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The upgrading of existing structures that are not adequate to withstand seismic demand is a widely
adopted and effective approach aimed at risk reduction. Nowadays, many are feasible retrofit strat-
egies, employing traditional and/or innovative materials, and several options are available to pro-
fessionals. Each one has different performances in respect to some criteria, i.e., technical and/or
economical, by which each alternative can be evaluated. The selection of the most suitable retrofit
strategy for a particular structure may be not straightforward since, in many applications, thereis
no alter native which clearly emerges among others as the best one according to the whole of the cri-
teria considered.

Multi-Criteria Decision Making (MCDM) methods are decision-support procedures used in
many fields allowing the evaluation and comparison of a set of alternatives when many evaluation
criteria are involved. Ranking the alternative solutions leads to the identification of the optimal
solution, which better performs in respect to all relevant goals. This article discusses how such
methodological framework may be applied to the seismic retrofit of sub-standard structures. The
procedure is presented via an application to an under-designed reinforced concrete (RC) building.
Four different seismic upgrading alternative strategies, reflecting common aswell asinnovative ret-
rofit approaches, are designed to get the required performance level and compared by using the
TOPS S— MCDM method.

Keywords Seismic Retrofit; Multi-Criteria Decison Making; Reinforced Concrete; Fiber-Reinforced
Plastics, Steel Bracing; Base Isolation

1. Introduction

Existing structures in southern Europe may be inadequate in respect to the seismic perfor-
mance required by the codes in force. Many of them were designed without any earth-
guake resistance criterion, because they were built prior to earthquake resistant building
codes; others were designed to resist horizontal actions but without the principles of the
capacity design or are built at asitein an area where the seismic hazard has been reevalu-
ated and increased. For those cases listed, the seismic upgrading, aimed at improving the
seismic performance of the structure in away such that the seismic capacity is larger than
the estimated demand, may be more convenient than demolition and re-construction.
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In recent years, innovative technologies, along with traditional solutions, have
become available to the practitioners to satisfy the structural goas of retrofit, either
enhancing the seismic capacity or reducing the demand. These options may be significantly
different in respect of various aspects such as costs, time, structural performances,
architectural impact, occupancy disruption, etc. Therelative relevance of criteriaisstrictly
dependent on the specific application and, moreover, they often represent trade-offs.
Therefore, the choice of the retrofit strategy may be a not straightforward task. In the case
of critical facilities, as well as for architectural heritage-belonging construction, a quanti-
tative tool supporting the decision on the most suitable retrofit solution may provide a
consistent basis for intervention design and construction management. Multi-Criteria
Decision Making (MCDM) methods may be helpful in the matter. They are commonly
employed to solve similar problems occurring in severa fields (i.e., marketing choices,
resources alocation planning, natural resources management, medical treatment
selection), when the selection among a set of alternative solutions requires accounting for
many criteria.

This article discusses the application of an MCDM method, known as TOPSIS (Tech-
nique for Order Preference by Similarity to Ideal Solution: Hwang and Y oon, 1981), for
the selection of the optimal retrofit strategy in the case of an under-designed RC building.
The decision process is made of the following eight steps which also reflect the structure
of the article: (1) assessment of the un-retrofitted structure; (2) definition of the set of
alternatives; (3) design of the retrofit options; (4) selection of the evaluation criteria; (5)
relative weighting of the criteria; (6) evaluation of the alternatives; (7) application of the
chosen MCDM method to rank the alternatives and to identify the best retrofit solution;
and (8) sensitivity analysis to investigate the stability of the solution in respect to the
weights of the criteria.

Some of the procedure’s steps require choices which are, to a certain extent, subjec-
tive; this includes the relative weighting of the criteria and the qualitative evaluations of
the alternatives. In these cases, the role of who has to choose the retrofit solution, the deci-
sion maker (DM), is important. The eigenvalue approach proposed by Saaty [1980] is
used to give overall consistency to the subjective choices. Starting from linguistic judge-
ments expressed by the DM, this approach allows the definition of the relative importance
on the final decision of each criterion as well as obtaining the quantitative eval uations of
criteria in respect of qualitative alternatives. Furthermore, a consistency measure of the
DM’s judgments ensures that no intolerable conflicts exist anong them and that the final
decisionislogically sound and not aresult of random prioritization [ Shapira and Gol denberg,
2005].

Asit will be clear in the following, criteria weights may be determinant for the final
selection as they amplify or de-amplify the evaluation of the solutions in respect of each
criterion by means of its relative importance. Therefore, a sensitivity analysis on the final
result may give a quantitative measure of the actual sensitivity of the results of application
of the MCDM method to the criteria weights.

The structure considered in the application is a three-story RC structure built at the
European Laboratory for Structural Assessment (ELSA) of the Joint Research Center
(JRC) in Ispra, Italy. This building, realized and tested for the EU project SPEAR [Far-
dis and Negro, 2005], is considered here as a case study, being representative of pre-
seismic code constructions in southern Europe. It is supposed to be located in
Pomigliano d’ Arco (Naples, Italy); in 2003 [OPCM 3274], seismic classification was
given to this site, and hence it may be representative of a situation in which existing
structures are actually strongly deficient in terms of seismic performance and the retrofit
may be required.
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In the following, the nonlinear assessment of the un-retrofitted structure is presented
first; then four alternatives, reflecting different seismic retrofit approaches, are designed.
Three of these aim at enhancing the seismic capacity of the building according to distinct
philosophies: (i) improving deformation capacity by columns confinement with Glass
Fiber Reinforced Plastics; (ii) increasing strength and stiffness by adding steel bracing;
(iii) enhancing both ductility and strength by concrete jacketing of selected columns;
whereas the fourth one (iv) intends to reduce the seismic demand via base isolation. Con-
sequently, the solutions are ranked via the TOPSIS procedure, which allows the final
choice of the retrofit strategy suitable for the case examined and evaluation of the stability
of the results to the judgment process.

2. Description and Seismic Assessment of the Un-Retrofitted Structure

The SPEAR structure is three stories, the inter-story height is 3.0 m, an RC building
designed for gravity loads only according to the design code in force in Greece between
1954 and 1995 [NEAK, 1995; NKOS, 1995]. The standard floor and the elevation view of
the building are presented in Fig. 1. All the columns have square cross section (250 x 250
mm?), except column C6 which is 750 x 250 mm?. The beams’ depth is 500 mm; the slab
thickness is 150 mm. The frame can be defined as a weak column-strong beam system
and, therefore, it is far from the capacity design principles. The center of stiffness at each
floor is away from the centre of mass, this irregularity causes torsion, while the structure
can be considered regular in elevation.

Longitudinal smooth steel reinforcement is made of four ¢ 12 mm bars for the col-
umns (except C6 in which two rows of three ¢ 12 mm bars close to the opposite sides of
the section and two intermediate rows of two bars of the same diameter are present); the
beams' reinforcement is composed by two ¢ 12 mm diameter bars at the top of the section
(“montage”); two ¢ 20 mm bars are added at top over column C3 in beams B9 and B10;
two bottom bars (three in B4) continue straight to the supports; some other 12 mm diame-
ter bottom bars are bent up towards the supports. Stirrups are smooth ¢ 8 mm bars and are
200 mm spaced in the beams, and 250 mm in the columns. They are not continued in the
joints. The confinement provided by this arrangement may be considered to be poor.
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FIGURE 1 Standard floor plan and 3D view of the SPEAR building.
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TABLE 1 Steel properties [Jeong and Elnashai, 2005]

Bar Yield Ultimate Young's Post-yield

diameter strength strength modulus stiffness Ultimate
[mm] [MP4] [MP4] [MP4] [MPa strain
12 459 571 206000 650 0.174
20 377 567 206000 1147 0.168

Table 1 summarizes the assumed material properties and stress-strain relationships
for steel [Jeong and Elnashai, 2005]. The compressive strength of concreteis25 MPa. The
model proposed by Mander et al. [1988] for the stress-strain behavior is adopted, assuming
an ultimate strain equal to 0.004. Design gravity loads on slabs are 0.5 kN/m? for finishing
and 2.0 kN/m? for live loads. Story masses are calculated by dividing the gravity loads
(sum of dead loads and 30% of live loads) by the acceleration of gravity (g).

