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Abstract. The aim of this research is to evaluate the effectiveness of a seismic retrofit tech-
nique that involves the introduction of energy dissipation devices properly connected to an
existing structure through a system of cables and leverisms, which are employed to amplify
total or inter-story drift at device end. One of the main topics related to the introduction of
energy dissipation devices, lies in the choice of their optimal setting within the structure to
maximize the effectiveness without producing functionality limitations. The achievement of
these objectives is therefore linked, regardless of the type adopted, to the amount of energy
dissipated in each cycle, directly proportional to the displacements magnitude to which the
device is subject. Many configurations proposed in the literature and currently adopted in
professional practice provide additional dissipation systems variously connected to braces
installed inside the structural frame and therefore able to exploit the inter-story drift pro-
duced by seismic input. The proposed system exploits top displacements of the structure with
respect to the foundation level, transferred to the device through a system of cables properly
configured and amplified with leverage. This paper represents the first step of the research, in
which after a brief description of equation of motion for a simple SDOF system, it is take into
account a existing RC school building in Italy to assess performances of the retrofitted struc-
ture equipped with the proposed system.
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1 INTRODUCTION

The introduction of seismic energy dissipation devices within existing structures represents an
important seismic protection system widely adopted for framed structures. The deformability
of these structures generally allows, in fact, to exploit inter-story drifts to activate the devices
and achieve consistent levels of dissipation of input energy. Many configurations and
geometrical arrangements [1,2] have been proposed in order to optimize the devices location,
generally applied in series to a bracing placed inside the frame mesh and able to transfer to the
device a fraction of the inter-story drift, depending on their geometric configuration. It is
therefore clear that the deformability of the structure is an essential requirement for the
effectiveness of dissipation systems. For situations where structures are not sufficiently
flexible, interesting solutions have been developed by several authors, including a cable
system solution (Damped cable system, DCS), initially proposed by the research team of the
University of Buffalo [3,4], and further developed [5,6,7,8] also as part of a research project
funded by the European Commission, named SPIDER (strand prestressing for internal
damping of earthquake response). Likewise, dissipation systems designed to increase
displacements at the dissipation system end have been proposed by various authors [9,10,11]
and generally consist of levers or pulley systems able to amplify inter-story displacement. The
system proposed in this paper, uses a system of steel cables capable to transmit a portion of
the total roof displacement of the building to the foundation where, by means of a system of
displacements amplification, transfer to the damper a resulting amplified displacement.
Considering a simple shear frame, the proposed system is configured according to the
following scheme in Figure 1: The cable used (6) is fixed with clamps (7) at the upper ends of
the floor; the cable, therefore, is arranged in an X configuration along the diagonals of the
frame and diverted at the base of the columns by pulleys (4). The cable then runs horizontally
along the base of the frame; in this area it is connected to the end of a lever arm (1), to the
opposite end of which the dissipation device is connected (2). The particular configuration of
the cable, which runs along both diagonals of the building's elevation, continuing without
interruption at foundation level, also allows the same to be always active in both directions of
seismic loads. The portion of the cable placed on the diagonal in tension (blue wire), in fact,
exerts a recall action on the cable portion placed along the compressed diagonal (red wire),
not allowing deflection.

Figure 1 a) Conceptual model of simple 1-floor frame structure equipped with proposed system: 1 lever arm; 2
viscous damper (VD); 3 contrast; 4 pulleys; 5 pin; 6 wire; 7 clamp; 8 foundation; b) Mechanical model of a 2-
DOF structure equipped with the proposed system.
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The mechanical model of the SDOF system, equipped with the proposed system and reported
in Figure 1, has been described in a previous paper by the authors [12], to which we refer you
for details.
The model equipped with an additional damping system, with a linear viscous dissipation
device, is described by the following general equation:

Fd=clu'd=ad-cz-u'd (1)
with %z velocity at the device end and 4 device damping force.
The damping coefficient is then expressed as a function of the internal damping of the
structure through the parameter @z. With reference to the stiffness characteristics of the
system, the structure stiffness k2 and the stiffness of the elements constituting the additional
dissipation system, i.e. the cable and the leverages, ki, are defined; actually, as showed in the
follow, the main stiffness component is represented by the cable extensional stiffness. As
said, from the examination of the Figure 1 results that, in both directions of displacement, the
part of the cable connecting the clamp placed in the direction of displacement with the lever
arm is in tension (blue wire), while the remaining ones is not stressed (red wire) if friction in
pulleys is neglected. In the evaluation of the extensional stiffness, therefore, it is necessary to
refer to a length of the cable equal to half of the whole length. At this research stage the
component related to the real viscous device elastic stiffness has been neglected, considering
it rigid and neglecting friction in pulleys, pin etc... Added stiffness ki has been, then,
expressed as a function of the stiffness of the bare structure through the coefficient e::

Fd=clu'd=ad-cz-u'd )
Finally, the amplification ratio produced by the leverage is defined through:
L

ay =
g (22)
Description of the equations of the motion for a SDOF system are reported below:
mii, (t) + kou,(t) + cos 0 ak, (uz (t) cos 8 —uy (t)) + ca1, (1) = —m X, (t) 3)
ayaqCy Uy (t) — agky(uy(t) - cos 0 —uy () =0

with symbols meaning reported in previous Figure 1.

