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Abstract

In the last years, a growing attention has been devoted to the seismic vulnerability assessment
of existing Reinforced Concrete (RC) framed buildings designed only for gravitational loads.
The seismic behavior of existing framed buildings with an inner RC stairwell core has been
investigated much less so far, even if this structural typology has known a certain spread from
the Seventies onwards, especially in the Italian largest urban areas. In this work, the seismic
behavior a relevant and representative example of existing pre-code RC core medium rise
building is evaluated by performing nonlinear pushover analyses. The effect of different mod-
elling assumptions regarding the degree of collaboration between frames and RC walls on the
structural response is discussed. The influence of masonry infills on the global structural re-
sponse is also evaluated by running the analyses both on the bare structure and on a struc-
tural model considering a distribution of masonry panels not regular in elevation: the latter
distribution corresponds to a typical situation for the considered typology.
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1 INTRODUCTION

A significant share of the existing Italian Reinforced Concrete (RC) building stock was de-
signed for gravity loads only (so-called pre-code buildings), or according to now outdated
seismic standards. Consequently, those buildings are generally vulnerable to seismic actions,
often showing a non-ductile behavior, due to the non-optimal in-plan distribution of the struc-
tural elements (with frames only in one direction and stair cores often placed in an asymmet-
ric position), poor structural details and material properties, deterioration phenomena due to
environmental exposure conditions and to a limited maintenance over time.

During the past years, a lot of efforts were devoted to assessing vulnerability of existing
RC framed buildings, which represent the most widespread structural typology within the RC
building stock, not only in Italy, but also in several other seismic-prone countries in the Medi-
terranean area. The vulnerability of these structures is typically represented in terms of fragili-
ty curves, which express the probability of exceeding a predefined damage level for a wide
range of ground motion intensities [1,2]. However, from the Seventies onwards, the presence
of multi-story RC frames with shear walls realizing the elevator or stairwell core, has become
increasingly common, especially in larger urban areas. It is well known that a correct in-plane
disposition of the walls, together with an adequate choice of their dimensions and reinforce-
ment, guarantees a good seismic response of modern RC structural wall buildings, reducing
the inter-storey drift at damage limit state and providing enough ductility and strength at col-
lapse. Nevertheless, in pre-code RC core structural systems, the position of elevator or stair-
well core often creates structural irregularities and torsional actions, whose effects, together
with the poor detailing of reinforcement (both in the walls and in the frame elements) should
be carefully taken into account in vulnerability assessment studies. The specific features of
existing core buildings, together with the high stiffness of the walls, make their seismic re-
sponse quite different from that of framed structures, and consequently a different definition
of the damage states used for the construction of fragility curves, as well as of the correspond-
ing engineering demand parameters, may be required [3].

A further complication in the vulnerability assessment of these buildings is related to the
presence of masonry infills. It is well known that infills significantly alter the seismic re-
sponse of RC framed buildings, by producing a remarkable increase of lateral stiffness and
base shear, as well as a reduction of the period of vibration. Moreover, their spatial arrange-
ment within the framed structure can cause irregularities in the distribution of masses and
stiffnesses, both in-plan and/or in elevation, with possible detrimental effects on the seismic
response, as proved by observed damage data collected in post-earthquake surveys (i.e.,
among others, [4-8]). If almost uniformly distributed, infills can instead reduce the dissipation
energy demands in frame elements, as well as the maximum displacements of the structure.
For this reason, even if infills are traditionally treated as “non-structural” elements, it would
be better to include their presence in numerical analyses, to allow a more realistic representa-
tion of the global behavior of the structure. Masonry panels are commonly schematized
through equivalent nonlinear inclined struts, which represent a good compromise between ac-
curacy and simplicity (i.e. [9-12]). The most of the studies available on this topic in the litera-
ture are however mainly focused on infilled RC frames, while the effect of masonry panels in
case of framed buildings with an inner RC core has been less investigated so far. In this case,
an irregular distribution of infills may alter the expected damage state sequence, due to the
interaction between the infills themselves and the RC walls.

