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Abstract. The dissipative exoskeleton (DEX), an external framed structure equipped with a
damped bracing system and rigidly coupled to the existing building is to be retrofitted, may be
more convenient than a dissipative endoskeleton (DEN), constituted of braces connecting ad-
Jacent storeys and equipped with dissipative devices. Aim of the present work is the proposal
of a displacement-based design procedure of the DEX based on the use of overdamped elastic
response spectra, which could prove a valuable tool for practitioners. The DEX includes con-
centrically braced chevron frames, with pinned joints, and damped bracing systems, incorpo-
rating fluid viscous dampers (FVDs). Elastic-linear behaviour of steel frame members and
nonlinear pure viscous dashpot for FVDs are hypothesized. A six-storey archetype located in
L’Aquila (Italy), representative of many reinforced concrete (RC) framed buildings designed
for moderate seismic loads, is to be retrofitted in a high risk-seismic region. The building is
regular in plan, with five longitudinal bays (main fronts corresponding to the north- and
south-facing facades) and three bays in the transversal one (east- and west-facing fagades
without apertures). Nonlinear static analysis using the software OpenSEES is preliminarily
carried out, to investigate the seismic vulnerability of the existing building. RC frame mem-
bers are modelled with lumped plasticity elements, with flexure- or shear-controlled moment-
chord rotation at critical end sections, while the shear behaviour of the beam-column joints is
modelled by means of a scissor model. Interventions with DEXs are designed at the life-safety
(LS) limit state, considering parallel (DEX.Pa) and perpendicular (DEX.Pe) dispositions,
running around all four facades, and mixed disposition (DEX Mi), as an enlargement on the
eastern and western sides only. In order to demonstrate effectiveness of the retrofitting inter-
ventions, nonlinear dynamic analyses of the bare (F) and coupled (DEXF) structures are car-
ried out considering records scaled in line with a high-risk seismic region.
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1 INTRODUCTION

The dissipative endoskeleton (DEN) constituted of steel braces supporting devices dissipat-
ing energy by means of different mechanisms (metallic yielding, friction sliding, fluid orific-
ing, viscoelastic deformation, phase transformation of metals) offers certain advantages (e.g.
ease of inspection and replacement, low maintenance costs) in comparison to traditional retro-
fitting solutions [1, 2], but it can also induce downsides: e.g. notable increase in the axial load
transmitted to columns and foundations; indirect costs associated with the temporary reloca-
tion of residents; service interruption during installation. On the other hand, the dissipative
exoskeleton (DEX), an external steel framed structure equipped with a damped bracing sys-
tem, rigidly coupled to the existing building but with an own foundation, exhibits many ad-
vantages [3]: the indirect costs associated with downtime during retrofitting are eliminated;
the creation of new housing space and the opportunity for an energetic retrofit of the building
envelope are possible; the complete reversibility is guaranteed.

Three typological choices are possible depending on the distributive (e.g. available space)
and energetic (e.g. thermal loss) features along the perimeter [4-6]: a partial or uniform dissi-
pative exoskeleton, parallel (DEX.Pa) and perpendicular (DEX.Pe) positioned to the facades
to which it is connected through standard shear and axial links, respectively; a mixed DEX
(DEX.Mi), where DEX.Pa and DEX.Pe are placed on the same facade. It should be noted that
DEX.Pa always provides additional torsional stiffness to the original scheme, while the added
spatiality in the fagades resulting from DEX.Pe allows the creation of new housing space, par-
tially or totally covering the retrofitting costs by means of the increased real estate value, up-
grades vertical accessibility (e.g. stairwells and lifts) as well as horizontal private or collective
circulation (e.g. balconies and living spaces). However, the increased useful space provided
by DEX.Pe corresponds to a non-negligible additional mass of the exoskeleton structure com-
pared to the total mass of the building, thereby inducing seismic loads higher than those cor-
responding to the DEX.Pa arrangement. As this last solution supports gravity loads due to
their self-weight only, large overturning moments induced by the horizontal seismic loads
may lead to tensile axial force in its foundation. Both solutions provide the opportunity for an
energetic retrofit of the building envelope, but compared to the DEN not only the dissipative
bracing system but also the new steel exoskeleton needs to be designed.

