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Abstract: In order to insure the validity of the seismic performance matrix of the Eurocode EN 1998 for irregular in-plan,
torsionally-flexible, spatial, asymmetric, multi-storey reinforced concrete (r/c) buildings with masonry infill walls, an ex-
tended parametric numerical investigation has been performed, using non-linear response-history analysis. For this pur-
pose, N representative asymmetric r/c buildings with torsional sensitivity, have been designed according to Eurocodes EN
1990, EN 1992 and EN 1998-1, for Ductility Class High (DCH), using design global behavior factor g equal to 3.00. Each
of the masonry infill walls has been modeled with two nonlinear diagonal bars with hinges at their two ends and with one-
sided behavior (in compression only). Three seismic levels of the seismic action have been considered with mean return
period of 2475, 475 and 275 years, respectively. The above three earthquakes have been used for validity check of the
states of “Near Collapse”, “Significant Damage” and “Damage Limitation”, respectively. In order to apply the non-linear
response-history analysis, suitable artificial accelerograms, which are compatible with the elastic response spectrum, for
soil category D, of Eurocode EN 1998-1 on the one hand and with Hellenic geological and site-specific data on the other
hand, have been used. In the present paper, important guidance on modelling plastic hinges and the masonry infill walls is
presented, as well as, a numerical example of a three-storey r/c building is also presented for illustrative purposes

Keywords: Inelastic static seismic analysis, non-linear response-history analysis, asymmetric multi-storey building, torsion-
ally-flexible multi-storey building, masonry infill walls, simulation of plastic hinge properties.

INTRODUCTION

The present paper deals with the numerical investigation
of the seismic behavior of irregular in-plan multi-storey rein-
forced concrete (r/c) buildings with masonry infill walls.
These buildings have been designed according to Eurocodes
EN 1992 [1] and EN 1998-1 [2], whilst afterwards their
seismic capacity has been evaluated for various levels of
earthquake excitations and respective seismic performance
levels, according to the seismic performance matrix of Euro-
code EN 1998-3 [3]. Non-linear response-history analysis
has been applied. However, based on previous experiences
with such analyses, the results may be deemed unreliable due
to the following reasons:

a. Use of unsuitable accelerograms. Inadequate number of
recorded accelerograms due to scars, limited seismic data
at the site or due to frequency content of recorded ground
motion, inadequate as regards the number of strong cy-
cles of the dynamic loading as well as the strong motion
duration or the Arias Intensity [4].

b. Use of false assumptions in the numerical models about
the nonlinear dynamic properties of plastic hinges and
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Moments-Chord Rotations (M -0) diagrams. In other
words, inaccurate simplifications or inappropriate as-
sumptions of the nonlinear model adopted to describe the
inelastic behavior of the structure.

c. Inadequacy of the numerical integration schemes, regard-
ing accuracy & stability;

d. Improper orientation of the pair of horizontal seismic
components. In other words, the critical dynamic loading
orientation of the pair of horizontal seismic components
is unknown or does not exist and leads to the examina-
tion of various other orientations (at least one more orien-
tation with 45 degrees rotation relative to the initial prin-
cipal axes must be examined).

e. Omitting the vertical ground motion component or ignor-
ing the P-Delta effects in the analysis.

In addition, in order to apply the inelastic static seismic
analysis (pushover analysis) on irregular in-plan, asymmet-
ric, torsionally-flexible multi-stotey r/c buildings, one has to
use suitable spatial model according to sect.4.3.3.4.2.1(2)P
of Eurocode EN 1998-1 & sect.4.4.4.1(2)P of Eurocode EN
1998-3. However, no additional details are given about the
spatial model of the structure to be used in conjunction with
the pushover procedure described in EN 1998. A realistic,
mathematical methodology concerning the application of the
static pushover method on irregular in-plan multi-storey
buildings has been presented recently using an optimum
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equivalent non-linear single degree of freedom system,
where the floor rotations around vertical axes are taken fully
into account in combination with the equivalent static eccen-
tricities and design inelastic spectra [5-7]. However, the
simulation of inelastic properties of plastic hinges, as well as
the Moment-Chord Rotation (M -6 ) diagram of a structural
member is a great issue that requires clarifications, and it is
independent from the methodology of analysis that will be
used. From the many available simulation tech-
nigues/methods (Monte Carlo method, importance sampling
technique, response surface method etc) as well as others
techniques that were presented in the past [8], here we apply
the proposal of Eurocode EN 1998-3 in combination with the
newly Hellenic Code of Retrofitting of r/c buildings
(KANEPE 2012) [9].

In the present article, all the necessary information for
the simulation of plastic hinges of r/c members, as well as
that for the simulation of masonry infill walls is given in
detail. The seismic performance of new r/c buildings, which
have been designed according to Eurocodes EN 1992 & EN
1998-1, is determined for various levels of the seismic per-
formance matrix. The role of masonry infill walls of irregu-
lar in-plan multi-storey r/c buildings is investigated. A suit-
able numerical example of a torsionally-flexible, irregular in-
plan, three-storey r/c building is presented for illustrative
purposes. It is worth noting that, for the needs of the non-
linear response-history analysis used in the present paper,
new artificial accelerograms have been developed in the
frame of the present article that are compatible with the De-
sign Basis Earthquake (DBE) of Eurocode EN 1998-1 for
soil category D.

SIMULATION OF INELASTIC CHARACTERISTICS
OF BUILDING

General

In order to build a model of an r/c building, each member
(column or beam) can be assumed that it has deformed anti-
symmetrically (Fig. 1a), while the structural wall can de-
velop plastic hinge at its base section only. Thus, each de-
formed member may be considered to consists of two “canti-

levers”, each having a length L , which is called “shear
length”. According to sect.7.2.3 of KANEPE 2012 [9], it can

be considered (approximately) that the shear length Lg is
equal to one-half of the clear length of the structural ele-
ments. However, in the case of ductile r/c walls, with shear

ratio ag = M/(h~Qy)> 2.50, where h is the depth of the

section into the moment plane, then the shear length Lg is

equal to the distance from the base of wall until the zero-
moment point due to a temporary lateral static loading of the
building.

