Seismic I mprovement of an Existing Building with
Relevant Vertical Slope dueto Foundations

S. Biondi
InGeo Engineering and Geology Department, "G. duxmaio University" of Chieti-Pescara,
Architecture Faculty, viale Pindaro 42, 65127 Pesctaly)

15 WCEE

LISBOA 2012

SUMMARY:

Due to L'Aquila Earthquake, an existing RC buildiagabout 70 kms from the epicentral area, suffeeéevant
non-structural damage; the building was designetiéen80's according to an old seismic code, sal#meage is
an unexpected and an unacceptable event considdringow seismic effect given the distance from the
earthquake site. It appears a very interesting stisdy to clarify damage reasons and define afitting
procedure. According to the new Italian Code th#ding was investigated in terms of material cletegstics
and structural detailing while a comprehensive wiudl site and foundation characteristics is in peesg.

The building was realized with poor reinforcemeatails (without capacity-design criteria, incomplie with
the old seismic code) and with low strength corcKéiwer than design provisions due to incorrectiog in
situ). It is placed on sloping and sliding grouswad relevant differential vertical displacementyendeen
detected too. The L'Aquila Earthquake effect eatidun on the study site, the in-situ and laboratest results
analysis and a strategy for retrofitting accordimgew Seismic Code are the topics of this paper.
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1. THE CASE STUDY: A RC BUILDING DESIGNED WITH OLD SEISMIC CODE

The study building is a RC structure, designechi '80s and built in the '90s, according to the old
seismic Italian Code. It is located in Offida. fi®& was classified as a seismic area until 19@Pthe
study site is located at 73 kms from L'Aquila Egttake MainShock Epicented1(:32:39 UTC 06/04/09
ML = 5.80. The building site is very close to a housingaaformed by similar RC buildings, built in
the 80's and 90's. Some of these buildings weaigilgedamaged by a relevant landslides in the '90s,
therefore two of these were evacuated in the 2@ddsfinally they were demolished in 2010. This
landslide is well known and reported in the MardRegion Geological Risk Map. However,
irrespectively, an urban plan for social housingwpproved in 1983 and study building was built.

The study building was designed in 1984, constoucstarted in 1985, it was stopped twice for
structural problems (i.e. for unexpected vertiedtlements) and it was completed in 1994. After th
L'Aquila MainShock, the study building suffered extled cracking in both external and internal
masonry infilling panels. Due to a significant izontal deformability of the structure, the inhaloits
suffered from panic and they left the building inthagely after the shock. All of these arguments ar
summarized in Biondi, S., (2011).

In the area, in 1984, there was an urban plarhfeetRC buildings (twin buildings “AA,", where A

is the study building, and two single buildings *BZ”) and according to this provision two different
geological surveys were carried out with five diffet drilling positions and, more specifically, dne
situ shear wave velocity measurement statiQ)) (% order to obtain a geological section for dasi
Figure 1. In the geological section 3 differenteless can be detected: an upper layer of soft citly w
high water content (type “a”), a median layer ofdinen clay (type “b”) with a thin layer of sensitive
clay (sliding layer, black area in Figure 1), a ésvlayer of stiff clay (type “c” assumed as beddoc



Figure 1. Geological survey's results at design time (19Bdsing area and drilling positions (first sei$es
second series,$, geological section (W-E) with stratigraphicabfile and natural ground slope 12.5%)
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Figure 2. View of the study building (right side building)ittv the twin one (left side); longitudinal (S-N)dn
transverse (W-E, like geological one) sectionswilding with vertical sloping

Table 1. Average values of soil characteristics

Soil Layer thickness h, [m] y ¢ Nspr | Cy Sg Vg
oi 5

Su Si2 S S22 S23 [kN/m’] [ 7] | [] [kPa] | hy [m] | [m/s]
“a” |9.50 17.00 8.00 22.00 24.00 18.75 17 15 92 4.0p170
“b” |2.00 1.50 2.00 12.50 12.00 19.60 18 18 133 5.00583
“‘c” |>7.00 | >3.50 | >6.000 >4.50 >350 20.40 26 - 701 | 21.00 | 1087

In Table 1 both layer thicknesses (foBRand 3S; drilling positions) and average values of specific
weight, y; angle of internal frictiongg SPT resistancé\spr, and undrained shear streng@, are
shown. Average values of shear wave velodity,are shown too, together with layer thickness for
the wave velocity measurement stati®).( Due to poor soil quality, only the first twinuitding was
built (building “As-A,") while the others weren't built (“B”, “C"). Thetudy building [‘A” - photo
right side in Figure 2] was started in 1984 whiie twin building “A” was built after 1994. Due to
its position the “A” building has lower values of thickness of botlpay‘a” and “b” soils and its
foundation doesn't trespass the thin layer of sgastlay (sliding layer), i.e. the two buildingave
different soil stability conditions. The “A study building is a six floor RC building: basevel
partially underground, four levels above grouncklesut under the roof,"dlevel at roof level.

