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Introduction of a full-range model for liquid and vapor transport
properties of autoclaved aerated concrete

ABSTRACT: The hygric performance of autoclaved aerated concrete is a key determinant for many other material properties as e.g. thermal conduc-
tion, carbonation or shrinkage behavior. Laboratory determination of hygric material properties, i.e. moisture storage and moisture transport, is hence
a prerequisite and a standard in production and process supervision.

In this context, prediction and simulation of the hygric material performance based on numerical calculation models has become a widely used research
and design tool. However, for assessment of the material behavior under variable climatic conditions, the hygric material properties have to be determined
in a first step. In a second step, these properties have to be transformed into the non-linear coefficients required by these numerical calculation models.

This paper is the second of two focusing on the second step. It introduces a full-range hygric material model bridging the gap between measured mate-
rial properties and the non-linear storage and transport coefficients in the transfer equation. The model is based on the conductivity approach and relies
on a bundle of tubes approach to derive the transport function from the pore structure of the material. By extending this approach with a mechanistic
treatment of serial and parallel structured transport, a semi-empirical material model is developed providing a high flexibility and adjustability.

The model is applied for an aerated autoclaved concrete. Input data are basic material properties obtained by the methods introduced in the first paper
[26]. The approximation procedure is described and the achieved accuracy is discussed. In conclusion, the model is very suitable for sophisticated
research as well as for a broad application to autoclaved aerated concrete in particular, and to porous materials in general.
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1. Introduction the liquid water conductivity K(8,) (s). It depends as well as the
vapor permeability of the porous medium and is typically expressed

Within the past decades, the numerical simulation of heat and  as function of the moisture content.

moisture transport phenomena has become a widely accepted

and commonly applied investigation method. Many tools have omy,y __V[Dv(el)

been developed [10, 11, 13, 15, 18] and both extended and im- ot R, T

proved [16, 22].
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Material modeling has to deal with the vapor transport coefficient
D\(6,) (m?/s), the liquid transport coefficient K/(6,) (s), and the
moisture capacity 6,(p.). All of them show significant moisture
dependence. The moisture capacity as the relation of moisture
content and moisture potential can be measured throughout the
whole moisture range and requires only a reasonable functional
description. The transport coefficients can be measured only at
very high or very lo w moisture contents. The overall functional
description must be modeled. Hence, this paper focuses on the
modeling of the transport coefficients of liquid and vapor.

To obtain meaningful results though, the boundary conditions
and material properties have to be modeled and accounted cor-
rectly, too. Whereas recent studies dealt with boundary condition
modeling and incorporation [3, 4, 9, 17], the modeling of moisture
transport properties appears to be not in the focus of current
research. This paper addresses the modeling of hygric material
behavior for numerical simulation.

Hygric material modeling depends on the general transport theory.
The derivation of the balance and constitutive equations for mois-
ture transport can be found in the literature, among others in [2, 6,
7,11, 13, 19]. However, for a better understanding, the transport
equation shall be briefly introduced.

The paper introduces a recently developed material model [24, 25].
Itis applicable for the whole range of moisture contents with a high
degree of flexibility and accuracy. The model can be extended to

According to their driving forces, liquid and vapor flow are treated ~ NySteresis and salt transport modeling.

separately. Together they yield the transport equation of moisture.
The vapor diffusion flow is proportional to the vapor pressure
gradient with the vapor permeability D(6,) (m?s) as transport
coefficient. The liquid water flow is proportional to the capillary
pressure gradient Vp.. The corresponding transport coefficient is

A bundle of tubes description was chosen as the model basis. It
is coupled with a mechanistic model distinguishing between serial
and parallel moisture transport in both the vapor and the liquid
phase. By that, the connectivity of both phases is accounted for
introducing an additional saturation dependency for both transport
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coefficients. As result, the developed
model allows flexible adjustment through-
out the whole range of moisture contents
while it is still relatively simple to be ap-
plied. The model is therefore suitable for
a general application to porous materials.

2. Whole range material model

Hygric material modeling has to deal with
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the moisture transport and the moisture
storage characteristics. The correspond-
ing transport coefficients are the vapor
permeability D,(6,) (s) and the liquid
conductivity K(8,), both functions of the
moisture content.

