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Abstract
Philippines is frequenthaffected by disastrouseismicevents causingloss of lives and costly damage to the
countryo6s infrastructure. Educati onal f agsetdreguiringe s ar

special attention in terms @kismic riskassessmerdnd prioritisationof disaster risk reductioand resilience
increasing strategies (e.g. structural retrofit)

To this aim this studyinvestigatevariousretrofitting measurefor vulnerable schodbuildingsin the Philippines.
Specifically, the study first investigates the seismic performance of three index buildings representing typical
existing schoobuilding typologiesn thecountry. The index buildings include twaingle storey buildings, desigul
according to lowand moderateseismic cod@rovisionsrespectivelyas well as a-3torey buildingdesign based

on moderate seismimodeprovisions.The seismic performance tfosestructures is assessed through nonlinear
static and dynamic analysislentifying the structural deficiencieasd proposing number of retrofittingptionsto
improve their overall capacity stiffnessand ductility. Reinforced Concrete Jacketing (R@a&d Buckling
RestrainedBracing(BRB) areconsidereds feasible retrofing methodsTheextent ofperformanceenhancement

is assessedhrough the capacity spectrum method as well darivation of numerical seismic fragility and
vulnerability relationships for variousstructurespecificdamage states.

Results from thestudy indicatedhatin both case (RCJ and BRE the seismicperformance of all three index
buildingsin terms of overall capacity and stiffnésgprovesconsiderablyA comparison in terms ofulnerability
relationshipsndicaesthatfor the low-rise building with low seismic design, RCJ is the most efficient retrofitting
methodacross a range of hazard intensity lewastsl will protect the building from weak colurstrong beam
mechanismg-or thelow-rise building designed with moderate seignoading, RCJ perforsbetter.For the mid-
riseindex building with moderate seismic design, both methods of RCJ andr&&ed in similar performance
improvemensg and hencethe selection of the optimal strategy should also be basddcal availabity, required
design and implementatiakills as well agconomic constraini®.g., installation costs)

Findings from this study casupport localuthorities andrariousdecisionmakers inprioritizing andallocating
resources for strengtheniptansof the most vulnerable school structures.

Keywords:Seismic Resilience; Retrofitting; School Infrastructure; Fragility Analysis; Vulnerability Assessbwent

1. Introdu ction

Educational facilitieslesign/builtprior to alequate building codes feature structural deficiencies common to
other buildings of the same structural typologies in the same sdttowgever, several considerations set
schoolsapart fromother buildingsn terms of priority for vulnerability assessmeamidretrofitting. An unsafe

school in anaturathazardprone region caresult inloss oflife for hundreds of school childrera vulnerable
population due to their age and their developmental stagaddition to the potential damage to fireperty

and education interruptio®n the other hand, a safer and resilient school represents a safe haven for the local
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community, can serve as a temporary shéttéine immediate postventand help to bring normalcy back to
society in times of disast. The collapse of a school building is particularly devastating to communities, as
schools hold a communityés future generation.

A review of multihazard vulnerabilityassessment reportd public-school buildings and possible
resilienceincreasing stri@gies, particularly in several developing countries, highlights several issues and
shows a grim situation [1]. This is especially truetfar Philippinesone of the most hazajgtone countries
in the world. It is regularly subject to various disastraasural events, inflicting loss of lives and costly
damage to t he c olnfattthy Bhidippines $tradalestaregiantofuconglex tectonics at the
intersection of three major tectonic plates (the Philippine Sea, Sunda and Eurasiafdates, the country
is exposed tdrequent,large and damaging earthquakes. For instance, the M 7.2 Bohol earti2ake,
damaged more than 73,000 structures, of which more than 14,500 were totally destroyed, including several
schools. According to thUnited Nations International Children's Emergency Fund (UNICEF), about 25,000
pre-schoolers and 275,855 school children in 1,200 early learning centres and 1,092 schools (931 elementary
schools and 161 high schools) were affected by the earthquakeeddm history of reported damage and
destruction indicates the substanti al vul nerabil
facilities, to seismic hazardzrom the structural and architectural points of view, schools are especially
vulnerable given structural characteristics that typically include large rooms, large windows (particularly in
tropical climates), and corridors, all of which lead to lower stiffness that results in large lateral displacements
of the structure during a majearthquakeConsidering the large number of existing educational facilities and
their geographical distribution in the country, appropratalysis methods as well as recommendations for
strengthening and retrofitting measures egpeciallyneeded to @dress the prevailing vulnerabilities thie
existingschool infrastructure.

