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The development of new cementitious materials raises new challenges with regard to structural design. One
of the potential applications of superabsorbent polymers (SAP) is to deliver well-defined porosity to cement
systems. This is particularly interesting for the development of porous cement-based materials with high
technical performance. In this paper, a numerical approach to model the basic mechanical properties of the
porous cement with SAP is developed. The modelling approach is based on computational micromechanics
and uses a representative volume element that emulates the microstructure of the cement-based material
to determine the overall material response and the local behaviour. Using this approach several sensitivity
analyses are undertaken examining various parameters. The modelling approach is compared with experi-
mental results showing reasonable correlation. The proposed approach provides faster and cheaper tool to

design porous materials due to a reduction in the required experimental effort.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The design of porous cement-based materials establishes a chal-
lenge to obtain light materials while maintaining high technical per-
formance. Superabsorbent polymers (SAP) can bring great flexibility
to the design of porous cement-based materials, allowing to tailor
the pore structures thanks to a basic knowledge of the absorbency
of the polymer. The specific morphology of the resultant pores has
a high potential of improving the mechanical performance of low
density cement-based materials.

Nevertheless, the design of these materials, as with other com-
posite materials, requires a costly experimental development plan in
order to establish the dosages that will provide the required material
properties. In this process, the use of micromechanical models can
complement the experimental tasks predicting the final properties of
the heterogeneous material, thus reducing the required experimen-
tal effort in favour of the development of the material.

Continuum micromechanical models offer a framework to anal-
yse the behaviour of heterogeneous materials. The underlying idea
behind continuum micromechanics is that it is possible to separate a
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heterogeneous material into phases with on-average constant mate-
rial properties. According to this concept, the main goal of microme-
chanics is predicting the response of a heterogeneous material on
the basis of the geometries, volume fractions and properties of the
individual phases (homogenisation). These models can be roughly
classified as analytical or numerical (computational). From a theo-
retical perspective, analytical micromechanical models are based on
important assumptions and simplifications that limit their applica-
bility to simple material systems. Other analytical approaches are
based on mathematical regressions over empirical data, therefore
having a less meaningful physical background.

In order to overcome part of these limitations, the computa-
tional approaches are feasible alternative tools to be used in the
design of composite materials. They allow to analyse more complex
morphologies and to model non-linear constituents behaviour while
providing a simpler way to account for localized deformation and
failure mechanisms [1].

One of the most commonly used computational approaches is
based on the Finite Element Method (FEM), where a representa-
tive volume element (RVE) is built reproducing the morphology
of the constituents and the appropriate material models assigned
to each phase [2-5] . The prediction of the homogenised material
behaviour is obtained subjecting this RVE to a load state, normally
under pure uniaxial tensile or compression load or shear load. The

Please cite this article as: I. Viejo et al., Numerical modelling of porous cement-based materials by superabsorbent polymers, Cement and
Concrete Research (2016), http://dx.doi.org/10.1016/j.cemconres.2016.07.018



http://dx.doi.org/10.1016/j.cemconres.2016.07.018
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/cemconres
mailto: iviejo@itainnova.es
http://dx.doi.org/10.1016/j.cemconres.2016.07.018
http://dx.doi.org/10.1016/j.cemconres.2016.07.018

2 1. Viejo et al. / Cement and Concrete Research xxx (2016) XxX—Xxx

accuracy of this prediction will depend on the exactitude of the mod-
elled morphology, material model considered for each constituent,
boundary conditions and mesh size.

Analytical and numerical micromechanical models have been
applied to the prediction of the effective properties of different types
of composites (mainly metallic and plastic composites), including
cement-based materials as described below.

The use of analytical methods is focused on the estimation of
linear effective properties, such as elastic modulus, several of these
contributions are summarized hereinafter. Bary [6] compares the
prediction obtained with the Mori-Tanaka (M-T), Self-consistent
(S-C) and Interaction Direct Derivate (IDD) schemes and a numerical
approach by means of FEM. Smilauer [7] also compares the predic-
tion of the M-T scheme and FEM. Bernard [4] combines the S-C and
M-T schemes in order to predict the elastic modulus at early stages
of paste hydratation and its evolution over time. Sorelli [8] utilizes an
M-T scheme at every phase. Hernandez [9] and Acebes [10] propose
the formulation of a three-phase model based on a mean field theory
of M-T and Eshelby’s equivalent inclusion principle, estimating some
mechanical properties in n-phases cement composite.

