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Abstract

Despite that, traditionally partitioning walls are considered as non-structural el-
ements, they play a critical role in the overall performance of modern buildings.
Their contribution to sti ness, their bracing accuracy, and their performance under
service conditions has gained increasing attention, especially for tall con gurations
ranging from 4 to 6 meters height, normally used in residential and commercial
spaces. These types of walls are typically composed of a cold-formed steel stud
and plasterboard sheathing; this exhibits a complex mechanical behavior due to the
brittle nature of plasterboard.

The following thesis presents an accurate methodology for non-linear numerical mod-
eling of sheathed cold-formed studs for partitioning walls in a combined scenario of
axial and lateral loads using ABAQUS. The approach used integrates benchmark
validations, statistical estimation of missing mechanical parameters, and calibration
of constitutive laws for plasterboard based on historical data and catalog infor-
mation. The so-called Concrete Damaged Plasticity (CDP) model was adopted to
simulate the quasi-brittle response of plasterboard, while the screw connections were
represented through non-linear springs derived from experimental load-slip curves.
Finally, the in uence of the screw spacing on global sti ness, mid-span de ection,
and stress distribution is evaluated for a 6 m tall wall under xed xed boundary
conditions. The results show that the strategy used accurately reproduced the non-
linear behavior of partitioning walls, providing a reliable framework for predicting
serviceability and failure mechanics without the need for extensive experimental
testing.

Keywords: Partitioning walls, Cold-formed stud, Plasterboard, Non-linear analy-
sis, Concrete Damaged Plasticity, Finite Element Modeling






Abstract in lingua italiana

Nonostante tradizionalmente le pareti divisorie siano considerate elementi non strut-
turali, esse svolgono un ruolo fondamentale nelle prestazioni complessive degli edi ci
moderni. Il loro contributo alla rigidezza, la loro precisione di controventamento e
le loro prestazioni in condizioni di servizio hanno ricevuto un'attenzione crescente,
specialmente per con gurazioni alte da 4 a 6 metri, normalmente utilizzate in spazi
residenziali e commerciali. Questo tipo di pareti & tipicamente composto da mon-
tanti in acciaio formati a freddo e rivestimenti in cartongesso; essi mostrano un
comportamento meccanico complesso a causa della natura fragile del cartongesso.

La seguente tesi presenta una metodologia accurata per la modellazione numerica
non lineare di montanti in acciaio formati a freddo rivestiti per pareti divisorie, uti-
lizzando uno scenario combinato di carichi assiali e laterali in ABAQUS. L'approccio
adottato integra validazioni di riferimento, stime statistiche dei parametri mecca-
nici mancanti e calibrazione delle leggi costitutive per il cartongesso basata su dati
storici e informazioni di catalogo. Il cosiddetto modello Concrete Damaged Plasticity
(CDP) e stato adottato per simulare la risposta quasi-fragile del cartongesso, mentre

I collegamenti a vite sono stati rappresentati tramite molle non lineari derivate da
curve sperimentali carico-scippo.

In ne, viene valutata I'in uenza della distanza tra le viti sulla rigidezza globale,
sulla freccia a meta campata e sulla distribuzione degli sforzi per una parete alta 6
m con condizioni di vincolo incastro incastro. | risultati mostrano che la strategia
utilizzata ha riprodotto accuratamente il comportamento non lineare delle pareti
divisorie, fornendo un quadro a dabile per la previsione della funzionalita e della
meccanica di rottura senza la necessita di test sperimentali estesi.

Parole chiave: Pareti divisorie, Montante formato a freddo, Cartongesso, Analisi
non lineare, Concrete Damaged Plasticity, Modellazione agli elementi niti
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Introduction

Today, the construction industry has grown rapidly, leading to the implementation

of new construction methodologies. Among these methodologies, cold-formed steel
studs sheathed with boards have been used because of their favorable mechanical
properties, easy assembly process, and relatively low weight. This type of wall
can reach heights ranging from 4 to 6 meters and is normally employed in open
spaces in residential and commercial areas. These con gurations have been exploited
to improve exibility in the layout while maintaining adequate acoustic and re
resistance. However, their considerable height leads to high slenderness, and a large
aspect ratio, which means that they will be more prone to lateral displacement
and buckling phenomena. Therefore, the examination of partitioning walls, despite
being non-structural elements, is essential for comprehending their contribution to
the overall performance of the structure.

Figure 1: Construction of tall interior partitioning walls using cold-formed steel
studs obtained from the website [1].
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The lack of information on the structural behavior of the partition walls is the main
issue that companies must address. The most common type of partition wall is that
composed of a cold-formed steel (CFS) stud, together with a top and bottom track,
and boards that can be made of plasterboard, gypsum, or oriented strand board
(OSB). Each of these boards has an important mechanical property; for instance,
the gypsum isolates sound and is well suited for its high re resistance. In addition,
Hassan, Olivia, Fares and Rohan [9] mention not only these properties, but also the
fact that they act as a load-bearing in Il wall.

Figure 2: Example of plasterboard installation over cold-formed steel studs obtained
from the website [2].

The behavior of the CFS is well understood; several studies have been performed
and, therefore, the knowledge regarding its strength and bracing is well documented.
However, the problem becomes more critical with the addition of plasterboard, a
brittle material; besides, the large number of connections needed increases the prob-
lem. [5]. Finally, in the presence of lateral loads as seismic ones, the partitioning
wall experiences high plastic deformations, and its prediction in this phenomenon is
fundamental in the design of this type of walls.

Due to the increase in the use of this construction technique, some tests have been
performed regarding the plasterboard's behavior. Speci cally in [3] a set of speci-
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mens was tested against tension and compression behavior. The set of plasterboards
had di erent characteristics in order to study how the density or thickness of the
plasterboard a ects the general constitutive law of the plasterboards. In fact, despite
the changes mentioned, the plasterboards behave in a general way. In this sense,
some conclusions were obtained. The most important one includes the orthotropic
behavior of the plasterboard, in other words, the transverse direction exhibits a dif-
ferent behavior with respect to the longitudinal direction, speci cally this level of
anisotropy is achieved in the tensile behavior, while in the compression the behavior
is almost the same. Nevertheless, even the compression and tension are di erent
from each other. While in tension there is more ductile behavior, in compression
it is more brittle. 1t seems a lot di erent from each other, but the reason is more
simple than it actually is. The plasterboard is usually assembled with a paper layer;
this paper layer is the reason for the level of anisotropy, and this also distinguishes
between tensile and compression behavior, increasing up to 40% of exural strength
according to [6].

So far, despite the limited amount of available information, some studies have been
carried out focusing on the plasterboards as main topic of discussion; however, it
is quite di cult to perform experiments every time they are required. Moreover,
stresses, strains, and displacement are also an important part, and normally needed
for more advanced analyzes; this is when numerical modeling is an important tool
in order to study the response of the plasterboard, and therefore, the response of
the partitioning walls.

A linear-elastic analysis is not too complicated to perform, since the tests carried
out provide the elastic parameters needed. However, the non-linear analysis is more
complex because it is necessary to know two key aspects: (1) the constitutive law
of plasterboard, and (2) its damage law. There are some researches in which, a
proposed constitutive law has been proposed, however, there is no information re-
garding the di erent stages of damage and failure. In [6], the authors through a
Digital Image Correlation (DIC) measured the kinematics of the plasterboard under

a exural loading, in order to identify a correct constitutive law under plate theory

to be used to describe and discretize the ultimate failure by means of the damage
law.

Up to now, there has also been a study on damage law; in other words, there is the
possibility of knowing how crack activation is, at which stress level it is activated
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and, more importantly, how the cracking is propagating through the thickness of the
plasterboard. Nevertheless, in non-linear numerical modeling it is very important
to have a software model to predict this behavior as close as it is the reality. This
is when an important analogy has to be made. Today, one of the most used and
important software modeling is the so-called ABAQUS, in which there is a set of
important tools and a model to perform a Finite Element non-linear analysis. In
this context, the analogy of the plasterboard has been done compared with the
non-linear response of concrete.

In ABAQUS CAE, there is a model for predicting the non-linear response of concrete
called Concrete Damaged Plasticity (from now it will be called CDP), which is a

model according to [11] that provides the possibility of modeling concrete and other
guasi-brittle materials as is the case of plasterboard. In addition, it requires that the

elastic parameters of the material be isotropic and well known to the yield surface
evolution. The main problem of this model technique is obtaining these parameters,
knowing as it was explained that plasterboard is an orthotropic material.

