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ABSTRACT

Shake table tests are performed on temporary internal partitions for office buildings. Four different
specimens are tested. A steel frame is designed to exhibit relative displacements, which typically
occur at a given story of ordinary buildings. Four different partition walls are tested simultaneously
for each specimen typology. This allows investigating the influence of an innovative device on the
seismic performance of the tested components. The innovative device aims at avoiding the
unhooking of the panels from the supporting studs. Several shake table tests are performed
subjecting the specimens to interstory drift ratios up to 1.57%. Both the hysteretic curves and the
natural frequency trend highlight that the partitions do not contribute to the lateral stiffness of the
test setup. The damping ratio increase after the partition walls are installed within the test frame,
causing a beneficial effect in the dynamic response. Minor damage state occurs for interstory drift
ratio (IDR) in the range 0.41-0.65 in standard specimens, whereas moderate and major damage
states are attained for IDR in the range 0.51-0.95. Significant increase of collapse IDR is recorded
with the introduction of the innovative device, up to IDR larger than 1.45%. It can be therefore
concluded that a simple innovative device is defined, which significantly improves the seismic
performance of the tested specimen.

Keywords: nonstructural components, shake table, experimental tests, seismic fragility, dynamic
identification

1 INTRODUCTION
Several recent earthquakes highlighted the huge impact of nonstructural components on earthquake
loss [1]. 2010 Darfield earthquake in New Zealand underlined that even in buildings with low
damage to their structural systems, nonstructural and content damages can be significant [2]. Past
earthquake reconnaissance reports underlined the enormous contribution of nonstructural
components to the three Ds:

e Dollars: Most of the construction cost of a building is related to nonstructural components,
up to 92% of the total cost for hospitals [3]. The loss related to the failure of nonstructural
components may easily exceed the total cost of the building, if breakdown and loss of
inventory are considered [4].

e Downtime: Nonstructural components generally exhibit damage for low seismic demand
levels, which do not cause serious structural damage. The seismic performance of
nonstructural components is especially important in frequent, i.e. less intense, earthquakes,
in which their damage can cause the inoperability of structurally undamaged buildings.

e Deaths: nonstructural component damage can also threaten the life safety. Their damage
may cause the obstruction of the ways in and/or out of buildings, which can cause human
suffocation. In this sense, it should be noted that 64% of the fatalities caused by 1995 Great
Hanshin Earthquake was due to the people suffocation [5].

This paper deals with temporary internal partitions which can be classified as architectural
nonstructural components, according to Villaverde [6]. The attention of the research community has
moved towards the seismic assessment of nonstructural components over the last decade. Several
research studies can be found in the literature concerning the seismic assessment of nonstructural
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components, e.g. [7-14] among many others; many research activities focused on the experimental
assessment for the seismic performance of components; some numerical studies were also
developed based on such experimental campaigns.

Some studies dealt with the assessment of the performance of lightweight partition systems (and
light office furniture) [15-17]. Extensive experimental campaigns were conducted at the State
University of New York at Buffalo and at the University of Nevada [11, 18] However, the lack of
previous studies on the seismic performance of temporary (mobile) internal partitions is clearly
denoted in literature. This partition typology is worldwide spread particularly in office buildings.
Some applications can be found also in airports, hospitals and commercial centers. Their seismic
performance assumes a key role in the earthquake expected annual loss of these buildings, which
are characterized by a large cost due to their evacuation. Finally, it should be underlined that these
partitions are characterized by a peculiar construction technique; hence, they cannot be studied as
other partition typologies.

Based on the above mentioned motivations, a shake table test campaign is conducted on temporary
internal partitions. Four different specimens representative of typical European partitions are
selected. These specimens are subjected to both in-plane interstory drifts and out-of-plane
accelerations. An innovative device is also defined in order to improve the seismic performance of
the partitions. Innovative and standard specimens are simultaneously tested in order to allow a
direct comparison between their performances. The experimental setup, the input definition and the
instrumentation are discussed in the following section. Then, the results of the shake table tests are
summarized, focusing on typical damage typologies. Different damage states are correlated to an
engineering demand parameter, highlighting the influence of the innovative device on the seismic
behavior of the tested components.

2 EXPERIMENTAL FACILITIES, TEST SETUP, SPECIMENS AND TESTING
PROTOCOL

The shake table tests are carried out at the laboratory of the Department of Structures for
Engineering and Architecture of the University of Naples Federico Il in order to investigate the
seismic behavior of temporary internal partitions. The test setup (Figure 1) is composed of (a) a
shaking table simulator, (b) a 3D steel test frame (c) four partitions, one for each bay of the test
frame. A 3 m x 3 m shaking table is used, which is characterized by two degrees of freedom in the
two horizontal directions. The maximum payload is 200 kN with a frequency range of 0-50 Hz,
peak acceleration, associated to the maximum payload, equal to 1.0g, peak velocity equal to 1 m/s
and total displacement equal to 500 mm (£250 mm). Test setup properties, specimens, shake table
input and instrumentation are discussed in the following paragraphs.

