Management o€ombinedSeismic ancenergy
Retrofitting of aTypical SwissBuilding

Maserdo $hesis

Student

Estrella Ghielmini

Institute of Structural Engineieg (IBK)

Swiss Federal Institute of Technolo@yTH Zirich)

Supervisor

Prof. DrBogi dar Stojadinovil

Advisors
Dr. Yves Reuland

Safak Arslantirkoglu

Zurich

04.07.2022






ETH

Eidgenbssische Technische Hochschule Zirich
Swiss Federal Institute of Technology Zurich

Declaration of originality

The signed declaration of originality is a component of every semester paper, Bachelor's thesis,
Master's thesis and any other degree paper undertaken during the course of studies, including the
respective electronic versions.

Lecturers may also require a declaration of originality for other written papers compiled for their
courses,

| hereby confirm that | am the sole author of the written work here enclosed and that | have compiled it
in my own words. Parts excepted are comections of form and content by the supervisor,

Title of work (in block letters):

Management of Combined Seismic and Energy Retrofitting of a Typical Swiss Building “

Authored by (in block letters):
For papers writhen by groups the names of all authors are reguired.

Name(s): First name(s):
Ghielmini Estrella

With my signature | confirm that

= | have committed none of the forms of plagiarism described in the 'Citation etiquette’ information
sheet.

- | have documentad all methods, data and processes truthfully.
= | have not manipulated any data.
- | have mentioned all persons who were significant facilitators of the work.

| am aware that the work may be screened electronically for plagiarism.

Place, date Signature(s)

Zirich, 04.07.2022 F. Clvieticion
- 7

For papers wrilten by groups the names of all authors are
required, Their signatures collectively guaraniee the enlire
content of the whitlen paper.



Acknowledgement

First, | would like toexpress mythanls toProf.Dr.Bo g i d ar Sforaivirgdne the v i |
opportunityto write ths Mastefs Thesisat the Chair of Buctural Dynamics and Earthquake
Engineeringandfor his precious advicduringthe projectThe suggested literature enabled a
contextualisation in the fraeork of ongoing researdnd the very useful indications given
throughout the Thesied toavaluable discussion bas

| am particularly thankfulo my supervisor®r. Yves Reuland and Safaslanttirkogly who
supported me during the Thesis with their kAmow and theirguidance which madethe
development of thisvork possible Their accurate feedbadnd suggestionallowed me to
improve the results of this project as well as tointerpret and discussthem critically.
Additionally, theycarefully modelled the case study building in the softwavul (S.T.A.
DATA) and Autodesk Revit, doing all the preparatory work for the seismic and thermal
analysis.

My gratefulness extends alsoEtisa Ambrassa, who irdiduced me to building modelling in
Autodesk Revitand shared useful informatisagarding BIM.My thanksarealsodirectedto
Alice Comune for the constructive discussion @ammmony realised thermal retrofitsand
nationalltalian energypolicies.

Thanks also to S.T.A. DATA and Autodesk Revit for the academic software licenses.



Summary

I n this Mathdseismicsand Therma pesformance of $wass multifamily case

study building is analysed and assessed to be uncomplidntheiturrent seismic and energy
code provisiongSIA 269/8: 2017[1] and Swiss GntonalEnergy Provisions MuKEnR [2]).

More specifically, the minimurseismiccompliance factowith respect to a new Swiss building

is computed tdin = 0.44 with thesoftware 3Muri (ST.A. DATA). Concerning the thermal
transmittance of tploeestsbe 64220% higheetbas theerequirerheatp e |,
for a renovatedresidentialbuilding [2]. The quantification of the yearly heating demand is
executed wittAutodesk Revit

Consequently, synergetic retrofit alternatives are designed totheetermal requirements
andto improvethep er s on al saf ety of Pattitular atbeation igpaid tg 6 s
the CQ emissions of the building before, during and after the synelgé&tiventions

The selectedeismicretrofitting options consisof the application of carbon fiber reinforced
polymer (CFRP) strips or neaurface mountt steel reinforcemendn the masory walls
which are most prone to fail at low values of ingtorey drift. The energetiinterventions act

ont he buildingds envelope (external wal | s,
insulationas well asvindow replacement.

