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Abstract

New precast frame industrial structures are seismically designed according to reliable mod-
ern criteria. However, most of the existing built stock hosting many workers and both regu-
lar and strategic industrial activities was designed and detailed neglecting the earthquake
load or according to outdated seismic design criteria and regulations. Its seismic retrofit is
a main challenge for the Engineering Community and a critical objective for institutional
and private bodies. Among the envisaged solutions, the introduction of dissipative braces
appears to be promising, although mostly inapplicable for these buildings, due to the brace
lengths required by their typical large dimensions and the related proportioning against
buckling. In this paper, an innovative seismic retrofitting technique based on monolateral
dissipative bracing is investigated. The device proposed in this paper, yet in phase of pre-
liminary design and testing, dissipates energy through friction in tension only while freely
deforming in compression, which makes the issue related to compressive buckling irrele-
vant. A numerical analysis is carried out to investigate the efficiency of the proposed device
in seismic retrofitting of precast industrial frame buildings with the aim to explore its fea-
sibility and to better orient the definition of the slip threshold load range and the future
development of the physical device. The simplified Capacity Spectrum Method (CSM) is
employed for the global framing of the structural behaviour of the highly nonlinear retro-
fitted structures under seismic actions. A numerical tool is set to automatically apply the
CSM based on the definition of few main parameters governing the seismic response of
precast frame structures. The efficacy of the CSM is critically analysed through the com-
parison with the results of a set of nonlinear dynamic analyses. A smart simplified design
process aimed at framing the most efficient threshold slip/yield load of the device given an
existing structural configuration is presented with the application of the CSM through the
identification of the most efficient performance indicator related to either displacement,
shear force, equivalent dissipation of energy or a combination of them.
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1 Introduction

Recent earthquakes occurred in Southern Europe highlighted a satisfactory behaviour of
existing precast concrete industrial frame structures, whether they were originally con-
ceived and designed for seismic strength. However, a poor performance leading to global
column collapse of whole industrial facilities or local collapses involving loss of support
of poorly connected horizontal elements, whether they were not conceived and designed
considering the earthquake load, was observed (Toniolo and Colombo 2012; Bournas et al.
2013; Magliulo et al. 2014; Belleri et al. 2015a; Savoia et al. 2017; Batalha et al. 2019;
Dal Lago 2021). In both conditions, the large drifts attained under the occurred strong
earthquakes brought to issues of displacement compatibility with the “non-structural” clad-
dings, often made with heavy precast concrete sandwich panels, leading to failure of their
connections and to their collapse, as extensively reported in the above-cited literature.

The seismic retrofit of existing precast industrial frame buildings is currently a chal-
lenge and a critical objective to be tackled by the Engineering Community.

Several techniques for the seismic retrofitting/improvement of industrial precast RC
buildings with structural deficiencies were discussed in literature (Martinelli and Mulas
2010; Belleri et al. 2015b, 2017; Dal Lago et al., 2018a; Pollini et al. 2018). Among them
Valente (2013) and Sorace and Terenzi (2017) proposed to install dissipative devices in
braces added to the precast frame structure. This type of intervention consists of a strong
alteration of the original Lateral Force Resisting System (LFRS) typical of precast indus-
trial buildings which, if properly designed and implemented, could lead to a significant
reduction in the top displacement and, consequently, seismic damage.

Braces are widely used in the steel construction practice. The current typologies of
braces may be classified as: (a) Tension-only or Mono-lateral (Fig. 1a); (b) Bi-lateral dis-
sipative (Fig. 1b); Bi-lateral with moderate energy dissipation capacity (Fig. 1c).

Cost-effective Tension-only Braced Frames (ToBFs), using slender elements such as
steel rods or flat/angle profiles (Fig. 1a), are the most widely employed bracing typology.
These braces are unable to transmit load in compression, because of buckling (Filiatrault
and Cherry 1987). Therefore, it is necessary to install couples of identical braces, each
reacting in one direction only, which will inactivate once the loading movement reverses.
These braces, as well as others, can be formed from simple diagonal-bracing (D-bracing)
and cross-bracing (X-bracing), to shapes that allow multiple architectural options, such as
Chevron-bracing (V-bracing) and K-bracing.

The lateral failure of a Braced Steel Frame (BSF) is attained, if correctly designed, after
strong development of plastic strain and ductility of the tensioned braces. However, the
asymmetric behaviour of bracing subjected to cyclic loads causes poor dissipative capac-
ity. For this reason, the resulting hysteresis cycles show a pronounced pinching and a quick
stiffness degradation (Popov et al. 1976; Tremblay 2002; Kanyilmaz 2017a, b). While
no particular limitations are required for elastic ToBFs, which can also be very slender
(ropes), other limitations must be observed according to Eurocode 8 to design moderately
dissipative bracing, leading to bi-lateral braces.

The slenderness of bi-lateral braces shall be limited to achieve an overall elasto-plas-
tic behaviour, therefore a certain dissipative contribution of the bracing in compression is
required. Nevertheless, these systems are not able to guarantee a stable dissipative behav-
iour and they can only be used to achieve low-medium ductility (Perotti and Scarlassara
1991; Martinelli et al. 1996, 1998; Perotti et al. 1996; Broderick et al. 2008; Kanyilmaz
2018; Kanyilmaz et al. 2018).
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Fig. 1 Current typologies of bracing members: a tension-only traditional (moderate energy dissipation); b
bi-lateral dissipative; and ¢ bi-lateral traditional (moderate energy dissipation). Image b is courtesy of U.S.
General Service Administration

Because of that, Moment Resisting Frames (MRFs) are favoured with higher force
reduction (behaviour) factors for steel construction in areas with high seismic hazard
because of their stable ductile behaviour under repeated reverse loading (Erochko et al.
2011), as reflected by current seismic codes such as Eurocode 8, ASCE/SEI 7, FEMA
P440A and NBCC. Dual systems with braced-MRFs are considered in order to reduce
the storey drift and to prevent non-structural damages, keeping a higher dissipative
capacity (Aiken et al. 1993; Erochko et al. 2013).

