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ABSTRACT

The aim of this paper is to present how are thebalttlings, historic monuments or not, evaluated protected
by strengthen in areas with high seismic hazardR@®ania and it addresses mainly specialists inomgs
structures. Romanian Seismic Code provides to atalthis buildings by cross-combinations methodet a
determines their seismic vulnerability, dependifigleear strength capacity of the walls and of desigismic
force. Usually, the structure of this buildingséslized with unreinforced masonry walls and tlerfs are non-
rigid diaphragme. The walls are subjected to imelaeismic load and eccentric compression loadhave
diagonal cracking due of main tensile stressessidening this assumption, a methodology (of Gh&p&scu)
different of Code methodologyyas realized to calculate the shear strength @gpafcthe masonry wall, with
results close of the actual behaviour of the stmectThe paper contains two parts. First part doeshort
presentation of assessment procedures for buildingsrding to Romanian Seismic Code and, in additioe
above methodology. The second part, Case Studyahgpesents application of the Code referencdsoathe
methodology for shear strength capacity calculationtwo buildings of 17 and 19" centuries. Buildings
structure has been strengthened, with original ildetereated by engineer expert. An evaluation after
strengthening has showed that the structural vabikty decrease. The work was carried-out twelgarg ago,
and since then, the buildings were subjected ters¢wmedium intensity earthquakes, without damages.
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1. INTRODUCTION

The structural assessment (named technical expéirisis necessary to do detailed analyses and in
situ surveys when the building is situated in awgth high seismic hazard as in Romania) for
historical buildings, monuments and old buildinggoi protected historical zones is doing by
responsible with assessment (named engineer tethexpert in according with CAEN Code).
Toghether with a team of engineers and architeetsviti establishe structural changes, inside and
outside of the building, as a result of strengthgnand retrofitting, without affecting initial
appearance. Also, will be realisetsitu surveys at foundation, soil and materials of ttracsure.
Because ,...unusual forms of construction or designditions are not specifically covered ..
(Eurocode 8: Design of structures for earthqualsstence Part 3: Strengthening and repair of
buildings - 2003 and Romanian Code), with thesa dae expert decides the analitical model and the
adequate methodology to calculate shear strengthcitg of the walls. In the following, is doing a
general and brief presentation of assessment stepsabove-mentioned methodology and their
applications at Case Study chapter, on two buiklingm 17" and 19 centuries, situated in regions
from Romania with different intensities of the &éaake.
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2. STRUCTURAL ASSESSMENT AND METHODOLOGY FOR MASONR Y STRUCTURES
2.1 Main References of Structural Assessment

The state of damage, in the structure of existinigdimgs, is defined through the four seismic risk
classes:

-Rs|1 Class — Building near collapse;

-Rs Il Class — Significant Damage - without loss taftility;

- Rl Class — Damage Limitation;

- Rs IV Class — Without Damage, building was desigimeaccording with currentode.

Evaluation of seismic risk classes is based onsetosbinations of three categories of conditions
which are subject to investigations and analyzasa Aesult are three indicators:

- R1: Seismic compliance of structure, by quak@agvaluation;

- R2: Structural decay, by qualitative evaluation;

- R3: Degree of safety, by calculation. Its valugyrbe a ratio between the shear strength capeaicity
the shear walls and the design seismic load, cerisiithat the shear walls are subjected to inglan
seismic load (¥g) and eccentric compression load-{N

Each indicator is comparing with one of the fouissec risk classes. The expert establishes which
indicator is most important, to determine seismgék rclass and to decide strengthening solution.
Usually, the R3 indicator decides seismic risklasthe structure.

2.2 Shear Strength Capacity of the Walls. Methodp/dGh&R Popescu
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Figure 1. Wall subjected to seismicgyand eccentric vertical compression loadingq(N
Cross section geometry of the wall

2.2.1 The Design Deismic Forcmay be calculated with a simplified method (2Dithwthe structure
fixed at the base and one degree of freedom. Withassumptions, and whether the floors are not-
rigide diaphragms, the indicator (R3) may be catmad with CASANST software (flowcharts
computing author R Popescu) or any other more cexn{@D) software.

2.2.2 The Shear Strength Capacity and Failure Madkally, the unreinforced masonry walls fail in

diagonal cracking. Formulas to predict the sheangth capacities (), were established by Gh&R
Popescu with a methodology based on this assumpRorPopescu G, Popescu (2014,2015)), in
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accordance with the Theory of Strength Materiafsgramore than twenty years of research. The
methodology is currently used both in research watk national and international collaborations, in
designing new buildings and strengthening of exigbuildings, with masonry structure.

