Send Orders of Reprints at Reprints@benthamscience.org

346

The Open Construction and Building Technology Journal, 2012, 6, 346-354

Nonlinear Modeling and Analysis of R.C. Framed Buildings Located in a

Near-Fault Area
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Abstract: Structural damage to r.c. buildings located in a near-fault area has been observed during strong ground motions,
with long-duration horizontal pulses and high values of the ratio between the peak value of the vertical acceleration and
the analogous value of the horizontal acceleration. The design provisions of current seismic codes are generally not very
accurate for assessing the structural effects of near-fault ground motions. In the present work, six- and twelve-storey r.c.
spatial frames are designed according to the provisions of the Italian seismic code, considering horizontal and vertical
seismic loads in a high-risk seismic region and assuming low and high ductility classes. A lumped plasticity model based
on the Haar-Karman principle is used to describe the inelastic behavior of the r.c. frame members. In particular, the
lumped plasticity model for a column includes a piecewise linearization of the bounding surface of the axial load-biaxial
bending moment elastic domain, at the end sections where inelastic deformations are expected. Moreover, the lumped
plasticity model for a girder takes into account the potential plastic hinges along the span, due to the vertical ground mo-
tion, so avoiding the computational effort required by the sub-discretization of the frame member. The nonlinear dynamic
response of the test structures is studied with reference to the horizontal and vertical components of near-fault records.
The occurrence of a directivity effect at arbitrary orientations is checked rotating the horizontal components of the se-

lected motions, rather than considering only fault-normal and fault-parallel orientations.

Keywords: R.c. spatial frames, lumped plasticity model, axial load-biaxial bending, nonlinear dynamic analysis, near-fault

ground motions.

1. INTRODUCTION

Near-fault ground motions, like those recorded at
L’Aquila in 2009, have different characteristics from those
of far-fault ground motions and can induce unexpected struc-
tural damage in r.c. buildings. More specifically, these mo-
tions can exhibit long-duration horizontal pulses generated
by a forward-directivity effect [1-4]. Moreover, high values
of the ratio opga between the peak value of the vertical ac-
celeration (PGAvy) and the analogous value of the horizontal
acceleration (PGAy) can also occur. In particular, the pulse-
type nature of a (horizontal) near-fault ground motion can
induce ductility demands at the end sections of both girders
and columns, which also depend on the direction and posi-
tion of the structure with respect to the rupture surface [5-9].
On the other hand, high values of the acceleration ratio can
notably modify the axial load in r.c. columns, even produc-
ing tension and high compressive forces; moreover, plastic
hinges are expected along the span of r.c. girders, especially
in the upper storeys [10-12].

The nonlinear dynamic response of medium-to-high rise
r.c. framed buildings subjected to horizontal (bidirectional)
and vertical components of near-fault ground motions is
studied in the present work in order to evaluate the effective-
ness of the Italian seismic code NTCO8 [13]. To reduce the
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computational effort, a lumped plasticity model based on the
Haar-Karman principle is used to model the inelastic behav-
ior of the r.c. frame members [14-16]: for a column, a
piecewise linearization of the bounding surface of the axial
load-biaxial bending moment elastic domain is used at the
end sections, where inelastic deformations are expected; for
a girder, the elastic-plastic solution is evaluated only at the
end sections but the potential plastic hinges along the span,
due to the vertical ground motion, are also checked.

2. LUMPED PLASTICITY MODELING OF A R.C.
COLUMN

Many nonlinear modeling strategies for a r.c. column
subjected to biaxial bending and axial force are available in
literature [17]. For this type of element, a good simulation of
the response can be obtained by a piecewise linearization of
the bounding surface of the axial load-biaxial bending mo-
ment elastic domain, at the end sections where inelastic de-
formations are expected [15]. Each flat surface corresponds
to a plastic strain mechanism for the cross-section (Fig. 1),
defined by the axial strain &p, along the longitudinal axis x,
and by the curvatures yp, and yp., along the principal axes y
and z, referring to the (geometric) centroid of the section.
These strains and the corresponding generalized stresses are
collected in the vectors

Ep = I:gP’ZPy’ZPZ]T (1)
o=[N.M,.M.] @
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Fig. (1). Flat surfaces approximating the elastic domain for the end sections of a r.c. column.
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Fig. (2). Return mapping on the flat surfaces approximating the elastic domain of a r.c. column.

