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We  have  added  expanded  vermiculite  and  polypropylene  fibers  with  low  thermal  conductivity  to
lightweight  gypsum.  Thermal  conductivity  of  the  composites  decreases  on addition  of  vermiculite  as
pore-maker.  Physical  and mechanical  properties  of  the  composites  are improved  by incorporating  pol-
ypropylene  fibers.  A  nonlinear  finite  element  model  of  a three  point  bending  model  and  a  design  of
experiments  analysis  have  been  developed  to evaluate  and  optimize  the  additive  concentrations  and
also to  understand  the effects  provided  by  the  additives  on the  mechanical  strength.  Statistical  response
ypsum composite
ermiculite
olypropylene fibers
hermal conductivity
echanical strength

esponse surface methodology

surface  method  with  three-level  factorial  was  employed  to  evaluate  the  effect  of  addition  of  vermiculite
and  polypropylene  fibers  on  gypsum  composites.  Our  methodology  can  be applied  to other  nonlinear
materials  for  property  optimization.

©  2013  Elsevier  B.V.  All  rights  reserved.
inite element modeling

. Introduction

Gypsum plaster and board along with composites based on
hem have been increasingly used in building construction [1–14].
hermal and sound-proofing properties of the gypsum building
aterials can be improved by increasing the porosity, e.g. by foam-

ng [5] or by adding pore-forming agents such as inorganic ones
6–8]. Different clay minerals can be added to gypsum plaster in
rder to modify the physical properties [6]. Physical and ther-
al  conductivity properties were improved by the addition of

xpanded silica gel granules introduced into the gypsum [8]. Also,
einforcing materials such as fibers or aggregates with different

izes are added to the gypsum plaster and board to improve cer-
ain mechanical properties [1,2,15–17]. Several different types of
olymeric fibers such as glass fiber, carbon fiber, polypropylene

∗ Corresponding author. Tel.: +90 378 223 5360; fax: +90 378 223 5258.
E-mail address: osmangencel@gmail.com (O. Gencel).
URL: http://www.unt.edu/LAPOM (W.  Brostow).

1 Tel.: +1 940 565 4358; fax: +1 940 565 4824.

378-7788/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.enbuild.2013.11.047
fiber, polyamide fiber, polyester fiber have been extensively used
in gypsum boards for their specific advantages [1–5,18–20]. The
use of fiber reinforcement materials in gypsum mix  allows increas-
ing the materials strength. Existing studies use different fiber type,
while no results have been reported for using both vermiculite and
polymeric fibers.

The expanded vermiculite used by us as a mineral addi-
tive to obtain a low thermal conductivity is one of the natural
clay minerals that have phyllosilicate groups [(Mg, Fe, Al)3(Al,
Si)4O10(OH)2·4H2O] composed of shiny flakes, resembling mica in
appearance. When vermiculite is heated to elevated temperatures,
its flakes expand as much as 8–30 times with respect to their origi-
nal size due to the removal of their interlayer and structural water.
Expanded vermiculite has a very low density and low thermal con-
ductivity, high fire resistance and strong sound absorption, what
makes it attractive for use as a lightweight construction aggregate,
thermal insulation filler and soil modifier. Due to its lower density,

such vermiculite is used as a constituent of concretes and plasters
[9,21]. The use of expanded vermiculite in gypsum mix  should allow
a reduction of the density and thermal conductivity values of the
gypsum composites.

dx.doi.org/10.1016/j.enbuild.2013.11.047
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2013.11.047&domain=pdf
mailto:osmangencel@gmail.com
http://www.unt.edu/LAPOM
dx.doi.org/10.1016/j.enbuild.2013.11.047
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Table 2
Properties of additives used for gypsum composites.

