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ARTICLE INFO ABSTRACT

Keywords: The study was aimed at assessing the effectiveness of a rapid and low-cost solution for seismic retrofitting of
Seismic performance hollow brick partitions, in the context of both existing and new buildings. The retrofitting solution, consisting in
Nonstructural a detailing variant, was implemented by providing lateral and superior thin slots between partition panels and
E’Z‘;‘;;’:t‘isn . surroundings, injected by self-expanding polyurethane foam. Shake table tests were carried out according to the

international shake table protocol AC156. Both dynamic identification and seismic performance tests were
carried out up to peak table accelerations representative of high seismic hazard conditions. Dynamic properties,
hysteretic behavior, and capacity measures were associated with physical damage conditions and conventional
damage states. A safety assessment was carried out by comparing experimental capacities and code demand
measures, considering low to high seismicity sites (in Italy) and both importance class II and IV buildings. The
retrofitted partition response and performance was compared to the one associated with non-retrofitted condi-
tions, and it was confirmed that the developed retrofitting solution potentially reduces the seismic vulnerability
of hollow brick partition panels. A simplified initial cost and seismic loss/repair analysis referred to a realistic

Dynamic identification

building/apartment scenario finally proved the potential effectiveness of the retrofitting intervention.

1. Introduction

Damage of nonstructural elements (NEs) should be prevented in case
of frequent earthquake events, especially for critical facilities [1,2]; as
an example, hospital facilities must provide timely critical healthcare
services to communities during emergencies [3]. Therefore, the
response of NEs should be accounted for when seismic risk of buildings
and facilities is assessed.

Among NEs, infills and partitions within frame structures are typi-
cally highly vulnerable to low seismic actions [4] since (a) they are
typically not seismically designed or they are conceived to remain un-
damaged under frequent seismic actions [5]. Damage to these elements
might be critical in terms of facility functioning [6,7], economic losses
[8,9], and casualties, as well as they can interact with structural mem-
bers and significantly influence the seismic behavior of the building [10,
11].

Literature studies on infills and partitions mostly focused on
following research objectives: (1) post-event seismic damage assessment
[12-14], (2) losses and repair costs assessment [15,16], (3) dynamic
identification and seismic assessment through experimental methods

[17-19], (4) numerical modeling and analysis [20-24], and (5)
improving seismic performance by development of innovative solutions
[25-27]. In terms of behavior features, literature studies often focused
on (a) influence on global building response [28-30], (b)
in-plane/out-of-plane response and interaction [31-33] and (c) local
phenomena and failure modes [34,35].

Hollow brick partitions are widely used in Southern Europe and
Mediterranean countries for both infills and internal partitions [36].
This is often due to their properties of fire resistance and thermal/-
acoustic insulation, along with good interaction with cables and build-
ing fixtures, such as (semi-)permanent building technical/functional
elements (e.g., secondary support systems or fixed furniture). However,
these systems typically exhibit critical behavior under seismic actions in
terms of in-plane deformation capacities and out-of-plane acceleration
sensitivity. Inadequate partition to structure interface connections
typically represent the most critical weakness associated with these
systems [14,37], especially for existing buildings but even for new ones.

Among the potential technical solutions developed in the literature
and implemented in the practice, disconnecting partition panels from
the lateral and superior boundaries is an adopted practice in seismic-
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prone countries [38-41]. In some cases, sliding joints were implemented
within the masonry panel to improve the seismic performance. Milanesi
et al. [42] developed a masonry infill system provided with sliding joints
within the panel and deformable joints at the interface with the frame;
the system was found to be promising considering both in-plane and
out-of-plane resistances. Huang et al. [43] tested a prefabricated wall
panel system provided with an opening that integrates sliding joints, and
it was found to be highly deformable and dissipative. Both systems were
meant to be applied with regard to infill construction rather than as a
retrofitting technique.

For masonry partitions, effective gaps between panels and frame
members might range within 20-80 mm width at the interface with
columns and are about 25 mm at the interface with beam/slab [39].
These gaps are usually incorporated during the construction phase
rather than introduced as part of retrofitting interventions, and the
approach presents several limitations [40]. (1) The out-of-plane seismic
vulnerability of the panels can be critical, as they behave as cantilevers
and might significantly amplify the accelerations. Consequently, tech-
nical solutions must provide out-of-plane protection while preventing
in-plane structural interaction; however, these solutions are often costly
and difficult to implement. (2) The required gap widths are relatively
large, and, whereas this may be feasible during new construction,
implementing such gaps as part of a retrofit is generally invasive,
time-consuming, and expensive. (3) Gaps may compromise performance
in terms of thermal insulation, fire safety, and other safety and comfort
requirements. (4) Finishing the gaps is often challenging, and the
treatment can be prone to degradation from low-intensity vibrations,
leading to the need for frequent cosmetic repairs. Therefore, even
though the idea of disconnecting partition and infill masonry panels to
the structure has potential, the existing solutions are not effective and
further effort is needed, especially for retrofitting (and not construction)
purposes.

In this paper, an effective and rapid and low-cost solution, consisting
in a detailing variant, is developed to improve the seismic performance
of hollow brick partitions, with a focus on the partition to structure
interfaces. In particular, the concept of panel to structure gap is
enhanced by (a) significantly reducing its width and (b) injecting self-
expanding polyurethane foam. This approach enables a peculiar inter-
action between structure and partitions panels, improving seismic per-
formance while being minimally invasive, rapid to apply, and cost-
effective. No other studies, to the authors’ knowledge, investigated
similar detailing solutions [39,40], and, whereas polyurethane injection
has been proven to be effective for seismic improvement of geotechnical
systems [44,45], no applications tested the effectiveness of the above-
mentioned injections for mitigating the seismic risks associated with
infills and partitions. The retrofitted specimens are tested on shake table;
the effectiveness of the retrofitting solution is quantified and also
referred to safety checks. Finally, cost and effectiveness analyses are
carried out.

2. Methodology

The test setup consists of a shake table, a steel testing frame (main
frame), a secondary frame system, and three specimens (retrofitted
hollow brick partitions), as depicted in Fig. 1. The three specimens
included a wide panel and two identical narrow panels. The tested
specimens are referred to as retrofitted (R) specimens, and the reference
for the non-retrofitted (NR) specimens is [46]

2.1. Shake table and main frame

The tests aimed to reproduce seismic demands consistent with a
structural cell of a code-conforming building in which the partitions are
meant to be constructed. The seismic input was assigned to the shake
table [46] that transferred the actions to a main test frame, fixed to the
table. A secondary frame provided fixed to a base concrete slab was
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Fig. 1. Global view of the test setup prior to the tests.

rigidly fastened to both shake table and main frame top, and this sec-
ondary frame housed three partition panels.

The main frame was designed to comply with a code-conforming
generic frame building, in terms of applied masses on the frame top
and realistic stiffness earthquake, representing a frequent earthquake
associated with damage limitation limit state (DLS). The test frame was
designed to exhibit a 0.5 % interstory drift ratio (IDR) for an earthquake
characterized by spectral response acceleration at short periods (Sps)
equal to 0.60 g (peak ground acceleration (PGA) equal to 0.24 g [37]).

2.2. Specimens and secondary frame

The specimens were prepared following two steps: (1) building the
traditional hollow brick partition panels and (2) implementing the ret-
rofitting interventions. The specimens consist of three partition panels, i.
e., a (longitudinal) wide panel having a 150 cm width and two
(perpendicular) small panels having a 80 cm width; the partition panels
were 2.6 m high. The dimension of the partition panels was determined
by making a compromise between (a) a sufficiently large width to ac-
count for realistic installations (e.g., larger than 1 m) and sufficiently
narrow to be able to investigate damage states (DSs) up to severe
damage conditions. Further details can be found in [46,48-50].

The traditional hollow brick partitions were made of
250 x 250 x 80 mm hollow bricks, jointed and plastered with mortar
and with staggered vertical joints. The bricks are compliant with UNI EN
771-1 [51], with a hollow area ranging in 55 % - 70 % of brick
cross-sectional area. The volumetric density of the blocks is 605 kg/m?,
and the mass per surface unit of the brick-mortar system is 60 kg/m?
The characteristic compressive strength of the blocks exceeds
5.0 N/mm? in the longitudinal direction of the hollows and 1.5 N/mm?
in the perpendicular direction. The base of the partition panels was
connected to the shake table by means of an “I” shaped RC slab. The
partition panels were connected to the main steel frame through a sec-
ondary steel frame. The secondary frame was designed to reproduce, in a
realistic manner, the interaction between the partition panels and
representative boundary conditions. Moreover, the secondary frame was
defined to be so flexible to not structurally interact with the response of
the tested panels, as is quantified in the following.

The columns of the secondary frame had “C” shape section with
90 mm flange width, 90 mm web depth, and 5 mm (10 mm) flange
(web) thickness, and were connected to the upper transverse beam
through a pin connection so to have a hinge connection in the partition
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panel’s direction and a rigid connection in the out-of-plane direction.
The bricks were alternatively clamped within the “C” profiles, whereas
the alternate panel to vertical secondary frame stud gaps were filled with
mortar (Fig. 2.b) to reproduce the presence of perpendicular panels at
the adjacency of the tested panel [46], as this condition is frequently
implemented in real installations of hollow brick partitions.

The stiffness contribution of the secondary frame columns was more
than an order of magnitude lower than the one associated with the
partition panels. In particular, the flexural stiffness of the single “C”
profiles along in-plane and out-of-plane (panel’s) direction was
computed as reported in Egs. (1) and (2), respectively, referring to Ky p
and K, oop, according to the previously defined implemented connec-
tion details. E, Iy, Is, and h define Young’s modulus, weak and strong
axis moment of inertia, and column height, respectively.

3EI
Kip = Tgvv (@)
12EI,
Ki00r = o s 2)

The total lateral stiffness contribution of the secondary frame was
calculated as the sum of all relevant profile flexural stiffnesses along X
and Y directions (Kggx and Kggy). The lateral stiffness of the partition
panels was computed as reported in Eq. (3) for both narrow and wide
panels. Kpp r and Kpp 3; are flexural and shear stiffness, respectively: Kpp p
computed as it was done for the secondary frame column profile and Kpp,
u according to Eq. (4), where G and A are shear modulus and cross-
section area, respectively. Narrow (wide) in-plane and out-of-plane
panel lateral stiffness are defined as Kppnp and Kppn,oop (Kppw,ip
and Kpp,w,00p), respectively.

