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ABSTRACT

The present work assesses the seismic responseindbrced concrete (RC) members
subjected to horizontal (HGMs) and vertical (VGMppund motions recorded during the 2009
L’Aquila (Italy) earthquake. Normalized axial loads beam-columns as well as the peak ground
acceleration ratios between horizontal and vericalind accelerations are emphasised as they are
considered parameters of paramount importancehtrassessment of structural components and
systems subjected to combined horizontal and & rgiound motions (HVGMS).

Results of extensive parametric nonlinear dynammelyses carried out on simplified
structural models are discussed in detail. The gampdels comprise cantilever RC columns and a
two-storey, two-bay plane frame designed for ggavdads. The response quantities for the
performed analyses are expressed in terms of lagds, axial deformations, bending moment-axial
load interaction and shear demand/capacity ratias. found that the variation of axial loads is
significant in columns under HVGMs, especially iongoression. For values of normalized axial
loads @) corresponding to actual RC columns in frameddang structures, e.g., normalized axial
loadv>0.10, the average increase of the compressionrbages between 174%=0.20) and 59%
(v=0.50). For high values of normalized axial loauks tomputed axial load-bending moment pairs
lie beyond the threshold interaction curves anduin, the RC members fail. The shear demand-to-
supply ratio is also detrimentally affected by thgh fluctuations of axial loads in the columnstNe
tensile forces were computed for columns with lowytoderate axial gravity preload. In multi-
storey framed buildings, the response of centralroos is significantly affected by the HVGMs.
Reliable seismic performance assessment of framsigms requires that combined HGMs and
VGMs should be accounted for in the analyses.



L1ST OF FIGURES

Figure 1 — Collapse of non-structural components in residemeinforced concrete (RC) multi-storey framed dimgs in the
outskirt of L’Aquila during the 6 April 2009 (lta)yearthquake, designed according to allowable-sttep), limit state
(bottom) seismic codes .

Figure 2 — Vertical/horizontal acceleration ratios as action of the epicentral distance for the recordétations (up to 150 km
away from the fault)l€ft) and time interval between peakgglit) for the recording stations (up to 150 km awayrfro
the fault) of the 6 April L'Aquila earthquake. Thiotted line corresponds to the 2/3 ratio proposedéwmark and
Hall (1982).

Figure 3 — Acceleration Igft), velocity (niddle) and displacemenfright) response spectra of the recorded earthquake droun
motions: north-southt@p), east-westrfiddlie) and vertical lfottom) components.

Figure 4 — Elastic acceleration response spectra of therded earthquake ground motions and national cpdets (Ministero
delle Infrastrutture, 2008) for ordinary building& = 975yrs) and critical facilities gI= 2475yrs): horizontal ¢ft) and
vertical fight) component.

Figure 5 - Recorded peak ground accelerations and seisntie design accelerationkeff) and ratio between the vertical and
horizontal spectraright).

Figure 6 - Predominant and mean periods of the recorded estkiegground motions.

Figure 7 - Sample RC models employed for the inelastic analggEsmetry {op) and details of the steel reinforcemdutt{om)

Figure 8 —Fibre discretization of the frame element in thalgtical model.

Figure 9 - Fast Fourier Transform of the acceleration at te df the columnléft) and response spectrum of the acceleration
response history at the top of the columight)

Figure 10 - Variation of axial loads in the column subjectedhorizontal [eft) and combined horizontal and verticaigpt)
earthquake ground motion: North-Soutibp] and East-Wesbpttom) horizontal components.

Figure 11 —Response history of the axial loads in the colisubjected to horizontaleft) and combined horizontal
and vertical (ight) earthquake ground motion (North-South horizootahponent, AQA record).

Figure 12 —Correlation between the axial loads in the columith and without the vertical component of earthgua
ground motion (design normalised axial loads)valles of axial loadd€ft) and only high values of axial
loads (ight).

Figure 13 —Correlation between the axial loads in the columith and without the vertical component of earthgua
ground motion (actual normalised axial loads):vallues of axial loadd€ft) and only high values of axial
loads (ight).

Figure 14 —Response history of the axial loads in the cewctwalmn at the ground floor of the plane frame satgd to
horizontal [eft) and combined horizontal and verticalght) earthquake ground motions (north-south
horizontal component)..

Figure 15 —Response history of the axial loads in the ceméimn at the first floor of the plane frame swigel to
horizontal (eft) and combined horizontal and verticaight) earthquake ground motion (North-South
horizontal component, AQA record).

Figure 16 — Correlation between the axial deformations in ¢b&umn with and without the vertical component of
earthquake ground motion: desideft) and actualrfght) normalized axial loads.

Figure 17 —Response history of the axial deformations in ¢cbkumn subjected to horizontalleff) and combined
horizontal+vertical (ight) earthquake ground motion (North-South horizootahponent, AQA record).

Figure 18— Axial displacements (AQA record: North-South gamment) response history.

Figure 19 - Variation of the residual (compression) axial defations in the column subjected to combined haitizlo
and vertical earthquake ground motion: North-Sdleft) and East-Wesright) horizontal component.

Figure 20 — Bending moment—axial load interaction (AQA retoNorth-South component): column preloaded with
design normalized axial loads.



Figure 21 — Bending moment—axial load interaction (AQA retoEast-West component): column preloaded with
design normalized axial loads.

Figure 22— Bending moment—axial load interaction (AQA-Ne8buth component): actual normalized axial loads.

Figure 23 —Shear response (north-south component: AQA rechai)zontal (eft) and horizontal and verticalight):
design normalized axial loads.

Figure 24 —Base shear time history response (AQA-North-Saothponent).



L1ST OF TABLES

Table 1 — Station location and ratio of the vertical-tariaontal peak ground accelerations (PGA) in the®ilA22009
L'Aquila (Italy) earthquake.

Table 2— Normalized axial loads estimated for the samplaroa.

Table 3 — Comparison between the variation of axial load stbering the horizontal and horizontal+vertical
component.

Table 4— Occurrence of tensile action in the sample column.

Table 5 — Comparison between the variation of axial load stbering the horizontal and horizontal+vertical
component.

Table 6 — Maximum variations of the axial loads in the saenpblumns expressed as the ratio of the earthquaake-
gravity load values (EQL/GL).

Table 7 — Maximum variations of the axial loads in the saenpblumns expressed as the ratio of the effects of
horizontal+vertical and vertical ground motions {{j/H).

Table 8 — Comparison between the variations of axial defdiona considering the horizontal and horizontaltieat
component.

Table 9 — Maximum variations of the axial deformations iretBample columns expressed as the ratio of the
earthquake-to-gravity load values (EQL/GL).

Table 10— Maximum variations of the axial deformations ie gample columns expressed as the ratio of thetefbé
horizontal+vertical and vertical ground motions {{J/H).

Table 11— Maximum variations of the bending moments in tamgle columns expressed as the ratio of the eftdcts
horizontal+vertical and vertical ground motions {{J/H).