The building suffered a relevant phenomenon oficartsettlements at the time and, above all,
differential settlements both in longitudinal amdtiansverse directions. In Figure 2 the longitadli

and transversal slopes of the building are shoWris possible to note that the longitudinal slape
constant at each floor (almost equal to 0.56%)enthie transversal slope varies at each floor lelel.
particular while the average transversal slopejiseto 0.57% (quite similar to the longitudinalepn

the base floor gradient is equal to 1.06%, the fic®r gradient is 0.59% and, finally, the grad&enf

the other floors are in the following range: 0.4R%8%. This situation is clearly related to the
construction history. In fact after the constrantof both base floor (in 1985) and first floor (i888)

the construction works were stopped on both ocoasidue to these phenomena, for three years every
time. Finally the other four floors were built sdigether in the 1991-1993 period.



Assuming that at each in situ casting the extradasach floor was perfectly horizontal, it is pdési

to conclude that the base floor had a transvenrsalignt equal to 0.47% in the space of three years
[0.157 % per year], the first floor had a transgegradient equal to 0.15% in three years [0.05¢¥% p
year], the other floors had a transversal gradéemial to 0.45% in seventeen years [0.026 % pet.year

For all these reasons the proprietor of the bujjdiecided to take legal action against the building
firm; in particular they brought to attention thrissues: 1. the compliance of the aftershock magidi
behavior as concerns design provisions, 2. themea&trial characteristics at both building time.(i.
standard 28 days age after building) and preset, t8. the real possibility of a seismic retrafittiof

the building according to actual seismic code. sgghently a seismic assessment evaluation was
carried out after L'Aquila Earthquake while theroétting activity hasn't started yet, because lod t
necessity to control the ground slope evolutiomer&fore, a complex activity (including pulse echo
method tests on RC pile, slope piezometers layimgy eontrolling for almost three years, high
precision topographical monitoring of building fdea verticality) will be started in 2012.

2. THE COMPLIANCE OF THE AFTERSHOCK BUILDING BEHAVIOR ASCONCERNS
DESIGN PROVISIONS

The original design was carried out using a stiaiiear elastic approach considering bare (in-plane)
frames. Again considering original design repaftsost three uncorrected hypotheses can be pointed
out: 1. the building was considered 5 storey instead &fstorey building2. the floor global seismic
weight was underestimate@; the base storey clear height was underestimated @l of these
mistakes had an univocal result: the base sheaunderestimated, i.e. the global horizontal forne o
foundation pile top was underestimated too. Farrason maximum peak ground acceleration in the
study site due to L'Aquila Mainshocky/g |AQmaX, is assumed as control parameter.

In order to determine the peak ground accelerdtioBffida due to L'Aquila Earthquake sequence,
data of ITACA — the ITalian Accelerometric Archiage used (sebttp://itaca.mi.ingv.it/ltacaNet/
As discussed in Biondi, S., (2011), 14 earthquakere selected starting from L'Aquila Earthquake
Mainshock. For each recorded earthquake epicetdration (Latitude N, Longitude E), local
magnitude ), hypocentral depth and epicentral distance frdodys site in Offida (km) are
considered. An average distance of 65.50 kms ftloenstudy site is obtained. The maximum
recorded,a|AQi = a4lg |AQi, near fault peak ground acceleration is used tonate the Offida peak
ground accelerationy |, = aglg i, for thei™ earthquake. In this aim an original attenuatigationship,
[Biondi, S., Fabietti, V., Sigismondo, S. and Vanzi(2012)], in terms of epicentre distancé&m) is
used. The result for L'Aquila Earthquake MainShisctus obtaineda |, = a/g |, = 0.0297.

