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1. Introduction

Roller-Compacted Concrete (RCC)
is a concrete of no-slump consistency
in its unhardened state that is typically
transported, placed, and compacted using
earth and rockfill construction equipment.
If used in structures, special care should
be taken to deal with heat generation
from cementitious material hydration and
the associated volume change that could
generate thermal cracks. (Gencel, 2011). It
allows a faster construction process com-
pared with conventional concrete, with
segregation control through the appropri-
ate choice of the aggregate’s granulometry.

In the Brazilian mix design ap-
proach, RCC has a high aggregate content
and fine materials. It has less voids when
compared to conventional concretes, us-
ing lower cement content, and therefore,
presenting less retraction and cracking
(Marques Filho, 2008; Gencel ez al., 2010).

The history of RCC in dam works
is presented in the ICOLD 2020 Bulletin
(ICOLD, 2020) with recommendations
in different countries and their experi-
ences. Brazil has experience in RCC
mixtures with high paste and low binder
consumption, using aggregate fines of
noble material passing in the 0.075 mm

Engenharia Civil

RCC - Roller-Compacted
Concrete with hematite aggregate
Abstract

RCC using hematite as an aggregate has interesting characteristics for use in mas-
sive structures or structures for radiation shielding. In Brazil, there is a considerable
amount of hematite ore tailings without practical use, which makes this material an
environmental problem and a matter of public safety. Thus, the search for alternatives
to use these tailings is a priority environmental concern. An RCC containment dam
with hematite aggregate was constructed to protect the basin of the Barao de Cocais
River, including the city of Barao de Cocais in the State of Minas Gerais in Brazil,
from a possible rupture of the Sul Superior tailings dam in the Congo Soco iron mine.
Approximately 150,000 m?® of RCC was deposited in three months. In this article, the
results of the technological control tests during the construction of the containment are
presented and compared with the results of the cores extracted after the construction,
showing their coherence and strength performance compared with RCC using conven-
tional aggregate. Also, studies related to the performance of radiation shielding of this
RCC are presented. An attenuation of 10% of 1.6 MeV gamma radiation in relation to

conventional concrete was observed.

Keywords: RCC, sustainability, recycled aggregate, hematite, radiation shielding.

sieve and inhibiting expansive reactions
(Campos, 2019).

An advantage of RCC is its lower
cement content compared to conven-
tional concrete, minimizing costs and
greenhouse gas emissions. Since the
compaction is made with large equip-
ment, the obtained mass can withstand
impact stresses due to their weight.
The compressive strength required for
massive structures, such as dams, is
around 8 MPa at 90 days of control age.
Moreover, due to the use of equipment,
the amount of labor per unit volume
is reduced when compared to conven-
tional concrete, and the construction
speed is significantly increased, gener-
ating a very efficient industrial process
with measurable repetitive activities
(Marques Filho, 2008).

Every year, millions of tons of tail-
ings from iron ore mining are discarded
in the region of the Iron Quadrangle in
Minas Gerais, Brazil and stored in piles
or dams. One of these tailings is the
so-called GIC (Concentration Installa-
tion Granules). The GIC from the Agua
Limpa Mine has an iron oxide content
below the attractive value but has a high
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absolute density, around 3.50 kN/m?. It
is an excellent option for RCC. Its high
density provides a concrete density of
3.00 kN/m?, allowing the construction
of a massive structure with less volume
and shorter execution time. It was suc-
cessfully used in the construction of
the containment dam in Gongo Soco,
an iron mine operated by Vale in the
municipality of Barao de Cocais - MG,
Brazil. The purpose of this RCC dam
was to contain the tailings from the
Congo Soco dam that may be released
in the event of its failure.

Hematite is normally used as an ag-
gregate to obtain conventional heavy con-
crete for shielding from ionizing radiation
(Gaber, 2016; Ouda & Abdelgader, 2019;
Razali et al., 2019). High-density concrete
can be used reliably and economically
together with other protective materials
to maximize protection from ionizing
radiation (Vidhya & DhilipKumar, 2015).
For example, heavy RCC using hematite
tailings could be applied to regularize
the foundation of a nuclear power plant,
with the protection of aquifers and greater
support capacity than foundations of
compacted soils.
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The objective of this article is to pres-
ent the results of the technological control
tests during the execution of the construc-

2. Material and method

The materials used to obtain the
RCC were: 1) Portland cement with
50 wt% of ground granulated blast
furnace (GGBF) slag; 2) GIC - Concen-
tration Installation Granulates from the
Agua Limpa Mine; 3) Gneiss sand and
gravel from the region with controlled
fines to allow packing the grains together
with cement paste; 4) Decanting water
controlled according to the Brazilian
Standard ABNT NBR 15900; 5) Air
entrainer and retarding admixtures. The
use of GIC was necessary to guarantee
the construction schedule and to obtain
high density. Initially, this material was
sieved and classified between 50 mm and
12 mm size particles. Later it was used
without any processing, since the loss
due to sieving was about 50%, and this
disposal would make it impossible to meet
the pre-established schedule, without sig-
nificant performance losses. Table 1 shows
the characterization methods performed
with these materials.