At the end-section of the base of each “cantilever”, a
suitable non-linear spring is set in the model of the building,
which follows a particular non-linear law of Moment-Chord
Rotation (M -6 ). In order to obtain the diagram M -6,
first, an elastic-plastic diagram of Moment-Curvature
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(M -¢) has to be calculated for the base critical r/c section

of each cantilever. This can be achieved reliably by model-
ling the final designed r/c section by “fiber elements” (i.e.
software XTRACT/2007 [10]) using mean values of material
strengths (i.e. fop = fok +8 in MPa for concrete and

fym =1.10 fyk for steel) instead of their characteristic val-

ues fox & fyk.According to this methodology, the critical

r/c section is divided into the field of the confined concrete
(which extends up to the loop of the axis of the external stir-
rup), in the field of unconfined concrete (which is outside of
the loop of the axis of the external stirrup) and into longitu-
dinal steel bars of the section (Fig. 2). For each one of the
three fields mentioned above, a different appropriate stress-
strain diagram (o - ¢ ) is used. Such suitable diagrams o - ¢
are given at Figs. (3-5).

Lg= Shear Length of
a sub-cantilever

b. Diagram Moment-Curvature (M-9)
at the end-section (i) of the element ij

a. Each element of an r/c frame consists of
two sub-cantilevers with shear length Lg

nn

—
Mg My L
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d. Moment Diagram due_ ¢ Moment Diagram
to yield displacement 5 due to force-unit

c. Deformation due to
yield displacement (5

Fig. (1). Definition of chord rotation of a cantilever.

Fig. (2). Section analysis using fiber elements.
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Fig. (3). Stress-strain (o -¢ ) diagram for unconfined concrete
section, category C25/30 using mean strength.
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Fig. (4). Stress-strain (o -¢ ) diagram for steel, category B500c
using mean strength.

The stress-strain diagram o -¢ of confined core-
concrete can be calculated based on the “model of confined
concrete” that is proposed by Eq.(A.6-A.8)/sect. A.3.2.2 of
Eurocode EN 1998-3, Fig.(5). In that model, the strength
foc of the confined concrete and its contemporary strain

£cc 1S given as follows:

0.86

a-pgy - f
cm

@

€cc = €2 [l+5~(—:cC -l)
cm

where fo & egp are the compressive strength (mean

value) and corresponding strain of unconfined concrete, re-
spectively (Fig. (3)).

The ultimate strain e, of the extreme fiber of the pres-
sure zone of the section is given:

a- - f
£cy =0.004+05- 2Py ywm ®)
fCC

where ny,m is the yielding stress (mean value) of the
stirrups and « is the “confinement effectiveness factor” of

the core that is given as:
DL
(4)

1= ) (15|41
where by is the centerline spacing of longitudinal bars later-
ally restrained by a stirrup corner along the perimeter of the
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cross-section, so the buckling phenomenon of these steel
bars is eliminated.

he and Db is the dimension of confined core to the
centerline of the hoop.

It should be noted that, in the case when the stirrups are
not closed with hooks that have an angle of more than 45°,
then concrete confinement must be ignored and for this rea-
son the “confinement effectiveness factor” is set to zero
(a=0).

Psy = is the ratio of transverse steel parallel to

the loading direction y of the section (Fig. (2)), Ay is the

total area of the stirrup sections along the loading direction y
and sy is the pure stirrup spacing along the length x of the

structural member.
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Fig. (5). Stress-strain (o - ¢ ) diagram for confined concrete core
(C25/30 & B550c) according to EN 1998-3

Calculation of the Chord Rotation éy of a Cantilever for
the “Damage Limitation” Limit State

Following the calculation of the elastic-plastic diagram of
Moment-Curvature M -¢ of the end critical section at the

base of each cantilever, its chord rotation Hy for the “Dam-

age Limitation” limit state can be calculated. For this pur-
pose, the following two assumptions are made: (a) the be-
havior of the cantilever is linear-elastic until the appearance
of the yield state at its base (Fig. 1b), and (b) the variation of
the corresponding lateral yield displacement of the free-end
of the cantilever, dy , is as shown in Fig. (1c). Next, at the

base of the cantilever, the yielding curvature gy is calcu-
lated, while the chord rotation By of the cantilever is ob-
tained elastically as 6y = @y - Ls/3, (Fig. 1d,e). However,

there are more sources that contribute in yield rotations of
the end-section, such as the action of shear force and the
extraction or lap-splice slip of longitudinal steel bars from
the fixed-base (or the join) of the cantilever. For this reason,
it is preferable to use Eq.(5) that is proposed by
Eq.(A.10a)/sect.A.3.2.4 of Eurocode EN 1998-3, [11, 12]:
Oy =W+o.00135~(1+1'50'h)+ fy b fym ()
& Ls 6-(d ~dp )y fom
where ay, is zero when the flexural failure precedes the

shear failure and a,, is one when the shear failure precedes
the flexural one, z is the length of internal lever arm, taken
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equal to d —-d» in beams and columns, d and d» being the

depths to the tension and compression reinforcement for the
external compressive fiber of the section, respectively. Also,
dq is the distance from the tension reinforcement to external

tension fiber of the section, h is the depth of the geometric
section of the member (Fig. 2), ¢y is the steel strain that is
taken equal ¢y = fym/ES , Eg is the Elasticity Modulus of
the steel and fym & fom are the yielding stress (mean value
in MPa) of steel & concrete, respectively.

