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described, also confirming the suitability of the assumptions introduced, with special attention paid to the vertical regularity of the whole
structure or of the added elements alone. Moreover, nonlinear dynamic responses to a set of natural accelerograms are used to evaluate
the effectiveness of the proposed approximate design procedure. DOI: 10.1061/(ASCE)AE.1943-5568.0000398. This work is made avail-
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Introduction

The first step of the retrofit design of existing buildings is the eval-
uation of their seismic performance. To this aim, recourse is usually
made to the nonlinear static analysis procedure, widely applied for
the seismic assessment in international seismic codes and standards
(ASCE 2013; FEMA 2005; ATC 1996), as in the Italian seismic
Code (NTC 2018). The pertinent part of this code is mainly based
on Annex B of EN 1998-1 (2004) and Annex A of EN 1998-3
(2005), that, in turn, follows the method proposed in Fajfar (1999)
and Fajfar and Gašperšič (1996).

The displacement-based design, proposed in Qi and Moehle
(1991) and Moehle (1992) more than two decades ago for new
buildings subjected to seismic actions, is a rational design tool
in which the control of the period of the structure becomes an effec-
tive design procedure. The approach developed in Qi and Moehle
(1991) and Moehle (1992) was based on the use of conventional
5% damping response spectra and initial stiffness of the structure.
Approaches based on ultimate secant stiffness and equivalent damp-
ing, depending on available ductility and structure typology, have
been developed in Priestley (1993) and Medhekar and Kennedy
(2000). According to the investigations reported in Chopra and
Goel (2001) and Miranda and Ruiz-Garcia (2002) there is no clear

evidence that methods based on secant stiffness produce better esti-
mates of inelastic displacement demands.

The capabilities of displacement-based procedures for the de-
sign of new buildings have been explored by several researchers
(Sullivan et al. 2003; Vidot-Vega and Kowalsky 2013; Panagiota-
kos and Fardis 2001), and their effectiveness has been thoroughly
proved; in particular, it has been shown that interstory drifts for the
frames designed using this approach correlated well with the values
obtained from large sets of numerical simulations.

For the existing buildings, if the seismic assessment is not
satisfied, a retrofit strategy must be pursued. In Chapter 1 of ASCE
(2013), as in other codes, different retrofit strategies are discussed
from a qualitative point of view. In practice, several tentative ret-
rofit configurations are usually analyzed until the performance re-
quired by seismic codes is achieved. Once the strategy has been
selected, the displacement-based procedures can be followed; its
use for existing buildings has been already investigated in the lit-
erature (Priestley 1997; Grande and Rasulo 2013), mainly dealing
with specific cases and leaving some issues still open, as highlighted
in the following. Some papers are focused on dissipative devices
(Kim and Choi 2006; Lin et al. 2008; Barbagallo et al. 2018;
Nuzzo et al. 2019), some on steel structures or on peculiar typol-
ogies (Grande and Rasulo 2015; Rossi 2007; Sun et al. 2018), in
some of them the modification of the deflected shape of the struc-
ture or the elimination of torsional coupling of modal shapes are
enforced (Thermou et al. 2007; Thermou and Psaltakis 2018).

The present paper places itself among the studies based on
displacement-based procedures for the seismic assessment of exist-
ing buildings, focusing attention on a straightforward procedure to
directly determine the retrofitted configuration of the building, in-
stead of the usual trial-and-error path. With respect to previous con-
tributions the simple use of ordinary bracings has been referred to,
maintaining the original deflected shape and torsional coupling of
the existing structure, in order to minimize the impact of the inter-
vention. Furthermore, when adding new structural elements to the
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existing structure, special attention has been paid to avoiding ver-
tical irregularity due both to the existing structure and to the ad-
ditional system, an aspect not explicitly addressed previously in
the literature.

After a discussion in “Rehabilitation Strategies”, a modified dis-
placement-based approach is proposed in “Design of the Retrofitted
Structural Configuration”. Here this approach is adjusted, in order
to be applied to existing structures: starting from knowledge of
the displacement capacity of a substitute SDOF system, equiva-
lent to the existing MDOF, the corresponding vibration period
obtained from the displacement response spectrum becomes the
target of the structure, which is obtained through a suitable in-
crease of strength and stiffness of the structure by adding new el-
ements. Focusing on low-rise reinforced concrete buildings, the
hypotheses of shear-type behavior and constant axial member
forces, usually valid for those buildings, allow us to achieve the
retrofitted configuration in closed form. In “Case Study,” the proce-
dure is applied to a real case, in the framework of a seismic retrofit
project of a strategic building in L’Aquila, Italy, where additional
steel bracings are used for retrofitting purposes. The case study per-
mitted us to verify the applicability of the proposed approach and
to discuss the effectiveness of the procedure on the basis of a dy-
namic nonlinear analysis, summarizing the main outcomes of the
work in “Conclusions”.

