Construction and Building Materials 487 (2025) 142014

Contents lists available at ScienceDirect

Construction
and Building

MATERIALS

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

ELSEVIER

L))

Check for

Assessment of the fracture behavior of commercial quasi-brittle gypsum | e
boards with and without reinforced paper fibers used in timber modules

a,”

Marcus Vinicius Tavares da Costa , Borja Arroyo " ®, Sergio Cicero®

2 Karlstad University, Department of Engineering and Chemical Sciences, Karlstad University, Karlstad, SE 651 88, Sweden

b Research group EgiCAD, Depto. de Ingenieria Geogréfica y Técnicas de Expresion Grafica, Universidad de Cantabria, E.T.S. de Ingenieros de Caminos, Canales y
Puertos, Santander 39005, Spain

¢ Laboratory of Materials Science and Engineering (LADICIM), Depto. de Ciencia e Ingenieria del Terreno y los Materiales, Universidad de Cantabria, E.T.S. de Ingenieros
de Caminos, Canales y Puertos, Santander 39005, Spain

ARTICLE INFO ABSTRACT

Keywords: One adopted solution for the building sector to reduce greenhouse gas emissions and fulfill the environmental
Gypsum plasterboards requirements imposed on modern construction is the use of prefabricated timber modulus. However, gypsum
Paper fibers

plasterboards mounted in the sheathing walls of such modules are susceptible to fracture near the door openings
during the on-site installation (lifting) and by horizontal loads. In this regard, fracture properties of the plas-
terboards are essential to be measured and integrated in structural models of the modules to predict the crack
initiation and propagation toward better structural design. Here, two commercial plasterboards typically used in
the timber modules, an ordinary gypsum board and a fiber gypsum board with reinforced recycled paper fibers,
were evaluated under standard fracture tests for estimating the fracture properties. The fracture toughness of the
fiber gypsum board (= 800 J/m?) was twice as high as of the ordinary gypsum board (= 400 J/m?) as well as the
tensile strength evaluated at the peak forces and the traction-separation laws during the crack growth. The
superior mechanical properties for the fiber gypsum board are attributed to their higher density and fiber
reinforcement, and its resistance to cracking to the fiber bridging during the crack growth. Post-mortem mi-
crographs revealed fibers almost intact with gypsum fine particles on the surfaces due to the fiber pull-out
mechanism. The fracture process of the ordinary gypsum board was much affected by its paper surfacing, but
a tortuous crack path was found in the gypsum core due to the significant amount of porous.

Fracture tests
Quasi-brittle fracture properties

1. Introduction they offer a balance between improved mechanical properties and

recyclability [7-9].

Gypsum boards known as plasterboards are the pivotal building
materials used primarily in ceilings, partition walls and wall coverings
with relatively low cost [1]. Not only for finishing purposes the boards
bring important features for buildings, such as enhanced thermal and
acoustic insulation as well as fire resistance [1-4]. As being a recyclable
material [5], gypsum-based materials are one of the potential materials
for reducing the climate impact in the construction sector [6]. The main
disadvantage of the materials is their low mechanical properties. In this
regard, gypsum composites, which are gypsum mixed with different
reinforcements, have been extensively studied in order to improve their
mechanical performance [1]. However, there is significant variability in
the reported data, which may be attributed to porosity. Gypsum com-
posites reinforced with recyclable fibers seems to be the way forward as
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In prefabricated timber modules, for example, gypsum boards are
one of key elements of sheathing walls to meet requirements of fire
protection [10]. Nowadays, boards reinforced with recycled paper fibers
(or simply fiber gypsum named in this study) are also used in such
modules to remedy the poor mechanical performance of ordinary gyp-
sum boards. A recent experimental investigation in full scale of different
timber modules by Maharjan et al. [11] has revealed that modules
assembled with fiber gypsum boards are more than twice as stiff as
similar modules assembled with ordinary gypsum boards. They also
found major cracks in the door openings in the boards: Modules
assembled with ordinary gypsum boards were already cracked when
lifted up (see in Fig. 1(a)), while modules assembled with fiber gypsum
boards withstood the lifting, but they cracked as the first failure mode
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caused by the shear deformation of the modules when imposing a hor-
izontal displacement u from hydraulic pistons (see in Fig. 1(b)). Such
cracks are detrimental to modular timber buildings affecting on-site
installation (transportation and lifting) and safety regarding to the
wind load (racking strength). The cracks lead to rework where plaster
masses are used to repair them increasing the overall cost in building.

Kuai et al. [12] have investigated those cracks in walls of timber
modules via experiments and developed numerical model using the
extended finite element method (XFEM) to predict the ultimate capacity
of the timber elements. They found that the ultimate racking strength of
the timber modules can be affected up to 15 % from models with and
without the ability to simulate crack growth. However, their fracture
properties of the plasterboards, such as the tensile strength, fracture
toughness, softening behaviour, were not experimentally determined.
The uncertainties about the fracture properties could have led to another
margin for the ultimate strength in their models.