In this study analyzes the seismic response of a prototype pre-code RC 6-storey building
with frames aligned in the longitudinal direction and RC walls realizing an internal asymmet-
ric stair core. Pushover analyses are performed on the finite element model of the structure, by
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simulating frame components with beam elements and the shear walls with shell elements.
The nonlinear behavior of RC walls is taken into account through PARC CL 2.1 constitutive
model [13], implemented into the finite element code ABAQUS [14]. The influence of differ-
ent modelling choices on the global response of the building is explored, by considering the
two alternative assumptions of linear elastic pendulum frames and non-linear collaborating
frames. Moreover, the influence of infills and of their progressive damage on the global re-
sponse is investigated, by highlighting their effects in terms of displacement capacity, global
stiffness and strength.

2 CASE STUDY

The case study analyzed in this paper is a representative a typical pre-code RC 6-storey
building, with frames aligned in the longitudinal direction and RC walls realizing an internal
asymmetric stair core. The building has a rectangular plan, with dimensions equal to 11.7 m x
24.4 m, and a total height of 19.04 m. An interstorey height of 3.06 m is assumed, except for
the ground floor, where it is set equal to 3.74 m. This lower level is partially underground.
The framed structure consists of six bays in the longitudinal direction, with spans ranging be-
tween 2.8 m and 5.2 m, and two bays with the same span (equal to 5.7 m) in the transverse
direction. As can be seen from the floorplan depicted in Figure 1, in transverse direction
beams are present only in the external frames. The stairwell core, which is realized with
200 mm thick RC walls, has an asymmetric position in plan.

Slabs are composed with parallel RC joists, running through the transverse direction, and
interposed hollow clay blocks, with a 400 mm thick RC topping. Over the last floor, an in-
clined roof is realized by means of masonry walls with variable height and ceramic flooring
blocks. For intermediate floors, a dead load equal to 6.2 kN/m? is assumed, and an additional
permanent load of 2.0 kN/m? is also applied to account for the presence of internal partitions;
the live load is set equal to 2.0 kN/m?. For the last storey, a dead load of 7.2 kN/m? and a live
load of 1.2 kN/m? (snow) are instead considered.
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Figure 1: Typical floorplan of the examined case study building (dimensions in cm).

The considered case study represents a typical Gravity Load Designed (GLD) building,
without specific provisions for earthquake resistance. RC elements forming the frame are de-
signed to sustain vertical loads only. Beams are realized within the thickness of the slab form-
ing the floor (240 mm), and have a variable width, ranging from 300 to 500 mm for the
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external frames, and equal to 1200 mm for the internal one. Columns dimensions are typically
equal to 300 x 300mm or 300 x 400 mm, except those belonging to the inner frame, which
have a variable cross-section, ranging from 500 mm x 400 mm at the lower storey, to
300 mm x 400 mm at the top storey. The walls around the stairwell are conceived as a core
system with high stiffness and are designed to sustain the wind load and a conventional hori-
zontal action equal to 0.5% of the weights. As regards material properties, C25/30 concrete
(with feq = 14.2 MPa) and B450 steel (with fy = 391 MPa) are assumed. Further details on the
considered case study structure can be found in [15, 16], to which reference is made.

Vertical closures of the buildings are realized by means of double layer brick infills, with a
total masonry thickness of (120 + 60) mm. Opening distribution within infills is depicted in
Figure 2. Opening dimensions are assumed equal to 1.2 x 1.3 m. As can be seen, infills are
assumed to be completely missing only in the rear side of the building (both on the right-hand
and left-hand sides of the RC wall belonging to the core) at the lower level, so to allow the
entry to garages. This not-regular infill distribution has been chosen since it is quite common
for this type of buildings.