The moisture storage function 6,(p,)
specifies the relationship between moisture content and moisture
potential. It is the task of material modeling to provide a set of
material functions and adjustment procedures to determine these
coefficients based on experimental data.

2.1. Description of moisture storage

Basis of the proposed model is the functional description of the pore
structure, i.e. the pore volume distribution or moisture retention
characteristic. Due to its high flexibility in adjustment of measured
data, a weighted sum of Gauss cumulative distribution functions is
chosen following [12]. The moisture storage function is then given
by eq. 2 and the pore volume distribution as its derivative by eq.
3. There, the capillary pressure is expressed by pC = log(-p,) in
a logarithmic scale.

Mz

0(pC) =

1l
N

Hetsr] -

o0 % A6 [ (pC-PC;)?
V2r-S; 28?7

wC 5

@)

Fig. 1 gives an illustration of the parameters contained in egs.
2 and 3 for a modality of N = 3. The pC; define the positions of
pores maxima, i.e. the inflexion points within the moisture storage
function. The slope at these inflexion points is influenced by the
S.. They are the standard deviations in the pores volume distribu-
tion function. Finally, the 6; specify the plateau levels between the
different modalities. They represent the weighting factors for each
modality and can be obtained according to the following equation:

A, =6,-6,, for i<N, where A6, =6, (4)

Alternatively to egs. and, also other multi-modal functional descrip-
tions could be chosen, as e.g. [8, 14, 28]. However, besides the
good flexibility of eq. especially for higher modalities, the direct
interpretation of its parameters on the basis of measured data
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Fig. 1. Three-modal moisture storage function and its derivative, the pores volume distribution. Para-
meters possess a mathematical meaning and, thus, can be directly determined from measured mo-
isture storage data. The thin lines indicate the influence of each modality. They are summed up in egs.
and resulting in the thick envelope curves.

appeared expedient.

It is recommended to adjust the moisture storage function to
measured sorption and retention data [26]. Then, the derived pores
volume distribution function displays the pores space available
to water. Also, or in addition to that, data from image analyzing
techniques [23] or mercury intrusion [1, 23] can be used. Note,
that moisture sorption and retention data are directly related to the
quantity of investigation (water) and might hence be more reliable
for use in porosity models. The proposed model is thus based on
such data [26], however, not restricted to it.

2.2. Description of moisture transport

It is expedient to first provide the transport coefficients on the
basis of what is already available. For vapor transport, it is the
general reduction of vapor permeability inside the material due to
the increased path length of vapor molecules due to the material’s
pore structure. For liquid transport, it is the pore model following
the bundle of tubes idea. Subsequently, the mechanistic model is
being introduced providing contributions to both liquid and vapor
transport. Finally, those different parts are combined, the overall
procedure is listed and the final transport coefficients are given.

2.2.1. Vapor transport

Vapor transport is typically described by a material specific reduc-
tion of the vapor permeability of still air. A number of empirical
relations exist for the vapor difusivity in air [10]. The most common
expression was found by Schirmer [27] and is given in where p,
is the reference gas pressure of 101,323 Pa, p is the actual air
pressure [Pa] and T is the temperature in [K].

T 1.81
Dy air =0.083 -p—o-[—) (5)

p (273.15

The material specific resistance is obtained by dry-cup and wet-cup
vapor diffusion experiments [26]. It is expressed as vapor diffusion
resistance factors p [-]. The dry-cup vapor diffusion resistance fac-



tor Yy, is assumed to comprise vapor transport only. It is used to
define the vapor permeability D, ,; of the dry material.

D, .
Dy mat = —= 6)
Hdry

The moisture dependency of the vapor diffusion coefficient is re-
lated to the reduction of available air-filled pore space with increas-
ing pore filling level. The mechanistic model provides a functional
description for this as well. Based on this description, data from
wet-cup experiments can be used to derive liquid conductivity
data in the hygroscopic moisture range as will be shown later on.

2.2.2. Liquid transport

As the basis for our derivation of the liquid transport function, we
employ a bundle of tubes model. Such models follow a simplified
representation of the pore structure consisting of a bundle of par-
allel and interconnected tubes [5, 7]. The laminar flow in a single
tube is expressed by the Hagen-Poiseuille equation assigning the
volume flow to the tube radius, the dynamic viscosity of the liquid
phase and the gradient of the capillary pressure.

