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Abstract

Dedicated cement compositions were formulated to enable the incorporation of
large volume fractions of red mud in alkali activated cements, taking into account the
role of the aluminosilicate phase in the processes of hydration and hardening. High
volume red mud alkali activated cements were synthesized using a proper combination
of red mud, low basic aluminosilicate compounds with a glass phase (blast-furnace
slag) and additives selected from high-basic Ca-containing cements with a crystalline
structure (Portland cement). Compressive strength of the cements under study is 30-60
MPa (tested in mortar). The microstructure of the hardened cement paste and the role
of red mud in the structure formation process were investigated. In addition to the use
of red mud in cement, its use as an aggregate in concrete was studied to enable the use
of larger quantities in the final concrete. In concrete road bases, the use of red mud can
reach even 90% by mass. Since enhanced concentrations of naturally occurring
radionuclides can be present in red mud this aspect was investigated to make sure that
these materials are safe to use from a radiological point of view.

Highlights
e High volume red mud alkali activated cements and concretes have high
strength.
e Hydration products are low-basic CSHs and alkaline ferro- and
aluminosilicates.
e From radiological safety, concretes with 90% can be used for road construction.

Keywords: alkali activated cements, concrete, red mud, structure formation
1. Introduction
The Bayer process is a principal commercial technology to purify bauxite and

produce alumina (Al20s). During the Bayer process red mud is produced as a major
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by-product. It can be a hazardous material owing to its alkalinity but also because of
its enhanced levels of natural occurring radionuclides. A typical plant produces up to
twice as much red mud as alumina. Today, over 2.7 billion tons is available worldwide
[Liu and Li, 2015]. Disposal costs of red mud can add up to 5% of alumina production
costs and it also introduces risks to the environment. Therefore, a lot of effort is
dedicated to find suitable applications for use of the large reserves of red mud that are
available worldwide. The use of red mud on a large scale in the production of
construction materials can be a commercially viable option. Several studies have
investigated the application of red mud as an additive for building materials [Sglavo et
al, 2000; Hairi, 2015; Pontikes et al, 2007; Tsakiridis, et al, 2004; Pascual et al, 2009;
Ye et al, 2014]. In the preparation of special cements from red mud the added quantity
of red mud is usually less than 5% [Manfroi et al., 2014; Singh et al., 1997; Pontikes et
al, 2007; Tsakiridis et al., 2004]. Alkaline activation allows to considerably increase
the quantities of red mud incorporated both in cements and concretes without a
decrease of their physico- mechanical characteristics [Pan et al 2003, Pan et al 2002,
Ke et al, 2014; Klauber et al, 2011; He et al, 2012; Zhang et al, 2014; Zhang et al,
2010; Kumar et al, 2013; Dimas et al, 2009; Hajjajia et al, 2013. Vukcevic et al, 2013;
Komnitsas et al, 2009; He et al, 2013 Boskovi¢ et al, 2013; Ke et al, 2015]. The
limited incorporation levels of red mud can be explained by the fact that such
important factors such as the chemical composition of constituent materials, the state
of structure and the type of alkaline activator have not been optimized. These factors,
according to Glukhovsky (1992) and Krivenko (1985) are important with regard to the
formation of alkaline and alkaline- alkali earth phases which eventually determine the
properties of the resulting cement stone.

An option to use large percentages of red mud is to chemically and thermally
convert them to inorganic polymer mortar [Hertel et al., 2016]. The mayor
disadvantage of this process is that it is very energy intensive. However, in order to
develop an industrially viable option it is crucial to study options for reuse that do not
require such an energy intensive pretreatment step.

