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Abstract

Among the advances in the use of geopolymer cements is their use as repair materials in concrete structures. The objective of this work was to use
a geopolymer cement to repair cracks in concrete specimens, observing its mechanical performance and fracture modes. Cubic test specimens
were produced and two types of cracks were evaluated as variables. Cracks were induced by steel sheets during concreting. The geopolymer
cement paste and an epoxy adhesive, as reference, were used for the repairs. The results showed a 13% decrease in compressive strength for
unrepaired concrete, and 3.7% in concrete repaired with geopolymer. The binder presented mechanical performance similar to that of the epoxy
resin regarding crack recovery. In conclusion, repairs made with geopolymer cement are a viable and efficient means of crack recovery.
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Resumo
[

Entre os avangos para o uso de cimentos geopoliméricos encontra-se seu uso como material de reparo em estruturas de concreto. O objetivo
desse trabalho foi utilizar uma pasta de cimento geopolimérico no reparo de fissuras em corpos de prova de concreto, observando seu desem-
penho mecanico e os modos de fraturas. Foram produzidos corpos de prova cubicos, e, como variaveis, foram avaliados os tipos de fissuras.
As fissuras foram induzidas por meio de chapas de ago durante a concretagem. Foram utilizados pasta de cimento geopolimérico e um adesivo
epoxi — como referéncia de desempenho, para os reparos. Os resultados mostraram queda da resisténcia de 13% para o concreto sem reparo,
e de 3,7% no reparado com geopolimero. O aglomerante geopolimérico apresentou desempenho mecanico semelhante ao da resina epoxi, para
recuperacao da fissura. Conclui-se que o reparo com cimento geopolimérico pode ser considerado eficiente para recuperacéo de fissuras.

Palavras-chave: cimento geopolimérico, reparos, fissuras, epoxi, concreto.
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1. Introduction

EE

Cracks are common pathological manifestations in concrete
structures, which have several causes and modify the aesthetics,
while also compromising the mechanical properties and durability
of the construction. Knowledge of the causes and origins is es-
sential to determine the choice of materials and repair methodol-
ogy and ensure long term durability. The main causes of cracks
include volumetric variations, thermal stresses, deleterious
chemical reactions, reinforcement corrosion and bad construc-
tion practices [1].

Gravity-fill is a crack repair method that uses low viscosity resins
(0.03 to 2.00 mm thick), such as epoxy or high molecular weight
methacrylate [2]. When used as crack repair material, epoxy en-
ables the rehabilitation of the concrete mechanical properties [3-
4], a reduction in chloride ion percolation, evaluated by numerical
methods [5]; however, failures can occur at the interface between
the concrete and epoxy when subjected to fatigue stress [6].
Geopolymeric cements are obtained by the chemical reaction
between alkali metal and silicate powders, the reaction products
are three-dimensional amorphous aluminosilicate networks. Their
characteristics include high durability [7], low shrinkage [8], good
acid resistance [8], good fire resistance [7], low thermal conductivi-
ty [9-10] and high temperature resistance [9]. Much of the research
on these binders focuses on mechanical properties. Pelisser et al.
[11] compared the mechanical behavior of two beams, one with
geopolymer concrete and the other with Portland, with the same
strength class (C50). The authors observed superior geopolymer
steel-concrete adhesion results, showing the potential in develop-
ing this type of concrete.

Recent work has shown the efficiency of using geopolymer ce-
ments as repair materials for concrete structures. Ding, Cheng and
Dai [12] used activated alkali cement pastes to fill inclined cracks
in concrete structures. The paste was composed of fly ash and
blast furnace slag and, after the repair, the authors analyzed that
the rupture occurred in the concrete substrate, indicating that the
paste has higher strength. Ueng et al [13] analyzed the adhesion
between mortar substrates and activated alkali cements produced
with metakaolin, and concluded that by understanding the me-
chanical models, it is possible to predict the form of rupture and
the various stresses that arise in the concrete when geopolymer is
used as a structural repair material.

This study aimed to evaluate the use of metakaolin-based geo-
polymer cement as crack filler in concrete substrates, evaluating
its mechanical performance by the compressive strength test. A

qualitative analysis of the specimen rupture and finite element sim-
ulation was proposed to verify the behavior of the materials used
and their interfaces.

2. Materials and experimental program
EE

The experiment was designed to verify the mechanical perfor-
mance of a geopolymer cement paste in the repair of cracks in
comparison with a commercially available epoxy resin. Cubic
specimens were molded as specified by the standard [14] with the
edges of 15 cm. The variables analyzed were the types of cracks in
the specimens (longitudinal cracks on opposite faces (LC) and on
the same face (TC)) and the form of crack recovery (geopolymer
or epoxy resin). The nomenclature adopted for each variable is
indicated in Table 1.

Cracks were induced in the specimens (Figure 1) using 2 mm thick
steel plates measuring 35 mm x 150 and 50 mm x 70 mm (width
x height), respectively called LC and TC. In LC, the plates were
placed in the center of the parallel faces and in TC the plates are
fixed in the middle third of the same face. The methodology was
based on the work developed by Issa and Debs [4], in which the
authors induced cracks in specimens using steel plates.

