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Abstract

This study evaluates the pozzolanicity of Nyiragongo volcano lava flows in
Congo by an indirect method using mortars with different rock powder pro-
portions. The clinker used is a locally produced alite clinker, whose chemical
and mineralogical composition was determined by XRF, Bogue and Taylor
formulas. The lava flows were collected from the 2002, 2010 and 2021 erup-
tion sites, and were characterized by XRF, CIPW normative mineralogy and
geomechanical tests. The results show that Nyiragongo rocks are ultrabasic,
silica- and alkali-rich, and contain minerals like nepheline, wollastonite and
leucite. They satisfy the natural pozzolan criterion, and have pozzolanic activ-
ity indices above 70%. These rocks also have high RC and LA resistances,
ranging from 190 MPa to 45 MPa, and from 18% to 32.6%, respectively. The
rock powder addition in the mortars reduces mechanical resistances and in-
creases setting times, except for a 5% replacement rate, which speeds up
hardening. Nyiragongo lava can be used as a pozzolanic addition to produce a
CEM II/B-P 32.5 cement.
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1. Introduction

Portland clinker production is an energy-intensive industrial process that emits
a lot of greenhouse gases. The increasing demand for cement leads to an increase
in air pollution, as the cement industry is responsible for about 8% of anthropo-
genic CO, emissions [1]. To reduce the environmental impact of cement pro-
duction, it is necessary to use reactive mineral additions, of natural or artificial
origin, that can partially replace Portland clinker. This substitution allows to de-
crease the clinker/cement ratio and thus the CO, emissions, without compro-
mising the performance of the cement product [2] [3]. Reactive mineral addi-
tions have hydraulic and/or pozzolanic properties [4] [5]. They have been stud-
ied by researchers since the 1970s [6] [7]. They present advantages such as: the
reduction of the heat of hydration, the improvement of the durability of the ce-
mentitious material, the prevention and repair of alkali-aggregate reactions, the
improvement of the workability and long-term mechanical strength, the im-
provement of the resistance to sulfate attacks [8]-[13].

An energetic advantage of natural pozzolans over artificial pozzolans is that
they do not require prior thermal treatment to activate their reactivity. In DRC,
in the east of the country, the Virunga chain contains eight volcanoes, two of
which are active (Nyiragongo and Nyamulagira) and six inactive (Gahina,
Mikeno, Visoke, Karisimbi, Muhavura and Sabinyo) [14] [15]. The Nyiragongo
rock as a pozzolan, substitute for clinker, in cement industry is poorly docu-
mented in the literature. Geochemical studies of the magmatism of Nyiragongo
volcano [16]-[23] indicate that these rocks are basalts close to trachy-basalts.
Other works [24] [25] [26] [27] show that basalts in partial replacement of
clinker improve the mechanical and physico-chemical properties of the cementi-
tious material. Basalt increases in particular the physico-chemical properties of
cementitious mortar and a good fineness of grinding favors the mechanical
properties by accelerating the hydration kinetics [28] [29] [30] [31]. The basaltic
rock having a proven pozzolanic property and the geochemistry of Nyiragongo
basalt being sufficiently studied in the literature, we conducted this study to de-
termine the effectiveness of Nyiragongo basaltic rock as a “supplementary ce-
mentitious material”. We chemically characterized three different lava flows
(2002, 2010 and 2021) by XRF radio-analyses, we evaluated the influence of par-
tial substitution of clinker by Nyiragongo basalt at progressive rates of 5%, 10%,
15%, 20% and 25% on setting times, and we followed the variation of mechanical
strengths related to them, comparing them to the control mortar. We thus de-
termined the pozzolanicity of Nyiragongo rock, its application for cement pur-
poses and the class of resulting cement at 25% substitution according to CEM
II/B-P.
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2. Materials & Methods

The materials used in this study are as follows: the industrial clinker, which is
the main component of cement; the gypsum, which acts as a setting regulator; the
Nyiragongo volcanic rock, which is used as a pozzolanic material in partial re-
placement of clinker; and the local standardized sand, which forms the granular
skeleton of the mortar. The clinker and gypsum were supplied by HeidelbergCe-
ment Group Cilu-RDC plant, while the Nyiragongo volcanic rock was sampled in
the Goma region, located in the east of the Democratic Republic of Congo (DRC),
where the active volcano of the same name is located (Figure 1). The local stan-

dardized sand was collected in Muanda, on the west coast of the country.