The fracture properties of ordinary gypsum and fiber gypsum boards
play a crucial role for the mechanical integrity and design of timber
modules, in particular to the racking strength, and it has been verified in
numerical structural models. However, there has been clearly a lack in
experimental characterization of fracture properties of the addressed
gypsum boards. From the material perspective, it is also fundamentally
important to understand mechanisms behind the fracture in the boards,
which cannot be unconventionally done in cumbersome structural
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models with many input parameters, connections and components.
Understanding how the boards fracture and link it to their material
microstructure are essential for optimizing the material performance
that is generally lacking in knowledge in gypsum composites [1].
Therefore, the purpose of the present work is to investigate fracture
properties of the ordinary gypsum and fiber gypsum boards, in the
material level, by using a suitable finite element (FE) fracture modeling
and standardized fracture tests. The experimental observations and the
fracture properties estimated by the model here will serve to further
develop the accuracy of the existing FE models of timber modules to
better cover the crack initiation and propagation at the corners of
door/window openings.

Gypsum boards fracture is described as quasi-brittle fracture because
of the presence of the fracture process zone in front of the crack prop-
agation [13,14]. The fracture process zone is then explained by a for-
mation of microcracks near the initial crack tip that eventually coalesce
on each other to form large cracks. Effects of aggregates also contributes
in the crack formation, especially for interlocking and fricton effects [13,
15]. This material behavior has been well-described in force-crack
opening diagrams [16]. As a result, quasi-brittle materials do not have
an abrupt drop in force when reach the peak force (tensile strength) and
rather have an exponential decay curve, viz. the tension softening
behavior. One of most used models to describe the tension softening
behavior is the fictitious crack model which assume that closure

(a) Cracks due to the lifting of the timber modules

Lifting up timber modules for transportation

Cracks in the plasterboards
at the corners of the door
opennings
(Material: Ordinary gypsum)

(b) Cracks due to the shear deformations of the timber modules

Cracks in the plasterboards

Full-scale shear experiments in timber modules [11]

at the corners of the door
opennings
| - (Material: Fiber gypsum)

\

- e mm mm

Fig. 1. Plasterboards crack at corners of door openings in timber modules in two observed scenarios: (a) Ordinary gypsum boards crack prematurely during lifting
and (b) fiber gypsum boards crack due to shear deformations of the modules. The sizes of the timber modules are 7.5 x 2.6 x 3.0 m®. (Photo courtesy of researchers

MEng. Maharjan and Dr. Vessby, Karlstad University, Sweden).



M.V. Tavares da Costa et al.

tractions act in a zone near the crack tip [17-19]. This model is also
well-known as the cohesive zone model, which has been implemented
vastly in FE modeling for predicting fracture properties of many mate-
rials e.g. fracture toughness and the relation between tensile strength
and crack openings [20]. From the reinforcements, the fibers result in
materials with high toughness [21]. During the crack propagation in
gypsum composites reinforced with fibers [8], the fiber bridging
mechanisms dictate the fracture process where the gypsum matrix
rupture and the fibers are left intact acting as bridges preventing the
crack opening. The fiber bridging mechanism also soften the force-crack
opening diagrams and has again been modeled with cohesive zone
models e.g., in wood-based composites having the wood fibers in
different orientations [22-24]. The drawback of the model is that the
crack path should be well-defined beforehand.

Most recently, significant attention has been done for phase field
(PF) models in computational fracture mechanics [25,26]. The modern
variational model is able to predict the crack initiation and propagation
by having the crack represented as a functional and having a degrada-
tion function that damages the strain energy density. PF models have the
same ability of predicting complex crack propagation as conventional
XFEM models, but way more efficient in terms of computational per-
formance [27], which might have caused a boost in development of
many variants of PF models recently. Wu developed one interesting
variant, which includes the tension softening behavior by having the
degradation function as a polynomial-like function [28,29]. Navidteh-
rani et al. [30] named the new version as the phase field-cohesive zone
model (PF-CZM), which is capable of predicting crack ini-
tiation/propagation (PF) and the tension softening behavior (CZM).
Later, the PF-CZM become even more flexible when Munetén-Lopes
et al. [31] shown that the tension softening behavior of PF-CZM can be
described in different shapes by fine-tuning the coefficients and expo-
nents of the degradation function. PF-CZM has the potential to accu-
rately quantify fracture properties and predicting fracture of new
complex materials such as fiber gypsum, but the model has only been
verified over few old experimental tests in concrete as exemplified in
[30,31].

In this study, the focus is primarily on understanding the fracture in
commercial ordinary gypsum and fiber gypsum boards used in timber
modules by four-point single-edge-notched bending tests (4SENB)
coupled with digital image correlation (DIC) for monitoring the fracture
development and thus obtain force-crack opening diagrams. This work
also explored the ability of PF-CZM to capture the crack propagation in
two loading scenarios and to curve fitting the diagrams to obtain frac-
ture properties of fiber gypsum. This was enlightened by conducting the
tests in two experimental setups: symmetric and asymmetric bending
that drives the crack paths. In addition, porosity is measured by
microtomography and details of fracture surfaces are examined by mi-
croscopy for both materials.