CRCIRCM RO (IR N |
(OO OO s | mEm L I |
I B EEER i L aanm (]
CIC IR U | PO L]
O OERCHN BT ss  sssx N = =
() (b) (c)

Figure 2: Sketch of the opening distribution within infill panels: (a) main facade; (b) rear side; (c) lateral side of
the case study building.

3 MODELLING ASSUMPTIONS

The seismic behavior of the case study structure is studied by performing nonlinear pusho-
ver analyses, with the commercial Finite Element (FE) software ABAQUS [14].

As already highlighted, the considered building can be treated as a wall-equivalent dual
system, since the elements belonging to the frame are designed for vertical loads only, while
possible horizontal loads are mainly absorbed by the walls of the inner core. Taking in mind
this aspect, two different models are realized, which are characterized by different complexity
and different degree of interaction between the frame and the core during the earthquake. In
Model#1, the collaboration of the frame in sustaining horizontal actions is completely disre-
garded, and all the sources of nonlinearity are simply assigned to the walls forming the core,
while beams and columns are assumed as linear elastic. Regarding FE choices, pendulum
frame components are modelled by using three-node beam elements with 2 integration points
for columns, and 2-node truss elements with one integration point for beams.

In Model#2, the possible interaction between the frame and the core walls is explicitly tak-
en into account (collaborating frame). In this case, beam elements are adopted for the model-
ing of all the frame component, with 3 nodes and 2 integration points for columns, and 2
nodes and 1 integration point for beams. The nonlinear response of beams and columns is
dealt with a concentrated plasticity approach, and consequently they are modelled through
elastic elements with rotational hinges at the ends. The assigned moment-curvature relation is
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calculated by adopting Saenz law with ultimate strain equal to 3.5-103 for concrete and an
elastic-perfectly plastic law for steel.

As concerns the presence of infills, the analyses are repeated twice, by considering two dif-
ferent configurations (Figure 3): the limit case of the bare structure (no infills present) and the
“real” distribution of infills depicted in Figure 2.

z

1 1

» ¥ (a) X ¥ (b)
Figure 3: FE model: (a) bare structure; (b) structure with infills, according to the distribution depicted in Figure 2.

In this second case, the effect of infills on the global behaviour of the case study structure
is assumed as equivalent to diagonal bracing, by adopting the single-strut model proposed in
[12]. Each panel is replaced in the FE model by an equivalent pin-jointed diagonal strut,
working only in compression, made with the same material of the infill and characterized by
the trilinear lateral force-displacement relation shown in Figure 4a. The first branch of the
curve represents the linear elastic response of the infill up to cracking, and its slope can be
evaluated as:

K. = Gw Lin tw
i H.

mn

(1

as a function of the geometric dimensions of the infill (respectively being Lin, Hi» and #, the
length, the clear height, and the thickness of the panel), and of the shear modulus of the ma-
sonry Gy.

The cracking force F. is assumed equal to 0.6 the maximum strength of the infill F,, which
1s in turn expressed as:

L, t
Fm=o.818%f’f’(1+,/c,2+1) )
1
with:
L
C, =1.925 H 3)

and being f;, the cracking strength of the infill (which can be determined from diagonal com-
pression tests). It is assumed that the strength F), is reached at a storey drift equal to 0.2% and
0.15% respectively in case of infills without and with openings. It should be noted that Equa-
tions (1-2) are referred to the horizontal direction, and consequently it is necessary to trans-
form them in the inclined direction & to obtain the force-displacement envelope of the
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diagonal strut. The displacement at collapse is assumed equal to 5 D,,, being D,, the displace-
ment corresponding to the maximum force (Figure 4a, [12]).

A further reducing coefficient is introduced to represent the presence of openings within
the infills and to account for their effect on the initial stiffness and strength of the struts, hav-
ing the following expression:

1.5L,
L

m

Ao =1- >0 4)

being Ly the horizontal length of the opening. In this work, the following values are assumed
for masonry properties: G, =1080 MPa and f, =03 MPa for the external layer;
G, =400 MPa and f;, = 0.1 MPa for the internal one.

