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Abstract: Shaking table tests are performed to investigate the seismic behaviour of plasterboard partitions. A steel test
frame is properly designed in order to simulate the seismic effects at a generic building storey. The tests are performed
shaking the table simultaneously in both horizontal directions. At this aim the accelerograms are selected matching the
target response spectrum provided by the U.S. code for nonstructural components. To investigate a wide range of intersto-
rey drift demand and seismic damage, the shakes are performed scaling the accelerograms at eight different intensity lev-
els. The tested plasterboard partitions exhibit a good seismic behaviour, both in their own plane and out-of-plane, showing
light damage up to 0.8% interstorey drift ratio and 2g top frame acceleration.

Finally, an interesting comparison of the dynamic characteristics, i.e. fundamental period and damping ratio, between the
bare frame and the infilled structure is also performed using different methods.

Keywords: Dynamic identification, Infilled frame, Infill plasterboard partitions, Nonstructural components, Seismic perform-

ance, Shaking table test.

INTRODUCTION

As widely known, nonstructural components are a very
critical issue in earthquake seismic zones. The damages on
nonstructural components cause the largest part of the eco-
nomic loss [1], besides causing evacuation of buildings and
their use interruption [2].

Nevertheless few experimental studies on plasterboard
partitions are available in literature. The behaviour of parti-
tions and suspended ceilings during earthquakes is discussed
in [3]” Full-scale drywall partitions with light-gage steel stud
framing were tested to observe damage in cyclic loading
conditions in [4]. In [5] a shake table test on a full-scale 4
story steel building, in which various non-structural compo-
nents were installed (i.e. both plasterboard partitions and
suspended ceilings) to evaluate their seismic performance, is
presented.

Moreover, infill walls in frame structures are widely rec-
ognized to affect both the strength and stiffness of infilled-
frame structures [6-9]. In particular, the infill walls can sig-
nificantly increase the lateral stiffness, causing a very differ-
ent seismic demand with respect to the prediction by the
analyses on bare structural model.

In this paper the influence of innovative plasterboard par-
titions on a steel frame structure is investigated. Such parti-
tions are designed in order to not interfere with the hosting
structure up to moderate level of drifts (~0.5%).
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Experimental Facilities and Test Set Up, Specimens and
Input

The seismic qualification of infill plasterboard partitions
is carried out by the earthquake simulator system available at
the laboratory of Structural Engineering Department of Uni-
versity of Naples Federico Il. The system consists of two 3m
x 3m square shake tables. Each table is characterized by two
degrees of freedom in the two horizontal directions. Only
one shake table is used in this experimental campaign.

The tests aim to investigate the seismic behaviour of par-
ticular drywall partitions made by the Lafarge Platres indus-
try. Lafarge is a company present in 78 countries and world
leader in building materials.

With the purpose of simulating the seismic effects on the
partition, a steel test frame is properly designed according to
Eurocodes [10-12] and built (Fig. 1). The geometry of the
test frame is defined taking into account two requirements:
(a) realistic value of mass; (b) lateral stiffness resulting in
interstorey displacement d, = 0.005 h (being h the interstorey
height) for a 50 years return period earthquake typical of a
high seismicity zone.

The result is a 2.50 m (X dir.) x 2.00 m (Y dir.) X 2.89 m
(Z dir.) inverted pendulum text fixture. The test frame is
composed of welded square hollow columns (150 mm x 150
mm x 15 mm) of C45 steel material and rolled square hollow
beams (120 mm x 120 mm x 12.5 mm) of steel S275; the
beam-column connections are bolted. A reinforced concrete
slab of class C45/55 is placed on the roof of the structure

(Fig. 1).
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Fig. (1). Scheme of test setup: overview.

Wooden beams are also placed along the perimeter of
two longitudinal bays, having a technological purpose: they
allow the installation of the plasterboard partition guides.

Two partitions are contemporary tested in order to main-
tain symmetry in the seismic behaviour of the test frame.