2. Materials and methods
2.1. Materials

In this investigation, two types of gypsum boards were studied: An
ordinary gypsum board (Classic board, Knauf Sverige GmbH, Sweden)
and a fiber gypsum board (Fermacell, Germany). The ordinary gypsum
boards are typically produced in steps as: (i) Pre-drying gypsum to create
the stucco, (ii) mixing the stucco with additives, (iii) pouring the slurry
(mixture) with controlled speed on a paper liner, (iv) covering the slurry
with a second paper liner, and finally, (v) cutting and (vi) drying the
assembly in an oven to form the boards [32]. The material composition
is gypsum and calcium carbonate (> 93 %), paper (2-6 %) and additives
of organic surfactants, cementitious materials, glass fibers and silicones
(<1 %). For the fiber gypsum boards, the production steps are quite
different as: (i) Pre-shredding waste paper in a special shredding ma-
chine, (ii) defibrillating the pieces in a fiber mill to obtain the paper
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fibers, (iii) mixing dry gypsum powder, the paper fibers and water to
form the slurry, (iii) pressing, (iv) drying the slurry, and finally (v)
sanding it to the target thickness and cutting [33]. Here, the mixing and
pressing steps are crucial for the mechanical performance of the final
boards. The mixing step guarantees homogeneous distribution of the
paper fibers resulting in an isotropic material. The pressing step, under
very high pressure, pushes the air and excess water out of the slurry,
which results in higher density boards compared to the ordinary gypsum
boards. The material composition is gypsum and calcium carbonate
(80-85 %) and recycled paper fibers (15-20 %); the fiber composition is
simply regarded as recycled cellulose fibers from post consumer waste
paper and recycled water. Typically, the recycled cellulose fibers have
the width of &~ 15-20 um and length of ~ 1-5 mm [34-36]. Fig. 2 shows
photographs of the materials where both boards have the same thickness
of B=12.5 mm.

For the tests, sixteen samples each material were cut from the boards
with a table saw (Robland NX 310, Belgium) in dimensions related to the
thickness of the boards as Wx 5 W where the height W is twice as the
thickness of the boards W= 2B; the sample’s front view is shown in Fig. 2
(b). The samples were then weighted for evaluation of densities before
notching. After, an initial notch of width of 2 mm was made in the
samples with a bench circular saw (Proxxon, Germany). The notches
were sharpened manually with a knife blade for the initial crack tip.
Fig. 2(c) shows the final sharp notch in a fiber gypsum sample. For DIC
measurements, the surfaces of the samples were painted in white and
black speckled with can spray paints (Wiirth, Germany). Before the tests,
all samples were conditioned in a constant-climate laboratory at 20 °C
and 65 % relative humidity for at least 24 h.

2.2. Four-point single-edge-notched bending tests

A customized four-point bending rig was manufactured to accom-
modate the samples as shown in Fig. 3(a). Two types of experimental
setups for 4SENB tests were conducted where four samples each material
were sorted out each test type: The experimental setup I in Fig. 3(b) of
which induces pure mode I fracture and the experimental setup II (viz.
asymmetric four-point tests [37]) in Fig. 3(c) of which the crack is
subjected to constant shear forces — for practical reason, wooden spacer
was positioned between the samples and supports in the setup II to avoid
local damage. The first, which provides stable crack growth along the
initial notch plane [38], is intended to determine the fracture properties
of the studied materials. The second provides interesting crack propa-
gation paths despite the constant shear forces [39,40]. Here, the
experimental setup II was therefore used to verify whether the FE model
is able to predict the crack propagation path using the fracture proper-
ties from experimental setup I. The tests were carried out in a uniaxial
testing machine (MTS Exceed E43, USA) with the displacement control
mode of speed of 1 mm/min. The force F was measured by a force
transducer of capacity of 5kN. Having the maximum force in the
experimental setup I allows to estimate the tensile strength from the
beam theory as

M F, W—a B(W —a)®
Omax = }ﬂax.y = {Mmax = r;ax va: 9 I= ( 12 ) }
_ 3FmaxW @
B(W —a)?

where a is the initial crack length of size of B. The span to depth ratio of
the tests followed the recommendations of the standard ASTM E1820
[41]. The experimental apparatus used in the fracture tests is shown in
Fig. 3(a).