Exfoliated
vermiculite

Polypropylene fiber

Physical properties
Color Silver White
Shape Accordion

shaped granule
–

Water holding capacity 240 wt.% –
Cation exchange capacity 90 meg/100 g –
pH (in water) 6.1 –
Thermal conductivity (W/mK) 0.063 –
Combustibility Non-

combustible
–

Specific heat (kcal/kg K) 0.22 –
Bulk density (g/cm3) 0.140 0.91
Tensile strength (N/mm2) – 300–400
Aspect ratio (L/D) – 545 (12 mm/0.022 mm)

Chemical composition (%)
SiO2 34.1
Al2O3 17.2
K2O 4.52
CaO 6.4
MgO  16.3
36 O. Gencel et al. / Energy an

Polypropylene (PP) fibers were added to the gypsum compos-
te mixtures to improve the mechanical properties. According to
azawa [19], the local response of fiber/matrix interface during
racture is of great importance. The most important effect of fibers
s to act as bridging ligaments in the crack plane in order to limit
rack propagation and opening, increasing the deformation energy
eeded to reach fracture. However, the stress transfer between
atrix and fibers is complicated and models dealing with effects of

he different fiber ratios on the mechanical properties of gypsum-
einforced composite were not available.

Numerical studies of laboratory results have become a use-
ul tool for both engineers and researchers, as shown by the
ver-growing number of books and articles published and the con-
erences dedicated to this subject. Much can be learned from the
ngineering of Simulation and Testing (or Hybrid Engineering) that
an later be applied to improvements in the field of structural and
hermal design and analysis in the form of new theories, concepts
r details [18,22–25].

Along these lines, there are models dealing with analytical mod-
ling of strength in fiber reinforced gypsum composites [18], the
ffect of self-stress on flexural resistance [19], the effect of lon-
itudinal reinforcement on glass fiber reinforced gypsum [20].
owever, most of the studies related to gypsum composites have
oncentrated on analytical or laboratory tests and very few pay
ttention to numerical models based on the finite element model-
ng (FEM) and the design of experiments (DOE) methodology play
26–28].

We have prepared lightweight gypsum composites containing
xpanded vermiculite and polypropylene fibers to examine their
hermal conductivities and physical and mechanical properties. In
rder to understand the effect on mechanical resistance of ver-
iculite and polypropylene fibers, a nonlinear three point bending

EM analysis is performed. The structural nonlinearity is due to the
ossibility of cracking and crushing.

With the basis in this nonlinear structural numerical model, a
earch for optimal value based on the designs of experiments (DOE)
19,20,28,29] and goal optimization analysis have been performed
o define the optimized fiber concentration [30,31].

. Experimental studies

.1. Gypsum

A commercially available gypsum plaster mix  characterized
ccording to TS EN 13279-1 [32] was used in this study. The prop-
rties of gypsum used were given in Table 1.

.2. Vermiculite

Exfoliated vermiculite was supplied from the Demircilik ver-
iculite deposit in Yıldızeli, Sivas, Turkey. The vermiculite was
btained by heating raw vermiculite at 600 ◦C for 10 s. Then the
ermiculite was ground and fine sized particles smaller than sie-
ing intervals of 100-mesh (149 �m)  were used for plaster mixes.
he chemical and physical properties of exfoliated vermiculite are

able 1
he properties of gypsum used.

Workability time (min) 60–90
Final setting time (min) 150
Compressive strength (MPa) 2.5
Flexural strength (MPa) 1
Dry density (kg/m3) 650–1000
1000 �m (% passing) 100
150 �m (% passing) 60
Chemical formulation CaSO4·1/2H2O
Fe2O3 14.7
Loss on ignition 6.4

presented in Table 2. Exfoliated fine vermiculite was added to the
plaster mixtures at ratios of 10 wt.% and 20 wt.%. The amount of
vermiculite listed is the ratio of the vermiculite mass to the total
dry mass.

2.3. Polypropylene fibers

Polypropylene fibers with 22 �m diameter and 12 mm length
were used, their properties listed in Table 2. The fibers were added
to the mixtures in the ratios of 0.5 wt.% and 1.0 wt.%. The amount
of fibers is counted as a ratio to the total dry mass.

