
Cement & Concrete Composites 31 (2009) 369–378
Contents lists available at ScienceDirect

Cement & Concrete Composites

journal homepage: www.elsevier .com/locate /cemconcomp
Identification of early-age concrete temperatures and strains: Monitoring
and numerical simulation

Miguel Azenha, Rui Faria *, Denise Ferreira
LABEST–Laboratory for the Concrete Technology and Structural Behaviour, Faculdade de Engenharia da Universidade do Porto, Rua Dr. Roberto Frias, 4200-465 Porto, Portugal

a r t i c l e i n f o a b s t r a c t
Article history:
Received 1 July 2008
Received in revised form 8 December 2008
Accepted 29 March 2009
Available online 8 April 2009

Keywords:
Cement hydration
Early-age concrete
Vibrating wire strain gages
Thermal cracking
Numerical simulation
0958-9465/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.cemconcomp.2009.03.004

* Corresponding author. Tel.: +351 22 508 1950; fa
E-mail address: rfaria@fe.up.pt (R. Faria).
Concrete at early-ages experiences thermal deformations due to the heat generation caused by the
cement hydration reactions. These deformations may lead to cracking of concrete, for which the use of
numerical models in order to foresee and prevent this problem is of crucial importance. However, these
numerical models must be appropriately validated by monitoring the young concrete behaviour. The con-
ducted research regards an experimental work carried out with two main goals: (i) to evaluate the per-
formance of different kinds of strain gages, in order to determine the more adequate ones for monitoring
concrete deformations during early-ages after casting; (ii) to interpret the experimental measurements of
temperatures and strains in concrete, by using a numerical model. Two different vibrating wire strain
gages were used to measure early-age deformations in a concrete prism tested in the laboratory: one
with a metallic housing and the other with a plastic one. The instant of solidarization of the sensors to
concrete and the temperature sensitivity of their signals during the pre-solidarization period are key
points as far as measurement of concrete early-age strains is concerned, which were examined for the
present work. A thermo-mechanical numerical model was used to simulate the early-age concrete behav-
iour of the specimen. After a brief description of the model background, a comparison of the numerical
predictions with the experimental results is made.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Early-age concrete behaviour is a problem of great concern
nowadays, closely related to the increasing use of high perfor-
mance concrete, where cracking may arise not only due to autog-
enous shrinkage, but also in result of deformations caused by the
heat generated during the cement hydration reactions. Therefore,
it is important to have numerical tools for predicting temperatures
and stresses in early-age concrete, in order to foresee – and if pos-
sible to avoid – premature cracking of thermal origin. The thermo-
mechanical methodology used in this paper is based on the Finite
Element Method (FEM), and it accomplishes a thermal analysis, fol-
lowed by a mechanical one. The thermal analysis assimilates the
heat of the cement hydration as an internal heat source, and it ac-
counts for the energetic flows by convection and radiation between
concrete and the environment. As far as the mechanical analysis is
concerned, the evolution of concrete mechanical properties, as well
as the influence of creep, are considered.

In this regard, it is essential to develop suitable monitoring
practices for evaluating temperatures and strains in early-age con-
crete, so as to validate the numerical models. As during early-ages
concrete has evolving mechanical properties, there are difficulties
ll rights reserved.
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related to measurement of strains, while concrete stiffness and
temperature vary significantly and are largely amplified as com-
pared to the final hardened stage. Doubts about the adequacy of
using strain sensors developed for hardened concrete in early-
age measurements still persist, based on two main concerns: the
instant of solidarization of the sensor to concrete is difficult to
determine, and the temperature sensitivity of the strain sensor
when embedded into a material ranging from a liquid to a solid
state can only be roughly estimated. Solidarization of the strain
sensors to concrete is a fundamental dilemma within the early-
age monitoring context, depending mostly on the ratio of stiffness-
es between the concrete and the sensor. Solidarization is here de-
fined to occur when the strain gage is capable of reproducing
variations in concrete deformations, which is only foreseeable
when concrete stiffness is sufficiently high to ensure the sensor
to be perfectly attached.

Electrical strain gages with ceramic insulation have wide spread
usage among large-scale applications on civil engineering, due to
their economy and sturdiness. Nevertheless, for early-age strain
measurements these resistive electrical sensors revealed some
problems [1]. One of the main reasons for this inadequacy is that
these sensors are made from a material with the same thermal
dilation coefficient of hardened concrete, in order to perform an
‘‘auto compensation” of concrete thermal deformation. Another
problem with these sensors, and based on the authors’ experience,
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is that the existence of electrical apparatus in the sensors vicinity
may cause current peaks that interfere with the signals, being this
an important problem when monitoring campaigns are to be per-
formed on real site constructions.