During the tests, a scan camera (JAI GO-5000M-USB, Denmark) with
industrial lenses (Kowa LM16HC, Japan) was positioned in front of the
samples to record test frames with a framerate of 1 frame per second
(FPS). After the tests, the sequential frames were imported to a DIC
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(a) Cross section of the boards

Fiber gypsum

. v

---- Paper surfacing

0][———— Gypsum core

Ordinary gypsum

(b) Front view of the samples before notching

A

5W =125 mm

4"44

Ordinary gypsum

' ™ Section used for the tomography
. analysis

Fig. 2. Photographs of the materials: (a) Cross section of the boards, (b) front view before notching, and (c) a fiber gypsum sample with a sharp notch for the

fracture test.

software (GOM, Germany) for calculating the strain fields and dis-
placements near the crack tip. With the DIC results, the effective crack
opening displacement A.s was measured between two virtual gauge
points A and B near the crack tip as illustrated in Fig. 3(b-c). The
effective crack opening displacement was determined as the norm be-
tween the points as

B = (BB, — 4mm) '+ (3B, @

2.3. FE model with the phase field-cohesive zone model for fracture

To assess the fracture properties as well as the crack propagation and
A, FE models were developed for both setups in the FE software
ABAQUS. The models, named FE model I and FE model I, are in the
plane state of strain whose boundary conditions and meshing are shown
in Fig. 3(d-e). The refined mesh near crack has the size of 100 ym, which

provides relatively no change in solution regarding mesh sensitivity. The
rollers were modelled as rigid arcs where fixed boundary conditions
were set at the reference nodes in the bottom ones and prescribed ver-
tical displacement u set in the upper ones in the same way. Contacts
between the rollers and other parts were frictionless as they are rotation
free along their one axis in the bending rig. At middle top node of the
samples, horizontal displacements were set to zero to impose symmetry
and avoid any convergence problems. For the FE model II, the wooden
spacer was defined as orthotropic linear elastic material because
plywood pieces were used in the experiments where their elastic prop-
erties were found in [42]. Their mesh refinement was to avoid any
interpenetration between elements with the sample part. The contact
interaction between the spacer and the sample part had a friction co-
efficient of 0.3.

Here, the fracture was modelled with PF-CZM over the whole domain
of the sample parts 2 where the total potential energy is defined as [28,
29]
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(a) Experimental apparatus

——————————————— Uniaxial testing machine

--------------- Force transducer

---------------- Scan camera

(b) Experimental setup | (c) Experimental setup I
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F |

crack tip
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(d) FE model | (e) FE model 1l
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{ l Rigid element
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Fig. 3. (a) Experimental apparatus and (b-c) setups for the fracture tests. (d-e) Geometry, meshing and boundary conditions of the FE models.
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where the first term in the right-hand side accounts for the degradation
of the strain energy density y(¢) by a polynomial-like function as

(1-dy

2
a-ar+ad G @

o(d) = ,Q(d) = a; ¢ P(d) = ayd +

where d is the phase field damage variable that spans in a range between

zero (intact material) and one (fully cracked material). The model co-

efficient a; =+ EGe is estimated by knowing the elastic modulus E,

o 02,
fracture toughness G, tensile strength o, and length scale parameter [y
of the material [28]. In this study, length scale parameter is set as Iy = {55

similarly elsewhere [31]. The interesting parameters ay, and p deter-
mine the tension softening behavior. This can be evaluated by a simple
parametric study using the analytical solution for one-dimensional bar
under tension of PF-CZM [29,31]. The influence of a;, and p are shown
in Fig. 2 in a normalized form where the normal traction

_ (2-d)(1-dy
Tn(d) = Omax T@ (5)
is plotted against the normal crack opening
436 [[ P 2-5 PP | IPPIVP
s = [ty e ©

As observed by Munetén-Lépes et al. [31], the parameter a, controls
the initial slope during the softening and p controls the shape of the
softening; The properties in Fig. 4 were unity inputs.

The second term in the right-hand side in Eq. (4) is the crack density
functional, which allows to represent discontinuous cracks as smeared
cracks [26]. There, the geometric function of the crack is a(d) = 2d —d?

and the scaling function is ¢p = 4 fol Va(s)ds.

PF models are quite stablished models in computational fracture
mechanics whose numerous previous works have already dissected their
solution procedures with their FE implementations in open and com-
mercial FE packages. By convenience, we explored the user material
type (UMAT) subroutines developed by Navidtehrani et al. [30] and
therefore direct the readers to their publication for further details of the
FE implementation. The calculation in this study were performed with
the staggered scheme and the hybrid spectral strain energy split for more
computationally efficient performance [25].
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2.4. Tomography, fracture surfaces and microstructure

Porosity is one of the main detrimental factors that affects the me-
chanical performance of gypsum materials and is important to correlate
it to measured mechanical properties [43]. For quantifying porosity in
this work, new small samples with lengths of 50 mm were cut from two
reference samples without notch. Fig. 2(b) shows the middle section
where the small samples each material were from. The small samples
were brought to a micro-computed axial tomography (u-TAC, Bruker
Skyscan 1172, Germany) operating in parameter setting as voltage of
80 kV, current of 100 uA, exposure time of 10000 ms, rotation step of
0.2 associated with an Al+Cu filter to obtain three-dimensional (3D)
scans; the detail detectability achieved was 1 micron, which may be
taken as the void diameter boundary used in the characterization in
practice. The scans were processed with the 3-phase method (binariza-
tion, despeckle and analysis) in the bruker software [44]; After the scans
and 3D reconstructions, some isolated voxels were cleaned by using a
despeckle filter; Then, the voids (porous) and solid materials were
distinguished in grayscale image segmentation of which volume of
porous could be calculated.

