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Abstract: The structural behavior resulting from alkali-aggregate reactions on four-pile caps was numerically
studied using software based on the Finite Element Method. The cracking was analyzed in terms of reduction
rates in the mechanical properties of the concrete (compressive strength, tensile strength and modulus of
elasticity) as a consequence of the expansion induced by the alkali-aggregate reaction (AAR) referred to in
the literature. One option for dealing with changes in mechanical properties, reported as influenced by the
reactive aggregate type, environmental conditions and stress state, is to directly use the value of the properties
of the material tested in the analysis, an approach adopted in the study and implemented in the analysis. From
the results found in the analysis program the three main effects of AAR could be better understood: expansion,
cracking and degradation of mechanical properties of concrete.
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Resumo: Estudou-se numericamente o comportamento estrutural resultante de reagdes alcali-agregado em
blocos sobre quatro estacas utilizando software baseado em Método dos Elementos Finitos. Analisou-se a
fissuragdo considerando taxas de redugdes nas propriedades mecanicas do concreto (resisténcia a compressao,
resisténcia a tracdo e modulo de elasticidade) consequentes da expansao induzida pela reagdo alcali-agregado
(RAA), existentes na literatura. Uma opgao para lidar com as mudancas nas propriedades mecanicas, relatadas
como influenciadas pelo tipo de agregado reativo, pelas condigdes ambientais e pelo estado de tensdo consiste
em usar diretamente o valor das propriedades do material testado na analise, abordagem que foi adotada na
pesquisa ¢ implementada no programa de analise. A partir dos resultados encontrados foi possivel
compreender melhor os trés principais efeitos da RAA: expansao, fissuragdo e degradacdo das propriedades
mecanicas do concreto.

Palavras-chave: concreto, reacdo alcali-agregado, blocos sobre estacas, propriedades mecanicas, andlise
numérica.
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1 INTRODUCTION

Assessment of damage to AAR-affected concrete generally depends on the measurement of the expansion,
monitoring of cracks and testing the concrete properties. It is well established that sound conventional concrete has
high compressive strength and modulus of elasticity, low tensile strength, poor response to uniaxial load (compressive
or tensile) and increased ductility and strength (compressive and tensile) in a confined environment. This sensitivity to
the confinement state is linked to the presence of minor defects, or even microcracking, which will exist in the concrete.
So, even for a non-deteriorated concrete in a triaxial compression state, there will always be local zones in stress within
the volume of the material due to its heterogeneous and defective nature.

The literature includes several experimental studies on the alkali-aggregate reaction, namely Gomes [1], for
example, who studied experiments on the structural recovery of foundation caps; Sanchez et al. [2] addressed a new
method called the accelerated Brazilian concrete prism test (ABCPT), in which the results indicated that that test had
great potential to detect aggregate reactivity in current engineering projects; Sanchez et al. [3], who presented test
results from the Stiffness Damage Test (SDT) and the microscopic evaluation of the Damage Rating Index (DRI) to
assess the level of damage to the AAR-affected concrete. However, there are only a few numerical studies on
expressions of such reactions on foundation caps. The purpose of this paper, therefore, is to numerically study the effect
of the reductions on the concrete’s mechanical properties (compressive strength, tensile strength and modulus of
elasticity) as a result of the AAR-induced expansion in the cracking results in four-pile foundation caps and was based
on Gameleira's thesis of doctorate [4]. Moreover, a numerical simulation on the AAR effect on concrete structures is a
valuable tool to predict damage, specify repairs and act as support for standard modifications related to structural
designs.

2 METHODOLOGY

The methodology consisted of bibliographic research in order to find a theoretical basis for the AAR. It is necessary
to have a better understanding of the numerical models presented and the parameters used for each of them. Soon after,
from results obtained using analytical models, a numerical analysis was undertaken using the DIANA
program [5], [6] ,[7], based on the finite element method.

