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ABSTRACT: Mineralized foam is an upcoming cementitious material that can be used as a sustainable
building material. In view of recycling potential mineral foam has a cementitious microstructure that makes
it a “clean” recyclable material. Designing mineral foam is a technology that demands control of the foam
structure and the foam stability. From its basic state, mineral foam has an instable morphology that is
continuously changing as long as the foam bubbles didn’t got frozen by setting/hardening of cementitious
paste. This principle is making the material sensitive for its bubble and pore structure. In this paper, a
schematic model is presented with which the bubble morphology and its associated foam stability can be
simulated. The foam morphology dynamics was described by merging of different model foam structures
having different characteristic bubble sizes, mixed in various volumetric ratios. A linear relationship was
found between the degree of merging of different foam structures and the maximum bubble diameter in the
foam system. The model turned out to have a great potential in making mineral foam predictable and
designable.

1 INTRODUCTION

Mineralized cementitious foam is a still more upcoming material that can be used as a
sustainable insulation material for in-situ or prefabricated plate applications. Mineral
foams may replace commonly used hydrocarbon-based or glass-fiber based insulation
products that are susceptible to fire and difficult to recycle. Cementitious foam is a poly-
disperse system, consisting of gas bubbles, separated by cement paste layers, which sta-
bilizes by "freezing" its (instable) structure at a certain moment in time, until set. A suc-
cessful use of these cementitious foams asks for a continuous control of the instable foam
morphologies, which is affected by various dynamic processes tending to equilibrate the
forces between internal lamellar and bubble pore structure. The stable structure can be
optimized mainly by an interaction between foam viscosity, which governs the rate of
morphological changes, and the continuing binding of the cement paste until set. A re-
search project has been conducted at the Institute of Construction and Building Materials
of the TU Darmstadt, emphasizing the ability to control the processes which govern these
foam instabilities. A morphology-based model has been developed with which the bubble
structure and distribution of the lamellas can be schematized and which can be used to
simulate the instabilities that develop inside a mineral foam. The so called octagon-quad-
rat model enables a predefined design of mineral foams and allows for an optimization of
the thermal insulation capacity as well. Model backgrounds will be discussed and results
will be presented and compared with experimental data.
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1.1 Foam

Foam is a gas dispersion in a fluid or solid continuous phase [1]. The ISO 862 defines
foam as a sequence of gas cells which are divided* by thin fluid films. The confined gas
volume is dispersed in a relatively small> amount of liquid [4]. Like every system of non-
miscible phases, foams aren't thermodynamically stable. The basic components tend to-
ward separation and destabilization. Foam is, therefore, a multiphase system with a lim-
ited period of persistence [5]. The structure of fluid foams changes continuously because
the surface potential tends to a minimum, by minimizing the interfaces between the
phases while releasing the stored energy. Surfactants initialize the foam structure, but
immediately after its formation begins the destruction [6]. There are several processes
inside a foam which cause its destruction (fig. 1) [7].

Cl Q —_— @ — O coalescence

Q Q — O ()= Q disproportioning

S :O: drainage
Figure 1: Process of foam destruction [8].

As shown in fig. 1, the structure of foam is significantly determined by the actual fraction
of gas: ranging from gas emulsion (< 54 % gas), over the spherical foam (54 % < gas <
74 %) up to polyhedral foam (> 74 % gas). The specific weight can be a good criterion
for characterizing a foam [9]. For aqueous foams, finding the right density is very often
a point of scientific discussions [10]. Heavy foams tend to drain but are more flowable
[11]. But when using them, more water is brought into the mineral foam with correspond-
ing consequences for the cementitious matrix. Lighter aqueous foams are relatively stiff
which becomes more explicit in case of applying an overdosage of foaming agent. This
may lead to problems for getting foams with a constant void content [11]. Furthermore,
the thin lamellas of a light foam with a low water content provoke a lower robustness of
the aqueous foam against suction effects i.e. caused by cement particles [16]. Normal
densities of the aqueous foams used for mineral foam production range between 60 kg/m?
and 80 kg/m3 [12].

The here discussed foamed cementitious materials are based on an aqueous foam princi-
ple, which is produced with a foam generator. This device merges the three essential sub-
stances, water, air and surfactant, into a fresh foam. The concentration of the foam agent
can be changed by adjusting the flow ratio between the inflowing water and air phases.
In an air intrusion device, using compressed air, the gas gets merged in the continuous
phase and enclosed by the aqueous foam (cf. fig. 2) [13]. A porous membrane follows the
air intrusion flow leading to a homogenized pore size distribution of the aqueous foam
[5]. Here the pores in the accelerated foamed fluid get divided by the shear forces induced
by the obstacles [14].

