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Application of Grouting Intensity Number in Spillway
Foundation at Jirau HPP/RO

M.B. Lopes, A.P. Assis

Abstract. Brazil has one of the largest hydroelectric parks in the world and important ventures for the world ranking have
been executed in the country - to cite the most recent, Jirau and Belo Monte Hydraulic Power Plants (HPP). This
emphasizes the importance in the continuous study of techniques and theories commonly used, in order to improve the
quality of the projects. This work proposed to implement the Grouting Intensity Number (GIN) methodology for the
grouting of waterproofing curtains, through back analysis and estimation of the results of the Jirau HPP foundation
treatment. The GIN was chosen from an analysis of curves plotted on a scatter plot as points representing the ratio between
the grouting volume (grouting for further analysis) and water (water loss test for estimation) vs. the injection pressure. The
maximum grouting intensity selected for the Jirau spillway was 50 MPa x L/ m, which according to the method authors,
Lombardi and Deere represents low fracture of the rock mass. Other authors also applied this methodology, finding values
higher than in this paper. Therefore, continuity in studies of the application of GIN in projects in Brazil is important to

validate its efficiency and to promote progress in this area of dam engineering.
Keywords: dams, foundation treatment, GIN methodology, grout curtain.

1. Introduction

Implementation of dams in Brazil is part of its history
and economic development, having as initial incentive for
this construction the Northeast drought and its active par-
ticipation in the world economic (CBDB, 2011). The coun-
try stands out in the implementation of large hydroelectric
constructions, known in the whole world by their impor-
tance and extension, and the generation capacity of energy
in Brazil is open to comparison with the oil production in
Saudi Arabia.

In September 2013, the Jirau Hydroelectric Power
Plant started its commercial operation, located at the Ma-
deira River, in Rondonia, with installed capacity
3,750 MW. According to Chiossi (2013), Jirau HPP is the
fifth in national ranking of capacity and one of the 140 hy-
droelectric powerplants currently in operation, which rep-
resents 77.1 % of Brazil’s energy supply (Governo do
Brasil, 2018).

The Jirau HPP spillway is a reinforced concrete struc-
ture, divided into ten blocks and with a flow rate of
82,600 m'/s. The safety of concrete dams can be achieved
by controlling the uplift forces and the displacements pro-
vided by induced loads that are transferred to the founda-
tion, and Oliveira (2002) states that the major stability issue
is the uplift effect. To reduce the influence of this effect in
the concrete dam base, foundation treatments can be used,
including grout curtain and drain holes. In 1961, Arthur
Casagrande presented the “First Rankine Lecture” at the In-
stitution of Civil Engineers, relating the prejudices and

opinions about the efficiency of grouting under uplift
effects (Oliveira, 2002), which since then has generated
conflicts among designers.

The first works with grout curtain were carried out in
France, in 1802, by the engineer Charles Bérigny, who indi-
cated this alternative for foundation consolidation of Diep-
pe lock. In Brazil, the first use of the methodology was
promoted by IPT - Institute for Technological Research - in
Barra Bonita dam, in Tiete River, in the 1950s (Levis,
2006). The most utilized criteria of execution in the country
was created by Houlsby in 1976 and updated in 1990, that
considers the injectability of the cement grout in rock mass
vs. pressure, using the “Split-Spacing” for drilling the grou-
ting holes. This opening system was proposed by Nonveil-
ler in 1979 and prescribes that the initial space of the holes
must be chosen considering that the grouting regions do not
overlap initially, following the drilling of primary, second-
ary and tertiary holes (Gama, 2012). For Houlsby (1990),
the grouting pressure must be maintained for fifteen min-
utes until setting is reached, when the grout is stabilized and
gains resistance. Branddo (2014) emphasizes that the set-
ting concept was idealized for unstable grouts, wherein the
rheology is susceptible and variable, and can have segrega-
tion and sedimentation. For Warner (2004), the use of un-
stable grouts is outdated and the set should be any point
when there is no more absorption of cement grout. These
discussions about the grouting pressures to be adopted and
its flow encouraged Lombardi & Deere (1993) to develop a
methodology that aims to systematize the execution of
grout curtains, named as Grouting Intensity Number (GIN).
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The GIN purpose is to standardize, define the dosage
for grout injection, using a unique mix that considers the
limited penetration due to the size of the cement particles
and, thus the finer the cement particle, the larger the effec-
tiveness of grout injection (Cruz et al., 2009). According to
Carvalho et al. (2003), Mascarenhas de Moraes HPP was
the first development in Brazil to use GIN as a grouting
treatment procedure and there are technical advantages of
this approach when compared to the conventional one, so
its use in other projects would increase quality and reliabil-
ity efficiency. Therefore, this research aims to describe im-
plementation of this procedure at Jirau HPP, to compare the
results with the literature, and to point out the benefits that
the application of the method can bring to other future dam
projects.

2. GIN Method - Grouting Intensity Number

According to Gama (2012), the grouting behavior is
divided in function of two types of fluids: Newtonian and
Binghamian. Newtonian fluids are characterized by a force
needed to move the liquid, which is related with the dy-
namic viscosity. In Binghamian fluids, the cohesion or
thixotropy exists in addition to the dynamic-plastic viscos-
ity, as shown in Fig. 1, where C = cohesion; n = viscosity
for Binghamian fluids; n” = viscosity for Newtonian fluids;
T = shear stress; % = shear rate.

Lombardi & Deere (1993) state that the difference be-
tween them is that in Newtonian fluids the viscosity gov-
erns the penetration velocity and designates their rheologi-
cal behavior, and in Binghamian fluids, in addition to the
viscosity, the cohesion is a resistance to creep and governs
the maximum distance of penetration. Figure 2 presents a
graph (Houlsby, 1990) where it is possible to verify the ce-
ment grout behavior in relation to the dosage, when ana-
lyzed in cohesion and viscosity terms. Thicker grouts (w/c
ratios of 0.6:1 and 0.7:1) have a shear stress intercept (cohe-
sion) greater than fine particles (w/c ratios of 1:1 and 3:1),
but the viscosity or percolation distance are less than the

dv
T:C+Tl&
do
T=CH gy

dv
dx
Figure 1 - Rheological Models: 1) Newtonian; 2) Binghamian.
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finer particles. For closed discontinuities, higher w/c ratios
are indicated due to their viscosity. In wider-aperture dis-
continuities, thicker grouts are used, with a lower w/c ratio.

The grouting pressure is also an important factor,
where Levis (2006) cites two trends: American and Euro-
pean. The American System defends the use of low pres-
sures, calculated on the basis of 25 kPa/m (as adopted In the
Jirau HPP project). In the European procedure, the pressure
factor is 100 kPa/m, which characterizes the adoption of
high pressures. The disadvantage of using high pressures is
the possibility of causing the elastic opening of the discon-
tinuities and this may be irreversible. The elastic opening is
beneficial, but high pressures can open discontinuities that
were sealed, becoming harmful (Marques Filho, 1986 apud
Levis, 2006).

The discussions about the grouting pressures that will
be adopted and their fluidity encouraged Lombardi & De-
ere (1993) to develop the GIN methodology - Grouting In-
tensity Number, with the purpose of defining the grout
dosage, using a unique mix and that considers the penetra-
tion limited by the size of cement particles. According to
the authors, beyond the adoption of a single dosage of grout
in all the injection process, the pressure increases gradually
in accordance with the grout penetration in the fractures,
and it can monitor the pressure, flow velocity and injec-
tability by integrated system with real time data acquisition.
So, GIN represents the product of grouting volume (V in
L/m) at 1 m and the corresponding grouting pressure (p in
kPa), given by:

GIN =pxV (1)

To Lombardi & Deere (1993), the GIN main charac-
teristic is the limitation of grouting pressure, preventing ex-
cessive pressure and grout volumes that can cause hydrau-
lic fractures or the lifting of foundation mass, as shown in
Fig. 3. The GIN is supported due to the traditional water-
proofing methods of rock foundations having been based

0.6:1

0.75:1

1:1

3:1

w

Figure 2 - Comparison of cement grout thixotropy for different
w/c ratios by grout weight.
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Figure 3 - Limits imposed on the injection process a) Houlsby Method; b) GIN method.

on empirical principles, institutional and professional expe-
riences that conducted to dogmatic beliefs (op. cit.).

The GIN methodology requires that once selected the
intensity level to be grouted, this number is maintained not
only for the filling of fractures easily injected (with large
volume of absorption and low pressure), but also for the
thinner fractures (with lower grout absorption and larger
adopted pressure), maintaining the GIN constant. Lombardi
and Deere (1993) defined guide curves used as reference
parameters for the adoption of intensities, in which wider
discontinuities require an intensity of 250 MPa x L/m.
Finally, in cases characterized by closed and extremely
closed cracks, the pressure increases with a small increase
in grout volume (GIN <150 MPa x L/ m).

Figure 4 indicates that the maximum limit for volume
and pressure needs to be defined, before the elaboration of
the GIN curve. According to Gama (2012), point F'is the in-
tersection between curve 2 and curve 1, representing the fi-

max

\%

Figure 4 - Representation of the GIN curve.
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nal values of pressure and absorption, indicated as the GIN

to be adopted.

Lombardi (1996) defined that the maximum pressure
is conditioned by the hydraulic pressure that the rock mass
is submitted to, varying between twice or three times this
magnitude and the maximum volume by the injectability
factors determined in the subsoil survey phase. The author
compared the traditional method and the GIN, concluding
that:

a) As regards the grouting dosage, using a thicker and more
stable grout in the GIN method achieves the same ob-
jective as the traditional methods;

b) The mix cohesion, due to the use of lower w/c relations,
is maintained constant during the entire injection pro-
cess and, therefore, the setting concept became unnec-
essary;

c¢) The final grouting pressure in the GIN methodology re-
mains lower than in the traditional method, reducing
the risk of hydraulic fractures in the rock mass.

3. Jirau Hydroelectric Powerplant

Jirau HPP was constructed 120 km away from the
capital of Rondonia, Porto Velho, near to Jaci Parana dis-
trict, in an island of Madeira River, named Ilha do Padre.
According to the HPP has generation capacity of
3,750 MW, being capable to supply more than 10 million
houses.

The Jirau HPP complex comprises concrete, soil, soil
and rockfill, and rockfill with asphalt core structures. Con-
crete structures encompass two powerhouses, one placed in
the right bank of the river with 28 bulb turbines, and the
second in the left bank with 22 turbines, summing up 50
generating units with 75 MW. Figure 5 presents the satellite
image of the HPP location.
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Figure 5 - Aerial view of the execution of the development (Google Earth, 2014).

In the region, it is possible to find granites of the Sao
Lourengo-Caripunas Intrusive Suite, beyond the conglom-
erate of soils and rocks of the Palmeiral Formation and sed-
iments of the fluvial terrace in the Quaternary Jaciparana
Formation.

In the site investigation carried out along the dam lon-
gitudinal axis, the existence of rock masses such as gran-
ites, rhyolites and diabase were confirmed, where the gran-
ites and rhyolites belong to a batholith with an approximate
area of 3,000 km’, responsible for the waterfalls of Santo
Antdnio Teotonio do Inferno (axis of the Ilha do Padre) and
Jirau.

The granite of the spillway foundation is very frac-
tured and little weathered on the surface, identifying dis-
continuities Zx (vertical), Ix (inclined) and Dx (subhori-
zontal) parallel to the river flow.

The foundation treatment executed in the concrete
structures of the Jirau complex was composed of grouting
lines and deep drains, following the conventional method-
ology of Houlsby (1990) and the opening of holes using the
split-spacing method proposed by Nonveiller in 1970. For
the spillway, three lines for a deep treatment were designed.
The upstream line has primary, secondary and tertiary ho-
les, spaced 3 m, with a vertical depth of 20 m and dip of
20°/upstream. The central and downstream lines were for-
med by possible holes, opened when the required holes ex-
ceeded a grout absorption of 30 kg/m, based on design
criteria.

The absorption of 30 kg/m or less rates the rock mass
as with low permeability, which corresponds to a perme-
ability coefficient k from 107 to 10™ cm/s, considered satis-
factory for the treatment effectiveness. The design criteria
corroborate with the indication of treatment necessity poin-
ted out by Costa (2012), where the author indicates the in-
jection along two or three lines in cases where the hydraulic
conductivity of the rock mass is between k = 107 to
5 x 10" cm/s.

174

Hole drilling was carried out by a rotary-percussive
drilling tool with injection of air and water simultaneously,
to prevent drilling debris block the entrance and percolation
of cement grout, as mentioned in other cases by Marques
and Filho (1986 apud Levis, 2006). It is used the ascending
form of treatment, where it is drilled the entire hole and
then, it is grouted in stretches with double packers, being
the fastest process for construction with tight deadlines.
The grouts used in the treatment was conventional grouts
(cement and water), with initial dosage which w/c of 0.7:1
and thickened in the end to 0.5:1.

4. Methodological Procedures

The confection of GIN curves of the spillway blocks
of Jirau HPP was made in two ways to compare the results
and selection of the adopted GIN: the first by back analysis
of the obtained results with the grouting curtain in the origi-
nal design and, the second, by estimation from the results of
Water Loss Tests (in Portuguese - EPA), executed in the
primary holes with 24 m spacing (Oliveira et al., 1975).

To determine the GIN curve of each spillway block
by back analysis, the results of the conventional (Houlsby)
method were converted to values of grout pressure x vol-
ume for the GIN method (kP x L/m), and those values were
plotted in a dispersion graph. The pressure is maintained
with the same values indicated in grouting bulletins, con-
verting only the unit of measurement to kPa. The cement
consumption (w/c ratios of 0.7:1 and 0.5:1) collected from
the bulletins as kg/m was converted into L/m, considering
the CP IV-32 cement unit weight of 2,900 kg/m".

After the cement consumption definition for each
grout dosage, the final volume of the mix was obtained in
L/m. As the GIN method adopts a single grout pressure, it is
used the criteria of weighted volume, transforming the
grout into a homogeneous fluid.

To determine the GIN curves by estimation, the re-
sults of water absorption in the primary hole, are used the

Soils and Rocks, Sdo Paulo, 43(2): 171-180, April-June, 2020.
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water volume absorbed by the hole is indicated as cement
grout volume to be injected (L/m) and the test pressure as
injection pressure (kPa).

The obtained results for the two types were disposed
in a dispersion chart (pressure x volume) and hyperbolic
curves with random intensities were inserted in those
graphs to verify proximity between those points and the
predetermined GIN curves, choosing for each block the
best intensity (kPa x L/m). For the curves, the limits of vol-
ume and pressure were also determined in the direction of
the volume, adopting an absorption of cement grout or wa-
ter, and the pressure, the criteria cited by Lombardi (1996),
two or three times the rock mass is submitted. For the man-
datory (upstream) and possible (downstream) hole lines the
theoretical grouting dosage was considered, assessing:

a) Total consumption of the grout with w/c ratio of 0.7:1 in
the mandatory holes;

b) Total consumption of the grout with w/c ratio of 0.5:1 in
the mandatory holes;

¢) Consumption of water (w,,; w,, - L) and cement (c,,;
¢,s, - kg) for each dosage in the line of mandatory
holes;

d) Theoretical grout dosage given by:

W _Wogra TWosa

2

¢ CO.71:1 + CO,S:I
e) The same was evaluated for the possible grouting lines.

5. Results and Discussion

About the grout volume of cement and water, the val-
ues found in the grouting bulletins and EPA tests of the cur-
tain in the Jirau HPP ranged from 20 to 800 L/m along the
foundation of the spillway blocks. The determination of the
maximum pressure magnitude, using the concept cited by
Lombardi (1996), adopted:

a) Water specific weight (y, = 9.81 kN/m’) multiplied by
the height of water column (Hw), and in this case the
normal maximum of the upstream tank of 28 m, ob-
taining hydraulic pressure (c,) equal to 275 kPa.

b) The maximum pressure greater than or equal to three
times the hydraulic pressure (p, , =3 x ¢,) resulted in

max

825 kPa, which was discarded because all results of
the grouting curtain executed in Jirau were below this
one. Thus, the adopted pressure was 2.5 x o,
@, = 700 kPa).

From this, the curves confection was divided in those
two mentioned groups in grout 4 for each block in the spill-
way, as detailed in Sections 5.1 and 5.2. Figure 6 shows the
spillway scheme and the position of the studied blocks. The
results for each group are presented in Table 1.

5.1. GIN curves elaborated by back analysis

Figures 7 and 8 present the dispersion graphs and ran-
dom GIN curves for three blocks of the spillway structure
that were highlighted in those results in accordance to Ta-
ble 1.

In Fig. 7, it is possible to observe that the VT-02
Block is in an area of water and cement grout low absorp-
tion, with maximum values less than 15 L/m. So, the GIN
curves plotted in the dispersion graph tend to approach the
highest number of points, with intensities varying between
0.8 MPa x L/m (GIN 1), 1.5 MPa x L/m (GIN 2) and
2.5 MPa x L/m (GIN 3).

As the curves were randomly plotted, the chosen
curve was the closest one to the plotted points and best rep-
resents the situation - for VT-02 (according to Table 1),
with GIN 2 intensity 1.5 MPa x L/m. However, in block
VT-06 (Fig. 7b) there was a higher grout consumption, so
there was a greater dispersion of the consumption points,
for the same pressure adopted. In addition, the cement grout
absorption reached volumes close to 600 L/m, due to its lo-
cation in a region with greater presence of discontinuities
(observed in the EPA results, injection and geological-
geotechnical mapping).

However, in the same Fig. 7b it can be verified that
three points are distant from the results in other sections of
holes in the VT-06 block, and the random GIN curves
stayed away from those points too. Thus, for VT-06, the
highest intensity curve (GIN 3, as shown in Table 1) was
adopted to consider the high consumption of grout in this
region, as a consequence of wider discontinuities.

For the VT-07 block (Fig. 8) the highest injection
intensity was adopted, presenting maximum volume

Figure 6 - Spillway structure.

Soils and Rocks, Sao Paulo, 43(2): 171-180, April-June, 2020.
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Table 1 - Results of GIN curves adopted for each block and the order of spillway holes.

Block GIN curve by back analysis GIN curve by estimate
P (KP2) Ve (L/M) GIN (MPa x D, (kPa) Vo (L/mM) GIN (MPa x
L/m) L/m)

VT-01 700 20 2 700 200 12
VT-02 700 20 1.5 700 150 18
VT-03 700 40 1.5 700 30 1
VT-04 700 50 1.5 700 40 3
VT-05 700 350 2 700 600 30
VT-06 700 600 3 700 100 7
VT-07 700 750 7 700 500 30
VT-08 700 450 3 700 600 50
VT-09 700 250 2.5 700 800 20

VT-10 700 160 2 700 380 8

higher than 700 L/m. Unlike VT-06 (Fig. 7b), in the cur-
rent block, the points were dispersed more uniformly un-
til achieving the maximum volume. Consequently, the
adopted GIN curves considered higher magnitudes,
varying between 0.5 MPa x L/m (GIN 1), 7 MPa x L/m
(GIN 2) and 15 MPa x L/m (GIN 3), and thus, adopting
the average number. The most significant discontinu-
ities were found between blocks VT-06 and VT-09,

a) Block VT-02

800
= 600
g Block VT-02

o y
o]
g 400 — (GIN1)
3 —_(GIN2)
A« 200 (GIN 3)
0
0 5 10 15 20 25
Volume (L/ m)

b) Block VT-06

800
= 600 ¢ o Block VT-06
5 (GIN 1)
\é/ 400 o o (GIN 2)
Z ° ___(GIN3)
£ 200 |,

0o
0 200 400 600 800
Volume (L/ m)

Figure 7 - GIN curves determined by back analysis: a) VT-02
Block; b) VT-06 Block.
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forming the main treatment region in the foundation struc-
ture.

5.2. GIN curves elaborated by estimation

Figure 9 presents the GIN curves determined by esti-
mation for the VT-02 and VT-08 blocks. In Fig. 9a, it is
possible to verify that the maximum volumes reach
150 L/m, 7.5 times higher than the volumes obtained by
back analysis (Fig. 7a).

For block VT-02, the GIN curves plotted in the dis-
persion graph have magnitudes of 2 MPa x L/m (GIN 1),
18 MPa x L/m (GIN 2) and 35 MPa x L/m (GIN 3), pointing
out that the higher intensity of grouting for VT-02 by back

Block VT-07
800
o Block VT-07
—— (GIN 1)
600 o — (GIN2)
. (GIN 3)
=
[=W
<
= 400 [
s
=9
200 ©
0o
0 200 400 600 800
Volume (L/ m)

Figure 8 - GIN curves determined by back analysis for VT-07
Block.
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Figure 9 - GIN curves determined by estimation: a) Block VT-02;
b) Block VT-08.

analysis was 2.5 MPa x L/m. In the case of the estimated re-
sults, this difference is due to the fact that discontinuities
are not filled with grout and facilitate water seepage.

Figure 9b presents the curves of the VT-08 block,
with maximum volumes up to 600 L/m like the VT-06
block (Fig. 7b). In this graph, one of the GIN curves was re-
jected due to the small dispersion of the plotted points, be-
ing very close to the axis. Two curves were then chosen,
one with 15 MP x L/m (GIN 2) and the other with
50 MPa x L/m (GIN 3). The intensities adopted for blocks
VT-02 and VT-08 are expressed in Table 1, as well as for
the other blocks of the spillway.

In Table 1, for the curves obtained by estimation, the
highest intensity adopted in the foundation was in block
VT-08 (50 MPa x L/m), unlike the curves made by back
analysis, where the largest GIN was applied in VT-07
(7 MPa x L/m). VT-08 was the block that presented the
largest number of discontinuities during the geological-
geotechnical investigation and EPA tests, being these frac-
tures identified by the highest water consumption. During
the cement grouting activity, possible holes (LC and LJ)
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were opened in greater quantity than in VT-07, which
generated points in the dispersion graphs with smaller vol-
umes, shifting the hyperbolic curves closer to the axes, and
consequently reducing the product of the pressure with the
volume.

5.3. Choice of GIN curve

In each block studied, from the three plotted curves,
the one that most closely approximated the graph scatter
points was chosen. Comparing the GIN for the cases ob-
tained by back analysis and estimation (Table 1), a great
difference is observed in the results, motivated by what was
explained in Section 5.2. However, for both analyses, the
maximum pressure is the same and the maximum volumes
are similar, but the pressure-volume GIN result reaches a
difference of up to 16 times. The result of the GIN for this
work is related not only to the limit numbers of the curves
(pressure and volume), but also to the location of the hyper-
bolic curves adopted, so that they could interconnect the
points of dispersion.

Figure 10 compares the curves generated by back
analysis and estimation for the VT-03 block. It shows that
the GIN curves by back analysis and estimation have the
same magnitude, being the curve determined by retro anal-
ysis (Fig. 10a), the one with the highest intensity
(1.5 MPa x L/m) when compared to that by estimation
(Fig. 10b), which resulted in an intensity of 1 MPa x L/m.

As already mentioned, the curves are adequate for the
dispersion points and therefore the intensity varies for each
block, which can be seen in Fig. 10a where there are more
pressure X volume points based on grouting hole results. On
the other hand, in Fig. 10b, since the number of primary
holes with EPA tests in the block is lower, the points are
more adjusted and located in the same region. Again, it is
proved that for this research, the intensity of the curves de-
pends on the dispersions and not only on the limits of pres-
sure and volume.

According to the guide curves proposed by Lombardi
& Deere (1993), for wider-aperture discontinuities, an in-
tensity of more than 250 MPa x L/m (or 2,500 bar x L/m) is
used, while for the most tight discontinuities, intensities be-
low 50 MPa x L/m (or 500 bar x L/m) are employed. Com-
paring the curves that guide the results of this research
(Table 1), it can be concluded that the intensities deter-
mined by the estimation method are close to those men-
tioned by Lombardi & Deere (1993), and it can be stated
that the foundations of the Jirau Spillway have tight discon-
tinuities (closed) and, therefore, the default would be the
adoption of low GIN values.

However, it is worth mentioning that the method pro-
posed by Lombardi & Deere (1993) was used in countries
such as Argentina, Austria, Ecuador, Mexico, Turkey and
Portugal, with different grouting processes from those
adopted in Brazil, including aspects of permeability tests of
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Figure 10 - GIN curves determined for block VT-03: a) Back
analysis; b) Estimation.

the rock mass, in which the EPA test is used in Brazil, and
in other countries, Lugeon tests.

The impregnation and determination relationship of
the standard curves are based on the results of Lugeon,
where 1 Lu (Lugeon unit) is equivalent to a permeability
coefficient of 10 cm/s. The pressures adopted in Europe
consider values greater than the American practices, and
this is directly related to the local rock mass. Lombardi &
Deere (1993) emphasize in their work that the GIN im-
proves with the execution of the activity, whereby the in-
tensity can be increased or decreased as the need arises.
This makes the study of the application of the method in
other countries renew the theoretical parameters, and each
work performed provides a database for the following, giv-
ing greater reliability to the method.

At the Mascarenhas HPP, Oliveira et al. (2001) report
that the intensity adopted in the project was
100 MPa x L/m, with a maximum pressure of 2.2 MPa and
a maximum volume of 150 L/m. The GIN number of this
project corroborates those presented by Lombardi & Deere
(1993), and distance themselves from those found in this re-
search. In the case of Mascarenhas HPP, the pressure used
is three times greater than the maximum pressure used in
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the Jirau HPP, and in this case it is not possible to compare
the two cases, where the quality of the rock mass is funda-
mental for this decision making.

Gama (2012) studied the application of the GIN in the
Apartadura Dam, located near the city of Portalegre (Portu-
gal). The author has established GIN curves by back-
analyzing the grouting curtain cement consumption in the
original design, which found intensity numbers between
20.5 MPa x L/m and 35.5 MPa x L/m, with maximum vol-
ume of 350 x Lm and maximum pressure of 600 kPa. The
limits of the curves adopted by the author are similar to
those found in this paper, but the final product distances it-
self from the results obtained through back analysis, due to
the interpolation of the dispersion points.

Finally, the choice of the GIN curves was performed
for the sake of safety, adopting the method of determination
that presented smaller results, that is, the curves obtained
by back analysis. As the GIN is adapted during the execu-
tion process, it is understood that at the beginning of the ac-
tivity, the intensity is higher and as the grout fills the
discontinuities, the need for larger numbers is considerably
reduced. This decision was also based on the results of the
analysis of the deep treatment performed in the Jirau HPP
spillway and explained by Lopes & Assis (2016), which af-
firmed that the rock mass, even without grouting treatment,
has fair hydraulic characteristics, with a permeability coef-
ficient of 10™ cm/s in the region of higher water absorption
(VT-06 to VT-09). Thus, since the foundation does not
have discontinuities with large apertures and low hydraulic
conductivity, there is no need to induce a high injection vol-
ume, or to add high pressure, which would result in plastic
opening of the existing cracks or hydraulic fracturing.

5.4. Dosage determination of theoretical grout

Tables 2, 3 and 4 present the water (w) and cement (c)
consumption, also the volume of homogeneous grout (w/c),
determined by Eq. 2.

Tables 2 and 3 show the water and cement require-
ments during the grouting of mandatory (LM) and occa-
sional LC and LJ holes, and Table 4 is the unification of

Table 2 - Results of grout cement quantities for each dosage origi-
nal project.

Holes ¢y, (kg) ¢y (kg) Crou (KE)
Mandatory 32,849.84 6.323.46 39,173.30
Occasional 28,704.34 3,105.54 31,809.88

Table 3 - Results of the water volume for each dosage.

Holes w,, (L) w,, (L) Wi (L)
Mandatory 32,849.84 6,323.46 39,173.30
Occasional 28,704.34 3,105.54 31,809.88
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Table 4 - Results of w/c relations of theoretical grout.

HOleS WO.7 + W(l.S (L) Cl).7 + Cl).5 (kg) W/C
Mandatory 26,157 39,173 0.67
Occasional 21,646 31,810 0.68

consumption to determine a single and homogeneous grout
as one of the main objectives of the GIN methodology. Af-
ter homogenization, the dosages were similar for both hole
types, considering in this case, w/c ratio of 0.68:1.

The main dosage used in the curtain of the original
project of Jirau HPP was a w/c ratio of 0.7:1, (that repre-
sents 80 % of the cement consumption compared with the
w/c ratio of 0.5:1), and the results found by homogenization
corroborates this adoption. The prerogative of GIN is that,
instead of thickening the grout, the process continues with
the same water / cement ratio, changing only the magnitude
of the pressure and the volume of grout injected. According
to Brandao (2014), for the application of the GIN in pro-
jects, these should adopt stable grouts with higher cohesion
values or thicker mixtures that approach the Binghamian
behavior, as explained in Fig. 2. Therefore, the dosage used
in the original design and that homogenized by Eq. 2 and
detailed in Table 4 can be used in the application of the GIN
method of injection.

6. Conclusions

The objective of this work was to evaluate the appli-
cation of the GIN methodology in the Jirau HPP spillway
foundation, through the data and results obtained during the
construction of the project. The original foundation treat-
ment project was executed according to the conventional
methodology proposed by Houlsby (1990), with drilling of
split-spacing holes and low pressures according to the
American school. The choice of injection intensity num-
bers (GIN) was taken from the study of two situations: the
first, by back analysis of the consumption of cement in the
grouting holes (primary, secondary, tertiary and occasio-
nal); the second situation was the prediction of the intensity
based on the results of EPA tests on interleaved primary
holes (spacing of 24 m).

The evaluation of the two case studies showed that
the GIN curves generated by estimation were closer to the
literature results cited by Gama (2012), Oliveira et al.
(2001), and the authors of the GIN methodology, Lombardi
& Deere (1993). However, Lopes & Assis (2016) evaluated
the foundation rock mass of Jirau HPP spillway and af-
firmed that it had good hydraulic characteristics, even be-
fore grouting treatment, indicating that the region does not
present wide-aperture discontinuities and does not require
high consumption of cement grout and pressures, and thus
the curves generated by back analysis are more coherent for
adoption.
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Another important factor in the choice of GIN curves
is that the differences in intensities when compared (back
analysis vs. estimation) are very high, besides the amount
of dispersion points adopted for the estimation method is
small and does not represent an effective foundation. For
this reason, conservatism was chosen, with intensities de-
termined by retroactive analysis and below the standards
proposed by Lombardi & Deere (1993).

In choosing the ideal dosage for the injection project,
the cement mixtures used at Jirau HPP are within the stabil-
ity criteria cited by Brandao (2014). Considering that 80 %
of the holes were injected with w/c ratio of 0.7:1, in the ap-
plication of the GIN methodology, it would not be neces-
sary to thicken and change to the w/c ratio of 0.5:1, only
change in the pressures and curve volumes.

It is further noted that the Lombardi & Deere GIN indi-
cation was determined for a water absorption ratio by Lu-
geon tests, where 1 Lu equals a conductivity of 10° cm /s.
The pressure used in injection in most of the projects cited
by the authors adopts the European practice, with values
higher than those indicated in Brazilian projects. Thus, the
boundaries of the guide curves may not be representative of
the Brazilian scenario, and the type of the rock masses may
differ.

Therefore, it is suggested that the study of the applica-
tion of the GIN methodology in Brazilian projects continue
to advance, aiming to improve and elaborate the guide
curves for each base material found, correlating them with
the EPA results. And, as mentioned in the work of Carvalho
et al. (2003), the GIN has technical and operational advan-
tages to be implemented in Brazil, and its studies must be
continued.
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A Laboratory Study of the Collapse Behaviour of a
Compacted Sabkha Soil

0.Y. Debbab, B. Moussai, A. Messad

Abstract. Sabkha soils are saline sediments, which can withstand high loads in dry conditions, but upon wetting, they ex-
hibit significant deformation and low shear strength and hence pose great challenge to engineers. This paper investigates
the collapsibility of a compacted sabkha soil of Chott EI-Hodna (Algeria) using a modified oedometer, which allows water
to percolate through the soil sample. The collapsibility tests were conducted on samples compacted at a variety of values of
fluid contents and relative compactions using sabkha brine. The standard Proctor tests were performed using distilled water
and sabkha brine, and the compaction characteristics were determined using conventional water content and fluid content
methods. The results indicate that the conventional water content procedure used to plot the compaction curve overesti-
mates the maximum dry unit weight and underestimates the optimum moisture content. The degree of collapsibility varies
from moderate to severe depending on the compaction conditions (i.e. relative compaction, initial fluid content, degree of
saturation). The collapse potential increases with increasing applied load and compaction fluid content and with decreasing
relative compaction. Moreover, it has been demonstrated that the use of a conventional oedometer underestimates the col-

lapse potential of saline soils.

Keywords: collapse potential, fluid content, Sabkha soil, saline soils, water content.

1. Introduction

With recent economic development in Algeria, exten-
sive infrastructure projects (highways, roads, railways,
etc.) are planned to be constructed over areas covered with
sabkha soils. However, many infrastructures built through
sabkha areas are suffering from severe damage caused by
the presence of salts in the soil, including cracks and differ-
ential settlements. Severe damage to buildings and roads
constructed on sabkha soils in Libya and Saudi Arabia were
reported by Khan & Hasnain (1981) and Amin (2004).
Moayed et al. (2010) reported several deteriorations of re-
cently built roads (raveling, cracking, rutting and formation
of landslides) in the region of Taleghan (Iran).

Compacted fills of saline soils employed in the con-
struction of roadways, railways, earthen dams, etc. may ex-
perience water penetration after inundation and therefore
exhibit problematic collapse potential, which can cause
considerable damage to the structure. Therefore, predicting
the collapse potential of this type of soils is important for
the design of engineering structures.

Al-Amoudi & Abduljauwad (1995) performed col-
lapse potential tests on surficial undisturbed sabkha soil of
Saudi Arabia and concluded that the collapse is mainly re-
lated to the dissolution of salts and it does not occur instan-
taneously as in loessial soils for example, but requires
continuous percolation of water to enhance the dissolution
of the cementing agent.

Messad & Moussai (2016b) studied the collapse be-
haviour of a saline marly soil using conventional and modi-
fied oedometers, and concluded that the collapse potential
of this type of soils can be obtained only by percolation of
water through the soil sample.

Moreover, Mansour et al. (2008) performed standard
Proctor tests on marly soil from the Dead sea area and re-
ported that the optimum water content decreases and the
maximum unit weight increases as the water salinity in-
creases. Similar results were found by Alainachi & Alo-
baidy (2010) & Shariatmadari et al. (2011). In these
studies, the compaction curve was plotted based on the con-
ventional water content definition, which does not take the
presence of salts in the soil into consideration.

The objective of this study is to investigate the col-
lapse behaviour of a compacted sabkha soil of Chott El-
Hodna (Algeria) using a modified oedometer that allows
water to percolate through the soil sample. To achieve this,
an extensive experimental program was conducted, which
included particle size distribution, specific gravity, com-
paction and collapsibility tests. The effect of water salinity
on the compaction characteristics of sabkha soil was also
highlighted.

2. Materials and Their Characteristics

The material used in this study is silty sand collected
from the sabkha of Chott El Hodna (Fig. 1). Disturbed sam-
ples were retrieved from test pits dug in the sabkha area.
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Figure 1 - Chott El Hodna area.

The depth of the test pits was about 0.6 m from the ground
surface.

The sabkha brine contained approximately 26 % (by
weight of brine) dissolved salts, and its specific gravity was
1.22. The chemical analysis of sabkha brine is given in Ta-
ble 1.

The particle size distribution shown in Fig. 2 indicates
that the sabkha soil is composed of 82 % sand and 18 % fines
(silt and clay). This soil is classified as SM according to the
Unified Soil Classification System (USCS). Its specific
gravity is 2.7. The X-ray diffraction analysis indicated that
the soil is mainly composed of quartz and calcite (Fig. 3).

Specific gravity and particle size distribution were
performed based on the procedures outlined in ASTM
D854-05 (2005) and ASTM D422-63 (2007), respectively.

The moisture content of sabkha soil is determined
based on the fluid content (®,) definition, which is the ratio
between the brine weight and the dry weight of soil solids
(Messad & Moussai, 2016a). This definition takes into con-
sideration the presence of salt and is given by the following
relationship:
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with ="« = salinity, W, the weight of brine, W, the

weight of salt, W the wet weight of soil (including salt), W,
the dry weight of soil (including salt), W, = W - W, the
weight of distilled (fresh) water, W, the weight of soil solids
(excluding salt) =W —W, =""= and o, the conventional

1-r

water content = "<,
d

3. Compaction

Standard Proctor tests were conducted on the sabkha
soil to evaluate the effect of water salinity on the compac-
tion characteristics (optimum moisture content and maxi-
mum dry unit weight). The Standard Proctor tests were
performed based on the procedure outlined in ASTM D698
(2007) on washed soil samples passing No. 4 sieve using
distilled water and sabkha brine.

The compaction characteristics were determined us-
ing conventional water content and fluid content methods
(Table 2 and Fig. 4).

Table 1 - Chemical analysis of sabkha brine (Messad & Moussai, 2016a).

pH K’ (g/L) Ca” (g/L) Mg" (g/L) Na’ (g/L) CI (g/L)
7.2 19.05 25.92 15.55 94.59 208.49
182 Soils and Rocks, Sdo Paulo, 43(2): 181-190, April-June, 2020.
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Figure 2 - Particle size distribution of the sabkha soil.
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Figure 3 - X-ray diffraction of the sabkha soil.

Table 2 - Compaction test results.