Red mud has a low hydraulic activity. Any cement composition containing red
mud should therefore be modified by activating additives, such as amorphous silica,
which do not contain calcium. The main goal of the current research is to optimize the
formation process of red mud based alkali activated cements. In order to achieve this
goal, it is important to control the alkaline medium (alkalinity) and the presence of
oxides, such as CaO, Al20s3, SiO2, Fe-Oz3 and others in the active form. The alkalinity
and oxides are required for synthesis of proper hydration products—mineral substances
of alkaline aluminosilicate composition. As a rule, these substances act as structure-
forming elements not only during the formation of solid rocks in nature, but in ancient
concretes as well. Analcime, an alkaline aluminosilicate hydrate composed of Na.O
Al,03 SiO2 H20, is formed in ancient cements and acts as a so-called "eternal” bond.
Specific features of ancient cements, distinguishing them from contemporary Portland
cements, are the high contents of amphoteric (Al203 andFe>03), acid (SiO) and alkali
metal oxides (Na20 and K:O). It is therefore worthwhile to investigate to which extent
red muds containing large quantities of amphoteric oxides. Fe;Osz and Al.Os (over
60%) could be used as components of the alkali activated cements in long term
applications.
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More and more attention is payed to the presence of naturally occurring
radionuclides in building materials. According to the CPR (Construction Products
Regulation) the construction works must be designed and built in such a way that
emission of dangerous radiation will not be a threat to health of occupants or
neighbors. A unified legislation across the Member States of the European Union will
come into act in February 2018 i.e. the Euratom Basic Safety Standards (EU-BSS,
[CE-2014]). According to this legislation building materials incorporating naturally
occurring radioactive materials (NORM), such as red mud, require a radiological
screening before approved use as building materials. Red muds can contain enhanced
concentrations of naturally occurring radionuclides [Somlai et al, 2008;Nuccetelli et
al., 2015].

In this study different mixture designs were formulated that enable the
incorporation of high percentages of red mud in cement and concrete. To assure safe
application of red mud in the different considered mixtures, the radiological properties
of the constituents and the resulting construction materials are investigated.

2. Materials and methods

2.1 Constituents

Concrete and cement specimens (d= 50 mm; h= 25 mm) with various
incorporation rates of bauxite residue were prepared. The chemical composition of the
main constituent materials used in the concrete and cement specimens are given in
Table 1.

A Ukrainian red mud of the following mineralogical composition (% by mass):
25-27% hematite, 25-28% goethite, 4.5-6.5% rutile and anatase, 15-17% hydrogarnets,
6-7% sodium aluminosilicate hydrate, 2.5-3.0% calcite was used in the experiments in
cements and concretes.

Blast-furnace slag and Ordinary Portland Cement (OPC) were used to introduce
aluminosilicate components varying in basicity, expressed by a basicity

modulus | M, ZM , and content of glass phase (80% for GGBFS and 5%
Sio, + AlLO,

for OPC measured by XRD analysis) in order to regulate the structure formation

processes.

All solid cement constituents excluding alkalis were jointly ground until a
fineness of 350-450 m?/kg (specific surface by Blaine).

Sodium silicate (Ms=2.8; p=1300 kg/m®); soda ash (Na,COs) and sodium
metasilicate pentahydrate (Na.O-SiO2-5H20) were used as alkaline components.

Local river sand with maximum grain size of 1.2 mm, granite aggregate with
fractions 5-10 mm and 5-20 mm, granite screenings (fr. 2.5-5 mm) and red mud with
particle sizes varying from 50 to 1000 um were used as aggregates for concretes.
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Table 1
Chemical composition of constituent materials

Oxides, % by mass

Cement Gl
components | Sio; | Al,Os | MnO | Fe203 | CaO | MgO | TiO2 | R20| M Con‘i‘gzt
Red mud 48 | 129 | - | 486101 - |[53]25] - -
Ground
cranulated 1 57| 685 |0.106| - | 446 521 (035| - | 10 | 80
blast-furnace
slag (ggbs)
OPC 234|517 | - | 412 |6413]088| - | - [227] s

2.2 High volume red mud alkali activated cements

Different compositions of red mud, ground granulated blast-furnace slag (glassy
additive) and OPC (high-basic calcium containing additive) were mixed with soda ash,
sodium metasilicate and soluble sodium silicate as alkaline components in order to
produce alkali activated cements. An overview of the compositions of the produced
alkali activated cements is given in Table 2.