Figure 1. Global view of the test setup
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2.1 Test setup and specimens

The test frame is designed in order to dynamically excite the specimen, subjecting it simultaneously
to in-plane interstory drifts and out-of-plane accelerations. It is designed to exhibit relative
displacements which typically occur at a given story of ordinary buildings. In fact, it has been
equipped with a realistic mass, i.e. mass per unit area equal to 1.0 t/m?, and a lateral stiffness typical
of ordinary buildings; the interstory displacement is assumed to be equal to 0.005 times the
interstory height, for a “frequent” (i.e. 50 years return period) earthquake typical of high seismicity
areas. Indeed, the test frame is designed in order to exhibit a 0.5% interstory drift for an earthquake
characterized by Sps;so equal to 0.60 g. Such an intensity level is representative of an earthquake
with 0.24 g peak ground acceleration, i.e. an intensity level of earthquake with 50 years return
period in a high seismicity zone according to the indications included in [19]. A parametric study is
required in order to accomplish the different requirements, as detailed in [9]. The definition of the
test response spectrum (see section 2.2) ideally ensures that the accelerations acting on the
component are realistic for the chosen intensity level. For instance, when interstory drift reaches
0.5%, the acceleration on flexible components equals 1.6 times Spso, i.e. 0.96g. The design natural
frequency of the test setup is equal to 4.17 Hz. It should be acknowledged that the frequency of the
setup certainly affects the number of cycles subjected to the specimen. Moreover, the use of a single
story test setup certainly causes large acceleration amplification from the base to the top of the test
frame, which is larger than in two adjacent floors in a high-rise building.

The shake table tests aim at investigating the seismic performance of temporary partitions. Four test
campaigns are executed on four different partition typologies. The partitions are characterized by an
internal steel structure which is externally covered by wood, glass or steel panels. In particular, the
different components are installed in the following order (Figure 2).

« 5 mm thick bi-adhesive neoprene pads are bonded at the base and at the top of the partition,
(1) in Figure 2.

« Two horizontal U-section tracks at the base and the top are bonded to the bi-adhesive
neoprene pads, (2) in Figure 2.

« Two vertical U-section tracks, one on the right and one on the left, are connected to wooden
elements.

« Vertical studs, consisting of C-shaped cold-formed steel elements, (3) in Figure 2, are
housed in the horizontal tracks. The studs are in contact with the tracks by means of special
devices, (4) in Figure 2; these devices (Figure 3) are activated through a screwdriver, which
induces a compressive force in the studs and a consequent friction resistance at the stud-to-
track connection. The connection of the studs with the tracks is therefore based on friction.
Moreover, several slotted holes are provided along the vertical studs to allow the hooking of
the panels.

» A steel compensation profile is housed in one of the two vertical guides and is rigidly
connected to a steel stud (Figure 4).

» Horizontal elements, (5) in Figure 2, consisting of C-shaped cold-formed steel elements,
connect two adjacent vertical studs. The horizontal elements can be connected to the studs
either via screws or through a locking system, (7) in Figure 2, consisting of an eccentric
lever.

» Panels, made with different materials, are hooked into the slotted holes in vertical studs.
Panels have suitably shaped edges to permit such a connection with the exception of wooden
panels (Figure 5). For wooden panels, properly shaped steel brackets are adopted, (6) in
Figure 2. The gap among adjacent panels is limited to 4 mm for aesthetic reasons. Panels are
typically hooked into studs except the lateral panels which are not connected to the
compensation profile; these panels are linked with spring constraints to the lateral guide
(Figure 6). PVC gaskets, (8) in Figure 2, are positioned on the studs and on the horizontal
elements, in order to improve the acoustic performance of the partition.
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142 Figure 5. Panel hooking systems: a) wood panels; b) steel panels; c) glass panels with aluminum frame; d) glass
143 panels with steel frame
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For each specimen, four partitions are simultaneously tested in order to maintain symmetry of the
test frame. The plan and lateral view of the tested specimens and the walls ID are shown in Figure
7. Four different partition typologies are tested (Figure 8):

e Specimen no. 1: Classic partition, composed of 18 mm thick wooden panel;

e Specimen no. 2: Steel partition, composed of an 18 mm thick plasterboard panel, encased in
1 mm thick steel panel with the edges suitably shaped to allow the connection to the vertical
studs;

e Specimen no. 3: P85 partition, which is similar to Steel partition, except the internal steel
structure;

e Specimen no. 4: “Glass” partition, composed of laminated glass panels, which are included
within steel or aluminum frames; these frames are suitably shaped to allow the connection to
vertical studs. A plasterboard panel encased in steel panel is also used on the perimeter to
allow the connection to the vertical track.
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Figure 7. View of the tested specimens: a) plan view; b) lateral view

Two different internal steel structure typologies are used. A standard 60 mm thick internal steel
structure is used for specimens no. 1 and no. 2, named P104; specimen no. 3 is characterized by
42 mm thick internal steel structure, named P85. Specimen no. 4 provides both the internal steel
structure typologies; in particular, two partitions (West and South) are composed of laminated glass
panels within a steel frame, with P85 internal structure, while other two partitions (East and North)
are composed of laminated glass panels within an aluminum frame, with P104 internal steel
structure. Partitions with P104 internal steel structure are characterized by 104 mm total thickness,
while the partitions with P85 internal steel structure have a total thickness of 85 mm. A flexible
silicone-based material is installed among the panels, filling the 4 mm gap, in the 3 and 4™
specimen, for acoustic and thermal purposes. The tested specimens are characterized by a 6.03 m?
area for the East and West walls and 4.74 m? for North and South walls. It should be noted that a
door is also installed in both North and South walls. The characteristics of the specimens are
summarized in Table 1.



