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In order to evaluate seismic vulnerability of existing reinforced concrete buildings, a simplified approach
is proposed to take into account the beam-column joints shear collapse. This collapse is described by a
link element which is introduced between column and beam. To develop and verify this element, several
comparisons have been performed with experimental results of laboratory test and numerical results
obtained by a two-dimensional finite element model specifically carried out for this check.

The link element uses a tri-linear moment-rotation law, compatible with standard Italian and
European codes, whose features can be estimated by limited structural and geometrical information,
which is a typical situation on older existing structures, and by standard code recommendations.

In order to give a preliminary evaluation of the seismic capacity for existing R.C. frames, taking into
account the beam-column joints behaviour, this link element has been introduced in a
one-dimensional model of bearing structure of the Unit N.1 of the Santa Maria Annunziata Hospital in
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Florence (Italy) and pushover analyses have been carried out.
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1. Introduction

Nowadays, the relevance to take into account the effective Rein-
forced Concrete (R.C.) beam-column joint behaviour in seismic
analysis has been fully understood. Regarding new structures, the
classical approach proposed in several standard codes is to prevent
the shear collapse of the joints by an adequate design. Following
this approach in modelling of the response of R.C. structures to
earthquake loading, it is assumed that beam-column joints are
rigid. In the context of a performance-based seismic design, previ-
ous researches indicate the necessity to take into account the
inelastic response of the beam-column joints in determining
demands relative to the frame components [1-3]. Particular atten-
tion is required in case of seismic vulnerability analysis of older
existing concrete buildings. For these structures the concrete
beam-column connections were only designed for vertical loads,
so that it is necessary to verify, in the seismic vulnerability analy-
sis, the joints’ conditions. After the classic approach proposed in
[4], several laboratory testing of building subassemblages have
been performed (for major references [5]). The check of
joints can assume more relevance for exterior ones because of
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confinement lack as underlined in [6,7], this aspect has been taken
into account in Italian standard code [8,9] which explicitly requires
to check exterior joints in seismic vulnerability analysis of older
existing structures.

In order to describe the behaviour of R.C. beam-column joints
several models have been proposed in literature: from implicit
models, where the stiffness and strength loss due to joint damage
is modelled by modifying beam and column elements using
nonlinear springs or plastic-hinges or both at the member ends
[10-14], to explicit macroscopic models, that connect beam and
column centerline elements to finite-volume joint macroelements
which consider several aspects of the inelastic mechanisms
governing joint behaviour [15-24].

Starting from an effective case study, in this paper, a non linear
link element is proposed to model joint response within the
context of a nonlinear frame analysis.

This zero length element is characterised by a tri-linear bending
moment rotation law; it is placed at the beam-end section and
rigid offsets are included in the beam and column elements to
define the joint physical size. Moreover, an elastic-plastic strip
model has been used to take into account the nonlinear behaviour
of columns and beams.

Further features, of the proposed link element, are the compat-
ibility with the standard codes, a limited number of parameters,
assessable by the engineer from in situ investigations and design
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reports, and the easy implementation in commercial software
packages.

This link element has been checked by a specifically developed
two-dimensional finite element model and compared with exper-
imental tests.

Adopting this link element in a one-dimensional numerical
model of R.C. planar frame, the proposed approach appears
appropriate for predicting, by a pushover analysis, the earthquake
response of existing structures for a preliminary vulnerability
analysis.

2. The case study

The seismic vulnerability of Santa Maria Annunziata Hospital, in
Bagno a Ripoli near Florence (I), has been considered. The hospital
was designed in 1966 and built in 1968-1972.

The hospital complex is characterised by distinct buildings, in
the following analysis the Structural Unit N.1 has been considered
(Fig. 1). This Unit has a basement floor, four floors and a walkable
roofing; the plan of the structure is shown in Fig. 2.

In the lack of seismic standard code, the bearing structure was
realised by R.C. frames taking into account only vertical loads; the
scheme of the central frame, which has been the object of the
vulnerability analysis, is shown in Fig. 3.

The analysis of the design documentation and experimental
tests permitted to found the geometrical characteristics and
reinforcement bars of columns and beams (Fig. 4). Regarding the
mechanical characteristics of material, experimental tests permit-
ted to check the data reported in design documentations, in partic-
ular the concrete compressive strength was f.,=22.5 N/mm?
while the yield strength of high-bond reinforcing bars was
fym =440 N/mm?.