A schematic representation of the test specimen is shown
in Fig. (2). The main components are: the “base and lateral
runners”, U-steel section profiles screwed respectively to
base floor and columns, with dimension 40-75-40 mm, 6/10
mm thick; the “top runner”, an U-steel section profile
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Fig. (2). Infill plasterboard partition: overview.
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screwed to top floor, with dimension 80-75-80 mm, 10/10
mm thick; “vertical studs”, U-section profiles housed in the
upper and lower runners, but not screwed to them, with di-
mension 47-74-50 mm, 6/10 mm thick, spaced 600 mm. Two
layers compose the drywall partitions: the so-called “PRE-
GYPLAC BAI13 plasterboards” and “PREGY LaDURA
BA13 plasterboards”, welghlng 90 N/m® and 128 N/m’ re-
spectively (Fig. 3). The latter is a plasterboard with high me-
chanical resistance conferred by wood fibres. Each layer,
according to EN 520 [13], is 12,5 mm thick and with thinned
edges. The plasterboards are screwed only on vertical studs.
The gap, properly defined between the plasterboards and the
perimeter, is filled with acrylic silicone. Such system is de-
signed in order not to interfere with the relative displacement
of the housing structure up to 0.5% drift.
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Fig. (3). Cross section of the double layer of drywall partition.

Six accelerometers and six laser-optical sensors are used
to monitor the response of the test frame and partitions.

The input to the table is provided through acceleration
time histories representative of expected/target ground mo-
tion and acting simultaneously along the two horizontal di-
rections; the time histories are artificially defined in order to
match the required response spectrum (RRS), provided by
the ICBO-AC156 code “Acceptance criteria for seismic
qualification testing of nonstructural components” [14].

According to ICBO, the RRS is obtained as a function of
the spectral acceleration called Sps. Sps is the parameter that
characterizes the ground motion. For horizontal design-basis
earthquake shaking, the International Building Code [15]
defines the short period design basis earthquake acceleration
response as:

2
Sps = § Fa-Ss
where F, is a site soil coefficient, set equal to 1 in this
study, and Sg is the mapped maximum considered earth-
quake (MCE) spectral acceleration at short periods.

The selected procedure is performed for a Required Re-
sponse Spectrum corresponding to a given Sps. The records
are then scaled to match the other levels of the target spec-
trum, defined later.
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The matching procedure is ensured over the frequency
range from 1.3 to 33.3 Hz; the elastic response spectrum
ordinates shall not be lower than 0.9 times RRS and larger
than 1.3 times RRS. Two different time histories are defined
for the two horizontal directions.

Fig. (4). shows the obtained acceleration time histories
for the X and Y directions in terms of acceleration, velocity
and displacement, their elastic response acceleration spectra,
the RRS corresponding to Sps equal to 0.30g and the RRS
scaled to 90% and 130%.

More details concerning the procedure to select the ac-
celerograms used as drive motions for the tests are described
[16].
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Eight bidirectional tests with different intensity values,

ranging from s,  -0.10g t0 S, =1.05g, are performed
(Table 1).

Dynamic Identification

Different procedures are used to evaluate the fundamen-
tal period and the damping ratio of the test setup. In order to
evaluate the influence of the plasterboard partitions, the pro-
cedure is applied both on the bare steel frame and on the
infilled structure. It should be noted that the main objective
of this test campaign is related to the evaluation of the seis-
mic performance of the plasterboard partitions; for this rea-
son, the study is mostly related to the dynamic behaviour of
the infilled frame.
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Fig. (4). Earthquake time histories and spectra for Sps equal to 0.30g: (a) acceleration, velocity and displacement time-history -
X direction; (b) acceleration, velocity and displacement time-history - Y direction; (c) input accelerogram spectra, RRS (bold

line), upper and lower limits (dashed line), matching frequency ran
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Table 1. Sps Values for 8 Input Test Levels

Magliulo et al.

Test No. SDS x direction SDS y direction

[1 [o] [o]

1 0.10 0.10
2 0.15 0.15
3 0.22 0.22
4 0.30 0.30
5 0.45 0.30
6 0.60 0.30
7 0.90 0.30
8 1.05 0.30

Three methods are illustrated in the following. For each
method, the results concerning the bare steel test frame are
presented; the method no. 1 is also applied on the infilled
frame.