173 Table 1. Description of different components for each tested specimen

Panels

Steel studs

Steel tracks

. 18 mm thick wooden
Specimen no. 1

35-60-35 mm “equivalent

60-60-60 mm “U” section,

panel C” section, 1.0 mm thick 0.80 mm thick
_ 18 mm thick plas_terboard ) 35—60—35”mm ' 60-60-60 mm “U" section,
Specimen no. 2 panel, covered with 1 mm equivalent C” section, .
- . 0.80 mm thick
thick steel panel 1.0 mm thick
Specimen no. 3 1§nr;mcgvg;g|€vsiﬁr?0;r:1 35-42-35 mm “C” section, 60-42-60 mm “U” section,
P ) panel, ¢ 1.2 mm thick 0.80 mm thick
thick steel panel
Laminated glass panels
within an aluminum frame 35-60-35 mm P .
N-E 18 mm thick plasterboard “equivalent C” section, 60-60-60 mm “U” section,
: . 0.80 mm thick
panel, covered with 1 mm 1.0 mm thick
. thick steel panel
Specimen no. 4 -
laminated glass panels
within a steel frame € A9 « 1 capti
S-W 18 mm thick plasterboard 35-42-35 mm “C” section, 60-42-60 mm “U” section,

panel, covered with 1 mm
thick steel panel

1.2 mm thick

0.80 mm thick
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175 Figure 8. Global view of the specins nos. 1-4 (from top left to bottom right)
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To avoid the fall of the panels if they overturn, protection ropes are inserted. The presence of such
devices does not influence the seismic behavior of the tested specimens; their presence is merely for
safety during testing. It should be also noted that the influence of return walls on the specimen was
not investigated in this test campaign.

An innovative device is introduced in West and South walls of specimens no. 1, 2 and 3, and in all
the walls of Glass partitions. This device aims at avoiding the unhooking of the panels from the
studs. The locking device (Figure 9) is composed of a steel plate with two lateral flaps and a bolt
and it is placed into the stud. It is activated through the tightening of the bolt (Figure 9); once the
bolt is tightened, lateral flaps adhere to the stud, reducing the width of the slots, which house panel
hooks, and preventing the overturning of the panels, if they are subjected to both uplift and out-of-
plane forces. To remove the panels, the bolt needs to be unscrewed; the bolt is accessible from the
outside of the partitions through the 4 mm gap between the panels. For specimen no. 1, the solution
shown in Figure 10a is adopted, with an inclined lower edge of the flaps; in partitions nos. 2-4, a
modified device is adopted (Figure 10b) due to the poor performance of the first solution. The
device was developed by the authors during the tests campaign and is currently patent pending.
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Figure 9. Plan view of the in/novative locking device: a) device not activated; b) device activated
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Figure 10. Innovative locking device: a) side view of device used in Classic partitions; b) side view of device used
in the specimens no. 2, 3, 4; c) frontal view

2.2 Input and testing protocol

The input to the shaking table consists of two 30-second time histories representative of a target
ground motion and acting simultaneously along the two horizontal directions; the time histories are
artificially defined so as their response spectra match a target response spectrum derived from
ASCE7-10 [20] force formulation for nonstructural components:
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E, = %(1 +22) < 1.6Wpl,Sps )
where a,, is the floor-to-component amplification factor, Sy is the design spectral acceleration at
short periods, W, is the weight of the component, R,, is the component force reduction factor, I, is
the importance factor and z/h is the relative height ratio where the component is installed. The
required response spectrum is defined by two spectral accelerations, Ag;x and Ag;s, Which assume
a component amplification factor a,, equal to 2.5 and 1, respectively, and R,, and I, equal to 1:

AFLX = SDS (1 + 2%) S 16 - SDS (2)

Apig = 0.4 Sps (1+2%) 3)
Arppx 1s the spectral acceleration acting on flexible components, characterized by a natural
frequency ranging from 1.3 Hz to 8.3 Hz, whereas Ag,; is representative of rigid components, i.e.
with natural frequency larger than 33.3 Hz. The defined response spectra envelop the target
spectrum in the frequency range between 1.3 and 33.3 Hz and assumes a damping value equal to
5% of critical damping. In this range they do not exceed the target spectrum by more than 30%.
Furthermore, in cases where it can be shown that no resonance response phenomena exist below 5
Hz, the TRS are required to envelop the target spectrum only down to 3.5 Hz. When resonance
phenomena exist below 5 Hz, the TRS are required to envelop target spectrum only down to 75% of
the lowest frequency of resonance. Lastly, the peak shake table acceleration shall not be lower than
90% of Ag;;. The time histories are artificially defined according to the procedure included in [21].
The obtained time histories are then filtered with a 0.70 Hz high-pass filter in order not to exceed
the displacement and velocity limitations of the earthquake simulator. Results are shown in Figure
11. The procedure has been executed for Sps = 1.00g; the accelerograms are then scaled to reach
several shaking intensities.
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Figure 11. Input time histories and spectra for Sps equal to 1.00 g: (a) acceleration time-history - X direction
(blue) and Y direction (red); (b) input accelerogram spectra and matching frequency range (vertical dashed line)
The test frame is designed for a bidirectional input motion characterized by a 2.0 g spectral
acceleration, which corresponds to 1.0% interstory drift ratio. In case unidirectional input motion is
employed, larger acceleration and interstory drift can be obtained without damaging the test setup.
An additional couple of time histories have therefore been generated, to be used for unidirectional
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tests (Figure 12). This couple of accelerograms is filtered with a 1.32 Hz high-pass filter in order to
not exceed displacement limitations of the adopted instrumentation. The corresponding couple of
spectra is still abiding to the prescriptions above on spectrum matching, considering the expected
natural frequency of the tested components.
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Figure 12. Input accelerogram spectra, target spectrum and its limits (dashed line) for Sps equal to 1.50 g

The input levels range from S, = 0.05 g to Sps = 1.50 g in order to generalize the execution of
the test, being representative of a large range of earthquake intensities. As mentioned above,
unidirectional tests should be performed in case an interstory drift larger than 1.0% is expected in
order to ensure the integrity of the test frame. The test campaign provides shakings increasing
intensity with 0.10 g steps. In case damage is observed, a shaking characterized by a 0.05 g lower
intensity is applied, in order to find a more accurate threshold of the seismic intensity which causes
such a damage. For example in specimen no. 2, a test characterized by 0.25g S, intensity value is
performed after a 0.30g Sps test, since a given damage is recorded at 0.30 g Spg value. A low-
intensity random vibration is performed after each test, in order to monitor the dynamic properties
of the test setup throughout the different test campaigns. Finally, it should be underlined that the use
of shake table tests is justified to test internal partitions due to the following reasons [9]:

e internal partitions are mainly displacement sensitive components; however, out-of-plane
acceleration can induce the collapse of these components;

e the use of a flexible test frame, subjected to the defined input motions, allows investigating
the behavior of the tested component at a given level of in-plane relative displacement
demand.