TABLE OF CONTENTS

INTRODUCTION
EARTHQUAKE INPUT CHARACTERIZATION
SAMPLE MODELS

NUMERICAL MODELLING

MODAL RESPONSE

SEISMIC RESPONSEA SSESSMENT

AXIAL LOADS AND DEFORMATIONS OFBEAM-COLUMNS
BENDING MOMENT-AXIAL LOAD INTERACTIONS
SHEAR RESPONSE

CONCLUSIONS

REFERENCES

PAGE7

PAGE9

PAGE14

PAGE17

PAGEZ20

PAGEZ21

PAGE22

PAGE34

PAGE38

PAGE44

PAGE46



INTRODUCTION

There is renewed interest in the assessment offieéimotions as it has been observed that
the ratio of vertical-to-horizontal peak ground @lecation can be larger in near-fault than fartfaul
records (e.g. Bozorgnia and Campell, 2004; ElgamndlHe, 2004; among many others). Moreover,
there has been substantial field evidence worldwligl®onstrating that numerous local and global
collapses of structural systems employed for exgsstructures were caused by the devastating
effects of the vertical component of earthquakeugdomotions (Brodericlet al., 1994; Goltz,
1994; Elnashadt al., 1995; Youssedt al., 1995; Watanabet al,, 1998; Naeinet al., 2000; FEMA
355E, 2000). In the wake of the recent 6 April 2Q08quila (Abruzzo region, Italy) earthquake
(My=6.3), several failure modes and collapses of oetafd concrete (RC) and masonry building
structures, or non-structural components of thédimgs especially those supported by cantilever
systems, were attributed to the effects of theicadrseismic actions on structures. Figure 1 shows
some examples of observed collapse of nonstructeraponents and secondary systems that may
be caused by the vertical earthquake loading. Neeless, field evidence has not yet been
supported by thorough analytical assessment aneriexgntal tests.

Previous numerical studies on the evaluation of gffects of vertical ground motions
(VGMs) in framed systems (Alaghebandsiral., 1998; Alaghebandiagt al., 1999; Kunnatlet al.,

2008) have demonstrated that such motions may

* Change the axial forces in columns;

* Increase bending moment and shear force demandstructtural components and
connections;

*  Amplify plastic deformations;

» Extend plastic hinge formations;

* Reduce the available ductility of structural com@ots and connections.

The above response characteristics were also dedveing recent experimental tests
carried out on RC circular columns (Kim and ElnasB@08). The outcomes of the performed tests
showed that VGMs do not affect significantly thersyy shear and lateral drift. Conversely, the
vertical component of ground motions may genergahb fluctuations of axial loads in the columns
and, in turn, endanger the shear capacity. Theromute of concrete crushing caused the collapse
of many RC columns. The onset of likely high consgren forces induced by VGMs are thus
detrimental for the seismic response of RC beamrsot. Such response depends, however, on the
level of axial preload in the member. For exampienulti-storey framed buildings, axial forces in

the upper storey columns rather than in the lowduans are considerably affected by VGMs. In



first storeys of buildings, the vertical componehthe simultaneous ground motions has negligible

effects on the axial forces of the exterior colurbasause of earthquake-induced overturning.

Figure 1 — Collapse of non-structural components in resideméinforced concrete (RC) multi-storey framed 8imgs in the
outskirt of L’Aquila during the 6 April 2009 (Itajyearthquake, designed according to allowablesttep), limit state
(bottom) seismic codes .

The above numerical and experimental studies cersid primarily framed systems
behaviour and did not adequately account for Vanadf the axial preload on the seismic response
of beam-columns.

The present study provides insight into the seisregponse of RC members subjected to
horizontal (HGMs) and vertical (VGMs) earthquakewgrd motions. The normalized axial loads in
beam-columns, as well as the peak ground accelerg®GA) ratios between horizontal and
vertical ground accelerations, are emphasised @g dine considered parameters of paramount
importance for the assessment of structural comperend systems subjected to both HGMs and
VGMs.

Results of comprehensive parametric nonlinear dynamalyses carried out on simplified
structural models are presented and discussedftegreadetail. Plane (2D) systems are employed

for the seismic assessment as they are considelietlle models for the target of the performed



analyses. The structural performance is assesdbdregipect to global response parameters; local

effects, such as, for example, bond-slip mechaniamesdeliberately not accounted for.

EARTHQUAKE |NPUT CHARACTERIZATION

The 6 April 2009 L’Aquila (Italy) earthquake wasrggated by a normal fault with north-
west/south-east trend; the dip of the fault is gldhe South-West direction. The main shock
occurred at 01:32:39 GMT with a magnitude,#8.3 close to the town of L’Aquila (located at
about 6 km northeast to the epicenter). In thislyfical study, four natural near field records
(distance from the fault less than 10km) from tBE@2 L’'Aquila earthquake were selected for the
response-history analyses: Aterno River (AQA), IGHIll (AQG), Aquila Eng. Park (AQK) and
Central Valley (AQV). They are a subset of the 38®ng motions of the 6 April 2009 L’Aquila
earthquake, which were recorded by 56 stationshefrational network, Rete Accelerometrica
Nazionale (RAN); these stations are located astadce from the earthquake fault varying between
4.3 km (L’Aquila-Aterno Valley, Grilli Hill) and 29.4 km (Genzano di Lucania). The acceleration
time histories employed in this study are also lalée on the official website of the National Civil

Protection www.protezionecivile.it the waveforms were corrected with the linearebas and

fillered using the Butterworth bandpass (Hp = 04 &hd Lp = 50Hz); further details on such
waveforms can also be found in Chioccarlil. (2009), among many others.

The PGA and the ratio between the vertical (PGak)d horizontal (PGA)for the sample
records are summarised in Table 1, in which thegavere computed for both longitudinal and
transverse (horizontal) components of the strongans. The soil type for the AQ-stations varies
between B and C according to the classificationlemented in CEN (2006-b) and Ministero delle
Infrastrutture (2008); further details on the AQ@t&gins can be found in several earthquake

reconnaissance reports (e.g., Pacor and Paol@&9, 2mong many others).

Coordinates PGA (9) Vertical / Horizontal Ratio (®G/ (PGA),
Station Label Latitude Longitudg North-South EaststV| Up-Down North-South East-West
ATERNO RIVER AQA | 42.37553 13.3393 0.444 0.404 0.470 1.058 1.164
GRILLI HILL AQG 42.37347 13.33703 0.517 0.475 0.243 0.471 0.512
AQUILA ENG: PARK | AQK 42.34497 13.40095] 0.354 0.334 0.372 1.052 1.116
CENTRAL VALLEY AQV | 42.37722 13.34389 0.546 0.659 502 0.957 0.793

Table 1— Station location and ratio of the vertical-tadkontal peak ground accelerations (PGA) in thepsil®2009

L’'Aquila (ltaly) earthquake.

Note: All the stations are located in L’Aquila — Aterialley.

It is noted that the (PGA)Yanges between 0.334g (AQK) and 0.659g (AQV). Talees of
the (PGA) vary between 0.243g (AQG) and 0.522g (AQV). Thesaof the vertical-to-horizontal
accelerations are high; for two stations (namelyPA@nd AQK), the PGAs of the vertical
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Vertical / Horizontal Acceleration

component exceed the values of the horizontal eopatts. The time histories of the three
components (North-South, East-West and Up-Downjhef ground motions recorded at AQA,
AQG, AQK and AQV were employed to perform the resgm history analyses that follow. The
ratio of the vertical-to-horizontal peak acceleya is shown in Figure 2 as a function of the
epicentral distance, and for RAN stations up to &®0from the seismic source. It is noted that the
vertical component tends to exceed the horizomntal up to an epicentral distance of about 30 km.
The computed values do not comply with the 2/3 prtgposed by Newmark and Hall (1982); this
finding confirms that the rule does not apply t@amield earthquakes, as reported in the literature
(e.g. Elnashai and Papazoglou, 1997; BozorgniaGardpell, 2004; Elgamal and He, 2004). The
vertical-to-horizontal (V/H) peak attenuation bynB$hai and Papazoglou (1997) is also included in
Figure 2. It is noted that the scatter betweenréiserded motions and the predicted values is high;
the V/H ratios are in the range predicted by theernafation relationships corresponding to
earthquakes with B6.5 and M=7.5; the latter values are higher than that eséchéor the 6 April
2009 L'Aquila earthquake.
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Figure 2 — Vertical/horizontal acceleration ratios as action of the epicentral distance for the recorditations (up
to 150 km away from the fault)eft) and time interval between peakigfit) for the recording stations (up to
150 km away from the fault) of the 6 April L’Aquilkarthquake. The dotted line corresponds to thea2i@
proposed by Newmark and Hall (1982).