A finite elements model is implemented for the structure considered using the
SAP2000NL 8.2.3 structural analysis software [C.S.l., 2005], beam-type elements are
used. Slabs are omitted but their contribution to stiffness and strength is taken into account
by assuming for the beams a T-shaped section (the effective flange width is assumed to be
the beam width plus 7% of the clear span of the beam on either side of the web asin Far-
dis, 1994) and introducing a diaphragm-type constraint between al the joints of the same
floor, which renders each floor behaving as a rigid body with no in-plane deformations.
Columns at the first floor are assumed to be fully restrained at their base.

The modal analysis of the frame as built highlights that all mode shapes have signifi-
cant tranglational components along X and Y axes, and rotational around Z, showing that
the building is strongly torsionally unbalanced. The predominant modes are along X for
the first mode (T, = 0.52 s), along Y for the second mode (T, = 0.46 s) and torsional
around Z axis for the third mode (T; = 0.37 3).

In order to assess the building’s seismic capacity and compare it with the demand?, a
lumped plasticity model was developed for the site where the structure is supposed to be
located. It is obtained by introducing, at both ends of each element, a plastic hinge the
nonlinear moment-rotation behavior of which is defined starting from the moment-curva-
ture diagram of the corresponding section and adopting the expressions provided by the
code. The latter allows the conversion of the curvatures (at yield and ultimate) into the
corresponding chord rotations of the element.

A nonlinear static analysis (pushover) of this model is performed according to the
procedure provided by the mentioned norm. A lateral force pattern proportional to the
product of floor masses and the first mode along the considered axis (Fig. 2) is used to
push the structure along the +X, =X, +Y, =Y directions,. Recording at each step of the
analysis the base shear is acting on the structure (F,) and the roof displacement (d,), that is
the displacement of the center of masses at the last floor, and the so-called capacity curve
is obtained.

The seismic demand, according to the recent Italian seismic code [OPCM 3274, 2003; OPCM
3431, 2005], is defined in terms of elastic response spectrum, for which a specific shape is assigned
with reference to the ground type at the site. This shape is anchored to a design value of the peak
ground acceleration on rock (a,) and amplified by a soil factor (S). The site considered classified as
moderate seismicity and the site classis C according to the code, therefore a, and Sare 0.25 g and 1.25,
respectively.



Multi-Criteria Decision Making for Seismic Retrofitting of RC Structures 559

—= 1.000 = 1.000
\ \
\ \
| |
| |
— 0.808 —0.755
\ \
\ \
\ \
\ \
— 0.407 —0.333
\ \
\ \
WZ Wz
X Y
— —

FIGURE 2 Shape of the lateral force pattern assumed for the pushover analysis along the
X and 'Y directions (forces value normalized by the one at the top).

Figure 3 shows the capacity (or pushover) curves along the four directions with the
further indication of the attainment of the limit states (LS) defined in the OPCM 3431
[2005]: (@) significant damage (SD), (b) damage limitation (DL), and (c) near collapse
(NC). The DL limit state (b) is attained when the maximum interstory drift ratio is 0.005;
(a) corresponds to the attainment of 3/4 of the ultimate rotation in at least one of the plastic
hinges. In the following, the NC (c) (attainment of the full value of ultimate rotation) limit
state will be not considered.

The seismic assessment is carried out comparing the seismic capacity and the demand
by the so-called N2 method [Fajfar, 2000]. The capacity of the structure is represented by
the force-displacement curve obtained by the nonlinear static analysis. The base shear
forces and roof displacements are converted to the spectral accelerations and spectral
displacements of an equivalent single-degree-of-freedom (SDOF) system, respectively.
These spectral values define the capacity spectrum. The demands of the earthquake
ground motion are defined by inelastic spectra. The acceleration-displacement response
spectrum (ADRS) format is used, in which spectral accelerations are plotted against
spectral displacements. The intersection of the capacity spectrum and the demand
spectrum defines the performance point for the structure. In Fig. 4 with reference to the
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FIGURE 3 SPEAR building: pushover curves. Comparison between displacement capac-
ity and code's demand at each limit state, for each of the four directions—X, +X, =Y, +Y.
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FIGURE 4 Assessment done by the N2 method for the +X direction and for the DL (left)
and DS (right) limit states.

+X direction for both DL and SD limit states the application of N2 for the building consid-
ered herein is given. From the figure it is possible to conclude that the building does not
satisfy the SD LS and barely withstand the DL limit state. The other six performance veri-
fications of the total eight (4 directions x 2 limit states) are, for sake of brevity, reported in
Fig. 3 as a graphical comparison in terms of displacement capacity and corresponding
inelastic demand, both referred to the original, multi-degree-of-freedom, system.

In order to improve the structure’ s behavior in respect of the significant damage limit
state (seeright panel of Fig. 4), several strategies may be chosen. Aiming at improving the
capacity it is possible to enhance the global displacement capacity, the global strength, or
a combination of the two. A different approach consists of reducing the seismic demand
on the structure.

3. Definition and Design of a Finite Group of Alternatives

A retrofit strategy denotes an approach aiming at improving the seismic performance of an
existing structure. A retrofit system is, instead, the specific method and technology used to
implement the selected strategy [ATC-40, 1996; Fib bulletin No. 24, 2003]. Some
so-called technical strategies modify the demand and/or the response parameters of the
building. They include system completion (for structures having the basic features of an
earthquake resistant building but lacking some seismic detailing), system strengthening
and/or stiffening, enhancing deformation capacity, enhancing energy dissipation capacity
and reducing the seismic demand. In addition, a number of aternative management strate-
gies may aso be considered. They concern approaches like destination change, or demoli-
tion, or the way in which a certain technical strategy can be implemented (e.g., temporary
retrofit or phased interventions, while the structure is occupied or vacant, including exte-
rior or interior interventions, and so on).

Focusing on the technical strategies, it is important to note that each one can be
carried out in severa different manners. For example, there is more than one way to add
confinement to RC elements (by innovative techniques, i.e., using fiber-reinforced com-
posite materials, or traditional, as steel or concrete jacketing) or to enhance the strength.
Also, the systems able to reduce the seismic demand through the improvement of the
energy dissipation capacity of the building include several different specific techniques, as
well as those aiming at the base isolation. Therefore, severa options are available for
upgrading an existing structure and the decision maker has to select the most suitable one.
Furthermore, it is hardly possible to define the best retrofit solution in absolute terms, and
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the selection process strongly depends on the case under consideration. In order to make
such a choice, a set of feasible alternative interventions has to be defined. Depending on
the specific features of the structure and on its seismic deficiencies shown during the
assessment, it will be more appropriate to include in the set of aternatives some of the
alternatives rather than others. Each retrofit option has to be designed to a certain detail
level in order to be effectively compared with others.

For the MCDM application included in this article, a group of four alternatives is
considered, three of those aiming at a seismic capacity enhancement, the fourth one giv-
ing seismic demand reduction. In the following they will be indicated as alternatives A,
A, Ag, and A,, respectively. Solution A; consists of confinement by Glass Fiber Rein-
forced Plastics (GFRP) of columns and joints and results in an increase of the building
deformation capacity; A, provides a global strength and stiffness enhancement by add-
ing steel bracing; A; is the concrete jacketing of selected columns, which gives an
improvement of both strength and ductility. The retrofit philosophy of these first three
options can be graphically explained by means of the schematic representation in Figure
5 (adapted from Sugano, 1996) where (a), (b), and (c) are three different ways, practi-
cally corresponding to alternatives A,, A, and A respectively, by which it is possible to
lead the point (in the unsafe region) representing the original state of the building into
the safe region. Finally, the seismic demand reduction is referred to as alternative A,
and it is achieved by base isolation of the structure which lengthens the structure’s fun-
damental period of vibration, and further adds supplemental damping. In the following
sections, abrief description of the design and performance eval uation of each of the four
alternative interventionsis given.