Calculation of Chord Rotation 6, of a Cantilever for the
“Near Collapse” Limit State

The chord rotation 6y, of a cantilever, for the “Near Col-

lapse” limit state under cyclic loading, can be calculated by
Eq.(6) that is proposed by Eq.(A.1)/sect.A.3.2.2 of Eurocode
EN 1998-3:

fyw,m
0.225 o pgy LM (6)
64 =i~o.01e‘o.3"~(ﬁ~ fcm) -a9%5.| 25 fom ~(1.251°°Pd)
Yel P

where,

vel is a safety factor that is taken equal to 1.50 for pri-

mary seismic structural members (due to scattering of the
experimental values) and 1.00 for secondary seismic mem-
bers.

pp = max(0.01, w) and ps = max(0.01, w'), with v &
' are the mechanical reinforcement ratios of the tension
reinforcement Ay7 (with the intermediary reinforcement)
and the compression one Ay , respectively:

Sy Ap fymo(7ap)

fcm _bw'd fcm

w:pl.fym= Ar fym
fcm by -d fcm

v N is the normalized axial force (b, is the
bw N+ fem

width of compression zone and force N is taken positive for

compression, Fig. 2)

Asd

od =m is the steel ratio of diagonal reinforcement
Ayq (if it exists)

as=M/(h'Qy)= Lg/h is the ratio moment/shear,

which is called shear ratio, at the end-section of the cantile-
ver (Fig. 2)

a is the “confinement effectiveness factor” of the core-
concrete that is given by Eq.(4):

For the case of r/c walls, the chord rotation at the limit
state of “Near Collapse” given by Eq.(6) is divided by a fac-

tor 1.60. Moreover, the plastic rotation 6, is always given

by 6p =6y -6y, while the chord rotation of the cantilever at

Makarios and Asteris

limit state of “Significant Damage” is taken equal to with the
0.756,, according to sect.A.3.2.3 of Eurocode EN 1998-3.

Calculation of Cyclic Shear Strength Vg of a Cantilever

The cyclic shear strength VR (in MN), decreases with

the demand plastic rotation 6, according to following ex-

perimental expression according to Eq.(A.12) of Eurocode
EN 1998-3:

VR NS M+(1—0.05A2)-[0.16A3 (1-0.1644 ) Ac\/ fem +vw] (8)
Vel 2L
where,

vel is a safety factor that is taken equal to 1.15 for pri-

mary seismic structural elements (due to scattering of the
experimental values) and is taken 1.00 for secondary seismic
members.

x is the compression zone depth (in meters) that is
known by the “fiber analysis” of the section (Fig. 2),

21 =min(N, 0.55A;fem ) , NV is the axial force in MN
that is positive for compression, while when the axial force
is tensional then it is taken zero, A; =byd for rectangular
sections with by, as width of compression zone and d is the
depth of the tension reinforcement in meters, fyy, is the
concrete compressive strength (mean value) in MPa.

Jp = min (5 uf ) where P‘K = ep/eu )

A3 =max (0.5, 100ptet ), Where pyot is the total longi-
tudinal reinforcement ratio (tensional, compression and in-

termediate), namely pyor = (As1 + As2 + Asy )/ (bwd)

Ag =min(5, ag), where a = M/(h.Qy)= L /h with Qy
is the contemporary shear force (Fig. 2).

V\y is the contribution of the transverse reinforcement to

shear  strength, taken as  being equal to
Vw = pw by - fyyym for cross-section with rectangular

web of width by, .

pw 18 the transverse reinforcement ratio that is given by
pw = (Asw ~tw )/(hc -be -s), where ¢, is the total length of
the stirrups, Ay is the steel section area of the stirrup, hg
& b the dimensions of the confined core of the section and
s is the centerline spacing of stirrups, Fig. (2).

Final Moment-Chord Rotation Diagram M -8 of the
Cantilever

In order to define the final elastic-plastic diagram of
Moment-Chord Rotation (M -6) of a cantilever, it must be
checked which type of failure precedes; flexure or shear?
Thus, since the shear strength VR is known by Eq.(8), the
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Fig. (6). Moment-chord rotation (M-6) diagram of a cantilever

moment My, at the base of the cantilever due to VR is
easily calculated as M, =Ly -Vg. When My is greater

than the flexural yielding moment My, then the flexural fail-

ure of the cantilever precedes the shear one. In that case, the
final elastic-plastic diagram of Moment-Chord Rotation
(M -0) of a cantilever is given by Fig. (6a). However, when

My,v is smaller than the flexural yielding moment My, then
the shear failure of the cantilever precedes the flexural one.
In the latter case, the final elastic-plastic diagram of Mo-
ment-Chord Rotation (M -6) diagram of the cantilever is

given as the curve OABCD of Fig. (6b) according to
sect.7.2.4.2 of KANEPE 2012 [9].

Effective Flexural Stiffness of Member Sections

As it is clear, the above-mentioned cantilever (with con-
stant geometric dimensions along its length) has linear-
elastic behavior until of the critical section at its base reaches
the yielding state. Therefore, it can be concluded that the
flexural stiffness E; | of the member section can be constant

for the total length of the member and thus its effective value
(Ec lgff ) can be calculated from the combination of Eq.(5)

and Fig. (1e). Thus the effective flexural stiffness Eg lgf is
given by Eq.(9) according to sect.A.3.2.4(5)/ EN 1998-3:
M y ° Ls

30, ©)

Ecleff =

Therefore, in the case of a real structural member (col-
umn or beam) that has plastic hinges at its two ends, the

mean effective flexural stiffness E;lesf of the member-

section can be estimated as the arithmetic mean of four dif-
ferent bend states, at the two ends of the element, for posi-
tive and negative sign of moments. This effective flexural

y u
b. Diagram moment-chord rotation for shear failure

stiffness Eg lgff Of the member cross-section is suitable for

modelling its dynamic cyclic behavior when the building is
subjected to earthquake loading. It should be noted that, the

above-mentioned assumption about the Eg lgf is rational in

the case when two plastic hinges are presented simultane-
ously at the two ends of a structural member. However,
when no one (or one only) plastic hinge appears on the struc-
tural member then the previous assumption is not justifiable.