Rehabilitation Strategies

Prior to performing the design of the rehabilitation interventions, an
assessment of the existing structure is needed. As referred to in the
“Introduction,” nonlinear static analysis is widely adopted in modern
seismic codes. Thus, this tool, as reported in NTC (2018), is suitable
for investigating different rehabilitation strategies.

Reinforced concrete buildings are considered here. The struc-
ture, modeled as a multi-degree-of-freedom (MDOF) system, is
subjected to a path of horizontal loads scaled with one parameter,
the load multiplier. The horizontal displacement of one point, usu-
ally located at the roof level, is controlled during the analysis, until
the displacement capacity of some elements is reached or a global
resistance drop of more than 15% is observed. The corresponding
displacement is assumed as the displacement capacity, if no fragile
collapse mechanisms is activated previously. Otherwise, the dis-
placement capacity must be reduced accordingly.

The relationship of the load multiplier versus control point
displacement (pushover curve) allows us to define a single-degree-
of-freedom (SDOF) substitute structure, having a bilinear force–
displacement constitutive law. Thus, the massM*, the initial stiffness

K*, the elastic period T* = 2π
��������
M*/K*

√
, the strength R*

y , the yielding

displacement D*
y , and the displacement capacity D*

u of the equivalent

SDOF system are obtained. Knowing T*, the displacement demand
D*

max to the SDOF substitute structure is estimated using the design
5% damping displacement spectrum depicted in Fig. 1(a), where
the design acceleration response spectrum is also reported.

Points 1, 2, and 3 on the design response spectrum [Fig. 1(a)]
correspond to three different ranges (T* > TC , TB < T* < TC , and
T* < TB, respectively). The conventional response spectra parame-
ters (including TB and TC) are defined by the seismic code for the
limit state of interest (usually life safety or collapse prevention). In
Range 1, the inelastic displacement demand D*

max,1 coincides with
the maximum displacement SDe(T* = T*

1 ) of an elastic SDOF sys-
tem having the same period T*

1

D*
max,1 = SDe(T

*
1 ) = Sae(T

*
1 )
T*
1
2

4π2
(1)

where Sae(T*
1 ) = the acceleration spectral ordinate. In Range 2, ac-

cording to NTC (2018) and Fajfar (1999), the inelastic displacement

(a)

(b)

Fig. 1 (a) Acceleration and displacement design response spectra according to NTC (2018) (q* is the ratio between the maximum restoring force on
an elastic system having the same period and the restoring force at yielding); and (b) rehabilitation strategies on a SDOF system with stiffness in-
crement, strength increment, and both stiffness and strength increments.
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demand D*
max,2 is greater than SDe(T* = T*

2 )

D*
max,2 =

1+ (q* − 1)TC/T*
2

q*
SDe(T

*
2 ) (2)

where

q* = M *Sae(T*
2 )

R*
y

(3)

is the ratio between the maximum response force on an elastic
SDOF having the same period T*

2 and the substitute SDOF force
at yielding. In Range 3, the same expressions (2) and (3) must be
adopted, changing T*

2 with T*
3 .

If the displacement demand D*
max is greater than the displace-

ment capacity D*
u, a rehabilitation intervention is necessary. An in-

crement of D*
u appears to be the most natural strategy, but in many

cases this is not convenient, especially when large numbers of ele-
ments are involved.

Thus, assuming that D*
u remains unchanged after the interven-

tions, different retrofit strategies can be explored [Fig. 1(b)]: stiffness
increment, strength increment, and both stiffness and strength incre-
ments. If only the stiffness is increased, yielding displacementD*

y de-
creases (required ductility increases); if the increment concerns only
the strength, yielding displacement increases (required ductility de-
creases); in the third strategy it is assumed here that the yielding dis-
placement is unchanged (same ductility).

Interventions based on composite materials substantially re-
semble the second strategy (increment of strength without signif-
icant increment of stiffness). Interventions based on additional
ductile elements for the absorption of the horizontal actions re-
semble the third strategy (a stiffness increment usually involves
a strength increment). If the additional elements for the absorp-
tion of the horizontal actions exhibit a fragile behavior (such as
hollow clay masonry infills) the intervention substantially belongs
to the first strategy.

In order to move the SDOF status from Point 1 to Points 1′ or 1′′′

(reduction of D*
max,1), both strategies involving a stiffness increment

are able to reduce the period and are effective in pursuing the goal,
whereas the second strategy is not effective. For Point 2, the goal can
be obtained with a stiffness increment (Point 2′), a strength incre-
ment (Point 2′′), or both (Point 2′′′). For Point 3, a stiffness increment
(Point 3′) also implies a reduction of q* (Sae decreases); an increment
of strength (Point 3′′) and of both (Point 3′′′) complete the possible
choices among retrofit strategies.

In the case study dealt with in the following, the retrofit is ob-
tained using additional ductile elements, which corresponds to
the third strategy.

Design of the Retrofitted Structural Configuration

The seismic retrofit design generally starts with the nonlinear static
or dynamic analyses of the existing structure. Then, an iterative ap-
proach is usually applied, in which several modifications of the
original configuration are analyzed, until the performance required
by the considered limit state is achieved.