The design andelection processf combinedretrofitsfollowed in this projects documented
through a flowchartRelatedto the flowchart, a decisiemakingdiagramis developed t@pt

for the most appropriate combined retrafiterms of overall C@emissionsgosts, interruption

time of building occupancy and structural safeédybsequentlythe chosen intervention is
optimised, leading toa further reduction of greenhouse gas emissions and structural safety
deficit at unalteed monetary expenses.

Throughthis Thesis, grocedureo support professionals in the planning of loarbon and
costefficient, highquality, synergetic retrofits is presented.

04.07.2022 Estrella Ghielmini
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1 Il ntroducti on

The following report deals with the management of a combined seismic and energy retrofit of
a residential building located in Switzerland.

The structure is assessed in terms of seismic and thermal performance using building models
in the software 3Muri (3.A. DATA) and Autodesk Revit. The realisation of this project
allowed the development of knowledge in the use of finite elements (FEM) programs and
software used for the implementation of BIM. Moreover, insight into current seismic and
thermal retrofit methods wagained through the Thesis. The application of construction
management practices and tools strengthened skills which are extremely valuable also in
practice.

A new approach for decisiemaking to select the most appropriate synergetic intervention is
devdoped in this Thesis. The suggested framework corsiomutiple criteria, reaching further

than the usual factors considered in the conventional design of seismic retrofit measures.
Typically, structural safety and the decisive cost variable are the ¢eadmponents. In
addition to those criteria, the innovative decisioaking framework includes also GO
emissions and carbon savings related to the interventions as well as it takes into account
occupancy interruption faenantsentailed by theetrofits Although the conceived decision
making procedure is based on a specific Swiss building, the followed methodology can be
utilised for any other retrofit with just minor adjustments. Furthermore, the presented process
not only provides a valuable base fobjextive and standamgid decisioamaking and
optimisation of retrofit measures but also helps in the evaluationtefvention usef ul nes
for buildings. Thus, it prevents needlesgofittings already before they are designed in detail.

The developegrocedure is accompanied by a substantial societal impact. In fact, through the
extensive commissioning of combina@trofit measures, multiple aspects of relevant

i mportance are enhanced: societyds safnety an
footprint is decreased.

Currently, the design, evaluation and opsation of multiple retrofit alternatives and the
exploration of possible synergies are labmtensive. This process can be significantly
accelerated by leveraging new technologies.oAgst them, the creation of digital twins of
buildings, used from the design phase throughout the whole operation until dismantling, would
reduce the workload of structural and energy engineers. In fact, they ideally can be used directly
for thermal and (pssibly) seismic analysis. Furthermore, visual programming {8pland
generative desigf#] can automate the process related to paraniéjricsetbased6] design

and can thus significantly foster optsaiion procedures.



1.1 Motivation of the Thesis

Switzerl andos b u:ib50.704 af gl residertial buildings werey lmiilt befpre
1970[7]. Sncetherenovation of structuregsould bemuch more sustainable from an economic
and ecologic point of vieweomparedto the eection of new buildings, the assessment of
interventionsand performance upgrades of buildingsa relevant subjedn the present
situation and, even more, it will be in the future.

Furthermore,the seismic performance of Swiss buildings mustilgroved becausehe
majority of structureswas built before the introduction of modern code provisions &nd
therefore uncompliant with thactual requirementg8]. The safety level of a structure in
Switzerland is evaluated according to SIA 269/8: 2{i]ahrough a effectivecompliance
factor| , which is linked to the personal risk factor of the occupesitded to earthquake
eventg9]. In case thealculaedcompliance factor results lower than the minimadmissible
value| defined by SIA 269/8: 2017, tabld1], the structure muste seismically retrofitted
[9]. On the other hand, if | p, seismic upgrade is conducted based on
commensutaility criteria [10]. Oftentimes seismic retrofit of existing structures lacks
commensurability, as the expected costs for the interventions are disproportionate in relation to
the achievable seismic risk reducti@j. As the vast majority of the Swisslilding stock has

an uncompliant seismic performantiee seismic risk is not negligib[@0], even though the
seismicity in Switzerland isonsiderably lowecompared to countrige Southern Europe

Moreover the energ consumptiorof Swiss buildings must beducedo meet the goal of the
energy strategy 20501] and the correlated neero CQ emissiong12]. Currently, around
60.1 % of the heating isnsuredhrough oil and gasombustiorf13], which arenonrenewable
energy souwres In Switzerlandaboutl1/4 of the total energyse(230 TWH [14] is employed
for heating(> 55 TWh)[15]. Additionally, thebuilding stock causes approximately df3he
total COz emissionsn Switzerland12].