When the effective flexural stiffness Eglgff by Eq.(9) is

taken into account for all structural members of the building
model, then it is expected that the periods of eigen-vibration
of the model are changed and became longer. On the one
hand, it is well-known that using this modelling there may be
some mismatch at the beginning of the analysis compared to
experimental results, but there is a very good agreement
(with reference to seismic demand displacements and defor-
mations) after the elements reach there damaged state. Be-
sides, the total procedure is Displacement (and Deformation)
Based Method. On the other hand, a possible result of this
alteration of the periods of the models is that, the structure’s
model does not load seismically adequately, because the
state of co-ordination, between the building’s model and the
seismic excitation is removed, since the model has high
flexibility.

Modelling of Masonry Infill Walls

According to the guidelines of the KANEPE 2012 [9],
the modelling technique for masonry infill walls that will be
adopted depends on the selection of the seismic performance
level for which the structure will be checked. In particular:

For the “Damage Limitation” limit state: In this case, the
behavior of the structure is considered practically linear-
elastic, thus, the masonry infill walls can be modeled with
two equivalent diagonal bars, with simple hinges at their
ends and with linear behavior. According to the specifica-
tions of KANEPE 2012 [9], each bar must have rectangular
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cross-section and axial stiffness EAgss = 0.50Ey Ay, . Where
Ay =W-ty, is the section area of the equivalent bar, w is the
effective width, ty, is the effective thickness of the wall and
E,y is the Elasticity Modulus of the masonry infill wall.

For “Significant Damage” limit state: In this case, the
behavior of the structure is non-linear, thus, the masonry
infill walls can be modeled by two equivalent diagonal bars
with simple hinges at their ends and with one-sided (in com-
pression only) non-linear behavior. According to the specifi-
cations of KANEPE 2012 [9], each diagonal bar must have a
rectangular cross-section with axial-stiffness (in compression

only) equal to EAsst = 0.68E, Ay -

For “Near Collapse” limit state, according to sect.7.4.1b
of KANEPE 2012 [9], all masonry infill walls should be
ignored from the structural model.

The effective width w of the equivalent diagonal bar of a
masonry infill wall can be calculated using the following
equation:

w=0.175-L-1-204 (10)

where, L is the length of the diagonal direction of each ma-
sonry infill wall and Ay, is a factor that can be calculated by

Eq.(11) [13-16], while 4 is a reduction factor that depends on
size of the opening that may exists, while it is given by
Eq.(12) [17-23].

E\y, -ty Sin2c
7 = h-g W ST (1)
B 4Ec|eff,m'hw

where Ecleffm is the arithmetic mean of the effective flex-

ural stiffness of the two column sections that are given by
Eq.(9), h is the storey high, hy, is the masonry infill wall

pure high, o is the slope (referring to horizontal direction) of
the diagonal bar.

A =1-2a%%* + o 12)

where oy, = Aopen/AwaII . Agpen s the area of opening

and A\Nall is the masonry infill wall area.

It is worth noting that, according to the guidelines of
KANEPE 2012 [9], the Modulus of Elasticity E,, of the
masonry infill wall can be estimating by Eq.(13):

Ew = Kg " fwe (13)
where,
Kg is a factor between 500 and 1000,

fwe is the mean compressive strength of the masonry in-

fill wall (in MPa), along the diagonal direction. Approxi-
mately, according to KANEPE 2012 [9], the value of fyy,

can be estimated via the following relationship:
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fwe = A *Am Ag k- f07 - 192 (14)
AO
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Fig. (7). One-sided non-linear diagram o -¢ of the compressive
diagonal bar of the masonry infill wall.

where,

Ag is a factor that is taken equal to 0.7 and via this factor

the masonry infill wall’s lateral force is converted to diago-
nal force of the wall,

Am is a factor that is taken equal to 1.5 and via this fac-

tor the characteristic strength of the masonry infill wall is
converted to mean strength,

A¢ is a factor that is taken equal to 1.2 and via this factor

the wall’s strength is increased thanks to bounding r/c frame
consisting of the two columns and a beam.

k is a factor with value between 0.35 and 0.55 and is
dependent on the bricks and mortar,

fpc is the mean compressive strength of the brick (about
5.5MPa for a common Greek brick),

fme is the mean compressive strength of the mortar
(about 3.5 MPa for a common Greek mortar),

For “Significant Damage” limit state, according to
KANEPE 2012 [9], the one-sided non-linear stress-strain
diagram o-¢ of the compressive diagonal bar of the ma-
sonry infill wall can be represented by the one shown in Fig.

(7).
EXAMPLE
Data

Consider the spatial asymmetric three-storey r/c building
(Fig. 8) that has been designed according to Eurocodes EN
1998-1 & EN 1992, using concrete category C25/30, steel
B500c and their other properties according to Table 3.1 of
EN 1992. There are eight columns (C1-C8) with cross-
section (0.55m)x(0.55m) and two r/c walls (W1-W2) with
cross-section (0.30m)x(2.00m) in each storey. Moreover,
there is an r/c slab with an edge cantilever 2.00m in length
along the perimeter, which ensures diaphragmatic action
around vertical axis. Each diaphragm has translational mass
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m =400t that is concentrated at its geometric centre. Thus,
the total mass of the building is m¢y; =3m. Each diaphragm

has mass moment of inertia J,, around the vertical axis

passing through its centre of mass CM, which has been cal-
culated based on the diaphragm dimensions as

Jm =23932.34 tm? ; hence, the radius of gyration r of the

diaphragm is r = \/Jy,/m = 7.74m . Each storey has a height

of 4.00m (Fig. 9). The above-mentioned r/c building has
been designed for Ductility Class High (DCH) according to
Eurocode EN 1998-1. As effective stiffness of the member
sections of the building has been taken the 50% of the stiff-
ness of the geometric section, for all linear analyses accord-
ing to sect.4.3.1(7) of EN 1998-1. Member details are shown
in Fig. (9).

