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Abstract

The role of nonstructural components during a seismic event represents a key
issue in the modern performance-based seismic engineering. Nonstructural
components are usually defined as secondary dructures, since they are not
designed to bear horizontal forces or vertical loads. Nevertheless, they must still
have suitable features to ensure their integrity in the aftermath of an earthquake.

Indeed, the damage of nonstructural components can have sgnificant
consequences on the operability of strategic buildings, on the human life safety, but
can also have a relevant economic impact related to the postearthquakes
retrofitting actions. The above mentioned motivations highlight that a rational
seismic design is required for secondary structures.

The modern technical codes should provide appropriate analysis methods to
define the seismic capacity of nonstructural components and establish design
criteria aimed at protecting the secondary structure from the effects of the
earthquakes.

The present work focuses on innovative solutions for nonstructural
components, namely partition walls and cladding panels, both in residential and
industrial buildings. Particular attention is given to the seismic performan ce
assessmentof plasterboard panels, nowadays widespread in the European area as
internal partition systems. The seismic capacity of such componens can be assessed
by means of experimental tests or numerical models capable to simulate the real
behavior of the analyzed systems. In this work, experimental test performed on high
plasterboard partitions, i.e. with height equal to 5 meters, are presented. Ten
specimens, representative of the most common plasterboard p a n etypaogy, are
subjected to quaststatic cyclic tests in order to evaluate their in-plane seismic
behavior. The experimental results show ductile behavior of the tested partitions,
which achieve very high inter -story drift at the collapse (usually larger than 1%).
On the base of the tess outcomes, a reliable numerical model technique, able to
predict the collapse inter-story drift ratio, is proposed and validated. The validated
finite element model is then extended to several plasterboard partition typolog ies
whose geometrical features do not allow the experimental assessment Moreover, a
parametric study is carried out in order to identify the influence of some geometrical
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parameters on the definition of the inter -story collapse drift. To reduce the
computational effort in the partitions FEM model definition and analysis, a
computer tool, interfacing the SAP2000 finite element structural program and the
Matlab platform, is developed. By inserting in the input file the main features of the
plasterboard panel to assess, the tool automatically peforms the analysis and
evaluates the collapse drift.

The last part of the work focuses on an experimental test campaign aimed at the
mechanical characterization of an innovative material, namely a hybrid cement -
polyurethane foam. Compressive, tensile and shear test are carried out on the base
of ASTM (American Society for Testing and Materials) standards for rigid cellular
plastic materials. The lightweight and the high deformability features of the hybrid
foam, joined to sound insulation, fire resistanc e and water vapor permeability make
the material suitable for nonstructural components also in seismic zones.

Keywords : Nonstructural components, Seismic assessment, Plasterboard,
Internal partitions, Inter-story drift, Finite element model, cement -polyurethane
hybrid foam.
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Chapter 1
INTRODUCTION

0 8condary structur es, arethose system and element housed @ attached to the
floors, roof, and walls of building or industrial facility that are not part of the main
or intended loadbearing structural system for the building or industrial facility, but
may also be subjected to large seismic forces and must dependon their own
structur al charact er i gMillaverdet1897)rThis defnitiont he s e
provides an essential information about the rule of the nonstructural components
that, despite their name, are not secondary in importance, especially after the
occurrence ofa ground motion .

Recent seismic event demonstrated thatthe collapse or the damage of such
components could critically affect the performanc e of the whole structure. An
example is provided by the San Salvatore hospitali n L & A q u,istfuek by thet a |l vy
earthquake in 2009. In this case, thefailure of the brick partitions , the collapse of
suspended ceiling systems, besides thefailure of equipment and the furniture
overturn , causedthe hospital useless, even though the main structure did not show
significant structural damage (Price et al., 212).

Also during the most recent Emilia earthquakes (2012),the collapse of many
nonstructural components, such as internal partitions, ceilings and high-rack steel
structures, mainly in industrial precast buildings, was recorded . The unsuitable
perform ance of such nonstructural components caused many trouble to production
activity. I t has been roughly estimated that the induced economic damage, e.g. the
loss due to the industrial production interruption, amounts to about 5 billion euros
In the same structural typology, t he collapse of horizontal and vertical cladding
panels was one of the mog widespread damages. In this case, the lackof seismic

23



Innovative materials for seismic protection of nonstructural components

design in cladding panel -to-structural element connection devices, which allows
accommodating the structure deformations during the seismic excitation, was the
main cause of their collapse. Furthermore, the panel-to-structure interaction, not
taken into account during the design process of these nonstructural components,
causes additional lateral forces in the mnnection devices, resulting in their failure.
The collapse of such heavy precast concrete panels, clasified as secondary
structures, causead a seriousrisk to people, escaping from the building during the
earthquake (Magliulo et al., 2014).

1.1 Motivation

The framework presented above emphasizes the rule of the secondary structure
during an earthquake. Three main issues can be recognized tanotivate the present
study, besides several previous works related both to the evaluation of the seismic
capacity and the demand of nonstructural components.

Firstly, nonstructural components can cause injuries or deaths after an
earthquake; for instance the 64% of the fatalities caused by 1995 Great Hanshin
Earthquake was due to the compression (suffocation) of the human body (lkuta and
Miyano, 2011). Such a phenomenon could be caused by the damage to nonstructural
components that may also obstruct the way out from the damaged building, as it
happened during the Emilia Earthquake due to the collapse of precast cladding
panels (Figure 1.1).

© Reluis 2012

Figure 1.1 0 Collapse of precast cladd ing panels in industrial buildings during the
Emilia earthquakes (2012)
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Also in case of collapse of ceiling systems, suspended light fixtures, parapets or
signboards, the life safety is jeopardized. Furthermore, the overturn of heavy
equipment, bookshelves, storage racks, as much as the rupture of pipes or
containers with toxic mater ials can cause injury or death.

Moreover, nonstructural components generally exhibit damage for low seismic
demand levels. In frequent, and less intense,earthquake, the seconday structures
damage can cause the inoperability of several buildings. Damage to electronic
equipment, servers and machinery may result in service interruption of strategic
facilities, like hospitals or center of civil protection, essential to provide reco very
and emergency service aftermath the seismic event(Figure 1.2).

Figure 1.2 - Damages recorded in San Salvatore hospital brick partitions , after the
L6Aquil a ein2009hquake

Finally, it should be noted that the costrelated to nonstructural components
represents the largest portion of a building construction . Taghavi and Miranda
(2003)evidenced that structural cost typically represents a small portion of the total
cost of a building construction, corresponding to 18% for offices 13%for hotels and
8% for hospitals (Figure 1.3). The cost connected to the loss or the damage of
nonstructural components themselves or related to the loss of business income may
exceed the cost of total replacement of the building housing the nonstructural
components.
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Figure 1.3 0 Cost related to constructions of typical office, hotel and hospital buildings
(after Taghavi and Miranda, 2003 )

1.2 Obijectives

The motivations outlined above highlight that the damage of nonstructural
component may result in direct economic loss or downtime and therefore
emphasizes that nonstructural component should be carefully designed in seismic
areas, with particular attention to the perfor mance assessment following
earthquakes. In the last years, the selection of the suitable nonstructural system,
capable of accommodating the deformations of the main structure during the
earthquake without exhibiting significant damage and compromising the
operability of the building, has represented a critical aspect. After all, the
performance of nonstructural components, such as internal partitions and infill or
cladding panels is recognized to be a key issuein the framework of Performance -
Based Earthquake Engineering 6 PBEE & (Bertero and Bertero, 2002. This
background provides the main purposes of this thesis, which are:

- improving the knowledge about the seismic in -plane behavior of
innovative nonstructural components , i.e. plasterboard internal partitio ns;

- developing areliable numerical model able to predict the in plane seismic
behavior of such components;

- providing an automatic tool for the seismic assessment of plasterboard
internal par titions;
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- introducing innovative solutions of seismic protectio n of nonstructural
internal partitions and infills.

The objectives here presented are achieved by studying the seismic performance
of nonstructural component, such as plasterboard internal partition, b y means of
experimental tests on the most widespread configurations. The experimental results
are therefore used to calibrate the proposed numerical model.

A new lightweight material is studied for nonstructural components
applications by performing experimental test for mechanical characterization.

1.3 Organiz ation and outlines

The common thread of this thesis is represented by the seismic protection of
nonstructur al component, whose importance is highlighted by the introduction and
the motivations presented in the Chapter 1. This chapter briefly introduces also the
goals of the work and the adopted strategies to achieve them.

Firstly, the seismic in-plane behavior of plasterboard internal partitions is
assessed in theChapter 2. The results of experimental quasi-static tests performed
on high partitions are shown, in terms of recorded damage and achieved drift up to
the partitions collapse. Details about the test setup and specimen configurations are
also provided, besides of information regarding the test protocolandthe s peci mens 6
instrumentations.

Then, in Chapter 3, an original modeling technique for plasterboard partitions
is proposed and validated. The validation is pursu ed by comparing the outcomes
achieved by the nonlinear static analyses
model, with the results of the experimental tests.

The efficiency of the validated model allows to extend it to several plasterboard
partition co nfiguration s, different from the tested ones, as shown in Chapter 4. In
this chapter, an automatic tool based on the presented numerical model, able to
evaluate the inter-story drift required to induce the parti tion failure, is presented.

The Chapter 5 deals with the mechanical characterization of a new lightweight
material, namely a polyurethane & cement hybrid foam, recently introduced in the
building construction f ield. The used experimental techniques are detailed and the
resulting mechanical features of the hybrid foam are compared to those of others
lightweight materials, generally used for nonstructural purpose.

The final remarks of the work herein presented are listed in Chapter 6.
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Chapter 2

EXPERIMENTAL TEST ONH IGH PLASTERBOARD
PARTITIONS

Plasterboard internal partitions with steel studs are very common nonstructural
components, since they are typically employed in several building typologies all
over the world. Modern plasterboard partition systems are now widespread in the
European area mainly in industrial buildings . They are usually designed in order
not to interfere with the hosting structure , up to moderate level of inter -story drifts
(<0.5 %). Different experimental studies aiming at the evaluation of the seismic
capacity of such componentsare available in literature . In Magliulo et al. (2012) and
(2019 shaking table tests are performed to assessthe seismic behavior of
plasterboard partitions . In order to investigate a wide range of inter -story drift
demand and seismic damage, the shakes are performecdby using accelerograms at
different intensity levels.

Also, in Retamales et al. (913)a description of the experimental results of full -
scale tests performed on several coldformed steel-framed gypsum partitions is
reported. The experimental data, including different partition wall configurations,
in terms of wall dimensions, material type, testing protocol and boundary
conditions, are used in order to create seismic fragility curves for such nonstructural
partition walls.

The seismic performance of drywall partition is recently assessed inTasligedik
et al. (2015) The Authors developed a low damage solutions in order to obtain
plasterboard partitions capable of reaching high levels of drift without loss of
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serviceability. Q uasi-static tests are performed under increasing drift amplitudes to
investigate the solution feasibility.

In all the mentioned works, the seismic evaluation is typically expressed in
terms of the Engineering Demand Parameter (EDP) that is required to reach a
certain Damage State (D$. In the presented work, the inter -story drift is selected as
the EDP in order to compare it to the design limits set by the European standards
(CEN, 2005. In this chapter, the experimental test performed on plasterboard
partitions components is illustrated. Particular attention is given to the description
of the tested partition and the mounting procedure in order to justify the finite
element modeling of the specimens, included in Chapter 3.

2.1 Setup and specimens configuration

The experimental campaign, conducted at the Laboratory of the Department of
structure for engineering and architecture of the University of Naples Federico II,
in cooperation with the Siniat International company, aimed at evaluating the
seismic performance of tall (up to 14 m) plasterboard partitions . The study was
carried out on 10 plasterboard internal partition s (Petrone et al., 2014, which are
representative of the typical partition sused in indu strial and commercial buildings
in the European countries. The height of the partition sis chosen equal to 5 meters
due to the physical limit of laboratory facilities .

The test system consists of a steel frame setup, the specimen, i.e. a plasterboard
partition, a hydraulic actuator and a reaction wall (Figure 2.1).

[

Figure 2.1 - Global view of test setup
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The steel test frame is conceived as atatically indeterminate scheme (Figure
2.2) in order to transfer the load provided by the hydraulic jack to the partition
without absorbing lateral forces. Moreover, since the reaction wall cannot reach the
height of the system, the actuator is placed at the mddle height of the test setup. In
this way, a given displacement produced by the actuator is doubled at the top of
the setup, assuming a rigid behavior of the vertical column.

The test frame is composed of:

- no.l vertical loading column : profile HEB 450, steel S355 and lengthof

4.785m;
- no.2 lateral columns: tubular profile 180x180x10 mm, steel S355 and
length of 4.785 m;
- no.l top horizontal beam: profile HE 280, steel S355 and length 5.37 m;
- no.l basebeam : profile HE 280, steel S355 and length 5.37 m;

The different elements are connected by pin connections, according to the
assumed mechanism Further details on the setup definition are included in
(Petrone et al., 2014.
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Figure 2.2 - Test static scheme

All t he specimers, i.e. the plasterboard partitions, are 5.0 m high and 5.13 m
wide and are constituted, according to the mounting sequence, by:

- two horizontal U guides made of 0.6 mm thick galvanized steel screwed,
both at bottom and at top, in the wooden beams;
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- two vertical U guides made of 0.6 mm thick galvanized steel screwed in the
wood en beams

- C-shaped studs made of 0.6 mm thick galvanized steel. They are placed in
the horizontal guides without any mechanical connection (see Figure 2.3a);

- steel plates Figure 2.3b), used only in some patrtitions (partition P -3 of Table
2.1), with a rectangular cross-section 100 mm x 0.6 mm, connected tothe
studs at different heights of the partition with a single screw;

- one or two layer of gypsum plasterboard for each side of the partition. The
plasterboards are connected to the studs andto the steel plates by screws
(seeFigure 2.3c); they are assembled in rows so as to defineone or more
horizontal joi nts. The joints are sealed with paper and joint compound
(Figure 2.3d).

In Table 2.1 the main features of the tested partitions are listed. The ten

partitions differ from each other for:
- steel stud aoss section dimensions;

- steel stud typology: simple or back-to-back;

- horizontal studs spacing;

- plasterboard typology;

- number of plasterboard layer for each side of the partition;

- horizontal and vertical spacing of the screws connecting the boards to
studs.

The panels arrangement, function of the panel dimension, defines the positions
of the horizontal and vertical joints that, as reported hereafter, play an important
role in the in-plane behavior of the partitions. An example of panels arrangement is
showed in Figure 2.4 for the internal layer, and in Figure 2.5 for the external one.
Usually, the panel of the first and the second layer are staggered, so that the interral
vertical joints do not correspond to the external ones.

In the last column of the table, the vertical spacing of the screws, connecting the
board to the vertical studs, is shown. As reported, if a double layer of board is
provided for each side of the partition, a different screws spacing is defined for
internal and external panels.

Partitions from P -1 to P-4 are representative of typical plasterboard generally
used for internal partition system; the partition P -5 can be considered innovative
with respect the previous ones, since agap between the specimen and the
surrounding frame is provided, by silicone interposition.
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Partition from P -6 to P-8 are characterized by two layer of staggered steel stud,
as shown in Figure 2.6; while partitions P-9 and P-10 are conceived as antiseismic
partition, since particular fuse system are introduced in order to concentrate the
damage in the specimen corner, up to high inter-story drift, and simplify the panel
retrofitting. More details are re ported in Petrone et al. (2014)

(b)

(c) (d)

Figure 2.3 - Specimen mounting: (a) studs arranged in the horizontal gu ide, (b) steel
plate connected to the stud, (c) panel screwed to the stud and steel plate, (d) paper and
joint compound.
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Panel dimension ~ Number of Stud Stud dimension Stud .
Code | | ) Screw spacing
ayer olo spacin
width thickness y typology web flange  thickness P g
P-1 1.2m 12.5 mm 2 back to back 150 mm 50 mm 0.6 mm 600 mm 600 mm internal layer
300 mm external layer
int 11
p2| 12m 125mm 2 simple  150mm 50mm  0.6mm 600 mm o00 Mminternallayer
300 mm external layer
P-3 09m 18.0mm 1 simple 100mm 50mm 0.6 mm 900 mm 250 mm
P-4 1.2m 18.0 mm 2 backtoback 100 mm 50mm 0.6 mm 400 mm 600 mm internal layer
300 mm external layer
P-5 09m 18.0mm 1 simple 100mm 50mm 0.6 mm 900 mm 250 mm
P-6 1.2m 18.0 mm 1 simple 150 mm 50 mm 0.6 mm 600 mm 300 mm
P-7 12m 125 mm 2 simple 100mm 50mm 0.6mm 600 mm 600 mminternal layer
300 mm external layer
P-8 12m 18.0 mm 1 simple 100mm 50mm 0.6 mm 600 mm 250 mm
P-9 09m 18.0 mm 1 simple 100mm 75mm 0.6 mm 900 mm 250 mm
P-10] 09m  18.0 mm 1 simple 100mm 50mm 0.6 mm 900 mm 250 mm

Table 2.1 8 Main geometrical features of the tested partitions
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Figure 2.4 - Typical panel arrangement in the internal layer
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Figure 2.5 - Typical panel arrangement in the external layer
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Figure 2.6 0 Plane view of the tested partitions with double layer of staggered steel stud

2.2 Test protocol and instrumentation of the setup

Each partition is subject to quasi static cyclic test, performed in displacement
control, according to the testing protocol provided by Federal Emergency
Management Agency (FEMA) (2007). It provides a displacement control history
loading, which amplitude increases in time, as shown in Figure 2.7.
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Target: 4,, T

Figure 2.7 8 Shape of history for displacement control test Federal Emergency
Management Agency (FEMA), 2007

The emphasized parameters are:
- D= smallest targeted deformation amplitude of the loading history. At
the lowest damage state at least six cycles must have been exeited.
- Dn=maximum targeted deformation amplitude of the loading history. It
is an estimated value of the imposed deformation at which the most
severe damage level is expected to initiate.
- n=the number of steps (or increments) in the loading history, generally
10 or larger.
- a= the amplitude of the cycles, as they increase in magnitude, i.e., the first
amplitude &, is Dy (or a value close to it), and the last planned amplitaglés
D (or a value close to it).
The F.E.M.A. proposes a history loading as numeric succession on two
successive stepss and a+1 as:

a,=c @ (2.2)

The F.E.M.A. equation has been calibrated on a set of ground motions
acceleration in ordinary conditions (not near fault) recorded in US area. The
suggestedvalue of the parameter c is 14.

