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Abstract:

The seismic performance assessment of non-structural components is a quite relevant topic in performance-
based seismic engineering. Seismic standards all over the world require “safe” non-structural elements, i.e.
providing “adequate” seismic capacity in comparison with the seismic demand.

Internal partition kits (IPK), for long neglected in the seismic behaviour evaluation of buildings, are nowadays
largely investigated by the scientific community due to the impact on the overall performance of the building
hosting them, both from the safety and economic losses point of view. The seismic capacity assessment of
such components is generally pursued by means of experimental tests due the large variability of IPK
configurations. On the other hand, harmonized approaches for seismic qualification of IPK are not currently
available.

The present work deals with an experimental campaign carried out on three different kinds of IPK: glass, wood
and glass-wood mixed partition. Each of these was subjected to in-plane “crescendo” tests and out-of-plane
dynamic tests. Inter-story drift and acceleration in the centre of gravity of the tested samples are chosen as
engineering demand parameters (EDP) in order to assess the in-plane and out-of-plane seismic performances,
respectively. The damages recorded during the tests are related to the corresponding inter-story drift and
acceleration and then are compared to three fixed values of damage, chosen as damage limit states
(DS1=minor damage, DS2=moderate damage, DS3=major damage).

An innovative seismic test facility, located at the Construction Technologies Institute (ITC) of the Italian
National Research Council (CNR), was used to carry out the seismic tests. New loading protocols are proposed
with respect to the existing “crescendo” test of AAMA 501.4 (2009) and the shaking table tests of AC156
(2020).

The experimental results will be also the basis for the definition of assessment methods for the seismic
qualification of IPK to be introduced in harmonized European technical specifications.

1 Introduction

Internal partitions are included in the category of non-structural components that, if damaged during an
earthquake, can cause economic loss and downtime before building serviceability is restored, not to mention
the danger to human life in case of their collapse. For these reasons, the seismic performance assessment of
non-structural components is a topic largely addressed in the last years: it may be pursued through either an
experimental approach or the adoption of numerical models. Experimental methods, which this paper refers



WCEE2024 Coppola et al.

to, are the first choice nowadays, being able to meet the large variability of configurations and materials of
internal partition kits. As far as the seismic behaviour of relocatable internal partitions, mainly used in offices
and public buildings, is considered, very few scientific papers have been published. In most of them, full-scale
specimens have been studied mainly through shake table tests.

In Petrone et al. (2017) shake table tests were performed on four partition typologies characterized by an
internal steel structure and wood, glass or steel panels as facing elements. Two of them included a door.
Standard and innovative partitions were tested. Through the shake table tests, the specimens were subjected
simultaneously to both in-plane inter-story drifts and out-of-plane accelerations. The recorded damage was
similar in all specimens, in particular it was observed detachment and fall of wood and steel panels, typically
with low-intensity shakings, detachment of the flexible silicone-based material which filled the gap between the
panels and between the glass panels and the steel frame, local plastic deformation of the panel hooking system
and local plastic deformations of the extremities of studs. The damage was classified considering three
damage states identified as DS1 (minor damage), DS2 (moderate damage) and DS3 (severe damage). For
what concerns standard partitions, DS1 occurred for an inter-story drift ratio (IDR) of 0.41-0.65% because of
the out-of-plane slight rotation of panels, DS2 for an IDR of 0.51-0.81% for the fall of a single panel and DS3
for the fall of more than one panel. When the innovative device was used, a large increase of collapse IDR
was recorded: all the innovative partitions did not exhibit damage for inter-story drifts smaller than 0.5%. Glass
panels with an aluminium frame and with the innovative device were undamaged at the end of the tests, despite
the high level of experienced horizontal accelerations.

Three damage state levels DS1, DS2 and DS3 were also defined by Davies et al. (2011) in evaluating the
observed damages in both dynamic and quasi-static tests on full-scale partition walls. The damage states were
defined in terms of the nature of the detected damage and of the intensity of the required repair actions: DS1
corresponded to superficial damage requiring only aesthetic repairs, DS2 to damage requiring the replacement
of portions of the partition wall and DS3 to severe damage that would require complete removal and
replacement of the wall.