1
Kpp=5——— €)
Kppr + Kpp
GA
Kppn = T C))

The stiffness values associated with main frame, partition panels, and
secondary frame are reported in Table 1. Total setup stiffness (Ktor) was
computed by summing all member stiffness and was reported in Table 2,
together with partition panels and secondary frame stiffnesses divided
by Kror. Along X and Y direction, the influence of partition panels on

(a)

20cm
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Table 1
Stiffness values associated with main frame, partition panels, and secondary
frame, along in-plane (IP), out-of-plane (OOP), X, and Y directions.

Main Partition panels Secondary frame

frame

Kpx Kpp N, Kpp, Kpp,w, Kpp Kip K, Ksr, Kspy

Kry) N,0OP P w, oop X
oop
kN/m kN/m  kN/ kN/m kN/ kN/ kN/ kN/ kN/
m m m m m m

3050 22400 227 66500 425 46.9 327 841 1400

Table 2

Stiffness associated with total setup (Krot) and partition panel stiffness (Kpp) and
secondary frame stiffness (Ksp) divided by total frame (Ktor) along X and Y
direction.

Kror,x Kror,y Kppx/Kror,x  Kpp,y/Kror,y  Kskx/Krorx Ksr,v/Kror,y
kN/m  kN/m [-1 [-] [-] [-1
49200 71450 0.92 0.94 0.02 0.02

total setup stiffness is equal to 92 % and 94 %, respectively, and the
contribution of the secondary system corresponds to 2 %, confirming
that the stiffness of the secondary frame does not interfere with the
partition in resisting to the horizontal actions.

2.3. Retrofitting

The retrofitting intervention was implemented after the construction
of the traditional hollow brick partition panels. Firstly, the lateral ends
of the partitions were fully disconnected through a cut from the sec-
ondary frame columns by implementing a 5 mm width gap corre-
sponding to the panel to frame interface (Fig. 3.a,b). Afterwards, the gap
was filled by a low-cost self-expanding polyurethane foam (Fig. 3.c,d).
The retrofitting consists in applying self-expanding polyurethane foam
packaged in a pressurized can by a specific gun within the above-
mentioned 5 mm gap at the interface between the panels and the sec-
ondary frame (Fig. 3.c).

The product is made of a mixture of polyurethane prepolymer, spe-
cific foaming agents, and special additives, free of chlorofluorocarbons

(b)
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Fig. 2. (a) Lateral view and (b) cross section of the hollow brick partition panel. The alternate panel to vertical secondary frame stud gaps are filled with mortar to
reproduce the presence of perpendicular panels at the adjacency of the tested panel [46].
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Fig. 3. Implementation of the retrofitting system: (a) initiation of secondary frame to partition panel gap, (b) secondary frame to partition panel gap, (c) foam filling
of secondary frame to partition panel gap, (d) fully foam filled secondary frame to partition panel gap.

and not harmful to the ozone layer. The foam expands in volume and
hardens quickly after extrusion due to the humidity, and it forms a stable
closed-cell structure with excellent mechanical properties and high
thermal and acoustic insulation properties. This foam, and similar ones,
are produced by several construction material manufacturers and is
typically used for filling, sealing, and isolating voids and discontinuities
of multiple construction details in buildings and other engineering sys-
tems, often to also confer thermo-acoustic isolation layers. The technical
and performance parameters provided by the manufacturer are reported
in Table 3.

The proposed retrofitting solution is primarily intended for existing
buildings but can also be implemented during new construction (easier
implementation). For existing buildings, a 5 mm slot should be created
(by cut) at the interface between the partition panel and its lateral and
upper boundaries and injected with foam; it can be applied for both
adjoin columns or perpendicular partitions. In new construction, the slot
can be formed directly by interrupting the brickwork at these same in-
terfaces, at connections with columns or perpendicular partition panels.

Table 3
Technical sheet of the polyurethane foam.

Application data

Application temperature from + 5°C to + 30°C
Ideal storage temperature: from + 20°C to + 25°C
Flammability class (DIN 4102) B3

Performance data

Dust-free time (at +-23°C and 50 % R.H.) [min] 5-10
Operating temperature from —40° to
90°

Minimum time for foam cutting (@ 20 mm at +20°C and 60 % R. ~ 25-30
H.) [min]

Full curing time [h] 1.5-5
Free expansion [L] 45
Compressive strength [N/cm?] 4.5
Tensile strength [N/cm?] 7.5
Elongation at break [%] 25
Density [kg/m® ] 17
Shrinkage (after 24 h at +20°C and 60 % R.H.) [%] 1
Water absorption after 24 h (DIN 53428) [%] 1
Thermal conductivity at + 20°C (DIN 52612) [W/m-K] 0.036
Sound insulation (EN 12354-3 or EN ISO 717-1) [dB] 58

2.4. Instrumentation and testing procedure

The response of table and specimens was monitored by accelerom-
eters (Acc.) and laser sensors (Las.), as depicted in Fig. 5 and detailed in
the Appendix. The experimental tests were performed through shake
table testing. Both dynamic identification tests and seismic performance
(incremental) tests were carried out. Dynamic identification tests were
carried out via unidirectional excitations to enhance the accuracy of
modal parameter estimation by facilitating the separation and clearer
interpretation of the vibration modes along each principal direction and
minimizing modal coupling, whereas seismic performance evaluation
tests were performed under bidirectional loading to realistically repro-
duce the multidirectional nature of earthquake ground motions and
assess the spatial seismic response, including interactions between di-
rections, which are critical for the tested specimens [46].

The experimental tests were carried out according to the AC156
protocol [48], which provides requirements and procedures for seismic
qualification and certification of NEs, applicable if the NE fundamental
frequency is greater than 1.3 Hz. The protocol is compliant with US
codes [52,53] and widely applied in the literature [27,41]. The protocol
implicitly accounts for the building-to-building and record-to-record
uncertainty, and the strict compliance with the protocol guarantees a
high reliability to the tests, allowing to consider the assessment as a
qualification procedure.

The seismic input for the seismic performance evaluation is a
nonstationary broadband random signal and features an energy content
within 1.3 and 33.3 Hz. The bandwidth resolution is one-sixth octave,
and the input has 20 s of strong-motion and is compatible with protocol
required response spectrum (RRS). The seismic inputs defined and used
by Petrone et al. [46] was employed to favor consistent comparisons and
to clearly highlight the influence of the retrofitting intervention. In
particular, NE installation height (z) to building height (H) ratio (z/H)
was assumed unitary to account for the most amplified building
response (NE installed on the roof). Fig. 4 shows the time histories and
the related pseudo-acceleration spectra corresponding to Sps equal to
1.5g.

Ten AC156 (AC01-AC10) tests were carried out, from a Spg equal to
0.10 g (ACO01) up to 1.00 g (AC10), through step increments of 0.10 g.

Dynamic identification tests were performed prior to and after each
performance test to assess the dynamic properties of the specimens
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Fig. 4. AC156 protocol signals used for the seismic performance evaluation tests: (a) acceleration (a), velocity (v), and displacement (d) time histories and (b)
pseudo-acceleration spectral ordinates (Sa), expressed as a function of elastic frequency (f), along X and Y directions. The signals refer to Spg equal to 1.5 g.

along the incremental tests and associated with the damage process
evolution [54]. Low-amplitude random vibration signals (low-intensity
noise inputs [46,55]) with peak acceleration not greater than 0.10 g
were used to perform the dynamic identification tests along both hori-
zonal directions. Six random (RAN) tests were performed in each di-
rection. RAN1 preceded the tests, RAN2, RAN3, RAN4, RAN 5, and
RANG6 followed AC06, ACO7, AC08, AC09, and AC10 respectively. Un-
fortunately, there were some issues related to RAN6, and it was not
possible to elaborate the related test results, which would have been
informative regarding the dynamic properties associated with the
highest intensity damage condition. However, as it is discussed in the
following, the conventional damage condition achieved under AC10 was
the same observed for previous tests, and the missing elaboration does
not affect the significance of the results.

ibration excitations were utilized for the dynamic identification of
the sample cabinets, before and during the seismic performance testing
steps, using random input signals developed according to FEMA 461 44:
they are low-amplitude shakings with root-mean-square limited to 0.05
+ 0.01 g. Because of the low intensity of these excitations, sliding/
rocking of cabinets was not observed

3. Damage states

The technical definition of DSs was based on the definition provided
by Taghavi and Miranda [7] and follows the approach implemented in
several literature studies [56] (also considering consequences to damage
as discussed in post-even surveys [2]). Whereas the consequence
assessment and the relevancy to the performance levels (PLs) and limit
states (LS) are typically referred to general NEs, the technical definition
of the damage conditions, in terms of observed and measured damage, is
associated with the specific case study application, compatible with
damage of masonry partition walls. The technical definition of the
damage exhibited by the partition panel was identified by referring to
the potential consequences in terms of relevant PLs and LSs, i.e., oper-
ativity limit state (OLS), DLS, and life safety limit state (LSLS).

Infill and partition panels are typically sensitive to relative dis-
placements and accelerations along their in-plane and out-of-plane di-
rections, respectively [57]. Therefore, the specimens can be considered

both acceleration- and drift-sensitive. In the case of bi-directional
shaking, each specimen was subjected to simultaneous in-plane and
out-of-plane excitations, and the seismic demand was transferred to the
partition panels through both relative displacements (mainly along
in-plane directions) and accelerations (mainly along out-of-plane di-
rections). Typical in-plane seismic damage of infill and partition panels
generally consists of corner crushing, sliding shear, diagonal compres-
sion, and diagonal cracking, whereas out-of-plane damage typically
consists of sliding/expulsion of partition parts (e.g., bricks) and partial
or total overturning of the partition panel; the sensitivity of the specific
panel to the abovementioned mechanisms strongly depends on the
features of the panel. The following DSs were considered: DSO (absent or
negligible damage), DS1 (minor damage), DS2, (moderate damage), and
DS3 (major damage).