The RCC was produced continu-

tion of the Gongo Soco RCC containment
dam with hematite aggregate compared
with the results of the probes extracted

ously in a pug mill mixer and applied
through the ramp-launching method that
allows the continuous application of large
volumes that are spread and compacted
with road equipment. When application
stoppages occurred, the horizontal joints
were treated with surface waterblast
cleaning and bonded with mortar applied
before the next layer placement.

Due to the emergency need to build
the dam in Congo Soco, the period to
carry out the definition of the most suit-
able materials to compose the RCC and
the mix design studies was short. In just
over a month, samples of the materials
were identified and sent to laboratories
hired to provide technical support during
the execution of the work (SOLOCAP
in Belo Horizonte-MG and LACTEC
in Curitiba-PR), which carried out the
characterization and mix design studies.

The compressive strength tests of
the RCC were performed according to
the Brazilian standard method for cy-
lindrical specimens with dimensions of

after the construction. Also, the results of
the studies related to the radiation shield-
ing of this RCC are also shown.

15 cm x 30 cm, molded on a vibrating
table (ABN'T, 2015a; ABNT, 2015b; ABNT,
2018a). The molding was performed in two
layers with a vibration time of two minutes
for each layer. The laboratory at Furnas
Centrais Eletricas (in Goiania, Brazil) was
hired to characterize the basic properties
and carry out RCC special tests, with
emphasis on the mechanical, elastic, visco-
elastic, and thermal properties. In addition,
the creep tests were performed in the same
laboratory, measuring deformations with
Carlson electrical extensometers embedded
in the concrete. The stress control system
was performed with RK MFL PRiifsysteme
equipment and the compression-testing
machine was the EMIC Brazil Model STB
120S. The tests were performed in a
controlled environment (temperature of
23 + 2°C and relative air humidity of
60 = 10%). The applied loads were 35% of
the rupture load obtained in the compressive
strength tests. The direct shear strength tests
were performed according to the ASTM
D-5607/16 standard.

Table 1 - Characterization methods for the materials used to obtain the RCC.

Property

Methodology and/or equipment

Pozzolanic activity with lime and cement

ABNT NBR 5751:2015 /ABNT NBR 5752:2014

Portland cement - Brazilian requirements

ANBT NBR 16697:2018

Portland cement - Chemical analysis - determination of the main
components by complexometry Part 2: ABNT test method

ABNT NBRNM 11-2:2012

Standard Specification for Portland Cement

ASTM C150/C150M-21

Ground aggregate Determination
of expansion in mortar bars by the accelerated method

ABNT 15577-4:2018 Part 4

Petrographic analyzes of the GIC hematite tailings

Polished blades fragments. Qualitative mineralogical
analysis was performed by X-ray diffraction (XRD) (D8 Advance
X-ray Diffractometer from Bruker, total powder method, back loading)

Alkali-aggregate reaction

ABNT NBR 15577-3:2018

For the study of the actual hardened
RCC, 70 m of cores with 1 m high and 15
cm diameter were extracted from the Gongo
Soco containment dam through double-
barrel rotary drilling with diamond bits,
specific for the extraction of RCC cores,
trying to minimize the extraction damages.

The core sampling campaign was
programmed to prove the quality of the
applied RCC and correlate it with the
properties obtained during the construc-
tion. This campaign was performed by
the company GEONORTE. The filming

of the cores’ extraction was carried out by
the company GEOSOL. To verify the joint
lifts mechanical parameters, untreated and
treated joints with bonding mortar were
tested in samples from the concrete cores
by Solocap and PUC-R]J.