Denoting with op; the plastic stresses related to €p=ny,
the elastic domain g(0)=0 can be approximated by ny flat
surfaces g(0), each defined by a different (normal) direction
n;. In the proposed model, the axial load-biaxial bending
moment bounding surface of the elastic domain is discretized
by: 6 surfaces normal to the principal axes x, y and z (e.g.
Fig. 1a); 12 surfaces normal to the bisections of the y-z, x-y
and x-z principal planes (e.g. Fig. 1b); 8 surfaces normal to
the bisections of the octants (e.g. Fig. 1c). The piecewise
linearized elastic domain is characterized by the correspond-
ing 26 columns of the matrix

=10 000 0 0 0 0 ¢y ¢ € € € € N
N=0 0 1 -100 1 -1 1 11 -1 1 170 0 0 0
00001 -c,c, <, <, 0 0 0 0 1 -I 1
¢, €, €, €, ¢, ¢, -, -,
1 -1 D S B e |
Cp € € € € € € Cy (3)

where each column represents a vector n; which is defined
starting from

_ H6P3 ‘0P4H ‘

H"H _GPJ H"m UWH

: H"M ‘UPJ(JH
H"H “TPJH “4)

with the plastic generalized stresses defined as

_1%; ‘0P4H

4 )}
GPJ‘%H

Ops =0y H

Np, Np; Np; Npy Nps Nps
Op=| 0 |,Op=| 0 |,Op;=|Mpy |,Gp,=|Mp, |, 0ps=| 0 |,Gp=| 0
0 0 0 0 M., My,

Np; Nopg Npy Nopig
Opy =|Mpy; |, Opg =| Mpyg |,Gpg =| Mpyy |,Gpjg=| Mpy
Mp.; Mg Mpy M.y (5)

The components of the generalized plastic stress vector
Op; can be evaluated by the equilibrium equations:

Np= J.” dd +ZAW T Mpy= I”ZdA ZAwngx Mr:/f:J.%ydA +2Arro-sxyx (6)
4 =

where elastic-perfectly plastic constitutive laws are assumed
for both concrete (0,—¢,) and steel (0,—¢;), assuming a posi-
tive sign for tensile stresses and strains. In eq.(6), n, is the

number of longitudinal bars while (y;, z;) and 4,; define, re-
spectively, the position and area of each bar. In particular,
once the plastic strain mechanism of the cross-section corre-
sponding to the vector ny (k=1..nz) is considered, the maximum
compressive strain in concrete (&) and the maximum tensile
strain in longitudinal steel reinforcement (&) are evaluated,
avoiding values greater than the corresponding ultimate ones
(e.g. €,=0.35% and &,=1%), so obtaining the position of the
neutral axis and the compressed concrete area (A4.).

At each step of the analysis, the elastic-plastic behavior,
once the initial state and the incremental load are known, can
be obtained by using the Haar-Karman principle. It states
that, among all the generalized stress fields o satisfying
equilibrium, the elastic-plastic solution Ggp is that with the
minimum distance, in terms of complementary energy I1.,
from the elastic solution o [14]

(7

&(=x/L) being a nondimensional abscissa, L the length of the
beam element and D, the elastic matrix of a column. The
plastic admissibility conditions

1
O'EP I O'EP—O'E (GEP—GE)d§=min.
0

g (O'EP)SO for k=1..n (8)

also have to be satisfied at the end sections of the beam ele-
ment. More specifically, the first step of the return-mapping
algorithm consists of the identification of the octant of the
elastic domain (N-M,-M.) where the elastic solution o, rep-
resented by the point E, lies (Fig. 2). Afterwards, the elastic-
plastic solution ogp represented by the point P is obtained by
the closest-point projection method, referring to the active
flat surface of the elastic domain and checking that the point
P lies inside it (Fig. 2a). Otherwise, the point P can be lo-
cated along the active line (Fig. 2b) or at the active corner
(Fig. 2¢) resulting from the intersection of two or more flat
surfaces, respectively.
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Fig. (3). Haar-Karman solution for a r.c. girder.