3. Two-dimensional numerical model and comparison with
experimental results

The first part of the study has been devoted to tune-up a finite
element numerical model capable to describe the nonlinear
behaviour of the beam-column joints and underline the main
parameters that influence their behaviour; this model has
been developed adopting DIANA-TNO code [25]. The model has
been realised by two-dimensional mesh with eight nodes iso-
parametric elements in plane stress. Regarding the concrete beha-
viour, the smeared cracking model for tension and elastic-plastic
stress—strain law for compression have been used. The Drucker-
Prager criterion was adopted in compression taking into account
the increasing of strength capacity in bi-axial compression. Follow-
ing [26], the maximum compressive strength increases approxi-
mately 16% under conditions of equal biaxial compression
g1/02 =1 and about 25% increase is achieved at a stress ratio of
01/0, = 03/01 = 0.5; to obtained these conditions, the parameters
of the Drucker-Prager failure surface were: friction angle ¢ ~ 10°
and cohesion c=42% of the compression strength; moreover to
ensure an associated plasticity the dilatation angle has been
chosen equal to friction angle [25].

The Rankine criterion has been adopted to bound the tensile
strength; moreover the linear stress cut-off criterion was consid-
ered: the fracture is activated when the traction overcomes the
values f; or f; (1 + G aterai/fem) Where G qeerq is the lateral stress and
fi is the traction strength. In this way an overall Rankine/
Drucker-Prager criterion has been obtained to model the strength
of concrete.

Relative to smeared formulation of cracks in concrete, once the
concrete reaches its tensile strength it exhibits a tensile softening
response. The post-peak tensile stress-strain relationship has been

Fig. 1. Unit N.1 of the Santa Maria Annunziata Hospital, Bagno a Ripoli, Florence (I).

approximated by the cubic exponential curve proposed by Hordijk
[27,28], where the ultimate crack deformation was obtained
adopting the Mode-I fracture energy Gy proposed in Model Code
90 [29] and the crack bandwith as proposed in [25]. The steel rein-
forcements have been modelled by “bar embedded reinforce-
ments” [25].

Before using the previously described numerical model to anal-
yse the R.C. frame joints of the case study (Unit N.1), the model has
been checked by comparison with experimental results. Several
experimental research programs have been performed in the
recent years; references are reported in [1,5,20]. Taking into
account the successive application of the numerical model to the
Unit N.1, the experimental results of the research activity in the
framework of DPC-RELUIS - project (research line 2) [30,31] have
been considered for similarity to the case study in terms of mate-
rial characteristics and mode of construction. The structural
scheme used in the experimental test and numerical simulations
is shown in Fig. 5(a).

During those experimental programs, quasi-static cyclic tests
have been carried out on full scale exterior beam-column joints,
designed with different earthquake resistant level, axial force value
and type of steel reinforcement. The main characteristics, in terms
of geometric details and steel reinforcements, of the considered
specimens T1, T6, T5 and T3 are summarised in Table 1. In particu-
lar NE corresponds to the specimens that were designed taking into
account the vertical load, while the seismic load was considered for
specimens Z2. The mechanical characteristics of materials were:
R.C. compressive strength f., = 21.5 N/mm?, yield strength of steel
bars f,m =478 N/mm?

The experimental set-up had the following restraints (Fig. 5(a)):
a simple support at the section (Q) of the beam and a hinge at the
bottom section (R) of the column. The vertical load N and the hor-
izontal load T were applied to the free upper section (P) of the col-
umn. As reported in Table 2, NL corresponds to a limited value of
the axial force, NH corresponds to a greater value, in particular
v = N/(bhf.) is the dimensionless force, with b and h geometric
dimensions of the column cross-section.

The tests were characterised by different collapse: B corre-
sponds to flexural collapse of the beam and B +] correspond to
beam-joint collapse where T, is the maximum load and D, is the
drift with a 20% reduction of the maximum load, Table 2.

The experimental tests were simulated by the previously
described numerical model and the obtained results were in
adequate accord with the experimental ones both for beam collapse
and beam-column joint collapse. As shown in Table 2, the
differences between numerical and experimental tests, in terms of
maximum horizontal force T, and dissipated energy E, are limited.
Moreover the numerical model appears describe properly the
collapse behaviour and take into account the effect of the axial
force in the column, in fact a smaller value of vertical load
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Fig. 2. Plan of the Unit N.1 (cm).
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Fig. 3. Scheme of the central frame and beam-column joints analysed by numerical model (case A and case B) (cm).