The technical definition of DSs was reported in detail in the Ap-
pendix. DS1 was associated with the potential achievement of OLS, DS2
with DLS, and DS3 with life safety limit state (LSLS). DSO corresponded
to absent or negligible damage, e.g., hairline cracks (width < 0.3 mm).
DS1 was technically defined by fine cracks (0.3 mm < width < 5 mm)
affecting extended areas (e.g., more than 50 % of the partition panel) or
by wide cracks (5 mm < width < 10 mm) or superficial localized
partition spalling in reduced areas (e.g., less than 10 %). DS2 is related
to wide cracks (5 mm < width < 10 mm) affecting extended areas or
severe cracks (10 mm < width < 20 mm) or localized partition spalling
in reduced areas (e.g., less than 10 %) that do not potentially affect
global integrity of the partition panel and safety of occupants. DS3 is
associated with severe cracks (10 mm < width < 20 mm) in extended
areas (e.g., more than 50 %) or severe/extended partition spalling or
extremely severe cracks (width > 20 mm) or any condition that poten-
tially affects global integrity of the partition panel or safety of occupants.

4. Experimental results
4.1. Damage survey and damage state identification
The wide partition panel is (more) representative of real building

applications since the panel sizes are compatible with realistic building
installations. Regarding the wide partition panel, no visible damage of
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Fig. 5. Instrumentation arrangement: (a) accelerometer position in plain view, (b) accelerometer layout in lateral view, and (c) laser-optical sensor arrangement.
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Fig. 6. Crack maps associated with (a) retrofitted (R) and (b) non-retrofitted (NR) partitions, corresponding to the same test intensity (Sps=0.90 g). R and NR
partitions achieved minor damage and moderate damage state (DS1 and DS2), respectively.
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the partition panel was identified up to AC04 test, even though minor
deformation of the foam layer was observed. This damage condition did
not affect at all the integrity of the brick panels and did not represent a
concern for the partition’s performance. Corresponding to AC04 test
(IDR along Y equal to 0.24 %), a horizontal hairline crack was observed
in the bottom-left corner of the panel; this damage is associated with
DSO since the damage is negligible, as previously described. During
ACOS5 test (IDR along Y equal to 0.35 %) and ACO06 test (IDR along Y
equal to 0.39 %), few and multiple hairline cracks, respectively, started
to develop and extend, tending to involve all panel corners, even though
the damage was still negligible (DSO) up to ACO7 test (included) (IDR
along Y direction equal to 0.49 %). Corresponding to ACO8 test (IDR
along Y direction equal to 0.56 %), cracks width increased, and hairline
cracks developed into fine cracks, propagating out of the corner areas;
this damage condition was associated with DS1 (minor damage). As the
test intensity increased for AC09 (IDR along Y direction equal to
0.70 %), very few wide cracks tended to develop but they affected only
one corner of the panel; therefore, the damage condition was still
associated with DS1. Fig. 6a shows the damage pattern (crack map)
associated with this latter condition (R partition), neglecting hairline
and fine cracks.

The crack propagation process slightly evolved during the highest
intensity test AC10 (Fig. 7) (IDR along Y direction equal to 0.84 %), but

Engineering Structures 348 (2026) 121807

the wide partition panel did not reach moderate damage (DS2) despite
Sps was equal to 1.0 g, with peak table acceleration (PTA) along X and Y
equal to 0.87 and 0.81 g, respectively. The final condition of the wide
panel is depicted in Fig. 7a, where it can be observed that the only corner
of the panel exhibited (minor) damage. In Table 4, PGAp;, and PTApn
define the minimum PGA and PTA associated with the seismic input,
respectively, over X and Y directions, which always correspond to Y
direction values.

IDRy corresponds to the IDR associated with the in-plane response of
the wide panel; PTAp;, is associated with the actual recorded table re-
sponses, corresponding to the applied loading protocol, whereas PGAp;,
represents the (demand) PGA threshold correlated to PTAp, according
to the protocol formulation (accounting for the building amplification
[58]).

No visible damage was identified in the small partition panels up to
ACO04 test (IDR along X direction equal to 0.34 %). The first horizontal
hairline crack was identified after AC04 test, and these cracks extended
during ACO5 and ACO06 tests without visibly widening the crack opening.

Corresponding to ACO7 test (IDR along X direction equal to 0.72 %),
additional horizontal and vertical hairline cracks initiated in the lower
part of a panel and, corresponding to ACO8 test (IDR along X direction
equal to 0.70 %), these cracks involved both panels; this damage is
associated with DSO (negligible damage). The width of these cracks

(d)

Fig. 7. Damage exhibited by the partition panels at the end of the incremental tests: (a) detail of the corner crushing for the wide partition panel (retrofitted (R)
specimens), (b) detail of the wide sliding cracks in mortar in the joint between the bricks for the small partition panels (R specimens), and comparison between (c) R

specimens and (d) non-retrofitted (NR) specimens [46].
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Table 4

Engineering Structures 348 (2026) 121807

Damage assessment results associated with retrofitted (R) specimen and non-retrofitted (NR) specimen [46], considering the wide partition panel. PGA,;, and PFA i,
refer to minimum peak ground acceleration (PGA) and peak floor acceleration (PFA) measures along the horizontal directions in bidirectional tests. PFA corresponds to
peak table acceleration (PTA) as the table represents the building floor. Peak frequency variation notes are related to the partition-frame system (Section 4.3.1).

IR specimens[NR specimens| R specimens (wide panel) NR specimens (wide panel)
Sps [g] PGAmin [g]PFAmin [g]
IDRy IDRy
test ID DS Note (%] DS Note (%]
- | RANIX/Y | DYNI X/Y - - - initial conditions - - initial conditions -
0.10 ACO1 - 0.02 0.07  |DSO| no visible damage 0.09 | - - -
0.20 ACO02 - 0.05 0.16  |DSO no visible damage 0.12 | - - -
0.30 ACO03 Tl 0.08 0.24  |DSO no visible damage 0.17 [DSO multiple hairline cracks (w<0.3 mm) 0.12
0.40 AC04 - 0.11 032 |DSO) no visible damage 024 | - - -
0.50 ACO05 - 0.13 0.40 |DSO| first horizontal hairline crack (w<0.3 mm) 035 | - - -
o = v -
B B DYN2 X/¥ B B B ~ 5% relative decrease (3% increase) in peak|
frequency along X (Y)
0.60 ACO06 T2 0.16 0.48 |DSO multiple hairline cracks (w<0.3 mm) 0.39 [DS1| perimetrical wide crack (5 mm=w<10 mm) | 0.21
R RAN2 XY | DYN3 XV R R 22% (1 q%) relative decrease in peak 14% (23‘%) relative decrease in peak
frequency along X (Y) frequency along X (Y)
0.70 ACOT . 0.20 059 [Dso multiple hairline cracks in all panel corners 049 | - . .
(w<0.3 mm)
- | RaN3 XY R R R limited relatl.ve decre-:)se in resonant _ _ _
frequencies
0.80 ACO8 ) 022 067 IDSI fine cracks in all panel corners and propagating 056 | - ) )
out (0.3 mm=w<5 mm)
_ RAN4 XY _ _ R limited relative decre'flse in resonant _ B B
frequencies
fine cracks in all panel corners and propagating S
0.90 |  AC09 T 0.25 075  |DS1|out (0.3 mmew<5 mm); few wide cracks at one| 0.70 RS
mm); localized partition spalling
corner (5 mm<w<10 mm)
" . . 5 o - .
- | ranvsxv | DYNexo¥ R B 4% (no) relative decrease in peak frequency 6% (10%) relative decrease in peak _
along X (Y) frequency along X (Y)
fine cracks in all panel corners and propagating
1.00 ACI10 - 0.28 0.84  |DS1|out (0.3 mm<w<5 mm); few wide cracks at one| 0.84 | - - -
corner (5 mm<w<10 mm)
extended severe cracks at brick joints (10
1.20 - T4 0.34 1.01 - - [DS3| mm<w<20 mm); severe/extended partition | 0.66
spalling; corner crushing
. 2% (2%) relative decrease in peak
B B DYNS XY B B B - frequency along X (Y) 3
extremely severe cracks (w220 mm);
1.50 - T5 0.42 1.27 - - [DS3| structural integrity significantly affected; | 0.97
unsafety condition

w: crack width.

tended to increase in tests AC0O9 (IDR along X direction equal to 0.92 %)
and these became fine cracks, which propagated during this latter test
and AC10 test (IDR along X direction equal to 1.24 %); these tests are
associated with achievement of DS1. As for the wide partition, small
partition panels did not reach moderate damage (DS2) following highest
intensity test AC10 (Fig. 7b) and IDR equal to 1.24 %.

The exhibited damage is mostly related to the in-plane behavior of
the partition, and no out-of-plane damage mechanisms were observed.
Fig. 7c shows the final damage condition of the wide partition panel, and
this demonstrates that the exhibited in-plane damage, which was minor
up to very high seismic intensities, did not affect the structural integrity
of the panels and it did not reduce the out-of-plane capacity of the panel.
In particular, considering the wide panel that is more representative of
real applications, the DS1 capacity of the tested partitions can conser-
vatively be associated with the highest PGAy,i, and PTAp,;, associated
with achievement of DSO, corresponding to 0.20 g and 0.59 g, respec-
tively. The achievement of DS1 corresponds to PGApi, and PTAp;, equal
to 0.22 g and 0.67 g, respectively. DS2 achievement could be associated
with PGApin and PTAp, larger than 0.28 g and 0.84 g, respectively,
which are the highest testes intensities, even though these capacities
might potentially even be significantly higher than these latter
thresholds.