The time intervals (or time delay) between the Breéion peaks of the horizontal and
vertical components provided in Figure 2 show that delay between the onset of the peaks are
small, particularly for AQ-stations: the delay idD seconds for AQG and 0.84 seconds for AQK.
The distribution of the time interval between hontal and vertical ground motions indicates that
the time delay between peaks varies with sourdamtie but it is generally within 5 seconds. For
the sample records the delay is rather small becthgsrecording stations are less than 5 km away
from the fault rupture.

The simultaneous occurrence of the peaks in theleation time history may have
devastating structural effects; however, a recemdys by Kim and Elnashai (2008) has
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demonstrated that the damage pattern and failuemof structures are affected significantly by
the ratios of the vertical-to-horizontal peaks bé tacceleration time history and they are not
significantly dependent on the time delays.

Elastic spectral acceleration, velocity and disptaent response of the AQA, AQG, AQK
and AQV earthquake records were also evaluated.ré@sidts are summarised in Figure 3. Near-
source long-period pulses, possibly related to soeffects, i.e. forward-directivity and fling-step
phenomena (Somerville, 2000), are present in al rdcords. However, the effect of the site
response is visible in the AQK record, which shdivs highest long period content, and in the

AQA record, which exhibits a low-period content.
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Figure 3 — Accelerationléft), velocity (niddle) and displacemerftight) response spectra of the recorded earthquake djrootions: north-southdp), east-westr(iddie) and
vertical pottom) components.
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Elastic acceleration response spectra of the redogdound motions (horizontal and vertical
components) were also computed and compared todheltalian code spectra (Ministero delle
Infrastrutture, 2008) for ordinary buildingse. with return period § = 975yrs) and critical
facilities (i.e. with return period gr= 2475yrs). The results are provided in FigureTHe code
spectra were computed for soil type C, accordingthe classification in Ministero delle
Infrastrutture (2008), which is similar to that @EN (2006-b); a 5% viscous damping was
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Figure 4 — Elastic acceleration response spectra of therded earthquake ground motions and national cpeetrs
(Ministero delle Infrastrutture, 2008) for ordinasyildings (T = 975yrs) and critical facilities gf= 2475yrs):
horizontal (eft) and vertical (ight) component.

The response spectra plotted in Figure 4 shows hb#t the horizontal and vertical
components tend to exceed, especially for perieds than 1.0 second, the code-defined spectral
values; however, the mean spectra are a closehrtatbe smooth spectra in the design standards.
The values of the recorded peak ground accelesatiod those implemented in the recent ltalian
seismic code (Ministero delle Infrastrutture, 2088) compared in Figure 5 for both horizontal and

vertical components of the earthquake.
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Figure 5 - Recorded peak ground accelerations and seisdie design accelerationsf() and ratio between the
vertical and horizontal spectreght).

The ratio of the spectral vertical-to-horizontatelerations is shown in Figure 5 and shows
that such ratio is particularly high for low pergodf vibrations. The 2/3 rule by Newmark and Hall

(1982) is also included in the plot of the spectraios in Figure 5; its use underestimates
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considerably the spectral ordinates particularly l@awv periods. High spectral acceleration
amplifications are observed for low periods of saifion, e.g., less than 0.5 seconds for the
horizontal components of all sample records. Timdifg is further confirmed by the Fast Fourier
Transforms (FFTs) of the waveforms. Predominant en@hn periods of the records were also

computed and are depicted in Figure 6.
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Figure 6 -Predominant and mean periods of the recorded eskieqground motions.

The average time of the estimated predominant aednnperiods is 0.155 seconds and
0.370 seconds, respectively. The observed high ihoaplons at low periods may affect
detrimentally the response of stiff structural syss, e.g., low-rise RC framed buildings and chiefly
masonry structures. The above periods of vibratespecially those relative to the vertical
components of the earthquake ground motion, asedio the fundamental axial period of structural

members.

SAMPLE MODELS

Two simplified models were considered in the folllogy parametric study: a sample RC
cantilever column (1.80m high) and a plane twoestotwo-bay frame as shown pictorially in
Figure 7. The cross-section of the cantilever colusnassumed to be 30cm x 30cm; 4 smooth bars
with @=14mm and located at the section corners werezedijithe concrete cover is 2.5cm. The
concrete strength is assumed to be 19MPa and éhe siress is equal to 330 MPa. The above
properties correspond to typical columns of exgsfRC low-rise framed buildings (2 to 3 storeys)
designed for gravity loads in the Mediterraneamare

14



The seismic assessment of the cantilever columrcasaied out with reference to six values
of normalized axial loadv(= Nsq/ Npi.rp): thev-factorsvary between 0.05 (low level of axial load)
and 0.50 (high level of axial load). Note that thelues of the normalized axial loads were
estimated with reference to the actual mechaniogbgrties of the materials used for the sample
column, i.e., the material partial safety factars lhoth steel and concrete (denofe@ndys in the
Eurocode 2 and Eurocode 8) akey=1.0. The coefficient for long term effectsag=1.0. The
(actual) squash load is fNap = 1913.28 kN. If the design value of the squashkl isadetermined in
compliance with CEN (2006-a), the value is; & = 1145.77kN. Table 2 summarises the
normalized axial loads for sample RC columns.

The parametric response history analyses wereedaout with reference to the design and
actual values of the normalized axial loads.

The plane frame consists of a two-storey two-bamf. The storey height are 3.75m
(ground floor) and 3.60m (top floor); the clear sdangth is 2.55m. The cross sections of the
columns are 30x30cm. Deep beams, with a crossese80x50cm, are placed on both the lower
and top floor. The plane employs a RC solid slale; thickness of which is 25cm at the ground
floor and 20cm at the roof level. The layout of thhame and the relevant longitudinal and
transverse reinforcements are displayed in FigurEh@ solid slab is used to simulate typical floor
systems of framed buildings designed for gravigde only and live loads of 3.0 kN/mg. The total
uniform loads (dead and live) on the beams atitBednd second floors are 16.56 kN/m and 14.0
kN/m, respectively. Smooth bars were used for tmgitudinal and transverse steel reinforcement
of beams and columns of the sample RC frame; th&lsleof such reinforcement are shown in

Figure 7.
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Bars withg=14mm and located at the section corners wereetilfor the columns; for
the beams, longitudinal bars emplagy=8mm, @=12mm and @=16mm. The transverse
reinforcement consists of rectangular stirrups wptt6mm for both beams and columns. The
concrete cover is 2.5cm. The concrete strengtisssiraed to be 19MPa and the yield stress is
equal to 330 MPa. The columns of the frame hav@etees similar to those of the sample

cantilever column.

NUMERICAL M ODELLING

The finite element model (FEM) employed to disaetithe cantilever column is
restrained for out-plane displacements. A 35 tomsgled mass is located at the top of the
column; the lumped mass has only longitudinal, dvanse and vertical translation degrees of
freedom. Rotational masses are null. The axialdcae applied as concentrated loads at the
column top.

The two-storey two-bay RC frame was modelled adamgysystem. The masses are
lumped at the beam-to-column intersections. Theesbf the computed masses are 2.41 tons
and 4.81 tons for the first floor, while 4.07 taasd 2.04 tons were utilized for the roof. Dead
and live loads are applied as point loads alondp#@ns of the first and top floors.