(see comparison between T5 and T3) facilitates the damage in the
joint due to smaller confinement effect.

It should be noted that the maximum horizontal force T, is
grater in T5 specimen (collapse type B+ ]), designed for seismic
action, respect to T1 (collapse type B), designed only for vertical
loads and characterised by the same axial force N applied on the
column; at the same time, the joint shear demand in T5 is greater
than in T1 because of the greater bending moment in the beam;
this gives rise to a brittle collapse of the beam-column joint.

A consequence of the beam-column joint collapse is a lesser
drift D, respect to that of T3 specimen (collapse type B) whose
mechanical features are equal to T5 specimen but characterised
by a greater value of axial force N in the column; more details
about numerical check are reported in [32].

4. Analysis of the joints of the case study

From the effective design report, the design charts (Fig. 4) and
the results of an identification-survey program, two types of
beam-column joint have been selected (“case A” and “case B”
Fig. 3), these joints are both external because they, due to the con-
finement lack, are more prone to collapse during the seismic
events [6-9].

The characteristics of the beam 22-23 (Fig. 3) were equal for all
floors and are reported in Table 3. Using a classic approach the
maxima of bending moments have been calculated and reported
in Table 3 too. The characteristic of columns are reported in Table 4;

the axial forces have been calculated using the values of vertical
loads reported in the standard code NTC 2008 [8].

Considering the structural scheme reported in Fig. 5(a) (equal to
the one utilised in experimental test previously cited), a first anal-
ysis has been performed using a finite element program [33] with
one-dimensional elements where the nonlinear behaviour is taken
into account by an elastic—plastic strip model. Regarding the mate-
rial behaviour the Mander’s model [34] and bilinear model were
used for concrete and steel bars, respectively. In this analysis the
beam-column joint has been assumed infinitely rigid with an infi-
nite strength.

The analysis was conducted increasing the horizontal displace-
ment of the top of the column (section (P)). For both structural
cases (case A and case B) the collapse was reached in the beam
near the column (collapse type B) with a value M,4" that was in
accordance with analytical evaluation (Table 3). The equilibrium
condition permits to evaluate the vertical force of the restraint Q

(1)

with L* = L — h/2 where h is the height of column cross section; the
maximum horizontal force at the top of the column, that produces
the displacement at the collapse, is

Vinax = My /L

Tmax = Vmax ' L/H (2)

Given that the beams were equal in A and B cases, the maxi-
mum horizontal force was equal (T~ 67 kN, see Table 5); it
should be noted that in this numerical approach the axial force
in the column does not have effects.
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Fig. 4. Design charts: (a) characteristics of the external beam (this beam was equal to the beam 22-23 analysed by two-dimensional finite element model); (b) characteristics
of the column from floor 2 to floor R; (c) characteristics of the column from floor B to floor 2.
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Fig. 5. (a) Structural scheme used for the analysis of R.C. beam-column joints, (b)
finite element mesh.

In order to highlight the effect of the beam-column joint dam-
age, the cases A and B have been also analysed using the previously
described two-dimensional numerical model; the mesh is shown
in Fig. 5(b). This approach can be acceptable because of the good
similarity, in terms of material mechanical characteristics (values
of the concrete compressive strength and yield strength of high-
bond reinforcing bars) and dimensionless structural parameters,
between experimental tests [30], previously used to check the
two-dimensional model, and the joints of case study.

In particular, the values of the parameter v = N/(bhf.,) (typical
of older existing R.C. structures that were built using the allowable
stress design with only vertical loads, see Tables 2 and 4) are sim-
ilar, except for the joints on the top of the frame; nevertheless
these joints, as shown in the following, have a joint shear collapse
so that a lesser value of v does not modify the expected brittle
behaviour of the joints and the two-dimensional model results
are in the safe side.

