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Abstract

The mechanism of air bubbles acting during freezing and thawing cycles considering various conditions has been studied by
many researchers. On the other hand, simulation of the thermal stresses in concrete with finite element software is performed
where the results have proved the capability of these methods. In this paper, stresses which are induced by temperature changes
in the freezing and thawing cycles are investigated for non-air and air entrained concrete. Modelling procedures were
implemented considering effects of aggregates, cement paste, and boundary conditions. The results have shown that air bubbles
can play important role in uniform distribution of thermal stresses in concrete which may lead to decreased maximum stress that
occurs in concrete. It can also cause the plastic strains in the interfacial transition zone (ITZ) to be controlled.
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1. Introduction

The most important aspect of concrete durability in areas exposed to cold regions conditions is its resistance
against freeze and thaw cycles. This damage starts with concrete surface scaling and continues into the concrete
depth[1]. One of the most effective parameters in increasing concrete durability in these conditions is applying air
entraining admixture (AEA) in concrete mixture which provides different effects on mechanical properties of
concrete [2]. For the first time in the mid-1930s, researchers found the effect of air bubbles in the concrete
durability. This discovery can be mentioned as a revolution in concrete applications[3, 4]. A distinction are made
between deliberately entrained air bubbles which are small and are distributed uniformly through the cement paste
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and accidentally entrapped air bubbles with random size and shaping which the concrete durability is significantly
affected with the deliberately entrained one[5, 6].Stresses have arisen in concrete as a result of freezing and thawing
cycle is dependent on several factors one of which is temperature changes. The tension amounts are dependent on
the coefficient of thermal expansion of aggregates and cement paste[7].

The expansion of the cement paste is often greater than the thermal expansion of aggregate. This factor for
cement paste, depending on the moisture content is changed from 11 x 10° °C™" to 16 x 10 °C™. This factor for
stone materials which produced from natural stones is often in the range of 5 x 10° °C™" and 13 x 10° °C™". If the
difference between the thermal expansion coefficient of cement paste and aggregate is more than 5.5 x 10°°C™" | the
concrete durability in the freezing and thawing cycle is strongly affected [8]. An experimental study for analyzing
the effects of temperature changes between room temperature and100 °C on deflections of cement paste and mortar
beams under load were done previously. The results showed that heating the beam after load application make the
cement paste and mortar beams deflect excessively where deflections rarely lead to failure at low stresses and after
moderate heating[9]. The results of studies on the tensions induced by daily thermal changes of pavements yielded
that these stresses can be effective in concrete damages which the effects may be considered as a fatigue load on
concrete pavements which gradually reduces the concrete lifetime [10].

To achieve a good understanding of the temperature distribution of and thermal stresses occurring in concrete,
finite element method can be very efficient to operate. Nowadays, applying finite element software in modeling of
thermal stresses in concrete are developing widely. Modeling of thermal stresses at high temperatures [11], massive
concrete structures [12, 13], and structures exposed to fire [14] has shown acceptable results. Tensions caused by
changes in temperature of environment in the concrete pavement was also the noticeable issue of some researches
[15]. Modeling structures during the service life, under the influence of thermal stresses caused by climatic factors
were also considered by some researchers [16-19].

Understanding the transport of water and associated electrolytes in concrete including permeability, kinetics of
water and air movement within cement and concrete, and resistance to freezing and thawing cycles have not been
done considerably. Thus it may be significant to develop sufficient meso-scale models and connect them to
macroscopic properties such as resilience and permeability. To this end, researchers are investigating a two-
dimensional meso-scale model of concrete to better understand the mechanism of damage in freezing and thawing
conditions [20]. Moreover, Lopez et al.[21] have modelled fresh concrete with and without AEA under the influence
of heat of hydration and surface heat flux. The goal of this work is thus to develop the presented model of [22] for
hardened concrete in order to realize the role of air bubbles in restraining the tensions which are only caused by
temperature changes in freeze and thaw cycles of concrete.

2. Finite Element Model
2.1. General descriptions

A number of concrete representative volume elements (RVE) were proposed using various sizes and numbers of
air bubbles. Applying an RVE reduces the analyzing time for models containing air voids, rather than having to
investigate the effects of the voids by using a homogeneous model. Since the modeling should be done precisely and
also for considering concrete sample in the actual environment, two types of supports were applied in the model.
The
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Fig.1. The distribution and kind of air bubble modelling in air entrained concrete.
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presented model was also verified with the experimental results of Lopez et al. [21] in which size and number of air
bubbles specified for each RVE for concrete sample with 10% AEA. The distribution and kind of air bubble
modelling is shown in the Fig.1.