To perform the radiation shielding
tests, three RCC blocks with the same
composition as the one used to build the
Gonco Soco containment dam and three
conventional concrete blocks using common
aggregates in both cases with cubic format
of 15 cm edge were cast and molded by Solo-
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cap. The conventional concrete blocks used
the RCC mix design proportions, but with
gneiss aggregates from nearby the Gongo
Soco Mine. This concrete has a compressive
strength very close to the RCC results and
lower permeability. The molding of these
blocks was carried out in the laboratory on
a vibrating table to achieve characteristics
similar to the concrete applied at the dam.

The blocks were irradiated in a Mul-
tipurpose Panoramic Irradiator of Category
11, manufactured by MDS Nordion, model/
series IR-214 and GB-127 type, equipped



with a cobalt-60 source with a nominal
absorbed dose of 100 Gy at 50 cm from
the source. To evaluate the shielding, a 20
cm x 20 em radiochromic film was posi-
tioned on the posterior face of the blocks.
A second block was positioned behind the
radiochromic film to minimize the influence
of the scattered radiation in the irradiation
chamber. Gafchromics EBT radiochromic
films from the International Speciality
Products (ISP) were used. To quantify the

3. Results

The results of mineralogical char-
acterization of the GIG are shown in

distribution of absorbed doses recorded
by each film, a sensitometry test was per-
formed, in which samples of the same film
were radiated with different absorbed doses
to correlate the darkening degree of the film
to the corresponding absorbed dose. Dose is
the energy absorbed from the gamma rays
per unit mass, measured in Grays, 1 Gray
(Gy) = 1 J/kg. These tests were performed
without the block in front of the film. The
films were scanned in a HP Scanjet 4050

Table 2. Figure 1 shows images of the
microstructure of the GIC.

Jodo Bosco Moreira Carmo et al.

scanner with 300 DPI resolution. Digitized
images were converted into numerical data
containing the coordinates (x, v, z), where
x and y correspond to the Cartesian coor-
dinates of the film's plan and z corresponds
to the color intensity of the green channel
of the RGB image. From the data, 3D and
2D images were generated to describe the
distribution of doses on the surface of the
film, and consequently, the shielding of
the block.

Table 2 - Mineralogical characterization of the GIC - Concentration Installation Granulate from Agua Limpa Mine.

Minerals wt% Chemical compositiona wt%
Magnetite 0.50 Fe . 39.75
Microcystalline Hematite 0.49 Fe,O, 57.47
Hematite in Martite 0.77 FeO 0.32
Granular Hematite 1213 SiO, 38.35
Lamellar Hematite 40.46 ALO, 0.45
Earth Goethite 1.85 MgO 1.04
Quartz 3718 Na,O and F 0.02
Amphibole 1.18 CaO 1.23
Carbonate 3.59 K,0 0.30
Others 1.85 H,0 0.30

Total 100.00 Co, 1.71

*Approximated and based on the theoretical composition of minerals.

4 . "
Figure 1 - Mineralogy and photomicrography of a fragment from the GIC - Concentration

Installation Granulate from Agua Limpa Mine. a) Weft aspect, banding detail with levels sometimes richer in quartz (Qz),
sometimes in lamellar hematite (HI). Reflected light, parallel nichols, 2.5x objective and 10x eyepieces. b) Weft aspect Quartz (Qz) and
amphibolite (Amp) granoblasts associated with hematite (Hem) crystals. Transmitted light, crossed nichols, 5x objective, 10x eyepieces.

The hematite tailings (GIC) generated
at the Agua Limpa Mine was transported
to the Congo Soco mine by rail. The other
aggregates of gneiss origin were supplied by
quarries in the region and were also trans-
ported by rail, which streamlined the logis-
tics of supplying aggregates for the study.

The RCC mix was chosen based on
the cubic curve proposed by Bolomey (An-
driolo, 1998) admitting a +5% range. The
granulometric curve of the mixture was
close to the theoretical curves, as can be
seen in Table 3 and Figure 2. The original
gneiss gravel with maximum dimension of
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25 mm was introduced in the mixture to
improve the fit of the theoretical curve of
granulometry. Table 4 shows the results
of X-ray analysis on RCC.

Table 5 shows the results of the
RCC in the preliminary studies and
during construction.
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Table 3 - Granulometry of the aggregate components and composition used in the CCR, compared with the Bolomey curves (Andriolo, 1998).