Table 1
Geometric details and steel reinforcements of the experimental joints of DPC-RELUIS - project [30,31].
Characteristics of tests Beam Column
Specimen  Design  Axial force (kN) b(m) h(m) L(m) Af Af As b(m) h(m) H(m) Af=Af As
T1 NE 290 0.3 0.5 2 2012 2012 108/25 cm 0.3 0.3 32 2014 108/20 cm
T6 NE 580 0.3 0.5 2 2012 2012 108/25 cm 0.3 0.3 3.2 2014 108/20 cm
T5 z2 290 0.3 0.5 2 3016 2016+1012  1@8/25cm 0.3 0.3 32 3014 108/20 cm
108/10 cm* 108/7.5 cm*
T3 z2 580 0.3 0.5 2 3016 2016+1012  108/25cm 0.3 0.3 32 3014 108/20 cm
108/10 cm* 108/7.5 cm*

b, h base and height of the cross section; L, H length of the beam and column (Fig. 5a); Af upper reinforcement; Af bottom reinforcement; As shear reinforcement, x around

joint.
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Table 2

Characteristics and results of the experimental tests in the framework of DPC-RELUIS - project [30,31], comparison with numerical results obtained by two-dimensional model in
terms of percentage difference between maximum horizontal force (AT,) and dissipated energy (AE).

Characteristics of tests Experimental results

Numerical results Differences

Specimen Design Axial force v = N/(bhfem) Collapse type D, =d[H (%) T, (KN) Collapse type D, =d[H (%) Ty (KN) AT, (%) AE (%)

T1 NE NL 0.15 B 2.75 19 B 2.75 21 11 14

T6 NE NH 030 B 2.85 21 B 2.85 20 -6 -3

T5 72 NL 0.15 B+] 3.25 40 B+] 1.7 46 15 -19

T3 72 NH 030 B 4.96 39 B 4.96 46 19 18
Table 3

Geometric details and steel reinforcements of beam 23-22; Af upper reinforcement; Af bottom reinforcement; As shear reinforcement; M,q* and M4~ design values for bending

moment; A, b, h area, base and height of the beam cross-section.

Beam

Af Af As M,q" (KN m) M4~ (KN m) b (m) h (m) A (m?)

3016 + 4030 2030 19010/25 cm 230 545 1.2 0.4 0.48
Table 4

Geometric details and steel reinforcements of external columns (Fig. 3, No. 22); b, h base and height of the cross-section; A cross section area; Af reinforcement; As shear

reinforcement; N axial force; M,4 design values for bending moment.

Column b (m) h (m) A (m?) Af=Af As N (N) M,4 (KN m) v = N/(bhfem)
F.B-F-1 0.60 0.40 0.24 4030 108/20 cm 892 590 0.17
F.1-F2 0.60 0.40 0.24 4030 108/20 cm 753 573 0.14
F2-F3 0.50 0.40 0.20 2018 + 2016 106/20 cm 560 242 0.12
F3-F4 0.50 0.40 0.20 2018 +2016 106/20 cm 371 212 0.08
F.4-FR 0.50 0.40 0.20 2018 + 2016 106/20 cm 184 180 0.04
Table 5 Considering the stress field in the joint, the case A is charac-

Comparison of numerical results.

Characteristics of One-dimensional model =~ Two-dimensional model

specimens (rigid joint)

Case Axial force Collapse Tinax Collapse Tinax
(KN) type (KN) type (kN)

A 184 B 67 B+] 60

B 753 B 67 B 67

Further experimental tests and comparisons should be carried
out for higher values of v > 0.3.

In the case A, the numerical analysis showed an early collapse of
the beam-column joint (collapse B + ) with a reduction of the max-
imum horizontal force Tp,qx =~ 60 kN (Table 5). In the case B, the
axial force, higher than in case A, gives a confinement effect for
the concrete in the joint and permits to have the collapse of the
beam (collapse B) reaching an horizontal force similar to that
obtained by the one-dimensional model with rigid joint, Tpa
~ 67 kN (Table 5). Regarding the stiffness of the structural numer-
ical models (Fig. 6), it is equal in the beginning elastic field; after it
is possible to observe a deterioration in the one-dimensional
model, when cracking bending moment is achieved in the end sec-
tion of the beam, greater than two-dimensional model charac-
terised by a smeared cracking approach.

A third model (case C) was considered where the two-
dimensional mesh elements of the joint were assumed infinitely
elastic; the comparison is shown in Fig. 7, where it is possible to
observe a grater stiffness of the structural case that does not take
into consideration the mechanical degradation of the beam-
column joint; in this case the maximum horizontal force, similar
to case B and that determines the maximum bending moment in
the beam, is reached.

terised by the presence of a narrow strut (Fig. 8(a)) where the aver-
aged compression in the concrete achieves a high value (green
colour! in Fig. 8(a)), about its maximum value f~ 1.16f., ~ 26 MPa
in accordance with the Kupfer and Gerstle model [26]. In the case B
(Fig. 8(b)), the strut width is greater so that the averaged compres-
sion is lesser than in case A (f~ 18 MPa) (light orange colour in
Fig. 8(b)).