In this sense, it is necessary to mention that, although partitioning walls can be
seen as a sort of load-bearing in Il walls, the main intention was not this. Hence,

the ultimate tensile strength and the ultimate compression strength are not high

in both directions, longitudinal and transverse. Therefore, according to [5] the

in uence of the level of anisotropy in this type of wall systems taking the transverse

and longitudinal parameters on the ultimate compression capacity is less than 2%.
Thus, the main assumption is that the material can be seen to be isotropic, on the
basis of the mean values of the elastic parameters on both directions.

Finally, the partitioning walls also have the presence of screw connections. The
modeling of these connections takes a large amount of computational cost, thus, in
[5] the connections between board-stud and stud-track were done with non-linear 2
node springs, reducing the amount of time in the model and getting accurate results.
These non-linear springs are normally modeling knowing their non-linear behavior,
therefore, it is necessary to know the axial response and the shear response.

The following thesis work aims to model and study the behavior of partitioning
walls in a non-linear regime. In addition, it will be shown how the constitutive law
in tension and compression is created and how it is possible to get all the elastic
parameters needed to perform the analysis with just the information provided by
the catalogs. It will study also the response of partitioning walls in a linear regime
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and provide some parametric studies and models to set up a nal non-linear model
that could work with any kind of plasterboard.

The thesis work is divided into 5 chapters. The rst chapter presents the State of
Art, in which all the theoretical background is explained in order to understand
the elastic and plastic response of partitioning walls, focusing on the response of
plasterboard. The second chapter shows the methodology used for the nite ele-
ment modeling through ABAQUS software, describing the benchmark models and
the computation of all the information required for a non-linear analysis. The third
chapter is devoted to the results of the linear and non-linear benchmarks, the deter-
mination of the material parameters and the nal wall model. The fourth chapter
discusses the results obtained in the previous chapter and assesses the accuracy of
the modeling strategy. Finally, the fth chapter is dedicated to the conclusions and
recommendations.






1 ‘ State of Art

In the following chapter, a set of important theoretical aspects are explained in
order to better understand the behavior of partitioning walls and how they can be
modeled.

1.1. Plasterboard's Constitutive Law

As a rst point of reference, it is important to understand the complex behavior of
plasterboards. This cannot be done without the support of experimental tests in
which they measure the response under compression and tensile loading. In [4] a
set of 302 tests was performed in order to evaluate the behavior of the plasterboard,
varying both the thickness and the density of the plasterboard. This set of informa-
tion is primordial for the following thesis work because parameters such as elastic
modulus, strength, and strains are necessary to predict the non-linear behavior of
the material. Additionally, [4] and [3] show two di erent regression laws, which
are in agreement with the tension and compression behavior that plasterboard ex-
perimented with in the several tests performed. In addition, a statistical analysis
was performed in order to evaluate the dispersion of the data and obtain numerical
information on the tness of the proposed laws.

All tests were carried out according to EN 789, which mainly describes test methods
for wood-based panels; however, these methods may be extended to other types
of boards, as in the case of plasterboards. Throughout these tests, regardless of
thickness and density (parameters that varied), the plasterboard exhibits a clear
behavior under both tension and compression. In [4] C. Petrone et al. conclude
with the following: in tension, plasterboards exhibit ductile behavior, where the
ultimate strain is much greater than the one register under uniaxial compression
load. However, a more brittle behavior can be seen in compression, where the
compressive strength is also much higher than the one obtained from the tensile
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tests. Additionally, some parameters such as the yielding stress and the ultimate
strain change with respect of the direction that was tested, this means that in tension
the specimens deal with an orthotropic behavior, while in compression, the behavior
is basically isotropic.

In tensile, the failure was characterized by a sub-horizontal crack through the plas-
terboard core and paper layer, while in compression there is a sudden loss of strength
after reaching the peak stress, having a sub-vertical and inclined cracks. As a con-
clusion of the tests, the observed behavior and how the crack was developed, the
compression behavior coincide with a softening constitutive law, whereas the ten-
sile behavior coincide with a hardening constitutive law. The tested response and
material parameters derived by C. Petrone et al. [4] provide an important and in-
dispensable foundation for modeling the nite element of partitioning walls. Their
work e ectively matches with the input data required for a non-linear analysis.

1.1.1. Proposed Stress-Strain Curve

Due to the inherent variability in the experimental results, a rigorous statistical
analysis was performed in [3], to be able to de ne constitutive models and quantify
the uncertainty of the elastic parameters, which is crucial for reliable numerical mod-
eling. In this important investigation, based on the observed stress-strain behavior,
two distinct regression laws were calibrated:

1. Tension: A bilinear envelope was adopted. Hence, four parameters according
to C. Petrone et al. [3] were needed to de ne the curve. These parameters
are elastic modulus, yield strength, ultimate strength, and ultimate strain.
Additionally, the yield strength was obtained by means of the equal-energy
rule. In this sense, the area under the experimental curve is the same as in
the proposed bilinear law.
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Figure 1.1: Bilinear envelope proposed by C. Petrone et al. in [3] and [4]

2. Compression: The shown compression behavior of plasterboards looks similar
to concrete's response under uniaxial compression loading. Hence, in [3] refers
to a concrete compression model proposed by Mander et al. [12] that showed
an excellent t. This model is de ned by compression strength, the strain at
peak stress, the initial elastic modulus, and ultimate strain. In gure 1.2 is
shown the proposed constitutive law adopted from Mander et al.

Figure 1.2: Adopted envelope for the compressive stress-strain law taken from C.
Petrone et al. in [3] and [4]

However, it is clear the trend that tensile and compression behavior of plasterboard
has, despite the 305 experimental evidence shown by C. Petrone et al., it is also
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important to extend the eld of research to the statistical domain in order to under-
stand the uncertainties associated with the identi ed variables. Hence, the authors
did a statistical analysis in order to nd as, rst beginning the rst probability den-

sity curve for the variables obtained from the experimental test, and second, the
dispersion values of them, such as the uncertainty can be measured. Then, a log-
normal distribution was found to be the best t for the key parameters, and some
conclusions were also exposed.

" High uncertainty in tensile sti ness was found. In other words, the dispersion
of the elastic tensile modulus shows a high dispersion ( up to 0.68)

" Nevertheless, the strength for both tension and compression showed little vari-
ability.

This high uncertainty in the tensile behavior makes numerical modeling quite com-
plicated, especially if there is no experimental test for the specimens to be modeled.
The latter will show how this type of problem can be solved.

The paper mentioned by C. Petrone et al. provides a complete de nition of the con-
stitutive law, and their work provides an important principal idea of plasterboard's
behavior. For numerical modeling, the problem goes further and further in some
steps, especially due to one of the conclusions obtained from C. Petrone et al. about
the level of anisotropy in tension of the plasterboard. Due to the lack of information
of plasterboard, and its clearly "new" introduction into the construction processes,
there is no any numerical model already introduced in any Finite Element software
available nowadays.

Despite the lack of information, Kyprianou et al. in [5] provide critical information to
solve the problem of numerical modeling in partitioning walls in which plasterboard
has been used as board material, specially focused in non-linear framework. In the
aforementioned work, both directions of plasterboard were modeled and tested, and
in this way it was possible to measure the level of anisotropy of plasterboard. It is
worth noting that Kyprianou et al. concludes the following just for a plasterboard
with thickness of 12.5 mm, however, due to the lack of information it was extended
for any thickness plasterboard. In this context, the general bearing capacity of the
partitioning wall did not di er more than 2%, therefore, the material was assumed
to be isotropic, taking a general elastic modulus from the mean value between tensile
and compressive elastic modulus.
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Kyprianou et al. took as reference the work done by C. Petrone et al. and pro-
posed a nal constitutive law that can be implemented in any numerical modeling
application. Moreover, the values in which the elastic regime ends and the values
in which the failure of the material is obtained are taken by the observed behavior
of plasterboard under the uniaxial state of stress in tension and in compression and
their tendency behavior. The proposed stress-strain curve is shown in 1.3.

Figure 1.3: Uniaxial Constitutive Law of plasterboard adopted in nite elements
models proposed by Kyprianou et al. in [5]

The gure above 1.3 gives the complete constitutive model to be implemented in
the numerical analysis. A generalized formulation for the tensile behavior has been
written by Ramberg-Osgood and explained in [13]. Equation (1.1) explains how to
compute the tensile stress-strain behavior of a plasterboard.

"=t EX)(_X)n (1.1)

Where , and " are the respective stresses and strains at a specic point on the
curve, respectively. The parameter n corresponds to the tting coe cient that
modi es the curvature of the tensile behavior. It is worth noting that this value
must be calibrated using experimental data.