In addition to previous contributions, mainly focused on
using analytical models, several papers have employed numerical
approaches for cement-based materials, modelling factors from elas-
tic properties to the damage mechanisms. Most of the papers use
FEM to predict the elastic behaviour of the material by volumet-
ric averaging from the elastic moduli of the individual phase, as in
Kamali [11], Haecker [12], Smilauer [7] or Toulemonde [13]. Other
authors have analysed more complex phenomena, including crack
generation or damage distribution. Bernard [1] studied the mechan-
ical behaviour at the mortar level, obtaining the crack pattern under
tensile and compression loads by using a Rankine criteria for the
maximal principal stress. Kim [14] analysed concrete behaviour of
a 3-phase composite material mortar, aggregates and interface by a
simulation based on a coupled plasticity-damage model.

While there are numerous papers focused on the study of cement
materials by means of continuum micromechanics, the study of
porous cement-based materials is not common in literature. Fur-
thermore, the prediction of compression or tensile strength using
these models is also unusual. In that area, Yaman [15] utilized sev-
eral semi-empirical models for the prediction of the elastic modulus
as function of the porosity while Gibson [16] defined an equation
for closed-cell foams in general. Additionally, there are other empir-
ical models that define the link between the compression strength
and the porosity such as the Balshin’s model, Powers’ gel-space ratio
equation or others based on previous ideas [17].

In the present study, a methodology to predict the behaviour
of a porous cement-based material is described. The methodology
used is based on continuum micromechanics using FEM to evalu-
ate the RVE of the porous cement. The effective and local behaviour
of this material (elastic modulus and strengths) is analysed under
uniaxial deformation. The validation of this approach for a porous
cement-based material is carried out through comparison with
experimental data. Finally, using this numerical tool, the influence of
different morphological and material properties is studied through
sensitivity analyses.

Following this introduction and review of the state of the art,
the paper comprises an initial section describing the characteris-
tics of the material system object of the study and the performed
experimental characterization tests. The numerical methodology is
fully described in the subsequent section, including RVE generation,
boundary conditions, material model and prediction procedure. This
is followed by a comparison between the numerical prediction and
the characterized porous material. Results are discussed in the next
section, which continues with several sensitivity analyses under-
taken using the developed methodology. The study ends with a set
of conclusions.

2. Porous cement-based materials by superabsorbent polymers

Porous cement-based materials consist of a pore agent and a solid
cementitious skeleton. The basic principles to design cement with a
variety of pore agents are described by Esteves [18].

In the design of porous cement-based materials with SAP, the
definition of the water entrained particle-based system in the mate-
rial is critical because it determines the porosity in its hardened
state. The measurement of this water entrained is performed by an
absorbency measurement based on the principle of laser diffraction
particle size analysis [19]. The measurement of the relevant SAP
provides to an absorbency of 20 ml/g. The material design was per-
formed using SAP with a dry mode of 100 pm, that is, the mean
diameter of SAP particles without added water is 100 um, which
leads to a swollen mode size of about 300 um. The particle size distri-
bution (PSD) of the porosity added by SAP at the hardened cement is
obtained by measurement of PSD of the swollen SAP using the laser
diffraction technique particle [19], assuming that the PSD measured
in the relevant cementitious environment defines a stable swollen
state during the setting and hardening of cement. This value is con-
firmed by computerized tomography of the relevant materials. The
generated microstructure can be observed in Fig. 1.

The experimental methods included the determination of the
modulus of elasticity in compression, compressive and flexural
strength, density and air content of the material. Standard meth-
ods were used for this experimental setup. The densities of both
fresh and hardened materials were calculated in accordance with EN
12390-7:2009, by measuring the mass and volume of the specimens.
Since the systems are sealed cured, the hardened density can be con-
sidered identical to the fresh density of the material. This fact was
supported by mass measurements before and after sealed curing.
The method for the determination of air content followed the pro-
cedure described in EN 12350-7:2009 - the pressure gauge method.
The cementitious system, enclosing an unknown amount of air, is
subjected to a known pressure by introducing a certain volume of
air. The dial on the pressure gauge is calibrated in terms of percent-
age of air for the resulting pressure. The procedure for stress-strain
relationship determination included the use of linear transducers