4 Ly=21.54 4
40042004 550 — 200 s —
AY :
i /Floor Diaphragm

———L=13.10——

Fig. (8). Plan of an asymmetric three-storey r/c building.

It is worth noting that, since this building is not single-
storey, equation Eq.(4.1b) of EN/1998-1 can not be applied
to check the building regularity in-plan. Also, the use of the
moments of inertia of the vertical member sections according
to sect.4.2.3.2(9) of EN 1998-1 leads to unacceptable results
[24, 25]. Moreover, the sect.4.2.3.2(8b) of Eurocode EN
1998-1 permits the use of the more suitable equations speci-
fied in the National Annexes, such as Hellenic National An-
nex of EN 1998-1. In order to check the regularity (in-plan)
of the above-mentioned three-storey r/c building the provi-
sions of the Hellenic National Annex of EN 1998-1 are used
because it is the only documented solution mathematically
[24-27], (Fig. 8). To do this check, the following three pa-
rameters have been calculated; (a) the fictitious centre of
stiffness P, in-plan, (b) the two fictitious horizontal princi-

pal directions Rl & P,lI of the building and (c) the two tor-
sional-stiffness radii p; & py, respectively. Thus, the two
torsional-stiffness radii arise as p; =9.81m (>r =7.74m) &
oy =6.23m (<r=7.74m), so, the above-mentioned r/c

building is torsionally-flexible, because one torsional-
stiffness radius is less than the diaphragm radius of inertia,
py<r= 1.74 , [27]
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Materials: Concrete C25/30, Steel B500c

Uy3
é$023 X y section
m, J, Cl | -7.87 | -458 | 0.55x0.55
T U3 Cc2 | -2.11| -627 | 0.55x0.55
C3 | +3.64 | -7.96 | 0.55%0.55
4.00 C4 | -9.05 |+0.28 | 0.55x0.55
Uy2 Cs 0.00 | 0.00 | 0.55x0.55
V>022 C6 | +7.48 | -1.67 | 0.55x0.55
~<4 m, JmZD c7 | -1023 | +5.14 | 055055
Uy C8 | +11.32 | +4.63 | 0.55x0.55
W1| -523| +5.02 | 0.30x2.00
4.00 uyl W2 | +2.57 | +4.84 | 0.30x2.00
v> 6, — 150 — 4
4+ mJ, TTMS
Uyq 0.60
1

Beam section
i floor mass: m=400.t

floor mass inertia moment 5
around vertical z-axis: Jj,=23932.24 t.m

Fig. (9). Degrees of freedom of a vertical cantilever beam. Details
of cross-section of beams and columns.

Next, the maximum behavior factor of the torsional
building is q=3.00 for Ductility Class High is specified

according to Eurocode EN 1998-1. The floor masses have
been concentrated and positioned at the geometric centre CM
of the floor-diaphragms, while the accidental eccentricities
have been taken into account via using of external floor
static moments around a vertical axis with the same sign at
all floors. According to sect. 4.3.6.3.1(4) of EN 1998-1, dou-
ble accidental eccentricity should be considered due to ir-
regular distribution of masonry infill walls in-plan.

€a1 =0.10- L5 =0.10-13.10 =1.31m
€a11 =0.10-L5 | =0.11-21.54 = 2.15m

where Ly & Lg are the building external dimensions
along the principal axes | & Il (Fig. 8).

Accidental eccentricities €3] & e, jare used for the
calculation of the external floor static moments M| &
My;,j around a vertical axis with the same sign at all floors,

according to following expressions:
M ==Fi-€a) (15)

Mpi==F-eay (16)

where Fyj, Fyj are the external static forces of storey i,
along the principal horizontal | and Il-axes of the building.
The design base shears, Vg | & Vg )i , have been calcu-

lated first, for both principal horizontal directions | & Il by
the following relationships:

Vo,1 =Miot -Sa(T 1)/ (7)

Vo,i = Mot Sa(Ty)/g (18)
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where T, (and T,;) are the building fundamental periods

for pure translational vibration along | and Il-axes and
Sa (T)is the elastic spectral acceleration. Next, each design

base shear has been distributed in elevation according to
building’s translational fundamental mode-shape in order to
calculate the external floor static forces for each principal
direction.

The seismic action (namely, the two seismic horizontal
components) is oriented along the two principal horizontal |
& ll-axes of the building. Since the seismic components are
“statistically independent” (sect.3.2.2.1(3)) of Eurocode
EN/1998-01, the response spectrum analysis is applied for
each principal horizontal building’s direction separately,
using the design acceleration spectrum of EN 1998-1 with
A=0.16g and g=3.00. In the loading case along l-axis, the
floor masses are located at the geometric centres of the dia-
phragms and the accidental eccentricity has been taken into

account via floor external moments =M, ; (and =M, ; for

loading along Il-axis) according to sect.4.3.3.3.3(2) of EN
1998-1. A superposition on the results of the previous analy-
ses, has been taken place. Afterwards, in order to get the
results of analysis due to spatial action of the two horizontal
seismic components, the Square Root of Sum of Squares
(SRSS) rule has been used and all results have been consid-
ered acting simultaneously. With reference to gravity loads,
self-weights of r/c members have been considered, as well as
additional uniform permanent loads, such as 2.00 kN/m? for
slabs, live-loads 2.00 kN/m? and 5.00 kN/m? for slabs and
slab-cantilevers, respectively. All beams carry a masonry
infill wall that has self-weight 3.60 kN per square meter of
its vertical area. All alternative cases of gravity load cases
have been examined, while during the seismic action, gravity
loads G +0.30Q have been considered for all beams. The

design of the r/c building has been performed according to
Eurocodes EN 1998-1 and EN 1992. Following the member
design, in order to calculate the moment-curvature (M -¢)

diagrams of all critical r/c sections, all these sections have
been analyzed using the “fiber elements” (via XTRACT
software [10]) using mean strength values of materials with
their suitable stress-strain (o -¢ ) diagrams (Figs.3-5). For
each one critical section, an equivalent ideal perfectly elas-
tic-plastic moment-curvature (M - ¢ ) diagram has been cal-