To understand the fracture processes after the 4SENB tests, some
samples were split up at cracks and had their fracture surfaces examined
by a field-emission scanning electron microscope (SEM, ZEISS EVO MA
15, Germany). Fractography would provide more details of the crack
front, microstructures features and other elements. Ordinary optical
microscopy was also used to complement the observations, in particular
the crack path.

3. Results and discussions
3.1. Pre-peak force mechanical response

Fig. 5 shows the force as a function of A until the peak forces in the
experimental setup I and experimental setup II. Both materials notice-
ably performed better in the shear loading case (setup II) with 5-7 times
higher in peak forces than in the bending loading case (setup I). The fiber
gypsum board is remarkably stronger than the ordinary gypsum one
reaching the measured forces of 1.7 times higher than in the ordinary
gypsum board for setup I and approx. twice as higher for setup II; The
averages of peak forces are reported in Table 1. This difference in
withstanding forces can be attributed to the difference in densities
where density of the fiber gypsum board is also 1.7 higher than of the
ordinary gypsum material as shown in Table 1. Typically, reducing the
density of gypsum boards to target lightweight causes a reduction of the
mechanical strength [45].

Initial stiffnesses Ky, estimated until approximately 0.015 mm of

0 0.2 0.4 0.6 0.8 1
Normalized An

Fig. 4. Shapes of the tension softening behavior of different exponents p (left) and different coefficients ay (right).
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(b) Experimental setup Il
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»
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. Fiber gypsum
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Fig. 5. load-crack effective opening curves from the initial stage until the peak force for (a) the setup I and (b) setup II.

Table 1
Experimental results from the experimental setup I and II.
Material Exp. Density* p  [kg/ Porosity Initial stiffness Ko [kN/ Effective opening pre-peak force AZF" Peak force Fax+ (SD)
setup m3] [%] mm] [um] [N]
Ordinary I 4.0 130 74+ 2
gypsum I 6% 28 80.0 190 417 +£8
. I 4.8 65 123+ 6
Fiber gypsum it 1155 19 120.0 130 860 + 20

" Densities of the samples calculated as masses of prismatic samples without notch over their volumes.

effective opening, are higher for the fiber gypsum board in both setups
with 1.2 times higher for setup I and 1.5 times for setup II. In all tests, the
samples showed a nonlinear response before peak force as typically seen
in rock-like materials [15]. The nonlinearly is often related to devel-
opment of microcracks near the crack tip in rock-like materials [13,14].
In case of the ordinary gypsum, the ductility of paper surfacing is also
included. The nonlinear behavior was quantified as effective openings
pre-peak force APFF by using the offset method measuring the horizontal
distance between the slopes at initial and peak force locations. For both
materials, AYRF in setup I was larger than setup II and ordinary gypsum

displaced more nonlinear behavior than fiber gypsum before peak force.

3.2. Crack growth and tension softening behavior

The complete force-A. curves for all tests are shown in Fig. 6. For
experimental setup I, both materials displayed exponential softning
behaviors with stable crack growth until A.¢ ~ 2 mm where the tests
were aborted. For cementitious materials, the first drop (zone 1-2) are
described as zone where microcracks accumulate and coalesce in each
other and the subsequent large tail (zone 2-3) are results of aggregate
interlocking and fricton effects [13,15]. However, this phenomenon is
not entirely for the ordinary gypsum board because the tension softning
behaviour was much attributed to the paper surfacing. Fig. 7(a) shows
the first principal strains for representative samples to illustrate the
crack growth during the tests where the 1-2-3 labels correspond to

(a) Experimental setup |
T T T

T T T
Ordinary gypsum

Fiber gypsum
----- FE simulations

Force F[N]

L L 1 L I

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Effective opening Aeﬁ [mm]

(b) Experimental setup Il

Force F[N]

0 05 1 15 2 25
Effective opening A . [mm]

Fig. 6. Complete load-effective crack opening curves from (a) the setup I and
(b) II.
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(a) Experimental setup |

004 006 0.08 0.10 0.12 0.14 0.16 0.18 0.20

(c) Phase field damage evolution in the FE models

Setup | - 1 Setup | -2 Setup | -3
-
Setup Il - 1 Setup Il - 2

Setup 11 - 3

i n

MY [ T [T A
0 1

Fig. 7. Crack propagation from the experimental setups (a) I and (b) II
measured by the first principal strain &;. (c) Same crack propagation was found
by the evolution of the phase field damage d in the FE models.

different stages and legend colours in Fig. 6 for the tension softening
behavior. The strain developes relatively elongated for both materials,
which tipically relembles the shape of the fracture process zone in
quasi-britlle materials [13]. For the ordinary gypsym board, this is also
the fracture process zone related to paper fracture, which is typically in
the size of few millimeters corresponding to a distance comparable to
the paper fiber length [46].