The influence of the retrofitting on the partition damage and ca-
pacity was assessed by comparing R specimens observed damage and
identified DSs with the results associated with NR specimens, focusing
on the wide partition panel. Fig. 6 shows the comparison of R and NR

partitions’ response corresponding to a representative test intensity, i.e.,
Sps equal to 0.90 g, focusing on wide and severe cracks. It can be
observed that R partitions subjected to a PTA equal to 0.84 g (Sps equal
to 0.90 g) (Fig. 6a) sustained only low damage, limited to slight corner
crushing (very few wide cracks), which corresponds to a minor damage
state (DS1) and to OLS, as it is also discussed in Section 5. In contrast, NR
partitions experienced minor damage (DS1) at lower intensities than R
partitions (e.g., PTA equal to 0.48 g), as summarized in Table 2, and,
more importantly, they exhibited a markedly more critical damage at
Sps equal to 0.80 g, characterized by horizontal cracks wider than
0.3 mm in the lower wall region, conditions consistent with a moderate
damage state (DS2) and DLS (Fig. 6b), as also discussed in Section 5;
moreover, NR partitions also exhibited slip cracks within the mortar
joint between the edge bricks and the secondary frame columns. The
damage condition achieved at the highest intensity tests is depicted
Fig. 7 for both R and NR partitions.

Specifically, NR wide partition achieved DS1 and DS2 under a
maximum IDR equal to 0.21 % and 0.34 %, respectively [46]. R wide
partition did exhibit DS1 corresponding to a maximum IDR equal to
0.56 %, and, under an IDR equal to 0.84 % it did not exhibit DS2.
Furthermore, NR wide partition exhibits DS3 under IDR equal to 0.66 %,
whereas, as was discussed above, R partition did not even exhibit DS2
corresponding to 0.84 %. Table 4 shows the damage assessment results,
focusing on PGAi, and PTAi, capacities associated with achieved DSs;
dynamic identification tests refer to RAN (DYN) tests for R (NR) speci-
mens, and seismic performance tests correspond to AC (T) tests,
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respectively. DS identification related to NR specimens was based on the
implementation of the DS criteria defined in this study, which are
different from the one defined by Petrone et al. [46]. Tests 1-3 carried
out in [46] correspond to AC03, AC06, and AC09, whereas tests 4 and 5
were associated with Spg equal to 1.20 and 1.50 g, not performed in the
current tests. Whereas NR exhibited multiple hairline cracks corre-
sponding to PGApin (PTApin) equal to 0.08 g (0.24 g), R specimens still
do not show visible damage up to PGApin (PTApin) equal to 0.11 g
(0.32 g). DS1 is achieved corresponding to PGApin (PTAnin) equal to
0.16 g (0.48 g) for NR specimens (wide crack), whereas DS1 PGApi
(PTAnin) capacity related to R specimens is equal to 0.22 g (0.67 g) (fine
cracks in all panels corners and propagating out of them). The retrofit-
ting produced an increment of 140 % and 39 % of maximum DSO and
minimum DS1 capacities, respectively, expressed in terms of PGA i, and
PTAnin- As it was previously discussed, DS2 and DS3 were not exhibited
by R specimens up to PGAy,in (PTApin) equal to 0.28 g (0.84 g), whereas
DS2 is associated with PGA i, (PTApiy) equal to 0.25 g (0.75 g) for NR
specimens. Therefore, the retrofitting intervention certainly improves
the performance associated with DS2, whereas it might also affect DS3
capacities. However, performing further tests, at higher intensities,
would have assessed the effectiveness of the retrofitting system also with
regard to more severe damage conditions and limit states.

4.2. Partition-frame system accelerations and relative displacements

Peak accelerations recorded on the top of the main frame (peak
frame top acceleration (PFTA)) and on shake table (PTA) and PFTA to
PTA ratio are reported in Table 5, and peak relative displacement of the
main frame (peak frame relative displacement (PFRD)) and IDR are
reported in Table 6. PFTA and PFTA/PTA related to test AC10 are not
reported since some registrations were defective in terms of signal
acquisitions.

Fig. 8 depicts PFTA to PTA ratio and IDR related to retrofitted (R)
specimens, tested in this study, and non-retrofitted (NR) ones, tested by
Petrone et al. [46]. The differences identified in Fig. 8 are essentially due
to the retrofitting intervention since the test frame and setup imple-
mented in this study was the one used in [46]. It is worth recalling that
the frame top response is associated with the whole tested system, which
includes the three panels. R specimens presented PFTA/PTA higher than
NR specimens, especially along X direction, showing that the retrofitting
overall increases the acceleration amplification and that, as confirmed
by the IDRs, in the test configuration, the retrofitted partitions are
subjected to higher seismic demands: this is significant, as shown by
Table 3, considering that the damage of the NR specimens was larger.
PFTA/PTA ratio tends to decrease as PTA increases for all cases but R
specimens along Y direction; in this latter case, the ratio does not have a
regular pattern over the testing intensity and might be roughly consid-
ered to be constant over medium to high PTA values. Linear trends
depicted in Fig. 8 were found to be fitting with good agreement
PFTA/PTA vs. PTA responses associated with NR data, with coefficient

Table 5
Peak table acceleration (PTA), peak frame top acceleration (PFTA), and PFTA to
PTA ratio along X and Y directions associated with incremental tests.

test ID SDS [g] PTA [g] PFTA [g] PFTA/PTA [-]
X dir Y dir X dir Y dir X dir Y dir
ACO01 0.10 0.09 0.07 0.24 0.22 2.81 2.98
ACO02 0.20 0.18 0.16 0.56 0.46 3.09 2.87
ACO03 0.30 0.29 0.24 0.78 0.67 2.73 2.75
AC04 0.40 0.37 0.32 0.92 0.84 2.48 2.63
ACO05 0.50 0.47 0.40 1.17 1.00 2.47 2.53
ACO06 0.60 0.57 0.48 1.36 1.27 2.40 2.64
AC07 0.70 0.64 0.59 1.47 1.54 2.31 2.63
ACO08 0.80 0.74 0.67 1.61 1.73 2.18 2.58
AC09 0.90 0.82 0.75 1.89 1.97 2.31 2.63
AC10 1.00 0.91 0.84 NA NA NA NA
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Table 6
Peak frame relative displacement (PFRD) and interstory drift ratio (IDR) along X
and Y directions associated with incremental tests.

test ID SDS [g] PFRD [mm] IDR [%]

X dir Y dir X dir Y dir
ACO01 0.10 3.10 2.69 0.10 0.09
ACO02 0.20 4.49 3.60 0.15 0.12
AC03 0.30 8.36 5.22 0.28 0.17
AC04 0.40 10.19 7.15 0.34 0.24
ACO05 0.50 16.27 10.42 0.54 0.35
ACO06 0.60 17.99 11.55 0.60 0.39
AC07 0.70 21.56 14.72 0.72 0.49
ACO08 0.80 23.67 16.95 0.79 0.56
AC09 0.90 27.71 20.87 0.92 0.70
AC10 1.00 37.17 25.34 1.24 0.84

of determination (r?) equal to 0.76 and 0.87 along X and Y direction,
respectively; for R data, the fitting quality is overall lower and more
(less) satisfactory along X (Y) direction, with r? equal to 0.70 (0.57).

A highly regular response was exhibited by R and NR specimens in
terms of IDR versus PTA along both directions. In particular, a second-
order polynomial trend was found to fit at best all curves, with r?
larger than 0.97. However, linear trends depicted in Fig. 8 supply fitting
12 just lower than the polynomial order ones (r? larger than 0.95) in all
cases. Therefore, linear trend can be considered as a reference. R
specimens-frame system was found to be more deformable than NR. The
increase in IDR to PTA linear best-fit gradient due to the retrofit resulted
in 40 % and 22 % along X and Y direction, respectively; the higher in-
fluence along X direction is consistent with the higher ratio between the
linear extension of the retrofit intervention and the surface of the
partition panels. The increase in acceleration amplification due to the
retrofitting (Fig. 8a) was associated with an increase in IDR to PTA
gradient of the system (Fig. 8b); this stresses the complexity of simul-
taneous in-plane and out-of-plane response of the partition panels and
the combination of the three partitions responses in the setup. The
reason behind the higher (dynamic) deformability of the retrofitted
system, in terms of IDR vs. PTA response, is associated with the large
deformability of the foam layer, while its larger IDR to PTA gradient
could be related to the larger damage suffered by the NR system,
becoming more significant as the acceleration grows, conditioning the
response trend in terms of damping, as will be shown in the next section.
The retrofit did not significantly alter the relative deformability of the
partitions in different directions.

4.3. Dynamic identification and damage interpretation

4.3.1. Partition-frame system

The transfer function method [59] was used to assess the dynamic
properties of the system, considering the results of RAN tests. The
transfer function (TF) associated with the response of the
partition-frame system are depicted in Fig. 9; the curves were assessed
considering shake table and frame top acceleration responses as input
and output signals, respectively. RAN1X (RAN1Y) peak natural fre-
quencies, related to the undamaged conditions, are larger than the ones
associated with other RAN2X (RAN2Y) to RAN5X (RAN5Y) tests, which
are lightly different.

RANI1X test was conducted before the ACO1 test (Sps = 0.10 g), while
the RAN2X test followed the AC06 test (SDS = 0.60 g). In the X direc-
tion, the frequency decreased by about 22 %, from 6.2 Hz (RAN1X) to
4.9 Hz (RAN2X). Similarly, RAN1Y test took place before the ACO1 test,
and the RAN2Y test followed the ACO6 test. In the Y direction, the fre-
quency dropped by about 10 %, from 5.9 Hz (RAN1Y) to 5.3 Hz
(RAN2Y).

