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ABSTRACT

END-OF-LIFE ANALYSIS FOR BRICK DEBRIS:
RECOVERY, STRENGTH, LIFE CYCLE COST AND
ENVIRONMENTAL ASSESSMENT

| - &rduran Deniz
Ph.D., in Building Science, Department of Architecture
Supervisor: Prof. DiISoofia Tahira Eliafzkan

SeptembeR018, 438 pages

There exists a vast stock of masonry buildings in the world, yet, sbitiem are
being demolished and disposed of; owing to the changes in buildintpwge
redundancies of buildings; and clearing the plots for new and mostly taller buildings.
Either demolition or deconstruction is preferred; huge amounts of masasey
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, reovery of these materials not only helps to salvage the old materials but also
contributes to environmental sustainabilitgs well as carrying the historicalue of

the buildingby integrating these materials into the new desigis study investigates
stateof-art about rules and regulations, recovery proposadsbility & physical
properties environmentaland economic assessment of demolition of masonry
buildings and salvaging methods for their debris. Accordingly, two buildinga i.e.
historical loa bearing solid brick masonry building in Russia ammdncrete framed,
hollow brick infill building in Turkey were chosen tmonitor their demolition

processes and determine the eventual condition of d#bwas observed thaarge



wall sectionswith load bearing solid brickisom the historical building as well as the
hollow brick wall pieces from thile reinforced concretmntemporary building could

be reused by using various techniques to clean, cut and prepare them for integration
into new wall constructiorMechanicapropertiesobtained fromrcompression, flexure

and sheatestson few samples exhibited higher valuesntt@iowable limits in the
standards; which isonducivean terms of materials reuse. Additionally, digital models

of these recovery methodsowedlower environmental impacts in terms of human
health, ecosystem quality, climate change and resources inadsmpto the new

walls, when simulated in SimaPro Life Cycle Assessment software. In contrast to the
promisingresults (for reuse) obtained from strength tests and environmental impact
simulatiors; the costs of the proposals for reuse are higher thacotistruction with

new materialsThis is due to the fact thatitting and shaping of the debris brings extra
cost to therecoveryprocesslin conclusion,although the reuse sialvaged material

was determined amdvantageous from the point of view of emvimental and social
aspects of sustainability, the economic aspect has disadvantages that can be overcome
by better recovery and salvaging methodologtléence, more efficient and cost

reducing processes need to be investigated.

Keywords: Masonrybrick, demolition, reuse,ife Cycle Assessment.CA) and

cost

Vi



¥Z

TUJLA ATI KLARI KC¢KN YAKAM SONU ANALKZK
DAYANI M, VECYEATRESEL DEUKKRLENDKRMESK

| - &mduran Deniz
Doktora, Yapeée Bilimleri, Mi mar |
Tez YO nPeof. DrcSoddia Tahira Elia®zkan

(o]l

E y 12@1B,438sayfa

Denya ¢zerinde @igry ¢tlki ma kb alr dmas & da; bazeée
y°netmeli klerindeki deji ki klikler vV e ar
i nKkaaténa yer ammakngaerrdoltaye zyéekel ep

Tercih edilen y°ntem s°k¢m de @ékré matdeak
sahada biri kmektedir. Dijer taraftan, bu
dol aye yékel madeéej é ril-arnde dkuwlalra mé& ma& | calraen d
iy °©zelli kllar eBw ama pz eorhaalbarliim yeni den |
mal zemel erin kurtarél maséna dejil, ayneé

ol uktver ubri n a ndéen] e trba mMmalemelerar acél éj éyl a yeni

aktareéel maséeme -sa&@jiérambi rkal ar én y ek éme vV e

konusunda kur al ve ledgnzekhllemahelabi lmallze
czel |l kl-ervirreis el et ki vV e ekonomi k dej er
durumunu ortaya koyaY ars& r a , Rusyadda bulunan ve t
ol ukan t aiiThr kbyebédenbhul unan, gé¢-lendiri
tujl a doldgnud wkbewna r Ibairna se-i | mi kK, yéekem g

atekl arén son duGC°uzmue nileesrp,i tt aetdia i iegny Bkict @ ar d. a n
tujl arrdueaenpar -al aréenég¢veeddier! mi nabda
i -inde dbedlikddant ugplhuk ann ar é n; farkl e tekn

Vii



kesilip hazérl anaral yd@ani edbuVaec.dj &@méamgiastent
az sayéda numune ¢zerinde yapél an; basén-

mekanikt est |l eri ndasobhtuakrdaéi gianverilen dejerler

damalzersl erin yeni den kuluyganmbéall aulminmuikrslairjai, Yaa-né&s € r
°ne

=

il en mal ze me Sk wnratParomaY ayk®amt eDwlreg¢gse¢ Defj e

yazél gemendduv arewragpywans uiz| ewdaok d rew 8| akteasr él énc
insan sajlejée, ekosistem kalitesi, 1 klim dej
d¢kKeéek sonu-1lar vermektedir. Yapésal testl er
el de edilen olumkuasdan-¢lada &drkeém, dava&r | ar
°©zelli kle malzemelerin klemdohmagkea kp&hdll eddrn .r
Sonu- ol ar ak, her neéekbdawyekudéenr &luahamamee
sosyal s¢rder ¢l eblél iodlisiak da- € le darv@amadngaly | @EvdaEnt ta a |

fakat daha ivyi kurtthaeéem veedbpuedleemadianma mat
geime k m¢ mkBgy setteple daha etkin ve fiys¢viyesinid ¢ K ¢ r en al ternatif
detayl € a | &anxgenektirmektedir.

Anahta Kelimeler: K&ir, t uj | ay € k & m, yen¥Ydeam kD? hgpmg,
Dej er | ¥YDD)ive fiyss

viii



ACKNOWLEDGEMENTS

Special hanks tdSoofiaTahira EliasOzkan for spending years divectingall details
of this study reading andevising all words of this report repeatedly many times.
Sincerethanks toAl ek s ey Ul y bA kng foad hethg alivayp dvailable,
reviewing the process in each six months, aochprehensive guidanaring the

whole process

Thanks tcé

Nikolay IvanovichVatin (Prof. Dr. in Civil Engineeringlnstitute in Peter the Great
SaintPetersburg Polytechnic Universitipr providing the support bgllowing use of
laboratory facities. MehmetDemirci (Chief engineer on the demolition pliot St.
Petersburp for allowing the sample collection from the pldBergey Zubkov
(Research@r for constructing themechanicaltests and calculationsAleksandr
MalyshkoKarnauhov(Technical staff)for helping with the preparatioof samples
andconducting the mechanical tes@&alina BardingResearcér) for her help with
communication and translatioBmrahErduranfor supportive approacfinancialaid

andhis help with the logistics

K. Oz a n an® BunmanA.e\lam (Members ofCivil EngineeringDepartment
METU) for technical expertise guiding comments,preparation of samples
conducting the mechanical tesied calculations Hasan MetinandCu ma Y eél dér é
(Staff of Civil Engineering Department, MET)Jor helping with the preparatioof

samples antest setups



Ozgurol Insaat (Demolisher team in Ankafaj) allowing the sample collection from
the plot Hakan Turgu{Memberof¢ or um Topr ak | r¢nl e Sanayi

for sharing information about the current producioocessf bricks.

H. Huseyin Aslar{The headman of the i | d eéstmct) BndK e ma | (oAekoEtime
oldest inhabitants of the distrjctor sharing information about thdevelopment
procesf the districtH a kK me t (thé dwkeg, andongterm inhabitant of a flat in
demolished blocRs for sharing information about design, construction and
maintenancef the housing block€Ensar Temizel (Research Assistant in Department
of Architecture, METU) for his help with the logistics.

Pr® Consul tants f oausegSimaPvoith EqoigverstDafalvagee | i cens e
for the study.

My family; Emr ah Er d u-Kamberi Y¥ezlciazn | - er f or supportin
processn all manners

Ailemy Emr a h Er dur Hamberi ¥Yzed a nz | -erbtheert ;caméslameci
destekl edi kl er i i -in tekekke¢gr ederi m.



TABLE OF CONTENTS

ABSTRACT ...ttt ettt e e e e ettt anete e e e e s bbb e e e e e e ennsbsrnnnraeaeeeeeann v
ACKNOWLEDGEMENTS. ...t eeeee e e e e aa e e ees X
TABLE OF CONTENTS . ..ci ittt itieeeite ettt e e rmn e e e e e e e Xi
LIST OF FIGURES......coiiiiiiiiiiiiii e sceeeit ettt smmme et e e e s nnnsneeeann Xiv
LIST OF TABLES. ... e mmt e e e e e e XVii
LIST OF ABBREVIATIONS. ... e rmma e e e XX
CHAPTERS
L. INTRODUCTION ....oiiiiiiie ettt sttt e e ennre e e e e s annnsaan e e e e e e nsans 1
A o 11 1T o PP 1
1.2.ODBJECHIVES. ... .ot ee e eeea e e e e e 2
RGN o (oo =To (1] £ PP TP RTTPPRRR 4
1] 0T 1 1 o o OSSR 5
2. LITERATURE SURVEY......oi et mma e 1
2.1. Construction and Demolition Waste Regulations in Russia and Turkey
2. 1. 1. RreRussia.a.L..i..0. NS 3
2.1.2. Regulations in TUIKEY............euuiuuiiiii i enrn s 13
2.2. Design with Recovered MaSONLY............uuuuuueeriiiieeeiieiniiereeeeeeeeeeeeeeeeeas 17
2.3. Strength Tests for Masonry CONStruCtionS...........cooovvvviiiicceeeeeeeeeeeens 29
2.4. LCA Studies for Building Materials and Components......................... 45
2.4.1.Assessment Trends OVErtiME............uuvuereereiiimemiurieiiieeeeeeeeeeaeeeeeeaens 45
2.4.2. LCA MethodolOgy......ccoooiiiiiiiiieeee e 49
2.4.3.Available Studies including LCA..........ccccuviieiiiiiiieesiiiiieeeieeeeeeeeeeen L4
2.4.4. This Study in LIiterature...........ccoovvviiiiiiiieeer e eeeee 104
3. RESEARCHMATERIAL ..ottt 107
3.1.Demolition of a Masonry Building in RUSSI@...........cccceeviievvieenecceennnnn, 107

Xi



3.1.1. Properties of the Building and its Demolition Process................. 107

3.1.2 Samples Collected from the Plat..............cccooiiiimmmri i 115
3.2. Demolition of a Masonry Building in TUrKeY.........cccceeeeeeviiiieeeeeeeenn. 117
3.2.1. Properties of the Building and its Demolition Process................. 118
3.2.2. Samples Taken from the PIOL...........cooviiiiiiiieemie 131
.RESEARCH METHOD......ccoitiiiiis e mma e e e 137
4.1. Understanding the Properties of Brick Debris.............cccooevvieeeeeen. 137

4.1.1. Analysis and Design Ideas for Recovery of Solid Brick Dehris....138
4.1.2. Analysis and Design Ideas for Recovery of Hollow Brick Debris 143

4.2.Investigations into Materials and Strength TesiS............cevvveeiiiieeennnee. 150
4.2.1. Properties and Strength Determination of Solid Brick Debiris......151
4.2.2.Properties and Strength Determination of Hollow Brick Debris....160

4.3. Environmentampact ANAlYSIS.........ccoooiiiiiiiiiiieeee e 168
4.3.1. Simulation Software, Data and ProCessing.............cccccvvvemmmrsinnnns 169
4.3.2. Life Cycle Assessment Method for Recovered Solid Brick Dehrid 71
4.3.3. Life Cycle Assessment Method for Hollow Brick Debris.............. 182

4.4, ECONOMIC ANAIYSIS .. .uiiiiiiiiiiiiiiiiiiie ettt 200
4.4.1. Cost Analysis Method for Solid Brick Debris............ccevvviiiiiieennee. 200
4.4.2. Cost Analysis Ethod forHollow Brick Debris...........cccoeeiiiiiiiiicee 201

CRESULT S et e e e e e e e e e 203

5.1. Strengtilest RESUILS.........cccooeiiiiiiieeeeee e 203
5.1.1. Solid Brick Debris Strength Test ReSultS.........ccccccooviiiiicccenennnnn. 203
5.1.2. Hollow Brick Debris Strength Test Resulis...............ccccccvimeennnnns 208

5.2. Life Cycle Assessment ReSUS.......cccceviiiiiiiiiiiieeeii e 212
5.2.1. Solid Brick DeDIIS.........uuiiiiiiiiiiiiiiiieeeiiiiieeeeeee e 213
5.2.2. HOIlOW BFiCK BBDIIS ...ccoeiieeeiiiiie s emnen s 214

5.3. Economic ASSeSSMeENt RESUIS.........uuuiiiiiiiiiiieeeiiiiieieeeeeeee e 216
5.3.1. Solid Brick DEDIIS......ccoiiiiiiiiiiiiiieeeeee e 216
5.3.2. HOIloW Brick DEDIIS.....ccoviiiiiiiiiiiiii i 218

Xii



6. DISCUSSION.... .ot e emeee 221

6.1. DISCUSSION ON LItErature SUMVEY.........uuuuuiiiieiee e eeeeiiiinaaee e e e e e e e eeeeeeeens 221
6.1.1. Waste Regulations in Russia and Tutrkey.............cccccceciicmeeeennnnnns 221
6.1.2. Design with Recovered Masonry.......cccoevieeeeeeeiiieeeiiieie e eeeeeeee, 223
6.1.4. LCA Methodology.......ccoooiiiiiiiiieeee e 229
6.15. Available Studies including LCA........oooiiiiiiiiiiieeeeeeevve 230

6.2. Discussion on Findings of this Dissertatian...............ccccevvveeeeeeeeeeenn. 230
6.2.1. Waste Regulations in Russia and Turkey............ccccvuviimeeeennnnnn. 231
6.2.2. Design with Recovered Masonry............cocccuvvrimmmnninniiiiiinnieee 231
6.2.3. Strength COMPANISONIS.......uuviiiiiiiiiiii et 232
6.2.4. Life Cycle Assessment CompariSQNS.........ccceevvvvvvvvieeeeeeeeeeeeeeeenn, 235
6.2.5.C0St COMPANISONS....uiiiiiieeeeeeiiiiieieieeet e e e e e e e e emmeeeeeeeeaeeees 239
6.26. Overall COmMPAIISONS..........uuuuiiiiiiiiiiiiieeeiriir e e e e e e e e e eeere e e e 241

7. CONCLUSIONS. ... .ot eee e e e e e errr e e e e e e e aaaaaaeeeaeeaeane 243
REFERENGCES.......cci ittt cceee ettt e e smmme e e e e e e et e e s ennmn e s 251
APPENDICES

A. Studies from Selected Databases............ooooiiiiiiicee e 301

B..Samples Taken from the Demolition Plot in RusSIa...............evvvvvieeeens 357

C. Samples Taken from the Demolition Plot in Turkey..............cccuvvvvieeens 377

D. CEM | Type Portland Cement Production for 32.5 and 42.5 Classes..399

E. Full List of Impact for Russia@ase Study, New Wall...............cccccc....... 415

CURRICULUM VITAE ..ot e e mmme e e e e e 437

Xiii



Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:
Figure 10

Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:

LIST OF FIGURES

Adaptive reuse of Hughes brick Warehouse.............ccccovivieeeiinnnnnns 19
Refurbishment of Community Center Building................cccccvieeennnn 21
Reuse of brick wall piecesCubo House............ccoovvvviiiiiicccriiieeeees 24
Reuse of various masonry materials in Ningbo History Museum...25
Reuse of clayof tiles in The Beehive Office Building...................... 26
Test setup alternativVes.........cccuvviiiiiieieee e 29
Test setup and resultant cracks on sample wall sectians............... 30
Side view of the test setup for shear.test..........cccoeeviiiiicecicceeennn. 31
Test setup and digital models...............ooviiiiiieeciiiiiii e 32
. Z type setup proposal for flexural test.............ooooiiiieee s 33
Bond wrench test setup and expected failure.types..................... 34
$ear test, three pointing bending test and digital modelling.......... 35
Tests on brick, mortar and wall SEeCtiQNS...........ccovvviiiiieaniiininennn. 36
Test setups for flexural strength and shear strength..................... 37
Surface modifications on surface of bricks and cracks.................. 38
Compression test on masonry prisms and flexuraltest................ 39
Triplet shear test and in situ shear.test................ccccceeeeeeeeee 40
Nondestructive and semistructive testing techniques.................... 41
Brick and mortar interface under microscope............ccccoevviiceen.... . 42
Basic cell for masonry and homogenization process....................43
Necessary Steps Of LCA ... e 61
Location of the demolition plat.............oooovriiiiiiccc s 108
Building before demolition and the new hotel project.................. 109
Materials and techniques of the building...............cooieec. 111
Final condition of hdemolition and the debris on the plot........... 112
Stages of the demOolitioN.............oooovriiiiiiccc e 114

Xiv



Figure 27: Samples collected from the plot.............ccevviiiiieeciiiiiiiie 115
Figure 28: Location of the demolition plot..............ccccciiiiimmmnniiie 118
Figure 29: Locations in the early 1960s...............iiiiiicceeeiiiiiieee e 119
Figure 30: HOUSING BIOCKS .......uuiiiiii e eeeee e 122
Figure 31: Identical flat, material and construction techniques................... 123
Figure 32: Debris 0N the Plat...........uuiiiiiiii e 124
Figure 33: Surface settlement and samples taken from the structural menigs
Figure 34: Demolition Machings.............covvvviiiiiiiccre e 128
Figure 35:Early stages of demolitiQn............coevvviiiiiiiieeniiieeeeeeee e 129
Figure 36: Further stages of demolitiQn............ccoviiiiiieee e 130
Figure 37: Some of the samples collected from the.plat..................coceeee 132
Figure 38: Investigation on the condition of the wall debris.......................... 139
Figure 39: Investigation on final condition of the wall debris........................ 140
Figure 40: Blocks cut out from the reclaimed masonry boulders.................. 142

Figure 41: New plaster as surface bonder, cleaning joints for partial mortarid&
Figure 42: Alternative proposals for the use of recovered sections.............. 147
Figure43: Preparation of samples for testS..........ccccoiviiiimmmnniiiiiivieeee 154
Figure 44: Flexural strength test on brickS........ccccooooiiiiiiine 157
Figure 45: Compressive strength test on bricks...........ccccvvviiieeeiiiiiiiiinee. 157
Figure 46: Compressive strength test on mortar samples................cc..cc...... 158
Figure 47: Compressive and shear strength testsasonry prisms.................. 160
Figure 48: Preparation process for teSting ........ccvvvvieeiiiiiecceieeeeeeeeeeeeee 164
Figure 49: Compressive strength test on bricks...........ccccuvviiieeeiiiiiiiiiiee 166
Figure 50: Compressive strength test on mortar and plaster remains.......... 167
Figure 51: Shear strength test on wall sections...............cccccvvceceviveeeiiiiiinnnns 168
Figure 52: Wall alternatives for COMMIBON........cccvvviiiiieieiiie e 172
Figure 53: Life cycle scope alternatives for walls..........ccccccoovviiiaacn, 177
Figure 54: Wall alternatives for COmpariSON............ccovvviiiiiceeieseeeeeiiiiee e 183
Figure 55: Properties of hollow brick, new production..............c.cccceeveeeeenen. 184
Figure 56: Volumetric rates for components of samples...............ccccecceeeeen. 187

XV



Figure 57: Life cycle scope alternatives for walls................ccevivieeeiiiiiinnnee. 195

Figure 58: Reuse of steps from the old staircase as chandelier.................. 226
Figure 59: Old clay tiles converted into bookshelves..........c..c.cccvvveeeeennne. 228
Figure B1: Bricks from demolition plot in RUSSIa............cccuvviiiiieemiiiiiiiinees 357
Figure B2: Mortampieces from demolition plot in Russia............ccc.cccvvvvvieeee... 369
Figure B3: Wall SECHON, #L.......uueiieii e eeen e 373
Figure B4: Electrical Saws, used during cutting the wall sections................ 375
Figure B5 Cracks after compression tests on wall prisms...............cccccceeee.. 376
Figure B6: Cracks after shear tests on wall prisSms..............ccccocciicccriiieeevinnnns 376
Figure C1: Wall sections collected from the demolition plot in Turkey......... 377
Figure C2: Render and Mortar obtained from wall sections......................... 384

Figure C3: Email on production process of clay bricks from the company...388

Figure C4: Test reports from the production cCompany.............cccvvvveeemnnnnne 389
Figure C5: Cracks after compression test on hollow bricks.......................cc. 397
Figure C6: Cracks after shear testtwllow brick wall sections........................ 394

Figure C7: Mortared and clean areas on the surface of recovered wall sec868s

Figure D1: The comparative environmental impact for CEM I class............ 409
Figure D2: Impact compassion for the cement classes...............ccceveeeeennnn. 411