In this section, a procedure is proposed that, under reasonable
assumptions, leads directly to the definition of the retrofitted con-
figuration, which will be verified according to the seismic code.

The original formulation developed by Moehle (1992) for the de-
sign of new buildings has been modified for existing buildings. As
already discussed in the “Introduction,” in several papers, approaches
based on ultimate secant stiffness and overdamped response spectra

are becoming more popular. Here, the approach based on the initial
stiffness and 5% damped response spectrum is felt to be more suit-
able, because of its compatibility with codified analysis procedures.

Some of the following expressions are well known, neverthe-
less they are reported to facilitate the description of the method-
ology. The discussion is initially devoted to a SDOF system, and
then extended to a MDOF system. For an existing SDOF system,
yielding displacement D*

y , ultimate displacement D*
u, and avail-

able ductility μ* = D*
u/D

*
y are known. According to the strategy

based on both stiffness and strength increments in Fig. 1(b), D*
y

and D*
u remain unchanged between original and retrofitted con-

figurations. Thus, to satisfy the performance, D*
max ≤ D*

u. If D
*
u

falls in Range 1 of Fig. 1(a), the value of T* = T*
1 can be obtained

directly by inverting Eq. (1) and the initial stiffness of the SDOF
system can be calculated

K* = 4π2M*

T*2
(4)

The required strength of the SDOF system is

R*
y = K*D*

y (5)

If the available strength is smaller than that evaluated with Eq. (5),
the strength must be increased through a retrofit intervention.

If D*
u falls in Range 2, Fig. 1(a), the value of q* to be put in

Eq. (2) must be known; to this aim, an initial guess of T* = T*
2 is

made with q* = μ*. The period T*
2 , the stiffness [Eq. (4)] and the

strength [Eq. (5)] can be obtained and the value of Sae(T*
2 ) is deter-

mined; a new guess of q* is obtained applying Eq. (3), leading to the
correct value. The same holds if D*

u falls in Range 3 [Fig. 1(a)].
When dealing with a MDOF system, a substitute SDOF system

with similar overall characteristics is introduced. The dimension-
less equation of motion of a SDOF system, having an elastic–per-
fectly plastic bilinear force–displacement law, can be written as

μ̈(t)+ 2ξωμ̇(t)+ ω2ρ(t) = −ω2

η

üg(t)

üg,max
(6)

where μ(t) = u(t)/uy; u(t)= the SDOF relative displacement with re-
spect to the ground at time t; uy = the displacement at yielding;
ρ(t) = r(t)/ry, r(t)= the restoring force; ry = the force at yielding;

ω = ����������
ry/(muy)

√
= the natural frequency in the elastic range; m=

the mass of the system; ξ= the relative damping; η = ry/(müg,max),
üg(t)= the ground acceleration; and üg,max = the peak ground acceler-
ation. For a MDOF system the motion equations are

Mü(t)+ Cu̇(t)+ R(t) = −MIüg(t) (7)

where u= the displacement vector; M= the mass matrix; C= the
damping matrix; R= the nodal forces vector; and I= the identity
column vector. The following constraint allows to separate the spa-
tial variability from the time variability:

u(t) ≃ sD*(t) (8)

where D*(t)= the displacement of a reference point; and s= a suit-
able shape vector. This shape represents the desired deflected shape
of the retrofitted building. By replacing Eq. (8) in Eq. (7) and pre-
multiplying by sT we obtain

M*D̈
*
(t)+ C*Ḋ

*
(t)+ R*(t) = −L*üg(t) (9)

whereM* = sTMs; C* = sTCs; L* = sTMI; and R*(t)= sTR(t). The
following parameters can be defined: K* =R*

y/D
*
y , ω

*2 =K*/M *,

© ASCE 04020008-3 J. Archit. Eng.
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2ξω* = C*/M*, ρ*(t) = R*(t)/R*
y , μ*(t) = D*(t)/D*

y , and η* =
R*
y/(M

*üg,max). The parameters R*
y andD

*
y correspond to the conven-

tional yielding point of the equivalent system. After the previous def-
initions, Eq. (9) becomes

μ̈*(t)+ 2ξω*μ̇*(t)+ ω*2ρ*(t) = − L*

M *

ω*2

η*
üg(t)

üg,max
(10)

By comparing Eqs. (6) and (10), it is evident that the response of
the substitute SDOF system can be obtained multiplying by
L*/M* the response of a SDOF system characterized by the param-
eters reported previously.