To extend this flow description from one tube to a bundle of tubes,
this procedure is integrated over the pore radii distribution density.
If the pore radius is transformed into the capillary pressure apply-
ing the Laplace equation, the integral contains the inverse of the
moisture storage function. Since such liquid conductivity overes-
timates the liquid transport, it is frequently related to its value at
saturation. Burdine [5] introduced a tortuosity factor accounting
for the tortuosity of flow paths. He proposed to use a value of
2. The relative conductivity can then be scaled by a measured
conductivity value at saturation to obtain the absolute conductivity
function [20, 21, 28].

We use the principle according to Burdine [5] to derive the liquid
conductivity function disregarding the tortuosity factor. Assuming
full correlation between different pore bundles, the relative con-
ductivity function is numerically determined from the inverse of
the moisture storage function according to the following equation:

6, _
5 Pc(6)2do

Kol (0) = 2 —
[ pc(0)2d0

()

K, contains the relative information of the material pore structure.
It requires further adjustment since the model displays only a rough
approximation of the pore structure.

The pore model describes the liquid water transport in the pore
system in a rather simple way. Among others, a completely inter-
connected liquid phase is assumed which enables a continuous
capillary flow. This denotes parallel liquid transport which might
indeed apply if most of the pores are water filled. Within the low
(hygroscopic) and the low intermediate moisture content range, the
liquid phase exists mainly in form of isolated sub-domains which
are not or only partly capillary interconnected. They can interact via

the gaseous phase only. This process can be described as serial
transport which is — in comparison to the parallel transport — more
efficient in the gaseous phase, while it is much less powerful in
the liquid phase.

The idea of the mechanistic model is based on the distinction of
serial and parallel structured pore domains. Applying this to the
transport equations of liquid and vapor transport and introducing
a moisture content dependency of the ratio of parallel structured
pore domains leads to two scaling factors for liquid and vapor
transport, respectively. For a detailed description of this model
and the derivation of these scaling factors, refer to [24] and [25].

1= 0
f,(6)) = Opor ®)
o ™ o, ) o "™
) o) |l
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i
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f,(0)) = i €)

B e 2 e
0 e 0 14z 0
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Instead of employing one tortuosity factor, we propose further
calibration which includes scaling and coupling with this mecha-
nistic model. This allows to adjust the conductivity function within

the whole moisture range with more flexibility than the models of
Burdine [5] and Mualem [20].

2.2.3. Resulting vapor permeability

Including the scaling term fv(6,) according to eq. 9 into eq. 5 yields
the final vapor transport coefficient given in the following equation:

D. ..
Dy mat (8)) = —2—-1,(6))
Hdry

(10)

This vapor permeability is influenced by ng,. However, the influ-
ence is of minor impact, see Fig. 2. Note that the abscissa is of
normal scale and not, as the conductivity in Fig. 3 and Fig. 4, in
logarithmic scale.

Vapor diffusion can occur in any air-filled pore. The vapor perme-
ability is therefore defined for moisture contents between dry and
porosity, i.e. total saturation. With increasing moisture content,
the vapor permeability decreases which is in accordance to the
reduction of pore space available for vapor diffusion.

The maximum of the vapor permeability is a consequence of the
mechanistic model accounting for the effect of liquid shortcuts
and the correspondingly higher vapor pressures in the gas filled
pore space. The parameter ng, can be adjusted by the help of
drying data.
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Fig. 2. Vapor diffusivity in dependence of the water content and the pa-
rameter n,, from the mechanistic model.

2.2.4. Resulting liquid conductivity

The resulting liquid conductivity is composed of several parts.
The core conductivity function is derived from the pore model
according to eq. 8. This core function is combined with the liquid
scaling factor from the mechanistic model . Then, a general scal-
ing is proposed. Finally, two more steps are introduced to include
measured conductivity data in the hygroscopic and the saturated
moisture content range. These steps are explained as follows,
starting with the incorporation of conductivity data derived from
wet-cup vapor diffusion experiments. lllustration is provided in
Fig. 3 Wet-cup vapor diffusion experiments comprise conditions
where both liquid and vapor transport proceed. Applying eq. 9 to
determine the share of vapor transport, it is possible to derive the
liquid transport fraction from wet-cup measurements. To obtain
conductivity data which is directly associated with the capillary
pressure, the vapor permeability D, associated with the vapor
pressure needs to be rewritten in terms of capillary pressure. This
is done using Kelvin’s law (see eq. (1) in [26]) which leads to K,
according to the following eq.:

D,(6) i o(6)) - pys(T)
R, T

(11)

Kv(el):

Ry-T p

=
91((Pdry) 91(‘P|‘ wet) Bl((PQ, wet) e]

® K, (u,) derived based on
measured u value

o K,(w;) value according to
vapour transport function

® K,(p,) difference between
measured and vapour
transport value

In the same way, the permeability values corresponding to the
measured vapor diffusion resistance factors p are transformed into
moisture conductivity values K, (u;). Ultimately, from the difference
of these measured moisture conductivity values and the derived
vapor conductivity, the hygroscopic liquid water conductivity can be
determined. This procedure is illustrated in Fig. 3 for three values
from cup measurements. The dry-cup value W, is regarded to
comprise vapor transport only. The vapor permeability is fixed on
that point and liquid water transport is supposed to be zero. The
hygroscopic liquid water conductivity K, 4(6)) is then defined by
logarithmic interpolation of the liquid conductivity values obtained
from the wet-cup data.

Above capillary saturation, measured conductivity data from
permeameter or infiltrometer measurements might be used. If
available, the core conductivity function is truncated at capillary
saturation 8,,, and interpolated with the measured data. Thus
the saturated conductivity K, ,(8)) is determined likewise as the
hygroscopic conductivity. In the case when no measured conduc-
tivity data are available in the high moisture content range, the
conductivity derived by the pore model is applied for the whole
moisture content range with an estimated K4 value.

Finally, a general scaling parameter n,, is introduced to adjust the
conductivity function in the higher moisture content range. This
parameter provides additional flexibility in the moisture range which
is particularly important for water absorption processes without
having to omit measured conductivity data at saturation. Together
with the other components, this leads to the capillary conductivity
according to eq. 12 which is valid from dry to capillary saturation
8..p» and the whole liquid conductivity definition according to eq. 13

Kl,cap(el) = Kl,hyg(el) + ncap : KI,rel(el) : Keff ’ fI(el) for eI S ecap (12)
_ Kl,cap(el) if (9| < 9cap)
Kicap (1) = {K|,sat(e.> it (60> Ocap )} 1o

As the derivation according to the pore model is typically done nu-
merically, the whole conductivity function is provided in form of data
points which are to be logarithmically interpolated for
use in simulation. Therefore, the hygroscopic liquid
water conductivity is simply added to the derived
data. The calibration of the liquid water conductivity
function, i.e. the adjustment of the parameters n,,
and ny,, is done iteratively by simulation of water
absorption and drying experiments. The global
scaling factor n,, is to be adjusted based on water
absorption data. The parameter ng, from the mecha-
nistic model influences the liquid water conductivity
in the lower intermediate moisture range as well as
the vapor permeability. It is adjusted on the basis of
drying data. See also Fig. 4.

Fig. 3. Determination of the hygroscopic liquid water conductivity as the difference between

derived conductivity data from dry-cup and wet-cup measurements and the vapor transport

2.3. Overall procedure

function according to the mechanistic model. The index i denotes different vapor diffusion

measurements, in the figure i = 3. Note that the conductivity is plotted in logarithmic scale.
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The following procedure is proposed to obtain the
liquid and vapor transport coefficients. The final



liquid water conductivity includes two
adjustable parameters as well as directly
measured conductivity data. The final
vapor permeability shares one of these
adjustable parameters and contains
measured vapor diffusion data.

1.

3.

Derive the relative liquid conductivity
from the moisture storage function by
applying the bundle of tubes model .

Determine the absolute conductivity
function by scaling the relative one to
the measured conductivity value K¢
at saturation.

Determine the vapor permeability
according to based on measured dry-
cup vapor diffusion data and an initial
estimated the mechanistic model
parameter n,.

Derive hygroscopic conductivity
data K;;,(6,) from the difference of
the vapor permeability and wet-cup
vapor diffusion measurements, and
add them to the conductivity function.

Introduce a general scaling factor n,,
at capillary saturation 8.,,. Truncate
the conductivity function at capillary
saturation and interpolate between
the final value K(8.,,) and the meas-
ured saturated conductivity data from
permeameter or infiltrometer experi-
ments.

Apply the scaling function f(B,) from
the mechanistic model according to
with an initial estimate for ng,.

