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SUMMARY:

According to the displacement-based approach, in the seismic assessment of existing buildings it is
required the definition of the equivalent viscous damping of the structure under study. As the hysteretic
damping represents a measure of the dissipative capacity of structures, it is expected that it is larger for
RC frames with masonry infills than for bare frames. At the date, the assessment procedure proposed
within the displacement-based approach concerns only bare frame. The objective of this study was to
extend the procedure to infilled RC frames by defining a ductility-damping law valid for this kind of
frames. In order to obtain the mentioned relationship, several nonlinear dynamic analyses were carried out
by applying different ground motions to single storey-single bay infilled frames. The effectiveness of the
proposed ductility-damping law was then verified by comparing the displacement demand calculated with
the assessment procedure with that obtained from nonlinear dynamic analyses.
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1. INTRODUCTION

The Displacement-Based Design (DBD) (Priestley et al., 2007) is based on the schematization of a
general structure as a linear single-degree of freedom (SDOF) system characterized by equivalent
height and mass. The equivalent system is defined in order to represent the response of the structure at
peak displacement rather than the initial elastic behaviour. This SDOF structure is characterized by the
secant stiffness at maximum displacement and by a level of equivalent viscous damping. The same
approach is proposed for the seismic assessment of existing structures. The seismic assessment allows
determining the displacement demand that has to be compared with the displacement capacity. The
displacement demand is determined by an iterative procedure in which it is necessary to calculate the
equivalent damping of the structure. To this purpose it is possible to use some ductility-damping laws
proposed in literature depending on the structural typology (Iwan and Gates, 1979; Judi et al. 2001).
The equivalent damping is the sum of two contributions: the inherent damping, normally taken as 5%
for all types of structures, and the hysteretic damping, which depends on the dissipative capacity of the
different structures. In case of infilled frames the common practice does not consider the presence of
infill and accounts for only the RC frame. However it is known that the masonry infill could produce
significant effects on the seismic response of buildings. In particular the infill could determine positive
or negative effects. In the first case it can increase the strength and the dissipative capacity of the
structure, in the second case it can produce unexpected distributions of forces and consequent local
phenomena of collapse. Considering only bare frame may lead to underestimating the dissipative
capacity of the structure and the hysteretic damping. As the hysteretic damping represents a measure
of the dissipative capacity of structures in the inelastic range, it is expected that it is larger for RC
frames with masonry infills than for bare frames. This difference will be larger for little values of
ductility demand. On the contrary, due to the deterioration of the infills the values of hysteretic
damping of infilled and bare frames tend to be similar with the increase of ductility demand. The
objective of this study was to evaluate the equivalent damping of infilled frames in order to define a
ductility-damping law valid for this kind of structures.



2. PROCEDURE FOR THE EVALUATION OF THE EQUIVALNET DAMPING

As previously mentioned, various ductility-damping law were proposed in literature depending on the
type of examined structure. In particular the following relationship was proposed for the design of RC
bare frames (Priestley et al., 2007):
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£, = 0.05 + 0.565 <“—) (2.1)
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where u represents the structure ductility demand. The aim of the present study was to define a
relationship valid for infilled frame similar to Egn. 2.1. In order to determine the equivalent damping
several nonlinear dynamic analyses were carried out using different ground motions and considering
single storey-single bay frames. The analyses were repeated for bare and infilled frames in order to
compare the two responses. The adopted procedure can be synthesized in the following steps:

1. Apply a ground motion to the structure and determine the response in terms of force-displacement
diagram.

2. Identify the maximum displacement (dmax) caused by the ground motion and the relative ductility
u, calculated with reference to the yield displacement.

3. Determine the secant stiffness K. corresponding to the maximum displacement (Fig. 2.1a) and
then calculate the relative period Tee.

4. ldentify the reduced displacement spectrum relative to the considered earthquake record which
intercepts the point (Tse, dmax) (Fig. 2.1b) and determine the corresponding damping. In this way a
couple of values ductility-damping valid for this single examined case is obtained.

5. Steps 1-4 are repeated using the same earthquake record scaled to different values of intensity. In
this way some couples u-¢ are obtained.