A design procedure of DEXs incorporating nonlinear fluid viscous dampers (FVDs) is im-
plemented in this study, which focuses on displacement as the key sizing parameter and em-
ploys overdamped elastic response spectra. The procedure is a reformulated version of an
approach recently derived for DEN systems [7-11], conceived in such way as to make a clear
distinction between the design of a steel exoskeleton (i.e. mass, stiffness and strength) and a
dissipative bracing system (i.e. added damping), and an extension including nonlinear FVDs.
In the subsequent sections the proposed design procedure is applied for the seismic retrofit-
ting of a six-storey reinforced concrete (RC) archetype in L’Aquila (Italy), representative of
many buildings designed for moderate seismic loads prior to the 2008-2018 code changes
[12]. Interventions with DEXs are designed at the life-safety (LS) limit state, considering
three alternatives: 1) parallel disposition running around all four fagades (DEX.Pa), with a dis-
tance from the existing structure set to suit the new foundation and to allow the opening of
windows; ii) perpendicular disposition running around all four fagades (DEX.Pe), with a floor
slab defining new spaces increasing the wellbeing of the inhabitants along main fronts with
north and south exposure; ii1) parallel-perpendicular mixed disposition (DEX.Mi), as an en-
largement on the eastern and western transversal sides only where energy saving measures
could be added. Nonlinear analyses are carried out using the software OpenSEES [13], in or-
der to provide insights into the strength and weaknesses of the examined configurations.
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2 DISPLACEMENT-BASED-DESIGN PROCEDURE OF THE VISCOUS DAMPED
DISSIPATIVE EXOSKELETON

A four-step double-iteration design procedure of the DEX is proposed, whose design pa-
rameters are: target performance displacement evaluated through nonlinear static analysis of
the existing structure; properties of the nonlinear fluid viscous dampers (FVDs), in terms of
maximum equivalent viscous damping ratio (&v,pBo) and velocity exponent (B); seismic loads.
On the other hand, final unknown parameters are mass, stiffness and strength properties of the
steel exoskeleton and damping constant of the FVDs.

By referring to two coupled equivalent single-degree-of-freedom (SDOF) systems shown
in Figure 1, representing the original frame (F, black line) with an infinitely rigid but non-
dissipative connection to a DEX (blue line), relevant design parameters are mass and stiffness
ratios

am = me,DEX /me,F " aK = Ke,DEX /Ke,F (1)

and uncoupled equivalent damping ratios &r and Epex. Equivalent mass of the SDOF system
representing the original frame can be evaluated by multiplying the first-mode (horizontal)
components (¢1, ¢2, .., ¢n) by the corresponding floor masses (mi r, mz, .., MnF)

myp=>" (mg-4) (¢,=1) ()

while equivalent (secant) stiffness depends on base shear (V'pr) at the performance displace-
ment (d”p)

K. =V,e|d, 3)

resulting from the nonlinear static analysis of the original structure. A double iteration process
is required because for an assigned value of {pex and known value of &, both corresponding
to the assigned displacement demand d*,, the corresponding coupled total damping (EpexF) is
function of ax which in turns depends on the unknown oum.

7% m, S m, %
V e K= «.DEX d d| dmx
.

= V* == - \*
Figure 1. DEXF system as coupling of two equivalent SDOF systems.

The four steps of the proposed design procedure are discussed below. It should be noted
that the design procedure requires internal (step 3) and external (steps 3-4) iteration loops re-
lated to the stiffness (ax"”) and mass (om"”) ratios, respectively. An initial approximation of
these ratios is assigned in step 2 (i.e. ax'® and am®), and then a sequence of iteration loops is
performed until convergence to the correct values is attained (i.e. oxP~ou D and omP= atmt).