* Open porous materials don't have a dispersed phase therefore they aren't foams within this definition
2]

> Foams with a high gas volume are called colloid agglomerated gas dispersion, otherwise it is by defini-
tion no foam but an emulsions of gas [3].
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Figure 2: Model representation of a foam generation, forming bubbles into the foam via
a perforated plate [13].

1.2 Foam concrete and mineralized foam

Foam concrete means a highly porous® cementitious material without coarse aggregates’
[17, 18]. In contrast to autoclaved aerated concrete, foam concrete hardens due to cement
hydration. Besides, the two material types show different characteristics in the hardened
state [19]. It's possible to differentiate between the various types of foam concrete using
dry density or composition. In addition, the used production technique is formative for
their characteristics [20]. The publications analyzed in our Meta-study [21, 22] showed
many parallels when referring to the different ranges of densities, and when referring to
the fact that these ranges were in most cases between 100 kg/m?® and 500 kg/m? (cf. fig. 5).
On the one hand this can be related to the fact that researches were used to specific com-
positions or, on the other hand, that when producing foam concrete — even in the lab — it
is very hard to meet exactly the specified design density [23]. This shows the need to
classify different types of foam concrete [24].

Typically the highest density discussed is about 1800 kg/m?. This density is slightly lower
than the 2000 kg/m?, which is the normative limit of lightweight concrete [16]. The foam
concretes ranging between 1400 kg/m?3 and 1800 kg/m? are often reinforced and find their
use in housing or soil applications, however almost always outside Europe [20, 25]. For
these particular application, in Europe the more expensive lightweight aggregates con-
crete is normally used. The densities of the second category of foamed cementitious ma-
terial range approximately between 800 kg/m?® and the priory mentioned 1400 kg/m?. It is
used for structural applications but mostly as fillers or plugs in the mining or tunneling
industry [26]. This material can, therefore, also be called ‘foam mortar’. A third category
used as a robust filler or insulation material has a density of around 400 kg/m* to
800 kg/m?3. This class can be considered to be part of the mineral (fresh state) or mineral-
ized (hardened state) foams [27]. All other types of foams, with densities below a dry
density of 400 kg/m? are called lightweight mineral foams and/or mineralized foams, re-
spectively. This type of foam is a relatively new subject that still requires a research effort,
and is mostly used as an insulation material (tab. 1) [28].

® The porosity normally is way higher than in an air-entrained concrete [15].
7 For this reason actually it is not really correct to define it a concrete. It would be better to speak from
foam mortar or rather mineralized foam [16].



Table 1. Dry density ranges and proposed categorization for porous cementitious foams
with aggregates D < 2 mm.

dry density range [kg/m?] category
1400 — 1800 (reinforced) foam concrete
800 — 1400 foam mortar
400 — 800 mineralized foam
< 400 lightweight mineralized foam

All foamed cementitious materials discussed in this context are essentially a mix of aque-
ous foam and a binder matrix. This technique has the methodical advantages that all com-
ponents can be individually admeasured and analyzed before mixing. This makes the cal-
culation of the mass flow more transparent, and interdependencies between the used
materials can be easily identified and considered. Thus for production a three step proce-
dure was used. First the binder paste is produced in a specific mixer such as a mortar or
slurry mixer, which ensures a homogenous paste due to the high shear forces [47, 48].
Next, the foam is generated as mentioned before. Finally, both components are mixed
together in a classical concrete mixer.

2 TEST PROCEDURES
2.1 Visual classification of mineralized foam structure

Comparative visual studies on the foam structure of solidified mineralized foams allowed
for a unique identification and classification. Such indicative evaluation could initially
only be done to those foam classes which are visible with the naked eye. In this case
distinction can be made between the average maximum bubble diameters, homogeneity
of the bubble size distribution as well as the robustness of the bubble lamellae (double
layered membrane) that form the morphological framework of a mineral foam. Poor, or
too thin lamellae can result in a bad bubble size distribution or in a substantial lack of
meso-bubbles being formed in the foam. From the initial tests, it was possible to identify
4 typical foam structures, which are exemplary provided in figures 3 to 6.

It is important to know that the proposed classification of foam classes not uncondition-
ally coincide with the variation of the water cement ratio. Considered differences may,
therefore, be attributed to slight differences in age of the used cements, to the two different
mixing techniques or to differences in the level of energy needed to mix the cement
pastes. This supports the desire for a more direct relationship between the foam properties
and the properties of the cement paste rheology.