6. The entire procedure is repeated using different ground motions.

7. All the results are interpolated in order to build the average curves.

......... Spect_ &zs%n
= CE T e . Spect. £=20% -~

Force

Displacement Period (s) Teec

(@ (b)

Figure 2.1. Graphic representation of the most important steps in the evaluation of the equivalent damping:
determination of the secant stiffness (a) and of the reduced displacement spectrum (b)

This analysis was performed for values of ductility demand of the bare frame smaller than 5. This is
the range of values in which the infill modifies the seismic structural response. In order to calculate the
ductility, the yield displacement considered was the one of the bare frame. This displacement was
calculated from the expression of the yield drift proposed in literature (Priestley et al., 2007):

L
Hy = 0,5€yh_b (22)
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where ¢, is the steel yield strain while L, and hy are respectively the length and the height of the beam.
It should be noticed that also the ductility of the infilled frame was calculated with reference to the
yield displacement of the bare frame. This choice is motivated by two reasons. The first is that the
determination of the yield displacement for infilled frames is more doubtful. The second reason is
related to the possibility of obtaining a ductility-damping law to be used directly with the
characteristics of the bare frame, even in the case in which the infills are present. If it is possible to
refer directly to the yield displacement of the bare frame, it is not necessary to know the one of the
infilled frame. Considering the yield displacement of the infilled frame would only change the scale of
value. Once the maximum displacement was determined for each ground motion, two cases were
examined, depending on the secant stiffness used to calculate the period. In the first case the secant
stiffness considered was the one related to the monotonic force-displacement response of the bare
frame (Kyare). In the second case the secant stiffness considered was the one related to the monotonic
force-displacement response of the infilled frame (Kiy). This distinction was examined with the
purpose to evaluate whether it is necessary to know the detailed response of the infilled frame or it is
enough to know the one of the bare frame. In Fig. 2.2 it is possible to see the two different stiffnesses
related to the force-displacement response of the bare and infilled frame.
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Figure 2.2. Secant stiffnesses related to the bare and infilled frame response

3. STRUCTURES UNDER STUDY

The described procedure was applied to three different single storey-single bay RC frames (frame 1,
frame 2 and frame 3). Each one was considered with and without infills. All the frames have the same
geometrical dimensions (Fig. 3.1a) and steel amounts. As a consequence they show the same lateral
strength (Fig. 3.1b). They have also different masses and therefore different elastic periods, as shown
in Table 3.1. The assumed mechanical properties of materials are: concrete cylinder strength f. equal
to 28 Mpa and steel yield strength fy, equal to 450 Mpa. The adopted dimensions of beams are: width
equal to 300 mm and depth equal to 500 mm. The adopted dimensions of columns are: width and
depth equal to 300 mm. The considered infills are masonry panels with thickness of 15 cm,
compressive strength of 4.1 N/mm?and shear strength of 0.3 N/mm?.

Table 3.1 Elastic periods of the examined frames
T elastic (s)
Frame 1 0.35

Frame 2 0.5

Frame 3 1

An important factor which characterizes the behaviour of an infilled frame is the ratio between the
shear strength of the masonry and the one of the frame. In the model of the infilled frame proposed by
Al-Chaar (2002), which was adopted in this study, this ratio influences the determination of the
ultimate displacement of the infill. In the examined cases the lateral shear strength of the RC frame
resulted equal to 140 kN while the shear strength of the infill resulted equal to 211 kN. Therefore a



value of about 1.5 was derived for the aforementioned ratio. Fig. 3.1 shows the base shear-
displacement curves of the bare and infilled frames.
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Figure 3.1. Geometrical configuration of the single storey-single bay frames (a) and force displacement response
of the bare and infilled frames (b)

