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Introduction

The durability of reinforced concrete structures and their service span are closely related to the moisture
properties of the material. Therefore, to deal with durability issues, it requires the study of the movement of
liquid-water and gas diffusion. For the modelling of moisture behavior during the frequent external humidity
changes conditions, the water vapour sorption isotherms (WVSIs) [1], describing the relationship between
relative humidity RH (or capillary pressure P.) and water content 6 (or degree of saturation S), should be
investigated carefully because of the existing hysteresis between WVSIs. However, the earlier modelling
normally neglected hysteresis and used the same sorption isotherm for both drying and wetting processes [2],
which might be due to lack of experimental verification and premature computation technique.

Recently, modelling of moisture transport taking into account of hysteresis becomes a more interesting
topic. Johannesson et al. [3] adopted an empirical model, which considered that each scanning isotherm can
be expressed as a cubic polynomial. An independent domain theory model, called PM model (Preisach-
Mayergoyz [4, 5]) that was developed initially for the physical mechanisms of magnetization, has been
employed by Derluyn et al. [6]. Both researches emphasised the necessity of considering the hysteresis for
modelling of moisture transport. But the conclusion has been not verified by supportive experimental data.

Modelling of hysteresis

In previous studies [8], the hysteresis models, including conceptual and empirical models, have been
compared. The conclusions revealed that empirical models provide better results against the experimental
data thanks to additional parameters. However, “pumping effects”, referring to the non-closed form scanning
loops, are still critical. In contrast, the conceptual models, mainly Mualem’s models, can avoid this unreal
behavior inherently. So in this paper, two kinds of hysteresis models are implemented and compared.
Conceptual hysteresis model — Mualem Model 11

Mualem Model Il [9] was developed based on the independent domain theory. Two basic pore water
distribution functions H and L are used to calculate a scanning curve.
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where S, = S,,(P.) is the water saturation of the main adsorption curve and S; = S;(P.) is for the main

desorption curve. According to Mualem’s diagram [9], for the case of the first scanning is wetting, the

expression for the wetting scanning curve of order N (odd number) is deduced as:

Sww(Pe) = S(Pew) + [LP) = L(Pe)][1 = H(Pew)], L(R) < L(Pey-1) (2)
where S(P,y) is the saturation at the starting point of current scanning curve. If L(P.) = L(P.y_1),

Mualem’s diagram indicates that L(PC_N_3) will be used instead of L(PC,N_l) for calculation until the

scanning curve reduces to the main curve (order N = 0). In the same manner, the expression for the drying
scanning curve of order N (even number) is written as:

Swa(P) = S(Pen) + [L(Pen) = LEP|[L = H(P)L, L(R) = L(Pey-1) €)
If L(P.) < L(P.y-1), L(P.n—3) will be used instead of L(P, y_1).
Empirical hysteresis model — Improved Rubin’s model
Rubin [10] proposed a formula to calculate the drying scanning curve, while this formula does not take

into account the position of the starting point. Thus, it is not able to simulate scanning loops. An
improvement was introduced in [8]. The expression is given for the drying scanning curve:

L=S,;, H=

PC(SN,d) = Pc,d(S) + [Pc,d(S) - Pc(Sl)] exp[yd(s - 51)] (4)
The expression for the wetting scanning curve is written as:
Pe(Snw) = Pew(S) + [Pe(S1) = Pep ()] explny (S1 = 5] (5)

where two material constant y; and y, are used to regulate the shape of the scanning curves.
One simulation result performed by two hysteresis models is shown in Fig. 1.
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Fig. 1: The first drying and wetting scanning curves simulated by Mualem Model I1 (left) and Improved
Rubin’s model (right) for OPC cement paste with w/c=0.35. Experimental curves are taken form [1].

Continuum approach to model moisture transport at isothermal conditions

In the research of Mainguy et al. [11], an isothermal drying model was proposed, which considered that
the mass transport includes liquid phase and gas phase (vapour + dry air). But that research and the following
research [12] reported that if only considering the mass transport and using the constant gas pressure, the
mass balance can be simplified as a single equation:

S Kok, (S
— =divw = div(w; + w,,) = div <%Ll()

T rad pv> (6)
where w is the moisture flux, which contains the contribution from both liquid water and vapour; p; =liquid
water density; ¢ =porosity; K, =intrinsic permeability; k,; =relative permeability; n =liquid water
dynamic viscosity; P, =liquid water pressure; D,, =free vapour diffusion coefficient in the air; f =resistent
factor related to the pore network; p,, =vapour density.