2.2. Material modelling of concrete

The behavior of concrete has been investigated in the elastic mode. In addition, the behavior of concrete, cement
paste, and aggregate were analyzed in the plastic mode using concrete damaged plasticity property. Concrete
damaged plasticity model implemented in ABAQUS[22] is used herein due to the this fact that other models like
smeared cracking model usually encounters numerical difficulties on analysis under cyclic load.

2.3. Boundary conditions and loading

Two types of boundary conditions for RVEs considered include:
e None of the RVE is constrained.
e Two sides of RVE are constrained in direction of the Z axis.

Also there is no load on the model and the forces yielded in RVEs are only caused by temperature changes. In
order to simulate freeze and thaw test, the RVE temperature changed from 20 °C to -20 °C in 12 hours and changed
inversely from-20 °C to 20 °C in the next 12 hours. This process was repeated over 20 cycles for each RVE.

2.4. The selection of element type and meshing

Because of the spherical shape and distribution type of air bubbles in the concrete, the model should be
constructed in three-dimensional state. The applied meshes are pyramid with four node (C3D4). This element in
comparison with the high-order isoparametric element, although the accuracy of this element is slightly lower, can
reduce to a lot of freedom degree, which can greatly reduce the computational cost. Fig. 2 shows type of meshes in
the non-air and air entrained concrete.

a

Fig. 2. Quality of RVE meshing for (a) non-air and (b) air entrained concrete.
3. Validity of FEM Modelling

In the report of Lopez et al. [21] the results of experimental tests have shown good compatibility with the FEM
results. Fig.3 shows steps of modeling and meshing of air entrained concrete sample presented by Lopez et al. [22].

Fig. 3. Finite element model and mesh of air entrained concrete sample in study of Lopez al. [21]
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Modeling process including the type and size of meshes, size, number and distribution of air bubbles and
dimensions of RVEs, was performed based on the information provided in this report [22].
The RVEs are described below[21]:
e RVEI: 2-mm cube of non-air entrained concrete, used for comparison to air entrained concrete.
e RVE2: 2-mm cube of concrete with 10 percent air content, the air void size distribution is: one 1 mm, eighteen
0.3 mm, six 0.2 mm, and twenty-four 0.1 mm
Compared results of the presented model of this study with the observations reported by some researchers for
concrete that is exposed to atmospheric factors, showed good accuracy of the model which will be discussed in the

next part.

4. Results and Analysis

In Fig. 4 the maximum principal stresses for RVE of non-air entrained concrete are showed in which none of the
element sides is constrained. Although the stress values are not distributed uniformly, it can be seen that in most part
of the RVE the stresses are very low with the approximate value of 10-13 MPa. The stress values are so low as it
may not reach to the stress values even near the maximum and plastic range of concrete. In Fig. 5, the stress in
direction of the Z axis and at different distances from the middle section are shown. As can be seen, the stress values
are also very small.

stresses caused by temperature changes and the stress contours in direction of the Z axis at different distances
from the middle section for air entrained concrete are shown in Figs. 6 and 7 respectively. It is so obvious in these
two figures, the stress values are also so small and near 10-14 MPa. By comparing the stresses in Figs. 4 and 5 with
the Figs. 6 and 7, it can be seen although these stresses are very small, but the use of AEA about 10 % make the

stresses to be about 10 times lower.
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Fig. 4. The maximum principal stresses in non-air entrained concrete. (a) overview and (b) middle section of the RVE
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Fig.5. Stress contours of non-air entrained concrete in direction of the Z axis and at different distances (mm) from the middle section

Fig. 5 also mentioned that the stresses are distributed around the air bubbles which may lead to more uniform
distribution of stresses caused by temperature changes in the freeze and thaw conditions. It was also observed that
the smaller bubbles play more active role in absorbing the stresses around their selves which result in more uniform
distribution of the stresses. This, leads to reduce the maximum stress applied to concrete by a constant amount of
load (thermal load). Therefore, the concrete sample is expected to contribute relatively more yield stress.

