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Abstract

This paper presents the results of an evaluation of the weathering of different
basalticlithotypes (dense basalts, vesicular-amygdaloidal basalts, and basaltic breccias)
from four basaltic flows of the Serra Geral Formation of the Itaipu Dam region.
Samples were classified according to their degree of weathering based on analysis
with a 200X digital microscope and were subjected to pH, electrical conductivity,
and point-load strength tests. The results show that pH and electrical conductivity
values are effective for the evaluation of weathering, especially when tactile-visual
classification does not provide an accurate evaluation of the rock’s different degrees
of weathering.
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Resumo

Apresentam-se, nesse artigo, os resultados da avaliacdo da alteragio de diferentes
litotipos basalticos (basaltos densos, basaltos vesiculo-amigdaloidais e brecha basaltica).
As amostras analisadas sdo oriundas de quatro derrames basalticos da Formacao Serra
Geral, da regido das obras da barragem de Itaipu. Nesse trabalho, sdo apresentados a
classificagdo do grau de alteracdo, andlises em microscopio digital 200X e ensaios de
pH, de condutividade elétrica e de compressdo pontual. Os resultados mostraram que
os valores de pH e de condutividade elétrica sdo significativos na avaliagdo do grau
de alteragio, especialmente quando as classificacdes tatil-visuais e de resisténcia nao
refletem com tanta precisdo esse parametro.

Palavras-chave: Alteracio de rocha, rocha basiltica, pH, condutividade elétrica,
compressao pontual.
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Evaluation of weathering of basaltic lithotypes based on pH, electrical conductivity, and point-load strength tests

1. Introduction

In civil engineering, rock material is
very broadly used and has many applica-
tions, either as a building material or as
a support for various civil structures. A
major problem in the use of various rock
types is the characterization of their degree
of weathering at a stage that cannot yet be
visually observed or detected by routine
physical tests. According to the intended
application and the standards established
in the project, specific methodologies are
needed to accurately characterize rock
material in geological-geotechnical terms
to effectively qualify and quantify the
parameters of interest.

An important component of these
studies is the degree of weathering,
which is related to the intrinsic char-
acteristics of the rock and the severity
of the weathering forces to which it is
exposed (Reiche, 1943; Woodruff, 1966;
Aires-Barros, 1971). To determine the
degree of weathering, quality indexes
that involve physical (apparent density,
apparent porosity, and water absorp-

2. Materials and methods

The proposed methods described below
emphasize simplicity and the ease of operation

Rock materials

The studied samples represent four
different sequences of basalt flows within
the Itaipu Dam region. The flows were
assigned local denominations during
construction of the dam (E, D, C, and B)
and based on their respective lithotypes:
dense basalt (the central part of the flow),

Methods
The point-load strength test

To determine the mechanical
strength of the rock, a point-load
strength test was performed according

Weathering degree

The degree of weathering was classi-
fied using visual-tactile analysis according

pH and electrical conductivity

The tests used to measure these two
properties aim to evaluate the degree of

tion), geomechanical (modulus of elas-
ticity, compressive strength, and shear
strength), and chemical (pH, electrical
conductivity, and the concentration of
chemical components from the processes
of weathering) characteristics are typi-
cally used. Studies using these indexes
include those by Reiche (1943), Iliev
(1966), Aires-Barros (1971), Nesbitt
and Young (1982), Ladeira and Minette
(1984a, 1984b and 1984c¢), Harnois
(1988), Gupta et al. (1998), Verhoef and
Van de Wall (1998), Maia et al. (2002,
2003), Moon and Jayawardane (2004),
Gurocak and Kilic (20035), Lathan et al.
(2006), Shalkowski et al. (2009), Olana
et al. (2010) and several other authors.
There is no consensus on an effec-
tive index to describe rock weathering,
but many approaches integrate data from
different types of tests that reflect different
characteristics of the rock materials. How-
ever, many of these tests require detailed
treatment of the samples and costly equip-
ment to ensure precise measurements.

and examine different characteristics of geological
materials. The point-load strength test measures

vesicular-amygdaloidal basalt (the top
of the flows), and basaltic breccia (the
transition zone between the flows). The
following materials were obtained from
the excavation fronts during the construc-
tion phase and are representative of the
main construction materials used during

to the recommendations of the ISRM
(1972) for blocks of irregular geometry.

