 

mortars, as expected.  

 

Reddy & Vyas (2008) tried to obtain the correlation between the shear bond strength 

and masonry compressive strength and used cement-lime mortars and soil cement 

blocks with different surface alternatives such as geometric manipulation, fresh slurry 

and epoxy resin coatings. After altering the surface properties, stress-strain values 

were obtained by testing and elastic modulus values by calculating. After testing brick 

and mortar separately, the researchers also applied shear and compression tests on 

brick-mortar combinations i.e. wall sections as shown in Figure 13.  
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Figure 13: Tests on brick, mortar and wall sections (Reddy & Vyas, 2008) 

 

Brick couplet test was also completed for shear strength levels and the researchers 

investigated that, if shear bond strength is larger than that of brick or mortar, the failure 

starts within either mortar or brick according to their comparative strength. Although 

surface roughness was also pointed as a good bond increasing parameter, cement 

slurry was noted as the strongest one among all surface modification types. After 

discussing on the results, the researchers concluded that masonry compressive strength 

is sensitive to bond strength only when E-block to E-mortar ratio is less than one. 

Additionally, they also concluded that the ratio of elastic modulus of block to mortar 

and shear bond strength influence the stress-strain characteristics of masonry. Lastly, 

the results were summed up as that if E-block to E-mortar ratio is less than one and 

the bond strength is increased (surface alterations), the modulus of masonry also 

increases. 

 

The study by Sarangapani et al. (2005) contains various strength tests together, for the 

investigation of alternative bond strengths and fixed strength-deformation levels of 

brick and mortar. After analyzing the literature, researchers concluded that if the bond 

is not altered, compressive strength of masonry prisms will not be influenced much, 

even if mortar strength is decreased seriously. First test applied for the verification of 



 
37 

 

this conclusion was compression tests with different brick and mortar combinations to 

determine bond strength ï masonry compressive strength relations.  

 

 

Figure 14: Test setups for flexural strength and shear strength (Sarangapani et al., 2005) 

 

The researchers attracted attention to elastic moduli of mortar, which is almost 15 

times bigger than the bricks in this experiment; as common case for India in contrast 

to Western context. Surface modifications as cement slurry and epoxy resin coatings, 

little and large frogs were applied as shown in Figure 14, and the impacts were 

determined through tests as in Figure 15. 

 

Flexural test with modified wrench method was completed and none of the samples 

was damaged at mortar zones and hence, researchers concluded that flexural strength 

of mortar and mortar-brick interface is higher than that of the brick. Moreover, it was 

also presented that if interface had good bonding level; expected failure either would 

be within the body of bricks or coupled with bricks and bond failure combinations. 
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Figure 15: Surface modifications on surface of bricks and cracks on wall sections 

 

Although cement slurry coating and lime-soil added mortars had better bonding levels, 

epoxy resin resulted in the most effective bonding among all surface modification 

alternatives i.e. four times better strength compared to the plain one. The researchers 

attracted attention to the importance of surface modifications and better bonding 

relation in local context, since low strength bricks and high strength mortars (common 

for India) do not have good bonding level and pre-wetting, which is required for good 

bonding during construction stage, is not applied in most cases. Shear bond strength 

test was also applied according to brick triplet setup as shown in Figure 14; without 

pre-compression and the findings indicate that bond-enhancing techniques also 

resulted in better strength values similar to the flexural properties. Lastly, the results 

obtained from compression tests also indicated that, low bond strength turns out 

separation of bricks while high strength exhibits diagonal cracks; since if bond is 

strong, brick does not fail by lateral tension, but instead masonry prism fails in shear, 

as seen in Figure 15. 

 

In brief, studying on several tests and failure mechanisms, the researchers concluded 

that, the bond strength has a stronger correlation with the compressive strength of 

masonry prism over the strength of mortar; and hence, weak mortar with a good bond 

performs better than a stronger mortar with poorer bond strength. 
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Study by Lumantarna et al. (2014) also consists many tests together for exploring 

relations of bond strength (flexure ï shear) with compressive strength (masonry - 

mortar) via in-situ and laboratory tests on the samples taken from heritage buildings. 

Referring to the literature, the researchers noted that surface roughness, initial 

absorption rate of brick and water retentivity of mortar are more decisive for sufficient 

bonding than deformation characteristics of brick and mortar, since bond is 

mechanical i.e. hydration of mortar within the pores of brick. Moreover, they also 

obtain from other studies that, although flexural bond, tensile and compressive 

strength of masonry mostly increase with higher strengths of brick and mortar; 

masonry prismôs strength is more sensitive to variations of bonding properties.  These 

statements in the literature were checked by Lumantarna et al. (2014) with 

compression test on masonry prism, flexural tests with bond wrench test and shear 

tests with triplet and in situ tests (Figure 16, 17). The authors noted the featured 

findings of these tests as that; although the compressive strength of bricks is higher 

than mortar in this experiment, bricks failed prior to the mortar. Moreover, most of the 

samples failed within mortar joint as the result bond wrench testing which was 

explained with lime-rich historical mortars with insufficient tensile strength. The 

flexural bond strength values obtained from samples showing brick/mortar interface 

bond failure were lower compared to those failed within mortar.  

 

 

Figure 16: Compression test on masonry prisms and flexural test (Lumantarna et al., 2014) 
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The findings also indicated that there is a straight relation between flexural bond 

strength of walls and compressive strength of mortar. Additionally, the authors attract 

attention to the continuing process of hydration of mortar, which is a better indicator 

for bond strength estimations over compressive strength level of masonry walls.  

 

 

Figure 17: Triplet shear test and in situ shear test Lumantarna et al. (2014) 

 

It was also noted that, the results obtained from in-situ and laboratory shear tests are 

consistent with those from wrench tests, including the common failure type i.e. crack 

within the mortar joint. Lastly, the study summarized that, bond strength (shear, 

flexure) are related to mortar and masonry compressive strength; where the failure 

type depends on interface bond strength and competitive strengths (compressive) of 

brick and mortar.  

 

In addition to the direct testing methods described above, the study by Schuller (2003) 

overviews the literature on non-destructive testing methods and tools. Flatjack 

methods were put forward since they require only hydraulic pressure tools and 

deformation measuring equipment, and leave minor damage to the wall, after the 

process.  
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Figure 18: Nondestructive and semi destructive testing techniques (Schuller, 2003) 

 

The researcher reminds us that, Flatjack techniques provide in-situ compression, 

deformability, and shear tests with altered set ups as shown in Figure 18. Lastly, the 

author attracts attention to semi-destructive bond strength test, which is in-situ adapted 

version of bond wrench test, working according to the same principles. 

Available studies on destructive, semi and non-destructive strength tests were 

presented up to this point as the first group of whole set, where the second group 

includes studies on micro-scale analysis and mathematical modeling methods of 

masonry walls.   

 

The study by Bracken et al. (1999) includes analyses on two types of mortar i.e. 

cement-lime mortar and cement mortar with air entraining agent via microscope; 

where the findings indicate that mortar composition changes with distance from the 

brick as shown in Figure 19. The authors reminded us that, this parameter can be used 

for determination of durability levels of bonds.  
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Figure 19: Brick and mortar interface under microscope (Bracken et al., 1999) 

 

The researchers presented that the loss of water from fresh mortar was measured using 

nuclear magnetic resonance and porosity and composition of hardened mortar were 

analyzed using polarizing and fluorescent microscopy and X-Ray diffraction 

techniques. The researchers concluded that, high binder content within cement-lime 

mortars resulted in carbonated zone near the interface, which restrained the permeation 

of water so as to the required hydration level. Additionally, for mortars with air 

entraining agent, water retentivity was very low, where cement is not fully hydrated 

and resulted in low quality bonding.   

 

The study by Louren­o (2008) presents different mathematical modelling techniques 

for masonry structures and questions the possibility of linking micro-macro modelling 

approaches through homogenization. The researcher notes that, although macro 

modeling is a successful tool for structural understanding, it is not easy to implement 

owing to the complex behavior of masonry walls. Hence, the author proposes an 

optimized model that can be used as a simple modeling tool as shown in Figure 20.  
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Figure 20: Basic cell for masonry and homogenization process (Louren­o, 2008) 

 

This homogenization model consisted superposition of elastic and inelastic properties 

of materials to reflect different behaviors of mortar and brick; findings of which was 

also consistent with those from finite element modelling tool.  

 

The third and the last group of studies contain two researches on alternative mortar 

mixtures, one of which investigated the impact of a new powder polymer additive 

(PPA) on cement mortar in terms of workability, mechanical properties and setting 

times (G¿nd¿z et al., 2007). After focusing on alternative mixtures, the researchers 

concluded that, besides better workability PPA added mortars also provide adequate 

strength. On the other hand, researchers attracted attention to the importance of 

additive amount, since samples with high cement content resulted in insufficient 

hydration and strength loss. Taha & Shrive (2001) conducted one similar study on by-

product addition to cement mortar, where microstructure of mortar-unit interface and 

bond strength were investigated. The method included addition of fly ash and slag into 

mortar mixture to check their impact on the wall-effect i.e. lime accumulation on the 

brick surface as by-product of hydration within the mortar. The expectation from these 

additives is the reaction of pozzolans with lime resulting in stronger chemical 

components. The authors indicated that, results exhibited increased bond strength 

(from wrench test) with fly ash addition as expected, while it was decreased with slag 

addition. They also listed other altered parameters as the consequence of these 

additives such as workability, water retentivity, reactivity and size of particles.  
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Lastly, researchers attracted attention to the similarity of these type studies to those on 

aggregate and concrete relation.  

 

Referring to the studies noted in the previous section, the main source of standards 

used for tests appear as American Society for Testing and Materials (ASTM). Among 

those, the mostly used ones are listed below: 

 

C952 ï 12 Standard Test Method for Bond Strength of Mortar to Masonry Units 

 

C1006 - 07(2013) Standard Test Method for Splitting Tensile Strength of Masonry 

Units 

 

C1072 - 13e1 Standard Test Methods for Measurement of Masonry Flexural Bond 

Strength 

 

C1196 - 14a Standard Test Method for In Situ Compressive Stress within Solid Unit 

Masonry Estimated Using Flatjack Measurements 

 

C1197 - 14a Standard Test Method for In Situ Measurement of Masonry 

Deformability Properties Using the Flatjack Method 

 

C1314 ï 14 Standard Test Method for Compressive Strength of Masonry Prisms 

 

C1357 ï 09 Standard Test Methods for Evaluating Masonry Bond Strength 

 

C1531 ï 09 Standard Test Methods for In Situ Measurement of Masonry Mortar Joint 

Shear Strength Index 

 

C1532 / C1532M - 12 Standard Practice for Selection, Removal, and Shipment of 

Manufactured Masonry Units and Masonry Specimens from Existing Construction 

 

C1552 - 14a Standard Practice for Capping Concrete Masonry Units, Related Units 

and Masonry Prisms for Compression Testing 

 

C1587 ï 09 Standard Practice for Preparation of Field Removed Manufactured 

Masonry Units and Masonry Specimens for Testing 

C1716 / C1716M - 14  Standard Specification for Compression Testing Machine 

Requirements for Concrete Masonry Units, Related Units, and Prisms 

 

C1717 ï 12 Standard Test Methods for Conducting Strength Tests of Masonry Wall 

Panels 
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E518 / E518M ï 10 Standard Test Methods for Flexural Bond Strength of Masonry 

 

E519 / E519M ï 10 Standard Test Method for Diagonal Tension (Shear) in Masonry 

Assemblages 

 

2.4. LCA Studies for Building Materials and Components 

Environmental impact assessment for building materials and components were 

gathered from various sources and presented under three sections i.e. History, 

Method and Available Studies; as follows: 

 

2.4.1. Assessment Trends Overtime  

Although LCA is a relatively term, researchers have been assessing products from 

many aspects, which can broadly be classified under environmental, economic and 

social concerns throughout history. Therefore, instead of a narrowed LCA definition, 

investigating ñAssessmentò methodologies starting from 1960s onwards can prepare 

the ground for discussion on LCA. Hence, using three comprehensive keywords i.e. 

ñConstruction materialsò, ñEvaluationò and ñAssessmentò four PhD dissertationsi 

containing these words in their titles (or, 24 in total) were obtained via ProQuest 

database for each decade starting from 1960s, as noted in Table 9. This database 

constitutes dissertations from international and mainly North American universities as 

full texts since 1997, and abstracts since 1861 (METU Library, n.d.).  

 

Referring to this table, featured assessment criteria of construction materials during 

1960s can be pointed as basic characteristics, resource management and economics, 

while the focus was on performance, behavior and durability in 1970s. Lastly, during 

1980s, 1990s, 2000s and 2010s; waste related issues, sustainability, maintenance and 

Life Cycle Assessment of materials appeared as prevalent topics. 

                                                 
i Baldwin, 1961; Burstein, 1965;  Barenberg, 1965; Videon, 1965; Emerson, 1971; Hazarika, 

1973; Price, 1974; Portillo, 1976; Sharah, 1981; Costigan, 1984; Zelaya, 1985; Stark, 1988; 

Al -Mansour, 1991; Horvath, 1997; Christinaen, 1998; Pathomvanich, 1999; Bilec, 2007; 

Chih, 2007; Chowdhurry, 2009; Lee, 2010; Silva Sousa, 2013; Dong, 2016; Rafiei, 2016; 

Qarout, 2017. 
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Table 9: Research focus of dissertations on building materials assessmenti  

 

Title Reference Discipline

Iron and Steel in Russia, 1861-1913 Burstein, 1963 Social Research

Evaluation of Safety of RC Buildings to EQ Gallo, 1976 Civil Eng.

A Hybrid LC Model for Construction Process Bilec, 2007 Engineering

LCA of Various Materials Used in Road Construction
Chowdhury, 

2009
Engineering

Recycling                                       

Reuse                                              

LCA                                                  

Sustainability                                                      

Nature   

Subject

Applied 

Mechanics

Performance

Strength 

The Measurement of the Static and Dynamic one Dimensional 

Behaviour of L. G. Materials
Emerson, 1971 Civil Engineering Strength 

Performance and Economic Analysis of Flexible Pavements in 

Lake County, Illinois
Hazarika, 1973 Civil Engineering

Performance

Durability, Economics

1
9
6
0
s

Structural Design Classification of Pavements Based on  

Analysis of Behavior, Material Properties and Failure

Barenberg, 

1965
Civil engineering

Material characteristics

Strength, Performance

The Effects of Stress State, Material Properties and 

Environmental Conditions on the Propagation of Brittle 

Fractures in Steel

Videon, 1965 Applied mechanics

Material characteristics

Durability

Strength

Economics

The Behavior in Tension, Torsion, and Flexure of Members 

Made of Brittle Materials
Baldwin, 1961

Engineering 

Mechanics

 Strength 

Material characteristics

Analysis of Laboratory Testing Results and Performance 

Evaluation of Recycled Asphalt Pavements
Zelaya, 1985 Civil Engineering

Natural environment

Recycling, Performance

Durability, Strength

Evaluation of Wall Const.Techn. Based upon Economical 

Factors Influencing Labor and Materials
Shararah, 1981Graduate College

1
9
7
0
s

Strength 

Analysis of Southern Hardwoods as Furnish for a Wood Flake-

Resin Structural Material
Price, 1974

Life cycle assessment

Cost Effectiveness Evaluation of Highway Flexible Pavement 

Routine Maintenance

Al-Mansour, 

1991

Material 

Engineering

Natural environment

Sustainability

Life cycle cost

Response and Perf. of Contingency Airfield Pavements 

Containing Stabilized Material Layers
Costigan, 1984 Civil Engineering

Material characteristics

Strength

Performance

Wastage, Economics

1
9
8
0
s

Evaluation of Strength, Stiffness and Ductility Requirements of 

Reinforced Concrete Structures
Stark, 1988 Civil Engineering

Strength 

Durability

Service life

Maintenance

Evaluation of the Durability of Elastomeric Easy-release 

Coatings
Christiaen, 1998

Mechanical 

Engineering

Natural environment

Sustainability

Estimation of Environmental Implications of Construction 

Materials and Designing Using Life Cycle Assessment 

Technique

Horvath, 1997 Civil Engineering

Reuse

Recycling

Assessment of the Effectiveness of Quality Assurance 

Construction Specifications for Asphalt Concrete Pavement

Pathomvanich, 

2000

Civil and Coastal 

Engineering

Quality assurance

Methodology for Safety Evaluation of Existing Timber 

Elements

Silva Sousa, 

2013
Civil Engineering

Structural safety

Durability

2
0
0
0
s

Evaluating the Sustainability of Construction with Recycled 

Materials
Lee, 2010

Civil and Env. 

Eng.

Sustainable Infrastructure Materials: An LCA Approach Ou, 2007
Civil, Env.,  Arch. 

Eng.

Seismic assessment

LCA and Hazard loss

Risk management

Advanced Neural Network and Machine Learning Models for 

Construction, Materials and Structural Engineering
Rafiei, 2016 Civil Engineering

Machine learning techn.

Concrete mixture detection

Reducing the Environmental Impacts of Building Materials: 

Embodied Energy Analysis of a High-Performance Building
Qarout, 2017 Architecture

Embodied energy

Photovoltaics

Environmental cost

Risk, Resilience, and Sustainability-Informed Assessment and 

Management of Aging

Structural Systems

Dong, 2016
Structural 

Engineering

1
9
9
0
s

2
0
1
0
s Sustainability assessment

Rehabilitation
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Briefly, the motivation of researchers was to be familiar with the material i.e. 

understanding the capabilities and limitations initially, while effort to determine 

impacts on natural environment came afterwards. Moreover, during 60s and 70s 

people were under the severe impacts of the big energy and economic crisis; therefore 

it is quite meaningful for researchers to study if the material is convenient, strong and 

durable or not. Similarly, 1980s can be associated with rapid population growth and 

industrialization, therefore, it seems crucial to search the solutions for waste problem 

or environmental pollution. Since more sophisticated versions of these problems are 

still valid such as climate change and global warming, seemingly the researchers are 

going to deal with similar subjects in the coming decades also.   

Consequently, the research focus of recent decades i.e. LCA is explained in the 

following section in terms of its history and basic features. 

 

The expansion of environmental problems took the sensitivity level from personal 

interests into global concerns in last decades. In this respect, United States in 1970s 

and European Union countries during mid-1980s recognized the importance of 

Environmental Impact Assessment (EIA) covering natural and social parameters, and 

put it into application especially for industry and big scale construction activities such 

as dams and manufacturing plants (Vieira, 2007). The author also states that, EIA is 

common in addressing the impacts on natural environment in many aspects such as 

destruction of natural habitats, loss of minerals, increase of toxic ingredients and 

disruption of natural cycles; though its broad scope made it hard to be understood and 

applied by non-experts. Hence, besides the EIA; many user-friendly tools were 

created, which were grouped under two categories i.e., certification schemes or rating 

tools, and LCA; especially for construction and building facilities. Certification 

systems offer scores to be gained by the buildings when parameters defined by experts 

are fulfilled; while LCA states all inputs and outputs of whole process. Guinee et al. 

                                                 
i These studies were broadly selected in order to determine the assessment trends in general, 

until the time period when Life Cycle Assessment started to be a famous terminology. In 

addition to the ones presented in this Table, there are several other similar studies, many of 

which were deeply investigated under ñAvailable Studies Including LCAò  section. 
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(2011) define four periods for LCA from historical perspective, of which the first one 

is between 1970 and 90s as the decades of conception, where resource requirement, 

energy efficiency, pollution control, waste-energy flows, emissions and quantification 

became maters of public concern and environmental institutions started to focus on 

them. However, diverging approaches, terminologies, frameworks and results came 

into play and therefore authors remind us that second period (1990-2000) is the decade 

of standardization, where great scientific collaborations were established and hence 

international workshops, handbooks and guidelines come into play. Similarly, featured 

improvement is noted as the success of Society of Environmental Toxicology and 

Chemistry (SETAC) with its impacts on ISO 14000 series of International Standards 

(Guinee et al., 2011). The third period (2000-2010) is characterized as the decade of 

elaboration in the same source, when alternative methods are proposed by 

shareholders, such as variety of system boundaries and allocation themes, since ISO 

did not standardize all the details about LCA. Studies of International Life Cycle 

Partnership, United Nations Environment Program (UNEP) and the Society for 

Environmental Toxicology and Chemistry (SETAC) created great improvement in 

better data quality and indicators (Guinee et al., 2011). Lastly, these authors also 

remind us that, 2010 and later years broadened the scope of current LCA from mainly 

environmental impacts to all three dimensions of sustainability (people, planet, and 

prosperity); and from product level to economic scale. Regarding all progress and 

investigation diagram, the simplification of LCA is as follows:  

 

ñLCA studies the environmental aspects and potential impacts throughout 

a productôs life (i.e. cradle-to-grave) from raw material acquisition 

through production, use and disposal. The general categories of 

environmental impacts needing consideration include resource use, 

human health, and ecological consequences. (ISO 14040, 1997)ò 

 

As the definition implies, this concept covers environmental, economic, or both of the 

results caused by extracting and processing raw materials, manufacturing, 

transportation, distribution and use of components as well as waste management 
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process such as reuse, recycling and landfill, of which all methodologic steps are 

presented in the following section.  