3. LUMPED PLASTICITY MODELING OF A R.C.
GIRDER

The lumped plasticity model adopted for r.c. girders [15]
evaluates the elastic-plastic solution only at the end sections
(i and j) in the vertical plane of bending (i.e. x-z plane). Po-
tential inelastic deformations lumped at n, intermediate sec-
tions along the span, due to the vertical ground motion, are
also checked. In order to avoid the computational effort re-
lating to the sub-discretization of the frame member, the
elastic solution at the end section i (j) is modified taking into
account the possible inelastic effects occurring at an inter-
mediate section s (s=1..n;), besides those at the end section j
(7). In particular, when a plastic (flexural) distortion

-1
4EL,(I-p)( (x,Y .(x
Ay, = AM gy, | ——— 3&) —3|Ze |4 s
)

resulting from an elastic-plastic moment Mpgp,, greater than
the corresponding plastic moment occurs at an intermediate
section of abscissa x; (Fig. 3a), the corresponding moments
at the end sections are evaluated as

2FEI (1-
AME%,' = yé p)( [Lj ]A¢Pys (10)

2EI  (I-
AMI(:";;/ = y( p)[ (Lj ]A¢va
(11

p being the hardening ratio of the M-y law. Collecting the
generalized stresses in the vector
o=[M,.M,] (12)
the elastic-plastic solution satisfying equilibrium is obtained,
according to the Haar-Karman principle, minimizing the
complementary energy
L 11 T
17, (o2 *EJ‘(JEP—G'E—AGE}Z) D (GEP—JE—AGE}))df;:min‘
0

0 (13)
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where D, is the elastic matrix of a girder; the plastic admis-
sibility condition

g(O-EP)SO (14

also has to be satisfied at the end sections of the girder. In
particular, the (uniaxial) top (T) and bottom (B) plastic mo-
ments at the end sections

Opr = |:MPyi,T’MPyj,T:|T (15)

T
B [M PyiB* M Pyj.B (16)

are modified during the nonlinear analysis, assuming the
following values when a plastic distortion occurs at an in-
termediate section (see Fig. 3b)

Opr = I:M PyiT M Pyj,T:'T A7)

Opp = [M i M Pyi,B:'T
(18)
The elastic-plastic solution of the problem defined by the
eq.(13) and eq.(14) can be obtained by a predictor-corrector
procedure. It is triggered evaluating the elastic-plastic solu-
tion at an end section (e.g. end section i) by the formula:

Mg, —max( MPsz’mln(jMPﬂB’MEy’+2 g3”))(19)

Afterwards the elastic-plastic solution is alternately
evaluated at the end sections i (j) and j (7)

= " Mg, + 3" AME,, - MG
M, :”’ax[ Mf’;zw»’”l"[Mny,rvMEyf*2\ AME = — = 2 - ' (20)
20

(k+1) — i 2| s N s
Mip, = max[— Mer,T’MIn[Mfﬁ‘I,B’MEyi +z&71AMEPv,., - 3

ME,V/ +2y 1AM£;" MZ{;’)/J]
2

It is worth noting that, when inelastic deformations occur
at an intermediate section, eq.(20) and eq.(21) need to be
solved iteratively until, in this section, at the iteration loop &
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Fig. (4). Six- and twelve-storey r.c. spatial frames (dimensions in cm).
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Table 1a. Section Dimensions (in cm) of the Frame Members: B6LD (in brackets) and B6HD Structures

Storey Deep Girders Flat Girders Corner Columns Lateral Columns Central Columns
6,5 30x50 (30x50) 50x25 (50x25) 30x40 (30x50) 30x50 (30x50) 40x40 (40x40)
4,3 30x60 (30x60) 60x25 (60x25) 30x50 (30x60) 30x60 (40x60) 50x50 (50x50)
2,1 40x60 (40x60) 70x25 (70x25) 40x60 (40x70) 40x70 (50x80) 60x60 (60x60)

the difference between the plastic moment and the elastic-
plastic moment evaluated by the equilibrium, starting from
the elastic-plastic solution at the end sections, becomes less
than a prefixed tolerance.