culated and next, the final Moment-Chord Rotation (M -6)
diagrams of each member has been obtained according to
Fig. (6a,b). Thus, inelastic springs with the derived M -6
characteristics were added in the model at the ends of each of
the beams and columns of the structure. It is worth noting
that columns C5 & C6 failed in shear (representing 15% of
the vertical r/c members) despite the fact that all relative
provisions of DCH category of Eurocode EN 1998-1 have
been applied. Moreover, 40% of the beam-sections failed in
shear. Note that the building has 39 beams, 13 beams per
storey, and therefore 78 end beam-end-sections. Two checks
(for positive and negative sign) for each critical section,
namely 156 checks, have been performed, in the 62 of
which, the shear failure precedes the flexural one. This point
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is important and, for this particular building, indicates a defi-
ciency of the design according to Eurocode EN/1998-01. In
addition, all structural members have been supplied with
effective flexural stiffness Eglgfs , where it is constant of all

member’s length, according to Eq.(9). The values of Eglgff .
given by Eq.(9), have been ranged from 0.09E;ly to

0.24E¢1lg (with mean value0.12E¢lg) for all columns,
while for beams from 0.11E;ly to 0.47Eclg (with mean
value 0.28E¢lg ), where 1g is the moment of inertia of the
geometric section of the member.

After of all above-mentioned data, must be checked if
this irregular in-plan, three-storey r/c building satisfies the
three seismic targets (Damage Limitation, Significant Dam-
age and Near Collapse) for the respective three seismic ac-
tions (Frequent Earthquake, Design Basis Earthquake and
Maximum Capable one) according to seismic performance
matrix.

Modelling of the Seismic Excitation

The seismic demand inelastic floor displacements have
been obtained through non-linear response-history analysis
(using SAP2000v14 software) using suitable pairs of accel-
erograms for various levels of seismic action. In order to
simulate the seismic action for the needs of the present pa-
per, seven pairs of horizontal artificial seismic accelerograms
have been developed. Each used accelerogram is compatible
(for equivalent viscous ratio damping 0.05) with the respec-
tive design elastic response spectrum that is proposed by
Eurocode EN 1998-1 for soil category D. The two accel-
erograms of each pair are practically uncorrelated between
them and act simultaneously. Moreover, each accelerogram
has many of the characteristic properties of the Hellenic
earthquakes, according to the database of the Hellenic earth-
quake records [28].

Hilber et al., [29] step-by-step numerical method of inte-
gration has been used in the non-linear response-history
analyses using coefficient o = -0.15, because it is very sta-
ble. If a =0 then this method coincides with the Newmark
one. All accelerograms are digitized every 0.005s, have total
duration 25.00s and the strong motion duration is more than
18.00s. These artificial accelerograms are better than the
natural ones because their frequency content (Fig. 10) is
richer than the frequency content of the natural elastic re-
sponse spectra. Moreover, these artificial accelerograms pos-
sess adequate strong motion duration, adequate number of
significant dynamic loading cycles, as well as adequate Arias
Intensity according to Hellenic strong earthquakes [28].

Modelling of Masonry Infill Walls

For the needs of the present study of the three-storey
building, the mean compressive strength of a Greek brick
and a Greek mortar are considered to be fp. =5.5MPa and
fmc = 3.5MPa, respectively; thus, the mean diagonal com-

pressive strength of the masonry infill wall is given by
Eq.(14):
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Fig. (10). Acceleration Spectra of five artificial accelerograms those are compatible with the design acceleration spectrum according to Euro-

code EN 1998-1, soil category D.

foe =0.7-1.5-1.2-0.35-5.5%7 -3.593 = 2.12 MPa

It is common to consider the mean compressive strength
calculated above along the diagonal direction of the masonry
infill wall as a lower-bound limit, while an upper-bound
limit is taken as 3.00MPa. Moreover, the Modulus of Elastic-
ity Ey, of a masonry infill wall can be estimated by Eq.(13):

Ew = (from 500 to 1000)-2.12 = from 1060 to 2120 MPa

Therefore, for the next needs of this analysis, the values
was set to the arithmetic mean E,,, =1590 MPa. In order to

calculate the effective width w of the equivalent diagonal bar
for the masonry infill wall C3-B12-C6 an effective thickness
ty =0.19m was considered, Fig. (8). The effective flexural

stiffness Eclgff of the columns C3 & C6 is 25908.50kN'm?
and 47846.42kN'm?, respectively. Thus, the arithmetic mean

is Ecleffm =36577.46 kN-m? to apply Eq.(11) and the

diagonal length is L = 42 +7.37% =8.39m , since h=4.00m
and horizontal length 7.37m. The angle of the diagonal bar is
calculated geometrically as a=2850°, whilst coefficient
M is calculated by Eq.(11), using pure masonry high
hy =3.40m:

J[Ewtwsinza _, ,f1590000-0.18 sin(2-28.5)
\]4Ec|eff,m “hw V' 4-36577.46-3.40

A =h- -3.38

Therefore, in the case when there are no openings on the
masonry infill wall does not exist (A =1.00), then the effec-
tive width w of the equivalent diagonal bar for the masonry
infill wall is given by Eq.(10):

w=0.175-L-2- 2704 = 0.175-8.39-1.00-3.38%4° = 0.90m

Thus, in this case, the section area of the equivalent di-
agonal wall bar is:

Ay = W-t,, =0.90-0.19 = 0.171m?

For the needs of this example, all masonry infill walls
were considered solid, without openings, except masonry
infill walls C1-C2-C3-C6-C8, C4-C5-C6 and C2-C5-W2,
which have large opening with coefficient ay, = 0.25. Thus,

the reduction factor is given as:

A =1-2a%%* + ot =1-2-0.25954 1+ 0.25114 ~ 0.26

In the case when there is an opening on the masonry infill
wall, then the effective width w of the equivalent diagonal
bar and the section area, respectively, are given as:

w=0.175-L-1-4-%4 -0.175-8.39-0.26-3.38 00 - 0.23m

Aw =Wty =0.23-0.19 = 0.044m?