2.1 Properties of the SDOF system equivalent to the original frame (F)

Once base shear (VFr) versus roof-storey displacement (d) capacity curve of the original
framed structure is evaluated from pushover analysis and transformed into the capacity (bilin-
ear) curve (V'-d") of an equivalent SDOF system [14], the equivalent viscous damping due to
hysteresis &n r at the performance displacement (d,’) can be calculated
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as function of the following parameters (Figure 2b): ductility demand pr(=dp/dy,r, being dy.r
the yield displacement); stiffness hardening ratio (rr); reduction factor (k), depending on the
degrading response of RC frame members [10, 11]. An inherent elastic viscous damping of
the framed structure (commonly, &,,r=5%) can be also defined (Figure 2a).

v
, K p j
Vel A P,
V*, o !
¥ \ s
' ’
E JK¢_|
(7
P
4 o
d:, d: d*
(a) (b)

Figure 2. SDOF system equivalent to the original structure (a) and its response (b) idealized as bilinear.

2.2 Properties of the SDOF system equivalent to the dissipative exoskeleton (DEX)

Starting from the assumption that the stiffness (Kg) of the brace used to install the damper
in the exoskeleton (EX) is large enough to eliminate the added stiffness of the FV damped
brace (i.e. Kepp=0), the effective (secant) stiffness of the DEX is equal only to the EX part
(Figure 3)

Ke,DEX = Ke,EX (5)

and its unknown value is assumed as the effective (secant) stiffness of the original frame mul-
tiplied by an initial value (ax'”) of the stiffness ratio

eDEX ag) K, r (6)

Similarly, the effective mass of the equivalent DEX is obtained on the basis of an initial
value (om®) of the mass ratio

0, _ 0,
m ey =al) -m, (7)

as function of the effective mass of the SDOF equivalent to the original frame (see Equation

(2)).
With regard to the nonlinear FVD, the force developed in the damper is function of the
damping exponent (B<1, with B=1 corresponding to linear viscous property)

F,=C, -sign(v)-| v |ﬁ=FVDB (8)

where Cnr is the nonlinear damping coefficient, v is the relative velocity between the end sec-
tions of the device and sign(v) is the sign function. Moreover, the equivalent viscous damping
ratio for one cycle of harmonic vibration can be expressed as [1, 15]

A-Cyp waEX : dﬁ_l )
2n- K,y

é:v, DB (%) =
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being

F?[1+§j
=\ <)
A=2 e (10)

and I" the gamma function. It is easy to verify that the equivalent viscous damping ratio corre-
sponding to dp can be computed in terms of an assigned maximum value (&y,pgo) at the limit
of elastic behaviour for the original frame:

&, (%)= 00 (%) (1) (11)

For completeness, an inherent elastic damping of the exoskeleton (e.g. &vex=2% is generally
used for steel structures) is also defined in Figure 3a.

V* M, pix d* V* M, ey d*

Keos: &vps

(a) (b)
Figure 3. SDOF system equivalent to the DEX (a) and its non-elliptic hysteresis curve (b).

2.3  Properties of the SDOF system equivalent to the frame with dissipative
exoskeleton (DEXF)

The equivalent viscous damping of the in-parallel system constituted of frame (F) and dis-
sipative exoskeleton (DEX) is function of the stiffness ratio ox)(=ax® at the first iteration
loop)

)
th,F +§V,DB g%

Soaer(P9) = Cup + e T

(12)

where & r and &y,pp are calculated in steps 2.1 and 2.2, respectively. Then, the effective peri-
od of DEXF (T“)pexr) is evaluated with reference to the curve of the overdamped displace-
ment-acceleration response spectra corresponding to E“pexe and the performance
displacement d, (Figure 4). Moreover, the acceleration design value (a’p")) can be
determined as y-coordinate by the same curve.

k4 I bExi

dy increasing

»
>

d* S
P ~d
Figure 4. Displacement-acceleration overdamped (elastic) response spectra.
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Once the mass of the DEXF is calculated
mcf,gEXF -m, +meDEX (]+a;)).me,F (13)

the effective stiffness can be obtained as

2 ()
O 47 My (14)
¢.DEXF o\
( e,DEXF)

Finally, an updated value of the stiffness ratio is determined

a;g) = Ke(;gEX /Ke,F (15)
where
Ke(Z)EX = K;L))EXF K, r (16)

As a consequence, an iterative procedure internal to the current step is needed for the solution
of Equations (12)-(16) until a final stiffness ratio value is attained.