As a further alternative, bi-lateral dissipative braces were introduced with the aim
to develop ductility and energy dissipation in an almost equal manner in tension and
compression. Although rarely employed yet, bi-lateral dissipative braces characterised
by bulk and low cost-effective profiles required to restrain the brace from buckling were
introduced in literature and practice. Buckling-Restrained Braces (BRB) were intro-
duced following this concept (Tremblay et al. 2006; Fahnestock et al. 2007; Della Corte
et al. 2015), where the typical devices dissipate energy for plasticisation of a metallic
profile (often steel) subjected to bi-lateral axial strain while deforming inside a non-
cohesive external jacketing profile (Fig. 1b). These devices were recently proposed to
be employed in precast concrete structures (Guerrero et al. 2018), although referring
to office/residential smaller structures than the large industrial facilities typical of the
European heritage. As a matter of fact, the current technology of BRBs allows to attain
credible lengths of not more than about 8 m, which makes the application of this tech-
nology to typical precast industrial structures hardly viable.

Since the seventies, several scholars proposed to preserve the primary structural ele-
ments, which bear the gravity-load, by the most severe earthquakes concentrating the
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inelastic deformation into specially designed and detailed parts (Kelly et al. 1972; Skin-
ner et al. 1974).

Passive dampers presented during last decades to be used in earthquake engineering
can be classified concerning: (a) material used (metallic-, shape-memory alloy-, viscous
fluid-...), (b) employed physical principle (friction, ductility, tuned mass, magnetorheolog-
ical...), or either (c) physical motion property they mainly react to (displacement, veloc-
ity, or acceleration). Details can be found in Soong and Dargush (1997), Martinez-Rueda
(2002), Symans et al. (2008), among others.

Among available passive solutions, a particular interest should be paid to Friction
Damper Devices (FDDs); they are activated when a pre-set load threshold is reached, after
which they slide, keeping an almost constant load-level and dissipate an amount of energy
proportional to the displacement. In comparison to devices based on plasticisation of met-
als, they provide much larger initial stiffness, and thus they activate earlier, with a stable
rectangular-shaped hysteresis, providing the largest amount of energy dissipation given
a target displacement and a threshold load. Moreover, they often do not damage or only
slightly damage even under severe motion and extensive friction activation (Grigorian et al.
1993; Dal Lago et al. 2017).

In addition, the number of available cycles is unequivocally higher than yielding-based
devices (Dal Lago et al. 2018c), because fatigue and temperature do not affect friction,
which is also poorly sensitive to the strain rate. Finally, the sliding threshold may be easily
tuned according to the structural requirements. As effectively summarised in a well-known
paper on the subject (Pall and Marsh 1982): «the motion of vibrating buildings is slowed
down by braking rather than breaking».

Following this approach, it is natural to wonder whether the non-symmetrical behaviour
of braces might be overcome by exploiting the properties of FDDs. Indeed, by installing a
device with a determined slip threshold connected to a brace, it is possible to predetermine
the maximum load transferred to the connected frame (with a safety margin) and avoid the
yielding of brace at the same time; in this manner FDD acts as a mechanical-fuse, limit-
ing the force exerted, and like a damper, controlling the displacement. The setting of the
operating threshold may ensure that key design parameters are easily controlled since the
conceptual design, without demanding calculation resources. In this manner, the capacity
design becomes simpler and more effective, making the Performance Based Design easier
(Kim et al. 2013).

The bigger hamper to the installation of such dampers in braces again arise from the
combination of alternating tensile-compression behaviour; whether the tensile behaviour
can be assimilated to an elastic—plastic element, the slender parts keep suffering for the
compression brace buckling, as previously discussed.

Several solutions were proposed in literature and practice to overcome the issue of pro-
ducing dissipation of energy with low-cost tensile bracing elements acting only in tension.
Pall and Marsh (1982) proposed an enhanced X-bracing with a special device installed at
the braces crossing. The mechanism is a four-bar linkage: the tension of one brace forces
the device to slip, activating all four links which in turn force the joint of the other brace
to slide simultaneously, which will reciprocate in the following half-cycle. In this way,
the energy is dissipated during each half-cycle in both braces. In addition, at each cycle,
the mechanism brings the connection back to initial position, ready to be reactivated in
subsequent cycles. Besides introducing friction dissipation, this system has the undoubted
advantage of correcting the non-symmetrical behaviour of the bracing. Also in this case,
the application in precast structures becomes difficult, especially when long spans of beams
or roof elements are present.
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The improvement of V-bracings proposed by Mualla and Belev (2002) is appealing
for the coherent implementation of the form following function principle. Cables replace
braces, whilst a single device improves the overall capacity of dissipating kinetic energy
by friction and the same device uncouples the vertical displacement of the beam from the
bracing. In this manner, braces are not affected by the beam deformation due to gravity
load but, at the same time, the lateral load borne by the beam is transferred to columns
base, like any common V-bracing.

Moreover, several attempts had been performed to integrate dampers with devices able
to transmit tension only: Sumitomo Friction Damper (Aiken et al. 1993) and Friction-
Spring Seismic Dampers (Filiatrault et al. 2000) are two leading examples.

Following the original Pall & Marsh’s idea, Fitzgerald et al. (1989) and Grigorian et al.
(1993) later used slotted holes to avoid the brace buckling. These different devices have the
same flag-shape response, which provides a remarkably lower specific energy dissipation
with respect to the typical rectangular-shaped friction hysteresis.

Tamai and Takamatsu (2005) proposed to upgrade X-bracing by modifying gusset
plates inserting a wedge-device, able to accommodate the brace shortening and avoid buck-
ling, while the dissipation of energy remains entrusted to the yielding of tensile braces.
The experiments showed a perfect elastic—plastic hysteresis and a good agreement with the
designed strength and the foreseen energy absorption.

More recently, other scholars proposed to employ special mechanical devices, such as
ratcheting bars based on steel plasticisation, in the field of structural engineering. Such
devices are able to transmit a fensile axial load along one direction only, while they slide
without resistance when they move in the reverse direction. Tamai and Takamatsu (2005)
called them non-compression brace, also called from other authors Slack-Free Connection
(SFC) (Mousavi et al. 2015), Tension-only Device (ToD) or Grip ‘n Grab (GnG) (Cook
et al. 2018).

The analysed literature, presented so far, proposes the use of unilateral devices coupled
to passive yield devices (Monir 2013) or directly exploiting the braces tensile yielding
(Mousavi et al. 2015; Cook et al. 2018). Ratchet systems are characterised by an influ-
ence on the ratchet step, and by a limitation in the cumulated displacement since there is
no “recovery” of the penetration length during use. Moreover, yielded devices should be
replaced after mild/heavy engagement.

