MATERIALES DE CONSTRUCCION

Vol. 69, Issue 334, April-June 2019, 183
ISSN-L: 0465-2746
https://doi.org/10.3989/mc.2019.06018

Study of the expansion of cement mortars
manufactured with Ladle Furnace Slag LFS

A. RodriguezlA4l, 1. Santamaria-Vicario, V. Calderén, C. Junco, J. Garcia-Cuadrado

Departamento de Construcciones Arquitectonicas e Ingenieria de la Construccion y del Terreno
Escuela Politécnica Superior Universidad de Burgos (Burgos. Spain)
Parsaizmc@ubu.es

Received 14 June 2018
Accepted 14 February 2019
Available on line 04 April 2019

ABSTRACT: Industrial by-products generated in the steel manufacturing are successfully used as raw materi-
als in the production of construction materials. However, steel slags, due to their nature and composition, can
cause undesirable side-effects in mortars and concretes. The reactive components of LFS and EAFS can affect
the stability of the cement matrix. This situation may be prevented by an adequate pre-treatment of slag stabi-
lization and a study of the possible reactions within its mineralogical components, to ensure the stability of the
slag over time. In this work, an experimental process is shown to evaluate the behaviour of LFS under adverse
environmental conditions when used as aggregates in the manufacture of cement mortars for masonry, such as
the presence of humidity, high temperatures (80°C) and possible alkali-silica and alkali-silicate reactions. The
results show an acceptable behaviour under normal environmental conditions (20°C). However, the formation
crystalline acicular structures were observed under high temperatures (80°C) and in the presence of humidity,
which degraded the internal structure of the mortars manufactured with LFS.
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RESUMEN: Estudio de la expansividad de los morteros de cemento fabricados con escoria blanca de horno cuchara
LFS. Los subproductos industriales producidos en la fabricacion de acero estan siendo utilizados con éxito como
materias primas en la produccion de materiales de construccion. Sin embargo, las escorias de acero, debido a su
naturaleza y composicion, pueden causar efectos secundarios indeseables en morteros y hormigones. No obs-
tante, las escorias de aceria pueden causar efectos secundarios no deseados en los morteros y hormigones. Los
componentes reactivos de las LFS y EAFS pueden afectar a la estabilidad de la matriz de cemento. Esta situacion
se puede prevenir mediante un adecuado tratamiento previo de estabilizacion de la escoria y de un estudio de las
posibles reacciones de sus componentes mineralogicos, para asegurar su estabilidad en el tiempo. En este trabajo
se muestra un proceso experimental para valorar el comportamiento de las escorias blancas de Horno Cuchara
LFS cuando se utilizan como aridos en la fabricacion de morteros de cemento para albanileria, comprobando
su comportamiento en condiciones ambientales adversas, tales como la presencia de humedad, altas tempera-
turas (80°C) y las posibles reacciones alcali-silice y alcali-silicato, con el objetivo de determinar su viabilidad en
el disefio de morteros. Los resultados muestran un comportamiento adecuado en condiciones de ambientales
normales (20°C). Sin embargo, a altas temperaturas (80°C) y en presencia de humedad se desarrollan estructuras
cristalinas aciculares que provocan la rotura de la estructura interna de los morteros fabricados con LFS.
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1. INTRODUCTION

Social awareness arising from respect for the
environment and for the sustainability of economic
activities is making a change in consumer patterns
possible, opting for the recycling and the valuation
of waste products generated by industrial activities
and for their use as raw materials in the production
of other consumer goods (1, 2). This is the so-called
“circular economy”, an option that permits the opti-
mization of natural resources, avoiding their over-
exploitation. In the context of the European Union,
it is a real effort for the sustainable management of
economic activities (3, 4).

One of the industrial activities that has had most
impact on the environment is the production of steel,
mainly due to the high consumption of energy and
natural resources and due to the considerable vol-
ume of waste that it generates (5, 6). Nevertheless,
technological developments have led to reductions
in the energetic consumption of steel manufactur-
ing processes and to the use of scrap iron and other
metallic wastes with quantifiable amounts of iron
as raw materials. However, the quantities of slag
generated in the various steel manufacturing and
refining processes continue to increase, accumulat-
ing in dumping sites, contaminating the ground and
leaving unsightly impacts on the landscape that are
difficult to remove (7).