4. TEST STRUCTURES AND NEAR-FAULT GROUND
MOTIONS

Typical six- and twelve-storey medium-to-high rise resi-
dential buildings, with r.c. framed structure (Fig. 4), are con-
sidered as a reference for the numerical investigation. Deep
girders are placed along the perimeter of the building to-
gether with infilled walls assumed as non-structural elements
regularly distributed in elevation; deep and flat girders, per-
pendicular and parallel to the floor slab direction, respec-
tively, are assumed inside the building (Fig. 4a). Test struc-
tures have been designed according to the Italian seismic
code (NTCO8) assuming, besides the gravity loads, the hori-
zontal seismic loads acting in combination with the vertical
ones. Four cases are examined, identifying each building (B)
by two symbols: the first one (6 or 12) denotes the number of
storeys, the second one (LD or HD) refers to low or high
ductility class. Moreover, the following assumptions have
been made: medium subsoil (class B, subsoil parameters:
Ssy=1.13 in the horizontal direction and Sgy=1 in the vertical

one); flat terrain (class T1, topographic parameter: St=1);
high-risk seismic region (peak ground acceleration in the
horizontal, PGAy, and vertical, PGAy, directions equal to
0.312g and 0.276g, respectively). The criteria imposed by
NTCO8 for the regularity in elevation are not always satis-
fied. As a consequence, the following values of the behavior
factor are considered: qg=3.12 and qu=4.68, for the horizon-
tal seismic loads, considering low or high ductility class,
respectively; qv=1.5, for the vertical seismic loads. Dead-
and live-loads used in the design are equal, respectively, to:
4.8 kN/m* and 2 kN/m2, for the top floor; 5.7 kN/m? and 2
kN/m?, for the other floors. Masonry-infill weight is taken
into account considering a gravity load of 2.7 kN/m?. A cy-
lindrical compressive strength of 25 N/mm? for the concrete
and a yield strength of 450 N/mm? for the steel are assumed.
The sizes of the sections for girders and columns are shown
in Table 1a, for B6LD and B6HD structures, and in Table
1b, for B12LD and B12HD structures. The dynamic proper-
ties of the test structures are also reported in Table 2: more
specifically, the vibration periods corresponding to the three
high-participation modes with prevailing components in the
horizontal (T;x and T;y) or vertical (T;z) direction, and the
corresponding effective modal masses in the horizontal (m;x
and m;y) or vertical (m,z) direction expressed as a percent-
age of the total mass (m) of the test structures.
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Table 1b. Section Dimensions (in cm) of the Frame Members: B12LD (in brackets) and B12HD Structures

Mazza and Mazza

Storey Deep Girders Flat Girders Corner Columns Lateral Columns Central Columns
12 30%50 (30x50) 50%25 (50x25) 30x30 (30x30) 30%40 (30x40) 40x40 (40x40)
11 30x50 (30x50) 50%25 (50x25) 30x30 (30x30) 30x40 (30x40) 40x40 (40x40)
10 30x50 (30x50) 60x25 (60x25) 30%40 (30x40) 30x50 (30x50) 50%50 (40x40)
9 30%60 (30x60) 60x25 (60x25) 30%40 (30x40) 30x50 (30x50) 50%50 (40x40)

8 30%60 (30x60) 70%25 (70x25) 30%40 (35x40) 30%60 (35x60) 50%50 (50x50)
7 30%60 (30x60) 70%25 (70x25) 30%40 (35x40) 30%60 (35x60) 60%60 (50x50)
6 40X65 (40%65) 80x25 (80x25) 40%50 (40x50) 40X60 (45%60) 60%60 (60x60)
5 40X65 (40%65) 80X25 (80x25) 40%50 (40x50) 40X60 (45%60) 60x60 (60x60)
4 40X65 (40%65) 90x25 (90x25) 40%60 (50%60) 40x70 (50%70) 70%70 (70x70)
3 40X70 (40x70) 90x25 (90x25) 40%60 (50%60) 40x70 (50%70) 7070 (70x70)
2 40X70 (40x70) 100x25 (100x25) 50%70 (50x70) 50%90 (50x90) 80x80 (30x80)
1 40X70 (40x70) 100x25 (100x25) 50%70 (50x70) 50%90 (50x90) 80x80 (80x80)
Table 2. Dynamic Properties of the Test Structures
Structure Tix (5) Tiy (5) Tiz (s) m;x (% my) m;y (% my) m;z (% my)
B6LD 0.576 0.698 0.064 82.3 80.7 38.5
B6HD 0.623 0.757 0.065 84.9 83.3 50.8
BI2LD 0.993 1.249 0.103 69.5 70.0 64.7
B12HD 1.000 1.272 0.103 70.6 70.3 75.6
Table 3. Main Data of the Selected Near-Fault Ground Motions
Earthquake Station PGAy; PGAy: PGAy OlpGAH1 OlpGaH2
Imperial Valley, 15/10/1979 El Centro D.A. 0.352¢g 0.480¢g 0.707g 2.009 1.473
Northridge, 17/1/1994 Newhall W.P.C. 0.426¢ 0.279¢g 0.290g 0.682 1.040
2 2
NTCO08 SHZS% NTCO08 SHZS%
154 Northridge, 1994: 1.5—] Northridge, 1994:
(Newhall W.P.C.) : (Newhall W.P.C.):
L] Extracted pulse (H ) o0 Extracted pulse (Hy)
= | P Residual motion (Hj) T 17 ~-=-= Residual motion (H,)
n »n