Method 1

This method consists of applying to the base of the test
frame a harmonic drive motion with predefined amplitudes
and frequency f. The maximum acceleration on the roof of

the bare test frame U, ,,, and the harmonic base amplitude

u are recorded for each frequency f. The transmissi-

max,base

bility ratios TR = Hmaxtop are then evaluated (blue dots in
l‘jmax,base

Fig. 5). The peak of the curve gives the natural frequency fi,

while the damping ratio is evaluated applying the half-

bandwidth method.

The procedure points out a fundamental frequency f, of
3.81Hz and a 0.92% damping ratio.

In Fig. (5) the experimental points are also fitted with the
theoretical curve (pink line), using the following relationship
[16]:

12
2
1+[2:C(F/1,)]

[1—(f/fn)2]2+[2.C.(f/fn)]2

As shown in the figure, the very low damping generates a
very high amplification close to the resonance frequency,
causing very high accelerations and inertial forces on the test
frame roof; in order to avoid the test frame going into the
inelastic range, limited points are evaluated in this region.

Note that the half-bandwidth method is theoretically
valid for a displacement response factor Ry - frequency curve
[17]. Nevertheless, this method is applicable still in the case
of TR - frequency curve since they are very close one an-

TR =

other around the peak [17]. Indeed, the ratio TR/Rq is theo-
retically evaluated as.

L—R= 1+(2:¢- /1)

d

resulting in ratio very close to 1 for the typical values of
damping and for frequency not so far from the resonance
(see Fig. 6).
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Fig. (5). Transmissibility ratios curve for the bare steel
frame.
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Fig. (6). Ratio between theoretical Transmissibility ratio TR and
Displacement response factor Ry for different damping values (csi).
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As clearly shown in Fig. (6), the value of TR for f=f, is
very close to the value of Ry. This implies that the damping
ratio can be also evaluated as:

- 11
2Ry B 2R,

The formula yields a 0.94% damping ratio. However, this
value can be considered an upper bound of the damping ra-
tio, due to the lack of experimental points close to the reso-
nance, as highlighted above.

The procedure is also applied on the infilled frame in or-
der to evaluate the influence of the partitions on the dynamic
parameters of the test setup. A 8.33% damping value is
evaluated upon the transmissibility curve peak Fig. (7). the
peak occurs at 4.02Hz, defining a very light increase of the
natural frequency and a significant influence of the partitions
on the damping ratio. The half bandwidth method, instead,
gives out a 5.42% damping ratio.
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Fig. (7). Transmissibility ratios curve for the infilled struc-
ture.

Method 2

The transfer curve method is also used to evaluate the
natural frequency and the damping ratio of the bare test
frame. The transfer function is defined, in this case, as the
ratio of the roof acceleration response to the input base mo-
tion, i.e. a white noise time history, in the frequency domain
[18].
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The half-bandwidth method is used for the damping ratio
evaluation, while the peak denotes the natural frequency of
the system.

A 3.86Hz natural frequency and 1.5% damping ratio are
evaluated for a white noise input motion Fig. (8).

Method 3: Free Vibration Decay

This method allows the evaluation of the damping ratio
value in free vibration conditions upon the ratio of two peak
displacements measured over m consecutive cycles [19].

u;
In——
2-7-m u

g =

i+m

In case of lightly damped systems this procedure can be
adopted in term of accelerations that usually are easily re-
corded:

In_,L
2-r-m G

I+m

g =

This procedure is applied referring to the acceleration
time history recorded after a shaking quite intense
(4, >1.59)- Due to the very low level of damping recorded,
the test frame continues vibrating significantly for many cy-
cles (black box in Fig. (9)).