2.4. Response surface method

We  have used a multi-objective simultaneous optimization
technique to optimize gypsum composites, to which the response
surface method (RSM) is incorporated. The RSM uses statistical
techniques for empirical model building; it comprises regres-
sion surface fitting to obtain approximate responses, design of
experiments to obtain minimum variances of the responses and
optimizations using the approximated responses. The RSM also
aims to reduce the cost and save time [33,34]. This approach has
been widely used to optimize products and processes in manufac-
turing, chemical and other industries, but it has had very limited
use in the construction industry. In one such study, Simon et al. [35]
optimized high performance concrete mixtures. Bayramov et al.
[36] optimized the fracture parameters of steel fiber reinforced con-
crete to obtain a more ductile behavior. Some of us [37] optimized
abrasive wear of concrete.

In the experiments, the mixture ratios were defined by the use
of a statistical experimental design technique. A RSM with three-
level factorial was  employed to study the effect of two factors
(vermiculite and polypropylene fiber) on samples of gypsum com-
posites. Three response variables were measured: dry unit weight,
compressive strength and thermal conductivity. This experimen-
tal design referred 13 experiments with four replicates in the
center point. These factors were investigated at three levels; low

(−), medium (0) and high (+) level as shown in Table 3. The
Analysis of Variance (ANOVA) test for response surface quadratic
model was  used to determine the impact of independent vari-
ables on all dependent response variables in a regression analysis.
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Table  3
Parameters of response surface design with three-level factorial.

Levels A: vermiculite (wt.%) B: polypropylene (PP) fiber (wt.%)

Low (−1) 0 0

M
w
b

f
t
g
o
f
r
p
fi
t

2

a
m
a
t
t
s
w
o
1
p

(
c
n
p
f
i
r
c
f
a
m
a

3

s
T
d
a
t
u
g
m
t
T

r
s

Medium (0) 10 0.5
High (+1) 20 1

athematical equations in terms of coded factors for all responses
ere constructed. The response surface plots were constructed

ased on vermiculite and polypropylene fiber content.
One begins with experimental results. Analysis of response sur-

ace involves choosing a model that fits the experimental data and
esting the adequacy of that model. A response surface is the dia-
ram of system dependent variables or responses as a function of
ne or more independent variables or factors. The response sur-
ace allows a visual analysis of how certain factors influence the
esponses. After building a model, the optimization procedure is
erformed using the response surface of that model as the basis for
nding the best solution. Without establishing a model, optimiza-
ion does not lead to a general solution of the problem.

.5. Preparation of the gypsum composites

Experimental set and mix  proportions of the gypsum composite
re presented in Table 4. The gypsum mixtures containing with ver-
iculite and PP fibers were prepared in a mixer. The gypsum and

dditives were first put in the mixer and mixed for 5 min  in order
o achieve a homogeneous dry mixture. Water was then added to
he dry mixture and mixed for 3 min  so as to obtain the plaster
lurry. The ratio of plaster mix/water used was 900 g/585 ml.  The
ater used during these experiments was the room temperature

f about 20 ◦C. Two different shaped molds with dimensions of
20 mm × 120 mm × 20 mm and 40 mm × 40 mm × 160 mm were
repared to produce test samples.

Rectangular (40 mm × 40 mm × 160 mm)  and plate shape
120 mm × 120 mm × 20 mm)  samples were formed by slurry
asting for the mechanical tests and thermal conductivity determi-
ation, respectively. For each test, three series of specimens were
roduced. In the meantime, the slurry was compacted by a shaker
or 10 s in order to ensure complete filling of the mold. All the spec-
mens were kept in molds for 24 h at room temperature, and then
emoved from molds. The specimens were left to dry in ambient
onditions for 28 days, further dried in an oven maintained at 40 ◦C
or 48 h. Dry unit weight values of the samples were measured
fter drying steps. Then porosity and water absorption values,
echanical properties like compressive and bending strengths

nd thermal conductivity were determined.

. Experimental results

Compressive and bending strengths, of the gypsum composite
amples were measured following the TS EN 13279-2 standard [38].
he dry unit weight, porosity and water absorption values were
etermined by Archimedes method (soaking period of 24 h in water
t room temperature). In order to determine the thermal conduc-
ivity of the samples a TCi Thermal Conductivity Analyzer has been
sed. This instrument has been developed by C-Therm Technolo-
ies and it is based on the Modified Transient Plane Source (MTPS)
ethod, a non-destructive technique allowing us to obtain the

hermal conductivity and effusivity of the samples tested [39,40].

able 3 presents the results for all runs.