The above-cited issues may be overcome with the adoption of a Unidirectional Device
coupled with a Friction Damper, leading to a Unidirectional Friction Damper Device
(UFDD). In comparison with ratchet devices, the device would immediately be triggered
by displacement, avoiding ratchet step influences, thus the system can be continuously
re-armed without slack. The displacement cumulated by the device in use has no theo-
retical limit, given the hysteresis occurs within the maximum and minimum absolute dis-
placements allowed by it. Moreover, by concentrating all the dissipation inside the fric-
tion dampers, it is not necessary to replace the damper and the bracing hardware after an
earthquake.

The use of UFDD:s to retrofit precast RC industrial buildings is proposed and analysed
in the present paper. The conception of the physical friction device is introduced with ref-
erence to a primitive prototype, currently under testing and fine-tuning. Capacity Spectrum
Method (CSM) is employed on simple frame models of precast structures. A numerical
tool was set to automatically apply the CSM based on the definition of few parameters
which govern the seismic response of precast frame structures: (a) height of column, (b)
column width, (c) steel ratio, (d) grid size, (e) PGA, and (f) device threshold capacity. This
simplified performance-oriented design method is straight forwarding and can immediately
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provide response of a highly nonlinear structure in terms of maximum displacement and
maximum shear force.

The efficacy of the CSM is critically analysed through the comparison of the method
outcomes against the results of a set of nonlinear dynamic analyses. Then, a wide paramet-
ric investigation is carried out considering the effects of each of the above-cited influencing
parameters over the seismic performance of precast frame structures, identifying which are
crucial. The performance curves obtained from parametric analysis will form the basis of
designing criteria for the proposed dissipative device. Finally, a smart simplified design
process aimed at framing the most efficient threshold slip/yield load of the device given an
existing structural configuration is presented with the application of the CSM through the
identification of the most efficient performance indicator related to either displacement,
shear force, equivalent dissipation of energy or a combination of them.

2 Unidirectional friction damper device and implementation
into braces

A concept prototype of UFDD is shown in Fig. 2. It consists of a wedged slider to be
inserted into a mechanically calibrated (adjusted with high precision in diameter) steel
tube. The slider is made by (/) a base diagonal-truncated cylinder with inner threaded hole
connected to a threaded bar, and (2) a diagonal-truncated counter wedge cylinder with
inner plain hole kept close to the base cylinder by a metallic spring acting against a clas-
sical nut of outer diameter lower than the cylinder diameter. When the slider is tensioned
by the threaded bar, cylinder (1), which is screwed into the threaded bar, engages cylinder
(2) with a wedging mechanism, increasing the pressure on the outer tube. Once the sliding
threshold is reached, the device starts to slide inside the tube maintaining a friction force.
On the contrary, when the slider is pushed cylinder (1) disengages from cylinder (2) by
forming a gap, which is kept minimum at negligible load by the spring counteracting over
the washer and the nut. The slider can be made out of steel (Fig. 2b) or brass (Fig. 2c),
the latter being used for friction devices due to the stabilising effect on the hysteresis (Dal
Lago et al. 2017).

When installed in slender braces, the UFDD modifies the typical behaviour of ToBFs
shown in Fig. 3a into the behaviour shown in Fig. 3b.

The hysteretic behaviour of a typical non-dissipative ToBF is characterised by the fol-
lowing steps: (1) the high lateral displacement imposed to the structure 8’ causes the elas-
tic—plastic elongation of the tensioned diagonal and the contemporary buckling of the com-
pressed diagonal; (2 when back to zero displacement, the tensioned diagonal, elongated by
the plastic deformation, buckles, while the compressed diagonal comes back to its origi-
nal position; (3) when pushed to—3&’, also the previously undamaged diagonal undergoes
plastic deformation, while the compressed diagonal buckles even more; (4) when back to
zero displacement, both diagonals are loose and buckled; in successive cycles experiencing
the same displacement history, their contribution to bracing and energy dissipation is fully
jeopardised.

The installation of a UFDD unit into both braces modifies the hysteretic behav-
iour of the ToBF as follows: (1) the high lateral displacement imposed to the struc-
ture 8’ causes the sliding of the tensioned diagonal under the friction threshold load
and the contemporary shortening by sliding with negligible load of the twin diagonal;
(2) when back to zero displacement, the previously tensioned diagonal slides into its
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Fig.2 Concept prototype of
unidirectional friction damper
device: a geometry and kinemat-
ics, b steel slider, ¢ brass slider, d
coupling of steel slider with tube

(b)

(@)

original position with negligible load, while the previously shortened diagonal acti-
vates friction sliding; (3) when pushed to — &', the same mechanism displays; (4) when
back to zero displacement, both diagonals are in their original position; in successive
cycles experiencing the same displacement history, their behaviour is similar to that of
the first cycle apart from eventual friction losses (Dal Lago et al. 2017).
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Successive
cycles
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First Successive

cycle cycles
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Fig. 3 Hysteretic behavior of tension-only braces: a traditional, and b dissipative

3 Reference building

The CSM can be used to estimate the inelastic response of a structure in an earthquake
by comparing the capacity of the structure with the demand on the structure. This per-
formance-based simplified seismic analysis technique can be used for a variety of pur-
poses such as rapid evaluation of a large inventory of buildings, design verification for
new construction of individual buildings, evaluation of an existing structure, and cor-
relation of performance states of buildings to various amplitudes of ground motion. The
procedure compares the capacity of the structure in the form of a pushover capacity
curve with the demands on the structure in the form of an overdamped response spec-
trum. The method, originally proposed by Freeman (1978), was later implemented in
many structural codes worldwide, although modified with several restrictions to its gen-
eral potential. The application of the general CSM approach for the preliminary evalu-
ation of the seismic performance of precast structures with either standard or innova-
tive connections was assessed against experimental full-scale testing in Dal Lago and
Molina (2018).

A retrofit case study of a typical precast concrete industrial frame structure employ-
ing tension-only dissipative braces with different device thresholds was carried out to
assess the efficacy of the proposed retrofit technique and to frame the useful range of
device threshold.