Figure D3:Environmental impact comparison for Portland Cement Productiéi3

XVi



LIST OF TABLES

Table 1: Waste Management fOXML............oooeiiiiiiiimmmreeieeeeeeiviiiiiie s smeeeeeeees 10
Table 2: Sample for waste classification methaod................oovviciiiiiiiiiinnnnn, 10
Table 3: Waste Management Document, Sample.............ccoeevvvieeeiiiiieeceeeeenn, 12
Table 4: Partial table from waste categorieS list..........ccccceeiiiiiiiccciciciieeee e, 14
Table 5: Partial table from waste acceptaliocs...............c.eevvvvieiiiieeeciiiiiiiieee, 16
Table 6:Table of Waste management plan................eeeviiieeeiiiieiiiiiiieieeeeeeenn 17
Table 7: Information about the selected buildings...........cccoooeeeeveeeciiccieeeeenennn. 27
Table 8: List of sources on strength tesIS.........ooovvvviiiviiicccrr e 28
Table 9: Research focus of dissertations on building mitesaessment.......... 46
Table 10: Two sample lists for impact categaries.......cccccvvveeeiiieeseeiieeeeeeeeenn, 60
Table 11: List of studies from selected databases........ccccccccevviveeciiiininnennnn. 75
Table 12: Initial investigation on the studies relatCA .................cooeervvrnneee. 76
Table 13: Research questions of the studies............ccccevvvveeeeeeeeeeveeveeeeeeeennn 9
Table 14: Research material of the Studies.............ceveiiiiiiceciiiiiiiiieeee, 85
Table 15 : Data sources of the StUdIeS............oooviiiiiiice e 87
Table 16 : Research methods of the studies...........ooevviiiieecie 93
Table 17: Research tools of the StUdIeS..........ccuvvviiiiiiieeciiieen 97
Table 18: Findings of the StUdIS........ccoovviiieieiiii e 101
Table 19: Properties of the BriCkS............uuuuiiiiiiic e 116
Table 20: Properties of the bricks.............uuuiiiiiiceecc e, 133
Table 21: Surface analysis 0N SAMPIES...........ovvuiiiiiiccreeeeer e 134
Table 22: Mixture ratios and expected final strengths...............cccccoieeiniinns 162
Table 23: Contents of recovered UNit...........ccccooeeiiiiieecieiiee e 173
Table 24: Consumed energy while shaping the test prisms......................... 174
Table 25: Energy consumption derivation for proposed blocks................... 175
Table26: Material amounts for new and recovered wall...................oeveeeeneee 175

XVii



Table 27: Data combinations for LCA SCEeNAOS. .......uuiviiiieieieiecciiiiaae e 181
Table 28: Amounts of blocks for recovered wall............ccooeeiiieeciiiiiiinnennnn. 185
Table 29: Weight of contents in recovered samples...........ccccceeeeivcceeeevnnnnnns 185
Table 30: Mortar amounts on joints before and after cleaning..................... 188
Table 31: New mortar amMOUNLS..........ccoviiiiiiiiiiieene e e e e eeeeeeeees 190
Table 32: Wastage material and energy consumed amounts...................... 191
Table 33: Material and energy amounts for recovered.wall.......................... 192
Table 34: Material amounts for new and recovered walls.............ccceeeveeeenee 193
Table 35: Datasets for cement mixt@tBernatives.............cooceevviiimnnn s 196
Table 36: Details for cement mixture datasetS..........cccccvveviieeeeeeieiiiiiiieeeeenn, 197
Table 37: Data COMbBINALIONS.........ccccuiiiiiiiiiiieeeiiiiiirirrr e e ee e e 199
Table 38: Results of tests 0N DriCKS..........uuvviiiiiiiiiiecciiii e 204
Table 39: Compression test results of martar..............oeevvvveee i, 206
Table 40: Compression test results on masonry priSms.............ccccceeeenennnns 207
Table 41: Results of triplet shear test on masonry priSms............cccccevvveeenn. 207
Table 42: Compressive strength of recovered bricks............cccvvvvieeeee 208
Table 43: Compression test results of mortar and plaster..................ccceee.... 209
Table 44: Compression test results of nemeet mixture for recovered wall...210
Table 45: Density calculations for cement mixture for new wall alternative.210
Table 46: Results from the production company..........cccceeeeeeeeeeecviiceeeeeeennn. 211
Table 47: Results of triplet shear test on masonry priSms.............ccccovveeeenn. 212
Table 48: Characterization phase, fpuint results for solid bricks.................. 213
Table 49: Endpoint compans for solid bricks.............iiiicecil 214
Table 50: Weighted single scores for solid bricks..............cccovvviieeeec 214
Table 51: Characterization phase, mint results for hollow bricks................ 215
Table 52: Endpoint comparisons and weighted single scores for hollow.brigks
Table 53 Weighted single scores for hollow bricks.............ccoieiiiiicceeeevnnnnnns 216
Table 54: Price inputs for solid brick wall alternatives...................ccovvveeeee. 217
Table 55: Price inputs for reclaimed solid brick wall, alternative.................. 218
Table 56: Price inputs for new hollow brick wall..............cccoooiiiiieeeiiiiiennnn. 219

Xviii



Table 57: Price inputs for recovered hollow brick wall..................coooieeeennns 220

Table AL: LiSt OFSTUTIES. .....uuuiiiiiiiiiiiiiiiii ettt 301
Table CLIMOIAr tYPES....uuuei e e eeeerc e enee e e e e e e e e e eeanannnnes 387
Table C2:IMOrtar tYPES....uuueee i eeeere et enee e e e e e e e e e eeanaaenens 387
Table D1:Properties of sengthclasses for Portland Cement......................... 401
Table D 2: Energy distribution of stages of [fay cement in US cementgnts..403
Table D3: Component ratios for different strength classes of cement......... 404
Table D4: Information about 42.5 and 52.5 in the database......................... 405
Table D5: Production details for 42.5 and 52.5 Classes..........ccccccovvvveeennnn. 406
Table D6:Electiric energy amount for Portland Cement Production............. 408
Table D7: The comparative envimmental impact for CEM | class.................. 410

Table D 8: Material and Energy inputs of different skasses of cement......... 411
Table D9:Electric energy amount for Portland Cement Production.............. 412

Table D10:Environmental impact comparison for Portland Cement Productdr3

Table E1: Full list oEl caused by ew wall alternative of Russiarase study...415

XiX



LIST OF ABBREVIATION S

AIA: American Institute of Architects

ASTM: American Society for Testinand Materials

BIM: Building Information Mbdeling

BREEAM: Building Research Establishment Environmental Assessment Method
BUWAL: Swiss Federal Office for Baronment, Forest and Landscape
CAD: Computer Aided Design

CDW and C&D WasteConstruction and Demolition Waste

CED: Cumulative Energy Demand

CEM: Portland Cement

CH: Switzerland(for Ecoinvent datasets)

COTE: Committee orthe Environment

DALY : Disability-Adjusted Life Years

DfD: Design for Deconstruction

DFG: German Research Foundation

DIS: Draft International Standard

DOE: (Energy Simulation toopepartment of Energy

EIA: Environmental Impact Assessment

EN: EuropearNorm

EOL: End-of-Life

EPA: Environmental Protection Agency

EU: European Union

EUSES European Union System for the Evaluation of Substances
eQUEST:QUick Energy Simulation Tool

FAO: Food and Agriculture of the United Nations

FEM: Finite Element Model

GHG: Green House Gases

XX



GOST: National Standards Russia

GWP: GlobalWarming Ptential

IBC: International Building Gde

IFEU: Hambug and Institute for Energy andhiironmentaResearch
ifu: Institute of Environmental Informatics

IPCC: The Intergovernmentdétanel on Climate Change

ISO: The International Organization for Standardization

LCA: Life Cycle Assessment

LCC.: Life Cycle Cost

LED: Light-Emitting Diode

LEED: Leadership ificnergy and Environmental Design

MIPS: Mass Intensity per Service Unit

NHL: Natural Hydraulic ime

OECD Organisation for Economic Caperation and Development
OMNITOX: Operational Models and Information tools for Industrial applications of
eco/TOXicological impact assessment

PDF Poternially Disappeared Fraction ofo8cies

PPA:Powder Polymer Aditive

PVC: Polyvinyl Chloride

RER Representing Euroféor Ecoinvent datasets

RFC: Russian Federal Coun@bbreviation by the researcher)
RoW: Rest of World(for Ecoinvent datasets)

SETAC: Society of Environmental Toxicology aGthemistry

SNIP: Standard for Design of Stone and Reinforced Masonry Structures
SPINE:Sustainablé’roduct Informabn Network for the Environment
SPOLD:Society for the Promotion of Lif€ycle Analysis

TGD: Technical Guidance Document

TRACI: Tool for theReduction and 8sessment of Chemical anither
Environmental Impacts

TS: Turkish Standard

XXI



UBA: The Federal Environmental Agency, Berlin

UN: United Nations

UNEP: United Nations Environment Program

UNO: United Nations Organisation

US: United States (fdEcoinvent datasets)

USD: United States Dollar

UV: Ultraviolet

WMO: World Meteorological Organization

YDD: Yakam D°ng¢se¢ Dejerl endirmesi
YOK: Yuksek Ogretim KurumuCouncil of Higher Education

XXIi



CHAPTER 1

INTRODUCTION

This study covers whole processaofesearch project on recovery of masonry debris
for their reuse in new constructions. The main motivation behind is the durability of
these materials andrequent demolition of such buildings prior to their real
deterioation. Hence, besides studying other similar researches, case studies, direct
measurements, laboratory tests, digital simulations were also realized to-fioahall
answers to this intersextresearch zone @ Rcovery andfi Msonry; asdetailedin

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,dge reasons behind the demolition

of such buildings appear to behanges in building bylaws or redundancies of
buildings; whth sometimes are carried outctear the plots for new and mbstaller
buildings (EliasOzkan, 2001). On thether hand, hidings struck by dasters
especially earthquakdsave to be demolished alss they are no longer safe for
habitation A study on the deconstructiaf Earthquakedamaged buildings Turkey
illustrates that, altbugh slightly damaged buildingsan bestrengthened for safe
occyancy some are severely damaged cannot be rehabilitated. Such buildings
underwent partialdeconstruction, whenever itas possible to reclaim building
materials or components from them eTiesearcher attracts attenttortheimpact of
deconstrucon method on the recovery ratasd the quality of the construction

materials and recommends timpvn technique i.e. deconstruag the building story



by story,starting from its roof. On thether hand, when demolition slected athe
method of disposal it results in further damagethe recoverable material and the
resultant debris mix is almoshpossible to sort oufEliasOzkan, 2003). Another
option is partial demdion of old masonry buildingsand refurbishment of the
remaning parts. Forrehsehanoaep 66fa-admmon appr oc:
the historical characteristicef an area byretainingthe od f a- ade i ntact a
demolishingthe spaces behind. Thew building is then constructeoehind the

or i gi ne(Addid, a00&.\Whichever approach is seledtéor the enebf-life
scenariohuge amounts of masonry kes up the demolition waste. @re other end,
since these budings are not always demolisheéde to wear and tear, the conditmin
masonry walls aftepartialor complete demolition may dtlbe of a good quality that
maybe caducive to their use elsewhe@nefamousmethod for the reuse of manry
components is the salvagégood quality bricks, whiclis mostly favored owingo

the vintage look of the brickthat can be integrated into tineodern architectural
designs. Regardless of the designntit, this is indeed a useful way to prewe
valuable material from beindumped as waste and thus contribute to environmental
and economicsustainability.In addition to the reclaimed silggbricks, using wall
pieces asecovered masonry wall sections isasgible scenarisuch as cutting wall
debris into new masontylocks of which realized examples are presented in Chapter
2. This approach not only hedpto salvage the old materials but alsarries the
historical style othe building to its currentesign with a new understandirig.view

of these examples dfifferent recovery scales, frobrick units to wall sectionghe
argument of this study is thamasony wall debris can be reassesseda secondary
source of construction material that offers alternative design solutions degpemdi

the inherent potential dhe waste material.

1.2.0bjectives
Masonry basedvaste can beaitilized in innovative mannsrthat can, not only be
environmentally beneficial, but also aesthetically plegsieg explained in the

previous sectionln order to support this claim, this study was carried out to quantify



the eventual strength propertieenvironmental impacts and the economic feasibility
of reusing waste material in new camstion projects and to propose suitatiéesign
solutiors that can be applicabl@herefore the main objects of this study as wad

subobjectivesappearedluringthe process can be noted as follows:

- Determination of suitable recovery alterndives for converting demolition
debris into new masonry blocks

- Surveying eventualandition on the plot such agparated anixedstorage otiebris
- Understandingadvantageougéusable)and disadvantageoydisposableproperties
of debris

- Surveying literature for availablexamples ofreused masonry materials and

alternativedesigrs

- Determination of mechanicalproperties for recovered samples
- Deciding on propersamplesand theimpreparatiormethods

- Investigating main physical propertiesthe samples

- Selecting suitablstrengthtest methods

- Collecting official limits for strength valuefor the sake of comparison

- Determination of environmental impact
- Constructinga simulation model according to design idedth recovered materials

- Comparing obtainednvironmentalmpact level with that of a commoaorewwall

- Determination of cost
- Adding upall pricesof materials and processassociated with the recoveredll

- Comparing obtainedostwith that of a commonewwall

- Assessingall parameters together

- Combining strength, environmental impact and cost levels fordwallations



1.3.Procedure
The process of the study sedtwith investigatingthe reusabilityfor construction
materialsand enéd with assessing theonsequencesf reusng from different

perspectivesyhere the processan be grouped under seventh steps, as follows:

The first step is the combination of literature surveys on separate subjgictstrate
the set possibilities for this studye. demolition processeasnd stateregulations
recovery proposals, strength estimations for masoatgrials environmentalmpact

and economic assessmentalvaging methodsnd recovered materials

The second step is the determination of two case buildingteén their demolition
procesesanddetermine theventualcondition ofdebris for further analyseklence,
a loadbearinghistoricalsolid brick masonry building in Russia aadoncrete framed
hollow brick infilled building in Turley were chosen as case studies atidviing
thar demolitiors, a few samples werabtained to conduct th&trengthtests These
initial investigationgyave clues for potential of reusabilapdthereforefurthersteps
were also developeddditionally, whole life cyclesof the buildingsstarting from
their constructiorwere also studiefor archives which were obtained either from

literature or inhabitants of the buildings and districts.

The third step ighe designproposal for the propasseof salvaged materials with
regard to theideterminedproperties such as ogparativestrengtts of mortar and
brick, averagedimensionsof wall sections andcrack conditbns. Consequently,
proposal for solid brickeppeared asutting the wall sections o new prismatic
blocks containingld brick and mortar togethgwherehollow brick wall piecesvere
already small and their reusanbe sustained by smoothing the edges and applying

new plaster.

Thefourth step is the analyses ftreidentificationof main physical properties such

as densitydimensionsas well as compressive, flexural and shreaistance, of which



studieswere completed in the laboratoi@btained values were assessed according to
allowablelimits, which are quitepositive forthe sake ofeusability;thereforethey

werealso studied frm different perspctives as notedn the further steps.

The fifth stepcontains heconstitutionof simulatian model in SimaPro LCAoftware,
for the comparison of resultant impact congatio a new similar wallThis model
showedfavorableaspects for reclaimed proposal term ofhuman health, ecosystem

qualty, 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 informatmbtained fromlocal companies ounit
price listsby ministries where bothreclaimingprojectsi.e. solid and hollow brick

debrisappeared to beoreexpensivehanthenew ones.

The seventhand the last step of the study contains overdibcussion combining
recovery ways, strengtroperties environmental impastand prices; which poietl

theopportunities and revision requiring aspects for more succesadnryrecovery
projects.

1.4.Disposition

Theresearctlis presentednder seven chaptemherethefirst chapter i.elntroduction
containsArgument, Objectives?rocedure and Dispositiomhile the second chapter
i.e. Literature ReviewincludesLCA Studies for Building Materials andothponents
Architectural Designs on MasonryeBovery ad Reuse Strength Tests for Masonry
Construction and Catruction and Demdion Waste Rgulations in Russia&
Turkey. The third chapter illustrat the research material under twiles as
Demolition of a Solid Brick Msonry Riilding in RussieandDemolition of aHollow
Brick Masonry Riilding in Turkey Thefourth chapter is on methodology of gtady,
which is sharedundersections noted a&inderstandindBrick debris;Investigations

into Materals andStrength TestsEnvironmentalAnalysisand Economic Aalysis



while the fifth chapter isdevoted tothe resultsand categorized int&trength Test
Results, Life Cycle Assessmengsults andCost Analyss. Similarly, thesixth chapter
presentsdiscussion about comparisons of mechanical propertiesvironmental
impactsandcosts while theseventh.e. the lasthapter presenwverall conclusions

gathered from the process of this research.



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 presémisatg state of
research inthese areas from around the world, under four sectidres 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 elem@ds have been showcased the second section, about which
information was obtained from two current waticepted digital architectural archives

and generic Google search. Inquiries about destructive and nondestructive strength
investigations on masonryugstructions were combined under the third section, and
lastly, the broadest clustere. studies on Life Cycle Assessment (LCA) of building
materials and componentspllected from four scientific databases, whiclare
presented in théourth part. This setion 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 r@seéarch question

definitions, as follows:

2.1.Construction and Demolition Waste Regulations inRussiaand 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 va generic Google search with specific keywords for each country and

official documents shared by governmental authorities were filtered among all the



findings set. These documents contain broad scopes including definition of waste in
general, main categes including construction and demolition class, regulations and
rules for disposals; as well as sample reports prepared for real demolition projects,
whenavailable The documents were translated from Russian to English with Google
Translate tool when regyed 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. 1Relg.ul antRussia s

Search with #AConstruction and demolition w
i Russi an 'Fesultseim raanyi soutcas, from which the official documents
were filtered and studied. Among them, a commentary review by Kichigin and
Ponomarev (208) andKichigin (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.-BZ) was dated to 1998 for the definition of
danger classes of demge 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 [REC1998). 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 followipgars (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 emissiomaeste production rates

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

'fStroitelnyeis nosnye othodyo, #fAPravila i opologenijao ar
MuolstetsdlIlsj dz' dz" § d MmdesMmde § lsasH" 0, Al tOoddkzO d § sdz
ANjH]tBDYdY O

 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 hanahiathods presented in 2011
(RFC,2011)

Within this broad set of regulations, Moscow City Law. [§8 is about construction

and demolition waste (CDW) including the requirements for entities dealitig wi
CDW treatment i.edeterminationof danger classes, collection, volumes to be
processed, recyclin and secondary materials (RFC2005). Featured
recommendations are; proper storage of debris to keep its valuable properties, separate
collection for furtler 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 for of reduced cost tariffs; such as environrdeendly
technologies, use of waste in economic activities, reducing waste generation,
collection, use, disposal and processing. Moreoverthirtplans were declared as
decreasing the waste amount and degrkeeisk 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 technslagiese. 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 Governpriished an
approval document for management prior toc
the indicated cells ifable1(Russian Federation Council, 2002a). The importance of

this document was emphasized for monitoring the real implementations for the



construction of a reliable databank whéseusis the use of CDW as the secondary
material resource.

Prior classificationsire in terms of danger level and volume of waste i.e. being larger
or smaller than 2 & 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 listedn the document, where cerarbased waste including clay bricks is
illustrated inTable2.The same document also reminds us that, clay based waste should
be used forbackfilling the pits in disposal zones for urbanized regions, only if

appropriate recyclingctivity is not available in the city.

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

Accumulation and temporary storage

Type of waste from constructii Amount of Detailed description of temporary Period of
o . N temporary
and demoltion waste, weight |storage conditions
storage, days

Removal

Period for taking waste out from | Amount of waste Plants that
Type of . . Company .

the territory, and types of vehicle{taken out, volume ) received the wast
waste . carrying the was .

used and weight (location and patt
Possible Only for recyclable waste

Orgamzanong Waste amo.unt End-products obtained from proces
Type of having recycling [for processing, . Owner of the end

. the waste (terminology, tonnage,
waste and/or disposal |volume and o products
. . position where-how to use)

activity weight

Material Balance, stepwise
Volume of waste |Volume of .
Type of Volume Volume, taken . . Losses during the
. under processing |received produc
waste on the site out . process
and landfil for processing

Table2: Sample for waste classification method [Translated] (RFC, 2002a: 12)

Ceramic-based waste

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

Production of powders;
Broken bricks, sanitary ceramics, Composttion for slip casting;
porcelain and broken ceramic tles  Additives for lame-retardant plasters;
Raw materials for the production of pigments

Ceramics

10



Last points included in theocument are fixedost regulations for waste processing
dictated by the government, required conditions for the temporary stesige areas,

such as fencing and lighting, allowable temporary stopageds and the compulsory
conditions of the secondary materials especially in terms of fire safety regulations.
The sample of this compulsofgrm thatwas prepared by Makarenko (Z) for the

waste management process for the removal of a reinforced concrete foundation is
presented imable3. 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.

11



Table3: Waste Management Document, Sarhjitanslated and derivedlakarenko, 2013:

12-16)
Accumulation
Accumulation L
Characteristics of temporary storage and
Form of CDW on the plot, 10Cess porary 9 l’for;pogaré/a S
(tons) p ge, aay:
Debqs from disassemb 2.0 Debris stored and taken out from the plot after 7
of building o . .
- - sorting, in amounts removable with trash dumping
Debris, reinforced
390.8 hopper 1
concrete
Removal
Period of o
. Organization
taking the Waste taken out .
Form of waste completing Plants to carmy the waste ou
waste out, type (tons)
the work
of transport
Debris from disassemb 2.0 Two alternative organizations
of building Kamaz brand ) Alternative 9
i i vehicle roposals . o
Debris, reinforced 390.4 prop Two alternative organizations
concrete
Possible secondary uses
Organization or Mass fo.r filling, Processing waste, Plants for
Form of waste entrepreneurs  processing and references rocessin
for disposal burial (tons) b P 9
Debris from disassemb Two alternative . . Two alternative
. . 2.0 Not subject to processing o
of building companies organizations
Processing as stony road
Debris, reinforced Two alternative 302 pavement (Macadam) and Two alternative
concrete companies ' recovery of metal organizations
(reinforcement)
Material balance, stepwise
Obtained Amount, taken TSI Amoynt
to be received by Loss on
Form of waste amount, out from the plot .
processed processing process
(tons) (tons)
(tons) plant
Debris from disassemb Not subject i
. 2.0 2.0 2.0 ) . _Insignificant loss
of building to processing
Loss during
Debris, reinforced Data not disassembly,
390.8 390.4 390.2 ) y
concrete recorded loading and
transportation

' The names of theompanies were hidden intentionally, see referred document for exposed
names
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Lastly, an investment program on treatment of domestic and industrial waste in St.