On the other hand, vibrating wire strain gages embedded in
hardened concrete require temperature compensation procedures
that strictly depend on the thermal dilation coefficient of the wire
placed internally, which is constant and known.

Few references were found on the theme of concrete strain
monitoring at early-ages. Even so, some practical applications con-
cerning in-field early measurements are reported in the literature.
An overview of field measurement techniques and data analyses on
early-age concrete structures is acutely discussed by Cusson [2].
Concerning field applications, Anson and Rowlinson [3] reported
the use of vibrating wire strain gages in early-age strain measure-
ments in concrete tank walls, which were successful only when the
internal temperature stabilized. Another application reported by
Heimdal et al. [4] regards a concrete box culvert in Norway, instru-
mented with embedded vibrating wire strain sensors and electrical
strain gages, where reliable results were obtained after the age of
15 h. Morabito [5] reports an early-age concrete monitoring appli-
cation on a dam sluice gate, in which embedded vibrating wire
strain gages and electrical strain gages welded to the reinforce-
ment were used, revealing that along the heating and cooling peri-
ods of cement hydration measurements from both types of sensors
were quite dissimilar, although following similar tendencies from
then on. Temperature measurements during the concrete curing
of the viaduct deck of the Öresund Link are reported in Cervera
et al. [6], where cracking risk scenarios are analyzed with a ther-
mo-mechanical model. Also, Azenha and Faria [7] reported a case
study of a reinforced concrete foundation of a wind tower, were
temperatures and stresses due to cement hydration were evalu-
ated. As far as laboratory experimental work is concerned, O’Moore
et al. [8] have used vibrating wire strain gages with a plastic hous-
ing on early-age monitoring of industrial pavements, reporting that
incoherent measurements of strains were obtained at the very
early-ages.

More recently, optical fibre technology is reported to be a good
solution in early-age concrete temperature and strain measure-
ments, because of its high precision and resolution, insensibility
to electromagnetic fields and mechanical robustness [9–12]. In
terms of in-field applications, this technology was used by Glisic
and Inaudi [13] for monitoring temperatures and deformations in
early-age concrete cast above a hardened element, and in compos-
ite steel-concrete structures during cement hydration [14].

All the above cited works report difficulties in identifying con-
crete strains during the heating phase of cement hydration,
approximately around the first 12–15 h after casting. When the
cooling phase commences, the output signals from different strain
gage sensors start to have consistent and similar evolutions.

Based on the experience of the authors of this paper, the major
difficulty on early-age concrete monitoring relates also to mea-
surement of strains [1,15]. Inadequacy of most of the standard
strain gages for this early stage of concrete, where high variations
of temperature and stiffness are present, adding up to problems of
characterizing the developing material, are the main causes of the
unsuccessful strain monitoring during the cement hydration of
concrete. The key issues that persist are: (i) the instant of solidari-
zation of the sensor to concrete and (ii) the thermal sensitivity of
the strain gage before and after the solidarization.

In this paper a laboratory campaign was performed on a con-
crete prism, and had the following two goals:

– To evaluate the performance of different types of strain
gages. One of the kinds of sensors selected for this research
was the vibrating wire strain gage with a metallic casing,
because of its robustness for in situ applications (where
mechanical injuries due to concrete vibrators are fre-
quent). In order to identify the instant of solidarization
to concrete of this metallic housed strain gage, a vibrating
wire strain gage with a plastic (and thus less stiff) casing
was also used.

– To use a thermo-mechanical numerical model as a tool for
better interpreting the experimental results, taking advan-
tage of the temperatures and strains measured at various
points of the concrete prism during the cement hydration
stage.

In this experimental work, detailed in Section 2, concrete defor-
mations refer to ‘total strains’, that is, the sum of the ‘mechanical’
and ‘thermal’ components.

An additional important outcome of this study is to support the
determination of stresses in early-age concrete, in order to com-
pare the maximum principal tensile stresses with the evolving ten-
sile strengths, and finally to predict the cracking risk in concrete.
This is accomplished by using a thermo-mechanical model, briefly
outlined in Section 3, and applied to the above-referenced concrete
prism in Section 4.