Based orthis remarkthis studyattemptgo investigate the seismic performance of school infrastructure
in the Philippines ando proposdeasibleand costeffectiveretrofitting options A number of index buildings
is first defined based oavailabledatabasesf school building typoloigs and their distribution across the
country. Access to detailestructural and architecturdrawings of school buildingsavell adocal expertise
represent unigqueopportunity to realistically simulate tlw®nsidered structuresith high detail.By utilising
global and local earthquake groummsbtion records, the seisnperformancef the selectethdexbuildingsis
assessethrough advancedonlinearnumerical simulationsallowing the identification ofvariousstructural
deficiencies To address thosedhe feasibility of two different retrofitting measures, Reinforced Concrete
Jacketing (RCJand Buckling Restrained Brag (BRB), is investigated Analytical seismic ffagility and
vulnerability relationshipsar e deri ved dboil bd®@thndheetbtrasf i tted s
considering various damage statébe latter are defined based on their implications to-gagiquake
functionality, repairabilityand recovery, includinglight, moderate, extensive and complete/collapse damage

Findings from this study can support local authorities and various decigikars in prioritizing and
allocating resources for strengtting plans of the most vulnerable school structures.

2. School Building Inventory

In the first phase of this studgvailabledatabasebave beemnalysed to define the most comntopologies
of school building expose to various natural hazardsthe Philippines. Thanain reference databaisghat
of the FilipinoDepartment of Education (DepE®), providinginformation onthe types of buildings named
after the era adtheorganisatiormesponsible for their design and/or construcfmg. Marcos typeDepEd type,
Army type),as well as theaumber ofclassrooms anddimensionsAs this dataset isiainly usedn practiceas
an inventory checklistit lacks fundamental engineeriaglatedinformation, such asype of lateratload
resisting system, roof pe, diaphragnbehaviouyand age of constructiastc

In order to enhance the dataeperformvulnerability assessment, theneral description dfevarious
building typologiess extracted fronthe construction manuarovided by DepEd3], togethemwith a visual
inspection of school buildirerzonductedhroughGoogle Street Viewas well as photos of reahse buildings
of different typologiesAccordingly,the school structuraa thePhilippines can be categorisito two main
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types based on their construction matesiadl lateraload resisting systepas shown irFigure 1 It is dear
thatreinforcedconcretgRC) framed structures with infillsepresenthe highesshare within the considered
exposure 70%), followed by light steeframes 23%).

O Reinforced concrete infilled frame (RC2)
O Light Steel Frame with LBM Walls (SFM)
O Timber frame (T1)

Oothers

Figurel - Main construction material used in school buildings of Philippines

Among the considered parameters, the construction year of the building plays a critical role in the
vulnerability assessment. Buildings of recent construction are more likely to be based on some hazard
informed design and featuesthoc seismic resistanceetails. Hence, it is expected that the vulnerability of
recentbuildingsis lower compared to that of older building designed based on earlier building codes. To
includethese characteristiés the categorisation and identifying commemhool structurg the evolution of
the structural design codesf the Philippinesand the implementingegulationshas been investigatess
presented inTable 1. Additionally, the compliance of each code witte code levels irseismic design
guidelines such as FEM3566 4] and HAZUSI[5] has been considered in order to have a clearer view of their
seismic resistance and vulnerability. It should be noted that any existing school, bdli&7peeinthe
Philippines has been considered N&-Code and such building neetb be replacedas they arenighly
vulnerable against seismic action

Tablel-Evol ution of Philippi nteidemplianceuct ural desig
Philippines Design Code (Edition) Universal Bwldmg Code (UBC) FEMA 356& HAZUS
Compliance Compliance
NBCP 1972 (1 edition; 29 printing in 1977)
National Building Code of the Philippines UBC 1970
NBCP 1982 (2 edition) UBC 1978 PreCode(PD)
NSCP 1987 (8 edition) UBC 1985