In the case of compressive behavior, the formulations proposed by Mander in [12] as



12 1| State of Art

explained above were adopted. Equation (1.2) shows the equations needed to graph
the compressive constitutive law.

" r n n H —
S rTeg e 0TS ewinrE ey

4

(1.2)

Where, f. and ", are the corresponding maximum compressive strength and the
strain at the peak of the compression resistance. Although..) is the ultimate
compressive strain of the material prior to failure.

These several works aforementioned in section 1.1 provide the essential foundation
and methodology for this thesis in the eld of plasterboard’'s mechanics. The consti-
tutive law' tendency proposed by Petrone et al. and their implementation protocol
from Kyprianou et al. will be directly adopted and used in such a way that a model
for constitutive law can be exploited to any type of plasterboard, and especially that
must be applied in numerical non-linear nite element models developed herein.

1.2. Plasterboard's damage law

In addition to the well-known response of plasterboard under uniaxial stress con-
ditions, another important aspect that must be thoroughly studied and analyzed
is the damage mechanism of plasterboards, which will be further discussed in the
methodology in the modeling phase of the thesis. In this context, Bouterf et al. in [6]
provides crucial information regarding how damage develops within plasterboards.
Throughout their work, several four-point bending tests were performed, and each
of these set of tests was monitored through the so-called Digital Image Correlation
(DIC), which measures the kinematics of the plasterboards. The investigation shows
a clear sequence of damage that is described as follows:

1. Elastic Regime: Initially, regardless of the variability of the specimens, their
behavior shows a clear similar tendency, with no visible cracks. In this context,
the displacement eld according to [6] is the one corresponding to the standard
plate theory.

2. Crack Activation: The rst crack appears on the tensile face of the specimen.
First, this is expected because the compression strength of the plasterboard
shows a strength several times larger than the one obtained in tension. The
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activation of the cracks also marks the end of the elastic regime of the material.

3. Crack propagation: After the appearance of the rst crack, the specimen does
not suddenly fail. In fact, multiple transverse cracks develop within the core
of the plasterboard. Here, the "ductile" behavior in tension is shown and
its principal reason is the paper layer. The paper transfers the tensile load
and provides the ductility and enhanced strength to the composite system
(normally gypsum + paper layer).

4. Failure: Finally, the failure of the plasterboard is given by the tensile response.
Speci cally, according to [6] is due to the paper layer, which is not able to
withstand the tensile stresses, leading to the crack opening and propagating
throughout the plasterboard thickness.

All the described phases of damage propagation through the material are shown in
the following gure 1.4

Figure 1.4: Load-Displacement curves obtained from four-point bending test on
plasterboards taken by Bouterf et al. in [6]

So far, the investigation has described that the actual damage mechanics of plaster-
board is discrete; nevertheless, describing the problem as individual cracks makes
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the problem a statistical one, which is di cult to predict due to the lack of infor-
mation that the plasterboard has. Hence, Bouterf et al. proposed a homogenized
continuum description for practical applications, as is the case for modeling appli-
cation. This approach consists in smear the e ect of discrete cracks, and represent
the damage as a variable called damage variable d(x) that represents the overall
sti ness degradation. This approach provides a deterministic constitutive law that
Is easier to enact and more suitable for large-scale problems.

1.2.1. Proposed Damage Constitutive Law

The main aspect to be considered in the homogenized model proposed in [6] is
the relationship between the damage variable d(x) and the material's deformation
history. The proposed governing equation described by Bouterf et al. is described
below in equation 1.3.

(x) = ol d(x) (1.3)

Where (x) is the bending sti ness that considers the degradation in a certain

cross-section, g is the initial bending sti ness in the undamaged phase, and d(x) is
the damage variable that is constantly increasing, starting from 0 (degradation of
sti ness) until reaching 1 (full damage of the material).

The variable d(x) is the most important computation in this damage law. This
variable is not arbitrary, but is a function of the maximum curvature (x) experi-
enced by the cross-section [6]. The damage variable can be computed as follows in
equation 1.4.

d()=max 1 jJf;O (1.4)

Where is the degradation parameter identi ed from the experiments and jj is
the absolute value of the curvature.

The work of Bouterf et al. in [6] provides a validated, phenomenologically-based
damage law for plasterboard. It provides an important conclusion regarding the
homogenization of damage degradation. As was shown, the homogenized continuum
damage mechanics approach, where sti ness is degraded by a deterministic variable
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d(), is a powerful and appropriate method for modeling the non-linear response of
plasterboard in structural systems as in the case of partitioning walls. The identi ed

law (equation 1.3 and equation 1.4) captures the most important aspects that must
be considered regarding crack activation and its propagation through the material.
This damage constitutive law aligns perfectly with the capabilities of the Concrete
Damaged Plasticity (CDP) model in ABAQUS, which is designed to handle the

plasticity for quasi-brittle material by means of the sti ness degradation.

1.3. Concrete Damaged Plasticity

In sections 1.1 and 1.2 the elastic, plastic, and damage behavior of plasterboard
was discussed, having general conclusions to be considered in the modeling phase.
The elastic phase is similar to most materials in a range that depends only on the
elastic modulus E and the Poisson's coe cient . The plastic phase, even though
it was shown its orthotropic behavior, its level of anisotropy is too small, which
does not a ect the overall performance of the partitioning walls; hence, the plaster-
board's behavior can be assumed to be isotropic. Finally, the damage law shows the
formation of multi-cracks among the cover of the plasterboard; additionally it was
explained that the cracks deteriorate the sti ness of the material, and the best way
to represent this sti ness' deterioration is with the proposition of a homogenized
continuum damage law of the material.

In the following section, there will be a discussion of the so-called Concrete Damaged
Plasticity, that is, a plastic-damaged constitutive model already introduced in Finite
Element libraries, as is the case of ABAQUS. Additionally, within the mechanics
of material damage, many authors have adopted a constitutive behavior based on
Concrete Damaged Plasticity in the presence of brittle materials, especially because
it is a homogenized continuum approach based on both elastic and post-elastic
response [14], and this is what is needed for the damage law in plasterboards.

The main behavior's principle of the model is the evolution of the yield surface,
which is basically dependent on two variables, the so-called hardening variables in
both tensile '{3' and compressive responsé Awhich represent the equivalent plastic
strains, respectively [11]. In other words, both tensile and compressive equivalent
plastic strains represent failure mechanisms under tension and compression loadings.
The model in tension considers a tensile crack failure, while in compression the failure
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is due to crushing of the material [11]. As a summary of what CDP is, Y. Temsah
et al. in [15] de nes it as a non-linear response of brittle materials by means of some
input parameters such as: inelastic strain, cracking strain, sti ness degradation and
recovery, in such a way that both the plastic and damage law can be perfectly
simulated. Both equivalent plastic strains according to CDP theory explained in
the ABAQUS documentation can be written as follows:

. d
upl — win c ¢
Cc Cc (1 d C) EO (15)
- d
upl — nin t _t
t t (l d t) EO (16)

Initially, Lubliner et al. in [16] proposed a model based on a yield criterion that con-
siders sti ness degradation due to the activation of cracks in the material. This rst
model was based only on the uniaxial state of stresses, which considers a parameter
d that accounts for the degradation of the elastic modulus; in fact, it is a degrada-
tion of the sti ness of the material itself. The equation 1.7 is the one proposed by
Lubliner at al. and is based on the CDP constitutive model in ABAQUS.

E=( dE , (1.7)

Where d is the damage variable and g&is the undamaged elastic modulus. So
far, a rst conclusion can be reached considering the CDP and the damage law for
plasterboard exposed in [6]. Equation 1.7 is analogous to equation 1.3; in reality,
both consider a reduction of the stiness by means of a damage variable d, thus
up to now the CDP is the best option for modeling purposes. However, when
the plasterboard for multiaxial stress states, which is normally the case when the
presence of cyclic loading, this theory must be extended. Due to the thesis purposes,
which is just numerical non-linear modeling under service loading conditions, the
multiaxial state of stress and the CDP extended theory will not be discussed.

In gure 1.5 is shown the stress-strain curves that the CDP considers within its
theory by means of the uniaxial state of stresses. At it is mentioned in [11], this
theory can also be extended to any quasi-brittle isotropic material. In addition, it
is also demonstrated in gure 1.5 how the equivalent plastic strains in both tension
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and compression are computed by means of the elastic modulus degradation.

Figure 1.5: Stress-strain curves considered in CDP model. a) compressive response,
and b) tensile response. This gure is taken by Raki¢ et al. in [7].