In order to characterize the bilinear force–displacement rela-
tion, the deflected shape at yielding is assumed as a shape vector.
This shape vector depends only on the characteristics of the exist-
ing elements, owing to the assumption that both D*

y and D
*
u remain

unchanged between the original and retrofitted configuration. The
following constraints allow the evaluation of the deflected shape:
(i) the variation of the axial force on the column is neglected (the
values of axial forces under vertical loads are assumed); (ii) the
seismic behavior is shear type (this implies that the joint rotations
coincide with the chord rotations of the vertical elements and that
the beams behave elastically). For each principal direction of the
building plan, for each level and for each vertical element the cor-
responding yielding chord rotation can be calculated using ex-
pressions from the literature; here the formulation reported in
NTC (2018) is adopted. A unique representative value for yielding
chord rotations θy,i of the vertical elements at Level i is assumed.
Usually, the mean value among all elements is a reasonable choice.
If a significant building torsion is expected, the approach described
in Paulay (1997) should be applied, with expressions governed by
the overall strength and by the stiffness eccentricity. At this point
of the design procedure, the positions and characteristics of the
additional bracings are not yet known. It is reasonable to assume
that the presence of the additional elements should reduce the
building torsion of the retrofitted structure, thus the aforemen-
tioned approach can be safely applied by considering only the el-
ements of the existing structure.

The relative displacements between the floors are δy,i = θy,iHi,
where Hi is the height of the ith interstory. The corresponding dis-
placements of the jth floor result in

dy,j =
∑j

i=1

δy,i (11)

At yielding, it is assumed uj = dy,j, and from Eq. (8) the corre-
sponding components of the shape vector are obtained by

sj = dy,j/D
*
y (12)

The displacement D*
y can be calculated by recalling that

M* = sTMs and imposing that the equivalent SDOF system had
the same mass of the structure, M * = ∑N

i=1 mi

D*
y =

�������������∑N
i=1 mid2y,i∑N
i=1 mi

√√√√ (13)

The factor L*/M* results in

L*

M* =
1

D*
y

∑N
i=1 midy,i∑N
i=1 mi

(14)

Similarly, at ultimate conditions, the chord rotations θu,i of the
vertical elements at Level i can be estimated. In this case, the

selection of the minimum value among all elements is a reasonable
choice. If a significant building torsion is expected, the approach
already recalled for the yielding condition should be applied. The
relative displacements between the floors is δu,i = θu,iHi. The cor-
responding displacements of the jth floor result in

du,j =
∑j

i=1

δu,i (15)

The available ductility μ* is assumed as the minimum value of the
ratios du,j/dy,j at each floor. The ultimate SDOF equivalent dis-
placement is thus

D*
u = μ*D*

y (16)

At this point, the period T* can be calculated from Eq. (1) or
Eqs. (2) and (3), substituting M*D*

u/L
* and M *D*

y/L
* to D*

max
and D*

y respectively, and then Eqs. (4) and (5) can be applied, ob-
taining R*

y . Recalling Eq. (12) and considering that

R*
y = K*D*

y = sTR =
∑N

i=1 dy,iRi

D*
y

(17)

Eq. (13) can be substituted into (17), finally obtaining

∑N
i=1

dy,iRi = K*D*2
y = K*

∑N
i=1 mid2y,i
M* (18)

At this point, the forces Ri must be determined in order to satisfy
(18). One of the possible choices to satisfy Eq. (18) is to set that
each term of the two summations must be equal, thus obtaining

Ri = midy,i
M* K* (19)

Eq. (19) is usually applied during the design of new buildings.
Often, when dealing with existing buildings, some constraints aris-
ing from the actual characteristics of the structure suggest a more
flexible approach. Thus, a different solution is obtained if a condi-
tion on the regularity in elevation is introduced, as discussed in the
following. Calling Ki the lateral stiffness of the ith level, the regu-
larity condition corresponds to

Ki = αKi+1 (20)

According to NTC (2018), the parameter α is selected in the range
[0.9–1.4]. Considering that the shear Vi acting at the ith level is

Vi =
∑N
k=i

Rk (21)

the floor stiffness of the N th level is

KN = VN

δy,N
= RN

δy,N
(22)

and RN can be easily calculated as

RN = KNδy,N (23)

At Level N − 1 the lateral stiffness is

KN−1 = VN−1

δy,N−1
= RN + RN−1

δy,N−1
(24)

© ASCE 04020008-4 J. Archit. Eng.
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and, considering Eq. (20), RN−1 results in

RN−1 = αKNδy,N−1 − RN (25)

Substituting the previous recursive expressions into Eq. (18), the
stiffness KN can be evaluated:

KN = K*

M*

∑N
i=1 mid2y,i∑N

i=1 α
N−iδy,idy,i −

∑N−1
i=1 αN−i−1δy,i+1dy,i

(26)

The force RN is given by Eq. (23), whereas the remaining forces Ri

(i = 1 . . .N − 1) are determined with

Ri = αN−iKNδy,i −
∑N
k=i+1

Rk (27)

This leads to a different distribution of lateral loads, with respect to
the solution (19), satisfying the additional conditions (20) on the
vertical regularity.