Figure 3: Foam Figure 4: Foam Figure 5: Foam Figure 6: Foam
class B, Scale I mm class A, Scale I mm class C, Scale I mm class D, Scale 1 mm
(Sample ID B1045). (Sample ID B4A4035). (Sample ID (Sample ID AD2050).

AVe3040).



For the foam classes shown in figures 3 to 6, the following observations can be made:
foam class A has similar characteristics as foam class B, but with a larger maximum bub-
ble diameter of about 1.5 mm (fig. 4). Foam class B shows a homogenous pattern of
uniformly distributed macro-pores with a maximum diameter of about 1 mm (fig. 3).
Foam class C shows a clear distribution of pores with very fine lamellae, leading to a
smaller range of bubbles available in the system, i.e. mostly equally sized bubbles having
a maximum diameter of about 2 mm (fig. 5). Foam class D shows similar bubble charac-
teristics as foam class C, however, with tendency of the bubble to merge in a later stage
of the hydration process. This results in irregular and clearly larger pores relative to the
largest bubble diameter. In addition, an enhanced tendency of bubble collapse could be
observed (fig. 6).

When considering all foam classes, it can be seen that there is a clear tendency towards
the formation of a polyhedral structure, depending on the bubble size and foam class. It
shows a lower share of smaller bubbles for an approximately similar total pore volume,
resulting in a lower volume of continuous lamellae (fig. 7). The structure will alter from
a densely packed formation of spherical bubbles to a polyhedral bubble structure in which
most of the cement paste volume is located in the lamellae instead of being located in the
nodes (forming bulk volume of the continuous phase).

In addition, it can be considered that the relationship between the achieved dry density
and wet density, regardless of the pore structure type, varies between 0.61 and 0.73. De-
viations from the targeted wet density mostly run to lower values. A deviation from the
wet density up didn’t occur in the foam structures of class C. An exception are the foam
structures classified in group D, which showed a different behavior in the production of
the tested foams. In this case, the cement paste was added in two steps, in order to exactly
achieve the wet density as was aimed for.

2.2 Classification of the pore size distribution

There are three main types of pores: C-S-H gel pores (<30 nm), capillary pores
(30 nm — 10 um) and foam bubbles (> 10 um). Because of the characteristic wide range
of differently sized pores, microscopy and mercury intrusion porosimetry (MIP) tech-
niques were combined to characterize the overall pore size distribution. The MIP meas-
urements were carried out with Pascal 440 from Thermo-Scientific. The volume of mer-
cury, which penetrates the sample, is a function of the applied hydrostatic pressure (up to
400 MPa). The pore diameter is determined with the Washburn equation. Mercury prop-
erties are: density 13.53 g/cm?, surface tension 0.485 N/m, and contact angle 130 °. The
measurements were performed with gradual reading for each applied pressure (increase
speed of about 10 MPa/min), on the previously dried sample with an evacuation pressure
of 50 um Hg during 5 minutes.

With the classification method used to evaluate the bubble size distribution of the partic-
ular foam classes it is possible to identify the pore sizes for different paste, mixing and
casting conditions. With this, for the first four classes A to D (fig. 3 to 6) addressed before,
this results in the evaluated pore size distribution as provided in figure 7.
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Figure 7: Pore size distribution for the foam classes A to D (fig. 3 to 6) ranging from 0
to 1000 um.

3 OCTAGON-QUADRAT-MODEL
Cementitious foam is a material that is in a continuously changing state that never reaches
total equilibrium situation until hydration has evolved so far that it “freezes” a certain
state of bubble development, which is neither monodisperse nor perfectly polyhedral (fig.
8a). To schematize this complex morphology of bubble clusters, a two dimensional mod-
elling approach consisting of an octagons and quadrat configuration has been developed
(fig. 8b). The proposed model allows for a realistic distribution of the masses over the
geometrical bubble structure, where a certain portion of the mass is assigned to the bubble
surfaces and a remaining portion to the nodes in between the bubbles, leading to a con-

figuration which is capable of simulating building physics properties as well.

(@)

Figure 8: (a) SEM-Picture of a mineralized foam
(b) two-dimensional octagon-quadrat-model



Table 2. Relevant geometrical dependences in an octagon [29].