The European Union is one of the major global
steel producers. The most widely used technology in
Europe is the Blast Furnace and Oxygen Converter
process, in which Blast Furnace slag BFS is gener-
ated. However, steel-plant technologies in Spain
are principally Electric Arc Furnaces that produce
EAFS, while LFS is produced in the Ladle Furnace
refining process.

The efforts of Materials Research Groups have for
some years been persistently searching for an alter-
native use for LFS and EAFS (8—12). Traditionally,
EAFS has been used as aggregate in the construc-
tion of bases and sub-bases for roadways (13) and in
bituminous binders for roadways (14, 15).

In the area of construction materials, EAFS
dosed with conventional aggregates have been used
in the manufacture of structural concretes with
equivalent properties to those of conventional con-
cretes (16—18). The finer fractions, either separately
or jointly with LFS, have successfully been used in
the manufacture of masonry mortars (19-21).

Other uses have been for material correction in
soil stabilization (22), in the construction of bacte-
rial filters for the filtering of waste waters (23) and
as a raw material in the manufacture of Portland
cement (24).

Nevertheless, the problems that slags generate are
related with the secondary effects produced by the
hydratable components that mainly contain non-
combined CaO and MgO. These components, when

mixed with water, increase in volume and are trans-
formed into Portlandite and Brucite, which pro-
duces breakage and cracking of the cement matrix
in the concretes and mortars of which they form
part (25-27).

On account of this situation, the stability of the
slags has to be tested prior to their use as aggregate
in the manufacture of mortars and concretes. Their
content of hydratable oxides (CaO and/or MgO)
can produce volumetric instability due to expan-
sion and the tests on the slags will also determine
the treatments prior to the weathering process that
will help to avoid such behaviour. It is also neces-
sary to evaluate possible reactions of the mineral-
ogical components of the slags, especially reactivity
between the alkalis, the silica, and the silicates.

The LFS, because of its nature, presents higher
concentrations of CaO and is the one that, in prin-
ciple, can cause these types of effects when used as
aggregate in the manufacture of mortars and con-
cretes (28). This slag type therefore requires spe-
cial attention, above all when used as fines in the
manufacture of masonry mortars and structural
concretes.

The investigation reported in this paper stud-
ies the effects of LFS in mortar mixtures, through
accelerated expansion tests, both in aqueous solu-
tions and in the presence of expansive compounds.

Cement masonry mortars dosed with various
amounts of LFS in partial substitution of a natural
siliceous aggregate were designed for the investiga-
tion. In this way, the behaviour and the degree of sta-
bility of the LFS may be evaluated when the mortars
of which they form part are exposed to critical envi-
ronments, especially due to the presence of humid-
ity and/or aggressive compounds. Moreover, it will
also be possible to understand the way in which LFS
interacts with the other mortar components.

2. MATERIALS AND METHODS
2.1 Materials

The mortars were prepared with a Portland
cement CEM 142,5 R, with a density of 3150 kg/m’,
manufactured by Cementos Alfa, from the Cementos
Portland Valderribas Group, at its Mataporquera
factory (Cantabria-Spain). X-Ray fluorescence test-
ing confirmed that it consisted essentially of CaO
and SiO,, with 346 m’/kg of specific surface area
according to the Blaine Method.

A washed siliceous sand of sedimentary origin
was used as a natural aggregate, commercialized
by AIMSA-Arenas Industriales de Montorio at its
Montorio factory (Burgos). Analysis of the sand
confirmed its high percentage (98%) of SiO..

The LFS was taken from steel refining processes
in a Ladle Furnace. In an initial phase, the slag was
heaped outside and exposed to weathering processes,
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permitting the hydration of lime (CaOy,.) and mag-
nesium (MgOy,.) oxides. In a second phase, it was
subjected to a process of disintegration and aging
in the laboratory over a longer period of time than
five years. In this way, its stabilization was guar-
anteed and free lime and magnesium oxides were
transformed into Portlandite Ca(OH), and brucite
Mg(OH),, respectively. It presented a very fine mate-
rial, of a powdery nature and greyish colour. The
main characteristics of LFS are shown on Table 1
and Table 2.

The water used for the formation of the mixtures
was taken from the urban mains supply of the city
of Burgos-Spain.