For the tests on plasterboard partitions the objective is to adapt the same
relationship on typical conditions of European ground motions. At this regard, a set
of 14 European records has been considered to estimate a value of parameter
conforming to European conditions. The earthquake features are reported in Table
2.2, the spectra corresponding to the acceleration records are shown inFigure 2.8.
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PGAX PGA-y

Earthquake code Eartquake name Earthquake country Date ) >
[m/s?] [m/s?]
000187 Northern and central Iran Iran 16/09/1987 9.68 10.80
000196 Montenegro Yugoslavia 15/04/1979 4.45 3.00
000199 Montenegro Yugoslavia 15/04/1979 3.68 3.56
000230 Montenegro (aftershock) Yugoslavia 24/05/1979 1.17 2.62
000291 Campano lucano Italy 23/11/1986 1.53 1.72
005263 South Iceland Iceland 17/06/2000 6.14 5.02
005334 South Iceland (aftershock] Iceland 21/06/2000 4.12 7.07

Table 2.2 0 Set of European ordinary ground motions considere d in the input definition
study

2
S, [m/g7]

Figure 2.8 8 Spectra of the records considered in the input definition study and EC8
spectrum

The study consisted in performing linear dynamic analyses on a simple degree
of freedom (S.D.O.F) system in which the input was the set of European records.
For every record, it was considered a S.D.O.F. characterized by 3 different value of
the fundamental period T.

Based on the displacement response history of the different SDOF systems, a
protocol history loading is calibrated. The relationship between two successive
steps in terms of displacement amplitude is as follows, depending on two
parameters, i.e.cand b:

(2.2)

8
a,

1AAS

II
vO?é’QJo
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The parameters are calibrated in order to minimize the scatter between the given

relationship and the analysis data, yielding:
1,47

4 0
41-3808 3 2.3)
8 ¢ a =
Moreover, a relationship assuming b=1 is evaluated:
a,=139® (2.4)

In spite of the minor standard deviation of the first relationship (2.3), it shows
to be less adapt to emphasize the intermediate damage states with respect to the
second relationship (2.4).

In fact, a typical test protocol designed on 15 cycles in amplitude of
displacements shows that the amplitude has got a low increase in the first steps,
while it exhibits a very sharp variation in the last cycles. Henc e, in order to study
intermediate damage states, the second formulation is adopted.

The next figure shows the load pattern of the test protocol in term s of drift

(qzdtop/H partition ) :

4
3
2
o 1
; 0 o~ vv‘v‘v‘v‘v"v"v"v‘vA AA A A A
S TR s
-2
-3
-4
Step []

Figure 2.9 - History lo ading in terms of drift

Different measuring instruments are used in order to monitor the specimen
behavior during the cycli c tests. The monitoring system provides the following
instrumentation typologies:

- two displacement laser sensors, placed at half theheight of the column and

at the top of the same column, respectively, in order to monitor top in -plane
displacement and verify the rigid movement of the vertical column;
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- two wire potentiometers, placed in parallel with respect to the laser sensors
(seeFigure 2.10);

- two displacement transducers (LVDT - linear variable differential
transformer) placed at the two edges of the top horizontal beam, the first one
is placed on the left side (006Ypand ¢t}
reported in Figure 2.10, which measure out-of-plane displacements, in order
to validate the planarity of the motion;

- a series of strain gauges, divided between the steel studs and the
plasterboards. Usually six strain gauges are located in the inner part of the
specimen on the steel stud flanges, as shownt Figure 2.11; an equal number
of strain gauges is placed in the external part (Figure 2.12), in order to
evaluate the plasterboard local deformations.

Figure 2.100 Instrumentation aimed at evaluating the in plane (wire potentiometer) and
out of plane (LVDT) displacements
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Figure 2.110 (a) Strain gauges disposition in the inner part of the
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Figure 2.12 0 (a) Strain gauges disposition in the external part of the specimen
(plasterboard panel) and (b) particular of the strain gauge installation
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2.3 Experimental results

Although the test campaign refers to ten partition, as reported in the previous
section (8.1), in this section the experimental results related to the first four tested
partition are presented. The results here presented arepreliminary in order to make
the numerical and experimental comparison and validate the numerical model,
presented in the next chapter.

2.3.1Partition P -1:5.00 m high partition, with 600 mm spaced M150 -50/6
back to back studs and a double layer of 12.5 mm thick panels

The relationship among the top force and the top displacement, resulting from
the quasi static test corducted on the first partition , is shown in Figure 2.13.

The specimen presents a slightly nhotsymmetric behavior, since in the positive
guarter, the force reaches its maximum value corresponding to a displacement
equal to 24 mm, while in the negative quarter, the force reaches the maximum
values for a displacement equal to 59mm. In both quarter, it starts undergoing to
inelastic deformations and loosing linearity under about 15 mm displacement,
when plasterboards start to crack along the perimeter (Figure 2.14a). For a
displacement equal to 105 mm the collapse, due to buckling of a partition portion
(Figure 2.14b), occurs. For this displacement value, the buckling is clearly visib le in
the hysteresisof Figure 2.13, since a great strength reduction is recognizable.

The specimen presents overall a high initial stiffness and a high ductility : even
if it starts exhibiting damage in correspondence of a low drift 0.36% (< 5%), it
reaches the collapse &a very high drift level (2.08%).

100
50¢
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) 0
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Figure 2.13- Hysteretic curve exhibited by the partition P-1 under the selected test
protocol
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@) (b)

Figure 2.14- (a) Lateral panel d wooden column detachment and (b) buckling of a
portion of the partition with consequent permanent dislocation of the horizontal guide

The Figure 2.15and Figure 2.16 show the recordings in the strain gauges versus
the time. The large amount of studs induces small deformations on the steel stud
(sgl 0 sg6 in Figure 2.15 ), below 0.4A . The deformations recorded on the
plasterboard panels (sg7d sg12 inFigure 2.16) are larger than the ones recorded on
the studs, i.e. up to 1A . Moreover, the central plasterboard panels result less
stressed with respect to the lateral ones.
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Figure 2.15 ¢ Strain gauges recordings on the steel studs of partition P -1 during the test
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Figure 2.16 - Strain gauges recordings on the plasterboard of partition P -1 during th e test

The seismic responseof the plasterboard partitions can be referred to different
limit state, as listed below:
1. operational limit state or SLO, identified also asdamage state 1,

2. damage limit state or SLD, identified also as damage state 2
3. life safety limit state or SLV, identified also as damage state 3;

Operational limit state achievement implies the need of repairing the damaged
element, in order to restore the original condition . Damage limit state achievement,
instead, implies that the component is damaged so that it must be partially removed
and replaced; finally, life safety limit state implies that the damage level is such that
life safety is not ensured or the partition must be totally replaced.

On the base of the previous definitions, it is possible to correlate thethree limit
statesto the drift level (J) reached by the partition in each step using the damage
recorded during the test, through the card of damage.

In particular, after a0.3%4drift the partition need further paper and compound ,
sothe damage statei$ achieved. After a 0.87%drift the partition need to be partially
replaced (damage state &chievement), while the achievement of the damage state 3
occurs for a 2.08%drift, i.e. when the buckling of a partition portion cau ses the
failure of the whole partition.
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2.3.2Partition P -2: 5.00 m high partition, with 600 mm spaced M150 -50/6
studs and a double layer of BA13 standard plasterboards

In Figure 2.17 the hysteretic curve, related to P-2 partition beh avior during the
guasi-static test performed in displacement control, is plotted. Also in this test, the
specimen presents aslightly not -symmetric behavior. In particular: in the positive
quarter, the force reaches its maximum value corresponding to a displacement
equal to 24 mm, in the negative quarter the force reaches the maximum valuesfor a
displacement equal to 15 mm. It starts exhibiting damage corresponding to a
displacement of 8 mm and loosing linearity under 1 6 mm. The collapse, due to
buckling, occurs for a displacement equal to 150 mm, i.e. at a very high drift level
(3.00%). The overall behaviour results in a high initial stiffness and a high ductility
of the partition.

100
501
=z
=
) 0
o
e}
L
-50t
-100 . . .
-200 -100 0 100 200

Top displacement [mm]

Figure 2.17 - Hysteretic curve exhibited by the partition P-2 under the selected test
protocol

The deformations on the steel stud (sg16 sg6 in Figure 2.18) are aboutl . 2 i .
is interesting to observe that when the stud buckling is reached the strain gauges
record very small compressive strains, since the stud does not have any resistance
to compressive forces anymore. The deformations recorded on the plasterboard
panels (sg70d sgl12 inFigure 2.19) are slightly smaller than the ones recorded on the
studs, i.e. up O0.8A.
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Figure 2.18 & Strain gauges recordings on the steel studs of partition P -2 during the test
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Figure 2.19- Strain gauges recordings on the plasterboard of partition P -2 during the test

Referring to damage limit state, the minor drop of gypsum dust and cracks in
the paper for a 0.16% drift, den otes the achievement of the damage stafe(Figure
2.20a). For a0.91%drift, the damage statei reached, since the detachment between
adjacent panels(Figure 2.20b) and the first out of plane cusps imply a removal and
replace of a partition portion. For an about 3.00%drift, severe damage are recorded:
local plastic deformation on the panel, very large detachment between adjacent
panel and out of plane cusp of the specimen denoterisks for human life. The damage
state 3is achieved (Figure 2.20c).

45



Innovative materials for seismic protection of nonstructural components

(@) (b)

Figure 2.20- Recorded damage for specimen P-2: (a) crack in paper (damage state 1),
minor panel detachment (damage state 2), (c) global buckling of the partition with panel
expulsion

2.3.3 Partiti on P-3:5.00 m high partition, with 900 mm spaced M100-50/6
studs and a single layer of BA1 8S standard plasterboards

The relationship among the top force and the top displacement, resulting from
the quasi-static test conducted on the partition P-3,is shown in Figure 2.21. It can
be seen that the specimerexhibits a slightly no n-symmetric behavior: in the positive
quarter, i.e. the pushing direction, the force reaches its maximum value
corresponding to a 20 mm displacement, while i n the negative quarter the force
reaches the maximum values to a25 mm displacement.

The specimen starts undergoing inelastic deformation and losing linearity at a
11 mm displacement. some sounds denote the screvs bearing the connected
plasterboards, the paper installed between the adjacent panels starts cracking
(Figure 2.20a) and a minor drop of gypsum is observed. For a 20 mm top
displacement, when the maximum force is recorded, the paper between the
diff erent panels completely cracks. Corresponding to a 68 mm displacement, a
global out-of-plane curvature of the specimen is exhibited (Figure 2.20b), i.e. the
partition collapses due to the buckling of the studs. At this displacement value a
significant strength degradation is visible on the hysteretic curve and the damage
state 3is reached.
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Figure 2.21- Hysteretic curve exhibited by the partition P-3 under the selected test
protocol
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Figure 2.22 - Partition damage: (a) visible opening on the paper of the lateral panel
(0.20% drift) and (b) global out-of-plane curvature of the specimen (1.37% drift).

In Figure 2.23 and Figure 2.24 the recordings in the strain gauges are plotted
versus the time. The maximum deformation on the steel stud (sg1d sg6) is about
0.8A. The maxi mum deformation recodsgl2)d on
are slightly larger than the ones recorded on the studs, i.e.upl . 4 A.
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Figure 2.23 - Strain gauges recordings on the steel studs of partition P -3 during the test
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Figure 2.24 - Strain gauges recordings on the plasterboard of partition P -3 during the test

2.3.4 Partition P-4:5.00 m high partition, with 400 mm spaced M100 -50/6
back to back studs and a double layer of BA18 plasterboards

The force displacement curve of the fourth tested partition, shown in Figure
2.25, highlights a non -symmetric behavior of the specimen during the cyclic test.
The specimen starts undergoing inelastic deformations and loosing linearity, under
9.7 mm displacement, preserting a visible opening on the paper of lateral panels
and minor material drop. The buckling of a portion of the patrtition is clearly visible
in the hysteresis for a displacement equal to 80.7 mm.
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Figure 2.25- Hysteretic curve exhibited by the partition P-4 under the selected test
protocol

The strains recorded during the test are shown in Figure 2.26 and Figure 2.27.
The maximum deformations on the steel stud (sgl & sg6) are about1.1A . The
deformations recorded on the plasterboard panels (sg7 & sg12) are slightly smaller

than the ones recorded on the studs , i.e. up O0.9A.
15x 10°
: —I sgl sg2 sg3 sg4 sg5 ng|
1
05 ﬁ

=
< Na

=
=
\
/

[T
0 s

0 500 1000 1500 2000 2500 3000 3500 4000
time [sed]

Figure 2.26 ¢ Strain gauges recordings on the steel studs of partition P -4 during the test
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Figure 2.27 - Strain gauges recordings on the plasterboard of partition P -4 during the test

As for the previous specimen, also in this case thedamagestate 1lis related to
minor drop of gypsum dust and few open ings in the paper, occurring for 0.32%
drift. The damage statei® achieved for a 1.15%drift, when diffusing slip of adjacent
panels is recorded. The partition must be totally replaced (damagestate 3
achievement) when, for a 1.6%(drift, the out of plane rotation of a specimen portion
(Figure 2.28) and the expulsion of the top central panel is recorded.

7

Figure 2.28 - Out of plane rotation of a partition portion
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Chapter 3
FEM MODEL OF THE TESTED PARTITION

In this chapter an original modeling technique for plasterboard partitions is
proposed and validated. The aim is to define a proper finite element model able to
evaluate the inter-story drift ratio that induces the failure of a generic plasterboard
partitio n. The validation is performed comparing the analytical behavior of the
specimen with the experimental results achieved in the quasi-static test campaign,
conducted at the Laboratory of the Department of Structures for Engineering and
Architecture at the University of Naples Federico Il, described in Chapter 2.

3.1 Literature review of existing numerical model for
plasterboard partitions

A literature review concerning the numerical modelling of wall nonstructural
elements is provided. This literature review is mainly referred to gypsum partition
walls with steel or wooden studs, whose model is calibrated on experimental tests.

An hysteretic modeling technique is proposed by Fulop and Dubina (2004) in
order to assess the wallstud cold-formed shear panel behavior. Using experimental
results, achieved on fifteen wall panels under monotonic and cyclic loading, three
different numerical techniques, from the simplest bilinearto the most complex full
nonlinear, are employed to model the hysteretic behavior of the panels. The Authors
validate the three models by performing dynamic nonlinear analysis and highlight
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the importance of taking into account three main characteristic of the wall panel
hysteretic behavior, i.e. pinching, over-strength and plastic deformation capacity.
However, the wall panels of the mentioned study are considered as structural
components capable to resist lateral forces. So they are differentwith respect the
nonstructural plasterboard panels, herein presented.