The mathematical models derived from the experimental
esults and their Analysis of Variance (ANOVA) test results are
hown in Tables 5–7.
dings 70 (2014) 135–144 137

Response surface three-level factorial design was  conducted
to find main factors. The design refers to quadratic model with
R2 = 0.78 and the standard deviation of 0.02 (R2 = 1 represents the
perfect fit). The ANOVA test results for the dry unit weight data
are given in Table 5. The sum of squares is used as a measure of
overall variability in the data. The value of 0.012 indicates that the
variation in the experiment data is normal. Mean square values are
obtained by dividing the sum of squares by the degrees of freedom.
The model F-value of 5.07 implies the model is significant. There is
only a 2.78% chance that a “Model F-Value” this large could occur
due to noise. The importance of each term, on the dry unit weight is
shown by the values in column “Prob > F”. Values of “Prob > F” less
than 0.05 indicate model terms are significant at the 95% confidence
level.

Vermiculite addition (term A) has the largest influence on the
dry unit weight since the value of Prob > F is the smallest for
that term. The addition of PP fibers has no significant effect on
the dry unit weight (the p value > 0.05). Further, the interaction
term is not required in the model due to the higher p-value. The
design of expert program estimates the model coefficient. Esti-
mated coefficients are not used for interpretation of the model.
Generally the model graphs are used. However these coefficients
appear in the prediction equation for dry unit weight (UW):

UW (kg/m3) = +0.95 − 0.043 · A − 1.0 × 10−2 · B + 3.79

× 10−3 · A2 + 3.79 × 10−3 · B2 (1)

The ANOVA tests also were done for the compressive strength
and thermal conductivity data based on the quadratic model. The
results for the compressive strength are given in Table 6. The design
referred to quadratic model with R2 = 0.96 and standard deviation
of 0.14. As can be seen from Table 5, the additions of vermiculite (A)
and polypropylene fibers (B) have strong effects on the compressive
strength.

The final equation in terms of coded factors for the compressive
strength is:

CS (MPa) = +2.81 − 0.66 · A + 0.16 · B + 0.03 · A · B

− 0.058 · A2 + 0.062 · B2 (2)

In the ANOVA results for the thermal conductivity (Table 7), the
design pertains to a quadratic model with R2 = 0.91 and standard
deviation of 0.015. Table 7 shows that the additives used for gypsum
composite are the main effects on the thermal conductivity and the
model F-value of 14.9 indicates the model is significant. In this case
A, B and A2 are significant model terms.

The final equation in terms of coded factors for thermal conduc-
tivity (TC) is

TC (W/mK) = +0.51 − 0.038 · A − 0.025 · B + 2.5

× 10−3 · A · B − 0.031 · A2 − 1.20 × 10−7 · B2 (3)

The response surfaces for models given in Eqs. (1)–(3) were con-
structed for all responses based on vermiculite and polypropylene
fiber content (see Figs. 1–3). The effect of vermiculite and polypro-
pylene fiber addition on the dry unit weights, compressive strength
and thermal conductivity values of the gypsum composites and
the optimum values for their properties are shown in Figs. 1–3,
respectively.
As seen from Fig. 1, changes depend on vermiculite and fibers
concentration in the mixture – as expected. Both vermiculite and
fibers reduce unit weight while the effect of vermiculite is larger
due to both its content in the mixture and very low density. The



138 O. Gencel et al. / Energy and Buildings 70 (2014) 135–144

Table 4
Experimental set and results of the gypsum composites.