1.4. Partitioning Walls

The main objective of the thesis work is to implement a way to perform a numerical
modeling in a non-linear regime of plasterboards under service conditions according
to the European normative. The type of walls that this thesis will focus on is
the one composed of both sides gypsum plasterboards, attached both to a CFS
stud with screw connections, together connected again with screws to two tracks of
steel sections that are placed at the bottom and top part of the wall. This complex
analysis of this kind of wall does not lie in the lack of information on the plasterboard,
but on the modeling complexity because of the inelastic behavior of both material
and connections. Hence, it is important to understand how each component of the
wall behaves under several conditions, and then analyze all of them as an overall.

According to C. Kyprianou in [17], nowadays the contribution of the sheathing to
the resistance and stiness of the columns is ignored, however, the authors also
mentioned that some researches have shown that the sheathing can improve the
strength and sti ness of the existing connection when it is well braced between the
mentioned parts. So far, the behavior of plasterboard has been discussed; therefore,
in the following section, its single behavior will not be considered. This section 1.4
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will focus on the behavior of cold-formed steels and how the screw connection works
and how it can be represented in a Finite Element software.

1.4.1. Cold-Formed Steel

The cold formed pro le is a well known material; several tests have been performed
to it during the past years, and its stress-strain response is studied in several courses
through engineering careers. Due to its well known theory, it is clear that its response
Is more rounded than that of hot-rolled steel due to the cold-working process, making
it more di cult to identify the end of the several phases that the material experiences
until its failure [9]. In other words, the thinner the sheet, the more round the
response is, and therefore, the evidence of a yield plateau is more complicated to
see [3]. Due to its rounded behavior, a more advanced material model is needed.
C. Kyprianou in [13] and [17] suggested a two-stage Ramberg-Osgood model for
accurate simulation.

The Ramberg-Osgood model proposed by the author for CFS is di erent from equa-
tion 1.1 for plasterboard's tensile behavior because equation 1.1 was a generalized
form of a single stage model. For CFS, the situation is di erent because it is also
important to consider the level of roundness that the analyzed CFS has.

8
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fy; for", <" "

2
non 2
fy + (f u f V)E 8 (" n h()z fh\"’) non I 51 1=5 ; for sh <
s
(u" sh) @04+ T —— A @1+400
( u Sh)2 u sh

(1.8)

Where, is the strength, " is the strain, E is the elastic modulus, {; is the yielding

sh
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strength, ", is the corresponding strain at the yielding level, g, is the strain at the
end of the yielding plateau, f, is the ultimate strength and ", is its correspond-
ing strain [5]. This equation for CFS constitutive law was validated by examining
some specimens during a testing phase and also during a Finite Element modeling
validation [6] [13] [17].

However, if it is demonstrated that the CFS that will be analyzed has a more rounded
stress-strain curve prior to yielding, instead of using equation 1.8, the Ramberg-
Osgood model is modi ed in order to consider a parameter n that takes into account
the level of rounded-ness of the curve as shown in equation 1.9.

"= —+0:002 — ; for f 1.9
E fy Y (1.9)
For modeling purposes, ABAQUS requests as input data the so-called true stresses
rue and true plastic strains '{’r'ue, hence, from the constitutive law models shown
in 1.8 and 1.9, such that the following equations 1.10 and 1.11 are used in order to
perform the stress and strain conversion [5] [11].

rwe = (1+) (1.10)

e =N+ EF (1.11)

1.4.2. Screw connection

In order to understand the behavior of the screw connection, as was done for plas-
terboard, a set of experimental tests is needed. The aim of the screw connection
Is to maintain attached the connected elements regardless the type of loading that
is applied. Hence, it is worth studying the screw under tension and shear loading
conditions, and more important to understand the connection under pull-through
and pull-shear tests, of course each behavior will depend on the diameter of the
screw.

C. Kyprianou in [13] and [17] performed several tests on screws of diameter 3.5mm,
4.5mm and 5.5 mm. Each screw was analyzed separately to know their ultimate
resistance under tensile and shear conditions, and then each was analyzed as a
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connection system with di erent types of boards (plasterboards and OBS), to get a
load-slip curve for each type of test.

In the pull-through behavior, some conclusions can be drawn.

A

A

A

Failure Mechanics: it was seen during the experimental tests done and shown
in [13] and [17] that the mode of failure involves the screw bearing in the board
surface and the threads interacting with the board material, which often results
in a conical failure surface.

In uencing Factors: During the tests it was noticed that the shape of the screw
head is paramount. In this sense, for example, at heads as in the case of 3.5
mm screws delay cutting the paper layer of the board, basically, its response
Is more ductile [17]. It will be shown later on that the 3.5 mm diameter screw
is of the thesis' interest because it is the one normally used to sheathe the
plasterboards with the stud.

Predictive Model: Going from experimental to theoretical formulation is what
normally engineers are looking for. In [13] it is explained a modi cation for
the Ramberg-Osgood model, that has been shown an accurately description
of the ascending load-embedment curve, obtained from the pull-through test.
This conclusion is one of the most important ones in a modeling point of view,
because regardless of the non-linear behavior that screw shows under some
loading conditions, it is possible to describe it using a capacity curve, and
hence it can be introduced into a numerical modeling by means of non-linear
springs.

Regarding the pull-out behavior (shear), the following conclusions were obtained.

A

A

A

Failure Mechanics: The dominant failure modes of screws in pull-out tests are
the tilting and the bearing into the board. It was also demonstrated that with

it sti er con guration, the failure of the screws shifts to screw bending or, in
some peculiar cases, to screw shear failure [13] [17].

In uencing factors: The shear capacity and the sti ness depend mainly on the
screw's diameter. The larger the diameter, the larger the shear capacity and
the sti ness of the screw [13] [17].

Predicting model: As it was shown in the pull-through behavior, also the
pull-out can be predicted by means of a two stage Ramberg-Osgood model,
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however, in this case the response incorporates two roundness parametgrs n
and ny [13], then an accurate non-linear load-slip is obtained from initial load-
ing to the ultimate capacity.

1.4.3. Global System Performance

At the beginning of section 1.4 it was mentioned the dependency of the overall
performance on the material, the connections employed, and the structural con g-
uration used on the partitioning walls. Some studies have been performed in order
to study the global performance considering the strengths and weaknesses of the
materials used by the partitioning walls. In the following list, it will be discussed
the how each part of this type of wall a ects the global response of the system.

" Composite Action: Regardless of the low bearing capacity that plasterboard
has, it provides an important lateral constraint to the overall structure; fur-
thermore, this type of connection creates an e ective bracing system such that
the resistance of the stud against buckling is increased due to the increment
of the strength and the sti ness of the system [9].

PN

Buckling Control: Depending on the number of boards used in the partitioning
walls, the e ective resistance against local and distortional buckling of the stud
Is increased. In [9], this e ect was mentioned as being the most e ective when
there are two boards attached to both sides of the frame.

A

Structural Con guration: The partitioning walls can be done using several
structural con gurations. The most important are back-to-back CFS studs,
one side sheathing, and both side sheathing. In [9] a linear elastic analysis
has been performed, where it was obtained that using back-to-back provides a
signi cant exural sti ness and a comparable reduction in mid-span de ection
compared to a single stud. Additionally, the most optimal performance system
is the one coming from a combination between back-to-back stud with both
side sheathing. This structural combination maximizes the most sti ness and
reduces the most buckling e ects on the CFS. This combination can also lead
to an increase of the shear connection up to 180% according to [13] and [17]
and the highest overall panel sti ness.

Finally, sheathing in partitioning walls is one of the most important aspects that
should be considered in order to get an e cient and accurate design. Therefore,
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for a numerical modeling application, an overall approach is needed to consider all
the speci ¢ behavior of the materials and the connections used to attach them. An
advanced material model should be implemented for both CFS and plasterboard; a
valid model is also important to correctly reproduce the response of screw connec-
tions under tensile and shear loading conditions.

The availability of detailed material properties and predictive models allows for the
use of advanced numerical simulations, such as Finite Element analysis, and also
for the development of more e cient, reliable, and optimized design methods for
cold-formed steel structures, unlocking their full potential in modern construction.
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2.1. General Approach

The goal of the present thesis is to perform a non-linear numerical analysis of parti-
tioning walls made of cold-formed steel columns and plasterboard sheathing under
service conditions, following the respective normative, in this case the Eurocode.

Since normally the validation is made with experimental tests, and in this specic
case no experimental tests have been carried out, the research methodology was to
ensure reliable numerical results through a stepwise validation and calibration pro-
cess before the nal numerical model application. Hence, the methodology adopted
in the following thesis work is based on four main stages:

1. Validation of the modeling approach: Some benchmarks models have been
performed from speci c literature in order to verify that the adopted numerical
model in ABAQUS could accurately replicate both the linear and non-linear
response of the partitioning walls systems.