The finite element program used to perform the oasp history analyses is Zeus-NL
(Elnashaiet al., 2004). This program is capable of predictingldrge displacement response of
spatial frames under static or dynamic loadingingknto account both geometric nonlinearities
and material inelasticity. The spread of inelasti@long the member length and across the
section depth is explicitly modelled, allowing faccurate estimation of damage distribution. The
interaction between axial force and transverserd&ition of the frame element (beam-column
effect) is implicitly incorporated in the elementbic formulation implemented in the computer
program, whereby the strain states within the elegrage completely defined by the generalized
axial strain and curvature along the element refsgeaxis (x), while a cubic shape function is
employed to calculate the transverse displacemgna éunction of the end-rotations of the
element. To evaluate accurately the structural d@mdistribution, the spread of material
inelasticity along the member length and across#ution area is explicitly represented through
the employment of a fibore modelling approach, asaxshin Figure 8. The sectional stress-strain

state of beam-column elements is obtained throhghintegration of the nonlinear uniaxial
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stress-strain response of the individual fibres which the section is subdivided. The
discretization of a typical RC cross-section of #teictural members of the sample models is
also displayed in Figure 8.

The distribution of material nonlinearity acrose tbection area is accurately modelled,
even in the highly inelastic range, due to theciEle of 200 fibres employed in the response
history analysis of the sample beam-column. A 2iitdi element model was employed, which
may be considered sufficiently accurate and redidbl the purpose of the present numerical
study. The beam-column is discretized using 6 neali cubic elements; the mesh includes
smaller elements concentrated at the member eddggsré 8). The length of the two edge
elements is 10% of the element clear span; thealegiements are 30% of the total member
length. Thus, the spread of inelasticity along memlength is accurately estimated. Two
integration Gauss points per element are usedh®mumerical integration of the governing
equations of the cubic formulation (stress/strasuits in the adopted structural model refer to
these Gauss Sections, not to the element end-nd@i@s3equently, at least two Gauss points are
located in the inelastic region at the base ofdbleimn in order to investigate adequately the
spreading of plasticity in the critical region anidhin the structural member. At least two Gauss
points are also placed in the critical regions e&as and columns in the plane frame, as also
schematically illustrated in Figure 8.

A bilinear model with kinematic strain-hardeningsmatilized to simulate the inelastic
response of steel longitudinal bars of the crostises of the RC beam-column. A strain
hardening equal to 0.015 (or 1.5%) was assumedh®mpost-yield response. The modulus of
elasticity E is 2.0 E+05 MPa. The concrete was redethrough a nonlinear constant
confinement model. This is a uniaxial nonlinear eloohitially implemented by Madas and
Elnashai (1992) that follows the constitutive riglaships formulated by Mandet al. (1988)
and the cyclic rule proposed by Martinez-Rueda BEimdshai (1997). The confinement effects
provided by the lateral transverse reinforcemeatiacorporated through the rules suggested by
Manderet al. (1988) whereby constant confinement pressuressiraed throughout the entire
stress-strain range. The model calibrating paramettlized to fully describe the mechanical
characteristics of the material include (i) compres strength, (ii) tensile strength, (iii) straah
peak stress and (iv) confinement factor. For thepda beam-column, values of the confinement

factor k were assumed equal to 1.1 and 1.0 foricedf(core) and unconfined (shell) concrete,
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respectively. A value of 19MPa was adopted to sateuthe compressive strength of concrete;
the tensile strength is 1.9MPa. The strain at meadss is 0.002; collapse strains are 0.005 and
0.003 for confined and unconfined concrete, respalgt Such strain values were determined on
the basis of typical actual response of RC beamraon$ designed primarily for gravity loads,
i.e. low ductility members.
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Figure 8 —Fibre discretization of the frame element in thalgiical model.
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It is instructive to mention that local effects,cBuas bond-slip effects, are not
implemented in the sample finite element models;ténget of the performed parameter analyses
is to investigate the global response of RC bealmrmos subjected to combined horizontal and
vertical components of earthquake ground motiomsthErmore, it is assumed that the sample
RC members are in the uncracked stage at the begioh the earthquake loading. The above
assumption can be realistically accepted for theicet RC buildings located in Italy.
Additionally, the emphasis of the present studyointhe ultimate structural response of RC
beam-columns. The significant stiffening effecttbé infills was not considered in the study.

The effect of the presence of the masonry infdlsurrently under investigation

M ODAL RESPONSE

Eigenvalue analysis was carried out for the cargildRC column and the plane frame to
determine the modal properties of the structuratesys. In so doing, the detailed FEMs
employing the discretization illustrated earlier reveutilized. The presence of longitudinal
reinforcement bars within the section was accouritad through the use of fibre-based
modelling. The periods of vibration of the sampledals were determined using the Lanczos
algorithm implemented in Zeus-NL (Elnasletal., 2004).

The sample RC column has a natural period equd.4d4 seconds for horizontal
oscillations; the vertical period of vibration i9986 seconds. The latter period was also verified
by utilizing scaled natural records (scaling facttO, maximum acceleration lower than 0.069)
corresponding to AQA, AQG, AQK and AQV. To estimdte axial period of the column, the
dynamic axial load records were used. The top acatbn response history was assessed with
the Fast Fourier Transform (FFT) analysis. The ltesaare shown in Figure 9, where the spike
corresponds to a resonance in the response anchieslithe fundamental period of vibration
along the vertical axis of the beam-column. The porad axial period is 0.038 seconds thus
matching the value computed with the modal analygs 0.036 seconds. The above value was
also derived by means of the response spectrumr@g); the assumed viscous damping is 1%.
The latter value, which is lower than the 5% visscaamping typically utilized for horizontal
vibrations of RC structures, accounts for the reduelasticity associated to the vertical

oscillations.
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Figure 9 - Fast Fourier Transform of the acceleration at tipedf the columnléft) and response spectrum of the
acceleration response history at the top of therool fight)

Modal analysis carried out for the plane frame stmwhat the periods of vibration are
0.296 seconds (first mode with an effective modaksnpercentage equal to 93.28%) and 0.112
seconds (second mode and an effective modal massnpage of 6.72%); the vertical period is
0.027 seconds. The computed periods are simildhdse relative to the several existing RC
framed buildings located in the Southern Europegions (e.g. Gallipolet al., 2009; Masi and

Vona, 2009, among others).

SEISMIC RESPONSEASSESSMENT

The sample RC column and the two-storey two-baynelrame was subjected to
horizontal and combined horizontal and vertical ponents (HVGMs) of earthquake ground
motions; the structural assessment was carriedhypuateans of nonlinear time history analyses.
A total number of about 200 (124x4=192) inelastialgses were carried out using the sample
RC cantilever columns; 12 levels of axial loadsvédues for the design and 6 values for the
actual normalized squash load) were consideredutdsmed in Table 2. The North-South and
East-West components relative to AQA, AQG, AQK aA@QV recording stations were
employed as horizontal components of the earthqugkeind motions (HGM); combined

HVGMs were also considered.

Squash Load v =0.05 v=0.10 v =0.20 v =0.30 v =0.40 v =0.50
Design Value (kN) 57.29 114.58 229.16 343.74 458.3p 572.90
Actual Value (kN) 95.66 191.32 382.64 573.96 765.28 956.60

Table 2— Normalized axial loads estimated for the samplaroa.
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The response quantities for the performed analyses expressed in terms global
behaviour, i.e. axial loads, axial deformationsyddieg moment-axial load interaction and shear
demand/capacity ratios. Additionally, lateral dvifit the column top were also computed along
with the vertical displacement along the membeis.adihe results of the response history

analyses are summarized hereafter.