T(s)

(a) Fault-normal direction.

T(s)
(b) Fault-parallel direction.

Fig. (5). Acceleration (elastic) response spectra: Imperial Valley near-fault ground motion.

In order to study the effects of near-fault ground motions
on the nonlinear dynamic response of the test structures, Im-
perial Valley (El Centro Differential Array station, 1979)
and Northridge (Newhall West Pico Canyon station, 1994)
ground motions, available in the Next Generation Attenua-
tion database (NGA, 2008) of the Pacific Earthquake Engi-
neering Research center, have been considered [18]. The
main corresponding data are reported in Table 3: peak
ground acceleration for the two horizontal components
(PGAy; and PGAp,) and the vertical one (PGAvy), accelera-

tion ratios (Opga n1 and Opga mz)- It is worth noting that the
acceleration ratio has a maximum value of 2.009 for the Im-
perial Valley ground motion as opposed to the value of 1.13
prescribed by NTCO8 in the examined case, while the
Northridge ground motion shows a velocity pulse with a
period equal to 2.4 s in the fault-normal horizontal direction
[19]. The elastic (normalized) response spectra of accelera-
tion in the horizontal (S,n,; and S,u») and vertical (S,v) di-
rections are plotted in Fig. (5) for the Imperial Valley ground
motion, assuming an equivalent viscous damping ratio in the
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Fig. (6). Acceleration (elastic) response spectra: Northridge near-fault ground motion.

horizontal direction, &y, equal to 5% (Fig. 5a), and an analo-
gous ratio in the vertical direction, &y, equal to 2% (Fig. 5b).
The response spectra of these motions are compared with the
corresponding target NTCOS8 response spectra for a high-risk
seismic region and a medium subsoil class. It is interesting to
note that in the vertical direction the spectral values of the
Imperial Valley ground motion are much greater than those
corresponding to NTCO8 (Fig. 5b), at least for rather low
values of the vibration periods (i.e. Ty<0.2 s), which are
more relevant for the test structures.

Finally, curves analogous to those shown above are rep-
resented in Fig. (6), where the elastic (normalized) response
spectra of acceleration in the fault-normal (FN) and fault-
parallel (FP) horizontal directions are plotted for the
Northridge ground motion. Following recent seismological
studies [20], which allow the extraction of the largest (hori-
zontal) pulse from a near-fault ground motion, two curves
are plotted for each direction. As can be observed, in the
range of rather long vibration periods (i.e. Ty=>1.2 s), corre-
sponding to the B12LD and B12HD structures which will be
examined successively, the spectral values for the extracted
pulse (i.e. representing a near-fault motion) are greater than
those corresponding to NTCO8 and residual motion, espe-
cially in the FN direction (Fig. 6a).

5. NUMERICAL RESULTS

In order to evaluate the effects produced by horizontal
and vertical components of near-fault ground motions on the
nonlinear dynamic response of the medium-to-high rise r.c.
framed buildings described in the previous section, a nu-
merical investigation is carried out with reference to records
of the Imperial Valley and Northridge earthquakes. Accord-
ing to the design hypotheses adopted for the test structures,
accelerograms recorded on medium subsoil are considered,
with a PGA value comparable with the one prescribed by
NTCO8, at least for one of the two horizontal directions. A
lumped plasticity model based on the Haar-Karman principle
is adopted to model the inelastic behavior of the frame mem-
bers, considering a two-parameter implicit integration
scheme and an initial-stress-like iterative procedure [14].
Plastic conditions are checked at the end sections of the col-
umns, which may experience inelastic deformations due to