Run Design parameters Mix  proportions All responses after 28-days

Vermiculite Polypropylene
fiber

Verm.
(wt.%)

PP fiber
(wt.%)

Gypsum
(wt.%)

Dry unit
weight
(g/cm3)

Porosity
(%)

Water
absorption
(%)

Bending
strength
(MPa)

Compressive
strength
(MPa)

Thermal
conductivity
(W/mK)

1 +1 +1 20 1 79 0.89 40.8 42.8 1.68 2.32 0.42 ± 0.04
2  0 0 10 0.5 89.5 0.90 39.2 43.3 0.88 2.5 0.50 ± 0.05
3  +1 −1 20 0 80 0.92 40.3 42.6 1.08 1.98 0.46 ± 0.04
4  0 0 10 0.5 89.5 0.95 38.5 40.2 0.9 2.83 0.50 ± 0.04
5  −1 +1 0 1 99 0.99 36.1 37.4 0.9 3.56 0.50 ± 0.05
6  +1 0 20 0.5 79.5 0.92 41 43.6 1.11 2.1 0.44 ± 0.04
7  −1 0 0 0.5 99.5 1.00 35.6 37.7 0.85 3.44 0.50 ± 0.03
8  0 0 10 0.5 89.5 0.96 36.8 38.4 1 2.92 0.53 ± 0.02
9  0 0 10 0.5 89.5 0.96 36.5 37.5 1 2.93 0.52 ± 0.04

10  0 0 10 0.5 89.5 0.97 38.9 40.1 0.97 2.81 0.52 ± 0.04
11  −1 −1 0 0 100 1.01 35.9 37.2 0.8 3.34 0.55 ± 0.03
12  0 −1 10 0 90 0.97 38.2 39.9 0.93 2.69 0.53 ± 0.05
13  0 +1 10 1 89 0.95 38.5 40 1.06 3.09 0.47 ± 0.03

Table 5
Analysis of variance (ANOVA) for response surface quadratic model for the dry unit weights with R2 = 0.78.

Source Sum of Squares df Mean square F value p-Value Prob > F

Model 0.012 5 2.399 × 10−3 5.07 0.0278 Significant
A  – Vermiculite (%) 0.011 1 0.011 23.81 0.0018
B  – Polypropylene fiber(%) 6.0 × 10−4 1 6.0 × 10−4 1.27 0.2973
AB  −1.735 × 10−18 1 −1.735 × 10−18 −3.66 × 10−15 1.0000
A2 3.974 × 10−5 1 3.974 × 10−5 0.084 0.7804
B2 3.974 × 10−5 1 3.974 × 10−5 0.084 0.7804
Residual 3.313 × 10−3 7 4.732 × 10−4

Lack of fit 2.326 × 10−4 3 7.755 × 10−5 0.10 0.9554 Not significant
Pure  error 3.08 × 10−3 4 7.70 × 10−4

Cor total 0.015 12

Table 6
Analysis of variance (ANOVA) for response surface quadratic model for the compressive strengths with R2 = 0.96.

Source Sum of squares df Mean square F value p-Value Prob > F

Model 2.76 5 0.55 29.65 0.0001 Significant
A  – Vermiculite (%) 2.59 1 2.59 139.03 <0.0001
B  – Polypropylene fiber(%) 0.15 1 0.15 8.25 0.0239
AB  3.600 × 10−3 1 3.600 × 10−3 0.19 0.6733
A2  9.269 × 10−3 1 9.269 × 10−3 0.5 0.5031
B2  0.011 1 0.011 0.57 0.4742
Residual 0.13 7 0.019

−3 .661 × −3

.031

l
t
b

v
i
T

T
A

Lack of fit 7.984 × 10 3 2
Pure  error 0.12 4 0
Cor total 2.89 12

owest unit weight was observed as 0.89 g/cm3 in the mixture con-
aining 20% vermiculite and 1.0% fiber. The highest unit weight
elongs to neat gypsum.