Type of fluid Conventional water content procedure Fluid content method

Vi (KN/MD) ®,, (%) Vi (KN/MY) D (%)
Distilled water 18.8 11.6 - -
Sabkha brine 19.7 10.3 19.1 14

It can be seen that for the soil compacted using sabkha  water content procedure. However, the optimum moisture
brine, the maximum dry unit weight obtained from fluid con-  content obtained from fluid content procedure is higher than
tent procedure is lower than that obtained from conventional  that obtained from conventional water content procedure.
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Figure 4 - Compaction test curves.

When the conventional water content procedure is
used to plot the compaction curve, the maximum dry unit
weight increases by about 5 % and the optimum moisture
content decreases by about 11 % compared to those ob-
tained using distilled water. These results are in accordance
with those reported by Mansour et al. (2008).

However, when the fluid content method is used to
plot the compaction curve, the maximum dry unit weight
decreased by about 3 % and the optimum moisture content
increased by about 36 %, compared to those obtained using
the conventional water content procedure.

4. Collapse Potential Measurement

The conventional oedometer cannot be used to detect
the collapse potential of saline soils, which requires contin-
uous percolation of water to dissolve the salty-cemented
matrix. Thus, the fixed-ring oedometer of 70 mm internal
diameter and 20 mm height was modified in such a way that
it could function as a constant-head permeameter. This is
accomplished by making a hole in the side of the metal cyl-
inder to serve as an outlet for the percolating water in order
to keep the water head constant as shown in Fig. 5. The ex-
isting hole in the bottom of the consolidation cell is used as
water inlet. Therefore, the water can flow from the bottom
to the top of the sample.

To ensure a constant head, the water level in tank 1 is
regulated by a water supply from tank 2 and the excess wa-
ter in tank 1 is drained as shown in Fig. 5. The volume of
water in tank 2 was always kept more than the seeping wa-
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Figure 5 - Modified oedometer (Messad & Moussai, 2016b).

ter through the sample. The hydraulic gradient used is 20
(Messad & Moussai, 2016b).

The collapsibility tests were conducted using single
oedometer method on specimens compacted in the oedo-
meter ring, 70 mm in diameter and 20 mm thick. The speci-
mens were prepared at different values of relative compac-
tion and fluid content using as reference the unit weight and
fluid content obtained at the optimum of Standard Proctor
test (Fig. 6).
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Figure 6 - Contours of equal collapse potential on y, - ® plane measured at 200 kPa.

It should be noted that sabkha soils in the field are
subjected to repeated drying and wetting cycles due to cli-
mate conditions in the sabkha area, hence the oedometer
ring containing the compacted soil specimen was oven
dried prior to testing. Then the collapsibility tests were per-
formed using the modified oedometer (Fig. 5). The sample
was first subjected to a seating stress of 5 kPa followed by
incremental loads up to the desired sustained pressure (e.g.
200 kPa). Then, the oedometer cell containing the soil spec-
imen was filled with distilled water from the bottom up us-
ing small hydraulic head (0.2 m) to prevent the trapping of
air in the specimen. The inlet valve was closed after oedo-
meter cell filling and the deformation of the specimen was
recorded with respect to time until equilibrium. This phase
allows measuring the specimen collapse potential before
the leaching process.

When the sample ceased to undergo further deforma-
tion, the inlet valve was opened and the fluid was allowed
to percolate through the specimen until the salinity of the
seeping fluid became negligible (0.1 %). This phase allows
measuring the specimen collapse potential after leaching
under the sustained pressure.

Thereafter, the inlet valve was closed, while keeping
the oedometer cell filled with water and the applied load
was increased incrementally until the end of the loading
process in the same manner as the standard consolidation

Soils and Rocks, Sao Paulo, 43(2): 181-190, April-June, 2020.

test. The load increments used were: 12.5, 25, 50, 100, 200,
400, 800 and 1600 kPa. Each load was maintained until the
sample deformation reached equilibrium. The unloading of
the sample was proceeded after the completion of the load-
ing process.

Several oedometer tests were conducted on samples
compacted over a range of fluid contents (®,,,- 10to®,,, +
9) and relative compactions (RC = 7,/y,... = 80 to 100 %).
The samples were leached with distilled water under an ap-
plied pressure of 200 kPa, which is used to define the col-
lapse index (/) according to ASTM D 5333 (Table 3).
Three farther tests were performed on samples compacted
at the optimum of Proctor and leached under sustained
pressures of 50 kPa, 100 kPa and 200 kPa to investigate the
effect of the stress level on the collapse potential of the sa-
line soil.

Table 3 - Classification of Collapse Index, /..

Degree of collapse Collapse index (%)
None 0

Slight 0.1t02.0
Moderate 2.1t06.0
Moderately severe 6.11t010.0
Severe > 10
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The collapse potential is determined using the rela-
tionship given by ASTM D 5333:

Ae
I+e,

I, =

c

x 100 )

where: Ae is the reduction in void ratio due to wetting, and
e, 1s the initial void ratio. The collapse index (Z,) is the col-
lapse potential determined at 200 kPa.

055 ,
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Void ratio
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4.1. Results and discussion

Figure 6 presents the collapse potential values and
contours of equal collapse potential plotted on the ®, - v,
plane for all tested specimens along with the Standard Proc-
tor compaction curve obtained using the fluid content
method. The compression curves obtained using the modi-
fied oedometer at different fluid contents and dry unit
weights are shown in Fig. 7.
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Figure 7 - Void ratio vs. applied stress curves from modified oedometer tests.
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Based on these results, the following remarks can be

drawn:

Collapse potential (%)

The Proctor compaction curve indicates that the opti-
mum fluid content is 14 % and the maximum dry unit
weight is 19.1 kN/m’.

Three regions of collapse potential are identified: moder-
ate, moderately severe and severe according to ASTM
(2003) (Table 3).

The collapse potential values vary from 3.1 % (moderate
degree of collapsibility) to 12.5 % (severe degree of
collapsibility) depending on the compaction conditions
(i.e. relative compaction, initial fluid content, degree of
saturation).

The soil is more collapsible on the wet side than on the
dry side of optimum. This may be due to the increase of
the amount of salt in the pores of soil compacted on the
wet side of optimum.

For specimens having similar initial degree of saturation
of about 93 % (i.e. along the wet side of the compaction

14 1

NS

._.
(=]
L

(o)
"

(=2}
"

curve), the collapse potential increases as the relative
compaction decreases. Note that the degree of saturation
is determined based on the fluid content method.

For specimens compacted at the Standard Proctor en-
ergy, the collapse potential decreases as the relative com-
paction increases until a minimum value of 3.1 %
corresponding to a relative compaction of 95 % and a
fluid content of 11.0 % (®,,, - 3 %), beyond which it in-
creases (Fig. 8).

For specimens having similar fluid content of compac-
tion, the collapse potential increases as the relative com-
paction decreases (Fig. 9). This result agrees well with
that reported by many authors for loessial soils such as
Lawton et al. (1989) and Lawton et al. (1992).

For specimens compacted at the same relative compac-
tion, the collapse potential increases as the fluid content
increases (Fig. 10), which is contrary to the case of
loessial soil flooded with distilled water where the col-
lapse potential decreases as the water content of compac-
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14 16 18 20 22 24
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Figure 8 - Collapse potential vs. as compacted fluid content along the compaction curve.
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Figure 9 - Collapse potential vs. relative compaction for the fluid content of 14 %.
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Figure 10 - Collapse potential vs. initial fluid content at different relative compactions.

tion increases (Lawton et al., 1989). This can be
attributed to the increase of the amount of salt in the
specimen with increasing fluid content of compaction,
which leads to the increase of collapsibility after wetting
and leaching process.

Figure 11a presents an example of the collapse poten-
tial vs. the time of flooding indicating the amounts of col-
lapse potential caused by flooding with and without perco-
lation of fluid through the soil specimen, and Fig. 11b
presents the collapse potential vs. the time of flooding for
all tested specimens.

It can be seen that the collapse potential reaches equi-
librium after about 1 to 4 days of flooding without percola-
14 (A) .

tion and after about 7 to 18 days of flooding with percola-
tion depending on the compaction conditions (i.e. relative
compaction, initial fluid content). The results indicate that
the flooding without percolation detects only partial col-
lapse potential for saline soils and the total collapse poten-
tial can be obtained only by percolation. The amount of col-
lapse potential due to percolation was found to be about 10
to 30 % of the total collapse potential.

In order to evaluate the effect of the sustained pres-
sure on the collapse potential, the soil compacted at opti-
mum fluid content and maximum dry unit weight was
tested for three sustained pressures: 50 kPa, 100 kPa and
200 kPa. The results indicate that the collapse potential in-

Without percolation ~—————— With percolation

Collapse potential (%)

Time (day)

Figure 11 - a: Collapse potential vs. time of flooding for the specimen having: v, = 15.3 kN/m® and ®,=14 %.
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Figure 11 - b: Collapse potential vs. time of flooding for soil specimens of varying unit weight (y,) and fluid content (®,).
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Figure 12 - Void ratio vs. applied stress curves for different sustained pressures.

creases with increasing sustained pressure (Fig. 12), which
are consistent with those published in the literature for
loessial soils (e.g. Lawton et al., 1989) and for sabkha soils
in Saudi Arabia (Al-Amoudi & Abduljauwad, 1995).
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Moreover, the collapse potential is likely to be signif-
icant even for relatively small values of the applied load,
which implies that the collapse may be a concern even for
lower embankment heights.
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5. Conclusions

The results of compaction tests indicate the signifi-
cant effect of water salinity on the compaction characteris-
tics of the sabkha soil. The use of conventional water
content procedure to plot the compaction curve overesti-
mates the maximum dry unit weight and underestimates the
optimum moisture content. Moreover, the maximum dry
unit weight is less affected by the type of fluid and method
used to determine the compaction curve compared to the
optimum moisture content.

Therefore, for the case of saline soils, it seems more
logical to use the fluid content method to determine the
compaction characteristics than the conventional water
content procedure.

The results of collapsibility tests indicate the ability
of the modified oedometer to detect the collapse potential
of saline soils. The salt plays the role of cementing agent in
dry condition and may dissolve upon wetting and percola-
tion by distilled water causing collapse. This implies that
the conventional oedometer cannot be used to assess the
collapse potential of saline soils.

The collapsible potential on the wet side is greater
than that on the dry side of optimum and the minimum
value of collapsibility of the studied soil was found on the
dry side of optimum at a relative compaction of about 95 %.
Therefore, when a saline soil is intended to be used as a fill
or embankment, it is recommended to compact the soil on
the dry side of the optimum in order to reduce the risk of
collapse after inundation.

The amount of collapse potential seems to depend on
relative compaction, fluid content, degree of saturation and
applied load. Higher collapse potential is observed in the
specimens with higher fluid content and degree of satura-
tion and lower relative compaction. In addition, collapse
potential increases with increasing applied load.

The results presented here should be confirmed by
further studies on different types of saline soils.
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Hydromechanical Behavior of Soil with Tire Fibers

A.C. Silva, S. Fucale, S.R.M. Ferreira

Abstract. Products derived from tires have been increasingly used for geotechnical engineering applications because of
the economic, environmental, and social benefits they provide. The objective of this paper is to analyze the effect of the
addition of rubber fibers from unserviceable tires on the hydromechanical behavior of argillaceous soil from the Barreiras
Formation, in the Brazilian northeast. Soil mixtures were prepared containing 10 % and 20 % tire fibers, by weight, at
optimum moisture and maximum dry specific weight. Their microstructure, shear strength, and permeability were
evaluated. The Scanning Electron Microscopy (SEM) analysis indicates changes in the soil microstructure from the
addition of the fibers and there is an intense interaction of fiber with the soil matrix. There is an increase in the shear
strength of the blends by up to 47 %, making them more ductile. The saturated hydraulic conductivity of the soil is in the

order of 10" m/s, assuming values between 10* and 10° m/s when the tire fibers are inserted into the structure.
Keywords: tire fibers, shear strength, permeability, soil-fiber interaction.

1. Introduction

The disposal of waste tires is a globally recognized
problem. It is estimated that around 1.5 billion used tires are
discarded annually worldwide (ETRMA, 2011). In the
United States more than 233 million units were discarded in
2013 (RMA, 2014) and in Europe more than 3 million tons
are generated annually (ETRA, 2013). In Brazil it is esti-
mated that approximately 450 thousand tons of tires are dis-
carded annually (SEST/SENAT, 2017).

Unserviceable tires are responsible for a number of
problems when they are irregularly disposed near public
places such as empty lots, water bodies and traffic routes,
attracting the disposal of other wastes in these same envi-
ronments and contributing to the proliferation of disease
vectors. The alarming figures for illegal disposal and the
problems related to the irregular dumping of tires have
driven the development of methods for reusing or recycling
both end-of-life tires and waste produced from used tires.

Pneumatic materials, due to their characteristics such
as high durability, low density, and low water absorption,
can be used in many Civil Engineering applications, such as
leachate drainage systems for landfills, drainage layers for
roads, reinforcement and improvement of soil support ca-
pacity, absorption of vibrations from railway lines, among
others (Edincliler & Ayhan, 2010; Hazarika et al., 2010;
Kaushik et al., 2015; Indraratna et al., 2018).

The inclusion of tire-derived materials into the soil
has been the focus of several studies, such as reinforcement
for road subsoil or as a component of fill material (Bosscher
et al., 1997; Edingliler & Cagatay, 2013), light fill material
for containment structures (Reddy & Krishna, 2017; Mo-
ghadam et al., 2018), or as an asphalt additive (Xu et al.,

2017), due not only to the potential for finding an adequate
destination for waste tires, but also because of the charac-
teristics that these materials provide to the soil. Experimen-
tal results reported in the literature show that there are
improvements to physical properties and to the tension-
strain behavior of soils that have been reinforced with
pneumatic waste material (Ozkul & Baykal, 2007; Tafreshi
etal.,2012; Balunaini et al., 2014; Fu et al., 2014; Anvari et
al., 2017).

Fibers added to soils can be either oriented in a prefer-
ential direction or randomly distributed. When in a random
configuration, there is a reduction of fragile points, resis-
tance isotropy in the soil-fiber mixture and a greater exten-
sibility and ductility in the composite material (Edingliler
& Cagatay, 2013). Another factor that affects the mixtures
responses is the fiber content. Several studies have mixed
soil with tire fibers in proportions ranging from 10 % to
50 %, obtaining better mechanical response when kept
within this range (Edingliler & Ayhan, 2010; Sellaf et al.,
2014; Macedo et al., 2016).

Considering the high generation of non-repairable
tires discarded annually in Brazil (SEST/SENAT, 2017)
causing an environmental liability, the high resistance to
decomposition over time by its constituents (Indraratna et
al., 2018) and the possibility of including materials ground
tire derivatives as reinforcement for the underground road
or as a component of landfill material; this article analyzes
the effect of the interaction of rubber tire fibers on the
hydromechanical behavior of a soil in the Barreiras Forma-
tion, which is widely used as landfill material. The Bar-
reiras Formation extends from Amapd to Rio de Janeiro
(Veiga, 2014).
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2. Materials and Methods

The soil used comes from the Barreiras Formation lo-
cated in the state of Pernambuco, in Northeastern Brazil. It
is poorly graded (Fig. 1), has high plasticity, is classified as
clayey sand according to the UCS (Unified Classification
System) and is of type (A-7-6) in the TRB (Transportation
Research Board) system, as shown in Table 1.

The rubber tire fibers were supplied by a local distrib-
utor in Pernambuco, with sizes ranging from 0.1 to 37 mm
and average diameter of 1.07 mm (Fig. 2), and are sourced
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Figure 1 - Granulometric distribution curves for soil, tire fibers,
and soil-fiber mixtures.

from the process of retreading unwanted tires. The particle
size distribution of the fibers indicates the absence of fine
particles (% < 0.075 mm), Fig. 1, a specific gravity of 1.12
and a water absorption of 6.9 %, Table 1.The addition of fi-
bers to the soil practically does not change the granulo-
metry and plasticity of the mixtures, falling under the UCS
classification as clayey sands (SC) and classified as a
clayey material (A-7-6) by the TRB, but with lower specific
gravities than soil alone, Table 1.

The fibers were added to the soil in two proportions,
10 % and 20 % by dry soil weight, in a random and homo-

Figure 2 - Tire fibers utilized in the study.

Table 1 - Geotechnical properties of soil, tire fibers, and soil-fiber mixtures.

Parameters Sample
Soil F10 F20 Tire Fibers

Particle size (%) ¢ >4.75 mm* 13 13 13 4

0.075 mm > ¢ <4.75 mm* 46 50 51 96

0.005 mm > ¢ < 0.075 mm* 3 1 1

¢ <0.005 mm* 38 36 35
Cc - - - 0.9
Cu - - - 2.2
Liquidity limit (%) 44 47 46 -
Plasticity limit (%) 23 25 26 -
Plasticity index (%) 21 22 20 -
Water absorption (%) - - - 6.9
Specific gravity 2.66 2.29 1.98 1.12
Optimal moisture (%) 17.5 16.4 16.1 -
Maximum dry specific weight (kN/m’) 17.6 16.1 14.8 -
Void ratio 0.51 0.43 0.33 -
UCS classification SC SC SC Sp
TRB classification A-7-6 A-7-6 A-7-6 A-1-b

(*) - description according to D 422-63 (ASTM 2007).
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geneous manner. These mixtures are referred to as F10 and
F20, respectively. The contents were chosen in light of
studies carried out by Macedo et al. (2016), who indicated
that more satisfactory results were found for values below
30 %.

The soil and fiber-soil mixture test specimens were
prepared at optimum moisture, by inserting distilled water
corresponding to the optimum content for each material,
and compacted to achieve at the maximum dry specific
weight previously obtained in the normal Proctor test.

The molding of the test specimens for Scanning Elec-
tron Microscopy (SEM) and direct shear tests consisted in
dividing the samples into two equal parts, which were stati-
cally compacted in a steel mold (Fig. 3) using a press. This
procedure was necessary due to the impossibility of com-
pacting the samples directly inside the shear box. The com-
paction was performed in such a way that the desired size
was obtained exactly, with a 15-min wait period following
this step for volumetric stabilization of the test specimens,
allowing the mixtures to achieve the specific weight re-
quired. The test specimens for the permeability test were
molded according to the normal Proctor test.

The analysis of the microstructure was performed us-
ing the SEM technique on air-dried samples fixed onto a
metallic base (with a diameter of 75 mm and an approxi-
mate height of 10 mm) with a carbon double-sided tape, and
metalized with carbon inside a Cressington Carbon Coater
108 Carbon/Vacuum bell. A JEOL-brand electron scanning
microscope was used, operating at 30 kV. From the soil and
from each soil-fiber mixture, three samples were metal-
lized, observed and analyzed. The surface of each sample
was observed and images representative of the microstruc-
tures were selected.

The direct shear tests were carried out using test spec-
imens with dimensions of 100 x 100 mm and a height of
40 mm, consolidated under normal stresses of 50, 100, 150
and 200 kPa, according to standard D 3080 (ASTM, 2011).
The shear speed was 0.083 mm/min, the load cell capacity
is 5 kN, and the displacements were measured by means of
LVDT (Linear Variable Differential Transformer) type
transducers, having a sensitivity of 0.001 mm.

The permeability tests of the soil and the mixtures
were carried out using permeameters of variable load, ac-

Figure 3 - Steel mold consisting of: base (a), box (b), collar (c),
and lid (d).
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cording to the recommendations of standard NBR 14545
(ABNT, 2000), and for specimens with approximately
100 mm diameter and 127 mm height.

3. Results and Discussions

The microstructure, shear strength and permeability
of soil and mixtures are presented and discussed.

3.1. Analysis of shear strength

The graphs showing shear stress vs. horizontal dis-
placement of the clayey sand exhibit plastic-like behaviors
at stress of 50 kPa and plastic with stiffening at higher
stresses (100, 150 and 200 kPa), Fig. 4. The mixture F10
presents a slight peak behavior at stresses of 50 and 100 kPa
and a plastic response at 150 kPa. The plastic response is
also shown by the mixture F20 at 50 and 100 kPa. The
soil-fiber mixtures exhibit soil-like behavior at a higher
stress (200 kPa).

The graphs for vertical displacement vs. horizontal
displacement of the mixtures initially show compression
followed by a subsequent dilation at all normal stresses ap-
plied, Fig. 4. As the fiber content increases, the onset of di-
lation and the magnitude of dilation occur for greater hori-
zontal displacements, when compared with the soil.

The analysis of the shear strength for samples that did
not show strength peaks was performed based on the crite-
rion of De Campos & Carrillo (1995). The fibers reduced
the influence of rotational tension during the test and in-
creased the soil rupture strength at all normal stress levels,
indicating the force transfer from the soil matrix to the fi-
bers and increased ductility in the mixtures. The fibers tend
to be more mobilized under high tension, requiring greater
horizontal displacements for more significant contributions
to soil strength.

The friction angle of compacted clayey sand is 29°
and it has a cohesion of 10 kPa (Table 2). The shear strength
of the soil was increased by up to 47 % when adding 10 %
tire fibers, while the addition of 20 % fibers reduced the
shear strength of the mixture in relation to the 10 % fiber
mixture, though it was still higher than of the soil alone.
The interaction between the phases of the mixtures (Fig. 5)
shows that the volume of soil interacting with 10 % of fi-
bers is greater than that in the mixture with 20 % fibers. The
electromicrography (section 3.3) also shows a lower inter-
action between soil and fibers in the 20 % mixture, resulting
in a lower shear strength.

3.2. Hydraulic conductivity

The average hydraulic conductivity of the saturated
clayey sand was 9.31 x 10" m/s, indicating low permeabil-
ity. There are linear relationships between the variation of
the fiber content (Fig. 6a), the void ratio of the mixtures
(Fig. 6b) and the hydraulic conductivity coefficient. The in-
corporation of tire fibers into the soil resulted in a signifi-
cant increase in the permeability of the mixtures, varying

193



Silva et al.

(A) 180
160
140

50 kPa —e— Soil
T ---FI0

——F20

—
[\
[

—_—
(=3
(=}

o0
(=)

60

Shear stress (kPa)

[N
(=R}
|

————

-2.0

-1.6

i | ——Soil
1.8 450kPa /_'/_- T

///’t/ —+—TF20

-1.4
12

-1.0
-0.8

-0.6
-0.4

Vertical displacement (mm)

-0.2

dilation

compression

0.2
0.4

(e

5 10 15
Horizontal displacement (mm)

(C) 180
160

[
N
(=)

|/ 150 kPa —— Soil

---F10
—_— | —+F20

—_
[\
(=}

—
[
(=]

o
(=)

(o)
[}

Shear stress (kPa)

N
S

[\
(=]

-2.0
-1.8 1
-1.6

150 kPa —*=Soil
-=-F10
—+—F20

-1.4
-1.2

-1.0

-0.8

-0.6

-0.4
-0.2

Vertical displacement (mm)

0.0
0.2

pows L 4

dilation

compression

0.4

0 5 10 15

Horizontal displacement (mm)

20

(B)

(D)

Shear stress (kPa)

Vertical displacement (mm)

Shear stress (kPa)

Vertical displacement (mm)

180

—e—Soil
160 J 100 kPa ---F10

140

—+—F20

—
[
(=}

—
[
(=}

o
(=)

[N
S

N
(=)

B’
P

o
)

g | 100kPa | +1§<1>g

LU UR
ook o

-0.8

S
o

-0.4

o &
S N
‘

0.2

W compression

—+—F20
el e
I’, 7/
i I, POvvs S
M""y:/”” dilation

0.4

0

180

5 10 15 20
Horizontal displacement (mm)

140

—e— Soil
160 - 200 kPa - d e ——- 10

L- b
A R0

—
3]
(=]

. ’7/&0—‘»—0""
1/..“

’

_
N o0 o
() () (=3
1
=
xﬁg’!&

7

&
o

N
(=]

-2.0
-1.8 1

—— Soil
---F10

200 kPa

-1.6
-14

——F20

-1.2
-1.0

-0.8
-0.6

0.4
0.2

- dilation

0.0
0.2

oo compression

0.4
0

5 10 15 20
Horizontal displacement (mm)
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Table 2 - Shear strength parameters.

Hydromechanical Behavior of Soil with Tire Fibers

Parameters Sample
Soil F10 F20
6, =50 kPa G, orees (KP2) 53.14 52.05 54.27
1, (kPa) 40.95 49.04 44.57
g, (mm) 7.0 4.0 8.0
o, =100 kPa O, comeered (KPR) 106.28 107.40 110.92
1, (kPa) 66.02 94.34 79.53
g, (mm) 6.0 7.0 10.0
c,= 150 kPa O, comeeres (KPR) 159.41 162.82 166.38
1, (kPa) 95.75 140.79 119.00
g, (mm) 6.0 8.0 10.0
o, =200 kPa O, comeeres (KPR) 212.55 217.09 221.83
1, (kPa) 128.18 159.94 145.24
g, (mm) 6.0 8.0 10.0
Cohesion intercept (kPa) 10 18 12
Friction angle (degrees) 29 34 31
R’ 0.99 0.97 0.99
3 3 1
%)40 35 B2
Q —~
BT ——— 15 € ]
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Figure 5 - Variation of the friction angle and cohesion with fiber content (a) and phase volume for each material (b).
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from 10" m/s to values on the order of 10° and 10® m/s
(Fig. 6a), increasing the order of hydraulic conductivity
more than 10000 times. It should be noted that there is a re-
duction in the void ratio for the mixtures due to the insertion
of the fibers, different from that occurring for soils
(Fig. 6b).

The permeability test results are due to the lower
quantity of soil (Fig. 5b) and to the canaliculi existing in the
mixtures, caused by the presence of the fibers and larger
pores in the soil-fiber contact (macropores). These macro-
pores allow the water to percolate more easily, due to the
smaller hydraulic head loss suffered by the water when per-
colating macrostructure, than among the soil particles
(micropores). In this way, the hydraulic conductivity of the
macrostructure is of greater importance than that of the
microstructure.
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3.3. Microstructural analysis

The compacted clayey sand is structured into flakes
formed by the arrangement of sand grains interconnected
by silt and clay particles of dense form (Fig. 7) due to the
compaction process, giving the soil a low permeability.

The tire fibers are of different sizes and they are ran-
domly arranged within the soil matrix. On the surface of the
soil mixture with 10 % of tire fibers cracks (canaliculi) can
be seen (Fig. 8), indicating the presence of the fibers due to
it is elastic relaxation. The insertion of 10 % fibers altered
the surface appearance of the sample, but it can be inferred
that there is intense interaction between the tire particles
and the clayey sand matrix, explaining the mechanical re-
sults obtained.

In the soil mixture with 20 % tire fibers, two different
situations are verified (Fig. 9a) in the same electromi-
crograph: a tire fiber partially adhered to the soil matrix
with visible voids (macropores) at the interface (Fig. 9c),
and a tire fiber completely enveloped by the soil, without a
clear separation zone (Fig. 9b), showing that the presence
of the fibers does not completely fragilize the structure,
matching up with the results from the mechanical tests, in-
dicating that the adhesion between the two materials is suf-
ficient to improve the strength of the mixture.

CLAY
MATRIX

LDN-UFPE

4. Conclusions

The use of alternative materials as soil reinforcement
have been increasingly encouraged in geotechnical engi-
neering. In this article, the influence of tire rubber fibers on
the hydromechanical behavior of a soil from Barreiras For-
mation was investigated. The shear strength, permeability
and microstructure of the samples were evaluated. A micro-
structural analysis was correlated with hydromechanical re-
sponses. The following conclusions can be draw:

The tire fibers increased the shear strength of the
clayey sand by up to 47 % for the mixture containing 10 %
tire fibers and with the applied normal stress increased. The
fibers have a high capacity to absorb the energy of deforma-
tion applied to the soil. The good mechanical performance
found in the soil-fiber mixtures can be attributed to the im-
proved fiber-matrix interaction and the fiber content incor-
porated into the soil.

The tire residues improved the hydraulic properties of
the soil, increasing the hydraulic conductivity by more than
10000 times, this aspect being associated with the effect of
the microstructure of the tire fibers on the soil matrix,
which provide preferential paths for water percolation and
lower head loss, and dependent on the applications of the
soil-fibers mixtures.

DENSE AGGREGATION
OF SAND-SILT-CLAY

X1, 86806 18xm LDN-UFPE

Figure 7 - Electromicrographs of clayey sand at magnifications of 70x (a) and 1000x (b).

(A)@ _* "IRREGULAR
> AGGREGATION

LDMN-UFFE

LON-UFFE

Figure 8 - Electromicrographs of F10 mixture at magnifications of 70x (a) and 1000x (b).
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Hydromechanical Behavior of Soil with Tire Fibers

LDN-UFPE

LDN-UFFE

IRREGULAR
AGGREGATION

LDN-UFPE

Figure 9 - Electromicrographs of F20 mixture at magnifications of 25x (a), 70x (b), and 100x (c).

The incorporation of tire fibers, in addition to im-
provements brought to the soil, also promotes environmen-
tal benefits by giving a proper destination for this type of
alternative material, reducing what is ordinarily an environ-
mental liability.
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@: the particle size
c,: the normal stress
O, comeerea- the corrected normal stress

T : the shear rupture stress

-
g, the rupture deformation

R’: the coefficient of determination
k: the hydraulic coefficient

e’: the void ratio

F10: mixture having 10 % tire fibers

F20: mixture having 20 % tire fibers
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Bottom Reinforcement in Braced Excavations: Coupled
Analysis and New Method for Basal-Heave Stability Study

J.L. Borges, R.M. Santos

Abstract. Soil-cement bottom reinforcement is commonly used in braced excavations in soft soils, so that ground
displacements can be reduced and excavation safety against bottom failure increase. However, there is a lack of studies in
the literature regarding such reinforced excavations in which the stability against bottom heave is analysed through
mechanical-hydraulic coupled modelling. In the paper, in order to contribute to overcome such deficiency, a braced
excavation in soft soil, incorporating a jet-grout base slab, is analysed. A finite element code, which incorporates the
above-mentioned features, is used and a new method for basal stability analysis - which utilizes the numerical results
obtained by the finite element code - is proposed and applied. Two cases of the same problem, with and without

soil-cement bottom slab, are compared.

Keywords: basal-heave stability, consolidation, coupled analysis, jet-grout slab, soft soil, strutted excavation.

1. Introduction

The construction of deep excavations in soft soil de-
posits has been one of the major challenges for geotech-
nical engineers. In such excavations, settlements of the
supported ground are usually very large, over 1-2 % of the
excavation depth, as reported by Peck (1969) for excava-
tions constructed before the seventies.

However, in the last decades, several new technolo-
gies have been considered to improve the control of the in-
duced movements in such excavations. Matos Fernandes et
al. (2012) summarized several procedures that can be used
in practice to control the displacements for deep excava-
tions in soft ground, by considering the use of: (i) stiff (rein-
forced concrete) walls, to reduce the wall deflection due to
bending; (ii) early installation of the first level of supports
(struts or pre-stressed anchors, typically), to prevent signif-
icant displacements of the upper part of the wall working as
a cantilever; (iii) connections between struts and the wall
carefully designed and constructed, to ensure that the effec-
tive strut stiffness corresponds to a high percentage of its
theoretical value; (iv) impermeable walls, to avoid lower-
ing of the water table in permeable layers, which induces
consolidation settlements in soft clay strata, as well as to
prevent settlements associated with internal erosion of san-
dy strata; (v) ground treatment before excavation, to sup-
port the wall and control displacements under the excava-
tion base at each stage; (vi) walls with tips embedded in the
bedrock, to control the displacements under the excavation
base; (vii) pre-stressed struts, to increase the effective strut
stiffness, closing gaps in the strut-wall connections, as well
as to recover part of the displacements induced by previous
excavation stages; (viii) staged excavation limited to a min-

imum at each stage, to avoid over-excavation that reduces
the support effect provided by the struts or ground anchors.

With regard to the use of ground treatment tech-
niques, one possible solution consists in extending the wall
below the excavation base and, before excavation, con-
structing a soil-cement base slab (using jet grouting or deep
soil mixing technologies, for instance) to support the wall
below the excavation bottom (Mateus, 2010).

Another important issue that needs to be analysed for
braced excavation projects in soft clays is the basal-heave
stability, for the lateral earth support system is often con-
trolled by stability requirements. Different methods have
been used in practice to perform stability calculations for
braced excavations, which basically are based on either
limit equilibrium approach (Terzaghi, 1943; Bjerrum &
Eide, 1956; Clough & Hansen, 1981; O’Rourke, 1992; Su
etal., 1998; Ukritchon et al., 2003) or finite-element analy-
sis (Faheem et al., 2003; Faheem et al., 2004; Cai et al.,
2002).

Another pertinent question when excavations are un-
dertaken in saturated clayey soils is the generation of incre-
ments of pore pressure during the excavation period and
their dissipation after that period (consolidation). After
construction, there are pore pressure gradients in the
ground that determine a consolidation process. This pro-
cess is dependent on both the magnitude of pore pressure
increments at the end of excavation and the long-term hy-
draulic conditions. In some cases, settlements of the sup-
ported ground increase with time in response to the consoli-
dation, the long term conditions being more unfavourable
than those at the end of the excavation period (Borges &
Guerra, 2014; Santos, 2014; Monteiro, 2011; Alves, 2012;
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Guerra, 2009). Therefore, realistic analyses that take into
account the consolidation effect by performing fully me-
chanical-hydraulic coupled analyses (Potts et al., 1997;
Borges & Guerra, 2014; Costa et al., 2007; Borges &
Alves, 2014) are strongly recommended in many cases, de-
spite the practical importance of more simplified studies
such as undrained total stress approaches.

In the literature, there is a lack of studies of deep
braced excavations in soft soils in which the three above-
mentioned issues are simultaneously considered, namely:
consolidation effect through mechanical-hydraulic coupled
analysis; ground treatment below the excavation base; and
basal-heave stability analysis considering the effect of the
consolidation.

In the present study, in order to overcome such defi-
ciency, a strutted excavation in soft soil with a jet-grout
base slab is analysed. A finite element code is used and a
new method for basal stability analysis is proposed, utiliz-
ing the numerical results obtained by the finite element pro-
gram. Comparisons with the classical limit equilibrium
methods of Terzaghi (1943) and Bjerrum & Eide (1956) are
included. Two cases of the same problem, with and without
the soil-cement bottom slab, are compared.

2. Finite Element Code

The finite element code utilized in the present study
was developed by Borges (1995) and incorporates, among
other features, fully mechanical-hydraulic coupled analysis
(Biot consolidation theory) (Borges, 1995; Lewis & Schre-
fler, 1987; Britto & Gunn, 1987) and the p-g-6 critical state
model for soil constitutive behaviour simulation (Borges,
1995; Lewis & Schrefler, 1987). The initial version of the
program was presented in 1995, and several improvements
were subsequently developed, including a 3-D coupled
analysis version (Borges, 2004).

In the p-g-6 model - which is an extension of the
Modified Cam-Clay model into the three-dimensional
stress space using the Mohr-Coulomb failure criterion - the
parameter that defines the slope of the critical state line, M,
is not constant (as happens in the Modified Cam-Clay
model), but depends on the angular stress invariant ¢ and
the effective friction angle, 6°, as follows:

M= 3sin¢ M

3 cos 0+ sin ¢ sin O

This defines the Mohr-Coulomb criterion when M is
introduced in the equation of the critical state line

q=M-p @

where p’ is the effective mean stress and ¢ the deviatoric
stress. In the principal effective stress space, for an arbi-
trary state (¢’,,6’,, 6°,), where 6’|, 6° ,and ¢’ ,are the princi-
pal effective stresses, the angular stress invariant 6,
introduced by Nayak and Zienkiewicz (1972), measures the

200

orientation of the projection of the vector (¢°,, 6°,, ¢’°,) on
the plane that is normal to the space diagonal (¢’, =c¢’,=0",
axis).

This is an important feature of the p-¢g-0 model, for
the soil critical state depends on 6, as shown by triaxial and
plane strain tests (Lade & Duncan, 1973; Mita et al., 2004).
Drucker-Prager is the failure criterion of the Cam-Clay and
Modified Cam-Clay models and does not depend on 6. Nu-
merical and laboratorial results presented by several au-
thors (Potts & Zdravkovic, 1999; Mita et al., 2004) showed
that strain-stress behaviour of the soil is much better simu-
lated if the slope of the critical state line is defined accord-
ing to the Mohr-Coulomb criterion, which happens in the
p-q-6 model. In excavations, where different types of
stress-path occur (in different areas of the ground), which
correspond to different values of 0, the use of the p-¢g-0
model is particularly pertinent.

Figure 1a shows, in the principal effective stress spa-
ce, the yield and critical state surfaces of the p-g-6 model.
In the p’-q plane, the yielding function is an ellipse (Fig. 1b)
and, depending on the over-consolidation ratio, the p-¢g-6
model simulates hardening behaviour or softening behav-
iour. Hardening occurs in normally consolidated or lightly
over-consolidated clays while softening occurs in moder-
ately to strongly over-consolidated clays.

The finite element code has been validated against
field measurements and used to analyse a wide range of
geotechnical structures involving consolidation. With re-
gard to embankments on soft ground, Borges (1995) com-

s Critical state surface
(Mohr-Coulomb /crlterla)

/01202:(73

Critical state line

Original
4 elastic
region

% p(eg)
(b)

Figure 1 - Yield and critical state surfaces of the p-¢-0 critical
state model in (a) principal effective stress space and (b) p’-¢
space.
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pared results of two geosynthetic-reinforced embankments,
one constructed up to failure (Quaresma, 1992) and the
other observed until the end of consolidation (Yeo, 1986;
Basset, 1986a,b). The accuracy was considered adequate in
both cases. Very good agreements with field measurements
were also observed in an embankment on soft soils incorpo-
rating stone columns (Domingues, 2006) and in a braced
excavation in very soft ground (Costa et al., 2007; Costa,
2005), an excavation carried out in the City of San Fran-
cisco, presented by Clough & Reed (1984), to install a large
sewer culvert. Others studies of braced excavations in soft
soils were also performed using the same finite element
code (Borges & Guerra, 2014; Borges & Alves, 2014;
Santos, 2014; Monteiro, 2011; Alves, 2012; Barros, 2015;
Pinto, 2011; Azevedo, 2010; Guerra, 2009).