2.3 Instrumentation

Tri-axial accelerometers and displacement laser sensors are used to monitor the response of both the
test frame and the specimen. One accelerometer, placed inside the shake table, measures the input
accelerations in both directions. Eleven accelerometers are also arranged in order to monitor the
acceleration at different locations of the setup, as shown in Figure 13. Two accelerometers, (1) and
(2) in Figure 13, are installed on two orthogonal beams; other two instruments, (3) and (4) in Figure
13, are arranged on the concrete slab above the test frame; seven accelerometers are installed on the
partitions, in order to investigate their out-of-plane behavior. Five accelerometers are placed on the
West wall; one accelerometer, (7) in Figure 13, is placed at the center of the wall, while the other
four instruments are installed along the vertical and the horizontal directions of the accelerometer
(7), in order to evaluate the acceleration distribution of the partition along two orthogonal
directions. Other two accelerometers are installed: the first one at the center of the East wall, the
second one at the South wall, above the door.

Displacement laser sensors are also employed (Figure 14); in particular five short-range laser
sensors (denoted with “W” prefix in Figure 14) and three long-range laser sensors (denoted with
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“L” prefix in Figure 14) are used. Sensors are installed in order to evaluate the absolute and relative
displacements of columns in both the horizontal directions.

Frontside Backside

Figure 14. Laser positions
3 RESULTS AND DISCUSSION

3.1 Summary of the results

Bidirectional and unidirectional shaking tests are performed along two horizontal directions. In case
unidirectional motion is selected, two different tests are performed in the two orthogonal directions.
The results of the different test campaigns are summarized in Table 2, which includes for each test:
(a) the reference Sps intensity values; (b) peak acceleration at the table level in X and Y directions
(Figure 7a) recorded by the accelerometer inside the table; (c) peak acceleration at the roof of the
test frame in X and Y directions recorded by accelerometers placed either on the roof (acc. no. 3
and 4 in Figure 13) or on horizontal beams (acc. no. 1 and 2); (d) peak relative displacements,
evaluated as the difference between absolute displacements at the roof and at the table. The
displacements are evaluated using the laser recordings at the top (W5, L1, L2 and L3 in Figure 14)
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and at the base of the test frame (W1, W2, W3 and W4 in Figure 14); (e) maximum interstory drift
ratios, evaluated as the ratio between maximum relative displacements and the height of the test
setup, equal to 2.74m. Values related to unidirectional tests are marked by an asterisk in Table 2.

Table 2. Summary of the recorded quantities for each test of the different campaigns. Unidirectional tests are
denoted with an asterisk

Test ID
1 2 3 4 5 6 7 8 9 10 11 12
Classic partition
Sps (9) 005 010 020 030 025 035 040 0.50 - - - -

X(@ 006 012 025 036 030 041 046 0.58 - - - -
Y( 007 011 024 035 031 040 046 0.56 - - - -
Acc. 1 X(@ 012 022 042 059 049 067 081 1.01 - - - -
Acc. 2 Y(@ 013 025 056 081 066 091 101 1.23 - - - -
L3-W4 X (mm) 263 512 955 107 7.10 949 123 16.1 - - - -
W5-W1 Y (mm) 249 476 938 149 113 157 178 222 - - - -
X (%) 010 019 035 039 0.26 0.35 045 0.59 - - - -
Y (%) 009 017 034 054 041 057 065 0.81 - - - -
Steel partition
Sps (9) 0.05 0.10 020 030 025 0.35 040 050 0.60 0.70  0.825* 0.975*
X(g) 006 012 025 038 031 042 049 058 0.68 0.77 0.91*  1.04*
Y(g 006 012 024 037 030 041 046 059 071 0.86 1.06*  1.20*
Acc. 1 X(@ 015 021 042 061 054 071 083 107 132 1.59 1.91*  2.22*
Acc. 2 Y(@ 015 030 058 085 069 089 102 129 151 1.73 1.83*  2.04*
L2-W3 X (mm) 335 416 6.00 940 828 116 134 169 205 244 30.9* 34.6*
W5-W1 Y (mm) 283 565 100 140 113 141 169 219 269 30.2 33.9*  39.4*
X (%) 012 015 022 034 030 043 049 062 0.75 0.89 1.13*  1.26*
Y (%) 010 021 037 051 041 051 062 080 0.98 1.10 1.24*  1.44*
P85 partition
Sps (9) 0.05 0.10 020 0.30 040 0.35 050 0.60 0.70 - - -
X(g) 006 012 025 038 050 042 060 069 0.79 - - -
Y(g 007 012 024 036 048 042 059 076 0.82 - - -
Acc. 1 X(@ 011 019 037 065 091 080 1.11 123 141 - - -
Acc. 1 Y(@ 013 027 053 078 105 092 131 156 1.69 - - -
L3-W4 X (mm) 237 324 585 104 138 116 166 194 223 - - -
W5-W1 Y (mm) 239 451 886 132 178 149 217 262 309 - - -
X (%) 009 012 021 038 050 043 060 071 081 - - -
Y (%) 0.09 016 032 048 0.65 054 079 096 1.13 - - -
Glass partition
Sos () 0.05 0.10 0.20 0.30 040 050 060 0.70 0.825* 0.975* 1.125* -
X(g) 006 012 025 037 048 059 069 0.77 094* 1.05* 1.19* -
Y(g 006 012 024 036 047 059 071 081 098 1.20* 1.63* -
Acc. 4 X(@ 013 021 042 063 089 116 141 163 1.89* 218* 251* -
Acc. 1 Y(@ 013 025 046 0.75 103 127 145 163 175 202* 2.30* -
L3-W4 X (mm) 1.96 3.03 650 983 130 176 211 240 30.7* 33.0* 37.8* -
L1-W2 Y (mm) 197 454 785 123 165 200 240 284 317 37.1* 43.0* -
X (%) 007 011 024 036 047 064 077 088 1.12* 120 1.38* -
Y (%) 0.07 017 029 045 060 0.73 0838 104 116* 135 157* -