Simple Bilinear Model Trilinear Model
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Full Nonlinear Model
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Figure 3.1 0 Three models for hyster etic behavior of shear panels (after Fulop and
Dubina, 2004)

Also in Folz and Filiatrault (2004) a numerical model is proposed to predict the
guasi-static and dynamic behavior of structural wood shearwall panels. The global
force-deformation response of the wood shear walls is find to be dominated by the
individual sheathing -to-framing connectors used in the wall construction.
Therefore, the Authors adopt the same hysteretic envelope to model the global
cyclic responseof the shear wall. A total of 10 parameters are required to define the
hysteretic curve. The parameters calibration is possible through cyclic analysis of
shear walls performed by using the CASHEW program. With the CA SHEW
program, a given wall is first subjected to a cycling testing protocol, after which a

52



Chapter 3: Fem model of the tested partition

fitting procedure extracts the parameters in order to represent the wall response by
an equivalent SDOF shear wall spring element. This model, further validated by

experimental tests, requires specifications of wall geometry, shear stiffness of the
sheathing panels and hysteretic properties of the sheathing-to-framing connections.
The hysteretic model is capable of taking into account strength degradation, failure

of the wall at a prescribed maximum displacement, strength degradati on based on
the loading history, and pinching effect.
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Figure 3.2 8 Force-displacement mod el of wood shear model proposed byFolz and
Filiatrault (2004)

In the class of macromodeling procedure can be included the study of Fiorino
et al. (2009) who propose a seismic designmethod for sheathed cold-formed steel
shear walls. Through linear dynamic an d nonlinear static procedures, three
nomographs are obtained in order to determine the feature of a seismic resistant
shear wall. The approach consists in a preliminary definition of the wall geometry
and materials, usually deriving from architectural and technological choices or from
the design for vertical loads, and a successive evaluation of the sheathing fasteners

exterior spacing through Ilinear dynamic

(

static (with the 66NS806 nomswgithekndsy, hokle i s mi ¢

down anchor diameter, and shear anchor spacing are determined in such way that

the 66capacity designdd criteria are-sat.i

model able to predict the whole pushover response curve of the shear wall is
proposed as toll to obtain the design nomographs.
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As before mentioned, the previous studies are mainly referred to structural wall
system, whose behavior is usually different from nonstructural components, since
the latter, by definition of nonstruct ural, are not intended for lateral load carrying
mechanism of the structure. Severalworks are specifically related to nonstructural
components modeling, as listed below. Some of them define macro-modeling
procedure, in other studies the modeling process is more detailed, since finite
element analysis are conducted.

Telue and Mahendran (2004) conducted experimental studies on cold formed
steel walls lined with plasterboard. These studies point out that the st uds o
compression strength increases when the steel internal frame is covered by
plasterboard on one or both sides. A finite element model was developed and
validated using experimental results. In the finite element analysis, the studs and
plasterboard were modelled as shell elements while the screws were modelled as
beam elements along the length of the stud (Figure 3.3). Relevant contact surfaces
were successfully included in the model. Appropriate geomet ric imperfections and
residual stresses were also included in the model to obtain accurate results.
However, the behavior of the walls is investigated only under compressive vertical
loads.

Top track

o—— Swd

Plasterboard 5

Figure 3.3 d Finite element model of both sides lined frame (  after Telue and Mahendran,
2004

In Kanvinde and Deierlein (2006) a macro-model is presented in order to
evaluate the seismic behavior of plasterboard partition . The Authors propose an
analytical model to determine the lateral shear strength and initial elastic stiffness

54



Chapter 3: Fem model of the tested partition

of wood and gypsum wall panels. In such a casea uniaxial spring model is defined ,
by a series of parameters defining the backbone curve(Figure 3.4), which represents
the nonlinear monot onic response that envelopes the cyclic response, and the cyclic
nonlinear response (Figure 3.5) including strength and stiffness degra dation and
pinching phenomenon. The parameters validations is performed by using
experimental tests on full-scale wall panels.
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Figure 3.4 d Backbone curve of spring model for plasterboard partition (  after Kanvinde
and Deierlein, 2006)
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Figure 3.5 0 Cyclic hysteretic model for plasterboard partition ( after Kanvinde and
Deierlein, 2006)

Davies et al. (2011)developed a numerical hysteretic macro-model for the in-
plane behavior of partition walls (Figure 3.6). The parameters characterizing the
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hysteretic curve are calibrated by using regression analysis to fit the force-
displacements curves of 35 wall specimens. These specimens are designed and
constructed according to different construction techniques and subjected to both
dynamic and quasi-static tests. The parameters necessaryfor the definition of the
hysteric curve are nine, including: initial stiffness, post yield stiffness factor, post
capping stiffness factor considering strength degradation, unloading stiffness
factor, yield strength, capping strength, intercept strength, reloading or pinch
power factor and, finally, softening factor.

(ﬁqn.%nj\ Fasitive or
L/
v \ egative

Figure 3.6 0 Hysteretic model for plasterboard partition proposed by  Davies et al. (2011)

A numerical macro -model for plasterboard partiti on is also proposed by Wood
and Hutchinson, 2012: a pinching material model, available in OpenSees (McKenna
and Fenves, 2013, is used in order to reproduce the in-plane behavior of the
partitions. The 24 parameters of the model are calibrated by a large number of
experimental data obtained from about fifty t ests performed on plasterboard
partition walls (Retamales et al., 201B The first 16 parameters describe the brce-
displacement envelope or backbone of the model, while the remaining eight
parameters control the cyclic behavior, i.e. the unloading and reloading behavior.
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Figure 3.7 8 Pinching material model used f or modeling plasterboard partition through
a single spring ( after Wood and Hutchinson, 2012)

3.2 Proposed FEM model for the tested partitions

The previous bibliography review highlights some lacks in the literature about
the numerical model ing of plasterboard internal partitions. The numerical models
above mentioned focused mainly on steel stud shear walls,which are conceived as
structural component, i.e. capable of supporting lateral load like wind or
earthquakes and whose characteristics, e.g. stud typology, restraint at the base,
failure mode, are usually different if compared to internal partition walls. Also in
cases in which nonstructural internal partition s are considered, not always the
models are conceived for seismicloads (Telue and Mahendran, 2004 or , in other
cases,it is not possible to take into account the different parameters that influence
the seismic behavior of the component (Kanvinde and Deierlein, 2006).

Hence, the development of a FEM numerical model of nonstructural
component, herein dealt with, would allow to investigate the seismic behavior of a
generic partition, taking into account all its features, e.g. studs geometrical and
mechanical properties, layer of plasterboards, etc.

The proposed model for the tested partition s (seeChapter 2), is defined in order
to investigate the in-plane behavior of such components through the analytical
method. SAP200 (CSI Computer & Structures Inc., 2009 program is adopted to
perform finite element analyses.

The analytical model is defined as a 2D plane model, in order to reduce the
computational effort. However, this assum ption does not jeopardize the results
thanks to the symmetry of the system with respect to the plane in which the
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partition is modeled. The whole system reflects the geometrical features of the real
partitions in terms of width and height , studs spacing, panels dimension and
arrangement, panel-to-stud screw connections spacing. The surrounding test frame
is also modelled. An example of a complete FEM model in Sap2000 is provided in
Figure 3.8.

A 4-hinged steel frame, representative of the steel test setup(Figure 2.2), is
modeled by means of two horizontal (HEB280)and two vertical (tubular profile)
frame elements. Internal hinges are provided at the end of the beam elements in
order to simulate the statically indeterminate scheme. The base horizontal steel
beam is externally restrained with several hinges, which fix the base of the
specimen.
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(a) (b)
Figure 3.8 d (a) Finite element model of the teste d partition in SAP2000 and (b)
particular of stud -to-panel connection evidencing the h orizontal and the vertical gaps

The studs are modeled by frame elements with C-shaped of I-shaped cross
section, depending on the presence ofsingle or double studs in th e partition. The
boards, modeled as thin linear shell elements, are arranged in horizontal rows,
defining many horizontal joints, as they are in the real specimen.In order to
reproduce the actual installation conditions of the boards, horizontal and verti cal
gaps are included between the plasterboards and the adjacent elementsboth in the
horizontal and in the vertical direction s (Figure 3.8b). One layer of plasterboard is
considered in the model, whose thickness is equal to the btal thickness of the
installed board s. The plasterboards are properly meshed with shell elements, whose
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dimension depends on the screw spacing: indeed, the mesh allow s introduc ing the
panel-to-stud screw connections, according to their actual spacing. The screws,
which connect the plasterboard (node j in Figure 3.9) either to the stud (node i in
Figure 3.9) or to the surrounding frame , are modeled as nonlinear springs, i.e.
NLLINK objects in SAP2000, whose backbone curve is defined in 83.2.1.2 These
links act along the two translational directions in the plane of the partition as
evidenced in Figure 3.8. A single link is representative of the behavior of two screws,
which connect the plasterboard layers of each side of the patrtition either to the stud
or to the surrounding frame .

In case of steel plates presence Figure 2.3b) - an example is provided by the
specimen P-3 of Table 2.1 - they are placed at the horizontal joints between the
plasterboard panels. Horizontal frames between two consecutive studs model
them; internal hinges are placed at the end of each frame in order to reproduce the
actual constraint given by a single screw. Each plasterboardis connected to the steel
plate through several equally spacedscrews. The steel studs are only connected to
the plasterboards through the nonlinear links. They are not connected to the steel
setup, both at the base and at the top

Mon-linear link in ;
z-ditection -
| j-tunde

z M on-linear link
in x- direction

X

i-tuode
Figure 3.9. Stud-to-panel screw connection scheme.

The mechanical properties of the steel material adopted for the studs, the
horizontal plate s and test frame are listed in Table 3.1; the mechanical properties of
the gypsum wallboard are listed in Table 3.2 and Table 3.3. Such properties are
evaluated through experimental tests on both the steel studs and the gypsum
boards used for the tested specimen,here omitted for the sake of brevity . Both the
gypsum and the steel materials are modelled with a linear elastic material. The low
stress level in the boards justifies such an assumption, as evidenced in83.3
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moreover, a linear behavior of the stud can be assumed up to failure, since the
collapse mechanism is governed by the elastic buckling failure.

Tensile strenght  Young's Modulus
[Mpa] [Mpa]

Material

Steel 301 210000

Table 3.1 8 Steel mechanical properties, based on experimental test

Young modulus Compressive strength
Type of board

[Mpa] [Mpa]
BA18S 3394 7.6
BA18 2659 5.2
BA13 1888 3.2
BA13 Pregyflam 2965 54
BA15 Pregyflam 3383 6.4

Table 3.2 8 Gypsum wallboard mechanical properties in compression, based on
experimental test

Young modulus Tensile strength

Type of board

[Mpa] [Mpa]
BA18S 3811 1.3
BA18 3808 1.1
BA13 1885 1.3
BA13 Pregyflam 3041 16
BA15 Pregyflam 4536 1.4

Table 3.3 - Gypsum wal Iboard mechanical properties in tension, based on experimental
test

The presence of thepaper and the compound between adjacent plasterboardsis
neglected in the model, in a first stage of the modelling procedure. This choice is
performed both in order to reduce the computational effort and define a simple
model. It should not influence the evaluation of the inter -story drift that causes the
collapse of the partition. Indeed, the paper and the compound typically crack at low
inter-story drift demand level, much earlier than the partition collapse.

Finally, it should be noted that, despite the large number of elements, the model
of the partition is quite simple. The nonlinearity is lumped in the panel -to-stud
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screwed connections; this is widely supported by the experimental evidence that
showed severely damaged screwed connections before the partition failure. The
occurrence of the failure mechanism, due to the buckling of the partition , is a-
posteriori checked; it is based on the internal forces acting on thestud for a given
level of displacement demand (see 8.3.1).

3.2.1Nonlinear link modeling panel -to-stud screwed connection s

The calibration of the NNLINK mechanical behavior is conducted according to
the results of several experimental tests performed on the screwed connections
systems, adopted in the considered partition s. On the base of the experimental
force-displacement curves, a trilinear curve is drawn for each connection system, as
explained below.

3.2.11 Experimental data

The experimental campaign is conducted in the laboratory of the Siniat
International S.p.a. The test setup is schematically shown in Figure 3.10: two back-
to-back studs are connected toa single (or a double) plasterboards layer through
two screws or (four screws)for each side. Theself-drilling screwsare characterized
by a 3.5 mm diameter and a35 mm length. The screws strength is evaluated in terms
of Rockwell hardness, whose value is around 44.

Two pieces of wood are placed inside the stud (Figure 3.11a) to avoid the local
crushing of the steel stud at the contact interfacewith compression plate. Moreover,
in order to uniformly transfer the load to the specimen , ateflon plate is screwed in
the wooden pieces.

The load is applied on the top of the system in a monotonic way up to the
specimen failure with a 2mm/min rate; two displacement transducers (see Figure
3.11b) are placed on each side of the stud in order to record the screwto-board
relative displacement. A global view of the test setup is shown in Figure 3.11c.
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Figure 3.10- (a) Schematic view of the tested specimen dimensions (in mm) and (b)
assembled specimen before testing .

Figure 3.11- (a) Particular of wood pieces and Teflon plate, (b) displacement transducers
position and (c) whole test setup view

In case that te partition provides a double layer of plasterboards for each side,
two configurations of connection are investigated, as shown in Figure 3.12. Indeed,
the vertical screws spacing in the inner layer is usually double than the out er one.
So, since the plane model of the partition provide s just one plasterboard layer, the
links are assigned with a constant spacing, i.e. equal to the external one, by
alternating configuration 1 ( Figure 3.12a) and configuration 2 (Figure 3.12b).
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Board

(@) (b)
Figure 3.129 (a) Configuration 1 of the panel-to-stud connection providing 4 screws for
each side of the partition and (b) configuration 2 providing two screw for each partition
side

In Table 3.4 are listed all the panel-to-stud screwed connections tested,
evidencing the board typology, the board thickness and the number of layer, since
the screws and the stud typology are always the same. The first connection system
provides one layer of BA18S board for each patrtition side, so one configuration is
tested, i.e. with two screws for each side (sedrigure 3.12b). For the other connections
systems,in which two layer of boards are screwed to the studs, both configuration
1 and configuration 2 are subjected to experimental test.

Thickness Number of layer ~ Configuration tested
Type of board

[mm] -] 1 2
BA18S 18 1 Vv
BA18 18 2 Vv Vv
BA13 12,5 2 Vv Vv
BA13 Pregyflam 12,5 2 Vv Vv
BA15 Pregyflam 15 2 \% \%

Table 3.4 0 List of the panel -to-stud screwed connections tested

The following figures show the experimental backbone curve achieved from the
tests. It should be noted that both for BA13 (Figure 3.14) and BA18 (Figure 3.15)
plasterboard the maximum strength in configuration 1, providing 4 screws for each
partition side, is almost twice the maximum strength in configuration 2, where the
board are connected to the stud by two screws per side.

Three tests are performed fa Pregyflamboards for each configuration, for both
BA13 (Figure 3.16) and BA15 (Figure 3.17). The maximum strength achieved when
four screws per side areused, in this case, is not twice themaximum strength in
configuration 2, providing two screws connecting t he board to the stud.
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Figure 3.13 0 Force o displacement curve of panel -to-stud connection for BA18S
plasterboard panel
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Figure 3.14 - Force d displacement curve of panel -to-stud connection for BA13
plasterboard panel in (a) configuration 1 and (b) configuration 2
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Figure 3.15- Force 0 displacement curve of panel -to-stud conn ection for BA18
plasterboard panel in (a) configuration 1 and (b) configuration 2
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Figure 3.16 6 Force-displacement curve of panel -to stud connection for BA13 Pregyflam
plasterboard panel in (a) configuration 1 and (b) configuration 2
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Figure 3.17 - Force-displacement curve of panel -to stud connection for BA15 Pregyflam

plasterboard panel in (a) configuration 1 and (b) configuration 2

The tests herein presented cover all the possible panelto-stud screwed
configurations of the tested partitions, shown in Table 2.1.

3.21.2 Calibration of the screwed connection backbone curve

In order to include the actual behavior of the panel-to-stud screwed connections
in the plane model of the partitions, a tri-linear fitting curve is assigned to NLLINK
spring in SAP2000. Four specific points define the tri-linear envelope, depicted
schematically in Figure 3.18, where:

Fmax is the maximum force reached during the experimental test and d max is

the corresponding displacement;

Fu, and d, are the ultimate force and displacement reached at the specimen

failure , respectively;

Fy value is obtained by imposing two condit ions: (a) the initial stiffness k,

i.e. the slope of the first branch of the tri-linear curve, is evaluated according

to Schafer (2013)s:

0.4F .
dos

in whic h do4is the displacement value that corresponds to 0.4 Fax force; (b)
the dissipated energy up to Fmaxis the same both in the experimental and in
the numerical force-displacement curve.

The yielding displacement d , can be clearly evaluated as follows:

k= (3.1)
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a5
Yk

The third branch of the envelope is simply obtained assumin g a linear envelope
from the capping point, i.e. the point characterized by the maximum force F max, to

the ultimate point.