Table 2
Compositions of alkali activated cements containing red mud
Composition Red mud, ggbs, OPC,
% by mass % by mass % by mass
Alkaline component: soda ash (Na2COz3)(5% by mass of ggbs + red mud)
K1 50 50 -
K2 60 30 10
K3 70 30 -
K4 70 20 10
K5 80 15 5
Alkaline component: sodium metasilicate (Na.SiO3)(5% by mass of ggbs + red mud)
K6 50 50 -
K7 70 25 5

Alkaline component: soluble sodium silicate (Ms=2.8, p=1400 kg/m®) (soluble sodium
silicate/ggbs + red mud=0.4)

K8 \ 50 | 50 ] -

Alkaline component: soluble sodium silicate (Ms=2.8, p=1300 kg/m?) (soluble sodium
silicate/ggbs + red mud=0.4)

K9

60

30

10

K10

50

50

2.3 Red mud containing concretes

Different concentrations of red mud were used as fine aggregate in alkali
activated cement concretes. For the concrete mixes given in table 3, fine aggregate —
sand — was substituted for up to 38.6% (by mass) bauxite red mud.
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Table 3
Characteristics of high volume red mud alkali activated cement concretes (quantities
of red mud-— up to 38.6% by mass of dry constituents)

Cement components, (kg) Aggregates, (kg)
No ggbs | OPC alkaline component crté?rr;i?i(s)tno)ne red mud
soluble sodium silicate
Cl| 536 14 (p=1400 kg /m3, Ms=2.8), | 800 (5-20) 850
308
soluble sodium silicate 200 (5-10)
C2| 536 14 (p=1400 kg /m3, Ms=2.6), 200 850
460 (screenings)

The concrete products listed in Table 4 are manufactured by pressing.

Table 4
Mix design of pressed (press stress P= 30 MPa) concrete road bases with various
incorporation rates of red mud

Concrete mixture design, % by mass
Cement, % by mass Aggregates, % by mass

No d (fr. finer

ggbs | NaxCOs |NaSiOs5H 0| redmud | ot )
CRB1| 1338 0.6 0.6 85 -
CRB2| 1338 0.6 0.6 65 20
CRB3| 1338 0.6 0.6 45 40
CRB4| 9.2 0.4 0.4 90 -

2.4 Methods for physico- mechanical analysis

Physico- mechanical properties of the formulated cements were studied
following the Ukrainian national standard DSTU B.V 2.7-181:2009 ‘“Alkaline
cements. Specifications”. In the preparation of the concretes the Ukrainian national
standard DSTU - N B.V.2.7-304:2015 “Manual on the manufacture and use of alkaline
cements, concretes and structures” was followed. Specimens were allowed to harden
in normal conditions.

Hydration products of the formulated cements were studied using a set of
physico- chemical examination techniques, such as X-ray phase diffractometry,
differential-thermal analysis (DTA), thermogravimetry and electron microscopy. X-
ray phase diffraction analysis was done using diffractometers DRON-3M and DRON-
4-07 with a copper tube at voltage=30 kV, current=10-20 mA and angle range 20 = 10-
60° at a speed of counter rotation= 2° per minute. Differential- thermal and thermo-
gravimetric analyses were carried out using an instrument of the system F.Paulik,
J.Paulik, L.Erdey (company MOM, Budapest, Hungary). The specimens were heated
at a speed of 10°C per minute until a temperature of 1000°C was reached. Scanning
electron microscopy (SEM) was carried out using scanning electron microscope

5
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equipped with microanalyzers REMMA-102-02 (resolving power in the regime of
secondary electrons is no more than 5 nm, magnification range is X16400000, a range
of accelerating voltage of 0.2- 40 kV is used, maximum excessive pressure in the
electron column is 6.7 10*Pa).

Softening coefficient of material was calculated as a ratio between compressive
strength after saturation in water for 2 days and compressive strength of reference
material (not saturated). The material is water resistant if the softening coefficient is
more than 0.8 [DSTU B A.1.1-5-94].