2. Experimental campaign on a prismatic concrete specimen

2.1. Geometry, materials and monitoring

An experimental monitoring campaign for measuring early-age
temperatures and strains on a concrete prism was carried out, ful-
filling the following requisites: (i) the prism should have geometry
allowing for an easy and accurate numerical discretization, with
dimensions compatible with the laboratory work, and (ii) at the
same time it should engender a heat generation potential high en-
ough to cause significant temperature and strain gradients. The
geometry of the concrete prism, whose dimensions are
0.60 � 0.30 � 0.60 m3, is presented in Fig. 1. Lateral faces and base
of the element were insulated with 6 cm thick polystyrene plates
and 2.1 cm thick plywood formworks. The mix composition of
the concrete was as follows: 1134 kg m�3 of calcareous gravel,
263 kg m�3 of recycled concrete sand, 264 kg m�3 of natural sand,
400 kg m�3 of cement type I 42.5R and 200 kg m�3 of water. Con-
crete casting and the experimental procedures took place inside
a climatic chamber with a constant temperature T = 20 �C and rel-
ative humidity RH = 50%; data acquisition started at the end of the
casting operations.

Regarding the experimental monitoring measurements, differ-
ent types of sensors were placed at symmetrical positions in rela-
tion to plane B-B0 of Fig. 1, where identical temperatures and
strains are to be expected, in order to compare their measure-
ments, performances and aptitudes. Concerning the temperature
sensors, two types were adopted: the thermocouple type K (TC),
very easy to use and economical, but with a low precision of
±2.2 �C, and resistive temperature sensors (PT100), housed with a
material with high thermal conductivity (copper), with a high pre-
cision of ±0.1 �C. As far as the strain sensors are concerned, two
types of vibrating wire strain gages with rather dissimilar casings
were used: one with a metallic and stiffer housing (VWM) and
the other with a plastic and less stiff casing (VWP). Vibrating wire
strain gages have internal resistive temperature sensors, so they
are able to monitor strains and temperatures at the same time
and location. All these strain gages were embedded into concrete.

Sensor locations are schematically represented in Fig. 1. Tem-
perature sensors were placed in the lateral faces and base of the
concrete prism, as well as between polystyrene layers, in order
to validate the thermal boundary conditions of the numerical mod-
el; in the concrete element itself 16 TC and 2 PT100 were placed at



Fig. 1. Experimental set-up: concrete and sensors location.
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different heights. The experimental set-up, reproduced also in
Fig. 2, includes the following strain sensors located at two levels
along the height: (i) on the top level (0.10 m from the top surface),
the VWP-T was sited; (ii) on the bottom level, 0.15 m above the
base, the vibrating wire strain gages VWM-B and VWP-B were
placed (Fig. 2b). These nomenclatures of ‘‘top” (-T) and ‘‘bottom”
(-B) levels will also be used later on this paper, for the discussion
of experimental and numerical results.

One should be aware that the thermal deformation of the
vibrating wire (11 le K�1, according to the manufacturer’s specifi-
cation) must be withdrawn from the gage response to reflect the
sensor total deformation. All the strain measurements reported
in this paper have been previously corrected for this effect of ther-
mal dilation of the vibrating wire.

In addition, a preliminary experiment was carried out to com-
pare the responses of the two types of vibrating wire strain gages
when subjected to temperature variations in free regime, that is,
not embedded into concrete. These responses reflect the free ther-
mal deformations of the sensor casings, which is a relevant infor-
mation concerning the interpretation of the sensor output prior
to solidarization to concrete. The strain gages with the plastic
and metallic casings were placed inside a climatic chamber with
prescribed temperature variations. The corresponding responses
were 46.24 le K�1 for sensor VWP and 4.55 le K�1 for sensor
VWM, showing clearly that sensor VWP has much higher temper-
Fig. 2. (a) Overview of polystyrene insulation
ature sensitivity than VWM. Nevertheless, when these strain gages
are embedded into hardened concrete, the response to equal tem-
perature variations must be the same, as total strains are pre-
scribed by the concrete deformation.