2.1. Materials

2.1.1. Clinker

The clinker used of alite nature is produced on the industrial site of the
LUKALA cement plant (HeidelberCement Group Cilu-RDC plant). These nod-
ules are micronized in a laboratory ball mill by co-grinding with gypsum and

mineral addition.
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Figure 1. Mapping of the Nyiragongo study area.
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2.1.2. Cement
The cement used is a variant of ordinary Portland cement taken as a reference,
the composite cement is obtained by substitutions of Clinker at progressive rates

and co-ground with gypsum.

2.1.3. Nyiragongo Rock
The sampling of this rock covers the different flows of 2002, 2010, 2021. Ac-
cording to the mapping of Figure 1; this rock, which is the subject of a poz-

zolanic study.

2.1.4. Mixing Water
The mixing water used in the HeidelberCement Group Cilu-RDC laboratory is

distilled water.

2.1.5. Local Standardized Sand
The fine sand of LUILA and the moderately coarse sand of NSIAMFUMU consti-
tuted the mixture of a siliceous sand conforming to the standard sand standard.

2.2. Methods

The ASTM C 618 [32] assesses the volcanic rock powder based on the chemical
and physical requirements of pozzolanicity, while the NF EN ISO 17892-7 [33]
measures the compressive strength of rocks. The mortars are made with differ-
ent amounts of powder, following the water and aggregate ratios defined by the
NF EN 1008 standard [34] [35]. The mortars are tested for their properties when
fresh and hardened according to the following standards: NF EN 196-1 [36], NF
EN 196-3 [37] [38], NF EN 192-6 [39] and NF EN 1097-2 [40] [41].

2.2.1. Formulation and Tests

Table 1 of mortar formulations presents the proportions of clinker, basalt, gyp-
sum, sand and water to be used to produce mortars with different rates of sub-
stitution of clinker by basalt powder. The table shows that the total amount of
clinker and basalt remains constant (436.5 g), as well as that of gypsum (13.5 g),
sand (1350 g) and water (225 ml). The table will lead to evaluate the effect of the
substitution of clinker by basalt on the physical properties of mortars, such as
setting time, compressive strength and consistency. The table suggests that the

Table 1. Cement formulation for fresh mortar 4 * 4 *16 cm®.

Clinker  Basalt Clinker & Basalt Gypsum Sand  Water

Formulation (1, (gr) (gr) @) (g  (ml)
M-0% 450 0 436.5 13.5 1350 225
M-5% 427.5 22.5 436.5 13.5 1350 225

M-10% 405 45 436.5 13.5 1350 225
M-15% 382.5 67.5 436.5 13.5 1350 225
M-20% 360 90 436.5 13.5 1350 225
M-25% 337.5 112.5 436.5 13.5 1350 225
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use of basalt as a natural pozzolan could reduce the consumption of clinker and

thus the environmental impact of cement production.

2.2.2. Cement Paste Setting Test
The Setting Test of the cement paste is followed in accordance with the require-
ments of the standard on a multi-position automatic prisometer [37].

To evaluate the setting times (start and end) of the control and reformulated
mortars with basalt at progressive substitution rates, the standard used leads to a

formulation for the paste to be tested that are shown in Table 2.

2.2.3. Geomechanical and Radio-Analyses Tests

1) Los Angeles

The aggregates were crushed in the 10 - 25 granular class according to the
relevant standard whose elements are presented in Table 3.

The Los Angeles test is a method to measure the weight percentages of ele-
ments having a size smaller than 1.6 mm, which are produced by the fragmenta-
tion of 5 kg of the tested material after being subjected to the impacts of stan-
dardized balls in a cylinder for 500 rotations during 15 minutes. The classes are
defined for the Los Angeles test (for specific applications) as follows: Class A: LA
< 30; Class B: 30 < LA < 35; Class C: 35 < LA < 40; Class D: 40 < LA < 50.

