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Abstract: Fibre-cement boards are commonly used on external lightweight façades for different
buildings. A fibre cement material presents a pseudo strain-hardening behaviour. In addition, the
post-peak is dependent of the humidity content of the material and, in traction, the material presents
a multiple crack behaviour due to the interface relations between the fibres and the cementitious
matrix. Understand the different mechanical behaviours of these boards, the influence of
hygrometric conditions on their constitutive law and their fracture initiation and propagation criteria
is important to optimize the design of facades systems. This article proposes an evaluation of the
capability of the XFEM and the Hashin damage techniques implemented on ABAQUS to simulate
fibre-cement boards behaviour through the 3-point bending test and the direct tensile test.
Experimental results show a toughness and ductility increase with material saturation. The
numerical examples indicate the capability of both techniques to capture a softening behaviour but a
limitation to simulate hardening by means of fibre-bridging mechanism with the current
formulations.

external sheets [4,5].
To gain competitivity and improve their
benefits, a façade panel must be designed with
optimized parameters. Numerical approaches,
as Finite Element Analyse (FEA), are robust
methods to this optimization process [6].
These methods allow a quick analysis of
several configurations in order to find the most
economical and confident parameters.
Having accurate numerical approximations
depend on the correct input parameters of the
material and a good choice of the numerical
modelling technique to describe the material
behaviour.
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INTRODUCTION AND CONTEXT
Lightweight façades are a common
technology used in different countries
specially in Europe, North America and Asia.
In Brazil, this technology has been growing
slowly but the importance to implement an
industrialized façade production process and
their main benefits have been shown by
different authors [1 - 3].
A standard lightweight façade panel
typology is illustrated in Figure 1. Different
materials may be adopted for the outside
façade layer. Fibre-cement boards, for
example, has been extensively applied as
1
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2 XFEM AND HASHIN TECHNIQUES
VALIDATION ON A CONCRETE BEAM
MODELLING
Hillerborg et al. [14] were the first to
propose a cohesive crack model considering
the energy dissipation during the crack
propagation on concrete materials. Petersson
[15] uses the finite element analysis to treat
numerically the fictitious crack model.
Bittencourt [16] compares what he called
the Influence Method (IM), the Defined Crack
Path Strategy with Interface Elements (DP)
and the Arbitrary Cohesive Crack Propagation
(ACC) to address cohesive crack propagation
on a simply supported concrete beam in
bending. For each numerical strategy, it was
possible to verify their ability to detect sizedependency effects. It means, softening
behaviour and a snap-back instability.
This classical exercise was chosen to
validate the XFEM and Hashin techniques
available in ABAQUS verifying their limits.

Figure 1: Standard lightweight façade panel typology.

In the case of a fibre-cement material, its
behaviour may change within the fibre choice,
fibre direction and the board production
process [7]. Using synthetic fibres, as
polypropylene (PP) fibres, these boards
present a pseudo-strain hardening behaviour
followed by a stress softening dependent of
fibre debonding or fibre breakage [8]. In
addition, ductility and toughness, as will be
shown, are hygrometric-dependent.
Among the different criteria and techniques,
the XFEM (Extended Finite Element Method)
and the Hashin-based criteria deserve special
attention. These techniques are widely used
because of their relative easily implementation
and their availability on FEA commercial
softwares. Both criteria are described by some
authors. Although, they have been rarely
compared mainly in the case of cementitious
materials [9 -12].
The objective of this paper is assess the
capability and the limits of XFEM and Hashinbased techniques available in the software
ABAQUS [13] in order to propose a confident
approach to simulate the mechanical behaviour
of a fibre-cement material.
First, the XFEM and the Hashin-based
criteria techniques are compared through a
concrete beam modelling with previously
known results. Next, the experimental
characterization of a fibre-cement board is
described. Then, a comparison between the
numerical techniques and the experimental
results for the fibre-cement board is drawn.
Finally, some conclusions are made.

2.1 Geometry and material properties
The problem consists on a simplysupported beam under a central point load
(three-point bending). The relative geometry is
preserved, as shown in Figure 2, with different
heights (50mm, 100mm and 300mm). Plane
stress is assumed and no initial notch is
considered.

Figure 2: Beam geometry. Source: Bittencourt (1993).

