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,e influence of two lightweight aggregates (LWA) on concrete and the effects of cement substitution for nanosilica (NS) on the
interfacial transition zone (ITZ) and cementitious matrix of concrete in resistance to attacks by magnesium sulfate (MgSO4) are
researched in this work. ,e aggregates evaluated were perlite, which is a lightweight aggregate of open porous structure, and
expanded clay (aliven) with closed porous structure. ,e variables included in the study were replacement percentage of coarse
aggregates by lightweight coarse aggregates (0 and 100% by volume) and replacement percentage of cement by nanosilica (0 and
10% by weight). In the dosage of the mixtures, water/cementitious-material ratio constant of 0.35 was used. ,e LWA were
characterized by XRD, XRF, and SEM techniques. Compressive strength, water absorption, and volume change in magnesium
sulfate solution (according to ASTMC1012 for a period of 15 weeks) of lightweight concretes were evaluated. It was found that the
nanosilica had effect on refinement in the pore system; however, the main incidence on the compressive strength and durability of
lightweight concrete (LWC) was defined by the characteristics of lightweight aggregate used in its preparation.

1. Introduction

,e durability of the conventional concretes under the
chemical attack by sulfates has been studied according to the
sulfate source; whether it is external or internal. ,e external
attack occurs when the concrete is exposed to environments
such as soil contaminated by sulfates or water with sulfate
contents [1]. ,e internal attack is caused by issues such as
excessive contamination with sulfate in concrete constituent
materials, contaminated aggregates, or presence of sulfate in
the cement clinker due to the use of sulfur-rich fuels or the
presence of sulfides or sulfates in their raw materials [2]. ,e
main consequence of the attack by sulfates is the disintegration
of the concrete or mortar due to chemical reactions between
the hydrated phases of the Portland cement and the sulfate
ions. Depending on the concentration and source of the sulfate
ions in the water and the cement composition, the expansion
of the concrete can be produced, with the generation of cracks

and increased permeability favoring the penetration of water
with aggressive agents or the deterioration and loss of cohesion
of the products of hydrated cement with progressive loss of
compressive strength and mass [3].

Also, the durability of concrete under attack by sulfates
according to the type of sulfate has been studied, finding
that, in the traditional attack by sodium sulfate, as a con-
sequence, the formation of secondary ettringite occurs. One
of the main causes for this formation is due to the reaction
between the SO2−

4 ions and the hydrated calcium mono-
sulfoaluminate or to the formation of gypsum and its sub-
sequent reaction with calcium aluminate hydrates (C-A-H).
While in the case of the magnesium sulfate attack, it attacks
the calcium silicate hydrated (C-S-H) causing a loss of
cohesion of the paste with the formation of gypsum,
magnesium hydroxide, and silica gel as well [1].

Magnesium sulfate (MgSO4) is the most aggressive of
sulfates due to the lowering of the pH of the solution of the
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pores in the cement paste hydrated by the reaction with the
portlandite and the formation of brucite [2]. MgSO4 reacts
mainly with the hydration products of the cement; the reaction
of the sulfate with calcium hydroxide released during the hy-
dration of the cement forms calcium sulfates (gypsum,
CaSO4 · H2O) andmagnesium hydroxide (brucite, Mg(OH)2),
according to the following reaction [3]:

MgSO4 + Ca(OH)2 + 2H2O→CaSO4 · 2H2O + Mg(OH)2

(1)

Another possible effect of magnesium sulfate is the re-
action with the C-S-H gel, where, due to the decalcification
produced by this sulfate, a hydrated magnesium silicate is
obtained, M-S-H, which is a poor cohesive gel [4], non-
cementitious, which leads to softening of the cement matrix
[5, 6], according to the following reaction. In addition, as
a result of this reaction, gypsum and hydrated silica are
produced:

C-S-H + MgSO4→CaSO4 · 2H2O + M-S-H (2)

,is gypsum, produced in (2), could react with C3A to
produce ettringite, as shown in the following reaction [1]:

CaSO4 · 2H2O + Al2O3 · 3CaO + 26H2O

→Ca6Al2 SO4( 3(OH)12 · 26H2O
(3)

In the presence of carbonates and under the appropriate
environmental conditions, the formation of thaumasite
(CaSiO3 · CaSO4 · CaCO3 · 15H2O) can be produced, as
shown in the following reaction [3]:

nSiO2 · H2O + CaOH + CaCO3 + MgSO4

→CaSiO3 · CaSO4 · CaCO3 · 15H2O

+ CaSO4 · 2H2O + Mg(OH)2

(4)

To fully appreciate lightweight concrete, it is essential to
understand the intrinsic nature of lightweight aggregates
(LWA) and how they influence the properties of concrete
made from them. ,e LWA have an array of vesicles or air
void within their mass.,e size, spacing, and interconnection
of the vesicles make these aggregates capable of producing
concrete with lower density close to 1850 kg/m3, with ad-
vantages such as increased thermal insulation, extendedmoist
curing, and increased durability [7].