2) Uniaxial compressive strength [39]

The compressive strength test, also called RC, is the uniaxial compressive
stress measured at the complete failure of the studied material; this stress is di-
vided by the area of the offered surface. The classification of the rock is made
possible by Table 4.

3) Microscopy and Spectroscopy (Fluorescence/FTIR)

a) Optical Microscopy

Optical mineralogy allowed us to analyze the Nyiragongo rocks and their
minerals according to their optical properties in thin section. The observation
presented in (Figure 2) was performed with an optical microscope in polarized
light analyzed (PLA) and in polarized light not analyzed (PLNA). Optical

Table 2. Cement paste formulation for setting time.

Composition Mo Ms Mo Mis Mo
100% - 0% 95% -5% 90% - 10% 85% -15% 80% - 20%
Water (ml) 132 gr 132 gr 132 gr 132 gr 132 gr
Cement 500 gr 500 gr 500 gr 500 gr 500 gr
Water/Cement 0.264 0.264 0.264 0.264 0.264

Table 3. Los angeles test [40].

Granular class Fraction Number of Total weight of Weight of the
(mm) granular cannonballs the load fractions (g)
10- 16 11 4840 = 25 3000
10 - 25
16 - 25 2000
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Table 4. Uniaxial compressive strength of rocks.

Description RC (MPa) Example
Very low 1to 25 chalk, salt
Low 25t0 50 coal, limestone, schist
Average 50 to 100 sandstone, slate, claystone
High 100 to 200 marble, granite, gneiss
Very high >200 quartzite, Basalt

Figure 2. Thin Sections of Nyiragongo lava with minerals.

microscopy has limitations in terms of resolution, subjectivity and time required
to identify volcanic rocks, which are more heterogeneous and complex than
plutonic rocks [42]. This work shows that optical microscopy is simple and fast,
but limited by the resolution and preparation of the samples, to work sharply
powder X-ray diffraction is precise and quantitative, but requires optimal ex-
perimental conditions and complex data analysis. However, powder X-ray dif-
fraction is more suitable for the identification of crystalline phases, which may
require other techniques as volcanic rocks cool quickly.

b) The FTIR

The analysis by Fourier transform infrared spectroscopy of the local standard-
ized sand allows to verify the absence and to guarantee the non-contribution of
amorphous silicas in the granular structure of cementitious matrices (mortars)
in accordance with quality requirements. The importance of complementary
techniques (XRF, XRD and FTIR) is necessary to analyze the crystalline and
amorphous phases of silica in sand.

The Fourier transform Infrared Alpha Bruker spectrophotometer was used to
identify the functional groups of the samples. The samples were ground and
placed between 400 and 4000 cm ™" wavelength range for measurement at Coun-
cil for Scientific and industrial Research(CSIR) in South Africa/Pretoria. The
transmission spectrum showed the crystalline phases and their corresponding

functional groups.
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¢) X-ray Fluorescence Spectroscopy

The elemental composition of the samples was determined by X-ray fluo-
rescence spectroscopy using two instruments: a wavelength dispersive spec-
trometer (WD-XRF) belonging to the cement manufacturer Heidelberg Ce-
ment Group Cilu-RDC and an energy dispersive spectrometer (ED-XRF) lo-
cated at the CGEA/CRENK laboratory.

At the CGEA/CRENK laboratory, we used ED-XRF spectrometry (XEPOS III,
Figure 3(a)) with FP-Pellets CGEA and TQ-Pellets Fast methods to measure
elements (ions) in pellets. We calibrated the spectrometer with standards
ISE870, ISE 890, ISE919, ISE961 and SOIL-7. The spectrometer had four secon-
dary targets: Mo, AL,O;, Co and HOPG Crystal of Bragg. The principle was
based on X-ray fluorescence of the sample under X-ray beam. We identified and
quantified elements by their characteristic peaks in the energy spectrum. We
used the Kal peak (3.313 Kev) of K and normalized intensities with respect to
the scattering peak for calculation. The results are in the table with t-Student
confidence interval at a = 0.95.