As seen from Fig. 2, compressive strength of our composites

aries between 3.56 MPa  and 1.98 MPa. The lowest value appears
n Run 3. Vermiculite reduces compressive strength of composites.
he reason behind it is that expanded vermiculite, which is used in

able 7
nalysis of variance (ANOVA) for response surface quadratic model for the thermal condu

Source Sum of squares df Mean 

Model 0.016 5 3.167 

A  – Vermiculite (%) 8.817 × 10−3 1 8.817 

B  – Polypropylene fiber(%) 3.750 × 10−3 1 3.750 

AB  2.500 × 10−5 1 2.500 

A2 2.690 × 10−3 1 2.690 

B2 4.023 × 0−6 1 4.023 

Residual 1.488 × 10−3 7 2.125 

Lack of fit 7.676 × 10−4 3 2.559 

Pure  error 7.200 × 10−4 4 1.800 

Cor total 0.018 12
 10 0.087 0.9635 Not significant

this study, is not a load carrying mineral. Also, vermiculite increases
porosity. The more porosity, the more compressive strength loss.
On the other hand, fibers added into mixture slightly enhance the
compressive strength.
As seen in Fig. 3, thermal conductivity decreases as a func-
tion of both vermiculite and PP fibers contents. Density decreases
with increasing expanded vermiculite content in the mix. Thermal

ctivities with R2 = 0.91.

square F value p-Value Prob > F

× 10−3 14.9 0.0013 Significant
× 10−3 41.49 0.0004
× 10−3 17.65 0.0040
× 10−5 0.12 0.7417
× 10−3 12.66 0.0092
× 10−6 0.019 0.8944
× 10−4

× 10−4 1.42 0.3602 Not significant
× 10−4
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Fig. 1. Response surfaces for the model given in Eq. (1) for the dry unit.
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ig. 2. Response surfaces for model given in Eq. (2) for the compressive strength.

onductivity decreases due to the decrease of density. Also, vermic-
lite increased porosity of our composites.

. Numerical modeling

.1. Mathematical model of gypsum composite

In order to evaluate the structural load capacity of the
hree-point bending gypsum composite, we have employed a
athematical model of concrete based on Willam and Warnke
29,41,42] for stresses, so that the model predicts both material
ailure modes: cracking and crushing.

ig. 3. Response surfaces for model given in Eq. (3) for the thermal conductivity.
dings 70 (2014) 135–144 139

4.2. Material properties

The main properties of the composite gypsum used in the
numerical model are obtained from our laboratory tests and earlier
work [28,29,41,42]:

• Linear properties:
◦ Density: according to the experimental results and Eq. (1) with

kg/m3, � = UW
◦ Poisson’s ratio: 0.18

• Nonlinear properties for William and Warnke model:
◦ Ultimate uniaxial compressive strength, according to the exper-

imental results and Eq. (2) in MPa: fc = CS.
◦ Ultimate uniaxial tensile strength, ft = 0.21 × 3

√
f 2
c = 0.21 ×

3√
CS2 MPa.

◦  Young’s modulus: E = fc
0.63 × 1000 = CS

0.63 × 1000 MPa.
◦ Shear transfer coefficient for an open crack: 0.1.
◦ Shear transfer coefficient for a closed crack: 0.7.

• The PP fiber material properties (see Table 2) used in the model
are introduced as rebars in local X, Y and Z directions (see Fig. 4(a)),
with the following linear properties [43]:
◦ Density of fibers: 920 kg/m3.
◦ Young’s modulus: 2000–3900 MPa.
◦ Poisson’s ratio: 0.4

4.3. Finite element model and boundary conditions

The three-point bending composite gypsum specimen of
0.4 × 0.3 m (see Fig. 4a) has been modeled by means of solid type
tetrahedral finite elements named SOLID65 (see Fig. 4b) [44,45].
Such a finite element is appropriate to reproduce the non-linear
structural behavior of fragile materials such as concrete or gypsum;
that is to say, the failure modes of cracking and crushing. There are
eight nodes with three degrees of freedom per node: translations
in X, Y and Z directions. We have considered in this finite element
the extra displacement shapes and we have included tensile stress
relaxation after cracking in order to help convergence.

A fine mesh, with a meshing parameter of 2 × 10−3 m,  has been
used, giving place to a FEM model composed of 62,118 nodes and
50,500 elements (see Fig. 4c), with an excellent Jacobian ratio and
element quality.

On the one hand, a ramped displacement ranging from
1.2 × 10−4 to 1.6 × 10−4 m is applied to the central line of the speci-
men. On the other hand, the displacements in X direction have been
constrained on both lateral supports (see Fig. 4d).