These frequency decreases are mostly associated with the damage
initiation process affecting both wide and narrow panels corresponding
to ACO3 test. Note that Table 2 correlates the dynamic identification
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Fig. 8. (a) Peak frame top acceleration to peak table acceleration ratio (PFTA/PTA) and (b) interstory drift ratio (IDR) associated with incremental peak table

acceleration (PTA), related to retrofitted (R) and non-retrofitted (NR) specimens.
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Fig. 9. Transfer function (TF) associated with response of the partition-frame system along (a) X and (b) Y directions for all random (RAN) tests; shake table and
frame top acceleration responses are considered as input and output signals, respectively.

results (partition-frame system frequency variations) to the observed
damage, as it is discussed below. The onset of the abovementioned
cracking process early reduces the (in-plane) stiffness of both wide and
narrow panels, and this is consistent with the observed decrease in
natural frequency (Fig. 9). However, the arrangement variation of the
setup (e.g., main frame and frame that hosts the partition panels) most
probably also contributed to the abovementioned decrease in frequency.
According to the lightly different frequency peaks of the following tests
(Fig. 9), once the damage process initiated, the contribute of the stiffness
of both panels on the partition-frame system is not significant, even
though limited decreases in resonant frequency are overall observed. As
is discussed in Section 4.3.2, a more significant influence of damage to
peak frequencies is identified considering the local out-of-plane
response of the panel. RAN5X test frequency was about 4 % lower

10

than RAN4X one, meaning that AC09 test affected the frequency
response of the system along X direction, even though not in a significant
manner. The damaged condition frequency, slightly lower than 5 Hz, is
significantly larger than the bare frame (BF) one, equal to about 4 Hz,
and this proves that the specimens and the related interfaces still in-
crease the overall stiffness of the setup, being affected by minor damage;
this did not happen regarding NR specimens [46] since the presented
damaged natural frequencies are slightly larger than BF ones, demon-
strating that the partition system did not retain any significant lateral
stiffness due to the accumulate damage.

Table 7 reports a comparison among the natural frequencies (f)
related to BF and both NR and R specimens partition-frame systems
(undamaged conditions) and the percentage frequency variation (Af)
among the different cases. The presence of both NR and R partitions
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Table 7

Undamaged frequency analysis results: natural frequency (f) related to bare
frame (BF) and partition-frame systems (retrofitted (R) and non-retrofitted (NR)
specimens) and percentage frequency variation (Af) associated with NR to BF, R
to BF, and R-NR cases.

direction f [Hz] Af [%]
far fnr fr fnr — far fr — far fr — fnr
NS fr fr
X 3.83 8.01 6.25 + 52 + 39 -28
Y 4.04 7.62 5.86 + 47 + 31 -30

significantly increases the natural frequency of the system (Af = +52 %/
+47 % for NR and +39 %/+31 % for R specimens along X/Y direction),
whereas the retrofitting sensibly decreases the frequency if compared
with the non-retrofitted partitions (Af = —28 %/-30 % along X/Y di-
rection). This latter outcome is also consistent with IDR to PTA gradient
assessed in Section 4.2 (Fig. 8b), which tends to increase due to the
retrofitting, compatible with higher deformability of the retrofitted
system. The decrease in natural frequency and increase in deformability
are associated with higher acceleration amplification due to the retro-
fitting, as previously discussed (Fig. 8a).

Table 2 shows that the major frequency drop observed passing from
RAN1 to RAN2 tests is associated with multiple hairline cracks forming
(in the wide panel) but not with DS1 achievement; RAN2 tests were
performed after the attainment of IDRy equal to about 0.4 %. This
confirms that the presence of the polyurethane foam at the interface
between the panel and the secondary frame allows relatively larger in-
plane interstory deformations and affects the stiffness of the panel-to-
interface system preventing the cracking damage of the panel itself.
The earliest achievement of DS1 is associated with limited resonant
frequency decreases, visible considering TF shape than frequency peak,
whereas a more significant, even though not major, drop is observed
passing within subsequent DS1 conditions. This suggests that the in-
plane panel-to-interface stiffness decrease is governed by the deforma-
tion at the interface and not by the panel cracking evolution. Addi-
tionally, multiple hairline cracks within the panel, even though
negligible in terms of damage, might affect the dynamic properties of the
panel-to-interface system (i.e., frequency) in a more significant manner
than slightly wider cracks evolving from these latter hairline ones. This
latter observation, related to the multiple hairline cracks within the
panel, is also compatible with NR results, which show that multiple
hairline crack formation is associated with (minor) decrease in
frequency.

The damping of the partition-frame systems was assessed according
to the energetic method (EM) [46,59], considering the partition-frame
system as a single-degree-of-freedom (SDOF) system. An equivalent
viscous damping ratio (¢) was computed from the hysteretic energy per
cycle, overall incremental tests, and the median values associated with
each incremental test are shown in Fig. 10 along (a) X and (b) Y
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directions. For R specimens, £ tends to increase over the low to medium
intensity incremental tests and approximately remains constant over the
medium to high intensity. In particular, at the lowest intensity test (PTA
lower than 0.1 g), & is equal to about 4 % and 1.5 % along X and Y di-
rections, respectively, and it raises up to about 9 % at higher intensities
(i.e., PTA equal to about 0.4 g), remaining approximately constant over
higher intensities. The regular increase in damping observed over the
low to medium intensity tests is mainly due to the damage exhibited by
the specimens, but it is also reasonably associated with the minor
modification of the setup arrangement.

Fig. 10 shows that, for R specimens, & significantly increases under
lower intensity tests up to AC04 tests (the fourth dot in Fig. 10), and,
after this latter test, & tends to be constant or slightly increases as the test
intensity grows. This latter damping response is consistent with the
evolution of the fundamental frequency (Fig. 9), which shows a major
frequency decrease corresponding to AC04 test (between RAN1 and
RAN2) and negligible variations under higher intensities (from RAN3
upwards). This suggests that incipient damage conditions have a major
effect on the dynamic properties of the partitions, even though it does
not affect their capacity and performance. € is affected by the partition
damage process more gradually than the natural frequency. For R
specimens, whereas the undamaged damping associated with X direc-
tion is slightly larger than the one related to Y direction, for medium to
high intensity tests, the damping does not seem to depend on the loading
direction.

Fig. 10 also depicts the NR results, which exhibit a trend along X
direction that is different from the one related to R specimens. For NR
specimens, damping ratio slightly decreases over low to medium in-
tensities along X direction, reaching a value quite similar to the R one
associated with high intensities (about 8.5 %). Along the Y direction, the
NR damping ratio evolves similarly to the R one, but it is lower during
low-to-medium intensity tests (PTA < 0.6 g) and higher during medium-
to-high intensity tests (PTA > 0.6 g). The final damping ratio related to
NR specimens is slightly lower than 11 %. An interpretation of the
damping evolution associated with NR specimens was provided in [46],
and this is omitted for the sake of brevity. In the light of the above-
mentioned results along the more representative Y direction, the retro-
fitting increases the damping capacity of the specimen for low to
medium seismic intensities; as expected, as the seismic intensity grows
and the NR specimen is heavily damaged while the R specimen is lightly
damaged, the damping capacity of the former one overpasses the
damping capacity of the latter one.

Overall, damping ratios associated with R partitions are comparable
with the ones related to NR ones, proving that the solution enhances the
seismic capacity without significantly altering the damping capacity.

4.3.2. Partition panel
The out-of-plane dynamic properties of the wide partition panel were
assessed considering the response at the center of the panel as an output
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Fig. 10. Damping ratio (&) evaluation according to the energetic method (EM) corresponding to incremental tests related to retrofitted (R) and non-retrofitted (NR)

specimens along (a) X and (b) Y direction.
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Fig. 11. Transfer function (TF) associated with (RANX tests) out-of-plane response (along X direction) of wide partition panel; shake table and wide partition panel
midpoint acceleration responses are considered as input and output signals, respectively.

(Acc. 8), along X direction, considering the dynamic identification
(RAN) tests. TF curves associated with the wide partition panel are
depicted in Fig. 11.

Two peak sets can be identified in Fig. 11: (1) the lower frequency
peaks (about 5.0 Hz) are associated with the (global) response of the test
set-up (partition-frame system) since it corresponds to the frequency
peak depicted in Fig. 9a; (2) the higher frequency peaks are related to
the (local) out-of-plane vibrational response of the wide partition along
X direction (natural frequency f), which also presents ordinates that are
significantly higher than the lower frequency peaks. Table 8 reports the
evolution of the peak frequency associated with the local out-of-plane
vibration mode of the wide panel for all tests. As expected, f decreases
along the incremental testing procedure, due to the damage accumu-
lated by the partition panel.

The overall resonant frequency decrease is mostly associated with
RAN1X to RAN2X interval, as it was observed accounting for the
partition-frame system, and, minorly but still sensibly passing from
RAN2X to RAN3X and from RAN4X to RAN5X. With regard to RAN3X to
RAN4X resonant frequency variation, it should be specified that (a) this
is not clearly visible only accounting for the peak frequency and that (b)
more accurate dynamic identification methods, such as best curve-
fitting method that accounts for the TF shape rather than the only
peak, e.g., [60,61], would highlight a more significant variation. How-
ever, detailed dynamic identification analyses fall beyond the scope of
this paper, especially considering that the evidenced transfer curve and
frequency peak evolution is compliant with the observed damage.

The abovementioned decreases in resonant (and peak) frequency are
reasonably due to the previously discussed in-plane damage and peri-
metrical detachment of the foam. Differently from the frequency evo-
lution associated with the partition-frame system (Fig. 9a), the out-of-
plane frequency decreases according to a more gradual pattern, still
compliant with the one related to the partition frame system along X
direction. This is meaningful since the partition-frame system response
along X direction is not only affected by the out-of-plane behavior of the
wide panel but also by the in-plane response of the small ones; whereas
the frequency evolution depicted in Fig. 11 only accounts for the out-of-
plane response of the wide panel, which is significantly more indicative
of the (in-plane and perimetrical) accumulated damage of the wide
panel.

& was assessed through half-power bandwidth method applied with

Table 8
Natural frequency (f) and damping ratio (&) evolution associated with wide
partition panel along out-of-plane (X) direction.

1D test RAN1X RAN2X RAN3X RAN4X RANSX
f [Hz] 26.4 24.6 24.0 24.0 23.2
& [%] 2.13 2.00 2.20 2.36 2.68
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regard to TF [59] since the out-of-plane displacement of the wide
partition was not monitored. This method was developed for SDOF
systems, but it was often applied in the literature to assess multiple
degree of freedom (MDOF) systems [62]. In this specific case, the
out-of-plane response of the (wide) partition panel can reasonably be
associated with a SDOF response. The method was calibrated consid-
ering the partition-frame system damping assessment (Section 4.3.1),
which was performed through the energetic method. For the
partition-frame system, the damping ratios evaluated considering the
half-power bandwidth method were found to be consistent with the one
assessed through EM, with discrepancy not exceeding 10 %; they are not
reported for sake of brevity. Table 8 shows that ¢ associated with the
wide partition panel along out-of-plane (X) direction overall slightly
increases along the test progression, and the final value is about 25 %
larger than the initial one. Whereas this increasing trend is consistent
with the results associated with the partition-frame system, the
out-of-plane damping ratios are significantly lower, confirming that the
damping is mostly associated with the in-plane behavior of the partition
rather than with the out-of-plane one.

f and & associated with undamaged NR partitions are equal to
31.2 Hz and 1.92 %, respectively [46]. It can be observed that the ret-
rofitting intervention determined a decrease in frequency (about
15.4 %) and increase in damping ratio (about 12.1 %) associated with
wide partition panel along out-of-plane (X) direction.