The value for I, (Point load strength

to the classification described by ISRM
(1978), a digital microscope with 200X

chemical weathering and are based on
the work by Shalkowski et al. (2009),
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Based on these considerations, this
paper proposes to contribute to the inte-
gration of data from tests that reflect the
mineralogical, chemical, and mechanical
strength characteristics of rock material
combined with the simple preparation
of samples without the need for defined
geometry and without using sophisticated
equipment.

The proposed tests were developed
in basaltic lithotypes of the Serra Geral
Formation in the Itaipu Dam region.
The use of these geological materials is
justified because they are found over a
large territory due to the occurrence of
the Serra Geral Formation and have been
used in the construction of several civil
structures associated with the dam, such
as concrete aggregate (including the main
dam, the right wing dam, the connection
dams, the diversion structure, and the
spillway); in the rockfill dam (transitions,
rockfill, and rip-rap); and in the earthfill
dam (filters, protection of filters and in the
upstream region).

the mechanical strength, and the chemical mea-
surements are designed to detect weathering,

the construction of the dam: concrete ag-
gregate, filters, transitions, rockfill, and
rip-rap (ITAIPU, 1978; 1994).

Figure 1 shows a vertical geological
profile with a general description of each
studied rock group associated with the
various basalt flows.

index for 50 mm diameter core) is deter-
mined with the equivalent core diameter
of the specimens.

magnification, and chemical weathering
tests.

who used the mechanism of ion dissolu-
tion of the rock in aqueous medium by



Figure 1

Schematic geological profile from Itaipu
Dam region: relation between basaltic
flows and study samples.

measuring the pH and electrical con-
ductivity (EC). The pH and electrical
conductivity measurements characterize
levels of weathering that are very subtle
but strongly affect the quality of rock
materials (granites in the 2009 study by
Shalkowski et al.) in terms of mechanical
strength.

To perform the test, in each rock
group, four samples of different particle
size ranges were evaluated: Sample 1 (2.0
< # < 4.76 mm), Sample 2 (1.0 < # < 2.0
mm), Sample 3 (0.42 < # < 1.0 mm), and
Sample 4 (0.063 < # < 0.125 mm). Dif-
ferent particle sizes from each rock group
were obtained by grinding the rock.

Generally, the test consists of sub-
merging 25 g of rock (wrapped in a

3. Results and duscussion

Figure 3 presents the images
obtained with a 200X microscope
from the basaltic matrix of each rock
group studied. In these images, the
plagioclase grains are highlighted (light
gray minerals). The observation of the
plagioclase grains present in the dense
basalt matrix allowed for the verifica-
tion of different behaviors associated
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in diameter.

@ expansive clays.

reddish.

Sample 1E - dense basalt, dark-gray, fine-grained (W1). The matrix presents submillimeter
spots: light-gray plagioclases and dark-green mafic minerals.

s Sample 2Dv - basaltic breccia with vesicular-amygdaloidal basalt blocks (W1). There are
L amygdules of calcite and quartz. The vesicle walls are coated with a dark-green mineral
(probably clay mineral). The vesicles and amygdules range in size from 5 to 15 mm in diameter.

Sample 3Dv - vesicular basalt, reddish-gray (W2). The matrix presents submillimeter spots:
® light-gray plagioclases, dark-green mafic minerals, and gray-green minerals (probably clay

mineral). The vesicle walls are coated with a dark-green mineral (probably zeolite). The vesicles
range in size from 5 to 15 mm in diameter.

Sample 4D - dense basalt which contained disseminated clay mineral spots,
fine-grained (W2). The matrix presents submillimeter spots: light-gray plagioclases, dark-green
mafic minerals, and a rare presence of calcite.

Sample 5D - dense basalt from the lower part of the flow D, reddish, fine-grained. It was
A identified two subgroups: 5Dc (W1) - plagioclase show no signs of weathering, light gray; SDs
(W2) - weathered plagioclase, white.