2.2. Mortar mixtures design

Mortars were designed with different amounts of
LFS in substitution of siliceous aggregate, bearing
in mind the following considerations:

TABLE 1. Chemical composition of LFS by X-ray

fluorescence and other properties

Blaine value-Surface area 262-325 m%/kg

Apparent density 2637 kg/m’
SiO, 15.7%
CaO* 52.0%
MgO** 11.6%
Al O, 11.8%
Fe,0; 4.1%
SO; 2.0%
Y Others (TiO, + Na,O + K,O + 2.8%

MnO + P,O; +....)

The ratio of components by weight was 1:4:W, in
other words, one part of cement and four parts of
aggregate. The amount of water in each of the mix-
tures was sufficient to obtain a plastic consistency
on the flow table (175 + 10 mm), in accordance with
European standard EN-1015-3 (29).

The aggregate formed by natural silica sand (NA)
and LFS followed the particle size distribution shown
in Figure 1. It was prepared by separately weighing
out the corresponding amounts of natural sand and
LFS in each fraction that is sieved (Figure 2) and by
mixing them at the % indicated in Table 3.

As shown in Table 3, three mortars were designed,
MLFS-A, MLFS-B and MLFS-C, with an aggre-
gate composed in each case of variable amounts of
siliceous sand (NA) and LFS and a reference mortar
M-REF was prepared to study the behaviour of the
LFS in the mixtures.

The mortars were prepared by weighing the dif-
ferent sieved fractions. The corresponding amount
of Portland cement was added to this mixture. It
was all introduced into an automatic Model E-093
mixer and the necessary water was added to produce
the desired flow table consistency (175 £ 10 mm),
mixing the mortar for 90 seconds.

In accordance with the amounts of siliceous sand
substituted by LFS, the percentage slag content in
each mixture is shown in Table 4.

2.3. Mortar characterizations

The aim of the research is to understand the
behaviour of cement mortars made with LFS when
exposed to humidity and soluble bases; nevertheless,
the mortar M-REF and the mortars dosed with dif-
ferent quantities of LFS were previously character-

*CaOpee  [8.0%] ized, as their properties might affect their behaviour
**MgOee  [5.0%] under certain conditions of exposure.
The properties of the design mortars were studied
in the fresh state, in accordance with the applicable
TABLE 2. Mineralogical composition of LFS by DRX
Component estimated concentration

Calcio-olivine; Calcio-olivine, syn

Periclase

Brucite, syn

Portlandite, syn

Vaterite, syn

Calcite, syn

Carbon

Calcium Aluminum Oxide Carbonate Sulfide Hydrate
Mayenite

Calcium Aluminum Oxide Carbonate Hydrate

Calcium Aluminum Iron Silicate Hydroxide

Ca, (Si0,) High
(Mg 974Fe0026)O Moderate
Mg(OH), Moderate
Ca(OH), Low
CaCO;, Moderate
CaCO;, Moderate
C Moderate
CayAlL,O4(CO3)067(SO3)9 33 11H,0 Traces
Cay,Aljs 56Fe)1405(0OH), Low
Ca,Al,O4CO5'11H,0 Low
Ca;Al Fe(SiO,) (OH)y Low

Estimated Concentration: High (>30%), Moderate (10-30%), Low (2-10%), Traces (<2%)
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FIGURE 1.

FIGURE 2. Preparation of aggregates.

European standard, determining the following prop-
erties for their characterization:

*  Flow table consistency, following the procedure
determined in standard EN-1015-3 (29).

e Bulk density, in accordance with the specifica-
tions established in standard EN-1015-6 (30).

*  Determination of air content, following the
procedure in standard EN-1015-7 (31).

Samples with dimensions of 40x40x160 mm were
prepared to determine the flexural and compressive
strength of the mortar samples. To do so, metallic
moulds were filled in two compacted layers followed
by 25 normalized and uniformly repeated blows
with a hand rammer. They remained for 7 days in
the curing chamber at 20°C and 95% relative humid-
ity and were subsequently left for another 21 days,
in a chamber at 20°C and 65% relative humidity

T T T T 1

Filler

Particle size distribution of the aggregates.

following the EN 1015-11 (32), until the 28 days of
curing were over.

2.4. Mortars stability

The mortars in this study were subjected to
humidity exposure tests in direct contact with water,
with the purpose of provoking the hydration of the
CaO and the MgO that could have been present in
the LFS and to favour their subsequent transforma-
tion into Portlandite and Brucite.