3.1. Alternative A;: Confinement by Glass Fiber Reinforced Plastic

This first alternative is designed to increase the global deformation capacity of the
building through adding confinement to columns and strengthening external joints with
Glass Fiber Reinforced Plastic (GFRP). In general, this purpose can be achieved by
using composites in two different ways: the first one consists of establishing a correct
hierarchy of strength by relocating the potential plastic hinges; the second one aims at
increasing the ductility of plastic hinges without modifying their location [CNR-DT
200, 2004]. The latter approach is adopted here. The detailed description of the composite
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FIGURE 5 Different types of capacity improvement (adapted from Sugano, 1996).
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FIGURE 6 Pushover curves (SD limit state) comparison between as-built and retrofitted
by GFRP structure (Ieft). Comparison between seismic demand (D) and capacity (C) at the
SD limit state of the structure upgraded by alternative A; and pushed along the +X
direction (right).

intervention? design is reported in Cosenza et al., [2005]. Two superimposed fabric layers
of mono-directional glass fibers (weight 900 gr/m?, thickness 0.48 mm/layer, tensile
strength 2,560 MPa, longitudinal modulus of elasticity 80.7 GPa) are used for al col-
umns, except for C6 which is strengthened by two layers of balanced four-directional
glass fabric (weight 1,140 gr/m?, thickness 0.11 mm/layer, tensile strength 2,600 M Pa,
tensile modulus of elasticity 73.0 GPa) that increase the shear capacity of this column.
GFRP sheets cover a partial length (related to the local plastic hinge length) of the col-
umns at both ends, except for C6 which is wrapped along its full length. The Spoelstra
and Monti [1999] model, for the stress-strain behavior of concrete confined by FRP,
was adopted. Confined concrete ultimate strain (0.007; 0.006 only for column C6) was
evaluated according to the CNR-DT 200 [2004] provisions as a function of the non con-
fined concrete ultimate strain, concrete strength, and lateral confinement. The moment-
curvature relationships of wrapped sections show a significant increase in ductility,
especially for those with a high value of axial load. The increase in strength is not sig-
nificant, as expected. These effects reflect on the global behavior of the building, as
shown in Fig. 6 (left side) where the comparison among the four pushover curves corre-
sponding to the as-built and retrofitted by GFRP structure is given (the last point of the
curves corresponds to the attainment of the SD limit state). The N2 method is adopted to
compare the seismic demand (D in the right side of Fig. 6) to the capacity (C). From the
performance assessment it is possible to conclude that the retrofit option A, achievesthe
capacity improvement philosophy (a) described in the previous section, since it leads
the building to a safe state by enhancing only its deformation capacity, without chang-
ing the global strength.

3.2. Alternative A,: Steel Bracing

The retrofit option A, aims at increasing the global strength of the structure and at
reducing the eccentricity between the center of stiffness and the center of masses. It does
not induce any significant variation of displacement capacity. It consists of introducing
concentric diagonal braces, as shown in Fig. 7. The chosen stedl (Fe430) has yield and
ultimate strengths equal to 275 and 430 MPa, respectively. The cross section selected for

2The structure retrofitted in such way was actually tested at the ELSA laboratory for the
SPEAR project mentioned above.
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FIGURE 7 Bracing configuration: plan (a) and 3D (b).

the diagonal elementsisL-shaped (65 mm x 100 mm; 7 mm width). This choice was made
according to the design criteria described by the last Italian seismic code for steel
structures and imposing the use of only one cross section type for all braces, for practical
reasons.

The design of the intervention was based on the following considerations: bracing of
two parallel framesin each direction (X and Y) is needed to give a sufficient regularity in
plan of stiffness, and thus to try to decouple the oscillation modes in the two directions; it
is better to brace aternate bays so that, in case of an intense ground motion, the nodal
actions due to the diagonal elements is distributed among a larger number of columns;
bracing is provided in each story of the building so that the latter remains regular in eleva-
tion. According to the recommendations of the Fib bulletin No. 24 [2003], the diagonal
braces are supplemented with a steel frame anchored to the surrounding concrete members
(columns and beams). The horizontal steel elements (plates with section 250 x 15 mm?)
assist RC beams in resisting load effects and act as collector elements for the transfer of
inertia forces to the bracing system. Vertical steel elements, with C-shaped cross section
(280 mm height, 95 mm width), assist the existing RC columns [Caterino, 2006].

The comparison among the pushover curves of the original building and its configura-
tion retrofitted by alternative A, is shown in Fig. 8a. Even by comparing the bilinearized
capacity curves relative to the as-built and upgraded by A, structure (pushed up to the SD
limit state attainment along the +X direction, assumed as an example; see Fig. 8b) with the
elastic spectrum representing the seismic demand, it is possible to conclude that the
designed intervention achieves the capacity improvement philosophy (b) described in Fig. 5,
since it leads the structure to a safe state by enhancing only its global strength, without
changing the lateral displacement capacity.

3.3. Alternative A;: Concrete Jacketing

Columns C1, C3, and C4 are selected to be strengthened by a concrete jacket 75 mm thick
at each story (average concrete strength R, = 50 MPa, 8 longitudinal bars with diameter
16 mm, stirrups with diameter 8 mm and 150 mm spacing, 100 mm close to the joints) in
order to reduce the eccentricity between the centers of strengths and masses, with the
conseguent reduction of harmful torsional effects in the seismic response. Figure 9 shows
the location of the center of masses and that of the strengths (measured by the yielding
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FIGURE 8 Pushover curves (SD limit state) comparison between as-built and retrofitted
by steel bracing structure (left). Comparison between seismic demand and capacity at the
SD limit state of the structure upgraded by alternative A, and pushed along the +X
direction (right).
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FIGURE 9 Centers of masses and strengths, for both original and retrofitted by RC jack-
ets structure (left); cross section of ajacketed column (right).

moment of the columns) for the origina structure (Gy, and Gg, respectively) and for the
one with the three jacketed columns (G, and G’g, respectively). An increase of strength
and ductility of the jacketed sections is furthermore obtained (the ultimate concrete strain
is assumed 0.004 for the jacket, as for the core concrete). This reflects on the global
behavior of the building, as shown by the pushover curves reported in Fig. 10 (Ieft pandl).
It is important to observe that RC jacketing has to be considered as a global intervention,
since the longitudinal reinforcement of the jackets passes through holes drilled in the slab
and additional concrete is cast in the beam-column joints.
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FIGURE 10 Pushover curves (SD limit state) comparison between as-built and retrofit-
ted by A structure (left). Comparison between seismic demand and capacity at the SD
limit state of the structure upgraded by alternative A5 and pushed along the +X direction

(right).

As for the previous retrofit alternatives, the N2 method is adopted to compare the
seismic demand with the capacity. In the right panel of Fig. 10, the verification of the SD
limit state in the +X direction is carried out. The seismic demand (D) results to be practi-
cally coincident with the capacity (C), also for the other three directions.