In order to reduce computational efforts, even if the infill panels are formed by a double
masonry layer, only a single strut (instead of two superimposed struts) is considered, and its
force-displacement relation is evaluated as the envelope of those of the two layers. Moreover,
in order to insert this relation within the adopted FE code, it is further reworked and expressed
in terms of stress vs. strain curve (an example is reported in Figure 4b).
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Figure 4: (a) Force-displacement relation for the diagonal struts representing the masonry infills (adapted from
[12]; (b) implemented stress-strain law (referred to a strut of unit area), evaluated as the envelope of the two ma-
sonry layers.

In both Model #1 and Model #2, the RC walls of the core are modelled with 8-node, one-
layered shell elements, with 4 Gauss integration point in the shell plane and 5 Simpson inte-
gration points in the thickness (element type S4RS5). The nonlinear behavior of the walls un-
der cyclic loads is considered by means of a user-defined constitutive law, named PARC CL
2.1 [13], which is written in the form of a Fortran subroutine and implemented as a User
MATerial (UMAT) in ABAQUS. PARC CL 2.1 can be included in the framework of fixed
smeared crack models, and it is based on a total strain formulation. The reinforcement is as-
sumed to be smeared within the hosting concrete element through the reinforcement ratio ps.
PARC CL 2.1 was developed starting from a well-validated constitutive model for membrane
elements subjected to general plane stresses, named PARC [17], which was previously con-
ceived at the University of Parma for the analysis of RC structures under static loads. For stat-
ic loads only, an alternative model based on a strain decomposition approach and named 2D-
PARC model is also available at the same University [18, 19].

PARC _CL 2.1 can be applied for the prediction of the cyclic and dynamic response of RC
structures since it includes the effects of plastic and irreversible deformations in the unload-
ing-reloading phase [20]. The model also allows to correctly catch other aspects which can be
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very important in the analysis of existing RC structures, such as the buckling of longitudinal
reinforcement [21], time-dependent effects and the corrosion of reinforcement [22], which
however lie outside of the scope of this work.

Finally, the presence of rigid diaphragms is included in the FE model by applying a kine-
matic coupling condition, which constrains the displacements of the nodes at each floor level
to those of a reference “master” node. The maser node is herein assumed coincident with the
bottom-left corner of the RC core.

4 NLFEA: PROCEDURE, RESULTS AND DISCUSSION

The behavior of the case study building under seismic actions is investigated by perform-
ing pushover analyses on the different FE models described in Section 3. To this aim, two lat-
eral force distributions are considered: a uniform pattern (uniform response acceleration) and
a triangular pattern (or modal pattern) proportional to the displacement shape of the first mode
[23, 24]. To take into account the effect of the accidental eccentricity of loads, by limiting at
the same time the number of performed analyses, the center of mass is shifted away from its
original position, so to maximize its distance from the center of stiffness. This new position of
the center of mass is determined by combining the two accidental eccentricities in X and Y
directions, calculated according to [24]. The lateral response is described in terms of base
shear vs. top displacement relationship. The top displacement is set equal to the average of the
values registered at two nodes, placed at the opposite corners of the roof floorplan, i.e. the up-
per-right and at the lower-left ones (Figure 1).