Fig. 1. Microstructure of porous cement-based materials with SAP. The cement paste
is composed of cement and water at a w/c ratio of 0.25 by mass. SAP was added at a
rate of 0.5% by cement mass. This corresponds to a total porosity value of about 40%.
The image shows a computerized tomography scanned slice, where grey colour is the
cement paste and black colour are holes corresponds with porosity mainly associated
to SAP due to the higher scale.
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physically attached to the sample in two positions opposite to each
other. No stabilizer was used, so partly-rotation of the fixtures was
possible. The results are based on the average of two transducers.
Stress-strain in compression was measured to 50% of the ultimate
stress in compression measured in each system. This was done in
order to avoid damage to the transducer in case of brittle or explo-
sive failure. Secant modulus of elasticity was calculated according to
the procedure in EC2. Accordingly, the modulus of elasticity refers
to the slope of the stress-strain obtained between the origin and
40% of the ultimate stress in compression, determined in accordance
with ASTM standard - C39. Cylinders measuring 60 mm in diame-
ter and 120 mm height containing high performance cement pastes
were prepared for measurement at 6 different curing times. Ultimate
strength refers to an applied load rate of 0.71 MPas~!. The results
shown refer to the strength values taken at 28 days hardening time
in sealed curing. Tensile strength was derived from 4-point bending.
Tests were performed in accordance with EN 12390-5:2009, using
240 mm long thin plates with a cross section of 60 x 5 mm, a span of
100 mm, and a force applied at 2 positions.

The experimental characterization was undertaken for several
concentrations of SAP, which provides different quantities of bub-
bles. These bubbles provide an increase in the overall porosity of the
cement mixture. The analysed systems and their results are collected
in Table 1. This table includes three columns about the level of poros-
ity expressed in different manners: a first column with the weight
percentage of SAP in the mixture, a second column with the equiv-
alent volume percentage of this SAP porosity and a third column
with the volume percentage of total porosity, which is composed
by a the cement porosity (about 28%) and an additional porosity
due to SAP. Therefore the total porosity for a case is obtained as:
Cement porosity - (1 — Void SAP) + Void SAP.

3. Modelling methodology

The prediction of effective properties for a composite material,
using continuum micromechanics, involves several steps: knowl-
edge of the microstructure and reconstruction of the corresponding
RVE, recognition of the different constituents and use of suitable
material models and properties for each phase, and finally calcula-
tion of the effective material behaviour under the desired loading
conditions. In this study a numerical approach based on FEM has
been used due to its advantage (as note above) over the analytical or
empirical approaches [1].

In order to define the RVE, the microstructure of the porous
cement material is identified via a computerized tomography, being
the PSD of the porosity obtained using absorbency measurements
(described in the previous section). On the basis of these observa-
tions, the different phases of the material are identified, where a
phase is the part of the domain that can be identified at a given
scale with constant material properties [20]. The microstructure of
the porous cement-based material analysed at micro-scale, is con-
sidered composed of two phases: cement paste and spherical voids
generated by SAP, as shown in Fig. 1. The cement paste at micro-
scale is assumed herein to be a homogeneous material, although at
lower scales it also has a heterogeneous structure resulting from

Table 1
Experimental characterisation.

the cement recipe and hydration process. Based on this information
on the micro-scale, the reconstruction of the corresponding RVE is
undertaken as described in following subsection.

From a theoretical point of view, random heterogeneous mate-
rials, such as the one of study, were deeply investigated by
Torquato [21]. He went in the Part I of the book into details about
the characterization of the microstructure including the analysis
distribution and packing of spherical particles, considering non-
overlapping/overlapping or clustering.

3.1. Geometry and mesh

The RVE which satisfies the determined morphology characteris-
tics conditions is generated using Digimat [22], which is a commer-
cial software focused on linear and non-linear multi-scale material
modelling. Among others, it has a module, called Digimat-FE, for
generating the geometry of the microstructure based on: content of
heterogeneities, size of the particles and distribution. The inclusions
or voids are allocated by a random dispersion but accomplishing the
requirements about distribution, content, periodic geometry, etc.

Along this paper the generation of the RVE for the porous cement
material is performed considering a matrix of cement paste where
the inclusions are voids associated with the bubbles generated by
SAP. These bubbles have a spherical shape with a PSD, as noted in the
Porous cement-based materials by superabsorbent polymers section.
The definition of the PSD in terms of % of particles versus size is
shown in Fig. 2.

In addition to the PSD, the RVE generation process requires the
definition of the content of inclusions in terms of volume fraction
and topological information on inclusion dispersion. In this study,
good bubble dispersion has been assumed because no clusters are
observed in the tomography (Fig. 1). This factor is included in RVE
generation by considering a uniform dispersion around the RVE. A
further typical characteristic of heterogeneous materials with voids
is the overlapping of the inclusions, such as described Torquato [21],
which is not considered for this microstructure because their forma-
tion mechanism, from swollen solid SAP particles, does not allow it.
The RVE is created under these considerations; a reconstruction for a
25% volume fraction of voids generated by SAP is shown in Fig. 3.