2.5 Method for radiological evaluation

The gamma-ray spectrometry measurements were performed on a HPGe-
detector of the Radionuclide Metrology Laboratory of JRC-Geel in Belgium. The
detector is located in the 225 m deep underground laboratory Hades located on the
premises of the Belgian Nuclear Centre SCK*CEN in Mol, Belgium. The crystal has a
planar configuration and a small point contact (so-called BEGe-detector). The relative
efficiency is 19% and FWHM of 1.23 keV and 1.64 keV at respectively 661.6 keV and
1332 keV. It has a submicron top dead layer. The shielding is composed of 5 cm
copper + 15 cm lead. The background count rate of the detector is 220 counts per day
in the energy interval 40 to 2700 keV. All samples were dried at 110°C until constant
mass was reached. Then they were placed in radon-tight Teflon containers and stored
for at least 21 days before starting a measurement (to establish secular equilibrium
between 2%Ra and daughters). The samples were placed directly on the endcap. The
sample masses were 94.92 g, 134.74 g, 114.18 g and 138.85 g for ggbs, sand, OPC and
red mud respectively. The measurement times varied between 7 and 17 days and the
deadtime was always below 1%. All the activity concentrations are reported with the
measurement date as reference date, which was between 395 and 440 days after the
sampling date. No decay correction to the sampling date was made.

An activity concentration index (AClsp) for streets and playgrounds (Equation
1) that uses the activity concentrations of 22°Ra, 232Th, °K and *’Cs has been defined
by Markkanen (1995),

ACoew — AEZZERG_I_ Afzazr.ﬂ:_l_ ACyok _I_Afm?c;
F Bq Bg Bg ' 2000
70029 50029  gop0Zd
kg kg kg )

with Ac being the activity concentration of the mentioned radionuclide expressed in
Ba/kg.

Note that an AClsp index value above 1 indicates an effective gamma dose
larger than 0.1 mSv/a. The activity concentration index proposed by the EU-BSS could
not be used in this case, since it was defined for evaluation of building materials and
not for road construction.

In this study, the used activity concentration of 23?Th is the activity
concentration of 228Ac and the activity concentration of ?*°Ra is the weighted mean
between the activity concentrations of 24Pb and ?“Bi. The “°K and ¥’Cs activity
concentrations were measured directly using their respective gamma emission lines at
1460.8 keV and 661.6 keV.

6



222  Equation 2 is used for the calculation of the uncertainty (u) on the AClsp.
223

1 2 1 3 1 3 1 2
994 'Hmﬂfsp}zj(ﬁ) 'H:{Afzzﬁga]+(5—m) 'u:mfzgzrh}'l'(m) wiAc, )+ (m) UAC 3005)
225 (2)
226
227  With u(Acz26ra) being the uncertainty on the activity concentration of the mentioned
228 radionuclide.
229 Following Radiation Protection 122 (RP-122 part Il, Chapter 4.2.6) dose
230 assessments of road construction workers were performed such that it considers the
231  occupational exposure linked to the use of concrete containing red mud. In this work,
232 the NIRS (Japanese National institute on Radiological Sciences) dose assessment tool
233  was used for the dose assessments calculations [NIRS website].
234 The activity concentration (in this paper meaning the activity per unit of mass)
235 was determined by dividing the final activity determined for each radionuclide by the
236  measured dry mass of the sample. The used methodology regarding the data analysis
237  (data acquisition, spectrum analysis, full peak efficiency calculation), dose assessment
238  and calculation of the AClsp is described in more detail in by Croymans et al. (2016).
239

240 3. Results and discussion

241  Several steps are undertaken for a systematic investigation of the use of high volume
242  fractions of red mud in alkali activated cements and concretes:

243 (1) Firstly, the concept that enables the compositional buildup of alkali activated
244  cement, using a high volume fraction of red mud, is proposed and a proof of concept is
245  given.

246  (2) Secondly, the role of red mud in the structure formation of hardened cement paste
247 isinvestigated in detail.

248  (3) Thirdly, the use of red mud as an aggregated in concrete for road base is evaluated.
249  (4) Finally, the radiological properties of the synthesized alkali activated cements and
250 concretes are evaluated.