The building structural sections are shown in Fig. 4 and the main characteristics of
the structural layout are resumed in Table 1. The structural grid is regular of 20 m by
10 m, with 3 bays in each direction. Square columns with 60 cm side protrude from the
base partially precast pocket foundation. Prestressed H-shaped internal beams and solid
rectangular peripheral beams cover the 10 m span. Prestressed wing-shaped roof ele-
ments alternated by coverage barrel vault/shed elements cover the 20 m span (details on
this roof system are available in Dal Lago 2017).
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Fig.4 Typical precast frame industrial structure with proposed retrofit intervention: a structural cross-sec-
tion along the beam direction, b structural cross-section along the slab direction, ¢ detail along beam direc-
tion, d detail along slab direction. Measures in cm. Dissipative devices in green mounted over braces in
blue. Stretchers are employed for tolerance adjustment only

Table 1 main properties of the

structural layout Column Width (m) 0.6
Clear height (m) 8
Long. steel (%) 1
Transv. steel (%) Not specified
Frame layout Grid size (m X m) 20x 10
Distributed mass (kg/m?) 300
No. of bays/naves 3/3
Diaphragm Flexible
Cladding panel arrangement Isostatic
Material Concrete strength fy (MPa) 45

Reinf. steel yield str. fyk (MPa) 450
Brace steel yield str. f,, (MPa) 235

Dissipative device  Initial stiffness (kN/m) Very high
Threshold load Variable
Brace length (m) 12.8

4 Structural model

The structural model of one frame excerpted in the direction of the beams was consid-
ered for the investigation, although the results would be similar for the frame in the direc-
tion of the slab elements. The difference would basically rely only upon a higher clear
height of the column enlarged by the beam depth, since the beam follows the rotation of
the column element in this direction. The single frame model is to be considered appro-
priate whether one bracing system is installed on each two-directional frame, or whether
a rigid diaphragm is provided by the structural layout, which is however rare for precast
industrial frame structures (Dal Lago and Ferrara 2018, Dal Lago et al. 2019). Installing
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dissipative braces on single frames of a building with roof system with flexible diaphragm
may jeopardise every beneficial effect, due to the ineffective restraining of the unbraced
frames by the adjacent braced ones. Intended or unintended stiffening effects of the clad-
ding panels covering the perimeter of the building are neglected. The structural conceptual
models are shown in Fig. 5 for both frame only and braced frame structures. It is reminded
that, although these graphs are edited on the basis of a numerical model, which will be
explained further on, they are introduced at this stage only to illustrate the assumptions
at the basis of the analytical calculation shown in the present chapter. Seismic masses are
assumed lumped in correspondence of the column top; column elements are assumed to be
perfectly clamped at their base (pocket foundation) and perfectly hinged at the top around
the horizontal axis orthogonal to the sketch; all columns, to which a non-linear behaviour
in bending is attributed, are assumed to have the same displacement; the diagonal braces
act in tension as springs with non-linear behaviour and freely deform in compression.

5 Evaluation of the capacity curve and implementation of the capacity
spectrum method

In the following, a procedure of general applicability to precast frame buildings is devel-
oped, and numerical values associated to the specific reference building are introduced as
worked examples.

® - ® f o ©

Lumped mass
Equal displacement link

Nonlinear beam element

T~ Clamped base
\A

Nonlinear axial spring

e

™

Tension-only contact element

Fig.5 Structural modelling strategies: a original unbraced frame, and b retrofitted braced frame
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Concrete class B45/55 is modelled with a Sargin constitutive model following Model
Code 90 bulletin formulation (fib 1990). An elastic—plastic model was adopted for steel,
neglecting the material hardening, also in view of the scarce interest of the plastic
behaviour range of reinforcement, being the objective of the retrofit intervention a seis-
mic drift within the elastic field. It is also to be reminded that a stable plastic hysteresis
and subsequential energy dissipation are achieved only when sufficient confinement of
concrete core and bars is exerted by the transverse reinforcement, which is in most cases
insufficient for existing buildings not designed and detailed for ductility.

The monotonic capacity curve is defined by 3 linear branches characterised by 2
points only, apart from the origin: the cracking and the yielding points. The post-yield-
ing branch is considered constant, again following the assumption described above.

The horizontal load P, associated to cracking is simply found by imposing the
decompression limit of the concrete cross-section, assuming the section was already
cracked due to previous events, as per (1). The axial load N is needed for this step,
which is calculated by simply multiplying the distributed mass (which includes the
proper portion of cladding panel mass) by the single grid size, assumed equal for all
the columns, under the assumption that for the edge column the mass of the horizontal
suspended cladding panels compensates the absence of half slab. The cracking displace-
ment is found by considering the elastic deformation of the plain cross-section, as per

(2):
P.. =Nh/(6 H) = 7.5 kN (per column) (1)

5cr = Pcr/(3 Echplain/H3) = 30 mm (2)

where h is the section depth, H is the clear span of the column, E_, is the mean Young
modulus of concrete and 1, is the gross second moment of the area of the idealised
cross-section.

The yielding load P, is found by imposing the translational and rotational equilibria to
the cross-section under imposed axial load N and yielding strain e, of the extreme bar layer,
as per (3). The yielding displacement &, is found by numerically solving the differential
equation of the inelastic line, integrating the curvature distribution over the beam twice.

P, = My(N;ey)/H = 61.9 kN(per column) (3)

8, = 103.1 mm(numerically integrated) 4)

The segmentary trilinear monotonic curve P,(5) associated to a column is then sim-
ply multiplied by the number of columns n,, to get that of the frame. Second order
effects, often remarkably relevant for precast industrial frame buildings, were taken into
account in the definition of the base shear of the frame P as per (5).

Pf(é) = nL'olPI(a)_ncn/Né/H (5)

The capacity curve of the frame structure obtained is plotted in Fig. 6a. The addition
of the retrofitting bracing system modifies this curve as shown in Fig. 6a with reference
to different device thresholds.

The brace systems are supposed to be post-installed in the industrial buildings as
shown in Fig. 4a. The dissipative device with maximum assumed threshold of 200 kN
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is linked at the base with a stretcher which is pinned to a steel plate connected with the
column, and at its top to the steel tube which covers the gross length of 12.8 m (net tube
length 11.2 m). A tube with diameter 101.6 mm and thickness 6.3 mm was adopted.
Such a profile was selected to ensure its strength even under friction peaks (in case
a device based upon friction is employed), conservatively checking that the force cor-
responding to the attainment of the design yield strength is associated to a force higher
than the double of the design threshold P,, (see in Eq. 6)

Abf;/k/Ym 2 2Pth (6)

In this case the design brace yield load results 1.89x235/1.05 =423 kN, which is higher
than 2x200=400 kN. The tube profile was also selected to limit bending deformation due
to its own self weight along the horizontal projection of its clear span, which results lower
than L/400. Through the weak tensioning applied by the stretcher, the tube is aligned in
position avoiding mounting tolerances.