The crack growth of the fiber gypsum board are straghter than of the
ordinary gypsum board (see photographs in Fig. 10 (a, b)). The ordinary
gypsum samples have paper surfacing on their faces that had masked the
tortusity of the fracture path in the gypsum core (conf. Fig. 10 (a, c));
Fig. 10 (a) shows the crack in the paper surfacing and the crack in the
gypsum core by fine griding the paper. For the experimental setup II, the
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Ordinary gypsum
Fiber gypsum

n
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(Bridging zone) |
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v
j Traction-free crack

0 L

0 0.1 0.2 0.3 0.4 0.5 0.6
Normal crack opening An [mm]

Fig. 8. The traction-separation laws for the tension softening behavior of the
materials with a representation of the idealized fracture process zone.

Ordinary gypsum Fiber gypsum

Fig. 9. Tomography scans from the reference samples; left: ordinary gypsum
and right: fiber gypsum.

force drop from peak force to final sampling forces (= A = 2.5 mm)
was not pronounced as it was for setup I as shown in Fig. 6(b). However,
the tension softning behaviour exhibited more scatter among the tested
samples because of the presence of two cracks. Fig. 7(b) shows the for-
mation the cracks: the first crack formed at the initial crack tip are
typical shear cracks that propagates diagonally; although it is pure shear
setup the crack does not propagate in the direction of the loads because
cementitious materials are weak in tension and therefore the crack path
goes towards in-plane principal stresses [47]. The second crack occurred
when the extention of the first crack had passed the righ-hand side of the
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Ordinary gypsum Fiber gypsum

Fig. 10. Frontal photographs (a-b) of the cracked samples, optical micrographs of the crack path (c-d) as well as the crack tips (e-f). Photographs of the cracked
surfaces (g-h); the left column is the ordinary gypsum board and the right is the fiber gypsum board from the setup I.

top plywood spacer. With the cracked free surface of the first crack For the FE simulations, the elastic moduli were primarily calibrated
already formed, the vertical displacement was then induced at the right with the initial stiffness in Table 1. The modulus of the fiber gypsum
tip of the plywood to the samples, similarly to cantilever beams. board (E = 1500 MPa) was much higher than of ordinary gypsum board
Thereafter, the second crack was formed in both materials. (E = 850 MPa). The tensile strength, estimated with the fundamental



M.V. Tavares da Costa et al.

Eq. (2), was higher for the fiber gypsum board (6;ax = 4.7 MPa) than for
the ordinary gypsum board (omax = 2.5 MPa), obviously because of the
difference in peak forces. For the tensile strength of commercial gypsum
plasterboards, Petrone et al. [48] found omax = 1.9 MPa (p =720 kg/m3)
and Martins Irbe et al. [49] (same commercial boards as this work)
found opmax = 2.1 MPa, which is similar figures of the tensile strength of
the ordinary gypsum board found here. The tensile strength of the fiber
gypsum board was also similar to the previous study. For example, Klock
and Aicher [36] reported omax ~ 5 MPa for fiber gypsum specimens
reinforced with recycled cellulose fibers (same density and fiber content
as in this work). Comparing to other types of fiber gypsum materials,
Désiré Omgba Betené et al. [50] reported 6ymax = 4.5 MPa for glass fiber
gypsum composites (p = 1014 kg/m3) and oax = 2.1-3.1 MPa for plant
fiber gypsum composites (p = 990-1015 kg/m>), which are slightly
lower figures compared to the fiber gypsum boards in this study.

The tensile softening behavior was assessed by fitting the PF-CZM
parameter using FE models to the post-peak forces in the experimental
setup I — as observed in Fig. 6(a), the strain hardening at the pre-peak
force region is pronounced for ordinary gypsum. In such cases, the
tension softening is determined in the post-peak region only [16]. The
fitting accuracy was robust (R? ~ 1) for both materials for the values of
the fracture toughness G. and of PF-CZM parameters a;, az and p in
Table 2. Given the noticeable difference in areas under the curves be-
tween the materials in Fig. 6(a), the fracture toughness of the fiber
gypsum board (G.= 800 J/m?) was twice as higher as of the ordinary
gypsum board (G.= 400 J/m?). Normally the fracture toughness of
gypsum materials is quite low, e.g., G.= 10-30 J, /m? from references [8,
51-53]. The high fracture toughness of the ordinary gypsum board
compared to neat gypsum materials is because of the major contribution
of the paper surfacing during the fracture process and therefore the re-
ported value in this work is an effective value of the entire board; the
fracture toughness index of paper liners is about G./p = 5-11 Jm/kg
[54].