(3.2)

Force

= == == Experimental curve

=—@=—= Numerical curve

C

Displacement

Figure 3.18. Experimental and tri -linear backbone curves of the screws connection

In Figure 3.19, Figure 3.20and Figure 3.21are shown the trilinear envelopes (red
lines) for BA18S, BA13 and BA18 plasterboard respectively, obtained according the
above mentioned procedure. Figure 3.22 and Figure 3.23 illustrate the trilinear
envelope (red curves) of screwed connection for Pregyflam boards. The black line
of each graph in Figure 3.22 and Figure 3.23 represents the mean curve of the
envelop of the maxima of the loading -unloading curves of Figure 3.16 and Figure
3.17.
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Figure 3.190 Trilinear envelope of the backbone curve for BA18S screwed connection
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Figure 3.20- Trilinear envelope of the backbone curve for BA13 screwed connection in
(a) configuratio n 1 and (b) configuration 2
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Figure 3.21- Trilinear envelope of the backbone curve for BA18 screwed connection in
(a) configuration 1 and (b) configuration 2
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Figure 3.22- Trilinear envelope of the backbone curve for BA1 3 Pregyflam screwed
connection in (a) configuration 1 and (b) configuration 2
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Figure 3.23- Trilinear en velope of the backbone curve for BA15 Pregyflam screwed
connection in (a) configuration 1 and (b) configuration 2

It should be noted that the forcesassigned to the connections in the partition
model are obtained scaling down the forces by a factor of two, since the tri-linear
curve in Figure 3.18 is representative of the behavior of four screws whereas the
nonlinear spring included in the model corresponds to two screws.
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3.3 Numerical 9 experimental comparison for FEM model
validation

The analytical models (shown in Figure A. 1, Figure A. 5, Figure A. 9and Figure
A. 13 of the Appendix) of the four tested specimens described in the Chapter 2 (P-
1, P2 P-3 and P-4 of Table 2.1) are subjected to a largedisplacement nonlinear static
analysis in displacement control through the SAP2000 program (CSI Computer &
Structures Inc., 2004. A monotonic load is applied to the model, since the nonlinear
behavior of the partition sis lumped in the panel -to-stud screwed connections and
only the monotonic experiment al curve is available for these connection systems
The top displacement is applied in consecutive steps reaching a D0 mm maximum
displacement, i.e. 20% inter-story drift.

The force applied to the partition top is transferred to the basethrough the
plasterboard panels. In Figure 3.24, referred to the partition P -3, the stress trends
highlight that the compression stressesin the plasterboards are concentratedin a
diagonal strut, i.e. from the top left to the bottom right of ea ch panel. The maximum
stressvalues areclose to1.0 MPa at the final step of the analysis, i.e. corresponding
to the 2.00% partition drift. In Figure 3.25 tensile diagonal strut is visible in each
plasterboard panel from the bottom left to the top right, the maximum tension stress
value is about 0.9 MPa. Similar stress trend and stress value are recorded also for
specimen P-1, P-2 and P-4, as shown in the Appendix. The low level of stresses
justifies the modeling of the gypsum material with a linear elastic behavior ( §3.2).

In turn, the panels transfer the load to the studs through the screws; the studs
are therefore subjected to both bending moment and compression axial force. The
studs compression recorded in the FEM models is confirmed by the local plastic
deformation in the studs of the tested partition s, due to the contact at their basewith
the base horizontal guide, as shown in Figure 3.26.
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Figure 3.24. Compression stresses (in MPa) diagram on plasterboards of specimen P-3 at
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Figure 3.25- Tension stresses(in MPa) diagram on plasterboards of specimen P-3 at last

step of the analysis
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Figure 3.26. Stud damage due to compression at the partition bottom .

The bending moment diagram on studs reveals a concentration of stress values
crossing the horizontal joints red circled in Figure 3.27a. In these zonesthe high
stress values can justify the concentration of damage which is experimentally
pointed out exactly over and under the horizont al joints (Figure 3.27b). Even if the
Figure 3.27 is specifically referred to the P-3 specimen FEM model, similar
considerations can be drown for the other specimen models, i.e. P1, P-2 and P-4
(seeFigure A. 2, Figure A. 6 and Figure A. 14 of the Appendix).

(a) (b)
Figure 3.27. (a) Bending moment diagram on studs of P -3 specimen at the last step
analysis crossing horizontal joints (in red circles) and (b) observed damage on stud
below the horizontal joint (red circled)
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Furthermore, the numerical deformed shape (Figure 3.28a) points out a relative
displacement between plasterboard, evidenced also in the experimental test on the
partition ( Figure 3.28b)

() (b)
Figure 3.28. (a) Deformed shape of the analytical model and (b) particular of the board
overlap in the corner.

The results of the performed analysis are remarkable since the behavior of the
analytical model seems to reproduce quite accurately the experimental evidence.

3.3.1The Dire ct Strength Method applied to the modeled partitions

The occurrence of the partition buckling is assessedaccording to the Direct
Strength Method (DSM) proposed by Schafer (2013) This method, developed to
design cold-formed steel stud walls covered by panels connected to the stud, is
herein employed as aposteriori checking method of the modeled partition s. Indeed,
the tested system investigated in this work can be included in the structural system
typology studied by Schafer.

The DSM stems from a long-term project with the aim of developing a reliable
method for the design of cold-formed steel stud wall whose behavior is influenced
by the buckling of the studs, when subject to compression and/or bending moment .

The DSM provides three different buckling failure modes of the cold-formed
steelelements:

- local buckling that involves adistortion of a portion of the cross-section. The
half-wavelength of the local buckling mode is less than or equal to the
largest characteristic dimension of the compression member of the cross
section (Figure 3.29a);
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- distortional buckling (Figure 3.29%) that produces a significant distortion of
the crosssection: usually the flanges buckle presenting relative rotation with
respect to the undeformed condition of the web, i.e. the section tends to
"open" or to "clos€". The half-wavelength of distortional buckling is usually
included between the local and the global buckling half-wavelength ;

- global buckling,oro Eul er ¢ ,bhatdinkolve srthg translation and/or
the rotation of the entire cross-section (Figure 3.29c). Both the stud length
and its restraint condition determine the half -wavelength characterizing the
global buckling of the stud.

:
1 ":":II

| I

—1 T N

(a) (b) (c)

Figure 3.29. Three different b uckling failure modes : (a) local buckling, (b) distor tional
buckling and (c) global buckling

A series of experimental tests (Vieira and Schafer, 20L0) on covered studs prove
that the occurrence of the stud buckling is influenced: (a) by the mechanical and
geometrical characteristics of the studs, (b) by the sheathing system and (c) the
board-to-stud connections, that provide a bracing restraint to the stud. The
influence of the panels and the panel-to-stud connections are modelled through
elastic springs that restraint the steel stud. Three different springs, i.e. two
translational ones and a rotational one, are introduced at the fastener location
(Figure 3.30).
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Figure 3.30. Model of the stud in the DSM method : (a) stud section with springs at two
sides and (b) details of the springs .

The stiffness values (k, ky and ki) can be evaluated through closedform
formulas provided by Vieira and Schafer (2010) even if an experimental evaluation
is preferred.

Theokd s pri ng theeaiilrutor of thesboards to the in-plane lateral
stiffness, taking into account the diaphragm effect of the boards (kx) and the shear
stiffness of the screwed connections (kyx) (Vieira and Schafer, 2013. This stiffness
can be evaluated according tothe formula (3.3), developed by the plane model of
Figure 3.31

_ 1
k=1 (33)
Ki  Ka
where:
k,=P=__ 3@ BIT O (3.4)
d 4& Op & oot +°)
with:
- E: Youngds modulus of steel stud

I inertia modulus of steel stud;
- tp: board thickness;
- d: screws diameter;
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koo S ORR S @2 @1, 6 w)E 69

C L, = 2Q
with:
- G: shear modulus of the plasterboard;
- b: board width;
- L: board height;
- ds: vertical screws spacing;
- n:studs number;
L b .
) ! t (y;+1/2d;)bt
L e
o t (y¢-1/2d;)bt
L rrrrrrrrrrr
| IR RO
y v S S ’er
X Sine- wave
Panel

Figure 3.310 Plane model used in lateral stiffness, k «, evaluating (from Vieira and
Schafer, 2013

For the analytical model herein presented, the shear stiffness of the connection,
i.e. the kq contribution , is evaluated upon the experimental tests, detailed in §3.2.1
In particular, the k y corresponds to the backboneinitial stiffness defined in §83.2.1.2
The 0ky0 i s r epr es eaquttod plane giffnesd that dewelops from the
sheathing under major-axis bending (seeFigure 3.32) and can be evaluated as follow
(3.6):
4
« = (E! )Wg’ o (3.6)
where:
- ds:vertical screws spacing;
- L: partition height;
- Elw: supplementary stiffnes s provided by the plasterboard .
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Figure 3.32- Analytical model for the out of plane stiffness, k

y, evaluation (after Vieira
and Schafer, 2013

Thetdolspring is representative

of the
of the panel. This contribute is evaluated by the equation (3.7), concerning the
scheme ofFigure 3.33.
ki =k, Q (37)
being:
1
kK= o1 (3.8)
= 4
Kw  Kie

Where, kiw represents the board rotational stiffness and can be evaluated as
provided by (3.9):

El
k =—w 39
with:

Elw: supplementary stiffness provided by th e plasterboard;
- L: partition height.

The screw rotational stiffness values, ki are listed in tables provided in Schafer
(2013)
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Figure 3.330 Considered scheme for rotational stiffness, k ¢, contribution ( after Schafer
et al., 2009

The application of the DSM method consists in determining the axial forces and
bending moments that produce the instability of the stud covered by boards. The
nominal axial (Pn») and flexural (M ) strength of the stud can be assessedby using
the expressons provided by AISI-S100 (2007)In particular, three resisting axial
force and bending moment values are defined, i.e. one for each instability failure
mode. The nominal global (or Eulerian) axial strength is provided by (3.10) or
(3.11):

P.=0.658 P, it /,<1.5 (310
P.=0.877, if /,21.5 (3.11)

The nominal local axial strength is evaluated according to (3.12) or (3.13):

P, =P, if /, <0.76€ (3.12)
é 2P, 6 9pa Y 5

P, =€ 015" 4 U—fpa P if /,20.76€ (313
& Che ~ e =

Finally the nominal distortional strength is evaluated as reported in (3.14) or

(3.15):

P, =P if /,<0.056’ (319
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06 0.6

é o g’ o ~
P :é1-025§—apcrd e 2 if /.2 0.056! (3.15
nd ) . P 8 < FS d . "
& ¢ T =

Also for the bending moment strengths, the DSM provides similar form ulations.
The nominal global bending strength is equal to (3.16):

M_=M (3.16)

ne y

The nominal local bending strength can be evaluated as follow (3.17) or (3.18):

M, =M, if /, <0.76€ (3.17)
e &AM, 6 AR, ' §

M, =€ -0.1553\70“ 6 uvéé'r M. if /,2 0.76€ (319
s C™re =+ H e -

The nominal distortional bending strength is evaluated a ccording to (3.19) or
(3.20):

M, =M if /,<0.672 (3.19

05 _

° 05 o
0 O

e (0]
M., =€l -0.22g—=d g C y if /,2 0.67% (3.20)
e T%Em, B BT

In the previous formulations, the | factors represent the instability multipliers,
or load factorswhich are evaluated through the CUFSM software (Schafer, 2012.
This software is an open source fttp://www.ce.jhu.edu/bschafer/cufsm/ ) finite
strip elastic stability analysis program, which allows the identification of the
buckling modes of cold-formed steel members (Adany and Schafer, 2009.
Modelling the stud cross section, in terms of geometrical and mechanical features,
complete of translational and rotational springs (see Figure 3.34), in the CUFSM
software, | ¢, | 1 and | 4 factors can be evaluated, for both axial force and bending
moment.

Knowing the load factor, and consequently the local, the global and the
distortional strength s, in terms of axial force and bending moment, the DSM allows
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the design of the cold formed steel stud, by defining the design axial force, P, and
the design bending moment, M, according to (3.21) and (3.22) :

R, =min(R,, Ry, Ra) (3.21)

M, =min(M .M M) (3.22
A design domain can therefore be drawn, as show in Figure 3.35.
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Figure 3.34 8 Main screen of CUFSM software for input data of covered stud
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Figure 3.350 Axial force 0 bending momen t design domain for cold formed steel stud

Since the aim of this work is to define a suitable analytical model of steel stud
sheathed partitions in order to verify the seismic behavior of such components, the
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DSM is used as aposteriori checking method. A domain for each buckling mode is
defined (Figure 3.36) to check its occurrence for a given level of displacement
demand. Therefore, the internal forces acting on the studs, in terms of axial force
and bending moment resulting from the FEM analysis are compared to the limit
curves.

In Figure 3.37, Figure 3.38, Figure 3.39 and Figure 3.40the buckling occurrence
is checked for the four tested partition s. The local and the distortional domain are
overlapped for all the specimen, soa single limit curve is plotted representing both
local and distortional buckling (i ndi cat ed f or br eviForgaclas 0LCc
partition two figure are shown, the first one corresponds to the local (and
distortional) instability occurrence, the second one corresponds to the global
instability. Both of them are related to the stud that first buckles.

For partition P-1 up to the 0.50% inter-story drift (Figure 3.37a) the internal
stressesin the stud no. 1 (seeFigure A. 1 of the Appendix) are in the safe zone for
the 0.50% inter-story drift local instability occurs. When the partition reaches an
inter-story drift equal to 1. 30% (Figure 3.37b), the stud no. 1 globally buckles. For
the same inter-story drift in the other studsonly local buckling occurs. Nevertheless,
the whole partition can be considered failed at this step.

M nl
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= | N | e Distortional instability domain
E‘ Global instability domain
[0}
§
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o Y. e 4
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P

n Pnd
Axial Force, P
Figure 3.36. Local, distortional and global buckling domain  for partition verification

=]
ng

In partition P -2 local instability occurs in stud 1 (Figure A. 5) for 0.45% drift (see
dotted line in Figure 3.38a), while the internal forces exceed the global domain
(black solid line in Figure 3.38b) when the partition drift reaches the 0.9% inter-story
drift.
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The Figure 3.39 refers to the specimen R3 for which local instability occurs in
stud 3 (Figure A. 9) at 0.54% interstory drift ( Figure 3.39a). The stud shows global
instability for 1.3% inter -story drift (Figure 3.39b).

Finally, for specimen P-4 local instability occurs for 0.70% drift, while for a 1.40%
inter -story drift global insta bility is observed in stud no.3 (Figure A. 13).
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Figure 3.37 6 (a) Local and (b) global instability occurrence for P -1 specimen FEM model
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Figure 3.38- (a) Local and (b) global instability occurrence for P -2 specimen FEM model
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Figure 3.39- (a) Local and (b) global instability occurrence for P -3 specimen FEM model
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Figure 3.40- (a) Local and (b) global instability occurrence for P -4 specimen FEM model

3.3.2 Experimental 8 numerical damage comparison

A comparison between the experimental damage of the tested partitions and the
prediction of the analytical model is performed in this Section.

In Figure 3.41the comparison between the analytical envelope curve (solid black
line) and the numerical backbone (solid red line) is shown for the partition P -1. The
green point on the analytical curve denotes the screws yielding, while the red one
is representative of the global buckling of the partition. The nonlinear behavior of
the screws occurs for a 10 mm top displacement quite in accordance with the
experimental evidence in which nonl inearity occurs for a 16 mm top displacement.
The failure of the analytical model occurs for a 70 mm top displacement,
corresponding to a 1.4% inter-story drift, considering the occurrence of global
instability in a single stud as the partition failure. Beyond this point, the curve is
plotted as a dotted line since it is not representative of the partition behavior. The
analytical curve does not match the experimental one: both the strength and the
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stiffness are underestimated. The experimental evidence demonstrates that at 95
mm displacement (1.90% drift) the specimen starts showing a global out-of-plane
curvature. It can be deduced thatthe model estimates,from a safety side, the inter -
story displacement required to induce global buckling failure mode of the
specimen.

In case of partition P-2, the numerical model (red line in Figure 3.42),
underestimates both the initial stiffness and the maximum strength with respect the
experimental behavior. For an 11 mm top displacement some <rews of the
analytical model start to yield (green pointin Figure 3.42), while the nonlinearity of
the tested specimen is appreciable for a 16 mm top displacement. The numerical
global instability occurs for a 0.90% inter-story drift (red point in Figure 3.42for 45
mm displacement) that well catches the first out of plane instability of the tested
partition, occurred for a 0.92% drift (corresponding to 46 mm top displacement).

100 - -
Experimental hysteresis
Experimental backbone curve|
Numerical backbone curve
501 ] Screws yielding
° Global instability
z
=3
g 0
o
LL
_50;
-10 L L L L L
-150 -100 -50 0 50 100 150

Displacement [mm]

Figure 3.410 Numerical pushover curve - experimental backbone curve comparison for
partition P -1
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Figure 3.42 8 Numerical pushover curve - experimental backbone curve comparison f or
partition P -2

For partition P -3, the comparison between the numerical pushover curve and
the experimental force-displacement backbone curve isshown in Figure 3.42. In the
analytical model, nonlinear behavior of the screws occurs for a top displacement
equal to 10 mm (green marker in Figure 3.42); the failure of the partition (red marker
in Figure 3.42) occurs at 1.30% interstory drift. The experimental curve exhibits an
initia | stiffness similar to the stiffness recorded in the analytical model. The screw
bearing mechanism occurs at an 11 mm displacement, which is similar to the
displacement required to yield some screws in the analytical model.