Observations of researchers also confirms that the air bubbles which are smaller and also closer to each other can
be more effective in increasing the concrete durability[5, 6]. Moreover, the results have proved that continues
increasing in the specific surface of the air bubbles can affect significantly on the application of AEA for raising the
concrete durability [23]. Although a free to move concrete element will have no stress, movements of concrete
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samples, inducing thermal stresses normally due to temperature variations can be always considered restrained.
When concrete is placed against rigid material, like adjacent older concrete element, the structure is constrained
from moving and strains associated with temperature changes cannot occur [24].
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Fig. 6. The maximum principal stresses in air entrained concrete. (a) overview and (b) middle section of the RVE
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Fig.7. Stress contours of air entrained concrete in direction of the Z axis and at different distances (mm) from the middle section
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When a concrete sample is exposed to harsh environmental conditions, some of its sides are somewhat
constrained due to the various situations. For example, in the issue of pre-cast concrete kerbs the sides which are in
contact with each other in two kerbs, are somewhat constrained. In order to investigate the mentioned conditions and
to better understand the amount of maximum applied stresses to concrete sample, the RVE model is proposed in
both states of with and without air bubbles considering elastic properties with constrained boundary condition which
are applied to the two sides of sample in direction of the Z axis. The results indicate that the maximum principal
stresses for non-air entrained concrete contain huge values so that in a wide range of middle section of RVE (Fig. 8
(a)) the stress values are close to 17 MPa where the minimum stress is about 5.4 MPa. As seen, the obtained stress
values are noticeably more than the unconstrained boundary condition and may cause concrete deterioration in many
cases.

While it can hardly be said that a concrete sample, in the reality, is constrained completely, comparison of the
results between Figs. 4 with 8 and Figs. 6 with 9 show that the boundary conditions can be a very important
parameter in determination of thermal variations induced stresses.

Despite applying AEA in concrete sample, the stress values provide large numbers (Fig. 9). Furthermore, the
maximum and minimum stress values are decreased respectively from 148 and 5.5 MPa to 85 and 1.8 MPa for non-
air and air entrained concrete respectively. Using AEA is thus so effective in decreasing the stress values to be in a
durable limitation of the concrete sample. It is so obvious in Fig. 9 that the air bubbles absorb the stresses which
helps the distribution of the stress values in concrete sample to be more uniform. This, may then reduce the
differences between the stress values of external surface and central core of concrete.

Fig.8. The maximum principal stresses in non-air entrained concrete with two constrained sides in direction of Z axis. (a) The middle section and
(b) overview of the RVE in elastic state.
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a) b)

Fig.9. The maximum principal stresses in air entrained concrete with two constrained sides in direction of Z axis. (a) The middle section and (b)
overview of the RVE in elastic state.

Concrete as a heterogeneous mixture involves some differences in thermal properties of aggregates and cement
paste. The more the differences, the more decreased durability of concrete in harsh climatic conditions [25].
Considering this fact may help to better understanding the concrete operation in freeze and thaw cycles. In this
regard, the concrete model was proposed due to various properties of both concrete and cement paste where the
results are represented in Figs. 10 to 13. In order to make the modeling process easier, shape of aggregates
considered cubic with the same setting places in whole models.

The overview of maximum principal stresses in the middle section of RVE are presented in Fig. 10. The stresses
contour of cut RVE sections is shown in Fig. 11 by considering various properties of aggregate and cement with
different distance from the middle section. As seen, large amount of differences for stresses are obtained in
comparison with the state that the concrete was presented as a
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Fig.10. The maximum principal stresses in non-air entrained concrete considering properties of aggregates and cement paste separately. (a)
overview and (b) the middle section of the RVE.
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Fig.11. Stress contours of non-air entrained concrete considering properties of aggregates and cement paste separately in the direction of the Z
axis and at different distances (mm) from the middle section.
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homogeneous material (Figs. 4 and 5). Due to this fact, it is so clear that the various thermal properties of
aggregates and cement paste should be considered especially in situations where the concrete thermal stresses are
important.

The maximum principal stress values and stress contours of non-air entrained are represented respectively in
Figs. 12 and 13 considering properties of aggregates and cement paste in the direction of the Z axis and at different
distances from the middle section. As seen in the Figs. 10 and 12, the maximum stress values occur in the interfacial
transition zone (ITZ) between the cement paste and aggregates.



6214 Amin Ziaei-Nia et al./ Materials Today: Proceedings 5 (2018) 6208—6216
Although these stresses have to be reduced in air-entrained concrete, but it still provides a noticeable rate.