In order to apply such procedure, the signal was band-
pass filtered in a frequency range close to the natural fre-
quency, obtaining the red curve in Fig. (9).
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Fig. (9). Acceleration time history recorded at the base of the test
frame, Filtered and recorded acceleration time histories at the top of
the test frame. The black box indicates the region in which the free
vibration decay method is applied.
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Fig. (8). Transfer function generated by a white noise input on the bare structure.
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Table 2. Damping Evaluation According to Free Vibration Decay Method — Positive Cycles
i+m™ cycle
€ [%]
2 3 4 5 6 7 8 9 10 11 12 13
1 0.05 0.13 0.22 0.30 0.37 0.42 0.47 0.50 0.53 0.56 0.58 0.60
2 0.21 0.30 0.38 0.45 0.50 0.54 0.57 0.59 0.62 0.64 0.66
3 0.39 0.46 0.52 0.57 0.61 0.63 0.65 0.67 0.68 0.70
4 0.53 0.59 0.63 0.66 0.68 0.69 0.71 0.72 0.73
5 0.65 0.68 0.70 0.71 0.72 0.73 0.75 0.76
§ 6 0.71 0.73 0.74 0.74 0.75 0.76 0.77
g 7 0.74 0.75 0.75 0.76 0.77 0.78
8 0.75 0.76 0.77 0.78 0.79
9 0.76 0.78 0.79 0.80
10 0.79 0.80 0.82
11 0.82 0.83
12 0.84
Table3. Damping Evaluation According to Free Vibration Decay Method — Negative Cycles
¢ ] i+m™ cycle
2 3 4 5 6 7 8 9 10 11 12 13
1 0.12 0.21 0.30 0.37 0.43 0.48 0.52 0.55 0.58 0.60 0.62 0.64
2 0.30 0.38 0.46 0.51 0.56 0.59 0.61 0.63 0.65 0.67 0.69
3 0.46 0.53 0.58 0.62 0.64 0.66 0.68 0.69 0.71 0.73
4 0.60 0.64 0.67 0.69 0.70 0.72 0.73 0.74 0.75
5 0.68 0.70 0.72 0.73 0.74 0.75 0.76 0.77
§ 6 0.73 0.74 0.75 0.75 0.76 0.77 0.79
g 7 0.75 0.75 0.76 0.77 0.78 0.80
8 0.76 0.77 0.78 0.79 0.81
9 0.78 0.79 0.80 0.82
10 0.80 0.82 0.83
11 0.84 0.85
12 0.86

The procedure is applied with respect to all the possible
peaks couple combinations. In Tables 2 and 3 the damping
ratio is evaluated and listed referring to the peak decay from
the i'" cycle (rows) to the i+m™ cycle (columns). Averaging
the results, the damping ratio value is estimated to be
£ =0.649%+0.162% -

The results of the dynamic identification procedures are
summarized in the Table 4.

Upon these results, it can be concluded that:

e The innovative plasterboard partitions do not influence
the natural frequency of the test frame. The goal of not
interfering with the hosting structure is achieved;

e The damping ratio of the setup significantly increases
with the insertion of the partition within the test frame,
causing a beneficial effect in the dynamic response.

Test Results and Comparison

Using the selected drive motions, eight bidirectional
shaking tests are performed. The maximum recorded values
of acceleration at the base and at the roof of the test frame
are 1.03g and 2.22g respectively; the maximum accelerations
of the partitions are 1.82g and 1.81g, in plane and out-of-
plane respectively. As visible, due to dynamic amplification,
the maximum value of acceleration recorded at the base of
the table is completely different from the ones recorded on
the roof and on the partitions. This aspect may be crucial for
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experimental tests on shaking table. For this reason, the pro-
cedure described in [20], concerning the optimization of the
drive motion to predict the signal recorded at desired loca-
tions, i.e. on the partitions, using a compensation procedure,
will be taken into account in the next experimental cam-
paigns.

Relative displacements are also evaluated using the laser
sensors records. The maximum recorded relative displace-
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- LSLS - Life safety limit state (damage state 3 limit).

After each test, damage is observed inspecting the speci-
men components. The recorded damage in each component
is then correlated to one of the three limit states defined
above. Indeed, in Table 5 the level of damage required to
reach a limit state is defined for each damage typology of
each system component (i.e. plasterboards, studs, runners

Table4. Summary of the Results Obtained with the Different Procedures
Method Transmissibility curve Transfer curve Free vibration decay
Structure fo [Hz] G [%] Che [%] fn [Hz] C[%] T[%]
Bare frame 3.81 0.94% 0.92% 3.86 1.55% 0.65%
Infilled frame 4.02 8.33% 5.42% - - -

ments are 20.1mm in X direction and 22.7mm in Y direction.
The maximum interstorey drifts are evaluated considering
the column height, i.e. 2740 mm. Values up to 0.83% drift
are recorded, representative of a moderate earthquake inten-
sity level.