2. Estimation and calibration of mechanical parameters: As was mentioned at the
beginning of the section, no experimental tests have been performed, therefore,
there is no real estimation of the elastic parameters of the employed materials.
Normally, catalogs do not provide a complete set of elastic parameters of the
material. Hence, the missing parameters were obtained using a statistical
correlation approach and comparison with historical plasterboard data with
both same density and thickness.

3. Denition of a constitutive law: A suitable constitutive law was de ned in
order to describe the stress-strain curve of the plasterboard. The only infor-
mation available in the catalogs is just the breaking load, this, a replication
of the 3-point bending test described in EN 520 have been done in order to
calibrate the constitutive law and match with the manufacture's data.
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4. Final numerical analysis under Eurocode service conditions: Once all the pa-
rameters have been set up and a suitable numerical model have been obtained
through linear and non-linear benchmarks models, a nal model have been im-
plemented in ABAQUS to perform a non-linear analysis of partitioning walls
subjected to service load according to EN 1990 and EN 1991.

The overall work ow of the thesis methodology is illustrated in gure 2.1, showing
the logical process from the benchmark validation, passing through the elastic's
parameters calibration and ending with a nal model application. This systematic
procedure ensured that the nal results of the numerical model application were

physically meaningful and compared to realistic suitable performance levels of the
partition walls.

Figure 2.1: Methodology of non-linear analysis of partitioning walls.
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2.2. Benchmark models

In order to have a reliable modeling approach, two benchmark problems from the
literature were reproduced through ABAQUS: within a linear elastic range and an-

other incorporating the plastic behavior of the material, in other words, a non-linear

analysis.

These benchmark analysis provided a strong foundation for verifying numerical
setup, element formulation, boundary conditions, and general modeling assump-
tions prior to application to actual plasterboard con gurations.

2.2.1. Linear benchmark model

The rst performed benchmark corresponds to a linear-elastic analysis of a par-
titioning wall tested under exural loading, as was reported according to Hassan

et al. in [9]. This model was selected in order to validate the elastic behavior of
the wall system and to ensure an ABAQUS model that could reproduce accurately
small-deformation responses. The most important advantage in this benchmark is
the fact that apart from the numerical linear-elastic model, the authors have also

performed experimental tests considering some structural con gurations. These ex-
perimental tests calibrate the principal model done in the literature and, therefore,

will calibrate as well as the benchmark model to be done.

The geometry and boundary conditions of the system were de ned according to the
speci cations shown in [9]. Regardless of the level of slenderness, the plasterboard
was modeled with C3D8R solid elements, while the CFS stud was modeled with
shell elements. Additionally, the contact behavior was de ned using the so-called
ABAQUS tool surface-to-surface interaction, where the contact properties are shown
in table 2.1. As it was mentioned, the attachment between the plasterboard with
respect to the stud is made by means of screw connections. However, this benchmark
studies the linear elasticity of the system, hence, there is no need of a big detainment
of the connection, therefore, it was done using Tie constraints.

The material properties were assumed to be isotropic; hence, only modulus of elas-
ticity and Poisson's ratio were taken. Finally, the numerical analysis was performed
under static loading conditions using ABAQUS static general analysis, applying a
gradually increment load up to the service condition de ned in the literature.
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The computed load-displacement curve, stress distribution, and deformation pattern

were compared with respect to the nite element model and with respect to the

experimental results reported in the reference. The di erence between the results
must be within reasonable limits in order to consider that the elastic behavior was

successfully reproduced the real linear-elastic behavior of the partitioning wall.

In the following tables, there is a summary of all the parameters and considerations
to be taken into account.

Property Type Value

Tangential behavior | Friction coe cient 0.2

Normal behavior Hard contact

Table 2.1: Contact properties.

Elastic Property CFS Steel Plasterboard
Elastic Modulus E [MPa] 200,000 900
Poisson's ratio 0.30 0.20

Table 2.2: Elastic properties of CFS steel and plasterboard.

2.2.2. Non-linear hbenchmark model

A second benchmark was also performed, based on the modeling work done by C.
Kyprianou et al. in [5]. This benchmark was done in order to assess a reliability
modeling approach that is able to capture nonlinear e ects, including both material
and geometric nonlinearities. This step is one of the most important in this thesis
work because, with it, there is the possibility that a numerical non-linear model
could predict the onset of plasticity and post-yielding deformation according to the
observed experimental tests.

In this benchmark, a set of structural con guration was done in order to reproduce
the behavior of the partitioning wall under speci c loading cases. It is worth noting

that the complete constitutive law of the materials have been added, such that
the non-linear behavior is captured. The parameters of these constitutive laws
were initially taken from the literature [5] and, in some cases, adjusted in order
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to reproduce the experimental load-displacement response. The main partitioning
wall model consisted of plasterboard, cold-formed steel stud and, cold-formed steel
track. These 3 main elements were arranged in speci c con gurations; however,
to simplify the complex model has been done (CFS + tracks + top and bottom
sheathing) and with the case of combined actions. The mechanical properties are
shown in tables 2.3 and 2.4.

In this performed benchmark, as there is the presence of combined loading actions,
some steps have been created in order to reproduce correctly both geometrical non-
linearities and material nonlinearities. Hence, two steps were created: the rst step
was performed under load-control just under compression force, followed by a second
step where a horizontal load has been applied by means of displacement control in
order to bend the wall, the both steps were done with the general static solver and to
achieve convergence, an arti cial stabilization has been activated [5]. Additionally,
for the geometrical nonlinearities, a buckling analysis was done in order to see the
buckling modes, then these buckling modes were added into the model by means of
their nodal displacement times multiplier.

The response of the non-structural wall was found to be in good agreement with the
published results. Moreover, the load-de ection curve, the damage evolution, and
the failure modes have been compared, demonstrating that the non-linear analysis
followed in this second benchmark is capable to reproduce the real behavior in plastic
regime.

This section is of great importance in the present investigation, because it provides
modeling con dence such that the numerical approach could be applied to the anal-
ysis of partitioning walls where the mechanical parameters must be estimated and
the constitutive law must be developed. In subsequent stages, these estimations will
be discussed.

Member t[mm] E[GPa] f [MPa] " [%] fy[MPa] " [%]

Stud 1.44 204 482 2.38 514 7.90
Track 1.18 201 495 1.34 613 13.9

Table 2.3: Cold-formed steel elastic parameters.
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Tension Compression
E (MPa) f o (MPa) ", (%) n fo(MPa) ", (%)
2010 0.2 1.20 0.665 7.25 3.24 0.245

Table 2.4: Plasterboard mechanical properties.

The nonlinearities considered in the benchmark are both geometrical and material's
response. Hence, it is hecessary to mention how these nonlinearities were introduced
into the numerical model. Previously was discussed how the geometrical nonlinear-
ities were introduced, however, so far it has not been discussed how the plasticity
of the material will be added. In terms of post-elastic response, for both tracks and
studs. The equations 1.8, 1.9, and 1.10 were used in order with the mechanical
properties shown in table 2.3 to get a complete set of the stress-strain curve of both
studs and tracks, and were introduced adding the plasticity into the material proper-
ties. On the other hand, the plasticity and the damage law of the plasterboards were
introduced using the ABAQUS tool called Concrete Damaged Plasticity. Moreover,
in CPD some plastic parameters must be introduced. According to the literature
of reference [5], these parameters were setup as default, apart from the dilatation
angle which was taken as 11. According to the authors, this dilatation angle was
taken due to its good achievement of numerical convergence with respect to ex-
perimental information. Additionally, the post-elastic response of plasterboard was
introduced using the so-called Concrete Compression Hardening, while in tension it
was described using the so-called Concrete Tension Sti ening function [5].

Finally, the existing screw connections between the sheathed board with respect
to the stud, and between the studs and tracks were introduced using the so-called
SPRINGZ2, which is an ABAQUS tool that connects 2 nodes in either linear or non-
linear regime. In the following benchmark, the springs were modeled as non-linear
translational springs due to the fact that their response under pull-through and
under pull-out was already known, therefore, a complete set of F is introduced
into the model. Hence, for the connection between board and studs, one non-linear
pull-through strings was used with a direction action normal to the plasterboard's
board, and for the other two lines of action, a shear behavior. It is worth noting
that the pull-through spring will work just in tension. While, in the steel-to-steel
connection two translational springs acting along the longitudinal and transverse
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interfaces were model, nevertheless, one SPRING2 is a linear one, which its sti ness
was de ned as EA=L where E is the elastic modulus, A is the transversal area
of the screw and L is the length of connection, in other words, the thickness of
both stud and track steel. And the non-linear spring was described by means of a
bearing deformation curve that its explained in [18]. The direction of action of the
SPRINGS2 are shown in the following gures.