2.4 Properties of the dissipative exoskeleton (DEXF) for the MDOF system

The proportional stiffness criterion [16] allows evaluation of the internal design forces of
the steel EX considering the distribution of the lateral loads resulting from the first-mode
shape (i.e. ¢i=¢irF=¢i,rx, 1=1,..,n) that remains practically unchanged after the insertion of the
EX (Figure 5)

R (17)
Zi:1 (mi.F ' ¢! )
where it is proved that the base-shear is equal to

pﬂ) a() aﬂ)
() — _dDEXF K _ () () K —1)
Viex = I+a” (]+am )'me,F ‘a, Tro Vibex (18)
K K

It is worth mentioning that base shear expressed by Equation (18) depends on the mass ra-
tio am) which is initially unknown. As a consequence, an external iterative procedure needs
to be carried out on steps 2.3 and 2.4 for the solution of Equations (12)-(18), until a final mass
ratio value is attained.

()_ eDEX/meF Zj, zDEX /meF’(¢n_1) (19)

Finally, the distribution of the damping coefficients for the nonlinear FVDs is assumed
proportional to the design storey shear of DEX, on the assumption that reduced efficiency of
the FVDs generally observed on the upper storeys is related to slower interstorey velocities
than those in the lower storeys, through the following expression [17]

(27[)3_!j '(dp )]_ﬁ 'QZV,DB Sj 'Zj:,(mi,DEXF ’ i2)

Crtion; = - . . — j=1,.,n (20)
e <T1,DEXF )2 ’ ’1'2,-:1[5,- 'ﬁHﬁ (¢, -¢i-1 )1 ﬂ:|

where f; is the magnification factor of the dampers, depending on their configuration in each
storey (fi=1 for chevron configuration of the FVDB), and T pexr is the fundamental vibration
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period of DEXF. It is clear that, at each storey the shear force is proportional to parameter
[18]

n
szzi:j(mi,DEXF'Q‘ ) (21)
b, m, ¢ my, pEx
d, 5 m; M, pEx
—
Ly m, ¢ My pex
. [r—— s [ ——— s
N Vd.l‘ /\ A Vipex
“— [ SR 4 e =
{ F + CBF + FVDB |
DEXF

Figure 5. MDOF system representing the original frame (F) combined with DEX.

3 LAYOUT AND RETROFITTING OF THE TEST STRUCTURE

An RC framed building located in L’Aquila, representative of the Italian residential hous-
ing stock constructed prior to the 2008-2018 code changes [12], is considered as test structure
for the numerical investigation. The building is regular in elevation (Figure 6b), while torsion
is moderate so the building can be considered also as regular in plan although the staircase is
asymmetrically placed along the X direction and bays with different lengths are considered
along the Y direction (Figure 6a).

e 30x50 9
North N E
A 30x60 34‘_’-‘ 30x40
29\ % T 305 30x
o ’%q“‘S g 440 30x50 1 i
X2 =2
- 4 i 305 30x50
60x25 N 30x50 +
—~ilaser | = 33( )
LE2 2 305 30x50
Yy 60x25 T L }
£ koas | 375 . 305 30x60
[ WA I + 30x60 +
* %45+ 570 +27s ﬁ/ ? -‘4%‘ % 30x60
Lx1 /gy | L 1lLlyl 11
345 570 275 570 345 375 330 440
(a) Plan. (b) Elevation.

Figure 6. Layout of the archetype (unit in cm).

Cross-section of columns, with the orientation shown in Figure 6a, and deep beams, for pe-
rimeter frames and knee configuration of the staircase, are tapered along the building height
but constant at each storey (Figure 6b); on the contrary, all internal beams are flat with a con-
stant cross-section at all storeys but this is not the same for different bays (Figure 6a). Mason-
ry infills contribute to the dead load, with a weight of 3.5 kN/m? along the perimeter facades
reduced as function of the percentage of apertures. A simulated design of the test structure is
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carried out in line with the Italian code DM86 [19], for the seismic loads at the time corre-
sponding to the medium-risk seismic zone and typical subsoil class. Provisions of the Italian
code DM92 [20] are also satisfied, assuming the following gravity loads: dead loads of 4.8
kN/m?, on the roof, and 6.3 kN/m?, on the other floors; live loads of 2.2 kN/m?, on the roof
(snow), 2 kN/m?, on the other floors, and 4 kN/m? for the staircase. Further details can be
found in [12]. Mean compressive cylindrical strength of concrete and steel yield strength
equal to 25 MPa and 435 MPa are assumed, respectively, in the design of the test structure.