The brace stiffness K}, is calculated assuming a rigid behaviour of the dissipative device,
thus relying on the axial stiffness of the tubular profile, equal to about 30 kN/mm for the
one adopted. The monotonic behaviour is then defined by an elastic branch characterised
by the above-described stiffness followed by a plateau horizontal branch as long as the
maximum stroke of the dissipative device. The point of discontinuity occurs at the thresh-
old load P,,, which more specifically is the dynamic friction threshold load. This model
is similar to the one adopted in Dal Lago et al. (2017). The capacity curve of the bracing
system is referred to the horizontal top displacement 6 by properly orienting the force asso-
ciated to the bracing system to its horizontal component P,, as per (7).

P (8) = if{8 < Py /|K, cos (atan (H/D))|;

oKy cos? (atan (H/D)); Py, cos(a tan)} @

The capacity curves of the frame structure braced with devices having different thresh-
olds are obtained as a simple sum of the two contributions. Figure 6a also contains several
capacity curves corresponding to devices with different threshold.

The CSM requires, as a further step to the definition of the capacity curve, the definition
of the equivalent viscous damping curve. In order to obtain it, the hysteretic laws of frame
and brace were defined as follows: a Takeda rule (Takeda et al. 1970) is set for the frame.
This rule is different for the 3 linear branches: in the uncracked branch, the energy dissipa-
tion is null; in the cracked elastic branch the energy dissipation is shown in Fig. 7a; in the
plastic branch the energy dissipation is shown in Fig. 7b. For both these ranges, the consid-
ered energy dissipation refers conservatively to cycles successive than the first, assuming
the cyclic action of the earthquake. The energy dissipated by the frame £, ,is calculated as
per (9), after having defined in (8) the unloading stiffness K ,,,/,44-

Kt untoaa(8) = if{8 < 8,5 [P(8) + P(6,)1/(8 + 8sr): &
(8,/8)*[PH(8,) + Pi(5.,)1/ (B, + 64)}
Ey(8) = if{8 < 6,::0:2 P(8) [6—[Pr(8)/Kpamona(®)] ] } ©)

The kinematic hardening hysteretic law (see Eq. 10) was assigned to the dissipative
device, as shown in Fig. 7c, again following the model adopted in Dal Lago et al. (2017).
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Fig. 7 Dissipation of energy considered for: a frame in pre-yielding condition (Takeda), b frame in post-
yielding condition (Takeda), and ¢ full bracing system (Kinematic Hardening)

Eqp(8) = 4Py, [6—Py, /Ky (10)

From this data, the evaluation of the Equivalent Viscous Damping (EVD) curve £, (6) is
obtained based on the proportion of the dissipated energy to the elastic energy equivalent
to that of an elementary damper (see Eq. 11).

£eq(8) = &y + [Eqs(8) + Eyqp(8)] /{]/147 [E1(8) + E,(9)]} (11)

where {, is the basic viscous damping (considered equal to 2% in the present study), E,
is the dissipated energy as previously described, and E| is the elastic deformation energy
computed by Eq. (12)

Es(é) = 5(Pmax + IPminI)/4 (12)
where P, are the maximum and minimum base shear of the braced frame,
respectively.

The EVD curves associated to frame only and to braced frame with various threshold
loads are plotted in Fig. 6b.

The final step of the CSM procedure consists in finding the Performance Point (PP)
associated to a seismic event. The response spectrum of Eurocode 8 was employed

and P

n
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referring to a subsoil type B. In particular, the displacement spectrum is employed through

the definition of an apparent period T,,, as per (13).
Topp(8) = 2m1/{8m/[P(8) + Py(5)]} (13)
S4(8:Ceq) = Sa(T s L) [Tupp(8)/ 2] (14)

where m is the vibrating mass.

The PP is then found as the smaller intersection between the displacement spectrum
S4(6;¢,,) and the line corresponding to the identity d=d. Figure 6¢ shows this final step of
the CSM for a given design ground acceleration a, on rocky soil (type A) of 0.2 g.

This procedure allows not only to derive a single PP for a given a,, but also to derive
Performance Series (PS) associated to a set of values of design acceleration. The procedure
of finding of the single PPs was automatised, and the PSs evaluated are shown in Fig. 8.

The seismic performance of the structural assembly is resumed by six quantities, of
which three absolute and three relative):
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Fig.8 Evaluation of: a performance displacement, b performance shear, and ¢ normalised dissipated
Energy and their corresponding ratios by implementing CSM considering various devices threshold loads
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Absolute top displacement
Top displacement ratio (absolute top displacement of the braced frame divided by
absolute top displacement of frame only)
Absolute base shear
Base shear ratio (absolute base shear of the braced frame divided by absolute base
shear of frame only)

e Normalised dissipated energy (defined as the energy dissipated by a single equiva-
lent cycle of the structure at the performance displacement)

e Normalised dissipated energy ratio (absolute normalised dissipated energy of the
braced frame divided by normalised dissipated energy of frame only)

The CSM is a method which does not allow to evaluate the energy dissipated dur-
ing a hypothetical earthquake event. The Normalised Dissipated Energy (NDE) as
defined above was introduced to give to the designer an idea of the potential extent of
dissipation to which the structural assembly is subjected. The most useful interpreta-
tion of NDE displays in comparisons: a system with low NDE is subjected to limited
mechanical non-linearity, whilst a system with high NDE indicates that a large hyster-
esis may occur under the considered earthquake event. The interpretation may appear
controversial for the considered case: frame structures only provide better performance
when NDE is low, since non-linear hysteresis is associated with structural damage; on
the contrary, frames with dissipative bracing show better performance with high NDE,
since it indicates a better use and exploitation of the dissipative device, at least in the
field where the displacement is lower than the frame yielding one.