,e effect of lightweight aggregates on both the mi-
crostructure and durability of mortars and concretes has
been studied by several researchers [8–12]. Finding that light
aggregates affect the microstructure of the interfacial tran-
sition zone (ITZ), of porous quality, which has been im-
proved with the addition of fly ash and silica fume, finding
that, in order to improve resistance to sulfate attack with
these materials, the content of fly ash or natural pozzolan
should be between 25 and 35% by mass, while for silica fume
between 7 and 15% (ACI 201-2) [13–15]. ,e addition of
such materials significantly reduces the permeability of the
concrete, and also when combined with the alkalis and the
calcium hydroxide which are released during the hydration
of the cement, the potential for gypsum formation reduces.

Nanosilica (NS) has been widely recognized as an active
additive to cement [16, 17]. Its activity accelerates the hy-
dration reaction by means of the nucleation mechanism
(early activity) for the formation of C-S-H, and its pozzo-
lanic activity increases the production of C-S-H. Addi-
tionally, NS also acts as a filler decreasing the water
absorption that allows us to improve the durability of the
cementitious matrix [9, 10].

,is work focuses on the study of the morphology and
composition (chemical and mineralogical) of the LWA, the
replacement of cement by nanosilica in the formation of the
microstructure and the thickness of the ITZ, and the in-
fluence of this on the resistance to attack by magnesium
sulfate in lightweight concretes.

2. Materials and Methods

For themanufacture of concretes, ordinary Portland cement,
nanosilica (NS), and two lightweight aggregates, thermally
expanded clay aliven (AL) and perlite (PE), as well, were
used.

,e methodology proposed for the development of this
research is divided into three main activities: chemical,
mineralogical, and physical characterization of rawmaterials
through X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), optical microscopy (OM), specific surface
area (BET), and density and water absorption of aggregates
(ASTMC 127 [18]). ,e second stage consisted in the design
and preparation of the concretes and finally the study of the
mechanical properties and durability of the LWC.

2.1. Chemical Characterization of Materials. ,e chemical
composition of cement, nanosilica, perlite, and expanded
clay was determined by X-ray fluorescence (XRF) using ARL
8680 S equipment in boron lithium oxide (B4Li2O7) pills. In
Table 1, it can be seen that silicon oxide is present in a greater
proportion for both aggregates, being higher in perlite
(72.45%) than in aliven (59.67%). ,e second component
present in greater quantity in both aggregates is aluminum
oxide, but unlike SiO2, aliven has a higher content of Al2O3
in comparison with the perlite.,e NS used is of high purity.
,emain constituent of the cement is calcium oxide, present
in 60.69%, followed by 20% silicon oxide and lower pres-
ence of sulfur of interest in this research. ,e chemical

Table 1: Chemical composition of materials.

Chemical composition
Weight (%)

Perlite Aliven NS Cement
Silicon oxide (SiO2) 72.45 59.67 93.56 20.9
Titanium oxide (TiO2) 0.22 1.19 0.02 0.21
Aluminum oxide (Al2O3) 13.38 16.95 0.00 4.72
Iron oxide (Fe2O3) 1.35 9.79 0.39 3.20
Magnesium oxide (MgO) 0.08 4.13 0.13 1.80
Calcium oxide (CaO) 1.20 3.57 0.22 60.69
Sodium oxide (Na2O) 3.40 2.07 0.62 0.37
Potassium oxide (K2O) 4.57 1.28 0.02 0.61
Sulfur oxide (SO3) 0.09 0.04 0.30 0.13
Ignition losses at 1000°C 2.92 0.75 4.46 3.68
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composition of the cement indicates that the percentages
correspond to a Portland cement type I according to ASTM
C 150 [19].