With the aim of controlling this result, in the gaof Offida distance from epicentre, two different
literature attenuation relationships [Sabetta, fd &ugliese, A. (1987), S-P] and [Zonno, G. and
Montaldo, V. (2002), Z-M] are considered too, basedltalian earthquake data for local magnitude
and epicentral distance similar to that of the gneégpaper. With these two relationships maximum
values in Offida a|1(s_p): 0.0327 anda|1(z_M) =0.0187 are obtained respectively for L'Aquila
MainShock. According to this result it is possibbeassume that, due L'Aquila Mainshock, the study
site suffered a peak ground accelerat@yg(= 0.03) that is about 43% of the design pga prowi$ow

the old Il category seismic zonaglg = 0.070, this value was used in 1984 for RC seisheisign).
With the same design pgay/g = 0.070, the companion building Avas designed. This building, in
quite same ground condition of; Auilding, Figure 1, didn't suffer any phenomendnvertical
settlements and of differential settlements nor gost-earthquake damage.

So it is possible to conclude that there isn't emypliance between the aftershock building behavior
with the design provisions: it is evident that 8tedy building shows unexpected seismic, and static
too, behavior. Or the structural materials areirect, or foundation system is insufficient. Syre
the original design did not maintain safety goal anilding has to be retrofitted or evacuated.



3. MATERIAL CHARACTERISTICSAT BOTH BUILDING TIME AND PRESENT TIME

As in any structural assessment of an existingdinglit is hecessary to select the target Knowledge
Level (KL) [Biondi, S. (2008), Federal Emergency ddgement Agency (2000)]. This factor is used
to express the confidence with which the charasties of the building components are known, when
calculating component capacities. The value offdlaéor is established from the knowledge obtained
based on original design documents and on desteucti nondestructive testing of representative
components. According to both Eurocode 8 [ComitéoRéen de Normalisation (2004), Comité
Européen de Normalisation (2005)] and Italian S&is@ode [Ministero Infrastrutture (2008)], 3
different Knowledge Levels (KL1, KL2, KL3) can beefthed depending on 3 different states of
knowledge (I., I, Ill.). In order to have bothet possibility of using any type of structural s
[Linear lateral force analysis, Multi-modal resperspectrum analysis, Nonlinear static analysis,-Non
linear time-history analysis,] and to use the lowenfidence factorCF=1.00 the KL3 Full
Knowledge was selected as target KL for this pap8o if the target Knowledge Level (KL) is
attained, the average valiig, can be assumed as design valyes shown in (3.1).

f
f,=—m 3.1
47 CF 31

This goal is theoretically possible because botlyiral construction drawings and material test
reports are available and according to this objecthe in-site and laboratory tests quantity was
defined for the study building [Biondi, S. (2011)]According to the Italian Code the minimum
requirements for geometry, details and materiaia dan be selected as:

I. Geometry Original construction drawing®(C.D.) plus in-situ visual survey

Il. Details Completeo.c.D. plus limited in-situ inspection.§.1.)

Ill. Materials Original test report plus limited in-situ tests(r.) or comprehensives.T.

With regard to materials, the original test repsravailable but unfortunately this original tesport
for concrete is quite surprising. The tests wergied out in 1994 (ten years after the first buniid
phase) considering 6 cubic specimens only. Thegdesubic characteristic strength value
(R = 30 MPa) wasn't detected. In fact 5 specimens/dfigher average valueB.fys = 57.07 MPa -
1.90 timesRy) while one specimen shows a low specific weight=(23.11 kNri¥) and an
unacceptable compressive strength vale £ 25.78 MPa). For this reason the original tegtort
data for concrete and steel were completely disdeghand comprehensive in situ tests.{.) were
carried out by Scam Structural Laboratory of CHrascara University, under the author’s
supervision. Both actual material characteristiage to be defined in order for building retrofigi
procedure and real material characteristics atlimgltime (i.e. standard 28 days after building ar
fundamental information for the building proprietortake legal action against the building firm.