3.4. Alternative A,: Base | solation

This retrofit option is designed to reduce the seismic demand to a lower-level adequate to
the present capacity of the structure. This purposeis achieved by lengthening the period of
vibration and by enhancing the energy dissipation capacity through a base isolation
system constituted of 9 (1 for each column) high-damping rubber bearing (HDRB)
devices characterized by an effective damping ratio (¢) equa to 10%. The superstructure
capacity (0.287 g, expressed in terms of spectral acceleration) is determined starting from
the pushover analysis of the original building and compared to the demand imposed by the
code for the site considered (g, = 0.25 g). In this way, the so-called “minimum isolated
period” (that is the value of the period above which the capacity of the structure resultsto
be greater than the seismic demand) T, = 1.11 sis evaluated (Fig. 11, left) by compar-
ing the superstructure capacity to the elastic demand represented by the elastic acceleration

Elastic spectrum 8,=0.25¢ S TYPE1
0.8 + o ® TYPE2 4
07 1 — withe=5%
' -—- Withe=10%

Sale]
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; ~TT
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0 T Tils T :
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FIGURE 11 Evauation of the “minimum isolated period” and layout of the selected
devices (Types 1 and 2).
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spectrum corresponding to a damping ratio equal to 10%. A selection of two different
types of device, each of those characterized by a different lateral stiffness value K, (Type
1: “soft” rubber, diameter 400 mm, K, = 480 kN/m; Type 2: “normal” rubber, diameter
300 mm, K,, = 710 kN/m) allows the isolation of the building by a period of vibration
greater than Tig i, (Ty = 1.39 s). The rational disposition of the isolators also provides
centering of the elastic stiffnesses of the isolated structure with consequent decoupling of
the X and Y oscillation modes.

The analysis of the structure is carried out via a moda response spectrum analysis
according to the mentioned Italian seismic code. Two levels of verification of the SD and
DL limit states is needed. The first level refers to the superstructure and it is analogous to
the assessment of a fixed-base building in seismic area (strength of each element for the
SD limit state, interstory drift ratio for the DL limit state). The second check is related to
the devices. In this case, the SD limit state is considered attained if the demand in terms of
horizontal displacement reaches a limit threshold according to the devices' producer. The
DL limit state verification of the isolators is assumed to be automatically satisfied if the
DS limit state is satisfied [OPCM 3431, 2005].

Since the PGA values needed for the attainment of the SD and DL limit statesin the
superstructure are larger than those relative to the isolator units, the global capacity of the
isolated building will be referred to the latter. Furthermore, given the definition of DL for
the devices, the PGA capacity values at the SD and DL assume the same value. Finally, it
is important to underline that the superstructure remains elastic up to the SD limit state
attainment.

4. Definition of the Evaluation Criteria

After the definition and design of the retrofit options (Steps 2 and 3 of the MCDM
procedure), choosing the evaluation criteria (Step 4) must be done. Criteria can be gener-
ally defined as different points of view from which the same solution can be evaluated.
According to Thermou and Elnashai [2002], criteria can be grouped into two categories:
economical/social and technical criteria. Only the criteria that may have a significant
influence on the final decision should be considered. They depend on the specific feature
of the building and on its destination. Since the building under examination is supposed to
be for residential use and the DM is assumed to be the owner, the criteriain the following
Table 2 have been selected.

Therefore, obvioudly, the total cost to be beared for the realization of each alternative
has to be taken into account to compare the retrofit options (criterion C,). But, in a
multi-criteria approach, the deferred expenses to be incurred during the economic life of

TABLE 2 Evaluation criteria

Group Symbol  Description
Economical / Social C, Installation cost
C, Maintenance cost
C; Duration of works/disruption of use
C, Functional compatibility
Technical Cs Skilled labour requirement/needed technology level
Cs Significance of the needed intervention at foundations

o Significant Damage risk
Cg Damage Limitation risk
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the building and needed to preserve its original functionality also have to be considered
(criterion C,). The time span necessary to realize each intervention, as well as the disruption
of normal building activities it causes, are of course other important aspects to take into
account. In the case under examination, the duration of the retrofit installation is considered
to cause disruption of use of the building. Furthermore, the functional compatibility of
each retrofit option to the existing building also hasto play a decisiverolein the procedure
since it concerns the architectonical impact that an intervention implies. Only a qualitative
evaluation of alternatives in respect of this criterion (C,) will be possible and thus its
conversion into quantitative terms will be needed.

Alternatives may be discriminate with respect to the skilled labor requirement and the
technology level needed for their realization (criterion Cg). It is appropriate to take into
account, by means of a specific criterion (Cg), the size of the eventual intervention at
foundation for each alternative, since the generally considerable difficulty of realization
and costs.

Seismic performance of the upgraded building according to one of the retrofit options
istaken into account by evaluating therisk of SD LS attainment (criterion C-), and the risk
of non structural damage to repair, during the economic life of the structure (criterion Cg).
Other details about criteria and the specific way of measuring the alternatives perfor-
mances according to them will be discussed in the following sections.

Besides the described criteria, others could be considered in the procedure. For exam-
ple, an additional criterion may be related to the reparability of the retrofitting building
after the occurrence of an earthquake inducing the attainment of the SD limit state.

5. Weighting the Evaluation Criteria

A quantitative evaluation of the relative importance (weight) of each criterion to the final
decision is needed. The weights will amplify or de-amplify the evaluations of the alterna
tivesin order to reflect how much each criterion isimportant relatively to the othersin the
choice of the best solution. Therefore this step, necessarily involving DM’s choices,
requires specia attention.

The approach used herein to compute weights w; of the criteriaC; (i = 1, 2, ..., 8) is
proposed by Saaty [1980] and is based on pairwise comparisons of criteria and eigenval-
ues theory. It requires the DM expressing his opinion about a pairwise comparison at a
time. In particular, with reference to two generic criteria Gy and Gy (j, k=1, 2, ..., 8), the
DM has to define the relative importance of C; in respect of C, choosing anong 17 possi-
bilities. Each choice is alinguistic phrase, such as those reported in the second column of
Table 3. Then, adopting the linear scale shown in the same table, the linguistic statement
can be converted into a crisp number &, which is an element of the following set:

{1/9, 18, 1/7, 16, 1/5, 1/4, 1/3,1/2, 1, 2,3,4,5,6, 7, 8, 9} (5.1)

The value of g, can be considered as a rough estimate of the w;/w ratio. Therefore,
gy isequal to 1 when criteria C; and C, are judged to be equally important; greater than 1,
if C; is considered to be more important than C, (3,€{2, ..., 9}); lower than 1, if C; is
considered to be less important than C, (g€ {1/9, ..., /2}). In the last row of Table 3 is
underlined that two criteria have to be compared one time only since it should be assumed

3For example, the building retrofitted by base isolation may be repaired through the replace-
ment of some or all the devices, since the superstructureislikely to remain elastic.
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TABLE 3 Scale of relative importance [ Saaty, 1980]

Intensity of Importance Definition

1 Equal importance

3 M oderate importance of one to another

5 Essentia or strong importance

7 Demonstrated importance

9 Extreme importance

2,4,6,8 Intermediate val ues between the two adjacent judgements
Reciprocal of above If criterion j compared to k gives one of the above, then k,

when compared to |, givesits reciprocal

& = Uay. After defining al the g, val ues*, they can be assembled into the matrix (A),
which results to be a symmetric square matrix of order n (n = 8 herein because 8 is the
number of compared criteria). For the case under consideration, 28 comparisons between
criteriain terms of relative importance have been performed, simulating a likely behavior
of the DM, and the A matrix given in Eq. (5.2) was obtained.