2.2. Mineralogical Characterization. ,e mineralogical
characterization for aggregates and nanosilica was per-
formed using X-ray diffraction (XRD) in an XRD PAN-
alytical X’Pert Pro MPD with a copper (Cu) X-ray source
(λα1� 0.154059 nm), in a 2θ interval between 6° and 70°, with
a step of 0.02°, and an accumulation time of 30 s. ,e
identification of diffractograms was done with the database
of X’Pert High Score Plus software. For the perlite, it can be
seen that, in the diffractogram of Figure 1(a), a broad peak is
formed between positions 2θ of 20° and 30°, where the
characteristic quartz peak is found around 26.5°. ,is peak
corresponds to silica of low degree of crystallinity or
amorphous, characteristic attributed to the fact that this
peak lacks the slenderness that indicates the high crystal-
linity of silica. Other minor components are aluminosilicates

such as albite. ,is composition corresponds to the pro-
cesses of perlite formation, which is a volcanic glass.

,e diffractogram of Figure 1(b) allows us to establish
that the main mineralogical species in the aliven, corre-
sponding to high-grade crystallinity quartz, is in the position
2θ of 26.5°, and this peak has a great slenderness reaching the
y-axis to approximately 18000 counts. Other phases present
correspond to alumininosilicates in the form of plagioclase
and hornblende and small traces of iron oxide in hematite
form. ,is mineralogy of aliven corresponds with its origin
of thermally expanded clay. For the nanosilica (Figure 1(c)),
it is shown that it corresponds to silica nanoparticles of low
degree of crystallinity.

2.3. Morphological Characterization. ,e morphology of
the aggregates was studied by micrographs of stereos-
copy and SEM, in JEOL JSM 5910LV with backscattering
electrons (BES) detectors, and for nanosilica by TEM, in
a FEI TECNAI 20 Twin microscope. Perlite (Figure 2),
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Figure 1: XRD patterns of (a) LWA perlite, (b) LWA aliven, and (c) nanosilica.
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corresponding to an aggregate of angular volcanic origin
with exposed and interconnected pores, is an aggregate of
acidic rocks due to its light color and composition of
SiO2 > 65% [20]. ,e perlite structure allows it to retain
large amounts of interstitial water.

,e aggregate aliven (Figure 3) corresponds to a ther-
mally expanded clay, spherically shaped, and rough surface,
most of which are spheres with their porous interior, with
some interconnected pores, surrounded by a brownish
vitrified layer of varying thickness and smaller porosity
(Figure 3(b)). In Figures 2(c) and 3(c), for perlite and aliven,
respectively, the shape, size, and distribution of their pores
can be appreciated. For nanosilica in Figure 4, individual
spheres of particle diameters between 20 nm and 70 nm are
observed.

2.4. Physical Characterization. ,e water absorption test was
performed for each type of aggregate according to the speci-
fications of ACI 211.2 and density according to ASTM C 127
[18], and this process consists of immersing the aggregate
sample in water for 24 hours to essentially fill the pores. It is
then removed from the water, the water dried from the surface
of the particles, and the mass determined. Subsequently, the
volume of the sample is determined by the displacement of
water method. Finally, the sample is oven-dried and the mass

determined. Using themass values thus obtained and formulas
in this test method, it is possible to calculate relative density
and absorption.

Surface area was determined through the BET test by
chemisorption. ,e water absorption of the LWA (Table 2)
shows a higher absorption value for perlite due to its greater
specific surface area and its open and exposed porosity and

(a) (b) (c)

Figure 2: LWA perlite: (a) real scale; (b) micrograph to 32x and (c) SEM micrograph to 500x.

(a) (b)
(c)

Figure 3: LWA aliven: (a) real scale; (b) micrograph to 32x and (c) SEM micrograph to 500x.

Figure 4: TEM micrograph of nanosilica.
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characteristics that confer low densities of 305.5 kg/m3. For
the aggregate aliven, its density is 519.9 kg/m3 because it is
a porousmaterial in its interior with the pore sizes of the order
of 10 μm to 500 μm, and the water absorption is lower because
in the outer layer of its structure, the pore size is smaller than
the capillary, thus inhibiting the migration of water into the
aggregate (Figure 3(c)). NS has a large specific surface area
according to its size, which is an indicator of its reactivity.