2.2. Discussion of the experimental results

2.2.1. Temperatures
Temperatures measured in the concrete prism by the tempera-

ture sensors integrated on the vibrating wire strain gages are pre-
sented in Fig. 3. One can notice that, as expected, the sensors on the
bottom level recorded higher temperatures (64 �C, at the age of
17 h) than the one on the top level (55 �C at 11 h). It is also impor-
tant to note the high coincidence of the responses of the two bot-
tom level sensors VWM-B and VWP-B. In Fig. 3 it can also be
noticed that the heating period begins right after the concrete
placement, and lasts for about 20 h; it is then followed by the cool-
ing period, and after 160 h thermal equilibrium is reached between
the concrete element and the climatic chamber environment.

In Fig. 4 measurements from the TP thermocouples placed along
the lateral boundaries of Fig. 1 are presented. One can straightfor-
wardly observe the thermal insulation influence of the polystyrene
placed on the lateral and bottom faces: as it was expected, the
areas near the non-insulated top surface reached lower tempera-
tures. It is also worth noting the strong coherence of temperatures
and sensors and (b) VWM-B and VWP-B.
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measured by the TP placed symmetrical along the two vertical
boundaries (TP1 and TP11, TP2 and TP12 and so on up to TP5
and TP15) of the concrete element (see Fig. 1 for identification of
sensors location).

2.2.2. Total strains
Fig. 5 reproduces the total strains measured by the various sen-

sors embedded in the concrete element: VWM-B and VWP-B at the
bottom level; VWP-T at the top level. The expectable tendency that
the total strains were superior at the bottom level (because it
reached higher temperatures that led to larger expansions) than
at the top level was confirmed by the VWP-T and VWP-B curves
in Fig. 5.

Focusing on the bottom level, the strain gages recorded differ-
ent peak expansions (see Fig. 5), which can have two main
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Fig. 5. Total strains measured in concrete.
sources: (i) VWP-B stiffness is much lesser than that of VWM-B,
thus solidarization of the plastic sensor to the early-age concrete
occurs before than for the metallic one, engendering higher final
deformations on sensor VWP-B; (ii) before solidarization to con-
crete sensor VWP-B reveals a greater sensitivity to temperature
variations than VWM-B (according to the free regime character-
ization mentioned in Section 2), therefore recording higher ther-
mal deformations at the heating phase. During the concrete
cooling phase, after the age of 20 h, both strain gages present
identical evolution tendencies. Hence, it is interesting to notice
that both types of vibrating wire strain gages are adequate to
measure strains during the concrete cooling phase, a stage where
this material already presents a reasonable stiffness, assuring a
perfect solidarization to both types of sensors. These results
are coherent with previous findings reported in the literature
[3–5,8].

Bearing in mind that the low stiffness of the plastic vibrating wire
strain gages allows them to solidarize to concrete sooner than the
metallic ones, that instant of solidarization may be defined, in a sim-
plified way, as the one when the response evolutions for both strain
gages exhibit the same trends. In Fig. 6 a detail of the strains re-
corded by both types of vibrating wire strain gages (VWP-B and
VWM-B) until the age of 4 h is represented, where the plastic sensor
graph was vertically translated until its peak became coincident
with the one related to the metallic sensor; temperature evolution
for the location of these strain sensors is also represented. Concern-
ing the plastic sensor, one can notice a change on the derivative sign
of the evolution trend signal at the age of 0.83 h, being reasonable to
consider this the instant of solidarization of sensor VWM-B to con-
crete. It is also possible to observe that beyond approximately
2.3 h both the metallic and the plastic vibrating wire strain gages
provide the same total strains, corresponding that instant to the
one at which the metallic sensor solidarizes to concrete. With refer-
ence to the temperature variations (DT) that the vibrating wire
strain gages experienced between the instant of concrete placement
and the instant of solidarization, it can be remarked that: (i) the
plastic strain gage was subjected to DT = 1.5 �C, which corresponds
to a free thermal deformation of the sensor casing of about 69 le; (ii)
the metallic strain gage experienced a DT = 5.7 �C, which corre-
sponds to a free thermal deformation of 26 le for the sensor casing.
This thermal sensitivity values are merely indicative of the differ-
ence between the two types of vibrating wire strain gages, since in
the pre-solidarization phase the sensor casings are not totally free
to deform thermally.