Modal and uniform nonlinear static analyses of the original building are preliminarily per-
formed by the OpenSEES platform [13]. A lumped plasticity model is considered for RC
frame members, with a trilinear moment-chord rotation backbone curve modified on the basis
of the ultimate shear capacity in the event of brittle failure [21, 22]. The shear behaviour of
the exterior and interior beam-column joints is modelled by means of a scissor model, with
rigid end offsets and double node, considering shear failure prior to or together with yielding
of the longitudinal steel reinforcement of beams [23, 24]. Capacity curves reported in Figure 7
represent roof drift ratio (i.e. dwp/Hiot, diop and Hior being the horizontal top displacement and
total height) versus normalized base shear (i.e. Viase/ Wiot, Wiot being the total seismic weight).
Note that pushover curves referring to the positive and negative loading directions are nearly
identical, especially in the X direction (Figure 7a), due to the structural symmetry. Maximum
strength is always achieved in the Y direction (Figure 7b), depending on the effects of the
staircase and in-plan orientation of the cross-sections of all interior columns and most of the
exterior ones (Figure 6a), while maximum deformability is attained in the X direction (Figure
7a), where flat interior beams with reduced section are placed. Attention will be focused on
the modal capacity curves, that show a maximum Vyase/ Wior ratio roughly between 0.15 (X
direction) and 0.2 (Y direction) when one of the aforementioned failure mechanisms is at-
tained for structural elements and joints.

03 - N 03 -

Onginal structure Onginal structure
(-~ -+ Modal (X) *) (==~ Modal (Y) *)
- =« Uniform (X) —— ==« Uniform (Y)>—
L 02 - L 02 - ‘
z o YL z
3 R 3
S £z ‘l . S £z
~ ol W ~ ol
0 — Lo ; 0
003 002001 0 001 002 003 003 002001 0 001 002 003
‘L"i' ”w ‘L"i' ”w
(a) X direction. (b) Y direction.

Figure 7. Comparison of pushover curves for modal and uniform lateral load patterns.

Different dissipative exoskeletons are designed at the life-safety (LS) ultimate limit state
provided by NTCI18 [25] for a residential building (functional class II, coefficient of use
Cu=1.0 and expected life of 50 years) located in L’Aquila (13.40° longitude and 42.35° lati-
tude). Current high-risk seismic zone designation (peak ground acceleration on rock,
a,=0.261g) and moderately-soft subsoil (class C, site amplification factor S=1.33) are as-
sumed. In particular, concentrically chevron braced frames (CBFs) and chevron braces with
fluid viscous dampers (FVDBs) are arranged in three configurations: i) DEX.Pa (Figure 8),
configured in adhesion (parallel) to all fagades, considerably limiting the external dimensions
in the case of urban planning restrictions; ii) DEX.Pe (Figure 9), as an enlargement of the en-
tire building plan, creating additional (perpendicular) living space only along main fronts with
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north and south exposure as these are the sides with apertures; ii1) DEX.Mi (Figure 10), where
DEX.Pa and DEX.Pe are placed as an enlargement on the eastern and western sides without
apertures to satisfy both thermal and seismic requirements. The seismic demand for the design
of the DEXs assumes as performance objective an elastic behaviour of the original structure
(i.e. dp=dyr and &n,r=0), while the amount of supplemental viscous damping required to limit
maximum displacement within this target value is assumed equal to &y,pB0=20% and elastic
viscous damping of the exoskeleton is omitted.

e e +—+
345 570 275 570 345

(a) Three-dimensional view. (b) Plan.

Figure 8. Dissipative exoskeleton parallel (DEX.Pa) to the original building (unit in cm):
O—#—0 chevron brace; o—mm—a viscous damped chevron brace.

2L

A
\F
A

(a) Three-dimensional view.