4.4. FEM analysis and results

In order to solve the mathematical model of this problem, we
have taking into account the following assumptions for the nonlin-
ear FEM analysis:

• Newton–Raphson integration scheme.
• Ramped loading: the applied central displacement is linearly

interpolated for each substep from the value of the previous load
step to the value of this load step.

• Maximum number of iterations per load increment: 25.
• Force convergence parameter: a tolerance of 0.5% with respect to

the L2 Euclidean norm, with a minimum value of 0.01 N.

• Analysis time steps:

◦  Initial time step: 0.01.
◦ Minimum time step: 0.0005.
◦ Maximum time step: 0.05.
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Fig. 4. FEM model: (a) finite element SOLID 65, (b) geometri

The problem was solved in a workstation computer with a CPU
eon64 bits, 64 GB RAM memory, 5 TB hard disk and four cores. The

otal elapsed average CPU time per FEM model and each nonlinear
tructural analysis was 20,000 s and the total number of iterations
n order to get the convergence about 230. For the DOE analysis,
5 different FEM models per gypsum specimen were built and the
otal CPU time was about 400,000 s.

From the FEM results shown in Fig. 5, we see that:

The specimen deformation follows the typical structural behavior
of a three point bending test with a plastic hinge in the central
part, as seen in Fig. 5a.
Maximum principal stresses show clearly the cracking material

failure in the central part of the specimen (see Fig. 5b).
Normal stress values are show in Fig. 5c: two vertical bands in
the central part of the cracking specimen, due to the presence of
PP fibers in the gypsum composite.
del, (c) FEM mesh and a detail and (d) boundary conditions.

• The safety factor of the specimen is shown in Fig. 5d, in which it
is possible to see the wide band of material near cracking-point
failure as well as the central plastic hinge.

• Finally, Fig. 5e shows the force–displacement diagram includ-
ing the cracking or suddenly failure point and the subsequent
residual resistance.

5. Design of experiments analysis and optimization

The design of experiments (DOE) methodology is a useful
complement to multivariate data analysis because it generates
“structured” data tables that contain an important amount of struc-
tured variation [23,27,28]. This mathematical structure is used as a

basis for multivariate modeling, what guarantees stable and robust
numerical models. Careful sample selection increases the chances
of extracting useful information from the data tables. The critical
part is to decide which input variables or parameters to change,
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Fig. 5. FEM results: (a) maximum displacement (m), (b) maximum principal stress (Pa), (c) normal stress (Pa), (d) safety factor and (e) force–displacement graph.
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Fig. 6. DOE analysis: (a) explicit points distribution in the case of CCD with an enhanced face-centered scheme and (b) sensitivity analysis.

Fig. 7. DOE results: (a) maximum deformation versus vermiculite and polypropylene ratios, (b) maximum reaction versus vermiculite and polypropylene ratios, and (c)
maximum principal stress versus vermiculite and polypropylene ratios.
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Table 8
Optimization based on DOE analysis.

Thickness (mm) A (%) B (%) FX (N)

Candidate point 1 12.88 0.19 0.14 28.64
Candidate point 2 14.32 0.54 0.13 36.34

Council through the SV-13-GIJON-1.7 project and the financial
support provided by the FICYT and the Spanish Ministry of Sci-
O. Gencel et al. / Energy an

he intervals for this variation, and the pattern of the experimental
oints (DOE type).

A DOE analysis has been carried out in order to analyze effects
f the vermiculite and polypropylene ratios on the strength of the
omposites. We  have selected a pattern based on a central com-
osite design (CDD) with an enhanced face-centered scheme (see
ig. 6a). As input parameters, the following variables have been
onsidered:

Specimen thickness, with an initial value of 12 mm,  ranging from
10 to 15 mm.
Vermiculite ratio as percentage, with an initial value of 10% and
ranging from 0% to 20%
Polypropylene fiber ratio in percentage, with an initial value of
0.5%, ranging from 0.01% to 1%.
Elastic modulus of polypropylene, with an initial value of
3000 MPa, ranging from 2000 to 3900 MPa.