The results obtained from pushover analyses for Model #1 and Model #2 without infills are
shown in Figure 5, with reference to lateral force distributions acting along the negative X and
Y directions. As can be seen, Model #2 is characterized by a higher bearing capacity with re-
spect to Model #1 when considering lateral forces acting in —X direction, thanks to the addi-
tional resisting contribution offered by the three longitudinal frames. On the contrary, the lack
of internal beams connecting the columns in the transverse direction makes almost negligible
the bearing contribution of frame elements for seismic loads acting along —Y, and the global
behavior is consequently governed by the walls belonging to the core. In both models, the
asymmetric position of the internal core gives rise to torsional effects, as demonstrated by the
deformed shape plotted in Figure 6, which is referred to Model #2 without infills, for a uni-
form lateral load distribution respectively acting along +X and +Y direction.
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Figure 5: Base shear- top displacement curves obtained for Model #1 and Model #2 without infills from pusho-
ver analyses: (a) forces acting along —X direction; (b) forces acting along —Y direction.
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(b)

Figure 6: Deformed shape of the case study building obtained from Model #2 without infills subjected to a uni-
form lateral load distribution acting along direction (a) +X and (b) +Y.

The influence of infills on the global behavior of the structure is shown in Figure 7. For the
sake of brevity, only the comparisons based on Model #2 (with collaborating frames) are pro-
posed in the case of uniform lateral load distribution acting in the —X direction. To take into
account the progressive damage of infills on the seismic response, the following procedure is
proposed. At first, the analysis is carried out by considering the presence of infills according
to the distribution depicted in Figure 2 (“Model #2 with infills” in Figure 7). The results of the
model are then elaborated so to detect the progressive degradation of infills panels. More in
detail, the time increment corresponding to the achievement of the degrading branch of the
force-displacement curve in some of the masonry panels is found, and the analysis is restarted
from that increment, by removing the damaged infills through the ABAQUS option *MODEL
CHANGE, REMOVE, and re-applying the horizontal load distribution. This operation is then
repeated until almost all the infills are collapsed, so obtaining a sort of “envelope” curve
(“Model #2 with infills — progressive infill damage” in Figure 7). For comparison, an addi-
tional “lower-limit” curve is also plotted (“Model #2 with infills — complete infill removal” in
Figure 7), which is obtained by removing all the infills together, at the time increment corre-
sponding to the first appearance of damage in some of them. It can be seen that the presence
of infills greatly increase the lateral stiffness and strength of the structure; however, with the
progressive damage of the panels, the base shear-top displacement curve obviously tends to
superimpose that of the bare structure.

5000
Base shear (kN)

Model #2 - bare structure
=== Model #2 with infills

Model #2 with infills - progressive infill damage

— . 1000 &> Eer - W
S8 —— so0 f/ Model #2 with infills - complete infill removal agd <

Top displacement (mm)

— 0 20 40 60 80 100 ——

Figure 7: Base shear-top displacement curve for Model #2 with and without infills, with indication of the pro-
gressive damage of masonry panels.
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The sequence followed for the removal of damaged infills (which are marked in red) is al-
so sketched in Figure 7. It can be observed that the damage distribution within masonry pan-
els is strictly related to the torsional deformation of the building under seismic loads (Figure
8), with a consequent stress concentration localized in some bays of the structure. Further-
more, it can be seen that the degrading branch of the force-displacement curve is reached be-
fore in those masonry panels characterized by a greater length Li,, where a higher number of
openings is assumed according to Figure 2.

Figure 8: Deformed shape for Model #2 with infills, corresponding to point 1 of the base shear-top displacement
curve reported in Figure 7, when the fist panels start to damage.

Storey level (m) Storey level (m)

Average displacement (mm) ISD ratio

0 5 10 15 20 25 0 0.0005 0.001 0.0015 0.002

Figure 9: Displacement and inter-story drift profiles corresponding to point 1 in Figure 7.