Variable Formula Number
edge length an (a)
perimeter radius Fn= \/jn_\/? (b)
perimeler diameter D,=2"r, (c)
inscribed area 4, =ad-2+2-\2) (@)
total edge length U, =8 -a, (e)

A minimum of one octagon and one quadrat are necessary to develop the model mathe-
matically (fig. 8b). Inside the first quadrat and along the edge of the first octagon (7 =1)
there are more octagons (# =i + 1) with a dividing factor 4;+1 and an edge length a;+1; their
quantity is (ki+1)?. The index #» is the level and the resolution of the mathematic model.
Thus there can be next to every octagon a quadrat which is filled with smaller octagons.
However following the perception of a node between foam bubbles the last quadrat is
totally filled with cement paste material. Apart from this, there is also distributed mass
inside the corners between the octagons and along their edge.

In this way the bubble size distribution can be a function of 4. The length of the longest
edge a; can be derived from the biggest pore radius or diameter (eq. » and c). All other
levels of the model depend on in each case higher level (eq. f). All indices are positive
and in whole numbers.

(D,a);

(D ’ a) i =
i+1 ki+1'(1+‘/5) (f)
Di: octagon diameter.
ai. octagon edge length.
ki: dividing factor of the octagon 7; where k1 =1

The mass of the continuous phase is distributed over the total length of the octagon sur-
faces with thickness /4; meaning that those surfaces where the octagons touch the total
thickness of the surface will be 24;, being the summation of the mass from 2 octagons.
The overlaps of the schematized surface thickness at the corners is neglected (fig. 8 b). In
order to reduce the number of input parameters, the surface thickness /; was related to the
octagon radius 7; with a ratio 7 (eq g).

h ==, where t 21 ®

Hence, the surface area of the octagons will be (eq. h):

8a?

A :=U; - h: = L h

b,i i i t m ( )
The area of the nodes with the lumped mass is (eq. 1):

— 2 .

Av,i+1 =aj1 (1)
hi: octagon edge thickness.
7i: octagon (bubble) radius.
ai. octagon edge length.
Api:  octagon surface area.
Avi: mass filled node between two octagons.
t: ratio of octagon radius and edge thickness.

These formulas enable the calculation of the total mass distribution over the octagons and
with this the calculation of the specific density of the schematized foam (eq. j).
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The three-dimensional character of the schematized foam model is achieved by simply
adding a height to it. This is done while an octagon cannot be transferred into a regular
polyhedral [1]. Based on the geometrical coherence of the system this height has to be
equal to the diameter of the pore which is represented by the octagon (eq. ¢). With this
approach, the number of elementary cells (i+1) in the third dimension g;11 are not in a
whole number (integer) relationship with the pore diameter of the octagon 7 (eq. k and 1).

girr =TTy ()

From this, and analogue to equation j can the three dimensional Octagon-Quadrat-Model
be described as (eq. 1).

. Ap1T1+A0 1 +30 | (KE-ApiTi+A0 )i

P =Pm Ao+ a% +
+pM . ?;21[(2'ki_1)'A17,i'ai'gzi]+k121'Av,n'an'gn (])
Ap+af
pm:  dry density of the binder matrix.
Api: edge area of the octagon.
Ao:: surface of an octagon.
Av:: mass filled node and corners between the smallest octagons.
ai: octagon edge length
T perimeter radius.

gi+1: number of elementary cells sarting from level n = 2.
ki: dividing factor of the octagon or number of octagons i. .

Hence, for any maximum bubble diameter and with incorporation of a prescribed type of
micro-porosity indicate by &£ and/or n, the density of the mineral foam matrix pas can be
adapted (fig. 9).
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Figure 9: Pore diameter in the Octagon- Figure 10: Octagon-Quadrat-Model,
Quadrat-Model for model level n, and for density of mineral foam (eq. j) relative to the
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Based on the formulas derived for the initially two-dimensional octagon-quadrat model,
in fig. 10 the specific density of a poly disperse mineral foam is determined for a prede-
fined division factor for the outer radius /; and surface thickness #. In this example, the
calculations were done for a octagon division factor » = 7, meaning that the pore cluster
in the node of the four octagons were repeated 7 times to reach agreement with the small-
est pore size in the mineral foam system.