Optimize both modeling parameters
by numerical simulation of the water
absorption and the drying experiment.
This is an iterative process. n,, is ad-
justed by the aid of water absorption
data, and ng, by the aid of drying data.

Example of application

The developed material model has been
successfully applied to different porous
materials [24]. Based on the measured
material data according to [26], the mois-
ture storage function was adjusted for
adsorption and desorption, (see Fig. 5).

Moisture Content Range

low or hygroscopic high or saturated

. . . SNSRET
K,(0))) lower intermediate higher intermediate
! . .
K 1 1
eff f"T-"7"7"7"7=======7~ - b ad s
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cap ! D - - lof values from
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. ~ - - .7 of the water absorption experiment, .
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Fig. 4. Calibration of the liquid water conductivity function. Data in the hygroscopic moisture range is
derived from cup measurements, data in the saturated moisture range from permeameter or infiltrome-
ter measurements. The slope in between is derived by the bundle of tubes model from the pore struc-
ture and can be calibrated adjusting ng, and n.,, by the help of numerical simulation.
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Fig. 5. Desorption and adsorption moisture storage function of aerated autoclaved concrete: sorption
isotherm (left) and moisture retention characteristic (right).
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Fig. 6. Aerated autoclaved concrete: pore volume distribution (left) and total moisture conductivity func-
tion (right) as the sum of liquid and vapor conductivity.
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conductivity is obtained which can be
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Water Mass in (kg/m?)
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©  Measured water uptake data
Calculated water uptake course

¢ Measured drying data
Calculated drying course

adjusted throughout the whole moisture
range based on vapor diffusion, water ab-
sorption, drying and saturated permeability
data. The resulting vapor permeability is
adjusted based on vapor diffusion data.

The model was developed with a focus on
porous media with a rigid and open pore
system, as e.g. autoclaved aerated con-
crete. The chosen description of moisture

100 200 300 400

Time in sqr(s)

500 600 0 10

(1]

Fig. 7. Calibration of the aerated autoclaved concrete: comparison of measured and simulated cour-
ses for water uptake (left) and for drying (right). The drying data was measured with an automatic ba-

lance device.

From the desorption moisture storage function shown in Fig. 5,
the pore volume distribution function can be derived. It is shown
for the AAC in Fig. 6 at the left. Further application of the model
leads to the derivation of the liquid conductivity function, shown
in Fig. 6 at the right together with the vapor and the total moisture
conductivity.

The modeling parameters n,, and n,, were adjusted based on wa-
ter absorption and drying data. The conductivity function depicted
in Fig. 6 is the result of this optimization. Fig. 7 illustrates the ac-
curacy which can be reached. The left chart shows a comparison
of measured water absorption data with the calculated behavior.
The right chart shows the same for drying. It is apparent that the
proposed model is able to reach a perfect agreement between
measured and calculated material behavior. The original Burdine
model, even if all the other introduced steps are also applied (steps
1-5), does not provide enough flexibility throughout the whole mois-
ture range [25]. The additional flexibility in the adjustment of the
liquid conductivity function is required in order to follow both water
absorption and drying processes with a high degree of accuracy.

4. Conclusions

The developed material model follows the conductivity approach.
Liquid transport is expressed by a conductivity function associated
with the capillary pressure gradient, vapor transport is described by
a vapor permeability, assigned to the vapor pressure gradient. The
main material property is the pore structure either expressed by the
moisture storage function or its derivative, the pore volume distri-
bution. Their functional description consists of a sum of weighted
(cumulative) distribution functions of the Gauss type which are to
be adjusted to measured moisture storage or pore structure data.

The core liquid water conductivity is derived from the moisture
storage function applying a bundle of tubes model. It is coupled
with a mechanistic model distinguishing between serial and par-
allel structured moisture transport. This provides two moisture
dependent scaling terms, one for liquid and one for vapor trans-
port, respectively. As result, a flexible description of the liquid
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boon B0 ® storage has a high flexibility in adjustment

to measured data and forms the basis of
the liquid transport function. While still
rather simple to apply, the model provides
a very flexible description of the liquid
conductivity. In contrast to other bundle of
tubes models, the proposed model allows
to adjust the conductivity throughout the whole range of moisture
content based on standard moisture transport data from water
absorption and drying experiments.
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