(1 1/3 1 1/5 4 1/3 4 1/3]
3 1 3 1/26 1 6 1
1 13 1 1/5 4 1/3 4 1/3
A=[ay]- 1?4 1/26 1/54 1/16 (15 1/26 1?2 1?5 2
3 1 3 1/26 1 5 3
14 1/6 1/4 1/5 2 1/5 1 1/3
'3 1 3 12513 3 1|

A brief clarification about some of the adopted g, valuesin (5.2) is given here to fur-
ther discuss the weighting process. It is assumed that the owner considers the reduction of
the maintenance costs (C,) moderately more important than the installation cost (C;)
because the former implies additional undesirable disruption of use; then, by adopting the
linear scale in Table 3, it has to be assumed a,, = 1/3. Theinstallation cost (C,) is consid-
ered to be asimportant as the duration of works (C;) since the latter results in a monetary
loss (e.g. rent revenue) and therefore a;; was chosen equal to 1. The functional compatibil-
ity (C,) isconsidered to be very important with respect to al other criteria (ay > 1, k=1,
..., 8). Infact, because of the residential destination of the structure and its moderate exten-
sion, the building results to be very sensitive to even the small architectonical impact that
an intervention may have on the normal use of the spaces.

The criterion concerning the significance of the needed intervention at foundation
(Cg) is dlso assumed to be generally important (ag, > 1, k=1, 2, 3, 5, ..., 8), since the cor-
responding evaluation should account for the additional time, cost and disruption to be
sustained. For example, the DM strongly prefers that a retrofit technique requires a small
intervention at the foundations even if it implies workers with a high degree of specialization

4The comparison of a criterion with itself obviously leads to a value g; equal to 1. Therefore,
the DM hasto carry out only n(n-1)/2 pairwise comparisons.
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(criterion Cy); therefore, g5 = 6. On the other hand, criterion Cg is judged to be only mod-
erately more important than the installation cost, duration of works, and limited damage
risk (ag; = 853 = 8gg = 3), and it is assumed as important as maintenance costs (ag, = 1).

Criterion C, regarding the skilled labor requirement and the technology level, is con-
sidered less important than the others (a5, <1, k = 1, ..., 8), for the reasons above, that is,
the owner prefers that the retrofit has better performance in terms of compatibility, costs,
duration of works, even if the installation team has to be more specialized. Criterion C,
(significant damage risk) is considered less relevant than Cg (limited damage risk) since
the design target of the alternatives was the SD limit state and it is satisfied by all solu-
tions. Therefore, it is assumed that the owner is more interested in reducing the expected
loss related to the repair in case of DL limit state occurrence; consequently, a;g = 1/3.

After all the pairwise comparisons have been performed and the A matrix has been
filled, a consistency measurement of the DM’ s judgments is needed, as will be discussed
in the next section. If the comparisons among criteria are carried out in a perfectly consis-
tent manner, each g, valueis exactly equal to the ratio w;/w, between the weights of crite-
ria G and C, respectively. In thisideal case, the A matrix hasrank equal to 1 and A =n=
8 isitsprincipal right eigenvalue. Moreover, it is also easy to show that the vector (W) of
relative weights wy, w,, ..., wg isthe principal right eigenvector.

Inthe more realistic case, g, deviates from the ratio w;/w, and the eigenvalues change
consequently. In particular, the maximum eigenvalue X, results to be greater than n (but
closeto it) while the other eigenvalues are close to zero. It is reasonable to assume the vec-
tor W equal to the eigenvector that corresponds to ). In other words, W has to satisfy
the equation A W = ), W. In the case under examination, it results )., = 8.447 and the
vector W results to be the following:

W={w,} ={0.073, 0.172, 0.073, 0.280, 0.026, 0.201, 0.035, 0.143} . (5.3)

Weights w; can be used to rank the criteria with reference to their relative importance
as shown in Table 4. Furthermore, the pie chart in Fig. 12 represents the shares of impor-
tance that the DM has defined via the pairwise comparisons. As anticipated previously,
the weights have a significant influence on the final solution of the decisional problem and
represent a subjective part of the procedure. For example, for the case under consideration,
it results that the alternatives with the best evaluations in respect to criteria C, and Cgq
(which arerelatively the most important) will be favored, whereas the eval uations accord-
ing to criteria C; and C, will play alesscritical rolein thefinal decision. Therefore special

TABLE 4 Ranking of criteria according to their weight

Ranking order Weights w, Criteria Description

I 0.280 C, Functional compatibility

0 0.201 Cs Intervention at foundation

" 0.172 C, Maintenance cost

% 0.141 Cg Limited damage risk

V-VI 0.073 C.GC, Installation cost, Duration of works
VIl 0.035 (o Significant Damage risk

VIl 0.026 Cs Skilled labor requirement




570 N. Caterino et al.

Cs (14.1%) C, (7.3%)
G (35%) C,(7.2%)
Co(20.1%) C4(7.3%)
C (2.6%) &%)

FIGURE 12 Shares of relative importance of criteria.

care is required in expressing the weighting judgements in a consistent manner, and in
ensuring that the final solution is stable, i.e., it does not change for slight modifications of
the weights' values.

5.1. Consistency Check of the Comparisons Among Criteria

A consistency measurement of the pairwise comparisons described may be useful to
ensure that no intolerable conflicts exist and that the final decision islogically sound and
not a result of random prioritization [Shapira and Goldenberg, 2005]. In case of a non
successful check for consistency, the procedure aimed to draw up the A matrix has to be
redone, in amore careful and coherent manner.

The pairwise comparisons can be considered conducted in a “perfectly” consistent
way when the following condition is verified: if C; is defined to be more important than C;
by a factor g;, and C; is assumed to be more important than C, by a factor g, then C;
should be more important than C, by the factor g, = &; g. In thisideal case, in fact, it
results g; = w;/ w; and a, = w;/ w,; therefore, g, = wilw, = (wi/w;) (w/w,) = &;gy. Since
the DM (adopting the Saaty’s procedure described in the previous section) arbitrarily
assigns &; values, without any mathematical constraint, they generally deviate from the w;/
w; ratios, and the perfect consistency is not achieved. In these cases, a degree of consis-
tency has to be evaluated and then compared with a limit value considered acceptable,
depending on the number (n) of compared elements.

First of al, the so-called “Consistency Index” (Cl) hasto be calculated as follows:

Cl = % (5.4)

Then the ClI has to be normalized by the “Random Consistency Index” (RCI) defined
as an average random consistency measure depending on n (0, 0, 0.58, 0.90, 1.12, 1.24,
132,141, 1.45forn=1, 2, ..., 9, respectively). In this way, the so-called “Consistency
Ratio” (CR) is obtained. In general, pairwise comparisons can be considered consistent
enough if CRislessthan 5% if n=3, 9% if n =4, 10% if n > 4. Otherwise, as mentioned,
it is necessary to re-examine the pairwise judgements until acceptable consistency is
achieved.

For the case under examination, since for n = 8 it isRCI = 1.41, the A matrix can be
considered consistent enough since it results CR = 4.5% < 10% as per Eq. (5.5);

cR= S _mx—n 1 _847-8 1 _, . (5.5)
RCI n-1 RCI 8-1 141
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6. Evaluation of the Retrofit Alternatives

The sixth step of the decision making procedure consists of evaluating the alternative
upgrading solutionsin respect to the considered criteria.

C, —installation cost: Thetotal cost to be sustained for the redlization of each alternative®
include: all the materials and labor needed for the necessary demoalitions (of structural
and non structural elements); the realization of the “core” of each intervention; and
the subsequent reconstruction of the non structural elements and finishings. Figure 13
reports the cost corresponding to these three categories, showing that the cost of the
labour needed before and after the structural intervention properly defined, may be
significant. The total values result to be 23,096 € for A,, 53,979 € for A,, 11,175 €
for A, and 74,675 € for A,.

C, —maintenance cost: Since the application of composite materials to structuresisrela-
tively recent, the durability and, consequently, the maintenance needs are still open
issues. Given the not easy predictability of the necessary maintenance interventions
during the economic life of the building (conventionally assumed to be 50 years), it is
considered more realistic to compare the retrofit alternatives in terms of health’s mon-
itoring cost to be sustained. For the alternative A; (GFRP), it is assumed that an
instrumental inspection is needed every 10 years.