Moreover, the possible reactions of the slag com-
ponents were analysed when in contact with aggres-
sive agents, exposing the specimens to an aqueous
medium with high concentrations of sodium
hydroxide (NaOH), a very corrosive alkaline sub-
stance that is soluble in water.

Samples were prepared in moulds with dimen-
sions of (25%X25%286) mm to test the variations in
the specimens in the aforementioned environments,
evaluating their expansion and the effects on the
material.

2.4.1. Study of length variations in humid
environments or in contact with water.

UNE 83-318-94 (33) defines the procedure to
determine variations in length of mortar specimens
prepared, when subjected to accelerated hydration
of their components. A series of 3 specimens were
prepared in moulds measuring (25%25x286) mm
provided with position markers at both opposing
ends. They were cured in a humid chamber for 48
hours, at a temperature of 20°£2°C and at an envi-
ronmental humidity of 95%.

Once demoulded, the length of each specimen
was measured with an extensometer equipped with a
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TABLE 3. Composition of the aggregate in the design mortars

Mortar M-REF MLFS-A MLFS-B MLFS-C

Sieve (mm) NA* NA LFS** NA LFS NA LFS
4.000 100% 100% - 100% - 100% -
2.000 100% 100% - 100% - 100% -
1.000 100% 100% - 100% - 100% -
0.500 100% 50% 50% 25% 75% - 100%
0.250 100% 50% 50% 25% 75% - 100%
0.125 100% 50% 50% 25% 75% - 100%
0.063 100% - 100% - 100% - 100%
Filler 100% - 100% - 100% - 100%

*NA: Natural aggregates
**LFS: Ladle Furnace Slag

TABLE 4. Proportion of slag in the
aggregate of the design mortars

Aggregates (g) % (LFSI
Mortar CEM (g W0 NA LFS  Aggregates)
M-REF 400 259 1600 - 0.0
MLFS-A 400 405 1032 568 35.50
MLFS-B 400 475 788 812 50.75
MLFS-C 400 535 544 1056 66.00

previously calibrated dial gauge, and the specimens
were completely immersed in water at a temperature
of 20°C, taking daily readings of their lengths up
until 50 days of age.

The change in length was expressed by the per-
centage increase or decrease of the largest size of
the test specimen, adjusted to 0.001%, in accordance
with the following expression [1]:

-1
£, =100 fl > [1]

d
0

where,

€4 = percentage change in length

l; = measured length at each test age

ly = Initial length of the measured when removing
the specimen from its mould

2.4.2. Study of the potential alkali-silica and alkali-
silicate reactivity of the slag aggregates.

The reference standard to study this behaviour is
UNE 146508 EX (34). The potential alkali-silica and
alkali-silicate reactivity of the mineralogical com-
ponents of the LFS were studied through this test,
with which the final behaviour of the mortar mix
may be predicted. To do so, three specimens with
dimensions of (25%X25%286) mm were made, also
with two position markers on both faces for their

positioning in the extensometer, and then cured in a
humidity chamber for 72 hours.

Subsequently, the initial length of each speci-
men was measured and arranged in containers
with sufficient water so that they were completely
immersed. The containers were then placed in a
stove at 80°C+£2.0°C for 24h*2h. Once that time
had elapsed, the specimens were extracted one by
one from the water, their surfaces wiped with a dry
cloth, and their lengths measured with an exten-
someter equipped with a previously calibrated dial
gauge (Lo).

Afterwards, the samples were totally submerged
in a solution of NaOH 1N previously heated to
80°Cx1°C. An amount of 40.0 gr de NaOH was
dissolved in distilled water to obtain the solution
until a volume of 1000 ml was obtained. Then, the
containers were placed in a stove at 80°£2°C and
length measurements were taken with the specimens
exposed to alkalinity. The results were obtained in
accordance with the following expression [2]:

L—1L,
- 2
7 [2]

(&

% Expansion =100

where,

L,= Specimen length after treatment with Na OH
at 80x£2°C

L, = Specimen length after treatment with water at
80+2°C

L.= Calibrated length

3. RESULTS AND DISCUSSION
3.1. Mortars characterization

The properties of the mortars in fresh state are
shown in Table 5.

Having completed the characterization tests of
the mortars in the fresh state, it may be seen that the
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progressive substitution of natural siliceous aggre-
gate for LFS produced an important increase in the
water/cement (w/c) ratio; the MLFS-C mortar, con-
sisting of 66% LFS, had practically twice as much

TABLE 5. Properties of mortars in fresh state

water, with regard to the reference mortar specimen,
M-REF, manufactured with only natural siliceous
aggregate (Figure 3).