2.5. Preparation of Test Samples for Compressive Strength and
Sulfate Attack. In the design of mixtures, two lightweight
aggregates were used in the coarse state, through sieve 3/8″,
and retained in sieve no. 4, perlite and aliven at a rate of
325 kg/m3 of concrete, cement 500 kg/m3 of concrete,
water/cementitious-material ratio (a/mc) of 0.35, and ad-
dition of 10% nanosilica in replacement by weight of the
cement content.

From previous researches [7] and the literature review
[11, 21–24], a ratio of 0.35 a/mc was selected, allowing good
workability, so as not to require the use of a superplasticizer
in the mixture, which could lead to modifications in the
microstructure of the ITZ and cementitious matrix of in-
terest in this study.,e proportion of cement of 500 kg/m3 is
the product of the bibliographical revision; for which in
some studies, compressive strength in LWC greater than
17.5MPa [7, 21, 25–27] was achieved. ,e use of 10% of
nanosilica was due to the previous results [16], where it was
observed that the optimal replacement of cement by sus-
pended silica nanoparticles was in this percentage, since the
compressive strength increased considerably, with respect to
a control sample; in addition, the pore network in the
cementitious matrix decreased and its tortuosity increased
as well, which decreased the penetration of aggressive
agents [16].

,e concrete mixtures were made according to the se-
lected parameters, and also cubic test samples were fabri-
cated with 50mm side, for unconfined compressive strength
test and prismatic test samples of 25mm× 25mm× 285mm,
as established by ASTM C157 M [28], to evaluate resistance
to sulfate attacks. Once fabricated, the cubic test tubes were
subjected to a wet curing process in water saturated with
lime, at a room temperature of 23± 2°C, until the ages of 7
and 28 days, ages in which the compressive strength, the
volume of pores, and the absorption of water were de-
termined. ,e prisms for the concrete expansion test were
cured under the same conditions for 28 days and then
subjected to the attack of magnesium sulfate.

2.6. Immersion in Magnesium Sulfate. At the end of the
normal curing time, the prisms were submerged for 15

weeks in a 5% mass solution of magnesium sulfate (MgSO4),
at pH� 7, to evaluate the attack of these sulfates, according
to ASTM C1012 [29]. ,e longitudinal change of the
prismatic test samples was measured after being submerged
in the MgSO4 solution. ,e solution was changed monthly,
and during weekly time intervals the pH was controlled to
maintain it between 6 and 7 units.

3. Results and Discussion

3.1. Compressive Strength of Lightweight Concretes (LWC).
,e concretes manufactured with perlite and aliven were
submitted to tests of compressive strength after 7 and 28
days of normal curing. In Table 3, the results for compressive
strength of LWCwith and without nanosilica are shown.,e
sample AL corresponds to the concretes manufactured with
LWA aliven and the sample PE to concretes with perlite. C5
means that all concretes were made with a proportion of
cement of 500 kg/m3. Samples with 10% of nanosilica are
ALC5-10 and PEC5-10. On the contrary, the samples
without nanosilica are ALC5-0 and PEC5-0.

,e best results of compressive strength correspond to
the concrete manufactured with aliven, with the average
values of 26.3MPa and 22.1MPa at 28 days of normal curing
for concrete without and with addition of NS, respectively.
While for perlite concretes, only 10.4MPa without addition
and 9.9MPa with NS were achieved, and these values when
taking into account the standard deviation were statistically
equal. For perlite samples, the compressive strength results
were statistically the same for both the ages evaluated and the
percentages of NS used. ,is means that it is the perlite that
limits the maximum compressive strength that these mix-
tures can reach. In both concretes, the addition of nanosilica
is not reflected in an increase in the compressive strength
because in LWC the fault is given first by the aggregate and
not by the matrix [21, 30], as it happens in the conventional
concretes. ,e concrete with the aggregate of aliven has
a greater compressive strength because this aggregate is
characterized by having a vitrified layer on its surface that
gives it greater hardness as well as mechanical resistance.

3.2. Expansion of Concretes. Figure 5 shows the results of
change in the length of all bars under sulfate attack. Until
week 4, all the samples have a very low expansion (0.02%),
but from this time, there is a clear difference in the behavior
of the samples with perlite compared to the samples with
aliven. ,e bars with perlite present an increasing expansion

Table 2: Physical properties of aggregates and NS.

Surface area
(m2/g)

Apparent relative
density (kg/m3)

Water
absorption (%)

PE 2.10 305.5 42.0
AL 1.13 519.9 10.3
NS 51.40 1.12 —

Table 3: Compressive strength of LWC manufactured with perlite
(PEC) and with aliven (ALC) to 7 and 28 days with and without
addition of NS.