Figure 9. Dissipative exoskeleton perpendicular (DEX.Pe) to the original building (unit in cm):
o—#—0a chevron brace; o—mm—a viscous damped chevron brace.
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(a) Three-dimensional view. (b) Plan.
Figure 10. Dissipative exoskeleton with a mixed configuration (DEX.Mi) around the original building (unit in
cm): o—#—a chevron brace; o—mm—a viscous damped chevron brace.
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The stiffening contribution of the chevron braces arranged in series with the FVDBs is not
considered while nonlinear viscous behaviour, with an exponent [ equal to 0.7, is assumed for
the FVDs. The gravity loads considered for the composite deck with horizontal bracing of
DEX.Pe, having a length of 3 metres (see grey areas in Figure 9b), are represented by a dead
load of 3.73 kN/m? and a live load of 2 kN/m?. The design of DEXs is performed in accord-
ance with the four-step procedure presented below, and main parameters of the equivalent
SDOF systems are reported in Tables 1a and 1b with reference to the X and Y directions, re-
spectively.

Structure | Ker | mer | Evr | O ok | &vps | Epexr | Tepexr | Vdpexr
DEXF.Pa | 213 | 931 0 |0.034]655]| 20 22.4 | 0.487 4678
DEXF.Pe | 213 | 931 0 | 0289|833 | 20 229 | 0.489 5778
DEXF.Mi | 213 | 931 0 |0.042 | 6.60 | 20 224 | 0.487 4709

Table 1a. Properties of the SDOF system equivalent to DEXF along the X direction (units in cm, kN, t and s).

Structure | Ker | MeF | Epr | O ok | &vpB | Epexr | TepExF | VdDEXF
DEXF.Pa | 414 | 923 | 0 | 0.034 | 6.55 | 20 224 | 0.347 4638
DEXF.Pe | 414 | 923 | 0 | 0.289 | 8.32 | 20 22.9 | 0.349 5728
DEXF.Mi | 414 | 923 | 0 | 0.042 | 6.60 | 20 224 | 0.347 4668

Table 1b. Properties of the SDOF system equivalent to DEXF along the Y direction (units in cm, kN, t and s).

The tubular square cross-sections selected for primary beams (i.e. typology B1), columns
and chevron braces of the CBFs are assumed ductile, in line with class 1 of NTC18. These
elements satisfy the ultimate limit states for strength and buckling under the horizontal seis-
mic loads evaluated through Equations (17) and (18). Moreover, secondary (i.e. typology B2)
beams with circular (DEX.Pe) and square (DEX.Mi) cross sections are also considered in or-
der to obtain a spatial truss exoskeleton, for which class 3 prevents local buckling until yield
strength is reached in a compression fibre. The dimensions obtained for the member cross-
sections, assuming yield strength equal to 275 MPa, and damping coefficients of nonlinear
FVDs are reported in Table 2 (DEX.Pa), Table 3 (DEX.Pe) and Table 4 (DEX.Mi). It should
be noted that FVDs are inserted on chevron braces with the same dimensions as those of the
CBFs.

Storey Beams Columns Chevron braces Chiot (FVDs)
X direction Y direction X direction Y direction
1 250%8 350%16 220%16 220%16 9999 9118
2 250%8 300x12.5 180%12.5 180%12.5 9657 8818
3 200x8 260x10 18010 180%10 8839 8092
4 200x8 2208 180x8 160x10 7438 6830
5 200x8 2208 180%6.3 150%8 5388 4976
6 200x8 220x8 160%6.3 150%6.3 2702 2513

Table 2. Member cross-sections (mm) and damping coefficient of FVDs (units in kN, s and m) for DEX.Pa.