 

2.4.2. LCA Methodology  

Klopffer and Grahl (2014) reviewed a broad range of resources, including available 

standards, international guidelines, workshop documents and institutional publications 

about the methodology of LCA and summarized them in four steps i.e. Goal and Scope 

Definition, Inventory Analysis, Impact Assessment and Interpretation. The authors 

state that, these steps were initially proposed by SETAC and internationally fixed 

under the ISO 14000 series of standards, afterwards, as detailed in the following 

sections. 

 

i- Goal and Scope definition is the initial step to define the border of an LCA study; 

of which the first requirement is Product System statement, consisting full of flow 

charts of material and energy, according to the definition of Klopffer and Grahl (2014). 

This is exemplified with a PVC window system statement, which combines activities 

of iron ore mining, steel sheet and oil production, extrusion and welding of profiles, 

installation, use, demounting as well as disposal phase. This is a linear system 

definition; where network-requiring models, such as recycling and by products need 

particular system definitions. The authors attract attention to the fact that, technical 

system boundary definition is one other important criterion for goal and scope phase, 

which separates the border for selected product system. Since, all systems are indeed 

linked to each other, such as the bond of transportation to construction of roads or any 

product to its manufacturing machines. According to the authors, braking the less 

important bonds with respect to mass, energy and environmental relevance is required 

for the sake of calculations; such as cutting off those having less than 1% share, while 

toxic emissions need to be reflected, however small their share is, as recommended in 

ISO 14044 (2006). Additionally, the authors also state that co-products i.e. useful 

products in addition to the main one (such as straw during the production of grain); as 

well as secondary raw material that are not directly usable but very open to 
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reutilization such as waste plastic, should be well defined in this boundary; where 

environmental loads need to be allocated somehow. They also remind us that, 

geographical system boundary is also essential for this phase with regard to local 

materials, imports, production methods, pollution types and risks, economic context 

etc.; similar to temporal system boundary i.e. predictions for a time period, such as  

the possible changes in recycling technologies in 50 yearsô time.  This is significant 

for durable materials as building components; where impact categories are determined 

with consensus assumptions, such as global warming impacts in 100, 200 or 500 years 

time. Moreover, the authors state that, functional unit statement is key to define 

equivalency for a reasonable comparison between the products with regard to function, 

performance and lifetime. Klopffer and Grahl (2014) elaborated upon this definition 

with the example of floor covering products with different thicknesses and state that 

although the thinner covering would require less material and energy for production, 

its impact is higher, with regard to the functional unit i.e. same area and thickness 

within a certain lifetime. Moreover, non-measurable parameters such as aesthetics can 

be neglected in this phase, and can be discussed in interpretation phase of the report; 

although non-negligible ones, such as thermal disposal of waste with energy 

generation requires disposal activity plus energy supply in terms of the functional unit 

definition.  

 

After analyzing the study by Hunt et al. (1998), Klopffer and Grahl (2014) state that, 

sensitivity analysis; i.e. different levels of uncertainties is preferable over absence of 

whole data group; since gathering all data is almost impossible for LCA studies.  Last 

criterion defined by the authors is the definition of details such as suitable assessment 

type among global warming, climate change etc. as well as optional choice of 

valuation (Weighting) of these damage types under combined environmental 

indicators.  

 

All in all, featured parameters of this initial phase can be summarized as product 

system, technical system boundary, geographical system boundary, functional unit, 
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data availability and details; where the next step is data collection, as explained in the 

following section.  

 

ii - Life Cycle Inventory Analysis is the phase where all inputs and outputs associated 

with entire life cycle are collected as quantities; that can be presented under 6 groups 

i.e. Basics; Energy Analysis; Allocation; Procurement, Origin and Quality of Data; 

Data Aggregation and Units; Presentation of Inventory Results, as summarized in the 

following part (Klopffer and Grahl, 2014).  

 

- Fundamentals of material and energy analysis are equations mostly embedded in 

spreadsheet software programs; which are presented under Basics part of LCA studies. 

Scientific principles i.e. Conservation of mass, Conservation and conversion of 

energy, Increase of entropy (identifying the production and transformation of 

chemicals in reactions), exchange of mass and energy that can occur only under 

nuclear reactions; create the base for calculations and LCA quantification (Hunt, 

Sellers & Franklin, 1992 and Hau, Yi & Bakshi, 2007).  

 

Klopffer and Grahl (2014) states that the smallest element representing each step of 

processes of end-products are called Unit processes and can differ from chemical 

reaction to whole production activity, with regard to the scale and resolution of the 

study, as per ISO 14040. Moreover, Unit processes are bonded to each other in a uni-

directional manner in case of linear production processes, or in a bi-directional manner 

if recycling is also undertaken. Consequently, these relation diagrams give us the total 

flow chart for an end-product. Although this system proposes smallest data units and 

their bonding in clusters, real information gathering process is to the contrary; such as 

capacity of plant is shared into units with the help of formulae (Klopffer and Grahl, 

2014). In other words, expected carbon dioxide amount can be obtained through the 

chemical formulae of petrol and oxygen can be obtained. Moreover, the authors 

remind us that this process is more complex for civil and agricultural data where 



 
52 

 

records are less in number and intermediate products, co-products, open loop and close 

loop cycles are more common.  

 

-Second criterion of inventory phase is Energy calculations, which is based on most 

important energy forms such as Potential energy (Mass of 1 kg at 500m height) and 

Nuclear energy (Fusion of 1 kg uranium) and their convertible resultant amounts, as 

derived from the study of Boustead and Hancock (1979). Klopffer and Grahl (2014) 

attract attention to the conversions among different energy types that are calculated 

according to fundamental properties, such as chemical energy undergoing some 

degradation when converted into kinetic energy. They also state that, these 

transformations let researchers to obtain Cumulative Energy Demand (CED i.e. entire 

energy demand as primary energy) representing all production, use and disposal of 

any good; which is quantitative parameters for comparisons. Moreover, the 

configuration of total energy differs from country to country such as Germany has 

about 30% nuclear and approximately 4% hydraulic power within the total amount of 

energy, as given by Boustead (2003).  

 

Additionally, óelectricity mixô is representative data for national grids with regard to 

primary energies used for production with different ratios, such as approximately 95% 

of electricity comes from hydropower in Norway, while 80% from nuclear power in 

France, as noted in the energy statistics of the International Energy Agency, (n.d.). 

Additionally, the authors also remind us that in case of energy importing countries, 

data are reflected with the share of representative countries mixes with the ratio. Those 

parameters are crucial since, besides the amount of energy consumed, the way it is 

produced is key for the determination of impact types and amounts, eventually. The 

authors give the example of hydropower that can have serious effects on natural 

ecological systems with dams, which are quantified under land use category, while 

other production methods result in greenhouse gases and/or other emissions like acid 

forming gases belonging to different impact categories.  

 



 
53 

 

Transportation is also under energy discussion where distance, means of transport and 

logistics are main parameters, as Klopffer and Grahl (2014) state; of which two key 

aspects are transportation of materials noted with ton-kilometer unit, while the 

personôs transportation as denoted in passenger-kilometer. From this point of view, 

the travel of a single person in a car results in four times higher impact in comparison 

to the same activity with four people; where the utilization capacity is key for 

quantification. Similarly, for materials; the mass is multiplied with distance, therefore 

the environmental impact decreases with higher degree of utilization of the vehicle/ 

transport.  

 

- Allocation is the third aspect and very crucial for inventory phase, which is based 

on attribution of all environmental burdens associated with life cycle, especially in 

case of co-production, recycling and disposal (Klopffer and Grahl, 2014). Hence, fair 

allocation of inputs and outputs among main products and co-products requires 

determination of the essential basic laws of physics and chemistry, efficiency 

parameters of technical plants, process details, clear cut-off levels, etc.  The authors 

state that, one of the traditional and featured methods for allocation is Allocation per 

mass, where load is shared according to mass ratio between the co-products; such as 

a unit process resulting in two co-products with 7 and 3 kgs; of which all emissions, 

energy consumption, ancillary materials, etc. are attributed in a 7-3 ratio. This method 

is disadvantageous for some cases, for instance where diamond and non-valuable 

rocks are together in one cycle during the production of diamond, and allocation of 

the environmental load equally can be misleading, when they are regarded from 

economic point of view. One other traditional method stated by the authors is System 

Expansion where calculated loads belong to a product-mix i.e. final product and co-

products together, which is especially appropriate for large industrial systems. At this 

point, the authors warn us about that, the scope also needs to be well analyzed since 

system might need system reduction as well as system expansion; such an analysis of 

a production line can be done by gathering cycles of all products as a system 

expansion; or it can be divided into smaller processes as a System Reduction. 
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Although those are initial proposals, one method of allocation cannot fit all cases; 

therefore, further suggestions for appropriate allocation are needed. One is deciding 

whether the outcome represents an economic meaning, since nobody will carry out a 

process to produce only waste, which might help to define the allocation of loads 

(Klopffer and Grahl, 2014). Moreover, economic value is an additional parameter to 

Allocation per mass method described above, where the share of environmental loads 

between co-products is done with regard to their economic values. Diamond example 

given above is also appropriate here, as it offers the load distribution with regard to 

prices of diamond and common rocks.  

 

One other allocation method is physical reasoning, where scientific properties can be 

reason for the allocation of environmental loads in defined sub processes; which is 

elaborated by the authors with the example of emissions from an incineration plant, 

allocated to the product burnt as waste, with regard to chemical composition of waste 

and oxidation products. Allocation can also be according to molecular mass and 

calorific value, that are suitable especially for refinery based products owing to 

comparable calorific values (Klopffer and Grahl, 2014). Further distribution methods, 

which are especially suitable for alternative end-of-lives are discussed as follows: 

Klopffer and Grahl (2014) states that, Allocation in case of recycling and reuse for 

closed loops is simple since a product enters the same production chain again after 

use, which cancels the disposal and lessens the raw material amount. On the other 

hand, average number of reusability-recyclability cycles should be determined and 

collecting facilities, cleaning, transportation, labeling should be shared between the 

total number of cycles; where recyclable metal containers is an example since data 

should be either obtained from the market documents or derived by scientific 

calculations.  

 

The authors state that, Allocation for open loop recycling is a more complex model 

since different products and cycles come together i.e. one product after its use phase 

can be used as secondary raw material for another cycle, where the question appears 
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about allocation of environmental burdens and resource uses. Additionally, Allocation 

per equal parts is the simplest and oldest solution where waste avoidance in one 

system is equally shared as a credit, with the system using the waste, as per SETACi 

(1991); EPAii (1993, 2006); Klopffer (1996) and UBAiii  (2002). The authors state that, 

other possibility is Allocation of raw material saving in one cycle into systems, 

where the exact separation between the two systems needs to be well-defined, which 

is called as Cut-off rule. For instance, the first systemôs end point is garbage 

collection, while the second systems starts at this point, where the separate loads are 

defined independently. Consequently, the first system is devoid of loads caused by 

waste disposal, where the second system is free from the loads of raw material and 

processing, where the environmental loads belonging to recycling activity need to be 

allocated between these two systems. The authors state that, although, this system is 

fair in terms of either avoiding waste or obtaining raw material, it is critical if the 

assessment is on carbon footprints, since they all belong to the second system. Klopffer 

and Grahl (2014) present one other suggestion referring to the studies of Fleischer 

(1993) and Klopffer (1996) as giving overall load to the second system, if it is 

produced exclusively from the material coming from first system. Although this is a 

clear, mathematically acceptable cut off; it seems unfair for second systemôs user, 

since all the environmental load belongs here. Therefore, the authors state that, in case 

of highly recyclable materials, the first system needs to  be motivated to provide their 

waste for recycling, since they are already advantageous being free from their waste.   

End-of-life (EOL) phase of LCAs also requires proper Allocation within waste 

according to conventional disposals or recycling activities since a product becomes 

waste and it enters a waste-flow at this stage. The authors state that, alternative 

disposal options can come into play in the EOL phase such as, disposal of 100 kg 

cardboard packaging can cover 70 kg recycling while the rest is burnt in incineration 

plant, providing 14 MJ electricity and 80 MJ heat. This model should include closed 

                                                 
i SETAC: Society of Environmental Toxicology and Chemistry 
ii EPA: Environmental Protection Agency 
iii  The Federal Environmental Agency, Berlin 
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or open loop definitions according to real application, as well as supply of electricity 

and heat. 

 

- The fourth step i.e. Procurement, Origin and Quality of Data for LCA inventory 

is noted as a hard process by Klopffer and Grahl (2014), since it requires determination 

of all flows of product or service for defined region and time period. This difficulty 

results in two data types i.e. generic data; average respective values, estimations on 

general condition and primary data produced from specific plants. The authors also 

remind us that, Primary data is almost only available if manufacturer is the employer 

for LCA, although generic data is comparatively easier to obtain. Even within generic 

data set; demand and nature of raw materials, forms and amounts of consumed energy, 

co-products, production and nature of wastes and transportation activities are easier to 

know while emissions, contaminations, radiation, biological emissions and nuisances 

are harder to obtain. Owing to such difficulties, generic data on electricity mix for 

many countries and regions are freely available in many databases. Moreover, the 

generic data are indispensable especially for cradle to gate part of the studies, such as 

crude oil processed in refinery (to gate) within the plastics (end-product) (Klopffer 

and Grahl, 2014).  

 

Reports, Publications and Web Sites provide generic data gathered from companies, 

institutes, governmental bodies, environmental organizations etc. for the sake of 

reliable LCA inventories. Among many alternatives, two examples are BUWAL 

(Swiss Federal Office for Environment, Forest and Landscape) housing datasets 

especially for packaging material and energy as well as web based ProBas with 

inventory for electricity, transportation, upstream materials for LCA (BUWAL; 1996, 

1998 and German Federal Environmental Agency, n.d.). Lastly, academic journals 

also publishes datasets such as International Journal of Life Cycle Assessment 

(Springer).  
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Klopffer and Grahl (2014) also present the Purchasable Data Bases integrated into 

LCA Software Systems, one of which is The Boustead Model, developed by a 

consulting company in United Kingdom while second one is Ecoinvent, developed in 

Switzerland and obtained great reputation as a reliable and up-to-date inventory 

database worldwide (Boustead and Hancock, 1979; Boustead, 1996; Ecoinvent, 2004 

and Frischknecht et al., 2005).  

 

Available datasets represent national, regional and worldwide scales; and impacts can 

be assessed according to different standard methods. The third one is GaBi which is 

both database and LCA software, produced by the University of Stuttgart and PE 

International in Germany for engineering sector with a focus on automobile industry 

(Eyerer, 1996 and Spatari et al., 2001). The fourth one is SimaPro produced by PrËe 

Consultants in Netherland, is the most distributed LCA software worldwide besides 

integrated great databases (PrËe Consultants, n.d.). Cooperation of SimaPro with 

Ecoinvent created a great step in LCA world and even provided a novel specific impact 

assessment parameter i.e. eco indicator (Goedkoop, 1995 and Goedkoop et al., 1998). 

The fifth one is Umberto which was developed a software by the cooperation of ifui 

Hamburg and Institute for energy and environmental research in Heidelberg (IFEU) 

also containing material, energy and mass analyses plus price calculations for LCAs 

(Umberto Web siteii, n.d.)  

 

Klopffer and Grahl (2014) remind us that, even after using many available options, 

absence of data is still quite possible for LCA studies and instead of overall omission, 

the best replacement i.e. estimations take place (Fleischer, 1993 and Hunt et al., 1998). 

Additionally, Bretz and Frankhauser (1996) noted that estimations can be based on 

outdated data or information from other geographical areas or other system 

boundaries, data on chemically similar compounds, materials and so on. The 

uncertainties in this case should be well documented and discussed during the 

                                                 
i Institut f¿r Umweltinformatik : Institute of Environmental Informatics 
ii https://www.ifu.com/en/umberto/ 
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interpretation phase. If approximate regional data does not exist, available data 

belonging to larger scales such as European Union are preferred (Bretz and 

Frankhauser, 1996 & Geisler et al., 2004). A similar concern is valid in the case of 

electronic data base use, which might hide the details of methods used during the data 

generation such as data pool, average values and estimations (Fava et al., 1994).   

According  to Klopffer and Grahl (2014), there are several attempts to combine data 

types into one, of which standardization process is under construction in ISO. Hence, 

one uniform data format was developed by Society for Promotion of Life-cycle 

Assessment Development (SPOLD format) in Denmark and data format SPINE in 

Sweden, that allows electronic data exchange on the Internet (Singhofen et al., 1996; 

Hindle and de Oude, 1996; Bretz, 1998. Carlson et al., 1995; Arvidsson et al., 1999 

and Weidema, 1998). On the other hand, Klopffer and Grahl (2014) state that, though 

they are well appreciated trials, development steps are strongly required especially for 

transparent data origin, quality and reliability assessment. 

 

- Data Aggregation is the fifth step of this phase and is simple, since the calculations 

are provided by software where the real concern appears when data formats are 

different, where their approximations are ensured by well-accepted frameworks such 

as Guiding Principles by SETAC (Sonnemann and Vigon, 2011). Alternative 

suggestions for aggregation of data were proposed, one of which is Mass Intensity per 

Service Unit (MIPS) by Schmidt-Bleek (1993) similar to CED, though both methods 

have not yet been able to sustain quality and transparence requirements of LCA noted 

in related ISO groups.  

 

- Last step of the inventory phase is Presentation of Inventory Results, where 

transparency and legibility are the keys. To fully ensure this, Klopffer and Grahl 

(2014) remind us that Goal and Scope definition, all assumptions, functional units and 

system boundaries should be well-noted. Moreover, interpretation phase should be 

well documented with the reasons, sensitivity analyses, data quality, statements and 

further explanations.  
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iii - Impact Assessment phase is the one where potential environmental impacts 

caused by the inputs and outputs listed in inventory phase, are evaluated. Klopffer and 

Grahl (2014) state that, this phase combines data on resource consumption, mass, 

energy, emissions and lets researcher make decision among alternative products. The 

authors state that one of the earliest assessment methods was Cumulative Energy 

Demand; where entire energy requirement was taken into consideration, while one 

other is Critical Volume where amount of clean air, water or soil required for diluting 

the emissions to a threshold limit was estimated, as noted in the study of Gabathuler 

(1998). The authors also note that, besides difficulty in deciding these limits 

scientifically, values are mostly decided by authorities therefore can contain bias or 

misleading assumptions. They also clarify this with the history of carbon dioxide, 

which is problematic only in high concentrations but had not been accepted as an 

impact parameter, due to lack of limiting values until 1991. Following this brief 

introduction, this whole phase is explained under three sub-sections i.e. Structure of 

Impact Assessment Phase, Method of Impact Categories and lastly Impact Categories, 

Indicators and Characterization Factors, as follows. 

 

a- Structure of Impact Assessment Phase 

Related ISO standards (14040-44) (1997, 2006) define a structure for LCA with 

necessary and optional steps for LCA method; though, they do not provide a fixed 

impact list, but recommend those by SETACi  and UNEPii /SETAC Life Cycle 

Initiativeiii  , as illustrated in Table 10. 