Sample
Compressive
strength at

7 days (MPa)

Compressive
strength at

28 days (MPa)
PEC5-0 8.1± 1.9 10.4± 1.3
PEC5-10 12.4± 3.4 9.9± 2.9
ALC5-0 23.8± 0.1 26.3± 1.5
ALC5-10 15.2± 2.5 22.1± 1.0
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with the time of immersion in sulfates, reaching values of
0.44% for PEC5-0 and 0.2% for PEC5-10 in the 15 weeks
tested. However, the samples with aliven show practically no
expansion (0.05%) during the whole time evaluated.

For concretes made with both perlite and aliven, samples
with a 10% of nanosilica blended exhibit better behavior to
attack by magnesium sulfate, with the perlite aggregate
concrete being the weakest. ,ese results are in accordance
with the results of Tobón et al. [31], who analyzed the be-
havior of normal weight Portland cement mortars blended
with nanosilica when they are subjected to attack of this kind
of sulfate. ,ese researchers showed how 5% replacement of
Portland cement by nanosilica, in these mortars, practically
controls the expansion by the attack of sulfates. ,is can be
explained from different points of view: First, the concretes
with NS undergo a refinement of the pore structure [13].
Second, the perlite alumina may be more reactive and
susceptible due to its volcanic origin to this attack than the
one exhibited in the aliven. Because, as some authors have
suggested [32, 33], the reactivity of the alumina present in
the mineral additions is critical in the durability of the
cementitious mixtures manufactured with them. ,ird, al-
though the alumina content of the perlite is lower compared
to that of the aliven, the alumina in the perlite is more
exposed to this attack due to its surface porosity.

In accordance with ASTM C 1157 [34], a conventional
concrete manufactured with a cement of moderate re-
sistance to sulfates admits a maximum value of 0.10% of
expansion. ,erefore, the lightweight concrete manufac-
tured with aliven as a coarse aggregate presents a perfor-
mance against the attack by sulfates similar to those expected
by a conventional concrete.

3.3. Pore Volume and Water Absorption. ,e pore volume
andwater absorption for the concretes studied were determined

at 28 days of curing and in accordance with ASTM C 642 [35],
for which the pore volume corresponds to the water saturable
pores of the concrete, aggregate porosity, and cementitious
matrix. Table 4 shows that for the aliven concrete the pore
volume is significantly lower, between 23.4% for ALC5-10 and
24.1% for ALC5-0. For the perlite concretes, it is of the order of
32.4% for PEC5-0 and 31.3% for PEC5-10. ,is behavior in-
dicates that the nanosilica can reduce pore volume in LWC, 3%
in aliven concrete and 3.3% in perlite. However, it can be
established from the results obtained that the volume of pores in
the LWC depends to a large extent on themorphology and type
of porosity of the LWA. Concretes manufactured with porous
surface aggregates and interconnected pores in the interior, such
as perlite, which possess greater water absorption (42%, Table 2)
result in concretes with the greater volume of permeable pores,
whereas concretes with aggregates of lower water absorption as
aliven (10.3%, Table 2) have a lower volume of pores.

,e results of water absorption (Table 4) of concretes
with aliven have a lower percentage of water absorption than
those manufactured with perlite. In both concretes, the
behavior for water absorption is decreasing by adding 10% of
nanosilica and the same order of pore volume results.

,e addition of nanosilica affects the water absorption of
light concrete; although the concrete has a considerable
volume of pores mainly attributed to the aggregates, the
cementitious matrix is densified by the addition of NS, thus
inhibiting the interconnection of pores that allow the mi-
gration of water from the matrix to the aggregate and
consequently decreasing the water absorption in a low
proportion of the order of 4.3% for the concrete of added
aliven and 5.2% in the perlite concrete added with NS. ,e
samples with the lowest percentage of expansion are those
with NS in their formulation (ALC5-10 and PEC5-10).

It can be stated that both the pore volume and the water
absorption of the LWC are reduced with the addition of NS,
but they are conditioned mainly by the type of LWA used.
,us, in this case, using light aggregates with porosity and
interconnected pores as perlite, LWC are obtained with
higher volume of pores and greater water absorption, which
is reflected in concrete with less mechanical resistance to
compression and less durability in terms of resistance to the
attack of the sulfates.