Two methods of sample preparation were used according to the nature of the
rocks: fused beads, which reduce matrix and inter-element effects, were used for
silicate rocks, while pressed pellets, which are more suitable for carbonate rocks with
high loss on ignition, were chosen for the latter [43]-[48]. At the HeidelbergCement
Group laboratory/DRC, we used WD-XRF spectrometry (Figure 3(b)). The prepa-
ration of the samples in fused beads (Glass beads) consisted of mixing 1 g of sample
and 9 g of eutectic flux with composition: 66%-Li,B,0,/32%-LiBO,/0.5%-LiBr [49]
[50] [51], then melting them in a crucible made of Au-Pt alloy (5% - 95%). This
method was applied to the samples of Nyiragongo rock, gypsum, clinker and
sand. The clinker used was of alite type, characterized by a Lime Saturation Fac-
tor (LSF) [52]-[57].

%CaO

LSF(alitique) = - >0.85
2.8%Si0, +1.2%Al,0, +0.65%Fe,0,

The LSF is a parameter that allows to control the ratio of the main silicates of

(b)

Figure 3. (a) ED-XRF Spectrometer /XEPOS III [58], (b) WD-XRF Spectrometer/ Bruker
S8 Tiger [59] [60].
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CsS | [4634 -8897 -7301 -1.362 -3.245 2758 4.192 CaO
C,S -3.718 10.342 5509 0911 2.604 -2.213 -3.364 | SiO,
C,A 0.118 -0.371 3.665 -3.950 -0.082 0.070 0.106 || Al,O,
C,AF |=|-0.023 -0.056 -0.886 5621 0.016 -0.014 -0.021|| Fe,O,

CasO, | |-0.030 0095 0161 -0091 1721 -1.463 -2223| SO,
K,SO, | | 0.052 -0.151 -0.122 0018 -0.036 1881 0.047 || K,0
| Na,SO, | |-0.005 0005 -0.078 0078 0003 -0.003 2.287 || Na,O |

the clinker and to evaluate the amount of lime available to react with silica,
iron-II and alumina, forming thus the bicalcic and tricalcic silicates, as well as
the aluminates. A LSF higher than 85% favors the formation of clinkers rich in
alite [61]. The mineralogical composition of the clinker can be estimated from
the oxide results obtained by XRF, using empirical formulas based on the Bogue
Model [62]. However, this estimation presents uncertainties related to the pres-
ence of impurities in the mineral phases and to the variability of the cooling of
the clinker, which affects the kinetics of mineral formation [52] [63] [64].

According empirical formulas based on the Bogue Model [62], we can write:

C;S 4071 -7.600 -6.718 -1.430][ CaO
CS | |-3.072 8600 5068 1.079 | SiO,
CA| | 0 0 2.650 -1.692 || AlO,
C,AF 0 0 0  3.043 || Fe,0,

According to the New Taylor model [65], we can write:

Based on the New Taylor model without alkali sulfates [65], we can write:

[ CS | [ 4745 -9.113 -7.469 -2.237 -3.324] CaO |
C,S | |-3844 10579 5750 1734  2.692 || SiO,
C,A |=| 0071 -0.308 3.668 —4.063 -0.049 || Al,O,
C,AF| | 0.028 -0.159 -0.949 5566 —0.020 || Fe,0,

| CS || O 0 0 0 1.700 || SO,

The classification of magmatic (volcanic) rock samples is based on the oxide
contents obtained by XRF, which are reported in the TAS diagram [66]-[71],
which allows to distinguish the different types of rocks according to their
chemical composition.

d) The approximate Mineralogy by CIPW

The Nyiragongo rock samples 2002, 2010 and 2021 were analyzed by powder
fluorescence, moreover, the CIPW (Cross, Iddings, Pirsson, Washington) normative
abundances method [72] [73] [74] [75] was applied to the magmatic (volcanic) rock

samples to estimate their virtual mineral composition or normative mineralogy.

3. Results and Discussions

3.1. Results on X-Ray Fluorescence

3.1.1. Clinker
From the oxide contents obtained by XRF and presented in Table 5, it is possi-
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ble to calculate the LSF (Lime saturation Factor) and to estimate the proportions
of the mineral phases of the clinker using the empirical formulas of BOGUE and
TAYLOR.