For the option A, (steel braces), an anticorrosive treatment it is considered neces-
sary every 20 years, independently on the results of the periodic inspectionsto be per-
formed every 5 years. The corresponding cost is then included into the evaluation of
A, according to the criterion in exam.

For A; (RC jacketing), an inspection every 5 years and an instrumental examina-
tion every 10 years are considered.

For A, (base isolation), according to the instructions given by the HDRB devices
producer, it is assumed that “norma” and “in-depth” inspections are aternatively
required every 5 years (starting with an “in-depth” inspection right after the installation

@ Demolitions [ Intervention core Il Reconstruction
807 75

;.

60 54
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40 -
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installation costs [103 €]
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Ay A, Aj Ay
retrofit alternatives

FIGURE 13 Ingtallation cost: shares and total amount for each retrofit option.

SExcluding intervention at foundation; the same applies to criteria C, and Cs.
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FIGURE 14 Maintenance costs during the economic life of the building, for each retrofit
option.

of the isolation system). Moreover, the replacement of a single isolator unit every 10
years is considered, as suggested by the producers, in order to test it and assess the
evolution of its mechanical properties.

Figure 14 shows the trend of the maintenance costs for each of the four options under
examination. The total maintenance costs, accounting for a 4% revaluation rate, results
in thefollowing: 23,206 €(A,); 115,037 € (A,); 40,353 € (A,); 97,884 € (A,).

C;—duration of works/disruption of use: The time span needed to install each interven-

tion is calculated by analyzing the time span required for each stage (beginning from
the demolitions up to the finishings realization) and considering a team of four work-
men (two of those are specialized workers). By assuming that each working day is
composed by 8 hours, it results A;: 33 days; A,: 122 days; A 34 days; A, 119 days.

C, — functional compatibility and C; — skilled labor requirement: The quantitative

evaluations according to these qualitative criteriawill be done apart (Sec. 6.2).

Cs —significance of the needed inter vention at foundations: In arigorous approach, for

each retrofit option, the assessment of the substructure should be performed. For prac-
tical reasons, a synthetic evaluation of alternatives according to Cg is done instead. It
consistsin calculating a“global” parameter equal to the maximum ratio, measured for
each column at the foundation level, between axial 1oad due to the seismic action plus
gravity loads and that due to the gravity loads only. It results A;: 2.90; A,: 15.18; A
2.97; A,: 2.65. As expected, the intervention with steel braces leads to a significant
increase of the demand at foundation, due to the large noda action transferred from
the steel elementsto the existing RC frame when the design earthquake is considered.

C, —significant damagerisk and Cg — damage limitation risk: The performances mes-

6.1.

surement with respect of these criteriawill be done separately in the next sub-section
in order to give the right space they need to be explained in an as much as possible
complete manner.

Evaluation of Alternatives According to Criteria C; and Cg

Criteria C; (Significant Damage risk) and Cg (Damage Limitation risk) are related to the
seismic capacity of the building being defined as the ground motion intensity (measured
by the peak ground acceleration, PGA) at which a certain limit state is attained. For
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dternatives A,, A,, and A, these capacity values are determined on the basis of the non-
linear static analysis previously performed. The comparison among the corresponding
pushover curves is shown in Fig. 15. It is worth noting that the un-retrofitted building’s
curves coincide with those relative to the building retrofitted by GFRP up to the vertical
dashed linesindicating the attainment of the SD limit state by the original building. There-
fore, retrofitting by GFRP leaves substantially unchanged the building capacity at DL
limit state in comparison with that of the as-built structure.

The PGA of “failure” values at SD and DL limit states are then obtained by applying
the N2 method [Fajfar, 2000] to the 12 pushover curvesin Fig. 15. Initsorigina form, the
N2 method is used to determine the seismic demands given the earthquake intensity, but it
can be adapted in order to determine intensity of the earthquake motion (PGA), given a
target displacement of the structure [Stratan and Fajfar, 2003]. Briefly, this method allows
the determination of the capacity in terms of PGA as the value that makes coincident the
seismic capacity of the structure with the demand. In Fig. 16 it is reported, as an example,
agraphical application of the N2 method aimed at determining the PGA capacity (0.43 g)
at the SD limit state, for the +X direction, of the structure retrofitted by GFRP. The point
D corresponds to the seismic demand imposed by the code for the zone 2 in which the
building islocated, C represents the seismic capacity and D’ isthe demand imposed by the
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FIGURE 15 Pushover curves for the interventions A, (a), A, (b), and A5 (c), along each
direction (X, £Y). Triangles and sgquares indicate the DL and SD limit states attainment,

respectively.
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FIGURE 16 PGA capacity measurement according to the N2 method: example.
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spectrum “anchored” to a PGA value equal to 0.43 g, determined by subsequent attempts,
just in order to make C coincident with D’.

For the alternative A, (base isolation), the capacity at SD and DL limit statesin terms
of PGA is obtained by a modal response spectrum analysis. These limit conditions are
attained in the isolator devices first and subsequently, for a larger value of the seismic
demand, in the superstructure. Thus, the devices capacity substantially controls the global
building seismic capacity when retrofit option A, is considered.

The following Table 5 summarizes the capacity values at SD and DL limit states (i.e.,
the minimum value among those corresponding to the four directions £X, +Y) for the
original building and for the four considered retrofit alternatives.

The demand defined by the code for the site considered, measured in terms of PGA
value on rock, is equal to 0.10 g and 0.25 g for the DL and SD limit states, respectively.
Comparing these to Table 5, it is possible to conclude that all retrofit options achieve the
structural performance targets of upgrading, since the capacity of the retrofitted building
always results to be equal or larger than the demand for both limit states.

To evaluate the four alternatives in respect to criteria C; and Cg, the probability of
exceeding in 50 years the capacity value PGA of Table 5 is computed. Thisisaproxy mea
sure of the risk reduction implied by each retrofit solution. These probabilities (Table 6) are
calculated by means of the hazard curve for Pomigliano d’ Arco (Fig. 17), approximated by
the relationship p = 0.002PGA 218 (given by the Italian Seismic Survey, 2001).

C, — significant damage risk: The performance of each alternative according to this
criterion is measured by the values at the SD row of Table 6.

Cg —damage limitation risk: The evaluation of each of the four options in respect to this
criterion, has to be interpreted as the probability of sustaining repair costsin 50 years
rather than the probability of exceeding the capacity at DL limit state in 50 years.
Therefore, the evaluation in respect to Cg corresponds to the probability that the seis-
mic capacity at the DL limit stateis exceeded and at SD ishot (otherwiseit isunlikely
to be convenient to repair the building) in 50 years. These values are calculated as the
maximum difference (among al the four directions) between the probability of
exceeding the DL and SD limit states, respectively. It resultsin A;: 0.291; A,: 0.002;
Ag: 0.172; A, 0.000.

TABLE 5 Capacity valuesin terms of PGA [g] at Significant Damage (SD) and Damage
Limitation (DL) limit states for as-built and retrofitted building

A, A, Steel A;RC A,Base
Limit state Asbuilt GFRP bracing jacketing isolation
SD 0.103 0.332 0.317 0.253 0.348
DL 0.100 0.100 0.308 0.118 0.348

TABLE 6 Probability of exceeding in 50 years the seismic capacity at SD and DL limit
states of the original and retrofitted building

A A, Stedl A;RC A,Base
Limit state Asbuilt GFRP bracing jackets isolation
sD 0.284 0.022 0.024 0.040 0.020

DL 0.303 0.303 0.026 0.211 0.020
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FIGURE 17 PGA on rock exceedance probability in 50 years (hazard curve) for
Pomigliano d’ Arco (ltaly).