NA®
(m) 00252 00109 | A/
o | )
129,62
--59.24

©) 4N

Fig. (11). Non-linear axial force-lengthening diagram of diagonal
compressive bar with one-sided operation for masonry infill wall
C3-C6.

For “Significant Damage” limit state of the seismic per-
formance matrix, each masonry infill wall is simulated with
two one-sided (in compression only) non-linear diagonal
bars, having all of them the following axial-stiffness:
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Table 1. Periods of the Three-Storey Building.
Model of bare frame - . .
(without infill walls) Model of bare frame (without infill Model of infilled frame and | ™M0del of bare frame (without
. - - walls) and with 50% reduction of the - . - infill walls) and with effective
Periods and with stiffness of - - - with effective cross-section ) .
- cross-section stiffness (for Design, - cross-section stiffness (for
geometric cross- sect.4.3.1(7)/EN 1998-1) stiffness (for NLRHA, DBE) NLRHA, MCE)
section o '
T1(s) 0.63 0.89 0.48 171
T2 (s) 0.49 0.69 0.30 1.38

EAcff = 0.68EE A =0.68-1590000-0.044 = 47572.8 KN

Taking into account the stress-strain (o - ¢ ) diagram of
Fig.(7), the axial yield strain &y, and the ultimate strain &,

are calculated as:

ey = fwe/Eg = 2.12/1590 = 0.0013, gy = 0.0030
Therefore, the yielding axial force is

Ny = ey -EAgfr =0.0013-45572.8 = 59.24kN, while the
yielding lengthening is AZy and the failure lengthening is

A/\, are calculated.
Aly =gy -L =0.0013-8.39 = 0.0109m

Al =gy L =0.0030-8.39 = 0.0252m

Thus, the non-linear diagram of the one-sided equivalent
diagonal bar for masonry infill wall C3-C6 that has a large
opening is given in Fig. (11), while the diagrams N - A/ of
the other masonry infill walls of the three-storey building are
calculated with same procedure.

It is clear that the masonry infill walls and the effective
flexural stiffness of the member sections affect significantly
the fundamental eigen-periods of the structural model. In-
deed, in the Table 1, the first eigenperiods of vibration of the
building are shown for various models of the three-storey
building.

Non-Linear Static Analysis of Spatial Model without Ma-
sonry Infill Walls

According to sect.4.4.4.1(2)P of Eurocode EN 1998-3, in
the case of irregular in-plan buildings, such as torsionally-
flexible buildings, a suitable spatial model of the building
has to be used for the non-linear static (pushover) analysis.
However, no-specific details are given. Recently, a docu-
mented mathematical methodology about the application of
the non-linear static analysis for those irregular buildings,
taking into account fully the floor rotations around vertical
axis, has been proposed [5-7]. In the present article though,
the non-linear response-history analysis has been applied on
a spatial model of the building. Moreover, in each case and
according to sect.4.3.3.4.2.1(2)P of EN 1998-1, two sepa-
rately non-linear static analyses of the spatial building model
has to be performed along the two principal directions, ap-
plying the lateral static forces at the centre of mass (CM) of
the floor-diaphragms. As result of this, the capacity curves of
the building (without masonry infill walls) obtained by

pushover spatial analysis, along the building principal axes |
& 11, are shown in Figs. (12, 13).
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Fig. (12). Pushover Curve due to loading at CM, along building’s
principal 1-axis. (Building without infill walls).
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Fig. (13). Pushover Curve due to loading at CM, along building’s
principal 1l-axis. (Building without infill walls).

Non-Linear Response-History Analysis of Spatial Model
with and without Masonry infill Walls

Seven pairs of artificial uncorrelated accelerograms ac-
cording to sect.3.2.2.1(3)P of EN 1998-1) are used in the
non-linear response-history analyses. Accelerograms of the
pairs (AS1,AS4), (AS1,AS5), (AS1,AS2), (AS3,AS4),
(AS4,AS5), (AS1,AS3) and (AS2,AS4) have elastic accel-
eration spectra that are shown in Fig. (10). Each pair has
been orientated along the principal building directions 1l and
I. Four combinations of signs (++, +-, -+, --) have been ex-
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Fig. (14). Extreme displacements by non-linear response history-analysis (without accidental eccentricity).

amined for each pair. Moreover, a second orientation that
was rotated at 45° relative to principal I-axis has been exam-
ined. The accidental eccentricity has been taken into account
via an equivalent mean floor external moments Mp j,

which can be estimated by Eq.(15) in order to minimize the
computational cost, [6]:

— 2 2
Mii+ My = (':l,ix eai,ll) "'(Fll,i x eai,l)

It is worth noting that, forces Fj and Fyjj of Eq. (19)

(19)

are changed with reference to peak ground acceleration
Agf,j of j discrete seismic levels of the seismic performance

matrix. First, a static pushover analysis was applied on the
building using the total of gravity loadings, G +0.3Q . Next,

on the deformed building due to gravity loads, a new static
pushover analysis was performed with static floor moments
Mp, i . Afterwards, on the last deformed building’s model,

non-linear response-history analyses were performed, where
the floor masses were located at the geometric centres of the
diaphragms. All previous analyses were repeated using nega-
tive sign of the static floor moments My, . The number of

non-linear response-history analysis was 56 for each level of
seismic action [4 combinations of signs, 7 pairs of accelera-
tion and 2 orientations of seismic action (the first orientation
is along principal axes | and Il of the building and the second

orientation is with 45° angle); total, 4x7x2=56 solutions per
seismic action level].