Storey Beams Columns Chevron braces CiL.iot (FVDs)
B1 B2 X direction | Y direction | X direction | Y direction
1 350x10 | 88.9x5 | 400x20 350x16 300x12.5 8467 11545
2 300x10 | 88.9x5 | 350x16 260x12.5 260x8 8209 11199
3 300x10 | 88.9x5 | 300x10 220x12 250%6.3 7619 10322
4 200x8 | 88.9x5 | 300x10 180x12.5 220%6.3 6533 8750
5 200x8 | 88.9x5 220%8 150%12.5 1806 4854 6421
6 200x8 | 88.9x5 220x8 140%x12 140%6.3 2496 3299

Table 3. Member cross-sections (mm) and damping coefficient of FVDs (units in kN, s and m) for DEX.Pe.
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Storey Beams Columns Chevron braces CaLiot (FVDs)
B1 B2 X direction Y direction X direction | Y direction
1 300x10 | 50x5 400x16 260%16 250%16 8424 10753
2 250x10 | 50x%5 300x16 220x12 180x12.5 8178 10370
3 250x10 | 50x5 260x10 200x10 180x10 7560 9442
4 200x8 50%5 220%8 150x12 180x8 6443 7894
5 200x8 50%5 220x8 120x12.5 150x8 4738 5675
6 200x8 50%5 220%8 120x12 150x6.3 2407 2821

Table 4. Member cross-sections (mm) and damping coefficient of FVDs (units in kN, s and m) for DEX.Mi.

4 NUMERICAL RESULTS

Nonlinear seismic analysis of the structure before (i.e. original, F) and after (i.e. retrofitted,
DEX.Pa, DEX.Pe and DEX.Mi) the insertion of the dissipative exoskeleton is evaluated by
the finite element code OpenSEES [13]. Nonlinear fluid viscous dampers are modelled as
twoNodeLink elements, assuming nonlinear dashpot and linear spring acting in series without
considering the combined flexibility of the supporting brace and FVD. An elastic linear be-
haviour, equal for tension and compression, is considered for all truss members of the concen-
trically steel braced frames. The exoskeleton is connected to the RC framed building at each
floor level by means of shear and/or axial rigid steel links. Inherent damping &y r=5% for the
RC framed structure is modelled using mass and tangent stiffness proportional Rayleigh ap-
proach, while the contribution of steel exoskeleton is not considered (&y,ex=0%). Seismic in-
put selection for the bi-directional nonlinear dynamic analyses considers earthquakes taken
from the Italian accelerometric archive [26] and NGAwest2 database [27], the latter when
records reflecting the NTC18 provisions at the site in question were not available, and scaled
to match the LS design response spectrum [28].

Mean values of the maximum base shear are reported in Figure 11 for the original (F) and
retrofitted (DEX(F) and (DEX)F referring to parallel (Pa), perpendicular (Pe) and mixed (Mi)
steel dissipative exoskeleton and RC frame, respectively) structures, which are labelled with
letter A when resulting from nonlinear time-history analysis.
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Figure 11. Seismic demand in terms of base shear for the original (F) and retrofitted (DEXF) structures.
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As a comparison, design values (letter D) of the base shear obtained for DEXs are also re-
ported with reference to DEXF.Pa (Figures 11a,d), DEXF.Pe (Figure 11b,e) and DEX.Mi
(Figures 11c,f). The proportion between the base shear corresponding to DEX(F) A and
(DEX)F_A structural parts highlights a good fit with the design value of the stiffness ratio o
(see Tables la and 1b), thus confirming the reliability of the design procedure of DEXs. This
is further demonstrated by the ratio between design (D) and analysis (A) base shear for DEX,
whose value falls approximately into the range of -10% to +30%, which represent the lower
and upper bound tolerances provided by NTC18 when recorded ground motions are scaled to
a certain level of seismic intensity. Evidence of the effectiveness of the proposed retrofitting
strategies also results from base shear related to (DEX)F_ A, whose value is between one half
(Figure 11e) and one third (Figure 11c) of that given to the corresponding F_A.