The crack pattern is shown by blue and green lines in Fig. 9;
from numerical results, in the case A the cracks are greater than
those of the case B and affect mainly the joint panel. Moreover
the larger cracks of the case B (green colour in Fig. 9(b)) are located
in the bottom of the beam, so the brittle collapse of the joint is
postponed.

The early damage in the joint (case A) does not permit to reach
the plastic bending moment in the beam section (case B), this can
also be explained considering the interaction between the stresses
in the concrete and in the reinforcement bars.

In fact for the case C, where the joint has been modelled by elas-
tic finite elements, the plastic bending moment of the beam is
achieved at the section XX (Fig. 10(a)), with ultimate stresses for
the concrete (maximum compression in the top of the beam
f=fom=22.5N/mm?, dark green colour in Fig. 10(a)), and the rein-
forcement bars (maximum traction in the bottom of the beam
f=fym =440 N/mm?, red colour in Fig. 10(b)).

Furthermore the stress in the beam reinforcement bars, for
increasing column top displacements, are shown in Fig. 11; the
numerical analysis showed that the stress was lesser when the
joint’s damage was greater and only in the case B, characterised
by the collapse of the beam (collapse B), the traction stress achieved
its maximum value.

! For interpretation of color in Figs. 8-10, the reader is referred to the web version
of this article.
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An additional effect of the joint collapse is the reduction of the
structural ductility as highlighted in several experimental tests
[30,31]. The numerical results relative to case A confirm this reduc-
tion, in fact the numerical convergence was reached only for a dis-
placement smaller than in case B (or C). This reduction can be
described by an ultimate rotation of the plastic hinge, at the beam
end section, smaller than that relative to case without brittle col-
lapse of the joint. In the performed analyses, the numerical results
showed this reduction about 30%; this value appears in sufficiently
accordance to observations reported in literature [5].

In conclusion the numerical analyses confirmed that beam-
column joint collapse can influence the elasto-plastic behaviour,
in terms of maximum shear and ductility, and that a classic one-
dimensional numerical model, only capable to describe plasticity
of the beam, cannot give reliable results. On the other hand it is
necessary to use one-dimensional models to conduct global analy-
sis of large structure as reinforcement concrete frames. In order to
obtain a one-dimensional numerical model capable to take into
account the effective joint panels behaviour and give a sufficiently
adequate response, a link element has been introduced between
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the following. g g
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5. Ultimate shear force evaluation Onc =57~ (—2 A ) + (A_> <0,5f. (fc in MPa) (4)
g 4

Nowadays several standard codes consider the design of the
beam-column joint and introduce check procedures. In the present
analysis the Italian codes [8,9] have been taken into account.

Regarding existing structures, the check is limited to exterior
joints and traction stress and compression stress have to respect
the following conditions

where N is the axial force acting on the upper column, A, is the gross
area of the joint panel horizontal section, V,, is the horizontal shear
acting in the joint panel, evaluated accounting both the column
shear and the shear transmitted by the beam reinforcing bars, and
fc is the concrete strength. Given N and f, from previous equations
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Table 6

Estimation of the ultimate V, in the R.C. beam-column joints: V,; obtained by
standard code [minimum value between Egs. (3) and (4)], V> obtained by two-
dimensional numerical model V,, 3 = Mmax/z — Ve (5).

Case Vo1 (KN) Vn2 (KN)
A 365 543
B 543 625

it is possible to evaluate the ultimate shear force V, (V, is the
smaller value between (3) and (4)).

Regarding the previously described numerical analyses the
ultimate joint shear can be obtained by [4]

Vn = Mmax/z - Vc (5)

where M. is the bending moment of the beam, z is the length of
the internal lever arm and V. in the shear in the column.

By comparison with numerical results it should be noted
(Table 6) that the ultimate shear force obtained by (3) and (4) is
on the safe side. This was confirmed also considering the experi-
mental tests relative to DPC-RELUIS - project [32].

From previous observation the minimum value V,,, obtained by
inversion of (3) and (4), can be used, on the safe side, as maximum
shear in the column-beam joint.