Petersburg for years between 2012 202D was prepared by Greenpeace Q0dith

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 betreated 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 sdlons for better disposal options.

2.1.2.Regulations in Turkey

Search withkeywords, such a8 Construction and demol i ti
regul at i on s cesulssindnany Sources, feoyn avhich the official documents

were filtered and studiedd mong t hem, fiWast e "anad @agwemem tt
prepared by Ministry of Environment and Urbanizati@912 gives us a broad
perspective about types of general wastes, plants for disposal, laws and regulations in
chronological order. The governmentahtrols were analyzed in three groups as laws,
regulations and legislatiofisfirst 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 3%hd 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, constructiahdemolition waste, packaging waste,

waste oil, used batteries and accumulators conducted in the samé awsuifor
municipalities andlocal governmentsvere publishedone year lateras well as

legislations on vegetal waste oils and transportation ajefans waste types.

f.ﬁKnKaat ve yékem ateéej éo, AY°net mel ik, me Vv z U é
"T¢rkiyede atek y°neti mi
"Wanun, y°netmel ik, genel ge



In lateryears, 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 vaastevaste burning, rules

on old vehicles, oil tankers and tires, sterilization and disposal of medical waste.
Moreover, publicationson integrated waste management, recoverbpesfigninert

waste and its reuse for rehabilitation, restoration and infillepte and approval
conditions for setting solid waste processing organizations were presented by the

ministry stepwise in the following years.

The current waste managemenedgw' (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. authoritiesdifferent scales such as municipalities and
ministries and penalties fomappropriatecases. Moreover, all available -tgpdate
technologies for different disposals were also listed such as permanent storing, surface
filling, deepburial, burning on thdand 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 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.

Table4: Partial table from waste catages list [translated]
(Ministry of Environment and Urbanization, 2015: 40)

Construction and De molition Waste
(Obtained from contaminated zones, including soi)
Code Definition Notes
1701 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 substdiikedy hazardous
17 01 07 Concrete, Brick, Clay roof tile and Ceramics other than 17 01 06 group

17

'Aték y°neim y°netmeliji, ministry of environmen
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Concrete, bricks and clay roof tiles were grouped under the same cl&gs iL&.as
seen in Tabld where the single specific explanantion is about containing hazardous

susbtances.

The first specific bg-law on construction and demolition waste management titled
Earth excavation, construction and demolition waste corf2004) 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
recovey and disposal. Additionally, tasks of authorities are also clarified there as;
establishment of mvery and storage organizatjodetermining disposal and
transportation fees, announcing the information of available companies, frequent
controls and stemg the disposal facilities in enterprises. Moreover, they are also
responsibléor 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 cas 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 compulgmymission document i.e. demolition
licensd to be submitted to authorities before starting the demolition wdtkis isan
umbrelladocument required for buildings larger than 250and higher than two
stories; gathering mangfficial documentationsuch as risk assessment form of
building, bills of required payments, certificate ownership and photographs of the
building. Waste acceptance fdfmis one of the compulsory documents, which
includes the information about demolishing company, date and locafidhe
demolition, information of the responsible people on the plot, information and license

of garbage transporting compaaynd vehicle registration plateAdditionally, the

f‘Hafriyattopra]é i nkaat ve yekénté atéklaréneéen
'Yékém ruhsat e
"At ék kabul for mu
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most important part noted in this document appears as the notation of seigotsdl
methods, as shown rable5.

Table5: Partial table from waste acceptance form [translated)]
(Ministry of Environment and Urbanization, 2017: 18)

3) Plant receiving the waste

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

Name of the owners: Weight of the waste: | 1  Storing
Address of the firm: Disposal and Recovery Methods:

City and code: ]  Grinding
District:

Quarter: ] Sieving
Street:

Phone number: Date for receiving the waste: L1 Others

Lastly, details about the process and resultant waste amounts are required to be noted
in plan of demolitiohdocument, as shown ifiable 6. The amountf materials
obtained from demolition should be noted in three classes as topsoil appropriate for
vegetation, excavated earth antkeddebris. Moreover, the amounts fosplosal and
recovery should be noted separately on this document.

'Yékém pl aneé
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Table6: Table of Waste management plan [translated]
(Ministry of Environment and Urbanization, 2017: 22)

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

Name Surname:

Address:

Phone:

Start and End Date of the Process:

Information on demolition:

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

Dwelling, commercial building, road, bridge, etc.

Topsoil Excavated

(Vegetal) Earth C&Db Waste

Approximate amounts (n? , ton)

Names and Codes of the Waste

Safety precautions around the demolition plot
Temporary storing methods for demolition plot
Licence of the company for transportation of
Precautions to be taken during transportation
(Dust, noise and view)

Recording and reporting methods

Data, after the demolition process
Recovery methods and amounts

Disposal methods and amounts
Permission

Urban / Rural area / Municipality / Local government

2.2.Design with Recovered Masonry

This section provides details into the architectural designs with resdairacovered

and reuse masonry components for new constructions. Data on such projects were
obtained from two famous digital archives of architectdesdigns fromaround the

world, as well as a generic Google search. Hiesburceis Archdaily, whichwas

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-gigdy where architects can submit their own

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

17



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.

Lastl vy, Amasonry, reuseo keywords were also

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

notprovider ef i ning tool within the outcomes, ther
reuseo keywords results in 544 resources t he
Dezeen offers a more user friendly tool and

t he s ehitectaréb riilacrk 0 results i n 7 more concentr at

of Google search, 2 projects attracted attention as being similar to the design style in
guestion. 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 oldnew masonry buildings, techniques; clay bricks, other units; reusariofis
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 builditgsiew
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
fadlities; maintaininghistorical masonry facades, pievkile renewing the rest of the

buildings with different methods.

18



ISSITEET|

v———————_——

Figurel: Adaptive reuse of Hughes brick Wareho@echdaily, 2014)
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One is the adaptive reuse project of Hughes Warehouse in USA in 2012; which was
designed by Overland Partners Compamyking in architectural, urban and master
planning scalegArchdaily, 2014) This brick masonry warehouse had been built in
1918 with2200 nt-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, visitingtudent critiques, andining. 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 &eping the historical characteristics of the building, as much as
possible; as illustrated iRigure 1. Although many adaptive reuse projects presented

in Archdaily achive also contain reuse of old brick units when available; their use was
not noted with specific technique other than conventional bonthegefore,they

have nobeen presented and discussed here.

One other project is Community Center Building indteteren, Belgium, designed

by Tom Vanhee Architects Workshop in 2010, as refurbishment of'acetfury old
masonry school buildinfArchdaily, 2014a)The architects chose to renovate this 690
m? building in a manner that reflects all the previousl aecent architectural
interventionsthat 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 wayas illustrated irFigure?2.
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Figure2: 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, plaed by Phooey Architects in 2013, presents a unique
example in terms of including reused masonry wall pieces as masonry panels
(Archdaily, 205). 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 rectantzu 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 understaading
shown inFigure 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 matesai.e. brick, stone and even roof tiles obtained from

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

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

2016). The harmonious use of different materials as masonry wall components and the
integration of this oO0patchwork wallé into re

building.

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

el ements on the fa-ade of ndesignediyfluigce bui | di n
and Raffaello Rosselli architects, in Australia in 2QAfchdaily, 2018).These

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

all types of wastes, produced. Additionally, they state that, this is not owlffiee:

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

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

for filtering the strongsunraysv i a f a- ade; among the avail abl
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 ghe be
patterns in terms of strength and curved geometgdlustrated in the final design

in Figureb. Moreover, clay tiles were also usedbamokshelveswhich aremportant
elements for interior space.

Lastly, further details about the buildings are listed able?7.
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Figure3: Reuse of brick wall pieceéa Cubo HousdArchdaily,
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Figure4: Reuse of various masonry materi@$\Ningbo History MuseunfHobson, 2016)
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Figure5: Reuse of clay roof tiles in The Beehive Office Build{#ggchdaily, 2018)
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Table7: Information about the selectédildings

Building Recovered components Reused as Main additions Awards Notes References
The COTE (Committee on the Environment)Top Ten Awards is
Hughes Whole warehouse building with . Glass and steel . famous program organized by American Institute of Architects  (AlA, 2018 and
. t AlA TE Top Ten Green Pr ts Award, 201 . . . .
Warehouse brick fa-ades Studio space components /cO op Ten Gree ojects Award, 2015 (AIA). Ten projects are recognized annually for their success in  2018a)

design and environmental performance

Community  Whole building (formerly schoo
Centerin town hall, library and youth cluk
Westvleterenwi t h brick f a-

Space for various community
activities

New bricks as contrast
old ones. Glass, steel,
timber (staircase) and
insulated new windows

Belgian Building Award in 2014 for non-residential buildin
Nominated for the best use of ceramic materials,
Wienerberger Price (the Belgian Prize for Architecture ¢
Energy), Belgian prize for architecture and energy

From the jury report: "... At the community house in Westvietere
existing construction forms the basis of an original project. The
architect buitt new volumes on old 'ruins' and created an
uncompromising 'patchwork’ of old and new, whereby the bold ¢
of brick gives the project an extra strong character. According t
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.)

a)Partial buildings (dysfunctioni
parts), b)original staircase,
existing steps, c) existing

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. Th
Brick National Awards. Houses Awards Commendation
2014. Residential Alterations & Additions Award -

Commendation 2014 (by Australian Institute of Architect:
Green Dot Award - Residential Built - Honorable Mentior

2013. &' Annual International Green Dot.

(Phooney
Architects, n.d.)

New masonry units

Concrete walls

Pritzker Architecture Prize, 2012

Jury report: His approach to building is both critical and experime
Using recycled materials, he is able to send several messages
careful use of resources and respect for tradition and context a
as give a frank appraisal of technology and the quality of constr
today, particularly in China
building materials, such as roof tiles and bricks from dismantled
create rich textural and tactile collages. Working in collaboration
construction workers, the outcome sometimes has an element «
unpredictability, which in his case, gives the buildings a freshnes
spontaneity.

(Frearson, 2012)

Cubo House . )

u u windows, d)leftover stair
balustrades, e)metal security
doors, f)slate roof tiles

Ningbo

History Bricks, clay tiles, stone units
Museum

Beehive

Office Clay brick tiles

Building

Sun shading element and bookshelves

Sustainable Architecture Milo Dunphy Award, Commerci
Architecture Sir Arthur G. Stephenson Award, Small Prc
Architecture Robert Woodward Award

(Editorial Desk
AAU, 2018)
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Table8: List of sources on strength tests

Database

Joumnal

Title

Key points

Reference

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

ASCE Library (American
Society of Civil Engineers)

Journal of Structural Engineering

Response of masonry bed joints in direct shear

Strength test, one type

Atkinsonet al., 1989

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

Sent hivel & L

5 Springer Link

Materials and Structures

Strength and elasticity of brick masonry prisms and wallettes under compression

Strength test, one type

Gumasteet 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

ASCE Library (American
Society of Civil Engineers)

Journal of Materials in Civil Engineering

Brick-mortar bond and masonry compressive strength

Strength test, three types

Sarangapart al., 2005

9 Springer Link

Materials and Structures

I nfluence of shear bond strength on

compr e Stengtheeststhree eéypeg t h

Reddy 8&eVyas,i2008 r a i

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 t
masonry constructed using lime mortar between the 1880s and 1940s

Strength test, four types

Lumantarneet 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 form
cured mortar structure in masonry using NMR, PFM and XRD

Microscopic analyses

Brackenet al., 1999

ISISE (The Institute for

13 Sustainability & Innovation i-

Structural Engineering)

Structural masonry analysis: Recent developments and prospects

Modelling, mathe matical re presentation

Louren- o, 200

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¢ n cegat, 2007

15 Canada Masonry Symposium

The use of pozzolans to émprove bond and

b Ahednatiget moanngxtule analyses

Taha & Shrive, 2001
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2.3.Strength Tests for Masonry @nstructions

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
ti me. Keywords fAdAbond strength?", "brick m
filtering and resulted in many sources, which were further investigated with title and
abstract, I n t er ms of fadherence of m
Consequently, 15 most related ones were selected and presented ir8; Tatbke

headings including databe, 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 lagtlalternative 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) consiktsresults of series of tests on kedfle brickwork,

of which configurations are illustrated kigure®6.

J Load 1 Load l Load

I I
HHHH 7 = o
BERRRERRR 1 |
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Agngugugi ‘IT] -
iilils = i1 : o
§=0%0,=0 §=30%0,=0 §=90%0,=0

Figure6: Test setuplternatives (Page, 1981)

According to the findings, the researcher stated that cracks were propagated within
bedhead joint lines or lines including brick and mortar together, in the case of uniaxial
compression, depending on the comparative orientadiolosd 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 ibad joint orientation; which was
explained with the presence of compressive load in the ditemtion. On the other
hand, it is also noted that, the relative ratios of those compressive loads changed the

failure type, where loatied joint orientation was decisive.

Similarly, the study by Gumastet al. (2007) also investigated the compressive
strength for strong bridkweak mortar and weak bricktrong mortar combinations via
small wall sections, with measuring compressive strength and elastic modulus values,

as the setup and the samples are showigure?.

Loading Fframe

20 mm fhick MS. plates
50 mm diometer
Concrete blocks roller with ball

100 mm thick keangs

Figure7: Test setup and resultant cracks on sample wall sections (Guehakt@007)

The researchers remind us that, these brioktar 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 aswell 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 wirecut bricks and mortars with ~1:6 cemesaind ratio. The elastic

modulws 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 themortars 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 sep given inFigure8. The researchers noted that, shear is dominant
in case of lateral forces, which is not a commonly studied aspect especially for post
pick situatons, since most test setups result in collapse and do not let monitoring the
conditions afterwards.
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Figure8: Side view of the test setup for shear #&ttinsonet 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 affectedy 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 thathe outcomes of this experiment are applicable for modeling bed

mortar joint and shear behavior correlation.

A similar test setup was also used by Senthi-
and numerical results were obtained and discussed for hadtstdnie masonry walls,

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

different precompression loading models were completed (setupigare 9) and

obtained data were used in numerical estimations of simulation models.
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Figure9: Test setup and digital models (Senthive

The results were modeled according to micradelling 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
consant 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 teal 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 dudy on tensile strength by Khalaf (2005) focused on clay bricks, calcium silicate
bricks and different types of mortars for testing a new proposasbied test setup
configuration,for flexural strength determination according to three point loading

diagram as shown irrigure10.

P .
. : Applied load, P
112 x 10 x 10 mm Steel bar Brick weight, W PPl
W ,—— Plaster of Paris
/— Brick l le- Bar thickness, tpsr
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/.Jv

112 x 10 x 10 mm Steel
bar welded to 25 mm
thick steel plate ! Location of hinge

i 5/8 I forming at failure

Plaster of Paris fo
packing

Front view 1y/2 =1y
Iy - toul2
by

204 mm 107 mm i

—

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

The motivation of the researcher was the need of a simpler and reliable alternative
model overthe complexity of other setups such as cimssk couplet test. The

diagramof 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 anthe comparison of outputs with those from standards setups were also
close. Consequentlyheresearcher reminds us that, this test suggests faster and easier

process with reliable flexural strength results.
One other study about flexural bond strengtlvy Pavia & Hanley (2010) focusing

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

as illustrated irFigure11.
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Figurell Bond wrench test setup and expected failure t{Pasgia & Hanley2010)

The authors state that, water retentivity of NHL mortars are high, therefore a stronger
bond compared to cement and cerdene mortars have been ensured. Additionally,

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

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
mortarsLastly, contrary to the general statement of strong bsmmength of the binder
relation, authors noted that a stronger correlation is present between good bond and

mortarb6s water retention capacity.

In additionto one test includingtudiesexplainedup 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 notedkigure12.
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Figure1l2 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 loadinipading cycles in order to

obtan 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 mickmmodeling method. The results obtained from direct
tests,digital models as well as crack patterns were compared and their consistency
were emphasized; such as the crpakh exactly following joint line for low strength

mortars, as expected.

Reddy & Vyas (2008) tried to obtain the correlation between the bbedrstrength

and masonry compressive strength and used cdmentmortars and soil cement
blocks with different surface alternatives such as geometric manipulation, fresh slurry
and epoxy resin coatings. After altering the surface properties,-strassvalues

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 showRigurel13.
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Figurel3 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
startswithin either mortar or briclaccording to their comparative strengiithough

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 wherbleck to Emortar 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 stséiggn characteristics of masonry. Lgst

the results were summed up as that-fléck to Emortar ratio is less than one and

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

increases.

The study by Sarangapagtial. (2005) contains various strength testgetiher, for the
investigation of alternative bond strengths and fixed stredgtbrmation levels of
brick and mortar. After analyzing the literature, researchers concluded that if the bond
is not altered, compressive strength of masonry prisms will notflosenced much,

even if mortar strength is decreased seriously. First test applied for the verification of
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this conclusion was compression tests with different brick and mortar combinations to

determineébond strengthi masonry compressive strength relas.
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Figurel4: Test setups for flexural strength and shear stref@gtrangaparet 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 shownFigure 14, and the impacts were

determined through tests asHigure15.

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 mortabrick interface is higher than that of the brick. Moreover, it was
alsopresented that if interface had good bondewgl; expected failureither would

bewithin the body of bricks or coupled with bricks and bond failure combinations.
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Figurel5: Surface modifications on surface of bricks @nalcks on wall sections

Althoughcement slurry coating and lirsmil 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 e @he. 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 andwedting, whch 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 Riguwathout
precompression and the findings indicate thmindenhancingtechniques 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 cragiksg if bond is
strong, brick does not fail by lateral tension, but instead masonry prism fails in shear,

as seen ifrigurelb.

In brief, studying on several tesiad 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 hemeak mortar with a good bond

performs better than a stronger mowtéth poorer bond strength.
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Study by Lumantarnat al. (2014) also consists many tests together for exploring
relations of bond strength (flexuieshear) with compressive strength (masonry
mortar) via insitu and laboratory tests on the samples takam fieritage 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 morsamce 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 prismbés strength is more sensiti\
statements in the literature were checked by Lumantatnal. (2014) with
compression test on masonry prism, flexural tests with bond wrench test and shear
tests withtriplet and in situ test¢Figure 16, 17). The authors noted the featured
findings of these tests as that; although the compressive strength of bricks is higher
thanmortar 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 limerich historical mortars with insufficient tensile strength. The
flexural bond strength values obtained from samples showing brick/mortar interface

bond failure were lower comparedttwsefailed within mortar.

Figurel6. Compression test on masonry prisms and flexural test (Lumargiaaha2014)
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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 betteatiodi

for bond strength estimations over compressive strength level of masonry walls.
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Figurel7: Triplet shear test and in situ shear test Lumanteria (2014)

It was also noted that, the results obtained fromsitun andlaboratory shear tests are
consistent withhosefrom 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 interfat®nd 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 natestructive testing methods and tools. Flatjack
methods wer put forward since they require only hydraulic pressure tools and
deformation measuring equipment, and leavieor damage to the wall, after the

process.
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Figurel18: Nondestructive and semi destructive testing techni¢fsesuller, 2003)

The researcher reminds us that, Flatjack techniques prowisiéuitompression,
deformability, and shear tests with altered set ups as shokigune18. Lastly, the
author attracts attention to sed@structive bond strength test, which isitu adapted
version of bond wrench test, working according to the same principles.

Available studies on destructive, semi and -destructive strength tests were
presented up to this point as the first group of whole set, where the second group
includes studies on micrgcale analysis and mathematical modeling methods of

masonry walls.

The study by Brackeet al. (1999) includes analyses on two types of mortar i.e.
cementlime mortar and cement mortar with air entraining agent via microscope;
where the findings indicate that mortar composition changes with distance from the
brick as sbwn inFigure19. The authors reminded us that, this parameter can be used

for determination of durability levels of bonds.
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Figurel19: Brick and mortar interface under microscope (Braddeal., 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 anBRa)X diffraction
techniques. Theesearchers concluded that, high binder content within celinsnt
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 agentyvater retentivity was very low, where cement is not fully hydrated

and resulted in low quality bonding.