Beyond a 10 mm top displacement, the analytical curve does not match the
experimental one: both the strength and the stiffness are underestimated. Finally,
the experimental evidence demonstrates that at 68 mm displacement (1.37% drift)
the specimen starts showing a global out-of-plane curvature . It can be deduced that
the model well catches the inter-story displacement required to induce global
buckling failure mode of the specimen. At that point, the force acting on the
partition is also well predicted by the model.
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Figure 3.43- Numerical pushover curve - experimental backbone curve comparison for
partition P -3

The Figure 3.44 shows the comparison between the numerical pushover curve
(red line) and the experimental envelope (black line) for partition P -4. The numerical
model fits the initial stiffness of the tested partition up to the screws yielding,
occurring for a 9-10 mm displacement (green point in Figure 3.44). Beyond this
value that exactly corresponds to the experimentally evidenced screw bearing
mechanism, the numerical curve does not fit the experimental one. The
displacement corresponding to the global instability in the numerical model is equal
to 70 mm (1.40% drift), while the first out of plane cusp in visible in the tested
partition for a 1.6% inter -story drift, i.e. 80 mm top displacement.

To summarize, in all the partition model the analytical backbone curve does not

match well both the initial stiffness and partition ma ximum strength. This
phenomenon is due to the non-inclusion of the paper and the compound in the
model (see 8.2). However, this approximation is limited up to the failure of the
paper and the compound that occurs for all the specimens at about 20 mm top
displacement, i.e. well before the failure of the specimen.
Instead, the global instability inter -story drift is well caught by the numerical model ,
even if in some case it is safe sided, as highlighted in Table 3.5. Furthermore, the
positions of the cross sectionsof the studs where the internal forces exceed the
global instability domain demonstrate that global buckling occurs exactly across the
horizontal joint , confirming the experi mental evidence (seeFigure 3.27).
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Figure 3.44 - Numerical pushover curve - experimental backbone curve comparison for

partition P -4

- Experimental Numerical
Partition collpse drift collpse drift
code

[%] [%]

P-1 1.90 1.40
P-2 1.37 1.30
P-3 0.92 0.90
P-4 1.60 1.40

Table 3.5 0 Numerical - experimental comparison in terms of collapse drift

3.3.3Experimental & numerical strain comparison

A comparison in terms of strains between the numerical and the experimental
models is illustrated in th is Section

For each partition (P-1, P-2, P-3, P-4) the strains recorded by the strain gauges
on steel studsduring the experimental tests are compared to the stains resulting
from the models, for the same stud in the same position.

The analytical strains are evaluated from the analysis of the stud cross section
subjected to the bending moment and the axial force, assuming linear elastic
behavior. The experimental strains curves are obtained by considering both the
positive and the negative peak strains achieved at each cycle of the exgrimental
tests.
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For partition P -1, the comparison between the recorded strain in strain gauge S3
and the strain recorded on stud no.1 is made in Figure 3.45. The numerical strain
trend (solid line) is quite similar to the positive experimental one (dotted line). It is
noteworthy that for a 25 mm patrtition top displacement the experimental negative
strain gauge trend (dashed line) shows a variation of the slope (green point in Figure
3.45), which can be associated to the local instability recorded in the numerical
model. For a 65 mm top displacementthe slope increaseshould be associated to the
global instability evidenced by the numerical model. Obviously, th ese slope
variations are not caught by the model, since the buckling verification is performed
at the end of the analysis.
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Figure 3.45- Strain recording (SG3) trends vs relative displacement demand on stud no.
1 of partition P -1

In Figure 3.46 the comparison between the numerical strains and the
experimental strain gauges recordings is made for partition P -2. In both cases(strain
gauges SG3 on stud no. 5 and strain gauge SG4 on stud no. 4peyond the blue
markers, which denote the paper crack recorded during the experimental tests, the
experimental curves (dashed and dotted lines) show a slope increase. In
correspondence of the local instability occurrence (green point) no slope variation
is observed in the experimental recordings, while both the positive and the negative
envelopes point out an abrupt slope variation for the numerical global instability
occurrence (red points). As mentioned before, the slope variations are not caught
by the model (solid line), since the buckling verification is performed at the end of
the analysis.
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For partition P -3, from the comparison of the strains in stud no. 1 (Figure 3.47),
the main difference is evidenced for small relative displacements, i.e. up to the
paper cracking (blue marker), due to the absence of thepaper and the compound
between the plasterboard. Indeed, for low displacement demand level, the
plasterboards absorb the total lateral load and the stud is lightly loaded . This
phenomenon is not caught by the model since the paper and the compound
between adjacent plasterboardsare not included in the model .

Beyond the blue marker in Figure 3.48, the steel stud is stressed and the
experimental curve exhibit sa slope increase. It shoutl be noted that the slope of the
strain-displacement curve is very close to the numerical one.

For a relative displacement close to 30 mm represented by the green marker in
the plot, the experimental curve denotesan abrupt variation of the slope, which can
be associated tothe local buckling failure of the stud, confirming the numerical
results. Finally, the global buckling of the stud is clearly evident on the experimental
curve for a displacement close to 8 mm, confirming the numerical results. Hence,
the curve after 68 mm should be neglected.

In case of partition P-4, the numerical strains are compared only to the positive
envelope of the strain recorded in strain gauge SG3. The curves slope are quite
similar for different displacement level and the experimental curve shows a slope
variation for 35 mm displacement (green point) when local instability occurs in the
numerical model.

The strain trends herein analyzed confirm that the inter -story displacement
required to induce both local and global insta bilities are well predicted by the
numerical FEM model.
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Figure 3.46- Strain recording (SG3-SG4) trends vs relative displacement demand on
stud no. 5 and stud no. 4 of partition P -2
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Figure 3.47. Strain recording (SG1 and SG2) trends vs relative displacement demand on

stud no. 1 of partition P -3
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Figure 3.48- . Strain recording (SG3) trends vs relati ve displacement demand on stud
no. 8 of partition P -4

3.4 FEM model improvement

The FEM model (identified as classicmodel), described in the previous section
and used for the seismic assessment of plasterboard partitions, has the advantage
of being a very simple model, able to identify the drift related to the local instability
of the studs, and the coll apse drift of
global instability. Nevertheless, the FEM analysis, performed on models
representative of tested partitions, have highlighted that the numerical model is not
able to fit the stiffness and the maximum strength of the real partitions, even if the
collapse drift is well caught (Table 3.5).

In order to improve the nu merical d experimental fitting a refinedFEM model of
a tested partitions is proposed. The classicalFEM model and the refined one are
subject to a nonlinear static analysis, assuming large displacements in SAP2000
program. Both the partition smodel behavior is verified by using the Direct Strength
Method proposed by Schafer.

3.4.1introduction of contact between plasterboard in the  refined model

The refined model of the tested partition differs from the classicone in the
introduction of contact elementbetween the plasterboard and the plasterboard and
the surrounding frame, neglected in the first step of the FEM model definition . The
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contact is modelled by using multi-linear plasticlink element available in SAP2000,
whose backbone curve is defined assuming that:

- in compression field the plasterboard penetration must be avoid during the
analysis; it is possible by assigning a link stiffness larger enough with respect
the board stiffness. Si ncamoverhgeegbabt@ar d Yo
3500 MPa, a link siffness equal to 35000 MPa is considered appropriate to
simulate the board non-penetration;

- in traction direction, the contact element should represent the presence of
paper and compound that contribute to the whole strength and stiffness of
the partition up to their own failure. Therefore, a tensile elastic-brittle
behaviour of the link is calibrate, so that the analytical behaviour of the
partition correspond s to the experimental one.

The complete force displacement curve of the multi-linear plastic lin k is shown

in Figure 3.49.

4
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Figure 3.49 0 Force-displacement curve for contact element

The multi -linear elastic links are assigned to the model as shown inFigure 3.50.
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Figure 3.50- Refined partition model with multi  -linear plastic link simulating

plasterboard contact

3.4.2Results and discussions

Both the classicaland the refined numerical models are subjected to a large
displacement nonlinear static analysis (pushover) in displacements control. In both
cases he bending moment diagram on studs reveals high stress values crossing
horizontal joint, above and below the joint (Figure 3.51).

HA——t : t : 3 t 4

.y T =) = -y = = o - -y S

(a) (b)
Figure 3.51 - Diagrams of bending moments on the studs in (a) classical model and (b)
refined model
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On the base of the axial load and bending moment acting on the studs, the
partition behavior is verified according to the DSM. The Table 3.6 shows the values
corresponding to the collapse drift both for classic and refined models, compared
to the experimental one. In both cases the global instability of the modell ed partition
occurs for a about 0.4 % interstory drift, this value is safe sided with respect the
experimental one.

Experimental Numerical
Model collpse drift collpse drift
[%] [%]
Cl i 0.41
assic 0.89
Refined 0.40

Table 3.6 0 Drift corresponding to the global instability of the numerical models, classi c
and refined, compared to the experimental one

Both the numerical models, classic and refined one, are compared to the
experimental behavior of the tested patrtition, in term of push over curve, as shown
in Figure 3.52. An early comparison between numerical force - displacement
backbone curve of the classicamodel and experimental hysteretic curve shows that
the numerical model (red in Figure 3.52) underestimates both the stiffness and the
strength of the tested specimen. This phenomenon is due to the noninclusion of the
contact between the plasterboards and of the paper and compound in the model.
Indeed, the numerical refined model, including the multi -linear plastic link,
simulating the contact between plasterboard, is able to predict both the initial
stiffness and the maximum strength (green curve in Figure 3.52) of the tested
partition. This model including the contact between the plasterboards needs to be
improved, since it must be calibrated on a greater number of tested partitions.
Furthermore, it should be taken into account the progressive removal of nonlinear
plastic link simulating the presence of paper and compound, whose contribute is
negligible after a certain level of inter-story drift. At present, some attempts are
being made in this direction.

However, as explained above therefined model provide s the same collapse drift
of the classic one, thent can be concluded that, since the target of the present study
consists on evaluating the in plane seismic performance of the plasterboard
partition, defining the inter -story drift ratio that induces the failure, the classical
numerical model is to be preferred. In this case, indeed, the computational effort is
reduced in terms of both modelling procedure and analysis times.
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Figure 3.52- Comparison between the experimental backbone curve and the numerical
ones, both for classical (red line) and refined (green line) models
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Chapter 4

FEM MODEL E XTENSION TO DIFFERENT
CONFIGURATION S OF PLASTERBOARD
PARTITIO NS

The FEM model proposed in Chapter 3 represents a simple technique to model
the in-plane seismic behavior of plasterboard partitions, in order to evaluate the
inter -story drift required to induce partition failure.

The numerical - experimental comparison proves the efficiency of the model.
This model allows evaluating the collapse inter -story drift of several partitions,
which cannot be investigated via experimental tests due to their configuration.
Furthermore, it allows inv estigating the influence of several geometrical and
mechanical parameters on the collapse drift ratio; indeed, in this chapter the
application of the FEM model to different partitions, whose width and height are
larger than the tested partitions, is presented.

4.1 Numerical tool development for FEM model
computerization

The evaluation of the inter-story drift that induce s the partition collapse, as
before mentioned, is assessed through
using the s t u dhterdal forces, in terms of axial force and bending moment,
resulting from the static nonlinear analysis in large displacement, which the generic
partition is subject to. This implies a prior definition of the FEM model of the
partition, respecting all the mechanical and the geometrical features. When the
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partition dimensions increase, a huge computational effort in t he FEM model
definition and in the output data processing is required. With the aim of speeding
up the whole procedure of partition modelling and data pos t-processing, an
automatic tool is developed, through the MatLab software. A schematic flow chart
of the automatic procedure is shown in Figure 4.1.

Starting for the input data, the pre -processor file generates a text file containing
all the information required for the definition of the model in SAP2000 program.
The latter automatically starts to perform the nonlinear static analysis on the
modelled partition up to a defined inter -story drift (usually 3.00%). The analysis
output are processed by the postprocessor file, which extrapolates the buckling
load factor from the CUFSM software and calculates the collapse dift,
corresponding to the global instability domain overcoming.

This automatic procedure, detailed in the follow, repre sents a valued toolaimed
not only for assesig the in-plane seismic performance of several plasterboard
partition configurations , but also for performing a huge number of analysis in order
to evaluate the influence of different parameters on the collapse drift.

Changeiteration
parameters

Pre - SAP Output Post- Collapse

processor Convergence processor drift

Screws
backbone Buckling load
curves factors

Figure 4.1 8 Schematic flow chart of the automatic tool for seismic assessment of
plasterboard partition

4.1.1Pre-processor development
The pre-processor tool is composed ofthree Matlab files:
- the Input.mfile

- the Preprocessor.tile
- the Sap_Anlysis.nfile
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On the base of the features of the partition, for which the in plane seismic
performance is to be assessed, the user must be change thaput data in the Input.m
spreadsheet as simple indicated in Figure 4.2.

clear all
clec
close all

f1=1; %[N] actuator force

1=3000;%[mm] %width of the partition

h=11000; %[mm] %height of the partition

stud sp=400; %*[mm] %*studs spacing

screw_sp v=300;%[mm] %*screws spacing in vertical direction

screw _sp h=0;%[mm] %screws spacing in horizontal direction %Put 0 if not provided:
hb=2600; %[mm] %height of the board

h s=150; %[mm] stud height - C Section

w_s=50; %[mm] stud width - C Section

t_s=0.6; %[mm] stud tickness - C Section

stud type=2; %Put 1 for C-Section simple% *Put 2 for C-Section Back to Back"
board width=1200; %[mm] %width of the board

1astra='ba1§f’; %bal3=BA 13 Double layer
%*bal8=BA 18 Double layer
%balBol=BA 18 one layer
%bal3f=BA 13 Double layer Pregyflam
%bal5f=BA 15 Double layer Pregyflam

Figure 4.2 0 Screenshot of the Input.m spreadsheet

The input data can be gathered as follow:

- partition geometrical dimensions (|, h and stud_spparameters);

- horizontal and vertical screws spacing (screw_sp_\and screw_sph);

- studsd taydpstuds @rgsg section dimension (h_s w_s t s and
stud_type;

- panel geometrical dimension (hb, board_width;

- panel typology (lastra).

The choice of the panel typology (variable lastra) automatically assigns a panel
to-stud screwed connection to the partition, according to the force displacement
curves defined in §3.2.1.2

When the Input.m spreadsheet is complete, thePreprocessor.ifile collects the
input data and compiles a text file, namely Preprocessor_SAP.$2khich can be read
by the Sap2000 programs to generate the FEM model.

99



Innovative materials for seismic protection of nonstructural components

The Preprocessor.rmepreadsheetincludes several scripts put in the logical order
of Sap2000 compiling:

1. Material definition (Figure 4.3): the lines are compiled in order to define
the steel and the gypsum properties;

§--—mm——m - MATERIAL DEFINITION
fprintf(fid,'%s \n', K 'TABLE: "MATERIAL PROPERTIES 01 - GENERAL"');

fprintf(fid,'%s \n', 'Material=CF Type=ColdFormed SymType=Isotropic TempDepend=No Color=Blue ');
fprintf (fid, '¥s \n'," ');

fprintf(fid,'%s \n',6 'TABLE: "MATERIAL PROPERTIES 02 - BASIC MECHANICAL PROPERTIES"');
fprintf(fid, '4s \n', 'Material=CF UnitWeight=0 UnitMass=0 E1=210000 | 612=80769.2307692308 U12=0.3 A1=0.0000117');
fprintf(fid, '%s \n'," ');

fprintf(fid, '4s \n', 'TABLE: "MATERIAL PROPERTIES 03D - COLD FORMED DATA"');
fprintf(fid, '4s \n', 'Material=CF  Fy=300 Fu=310.26410502821  SSHysType=Kinematic');
fprintf (fid, '4s \n'," ');

fprintf(fid,'%s \n', 'TABLE: "MATERIAL PROPERTIES 04 - USER STRESS-STRAIN CURVES"');
fprintf (fid,'%s \n', 'Material=CcF Point=1 Strain=-1.22631904761905E-03 Stress=-300");
fprintf (fid, '%s \n', 'Material=CF Point=2 Strain=0 Stress=0 PointID=a');

fprintf (fid,'%s \n', 'Material=CF Point=3 Strain=1.22631904761905E-03 Stress=300') ;

fprintf(fid,'%s \n',6'TABLE: "MATERIAL PROPERTIES 06 - DAMPING PARAMETERS"') ;
fprintf(fid,'%s \n',6 'Material=CF ModalRatio=0 VisMass=0 Visstiff=0 HysMass=0 Hysstiff=0") ;
fprintf (fid, '¥s \n'," ');

Figure 4.3 0 Screenshot of the Preprocessor.mspreadsheet defining the mater ial
properties

2. Frame section, area section andink element force-displacement curve
definition : this part of the script is intended to define the geometrical and
the mechanical features of the stud cross section(Figure 4.4) and of the
area elements defining the plasterboard (Figure 4.5). Furthermore, on the
base of the uploaded panetto-stud screwed connections, the script
defines the force displacement curve of the nonlinear link elements.