The high demand of mixing water required in
the mortars dosed with LFS determined a signifi-
cant increase in their content of occluded air. It
may be seen that regardless of the quantity of slag
substituted by the natural siliceous aggregate, the

Air Bulk density of fresh occluded air reached a value of around 15%, practi-
Mortar wie content (%) mortar (kg/m’) cally twice that registered in the M-REF reference
M-REF 0.6475 05.8 2165 mortar manufactured with natural siliceous aggre-
MLFS-A  1.0500 15.0 1827 gate (Figure 4). o
MLFS-B  1.1875 15.0 1768 N The validation of thlese re?ul‘ﬁ is evident frolrln
MLFS-C 13375 145 1749 the apparent density ‘values of the mortars 1 the
fresh state; a progressive reduction may be observed
2200 160
2100 - - 1.40
= - 120
T 2000 & X
g X L 100
£ 1900 —— s
g
: - 0.80
1800 N
- X - 060
&
1700 {——
'§ - 040
-t
5
0 L 020
1500 . . 0.00
MREF MLFS-A MLFS-8 MLFS-C
FIGURE 3. Bulk density of mortars and w/c ratio.
2200 - 18%
X X .
R 14%
T
$ 2000 -
g - o12%
E 1900 E
= E
] r1o% g
- 2
5 1800 i
oy =
2 8%
g 1700
a
1600 SO  boex
1500 Lo4%
MREF MLFS-A MLFS-8 MLFS-C

FIGURE 4. Bulk density of mortars and air content.
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proportionate with the increase in the amount of
sand substituted by LFS, with a difference between
the M-REF mortar and the MLFS-C mortar of 19%.

The results obtained in the characterization tests
showed that the mortars dosed with LFS were more
porous, which affected their mechanical properties
and their compactness, with better defined intersti-
tial structures, facilitating the intake of water into
the material and implying a potential risk for their
durability. The mechanical strength results obtained
are shown in Table 6.

The results obtained in the test of flexural and
compressive strength showed that the mortars
reduced their strength as the amount of LFS added
to the mixtures increased. As may be seen in Table 5
and Figure 5, the incorporation of LFS produced a
significant reduction in mechanical strengths, both

TABLE 6. Mechanical strength of mortars at 28 Days

Flexural Compressive
Mortar Strength (N/mm?) Strength (N/mm®)
M-REF 5.63 31.83
MLFS-A 3.94 12.27
MLEFS-B 4.08 11.50
MLFS-C 3.69 11.33
32
28
£ 2
£
Z20
g’ 16
H
T 12 1
=2
2 8
o) (1]
0 |
M-REF MLFS-A MLFS-B MLFS-C
FIGURE 5.
0,020%
0.015%
§
E o0.010%

§ 0.005%

under flexural and compressive. Nevertheless, as
the amount of LFS increase, the resistance drop is
not proportional and remains at very similar values,
both in flexural and compressive.

It needs to be said that the results obtained by
other researchers refer to mortars with less than
20% LFS, a circumstance that justifies the difference
in results and means that both studies are hardly
comparable.

3.2. Study of length variations in humid
environments or in contact with water

The development of the dimensional variations
of the specimens exposed to the action of humidity
may be seen in Figure 6. Although the variations in
specimen length may be observed, due to the scale
of the graph, the records obtained are irrelevant,
because they show no evidence of any anomalous
behaviour of the material. Regardless the varia-
tions produced between records, due to the envi-
ronmental conditions of humidity and laboratory
temperature, the development of the lines in the
three mortars is practically horizontal, allowing us
to affirm that the mortars with LFS show dimen-
sional stability when in humid environments or in
contact with water.

L] [ i
B o ~

<]
o

=
(¥}

Compressive strength (N/mm?)
© 5

£y

M-REF MLF5-A MLF5-B MLFS-C

Flexural and compressive strength of mortars.