A promising solution thatacts onthe three mentionedaspectss represented bgynergetic
retrofits According to thepproach osustainabldife cycle assessmerdn upgrade of seismic
performance has the potential to limit damages t@pdssiblyexecutedhermal interventions
in caseof an earthquake evelt6], [17]. Combined retrofitsmay be effective for many
Europeancountries[18]. In fact, casestudiesof integrated seismic and energy interventions
around Europe have beamnductedin different seismic zones and climatic conditions
upgrades of unreinforced masonry buildings have already been perfanuetbcumenteth
Italy, Romania, Greece, Portugal, Spain, Slovakia, Poland, the Netherlands and Switzerland
[19]. As a result, it vas stated that synergetietrofits are most effective imoderateto high
seismicity regions anak locationsharactesed bytendentially cooleclimatic conditiong19].
Applying those insights to Switzerlarafurther detailednvestigation shows pmise despite
the countryliesin a zone of relatively low seismicifg0]. Swi t zer | anddosl cl| i ma
in Zurich, there areaveragelymore than 3000 heating degree days per, yeaite in Sion there
are slightly less than 30(J@1]. According b the Swiss definitionheating degree dayare
computedasthe temperaturaifference of the outside air temperature to the aimed inside air
temperature of 20T during the dayswith a mean ddy temperature below 12C [21].
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Combining seismicaetrofit with thermalrenovation workgproved to have the potential for
reduced resource employme@?] compared toseparate interventions sinder instance
construction site installations and construction processes can be sharexthfdyges of
interventions. Furthermore, the barrier fothermalretrofit is usually much lower than for
seismic interventionsgsenergy interventions aggrimarily carried out fromhe exterior ofa
building, while seismic retrofit usually must bgeatedfrom the interior discomforting the
occupants and stoking fears of highpenditure$18].

In the literature combined seismic and energy interventions on reinforced concrete structures
and unreinforced masonry buildingee described armhalysed19]. In this Masted $hesis a
four-storeyresidentiabuilding with unreinforced masonry walssumed to becated inSion,
Switzerlandis analysed to explore the potential of synergetiofits. The gained knowledge

is usedto develop dool that can be applied by engineers in agtyofitting project

1.2 Description of the CaseStudy Building

The case studypuilding analysed in this Mast@rd hesis deals with a residential building
complex situated in @&ich Affoltern. The generaiteplan is shown ifrigurel. To inducethe
building to beuncompliant vith theseismiccode provisionsfor the purpose of this Thesis it is
ideally relocated fronZurich to Sion, where the seismicity is higher

Figure 1: Site plan (red: case study building)

The complex was built in the early 1970s andfdgade underwent a renovation in 18.8A
general impression of the building can be gained frigare?2.



Figure 2: Easternfacade(left), westernfacadewith balconies (right)

The structure is characterised by a basement and an underground garage, a ground floor and
three upper flos (Figure3). The total height over terrain amounts to 12.17 m.
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Figure 3: Transversal section

The layout dimensions are 18.25 m in length 2hd6 min width. Eachovemgroundfloor is
identical ands subdivided intowo residential units, each one of theamprisng threerooms,
akitchen,arestroom ana balcory (Figure4).
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Figure 4: Layout of the pper floors

All walls, except the onesn the basement floor, are made of unreinforced masonry. Most
external masonry walls are 32 ¢hick, except for the ones adjacent to an adjoining building,
which have a thickness of 12 ciirhe nternal walls are mainly 12 cm thick, while some minor,
separatory walls only show arl® cm thickness.

On the western fagagdthere are many large window openirgs every floor, including the
ground floor, extending from the buildibgs  eosleg apgroximatelyl/3 of the facade length
each. In the middle part of the west facade, an unreinforced masonry wall with smaller windows
is present.