The fracture toughness of the fiber gypsum board was slightly higher
than values found by Aicher and Riidiger for a recycled fiber gypsum
material (Ge= 660 J/m?) [55]. Their experimental tests without an
initial notch and lower displacement speed could have caused the dif-
ference, but still, the measured values are in the same order of magni-
tude. The measured value is also comparable to values of other natural
fiber gypsum materials, such as a gypsum matrix reinforced with palm
fibers with the same fiber content (G.= 890 J/mz) [56]. Comparing to
synthetic fiber gypsum materials, for example, Sudrez et al. [53] found
G.= 752 J/m? and Nguyen et al. [8] G.= 400 J/m? for polypropylene
fiber gypsum. Wang et al. [57] found G.= 481 J/m? for polyethylene
fiber gypsum materials; the recycled fiber gypsum board here thus
shows equivalent fracture toughness as synthetic fiber gypsum mate-
rials. It is also important to mention that there may be influences of
manufacturing processes as the samples in the referred works were
produced in laboratory size facilities, while the fiber gypsum board in
the present work is produced in production scale facilities.

Furthermore, for the shape of the tension softening behavior, the PF-
CZM parameter a, was higher for the ordinary gypsum board. As
depicted in Fig. 4, higher values of a; means steeper drop after peak
force. The PF-CZM exponent p was also higher for ordinary gypsum,
which means an abrupt transition in force; the low values of a; and p of

Table 2
Material parameters used in the FE simulations.
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the fiber gypsum board are attributed to the fiber bridging mechanism
(conf. Fig. 10 (f)). The final fracture softening law are then illustrated in
Fig. 8 where the Egs. (5) and (6) were computed with inputs from
Table 2. The critical opening can be estimated as A, ~ 0.6 mm when the
tractions become less than 5 percent of the tensile strength. Fig. 8
essentially illustrates the closure tractions as a function of the crack
opening for the tension softening behavior of the studied materials. The
idealized fracture process zone is relevant to be incorporated in FE
structural simulations of timber modules [12].

3.3. Porosity and fractography

Tomography scans are presented in Fig. 9 where the 3D volumes
corresponded to a size 12.5 x 12.5 x 25 mm?® for both materials where
the average of voxel size was ~ 7 ym. Fig. 9 also shows slices from the
middle of the scans where high density of pores (black features) is
notably more perceptible in the ordinary gypsum board than in the fiber
gypsum board. The fiber incorporation associated with the pressing
makes the fiber gypsum denser and the different phases (e.g., gypsum
and fibers) are more difficult to be distinguished. However, in the 3D
scans of the fiber gypsum material, there were some smooth gradient
transitions from grey to black, which were the source of calculated
porosity. As the fibers are not straight and randomly distributed, this
transition may indicate that porous are placed and formed between the
fibers and the gypsum phase. From all this, as no clear differences were
found in the void size distribution, it was decided to use the average
porosity as the reference parameter, understood as the volume fraction
of voids respecting the total analyzed. By using the 3-method in the
scans, it calculated an average porosity of 28 % for ordinary gypsum and
19 % for fiber gypsum, which are also reported in Table 1.

Details relative to the crack path, as well as photography of the
fracture surface, are presented in Fig. 10. It can be observed that ahead
of the initial the crack, the crack path of the ordinary gypsum board is
tortuous while, in the fiber gypsum board, it is straighter (see, Fig. 10 (a-
d)). The tortuous path is because the crack tends to propagate and kink
on pores; the uneven fracture surface through the thickness of samples
indicates the kinking mechanism (see, uneven fracture surfaces in
Fig. 10 (g-h)). On the other hand, the fiber gypsum board does not have
that freedom for the crack to propagate just on tine pores and therefore
the crack propagation needs to be associated with the fibers behavior,
which sew the crack in a certain way that obliges it to propagate
straighter as a result of a lower dependence on the pores (Fig. 10 (d, ).
In both materials, the gypsum phase fractured in a similar way, but, in
the material with fibers, fiber bridging took place as the toughness
mechanism ruling the process (see, the fracture near the crack tip for
both materials in Fig. 10 (e-f)) [21].

The fracture surfaces of samples from experimental setups I and II
were very similar and, in the following, the discussion is limited between
materials only. Fig. 11 presents close-up images of fracture surfaces by
SEM of both materials. In original gypsum, the fracture surface reveals
the presence of pores with multiple sizes (Fig. 11 (a, c, e, g)) of di-
mensions from around 10 pm up to =~ 600 pm in diameter; the pores are
randomly distributed as well as their sizes as clearly presented in Fig. 11
(a, ¢), for instance. The microstructure of the gypsum in the surface of
the pores showed rod-shaped particles with length ranging 5-10 pm

Material Elastic modulus  Tensile strength Fracture toughness g:;irznl\gter la gz;grznl\gter 2a PF-CZM Coefficient of
E [MPa] 6max [MPa] G, [J/m?*] [ ! I 2 exponent p [-] determination R? [-]
Ordinary 850 25 400 146 35 5.5 0.985
gypsum
Fiber 1500 47 800 265 15 4.0 0.998
gypsum
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Ordinary gypsum Fiber gypsum
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Fig. 11. Close-up micrographs of the fracture surfaces of original gypsum (left) and fiber gypsum(right). Details are revealed of the pores and paper fibers showing
near the crack tip; the small boxes in dashed lines refer to high-magnification images in the next row.