For elastic damped SDOF, frequency f is proportional to the product
of pulsation o (i.e., \/k/_m, where k and m are elastic stiffness and mass,

2

respectively) and /1 —&%; accordingly, a lower frequency can be

associated with lower stiffness and/or higher damping ratio, for fixed
mass. R partition system reasonably presents an elastic stiffness that is
about 46 % lower than NR one, considering the out-of-plane frequency
and damping response previously depicted. This different stiffness, i.e.,
R stiffness about 46 % lower than NR one, is related to the different
panel to secondary frame interface constraint: NR panel was fixed to the
secondary frame columns’ hollow, whereas R panel was connected to
them through foam. This response is also compatible with the response
of the partition-frame system (Section 4.2) associated with IDR to PTA
linear best-fit gradient variation (Section 4.3.1). In particular, IDR to
PTA linear gradient (deformability measure) associated with R was
found to be larger than the NR one, along both directions, recalling that
the partition-frame system accounts for the simultaneous response of all
three panels (wide panel out-of-plane and small panels in-plane
responses).

4.4. Component amplification factor

The component amplification factor defines the acceleration ampli-
fication factor due to the dynamic response of NEs under dynamic
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actions, and this is often referred to as a, or CAF in literature studies
[63-66] and codes [67,68]. This factor can be experimentally assessed
by dividing peak acceleration on the element (namely, peak component
acceleration (PCA)) to the reference input peak acceleration, which for a
SDOF element can be simply defined as the peak acceleration applied at
its fix constraint. Considering a SDOF element fixed at the building floor,
the abovementioned reference input peak acceleration can be referred to
PFA, whereas for elements that have multiple connections and/or
cannot be simply defined by SDOF systems, there is not a univocal
identification of input peak acceleration.

CAF is essential for the estimation of the seismic demands on
acceleration-sensitive NEs [50]. The out-of-plane response of the
investigated partition is associated with the seismic inputs at two
consequent building floors, represented by shake table and frame top. In
particular, the partition panels are subjected to both shake table and top
frame accelerations and displacements. Therefore, CAF is assessed by
considering two different approaches, referring to CAF; and CAF,. CAFy
is defined as PCA divided by PA*, which is assumed as the linear
interpolation acceleration between PTA and PFTA along the story
height. CAF5 corresponds to PCA to PTA ratio. PCA, CAF;, and CAF,
were assessed considering the wide panel at both middle height point
(Acc. 8) and (width midpoint) % height point (Acc. 9), as it is shown in
Fig. 12.

PCA approximately increases linearly as PTA grows up to PTA equal
to 0.47 g (ACOS5 test), and it decreases passing to PTA equal to 0.57 g
(ACO6 test); after this test, PCA again increases with PTA even though
with a slightly higher PCA to PTA gradient. As PTA increases, the
discrepancy between 3/4 height point and middle height point PCA
grows; discrepancy is approximately negligible for the lowest intensity
test and becomes equal to about 0.4 g at the highest intensity test.

CAF; does not significantly vary as PTA grows for both 3/4 height
point and middle height point of the wide panel, ranging between 0.9
and 1.3 without exhibiting a clear trend; in particular, CAF; mean value
is approximately equal to 1.1 for both panel’s points. As it was expected,
CAF; exhibits a completely different trend as PTA grows: (a) it gradually
decreases, from values equal to 2.5-3, up to PTA equal to 0.37 g (AC04),
reaching values equal to about 2-2.5; (b) passing from PTA equal to
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0.37 g to PTA equal to 0.47 g (ACO05), it increases to values equal to
about 2.3-2.6; (c) for highest test intensities, CAF does not significantly
vary as PTA grows, with values within 1.6-2.3, but for a given panel’s
point the values are essentially constant. Plotting CAF; as a function of
PA* does not change the trend identified considering PTA, as it was
expected, and further comments are omitted for the sake of brevity.
Depending on the approach of estimation of CAF, both value range and
influence of the test intensity change. However, the values and ten-
dencies provided can be useful for an expeditious but robust assessment
of the seismic demands on the investigated partition, for comparison and
practical purposes.

4.5. 4.5 Hysteretic behavior

Fig. 13 depicts the hysteretic curves of the partition-frame system for
AC03, AC06, and ACO9 tests, corresponding to PTA equal to 0.29 g
(0.24 g), 0.57 g (0.48 g), and 0.82 g (0.75 g) along X (Y) direction,
respectively. It is recalled that this hysteretic response is mostly repre-
sentative of the in-plane behavior of (a) both small panels along X and
(b) wide panel along Y direction.

As the test intensity grows, the overall hysteretic fuse inclination
lightly tends to decrease as the loading and unloading stiffness lightly
decreases, and this is more significant along X direction, or rather, for
the in-plane response of the two small panels. This evidence shows that,
overall, the specimen lightly tends to become more deformable as the
test intensity grows. Along both directions and especially along Y di-
rection, a hardening response is noted over larger displacements; the
displacement level corresponding to the onset of the hardening tends to
increase as the test intensity increases and the (minor) damage accu-
mulates. The hardening trend for increasing deformation is probably
due to increasing compressive strain given by the vertical column in
contact with the partition, showing the activation of an inclined strut, as
suggested by Preti et al. [69]. Furthermore, the hysteretic fuse related to
Y direction (in-plane response of wide panel) is lightly wider than the
one associated with X direction (in-plane response of small panels).

Fig. 14 shows a comparison of hysteretic curves related to R and NR
specimens for same intensity tests, i.e., AC03-T1, AC06-T2, and AC09-
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Fig. 12. Peak component acceleration (PCA) and component amplification factors CAF; and CAF,, as a function of peak table acceleration (PTA), and CAF; as a

function of interpolated peak acceleration (PA¥).
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Fig. 13. Hysteretic curves: frame top acceleration (FTA) as a function of frame relative displacement (FRD) for AC03, AC06, and AC09 tests, along (a) X and (b) Y
directions (retrofitted (R) specimens). Peak table acceleration (PTA) is equal to 0.29 g (0.24 g), 0.57 g (0.48 g), and 0.82 g (0.75 g) along X (Y) direction.
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Fig. 14. Hysteretic curves: frame top acceleration (FTA) as a function of frame relative displacement (FRD) considering retrofitted (R) and non-retrofitted (NR) [46]
partitions for (a) AC03-T1, (b) AC06-T2, and (c) AC09-T3 tests, along (1) X and (2) Y directions. Peak table acceleration (PTA) is equal to 0.29 g (0.24 g), 0.57 g

(0.48 ), and 0.82 g (0.75 g) along X (Y) direction.

T3. Since low intensity tests, the hysteretic curves related to R and NR
specimens exhibit significant differences, and this can be clearly
observed with regard to both loading/unloading stiffness and hysteretic
fuse. NR specimens present more significant hardening response in the
loading branches and higher unloading stiffness; these differences are
due to the retrofitting intervention since the presence of the foam layer
between the partition panels and the vertical frame elements signifi-
cantly reduces the corresponding panel to frame strut mechanism in-
fluence on the response. The abovementioned effects on the hysteretic
response explain the lower damage observed in the case of retrofitted
specimens, as it was observed in Section 4.1.

The hysteretic response of the R and NR specimens could represent as
a reference for calibrating simplified analytical models of partition
walls, allowing the incorporation of the foam layer’s influence. In
particular, models based on the compressive strut mechanism, tradi-
tionally developed for masonry infills, could be adapted to partitions
and could be provided with zero-length springs at the strut-to-frame
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interfaces (e.g., [70,71]). These phenomenological models could be
calibrated using insights derived from the experimental hysteresis
curves, and the experimental data developed in this study are made
available upon request to the corresponding author.

5. Seismic safety assessment
5.1. Outline

The assessment implements the performance-based earthquake en-
gineering (PBEE) approach [72-74]. In particular, seismic safety
assessment, referred to a quantitative comparison of demand and ca-
pacity measures associated with the investigated NEs, could be imple-
mented considering three orders/levels of parameters, applied (1) on the
NE, e.g., PCA, (2) at the building floor/support of installation of NE, e.g.,
PFA, and (3) at the foundation of the structure, e.g., PGA. A more
detailed discussion can be found in literature studies and codes [73-75].
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In the specific case, PGA could be used as an IM for seismic assessment
since each test, or, equivalently, each test response of the specimens
under dynamic excitations, is referred to a PGA level, according to the
shake table protocol (AC156 [48]); IM (i.e., PGA) is consistently corre-
lated to EDP (i.e., PFA), to DM (i.e., PCA), to the observed specimen
damage, and to the conventional DS.

5.2. Experimental capacity

Seismic capacity corresponding to DS; can be expressed in terms of
measures that are associated with the experimental achievement of DS;.
According to the incremental testing procedure and to the damage
assessment (i.e., Table 4), DS; can be considered to be achieved for PGA-
PFA-IDR measures that range from (a) the largest PGA-PFA-IDR values
causing DS;; achievement and (b) the smallest PGA-PFA-IDR values
corresponding to DS; attainment. The upper bound capacity thresholds
is typically considered in the literature [16,76] and is referred to in this
study, and the lower conservativity is reasonably balanced by (a) reli-
ability of the testing procedure and (b) relatively narrow intensity in-
crements. Table 9 reports the seismic capacities of R and NR partitions
assessed accordingly.

DS2 capacity associated with R partitions was not achieved during
the tests, and the value reported in Table 9 represents a lower bound,
which is likely to be significantly lower than the actual DS2 capacity
condition, according to the experimental evidence regarding the
observed damage (Section 4.1).