As the solidarization instant for a metallic vibrating wire strain
gage was already determined (though approximately), it is possible
to adjust the corresponding signal of measured strain by vertically
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shifting the graph, so as to cancel the deformations registered prior
to solidarization (see Fig. 7). In this way, the original signal of
VWM-B may be considered as an upper-bound of the true total
strains in concrete, and the corrected graph a lower-bound. It is
important to remark that the upper-bound can be erroneous if
the concrete total deformations that took place in the pre-solidari-
zation period are greater than the recorded sensor temperature
sensitivity. Nonetheless, it can be considered that the real concrete
total strains should lie within the interval defined by the upper-
and lower-bounds in Fig. 7: in one hand the upper-bound possibly
will overestimate the concrete total strains, due to the gage sensi-
tivity to the temperature variations that occurred prior to solidari-
zation; and in the other hand the lower-bound does not consider
the total strains that occurred in concrete during the interval while
solidarization evolves. In comparison to the plastic housed strain
gage, the lesser thermal sensitivity of the metallic cased sensor
during the period prior to full solidarization is an interesting fea-
ture in what concerns measurements of early-age concrete strains,
in spite of a later solidarization. Nevertheless, plastic vibrating wire
strain gages are quite useful for the definition of the instant of sol-
idarization of the metallic housed sensors.

3. Thermo-mechanical model

The following heat diffusion equation based on the Fourier’s
Law expresses the early-age concrete transient heat conduction

kr � ðrTÞ þ _Q ¼ qc _T ð1Þ

where k and qc are the thermal conductivity and the volumetric
specific heat of concrete, respectively, T is the temperature and Q
is the internal heat generation due to the cement hydration. The
rate of internal heat generation may be considered by an expression
based on the Arrhenius Law [16]

_Q ¼ A f ðaÞ e�Ea=ðRTÞ ð2Þ

where Ea is the apparent activation energy, A is a rate constant, f(a)
is a normalized function for heat, R = 8.314 J mol�1 K�1 is the Boltz-
mann’s constant, and variable a expresses the degree of advance-
ment of the cement hydration reaction, here computed as the
ratio between the heat released up to the current time and the total
heat expected to be liberated upon completion of hydration (Q1).

Concerning the mechanical problem, the concrete properties
evolution as a result of cement hydration can be quantified accord-
ingly to the Maturity Method [17], directly related to the Equiva-
lent Age Concept, which allows to convert the real age of
concrete t (in days) in an equivalent age teq (also in days):
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The equivalent age is superior to the real age if the temperature
history T(s) during hydration is greater than the reference temper-
ature (normally Tref = 20 �C in European countries). In this manner,
it is possible to account for the accelerating role of the curing tem-
perature on the evolution of the concrete mechanical properties. To
account for the evolution of the concrete elastic modulus Ecm dur-
ing cement hydration, the following Eurocode 2 (EC2) [18] expres-
sion was adopted:

Ecm teq
� �

¼ e0:3 s 1�
ffiffiffiffiffiffiffiffiffiffi
28=teq
p

ð Þ Ecmð28Þ ð4Þ

where teq is defined by Eq. (3), Ecm(28) is the elastic modulus of con-
crete at the age of 28 days, and s is a parameter that accounts for the
setting speed of the cement type used. The thermal dilation coeffi-
cient aT and the Poisson’s ratio t of concrete were assumed to be
constant during hydration, with the typical values of hardened
concrete.

Regarding the viscoelastic behaviour of concrete during the
early-ages, the Double Power Law (DPL) [19] has been used suc-
cessfully in the numerical prediction of early-age stresses by de
Borst and Van den Boogaard [20], where explicit comparisons be-
tween experiments and simulations revealed good coherence.
More recently, extensive experimental campaigns devoted to com-
pressive and tensile creep behaviour of concrete at early-ages
[21,22] have shown good fits of the DPL to experimentally obtained
creep curves, using either constant loading tests or experiments
with concrete cast in TSTM restraining frames. Furthermore, it
has been acknowledged by Bazant and Prasannan [23] that the
DPL itself constitutes a particular case of the Solidification Theory
for small creep durations. Therefore, it is considered that the use of
the DPL is reasonable for the application of the present paper, and
it was adopted by considering the following creep compliance
function at time t for a load applied at instant t0 (both times ex-
pressed in days):

Jðt; t0Þ ¼ 1
E0ðt0Þ

þ /1

E0ðt0Þ
ðt0Þ�m ðt � t0Þn ð5Þ

where E0 (t0) is the asymptotic elastic modulus (corresponding to
short term loads), and /1, m and n are material parameters, cali-
brated based on experimental creep tests.

The numerical model briefly described is implemented in the
FEM computational code DIANA (for further details see [1]), allow-
ing to evaluate temperatures and stresses generated in concrete
during the early-ages.