The total shear Vi required at Level i is evaluated with Eq. (21).
Under the assumptions introduced, the available shear Vbldg,i at Level
i is obtained by summing the shear resistance of all the vertical ele-
ments. The characteristics of the additional elements can be calcu-
lated in order to gather the needed additional shear resistance Vadd,i

Vadd,i = Vi − Vbldg,i (28)

When the solution leads to a retrofitted configuration with
abrupt strength changes of the additional bracings, a different crite-
rion could be more suitable, based on the elevation regularity of the
additional bracings, corresponding to the constraint

Vadd,i = βVadd,i+1 (29)

Applying a procedure similar to that discussed for the elevation
regularity of the whole building, the shear resistance of the addi-
tional bracings at the N th level results in

Vadd,N =
K*

M *

∑N
i=1 mid2y,i −

∑N
i=1 Vbldg,iδy,i

dy,N +∑N−1
i=1 (βN−i − βN−i−1)dy,i

(30)

The force RN is given by

RN = VN = Vbldg,N + Vadd,N (31)

and the other forces Ri (i = 1 · · ·N − 1) are given by

Ri = Vbldg,i − Vbldg,i+1 + (βN−i − βN−i−1)Vadd,N (32)

According to the strategy based on both stiffness and strength in-
crements, the stiffness of the added elements must be selected in order
to exhibit the same yielding displacement of the existing structure.

When the satisfaction of the operational limit state, such as the
maximum interstory drift for strategic buildings, is required, it can
be shown that this can be obtained by a scaling of the displacement
demands estimated previously at each level.

Case Study

The building to be retrofitted [Figs. 2(a and b)] is part of a complex,
housing the Abruzzo Regional Fire Service Department, L’Aquila.

The building has two floors and a flat roof. The structural plans of the
foundations and of the first floor slab are reported in Figs. 2(c and d).
Each floor has a surface of about 600 m2. The plan is L-shaped
with dimensions of 32.4 and 25.8 m. The 30-cm thick slabs are
made of precast elements, lightening blocks, and a cast-in-place
reinforced concrete layer. The foundations consist of reverse beams.
Three reinforced concrete, hollow-core walls house the stairs
and the elevator. The columns are 40 cm in diameter circular
and 30 × 30 or 30 × 50-cm2 rectangular. In general, the rectangu-
lar columns are reinforced with four or six 16-mm diameter lon-
gitudinal bars and 6-mm diameter stirrups spaced 15 cm apart;
the circular columns are reinforced with six 16-mm diameter lon-
gitudinal bars and 6-mm diameter stirrups spaced 15 cm apart.
The internal beams have the same depth as the slabs, and the peri-
metric beams depth is 60 cm.

The building was designed in 1990 complying to a code based on
allowable stress checks. It was designed taking into account the seis-
mic loads and almost all the horizontal resistance was provided by the
circular hollow core walls, whereas the rectangular hollow-core walls
and the columns were designed only for the vertical loads.

It suffered minor damage during the recent 2009 earthquake.
The good performance of the building can be partially attributed
to the presence of masonry infill walls. The return period of the
2009 main event can be estimated to be about 600 years according
to Price et al. (2012) and Cáelebi et al. (2010), whereas the retrofit
project was intended for a seismic action of about 2,500 years.
Thus, significant modifications of the structural layout of the build-
ing are expected to cope with this goal. The results in the global X
direction [Fig. 2(c)] are discussed; similar conclusions have been
obtained in the global Y direction.

According to the proposed procedure, the following assump-
tions were made: (i) the retrofit is based on the addition of new
steel-braced frames [elements br in Fig. 2(d)], (ii) the axial forces
in the vertical elements, owing to the dead and live loads, do not
change under the seismic loads, and (iii) the behavior of the build-
ing is shear type. The suitability of these hypotheses are checked at
the end with nonlinear dynamic simulations.

Before applying the design procedure, the occurrence of fragile
collapses must be checked for each member, comparing the shear
resistance with the shear force equilibrating the flexural strength.
The shear resistance is assumed as the minimum shear carried by
the concrete or by the reinforcements. These checks were satisfied
for all the columns. The shear carried by the concrete is greater
than that equilibrating the flexural strength only for the hollow
rectangular elevator shaft. The remaining circular hollow-core
walls are far from this requisite and upgrading of the concrete
shear resistance was deemed unreliable. According to NTC (2018),
the hollow circular walls cannot be considered as secondary ele-
ments, because they would carry more than 15% of the horizontal
loads. Thus, they will be deactivated [elements de in Fig. 2(d)] to
minimize their flexural stiffness and assure their capacity only
against vertical loads.

For the hollow rectangular elevator shaft, the shear carried by the
reinforcements is smaller than that equilibrating the flexural strength
and requires an upgrade [element st in Fig. 2(d)]. Moreover, because
the story diaphragms are assumed as rigid, new portions of slabs
[sl in Fig. 2(d)] are added, to eliminate the weakness owing to
the irregular shape of the floor slabs near the inner circular core.