3. Nodes coordinates definitions: the third section of the Preprocessor.m
spreadsheet defines the nodal coordinates for frames and areas
definition. Due to the appreciable partitions dimension, the high number
of shells defining the plasterboard and the gap between plasterboard
themselves, and plasterboard and the surrounding frame, several cycles
composes the script in defining the nodal coordinates. The Figure 4.6
shows a screenshot in which afor-cycle is defined in order to generate
the nodal coordinates of the plasterboard shells.

4. Frame, area and link element definitions: the nodes earlier defined are
connected in order to generate frame elements (stud and surrounding
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frame), shell elements (plasterboard panels) and link elements (panetto-
stud screws connections). Example of frame, area and link definition
scripts are depicted in Figure 4.7, Figure 4.8 and Figure 4.9, respectively.

[ S———— FRAME

if stud type==1
if h_s==150

end
else
if h_s==150

end

end

fprintf(fid,'%s \n', TABLE:

fprintf(fid,'%s
fprintf(fid,'%s
fprintf(fid, '%s
fprintf(fid, '%s
fprintf(fid, '%s
fprintf(fid, '%s

fprintf(fid,'%s
fprintf(fid,'%s
fprintf(fid, '%s
fprintf(fid, ' '%s
fprintf(fid, '%s
fprintf(fid, '%s
fprintf(fid,'%s
elseif h s==100
fprintf(fid, '%s
fprintf(fid, '%s
fprintf(fid, '%s
fprintf(fid, '%s
fprintf(fid,'%s
fprintf(fid,'%s
fprintf(fid, '%s

SECTION DEFINITION-

\n'
\n'
\n'
\n'
\n'
\n'

,{char
,{char
,(char
,(char
,(char
,(char

o

(e
(I

elseif h s==100
fprintf(fid, ' '%s
fprintf(fid, '%s
fprintf(fid, '%s
fprintf(fid,'%s
fprintf(fid,'%s
fprintf(fid, '%s

\n'
\n'
\n'
\n'
\n'
\n'

,(char
,(char
,(char
,{char
,(char (['T
('

,(char

\n'
\n'
\n'
\n'
\n'
\n'
\n'

,{char
,{char
,(char
,(char
,(char
y(char
,{char

\n'
\n'
\n'
\n'
\n'
\n'
\n'

,(char
,(char
,(char
,(char
,({char (['C
,{char
,(char

([ AMod=1
([ WMod=1

{['Sectionllame="Stud"
([' Area=156.48 TorsConst=18.5305 I33=525462.0495 I22=42999.7057 AS2=88.08 AS3=56.16 _'])));:
722=1124.3498 '1))):
Color=Gray8Park '1))):
JHod=1 '
Notes="Added 17/10/2014 12:08:14"'])));

533=7006.1607
(['R33=58.3334

otalWt=0
Mod=1

(['Sectionlame="Stud"
(['Area=126.43
(['533=4145.2895
(['R33=40.8146

otalWt=0
IHod=1

{['Sectionllame="Stud"
([' Area=312.96
([' A53=110.806108468442
(['Z33=16634.5919999999
([' R22=20.814753105196
([' FromFile=No
( ['MMod=1

(['SectionName="Stud"
(['Area=252.96
(['A52=123.162281347767
(['233=9560.59200000001

oncCol=No

I3Mod=1

Miod=1

WHod=1

AMod=1
Notes="Added 04/11/2014 15:25:20"']))):

%per stud tipo A (per stud tipe B usare un numero diverso da 1)
"FRAME SECTION PROPERTIES 01 - GENERAL"'):

Haterial=CF  Shape=General
5§22=1124.3498 Z33=7006.1607
R22=16.687 ConcCol=No
TotalMass=0 FromFile=Ho

HHod=1 WHod=1

ConcBeam=Ho
AMod=1

Material=CF Shape=General
TorsConst=14.9305 I33=207264.47
§22=-1074.1617  Z33=4145.2893
R22=17.5021  ConcCol=Ho
Totallass=0 FromFile=Ho

WMod=1

ConcBeam=Ho
AMod=1

Haterial=CF  Shape=General
TorsConst=102.307633651777
§33=14300. 438016
222=3769.24799999996
ConcCol=Ho
AMod=1

ConcBeam=Ho

AMod=1 A3Mod=1  JMod=1

Material=CF Shape=General
TorsConst=73.5003647589787
AS3=110.785171432284
222=3751.248
Color=White
JHod=1

TotalWt=0
IMod=1

ConcBeam=Ho
AdMod=1

13=457.2

A2Mod=1

13=457.2
122=38113.24
222=-1074.1617 _'1))):

AMod=1
Notes="Added 17/10/2014 12:22:09"']))):

13=457.2
133=1072532.8512
522=2711.823104 ']))):
R33=58.54110086766 _'1)));
Color=White
I2Mod=1
Notes="Added 04/11/2014 14:47:07"']))):

t3=457.2
I133=423903.2512
533-8478.065024
R33=40.9361926161637
TotalMass=0
I3Mod=1

t2=252 _'1)));

A3Mod=1

t2=250 _'1)));
A52-58.08

Color=White '1))});:
AdMod=1 JHod=1

t2=254 _'1)));

TotalWt=0

t2=254 '1)));
122=135583.9552

Wiod=1 '1)));

T122=135591.1552

TotalMass=0
I3Mod=1 _'1))):

522=2711.679104 _'1)));
R22=23.1514514171314
FromFile=Ho

my:

AS3=36.16 _'1))):

I2Med=1 '1)));

A52=180.155317010425 _']1)));

o

RNE

e
RINE

Figure 4.4 8 Screenshot of the Preprocessor.mspreadsheet defining the stud frame

section properties

fprintf(fid,'%s \n'
fprintf(fid,'%s \n'
fprintf(fid,'&s \n'
fprintf(fid,'%s \n'
fprintf(fid,'%s \n'
fprintf(fid,'&s \n'

fprintf(fid,'%s \n'
feprinte(£id, &5 \n'
fprintf(fid,'%s \n'

, ' TABLE:

s(char (['FliMod=1
,'V23Hod=1  MMod=1
A

;' TABLE:

T

o]
DrillD0F=Yes Thickness=' num2str(Thick)

F22Mod=1 F12Mod=1 MllMod=1 M22Mod=1 HM12Mod=1

WHod=1 Notes="Added 04/03/2013 15.02.42"");

"AREA SECTION PROPERTIES"'):
,(char (['Section="Plasterboard' num2str(Thick)
,(char (['Type=Shell-Thin

"AREA SECTION PROPERTY DESIGH PARAMETERS"');
,(char (['Section="Plasterbhoard' num2str(Thick)

'mm"  RebarMat=None

Material-Gypsum MatAngle=0

VidMod=1 _'1)));

RebarOpt=Default'])))

Arealype=Shell _']1))):
! BendThick=' num2str(Thick)

' Color=Green _ ']))) ]

Figure 4.5 - Screenshot of the Preprocessor.mspreadsheet defining the plasterboard a rea

section properties
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gmmmmmmmmm e m e JOINTS DEFINITION&RESTRAINT-======================—————oe
fprintf (fid, '%s \n', 'TABLE "JOINT COORDINATES"');
#joint for plasterboard

for i=(stud n*sh_nx)+2:(stud n*sh nx+1+1 sh nx) %last bay
for j=1:y_bay+l
for k=1:sh_nz (end)+1
if k-1<=sh_nz (1)
fprintf(fid, '#s \n', (char (['Joint=' num2str(100000%j+1000%k+1*i) ' CoordSys=GLOBAL CoordType=Cartesian '  'XorR='...
num2str(stud n*sh_nx*lx_sh+((i-(stud n*sh_nx+1))*1_lx_sh)) ¥=' num2str((j-1)*ly) ' z=' num2str((k-1)*lz_sh(1))...
specialdt=Yes'1))):
else
for r=2:size(sh_nz,2)
if k-1<=sh _nz(r) && k-1>sh nz(r-1)
21=((k-1) -sh_nz(r-1))*1z_sh(z);

for w=2:r
z_aggiunta=sh_nz (m-1) *1z_sh(n-1) ;

end
fprintf(fid, %s \n', (char (['Joint=' num2str(100000%4+1000%k+1%i) ' CoordSys=GLOBAL CoordType=Cartesian XorR=' ...
num2str(stud n*sh nx*lx_sh+((i-(stud n*sh nx+1))*1 lx sh)) ' ¥=' num2str((j-1)*ly) ' Z=' num2str(Z1+Z aggiunta)...
' SpecialJt=Yes'1))):

else

end

end
end
end
end
end

Figure 4.6 - Screenshot of the Preprocessor.mspreadsheet defining the plasterboard
nodal coordinates

fprintf (fid, '%s \n', 'TABLE: "CONNECTIVITY - FRAME"') ;
%¥stud elements
for j=1:y bay+l

for k=1
for i=sh nx+l:sh nx:sh nx*stud n+l
fprintf (fid, '%s \n', (char ([ 'Frame=' num25tr((i-1)/sh_nx) " JointI=' num2str(1100000*j+1000*k+1%i) vt 1))
fprintf (fid, '%s \n', (char ([ ' JointJ=' num2str (11100000*j+1000* (sh_nz(end)+1)+1*1i) ' IsCurved=Ho' 1)));
end
‘ end

end

Figure 4.7 - Screenshot of the Preprocessor.mspreadsheet defining the frame elements

fprintf(fid,'%s \n', TABLE: "CONNECTIVITY - AREA''):

%plasterboard central

scentral

17

mont=[1:sh mx:(stud n*sh nx)+1 0:sh m:stud n¥sh nx (stud n*sh nx)+1 sh nx (stud n*sh nx)+1+1 sh nx]:
stud n*sh nx+l sh nx+l

if i~=mont

for i=

for j=1:y hay+l
for k=2:sh nz(1)-1
fprintf(fid, '%s \n', (char (['Area=scc_' mum2str(k) '_' num2str(j) '_' num2ste(i) ' NumJoints=' num2str(n) 1))):
fprintf(fid, %s \n',(char ([' Jointl=' mum2str(100000%j+1000%k+1*i) 'Joint2=' num2str(100000+j+1000%k+1%(i+1)) 1)));
fprintf(fid, '%s \n',(char (['Joint3=' num2str{100000*j+1000%(k+1)+1*(i+1)) ' JTointd=' num2str(100000%3+1000%(k+1)+1%i)]1)));
end

end

end

Figure 4.8 - Screenshot of the Preprocessor.mspreadsheet defining the area elements
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fprintf(fid, %s \n', TABLE: 'CONNECTIVITY - LINK''):
%link on the left
for i=1l:sh nx:(stud n*sh nx)+1
for j=1:y bay+l
for k=2:sh nz(end)+1
if Ks=sh nz+l

fprintf(£id, '%s \n', (char ([ 'Link=1 ' num2str(k) ' ' mum2str(j) '_' num2str(i) tl]l]:
fprintf(fid,'%s \n', (char ([ ' JointI=' num2str(100000%j+1000%k+1%i) ' JointJ=' num2str(200000%3+1000%k+1%i)])));
end
end
end
end

Figure 4.9 - Sareenshot of the Preprocessor.mspreadsheet defining the area elements

The point 4) closes the definition phase; an assignment phase follows:
5. Frame, area and link element assignment Figure 4.10, Figure 4.11 and
Figure 4.12 show some lines of the scripts that define the elements
assignment.

fprintf(£id,'%s \n','TABLE: 'FRAME SECTION ASSIGHMENTS"'):
#stud elements
for j=1:y bay+l
for k=1
for i=sh mxt+l:sh mx:sh nx*stud n+l
fprintf(fid,'%s \n', (char ([ 'Frame=' nmﬂstr((i—l)fsh_nx] ' SectionType="Cold Formed C" AutoSelect=H.A.' ]1))):
fprintf(fid,'%s \n', (char ([ 'RnalSect=Stud DesignSect=Stud MatProp=Default' ]))):
end
end
end

Figure 4.10 0 Screenshot of the Preprocessor.mspreadsheet for frame section assignment

fprintf(£fid,'%s \n','TABLE: "AREA SECTION ASSIGHMENTS" '):
%plasterboard central
%central
%1°
mont=[1:sh nx:(stud n*sh nx)+1 0:sh nx:stud n*sh nx (stud n*sh nx)+1 sh nx (stud n*sh nx)+1+1 sh nx]:
for i=1:stud n*sh nx+1 sh nx+1
if i~=mont
for j=1:y bay+l
for k=2:sh nz(1)-1
fprintf(£id,'%s \n', (char (['Area=scc ' num2str(k) '_' num2str(j) '_' mum2str(i) 1)));
fprintf(fid,'%s \n', (char ([ ' Section="Plasterboard' num2str(Thick) 'mm" HatProp=Default']))):
end
end
end

end

Figure 4.11 0 Screenshot of the Preprocessor.mspreadsheet for area section assignment
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fprintf(fid,'%s \n','TABLE: "LINK PROPERTY ASSIGIMENTS"');
%link on the left (viti doppie)
for i=1:sh nx:(stud n*sh nx)+1
for j=1:y bay+l
for k=2:2:sh nz(end)+1

if k~=sh nz+l
fprintf(£id,'%s \n', (char ([ 'Link=1 ' mm2str(k) '_' num2str(j) '_' mm2str(i) 1))):
fprintf(£id,'%s \n', (char ([ ' Linklype='Multilinear Elastic' LinkJoints=TwoJoint LinkProp=Viti singole dimezzate “])]);
end
end
end

end

Figure 4.12 - Screenshot of the Preprocessor.mspreadsheet for link pr operty assignment

6. Load assignment: the script defines the load to assign to the partition.
7. Constrain and restrain assignment: the Figure 4.13 illustrates a part of
the code defining the hinge restrains at the partition bottom.

%hinge for joint at bottom
for i= [1 (stud n*sh nx+1 sh nx)+1]
for j=1l:y bay+l
for k=1
fprintf(fid, '%s \n', (char (['Joint=" num2str(100000*j+1000%k+1*i) ' Ul=Yes U2=Yes U3=Yes Rl=No R2=No R3=No'])))

for i=1: shﬁnh{: (studﬁn*shinx)ﬂ
for j=l1:y bay+l
for k=1
fprintf(fid, '%s \n', (char (['Joint=" num2str(200000*j+1000%k+1*i) ' Ul=Yes U2=Yes U3=Yes Rl=No R2=No R3=No'])))

for i:[sh_mc+1:sh_nx: (stud_n*sh_nx)+1 stud_n*sh_nx+l_sh_nx+1]
for j=l:y bay+l
for k=1
fprintf(fid, '%s \n', (char (['Joint=' num2str(300000%j+1000%k+1%*i) ' Ul=Yes U2=Yes U3=Yes Rl=No R2=No R3=No'])))

Figure 4.13 - Screenshot of the Preprocessor.mspreadsheet for restraint assignment

When the user runs the tool from the Input.m spreadsheet the Preprocessanfile
generates the FEM model of the partition. Then, automatically , the Sap_Analysis.m
starts to work by using the SAP 2000 API (Applied Program Interface). In this
manner, it is possible to interface the Matlab software to the SAP2000 program that
perform sthe nonlinear static analysis up to the assigned inter-story drift.

The Sap_Analysis.nfile connects the preprocessor phase to the post processor
one, since it is able to take outfrom SAP2000the analysis results (seeFigure 4.14) in
terms of nodal displacements, nodal reactions and frame internal forces, and to
import them in the Matlab operating system.
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%Output displacement
NumberResults = 0;
joint_obj = cellstxr(' ');
joint_Elm = cellstxr(' ');
ACase = cellstr(' ');
stepType = cellstr(' ');
StepNum = zeros(1l,1, 'double');
ul zeros(l,1, 'double’) ;
u2 zeros(1l,1, 'double') ;
u3 zeros (1,1, 'double') ;
R1 zeros (1,1, 'double’) ;
R2 zeros (1,1, 'double’) ;
R3 zeros (1,1, 'double’) ;
GroupElm = 2;

%Load case definition
% ret = Sap.Results.Setup.DeselectAllCasesAndCombosForOutput;
ret = SapObject.SapModel.Results.Setup.SetCaseSelectedForOutput(’'largedisp mar') ;

% Definition for diplay the output (step-by-step)
ret =sapObject.sapModel.Results.setup.setoptionNLstatic(2);

%Create the output for joint displacement

[ret, NumberResults, joint Obj, joint Elm, ACase, StepType, StepNum, Ul, U2, U3, R1, RZ, R3] = ...
SapObject.SapModel.Results.JointDispl ('Rll’', GroupElm , NumberResults, joint Obj, joint Elm, ACase,...
StepType, StepNum, Ul, U2, U3, R1, R2, R3);

Figure 4.14 - Screenshot of the Postprocessor.m spreadsheet for extrapolating the
analysis results

4.1.2Post-processor development

The post processor files arestrictly connected to the preprocessor since,run out
the nonlinear analysis, two spreadsheet elaborate the analysis results:

-Schafer_LoadFactor,m
-Schafer_Domain.m

The Schafer_LoadFactor.ispreadsheet collects, from the Input.m file, all the
information s about the partition configuration and calculatesthe parameters used
as input in the CUFSM software for the load factor evaluation (8 3.3.1). Using the
Matlab files ver sion of the CUFSM operating system, the latter is linked to the post-
processor files, so itautomatically runs an d prov ides the values of instability load
factors.