LSF = 89%, confirms an alite clinker. Figure 4 shows the comparison of the
proportions of the mineral phases of the clinker estimated by the empirical for-
mulas of BOGUE and TAYLOR. It confirms that the clinker is rich in alite, as

suggested by the LSF.
The empirical formulas of Bogue and Taylor give:
C,S 45.989
C,S 28.5464
BOGUE: | * _| 2840
C,A 9.2351
C,AF|,, 124154

The empirical formulas of TAYLOR also point to a clinker with a predomi-

nant Alite with alkaline sulfates around 0.4%c.

[ CS ] [ 47.4844
C,S 29.9575
TAYLOR: | C,A =| 3.49954
C,AF 15.20867

| CS |, | 1377 |

Table 5. XRF analysis of CILU clinker.

Oxides SiO, ALO, Fe,0, CaO MgO Na,0 K,0 SO, MnO P,0, TiO,

Clinker 22.08 6.09 4.08 6449 211 0.35 0.56 0.81 0.03 009 0

MINERALOGY OF ALITIC CLINKER USED

I Bogue

C4AF I Taylor1 | |
B
ﬁ C3A= :
©
ke
[2)
[ |
8 C2s
£ 2 §
-

|
C3s .
0 10 20 30 40 50 60

Concentration,%

Figure 4. Mineralogy of clinker by Bogue and Taylor.

DOI: 10.4236/jmmce.2023.115014 180 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2023.115014

S.V. Maxetal.

C,S [52.76408 ]

C,S 2553679

C,A 5.63187

TAYLOR: | C,AF =(14.8159
Caso, 0.56879

K,SO, 0.39051

| Na,SO, |, | 043237

3.1.2. Nyiragongo Rock

The chemical composition of the Nyiragongo-2002, Nyiragongo-2010 and Ny-
iragongo-2021 rock, obtained by XRF, allows to classify it in the Total Alkali
Silica diagram and to estimate its normative mineralogy with the CIPW soft-
ware. The oxide contents are represented in the histograms of (Figure 5) and
(Figure 6).

Figure 7 shows the trace element contents of the Nyiragongo-2002 basalt, ob-
tained by XRF-Crenk, and compares them with those of the Noki granite, the
Matadi metabasalt and the Mpozo syenite. The Nyiragongo-2002 basalt contains
Cu, Zn, Pb, Mo, Sn, Ni, Sr, Nb, Ga and Rb. These elements could indicate the
presence of andremeyerite BaFe’* (Si,0,), with substitution of Ba by Sr or Zn.
This mineral is often encountered in the basalts of Nyiragongo and Nyamulagira
[76]. Figure 8 shows an example of a TAS diagram with the coordinates of the
intersection points of the different classification zones.

To evaluate the mineralogical composition of the Nyiragongo rocks, we used a
software that applies the CIPW (Cross, Iddings, Pirsson, Washington) model.

50 XRF NYIRAGONGO LAVA 2002

I Nyiragongo-2002-1
50 s Nyiragongo-2002-2
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N
o
T

CONCENTRATION, %
N w
o o

10 1
0 1 ..glﬂ (s om |
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EEIRCE A B T
OXIDES

Figure 5. Chemical composition of Nyiragongo lava flow-2002 samples.
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XRF NYIRAGONGO LAVA 2010 & 2021
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Figure 6. XRF of Nyiragongo lava flows 2010/2021 samples.
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Figure 7. XRF Diagram.

This model allows to determine the proportions of hypothetical minerals that
could form a rock from its chemical composition. The software uses XRF (X-ray