6.2. Quantitative Evaluation of Alternatives According to the Qualitative Criteria

In the presented application, only judgments in linguistic terms of retrofit alternatives
according to criteria C, (functional compatibility) and Cg (skilled labor requirement/
needed technology level) have been carried out. In order to apply any MCDM method
(TOPSIS herein) the conversion of these qudlitative variables into crisp numbers is
needed. To complete this task, the eigenvalue approach is used, as done for the definition
of criteria weights (Sec. 5). Therefore, pairwise comparisons among the aternatives were
done in terms of their performances according to qualitative criteria C, and Cg. Then,
through the linear scale of Table 3, the a; crisp number, corresponding to the comparison
between alternatives A; and A; was defined.® After assembling two 4-by-4 matrices with
al the g; values (Tables 7 and 8 for criteria C, and Cs, respectively), the eigenvalue
approach leads to the calculation of the quantitative performances of each retrofit option
according to the considered qualitative criterion. A few comments are useful to understand
how the procedure leads to the matrices of in Tables 7 and 8.

Criterion C, — functional compatibility: Alternative A; (GFRP) is much less invasive
than A, (steel bracing) since the latter involves elimination of existing openings and
windows of the braced bays (a significant fraction of bays, considering the relatively

TABLE 7 Quantitative evaluation of alternatives according
to criterion C, (M, = 4.042; CR = 1.6%)

A, A, Ag A, Priority
Ay 1 7 2 5 0.538
A, u7 1 13 12 0.074
Ag 172 3 1 3 0.274
A, 15 2 13 1 0.114

8In Table 3 the relative “importance” has to be interpreted as the relative measure of the A; and
A, dternatives' fulfillment to the considered criterion.
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TABLE 8 Quantitative evaluation of alternatives according
to criterion Cg (\pgy = 4.037; CR = 1.4%)

A A, Ag A, Priority
A 1 4 7 1 0.414
A, va 1 3 14 0.120
A, 7 13 1 u7 0.052
Ay 1 4 7 1 0.414

small size of the building). The GFRP intervention (the superimposed plastic fabric
layers are less than 1 mm in thickness) practically does not imply any impact on the
architectural configuration and functiondity of the original structure. Concrete jacketing
of the three selected columns (Aj) involves only a small enlargement of the cross
sections that may result in a moderately unpleasant appearance of the facades. Base
isolation does not imply any intervention on the superstructure, although it resultsin a
use restriction of the building at ground floor since the removal of the existing floor
and the laying of removable steel grilles (necessary for the maintenance of isolators).

Criterion Cg — skilled labor requirement/needed technology level: The installation of
the retrofit alternatives A; (GFRP) and A, (base isolation) requires a relatively high
level of workers specialization, moderately higher in comparison with option A,
(steel bracing), strongly in respect to A5 (concrete jacketing).

From Tables 7 and 8 it is possible to compute the Consistency Ratios (like in the
Equation (5.5)): 1.6% for C, and 1.4% for Cs. They are both much lower than the limit of
9% given by Saaty [1999] for a 4-by-4 matrix, indicating a satisfactory degree of consis-
tency of the pairwise comparisons made above.

7. Ranking of the Alternatives and Selection of the Best Retrofit Solution

The selected MCDM method is the Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS). It was developed by Hwang and Yoon [1981] and is based on the
geometrical concept that the best alternative should have the shortest distance to an ideal
solution (A*) and the farthest distance to a negative-ideal one (A™).

Let x;; indicate the performance measure of thei-th alternative (i = 1, 2, 3, 4) in terms
of thej-th criterion (j = 1, 2, ..., 8), evaluated in the previous sections. All the x;; have to be
collected in the decision matrix D = [x;] representing the starting point for any application
of the TOPSIS method (Table 9). The normalization of x;; values, each of those being
characterized by different units, has to be done. According to the TOPSIS procedure,
Eq. (7.1) is adopted to do this. Let r;; indicate the normalized value of x;;. The normalized

TABLE 9 Decision Matrix D
C, [€] G, [€] C; [days] Cy Cs Ce G Cs

A 23,096 23,206 33 0.538 0.414 290 0.022 0291
A, 53,979 115,037 122 0.074 0120 1518 0.024 0.002
A, 11,175 40,353 34 0.274 0.052 297 0040 0.172

A, 74675 9788 119 0114 0414 265 0020 0.000
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decision matrix R = [r;] is thus obtained (Table 10). The next step is weighting the R
matrix by multiplying each value of thej-th column by the weight (w;) of the j-th criterion.
This leads to obtain the weighted normalized decision matrix, V = [w; r; = v;], givenin
Table 11.

e (7.2)

The two opposite fictitious solutions A* and A~, exactly as for the real aternatives
Ay A, Aj and A, are defined by eight values, representing the performances (weighted
and normalized) measured according the criteria (Table 12). In particular, the ideal solu-
tion A* is obtained by taking for each criterion the “best” performance value among A;,
A, A5 and A, (indicated by an asterisk in Fig. 18). Conversely, the negative-ideal solu-
tion A™ is composed by considering for each criterion the “worst” performance measure
among the aternatives (indicated by aminusin Fig. 18).

It is important to remark that the best value among performances of all the aterna-
tives in respect of the generic criterion C; has to be interpreted as the minimum value
among those included in the i-th column of the V matrix if C; isa*“cost” criterion (that is
acriterion in respect of which the DM is interested in minimizing the performance value
of the intervention). On the other hand, the best value is assumed as the maximum value if
C, isa“benefit” criterion (like C,, that is the only benefit criterion among the considered

TABLE 10 Normalized Decision Matrix R

A 0.241 0.147 0.187 0.869 0.690 0.182 0.398 0.861
A, 0.564 0.728 0.690 0.120 0.200 0.951 0.434 0.006
Aj 0.117 0.255 0.192 0.443 0.087 0.186 0.723 0.509
Ay 0.781 0.619 0.673 0.184 0.690 0.166 0.362 0.000

TABLE 11 Weighted Normalized Decision Matrix V

A 0.018 0.025 0.014 0.243 0.018 0.037 0.014 0.121
A, 0.041 0.125 0.050 0.033 0.005 0.191 0.015 0.001
A, 0.009 0.044 0.014 0.124 0.002 0.037 0.025 0.072
Ay 0.057 0.107 0.049 0.052 0.018 0.033 0.013 0.000

TABLE 12 Ideal solution A* and negative-ideal solution A~

A* 0.009 0.025 0.014 0.243 0.002 0.033 0.013 0.000
A” 0.057 0.125 0.050 0.033 0.018 0.191 0.025 0.121
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FIGURE 18 Graphical comparison among aternatives in terms of normalized perfor-
mances r;; (top) and weighted normalized performances v;; (bottom)

criteria: actually the DM isinterested in maximizing the compatibility of the retrofit inter-
vention to the existing building).

A comparison among the alternatives in terms of normalized performances r;; is
shown by the bar diagram in the top panel of Fig. 18 where it is also indicated, for
each criterion, if the Decision Maker’'s goal is to maximize or minimize the corre-
sponding performance score. The bar chart in the lower part of Fig. 18 shows, instead,
the comparison done with reference to the weighted normalized values v;; = wjr;;. The
transformation of the first diagram into the second one, depending on the value of
criteria weights, reflects the Decision Maker profile and the building’s destination
of use.

Each of the alternatives, real (A;, A, Aj A,) and fictitious (A* and A7), can be
thought of as a point of the 8" dimensional space defined by the axes along which perfor-
mances according to each of the 8 criteria are measured. Therefore, each row of the V
matrix (Table 11) gives the coordinates of such points. The coordinates for the ideal
options are defined by the valuesin Table 12. Figure 19 reports, as an example, a 3D por-
tion (axis C,, Cq, Cg) oOf the criteria space, in order to show the reciprocal position of the
alternatives and their distancesthe A* and A~ alternatives.