Finally, the Schafer_Domain.nspreadsheet elaborate the load factor and the
analysis results to obtain the instability domain s and the inter-story drift
corresponding to the global instability of the analyzed partition. The final output
are:

f the Schaferods domain of the stud
9 the numerical value corresponding to the collapse inter-story drift;
1 the pushover curve of the analysed patrtition.
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42 Partitionsd® configurations

The partition configuration analyzed in this section are listed in Table 4.1. The
specimens, codified as S1, S2 up to S-11, ae selected as most representative of the
plasterboard partitions produced and installed by the Siniat International S.p.A. in
the European area. The table includes all the information required in order to
understand the partition configuration s. The lastcolumns points out the maximum
height at which the specific partition is produced. The maximum heights, provided
by the Siniat International Company, are evaluated on the base of static
considerations. For each partition the in plane seismic behavior is asessed by
performing nonlinear static analysis in SAP2000 on the partition FEM models, as
defined in §3.2 Finally the collapse drift is evaluated by applying the DSM, as
explained in §3.3.1

Code Panel Number of Stud Stud dimension Stud  Maximum
Type of board width  thickness  layer typology web flange  thickness  spacing height
S-1  BA13 12m 125 mm 2 simple 150 mm 50mm 0.6 mm 600 mm 8.80 m
S-2  BA13 12m 125mm 2 back to back 150 mm 50 mm 0.6 mm 400 mm 11.85m
S-3  Pregyflam 13 12m 125mm 2 simple 150 mm 50 mm 0.6 mm 600 mm  8.80m
S-4  Pregyflam 15 12m 15mm 2 back to back 150 mm 50 mm 0.6 mm 400 mm 11.00 m
S-5 BA18S 09m 18 mm 1 simple 150 mm 50 mm 0.6 mm 900 mm  8.40m
S-6 BA18S 09m 18mm 1 back to back 150 mm 50 mm 0.6 mm 450 mm  12.75m
S-7 BA13 12m 125mm 2 back to back 150 mm 50 mm 0.6 mm 600 mm 10.35m
S-8 BA13 1.2m 125 mm 2 simple 150 mm 50mm 0.6 mm 400 mm  10.30m
S-9 BA18 12m 18 mm 2 back to back 100 mm 50 mm 0.6 mm 400 mm 7.00 m
S-10 BA18S 09m 18 mm 1 back to back 150 mm 50 mm 0.6 mm 900 mm  10.45m
S-11 BA18S 09m 18 mm 1 simple 150 mm 50 mm 0.6 mm 450 mm  10.45m

Table 4.1 8 Modelled partition for collapse drift evaluation

4.3 Influence of the partitions height on the collapse drift

The tool presented in 84.1is used in order to perform the nume rical analysis on
the partition listed in Table 4.1. In particular, with the aim of evaluating the
influence of the partition dimension on the collapse drift, for each partition,
maintaining the width constant and equal to the wid th of the tested patrtitions, i.e.
5 meters, several nonlinear analysis are performed by varying the height from 5
meters to the maximum static height, with a 1 meter spacing. The Table 4.2 lists the
investigated height for each partition and the total number of the analyzed
partitions. The complete computerization of the analysis procedure allows to model
70 partitions and to perform 70 nonlinear analyses in a very short time.
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The results are shown in terms of force 8 inter-story drift ratio curves and
collapse drift.

Partition i _ No. of
Code Investigated heights [m] partions
S-1 5-6-7-8-8.80 5
S-2 5-6-7-8-9-10-11-11.85 8
S-3 5-6-7-8-8.80 5
S-4 5-6-7-8-9-10-11 7
S-5 5-6-7-8-8.40 5
S-6 5-6-7-8-9-10-11-12-12.75 9
S-7 5-6-7-8-9-10-10.35 7
S-8 5-6-7-8-9-10-10.30 7
S-9 5-6-7 3
S-10 5-6-7-8-9-10-10.45 7
S-11 5-6-7-8-9-10-10.45 7
TOTAL 70

Table 4.2 ¢ Investigated heights for each specimen

The Figure 4.15 shows the pushover curves for the specimen S1: each of them
is representdive of the in-plane behavior of the specimen for the investigated
height. As the figure highlights, the pushover curves are completely overlapped in
the elastic field, evidencing the same initial stiffness for all the partitions, while they
slightly diffe r in plastic field. It can be observed that the maximum strength is
assocated to the lower partition, i.e. 5 meters high (violet curve in Figure 4.15); the
strength gradually decrease with the height increase.

The blackdot on each curve of Figure 4.15stands for the collapse drift, evaluated
according to the methodology illustrated in the Chapter 3. The overlapped dots
point out that the collapse drift is quite the same with height change, as listed also
in Table 4.3. Therefore, a constant value of collapse drift, namely J=0.96+£0.0®%, can
be considered for the analyzed partition, regardless of the partition height, with an
error less than 8% with respect the mean value, as shown inFigure 4.16.
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Specimen S-1
50 T
Specimen S-1
) Horizontal Collapse
Heights | .
joints number drift
z m] [ [%]
g Of - 5 1 0.90
S h=5m .
* h=6m 6 2 1.10
h=7m 7 2 0.90
—— h=8m 8 3 0.95
— h=8.8m 8.8 3 0.95
50 I I I I
003 002 001 0 001 002 003 mean value 0.96:0.07
Drift [-]
Figure 4.1508 Force vs drift pushover curve for S-1  Table 4.3 § Collapse drift of S -1
partition at different heights partition for different  partition
heights
Specimen S-1
25
2r |
. ® h=5m
S _
e 1.5f ] h=6m
5 ® h=7m
% 1l ERR=7.65% | ® h=8m
= ¢ e * ® ® h=8.8m
o mean value
0.5 1
O L L L L L
0.8 1 1.2 14 1.6 1.8 2

HIB [-]

Figure 4.16 6 Collapse drift vs H/B ratio for partition S -1

For the specimen S2 the force-drift pushover curves for different h eights are
shown in Figure 4.17. Even if no black point is drown, for each partition height a
lower bound of the collapse drift is identified, as shown in Table 4.4. These values
are related to the maximum drift achieved during the analysi s, for which no collapse
is observed. Computational problems did not allow to perform further analysis

steps. The results are considered satisfying since the collapse drift are greater than
J=2%.
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60

401

20}

Force [kN]
o

Specimen S-2
Specimen S-2 _ Horizontal  Collapse
T — Heights .

" joints number drift

/C [m] [ [96]
1 5 1 >2.9
/ h=7m 6 2 >26
h=8m 7 2 >2.6
——— h=9m 8 3 >25
— h=10m 9 3 >3.0
— Efﬁ“;s 10 3 >2.7
0 ~ | ‘ _nEoom 11 4 >28
-0.03 -0.02 -001 0 0.01 0.02 0.03 11,85 4 >3.0

Figure 4.17 - Force vs drift pushover curve for S -2

Drift [-]

Table 4.4 - Collapse drift of S -
2 partition for different

partition at different heights partition height s

Similar considerations, about the constant collapse drift ratio, and the quite
similar in -plane behavior at different heights, can be done for all the analyzed
partitions as reported in:

Figure 4.18, Figure 4.19and Table 4.5 for specimen S3;
Figure 4.20, Figure 4.21and Table 4.6 for specimen S4;
Figure 4.22, Figure 4.23and Table 4.7 for specimen S5;
Figure 4.24, Figure 4.25and Table 4.8 for specimen S6;
Figure 4.26, Figure 4.27 and Table 4.9 for specimen S7,
Figure 4.28, Figure 4.29 and Table 4.10for specimen S8;
Figure 4.30and Table 4.11 for specimen S9;

Figure 4.31, Figure 4.32and Table 4.12for specimen S-10;
Figure 4.33, Figure 4.34and Table 4.13for specimen S-11;

Despite these common aspects, it should be noted that a different collapse drift ratio
is evaluated for each patrtition, since they differ from each other for type of steel
studs and boards, for stud spacing and panel arrangement, as evidenced inTable

4.1.

Interesting evaluations can be done by comparing the behavior of similar
specimens. As the Figure 4.16 points out, the collapse drift of the specimen S-1 is on
overage equal to 0.95%, while the collapse drift for specimen S2 is on overage larger
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than 2.5%(Table 4.4). Partition S-1 and partition S-2 differ only for stud spacing, i.e.,
i.e. 600 mm in the former specimen, 400 mm in the latter one

The results of the static nonlinear analyses show that the internal stresses are
uniformly distributed along the different studs at a certain partition horizontal
section. This always happens, also when the partiion height increases.
Furthermore, an higher stud density results in a fairer stress distribution at a given
displacement, because it is not associated to a relevant increment of the partition
stiffness.

Consequently, concerning the different behavior of t he specimens S1 and S2,
the larger collapse drift of the latter specimen is justified by the its reduced stud
spacing and, hence, by the lower internal axial load and bending moment in each
stud. This aspect is clearly pointed out also in the comparison between the
specimens S5 and S6: the stud spacing is halved in the second specimen, as
evidence in Table 4.1, and the collapse drift is improved, rising from a mean value
of 0.35% to a collapse drift value of 2%. Similar considerations can be done for
specimens S10 and S11: the double stud spacing of the second partition with
respect the first one results in a higher collapse drift, namely it increase from 0.8%
to 1.3%.

Specimen S-3
100
Specimen S-3
Horizontal Collapse
501 Heights . _p
joints number drift
Z
5 0 [m] [] (%]
S 5 1 0.80
6 2 0.85
507 7 2 0.80
h=8 8m 8 3 0.85
100 ! | | I I 8.8 3 0.90
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 mean value 0.84+0.04

Drift [-]

Figure 4.18- Force vs drift pushover curve for S -3 Table 4.5 - Collapse drift of S -
partition at different heights 3 partition for different
heights
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Force [kN]

Specimen S-3
25 T :
2r i
—_ [ ] h=5m
:\? 1.5 i h=6m
5 ® h=7m
§ 1} ERR=4.45% | ® h=8m
% Py [ ® h=8.8m
O [ J [ J
mean value
0.5r i
O L L L L L
0.8 1 1.2 1.4 1.6 1.8 2
H/B [-]

Figure 4.19- Collapse drift vs H/B ratio for partition S -3

Specimen S-4 Specimen S-4
150 ‘ : :
PIPY i . Horizontal Collapse
100} == Heights .
joints number drift
50r — h=5m [m] [ [%]
ol h=6m 5 1 1.60
h=7m 6 2 1.60
50} h=8m 7 2 1.50
— h=9m 8 3 1.40
100 — h=10m - 9 3 1.80
150ﬁ - | | —l 10 3 1.60
0.03 -002 -001 0 001 002 0.3 11 4 170
Drift [-] mean value 1.680.11

Figure 4.20- Force vs drift pushover curve for S -4

partition at different hei

ghts

Table 4.6 - Collapse drift of S -4
partition for different heights
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Force [kN]

Specimen S-4
2.5 T T T T T
2t q ® h=5m
= ERR=7.47% ° h=6m
>, | (= ® [ h=7m
& 1.5 o Py 4
S ® h=8m
@ ® h=9m
g 17 . o -
3 h=10m
o ® h=11m
0.5 . mean value
O L L L L L L L
0.8 1 12 14 16 18 2 2.2
H/B [-]

Figure 4.21 6 Collapse drift vs H/B ratio for partition S -4

Specimen S-5
40 ; === :
e Specimen S-5
I Horizontal Collapse
20 Heights . _p
joints number drift
(0] _ 0
—— [m] [ [%]
h=6m 5 1 0.35
20} h=7m 6 2 0.26
h=8m 7 2 0.35
4ok smzzzzR ——h=84m 8 3 0.33
-0.01 -0.005 0 0.005 0.01 8.4 3 0.46
Drift [-] mean value 0.350.06

Figure 4.22 - Force vs drift pushover curve for S -5

partition at different heights

Table 4.7 0 Collapse drift of S -5
partition for different heights
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Specimen S-5
25 T :
2 - -
_ ® h=5m
S _
= 1.5f ] h=6m
S ® h=7m
@ ® h=8m
g 1t 1 ® h=
= h=8.4m
(@]
ERR=18.4% mean value
0.5 ® i
e ° o—
O L L L L L
0.8 1 1.2 1.4 1.6 1.8 2
H/B [-]
Figure 4.23 ¢ Collapse drift v s H/B ratio for partition S -5
Specimen S-6 Specimen S-6
60 T . . .
. Horizontal Collapse
Heights .
40r ———— h=5m joints number drift
h=6m
L _ 0,
_® he7m [m] [ [%]
< h=8m 5 1 2.30
[
5 h=9m 6 2 1.60
- -201 — h=10m || 7 2 1.90
—— h=11m 8 3 2.00
40} — h=12m | 9 3 1.90
. h=12.75m 10 3 2.10
_6(())03 062 061 0 061 062 0.03 11 4 2.20
ST ok ' 12 4 2.00
12.75 4 2.00
mean value 2.0040.18

Figure 4.24 8 Force vs drift pushover curve for S -6 Table 4.8 9 Collapse drift of S -6
partition at different height partitio n for different heights
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Force [kN]

Specimen S-6
25 i :
) ® h=5m
ol ERR=9.43% o ) | h=6
° ° =om
- ® h=7m
< 15 1| ¢ h=8m
5 ® h=9m
2 ® h=10m
£ 1y 1 ® h=11
6 - m
© ® h=12m
0.5r 1 h=12.75m
mean value
O L L L
1 15 2 25
H/B [-]
Figure 4.25 ¢ Collapse drift vs H/B ratio for partition S -6
Specimen S-7 -
50 . M Specimen S-7
. Horizontal Collapse
Heights . .
joints number drift
:fgm [m] [1 [%]
ot h:72 5 1 1.30
h=8m 6 2 1.50
h=9m 7 2 1.40
——— h=10m 8 3 1.30
——— h=10.35m 9 3 1.60
5QlE=m==- e : : : ‘ 10 3 1.30
-0.03 -0.0 -0.01 -O 0.01 0.02 0.03 10.35 3 1.30
Drift [ mean value 1.38:0.11

Figure 4.26 - Force vs drift pushover curve for S -7

partition at di fferent height

Table 4.9 - Collapse drift of S -
7 partition for different
heights
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Force [kN]

Specimen S-7
25 r T :
2r 1 ® h=5m
—_ h=6m
S ERR=8.12% @ ® h=7m
& 150 Py .
5 ° ° ) ® h=8m
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g- 1 I N ° h_
= =10m
© ® h=10.35m
0.5 . mean value
O L L L L L L
0.8 1 1.2 14 1.6 1.8 2 2.2
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Figure 4.27 6 Collapse drift vs H/B ratio for partition S -7
Specimen S-8 i N
60 [ [ [ S Specimen S-8
Horizontal Collapse
40} Heights . | -p
joints number drift
20f
— h=5m [m] [ [o6]
of h=6m 5 1 1.60
::;m 6 2 1.70
-20¢ o 92 7 2 1.40
_ 8 3 1.40
-40r —_h=10m 9 3 1.90
- —— h=10.30m ’
§oE=== | | I ‘ 10 3 1.60
-0.03 -0.02 -0.01 0 0.01 0.02 0.023 10.3 3 1.70
Drift [-] mean value 1.61+0.16

Figure 4.28- Force vs drift pushover curve for S -8 Table 4.10- Collapse drift of

partition at different height S-8 partition for different

heights
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Specimen S-8
2.5 T r T
2r ° y L hi5m

= ERR=10.1% ° h=6m
>, [ — [ ] h=7m
= 15} S 7S -
S ® h=8m
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2.2

Figure 4.29 6 Collapse drift vs H/B ratio for partition S -8

Specimen S-9
150 T r ; .
100
50F
g
g
50}
—— h=5m
-100r h=6m |
h=7m
-150 : : : : :
-0.03 -0.02 -0.01 0 0.01 0.02
Drift [-]