Figure 2.2: Screw connection simulated as non-linear springs between the sheathing
and the stud taken by C. Kyprianou et al. in [5]

Figure 2.3: Screw connection simulated as a non-linear spring and a linear spring
between the stud and the tracks taken by C. Kyprianou et al. in [5]
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2.3. Determination of mechanical properties for
the selected plasterboard

Once a numerical non-linear model has been created and validated with the bench-
mark done in subsection 2.2.2, the next step in the following work is to extend the
methodology employ for the Finite Element Model for any type of partitioning wall
composed by plasterboard and cold-formed steel. It has been shown that in order
to reproduce correctly its overall behavior is important to have an important knowl-
edge of the material used in the wall. Therefore, the main problem to be solved in
the following section is how to get all the mechanical properties of the plasterboard
in order to reproduce as far as possible to the reality without any experimental
test. It is worth noting that the following procedure will not be reproduced for the
cold-formed steel parts of the wall because this material is well known and in the
catalogs all these parameters are available, but this is not in the case of plasterboard
which those parameters needed to create the stress-strain curve are not present in
any documentation.

Hence, in the following section a strategic methodology has been implemented in
order to estimate the missing parameters of plasterboard. Speci cally, using a his-
torical database of experimental tests, a statistical analysis was performed to obtain

the correlation between the variables. Finally, a 3-point bending test was replicated

in ABAQUS. This procedure has been done in order to see if the constitutive law

proposed could capture the plastic behavior of plasterboard, and specially to analyze
if the model can get the same information as the one given in the catalogs as is the
case of the so-called breaking load.

Given the orthotropic behavior of plasterboards and their brittle behavior, and the
objective of this thesis work is to simulate the partitioning wall in a non-linear
regime, it was necessary to de ne a complete set of constitutive parameters to be
introduced in the Concrete Damaged Plasticity model in ABAQUS. For this reason,
a multi-step indirect methodology was developed in order to get both the elastic and
inelastic properties of the plasterboards, combining statistical analysis and numerical
calibration.
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2.3.1. Statistical estimation of missing parameters

In order to perform the statistical analysis, a preliminary step was done and it
consisted in the compilation of experimental results coming from various studies
that have investigated the behavior of plasterboard under uniaxial tension and com-
pression. These studies were performed in plasterboard with di erent thicknesses
and di erent densities. For each con guration, the mean tensile and compressive
strengths, as well as the corresponding elastic modulus were obtained. These set
of parameters were also estimated knowing the orthotropic behavior of the plas-
terboards, in order words, they were obtained in both longitudinal and transversal
direction [3] [4].The analyzed thicknesses are 12.5mm, 15mm and 18mm, moreover,
the densities taken were 72(2‘1% de ned according to the authors de ned as stan-
dard density board (SB) and 862% de ned as high density board (HDB). All the
parameters are shown in table 2.5.

Mean Parameter 12sD 18SD 12HDB 15HDB 18HDB
f! [MPa] 1.86 1.55 2.12 2.04 1.44
f! [MPa] 0.80 0.68 1.04 0.78 1.15
fl [MPa] 3.27 5.47 5.86 7.38 8.13
fl [MPa] 3.02 4.93 5.10 5.74 7.02
E! [MPa] 1687 4508 3736 5801 4143
E! [MPa] 1362 3300 2634 4052 4228
El [MPa] 2303 3608 3464 3779 4539
E! [MPa] 1779 3459 3150 3609 3723

Table 2.5: Mechanical properties of di erent type of plasterboards taken from C.
Petrone et al. in [3]

Once all the data base are presented in table 2.5, a Pearson Correlation coe cient
was computed between the elastic modulus with respect to the strengths in both
tension and compression behavior, and in both material directions. This analy-
sis was performed in order to verify whether a linear dependence existed between
the mentioned parameters, which would allow an estimation of one of these pair
of parameters. After performing the analysis between these random variables, in
compression the correlation showed a strong relationship of 0.95 in the longitudinal
direction and a relationship of 0.91 in the transversal direction, these correlation
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coe cients suggested that these two variables are statistically dependent. On the
other hand, the correlation in the tensile response was weak, having a value 0.17 in
the longitudinal direction and a value of 0.25 in the transversal direction, which indi-
cates that the tensile mechanical properties are more dispersed and less predictable
from the available dataset. Hence, for the elastic parameters in the tensile response
a more conservative methodology was adopted. This means that depending on the
density of the plasterboard, the tensile parameters were taken as the obtained from
experimental results in the most closest density available.

For compression, the experimental database revealed a strong linear relationship be-
tween the elastic modulus in compression,Eand the compressive strengthd Since
both parameters are not always available in catalog's documentation, a simple linear
regression analysis was carried out in order to obtain a deterministic relationship
between them. This allows estimating the elastic modulus in compression directly
from the compressive strength when only the latter is known.

The regression was performed using the available experimental results, which pro-
vided a consistent monotonic trend between Eand f.. Based on the least-squares
tting, the relationship between the two variables can be expresses as:

E.=af . +b (2.1)

Here a and b are the regression coe cients obtained from the experimental dataset.
This linear regression provides deterministic relationship between the variables, thus,
one variable can be estimated knowing the other variable and vise-versa.

2.3.2. De nition of the constitutive law

Once, the previous analysis has been performed and the mechanical properties of the
plasterboard have been obtained, the next step was to calibrated correctly the stress-
strain curve according to the available information. Normally, in the manufacturer's
catalog the only available information about plasterboard is:

1. Plasterboard's density
2. Plasterboard's breaking load

Additionally to this information, the normative employ is also shown in the catalog.
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This information is very valuable because it will be the type of bending test used
in order to get the breaking load and also the dimensions of the specimen. For
the following thesis, and also because of what was mentioned in the catalog, the
normative used was EN 520: Gypsum plasterboards - De nitions, requirements and
test methods [8]. Hence, with this information is possible to get the so-called exural
strength.

In section 5.7 of EN 520 [8] there are the speci cations regarding the determination
of the exural strength ( exural breaking load). Therefore, the specimens had di-
mensions of 400x300 mm, and were subjected to a monotonically increasing load,
the normative also mentioned that two specimens for each plasterboard were taken
such that the breaking load can be computed for each direction of the plasterboard.
In the following gure 2.4 it can be seen how the specimens were taken according
to EN 520.

Figure 2.4: Sampling of specimens for determination of exural breaking load ac-
cording to EN 520 [8]

While in the testing phase, the normative mentioned that will be tested under one
concentrated force, therefore, the test is the one denominated as 3-point bending
tests, where the supports have a radius between 3mm and 15mm and each center is
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separated from each other of 350mm [8].

Finally, knowing the geometry of the specimen and the span of the exural test, it
Is possible to compute the exural strength as follows.

M max

fn = I

y (2.2)

Where M. is the maximum bending moment, due to the boundary conditions
of the test (simply supported), then the maximum bending moment is located at
the mid-span, | is the inertia referred to the direction that is tested. and y is the
distance to the extreme ber from the centroid.

So far, it was explained how to compute the exural strength, but the main issue
here is passing from the exural strength to the compressive and tensile strength,
because those parameters are the important for the thesis purposes. Hence, some
assumptions might be considered. As it was mentioned before, the response of
plasterboard in tension even though it is more ductile, the resistance is too much
lower to the one that it has in a compression regime, therefore, as a initial hypothesis
the tensile strength was assumed equal tq,f nevertheless, this initial hypothesis

led to an overestimation of the breaking load. In fact, it is well known when a
specimen is subject to exural loading, part of its bers will be in compression and
the rest will be in tension, therefore, this assumption was quite conservative.

Hence, the model was re ned one more time by adopting empirical ratios for com-
puting both the tensile and compressive strength. In order to go from the exural
strength to the tensile strength, an analogy with concrete was also done. In Eurocode
2, the tensile strength is expressed as a exural strength times a multiplication fac-
tor [19]. Therefore, a proportionality factor between f and f, was introduced as
follows.

ft = kf fl (23)

By the other hand, for compression is more complicated to do this type of analogy
because the resistance under compression is much bigger than the tensile and de-
pends mainly on the plasterboard's density. Thus, empirical ratios were adopted
from the literature that mainly indicated that the compressive strength is around 3-
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times than the one obtained in tension. Given equation 2.3, several iterations were
done until reaching a good accuracy with respect to the breaking load speci ed in
the catalogs.