On this basis, assuming that the 2008 Italian SeiSlade permits the substitution of some destractiv
tests with non-destructive tests, the global astiwarried out is:

l. Geometry in-situ full survey with almost 1,450 nof survey real plans. In these plans an
overlapping of original drawings and test positiares carried out;

Il. Details 15 geometrical and reinforcement inspections of colsind5 beams;6 tile-lintel and
precast RC floorsp geometrical reinforcement inspections of beam+oolyoints; 38 pacometer
surveys for reinforcement controlling in RC elengent

[ll. Materials 6 drilled out cores X7 laboratory ultrasonic antll destructive compressive tests on
cores) an®4 in-situ SonReb tests for concreld; extractions of rebard4 tensile and bend tests and
6 elastic modulus evaluations on steel specimeéngrtical load tests on tile-lintel horizontal fiwo

Test results were not encouraging both for steéefarement and for concrete compressive strength
on drilled cores. In Figure 3 steel reinforcemaitér tensile tests (left & centre) and bent tegh()

are shown. This reinforcement was extracted frah la beam at first floorDg = 14 mm) and a
column at partial underground flodd{= 16 mnJ: it is possible to note a low extension of resioin
length in the fracture zone and a fragile fractwe to bend test on mandrel g = 16 mmrebars.

All these facts reveal low ductility in these basbijle Ds = 14 mmshow a good ductility.



Figure 3. Steel reinforcemenD = 14 mmleft) after tensile tests and bend test: low ditgtis detected in
D, = 16 mmrebars (centre and right). Good ductilitydg= 14 mmrebars

In Figure 4 concrete drilled cores after compressdsts are shown. In these cases great dispémsion
compressive strength are detectéd=(11.40 MPa for S 8-16 M-a [beam at partially undevgd
level]; f. = 12.10MPa for 4-8 M-b [column at % level]; f, = 21.30MPa for T 6 M-a [column at
ground level];f, = 29.90MPa for 2-3 B [column at" level]). In Table 2 in-situ and laboratory test
results (average values) for structural materisdsshown:f,y, fim yielding and tensile strengtiAgn
ultimate strain in 5 diameters length in the fraetaone,(f;/ f,), steel over-strengthy, specific
weight, f.., andR;, cylindrical and cubic compressive streng®&xs, real compressive strength taking
into account in-situ drilling out. It is possibte note a lower value of actual cubic compressive
strengthRsm With respect to the design valRg = 30 MPa, nineteen years after the last conciete c
in-place in 1993!

Figure 4. Concrete drilled cores after compressive testgetcstrength cores (S 8-16 M-a & 4-8 M-b [left]),
medium strength core (T6 M-a [centre]) and higlseégingth core (2-3 B [right])

Table 2. In situ and laboratory test results for structumakerials (steel and concrete) of the study bagjdi

laboratory test results
fym ftm ASm (ft/ fy)m Yem fcm F\)cm F\)(:Bm
[MPa] [MPa] [%] [ [kN/m7] [MPa] [MPa] [MPa]
529.01 682.10 23.74 1.30 21.78 18.61 20.72 23/39
in situ test results and actual values
Rerm Revm Resm Resmcore Rom fom E.
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
46.62 16.98 24.63 23.62 24.39 20.24 27183

These results on concrete core are, unfortunatehfirmed by means of the non-destructive tests as
shown in the second part of Table 2. In this d&gsg R.vm andR.syare respectively the equivalent
rebound, the pulse velocity and the SonReb strengttile R.smcorelS SOnReb strength calculated on
the drilled concrete cores (hote thRaémcore® Reem).  Using this value it is possible to define tlotual
values of cubicR ¢, and cylindrical compressive strengfh,,= 0.83 R, and elastic modulus,
E . = 22000(0.10f )**° basing on in-situ SonReb compressive strengtiitsess shown in (3.2).



Rém{MJRm (3.2)
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All these actual values are summarized in TableoZh cubic compressive strengfkn*cm, and elastic
modulus,E ., are lower than design values. As stated abineebuilding proprietor requests to know
the real material characteristics at building tifine. standard 28 days after building completioRjr

this scope aging and load level influences [acogrdio International Federation for Structural
Concrete FIB (2010)] are considered. Accordinghis document the mean concrete compressive
strength aftet days,f.r(t), can be expressed in terms of mean compressasmgsir after 28 day$mzs
considering a coefficienfi.(t), which depends on the age of concteted a coefficiens, (s =0.25

for normal hardening cement) and a coefficighit,t,), which depends on the time under high
sustained loads - t, (days), wherg, is the age of the concrete at loading:

fcm(t) = fcmz&Bcc(t):Bcl (t-to) (3-3)

B(t)= ) (3.4)
Beo(t,ty) = 096 0124/In[72(t 1, )] (3.5)