28 days

0.000%

-0.005%
10 15 0 5

30 35 40 45 50

Maortar cure time [days)

MLF5-A =8=MLF5-B

MLFS-C = MREF

FIGURE 6. Dimensional evolution of the specimens exposed to humidity.
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There are previous studies that have analysed the
dimensional stability of the mortars manufactured
with LFS subjected to durability and accelerated
ageing tests, such as successive states of humidity-
dryness (35 — 36). In these cases, the mortars have
curing ages higher than 28 days, in other words, they
are set and hardened. On the contrary, the mortars
in the present study underwent dimensional stabil-
ity tests once the specimens had been demoulded,
in other words, the mortar sets and hardens while
submerged in water at 20°C.

The stability of mortars manufactured with LFS
is guaranteed, subject to previous weathering and
conditioning of the LFS. As is well known (Table 1),
LFS largely consists of calcium oxide (CaO), silica
(Si0,), magnesium (MgO), and aluminium oxide
(ALOs), such that the presence of free lime (CaO)
and periclase (MgO) can give rise to hydration and
carbonation reactions in subsequent phases. This
behaviour depends to a great extent on the chemical,
mineralogical, and microstructural properties of the
material (37).

Additionally, in our case, it is worth highlighting
that the slag has calcium and magnesium oxides that
are perfectly hydrated before the preparation of the
mortars, a circumstance that implies good stability
when they are in contact with water (Figure 7).

Visual inspection concluded that no surface dam-
age was appreciated such as fissures, flaking, and
cracking. The edges remained in place with no mate-
rial loss.

Nevertheless, it would be necessary to conduct a
more complete study of the behaviour of the design

A

mortars when the environmental humidity that they
withstand or to which they are exposed occurs at
low and even at icy temperatures. Due to their high
porosity, it is likely that the expansive effect of the
frozen water will affect the dimensional stability
of the specimens and the cohesion of the cement
matrix.

3.3. Study of the potential alkali-silica and alkali-
silicate reactivity of the slag aggregates

The results obtained in the study of LFS mortar
behaviour in the expansivity test in alkaline envi-
ronments are especially critical after subjecting the
material to the action of sodium hydroxide (NaOH
IN) dissolved in water at 80°C.

As may be seen in Figure 8, the mortars dosed
with LFS have undergone significant expansion,
which is greater in proportion with the amount of
siliceous sand that is substituted by slag.

In the MLFS-B and MLFS-C mortars, the
records show a high expansive effect when the slag
components react with sodium hydroxide NaOH
IN, breaking the structure of the cement matrix
after two days of exposure. The MLFS-A mor-
tar, with the lowest quantity of LFS in its dosing
maintained a degree of stability in the first few
days, however, the expansion of the specimens at
7 days of exposure to an alkaline environment was
in excess of the average expansion measured by the
extensometer dial gauge (Smm), over the maximum
limit established in standard UNE 83-318-94. On
the contrary, the reference mortar M-REF showed

FIGURE 7. Samples of mortars immersed in water at 20°C.
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FIGURE 8.

a normal evolution in its behaviour, as it was not
over 0.10% established as the limit by the norm.

The external appearances of samples subjected
to the test are shown in Figure 9. Flaking and mate-
rial loss, the appearance of craters and crumbling
were appreciable.

The mortar microstructures exposed to the
action of sodium hydroxide (NaOH) were tested
to round off the study, observing the effect pro-
duced on the mortar components, especially in the
cementitious matrix. The mortars were analysed
under the scanning electron microscope (SEM) to
complete the study.

The mortar samples were dried and covered by low
vacuum (gold) sputter coating with an EMITECH
K550X Sputter Coater, at a current of 30mA over
2 minutes, in an Argon atmosphere. Subsequently,
the surfaces were analysed by scanning electronic
microscopy Model JEOL JSM-6460-LV with an
INCA elemental X-Ray analysis system, at an accel-
eration voltage of 0.2-30 KV. The microscope was
equipped with a secondary electron (SE) detector

== MLF5-B

MLFS-C === MREF

Dimensional evolution of the specimens exposed to the action of NaOH.

that generates topographic images of the sample
surface. The microscope has an Energy Dispersive
X-Ray (X-Max") system for the analysis of the ele-
mental chemical composition of the mortars.

In the microscope images, the bond break
between the cement matrix and the aggregate is
checked in all mortars dosed with LFS (Figure 10).

As may be seen in Figure 8, the aggregate mate-
rial dosed in the MREF is not a reactive aggregate,
however, when this mortar is analysed under the
microscope, typical “rose-petal” formations may be
observed (Figure 11), due to the reaction of sodium
hydroxide (NaOH) with the crystalline structures of
the siliceous fines (38). Nevertheless, these crystal-
line structures did not appear in the mortars manu-
factured with LFS, when analysed under scanning
electron microscopy.