Another equally important parameter is the characteristic length
of the RVE (or RVE size), which has repeatedly been investigated
as Gitman et al. have summarised [23]. Theoretically, the RVE must
be large enough compared to the dimension of the heterogeneities
yet small enough compared to the system analysed. Pelis-
sou [24] affirmed that there is not a priori a criteria to deter-
mine the minimum RVE size because it depends on the mate-
rial structure, on the volume fraction of heterogeneities and on
other characteristics of the microstructure. Normally, a lager RVE
tends to provide more accurate prediction, but there is a minimum
RVE where the solution converges within a tolerance [3]. Therefore,
this parameter of the material object of study is analysed herein; the
details of it are given in Application of the methodology section.

Working with this geometry, the RVE mesh is generated by using
Abaqus-CAE [25], a commercial pre/post processor for FEM analy-
sis. The RVE mesh is defined with linear tetrahedral elements, which
are generated taken into account the following meshing parameters

SAP system [%] Voids SAP [%] Total porosity [%] Elastic mod. [GPa] Comp. strength [MPa] Flexural strength [MPa]
0.00 0.00 27.7 37.0 102 8.00
0.25 13.0 36.5 - 79.1 6.60
0.50 20.0 41.6 22.8 52.1 5.80
1.00 32.0 50.4 16.2 25.2 4.20
2.00 50.0 63.5 9.90 14.1 2.60
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Fig. 2. Particle size distribution of the swollen SAP in terms of percentage of particles
and the accumulative value of this variable. The average swollen size is about 175um.

which control the quality of the mesh: element size, deviation factor,
minimum size factor and size growth. In order to obtain a com-
promise between quality and computational cost, several influence
analysis have been undertaken to fix these parameters.

3.2. Boundary conditions

The boundary conditions (BC) are also an important factor affect-
ing the solution [3,26,27], being also its influence related to RVE
size. The minimum RVE size providing a stable prediction is different
depending on boundary conditions used.

In this paper, periodic boundary conditions are employed, formu-
lated as described by Doghri [28]. This type of boundary condition
imposes relative displacements between opposite sides, such that
neighbouring cells fill all space leaving no gaps under any strain state.
In this case, the RVE geometry has to be also periodic. This type of
BC ensures that the variation in the displacement is periodic with
respect to all sides of the volume element [29]. Several papers have
shown that this type of boundary conditions requires a smaller RVE
size than with other boundary conditions [3,23,24,28].

The criterion used for the definition of the RVE size has been
established based on the analysis of a RVE with the same character-
istics (total porosity about 35% ), but with different side length, from

1.75 mm to 3.5 mm. The prediction has been performed for five dif-
ferent RVEs with the same length, obtaining the mean value and the
standard deviation in terms of elastic modulus and strengths. The
RVE size has been established based in the difference in the mean
values. For this level of porosity, a RVE of 2.75 mm side length gives
an error lower than 5% in strength and 1% in the elastic modulus with
regard to the case of 3.5 mm. Once the RVE size is fixed for this level
of porosity, the RVE size for other levels of porosity is established in
order to include the same number of voids. The number of inclusions
for the 2.75 mm RVE is about 350, which is significantly higher than
the recommended by other authors for obtaining the same 5% error,
which was 30 inclusions [30-32].

3.3. Material model

Once the RVE geometry is generated, the definition of the proper
material models for each constituent is undertaken to feed the pre-
diction approach. For the particular material being studied, only the
material model of the cement paste has been defined, because the
inclusions are voids without mechanical stiffness and strength. The
material model chosen to describe the behaviour of the cement paste
is a damage plasticity model- typically used to represent concrete.
This model is available in the library of the FEM code used in this
study: Abaqus [25]. This material model, mainly intended for quasi-
brittle materials, is defined in terms of the stress-strain curves under
pure tensile and compression uniaxial tests.

The pure uniaxial stress-strain response is shown in the scheme
of Table 1. Under uniaxial tension, the material response consists in
a linear elastic relationship (E) until the value of failure stress (o)
is reached. Beyond this failure, a softening stress-strain relation is
introduced characterized by 0, and €. Under uniaxial compression
the material has the same elastic response after the yield stress is
reached, followed by a plastic regime, until ultimate stress (0 ), and
a subsequent softening characterized by 0, and €. In this paper, the
plastic regime is not considered by defining the yield stress approx-
imately equal to the ultimate stress because the cement paste has
not a plastic regime. Beyond the ultimate stresses 0y and o, the
stiffness is also reduced by the damage parameters. This description
characterises the behaviour at each integration point of the FE model.