Table

Drift

Table

Drift

Table

Drift

Table

Drift

Maximum values of acceleration recorded on the roof in both X and Y directions are larger than
peak table accelerations due to dynamic amplification; in particular, the mean dynamic
amplification, evaluated as the ratio between peak acceleration at roof and peak table acceleration,
is in the range 2 —2.15 and 1.8 —1.9 for the different specimens in Y and X direction,
respectively. The amplification leads to acceleration values larger than 2.0 g at the roof for Steel
and Glass partitions, 1.0 g for Classic partition, and 1.5g for P85 partition. The dynamic
amplification is compatible with the target value of 1.9, from the spectra in Figure 11b. The
maximum interstory drift value (1.57% in Y direction) is recorded for the 4™ specimen, because the
integrity of the partition system allows executing the test at such a large Sps intensity value.



294
295
296
297
298
299
300
301

302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

However, values up to 0.8% drift, representative of a moderate earthquake intensity level, are
recorded for all specimens.

In order to analyze the partition behavior and its contribution to the global behavior of the test
setup, the top acceleration, representative of the total inertia force, is plotted versus the relative
displacement for different intensity levels; for the sake of both brevity and clarity, only the results
of some tests in Y direction are shown in Figure 15. A dotted black line denotes the behavior of the
bare test frame based on its natural frequency. Hysteresis loops in X direction exhibit a similar
trend.
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Figure 15. Top acceleration versus relative displacement plot for different seismic tests in Y direction: a) Classic
partition; b) Steel partition; c) P85 partition; d) Glass partition

From the analysis of the hysteretic curves it can be noted that there is a negligible interaction
between the partitions and the hosting structure; this outcome confirms that the partitions do not
contribute to the lateral stiffness even for large displacements, since the hysteresis loops are aligned
with the behavior of the bare test frame.

Maximum dynamic amplification on the component and acceleration distribution of the partition
along two orthogonal directions are also obtained using the accelerometers placed on the panels.
The amplification factor for out-of-plane acceleration on walls is typically included between 2 and 3
for all the different partition walls. These value suggest that the amplification factor is typically well
predicted by the 2.5 factor suggested in ASCE 7 for flexible components [20]. The acceleration on
the panels in the out-of-plane direction is almost constant at different location characterized by the
same height (accelerometers no. 6 and 8 vs accelerometer no. 7); this suggests that the partitions
deform in the out-of-plane mainly along the vertical plane, whereas negligible deformations are
recorded in the horizontal plane. Some discrepancies are recorded in case accelerometers no. 5 and
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9 are compared to accelerometer no. 7; out-of-plane accelerations at the top and at the bottom of the
panel are about 1.2 and 0.8 times the acceleration at the center of the partition, respectively. This
result is expected since the panel is subjected on the top to an acceleration which is larger, i.e.
almost doubled, than the acceleration at the base of the partition.

3.2 Damage description and fragility assessment

In this study three damage states (DS) are considered for the seismic response definition of the
partitions, i.e. minor damage state DS1, moderate damage state DS2 and major damage state DS3.
Minor damage state achievement implies the need to slightly repair the specimen, in order to restore
its original condition. Moderate damage state achievement, instead, implies that the nonstructural
component is damaged so that it should be partially replaced. Major damage state implies that the
damage level is such that either the partition needs to be totally replaced or the life safety is not
ensured. The damage state definitions and their consequences are included in Table 3; they are
based on the definition given by Taghavi and Miranda [3]. In particular the correlation between
each damage state and the loss is given in terms of the three Ds [22]:(a) human casualties (Deaths),
(b) direct economic loss due to the repair or replacement of the nonstructural component (Dollars)
and (c) occupancy or service loss (Downtime). After each shaking level, damage is observed by
inspecting the physical conditions of the components and an appropriate damage table is compiled.
In particular, the damage level required to reach a given damage state is indicated for each
component of the partition; obviously, the damage state is the maximum between the different
damage states recorded in each component. Finally, it should be noted that some damage typologies
can be observed only at the end of each test, after dismantling the specimen.

Recorded damage is similar for all the specimens. In particular the following damage typologies are
recorded:

- Detachment and fall of panels (not recorded for Glass partitions), with increasing intensity
as the demand increases (Figure 16a-c). For low-intensity shakings the panels typically
detaches on one side, acting as a door (e.g. panel above the door in Figure 16b), without
overturning; out-of-plane slight rotation of the panels are therefore observed.

- Detachment of the flexible silicone-based material (Figure 16d-e), which fills the gap among
the panels (for the 3 and 4™ specimen) and the gap among glass panels and steel frame
(Figure 16f, 4™ specimen).