 

                                                 
i SETAC: Society of Environmental Toxicology and Chemistry is a not-for-profit, worldwide 

professional organization over 80 countries, on analysis and solution of environmental 

problems, the management and regulation of natural resources, research and development and 

environmental education (SETAC, c2018). 
ii UNEP: United Nations Environment Programme is a global environmental authority that 

sets the global environmental agenda and promotes sustainable development within the United 

Nations system (UNenvironment, n.d.). 
iii  UNEP/SETAC Life Cycle Initiative is a joint which is established to provide information 

and resources on Life Cycle Assessment. (Life Cycle Initiative, c2017) 
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Table 10: Two sample lists for impact categories (Klopffer and Grahl, 2014: 189)                          

a (Wurdinger et al., 2002) and b (Jolliet et al., 2003) 

 

 

Klopffer and Grahl (2014) refers ISO 14044 (2006) and state that, first obligatory 

parameter is Classification, where the inventory items are grouped under impact 

categories, such as fossil raw materials goes under resource demand, greenhouse gases 

under climate change; and acid forming gases under acidification. Moreover, some 

components belong to more than one category such as SO2, which is a toxic substance 

and an acid-forming gas at the same time. The authors remind us that, although such 

distinctions are not always direct and well-known, the most suitable representation is 

used according to preferred methodology. The second necessary parameter noted in 

the same standard is Characterization, where indicators under the same impact 

category are converted into one common unit. This conversion is done according to 

assigned characterization factors such as, the mass for CO2 is multiplied with 1 while 

CH4 with 25 and combined under CO2 kg equivalent final unit, in Global Warming 

Potential Category. The authors also note that, models and characterization factors 

were developed by specialized sciences, to quantify different indicators according to 
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a specific parameter such as infrared radiative forcing for CO2 equivalents, as shown 

in Figure 21. 

 

 

Figure 21: Necessary steps of LCA (Klopffer and Grahl, 2014: 191) 

 

Although these two necessary steps i.e. Classification and categorizations are easily 

completed by software; details such as  calculations, value choices, assumptions and 

uncertainties are to be noted in final report, for the sake of data transparency.  

 

Klopffer and Grahl (2014) present the first element of optional part as per ISO 14044 

(2006) as Normalization, where the magnitude of each category is determined relative 

to a benchmark. Namely, the numerical value obtained in category indicator step is 

divided by a reference value, such as resultant CO2 equivalents, divided by annual 

release mass of same emission in a country or by its share for number of inhabitants 

or by the annual production amount of examined product system. Consequently, this 
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unitless value indicates the magnitude of emissions and respective importance for 

comparative cases. 

 

The authors state the second optional element in the same standard as Grouping, 

where impact categories are assigned into sets for the sake of sorting and/or ranking; 

where sorting can be in global, regional and local scales while ranking can be high, 

medium and low priority. Alternative valuation methods accepted by authorities are 

available, one of which was developed by German Federal Environmental Agency, 

refers to three criteria as ecological endangering, distance-to-target and specific 

contribution; which are further divided into five ranks from highest priority to lowest 

priority, as noted by Schmitz and Paulini (1999). These authors also note Ecological 

endangering parameters such as; impacts on systems are heavier than ones on 

organisms; irreversible ones are bigger than reversible ones, impacts on larger regions 

are more serious than those in limited zones. Additionally, Distance-to-target 

parameter takes into consideration the distance between the current condition and 

quantified quality goal of the environment, rising environmental loads, technical 

accessibility of goals; while Specific Contribution parameter proposes unification of 

parameters under single title of óecological priorityô.  

 

Third optional element is Weighting according to ISO standards, which combines 

different impact categories by using numerical factors based on value-choices; such 

as eco-points i.e. a single point score by Dutch software óSimaProô. This is a value 

based step, therefore related ISO standards strictly warn about euphemism on some 

parameters of LCA studies. 

 

b- Method of Impact Categories 

The list of impact categories developed by Institute of Environmental Science Leiden 

in 1991 was also recognized by SETAC and ISO (SETAC Europe, 1992 and ISO 

14042, 2000). This list includes following items: renewable resources; non-renewable 

resources; global warming; ozone depletion; human toxicity; environmental toxicity; 
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acidification; eutrophication; chemical oxygen demand discharge; photo oxidant 

formation; space requirement; nuisance; occupational safety and final solid waste. 

Klopffer and Grahl (2014) also remind us that, this list is always under revision 

according to emerging situations, such as the appearance of current parameters on 

genetically modified organisms and invasive species.  

 

There are two main methods for coordinating between the results of the inventory and 

the impact categories, of which first one is Potential-Actual Hierarchy of Impacts 

Method, where primary, secondary and tertiary impacts on organisms, species, 

communities and ecosystems are noted (Fava et al., 1993). The authors state that, 

generally, the primary ones are well measurable phenomena while the secondary ones 

are based on scenario like assumptions and thirds can hardly be quantified. The case 

was exemplified by the authors, as the primary impact of Climate Change is increased 

radiation absorption by molecules of the atmosphere within the infrared window, 

while the secondary is increase in the average temperature of the troposphere. 

Additionally, Tertiary impact is noted as melting of glaciers and arctic ice, climate 

instabilities, shift of climate zones, rise of the sea level, spreading of diseases, changes 

in ecosystems, etc.  

 

Klopffer and Grahl (2014) present the second method for the coordination of inventory 

and the impact as Potential versus Actual Impacts Method, which is based on 

determination of concentration-dependent risks since actual estimations for specific 

cases are mostly impossible to obtain, as concluded from the studies of White et 

al.,1995; Owens, 1996 and Potting & Hauschild, 1997. 

 

c- Impact Categories, Indicators and Characterization Factors are the visible 

parameters of the science underneath the study, as clarified by Klopffer and Grahl 

(2014), which are given under five sub-sections from Input-Related Impact Categories 

to Accidents and Radioactivity, as follows: 
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- Input -Related Impact Categories take into consideration the inputs of the 

inventory data i.e. raw materials for assessment. Hence, the authors remind us that, 

resource consumption comes forward where the scarceness, regeneration ability, 

significance for the ecosystems and consumption per time unit are key parameters. On 

the other hand, known sources, exploitation rates, prices, demands are continually 

changing and hence, they are hard to reflect for assessment; which require broad 

assumptions about biotic-abiotic resources and land use, such as use of mines have 

greater impact on humankind than on ecosystem (Udo de Haes, 1996 and Udo de Haes 

et al., 2002).  

 

Moreover, a specialized impact system for water footprint is also available, which is 

based on regional reserves and current scarcities (ISO/DIS 14046, 2013). Similarly, 

Klopffer and Grahl (2014) state that, land use is a discrete impact category to grade 

the lands between completely natural as jungles and completely sealed areas as car 

parking lots. They also remind us that, it is hard to determine how natural or modified 

the land is, hence; the respective ranking is used between intensive human activity 

zones such as industrial surfaces to wilderness, where the parameters are area, 

utilization period and type of use. 

Quantification about biotic resources i.e. living natural beings, is more complex since 

they have characteristic properties and connections with ecological systems, as noted 

by Muller-Wenk (2002) where the key parameters are annual consumption, world 

reserves, own regeneration rates, exchanges between ecospherei. 

 

- Output-Based Impact Categories estimate the releases to the environment while 

disregarding the consumption of natural goods, as stated by Klopffer and Grahl (2014). 

They also note that, the studies by scientific committees IPCCii and WMOiii  use cause-

                                                 
i Ecosphere : Natural systems; Technosphere: Human based activities (Klopffer and Grahl, 

2014) 
ii IPCC : The Intergovernmental Panel on Climate Change is international body that was set 

up in 1988, to estimate the scientific aspects of climate changes (IPCC, 2013) 
iii  WMO : World Meteorological Organization 
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effect experiments and create the quantification method according to obtained or 

highly expected results.  

 

Climate Change is the first output based impact category in global scale, focusing on 

the movement of heat waves from earth towards space, where oxygen, nitrogen atoms 

and water vapor molecules create barriers for heat waves to move naturally, according 

to the historical explanations of Tyndall in 1863. Klopffer and Grahl (2014) remind us 

that, extreme increase of most important GHGsi (carbon dioxide CO2; methane CH4; 

dinitrogen oxide N2O), ozone (O3) and synthetic persistent chemicals are designated 

with Greenhouse Effect, and used for quantification of Climate Change (Bruhl & 

Crutzen 1988; Deutscher Bundestag 1992, 1988 and IPCC 1990-2007). 

 

Klopffer and Meilinger (2001) state two main prerequisites for greenhouse effect as a 

specific wavelength and enough lifetime for even distribution in the atmosphere.  They 

also point, impact indicator for climate change as the enhanced radiative forcing 

(difference between energy received by the earth and radiated back to space) measured 

or calculated as radiation per area. The primary effect is global warming i.e. increase 

in the average temperature near the earthôs surface; which is a mid-point indicator and 

can be converted into end-point indicators with scientific models; such as increase in 

the sea level, disastrous weather events and other changes in the ecosystems.  The 

authors also remind us that, the matters under this category are aggregated into a sum 

according to enhanced radiative forcing indicator as noted above, and release of 1 kg 

of methane corresponds to 25 kg carbon dioxide, as an instance. Moreover, the origins 

of emissions such as CO2 from fossils, minerals (calcination of lime, production of 

cement), photosynthesis and aerobic degradation are separately expressed. One other 

key parameter for the statement of this impact category is time horizon which can be 

short as 50 years or long as 500 years.  Lastly, for LCA studies focusing only on GWP, 

Carbon Footprint is a featured title. Although, these studies are mostly done for 

estimating products for CO2 limiting regulations and certificating; Valdivia et al. 

                                                 
i GHG : Green House Gases 
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(2011) warn us that, single impact category estimation is misleading from broad 

environmental sustainability perspective. 

 

Stratospheric ozone depletion is the second output based impact category in global 

scale which refers to human impact based destruction of ozone layer, which is 

responsible for keeping short wavelength solar radiation from the earthôs surface 

(WMOi, 1999, Klopffer and Meilinger, 2001a and Dameris et al. 2007). This category 

is related to HOx and NOx families which are extremely slow reactions with OH-

radicals and caused by sprays, insulation materials, cleaners, etc. as defined by 

Finlayson-Pitts and Pitts (1986), Molina and Rowland (1974 and 1975). The impact 

indicator is stratospheric ozone depletion i.e. formation of chlorine and bromine atoms 

equivalent unit, where all matters are aggregated according to the life span and period 

of existence (WMO, 1999). 

 

Formation of photooxidants also known as summer smog is the third output based 

impact category in continental, regional and local scales; is the case when intense 

ozone layer occurs close to ground level, according to the definition of Klopffer and 

Grahl (2014). They summarize the main requirements as intense solar radiation with 

high UV contribution, reactive nitrogen oxides (NOx) and reactive volatile organic 

compounds, caused by car traffic and industrial plants. There is not a fully valid 

consensus on quantification of this category since continually changing parameters are 

strongly decisive such as weather conditions. Therefore, three alternative scenarios are 

valid for Europe for short periods, of which key parameters are average daily ozone 

concentration up to a height, relative sequence of organic pollutant classes, 

fundamental calculations of NOx chemistry; as concluded from the studies of UNOii 

(1992); Derwent et al. (1998) and Labouze et al. (2004).   

 

                                                 
i WMO: World Meteorological Organization 
ii United Nations Organisation 
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Acidification  is the fourth output based impact category in continental, regional and 

local scale, which is associated with acidifying impact, such as NOx and SO2 from 

power plants without filtering facilities, as noted by Klopffer and Grahl (2014). These 

substances react with water to become acids; such as sulphur dioxide turns into 

sulphuric acid and nitric oxides into nitric acid; of which quantification is done in 

terms of kg SO2-equivalents, while characterization factors are calculated according 

to stoichiometryi (Heijungs et al., 1992; Klopffer and Renner 1995; Hauschild & 

Wenzel, 1998 and Norris, 2001).  

 

The fifth output based impact category in continental, regional and local scales is 

Eutrophication  i.e. excess amount of gases like NOx and NH3, mostly due to over-

fertilization (phosphor and nitrogen) of fields. Secondary impact is aquatic 

eutrophication when cycle in the water body is damaged by toxic waste water 

treatments for instance. Common unit for quantification is noted as kg PO4
3 equivalent, 

as stated by Klopffer and Grahl (2014). 

 

- Toxicity -Related Impact Categories are novel proposals to traditional input and 

output based categories, where protection of human and ecosystem health is the most 

important parameter, as noted by Klopffer (1996), Hauschild et al. (2008) and 

Rosenbaum et al. (2008 and 2011). Moreover, this category contains causes, 

mechanisms, quantification of diseases and toxicological impact thresholds. Among 

the alternatives, Jolliet et al. (2003 and 2004) attract attention to IMPACT2002+ 

method developed by an international group, since it gathers data under 14 mid-point 

impact and four damage categories i.e. human health, quality of ecosystems, climate 

change and resources. The unit of first damage category i.e. human health is DALY 

abbreviated from the term of Disability-Adjusted Life Years, which takes into account 

the years lost to premature death as well as reduced life quality due to illness in years, 

as stated by Golsteijn, (n.d.). The author also reminds us that, this concept was 

                                                 
i The quantitative mass calculations for reactants and products in reactions, basing on the 

conservation of atoms (University of Waterloo, n.d.) 
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constructed in the nineties, basing on medical studies as a metric to express human 

disease resulting from environmental pollution and adapted into LCA impact 

estimations in ReCiPe and Impact2002+ models. Main logic is the determination of 

difference between ideal situation i.e. everybody lives healthy to the standard life 

expectancy and the actual situation i.e. early deaths and health damages. The first step 

is obtaining the links between negatively impacted aspects of nature and the health 

problems of human beings such as ozone layer depletion increasing risk of skin cancer 

and cataracts as well as exposure to toxic chemicals: various diseases including cancer. 

This kind of information was noted in years lost to premature death and derived from 

objective statistics, while the years of life lost due to disability i.e. condition of living 

with the disease or its consequences is more subjective. Therefore it is quantified with 

a range i.e. diseaseôs disability weight on a scale from 0 (perfect health) to 1 (death); 

where for instance a disability weight of asthma is 0.043 meaning that burden living 

with asthma for one year is equivalent to losing approximately 16 days due to 

premature mortality (Golsteijn, n.d.). These constants were derived from the list of 

disability weighting factors used by the World Health Organization according to three 

groups i.e. inorganic pollutants such as lead and chrome elements; organic pollutants 

as endosulfan and parathion used as pesticides and microorganisms as Hepatitis A and 

C viruses. These pollutants were investigated in terms of dose, infection, exposure 

assessment, dose response analysis, disease burden calculations, morbidity and 

mortality analyses and used for quantification and grouping of pollutants in to DALY 

values in the end, as used in Impact 2002 methodology (Gao et al., 2015). 

 

Goedkoop et. al. (2013) remind us the second parameter of end point impact categories 

in IMPACT+2002 is quality of ecosystems presented with [PDF . m2 . year] unit where 

PDF refers to Potentially Disappeared Fraction of species and whole unit is based on 

loss of species during a certain time in a certain area. The authors state that the types 

and number of species are obtained from the list of registered species including 

disappeared ones, from the list of the Environment Department of United Nations. The 

second parameter is the distribution of species over terrestrial, aquatic life that are 
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obtainable from Dudgeon et al. (2005) UN Atlas of the Oceans, FAO (Food and 

Agriculture of the United Nations) Global ArableïEcological Zones database.  

 

Humbert et. al. (2012) discuss on the details of the third parameter i.e. climate change 

noted with kg CO2 equivalents as emissions into air where quantification between 

CO2, CO, CH4 are taken from the Intergovernmental Panel on Climate Change list 

(IPCC 2001, IPCC 2007 and Humbert et al., 2011). These quantifications were 

conducted with regard to being in air, fossil and biogenic sources such as CO from a 

biogenic source is 0 kg CO2-eq/kg while CH4 from fossil is 27.75 CO2-eq/kg effect 

for a 100-year time period are used.  

The fourth and the last parameter is Resources i.e. sum of the midpoint categories 

ñnon-renewable energy consumptionò and ñmineral extractionò and noted in terms of 

Megajoules (Humbert et al., 2012).  

Additionally, these mid-point impacts are areas of protection at the same time, 

therefore quite suitable to be called as Endpoint impacts also.  

 

Klopffer and Grahl (2014) reminds us that limit, indicative and potential risk values 

for toxic emissions are required to be known for a scientific weighting method, 

although they are not available in most cases. One suitable strategy is chemical 

substance concentration limits for working environments i.e. occupational exposure 

limits; developed by the German Research Foundation (DFGi, 2007). These values 

create scientific database for many substances that are characterization factors 

especially for human toxicity potential, where the emissions are weighted according 

to limiting values that were uniformly deduced by experts of German Federal Institute 

for Occupational Safety and Health, as reminded us by Klopffer and Grahl (2014). 

This system also presents relative ranking and weighting ratios for carcinogenic or 

likely carcinogenic chemicals. Although, the objective to this system is that, different 

nations have different limit and indicative values; it may still represent datasets for EU 

and OECD countries in broad sense, if exact data are not available, as the authors state. 

                                                 
i Deutsche ForschungsGemeinschaft : German Research Foundation 
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One other similar database is by Worldwide Labor Protection Organization; 

representing threshold and relative weighting values in international scale for all 

around the world, substances with limit values for some EU countries and USA, where 

the one for USA also presents daily intake limit values as stated in the studies of Sorbe 

(1998) and Hertwich, et al. (1998). In addition to limit and indicative values, exposure 

estimations are also integrated into characterization phase, which takes method to one 

further level, and the eventual key parameters become exceeding limit, uptake 

pathways, exposure analysis and chemical risks, as stated by Mackay (1991), Trapp & 

Matthies (1996, 1998), TGDi (1996, 2003), Udo de Haes (1996) and Udo de Haes et 

al. (2002). Exposure factors are defined by intake of pollutants by air and by nutrition 

according an equilibrium; where air, water, soil, biological degradation and dispersion 

in space and time are taken into consideration, as noted in the studies of Mackay 

(1991) and Klopffer (1996 and 2012b). Such a system i.e. EUSESii presents 

equivalence factors for human toxicity for 94 chemicals and eight solutions of the 

flow/pulse problem, as well as suitable suggestions for not covered substances as 

stated by Guinee et al. (1996).  

 

Klopffer and Grahl (2014) state that, integrating different models with deeper analyses 

on toxicity potentials and toxicity-based scoring equivalents is titled as Harmonized 

Toxicity Model, as explained by Hertwich, et al., (1998). One example presenting 

properties of many substances is ódisability adjusted lost life years (DALYs) model 

[already detailed under Toxicity-Related Impact Categories text], which is based on 

statistical data from WHOiii  and solutions for multiple toxicity endpoints from 

European Community Regulation on Chemicals as noted by Hofstetter (1998), WHO 

(1996) and Muller-Wenk (2002). This concept is based on system of cumulative dose-

effect relationship converted into ólost years of lifeô of which revised version is 

                                                 
i TGD : Technical Guidance Document, based on the guidelines and regulations on new 

substances and existing substances 
ii EUSES : European Union System for the Evaluation of Substances 
iii  WHO : World Health Organization 
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USEtoxi with simple models, comparative investigations and toxicological effect data 

addition by UNEP-SETAC Life Cycle Initiative as noted by Rosenbaum et al. (2008, 

2011). This system provides us seven models with parameters and characterization 

factors i.e. CalTOX  developed in USA; IMPACT 2002 in Switzerland; USES LCA 

in the Netherlands; BETR  in Canada & the USA; EDIP in Denmark; WATSON in 

Germany; EcoSense in Germany [McKone et al. (2001); Hertwich et al. (2001); 

Pennington et al. (2005); Huijbregts et al. (2005); Hauschild & Wenzel (1998); 

Bachmann (2006) and EU (1999 & 2005)]. Moreover, nine multimedia models for the 

computation of persistence and long-distance transportation potential of chemical 

substances had been investigated by experts of the OECDii, as noted by Fenner et al. 

(2005). These are modelled in context of OMNITOXiii  covering over 3000 organic 

chemicals, metals and amphoteric compounds according to four parameters i.e. Cancer 

by intake exposure, no cancer illness by intake exposure, cancer by inhalation 

exposure and no cancer illness by inhalation exposure, as noted in the study of 

Rosenbaum et al. (2008).  