In order to obtain the parameters of this damage plasticity
model, reverse engineering is performed using two experimental

Fig. 3. RVE with previous characteristics considering void content of 25% (RVE size=2.05mm) and the FE mesh of this RVE. Left: perspective view of this RVE. Right: several slices

of the same RVE in left.
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Table 2
Cement paste material model.
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tests (uniaxial compression and flexural tests) for the same cement
mixture but without SAP. This reverse engineering is performed
by means of FEM models with the same specimen dimensions,
loading and using boundary conditions equivalent to the experimen-
tal test setup. Lastly, the parameters of this model are fitted sequen-
tially: first, using uniaxial compression test data to obtain elastic
modulus (initial tangent modulus and secant modulus showed the
same value) and compressive strength, and second, flexural test data
to determine tensile strength. The final parameters of the material
model equivalent to the cement mixture without SAP are included
in Table 2. In addition, the relation between tensile and flexural
strength, that is used to convert the flexural strength data in Table 1
to tensile strength, is obtained. This ratio is around 2.5, that is
consistent with the literature for cement-based materials 33-34.

3.4. Prediction

The prediction of the overall mechanical behaviour is performed
by computing the overall stress-strain response from the reaction
forces and displacement in the boundary conditions. This type of
estimation provides similar results that the volumetric average in
terms of stresses or strains for linear behaviour, which is common
in FE micromechanics, cf. [31]. In this paper, in which the damage
of the material has been included, the overall stress-strain response
is calculated from the reaction force divided by the RVE area and
the displacement divided by the RVE length, as Bernard used also
for a cement-based material [1]. From the stress-strain curve, the
elastic modulus is obtained as the initial tangent modulus, which
gives nearly same value that secant modulus at 40% of the ultimate
compression strength. The difference between these two modulus
was less than 0.5%. Also the tensile and compressive strengths are
extracted from this curve taking the absolute maximum and mini-
mum stresses. Due to the brittle nature of cement-based materials,
these three parameters allow its essential mechanical behaviour to
be described. Additionally, FE micromechanics provides the capabil-
ity to analyse the local stresses or other variables, such as damage,
that provide information about the deformation mechanism of a
porous cement-based material.

4. Application of the methodology

The described modelling methodology is applied to the prediction of
the porous cement-based material of this study. The results obtained
are compared with the experimental characterization test data given
in Table 1.

In order to compare the prediction for effective behaviour with
that of the experimental results, different RVE with distinct quan-
tities of voids are analysed. Given the feasibility of the modelling
procedure, the numerical prediction analyses a greater number of
cases than experiments available; several repetitions (between 3 and
5) using similar void content are calculated to check repeatability in
the predictions. This type of repetition using identical microstruc-
ture characteristics is frequent in FE micromechanics analysis to
check dispersion in the predictions due to the random nature of the
microstructure geometry generation process [3].

The methodology is applied, generating 29 RVEs with voids con-
tent between 2.5% and 30%. The results of the prediction of effective
properties are collected in Fig. 4. It can be appreciated that while
the prediction for the elastic modulus and tensile strength present
a reasonable accuracy in terms of trends, the results in compressive
strength differ significantly. In the following section, these results are
analysed in order to understand the behaviour of the porous cement
and explain the differences observed, specially at low concentration
for compressive strength.

The RVE with highest level of porosity was about 30% of void con-
tent, lower than the theoretically maximum packing of spheres [21].
This limitation proceeds from the approach used for the geometry
generation, the parameters in that generation (such as the minimum
distance between inclusions that avoid the generation of clusterings)
and the micro-structure information used as input such as the PSD.
The algorithm is not able to include additional pores fulfilling with
all the constraints. Relaxing the constraints, it would be possible
to reach higher percentage of void content but it is considered
unrealistic and discarded.

Besides previous results, FE micromechanics provides the possi-
bility of analysing the local behaviour of the microstructure, includ-
ing local stresses or local failure close to voids. The analysis is mainly
undertaken in terms of stresses (maximum and minimum principal)
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Fig. 4. Prediction with the SAP system for elastic modulus, tensile strength and com-
pressive strength versus total porosity (cement paste porosity and additional porosity
generated by SAP).

and the damage. The latter represents the ‘degradation’ of the
cement when the tensile or compressive strength is locally reached,
and it splits in two damage variables, one for tensile (DAMAGET) and
one for compression (DAMAGEC). A not null value means that the
tensile or compressive strength has been exceeded, and therefore,
the damage has started.

Under tensile loads, all RVEs analyzed fail by the cross section,
transversal to the load, that presents the highest voids area,
that is, the smallest neat cement area. In Fig. 5 (a), the damage
variable shows on red colour the zone where the tensile strength
has been reached, creating a percolated damaged section, that could
well represent a transversal crack. Within this section, the zone
which reaches the maximum tensile stress is almost always located
between two voids which are very close together.

