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a b s t r a c t

The aim of this paper is to assess moisture diffusivity in a group of cement-based mortars of different
water–cement ratios by different moisture contents. Five levels of moisture content equivalent to five
narrow ranges of contiguous air humidity changes were considered. The effective (average) diffusion
coefficients were estimated for these five moisture levels and the experiments covered mortars with
three different water–cement ratios amounting to 0.50; 0.65; 0.80. The diffusion coefficients were deter-
mined by way of adjustment of the theoretical and experimental drying curves. The theoretical drying
curves were determined from numerical solutions of linear diffusion equations with a constant (average)
diffusion coefficient for a given narrow humidity range. The theoretical drying curves were correlated
with those corresponding experimentally using the Levenberg–Marquardt modified iterative algorithm.
The Gauss–Newton numerical method was used for a minimization problem by fitting the drying curves,
and in this way the values of diffusion coefficients for the selected materials were determined.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, research on moisture transport in cement-
mortar materials has been conducted in a double-track manner.
On the one hand, there have been many studies concerning
modification of the internal structure with a view to controlling
the transport of pure water or water which carries contaminants
[1–6]. On the other hand, however, some attempts have been made
towards obtaining a more and more precise description of mois-
ture transport processes in porous materials. The latter has en-
tailed the necessity for continuous development of mathematical
models and the need to collect accurately-determined material
parameters. Hence, models of moisture transport in building mate-
rials have been developed gradually [7–13]. At the same time, the
techniques for measuring coefficients of moisture transport in por-
ous materials have undergone significant improvements.

Many methods for determining transport coefficients are based
on moisture profiles (see e.g. [14]). Most frequently, in such stud-
ies, rod samples are used as they make it possible to determine
moisture for a number of measuring spots and on that basis to pre-
pare the moisture profiles. In order to measure moisture, methods

such as nuclear magnetic resonance (NMR) [15–18] microwave
reflection, transmission [19,20] or beam suppression c [21,22]
are used.

According to [23], these are not particularly suitable for thin
plaster materials. In [23], a specific method, the piecewise constant
j-PCK method, was proposed. Its results were confronted with two
other methods: the Motano method (originally used for diffusion
in metals [24], and then adapted for moisture diffusion, e.g. [14])
and the double integration method [14]. In paper [23] it was stated
that the double integration method and the Motano method pres-
ent high compliance in all moisture content ranges. Nevertheless,
an analysis conducted previously by Černy et al. [25] showed that
the Motano method was not very precise at both low and high
moisture levels. Tested in [23], the PCK method proved its rela-
tively good compliance with both the double integration method
and the Motano method for high moisture values, whereas it was
established that it was of no use for low moisture levels. According
to [23], for the scope of sorption, it needs to be supplemented by
another method as, for instance, that presented in [26].

In [5] an attempt was made to reconstruct the dependence of
diffusivity on water content. Drawn in three different ways (ideal
continuous wetting, ideal continuous drying, random access of
pores by water, experiment), the diffusivity graphs showed high
qualitative and quantitative differences. However, in each case,
the non-linearity of the phenomenon manifested itself very clearly.

As assessed by the authors of [5], courses of diffusivity in func-
tion of relative water content that had been presented in the past
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for unsaturated soils, cement stone and other similar products, did
not comply with one another, or it was impossible to indicate one
specific variation course of the transport coefficient towards rela-
tive water content.

Although the literature delivers many more works presenting
various methods for determining moisture transport coefficients
[14,15,25,27–30], they provide results which are rather difficult
to compare.

Undoubtedly, this can be attributed to the complexity of the
process, because the flow of water in porous material may be sub-
ject to different mechanisms, dependent on the level of dampness.
Within the range of hygroscopic dampness, the dominating diffu-
sion is that which is accompanied by laminar flow, effusion and
surface flow, whereas at high moisture levels there is also some
capillary flow that dominates within the supra-hygroscopic range.
The situation is additionally complicated by the fact that two por-
ous objects tested at the same moisture can present entirely differ-
ent values of moisture transport coefficients, just because they can
differ widely from each other in their porosity structures.

There are a considerable number of works presenting attempts
to link the structures to material parameters that are responsible
for moisture transport, e.g. [5,10,31–36], whereas many research-
ers emphasize the importance of the w/c parameter for forming
the microstructure, proving good opportunities to use it for con-
trolling the diffusivity coefficient, e.g. [2–5,37–39].

With the above problem in mind – the moisture transport non-
linearity and the dependence of its course on not only the mois-
ture-related conditions, but on material-specific conditions, as
the pore structure geometry – an attempt was made within the
framework of this work to propose what could be a simple and effi-
cient method for determining the diffusivity coefficient D. Here it
was treated as an effective coefficient, describing jointly all trans-
port process components that contribute to the global migration of
water in a variable manner, depending on the dampness level and
the specific geometry of the pores.