Figure 4.30- Force vs drift pushover curve for S -9

partition at different height

Specimen S-9
. Horizontal Collapse
Heights _ .
joints number drift
[m] [ [%]
5 1 >2.0
6 2 >1.7
7 2 >1.6

Table 4.11- Collapse drift of
S-9 partition for different
heights
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Specimen S-10

50 .
§ 0 h=6m
|.5|. h=7m
h=8m
— h=9m
— h=10m
—— h=10.45m
-50 ‘ : :
-0.02 -0.01 0 0.01 0.02
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Figure 4.31- Force vs drift pushover curve for S -10

Collapse drift [%]

partition at different height

Specimen S-10

Horizontal

Heights

joints number

Collapse
drift

3
=
1
=

[%]

AW W WDNDNEER

10.45

0.78
0.71
0.78
0.80
0.73
0.74
0.80

mean value

0.76:0.03

Table 4.12 - Collapse driftof S -
10 partition for different

heights
Specimen S-10
25 : : :
2r 1 ® h=5m
h=6m
1.5¢ , ® h=7m
® h=8m
® h=9m
1r . ERR=4.36% | ® h=10m
¢ ¢ . ® h=10.45m
0.5 i mean value
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0.8 1 1.2 14 1.6 1.8 2 2.2
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Figure 4.32 8 Collapse drift vs H/B ratio for partition S -10
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Specimen S-11

60 . : T T — Specimen S-11
401 . Horizontal Collapse
Heights . .
joints number drift
= 20r —— h=5m
. heem || _Iml [ o]
8 - 5 1 1.40
2 0l Ezéﬂ 6 2 1.20
— h=9m 7 2 1.40
-401 — h=10m 8 3 1.30
——— h=10.45m 9 3 1.30
-60 : , : , : 10 3 1.40
-0.03 -0.02 -001 Drif?[_] 0.01 0.02 0.02 10.45 4 1.30
mean value 1.6140.16
Figure 4.333 Force vs drift pushover curve for S -11 Table 4.139 Collapse drift of
partition at different height S-11 partition for different
heights

Specimen S-11

2.5 T T T
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= h=6m
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Figure 4.34 - Collapse drift vs H/B ratio for partiton S -11

118



Chapter 4: Fem model extension to different configuration s of plasterboard partitio ns

4.4 Influence of the partitions width on the collapse drift

Some of the specimens ofTable 4.1 are further analyzed in order to evaluate the
influence of partitions wi dth on collapse drift. For each partition a constant height,
i.e. equal to the maximum height (see last column of Table 4.1) is considered.
Starting from a 3 meters value, the width is increased up to obtain a width -height
ratio equal to two. The analyzed partitions are listed in Table 4.14.

Partition _ i No. of
Code Investigated widths [m] partiions
S-1 3-4-5-6-7-8-12-16 8
S-3 3-4-5-6-7-8-12-16 8
S-4 3-4-5-6-7-8-12-16-22 9
S-6 3-4-5-6-7-8-12-16-25.5 9
S-7 3-4-5-6-7-8-12-16-21 9
S-8 3-4-5-6-7-8-12-16-21 9
S-11 3-4-5-6-7-8-12-16-22 9
TOTAL 61

Table 4.14 - Investigated width for each specimen

Each specimen is subject to nonlinear static analysis in displacemat control and
the results are show in terms of force versus drift pushover curve. The Schafer
method is used as a posterior checking method by comparing the internal stresses,
in terms of axial force and bending moment acting on the stud, to the limit dom ain
identifying the occurrence of global instability failure. The drift corresponding to
the global instability of the first stud is considered as failure drift for the whole
analyzed partition (see §3.3.]). A black dot on the pushover curve points out the
collapse drift achievement.

The analyses results(Figure 4.35, Figure 4.37, Figure 4.39, Figure 4.41, Figure
4.43, Figure 4.45, Figure 4.47) highlight that for each partition system a stiffness and
a strength increase is recorded with the width increase, while the collapse drift
gradually decreases, resulting in a less ductile behavior.

For each specimen a cubic decreasing trend of the collapse drift is identified, as
depicted in Figure 4.36, Figure 4.38, Figure 4.40, Figure 4.42, Figure 4.44, Figure 4.46
and Figure 4.48, even if a unique decreasing low cannot be identified for all the
analyzed specimens. It is noteworthy that for all the specimens the collapse drift
becomes stable forawidth - height ratio equal or larger than 1.5.
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The analysis results also show that the most loaded stud is the external one on
the opposite side with respect to the force application (see black circle in Figure
4.49). Furthermore, the stiffness of the partition increases as the width/height ratio
increases. Then, as this ratio increases, the furthest stud, at a given displacement, is
more loaded, and, consequently, its failure due to global instability occurs for inter -
story drift values that gradually decrease .

Specimen S-1
150
100y — w=3m
—— w=4m
- 50r — w=5m
= w=6m
g O -
S w=7m
* 50} w=8m
— w=12m
-100f — w=16m

-150 ‘ - - ‘ ‘
003 -002 -001 0 001 002 003
Drift [-]

Figure 4.350 Force vs drift pushover curve for S -1 partition at different  widths

Specimen S-1
2 L T T T T
e w=3m
15- i w=4m
g ®  w=5m
&= ®  w=6m
; 1r iy ®  w=7m
‘_% *  w=8m
3 °  w=12m
0.5+ f(x)=-0.106 X*+0.589 ¥-1.14 x+1.41 | e w=16m
—fitting curve
0 C r r r r
0 0.5 1 15 2 25
B/H [-]

Figure 4.36 0 Collapse drift versus width -height ratio for specimen S-1
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Specimen S-3

300

200y

100}

0,

Force [kN]

-100f
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—w=4m
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— w=7m
w=8m
w=12m
— w=16m
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-0.03

-0.02 -0.01 0 0.01 0.02 0.03
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Figure 4.37 - Force vs drift pushover curve for S -3 partition at different  widths

Specimen S-3
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Figure 4.380 Collapse drift versus width -height ratio for specimen S -3
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Specimen S-4
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Figure 4.39 - Force vs drift pushover curve for S -4 partition at different  widths
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Figure 4.40- Collapse drift versus width -height ratio for specimen S -4
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Force [kN]

Collapse drift [%)]

Specimen S-6
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Figure 4.41- Force vs drift pushover curve for S -6 partition at different  widths
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Figure 4.42 - Collapse drift versus width -height ratio for specimen S -6
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Specimen S-7
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Figure 4.43- Force vs drift pushover curve for S -7 partition at different  widths
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Figure 4.44 - Collapse drift versus width -height ratio for specimen S -7
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Force [kN]

Collapse drift [%)]
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Figure 4.45- Force vs drift pushover curve for S -8 partition at different  widths
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Figure 4.46- Collapse drift versus width -height ratio for specimen S -8
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Figure 4.47 - Force vs drift pushover curve for S -11 partition at different  widths
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Figure 4.48 - Collapse drift versus width -height ratio for specimen S -11
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Chapter 5

INNOVATIVE MATERIAL  FOR ANTISEISMIC
PARTITIONS AND IN  FILLS

Nowadays, new materials are studied and introduced in civil engineering in
order to improve the seismic performance of nonstructural components. The
plasterboard internal partiti ons, presented in the previous chapters, provide a
valuable example in this direction. Nevertheless, this typology is largely employed
in industrial and commercial buildings. For residential applications several
materials are now available to replace the classic brik, widely used for many years.
For instance, cellular concrete blocks are becoming common both for internal
partitions and for external infill for their light weight and appreciable mechanical
properties. The material lightweight is largely considered the key issue in order to
reduce the inertial forces acting on the nonstructural component during an
earthquake, due to its own mass. Actually, this aspect is related to the nonstructural
component out of plane behavior, since a reduced mass imply a less intense inertial
force acting in the out of plane direction, which causes the partition overturn. Not
always, the lightweight is associated with the capacity to accommodate the in plane
deformation of the main structure. Indeed, these nonstructural components are
required to exhibit in -plane ductile behavior for high def ormation values.
Moreover, the partitions and the infill are required to have good properties in terms
of thermal and acoustic insulation, permeability to water vapor and, in some
specific cases, fire resistance.
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Recently, a new hybrid material based on the conjunct use of polyurethane and
cement was introduced (lannace et al., 2008 in order to obtain an innovative
material able to meet the requirements of lightness, high deformability and
ductility, but also of thermal and acoustic features, by combining the features of
these two components.

Polyurethanes foams are widely used in in the construction industry for their
thermal and acoustic insulation properties, although they are characterized by low
strength and stiffness. Common method of increasing the foam stiffness consists of
filling the polymeric matrix with a rigid phase: glass fiber, nylon fiber, silicon
dioxide powder and aluminum powd er are example of fillers. Despite the
strengthening effect of the infill, several studies (Yang et al., 2004 pointed out the
problem of adhesion between the polymeric matrix and the filler, resulting in a
brittle overall behavior.

Cement represents the most widely used structural material but the low failure
strain, the low acoustic and thermal properties and the susceptibility to frost
damage make this material unsuitable for nonstructural component applications.

The combined use of a polymeric foam and the hydrated cement can represent
a methodology for optimizing these two components and at the same time
producing a lightweight material. The material is conceived so that the inorganic
and the organic phases are cecontinuous throughout the material and the phases
are intimately dispersed within each other. In this way, the system is designed to
meet both the advantages of the polyurethane foam and the inorganic binder.

Previous studies (Verdolotti et al., 2010, Verdolotti et al., 2008, Verdolotti et al.,
2012 Verdolotti et al., 2013), evidenced the thermal and acoustic insulation
properties of the material, besides the water vapor permeability and the fire
resistance. All of these aspects are suitable for infill or partition system applications.
Furthermore, the hybrid material shows good adhesion properties to concrete and
mortar typical of inorganic b inder cement.

In this chapter, the mechanical characterization of the material is presented in
terms of compressive, tensile and shear strength properties, in order to investigate
the possible application in the civil building field for nonstructural comp onents
purpose.
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5.1 The hybrid polyurethane - cement foam

5.1.1Samples preparation

Portland cement (CEM type IlA -S class 42,5R) was supplied by Cementir $.A.
(Spoleto, Italy). Polyether and toluene di-isocyanate (TDI) were supplied by Bayer
(Deltapur S.p.A., Bergamo, ltaly) and were used as received. According to the
producer &6s speci pc alratiowss]:1.2thachigveoah gpenteth, er / T
yexi ble foam. Distilled water was wused to

Sampleswere prepared by mixing at room temperature th e cement powder to
the polyol with catalysts, silicone surfactant, chain extenders and water as blowing
agent. This mixture was stirred mechanically for 2 minutes and then MDI was
added and mixed for 40 seconds. Mixing was performed according to ASTM C305,
by a Hobart mixer (mod. N50, Hobart, Canada). According to lannace et al., 2008
the polyurethane/cement weight ratio was fixed to 2/3. After mixing all of the
components, the mixture was poured in a wood closed mold (50x50x5¢cm3) and the
foam was allowed to expand/cure for 20 minutes at room temperature. The s amples
were then removed from the mold and cured in water, for 72 hours at 60°C, to allow
for the hydration of cement powder.

5.1.2 Chemical, physical and morphological properties of the hybrid
foam

Sever al functional properti es suohfas tharmakr e st
insulating properties, acoustic insulation and absorption properties, water vapor
transmission, and dimensional stability are herein reported. The hybrid foam

sample are subjected to several tests in order to identify specific parameters
Verdolotti et al. (2012) details the experimental campaign and the reference test
methods. Here the results of these testsare listed to have a whole overview of the

polyu rethane cement foam physical features.

The water vapor transmission properties were analyzed according to UNI EN
12086 The mparameter, a non-dimensional property quantifying the relative water
vapor diffusion resistance of the material , was evaluated. In Table 5.1 the mvalue of
the hybrid foam is compared to that of the neat polyurethane ( Neat PUR). The water
vapor diffusion resistance of Neat PUR is very high, making this material unsuitable
for application in building . Of course, the high resistance to water transpat exerted
by Neat PUR is due to its hydrophobic nature and the closed-celled pore structure.
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Sample m
Neat PUR 90
HIP_C 32

Table 5.1 - Water vapor transmission resistance of selected samples

When the hydrophilic component (cement) was added to the hydrophobic
polyurethane matrix to form the hybrid foam (HIP _C), a reduction of mof ca. 65%
is observed. It is worth of note, that the value of 32 for the water vapor transmission
resistance of the HIP_C sample is quite similar to the ones of intrinsically
hydrophilic materials utilized in building. This relevant decrease of the wate r vapor
transmission resistance could be ascribed to the formation of the cocontinuous
cement phase within the polyurethane matrix as a consequence of the hydration
reaction. The co-continuity, in turn, determined the occurrence of a path, accessible
to water molecules, percolating throughout the hybrid.

Thermal conductivity was measured according to ASTM C518-04. The results of
the thermal conductivity tests performed on Neat PUR, and the hybrid systems are
reported in Table 5.2. As it was expected, the results show typical values for
insulating materials in the case of the neat polyurethane systemshaving the lowest
densities with a decrease of the insulating performancesfor the hybrid foam.

Sample | [W/m K]
Neat PUR 0.028
HIP_C 00.06

Table 5.2 - Thermal ins ulating properties of Neat PU and the hybrid foams

This result is reasonable in view of the relative higher amount of conducting
solid phase in higher density hybrids. However, the absolute values are still lower
than that of the traditional lightweight concrete commonly used a s insulator (i.e.,
0.12 W/m K) (Sarier and Onder, 2009.

Acoustic insulation properties (transmission loss - TL) for selected samples were
measured according to UNI EN ISO 11654717. Sound absorption is the
characteristic of a material to be able to convert the acoustic energy of sound waves
i nto anot her f or m. The s @isithedabsarlbed foactipntoi o n
incident wave energy. Typically, open-c el | ed f oams, such as
foam, are good sound absorption materials. Open-celled foams, in fact, capture and
absorb the sound waves because the waves dissipate their energy through friction.
Inpar ti cul ar , it is noted [ 18] t hat t he
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foams is high in high -frequency regions, but relatively weak in low frequency (100 &
1,000 Hz) regions, where, unfortunately, the human sensitivity is high (Bo et al.,
2007). As reported in literature, in fact, to improve the acoustic performanc es at low
frequencies, typically, the foams areload ed wi t h pl | er s Clésed
celled foams conversely, typically characterize rigid hybrid systems, as the hybrid
foam here presented, and, for this reason, they do not perform well in sound
absorption.

Dimensional stability of the hybrid foam is also assessed. This featureis
important for use in building field, where materials have to withstand different
thermal and humidity conditioning during service of several tens of years .
Dimensional stability has been measured using ASTM D2126, whichisgp e c i p
rigid cellular materials. The test r esults on the proposed hybrid foams showed a
very good dimensional stability with dimensional changes, DI (%), in the X, y, and z
axes for the different conditioning conditions always below 0.3 %. It is worth of note
that this value is one order of magnitude lower than expanded polystyrene foams
typically utilized as insulating panels in building.

5.2 Mechanical characterization on the hybrid foam

Chemical, physical, and morphological characterization of hydrated s amples,
are synthetically listed in 85.1.2 Here, we focus on specific mechanical properties,
namely, compression, tension, and shear, which have been performed according to
ASTM International standard as detail ed in 85.2.1, 85.2.2and 85.2.3and in Coppola
et al. (2015) The standards were selected on the base of the material chemical
composition and structure .

5.2.1Compressive tests

The compressive properties of the hybrid polyurethane cement foam were
evaluated by testing the material according to ASTM D1621-00 (2003} standard test
method for compressive properties of rigid cellular plastic. As reported in the test

standar d, each speci men shoul d %Hhnaas aa

mini mu m, a n ¢ mra23as thaxilnOm. According to these conditions, five
cubical specimens with a 50 mm edge Figure 5.1b) were carefully cut from a
rectangular panel of the hybrid material (Figure 5.1a).

Before testing, each samplewas gauged and weighted in order to know the
initial thickness and have information about the v olume density (Table 5.3).
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A universal electromechanical machine (INSTRON mod. 43258y234, AL, USA)
was used as testing system with an automatic acquisition system (see Figure 5.2a).
During the test, performed in displacement control, the crosshead rate was
automatically recorded and the movement was used as measure of the specimen
thickness reduction. Some creaks and drop of dust characterized the compression
rupture as evidenced in Figure 5.2b. The test can be considered concluded when a
13% compression of the specimen original thicknesswas reached, i.e. a @ mm
crossheaddisplacement.

On the base of the experimental forcedisplacements curves, the maximum
strength for each specimen is evaluated as well asit is also possible to evaluate the
elastic modulus in compression by considering the slope of the tangent line at the
zero point of the experimental stress-strain curve.

(@) (b)

Figure 5.1 9 (a) Panel of the hybrid foam from which (b) cubic specimen are cut

Table 5.3 - Dimension of the cubic specimen subject to compression
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