fluorescence) analyses to measure the oxide content of major and trace elements
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Figure 8. TAS diagram.
Table 6. Mineralogy by CIPW of Nyiragongo rocks.
Mineral Formula 2002 2010 2021
Aegirine NaFe®*Si,0 3.4% 17.9% 22.9%
Orthoclase KAISi,O4 1.1% - -
Leucite K,ALSi,0,, 22.4% 15.4% 15.9%
Nepheline Na,AlLSi,O4 24.3% 21.7% 17.9%
Olivine (Mg,Fe),Si0O, 6.9% 4.2% -
Perovskite CaTiO, 4.2% 2.7% 2.9%
Wollastonite CaSiO, 24.0% 12.9% 13.0%
Hematite Fe,0, 12.7% 1.3% 9.7%
Ilmenite FeTiO, 0.5% - 11.5%
Larnite Ca,SiO, - 9.5% 9.70%
Kaliophilite K,ALSi,Of - 11.1% -
Apatite Ca,,P¢F,0,, - 2.7% 2.2%
Hypersthene FeSiO, - - 3.8%

in the rocks. Then, it solves a system of algebraic equations to calculate the per-

centages of normative minerals, such as quartz, feldspar, olivine, etc. Table 6

presents the results obtained by this method for the samples 2002, 2010 and 2021
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of the Nyiragongo rocks.

According to Table 6 of CIPW, the rocks 2002, 2010 and 2021 contain miner-
als that could have an interest as a substitute for clinker, such as: Leucite
(K,ALSi,O,,) and nepheline (Na,Al,Si,O;), which are aluminous silicates that
can react with lime (CaO) to form hydrates of type C-S-H (calcium silicate hy-
drate) or C-A-S-H (calcium aluminate silicate hydrate), which are the main
compounds responsible for the strength of cement. Wollastonite (CaSiO;),
which is a calcium silicate that can react with water to form C-S-H, or with tri-
calcium aluminate (C;A) to form ettringite (C¢AS;H,,), which is a compound
contributing to the expansion of cement. Hematite (Fe,O,) and ilmenite
(FeTiO,), which are iron oxides that can react with lime (CaO) and alumina
(ALO;) to form C,AF, which is a clinker phase having a dark color and a low re-
activity. However, these rocks also contain minerals that could have a negative
effect as a substitute for clinker, such as: Aegirine (NaFe*"Si,O,) and olivine
((Mg,Fe),Si0O,), which are ferromagnesian silicates that can be unstable in air
and water, and release ferrous (Fe**) or magnesian (Mg**) ions that may cause
undesirable secondary reactions, such as the formation of brucite (Mg(OH),) or
magnetite (Fe;O,). Perovskite (CaTiO;), which is a titanium oxide that can be
inert or react with water to form rutile (TiO,), which is a very hard and abrasive

mineral.

3.1.3. Standardized Sand

Two local sands were chosen and mixed to obtain a local standard sand, con-
forming to [36]. The XRF analyses show that the silica content of this sand is
close to 98%, as required by the standard. Table 7 presents the chemical compo-
sition of these two sands in mass percentage of oxides.

In addition to the chemical composition, the particle size distribution of the
sand must comply with the standard [36]. Figure 9 shows the particle size distri-
bution curve of the local standard sand, which is in accordance with the standard.

Figure 10 shows the Fourier transform infrared (FTIR) spectrum of this sand,
in the mid-infrared (MIR) range from 400 to 4000 cm™": it mainly shows the
characteristic vibration bands of quartz (SiO,), which are the symmetric stretch-
ing band Si-O-Si at 1080 cm ™" and the asymmetric stretching band Si-O-Si at 800
cm™ [77].

The sand of Nsiamfumu/Muanda was selected for its particle size distribution
similar to that of the standard normalized sands defined by the standard [36],
and for its high content of crystalline silica. The presence of some impurities is

also noted, such as the C-H stretching band at 2900 cm™, due to traces of organic

Table 7. Composite & standardized sand used in the analyses at Cilu.

oxides Sio, Al,0,

Fe,0, CaO Na,0 K,0 TiO, MnO P,0, MgO SO,

Lui. 98.33 0.00

Nsi. 97.65 0.31

1.23

1.55

0.00 0.00 0.28 0.08 0.01 0.00 0.00 0.04

0.00 0.00 0.28 0.06 0.00 0.00 0.06 0.04
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Figure 9. Granulometric analysis of the local standardized sand.
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Figure 10. FTIR analysis of the local standardized sand.

matter [78]. The functional group Si-O-Si is the main constituent of quartz, a
very hard and abrasion-resistant mineral, which gives the sand its mechanical

properties [78] [79]. This group is formed by the covalent bond between two
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silicon atoms and one oxygen atom, which forms an angle of 144" [80]. The
length of the Si-O bond is 1.61 A, and its strength is 452 kJ/mol [81] [82] [83].