The shape of the calculated curve is independent from the initial octagon diameter D,
which indirectly affects the entire bubble size distribution as described by eq. j. Because
of this, the surface thickness reduces proportionally to the size of the representative pore.
For higher division factors £, the small pores dominate. Proportional to this, the model
shows lower densities for these ranges of pore sizes (fig. 10)

Figure 11 shows the simulated and via measurements determined cumulative volume
fractions in connection with their relative bubble size distribution. Moreover, it shows
similar relationship calculated with the two dimensional Octagon-Quadrat Model for var-
ious division factors & (number of octagons). Even from the analyzed SEM images (fig.
8) it can be assumed that, for different pore diameters, the ratio of outer radius and surface
thickness of the octagon 7 is nearly constant, regardless of the density and the type of
foam. Accordingly, and based on the curves in figure 10, the selected division factor 7 has
been chosen 7 =40 (fig. 11).
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Figure 11: Measured and with the Octagon-Quadrat-Model simulated, cumulative
Volume ratios in relation to the respective relative bubble size distributions. Modelled is

the two dimensional approach for different division factors k, and radius/surface
thickness factor t = 40.

In the analysis of the bubble distribution of the examined foams as provided in fig. 11 and
12, pore sizes smaller than 10 pm are not considered. The considered bubble volume
accounts for approximately 60% to 65% of the total pore space. The model, already in
this basic form, shows a reasonable agreement for the foams of classes C and D. However
the foams with a finer bubble structure, i.e. class A and B, could not be modeled satisfac-
torily (fig. 3 to 6).

The experimental data in figure 7 shows a significant discontinuous gap between the rel-
atively larger foam bubbles and micro-bubbles that are embedded in the cement paste



volumes. Both bubble ranges appear obviously as a merged system in a mixed (combined)
foam bubble structure. This fact opens a way for an improved modeling where the Octa-
gon-Quadrat Model also may include this merging of bubble classes. Based on previous
observations, in fig. 12, two types of mineral foams, both with different bubble sizes are
presented, while mixed in various volumetric ratios. In this figure, analogue to fig. 11,
the measured data for the various foams are presented as well. The micro-bubbles include
both capillary pores embedded in the cement paste and the smallest bubbles generated by
the foam. This pore size range is largely stable and has been accepted in the model as
constant, whereas the maximum bubble diameter has been set to 0.05 mm — 1.00 mm.
The choice of the respective largest bubble size and the volume ration used for merging
the two types of foams was depending on the bubble classes and was determined itera-
tively. For the foam bubbles of the respective foam classes a diameter D; of 0.5 mm, 1
mm and 1.3 mm was assumed. In addition, since the classes A and B showed quite a
similar maximum bubble diameter, only one bubble size distribution was modelled. The
dashed lines in the figure are drawn to show the relationship between the modeled points
and to make the relations clearer and more explicit (fig. 12).
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Figure 12: Measured data and results from the Octagon-Quadrat-Model, showing the
cumulative volume ratios in relation to the bubble diameters, using a 2D model with
n = 3, division factor k = 1 and t = 40, both consisting of a blend of two foam bubble
size distributions with different volumetric fractions.

In contrast to the single micro-bubble size distribution the overall bubble size distribution
is more time dependent, and shows more variation with the rheology and the evolution of
the hydration process of the cement paste. This typically results in the different foam type
classes. Fig. 12 indicates that the degree of merging A is proportional to the bubble classes
of the foam, and thus with the degree of disintegration of the mineral foam. Whenever
plotting the determined degree of merging A against the measured maximum pore diam-
eter D of the bubble classes, a linear relationship appears (fig. 13). With this, mineral
foam can be classified based on its desired disintegration, and can, with the help of the
Octagon-Quadrat-Model, determine the corresponding degree of merging. Along this
line, with application of the Octagon-Quadrat-Model, the development of the instationary
behavior of mineral foam structures can be evaluated.
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merging A with the Octagon-Quadrat-Model.

4 CONCLUSIONS

The proposed Octagon-Quadrat-Model provides an easy way to evaluate poly-disperse
foam structures. In particular, the typical character of mineral foam where bubble classes
are clearly distributed in two categories, viz. in relatively larger foam bubbles and in mi-
cro-bubbles, which can be included in the model explicitly. The model parameters (%, 7,
and 7) represent the degrees of freedom that allows for modeling other typical foam struc-
tures. The smallest bubble sizes with their distribution and shape didn’t had a significant
effect on the results calculated with the Octagon-Quadrat-Model (see. fig. 7). The model
can, in combination with rheological and calorimetrical (hydration kinetics) findings be
the basis for a targeted design of a mineral foam. The proposed relationship between the
degree of merging A and the maximum bubble size distribution can provide the possibil-
ity to show the thermodynamic related changes of a foam structure by applying the su-
perposition of two Octagon-Quadrat-Models with different size characteristics. The
achieved bubble size distributions can serve as the starting point for mechanical or build-
ing physics oriented simulations.
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