251
252 3.1 Concept for compositional buildup of alkali activated cement
253 The process of hydration and hardening can be considered as a complex process

254 involving (1% stage) destruction-coagulation, (2" stage) coagulation-condensation and
255 (3" stage) condensation-crystallization [Glukhovsky, 1994]. It was demonstrated that
256 the quantity of glass phase is a determining factor at the 1% stage of the processes of
257  hydration and hardening [Krivenko, 1985]. Crystalline high-basic calcium silicates
258  quickly hydrate in alkaline medium promoting acceleration of the 3™ stage because of
259  their hydration products. These calcium silicates can act as crystallo-chemical
260 intensifiers of hardening. Absence of these crystalline phases in the initial material
261  retards the 3" stage of the structure formation process.

262 The role played by anions originating from alkaline component is a double one
263 and is determined by the anion type. Anions can be divided into two groups: (1) anions
264  that enter into cement within soluble silicates and aluminates and (2) anions that can
265  be found in all remaining alkaline compounds. The anions of the first group are similar

7
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to the hydrated primary destruction products of the aluminum-silicon-oxygen
framework in the solid phase (SiOH), they serve as a reserve for the hydrated primary
destruction products and, naturally, are the most effective anions in terms of hydration
and structure formation. Anions of the second group change the properties of the liquid
phase, and some participate in the formation of complexes which extract the
destruction products into a solid phase promoting intensification of the hydration
processes [Krivenko, 1985].

Thus, a compositional buildup of high volume red mud alkali activated cements
should be based on a proper choice of the optimal ratio of red mud (with additives of
glassy structure) to high-basic additives which quickly hydrate and crystallize in
highly alkaline media [Krivenko, 1996, Rostovskaya, 1994].

In order to verify this concept in practice, a mixture of cement components
containing 60% (by mass) ground bauxite red mud, 30% (by mass) granulated blast-
furnace slag (glassy additive) and 10% (by mass) OPC (high-basic calcium containing
additive) (K9 in Table 2), was mixed with soluble sodium silicate (Ms=2.8;
p=1300 kg/m?). For the sodium silicate solution, the liquid to solid ratio was 0.4. The
strength of the prepared cement-sand mortar (1:3) specimens was 6.25 MPa after 2
days of normal hardening (temperature 20£2°C and relative humidity 95+4%), 30 MPa
after 7 days and— 60 MPa after 28 days demonstrating that this concept can be used.

3.2 Role of red mud in the microstructure formation of hardened cement paste

For the determination of the microstructure of the hardened cement paste the
compositions in Table 2 were used. The role of red mud in the microstructure
formation was investigated when using (1) soda ash, (2) sodium metasilicate and (3)
sodium silicate as alkaline components.

The determination of the phase composition of hydration products of the
formulated cements was not straightforward. This can be explained, from one side, by
a multi-component composition of cementitious systems themselves, and from the
other side, by the fact that each individual component is also a complex system (red
mud, slag and cement). In some cases, this resulted in a superposition of characteristic
responses making identification of the hydration products more complicated.

The results of X-ray phase diffraction analysis (Figure 1a) of the cements K1-
K5 (Table 2) in which soda ash was used as alkaline component showed that hydration
products were represented mainly by tri-calcium aluminates 3CaO*Al,O3 (diffraction
characteristics 0.272; 0.191; 0.161, PDF#330251) and calcite CaCOz (0.368; 0.262;
0.228; 0.209; 0.191; 0.188, PDF#721937). The higher contents of the red mud in the
cement composition (K5 and K4) resulted in the formation of zemkorite Na>,Ca(COs)2
(0.639; 0.438; 0.425; 0.303, PDF#411440) and gaylussite Na,Ca(COz)2¢5H20 (0.639;
0.270; 0.272; 0.321, PDF#210343). The addition of OPC (up to 10%) (K2, K4, and
K5) was found to accelerate mineral formation processes at the early stages of
hardening and improves the formation of a crystalline structure for the resulted cement
stone.