the horizontal ground motion, approximating the axial force-
biaxial bending moment bounding surface of the elastic do-
main by 26 flat surfaces. On the other hand, the potential
plastic hinges along the span of the girders, due to the verti-
cal ground motion, are taken into account modifying the
plastic moments of the end-sections depending on those of
the other three selected sections (i.e. the two quarter-span
sections and the mid-span section shown in Fig. 4b) and as-
suming a bilinear moment-curvature law with a hardening
ratio p=5%. In the Rayleigh hypothesis, the damping matrix
is assumed as a linear combination of the mass and stiffness
matrices, assuming a viscous damping ratio equal to 5% or
2% with reference to the two vibration periods correspond-
ing to high-participation modes with components prevailing
in the Y (Tyy) or Z (T,z) direction, respectively. In this way,
an intermediate value of the damping ratio is achieved in the
range of vibration periods T;z-Ty.

Firstly, in order to highlight the effects of the vertical
component of near-fault ground motions, the curvature duc-
tility demand of girders and columns, along the height of the
six-storey structures, is shown in Fig. (7). Maximum values
are considered, assuming that the vertical component of the
Imperial Valley ground motion (EI Centro D.A. station) acts
contemporaneously with the horizontal components applied
twice (i.e. alternatively along the principal axes X and Y of
the building plan). The ductility demand at the end sections
and quarter-span sections of the deep girders is reported in
Fig. (7a), for both B6LD and B6HD structures. More spe-
cifically, the end sections, at the top side, and quarter-span
sections, at the bottom one, proved to be the more stressed
sections, especially on the upper floors where the effects due
to vertical seismic loads generally prevail over those of the
horizontal seismic loads and an amplification of the vertical
motion is expected. This kind of behavior can be explained
by observing that the ductility demand at these sections, in
contrast to the mid-span ones, already appears under the
horizontal components of the seismic loads. Moreover, the
bottom plastic moments of the quarter-span sections, on the
upper floors, are less than or equal to those assumed at the
mid-span sections. It is worth noting that the ductility de-
mand at the end sections of the B6HD structure is greater
than that observed for the B6LD one, while the opposite
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Fig. (7). Ductility demand for frame members of the six-storey structures subjected to the Imperial Valley motion.
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Fig. (8). Axial forces for columns of the six-storey structures subjected to the Imperial Valley motion.

trend can be seen in the quarter-span sections of the same
girders, especially in the upper storeys. This result empha-
sizes the need to take into account the vertical ground motion
in the design of the deep girders, for both low and high duc-
tility classes. Additional results, omitted for the sake of brev-
ity, showed that flat girders exhibit a ductility demand which
is practically independent of the vertical ground motion due
to their small tributary mass. Curves analogous to those
shown above are reported in Fig. (7b), where the maximum
ductility demand in the radial direction is evaluated with
reference to the columns of the B6LD and B6HD structures.
As expected, the ductility demand is acceptable for the
BO6LD structure, with the exception of the top floor where
the “strong-columns weak-girders” mechanism is waived
and the inelastic deformations due to the vertical ground
motion are more evident. On the other hand, the ductility
demand increases for the BO6HD structure in spite of the ca-
pacity design criterion being more restrictive in this case.

Successively, attention was focused on the axial force at-
tained in the columns, in order to check whether failure phe-
nomena occur under the vertical component of near-fault
ground motions: i.e. failure under compression or tension,
due to the attainment of the corresponding ultimate compres-
sive load, N, or tensile load, Ny. For this purpose, the
minimum (Np,;,) and maximum (N,.x) values attained by the

axial load (assuming positive to be a compressive load) in
the central columns of the B6LD and B6HD structures sub-
jected to the Imperial Valley ground motion are plotted, re-
spectively, in Figs. (8a) and (8b). For these columns, having
the greatest tributary mass, the axial-force variation induced
a rather high compressive force which in many columns was
greater than the balanced load, thus producing a reduction in
both the ultimate bending moment and available ductility,
and quite close to the ultimate compressive load N,, espe-
cially on the second and fourth storeys of the B6HD struc-
ture (Fig. 8b). Moreover, the vertical ground motion also
produced tensile forces, which in many sections of both the
B6LD and B6HD structures proved to be very close to the
corresponding ultimate tensile force Ny,.