National Structural Code of the Philippines

NSCP 1992 (% edition, Volumel i Buildings,
Towers, and Other Vertical Structures; Voluthe UBC 1988 Low Code(LD)
for Bridges published in 1997)

NSCP 2001 (8 edition, Volumel i Buildings,

Towers, and Other Vertical Structures) UBC 1997

NSCP 2010 (8 edition, Volumel i Buildings,

Towers, and Other Vertical Structures) UBC 1997 ModerateCode(MD)
NSCP 2015 (7 edition, Volumel i Buildings, UBC 1997

Towers, and Other Vertical Structures)

Combining the construction yearepresented by the seismic design leaedl the main structural
materialand lateraload resisting systermased for construction, theonsideredschool building havebeen
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categorised aftehetaxonomy proposedy 6 Ay a | &], as showa in Figufe @1d 3 Consequently35%
of theinfilled reinforced concretbuildingsareclassified adModeratecode (>2000)10%areLow code (1990)
and23% can be categorised &ecode (19761990) Majority of masonry buildings are aoldnainly built
betweenl 963 and198(s, andthereforeare categorised gge-code.

8%

ERC2/LR(1)/MD
‘ ]
= Sggtgg;kg ® Moderate Code
= SFM4/LR(1)/PD @ Low Code
o SFM4/LR(1)/PD B Pre Code
OOthers ONo Code
Figure2i Categorisation of building Figure3 1 Distribution of buildings based

based on main structural material and design cc  on the level of seismic codd the Philippines

Another important indicator of structural vulnerabilityagigst any natural hazard is the general height
of the building. The dataset indicates that about 93% of the existing schools arstirgdeuilding, while
6% are2-storeybuilding and only 1% have three or more stories.

The above observation clearlydicates thatnyindex building should beepresentative dbw-rise,
single or two-storey building (LR) with infilled reinforced concrete structu@®C2) built after 2000
following moderate seismic cosléviD).

3. Characteristics of the consideredindex Buildings

Basedon theresultsdrawn from theprevious sectiorthree structures witlthe following characteristics have
been defined as index buildinfyg this study

A singlestorey,5-classroomRC frame with infills, desigadaccording taherecent design code of the
country, the National Structural Code of the Philippind$SCP 2010(consistent with th&JBC 1997) with
moderate seismic resistan¢d: RC2/LR(1)/MD) (Figure 4a) This index buildhg mainly representypical
elementary schools with large classroo(@$x9.0 m?), making the structure extremely flexible in both
directions(low stiffness) andhigh potential fossignificant norstructural damage including the failure of infill
walls (ikely exceedinghe operational limit staje

Furthermore, aimilar onestorey infilled RC building is considered, whichdssigned following the
NSCP 1992 (UBC 1988indicating dower ductility andseismic resistan¢dD: RC2/LR(1)/LD) (Figure 4b)
The general characteristics and detailing of these two structural types are similar, for instance the column
sections of both designs are 25x3Fdnowever the mainvariationis in the steel reinforcemedetailing for
both beams and columwhich can lead tdifferentfailure mechanismand most of the typicassueof pre
code buildings such as limited ductility, possible shear failure and strong Wweakncolumn phenomena
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Figuredi Single storeyeinforced concrete,-8lassroom index buildings with various seismic design provisions
a) RC2/LR(1)/MD, b) RC2/LR(1)/LD

The third index building isthreestorey,RC frame with infills, desigadaccording td¢he morerecent
design code of the count®dSCP 201GUBC 1997) with moderate seismic resistanf®: RC2/MR(3)/MD)
(Figure 5) Although thedistribution percentage of thregtorey or taller buildings is currently only 1%,
majority of the future buildings built by DE&pl will be multi-storey particularly for secondary schools
Therefore, it is suggested that at lease index building shouldepresenmulti-storeybuildings The 15
classroors are distributed over three storeys and include 12 bays and three (Fégoes 6) The spacing of
bays and frames all building are similar with classrooms having dimensions@{9.0 m? andstorey heighs
of 3.2m. Asdiscussegthethreestoreybuild i ng has one of t he ?hnmaonggheygicalf o ot |
school buildings in th&hilippines With an average of 45 students per classroom according Dejbied
databasethe building accommodates more than 675 studentstaffdmaking it particularlya highrisk case
againstground shakinglt should be noted thahé buildings do not include any staircase core or shear walls
to result in significant torsional effects.