The group Si-O-Si can vibrate symmetrically or asymmetrically, depending on
whether the two Si-O bonds lengthen or shorten in phase or out of phase. It can
also vibrate in bending, that is, the Si-O-Si angle varies around its equilibrium
value. These vibrations are detectable by infrared spectroscopy, because they in-
duce a change in the dipole moment of the group [77]. The functional group
O-H is present in water molecules, which can be adsorbed on the surface of the
sand by electrostatic interactions or hydrogen bonds. This group is formed by
the covalent bond between an oxygen atom and a hydrogen atom, which forms
an angle of 104.5°. The length of the O-H bond is 0.96 A, and its strength is 467
kJ/mol [81]. The group O-H can vibrate in stretching, that is, the O-H distance
varies around its equilibrium value. This vibration is detectable by infrared
spectroscopy, because it induces a change in the dipole moment of the group
[77]. The functional group C-H is present in organic molecules, which can be
contaminants of the sand from natural or anthropogenic sources. This group is
formed by the covalent bond between a carbon atom and a hydrogen atom,
which forms an angle of 109.5° in alkanes, 120° in alkenes and 180" in alkynes.
The length of the C-H bond varies from 1.09 A to 1.06 A, and its strength varies
from 413 kJ/mol to 839 kJ/mol, depending on the type of hybridization of car-
bon [84]. The group C-H can vibrate in stretching, that is, the C-H distance var-
ies around its equilibrium value. This vibration is detectable by infrared spec-
troscopy, because it induces a change in the dipole moment of the group [77].
Table 8 shows that the M-O-M group has a peak at 1097 cm™, the M-O group
has a peak at 778 cm™" and the MO group has two peaks at 683 cm™ and 414 cm™.
The peak at 683 cm™ corresponds to the symmetric vibration of the MO group,
while the peak at 414 cm™ corresponds to the antisymmetric vibration of the same
group.

The FTIR spectrum of the sand shows several peaks that correspond to the vi-
brations of the functional groups present in the material. These vibrations are
due to the changes in the dipole moment of the chemical bonds when they are
subjected to infrared radiation [85]. The peak at 1097 cm™ is attributed to the
symmetric stretching vibration of the Si-O-Si bonds of quartz, which is the main
constituent of sand. This vibration occurs when the two oxygen atoms bonded to
the same silicon atom move away from or towards the silicon simultaneously
[65]. The peak at 778 cm™ is attributed to the asymmetric stretching vibration of
the Si-O-Si bonds of quartz. This vibration occurs when the two oxygen atoms

bonded to the same silicon atom move in opposite directions with respect to the

Table 8. Peaks.

Peaks (cm™) 1097 778 683

M-O-M M-O MO
Functional Group
MO Symmetric
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silicon [77]. The peak at 683 cm™ is attributed to the bending vibration of the
Si-O-Si bonds of quartz. This vibration occurs when the Si-O-Si angle varies

around its equilibrium value of 144° [80].

3.2. Rock Geomechanics (Los Angeles and Uniaxial Compression
Strength), Setting Time, Compressive Strength and
Pozzolanicity

Table 9 and Figure 11 show the results of the uniaxial compressive strength and
abrasion (Los Angeles) tests performed on basalt samples of grain size class 10 -
25 for three different eruptions: 2002, 2010 and 2021.

Table 9 shows that the basalt has lost abrasion resistance after the eruptions,
as indicated by the increase of its Los Angeles (LA) coefficient from 18% in 2002
to 32.60% in 2021. The basalt has therefore become more brittle and produces
more fines under shock. Its class has changed from A to B between 2010 and
2021, which affects its quality and suitability for certain applications. For exam-
ple, road construction requires aggregates of class A or B, with a LA coefficient
lower than 30% [86]. The production of rock wool uses basalts of class C, with a
LA higher than 30%, but the cement industry prefers a rock that is easy to grind

and reactive.