4. Interpretation of the experimental results with the numerical
model

4.1. Overview

The concrete prism monitored during the experimental cam-
paign described in Section 2 was discretized with 3D finite ele-
ments (FE). Fig. 8 illustrates the double symmetry adopted in the
numerical model, as well as the assumed thermal boundary condi-
tions. As far as the model geometry is concerned, the following
considerations are presented:

– Both the polystyrene insulations and the concrete were
explicitly discretized with FE, and modelled according to
their corresponding thermal and mechanical properties.

– Between the external boundaries and the environment a
convection–radiation coefficient equal to 10 W m�2 K�1

was considered, reproducing a stagnant air condition [1].



Fig. 8. Concrete prism: mesh, symmetries and thermal boundaries.
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Solar radiation was disregarded, as the experiment
occurred indoors, on a climatic chamber. The initial tem-
perature of concrete during the casting operations was
considered to be 25 �C, in correspondence to the first tem-
perature measurements.

– The plywood formwork was simulated in two distinct
ways: (i) at the vertical faces via an equivalent convec-
tion-radiation coefficient heq = 4.2 W m�2 K�1, reproducing
the heat flux to environment [1,24]; (ii) at the base, and
since the formwork was placed between the concrete
and the insulation, it was explicitly discretized with FE.

Regarding the mechanical boundary conditions, the following
displacements were assumed to be null (see Fig. 8): (i) along direc-
tion X on the symmetry plane YOZ, (ii) along direction Z on the
symmetry plane XOY and (iii) along direction Y on the bottom
plane. As there is no relevant mechanical adherence between the
concrete and the insulation or the formwork, mechanical proper-
ties of the polystyrene and plywood were considered negligible.

In regard to the thermal model for the concrete prism, the ther-
mal properties considered for each material were the following: (i)
concrete: k = 2.6 W m�1 K�1 and qc = 2.4 � 106 J m�3 K�1; (ii) poly-
styrene: k = 0.035 W m�1 K�1 and qc = 2.84 � 104 J m�3 K�1 and
(iii) plywood: k = 0.15 W m�1 K�1 and qc = 8.544 � 105 J m�3 K�1.
The Arrhenius Law expressed in Eq. (2) was determined through
isothermal calorimetry [25–27], and the results from the tests per-
formed at the isothermal temperatures of 20 �C, 30 �C, 40 �C, 50 �C
and 60 �C allowed to determine the following parameters for the
volumetric heat generation of the used concrete mix:
Ea = 44.71 kJ mol�1, A = 1.2066 � 1011 Wm�3, Q1 = 1.43121 �
108 Jm�3 and function f(a) characterized by the following set of
data [a; f(a)] = [0; 0], [0.04; 0.569], [0.08; 0.824], [0.1; 0.904],
[0.12; 0.957], [0.16; 0.999], [0.26; 0.926], [0.36; 0.732], [0.5; 0.415],
[0.6; 0.245], [0.7; 0.131], [0.8; 0.065], [1; 0].

Concerning the concrete mechanical characterization, compres-
sive tests at the ages of one and three days were performed in or-
der to obtain the following creep function coefficients (Eq. (5)):
/1 = 0.6, m = 0.15 and n = 0.20; the E0 values were assumed to be
40% greater than the static elastic modulus at each age of loading.
For defining the concrete elastic modulus Ecm(28), compressive
tests were performed at the age of 28 days, resulting on the value
of 39 GPa. Parameter s was considered to be 0.2, and the thermal
dilation coefficient was taken as aT = 8 � 10�6, corresponding to a
volumetric weighted average of the thermal dilation coefficients
of the concrete mix components [28,29]; Poisson’s coefficient
was assumed as t = 0.20. In the time window concerned with this
early-age study of concrete (less than seven days) drying shrinkage
was negligible, and so it was disregarded in the numerical model.
However, autogenous shrinkage played an important role on the
concrete early-age strains, and accordingly it was measured on a
0.15 � 0.15 � 0.60 m3 prismatic specimen, free to deform but insu-
lated against moisture variations with paraffin, rendering the evo-
lution curve depicted in Fig. 9.