Figure5i7 3D schematic view of thiareestoreyindexbuilding (RC2/MR(3)/MD)

????mm’???@f??

Figure6i 2D planar view of théhreestoreyindexbuilding (RC2/MR(3)/MD)
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As the majority of the precode older building will be replaced with nely DepEddesignedschool
buildings the precode singlestorey infilledRC frames (RC2/LR(1)/PD) will not bspecificallyconsidered
and assessed in this study.

Detailed drawing$or each of theconsideredchoolbuildingsare available; in this way, refingdree
dimensional models of the school structures can be devedmgkanalysethroughnumerical modellingFor
thethreeconsidereduildings,various configurations in terms nfimber of bays (lirection) and frames (y
direction), respectively 2in 2, 5in 2 and 10 ilh&ye been initiallglefined. However, netinear static analysis
results in terms ofapacity curveshowsimilar seismic response in termshufth base shear coefficient and
overall ductilty. Therefore, oly onearrangemenhas been modelled utetail for each of the defined index
buildings.

4. Numerical Modelling & SeismicAnalysis

Nonlinear models of the index buildindmve been developdd OpenSeeg$7], using Umpedplasticity.
OpenSees isapable of predicting large displacementghaf structureunder static and dynamic loadings,

taking intoaccount botlgeometric nodinearities (e.g. Rp a nid) Pand mat e.dnithésicase, alle | a st
columns and beams wesissumed as elastic elements, while thelm@ar behaviour was concentrated at the

ends of structural components by implementing inelasticleexgth springsTheb -—relationship was based

on the hysteretic model proposed lparra et al.[8], the IMK model. This modekonsidersmaterial
degradation and pinching, as well as strength and stiffness deterioration in both unloading and reloading phases
during each cycle. The main parameters of the IMK model were calibrated based on the empirical equations
proposed by Haselton et §3].

In conventional seismic design, infill walls are usually consideredstrmictural elements and treated
as additional masmnthe structual elementsThis might lead to great uncertainty in characterizing the seismic
response during real earthquake evdntact, infill walls tend to increase lateral stiffness and strength of the
frame as well as improving energy dissipation capdti®y. However, the presence of such infills can cause
disruption to the distribution of seismic actions due to their iatdion with the structural RC frame. Their
asymmetric distribution can also produce unfavourable failure mechanisms such as soft storeys as a result of
the significant stiffness variation betwethre storeys. Based on thesensideredit is quite importat to
account for their effects on the global behaviour to obtain reliable assessmensaigthieperformancdor
the structure under consideratidn.case of globastructural responsét is preferable to implement more
simplified models that allowapturing the overall behaviour efficiently and at the same time eetthec
required computational effort, especiallynifmerous analysis required For this study,he infill walls were
idealised as equivalent double diagonal struts, which are defingdss elements with ndimear material
properties in OpenSees. A uniaxial bilinear hysteretic model with pinching effect and stiffness degradation on
the basis of ductility, proposed by Liberatore and Decdhitjiis implementedo replicate thig behaviour.

Nonlinear static pushover analysis (SH@} beerronductedirt with incremental inverted triangular
distribution, performed independently for batte longitudinal and transversal direction edichbuilding. A
response control is introducedlt t er mi nate the analysis once the <co
mass, reaches a drift of 0.3m.

The capacity of each column has been evaluated separately, in terms of axial, shear and flexural capacity,
as well as the sufficiency of coniment according to tldSCP 201512]. Referring to the AxiaMoment
domains of the columns, results indicate that all ground floor columns of both index buildings lack sufficient
flexural capacity and confinement, which can lead to-stwitey failure othe structure.
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5. Proposed Retrofitting Measures

Two retrofitting techniqueshave beemroposedin this studyconsidering the material availabilityocal
knowledge and labour skillS'he considered strategi@sclude Reinforced Concretéacketing (RCJand
Buckling Restrained Brang (BRB). RCJcan address deficiencies related to inadequate shear and flexural
capacity, as well as enhancing the concrete compression strength and ultimate strain due to lack of
confinementBRB, can increasthe structural stiffnessindenhancehe overall capacitpf the building In
general,due to the positioning of wall partitions, ceilings and/or other architectural or structural elements,
accessing structural members to appl¢€J andor BRB is an inevitéle challeng, possibly leading to
disruptionfor the building In particular local removal of structural members, such as the slab, may be
required, particularly in case of bearolumn joints.