Concrete is assumed isotropic and elasticlinear with an elastic modulus E = 20 GPa,
Poisson’s coefficient  = 0.2, tensile strength
t1 = 2 MPa and energy fracture Gf = 0.02
N/mm.
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2.2 XFEM and Hashin modelling
2.2.1 Damage initiation criterion and energy
fracture parameters
For both methods, it will be necessary to
specify a damage initiation criterion and a
damage progressive law.
The main difference between the XFEM
and the Hashin approach is the damage
initiation criterion: only one criterion is taken
into account for the first one (maximum
principal stress in this case) whereas the last
one considers four damage initiation criteria
(compression and tensile strength of both
longitudinal (fibre) and transverse (matrix)
directions) [9, 13].
In order to compare the methods, only the
tensile strength was considered on the Hashin
approach. All other parameters (compressive,
shear and tensile strength in other directions)
were assumed ten times greater than the tensile
strength, as shown in Table 1. In this way,
only the Mode I fracture is activated.

Figure 3: Cracking allowed on multiple elements.

2.3 Results comparison
The analysis made by Bittencourt [16]
illustrates the size-dependency of the concrete
response. Through the Influence Method, it
can be accurately observed the changing on
the stress-displacement curves with the
different beam heights.
The same problem presented in 2.1 was
treated using the modelling parameters
detailed in 2.2. From Figures 4, 5 and 6 it has
been observed a comparison between XFEM,
Hashin, IM and DP results for different beam
heights.

Table 1: Damage initiation and energy fracture
parameters.

Longitudinal tensile strength
Transverse tensile strength
Compressive strength
Shear strength
Energy fracture

t1
t2
ci
τsi
Gf

2 MPa
20 MPa
20 MPa
20 MPa
0.02 N/mm

2.2.2 Crack path dependency
Two strategies are compared: allowing a
crack initiation over multiple elements and
restraining cracking only in one element.
Both, XFEM and Hashin method, have
presented unrealistic results if cracking is
allowed on multiple elements. Figure 3 shows
that multiple cracks for XFEM and a damage
distribution over multiple elements for Hashinbased approach imply on a response without a
softening branch and on bigger maximum load
values.

Figure 4: Stress-displacement curves comparison.
H = 50mm and W = 100mm.
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theory maximum tensile stress for the
uncracked beam at midspan and the
longitudinal tensile strength.
Table 2 summarizes the results in terms of
maximum load and energy, calculated as the
area under the load-displacement curve.
It can be seen that both XFEM and Hashin
method give a good approximation of the
maximum load prediction. The XFEM results
has an approximation of about +3% in relation
with the IM technique, and of about +1%
compared to the DP method. For Hashin
results, maximum load prediction is around
5% higher than the IM values and around 3%
higher than the DP results.
XFEM and Hashin method show a good
agreement along the softening path for the
smallest beam (Figure 4). As the DP method,
neither XFEM nor Hashin technique are able
to capture the snap-back behaviour, as
illustrated in Figures 5 and 6. However, for
both methods there is a sudden-jump in these
curves with a good agreement with the other
portions of the curves, including the softening
branch at the end. The snap-back instability, in
turn, may not be physically feasible.

Figure 5: Stress-displacement curves comparison.
H = 100mm and W = 200mm.

3 EXPERIMENTAL
CHARACTERIZATION OF THE FIBRECEMENT BOARD
Two experimental tests were done in order
to characterize the fibre-cement material
behaviour: the three-point bending test and the
direct tensile test.

Figure 6: Stress-displacement curves comparison.
H = 300mm and W = 600mm.

The normalized stress, as defined by
Bittencourt, is the ratio between the beam
Table 2: Maximum load and Energy obtained by different numerical methods.

H/W
Method
Influence
Method
Defined
Crack
Path
XFEM
Hashin

50 / 100
Pmax Energy
(N) (N.mm)

100 / 200
Pmax Energy
(N) (N.mm)

300 / 600
Pmax Energy
(N) (N.mm)

129,2

3,42

228,3

7,29

200,0

3,01

131,7

3,70

232,5

8,20

-

-

132,7
134,7

3,76
3,72

235,5
239,5

8,49
8,27

203,4
197,2

5,75
5,67
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The cementitious material with short
polypropylene and cellulose fibres was tested
after different conditioning states:
 Ambient
condition:
laboratory
ambient conditions (23 ºC and 50%
RH);
 Wet condition: immersion in water
at ambient temperature;
 Dry condition: drying in a ventilated
oven at 100 ºC.
In all cases, the tests were carried out after
mass stabilization on the correspondent
conditioning process.

hygrometric condition.
In terms of fracture modelling, the main
differences observed are the damage initiation
point – changing the material strength – and
the fracture energy – related to the total energy
absorbed by the specimen (area under the
load-displacement curve).