The use of a displacement amplification system like that described, therefore, allows to
overcome the usual limitations in the use of additional dissipation systems usually inserted
inside the structural frames, as it is effective even for limited displacements, thanks to the
introduction of leverage, displacements are transmitted amplified to the device, increasing the
amount of dissipated energy. Another main objective in the development of the described
system is to be able to carry out a seismic retrofit of a building, implementing interventions
exclusively from the outside, without proceeding to demolition of non-structural elements,
finishes and systems. The system of cables, in fact, will be applied primarily on all the
building prospects, anchored through clamps to the external nodes of the roof or, if necessary,
to intermediate stories. In this way, the clamps reaction is divided between the horizontal
(beams) and vertical elements (columns) concurring into the node, stressing them with axial
forces. The presence of rigid slabs in the structure also favors transferring seismic action to
the frames equipped with the described system. Conversely, there is the possibility of
interference between the path of the cables and architectural and functional projections
present on the building prospect (balconies, etc. ...). Although variations to the cable path are
possible, it is certainly easier to apply it on structures generally without such protrusions, but
only windowed walls, such as schools or industrial buildings. In view of the importance that
seismic vulnerability of existing school buildings assumes in many areas of the world and in

4152



Antonio Sabino, Antonio Mannella

particular in Italy, where most of the existing school heritage is characterized by seismic
performance below the standards required by current regulations, we proceed in the following
to the evaluation of the specific characteristics of some of the most common structural types
in the school heritage in order to assess in advance and in simplified form the applicability
and effectiveness of the proposed system.

2 CASE STUDY BUILDING

The case study is related to the elementary school "Collina Castello" of Bisignano (Italy),
built in 1983. The building has three floors plus a pitched roof and is characterized by a
rectangular plan with dimensions of about 21.4 m x 15 m. The interstory heights range from
about 3.2m to about 3.4m, for a total height of about 9.9m at the roof level. The rooftop has a
maximum height of + 11.97 m. The reinforced concrete structure is characterized by a fairly
regular frames, consisting of 4 main frames with 5 columns each arranged along the
longitudinal direction, along transversal direction longitudinal frames are tied only by slabs
and perimetral beams. The columns have dimensions of 50 cm x 40 cm and the longitudinal
beams, at all levels, have section 40 cm % 60 cm. The main frames are connected by border
beams with dimensions 50 cm x 40 cm arranged in transverse direction. The building was
assumed as a benchmark structure for a Research Project financed by the Italian Department
of Civil Protection and the authors of present paper take informations about geometrical and
structural configuration from study belonging to it [13].

Figure 2 General views of the benchmark building

The modal analysis carried out by finite element model of the structure, generated by
SAP2000 software [14] showed that the first vibration mode (0.79 s) is purely traslational
along transversal direction, which is weakest direction because absence of beams. The second
vibration mode is rotational with a period of 0.55 s and third vibration mode is purely transla-
tional along stiffer direction with a period of 0.51 s. Because of structural symmetry, the first
three vibration modes excite about 85% of the mass in both the directions. The building pre-
sents windowed walls regularly arranged along the main facades and no prominent elements
like balconies, bow-windows etc...

3 DESCRIPTION OF RETROFIT TECHNIQUE

The objective of the system is to carry out a seismic retrofit mainly intervening from out-
side, without the need of non-structural elements demolition or interruption to or limitation of
the building’s activity. Figure 3 shows a possible configuration of the cable system on the
benchmark building main prospect. Each cable is connected to a different structure floor and
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transfers the displacement of each floor to the lever (pinned at the foundation beam), to which
the viscous damper is connected. To do so, may be required a foundation enlargement also
with micropiles in order to absorb the forces related to the diversion of the cable, when it does
not occur at a foundation beam-column joint, and to do not increase shear forces in the foun-
dation beam. As can be seen, despite the non-uniform spans of the frame beams, the system
configuration can be effectively adapted without restricting accessibility in the building. The
passage of cables at the windowed walls, although they produce a visual obstacle, does not
reduce the functionality of the windows (opening from the inside) nor the light entry in the
building. Other building prospects and, if needed, internal frames, will be equipped with simi-
lar cables layout.
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Figure 3 (a) System layout on the main RC frame of the benchmark building: in green, red and cyan are repre-
sented, respectively, steel cables linking the 3th, 2th, and 1th floor to the foundation of the building; (b) Cable
system layout depicted on the building prospect: steel cables (red lines), RC frame (dashed green lines);

In the present example only external facade frames are equipped with the system. Each cable
is linked by means of a lever to the viscous damper device. Amplification factor ot is set at
10 for all leverism devices. Characteristics of Linear viscous devices have been chosen so as
to find equivalent commercial products; in particular damping coefficient is set at ¢ = 160
kNsec/m and limit force Fr of 20 kN. The value choosen for limit force is related to the max-
imum cable tension compatible with the strenght of the beam-column joint where cable is
clamped.