An envelope of the results of all previous analyses was
created, while the extreme results have been considered that
act simultaneously. The demand seismic inelastic floor dis-
placements (without the influence of accidental eccentricity)
are shown in Fig. (14). The accidental eccentricity gives an
increase of 0.01-0.02m at the perimetric demand floor dis-
placements. An earthquake that has mean return period 475
years has been considered as a Design Basis Earthquake
(DBE). If this earthquake is applied on the bare frame (with-
out masonry infill walls), then the “Significant Damage”
limit state is satisfied having some damages. If the same
earthquake is applied on the infilled frame, then the building
does not enter the nonlinear region, so no damage is ex-
pected on the frame members.

For the seismic hazard zone | of the Greece, an earth-
quake that has a mean return period of 2475 years has been
considered as the Maximum Capable Earthquake (MCE).
This earthquake has been taken as twice as large as the DBE.
If this earthquake is applied on the bare frame, then the
building fails. The maximum earthquake where the bare
building can take without collapse (ultimate earthquake) has
been estimated at 1.30-DBE. However, if the MCE is ap-
plied on the infill building, then the building suffers limited
damage, similar to that corresponding to the yielding state of
the building, Fig. (14). This fact indicates that the role of
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wedged masonry infill walls is very important, since signifi-
cant additional strength has been given to building.

Lastly, in order to investigate the “Damage Limitation”
level, as Frequent Earthquake has been used that with
0.60-DBE . Also, the effective flexural stiffness has been set
to 50% of that corresponding to the geometric cross-sections
(sect.4.3.1(7)/EN 1998-1). Moreover, for each masonry infill
wall, two diagonal bars have been used, where each one has
axial-stiffness EAgss = 0.50Eg A, . The result of these

analyses, show that the storey drifts remain at low level,
y =0.005 for the brittle masonry infill walls according to

sect.4.4.3.2(1)a of EN 1998-1 (considered equivalent factor
v=0.60). Also, in order to measure the structural damage
realistically and reliably, an advanced work can be taken
place calculating the Park-Ang damage index of each dam-
age-level of the building [30-32] since, firstly, an optimum
equivalent non-linear single degree of freedom system of the
irregular in-plan asymmetric multi-storey building has been
defined [5-7]. Moreover, a very remarkable and advanced
work about various issues of the energy dissipated by inelas-
tic structures has been published recently [33].

CONCLUSIONS

In the present paper, the validity of the seismic perform-
ance matrix of Eurocode EN 1998-3 is checked numerically,
using a group of irregular in-plan, torsionally-flexible multi-
storey r/c buildings with and without masonry infill walls.
For the non-linear response-history analyses, seven pairs of
suitable artificial accelerograms that have been developed for
the needs of the present article have been used. Moreover,
the static pushover analysis has been used also, according to
EN 1998. For illustrative purposes, a torsionally-flexible
three-storey r/c building designed according to EN 1998-1
for Ductility Class High, using building behavior factor
g=3.00 is presented as a case-study. The following conclu-
sions arise from the non-linear seismic analyses:

a. For the Frequent Earthquake (0.60-DBE), the target of
“Damage Limitation” is satisfied fully, since no damage
of the masonry infill walls occurs.

b. For the Design Basis Earthquake (DBE) the target of
“Significant Damage” is satisfied fully, but it is true
thanks to masonry infill walls exclusively. In the case
when the masonry infill walls are ignored then the target
is not satisfied and the building collapses.

c. For the Maximum Capable Earthquake, (2.00-DBE),
when all wedged masonry infill walls have been taken
into account, the target of “Near Collapse” is satisfied
fully. If the masonry infill walls are ignored, as it happen
according to KANEPE 2012, then the building collapses.
The ultimate earthquake is estimated at 1.30-DBE.

d. On the one hand, the overstrength of the building for
static lateral floor loading along I-axis approaches a fac-
tor five with reference to seismic design level, which is
defined as the earthquake level divided by behavior fac-
tor g=3.00, but, on the other hand, the available ductility
of the building is restricted, since it ranges around 2.20
(Figs. 12, 13). It is worth noting that the r/c walls are
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nearly orientated along I-axis and the multi-storey build-
ing is irregular in-plan because it is torsionaly-flexible.

e. Shear failure precedes flexural failure in 15% of the ver-
tical stiffness members (columns C5 & C6), despite the
fact that all provisions of Eurocode EN 1998-1 have been
applied for the Ductility Class High. Moreover, shear
failure precedes flexural failure at 40% of the beams.
These percentages of shear failure are very high. In order
to avoid such state, special care (repeated re-design is re-
quired) must be taken into account. In other words, in
each case of a newly designed r/c building, the use of
part 3 of EN 1998 has to be applied always for the daily
design seismic procedure. This is the most important
conclusion of the present paper. The small available duc-
tility of the building, along | & ll-axes, due to the high
shear failures that took place.

f. The role of reduced flexural stiffness (about 50% accord-
ing to sect.4.3.1(7) of Eurocode EN 1998-1) of r/c mem-
ber sections leads to higher fundamental period of the
building (without masonry infill walls) from 0.63s to
0.89s. Thus, according to elastic acceleration spectrum
for soil category D of Eurocode EN 1998-1, the building
model and the design earthquake are co-ordinated
(namely the fundamental eigen-period of the building is
very close to predominant period of the earthquake, in
other words the first eigen period of the building is lo-
cated into the plateau of the design acceleration spec-
trum).

g. The role of more reduced flexural stiffness (such as it
arises by Eq. (9)) of r/c member sections leads to very
large fundamental periods of the building (without ma-
sonry infill walls) from 0.89s to 1.71s. Thus, the funda-
mental eigen-period of the building is transformed artifi-
cially, in an area where the co-ordination between build-
ing and earthquake cannot exist. Therefore, in this case,
the building is loaded inadequately seismically (i.e. for
Maximum Capable Earthquake). However, this disadvan-
tage is removed for the Design Basis Earthquake, if ma-
sonry infill walls inserting to building’s model, since then
the fundamental eigen-period is 0.48s.
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