The design shear strength capacities are difféoemantilever and embrasure, as in Figure 1, begau
first of them is considered fixed at the base, vhidlight equal with building height and the second,
situated between two openings (door/window), issadered fixed at the top and bottom, with height
equal with opening height. By comparing the desigpacities due to main tensile stresseg {V
with the design capcities associated with resigaadending moment @) in the hypotetical three
stages of deformation (F,C,U), the failure mod tendetermined (Table 1). The shear strength
capacities are calculated with a computer softwa#ZINDS1 (flowcharts computing — author R
Popescu) based on the methodology set. Total deaiggcity of the structure is consisting of the sum
of individual capacities of the walls gY; ), with own indicator (B;), (Equation 1):

V..
R,, =_Ri 3 030 D

i
b,i

It is calculated the indicator of structural damémeexisting structure (Equation 2):
o+ )
R3 - Ri,.D Ri,B (2)

where:
Vo = Sum of shear strength capacities of the ductidbsw

Ve = Sum of shear strength capacities of brittle walls
=9 = Base seismic shear force

Table 1. Failure mode of the shear wall

V N FVQ \% >
W - Vm
VeV romu Vi Vo Vra=Vraor Ve
h S
F C U stages U_S>tages FC U stages
DUCTILE Reduced Moderate BRITLE
(DDD) DUCTILITY BRITTLENESS (BBB)
(DDB) (BBD)

2.3. Strength Solutions Recommended

Starting from seismic risk class obtained and ngkinto account importance class of the buildind an
it subsequent life period, it will decide if it i®cessary to be strengthened for obtaining minirmim
safety. The strenghtening of the structure may istetsin:

-Walls: jacketing on one or both sides with steeslmand cement mortar or concrete as in Figure 2,
repairs of cracks in masonry by injecting fluid naoy local repairs by restoring the damaged masonry
confining masonry with infilling concrete piers aooncrete ties.

-Floors: local repairs of reinforced concrete flobly epoxy injections, total replacement of thefo
with high destruction degree - wooden floors witimerete floors, jacketing of brick vaults with dtee
mesh and cement mortar or concrete, repair of sreccknasonry by injecting fluid cement-mortar.
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2.4 Evaluation After Strengthening With Mortar/Comete Jacket

A new evaluation of shear strength capacity with sftrengthened structural elements, to see how
much it has been reduced the vulnerability at gadke, is made. For strengtening by jacketing
solution, the methodology presented above can bd tes calculate the shear strength capacity. It is
based on the two reference quantities: the equiv@empression strength of masonry jacketeg (f
and the equivalent strength to main tensile steesSmortar or concretey(fy), (Popescu R, Popescu G

(2008)).
t
o,
t

Figure 2 Cross section of jacketed wall
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3. CASE STUDY

This chapter presents the results of structurasasssent for two buildings, one from™&entury and
other from 1% century, and the strengthening solutions used.

3.1 Building Made in 1§ Century
3.1.1 Information About Building

The building, as in Figure 3, was built in the setbalf of the 19 century, around the year 1866 and
is located in the Historic Area (Old Town), witRGA = 0.30 g and J= 1.6 set The plan shape is
irregular, and the building is attached to 5 newgiry buildings; the building has basement, two
storey and mansard. Original destination was, ahitbps at the ground floor, offices &tstorey and
partially inhabited attic.

a) before b) after strenghtening and retrofitting

Figure 3 - House built in fdcentury
The structure, as a whole, is made with masonrginforced walls, 0.35 + 0.75 m in thickness and,
floors with brick vaults which rest on the walls, i@ Figures 4 and 5 or timber floor on wooden and

metal beams as in Figure 6.

Foundations, are continuous unreinforced masorogkis| fixed into the soil at approximate 50 cm
under basement floor, and 100 cm thickness.



Figure 4 Underground : Shear walls (left) and Flabith brick vaults (right)

The roof is made in wooden framework rested olerstorey walls and is cover with iron sheet as in
Figure 6 a).

a) Basement b) Ground floor

Figure 5 Wooden board and steel beams

At the time of investigations, the roof had beestd®yed at a rate of about 80%, of fire. It wasuiktb
entirely, with a structure of wood and glass andigiéy of iron sheet as in Figure 6.

.

b)

a) Floor over first storey

'Roof destroyed by fire

Figure 6. Floor over first storey and the roof

From initial building to the moment of structuralsassment, the building was passed through several
strong or middle earthquakes (1940, 1977, 19860 E9f 2004). After, each seismic event, it was
strengthened at the level of knowledge at that tifieey consisted in to mount steel reinforcement
bars (ties), especially at the level of woodenifloger the 1 storey as in Figure 7 and at the level of
the floor above the ground floor and local repafrsmasonry with lime or cement mortar.