5.3. Case studies and demand assessment

Case studies include (a) high, medium, and low seismicity sites in
Italy, corresponding to L’Aquila, Naples, and Milan sites and (b)
importance class (IC) [77] (or risk category (RC) [78]) II and IV build-
ings [47]. Seismic demand was estimated for case study buildings/sites
according to the Italian building code NTC 2018 [47,79], assuming rigid
soil conditions (Table 10).

Seismic demands on IC II (IV) buildings was associated with a
reference period (V) equal to 50 (200 years), according to the Italian
building code [47]; Vg is defined as the product of nominal life (Vy),
equal to 50 and 100 years for Class Il and IV buildings, and building class
factor, equal to 1 and 2, respectively. Ty associated with the considered
LSs was assessed considering the exceedance probability within Vg (Py,)
provided by [47], corresponding to 81 %, 63 %, and 10 % for OLS, DLS,
and LSLS, respectively, according to Eq. (5). Tg resulted in 30, 50, and
475 years for IC II buildings, and in 120, 201, and 1989 years for IC IV
buildings.

Vr

Tr =i — Py,

()

5.4. Safety assessment results

Fig. 15 shows the results of the seismic safety assessment, for (a)
L’Aquila, (b) Naples, and (c) Milan sites, referring to (1) R and (2) NR
specimens, considering PGA as an assessment measure. OLS, DLS, and
LSLS conditions were verified corresponding to DS1, DS2, and DS3

Table 9
Seismic capacity criteria associated with retrofitted (R) and non-retrofitted (NR)
partitions. NA: not available.

DS R NR

DSI  PGA PFA IDR PGA PFA IDR
>022g >067g >056% >016g >048g >021%

DS2  PGA PFA IDR PGA PFA IDR
>028g >084g >084% >025g8 >075g >0.34%

DS3  NA NA NA PGA PFA IDR
>034g >10lg >0.66%
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achievement, respectively.

Considering OLS, R partitions provide DSO (OLS*) and DS1 capacity
PGA values (0.20 and 0.28 g, respectively) that are larger than most
severe condition demand measure (Vg equal to 200 years, Tr equal to
120 years, and demand PGA equal to 0.15 g), corresponding to high
seismicity (L’Aquila) and IC IV buildings (Fig. 15a.1), whereas NR
partition fails by a great amount the OLS condition considering DSO
(OLS*) and slightly comply considering DS1 capacity. For less severe
conditions (Naples, Milan IC IV buildings and all sites IC II buildings), R
partitions satisfy by a great amount the safety conditions, whereas NR
partitions generally satisfy the safety conditions but might be unsafe in
case of Naples and IC IV buildings, considering DSO0.

Regarding DLS, R partitions satisfy the most severe condition since
DS2 capacity PGA (larger than 0.28 g) is certainly significantly larger
than the related demand measure (Tg equal to 201 years, and demand
PGA equal to 0.19 g at L’Aquila), whereas NR partitions are likely to
provide unsafe DS2 capacities.

Finally, NR partitions fail to satisfy LSLS condition associated with
the most severe demand measure (T equal to 1989 years, and demand
PGA equal to 0.41 g), since DS3 capacity (0.34 g) is significantly lower
than the related demand level; DS2 and DS3 capacities associated with R
partitions were not identified but these are likely to be higher than the
one related to NR partitions. It should be noted that, considering IC II
buildings and L’Aquila site, R partitions still exhibit DS1 under LSLS
demands.

Regarding deformation capacities, differently from NR partitions, R
ones provide IDR capacities (Table 2 and Fig. 8) significantly larger than
drift requirements typically referred to infills and partitions (e.g., 0.5 %
[47,77]) and are likely to provide capacities compatible with ductile
partitions and infills (e.g., 0.75 % [47,77]). Therefore, the seismic per-
formance of R partitions is satisfactory also regarding the deformation
behavior, and this potentially result in major economic advances
regarding the dimensioning of RC members, which is typically based on
deformation targets associated with NEs [47,77].

6. Cost and effectiveness analysis
6.1. Simplified cost analysis

Economic aspects play a significant role in the definition and
implementation of retrofitting interventions regarding infills and parti-
tions [40,80]. Therefore, a simplified cost analysis was performed
considering a case study building derived from a literature study [16].
The reference building is a regular RC frame serving as a residential unit,
with three stories and two apartments for each story. The area dimen-
sion of each apartment is equal to about 103 m?.

The costs were computed according to current practice, average
price lists, and they were corroborated by a small size construction
company, also referring to the realization of the testing setup. Costs
account for construction workers’ costs and raw material costs, and both
costs also include costs related to supplementary, transportation, and
landfill disposal activities; 10 % profit is added considering the final
cost. Costs are meant to be VAT included. The detailed methodology
implemented for the cost analysis is reported in the Appendix

A simplified estimation of the required work time for retrofitting all
partitions in the apartment, considering a team of three level I workers
working 8 h per day, results in approximately 2.33 working days, also
including a 20 % increase to account for preparation, cast-off activities,
and other potential time commitments (as it was done for related costs),
resulting in about 0.022 working days/m? per apartment area.

The results of the simplified cost analysis are reported in Table 11.
About 50 % of intervention costs are associated with worker costs. The
total cost for an apartment results in about 2512 €, which averaged on
apartment area is equal to about 24.2 €/m?. This cost is clearly lower
than alternative partition retrofitting interventions, as well as it is quite
reduced if compared with typical unitary costs of apartment restyling
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Table 10
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Seismic demand acceleration at bedrock (ag) associated with operativity limit state (OLS), damage limitation limit state (DLS), and life safety limit state (LSLS) for
importance class (IC) II and IV buildings, according to the Italian building code [47].

Site

Latitude

Longitude ag
[g]
icn ICIV
OLS DLS LSLS OLS DLS LSLS
L’Aquila 13.399 42.349 0.079 0.104 0.261 0.153 0.191 0.415
Naples 14.268 40.854 0.045 0.059 0.168 0.094 0.120 0.259
Milan 9.186 45.465 0.019 0.024 0.051 0.034 0.039 0.072
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Fig. 15. Seismic demand and capacity associated with peak ground acceleration (PGA). Demand is assessed considering (a) L’Aquila, (b) Naples, and (c) Milan sites,
accounting for return period (Tg) associated with operativity limit state (OLS), damage limitation limit state (DLS), and life safety limit state (LSLS) for importance
class (IC) II and IV buildings, according to the Italian building code NTC 2018 [47,79]. Capacity refers to (1) retrofitted (R) and (2) non-retrofitted (NR) specimens.

Table 11
Results of simplified cost analysis referred to the case study building and architectural layout [16]. All costs include 10 % profit.

Averaged material cost per Averaged work cost per Total cost per partition Total cost per partition Total cost per Total cost for

retrofitting length* retrofitting length* development length** development area*** apartment area apartment
[€/m] [€/m] [€/m] [e/m?] [€/m?] [€]
19.18 15.48 100.5 31.70 24.20 2512

" Total panel to column/slab interface length; ** total longitudinal partition length; *** total lateral partition area.

refurbishment in Italy (e.g., 250-600 €/m?). respectively. For comparison purposes, R. related to standard plaster-
board (SP) and innovative plasterboard (IP) partitions, derived from
[16], are also reported. Fig. 16 illustrates R. associated with the case
study apartment related to abovementioned partition types, corre-
sponding to (a) AQ and (b) NA. For 50 years Tg, corresponding to DLS
demand for IC II buildings, NR-HR allows to save almost 500 €, but for
100 years Tg repair costs due to NR-HZ exceed 3000 €, whereas R-HB
ones are still null. Initial costs associated with implementation of the
developed retrofitting intervention during building construction
become almost negligible since the slot can be realized by partition
construction rather than from partition cutting.

6.2. Repair cost analysis

A repair cost analysis was carried out to provide quantitative insights
into the seismic effectiveness of the developed retrofitting solutions. The
methodology implemented in [16] was extended to the retrofitted par-
titions, referring to the same building and architectural layout consid-
ered for the cost analysis. In particular, repair costs (R) associated with
four Tr earthquakes were estimated for the retrofitted partitions and
compared to non-retrofitted ones, in the framework of multiple-stripe
analysis (MSA) carried out in [81]. Retrofitted and compared to
non-retrofitted partitions are referred to as R-HB and NR-HR partitions,
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Fig. 16. Repair costs (R,) for the case study apartment associated with four return period (Tg) earthquakes for standard plasterboard (SP), innovative plasterboard
(IP), non-retrofitted hollow brick (NR-HR), and retrofitted hollow brick (R-HB) partitions; SP, IP, and NR-HR R, are derived from [16].

7. Discussion remarks and conclusion
7.1. Outline

The study develops and experimentally tests a novel rapid and
effective retrofitting solution for infill and partition panels, based on an
interconnection of panels and surroundings by means of a layer of self-
expanding polyurethane foam. This detailing variant overcomes the
limitations of traditional gap-based solutions, typically only suitable for
initial construction, providing enhanced seismic performance.

7.2. Methodological robustness and generalizability

The experimental tests comply with AC156 protocol [48], which
ensures standardized methods, comparability with other studies using
the same procedure, and reliable capacity thresholds. However, the
purpose of the paper is not merely a seismic qualification, but rather the
implementation of a robust experimental program to evaluate the
seismic performance of the proposed technical solution using
state-of-the-art scientific approaches. In particular, PBEE framework is
applied to assess both the seismic response and capacity of the tested
partitions [72-74].

The study quantitatively investigates the dynamic properties and key
response parameters of the partitions, including transfer curves linked to
global and local modes, fundamental frequencies and damping ratios,
component amplification factors (through alternative approaches),
hysteretic behavior, and observed damage classified into conventional
damage states essential for PBEE. Capacity thresholds are related to both
damage states and PBEE limit states, seismic demands are estimated
according to regulations [47,79], seismic safety checks are carried out,
and a cost and loss/repair analysis is performed.

In conclusion, while AC156 provides a standardized and reliable
testing platform, the work extends far beyond qualification by extracting
governing parameters, identifying performance and damage thresholds,
and integrating these into a PBEE-based assessment. The resulting
methodologies, experimental results, and cost-repair analysis yield
technical insights and practical guidance for implementation of retro-
fitting intervention, seismic capacity estimations, and approximate
implementation/repair costs, respectively.

