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h i g h l i g h t s

� Inverse analysis procedure for a hygro-thermo-chemical-mechanical model.
� Temperature, humidity and deformation data used in input for the inverse analysis.
� Minimum experimental data required for the model parameter characterization.
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a b s t r a c t

A wide range of parameters is required in input when applying hygro-thermo-chemical-mechanical mod-
els to concrete components with the aim of determining the variations over time of temperature, relative
humidity and shrinkage induced deformations. While a sub-set of these material parameters can be eval-
uated on the basis of the concrete mix specifications or from literature data, this paper presents a robust
inverse analysis procedure for the identification of the remaining sub-set of parameters that are charac-
terised by a large variability and, in some cases, do not have a precise physical meaning and are not
amenable to a direct measurement. The particularity of this paper is to propose different strategies for
the characterisation of these material parameters that account for the presence of different exposure con-
ditions, as these affect the outcomes and requirements of the parameter identification procedure. After
introducing the adopted hygro-thermo-chemical-mechanical model, representative results of an exten-
sive sensitivity analysis are presented in the first part of the paper to give insight into most effective num-
ber, location and duration of measurements to be used in input of the inverse analysis. The inverse
analysis procedure is then presented and applied to a number of selected scenarios to highlight its
robustness considering different boundary conditions in terms of external temperature and relative
humidity surrounding the concrete. The ability to characterise these parameters will support a wider
use of these hygro-thermo-chemical-mechanical models, especially for those applications in which
humidity and temperature profiles significantly influence the structural response, for example when pre-
dicting curling in industrial pavements and non-uniform shrinkage profiles in composite steel-concrete
slabs.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete structures are significantly influenced by the time-
dependent behaviour of the concrete that affects their serviceabil-
ity and durability. An inaccurate evaluation of this service response
can lead to undesired excessive deformations and occurrence of
cracking. Concrete time effects are significantly dependent on the
moisture transport and heat transfer mechanisms that take place

in the concrete and that control, for example, the hardening pro-
cess, water release, cement hydration, and volume changes. Differ-
ent numerical and experimental studies are available in the
literature that deal with the concrete behaviour, especially consid-
ering its early age. Bažant and Najjar [1] presented a material
model capable of describing the nonlinear moisture transport that
takes place in concrete. Several researchers extended this approach
in following years, for example, by incorporating a thermodynam-
ics based approach for the cement hydration [2] or by establishing
a thermo-chemo-mechanical model to account for the aging effect
on strength development and the micro-scale description of the
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material [3–5]. Other recent contributions considered the influence
of cracking on the permeability [6] or included a sink term into the
diffusive moisture equation to capture the internal water con-
sumption occurring during cement hydration [7,8]. The use of an
enhanced cement hydration model was presented in [9] while
the influence of the meso-structure was investigated in [10–12].
A hygro-thermo-chemical model that accounted for the effect of
cement hydration on both moisture and temperature calculations
was considered in [13,14]. In these models the mechanical cou-
pling is usually based on a linear relationship between the varia-
tions over time of the relative humidity and the consequent free
shrinkage deformations (see, e.g. [13,14,15,16]).

The use of these models is particularly relevant in applications
where the effect of shrinkage induced deformations are important,
such as curling in industrial pavements [17,18] and shrinkage gra-
dients in composite floor systems [19–22] (where the presence of
different exposure conditions, due to the presence of subgrade/
waterproofing membrane and profiled steel sheeting, respectively,
influence the mechanical response). In the latter case, the occur-
rence of the non-uniform shrinkage profiles has been only recently
identified [19] and the ability to couple the hygro-thermo-
chemical behaviour to the mechanical response will enable more
accurate structural predictions associated to the serviceability
limit state requirements of building floors. For these applications,
the wider use of hygro-thermo-chemical-mechanical models for
service design and modelling needs to be supported by techniques
capable of adequately identifying the required material parame-
ters. Not all material parameters to be specified in input in these
hygro-thermo-chemical-mechanical models can be easily deter-
mined and, to better highlight this aspect, the model material
parameters are subdivided into the following two sets: (i) one
set of parameters that can be evaluated based on the concrete
mix specifications or from data reported in the literature; and (ii)
a second set of parameters characterised by a large variability
(based on data available in the literature) and, among these, many
parameters do not possess a precise physical meaning and, for this
reason, are not amenable to a direct measurement.

In this context, the main contribution of this paper relies on the
development of a robust inverse analysis procedure for the identi-
fication of the second set of material parameters (i.e. listed at point
(ii) above) that are required in input for the use of the hygro-
thermo-chemical-mechanical models. This paper contributes to
this effort by proposing different strategies for the characterisation
of the material parameters considering different exposure
conditions.