Finally, the resulting parameters , f., E; and E. were introduced in the Concrete
Damaged Plasticity (CDP) model in ABAQUS, in order to replicate the 3-point
bending test explained in [8], such that the breaking load in the model could be as
close as possible to the load given in the catalog. It is worth noting that the cor-
responding strains were taken from the numerical constitutive law model explained
in subsection 1.1.1 and shown in gure 1.3, and that the CDP required an isotropic
material, therefore, due to the low level of anisotropy, the mean values were taken
from the longitudinal and transversal direction. Hence, a three-point bending test
under displacement-control was numerically simulated until failure occurred. The
calibration criterion used was that the total reaction forces in the failure matched
with the breaking load provided by the manufacturer.

This iterative calibration provided an inverse derivation of the mechanical param-
eters representing the non-linear behavior of plasterboard and yielded results con-
sistent with the available experimental exural responses. Therefore, the proposed
methodology e ectively combines statistical analysis and numerical non-linear cali-
bration to compensate for the absence of a complete set of mechanical parameters
derived from experimental tests.

2.4. Final model and numerical analysis

In the following section, a nal numerical model is presented and developed in
order to simulate the structural behavior of partitioning walls of large high under
service conditions. In sections 2.2 and 2.3 it was discussed a numerical procedure for
partitioning walls in non-linear regime and also it was explained a methodology to
obtain the missing parameters of plasterboard by means of statistical analysis and
historical data base. Hence, it will be explain the procedure of a nal model. The
nal model was intended to reproduce with a high level of accuracy, the mechanical
response of cold-formed steel studs walls sheathed with plasterboard sheets under the
application of in-plane and out-plane loads. This section will show the de nition of
the geometry, boundary conditions, loading conditions, and evaluation criteria, with
the main goal of assessing the non-linear response and the serviceability behavior of
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the partitioning walls.

2.4.1. Geometry and boundary conditions

The nal model represents a typical partitioning wall made by a cold-formed steel
column (stud), top and bottom tracks, and two board layers of plasterboard panels
attached on both sides of the wall. The height of the partitioning wall will be
considered as 6 meters, to study the case of tall partitioning wall. The span of the
plasterboard is normally shown within the catalogs and also their width. It is worth
noting that the nal model is just a section of a complete partitioning wall in order
to reduce the computational cost.

The studs are modeled as cold-formed steel C-shaped pro les, that are the one nor-
mally used in light-gauge framing systems. Their geometry and material properties
were taken from commercial catalogs and are shown in gures 2.5 and 2.6.

Figure 2.5: CFS stud geometry, taken from COGI.
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Figure 2.6: CFS track geometry, taken from BESTAR.

The dimensions used for the C-shaped steel pro les are provided in the gures above,
having both sections a thickness of 0.6 mm. It is worth noting that the tracks share
the same material properties with respect to studs, but they do change in geometry,
as they serve primarily as boundary connectors for the studs, and physically, the
boards are above and below of the top and bottom ange of the track respectively,
thus, the web of the track must be higher than the one from the studs.

As it was mentioned, the plasterboards are attached on both sides of the steel frame.
Each panel has a nominal thickness of 12.5 mm, while the density and the elastic
modulus are taken according to the parameters obtained from the methodology
explained in 2.3 and the information provided by the manufacturer. The following
table 2.6 shows the dimensions of the used plasterboard, its density and the breaking
load corresponding to both longitudinal and transversal direction of the plasterboard
taken from one plasterboard's catalog.

Technical Characteristic Value Units  Normative
Height 3000 mm

Width 1200 mm

Thickness 12.5 mm EN 520 -5.4
Density 810 kg/m3

Longitudinal breaking load 550 N EN 520 - 4.1.2
Transversal breaking load 210 N EN 520 - 4.1.2

Table 2.6: Technical characteristics of the plasterboard panel taken from Saint-
Gobain

The distance between the columns studs and also the screw connection between the
plasterboard and the steel framing it is something to be aware of. According to [20]
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which is a manual from the manufacturer Saint-Gobain, the following consideration
of connections should be considered in the nal model.

" The distance between the columns stud must be 600mm for a partitioning wall
with one board attached to the top and bottom ange of the CFS.

" The diameter of the screw for connecting the steel framing with the board
must be 3.5mm. The distance between screws according to [20] recommends
to be 250 mm.

In addition to the recommended spacing of 250 mm, an alternative con guration
with 600 mm screw spacing was also considered in order to study the in uence of
screw distribution on wall sti ness and deformation.

Once the geometry of the nal model has been de ned, the next step is de ning the
boundary conditions to be applied on the model in order to reproduce, as closely as
possible, the real boundary conditions of the partitioning walls. Initially, di erent
boundary conditions were envisaged so that the in uence of wall xity on the overall
behavior could be evaluated. However, due to time and computational cost limita-
tions, the numerical study was nally carried out only for an idealized xed- xed
condition, which is considered representative of the actual restraints. The adopted
con guration is described below:

1. Fixed- xed wall: Both the top and bottom edges of the partitioning wall are
fully clamped, representing a conditions where the xity is totally complete.

Additionally, a buckling analysis was performed on the steel stud. This was done
due to the slenderness of the cold-formed steel pro les, having a length of 6m and a
constant thickness of 0.6mm, hence, the buckling problem must be studied because
local and global buckling may occur even under moderate loading. Therefore, the
nonlinear geometrical imperfections were activated in all the simulations by means
of the nodal displacement obtained from a eigenvalue buckling analysis.

2.4.2. Loading conditions

One of the goals of the numerical modeling is to study the response of it under service
conditions. Hence, the applied loads were de ned following the recommendations of
Eurocode EN 1991-1-1 [21], which speci es the service load for partitioning walls,

and this service load depends on the building category. On section 6.4 of Eurocode
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EN 1991-1-1 it is speci ed the horizontal loads on parapets and partition walls [21].
In this section, it is mentioned that the characteristic values of the distributed load
0k acting at a high not greater than 1.2m, should be taken from the category of the
loaded area.

For the purpose of the following thesis work, a category A is assumed which represent
a speci ¢ use of areas for domestic and residential activities [21]. According to this
category, a line load g may be selected within the range 0.2 to 1 kN=m. In order
to study the response under the most critical situation, a value of 1 kN=m is taken.

The load was applied in ABAQUS as a distributed horizontal pressure along the
width of the wall at a height of 1.2m, which is the maximum recommended in
the Eurocode. For nonlinear analysis, the described load was monotonically in-
creased to capture the entire curve F- and in order to identity the onset of material
nonlinearity, the buckling modes, and potential damage initiation, specially on the
plasterboard panels.

2.4.3. Output parameters and evaluation criteria

After performing the nonlinear model, some numerical outputs must be taken and
analyzed, specially those parameters that depend mainly on the response of the
overall non-structural system. In the following list, it is shown an explanation of
some key parameters that were taken as output parameters.

1. Mid-span de ection: in serviceability limit state, one of the most important
criterion is the de ection, which represents the lateral displacement at the
center of the wall. Within this output, it is possible to evaluate the sti ness
and the overall exibility of the entire system.

2. Stress and strain distribution: As an output parameter it will also be necessary
to study the distribution of stresses and strains along the model. Especially
within the plasterboard layers due to its brittle nature, therefore, a particular
attention was paid to tensile stresses. On the other hand, for steel and special
attention was put on the buckling phenomena.

3. Load - displacement relationship: This output is important because it gives the
overall sti ness of the structure. Due to the nonlinearities of the material that
have been introduced steps before, it is expected to have a sti ness degradation
after post-yielding.
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4. Inuence of connection spacing: the spacing between the screws was varied
between 250mm and 600mm, hence, this analysis will study the e ect of spac-
Ing on sti ness, de ection and potential de-bonding between the plasterboard
and the steel framing,

Additionally to the mentioned outputs, a comparative assessment was conducted for
the two nal con gurations of the 6-meter partitioning wall, using di erent spacings

of the screw connections, in order to provide a complete understanding of the pa-
rameters that in uence the most the overall performance of the walls. The results

are discussed in both service conditions and structural integrity.

The non-linear numerical model has been carried out using ABAQUS 2022, using
both material and geometrical nonlinearities. The sheathing boards were modeled
with an elastic-plastic damage constitutive law (CDP) derived from the literature
previously explained, while the cold-formed steel for the studs and the tracks have
been introduced with elastic-plastic isotropic hardening constitutive law. The con-
tacts were de ned between the plasterboard and the studs by means of surface-to-
surface contact while the screws were modeled as SPRING2 linear and nonlinear.
The global procedure allows to capture realistic behaviors such as panel separation,
local buckling, screw failure and post-yielding redistribution of stresses, which may
occur under higher loading levels, even though the present study is limited to service
conditions.