The functions for main sorption curves, k,; and f are [13, 14]:
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S(P) = [1+ (P./a)/@-m]™ 7
K (S) = S°5[1 - (1 - 51/’")’"]2 ®)
f(S,¢) = ¢* (1 — §)*p+? 9)

where parameters a and m are determined by fitting experimental sorption curves. x,, has been validated as
2.74 in research of Thiéry [15] by using the experimental data based on CO2 gas.

Drying-wetting modelling results and discussion
Non-hysteretic effect modelling

Non-hysteretic effect modelling can be easily achieved by using the same sorption isotherm for drying
and wetting processes. In the literature, normally the main desorption curve is used [2, 3, 6], while this might
be due to lack of experimental adsorption curve and has been proved that the simulation result does not agree
the experimental data for the wetting process. Hence, a new calculation for a sorption curve is proposed here
on the basis of the measured main desorption and main adsorption curves, involving in a weight factor w.

S=wS;+ (1 —-w)S, (10)
Hysteretic effect modelling

For the implementation of a hysteresis model into simulating drying-wetting cycles, two issues need to be
solved: how to check whether the mesh is going to change state and how to keep the mesh on current state.
Following the method proposed by Gillham et al. [16], this research introduces two retardation factors, each
of which is used to deal with one above issue.

Either for conceptual models or empirical models, they need the reverse points (the starting points) of
each scanning curve for each mesh. So the programme only needs to store these reverse points combining
with two retardation factors to simulate drying-wetting cycles. This method is applicable for most hysteresis
models.



Experimental data verification

One numerical simulation result is shown here. The experimental data is collected from literature [1] and
[17]. Before the experiments, the cement paste with w/c=0.35 was sealed curing for 200 days. Specimens
were exposed to RH=53% and 63.2% for around five months in desiccators, and then the relative humidity
was changed to 97% for wetting process. K, in Eq. (6) is validated by the drying process, and it also used for
the wetting process. So the simulations of drying and wetting processes use the same parameters, except the
boundary conditions and WVSIs. Two parameter involved in improved Rubin’s model are determined by

experimental scanning curves (see Fig. 1).
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Fig. 2: Comparison of mass change simulated by non-hysteretic and hysteretic effect modelling with
experimental results. Two cases of drying at RH=53% (left) and at 63.2% (right) are included.

It is clear that Mualem Model 1l reveals the best simulation results; meanwhile, improved Rubin’s model
overestimates the mass change during the wetting process. Even though w can be used to adjust the sorption
curve, the non-hysteretic effect modelling provides the result which is far away from the experimental data.

“Pumping effects” analysis

The “pumping effects” is the main difference between conceptual and empirical hysteresis models [8]. To

analyse the “pumping effects” quantificationally, the simulations were carried out on the same material as
the last section by using the initial RH=83%, drying boundary RH=63% and wetting boundary RH= 83%.
Firstly, the material is submitted to drying, and then changed to wetting. Each process uses the same duration

(20 days). Totally, two cycles were simulated.
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Fig. 3: WVSIs simulated by Mualem Model 11 (left) and Improved Rubin’s model (right)

Fig. 3 clearly shows that “pumping effects” simulated by the improved Rubin’s model reveal the largest
errors during the first cycle. The effects on the mass changes are provided in Fig. 4. The difference of two
curves at 40 days is due to that the drying scanning curves simulated by two models have different shapes,
while the difference in later cycles (at 60, 80 and 100 days) is mainly from the “pumping effects”. One
should notice that the errors increase with the number of cycles, such as from 3.6% at 60 days to 6.1% at 100
days and from 5.3% at 40 days to 17.1% at 80 days. The comparison results demonstrate that if the empirical
model fails to eliminate “pumping effects”, the cumulative errors associated with oscillations of hysteresis

loops are probably significant and lead to unrealistically simulated results.