For a numerical analysis the behavior of the material was adopted as non-linear. The results of interest were a
distribution of cracks and cracking fields of the models in order to study the influence of the variation of the mechanical
properties on the materials at different expansion levels.

2.1 Alterations to the design mechanical parameters as a result of AAR

The fact that AAR has harmful impacts on the mechanical properties of the concrete structures is a problem apparent
after many investigations. ASTM C1293 [8] and the Canadian CSA-A23.2-14A [9] describe aggregates that cause
expansion of more than 0.04% in the concrete as a potentially harmful reaction [10].

In Marzouk and Langdon [11], normal highly resistant concretes show, under the AAR action, a drop in compressive
and tensile strength and in the modulus of elasticity, with the modulus of elasticity as the most affected property, since
it depends more on changes to the concrete’s microstructure.

When studying concrete samples taken from the drainage gallery of Furnas hydropower plant in Rio Grande,
municipality of Alpinopolis (Minas Gerais state), in a study submitted by Hasparyk [12], there was a sharp drop in the
modulus of elasticity, but no major alterations to the compressive strength.

Both Hoobs [13] and Larive [14] show the fall in the modulus of elasticity in AAR presence. St. John [15] noted a
reduction in the tensile strength value when studying airport runways.

Generally AAR causes a very sharp drop in terms of tensile strength and modulus of elasticity. These two properties
are far more affected than compressive strength, which only begins to drop significantly with high expansion
levels [16]-[19]. The classic AAR effect on the aforementioned concrete’s mechanical properties suggests that
microcracking caused by this harmful mechanism can be identified even before the material reaches significant
expansion and macrocracking and, possibly, a significant loss of compressive strength [16]. According to ISE [20], the
compressive strengths would normally increase in concrete structures exposed to the natural environmental conditions
to reach figures beyond the design values (28 days); thus, the loss of compressive strength due to AAR is generally less
or similar to the difference between the design and actual strength values measured at any given moment. On the other
hand, a significant loss of compressive strength may be found for concrete elements undergoing major expansions (that
is, 1 mm/m or 0.10%) [21]-[23]. According to these authors, for expansions of 0.10% or less, it is very likely that the
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concrete element, or even the structure, efficiently withstands their active stresses. However, after a 0.30% expansion,
a structural evaluation must be undertaken [21]-[23].

Furthermore, Kubo and Nakata [24] reported the results of recent studies showing losses of compressive strength
for concretes with expansion levels of more than 0.30%. For expansion levels of 0.50%, the authors observed around
30% losses of compressive strength. In the same study, the authors discovered that neither the water-cement ratio of
the concrete mixes nor the aggregates deployed had a significant influence on the compressive strength, at least to the
expansion levels of 0.30%. On the other hand, researchers found major differences in the stress/strain behavior
(especially for the modulus of elasticity) at similar expansion levels when different reactive aggregates were used. They
associated these differences to different crack patterns when different reactive aggregates are used in concrete [24].

However, Naar [25] suggested that the analysis of the reductions in the mechanical properties due to AAR is
complicated and many contradictory results feature in the literature. In terms of compressive strength, some authors
found losses only at very high expansion levels. In contrast, others found almost no change, or even an increase, in the
compressive strength with the expansion increase due to AAR. Considering the loss of the modulus of elasticity, most
authors agree with a rapid loss even at low expansion levels (0.0% to 0.05%); losses were reported varying from 20%
to 80% of the modulus of elasticity of non-reactive concretes, considered to be a huge variation.

Sanchez et al. [26] measured the influence of the type and nature of the aggregates, together with the sample’s
compressive strength, in the mechanical properties of the AAR-affected concrete. Three concrete types were used in
this study (25, 35 and 45 MPa), based on which approximately 765 cylindrical test samples (100 mm x 200 mm in size)
were molded and then stored in conditions that allow AAR development. When the test samples reached the four
expansion levels chosen for this study (0.05%, 0.12%, 0.20% and 0.30%; £ 0.01%), they underwent the stiffness
damage test (SDT). The concrete test samples were examined petrographically at the same expansion levels mentioned
above, in order to determine the degree of their physical damage. The mixes were tested with the aggregates.
The authors discovered that the modulus of elasticity and tensile strength are, in fact, more strongly affected than the
compressive strength, but the compressive strength at higher expansion values may drop sharply (30% or less). It was
discovered that the last property is related to the microscopic characteristics of AAR deterioration, which tend to start
inside the aggregate particles and spread to the cement paste only at moderate and high expansion levels.