In case of sodium metasilicate use (Figure 1b), the phase composition is
somewhat different. The following minerals are formed: klinoferrosilite FeSiO3
(0.643; 0.335; 0.321; 0.304; 0.260, PDF#821832) and lawsonite CaAl;[Si207]
(OH)2+H20 (0.487; 0.417; 0.368; 0.273, PDF#771994). When going to higher contents

8
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of the red mud from 50 to 70% (K6and K7) the structure formation process
decelerates, though it does not stop completely. This means that the red mud takes an
active part in cement hydration processes. The formation of klinoferrosilite in the
hydration products supports the assumption that hematite contained in large quantities
in the red mud takes part, provides the condition of an alkaline medium, in the
formation of hydration products. The use of soluble sodium silicate (K8) as alkaline
component considerably accelerates the formation of calcium silicate hydrates and is a
basement of crystallization processes in the cement. Soluble sodium silicate enters
actively into interaction with red mud and calcium-containing additive. In the case of
compositions with lower density of soluble glass (K9, K10) the prevailing hydration
products are found to be tri-calcium aluminates 3CaO<Al>O3 (0.272; 0.191; 0.161,
PDF#330251), calcites CaCOs (0.368; 0.262; 0.228; 0.209; 0.191; 0.188,
PDF#411440) and crystals of hematite (PDF#850599).
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Fig.1. X-ray phase diffraction patterns of a cement stone from the alkali activated
cements containing red mud and alkaline component: a — soda ash; b — soluble sodium
silicate + sodium metasilicate. Designation: He — hematite (Fe203), Ca - CazAl.0s —
tri-calcium aluminate (3Ca0O+Al>203), C — CaCOs — calcite, Q — (SiO2) quartzite, G —
gibbsite  (AI(OH)3), Z - zemkorite (Na:Ca(COs).), Ga - gaylussite
(Na2Ca(CQ3)225H20), Cm — caminite ((MgS0Qa4)2¢(OH).), Cli — Kklinoferrosilite
(FeSiOs), La — lawsonite (CaAlz[Si207](OH)2+H20)

The obtained results coincide well with the results of DTA. At temperatures
between 270 and 350°C an endothermic effect takes place as a result of loss by
gibbsite of OH™ groups. The occurrence of tri-calcium aluminate is confirmed by heat
adsorption at 740°C (Figure 2) [Gorshkov at al., 1981]. A wide endothermic band in
the DTA curve between 390 and 700°C gives an indication of the release of
constitutional water with break of hydrogen bonds.

10
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Fig. 2. DTA curves of a cement stone from alkali activated cement containing red mud
and alkaline components: a — soda ash; b — soluble sodium silicate + sodium
metasilicate

Electron microscopy studies of the cleavage surface of a cement stone from the
alkali activated cement in case of soda ash as alkaline component showed the presence
of calcium silicate hydrates, crystals of gaylussite (Ref
to:https://www.mindat.org/min-1662.html) and particles of hematite (Ref
to:https://www.mindat.org/min-1856.html) (Figure 3a, c). Photos taken of the cleavage
surface case of sodium metasilicate, showed the formation of calcium silicate hydrates
(Figure 3 b, d).

A cleavage surface featured a dense character without cracks, testifying to a
uniform flow of the structure formation processes.

a & 3 Na;CO; (5%) . Na;Si0; (5%) b
Rm-70
gghs—30

Na;C0; (5%) y ) Na,Si03(5%)
Rm - 70 5 Rm-70
\ - gghs—20 ) ggbs—25
C : CSoT OPC-5 d
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Fig.3. SEM images of the alkali activated cements with incorporated red mud, a — K3,
b-K®6, c—K4,d - K7

In case of soluble sodium silicate as alkaline component, the quantity of
calcium silicate hydrates tends to increase considerably, testifying to a more active
interaction of the components owing to the use of alkaline components with the higher
silicate modulus.

At the same time, the formation of a gel-like phase of alkaline ferro-
aluminosilicate hydrates could not be excluded [Locher F.W.]