With reference to the thermal analysis, the mesh presented in
Fig. 8 corresponds to prismatic eight-noded FE with a 2 � 2 � 2
Lobatto integration scheme, whereas for the mechanical problem
20-noded FE with 3 � 3 � 3 Gauss points were adopted (both types
of FE have coinciding corner nodes). The thermo-mechanical anal-
ysis was carried out until the age of seven days, with a time-step of
0.25 h.
4.2. Temperatures

The temperatures obtained in the numerical simulation of the
concrete prism will be compared to the experimental results pre-
sented in Section 2. Distribution of temperatures at the instant
when the maximum was reached (15.8 h) is reproduced in



Fig. 10. Numerical results at the age of 15.8 h: (a) temperatures (�C) and (b) total strains ex.
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M. Azenha et al. / Cement & Concrete Composites 31 (2009) 369–378 375
Fig. 10a, showing a significant coherence to the sensors measure-
ments (see Fig. 4 for comparison).

Relating to the temperatures on the strain sensors, a direct com-
parison between the experimental measurements and the numer-
ical results obtained throughout time is represented in Fig. 11. In
addition, and to check the adequacy of the presumed boundary
conditions on the thermal simulation, the numerical and experi-
mental temperatures on the interfaces close to the vertical bound-
aries are presented in Fig. 12. In both figures a very good
agreement between the numerical and experimental results can
be observed, which validates the assumed simulation hypotheses.

4.3. Total strains

Since the thermal model was well succeeded, there is some con-
fidence to go into the mechanical problem. Accordingly, disagree-
ments on the numerical total strains in relation to the
experimental ones are to be considered due to insufficiencies of
the mechanical model, or misinterpretation of the monitoring
results.
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Fig. 11. Temperatures on the strain sensors.
Adopting the same strategy as for the thermal analysis, numer-
ical and experimental early-age concrete total strains will be com-
pared. Concrete total strains ex computed numerically for the
instant of maximum temperature (15.8 h) are presented in
Fig. 10b. Is it interesting to notice the strain gradients between
the top and bottom areas of the concrete prism, in correspondence
to the two levels of strain sensors, and already identified on the
experimental results discussion presented in Section 2.2. As far
as the computed concrete tensile stresses are concerned, they re-
mained always below the threshold of 0.5 MPa, pointing to an al-
most negligible cracking risk, which is consistent with the strain
gages measurements (otherwise their graphs would have to show
sudden hops).

Comparison of the total strains measured experimentally and
the corresponding numerical predictions is made in Fig. 13, for
both top and bottom levels of strain gages: discrepancies on the
numerical strain peak values in relation to the experimental results
are observed. However, and as previously remarked, results
obtained directly from the vibrating wire strain gages are upper-
bounds of the real total strains. After performing the vertical cor-
rection of the vibrating wire strain gages signals, as described for
Figs. 6 and 7, the expectable total strains interval for the bottom
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level sensors and the corresponding numerical results are depicted
in Fig. 14: it is straightforwardly noticeable that although the
numerical peak value is fairly under the assigned interval, evolu-
tion of the numerical curve is significantly similar to the ones from
the monitoring campaign. Consequently, and within the normal er-
rors acceptable for this kind of applications, it can be remarked
that during the post-peak phase the numerical model provides
high coherent evolutions of concrete total strains, when compared
to the experimental ones.

Among the many reasons that may explain the differences on
the peak total strains obtained from the experimental campaign
or from the numerical model, one could refer to the following:

– Incorrectness of the assumed early Ecm evolution might be
plausibly argued as leading to misleading results. Yet, in
the present paper evolution of the elastic modulus of con-
crete was numerically simulated by using its correspond-
ing expression in EC2, which is clearly not devised for
very early-age stiffness evolutions, nor does it contem-
plate the dormant stage during which concrete stiffness
should be considered as zero. Besides, recently a new
method for monitoring the early-age concrete stiffness
(right after casting) has been devised at the Faculty of
Engineering of the University of Porto [30], and it is under
a patenting process. The results obtained with this method
for a very similar concrete to the one used in this applica-
tion (same cement type and content) allowed a realistic
early Ecm curve to be obtained, which was only signifi-
cantly different from the EC2 one during the first few
hours after casting. The use of that realistic Ecm curve on
the numerical model for the present application yielded
almost the same strains as the one from EC2. The reason
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Fig. 14. Total strains ex at the lower level.
for this is that the temperatures that develop within the
concrete prism are relatively uniform (see Fig. 10a), and
the restraints induced by neighbouring parts of the prism
at different temperatures are relatively small. Thus, as
there is no external restraint to the deformation, and the
internal restraint is relatively small, influence of changing
the concrete elastic modulus is negligible given the fact
that deformations are being commanded by thermal dila-
tion (almost as if this was the case of free thermal dilation,
which is clearly independent of the material stiffness, pro-
vided that no restraints are present).