The plot in Fig. 8a referring to absolute performance displacement is shown together
with two horizontal lines referring to the standard Damage Limit State condition of
attainment of 1% of drift (80 mm) and the yielding displacement. The plots can be
interpreted in two ways: according to the vertical approach, in correspondence of the
yielding a, for the bare frame, corresponding to 0.15 g, the efficacy of the dissipative
bracing displays when considering that the displacement is lowered from 110 for the
frame only to 47, 30, 24, and 21 mm for a threshold load of 50, 100, 150, and 200 kN,
respectively; according to the horizontal approach, the yielding a, increases from 0.15
for the frame only to 0.21, 0.26, 0.31, and 0.36 g for a threshold load of 50, 100, 150,
and 200 kN, respectively. It is worth to note that the relative displacement curves tend
to a horizontal asymptote for relatively large design accelerations, which corresponds
to a range of limited efficiency of the bracing. The higher the device threshold load, the
higher acceleration denotes this transition. The graph showing the relative displacement
highlights that the points of maximum exploitation of the device for the relative reduc-
tion of the displacement, corresponding to the minimum of the series, have lower values
for increasing device thresholds, as expected, and corresponds to higher a,. This has as
a consequence that weaker devices appear to be more effective than stronger devices for
low-intensity design earthquakes.

Regarding the performance shear, the introduction of the dissipative bracing tends to
increase it due to its stiffening effect. It is also to be reminded that the bracing attracts shear
in a local portion of the structure, instead of distributing it equally among all columns as
typical of the frame system only, which should be checked against possible activation of
shear failure mechanisms in the columns. However, if looking at the relative shear, a range
of ratios (slightly) lower than unity is found, which is the result of the counter-balancing
effect of the reduction of global drift by the dissipative bracing and thus a strong reduction
in the shear attributed to the whole frame. Both absolute and relative performance shear
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curves of the retrofitted structures show a tendency to match the slope of that of the frame
only after the dissipative device attains the threshold load.

Considering the normalised dissipated energy, the graph referring to the absolute values
shows three distinct branches: an initial phase with negligible energy dissipation, corre-
sponding to a purely elastic hysteresis of both structure and bracing; a middle phase with
a parabolic-like increase, being the energy dissipated by devices with different threshold
loads very similar and progressively larger than that of the frame only; a final linear-like
branch departing from acceleration values increasing with the device threshold load. The
relative normalised dissipated energy graph shows a peak in correspondence of the yielding
displacement of the frame only, where after this value its reduction is due to the increasing
contribution of energy dissipation by the base of the columns.

6 Non-linear time history analysis and comparison with CSM

Since CSM is a simplified method which can be effectively employed to frame the expected
seismic performance of a structural assembly whose dynamics is predominantly affected by
a single mode as a more powerful instrument than elastic response spectrum analysis, and
it also does not account for the detailed time history of an earthquake event, its efficiency
in estimating the seismic performance of the non-linear structural system under considera-
tion was assessed through the comparison with the results from Non-linear Time History
Analysis (NTHA) for selected cases. It is reminded that the more general task of a check of
the efficiency of CSM with reference to full-scale cyclic and pseudo-dynamic tests on full-
scale precast concrete structures is analysed in Dal Lago and Molina (2018).

Numerical models were set in the structural code Straus7 (G+D Computing 2010), as
shown and previously commented in Fig. 5, following the aim of a perfect simulation of
the model employed for the application of the CSM. The mechanical non-linearity of the
column beam elements was defined by introducing the non-linear moment—curvature dia-
gram. The diagram introduced for all elements was defined as tri-linear on the basis of
the curvatures associated to the relevant points of the force—displacement diagram shown
in Fig. 6a for the frame only. Takeda hysteresis model was also attributed. To ensure the
mono-lateral behaviour of the bracing, a tension-only contact element was introduced in
series with the non-linear connection element to which the force—displacement monotonic
curve of Fig. 7c was applied with a kinematic hardening hysteretic law.

The analyses were carried out considering both mechanical and geometrical
non-linearities.

The capacity curves related to both braced and unbraced frame structures were checked
to perfectly match those resulting from the CSM implemented procedure from non-linear
static pushover analysis.

Ten artificially made accelerograms whose response spectrum is compatible with that
of Eurocode 8 for subsoil type B were applied at the base of the considered structures.
Artificial accelerograms instead of natural were employed in order to allow for a more
sound comparison with the results obtained with the CSM, where the response spectrum of
Eurocode 8 was used.

Three structures were considered: (a) frame only; (b) braced frame with 100 kN of
threshold load; (c) braced frame with 200 kN of threshold load. Five base acceleration a,
values were considered: 0.1 g, 0.2 g, 0.3 g, 0.4 g, 0.5 g. Thus, a total of 10x3x5=150
NTHAs were carried out.
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The results in terms of maximum displacement and shear are summarised and com-
pared with CSM in Figs. 9 and 10, respectively. The results are provided in terms of
both absolute values (left side graphs) and relative values (right side graphs), where the
absolute values from NTHA are plotted with those obtained from CSM, and the relative
values are expressed in terms of ratios between the values obtained from CSM and those
obtained with NTHA.

It can be observed that for the lower value of design ground acceleration a,, the two
approaches give results which substantially match, due to the pseudo-elastic behaviour
of both braced and unbraced structure. Considering the frame only, the CSM displace-
ment curve falls in between the computed ones with NTHA, where the scatter of the
numerical displacements increases with the acceleration. It is reminded that displace-
ments in plastic field of the column bases can be attained only when proper geometric
ratio and detailing of the transverse reinforcement is provided, which is often not the
case of the buildings to be retrofitted. In terms of maximum shear, the curves fully align
already at a design acceleration of 0.2 g, which is the consequence of the attainment of
the yield shear load of the frame.
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Fig.9 Maximum top displacement and displacement ratios from NTHA and CSM for the models with: a

original unbraced frame, b retrofitted braced frame with device threshold set to 100 kN, and ¢ retrofitted
braced frame with device threshold set to 200 kN
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unbraced frame, b retrofitted braced frame with device threshold set to 100 kN, and ¢ retrofitted braced
frame with device threshold set to 200 kN

When considering the braced structure, it can be observed that an increasing scatter
between CSM and NTHA displacements occur with high accelerations, with those com-
puted via CSM denoting a conservative scatter progressive with the acceleration. Similar
comments apply also for the shear, but only limited to the behaviour branch prior to the
attainment of the column yield displacement. After this value is attained, the base shear
recorded in the analyses is the maximum, which was set for both CSM and NTHA. Thus,
the differences in terms of shear between the two methods are less pronounced than the dif-
ferences in terms of displacement.