Gorga [27] measured the effect of the consequences of the AAR-induced expansion in the mechanical properties of
the concrete (compressive strength, tensile strength and modulus of elasticity). These properties are reduced over time
and are the direct consequence of physical degradation (that is, cracking) inside the aggregate particles and cement
paste.

It is, therefore, evident that the deterioration of the concrete’s mechanical properties is a very important phenomenon
directly related to the expansion level, type and nature of the aggregate and compressive strength of the material. Today,
however, there is very restricted information about the ratio between the development of the AAR micromechanical
characteristics and the losses in the mechanical properties of the AAR-affected concrete.

2.2 Numerical analysis

The DIANA software (DIsplacement ANAlyzer) used in the study is a finite element software package based on
the displacement method.

The program has been developed since 1972 by engineers from TNO Building and Construction Research Company
(Netherlands) and is a powerful tool for concrete simulation, considering complex effects such as cracking, creep,
shrinkage, curing, temperature effects, instability, and so on.

DIANA uses parameters of fracture mechanics to describe this behaviour of the concrete. To study concrete cracking
the program provides discrete models with interface elements or distributed crack models in fixed or rotational
directions.

In the study the distributed crack model was used as being the easiest. The parameters required for the model are as
follows: fracture energy in Gf stress (energy required for a unit area of crack), fracture energy in Gc compression,
tensile and compressive strength, shear retention factor § and length of crack band h.

Stoner [28] studied the approach of fracture energy to define the tensile behaviour of concrete in stirrup-less beams.
Values were analysed provided by equations for estimating fracture energy, in the absence of the test, supplied by:
Model Code 1990; Trunk and Wittmann [29], fib Bulletin 42 [30] and Model Code 2010 [31], and the conclusion was
reached that the fracture energy calculated according to Model Code 1990 gave more accurate consistent results for all
beams studied.

So, in this study the CEB Model Code 1990 [32] was used to estimate the fracture energy, and the Gf value was
calculated using Equation 1.
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where:
fcmo =10 MPa

G, = basic value of fracture energy, depends on the diameter of the aggregate (Table 1)
f.x = characteristic compressive strength of concrete, in N/mm?

Table 1. Gro in function of the maximum diameter of the aggregate.

o (mm) Gpo(N.mm/mm?*)
8 0.025
16 0.030
32 0.058

Equation 2 calculated the crack band length, where f, is the tensile strength of the concrete and ¢, the ultimate
tensile strain of the concrete adopted at 0.238% (strain at yield level of a CA-50 steel bar)

2-G
h=""L 2
gu'ft‘ ( )

The value of the compressive fracture energy G,, is between 10 and 25 N.mm/mm? that corresponds to a value
between 50 and 100 times G, , as recommended by Feenstra and Borst [33].

The characteristics compressive strength of the concrete f,, was considered and the concrete’s average tensile
strength was calculated from the Equation 3 in NBR 6118 [34].

2

Setm =03 3, for concretes in classes of C50 or less. 3)

The program provides two Total Strain models that are able to describe the concrete behavior under compressive
and tensile stresses based on the stress-strain ratio: the Total Strain Rotating Crack Model and Total Strain Fixed Crack
Model. These models satisfactorily represent the ultimate and service limit states of reinforced concrete structures.

The Total Strain Fixed Crack Model was used for the study, which stays in the crack direction as it spreads through
the concrete.

The input data of this model are: longitudinal modulus of elasticity of the material, Poisson’s ratio, tensile and
compressive strength and the concrete compressive and tensile behavior curves.