3. Stability Analysis Against Bottom Heave

3.1 Preamble

In current practice, two categories of methods have
been used to perform stability calculations for braced exca-
vations (Ukritchon et al., 2003): (1) limit equilibrium meth-
ods; (2) finite-element methods (FEM). The models pro-
posed by Terzaghi (1943), Bjerrum & Eide (1956), Clough
& Hansen (1981), O’Rourke (1992), Su et al. (1998) and
Ukritchon et al. (2003) are of the first category.

Traditionally, the two most quoted methods for ana-
lysing bottom heave stability have been the limit equilib-
rium approaches based on Terzaghi (1943) and Bjerrum &
Eide (1956). The latter, which actually stems from
Skempton (1951) and was calibrated against observed bot-
tom heave failures, is based on the similarity between the
bearing capacity of a deeply embedded footing and a bot-
tom heave failure of an excavation.

Figure 2 shows the assumed failure surfaces for the
Terzaghi (1943) and Bjerrum & Eide (1956) methods when
the wall is embedded below the excavation base. In this

case, the value of the safety factor F is given by Eqs. 3 and
4, respectively for Terzaghi (1943) and Bjerrum & Eide
(1956) methods:

2+ms, +vd + 2ds,
F= (3)
H{y_mm ]
B
N_s,+yd+ 2ds,
F= B “)

YH

where s, is the average strength of the soil along the failure
surface below the tip of the wall (lines ACD and ACDE in
Figs. 2a and 2b, respectively), s, is the average strength of
the soil along line DE for the Terzaghi method (Fig. 2a), s,
is the average strength of the soil-wall interface on the em-
bedded depth d, v is the unit weight of soil, H is the vertical
length of the wall, B is the width of the excavation, d is the
embedded depth of the wall below the excavation base and
N_is the bearing capacity factor, which depends on the va-
lues of H, B and L (horizontal length of the excavation), in-
corporating the effect of the soil strength above the wall tip
and the effect of the finite length (L # o) of the excavation.

Despite their traditional importance, it should be men-
tion that the Terzaghi (1943) and Bjerrum & Eide (1956)
methods were developed before the introduction of stiffer
wall systems (such as reinforced concrete diaphragm walls)
and ignore, for example, the effect of ground treatment when
a soil-cement slab is constructed below the excavation base.
In other words, when different lateral earth support systems
are considered, different stress redistributions occur within
the soil; such stress redistributions, which can only be cap-
tured by more complex methods (such as finite element anal-
ysis), influence the overall stability of the structure, and are

f B 4 L B J
I 1 I 1
le— - le— -
le— ~] le— ~
H H
le— - le— -
4 1 I ]
A D A E
Terzaghi (1943) Bjerrum & Eide
(1956)
C D
(a) (b)

Figure 2 - Failure surfaces for basal-heave stability analysis of: a) Terzaghi (1943) method; b) Bjerrum & Eide (1956) method.
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not taken into account in the two above-mentioned methods,
as shown below (Section 5).

A second category of methods for calculating basal-
heave stability is based on finite-element analyses (Faheem
et al., 2003; Faheem et al., 2004; Cai et al., 2002) with for-
mulations that are similar to those of the finite-element
methods for slope stability analysis, widely accepted in the
literature for many years.

With regard to slope stability analysis, two types of fi-
nite-element methods have been used in practice: (i) the
“strength reduction method’’ (SRM) and (ii) the “enhanced
limit slope stability method” (ELSM) (Liu et al., 2015).

In the SRM, the safety factor is evaluated by the grad-
ual reduction of the shear strength parameters (cohesion, c,
and friction angle, ¢) of the soil, inducing the divergence
(failure) of the nonlinear analysis (Faheem et al., 2003).
Reduced shear strength parameters (c, and ¢,) will replace
the real values of ¢ and ¢ in the shear strength equation of
the Mohr-Coulomb criterion t, = ¢, + otand,, where
¢, =clF, ¢, = tan" (tan()/F) and F is the safety factor.

On the other hand, the ELSM uses the finite-element
analysis with the real values of the shear strength parame-
ters of the soil and searches for the critical slip surface with
the minimum value of F. In a 2D-FEM analysis, for an arbi-
trary slip surface L, the potential failure line is divided into
small line segments, each one located inside of only one el-
ement of the 2D-FEM mesh, and the safety factor F is de-
fined as follows (Borges & Cardoso, 2002; Borges, 2008):

F=il_ (5)

where 7, - acting shear stress at the i-segment; 1, - soil shear
strength at the i-segment; /, - i-segment length; N - number
of mesh elements intersected by the failure line.

While the SRM is associated to the Mohr-Coulomb
model, more complex constitutive models can be used in
the ELSM, such as, for example, critical state models for
clays.

In braced excavations, several authors have calcu-
lated the basal-heave stability through finite-element analy-
ses, mainly using formulations of the " strength reduction
method’” (SRM) (Faheem et al., 2003; Faheem et al., 2004;
Cai et al., 2002).

A new method for basal-heave stability analysis
based on ELSM formulations is proposed in the paper (Sec-
tion 3.2), which uses the FEM results of the code described
in Section 2. This method is applied on the basal stability
analysis of the two braced excavations studied below (Sec-
tion 4-5), as well as compared with the Terzaghi (1943) and
Bjerrum & Eide (1956) methods.
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3.2. New method for basal-heave stability analysis

The proposed method (computer program) for basal-
heave stability analysis calculates, at any stage of the prob-
lem, the safety factor, F, along a large number of potential
failure surfaces (defined with criterion, as explained below)
and searches for the most unfavourable surface, i.e. the sur-
face with the lowest value of F.

Figure 3 illustrates, for a particular stage of a prob-
lem, different potential failure surfaces that can be defined
and automatically generated by the computer program. A
small value for b (Fig. 3) should be considered, so that a
large number of potential failure surfaces is analysed. As
depicted in Fig. 3, the automatically generated surfaces ba-
sically differ from each other in their slope behind the wall,
since, as shown in several studies of braced excavations
(Chen et al., 2015; Do et al., 2016), the most unfavourable
failure surface might take an inclined direction on that re-
gion of the ground. The CD-segment makes an angle of 45°
with the horizontal direction, as well as the D7-segment.
Point T is the centre of the curve.

For a particular potential failure surface, the proposed
method firstly determines the intersection points of the fail-
ure line with the edges of the finite elements of the 2D-
mesh. Therefore, the failure line is divided into small line
segments, each of them located inside of only one of the fi-
nite elements of the mesh (Fig. 4).

Thereafter, the average values of the effective
stresses (6°, 6°, ¢’ and txy, normal and shear stresses in
the xyz-space, where xy is the plane of the 2D-finite element
analysis) at each of those segments are computed by extrap-
olating from stresses at the Gauss points of the correspond-
ing finite element.

Considering the failure line divided into line seg-
ments, the safety factor is computed by Eq. 5. 1, is deter-
mined from effective stresses ¢’ , ¢’ and t_, known the
angle that defines the i-segment direction.

Since the soil shear strength varies with consolidation
and a critical state model is used in the finite element analy-
sis, 1, at each stage is calculated by the following equation
of the critical state soil mechanics (Britto & Gunn, 1987):

1 '—v.
=—Me ! 6
TS 0

where M is given by Eq. 1, and v, the specific volume of
soil at i-segment, is determined as follows:

v,=I'—klnp, -(A—k)Ina , @)

At the i-segment, p,= (¢’ ,+ 6", + G’ )/3 is the effec-
tive mean stress and a,, is the p-value of the centre of the
yield surface in p-q plane (see Fig. 1b), extrapolated from
otp-values at Gauss points; A, k and I" are parameters of the
p-q-6 model (soil properties), whose meanings are as fol-
lows: A, slope of normal consolidation line and critical state
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Figure 3 - Potential failure surfaces: a) hard stratum at a large depth; b) hard stratum at a low depth.
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Figure 4 - Six-noded triangular finite element.

line; k, slope of swelling and recompression line; I, spe-
cific volume of soil on the critical state line at mean normal
stress equal to 1 kPa.

If a part of the failure surface coincides with a soil-
wall interface (like the BC-segment in Fig. 3a) or a jet-grout
base slab-wall interface (like the AB-segment in Fig. 3a), t,
can be calculated with the following equation:

T,=4a,+0C, tany, (®)

Soils and Rocks, Sao Paulo, 43(2): 199-217, April-June, 2020.

where a, and §, are the adhesion and friction angle of the
i-segment of the soil-wall or jet-grout-wall interface (mod-
elled by joint-elements); ¢, is the normal stress on the plane
of the i-segment.

4. Description of the Problem

Two solutions (case A and case B) of a strutted exca-
vation in a soft clay are analysed (Fig. 5), using the above
mentioned codes (FEM code and basal-heave stability pro-
gram). The ground consists of a 35-m-thick soft clay over-
lying a “hard stratum”. The water table is at the ground
surface. A jet-grout base slab is considered for case A
(Fig. 5), while none jet-grout slab is modelled for case B.
All other characteristics of the problem are kept equal for
both cases.

The problem comprises a 12-m-deep excavation with
width of 14 m (Fig. 5). The retaining structure is a
1.2 m-thick diaphragm wall of reinforced concrete with
length of 19 m (7 m embedded below the excavation base).
The excavation is carried out in a total time of 24 days at a
uniform rate. A 2.0 m-thick jet-grout slab is considered in
case A (constructed with secant columns, before the exca-
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Figure 5 - Cross section of the excavation (case A).

vation) to support the wall below the excavation base. None
jet-grout slab is modelled for case B, as said.

In case A, “dissipation holes” in the jet-grout slab (see
Fig. 6a) are constructed after the excavation in order to
avoid long term overpressures on the lower face of the slab.
Therefore, it is assumed that, after the end of excavation,
the water flows through the “dissipation holes”, being pum-
ped within the excavated area. This corresponds to defining
the boundary condition of pore pressure on the lower face
of the slab equal to 20 kPa (considering the unit weight of
water equal to 10 kN/m’ and that the thickness of the slab is
2.0 m).

(a)

Struts (circular steel tubes spaced of 4 m
in the horizontal direction):

Strut 1: p457/25 (outer diameter/ thickness, mmy;
Strut 2: $457/32;
Strut 3: $457/25

Circular steel tubes, spaced 4 m in the horizontal di-
rection, are used for the struts, whose sections are indicated
in Fig. 5.

Basically, for the present cases, the finite element
code uses the following features: a) plane strain conditions;
b) fully coupled formulation of the flow and equilibrium
equations with soil constitutive relations formulated in ef-
fective stresses - Biot consolidation theory (Borges, 1995;
Lewis and Schrefler, 1987; Britto and Gunn, 1987);
¢) p-q-9 critical state model to simulate the constitutive be-
haviour of soil (Borges, 1995; Lewis and Schrefler, 1987);

(b) 1
(m) /—W'I' (m) -1.0 xStrutl /WCO'O =
- _\Luzz:mzif ¥ e
! S
-5.0 Strut2 [ e e
3
-9.0 | 1 wall
' Strut 3 N
Clay :’j’
-12.0 wl. ]
_\I—-..-‘r\-\_w\—é"_‘ -14.0
| o
| ]
4 -19.0
I 7.0 JA

Figure 6 - Hydraulic boundary conditions: a) case A (with base slab); b) case B (without base slab).
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d) elastic linear model to simulate the reinforced concrete
wall, the jet-grout slab and the steel struts; e) joint elements
with elastic-perfectly plastic behaviour to simulate the
slab-wall interfaces.

The values of the p-¢-0 critical state model for the soft
clay are indicated in Table 1 (A, slope of normal consolida-
tion line and critical state line; k, slope of swelling and
recompression line; I', specific volume of soil on the criti-
cal state line at mean normal stress equal to 1 kPa; N, spe-
cific volume of normally consolidated soil at mean normal
stress equal to 1 kPa; ¢, angle of shearing resistance de-
fined in effective terms). Table 2 shows other geotechnical
properties of the clay: v, unit weight; v’, Poisson’s ratio for
drained loading; k, and k,, coefficients of permeability in
horizontal and vertical directions. Table 3 indicates for the
clay the variation with depth of the at-rest earth pressure co-
efficient, K, and undrained shear strength, ¢, (¢’ , at-rest
vertical effective stress). The clay is moderately over-con-
solidated from the surface to the depth of 4 m and normally
consolidated from 4 m to the hard stratum. The values
adopted for the clay are similar to those used by Finno et al.
(1991) regarding an excavation in soft soils constructed in
Chicago, USA.

Figure 7 shows the finite element mesh of the prob-
lem. Two types of the six-noded triangular element are con-
sidered: (i) the coupled element, for the clay elements
where consolidation is considered; (ii) the non-coupled ele-
ment, for the wall and jet-grout slab elements. All six nodes
of the coupled element have displacement degrees of free-
dom while only the three vertex nodes have excess pore
pressure degrees of freedom. The six nodes of a non-
coupled element have only displacement degrees of free-
dom.

Excavated area

Table 1 - Parameters of the p-¢-0 critical state model.

A K N r )
Soft clay 0.18 0.025 3.16 3.05 26
Table 2 - Geotechnical properties of the clay.
v (kN/m’) V' k, =k, (m/s)
Soft clay 16 0.25 10™

Table 3 - At-rest earth pressure coefficient and undrained shear
strength of the clay.

Depth (m) K, c, (kPa)
0-4 0.9-0.5 13-6.7
>4 0.5 0.28c’ ,

The struts are modelled with three-node bar elements
with linear elastic behaviour, with a Young’s modulus of
206 GPa for the steel. However, due to the difference usu-
ally observed in practice between theoretical and effective
strut stiffness, the latter was considered equal to half the
theoretical stiffness, as suggested by O’Rourke (1992).

Six-node joint elements, with elastic-perfectly plastic
behaviour, are used to simulate the interface between the
jet-grout base slab and the wall, assuming that a thin por-
tion of soil remains between these two materials. Taking
into account the results of laboratorial tests performed by
Matos Fernandes (1983), the interface strength was consid-
ered equal to the shear strength of the soft soil at the same
depth and the elastic tangential stiffness was established as-

Wall
=
Base slab sin g2s =
case A st e
( ) —
. e —
(SzZrn;Tlgtrz;)l(tljl e = ————— ———
; ————— ————— Rightboundary
displacement) ——— (zero horizontal
P displacement)
Lower boundary
(zero horizontal and vertical displacements)
Figure 7 - Finite element mesh.
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suming a tangential displacement of 1 mm required for the
shear strength mobilization.

Regarding the boundary conditions, no horizontal
displacement is allowed on the vertical boundaries of the
mesh, while the bottom boundary (“hard stratum”, at depth
of 35 m) is completely fixed in both the vertical and hori-
zontal directions. The left vertical boundary corresponds to
the symmetry plan of the problem. In hydraulic terms, it is
assumed that, in the unexcavated side, the water level re-
mains at the ground surface (which is a conservative and
simplified assumption and presupposes that there is a flow
that provides water into the ground). On the excavated side,
the water level coincides, at each stage of excavation, with
the excavation base (which means that the water, inside the
excavated area, is assumed to be pumped). A fully coupled
analysis is performed both during and after the excavation
period.

The 1.2-m-thick wall is modelled as an isotropic elas-
tic material with a Young’s modulus (E) of 18 GPa and a
Poisson’s ratio (v) of 0.2. The isotropic elastic model is also
considered for the jet-grout slab with the values of 150 MPa
and 0.2 for E and v, respectively. The value of E'is the same
as that mentioned by Jaritngam (2003) for the jet-grout col-
umns constructed in a clayey soil.

The excavation was modelled removing sequentially
1-m-thick layers of finite elements within the area of exca-
vation (see Fig. 7); 2 days of construction, at a uniform rate,
was the time considered for each layer.

5. Analysis of Results

Theoretically, during the excavation period, because
of the very low permeability of the soft soil, the behaviour
of the problem can be considered as undrained. Increments
of pore pressure and effective stress take place with the ex-
cavation process, whose magnitudes depend on both the
soil properties and the total stress path, as explained below.
Figure 8 illustrates the theoretical stress transfer in an un-

Ao, = Acj + (Ao - Acs)

1l

Total stress

Pore pressure

drained triaxial test with an extension stress path (as in an
excavation, below its base) (Borges, 1995), where com-
pression and tension stress increments are considered as
positive and negative, respectively. Skempton’s A parame-
ter represents the influence of the soil properties and takes
positive values lower than 0.7 in lightly to moderately
over-consolidated clays (Lambe & Whitman, 1969). In an
extension stress path, as expected, the increment of pore
pressure, Au, is negative. Basically, since total mean stress
reduces but the volume of soil does not change (undrained
behaviour), negative increments of pore pressure are there-
fore generated. On the other hand, the equilibrium of stres-
ses also determines that Ac’, is negative (tension
increment) while Ac’, is positive (compression increment).
This is what usually happens during the construction period
in an excavation of a saturated clay, below its base (which
is corroborated by the numerical results of the present
study, as shown below). When the soil behaves elastically
(as approximately happens in the early stages of an exten-
sion stress path), Skempton’s A parameter takes the theoret-
ical value of 1/3.

Figure 9 shows colour maps of the pore pressure in-
crements at the end of excavation for cases A and B. Incre-
ment of pore pressure is defined herein as the difference
between pore pressure at a particular instant and its initial
hydrostatic value before excavation.

The results show that negative increments of pore
pressures are generated during the excavation, as expected.
For both cases, the highest negative value of the increments
occurs below the excavation base near the left boundary
(symmetry plan), being higher for case B (without base
slab). This is explained by the highest decrease of total
mean stress associated to the excavation, which occurs on
that zone. However, such decrease is smaller for case A due
to the slab-wall interaction (shear stresses), which deter-
mines that a smaller decrease of total mean stress is trans-

Au=Ac; + A(Ac - Acy)

] Ac'i=(1 - A)Aoc, - Acy)

I .
I Ady

| | Ac= A(Ac, - Acy)
I

—
Ac's

Effective stress

Figure 8 - Theoretical stress increments in an undrained triaxial test with an extension stress path.
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Figure 9 - Increments of pore pressure at the end of excavation (kPa): a) with base slab (case A); b) without base slab (case B).

mitted to the soil under the slab and, therefore, smaller
negative increments of pore pressures are generated.

On the unexcavated side, a tendency for generating
negative increments is also observed, although with lower
values than on the excavated side, for a lower decrease of
total mean stress occurs on that side. In case A, the jet-grout
slab, which supports the wall below the excavation base,
contributes to a lower decompression on the unexcavated
side and, therefore, lower negative increments of pore pres-
sures are generated on that side.

Colour maps of pore pressure increments at the end of
consolidation (long term distributions) are shown in
Fig. 10. After the excavation period, the geotechnical
behaviour of the problem is globally determined by the
consolidation process, which is dependent on both the mag-
nitude of the pore pressure increments at the end of excava-
tion and the long term hydraulic conditions. Since the val-
ues of pore pressure at the end of consolidation are different
from its initial values before excavation (due to the water

@

12.00000
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table lowering on the excavated side), the consolidation
process is only determined by the dissipation of the differ-
ence between pore pressure at the end of excavation and
pore pressure at the end of consolidation. Comparing
Figs. 9 and 10, the most significant variations in response to
the consolidation are observed for case B on the excavated
side under the excavation base, where water pressure in-
creases (reduction of the negative value of increments of
pore pressure). At the end of consolidation, very similar
shapes of isovalue curves of increments of pore pressure
are observed for both cases. These curves are perpendicular
to the flow lines of the steady water flow (from the sup-
ported side to the excavated side, passing under the lower
wall tip) that is reached at end of consolidation.

In order to complement the understanding of the con-
solidation process for both cases, Figs. 11 and 12 show col-
our maps of the differential pore pressure at several stages
after the construction period. The differential pore pressure
is defined herein as the difference between pore pressure at

0
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o
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Figure 10 - Increments of pore pressure at the end of consolidation (kPa): a) with base slab (case A); b) without base slab (case B).
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Figure 11 - Differential pore pressure (kPa) for case A (with base slab), at several stages: a) end of construction; b) 6 months after the end
of construction; c) 2 years after the end of construction ; d) 5 years after the end of construction.
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Figure 12 - Differential pore pressure (kPa) for case B (without base slab), at several stages: a) end of construction; b) 6 months after the
end of construction; c) 2 years after the end of construction; d) 5 years after the end of construction.
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a particular instant and its long-term value at the end of the
consolidation.

From the comparison of the results of Figs. 11 and 12,
one can corroborate that, in response to the consolidation,
the pore pressure globally decreases for case A, more sig-
nificantly on the excavated side, while, for case B, it in-
creases on the excavated side and on a region of the sup-
ported side near the wall, below the excavation base level.

Principal effective stresses at the end of the excava-
tion are shown in Fig. 13 for both cases. Rotations of the
principal stress directions on both sides of the wall, mainly
below the excavation base level, are observed in both cases,
which means that large shear stress (deviatoric stress) oc-
curs in those regions. However, smaller shear stress (i.e.
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smaller rotation of the principal stress directions) is ob-
served for case A, which is due to the support effect of the
jet-grout slab below the excavation base.

Complementing Fig. 13, Fig. 14 shows colour maps
of the stress level, SL, in the ground for both cases. The
stress level, SL, measures the proximity to the soil critical
state and is defined as follows:

q

SL=—1_
p-M

©)

where p is the effective mean stress, g the deviatoric stress
and M the parameter which defines the slope of the critical
state line in the p-g plane, as said above (Section 2). In nor-
mally consolidated soils, SL varies from zero to 1, the latter
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Figure 13 - Principal effective stresses at the end of excavation: a) with base slab (case A); b) without base slab (case B).
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being the critical state level. In over-consolidated soils, be-
cause of the peak strength behaviour, the stress level may
be higher than 1.

Figure 14 shows that SL significantly increases dur-
ing excavation, which is basically related with the increase
of the deviatoric stress mentioned above. As expected, at
the end of the excavation, higher values of SL are observed
for case B on both sides of the wall below the excavation
base level. For this case, in the supported side, the area in
critical state extends to larger distances from the wall.
However, a contrary effect is observed behind the wall near
the ground surface, where SL is lower for case B. As shown

unfavourable
surface (F=1.72)

© 05 5 06 07 08 0-\"’

0.9]

Most
unfavourable
surface (F=1.40)

0.9
0.8

below, this effect is related to the profile of the wall hori-
zontal displacement for both cases, which takes smaller
values near the ground surface for case B, although much
higher values for this case are observed for depths larger
than 2 m. These differences in the wall displacement pro-
files determine different stress redistribution within the
soil, which induces the mentioned effect in SL.

Calculated from the finite element (FE) results with
the computer program for basal-heave stability analysis de-
scribed in Section 3.2, Fig. 15 depicts, at several stages of
excavation, the values of safety factor (F) for both cases A
and B, as well as F obtained by the classical Terzaghi
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Figure 14 - Stress level: a) Case A (with base slab) at 2m excavated; b) Case A (with base slab) at the end of excavation; b) Case B (with-

out base slab) at the end of excavation.
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(1943) and Bjerrum & Eide (1956) methods. With regard to
the FE analysis, Fig. 15 shows the safety factor is signifi-
cantly increased by the incorporation of the jet-grout base
slab (F takes values of 1.72 and 1.40 for cases A and B re-
spectively, at the end of the excavation; the most unfavour-
able surface obtained, which is identical for both cases, is
also shown in Fig. 14). This clearly corroborates that, by re-
ducing the stress level of the soft soil (as seen above), incor-
porating a soil-cement slab below the excavation base also
implies that a significant increase in stability occurs. As ex-
pected, Fig. 15 also shows that such influence on the stabil-
ity is not captured by the Terzaghi (1943) and Bjerrum &
Eide (1956) methods, since their values of F, similar for
both methods, are also very similar to those obtained from
the FE analysis for case B (without base slab) but, there-
fore, significantly different from those of case A (with base
slab). As said in Section 3.1, this is a conclusion that rein-
forces the importance of using more complex methods, like

1 3.0

—&— Case A (FE analysis)
=4 Bjerrum and Eide

= Case B (FE analysis)
— & Terzaghi and Peck

the one presented in this study based on FE analysis and
ELSM formulations, whose results incorporate the influ-
ence of the retaining system stiffness, so that more accurate
results can be reached.

Figure 16 shows the evolution in time of the safety
factor in response to the consolidation process after the end
of the excavation for both cases A and B, calculated from
the FE results. These results show that F' does not change
significantly with time for both cases (although it reduces
with time in the case without base slab, from a maximum of
1.40 to a minimum of 1.34), which reflects that the ratio of
the acting shear stress sum to the shear strength sum along
the most unfavourable surface is not significantly influ-
enced by the consolidation process in the present excava-
tion.

Diagrams of the wall horizontal displacement are
shown in Fig. 17 for both cases. As expected, these results
show that the wall displacement is much larger in the case
without the base slab (case B), which corroborates the sig-
nificant support effect of such structural element. In case B,

|26

Safety factor

Excavation depth (m)

Figure 15 - Safety factor against bottom heave for cases A (with
slab) and B (without slab) obtained from the FE analyses. Compari-
son with Terzaghi (1943) and Bjerrum & Eide (1956) methods.

Case A

,,,,,,,,

2.0

- Case A —— Case B

Safety factor

2000 3000 4000 5000

Time (day)

Figure 16 - Safety factor against bottom heave at several stages
after the end of excavation for cases A and B (FE analysis).
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Figure 17 - Wall horizontal displacement at the end of excavation and end of consolidation for cases A and B.
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in overall terms, the wall rotates with centre at the top of the
wall (a typical behaviour when there is no ground treatment
below the excavation base), while, for case A, the horizon-
tal displacement is approximately uniform from the top to
12 m depth (level of the base slab). In case A, the embedded
depth of the wall takes a typical behaviour of a cantilever,
supported on the jet-grout slab. Figure 17 also shows that
the wall displacement increases in response to the consoli-
dation, mainly for case B below the excavation base, which
is related to the reduction of earth pressure on the excavated
side face of the wall, as explained below.

Earth pressure in terms of horizontal stress (i.e. pore
pressure plus horizontal effective stress) on the wall faces is
depicted in Fig. 18, at the end of excavation and at the end
of consolidation, for both cases. Earth pressure on the exca-
vated side is depicted as negative while on the supported
side it is depicted as positive. In response to the excavation,
on the supported side face, there is no significant variation
of earth pressure from the top to approximately 10 m depth,
while a significant reduction is observed for larger depths
(where the wall displacement is larger, as shown in Fig. 17).
This reduction is larger for the case without base slab, since
the horizontal displacement of the wall is larger. As to the
post-excavation period, the earth pressure on the supported
side face practically does not change in response to the con-

solidation, which is due to the contrary variations of pore
pressure and horizontal effective stress that globally tend to
compensate each other.

As to the excavated side, the earth pressure reduces
with the excavation for both cases, as expected, because of
the soil decompression on that side. Since the horizontal
displacement of the wall towards the excavated side is
larger for the case without slab (case B), the earth pressure
on the excavated side face is larger in this case. Regarding
the post-excavation period, a reduction of earth pressure
with the consolidation occurs on the excavated side for both
cases, although its magnitude is not very high for case A.
Similar values of the earth pressure are observed, at the end
of consolidation, for both cases.

In order to analyse how the pore pressure and the hor-
izontal effective stress separately act on the wall faces,
Fig. 19 depicts their results for both cases at the end of ex-
cavation and at the end of consolidation. Values on the ex-
cavated side are depicted as negative while on the sup-
ported side they are depicted as positive.

On the excavated side face, pore pressure signifi-
cantly reduces in response to the excavation for both cases,
although this reduction is larger for the case without base
slab (case B). On this face, pore pressure also decreases in
response to the consolidation for case A, while a small con-

—a—Case A (end of excavation)

=== _Case A (end of consolidation)

Case B (end of excavation)
=== _Case B (end of consolidation)

= =at-rest

Depth (m)

-400 -300 -100

0 100

Earth pressure (kPa)

Figure 18 - Earth pressure on the wall faces at the end of excavation and at the end of consolidation for both cases (with and without base slab).

212

Soils and Rocks, Sdo Paulo, 43(2): 199-217, April-June, 2020.



Bottom Reinforcement in Braced Excavations: Coupled Analysis and New Method for Basal-Heave Stability Study

Case A
(end of excavation)
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(end of consolidation)
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Figure 19 - Pore pressure (a) and horizontal effective stress (b) on the wall faces at the end of excavation and at the end of consolidation

for both cases (with and without base slab).

trary effect is observed for case B. Since long-term values
of pore pressure are similar for both cases, this contrary ef-
fect is due to the difference of values at the end of excava-
tion.

On the supported side face, a reduction of the pore
pressure is also observed in response to the excavation, al-
though with less magnitude than on the excavated side face.

Soils and Rocks, Sao Paulo, 43(2): 199-217, April-June, 2020.

This reduction is also larger for the case without base slab.
As to the effects of the consolidation on both cases, they are
qualitatively similar to those on the excavated side face, i.e.
pore pressure also reduces for case A, while a contrary ef-
fect is observed for case B (for depths larger than 12 m). At
the end of consolidation, pore pressure on the supported
side face takes smaller values than its initial hydrostatic
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Figure 20 - Settlements of the ground surface of the unexcavated
side at end of excavation and end of consolidation for cases A and B.

values, which is related to the downward water flow that
occurs behind the wall, as mentioned above.

As to the horizontal effective stress on the wall faces,
Fig. 19b shows that its values significantly increase in re-
sponse to the excavation on the excavated side face for case
B; the same effect also occurs for case A although with less
magnitude. As expected, this fact is in consonance with the
theoretical scheme of Fig. 8, since, in global terms, extension
stress paths take place below the excavation base. In re-
sponse to the consolidation, the horizontal effective stress on
the excavated side face reduces for case B since pore pres-
sure increases, while the contrary effect occurs for case A.

Regarding the horizontal effective stress on the sup-
ported side face, its evolution in response to the excavation
is different for both cases, mainly for depths larger than
9 m. For case A (with base slab) the evolution is qualita-
tively similar to that on the excavated side face, i.e. the hor-

5 Strut 1

Strut 2

! 350 ~——-—-—t-—mmm-
Hard stratum 00 500 0

izontal effective stress increases as pore pressure declines.
For case B, both the pore pressure and the horizontal effec-
tive stress reduce. This effect is mainly due to the much
larger horizontal displacement of the wall towards the ex-
cavation side for the case without slab (see Fig. 19). In re-
sponse to the consolidation, the evolution is qualitatively
similar to that on the excavated side face, i.e. the horizontal
effective stress reduces for case B since pore pressure in-
creases, while the contrary effect occurs for case A.

Figure 20 shows the surface settlements of the unex-
cavated side. These diagrams have the typical concave
shapes and are directly related to the wall horizontal dis-
placements. The settlement is much higher for case B. The
maximum value at the end of consolidation increases about
60 % when compared to case A. Figure 20 also shows that,
in response to the consolidation, there are significant down-
ward displacements at the surface in both cases, which is
determined not only by the increase of the wall displace-
ments with the consolidation (more significant for case B,
as shown above), but also by the reduction of soil volume in
that side determined by the decrease of pore pressure (more
significant for case A).

Figure 21 shows the diagrams of the wall bending
moment for cases A and B. As expected, the presence of the
jet-grout slab determines that the shape of the diagram is
different (since the wall has one extra support). The maxi-
mum negative moment occurs near the base slab for case A
while it occurs near the strut 2 (at the end of the excavation
period) and strut 3 (at the end of consolidation) for case B.
In the post-excavation period, the bending moment dia-
gram does not significantly change for case A, while a sig-
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Figure 21 - Wall bending moment at end of excavation and end of consolidation for cases A and B.
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nificant increase of the negative values and reduction of the
positive values are observed for case B; this is directly re-
lated to the variation of the earth pressure on the wall,
where a significant reduction on the excavated side face for
case B was observed (Fig. 19), as commented above.

The horizontal compression load in the jet-grout slab
for case A is illustrated in Fig. 22. This figure shows that the
compression load does not significantly change in response
to consolidation, which is also consistent with previous
comments on the earth pressure on the wall faces for case
A, which also does not significantly change during the
post-excavation period (Fig. 18).

6. Conclusions

A strutted excavation in soft soil incorporating a jet-
grout base slab was analysed through a computer code
based on the finite element method and using a new method
for basal stability analysis that utilizes the results of the fi-
nite element code. Fully mechanical-hydraulic coupled
analysis was considered, as well as the p-g-0 critical state
model for soil constitutive behaviour. Two cases of the
same problem, with and without soil-cement bottom slab,
were compared. The following conclusions can be high-
lighted:

(1) The incorporation of the jet-grout slab improved the ex-
cavation stability against bottom failure, as well as it
significantly reduced the wall displacements and set-
tlements of the supported ground.

(2) As expected, the effect of the soil-cement slab on the ex-
cavation stability was not captured by the classical
limit equilibrium methods of Terzaghi (1943) and
Bjerrum & Eide (1956) - their results for safety factor
revealed to be similar to those obtained from the FE
analysis for the case without slab but significantly
different from those of the case with slab. This rein-
forces the importance of using more complex meth-
ods for excavation bottom stability analysis, like the
one presented in this study, based on the finite ele-
ment method and formulations of the “enhanced limit
slope stability method”.
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Figure 22 - Compression load in the jet-grout slab at end of exca-
vation and end of consolidation for case A.
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(3) In response to the consolidation, significant downward
displacements on the supported soil surface occurred
for both cases (with and without slab), which are basi-
cally related with the wall displacements and the re-
duction of soil volume determined by the decrease of
pore pressure on the supported side - associated to the
downward flow of the water behind the wall, due to
the water table lowering on the excavated side.

(4) Safety against bottom failure did not significantly chan-
ge after the end of excavation in response to consoli-
dation, although there was a reduction of safety fac-
tor, from of 1.40 to 1.34, during the post-excavation
period, for the case without slab.
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Relationship Between Shear Wave Velocity and Piezocone
Penetration Tests on the Brazilian Continental Margin

R.G. Borges, L.O. Souza Junior, M.C.F. Almeida, M.S.S. Almeida

Abstract. A detailed characterization of the shear wave velocity profile is an essential tool in the resolution of a variety of
seismological and geotechnical engineering problems. The main objective of this study is to present equations capable of
providing reliable shear wave velocity profile estimations based on CPTu parameters. The results of a series of pioneering
in-situ seismic piezocone penetration tests on the Brazilian continental margin are presented in this paper. A complete
geological and geotechnical characterization of multiple sites was performed. Multiparameter and single parameter
correlations were proposed between the measured shear wave velocity and the piezocone penetration test parameters. The
suitability of the proposed correlations was evaluated by means of a statistical analysis and compared to the performance of
previously published correlations using the test data parameters as input. The results show that the study was successful in
presenting equations with superior performance for local soil conditions. Furthermore, this study yielded new reliable

correlations that will benefit future projects in similar offshore environments.

Keywords: correlations, offshore geotechnical investigation, piezocone penetration tests, shear wave velocity.

1. Introduction

The shear wave velocity (V) is a fundamental prop-
erty of soil, rock, concrete, steel, and other civil engineer-
ing materials. For geotechnical problems, the evaluation of
the shear wave velocity is especially important in the defi-
nition of small-strain soil stiffness and is generally ex-
pressed in terms of the maximum shear modulus (G, ).
Shear wave velocity is also useful in site response analysis,
evaluation of liquefaction potential (Robertson & Wride,
1998; Youd et al., 2001), soil classification, unit weight es-
timation, stratigraphy definition, as well as foundation set-
tlement analysis (Andrus & Stokoe II, 2000; Schneider et
al., 2001; Andrus et al., 2004; Mayne, 2007; Long &
Donohue, 2010; Akin et al., 2011; Chang et al., 2011;
Omar et al., 2011). In Brazil, for example, the use of SCPT
testing has mostly been limited to the identification of on-
shore tropical sites (Giachetti et al., 2006) due to limited
availability of equipment (Vitali et al., 2012).

Shear wave velocity measurements in soils can either
be obtained in the laboratory, using resonant column tests
or bender elements, or in-situ, using geophysical tech-
niques. Compared to laboratory methods, in-situ techni-
ques are advantageous since the soil is tested in its natural
environment under anisotropic stress with minimal distur-
bance effects, which is important in the study of offshore
environments. In this context, traditional CPTu combined
with seismic measurements makes the Seismic Cone Pene-

tration Test (SCPTu) the most cost-effective way to

measure shear wave velocity (Schnaid, 2008).

A substantial number of studies have been conducted
since the early 1980s to develop and evaluate empirical cor-
relations between small-strain elastic properties, especially
the shear wave velocity or the maximum shear modulus in
soils, and the data from cone or piezocone penetration tests
(e.g., Rix & Stokoe II, 1991; Hegazy & Mayne, 1995;
Mayne & Rix, 1995; Andrus et al., 2007; Long & Donohue,
2010; McGann et al., 2015; Zou et al., 2017; Tong et al.,
2018). These studies have shown that cone resistance, slee-
ve friction, confining stress, depth, and the behavior and
geological age of the soil influence the correlations.