AXIAL LOADS AND DEFORMATIONS OF BEAM -COLUMNS

Figure 10 provides the variations of axial loadhwigéspect to the static (gravity) load for
the case of HGMs and HVGMs. Average values wereptded and included in the plots. The
results are provided for both North-South horizbrdad East-West components of the
earthquake. The variation of axial loads is sigaifit in columns under HVGMs, especially in
compression. For values wfcorresponding to actual RC columns in framed lmgictructures,
e.g., normalized axial loag>0.10, the average increase of the compressionrioegkes between
174% ¢=0.20) and 59%w=0.50).
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Figure 10 - Variation of axial loads in the column subjectedbrizontal [eft) and combined horizontal and vertical
(right) earthquake ground motion: North-Soutbpj and East-Westbpttom) horizontal components.
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The results in Figure 10 also prove that in beatarons subjected to horizontal seismic
loads only, as the normalized axial loadlsecome higher than 20, the axial load variatiores du
to earthquake-induced vibrations are significatdlyered and can be neglected (see also Figure
11, where the axial load response history is peitbr the North-South component of AQA
record). This finding demonstrates the importanicexduding the effects of VGMs to estimate

accurately the fluctuations of axial loads in tldumns with respect to the gravity loads.
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Figure 11 —Response history of the axial loads in the colsminjected to horizontaleft) and combined horizontal
and vertical (ight) earthquake ground motion (North-South horizootahponent, AQA record).

The comparison between the variations of axialdaadhe RC columns considering the
HGMs and the HVGMs is also summarised in Tabler3tlie North-South components of the

sample records.
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Normalized axial loaddgsign value)

Earthquake Component v =0.05 v=0.10 v =0.20 v =0.30 v=0.40 v =0.50
Horizontal 679% 245% 24% 12% 8% 9%
Horizontal + Vertical 1031% 460% 174% 88% 79% 59%
(H+V) /H 1.52 1.88 7.25 7.33 9.88 6.56
Table 3— Comparison between the variation of axial loadsadering the horizontal and horizontal+vertical
component.

Note: The values refer to the North-South componentavi®/ loads are assumed as benchmark for thetiar&a

The values listed in the table express the vanatiof the axial loads caused by the
seismic loading with reference to the gravity lvatlies. As the normalized axial load increases,
e.g.,v>0.05 the variation of the axial loads tends to increaten the vertical component is
implemented in the model used for the structuralyans. The values computed for the columns
subjected to the combined horizontal and vertieamic input can be higher than 7 times those
computed for the horizontal component of the eardlk@ loading. The variations in Table 3
depend significantly on the level of axial loadte column. Net tensile forces may also occur in
the columns as shown in Table 4. The results irtdbke indicate the cases where tensile forces
were observed in the response history analysegedavut with different levels of normalized
(design) axial load. For low values of normalizedahloads, e.g.v < 0.10, tensile actions
occurred for all components of earthquake grountians. Forv > 0.30, which corresponds to
the level of axial loads in ordinary low-to-mediumee RC framed buildings, tensile forces did
not occur for all but the AQV records (when HVGMe &onsidered). For very high values of
axial loads, e.gy > 0.40, the sample columns are in compression.

The outcomes summarised in Table 4 are of paramwoportance for the reliable
earthquake assessment of RC members; it is shawif trertical components are not accounted
for in the seismic assessment of structural systeerssion response is not detected. RC
members and structures may experience additionalaie due to overturning, and as a result,
may give rise to brittle failure mechanisms. Theahcapacity of members is significantly
affected by the reduction of axial load and thespnee of tension, if any. Shear capacity is
generally enhanced by the presence of compresstams (e.g., Paulay and Priestley, 1992), as
further discussed later.
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Normalized Axial Load\{)

Station Componen 0.05 0.10 0.20 0.30 0.40 0.50
NSC
EWC

NSC+UDC

EWC+UDC
NSC
EWC

NSC+UDC

EWC+UDC
NSC
EWC

NSC+UDC

EWC+UDC
NSC
EWC

NSC+UDC

EWC+UDC

Table 4— Occurrence of tensile action in the sample column.
Note: NSC = North-South component; EWC = East-West comept; UDC = vertical (up-down) component.
Shaded areas indicate the cases where tensiorredcur

AQA

AQG

AQK

AQG

Results similar to the above were found when thenatized axial loads computed with
the actual mechanical properties, i.e., withoutoaating for partial safety factors (PSFs), see
Table 2, were employed. Comparing the values in€BaB and 5, it is noted that the variations
relative to actual values of the normalized axadds are higher than those in Table 3. The
variations relative to the preload (or gravity Ipadthe sample column are higher for the case of
design normalized axial load; this finding was estpd because load fluctuations are higher for
lower axial loads (design versus actual normalizddes).

The values of the axial loads in the columns indubg the HGMs and HVGMs are
further compared in Figure 12. The results werévddrusing all sample earthquake records, i.e.,
AQA, AQG, AQK and AQV. Mean values and linear iqelations were also estimated to
investigate the correlations, if any, between thengle data. Two observations are worth
mentioning. The values of the axial loads relativethe columns subjected to HVGMs are
significantly higher than those computed withow trertical components. By utilizing only the

HGMs, the errors in the estimation of the axiad®aan be as high as 300%.
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Figure 12 —Correlation between the axial loads in the colwmith and without the vertical component of
earthquake ground motion (design normalised as&d$): all values of axial load&ff) and only high values of
axial loads (ight).

The computed results show that the underestimdtasna linear trend as shown by the
interpolation of the mean values included in that pi Figure 12. However, the dispersion of the
sample data is high as demonstrated by the lowevalithe linear regression coefficient’R
i.e., R = 0.448. Results at low values of axial loadsless correlated than those at high values
of axial loads. This response is due to the lagetdations caused by the occurrence of cracking
(see also Table 4). If intermediate and higialues are considered, the correlations between th

above data improve significantly; the coefficieriti®0.829, also displayed in Figure 12.

Normalized axial loadagtual value)
Component v = 0.05 v=0.10 v =0.20 v =0.30 v =0.40 v =0.50
Horizontal 309% 66% 11% 6% 5% 4%
Horizontal + Vertical 512% 238% 86% 61% 44% 34%
(H+V) /H 1.66 3.60 7.82 10.17 8.80 8.50
Table 5— Comparison between the variation of axial loadsadering the horizontal and horizontal+vertical
component.

Note: The values refer to the North-South componenavidy loads are assumed as benchmark for the i@ar&at

Higher correlation for high values of the normatizxial loads was determined when the
actual loads were employed in the analyses (sesrd-ity3). The computed results confirm the
large variations (about 300%!) for the maximum bke@ads occurring in the columns, under

combined vertical and horizontal components ofteprake ground motions.
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Statistical analyses of the axial load variatiomghie columns were carried out and the
results are expressed as a function of the axaal io Table 6. The computed values indicate the
maximum fluctuations of the axial loads; they astireated as a ratio of the earthquake-to-
gravity load values. It is observed that coeffitserof variation (COVs) for horizontal
components is about 10%, while it is about 20%h& ¢ase of HVGMs. Nevertheless, the mean
values prove that neglecting the vertical compahendy lead to underestimations of al least
60% (1.58 fov = 0.50).

