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Abstract. The main goal of this paper is to evaluate the chemical and mineralogical composition of a compacted residual
clay soil with the addition of Portland cement and under different compaction conditions to observe and to understand the
chemical and mineralogical changes that these structures undergo. Results of chemical and mineralogical composition of
compacted specimens in different unit weights (14.5, 15.0 and 15.5 kN/m3) and percolated by different concentrations of
aqueous solution of sulfuric acid (0, 1 and 2 %), under the application of a vertical load of 280 kPa. The modifications in the
chemical and mineralogical composition of the specimens were evaluated by the combination of X-ray fluorescence
(XRF), X-ray diffraction (XRD), scanning electron microscopy (SEM) and thermogravimetry with differential thermal
analysis and exploratory differential calorimetry (TG/DTG/DSC). The results have shown that the percolation of H2SO4

resulted in changes in the Fe2O3, CaO and SO3 contents for different cement contents and for specific weights; it was also
evidenced dissolution of Fe2O3 in the upper layers and the formation of Ca and S compounds in the lower layers. No
changes in mineralogy and soil morphology were found out.
Keywords: compact residual soil, acid attack, cement content, specific weight, containment barriers, chemical and mineralogical
composition

1. Introduction

Industrial and mining processes are responsible for
environmental impacts resulting from the production of
contaminated waste, mainly by acidic compounds. These
compounds can affect geotechnical structures, such as bar-
riers of compacted soil and can promote changes in micro
and macrostructural scales, such as the increase of hydrau-
lic conductivity, reduction of reactive power and resistance
of these structures (Broderick & Daniel, 1990; Favaretti et
al., 1994; Hueckel et al., 1997; Knop et al., 2008; Rubinos
et al., 2016). When in contact with soil particles, acidic
compounds can promote complex reactions that result in
changes in the mineral and physicochemical composition
of the soil and, consequently, changes in its properties
(�ucha et al., 2002).

One of the alternatives that has been evaluated in the
literature refers to the usage of soil-cement mixtures as a
material component of containment barriers (Fall et al.,
2009; Forcelini et al., 2016; Helson et al., 2018; Iravanian

& Bilsel, 2016; Joshi et al., 2010). However, few of these
studies present a chemical, mineralogical and microstruc-
tural evaluation of this type of structure under the action of
aggressive chemical compounds, as well as their effects on
the macrostructural response, aiming to improve the know-
ledge about the behavior of containment structures and to
understand the interaction between contaminants, soil par-
ticles and cement (Lloret et al., 2003; Romero, 2013; Ro-
mero & Simms, 2009).

Therefore, the paper’s novelty stems from the under-
standing of physicochemical alterations, which is essential
to the search for an ideal condition for the design of com-
pacted soil-cement barriers, in order to ensure structural du-
rability and chemical/physical containment.

In this context, this work aims to evaluate the chemi-
cal and mineralogical composition of a compacted residual
clay soil with the addition of Portland cement and under
different compaction conditions to observe and to under-
stand the chemical and mineralogical changes that these
structures undergo. A better understanding of these phe-
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nomena will allow the improvement of techniques for the
use of soil-cement mixtures in impermeable barriers sub-
jected to vertical static loading and to the percolation of
acidic leachates.

2. Materials and Methods

The experimental procedure has involved the follow-
ing steps:
(a) Sampling of residual clay soil from the experimental

field of Geotechnics of the University of Passo Fundo
(UPF), located in Passo Fundo city - RS, Southern
Brazil;

(b) The soil samples collected were characterized by X-ray
fluorescence analysis (XRF), Loss on ignition (LOI)
and mineralogical composition by X-ray diffracto-
metry (XRD) using the powder method. It was also de-
termined the organic matter content and pH by the
method described by Tedesco et al. (1995), and the
clay content (ABNT, 2016);

(c) Physical-mechanical characterization and analysis of
the chemical composition of Portland cement CPV-
ARI:
I. The physical-mechanical characterization was per-
formed through unconfined axial tests at 3, 7, 14 and
28 days of curing, particle density and initial and final
time of handle according to the norms (ABNT, 1997,
2001, 2003).
II. The chemical characterization was performed by
XRF, followed by loss on ignition. The mineralogical
analysis was conducted by XRD, using the powder
method.