Data scatter is a factor to be considered for this type of
correlation (Wair et al., 2012), and in order to minimize its
influence, correlation studies are usually separated into
three categories:

e Correlations for clay - undrained behavior (e.g., Mayne
& Rix, 1995; Long & Donohue, 2010; Taboada et al.,
2013; Zhang & Tong, 2017);

e Correlations for sands - drained behavior (e.g., Baldi et
al., 1989; Hegazy & Mayne, 1995; Taboada et al., 2015);

e Correlations for soils in general (e.g., Hegazy & Mayne,
1995, 2006; Robertson, 2009; McGann et al., 2015).

The use of empirical correlations is an easy and
straightforward method for estimating shear wave velocity
profiles for numerous applications based on parameters ob-
tained through in-situ tests, or more simply, from vertical
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effective stresses. Nevertheless, the quality of the correla-
tions is directly linked to the data used, which may not be
appropriate for local conditions. Thus, it is important to
validate available equations or develop new ones with local
data whenever possible. The increasing number of engi-
neering projects in this field, however, makes it vital to
properly assess the agreement between measured and pre-
dicted values. According to Zhang & Tong (2017), this as-
sessment can be done in terms of simple statistical descrip-
tive parameters (i.e., coefficient of determination, variable
coefficient) or with a more complete statistical analysis
(e.g., Onyejekwe et al., 2016).

Direct shear wave velocity V, measurements are al-
ways preferable to estimates based on correlations with
cone or piezocone penetration tests. However, such esti-
mates can be particularly useful for projects where it is not
possible or economically feasible to obtain local V, mea-
surements.

The main objective of this study is to provide new and
reliable correlations that relate CPTu parameters with V;
values for the Brazilian offshore environment. The present
research makes use of the first and only dataset from avail-
able deep seismic piezocone penetration tests conducted
across the Brazilian continental margin between the years
1991 and 1992. Initially, these test results were compared
to correlations found in the literature, both for datasets with
similar geological conditions as well as general conditions.
Statistical correlations were then developed to estimate the
shear wave velocity in the soil deposits of these test sites us-
ing the parameters from the piezocone penetration tests.
Finally, the results for both sets of correlations were evalu-
ated using the statistical approach described by Zhang &

Tong (2017), in order to properly describe the agreement
between the measured and predicted shear wave velocities.

2. Site Characterization

The piezocone (CPTu) tests were performed in two
sedimentary basins, Campos and Santos, on the Brazilian
continental margin (Fig. 1). There was a total of 10 study
points (4 in the Campos Basin and 6 in the Santos Basin) on
the continental slope, each of which is an oil and gas pro-
duction development field, as shown in Fig. 1.

These tests were performed during the site investiga-
tion campaign to characterize gohazards and support the
foundation design of fixed and floating oil and gas produc-
tion platforms to be installed in these areas.

2.1. Offshore CPTu testing

A geological and geotechnical site investigation was
performed by Fugro-McClelland Marine Geosciences, Inc.
for the Brazilian oil company Petrobras from October 1991
to March 1992. The geotechnical boreholes were perfor-
med in water depths ranging from -110 m (located in the
Tubario Field) to -502 m (in the Voador-2 Field), and the
penetration depths varied between 50 m and 151 m below
the seafloor.

The Fugro-McClelland WISON® MKIII cone pene-
tration test system was used, enabling in-situ soil properties
to be measured from the base of the borehole (Lange, 1991)
and extraction of in-situ samples. The piezocone penetra-
tion tests were performed with a standard cone tip (0.001 m’
cone base area; 60° apex). The probe was pushed into the
seabed at a constant rate of about 0.02 m/s, providing a
semi-continuous record of the cone tip resistance (q,), slee-
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Figure 1 - Location of Campos and Santos basins with respective investigated fields.
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ve friction (f,) and pore pressure generated during the pene-
tration (ut,).

The downhole technique was used, which allowed
sample collection and in-situ vane tests between successive
probe pushes. This technique consisted of performing the
CPTu, removing the probe and pushing the sample extractor
and vane device for 1 meter, then reinitiating the CPTu. The
intervals of sampling varied according to the depth, ranging
from 3 m to 10 m. Because of the length of the borehole dedi-
cated to sample extraction, the profiles obtained do not have
a continuous shape, as can be seen in Fig. 2.

The shear velocity measurements were made by
means of a set of biaxial geophones arranged orthogonally

in the horizontal plane, approximately 0.4 m above the cone
tip. A shear wave hammer was used as the seismic source
and activated multiple times until a satisfactory signal/noi-
se ratio was obtained. Travel times were computed using
the characteristic points approach.

2.2. Geological description

The geomorphology of the Campos and Santos basins
on the continental margin was largely controlled by the un-
derlying salt tectonics and the depositional geometry of the
Upper Miocene. Its current form results from variations in
the sea level, contour-current action, sediment remobiliza-
tion through mass movements, structural geology, imple-
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Figure 2 - Albacora Field CPTu profile.
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mentation of turbidity systems associated with fluvial sys-
tems on the continent, and the control of this drainage by
salt tectonics. Systematic sampling and dating of the seabed
with piston corers determined that this geomorphology is
representative of the end of the Pleistocene and that the sub-
sequent sea level rise during the Holocene interrupted al-
most all the active processes in the area (Kowsmann et al.,
2000; Vicalvi & Kowsmann, 2006).

Some of the piezocone penetration tests in the study
area exceeded 100 m in depth below the seafloor, and the
paleoclimate curves constructed for the recovered strati-
graphic sequences show that they reached a maximum age
of 145,000 to 150,000 years B.P., placing them in the Up-
per Quaternary. The observations made by Vicalvi (1999)
regarding the samples recovered from the study area indi-
cate that the Holocene/Pleistocene boundary is always cha-
racterized by mud, at variable depths, but relatively close to
the seafloor.

2.3. Geotechnical description

The laboratory characterization consisted of index
tests such as Atterberg limits, particle size distribution, car-
bonate concentration, as well as oedometer and triaxial
tests. Table 1 presents a summary of soil properties for the
Campos and Santos basins.

Figure 3 shows the plasticity chart for the fine-
grained samples from both basins. As observed, most of the
samples retrieved during the campaign can be classified ei-
ther as CH or CL in the Unified Soil Classification System
(USCS). In fact, 86 % of the samples fall into those catego-
ries.

For the Campos Basin, the typical geotechnical pro-
file consists of a shallow silty/sandy layer, and layers of
silty clay with a few interbedded layers of clayey silts
and/or fine sand. Additionally, the presence of organic ma-
terial, biotite, and bioclasts was detected in all the layers,
with an OCR profile varying from normally to slightly
overconsolidated clays.

The characteristic profile for the Santos Basin can be
described as silty clay with a coarse-grained top layer and
interbedded silty/sandy layers. As in the Campos Basin, all
the boreholes at this location have a high presence of or-
ganic material, biotite, and bioclasts, and the OCR profiles
indicate normally to slightly overconsolidated clays.

2.4. Data analysis

Due to the large number of boreholes, Fig. 2 shows
the deepest CPTu profile (located in the Albacora Field),
which is typical in terms of soil characteristics. Note that
the parameter profiles do not appear continuous in Fig. 2
due to the necessary interruptions to run sample extraction
and in-situ vane tests.

Complementary to the measured parameters (q,, f., u,
and V), the Soil Behavior Type Index (/,) (Robertson &
Wride, 1998) was calculated according to Eq. 1.
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Table 1 - Summary of the soil properties.

CaCo, (%)

.

C
0.4-0.6

0.4-0.8

1, (%)

CL-CH (%) Unit Weight (kN/m’) ~ Water content (%)

Number of samples

Max depth (m)

Code

Field

Basin

5.0-35.0

9-52
26-45

27.1-39.6
29.6-34.1

17.3-19.0
14.3-28.3
16.1-19.4

16.7-18.8

GS08 151 24 75

Albacora

Campos

6.4-41.5
18.0
5.7-353
5.0-58.5
8.3-46.0
4.6-30.5
53.7-68.3
4.2-50.2
4.0-51.6

0.5-0.9
0.6-1.3
0.3-1.1
0.5-0.9
0.2-0.8
0.6-1.0
0.8-1.0

18-44
22-54
18-61
33-59

20-51
15-51
25-49
31-62

28.5-64.7
29.3-62.3
39.1-55.0
40.4-56.1
35.1-52.6
28.2-56.2
36.6-66.7
41.3-56.2

16.8-18.0
16.4-18.1
16.6-19.0
16.7-19.5
17.0-19.5
17.0-19.8

93
95
95
92
81
88
70
79
83

15
22
20
12
11
18
13
14
18

75
117

120
118
124
51
5
117
4

GS100

GS27
GS28
GS49
GS80
GS90
GS9I1
GS92
GS101

Estrela do Mar

Voador
Tubarao
Coral

Santos
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Figure 3 - Plasticity chart for the fine-grained samples.
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where Q, is the normalized penetration resistance and F is
the normalized friction ratio.

In order to give a more precise overview of the gene-
ral behavior of the entire CPTu campaign, the density dis-
tributions for shear wave velocity and I_ are presented in
Fig. 4. As illustrated in Fig. 4, much of the soil profile can

be classified as clay, according to the Robertson & Wride
(1998) classification system. With respect to the shear
wave velocity, the density plot in Fig. 4a indicates that most
of the points are in the 200-400 m/s interval. Regarding the
Soil Behavior Type Index (Fig. 4b), most of the points have
I values between 2.95 and 3.6, indicating a prevalence of
clayey soil behavior. As shown in Fig. 2, and indicated by
the significant density in Fig. 4b, sandy and silty layers are
also present in most profiles.

Shear wave velocity values are assumed to be cons-
tant along the measurement depths. In the CPTu campaign,
the V, measurements coincided with the sampling opera-
tion, with intervals ranging from 3 m to 10 m, which is
greater than the ideal interval of 0.5 m (McGann et al.,
2015). However, two factors must be considered regarding
these high sampling interval values. The first is related to
the fact that the data was collected long before this analysis,
precluding any such control. Secondly, with sampling
depths of up to 150 m and a uniform Soil Behavior Type In-
dex distribution for most of the profiles, the sampling inter-
vals are likely to have a lower impact on data quality.

The total number of V, data points is 258. In order to
compare these V, measurements with those of the CPTu
data, the midpoint depth for each sampling interval is used
and the other parameters are averaged, as recommended by
Tonni & Simonini (2013) and Andrus et al. (2007). This
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Figure 4 - Distribution of: (a) shear wave velocity and (b) soil behaviour type index.
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procedure attenuates the effects of using long intervals for
shear wave velocity measurements and the subsequent
comparison with CPTu data. Even though it may be argued
that this procedure could associate two layers with very dif-
ferent characteristics, it is still better than considering the
midpoint approach for all CPTu parameters. The latter
could introduce a localized condition with a respective V
value and thereby misrepresent the entire layer (McGann et
al., 2015).

3. Previous Published CPTu-V, Correlations

CPTu-V, correlations have long been an object of
study. Different methodologies and equations have been
proposed for various site conditions. On the one hand, it is
necessary to understand the nature of the database that
generated soil-type specific equations, before applying
them to site-specific CPTu data. On the other hand, generic
correlations (Robertson, 2009; McGann et al., 2015;
McGann et al., 2018; Tong et al., 2018) can be applicable
for all soil types as they introduce parameters that can ac-
count for differences in behavior, such as [ and B,
(McGann et al., 2015).

In this study, four relatively recent published correla-
tions are analyzed using the local CPTu data: two generic
correlations (Robertson, 2009; Tong et al., 2018), and two
for specific soil types (Long & Donohue, 2010; Taboada et
al., 2013). This selection was based on a preliminary fit
analysis for the generic correlations and for the correlations
with similar offshore conditions for the specific soil type. A
brief discussion of the chosen correlations is made before
the description of the statistical analysis used to fit the data.

3.1. Generic correlations

Robertson (2009) presented a CPTu-V, correlation
based on a large dataset comprising 1,035 points. The vari-
able /. was introduced to account for the soil type variabil-
ity, and the initial vertical stress (c,,) is subtracted from the
corrected cone tip resistance (g,) and normalized by the at-
mospheric pressure (p,). Equation 2 shows the general form
of the equation proposed by Robertson (2009).

V, :|:10(0.551(.+1.68)(q1 ;GVO j:l )

Tong et al. (2018) developed multiple regression
forms based on 14 CPTu tests performed in Holocene
floodplain deposits in Nanjing, China, with heterogeneous
stratigraphy profiles. The main characteristic of these de-
posits is related to the presence of silt and sand mixtures,
with thinly interbedded layers of various materials. Follow-
ing the recommendations of Wair ez al. (2012), Eq. 3 repre-
sents the chosen analyzed correlation.

Vs — 215q[(),122 f;O.]72 G! 0.172 (3)

v0
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3.2. Soil-type specific correlations

Long & Donohue (2010) proposed correlations be-
tween V; and CPTu data for ten Norwegian marine soft
clays based on previous characterization studies. The data-
base included high-quality in-situ measurements and labo-
ratory tests, in order to minimize uncertainties and improve
accuracy. Equation 4 shows the relationship from Long &
Donohue (2010) based only on the parameter g..

V. =29444 %" )

t

Following the general formula proposed by Simonini
& Cola (2000), where the normalized pore pressure B, de-
fined in Eq. 5 is used to substitute for the use of the initial
void ratio ¢,, Long & Donohue (2010) proposed a correla-
tion relating shear wave velocity to the parameters g, and B,,
as shown in Eq. 6.
p, =Mt Au )

4,6, 9 et

‘/X :1.96q 0.579 (1+Bq )1,202 (6)

t

They suggest that both formulas (Eqs. 4 and 6) can be
used without any prejudice to the estimated V, profile.
However, in a preliminary fit quality analysis for the data
presented in this work, the second form of regression pro-
vided the best set of parameters and, therefore, Eq. 6 was
chosen for further analysis.

Taboada ef al. (2013) analysed P-S logging data for
the Bay of Campeche, Mexico, aiming to evaluate the
geohazards involved in offshore petroleum exploration.
Their study can be directly related to the present work, as it
was developed under similar site conditions. The water
depths varied from 14 m to 102.3 m with a maximum pene-
tration depth of 121.9 m. The soil profile was composed of
soft clay deposits at shallow depths, reaching a maximum
of 25 m in the north-eastern portion of the study area. After
the top clay layer, a sequence of stiff to hard clays and me-
dium-dense to very-dense sand was found. The correlations
that were developed focused on using data from the clay
layer, providing soil type-specific correlations. Among the
proposed formulae, there are three correlations that in-
cluded the CPT parameters available in the dataset of the
present study, and only one (Eq. 7) with a multiple variable
approach which presented the best preliminary agreement
between measured and estimated V, values.

V, =144q,;" o @
where ¢, is the net cone resistance obtained from Eq. 8.
qnet :ql _GvO (8)

3.3. Statistical methods for validation of correlation
equations

In order to obtain a good match between predicted
and measured shear wave velocity values, many authors
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(e.g., Onyejekwe et al., 2016; Zhang & Tong, 2017; Tong
et al., 2018) have used a more complete analysis with the
evaluation of four indexes: Prediction Bias (K), Ranking
Index (RI); Ranking Distance (RD) and Root Mean Square
Error (RMSE).

The Ranking Index K is the ratio between the esti-
mated and measured V,. According to Onyejekwe et al.
(2016), the mean of K usually represents the level of accu-
racy, whereas its standard deviation indicates the precision
of the proposed correlation. The optimum value for the
mean value of K is 1, indicating no underestimation or over-
estimation. The Ranking Index can be expressed by Eq. 9.

K=-*% C))

Sm

1%

where V. is the estimated shear wave velocity and V, is the
measured value (Briaud & Tucker, 1988).

The Ranking Index was proposed to provide a better
estimate for correlation quality. The Ranking Index RI is
defined by Eq. 10.

RI = (10)

“m\K\ + Gln\K\
where 1 and ¢ are the mean and standard deviation of the
data, respectively.

Another parameter to evaluate the fitness of the mea-
sured to the estimated data is the Ranking Distance (RD),
originally proposed by Cherubini & Orr (2000). On a plot
with mean (p) values on the x-axis and standard deviation
(o) on the y-axis, RD represents the distance from the opti-
mum condition point, where 1, = 1 and o, = 0, to the point
calculated using the correlation (Tong et al., 2018). Equa-
tion 11 expresses the Ranking Distance.

RD = (1 +11,)* +(c,)? (1
The Root Mean Square Error (RMSE) is the square
root of the squared difference between the estimated and
measured shear wave velocities. Large errors produce large
RMSE values. Therefore, lower RMSE values indicate bet-
ter model performance. Equation 12 defines the Root Mean
Square Error, where n is the number of data points.

RMSE =\/1 2V =V, (12)
n

3.4. Comparisons

Figure 5 shows the prediction performance of the four
aforementioned correlations from the literature using the
dataset of the present study. The measured shear wave ve-
locity values (V,,) were plotted against the estimated values
(V,,) to show the scatter relative to the 1:1 line. The histo-
gram plots provide an overview of bias distribution show-
ing the mean p, the standard deviation ¢ and the Coefficient
of Variation CoV. The lower the values of the latter two, the
more accurate the estimate.

Among the four correlations selected from the litera-
ture, the one proposed by Long & Donohue (2010) was the
least applicable, Fig. 5(e, f). The graph shows a large
amount of scatter around the 1:1 line, with an R* of 0.71 and
a mean bias of p = 1.16, indicating overestimation. This
correlation did not yield good results when compared to the
other three correlations. The most applicable equation of
the four was the one presented by Taboada et al. (2013),
Fig. 5(g, h). It shows the most accurate mean bias of 0.97,
indicating a slight tendency for underestimation, and it pro-
vided the highest R’, with a value of 0.76. The generic cor-
relations from Robertson (2009), Fig. 5(a, b), and Tong et
al. (2018), Fig. 5(c, d), showed comparable prediction per-
formance, with a tendency for underestimation. The Tong
et al. (2018) correlation presented the most precise equa-
tion, as indicated by the lowest standard deviation for Pre-
diction Bias K (¢ = 0.13). Table 2 summarizes quantita-
tively the results of the complete statistical analysis
presented in the previous section, thus helping to corrobo-
rate the analysis shown in Fig. 5. In summary, the correla-
tion from Taboada et al. (2013) was the most accurate and
precise equation, with the best prediction performance for
the dataset used in this study, and the lowest values of
RMSE, RI and RD. On the other hand, the Long & Donohue
(2010) equation was the least applicable correlation, yield-
ing the highest value for all three parameters.

4. Proposed CPTu-V correlations

The data from the in-situ piezocone penetration tests
and the estimated shear wave velocity, based on correla-
tions from previous studies, were used to examine trends
for the soils in the present study.

In order to obtain more accurate and precise models
for the given site conditions, nonlinear regression analyses
were carried out to obtain the shear wave velocity profile,
by adjusting power function curves to the data from the ten

Table 2 - Statistical parameters from the analysis of the literature correlations.

Correlation Equation R RI RD RMSE

% > 1 c
Multiple 15 0.84 51.12 1.01 0.13 0.134 0.131 39.08
Single 16 0.77 58.14 1.01 0.15 0.155 0.148 45.71
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Figure 5 - Prediction performance of correlations from the literature using the soil conditions from the present study.

boreholes performed in the region. Two model equations
were used to generate the proposed correlations. Equation
13 presents the form suggested by Wair et al. (2012), using
amultiparameter analysis to obtain the shear wave velocity,
which is only applicable when CPTu data are available.

V, =aq, f (13)

Equation 14 proposes a single variable analysis using
only the vertical effective stress G~

V, =ac'’ (14)

s

Equations 15 and 16 were then obtained to estimate V
inm/s, with g, f, and ¢’ ,in kPa (258 data pairs in total were
used in these regression analyses).

10.1437
v0

_97416]0 369f—014026 (15)

(16)

!0 342

V. =34641c

5. Discussion

Figures 6 and 7 present the prediction performance of
the proposed CPTu-V; correlations, for multiparameter and
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single parameter conditions, respectively, with Table 3
summarizing the statistical parameters. As expected, the
multiparameter Eqs. 15 (Fig. 6) provided a more applicable
correlation, with an R’ of 0.84 (Fig. 5a), than the single pa-
rameter correlation of Eq. 16 (Fig. 7) with an R® of 0.77
(Fig. 6a). Equation 15 also had lower values of RI, RD and
RMSE (Table 2), corroborating the Coefficient of Determi-
nation, R’, cited above.

However, the model proposed by Eq. 16 can be used
when data from piezocone penetration tests are not avail-
able and it has been shown to provide similar shear wave
velocity profiles for use in preliminary investigations. In a
comparison between the literature correlations (Table 2)
and the proposed correlations (Table 3), the last ones exhib-
ited better performance based on all statistical parameters,
as expected. Nevertheless, one must be aware that the pro-
posed equations are only valid for similar geological condi-
tions and should not be applied as general correlations.

Figure 8 presents a direct comparison between the
proposed and the literature equations with the measured
shear wave velocity profile for the Albacora Field. It may
be observed that the proposed equations have a better over-
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Table 3 - Statistical parameters from the proposed correlations.
Reference Equation R’ K RI RD RMSE
% > 1 n c
Robertson (2009) 2 0.74 24.42 0.91 0.15 0.277 0.173 51.614
Tong et al. (2018) 3 0.74 13.18 0.87 0.13 0.304 0.184 62.085
Long & Donohue (2010) 6 0.71 78.40 1.16 0.23 0.352 0.277 79.770
Taboada er al. (2013) 7 0.76 37.99 0.97 0.14 0.188 0.142 44.406

all fit to the measured V, values than the literature equa-
tions. It is also seen that among the literature correlations,
the one proposed by Taboada et al. (2013) had the best fit,
and that proposed by Long & Donohue (2010) the worst fit,
as pointed out above. The correlations proposed by Tong et
al. (2018) and Robertson (2009) ranked intermediately be-
tween the other two, with a less satisfactory agreement for
depths 0-60 m.

Soils and Rocks, Sao Paulo, 43(2): 219-230, April-June, 2020.

6. Conclusions

The present study made use of an existing database of
in-situ measurements of shear wave velocity and piezocone
penetration test parameters conducted on the Brazilian con-
tinental margin in order to make reliable correlations be-
tween CPTu parameters and V values. The data were col-
lected at ten borehole locations from five areas during a site
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investigation campaign performed for the Brazilian oil

company Petrobras, for geohazards assessment and foun-

dation design of oil platforms.

With these available data, four published correlations
from the literature were evaluated and two new correlations
were proposed. The prediction performance of the correla-
tions was measured in terms of multiple statistical parame-
ters. The main conclusions of this work are as follows:

* The correlation presented by Taboada et al. (2013) had
the best fit, as expected, considering the similar geologi-
cal background to the one studied here.

e The correlation proposed by Long & Donohue (2010)
yielded the worst fit, primarily because it is the more
general database, including data from all types of soil
profiles;

* Two new correlations were proposed, using multipara-
meter analysis and single parameter analysis. The multi-
parameter correlation yielded the best overall agreement
with measured data, as expected. However, since the ef-
fective vertical stress is an elemental geotechnical vari-
able, the proposed single parameter correlation can be a
powerful tool for preliminary studies;

 Particular attention and engineering judgment should be
exercised when applying the proposed CPTu-V, correla-
tions to sites with soil conditions that differ from those of
the database used in this work;
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e This study yielded new reliable correlations that will
benefit future projects in similar offshore environments.
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Geogrid Mechanical Damage Caused by Recycled
Construction and Demolition Waste (RCDW):
Influence of Grain Size Distribution

M.L. Domiciano, E.C.G. Santos, J. Lins da Silva

Abstract. Recent studies have shown that recycled construction and demolition waste (RCDW) can be used as backfill
material in geosynthetics reinforced soil (GRS) structures. However, besides the environmental and economic benefits of
this practice, it is necessary to evaluate the mechanical damages that RCDW could cause to the reinforcement elements.
This study aims to investigate the influence of RCDW grain size distribution on short-term geosynthetic mechanical
damages. The RCDW used in this investigation was collected at a recycling plant and the geosynthetics consisted of
geogrids usually employed in GRS structures. In order to simulate the mechanical damages, a steel box was used and the
applied loads within the magnitudes of values normally observed in this type of engineering work. The results showed no
significant reduction for tensile strength of geogrids. On the other hand, it was possible to notice the effects of loading
process on strain at rupture and stiffness. However, the reduction factors obtained from the damaged geogrids could be
applied during GRS design stage. This study concludes that the damages caused by RCDW to geogrids would not prevent
the use of this new composite in several engineering works.

Keywords: debris, durability, geosynthetics, granulometry, loading process, sustainability.

1. Introduction

Due to its need of using a tremendous variety of mate-
rials and processes, the construction industry plays a signif-
icant role in environmental issues, not just as a domestic
industry, but on a global scale. The construction industry
stands pointed out as one of the largest producers of solid
waste on the planet, being responsible for over 10 billion
tons generated worldwide every year (Wu et al., 2019).
Therefore, preventing environmental, economic, and social
impacts caused by the construction and demolition wastes
(CDW) demands attitude changes in order to turn the effi-
cient management and reuse of these wastes into world-
wide goals.

In this context, geosynthetics appear as modern and
environmentally friendly products derived from researches
and development of the polymer industry and geotechnical
engineering. These materials have been increasingly used
in geotechnical engineering due to their economic and en-
vironmental benefits. Over the last decades, geosynthetic
reinforced soil (GRS) walls have presented a series of posi-
tive ecological parameters when compared to traditional
concrete cantilever walls (Jones, 1994), which include
40 % less SO, released into the atmosphere during the fabri-
cation of their component parts.

Reinforcement material durability is an important is-
sue related to the design and performance of GRS walls.
Therefore, besides promoting good interaction with the
geosynthetic, the filling material is expected to be biochem-
ically and mechanically low-aggressive. Bearing in mind
theses aspects, even though the proposal of using recycled
construction and demolition waste (RCDW) as backfill ma-
terial in GRS structures seems to be an interesting strategy
to promote the concept of sustainable development in Civil
Engineering, it is crucial to investigate the eventual dam-
ages caused by this non-conventional filling material in a
field condition.

1.1. Characteristics of RCDW grain

The definition of CDW is not a consensus, varying
from one country to another. But, apart from some peculiar
local construction characteristics, the CDW consist of a
mixture of different materials: 1) ceramics, ii) concrete
blocks, iii) mortar, iv) steel, v) plastic, vi) wood and others.
The diversity of materials composing the CDW and the dif-
ferent procedures adopted at recycling plants lead up to
products with different properties and grain size distribu-
tion (Kartam et al., 2004; Esin & Cosgun, 2007; Angulo et
al., 2011; Leite et al., 2011; Ossa et al., 2016).
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The granulometric variability of RCDW sampled at
recycling plants has been reported in some geotechnical in-
vestigations (Santos, 2007; Barbosa, 2017; Santos et al.,
2013; Fleury, 2018; Silvestre, 2019) and maximum values
(highest coefficient of variation of material percentage pas-
sing through a specific mesh aperture) were noted, ranging
from 15 % (Barbosa, 2017) to 109 % (Silvestre, 2019).
Given that the grain size distribution of RCDW is one of the
features that affect the degree of interlocking between its
particles, hence affecting the contact area, the evaluation of
the granulometric variability can help indicate how stan-
dardized it will be.

Another important factor that affects the interlocking
characteristic of particulate media is the particle shape. The
results reported by Leite ef al. (2011) revealed that RCDW
composition influenced the shapes of the grains - cemen-
titious materials and crushed rocks have a wide predomi-
nance of cubic grains - and the particles presented a higher
percentage of cubic grains after compaction test. The study
concluded that cubic particles could contribute to better
densification and higher shear strength. On the other hand,
flat and elongated particles would be more susceptible to
breaking when compacted. When testing individual
RCDW grains, it was possible to verify that particle shapes
play a more prominent role in particle breakage phenomena
than mineralogy and microstructure (Afshar et al., 2017).

1.2. Geosynthetic mechanical damages caused by
RCDW

The reduction of geogrid ultimate tensile strength
(T,,) due to installation damage becomes a problem for de-
termining its allowable tensile strength (7). To deal with
the damage caused by installation activities, and others
which geosynthetics are exposed to, GRS structure design-
ers consider the application of reduction factors to deter-
mine 7, according to (Allen & Bathurst, 1996):

T T

— ot — ult (1)
“ RF RF, -RF,, -RF,

where T, is the ultimate tensile strength; RF, the global re-

duction factor; RF,, is the installation damage reduction

factor; RF ., the creep reduction factor; and RF, is the dura-

bility reduction factor. The RF, is calculated according to
_ Tult,v

RF[D - Ti (2)

ult_d

where T, and T, , represent the ultimate tensile strength
mean value of virgin (undamaged) and damaged speci-
mens, respectively.

This damage can be more severe when geogrids are
used together with larger size aggregate particles and com-
pacted with high energy (Huang & Wang, 2007; Pinho-

Lopes; Lopes, 2014; Fleury et al., 2019). Mechanical dam-
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age to geosynthetics can be evaluated by i) tensile strength,
ii) strain at rupture and ii) secant stiffness, from the curves
tensile strength against strain obtained in laboratory tensile
tests (Allen & Bathurst, 1994).

Some researchers (Paula et al., 2004; Huang, 2006;
Huang & Chiou, 2006; Huang & Wang, 2007; Yoo et al.,
2009; Rosete et al., 2013; Gonzalez-Torre et al., 2014) car-
ried out the standard laboratory test, according to EN ISO
10722:2007 (BSI, 2007), focused on assessing the mechan-
ical damage to geogrids under repeated loading with granu-
lar materials. The values of reduction factors for mechani-
cal damages (RF,,), for different repeated loads and
granular materials, ranged between 0.93 and 1.54.

Mechanical damages caused by RCDW to geosyn-
thetic reinforcement elements used in an in-field experi-
mental large-scale wall were investigated by Santos et al.
(2012). The RCDW collected in a construction site located
in Brasilia, Brazil, consisted of demolition waste submitted
to primary crushing in order to reduce its particle size. The
geotechnical characterization showed that the RCDW was
classified as a sandy gravel. Based on a statistical analysis
proposed by Santos (2011), the results revealed that differ-
ent compaction procedures (lightweight roller or vibratory
hammer) caused distinct damages to polyester (PET) geo-
grid (GG) (T, = 20 kN/m).

An investigation of the effects of dropping height
(0.0 m, 1.0 m and 2.0 m) and compaction procedure (vibra-
tory plate) on the mechanical damages of a polyester (PET)
geogrid (7, =35 kN/m) revealed that the RCDW, classified
as gravely sand, caused damages with low or very low mag-
nitudes, considering all the scenarios investigated (Barbosa
& Santos, 2013).

In arecent study, Fleury et al. (2019) investigated the
occurrence of mechanical damage during the installation of
geogrids in an in-field test facility with RCDW backfill ma-
terial. The results showed that the variation of dropping
height (0.0 m, 1.0 m, and 2.0 m) caused a slight reduction in
the ultimate tensile strength (7,) (RF,, = 0.94 to 1.21).
However, the authors also observed that compaction meth-
ods were a relevant factor for geogrid installation damage
in most of the investigated scenarios, with RF,, ranging
from 0.98 to 1.22, with the vibratory hammer compaction
promoting the highest reduction effect.

Despite the contribution made by laboratory and in-
field tests, the investigation of mechanical damage to geo-
synthetic products caused by non-conventional material
brings together the need to evaluate some issues so far not
assessed. Bearing in mind the proposal of using RCDW as
backfill material, the evaluation of grain size distribution
may raise another aspect that could affect the level and way
mechanical damages occur to geosynthetic products: parti-
cle breakage during the loading process. Therefore, this pa-
per aims to evaluate and quantify the effect of grain size
distribution curves on RCDW breakage and its consequen-
ce for the mechanical damage caused to geogrids.
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2. Materials and Methods
2.1. Materials
2.1.1. RCDW

The RCDW used in this investigation were produced
by a recycling plant in Aparecida de Goiania-GO, Brazil.
The recycling plant uses a jaw crusher, in a single opera-
tion, to reduce the particle size of CDW and to produce dif-
ferent materials, such as: i) Aggregate A (9.5 mm > d >
4.75 mm), ii) Aggregate B (19 mm > d > 9.5 mm), iii) Ag-
gregate C (d < 19 mm), iv) Aggregate D (d > 19 mm), v)
Sand A (d < 4.75 mm, sand composed of crushed CDW),
vi) Sand B (d < 4.75 mm, sand composed of crushed con-
crete) and vii) By-product. Bearing in mind the aims of this
study and size limitations of the test box, the RCDW were
selected based on their potential to be used as backfill mate-
rial in GRS structures.

Three types of recycled products were investigated: 1)
Aggregate A, ii) Aggregate B and iii) Aggregate C (Fig. 1).
According to the manufacturer, Aggregate C is composed
of equal volumes of Aggregate A, Aggregate B and Sand B.
It is important to point out that Aggregate C represents
around 44 % of the products sold by the recycling plant
nowadays.

2.1.2. Geosynthetics

To investigate the influence of geogrid structure on
the strength against mechanical damages, tests were carried
out with three types of geogrids, being one composed of
polyvinyl alcohol yarns (GGPVA, T, = 35 kN/m; mass per
unit area, M, = 160 g/m’) and two others of polyester yarns

(GGPET 01, T, = 55 kN/m, M, = 280 g/m’; GGPET 02,
T, =35kN/m, M, = 185 g/m’). These geogrids are usually
used as reinforcement elements in GRS structures. Figure 2
presents the images of the geogrids.

The dimensions of the geogrid specimen submitted to
tensile strength testing consisted of 200 mm (transversal di-
rection) by 1,200 mm (longitudinal direction). The pro-
cesses of storage, transportation and cutting of the geogrid
specimens were carried out carefully to avoid any damages
to the virgin samples, as well as any additional damages to
the tested specimens.

2.2. Experimental program

2.2.1. RCDW characterization

For each kind of RCDW, five samples were collected
at one-monthly intervals trying to verify eventual variabil-
ity of the recycled products, and the sampling procedure
was carried out in different parts of the waste pile (bottom,
middle and top). The laboratory tests followed the Brazilian
standards and consisted in those usually performed for soil
characterization: i) specific gravity (NBR 6458, ABNT,
2016a), ii) grain size distribution (NBR 7181, ABNT,
2016Db), iii) Atterberg limits (NBR 6459, ABNT, 2016c;
NBR 7180, ABNT, 2016d), iv) compaction test (Standard
Proctor) (NBR 7182, ABNT, 2016e), and v) gravimetric
composition.

Once the RCDW samples were sieved before and af-
ter each test of damage reproduction, it was possible to
compare grain size distribution curves and particle shapes
before and after the loading process. The use of a micro-
scope also aimed to identify the roughness of RCDW parti-
cles.

(@)

(b)

(©

Figure 1 - RCDW: a) Aggregate A, b) Aggregate B and c) Aggregate C.

IlOmm IlOmm

(a)
Figure 2 - Geogrids: a) GGPVA, b) GGPET 01 and ¢) GGPET 0
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The gravimetric composition was carried out accord-
ing to the procedure presented by Santos (2007). Initially,
10.0 kg of Aggregate C were sieved on a mesh of 4.75 mm
under running water; the retained material was left to dry in
an oven for at least 12 h; finally, the retained material was
sorted by visual analysis (naked eye) according to the dif-
ferent gravimetric compositions. Particles of RCDW smal-
ler than 4.75 mm (including those removed during the
washing process) were classified as ‘soil’.

The procedure of evaluating the shape and roughness
of RCDW particles, consisting of visual analysis by means
of a digital microscope, was used to verify the shape and
surface roughness of the RCDW particles. The equipment
used has magnification ranging from 5x to 100x. The im-
ages of coarse grains (dimensions varying from 2.0 mm to
10.0 mm) were taken using a magnifying glass.

2.2.2. Laboratory damage reproduction

The mechanical damage was carried out reproducing
the loading process using a steel-made box (440 long x 300
wide x 300 mm high) which is divided into two parts (upper
and bottom). At the middle height, the test box has an aper-
ture for geosynthetic installation. Figure 3 shows the equip-
ment dimensions in a perspective view. The mechanical
damage tests were performed with the last collected sam-
ples of each kind of aggregate (nominated ‘samples #5°).

The test procedure consisted of placing the RCDW
(dry condition) in the test box up to its medium height (bot-
tom part completely filled). Then, the RCDW was statically
compacted (one-dimensional compression) using a univer-
sal testing equipment until the material achieved a compac-
tion degree approximately equal to 85 % (Standard Proctor)
- Fleury et al. (2019) reported a value of 89 % when com-
pacting recycled materials from the same recycling plant
with a vibratory roller. Then, the central part of the geogrid
specimen (300 mm long and 200 mm wide) was laid in con-
tact with the RCDW - the extreme portions of the geogrid
remained outside the box and not damaged. Finally, the up-
per part of the test box was positioned, filled up with

Figure 3 - Test box perspective view and dimensions.
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RCDW and also statically compacted to the same degree of
compaction.

Once the test box had been totally assembled, the nor-
mal stress was applied (increment of 10.2 kN/min) on a
steel plate of 20 x 200 x 340 mm using the universal testing
equipment. Considering a GRS higher than 10.0 m and
eventual external loads, tests were carried out with 150 kPa,
300 kPa, and 600 kPa. Once achieved the intended load, it
was kept for 5 min - enough time to stabilize plate displace-
ment detected by monitoring instruments. Bearing in mind
the variability of RCDW, five tests (non-reuse) were per-
formed for each load, which resulted in a total amount of
135 specimens.