On the eastern side of the building@rrowerwindows aredistributedover the entire facade
surface.
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2.1 SeismicAnalysis

Within the scope of this Thesis, onlythegdn ane sei smic compl iigmnce

examined.The outof-plane failure of the walls is evaluated as not critical since the rigid
reinforced concrete floor slabs a@nsidered afirmly connected to thevalls, restraining them
and preventing overturnind he quality of the masonry walis assumed to be sufficient to
avoid cohesionelated issues between the bricks and the mortar in the joints.

2.1.1 Modelling in 3Muri

The software 3Muriversion 13.2.0.14is used for the seismic alysis of the case study
building. The 3Muri building modelwas kindly preparednd sharethy Safak Arslantirkoglu
[23].

All walls thinner than 12 crare ignored in the modelling since they aegarded as nen
structura)] being disconnected from the ceilings by lacm thick polystyrene layerThe

reinforced concrete slalfhickness 18 cmare modelled astiff horizontaldiaphragnms, rigidly

connected to the structural walls

The dosen control nod&14 (seeFigureb) is locatedon the toplevel of the model (ceiling)
near themasscentrebut notcloseto thecentre of stiffnessf the analysed buildingccording
to the specifications given B24]. Thechoiceof the control nodés based oithe criterion of
representative displacement behaviddamely, the displacemengdould not be excessively
sensitiveto the choice of the node ahé in the same range as theerage displacemeat the
whole floor, since the floorsnoveasrigid bodes

2.1.1.1Geometrical Properties

Figure5 showsthe simplified ground view inputted in the 3Muofsvare. As described in
Section2.1.], all nonstructural wallsare neglected in the model createa model as simple as
reasonably possible for the sake of redutivegomputational effort. Thim-plane load transfer
on thereinforced concretéloor slabsis subdivided intd50 % in the main Xdirectionand40

% in the Y-direction All walls arebuilt in unreinforcednasonryand are modelled accordingly

- PR s e e e PR—

- . e .. . . . L 1] . . L]

LS - . . .. . - . . . e .

Figure 5: Ground view oftte 3Muri model (left: alignment&nd control node 114 on level 4
(red), right: top view of the 3D model)
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2.1.1.2Material Properties

The structural elements ofhé building are featured according to the standard material
properties filed in the 3Muri databasend material parametersuggested by different
publicationd25], [26], [27] (Tablel).

Tablel. Material properties usedithe 3Muri model

E G w fm, fcm, fym fk, fck, fyk fva fvlim )

[N/'mm?] [N/mm? [kN/m3 [N/mm?  [N/mm? [N/mm?] [N/mm?3 [-]

Masonry
(clay 3850 963 13 7 4.90 029 2.2 2.00
bricks)

Concrete
C20/25 29000 12083 25 0.28 0.20 - - 1.50

Steel
rebars 205000 85416 79 5.38 5.00 - - 1.15
B500A

2.1.1.3Actions and Applied L oads

The seismic actiused or the analysis in 3Muare determined through SIA 261: 2(20].
As explained inSection 1.2, to inducethe buildingto beuncompliant with theseismiccode
provisions,it is shifted fromits real location irZurich toSion where the seismicity is higher
Sion lies in the seismic zone Z3b with a horizodtsignground acceleratiodd  p& i 7O
(SIA 261: 2020[20], 16.2.1.2) The soil is assumed tbe of type E (loose rock, most
conservative acceleration spectrum fontheationperiod of the buildingdetermined through
modal analysis Accordingly, the acceleration spectrum paramegarsn by SIA 261: 2020,
table 24[20] are inserted in 3Muiri.

The selfweights of floors and walls are computed automatically by the 3Muri software with
the assigned geometrical and material properigesvell as thdead andive loads.According

to SIA 260: 2013, table 228] for thecalculationof theapplied ladson design level30 % of

the live loads are adddd the seHweight of the structural elementend to the dead loads
(permanent load caseith| 1@ for residential purposes).

Theseloads are applietiorizontaly in correspondence to the floor lévef the building in
different load patterns (uniformly distributed forces or static forces matching the first
eigenmode of the building). Additionally, the forcast in different senses andirections

LE = 550f, [25]
2 G = 0.25E26]
3 In accordance witf27]



positive or negativeensg+/-) in the principal axes of the structupe/Y). Furthermore, they
are charactesed bydifferent accidental eccentri@ts of the resulting force with respect to the
centre of stiffness (SIA 261:2020, 16.5.120]).