This paper is a continuation of previous works on the transport
of water in porous materials, where the research and calculation
methods were carried out in cement mortars. Initially, the tests
concerned sorptive and desorptive measurements of the diffusion
coefficient in relation to broad moisture intervals [40–42]. Unfor-
tunately, this made the assessment of non-linearity of the moisture
transport phenomena in porous materials more difficult. For this
reason, the studies conducted in subsequent years focused only
on a few, narrow moisture ranges [43–45], permitting an evalua-
tion of the moisture-related variability of the diffusion coefficient.

In the studies presented herein, the authors decided to divide
the entire range of air relative humidity Du to five narrow, neigh-
boring sections Dui. For each of them, drying kinetics was mea-
sured, where the cement mortar samples went from a higher
balance level to a lower balance level. Taking into consideration
the important role of the water–cement ratios for forming the
microstructure and influencing the diffusion coefficient, as sig-
naled in the literature, those mortars that differed from one an-
other with just this indicator were tested. The results collected in
subsequent desorption cycles helped determine diffusion coeffi-
cients in three mortars for five moisture ranges.

In order to establish the dependence of the diffusion coefficient
on the moisture content in cement-based mortar an attempt was
made to determine the drying kinetics for the following narrow
ranges of the air humidity changes: 12% � u � 30%, 30% � u �
50%, 50% � u � 75%, 75% � u � 85%, 85% � u � 97%.

The starting point for the calculations was an assumption of the
constant diffusion coefficient for each narrow range of the air
humidity Dui. We anticipated that in the narrow ranges of the
air humidity the magnitude of diffusion coefficient could not un-
dergo excessively large changes and presupposed that the drying

kinetics in the specified above ranges Dui was described by the lin-
ear diffusion equation.

The solution of this equation was obtained analytically through
the application two methods and presented in the form of a prob-
ability integral and in the form of a series with respect to the sys-
tem of eigenfunctions. The drying kinetics obtained in this way
were correlated with those obtained experimentally. The Gauss–
Newton method was used for a minimization problem by fitting
the drying kinetics based on the probability integral, and the
Levenberg–Marquardt optimization algorithm was used for the
second solution. In this way the values of the diffusion coefficients
for the selected materials and five ranges Dui were determined.

2. Experimental

2.1. Preparation of samples

The experiment concerned three mature cement mortars with
different water–cement ratios. The ratios took up the following
values: w/c = 0.50, 0.65, 0.80. To produce all the mortars, the same
cement, aggregate and potable city water were used.

Pure Portland cement, class 32.5, with the following chemical
composition was used:

roasting loss: 1.38%,
particles insoluble in HCl: 0.38%,
sulphuric anhydride SO3: 2.30%,
silica SiO2: 19.99%,
ferric oxide Fe2O3: 4.03%,
aluminium oxide: Al2O3: 4.51%,
calcium oxide CaO: 64.86%,
magnesium oxide MgO: 2.49%,
other: 0.06%.

The mineralogical composition of the cement applied was as fol-
lows: C3S – 67.44%, C2S – 6.45%, C3A – 5.14%, C4AF – 12.25%. This data
was used for a later controlling measurement of the degree of hydra-
tion in the cement at each stage of curing in the individual mortars.

All the mortars were made based on quartz sand, grain size
�2 mm. Initially, it was intended that natural sand collected from
natural deposits should be used. Detailed tests showed, however,
that its grain size content was highly diversified, containing over-
size particles (6%). For this reason, the sand served as initial mate-
rial only. After drying up to solid mass, it was screened with a
vibrating woven screen (#0.125, #0.25, #0.5, #1.0, #2.0 mm), with
a simultaneous elimination of oversize particles (over 2.0 mm).
Individual fractions were stored separately, in tight containers.
The target aggregate was composed of individual fractions in the
following proportions: 0 � 0.125 mm – 2.1%, 0.125 � 0.25 mm –
13.6%, 0.25 � 0.5 mm – 24.3%, 0.5 � 1.0 mm – 30.0%,
1.0 � 2.0 mm – 30.0%.

The sand, cement and water thus prepared occurred in the mor-
tars in the following weight proportions:

Mortar 1: ratio w/c = 0.50, cement-sand ratio ? 1: 3.00,
Mortar 2: ratio w/c = 0.65, cement-sand ratio ? 1: 3.52,
Mortar 3: ratio w/c = 0.80, cement-sand ratio ? 1: 4.05.

The equation (Vc + Vw)/Vk = const. was the starting point for
defining the recipe. Adherence to it guaranteed that in each mortar
there was the same volumetric content of matter participating in
moisture transport (cement stone) in relation to matter that is
practically inactive in this process (the aggregate).

From each mix a set of cylindrical samples was produced (diam-
eter d = 8 cm, height h = 16 cm) in order to proceed with testing the
moisture transport coefficients. After removal of the forms, the
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