(d) Molding of cylindrical specimens with addition of dif-
ferent cement contents and under different dry specific
compacting weights, followed by percolation with
acidic aqueous solution;

(e) Section and preparation of remolded and not remolded
samples of percolated specimens;

(f) Characterization of percolated specimens in chemical,
mineralogical and morphological composition by
scanning electron microscopy (SEM), XRD, XRF and
thermogravimetry with differential thermal analysis
and differential scanning calorimetry (TG / DTG /
DSC).
To define the variables to be considered in the perco-

lation tests, a 2k factorial experimental design (k = 2) was
performed, with the addition of central points, with the
variables cement content added to the soil (0 and 2 %) and
dry unit weight. The values of dry unit weight and molding
moisture content corresponding to the energy of the Nor-
mal Proctor type were used as reference. Thus, dry unit
weight of 14.5 and 15.5 kN/m3 with 26 % molding moisture
content were used.

The experimental planning resulted in 4 factorial
points with addition of 4 more central points (1 % cement
addition and dry unit weight of 15.0 kN/m3). The 8 combi-

nations resulting from this planning were divided into 2
blocks, each one with percolation of aqueous solution with
volumetric concentration of 0 % and 2 % of sulfuric acid.
This planning allows the evaluation of the behavior and
mathematical modelling of a response surface and the iden-
tification of the existence of non-linearity (Montgomery,
2001).

Thus, for each combination of cement content and dry
compaction specific gravity, specimens of 7 cm in diameter
by 6 cm in height were subjected to long-term percolation
tests (from 30 to 70 days), with and without percolation of
sulfuric acid solution. A hydraulic gradient of 8.33 and a
vertical pressure of 280 kPa were applied to represent the
disposal of 15 m rejects on the barrier with unit weight of
18.6 kN/m3, according to literature data (Bedin, 2010).

The test specimens were then sectioned in three layers
(referred to as top, middle and bottom, considering down-
flow) from which an undisturbed and a remolded sample
were extracted per layer to be subjected to chemical and
mineralogical analysis. The undisturbed sample was seg-
mented in a prismatic format with dimensions of approxi-
mately 2.0 0.7 0.7 cm and identified by layer (S = upper,
M = medium, I = lower). The layers were identified from
measurements, dividing the specimen into 3 equally spaced
pieces with the aid of a pachymeter. This set of samples was
dried in an oven up to 45 °C and duly preserved from hu-
midity. For scanning electron microscope (SEM) analysis,
the samples were prepared in polished sections by the im-
pregnation with epoxy-liquid resin, followed by sanding,
polishing and gold plating. It was also prepared 50 g of
remolded sample from each specimen for performing
XRD, XRF and TG / DTG / DSC analyses. To do so, these
samples were dried at 105 °C and deagglomerated to obtain
a product with less than 0.044 mm granulation.

The SEM analysis was performed on the undisturbed
samples sectioned from each test specimen in a high-reso-
lution scanning electron microscope (W or Lab6), manu-
factured by Shimadzu, model Vega 3. The analyses were
performed in the Scientific and Technological Park of the
University of Passo Fundo. The following analytical condi-
tions were used in the analyses: secondary electrons mode
with magnification of above 1000 times, electron beam of
nominal resolution of 3.0 nm, voltage of 20 kV and vacuum
of 10-4 Pa, which allowed the morphological evaluation of
the samples and microstructure of the particles. The XRD
analyses were performed in an X-ray diffractometer, manu-
factured by PANalytical, model EMPYREAN, with detec-
tor X’Celerator, copper tube and by the powder method.
The analytical conditions were: angle intervals 2� from 3 to
70°, time lapses of 10 s and Cu K� radiation. The identifi-
cation of the crystalline phases was obtained by comparing
the diffractogram of the sample with the PDF-2 databases
of the ICDD International Centre for Diffraction Data
(2003) and PAN-ICSD PANalytical Inorganic Crystal
Structure Database (2007).
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The XRF analyses were performed on an X-ray fluo-
rescence spectrometer, manufactured by PANalytical,
Axios Max model with X-ray tube (Rhodium 4 kV) at the
Mineral and Rock Analysis Laboratory of the Federal Uni-
versity of Paraná (UFPR), using semiquantitative method
with detection above 0.1 % and scanning time of approxi-
mately 6 min in pulverized and pressed samples. The loss
on ignition was determined at 1000 °C for 2 h. Finally, the
TG/DTG/DSC analyses were performed at the laboratory
of minerals and rocks analysis at the Federal University of
Paraná (UFPR), in a thermogravimetry equipment manu-
factured by Netzsch, model STA 409 PC/PG with heating
from 25 °C to 1000 °C and heating rate of 10 °C / min and
atmosphere of N2 - 60 mL/min.

3. Results and Discussion

3.1. Soil and cement

The studied soil is a mature residual soil from basalt
and its pedological classification according to Streck et al.
(2008) is as an oxisol.