3.1 Three-point bending test
The three-point bending test was performed
following the methodology described by the
Brazilian standard for fibre-cement products
without asbestos – NBR 15498:2016 [17].
This methodology is used to the quality
control of the production. Therefore, the main
objective is understanding how the parameters
obtained by the test may help the numerical
strategy to simulate the material.
As the material is orthotropic in plane [7],
all boards were tested on the longitudinal
direction, it means, the fibres are subjected to
traction loads due to the bending. The test setup is illustrated in Figure 7.

Figure 8: Load-displacement curve for the three-point
bending test in different hygrometric conditions.

Figure 7: Test apparatus and sample positioning for the
three-point bending test.

Figure 9: Multiple fissures due to fibre-bridging in the
direct tensile test.

Five samples of 250mm x 250mm x 10mm
for each conditioning state were tested. Figure
8 presents the average load-displacement
curve for all conditions.
It can be seen that the hygrometric
conditions have an important influence on the
material strength and on the softening
behaviour (post-peak). The elastic behaviour
has not a significant changing whatever the

3.2 Direct tensile test
The objective of this test is observing the
fibre-cement cracking behaviour. With the
material subjected to direct traction, the fibrebridging mechanism is marked and the
different failure stages (matrix cracking, fibrebridging and fibre pull-out) are highlighted
[18].
5
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The experimental methodology was adapted
to the ASTM D1037-12 for wood-based fibre
panels [19]. Testing were performed in a
universal testing machine Shimadzu AGS-X
with a controlled displacement rate of 0,5
mm/min. Three samples were analysed in wet
and in ambient conditions.
By looking at Figure 9 it can be noted a
multi cracking process. As described by Li [8],
after the first macro crack bridging fibres
redistribute the load back to the matrix via
fibre/matrix interface, charging other matrix
points until attaining their maximum strength.
Figure 10 shows that the material strength
decreases with its saturation. On the other
hand, material toughness is increased in
saturated condition and fibre-bridging effect is
increased. The end of the linear region
represents the matrix strength. After the elastic
phase, first crack appears but the material stays
withstanding the load by the fibre-matrix
interaction. In the wet condition, maximum
load is attained after an important fibre
elongation and this value is much greater than
the matrix strength.

the XFEM and the Hashin technique. 2D
models are proposed assuming plane stress.
The specimens were meshed with quadrilateral
elements. The element used was the CPS4, an
ABAQUS element for 2D solid sections with a
plane stress formulation, four integration
nodes and a bilinear interpolation function
[13].
As showed in Section 2, the specimens
were modelled with cracking allowed only in
their central element.
Elastic properties were obtained by the
experimental material characterization. The
elastic modulus is not the same if obtained by
the bending test or by the direct tensile test.
Table 3 summarizes the Young’s modulus
measured in the different conditions. Poisson’s
coefficient is assumed 0,21.
Table 3: Elastic moduli in different test conditions.

Ambient
Wet
Dry

3-point
bending test
7,9 +/- 0,6
GPa
7,5 +/- 0,9
GPa
7,1 +/- 0,4
GPa

Direct tensile
test
1,9 +/- 0,2
GPa
1,8 +/- 0,3
GPa
-

Through the numerical simulation with
FEA, the damage initiation and the energy
fracture were defined for each condition fitting
the numerical results to the experimental
curves.
4.1 Three-point bending test
The three-point bending test was simulated
in two-dimensions by a rectangular simply
supported beam with a 215mm span and
10mm height, as shown in Figure 11. The
supports were represented by two nodes
restrained on the vertical displacement.
Crosshead displacement was represented by
a progressive displacement applied on the top
of the beam at midspan. The applied
displacement was considered distributed on
1mm to avoid stress concentration under a
unique displacement application point.

Figure 10: Load-displacement curves for the direct
tensile test in different hygrometric conditions.

4 NUMERICAL MODELLING OF THE
FIBRE-CEMENT BOARD
The numerical models were made using the
software ABAQUS v6.14-6. Both tests
presented in Section 3 were modelled using
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Figure 11: Boundary conditions

Figures 12, 13 and 14 show that XFEM and
Hashin simulations present a good agreement
with experimental results on the linear elastic
behaviour whatever the hygrometric content.
On the other hand, the non-elastic behaviour
prediction is not properly fitted for all testing
conditions.

Figure 14: Load-displacement simulated response in
dry condition.