Table 9. Los Angeles Test on Crushed Basalt-Goma.

Description 2002 2010 2021
Los Angeles coefficient 18% 25% 32.60%
Material class CLASS A CLASS A CLASS B

GEOMECHANICAL TEST, LA & RC OF NYIRAGONGO LAVA

200 "190MPa '

LA %
I RC, MPa | 7

180

160 -
140
120
100
80
60
40 r

’ 25%
20 | 18%

.|

2010 2002 2021

Figure 11. Los Angeles Test on Nyiragongo rocks.
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Figure 12 shows the setting times of the mortars with the 2002 rock according
to the cement substitution rates. Only the 5% rate does not cause any setting de-

lay. Figure 13 shows the compressive strengths of the standard mortars with the

Kinetics of Setting Time

300 T T T
I Start of setting
I End of setting
250
< 200 -
En
[0}
=
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N ) &

Mortar's Batching

Figure 12. Comparison of the setting time of the mortar with the percentage of replace-
ment of the pozzolan.
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Figure 13. Comparison of the compressive strength of the mortar with the percentage of
replacement of the pozzolan as a function of the curing age.
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2002 rock at 2, 7 and 28 days. Figure 14 illustrates the effect of the cement re-
placement rate by a pozzolan and the curing age on the strengths of the mortars
on 2, 7, 14 and 28 days. The pozzolanic activity of Nyiragongo was evaluated by
indirect method, in witch 25% of Clinker was replaced. The indirect method is
used, which consists of measuring the compressive strength of mortar specimens

containing the pozzolanic material after 28 days of curing.

3.3. Pozzolanic Activity

The pozzolanic activity index (PAI) is a parameter that evaluates the ability of a
material to react with the lime released by the hydration of cement and to form
resistant hydrated compounds. According to the ASTM C-618 standard [32], the
PAI is calculated as the ratio between the compressive strength at 28 days of a
mortar containing 25% of the material in substitution of cement and that of a
reference mortar without substitution. Table 10 shows the evolution of the PAI
of basalt-Goma, a volcanic rock from the region of the Nyiragongo volcano in
DRC, as a function of the curing age of the mortars. It is observed that the PAI
of basalt-Goma increases with the curing time, and reaches 76.7% at 28 days,

which exceeds the minimum value of 67% required by this standard to qualify a

MONITORING OF MORTARS STRENGTH

28D

§ 14D .
©
>
a
(e)]
£
I 0% Pozzolan/100% Clinker
I 25% Pozzolan/75% Clinker
2D .

1 1 1 1

0 10 20 30 40
Compressive Strength, MPa

Figure 14. Comparison of the compressive strength of the mortars as a function of the
percentage of substitution of the cement by a pozzolanic material and the curing time.

Table 10. Pozzolanicity index of mortars based on basalt 100 - 0 and 75 - 25.

Pozzolanic activity index Basalt-Goma

Curing time (Days) 2D 7D 14D 28D

(Rp/R0O) * 100 54.3% 72.7% 77.5% 76.7%
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material as pozzolanic. This result indicates that basalt-Goma has sufficient poz-

zolanic activity to be used as a mineral addition in concrete and mortars.

4. Conclusion

This study revealed the potential of Nyiragongo rock as a natural pozzolan for
the development of a low environmental footprint and high performance ce-
ment. Nyiragongo rock showed high pozzolanic reactivity, ability to fix alkali
sulfates and to compensate for the lack of clays in cement. A Portland composite
cement with pozzolan specified CEM II/B-P 32.5N. The use of this cement will
lead to the realization of robust, workable and durable cementitious materials,
adapted to the context of aggressive environments. The local natural siliceous
sand reformulated was also found to be suitable for the composition of mortars.
This cement offers a specific interest for hydraulic infrastructure projects in
DRC, as it reduces the environmental impact of cement production and it can
prevent and treat the pathology RAG (Alkali-Aggregate Reaction) that compro-
mises the reliability of hydroelectric concrete structures. This study opens up re-
search perspectives on the optimization of the formulation of cement based on
Nyiragongo rock and on its long-term behavior under mechanical and chemical

stresses.
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