7 Parametric analysis of the seismic behaviour of precast structures
retrofitted with the proposed technique

The influence of different parameters which are identified as the most important for the
determination of the seismic performance of an existing structure after the retrofitting
intervention was studied by a parametric analysis. The parameters identified are those
bolded in Table 1, where the associated values were varied starting from the reference
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building configuration as indicated in Table 2. It is reminded that the parameter ranges and
their combinations were not derived from a design process, since the aim is to simulate
credible configurations of existing structural arrangements, which were built in different
geographical areas and were designed since the ‘40 s according to different regulations and
safety approaches.

The reinforcement is conventionally distributed in 12 bars equally distanced along a
perimeter distanced by 1.5® from the perimeter of the column. The diameter of the bars is
calculated by simply considering the area of steel from the geometric reinforcement ratio,
attributing it in equal parts to the 12 positions set. Although this may lead to unrealistic
diameters, it is deemed that not many differences would arise in case of a more refined
distribution. The performance series resulting from the parametric analysis are summarised
in Fig. 11 and in Fig. 12, where the plots of Fig. 12 refer to the ratio of the performance
parameters associated to the retrofitted frame with device capacity of 100 kN (shown in
Fig. 11 in absolute terms) with the parameters associated to the original unbraced frame
structure.

e Dissipative device threshold load
The influence of the variation of device threshold load was already shown in Fig. 8 and
commented earlier.

e Column width
The column width is related to lateral stiffness and strength. It is observed that with
increment in column section dimensions results are converging towards safer side,
although this parameter seems not to be much effective in controlling displacement
and normalised dissipated energy, at least in the range of low-medium accelerations
up to about 0.3 g. The impact of section dimensions variation on the performance
shear is much more prominent. From performance shear and shear ratio curves, it can
be deduced that as the section dimension is increased the performance shear is also
increased. More negative impact for dimension increment is visible at high acceleration
where at a,=0.3 g sections of (700x700) and (800 800) mm are leading to almost
four times more shear as compared to structure in which column sections of (400 x 400)
mm are used.

e Grid size
Grid size is related to both column tributary mass and axial load on the columns. It
is observed that with the increase of grid size, the capacity of the structure to con-
tain the displacement reduces, as similarly observed for performance shear, which
increases with the grid size. Higher impact can be observed at low-medium accelera-

Table 2 Range of values considered in the parametric analysis

Column Width (m) 0.4-0.5-0.6-0.7-0.8
Clear height (m) 5-6-8-10-12
Long. steel (%) 0.5-1.0-1.5-2.0-2.5
Frame layout Grid size (m X m) 8X16-10%x20-12 % 24-15%30-18 x 36
Distributed mass (kg/mz) 200-300-400-500-600
No. of bays/naves 1-2-3-4-5
Dissipative device threshold load 0-50-100-150-200

Bolded values are associated to the reference building
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tion up to 0.3 g. Increase in grid size contrarily implies higher dissipation of energy,
leading to a higher degree of use of the dissipative devices.

e Number of bays
The number of bays affects the ratio of the total vibrating mass and the stiffness/
strength of the building. It can be observed that fewer the number of bays, the more
control displays on displacement. This effect is more impactful at lower accelera-
tion. Similarly, larger shear is observed when increasing the number of bays. This
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the benchmark unbraced frames): a column width, b grid size, ¢ number of bays, d distributed mass, e steel
ratio, and f storey height

behavior is prominent at accelerations between 0.2 and 0.3 g. An opposite trend is
observed for the normalised dissipated energy.

e Distributed mass
Distributed mass affects both vibration period and column axial load. It is observed
that the lower the distributed mass, the higher reduction on the displacement.
Regarding performance shear, the impact of distributed mass is limited. An opposite
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behaviour is observed for normalised dissipative energy, which increases with the
distributed mass, highlighting a more severe use of the dissipative device.

e Steel ratio
Steel ratio affects mainly the post-cracking column stiffness and the column strength.
Surprisingly, the steel ratio seems to have a very low effect on the seismic behaviour
of the braced structure, with relevant variations observed only in shear and for high
accelerations, with higher shear corresponding to higher steel ratio. The reason behind
this result is to be identified in the fact that for low-medium accelerations the frame
structure acts in elastic field, and thus the strength of the column does not play a role.

e Storey height
Storey height affects both column stiffness and base shear. This parameter has a rel-
evant impact on the seismic response of the braced precast structure, being the reduc-
tion of displacement more prominent at lower accelerations. Performance shear has
a strong dependency upon the storey height, being that associated to shorter columns
much larger than that associated to taller columns. The normalised dissipated energy
appears to be similar for the different storey heights at low-medium accelerations,
whilst becoming more prominent for shorter columns at high accelerations.

8 Design workflow of the retrofitting intervention and selection
of the device threshold

The workflow envisaged for the design of the retrofit intervention of an existing precast
industrial structure with the proposed technique employing tension-only dissipative braces
is schematically resumed in Fig. 13. It is specified that specific issues related to the seismic

Finding Seismic
\_ Performance Series /

/

Existing Structure Hldent;fging Se.ismicd Implementing
Surveying azard Scenarios an CSM

Requested Performances

Checking with Selecting Device Defining Efficiency
NTHA and . o .
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( Minimising Efficiency

N Criterion / ( Normalised Energy )

Fig. 13 Design flowchart
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behaviour of precast structure, such as cladding panel connections or deficient connections
between horizontal elements, are to be solved separately from the present workflow.

The steps are commented in the following:

Existing structure surveying

The geometrical, structural, and material detailing shall be defined based on a direct
survey and on experimental tests on materials, or on the original drawing, or on a prob-
abilistic framework. The parameters that are required for the computation of the capac-
ity curve of the frame structure are, at least, those listed in Table 1 (excluding the last
section on dissipative device).

Identifying seismic hazard scenarios and requested performances

The seismic hazard scenarios can be determined based on the current existing clas-
sification of the seismic hazard, eventually including coefficients of importance higher
than one on the basis of the importance of the construction and of its content. To the
typical four earthquake design levels, with base accelerations related to increasing
return periods, shall be associated performance levels. As shown in Fig. 14, the tradi-
tional approach for seismic retrofit interventions can be substantially improved with the
use of the proposed retrofitting technique, which allows to tackle more severe perfor-
mance requirements. For instance, the proposed technique may be proportioned so that
the columns do not yield under the rare design earthquake and they moderately yield
under the very rare design earthquake.