3.4. Morphology of Concretes Exposed to Attack by Sulfates.
After the 15 weeks of exposure to magnesium sulfate, it can
be seen that the perlite concretes are affected to a greater
extent by magnesium sulfate, causing a warpage of 3.25mm
in the exposed joints of nonadded concrete (Figure 6(a)) and
2.75mm for joints of added concrete (Figure 6(b)). When
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Figure 5: Length change of LWC ALC5 and PEC5 with and
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Table 4: Volume of voids and water absorption of concretes
manufactured with perlite (PEC) and with aliven (ALC) with and
without addition of NS.

Sample Volume of voids (%) Water absorption (%)
PEC5-0 32.4 36.2
PEC5-10 31.3 34.2
ALC5-0 24.1 22.9
ALC5-10 23.4 21.9

6 Advances in Civil Engineering



looking at aliven concretes, only the nonadded samples
exhibit a slight warpage behavior, around 0.8mm (Figure
7(a)), while the nanosilica-added concrete remains intact
(Figure 7(b)).,is warpage behavior reflects the longitudinal
change produced by the expansion of the concrete, thus
validating the expansion results of Figure 5.

In addition, it can be seen that the sample added with
nanosilica (Figure 7(b)) presents a greater surface degra-
dation than the sample not added (Figure 7(a)). As is known,
the nanosilica reacts with Ca(OH)2 forming a C-S-H gel; as
there is more of this gel, MgSO4 could eventually react with
it forming M-S-H on the surface, causing the deterioration
observed in the image since that this product, as mentioned,
has a low cohesion [4].

To identify the cause of warping and expansion of con-
cretes, micrographs were taken at the edge of the beam for

aliven concretes (Figure 8), in the ITZ (Figure 9) and inside
the aggregate (Figure 10).

In Figure 8(a), it can be seen that the edge of the concrete
sample of aliven without addition of nanosilica shows cracks.
,rough EDX, the elemental chemical composition on the
surface was identified, with the presence of calcium (30%),
silica (7%), sulfur (11%), magnesium (5%), and oxygen (45%)
on the surface (Figure 11). ,is chemical composition cor-
responds mineralogically to the transformation of C-S-H to
M-S-H, and other mineral phases present (Figure 8) that due
to the chemical composition, it can be concluded that gypsum
is formed (CaSO4) which for graphic effects will be abbre-
viated as CS [10].

When analyzing the ITZ of the concretes attacked by
MgSO4, in aliven concretes, mainly the presence of CS and
C-S-H (Figure 9) is observed. Once MgSO4 permeates the

(a) (b)

Figure 6: Concrete exposed to MgSO4: (a) PEC5S-0 and (b) PEC5S-10.

(a) (b)

Figure 7: Concrete exposed to MgSO4: (a) ALC5S-0 and (b) AlC5S-10.

30 μm EHT = 15.00 kV
WD = 9.5 mm

Signal A = SE1
Filament age = 75.27 hours

Date: 17 June 2016
Mag. = 5.00x

M-S-H

Crack

(a)

2 μm EHT = 15.00 kV
WD = 9.0 mm

Signal A = SE1
Filament age = 75.82 hours

Date: 17 June 2016
Mag. = 5.00Kx

CS

(b)

Figure 8: Border to the specimen of (a) ALC5S-0 and (b) AlC5S-10.
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interior of the aggregates, in the case of aliven, it is observed
by EDS that the main composition corresponds to oxygen in
52%, silicon 21.25%, aluminum 12.32%, and low values of
calcium, iron, and magnesium. Such composition corre-
sponds to the aggregate that is an aluminosilicate, but the
amounts of magnesium are due to the deposition of low
amounts ofM-S-H bymigration of sulfate to the interior due
to the porosity of the aggregate (Figure 10). As can be seen in
the micrographs, the disappearance of CH causes a drop in
pH in the pores, which is sufficient to cause the de-
composition of C-S-H and thus provide the active silica
necessary for the formation of M-S-H [14].

For the perlite concretes (Figure 12), the same behavior
is observed at the edge as for the aliven concretes. In the ITZ

(Figure 13), there is a presence of M-S-H by degradation of
C-S-H, gypsum, and ettringite in the case of concrete with
the addition of nanosilica, which is appreciable as prismatic
crystals. ,is ettringite can be produced by the reaction
between C3A and gypsum, formed from the reaction of C-S-
H and Mg(OH)2, according to (2).