- Local plastic deformations of panel hooking system (Figure 16g-h), due to relative
displacement between panels and studs.

- Local plastic deformations of the extremities of studs (Figure 16i, only for P85 internal steel
structure).

- The correlation between the damage state (DS) and the interstory drift ratio (IDR) is shown
in Table 4 for partitions without the innovative device described in Section 2.1 (Figure 9-
Figure 10) , named standard partitions. It should be reminded that the first three test
campaigns provide that two standard specimens, i.e. North and East partitions, and two
innovative specimens, i.e. South and West partitions, are tested simultaneously. The fourth
test campaign, instead, provides that four innovative specimens characterized by two
different panel typologies are tested at the same time. Different damage states are
simultaneously reached for some tests, hence the IDR values required to attain different
damage states are coincident, e.g. DS 2 and DS 3 in steel partitions (Table 4). When no
damage is recorded until the end of the test, it is reported that the IDR value causing a given
damage state is larger than the maximum IDR measured for the specimen.
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Table 3. Damage scheme for the correlation between the recorded damage in each component of the partition
and the attained damage state

DS1 DS 2 DS 3
Dollars Need to repair or replace a percentage of specimens larger than
10% 30% 50%
Downtime - Moderate (1-2 days) Significant (> 3 days)
Death - Limited Significant
Component DS1 DS 2 DS 3
Out-of-plane slight Fall of a single panel
rotation of the panels, with negligible damage Fall of more than a single
Wood panels local plastic deformations ’ panels, wide cracks (>0.3

of the anchoring system
to the studs

need to replace
anchoring systems

mm) in the panels

Steel and glass

Out-of-plane slight
rotations of the panels,

local plastic deformations

Fall of a single panel

Fall of more than a single
panel, cracks in the panel,

panels of the anchoring system with negligible damage irreparaﬁ)le_damage of the
o the studs anchoring system
Local plastic Collapse due to instability,
Steel studs Repair of the PVC deformations, slight significant out-of-plane
gaskets deformations due to deformations (d/h>1/200),

buckling (d/h<1/200)

extensive plastic deformation

Horizontal element

Detachment of the
locking lever, repair of
the PVC gaskets

Local plastic
deformations, minor
impact, slight
deformations due to
buckling (d/h<1/200)

Significant out-of-plane
deformations (d/h>1/200),
extensive plastic
deformation, collapse of the
locking lever

Steel tracks

Local detachment of the
neoprene pad

Local plastic
deformations of the
section, significant

detachment of the
neoprene pad

Permanent displacements,
significant plastic
deformations of the section,
collapse due to instability

As shown in Table 4, no damage is recorded up to 0.50% for all standard partitions, except in Y
direction for the 1% specimen. Standard partitions in X direction, characterized by a door, generally
exhibit a better behavior than the ones in Y direction. The damage states occur for interstory drifts
in the range 0.41-0.65 for DS1, due to the out-of-plane slight rotation of the panels, and in the range
0.51-0.81 for DS2, for the fall of a single panel, and DS3, for the fall of more panels.

The correlation between the damage state (DS) and the interstory drift ratio (IDR) for innovative
partitions is also shown in Table 4, to evaluate the influence of the innovative device. The seismic
performance of all the partitions improves after the introduction of the innovative device, especially
for the walls without a door. No damage is recorded for all the innovative partitions in X direction,
while only a minor damage state is recorded in Y direction for Classic partition and for the
specimens with P85 internal steel structure. The device used for Classic partition exhibits a poor
efficiency; the recorded damage in the innovative partition of the 1% specimen is, in fact, due to
unhooking of the panels, while the device used in the other specimens avoids this failure
mechanism. Large increase of collapse IDR is recorded with the introduction of the innovative
device, up to IDR larger than 1.44% for Steel partition in Y direction. However, it can be noted that
all the innovative partitions do not exhibit damage for interstory drift smaller than the 0.5% drift
limitation included in Eurocode 8 [23].
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Figure 16. Recorded damages: (a) detachment and fall of Classic panels, (b) P85 panels, (c) Steel panels; (d)
detachment of the flexible silicone-based material in P85 partition and (e) Glass partition; (f) detachment of the
silicone-based material in glass panel; (g) deformed glass panel hooking system with steel frame and (h) with
aluminum frame; (i) deformed P85 stud

Table 4. Interstory drift ratio required to attain the considered damage states (DS) for standard and innovative
partitions
Interstory drift ratio (%)
Specimen Direction Standard partition Innovative partition

DS1 DS2 DS3 DS1 DS2 DS3
>0.59 >0.59 >0.59 >0.59 >0.59 >0.59
0.41 0.54 0.65 0.54 >0.81 >0.81
1.13 1.26 >1.26 >1.26 >1.26 >1.26
0.512 0.514 0.514 >1.44 >1.44 >1.44
0.81 0.81 >0.81 >0.81 >0.81 >0.81
0.65 0.96 0.96 1.13 1.13 >1.13

Classic partition

Steel partition

P85 partition

< X|< X|< X
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For the 4" specimen, the innovative device is used in all the walls: in Table 5 the correlation
between DS and IDR is shown for the two typologies of glass partitions, to evaluate their different
seismic behavior. As clearly shown in the Table 5, no significant damage is recorded for glass
panels within a steel frame, while glass panels within an aluminum frame are undamaged at the end
of the tests, despite the high level of experienced horizontal accelerations. The seismic performance
of glass panels with P104 internal steel structure is better than that of the panels with P85 internal
steel structure; in fact, during the dismantling, P85 internal structure exhibits local plastic
deformations, while the P104 one remains undamaged (Figure 16i).