In this case the mean concrete compressive strefiggth is known at the time of laboratory tests on
concrete cores while the compressive strength a88etaysf.n.s has to be defined. On the basis of
other test experiences and considering the natarétion of live loads on a residential building a
the study building, an average influence is taken account for the high sustained loads coefficien
Pa(t,to) in (3.3). In this manner the compressive strerdigr 28 daysicmzs can be defined as in (3.6).
Using the value on cylindrical concrete coregt) = 18.61 MPa as base value, the at-the-time cubic
compressive strengtiRg can be determined considering the statistical $&ansfze and core
slenderness. According to the Italian Code theadaristic cubic value can be determined as in) (3.
[in MPa]. This value iRys=16.88 MPa = 0.56 x 30 Mpa. So it is possibledoclude that the
building firm built a structure that had a concreteength loss of 44% with respect to design value.
Inadequate original designs and material assunptaan be observed in Figure 5 where ratios
between analysis moment to ultimate moment forediffit material assumptions are shown: it is
possible to note that for 1984 Design assumptibeset some columns that don't respect admissible
moment also. This limit is dramatically overpasgexttual material and seismic code are considered

2f.(t)
forog = cm (3.6)
T B L+ B 1, 1)]
Rekzg = MiN{Ryrpg = 350 Reiagmin + 350} (3.7)
Base section - Ground level Base section - Ground level

Moment ratio
p ~

Moment ratio
~

S Ml bt hsdiny
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Column number Column number

Figure5. Ratio between analysis moment to ultimate onedébeculated axial load) for each column considering
different material assumptions. 1984 Design retiersastic ratio between analysis moment to adbissine



Finally results of vertical load tests on tile-Bhtorizontal floors are used in order to confirlaséc
modulus value. In particular two static load temts carried out: the first at the second floor trel
second at the fourth floor; water was used to Islavly the tile-lintel horizontal floors. In therét
case a load area of 7.68 sqm is considered withmanal maximum vertical loatymax= 3.22 KN,

in the second a load area of 10.69 sgm with a nalnmiraximum vertical loadymax= 3.07 KNmZ,
Results in terms of vertical displacement [mm] usrsertical load [kN] are shown in Figure 6. It

is possible to note quite elastic behaviour withany residual displacements at the end of each test
Maximum vertical displacement adgna.= 0.14 mnt andd,max= 0.12 mn? respectively for second
and fourth floor (note that 0.01 mm is the precisif the mechanical displacement gauges used
during the tests). In Figure 7 the linear Fem medel second (left) and fourth (right) tile-lintel
horizontal floors are shown. Beams and slabs avdefted considering the actual elastic modulus
E'. = 27183 MPa while the influence of the non structe@icrete slab is considered too. With this
model maximum vertical displacemenig,.x= 0.135 mm andj,max= 0.126 mm are obtained for
second and fourth floor respectively. The actlastee modulus provision is thus confirmed and this
value can be used for retrofitting analysis.

] 35 o 35
©
2 1 Ke] Py
E 3,0 yozare e 3,0 /,J
£ 25 =] 25
s a g |4
g7 20 >~ 20
S5 7 ——C2 E"c ) ——cz
EZ 15 4 gz 15
X — =] ﬁ
g 1,0 g 1,0
= 27 ®
< 0,5 /‘ g 25
§ o0 &< E 0
< 0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 c 0,000,02 0,04 0,06 0,080,10 0,12 0,14
vertical displacement [mm] vertical displacement [mm]

Figure 6. Vertical load-displacement results for secondffigeft) and fourth floor (right) static load tests

Figure7. Linear Fem models for second (left) and fourtgH) tile-lintel horizontal floors

4. STRUCTURAL RETROFITTING APPROACH

It is clear that the study building has to be rittied due to design mistakes, poor material qualitd
local geological situation. In this paper a reattioflg procedure is summarized, considering that an
operative plan can't be adopted until the test esgmpon ground and foundation is not completed.
After L'Aquila Earthquake, in July 2009 a new Stural Code [Ministero Infrastrutture (2008)] was
adopted. Seismic input for assessment and relradito be defined considering site location, namin
building life (Vy =50 years), category use (category Il use forgpei building with use coefficient
Cy = 1.00), working building life (g = Cy Vy =50 years). Spectral parameters for differemitli
states (SLO Functionality Limit State & SLD Damdgmit State for Serviceability Limit States; SLV
Life Safety Limit State & SLC Collapse Limit Stdafier Ultimate Limit States) have to be determined
according to a basic return peridd = 50. Assuming ground type E, spectral paramdtergach
different limit state can be determined. In FigBrdesign spectra for study building at servicégbil
limit state (SLD) and at ultimate limit state (SL&fe shown assuming a viscous damping at&b%