3.3 High volume red mud alkali activated concrete mix design

Incorporation of red mud into alkali activated cement compositions, even in
quantities reaching 60% by mass of the cement, will only lead to 14.5% by mass of red
mud in the final product — concrete, under the assumption of a cement content of 500
kg/m?®,

In order to increase the quantity of the incorporated bauxite residue, the red
mud in a state “as produced” can be used as fine aggregates in making the alkali
activated cement concretes. This type of concretes was produced and the concrete mix
design is given in Table 3. Increasing of red mud content in the concrete mix (Table 3)
to almost 40% by mass of concrete constituents leads to some problems at early stages
of hardening. However, optimization of aggregate composition made it possible to
have a good strength (over 20 MPa) even after 1 day. Results of the concrete test are
given in Table 5.

Substitution of fine aggregate — sand — to up to 38.6% by mass red mud allows
producing rather high-slump concretes with high strength reaching 70.8 MPa after 28
days (Table 5). Incorporation of even higher mass percentages of red mud in concrete
mixtures can create technical difficulties because of its (red muds) high water demand
as a result of the high fineness characteristic of red mud. The water content does not
affect the concrete strength characteristics, however, it influences the performance
properties of the resulted concretes leading to a lower freeze-thaw- and corrosion
resistance.

Table 5
Characteristics of high volume red mud alkali activated cement concretes (quantities
of red mud- reaching up to 38.6% by mass of dry constituents)

No Slump Compressive strength, (MPa), age
(mm) 1 day 7 days 28 days

Cl 170 13.72 43.57 63.5

C2 110 22.89 49.81 70.8

To tackle the issue of water demand, a possibility to utilize red mud in
quantities in excess of 35% (by mass) is to use them in concrete products
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manufactured by pressing (moisture content is 8-16% by mass).By means of pressing
large percentages, up to 90% by mass, of red mud can be used when considering them
for application in road base. The mix design of such materials is given in Table 4.
Results of the study are given in Table 6.

Table 6Characteristics of pressed (P= 30 MPa) concrete road bases with various
incorporation rates of red mud

Water, % by Density Compressive
No | mass over kg/m? strength after 7
100% ’ days, MPa
CRB1 15 2036 5.10
CRB2 14 2121 9.15
CRB3 12 2125 12.5
CRB4 16 2092 4.09

As is demonstrated by Table 6, even after seven days of hardening in normal
conditions, the strength of the concrete was larger than 3.5 MPa, as is required for
compressive strength of concrete road bases. Testing for water resistance showed that
the specimen CRB 1, after 7 days of hardening in normal conditions and following 2
days of saturation with water, had a softening coefficient of 0.88 while specimen CRB
4 had a softening coefficient of1.02.1n this way, it is demonstrated that the materials
are water resistant and from the technical point of view they could be used as a basis
for road construction even when red mud incorporation is 90% by mass.

3.4 Radiological characterization

3.4.1 Radiological characterization of raw materials

In Table 7 the measured activity concentrations of the individual radionuclides
in the main constituents of the red mud containing cements and concretes are given.
The Minimum Detectable Activity (MDA) was determined using the decision
threshold as defined in the standard 1SO011929:2010.

Table 7
Measured activity concentrations in Bg/kg (dry weight) of individual gamma emitting
radionuclides from the main constituents of the red mud containing concretes (k=2).

238L-J 235U
Series
Sample 234Th 234mpa 214pb 214Bi Zlopb 235U
Red mud 83+17 84 +11 755 735 91+19 | 35x04
ggbs 103+£17 98+13 9+6 96 +6 <5 46+04
OPC 36+6 335 32+2 302 22+6 16+0.2
Sand 26+1.1 <10 30+02 30x£03 29zx0.8 0(.)1(5)341
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232Th 40K
series
Sample 228AC 224Ra 212Pb 21ZBi 208T| 4OK
Redmud | 191+12 188+13 192+13 189+20 193+12 | 39+4
ggbs 52+4  53+4  52+4  49+9  52+4 | 119+11
OPC 194+15 185+15 192+1.3 180+3.2 189+2.0/| 231+20
Sand 27+03 28+05 2802 <4 27+03 | 64+6