Under compression loads (Fig. 5 (b)) more diffuse damage pat-
tern appears, presenting both, damage in tension and compression.
However, as the strength of the cement is much lower under ten-
sion, the local failure in the microstructure starts due to the tensile
stresses. This effect will be clearly observed in the sensitivity analysis
(see Sensitivity analysis section) for the cement matrix properties,
showing that changes in the tensile strength of the cement have
a significant influence on the compressive strength of the cement
with pores.

5. Discussion

As can be seen in Fig. 4, the predicted effective properties have
registered a significant difference in terms of compressive strength.
In order to understand the cause behind these differences and the
behaviour of the porous cement-based material, previous results are
analysed and discussed in different ways.

First, the predicted and experimental results versus total porosity
are fitted to different regressions curves. These curves are com-
pared with the analytical expression that has been used in literature
for cement materials and porous cement materials. The regression
curves used in the adjustment are linear, exponential and power-
law. In the case of power-law regression, it is undertaken considering
the abscissas (1 — total porosity). Table 3 shows the different curves
and the coefficient of determination (or R-squared) in order to
quantify how well the data fit the regression. The fittings with the
power-law are shown in Fig. 6, that, as it will be explained, is the
regression that best fit.

Based on the R-squared, the elastic modulus could be fitted by
the 3 regressions analysed with similar values of R-squared, with
the exception of the linear regression for the experimental data.
By comparing those that fit with the approaches in the literature,
a correspondence has been found with a power-law for closed-cell
cellular solids in Gibson [16] and with the three regressions for con-
crete in Yaman [15]. Furthermore, Roberts [35] gives an indication
of the range for parameter b for the power-law regression, which in
general is in the range of 1 < b < 4 although that for closed-cell
foams some experimental studies indicate a range of 1 < b < 2. The
values of parameter b in the present study are 1.92 for experimen-
tal data and 1.68 for FE prediction, both within the range indicated
by Roberts. Therefore, the Elastic modulus prediction with the pro-
posed methodology is coherent with the literature and, with slight
differences, adjusts to the experimental data.

For the tensile strength, the best fitting with the experimen-
tal data is achieved with power-law or even linear regression, both
showing a similar R-squared value. However, the numerical predic-
tion is best approached using either exponential or perhaps power-
law regression. Although linear regression shows a high R-squared
value, this regression does not correctly adjust the lowest and high-
est porosity values. The study of tensile strength is not very habitual
for cement materials, however Balshin [36] employed a power-law
for establishing a relation between the porosity and the tensile
strength but not reference values are given.

Finally, in terms of the compressive strength, the best adjust-
ment for experimental data and numerical prediction is achieved
using exponential regression, although power-law regression is also
possible as, it only has a slightly lower R-squared value. However,
no regression has been found to adjust the case of zero SAP poros-
ity (total porosity 28%). In the literature, the most commonly used
expression to adjust compressive strength for cement-based materi-
als is a power-law, likewise the models based on Balshin’s model and
Powers’ gel-space ratio equation. Using this type of models, Nam-
biar [17] summarizes the value of the constants for some mixtures.
The exponent (b) has a range of 1.8 to 4.3 while the constant (a)
ranges of 25 to 290. Thus, the values for both parameters in the
present study lie within the range for cement-based materials.

As explained above, the difference in terms of compressive
strength between the numerical prediction and the experimen-
tal characterization is significant. This difference could result from
different factors, among them some initial assumptions made in
the modelling.

One of the main assumptions made in previous modelling
approach is that the microstructure comprises two phases: cement
paste and voids generated by SAP on the micro-scale. Therefore,
the cement paste, that includes different additives and the intrin-
sic porosity mainly on the nano-scale (in this paper 28% as was
measurement in Porous cement-based materials by superabsorbent
polymers section for case without SAP), is being considered as homo-
geneous material at micro-scale. Given that the voids generated by
SAP and the porosity of the cement paste are at different scales, the
initial assumption of homogenized cement paste including its poros-
ity could have been reasonable. Consequently, the low prediction in
terms of compressive strength, that was displayed in Fig. 4, may arise
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(a) Under tensile uniaxial load (Top: DAM-
AGET. Bottom: Maximum principal stress.)

(b) Under compression uniaxial load (Top: DAMAGEC / DAM-
AGET. Bottom: Minimum/Maximum principal stress.)