As output parameters we have the maximum principal stress,
he force reaction in the Y direction and the maximum dis-
lacement. A total of seventeen different FEM models for each
hree-point bending specimen have been calculated. The surface
esponse and the sensitivity analysis were obtained.

First, the sensitivity analysis shows the influence of the input
arameters with respect to the output parameters (see Fig. 6b).
he most important input variable corresponds to the specimen
hickness, followed by the vermiculite ratio in case of maximum
rincipal stress output parameter, and finally, the polypropylene
ber ratio.

The DOE analysis leads to the following findings:

Fig. 7a shows the variation of the maximum deformation of the
three point bending specimen as a function of the vermiculite
and polypropylene fiber ratios. With increasing the addition of
polypropylene fibers, the maximum deformation decreases.
Fig. 7b shows the evolution of the maximum force reaction as a
function of the vermiculite and polypropylene fiber ratios. The
vermiculite addition decreases the maximum reaction in the
specimen; the polypropylene fiber ratio increases the plasticity
of the gypsum composite.
Finally, Fig. 7c shows the variation of the maximum principal
stress as a function of the vermiculite and polypropylene fiber
ratios. In this case, the addition of both vermiculite and polypro-
pylene fiber decreases the maximum principal stress, due to the
elasto-plastic behavior of the gypsum composite.

Finally, from the above response surfaces (Fig. 7), it is possible
o obtain the optimum values of the vermiculite and polypropyl-
ne fiber ratios in order to obtain the best strength of the gypsum
omposite. For this purpose, a response surface optimization (RSO)
s carried out [46], and the closest solution to the objective func-
ion is found. The numerical RSO procedure is a constrained,

ulti-objective optimization technique in which the “best” pos-
ible designs are obtained from a thousand samples set given the
bjectives to look for.

We  have built the objective function with the following con-
traints:

Maximize reaction force FX;  FX ≥ 28 N (default importance).
Minimize vermiculite ratio, A (default importance).

Minimize polypropylene fiber ratio, B (default importance).

The optimum material properties obtained from the above RSO
nalysis are shown in Table 8.
Candidate point 3 15.00 0 0.10 38.51

In summary, the optimum and economically acceptable values
of the vermiculite and polypropylene fiber ratios in order to obtain
the best strength of the gypsum composite are the following:

- Vermiculite/gypsum ratio by weight: 0–0.54%.
- Polypropylene/gypsum ratio by weight: 0.1–0.14%.

6. Conclusions

As expected, the unit weights of gypsum composites depend
on vermiculite and fibers concentration in the mixture. Vermicu-
lite reduces the compressive strength while PP fibers somewhat
enhance the strength. The thermal conductivity of our composites
decreases with increasing vermiculite content.

The finite element method (FEM) has been shown as suitable
tool in the modeling and analysis of complex nonlinear gypsum
composites. A three point bending specimen FEM model with
a William–Warnke concrete-rebar constitutive model has been
developed to study gypsum composites with success. That model
is able to reproduce the structural behavior of the gypsum compos-
ites with a high degree of accuracy, taking into account the cracking
and crushing phenomena and showing clearly the plastic hinge and
loss of resistance in case of failure.

The parametric study with the help of the DOE allows identi-
fication of the most relevant input parameters of the process in
order to determine their influence in the structural load capacity
of the three point bending specimen made up gypsum composite.
Furthermore, the DOE also provides more information than other
traditional experimental methods, because it allows an assessment
on the significance of not only input variables acting alone, but also
factors acting in combination with one another.

A mathematical model has been developed to study and opti-
mize the fiber ratio of gypsum composites. This methodology will
benefit the construction products based on structural principles.

One notes that there are two forms of polypropylene, in function
of the nucleation procedure used [47]. In concretes PP fibers have
been used before, irradiated with gamma  radiation or otherwise
[48]. Steel fibers have been used before also [49], but then objec-
tives of the present work of providing low density and low thermal
conductivity would be missed. Finally, we note that construction
materials based on polymeric rather than mineral matrices are in
use also [50].
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