2.1 Materials

The geopolymer cement paste used to repair cracks (LCG and
TCG) consisted of metakaolin (45.2% AlO,, 53.4% SiO, and 0.4%
PF) from kaolin calcination at 800°C and a solution activator, pro-
duced by dissolving NaOH (Sigma Aldrich - 97% Na,O) in sodium
silicate (Sigma Aldrich - Na,0SiO,.H,0) with 63% water. The molar
ratios of the composition were 1.6 for Na,0SiO,/NaOH, 6.94 for
SiO,/Na,0, 3.2 for SiO,/Al,O,, and 0.75 for H,O0/MK. The materials
and molar relations used for the production of geopolymer cement
were determined in a previous work [15].

The geopolymer cement was mixed by dissolving the NaOH in
sodium silicate, then, with the aid of a mortar, all the liquid was
deposited in the vat and the metakaolin was added at low speed.
Later, the material was homogenized for 5 min at high speed.

For crack repair (LCE and TCE), was used an epoxy adhesive,
two-component structural adhesive that is recommended for seal-
ing cracks, a product with high adhesion, low viscosity, and high
chemical and mechanical resistance.

The concrete produced has a unit composition of 1: 2.58: 2.92
(cement: fine aggregate: coarse aggregate), and w/b ratio of 0.45
with 55% mortar content. CP IV cement, coarse aggregate and

Table 1
Variables used in the study
Cracks type Recovery material Description
No crack M
} tudinal s lel § Without-recovering LC
ongitudinal cracks in parallel faces
(35 mm x 150 mm) Epoxy LCE
Geopolymer LCG
Cracks in th ddle third of th Without-recovering cC
racks in the middle third of the same
face (60 mm x 70 mm) Epoxy TCE
Geopolymer TCG
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Figure 1

Schematic representation of samples and induced cracks (a) control group (M); (b) longitudinal cracks

(LC): (c) cracks in the middle third of the face (TC)

medium sand with a fineness modulus of 2.5, determined accord-
ing to ABNT NBR 7211 [16] were used.

2.2 Methods

After the concrete was mixed, the specimens were molded, air
cured for 24 h, demolded and subjected to immersion curing up to
21 days. At this age, the repair materials (geopolymer and epoxy)
were applied. The repair consisted of a process of drying, cleaning,
and filling the cracks by gravity, until the materials overflowed and
the excess was removed.

Twenty-four hours after the repair application, the specimens were
submitted to submerged cure until the concretes were 28 days of
age, when the compressive strength test was performed. Figure 2
shows the specimens after filling the cracks. Prior to rupture, the

specimens were capped using a w/b ratio of 0.4. The compression
test followed NP EN 12390-3 [17]. Figure 3 shows the direction of
load application on the specimens. The experimental results were
submitted to analysis of variance (ANOVA), with 95% reliability.
Under the same loading conditions and pre-established cracks,
simulations were performed by the finite element method (FEM),
with the aid of the ANSYS tool, to evaluate and validate the results.
The elements had eight nodes (SOLID65), used for 3D modeling of
solids, which can be crushed during compression, and each node
has three degrees of freedom. Validation of the simulation results
was obtained by statistical hypothesis tests, adopting a coefficient
of variation of 10% in relation to the average experimental com-
pressive strength (M) in the control group.

The properties of the materials used for the FEM model are de-
scribed in Table 2, the geopolymer data were obtained from a pre-

Figure 2

Recovery specimens (a) LC-Epoxy; (b) LC-Geopolymer; (¢) LC-Epoxy; (d) LC-Geopolymer
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Figure 3
Direction of application of loads on specimens

Table 2

Mechanical and physical properties used in finite elements analysis

Characteristics Epoxi Geopolymer OPC Concrete
Elastic modulus (GPa) 10.6 10.0 29.0
Compressive strength (MPa) 69.0 64.0 35.0
Density (g/cm?®) 1.80 1.50 2.30

vious work [15], the epoxy properties were taken from the ANSYS
database and the manufacturer [18], and for the concrete, a char-
acteristic compressive strength of 35 MPa was established, with an
estimated modulus of elasticity of 29 GPa, as shown by NBR 6118
[19]. Poisson’s ratio was 0.2 for all materials.

3. Results and discussions
B
3.1 Compressive strength

The results of the compressive strength test are presented in
Figure 4. The experimental control group obtained an average
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Figure 4
Compressive strength results at 28 days

LCG

compressive strength of 37 MPa, and the groups with no filling
presented a reduction in compressive strength of approximately
12% and 13% compared with this group (M). Statistical analysis of
the specimens following crack repairs by geopolymer cement and
epoxy showed that these materials were efficient at recovering the
mechanical strength of the specimens. There were no significant
differences between the different types of configuration and recov-
ery materials (Table 3).