The design procedure starts with the selection of the design
yielding chord rotation at each floor. The details of the closed-form
estimation of the chord rotations of each element are omitted, while
synthetic values are reported in Table 1. At yielding, very similar
mean values of 0.8%–0.9% at both levels can be observed for the
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columns. For the walls, θy is 0.3%. At ultimate condition the elements
exhibit a minimum chord rotation of 1.4%

Owing to the irregular plan configuration of the building, signifi-
cant floor torsion effects can be expected. Thus, the approach pro-
posed in Paulay (1997) has been applied to calculate the yielding
displacement of each floor. Stiffness reductions for the seismic
loads in the X direction [see Fig. 2(c) for the axis convention] of
2.6% at Level 1 and 2.9% at Level 2 are found, whereas in the Y
direction the torsional effect is negligible. Knowing the system stiff-
ness at each floor, the relationship between floor shear and interstory
displacement, until the yielding of the rectangular hollow-core wall,
can be determined. At this point, its stiffness can be set to zero and
the subsequent branch is based only on the column stiffness, until
the yielding of all elements. Then, the bilinear elastoplastic relation-
ship required by the procedure is obtained by imposing the same

energy for the two curves. At this point, the yielding chord rotation
of the center of stiffness of each floor θy,i can be calculated. The
adopted design parameters in the X direction are reported in Table 2.

The yielding displacement of the equivalent SDOF system D*
y

is 29.7 mm. The values of θu,i, i.e., the ultimate chord rotations at
the various floors, must be selected considering the capacities re-
ported in Table 1: selecting 1.1% for both floors, i.e., less than the
available minimum of 1.4%, the required ductility μ* is 1.98. The
latter value can be considered acceptable for an existing RC
building.

In Fig. 3, the 5% damping displacement response spectrum, as
defined in NTC (2018) for the site of the building, is depicted.
Owing to the strategic category of the building, a 2,475-year return
period spectrum has been adopted for the collapse limit state.

The displacement capacity of the equivalent SDOF system is
M*D*

u/L
* = 60.5 mm. The natural vibration period corresponding

to 60.5 mm is 0.456 s, determined from the procedure described in
the “Introduction,” with q* = 1.88. Consequently, the stiffness of
the equivalent SDOF system and the base shear can be calculated
and the demand in terms of total shear at each level can be initially
obtained applying (19).

The total shear capacity of the existing structure at each level is
obtained by summing the shear forces corresponding to the flexural
resistance of the vertical elements, considering only the elements
with adequate ductile behavior. At Level 1, the shear demand is
greater than the shear capacity, thus the difference is carried by

(a) (b)

(c) (d)

Fig. 2. Abruzzo Regional Fire Service Department, L’Aquila: (a) aerial view from the south; (b) aerial view from the north–east; (c) foundation plan of
the building before the retrofit, measures in centimeters, Verticals A, B, and C refer to some alignments relevant for the seismic response; and (d) first-
level plan with the locations of the building parts subjected to the interventions: four perimetric frames reinforced with bracings (br), the rectangular
hollow-core elevator shaft, reinforced with additional stirrups (st), new slabs (sl), deactivation of the circular shafts to carry only vertical loads (de).

Table 1. Yielding and ultimate chord rotations (%) in the global X
direction

Elements (level)

Yielding Ultimate

min max mean min max mean

Rectangular columns (1) 0.7 1.1 1.0 1.9 2.8 2.2
Circular columns (1) 0.8 0.9 0.9 1.7 2.1 1.9
Rectangular wall (1) 0.3 0.3 0.3 1.6 1.6 1.6
Columns (2) 0.7 1.0 0.8 2.2 2.8 2.5
Rectangular wall (2) 0.3 0.3 0.3 1.4 1.4 1.4
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new additional elements, i.e., new braced frames. At Level 2, the
shear demand is smaller than the shear capacity of the existing el-
ements. To cope with this issue, two options have been explored,
corresponding to the constraint in Eq. (20) on the overall structural
regularity and Eq. (29) on the bracings regularity, respectively.

Following the constraint on the structural regularity, the shear
carried by the additional elements at Level 2 is about 10% of the
corresponding shear at Level 1, thus an abrupt strength reduction
of the bracings is introduced. Following the constraint on the
bracings regularity, the previous ratio increases up to 25%. The
optimal selection of stiffness and strength distribution at each

level have also been discussed in research devoted to high-rise
buildings (Capecchi et al. 1980), leading to results conceptually
similar to previous ones.

With the procedure described previously, the total shear carried
by the braced frames can be determined, leaving the choice of
their number, stiffness, and position to the designer. The knowledge
of the flexural stiffness of each vertical element allows us to locate
the center of stiffness at each level. The stiffness of the additional
bracings was determined in order to maintain the position of the cen-
ter of stiffness, also in the retrofitted structure. Thus, the previously
calculated yielding chord rotations are still valid and can be also at-
tributed to the additional steel braced frames. In the case at hand, two
additional braced frames are inserted in each direction, as depicted in
Fig. 2(d). The dissipating element of the frame (Fig. 4) consists of the
central vertical steel profile, designed to yield at a prescribed hori-
zontal displacement. The other steel elements are designed to
carry, in the elastic range, all generated forces, avoiding the transmis-
sion of any additional load to the existing joints and members. The
foundations of the braced frames have been upgraded to carry the ad-
ditional loads by additional micropiles.