4. NONLINEAR MODEL AND PERFORMED ANALYSES

The nonlinear analyses were carried out in order to assess the performance of the structures under
study. The OpenSees software (McKenna and Fenves, 2005) was used for the nonlinear analyses. This
computer program allows studying the structure with distributed plasticity finite elements
characterized by a fibre modelling of the control sections. The elements of the examined structures
were modelled with a single finite element for each beam or column. For each element 5 control
sections were adopted. A bilinear stress-strain relationship with hardening ratio equal to 0.005 was
assumed for the steel fibres. A constitutive law, which includes the effect of confinement due to stirrup
and the stiffness degradation due to cyclic loading, was considered for the concrete. Different types of
behaviour were adopted for the cover concrete and the concrete core: in the first case the effect of
confinement was neglected, in the second case it was included according to the model proposed by
Mander et al. (1988). The infills were modelled by replacing the panel with a system of two equivalent
struts. Each masonry strut was considered to be effective only in compression. The width and the
strength of the strut were determined according to the model proposed by Al-Chaar (2002). The
constitutive law assigned to the strut accounts for the degradation of stiffness and strength typical of
the masonry (Fig. 4.1). The response for cyclic loading was studied as suggested by Cavaleri et al.
(2005). A first calibration was carried out to determine the slope of the post peak branch, the residual
strength and the loading and unloading branches. The calibration was performed by comparison with
some experimental results available in the literature. The characteristics of the adopted model and the
calibration are detailed in (Landi et al., 2012).
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Figure 4.1. Equivalent diagonal struts (a) and stress-strain relationship assigned to the struts (b)

The nonlinear dynamic analyses were carried out using 2 sets of accelerograms (Set_1, Set 2). The
first group consists of 7 accelerograms, including four recorded and three artificial ground motions.
The second group consists of 5 recorded accelerograms. Both groups of ground motions have an



average displacement spectrum consistent with type 1 Eurocode 8 design spectrum. The displacement
spectra related to the two sets of accelerograms are illustrated in Fig. 4.2. These accelerograms were
applied with different intensity values in order to obtain values of ductility demand up to 5.
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Figure 4.2. Displacement spectra of the selected ground motions scaled to PGA=0.5 g: Set_ 1(a) and Set_ 2 (b)

5. RESULTS OF THE ANALYSES

Each single nonlinear dynamic analysis provided a value of ductility demand and of equivalent
damping and therefore a point in the ductility-damping diagram. All the analyses led to a series of
points. From these points it was possible to construct the average curves that are shown in the
following graphs with a red dotted line for each examined structure (Fig. 5.1, Fig. 5.2, Fig. 5.3). An
hyperbolic ductility damping law according to the following expression, consistent with Eqn. 2.1, was
determined in order to best approximate the average results :

—
Enyot = C (#wr ) (5.1)
In the Eqn.5.1 C and « represent two coefficients that have to be determined. In particular « is the
intersection point of the curve with the horizontal axis corresponding to hysteretic damping equal to 0,
and C/r is the damping value for ductility tending to infinity. This type of relationship was originally
proposed by the study of Dwairi et al. (2007). The determined hyperbolic curve is the ductility-
damping law that was searched and is represented in the graphs by a continuous green line. Initially
the average curve was separately built for the two groups of accelerograms (Fig. 5.1, Fig. 5.2).
However the aim was to obtain a generic curve, so the overall average curve was determined by the
same method, taking into account the results of both groups of accelerograms. The overall average
curves are shown in Fig. 5.3. Each curve reproduces the results of all the three examined structures
(Frame 1, 2, 3). The results regarding the infilled frame are illustrated by distinguishing the case in
which the secant stiffness of the bare frame was considered in the procedure from the case in which
the secant stiffness of the infilled frame was used. The two cases led to different values of damping.
When the stiffness of the infilled frame was considered, the analysis was extended to ductility values
less than 1. The infilled frame, in fact, dissipated also for these values of ductility and therefore it had
a certain damping. However it was meaningful to assess this damping only by considering the stiffness
of the infilled frame because in several analyses with the stiffness of the bare frame the values of
damping resulted larger than 1 for low values of ductility. When considering the stiffness of the
infilled frame the average curve was constructed using two different methods: the first (A) was the
same used for the other cases and led to a hyperbolic curve valid for values of ductility larger than 1;
the second method (B) consisted in finding a hyperbolic curve passing through the point o: this



parameter was calculated as the ratio between the yield displacement of the infilled frame and that of

the bare frame.
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Figure 5.1. Ductility-damping values obtained from the analyses and average curves for the Set_1
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Figure 5.2. Ductility-damping values obtained from the analyses and average curves for the Set_2
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Figure 5.3. Ductility-damping values obtained from the analyses and average curves for all ground motions