Table 5. Interstory drift ratio required to attain the considered damage states (DS) for glass partitions

Interstory drift ratio (%0)

. S Glass panel within a steel frame  Glass panel within an aluminum frame
Specimen  Direction

and P85 internal steel structure and P104 internal steel structure

DS1 DS2 DS3 DS1 DS2 DS3
Glass X 0.36 >1.38 >1.38 >1.38 >1.38 >1.38
Partition Y 1.35 >1.57 >1.57 >1.57 >1.57 >1.57

The data in Table 4 can be used to estimate fragility curves for the tested partition walls (Figure 17).
The evaluation is performed according to the method “A” suggested by Porter et al. [24] and
applied in [11, 25]. Fragility curves are assessed only for standard temporary partitions (Table 4)
oriented along Y direction, i.e. the “wide” specimens, since all the three different damage states are
recorded only for these specimens.

1 [
s —
/ — — DS1
0.8 / """" DS2
' ;o —— DS3
/ .
g 06 l D tat %
N ;o amage state Xm [%0] B
& | DS1 0.515 0.340
w04 / DS2 0.631 0.441
/ DS3 0.685 0.403
0.2 I
'/'4.
4
0
0 0.5 1 1.5 2

Interstory drift ratio [%0]
Figure 17. Fragility curves for standard temporary partition walls
The median values x,, of the fragility curves are typically smaller than the corresponding values
assessed in [11, 18] for plasterboard partition walls, particularly for DS2 and DS3. The logarithmic
standard deviation g of the fragility curves are, instead, comparable to the ones in [11, 18]. It is
important to underline that the fragility curves for innovative specimens would be significantly
different, with a much larger median value. Indeed, these specimens show none or negligible
damage for interstorey drifts larger than 1% (Table 4 - Table 5).

3.3 Comments on the failure mechanism

The definition of the innovative device is based on the identification of the reason why the failure
mechanism, i.e. the overturning of the panels, occurs. The deformed configuration of the specimen
is therefore investigated (Figure 18). Each panel behaves like a rigid block with two unrestrained
degrees of freedom, i.e. vertical translation in the partition plan and rotation around the out-of-plane
axis, due to its construction technology. A given relative displacement u causes a rigid rotation of
the vertical studs. The panel, which is attached to two vertical studs, rigidly rotates about one of its
base corners, causing the uplift of the panel on one side (A, in Figure 18).
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For standard partitions, without unhooking device, panel uplift may cause the unhooking of the
panel from the vertical stud, if the vertical displacement of the panel is larger than the 4 mm length
of the hooks housed in the slotted holes of the stud. For example, the 1 m wide central panel is
subjected to a vertical displacement of 5 mm (Ay= tgb - b = 0.005 - 1m) when the interstory drift
is equal to 0.5% (Figure 18). Once the panel is unhooked, the out-of-plane force acting on the
partition causes the panel to move outwards and, eventually, to fall to the ground.
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Figure 18. Partition rigid-body mechanism for moderate displacement demand level

Visible signs (Figure 19), which demonstrate the relative displacement between different elements
of the partition and confirm the rigid mechanism in Figure 18, are denoted at the end of each test
after dismantling the partitions. In particular, permanent displacement of the stud and consequent
decrease of partition-to-perimeter gap (Figure 19a) is exhibited, due to the relative displacement
between studs and horizontal tracks. Moreover, localized damage of tracks, due to the frictional
sliding between panels and horizontal (Figure 19b) and vertical tracks (Figure 19c) is also denoted.
Finally, it can be concluded that the behavior of the tested partition walls is mainly influenced by
the spacing among studs, whereas the total width of the specimen should not significantly influence
its performance.

(a) (b) (c)
Figure 19. Signs after dismantling of partitions: decrease of partition-to-perimeter gap (a); localized damage of
horizontal (b) and vertical (c) tracks
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3.4 Dynamic properties of the test setup

The transfer function method is used for the dynamic identification of the pre-damaged test setup,
both bare and infilled, in order to evaluate the natural frequency of the bare test frame in both the
horizontal directions and the influence of the specimens on the dynamic properties of the test setup.
Before the execution of the test campaign, low-intensity random excitations are selected as input
motions for the bare test frame; the transfer function method is applied between the base and the top
acceleration time histories (Figure 20). Frequency values of 4.10 Hz and 3.71 Hz, i.e. 0.24 s and
0.27 s, denoted by the peak in the transfer curves, are obtained in X and Y directions, respectively.
After the specimens are installed within the test frame and before executing the shake table tests, a
random vibration is also applied in both the horizontal directions in order to measure the influence
of the specimens on the natural frequency of the test setup. As shown in Figure 20, the ‘‘infilled”’
natural frequency of the test setup does not change in X direction, while it slightly increases in Y
direction; it can be therefore concluded that the tested partitions do not significantly interfere with
the hosting structure.

225 1 225
Bare test frame Bare test frame

20 f Classic partition 1 20 f Classic partition
— 175} ‘] — — — Steel partition | — 17.5F — — — Steel partition
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3] = 15} -
% 12.5 fframe 4.10Hz § 125 F fframe 3.71 Hz
T f  =410Hz <
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z z
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2.5
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Figure 20. Transfer functions between base and top acceleration time histories for a low-intensity random
vibration applied to both bare and infilled test setups (a) in X direction and (b) in Y direction

The peak value of the bare setup transfer function, equal to 42.0, is not visible in Figure 20 for the
sake of clarity. Figure 20 also shows that the damping ratio of the test setup increases after the
addition of the partition within the test frame, especially for Y direction, causing a beneficial effect
in the dynamic response.