Components
Bolomey curves
Artificial sand mixture Gravel GIC 50-0 CCR composition
Sieve (mm)
40% 10% 50% Bottom Average Top
Retained accumulated (%)
50 0.00 0.00 0.00 0.00 0.00 0.00 5.00
38 0.00 0.0 8.10 4.05 3.74 8.74 13.74
25 0.00 3.4 26.95 13.82 15.63 20.63 25.63
19 0.00 11.1 35.31 18.77 22.57 27.57 32.57
9.5 0.00 89.0 58.95 38.38 37.51 42.51 47.51
4.8 5.63 98.0 73.73 48.92 49.21 54.21 59.21
2.4 22.7 98.3 77.16 57.49 58.66 63.66 68.66
1.2 35.25 98.3 78.67 63.27 66.16 71.16 76.16
0.6 46.75 98.3 80.05 68.56 7211 7711 82.11
0.3 58.79 98.3 82.09 74.39 76.83 81.83 86.83
0.15 80.62 98.3 89.06 86.61 80.58 85.58 90.58
0.75 86.79 100.0 96.78 93.11 83.55 88.55 93.55
Fineness modulus 2.50 6.90 5.83 4.60 4.67 5.12 5.57
100
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Figure 2 - Granulometry of the RCC aggregate composition compared with the Bolomey curves.
Table 4 - X-ray analyses on the ground RCC.
X-ray diffraction
JCPDF/ICDDa Compound name Chemical formula wt%
00-005-0490 Quartz SiO2 35.63
00-024-0072 Hematite FeZO3 37.90
00-018-1202 Anorthite Na Ca, Al, Si,+ O, 2.92
00-023-1405 Edenite NaCa, Mg Si AlO, (OH), 3.66
00-019-0932 Microcline KAISi,O, 7.57
00-007-0078 Clinochlore (Mg,Fe™),Al(Si,AIO, (OH), 2.16
00-042-1437 Biotite K(Mg,Fe™),(AlSi,O,)(F,OH), 6.75
00-024-0027 Calcite CaCo, 1.88
00-036-0426 Dolomite CaMg(CO,), 0.98
00-013-0558 Talc Mg.Si, 0, (OH), 0.55
X-ray fluorescence
Loss on ignition | ALO, [ CaO | Cr,0, | Fe, O, [ K,O [ MgO [ MnO | Na,O | P,O, SiO, TiO, | SO,
2.54 414 | 2.59 | 0.00 |43.71] 113 0.69 0.1 0.25 | 0.02 44.33 014 | 0.14

2JCPDF software with the standard charts from the ICDD - The International Centre for Diffraction Data.
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Table 5 - Results of the preliminary studies and during construction.

Service Front Laboratory Preliminary Studies in Lab Quality Control During Construction
Date 05/07/2019 Sep - Dec 2019
Cement (kN/m?) 0.99 1.00
Water (kN/m?) 1.43 1.40
Artificial sand (kN/m?) 9.44 10.87
GIC (kN/m?) 17.53 14.49
Air entrainer admixture (%) 1.0 1.6
Retarding admixture (%) 0.99 1.00
Water/Cement 1.44 1.40
Specific gravity (kN/m?) 29.40 29.85
Room temperature (°C) 23 -
Cannon Time (s) 9 12
. Specific Gravity Vebe (kN/m?) 29.59 29.61
RCC Fresh Properties - -
Entrained Air (%) 1.0 1.6
Temperature (° C) 23 21
Number of samples 2 224
3.2 3.1 Mean 3.4
7 days Mean =3.15 | Standard deviation = 0.071 Standard deviation 1.2
95% confidence interval: 2.51 - 3.79 95% confidence interval: 3.24 - 3.56
6.8 6.9 Mean 6.6
22:::::155;5::;? 28 days Mean = 6.85 | Standard deviation = 0.071 Standard deviation 1.9
95% confidence interval: 6.21 - 7.49 95% confidence interval: 6.35 - 6.85
9.7 9.2 Mean 10.5
90 days Mean =9.45 | Sandard deviation = 0.354 Standard deviation 2.1
95% confidence interval: 6.27 - 12.63 95% conficende interval: 10.22 - 10.78

The results of the special tests car-
ried out by Furnas Laboratory is shown
in Table 6. Figure 3 shows the adiabatic
temperature rise of the RCC. All alkali-

where ¢ is the deformation, f(k) is the creep
coefficient and E is the elastic modulus.

Table 6 - Characterization of the RCC - Furnas Laboratory - Goidnia - Goids - Brazil.