In Magliulo et al. (2014) shake table tests were performed on drywall partitions with plasterboards screwed
only on vertical studs. The input motion was defined according to AC156 (2020) and three limit states were
considered which observed damage was related to: OLS, operational limit state (DS1); DLS, damage limit
state (DS2); LSLS, life safety limit state (DS3). Also in Petrone et al. (2015) the correlation between the three
damage states DS1, DS2 and DS3 and the IDR (inter-story drift ratio), was evaluated by means of quasi-static
tests carried out on plasterboard partitions with steel studs supporting structure. The testing protocol was
chosen according to FEMA 461 (2007) which was adapted with minor modifications considering a set of
European ground motions.

Even if several works deal with the seismic assessment of internal partition systems, a harmonized approach
does not exist yet. For this reason, this work aims at the definition of a general procedure for the seismic
qualification of internal partition kits (IPK) with the purpose of introducing this procedure in harmonized
European technical specifications. The proposed procedure provides for the assessment of these components
through experimental tests, as well as for the definition of damage limit states and of engineering demand
parameters representative of the behaviour of the specimen when subjected to seismic actions.

In particular, the experimental campaign carried out on three different kinds of IPK (glass, wood and glass-
wood mixed partition) is presented in section 2, notably with reference to the description of the tested
specimens (§2.1), of the test apparatus (§2.2) and of test setup (§2.3). Particular attention is also given to the
description of the input protocols (§2.4) for in-plane crescendo tests and out-of-plane dynamic tests, which the
specimens were subjected to.

The results of the performed tests are reported in section 3 in terms of inter-story drift ratio and acceleration in
the centre of gravity of the tested samples, chosen as engineering demand parameters (EDP) in order to
assess the in-plane and out-of-plane seismic performances, respectively. Three fixed values of damage,
chosen as damage limit states (DS1=minor damage, DS2=moderate damage, DS3=major damage) are also
defined and used to compare the damages recorded during the test with a previous defined damage scheme.
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2 Experimental campaign

The experimental campaign has focussed on internal partition kits intended to be used in offices, characterized
by different construction systems and assembled according to three distinct layouts, detailed in section 2.1.
Each specimen was subjected, separately, to:

e out-of-plane (with respect to the component plane) dynamic tests;
¢ in-plane crescendo tests.

The input protocols of such tests are reported in section 2.4. The aim of the test is the identification of two
engineering demand parameters (EDP) representative of the behaviour under seismic actions of internal
partition kits, i.e.:

e the acceleration in the component centre of gravity measured during out-of-plane dynamic tests,
synthetically indicated as in (1):

ag,DSi,out [g] (1)

where:
e Qagindicates the maximum acceleration recorded in the centre of gravity of the component;
e DSiindicates the i-th achieved limit states, with i=1, 2 or 3;
e outrepresents the out-of-plane direction.

¢ inter-story drift ratio measured during in-plane crescendo tests, indicated as (2):

D
Admwc,D.s‘i,ip = % [%] (2)

¢ Dudmaxis the difference between top and bottom displacements applied to the specimen;
e his the height of the tested specimen;

e DSiindicates the i-th achieved limit states, with i=1, 2 or 3;

e iprepresents the in-plane direction

In order to be representative of the seismic behaviour of the tested components, these parameters shall be
associated with the achievement of defined damage limit states. According to the cited literature, three limit
states can be defined: DS1 (minor damage) - implies the need to slightly repair the component, in order to
restore its original condition; DS2 (moderate damage) - signifies that the component is damaged and therefore
implies the need to partially replace it; DS3 (severe damage) - implies that the level of damage reached is
such that the component must be completely replaced or the safety of the occupants is not guaranteed.
Starting from the latter definitions, a specific damage scheme has been drawn up for internal partition kits
(Table 1), in which damages are identified for each kit component (rows) and for each assigned damage limit
state (columns).

The damage scheme represents the reference for the identification of the damage limit state achievement
during the tests.

Table 1. Damage scheme for internal partition kits.