For the study, the exponential curve for the concrete’s tensile behavior and the parabolic curve for the concrete’s
compressive behavior were used.

The concrete numerical simulation adopted a 20-node isoparametric solid element with quadratic interpolation for
displacement, HE20 CHX60. Each node represents three degrees of freedom, which are the displacements in x, y and z
directions.

For reinforcement a resource of the program called embedded reinforcement was used, designed to stiffen the fine
elements of the model. By fitting this resource into the mesh of finite elements representing the concrete, the software
simulates the presence of reinforcement in that specific region. This method does not have its own degrees of freedom
and, as a standard, its strains are counted from the strain field of the elements where it is inserted. This is why it cannot
be considered a finite element.

Rev. IBRACON Estrut. Mater., vol. 13, no. 4, e13408, 2020 4/11



C. M. T. M. Gameleira, V. Q. G. Nunes, P. A. Régis, P. M. V. Ribeiro, A. M. P. Carneiro, and R. A. Oliveira

The reinforcement requires perfect adhesion between reinforcement and concrete, and only with the inclusion of
interface elements is it possible to consider that the adhesion between reinforcement and concrete is not perfect.
By means of “embedded reinforcements” non-linearity can be included in the reinforcement behavior, such as steel
hardening and plasticization. The embedded reinforcements help in fast and simplified creation of the finite element
mesh, attributing practicality to the model’s creation.

This study involved the use of: Ge = 100Gf, B = 0.99 while the Regular Newton-Raphson method was used to solve
non-linear equation systems, with an energy convergence criterion and tolerance of 0.1.

The analysis adopted the following steps: definition of the properties of materials, type of finite element to be used,
mesh, actions and contour conditions.

For the numerical simulation of the foundation caps complete models were used; that is, without taking into account
the benefits introduced by symmetry.

The pile models were defined as rectangular to facilitate the construction of the numerical mesh. The piles and
pillars were modeled with the height of the block, a procedure normally adopted in experimental tests.

A four-pile cap was used, undergoing the centered force action, with a square 40 cm x 40 cm pillar and square piles
with section 40 cm x 40 cm and a failure load of 472 tf.

For the finite element mesh, a mapped mesh was chosen, to enable obtaining good results without needing a larger
degree of discretization, which would not be possible when automatically using a mesh division. Every analysis was
made with the size of the line divisions, that is, 50 mm distance between the nodes. For this division, 17545 nodes,
3984 elements and an average processing time of 5 h 30 min were created. Figure 1 shows the modeled caps with the
mapped mesh and Figure 2 shows the cap reinforcements.

(a)

W B F

Figure 1. Finite element mesh. (a) front view and (b) perspective.

Figure 2. Reinforcement of four-pile caps.
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For the foundation caps, contour conditions were defined (Figure 3a) that restricted all nodes on the surface of the
caps on plane xz, in the two directions and in the normal direction to this plane; that is, the three directions were
restricted. The intention of preventing model rotation is due to the idea of studying the cap behavior, keeping conditions
coherent with those of an experimental test. For the loading condition (Figure 3b), applying an action in form of
distributed pressure on the top cross-section area of the pillar was considered, in a negative direction of z.

Figure 3. (a) Contour conditions in piles. (b) Action applied as pressure on the pillar.

The piles and pillar were modeled considering C50 concrete and the cap with C20 concrete, since the purpose of
the study is to analyze the cap. Table 2 describes the concrete physical properties of the caps, piles and pillars.

Table 2. Physical properties of concretes.

Compressive strength Tensile strength Modulus of Poisson’s ratio v Energy of fracture Gt
fem (MPa) fem (MPa)  elasticity Ecs (MPa) (N.mm/mm?)
Cap 20 2.21 21287.37 0.2 0.048735
Pillar 50 - 33658.28 0.2 -
Pile 50 - 33658.28 0.2 -

The reinforcement steel considered a modulus of elasticity of 210 GPa, Poisson’s ratio of 0.3 and characteristic
yield strength of 500 MPa.