This evaluation method is especially destructive
and unsuitable to analyse the behaviour of mortars
dosed with LFS. The expansive reaction of sodium
hydroxide probably masks other possible reactions
of the mortar components. In the reactivity test,

FIGURE 9. Cracks and fissure in mortars manufactured with LFS (MLFS-A, MLFS-B AND MFLS-C, respectively).
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FIGURE 10. Break of the bond between cement
matrix-aggregate MLFS-A.

in addition to NaOH 1 N, there is a temperature
facture, because the specimens were submerged in
water at 80°C. Mortar specimens aged over 28 days
were submerged in the water at 80°C, in order to
test the effect of the water at this temperature on
the specimens. After 15 days submerged in water
at 80°C, a generalised deterioration was observed,
with evident signs of expansion and breakage of the
material (Figure 12).

Cement matrix of MLFS-A and MLFS-C were
observed with the scanning electron microscope
(SEM) (Figure 13). As may be confirmed, it is possi-
ble to observe high concentrations of crystalline nee-
dle-like structures located inside the pores, especially
concentrated around the cracks. If these crystalline
structures are analysed by dispersive energy X-Rays

FIGURE 12. Appearance after immersion in water at 80°C.
From up to down MLFS-A; MLFS-B; MLFS-C.

(EDS), the elemental components obtained have con-
centrations of S and Al, compatible with sulphates
and sulpho-aluminates expansive compounds.

Matrix breakage (disruptive processes) may be
confirmed, due to the presence these acicular struc-
tures accumulated at the lowest point in small pores.
The appearance of this type of compound may be
deduced by the presence of mineralogical structures
associated with expansive hydrated and/or carbon-
ated elements of crystalline phases with the presence
of aluminium, magnesium, and/or calcium. The
reaction is favoured by the presence of humidity and
high temperature (39-40).

As has been confirmed, the structure of the spec-
imens broke up after exposure to the action of water
at a high temperature (>80°C), producing loss of
internal cohesion and destruction, especially in the
aggregate-paste cement interface.

. Spectrum 20

FIGURE 11. Gels found on the surface. Rose petals gel M-REF.
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FIGURE 13.  Acicular structures. up: MLFS-A; down: MLFS-C.

Although the LFS is not a reactive aggregate as
such, in the presence of humidity and high tempera-
tures (>80°C), it showed an expansive behaviour,
so its use is not recommended in conglomerates
exposed to those environmental conditions (high
humidity and temperature).

4. CONCLUSIONS

The present work has as objective to determine
the expansive behaviour that is produced in masonry
mortars designed with LFS, when exposed to espe-
cially aggressive environmental conditions. Having
analysed the results of the tests in the study, the con-
clusions are the following:

— The masonry mortars designed with LFS
showed good dimensional stability when expo-
sed to humid environments and with an ambient
temperature that was never in excess of 20°C.
Despite its high porosity, the structure of the
mortars remained intact, hence it may be affir-
med that LFS slag is properly stabilized and that
it has no free unhydrated expansive components
(CaO and MgO).

— On the contrary, the mortars prepared with LFS
underwent expansive change in the presence of

NaOH 1IN dissolved in water at a temperature
of 80°C, producing generalized degradation of
the internal structure of the mortars and their
total destruction.

Having analysed the samples with scanning
electron microscopy, neither crystalline structu-
res nor characteristics of alkali-aggregate reac-
tivity (rose-petal formations) were observed, for
which reason it was concluded that LFS slag is
not a reactive aggregate.

— The mortars designed with LFS submerged
in water at a temperature of 80°C, presented
an unstable behaviour, because of the multiple
points of degradation in their internal struc-
ture. The observation of the mortar samples by
means of scanning electron microscopy (SEM)
revealed an abundant presence of crystalline aci-
cular structures, especially in the mortar cavities.
Those structures explain the generalized destruc-
tion of the material, because of the expansive
effect of this sulphates and sulpho-aluminates
compounds.

The conclusion drawn from the above analysis
is that an upper threshold for LFS in the design of
masonry mortars is worth considering, especially
when they are exposed to humid environments at
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high temperatures, thereby avoiding possible adverse
effects on the structure of the material.
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