As we expect natural isotopic abundance, the values for 2®U could be
considered merely as a quality control tool. The activity ratio of 2%U/?3°U is consistent
within uncertainties with the expected value of 21.6 for all samples. When considering
the 238U decay chain from 23U to ?'“Bi, the activity concentrations of the different
radionuclides in ggbs are comparable or slightly higher in comparison to the same
radionuclides in red mud (Table 7). The situation is different for 2:°Pb. For ggbs, there
is no secular equilibrium anymore between ?'°Pb and the other radionuclides in the
28y series whilst for red mud the equilibrium between 2%U down to
210ppismaintained. Considering the production process of metallurgical slags, like
ggbs, it is reported in literature that the presence of volatile elements such as Pb is
limited in the slag fraction [Croymans et al. 2017; European commission, 1997;
Vanmarcke et al., 2003]. The activity concentrations of both red mud and ggbs are 20-
40 times higher than sand and 2-4 times higher than OPC for the measured
radionuclides in the 23U decay chain (when not taking into account?'°Pb). Secular
equilibrium is observed for both OPC and sand.

For the 2%2Th series, secular equilibrium is apparent from all the measured
activity concentrations of the individual radionuclides in all four sample types (Table
7). The measured activity concentrations for the individual radionuclides in red mud
are in this case approximately a factor 3.5 higher than the activity concentrations of the
same radionuclides in ggbs. For 4°K the activity concentration for ggbs is a factor 3
higher than for red mud. When compared to sand, the activity concentrations of the
radionuclides from the 22Th decay chain are approximately 70 and 19 times higher
respectively for red mud and ggbs. In comparison to OPC, the activity concentrations
of respectively red mud and ggbs are approximately a factor 10 and 3 higher for the
232Th decay chain.

137Cs was not found in any of the samples and the MDA was in all cases below
1 Ba/kg.

3.4.2 Radiological evaluation of alkali activated cement pastes
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Fig. 4. Activity concentrations of the produced cements that were calculated on the
basis of the measured activity concentrations of the constituents considering the
composition in Table 2.

In Figure 4 the activity concentrations for the newly produced cements
(composition in Table 2), calculated from the constituents, are given. For all the
cements the activity concentrations of the considered radionuclides of the 238U and
232Th decay series and “°K are well below the exemption/clearance levels of the EU-
BSS of 1 kBg/kg and 10 kBg/kg.
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3.4.3 Radiological evaluation of alkali activated concretes for road construction

ACISP
0.6
0.5 {
0.4
t
7
203
- ¢
02
0.1
0 T T T
CRBL CRB2 CRB3 CRBA

Fig. 5. AClsp calculated for the produced concretes on the basis of the measured
activity concentrations of the constituents considering the composition in Table 4.

The public and occupation exposure linked to the use of the prepared concrete
mixtures (Table 4) for road base was verified. Figure 5 shows that all calculated
AClsp-values were below 1. So the external gamma dose for public exposure is lower
than the 0.1 mSv/y dose threshold level proposed by Markkanen. The assessment of
occupational exposure for workers - via the RP-122 part II “Road construction”
scenario - was calculated for samples of Table 4. The calculated total doses to the road
construction workers are 0.22 +£0.02; 0.18 +0.02; 0.13 +0.01 and 0.23 + 0.063 mSv/y
for respectively CBR1, CBR2, CBR3 and CBR4. These values are below the 0.3
mSv/y dose threshold level proposed by RP-122 [European Commission, 2001].

4. Conclusions

The alkali activated cements with red mud incorporation reaching 80% by mass
as well as concrete mixtures for road construction with incorporation rates reaching
90% by mass have been designed and tested. Compressive strength of cements could
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reach up to 60 MPa and compressive strength of concrete could be up to 70 MPa
depending on composition and technology.

Main hydration products explaining the high performance properties are: low-
basic calcium silicate hydrates (CSH) and alkaline ferro- and aluminosilicate
(klinoferrosilite FeSiO3, lawsonite CaAl2[Si2O7](OH)2+H:20).

From the radiological point of view all materials under study are able to be used
for road construction, even when red mud incorporation reaches 90% by mass.
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