@ Sample 6C" - basaltic breccia with vesicular basalt (W2 to W3). The vesicle walls are coated
with a yellow-green mineral (probably clay mineral). The vesicles range in size from 5 to 30 mm

Sample 6C - vesicular-amygdaloidal basalt, gray-brown (W2). The matrix presents
S T ‘/ submillimeter spots: light gray plagioclases), dark-green mafic minerals, and yellow-green

H w minerals (probably clay mineral). There are amygdules of quartz, calcite, and clay minerals. The
vesicle walls are coated with a dark-green mineral (probably zeolite). The vesicles and amydules
range in size from 5 to 30 mm in diameter. The samples show levels with concentrations of

\Sample 7C - dense basalt, dark-gray, fine-grained. The matrix presents submillimeter light gray
spots (plagioclases) and dark-green to black spots (mafic minerals). Minerals show no preferred
orientation. It identified two subgroups with difference plagioclase: 7Cc (W1) - plagioclase are
not visible to the naked eye, light-gray; 7Cr (W1) - plagioclase are visible to the naked eye,

Sample 8B - basaltic breccia (W2 to W3). The sample is composed of mudstone/siltstone blocks

reddish,

ous with

mineral). This breccia is quite h

Legend

[ Dense basalt FZR#gAg Breccia

b [P | \ with high concentration of clay minerals and vesicular basalt blocks (vesicles coated with clay

Sample 9B - vesicular-amygdaloidal basalt, reddish-brown (W2). The matrix presents

submillimeter spots: light-gray plagioclases, dark-green mafic minerals, and yellow-green

minerals (probably zeolite). There are amygdules of quartz, calcite, and clay minerals. The
\vcsiclcs are coated with a dark-green mineral (probably zeolite). The vesicules and amygdules

range in size from 5-20 mm in diameter.

Sample 10B - dense basalt, dark-gray, fine-grained (W1). The matrix presents submillimeter
spots: light gray plagioclases and dark-green mafic minerals.

Vesicles and
amygdules

L=

ions of quartz and calcite.

Basalt flow ISRM
® name (wi) class

polyester screen with 150 thread/cm) in
250 ml of bi-distilled water (18.2 uS/cm
at 25°C). Immediately after sample im-
mersion, the solution is homogenized on
a magnetic stirrer for five minutes. Then,
the pH and electrical conductivity are
read over 10 minutes of testing at intervals
of one minute (which theoretically mea-
sures the weathering state; subsequently,
a reaction occurs with the ions released
by the sample).

Figure 2 presents the device devel-
oped for this study using pH and conduc-
tivity meters and a container with a lid
adapted to accommodate the electrodes,
thermometer, and sample.

System calibration was performed in
two stages: (a) an experiment with 250 ml

with mineral weathering as indicated
by the degree of discoloration, espe-
cially of the larger grains.

The samples were described and
classified according to the following
characteristics:

* Dark gray dense basalt (1E, 7C_, and
7C,): no signs of weathering.
e Dark gray (10B) and reddish dense

of pure Milli-Q water (the neutral experi-
ment) and (b) an experiment with a bag of
polyester and no sample (the control ex-
periment). According to Shalkowski et al.
(2009), the control experiment represents
the changes resulting from the interaction
of the sample with the screen. Therefore,
the difference between (a) and (b) was
subtracted from the test results. The
solution may interact with atmospheric
gases or dissolve in the Milli-Q water;
however, because of the controlled labora-
tory conditions and the water used, these
interactions were taken into consideration
in the calibration reactions. To reduce the
effects of the external environment on the
test, the container holding the solution
was protected with a plastic film.

basalt (5D): slightly discolored and
more pronounced plagioclase.

* Reddish dense basalt (SD,): weathered
plagioclase that is quite pronounced
and discolored.

e Reddish-gray dense basalt with clay
mineral (4D): weathered plagioclase
that is quite pronounced and dis-
colored.
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With respect to the vesicular-amyg-
daloidal basalt and breccia, the following
characteristics were of particular interest:
* Vesicular-amygdaloidal basalt (3D,
and 9B): matrix showing somewhat
weathered plagioclase that is slightly
discolored.

¢ Vesicular-amygdaloidal basalt (6C): ma-
trix with quite discolored plagioclase and
a high concentration of clay minerals.

* 2D, breccia, a component of the ve-

Legend
1.Lid Whit holes to fix electrodes,
thermometer and sample
2.Beaker 400 ml

3.Digital conductivity meter
4.Digital pH meter

5.Magpnetic stirrer

6.Timer
7.Sample + screen

sicular basalt: somewhat discolored
plagioclase with a strong presence of
calcite amygdales.