Let S. and S indicate the distance of A; to A* and A™, respectively, see Eq. (7.2).
The TOPSIS method ranks alternative solutions in terms of the so-called relative closeness
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FIGURE 19 A 3D portion of the 8D criteria space: alternatives and distances
representation.

Ci+ (0 Cix £1) to the A*, with C,. defined as in the Eq. (7.3). The best aternative is the
one with the highest C.. value.”

8 8
S. = /Z(Vij-yj*)z D So= Dy - 1=1,234 (7.2)
=1 =1

S
Ci* = . 73
S +5. (7.3)

The obtained S+, S, and C;» values for the four alternatives under examination are
reported in Table 13. Alternative A; (GFRP) results to be the best one, with a relative
closeness, C,*, equal to 0.70. Alternative A; also results to have the shortest absolute dis-
tance from the ideal solution A* (S;* = 0.123) and the farthest absol ute distance from the
negative-ideal solution A~ (S;” = 0.285). A5 (concrete jackets), A, (baseisolation), and A,
(stedl bracing) follow.

TABLE 13 Distances S+, S and relative closeness to the ideal solution C;.
of each aternative

Alternative Si S. Ci

GFRP Ay 0.123 0.285 0.70
Steel bracing A, 0.285 0.123 0.30
Concrete jackets Aj 0.141 0.212 0.60
Base isolation A, 0.217 0.201 0.48

"Clearly it results G = 1if A, = A* and C.. = 0if A, = A",
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8. Sensitivity Analysis

A sengitivity analysis may be useful to assess the stability of the optimal solution under
changes in the input parameters (i.e., criteria weights w; and alternatives' evaluations x;;).
In particular, the sensitivity of the assigned weights (according to Triantaphyllou, 2002) is
reported here, not covering changes in the x;; values (that would result in 4x8 = 32 differ-
ent sensitivity scenarios).

The first step is done by taking one decision criterion at a time and determining the
intervals (included between 0 and 1) in which its weight value may vary without affecting
the ranking of the alternatives. These intervals, together with the corresponding aterna-
tives classification, are shown in the Table 14. It is worth noting that criteria C,, C;, and
Cg can be defined as robust criteria since any arbitrary change in their weight does not
affect the existing ranking of any of the aternatives.

In order to measure the sensitivity of each weight to the final decision, absolute or
relative (namely divided by the adopted w; value) changes of their values can be consid-
ered. Furthermore, it is interesting to see whether a change in the current weight value
causes any two alternatives to reverse their existing ranking or only the change of the best
aternative. Thus, four different sensitivity definitions can be considered. Herein the
Percent-Top (PT) definition [ Triantaphyllou, 2002] is considered, since it is appropriate to
survey the best solution changes. In Table 15 the minimum absolute change (indicated as
“AT,” Absolute-Top) causing the variation of the best solution (starting from the selected
one, A,) is reported for each weight. The corresponding relative PT change is then

TABLE 14 Sensitivity analysisfor criteriaweigths

Ranking order
Weights Assumed values Intervals I I Il v
W, 0.073 0.000 + 0.499 A Ag Ay A,
0.499 -+ 0.583 Ag Ay Ay A,
0.583 + 1.000 Ag A A, A,
W, 0.172 0.000 + 1.000 A Ay A, A,
Wy 0.073 0.000 + 1.000 A A A, A,
w, 0.280 0.000 + 0.097 Ag A, A A,
0.097 + 0.183 A, A, A, A,
0.183 = 1.000 Ay Ay Ay A,
Ws 0.026 0.000 + 0.183 A Ay A, A,
0.183 +0.321 Ag A A, A,

0.321 + 0.477 A, Ay A, A,
0.477 + 1.000 A, A, A, A,

W 0.201 0.000 -+ 1.000 A, A, A, A,
w, 0.035 0.000 + 0.365 A, A, A, A,
0.365 + 0.651 A, A, Ag A,
0.651 + 1.000 A, A, A, A,
W 0.141 0.000 + 0.241 Ay As A, A,
0.241 + 0.255 As Ay A, A,
0.255 + 0.267 A, A, )

1
0.267 + 0.325 A, As )
0.325 + 0.377 A, A, A, A,
0.377 + 1.000 A, A, s
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TABLE 15 Absolute-Top (AT), Percent-Top (PT) changes, and sensitivity of criteria
weights

Weights Assumed values AT PT (%) Sensitivity
A 0.073 0.425 582 0.00172
W, 0.172 N.F. N.F. 0

Wy 0.073 N.F. N.F. 0

W, 0.280 0.098 35 0.02857
W;s 0.026 0.156 600 0.00167
We 0.201 N.F. N.F. 0

W 0.035 N.F. N.F. 0

Wg 0.141 0.099 70 0.01424

obtained by dividing the AT value by the weight w; of criterion C;. The PT value for C
can also be defined as “criticality degree” of the i-th criterion. The sensitivity coefficient
of the C; criterion is the reciprocal of its criticality degree. For the robust criteria, AT and
PT values are non feasible (N.F. in the Table 15) and the sensitivity coefficient is set to be
equal to zero.

Criterion C, (functional compatibility) resultsto be the PT “critical criterion” since it
has the minimum PT value (35%) and consequently the maximum sensitivity coefficient
(0.0029). In fact, it frequently happens that when weight changes are measured in relative
terms, the most sensitive decision criterion isthe one with the highest weight (w, = 0.280).

Six of the eight criteria weights may assume very large changes in their values with-
out determining a best solution different from A;. Only criteria C, and Cg seem to be more
sensitive to the optimal aternative, but their PT changes (35 and 70%, respectively) are
judged to be large enough to say sufficiently stable the selected optimal retrofit solution.

9. Conclusions

The choice of the technigue to implement aretrofit strategy in a seismic upgrading project
involves several non homogeneous variables and different objectives, which may require a
formal approach for the determination of the optimum. In fact, conversely to what may be
expected, often the most relevant criteria for the decision in a seismic upgrading problem
are not those related to structural performance or, at least, they should be considered
together with others non technical and/or non quantitative. The study presented aimed at
exploring arational and quantitative approach to evaluate and rank different solutions for
the seismic retrofit of existing RC structures. As a multi-criteria decision issue, it was
tackled herein by a method allowing to quantitatively uniform the relevant scores of any
of the alternatives in the pre-defined set, in a way they can be combined in a measure of
the relative distance to the “best” and “worst” cases, made of virtual solutions.

The MCDM has some critical aspectsin the procedure which, more than others, affect
the final ranking and the identification of the best intervention. In particular, the choice of
the relevant criteria reflects the decision-maker/stake-holder profile. Similarly, the defini-
tion of the weight for each criterion represents a subjective step. Also, the conversion of
the qualitative evaluationsinto crisp numbers may be non trivial and may require a careful
application of non traditional approaches. Therefore, tools as the consistency index and
the sensitivity analysis are useful to control and disaggregate the decision process.

These points have been discussed with reference to an illustrative example referring
to a substandard RC structure representing existing buildings, lacking appropriate seismic
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features, in southern Europe. A set of solutions spanning a wide range of possible retrofit
strategies have been considered. The hypothetical interventions designed have as objec-
tives the improvement of the deformation capacity and/or the enhancement of the strength,
or the isolation of the building to control the seismic response.

For the investigated case, results indicate the confinement of elements by FRP as the
final choice. In fact, the low architectural impact on the building and the good score in
respect to an eventually required foundation upgrading, determined the rank. The sensitiv-
ity analysis consistently shows afairly stable result in respect to the critical and robust cri-
teria. Similarly, but with opposite consequences, the steel bracing, as expected, results as
an unsuitable retrofit solution for such small residential building. How the final ranking
reflects the chosen criteria and their weights in the decision may also be argued consider-
ing that if the limited damage limit state would be a relevant criterion, the ranking of the
solutions would change.
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