Following that, the specimens were carefully exhu-
med to prevent the occurrence of additional mechanical
damages, properly identified and submitted to tensile tests -
this last one, at Sdo Carlos School of Engineering (EESC),
University of Sdo Paulo (USP). The tensile tests were car-
ried out according to ASTM D-6637-15 - Standard Test
Method for Determining Tensile Properties of Geogrids by
the Single or Multi-Rib Tensile Method (ASTM, 2015).
Figure 4 shows the executive sequence of the damage simu-
lation test.

2.2.3. Validation and quantification of damage

To determine valid the occurrence of damage, the
method proposed by Santos (2011) was used with the re-
duction factors (RF) being calculated considering the vari-
ability of virgin specimens. According to the method, the
confidence interval (nominated F) of the properties of in-

() (b)

(d)

Figure 4 - Executive sequence: a) static compaction of RCDW in
the box bottom part, b) geosynthetic laid in contact with the
RCDW, c) application of load during the test, d) exhumation of
geogrid specimen.
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terest (7, €, and J_, ) was obtained from the tests of virgin
specimens using Student’s #-distribution with the sample
mean value confidence given by

_X-n
S

Jn

where 1 is the value of the Student’s 7-distribution variable,
X is the mean value of the virgin sample; , the population
mean; S, sample standard deviation; and » is the sample
size.

To calculate the value of RF, two scenarios were eval-
uated: i) the damaged sample mean value (X)) into the vir-
gin sample confidence level interval raises doubt about the
occurrence of damage, hence the reduction factor was as-
sumed as equal to 1.0; ii) in the case of the damaged sample
mean value (X)) out of the virgin sample confidence level
interval, the reduction factor was calculated according to

_X
X

t

3

RF,

X

“

d

where RF is the reduction factor related to the X parameter,
X is the virgin sample mean value of the analyzed parame-
ter and X, is the damaged sample mean value of analyzed
parameter.

3. Results and Discussion
3.1. Recycled construction and demolition waste

3.1.1. Granulometric analysis

The grain size distribution curves of RCDW showed
a significant variability, which made the samples be better
evaluated using a ‘grain size distribution range’. These re-
sults revealed that the procedures adopted at the recycling
plant presented different levels of efficiency, being less ef-
ficient (higher variability) when involving processes of
mixture of some products for producing a new one. Another
factor that must be pointed out is related to the weather con-
ditions during the recycling process, given that samples of
Aggregate A (A-A #3 and #4), collected on rainy days,
showed higher amount of fine materials. Figures 5 to 7
present the grain size distribution curves of investigated re-
cycled aggregates and show the grain size distribution ran-
ges for each sample of RCDW. Table 1 presents RCDW
classification according to the Unified Soil Classification
System (USCS) - (ASTM, 2017).

3.1.2. Gravimetric composition

The gravimetric composition analysis revealed that
approximately 98 % of the composite materials of Aggre-
gate C #1 can be classified as inert materials (soil, concrete,
ceramic materials, and natural gravel), with no more than
2 % composed of metal, wood, paper, plastic and other ma-
terials - similar results have been found by Herrador et al.

Soils and Rocks, Sao Paulo, 43(2): 231-246, April-June, 2020.

(2012) and Santos et al. (2013, 2014). Percentages of soil,
Portland cement concrete and ceramics showed significant
values of coefficient of variation (COV) equal to 45.19 %,
27.90 % and 70.92 %, respectively. Figure 8 shows the re-
sults of the gravimetric composition analysis of the Aggre-
gate C samples.

The variation of soil amount in the RCDW compo-
sition can be justified by the fact that buildings in the
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Figure 5 - Aggregate A grain size distribution curves.
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Figure 6 - Aggregate B grain size distribution curves.
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Figure 7 - Aggregate C grain size distribution curves.
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Table 1 - Classification of the RCDW according to the USCS system.

Sample Aggregate A Aggregate B Aggregate C

#1 GP-GM with sand GP GW-GM with sand
#2 GP with sand GP SW-SM with gravel
#3 SP-SM with gravel GP SW-SM with gravel
#4 SW-SM with gravel GP GP-GM with sand
#5 GP with sand GP GP-GM with sand

Note: GW = well graded gravel; GP = poorly graded gravel; GM = silty gravel; SW = well-graded sand, fine to coarse sand; SP = poorly

graded sand; SM = silty sand.

metropolitan area where the recycling plant is located
possess underground structures (underground garage,
for example), once the deep water table verified at the re-
gion allows this type of construction. Therefore, this
kind of underground construction is responsible for a sig-
nificant amount of excavated soil sent to the recycling
plant.

The variation of Portland cement concrete and ce-
ramic materials amount reveals, besides the main con-
struction characteristics of the local buildings, the lack
of waste management in the construction site. Given
that the constructions have several types of materials,
such as reinforced concrete, metallic structures, wood,
soil, tile, bricks, etc., these materials should be submit-
ted to a process of segregation/separation in the con-
struction site. However, at present, the segregation
process is not carried out in most construction sites in
Goiania-GO, Brazil.

3.1.3. Specific gravity

Due to the diverse materials found in RCDW, the spe-
cific gravity (G, of i) particles passing in the 4.75-mm
sieve and ii) particles passing in the 19-mm sieve and re-
tained by the 4.75-mm sieve were investigated. Results
showed that the mean value of G, for the particles passing in
the 4.75-mm sieve was practically the same for Aggregate
B (2.602 g/cm’, COV = 0.54 %) and Aggregate C
(2.603 g/cm’, COV = 3.28 %); and Aggregate A presented a
mean value approximately 20 % smaller than the other ma-
terials (G, equal to 2.166 g/cm’).

The G, of the grains retained in the 4.75-mm sieve,
considering the three materials (A-A, A-B, and A-C)
showed mean values ranging from 2.658 g/cm’ to
2.684 g/cm’, similar to the ones reported by Santos & Leite
(2018) and approximately 21 % higher than those presented
by Angulo et al. (2011). This fact can be justified by the dif-
ferent focus given to the RCDW studied, since the latter au-

A-C#l A-C#2 A-C#3
Natural gravel Others Natural gravel Natural gravel
5.17% 13% _0.57% Others 148 %
) Ceramics 213 % :
Ceramics 0.59 % Ceramigs
10.94 %

Portland cement concrete

Portland cement concrete

Soil
38.33%

47.65 %

Portland cement concrete

43.55% 58.38 % 45.75 %
A-C#4 A-CH#5
Natural gravel ~ Others Natural gravel
0.51% 342 %01 0.97 %
.03 % Ceramics

Ceramics
5.69 %

Portland cement concrete
86.35%

Figure 8 - Percentage of composite materials.
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thors investigated the use of recycled aggregates in non-
structural concrete.

The results revealed low variability of G, of the
RCDW. The variability of the material passing in the
4.75-mm sieve ranged from 0.54 % to 4.21 %, and the vari-
ability of the material retained in the 4.75-mm sieve (and
passing the 19-mm sieve) ranged from 0.27 % to 1.63 %.

It was observed that Aggregate C presented consider-
able amount of soil in its composition. Previous studies on
the local soil (tropical soil) revealed values of G, varying
from 2.664 g/cm’ (Silva et al., 2019) to 2.740 g/cm’ (Mas-
carenha et al., 2018). Aggregate A visibly exhibited a
greater amount of ceramic material, which is probably re-
sponsible for the reduction of its G..

3.1.4. Atterberg limits

All the samples presented non-plastic behavior,
which can be explained by the fact of having low presence
of clay particles (diameter < 0.002 mm). These results also
follow those found by Santos ef al. (2013, 2014) and Ossa
et al. (2016). It is worth mentioning that these results vali-
date the application of RCDW as backfill material in GRS,
according to the recommendation of BSI 8006 (2010).

3.1.5. Compaction

Standard Proctor compaction tests were carried out
only on four samples of Aggregate C, once the very low
amount of fine material did not allow making the test with
sample A-C #4. Aggregate A and Aggregate B also were
not tested for the same reason. Figure 9 and Table 2 present
the results of the compaction test carried out without reuse
of material.
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Figure 9 - Compaction test curves - Aggregate C (except sample
A-C #4).

The results of the compaction test revealed the direct
influence of ceramic material content. Higher amount of
ceramic material causing higher values of optimum water
content was observed. These results follow those presented
by Silva et al. (2016) and Cardoso et al. (2016). However,
sample A-C #1, despite having the highest content of ce-
ramic aggregates, showed the lower optimum water con-
tent. This discrepancy encourages further investigation into
the properties of the ceramic materials present in RCDW.

3.2. Influence of loading process on RCDW properties

Considering that the process of applying loads of
150 kPa, 300 kPa and 600 kPa could break the low-resis-
tance particles of RCDW, specific gravity tests carried out
and grain size distribution curves were drawn using sam-
ples from different loading conditions.

3.2.1 Characterization of materials

The results showed that there was no great variation
of the values of G, of the recycled materials submitted to
different loads in comparison to the one presented by the in-
tact material (without loading), even considering both ana-
lyzed particle sizes (passing in the 4.75-mm sieve or re-
tained in the 4.75-mm sieve). Table 3 presents the G, values
of tested materials.

The effects of loading on RCDW characteristics were
also investigated with grain size distribution analysis of the
tested samples. For this purpose, tests were performed on
the materials applying different loads and, to show the per-
centage difference for different samples and scenarios, cur-
ves were drawn in comparison to those not submitted to
loading (Fig. 10).

It was noticed that the higher the load applied, the
greater the quantity of fine grains in all the tested materials.
However, it is possible to point out that specific changes
were observed. The highest particle size variations for all
samples (A-C, A-B, and A-A) occurred around the grain di-
mensions of 4.75 mm. In general, the grain breakage
showed increase up to the diameter of 4.75 mm and de-
creased after this diameter.

The Aggregate A appeared as the most sensitive in re-
lation to breakage by increased loading, probably due to its
uniform grain size distribution and the presence of some
particles of ceramic materials. This statement is strength-
ened by the results of Aggregate B, which presented smal-
ler breakage value for the different loads. Even though

Table 2 - Maximum dry unit weight and optimum water content - Aggregate C (except sample A-C #4).

Property A-C #1 A-C#2 A-C #3 A-C#5 Mean COV (%)
Y (KN/MY) 17.150 16.925 16.660 16.758 16.859 1.13

w,, (%) 17.10 18.00 18.70 19.00 17.60 4.70

Note: ‘Maximum dry unit weight; *Optimum water content.
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presenting a uniform grain size distribution, this aggregate
was predominantly composed of concrete.

Table 3 - Effect of loading process on specific gravity of the
RCDW aggregates.

Sample Specific gravity - G, (g/cm’)

Passing (4.75-mm) Retained (4.75-mm)

3.2.2. RCDW particle shape and roughness

Images of the studied materials (A-A, A-B, and A-C)
- intact and subjected to the loading process - were taken us-
ing a microscope to analyze the effect of loading on particle
shape and roughness. The materials retained in sieves
9.5-mm, 4.75-mm, and 2.0-mm were analyzed separately,
so their characteristics could be verified in relation to the

A-A - No Loading * 2.166 2.684 specific applied load.
A-A - 150 kPa 2.156 2.650 The images did not allow to verify any difference re-
A-A - 300 kPa 2.117 2.664 lated to particle shapes. No relationship between loading
A-A - 600 kPa 2924 2776 process and grain roughness changes was observed in
o grains retained in sieves 2.00-mm and 4.75-mm. This can
A-B - No Loading ° 2.602 2.658 e e .
be justified by the fact that coarser particles are the ones
A-B - 150 kPa 2.660 2.645 presenting most modification in relation to the shape when
A-B - 300 kPa 2.643 2.635 subject to loading, as stated by Leite ef al. (2011). The im-
A-B - 600 kPa 2.614 2.686 age of Aggregate C particles retained in the sieve 9.5-mm
A-C - No Loading * 2603 2674 (Fig. 11) revealed a smooth surface for loading of 600 kPa.
ALC - 150 kP 5 600 5 658 Results revealed that the maximum load of 600 kPa, al-
T 4 ' ’ though not enough to break the particle when it consisted of
A-C-300 kPa 2.586 2.678 natural aggregate (rock), could remove the mortar around
A-C - 600 kPa 2.609 2.678 the natural aggregate. This can explain the changes showed
Note: ‘Mean value of five samples. Whejn comparing Fhe grain size distribution of materials
subject to the loading process.
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Figure 10 - Granulometric analysis of aggregates for different loads: a) Grain size distribution curves, b) Percentage difference of parti-

cle passing.
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(a) b

Figure 11 - Grains of A-C retained sieve 9.5-mm: a) No loading, b) 150 kPa, c) 300 kPa, d) 600 kPa.

3.3. Geogrids

3.3.1. Tensile test in virgin samples and determination of
confidence interval

The results of tensile tests carried out on five virgin
samples of each geogrid type revealed smaller ultimate ten-
sile strength (7',) compared to the manufacturer’s informa-
tion (see section 2.1.2). GGPVA presented a mean value of
T, equal to 26.3 kN/m and the lowest variability
(COV = 17.8 %), meanwhile GGPETO1 showed a mean
value of T, equal to 38.7 kN/m and the highest variability

(COV =13.2 %). GGPETO02 presented a mean value of 7',
equal to 27.4 (COV =12.2 %).

In relation to the tensile stiffness, the GGPVA
showed the lowest variability for stiffness at 2 % (J,,,). This
geogrid revealed an average J, , equal to 550.00 N/m and
value of COV equal to 6 %. Due to the fact that the tensile
rupture occurred below the strain of 5 %, the stiffness for
this scenario (J,,) was not calculated. The results showed
that the GGPET 01 presented mean values of J, . and J, ,

equal to 694.00 N/m (COV = 25 %) and 555.20 N/m

© (d)

(COV =16.2 %), respectively. The GGPET 02 revealed J, ,
equal to 680.00 N/m with the highest variability
(COV = 334 %) and J, , equal to 408.80 N/m
(COV=16.6 %).

The virgin samples presented values of strains at rup-
ture (g,,) below 5 % for the GGPVA, and below 10 % for
the polyester geogrids (GGPET 01 and GGPET 02). The
virgin samples of GGPVA presented the lowest variability
of g, , showing value of COV equal to 5.4 % (mean value of
g,, = 4.7 %), meanwhile GGPET 01 showed the highest
variability, with value of COV equal to 21.7 % (mean value
ofg,,=6.6 %). GGPET 02 revealed value of COV equal to

21.5 % (mean value of ¢, = 5.8 %) for virgin samples.

Based on the data obtained from the virgin samples,
the confidence intervals for each kind of geogrid were de-
termined by means of the Student’s 7-distribution. Table 4
presents the confidence limits for each of the parameters of
interest and their respective confidence levels. It can be ob-
served that the confidence level values were between 96 %
and 98 %, very similar to the ones found by Barbosa &
Santos (2013) and Santos et al. (2014).

Table 4 - Results from tests on virgin samples (5 specimens) associated with the Student’s #-distribution analysis.

Geoogrid Tensile strength (kN/m) Strain at rupture (%) J,.,, (N/m) J,,, (N/m)
GGPVA T,=263 €, =47 J,, =550.0 n.a.
CovV=18% COV=54% COV=6%
22.55 < F,;<30.05 4.15<¢,, <526 48843 <J,,<611.57
CL=98 % CL=98 % CL=98 %
GGPET 01 T,=38.7 €, =66 J,, =694.0 J,, =5552
CoOV=132% CoV=21.7% CovV=25% CoV=162%
31.05 < F,<46.35 3.98<¢g, <922 434.13<J,,<953.87  420.26 < J,, <690.14
CL=96 % CL=98 % CL=96 % CL=96 %
GGPET 02 T,=274 €, =58 J,, =680.0 J,, =408.8
COV=122% COV=215% COV=334% COV=16.6 %
22.45<F, <3235 3.55<¢,,<8.05 25442 <J,,< 110558 307.07<J,,<510.53
CL=96 % CL=98 % CL=98 % CL=96 %
Note: T,, = ultimate tensile strength; ¢, = strain at rupture; J, , = stiffness at 2 % strain; J, = stiffness at 5 % strain; CL = confidence

level; n.a. = not available.
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3.3.2. Geogrids’ tensile strength, strain at rupture and
secant tensile stiffness after loading

3.3.2.1. GGPVA

Considering all the scenarios, it was observed that
GGPVA did not present the mean value of ultimate tensile
strength T, outside the limits calculated for this parameter.
However, the strain at rupture (g, ) appeared as a sensitive
parameter to the loading process, which can be verified
evaluating the reduction of 7, values and the increase of
COV. Figure 12a shows the strength values obtained while

testing the GGPVA with each kind of RCDW.

Aggregate C - classified as a poorly graded gravel
with silt - caused the higher reduction factor of average ¢,
when the GGPVA was submitted to the load of 150 kPa,
which confirms that the responses of this parameter were
not affected in a direct relation to loading (Fig. 12b). How-
ever, it was possible to see that other load magnitudes
caused reductions of this parameter close to the lower limit
established by statistical analysis. It is also possible to visu-
alize the increase of COV when strain at rupture of virgin
and exhumed specimens are compared.

Results revealed that Aggregate B - classified as po-
orly graded gravel - caused the greatest reduction of ¢, and
the highest variability when tested with a load of 300 kPa if
compared to the other loads applied for that same material
(Fig. 12b). Evaluating the results from tests with Aggregate
A - classified as poorly graded gravel -, it is possible to ob-
serve that a load of 600 kPa caused the highest reduction of
€, but this reduction was not directly related to load
(Fig. 12b). These results show the need for a better separa-

(a) 32

28
24
20

16
12
8

Tensile strength (kN/m) ~

(c

Stiffness - 2 % strain (N/m) ~—

Virgin sample A-C

tion of the materials that compose the RCDW, once the ex-
istence of components that could be broken easily (e.g. ce-
ramic materials) can cause different damages in the geogrid
tested.

In general, the analyses of stiffness at 2 % (J, ,)
showed that different scenarios (recycled aggregate vs.
load) have not changed the mean values of this parameter,
with most of the values ranging within the limits of virgin
specimens - except for scenario Aggregate B submitted to
300 kPa (Fig. 12¢). As pointed out during the discussion of
the values of T, the results revealed an increase of the COV

ult®

of exhumed samples.

3.3.2.2. GGPET 01

The evaluation of all scenarios revealed that GGPET
01 did not present average ultimate tensile strength (7,)
outside the limits calculated for this parameter using the
virgin specimen data and the Student’s #-distribution. The
mean values of ¢, , J, ,, and J;,, were also within the limits
calculated, however, for these parameters, some specimens
presented values beyond the limits. Figures 13a to 13d
show the results of each investigated parameter.

GGPET 01 presented the value of strain at rupture, for
the sample Aggregate B and load of 300 kPa, with a COV
value of 13 % (Fig. 13b). The high variation of GGPET 01
samples was beyond the upper limit of the confidence inter-
val, and this performance could be a limitation for its use in
some geotechnical works.

3.3.2.3. GGPET 02

Considering the different scenarios analyzed, it was
noticed that GGPET 02 did not present average ultimate

) 6

Strain at rupture (%)

Virgin sample

GGPVA

------ Confidence level [l No loading 300 kPa

[ Limitbar 150kPa =] 600 kPa

Figure 12 - GGPVA: a) Tensile strength; b) Rupture Strain; c) Stiffness - 2 % Strain.
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Figure 13 - GGPET 01: a) Tensile strength; b) Rupture Strain; c) Stiffness - 2 % Strain; and d) Stiffness - 5 % Strain.

tensile strength (7;,,) values outside the calculated limits
(Fig. 14a). However, the Aggregate B sample (300 kPa)
stands out due to the greater variation of the deformation at
rupture (g,,) (Fig. 14b).

Aggregate C caused the higher reduction factor of av-
erage deformation at rupture (gmp) when GGPET 02 was
submitted to the load of 150 kPa (Fig. 14b), which proves
that the responses of this parameter were not affected in a
direct relation to load - as well as GGPVA. Results revealed
that Aggregate B caused an increase of ¢, for all applied
loads (Fig. 14b), with the load of 600 kPa being the most
expressive one. For Aggregate A, it is possible to observe
that a load of 600 kPa caused a higher increase of ¢,,, and
this reduction was not directly related to load (Fig. 14b).

In general, the analyses of stiffness at 2 % (J, ,,)
showed that the virgin sample presented a high value of
COV (33.4 %). Besides that, all tested geogrids presented
values smaller than the virgin sample (Fig. 14c). The Ag-
gregate C and Aggregate A showed values within the confi-
dence level. Only Aggregate B presented a reduction of J,,,
for loads of 300 kPa and 600 kPa (Fig. 14c). For this aggre-
gate, the results revealed an increase of the COV of dam-
aged samples in comparison to the one of virgin ones (e.g.
scenario of 300 kPa presented a COV =98.4 %).

Considering the mean values of stiffness at 5 % (J; )
(Fig. 144d), for all loads, Aggregate A and Aggregate C did
not cause any reduction beyond the limits. Aggregate B
caused some reduction in the J,,, proportional to the applied

Soils and Rocks, Sao Paulo, 43(2): 231-246, April-June, 2020.

load, with the largest reduction of this parameter being ob-
served for the load of 600 kPa. Although Aggregate A and
Aggregate C did not cause any reduction factor (J, ,) in
tested samples, these aggregates did present average values
lower than virgin samples. Thus, the results revealed that
the fact of Aggregate B being the coarser material can be
pointed out as the reason why the greatest damages were
observed in geogrids when using this material.

3.3.3. Reduction factors due to loading process

The results showed that the reduction factor (RF) pre-
sented diverse magnitudes for each parameter and scenario.
Considering the different scenarios evaluated (aggregates
vs. loads), it was noticed that all tested geogrids (PVA or
PET), irrespective of their catalogue tensile strength
(35 kN/m or 55 kN/m), did not present average ultimate
tensile strength values (7,) outside the calculated limits
(confidence intervals). For other parameters, only the cases
with 35 kN/m geogrids (GGPVA and GGPET 02) pre-
sented values of RF other than 1.0. In terms of reduction
factors related to deformation at failure (RF¢,, ), the PVA
geogrid showed values ranging from 1.15 to 1.21 (Table 5),
hence becoming the most sensitive geogrid to the loading
process. Aggregate A - classified as a poorly graded gravel
with sand - presented moderate damages; while Aggregate
B - classified as poorly graded gravel - contributed to a
higher occurrence of damages. Aggregate C - classified as
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Figure 14 - GGPET 02: a) Tensile strength; b) Rupture Strain; c) Stiffness - 2 % Strain; and d) Stiffness - 5 % Strain.

poorly graded silty gravel with sand - was the least aggres-
sive material.

Concerning the reduction factors related to stiffness
at2 % (RF,,,,), the PET geogrid (35 kN/m) presented values
from 3.29 to 4.12 (Table 5), when tested with Aggregate B,
for loads of 300 kPa and 400 kPa, respectively. However, as
reported by Fleury et al. (2019), it is worth mentioning that
the method of monitoring the strain during the tensile
strength test (in only one longitudinal rib) may have been
the reason for the wide range of secant tensile stiffness val-
ues obtained. Therefore, once virgin samples presented ex-
cessively broad confidence intervals, it is reasonable to
have a high occurrence of reduction factors equal to 1.00.
Moreover, whenever different values are observed, over-
stated magnitudes become evident. The results have also
shown that the difficulty of obtaining reduction factors in-

creases when concerning RF,, .

The values of reduction factor related to tensile stiff-
ness at 5 % (RF, ,) varied from 1.41 to 1.66 for PET
geogrid (35 kN/m) (Table 5), when tested with Aggregate
B. Although the values of RF ,,, had shown a direct relation
to load, one must bear in mind that this case was not ob-
served in most of the scenarios investigated. Unlike what
was perceived in the values of stiffness at2 % (J, ), those of
stiffness at 5 % (J, %) did not present a high variability
(COV up to 16.6 %). Therefore, RF ;, seems very reason-
able.
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Given that the majority of scenarios presenting values
of RF greater than 1.00 were related to tests carried out with
Aggregate B, it is possible to state that the characteristics of
this material, correlated to i) the predominance of coarse
particles (gravel, Dy, =18 mm, D, = 11 mm, D, = 6.5 mm),
ii) poorly graded grain size distribution (C, = 1.85), and iii)
lower particle breakage occurrence, contributed to damage
generation and its degree of severity. These characteristics
create a condition with few points of contact between the
aggregate (particles) and geogrid elements, causing a con-
centration of load and, as a consequence, more severe dam-
ages.

On the other hand, despite also presenting coarse par-
ticles (gravel with silt, Dy, = 12 mm, D, = 7.5 mm, D,, =
0.22 mm), Aggregate C, due to the content of coarse, me-
dium and fine sands (total amount around 26 %), the con-
siderable value of coefficient of uniformity (C, = 38.64)
and high particle breakage, was able to provide a condition
of large particles surrounded by small ones, setting up
better load transfer (large contact area) between its particles
and the geogrids. This condition made Aggregate C (mate-
rial produced from a mixture of three recycled materials)
the least aggressive material, presenting only one scenario
with RF greater than 1.0 (GGPAYV, 150 kPa, RF €,,= 1.18).
Moreover, this aggregate is the cheapest material produced
by the recycling plant. Table 5 summarizes all the reduction

factors obtained by the tensile test.
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Table 5 - Reduction factors related to the investigated parameters.

Aggregate R Fgmn“ RF,, ° RF,.S
GGPVA GGPET 02 GGPVA GGPET 02 GGPVA GGPET 02
1.18 (150) 1.00 (150) 1.00 (150) 1.00 (150) - 1.00 (150)
A-C 1.00 (300) 1.00 (300) 1.00 (300) 1.00 (300) - 1.00 (300)
1.00 (600) 1.00 (600) 1.00 (600) 1.00 (600) - 1.00 (600)
1.15 (150) 0.67° (150) 1.00 (150) 1.00 (150) - 1.41 (150)
A-B 1.21 (300) 0.66 * (300) 0.87 * (300) 3.29 (300) - 1.53 (300)
1.00 (600) 0.61 ¢ (600) 1.00 (600) 4.12 (600) - 1.66 (600)
1.15 (150) 0.70 * (150) 1.00 (150) 1.00 (150) - 1.00 (150)
A-A 1.00 (300) 1.00 (300) 1.00 (300) 1.00 (300) - 1.00 (300)
1.21 (600) 0.66 * (600) 1.00 (600) 1.00 (600) - 1.00 (600)

Note: ‘Reduction factor related to the strain at failure; "Reduction factor related to the secant tensile stiffness at 2 %; ‘Reduction factor re-
lated to the secant tensile stiffness at 5 %; ‘The adoption of reduction factor equal to 1.0 is recommended. Loads are presented between

parentheses in kPa.

4. Conclusions

This paper reported on mechanical damage caused to
geogrids by recycled construction and demolition wastes
(RCDW) with different grain size distributions. Laboratory
tests were carried out to apply loads simulating the field
condition to the composite (geogrid + RCDW). Tensile
tests were performed on damaged geogrid specimens, and
the RCDW grain size distribution was evaluated before and
after the loading application. The main conclusions ob-
tained are presented below.

(1) The geotechnical characterization revealed that the
RCDW presented non-plastic and non-liquid behav-
ior. Besides, according to USCS, these materials pre-
sented grain size distributions from clean gravel to
gravel with few fines. The mean value of dry unit
weight was equal to 16.859 kN/m’ and mean optimum
water content was equal to 17.6 %, which showed that
the content of ceramic materials is directly propor-
tional to the optimum water content.

(2) The grain size distribution curves of RCDW presented
significant changes when subjected to different load-
ing. No abrupt breakage of recycled aggregates sub-
jected to loading was noticed, except for the removal
of fines around the particles with loading. Thus, after
application of the load, the material presented a
smooth surface (less rough).

(3) The analysis of grain roughness revealed that the parti-
cles larger than 9.5 mm were the ones most affected
with the application of the load. The grain breakage
can influence the mechanical and hydraulic properties
of the materials.

(4) The test simulating mechanical damage in geogrids re-
vealed that: 1) although the results presented some val-
ues of tensile strength outside the limits calculated
based on virgin specimens, the mean values for all in-
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vestigated scenarios were within the minimum and
maximum limits; ii) the reduction factors related to the
strain at rupture wound up being greater than those ob-
tained for other analyzed parameters; iv) the GGPVA
and GGPET 02 geogrids presented higher reduction
factors related to strain at rupture and stiffness.

(5) The damage caused by Aggregate B turned out to be
more severe, given that this aggregate was the coarser
one, presenting a poorly graded grain size distribution
and revealing the lowest particle size variation (break-
age) due to loading process. The aggregate mostly
produced and sold by the recycling plant (Aggregate
C), with the lowest selling price, was also the least ag-
gressive material.

(6) The values of RF calculated revealed the need for
proper investigation when using RCDW as backfill
material, which could enable them in the design phase.
The authors believe the results presented may contrib-
ute to a better understanding of the processes involved
in mechanical damage of polymeric reinforced ele-
ments, and to the goal of achieving positive economic,
social and environmental benefits related to the use of
recycled materials in geotechnical works.

Acknowledgments

The authors are indebted to the following institutions
that supported the research activities reported in this paper
in different ways: Federal University of Goids (UFG), Na-
tional Council for Scientific and Technological Develop-
ment (CNPq), University of Sdo Paulo (USP), and CAPES
- Brazilian Ministry of Education. The authors also thank
the manufacturer of geosynthetics and RNV - Waste Man-
agement, for providing information and materials pre-
sented in this paper.

243



Domiciano et al.

References

ABNT (2016a). Gravel Grains Retained on the 4.8 mm
Mesh Sieve - Determination of the Bulk Specific Grav-
ity, of the Apparent Specific Gravity and of Water Ab-
sorption - NBR 6458:2016. The Brazilian Association
of Technical Standards, Rio de Janeiro, RJ, Brazil, 10 p.
(In Portuguese).

ABNT (2016b). Soil - Granulometric Size Analysis - NBR
7181:2016. The Brazilian Association of Technical
Standards, Rio de Janeiro, RJ, Brazil, 12 p. (In Portu-
guese).

ABNT (2016c¢). Soil - Liquid Limit Determination - NBR
6459:2016. The Brazilian Association of Technical
Standards, Rio de Janeiro, RJ, Brazil, 5 p. (In Portu-
guese).

ABNT (2016d). Soil - Plasticity Limit Determination -
NBR 7180:2016. The Brazilian Association of Techni-
cal Standards, Rio de Janeiro, RJ, Brazil, 3 p. (In Portu-
guese).

ABNT (2016e). Soil - Compaction Test - NBR 7182:2016.
The Brazilian Association of Technical Standards, Rio
de Janeiro, RJ, Brazil, 1 p. (In Portuguese).

Afshar, T.; Disfani, M.M.; Arulrajah, A.; Narsilio, G. A. &
Eman, S. (2017). Impact of particle shape on breakage
of recycled construction and demolition aggregates.
Powder Technology, 308:1-12.
https://dx.doi.org/10.1016/j.powtec.2016.11.043.

Allen, T.M. & Bathurst, R.J. (1994). Characterization of
geosynthetic load-strain behavior after installation
damage. Geosynthetic International, 1(2):181-199.
https://doi.org/10.1680/gein.1.0008.

Allen, T.M. & Bathurst, R.J. (1996). Combined allowable
strength reduction factor for geosynthetic creep and in-
stallation ~ damage. Geosynthetic  International,
3(3):407-439.

Angulo, S.C.; Teixeira, C.E. & Castro, A.L. (2011). Con-
struction and demolition waste: evaluation of quantifi-
cation methods. Engenharia Sanitdria e Ambiental,
16(3):299-306.
https://doi.org/10.1590/S1413-41522011000300013.

ASTM (2017). Standard Practice for Classification of Soils
for Engineering Purposes (Unified Soil Classification
System) - D2487-17el. ASTM International, West
Conshohocken, Pennsylvania, USA, 10 p.

ASTM (2015). Standard Test Method for Determining
Tensile Properties of Geogrids by the Single or Multi-
Rib Tensile Method - D6637 / D6637M-15. ASTM In-
ternational, West Conshohocken, Pennsylvania, USA,
6 p.

Barbosa, K.R.M. (2017). Geogrid Degradation in Unpaved
Roads Built with Recycled Construction and Demoli-
tion Wastes (RCDW). M.Sc. Thesis. Graduate Pro-
gramme of Civil Engineering, University of Pernam-
buco, Recife, 122 p.

244

Barbosa, F.A.S. & Santos, E.C.G. (2013). Geogrid me-
chanical damages due to recycled construction and de-
molition wastes. Proc. 14th International Waste Mana-
gement and Landfill Symposium, Santa Margherita di
Pula, Italy, v. 1, pp. 1-8. (CD-ROM)

BSI (2007). Geosynthetics. Index test procedure for evalua-
tion of mechanical damage under repeated loading. Da-
mage Caused by Granular Material - EN ISO
10722:2007. British Standard Institution, London,
United Kingdom, 12 p.

BSI (2010). Code of Practice for Strengthened/Reinforced
Soils and Other Fills - 8006-1. British Standard Institu-
tion, London, United Kingdom, 260 p.

Cardoso, R.; Silva, R.V.; Brito, J. & Dhir, R. (2016). Use of
recycled aggregates from construction and demolition
waste in geotechnical applications: A literature review.
Waste Management, 49:131-145.
https://doi.org/10.1016/j.wasman.2015.12.021.

Esin, T. & Cosgun, N. (2007). A study conducted to reduce
construction waste generation in Turkey. Building and
Environment, 42(4):1667-1674.
https://doi.org/10.1016/j.buildenv.2006.02.008.

Fleury, M.P. (2018). Geogrid Strength after Mechanical
Damages Caused by Recycled Construction and Demo-
lition Wastes (RCDW). MSc. Thesis. Graduate Pro-
gramme of Geotechnics, Structural and Civil Engine-
ering, Federal University of Goids, Goiania, 160 p. (In
Portuguese).

Fleury, M.P.; Santos, E.C.G.; Lins da Silva, J.; Palmeira,
E.M. (2019). Geogrid installation damage caused by re-
cycled construction and demolition waste. Geosyn-
thetics International, 26(6):641-656.
https://doi.org/10.1680/jgein.19.00050.

Gonzalez-Torre, I.; Calzada-Perez, M.A.; Vega-Zamanillo,
A. & Castro-Fresno, D. (2014). Damage evaluation dur-
ing installation of geosynthetics used in asphalt pave-
ments. Geosynthetics International, 21(6):377-386.

Herrador, R.; Perez, P.; Garach L. & Ordonez J. (2012).
Use of recycled construction and demolition waste ag-
gregate for road course surfacing. Journal of Transpor-
tation Engineering, 138(2):182-190. DOI:
10.1061/(ASCE)TE.1943-5436.0000320.

Huang, C.C. (2006). Laboratory simulation of installation
damage of a geogrid. Geosynthetics International,
13(3):120-132.

Huang, C.C. & Chiou, S.L. (2006). Investigation of instal-
lation damage of some geogrids using laboratory tests.
Geosynthetics International, 13(1):23-35.

Huang, C.C. & Wang, Z.N. (2007). Installation damage of
geogrids: influence of load intensity. Geosynthetics In-
ternational, 14(2):65-75.

Jones, C.J.F.P. (1994). Economic construction of reinfor-
ced soil structures. Proc. International Symposium on
Recent Case Histories of Permanent Geosynthetic-

Soils and Rocks, Sdo Paulo, 43(2): 231-246, April-June, 2020.



Geogrid Mechanical Damage Caused by Recycled Construction and Demolition Waste (RCDW): Influence of Grain Size Distribution

Reinforced Soil Retaining Walls, Tokyo. Balkema,
Kalamazoo, pp. 103-106.

Kartam, N.; Al-Mutairi, N.; Al-Ghusain, I. & Al-Humoud,
J. (2004). Environmental management of construction
and demolition waste in Kuwait. Waste Management,
24(10):1049-1059.
https://doi.org/10.1016/j.wasman.2004.06.003.

Leite, F.C.; Motta, R.S.; Vasconcelos, K.L. & Bernucci, L.
(2011). Laboratory evaluation of recycled construction
and demolition waste for pavements. Construction and
Building Materials, 25(6):2972-2979.
https://doi.org/10.1016/j.conbuildmat.2010.11.105.

Mascarenha, M.M.A.; Cordao Neto, M.P.; Matos, T.H.C.;
Chagas, J.V.R. & Rezende, L.R. (2018). Effects of the
addition of dihydrate phosphogypsum on the character-
ization and mechanical behavior of lateritic clay. Soils
and Rocks, 41(2):157-170.
https://doi.org/10.28927/SR.412157.

Ossa A.; Garcid J.L. & Botero E. (2016). Use of recycled
construction and demolition waste (CDW) aggregates:
A sustainable alternative for pavement construction in-
dustry. Journal of Cleaner Production, 135:379-386.
https://doi.org/10.1016/j.jclepro.2016.06.088.

Paula, A.M.; Pinho-Lopes, M. & Lopes, M.L. (2004). Da-
mage during installation laboratory test. Influence of
the type of granular material. Proc. 3" European Geo-
synthetics Conference, EUROGEOQO, Munich, Germany,
pp. 603-606.

Pinho-Lopes, M. & Lopes, M.L. (2014). Tensile properties
of geosynthetics after installation damage. Environ-
mental Geotechnics, 1(3):161-178.