8B breccia, a component of the vesicular
basalt: somewhat discolored plagioclase
with a concentration of clay minerals in
specific regions of the samples.

6C’ breccia, a component of the
vesicular basalt: very weathered ma-
trix with evidence of a clay forming
process.
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Figure 2
General view of equipment for physico-
chemical measures.

Figure 3
Images of the samples (200X). Some arro-
ws indicate plagioclase grains.

The results of the point-load strength
tests are shown in Table 1, illustrating that
the different rock types exhibited different
values of point-load strength. The dense
basalts had point-load indices of 8.8 to 9.7
MPa, and the subgroups of the samples
5D (5D, and 5D,) and 7C (7C_ and
7C,) exhibited very similar values, with
no significant differences in mechanical
strength. Sample 4D, a dense basalt with
clay mineral content, exhibited a high



strength, with an I ;, value of 8.5 MPa.
The vesicular-amygdaloidal basalt showed
point strengths of 4.6 to 6.7 MPa. The
lowest values were recorded for basaltic
breccias (2D, 6C’, and 8B), with [ ;, val-
ues of 3.7 to 5.5 MPa. In terms of weath-
ering, the point-load test combined with
analyses at 200X provided more detailed
characteristics of vesicular-amygdaloidal

basalts and basaltic breccias. For the dense
basalts, mineralogical variations related to
weathering were not evidenced by point
compression.

In the chemical measurement test,
which was conducted to evaluate the
degree of weathering, the initial assess-
ment indicated that of the four particle
size ranges tested, the one that best repre-

Patricia Casarotto de Oliveira e Ldzaro Valentin Zuquette

sented the ion dissolution of the rock was
0.42 < # < 1.0 mm, which promoted the
greatest release of ions in relation to the
theoretical specific surface (Table 1). The
particle size range of 0.063 < # < 0.125
mm presented high interference of the
fine material resulting from the crushing
process and therefore did not present the
expected results.

. Physicochemical measures
S . Basaltic Point Load Strength 2,0<#<4,76mm | 1,0<#<2,0mm | 0,42<#<1,0mm | 0,063<#<0,125mm
ample lithotypes Numberof . Iss H EC H EC " EC " EC
sample ™Pa) | P usiem) | PP stem) | P Siem) | P (uS/em)

1E 6 096 884 | 808 211 | 662 261 | 744 319 | 730 4.05

7Cc | Dark gray dense 6 0.89 853 | 853 249 | 775 371 |791 469 | 732 2.97

7Cr basalt 6 082 839 | 770 142 | 730 227 |776 194 | 753 2.18

10B 10 089 952 | 767 1.84 |842 280 |9.14 420 | 727 2.60

5Ds | Reddish dense 5 086 952 | 853 3.4 | 793 527 | 853 864 | 7.6l 3.99

5D¢ basalt 3 082 973 | 757 315 | 755 587 | 730 789 | 7.42 5.58

4D Dense basalt 10 09 854 | 807 1024 | 768 1739 | 797 2465 | 7.39 9.14

with clay mineral

3D Vesicular- 6 0.81 469 | 879 728 | 851 1443 | 831 25.12 | 7.53 9.96

6C ! 11 085 551 | 878 513 | 800 1002 | 794 1354 | 7.48 453

Table 1 9B amygdaloidal 14 09 671 | 723 954 | 791 1775 | 725 17.87 | 6.60 7.25

Point Load Test (IS(50)), pH and 2Dy 9 0.67 548 |10.12 13.00 | 1028 2225 |1042 3132 | 986  16.81
. N . 6C’ | Basaltic breccia 10 076 375 | 8.03 1295 | 823 2332 [822 3032 | 716 1518
electrical conductivity of basaltic 8B 6 084 380 | 949 694 |95 1202 | 934 1978 | 7.51 7.6

rocks.

By analyzing the relationship be-
tween the pH and EC parameters, the
results could be individualized according
to the different lithotypes, as shown in
Figure 4. In this graph, the dotted lines are
illustrative and do not represent the actual
variation among rock types. In general,
the following division occurred:

e Dark gray dense basalts: EC from 0 to
5 uS/em and pH of 7 to 9.5.

e Reddish dense basalts: EC from 5 to 10
uS/cm and pH from 7 to 8.5.

¢ Dense basalt with disseminated clay
mineral: EC from 25 uS/cm and pH
of 8.