– Insufficiencies of the creep model with regard to the visco-
elastic behaviour of concrete could also be argued to be
the reason for the observed discrepancies. Nonetheless,
according to what has been stated above, as stiffness evo-
lution of concrete seems to have small effect in this ther-
mal dilation driven phenomenon, so does creep. The
small influence of creep modelling was confirmed by con-
ducting parametric analyses with dramatic changes in the
creep laws (doubling and halving all parameters of the
DPL), which led to negligible changes in the computed
strains of the application envisaged in this paper.

– In regard to the strains calculations, the remaining
mechanical parameter that might be responsible for the
observed differences was the thermal dilation coefficient
aT, which is not constant during the cement hydration pro-
cess, as for simplification it was assumed in the present
simulation, furthermore being also a property of rather
complex experimental characterization. Evolution curves
for aT with the equivalent age of concrete are shown in
Fig. 15 [31–34]: the discrepancy is notorious, not only
because of the differences on the analyzed concretes, but
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Fig. 16. Total strains ex at the bottom level assuming reduction of aT along
hydration.
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specially due to the different methodologies used to mea-
sure the thermal dilation coefficient, as it still does not
exist a consensus within scientific community in this con-
cern. In this figure it stands out that at the first 5 h (corre-
sponding to a concrete development stage during which
the role of the liquid phase is of major importance) aT

assumes values around 20 � 10�6 [33] or even higher,
decreasing for less than half with the advancement of
the concrete hardening process (increasing relevance of
the solid phase).

In order to evaluate the influence of the aT reduction during
hydration on the early-age concrete total strains, a new thermo-
mechanical numerical analysis was carried out by implementing
the experimental evolution of aT reported by Bjontegaard and
Sellevold [34], and depicted in Fig. 15. The corresponding numeri-
cal predictions for the concrete total strains ex at the bottom level
are depicted in Fig. 16. Now the numerical predictions are consid-
erably more coherent with the experimental measurements, not
only during the cooling phase but also during the heating phase,
and it can be also observed that the numerical total strains fall
within the interval of expectable strains provided by the two types
of vibrating wire strain gages (with metallic and plastic casings).
Relevance of explicitly including concrete aT reduction throughout
the first hours of cement hydration is therefore highlighted, which
calls for the urgent need of an adequate set-up to experimentally
determinate this property, with a huge relevance for early-age con-
crete behaviour.

5. Conclusions

Performances of vibrating wire strain gages with casings of dif-
ferent stiffnesses (metallic and plastic) were evaluated through
measurements on a concrete prism tested in laboratory since the
instant of casting. It was shown that the plastic vibrating wire
strain gage, of very low stiffness, has the advantage of sooner sol-
idarization to concrete, but exhibits a higher thermal sensitivity in
the pre-solidarization phase, when compared to the metallic
vibrating wire strain gage, leading to higher total strains in the
heating period. Therefore, for in situ monitoring works that involve
early-age concrete strains it is recommended to use metallic
vibrating wire strain gages, as they are more robust and present
lower temperature sensitivity. However, the plastic vibrating wire
strain gages are important for defining the instant of solidarization
to concrete of the metallic vibrating strain gages, such instant
being defined when the two types of strain gages commence to re-
spond with similar tendencies. Furthermore, it was shown the pos-
sibility to obtain an upper-bound of the concrete total strains
(coincident with the signal directly provided by the sensor), and
also a lower-bound (by subtracting to the original signal the strains
recorded by the metallic gage until the solidarization to concrete).

A well succeeded thermal analysis of the concrete prism was
described, with the temperatures predicted numerically and the
ones recorded by the sensors according fairly well. The adopted
thermo-mechanical model also predicted the total strains devel-
oped in concrete during the early-ages. During the cooling period
the numerical results showed coherence with the development
tendencies observed in the measurements from vibrating wire
strain gages. Although the maximum total strains recorded by
the sensors during the heating phase were superior to the initial
numerical predictions, it was demonstrated that this discrepancy
was specially due to the reduction on the concrete thermal dilation
coefficient that takes place during the first 5–10 h since concrete
casting, a feature that usually is not considered in the numerical
simulations, as it is difficult to characterize experimentally.
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