Normalized Axial Load
v=0.05|v=0.10|v=0.20| v=0.30| v=0.40| v=0.50
Mean (1) 8.05 3.76 1.37 1.13 1.10 1.08
H Standard Deviationd) 1.11 0.69 0.24 0.04 0.04 0.07
COV (o/ W) 0.14 0.18 0.17 0.04 0.04 0.06
Mean (1) 10.96 5.96 2.74 1.87 1.76 1.58
H + V | Standard Deviationo) 1.89 1.71 0.76 0.32 0.30 0.31
COV (o/ W) 0.17 0.29 0.28 0.17 0.17 0.20

Table 6— Maximum variations of the axial loads in the saengblumns expressed as the ratio of the earthgueake-

The underestimations of the axial load fluctuatitorsthe cantilever systems are further
summarized in Table 7, where the maximum variationthe sample columns are expressed as
the ratio of the effects of HYGMs and VGMs. Scatbdata were estimated for the mean values.
However, the values are on average greater than 0% supporting the need to include the

effects of the vertical ground motions in the setsperformance assessment of RC members

and structures.

gravity load values (EQL/GL).
Note: The values refer to all earthquake records. Gydoads are assumed as benchmark values.
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Normalized Axial Load

v=0.05]v=0.10] v=0.20] v=0.30] v=0.40] v = 0.50
Mean (1) 37.70 | 5844 | 104200 6652  60.4¢ 46.35
Standard Deviationo) | 27.74 | 38.34 | 63.92| 30.03]  30.7¢ 33.2B

COV (0 /1) 0.74 0.66 0.61 0.45 0.51 0.72

Table 7— Maximum variations of the axial loads in the saengblumns expressed as the ratio of the effects of
horizontal+vertical and vertical ground motions t{)/H).
Note: The values refer to all earthquake records. \&atiiee to horizontal components are assumed as iinankch
values. Mean values and standard deviations aressgd in percentage.

Significant fluctuations of axial loads were alsomputed for the central columns of the
sample RC frame, as shown in Figures 14 and 1. dbserved that net tensile forces were
computed at both ground and first floors when ttzene was subjected to the AQA records.
Large vertical accelerations on the central columinsiulti-storey RC frames are due primarily
to the low overturning effects and the large tratish masses acting on such columns. For
exterior columns of the plane frame the variatiohaxial loads when HVGMs are considered is
negligible.
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Figure 14 —Response history of the axial loads in the certwalmn at the ground floor of the plane frame
subjected to horizontalleft) and combined horizontal and verticebbt) earthquake ground motions
(north-south horizontal component)..
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The extensive numerical simulations carried ouhapresent study demonstrate that the
axial deformations of the beam-column model areevestimated if VGMs are not accounted
for. Vertical oscillations due to the axial-bendigupling during seismic response of the
columns were observed, especially for elements Vath axial loads. Similar response was
derived by Ranzet al. (1999). The computed variations of the axial deftions are displayed
in Figure 16 for the sample RC columns.
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Figure 15 —Response history of the axial loads in the cewtwalmn at the first floor of the plane frame suitgel
to horizontal (eft) and combined horizontal and verticebft) earthquake ground motion (North-
South horizontal component, AQA record).

The deformations increase significantly in compi@sswith respect to the initial
deformation caused by gravity loads in the coluihen the vertical component of earthquake
ground motion is included in the analyses, theatems of axial deformations are significantly
higher (forv=0.20, it is about 620% for East-West component 4660% for North-South
component) with respect to the static deformatidise minimum variation is 76% when the
VGM is considered, which is about 5 times the vatoenputed when using the horizontal
component only (76% versus 17%). The comparisohsdan the axial deformations in Table 8
confirm the outcomes derived for the axial loadiatawns (see Table 3). Increased axial load

deformations in compression may give rise to caececeushing and may reduce the (flexural-
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axial load interaction) capacity of RC memberswather discussed later. Tensile deformations

were computed for low load values of normalizedgbidiads, e.gy<0.10.

Normalized axial load (design value)
Component v =0.05 v=0.10 v =0.20 v =0.30 v=0.40 v =0.50
Horizontal 1151% 329% 26% 15% 14% 17%
Horizontal + Vertical 3034% 618% 201% 128% 100% 76%
(H+V) /H 2.64 1.88 7.73 8.33 7.14 4.47

Table 8 — Comparison between the variations of axial defdiona considering the horizontal and
horizontal+vertical component.
Note: The values refer to the North-South componeravi®y loads are assumed as benchmark for the it

The correlations between the axial deformations wu¢he horizontal and combined
horizontal and vertical components of earthquakesuigd motions were also evaluated. The
results are displayed in Figure 16 for all sampeords.Axial deformations have higher
correlations with respect to the axial loads. Tegression coefficient is’R= 0.820, when the
design normalized axial loads are considered dfattual normalized axial loads are utilized, the
correlation is enhanced {R 0.900 versus &= 0.820) as also shown in Figure 16.
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Figure 16 —Correlation between the axial deformations indablimn with and without the vertical component of
earthquake ground motion: desideft) and actualrfght) normalized axial loads.

Mean values and standard deviations of the axifdromations in the columns were
evaluated; the results are expressed as a funatitre axial load in Table 9. For low values of
axial loads there is a large scatter when either hrizontal or the combined HVGMs are
accounted for. However, as the axial load increasmsations of the axial deformations under
the horizontal earthquake tend to decrease; tkeaiction between the axial load and the bending
moment lowers the axial deformations. The verticamponent exacerbates the seismic

performance by further increasing the axial defdroms.
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Normalized Axial Load

v=0.05|v=0.10{ v=0.20|v=0.30| v=0.40| v=10.50
Mean (1) 17.12 4.77 1.41 1.16 1.16 1.16
H Standard Deviationo) 10.65 2.00 0.26 0.0b 0.04 0.07
COV (o/ W) 0.62 0.42 0.18 0.04 0.04 0.06
Mean (1) 27.16 9.42 2.99 2.2y 1.99 1.76
H + V | Standard Deviationa) 11.36 4.68 0.972 0.62 0.43 0.41
COV (o/ W) 0.42 0.50 0.31 0.27 0.22 0.23

Table 9— Maximum variations of the axial deformations ie gample columns expressed as the ratio of the
earthquake-to-gravity load values (EQL/GL).
Note: The values refer to all earthquake records. @rdoads are assumed as benchmark values.

A comparison between the effects of HGMs and HVGMsgrovided in Table 10, in
which the mean values, the standard deviationsthedCOVs for the computed values are
included. The assessment of the column responseeshsignificant residual deformations for
values ofv>0.20 (Figure 17); these deformations generatenwolghortenings. The latter have
been found to impair the seismic performance afldtamed structures (e.g. Coraioal., 2003;
MacRae, 2006, among many others). In RC framedtsiress the aforementioned shortening
may increase the seismic demand imposed on beanemis. However, the influence of the
column shortening should not be very significant fioe seismic response of RC building

structures. Research is still ongoing.

31



1.50E-04 1.50E-04
—H = H+V —H = H+V
1.00E-04 | v 005 5 1.00E-04 V=010 5
€ E
5§ 5.00E-05 I} S 5.00E-05 | d
g Gravity Load E Gravity Load
S 0.00E+00 S 0.00E+00
@ K @ T
[a) 1 0 [a) 1 25
K] S
$ -5.00E-05 5 % -5.00E-05
< 2 < g
o K]
3 4
-1.00E-04 | £ -1.00E-04 £
© £
8]
-1.50E-04 -1.50E-04
Time (seconds) Time (seconds)
1.50E-04 1.50E-04
—H = H+V -—H = H+V
1.00E-04 v=0.20 S 1.00E-04 | v=0.30 5
S 5.00E-05 | i S 5.00E-05 | w
T ©
S £
S 0.00E+00 : S 0.00E+00 e
o) Gravity o)
o 15 20 25 I Load 30 o 15 20 25 Is:a;ijry 30
= = 0
2 .5.00E-05 | £ 5.00E-05 |
é < < S
2 k
-1.00E-04 | £ -1.00E-04
5 3
(8] o
-1.50E-04 -1.50E-04
Time (seconds) Time (seconds)
3.00E-04 3.00E-04
[ —H —H+ [ —H —H+V
2.00E-04 | c 2.00E-04 -
v =040 S v =0.50 o
B i £ £ i z
E g E 3
5 LO00E-04 [ o £ LOOE-04 | &
s kS
E £
S 0.00E+00 . 5 0.00E+00 —
a 15 20 25 I Gravty 30 2 15 20 25 I Gravity 30
S 1.00E-04 [ T -1.00E-04
< , 8 < , 5
2 2
@ [
-2.00E-04 5 -2.00E-04 5
5 3
o [ o

-3.00E-04

Time (seconds)

-3.00E-04

Time (seconds)

Figure 17 —Response history of the axial deformations inablemn subjected to horizontaleft) and combined
horizontal+vertical (ight) earthquake ground motion (North-South horizootahponent, AQA

record).
Normalized Axial Load
v=0.05|v=0.10{v=0.20| v=0.30| v=0.40| v=0.50
Mean (1) 96.54 100.60 117.78 96.03 73.09 52.53
Standard Deviationd) 121.00 82.24 77.08 55.37 41.28 40.71
COV (0/ W) 1.25 0.82 0.65 0.58 0.56 0.78

Table 10— Maximum variations of the axial deformations ie fample columns expressed as the ratio of the
effects of horizontal+vertical and vertical groumdtions ((H+V)/H).
Note: The values refer to all earthquake records. \&atlie to horizontal components are assumed as iinankh

values. Mean values and standard deviations aregsgd in percentage.