The evaluation of the damping ratio as well as the natural frequency during the test campaign is
investigated in order to correlate the occurred damage with the dynamic features of the specimen.
The transfer function method and the procedure proposed by Hashemi and Mosalam [26] are
implemented in order to evaluate the natural frequency of the test setup. The transfer function
method is applied between the base and the top acceleration time histories recorded during the low-
intensity random vibrations performed after the different seismic tests. The procedure proposed by
Hashemi and Mosalam consists in evaluating the average values of stiffness k and damping
coefficient b of an equivalent single degree of freedom system from the dynamic equilibrium. In
particular, the values of stiffness k and damping coefficient b are those for which the error in
evaluating the dynamic equilibrium equation is minimized for each time instant. The natural
frequencies are evaluated starting from the average stiffness. The procedure is applied to the
different seismic tests at different Sps levels.

The natural frequency during the seismic tests for the different partitions is evaluated according to
(a) the transfer function method, (b) the natural frequency computed according the Hashemi and
Mosalam procedure (Figure 21). Natural frequency trends show an almost constant envelope, thus
denoting the absence of damage in the test setup. Moreover, recorded natural frequencies are in the
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vicinity of the bare frame natural frequencies in both X and Y direction, confirming the negligible
interaction of the tested specimen with the test frame. Hashemi and Mosalam procedure agrees with
the “standard” transfer function method with a slightly underestimation. Moreover, such a method
tends to significantly underestimate the natural frequency for low-intensity tests, probably due to
the noise recorded by the accelerometers.

The equivalent damping ratio & can be evaluated according to following relationship assuming
dissipation exclusively viscous:

§ =1 4)
where Whp is the dissipated energy for cycle (area enclosed within each hysteresis cycle), and E is
the associated elastic energy [27]. This procedure is applied to each hysteresis cycle of each test.
The median value of damping coefficient is shown in Figure 22 for each test. The damping ratio & is

also evaluated from the procedure proposed by Hashemi and Mosalam [26] according to
b

$ =i ()
where K is the lateral stiffness, m is the mass of the equivalent single degree of freedom system and
b is evaluated according to the above mentioned method. The damping ratio is evaluated for the
different partitions according to both energetic method and the procedure proposed by Hashemi and
Mosalam (Figure 22). The damping ratio is in the range 5—10%. A significant increase in the
damping ratio is exhibited for all the specimens compared to the bare test setup damping ratio,
probably due to the friction developed by vertical studs, that slide with respect to the horizontal
tracks, and by panels hooking system inside the slotted holes in vertical studs. An additional
contribution is given by the flexible silicone-based material installed among the panels for the 3
and 4™ specimen. Good agreement between energetic method and Hashemi and Mosalam procedure
is shown in Figure 22, with the exception of the low-intensity vibration range, probably due to the
noise recorded by the accelerometers. The damping ratio is not influenced by the intensity of the
shaking for the 4" specimen in both directions. For the other specimens, the damping ratio slightly
decreases for the final tests, once the panels are detached, since the damping due to the relative
displacement between panels and studs and panels and vertical tracks vanishes.

TF is black , H&M is grey

TF is black , H&M is grey
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Figure 21. Test frame natural frequency evaluation according to the Transfer Function method (TF, black line)
and to the Hashemi and Mosalam (H&M, grey line) procedure for different seismic tests and specimens in (a) X
and (b) Y directions
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Figure 22. Damping ratio evaluation according to the Energetic Method (EM, black line) and to the Hashemi
and Mosalam (H&M, grey line) procedure for different seismic tests and specimens in (a) X and (b) Y directions

4  CONCLUSIONS
Shake table tests are performed on temporary internal partitions. A steel frame is designed to exhibit
relative displacements which typically occur at a given story of ordinary buildings. The test frame is
defined in order to subject the partitions to both in-plane interstory drifts and out-of-plane
accelerations. Four different specimens are selected in order to test different panel typologies and
supporting structures: (a) Classic, (b) Steel, (c) P85 and (d) Glass partition systems. The test
campaign also looks at investigating the influence of an innovative device, which was defined
during this test campaign, on the seismic performance of the tested components. The innovative
device aims to avoid the unhooking of the panels from the supporting studs.
Several shake table tests are performed subjecting the specimens to interstory drift ratio up to 1.57%
and top acceleration larger than 2.0 g. The hysteretic curves highlight that the partitions do not
contribute to the lateral stiffness of the test setup even for large relative displacements. Recorded
natural frequencies are in the vicinity of the bare natural frequencies in both X and Y direction,
confirming the negligible interaction of the tested specimen with the test frame. The damping ratio
is in the range 5—10%. A significant increase in the damping ratio is exhibited for all the specimens
compared to the bare test setup damping ratio; this increase might be due to the friction developed
by vertical studs, which slide with respect to the horizontal tracks, and by panels hooking system
inside the slotted holes in vertical studs. The amplification factor for out-of-plane acceleration on
walls is in line with the 2.5 amplification factor suggested in ASCE 7 for flexible components.
The correlation between the damage state (DS) and the interstory drift ratio (IDR) is performed by
means of a predefined damage scheme. The damage states for standard specimens occur for
interstory drifts in the range 0.41-0.65 for DS1, due to the out-of-plane slight rotation of the panels,
and in the range 0.51-0.81 for DS2, for the fall of a single panel, and DS3, for the fall of more
panels. Fragility curves are also assessed for standard temporary partitions, for applications in
seismic design and other research studies. Significant increase of collapse IDR is recorded with the
introduction of the innovative device, up to IDR larger than 1.44%. It can be therefore concluded
that the simple innovative device significantly improves the seismic performance of the tested
specimens. This study shows that seismic performance of some nonstructural components might be
significantly increased by means of simple modifications aimed at avoiding several failure modes.
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