In correspondence of point 1 in Figure 7, over 33% (almost 45% if referring only to the X-
direction) of the infill panels at the second storey have reached they maximum resistance and
start to degrade. It can then be assumed that this point corresponds to the reaching of the so-
called “Damage Limitation” state (DL LS, see, i.e., [4]), which is defined as a first limit state
characterized by quite limited damage almost localized in non-structural elements, that should
be easily and economically repaired (also known as slight damage state, LS1). The average
values of lateral displacement profile corresponding to point 1 in Figure 7 are shown in Figure
9. The same Figure also reports the inter-storey drift ratio, evaluated as the average lateral
displacement difference between two consecutive floors (inter-storey drift), divided by the
height of the storey. The maximum obtained ISD ratio is comparable with the threshold val-
ues (typically ranging between 0.1 and 0.25%) suggested in the literature to define the limit
state corresponding to slight damage in numerical analyses on framed structures; these values
are conventionally adopted when infills are not explicitly included in the FE model.

A further check on the model results reveals that when the first infills start to damage,
yielding in RC elements of the frame has not been reached yet, and also the spreading of
cracks in the RC walls of the core is very limited. On the contrary, yielding strain of longitu-
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dinal reinforcement is already registered in some portions of the walls (see Figure 10a; it
should be noted that the condition &s1ong > €y is already reached for an average top displace-
ment of 11 mm, corresponding to the yellow star in Figure 7). This behavior can be explained
in the light of the particular distribution considered for infills, which is not-regular in eleva-
tion on the rear side of the building, so producing a stress concentration in the RC walls.
Moreover, the modelling technique adopted for infills (though diagonal struts) is probably not
optimal in case of RC walls, since it may lead to concentrated loads on the shell elements
connected to the nodes of the strut. In this specific case study, the not-uniform infill distribu-
tion is then responsible for a change in the expected damage sequence, since the yielding of
the reinforcement of the walls (which corresponds to a moderate damage, L.S2) is reached be-
fore the damage of masonry infills (corresponding to slight damage LS1). However, further
analyses with different infill distributions are required to draw more general observations.

In a previous work [3] focused on the same structural typology (frame + inner core) inves-
tigated herein, the Authors have suggested as a possible criterion for the definition of slight
damage limit state LS1 when infills are not explicitly included in the model, the reaching of
the cracking strain in the RC elements of the shear walls, by following an approach conceptu-
ally similar to that described in FEMA 356 [25]. With reference to the pushover curve report-
ed in Figure 7 (“Model #2 — bare structure”), this criterion leads to the reaching of LS1 for an
average top displacement value equal to 6.75 mm (green star in Figure 7). The ISD ratio pro-
file corresponding to that situation is reported in Figure 10b, together with a contour showing
the crack pattern in the core walls, as obtained from Model #2 without infills. As can be seen,
these values are lower than those commonly associated to infill damage in framed structures.

Storey level (m)

ISD ratio

0 0.0002 0.0004 0.0006 0.0008 0.001
(a) (b)

Figure 10: (a) Strain field in the longitudinal reinforcement of the walls corresponding to point 1 in Figure 7; (b)
ISD ratio and crack pattern obtained from Model #2 without infills, in correspondence of the green star of Fig. 7.

S CONCLUSIONS

The results proposed in this paper confirm that presence of an asymmetric core, which is
quite typical of pre-code RC buildings realized in large urban centers in the last 40 years, sig-
nificantly affects the seismic response of the structure, giving raise to torsional effects. Specif-
ically, the following main observations can be highlighted:

e The walls belonging to the core absorb the larger part of the lateral loads; however, the
resistant contribution offered by frames (which are usually aligned in one direction only)
is not negligible.

e The presence of infills modifies the global response of the structure, providing a remark-
able increase the lateral stiffness and strength of the structure, as observed in framed
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structures. The reaching of the limit state corresponding to slight damage is often evalu-
ated on the basis of the progressive appearance of damage in infills; when they are not
explicitly included in numerical analyses, a conventional value of inter-story drift is often
assumed. In case of framed structures with a RC core, alternative approaches, based on a
material-level approach, can be also followed.

o Infill distribution has a great influence on the structural response and on the damage se-

quence taking place in structural and non-structural elements under seismic loads; further
studies are required to draw general indications for the individuation of the damage states
to be considered in derivation of fragility curves.
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