Afterwards, mean values of the storey drift ratio, defined as drift along the in-plan X (Ax)
and Y (Ay) directions normalized by the storey height (h), are shown in Figure 12. The origi-
nal structure (F) exhibits an irregular distribution law of the drift ratio, with higher deforma-
bility in the X (Figure 12a) rather than in the Y (Figure 12d) direction. The insertion of DEXs
generally ensures a reduction of at least half of the drift demand. The only exception is the top
floor where an increase in drift demand referring to Y is observed for DEX.Pa and DEX.Pe
(Figure 12d), though highlighting values less than 0.5%. Among the three viable retrofitting
schemes, DEXF.Pa and DEX.Mi turn out to be the best choice parallel to X (Figure 12a) and
Y (Figure 12d), respectively. Graphs of horizontal displacement at the floor levels (Figures
12b,e) confirm the effectiveness of all configurations of the DEX. The acceleration profiles
over the elevation of the building, normalised by gravity acceleration g, are displayed in Fig-
ures 12¢,f. Amplification of acceleration is found in all DEXF systems compared to the origi-
nal frame, with values increasing towards the upper levels. Moreover, a clear worsening is
observed in the Y direction (Figure 12f), where DEX.Pe is the worst solution inducing a
threefold increase in top floor acceleration.
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Figure 12. Global response parameters of the original (F) and retrofitted (DEXF) structures over the elevation.
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With a view to analysing how different configurations of the exoskeleton (i.e. DEX.Pa,
DEX.Pe and DEX.Mi) have an impact on the effectiveness of FVDs, the mean of the maxi-
mum values of the total damping force at different storeys are shown in Figure 13. As con-
firmed experimentally [17], the efficiency of the FVDs in the top storey is reduced by at least
half of that at the intermediate levels where maximum values are attained, thereby highlight-
ing that a distribution of damping constants proportional to the storey shear represents an effi-
cient design criterion. The highest energy dissipation corresponds to DEX.Pa and DEX.Pe in
the X (Figure 13a) and Y (Figure 13e) directions, respectively, but this does not correspond to
significant advantages for the DEX.Pe characterized by the additional mass of balconies. It
should be noted that total damping force is only divided between two FVDs for DEX.Pa (Fig-
ure 13d) and DEX.Mi (Figure 13f) along the Y direction, thus reducing structural redundancy,
contrary to DEX.Pe which instead provides four FVDs at each level (Figure 13e), while all
solutions ensure the same number of FVDs in the X direction.
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Figure 13. Distribution of the total damping force of FVDs over the elevation of the DEXs.

5 CONCLUSIONS

Pros and cons of the seismic retrofitting of RC buildings by means of dissipative exoskele-
tons is investigated. To this end, a practical procedure for the seismic design is proposed and
developed, in such a way as to make a distinction between the steel exoskeleton and the dissi-
pative bracing system. It is based on the rigid coupling of two SDOF systems equivalent to
the original frame and dissipative exoskeleton, respectively, assuming elastic behaviour of
steel exoskeleton and nonlinear FVDs. A six-storey RC framed structure located in L’ Aquila
is assumed as an archetype of the residential housing stock built in Italy during the 1990s, de-
signed for medium-risk seismic zone. Three configurations of the DEX along the perimeter
are chosen for retrofitting the original building, assuming elastic behaviour as performance
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objective in a high risk-seismic zone: i.e. DEX.Pa, representing an envelope parallel to all fa-
cades; DEX.Pe, perpendicular to all facades; DEX.Mi, suggested as a compromise solution in
which DEX.Pa and DEX.Pe are only placed on the sides without apertures. By carrying out
nonlinear seismic analysis the following conclusions can be drawn.

The proportion between base shear demands corresponding to DEX(F) and (DEX)F struc-
tural parts matches well with the design value of the stiffness ratio, thus confirming the relia-
bility of the proposed design procedure. Moreover, global and local confirmation of the
effectiveness of the seismic retrofitting techniques can be drawn from the base shear and in-
terstorey drift demands to (DEX)F, respectively, whose values are less than half of those cor-
responding to the original frame. The efficiency of the FVDs is confirmed at the lower and
intermediate levels while it is reduced in the top storey, thereby highlighting that a distribu-
tion of damping constants proportional to the storey shear represents a good design criterion.
DEXF.Pa and DEX.Mi appear the best choice parallel to X and Y, respectively, when drift
ratios are considered. As expected, the top displacement target value is frequently exceeded
by the building in its original condition, but it is sometimes exceeded when retrofitting with
DEX.Pe, while DEXF.Pa and DEXF.Mi are always within the limits of this threshold. How-
ever, all DEXs induce amplification of the acceleration towards the upper levels of the origi-
nal building and this may represent a potential risk in the case of acceleration-sensitive
nonstructural components.
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