Damage type /
Component of the DS1 DS2 DS3
system
Downtime None Moderate (1-2 days) High (= 3 days)
Life hazard None Small High
Covermg'p anels L Significant out-of-plane
(composite panels, Slight in-plane or out-of- S .
. panels rotations; Panels overturning
wood panels, glass plane panels rotation

panels, steel panels) Minor cracks in panels
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Supporting sub-frame Severe plastic

; Minor plastic Moderate plastic deformations
(studs, horizontal . .
deformations deformations collapse due to
elements, channels) ) o
instability
Unscrewing of 30% of Unscrewing of 50% of
Eixinas Unscrewing of 10% of total screws; total screws;
g total screws Failure of 30% of Failure of 50% of
hooking systems hooking systems;
Accessories (doors, Locking of the door or Door or window

Lock damage

windows) window overturning

Values of out-of-plane acceleration, recorded in the specimen centre of gravity and corresponding to the
achievement of each defined damage state, agps1,0ut, 8g,0s2,0ut, g,0s3,0ut, Will represent the engineering demand
parameters for the assessment of the seismic behaviour of the specimen in the out-of-plane direction. In a
similar way, values of in-plane drift ratio, corresponding to the achievement of each defined damage state,
Admax,Ds1,ip, Admax,DS2,ip, Admax,Ds3,ip, Will be representative of the in-plane seismic behaviour of the tested partition.

2.1 Tested internal partition kits

The tested specimens consist of three partition kits: a glazed partition, a partially opaque and glazed partition
and an opaque partition. Each specimen is 3000 mm height and 4500 mm wide and includes a door-set.

The glass partition (Figure 1) is a single-glazed partition with laminated glass panels, aluminium alloy vertical
profiles for partition starting and ending and horizontal channels, double-sided adhesive tape for the junction
between glass panes, tempered glass door, aluminium alloy door profiles, foam gaskets for perimeter profiles
and co-extruded PVC gaskets.

The partially opaque and glazed partition (Figure 2) has aluminium alloy vertical profiles and horizontal
channels, melamine finished resin-bonded particleboards panels, laminated glass panes, double-sided
adhesive tape for the junction between glass panes, foam gaskets for perimeter profiles and for adaptor door
profile, laminated glass door, aluminium alloy door profiles and co-extruded PVC gaskets.

The opaque partition (Figure 3) has a support structure in galvanized steel studs, melamine finished resin-
bonded particleboards panels, aluminium alloy perimeter channels and slot profiles, honeycomb panel for the
door, aluminium alloy door profiles and profiles for the junction with partition panels and co-extruded PVC
gaskets.
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Figure 1. (a) Schematic view of the totally glazed partition (measures in mm) and (b) view of the installed
specimen.
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Figure 2. (a) Schematic view of the partially glazed partition (measures in mm) and (b) view of the installed

specimen.

3000

1010
600 929 m.p.1000 1000 1000
4 4560 2

(a) (b)

Figure 3. (a) Schematic view of the opaque partition (measures in mm) and (b) view of the installed
specimen.

2.2 Testing machine

The testing machine, used to carry out the experimental campaign on the before described specimens, is
located at the Institute for Construction Technologies (ITC) of the National Research Council (CNR) in San
Giuliano Milanese (MI). This apparatus allows the installation of full-scale plane systems up to 5600 mm (width)
and, basically, of any height (considering the exploitable height of 8000 mm). The apparatus consists of a steel
framed structure at three levels, with a fixed beam at the base and two moveable beams at the second and
third levels. All beams are equipped with anchoring channels, in order to enable the installation of various
types of fagade systems and partition walls. The moveable beams are connected to a system of dynamically
controlled hydraulic actuators. A mechanical lifting system of the beams allows to obtain different inter-story
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heights. The displacements in the plane and in the out-of-plane direction of the tested component (partition
wall or fagade system) are produced by a double rod hydraulic actuator, positioned on each mobile beam, with
a load capacity of 200 kN (for in-plane) and 100 kN (for out-of-plane), a maximum displacement of + 85 mm
and frequency up to 30 Hz. It is possible to apply displacements in dynamic condition with high frequencies.

2.3 Test setup and instrumentation

For the execution of the seismic characterization tests a specific ad hoc setup has been designed to allow for
the connection of the specimens to the seismic machine, in order to reproduce the actual installation conditions
of the partition kit. The setup, shown in Figure 4, consists of two laminated wood beams rigidly joint with the
moveable beams of the seismic machine by means of five bolted steel brackets. This set up should allow the
stresses to be directly transferred from the moveable beams to the specimen without suffering any
deformations. Two wood columns, with 100 mm x 150 mm cross-section and of 3000 mm height, are
connected with the beams through small brackets and four screws, so as to create a hinge constraint between
beam and column during the tests.