The study by Louren-o (2008) presents differ
for masonry structures and questions the possibility of linkirmgammacro 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 gEeEn

optimized model that can be used as a simple modeling tool as shBigaiia20.
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Homogenisation
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Figure20: Basic cell for masonry and homogenizain pr ocess (Louren-o

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 witthosefrom 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, macical properties and setting

ti mes (et@ BOO7). 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 atteiotithe 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 moniainterface and

bond strength were investigated. The method included addition of fly ash and slag into
mortar mixture to check their impact on the wefflect i.e. lime accumulation on the

brick surface as bproduct of hydration within the mortar. Thepectation 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 deedewith 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 typesstoidhose 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 madly used ones are listdoklow:

C952i 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- 13elStandard Test Methods for Measurement of Masonry Flexural Bond
Strength

C1196- 14aStandard 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 Flatjablethod

C1314i 14 Standard Test Method for Compressive Strength of Masonry Prisms
C13571 09 Standard Test Methods for Evaluating Masonry Bond Strength

C1531i 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- 14aStandard Practice for Capping Concrete Masonry Units, Related Units
and Masonry Prismi®r Compression Testing

C15871 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 MaspiUnits, Related Units, and Prisms

C1717i1 12 Standard Test Methods for Conductiagength Tests of Masonry Wall
Panels
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E518 / E518M 10 Standard Test Methods for Flexural Bond Strength of Masonry

E519 / E519M 10 Standard Test Method for Diagorénsion (Shear) in Masonry
Assemblages

2.4.LCA Studies for Building Materials and Components
Environmental impact assessment for buigdmaterials and components were
gathered from various sources gdsented under three sectioes History,

Methodand Available 8idies;as follows:

2.4.1.Assessment Trend®vertime

Although LCA is a relatively term, researchers have been assessing products from
many aspects, which can broadly dassifiedunder environmental, economic and

social concerns throughohistory. Therefore, instead of a narrowed LCA definition,
investigating fAAssessment o met hordparke ogi es
the ground for discussion on LCA. Hence, using three comprehensive keywords i.e.
AConstruction material so, AEval uat'i ono a
containing these words in their titles (or, 24 in total) were obtained via ProQuest
database foraxh decade starting from 1960s, as notedable 9. This database
constitutes dissertations from international and mainly North American universities as

full texts shce 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 perfbance, 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.

" Baldwin, 1961; Burstein, 1965; Barenberg, 1965; Videon, 1965; Emerson, 1971; Hazarika,
1973; Price, 1974; Portillo, 1976; Sharah, 1981; Costij884; 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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Table9: Research focusfalissertation®n building materialsassesment

Title Reference Discipline Subject
The Behavior in Tension, Torsion, and Flexure of Membel Baldwin. 1961 Engineering Strength
Made of Brittle Materials ' Mechanics Material characteristics
« Iron and Steel in Russia, 1861-1913 Burstein, 1963 Social Research Economics
8 The Effects of Stress State, Material Properties and Material characteristics
3 Environmental Conditions on the Propagation of Brittle Videon, 1965 Applied mechanic Durability
Fractures in Steel Strength
Structural Design Classification of Pavements Based on Barenberg, Civil engineerin Material characteristics
Analysis of Behavior, Material Properties and Failure 1965 s s Strength, Performance
The Measurement of the Static and Dynamic one Dimens L ) )
E 197! Civil E Strength
Behaviour of L. G. Materials merson, Wi Engieering 9
8 Performance ar.ld !Economlc Analysis of Flexible Pavemer Hazarka, 197: Civil Engineering Pt.e_rformance -
< Lake County, llinois Durability, Economics
(<)}
= Analysis of Southern Hardwoods as Furnish for a Wood | Price 1974 Applied Performance
Resin Structural Material ' Mechanics Strength
Evaluation of Safety of RC Buidings to EQ Gallo, 1976 Civil Eng. Strength
Evaluation of Wall Const.Techn. Based upon Economical Performance

1980s

Shararah, 198 Graduate College

Factors Influencing Labor and Materials Wastage, Economics

Response and Perf. of Contingency Airfield Pavements . - ) ) Material characteristics
L " . Costigan, 1984 Civil Engineering
Containing Stabilized Material Layers Strength

Natural e nvironment
Zelaya, 1985 Civil Engineering Recycling, Performance
Durability, Strength

Analysis of Laboratory Testing Results and Performance
Evaluation of Recycled Asphalt Pavements

Evgluatlon of Strength, Stifiness and Ductility Requirement Giinif 058 @R e Stren_g_th
Reinforced Concrete Structures Durability
Cost Eflectiveness Evaluation of Highway Flexible Paverm AkMansour,  Material Natural environment
. . ) . Sustainability
Routine Maintenance 1991 Engineering _
Life cycle cost
Estimation of Environmental Implications of Construction Reuse
»n Materials and Designing Using Life Cycle Assessment Horvath, 1997 Civil Engineering Recycling
8 Technigue Life cycle assessment
et Evalqatlon of the Durabilty of Elastomeric Easy-release Christiaen, 199 Meghamgal Natural epvwo.r?me nt
Coatings Engineering Sustainability
Quality assurance
Assessment of the Effectiveness of Quality Assurance Pathomvanich Civiland Coastal Senrvice life
Construction Specifications for Asphalt Concrete Paveme 2000 Engineering Mainte nance
Rehabilitation
. . Civil, Env., Arch.
Sustainable Infrastructure Materials: An LCA Approach Ou, 2007 )
Eng. Recycling
8 A Hybrid LC Model for Construction Process Bilec, 2007 Engineering Reuse
o
Q LCA of Various Materials Used in Road Construction Chowdhury, Engineering L(_:A .
N 2009 Sustainability
Evaluating the Sustainabilty of Construction with Recycled Civiland Env. Nature
. Lee, 2010
Materials Eng.
Methodology for Safety Evaluation of Existing Timber Silva Sousa, Civil Engineering Stmctural...c,afety
Elements 2013 Durability
Advanceq Neural Network and Machine L'eaml'ng Model Rafiei, 2016 Civil Engineering Machine Igarnlng techr).
Construction, Materials and Structural Engineering Concrete mixture detection
%) - ™
S Risk, Resilience, and Sustainabilty-Informed Assessment Susta!nak?|llty assessmen
© Management of Aging Dong, 2016 Structural Seismic assessment
N ' Engineering LCA and Hazard loss

Structural Systems .
¥S Risk management

Embodied energy
Qarout, 2017  Architecture Photovoltaics
Environmental cost

Reducing the Environmental Impacts of Building Materials:
Embodied Energy Analysis of a High-Performance Buildin
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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 rdates
impacts on natural environmename 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, 1980Gsan 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 chga 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 feasu

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 m@80s 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
comnon 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 nonexperts. Hence, besides the EIA; many dsendly 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 swres to be gained by the buildings when parameters defined by experts
are fulfilled; while LCAstatesall inputs and outputs of whole process. Guiekeal.

' These studies were broadly selecte 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

whichwerededpy i nvestigated under AAvailable Stud
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(2011) define four periods for LCA from historical perspective, of which the first one

is between 270 and 90s as the decades of conception, where resource requirement,
energy efficiency, pollution control, wastmergy flows, emissions and quantification
became maters of public concern and environmental institutions started to focus on
them. However, iderging approaches, terminologies, frameworks and results came
into play and therefore authors remind us that second period-2D88)) is the decade

of standardization, where great scientific collaborations were established and hence
international worksbps, 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 1406¥Yies ofinternational Standards
(Guineeet al, 2011). The tiid period (200€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 ab&@A. 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 (Guingteal, 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. Regardingagress and

investigationdiagram the simplification of LCA is as follows:

ALCA studies the environmental aspects and
a product 6s -to-grdve frolmirawematerialraaqdisitien

through production, use andlisposal. The general categories of

environmental impacts needing consideration include resource use,

human health, and ecol ogical consequences.

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

48



process such aguse, recycling and landfill, of which all methodologic steps are
presented in the following section.

2.4.2.L.CA Methodology

Klopffer and Grahl (2014) reviewed a broad range of resources, including available
standards, international guidelines, workskdocuments and institutional publications
about the methodology of LCA and summaditeem in four steps i.e. Goal and Scope
Definition, Inventory Analysis, Impact Assessment and Interpretation. The authors
state that, these steps were initially proposgdSETAC and internationally fixed
under the ISO 14000 serie$ standards, afterwards, as detailed in the following

sections.

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

of which the first requirement is Produsystem 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 oibguction, extrusion and welding of profiles,
installation, use, demounting as well as disposal phase. This is a linear system
definition; where networkequiring models, such as recycling and by products need
particular system definitions. The authorsaadtrattention 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 bonttarfisportation 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 asiogtoff 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 thgireducts i.e. useful
products in addition to the main on@chk 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 smwehlhey 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 time period, such as
the possible changes in recycling technol ogi
for durable materials as building components; where impact categories are determined
with consensus assumptions, such as global warming imjpat00, 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) elateataipon 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 same area and thickness
within a certain lifetime. Moreover, nemeasurable parameters such as aesthetics can
be neglected in this phase, and can be discussed in interpretation phase of the report;
although nomegligible ones, such as thermal disposalwaste with energy
generation requires disposal activity plus energy supply in terms of the functional unit
definition.

After analyzing the study by Huet al.(1998), Klopffer and Grahl (2014) state that,
sensitivity analysis; i.e. different levels wfcertainties 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, climathange 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, geogcgtsystem 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 Analysisis the phase where all inputs and outputs associated
with entire life g/cle 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, Conservaind conversion of
energy, Increase of entropydéntifying 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 enproducts are called Unit processes and can differ from chemical
reaction to whole production aity, 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-di@ebtional manner

if recycling is also undertake Consequently, these relation diagrams give us the total
flow chart for an engbroduct. 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 isteared 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 isorm complex for civil and agricultural data where
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records are less in number and intermediate produegsoclucts, 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 attetion 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
transformationset researcherto 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 awtny 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).

Additionall vy, el ectricity mixo6 is represent
primary erergies 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 ikey for the determination of impact types and amounts, eventually. The
authors give the example of hydropovikat can have serious effects on natural
ecological systems with dams, which are quantified under land use category, while
other production methadresult in greenhouse gases and/or other emissions like acid

forming gases belonging to different impact categories.
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Transportation is also under energy discussion where distance, means of transport and
logistics are main parameters, as Klopffer andhG{2014) state; of which two key

aspects are transportation of materials noted withkilometer unit, while the
personds transport atkilometer.&®m thie poiattofevetw,i n p a
the travel of a single person in a car results in fonesi 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 degfredilization 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 ceproduction, recycling and sibosal (Klopffer and Grahl, 2014). Hence, fair
allocation of inputs and outputs among main products angraducts requires
determination of the essential basic laws of physics and chemistry, efficiency
parameters of technical plants, process detailay cletoff levels,etc. The authors
state that, ve of the traditional and featured methods for allocatidxllecation per

mass where load is shared according to mass ratio between 4m@docts; such as

a unit process resulting in two-pooductswith 7 and 3 kgs; of which all emissions,
energy consumption, ancillary matds, etc. are attributed in7a3 ratio. This method

is disadvantageous for some cases, for instance where diamond awvdluziie

rocks are together in one cycle during thedoiciion 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 autt®ystésn
Expansionwhere calculated loads belong to a proeact 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 systpansion; 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 Sgstem Reduction.
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Although those are initial proposals, one method of allocation cdiradt 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 alloaatilmads
(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 ceroducts is done with regard to their economic values. Diamond exampl
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 environmeni@hds 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 albe 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 -@rdives are discussed as follows:
Klopffer and Grahl (2014) states thatjocation in case of recycling and reuse for
closed loopss simple since a product enters the same production chain again after
use, which cancels the disposal and lessens the ragriah@amount. On the other
hand, average number of reusabiliegyclability cycles should be determined and
collecting facilities, cleaning, transportation, labeling should be shared between the
total number of cycles; where recyclable metal contaireeeniexample since data
should be either obtained from the market documents or derived by scientific

calculations.
The authors state thak]location for open loop recyclingis 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 resourceA@isionally, 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 pet SETAC
(1991); EPA (1993, 2006); Klopffer (1996and UBA" (2002). The authors state that,

other possibility isAllocation of raw material savingin one cycle into systems,
where the exact separation between the two systems needs to-defimeltl, which

is called asCut-off rule. For i nst anc a end pdneis dgarbags t Sy
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 thedbaals 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 mateitiat 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 theosel system, if it is
produced exclusively from the material coming from first system. Although this is a
clear, mat hematically acceptable cut of f
since all the environmental load belongs here. Therefore, therastiate 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.
Endof-life (EOL) phase of LCAs also requires prop&location within waste
according to conventional disposals or recycling activities since a product becomes
waste and it enters a wadtew at this stage. The authors state that, alternative
disposal options can come into play in the EOL phase such aesaliggf 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

' SETAC: Society of Environmental Toxicology and Chemistry
I EPA: Environmental Protection Agency
il The Federal Environmental Agency, Berlin
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or open loop definitions according to real application, as well adysapplectricity
and heat.

- The fourth step i.éProcurement, 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 dimde 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 availabheahufacturer 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 tratajmm 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 imyndatabases. 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-peaduct) (Klopffer

and Grahl2014).

Reports, Publications and Web Sesprovide generic data gathered from companies,
institutes, governmental bodies, environmental organizations etc. for the sake of
reliable LCA inventories. Among many alternatives, two example BUWAL
(Swiss Federal Office for Environment, Forest drahdscape) 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, moageurnals

also publishes datasets such as International Journal of Life Cycle Assessment

(Springer).
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Klopffer and Grahl (2014) also present therchasable Data Basesitegrated into
LCA Software Systems, one of which The Boustead Model developedby a
consulting company in United Kingdom while second orecisinvent, developed in
Switzerland and obtained great reputation as a reliable arid-dgie inventory
database worldwide (Boustead and Hancock, 1B@8stead, 1996; Ecoinvent, 2004
andFrischknechet 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 Uniyers Stuttgart and PE
International in Germany for engineering sector with a focus tonabile industry

(Eyerer, 1996 an&patariet al, 2001). The fourth one is !
Consultants in Netherland, is the most distributed LCA softwemdédwide besides

i ntegrated great dat abases (PrEe Consult
Ecoinvent created a great step in LCA world and even provided a novel specific impact
assessment parameter i.e. eco indicator (Goedkoop, 1995 and Goetidqdi998).

The fifth one is Umberto which was developesoftware by the cooperation dii

Hamburg and Institute for energy and environmental research in Heidelberg (IFEU)

also containing material, energy and mass analyses plus price calculatib@#\&r

(Umberto Web site n.d.)

Klopffer and Grahl (2014) reminds 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 pldees(her, 1993 and Huast 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, mateaats so on. The

uncertainties in this case should be well documented and discussed during the

fllnstitutfg,r Umwel tinformati k : Il nstitute of
" https://lwww.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
Frankrauser, 1996 & Geislest 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 estimationse{Falyal994).
Accordng to Klopffer and Grahl (2014}here 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 ofcldke
Assessment Del@oment (SPOLD format) in Denmark and data format SPINE in
Sweden, that allows electronic data exchange on the Internet (Singtafieri996;

Hindle and de Oude, 1996; Bretz, 1998. Carlsbal, 1995; Arvidssoret al, 1999

and Weidema, 1998). On tbéher 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 Aggregationis the fifth step of this pts® 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-aadepted frameworks such

as Guiding Principles by SETAC (Sonnemann and Vigddll® Alternative
suggestions for aggregation of data were proposed, one of which is Mass Intensity per
Service Unit (MIPS) by SchmigBleek (1993) similar to CED, though both methods
have not yet been able to sustain quality and transparence requirefrigdésnoted

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 definitiorasdimptions functional units and
system boundaries should be watited. Moreover, interpretation phase should be
well documented with the reasons, sensitivity analyses, data quality, statements and

further explanations.
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lii- Impact Assessment phasés 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 magisida 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, wategoil 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 authoritiesdfore 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 1991lokoehg this brief
introduction, this whole phase is explained under threeseations 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 (14048) (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 recommenthoseby SETAC and UNEP /SETAC Life Cycle

Initiative'" , as illustrated iMable10.

' SETAC: Society of Environmental Toxicology and Chemistry is amoeprofit, worldwide
professional organization over 80 countries, on analysis sahation of environmental
problems, the management and regulation of natural resources, research and development and
environmental education (SETAC, c2018).

' UNEP: United Nations Environment Programme is a global environmental authority that
sets the glbal environmental agenda and promotes sustainable development within the United
Nations system (UNenvironment, n.d.).

i UNEP/SETAC Life Cycle Initiative is a joint which is established to provide information

and resources on Life Cycle Assessment. (Lifel€ynitiative, c2017)
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Tablel10: Two sample lists for impact categorigdopffer and Grahl, 2014: 189)
a (Wurdingeret al, 2002) and b (Jolliett al, 2003)

Impact category” Impact category®
Mid-point categories Damage categories
Human toxicity Human toxicity Human health
Ecotoxicity Impact on respiration
Eutrophication (aquatic) Ionising radiation
Eutrophication (terrestrial) Ozone layer destruction®
Land use Photochemical oxidation
Ozone formation (near-surface) | Aquatic ecotoxity Quality of ecosystems
Resources demand Terrestrial ecotoxity
Ozone depletion (stratospheric) | Aquatic acidification
Greenhouse effect Aquatic eutrophication
Acidification Terrestrial acidification and
eutrophication
Land use
Global warming Climate change
Non-renewable energy Resources
Mining of minerals

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 ¢imate change; and acid forming gases under acidification. Moreover, some
components belong to more than one category such asv8{0h is a toxic substance

and an acidorming gas at th same time. The authors remunslthat, although such
distinctions & not always direct and wekhown,the most suitableepresentation 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 convertedtd one common unit. This conversion is done according to
assigned characterization factors such as, the mass fas @@iltiplied with 1 while

CHs with 25 and combined under G®g 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 infraredate forcing for CQ equivalents, as shown

in Figure21.
Inventory results Assignment: Characterisation model Category indicator
mass/fU inventory results i (see Section 4.5)
and impact categories :
Classification ! Characterisation
SOy ) _ P
Acidification || Quantification of ~ [1> Acidification
NOy 3 proton release relative | ! potential (AP_}
HCl— 4| Emissionswith |  toareference (kg SOz-equivalents)
3 acidifying effect E substance
etfc. =™ ]
NO, i
— — ;
NHg | Eutrophication Quantification of |- Eutrophication
—*  manuring effect i potential (NP)
P ——— Emissionswith | :]relative toareference|: (kg PO,>-equivalents)
i eutrophying effect : substance :
etc. | o .
CO, 1 :
CH Climate Change —’| Quantification of |-+ Global warming
4 3" —- Infrared radiative potential (GWP)
NoO — . . : forcing i (kg COs-equivalents)
j e;'mlismnsl.wnr; _' relative to a reference | !
etc. - effect on climate s substance

Figure21: 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) afNormalization, 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 €fDivalents, 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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unitlessvalue indicates the magnitude of emissions and respective importance for

comparative cases.

The authors state the second optional element in the same standamupsg,

where impact categories are assigned into sets for the sake of sorting andfay; ranki
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,
refersto three criteria as ecological endangering, distdodarget 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
endamgering 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 thathose in limited zones. Additionally, Distanee-target
parameter takes ton consideration the distance between the current condition and
guantified quality goal of the environment, rising environmental loads, technical
accessibility of goals; while Specific Contribution parameter proposes unification of
parameters undersinglei t | e of O6ecol ogical priorityo.

Third optional element i8Veighting according to ISO standards, which combines

different impact categories by using numerical factors based on-efahiees; such

asecepoints i.e. a single SiomanRr oséc.orTehibsy iDsutac |l
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 B&C and ISO (SETAC Europe, 1992 aifsio
14042, 2000). This list includes following items: renewable resourcesemewable

resources; global warming; ozone depletion; human toxicity; environmental toxicity;
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acidification; edrophication; 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 situatis, 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 onePistential-Actual Hierarchy of Impacts
Method, where primary, secondary and tertiary impacts on organisms, species,
communities and ecosystems are noted (Fval, 1993). The authors state that,
generally, the primary ones are well measurable phenomena while the secosdary

are based on scenario like assumptions and thirds can hardly be quantified. The case
was exemplified by the authors,thg primary impact of Climatet@nge 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 diseasesschange

in ecosystems, etc.

Klopffer and Grahl (2014) present the second method for the coordination of inventory
and the impact aPotential versus Actual Impacts Method which is based on
determination of concentratiedependent risks since actual estimaidor specific
cases are mostly impossible to obtain, as concluded from the studies ofétvhite
al.,1995; Owens, 1996 arbtting& Hauschild, 1997.

c- Impact Categories, Indicators and Characterization Factorsare the visible
parameters of the sciencedaemneath the study, as clarified by Klopffer and Grahl
(2014), which are given under five sabections from InpuRelated Impact Categories

to Accidents and Radioactivity, as follows:
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- Input-Related Impact Categoriestake into consideration the inputs dfe
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 hengcéhey are hard to reflect for assessment; which reduioad
assumptions about biotabiotic resources and land use, such as use of mines have
greater impct 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 modifie
the land is, hengdahe 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. livimgtural 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 betwespheoe

- Output-Based Impact Categoriesestimate 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 IREECWMJ' use case

' Ecosphere : Natural systems; Technosphere: Human based activities (Klopffer and Grabhl,
2014)

" 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)

" WMO : World Meteorological Organization
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effect experiments and create the quantification method according to obtained or

highly expected results.

Climate Changeis the first output based impact category in global scale, focusing on
the movement of heat waves from earth towards space, wkygen, 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 GHGarbon dioide CQ; methane Ch
dinitrogen oxide NO), ozone (@ and synthetic persistent chemicals are designated
with Greenhouse Effect, and used for quantification of Climate Change (Bruhl &
Crutzen 1988Deutscher Bundestag 1992, 1988 #@C 199062007).

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

i n the average temperat ur e -poietandicatorared e ar t t
can be converted into eqmbint 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 aggregatednnto a su
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 G&om fossils, minerals (calcination of lime, productidn o
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 an GWP
Carbon Footprint is a featured title. Although, these studies are mostly done for

estimating products for Cdimiting regulations and certificating; Valdiviat al.

' GHG : Green House Gases
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(2011) warn us that, single impact category estimation is misleading from broad

environnental sustainability perspective.