When the material presents a stress
softening behaviour after the first peak load, it
can be noted that numerical results estimate
appropriately the maximum load and the postpeak behaviour. It is the case of the
mechanical behaviour in ambient and in dry
condition.
In wet condition, the fibre-cement tested
shows a quite hardening behaviour after the
first peak load. In this situation, neither XFEM
nor Hashin are able to capture the hardening
effect on the material. In both numerical
methods, the degradation process is uniform
and irreversible after the damage initiation.
In each hygrometric condition, a sensibility
analysis was made in order to understand how
the variability of the fracture parameters
influences on the material load-displacement
predicted response. Damage initiation criterion
was adopted as the maximum principal stress
and the fracture propagation law is the energy
-based law available in ABAQUS. Stress
strength (i) and energy fracture (Gf) were
defined in Table 4 in order to the relative error

Figure 12: Load-displacement simulated response in
ambient condition.

Figure 13: Load-displacement simulated response in
wet condition.
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in maximum load and energy prediction was
less than 2% for all conditioning states. Table
5 summarizes the maximum load predicted

and the energy calculated in each hygrometric
configuration.

Table 4: Fracture parameters defined to numerical simulations.

Conditioning
Method
XFEM
Hashin

Ambient
Wet
Dry
Gf
Gf
Gf
i
i
i
(N/mm)
(N/mm)
(N/mm)
(MPa)
(MPa)
(MPa)
5,6
16,5
3,5
35,0
4,1
12,0
5,8
14,0
4,0
32,0
4,7
11,0

Table 5: Maximum load and energy predicted by numerical simulations.

Conditioning
Method
Experimental
XFEM
Hashin

Ambient
Pmax
Energy
(N)
(N.mm)
1091,9 28437
1105,7 28051
1086,6 28728

Pmax
(N)
726,9
713,4
718,2

Wet
Energy
(N.mm)
31178
30996
31083

Pmax
(N)
815,6
812,1
808,0

Dry
Energy
(N.mm)
20299
20392
21764

interaction is necessary. The models must be
improved with fibre-bridging formulation laws
to be able to describe the forces fibres exert on
crack faces [20, 21]. A model in more fine
scale or a strategy to add fibre-bridge energy
consumption in the current formulation will be
proposed in future researches.

It is clear that there is a slightly difference
between the XFEM fracture strategy and the
Hashin damage model in ABAQUS. For
Hashin model it is important to emphasise that
the damage initiation and the cracking
progress is dependent of a more complete
characterization of longitudinal and transverse
material tensile and compression strength.
However, even with quite different
parameters, both methods are able to capture
the material mechanical behaviour properly if
strain hardening is not present.

5. CONCLUDING REMARKS
XFEM and Hashin damage model were
used to simulate the fracture behaviour of a
concrete beam and of a fibre-cement board.
The expected behaviour of the concrete
beam was taken into the literature. For the
fibre cement material, an experimental
characterization program was conducted.

4.2 Direct tensile test
To simulate the direct tensile test, the
specimen was modelled in 2D as shown in
Figure 15. Vertical displacements are
restrained at the bottom region and a
progressive displacement was applied at the
top region of the geometry.
Hardening effect and fibre-bridging effect
are really marked on this test, as showed in
3.2. The numerical strategies with XFEM or
Hashin formulation are not capable to depict
these non-linear effects as observed in Figure
16. Only the ambient condition is presented,
but the results are the same in the wet
condition.
To get best results for this behaviour a
properly description of the fibre-matrix

Figure 15: Geometry and boundary conditions to the
direct tensile test.
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more realistic material description
for orthotropic materials;
In order to predict hardening and
fibre-bridging behaviour correctly,
it is necessary a more detailed
model. The model needs to take into
account the fibre-matrix interaction
energy and the constitutive law must
be defined as a hygrometricdependent law.
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Figure 16: Load-displacement curve for direct tensile
test numerical simulations in ambient condition.

Observing the numerical and the
experimental results, some conclusions are
drawn:
 Fibre-cement with polypropylene
and cellulose fibres presents a
hygrometric dependent mechanical
behaviour;
 XFEM and Hashin method provide
a good description of the linear
elastic behaviour of the material
both for the concrete and the fibrecement analysis;
 The non-linear behaviour prediction
does not always have a good
agreement. Softening behaviour is
well captured. However, neither the
snap-back effect on the concrete
beam nor the hardening and fibrebridging behaviour on the fibrecement board were properly
detected;
 The input parameters for XFEM
progressive cracking are only the
maximum material strength and a
homogenised
fracture
energy.
Hashin model needs a more detailed
material description with fibre and
matrix
strength
in
different
directions.
Experimental
characterization of all these
parameters is not evident. In
contrast, Hashin model provides a
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