First of all, urgent measures were taken: provai@overage of the roof, supporting vertical stouat
elements as in Figures 6+8, 10, the wooden flodradtic. Then, it started the uncovering of thelsval
and the strengthening solutions were established.



Figure 7 - Steel reinforcement bars (ties) unberceiling of 1' storey

The strengthening of the structure took into comsition that the attic and garret will become a

commercial space — club as in Figure 10 b). Sonthefvalls have been reinforced by steel mesh and
cement mortar (concrete), on both sides where & passible, or on one side; the floors with brick

vaults, above the basement and above ground fleene local repaired or replaced with reinforced

concrete floors, depending on their degradation.

Figure 8.Concrete floor above th& gtorey Figure 9. Jacketing of masonry wall

Floor above the ®ifloor, with wooden beams, was destroyed; it waly fieplaced with a reinforced
concrete floor, where they were anchored the reisfoent of the jackets of perimeter walls above the
floor, in the mansard.

-~

After retroffiti

- >

a) Initial mansard — After fire event b) Curently ( IG) -
Figure 10 Mansard - before and after retrofitted

3.1.2 Analitical Model of Structure and Resuli€alculation

Analytical model for calculation the shear strengépacity of the structure was made both for ihitia
assessment as in Figure 11 and for evaluatiotveigthened structure as in Figures 12 and 13.

First model 2D, consisting of shear unreinforcecsomay walls (cantilevers and embrasures), acting
by the gravity load and seismic load, are arrangedwo directions of calculation, transverse and
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longitudinal as in Figures 1The calculation of the shear strength capacitiehefwalls (Tables 3
and 4) were made with the average values of themnagesistances: compressive strength f = 1.4
N/mnt and tensile strength of the mortg~f0.045 N/mr

The behaviour factor q, is considered g=1.37, @salt of brittle failure mode of the walls.

Seismic force at the basej, ffg= 704 tf and Fyans= 723 tf

The values of shear strenght capacities on twaties are: Wq ong= 326,7 tf and ¥ yan= 360,2 tf

5

O Bod o

Figure 11. 2D Calculation model for CAZINDS1 soft@a- Longitudinal Direction

The values of (R3) indicator were calculated, allmmgitudinal and transverse direction:

Rsiong = 326.7/704 = 0.46 (46%) on longitudinal difec
Ra,transv= 360.2/723 = 0.50 (50%) on transverse direction

These values, together with qualitative evaluatimticators (R1, R2), place the structure in thélR
seismic risk class, comprising constructions timatan the effect of design earthquake can suffeomaj
structural damage, but the loss of stability isikety. This class requires measures of strengtben f
the structure.

Table 2. Seismic risk classes

Seismic risk class
Rl Rl Rl RV
<35 35-65 66 - 90 91 - 100

3.1.3 Comparison Between One Pre and Post Stremgthé/all

An example of calculation shear strength capaatytifie cantilever ML31, with rectangular cross
section, is presented in two situations: initialimasFigure 11 and strengthened by jacketing as in
Figures 2 and 13. In strengthened situation theesatraracteristics of deformation stages are
considered and shear strength capacities are detztim the same way as at unreinforced masonry.

The difference is between the values of the masoesistances for the equivalent cross section of
strengthened element and for unreinforced mas@syshown in Tables 1, 3, 4 and as in Figure 14,
this structural element has a moderate brittlervdésmilure (DBB). By retrofitting, the ductility is
improved, by becoming reduced ductility of failu@DB) and, shear strength capacity has an
increasing about 60% percent.



Figure 12. 3D View - Calculation Model for ETABBftware

&
Figure 13. 2D View - Floor over ground floor - ET SBsoftware

Table 3. Values of Shear Resistance Capacitieanfil€ver ML31 Pre and Post Retrofitted

SHEAR RESISTANCE CAPACITIES
Principal failure by diagonal cracking

SENS 1 SEISM ACTION ---->
SENS 2 SEISM ACTION <----
CAPACITY S T A G E S
R Vrir NORMAL CRACKING YELDING IN ULTIMATE
IN BENDING COMPRESSION
NAME SHAPE QF Vv RAQF QC \4 RdQC Qu
[daN/cm 2] [t [daN/cm 2] [tf] [daN/cm 11
CANTILEVER ML31 D 0.67 22.87 0.79 26. 84 0.47 15.82 0.23 7.90
CANTILEVER ML31R D 1.08 36.61 3.02 102. 56 1 .15 39.04 0.57 19.49

Table 4 — Values of Shear Associate to Moment aifR@nce of Cantilever ML31 Pre and Post retrafitte

MOMENT OF RESISTANCE CAPACITIES

SHEAR ASSOCIATE TO MOMEN T OF RESISTANCE
S T A G E S
NORMAL CRACKING YELDING IN ULTIMATE
IN BENDING COMPRESSNO
NAME MODE Jel MF \% RdVF mMC \ RdMC mu V' Ravu
[daN/em 2] [tf] [daN/cm 2] [tf] [daNflcm 2] [tf]
CANTILEVER ML31 DBB 1.37 0.47 15.82 1.04 3540 111 37.66
CANTILEVER ML31R DDB 1.78 0.43 14.55 1.07 36.44 111 37.80
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Figure 14 Diagrams of cantilever ML31

It can be seen in Figure 14 that, as effect ohgtieening, the individual Rindicator has increased by
60% and, the entirely structure can be classiftdRisalll seismic risk class.