The analytical expression is given for the overall average curves shown in Fig. 5.3. The following

relationship was derived for the bare frame:

u—1
Snyse = 0,794 - ,u—n

(5.2)

The following relationship was obtained for the infilled frame, considering in the procedure the

stiffness of the bare frame (Kpare):

1+ 0,83

= 0,804 -
ghyst LT

(5.3)

The following relationship was obtained for the infilled frame, considering in the procedure the

stiffness of the infilled frame (Kiys) and using the methods A and B:

ghyst = 0,804 - M,

u =1, method A
um

(5.4)



Shyst = 083522 =0, method B (5.5)

Obviously the derived ductility-damping curves are affected by the characteristics of the examined
structures and by the adopted accelerograms. The Fig. 5.4 shows the curves obtained for the bare
frame compared with the one determined according to the relationship proposed in literature (Eqgn.
2.1). In this figure it could be observed that the obtained curves are characterized by larger ordinates
than the one of Eqn. 2.1; this fact is likely due to the number of examined cases. The curve of Egn.
2.1, in fact, has been found considering a larger number of frames, subjected to hundred of
accelerograms. Therefore the analysis of a larger series could give results more similar to Eqn. 2.1.
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Figure 5.4. Average curves relative to the bare frame compared with the theoretical curve of Eqn. 2.1

With regard to the infilled frame the average curves obtained from the analyses are shown in Fig. 5.5.
Firstly we can note that, using the stiffness of the bare frame, the hysteretic damping resulted greater
than the one obtained with the stiffness of the infilled frame. The dynamic analyses carried out were
the same in the two cases. The only difference was the secant stiffness that was used in calculating the
period. With the same displacement but using a larger stiffness, like the one of the infilled frame, a
shorter period was obtained. In this way the displacement spectrum passing through the new identified
point (Tsec, Omax) COrresponded to a lower damping. It should be observed that the use of these two
different stiffnesses does not lead to different estimates of the seismic response. If the Displacement
Based (DB) assessment procedure is applied using the two different stiffnesses and then the two
relative values of damping, the same values of displacement demand are obtained. From Fig. 5.5 it is
possible to notice that the difference between the two cases decreases for increasing values of
ductility. This happens because with the increase of ductility the contribution of the infill decreases
and the two stiffnesses tend to coincide. Instead, for small values of ductility, for example smaller than
2, the difference between the two cases is significant. For these values of ductility, considering the
stiffness of the bare frame (Fig. 5.5a) the obtained values of damping are very high because it is great
the difference between the response of the infilled frame and that of the bare frame. In Fig. 5.5b,
where the stiffness of the infilled frame is considered, it is possible to observe that the average curves
obtained with the two methods A and B are very similar for values of ductility larger than 1.

Finally in Fig. 5.6 the overall average curves for the examined structures and for the considered cases
are compared. It could be noticed that for high values of ductility the curves of the hysteretic damping
of the bare and infilled frames tend to converge, because the contribution of the infill tend to be
erased. Moreover, for ductility values greater than 2 the curves calculated with the stiffness of the bare
or infilled frame are only slightly different, showing that in this case the knowledge of the stiffness of
the infilled frame is not necessary. At last for ductility values lower than 2 it is necessary to know the
stiffness of the infilled frame in order to calculate a reliable damping factor.

We could try to find a general relationship for the infilled frame using the coefficient C obtained for
the bare frame and the coefficient a from Egn. 5.5. In this way the ductility-damping law would be
conservative because it would determine a lower value of damping than the one determined from the



analyses of this study, even taking into account the increase in damping for small ductility due to the
presence of the infill.
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6. VALIDATION OF THE PROCEDURE

In order to verify the accuracy of the procedure that was used to determine the equivalent damping of
a structure, the DB assessment of a frame was carried out. The determination of the displacement
demand 4p within the framework of DB assessment is performed through an iterative procedure. The
steps are as follows:

N oo~ wdhE

Determine the effective mass m.. For a SDOF structure this is the total mass.
Assume an initial value of displacement demand (4p = 4,) .
Calculate the effective stiffness K. = K; at displacement 4,.
Calculate the effective period: T, = 2@ /%

e

Determine the yield displacement 4,.
D

Determine the displacement ductility: u = i—.
y

Calculate the effective damping ¢, = &, related to the determined ductility, using the u —¢&
relationship.