According to the carried out characterization, this soil
has low organic matter content (< 0.8 %), high clay content
(68 %) and acid pH (pH 5.5). X-ray diffraction analysis
(Fig. 4) and its chemical composition (Table 1) shows the
presence of kaolinite as a source of clay (also confirmed by
the aluminum content), as well as the presence of hematite
(Fe2O3 content of 11.7 %) and quartz. These characteristics
are conditioned with good capacity for use of this soil as a
base material for compacted barriers.

As for cement, significant amounts of SiO2 (18 %)
and CaO (66.2 %) identified by XRF were observed (Ta-
ble 2). Through the cement physical-mechanical character-
ization, it was observed that the resistance and the initial
and final handle times, 40 MPa, 160 and 265 min, respec-
tively, agreed with the values proposed by the related stan-
dards (ABNT, 1991), setting initial time greater or equal to
60 min and the final one less than or equal to 600 min.

3.2 Chemical and mineralogical composition

The chemical composition of the tested samples indi-
cates variations in the iron oxide (Fe2O3), calcium oxide
(CaO) and sulfuric oxide (SO3), in the test specimens sub-
mitted to acid percolation and under different values of ce-
ment content and specific weight.

The main effects of the cement content on the CaO
and SO3 contents were classified as significant by the vari-
ance analysis (p < 0.05) through ANOVA (analysis of vari-

ance). However, the specific weight variable and the inter-
action between both variables did not reveal a significant
influence on the compound contents in the samples, as pre-
sented in Table 3. It was also verified that the cement con-
tent significantly interfered in the contents of CaO in all the
layers of the samples, for both percolated by acid and not
percolated ones (p < 0.05 for all this samples). In relation to
SO3, the influence of the cement content was only observed
for the samples after the percolation test (p < 0.05). Such
behavior indicates a possible interaction between CaO and
SO3 compounds, since the P values for CaO after percola-
tion of sulfuric acid are higher than before. In addition, it in-
dicates reactions with the percolated agent itself, with pos-
sible formation of Ca and S compounds.

In relation to Fe2O3, although the values did not reach
the significance level of 5 %, there was a significant de-
crease of the P values between the percolated and non-per-
colated samples by sulfuric acid, which shows that there
was an acid attack to this phase of iron oxides and solu-
bilisation. Such behavior is more pronounced in relation to
the unit weight variable, which is related to the variation of
the number of voids and, consequently, it makes the pas-
sage of the percolating agent difficult. The same occurs in
SiO2 contents, although the P values are not so significant
(p > 0.05). For Al2O3, the percolation of sulfuric acid re-
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Table 1 - Soil chemical characterization (XRF) and LOI.

Oxide Content(%) Element Content(%)

SiO2 47.9 Si 22.4

Fe2O3 11.7 Fe 8.2

Al2O3 26.6 Al 14.1

CaO < 0.1 Ca < 0.1

TiO2 1.7 Ti 1.0

K2O 0.4 K 0.3

ZrO2 0.1 Zr < 0.1

SO3 < 0.1 S < 0.1

MgO 0.4 Mg 0.2

P2O5 0.1 P < 0.1

MnO < 0.1 Mn < 0.1

Na2O < 0.1 Na < 0.1

V2O5 < 0.1 V < 0.1

LOI (1.000 °C) 10.9 O 50.6

C 3.0

Table 2 - Chemical composition of Portland cement CPV-ARI.

Content (%) LOI
(1.000 °C) (%)

Insoluble residue
(%)SiO2 Fe2O3 Al2O3 CaO TiO2 K2O SO3 MgO

18.0 2.68 4.19 66.2 0.28 0.8 1.79 2.43 3.58 0.7



sulted in the decrease of P values only for the middle and
lower layers. The interaction between the two variables was
not significant for any of the compounds.

The difference in the Fe2O3 content between the up-
per, middle and lower layers (Fig. 1) indicates that the acid
attack promotes the dissolution of Fe2O3 present in the soil,
which can cause up to half of the original contents in the up-
per layers to be reduced (Average from 12 to 7 %, Fig. 1a).
Wang (2002) proposes that the acid attack in soil-cement
mixtures is mainly due to the reaction involving the miner-
als, since the reaction of the sulphates with the cement is
considered of second importance. This justifies the small
variations between the Fe2O3 contents for each layer in rela-
tion to the increase of the cement content, as presented in
Table 3, in which the variable cement content did not pres-
ent significance in all the layers (p > 0.05).