In both cases the targperformance for the retrofit desigms beerdefined as life safety of the
occupantsTo have a better understanding of whether the retrofitting is effective and to what extent the
structural capacity and ductilityave improved, the idealisedSPO curve of each index building is plotted
agd nst the elastic and i nel ast-Rt mahodblegy.inghisgase the
inelastic response spectrum is derived in terms of the ductility fagt@n@ ductility reduction factors(),
expressed as a function of structupariod and the characteristic period of the ground mofieh (The
characteristic period is defined as the transition period from the constant acceleration domain to the constant
velocity domain of the elastic spectrum and depends on the frequencytcointee ground motionA
comparison ofhe capacitgurves obtained fdhe indexbuilding RC2MR(3)-MD before and after retrofitting
is illustrated in Figurée?. Four structurespecificdamage limit states are also presented for better comparison
of the achievegherformance.
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Figure7 i Nonlinear static pushoveapacity curvef the analysethdex school buildingRC2MR(3)-MD)
in S-Sy environment, before (ABuIlt) and after retrofitting (RCJ and BRB)

Tables2 to 4indicatethe characteristics of tiitareeindex buildings before and after the application of
RCJ and BRRBetrofitting techniquesProperties such as the ratio of reinforcement area to the gross area of
section, link spacings in columns or number of added braces are presemi@se of RCJ, as expected, the
dimensions of columngeed to bencreased, resulting is higheverall stiffness. In case of BRB, to have an
optimum designand performancgeseveral arrangements of bracing positioning and properties have been
studied Theresultant stiffnesafter application oRCJ andBRB have been estimatedhich can be used to
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indicake the extent of improvementn the case of RC2.R(1)-LD (i.e. low seismic design), tweak coluinn
strong beanmechanismsvereinitially observed, whichvere addressdualy introducing the RCJ and BRB.

Table2 - Structural characteristics #f Built and RetrofittedRCJ and BRBjor RC2-LR(1)-LD

Column _ Links Spacing Strong Column -
Bﬁﬁt SWOreY  bimensionsim] st Column } = AJ(BH) [mm] Weak Beam
1 0.25x 0.25 4 B14 0.98 200 Not Verified
Column — Links Spacing Kstorey stiffness RC]
RCJ Storey Dimensionsim] Astot Column } =AdJ(BH) mm orey stfnees e ool
1 0.40x 0.40 12 B14 1.15 75 2.85
Column K it tiffness BRB/
i ) F . [kN K . [KN/m storey s
BRB Storey DImenS|0nS[m] No. Of BRB “ [ ] “ [ ] storey stiffnessAs Built
1 0.35x 0.40 2 234 213388 3.39
Table3 - Structural characteristics of As Built and Retrofitted (RCJ and BRER@#LR(1)-MD
Column _ Links Spacing Strong Column -
Bﬁﬁt SOreY  himensionsim] st Column 1 F(BA [mm] Weak Beam
1 0.20x0.30 4 B16 1.34 75 Verified
Column _ Links Spacing Kstorey stiffness RCJ
RCJ Storey Dimensions[m] Astot colum } _S/(BIA) [mm] K storey stiffness As Built
1 0.20x 0.50 8 B16 1.61 75 2.31
K .
Storey . Cqu_mn No. of BRB Fci [kN] Kci [kN/m] storey stiffness BRB/
BRB Dlmen5|ons[m] storey stiffness As Built
1 0.20x 0.30 2 168 139228 2.00
Table4 - Structural characteristics of As Built and Retrofitted (RCJ and BRERE&#MR(3)-MD
Column _ Links Spacing  Strong Column -
R Storey Dimensions[mi Astot Column J -s/(BIA) [mm] Weak Beam
Buisit 1 0.35x 0.40 12 B20 2.69 75 Verified
2 0.35x0.35 12B20 3.08 75 Verified
3 0.35x 0.35 8 B20 2.05 75 Verified
Column Links Spacing Kstorey stiffnessRCJ/
St . . A u =/(BIA
orey DImenS|onS[m] sior comn ) _S/( ) [mm] Kstorey stiffnessAs Built
RCJ 3 0.35% 0.60 20 B20 2.99 75 1.79
2 0.35x 0.50 20 B20 3.59 75 1.64
3 0.30x 0.30 8 B20 2.05 75 1.00
K .
Storey . Colu_mn No. of BRB Fci [KN] Kci [kN/m] storey stiffness BRB/
DlmenS|ons[m] storey stiffness As Built
BRB 1 0.35x 0.40 4 919 267,075 1.77
2 0.35x0.35 4 692 169032 1.72
3 0.35%x 0.35 3 259 109801 1.35