Figure 4. The test set up.

The laminated wood beams allow for the positioning of the partition horizontal channels, which are usually
fastened to ceiling and floor in the building areas where they are located; the wood columns allow for the
positioning of the partition vertical structural elements at partition starting/ending, which are normally fastened
to the building existing walls (or columns).

2.4 Input protocols

In this section, the description of the input protocols used for carrying out the dynamic tests in the out-of-plane
direction and the in-plane crescendo fests is reported.

Dynamic tests are performed by applying artificial acceleration time-histories obtained according to the
procedure explained below. It is a modified version of the procedure included in AC156 (2020). In order to
define the input acceleration time history (Figure 5), it is necessary to firstly define a Reference Response
Spectrum (RRS). The RRS can be assumed equal to a simplified version of the spectral acceleration formulas
reported in clause 4.3.5 of EN 1998-1 (2013) and in Zito et al. (2022). Starting from this Reference Response
Spectrum, the acceleration time-history has been chosen in such a manner that the relative spectrum (also
defined as Test Response Spectrum-TRS) is compatible with the defined RRS assuming a-Sa = 0.50 g, over
the frequency range from 1.4 to 24 Hz. Then, several acceleration time-histories are obtained by linearly
scaling down the starting acceleration time-history, starting from 5%-amax up to 100% amax in 5% steps,
according to Table 2.
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Figure 5. Input acceleration time history for dynamic out-of-plane tests

Table 2. Steps of the out-of-plane dynamic tests.

Step of the out of Maximum acceleration
plane dynamic test value of the input signal

[#] [9]

1 0.09

2 0.19

3 0.28

4 0.38

5 0.47

6 0.57

7 0.66

8 0.76

9 0.85

10 0.94

11 1.04

12 1.13

During each step of the test, the corresponding acceleration time-history has been applied simultaneously at
the bottom and at the top beams of the test equipment in the specimen out-of-plane direction, and damage of
each component of the assembled partition kit, eventually occurred, has been recorded by filling out the
damage scheme.

At the end of each step the test equipment has been stopped and the specimen has been observed for further
damage identification. The level of the damage recorded in each step has been compared with the damage
scheme reported in Table 1 in order to identify the achievement of one of the three damage states. The
maximum value of the acceleration recorded in the centre of gravity of the specimen during those step
corresponding to the achievement of a damage state, will represent the out-of-plane acceleration, ag,psi,out (With
i =1, 2 or 3) for that specimen. If, due to facility limitations, a damage state is not attained during the test, the
seismic performance parameter corresponding to that damage state is the maximum recorded during the test.

Displacement tests, instead, have been carried out by applying a “crescendo” displacements history in the in-
plane direction of the component. This test can be considered a modified version of the AAMA 501.4 (2009)
and consists of a concatenated series of “rump up” intervals and “constant amplitude” intervals. The crescendo
test has been carried out at a frequency of 2 Hz for total applied relative displacements between the base and
the top of the specimen of + 75 mm, and 1 Hz for total applied racking displacements greater than 75 mm. The
test has been run continuously until the fallout of any component of the assembled kit occurred or until the
maximum applied displacement was equal to = 150 mm. For this reason, a video recording of the test,
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synchronized with the clock of the testing apparatus, has been used for the off-line processing of the test
damages. The measured relative applied displacement between the base and the top of the specimen
corresponding to the achievement of each damage state, divided by the specimen height, will represent the
in-plane inter-story drift ratio Aamaxpsiip Of the specimen, where i = 1, 2 or 3 refers to the achieved limit state
(Table 1).
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Figure 6. Input displacements history of crescendo test.