In order to the check the building performance when the seismic
action corresponding to the operational limit state occurs, a simple
scaling has been applied to some quantities of Table 1, as already
discussed at the end of the previous section. The maximum inter-
story drift obtained is 0.4%, which can be considered compatible
with the strategic function of the building.

Passing on the seismic assessment of the retrofitted configuration,
a model has been developed using the OpenSees code (McKenna
et al. 2013). The nonlinear behavior of each vertical element has
been derived directly from the closed-form calculations and a line-
arized law between shear force and relative displacement between
element joints has been implemented, adopting the OpenSees two-
NodeLink element. The bending moment is derived by the code on
the basis of the shear-type assumption. Owing to the latter hypoth-
esis, the yielding and ultimate relative displacement between ele-
ment joints is equal to the product between the corresponding
chord rotations and the element length. When the ultimate displace-
ment of the element is achieved, its strength rapidly decreases to

Table 2. Retrofit design in the global X direction

Symbol unit Level 1 Level 2 Sum Overall

Hi mm 4,200 3,300
θy,i % 0.55 0.43
dy,i mm 22.3 37.5
mi kN/m/s2 738 474 1,212
D*

y mm 29.7
M * kN/m/s2 1,212
L*/M * kN/m/s2 0.97
θu,i % 1.1 1.1
du,i mm 46.2 82.5
du,i/dy,i 1.98 2.20
μ* 1.98
D*

u mm 58.8
q* 1.88
T* s 0.456
K* KN/m 230,182
R*
y kN 6,842

Ri [Eq. (19)] kN 3,272 3,380
Ridy,i/D*

y kN 2,570 4,272 6,842
Vi kN 6,653 3,380
Vbldg,i kN 3,724 3,592
Vadd,i kN 2,929 −212

α [Eq. (20)] 1
Ri kN 2,488 3,868
Ridy,i/D*

y kN 1,954 4,888 6,842
Vi kN 6,356 3,868
Vadd,i kN 2,632 275

β [Eq. (29)] 4
Ri kN 1,954 4,200
Ridy,i/D*

y kN 1,535 5,367 6,842
Vi kN 6,154 4,200
Vadd,i kN 2,430 607

Fig. 3. Design displacement (SDe) and acceleration (Sae) response
spectra at 5% damping, displacement spectra of the accelerometric re-
cords (Table 3), and corresponding mean value.

Fig. 4. Front view of a braced frame (new elements are highlighted in
dark gray).
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zero. From a numerical point of view, this formulation is very fast
and stable. Preliminary comparisons were made between the formu-
lation described previously and fiber models, showing compatible
results in a wide deformation range.

Starting from the nonlinear static analyses, Fig. 5(a) shows the
pushover curves in the global X direction both for the existing
and the retrofitted structures, according to the NTC (2018) proce-
dure. The curves must be read in a comparative perspective, taking
into account that the procedure discussed previously leads to differ-
ent parameters of the substitute SDOF system, with respect to NTC
(2018). In the existing structure the circular walls have been consid-
ered already deactivated. The diamond symbols correspond to the
yielding status in the equivalent bilinear force–displacement law,
the white circles to the displacement capacity owing to maximum
allowed interstory drifts, the white square to displacement capacity
owing to maximum allowed resistance drop, whereas the black
circles correspond to the displacement demands. Considering the
diamonds and the white circles, the strategy based on both stiff-
ness and strength increments of Fig. 1(b) can be clearly recog-
nized. Furthermore, both the constraints based on overall
regularity and bracings regularity are able to satisfy the required
seismic performance.

For the comparisons based on nonlinear dynamic analyses, the
selection of seven accelerometric records (Fig. 3) compatible with
the 5% damping design spectrum was made using the procedure
reported in Smerzini and Paolucci (2011). The main parameters
of the records are reported in Table 3. For each record the inter-
story drift on three vertical alignments [the locations are identified
as A, B, and C in Fig. 2(c)] was recorded and the maximum values
calculated. The mean values among the analyzed records are re-
ported in Fig. 5(b–d), both for the existing and the retrofitted
structure. In the existing structure the displacement demands

attain very large values at the first floor, incompatible with the col-
lapse limit state performance.

For the retrofitted structure designed for the overall vertical reg-
ularity, Eq. (20), maximum interstory drifts reach 2.5% at the sec-
ond level and slightly exceed the vertical members capacities.
Instead, when the bracings regularity is pursued, Eq. (29), the inter-
story drift is well below the element capacities. The analyses have
been repeated with a different set of seven records, obtaining similar
results. Thus, the observed behavior does not depend on the signal
selection. This behavior can be partially related to the linear dynam-
ics of a 2-DOF system, for which the participation coefficient of the
second mode, which governs the interstory drift at the upper floor,
shows a 13% reduction passing from Eqs. (20)–(29).