7.3. Damage and seismic performance

The experimental evidence proves that the retrofitting intervention
is effective in terms of observed damage and hysteretic response. Section
4.1 shows that the retrofitted partition panels present absent or negli-
gible damage (DSO) corresponding to PTA equal to about 0.6 g, and this
damage condition does not affect the operativity performance;
conversely, corresponding to the same seismic intensity, the non-
retrofitted partitions present minor damage (DS1), which potentially
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affects the operativity performance. The retrofitted partitions only pre-
sent minor damage (DS1) corresponding to significantly high seismic
intensities, e.g., PTA larger than 0.8 g, whereas the non-retrofitted
partitions exhibit severe damage (DS2), which becomes extremely se-
vere (DS3) corresponding to PTA equal to about 1.0 g.

The developed retrofitting technique significantly increases both
DS1 and DS2 capacities (and potentially also DS3 ones). Retrofitted
partitions can accommodate major in-plane deformation without
exhibiting damage conditions that affect the operativity and damage
limitation performance. The retrofitting intervention and the (minor)
exhibited in-plane damage did not weaken the out-of-plane resistance;
on the contrary, the out-of-plane mechanism was found to be less critical
for the retrofitted partitions than for non-retrofitted ones since the in-
plane deformation do not produce in-plane damage that could cause
out-of-plane response mechanisms. Corresponding to the earliest dam-
age condition achievement, the observed frequency reductions, mainly
due to increased deformability of the polyurethane foam rather than
visible damage, suggest that subtle degradation mechanisms may
develop in the connections without apparent warning signs. However,
experimental evidence indicates that such phenomena do not compro-
mise the seismic performance up to moderate-to-high intensity levels.
This confirms the robustness and reliability of the proposed retrofitting
solution, even under cumulative dynamic demands.

The acceleration amplification factor was assessed considering two
alternative approaches, and the linear interpolation alternative was
found to be relatively effective to capture the out-of-plane acceleration
amplification along the intensity increase. The hysteretic response was
characterized, and it evidenced further the different nature of the cyclic
response of the retrofitted panels, as compared to the non-retrofitted
ones. The presence of the foam layer between the panels and the test
frame nullifies or significantly mitigates the detrimental frame to
partition interaction, with regard to the compression strut mechanisms
that typically activate in traditional brick infills and partitions.

The tests investigated the response of the retrofitted partitions up to
high seismic intensities, e.g., demand PGA equal to about 0.3 g. Per-
forming higher intensity tests would have revealed whether the retro-
fitting would have improved the performance regarding damage
limitation and life safety limit states. Further studies will test the
effectiveness of the retrofitting also with regard to these more severe
conditions.

7.4. Seismic safety assessment

The improved capacity of the retrofitted partitions potentially sat-
isfies severe demand conditions, as was demonstrated in Section 5,
differently from traditional (non-retrofitted) solutions. The systematic
implementation of the developed retrofitting technique potentially
produces major impacts on overall building capacities and performances
associated with the operativity and the damage limitation conditions



G. Magliulo et al.

and limit states. NEs play an important role on the definition of the
overall building design and assessment, with regard to both deform-
ability (in-plane response) and inertial effects (out-of-plane response),
for ICII facilities, considering both DLS and LSLS, and for IC IV buildings
also considering OLS. Furthermore, preventing severe damage of the
abovementioned elements also mitigates the significance of potential
human losses, as the severe damage of those elements also threatens
human life.

7.5. Practical feasibility and economic aspects

The technical solution can be rapidly implemented by non-
specialized construction workers, and, considering the case study
building/apartment (about 103 m?> area), a team of three workers would
need about 8 working days for the whole apartment. The technique is
economically convenient, and most costs are associated with work
rather than with materials. Time and cost commitments are significantly
cheaper than other traditional techniques, even though further studies
will focus on economic effectiveness in more quantitative manners. The
implementation of the developed retrofitting detailing, especially in the
context of building construction, might determine major economic
savings.

7.6. Limitations of the study and future developments

Even though the retrofitting solution was confirmed to be seismically
effective, it should be noted that it was provided and tested as a tech-
nical detailing and not as a theoretical-based or analytical design option.
The results are influenced by the specific test setup, particularly the
boundary conditions of the partition panels. A limited number of spec-
imens was tested, and this limits the extrapolation of the findings with
regard to different specimen features. Loading history uncertainty,
associated with building-to-building and record-to-record variability,
was not accounted for since the compliance with the AC156 protocols
fosters a high level of reliability and representativeness. Moreover, since
moderate to severe damage conditions were not observed up to spectral
response acceleration at short periods (Sps) equal to 1 g, associated ca-
pacities were not identified.

Further studies will focus on the development of advanced numerical

Appendix

A.1 Instrumentation details

Table Al reports the instrumentation details, referring to Section 2.4.

Table A1
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models by implementing the experimental data developed in the paper.
The experimental data will be provided upon request to the corre-
sponding authors, in order to maximize the potential output of the study,
fostering development of advanced models of retrofitted hollow brick
partitions.

The proposed technical detailing could be also applied as a design/
construction technique for new buildings, following further in-
vestigations. For new buildings, the foam would be applied during the
partition construction, without the need to implement a cut at the panel
to frame interface, easing further the intervention process.
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Description of the sensor instrumentation: accelerometers (Acc.) and laser sensors (Las.)

sensors monitored element

sensor location (measuring direction(s))

Acc south-west main frame column

Acc south-east main frame column

Acc south-west secondary frame column

Acc south secondary frame beam to column connection
Acc secondary frame beam

Acc south main frame beam

Acc west main frame beam

Acc wide partition panel

wide partition panel

0 wide partition panel
north-east main frame column
south-east main frame column
south-east main frame column
south-west main frame column
east main frame beam
east main frame beam
south main frame beam
south main frame beam

>
)
O®NOUAWNF o O0ONOU D WN R~

column’s base (X,Y,Z)

column’s base (X,Y,Z)

column’s base (X,Y,Z)

beam’s midpoint (X,Y,Z)

beam’s midpoint (X,Y,Z)

beam’s midpoint (X,Y,Z)

beam’s midpoint (X,Y,Z)

panel’s midpoint (X,Y,Z)

width: midpoint; height: % panel’s height (X,Y,Z)
width: % panel’s width; height: midpoint (X,Y,Z)
column’s base (X)

column’s base (X)

column’s base (Y)

column’s base (Y)

% beam’s width point, closer to north (X)

% beam’s width point, closer to south (X)

% beam’s width point, closer to east (Y)

% beam’s width point, closer to west (Y)
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A.2 Technical definition of damage states

This section provides the technical definition of damage states (DSs) defined in Section 3. Damage conditions that only affect the aesthetics of the
panel (cosmetic damage such as negligible finish damage or hardline cracks with width lower than 0.3 mm), were associated with absent or negligible
damage (DS0). Damage conditions that potentially affect the functioning of the facility, or of the adjacency of the panel, not necessitating major repair
interventions, were associated with DS1, corresponding to OLS condition. Technical DS1 condition includes fine cracks (width within 0.3 and 5 mm)
affecting relatively extended areas of the panel (e.g., more than 50 %) or wider cracks (with widths within 5 and 10 mm) in reduced areas (e.g., less
than 10 %) or superficial localized partition spalling in reduced areas (e.g., less than 10 %).

More severe damage conditions that refer to more significant economic losses and repair interventions that do not potentially affect global integrity
of the partition panel and safety of occupants were correlated to DS2, corresponding to the achievement of DLS conditions. DS damage conditions
include wider cracks (width within 5 and 10 mm) affecting extended areas of the panels or more severe cracks (width within 10 and 20 mm) in
reduced areas (e.g., less than 10 %) or localized partition spalling in reduced areas (e.g., less than 10 %). More severe damage conditions that
potentially affect global integrity of the partition panel or safety of occupants, representing a potential threat to life, in addition to critical economic
losses/repair interventions, refer to DS3, associated with achievement of requirements related to LSLS condition. DS3 damage conditions include
severe cracks (width within 10 and 20 mm) in extended areas (e.g., more than 50 %) or severe/extended partition spalling or extremely severe cracks
(width > 20 mm) or any other potentially critical damage condition.

A.3 Simplified cost analysis

This section describes the methodology implemented for the simplified cost analysis discussed in Section 6.1. Worker costs were computed by
valorizing estimated construction workers time at a 22.69 €/h rate. This rage was derived from the 2023 Italian Directorate Decree of the Ministry of
Labor and Social Policies [82], and it refers to level I worker, i.e., non-specialized, in Rome area. As a matter of fact, the retrofitting intervention, as
previously discussed, consists in basic construction activities, and it can be implemented by low expertise workers. The work time commitments were
set equal to double times needed for the realization of the tested specimens in the laboratory to take into account the implementation of a real
construction site.

Case study partitions are meant to be retrofitted at (a) vertical interfaces between panels and columns/structural elements and (b) horizontal
interfaces between panels and slabs. For all work construction activities but supplementary/transportation/disposal ones, the interventions associated
with upper half part of the vertical retrofitting (panel to column interface) and interventions related to (upper) horizontal retrofitting (panel to slab
interface) were assumed to be equal two times the ones related to the bottom half part of the vertical retrofitting. The retrofitting interventions include
the following construction steps: longitudinal slot realization, application of polyurethane foam, and finishing, and this latter step accounts for foam
application cleaning, cutting, leveling, plastering, and painting/cosmetic finishing.

Hour work costs associated with these three steps are set equal to 1.89, 0.75, and 3.78 €/m for the bottom retrofitting (meter unit is referred to slot
intervention length), and a 20 % cost increment was applied to take into account preparation, cast-off activities, and other potential time commit-
ments. The material costs associated with application of polyurethane foam and finishing are set equal to 1.07 and 3.00 €/m for both bottom and upper
applications, respectively (meter unit is referred to intervention length). The construction work and material costs associated with supplementary,
transportation and landfill disposal activities are assumed to be equal to 3.78 and 10 €/m, respectively, and these costs were also incremented by 20 %.
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