Implementing CSM

Using the values of geometrical, frame and material properties, the CSM can be sys-
tematically employed for the evaluation of the performance series for the considered
structural scheme with different threshold loads of the device and for different levels of
base accelerations. A check has to be performed at this point identifying which thresh-
old load meets the previously defined performance requirement at the associated earth-
quake design level.

Defining efficiency criterion

The performance series, after having eliminated those not satisfying the performance
criteria to be met, can be analysed through structural efficiency parameters. These
parameters were introduced earlier. They are: (a) performance displacement ratio,

traditional retrofit performance
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Fig. 14 Example of different allocation of target performance levels to earthquake design levels from tradi-
tional to dissipative bracing retrofit
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Performance Parameter Ratio [-]

defined as the ratio of the performance displacement of the braced structure over that
of the unbraced structure 6,004 / Sunpraceqs (b) performance shear ratio, defined as the
ratio of the performance shear of the braced structure over that of the unbraced struc-
ture Pp,uceq ! Punpraceqs (€) normalised dissipated energy ratio, defined as the ratio of the
normalised dissipative energy of the unbraced structure over that of the braced struc-
ture £y ,praced ! Edpraceq- TO be noted that the latter value is defined in inverse form with
respect to the previous, in order to better guide the designer towards values consistently
showing higher efficiency when minimising each performance parameter. Figure 15
shows an example of the trend of the above-defined performance parameters referring
to the reference building analysed in the previous sections.

Selecting device properties

The device properties (threshold load and stroke) may be defined based on the analysis
of the previously obtained performance parameters. In particular, the device properties
could be selected through minimisation of one of the above-described parameters. It is
noted from the application of Fig. 15 that in some cases a minimum value is difficult to
be obtained. Moreover, it is hard to define a single performance parameter to be con-
sidered, since all the three suggested parameters may have an important influence over
the structural performance. It is therefore suggested to refer to a fourth parameter (d)
which is a combination of the previously defined ones. In particular, the plot in Fig. 15
contains an equal weight combination (1/3 displacement; 1/3 shear; 1/3 energy). It can
be noted that the minimisation of the combined parameter series allows a meaningful
device selection: the device threshold loads would be in the range 50-75 kN, 125-150
kN, and 175-200 kN for design accelerations of 0.1 g, 0.2 g, and 0.3 g, respectively.
It is reminded that the performance parameters shall also meet the minimum require-
ments identified in the requested performance step.
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Fig. 15 Performance indicators for assigned structural assembly
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e Check with NTHA

In order to check the accuracy and reliability of the CSM simplified and quick design
approach, the intervention as designed via CSM shall be validated through NTHA with
a proper set of dynamic non-linear analyses under imposed accelerograms. The results,
analysed with a probabilistic approach, would then be compared with the requested
performances associated to the different seismic hazard scenarios previously identi-
fied. Whether the results would not meet the requirements, the procedure has to restart
from the previous step, selecting of a different dissipative device (probably with higher
threshold load), and then this final step has to be repeated until convergence is attained.
Subsequently, the intervention can be drawn and designed in every detail.

9 Conclusions

In this paper, a novel retrofitting technique for precast concrete industrial frame buildings
based upon tension-only monolateral dissipative devices mounted on steel braces was pro-
posed. These braces act as energy fuses and can provide additional stiffness and relevant
hysteretic damping to the structural behaviour since low drift cycles. A novel device is
proposed based on friction mechanism, allowing for (a) higher specific energy dissipation
thanks to rectangular-like cyclic shape and large triggering stiffness, (b) no influence of
ratchet mechanisms, (c) limited damage even under heavy engagement, and (d) theoreti-
cally infinite cumulated displacement as far as the hysteresis occurs within the maximum
and minimum displacements allowed by the external tube length.

The effectiveness of these dissipative braces was assessed considering a reference build-
ing typical of the heritage of precast concrete buildings in Europe. The CSM was employed
to quickly although approximately evaluate the structural performance under earthquake
action referring to 3 performance parameters: top displacement, base shear, and dissipated
energy normalised over one cycle at the maximum top displacement. In order to check
the accuracy and reliability of this approach, CSM outcomes were compared with the
results obtained from Non-linear Time History Analysis. The comparison results suggest
a remarkable accuracy in terms of maximum shear, while in terms of displacement the
results obtained from both approaches show similar trends although scattering with higher
acceleration, being the performance predicted with CSM on the safe side. Considering the
design framing purpose of the CSM, this method is deemed to satisfactorily predict the
non-linear behaviour of structure for the preliminary proportioning of the dissipative brac-
ing, to be later more sophisticately checked with NTHA.

A numerical tool was programmed to quickly perform the CSM based on the following
few initial parameters of the precast structure and the device: (a) Dissipative device capac-
ity, (b) Steel ratio, (c) Story height, (d) Dimension, (e) Grid size, (f) Number of bays, (g)
Distributed mass. A parametric study was then carried out by varying the values of the
above-cited different parameters which can possibly affect the seismic response of precast
frame structures in typical ranges. The effect of variation in these parameters was observed
with above-mentioned key performance indicators and also through the ratio of the perfor-
mance of the braced structure over that of the unbraced structure.

The proposed innovative bracing system shows great potential in providing seismic retrofit-
ting for the existing precast building stock. All three performance indicators are important in
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assessing the most efficient slip/yield load threshold of the proposed device given an existing
structure and its site. The combined indicator, equally weighted among the three above-cited
indicators, could be suggested as the most desirable to get at the same time a relevant reduc-
tion of the structural displacement, mainly related to damage, a reasonable shear demand, in
order to make an economical intervention, and a large energy dissipated by the device, so
to better exploit its damping properties. Thanks to the numerical tool developed by utilising
the CSM, the selection of the device most suitable for the retrofit intervention can be framed
in few seconds of computational analysis and starting from few geometrical and mechani-
cal parameters. However, since the CSM is a simplified method providing results with just
a reasonable accuracy, as also proved by the comparison between the results from CSM and
dynamic non-linear analyses with code-compatible artificial accelerograms, a proper set of
dynamic non-linear analyses is suggested to be performed for the final check of the selected
solution.

The future research work will be devoted to the detailed construction and local and sub-
assembly testing of prototypes of the proposed device and brace based on friction, and to the
extension of the application of the proposed technology to structural typologies other than
precast.
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