2.1.2 Results: SeismicCompliance

The seismic copliance is evaluatethroughthe effective compliance factor —[1],

which indicates the ratio betwe#me seismic capacity of an existing buildiagd the demand
requiredfor a new structurg9]. For thedisplacemenbasedanalysis in 3Muri, the compliance
factor is computed as the ratio of the displacement capQcignd the displacement demand

‘Q, namely —.

The displacement capaciy isreached at the failumaf the firststructurally relevanglement
which leads to partial or totakollapse othe structureOnce the collapse poioh the pushover
curveis selected, a new bilinearization according to the N2 method is carried out

The displacement demaiidis evaluated by means of the N2 hat[29], [30], more precisely
it is the value of the displacement at the intersection of the bilsee@urve and the pushover
curve The aforementioned intersection point is defirgda shear forcen

™ v ,wherew is themaximal reached shear force in the pushaueve[9].

The displacementemandQ of a building canalsobe representedyy the capacity spectrum
method, in which the capacity of theilding, derivedfrom pushover analygs, istransformed
into spectral accelerations adisplacementsandplottedtogetherwith the demand spectrum
in an AcceleratiorDisplacement Response Spectrdiagram[30]. The displacement demand
'Q isquantifiedas the intersection point between sletssmicdemandequired by the earthquake
eventand the capacity spectrum curyas)].

The outputs of 3Muri are croshecked for plausibility purposes canparisonof field
measurementsf the vibrationperiod and te period computed by the softwar@x =0.3s,
Ty = 0.2s)for the vibration modes with the highesass contributiois done.

The software generates adalysescorresponding to thdifferentload applications described
in Section2.1.1.3 In the following Table 2, theresults of the seismic analysis done in 3Muri
are represented.



Table2: Results of theessmic analysigxecutedn 3Muri

Analysis  Seismic Seismic  Eccentricity Capacity Demand Compliance

direction load [cm] dm [cm] dit [cm] facto

1 X+ Uniform 0 1.60 3.50 0.46
2 X+ Static forces 0 2.16 4.13 0.52
3 X - Uniform 0 1.52 3.46 0.44
4 X - Static forces 0 2.56 3.97 0.64
5 Y + Uniform 0 1.28 1.35 0.95
6 Y + Static forces 0 1.99 1.66

7 Y - Uniform 0 1.20 1.20

8 Y - Static forces 0 2.73 1.50

9 X+ Uniform 53.8 1.52 3.41 0.45
10 X+ Uniform -53.8 1.68 3.50 0.48
11 X+ Static forces 53.8 2.32 4.13 0.56
12 X+ Static forces -53.8 2.32 411 0.56
13 X - Uniform 53.8 1.52 3.46 0.44
14 X - Uniform -53.8 1.60 3.45 0.46
15 X - Static forces 53.8 2.32 4.09 0.57
16 X - Static forces -53.8 2.40 4.06 0.59
17 Y + Uniform 89.6 0.72 1.25 0.58
18 Y + Uniform -89.6 1.36 1.52 0.89
19 Y + Static forces 89.6 1.28 1.53 0.84
20 Y + Static forces -89.6 2.15 1.86

21 Y - Uniform 89.6 0.56 1.12 0.50
22 Y - Uniform -89.6 1.28 1.37 0.93
23 Y - Static forces 89.6 1.12 1.37 0.82
24 Y - Static forces -89.6 2.09 1.71

As it can be noticed fromable2, the lowest compliance factor is 0.44 (analysis 3 and analysis
13). Since analysis @ntails more damaged/failed walls than analysis 13jdeistifiedas the
most criticalone



2.1.2.1Commensurability

Thecomparison of costs caused by seismic regafith the therewith achieved risk reduction
provides the base to assessnmensurabilitydefinedby SIA 269/8: 20171]. The lowest
compliance factar determined irBection2.1.2is used tayuantifythe personal risk factor
(PRP with the aid ofFigure6. Subsequently, the difference in PR&ween the initiavalue

of | & tand a compliance factpr p requiredfor new buildingss calculated
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Figure 6: Personal risk facto(PRF as afunction of the comg@ncefactor| (SIA 269/82017
[1], figure ?)