Rosete, A.; Lopes, P.M.; Pinho-Lopes, M. & Lopes, M.L.
(2013). Tensile and hydraulic properties of geosynthe-
tics after mechanical damage and abrasion laboratory
tests. Geosynthetics International, 20(5):358-374.

Santos E.C.G. (2007). Application of Recycled Construc-
tion and Demolition Waste (RCDW) in Reinforced Soil
Structures. M.Sc. Thesis. Department of Geotechnics,
University of Sdo Paulo, Sao Carlos, 168 p. (In Portu-
guese).

Santos, E.C.G. (2011). Experimental Evaluation of Rein-
forced Walls Built with Recycled Construction and De-
molition Waste (RCDW) and Fine Soil. Ph.D. Thesis,
Department of Civil and Environmental Engineering,
University of Brasilia, Brasilia, 216 p. (In Portuguese).

Santos, E.C.G.; Bueno, B.S. & Palmeira, EM. (2012).
Strength reduction of geosynthetics used in RSW built
with RCDW as backfill material. Proc. 5" European
Geosynthetics Congress, EUROGEO, Valencia, Spain,
pp. 481-485.

Santos E.C.G.; Palmeira E.M. & Bathurst, R.J. (2013). Be-
haviour of a geogrid reinforced wall built with recycled
construction and demolition waste backfill on a collaps-
ible foundation. Geotextiles and Geomembranes,

Soils and Rocks, Sao Paulo, 43(2): 231-246, April-June, 2020.

39(1):9-19.
https://doi.org/10.1016/j.geotexmem.2013.07.002.

Santos, E.C.G.; Palmeira E.M. & Bathurst, R.J. (2014).
Performance of two geosynthetic reinforced walls with
recycled construction waste backfill and constructed on
collapsible  ground. Geosynthetic International,
21(4):256-269. https://doi.org/10.1680/gein.14.00013.

Santos, A.A.M. & Leite, M.B. (2018). Evaluation of recy-
cled concrete with concrete coarse aggregate using
ABCP mix design method modified. Ambiente Cons-
truido, 18(4):341-359.
http://dx.doi.org/10.1590/s1678-86212018000400309
(In Portuguese).

Silva, R.V.; Brito, J. & Dhir, R.K. (2016). Availability and
processing of recycled aggregates within the construc-
tion and demolition supply chain: A review. Journal of
Cleaner Production, 143:598-614.
https://doi.org/10.1016/j.jclepro.2016.12.070.

Silva, M.V.; Rezende, L.R.; Mascarenha, M.M.A. & Oli-
veira, R.B. (2019). Phosphogypsum, tropical soil and
cement mixtures for asphalt pavements under wet and
dry environmental conditions. Resources, Conservation
& Recycling, 144:123-136.
https://doi.org/10.1016/j.resconrec.2019.01.029.

Silvestre, G.R. (2019). Geogrid Strength Reduction due to
Chemical Damages Caused by Recycled Construction
and Demolition Wastes. M.Sc. Thesis. Graduate Pro-
gramme of Geotechnics, Structural and Civil Engine-
ering, University of Goids, Goidnia, 146 p. (In
Portuguese).

Tam, V.W.Y. (2008). Economic comparison of concrete
recycling: a case study approach. Resource, Conserva-
tion and Recycling, 52(5):821-828.
https://doi.org/10.1016/j.resconrec.2007.12.001.

Yoo, H.; Jeon, H.Y. & Chang, Y.C. (2009). Evaluation of
engineering properties of geogrids for soil retaining
walls. Textile Research Journal, 80(2):184-192.

Wu H.; Zuo J.; Zillante G.; Wang J. & Yuan H. (2019). Sta-
tus quo and future directions of construction and demo-
lition waste research: A critical review. Journal of
Cleaner Production, 240:1-13.
https://doi.org/10.1016/j.clepro.2019.118163.

List of Symbols and Abbreviations

ABNT: Brazilian Association of Technical Standards
ASTM: American Society for Testing and Materials
A-A: aggregate A (9.5 mm > d > 4.8 mm)

A-B: aggregate B (19 mm >d > 9.5 mm)

A-C: aggregate C (d < 9.5 mm)

CDW: Construction and Demolition Waste

CL: confidence level (dimensionless)

C,: soil coefficient of uniformity (C, = D,/D,,)

d: diameter of the particle (m)

D, : diameter of the particle for which 10 % of soil in mass
is smaller (than that diameter)
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D, ,: diameter of the particle for which 50 % of soil in mass
is smaller (than that diameter)

D,,: diameter of the particle for which 85 % of soil in mass
is smaller (than that diameter)

EECA-UFG: School of Civil and Environmental Engi-
neering of the Federal University of Goids

EESC-USP: School of Engineering of Sdo Carlos, Univer-
sity of Sdo Paulo

F,: tensile strength of virgin samples

GRS: Geosynthetic Reinforced Soil

G : specific gravity (g/cm’)

GGPVA: polyvinyl alcohol geogrid

GGPET 01: polyester geogrid with resistance of 55 kN/m

GGPET 02: polyester geogrid with resistance of 35 kN/m

J ... secant tensile stiffness

S

J, ,.: secant tensile stiffness at 2 % strain (N/m)

J, , : secant tensile stiffness at 2 % strain mean value (N/m)
J, . secant tensile stiffness at 5 % strain (N/m)

J ., - secant tensile stiffness at 5 % strain mean value (N/m)
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M ,: mass per unit area (g/m’)

RCDW: Recycled Construction and Demolition Waste
RF: global reduction factor

RF ., creep reduction factor

RF,: durability reduction factor

RF,: installation damage reduction factor

RF,,: mechanical damage reduction factor

T : allowable tensile strength

T, ultimate tensile strength

T ,: ultimate tensile strength mean value

T, :ultimate tensile strength mean value of virgin (undam-
aged) samples

T, ,; ultimate tensile strength mean value of damaged sam-
ples

w,: optimum water content (%)

USCS: Unified Soil Classification System

g,,. strain or elongation at rupture mean value (dimen-
sionless)

€,,," strain or elongation at rupture mean value (dimen-

sionless)
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Numerical Investigations on Seismic Bearing Capacity of
Interfering Strip Footings

R. Boufarh, D. Saadi, M.S. Laouar

Abstract. The interaction between footings placed at close proximity affects the ultimate bearing capacity, settlement, and
tilt of adjacent footings, especially under seismic loading. This paper reports the numerical finite element analysis to
investigate the interference effect on the seismic bearing capacity of closely spaced rigid strip footings for a wide range of
footing spacings, friction angles and horizontal acceleration factor. The results are presented in terms of seismic efficiency
factors, and their variation was computed with respect to the change in the spacing ratio between the two footings. The
results revealed that the increase in the earthquake acceleration leads to a reduction in efficiency gains owing to the failure

zone of footings interfere altering the performance of the footings.

Keywords: bearing capacity, numerical analysis, seismic interference factors, strip footings.

1. Introduction

In the earliest phases of the development of Geo-
technical Engineering, several researchers have exhausti-
vely studied the bearing capacity and settlement of isolated
shallow foundations in static condition (e.g., Bolton & Lau
(1993); Casagrande (1966); Hansen (1970); Meyerhof
(1963); Prandtl (1920); Schmertmann et al. (1978); Ter-
zaghi (1943); Vesic (1973)) and the history behind it is
long. Whereas, not taking into consideration the seismic
forces may be one of the major reasons for soil liquefaction,
slope failure and infrastructure collapse. After earthquake
motions such as Michoacdn (Mexico City, 1985), Kobe (Ja-
pan, 1995), and the Bhuj (India, 2001), failure and exces-
sive settlements of foundations of buildings have been
noticed. Thus, the design of geotechnical structures in seis-
mic areas needs particular consideration compared to the
static case.

In the presence of true seismic forces, a rigorous theo-
retical method for estimating the bearing capacity of the
foundations is difficult to perform. In the literature, several
researchers have followed a simple approach by incorporat-
ing pseudo-static seismic forces to study the reduction in
the bearing capacity of an isolated strip footing. In this
field, the available theoretical researches are mostly based
on (1) the limit-equilibrium method (Budhu & Al-Karni
(1993); Choudhury & Rao (2005); Jahani er al. (2019);
Kumar & Kumar (2003); Pain et al. (2016); Richards et al.
(1993); Saha & Ghosh (2015); Sarma & Chen (1995);
Sarma & lossifelis (1990)); (2) the upper-bound theorem of
limit analysis (Dormieux & Pecker (1995); Ghosh (2008);
Paolucci & Pecker (1997); Soubra (1999)); (3) the lower-

bound theorem of limit analysis (Chakraborty & Mahesh
(2016); Kumar & Chakraborty (2013)); and (4) the method
of stress characteristics (Cascone & Casablanca (2016);
Keshavarz & Nemati (2017); Kumar & Mohan Rao (2002),
(2003)). In addition, there exist limited experimental and
numerical studies related to the estimation of the seismic
bearing capacity of an isolated strip footing (Huang (2019);
Knappett et al. (2006); Luo et al. (2019); Pane et al. (2016);
Shafiee & Jahanandish (2010); Zeng & Steedma (1998)).

However, in practice, the foundations encountered
are rarely isolated, and they are placed in close proximity to
each other, such as railway sleepers and foundations near
the property lines, the interference of the stress zones be-
neath the footings affects the bearing capacity and settle-
ment of the soil and hence, in certain instances can lead to
major damage to the buildings from both the strength and
serviceability points of view, especially in seismic condi-
tions. Stuart (1962) was the first author to study the bearing
capacity and the corresponding failure mechanism of two
interfering footings. Later, based on his study, many re-
searchers have investigated the interference effect on the
ultimate bearing capacity of two closely spaced strip foot-
ings (Das & Larbi-Cherif (1983); Ghosh & Sharma (2010);
Kumar & Bhattacharya (2010); Kumar & Bhoi (2008);
Kumar & Ghosh (2007); Kumar & Kouzer (2008); Lee &
Eun (2009)).

Soil is defined as a complex multi-phase material, its
stress, strain and strength being represented by pressure de-
pendency with coupling between shear and volumetric be-
havior. With these complications, and to facilitate the
solution of difficult Geotechnical problems, finite element

Rafik Boufarh, D.Sc., Associate Professor, Department of Civil Engineering, Faculty of Sciences and Technology, Larbi Tebessi University, Tebessa, Algeria. e-mail:

rafik.boufarh@univ-tebessa.dz or rafikboufarh @gmail.com.

Djamel Saadi, D.Sc., Assistent Professor, Department of Civil Engineering, Faculty of Sciences and Technology, Larbi Tebessi University, Tebessa, Algeria. email:

djamel.saadigtp@yahoo.fr.

Mohamed Salah Laouar, D.Sc., Full Professor, Department of Civil Engineering, Faculty of Sciences and Technology, Larbi Tebessi University, Tebessa, Algeria. email:

c_laouar@yahoo.fr.

Submitted on March 23, 2020; Final Acceptance on April 30, 2020; Discussion open until September 30, 2020.

DOI: 10.28927/SR.432247

Soils and Rocks, Sao Paulo, 43(2): 247-259, April-June, 2020.

247



Boufarh et al.

methods have recently been widely used in many Geo-
technical issues using sophisticated and advanced software,
as well as powerful computers.

In recent years, several researchers employed numer-
ical methods to determine the interference effect on the
bearing capacity of neighboring footings in static condi-
tions. Mabrouki et al. (2010) used the finite difference code
FLAC to calculate the bearing capacity of two nearby strip
footings, subjected to centered vertical loads with smooth
and rough interfaces. The interference between the footings
was investigated for several soil types, to determine the ef-
fects of cohesion, surcharge, and soil weight. The obtained
results of efficiency factors were in good agreement with
the solutions presented by Hazell (2004) . Using model
tests and characteristics method, Hazell (2004) studied the
interference between two surface rough and smooth strip
footings on dense and loose sand; the solutions of the char-
acteristics method showed similar trends to the experimen-
tal model on dense sand. Ekbote & Nainegali (2019) stud-
ied the bearing capacity of two interfering strip footings
embedded in cohesionless soil. The finite element software
ABAQUS was used to evaluate the interference effect on
the ultimate bearing capacity and the settlement of the
foundations on homogeneous reinforced and unreinforced
soil. The efficiency factors were presented for all terms of
the bearing capacity equation. It was noted that for embed-
ded interfering footings on reinforced soil medium, the re-
inforcement configurations have a significant impact effect
on bearing capacity ratio. Acharyya & Dey (2017) carried
out an investigation of the bearing capacity of square foot-
ings resting on sloping ground and the effects of the gov-
erning parameters (angle of internal friction of soil, setback
distance, steepness of the slope, footing width and depth of
embedment of the footing). It was noticed that a setback
distance equal to three times the footing width is sufficient
for the foundation to act as a footing resting on horizontal
ground. Shokoohi et al. (2019) applied the finite element
and the limiting equilibrium methods to investigate the
bearing capacity of two neighboring shallow strip founda-
tions on sand. The results of bearing capacity ratio indi-
cated that both methods are in good agreement with avail-
able data in the literature. Using PLAXIS 3D, Acharyya et
al. (2020) carried out a series of finite element analyses to
investigate the bearing capacity of a square footing placed
on the crest of a slope. An optimal 7-10-1 artificial neural
network (ANN) architecture was also developed for direct
prediction of bearing capacity. It was observed that the
shear strength parameters of the soil, the footing width, the
embedment depth, and the slope inclination have a signifi-
cant influence on the bearing capacity value.

In light of the above-mentioned works, the determi-
nation of the ultimate bearing capacity of neighboring strip
footings under seismic condition hardly received any atten-
tion. Therefore, this investigation examines the effect of
different (geotechnical, geometrical) parameters on the
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seismic ultimate bearing capacity of interfering strip
footings, with the aid of 3-D finite element (FE) simula-
tions using PLAXIS 3D V 2013. Moreover, the numerical
model provides a description of the failure mechanism in-
volved in the process of loading and failure of the footing.

2. Background and Problem Definition

For a shallow strip foundation, subjected to a centered
vertical load, the static bearing capacity or ultimate load
that a footing can sustain is usually calculated by superposi-
tion, where the contributions from soil cohesion c, soil unit
weight y and surcharge loading q are added together. Each
contribution can be expressed as a bearing-capacity factor
N, to give the total capacity (Terzaghi (1943)):

q,=0.5yBN, + gN, + cN, (1

where, the bearing capacity factors depend on the frictional
parameter ¢ of the soil.

For studying the seismic bearing capacity of founda-
tions in seismic areas, there are several approaches in theo-
retical studies: pseudo-static, pseudo-dynamic and full
dynamic analysis. For the pseudo-static approach, the hori-
zontal and vertical accelerations are applied to the structure
at the center of gravity or the base level, and the problem is
reduced to a static case of bearing capacity with inclined ec-
centric loads. In most of these solutions, the inertia of the
soil mass is not included. In the pseudo dynamic approach,
the failure surface developed during dynamic condition is
assumed to be similar to the one under static loading and the
equation of motion is derived from the dynamic equilib-
rium conditions. In this context, the effect of the earthquake
on the supporting soil is included in the equilibrium equa-
tions. Also, the distribution of earthquake acceleration is
included. The full dynamic approach is based on time-
history analysis using numerical methods.

In this study, the pseudo-static approach is adopted.
The vertical downward static load applied by the structure
to the footing is

W =mg @)

where W = weight (vertical load), m = Total mass applied
by the structure, g = acceleration due to gravity (9.81 m/s”).

Moreover, another vertical load at the base of the
footing results from the presence of vertical seismic accel-
eration. Therefore, depending on the direction of the verti-
cal seismic acceleration, it can be stated clearly that the
structure will apply a total vertical downward load of mag-
nitude:

W=(1tk)mg 3)

where k, = vertical seismic coefficient.
Due to the horizontal seismic acceleration, the struc-
ture will apply a total horizontal load of magnitude

H=k, mg “)
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where H = horizontal load and k, = horizontal seismic coef-
ficient.

In a similar ways, it can be written that the magnitude
of vertical downward and horizontal body forces per unit
volume will be equal to (1 £ k) y and &, v, respectively.

Only the horizontal seismic coefficient (k,) is accoun-
ted for in the present study and the seismic forces are consid-
ered as horizontal loads applied to the foundation, the
surcharge and the underlying soil. The horizontal load is ob-
tained by multiplying the horizontal seismic coefficient (k,)
by foundation load (P), surcharge (¢), and soil weight (W).

For seismic bearing capacity and pseudo-static me-
thod, the seismic bearing capacity factors N, N, ,, and N,
substitute N, N, and N, in Eq. 1. According to the available
research, these factors are dependent on the soil friction an-
gle and the seismic coefficient.

q,=0.5yBN,, +gN,,+cN, 5)

In the case of two identical footings, Stuart (1962)
took into account the interference effect on the ultimate
bearing capacity of neighboring strip footings, with factors
€, &, and & being employed to modify Terzaghi’s superpo-
sition Eq. 1. The limit load is expressed in terms of bearing
capacity factors and efficiency factors as follows:

q,= 0.5yBNy§v + quZ;q +cNE, (6)

The problem studied considers a footing of width B in
interference with another identical footing, at a distance
measured from axis to axis as shown in Fig. 1.

The magnitude of the seismic ultimate bearing pres-
sure g, is thus represented by the following expression:

Qe = 0-5YBN,,E, + GN, &, + cN,E,, Q)

where €, are the seismic efficiency factors.

The three seismic efficiency factors in Eq. 7 can be cal-
culated independently. They are defined as the ratio between
the seismic bearing capacity of a single footing in presence

of the other footings g,,,,,, and the seismic bearing capacity of
an isolated footing having similar dimension g, ,,
q uE (in
Eipegre = ®)
uE (iso)
P=qu/B P=qu/B
ky, P ky, P
T =E
2 £

.2 ]

B |

&7 7 Soil
mertia

w

Figure 1 - Schematic diagram of the problem.
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In order to estimate & ,, a study was carried out in the
case where the footings are acting on a weightless, cohe-
sive-frictional soil with no surcharge; similarly, the factor
€, is calculated by considering a weightless and cohesion-
less soil. For the éyE factor, PLAXIS is able to carry out
pseudo-static analysis by applying horizontal acceleration
to the soil weight. In order to compute & ,, the surcharge (¢)
was kept equal to zero. A small value of ¢ was chosen to
prevent numerical instabilities. The calculations were per-
formed in two separate phases. In the first phase the pseu-
do-static analysis was performed and in the second phase,
the external inclined stresses were applied to the founda-
tion. Additionally, to calculate the combined efficiency
factor €, the soil is assumed to have non-zero values for the
three parameters: cohesion c, friction angle ¢ and density v,
and there is uniform surcharge pressure q.

3. Numerical Modeling and Analysis

In order to investigate the limit load for two closely
spaced strip foundations in various conditions, nonlinear fi-
nite element analyses were performed to determine the
seismic response as well as the settlement behavior of foot-
ings due to the application of horizontal loads. In the fol-
lowing, the problem definition and the finite element model
are discussed. A numerical analysis using (Plaxis 3D-V
2013) software has been employed to separately character-
ize the load-settlement relationships of model strip foot-
ings. The computer program used in this study incorporates
a fully automatic mesh-generation procedure, in which the
geometry is divided into elements. Five different mesh den-
sities are available in Plaxis, ranging from very coarse to
very fine. In order to obtain the most suitable mesh for the
present study, preliminary computations using the five
available levels of global mesh coarseness were conducted.
Since there is not too much difference in the results for dif-
ferent mesh configurations, it was decided to use the coarse
mesh with refinement around the footing in all the analyses.
The soil mechanical behavior is modeled using an elas-
tic-perfectly plastic constitutive model following the
Mohr-Coulomb failure criterion. The elastic parameters
E =2 x 10" kPa and v = 0.3 were assumed. The values of
c=10kPa, g=10kPa,andy=16 kN/m’ were considered in
order to compute the bearing capacity factors. The friction
angle ¢ is varied from 20° to 40° in 5° increments, thus en-
compassing a wide range of soil types. It is assumed that the
soil is completely dry and obeys the associated flow rule.
The concrete footings were modeled using plate elements
with linear elastic behavior. The normal stiffness and flex-
ural rigidity of concrete foundations were considered as
5 x 10° kN/m and 9 x 10" kNm’/m, respectively. Several
trial analyses were performed to choose an appropriate size
for the soil domain. Finally, the generated mesh has dimen-
sions of 6B (width), 40B (length) and 20B (depth), while
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that of the footing was 2.0 m width, x represents the axis to
axis spacing between the footings.

The size of the finite element model is large enough to
keep the boundary conditions at the bottom and the right
and left sides from restricting the soil movement due to the
footing load, so that the failure zones are freely developed
without any interference from the boundary. The layout of
mesh geometry is illustrated in Fig. 2.

“Standard fixity” has been applied on the numerical
model, horizontal fixity was given to the vertical edges of
the model. In the bottom edge of the model, both vertical
and horizontal fixity were applied as the base of the model
is assumed to be non-yielding.

The loading of rigid strip footing is modeled by im-
posing uniform inclined stresses at the surface nodes below
the footing base. The inclination of imposed stresses is
equal to the horizontal seismic coefficient (k,). The loading
process is continued incrementally until (a) soil relative
stiffness reaches zero and (b) the nodal out of balance
forces get solved. The term “nodal out of balance forces”
refers to the difference between the external loads and the
forces that are in equilibrium with the current stresses. The
stress vertical component that satisfies the above two con-
ditions is the ultimate bearing capacity of the footing. After
several attempts not reported for the sake of brevity, the
best results, in terms of solution stability and convergence,
were obtained. The finite element analyses are performed
for 0 < k, < 0.6. The seismic efficiency factors were com-
puted based on the superposition principle.

4. Results and Discussion

4.1. Seismic bearing capacity factors for an isolated
strip footing

A preliminary simulation of the seismic bearing ca-
pacity of the system has been performed in order to check
the validity and the degree of approximation of the numeri-

f\. . s s

g 2 |

20

408

Figure 2 - Finite element mesh and geometry of the problem (Not
to scale).
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cal procedure, by comparing the seismic bearing capacity
factors obtained by the present numerical study with those
obtained by other studies for ¢ = 30° as shown in
Figs. 3(a-c).

As seen in Figs. 3a and 3b, the values of N, and N,
established from the present analyses are in good agree-
ment with those reported by Kumar & Mohan Rao (2002);
Pane et al. (2016); Shafiee & Jahanandish (2010); Soubra
(1999) . Results are slightly higher than other solutions,
which may be due to the difference in the method of analy-
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Figure 3 - Comparison of (a) N, (b) N, and (c) N, of the present

study with some of the available solutions in the literature.
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sis. According to Fig. 3c, it is worth noting that, despite of
the variation in the calculated bearing capacity factors, all
of the solutions for N, are almost coincident. Based on this
evidence, and on the consequent confidence in the adopted
numerical procedure, the model was further used to simu-
late the interference effect of two strip footings under seis-
mic loading conditions.

4.2. Seismic efficiency factors

In the case of dry cohesionless soils, Richards et al.
(1993) found out that the phenomenon of shear fluidization
(i.e., the material’s plastic flow at a finite effective stress)
may occur when k, is greater than tan (¢). In this case, soil
acts like a viscous flow. Therefore, the maximum plausible
value for k, is set to tan (¢) for calculations of € , and & , for
friction angles 20° to 30°. For ¢ = 35°, 40°, the maximum
value of k, is 0.6. Taking into account the above-mentioned,
a large number of numerical analyses were conducted for a
wide range of seismic coefficient k, to estimate the values
of seismic efficiency factors suchas € ,, € .. and € ,. The ef-
fect of horizontal seismic coefficient k, on the bearing ca-
pacity of strip footings for various spacing (x/B) and
friction angles (¢) are presented in Figs. 4-6.

Figures 4 and 5 show the variation of efficiency fac-
tors £ , and & ,, respectively. It can be observed that, for a
spacing of x = 1B there is no improvement in bearing capac-
ity. If the distance between the footings is increased, for all
values of horizontal seismic coefficient k, the efficiency
factor increases until a peak for spacing between 1.5B and
2.3B, followed by a progressive reduction to the value of 1
(value for widely spaced footings). Furthermore, for a
given spacing between footings, the efficiency factor in-
creases markedly with the increase in the friction angle.

The peak is found to be higher for smaller values of k,
and spacing less than about 2.3B. For ¢ = 40° with k,=0, the
maximum computed efficiency factor was approximately
1.5. Similarly, for ¢ =40° with k,= 0.6, the maximum val-
ues for € , and £ , were found to be approximately 1.4 and
1.42, respectively. It should be noted that the increase in k,
leads to a reduction in efficiency gains as a result of the in-
teraction between the foundations. For k,= 0 and spacing
ratio greater than 3B, 4B, 5B, 6B and 7B, no interference ef-
fect was observed for friction angles ¢ = 20°, 25°, 30°, 35°
and 40° respectively. This distance reduced with increases
in the k, value.

Figure 6 illustrates the variation of seismic efficiency
factor € , vs. spacing ratios x/B and k, (for 20° < ¢ <40°). As
seen, for all values of k, the values of & , are gradually re-
duced with an increase in x/B for friction angles less than

25°. However, one can note a peak for the frictional angles
25°,30°, 35° and 40°. It can be also noted that, on an aver-

age, the peak of & , decreases by 10 % for increasing of the
horizontal seismic coefficient k.
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4.3. Combined efficiency factor (¢ )

veq:

Figure 7 illustrates the effect of variation of the hori-
zontal seismic coefficient k, and angle of internal friction
(@) on the combined efficiency factor § . To calculate the
combined efficiency factor
cohesion c, friction angle ¢ and density vy, and there is uni-
form surcharge pressure g.

It can be noticed that the results obtained for the com-
bined efficiency factor § , are lower than those obtained for
€,and they have the same overall pattern. It can be observed
also that for any friction angle, the increase in k, resulted in
the decrease of the gain in efficiency, the effect being more
prominent at higher values of ¢. Concerning the distance
x/B at which no interference effect occurs, as shown in
Fig. 7, x/B decreases by 1B for increasing in horizontal seis-
mic coefficient k, up to 0.6. The reason can be attributed to
the extension and the depth of the shear zone being less than
when the footing was under the static loading condition.

the soil is assumed to have

4.4. Failure mechanisms

The extent of the plastic zones for ¢ =40°, ¢ = 10 kPa,
g = 10 kPa and k,= O at different x/B ratios is shown in
Fig. 8.

As seen, the shear zone is symmetrical about the cen-
ter of the footings and similar to the failure mechanism pro-
posed by Stuart (1962). Based in the geometry of the
rupture surface in the soil mass assumed by Terzaghi
(1943) , Stuart (1962) suggested a failure mechanism for
two closely spaced footings and some correction factors for
the influence of the distance between the footings.

Figures 8 (a, b) show the failure patterns when the dis-
tance between the two footings is very small or zero, the be-
havior is analogous to that of a single footing of width
2B + x. This behavior is referred to as the so-called “block-
ing effect”. Based on this phenomenon, the soil between the
footings behaves as a combined system and moves down as
a single unit by loading application. If the spacing of the
foundations is further increased, Figs. 8 (c, d) show the ap-
pearance of overlapping passive zones situated between the
two footings. In this case the load capacity is influenced by
the interference effect. From Fig. 8d, it can be seen that
there is no overlap of failure surfaces at greater spacing.
Also, the interference effect does not exist and the bearing
capacity of each foundation is independent to the other.

Figures 9(a-e) indicate the failure patterns for the
same case (¢ =40°, c= 10 kPa, g = 10 kPa) with k, = 0.60. It
is clear that the failure pattern became non-symmetrical in
the presence of earthquake acceleration; whereas the sprea-
ding of the plastic zone was more in the direction of hori-
zontal pseudo-static body forces, and it increased with
increases in the k, values. As seen from Figs. 9, the exten-
sion and the depth of the shear zone was less than for the
footing under the static loading condition. For the spacing
between footings above 5B, the shear zone is similar to the
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Figure 4 -Variation of efficiency factors £ , with x/B and horizontal seismic coefficient k, for various values of angle of internal friction ¢.
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Figure 5 - Variation of efficiency factors & , with x/B and horizontal seismic coefficient k, for various values of angle of internal friction ¢.
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Figure 6 - Variation of efficiency factors £ , with x/B and horizontal seismic coefficient k, for various values of angle of internal friction ¢.
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Figure 8 - Total incremental displacement for interfering strip foot-
ings under the static loading condition at various spacings (x/B).

failure mechanism found by Kumar & Mohan Rao (2002)
and Cascone & Casablanca (2016) in the analysis of an iso-
lated strip footing. In addition, the settlement is smaller for
larger spacings.

4.5. Superposition error

For the reason that the soil behaves nonlinearly spe-
cially under seismic action, the principle of superposition to
compute the bearing capacity is not sufficiently accurate.
For an isolated strip footing, Davis & Booker (1971) found
that the error is on the safe side by applying the previous as-
sumption, While for two interfering footings, Mabrouki et
al. (2010) concluded that the error is always on the safe
side; it underestimates the bearing capacity. To illustrate
the superposition effect on the bearing capacity of two in-
terfering footings, direct calculations of bearing capacity
were executed for k, = 0 and k, = 0.3 (¢ = 35°). Using
Terzaghi’s assumption, the bearing capacity g, is calculated
and compared in Fig. 10 with the results when c, v, and g are
accounted for simultaneously.

As illustrated in Fig. 10, the range of error induced by
applying the superposition principle is always on the safe
side and the error percentage for seismic loading is greater
than for the static case. Also, it is seen that the results for su-

[1073 m]
85.000
75.000
65.000

+155.000

: ! 45.000

+35.000

]25.000

15.000

5.000

-5.000

Figure 9 - Total incremental displacement for interfering strip foot-
ings under the seismic loading condition at various spacings (x/B).

3600
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—&— Assuming superposition (k, = 0.3)

3200

2800
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~- ¢
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Figure 10 - Effect of superposition and the direct computations on
static/seismic bearing capacity.

perposition principle in case of k, = 0 are very close to the
direct calculation results in the case of k, = 0.3. In other
words, using superposition assumption to estimate bearing
capacity for interfering footing in the seismic case is more
conservative than in the static case.

Soils and Rocks, Sdo Paulo, 43(2): 247-259, April-June, 2020.
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4.6. Effect of soil inertia

For the case of an isolated strip footing, the effect of
soil inertia on the seismic bearing capacity has been the
subject of research by several authors such as Sarma &
Tossifelis (1990) , Dormieux & Pecker (1995) , and Shafiee
& Jahanandish (2010) . All these studies observed that the
load inclination is the principal reason of reduction in bear-
ing capacity, and hence the soil inertia forces can be ne-
glected. In this paper, to study the effect of soil inertia on
the seismic bearing capacity of two interfering footings, all
computations were carried out in two general cases includ-
ing/neglecting soil inertia. Figure 11 illustrates the varia-
tion of the seismic efficiency factor § , with x = B in the case
of horizontal seismic coefficient k, = 0.3 and for friction an-
gles @ =30° and 40°. It was seen before that only the £ , fac-
tor depends on the soil inertia.

In the case of two interfering footings, the soil inertia
effects are found to be even less important than in the previ-
ous case of isolated strip foundations. This is shown in
Fig. 11, where the results show a moderate reduction of the
seismic efficiency factors ‘i,g with x/B, that becomes less
important when interference effects are taken into account.
This effect is not large and can be accommodated within the
static safety factor.

5. Discussion

This study does not examine the effects of vertical
pseudo-static earthquake body forces on the magnitude of
the foundation bearing capacity. Because the vertical body
(gravitational) forces have already been incorporated in the
problem, it is possible to integrate the impact of the vertical
component of the earthquake acceleration simply by using
the soil’s revised unit weight (y,). If £ k g is the magnitude
of vertical seismic acceleration, then the value of vy, = y(1 £
k) should be used in place of y to account for the presence

2.6 = Neglecting soil inertia (¢ = 30°)
24 r ---o--- Incuding soil inertia (¢ = 30°)

T —a— Neglecting soil inertia (¢ = 40°)
22 ---A-- Incuding soil inertia (¢ = 40°)
2.0
1.8 A

o
1.6
1.4
1.2
1.0 R A S —— AN ’
08 I 1 1 1 1
1 2 3 4 5 6
x/B

Figure 11 - Effect of soil inertia on the seismic efficiency factor & ,
for horizontal acceleration factor k, = 0.3 and for ¢ = 30° and 40°.
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of k. Finally, the magnitude of the total bearing capacity in
the presence of both the horizontal and vertical pseudo-
static seismic forces can be calculated. It should be men-
tioned that for incorporating the effect of the vertical pseu-
do-static earthquake body forces on the bearing capacity
factors for strip footings on a slope, Kumar & Rao (2003a)
also recommended a similar formulation.

6. Conclusions

In this study, various numerical analyses using
PLAXIS 3D V 2013 were conducted to determine the inter-
ference effect on seismic bearing capacity of two footings for
a wide range of spacings between the footings, friction an-
gles and seismic coefficients. The pseudo-static approach
has been adopted in the analyses. Based on the obtained re-
sults, the following important conclusions can be stated:

e The seismic bearing capacity factors obtained by the
present numerical study are in good agreement with
those obtained by other studies.

¢ For all values of the horizontal seismic coefficient, the
seismic efficiency factors increase until a peak, followed
by a gradual decrease to a constant value of one (value
for widely spaced footings). The peak also decreases
with increasing of k, intensity which is at a spacing dis-
tance less than about 2.3B. Moreover, the efficiency fac-
tor increases significantly with an increase in the friction
angle. The above behaviours are the same in the case of
static loads, but with relatively low values.

e Under seismic loading, the increase in the earthquake ac-
celeration leads to a reduction in efficiency gains owing
to the interaction between the foundations and the defor-
mation of the shear zone.

 For all friction angles, it has been seen that the spacing
required for interference to become extinct decreases
with an increase in the earthquake acceleration value.

e The range of error induced by applying the superposition
principle is always on the safe side and the error percent-
age for seismic loading is greater than for the static case.

* In the case of two interfering footings, the soil inertia ef-
fects are found to be even less important than in the pre-
vious case of isolated strip foundations. This effect is not
large and can be accommodated within the static safety
factor.
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Drained and Undrained Behavior of an Aeolian Sand
from Natal, Brazil

P.L. Souza Junior, O.F. Santos Junior, T.B. Fontoura, O. Freitas Neto

Abstract. The behavior of sands subjected to diverse loading conditions has been the object of many studies in recent
decades. Constitutive models that are able to simulate the behavior of sands have been developed based on critical state
theory. Researchers have shown that the defining parameters of the critical state line (CSL) can be obtained by performing
drained and undrained tests on samples with different initial densities. This work aims to verify the drained and undrained
behavior of aeolian sand from Natal, Brazil, based on critical state soil mechanics. Drained and undrained tests were
performed on samples with initial void ratios equal to 0.7 and 0.8, which correspond to loose and medium-dense relative
densities, respectively. Samples with both void ratios were subjected to confining stresses equal to 50, 100, 200 and
300 kPa. The results show that the critical state line can be defined from the drained and undrained tests performed on
samples with loose and medium-dense initial relative densities. The parameters from the critical state theory were obtained
using projections on the planes p’- g and Inp’ - v. The critical state friction angle is equal to 31.5°, and it is compatible with
clean and uniformly graded sands with angular to subangular features and composed mostly of quartz. The obtained M, I"
and A values are equal to 1.26, 1.863 and 0.03, respectively. The obtained parameters will be used in analyses and

numerical simulations of the geotechnical structures built on aeolian dune deposits from the city of Natal, Brazil.
Keywords: critical friction angle, critical state, dune sand, loose sand, steady state, triaxial test.

1. Introduction

Critical state theory has been the basis for the formu-
lation of constitutive models capable of predicting the be-
havior of soils subjected to many loading conditions. The
critical state is defined as the state eventually reached by
the soil during shearing when strength variations and vol-
ume variations (in drained cases) or pore-pressure varia-
tions (in undrained cases) cease.

The critical state theory was based on tests performed
on normal and overconsolidated clays. The mathematical
formulations and the parameters from the theory were ob-
tained from the projection of the critical state line plotted on
q - p’ and v - p’ planes. It has been found that this model
could also be used on sands. Understanding which elements
affect the critical state line in sand is the subject of many
studies (Sladen & Handford, 1987; Chu and Lo, 1993;
Riemer & Seed, 1997; Murthy et al., 2007; Liet al., 2013).

Test results have become essential to the formulation
and refinement of constitutive models for sands. The latest
research explores the effects of fines content, initial fabric,
and grain size distribution on the behavior of the critical
state lines and their projections (Li & Dafalias, 2012; Gao
et al.,2013; Rahman & Lo, 2014; Wei & Yang, 2019; Woo

et al., 2017; Yang & Luo, 2018). The initial state and
drained conditions were not found to affect the positioning
of the critical state line (Been et al., 1991; Verdugo & Ishi-
hara, 1996).

Sands from different regions around the world have
been studied and continue to be studied under the critical
state soil mechanics framework. Some urban areas from the
city of Natal were positioned upon dunes, which are aeolian
coastal deposits, consisting of unconsolidated or partially
consolidated materials, and mostly made of quartz that is
fine to medium in size.

Understanding the geotechnical behavior of these
materials and obtaining their critical state parameters is re-
quired to perform numerical analyses of the geotechnical
structures built on the dune fields from the city of Natal,
Brazil, in addition to providing data that can be used in the
calibration or refinement of constitutive models of sands
with similar features. Furthermore, available research on
aeolian sands is still scarce.