The nal calibrated non-linear model serves as the baseline of future parametric
studies, that could include a variation in the material properties, connection details,
and wall's height. The obtained results provide a valuable insights into the non-
linear response of these type of walls and contribute to developing more reliable
numerical models in order to predict their structural behavior under service loading
conditions.
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In the following chapter it is presented the results obtained from the numerical
simulations carried out throughout this thesis. The performed analyses were done
to evaluate the response of non-load bearing partitioning walls made of cold-formed
steel studs and tracks, and plasterboards sheathed, under service conditions. The re-
sults will be structured according to the explained methodology in chapter 2. Hence,
it will start with the linear benchmark, continuing with the non-linear benchmark,
then the results of the determination of material parameters are shown, and it will
conclude with the nal numerical model developed for a 6 meter height wall and
varying the spacing between the screw connections. This was performed to under
xed- xed boundary condition.

The main objective of this chapter is to show the results obtained in the several
phases in this thesis work, in order to see the procedure done to get a validate
model in ABAQUS, and also to demonstrate its capability to reproduce as close as
possible the real physical behavior of partitioning walls. At the beginning, the linear
benchmark ensures that the basic modeling assumptions are correctly reproduced,
such as mesh re nement, boundary conditions, elastic properties of the materials
and contact interaction. Then, a non-linear benchmark outputs are shown, model
in which geometrical and material nonlinearities are introduces, such that the post-
elastic behavior can be capture, hence, parameters as yielding, buckling modes and
damage in plasterboard can be obtained.

The results chapter ends with a nal calibrated non-linear model. The parameters
of the nal model are obtained from catalog and literature. The nal model will
evaluate the response of the non-structural wall system under service conditions
following the recommendations of Eurocode 1. Additionally, a summary of the main
observations are shown, and prepares the foundation for the next chapter, which
will be devoted for the discussion of the results more deeply.
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3.1. Linear Benchmark analysis

As was mentioned, the rst benchmark corresponds to the validation of the linear-
elastic response of a numerical partitioning wall model. The main objective of this
benchmark was to verify that the Finite Element method could accurately reproduce
the real sti ness and the deformation in linear regime of this type of walls.

The reproduced model with all its con guration was performed experimentally and
numerically by Hassan et al. [9], which basically consists of a CFS stud, sheathed
at top and bottom with plasterboard panels. The scheme geometry, loading and
boundary conditions were kept the same with respect to the reference study and
are shown in gure 3.1. For the nite element modeling phase, the plasterboard
was modeled with C3D8R solid elements, while the CDS stud were modeled as shell
element. For the screw connections, as it is a linear analysis model, their connection
were modeled using a simply modeling technique, the so-called tie constraint, since
in an elastic regime no slip is expected.

Figure 3.1: Structural scheme for the linear benchmark taken from Hassan et al. in

[9]

As it can be seen in the scheme, the load was applied at 2.00 meters from the edges
of the wall system. The loading was introduced as concentrated forces applied at
two speci ¢ points in the plate that was the one who transmit the load as distributed
one to the board. This was done in order to reproduce correctly the 4-point bend-
ing test and to get the most accurate results. The analysis was performed using
Static General step in ABAQUS. In the following gure 3.2 it is shown the model
done in ABAQUS, where the reference points 1, 2, 3, and 4 represent the boundary
conditions of the system (pinned-roller). While the reference points 5, 6, 7 and 8
represent the point of load's application. Additionally, the linear mechanical prop-
erties of the CFS stud and the plasterboard were indicated in table 2.2, while the
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contact properties in table 2.1.

Figure 3.2: Linear numerical benchmark model

Before comparing the outputs from the linear benchmark model, a mesh sensitivity
analysis was performed in order to ensure the numerical stability and convergence
of the linear model. The re nement of the mesh was calibrated until the mid-
span de ection variation between two consecutive models was below than 2%. This
procedure allowed to make sure that the density mesh prepared in the linear model is
representative enough to reproduce the structural response without overestimating
the sti ness.

Due to the linearity of the material and of the analysis, the mid-span de ection
obtained from the lineal model was compared not only with the linear benchmark of
this section but also with a theoretical expression. From the Euler-Bernoulli beam
theory, the following expression was obtained to compute the de ection according
to the structural scheme shown in gure 3.1.
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Wa
24E1,

= (312 4a ?) (3.1)

Where, is the mid-span de ection of the system, a is the distance from the left
edge to the concentrated load, E is the elastic modulus, | is the length of the wall
system and | is the reduced moment of inertia of the CFS stud referred to the
global centroid of the wall system (pro le classi ed as Class 4, that is why it is used
the reduced moment of inertia). From equation 3.1 it is clear the in uence of the
reduced moment of inertia on the de ection of the system, basically lis the only

parameter that could change depending on the considered con guration while the

other parameters remain constant along the analysis.

In the following table 3.1 it is shown a comparison between the di erent con gura-
tions adopted for the linear benchmark. This comparison was done with respect to
some benchmark values divided into:

1. Paper's model de ection
2. Experimental de ection

3. Theoretical de ection

Model | Sheathing Modgl's Pagzr:ctil\f;del Experimgntal Theore.tical
De ection De ection De ection
[mm] [mm] [mm] [mm]
1 Top 6.40 6.35 No data 5.80
2 Bottom 6.37 6.08 6.45 5.57
3 Both 3.95 4.07 4.20 4.21

Table 3.1: Comparison between model, experimental, and theoretical de ections for
di erent sheathing con gurations.
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Model | Sheathing Di erence Di erence Di eren_ce
Paper's Experimental Theoretical

model test de ection

1 Top 0.8% No Data 10.3%

2 Bottom 4.8% 1.2% 14.4%

3 Both 2.9% 6.0% 6.2%

Table 3.2: Dierences between the linear benchmark and the results obtained from
the paper's model, experimental tests, and theoretical predictions for each sheathing
con guration.

The performed linear model had a good accuracy, having a maximum di erence
between the paper's model de ection of around 5%, while the di erence between the
experimental with respect to the experimental was greater of around 6%, however,
this di erence was still within reasonable limits. The theoretical de ection as in
the case of model 3 was close to the experimental de ection, while in the case of
one-sheathing case, this di erence increased, this was due to non-symmetry of the
wall system.

The gures 3.3 and 3.4 shown below, represent the output de ection obtained from
the Finite Element Model, and the linear comparison between the di erent bench-
mark cases with respect to the case of double-sheathing wall system.
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Figure 3.3: Double-sheathing board case - Vertical displacement

Figure 3.4: Linear numerical benchmark comparison of double-sheathing case
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3.2. Non-linear Benchmark analysis

After the linear benchmark has been veri ed, a non-linear benchmark was done in
order to validate a numerical nite element strategy considering more realistic sce-
narios and conditions. Hence, the nonlinearities of both material and geometrical
were introduced. The methodology followed to reproduce an accurate numerical con-
guration was carried out by Kyprianou et al. in [5]. This con guration explained

by Kyprianou et al. has been compared with experimental tests done during an
experimentation phase. However, the results that this paper takes with the con g-
uration of stud+plasterboard are shown in [10] by Peterman. This model includes
cold-formed steel stud, tracks, and plasterboard panels connected with self-drilling
screws.

The main goal of this benchmark was to be able to capture the damage degradation
of the sti ness, plasticity in both steel and plasterboard. The performed analysis
used two steps, one in order to applied a compression force, and a second step to
applied a lateral load in order to simulate out-of-plane bending.

The material de nitions were:

" Cold-formed steel: elastic-plastic behavior with isotropic hardening post-elastic
behavior based on the Ramberg-Osgood formulation. Their responses are
shown in the gures below.
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Figure 3.5: Adopted Constitutive Law for studs taken from [5].

Figure 3.6: Adopted Constitutive Law for tracks taken from [5].

" Plasterboard: Concrete Damaged Plasticity (CDP) tool was used to represent
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the tensile cracking and the compression crushing.

" Screw connections: modeled as linear and non-linear springs. Their responses
came from experimental tests explained in [13] and [17]. These springs repre-
sented the pull-through and pull-out responses of the screws. In the following
gures 3.7, 3.8 and 3.9 were adopted to represent their behavior as non-linear
SPRING2 technique.

Figure 3.7: Adopted Pull-Through response for non-linear springs connecting
sheathing-to-steel taken from [5].
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