It is interesting also to compare the mean value of D*
u, resulting

from the numerical simulations, to the corresponding design value.
Thus, Eq. (8) was applied, using the maximum absolute displace-
ment of a point located on the roof near the center of mass. For
the solution corresponding to Eq. (20), D*

u is 65 mm, slightly
greater than the design value of about 59 mm. When Eq. (29) is ap-
plied, D*

u is 57 mm, very similar to the design value.

(a) (b)

(c) (d)

Fig. 5. (a) Nonlinear static analysis, comparison between the existing and the retrofitted structure (overall regularity or bracings regularity criteria);
(b) nonlinear dynamic analysis, mean values among seven records of the maximum interstory drifts [the location of the vertical alignments are re-
ported in Fig. 2(c)], existing structure; (c) same analysis for the retrofitted structure designed for the overall vertical regularity; and (d) same analysis
for the retrofitted structure designed for the vertical regularity of the additional bracings.

Table 3. Accelerometric records selected for the dynamic analysis

Waveform
ID

Earthquake
name Date Mw

Epicentral
distance (km)

465 Erzincan 1992 March 13 6.6 8.97
304 Loma Prieta 1989 October 18 6.9 18.75
217 Olfus 2008 May 29 6.3 8.89
440 Gazli 1976 May 17 6.7 12.78
466 Duzce 1999 November 12 7.1 5.27
329 Darfield 2010 September 03 7.1 9.06
339 Christchurch 2011 February 21 6.2 1.48
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Finally, the design assumption of constant axial forces in the
vertical elements was verified: in the element with the maximum
variation of about 33% of the axial force, the ultimate moment var-
ies of about 7% and the yielding and ultimate interstory drifts vary
by 2% and 2.5%, respectively. Thus, the assumption made at the
design phase resulted acceptable.

The discussion reported above has been based on the results of
the dynamic analyses with the seismic action applied only in the X
direction, thus allowing a better comparison with the design phase
and with the results of the pushover analysis. According to several
seismic codes, orthogonal effects must be considered and the seismic
actions must be applied simultaneously in two horizontal directions.
This was checked, repeating the nonlinear dynamic analyses using a
set of seven two-component accelerograms. It was observed that the
maximum drifts corresponding to the set of single-component re-
cords were not exceeded by the two-component results.

Conclusions

When dealing with the rehabilitation of an existing building, sev-
eral tentative retrofit configurations are usually analyzed until the
performance corresponding to the target limit state is achieved;
here, a straightforward procedure to determine the retrofitted con-
figuration of the structure directly has been proposed.

First the retrofitted strategies have been discussed, making ref-
erence to the use of the nonlinear static analysis procedure widely
applied in international seismic codes and standards. Since the ret-
rofitting has been pursued by adding new elements, avoiding
strengthening single existing elements, the strategy involving an in-
crease of both strength and stiffness, maintaining unchanged the
yielding and ultimate displacements, has been adopted. In particu-
lar, the rehabilitation is based only on additional steel bracings.

The displacement-based design, formerly proposed for new
buildings, has been extended to existing buildings. Limiting our
attention to low-rise reinforced concrete buildings, under the hy-
potheses of shear-type behavior and constant axial forces in the
columns, the yielding chord rotations of the joints have been de-
termined directly and, thus, the deflected shape at yielding has
been calculated as well. The yielding displacement of the substi-
tute SDOF system, equivalent to the MDOF system, is easily de-
termined and following a similar approach, based on the ultimate
chord rotations, the ultimate displacement of the SDOF system
can be calculated. From the displacement design spectrum the
characteristics of the retrofitted SDOF system, i.e., vibration pe-
riod, stiffness, and strength, are determined. Thus, the shear resis-
tances of each floor of the retrofitted MDOF structure can be
calculated. The difference between required and available shear
resistance has been provided by additional elements, in this case
by steel bracings. It is shown that the distribution of shear resis-
tance over the height, furnished by the procedure, is not unique
but can be satisfied in different ways, which is resolved by intro-
ducing a constraint concerning the vertical regularity. Once the
retrofitted configuration is pursued by the direct procedure pro-
posed, this configuration has been checked with the seismic as-
sessment analyses specified by the code.

The proposed procedure has been applied to a case study, corre-
sponding to a real retrofit project of a strategic building, ascertain-
ing in detail the applicability of the various steps described and also
confirming the suitability of the assumptions introduced. The retro-
fitted configurations, obtained by applying two different regularity
constraints on the shear resistances of floors, substantially satisfy in
both cases the code requirements, confirming the effectiveness of

the procedure, along with its assumptions and the adopted strategy
involving both stiffness and strength increments.

The nonlinear dynamic analyses, developed with a significant
set of natural accelerograms, suitably scaled to meet a target spec-
trum, provided further insight into the seismic behavior of the ret-
rofitted structure, that cannot be evidenced by static analyses. The
effectiveness of retrofitting has again been confirmed. Not surpris-
ingly, it was found that the vertical regularity significantly affects
the seismic performance and, specifically, one version of the con-
straint is more effective than the other. Moreover, the numerical
results make it possible to verify the feasibility of the assumptions
referred to in the procedure.
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