The axial residual deformations were also detefitad the vertical displacements of the
cantilever top, as shown in Figure 18, in which tlesponse histories of the vertical

displacements for the AQA records (North-South congmt) are provided as a function of the
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normalized axial loads. For values of normalizeatkyv>0.20, the columns are characterised by
similar dynamic response. The magnitude of thedtedidisplacement and the time required to
damp the vibrations depends on the level of axial§. The higher the values \gfthe more

uniform the axial response of the structural memBamilar results were computed for AQG,

AQK and AQV records.
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Figure 18— Axial displacements (AQA record: North-South gament) response history.

The residual axial deformations in the columns actgid to combined horizontal and
vertical components of ground motion are signifttaaffected by the level of normalized axial
loads and earthquake characteristics (see FigureTh@ average increase of the initial axial
deformation due to gravity loads is about 60% fommalized load$>0.20.
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Figure 19 -Variation of the residual (compression) axial aefations in the column subjected to combined
horizontal and vertical earthquake ground motioarthN-South lgft) and East-Westight) horizontal

BENDING MOMENT-AXIAL LOAD INTERACTIONS

component.

The strength capacity of the sample columns was adsessed in terms of bending moment-

axial load interaction. Shear response of RC meswWas also considered and is discussed in the

next paragraph. Interaction domains (N, M) were poted and employed as benchmarks to

assess and compare the seismic demand. Both desigrctual material properties were utilized

for the derivations of the (N, M) domains. Figu2& and 21 display the computed interaction

curves and the pairs (N, M) evaluated for the Sdidhth and East-West components for the

AQA records, respectively.
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Figure 20— Bending moment—axial load interaction (AQA retddorth-South component): column preloaded with
design normalized axial loads.

The results are significantly affected by the vabfiehe axial preload due to the gravity
loads in the column. For normalized axial load®.20, the results show large variations; the
latter are generated primarily by the large fluttues of the bending moments. Cracking occurs
at an early stage and lowers the flexural capaaitiRC members. The dots in plots of the
interaction domains are located on the left hamlk,si.e., towards the area characterized by
tension. Scattered results were derived for bottMd@nd HVGMSs. As the axial loads increase,
e.g.,v>0.20, the (N, M) pairs exhibit low variations wheampared to vertical components of
ground motions. Similar results were derived fog #ctual values of normalized axial loads
(Figure 22).
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Figure 22— Bending moment-axial load interaction (AQA-Neg8buth component): actual normalized axial loads.

The effects of the bending moment are more sigamfiavhen the horizontal earthquakes
only are employed. These results support the fgsliof previous research by Ranzo, et al.
(1999), Button, et al. (2003) and Kunnath, et 2006) for RC bridge piers. The distribution of
the (N, M) pairs in the domains given in Figurest@®23 shows that when HGMs are employed
the variation of the bending moment tends to bédrdhan in the case of combined horizontal
and vertical earthquake loading. In this caseyvtretion of the axial load exceeds considerably
the bending moment fluctuations.

For high values of normalized axial loads the com@u(N, M) pairs lie beyond the
threshold interaction curves and, in turn, the R€mer fails. The importance of including the
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vertical earthquake loading in the seismic assessnseevident form the results plotted in
Figures 20 and 21. Similar response was evaluatedh& actual normalized axial loads; the
results are less scattered because of the highaesvaf axial loads (Figure 22). However, the
estimations are yet unsafe when the vertical eagkejloading is neglected.

The statistical analysis of the maximum bending mot® due to the horizontal and
combined horizontal and vertical components ofreprake loading in the sample RC cantilever
columns shows that the variations of such momemtdoav. Mean values in Table 11 show that
the variation is generally less than 10%.

SHEAR RESPONSE

The most brittle failure mode of RC members is sledlapse, especially for beam-
columns. Shear failure is caused by the lack ddr#htreinforcement, e.g., size, spacing and
strength of transverse reinforcement. The shegrores® of RC columns under earthquake
loading is not yet fully understood. Variation ixia loading is critical with respect to the shear
strength. A limited number of experimental studiase addressed the problem of changing axial
loads in columns subjected to earthquake loadiriggrain the typical loading history was that
high shear in the column was accompanied by higmptession and low shear by low
compression or tension (Penelis and Kappos, 19B7@. fluctuations of axial loads in RC
columns influence detrimentally their stiffnessiesgth and ductility. The lateral stiffness is
significantly lowered when the axial force variéait it remains constant after yielding. The
displacement increases rapidly with decreasingl é@al, because previously opened cracks do
not close. Longitudinal steel reinforcement barbjetted to tensile strains during cycles of
increasing axial compression may accumulate preges plastic strains. Decreasing

compression and/or tension reduces the momentitgapac

Normalized Axial Load

v=005|v=010|v=020|v=030|v=0.40| v=0.50
Mean () 7.94 7.60 26.61 -0.6Y 6.89 1.63
Standard Deviationd) 20.27 18.84 50.63 6.98 6.36 8.17
COV (a/p 2.55 2.48 1.90 -10.2Y 0.92 5.01

Table 11— Maximum variations of the bending moments in thegle columns expressed as the ratio of the effects
of horizontal+vertical and vertical ground motigiid+V)/H).
Note: The values refer to all earthquake records. \Gtie to horizontal components are assumed as toankch
values. Mean values and standard deviations aressgd in percentage.
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The shear strength of RC members under earthqoaking is affected by a number of
parameters: level of axial force, applied sheassttevel, level of imposed ductility, aspect ratio
transverse steel ratio and longitudinal steel ralibe above parameters are accounted for
differently in the existing capacity models (e.§lB, 2003). To assess reliably the shear
resistance, different capacity models for RC stmadt members were utilized in the present
study. The numerous models that have been progosedhluate the shear strength assume that
the resistance of RC members comprises a primanyribation of web reinforcement (the
tension ties of the Ritter-Modrsh truss analogy) aadondary contributions. These are attributed
to other mechanisms of resistance that are mobilizeough diagonal tension of concrete web,
i.e., the dowel action of longitudinal reinforcemespanning across cracks, the frictional
interlock between cracked interfaces and reinfoer@nto concrete bond (tension-stiffening)
along the bar between adjacent cracks.

First, the model for members with vertical sheanfeezcement as implemented in CEN

(2006-a) was employed. It is assumed that the sksmtance ¥ is given by:
VRd = min(VRd,s; VRdmax) (1)
where the design value of the shear fowg,, which can be sustained by the yielding shear

reinforcement, can be expressed as follows:

Vigs = %z f e COtO 2

<

and the design value of the maximum shear fovgg, . , which can be sustained by the

member, limited by crushing of the compressiontstris:

- acw bw Zvlfcd
Rama (cot® + tan®)

3)

In the above relationship&,,is the cross-section area of the shear reinforcgnsn the

spacing of the stirrupszindicates the inner lever arm, for a member witimstant depth,
corresponding to the bending moment in the elermader consideration. In the shear analysis
of reinforced concrete without axial force, the mpgimate valuez = 0.9d may normally be used.