for SLD and a behaviour factgr= 2.25, as recommended by Code for existing gsli



0,40 0,40

0,30 ——SLD ag/ 0,30 | ——SLV ag/
o 9/9 — ag/g

i B —-TB

0,20 T 0,20 oI

~TD ~TD

o T1 \ o T1

0,10 m TO08 0,10 = T08

\ A T84 A T84

— \\
0,00 0,00

0,00 1,00 2,00 3,00 4,00 5,00 0,00 1,00 2,00 3,00 4,00 5,00
Figure 8. Design spectra for study building at SLD (eladtft) and at SLV ¢ = 2.25, right)

In Figure 8 the vibration period of study structigshown for different hypothesel € 0.662 s is the
average value calculated via a modal linear arslygsian infilled frame structur@g, = 0.503 s was
the design periodls = 0.603 s is the simplified actual Italian Codepsion). It is possible to note
that in both cases (SLD & SLV) these vibration pdsi are quite similar to the corner period at the
upper limit of the constant acceleratidiz, In particular if the SLD pgaag/g = 0.0698) is assumed,
the SLD design action &(T,) = 0.225g that is 3.21 times the original design actigi{Tss) = 0.079.
Also, considering the calculated peak ground acatten due L'Aquila Mainshocly/g = 0.0297, the
equivalent value for linear spectruma*g(Tl) =0.096g. This equivalent acceleration is probably the
local acceleration that the study structure sudfémeApril 2009.

The idea of the retrofitting procedure is that tmtue,a*g(Tl) =0.096g, can be assumed as target
value in the elastic range for the retrofitted stinve. In other words the retrofitting design asake

up an exceeding spectral acceleration equ;ih*t@: ay(Ty) - a*g(Tl) =0.129g. Assuming that it isn't
possible to provide a base isolation system dukadk of structural joint between A and “Ay”
buildings, a first possibility to retrofit the stiurre is to stiffen the RC structure and to strbagtthe
structural elements (beam, columns, infilling magpslabs). As discussed in the previous paper
there aren't problems in terms of spectral respboseor the sake of capacity design, a stifferand
strengthening in superstructure could cause thedation failure. Given this, we have absolutely to
avoid it considering the site geological situatiom fact if we assume that pile foundation has to
behave in the elastic range during the earthquhle®, the elastic design actions on foundati@g,,
and Mgy, have to be equal (or lower) the ultimate desigtoas, Vg andMgqg, ON superstructure
elements (columns). Considering the detectedamiament disposal and material characteristics and
assuming a compressive stress in first level cotustual to 75% of design allowable compressive
stress these values are obtained for sheag,=204,3 kKN, Vgrgc= min {234.7;604.5} kN,
VRd.c= Vrwac= 234,7 kN.  Similarly for bending moment; if wensider zero axial load flexural
strengthsMeq,= 91.25 KNm andVirq = 98.89 kNm are obtained. In both cases the atemimit
values in the column are greater than the maxinmastie strength in pile.

For this, the only possibility to retrofit the sgudtructure is to provide some dissipating systems
order to amplify the viscous damping and to redsyectral acceleration for the serviceability limit
state and to improve the structural behaviour lier ltimate limit state. A proposal of this kinfl o
design procedure, based on the Capacity Spectrutimddeis discussed in previous papers [Biondi, S.
(2011), Nuti, C., Biondi, S., Bergami, A.V. and Rieci, D. (2010)]. The basic hypothesis is that th
effective damping of a braced structure is expigséerms of equivalent viscous dampings.gas a
linear combination of the equivalent damping of #teicture,veqs the equivalent damping of the
bracing systemeyzand the inherent structural dampinrd5% for a RC frame), (4.1).

l/eqS+B :VeqS+Vqu +Vc (4-1)

This approach starts with the definition of an @table limit state, corresponding to a displacement
configuration of the structure and, therefore, teirggle point in the Capacity Curve. This assumed
displacement value is the target displacens&ndf the design procedure; the designer has to el&fin

dissipative system able to provide a combinatiorstdfness and dissipation in order to match the



target displacement (i.e. the performance pointjrians of the retrofitted structure. For the study
structure the following hypotheses have been asduime target displacements: SLD: the target
displacement is L'Aquila mainshock equivalent disprnenté*swzée(a*g(Tl)); SLV: the target
displacement is displacement corresponding toeagth decay of 20%.