3 Test results

The results of the performed tests are summarized in Table 3. In particular, the behaviour described in the
follow has been observed for each specimen:

For the glass partition, during the out-of-plane dynamic tests the first observed damage was an out of
phase oscillation of the glazed modules associated with the failure of the silicone between them. This
damage can be assimilated to light damage and therefore corresponding to the achievement of DS1.
The maximum recorded acceleration in the point nearest the centre of gravity of the partition (point G
in Figure 7a) associated with this damage was of 4.5 g. When test no. 8 was carried out, it was
observed that module 2 was completely detached from the doorjamb due to the sliding of modules 2,
3 and 4 to the right direction. This damage can be considered moderate damage and therefore
corresponding to DS2. The maximum recorded acceleration in the above mentioned position was of
4.9 g. When test no. 10 was performed, a breakage of the glass of module 3 was observed at the
bottom on the right. Furthermore, the horizontal bottom guide lost its anchorage from the laminated
wood beam due to the connection screws failure. This damage can be assimilated to a collapse of the
partition and therefore to a DS3 achievement. The maximum recorded acceleration in the same point
was of 6.6 g.

With reference to the crescendo test in the partition plane, the following behaviour was observed: for
an applied inter-story drift equal to 1.13% an opening between module 2 and the door stud was
observed, as well as an out-of-plane oscillation. This damage is considered slight and therefore
corresponding to a DS1 achievement. For an inter-story drift ratio of 1.6% a large horizontal shift of all
the modules at the right side of the door was observed. This damage can be assimilated to a moderate
damage therefore to DS2. Finally, for large a drift equal to 4.3% a strong lifting of the lower right corner
of the door frame was observed. As a result of this lifting, modules 2, 3 and 4 collapsed in the out-of-
plane direction. Partition collapse corresponds to DS3 achievement.

In case of the glass-wood mixed partition, no damage was observed until the out-of-plane dynamic
test no. 10 had been carried out. When test no. 10 was performed, an opening between modules 3
and 4 was observed due to a horizontal sliding of the module no. 4 towards the wooden column. This
damage corresponds to the achievement of DS2. The maximum recorded acceleration in the point
nearest the centre of gravity of the partition (point G in Figure 7b) was of 4.74 g. No further damage
was observed until the last test had been carried out, then it should be stated that partition collapse,
corresponding to DS3 achievement, should occur for a maximum acceleration (in the above mentioned
point of the partition) greater than 6.3 g.
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With reference to the in-plane crescendo test, it was observed that the sample did not show any
damage until the end of the test. At the maximum applied displacement, i.e. £150 mm (drift = 5.0%),
an opening was observed between the glass module 2 and the wooden module 3, and there was a
slight difficulty in opening the door. Therefore, it can be concluded that the partition reached a
moderate level of damage due to large displacements, corresponding to an inter-story drift of 5% at
most.

e When the wood partition was subjected to out-of-plane dynamic tests it was observed that until the
execution of the last test no damage occurred, i.e. for a maximum recorded acceleration value of 5.0
g, in the point nearest the centre of gravity (point G in Figure 7c), the partition did not get the DS1.
Also during the in-plane crescendo test, the partition did not show any damage until the end of the
test. At the maximum applied floor displacement of +150 mm (drift = 5.0%), a detachment was
observed between panels 3 and 4 and the door was locked. This damage can be assimilated to DS3.
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Figure 7. Position of the G point in correspondence o(f |)/I/hiCh is recorded the accelerations during the out-of-
plane dynamic tests for (a) glass partition, (b) the glass-wood mixed partition and (c) the wood partition. In
the figure Hy, identifies the height of the modulus (corresponding to partition height) and B, identifies the
width of the modulus
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Table 3. Experimental campaign, test results.

Damage type
Tested specimen DS1 DS2 DS3
(minor damage) (moderate damage) (severe damage)
Maximum recorded acceleration
ag,os [9]
4.5 49 6.6
Glass partition Interstoy drift (and inter-story drift ratio)
Admax,DS [mm]
+34 mm +48 mm +130 mm
(drift= 1,13%) (drift=1,6%) (drift= 4,3%)
Maximum recorded acceleration
agps [g]
- 4.74 >6.3

Interstoy drift (and inter-story drift ratio)

Glass-wood mixed
Admax,DS [mm]

partition
) +150 > (£150)
(drift= 5%) > (drift= 5%)
Maximum recorded acceleration
ag,os [9]
>5.0 >5.0 >5.0
Wood partition Interstoy drift (and inter-story drift ratio)

Admax,DS [mm]

+150
(drift= 5%)

4 Conclusions

The study addresses the theme of the seismic qualification of internal partition kits, included in the category of
non-structural components sensitive to both accelerations (in the out-of-plane direction) and drifts (in the in-
plane direction), proposing a procedure that provides for the assessment of the in-plane and out-of-plane
behaviour of the components, separately. In particular, the assessment shall be done by means of
experimental tests and the relative test protocols are proposed.