Regarding the unit weight, there was a smaller reduc-
tion in the Fe2O3 content with the increase of the value of
this variable, as presented in Fig. 1b. This fact is related to
the decrease of the voids due to the increase of the compac-
tion energy, as observed by (Korf et al., 2018), which veri-
fied the decrease of the porosity of the specimens after
being submitted to the vertical load. This eventually ham-
pered the passage of the sticky agent and prevented the acid
attack as well as the degradation of the compound. This re-
lationship can be corroborated by the analysis of variance
(Table 3) referring to the unit weight for this compound.
The P values for all the layers are of the order of 10 %, indi-
cating a relative part of statistical significance, as well as a
significant difference when compared with the samples
without percolation of sulfuric acid. For the samples with-
out acid percolation, the studied variables had no influence
on the Fe2O3 content.

Figure 2 shows the CaO content in relation to the vari-
able cement content for samples with percolation of 0 and
2 % acid solution. No differences were observed between
the studied layers for samples without acid percolation.
With the analysis of Fig. 2a, the increase of cement content
in the soil caused an increase in the CaO content. This is a
result of the hydration reactions and cement hardening with
the soil, providing the formation of this compound. This
observation justifies the P values observed for the relation
between CaO and cement contents (< 0.05). The samples
percolated by sulfuric acid presented variation in the CaO
content between the upper, middle and lower layers. In the
upper portion a reduction in the CaO content was observed
in relation to the results of the samples without percolation
of sulfuric acid.

While analyzing the Fig. 2b, higher concentrations of
this compound were observed in the lower layer compared
to the upper layers and the non-percolated samples, which
is possibly the result of a leaching process in which the CaO
present in the upper layer was transported to the lower re-
gions of the samples due to the acid attack or also because
of chemical reactions resulting from chemical attack, thus
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forming new compounds. This behavior was also eviden-
ced by observing the data of the statistical analysis pre-
sented in Table 3. The variable cement content for CaO
showed higher significance (lower P values) in the lower
layer of percolated samples by sulfuric acid. Since the in-
crease of cement has a direct relation with the increase of
CaO contents, the greater part of the compound has been
deposited in the lower layer, resulting in the highest statisti-
cal significance observed. The unit weight variable did not
influence on the contents of this compound, as corroborated
by the statistical analysis (Table 3).

Figure 3 shows the behavior of the SO3 content be-
tween the analyzed layers of samples percolated by sulfuric
acid in relation to the variable cement content. The results
show that the middle and lower layers had higher SO3 levels
(varying from average values of about 2 % to 4 %), as well
as higher values were observed with increasing cement
content. This fact may be related to chemical reactions in-
volving CaO and the aggressive agent. Likewise, the statis-
tical analysis presented in Table 3 indicated that the highest
significance of the variable cement content was in the mid-
dle and lower layers (0.009 and 0.006, respectively), which
reinforces the evidence presented.

The variables studied did not exert influence on the
SO3 content in the non-percolated samples (Table 3). Also,
the unit weight variable had no influence on the samples
submitted to acid leaching.

Figure 4 shows the XRD test data with the mineralog-
ical identification for samples in the crystalline mineralogi-
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Figure 1 - Fe2O3 content for percolated samples per acid solution in relation to (a) cement content and (b) specific gravity.

Figure 2 - CaO content in relation to the variable cement content for (a) samples without percolation - 0 % H2SO4 and (b) percolated sam-
ples - 2 % H2SO4.

Figure 3 - SO3 content in relation to the variable cement content in
samples percolated with 2 % H2SO4.



cal phase with and without percolation of sulfuric acid. The
test specimen selected for XRD analysis, with 0 % cement,
was the one that underwent the most significant chemical
modifications in the oxide content, evidenced in the XRF
analyses. In this case, the mineralogical composition of the
material with and without the percolation of H2SO4, no
changes were detected in the crystalline mineralogical
composition of the sample and that, according to the analy-
sis, the samples remain with the clay minerals present
(kaolinite essentially). This can be related to the low sensi-
tivity of the XRD method for small variations of contents,
since the changes in the chemical composition were proved
by the chemical analyses.

The results obtained in this work resemble those ob-
tained by MacCarthy et al. (2014) that analyzed the dissolu-
tion of hematite and quartz from a lateritic soil, with similar
constitution of the samples from this study. MacCarthy et
al. (2014) performed batch dissolution tests in a solution of
98 % H2SO4 and KNO3 at pH 1 and at 25 °C and verified in
their studies that the dissolution occurs more strongly in the
oxides phase as iron oxide - hematite than in the quartz. The
authors’ argument also allows us to infer that the sulfuric
acid concentration used in this work was only able to cause
chemical changes in the oxide phase present on the surface
of the particles, not leading to significant mineralogical
changes on the crystalline phase (MacCarthy et al., 2014).