6. Preliminary pushover analysis

At first, a pushover analysis of whole frame of the Unit N.1 with
rigid joints has been performed using a finite element code [33]
with one-dimensional elements; in this case the nonlinear beha-
viour has been taken into account by an elastic—plastic strip model.
Using the internal forces (Myqx, V) obtained in this analysis, the
shear forces V,, in the column-beam joints have been calculated
by (5).

By these shears and the axial forces N in the columns obtained
by the pushover analysis, o, (3) and 7, (4) were calculated and
compared with the limit values which have been evaluated in
two cases: considering the effective compressive strength f., or
the reduced limit value f; as proposed by standard code [8,9] for
existing R.C. structures; in particular f. = fom/(7cFC) where FC=1.2
and yc=1.5 are the confidence factor and the partial factor,
respectively.

In both cases, it should be noted that every joints do not satisfy
the check (Table 7) so that the classical pushover analysis, where
beam-column joints were assumed infinitely rigid with an infinite
strength, is not reliable. So it is necessary to introduce a “numerical
element” in the one-dimensional analysis to take into account the
effect of the joint’s damage.

In order to realise this numerical element, some preliminary
considerations about the influence of the axial and shear force in
the column have been taken into account.

The checks (3) and (4) have also been conducted utilising the N
axial forces in the columns determined by only vertical loads; the
results a,,., and oy, are reported in Table 7, it should be noted that
the effect of the column axial force variation, due to seismic action,
is limited in the joint check as highlighted by the percentage
difference.

Moreover the column shear V. gives a limited contribution on
joint ultimate shear force as reported in Table 8.

Both previously observations will be considered in the
following fulfilment of the numerical element describing the
beam-column joint.

Table 7

Check of the joints. Results of pushover analysis with rigid joints: diagonal
compression o, (3), tensile stress ¢y (4); Gpcy and o, obtained with N determined
by only vertical loads. Limit values: 0.5fc, or 0.5f. for Eq. (3) and 0.3/(fcm) or 0.3V/fc
for Eq. (4).

Level store One One Oncy Onty <m;¢) %
4 4.60 3.70 4.57 3.67 0.6% 0.6%
3 7.06 5.14 6.82 4.97 3.4% 3.3%
2 9.13 6.11 8.55 5.74 6.8% 6.3%
1 9.43 5.98 8.60 5.50 9.6% 8.8%
Limit values
0.5fcm=11.25 0.3/(fem) = 1.42 0.5f.=6.25 0.3/f.=1.06
Table 8
Column shear V. from pushover analysis, V;, joint shear (Eq. (5)).
Floor 4 3 2 1
Ve (KN) 83 108 148 163
Vi (KN) 816 1158 1397 1652
VeIV (%) 10 9.3 10.6 9.9

7. Link element

In the literature several models, with increasing difficulties to
represent the effective joint behaviour, are reported.

The implicit models usually introduce springs at the
intersection of the beam and column line elements, where the load
deformation response of the spring is defined on the base of the
shear-stress response of the joint.

For example, El-Metwally and Chen [10] developed a model
with a zero length rotational spring at the beam-column intersec-
tion, Alath and Kunnath [11] used rigid link with a rotational
spring connected to its end, Uma and Prasad [12] modelled the
joint region using a flexural rigid shear beam element placed in
series with traditional beam/column flexural elements. A two
spring joint element was proposed by Biddah and Ghobarah [15]
while a dual-hinge lumped-plasticity beam element, which com-
prises two rotational springs in series, was used by Birely et al. [5].

The advantage of this type of model is its simplicity while the
primary disadvantage is the calibration to provide an accurate sim-
ulation of joint response. Other disadvantage is the need to define
duplicate nodes at the centre of the joint and this is not supported
by commercial software.

The second approach for modelling joint behaviour is the expli-
cit macroscopic joint model that connects beam and column cen-
terline elements. Altoontash and Deierlein [21], Lowes and
Altoontash [22], and Mitra and Lowes [23] have proposed models
that comprise a shear-panel component and rotational springs or
zero-length springs. Other macro-models have been developed
by several researchers [16-19]. These models, with an adequate
calibration, offer the greatest potential for accurately simulating
the nonlinear response of joints. The drawbacks of this modelling
approach, however, are the large data set required for calibration
and that these models are not easily implemented in commercial
software.

The aim of the present study was to realise a simplified link ele-
ment to describe the beam-column joint behaviour. The main
requirement is that a structural model with links of a R.C frame
should allow an adequate evaluation of the effect of brittle collapse
of joints in a pushover analysis within of the seismic vulnerability
estimation.