Conclusions

Hysteresis models comparison

In this research, a method taking into account of the 3 Matiem Model 1
hysteretic effect to simulate moisture transport under - - -Improved Rubin .
drying-wetting cyclic changes conditions has been 29
proposed. It can be used for most hysteresis models, either Al P

conceptual or empirical models. Simulations in cases of
non-hysteretic and hysteretic effects have been performed.
Results show that non-hysteretic effect modeling does not
provide a good result against to experimental data. Among
the hysteresis models, the mass change curve simulated by RH,  =63%

drying

Mass loss (g)
=
(61

[ay
T

RH 0:83%

Mualem Model Il matches the experimental curve very 05 RH, 10 =83%

well, that could be the model recommended for modeling

of moisture transport. % 20 40 C 80 100 120
Time

ACKNOWLEDGEMENTS Fig. 4: Comparison of mass change simulated

The research leading to these results has received funding by Mualem Model 1l (solid line) and

from the European Union Seventh Framework Programme  Improved Rubin’s model (dashed line)
(FP7/ 2007-2013) under grant agreement 264448.

REFERENCES

[1] V. Baroghel-Bouny, Water vapour experiments on hardened cementitious materials Part I: Essential
tool for analysis of hygral behaviour and its relation to pore structure, Cem. Concr. Res. 37 (2007) 414-437.
[2] J. Arfvidsson, J. Claesson, Isothermal moisture flow in building materials: modelling, measurements
and calculations based on Kirchhoff’s potential, Building and Environment 35 (2000) 519-536.

[3] B. Johannesson, U. Nyman, A numerical approach for non-linear moisture flow in porous materials
with account to sorption hysteresis, Transp. Porous Med. 84 (2010) 735-754.

[4] F. Preisach, Uber die magnetische Nachwirkung, Z. Physik 94(1935) 277-302.

[5] I. D. Mayergoyz, Mathematical models of hysteresis and their applications. Academic Press, 2003.
[6] H. Derluyn, D. Derome, J. Carmeliet, E. Stora, R. Barbarulo, Hysteretic moisture behavior of
concrete: Modelling and analysis, Cem. Concr. Res. 42(2012) 1379-1388.

[7] B. Johannesson, M. Janz, A two-phase moisture transport model accounting for sorption hysteresis
in layered porous building constructions, Building and Environment 44 (2009) 1285-1294.

[8] Z. Zhang, M. Thiéry, V. Baroghel-Bouny, A review and statistical study of existing hysteresis
models for cementitious materials, Submitted to Cem. Concr. Res. 2013.

[9] Y. Mualem, A conceptual model of hysteresis, Water Resources Research, 10 (1974) 514-520.

[10]  J. Rubin, Numerical method for analyzing hysteresis-affected, post-infiltration redistribution of soil
moisture, Soil Sci. Soc. Am. P. 31 (1967) 13-20.

[11] M. Mainguy, O. Coussy, V. Baroghel-Bouny, Role of air pressure in drying of weakly permeable
materials, J. Eng. Mec. 127 (2001) 582-592.

[12] Z. Zhang, M. Thiéry, V. Baroghel-Bouny, Analysis of moisture transport in cementitious materials
and modelling of drying-wetting cycles, Proc. of SSCS, Aix-en-Provence, France, 2012.

[13] M. Th. van Genuchten, A closed-form equation for predicting the hydraulic conductivity of
unsaturated soils, Soil Sci. Soc. Am. J. 44 (1980) 892-898.

[14] R. Millington, Gas diffusion in porous media, Science, 130(1959)100-102.

[15] M. Thiéry, P. Belin, V. Baroghel-Bouny, M. D. Nguyen, Modelling of isothermal drying process in
cementitious materials — Analysis of the moisture transfer and proposal of simplified approaches, 3rd
International conference on couple THMC, Processes in geo-systems, 571-581, 2008.

[16] R.W. Gillham, A. Klute, D. F. Heermann, Measurement and numerical simulation of hysteretic flow
in a heterogeneous porous medium, Soil Sci. Soc. Am. J. 43(1979) 1061-1067.

[17] M. T. Nguyen, Modélisation des couplages entre hydratation et dessiccation des matériaux
cimentaires a I'issue du décoffrage. Etude de la dégradation des propriétés de transfert, Ph. D. Thesis, LCPC,
20009.