 

Ecotoxicity is other toxicity based impact type, where the border of protected objects 

are from small ecosystems to whole earth including the atmosphere (Klopffer and 

Grahl, 2014). This complex system includes biotic, abiotic members i.e. producers, 

consumers, decomposers and physical environment, cycles, exchange activities; 

where harmful changes caused by human based activities are analyzed. The authors 

remind us that, this complexity leads to large assumptions for ecosystems from small 

scale investigations and laboratory tests, such as testing hazardous impact of one 

substance on a small population of fish species and generalizing the outputs, as 

concluded from the studies of Klopffer (1989, 1993 and 1994). Assumptions are 

produced this way and therefore there is always need for safety factors, since 

                                                 
i USEtox : UNEP-SETAC toxicity model in LCIA (Rosenbaum et al., 2008, 2011). 
ii OECD : The Organisation for Economic Co-operation and Development 
iii  OMNITOX : Operational Models and Information tools for Industrial applications of 

eco/TOXicological impact assessment. 5th European research framework programme project 

(Larsen et al. (2004) and Molander et al. (2004)). 
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ecological systems can react more sensitively than individuals, as well as its contrary 

is also quite possible, as noted by Klopffer and Grahl (2014). Although the real 

protection goal is based on quality and sustainability of the natural ecosystems; this is 

not even fully definable or testable and therefore simplified models are the suitable 

options. The authors also remind us that, the simplest model propose to quantify the 

impacts without the exposure parameter; where the key aspects are the mass of 

substance, primary loaded compartment (water, soil or air) and concentration list for 

weighting. Although this is a valid method, it is disadvantageous in disregarding the 

persistence and bioaccumulation of compounds, which is also required to be 

expressed. Otherwise, very toxic persistent chemicals are not considered correctly, if 

they are without high acute toxicity, as noted by the studies of Stephenson (1977), 

Frische et al. (1982), Klopffer (1989, 1994 and 2001), Muller-Herold (1996), 

Scheringer (1999) and Klopffer & Wagner (2007a, b). Therefore, one step improved 

model was proposed with persistence and distribution of it into quantification step 

with i.e. transport, distribution, degradation and final fate factor.  More complex key 

parameters of this system are mass, score of a substance for compartment, release 

amounts originating in another compartment, effect factor for target compartment, fate 

i.e. distribution from one compartment to the other and degradation as noted by 

Hertwich et al. (1998). Although ecotoxicological indicator is also available in 

USEtox model (like human toxicity, explained before), only the aquatic ecotoxicity 

has been worked out so far, where characterization factors for about 2500 substances 

in fresh water have been provided, as noted by  Rosenbaum et al. (2008) and 

Henderson et al. (2011). 

 

- Nuisances by Chemical and Physical Emissions are also regarded within the 

impact assessment, which are disturbing and reducing the quality of life such as odour 

and noise, though they are not creating disease and damage on ecosystems; as defined 

by Klopffer and Grahl (2014). The suitable quantification method for weighting of bad 

smell such as exhaust air, need to be done with regard to odor threshold values. 

Similarly, noise by traffic or production plants can be quantified with sound pressure 



 
73 

 

scale as decibels, standard distance and disturbed time period, according to limit 

values adapted from regulations; as deeply analyzed in the studies of Heijungs et al. 

(1992), Klopffer & Renner (1995); Guinee et al. (2002); Schmitz et al., (1995) and 

Lafleche & Sacchetto (1997). 

 

- Accidents and Radioactivity are also within the impact assessment border, though 

their characterization and quantification are not available in most cases; as stated by 

Udo de Haes (1996). On the other hand, Klopffer and Grahl (2014) state that, the 

presence of this category is crucial, since nuclear power would have a very low impact 

compared to thermal power generation, if this category is excluded. Although 

radioactive waste disposal has not been fully solved for the world yet, so it is not easy 

to reflect in assessment; key parameters are, risk calculations used for insurance 

purposes and number of radioactive decays per unit time; according to Suter and 

Walder (1995) and Guinee et al. (2002). Lastly, incidents and leakages are required to 

be under impact assessment part, while emissions of normal operations are under 

toxicity impact categories.  

 

iv- Life Cycle Interpretation and Reporting: Klopffer and Grahl (2014) state that 

interpretation is the phase for conclusions according to the guidance of ISO 14044 

(2006), which are the results cumulative from the other phases of LCA.  

The authors state that, the first SETAC workshop in 1990 proposed a mandatory 

impact assessment and the investigation of possible improvements for environmental 

estimations, which was the first step in this sense (SETAC, 1991). In time, ISO 

adapted a new structure, which excluded improvement analysis phase and included 

interpretation instead, and standardized under ISO 14043 (2000), as summarized in 

the studies of Saur (1997), Lecouls (1999) and Marsmann (2000).  

 

Klopffer and Grahl (2014) remind us that, consistency between results and goal as 

well as data quality and methods are the key parameters of this phase for defending 

the results. Moreover, ISO 14044 (2006) states completeness, sensitivity and 
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consistency as main checking parameters, where the sensitivity check determines the 

margins for the conclusions, if the influence of altered parameter on the result is minor 

or major and if further sensitivity analyses are required.  

 

Heijungs & Kleijn (2001) and Heijungs et al. (2005) state five aspects to be clarified 

for this phase, of which first one is contribution analysis i.e. sectoral analyses for each 

life cycle section. Second one is perturbation analysis to determine which input require 

precision which is suitable for estimated values if their influence on final results are 

small. Uncertainty analysis investigates the representation of results in terms of 

probability distribution, regarding average and standard deviation; while comparative 

analysis lists the product system alternatives. Fifth aspect is discernibility analysis, 

which combines comparative and uncertainty analyses, in order to determine the 

ecologically favorable option with more parameters above or below the threshold for 

damage indicators.Besides numeric values, non-numerical aspects also belong to this 

phase, which requires verbal explanations. ISO 14040 (1997) warn us about that, 

interpretation is the phase which requires addressing all phases of LCA, even with 

special care if the study is publically available.  

 

Critical review by experts or interest parties is the step to improve the scientific quality 

and reliability of the studies, structured by SETAC (1993) and standardized under ISO 

14040 (1997). Klopffer and Grahl (2014) state that, there is new technical specification 

for further details of critical reviews, which is coded as ISO 14071 and under 

construction. Lastly, the authors remind us that, Comparative LCAs in scientific 

literature are not mostly critically reviewed, and this is tolerated if the study does not 

have a commercial background.  

 

2.4.3. Available Studies including LCA 

Literature on LCA studies was surveyed in four databases and provided in this section. 

Three databases i.e. ProQuest, ScienceDirect and Springer were used for studies 

conducted in other countries, while YOK (Yuksek Ogretim Kurumu- Council of 
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Higher Education) database were used for Turkey. This searching process was limited 

with different parameters to narrow the set of documents for a complete analysis with 

regard to properties of the database, as noted in Table 11. Additionally, the set of 

dissertations are presented in decades from 1980s onwards according to their 

availability. 

 

Table 11: List of studies from selected databases 

 

 

The search in this manner resulted in 340 sources most of which belong to the last two 

decades. This large set of studies were initially investigated in terms of title, key points 

and subject/keyword, as summarized in Table 12, and fully represented in Appendix 

A. Key points were selected from the abstract of the study, and may represent different 

details from material, method or findings, according to scope. 

 

 

 

Database Start date Limitations Decade All Sample

1980-89 0
0

1990-99 4 1

2000-09 48 5

2010-June18 80 8

1990-99 0
0

2000-09 2 1

2010-June18 26 3

2000-09 31 3

2010-June18 121 12

1990-99 0 0

2000-09 7 1

2010-June18 21 2

Total 340 36

Keywords

 ProQuest 

Dissertations 

& Theses 

Global 

 abstract 

since 1861 PhD. dissertations, 

full text available, in 

English

"Construction 

Materials" "Life 

Cycle 

Assessment" 

"Environmental I. 

Assessment"

a
n

y
 p

a
rt

 o
f 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

 

th
e

 t
e

x
t 

  
  

 full text 

since 1997 

YOK Ulusal 

Tez Merkezi
Dissertations

"Life Cycle 

Assessment" s
a

m
e

ScienceDirectsince 1995

Energy and Buildings 

J., Building and 

Environment J., 

Construction and 

Building Materials J.

same as previous

s
a

m
e

Springer since 2000
The International 

Journal of LCA

"Construction 

Materials" s
a

m
e

-
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Table 12: Initial investigation on the studies related to LCA 

 

Title Key points Subject or Keywords

1

Estimation of environmental 

implications of construction 

materials and designs using LCA

Choices in  asphalt and reinforced concrete 

pavements, steel and RC bridge girders, ...
Civil engineering

4

An assessment of "The Natural 

Step" as a framework for 

technology choice

Ambiguity and generality of the framework 

was analysed

Environmental 

management;

Sustainability; ...

1
Life cycle assessment of residential 

buildings

Proposes model for LCA of a typical US 

resident in terms of construction materials 

...

Civil engineering;

Env. engineering

48

Biodegradable hydraulic 

fluids:Reducing oil-related pollution 

in the construction industry (part 1)

Investigations for environmental 

improvements into the supply chain

Civil engineering;

Environmen. engineering

1

Life cycle assessment of microalgal 

biodiesel and policy implications to 

minimize unintended consequences

LCA was conducted to evaluate the major 

impacts and to identify the best alternative

Alternative Energy;

Environmental 

engineering;

Energy

80

Organic geochemical investigations 

of urban sediments by pyrolysis-

gas chromatography / mass 

spectroscopy

An engineering approach integrated within 

a multi-stakeholder partnership

Civil engineering;

Sustainability;

Urban planning

1
Comparative environmental life 

cycle assessment of green roofs

Similarities and differences between 

alternative fabrications, transportations, ...

Intensive, extensive green 

roofs, conventional roofs

2

Environmental impact and life cycle 

assessment of heating and air 

conditioning systems, a case study

The comparison between different heating 

systems via Eco-indicator 95 method

Alternative production 

methods, different kinds 

of environmental burdens

1

LCA applied to the manufacturing 

of common and ecological 

concrete: A review

Concepts and tools were discussed

Life cycle assessment; 

Sustainable construction, 

...

26

Enhancing flowability and 

sustainability of ultra high 

performance concrete ...

Alternative mix designs to decrease 

environmental overload

Ultra high performance 

concrete, Sustainability, 

Recycling, ...

1
Green House Gas Emissions due to 

Concrete Manufacture

Provide hard data collected from number 

of quarries and concrete manufacturing 

plants

Carbon dioxide 

emissions; concrete; fly 

ash ...

31
Environmental optimization of 

concrete sidewalks in urban areas

Installation criteria for types of sidewalk 

exclusively on economic and social factors, 

leading to design uniformity

Blocks, Cement, Cities, 

Civil engineering, 

Ecodesign, LCA, ...

1

Life cycle assessment of 

construction materials: the influence 

of assumptions in end-of-life 

modelling

Tests on two alternative roof construction 

elements: glue-laminated wooden beams 

and steel frames

Attributional 

Consequential, 

Construction product, ...

121

Estimation of greenhouse gas 

emissions from sewer pipeline 

system

City-scale inventory database with direct, 

indirect, and embodied emissions

GHG emissions, Process-

based LCA, ...

1
A model for life cycle assessment 

of building materials

To make the selection of products easy 

and correct for architects
Architecture

7
Utilization of different decision 

making techniques for ...

Physical and chemical analysis in Eskiĸehir, 

...

Environmental 

Engineering,...

1

A methodology for holistic lifecycle 

approach as decision support 

system for closed-loop lifecycle 

management

Combining  life cycle assessment, life cycle 

costing and social life cycle assessment for, 

in order to evaluate the sustainability 

performance

LCA, LCC, SLCA

21

Life cycle energy and 

environmental effect assessment at 

the sweet sorghum

CML 2001 method AgricultureY
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This generic analysis illustrates a large set of domain, sub domain and focii, which 

belong to definitions of sustainability, environmental science, ecology, energy and 

economics. The popular domains i.e. disciplines in this set appear as environmental 

engineering, civil engineering, architecture, geological engineering, environmental 

management, urban planning and environmental economics as well as the less frequent 

ones such as are mechanical engineering, industrial engineering, chemical 

engineering, business administration and waste management. Lastly, there are few, 

specialized areas as wood sciences, water management, land-use planning, 

nanoscience, transportation planning, food engineering, agriculture, law and 

sociology.This research also shows that the frequent sub-domain scale appear as 

resources, materials, building, infrastructure, industry, construction, project, material 

systems, built environment and design. Architectural scale studies show a broad range 

of materials including cement, concrete, masonry, wood, thermal insulation etc.; as 

well as components as foundation, envelope, roofs etc.; and building scale such as 

energy consumption, end-of life etc. 

 

Additionally, the featured focii of the studies are assessment systems i.e. models, 

standards, tools as well as data collection systems i.e. databases, inventories, and 

impact categories. Among them the frequent ones appear as Life Cycle Assessment, 

Embodied energy, Carbon footprint, Life Cycle Cost, Life  Cycle Social Impact, Green 

Labels, Environmental Impacts, Emissions, Certificates, Cumulative Energy Demand,  

Optimization tools, Input-output models, Life Cycle Management, Cradle to gate, 

cradle to grave, cradle-to-cradle analyses.  

 

Among the 340 studies belonging to this research set, a sample set consisting of 10% 

from each decade of database or only one if few studies were present, was collected 

for deeper analyses. Selection was done with regard to title, subject and abstract of the 

studies and priority was on the possible keywords as: Building, End-of-life, 

Construction materials, Masonry, Brick, Clay materials, Mortar, Reuse, Recovery, 

Reclaim, Demolition, Disposal, Landfill, Strength tests, LCA, LCC; and presented 
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under ñReason of selectionò column in Table 12.  Consequently, this sample set 

resulted in 36 studies, as noted in Table 10 [Cell: sample], both closely or indirectly 

related to the topic; and analyzed in terms of research question, research material, 

data sources, research method, research tool, and findings. Each criterion is 

presented in a separate table including the titles of the studies, explanation of criterion 

according to scope of studies and lastly the classification of studies with regard to that 

criterion, which is also followed by discussion on the findings presented in the table. 

Investigation of sample set studies with regard to research question as the first 

criterion, is presented in Table 13 with the explanatory text.  
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Table 13: Research questions of the studies 

 

 

Title Reference Reason of selection Research question Category

Towards environmental profiling for office buildings using Life Cycle 

Assessment
Ragheb, 2011

Building materials, raw materials, disposal of 

waste

How building key assembly systems (foundations, structure, walls, floors,

roofs) influence its environmental impacts during its service life, from extraction of raw materials to 

disposal of waste?

Environment

Closed loop material cycle construction : Defining and assessing closed 

loop material cycle construction as a component of  approach to 

sustainable material design in the context of sustainable building

Sassi, 2009
Construction materials,  cycles, 

deconstruction, recycling

How to define a set of criteria for assessing building material and elements with regard to closed 

loop material cycles?
Environment

Life cycle assessment of building refurbishment: A literature review
Vilches et al., 

2017
Building refurbishment, end-of-life

How is the literature on the environmental evaluation of building refurbishment and renovation using 

the lifecycle assessment methodology? 
Environment

Life cycle analysis in the construction sector: Guiding the optimization of 

conventional Italian buildings

Asdrubali et al., 

2013
Building materials, end-of-life

How are the LCA results of conventional housing and office buildings in Italy, as well as their 

altered proposals? 
Environment

Life cycle assessment of construction materials: the influence of 

assumptions in end-of-life modelling

Sandin et al., 

2014
Construction materials, end-of-life, modellingHow do end-of-life assumptions influence LCA comparisons of different construction materials? Environment

Carbon footprint and embodied energy assessment of a civil works 

program in a residential estate of Western Australia

Wahidul & 

Biswas, 2014

Construction materials, virgin and recycled 

materials

How is the difference between LCA results of traditional and recycled road construction 

alternatives?
Environment

Application of life cycle assessment approach to deliver low carbon 

houses at regional level in Western Australia

Lawania & 

Biswas, 2018
Clay brick, life cycle assessment

How is the environmental impact comparison of typical house of Australia in different climatic 

regions?
Environment

Environmental impact of carbon fibre-reinforced polymer flexural 

strengthening solutions of reinforced concrete beams

Maxineasa et 

al ., 2015
Construction materials, demolition, reuse

How is the environmental impact comparisons of unstrengthened reinforced concrete beam with 

those of different strengthening techniques?
Environment

Quantifying the greenhouse benefits of the use of wood products in two 

popular house designs in Sydney, Australia

Ximenes & 

Grant, 2013

Construction materials, maintenance, 

disposal
How is the LCA comparison of conventional house designs with the addition of wood materials?  Environment

Life cycle assessment of ceramic tiles. Environmental and statistical 

analysis

Ibanez-Fores et 

al., 2011
Clay materials, end-of-life, demolition wasteWhich stage of production has the greatest environmental impact for ceramic tile production? Environment

Evaluation of environmental friendliness of concrete paving eco-blocks 

using LCA approach

Hossain et al., 

2016

Concrete paving, virgin and recycled 

materials

How is the environmental impact comparison of concrete paving and recycled material-added 

version of it?
Environment

End of life of buildings: three alternatives, two scenarios. A case study
Martinez et al., 

2013
Construction, demolition, waste How is the LCA comparison of demolition works with different scenarios? Environment

Life cycle assessment of construction and demolition waste management 

systems: a Spanish case study

Mercante et al., 

2012
Construction, demolition, waste management

How is the comparative LCA results of construction and demolition waste treatment systems in 

Spain?
Environment

Life cycle environmental impact of different replacement options for a 

typical old flat roof

Napolano et al., 

2015
Hollow clay blocks, impact assessment How is the comparative LCA results for roof replacement proposals? Environment

LCA-based study on structural retrofit options for masonry buildings
Napolano et al., 

2015a

Masonry buildings, damaged elements, 

replacement
How is the comparative LCA results for masonry repairing proposals? Environment

Goneébut not awayðaddressing the problem of long-term impacts from 

landfills in LCA

Hauschild, et 

al ., 2008
Landfill, life cycle assessment How to model the long term emissions in LCA models? Environment

Manufacturing and Disposal of Building Materials and Inventorying 

Infrastructure in ecoinvent

Althaus, et al., 

2005
Building materials, disposal How is the Ecoinvent database in terms of goal and scope of building material inventories? Environment

A model proposal for life cycle impact assessment for the Turkish 

building materials sector

Oztas Karaman, 

2014

Building materials, life cycle assessment, for 

Turkey
How to revise common assessment models for national system in Turkey? Environment

A model for life cycle assessment of building materials Taygun, 2005 Building materials, life cycle assessment How to define a new LCA tool that is derived from existing assessment systems? Environment
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Table 13: (Continued)  

 

 

Title Reference Reason of selection Research question Category

Evaluating the sustainability of construction with recycled materials Lee, 2010 Construction material, recycling
How to quantify the benefits of using recycled materials in comparison to conventional materials, in 

highway pavements by conducting life-cycle assessment and life-cycle cost analysis?

Environment, 

Economy

Reducing the Environmental Impacts of Building Materials: Embodied 

Energy Analysis of a High-Performance Building
Qarout, 2017 Building materials, environmental impacts

How is the situation for the embodied energy estimations of high performance buildings? They 

optimize building operational energy and focus shifts to embodied energy

Environment, 

Economy

Time, cost, and environmental impact analysis for sustainable design at 

multiple building levels
Inyim, 2015 Construction material, phases of life cycle

Is there an observable relationship between time, cost and CO2 emissions at different levels of the 

building? Do the relationships exhibit a trade-off behavior?

Environment, 

Economy

Harmonizing Technological Innovation and End-of-Life Strategy in the 

Lighting Industry
Dzombak, 2017 Lighting products, end-of-life

What are the costs and environmental impacts related to end-of-life of LED lighting fixtures? How 

to develop a framework to determine their optimal management? 

Environment, 

Economy

Sustainability and Waste Management: A Case Study on an UK Oil 

Refinery During Day-to-Day and Turnaround Operations
Gonzalez, 2016 Refinery, raw materials, waste management

How is the situation in the refinery with regard to sustainability, in particular the management of raw 

materials and waste? To generalize the results for a new assessment framework

Environment, 

Economy

Environmental assessment of office buildings Vieira, 2007 Construction materials, end-of-life
How to develop new methodology to assess the effects and impacts of lifecycle phases of buildings 

with focus on end-of-life, which is specialized for office buildings? 