The leverage, in fact, also produces the amplification of the force generated by the damping
device, inside the cable and at the cable clamped end, reaction are so limited to 200 kN
(ot Fr). Higher limit force would require heavy beam-column joint reinforcement.

Each cable consist of a pair of @32 steel rods, connected at the deflection point, by a less stiff
steel rope. Diversion point are arranged in corrispondence of beam-column joint to limit ef-
fects of reaction force on the existing frame elements and made to allow cable/rope sliding. In
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the FEM model cable deflection was neglected. As a result of the insertion of the cable and
device system, the dynamic properties of the structure undergo a modest variation, less than
2%, with a slight increase in the fundamental first vibration period (0.80 s). Higher modes are
even less affected.

4 PERFORMANCE EVALUATION IN ORIGINAL AND RETROFITTED
CONDITIONS

The seismic analyses were carried out with a non-linear dynamic approach using the finite
element models of the building structure (Figure 4). As way of example of the results ob-
tained, the responses computed before and after retrofit in terms of maximum interstory drift
profiles and story displacements, for the main building in its principal direction x and y are
compared in Figures 5. Seismic input used consist of a series of natural NTC spectum-
compatible unscaled accelerograms [15], taken from a set of accelerograms extracted from the
European Strong Motion Database (ESM), [16] through the REXEL software [17] for the
Bisignano site, adopting a type B soil category, in the range of periods between 0.15 - 2 s.
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Figure 4 Equivalent SAP 2000 model view of the building longitudinal (X-dir) and trasversal (Y-dir) frames
equipped with the damping system.
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In the model used, for the sake of simplicity, the X-shaped cable is not modelled with real pat-
tern on the building fagcade. Alternatively, only a angled strut with equivalent section and
lenght of the cable and active in tension and compression was used, which links each edge
floor beam-column joint with a leverism through proper node restrains/constrains.
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Figure 5 Top displacement and inter-story drift respectively for bare structure (BS — orange lines) and structure
equipped with dissipative system (DS — blue lines) for Montenegro and Ano Liosia earthquakes.

Examination of the results shows a significant reduction in the displacements of the structure
and story drifts. In particular, introduction of the damping system produces inter story drift
reduction between 56% and 102%. It is clearly visible from results that efficiency of the sys-
tem is higher in the weaker direction of the structure (Y-dir) than in the stiffer one, because
cables with the same axial stiffness were used in both directions and therefore a different ox
ratio characterize two structure directions. This, as demonstrated in [12], is a very important
feature in defining the response and efficiency of the damped system. Similar results are ob-
tained for base shear as shown in the following Figure 6 for Montenegro earthquake.
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Figure 6 Base Shear respectively for bare structure (BS — orange lines) and structure equipped with
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dissipative system (DS — blue lines) for Montenegro earthquakes in X and Y direction.

In Figure 7 are presented Base Shear/ roof displacements and Viscous damping force/ de-
vice displacements histories. From the examination of the figure results a considerable
amount of energy dissipated as result of the displacements amplification produced by the lev-
erage, despite the low values of the force in the dissipation device, whose values it is conven-
ient to keep low to avoid important interventions to strengthen the beam-column joints where
cable are connected to the structure and relevant dimensions of the components of the de-

scribed retrofit system.
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Figure 7 Base Shear/ roof displacements (black line) and Viscou damping (VD) force/ device displacements

(red line) for Montenegro earthquake.
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5 CONCLUSIONS

Present paper illustrates a seismic retrofit system for existing reinforced concrete structures
by using additional viscous dampers connected to the structure by means of a system of ca-
bles and lever able to transmit the roof displacements to the base, where displacement ampli-
fication is carried out through a lever system and then transmitted to the dissipation device.
The paper firstly provides motion equation system for a SDOF system and then describe re-
sults of application of the retrofit technique on a RC existing school building. Results show a
high efficiency of the system in interstory drift and shear base reduction. The need for little or
no demolition of non-structural elements and infills allows the structure to remain functional
even during the execution of interventions and limit costs.

It is the aims of the authors to continue the research in order to investigate the effects on
the system performances of the use of different dissipative devices (non-linear viscous and
friction dampers, etc.) and application to more complex structures.
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