Calculate the spectral reduction factor Ry corresponding to &, in order to obtain the reduced
displacement spectrum associated to &, for the first iteration.

Determine the displacement demand A4, corresponding to the value of T,, on the displacement
spectrum relative to &;and compare it with 4.



10. If the two values are too different then the steps 3 to 9 have to be repeated starting with 4p = 4,.
Proceed iteratively until the displacement determined at the step 9 is sufficiently close to that
assumed.

The assessment procedure was applied to the frame 2 considered in the previous analyses: the aim was
to verify that the displacement demand estimated with the iterative procedure was similar to the one
obtained from the dynamic analyses. In this procedure the damping-ductility relationships obtained
from the previous analyses were used; the purpose was to assess their reliability. In the assessment the
average displacement spectrum relative to the accelerograms used in the dynamic analyses was
adopted. The displacement spectrum was not determined by applying the reduction factor R; to the

ordinate of the spectrum corresponding to {=5% . The displacement spectrum associated to a given
value of & was determined as average of the spectra relative to the accelerograms used in the dynamic
analyses. These spectra were determined with the program SeismoSignal (SeismoSoft, 2002) for the
damping values determined at step 7 of the procedure. The displacement demand calculated by the
assessment procedure was then compared with the average displacement obtained by dynamic
analyses. This average displacement was calculated as the average of maximum displacement
resulting from each accelerogram. The accelerograms were all applied with the same scaling factor.
The assessment procedure was applied to three different cases: the bare frame with the accelerograms
scaled to a peak acceleration of 0.5 g, and the infilled frame with different intensities of the
accelerograms, in order to obtain different values of ductility demand. With reference to the ductility-
damping relationship, the bare frame was studied considering the expression given in Egn. 5.1 while
the infilled frame was studied on the basis of the Egn. 5.3 or 5.5 depending on whether the ductility
was respectively greater or less than 2. According to the above considerations, for ductility larger than
2 it was made reference to the stiffness of the bare frame, for ductility lower than 2 to the one of the
infilled frame. The results of these analyses are summarized in the Table 6.1 where it is possible to
compare the displacements obtained from the DB assessment with the ones obtained from dynamic
analyses.

Table 6.1 Results of assessment compared to those of dynamic analyses

Estimate from DBA Average displacement | Standard Equivalent

procedure of dynamic analyses deviation damping
Bare frame 90 mm 100 mm 40 22%
Infilled frame p>2 122 mm 150 mm 58,6 36%
Infilled frame p<2 58 mm 40 mm 27,2 31%

7. CONCLUSIONS

The study was aimed to find a ductility-damping law that could be used in the Displacement Based
assessment of existing infilled frames. This law could be very useful if applicable without knowing in
detail the response of the infilled frame. In this way it could be possible to ignore the infill response, in
terms of strength and stiffness, and to account for the infill only in terms of dissipation.

The procedure proposed in this study was then validated, and it could be used as reference for
determining the equivalent damping of infilled frames. It is clear that, if one would generalize the
results, the analyses performed for the three considered frames should be repeated for several cases
and applying a large number of accelerograms,. Anyway, a possible law of general validity was also
proposed.

The study allowed to obtain some conclusions about the damping of infilled frames compared to that
of bare frames. As expected, the damping, which is a measure of the dissipative capacity of the
structure, resulted larger for infilled frames than for bare frames. The difference between the damping
of a bare and the one of an infilled frame tends to zero for high values of ductility because for these
values the infilled is no longer effective; on the contrary the lower is the ductility, the greater is the
increase in dissipation and therefore the damping due to the infill. In particular, for small values of
ductility the damping of the infilled frame is significantly greater than that of the bare frame.



Moreover it was observed that the knowledge of the secant stiffness of the infilled frame is necessary
only for very low values of ductility demand.
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