Environment, 

Economy

An integrated analytical approach to environmental management in 

construction
Chen, 2003

Construction materials, environmental 

management

How to develop an environmental impact assessment methodology for all stages of construction 

projects? 

Environment, 

Economy

Towards sustainable homes through optimization: An approach to 

balancing life cycle environmental impacts and life cycle costs in 

residential buildings

Zachariah, 2003Building materials, waste management
How to develop an optimization model for environmental impact and cost parameters of residential 

buildings especially in Canada

Environment, 

Economy

From the new European Standards to an environmental, energy and 

economic assessment of building assemblies from cradle-to-cradle

Silvestre et al., 

2013
Building assemblies, cradle-to-cradle

How to formulate a method for the comparison of alternatives for buildingsô thermal performance, 

with regard to assessment of the environmental, energy and economic life cycle from cradle-to-

cradle?

Environment, 

Economy

Comparative environmental life cycle assessment of green roofs
Kosareo & 

Ries, 2007
Building materials, disposal phase

How are the life cycle environmental cost characteristics of intensive and extensive green roofs 

versus conventional roofs?

Environment, 

Economy

Life-cycle assessment and cost analysis of residential buildings in South 

East of Turkey: part 1-2ða case study
Atmaca, 2016 Buildings, demolition

How is the life cycle analysis comparison of common types of buildings constructed in Gaziantep, 

Turkey? 

Environment, 

Economy

Development of a Framework to Assess Sustainability of Building 

Projects

Weerasinghe, 

2012 
Building materials, assessment, professions

How can the sustainability of building projects be assessed? As a critical review to existing 

assessment tools

Environment, 

Economy, Society

A dynamic model for assessing the effectiveness of construction and 

demolition waste management
Yuan, 2011 Construction, demolition waste, modelling

How to assess the overall effectiveness of C&D waste management systems by envisaging its key 

characteristics? Regarding economic, environmental, and social aspects

Environment, 

Economy, Society

Building materials in a green economy: Community -based strategies for 

dematerialization
Milani, 2005 Building materials, assessment types

What would the role of building materials be in an ecological construction industry geared to service 

and cyclical flows?

Environment, 

Economy, Society

Framework for analysing construction alternatives with respect to 

environmental laws
Siddiqi, 1997

Construction alternatives, environmental 

impacts

How to develop framework for analysing construction activities with respect to environmental laws 

and regulations? 

Environment, 

Economy, Society

Recycling, Close-Loop Economy, Secondary Resources 
Rebitzer et al., 

2003
Recycling, reuse, disposal, end-of-life phase

How is the current state about recycling, reuse, disposal, and other issues of the end-of-life phase of 

goods and services were the overall theme of the presented and heavily discussed LCA 

applications, a very timely theme due to ongoing discussions on national and international regulations 

for the EOL of products in many sectors?

Environment, 

Economy, Society

A methodology for holistic lifecycle approach as decision support system 

for closed-loop lifecycle management

Karakoyun, 

2015 
Closed-loop lifecycle How to develop a comprehensive method for LCA?

Environment, 

Economy, Society
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As shown in Table 13, research questions are diverse in these 36 sources, such as 

impact levels of alternative assembly systems for buildings, criteria sets for evaluation 

of building materials and impacts of refurbishment, renovation and repairing. 

Additionally, typical housing and office buildings, stages of constructions, phases of 

life cycles, open-closed loops, demolition wastes, material production processes, 

traditional and recycled alternatives, short-long term emissions, end-of-life of 

materials, databases, national assessment systems, specialized evolution tools, laws, 

costs and optimized models were also questioned. Although the questioned aspects 

differ in scopes and scales, they can be grouped according to three main criteria i.e. 

being environmental, economic and social. Consequently, this categorization assigns 

19 sources into environmental zone while 11 to intersection area of environment and 

economy and 6 to overlapping area of environment, economy and society. Therefore, 

the main investigation can be determined as environmental aspect, while its 

combination with economic and social areas are comparatively fewer.  

 

The questions of the first category appear as environmental impact and LCA while 

those of the second group are LCA, Life Cycle Cost, embodied energy, CO2 emissions, 

cost analysis, sustainability, effects and impacts, environmental assessment and 

environmental cost; as noted by the researchers. Lastly, the queries of the third group 

i.e. environment, economy and society group has sustainability, overall effectiveness, 

economy-environment-society, environmental laws-regulations, recycling, reuse, 

disposal, national and international scales, and comprehensive method. Lastly, the set 

of studies were also analyzed in terms of research material in the following section 

and presented in Table 14.  

 

As shown in Table 14, research materials are diverse in these 36 sources, such as 

design, materials and operational energy of a certified building; stages of typical office 

and housing buildings from manufacturing to demolition; alternative materials for 

zero-net energy houses and green roofs (Kosareo & Ries, 2007; Vieira, 2007; Sassi, 
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2009; Ragheb, 2011; Weerasinghe, 2012; Asdrubali et al., 2013; Inyim, 2015 and 

Qarout, 2017). 

 

Additionally, strengthening techniques for buildings, process for renewing of typical 

masonry walls and roofs; demolition, resultant waste and treatment; management 

records for closed loop systems, commonly used databases; literature survey on 

assessment methods, standards, regulations and construction site surveys also took 

place in research materials (Siddiqi, 1997; Chen, 2003; Milani, 2005; Sassi, 2009; 

Ragheb, 2011; Yuan, 2011; Martinez et al., 2013; Maxineasa et al., 2015; Napolano 

et al., 2015 and Atmaca, 2016). Lastly, various mixtures for concrete and road 

pavements; stages of clay based material production and lighting fixtures are also 

present within the set of studies (Lee, 2010; Ibanez-Fores et al., 2011; Hossain et al., 

2016 and Dzombak, 2017). Since research materials highly differ in scopes and scales, 

they are not very suitable to be classified easily. On the other hand, they can be 

categorized in terms of either containing stony i.e. mineral based materials or not. In 

this sense except from 4 studies listed in the end of Table 14; all others contain such 

materials in different scales such as mining activities, inert waste treatments and 

common construction materials as bricks, lime, aggregates, etc. This division is not 

only valid for material based studies, but also for those dealing with regulations, 

standards and methods since their scopes also include stony materials in some 

manners.  

 

Some studies falling to the first group investigate alternative materials for a unique 

system such as structural system of building in concrete, steel or wood (Vieira, 2007 

and Qarout, 2017) while some others analyze specific alternative materials for each 

parts such as foundation, walls, roof, etc. (Zachariah, 2003; Sassi, 2009; Ragheb, 2011 

and Inyim, 2015). The sets of convenient components such as reinforced concrete 

frame, hollow clay brick walls and PVC fenestration elements for Turkey, are also 

among research materials for the first group (Ximenes & Grant, 2013 and Atmaca, 

2016). The scale of the second group studies is smaller such as aluminum, wooden 
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beams, steel frames as well as LED lights and oil based products (Karakoyun, 2015; 

Sandin et al., 2014; Ibanez-Fores et al., 2011; Dzombak, 2017 and Gonzalez, 2016).  

 

Lastly, the set of studies were also analyzed in terms of data sources in the following 

section and presented in Table 15.  
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Table 14: Research material of the studies 

Title Reference Research materials Materials

Reducing the Environmental Impacts of Building Materials: Embodied 

Energy Analysis of a High-Performance Building
Qarout, 2017 LEED certified Legacy Center Building, data on design, materials and operational energy Concrete, timber, steel, masonry, photovoltaic panels

Towards environmental profiling for office buildings using Life Cycle 

Assessment
Ragheb, 2011

Three typical office buildings data, manufacturing of materials, construction, use, maintenance, and 

demolition

Foundations, structure, walls, floors, roofs: hollow 

structural steel columns, wide flange beams, metal 

decking with concrete, brick veneer with steel studs...

Time, cost, and environmental impact analysis for sustainable design at 

multiple building levels
Inyim, 2015

Alternative building materials, components, workmanships, lifetime spans. Unit cost, equipment unit 

cost, labor unit cost, CO2 emissions, and installation productivity data. Data on energy consumption 

during usage phase. Data from two zero-net-energy houses

Structural components, steel stud, wood stud; 

concrete block walls; exterior wood cladding; 

insulation; roofing; concrete footing; slab-on grade

A dynamic model for assessing the effectiveness of construction and 

demolition waste management
Yuan, 2011 Literature review to identify the key variables of indicators, interview and case study building in China

C&D waste as inert materials and non-inert waste, in 

Hong Kong 

Environmental assessment of office buildings Vieira, 2007

Documents of existing assessment tools, for indicators: Building Research Establishment 

Environmental Assessment Methodology (BREEAM), Building Environmental Performance 

Assessment Criteria (BEPAC), Leadership in Energy and Environmental Design (LEED), and Green 

Building Assessment Tool (GBT). Office building as a case in Berkeley campus, US. 

Cement, aggregate, concrete pipes, recycled

concrete, ...

An integrated analytical approach to environmental management in 

construction
Chen, 2003

The results obtained from questionnaire and construction site surveys. The environmental indicators 

from dominant databases. Demonstrative experimental case study. Study on costs

Waste during construction; rebar, sand, plywood, nail, 

glass, paint, ...

Building materials in a green economy: Community -based strategies for 

dematerialization
Milani, 2005

Documents on evaluation, production, consumption, recycling, and regulation of building materials, 

green building, life-cycle analysis, green building assessment, eco-labelling, eco-industrial development, 

clean production, design-for-disassembly, deconstruction services, natural building and alternative 

materials, product stewardship, extended producer responsibility, building code reform, green 

procurement, collective, consumerism and green market creation

Engineered wood products, cement and concrete, ...

Closed loop material cycle construction : Defining and assessing closed 

loop material cycle construction as a component of  approach to 

sustainable material design in the context of sustainable building

Sassi, 2009

Methods as BREEAM, RIBA Sustainability Manifesto, Planning checklists, Material Input Per 

Service unit, Ecological Footprint and other sources in literature. Case studies as different houses, 

alternative designs and materials

Foundation as concrete, timber; frame windows as 

timber; insulation as rockwool, etc.

Towards sustainable homes through optimization: An approach to 

balancing life cycle environmental impacts and life cycle costs in 

residential buildings

Zachariah, 

2003

Alternative building materials and components, environmental impact indicators, current costs, existing 

assessment toolsô documents. Case study as detached dwellings in Canadian, a single-family, 

detached, four-bedroom residential home in Ottawa

Reinforced concrete footings, concrete slabs; wood 

studs, fiberglass insulation, expanded polystyrene 

insulation, polyethylene vapour barrier, gypsum board, 

brick cladding; PVC frame; wood truss system

Framework for analysing construction alternatives with respect to 

environmental laws
Siddiqi, 1997

Environmental laws and regulations, existing classification systems for environmental impacts, 

interview and questionnaire results, information on project and current costs. Case project in noise 

control parameters. Laws covering economic and social parameters

Concrete, masonry, metals, wood, plastics, doors, 

finishes, ... in the construction site

Life cycle analysis in the construction sector: Guiding the optimization of 

conventional Italian buildings

Asdrubali et al., 

2013

Detached residential, a multi-family house and a multi-story office building, including all the life stages, 

from the production of the construction materials, to their transportation, assembling, lighting, 

appliances, cooling- and heating-usages during the operating phase, to the end of life of all the 

materials and components. Alterations to proposed buildings for better performance, such as 

photovoltaic panel and sun space addition

Concrete structure, bricks and thermal insulating 

materials, aluminium windows

Quantifying the greenhouse benefits of the use of wood products in two 

popular house designs in Sydney, Australia

Ximenes & 

Grant, 2013

Two popular house designs in Sydney, Australia. Australian forestry production systems and wood 

products. Information on other materials such as concrete, steel, brick, etc.
Wood, concrete, steel, brick, ...

Life-cycle assessment and cost analysis of residential buildings in South 

East of Turkey: part 1-2ða case study
Atmaca, 2016

Literature review for assessment methodology determination. Two actual house buildings constructed 

in Gaziantep, Turkey. Concrete structural system, PVC fenestration, natural gas and coal systems for 

heating, as the convenient combination

Concrete structural system, PVC fenestration, 

insulation materials, common combination

End of life of buildings: three alternatives, two scenarios. A case study
Martinez et al., 

2013

Demolition of a 1,600 m
2
 residential building, with four floors and four apartments per floor. 

Reinforced concrete pillars and beams and foundations less than 8 m. Typical housing block in Spain. 

Apparent volume of demolition waste, waste mass, etc.

Concrete, reinforced concrete structures; sewage 

network; metal and plastic plumbing parts;

separation of wooden doors, PVC blinds, aluminium 

frames, ...

Life cycle assessment of construction and demolition waste 

management systems: a Spanish case study

Mercante et al., 

2012

Material: Inert waste sorting and treatment facilities; the activities of manufacturing containers and 

bags, temporary storing and transporting of waste, sorting, treating and landfilling
Inert materials, metals, plastics, aggregates, wood,...

Life cycle environmental impact of different replacement options for a 

typical old flat roof

Napolano et al., 

2015

Renewing options for the roof of a typical masonry building with reinforced concrete joists and hollow 

clay blocks, steel joists and concrete slab, and reinforced concrete joists and polystyrene panels

Concrete joists, hollow clay blocks, steel joists, 

concrete slab, concrete joist, polystyrene panels
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Table 14: (Continued) 

 

Title Reference Research material Materials

Recycling, Close-Loop Economy, Secondary Resources Rebitzer et al., 

2003

Business management in an engineering company; LCA, environmental policy standards and 

demands; closed building cycle systems; concrete recycling systems; concrete mixtures with recycled 

content; wood from wooden floor coverings; aluminium scrap; circuit board scrap; durable goods; 

bottle recycling; ...

Concrete, wood, aluminium, textiles, ...

Goneébut not awayðaddressing the problem of long-term impacts 

from landfills in LCA

Hauschild, et 

al., 2008

Existing methodologies on short and long-term emissions, environment- dependent interatomic 

potential (EDIP) characterization factors, methodology for assessment of stored toxicity. Waste types 

and contents from similar studies

Household waste, non-combustible

waste,  industrial waste, flue gas, slag, ashes, residual 

products, waste from mining activities

Manufacturing and Disposal of Building Materials and Inventorying 

Infrastructure in ecoinvent

Althaus, et al., 

2005

The ecoinvent datasets in version 1.1: Life cycle inventories for building material production and 

related processing, different LCA applications, geographical and temporal scopes

Cement, lime, stucco, brick, concrete, normal, fibre 

cement facing tile, cork slab rock wool, aluminium, 

steel, gypsum

A model proposal for life cycle impact assessment for the Turkish 

building materials sector

Oztas 

Karaman, 2014

Existing LCIA models, expert opinions for revisions; environment related data by ministries and 

institutes
Construction materials, case on insulation material

A model for life cycle assessment of building materials Taygun, 2005 Existing assessment systems and their supplementary documents Construction materials, case on PVC window frame

Development of a Framework to Assess Sustainability of Building 

Projects

Weerasinghe, 

2012 

Research Material: Principles in Agenda 21, LEED, BREEAM and Sustainable Building Tool. LEED 

Platinum office project as case study. Questionnaire and interview results
Assessment documents on construction materials

From the new European Standards to an environmental, energy and 

economic assessment of building assemblies from cradle-to-cradle

Silvestre et al., 

2013

External wall solutions of a building, according to Portuguese building environmental certification 

system. Price of components. Masonry walls and thermal insulation as the common application in the 

country. Five different wall alternatives with different thermal insulation thicknesses

Masonry, thermal insulation materials

LCA-based study on structural retrofit options for masonry buildings
Napolano et al., 

2015a

Retrofit operations, referred to masonry structures: local replacement of damaged masonry, mortar 

injection, steel chain installation, and grid-reinforced mortar application
Masonry components

Evaluation of environmental friendliness of concrete paving eco-blocks 

using LCA approach

Hossain et al., 

2016

Different mixture properties of the product with different amounts of natural fine river sand; coarse 

crushed stone; recycled fine waste glass; etc...
Concrete, recycled aggregate

Carbon footprint and embodied energy assessment of a civil works 

program in a residential estate of Western Australia

Wahidul & 

Biswas, 2014

100-m section of road base. Common application with virgin gravels and alternative replaced with 

recycled brick in road base
Asphalt with gravels and with waste bricks

Application of life cycle assessment approach to deliver low carbon 

houses at regional level in Western Australia

Lawania & 

Biswas, 2018a

Typical clay brick house 4 Ĭ 2 Ĭ 2 detached house (i.e., 4 bedrooms, 2 bathrooms, and 2 cars), 

especially with a focus on energy consumption in use phase. Different climatic regions in Australia
Solid clay brick, photovoltaic panels

Comparative environmental life cycle assessment of green roofs
Kosareo & 

Ries, 2007

The extensive green roof case study from an actual project on a retail store in USA. The case study 

includes a conventional ballasted roof, an extensive, or shallow growing medium green roof, and an 

intensive, or deep growing medium green roof. Similarities and differences in the environmental 

impacts of the fabrication, transportation, installation, operation, maintenance

Green roof, ballasted roof

Evaluating the sustainability of construction with recycled materials Lee, 2010

Alternative pavement designs: fly ash to replace Portland cement, coal ashes to replace conventional 

aggregate for geotechnical applications and flue gas desulfurization gypsum to replace virgin gypsum 

for wallboard manufacturing

Portland cement, fly ash, gypsum

Environmental impact of carbon fibre-reinforced polymer flexural 

strengthening solutions of reinforced concrete beams

Maxineasa et 

al., 2015

Concrete beams with different carbon fibre-reinforced polymer flexural strengthening techniques. 

Beam with 3000 mm length and a rectangular cross-section of 200Ĭ300 mm. The quantities of 

component materials used for constructing were estimated

Carbon fibre-reinforced polymers for concrete

Life cycle assessment of building refurbishment: A literature review
Vilches et al., 

2017

Existing research publications about LCA and renovation with a focus on single family houses, multi-

family houses and non-residential buildings. Documents of assessment methods
Concrete, thermal insulation materials

Life cycle assessment of ceramic tiles. Environmental and statistical 

analysis

Ibanez-Fores et 

al., 2011

Process of tile production; mining the clay, atomising the clay, production of frits and glazes, 

production of ceramic tiles, distribution, installation and usage until the end of its useful life and finally 

treatment as construction and demolition waste

Ceramic tiles

Harmonizing Technological Innovation and End-of-Life Strategy in the 

Lighting Industry
Dzombak, 2017Different fixtures; residential LED lights, street lights and solar lanterns in the U.S. LED lights

Sustainability and Waste Management: A Case Study on an UK Oil 

Refinery During Day-to-Day and Turnaround Operations
Gonzalez, 2016

Waste contract reports, refinery schedules, technology and inspection data, refinery operating data, 

cost reports. Legislations
Oil, oily sludge

A methodology for holistic lifecycle approach as decision support 

system for closed-loop lifecycle management

Karakoyun, 

2015 

The product design alternatives belonging to an existing large scale project, i.e. PROMISE. Front 

lower control arm, baggage door hinge and flexographic printing case studies
Aluminum, metal, plastics, ... in product design scale

Life cycle assessment of construction materials: the influence of 

assumptions in end-of-life modelling

Sandin et al., 

2014

LCA comparisons of two alternative roof construction elements: glue-laminated wooden beams and 

steel frames, on an industrial hall as case building. Different end-of-life statements
Glue-laminated wooden beams and steel frames
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Table 15 : Data sources of the studies 

 

 

Title Reference Data sources Category

Evaluating the sustainability of construction with 

recycled materials
Lee, 2010

Indexes by Federal Highway Administration. Design parameters from consulting companies and research findings. Traffic data, climate conditions, and material 

properties from Mechanistic-Empirical Pavement Design Guide. Potential pavement designs by the Department of Transportation. Hazardous waste definitions by 

the Resource Conservation and Recovery Act. Economic input output data from Department of Commerce. Design with specific thicknesses from American 

Association of State Highway and Transportation Officials, rigid pavement design method. Expected rehabilitation and lifetime data by Wisconsin Department of 

Transportation

Generic and 

primary data

Reducing the Environmental Impacts of Building 

Materials: Embodied Energy Analysis of a High-

Performance Building

Qarout, 2017 

Energy estimations, Structural Steel Connectors from BIM Revit models, data on buildingôs components and costs by the design team and general contractor. 