Stratospheric ozone depletions 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 so
(WMO', 1999, Klopffer and Meilinger, 200%md Damerigt al.2007). This category

is related to HQ and NQ families which are extremely slow reactions with -OH

radicals and caused by sprays, insulation materials, cleaners, etc. as defined by
FinlaysonPitts and Pitts1986), Molina and Rowland 974 and1975). 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 photooxidantsalso 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 theaim requirements as intense solar radiation with
high UV contribution, reactive nitrogen oxides (N@nd reactive volatile organic
compounds, caused by car traffic and industrial plants. There is not a fully valid
consensus on quantification of this catggsince 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, relaivsequence of organic pollutant classes,
fundamental calculations of N@hemistry; as concluded from the studies of UNO
(1992); Derwenet al.(1998) and Labouzet al.(2004).

' WMO: World Meteordogical Organization
" United Nations Organisation
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Acidification is the fourth output based impact category in continergglpnal and
local scale, which is associated with acidifying impact, such asad@® SQ from
power plants without filtering facilities, as noted by Klopffer and Grahl (2014). These
substances react with water to become acids; such as sulphur dioxidentarns
sulphuric acid and nitric oxides into nitric acid; of which quantification is done in
terms of kg S@equivalentswhile characterization factors are calculated according
to stoichiometry (Heijungset 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 Nddd NH;, mostly due to over
fertilization (phosphor and nitrogen) dields. 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&@valent,

as stated by Klopffer and Grahl (2014).

- Toxicity-Related Impact Categoriesare novelproposas to traditional input and
output based categories, where protection of human and ecosystem health is the most
important parameter, as noted by Klopffer (1996), Hauscéildl. (2008) and
Rosenbaumet al. (2008 and2011). Moreover, this category contains causes,
mechanisms, quantification of diseases and toxicological impact thresholds. Among
the alternatives, Jollieet al. (2003 and2004) attract attention to IMPACT2002+
method developed by an international group, singathers data under 14 rpsbint

impact and four damage categories i.e. human health, quality of ecosystems, climate
change and resourcéghe unit of first damage category i.e. human health is DALY
abbreviaed from the ternof Disability-Adjusted Life Yeas, 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

' 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 stuaBes 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 tatdredard 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 increagiofskin 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 digglie. condition of living

with the disease or its consequences is more subjective. Therefore it is quantified with
a range i.e. diseaseods disability weight on
where for instance a disability weight of asthim 0.043 meaning that burden living

with asthma for one year is equivalent to losing approximately 16 days due to
premature mortalitfGolsteijn,n.d.). These constants were derived from the list of
disability weighting factors used by the World Hedlttganization 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 gevindose, 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 methodolegygdtal., 2015).

Goedkooyet. al (2013) remind us theecond parameter of end point impact categories
in IMPACT+2002 is quality of ecosystems presented WhF.m? . yeai unit where
PDF refers to Potentially Disappeared Fraction of species and whole baged on
loss of species during a certain time in a certain diea.authors state thdtetypes

and number ofspeciesare obtained from thdist of registered spees including
disappeared ongsom the list of theEnvironmenDepartment of United Nation§he

second parametes the dstribution of speciesver terrestrialaquatic lifethat are
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obtanable from Dudgeonet al. (2005) UN Atlas of the Oceans, FA®ood and
Agricultureof the United NationsGlobal Aréblei Ecologicd Zones database.

Humbert et. al. (2012) discuss on the detailefthird parameter i.elimate change

noted with kg CQ@ equivalents as emissions into air where quantification between
COy, CO, CH are taken from the Intergovernmental Panel on Climate Change list
(IPCC 2001, IPCC 2007 and Humbeat al, 201). These quantifiationswere
conducted with regard to being in air, fossil and biogenic sources such as CO from a
biogenic source is 0 kg Geqg/kg while CH from fossil is 27.75 C®eq/kg effect

for a 10Qyear timeperiodare used.

The fourth and the last parameterRssources.e. sum of the midpoint categories
Anerenewabl e ener gy c¢onsumphdnatediatermsad A mi n
Megajoule§fHumbertet al, 2012).

Additionally, these miepoint 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 thahit, 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 envirants i.e. occupational exposure
limits; developed by the German Research Foundation {CE0B7). These values
create scientific database for many substances that are characterization factors
especially folmuman toxicity potential, where the emissionseaweighted 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 ratiasafonogenic 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 ntattdgaas the authors state.

' Deutsche ForschungsGemeinschaft : German Research Foundati
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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 couatrte6lSA, where

the one for USA also presents daily intake limit values as stated in the studies of Sorbe
(1998) and Hertwiclet al.(1998). In addition to limit and indicative values, exposure
estimations are also integrated into characterization pivaseh 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), TG[M1996, 2003), Udo de Haes (1996) and deédHaest

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 tfiessaf Mackay

(1991) and Klopffer (1996 an®012b). Such a system i.e. EUSEfresents
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
staed by Guineet al.(1996).

Klopffer and Grahl (2014) state that, integrating different models with deeper analyses

on toxicity potentials and toxicitpased scoring equivalentstited asHarmonized

Toxicity Model, as explained by Hertwiclet al, (1998). One example presenting
properties of many substances is oOdisabil it
[already detailed under ToxicHgelated Impact Categories textyhich is based on

statistical data from WH® and solutions for multiple tasity endpoints from

European Community Regulation on Chemicals as noted by Hofstetter (1998), WH

(1996) and MulletWenk (2002. This concept is based on system of cumulative-dose

effect relationship converted irsiones Ol ost y e

' TGD : Technical Guidance Document, based on the guidelines and regulations on new
substances and existing substances

I EUSES : European Union System for the Evaluation of Substances

i WWHO : World Health Organization
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USEtox with simple models, comparative investigations and toxicological effect data
addition by UNEPSETAC Life Cycle Initiative as noted by Rosenbaetal. (2008,

2011). This system provides us seven models with parameters and characterization
factorsi.e. CalTOX developed in USAMPACT 2002 in Switzerland; USES LCA

in the Netherlands; BETR in Canada & the USA; EDIP in Denmark; WATSON |
Germany; EcoSense in Germarnyidkone et al. (2001); Hertwichet al. (2001);
Penningtonet al. (2005); Huipregtset al. (2005; Hauschild & Wenzel (1998);
Bachmann (2006) and EU (19892005). Moreover, nine multimedia models for the
computation of persistence and ledigtance transportation potential of chemical
substances had been investigated by expéttse OECD, as noted by Fennet all.

(2005). These are modelled in context of OMNITOXovering over 3000 organic
chemicals, metals and amphoteric compounds according to four parameters i.e. Cancer
by intake exposure, no cancer illness by intake expostaincer by inhalation
exposure and no cancer illness by inhalation exposure, as noted in the study of
Rosenbaunet al. (2008).

Ecotoxicity is other toxicity based impact type, where the border of protected objects
are from small ecosystems to whole #mincluding 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 actigitieanalyzed. 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 gemegathe 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

"USEtox: UNER-SETAC toxicity modeéin LCIA (Rosenbaunet al, 2008, 2011).

 OECD : The Organisation for Economic Gperation and Development

i OMNITOX : Operational Models and Information tools for Industrial applications of
eco/TOXicological impact assessmerit.European research frework programme project
(Larsenet al.(2004) and Molandegt al.(2004)).
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ecological systems can react more sensitively than individuals, as weltastitsry

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 arsuitable
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 concentratfon list
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, 1994and 2001), MullerHerold (1996),
Scheringer (199) and Klopffer & Wagner (2007&). Therefore, one step improved
model was proposewith persistence and distribution of it into quantification step
with i.e. transport, distribution, degradation dimdl fate factor. More complex key
parameters of this system are mass, score of a substance for compartment, release
amounts originatingy 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 taoity, 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 Rosenleaush (2008) and
Hendersoret al.(2011).

- Nuisances byChemical and Physical Emissionsare 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 Grah{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
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scale as decibels, stard distance and disturbed time period, according to limit
values adapted from regulations; as deeply analyzed in the studies of Heljahgs
(1992), Klopffer & Renner (1995uineeet al. (2002); Schmitzt al, (1995) and
Lafleche & Sacchetto (1997).

- Accidents and Radioactivityare 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 crai¢isince 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 paraeng are, risk calculations used for insurance
purposes and number of radioactive decays per unit time; according to Suter and
Walder (1995) and Guinest al.(2002). Lastly, incidents and leakages are required to

be under impact assessment part, whilessiohs 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 theesults 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 tesnse (SETAC, 1991). In time, ISO
adapted a new structure, which excluded improvement analysis phase and included
interpretation instead, and standardized under 1ISO 14043 (2000), as summarized in
the studies of Saur (1997), Lecouls (1999) and Marsmani®)200

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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consisency 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) andHeijungset 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 whichis 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 listghe 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 indicatorBesides numeric values, nommerical 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 studg 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 techrec#ficgtion

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 stuety roat

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 n other countries, while YOK (Yuksek Ogretim Kurum@ouncil 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 propertiesfdhe database, as noted Table 11. Additionally, the set of

dissertations are presented in decades from 1980s onwards according to their

availability.
Tablel1l: List of studies from selected databases
Database  Start date Limitations Keywords Decade All Sample
. : abstract ’\(A:otnstrlljscn(l)_r:f - 1980-89 0 0
'roQue.f, since 1861phpD. dissertations, ateria € e X% 1990-99 4
Dissertations . ' Cycle 3
& Theses full text available, in Assessment” i -
i = = 2000-09 48 5
Global f_uII text _Engllsh "Environmental I. ®
since 1991 Assessment" 2010-Junel8 80 8
Energy and Building 1990-99 0
L 0
J., Building and )
ScienceDirec since 199t Environment J., same as previous % 2000-09 2 1
Construction and
Building Materials J. 2010-Junel8 26 3
. . The International "Construction § 2000-09 31 3
Springer since 200( . <
Journal of LCA Materials" n 2010-Junel8 121 12
YOK Ulusal _ . "Life Cycle = 1990-99 0 0
. - Dissertations " IS 2000-09 7 1
Tez Merkezi Assessment »
2010-Junel8 21 2
Total 340 36

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 summarizedrable12, 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.
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Tablel2: Initial investigation o thestudiesrelated to LCA

ProQuest Dissertations & Theses Global

Title Key points Subject or Keywords
. !Estlrl’natpn of enwronmeptal Choices in asphalt and reinforced conc . . ) .
1 implications of construction . ] Civil engineering

4 . ) A pavements, steel and RC bridge girder:
- materials and designs using LCA
=) ' i
S An aﬁsessment of "The Natural Ambiguity and generalty of the framewo Environmental
4 Step"as a framework for management;
. was analysed S
technology choice Sustainabilty; ...

2000 - 2009

48

i <
Life cycle assessment of residen Pro_pose_s model for LCA °f?‘ typical U Civil engineering;
resident in terms of construction materia

buidings Env. engineering

Biodegradable hydraulic - . L ) L

) Lo ._Investigations for environmental Civil engineering;
fluids:Reducing oi-related pollutio . ) . ) ) .
. o improvements into the supply chain Environmen. engineering
in the construction industry (part

. : Alternative Energy;
Life cycle assessment of microal e

Q - PR LCA was conducted to evaluate the me Environmental
g 1 biodieseland policy implications 1. o L .
I o ! impacts and to identify the best alternati engineering;
PN minimize unintended consequenc
2 Energy
>
3
o Organic geochemical investigatio L ; L
S . . ) . . . Civil engineering;
S g of urban sediments by pyrolysis- An engineering approach integrated witt Sustainabiity:
N gas chromatography / mass a multi-stakeholder partnership N
Urban planning
spectroscopy
® Comparative environmental life  Similarities and differences between  Intensive, extensive gree
cycle assessment of green roofs atternative fabrications, transportations, roofs, conventional roofs
S { t of fs alternative fabricat t rtati fs tional rooft
N
S Environmental impact and life cyc . . _Alternative production
58 P . . 4 The comparison between different heati p .
© & 2 assessment of heating and air ) o methods, different kinds
= - systems via Eco-indicator 95 method .
% conditioning systems, a case stu of environmental burden
(5]
[ce] N . g
,5 = LCA applied to the manufacturin Life cycle assessment;
@ g 1 of common and ecological Concepts and tools were discussed  Sustainable constructior
S concrete: A review
B
o Enharlcmg'ﬂowablllty a}nd Alternative mix designs to decrease Ulira high perforrlnan?e
g 26 sustainabilty of ulra high ; concrete, Sustainability,
& environmental overload )
performance concrete ... Recycling, ...
. Provide hard data collected from numbt Carbon dioxide
o Green House Gas Emissions du . . L
o 1 of quarries and concrete manufacturing emissions; concrete; fly
IS Concrete Manufacture
\ plants ash ...
5 S X L Installation criteria for types of sidewalk Blocks, Cement, Ctties,
39 Environmental optimization of . f . L ) .
o N 31 . . “exclusively on economic and social factc Civil engineering,
1) concrete sidewalks in urban arei . . L f
= leading to design uniformity Ecodesign, LCA, ...
© Li ment of . . P
= fle cycle.assess .e N . Tests on two alternative roof constructic Attributional
S8 construction materials: the influen . ’ .
o 1 L ) elements: glue-laminated wooden bearr Consequential,
c of assumptions in end-of-life .
5 - ; and steel frames Construction product, ..
= modeling
S Estimation of greenhouse gas . ) . .
9 121 emissions from sewer pipeline City-scale inventory database with direc GHG emissions, Proces
indirect, and embodied emissions based LCA, ...
system
= - -
83 A qugl for life gycle assessmer To make the selectpn of products easy Architecture
NS of buiding materials and correct for architects
< 8 Utiization of different decison P hysi cal and c¢ he mEnvionmental
o) 7
s © making techniques for ... Engineering, ...
E @ A methodology for holistic lifecycl Combining life cycle assessment, life cy
3 L . .
s N g approach as decision sgpport f:ostlng and social life cycle agses§n1em LCA, LCC, SLCA
g2 system for closed-loop lifecycle in order to evaluate the sustainability
>3 management performance
5 é. Life cycle energy and
> S 21 environmental effect assessmeni CML 2001 method Agriculture

the sweet sorghum
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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 managementusknglanning,
nanoscience, transportation mteng, food engineering, agriculture, law and
sociology.This research also shows that the frequentiemiain scale appear as
resources, materials, building, infrastructure, industry, construction, project, material
systems, built environment and designclitectural 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, eraf 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, invesories,
impactcategories. Among them the frequent ones appear as Life Cycle Assessment,
Embodied eargy, Carbon footprint, Life Cycle Cost, Life Cycle Social Impact, Green
Labels, Environmental Impacts, Emissions, Certificates, Cumulative Energy Demand,
Optimization tools, Inpubutput models, Life Cycle Management, Cradle to gate,
cradle to grave, edleto-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 tcstitbgect and abstract of the
studies and prioritywas on the possible keywords as: Building, ©ifdife,
Construction materials, Masonry, Brick, Clay materials, Mortar, Reuse, Recovery,
Reclaim, Demolition, Disposal,dndfill, Strength tests, LCA, LCC;ral presented
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u n d Keasori of selectiod ¢ o | urabte 12i Gonsequently, this sample set
resulted in 36 studies, as notedTiable 10 [Cell: sample] both clogly or indirectly
related to the topic; and analyzed in termseskearch quetion, research material,

data sources, research method, research tool, and finding&ach criterion is
presented in a separate table including the titles of the studies, explasfatriterion
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 resequelstion as the first

criterion, is presented ifable 13with the explanatory text.
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Tablel3: Researclyuestionof the studies

Title

Reference

Reason of selection

Research question

Category

Towards environmental profiing for office buildings using Life Cycle

Assessment

Ragheb, 2011

Building materials, raw materials, disposa

waste

How building key assembly systems (foundations, structure, walls, floors,
roofs) influence its environmental impacts during its service life, from extraction of raw mate|
disposal of waste?

Environment

Closed loop material cycle construction : Defining and assessing clo
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 ¢
loop material cycles?

Environment

Life cycle assessment of building refurbishment: A literature review

Vilcheset al.,
2017

Building refurbishment, end-of-life

How is the literature on the environmental evaluation of building refurbishment and renovatic
the lifecycle assessment methodology?

Environment

Life cycle analysis in the construction sector: Guiding the optimizatiol Asdrubaliet al.,
conventional Italian buildings

2013

Building materials, end-of-life

How are the LCA results of conventional housing and office buildings in Italy, as well as thei
altered proposals?

Environment

Life cycle assessment of construction materials: the influence of

assumptions in end-of-life modelling

Sandinet al.,
2014

Construction materials, end-of-life, modelih¢pw do end-of-life assumptions influence LCA comparisons of different construction materials?Environme nt

Carbon footprint and embodied energy assessment of a civil works \Wahidul &

Construction materials, virgin and recycle: How is the difference between LCA results of traditional and recycled road construction

Environment

program in a residential estate of Western Australia Biswas, 2014 materials alternatives?
Application of life cycle assessment approach to deliver low carbon Lawania & . How is the environmental impact comparison of typical house of Australia in different climatic .
. ) . . Clay brick, life cycle assessment . Environment
houses at regional level in Western Australia Biswas, 2018 regions?
Environmental impact of carbon fibre-reinforced polymer flexural Maxineaseet . . . How is the environmental impact comparisons of unstrengthened reinforced concrete bearn .
. . . Construction materials, demolition, reuse . . : Environment
strengthening solutions of reinforced concrete beams al., 2015 those of different strengthening techniques?

Quantifying the greenhouse benefits of the use of wood products in Ximenes &
popular house designs in Sydney, Australia

Grant, 2013

Construction materials, maintenance,

disposal

How is the LCA comparison of conventional house designs with the addition of wood materialsEnvironme nt

Life cycle assessment of ceramic tiles. Environmental and statistica Ibanez-Fores e

analysis

al., 2011

Clay materials, end-of-life, demolition wasté/hich stage of production has the greatest environmental impact for ceramic tile production? Environment

Evaluation of environmental friendliness of concrete paving eco-bloc Hossairet al.,

using LCA approach

2016

Concrete paving, virgin and recycled

materials

How is the environmental impact comparison of concrete paving and recycled material-add
version of it?

Environment

End of life of buildings: three alternatives, two scenarios. A case stu

artinezet al.,
13

Construction, demolition, waste

How is the LCA comparison of demolition works with different scenarios?

Environment

Life cycle assessment of construction and demolition waste manag Mercanteet al.
systems: a Spanish case study

2012

, : - H
Construction, demolition, waste managemg

ow is the comparative LCA results of construction and demolition waste treatment systen
pain?

Environment

Life cycle environmental impact of different replacement options for Napolancet al.

typical old flat roof

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

Napolancet al., Masonry buildings, damaged elements,

2015a

replacement

How is the comparative LCA results for masonry repairing proposals?

Environment

Goneébut

landfills in LCA

not

awaydaddressing

t Hauschildet

al., 2008

Landfil, 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 Karamar Buiding materials, life cycle assessment,

2014

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 hew LCA tool that is derived from existing assessment systems?

Environment

79



Table13: (Continued)

Title Reference

Reason of selection Research question Category

Evaluating the sustainability of construction with recycled materials Lee, 2010

How to quantify the benefits of using recycled materials in comparison to conventional mate  Environment,

Construction material, recycling

highway pavements by conducting life-cycle assessment and life-cycle cost analysis? Economy
Reducing the Environmental Impacts of Building Materials: Embodie! o . i . How is the situation for the embodied energy estimations of high performance buildings? Th  Environment,
. . L Qarout, 2017  Building materials, environmental impacts . . . . . ;
Energy Analysis of a High-Performance Building optimize building operational energy and focus shifts to embodied energy Economy
Time, cost, and environmental impact analysis for sustainable desig, . . . . Is there an observable relationship between time, cost ap@@iSsions at different levels of the  Environment,
. - Inyim, 2015 Construction material, phases of life cycle, ™ . ) ) o )
multiple building levels building? Do the relationships exhibit a trade-off behavior? Economy
Harmonizing Technological Innovation and End-of-Life Strategy in th _— ) What are the costs and environmental impacts related to end-of-life of LED lighting fixtures® i
L g g a9y Dzombak, 2017 Lighting products, end-of-life . .p . ghting Environment,
Lighting Industry to develop a framework to determine their optimal management? Economy
Sustainabilty and Waste Management: A Case Study on an UK Oil ! . How is the situation in the refinery with regard to sustainability, in particular the managemen  Environment,
. . ] Gonzalez, 2016 Refinery, raw materials, waste management, .
Refinery During Day-to-Day and Turnaround Operations materials and waste? To generalize the results for a new assessment framework Economy
. i . - . . . How to develop new methodology to assess the effects and impacts of lifecycle phases of i
Environmental assessment of office buildings Vieira, 2007 Construction materials, end-of-life ) P ) . gy . . . b ycep Environment,
with focus on end-of-life, which is specialized for office buildings? Economy
An integrated analytical approach to environmental management in Chen. 2003 Construction materials, environmental  How to develop an environmental impact assessment methodology for all stages of constru  Environment,
construction ’ management projects? 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 res|
buildings especially in Canada

Environment,
Economy

From the new European Standards to an environmental, energy an Silvestreet al.,
economic assessment of building assemblies from cradle-to-cradle 2013

How to formulate a method for the compar
with regard to assessment of the environmental, energy and economic life cycle from cradk
cradle?