Differently from approaches proposed in [15], with two springs,
and in [11], with one spring and rigid link elements in the node, in
the present study, the proposed zero length link element, like in
[10], has a nonlinear behaviour and is placed at the beam-end sec-
tion; moreover rigid offsets, equal to the joint dimensions, have
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Table 9

T5 specimen: comparison among one-dimensional model, with and without link, and experimental test; case A: comparison among one-dimensional model, with and without
link, and two-dimensional numerical model; T, maximum horizontal load; d, last displacement; AT, percentage difference between maximum horizontal force; Ad, percentage

difference between maximum displacement.

T5 specimen Collapse type D, =d,/H (%) T, (KN) AT, (%) Ad, (%)
Experimental test B+] 3.2 40

One-dimensional model with rigid joint B 5.0 37 8 58
One-dimensional model with link B+] 3.1 37 8 2

Case A Collapse type d,=d[H (%) T, (kN) AT, (%) Ady, (%)
Two-dimensional model B+] 3.0 60

One-dimensional model with rigid joint B 6.5 67 12 118
One-dimensional model with link B+] 2.9 59 2 3

been included at the ends of the beam and column elements to
define the joint volume, following the procedure proposed in [5].

The simplified link element, like [5], has to be appropriate for pre-
dicting the earthquake response of planar frames, for which the non-
linearity is controlled by yielding of beams and/or non-ductile
response of joints. The link element has been introduced in a one-
dimensional model where the nonlinear behaviour of the members
(columns and beams) is taken into account by an elastic—plastic strip
model, differently from [5] where they were modelled by elastic ele-
ment and lumped-plasticity beam element respectively.

As suggested in [5], a feature of the proposed link element is to
be compatible with the standard code (European and Italian code
in the present study), moreover it has to be easily implemented
in commercial software packages commonly used for static nonlin-
ear seismic vulnerability analysis; it is noted that further investiga-
tions should be required for an adequate application of the
proposed link in a dynamic analysis taking into account the degra-
dation of joint cyclic behaviour as proposed in [14].

The proposed link will be defined by a limited number of
parameters that can be easy evaluated by the engineer from
in situ investigations, design reports or analytical considerations
and standard codes. Eventually the link will take into account the
observations relative to the influence of axial and shear force in
the column, reported in the previous chapter.

Likewise of the approach proposed in [5], the link has been
characterised by a moment-rotation law M-@; in fact the link
has to reproduce the behaviour of the beam when the joint is rigid;
this behaviour, in terms of yielding bending moment and ultimate
rotation, have to be modified when the joint reaches its maximum
shear strength.

In the present study, the link behaviour has been assumed to be
described by a tri-linear law M-@. At first, the plastic condition of

the beam has been evaluated. This corresponds to classic concrete
beam plastic moment M, and the corresponding capacity which is
given by the chord rotation at yielding 0, [8,9,35]:

d
ey:¢y%+0.0013<1+15£> +o.13¢y¢i;_y )

where ¢, is the yield curvature of the end section, h is the height of
the section, d, is the (mean) diameter of the tension reinforcement
fe and f, are concrete compression strength and tensile steel
strength, L, is the ratio moment/shear at the end section.

The yield curvature has been assumed equal to

by = (&c+&xt)/z (7)

where & is the concrete strain and & is the steel strain, correspond-
ing to the moment M,, and z the length of the internal lever arm.

Before reaching the yielding condition, a preliminary change in
the law M-@ is due to the cracking.

The cracking bending moment M. has been evaluated by the
classical approach and in particular the Euler-Bernoulli hypotheses
(plane sections remain plane and normal to the axis of the beam)
and perfect bond among steel bars and concrete

aJ
(h—xq)

with ;= f,n/1.2 (fum traction mean strength), J the second
moment of area of concrete section and x; the centre of the area
without cracks.

The chord rotation at cracking 6, is obtained by Eq. (6) substi-
tuting to the yield curvature the cracking curvature

¢fess =

Mg = (8)

&t

(h—xc) ®
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Table 10

Comparison between pushover analyses carried out by one-dimensional models with rigid joints and with links; F maximum base shear force; K* initial stiffness of the equivalent

non-linear SDF [8,9]; u ductility in displacement; d,,q displacement demand.