Recycled content in materials, data on substitution of materials and certification from LEED documentation. Energy and carbon data from the Inventory developed 

by the University of Bath. Information on transportation distances, manufacture of materials, and building construction through interviews with sub-contractors

Generic and 

primary data

Towards environmental profiling for office buildings 

using Life Cycle Assessment
Ragheb, 2011

The specification sheets and bill of quantities obtained from the architect. Other quantities from floor plans and sections. Other data sources were interviews with 

the contractor on the site and direct observations during construction of the buildings. Environmental, statistics were collected from published databases

Generic and 

primary data

Time, cost, and environmental impact analysis for 

sustainable design at multiple building levels
Inyim, 2015

Material unit cost, equipment unit cost, labor unit cost, CO2 emissions, and installation productivity is from literature reviews and historical data. The life cycle 

assessment and energy consumption during usage phase from building energy simulation. Mean unit costs from RS Means Building Construction Cost Database and 

average CO2 emissions per material from the Athena Impact Estimator for Buildings software tool. Quantities from the projectôs drawings or from BIM model. 

Estimations on hours of equipment use and fuel consumption. Further data from and literature such as Athena handbook. Case buildings have direct energy 

monitoring systems, therefore direct data from them

Generic and 

primary data

Harmonizing Technological Innovation and End-of-

Life Strategy in the Lighting Industry
Dzombak, 2017 Information from direct experiences on fixtures and estimations. Costs from current market price documents

Generic and 

primary data

Development of a Framework to Assess Sustainability 

of Building Projects
Weerasinghe, 2012 

The impact and cost documents of Agenda 21, LEED, BREEAM and Sustainable Building Tool. Office project by the design team. SurveyMonkey, a widely used 

online survey website and One-to-one interview results from professionals

Generic and 

primary data

Sustainability and Waste Management: A Case Study 

on an UK Oil Refinery During Day-to-Day and 

Turnaround Operations

Gonzalez, 2016

Waste contract reports produced by the waste contractor, refinery schedules, technology and inspection diaries, refinery intranet system for refinery operating data, 

cost reports. Related legislations published in UK scale. Data included disposal/recycling amounts, amount of waste produced, costs of off-site waste treatment; 

costs of unallocated on-site work, etc. 

Generic and 

primary data

A dynamic model for assessing the effectiveness of 

construction and demolition waste management
Yuan, 2011

Data were collected through site survey of meetings with on-site staff, including project manager, on-site manager, on-site technical engineer and supervision 

engineers. Moreover, through interviews and consultation with inhabitants living nearby for variables of social impacts

Generic and 

primary data

Environmental assessment of office buildings Vieira, 2007
Published documents of assessment tools. Data collected from related literature such as the properties of regular and recycled concrete info for case buildingôs 

materials. The amounts of materials, equipment and transportation data were obtained from bill of materials lists

Generic and 

primary data

An integrated analytical approach to environmental 

management in construction
Chen, 2003

Environmental indicators from dominant databases including the Civil Engineering Database of the American Society of Civil Engineers, the Compendex database of 

the Engineering Index, the Engineering News-Record executive search engine and magazines of the McGraw-Hill Companies, the Construction Plus search engine 

of the Emap Construction Network, and the advanced search engine of the U.S. Environmental Protection Agency. Questionnaire survey and quantitative analysis 

for an investigation on the acceptability of ISO 14000 series in the construction industry in China. Construction site surveys

Generic and 

primary data
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     Table 15: (Continued) 

Title Reference Data sources Category

Closed loop material cycle construction : Defining and 

assessing closed loop material cycle construction as a 

component of  approach to sustainable material design 

in the context of sustainable building

Sassi, 2009
Documents of BREEAM, Planning checklists and RIBA Sustainability Manifesto and other frameworks. Interviews and questionnaires with architects and building 

occupants in terms of sustainability criteria

Generic and 

primary data

Towards sustainable homes through optimization: An 

approach to balancing life cycle environmental 

impacts and life cycle costs in residential buildings

Zachariah, 2003
Contemporary construction materials and related impacts through the ATHENA Software documents, installation instructions and user manuals. The design, 

material and component properties obtained from the construction company 

Generic and 

primary data

Framework for analysing construction alternatives 

with respect to environmental laws
Siddiqi, 1997

Environmental parameters the National Environmental Policy Act and its implementation; laws especially from The Toxic Substances Control Act of Federal 

Regulation.  Interviews with selected construction and environmental industry stakeholders; workshop participants through a series of questions about the 

framework and its application. The comments from construction and environmental industry specialists. The responses received in consultative workshop.  Project 

requirements and building use from Standard Building Code. Noise exposure values from Occupational Health and Environmental Control documents

Generic and 

primary data

From the new European Standards to an 

environmental, energy and economic assessment of 

building assemblies from cradle-to-cradle

Silvestre et al., 2013

Drawings of the selected project obtained from the designer. Common wall types from literature. Cost through market surveys, construction firms, and building 

materials suppliers. Energy parameters from European Energy Performance of Buildings Directive. Assessment principles and required data from ISO 14040 and 

14044, EN 15643-2 and 15978 and 15643-4

Generic and 

primary data

Comparative environmental life cycle assessment of 

green roofs

Kosareo & Ries, 

2007

Direct monitoring from the case building. Project construction documents from the green roof subcontractor for the project. The control roof materials were 

obtained locally, whereas the green roof materials were transported from special manufacturers

Generic and 

primary data

Carbon footprint and embodied energy assessment of 

a civil works program in a residential estate of 

Western Australia

Wahidul & Biswas, 

2014

Information regarding the energy and materials used for road construction work was obtained from the firm of consulting engineers. Questionnaire for information 

from civil contractors and relevant materials suppliers on energy consumption during the construction stage

Generic and 

primary data

Life cycle assessment of ceramic tiles. Environmental 

and statistical analysis

Ibanez-Fores et al., 

2011
Annual data gathered directly from 35 Spanish enterprises involved in the different stages of the life cycle of ceramic tiles

Generic and 

primary data

Life-cycle assessment and cost analysis of residential 

buildings in South East of Turkey: part 1-2ða case 

study

Atmaca, 2016

Inventory of Carbon and Energy, actual energy consumption records obtained from utility bills or energy audit exercises, energy use from Energy Information 

Administration in the USA, ambient air temperatures are from the Turkish State Meteorological Service, primary energy requirement from the European Directive. 

Bills of energy consumption.

Generic and 

primary data

Evaluation of environmental friendliness of concrete 

paving eco-blocks using LCA approach
Hossain et al., 2016

The data regarding the mix-proportion of eco-blocks production were collected from an eco-block manufacturer in Hong Kong. Data provided by the China Light 

and Power and the Chinese Core Life Cycle Database were used for some of the materials and processes to fill up the data gaps

Generic and 

primary data

Life cycle assessment of construction and demolition 

waste management systems: a Spanish case study
Mercante et al., 2012

Two companies responsible for the temporary storage of waste and transporting it, five firms devoted to sorting and treating the waste and two enterprises that 

operate inert landfills. Ecoinvent database as a reference to configure the inventory of minority materials, fuel and electricity

Generic and 

primary data

A methodology for holistic lifecycle approach as 

decision support system for closed-loop lifecycle 

management

Karakoyun, 2015 Primary data obtained from the projectôs datasheets such as structural tests, material types and amounts
Generic and 

primary data

A model proposal for life cycle impact assessment for 

the Turkish building materials sector

Oztas Karaman, 

2014

Impact categories from EN 15804 standard; environmental experts in the universities and environmental organizations, government and building materials sector in 

Turkey; expanded polystyrene foam insulation material data from Sylvatica for Athena Sustainable Materials were used for LCIA model for Turkey. Data from 

Turkish Statistical Institute, Ministry of Energy and Natural Resources; Ministry of Forestry and Water Affairs; The Ministry of Transport, Maritime Affairs and 

Communications; for the detection of impact types and respective values

Generic and 

primary data
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Table 15: (Continued) 

  

Title Reference Data sources Category

Building materials in a green economy: Community -

based strategies for dematerialization
Milani, 2005

Documents on policy, economic strategies, EIA, LCA, eco-labeling, certifications, product guides, directories, green builder sourcebook, recycling, taxes and 

subsidies, by-laws and building codes
Generic data

Life cycle assessment of building refurbishment: A 

literature review
Vilches et al., 2017

Research papers from well-known journals such as Building and Environment, Energy and Buildings. LCA methodology from ISO 14040 -14044, refurbishment in 

LCA from EN 15804, Sustainability of construction works from BS-EN 15978
Generic data

Life cycle analysis in the construction sector: Guiding 

the optimization of conventional Italian buildings
Asdrubali et al., 2013

Model parameters from Ecoinvent database, natural gas consumption from ENEAôs Energy and Environment Report, global annual-electric-requirement of 

residential buildings from Italian Statistical Institute, office buildings energy parameters from UE Energy Star and DIALux software for lighting and the standard 

UNI/TS11300 for cooling

Generic data

Life cycle assessment of construction materials: the 

influence of assumptions in end-of-life modelling
Sandin et al., 2014 End-of-life options and data about them were from literature survey Generic data

Application of life cycle assessment approach to 

deliver low carbon houses at regional level in Western 

Australia

Lawania & Biswas, 

2018

The design of house with materials and dimensions obtained from the Guideline of Building Council of Australia. Quantities from plans and specifications of the 

house. Datasets from AccuRate energy rating software provided location-specific information on energy consumption during use stage. The data bank provided 

information on energy and materials for mining to material production, transportation of construction materials to the site of construction, and construction stages. 

Databases embedded in Simapro LCA software

Generic data

Environmental impact of carbon fibre-reinforced 

polymer flexural strengthening solutions of reinforced 

concrete beams

Maxineasa et al., 

2015
Imaginary strengthening alternatives, by the authors Generic data

Quantifying the greenhouse benefits of the use of 

wood products in two popular house designs in 

Sydney, Australia

Ximenes & Grant, 

2013

Data for timber production from an Australian study for a range of forestry production systems and wood products. The Australian Life Cycle Inventory library, 

developed by the Centre for Design at RMIT and Life Cycle Strategies Pty Ltd. Incineration of timber waste assumed standard combustion emission factors from 

National Pollutant Inventory workbooks for wood waste from Department of Sustainability, Environment, Water, Population and Communities. Data for concrete 

and cement were sourced from the Australian Cement Industry Federationôs website and from their GHG reporting tables. Data for brick were sourced from the 

ecoinvent database. Steel data from the Australian Steel Institute which had been integrated into existing steel inventories

Generic data

End of life of buildings: three alternatives, two 

scenarios. A case study
Martinez et al., 2013Data used in life cycle inventory are from literature sources and generic databases Generic data

Life cycle environmental impact of different 

replacement options for a typical old flat roof
Napolano et al., 2015Common construction practice information from the area of the existing building and national guidelines for structural retrofit. Ecoinvent datasets for modellingGeneric data

LCA-based study on structural retrofit options for 

masonry buildings

Napolano et al., 

2015a
Strength data from datasheets of companies. Ecoinvent datasets for modelling Generic data

Recycling, Close-Loop Economy, Secondary 

Resources 
Rebitzer et al., 2003Policies, standards, monitored values, market conditions, etc. Generic data

Goneébut not awayðaddressing the problem of long-

term impacts from landfills in LCA

Hauschild, et al., 

2008
Methodology for assessment of stored toxicity from Danish EPA, EDIP from LCA tools Generic data

Manufacturing and Disposal of Building Materials and 

Inventorying Infrastructure in ecoinvent
Althaus, et al., 2005Ecoinvent database Generic data

A model for life cycle assessment of building 

materials
Taygun, 2005 Existing systems,  ISO documents, LEED, Athena, Eco-labels, BEES, BREEAM, EcoHomes, Envest, Environmental, SMARTWaste, SimaPro, Eco-Indicator, etc.Generic data



 
90 

 

 

 



 
91 

 

As shown in Table 15, many data sources are present in each of these 36 sources; such 

as required indices from documents of federal administrations, design parameters from 

consulting companies, regulations from state associations, specific design methods in 

official guides by ministry departments and material amounts, energy estimations 

from digital tools such as BIM models (Siddiqi, 1997; Lee, 2010; Oztas Karaman, 

2014; Wahidul & Biswas, 2014; Inyim, 2015 and Qarout, 2017). Additionally, 

material data sheets from certification documents, energy values from inventories 

developed by universities, material and amounts from interviews with contractors and 

professionals also took place as the sources of data (Mercante et al., 2012 and Atmaca, 

2016). Specifications and material amounts were obtained from bill of quantities 

documents; while material, energy consumptions from simulation software as Athena, 

SimaPro as well as published datasets as Ecoinvent and BEES, in some researches 

(Taygun, 2005 and Ragheb, 2011). Data for some studies were gathered either from 

direct experiences such as hands-on disassembly process or energy monitoring 

systems and indirect manners from engineering and architectural companies (Kosareo 

& Ries, 2007 and Dzombak, 2017). Some studies collected data from production 

plants and waste treatment companies with the help of schedule and process recording 

reports, while costs were gathered either from official unit price lists or documents of 

companies. Lastly, there are also studies which collected data only from literature i.e. 

similar research papers (Mercante et al., 2012 and Ximenes & Grant, 2013).  

 

Although data sources are many and quite different in scope and scale, they can be 

grouped according to roots of data i.e. being generic or primary data. As previously 

discussed in LCA methodology section on in Chapter 2, generic data represents the 

average respective values and estimations on general condition, while primary data is 

produced from specific cases. When grouped from this perspective, 22 sources fall 

into combined category of generic and primary data while 14 fall into generic data 

category. The studies in the first category generates original data from specific cases 

but also fill the data gaps from other data sources; such as the study monitoring two 

waste treatment companies and generating primary data on the process directly, while 
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modelling them according to available, average datasets in Ecoinvent database, 

without modification (Gonzalez, 2016). Similarly, one other study on optimization 

methods for sustainable residential buildings; collected unique drawings and 

specification documents for components and materials directly from the construction 

company; the data about the manufacturing of materials were collected from 

representative datasets in Athena software (Zachariah, 2003). On the other hand, the 

studies of second group are based on available, representative datasets only; such as 

the study proposing LCA model for building materials, which combines existing 

methods documented in ISO, LEED and BREEAM reports (Taygun, 2005). This study 

gathered representative impact categories, criticized them and proposed new 

framework generated accordingly, which is an example to generic data type. 

 

Lastly, the set of studies were also analyzed in terms of research method in the 

following section and presented in Table 16.  
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Table 16 : Research methods of the studies 

 

Title Reference Research methods Category

Evaluating the sustainability of construction with recycled 

materials
Lee, 2010

Two case studies for data collection, tool development based on these data, verification of tool with a pilot project. Quantitative LCA and 

LCCA tool development (BE2ST-in-Highways) regarding energy consumption, greenhouse gas emissions, water consumption, hazardous 

waste generation and different economic impact

Determination of impact categories, 

framework development, verification 

with case study

Time, cost, and environmental impact analysis for 

sustainable design at multiple building levels
Inyim, 2015

Development of robust simulation-based multi-objective decision-support tool, called SimulEICon, using genetic algorithms. Monte Carlo 

for probability distributions for optimal solutions. Typical statistical tests such as Z test. The Critical Path Method to estimate total 

construction time. Two case studies for validation of results

Determination of impact categories, 

framework development, verification 

with case study

Development of a Framework to Assess Sustainability of 

Building Projects

Weerasinghe, 

2012 

Listed documents were analysed for intersecting or other principles such as land development, site work, etc. These principles organized 

the new framework for the measurement system. This system was experienced on a selected office project. It was then criticized by 

professionals and finalized. Social incitaors were also presented

Determination of impact categories, 

framework development, verification 

with case study

A dynamic model for assessing the effectiveness of 

construction and demolition waste management
Yuan, 2011

Definition of economic, environmental and social indicators for waste management. Modelling in simulation program. Validation using 

data collected from a construction project in China

Determination of impact categories, 

framework development, verification 

with case 

Environmental assessment of office buildings Vieira, 2007 Development of new hybrid framework (BuiLCA) basing on the existing assessment tools. Verifying it on a real project

Determination of impact categories, 

framework development, verification 

with case study

An integrated analytical approach to environmental 

management in construction
Chen, 2003

Integrative methodology (E+) development for dynamic EIA in construction process, basing on questionnaire, construction site surveys 

and existing assessment tools. Framework was then verified by a case project

Determination of impact categories, 

framework development, verification 

with case study

Closed loop material cycle construction : Defining and 

assessing closed loop material cycle construction as a 

component of  approach to sustainable material design...

Sassi, 2009 Defining a framework for sustainability assessment from existing methodologies. Testing framework on several case studies

Determination of impact categories, 

framework development, verification 

with case study

Towards sustainable homes through optimization: An 

approach to balancing life cycle environmental impacts 

and life cycle costs in residential buildings

Zachariah, 2003Defining an optimization framework for impact assessment and cost from existing methodologies. Testing framework on case study

Determination of impact categories, 

framework development, verification 

with case study

Framework for analysing construction alternatives with 

respect to environmental laws
Siddiqi, 1997

Defining an extensive framework for impact assessment and cost from analyses on existing methodologies. Presenting framework on 

case study with noise impact assessment

Determination of impact categories, 

framework development, verification 

with case study

From the new European Standards to an environmental, 

energy and economic assessment of building assemblies 

from cradle-to-cradle

Silvestre et al., 

2013

Determining framework for the environmental, energy and economic assessment of building materials, which was derived from existing 

standards and well-accepted documents. Presenting framework on a case housing projectôs envelope system with five alternative 

scenarios. Cost and energy comparisons

Determination of impact categories, 

framework development, verification 

with case study

A model proposal for life cycle impact assessment for the 

Turkish building materials sector

Oztas Karaman, 

2014

Survey and interviews with the experts; weighting and normalization factor detection for Turkey according to the results. Verification of 

new proposal on case study as insulation material

Determination of impact categories, 

framework development, verification 

with case study

A model for life cycle assessment of building materialsTaygun, 2005
Broad overview of systems and integrated definitions on inputs, outputs, recycling definitions, in the form of a table. Testing the list on a 

PVC window frame, as case study

Determination of impact categories, 

framework development, verification 

with case study

Harmonizing Technological Innovation and End-of-Life 

Strategy in the Lighting Industry
Dzombak, 2017

The authors disassembled many lighting products to understand the properties with regard to number of parts, time of disassembly, ease 

of disassembly, ease of recycling, modularity level. Then, developed a framework for lifecycle assessment, and cost optimization. The 

authors conducted probabilistic models with statistical correlation analyses between the variables. Studied common end-of-life practices 

for the selected products and possibilities

Direct disassembly experience, 

framework development, verification 

with case study

Sustainability and Waste Management: A Case Study on 

an UK Oil Refinery During Day-to-Day...
Gonzalez, 2016

Noted sources were analysed and monthly, yearly and 5 year period tables were produced to determine the condition with regard to 

legislations. Critics and recommendations were determined and opportunities were listed in the form of charts

Document analyses, critics, 

suggestions

Building materials in a green economy: Community -based 

strategies for dematerialization
Milani, 2005 Verbal discussion on presented documents

Document analyses, critics, 

suggestions

Life cycle assessment of building refurbishment: A 

literature review

Vilches et al., 

2017

Systematic survey for main components of the studies such as research question, material, method and comparative discussion. 

Regarding standard documents as base for discussion

Document analyses, critics, 

suggestions
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Table 16: (Continued)  

 

Title Reference Research methods Category

Goneébut not awayðaddressing the problem of long-

term impacts from landfills in LCA

Hauschild, et al., 

2008

Identification of elements in waste, with short and long term impact potentials; review of literature about their LCA modelling, proposals 

for weighting and characterization for a guiding framework

Document analyses, critics, 

suggestions, framework d.