The occupancyPB) of the structureis evaluated through SIA 269/8017[1], table 2for a
residential buildingthe specific occupancy in persons per room is0062 Therefore, a mean
value of 0.4 persons/room is chosbkrtluding bathrooms and kitcheri€) rooms are present
per floor, which leads to an occupancy of 4ple/floor and hencel6 people for the entire
building. Life safety costéGK) are assumed to be 10 million CHF referring to SIA 262087
[1], 10.3.9.Based orSIA 269/8:2017[1], 10.7.2, a discount rate of% over50 years of
remainingbuilding service life isembracedFollowing the methodology described by SIA
269/8:2017[1], 10.7.2 the proportionalsafety costs are computedt6’'0O00CHF (Table3).

Personenrisikofaktor PRF, pro Jahr
/

Table3: Parameters for alculationof commensurable costs

Eff. compliancefactor  ; 1 [-] 0.44

PRFRv beforethe seismic retrofit [1/yeal 4.2A0°
PRFRv afterthe seismic retrofit [1/yeat 1. 0°%10
Occupancy per room [peopléd 0.4
Number of rooms [-] 40

Life safety costs [CHA 10'000'000
Discount rate per year for 50 years arfb discount rate [-] 0.032
Total building @cupancy [peopld 16

o PWRF [1/yeat 0.0000032
® RP [CHHyeal] 512
Commensurable costs in 50 yeSi€v [CHF] 16'000
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2.1.2.2Embodied CO2 Emissionsfrom Repair Works

For the estimation of the embodied carbon emissiansed byrobable repair workafter a
seismic eventthe analysis with the miniam compliance factor &8 t(analysis 3, X
direction, sed able?2) is considered

The condition (damaged or failed) of all structuallls is assessed for sevethsplacements
on the most critical pushover cun&ome of the chosen points correspond teifipedegrees
of structual damageslight, moderate and extensive damagefined by linear combinations
of the yield displacemer@® and the displacemenf the control nodat ultimate strengtl@ .

These equations are shownTiable4.

Table4: Assessment points onetipushover curvéor different degrees ddtructural damage
[31]

Degrees ofstructur al damage Displacement
Slightdamage T Q2
Moderatedamage ™WQ T @
Extensivedamage ] @ T XQ

In addition to the described damage stdtasher pointson the pushover curve are evaluated
the condition of the walls alisplacementsloseto slight damage, at the powftmaximal shear
force at the failure of the first vertical elememtsd beyond their failuris consideredFigure
7).
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Figure 7: Points of damage ssessments on tloeitical pushover curveomputed by 3Muri
(analysis 3)

The lossin terms of CQ emissionscaused by m earthquake ewe is evaluated with the
Performance Assessment Calculation Tool (PACT) powered by the software SimaPro. The
PACT is based on FEMA-B8 Seismic Performance Assessment of Buildings, Volurme 1
Methodology[32]. Software version 3.2.1 (March 2018) is used in grigect The emissions
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are estimated by means of life cycle assessment (LCA) procefB#psAmongst other
functionalities, the tool includes a database of consequence functions related to different
dama@ states. These consequence functions prowidaantificationof carbonemissions
(COz-equivalentsflue tathe repair or the replacement of damaged or, respectively, fealéi

The COz emissions are described by a lognormal distribution. For the geiqiothisThesis,
the median value is taken into account, withamartsideringhe statisticaldispersion of the data.
The most appropriatypesof structuralelementscomprisedn the PACT databasenatching
the masonry walls of the buildirgeshown inTable5 together with the related G@missions

Table5: Carbon emissionfom repair works/repl@ement of damaged/failed masonry walls

Carbon emissions median
Wall type damaged failed

Ordinary reinforced masonry walls with partie
grouted cells, shear/flexure dominated, 4"'t¢=€
0.100.15 m) thick, up to 12(=3.66 m) tall

501kg COy/wall 1289kg COy/wall
32.9 kg CQ/m’ 92.5 kg CQ/IM?

Ordinary reinforced masonry walls with partie
grouted cells, shear/flexure dominated, 8" to
(=0.20:0.30 m) thick, up to 12(=3.66 m) tall

562kg COy/wall 3124kg COy/wall
36.9kg CO/m'’ 224.2 kg CQm?

The wallsdisplayedin the ground viewRigure 8) are subdividedccording tothe building
element categories introducedTiable5s.
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Figure 8: Layout with valls subdividedper thickness (0.20.15 m and 0.20.30 m)
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