Environment,

Building assemblies, cradle-to-cradle
Economy

. . . Kosareo & . . . How are the life cycle environmental cost characteristics of intensive and extensive greenr  Environment,
Comparative environmental life cycle assessment of green roofs . Building materials, disposal phase .
Ries, 2007 versus conventional roofs? Economy
Life-cycle assessment and cost analysis of residential buildings in S L . How is the life cycle analysis comparison of common types of buildings constructed in Gazia i
Y b 9 Atmaca, 2016 Buildings, demolition Y Iy P P 9 EllEmm L,
East of Turkey: part 1-208da ca: Turkey? Economy
Development of a Framework to Assess Sustainabilty of Buiding \Weerasinghe, - . . How can the sustainability of building projects be assessed? As a critical review to existng  Environment,
) Building materials, assessment, professions .
Projects 2012 assessment tools Economy, Society

A dynamic model for assessing the effectiveness of construction ar

. Yuan, 2011
demolition waste management

How to assess the overall effectiveness of C&D waste management systems by envisagir
characteristics? Regarding economic, environmental, and social aspects

Environment,

Construction, demolition waste, modelling Economy, Society

Building materials in a green economy: Community -based strategie:

o Milani, 2005
dematerialization

What would the role of building materials be in an ecological construction industry geared to
and cyclical flows?

Environment,

Building materials, assessment types :
9 typ Economy, Society

Framework for analysing construction alternatives with respect to

. Siddiqi, 1997
environmental laws

Construction alternatives, environmental How to develop framework for analysing construction activities with respect to environmente
impacts and regulations?

Environment,
Economy, Society

Rebitzeret al.,

Recycling, Close-Loop Economy, Secondary Resources 2003

How is the current state about recycling, reuse, disposal, and other issues of the end-of-life

ggods and services were the overall theme of the presented and heavily discussed LCA Environment,
applications, a very timely theme due to ongoing discussions on national and international re Economy, Society
for the EOL of products in many sectors?

Recycling, reuse, disposal, end-of-lfe pha

A methodology for holistic lifecycle approach as decision support sy:Karakoyun,
for closed-loop lifecycle management 2015

Environment,

How to develop a comprehensive method for LCA? .
Economy, Society

Closed-loop lifecycle
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As shown inTable 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 refurbishmergnavation and repairing.
Additionally, typical housing and office buildings, stages of constructions, phases of
life cycles, operclosed loops, demolition wastes, material production processes,
traditional and recycled alternatives, sHorig term emissios, endof-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 threeritegia 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 sdtietgfore,

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 secaigroup are LCA, Life Cycle Costmbodied rergy, CQ 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, oveealiwdhess,
economyenvironmentsociety, environmental law®gulations, 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 follogdtigns

and presented ihable14.

As shown inTable 14, research materialsre 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

zeronet energy houses and green roofeqteo & Ries, 2007; Vieira, 2007; Sassi,
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2009; Ragheb, 2011; Weerasinghe, 2012; Asdruddadil, 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 ethods, standards, regulations and construction site surveys also took
place in research materials (Siddiqi, 1997; Chen, 2003; Milani, 2005; Sassi, 2009;
Ragheb, 2011; Yuan, 2011; Martinezal, 2013; Maxineasat al, 2015; Napolano

et al, 2015 and Atraca, 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; Ibdrmeset al, 2011; Hossaiet al,
2016andDzombak, 2017)Sinceresearch materiatgghly 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 fromstudies listed in the end dfble14; all others contain such
materials in different scales such as mining activities, inert waste treatments and
common constructio materials as bricks, lime, aggregates, €kas division is not

only valid for material based studies, but also tfavsedealing with regulations,
standards and methods sinceirthecopes also include stony materials in some

manners.

Some studies flihg 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 atindation, walls, roof, et¢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 matals for the first group (Ximenes & Grant, 2013 and Atmaca,

2016). The scale of the second group studies is smaller swathnasium, wooden

82



beams, steel frames as well as LED lights and oil based products (Karakoyun, 2015;
Sandinet al, 2014; Ibane#foreset al, 2011; Dzombak, 2017 and Gonzalez, 2016).

Lastly, the set of studies werks@a analyzed in terms of dasaurces in the following

section and presentedTiable15.
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Tablel4: Research material of the studies

Title Reference

Research materials Materials

Reducing the Environmental Impacts of Buiding Materials: Embodi

. . - rout, 2017
Energy Analysis of a High-Performance Building Qarou

LEED certified Legacy Center Building, data on design, materials and operational energy Concrete, timber, steel, masonry, photovoltaic panels

Towards environmental profiing for office buildings using Life Cycle
Assessment

Ragheb, 2011

Foundations, structure, walls, floors, roofs: hollow
structural steel columns, wide flange beams, metal
decking with concrete, brick veneer with steel studs.

Three typical office buildings data, manufacturing of materials, construction, use, maintenance
demolition

Time, cost, and environmental impact analysis for sustainable desi

Alternative building materials, components, workmanships, lifetime spans. Unit cost, equipmen Structural components, steel stud, wood stud;

mulivle buiding levels Inyim, 2015 cost, labor unit cost, Cemissions, and installation productivity data. Data on energy consumpiconcrete block walls; exterior wood cladding;
P 9 during usage phase. Data from two zero-net-energy houses insulation; roofing; concrete footing; slab-on grade
A dynamic model for assessing the effectiveness of construction & . . . . . - . . S i i -i i
Y . 9 cYuan, 2011  Literature review to identify the key variables of indicators, interview and case study building in II%:’:\IN aste as inert materials and non-inert waste, in
demolition waste management ong Kong
Documents of existing assessment tools, for indicators: Building Research Establishment
. . - . Environmental Assessment Methodology (BREEAM), Building Environmental Performance i
Environmental assessment of office buildings Vieira, 2007 L gy( . ) g . . Cement, aggregate, concrete pipes, recycled
Assessment Criteria (BEPAC), Leadership in Energy and Environmental Design (LEED), ancconcrete, ...
Building Assessment Tool (GBT). Office building as a case in Berkeley campus, US.
An integrated analytical approach to environmental management it Chen. 2003 The results obtained from questionnaire and construction site surveys. The environmental ind Waste during construction; rebar, sand, plywood, nail,
construction ' from dominant databases. Demonstrative experimental case study. Study on costs glass, paint, ...
Documents on evaluation, production, consumption, recycling, and regulation of building materi
- L . . green building, life-cycle analysis, green building assessment, eco-labeling, eco-industrial deve
Building materials in a green economy: Community -based strategi . . . . . . ) L .
Miani, 2005  clean production, design-for-disassembly, deconstruction services, natural building and alterng Engineered wood products, cement and concrete, ...

dematerialization

materials, product stewardship, extended producer responsibility, building code reform, green
procurement, collective, consumerism and green market creation

Closed loop material cycle construction : Defining and assessing ¢
loop material cycle construction as a component of approachto Sassi, 2009
sustainable material design in the context of sustainable building

Methods as BREEAM, RIBA Sustainabilty Manifesto, Planning checklists, Material Input Per
Service unit, Ecological Footprint and other sources in literature. Case studies as different ho
alternative designs and materials

Foundation as concrete, timber; frame windows as
timber; insulation as rockwool, etc.

Towards sustainable homes through optimization: An approach to

. _— . . . - Reinforced concrete footings, concrete slabs; wood
Alternative building materials and components, environmental impact indicators, current costs, gs, ’

S . ) ) . Zachariah, N _studs, fiberglass insulation, expanded polystyrene

balancing life cycle environmental impacts and life cycle costs in assessment toolsd6 document s. Case study ¢ . )
. . L 2003 . . . insulation, polyethylene vapour barrier, gypsum board
residential buildings detached, four-bedroom residential home in Ottawa . S )
brick cladding; PVC frame; wood truss system
. . . . Environmental laws and regulations, existing classification systems for environmental impacts, .
Framework for analysing construction alternatives with respectto . . . ) . . . . . .. Concrete, masonry, metals, wood, plastics, doors,
Siddigi, 1997  interview and questionnaire results, information on project and current costs. Case project in |

environmental laws

) . ) finishes, ... in the construction site
control parameters. Laws covering economic and social parameters

Life cycle analysis in the construction sector: Guiding the optimizati Asdrubali et al.

conventional Italian buildings 2013

Detached residential, a multi-family house and a multi-story office building, including all the life
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 th
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 i Ximenes &
popular house designs in Sydney, Australia Grant, 2013

Two popular house designs in Sydney, Australia. Australian forestry production systems and \

. ; . Wood, concrete, steel, brick, ...
products. Information on other materials such as concrete, steel, brick, etc.

Life-cycle assessment and cost analysis of residential buildings in

East of Turkey: part 1-28a CaAtmaca,2Ol6

Literature review for assessment methodology determination. Two actual house buildings con
in Gaziantep, Turkey. Concrete structural system, PVC fenestration, natural gas and coal sy:
heating, as the convenient combination

Concrete structural system, PVC fenestration,
insulation materials, common combination

. . . . Martinez et al.
End of life of buildings: three alternatives, two scenarios. A case stgﬁg

Concrete, reinforced concrete structures; sewage
network; metal and plastic plumbing parts;
separation of wooden doors, PVC blinds, aluminium
frames, ...

Demolition of a 1,600 fresidential buiding, with four floors and four apartments per floor.
'Reinforced concrete pilars and beams and foundations less than 8 m. Typical housing block i
Apparent volume of demolition waste, waste mass, etc.

Life cycle assessment of construction and demolition waste

management systems: a Spanish case study 2012

Mercante et alMaterial: Inert waste sorting and treatment facilties; the activities of manufacturing containers

. . . . " Inert materials, metals, plastics, aggregates, wood,...
bags, temporary storing and transporting of waste, sorting, treating and landfiling P 99reg

Life cycle environmental impact of different replacement options fo Napolano et al Renewing options for the roof of a typical masonry building with reinforced concrete joists and Concrete joists, hollow clay blocks, steel joists,

typical old flat roof 2015

clay blocks, steel joists and concrete slab, and reinforced concrete joists and polystyrene par concrete slab, concrete joist, polystyrene panels
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Table14: (Continued)

Title Reference Research material Materials
Business management in an engineering company; LCA, environmental policy standards and
Recycling, Close-Loop Economy, Secondary Resources Rebitzer et al., demands; closed building cycle systems; concrete recycling systems; concrete mixtures with - .
. - L Concrete, wood, aluminium, textiles, ...
2003 content; wood from wooden floor coverings; aluminium scrap; circuit board scrap; durable goc

bottle recycling; ...

Existing methodologies on short and long-term emissions, environment- dependent interatomic House hold waste, non-combustible
potential (EDIP) characterization factors, methodology for assessment of stored toxicity. Was waste, industrial waste, flue gas, slag, ashes, residu
and contents from similar studies products, waste from mining activities

Goneébut not awaydaddr essing Hauschid et
from landfills in LCA al., 2008

Cement, lime, stucco, brick, concrete, normal, fibre

Manufacturing and Disposal of Building Materials and Inventorying Althaus, et al., The ecoinvent datasets in version 1.1: Life cycle inventories for building material production ar e o
cement facing tile, cork slab rock wool, aluminium,

Infrastructure in ecoinvent 2005 related processing, different LCA applications, geographical and temporal scopes
steel, gypsum
A model proposal for life cycle impact assessment for the Turkish Oztas Existing LCIA models, expert opinions for revisions; environment related data by ministries anc . . . . .
. . o Construction materials, case on insulation material
building materials sector Karaman, 201 institutes
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 Buiding \Weerasinghe, Research Material: Principles in Agenda 21, LEED, BREEAM and Sustainable Building Tool. |

. . i . . . . ) Assessment documents on construction materials
Projects 2012 Platinum office project as case study. Questionnaire and interview results

External wall solutions of a building, according to Portuguese building environmental certificatio
system. Price of components. Masonry walls and thermal insulation as the common applicatic Masonry, thermal insulation materials
country. Five different wall alternatives with different thermal insulation thicknesses

From the new European Standards to an environmental, energy a Sivestre et al.,
economic assessment of building assemblies from cradle-to-cradle 2013

. . . . Napolano et al Retrofit operations, referred to masonry structures: local replacement of damaged masonry, |
LCA-based study on structural retrofit options for masonry buildings D L P o . y . P o 9 Y Masonry components
2015a injection, steel chain installation, and grid-reinforced mortar application

Evaluation of environmental friendliness of concrete paving eco-bic Hossain et al., Different mixture properties of the product with different amounts of natural fine river sand; co

. i Concrete, recycled aggregate
using LCA approach 2016 crushed stone; recycled fine waste glass; etc... y gareg

- - — ~Wahidul - - ) —— — - : . ' .
Carbon footprint and embodied energy assessment of a civil work: Wahidul & 100-m section of road base. Common application with virgin gravels and alternative replaced Asphalt with gravels and with waste bricks

program in a residential estate of Western Australia Biswas, 2014 recycled brick in road base
Application of life cycle assessment approach to deliver low carboiLawania & Typical clay brick house 4 1 2 1 2 detach_ . . .

. . . . . . o . o . . “Solid clay brick, photovoltaic panels
houses at regional level in Western Australia Biswas, 2018a especially with a focus on energy consumption in use phase. Different climatic regions in Aus

The extensive green roof case study from an actual project on a retail store in USA. The cas
Kosareo & includes a conventional ballasted roof, an extensive, or shallow growing medium green roof, a
Ries, 2007 intensive, or deep growing medium green roof. Similarities and differences in the environment:
impacts of the fabrication, transportation, installation, operation, maintenance

Comparative environmental life cycle assessment of green roofs Green roof, ballasted roof

Alternative pavement designs: fly ash to replace Portland cement, coal ashes to replace con
Evaluating the sustainability of construction with recycled materials Lee, 2010 aggregate for geotechnical applications and flue gas desulfurization gypsum to replace virgin (Portland cement, fly ash, gypsum
for wallboard manufacturing

Concrete beams with different carbon fibre-reinforced polymer flexural strengthening techniqgu
Beam with 3000 mm |ength and a rect angul aCarbonfibre-reinforced polymers for concrete
component materials used for constructing were estimated

Environmental impact of carbon fibre-reinforced polymer flexural Maxineasa et
strengthening solutions of reinforced concrete beams al., 2015

. - . ) . Viches et al., Existing research publications about LCA and renovation with a focus on single family houses
Life cycle assessment of buiding refurbishment: A literature review, 9 P 9 y

. . ) - Concrete, thermal insulation materials
2017 family houses and non-residential buildings. Documents of assessment methods

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 Ceramic tiles
treatment as construction and demolition waste

Life cycle assessment of ceramic tiles. Environmental and statistic Ibanez-Fores ¢
analysis al., 2011

Harmonizing Technological Innovation and End-of-Life Strategy in t

o Dzombak, 201 Different fixtures; residential LED lights, street lights and solar lanterns in the U.S. LED lights

Lighting Industry
inabili W M tA K W fi hedul hnol i i fi inc ..
Sus.talnabl lty_and aste Management: A Case Stuqy on an UK C Gonzalez, 2016 aste contract rt.apor_ts, refinery schedules, technology and inspection data, refinery operatin 1, oyl
Refinery During Day-to-Day and Turnaround Operations cost reports. Legislations
A methodology for holistic lifecycle approach as decision support Karakoyun,  The product design alternatives belonging to an existing large scale project, i.e. PROMISE. F . . . .
o i 4 PP PP Y P 9 ) gng g g . proj . Aluminum, metal, plastics, ... in product design scale
system for closed-loop lifecycle management 2015 lower control arm, baggage door hinge and flexographic printing case studies
Life cycle assessment of construction materials: the influence of Sandin et al., LCA comparisons of two alternative roof construction elements: glue-laminated wooden bean .
. . . ) . . - . . Glue-laminated wooden beams and steel frames

assumptions in end-of-life modelling 2014 steel frames, on an industrial hall as case building. Different end-of-life statements
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Tablel5: Datasources of the studies

Title Reference Data sources Category
Indexes by Federal Highway Administration. Design parameters from consulting companies and research findings. Traffic data, climate conditions, an
. - . . properties from Mechanistic-Empirical Pavement Design Guide. Potential pavement designs by the Department of Transportation. Hazardous waste | )
Evaluating the sustainabilty of construction with . . . . L Generic and
recveled materials Lee, 2010 the Resource Conservation and Recovery Act. Economic input output data from Department of Commerce. Design with specific thicknesses from Ar fimary data
4 Association of State Highway and Transportation Officials, rigid pavement design method. Expected rehabiltation and lifetime data by Wisconsin Depa P Y
Transportation
Reducing the Environmental Impacts of Building Energy estimations, Structural Steel Connectors from BIM Revit moG ) q
Materials: Embodied Energy Analysis of a High- Qarout, 2017 Recycled content in materials, data on substitution of materials and certification from LEED documentation. Energy and carbon data from the Inventor prier:gr?/c dZ?a

Performance Building

by the University of Bath. Information on transportation distances, manufacture of materials, and building construction through interviews with sub-cont

Towards environmental profiing for office buildings

L Ragheb, 2011
using Life Cycle Assessment aghe

The specification sheets and bill of quantities obtained from the architect. Other quantities from floor plans and sections. Other data sources were inte Generic and
the contractor on the site and direct observations during construction of the buildings. Environmental, statistics were collected from published database primary data

Material unit cost, equipment unit cost, labor unit cost, ERissions, 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 Cos

Time, cost, and environmental impact analysis for | . . . . Generic and
. . . _p_ Y Inyim, 2015 averageCQ emi ssions per material from the Athena | mpact Estimator for .
sustainable design at multiple building levels e ) ) ) o ) primary data
Estimations on hours of equipment use and fuel consumption. Further data from and literature such as Athena handbook. Case buildings have direct |
monitoring systems, therefore direct data from them
Harmonizing Technological Innovation and End-of- . . . . L . i
) g _ ) 9 _ Dzombak, 2017 Information from direct experiences on fixtures and estimations. Costs from current market price documents Gg neric and
Life Strategy in the Lighting Industry primary data

Development of a Framework to Assess Sustaing

Weerasinghe, 2012

The impact and cost documents of Agenda 21, LEED, BREEAM and Sustainable Building Tool. Office project by the design team. SurveyMonkey, a vGeneric and

of Building Projects online survey website and One-to-one interview results from professionals primary data
Sustainabilty and Waste Management: A Case S Waste contract reports produced by the waste contractor, refinery schedules, technology and inspection diaries, refinery intranet system for refinery « ,

: , . o . . . . i . Generic and
on an UK Oil Refinery During Day-to-Day and Gonzalez, 2016 cost reports. Related legislations published in UK scale. Data included disposal/recycling amounts, amount of waste produced, costs of off-site waste primary data

Turnaround Operations

costs of unallocated on-site work, etc.

A dynamic model for assessing the effectiveness

. - Yuan, 2011
construction and demolition waste management

Data were collected through site survey of meetings with on-site staff, including project manager, on-site manager, on-site technical engineer and sup Generic and
engineers. Moreover, through interviews and consultation with inhabitants living nearby for variables of social impacts primary data

Environmental assessment of office buildings Vieira, 2007

r el a Generic and
primary data

Published documents of assessment tool s. Data collected from

materials. The amounts of materials, equipment and transportation data were obtained from bill of materials lists

An integrated analytical approach to environmente

. ) Chen, 2003
management in construction

Environmental indicators from dominant databases including the Civil Engineering Database of the American Society of Civil Engineers, the Compende

the Engineering Index, the Engineering News-Record executive search engine and magazines of the McGraw-Hill Companies, the Construction Plus Generic and
of the Emap Construction Network, and the advanced search engine of the U.S. Environmental Protection Agency. Questionnaire survey and quantit primary data
for an investigation on the acceptabilty of ISO 14000 series in the construction industry in China. Construction site surveys
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Tablel5: (Continued)

Title Reference Data sources Category
Closed loop material cycle construction : Defining i
assessing closed loop material cycle construction Sassi. 2009 Documents of BREEAM, Planning checklists and RIBA Sustainabilty Manifesto and other frameworks. Interviews and questionnaires with architects i Generic and

component of approach to sustainable material d
in the context of sustainable building

occupants in terms of sustainability criteria primary data

Towards sustainable homes through optimization: .
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 1Generic and
material and component properties obtained from the construction company primary data

Framework for analysing construction alternatives

. . Siddiqi, 1997
with respect to environmental laws

Environmental parameters the National Environmental Policy Act and its implementation; laws especially from The Toxic Substances Control Act of Fe

Regulation. Interviews with selected construction and environmental industry stakeholders; workshop participants through a series of questions about Generic and
framework and its application. The comments from construction and environmental industry specialists. The responses received in consultative works|primary data
requirements and building use from Standard Building Code. Noise exposure values from Occupational Health and Environmental Control documents

From the new European Standards to an

environmental, energy and economic assessment Silvestre et al., 2013materials suppliers. Energy parameters from European Energy Performance of Buidings Directive. Assessment principles and required data from ISt

building assemblies from cradle-to-cradle

Drawings of the selected project obtained from the designer. Common wall types from literature. Cost through market surveys, construction firms, anc Generic and

14044, EN 15643-2 and 15978 and 15643-4 primary data

Comparative environmental life cycle assessment Kosareo & Ries,
green roofs 2007

Direct monitoring from the case building. Project construction documents from the green roof subcontractor for the project. The control roof materials ' Generic and
obtained locally, whereas the green roof materials were transported from special manufacturers primary data

Carbon footprint and embodied energy assessme
a civil works program in a residential estate of

Wabhidul & Biswas, Information regarding the energy and materials used for road construction work was obtained from the firm of consulting engineers. Questionnaire for Generic and

- 2014 from civil contractors and relevant materials suppliers on energy consumption during the construction stage rimary data
Western Australia PP 9 P 9 g P Y
Life cycle assessment of ceramic tiles. Environme Ibanez-Fores et al., . . . . . . ) L i
Y - . Annual data gathered directly from 35 Spanish enterprises involved in the different stages of the life cycle of ceramic tiles G? neric and
and statistical analysis 2011 primary data

Life-cycle assessment and cost analysis of reside
buildings in South Eas Atmaca, 2016
study

Inventory of Carbon and Energy, actual energy consumption records obtained from utilty bills or energy audit exercises, energy use from Energy Infor
Administration in the USA, ambient air temperatures are from the Turkish State Meteorological Service, primary energy requirement from the Europea
Bills of energy consumption.