The present work aims to investigate the behavior of
aeolian sand from the city of Natal, the capital of the State
of Rio Grande do Norte in Brazil. Drained and undrained
triaxial tests were performed on loose and medium-dense
specimens.
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2. Materials and Methods

The data discussed in the present work were obtained
from triaxial tests performed on sand collected in the main
campus of the Federal University of Rio Grande do Norte.

Figure 1 shows the grain size distribution of the soil
obtained by sieving. Grading is uniform, and approxima-
tely 70 % of the grains are considered to be medium sand.

The soil was classified as poorly graded sand (SP) ac-
cording to the Unified Soil Classification System, with a
fines content below 5 %. The soil grains were angular to
subangular. The physical parameters of the Natal dune sand
were obtained by Fontoura (2015) and are presented in Ta-
ble 1.

Specimens were prepared by tamping moist sand in
four layers into a metallic split mold 100 mm in height and
50 mm in diameter. The soil water content was 6 %. The
specimens were compacted to reach two conditions: (1) the
maximum void ratio, corresponding to the loosest density
state; and (2) a relative density of 47 %, corresponding to a
medium-dense state. Each specimen was tested under ef-
fective confining stresses of 50, 100, 200 and 300 kPa in
both drained and undrained conditions, totaling 16 tests.

The removal of the metallic mold after the prepara-
tion of the specimens was the main difficulty in the study of
sand, especially in the softest state. The tests performed by
Fontoura (2015) showed that a moisture content of 6 % was
sufficient to give the soil an “apparent cohesion” sufficient
for modeling and demolding the specimens. Nevertheless,
cases of specimen disaggregation occurred during demol-
ding, requiring the specimen assembly procedure to be re-
peated in the triaxial chamber. Specimens were subjected to
percolation, and increases in back pressure were applied to
ensure saturation. Back pressure stages were applied at

[
60 /

40 4 /
/
i

0.001 0.01 0.1 1 10 100
Particle size (mm)

Percent passing (%)

Figure 1 - Grain size distribution of the Natal dune sand.

Table 1 - Physical parameters of the Natal dune sand.

D, (mm) D, (mm) C, [ e, . G,
0.25 0.15 1.86 0.590 0.800 2.660
264

50 kPa intervals until the B parameter reached 0.95 or
higher. This value was usually reached after the application
of 6 stages, corresponding to a total back pressure equal to
300 kPa.

After saturation, the specimens were isotropically
consolidated until the desired confining stress was reached.
During consolidation, the volume changes caused by in-
creases in the confining pressure were measured. The void
ratio was calculated from the sample size, the sand mass in-
serted into the mold and the water content used in the sam-
ple preparation (6 %). The void ratio after consolidation
was calculated taking into account the sample volume vari-
ation that occurred at the time of consolidation. The initial
(after molding) and final (after consolidation) void ratios
are presented in Table 4.

Deformation was controlled during shearing, with a
constant axial displacement rate equal to 0.20 mm/min in
undrained tests and 0.06 mm/min in drained tests. These
rates were obtained based on the ASTM standard. The
strain rate is a function of the consolidation time. For the
Natal sand, consolidation is virtually instantaneous with the
application of stress. This would result in a very high strain
rate. The values chosen were much lower than those indi-
cated in the calculations. Thus, the equalization of pore
pressures in the undrained tests and the inhibition of pore
pressures in the drained tests were ensured.

3. Results and Discussion

3.1. Stress-strain curves

The results from drained tests with loose and me-
dium-dense sand specimens are shown in Figs. 2 and 3, re-
spectively.

In tests on the loose sand (Fig. 2), the deviatoric stress
increases with strain and reaches a maximum value after
15 % of axial deformation. After that, the deviatoric stress
remains constant. This is also evident in the ¢’/p’ vs. axial
strain curves. Regarding volumetric behavior, compressive
volumetric strains were observed for all confining stresses.
It is believed that volumetric compression tends to reach a
constant value in all cases after reaching a strain equal to
20 %. The curves representing ¢ - p’ ratios against strain
virtually overlap and reach a constant value at the end of the
tests.

In tests with medium-dense specimens (Fig. 3), de-
viatoric stress reaches a maximum value after small strains
and stays constant until the end of testing. Regarding volu-
metric behavior, tests with initial confining stress equal to
50 kPa and 100 kPa exhibit an initial compression followed
by a volumetric expansion until the end of testing. Volume
changes in the test with confining pressure equal to 200 kPa
behave like those in the previous conditions but are less sig-
nificant, and its curve is closer to the axis of zero volume
variation. The curve related to the 300 kPa confining pres-
sure shows compression at the beginning of testing, which
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Figure 2 - Drained tests on loose sand.

is kept constant with strain. A slight expansion trend can be
observed near the end of testing. Curves showing g - p’ ra-
tios seemingly reach a constant value at the end of the test.

Figures 4 and 5 show the undrained behavior of loose
and medium-dense specimens.

Loose sand specimens under undrained conditions
exhibit a deviatoric peak stress under small strains (Fig. 4).
After the peak, a small decrease in strength occurs. This be-
havior can be observed for all confining stresses. Pore pres-
sure changes are positive in all tests. The pore pressure
increases as the confining stress increases. Curves with the
ratio between stresses (g’/p’) overlap and reach similar val-
ues at the end of testing. The maximum value of ¢’/p’
reached in undrained tests was 1.20. These values are lower
than those obtained in drained tests (1.28).
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Figure 3 - Drained tests on medium-dense sand.

In tests with medium-dense sand, hardening behavior
occurs during all initial confining stresses. The strength
continues to increase even after the axial strain reaches
20 %. Porewater pressure changes are positive at small ax-
ial strains and start decreasing and becoming negative at the
end of the tests. All curves representing g/p’ ratios virtually
overlap, reaching a maximum value at small strains and
staying constant until the end of the test.

3.2. Critical state line

Figure 6 shows the projections from the CSL in the
q - p’ plane using the final points obtained from the tests.
The value of M is equal to 1.26, which corresponds to a crit-
ical state friction angle equal to 31.5°.

A literature review shows a recurrent discussion on
the similarity between the critical state and steady state, as
well as the uniqueness of the critical state line (or steady
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Figure 4 - Undrained tests on loose sand.

state line). In this paper, it is assumed that the critical state
and steady state are equivalent and that there is a single crit-
ical state line, since research has shown evidence that sup-
ports this idea (Mooney et al., 1988; Been et al., 1991;
Kang et al., 2019).

Figure 7 shows the curves obtained in the v - p’ plane.
Only one of the undrained tests in loose sand was used in
this plot. The data from the other tests appear scattered
when plotted on these planes, possibly because volume
changes during the saturation process could not be reliably
measured.

After analyzing the data from the drained and un-
drained tests with aeolian sand from Natal under different
initial density conditions, the parameters from the critical
state theory were obtained and are shown in Table 2.
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Figure 5 - Undrained tests on medium-dense sand.

3.3. Critical state parameters of aeolian sand from Na-
tal, Brazil

The results are compatible with those presented in the
literature related to clean, uniformly graded quartz sands,
as shown in Table 3.

All sands shown in Table 3 are characterized by
grains with angular to subangular shapes. The Ottawa sand
is the exception because it is composed of rounded grains,
which may help explain its lower critical state angle value
when compared to the critical state angle values of the other
samples.

3.4. Stress paths

Figure 8 shows the stress paths from the tests with
loose and medium-dense sands plotted on p - ¢° diagrams.
The stress paths from the undrained tests in loose speci-

Soils and Rocks, Sdo Paulo, 43(2): 263-270, April-June, 2020.



Drained and Undrained Behavior of an Aeolian Sand from Natal, Brazil

1000 Table 4 - State parameters of all tests.
A Test Drainage Confining e, e, \
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R2=0.9975 1 Drained 50 0.8 0.788 0.042
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600 3 200 0.8 0.768 0.064
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Figure 7 - Critical state line in the v - p’ plane. 0 )
Table 2 - Critical state parameters of the Natal dune sand. 200 400 600
p’ (kPa)
M ¢, () r A . . , o
< Figure 8 - Undrained stress paths for shear plotted on ¢ - p’ dia-
1.26 31.5 1.863 0.03 grams for loose and medium dense sand.
Table 3 - Critical state parameters of the sands.
Sand M ¢, (°) r A Reference
Toyoura 1.28 31.8 0.934 0.019 (Verdugo & Ishihara, 1996)
Ottawa 1.20 30.2 0.780 0.081 (Murthy et al., 2007)
Coimbra 1.29 32.0 0.976 0.04 (Abreu, 2012)
Hostun 1.26 31.5 1.00%* 0.07 (Azeiteiro et al., 2017)

Note: *Obtained in the e - p’ plane. ** Adopted as being equal to e, .
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Figure 9 - Drained and undrained paths in the v - p’ plane.

mens are located to the left of the paths from the drained
tests because positive porewater pressure was generated
during shearing. This behavior is associated with the lique-
faction phenomenon during static loading. A single lique-
faction (or collapse) line is also presented in Fig. 8.

In the drained tests, the compressive behavior of
loose sands can be observed in all confining stresses. The
paths from medium dense sands exhibit dilation and com-
pression behaviors. Paths from tests with confining pres-
sures equal to 200 kPa and 300 kPa show compressive
behavior, with slight dilation at the end of the test, and are
presented as near horizontal lines. This finding suggests
that shearing occurred in a state that was close to the critical
state, as implied by the stress-strain and volume-strain
plots.

In the undrained tests using medium-dense samples,
the paths move to the right until they reach the critical state
line. This behavior is typical of points located below the
critical state line, under which negative porewater pressure
occurs. In loose specimens, initial points are located above
the critical state line; positive porewater pressures appear
during shearing, producing a decrease in the effective aver-
age stress and causing the paths to move to the left toward
the critical state line.

The paths from tests using confining pressure equal to
300 kPa show a peculiar behavior. In drained tests, only
compressive behavior was observed. It was expected that
its undrained counterpart would exhibit positive backpres-
sure changes, which did not occur. Despite this behavior, it
is possible to observe in Fig. 9 that the undrained path

268

o Initial state
@ State representative of the critical state

- Critical state line

400 600 800

’ (kPa)

would necessarily move toward the critical state line; there-
fore, the undrained path would have to exhibit negative
porewater pressure, as actually observed in the tests.

Both paths overlap during the beginning of the tests
and tend to diverge at the end of the tests. This dilation
trend in the drained test is associated with the difficulties in
representing the actual behavior of sands due to the high
level of deformation in the specimens.

4. Conclusions

The drained and undrained behavior of the aeolian
sand from Natal, Brazil, has been studied through triaxial
tests using different confining stresses and void ratios. The
test results were analyzed in the critical state framework.

Specimens with an initial void ratio equal to 0.8 were
located above the critical state line and exhibited compres-
sive behavior; moreover, medium-dense specimens
showed either dilation or compression, depending on the
confining stress.

Specimens prepared with medium-dense sand and
subjected to a confining stress equal to 300 kPa only exhib-
ited compressive behavior.

The critical state line was defined from drained and
undrained tests with loose and medium-dense specimens
for an average confining stress level of almost 700 kPa.

Stress paths from the drained and undrained tests on
loose and medium-dense specimens apparently converged
to the critical state line, which validates the results pre-
sented.
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The critical state theory parameters were obtained
from projections on p’- g and v - Inp’ diagrams. The results
obtained for aeolian sand are compatible with the values
found in the literature when compared to sands of alluvial
and marine origin with similar physical properties.

The critical state friction angle is equal to 31.5°, and it
is compatible with clean, uniformly graded sands with an-
gular to subangular shapes that are composed mostly of
quartz.

The results from this research can be used as a reliable
source of data for the calibration of constitutive models
based on critical state theory; in addition, they can be used
for numerical analyses involving the mechanical behavior
of the aeolian Natal sand, including its susceptibility to lig-
uefaction.
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Effects of Hydraulic Gradient Variation on the Structure and
Strength of a Compacted Tropical Soil

W.G. Silva, H.N. Pitanga, T.O. Silva, S.L.S. Dias Neto, D.C. Lima, T.P. Trindade

Abstract. Tropical soils have been extensively studied to evaluate the technical feasibility of their application in hydraulic
earthworks such as compacted clay barriers in landfills. In these earthworks, the water flow in the porous medium
generates percolation forces that can promote structural changes in the soil, with possible deleterious repercussions on its
mechanical and hydraulic properties. In this context and considering the geotechnical peculiarities of tropical soils, this
research aimed to characterize the influence of the hydraulic gradient used in column percolation tests on the structure of a
compacted tropical soil and, therefore, on its shear strength. Compacted test specimens were subjected to water percolation
tests and then to direct shear tests. Thin sections were removed from the compacted layers for micromorphological
analysis. The results showed that, statistically, at 5 % probability level, no significant variation in the overall mean shear
strength and in the micromorphological features was found as a function of the applied hydraulic gradients. In general, the
non-statistically significant change in soil structure also justifies the lack of significant variability on shear strength. The
research highlights the importance of micromorphological analysis supported by statistics in understanding the structural
aspects of compacted soils responsible for their engineering behaviors.

Keywords: compacted tropical soil, hydraulic gradient, micromorphological analysis, shear strength, statistical analysis.

1. Introduction

Brazilian standard NBR 8419 (ABNT, 1996) defines
landfill as a method of final disposal of solid waste in the
soil, which must operate using engineering principles in
such a way as to confine the solid waste in the smallest pos-
sible volume without causing damage or threats to health,
safety, and the environment. As a result of this definition
and in order to classify a solid waste disposal site as a land-
fill, Vertematti (2015) pointed out that it must have water-
proofing devices at both the base and the top, intermediate
layers for coverage, subsurface drainage, internal drainage
of gases and leachate, and surface water drainage.

The present research focused mainly on studying en-
gineering properties of hydraulic barriers for the composi-
tion of landfill bases, which have been the object of numer-
ous studies aimed at characterizing their most relevant
properties, considering the appropriate use and their good

problematic soils just because some of their behavioral as-
pects do not conform to those of typical sedimentary soils
considered suitable for engineering purposes.

Considering the potential of tropical soils to be ap-
plied in hydraulic barriers of landfills, there are the exam-
ples of studies by Ola (1980), Galvao et al. (2004), Taha &
Kabir (2005), Osinubi & Nwaiwu (2006), Frempong &
Yanful (2008), Bello (2011), and Kundiri ef al. (2016). In
general, the primary concern of those studies is the influ-
ence of the following variables on the strength, rigidity, and
permeability properties of these compacted soils destined
for landfills: degree of saturation, moisture and compaction
energy, soil structure, chemical composition, mineralogical
composition, drying shrinkage potential, clay content and
chemical stabilization.

From Classical Soil Mechanics, based on sedimen-
tary soils formed in temperate regions, it is known that the

functional performance in such geoenvironmental works
(Daniel & Wu, 1993; Benson et al., 1994).

Tropical soils have been extensively studied to evalu-
ate the technical feasibility of their application in such con-
structions, mainly considering the geotechnical peculiari-
ties of these materials compared to the soils of temperate
regions. According to Wesley (1990) and Benatti et al.
(2013), residual soils can be misleadingly evaluated as

velocity of percolation of a liquid in the soil can promote
structural changes in the soil, with possible repercussions
on its mechanical and hydraulic properties (Fox,1996; Kao-
ser et al., 2000; Ke & Takahashi, 2012, 2014; Al-Taie et al.,
2014).

Based on geotechnical peculiarities of the tropical
soils, there is interest in evaluating the possible influence of
the percolation rate used in column percolation tests on soil

Weiner Gustavo Silva, M.Sc., Assistant Professor, Centro de Ciéncias Exatas e Tecnoldgicas, Universidade Federal do Reconcavo da Bahia, Cruz das Almas, BA, Brazil.
e-mail: weiner.ufrb@gmail.com.

Heraldo Nunes Pitanga, Ph.D., Associate Professor, Departamento de Engenharia Civil, Universidade Federal de Vigosa, Vigosa, MG, Brazil. e-mail: heraldo.pitanga@ufv.br.
Taciano Oliveira da Silva, D.Sc., Associate Professor, Departamento de Engenharia Civil, Universidade Federal de Vigosa, Vigosa, MG, Brazil. e-mail: taciano.silva@ufv.br.

Sérgio Leandro Scher Dias Neto, M.Sc., Departamento de Engenharia Civil, Universidade Federal de Vigosa, Vigosa, MG, Brazil. e-mail: sergio.scher.7@gmail.com.
Dario Cardoso de Lima, Ph.D., Full Professor, Departamento de Engenharia Civil, Universidade Federal de Vigosa, Vicosa, MG, Brazil. e-mail: dclima@ufv.br.
Tiago Pinto da Trindade, D.Sc., Process Coordinator, Companhia de Saneamento Ambiental do Distrito Federal, DF, Brazil. e-mail: tptrindade @ gmail.com.
Submitted on August 7, 2019; Final Acceptance on May 26, 2020; Discussion open until September 30, 2020.

DOI: 10.28927/SR.432271

Soils and Rocks, Sao Paulo, 43(2): 271-278, April-June, 2020.

271



Silva et al.

structure and, consequently, on soil engineering properties.
Additionally, contributions from microscopic studies di-
rected to the characterization of compacted tropical soils
are welcome.

Studies on microscopic soil characterization have
been carried out since the 1950s, gaining emphasis in the
last three or four decades, and, over this time, techniques
have been developed or improved to better characterize the
structure and behavior of these materials. Among the meth-
ods applied to study the arrangement between individual
particles and particle and pore clusters in natural or com-
pacted soils, emphasis is given on the application of tech-
niques of optical microscopy, electron microscopy, X-ray
diffraction, mercury porosimetry and, more recently, com-
puterized tomography (Mitchell & Soga, 2005; Romero &
Simms, 2008).

In soil morphology studies, the use of the optical
petrographic microscope is quite common. In optical mi-
croscopy, features such as fractured surfaces, silt-size parti-
cles or larger particles, aggregates of clay particles, prefer-
ential orientation of particles, homogeneity, pore size and
distribution, and shearing zones can be observed (Bullock
& Murphy, 1980).

According to Crispim et al. (2011), these studies
mainly recongnized three elements in the micromorpholo-
gical description of soils: plasma, of colloidal size (about
10° to 10°m), representing the material that can be moved
by mechanical actions or by the action of water in the soil;
and skeleton, formed by grains larger than colloidal; and
pores, corresponding to the voids present in the soil. In the
micromorphological study, from the analysis of fine sec-
tions, the soil constituents are recognized, observing the
size, shape, arrangement, and orientation of the aggregates
and the voids that separate them, as well as the relative dis-
tribution of the plasma in relation to the skeleton grains
(Fitzpatrick, 1993). Stoops (2003) presents other more de-
tailed and in-depth aspects of the morphological and micro-
structural characterization of soils. For Brazilian tropical
soils, there are studies by Schaefer (2001), Viana et al.
(2004), Trindade (2006), and Crispim et al. (2011).

In this framework and considering the geotechnical
peculiarities of tropical soils, the objective of the present
study was to evaluate the influence of the hydraulic gradi-
ent variation on the structure of a compacted tropical resid-
ual soil and, consequently, on its mechanical properties,
represented by the shear strength. Simultaneously, the re-
search aimed to highlight the importance of micromor-
phological analysis supported by statistics in understanding
the structural aspects of compacted soils responsible for
their engineering behaviors.

2. Material

A soil classified geotechnically as gneiss mature re-
sidual and, pedologically, as Red-Yellow Latosol (RYL)
with great expressiveness in the Brazilian territory, and es-
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pecially in the Zona da Mata Norte of Minas Gerais, in the
southeastern region of Brazil, was used throughout the
study. Disturbed samples were collected in a borrow pit, lo-
cated in the city of Vicosa, in the state of Minas Gerais,
Brazil, at coordinates 20°45°35” S; 42°52°28” W.

The pH values of the soil, measured in water [pH H,0
(1:2.5) = 6.1] and in a solution of KCI 1 mol/L [pH KCI
(1:2.5) = 5.96], allow to characterize it as slightly acidic.
The cation exchange capacity is relatively low (CEC =2.09
cmol /kg) and compatible with the mineralogy of its clay
fraction, which is predominantly composed of kaolinite and
iron and aluminum oxides. Regarding the percentage base
saturation (V %), the soil presented a value of 52.6 %. Ac-
cording to Brady and Weil (1999), soils from tropical and
wet regions, in which silicate clays predominate, are acidic
when V % is lower than 80 %. Therefore, the V % value is
in line with the pH value determined and with the clay min-
erals present in the studied soil.

A specific study was directed to the qualitative and
semiquantitative determination of the presence of chemical
elements in the soil using the microanalysis technique. The
energy-dispersive X-ray spectroscopy (EDS) spectrum pre-
sented in Fig. 1 shows that the soil is basically constituted
by Al Si, and Fe. The high amount of Fe found in the soil, a
Red-Yellow Latosol, may be associated with the presence
of goethite and the significant amounts of Al and Si proba-
bly related to the minerals kaolinite and quartz. The miner-
alogical analysis of soil samples allowed for the identifica-
tion of the presence of quartz in the sand fraction (Fig. 2a),
and of kaolinite, quartz, goethite, gibbsite, portlandite, and
rankinite in the clay fraction (Fig. 2b).

The microstructure was characterized by an analysis
of the secondary electron images obtained in Scanning
Electron Microscope (SEM). Samples from soil compacted
at the optimum conditions (w,_, and vy, ) of the standard
Proctor test were analyzed. It was observed (Fig. 3) that the
volume of soil analyzed was composed predominantly of
plasma (compared to the skeleton) that formed a continu-
ous phase and, in some cases, was presented in the form of
spherical micro-aggregates joined together. These micro-
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Figure 1 - EDS (Energy-dispersive X-ray spectroscopy) spectrum
and mean concentration of chemical elements determined for the
studied soil.
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Figure 2 - Data from XRD (X-ray diffraction) analyses performed on soil samples: (a) XRD patterns of > 53 pum fraction of soil:
Qz = quartz [SiO,]; (b) XRD patterns of < 53 um fraction of soil: Gb = gibbsite [Al(OH),], Gt = goethite [o.-FeO(OH)], Ka = kaolinite
[ALSi,0,(OH),], Po = portlandite [Ca(OH),], Qz = quartz [SiO,] and Ra = rankinite [Ca,Si,0,].

aggregates were formed by small-size particles, randomly
placed, formed by aggregations of kaolinite and gibbsite
minerals wrapped and cemented by iron oxyhydroxides re-
sponsible for the stability of their arrangement.

3. Methods

The compaction tests were carried out with the stan-
dard Proctor effort (600 kN.m/m’), according to ABNT
(2016), with limits for acceptance of soil samples related to
the maximum dry unit weight of + 0.30 kN/m"’ and the opti-
mum water content of £ 0.5 %. The soil samples were com-
pacted dynamically into PVC cylinders in three layers,
12 cm high and 10 cm in diameter, so that after molding
they could be used directly in the column percolation
equipment, where they were subjected to upward percola-
tion of deaerated and deionized water, in a room maintained
at a constant temperature of 21 °C £ 1 °C, according to the
guidelines in (ABNT, 2000) and (ABNT, 1995a).

e
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Figure 3 - Samples compacted at the standard Proctor effort im-
ages obtained by secondary electron signals produced in Scanning
Electron Microscope (SEM).
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In column percolation, hydraulic gradients (HG) of
15, 66, 85, and 140 were applied until reaching constant
flow in a set of four compacted cylindrical specimens for
each HG. After column percolation test, for each hydraulic
gradient, specimens were molded for direct shear test (three
specimens) and micromorphological analysis (one speci-
men). Figure 4 shows a schematic sketch of extraction of
soil samples for molding 6 cm x 6 cm x 2.5 cm specimens
for direct shear test (ASTM, 2011).

After inundation with deaerated and deionized water
for a period of two hours, aiming to eliminate the influence
of the suction variable in the analysis, each soil specimen
was consolidated and tested in the direct shear apparatus at
the vertical stress of 100 kPa and the horizontal displace-
ment velocity of 0.15 mm/min. to determine the mean shear
strength of each specimen layer (three determinations were
used to calculate the mean shear strength).

In the micromorphological analysis, the fourth speci-
men subjected to column percolation under constant hy-
draulic gradient was used to extract two thin sections,
respectively, from the top and bottom compacted layers
(Figs. 5a and 5b). From these thin sections, microscopic im-
ages were obtained to analyze the pattern and micro-
structural composition of the compacted material. A similar
procedure was applied to a compacted soil test specimen
not subjected to water percolation (hydraulic gradient

i

' TS2 (Middle)
s

' TSI (Bottom)
e

Molded test specimens (TS) for the direct shear test

Layer 3 (Top)
Layer 2 (Middle)

Layer 1 (Bottom)

Figure 4 - Schematic sketch of soil samples extraction of each
specimen already tested in the column percolation test.
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HG =0), which served as a reference for structural compar-
ison purposes. The protocol for preparation of the thin sec-
tions was adopted according to Crispim et al. (2011).

The photomicrographs obtained under an optical mi-
croscope were edited using Paint. NET image editing soft-
ware (Brewster, 2014). Quantitative measurements of po-
res, plasma and grains were performed using Imagel
software (Schneider et al., 2012). In the analysis of the im-
ages, the micromorphological features were separated into
three groups (Fig.5c), namely: quartz grains and opaque
minerals, here called quartz grains (Grains Qz), correspon-
ding to the soil skeleton; slits and vesicles, corresponding to
the soil pores; and plasma. For the top and bottom thin sec-
tions, the mean percentages of the indentified features were
obtanied from five microscope images.

A Complete Randomized Design (CRD) was used in
the statistical analysis of the direct shear tests and micro-
morphological study data encompassing analysis of vari-
ance (ANOVA) at 5 % probability, as follows:

(1) Results of the direct shear tests: differences between the
means of the shear strength of each layer of the test
specimens for each hydraulic gradient; differences
between the means of the shear strength of each layer
of the test specimens for all hydraulic gradients; and
differences between the general means of shear
strength determined for each hydraulic gradient; and

(2) Results of the micromorphological study: differences
between the means of the micromorphological fea-
tures of the top and bottom layers of the test specimen
for the same hydraulic gradient; and differences be-
tween the means of the micromorphological features
of each layer group for all hydraulic gradients.

Compacted specimen

=141

)

' #

Thin section removed
from the Top layer of
the specimen

Thin section removed
from the Bottom layer
of the specimen

&

(a) (b)

Whenever significant differences were found, the
means were compared by Tukey’s test, at 5 % probability.

4. Results and Discussion

4.1. Geotechnical parameters of test specimens

Table 1 lists the results of the soil geotechnical char-
acterization, including Atterberg limits [liquid limit (LL),
plastic limit (PL)] and plasticity index (PI), specific gravity
of soil solids (y,), particle-size distribution according to the
scale adopted by ABNT (1995b), and optimum compaction
parameters from the standard Proctor compaction proce-
dure.

Table 2 presents the results of the post-molding mean
geotechnical parameters of twelve test specimens subjected
to the column percolation tests. The respective standard de-
viation values attest to the relative uniformity of the speci-
mens prepared for the tests. The magnitude of their mean
degree of saturation (DS) indicates that, before the column

Table 2 - Post-molding mean geotechnical parameters of all spec-
imens used in the column percolation tests.

Geotechnical parameters of Mean Standard
the test specimens deviation
Water content (%) 31.35 0.365
Dry unit weight (kN/m") 14.05 0.061
Void ratio 0.941 0.009
Porosity (%) 48.47 0.224
Degree of compaction (%) 103.03 0.477
Degree of saturation (%) 92.83 1.146

- Pores

-Grains Qz

- Plasma

Bottom thin section  Top thin section

©

Figure 5 - Micromorphological analysis: (a) schematic diagram indicating the region of removal of the thin soil sections; (b) sections to
be analyzed; (c) micromorphological aspects of soil subjected to quantification in ImageJ software.

Table 1 - Results of the geotechnical characterization of the RYL soil sample.

Atterberg limits and plasticity index v, (kN.m”) Particle size distribution W, (%) vy, (KN.m”)
LL (%) PL (%) PI (%) Sand (%) Silt (%) Clay (%)
82 46 36 27.27 23 10 67 31.37 13.54

Note: PI (%) = LL (%) - PL (%).
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percolation tests, they were physically close to the saturated
condition (DS = 100 %), which was probably reached dur-
ing the tests, when the constancy condition of the water
flow was reached.

4.2. Direct shear tests

Figure 6 presents the overall mean of all shear
strength measurements obtained and the means per layer of
the specimens for each hydraulic gradient.

From the geotechnical point of view, based on the re-
sults in Fig. 6, there is an upward trend for the mean shear
strength from the bottom layer to the top layer of the test
specimens, although of small magnitude, with values of the
order of 6 kPa for the hydraulic gradient 15, and 7 kPa for
the hydraulic gradient 66. However, for the hydraulic gra-
dients 85 and 140, an opposite behavior is observed, notic-
ing a decrease in the shear strength from the bottom to the
top, of the order of 6 kPa and 13 kPa, respectively. Thus,
there are two distinct responses in the mean shear strength
values of the layers, respectively, for the hydraulic gradient
sets 15-66 and 85-140. In addition, based on data from Figs.
6b and 6c¢, and for practical geotechnical engineering pur-
poses:

(1) There is a slight superiority, of the order from 8 kPa to
9 kPa, in the overall mean of the shear strength related
to the hydraulic gradient 15 in comparison to the oth-
ers, and there is no difference between the results ob-
tained for the gradients 66, 85 and 140; and

(2) There is significant variation in the means of shear
strength of the top layer of the tested specimens be-
tween the hydraulic gradients 15 and 140, which is of
the order of + 20 kPa; however, based on the results
concerning the middle and the bottom of the speci-
mens, there are minor variations between the referred
hydraulic gradients, respectively, of the order of +
11 kPa and + 0.6 kPa.

On the other hand, at the 5 % probability level, the re-
sults of the statistical analyses evidence that:

(1) There is no significant difference in the means of shear
strength determined in the top, middle and bottom

layers of the tested specimens for each hydraulic gra-
dient analyzed;

(2) There is no significant variation in the means of the
shear strength of each layer considering all hydraulic
gradients tested; and

(3) There is no significant contrast in the overall means of
the shear strength of the tested specimens for the
same hydraulic gradient.

4.3. Micromorphological analysis

From Fig. 7, optical microscopy images show the rel-
ative distribution between skeleton and plasma, classified
as porphyric according to Stoops (2003), with the distribu-
tion of larger particles in a soil matrix of much smaller par-
ticles.

From the micromorphological analysis, there is an al-
most complete loss of the packing pores in the compacted
material, forming a structure with unconnected voids in the
shape of stars, densified at the edges. Loss of most of the
medium and large porosity occurs, forming an unconnected
network of cracks and voids along the planes of intergranu-
lar adjustments, composing a new network of voids that do
not favor infiltrability. Also, the structure resulting from
the compaction of the smaller soil particles is composed
predominantly of plasma when compared to the other iden-
tifiable features (Grains Qz and soil pores).

Regarding all hydraulic gradients tested and consid-
ering the bottom and top positions of the specimens tested,
Figs. 8 and 9 show, respectively, the mean percentages of
the areas of features Grains Qz, pores, and plasma together,
and the same percentages for each of these features sepa-
rately.

The data show that, regardless of the hydraulic gradi-
ent adopted in the column percolation tests, there were no
relevant percentage changes, at the base and at the top of
the test specimens, for the quartz grains, porosity and plas-
ma, compared to the structure of the non-percolated speci-
mens. This experimental evidence applies when comparing
such structural aspects at the base and top for the same hy-
draulic gradient, or when considering all the hydraulic gra-
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Figure 6 - Results of the shear strength tests: (a) comparison between the overall mean and the means per layer considering the hydraulic
gradients analyzed; (b) overall mean shear strength; (c) mean shear strength per layer.
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dients considered in the study. Although there is a tendency

Silva et

of differentiation between the base and the top for the po-
rosity (Figs. 9c and 9d), it is verified that this distinction oc-

al.

curs in a percentage range that is effectively restricted and
of low magnitude (minimum of 0.59 %, maximum of
1.68 %).

Figure 7 - Samples of optical microscopy images of thin sections of the soil tested specimens: (a) top thin section; (b) bottom thin section.
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Figure 8 - Joint graphical representation of the mean percentages of the areas of features Grains Qz, pores and plasma on the bottom and
top positions of specimens, for all hydraulic gradients: (a) at the bottom of the specimens; (b) at the top of the specimens.
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Figure 9 - Separate graphic representations of the mean percentages of features Qz Grains, pores and plasma on the bottom and top posi-
tions of specimens, for all hydraulic gradients: (a) Qz Grains at the bottom (b) and the top; (c) Pores at the bottom and (d) the top; (e)

Plasma at the bottom (e) and the top (f).
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5. Conclusions

Based on the results obtained, for the particularities of
the present study and the soil in the compacted state, it is
concluded that: (1) under the geotechnical perspective, it is
possible that there is a slight downward trend in the general
mean of the shear strength with the elevation in the hydrau-
lic gradient; (2) there is no significant variation in the shear
strength means determined in the top, middle and bottom
layers of the specimens, regarding the results of the direct
shear tests, for each hydraulic gradient analyzed, no signifi-
cant variation was observed between the shear strength
means of each layer, considering all hydraulic gradients,
and there was no significant difference between the overall
shear strength means of the specimens with the variation in
the hydraulic gradient; and (3) statistically, at the 5 % prob-
ability level, the results of the micromorphological analysis
show that there is no significant variation in the micromor-
phological features of the porosity, quartz grains, and plas-
ma as a function of the hydraulic gradient used in the tests.
The soil structural stability under variations in the water
percolation conditions suggests that the compacted tropical
soil would offer good functional performance in hydraulic
barriers or landfills. It is also assumed that the geotechnical
peculiarities of the compacted soil are responsible for its
structural stability. Special emphasis is given to micromor-
phological analysis supported by statistics in understanding
the structural aspects of compacted soils responsible for
their engineering behavior.
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Physicochemical Modifications in Geomaterials and Their
Leachates Extracted from Acidic Attack

S.T. Ferrazzo, R.S. Timbola, L. Bragagnolo, E. Prestes, E.P. Korf, P.D.M. Prietto, G.D.L.P. Vargas

Abstract. Exposure of geomaterials to acid leachates may cause chemical species desorption, mineral dissolution, and
metal leaching. This study seeks to understand the changes in the physicochemical composition of liquid extracts resulting
from the exposure of four different geomaterials (uniform fine sand, basalt residual soil, kaolin, and bentonite) to a blank
solution (distilled water) and sulfuric acid solutions at the concentrations of 0.01, and 1.00 mol/L. It was also investigated
the relationship between alterations in both chemical and mineralogical constitutions of geomaterials. The elemental
composition of the geomaterials was determined by X-ray fluorescence. In the liquid extracts, Na, Mg, Al, K, Ca, Fe, and
Mn concentrations were obtained by inductively coupled plasma atomic emission spectrometry, as well as pH and
electrical conductivity were evaluated. pH and electrical conductivity data showed that bentonite had buffering capacity
until 0.01 mol/L concentration and higher ion dissolution with increasing acid concentration. Acidic attack by the
1.00 mol/L solution resulted in the solubilization of the constituent metals, corresponding to reductions in elemental
composition and alterations in geomaterials mineralogy.

Keywords: clayey, metal solubilization, mineralogy, silty and sandy soils, sulfuric acid.

1. Introduction etal., 2018, 2016). It has been recognized that high plastic-
ity clayey soils are likely to lose structure when in contact
with leachates containing multispecies contaminants, thus
reducing their impermeability potential (Amadi, 2011).
Therefore, for the efficient performance of liner systems,
properties of the geomaterials must not be compromised
over time by the exposure to acidic leachates (such as min-
ing drainage). Therefore, the study of the interaction be-
tween clay soil constituents and high acidity solutions,
focusing on changes in chemical and mineralogical compo-
sition, is fundamental for the correct management, as well
as the treatment of contaminated soils (Agbenyeku et al.,
2016).

Anthropogenic processes may cause modification in
soil behavior due to contamination by acidic solutions,
which, under extreme conditions (pH < 1), result in signifi-
cant volumetric variations and structural changes in soils
(Chavali et al., 2018). Considered chemically aggressive,
acidic leachates from industrial and mining solid wastes
constitute a considerable source of environmental impact,
causing changes in soil structure, as increased hydraulic
conductivity and reduced reactive power. Acidic pH solu-
tions increase the mobility of dissolved contaminants,
which have the main destination at soil and water resources
(Agbenyeku et al., 2016; Candeias et al., 2014; Gonzalez-

Fernandez et al., 2018; Grande et al., 2018; Hueckel et al.,
1997; Knop et al., 2008; Pecorini et al., 2017).

Usually, geomaterials are used in waste containment
liner systems, as mixtures of clayey soils and cement, with
or without bentonite added, to improve hydraulic and reac-
tive properties of contention barrier (Ghadr & Assadi-Lan-
groudi, 2018; Gueddouda ef al., 2016; Hassanlourad ef al.,
2016; Mao et al., 2018; Miguel et al., 2017; Morandini &
Leite, 2015; Verastegui-Flores & Di Emidio, 2014; Wang

Several studies in the literature reporting the effects
of exposure of geotechnical materials to chemically aggres-
sive solutions (Agbenyeku et al., 2016; Chavali ef al., 2017,
2018; Hamdi & Srasra, 2013; Li et al., 2013; Liu et al.,
2015; Miguel et al., 2017; Sucha et al., 2002; Veraste-
gui-Flores & Di Emidio, 2014), indicate, in general, that
contact with acidic waters causes soil pH reduction, metal
dissolution, chemical species desorption (Agbenyeku et al.,
2016; Miguel et al., 2017), and cation exchange reactions
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with partial mineral dissolution (Chavali ef al., 2018), in
addition to changes in hydraulic conductivity in clayey
soils (Hamdi & Srasra, 2013; Li et al., 2013; Liu et al.,
2015) and modifications in their mechanical properties
(Hassanlourad et al., 2016). However, Chavali et al. (2018)
highlight that most of these studies evaluate soil contami-
nation by inorganic acidic solutions with pH under natural
conditions (3 < pH < 6). However, this pH range covers nat-
ural pH values in some Brazilian soils, such as Cerrado
soils (pH 3.75-4.85) (Leite et al., 2006; Leite et al., 2018)
and basalt residual soil (pH 5.5) (Korf et al., 2020).