A pressure of 1 MPa was applied to the top of the pillar. Consequently, the program makes an increase to the same
pressure value, while permitted, and the actual program corrects the increased value if necessary. For the distributed
cracking model used a maximum number of 50 interactions was permitted.

3 RESULTS AND DISCUSSIONS

First, in the literature experimental data show that there is the drop in AAR-affected concrete mechanical properties
compared to healthy concrete. There are two options to address the changes in the mechanical properties, reported as
influenced by the type of reactive aggregate, environmental conditions and stress state. One alternative consists of
directly using the value of the properties of the material tested in the analysis. The other option evaluates the
compressive and tensile stresses, and the modulus of elasticity as a result of the free expansion based on constitutive
equations. Both options disregarded the directional nature of the degradation in the mechanical properties caused by
the stress level. The first approach was adopted in the study and implemented in the analysis program.
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The reductions established in the study by Sanchez et al. [3], described in Table 3, were applied in order to study
the distribution of cracking in the cracking fields along these reductions.

Table 3. Reduction rates in the mechanical properties of concrete submitted to AAR according to the expansion level.

Minimum values Average values Maximum values
Expansion Reduction by AAR Reduction by AAR Reduction by AAR
level Modulus Tensile Modulus Tensile Modulus Tensile
benchmark of Compressive " of Compressive " of Compressive "
(%) elasticity  strength (%) ("/% elasticity  strength (%) (‘V% elasticity  strength (%) (‘V%
(%) ’ (%) ’ (%) ’

0 0 0 0 0 0 0 0 0 0
0.05 5 0 15 21 8 38 37 15 60
0.12 20 5 40 35 13 53 50 20 65

0.2 35 13 45 48 19 58 60 25 70
0.3 40 20 50 54 28 63 67 35 75

Source: Adapted from Sanchez et al. [3].

Although the analysis of the reductions in the mechanical properties as a result of the expansion due to the AAR is
complicated, and there are many contradictory results in the literature, the choice of parameters studied by Sanchez et al. [3]
was due, from among the authors that related the degradation of concrete mechanical properties to the expansion due to the
AAR, described herein, and is experimental study that provided the most complete parameters on the subject.

The first model was called a benchmark model in which reduction rates were not applied to the mechanical
properties due to the AAR. Then there are the models numbers 1 to 4, 5 to 8 and 9 to 12, to which the minimum, average
and maximum reduction rates of the mechanical properties were applied according to the expansion level. Table 4
shows the input data in the program for these models.

Table 4. Input data of models.

Models Modulus of elasticity Compressive strength Tensile strength Expansion level Length of crack
(four-pile caps) (MPa) (MPa) (MPa) (%) band h (mm)

Benchmark 21287.37 20 2.21 0 18.52764
Minimum values of reduction in mechanical properties due to AAR

1 20223.00 20 1.88 0.05 21.79772

2 16598.69 19 1.28 0.12 30.82667

3 12906.09 17,4 1.11 0.2 33.53064

4 11424.00 16 0.95 0.3 36.78072

Average values of reduction in mechanical properties due to AAR

5 16130.32 18.4 1.29 0.05 29.80036

6 12906.09 17.4 0.95 0.12 39.23798

7 9962.49 16.2 0.81 0.2 43.80475

8 8308.95 144 0.66 0.3 49.52947
Maximum values of reduction in mechanical properties due to AAR

9 12364.37 17 0.79 0.05 46.06882

10 9520.00 16 0.67 0.12 52.54389

11 7374.16 15 0.55 0.2 61.16945

12 5663.60 13 0.41 0.3 73.05412

Table 5 and Figure 4 provide the results relating a maximum crack opening (mm) and expansion level (%) of the
models studied for the ultimate force of each model. It is found that the maximum opening of cracks increases with the
expansion level. This crack opening behavior can be explained through the damage model used in the numerical
simulation.