Generic and
primary data

Evaluation of environmental friendliness of concrel
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 C Generic and
and Power and the Chinese Core Life Cycle Database were used for some of the materials and processes to fill up the data gaps primary data

Life cycle assessment of construction and demolit
waste management systems: a Spanish case stu

Mercante et al., 201

Ewo companies responsible for the temporary storage of waste and transporting i, five firms devoted to sorting and treating the waste and two enter|Generic and
operate inert landfils. Ecoinvent database as a reference to configure the inventory of minority materials, fuel and electricity primary data

A methodology for holistic lifecycle approach as
decision support system for closed-loop lifecycle Karakoyun, 2015
management

Primary data obtained from the projectés datasheets such as struccéel']erncalnd
primary data

1

A model proposal for life cycle impact assessmen Oztas Karaman,
the Turkish building materials sector 2014

Impact categories from EN 15804 standard; environmental experts in the universities and environmental organizations, government and building mater

Turkey; expanded polystyrene foam insulation material data from Sylvatica for Athena Sustainable Materials were used for LCIA model for Turkey. Di Generic and
Turkish Statistical Institute, Ministry of Energy and Natural Resources; Ministry of Forestry and Water Affairs; The Ministry of Transport, Maritime Affai primary data
Communications; for the detection of impact types and respective values
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Table B: (Continued)

Title Reference Data sources Category

Building materials in a green economy: Community Miiani. 2005 Documents on policy, economic strategies, EIA, LCA, eco-labeling, certifications, product guides, directories, green builder sourcebook, recycling, taxe

. e o - Generic data
based strategies for dematerialization subsidies, by-laws and building codes

Research papers from well-known journals such as Building and Environment, Energy and Buildings. LCA methodology from ISO 14040 -14044, refurk
LCA from EN 15804, Sustainabilty of construction works from BS-EN 15978

Life cycle assessment of building refurbishment: A

. ) Generic data
iterature review

Viches et al., 2017

Model parameters from Ecoinvent database, natural gas consumption
Asdrubali et al., 201%esidential buildings from Italian Statistical Institute, office buildings energy parameters from UE Energy Star and DIALux software for lighting and the < Generic data
UNI/TS11300 for cooling

Life cycle analysis in the construction sector: Guid
the optimization of conventional Italian buidings

Life cycle assessment of construction materials: tl

. . . i . Sandin et al., 2014 End-of-life options and data about them were from literature survey Generic data
influence of assumptions in end-of-life modeling

The design of house with materials and dimensions obtained from the Guideline of Building Council of Australia. Quantities from plans and specification
Lawania & Biswas, house. Datasets from AccuRate energy rating software provided location-specific information on energy consumption during use stage. The data bar
2018 information on energy and materials for mining to material production, transportation of construction materials to the site of construction, and constructi
Databases embedded in Simapro LCA software

Application of life cycle assessment approach to
deliver low carbon houses at regional level in Wes
Australia

Generic data

Environmental impact of carbon fibre-reinforced
polymer flexural strengthening solutions of reinforc
concrete beams

Maxineasa et al.,

2015 Imaginary strengthening alternatives, by the authors Generic data

Data for timber production from an Australian study for a range of forestry production systems and wood products. The Australian Life Cycle Inventor
Quantifying the greenhouse benefits of the use of Ximenes & Grant developed by the Centre for Design at RMIT and Life Cycle Strategies Pty Ltd. Incineration of timber waste assumed standard combustion emission
wood products in two popular house designs in 2013 " National Pollutant Inventory workbooks for wood waste from Department of Sustainability, Environment, Water, Population and Communities. Data for Generic data
Sydney, Australia and cement were sourced from the Australian Cement I ndustry Feder

ecoinvent database. Steel data from the Australian Steel Institute which had been integrated into existing steel inventories

End of life of buildings: three alternatives, two

. Martinez et al., 2013Data used in life cycle inventory are from literature sources and generic databases Genetric data
scenarios. A case study

Life cycle environmental impact of different

. . Napolano et al., 201€ommon construction practice information from the area of the existing building and national guidelines for structural retrofit. Ecoinvent datasets for moGelimgric data
replacement options for a typical old flat roof

LCA-based study on structural retrofit options for Napolano et al.,

p Strength data from datasheets of companies. Ecoinvent datasets for modelling Generic data
masonry buildings 2015a
Recycling, Close-Loop Economy, Secondary : - . .. .
RESOUICES Rebitzer et al., 2003Policies, standards, monitored values, market conditions, etc. Genetric data
Goneébut not awayodaddr Hauschid, etal . . .
. _ y Heenie, " Methodology for assessment of stored toxicity from Danish EPA, EDIP from LCA tools Genetric data
term impacts from landfills in LCA 2008
Manufact_unng and Dlsposa_ll of Bl_J"dmg Materiais EAlthaus, et al., 2005 Ecoinvent database Generic data
Inventorying Infrastructure in ecoinvent
A model for life cycle assessment of building - . . .
Taygun, 2005 Existing systems, 1SO documents, LEED, Athena, Eco-labels, BEES, BREEAM, EcoHomes, Envest, Environmental, SMARTWaste, SimaPro, Eco-Indieatierjetata

materials

89



90



As shown inTablel15, 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 frotate 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; Wahdul & Biswas, 2014; Inyim, 201%nd Qaout, 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 (Meetaht€012 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, arresearches
(Taygun, 2005 and Ragheb, 2011). Data for some studies were gathered either from
direct experiences such as hawods disassembly process or energy monitoring
systems and indirect manners from enginegaind architectural companid€asareo

& 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
companes. Lastly, there are also studies which collected data only from literature i.e.

similar research papers (Mercasteal, 2012 and Ximenes & Grant, 2013).

Although data sources are many and quite different in scope and scale, they can be
grouped accolidg to roots of data i.e. being generic or primary data. As previously
discussed in LCAnethodology section om Chapter 2 genericdata represents the
average respective values and estimations on general condition, while primary data is
produced from spmfic 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 d&a 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 (Gonalez, 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 manufacmriof 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 magdsi 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 presentedTiable 16.
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Tablel6: Research methods of the studies

Title Reference

Research methods Category

Evaluating the sustainability of construction with recycl L

. ee, 2010
materials

Two case studies for data collection, tool development based on these data, verification of tool with a pilot project. Quantitativ Dete rmination of impact categories,
LCCA tool development (BEST-in-Highways) regarding energy consumption, greenhouse gas emissions, water consumption, |framework development, verification
waste generation and different economic impact with case study

Time, cost, and environmental impact analysis for

. . . e Inyim, 201
sustainable design at multiple building levels nyim, 2015

Development of robust simulation-based multi-objective decision-support tool, called SimulEICon, using genetic algorithms. Mol Determination of impact categories,
for probability distributions for optimal solutions. Typical statistical tests such as Z test. The Critical Path Method to estimate tc framework development, verification
construction time. Two case studies for validation of results with case study

Development of a Framework to Assess Sustainability\Weerasinghe,

Listed documents were analysed for intersecting or other principles such as land development, site work, etc. These principle Determination of impact categories,
the new framework for the measurement system. This system was experienced on a selected office project. It was then criframework development, verification

Building Projects 2012 . o e :
9ol professionals and finalized. Social incitaors were also presented with case study
A dynamic model for assessing the effectiveness of Definition of economic, environmental and social indicators for waste management. Modelling in simulation program. Validatior DI e O ! categorle_s,
. - Yuan, 2011 . S . framework development, verification
construction and demolition waste management data collected from a construction project in China with case
Determination of impact categories,
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 framework development, verification
with case study
. . . . . . . . - n . _._Determination of impact categories
An integrated analytical approach to environmental Integrative methodology (E+) development for dynamic EIA in construction process, basing on questionnaire, construction site N
9 W PP Chen, 2003 g ay (E+) P Y P gonq framework development, verification

management in construction

and existing assessment tools. Framework was then verified by a case project i
with case study

Closed loop material cycle construction : Defining and
assessing closed loop material cycle construction as ¢ Sassi, 2009
component of approach to sustainable material desig

Determination of impact categories,
Defining a framework for sustainability assessment from existing methodologies. Testing framework on several case studies framework development, verification
with case study

Towards sustainable homes through optimization: An

Determination of impact categories,

approach to balancing life cycle environmental impact: Zachariah, 2003Defining an optimization framework for impact assessment and cost from existing methodologies. Testing framework on case fedngywork development, verification

and life cycle costs in residential buildings

with case study

Framework for analysing construction alternatives witt

. Siddiqji, 1997
respect to environmental laws

Determination of impact categories,
framework development, verification
with case study

Defining an extensive framework for impact assessment and cost from analyses on existing methodologies. Presenting fram
case study with noise impact assessment

From the new European Standards to an environmen
energy and economic assessment of building assemkt
from cradle-to-cradle

Silvestre et al.,
2013

Determining framework for the environmental, energy and economic assessment of building materials, which was derived froi Determination of impact categories,
standards and well-accepted document s. Presenting f r amframework development, verification
scenarios. Cost and energy comparisons with case study

A model proposal for life cycle impact assessment for Oztas Karamar Survey and interviews with the experts; weighting and normalization factor detection for Turkey according to the results. Verif

Turkish building materials sector 2014

Determination of impact categories,
framework development, verification

new proposal on case study as insulation material i
prop Y with case study

A model for life cycle assessment of building materials Taygun, 2005

Determination of impact categories,
framework development, verification
with case study

Broad overview of systems and integrated definitions on inputs, outputs, recycling definitions, in the form of a table. Testing th
PVC window frame, as 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 disass
of disassembly, ease of recycling, modularity level. Then, developed a framework for lifecycle assessment, and cost optimiza
authors conducted probabilistic models with statistical correlation analyses between the variables. Studied common end-of-life
for the selected products and possibilties

Direct disassembly experience,
framework development, verification
with case study

Sustainabilty and Waste Management: A Case Study Gonzalez. 2016 Noted sources were analysed and monthly, yearly and 5 year period tables were produced to determine the condition with re Document analyses, critics,

an UK Oil Refinery During Day-to-Day... legislations. Critics and recommendations were determined and opportunities were listed in the form of charts suggestions
Building materials in a green economy: Community -be . . . . iti

g_ g . Y y Milani, 2005 Verbal discussion on presented documents Documeh Lanalyses, critics,
strategies for dematerialization suggestions
Life cycle assessment of building refurbishment: A Vilches et al., Systematic survey for main components of the studies such as research question, material, method and comparative discus:Document analyses, critics,
iterature review 2017 Regarding standard documents as base for discussion suggestions
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Table16: (Continued)

Title Reference Research methods Category

Goneébut not awayadaddr e sHauschid, etalldentfication of elements in waste, with short and long term impact potentials; review of literature about their LCA modeling, p Document analyses, critics,

term impacts from landfills in LCA 2008 for weighting and characterization for a guiding framework suggestions, framework d.

Document analyses, critics,
suggestions, LCA model of case stud

Manufacturing and Disposal of Building Materials and Althaus, et al., Cut-off rules, mixes, uncertainties, infrastructure, networks, incl.-excl. parts of processes, system boundaries, waste treatme

Inventorying Infrastructure in ecoinvent 2005 technologies. Case Study on gypsum fibreboard production & disposal with eco-indicator 99, CML 2001 & CED models with alternatives
A methodology for holistic lifecycle approach as decisi Karakoyun, Literature review for comprehensive aspects, determination of key points, assessment on three case studies with the help of Docume n t analyses, citics,

) suggestions, LCA model of case stud
support system for closed-loop lifecycle management 2015 software

with altematives
LCA model of case study, with

Reducing the EI of Building Materials: Embodied E . L o
educing the £1 of Bulding Vateriais. Embodie ner!Qarout, 2017  Case study, embodied energy estimations, €@issions and costs

Analysis of a High-Performance Building alternatives
Towards environmental profiing for office buildings usit . . . . . . i

. P 9 9 Ragheb, 2011 Case studies and LCA with regard to eight environmental impact categories LCA mgdel SiEEES Sy, UL
Life Cycle Assessment alternatives

Life cycle analysis in the construction sector: Guiding t Asdrubali et al., A m(ig[('éiel of case study, with

LCA modeling of selected case buildings with alternative component and materials. Comparative discussion with other researgﬁres

optimization of conventional Italian buildings 2013 ernatives

Comparative environmental life cycle assessment of ¢ Kosareo & Rie< Direct monitoring of thermal transmittance and water run-off quantity of the roofing alternatives and formulating the best repre LCA model of case study, with
roofs 2007 model in LCA and energy simulation software. Comparative discussions for three roof alternatives alternatives

. . . : Modeling the roof of selected building in LCA software and comparing alternative elements. Options were recycling or inciner

Life cycle assessment of construction materials: the Sandin et al., 9 . g . . paring P N yeind LCA model of case study, with
. . . ) ) consequential attributional approach, todayods average )

influence of assumptions in end-of-life modelling 2014 frames alternatives

C. footprint and embodied energy assess. of a civil w\Wahidul & Particle and structural tests on recycled materials according to specifications for safety check. Modeling traditional and recyc LCA model of case study, with
program in a residential estate of w. Australia Biswas, 2014 in LCA software and comparisons alternative s

Determination of typical house and climatic conditions and LCA analysis of this house has been conducted to capture the rec

variation in thermal performance in 18 locations under five climatic zones. Defining the hotspots according to results and offer ;ﬁ::rnlztci)\?ee; BREEEE S, it

improvement strategies

Application of life cycle assessment approach to deliviLawania &
low carbon houses at regional level in Western Austre Biswas, 2018

Environmental imp. of carbon fibre-reinforced polymer Maxineasa et  Plain beam design and alternative strengthening methods such as using three strips bonded with epoxy adhesive in the RC LCA model of case study, with

flexural strengthening solutions of RC beams al., 2015 grooves. These are compared with LCA software. Results are compared alternatives
Quantifying the greenhouse benefits of the use of wot Ximenes & Alternative design proposals with wood materials, basing on convenient house types. Timber use in roof, walls, slabs, subfloc LCA model of case study, with
in two popular house designs in Sydney Grant, 2013 covering, windows, etc. Their environmental result comparison in a LCA software alternatives
ere_c;_/cle assesgment of ceramic tiles. Environmenta |banez-Fores e S o s e e Rse S, s s e A e e 0 LA S LCA quel of case study, with
statistical analysis al., 2011 alternative s
LCA and cost analysis of residential buildings in South Atmaca. 2016 Environmental assessment according to life-cycle energy (LCEA), emissions (AE@@l cost (LCCA) assessment of two reside LCA model of case study, with
East of Turkey: part 1-2 case study ’ buildings constructed in urban and rural areas alternatives
Eva_luatlon of envwonr_nental friendliness of concrete Hossain et al., LCA comparison with IMPACT 2002+ method with the help of software LCA quel of case study, with
paving eco-blocks using LCA approach 2016 alternative s
End of life of buildings: three alternatives, two scenaric Martinez et al., Alternative LCA models for demolition with landfill, reuse, direct recycling treatment before recycling, final disposal options, witr LCA model of case study, with
A case study 2013 software alternatives

Life cycle assessment of construction and demolition Mercante et al. LCA model of case study, with

Modeling collected inventories with LCA software, comparing the results and presenting the improvable aspects

waste management systems: a Spanish case study 2012 alternatives
Life cycle environmental impact of different replaceme Napolano et al., . . . i
. Y . b P P LCA comparison of alternative proposals with software e quel e S, T
options for a typical old flat roof 2015 alternatives
LCA-based study on structural retrofit options for Napolano et al., . . . ) . i . i
L y P P LCA comparison of alternative proposals including landfil and recycling, with software o mc_)del e L
masonry buildings 2015a alternatives
Rebitzer et al., LCA model of case study, with

Recycling, Close-Loop Economy, Secondary Resourcez% Case studies, LCA and process level input-output models, reviews, etc.

03 alternatives, document analyses, ...
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As shown inTable 16 different research methods are present in these 36 sources, such
as impact assessment modeling for quantified, comparative results; cass, studi
generating data from existing sources, hamulsexperiences, steering processes as
well as surveys, questionnaires and interviews. Many studies contain comparative
LCA modeling for thedeterminatiorof 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 aeghouse 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 fibeeinforced polymer stregthening of concrete
illustrates plain versus alternatively reinforced beams in an assessment tool, for the
determination of quantitative impact levels (Maxineasaal, 2015). Many other
studies share the same method in different manners, such asataléeendof-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; Marted,, 2013;
Napolanoet al, 2015 and Hossaiat 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 determuréitial

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 quartition 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 oesi@ential 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 alignatodels were

95



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. Othersmethod
appear as investigations within existing sources and verbal discussions, surveys,
guestionnaires, interviews, direct harafs experiences as in the study about the
disassembly of lighting fixtures, direct monitoring of thermal performance of
buildings, satistical analyses among collected data as in the study on production
process of ceramic tiles (Chen, 2003; Kosareo & Ries, 2007; Hiarezet al, 2011;

Oztas Karaman, 2014; Dzombak, 2017 and Viladtesl, 2017). Although research
methods differ inscopes and scales, they can be grouped according to three main
criteria i.e. comparative LCA models with alternatives; determination of impact
categorieframework developmentase study verification and document analyses
critics. Consequently, this categmtion 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 supplementanols. Lasly, the set of studies were also analyzed in terms

of research tool in the following section and presentddiliiel7.
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Tablel7: Researchoolsof the studies

Title Reference  Research tool Category

Software, ATHENA impact estimator with TRACI mid-point impact method, Energy

Towards environmental profiing for office buidings using Life Cycle Ragheb, 2011 simulation and calculations on eQUEST and DOE 2 for electricity use, HYAC heating Software for assessment

Assessment

cooling loads
Time, cost, and environmental impact analysis for sustainable desigi, . Algorithms, Software: Athena Impact Estimator, BIM model, EnergyPlus energy simule
. o P y g Inyim, 2015 ; P a9y gy “ Software for assessment
multiple building levels software
Framework for analysing construction alternatives with respect to o Workshops, interviews, guestionnaires with professionals. Comparative discussion on
ysing P Siddiqi, 1997 P d P P Software for assessment

environmental laws indicators of existing tools

From the new European Standards to an environmental, energy an Sivestre et al.

. ) . 'The LCA was calculated with SimaPro mainly with Ecoinvent database Software for assessment
economic assessment of building assemblies from cradle-to-cradle 2013

Life cycle analysis in the construction sector: Guiding the optimizatiol Asdrubali et al. Cumulative energy calculations in SimaPro Software with Eco-indicator impact catego

. . - : L . Software for assessment
conventional Italian buildings 2013 Graphs for trend line determination from studies

Kosareo &  Model in SimaPro with Impact 2002+ category, energy consumption amounts with DO

. , . Software for assessment
Ries, 2007 eQuest energy simulation model

Comparative environmental life cycle assessment of green roofs

Life cycle assessment of construction materials: the influence of  Sandin et al., GaBi Software with CML 2001 framework for assessment, according to parameters i
Software for assessment

assumptions in end-of-life modelling 2014 15804, the standard for environmental product declarations of construction products
Carbon footprint and embodied energy assessment of a civil works \Wahidul & Simapro LCA software to calculate the associated greenhouse gas emissions and el

. ) ) : : . ) : Software for assessment
program in a residential estate of Western Australia Biswas, 2014 energy required for the construction and maintenance

AccuRate software has been used to develop the inventory for the use stage as it c¢
Application of life cycle assessment approach to deliver low carbon Lawania & the heating, cooling, lighting, and hot water energy consumptions over the life of the hc
houses at regional level in Western Australia Biswas, 2018 SimaPro LCA software was used with embedded Australian Unit Process emission fi
database

Software for assessment

Environmental impact of carbon fibre-reinforced polymer flexural Maxineasa et

. . ) Design alternatives were assessed in GaBi LCA software Software for assessment
strengthening solutions of reinforced concrete beams al., 2015

uantifying the greenhouse benefits of the use of wood products in Ximenes & Operational energy requirements with AccuRate energy modelling software. SimaPrc
Q ffying 9 P I P gy req 9y 9 Software for assessment

popular house designs in Sydney, Australia Grant, 2013 LCA calculation
Evaluation of environmental friendliness of concrete paving eco-bloc Hossain et al., .
. paving Simapro LCA software Software for assessment
using LCA approach 2016
. - . . artinez et al., .
End of life of buildings: three alternatives, two scenarios. A case stu 13 Simapro LCA software Software for assessment
Life cycle assessment of construction and demolition waste managi Mercante et .
Y . g Simapro Software Software for assessment
systems: a Spanish case study al., 2012

Napolano et al SimaPro LCA software, according to the format of the Environmental Product Declar:

2015a standard Software for assessment

LCA-based study on structural retrofit options for masonry buildings

A methodology for holistic lifecycle approach as decision support sy« Karakoyun,

) Microsoft Office, AutoCad, Catia, SimaPro, Quantis Suite software Software for assessment
for closed-loop lifecycle management 2015

Towards sustainable homes through optimization: An approach to
balancing life cycle environmental impacts and life cycle costs in
residential buildings

Zachariah, ATHENA software for indicator determination, HOT2000 for operational energy estimi Software for assessment ar
2003 Dodge Unit Cost Guide for building cost estimations and LINDO for optimization softwz optimization
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Tablel7: (Continued

Title Reference  Research tool Category

Software, economic input-output LCA spreadsheet program PaLATE, cost program Software for assessment ar

Evaluating the sustainability of construction with recycled materials Lee, 2010 . . )
g y Y RealCost, analytical hierarchy process tool embedded in Excel spreadsheet spreadsheet software

A model proposal for life cycle impact assessment for the Turkish Oztas o . Software for assessment ar
prop y P Software for Analytic Hierarchy Process, Athena and Simparo LCA software

building materials sector Karaman, 201 statistical tests
Life cycle assessment of ceramic tiles. Environmental and statistica |Ibanez-Fores « Modelling of the inventories in SimaPro with Ecoinvent database and CML 2001 meth(Software for assessment ar
analysis al., 2011 perform all the statistical analyses, the statistical package STATGRAPHICS was use statistics

Rebitzer et al. Software for assessment,

Recycling, Close-Loop Economy, Secondary Resources " Software tools, basic comparative calculations, etc.