Likewise, comparing these two figures clearly illustrates the kind of uniform distribution of air bubbles in the RVE.
This trend
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Fig.12. The maximum principal stresses in air entrained concrete considering properties of aggregates and cement paste separately. (a) overview
and (b) the middle section of the RVE.
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Fig.13. Stress contours of air entrained concrete considering properties of aggregates and cement paste separately in the direction of the Z axis
and at different distances (mm) from the middle section.

can also be seen by comparing Fig. 11 and 13 so that it is obvious that the stress values in aggregates are more than
cement paste. Meanwhile, from Fig. 13 which related to air-entrained concrete it can be realized that the stress
distribution in aggregates and cement paste are almost identical. Moreover, such different stresses between ITZ and
aggregates will produce micro-cracks [26], causing plastic strains in the ITZ and finally decreased concrete
durability (Fig.11).

Contours for plastic strain magnitude (PEMAG) for both non-air entrained and air entrained concretes are shown
in Fig. 14 where the effect of air bubbles in decreasing the ITZ areas with plastic strains is so obvious. Since the ITZ
is the weakest area in the concrete, it should be considered as a most effective parameter in determination of
concrete properties specifically its durability [6]. Form Fig. 14 it can be concluded that temperature variations have
the most effects on ITZ in freeze and thaw cycles. Applying AEA is thus an appropriate approach in reducing the
thermal damages of concrete.
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Fig. 14. plastic strain magnitude for (a) air entrained and (b) non-air entrained concrete.

The average stress values of aggregates during freeze and thaw cycles for both non-air and air entrained concretes
have been depicted in Fig. 15. As seen, the maximum and minimum stress values in air-entrained concrete in each
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cycle is noticeably lower than non-air entrained concrete which emphasized again the influence of air bubbles in
reducing the internal stresses caused by temperature variations resulting in increasing the concrete durability. The
more the cycles, the more stress reduction so that this value for non-air entrained concrete is less that air-entrained
concrete. Increasing the freeze and thaw cycles may cause the more parts of RVE to be in plastic area. Since the ITZ
is mentioned as the weakest part of concrete, it behaved plastic as the first part of concrete which causes less
distributed stress values between aggregates and cement paste.

(a) Non-air entrained concrete
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Fig. 15. Average occurred stress values in aggregates vs. time for (a) non-air and (b) air entrained concrete.

Results of previous researches have mentioned that thermal stresses may not cause concrete deterioration until
their values are less than concrete tensile capacity [6]. The results of this study can show that the thermal stresses
occurred in the investigated concrete samples are less than the tensile stresses of normal concretes (Figs 10-13).
However, it should be considered that the tensile stress capacity of ITZ is much less than normal concrete [6]. On
the other hand, applying cyclic loads to concrete cause concrete to be deteriorated in a much less values than normal
conditions [9]. Therefore, regardless of other suggested mechanisms for effects of AEA on increasing concrete
durability, it can be mentioned that freeze and thaw cycles in normal (non-air entrained) conditions can cause
concrete to be damaged due to relatively large differences between the aggregates and cement paste stresses and ITZ
ones. As regard, Al-Tayyib et al. [25] found that the concrete structures subjected to temperature variations in a
range between 20 to 800C, experience significant quality deterioration so that their permeability becomes 4 to 6
times greater after 90 heating and cooling cycles. This, leads to more convenience water penetration through
concrete sample and then increased water volume during freezing, resulting in early concrete deterioration.
However, air bubbles significantly reduced the probability of ITZ deterioration by uniform distribution and reducing
the stresses values, causing increased concrete durability.
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5. Summary and Concluding Remarks

¢ Finite element modelling of concrete behaviour under effects of thermal stresses would be so useful if the
differences between thermal properties of aggregates and cement paste is considered.

e Applying air bubbles in concrete mixture causes the thermal stresses to be distributed more uniformly in which
the smaller sized bubbles are more effective. Typically, it can also be mentioned that the AEA may intensively
reduce the maximum thermal stress values.

e The differences between the aggregates and cement paste stresses and ITZ ones can be sufficiently reduced using
AEA which followed by later deterioration and more durability of concrete.

e Boundary condition and also its placement can play a very important role in determination of stresses which
induced by freezing and thawing cycles.

e The lower values of differences between thermal properties of aggregates and cement paste leads to reduced
thermal stresses applied to concrete sample.
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