Figure 5 shows the results of the TG / DTG / DSC
technique for the test specimens with and without the pres-
ence of sulfuric acid, which most evidenced acid attack, re-
spectively. For the acid-percolated sample, the loss of mass
was more pronounced in Event 1, featured by pore water
dehydration, which is related to the increase in porosity due
to acid etching and particulate leaching, allowing greater
accumulation of water in the voids and consequent loss of
mass due to water dehydration. In the samples percolated

by sulfuric acid, it was observed a reduction in the values of
the thermal events observed for DSC, possibly due to the
acid attack that promoted the reaction of certain com-
pounds, like Ca, or even the dissolution of these ones. This
behavior is corroborated by the XRF study in which it is
possible to visualize the fall in CaO contents and a conse-
quent formation of SO3 for samples percolated by sulfuric
acid. The major thermal events are shown in Figs. 5a and
5b.

Figure 6 shows the scanning electron microscopy im-
age for the sample with 0 % of cement, but with non-per-
colation (0 %) and percolation (2 %) of sulfuric acid. The
images, when compared to each other, do not allow the
identification of significant modifications in the soil parti-
cles morphology. This fact corroborates the mineralogical
and chemical analysis results, in which no significant chan-
ges were observed in the crystalline clay minerals structure,
just only in the oxides fraction. This behavior is also related
to the results presented in the XRD analysis, in which no
differences were observed between the acid-percolated and
acid-non-percolated samples.

Studies in the literature, such as Yang et al. (2013),
show that, under extreme conditions of acid pH, soil-ce-
ment structures can present a high degree of degradation
and even cracks. In this work, only changes in chemical
composition were verified, no changes were observed in
the crystalline clay minerals structure. No degradation of
the microstructure and / or cracking was observed, possibly
due to the stiffness of the structure due to the presence of
cement, soil type and compaction, as well as a degree of
acidity not so high (2 % sulfuric acid), which possibly had
to be neutralized due to the presence of cement.

In the same way, Knop et al. (2008), when studying
the soil-cement interactions in the presence of sulfuric acid,
verified that the addition of cement to the soil is responsible
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Figure 4 - XRD analysis and mineralogical identification of test specimen (a) 0 % H2SO4 and (b) 2 % H2SO4.
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Figure 5 - TG / DTG / DSC Sample analysis (a) 0 % H2SO4 and (b) 2 % H2SO4. Thermal events: 1 - Dehydration of pore water; 2 - CaSO4

(Karathanasis & Hajek, 1982); 3 - Kaolinite (Critter & Airoldi, 2006); 4 - Quartz (Bartenfelder & Karathanasis, 1989); 5 - CaCO3

(Rowland, 1954; Todor, 1976); 6 - Amorphous aluminum phase crystallization (Kauffman & Dilling, 1950).

Figure 6 - Scanning electron microscopy (SEM) microstructure visualization of (a) sample containing 0 % sulfuric acid and (b) sample
containing 2 % sulfuric acid.



for increasing the delay factor and the sulfuric acid distribu-
tion coefficient. This means that such mixtures have a
greater ability to mitigate the spread of contaminants.

Also, the results presented here are similar to those
found by Shaw & Jim Hendry (2009) in regard to the attack
on the clay minerals structures. Shaw & Jim Hendry (2009)
found that the greatest impact occurred on silicon com-
pounds rather than on aluminum ones. Furthermore, these
modifications may have occurred in a less expressive way,
which makes it difficult to evaluate by certain techniques
that do not have high sensitivity, such as X-ray diffraction.

4. Conclusion

This work presented the effect of the percolation of
acid solutions in mature residual soils with different unit
weights and cement contents. Significant changes were ob-
served in the Fe2O3 present in the soil on the upper layers of
samples which indicates that the acid attack promotes the
dissolution of this iron oxide, this being mainly this being
enhanced by the increasing unit weight, reduction in voids
ratio and, consequently, contamination percolation delay.
Besides, significant changes were observed in the CaO and
SO3 contents, indicating formation of Ca and S compounds
in the lower layers of samples, being it also enhanced by
higher unit weight and cement content addition. These re-
sults were also corroborated by the differential thermal and
differential scanning calorimetry analyses (DTG / DSC).
No changes were detected in the crystalline mineralogical
phase and morphology of the studied soil, observing results
with XRD and SEM analyses. Therefore, acidic attack
caused changes to minerals as oxides and not in the crystal-
line structures of mineral clay and quartz.
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