Figure 4
Correlation between pH
and electrical conductivity.

lithotypes, which are difficult to detect
with visual-tactile evaluation aimed at de-
termining the degree of weathering or by
the point-compression test. The dark gray,
dense basalts (1E, 7C_, 7C,, and 10B)
were all classified as W1 (non-weathered

e Vesicular-amygdaloidal basalts: EC
from 13 to 26 uS/cm and pH from 7
to 8.5.

¢ Basaltic breccia: EC from 19 to 32 uS/
cm and pH from 8 to 9.5.

The results confirmed that the pres-
ence of secondary minerals tends to in-
crease the sample’s electrical conductivity
and pH value. This graph should not be
considered for samples with high calcite
concentrations because it biases the result
toward high pH values. Therefore, the
sample 2D, (pH = 10.5) was not included
in this graph.

Comparing the pH and EC param-

R? = Coefficient of determination; Igs9) = Point load strength index; CE = Electrical conductivity

eters (0.42 < # < 1.0 mm) with the point-
strength index (I ) confirmed that for
the dense basalts, the measurements are
highly divergent; in addition, the R? value
did not support the use of this combina-
tion (Figure 5A). However, the EC x pH
data (Figure 4) showed good potential for
use with dense basalts. For the vesicular-
amygdaloidal basalts and breccias, the
pH tended to increase with decreasing
strength (Figure 5B). There was no cor-
relation of EC with point compression for
these lithological types.

The laboratory results indicated
significant differences within basaltic
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108 | A - Dense dark-gray basalt
B - Dense reddish basalc
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material) and exhibit high strength (ac-
cording to the classification of Verhoef
and Van der Wall (1998) for I, > 8
MPa). However, sample 10B presented sig-
nificant variation in terms of pH. Among
subgroups SD_(W1) and 5D, (W2), both
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1
Electrical Conductivity (10-6 S/cm)

C - Vesicular-amygdaloidal basalt
40 D - Dense basalt with clay minerals
E - Basaltic breccia

with I, > 9 MPa, the pH meter results
were even more distinct. The point-load
test was not effective in the evaluation of
weathering in these dense basalt groups,
and only a partial association of weather-
ing with EC was found.
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4. Conclusion

One of the greatest challenges in the
evaluation of rock materials for different
uses is the diagnosis of incipient weather-
ing that cannot be visually observed. The
results of the present study support the
view that pH measurements combined
with microscopic analyses appear promis-
ing for the assessment of the degree of rock
weathering. In dense basalts, based on mi-
croscopic analyses, pH values above 8 are
indicative of the early stages of weathering.
In vesicular-amygdaloidal basalts and
basaltic breccias, the mechanical strength
has no correlation with electrical conduc-
tivity; however, there is a decreasing trend
in point-load strength with an increase in
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pH. Although the low strength of these
basaltic lithotypes is associated with the
presence of vesicles and amygdales, a
relationship can be verified between point-
load strength and the level of weathering:
the higher the pH, the lower the mechani-
cal strength. Incipient weathering in the
plagioclase can be seen in these groups,
but the increased pH is closely associated
with the presence of secondary minerals,
such as clay and calcite.

The graph presented here provides
a contribution to the field of geotechnical
characterization of basaltic rocks, mainly
for analyzing the degree of weathering.
For dense basalts with electrical conduc-

Center for Advanced Studies on Dam
Safety (CEASB/PTI/ITAIPU) for the
Master’s stipend and assistance with

Figure 5

(a) Correlation between electrical conduc-
tivity and point load strength for dense
basalt.

(b ) Correlation between pH and point
load strength for vesicular-amygdaloidal
basalt and basaltic breccia.

tivities between 0 and 15 uS/cm, the fol-

lowing weathering classification in terms

of pH is suggested:

e W1 (unweathered rock): 7> pH < 8.

e W2 (slightly weathered rock): 8 > pH
<10.

e pH > 10, the rock should be analyzed
under a microscope for the classifica-
tion of weathering.

For vesicular-amygdaloidal basalts
and breccias, the following classification
is suggested:

o W2 (slightly weathered rock):
7>pH< 8 and 10 > EC < 30.

e W3 (moderately weathered rock):
8 > pH < 9 and 30 > EC < 40.

travel expenses and Itaipu Binacional for
providing the samples.
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