2003 charts, tables, etc.

Reducing the Environmental Impacts of Buiding Materials: Embodiet

! , - arout, 2017 Basic calculations Spreadsheet software
Energy Analysis of a High-Performance Building Qarou P

Sustainability and Waste Management: A Case Study on an UK Oil

e BT B e D ST TN OaE s 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 clo

loop material cycle construction as a component of approachto  Sassi, 2009 Basic calculations, matrixes, ranks, checklists and comparative discussion Spreadsheet software

sustainable material design in the context of sustainable building

An integrated analytical approach to environmental management in Statistical tests such as T test for assessment of survey results. Microsoft Excel spre Spreadsheet software for

. Chen, 2003 L -
construction was adopted to apply the discriminant models statistical tests
Life-cycle assessment and cost analysis of residential buildings in S Atmaca. 2016 Inventory of Carbon and Energy (ICE) was used for the calculation of primary energy Spreadsheet software with
East of Turkey: part 1-2086a ca: ’ requirements and greenhouse gas emissions datasets
Life cycle environmental impact of different replacement options for Napolano et al Common construction practice information from the area of the existing building and ni Spreadsheet software with
typical old flat roof 2015 guidelines for structural retrofit. Ecoinvent datasets for modelling datasets
Goneébut not awaydaddr essing tHauschid, et . Spreadsheet software with
I Toxicity models and EDIP 97
landfills in LCA al., 2008 fty datasets
Manufacturing and Disposal of Building Materials and Inventorying Althaus, et al., . Spreadsheet software with
. . Verbal comparisons
Infrastructure in ecoinvent 2005 datasets
A model for life cycle assessment of building materials Taygun, 2005 Fillable charts in the form of assessment reports Charts, tables, forms, diagral
Building materials in a green economy: Community -based strategie: . . . . . .
g o 9 y fty g Milani, 2005  Comparative discussion Charts, tables, forms, diagrai
dematerialization
. - . ) . Vilches et al., . . . .
Life cycle assessment of building refurbishment: A literature review 2017 Verbal discussions and tables for comparisons Charts, tables, forms, diagral
Development of a Framework to Assess Sustainability of Building \Weerasinghe, Basic calculations for category weights of selected indicators, Venn diagrams for defi .
. i . . Charts, tables, forms, diagrai
Projects 2012 online surveys and questionnaires

Harmonizing Technological Innovation and End-of-Life Strategy in th

N Dzombak, 201 Direct disassembly tools, statistical programing software Software for statistics
Lighting Industry

A dynamic model for assessing the effectiveness of construction ar

i Yuan, 2011  iThink System Dynamics simulation program for all diagrams Software for statistics
demolition waste management
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Although research tools are variousliese studies as notedTiable17, 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 ofclassification 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 uniguesassments such as material intake, energy
consumptions or emissioras well as their combination®©ne of these tools is
ATHENA impact estimator software with TRACI method as used in the study
focusing on environmental profiling of office buildings as veslleQUEST and DOE

2 software for energy estimations for t he
Some studies note BIM models as the tool for material amount estimations as well as
EnergyPlus simulation soft waduwingtheuse bui | d
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-Ewcatorimpact category (
Kosareo & Ries, 2007; Mercange al, 2012; Martinezt al, 2013; Asdrubalet al,

2013; Wahidul & Biswas, 2014; Sandhal, 2014; Hossaiet al, 2016 and.awania

& Biswas, 2018). Moreover, the same software was used for assalésingtive 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 (Napolanet al, 2015a). This digital tool was also noted some other
studies with various scales, such as different mixtures for concrete pavements,
alternative housing designs, and industrial scale waste treatment systems (Mgrcante
al., 2012; Hossairet al, 2016 and Lawania & Biswas, 2018). GaBi is aitber
attention attracting assessment tool among the studies, which was used with CML
2001 impact category, for the quantification and estimations of influence aifend

life alternatives on LCA of construction materials; as well as the assessment of carbo

fiber reinforced polymer strengthening options for masonry walls (Sanain 2014
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and Maxineasat al, 2015). Besides these main tools, these studies also note software
for supplementary purposes such as energy models in AccuRate, HOT 2000, cost
esimations in Dodge Cost Guide, RealCost; statistical models in STATGRAPHICS
and analytical hierarchy tools as well as optimizing models in LINDO (Zachariah,
2003; Lee, 2010; Ibandzoreset 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 formablaere generated in spreadsheet software for self
estimations of environmental impacts (Napolataal, 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, Z008).
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
ashandson disassembly data produced bg tesearchers as the resulipobcesses

repeated many times (Dzombak, 2017).

Lastly, the set of studies were also analyzed in terms of findings in the following

section and presentedTiable18.
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Table18: Findings of the studies

Title Reference Findings Category

Reducing the Environmental Impacts of Building Material Qarout, 2017 Embodied energy, CQemissions and costs for conventional buildings and net zero alternatives noted witk

. . . . Comparative quantities
Embodied Energy Analysis of a High-Performance Buildi comparative percentages P g

Time, cost, and environmental impact analysis for sustair The presentation of optimized material, component, building alternatives among bilions of possibilities in te

. . . Inyim, 201 . . . - i iti
design at multiple building levels WM. 2015 ine, cost and C@emissions at different levels of the building Comparative quantities

Life cycle analysis in the construction sector: Guiding the Asdrubali et al. The improved performance of altered designs compared to conventional versions were noted in quantite

T . . - Comparative guantities
optimization of conventional Italian buildings 2013 manner P q

Quantitative presentations and comparisons of green roofs and conventional roofs.
Despite the need for additional resources initially, green roofs are the environmentally preferable choice Comparative quantities
especially with increased life of the roofing membrane

Comparative environmental life cycle assessment of gre Kosareo &
roofs Ries, 2007

Although glulam beams have clear environmental benefits compared to steel frames, except for one sc
about recycling steel; in absolute terms, assumptions in EoL modeling have a significant influence on the Comparative quantities
impact categories

Life cycle assessment of construction materials: the influ Sandin et al.,
of assumptions in end-of-life modelling 2014

In road construction, the production of asphalt accounts big part of the total emissions and this footprint (
significantly reduced through resource recovery and the recycling of road construction materials, especi Comparative quantities
the maintenance phase

Carbon footprint and embodied energy assessment of a Wahidul &
works program in a residential estate of Western Austra Biswas, 2014

Average life cycle GHG emissions and embodied energy consumption of houses at different locations hi
estimated. Home appliances and water heating have been found to be the top two hotspots. Solutions ¢ Comparative quantities
rooftop solar photovoltaic panels and solar water heaters were proposed for improvements

Application of life cycle assessment approach to deliver [Lawania &
carbon houses at regional level in Western Australia Biswas, 2018

Environmental impact of carbon fibre-reinforced polymer Maxineasa et Using strengthening, one can achieve a significantly higher load capacity for a beam, while diminishing tt

. . . ; . . ) Comparative gquantities
flexural strengthening solutions of reinforced concrete be al., 2015 negative impact of the built environment over P q

The timber maximised design resulted in approximately half the GHG emissions associated with the bas
The sub-floor had the largest greenhouse impact due to the concrete components, followed by the walk Comparative quantities
the usage of bricks

Quantifying the greenhouse benefits of the use of wood Ximenes &
products in two popular house designs in Sydney, Austra Grant, 2013

Life cycle assessment of ceramic tiles. Environmental al lbanez-Fores € The stage of the life cycle with the greatest environmental impact is the manufacture of the tile, followec

o . - . Comparative quantities
statistical analysis al., 2011 process of atomizing the clay and the distribution of the product P q

Life-cycle assessment and cost analysis of residential Inventory of Carbon and Energy (ICE) was used for the calculation of primary energy requirements and

Atmaca, 2016 Comparative quantities

buildings in South East o greenhouse gas emissions
Evaluation of environmental friendliness of concrete pavilHossain et al., . . . . . . . . ”
. P LCA results of different mixtures in comparison to convenient production mixture Comparative quantities
eco-blocks using LCA approach 2016
End of life of buildings: three alternatives, two scenarios. Martinez et al., Management plans for demolition were assessed in quantitative manner in terms of significant environm . .
- - Comparative quantities
case study 2013 aspects, as a guiding tool for decisions
Life cycle assessment of construction and demolition wa Mercante et al ! P . . .
Y . The assessment results of process and sub-processes were listed and possibiities were discussed  Comparative quantities
management systems: a Spanish case study 2012
Life cycle environmental impact of different replacement Napolano et al. . . . . ”
. Y . b P P LCA comparison of alternative proposals with software Comparative quantities
options for a typical old flat roof 2015

LCA-based study on structural retrofit options for mason Napolano et al Quantitative assessment results were presented for the detection of best alternatives. Outcomes can

. . ) . . . L ) Comparative quantities
buildings 2015a assess the environmental performance of retrofit strategies applied to existing buildings, as a reliable me P q

Manufacturing and Disposal of Building Materials and  Althaus, et al., Data on building materials in ecoinvent data v1.1 are generally of rather high quality. However, since dai . ”
Comparative quantities

Inventorying Infrastructure in ecoinvent 2005 generic and the building material industry is very diverse, uncertainties are considerable
A methodology for holistic lifecycle approach as decision Karakoyun,  Design alternatives were quantitatively presented in terms of LCA. Material and processes were noted Comparative quantiies
support system for closed-loop lifecycle management 2015 respective scores P q

. " . . . The operation phase of the buiding has the highest impacts. Each phase and component impacts were
Towards environmental profiling for office buildings using

Life Cycle Assessment

Comparative quantities,

Ragheb, 2011 i in di i ildi i .
agne comparatively noted in different categories, for each building. Lastly, normalizessuits were obtained for normalized values

comparison
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Table18: (Continued)

Title Reference Findings Category

Evaluating the sustainability of construction with recycled
materials

The impact and cost reductions by recycled materials are listed in percentages in comparison to new m Comparative quantities,

Lee, 2010 . N . e .
and noted with sustainability ratings. Reliabilty of new tool is prooved proposed new tool

Harmonizing Technological Innovation and End-of-Life Dzombak. 20 17Decisions and recommendations on key parameters of the products such as recovery potentials and m Comparative quantities,
Strategy in the Lighting Industry ' complexity proposed new tool

Development of a Framework to Assess Sustainabilty or\Weerasinghe, New framework with many possible indicators combined under categories and cost analyses. Suggestic Comparative quantities,
Building Projects 2012 recommendations for proper use of new tool for integrated design process proposed new tool

A dynamic model for assessing the effectiveness of Yuan. 2011 New framework for assessment of C&D waste management in terms of economic, environmental, and Comparative quantities,
construction and demolition waste management ’ aspects proposed new tool

A new digital tool for sustainabilty assessment of office buildings, which supplies results in tables and gre Comparative quantities,

Environmental assessment of office buildings Vieira, 2007 . . . .
This tool ensures not experienced designers to use assessment tools effectively proposed new tool

Extensive assessment framework including analytical approach of construction pollution index, environm
An integrated analytical approach to environmental Chen. 2003 conscious construction planning, incentive reward program for material management, waste material ex Comparative quantiies,
management in construction ' and a tool to effectively and efficiently assist contractors to enhance EIA and environmental performanc proposed new tool

only in China, but also in other areas

Closed loop material cycle construction : Defining and

assessing closed loop material cycle construction as a Sassi. 2009 New framework, critics, recommendations, suggestions about existing building materials, elements and Comparative quantities,
component of approach to sustainable material design it ' assessment criteria proposed new tool
context of sustainable building

Towards sustainable homes through optimization: An . .
o . . ) L . . - . Comparative quantities,

approach to balancing life cycle environmental impacts a Zachariah, 200MNew framework for optimization of cost and environmental impact, critics, recommendations and suggestlorgl)sose d new tool

life cycle costs in residential buildings prop

Framework for analysing construction alternatives with
respect to environmental laws

New and user-friendly assessment tool for linking the construction activities to environmental impacts wil Comparative quantities,

i 1997 w : .
SIdil 19974 mit values defined by laws and regulations proposed new tool

From the new European Standards to an environmental,
energy and economic assessment of building assemblie:
cradle-to-cradle

Silvestre et al., New framework for combining environmental, energy and economic impacts under single Eco-costs imp Comparative quantities,
2013 category, noted in terms of Euro as unit proposed new tool

Two new impact categories were introduced as stored ecotoxicity and stored human toxicity. The impac

Goneébut not awayodaddr es sHauschid, et . o -
were calculated using the normal characterization factors for the ecotoxicity and human toxicity impact

Comparative quantities,

impacts from landfills in LCA al., 2008 . i . L ) roposed new tool

P categories, and they represent the toxicity potentials of what remains in the landfill after 100 years prop
A model proposal for life cycle impact assessment for th Oztas An adaptable framework in Simapro software format which is also open to be adapted to other tools. Tt Comparative quantities,
Turkish building materials sector Karaman, 201« list, categorization, weighting and normalization phases specialized for Turkey proposed new tool

Integrated framework for the assessment of buildings and materials, especially as a decision tool during Comparative quantities,

A model for life cycle assessment of building materials  Taygun, 2005 )
design phase proposed new tool

Sustainabilty and Waste Management: A Case Study or
UK Oil Refinery During Day-to-Day and Turnaround Gonzalez, 2016
Operations

All activates of refinery were documented in detail from raw material to the waste treatment. Critics anc

L Critics, recommendatior
opportunities as a new framework

Building materials in a green economy: Community -base

. . Milani, 2005 Critics, recommendations, suggestions Critics, recommendatior
strategies for dematerialization

Life cycle assessment of building refurbishment: A literat Viches et al.,

review 2017 The state of art in LCA and renovation in terms of commonly used methodologies and obtained results Critics, recommendatior

Rebitzer et al.

Recycling, Close-Loop Economy, Secondary Resources 2003

" Critics, recommendations, improvable aspects, etc. Critics, recommendatior
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As shown inTable 18, findings are diverse in the sources, such as embodied energy,
CO, emissions and costs of conventional buildings as well as net zero altesnativ
optimized building material combinations with regard to constructing time, cost and
COz 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-efdife 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-efdife were documented

and criticized from environmental perspective. Similarly, the study on dinse
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 differin 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 ahtb 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, reseah tool, datasources, research method, research tool and findings in
this part Moreover, he followingsub section presents the analysis of this research in

terms ofanalyzedparameters to determine itsportance in this research area.
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2.4.4. ThisStudy 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, reseattobdology, 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. A E ¢ 0 nedtrmonduds ak environmentahirapadt 6 s i nc
assessment and cost estimation for a reuse project. Additionally, the research question

is similar to the research question in Leebo
estimations of recycled materials compared to neterials in highway pavements.

Moreover, it is also similar to the research question aboubthfd® assumptions for

buildings and their influence on LCA comparisons from the point of view of different

scenarios in the study of Vieira (2007). One othest similar research question is on

cost and environmental impacts related to-efitife 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 Mercantd. (2012) has a similar research

guestion in terms of focusing on different material cycles together. Lastly, the main

guestion of the study by Napolarbal. (2015) includes LCA of masonry repairing

proposals and hence it is close to this dissertafrom the point of view of its

objectives.

Stony i.e. minerabased materials are the research materials of this dissertation and
hence it is similar to the studies of Silvestteal. (2013) and Napolanet 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 investigatieak in

study.

104



This dissertation can be placed in the fi
terms of data soursgsince 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 testsan beconsideredorimary data, while thelata onlight van

vehicle selectedirectly from the database, is an examplgeneric data.

Research method of this dissertation bel g
with comparati ve d&nCeAtinvestigaes heimpaa assegsmenty

of masonry walls via SimaPro LCA software; which also determines the research tool
category i.e. ASoftware for assessmento.
comparative quantities like many studies dateTable 5, for environmental impacts

and cost calculations of new and recovered walls.

The findings of this dissertation is similar to the study by Saedat. (2014) since it
offers alternative endf-life scenarios for buildings and guiding tdof the selection

of suitable demolition management strategies for recovery. Moreover, findings of the
study on strengthening reinforced concrete beams by Maxieeat42015) present
lower environmental impact level for repaompared to producingrew 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 dissertatsthy, the
study on lighting industryoy Dzombak (2017) illustrates hands disassembly of
lighting fixtures and quantifies the process of demountability for sustainability ratings;
which is similaralsoto the hand®n recoverability investigaihs onmasonry debris

which is a part of this dissetian.
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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
notewathy amount of bricks; one of which had load bearing solid brick walls while
the other had hollow brick infill walls. These two walling typesamevenienfor 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 visudiservatiorof the researcher before, during and
after the demolitions as well as survey of the related literature on history of the
buildings. Consequently, this sectipresens the background informatiof these
buildings starting from theconstruction up to thedemolition; as explaineth the
following sectionslin the last sectiorthe properties and conditions of the samples

collected from the debris for further analysee presented.

3.1.Demolition of a Masonry Building in Russia

St. Petersburg is one of the wetinserved historical cities of Russia. Therefore,
renovation is commonly preferred when old buildings require updating according to
emergent needs or reviséegislations. One of the very rare demolitions in the city

center was observed aitg detaik have been recordéedthe following section.

3.1.1.Properties ofthe 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 showirigure22. It is surrounded by small scale production
plants as well as offices and housing blocks.

Image ¢

Figure22 Location of the demolition pldimage a and b, derived from Yandex Map, n.d;
Image ¢, 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 purposesnfrstorage to production to a

photography studio (Citywalls, 2009). The site was bought by a famous company
called 60l d Lessnerd6 in 1853 and although s
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printing supplies in the first year, the company constructed faoiléies 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 plage important role in
weaponry till 1917The plot was used for manufacturing heavy industry products, and
for storing the commodegs from time to time till 1966Although a culinary school

had served during 1990s, the site was associated with mangediffenterprises
during 2000s such as photography studio and flee market (Karpovka, 2015). The
condition of the building shortly before the demolition is illustrate&igure 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).
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Image b

Figure23: Building before demolition (Image a, Yandibap, n.d) andhe 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
constuction techniques of slabs, beams and columns differed from story to story as
summarized irFigure 24. The volume of the ground floor was divided with bare
concreteand 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 oragmgy mixed material. Although the volume

of the firstfloor also accommodated concrete and steel columns similar to the ground
floor, the slab on it was out of a different bearing system-\@meconcrete slab had

been constructed here and transverse deeper concrete beams were visible at certain
intervals. Tke 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 mierials 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 ther@esiution and
postwar era of ecoommic 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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Second floor

Exposed steel truss with pre-tension system

No vertical structural division inside

Bare and plastered solid clay brick walls
External walls, 60 cm thick

Wooden window frames and steel girders

Wood floor finishing

Primer wood cladding on truss under metal sheet
Opeanable window divisions

Image a Image b Image ¢

First floor

Reinforced concrete one way joist slab

Reinforced concrete beams

Reinforced concrete columns

Secondary steel columns for additional reinforcement
60 cm thick solid clay brick external walls

Ground floor

60 cm thick solid clay brick external walls
Cement screed layer

Crushed brick coarse aggregated concrete slab
Steel beams (I section) on one direction
Between steel girders (I section)

Steel and reinforced concrete columns

Image

Figure24: Materials and techniques of thailding (Image a and b, Photo Studio Sol, 2011; Image c, Karpovka, 2013; Image d, Stroyles, c2008; Image e: Citdveall$ |i2@@e f: Gradpetra Portal, 2009)
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Figure25: Final condition of the demolition and the debristio& plot
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The waste management regulations in Russia obligatedioationof material types

and expected amounts in rubble prior to starting the demolition work as summarized
in literature review chapter. While the dispasethods are followed according to type

of material, as per the State laws (Russian Federation Council, 2002)., ittence
demolishing firm has to submit information on types, approximate amounts of
materials and planned disposal methods to the authoflties.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 aadindg 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 keictype 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 f al
highway; while the otér was the unspotted common wall with the adjacent building.
Luckily, the former one did not harm anybodgnything and the latter was solved by
addition of steel reinforcement to the permanent building. The demolition went on a
manual way in a very slownd 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 showrFigure26; 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 -@fuworn

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 asFsgarein
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.

— T g AR

Figure26: Stages of the demolition (Stroyless, c2@08 Image a, Gradpetra, 2015)
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3.1.2Sanples Collected from he Hot

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 fromplah@and
brought to the Testing Laboratory of the Civil Engineering Institute of Peter the Great
SaintPetersburg Polytechnic UniversitRussia), as shown ifrigure 27. This
laboratory has several testing facilities for the analysis of historical structures,

including masonry walls.

Figure27: 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
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