Inside the aggregates of the perlite concrete can be
noticed the presence of gypsum crystals (CS) (Figure 14). By
EDX, the elemental composition corresponds mainly to
oxygen, silicon, calcium, sulfur, and aluminum. Minor trace
amounts of magnesium were also found to a lesser extent.
Due to its porous structure, magnesium sulfate permeates
the concrete until the interior of the aggregate.

As mentioned above, when CH reacts with MgSO4 in
the presence of water, according to [36], gypsum and
brucite are formed, but the pozzolanic addition, in the case
of nanosilica, avoids the production of brucite but not the
decalcification of the C-S-H because NS consumes calcium
hydroxide, which is not available for the production of
magnesium hydroxide or brucite. ,is can be observed in
the micrographs of Figures 8, 12, and 13, where there is
no evidence of hexagonal brucite crystals but there are
M-S-H.

In this study, the aggregate of perlite presented higher
water absorption, which led to a concrete with greater
permeability and pore volume. Because of this, when using
this type of lightweight aggregate, its high porosity content
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Figure 9: ITZ of (a) ALC5S-0 and (b) AlC5S-10.
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Figure 10: Aggregate zone of (a) ALC5S-0 and (b) AlC5S-10.
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Figure 11: EDX on the border to the specimen of ALC5S-0.
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must be taken into account and also that these pores are
usually interconnected. When subjecting this concrete to
the sulfate attack, it was found to have a high degree of
expansion, notorious after eight weeks of immersion, due
to its high permeability and most likely to the presence of
reactive alumina. ,e substitution of cement by 10% of
nanosilica allowed us to densify the matrix and reduce the
porosity and permeability of the concrete manufactured
with this aggregate, which was reflected in a smaller ex-
pansion of this one compared to the concrete without the
replacement of the cement. Unlike perlite, aliven presented

smaller expansion, both with the replacement of the cement
by 10% of nanosilica, as without this one.,is behavior is due
to the lower water absorption of the aggregate and to that it
produces a concrete with a permeability and pore volume
considerably lower than that produced with perlite.

4. Conclusions

,e greatest expansion of lightweight perlite concretes is
attributed to the direct migration of magnesium sulfate to
the aggregate because it is an open porous surface aggregate
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Figure 12: Border to the specimen of (a) PEC5S-0 and (b) PEC5S-10.
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Figure 13: ITZ of (a) PEC5S-0 and (b) PEC5S-10.
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Figure 14: Aggregate zone of (a) PEC5S-0 and (b) PEC5S-10.
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versus aliven porous structure covered by a vitrified layer of
low permeability porosity, and this migration of the sulfate
ion allows the degradation of the C-S-H transforming it into
M-S-H and in turn allowing the formation of gypsum that is
responsible for expanding the concrete leading to the point
of warping of concrete test tubes without the addition of
nanosilica.

,e use of nanosilica in the LWC refines the pore
structure in the cementitious matrix as well as in the ITZ by
increasing the formation of C-S-H, but this densification of
the cementitious matrix is not high enough to impede the
migration of water and sulfate ions from the exterior to the
interior of the concrete until reaching the aggregate, as can
be seen in the case of perlite.

,e use of nanosilica decreased the expansion in the
concretes preventing the formation of brucite because, when
there is a reaction between CH and nanosilica, there is little
CH available for the reaction with magnesium sulfate and
the subsequent formation of brucite (MH).

Factors such as aggregate porosity and chemical com-
position are more important in the durability of lightweight
concretes; despite the refining of the cementitious matrix
with the addition of nanosilica, the absorption capacity of
these aggregates favor the migration of the sulfate solution
from the outside to the inside, concentrating and achieving
that it affects the whole cementitious matrix and not only the
exposed surface of the concrete.

,e mechanism of reaction against chemical attack by
magnesium sulfate for lightweight concretes is similar to the
mechanism in conventional concretes where the attack occurs
mainly on the C-S-H, but it has the aggravating circumstance
that this attack can be enhanced by the type of lightweight
aggregate that has been used, that is to say, with exposed
porosity as perlite or closed porosity as calcined clay.

A concrete manufactured with lightweight aggregates of
closed porosity, as the calcined clay, can show a similar
performance to the conventional concrete against the ag-
gressive sulfate attack like the magnesium sulfate; due to the
exhibition of less expansion than 0.10 %, this value is suitable
in standard for a conventional concrete, considering the
behavior of this lightweight concretes to the compression
strength.
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