The Smeared Crack Model treats concrete as a heterogeneous material, which when accompanied by reinforcement,
is able to form multiple small cracks, which in high load stages will combine and form one major crack or more [35].
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Figure 4. Maximum crack opening versus expansion level.

Table 5. Maximum crack opening versus expansion level.

Models (four-pile caps) Expansion level (%) Maximum crack opening (mm)

Benchmark 0 0.149
Minimum values of reduction in mechanical properties due to AAR

1 0.05 0.191

2 0.12 0.226

3 0.2 0.284

4 0.3 0.272

Average values of reduction in mechanical properties due to AAR

5 0.05 0.181

6 0.12 0.299

7 0.2 0.359

8 0.3 0.442
Maximum values of reduction in mechanical properties due to AAR

9 0.05 0.342

10 0.12 0.479

11 0.2 0.548

12 0.3 0.641

The crack opening for foundation caps must have a restricted value since they are structures in direct contact with
the ground. Standard NBR 6118 [34] makes reference to openings of less than 0.3 mm in elements of environmental
aggressiveness class II and III. So, the benchmark model (without AAR) is within that set out by the standard.
For models with reductions due to the AAR, the models had crack openings of more than 0.3 mm based on the average
reductions in the 0.2% expansion level.

Figures 5 and 6 show cracking fields in the failure for the non-AAR model and for the model with maximum
reduction rate of AAR-affected mechanical properties, respectively. The cracking fields show crack openings wider
than 0.1 mm. For the AAR-affected foundation caps the main visual inspection points to check the cracking are the top
part of the cap and side surfaces.
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Figure 5. Cracking fields in failure for the benchmark model (without AAR), with indication of openings wider than 0.1 mm.
(a) diagonal section of cap; (b) top view; (c) and (d) side views.
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Figure 6. Cracking fields in failure for model 12 (Maximum values of reduction in mechanical properties due to AAR - expansion
rate 0.3%), with indication of openings wider than 0.1 mm. (a) diagonal section of cap; (b) top view; (c) e (d) side views.

In general, the cracking fields clearly showed an increase in AAR due to the expansion rate, since the crack opening
tended to widen. And this is in accordance with distributed cracking model adopted in the simulation, where the cracks
spread along the element after the load was applied.

It may also be found that the wider cracks occurred at the cap bases, close to the cap centers (directly below the
pillars’ position), confirming the places where the major strains of the structure occur.

According to Meléndez et al. [36], one of the main failure modes in four-pile foundation caps is shearing in the rod
due to cracks caused by the concrete’s compressive softening. It was, therefore, found that the AAR models had more
cracks in the rod region, thereby further impairing the cap’s capacity. Probably the cause is the perpendicular tensile
stress on the rod.

4 CONCLUSIONS

The reduction in mechanical properties impacted the crack opening. It is found that the cracks widen in size and
quantity according to the increase in the expansion level (from 0.05% to 0.30%).

The distributed crack model used by the program is able to form multiple small cracks per unit of length, distributed
over a certain area. These cracks may spread as unit cracks after loading, providing higher values than reported in the
article, which is consistent with results in AAR-impacted structures.

AAR models were found to have more cracks in the region of the rods, further impairing the cap capacity. It is likely
that the cause is the perpendicular tensile stress on the rod.

As the expansion level increases the load from the start of cracking was less consistent with the structure’s state of
degradation due to AAR action.

In general, the cracking fields clearly portray the expected result for AAR-affected concretes. The crack openings
were relatively wider in models with reductions in the mechanical properties due to the AAR than for the non-AAR
model.

After the different simulations performed it may be said that the non-linear analysis for the AAR problem can
accurately capture the behaviors referring to the cracking of the analyzed cap.
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Lastly, this study includes the understanding of the three main AAR impacts: expansion, cracking and degradation
of the concrete’s mechanical properties. And it is evident that the deterioration of the mechanical properties is related
to AAR-induced expansion.
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