To evaluate the effects of the horizontal components of
near-fault ground motions on the local damage undergone by
the girders, the ductility demand for the B12LD and B12HD
structures subjected to the extracted pulse and residual mo-
tion of the Northridge ground motion (Newhall W.P.C. sta-
tion) are reported in Fig. (9). More specifically, the ductility
demand at the end sections is shown in Figs. (9a) and (9b),
considering the mean values evaluated with reference to the
six-deep and two-flat girders, respectively, at each storey.
Fault-normal (FN) and fault-parallel (FP) horizontal compo-
nents of the Northridge motion are applied along the axes
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Fig. (9). Ductility demand for girders of the twelve-storey structures subjected to the Northridge motion.

rotated at o=30° with respect to the principal axes X and Y
of the building plan. It is worth noting that the ductility de-
mand for the near-fault ground motion (i.e. the extracted
pulse) proved to be greater than the corresponding values for
the the residual motion, with some exceptions only in the
upper three storeys. This result can be explained by observ-
ing the structural damage potential relating to a long-
duration impulsive motion such as that considered in Section
4; in addition, the spectral values for the residual motion are
smaller than those evaluated for the extracted pulse, in the
range of vibration periods which are more significant for the
B12LD and B12HD structures (Fig. 6). As expected, high
values of the ductility demand have been obtained for deep
and flat girders of the B12HD structure.

Finally, to quantify the damage level related to the exci-
tation angle (o), a ductility index DI (0 < DI < 1) of the
B12LD and B12HD structures subjected to the extracted
pulse of the Northridge ground motion is plotted in Fig. (10).
DI is evaluated as the ratio between the mean values of the
ductility demand for an assigned angle o and the angle cor-
responding to the maximum value (W, ); this latter refers to
the B12HD structure, in order to have the same normaliza-
tion for low and high ductility classes.

The DI values for the end sections of deep girders
(Wmax=15.2), flat girders (Wmax=14.8) and columns (Uya=5.7)
are plotted in Figs. (10a), (10b) and (10c¢), respectively. As
can be observed, the maximum values of DI occurred at arbi-
trary fault orientations rather than assuming FN and FP
components of the Northridge motion applied along the prin-
cipal axes of the building plan (i.e. orientation angles o=0°
and 0=90°). This kind of behavior proves to be more evident
for flat girders (Fig. 10b) and columns (Fig. 10c). Moreover,
the DI spatial domain approximately keeps its shape for deep
and flat girders of the B12LD and B12HD structures; some
differences can be seen for the columns, where the ductility
demand of the B12LD structure is less than half of that of the
B12HD structure.

CONCLUSIONS

The nonlinear seismic response of six- and twelve storey
r.c. spatial frames, representative of medium-to-high rise
buildings designed according to NTCOS, is studied for hori-
zontal and vertical components of near-fault ground motions.
More precisely, test structures are designed for medium sub-
soil and high-risk seismic region, assuming both low and
high ductility classes. To describe the inelastic behavior of
the r.c. frame members a lumped plasticity model based on
the Haar-Karman principle, representing a satisfactory com-
promise between accuracy and computational efficiency, is
used. The vertical component of near-fault ground motions
affected the ductility demand at the end-sections and quarter-
span sections of deep girders, especially in the upper storeys
and for both ductility classes, while it was negligible for the
flat girders with a small tributary mass. Column ductility
demand proved to be significant for the high ductility class,
in spite of the capacity design based on the “strong-columns
weak-girders mechanism” being more restrictive in this case;
a large variation in the axial force occurred for the central
columns, even producing tension (close to the ultimate ten-
sile force) and high compressive forces. Finally, the pulse-
type nature of the horizontal components of near-fault
ground motions affected the ductility demand at the end sec-
tions of deep and flat girders, especially for high ductility
class, and the maximum values of the ductility index for the
frame members resulted from arbitrary fault orientations
with respect to the building plan. The above considerations
indicate that the effects of the horizontal and vertical compo-
nents of near-fault ground motions should be taken into ac-
count through suitable additional code provisions. However,
to propose suitable design rules further studies are needed by
extending the analysis to other structures and available re-
cords of near-fault ground motions.
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