3.2 Building Made in 17 Century
3.2.1 Informations About Building

The building, historic monument ,see in Figures1lA=was built in several stages, from the second
half of the 1% century until the 19 century and is located in Historic Area (with PGA0.20g and

Tc = 0.7s). Shape in plan is irregular, and thédng was done in 4 stages, but without earthquake
and settlement joints; building is attached to foarghboring buildings. The steps of execution are
shown in Figure 15. The™1section of building is the oldest (the yellow anerried out in 1%
century, to which were subsequently added otheldingss. Vertical structure of the®lsection is
provided by two longitudinal walls and several sagrse walls, forming a succession plan irregularly
shaped cells.

BEO@ G

Figure 15. Stages of built (ground floor)

At the ground floor, one of these cells is a caridrossing to the section 3 as in Figure 15. Tiesls

of the walls varies widely both from one level toother and, at the same level, having some
constructive disorder and probably several stafesecution. The initial situation of thé' $ection is
shown in Figure 18 a). Beams of the initial wood&bs, with historical inscription were found over
the £ storey. Above ground, masonry walls are maderickkand lime mortar. Masonry basement
walls are made of unshaped quarry stone; the saatig, w0 the same thickness as the foundation are
found to a depth of 40-50 cm below the floor of biasement.
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a) before b) after strengthening

Figure 17. Main facade of"®section

a) before stéfhning

b) after strengtimg

Figure 18. Facade of'section

3.2.2 Analitical Model of Structure and the Résof Calculation

Analytical evaluation of the structure was carried similarly to the first case. The calculationdab

in longitudinal direction, in which include thé' ection of structure is shown in Figure 19. Gitlea
high thickness of cross section and, vertical Walght low, calculation showed that the R3 indicato
is equal or higher than the minimum agreed 0.65%4)65

Rs L = 0.65 (65%) on longitudinal direction,
Rs = 0.70 (70%) on transverse direction of earthquake.
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Figure 19 Calculation model (Section I1)

3.2.3 Strength Solutions Realized

General decay state of floors and walls, and thention of the owner to turn all the buildings in a

hotel led to extensive works of restoration, sttkaging and retrofitting. The works done, had
preserved the features of historical monument.

Figure 20 Concrete underpinning of  Figure 21. Strengthening of masonry
foundation basement vault

The T section, in the final arrangement of the structiseintegral with the "8 section. Following
works were executed:

Figure 22. Restoration of masonry Figure 23. Concrete floor over
vault over ground floor ground floor (western part)

- Concrete underpinning to the foundations for tingethe possibility of increasing basement depth
see Figure 20;
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- Strengthening masonry basement vault in the ugiderclad with concrete as in Figure 21,

- Creating seismic joints between all the sectifnsuilding;

- Demolition and partial restoration the brick iaaNer the ground floor as in Figures 22, 23;

- Entire demolition and reconstruction the floorlst storey, with confined masonry and reinforced
concrete slabs.

4. CONCLUSIONS

1. The strengthening of the buildings has the psgpto reduce their vulnerability at seism, by
improving the following performance criteria:

- Failure mode of unreinforced masonry walls, mayirnproved from brittle to reduced ductility or
ductile.

- Fulfilling the robustness criterion of the sturet, by balancing the shear strength capacitigheof
walls after the strengthening, on the two main dioms of earthquake actions - longitudinal and
transverse.

- The collapse of a building after one major eartige could have as result loss of human lives,
destruction of other adjacent buildings and, disampof commercial and administrative activities.
Avoiding these situations by appropriate strengtiggntogether with above criteria, will lead to
enhanced level for resilience.

2. Detailed analyzing for the structure of a buifgliwith masonry walls to the seismic predictable
force, for the level of a seismic hazard zone wassible by using the Methodology of calculation and
related software presented in chapter 2.1. This lbeagtpplied both to unreinforced masonry structure
and at strengthened masonry structure.

3. From the photos included in the Case Study ehnafitcan see the complexity and difficulty of
strengthening for historical buildings. For thelBings presented, the works lasted several yeats an
were closely monitored by the authors.
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