Manufacturing and Disposal of Building Materials and 

Inventorying Infrastructure in ecoinvent

Althaus, et al., 

2005

Cut-off rules, mixes, uncertainties, infrastructure, networks, incl.-excl. parts of processes, system boundaries, waste treatments, current 

technologies. Case Study on gypsum fibreboard production & disposal with eco-indicator 99, CML 2001 & CED models

Document analyses, critics, 

suggestions, LCA model of case study, 

with alternatives

A methodology for holistic lifecycle approach as decision 

support system for closed-loop lifecycle management

Karakoyun, 

2015 

Literature review for comprehensive aspects, determination of key points, assessment on three case studies with the help of LCA 

software

Document analyses, critics, 

suggestions, LCA model of case study, 

with alternatives

Reducing the EI of Building Materials: Embodied Energy 

Analysis of a High-Performance Building
Qarout, 2017 Case study, embodied energy estimations, CO2 emissions and costs

LCA model of case study, with 

alternatives

Towards environmental profiling for office buildings using 

Life Cycle Assessment
Ragheb, 2011 Case studies and LCA with regard to eight environmental impact categories 

LCA model of case study, with 

alternatives

Life cycle analysis in the construction sector: Guiding the 

optimization of conventional Italian buildings

Asdrubali et al., 

2013
LCA modeling of selected case buildings with alternative component and materials. Comparative discussion with other research results

LCA model of case study, with 

alternatives

Comparative environmental life cycle assessment of green 

roofs

Kosareo & Ries, 

2007

Direct monitoring of thermal transmittance and water run-off quantity of the roofing alternatives and formulating the best representative 

model in LCA and energy simulation software. Comparative discussions for three roof alternatives

LCA model of case study, with 

alternatives

Life cycle assessment of construction materials: the 

influence of assumptions in end-of-life modelling

Sandin et al., 

2014

Modelling the roof of selected building in LCA software and comparing alternative elements. Options were recycling or incineration, 

consequential attributional approach, todayôs average technology or low-impact technology for glue-laminated wooden beams and steel 

frames

LCA model of case study, with 

alternatives

C. footprint and embodied energy assess. of a civil works 

program in a residential estate of w. Australia

Wahidul & 

Biswas, 2014

Particle and structural tests on recycled materials according to specifications for safety check. Modelling traditional and recycled models 

in LCA software and comparisons

LCA model of case study, with 

alternatives

Application of life cycle assessment approach to deliver 

low carbon houses at regional level in Western Australia

Lawania & 

Biswas, 2018

Determination of typical house and climatic conditions and LCA analysis of this house has been conducted to capture the regional 

variation in thermal performance in 18 locations under five climatic zones. Defining the hotspots according to results and offering 

improvement strategies

LCA model of case study, with 

alternatives

Environmental imp. of carbon fibre-reinforced polymer 

flexural strengthening solutions of RC beams

Maxineasa et 

al., 2015

Plain beam design and alternative strengthening methods such as using three  strips bonded with epoxy adhesive in the RC beam cut 

grooves. These are compared with LCA software. Results are compared

LCA model of case study, with 

alternatives

Quantifying the greenhouse benefits of the use of wood p. 

in two popular house designs in Sydney

Ximenes & 

Grant, 2013

Alternative design proposals with wood materials, basing on  convenient house types. Timber use in roof, walls, slabs, subfloor, floor 

covering, windows, etc. Their environmental result comparison in a LCA software

LCA model of case study, with 

alternatives

Life cycle assessment of ceramic tiles. Environmental and 

statistical analysis

Ibanez-Fores et 

al., 2011
Collection of production process data, statistical analyses and modelling in LCA software

LCA model of case study, with 

alternatives

LCA and cost analysis of residential buildings in South 

East of Turkey: part 1-2 case study
Atmaca, 2016

Environmental assessment according to life-cycle energy (LCEA), emissions (LCCO2A) and cost (LCCA) assessment of two residential 

buildings constructed in urban and rural areas

LCA model of case study, with 

alternatives

Evaluation of environmental friendliness of concrete 

paving eco-blocks using LCA approach

Hossain et al., 

2016
LCA comparison with IMPACT 2002+ method with the help of software

LCA model of case study, with 

alternatives

End of life of buildings: three alternatives, two scenarios. 

A case study

Martinez et al., 

2013

Alternative LCA models for demolition with landfill, reuse, direct recycling treatment before recycling, final disposal options, with 

software

LCA model of case study, with 

alternatives

Life cycle assessment of construction and demolition 

waste management systems: a Spanish case study

Mercante et al., 

2012
Modelling collected inventories with LCA software, comparing the results and presenting the improvable aspects

LCA model of case study, with 

alternatives

Life cycle environmental impact of different replacement 

options for a typical old flat roof

Napolano et al., 

2015
LCA comparison of alternative proposals with software

LCA model of case study, with 

alternatives

LCA-based study on structural retrofit options for 

masonry buildings

Napolano et al., 

2015a
LCA comparison of alternative proposals including landfill and recycling, with software

LCA model of case study, with 

alternatives

Recycling, Close-Loop Economy, Secondary Resources 
Rebitzer et al., 

2003
Case studies, LCA and process level input-output models, reviews, etc.

LCA model of case study, with 

alternatives, document analyses, ...
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As shown in Table 16, different research methods are present in these 36 sources, such 

as impact assessment modeling for quantified, comparative results; case studies, 

generating data from existing sources, hands-on experiences, steering processes as 

well as surveys, questionnaires and interviews. Many studies contain comparative 

LCA modeling for the determination of environmentally, economically and socially 

favorable options, which is basically the quantification of selected assessment 

parameters according to selected methodology; as detailed in LCA methodology 

section of this chapter. Among them, the study on greenhouse benefits of wooden 

products contains alternative designs with timber use in floors, roofs, etc. on two 

typical dwellings in Sydney and estimates the comparative impacts (Ximenes & Grant, 

2013). Similarly, the study on fiber-reinforced polymer strengthening of concrete 

illustrates plain versus alternatively reinforced beams in an assessment tool, for the 

determination of quantitative impact levels (Maxineasa et al., 2015). Many other 

studies share the same method in different manners, such as alternative end-of-life 

assessment among landfill, recycling and reuse; replacement options for flat roofs; 

office buildings with design and material alternatives; types of green roofs and 

concrete paving; etc. (Kosareo & Ries, 2007; Vieira, 2007; Martinez et al., 2013; 

Napolano et al., 2015 and Hossain et al., 2016). Case study was used for various 

purposes, one of which is present in the study on evaluating sustainability of recycled 

materials; where two case buildings were investigated in order to determine the critical 

parameters for the development of a specialized assessment tool (Lee, 2010). 

 

 Additionally, the same method was used one more time in this study, for the 

verification about the reliability of a new tool for quantification of such alternatives. 

This method is also valid for many other studies such as the one on sustainable homes 

and optimization, where the new set of environmental and cost impact criteria were 

derived from existing tools and methods, and applied on a residential building for 

checking the credibility (Zachariah, 2003). Case studies were also frequently used for 

comparative assessments in terms of environmental, economic and social aspects; 

such as the study on typical houses in Australia; where alternative models were 
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structured based on case study data obtained from a typical dwelling (Lawania & 

Biswas, 2018). Moreover, this study compares environmental impacts of proposed 

alternatives via assessment software to select the best alternative. Other methods 

appear as investigations within existing sources and verbal discussions, surveys, 

questionnaires, interviews, direct hands-on experiences as in the study about the 

disassembly of lighting fixtures, direct monitoring of thermal performance of 

buildings, statistical analyses among collected data as in the study on production 

process of ceramic tiles (Chen, 2003; Kosareo & Ries, 2007; Ibanez-Fores et al., 2011; 

Oztas Karaman, 2014; Dzombak, 2017 and Vilches et al., 2017). Although research 

methods differ in scopes and scales, they can be grouped according to three main 

criteria i.e. comparative LCA models with alternatives; determination of impact 

categories-framework development-case study verification and document analyses-

critics. Consequently, this categorization allocates 19 sources into the first category, 

13 to second one and 6 to the third category. Even though the main method can be 

pointed as comparative LCA models, other methods are also present in these group of 

studies as supplementary tools. Lastly, the set of studies were also analyzed in terms 

of research tool in the following section and presented in Table 17.   
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Table 17: Research tools of the studies 

Title Reference Research tool Category

Towards environmental profiling for office buildings using Life Cycle 

Assessment
Ragheb, 2011

Software, ATHENA impact estimator with TRACI mid-point impact method, Energy 

simulation and calculations on eQUEST and DOE 2 for electricity use, HVAC heating and 

cooling loads

Software for assessment

Time, cost, and environmental impact analysis for sustainable design at 

multiple building levels
Inyim, 2015

Algorithms, Software: Athena Impact Estimator, BIM model, EnergyPlus energy simulation 

software
Software for assessment

Framework for analysing construction alternatives with respect to 

environmental laws
Siddiqi, 1997

Workshops, interviews, questionnaires with professionals. Comparative discussion on impact 

indicators of existing tools
Software for assessment

From the new European Standards to an environmental, energy and 

economic assessment of building assemblies from cradle-to-cradle

Silvestre et al., 

2013
The LCA was calculated with SimaPro mainly with Ecoinvent database Software for assessment

Life cycle analysis in the construction sector: Guiding the optimization of 

conventional Italian buildings

Asdrubali et al., 

2013

Cumulative energy calculations in SimaPro Software with Eco-indicator impact category. 

Graphs for trend line determination from studies
Software for assessment

Comparative environmental life cycle assessment of green roofs
Kosareo & 

Ries, 2007

Model in SimaPro with Impact 2002+ category, energy consumption amounts with DOE2 

eQuest energy simulation model
Software for assessment

Life cycle assessment of construction materials: the influence of 

assumptions in end-of-life modelling

Sandin et al., 

2014

GaBi Software with CML 2001 framework for assessment, according to parameters in EN 

15804, the standard for environmental product declarations of construction products
Software for assessment

Carbon footprint and embodied energy assessment of a civil works 

program in a residential estate of Western Australia

Wahidul & 

Biswas, 2014

Simapro LCA software to calculate the associated greenhouse gas emissions and embodied 

energy required for the construction and maintenance
Software for assessment

Application of life cycle assessment approach to deliver low carbon 

houses at regional level in Western Australia

Lawania & 

Biswas, 2018

AccuRate software has been used to develop the inventory for the use stage as it calculates 

the heating, cooling, lighting, and hot water energy consumptions over the life of the house. 

SimaPro LCA software was used with embedded Australian Unit Process emission factor 

database

Software for assessment

Environmental impact of carbon fibre-reinforced polymer flexural 

strengthening solutions of reinforced concrete beams

Maxineasa et 

al., 2015
Design alternatives were assessed in GaBi LCA software Software for assessment

Quantifying the greenhouse benefits of the use of wood products in two 

popular house designs in Sydney, Australia

Ximenes & 

Grant, 2013

Operational energy requirements with AccuRate energy modelling software. SimaPro for 

LCA calculation
Software for assessment

Evaluation of environmental friendliness of concrete paving eco-blocks 

using LCA approach

Hossain et al., 

2016
Simapro LCA software Software for assessment

End of life of buildings: three alternatives, two scenarios. A case study
Martinez et al., 

2013
Simapro LCA software Software for assessment

Life cycle assessment of construction and demolition waste management 

systems: a Spanish case study

Mercante et 

al., 2012
Simapro Software Software for assessment

LCA-based study on structural retrofit options for masonry buildings
Napolano et al., 

2015a

SimaPro LCA software, according to the format of the Environmental Product Declaration 

standard
Software for assessment

A methodology for holistic lifecycle approach as decision support system 

for closed-loop lifecycle management

Karakoyun, 

2015
Microsoft Office, AutoCad, Catia, SimaPro, Quantis Suite software Software for assessment

Towards sustainable homes through optimization: An approach to 

balancing life cycle environmental impacts and life cycle costs in 

residential buildings

Zachariah, 

2003

ATHENA software for indicator determination, HOT2000 for operational energy estimations, 

Dodge Unit Cost Guide for building cost estimations and LINDO for optimization software

Software for assessment and 

optimization
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Table 17: (Continued) 

Title Reference Research tool Category

Evaluating the sustainability of construction with recycled materials Lee, 2010
Software, economic input-output LCA spreadsheet program PaLATE, cost program 

RealCost, analytical hierarchy process tool embedded in Excel spreadsheet 

Software for assessment and 

spreadsheet software

A model proposal for life cycle impact assessment for the Turkish 

building materials sector

Oztas 

Karaman, 2014
Software for Analytic Hierarchy Process, Athena and Simparo LCA software

Software for assessment and 

statistical tests

Life cycle assessment of ceramic tiles. Environmental and statistical 

analysis

Ibanez-Fores et 

al., 2011

Modelling of the inventories in SimaPro with Ecoinvent database and CML 2001 method. To 

perform all the statistical analyses, the statistical package STATGRAPHICS was used

Software for assessment and 

statistics

Recycling, Close-Loop Economy, Secondary Resources 
Rebitzer et al., 

2003
Software tools, basic comparative calculations, etc.

Software for assessment, 

charts, tables, etc.

Reducing the Environmental Impacts of Building Materials: Embodied 

Energy Analysis of a High-Performance Building
Qarout, 2017 Basic calculations Spreadsheet software

Sustainability and Waste Management: A Case Study on an UK Oil 

Refinery During Day-to-Day and Turnaround Operations
Gonzalez, 2016All the data were recorded and produced in MS Excel software Spreadsheet software

Environmental assessment of office buildings Vieira, 2007 MS Excel workbook for input output statements Spreadsheet software

Closed loop material cycle construction : Defining and assessing closed 

loop material cycle construction as a component of  approach to 

sustainable material design in the context of sustainable building

Sassi, 2009 Basic calculations, matrixes, ranks, checklists and comparative discussion Spreadsheet software

An integrated analytical approach to environmental management in 

construction
Chen, 2003

Statistical tests such as T test for assessment of survey results. Microsoft Excel spreadsheet 

was adopted to apply the discriminant models

Spreadsheet software for 

statistical tests

Life-cycle assessment and cost analysis of residential buildings in South 

East of Turkey: part 1-2ða case study
Atmaca, 2016

Inventory of Carbon and Energy (ICE) was used for the calculation of primary energy 

requirements and greenhouse gas emissions

Spreadsheet software with 

datasets

Life cycle environmental impact of different replacement options for a 

typical old flat roof

Napolano et al., 

2015

Common construction practice information from the area of the existing building and national 

guidelines for structural retrofit. Ecoinvent datasets for modelling

Spreadsheet software with 

datasets

Goneébut not awayðaddressing the problem of long-term impacts from 

landfills in LCA

Hauschild, et 

al., 2008
Toxicity models and EDIP 97

Spreadsheet software with 

datasets

Manufacturing and Disposal of Building Materials and Inventorying 

Infrastructure in ecoinvent

Althaus, et al., 

2005
Verbal comparisons

Spreadsheet software with 

datasets

A model for life cycle assessment of building materials Taygun, 2005 Fillable charts in the form of assessment reports Charts, tables, forms, diagrams

Building materials in a green economy: Community -based strategies for 

dematerialization
Milani, 2005 Comparative discussion  Charts, tables, forms, diagrams

Life cycle assessment of building refurbishment: A literature review
Vilches et al., 

2017
Verbal discussions and tables for comparisons Charts, tables, forms, diagrams

Development of a Framework to Assess Sustainability of Building 

Projects

Weerasinghe, 

2012 

Basic calculations for category weights of selected indicators, Venn diagrams for definitions, 

online surveys and questionnaires
Charts, tables, forms, diagrams

Harmonizing Technological Innovation and End-of-Life Strategy in the 

Lighting Industry
Dzombak, 2017Direct disassembly tools, statistical programing software Software for statistics

A dynamic model for assessing the effectiveness of construction and 

demolition waste management
Yuan, 2011 iThink System Dynamics simulation program for all diagrams Software for statistics
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Although research tools are various in these studies as noted in Table 17, they can be 

grouped into four categories as specialized software for assessment; spreadsheet 

software; charts, tables, forms, diagrams and specialized software for statistics. This 

type of classification results in 21 studies for the first group, 9 for the second, 4 for the 

third and lastly 2 for the fourth group. 

 

Featured one is the group of specialized assessment software, including studies either 

for total life cycle process or unique assessments such as material intake, energy 

consumptions or emissions as well as their combinations. One of these tools is 

ATHENA impact estimator software with TRACI method as used in the study 

focusing on environmental profiling of office buildings as well as eQUEST and DOE 

2 software for energy estimations for the buildingsô operational phase (Ragheb, 2011). 

Some studies note BIM models as the tool for material amount estimations as well as 

EnergyPlus simulation software for buildingôs energy consumptions during the use 

phase (Inyim, 2015). Many studies point SimaPro as the digital tool for environmental 

impact assessment; such as the study on optimization guide for Italian buildings using 

this software for cumulative energy calculations with Eco-indicator impact category ( 

Kosareo & Ries, 2007; Mercante et al., 2012; Martinez et al., 2013; Asdrubali et al., 

2013; Wahidul & Biswas, 2014; Sandin et al., 2014;  Hossain et al., 2016 and Lawania 

& Biswas, 2018). Moreover, the same software was used for assessing alternative end-

of-life models for a case study while one other research uses it for retrofit options 

assessment for masonry buildings according to the format of Environmental Product 

Declarations (Napolano et al., 2015a). This digital tool was also noted for some other 

studies with various scales, such as different mixtures for concrete pavements, 

alternative housing designs, and industrial scale waste treatment systems (Mercante et 

al., 2012; Hossain et al., 2016 and Lawania & Biswas, 2018). GaBi is one other 

attention attracting assessment tool among the studies, which was used with CML 

2001 impact category, for the quantification and estimations of influence of end-of-

life alternatives on LCA of construction materials; as well as the assessment of carbon 

fiber reinforced polymer strengthening options for masonry walls (Sandin et al., 2014 
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and Maxineasa et al., 2015). Besides these main tools, these studies also note software 

for supplementary purposes such as energy models in AccuRate, HOT 2000, cost 

estimations in Dodge Cost Guide, RealCost; statistical models in STATGRAPHICS 

and analytical hierarchy tools as well as optimizing models in LINDO (Zachariah, 

2003; Lee, 2010; Ibanez-Fores et al., 2011; Ximenes & Grant, 2013 and Lawania & 

Biswas, 2018). 

 

Second group i.e. spreadsheet software set includes two types of studies as either using 

software for calculations of impact levels from the ready datasets according to 

methodologies in standards or for any kind of basic mathematical estimations.  The 

study on replacement options for typical flat roofs is an example to first type, since it 

obtains inventory from Ecoinvent database but does not use a specialized tool for LCA 

calculations, where related formulae were generated in spreadsheet software for self-

estimations of environmental impacts (Napolano et al., 2015). On the other hand, 

second type of studies uses this type of software only for having data recording cells 

and basic mathematical calculations, such as the study on closed loop material cycle 

for construction, where software sustained only matrices, checklist templates, etc.  

 

Third group of research tools does not contain developed systems but only charts, 

tables, forms and diagrams; since many of them are literature reviews, comparative 

verbal discussion on available documents or critical overviews (Sassi, 2009). The 

fourth group i.e. special software for statistical calculations group includes the studies 

with large set of inventory data and requiring the statistical management method; such 

as hands-on disassembly data produced by the researchers as the result of processes 

repeated many times (Dzombak, 2017).  

 

Lastly, the set of studies were also analyzed in terms of findings in the following 

section and presented in Table 18.    
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 Table 18: Findings of the studies 

Title Reference  Findings Category

Reducing the Environmental Impacts of Building Materials: 

Embodied Energy Analysis of a High-Performance Building
Qarout, 2017 

Embodied energy, CO2 emissions and costs for conventional buildings and net zero alternatives noted with 

comparative percentages
Comparative quantities

Time, cost, and environmental impact analysis for sustainable 

design at multiple building levels
Inyim, 2015

The presentation of optimized material, component, building alternatives among billions of possibilities in terms 

time, cost and CO2 emissions at different levels of the building
Comparative quantities

Life cycle analysis in the construction sector: Guiding the 

optimization of conventional Italian buildings

Asdrubali et al., 

2013

The improved performance of altered designs compared to conventional versions were noted in quantitative 

manner
Comparative quantities

Comparative environmental life cycle assessment of green 

roofs

Kosareo & 

Ries, 2007

Quantitative presentations and comparisons of green roofs and conventional roofs. 