Fig. 5. Contour distribution for an RVE with 43.8% of total porosity under uniaxial loads for damage variables and maximum/minimum principal stresses.

from this assumption. It is especially noticeable at cases with low-
est total porosity that include SAP voids, is said case with 28.6% total
porosity (or 2.5% of voids SAP). These cases only increase the total
porosity 0.87% (from 27.73% to 28.60%) but the predicted compres-
sive strength is reduced about 43% (from 102 MPa to about 58 MPa).
On the other hand, the experimental results exhibited that increasing
the total porosity 8.76% (from 27.73% to 36.49%) reduces the com-
pressive strength 22.5% (from 102 MPa to 79.10 MPa). Therefore the
variation between no SAP voids and the lowest percentage of voids
measured for experimental results is smoother than the predicted
with the FE model. This fact was highlighted by Esteves [37] when
reviewing the classic model approaches. On the basis of previous
statements, the intrinsic porosity associated with the cement paste
has a notable impact on the compressive strength and, a modelling
including it, should be more accurate.

A FE model (or RVE) including explicitly voids of the cement paste
and voids of SAP is not affordable due to the differences in the size
of the two types of voids, that are at different scales. The limitations
would be found in the geometry generation, in order to allocate a
higher level of total porosity, in the mesh generation, due to the very
small element size required for the voids of the cement paste, and in

Table 3
How the predicted and experimental results fit into regression curves.

the calculation procedure, due to the huge computational resources
required by a very fine mesh.

In order to address the modelling of both types of voids, an
attempt has been made to include indirectly the porosity associated
with cement paste to the current modelling approach (Section 3).
This alternative modelling approach consists in re-fitting the cement
paste properties of the compression behaviour that was fitted in
Material model section. This is made by increasing compressive
strength 0¢; until the compressive strength predicted for a RVE
with a total porosity of 36.49% (13% SAP porosity) reaches to 79.10
MPa (the value measured for this SAP porosity case: SAP system
0.25% in Table 1). The ¢~ parameter is recalculated to maintain the
slope at the softening regime. Once the new FE material model is
obtained, several RVEs at different levels of porosity are recalculated.
The comparative of this new prediction against the experimental
and previous prediction is shown in Fig. 7. The new prediction cap-
tures well the trend when additional porosity is added. Therefore,
the relative increase of porosity at same size scale is predicted cor-
rectly by the model. To say this, the cement paste intrinsic porosity
is not required to be included because the relative increase is pre-
dicted properly (FE-adjusted model). Nevertheless, the cement paste

Linear:Y=a<x+b

Exponential: Y = a - exp(b * x)

Power-law: Y = a+ x?

a b R b R a b R
E EXP -75.9 56.3 0.967 104 -3.69 0.999 66.0 1.93 0.991
FE -76.5 57.3 0.997 78.7 -2.74 1.000 62.6 1.68 1.000
Tensile strength - o EXP -6.03 4.80 0.995 8.15 -3.20 0.987 5.50 1.67 0.998
FE -6.93 4.78 0.963 7.19 -3.24 0.980 5.49 1.99 0.970
compressive strength - o¢ EXP —264 171 0.923 600 -5.98 0.978 281 3.09 0.965
FE -232 122 0.750 348 -6.28 0.943 204 3.83 0.920
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Fig. 6.

cannot be assumed as an equivalent homogeneous material explic-
itly that includes its intrinsic porosity, because the prediction is
overestimated (FE model).

Therefore, the defined model in Section 3 can be useful to analyse
a porous-cement based material, but the cement paste properties of
the FE model has to be fitted for a case that includes the intrinsic
porosity of the cement paste and additional porosity with SAP.

6. Sensitivity analysis

For cement-based materials, material properties are wholly influ-
enced by the additives, process, water content, and even the disper-
sion between samples. Therefore, the desired properties for a specific
cement-based material with SAP can be achieved by combining, i.e.
cement paste properties without SAP and the characteristics of SAP:
PSD, content, distribution, etc. The influence of the SAP content has
been studied previously, consequently in this section, the influence
of the material properties and other SAP parameters are analysed.
Although this type of sensitivity analysis can be performed by means
of experimental characterization, numerical modelling can help to
accelerate the work process.

The sensitivity analysis for the cement paste properties is under-
taken by considering different tensile and compressive stress-strain
curves for the matrix. In this study, these changes in the stress-strain
curves are defined by considering a 25% increase or decrease in the
tensile (0¢) and compressive (0¢) strength curves on an individ-
ual basis, the rest of material parameters are modified to have the
same softening slope. This study has been carried out for five RVEs

Exp
—_ A
s 100- A A FE
E ' & ¢ FE-Adjust SAP0.25%
€ 80} %
=
S *
]
4‘,*;) 60 A *
2 A *
w
§ 40+ A : e
Q. A
£ ha, *
S 20 bay .
25 30 35 40 45 50 55 60 65

Total porosity [%]

Fig. 7. Prediction with the SAP system for compressive strength versus total porosity
(cement paste porosity and additional porosity generated by SAP) using the refitting
material model.