approximately (c.f. Fig. 11 (e)). The small rods are gypsum crystals [58]. presented in the bars graph on Fig. 11, those are based on Si and Ca
In addition, other fibers were found in the ordinary gypsum with higher oxides indicating they are glass fibers. For ordinary gypsum used, the
aspect ratio and in low density distribution shown in Fig. 11 (g), which production process is mixed with some additives, which some of them
are pointed with a white arrow. According to a semiquantitative analysis are glass fibers according to the supplier specifications.
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In the fiber gypsum material, the paper fibers are tangled and uni-
formly spread throughout the fracture surface as shown in Fig. 11 (b).
Fig. 11 (d, f) shows a single fiber nearly intact with some fine particles of
gypsum on it, which suggests the fiber pull-out as the main failure
mechanism during the fracture process. The fiber has the width of
~ 15 pm, which is typically the dimension reported in the literature [34,
35].

4. Conclusion

The fracture properties and behaviour of fiber gypsum and ordinary
gypsum commercial plasterboards used in timber modules were assessed
under the presented four-point single-edge-notched bending tests and
PF-CZM simulations. The tests were also complemented with tomogra-
phy for porosity measurements and microscopy for fracture surface
examinations.

From the fracture tests in the load-crack effective opening curves
before the crack growth, the fiber gypsum board were stiffer with an
elastic modulus of twice as large as of the ordinary gypsum board. The
fiber gypsum board is also stronger than ordinary gypsum with tensile
strength twice as higher. Better mechanical performance of the fiber
gypsum board is attributed to high bulk density (~ 2 x) and porosity of
30 % lower compared to the tested ordinary gypsum boards. In addition,
a larger non-linear behaviour prior to the peak force was found in or-
dinary gypsum than in fiber gypsum, which may have caused due to
significant amount of porous in it and ductility of their paper surfacing.

From the complete fracture tests, the post-peak force response for
both materials were tail-like softening curves, typically seen in cemen-
titious materials. PF-CZM fitted well the shape of tension softening
curves with the experiments for both materials. The less steep drop in
the curves for fiber gypsum was also captured by the low values of the
exponent p and parameter ay. Once calibrated, the model could also
predict the shear crack and secondary crack induced by the wooden
spacer in the asymmetric tests. As a result of the calibrated model, the
fracture toughness of the fiber gypsum board (= 800 J/m?) was predi-
cated as twice as higher as of the ordinary gypsum board (= 400 J/m?).
The measured fracture toughness of the fiber gypsum board is compa-
rable with the literature values of other gypsum composites reinforced
with natural and synthetic fibers. For the ordinary gypsum board, there
has been a great contribution of the paper liners, which was the reason
of high fracture toughness compared to literature values of neat gypsum
materials. The shape of tension softening curves of the ordinary gypsum
board can also be attributed to the paper surfacing.

For the tomography analysis, the fiber incorporation makes obser-
vations of different phases more difficult, but clearly showed the porous
in the ordinary gypsum board. uTAC scans revealed higher porosity (=
28 %) in the ordinary gypsum board than in the fiber gypsum board (=
19 %). No well-defined porous were detected in the scans of the fiber
gypsum board, but the grayscale transition regions may indicate that
porous are located between the fibers and the gypsum phase. Fracture
surfaces from post-mortem fractography shows similar brittle fracture in
the gypsum phase for both materials, but the fracture mechanism of fiber
gypsum was different. From the micrographs, it indicates the fiber
bridging mechanism provided by the fibers, with final pull-out of them.
The difference between experimental setup I and II in both materials
seems to be macroscopic, and it is related with the orientation of the
crack plane propagation (45° in II). From optical micrographs at the
front view, the crack path of ordinary gypsum was tortious because the
crack propagates and kinks in the porous medium. The crack path of
fiber gypsum was slightly straighter than ordinary gypsum.

The primarily efforts of this work in collecting non linear quasi brittle
fracture properties, such as tensile strength, fracture toughness and
traction-separation laws, is materialized in Table 2 and Fig. 8, which will
be essential material parameters in the structural FE models of timber
modules to predict unwanted crack initiation and propagation at the
corners of door openings. In addition, the present work provides results
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of fracture mechanisms and the porosity-mechanical properties relation
of gypsum composites that lacks being reported for commercial plas-
terboards. There has been a great effort in the research community to
develop sustainable gypsum composites reinforced with different fibers.
In this respect, the reported findings in this work are key and can be seen
as reference values for developing new gypsum materials in comparison
with commercial gypsum plasterboards having a well-defined applica-
tion (timber modules). However, we point out that our values are
limited to quasistatic tests and recommend further investigations on
how the fracture properties are affected by rate dependence, especially
for the fiber gypsum board.
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