Results of the numerical analysis shamincreasen bothstrength and stiffnesas the RCs applied
to the selected columnshis isevident from the resultant capacity curve and the estimated stiffnesgisatio.
aresultithes t r u cductility deBnandeducesparticularlyin the case of thdow-rise (1-storey) wheredue
tothelarge bays andresence aflendemembersn plan the frame wasitially extremely flexible Similarly,
in the case of BRB, the structure tapee stiffer, hence reducing tmeaximumobtaineddisplacementThis
can be particularly usefin limiting the damage taon-structuralelements such as the infill§he presence
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6. SeismicFragility & Vulnerability Analysis

Fragility functions are one of the fundamental toolsgsessing seismic risk of structures, describing the
probability of exceeding different damage limit states for a given level of ground shakimiinear
Incremental Dynamic Analysis (IDApn equivalent single degree of freedom system (SD@s) been
performedto obtain the performance points (iietensity measurdM, vs engineering demand parameter,
EDP) and deriveumerical fragility relationshipso this aim, &ven earthquake recortiave beerselected
from the PEERNGA-West2 dataset according t&S&E 710 provisions[13] and scaled to match the code
response spectrum of Philippir{@g] (Figure 8).Theselectedecords have a moment magnitudey)Mangng

from 6.20 to 7.62 with an average magnitude of 7.0 and all were recorded at sites located at @distanoe

0.62 to 9.34«m from the fault rupture.
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Figure8i Response spectra of even records matched to the code based elastic response spectrum (NSLP C101

A critical stage in the fragility function derivation includes characterising appropriate damage states
(DS) and allocating radnal global and local damage thresholds. For the structures under study, maximum
inter-storey drift ratio (MIDR) is employed as the EDP, a quantifiable global indicator for each damage state
(Table 5). MIDR is a suitable choice for RC frames, sinceateslthe global response of the structure to joint
rotations, in which most of the inelastic behaviouR@f frames is concentratefragility functions in terms

of peak ground acceleratioRGA), pseudes pect r al

acc el e rfuadamental peaidd3(T.)h e

st

andAvgS. (range: 1.5T1 2.0Ty)(Figure 9)have beemlerived for all three index buildings befdigs Built)

and after retrofitting with RCJ and BRB.

Table5 - Damage thresholds implementedigriving fragility functions for as built and retrofitted index building

RC1-LR(1)-LD

RC1-LR(1)-MD

RC1-MR(3)-MD

Damage State

AsBuilt RCJ BRB  AsBult RCJ BRB  AsBuit RCJ  BRB
SDInglh-t 015% 0.20% 0.10%  0.30% 0.20% 0.20%  1.70% 2.50% 1.70%
DS2- 065% 0.80% 0.65%  0.90% 0090% 0090%  4.90% 6.60% 3.90%
Moderate
DS3- 1.00% 1.80% 2.50%  2.50% 2.50% 2.50%  12.00% 12.00% 10.00%
Extensive
D54- 250% 3.00% 5.00%  6.00% 500% 500%  23.00% 23.00% 23.00%
Complete

The fundamental period (Y of the structures changes significantly as the retrofitting is applied, due to

increase in mass and stiffness.
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