1
8elmstic*—s‘beciﬁc - f(k) : In (t+1) +E

aggregate reactivity tests performed
showed innocuous results with cement
alkalis. Table 7 shows the results of the
regression curve shown in equation (1)

Creep results are comparable with
traditional creep curves obtained for

M

Property at 28 Days of Age Result
Flexural strength by diametral compression (MPa) 1.5
Compressive strength (MPa) 10.5
Elasticity module (GPa) 14.6
Adiabatic temperature rise (°C) 5.5
Thermal expansion coefficient (x10°¢ /°C) 9.5
Thermal diffusivity at 40 oC (m?/day) 0.1022
Thermal conductivity (J/m.s.K) 3.53
Specific heat (saturated) (J/kg.K) 995
Permeability coefficient (107" m/s) 7.23

to the creep data of RCC samples.
Figure 4 shows the fit of equation (1)
for one of the samples of RCC with 28
days of curing.

concrete (Andriolo, 1998).
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Figure 3 - RCC adiabatic temperature rise (cement with 50% granulated blast furnace slag).
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Figure 4 - Regression curve presented by Equation (1) for sample 2 representing 28 days of curing (with 95% confidence and prediction intervals).

Table 7 - Fit of equation (1) to the creep measurements on CCR samples.

Curing — 5 days 7 days 28 days
Samples — 1 2 1 2 1 2
f(k) (10%/MPa) 15.40 28.90 32.73 25.63 23.92 24.87
1/E(10%/MPa) 580.82 683.69 169.47 179.34 68.65 79.66
R? (%) 64.47 91.03 89.34 76.81 93.85 94.84
E (GPa) 1.72 1.46 5.90 5.58 14.57 12.55

The results of the tests performed on
the cores extracted from the RCC contain-

ment dam are shown in Table 8. The cores
proved that the combination of aggregates

and the water content of the RCC resulted
in good interlocking.

252

Table 8 - Results of the tests performed in the cores extracted from the RCC containment dam.

Borehole code SRC-01 SRC-02A SRC-05 SRC-06 SRC-07
Density (kN/m?) 30.94 31.48 29.53 29.24 30.43
Water absorption (%) 5.2 4.8 5.3 5.8 4.2
Compressive strength (MPa) 11.9 11.4 10.9 10.7 1.5
Tension strength - Brazilian Test (MPa) 1.6 1.4 1.4 1.6 1.4
Elasticity Modulus (GPa) 13.1 14.3 19.6 14.2 8.0
Permeability Coefficient (10" m/s) 6.82 9.79 8.35 9.13 7.39
Direct shear
Type of joint Treated Untreated
Laboratory Solocap PUC-RJ Solocap
Cohesion (MPa) 0.899 0.690 0.614
Friction angle (Degrees) 45.1 48.4 70.1
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Table 9 shows the average ab-
sorbed dose measured on the ra-
diochromic films positioned behind

for RCC and conventional concrete
samples. A dose reduction of 10%
was observed for RCC. Figure 5 shows

Jodo Bosco Moreira Carmo et al.

the dose distribution observed on the
radiochromic films.

Table 9 - Theoretical thicknesses of concretes required for shielding.

Concrete Average specific mass (kN/m?) Average absorbed dosis (Gy) Absorbed dose reduction (%)
RCC with GIC 29.05 15.696
10
Conventional concrete 23.06 23.977

Figure 5 also shows that the
shielding of gamma radiation was
not uniform across both blocks. This

was probably due to the segregation
of the aggregates, but the shielding
of the RCC block was more uniform,

Conventional concrete

perhaps due to the lower segregation.
The RCC shielding was 10% higher

than conventional concrete.

32.00

20.00
26,00
23.00
2000 Gy
17.00
14.00

11.00

8.000

Figure 5 - Qualitative comparison of the shielding of gamma radiation of
samples of RCC (left) and conventional concrete (right). The blue color means the lower dose
measured at the radiochromic film (higher shielding) and the red color the higher dose (lower shielding).

The results demonstrate that it is
adequate to use RCC in gravity dam con-
struction, since it attended all the design
required criteria and parameters. The
construction has been significantly fast
and efficient, with an average concrete
placement and compaction of 70,000
m3/month, and no problems have been
detected due to the use of hematite tail-
ings aggregate.

RCC laboratory samples with he-
matite aggregate showed a shielding of

4. Conclusions

A RCC containment dam with
hematite aggregate was constructed to
protect the basin of the Barao de Cocais
River in the State of Minas Gerais in Brazil
from a possible rupture of the Sul Superior
tailings dam in the Congo Soco iron mine.
Cores extracted from this containment
showed a density of 29.85 kN/m?, com-
pressive strength of 10.5 MPa, and water
absorption of 5%, according to the design.
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