Despite the need for additional resources initially, green roofs are the environmentally preferable choice 

especially with increased life of the roofing membrane

Comparative quantities

Life cycle assessment of construction materials: the influence 

of assumptions in end-of-life modelling

Sandin et al., 

2014

Although glulam beams have clear environmental benefits compared to steel frames, except for one scenario 

about recycling steel; in absolute terms, assumptions in EoL modelling have a significant influence on the studied 

impact categories

Comparative quantities

Carbon footprint and embodied energy assessment of a civil 

works program in a residential estate of Western Australia

Wahidul & 

Biswas, 2014

In road construction, the production of asphalt accounts big part of the total emissions and this footprint can be 

significantly reduced through resource recovery and the recycling of road construction materials, especially during 

the maintenance phase

Comparative quantities

Application of life cycle assessment approach to deliver low 

carbon houses at regional level in Western Australia

Lawania & 

Biswas, 2018

Average life cycle GHG emissions and embodied energy consumption of houses at different locations have been 

estimated. Home appliances and water heating have been found to be the top two hotspots. Solutions such as 

rooftop solar photovoltaic panels and solar water heaters were proposed for improvements

Comparative quantities

Environmental impact of carbon fibre-reinforced polymer 

flexural strengthening solutions of reinforced concrete beams

Maxineasa et 

al., 2015

Using strengthening, one can achieve a significantly higher load capacity for a beam, while diminishing the 

negative impact of the built environment over the Earthôs ecosystem
Comparative quantities

Quantifying the greenhouse benefits of the use of wood 

products in two popular house designs in Sydney, Australia

Ximenes & 

Grant, 2013

The timber maximised design resulted in approximately half the GHG emissions associated with the base designs. 

The sub-floor had the largest greenhouse impact due to the concrete components, followed by the walls due to 

the usage of bricks

Comparative quantities

Life cycle assessment of ceramic tiles. Environmental and 

statistical analysis

Ibanez-Fores et 

al., 2011

The stage of the life cycle with the greatest environmental impact is the manufacture of the tile, followed by the 

process of atomizing the clay and the distribution of the product
Comparative quantities

Life-cycle assessment and cost analysis of residential 

buildings in South East of Turkey: part 1-2ða case study
Atmaca, 2016

Inventory of Carbon and Energy (ICE) was used for the calculation of primary energy requirements and 

greenhouse gas emissions
Comparative quantities

Evaluation of environmental friendliness of concrete paving 

eco-blocks using LCA approach

Hossain et al., 

2016
LCA results of different mixtures in comparison to convenient production mixture Comparative quantities

End of life of buildings: three alternatives, two scenarios. A 

case study

Martinez et al., 

2013

Management plans for demolition were assessed in quantitative manner in terms of significant environmental 

aspects, as a guiding tool for decisions
Comparative quantities

Life cycle assessment of construction and demolition waste 

management systems: a Spanish case study

Mercante et al., 

2012
The assessment results of process and sub-processes were listed and possibilities were discussed Comparative quantities

Life cycle environmental impact of different replacement 

options for a typical old flat roof

Napolano et al., 

2015
LCA comparison of alternative proposals with software Comparative quantities

LCA-based study on structural retrofit options for masonry 

buildings

Napolano et al., 

2015a

Quantitative assessment results were presented for the detection of best alternatives.  Outcomes can be used to 

assess the environmental performance of retrofit strategies applied to existing buildings, as a reliable methodology
Comparative quantities

Manufacturing and Disposal of Building Materials and 

Inventorying Infrastructure in ecoinvent

Althaus, et al., 

2005

Data on building materials in ecoinvent data v1.1 are generally of rather high quality. However, since data are 

generic and the building material industry is very diverse, uncertainties are considerable
Comparative quantities

A methodology for holistic lifecycle approach as decision 

support system for closed-loop lifecycle management

Karakoyun, 

2015

Design alternatives were quantitatively presented in terms of LCA. Material and processes were noted with 

respective scores
Comparative quantities

Towards environmental profiling for office buildings using 

Life Cycle Assessment
Ragheb, 2011

The operation phase of the building has the highest impacts. Each phase and component impacts were 

comparatively noted in different categories, for each building. Lastly, normalized m
2
 results were obtained for 

comparison

Comparative quantities, 

normalized values
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Table 18: (Continued) 

Title Reference  Findings Category

Evaluating the sustainability of construction with recycled 

materials
Lee, 2010

The impact and cost reductions by recycled materials are listed in percentages in comparison to new materials 

and noted with sustainability ratings. Reliability of new tool is prooved

Comparative quantities, 

proposed new tool

Harmonizing Technological Innovation and End-of-Life 

Strategy in the Lighting Industry
Dzombak, 2017

Decisions and recommendations on key parameters of the products such as recovery potentials and material 

complexity

Comparative quantities, 

proposed new tool

Development of a Framework to Assess Sustainability of 

Building Projects

Weerasinghe, 

2012 

New framework with many possible indicators combined under categories and cost analyses. Suggestions and 

recommendations for proper use of new tool for integrated design process

Comparative quantities, 

proposed new tool

A dynamic model for assessing the effectiveness of 

construction and demolition waste management
Yuan, 2011

New framework for assessment of C&D waste management in terms of economic, environmental, and social 

aspects

Comparative quantities, 

proposed new tool

Environmental assessment of office buildings Vieira, 2007
A new digital tool for sustainability assessment of office buildings, which supplies results in tables and graphs. 

This tool ensures not experienced designers to use assessment tools effectively

Comparative quantities, 

proposed new tool

An integrated analytical approach to environmental 

management in construction
Chen, 2003

Extensive assessment framework including analytical approach of construction pollution index, environmental-

conscious construction planning, incentive reward program for material management, waste material exchange 

and a tool to effectively and efficiently assist contractors to enhance EIA and environmental performances not 

only in China, but also in other areas

Comparative quantities, 

proposed new tool

Closed loop material cycle construction : Defining and 

assessing closed loop material cycle construction as a 

component of  approach to sustainable material design in the 

context of sustainable building

Sassi, 2009
New framework, critics, recommendations, suggestions about existing building materials, elements and 

assessment criteria

Comparative quantities, 

proposed new tool

Towards sustainable homes through optimization: An 

approach to balancing life cycle environmental impacts and 

life cycle costs in residential buildings

Zachariah, 2003New framework for optimization of cost and environmental impact, critics, recommendations and suggestions
Comparative quantities, 

proposed new tool

Framework for analysing construction alternatives with 

respect to environmental laws
Siddiqi, 1997

New and user-friendly assessment tool for linking the construction activities to environmental impacts with regard 

to limit values defined by laws and regulations

Comparative quantities, 

proposed new tool

From the new European Standards to an environmental, 

energy and economic assessment of building assemblies from 

cradle-to-cradle

Silvestre et al., 

2013

New framework for combining environmental, energy and economic impacts under single Eco-costs impact 

category, noted in terms of Euro as unit

Comparative quantities, 

proposed new tool

Goneébut not awayðaddressing the problem of long-term 

impacts from landfills in LCA

Hauschild, et 

al., 2008

Two new impact categories were introduced as stored ecotoxicity and stored human toxicity. The impact scores 

were calculated using the normal characterization factors for the ecotoxicity and human toxicity impact 

categories, and they represent the toxicity potentials of what remains in the landfill after 100 years

Comparative quantities, 

proposed new tool

A model proposal for life cycle impact assessment for the 

Turkish building materials sector

Oztas 

Karaman, 2014

An adaptable framework in Simapro software format which is also open to be adapted to other tools. The impact 

list, categorization, weighting and normalization phases specialized for Turkey

Comparative quantities, 

proposed new tool

A model for life cycle assessment of building materials Taygun, 2005
Integrated framework for the assessment of buildings and materials, especially as a decision tool during the 

design phase

Comparative quantities, 

proposed new tool

Sustainability and Waste Management: A Case Study on an 

UK Oil Refinery During Day-to-Day and Turnaround 

Operations

Gonzalez, 2016
All activates of refinery were documented in detail from raw material to the waste treatment. Critics and 

opportunities as a new framework
Critics, recommendations

Building materials in a green economy: Community -based 

strategies for dematerialization
Milani, 2005 Critics, recommendations, suggestions Critics, recommendations

Life cycle assessment of building refurbishment: A literature 

review

Vilches et al., 

2017
The state of art in LCA and renovation in terms of commonly used methodologies and obtained results Critics, recommendations

Recycling, Close-Loop Economy, Secondary Resources 
Rebitzer et al., 

2003
Critics, recommendations, improvable aspects, etc. Critics, recommendations
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As shown in Table 18, findings are diverse in the sources, such as embodied energy, 

CO2 emissions and costs of conventional buildings as well as net zero alternatives; 

optimized building material combinations with regard to constructing time, cost and 

CO2 emissions; improved performance of altered designs in a quantitative values and 

emission levels of conventional and green roofs. Comparative impact levels of wooden 

and steel frames for construction with different end-of-life scenarios, environmental 

benefits obtained from the use of recovered materials in road pavements and different 

GHG levels obtained from the same house in various regions are also within the 

findings of the studies. Additionally, novel assessment framework was presented in 

the study on optimization methods for sustainable houses, similar to the study on long 

term impacts from landfills; which proposes new table for impact estimations. Lastly, 

findings of the studies that were based on literature surveys are verbal discussion as 

suggestions, critics, and recommendations such as the study on waste management of  

refinery where all activities from raw material intake to end-of-life were documented 

and criticized from environmental perspective. Similarly, the study on close-loop 

economy of secondary resources where state of art was determined and improvable 

aspects and possibilities were presented as the findings of the study.  Although 

findings differ in scopes and scales, they can be grouped according to three main 

criteria i.e. comparative quantities, novel assessment tools; rules and 

recommendations. Consequently, this categorization allocates 19 sources into first 

class while 13 to second class and 4 to third class. Therefore, the main outcome can 

be pointed as quantified impacts among alternative products for the determination of 

the best option.   

 

In brief, selected sample set i.e. 36 studies were investigated in terms of research 

material, research tool, data sources, research method, research tool and findings in 

this part. Moreover, the following sub- section presents the analysis of this research in 

terms of analyzed parameters to determine its importance in this research area. 
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2.4.4. This Study in Literature  

Some similarities can be identified within this study with those that form the backbone 

of the literature review, from the point of view of individual research parameters such 

as the research questions, materials of research, research methodology, research tools 

and findings. These aspects of the 36 most important sources have been listed in Table 

13-18.  

 

From the point of view of the research question, this dissertation falls under the second 

category i.e. ñEconomy & Environmentò since it conducts an environmental impact 

assessment and cost estimation for a reuse project. Additionally, the research question 

is similar to the research question in Leeôs (2010) study regarding LCA and LCC 

estimations of recycled materials compared to new materials in highway pavements. 

Moreover, it is also similar to the research question about end-of-life assumptions for 

buildings and their influence on LCA comparisons from the point of view of different 

scenarios in the study of Vieira (2007). One other most similar research question is on 

cost and environmental impacts related to end-of-life of lighting fixtures, even though 

the scale is quite different (Dzombak, 2017). Query on raw materials and waste 

management of a refinery in the study of Mercante et al. (2012) has a similar research 

question in terms of focusing on different material cycles together. Lastly, the main 

question of the study by Napolano et al. (2015) includes LCA of masonry repairing 

proposals and hence it is close to this dissertation, from the point of view of its 

objectives. 

 

Stony i.e. mineral-based materials are the research materials of this dissertation and 

hence it is similar to the studies of Silvestre et al. (2013) and Napolano et al. (2015) 

since they focus on typical masonry walls as well as deteriorated ones.  Additionally, 

the study on inert waste by Yuan (2011) is also related to this dissertation since 

masonry debris falls under this category and its recovery was investigated in that 

study.  
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This dissertation can be placed in the first category i.e. ñGeneric and Primary Dataò in 

terms of data sources, since it gathers primary data obtained from specific demolition 

and generic data sustained by Ecoinvent database; even though the datasets were 

modified where necessary. Dataset modified according to the actual mixture ratios 

used during the tests can be considered primary data, while the data on light van 

vehicle selected directly from the database, is an example of generic data.  

 

Research method of this dissertation belongs to the ñQuantified environmental impacts 

with comparative LCA modelsò category since it investigates the impact assessment 

of masonry walls via SimaPro LCA software; which also determines the research tool 

category i.e. ñSoftware for assessmentò. Moreover, method also contains creation of 

comparative quantities like many studies noted in Table 15, for environmental impacts 

and cost calculations of new and recovered walls.  

 

The findings of this dissertation is similar to the study by Sandin et al. (2014) since it 

offers alternative end-of-life scenarios for buildings and guiding tool for the selection 

of suitable demolition management strategies for recovery. Moreover, findings of the 

study on strengthening reinforced concrete beams by Maxineasa et al. (2015) present 

lower environmental impact level for repair compared to producing a new component, 

which is quite similar to the findings of this research. The study by Lee (2010) 

evaluates the sustainability of constructions with recycled materials in a quantitative 

manner and points to the advantage of reuse, similar to this dissertation. Lastly, the 

study on lighting industry by Dzombak (2017) illustrates hands-on disassembly of 

lighting fixtures and quantifies the process of demountability for sustainability ratings; 

which is similar also to the hands-on recoverability investigations on masonry debris, 

which is a part of this dissertation. 
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CHAPTER 3 

 

RESEARCH MATERIAL  

 

 

This part provides details into the research material obtained from two demolition 

plots; one in St. Petersburg, Russia and the other in Ankara, Turkey. The main criterion 

behind the selection of these two demolitions is that, the buildings included 

noteworthy amount of bricks; one of which had load bearing solid brick walls while 

the other had hollow brick infill walls. These two walling types are convenient for this 

study since the motivation is proposing recovery methods for the reuse of any kind of 

clay brick debris obtained from demolition.  

Information was gained by the visual observation of the researcher before, during and 

after the demolitions as well as survey of the related literature on history of the 

buildings. Consequently, this section presents the background information of these 

buildings starting from their construction up to their demolition; as explained in the 

following sections. In the last section, the properties and conditions of the samples 

collected from the debris for further analyses are presented. 

 

3.1. Demolition of a Masonry Building in Russia 

St. Petersburg is one of the well-conserved historical cities of Russia. Therefore, 

renovation is commonly preferred when old buildings require updating according to 

emergent needs or revised legislations. One of the very rare demolitions in the city 

center was observed and its details have been recorded in the following section.  

 

3.1.1. Properties of the Building and its Demolition Process 

The building was located on Pirogovskaya Quay 11, on the banks of Neva River in 

Vyborg District near Lenin Square, which is close to the central business district of St. 
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Petersburg, in Russia as shown in Figure 22. It is surrounded by small scale production 

plants as well as offices and housing blocks.  

 

 

Figure 22: Location of the demolition plot (Image a and b, derived from Yandex Map, n.d; 

Image c, Yandex Fotki, 2012) 

 

Construction on this plot was started in 1853 and buildings were added over time; 

however the exact date of construction of the case study building is not known. During 

its lifetime, it was used for many different purposes; from storage to production to a 

photography studio (Citywalls, 2009). The site was bought by a famous company 

called óOld Lessnerô in 1853 and although single building appeared as a market for 
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printing supplies in the first year, the company constructed more facilities on the plot, 

for the production of steam engine boilers in the following years, according to the 

earliest available information. Moreover, the settlement served as production plant for 

manufacturing military armor in the further years and played an important role in 

weaponry till 1917. The plot was used for manufacturing heavy industry products, and 

for storing the commodities from time to time till 1966. Although a culinary school 

had served during 1990s, the site was associated with many different enterprises 

during 2000s such as photography studio and flee market (Karpovka, 2015). The 

condition of the building shortly before the demolition is illustrated in Figure 23, in 

addition to the currently planned hotel project for the preparation of 2018 World 

Football Championship, which is to be held in the city (Karpovka, 2013). 

 

 

Figure 23: Building before demolition (Image a, Yandex Map, n.d) and the simulation of the 

new hotel project (Image b, Karpovka, 2013) 
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The building was a three story high block with solid brick envelope and a gable steel 

roof. Although the external walls were almost identical for the entire building, the 

construction techniques of slabs, beams and columns differed from story to story as 

summarized in Figure 24. The volume of the ground floor was divided with bare 

concrete and steel columns while its top was covered with a concrete slab resting on 

steel beam and girders.  This concrete slab consisted high amount of roughly crushed 

brick aggregate which appeared as orange-grey mixed material. Although the volume 

of the first floor also accommodated concrete and steel columns similar to the ground 

floor, the slab on it was out of a different bearing system. One-way concrete slab had 

been constructed here and transverse deeper concrete beams were visible at certain 

intervals. The second, namely the top floor of the building housed an ample single 

volume which was not interfered by vertical structural elements and covered by pre-

tensioned steel truss, in the form of a pitched roof.  

 

Use of different materials and techniques together in a single building was a common 

practice in many historical buildings in Russia especially in ones damaged buildings 

during the war, as well as the newly built ones belonging to the post-revolution and 

post-war era of economic crisis. Besides documentation of its architectural aspects, 

demolition process of the building was also observed and is presented in the following 

part.
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Figure 24: Materials and techniques of the building (Image a and b, Photo Studio Sol, 2011; Image c, Karpovka, 2013; Image d,  Stroyles, c2008;  Image e: Citywalls, 2009 and Image f: Gradpetra Portal, 2009)
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Figure 25: Final condition of the demolition and the debris on the plot 
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The waste management regulations in Russia obligate the indication of material types 

and expected amounts in rubble prior to starting the demolition work as summarized 

in literature review chapter. While the disposal methods are followed according to type 

of material, as per the State laws (Russian Federation Council, 2002). Hence, the 

demolishing firm has to submit information on types, approximate amounts of 

materials and planned disposal methods to the authorities. The company that had 

undertaken the demolition job of the case study area, designed the process as selective 

demolition. This method included the separation and sale of metals to recycling 

factory, temporary use of rubble as ground cover for leveling and draining the site 

during construction work; and lastly, removing the rotten wood in order to protect 

other materials from decay also.  

 

The fenestration and metal roof were dismantled and then the structure was 

demolished with hydraulic pulverizer and a bucket type excavator was used to carry 

the broken pieces and dump them in sorted piles; as the process was summarized in 

Figure 25. The demolition had been started from the middle of the building and 

continued towards the edges.  Two unexpected problems appeared during the process, 

one of which was the separation and fall of a large fa­ade piece to the adjacent 

highway; while the other was the unspotted common wall with the adjacent building. 

Luckily, the former one did not harm anybody - anything and the latter was solved by 

addition of steel reinforcement to the permanent building. The demolition went on a 

manual way in a very slow and sensitive manner with only two workers, small 

electrical crushers and hand tools. This manual demolition was the last stage during 

the time of research as shown in Figure 26; and the foundation part of the building was 

expected to be removed soon.  

 

Consequently, large wall sections, small crushed wall fragments and timber pieces 

were accumulated on the plot; whereas metal waste was frequently transported to the 

recycling factory. The rubble was to be to be used as hard core for repairs of worn-out 

roads, according to the regulations (Russian Federation Council, 2002) while the 
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larger pieces of masonry wall sections seemed appropriate for reuse as seen in Figure 

25. For this reason, samples were collected, of which properties and the final 

conditions are explained in the following section, and their mechanical properties were 

tested.  

 

 

Figure 26: Stages of the demolition (Stroyless, c2008 and Image a, Gradpetra, 2015) 
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3.1.2 Samples Collected from the Plot 

In order to analyze the inherent strength of the debris, three types of material, i.e. 

whole bricks, mortar fragments and wall sections were collected from the plot and 

brought to the Testing Laboratory of the Civil Engineering Institute of Peter the Great 

Saint-Petersburg Polytechnic University (Russia), as shown in Figure 27. This 

laboratory has several testing facilities for the analysis of historical structures, 

including masonry walls.  

 

 

Figure 27: Samples collected from the plot 

 

Since the main parts of the building had been demolished at the time of material 

collection, the exact prior locations of the samples on the building were not clear. 

Therefore, they were randomly chosen from the bulk of construction waste, which was 

waiting to be delivered to the disposal area. Twenty four intact bricks that had detached 






































































































































































































































































































































































































































































































































































































































