Dynamic tests are suggested for the assessment of the out-of-plane acceleration in the centre of gravity of the
component associated with damage occurring during the tests. Instead, crescendo tests are recommended
for the assessment of the in-plane inter-story drift ratio for which the specimen is damaged in the tests. New
input protocols for both tests are provided, starting from the existing ones especially used in the United States,
but better corresponding to the seismicity of European Countries and to the investigated product typology.

A damage scheme is defined for the specific system, i.e. internal partition kits, identifying the damage of each
component corresponding to the achievement of three damage states, also defined in the paper.

The applicability of the proposed procedure has been assessed by an experimental campaign conducted on
three types of internal partition kits. A glass partition, a glass-wood mixed partition and a wood partition were
subjected to both out-of-plane dynamic tests and in-plane crescendo tests. During the tests the observed
damages, corresponding to the achievement of each damage state, were recorded and linked to:

¢ the maximum out-of-plane acceleration in the specimen centre of gravity for the dynamic tests;
o the applied inter-story drift ratio for the crescendo test.

10
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The two above mentioned engineering demand parameters can be defined as essential characteristics in the
qualification process of the seismic assessment of internal partition kits. Therefore, the developed procedure,
extendible to several types of plane non-structural components, could be included in harmonized European
technical specifications, aimed at the CE marking of construction product in the framework of Construction
Products Regulation (EU) N° 305/2011 (2011) and could represent the reference procedure for the seismic
qualification of such components, at least in the European Countries.

5 References

AAMA 501.4 (2009). Recommended Static Test Method for Evaluating Curtain Wall and Storefront Systems
Subjected to Seismic and Wind Induced Interstory Drifts, American Architectural Manufacturers
Association, Schaumburg, lllinois.

AC156 (2020). Acceptance Criteria seismic Certification by Shake-table Testing of Nonstructural Components,
International Code Council (ICC-ES), Washington DC.

CEN (2013). EN 1998-1:2004/A1:2013 (2013). Eurocode 8: Design of structures for earthquake resistance -
Part 1: General rules, seismic actions and rules for buildings, European Committee for Standardization,
Brussels.

Davies R. D., Retamales R., Mosqueda G., Filiatrault A. (2011). Experimental seismic evaluation, model
parameterization, and effects of cold-formed steel-framed gypsum partition walls on the seismic
performance of an essential facility, Technical Report MCEER-11-0005, Multidisciplinary Centre for
Earthquake Engineering Research (MCEER), Buffalo, New York.

FEMA (2007). Interim Protocols for Determining Seismic Performance Characteristics of Structural and
Nonstructural Components through Laboratory Testing, Report No. FEMA 461, Federal Emergency
Management Agency (FEMA), Washington DC.

Magliulo G., Petrone C., Capozzi V., Maddaloni G., Lopez P., Manfredi G. (2014). Seismic performance
evaluation of plasterboard partitions via shake table tests, Bulletin of Earthquake Engineering., 12(4):
1657-1677.

Petrone C., Magliulo G., Lopez P., Manfredi G. (2015). Seismic fragility of plasterboard partitions via in-plane
quasi-static tests, Earthquake Engineering and Structural Dynamics, 44(14): 2589-2606.

Petrone, C., Magliulo, G., Manfredi, G. (2017). Shake table tests on standard and innovative temporary
partition walls, Earthquake Engineering and Structural Dynamics, 46(10): 1599-1624.

Regulation (EU) No. 305/2011 of the European Parliament and of the Council laying down harmonised
conditions for the marketing of construction products and repealing Council Directive 89/106/EEC of
4.4.2011 (2011), Official Journal of the European Union, 54: L88/5.

Zito M., D’Angela D., Maddaloni G., Magliulo G. (2022). A shake table protocol for seismic assessment and
qualification of acceleration-sensitive nonstructural elements, Computer-Aided Civil and Infrastructure
Engineering, 38(12): 1699-1726.

11