0 is the angle between the concrete compression atdithe beam axis perpendicular to the

shear force;a, is a coefficient taking account of the state af #iress in the compression

chord; andb,, corresponds to the minimum width between tensimh@mpression chords. The
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design vyield strength of the shear reinforcementiesoted asf and f_is the design

ywd
compression strength of the concrete.
The value of the strength reduction factor for demcrete cracked in shear, is as

below:

_ _fa :
V= 0.6{1 250} dfin MPa) 4)

It is also assumed that,, = 1.0, as recommended by CEN (2006-a).
The values of shear resistaneg, .. for the sample cantilever columns corresponding to

the angle of the strub=22or 6=45"are 291.879kN and 423.225kN, respectively. These

values of vV were determined assuming PSFs equal to unity. Sabtires are exceeded

Rdmax
during the response history of the shear demanthercolumns, hence the compressed struts
fail.

The contribution of the concrete to the shear gtter{Vrp was also estimated to
perform consistent comparisons with other formalai The value of Mo IS computed as

follows:

Ve = |[Crom k(100p, T, ) +k 0] b, d (5)
with a minimum of:

Vige = (Vin + k1040, d (6)
where f_is the concrete compression strength (in MPay; i& the area of the tensile

reinforcement, which extends(lpq+d) beyond the section consideredgyé the axial force in
the cross-section due to loading (in N), withg™¥ O in compression. Ais the area of concrete

cross section (in mfh

The parameters k ang| in eqn.(5) are as follows:

k:1+,/%)s 20 @)

sl (8)

with d in mm and:
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The normal stress due to the axial loads are:

cp

o =% <02f, (in MPa) 9)

c

The value of the shear resistancey¥is expressed in N. The coefficieat., ,k, andv  are

assumed equal to the recommended values provid€h (2006-a), i.e.C,. = 0-1% and

k, = 015andv,, = 0035k 2 fck 2.

Comparisons for shear demand and supply in theleast columns are provided in
Figure 23 for the North-South component of the A@dxthquake record. It is found that the
shear supply is exceeded for all sample columneaiStiemand is higher for lower values (e.g.
v<0.10) of normalized axial loads. Columns with fEglaxial loads display less laterally and
hence the base seismic shear demand is loweredhéAsixial loads increase, the stiffness

degradation and the strength deterioration areralsomized.
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Figure 23 —Shear response (north-south component: AQA recbhat)zontal (eft) and horizontal and vertical
(right): design normalized axial loads.

However, for moderate-to-high values of axial lgagg.,v>0.20, with respect to the

actual mechanical properties of the RC memberssltear resistance is reduced by the increase
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of the axial loads. For a given level of axial leadhe effects of the vertical component of
earthquake ground motion on RC structural membees t@o-fold. The shear demand is
increased and the supply is lowered due to the getarioration of the strength generated by the
significant fluctuation of the axial forces. Asesult, seismic performance of RC structures can
be reliably assessed when both horizontal and caértearthquake ground motions are
considered.

Further assessment of shear forces was also caouéd The shear strength was

determined using the formulas proposed by PaulalyRarestley (1992) for RC columns. The

shear strengtlV, at a section of the beam-column can be expressietl@ss:

V, =V, +V, (10)
where the contribution of the concretetd the shear strength is:

V.=v.b,d (11)
with b, and d the width of the web and the effective dettihe cross-section, respectively. The

term v, in regions of plastic hinges of columns can bgressed as below:

N
V.=V 12
c b AC [ﬂc ( )
and
v, =(007+10p, )/f. < 02./f, (in MPa) (13)

where the ratio of the flexural tension reinforcemp,, is expressed in terms of the web width

by,. The above equations are applicable when the dredl N results in compression.

Conversely, when the axial load N is in tensioentthe shear stregs=0.
The contribution of shear reinforceme¥{to the total sheaV,is derived assuming the truss

model with 45° diagonal struts and hence:

V= (14)

tn

where Aw, fyw, d and s indicate the same quantities as in egmf@emented in CEN (2006-a).
The assessment of the capacity model proposed lgyPand Priestley (1992) led to the same
results estimated using the code approach. Resiatitar to those computed for the cantilever

columns were also estimated for the central coluofitiie sample multi-storey plane frame.
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It has been repeatedly reported (e.g. PapazogldiEarashai, 1996; Alaghebandian, et
al., 1998; Alaghebandian, et al., 1999; Mwafy ardaBhai, 2006; Kim and Elnashai, 2008;
Kunnath, et al.,, 2008) that storey shears and datégither floor or interstorey drifts)
displacements are not influenced by the effectshef VGMs. The time histories of the base
shears show that shear forces may be influenceldeoyertical component of earthquake ground
motion (Figure 24); such influence is a function thie preload. Differences may arise
particularly for low values of the normalized axiahds due to the occurrence of cracking as
displayed in Figure 24.
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Figure 24 —Base shear time history response (AQA-North-Scathponent).
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CONCLUSIONS

The present work investigated the structural respoof RC members and buildings
subjected to horizontal (HGMs) and vertical (VGMgpund motions recorded during the 6
April 2009 L’'Aquila earthquake, in Italy. The ems was on the normalized axial loads in
columns and the peak ground acceleration ratiosvdsst horizontal and vertical ground
accelerations. Normalised axial loads and the satd (PGA)/(PGA), are considered
fundamental parameters for the assessment of wtallclomponents and systems subjected to
combined horizontal and vertical ground motions GiXs).

The suite of earthquake ground motions utilizege¢dorm the inelastic response history
analyses comprise primarily the three componenti@hear field natural records registered at
the aforementioned stations AQA, AQG, AQK and AQWidg the 2009 L’'Aquila earthquake.
Two structural models were considered in the patacngtudy: a sample RC cantilever column
and a two-storey two-bay frame, designed for gydwei@ds only (non-ductile frame).

Results of extensive parametric inelastic dynanmalyses carried out on the sample
structural systems show that the variation of akiatls is significant in columns under HYGMs,
especially in compression. For values of normaliaeidl loads ¥§) corresponding to actual RC
columns in building farmed structures, e.g., noreea axial loadv>0.10, the average increase
in the compression load ranges between ~1745%06.20) and ~60%vE0.50). For high values of
normalized axial loads, e.g>0.30, the computed axial load-bending moment aatisn points
lie beyond the threshold interaction curves thaceting that failure will occur. Conversely, for
normalized axial loads<0.20, large fluctuations of moments were compukaially, the shear
demand-to-supply ratio is significantly affected the high fluctuations of axial loads in the
columns. In multi-storey framed buildings, the msge of central columns is adversely
influenced by the HVGMs. Shear forces are influehty the VGMs; such influence is a
function of the preload present in the columnsfdd@nces may arise particularly for low values
of the normalized axial loads due to the occurreoiceracking. Shear demand is higher for
lower values of normalized axial loads, eug0.10. The stiffness degradation and the strength
deterioration of the RC members is lowered as ¥ dbads increase, Moreover, columns with
higher axial loads displace less laterally and behe base seismic shear demand is lowered.

The above discussion demonstrates that, for a dexesh of axial loads, the effects of the

VGMs on RC beam-columns are two-fold. The shearat®his increased and the supply is
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reduced due to the large variation of the axiatdsr It is thus concluded that the reliable seismic
design and assessment of RC framed structuresdskaasbmpass both horizontal and vertical
earthquake ground motions, especially for sitesecto active fault, such as the case of L’Aquila

studied above.
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