The mean loads were 821 kN, 734 kN, 724 kN, 812 kN, 872 kN,
854 kN and 826 kN, respectively, for M, LC, TC, LCE, LCG, TCE
and TCG. These loads were adopted for use in the MEF simu-
lation of the specimens. Table 4 presents the results obtained

B Experimental
FEM

LCE TCG TCE
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Table 3
ANOVA results (a = 0.05)
Source Degree of freedom Sum squares Mean squares F P.>F,
Source 6 22.15 132.91 2.1793 0.08634
Error 21 10.16 213.46 — =
Table 4
Compressive strength of experimental and simulated results (MPa)
Procedure M LC TC LCG LCE TCG TCE CS
) 37 32 32 36 36 37
Expermental (4 4) 2.2) (3.3) (1.8) (3.3) 2.8) @.7) e
Simulated 34 31 31 34 33 35 '

experimentally and by simulation. Adopting the statistical hypoth-
esis test and using the experimental mean of the control group (M),
a minimum compressive strength of 34 MPa was obtained, such
that values lower than this were rejected by the test.

The M-Simulated, LCG-Simulated, LCE-Simulated and TCE-
Simulated groups were statistically similar to the experimen-
tal group M, with resistance close to and above 34 MPa, and
variations of up to 9%. However, the TCG-Simulated group pre-
sented compressive strength close to that established by the
hypothesis, with a reduction of 2%. The other groups presented
negative variations close to 10%, that is, they showed a larger
decrease in compressive strength compared with the experi-
mental data.

Filling cracks using geopolymer paste and epoxy presented

Figure 5

Crack propagation during the compressive strength test in group M

Figure 6
Crack propagation during the compressive strength test on induced crack specimens, (a) LC; (b) TC

experimental data similar to solid concrete, so the mechani-
cal properties of the specimens were restored. FEM simulation
analysis was validated by the statistical hypothesis test because
the compressive strength values of the repaired materials were
similar to the experimental control group.

3.2 Analysis of specimen rupture

After the compressive strength test, images were recorded
to analyze the rupture modes, considering the appearance of
cracks, concrete detachment and material resistance.

In the concrete group (M) specimens, the center remained in-
tact, while detachment of the extremities occurred, together
with the appearance of cracks at approximately 45° (Figure 5).
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<>
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In the LC and TC samples, the induced fissure showed crush-
ing, indicating rupture of the specimen, and load application
caused the appearance of normal cracks in the LC and perpen-
dicular cracks in the TC (Figure 6), similar to those reported by
Issa and Debs [4].

In the groups in which the cracks were filled, substrate rupture
was observed instead of the filler materials. There was no de-
tachment of substrate filling materials, indicating good adhesion
between these materials. Very similar behavior was observed
by Ding et al. [12].

LCE and LCG samples (Figure 7) showed cracks parallel to those
induced. In the TCE and TCG specimens (Figure 8), the cracks
initially formed an angle of approximately 45°, but when these met
the induced crack and crossed it, the cracks changed direction.
Figure 9 shows the images taken from ANSYS after the simu-

Figure 7

lations were performed. The highest stress intensity was ob-
served in the concrete matrix, rather than the repair materials,
suggesting that the specimen rupture occurs in the matrix due
to its lower strength in relation to the filler material. This analysis
is related to the experimental results, since the ruptures actually
occurred in the concrete substrate.

The good adhesion between the concrete substrate and the re-
pair material could be related to the methodology used to pre-
pare the crack surfaces and their subsequent filling. Following
the correct cleaning and filling procedures allowed the materials
to exhibit good mechanical behavior when bonded.

The fracture mode analysis was positive regarding the behavior
of the materials used, but complementary tests, such as adhe-
sion, tensile strength and durability, are necessary to verify the
performance of the repairs made.

<>

®

Crack propagation during the compressive strength test on specimens with recovered induced cracks

(a) LCE; (b) LCG

Figure 8
Crack propagation during the compressive strength test on specimens with recovered induced cracks
(@) TCE; (b) TCG
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Figure 9
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FEM simulation images of specimens (a) M; (b) LC; (c) TC; (d) LCE: (e) LCG; (f) TCE: (g) TCG

4. Conclusions

EE

This research analyzed the mechanical performance of geopoly-
mer cement as a material for crack recovery compared with the
common practice of applying epoxy. The results show that it is
possible to use geopolymer cement as a filler material for cracks
in experimental compressive strength concrete structures in speci-
mens with opposite face (LCG) and single face (TCG) cracks of
38 MPa and 36 MPa, respectively. These values are greater than
or equivalent to the strength of the reference concrete. Fractures
occurred in the concrete substrates, due to the good adhesion at
the interface between the materials, and the superior mechanical
resistance of the fillers in relation to the substrate. Filling the in-
duced cracks with the repair cements transformed the specimen
into a monolithic material.

The finite element analysis presented similar results to the experi-
mental data, and the model adopted was shown to be relevant for
the simulation of the compressive strength of cracked concrete,
whether restored (crack filling) or not. These results show a new
potential for the application of geopolymer cements, considering
their satisfactory cohesion properties and adhesion, and they are
competitive with the recovery materials available on the market.
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