In this work, the robustness of the proposed inverse analysis
procedure is determined based on the use of pseudo-
experimental results as input data (e.g. [23–25]) that includes
measurements of temperature, relative humidity and total defor-
mations. This data has been generated considering the same expo-
sure conditions of commonly available reinforced or prestressed
concrete slabs, i.e. exposed on both its surfaces, and of slabs
exposed only from one side because sealed on its opposite side
(e.g. composite slabs and industrial pavements). The proposed
methodology is developed with the idea of minimising the number
and the duration of the measurements to be carried out and of
investigating how these are influenced by different exposure con-
ditions. After introducing the key features of the hygro-thermo-
chemical-mechanical model considered in this study, the main
outcomes and representative results obtained from an extensive
sensitivity analysis are presented because providing insight into
the most effective number, location and duration of the measure-
ments to be used as input of the inverse analysis procedure. The
basis of the inverse analysis procedure is then presented and its
robustness is tested against selected scenarios constructed using
pseudo-experimental data subjected to different degrees of noise

and for different external temperatures and relative humidities
surrounding the concrete. Representative results are reported in
the paper to give insight into the use and effectiveness of the pro-
posed methodology. These results are also expected to support the
effective planning of the instrumentation setup to be used in
experimental tests on service conditions performed in controlled
laboratory environments and for the arrangement of in-situ mon-
itoring and investigations, for example during construction or dur-
ing day-to-day service operations, associated to applications
whose service response is influenced by shrinkage.

2. Hygro-thermo-chemical-mechanical model

The hygro-thermo-chemical-mechanical model considered in
this paper is able to predict the variations of the relative humidity
h, temperature T and deformation e that take place over time
within the spatial domain X of a concrete component taking into
account its environmental conditions. The model here presented
has been proposed in [13] and applied to a concrete mix without
the presence of silica fume. The main features of the model and
its numerical implementation are described in the following.

The principal chemical reaction occurring during hardening of a
concrete mix is cement hydration, whose extent is here expressed
through a scalar variable ac, computed as the ratio between the
actual level of hydration Xc and its theoretical asymptotic value

X1;th
c achievable under ideal hygro-thermal conditions. The maxi-

mum level of the reaction degree a1
c ¼ X1

c =X1;th
c is usually smaller

than one, i.e. a1
c < 1. According to [26], we may assume

a1
c ¼ ð1:032w=cÞ=ð0:194þw=cÞ, in which w/c depicts the water-

to-cement ratio. The variation over time _ac increases with relative
humidity content and reduces while approaching its asymptotic
value a1

c as expressed by the following Arrhenius type equation:

_ac ¼
Ac1 Ac2=a1

c þ ac
� �

a1
c � ac

� �
e �gcac=a1cð Þ

1þ ða� ahÞb
h i � eð�cc=TÞ ð1Þ

where cc = Eac/R, Eac is the hydration activation energy and R repre-
sents the universal gas constant. Parameters Ac1, Ac2 and gc have no
precise physical meaning and govern the so-called normalized

chemical affinity. The function bhðhÞ ¼ 1þ ða� ahÞb
h i�1

takes into

account the slowing of the hydration process when relative humid-
ity decreases below a certain value (around 80%). Parameters a and
b are usually taken equal to 7.5 and 4.0, respectively, (see [1]).

The total water content w, present in the concrete mix, is
expressed as the sum of the evaporable water we and the non-
evaporable water wn, the latter being the water chemically bonded
by cement hydration and expressed as wnðacÞ ¼ kcacc, with c being
the cement ratio content and kc a material parameter that, accord-
ing to [13] and references herein, can be assumed equal to 0.253.
The evaporable water is expressed as a function of the relative
humidity (sorption isotherm curve) and of the degree of cement
hydration ac as follows:

weðh;acÞ ¼ jc
vgaccð1� 1=�e2Þ

þ w0 � 0:188acc � jc
vgaccð1� 1=�e1Þ

h i
� �e2 � 1
�e1 � 1

ð2Þ

in which w0(=(w/c)c) is the initial water content and it is assumed

that �e2 ¼ e10 g1a1c �acð Þh and �e1 ¼ e10 g1a1c �acð Þ. Eq. (2) also depends on
material parameters jc

vg and g1 that govern the amount of water
contained in the cement gel pores and the shape of the sorption
curve, respectively.

Starting from the consideration that w = we(h, ac) + wn(ac), the
variation of the humidity field over time and space is described
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