*

Veqs =Veqsi ~V V. (4.2)

eqsS
With these target displacements, dissipative bchegacteristics have to be determined, using (tbh2),
guarantee the required additional damping; in filisula the equivalent viscous damping s.s has

to be calculated preliminarily and an iterative qgadure has to be carried out. Therefore if the
retrofitted structure response is able to guarasteected equivalent dampin@eq,sﬂg (i.e. if the
bracing system is able to have a relevant yieldind energy dissipation for low displacements) the
design pga can be determined. In this procedmenavibration periods.s < T; has to be calculated
due to stiffening effect of bracing system and egpuently the expected spectral acceleration can be
determinedagys.p (Ts+g) = 0.157g. As shown in a previous paper [Biondi, S. (201thj value is
greater than target accelerat@g.p (Ts+s) = 1.64a*g(T1) but it is significantly smaller than the actual
SLD valueay(Ty) = 0.2259: ay4s1p (Ts+s) = 0.6084(T1). In conclusion if a retrofitting strategy based o
dissipative bracing is selected for the structdhe, exceeding acceleratiofa’y = 0.129g can be
absorbed by a half by the bracing system, {(0.2@357) = 0.53 x (0.225 - 0.096)}.

Figure 9. Mass removing hypotheses for East (left) and Nbuitding fronts (right) of the study building
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Figure 10. Inadequacy of r.c. structure in terms of safetipr@.e. percentage of column that verifies safety
without dissipative elements). Red actual confijara blue upper floors strengthening and massataiu

Therefore the dissipative approach has to be stgxpby a classical structural strengthening. tieor

to respect Code conditions for pile foundation, iedastic foundation behavior in respect to
superstructure plastic behaviour, the structurangthening has to have a minimum impact on base
columns. Furthermore, together with structurabragthening at upper floors, a seismic demand
reducing can be carried out in order to complete dissipative approach. In particular, seismic
demand can be reduced by removing upper floorshar enass from the structure. Assuming that the
first alternative isn't possible, mass removing barusefully planned too. Heavy concrete parapets,
external infilling masonry portions, cantilever mlent for overhanging masonry facades without
external bracing can be removed, Figure 9. Wids¢hsimple actions a reduction of the global base
shear almost greater than 7% is obtained. Ifrtfass reduction is combined with partial jacketimg i



upper floor columns, (as in Figure 10 left for 830450 column retrofitted up to a 300 x 550 fnm
gross section), flexural and shear behaviour ofimok is enhanced, above all at first partially
underground level, Figure 10. Just another compiooiethe retrofitting strategy.

5. CONCLUSIONS

An interesting case study of seismic retrofittinfigan existing RC building with pile foundation is
presented in this paper. The structure was buit zone classified as seismic and in accordanite wi
Seismic Code; in spite of this, it shows a very rieggive series of structural deficiencies: poor
material strength, significant landslide movemeatsl foundation settlements, appreciable vertical
slope gradient in two orthogonal directions, ingight seismic joint and obviously poor
reinforcement detailing. The study building sudiérthe effects of a recent earthquake (L'Aquila
Earthquake 2009) with significant nonstructural dges. A comprehensive test campaign on
structural details and material characteristics e@sducted in order to take legal action against th
building firm. Irrefutable data are pointed outsiructural inadequacy. So, according to Italial&
the study building has to be retrofitted or habeeevacuated definitively.

The principal difficulty for seismic retrofittingsi related to the foundation system: RC piles are
difficult to investigate and, above all, are prealiy impossible to retrofit in an homogeneous n&nn
(and we have to take in mind how relevant is retylan earthquake engineering). Again, above all
considering local geological situation, the foumalatsystem has to be stressed in the elastic risnge
order to guarantee structural safety. If both hasktion (due to lack of an adequate seismictjoin
with a twin building) and exclusive superstructateengthening and stiffening (due to pile foundatio
fragility) have to be rejected, the only retrofiti strategy is to combine a dissipative approadh wi
mass reduction and columns strengthening by medgpesrtial jacketing in upper floors.

The paper discusses this procedure and shows agtogrresults; providing the geological survey
investigation confirms global stability of the gralislope, the building can be strengthened and an
acceptable safety level can be assured to buitdivrgers.
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