Total porosity [%]

Total porosity [%]

Predicted and experimental results fitted by power-law regression.

with different total porosity content (33.6%, 37.0%, 38.7%, 41.9% and
45.9%) in order to show an overall trend.

The prediction in terms of tensile strength is compared with
the value obtained with the original material model. It has been
found that the percentage of reduction/increase in the value of o is
directly proportional to the reduction/increase in the tensile strength
predicted by the RVE. The modification of compressive parameters
(0¢1) has not an effect on the tensile strength, see Fig. 8. This sub-
stantiates the readjustment of the material model from the previous
section, not affecting to the tensile predictions.

On the other hand, the compressive strength predicted for the
foamed cement material is influenced by the compressive (0¢1) and
tensile (0 ) strength properties of the cement paste. This is the result
of the local effects showing the presence of tensile and compressive
damage when the RVE is under uniaxial compression load (see Appli-
cation of the methodology section). A summary of this influence is
collected in Fig. 8. In addition, this influence is also dependent on the
total porosity.

Previous analysis of this paper considered porous cement mate-
rial with a pore size distribution based on measured data. How-
ever, this porous material could be produced using SAP of different
diameters, even constant, it depends in the SAP introduced at the
mixture process. Subsequently, the influence of the pore size at micro
scale in the effective properties is evaluated considering porous
cement-based materials by SAP of different pore size. Three con-
stant pore size diameters were considered: 100 um, 200 pm and 300
pm. For each one of these diameters, five RVEs have been built for a
total porosity of about 40%. The results are compared with previous
results undertaken with PSD with similar SAP content. Table 4 sum-
marizes the results in terms of mean and standard deviation of the
five RVEs for each combination. It is concluded that the pore size has
no significant influence on the elastic modulus and tensile strength.
However, compressive strength is slightly reduced as a function of
the increase in SAP size. Also this has been observed experimentally
using SAP with different diameters (for a total porosity of 38%). The
strength variation compared to the system with no SAP was con-
sidered a parameter with significance: 50-75 pm (—6%), 75-125 um
(—=12%),125-150 pm (—17%), 150-180 um (—18%) [37].

7. Conclusion

A 3D modelling approach based on computational microme-
chanics is presented to predict the mechanical behaviour of
porous cement-based materials by SAP. The proposed approach
provides a quantitative means to estimate and predict the mechan-
ical properties of porous cement materials taking into account
the micro-structure.
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Table 4

Influence of the pore size. Values are given as the mean and standard deviation of several cases with similar definition of SAP voids and pore size.

Pore size [um] Total porosity [%] E [GPa] Tensile strength [MPa] Comp. strength [MPa]
PSD (mean = 175) 40.28 £0.27 26.20 £0.18 1.94+0.03 26.64 +0.33
100 40.24 £0.51 26.40 + 0.60 1.97 +£0.03 2820 +£1.82
200 40.52 4+ 0.31 26.20 & 0.38 1.93 +0.04 27.20 + 0.96
300 40.53 4+ 0.30 26.18 +0.34 1.96 + 0.04 26.69 + 1.54

The results indicate that the elastic and tensile strength pre-
dictions are satisfactory using, in the material model adjustment,
the characterization of the cement paste without SAP. However, for
obtaining a good prediction of the compressive strength, the mate-
rial model has to be fitted using the characterization of any case with
SAP voids in order to indirectly include the intrinsic porosity asso-
ciated with the cement paste. The relation between the mechanical
property and the porosity is well fitted by a power-law equation,
both for experimental and numerical predictions, being fitted the
parameters in the same range that has previously been found out by
other researchers for other type of cement-based materials.

The relation between the cement paste properties and the porous
cement-based material has been established through the numerical
approach. The compression strength of the porous cement material
is strongly influenced by both tensile and compression strength of
cement paste. This fact is directly related with the observation in the
stress and damages distributions under compression loads, in which
tensile and compression damage appear around the pores. On the
other hand, the behaviour of the porous material under pure tensile
loads is directly influenced by cement paste tensile strength and the
minimum cross section transversal to the load. Additionally to this
relations, the influence of the pore size effect was evaluated with the
approach, obtaining that the pore size has not effect in the elastic
modulus and tensile strength, and that, an increase in the pore size
provokes a slight reduction of the compression strength.

The good correlation between experimental and numerical
results shows the utility of including the proposed modelling
approach in the development of this type of material, in order to
reduce the number of experimental tests, and to optimize the micro-
structure characteristics. Nevertheless, this modelling approach

requires improvements in order to be able to consider total porosity
above 50% and even to model cement paste porosity directly.
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