Type of horizontal forces Model with rigid joints Model with links % A

Proportional to floor mass (H1) F (kN) 3129 2892 8.2
K* (kN/m) 18054 16633 8.5
p=d,[d 4.8 5.6 -14.3
Aimax = Spe(T")-I" (M) 0.11 0.12 -6

Proportional to first mode (H2) F (kN) 2349 2121 10.7
K* (kN/m) 13295 12224 8.7
w=d,[d,* 41 4.8 —14.5
dimax = Spe(T*)-I" (M) 0.13 0.14 -71

where ¢, is the concrete strain & = E‘T—; with o, is the cracking con-
s

crete stress.

In particular the shear corresponding to joint’s collapse V, is
estimated by minimum value between (3) and (4) where N is eval-
uated considering only vertical loads and the effect of the shear in
the column is neglected in first approximation.

The ultimate link bending moment, corresponding to joint col-
lapse, is M,; = V,,z with z the length of the internal lever arm; at this
bending corresponds the rotation 0y; (Fig. 12).

The ultimate beam chord rotation capacity can be estimated by
[9]:

0= (0 + (8- )t (1- 2 (10

where ¢, is the ultimate curvature at the end section.

However the results of the two-dimensional numerical model
applied to the considered joints showed that the previous ultimate
rotation (relative to the beam) cannot be obtained when the
column-beam joint collapses. From the performed analyses and
analogous results reported in literature, the ultimate rotation has
been assumed to be 30% of (10) [32].

As example, the comparison between the M-® law relative to
the beam and to the link, for the fourth floor of the frame (case
A), is reported in Fig. 12.

The correctness of the proposed link element was checked by
comparison with experimental and numerical analyses. At first
the T5 specimen was considered; in this case the one-
dimensional model results, with and without link, were compared

with those obtained by experimental tests; the collapse type, drift
and maximum horizontal force are reported in Table 9. Moreover
the joint A of the case study was taken into account, the compar-
isons among results obtained by one-dimensional model, with
and without link, and those obtained by two-dimensional finite
element model are reported in Table 9.

In particular the introduction of the link element allows to
describe the brittle collapse of joint (B+]) corresponding to the
maximum horizontal load T, that involves the ultimate link bend-
ing moment My;; the ultimate beam chord rotation 6,; permits to
obtained an adequate estimation of the ultimate displacement d,,

8. Pushover analysis by one-dimensional structural model with
link elements

Using links in every joints, the pushover analysis of the frame
has been repeated. The comparison between the capacity curves
are shown in Fig. 13 with horizontal forces proportional to floor
mass and proportional to first mode.

The synthesis of the results is reported in Table 10. It should be
noted that the numerical model with rigid joints gives an overesti-
mation of the maximum base shear force (on average ~ 9%) respect
to the model with links that instead has a greater ductility (~14%).
In fact the damage of the joints reduces the bending moment in the
external columns; this delays the activation of the panel mechanics
(the frame with rigid joints collapses by a panel mechanics at the
second floor).
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Furthermore the stiffness reduction of structure with links
entails an increase of the own period of the equivalent non-
linear SDF with a increase (=~7%) of the displacement demand
diax = Spe(T*) - I' where Sp, is the elastic displacement response
spectrum, T* is the period of the idealised equivalent SDOF system
and I is the transformation factor (Table 10).

9. Conclusions

Starting from the seismic vulnerability analysis of the R.C. bear-
ing frame of the Unit N.1 of the Santa Maria Annunziata Hospital in
Florence (Italy), the topic relative to the brittle collapse of beam-
column joints and its effects on seismic response has been exam-
ined. This topic assumes a relevant importance regarding older
existing structures that were designed considering only the verti-
cal loads.

In order to take into account the joint damage, a link element,
placed between beam and column, has been proposed and intro-
duced in R.C. planar frame one-dimensional numerical model.

The effectiveness of the proposed model is in the using of a sim-
plified approach with a tri-linear moment-rotation law according
with European and Italian standard codes. The characteristics of
the link can be estimated by limited information, which is a typical
situation on older existing structures, and by standard code recom-
mendations. These features can be eventually verified by a two-
dimensional finite element model that has been developed in this
paper and checked by comparison with experimental tests.

The obtained results highlighted that the analysis with rigid
joints can give an unreliable estimation of the capacity curve in
terms of maximum base shear and ductility. If a check on other
and different cases is necessary, the proposed procedure appears
adequate for a pushover analysis in order to give a preliminary
evaluation of the seismic capacity for existing R.C. frames.
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