In this study three limit states are considered for the
seismic response definition of the plasterboard partitions and
in particular:

- OLS - Operational limit state (damage state 1 limit);
- DLS - Damage limit state (damage state 2 limit);

and screws). This damage is defined quantitatively, if possi-
ble; in the opposite case a qualitative definition of the level
of damage is defined.

The shake table tests show a very slight damage (Fig. 10)
including:

» Slight cracking in vertical joints between plasterboards;

e Acrylic silicone detachment (inserted in the separation
between partition and wooden vertical support);

e Chalk dust fall.
Such level of damage was assessed unable to reach even

Table5. Damage State Definition Upon the Damage Recorded Within Each Component of the Partition System
OoLS DLS LSLS
System Damage (damage state 1 limit) (damage state 2 limit) (damage state 3 limit)
Companent typology . . need to remove and replace the parti- .
need for minor repairs tion human life hazard
ks extended at least for partition
collapse cracks that compromise crac artition portion collapse (>0,75mq) with consequent
Plasterboard . artition qu’e half dimension / not repairable break P P dpisIOE:ati’on Sl g
/ cracking p (edges)
Plasterboard overturning \ \ partition overturning
track movement with respect to its
small permanent deforma- | . .. L - L -
Stud collapse tions initial position/ great deformations/ track collapse (shear, bending, instability)
flange opening
track movement with respect to its . . . .
Runner on small permanent deforma- | . .. L P ) guide crisis (failure, total detaching of the connec-
collapse . initial position/ great deformations/ -
the floor tions ) tion)
flange opening
Runner be- track displacement with respect to its . . . .
small permanent deforma- | . . P L P . guide crisis (failure, total detaching of the connec-
neath the collapse tions initial position/ great deformations/ tion)
roof flange opening
some screws loosening or breakin . .
release of small number of . 9 . 9 breaking of many screws that lead the partition to
s that causes partial separation of one or .
Screws fracture screws respect their initial . collapse or overturning / break of at least 50 % of
L more components / breaking and/or
position (at least 10%) SCrews
release of at least 30% of screws
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(b)

(d)

Fig. (10). Photos of the light damages recorded after the bidirectional shake table tests: (a) and (b) acrylic silicon detachment, (c) chalk dust

fall, (d) light cracking in vertical plasterboard joints.

the limit state 1.
CONCLUSIONS

In order to investigate the seismic behaviour of infill
plasterboard partitions, shaking table tests are carried out by
the earthquake simulator system available at the laboratory
of Structural Engineering Department of University of
Naples Federico 1.

The tests aim to investigate the seismic behaviour of par-
ticular drywall partitions made by the Lafarge Platres indus-
try and a steel test frame is properly designed and built to the
purpose.

Using drive motions properly selected for the tests, eight
bidirectional shakings are performed. The maximum re-
corded values of acceleration at the base and on the roof of
the test frame are 1.03g and 2.22g respectively; the maxi-
mum accelerations on the partitions are 1.82g and 1.81g, in
plane and out-of-plane respectively.

Test results show a very light damage also for an accel-
eration level equal to 2g (representative of 0.4g ground ac-
celeration) and 0.8% interstorey drift.

The dynamic identification procedure and the experimen-
tal evidence show that the tested partitions do not contribute
to the structural stiffness. Indeed, no variations in terms of
stiffness and structural period are recorded after introducing
the partitions within the test frame; moreover, the partitions

implies a damping increase, resulting in a beneficial effect in
relation to the earthquake. For this reason, they can be cata-
logued as non-interacting partitions in the framework of the
non-structural components defined in Eurocode 8. This al-
lows the benefit of designing much more flexible and eco-
nomic structures, satisfying the relationship d_-v <0.010-h .
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