Thus, further studies are needed to evaluate changes
in soils in contact with more aggressive acidic solutions at
pH below 1, such as those from mine drainage storage
ponds, where water evaporation causes the increase in hy-
drogen ion concentration (Liu et al., 2013). These waste-
waters contain sulfuric acid molecules generated by the
oxidation of sulfide minerals in the presence of oxygen and
water. A decrease in pH increases the solubility of soil and
rock constituents (Knop et al., 2008). Also, it may occur
acidic contamination of soils not only by sulfuric acid from
spills or leaks (Chavali ef al., 2018) but also by acid mine
drainage (AMD) from mining in coal plants (Liu et al.,
2013) and mining of metallic sulfide ores (Blowes et al.,
2014; Luo et al., 2020).

Therefore, this study seeks to shed light on the alter-
ations in geotechnical materials as they are exposed to dif-
ferent concentrations of sulfuric acid with pH lower than 1,
by investigating the changes in the physicochemical com-
position of the liquid extract resulting from the exposure of
four geomaterials to sulfuric acid solutions, as well as the
changes in the elemental composition and its relationship
with the mineralogy of each geomaterial tested. A better
understanding of the alterations in geomaterials as a result
of the acid attack may be helpful in designing and modeling
of compacted barriers, as well as predicting the response of
foundation soils.

2. Methodology

2.1. Materials

In this study, the following geomaterials were used:
Osorio Fine Sand (OFS), Basalt Residual Soil (BRS), Ka-
olin (KAO), and sodium Bentonite (BEN). The sand was
collected in a natural deposit in the municipality of Osorio,
in the Rio Grande do Sul state, in southern Brazil, and it is
considered uniform fine sand (ABNT, 1995; ASTM, 1993).
The Basalt residual soil was collected at the Experimental
Geotechnical Field of the Technology Center (CETEC) of
the University of Passo Fundo (UPF), in the Rio Grande do
Sul state, Brazil. It is characterized as a Humic Dystrophic
Red Latosol (Streck et al., 2008), with high clay content,
classified as low plasticity clay (ASTM, 1993). The Kaolin
was purchased from a mineral products supplier located in
the municipality of Pantano Grande, in the state of Rio
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Grande do Sul, Brazil. This material is commercially
known as “pink kaolin” and is classified as a low plasticity
inorganic silt (ASTM, 1993). Sodium bentonite of white
color was obtained from a supplier located in the munici-
pality of Soledade, in the state of Paraiba, in northeast
Brazil, and is classified as a high plasticity inorganic clay
(ASTM, 1993). Sulfuric acid used in the experiments was
grade P.A., Merck brand with purity 95-97 % and density
1.84 g.cm”.

2.2. Methods

The preparation of the geomaterials testing samples
followed the standard NBR 6457 (ABNT, 2016). The
acidic attack on the geomaterials was simulated by a batch
testing adapted from ASTM D4646 - 03 (ASTM, 2008). In
these tests, the following variables were considered: sulfu-
ric acid concentration at 0.00 mol/L (pH of distilled water
equal to 7 = 2), 0.01 mol/L (pH 2) and 1.00 mol/L (pH 0),
and four geomaterials (OFS, BRS, KAO and BEN), result-
ing in 12 experimental treatments. The batch tests proce-
dures were as follow:

a) Insertion of samples of each material into a 2000 mL
Erlenmeyer flask at a soil-solution ratio of 1:20;

b) Horizontal continuous shaking at 215 rotations per min-
ute for 24 h at 22 + 5 °C;

c¢) Decantation and centrifugation of samples to separate
solid and liquid phases. The supernatant centrifuga-
tion process was performed in a centrifuge under
3000 rpm for 10 min (USEPA, 1996). Subsequently,
the liquid extract was filtered through a 0.45 pum
nitrocellulose membrane;

d) Drying of the resulting solid material, in porcelain cap-
sules, in an oven at a temperature of 40 to 50 °C, until
constancy of mass. After, each sample was macerated
in porcelain crucibles until a powdery material was
obtained and placed in properly sealed and identified
plastic bags.

Liquid extracts were physical-chemically character-
ized through the determination of pH and electrical conduc-
tivity. pH was determined by pH meter, model HI 2221
Hanna brand, glass body Ag/AgCl electrode with ceramic
junction, diameter 9.5 mm, pH range O to 13 and tempera-
ture 20-40 °C. Electrical conductivity was determined by
microprocessor conductivity meter, model DM-32 Digi-
med brand with conductivity cell/sensor DMC-010M (ran-
ge 0001 pScm' to 2 S.em' and resolution
0.001/0.01/0.1/1). Also, Na, Mg, Al, K, Ca, Fe, and Mn
concentrations were determined for the experimental treat-
ments corresponding to the extremes of the acidic range
concentration (0.00 mol/L and 1.00 mol/L) by inductively
coupled plasma atomic emission spectrometry (Shimadzu-
branded ICP-AES). The pattern solution used to running at
ICP-AES was multi element standard XXI for ICP Certipur
Merck brand (30 elements in diluted nitric acid-HNO,).
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The chemical compositions of the geomaterials, be-
fore and after the acidic attack, were determined by X-ray
fluorescence spectrometry (XRF), in a pressed sample,
with the STD-1 calibration, allowing for the non-standard
analysis of the chemical elements comprised between fluo-
ride and uranium in a Bruker S8 Tiger spectrometer.

The mineralogical constitutions were determined by
X-ray diffraction (XRD), by the powder method, in a Bru-
ker X-ray diffractometer, model D8 Endeavor, with a posi-
tion-sensitive detector. The identification of the crystalline
phases was obtained by comparing the sample diffrac-
togram with the International Center for Diffraction Data
(ICDD) PDF2 database using the X’Pert High Score soft-
ware.

3. Results and Discussion

Figure 1 shows the pH and electrical conductivity re-
sults of the liquid extracts for the four tested geomaterials.
The pH results of the OFS, BRS, and KAO remained close
to the initial pH of the acidic solutions to which they were
exposed. BEN presented pH above neutrality, especially
the sample submitted to the 0.01 mol/L solution (pH 2), due
to the acid buffering power associated with the high cation
exchange capacity of this soil (Nessa et al., 2007). BEN
also presented the highest pH value (0.41) amongst the
geomaterials tested at 1.00 mol/LL concentration (pH 0).
Similar results were observed by Liu ef al. (2013), who
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Figure 1 - pH (a) and electrical conductivity (b) of the liquid ex-
tract of the geomaterials tested.
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evaluated that acidic leachate from three sodium bentonites
had pH ~ 2 at lower concentrations (0.015 mol/L to
0.25 mol/L), and pH ~ 0 at higher concentrations (0.5 mol/L
and 1mol/L).

The results indicate that bentonite has a higher acid
neutralization capacity at 0.01 mol/L solution (pH 2). This
condition may contribute to the attenuation of contami-
nants from acidic leachate. According to Yong et al.
(1990), smectite soil (e.g. bentonite) shows significant re-
sistance to pH changes due to its high cation-exchange ca-
pacity (CEC). The H" adsorption from smectite-contami-
nation leachate occurs mainly by cation exchange, and
when exchange sites are unavailable, the pH decreases rap-
idly. On the other hand, kaolinite soil does not show consid-
erable resistance to pH changes (Yong et al., 1990), which
was observed in BRS and KAO samples.

In general, all geomaterials presented a positive cor-
relation between electrical conductivity and concentration
of sulfuric acid, which indicates a higher concentration of
dissolved ions in the liquid extracts at 1.00 mol/L. The re-
sults of metals concentration by ICP-AES (Table 1) and the
XRF (Table 2) indicate the solubilization of the chemical
constituents of geomaterials. For the OFS, the significant
electrical conductivity measured in the liquid extract of the
sample at 1.00 mol/L, is probably due to the presence of hy-
drogen ions (H") in the solution, which did not bind to the
active sites of the soil minerals, since quartz has low reac-
tivity to sulfuric acid.

Table 1 shows the metals concentrations in the liquid
extract resulting from the geomaterials tested at the ex-
treme values of the concentration range (0.00 mol/L and
1.00 mol/L). These results are consistent with the chemical
constitution of the samples (Table 2), demonstrating that
exposure to the 1.00 mol/L solution of sulfuric acid caused
loss by solubilization of the constituent metals of the geo-
materials, mostly aluminum (Al), iron (Fe), calcium (Ca),
and magnesium (Mg), in addition to sodium (Na) for the
bentonite liquid extract. Knop ez al. (2008) reported that
these metals are commonly mobilized in rocks or soils due
to the leaching of sulfuric acid present in acidic mining
drainage.

The expressive concentrations of Fe in the liquid ex-
tracts were an expected result since this metal is highly sol-
uble in acidic environments. This feature was observed
mainly for the BRS, which has significant Fe content in its
natural composition (see Table 2). For the specimen SRB at
1.00 mol/L, it was observed a Fe concentration of
458 mg/L, confirming the loss of hematite identified by the
XRD analysis (Table 3). According to Sunil ez al. (2006),
Fe leaching from a lateritic soil reduces the bonds between
soil particles, resulting in alterations in their mechanical
and physical properties, such as reduced compressive
strength and maximum dry density and increased optimal
moisture content. Also, a high concentration of aluminum
was detected in the liquid extracts, corroborating the idea
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Table 1 - Metal concentration of liquid geomaterials extract (mg/L).

Specimen Na Mg Al K Ca Fe Mn
OFS 0.00 mol/L - 0.21 231 - - 0.85 -
OFS 1.00 mol/L = 1.79 10.03 1.06 2.16 6.94 0.16
BRS 0.00 mol/L - 0.85 - - 1.69 0.06 0.24
BRS 1.00 mol/L . 4.27 418.12 1.99 8.39 458.12 3.00
KAO 0.00 mol/L - 0.49 7.34 1.47 0.04 1.14 .
KAO 1.00 mol/L - 12.93 205.98 8.56 14.10 9.57 1.91
BEN 0.00 mol/L 161.98 11.27 96.32 2.64 5.27 38.00 0.05
BEN 1.00 mol/L 332.97 132.99 136.32 8.63 282.50 46.33 0.86

" Below detection limit.

Table 2 - Elemental chemical composition of solid extracts of geomaterials (mg/kg).

Specimen Na Mg Al P Si S K Ca Ti Fe Mn Zr Ba
OFS Pure 900 400 11600 - 435200 100 7100 500 900 2800 - - -
OFS 0.00 mol/L. 900 300 9900 - 445500 - 6000 400 700 2100 - - -
OFS 1.00 mol/L - - 5800 - 401600 11300 5100 - 500 2000 - - -
BRS Pure - 2100 128100 500 216900 300 3400 200 9800 74800 300 500 -
BRS 0.00 mol/L - 1700 109600 400 232300 300 - 300 9400 73400 300 - -
BRS 1.00 mol/L - 600 37500 - 94000 63700 - 200 3800 27000 - 200 -
KAO Pure - 900 189500 100 221600 300 7000 800 900 8200 100 - 500
KAO 0.00 mol/L - 500 191600 - 216900 - 8900 900 1300 11600 - - -
KAO 1.00 mol/L - 500 128600 - 143500 31800 5600 700 600 6200 - - -
BEN Pure 5900 5900 166200 200 217400 100 10300 8400 2200 18300 100 100 400
BEN 0.00 mol/L 2400 5100 130200 - 247300 @ - 24100 17800 1600 15700 - 200 600
BEN 1.00 mol/L 900 3200 102700 @ - 162200 35600 7300 1600 1500 12900 - 100 400

that at very low pH values (less than 4.5), this metal is
solubilized in the forms of Al” and AlO, (Miguel et al.,
2017).

Spagnoli et al. (2012) reported that, in a solution with
pH close to 3, Al" dissolution acts as a coagulant agent in
kaolinite, increasing shear strength. According to the au-
thors, the occurrence of clay mineral dissolution in acidic
environments is a function of protonation reactions of the
hydroxide (OH) and oxide (O”) termination sites, which
weaken the bonds that support the aluminum and, conse-
quently, displace it from the structure to the liquid phase as
AT, In the study of Bakhshipour et al. (2016), it was found
that the reduction of aluminum and iron contents of a resid-
ual soil by acidic leaching increased Atterberg limits and
optimum moisture content and reduced shear strength and
maximum dry density.

For the BEN sample, the acidic attack resulted in an
increase of sodium, calcium, and magnesium in the liquid
extract. The desorption of these bentonite elements is sup-
ported by the results of the XRF analysis (Table 2). This

282

feature was probably due to the bentonite high cation ex-
change capacity (Asof et al., 2017; Caglar et al., 2013;
Koch, 2002). According to Liu et al. (2013), the concentra-
tions of sodium and calcium in leachates of sodium benton-
ite reflect hydrogen ion exchanges. The authors reported
that around 90 % and 50 % of Na and Ca, respectively, were
displaced by H".

Considering the application of bentonite in waste
containment liner systems and degraded areas exposed to
acid contaminants, the loss of cations from bentonite, as ob-
served in this study, points out to potential changes in
expansion capacity, plasticity, microstructure, and perme-
ability (Bouazza et al., 2006; Egloffstein, 2001; Koch,
2002; Mazzieri et al., 2017; Ruhl & Daniel, 1997; Shackel-
ford et al., 2000). Chavali et al. (2018) reported that con-
tamination of sodium bentonite by sulfuric acid caused a
reduction in the expansion of this clay, where equilibrium
expandabilities of 67 % and 50 % were measured at 1 mol/L
and 4 mol/L concentrations, respectively. According to the
authors, these changes in bentonite are due to the cation ex-
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change process, in which sodium ions are replaced by hy-
drogen ions, whose ionic radius (0.012 A) is smaller than
that of sodium (1.02 A), resulting thus in smaller expan-
sion. Liu et al. (2013), for three sodium bentonites, found
that the contact with sulfuric acid solutions (0.015 mol/L to
1 mol/L) caused the displacement of cation ions by hydro-
gen ions, resulting in a reduction of Atterberg limits and
expandability index, which might compromise the hydrau-
lic performance of these geomaterials when applied in wa-
terproofing systems.

The elemental characterization presented in Table 2 is
consistent with the metal concentrations found in the liquid
extracts, for all geomaterials exposed at 1.00 mol/L, dem-
onstrating expressive reductions of Fe, Al, Mg, Ca, and Na
in sodium bentonite.

Table 3 shows the mineralogical compositions of the
geomaterials samples. In line with the results of the FRX
(Table 2) and ICP-AES (Table 1), a significant reduction of
iron occurred for all four geomaterials exposed to the most
acidic solution, especially for the BRS, likely due to the
acidic attack to the iron oxides adsorbed on the surface of
soil particles, evidenced by the loss of hematite (Fe,O,) and

Table 3 - Mineral composition of geomaterials samples.

OFS Pure OFS 0.00 mol/L OFS 1.00 mol/L
Quartz Quartz Quartz
Microcline Microcline Microcline
Albite Albite Gibbsite
BRS Pure BRS 0.00 mol/L BRS 1.00 mol/L
Quartz Quartz Quartz
Hematite Hematite Alunogen
Kaolinite Kaolinite Coquimbita
Anatase Anatase Kaolinite

- - Pyrophyllite

- - Microcline
KAO Pure KAO 0.00 mol/L. KAO 1.00 mol/L
Quartz Quartz Quartz
Kaolinite Kaolinite Kaolinite
Microcline Microcline Microcline
Muscovite Muscovite Muscovite

- - Alunogen
BEN Pure BEN 0.00 mol/L BEN 1.00 mol/L
Quartz Quartz Quartz
Kaolinite Kaolinite Kaolinite
Microcline Microcline Microcline
Muscovite Muscovite Muscovite
Calcite Calcite Alunogen
Hydrobiotite Hydrobiotite -

Soils and Rocks, Sao Paulo, 43(2): 279-286, April-June, 2020.

the formation of coquimbite (Fe,(SO,),.9H,0) and pyro-
phyllite (ALSi,(OH) in the sample exposed to the
1.00 mol/L solution. For the other geomaterials exposed to
the most acidic solution, there was also a significant reduc-
tion in the Al content, as well as in the other constituent ele-
ments (Table 2), which was corroborated by the loss of
albite (Na(AlSi,O,)) and the formation of gibbsite
(AI(OH),) in the OFS; the loss of anatase (TiO,) in the BRS;
the loss of calcite (CaCO,) and hydrobiotite
(KMgAISiO,H,0) in the BEN; and the formation of
alunogen (AL(SO,),17H,0) in the BRS, KAO, and BEN.
The hydrate sulfate alunogen present in the samples is ex-
plained by the increased sulfur content. Similarly, there
was a correspondence between anatase loss in the SRB and
calcite loss in the BEN, with a significant reduction in Ti
and Ca contents for both geomaterials (Table 2).

The OFS showed lesser chemical reactivity in contact
with sulfuric acid compared to the other geomaterials,
which is plausible since this soil is mostly composed of
quartz. From the works of MacCarthy et al. (2014) and
Brady & Walther (1989), it may be inferred that the acid
concentrations, pH values and temperature conditions used
in the present study promoted the dissolution of amorphous
silica and that the presence of Fe, Al, Mg, Si, and Na influ-
enced the adsorption rate or the attack of H' ions to the ac-
tive sites of quartz particles.

In general, the exposure of the geomaterials to the
1.00 mol/L solution resulted in liquid extracts with higher
metal concentrations. These results correspond to the ele-
mentary and mineralogical variations of the geomaterials.
In this regard, it is important to note that in acidic environ-
ments, mineral structure dissolution, cation leaching, anion
adsorption, changes in the clay particles edge charges and
the diffuse double layer, and the formation of sulfate miner-
als are able to affect the engineering behavior of soils
(Bakhshipour et al., 2016; Chavali ez al., 2018). In the pres-
ent study, the expressive concentration of several metals
found in the liquid extracts, especially for the BEN exposed
to the 1.00 mol/L solution, correspond to liquids with
higher concentrations of multivalent cations. These cations
(such as Ca” and Mg") tend to shrink the diffuse double
layer in clay particles, causing soil flocculation, macropore
formation and consequently increased hydraulic conductiv-
ity (Amadi, 2011; Mitchell, 1993; Ruhl & Daniel, 1997).

Spagnoli et al. (2012) report that kaolinite has no
forces in the double layer because the surface charge is con-
sidered neutral. According to Bakhshipour et al. (2016), in
residual soils consisting mainly of illite, kaolinite, and
goethite, acidic contamination does not provoke changes in
the diffuse double layer sufficient to promote variations in
properties such as Atterberg limits, hydraulic conductivity,
and compaction characteristics. In contrast, in smectite clay
minerals, both faces have oxide (O”) terminations, and the
edges have hydroxide (OH") and O” terminations. In smec-
tites, the diffuse double layer governs the mechanical prop-
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erties, since oscillations in the pH increase the concentra-
tion of ions in the double layer. At low pH values, the
increase in H™ concentration causes the reduction of the
double layer (Spagnoli et al., 2012).

The available literature suggests that the effects of in-
organic acids on different types of geomaterial might in-
clude dissolution of minerals, leaching of metals such as
iron and aluminum, and high loss of cations, which in turn
influence properties such as Atterberg limits, expanda-
bility, maximum dry density, optimal moisture content,
mechanical strength, and permeability.

4. Conclusions

In this study, the physical-chemical composition of
the liquid extracts and the elemental compositions of four
geomaterials exposed to sulfuric acid solutions were evalu-
ated and related to changes in their mineralogical constitu-
tion. The following experimental findings were achieved:

* The pH values showed that only the bentonite liquid ex-
tract reached a pH above neutrality after exposure to the
0.01 mol/L H,SO, solution. Under higher acid concentra-
tion, the liquid extracts remained at pH did not present a
buffer capacity for that level of acid concentration with
values close to the initial value (pH ~ 0);

* The electrical conductivity results showed a positive cor-
relation with the increase of acid concentration, indicat-
ing a higher concentration of dissolved ions in the liquid
extracts of geomaterials submitted to the 1.00 mol/L
H,SO, solution;

* Exposure to the 1.00 mol/L solution of H,SO, resulted in
the solubilization of metals, mainly in basalt residual soil
and bentonite. The concentrations of metals in the liquid
extracts matched the reduction of the geomaterial con-
stituent elements, as well as the alterations in the miner-
alogical composition, with loss and formation of mine-
rals.

In conclusion, when considering the potential appli-
cation of the geomaterials studied to constitute imperme-
able barriers, one should pay attention to the solubilization
of metals and loss of minerals in extreme acidity conditions
and the associated susceptibility to structural changes and
consequent modification in the mechanical properties and
hydraulic performance of waterproofing systems.
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Sample Quality Assessment: Comparison Between Brass
Shelby Tubes and Reinforced PVC Tube Samplers

A.V. Abreu, M.S.S. Almeida

Abstract. Laboratory tests were conducted in soft clay deposits at the Macaé/RJ airport in order to obtain geotechnical
parameters for a new runway design. The quality of soil samples, extracted with both brass tube (thin-walled) and
reinforced PVC tube (thick-walled) soil samplers, was assessed. Both samplers were 700 mm long, with a 7 degree
chamfered cutting edge and no internal clearance. Oedometer tests were conducted to compare the results of tests
performed on the samples obtained using the two samplers. Based on classifications in the literature, both samplers
provided very good to excellent samples in most of the cases. Moreover, given the lower cost and faster delivery of the

PVC samplers, this option is shown to be a good alternative to the brass samplers.
Keywords: open tube soil sampler, sample disturbance, sample quality, sampling, soft clay.

1. Introduction

Laboratory tests are often used to obtain geotechnical
parameters to be used in the design of geotechnical struc-
tures. Oedometer and triaxial tests require undisturbed
samples to yield reliable soil parameters. However, sample
quality continues to be an obstacle to obtaining good qual-
ity geotechnical parameters. The soil sampling process in-
volves a number of steps described by Ladd & De Groot
(2003) who provided a list of recommendations for mini-
mizing sample disturbance.

Several types of sampling tools and methods are de-
scribed in the literature (Hvorslev, 1949; Bertuol et al.,
2009; La Rochelle et al., 1981; Lefebvre & Poulin, 1979;
Tanaka er al., 1996; Hight, 2001).

The Brazilian practice (ABNT, 1997) has relied on
the use of thin-walled open tubes (Shelby tubes), fitted with
a drive head with a suction ball valve to help secure the
sample during extraction. In general, these open tubes are
manufactured in brass or stainless steel, with a thin wall
(typically 1.58 mm thick).

However, the cost of brass or steel samplers is also a
factor that must be considered. Januzzi et al., 2013 carried
out soft clay sampling with a thick-walled PVC tube sam-
pler and concluded that its use should be encouraged, pro-
vided the sample quality criteria could be met. Marques et
al. (2017) conducted a site investigation using PVC tubes,
with satisfactory results, where 60 % of the samples were
classified as good to excellent according to the Coutinho
(2007) sample quality evaluation criteria.

Although the ABNT (1997) recommends the use of
brass or stainless steel tube samplers, three factors have
arisen in Brazilian common practice to support the use of
PVC tubes. These factors include: time, cost and handling.

PVC tubes can be acquired more quickly than brass or
stainless steel tubes, they are significantly less expensive
than metal tubes, and they are easier to handle during sam-
ple extrusion.

This paper deals with the analysis of tube samplers
made of different materials in order to compare the novel
use of thick-walled PVC tube samplers and the impact of
their use on the geotechnical parameters of the samples.

Lunne & Long (2006) presented a broad discussion of
the detailed physical characteristics of the core sampling
tubes, such as: diameter, wall thickness (or area ratio), cut-
ting edge angle, inside clearance, inside friction, and out-
side friction. Extensive literature exists on these topics.
Regarding the physical characteristics of the core sampling
tubes the following studies are of particular importance:
Hvorslev (1949), Kallstenius (1963), Lefebvre & Poulin
(1979), La Rochelle et al. (1981), Andresen (1981), Hight
et al. (1992), Lunne et al. (1997), Lunne et al. (1998),
Lunne et al. (2006), Lunne (2009), Tanaka & Tanaka
(1999), Di Buo et al. (2019). Furthermore, Karlsson et al.
(2016) and Lim et al. (2019) reported that a little more care
in sample handing and testing can result in large cost sav-
ings as a result of more reliable model parameters.

The aim of this article is to assess and compare the
quality of soil samples extracted using two different soil
sampling tubes, a brass (thin-walled) tube sampler and a
PVC (thick-walled) sampler. Undisturbed soil samples we-
re needed to determine geotechnical parameters for a civil
engineering project at the Macaé airport in Brazil. Each
tube sampler was used to extract three samples from an 8 m
deep soft clay deposit. The sample quality was assessed ac-
cording to parameters proposed by Lunne et al. (1997) and
Coutinho (2007).
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2. Sample Quality Evaluation

The classification of sample quality proposed by Lun-
ne et al. (1997) is based on the ratio of Ae/e , where Ae is
equal to ¢, - e, i.e., the difference between the void ratio ¢,
at the start of the oedometer consolidation test and the void
ratio e, at the in situ vertical effective stress. Coutinho
(2007) used the same ratio, Ae/e,, but suggested different
limits, taking into consideration the fact that Brazilian soft
clays are, in general, softer and more plastic than the Scan-
dinavian clays used in the Lunne ez al. (1997)’s study. Ta-
ble 1 shows the criteria for classification of sample quality,
including the ranges and limits of the overconsolidation ra-
tios (OCR) used for each approach.

3. Brass and Reinforced PVC Soil Sampler
Tubes

The PVC tube sampler was manufactured according
to the recommendations of De Groot et al. (2005), with a
7° cutting edge (ABNT (1997) recommends an angle
range between 5° and 10°, no internal clearance (Fig. 1), a
100 mm diameter, a 700 mm length and a wall thickness of
2.50 mm. The geometric and material characteristics of
the tube samplers used in this study are presented in
Table 2.

The cost of obtaining undisturbed soil samples is an
important factor to be considered with respect to the overall
sampling process, particularly in the Brazilian context. The
prices for brass Shelby tube samplers used in three different
projects are listed in Table 3. The table shows that the cost
of soil sampling using reinforced PVC samplers varies be-
tween 47 % to 68 % relative to the cost of sampling with
brass samplers. The main reason for this is the fact that the
cost of the brass and PVC tubes are, respectively about
50 % and 10 % of the overall sampling cost, thus the PVC
tube sampler is much cheaper than the brass sampler. It
should be also noted that the time needed to manufacture
and deliver brass tubes is usually about one month, whereas
reinforced PVC tubes can easily be found, cut and put
through the lathe.

Table 1 - Criteria used to evaluate sample quality.

Aele, (Lunne et al., 1997)

OCR Very good  Good to Poor Very poor
to excellent fair
1-2 <0.04 0.04-0.07  0.07-0.14 >0.14
2-4 <0.03 0.03-0.05  0.05-0.10 >0.10
Aele, (Coutinho, 2007)
OCR Very good  Good to Poor Very poor
to excellent fair
1-2.5 <0.05 0.05-0.08  0.08-0.14 >0.14
o _
T
L720_36 P ¢=2.50 mm—
Figure 1 - Detail of the PVC sampler cutting edge.
Table 2 - Characteristics of the tube samplers used.
Reinforced PVC'  Brass
Nominal diameter (mm) 100 100
Wall thickness (mm) 2.5 1.58
Rigidity modulus (GPa) 32 40
Absolute roughness’ - € (mm) 0.003 0.007

'Commercial Ref. Amanco.
*Lencastre, 1996.

4. The Test Site

The area studied, shown in Fig. 2, is near the Macaé
river, which flows into the Atlantic 2.5 km downstream
from the city of Macaé.

The Macaé soft clay deposit was formed about 5000
years ago from sediments originating from the erosion of
the surrounding mountains carried by tributary rivers, as

Table 3 - Cost comparison - Extraction with PVC vs Brass 100 mm diameter soil tube samplers.

Project Year Location Material Cost of soil sample plus
tube sampler-USD*/m

Porto Alegre Airport - Cargo Apron' 2014 Porto Alegre/RS Brass 316.18

PCTEG’ 2015 Guaratiba/RJ Brass 460.83

Macaé Airport’ 2019 Macaé/RJ Reinforced PVC 215.38

"Public Bid Process 011/ADSU/SBPA/2012.
*Public Bid Process 02/2014 - 1* RM.
*Private Bid Process.

“Currency exchange rate USD/BRL = 5.58.
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Figure 2 - Curves of equal thickness for the Macaé Airport soft soil deposit.

well as from marine sediments deposited by sea regression
(Martin et al., 1984). Mineralogical tests performed on
samples collected at the site showed that the clay fraction is
composed primarily of kaolinite, although illite and/or
smectite can also be found in smaller proportions. The or-
ganic matter content of this soil deposit, determined by the
Embrapa Method (Embrapa, 1997), is around 6 %. There-

Soils and Rocks, Sao Paulo, 43(2): 287-294, April-June, 2020.

fore, this clay can be classified as slightly organic (Mitchell
& Coutinho, 1991).

The black hatched circle shown in Fig. 2, the deepest
point of the soft soil at the airport site, represents the loca-
tion studied in this article.

Figure 3 summarizes the main characteristics of the
Macaé soft soil deposit based on the site investigation car-
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ried out. The eight-meter thick very soft clay layer
(N, < 2) overlies the fine to coarse sand layer. The water
table at the site is just below ground surface and is influ-
enced by sea level. Natural unit weight (y,) varies from 11.5
to 14.5 kN/m’ (Fig. 3a). The Macaé clay is very plastic and
the plasticity index (I,) varies from 78 % to 85 %, measured
without previous drying (Fig. 3b), with water content (w,)
being slightly superior to the liquid limit (w, ). Figure 3(c)
shows that specific gravity (G,) is nearly constant and equal
to 2.61, although at 7.0 and 8.0 m depth G, is lower (about
2.10) due to organic matter. The in situ void ratio (e,), var-
ies from 2.2 to 5.0 between one meter to eight meters depth,
although from the surface to one-meter depth, ¢, increases
from 0.5 to 4.0 (Fig. 3d). Lower values of ¢, near the surface
(< 1.0 m depth) are due to a higher sand content and water
level fluctuation. The Macaé site soil composition is a
clayey silt with an average of 30 % clay, 60 % silt and 10 %
sand, as shown in Fig. 3e.

When compared with other soft soil deposits in the
state of Rio de Janeiro, Brazil, it is important to mention that
the clay content of the studied deposit at the Macaé Airport is
lower than other studied areas, such as Sarapui (Almeida &
Marques, 2003; Almeida et al., 2008), and Barra da Tijuca
(Baroni & Almeida, 2017 and Baroni & Almeida, 2012). In
these other areas, the average clay content is 69 % for
Sarapui (Almeida & Marques, 2003), 70 % for the Jutur-
naiba deposit (Coutinho & Lacerda, 1987), and the Barra da
Tijuca clay composition varies from 23 % to 80 % (Baroni &
Almeida, 2012). Moreover, Pévoa et al. (2018) found a clay
composition of 65 % for soft soil deposits about 5 km distant
from this studied site at Macaé Airport.

For all of these sites, the water content is in the range
80-150 %, and close to the liquid limit. Nevertheless, the
site in the present study has a lower clay content (an aver-
age of 30 % whereas other sites in Rio de Janeiro have, at
least, 65 %), while other geotechnical parameters such as
natural unit weight, water content, plasticity index and void

Table 4 - Tests performed on the Macaé clay.

Investigation Test types

SPT, CPTu (*), Vane tests (¥%)

In situ tests

Laboratory tests Oedometer tests (see next section);

triaxial tests (UU, CIU and CAU)

(*) COPPE/UFRIJ equipment measuring u, and u,.
(**) COPPE/UFRJ vane borer equipment.

ratio are consistent with the parameters found in the Sara-
pui and Juturnaiba deposits for instance.

The site investigation for the Macaé clay included
laboratory and in situ tests as summarized in Table 4.

The results of this site investigation are presented and
a summary of the main findings of the triaxial, vane and
piezocone tests is presented in Table 5.

5. Oedometer Consolidation Tests Results

Soil samples extracted from the site were transported
to the laboratory according to local practice (Aguiar, 2008),
which involved the sample being carried in a wooden box
filled with damp saw dust to avoid disturbance and also to
prevent water content loss. Once in the laboratory, the sam-
ples were handled according to recommendations in the lit-
erature (Ladd & De Groot, 2003).

Table 5 - Summary of triaxial and vane test results.

Parameter Value / Range
Peak friction angle ¢’ (°) 38.3
Cohesion ¢’ (kPa) 1.10
Undrained strength S, (kPa) 10.6-18.0
Average clay sensitivity S, 4
Piezocone cone factor N, 10

Pore pressure ratio B, 0.33

Particle size

¥, (KN/m?3) Wy W, wp (%) G, ey distribution (%)
Nsero 5 10 1520 0 50 100 150 200 2.0 22 24 26 28 0 2 4 6 8 0 25 50 75 100
0 1 1 T T T T T T 1 1 1 |
1] 0 ’;i f’ Yo, < Sand
i I,=78
2 8 K——h 0 4 o
0 Ip=83
= 37 son £ $ R
g oo Ip=179
N’ 1 P. =
s T, L (KON $ o
o
g 0 ¢ In=85 $ O Clay
1 1 ¥ e $ o
7 ‘0 m Wp ° 3 oo® ©
g 4 A W o o
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Figure 3 - Characteristics of Macaé soft soil deposit.
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Sample Quality Assessment: Comparison Between Brass Shelby Tubes and Reinforced PVC Tube Samplers

The reinforced PVC tube sampler was used to extract
three samples from the deposit, at depths of 2.5 m, 4.0 m
and 6.0 m. Three additional samples (2.0 m distant from
PVC borehole) were then extracted using the brass tube
sampler at the same depths. Incremental loading 24 h oedo-
meter tests were conducted on all samples using the same
loading test sequence to enable comparison.

In total, eleven samples were extracted, however four
of these showed atypical water content values and were,
therefore, rejected at the beginning of the tests. One sample
was classified as poor based on the Lunne et al. (1997) cri-

(@ 410 = mmeag
g ".‘l»-“h—:&\
350 \\
290 f \
O \
= \
s 230 \
=
2 \
170 \
N
il N
S| X
1.10 B 3y
[ —=PVC —= Brass |
0.50 ‘
1 10 100 1000

Vertical effective stress (kPa)

teria and was also rejected. Hence, six (three for each tube
sampler type) out of eleven samples were analyzed in
greater detail. The vertical effective stress vs. void ratio
curves for each of these six tests are shown in Fig. 4, Fig. 5
and Fig. 6, respectively for samples at 2.5 m, 4.0 m and
6.0 m of depth from the borehole SP 16. These figures show
the complete curve (log 6, vs. €) on the left, and on the
right, the preconsolidation stress region in greater detail,
with a modified scale to better visualize the preconsoli-

dation stress values, calculated using the Pacheco Silva
method.

Figure 4 - (a) log (¢’ ) vs. e curve at SP 16 - 2,5 m ; (b) Detail at Preconsolidation Stress region.
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Figure S - (a) log (c°,) vs. e curve at SP 16 - 4 m ; (b) Detail at Preconsolidation Stress region.
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A summary of the six oedometer tests is presented in
Table 6.

An overall summary, with average values of the com-
pressibility and consolidation data for the Macaé clay, is
shown in Table 7.

6. Summary and Discussion

The last two columns of Table 6 present the sample
quality according the criteria proposed by Lunne et al.
(1997) and Coutinho (2007), for the six samples analyzed.
The sampling process in situ was conducted quite carefully,
which is not common in engineering practice. The study
also closely followed the recommendations found in the lit-
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Figure 6 - (a) log (c’,) vs. e curve at SP 16 - 6 m ; (b) Detail at
Preconsolidation Stress region.
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Table 6 - Summary of the oedometer test results.

Quality

Coutinho (2007)

Lunne et al. (1997)

Aele,

w, (%) e, e, OCR

153.97

z (m)

Sample tube material

Sample

OCR >2.5
OCR >2.5
very good to excellent

good to fair
very good to excellent very good to excellent
very good to excellent very good to excellent

very good to excellent very good to excellent

very good to excellent
very good to excellent

0.011
0.015
0.027
0.048
0.033
0.031

0.19
0.19

25
0.19
0.16
0.16

3.92 3.69 1.99
3.98 3.52 1.99
3.94 2.34 1.81
3.82 2.27 1.95
3.79 1.89 2.14
3.84 1.96 2.29

3.9
4.05
4.0
39
39

4.02

153.49
153.39
149.89
144.49
146.48

2.5

2.5
4.0
4.0
6.0
6.0

PVC
Brass
PVC
Brass
PVC

compression index.
swelling index.

c
s

SP16-2.5m Brass
SP16-4m
SP16-6m

'C
’C
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Sample Quality Assessment: Comparison Between Brass Shelby Tubes and Reinforced PVC Tube Samplers

Table 7 - Summary of the compressibility and consolidation pa-
rameters for the Macaé Clay.

Table 8 - Comparison between brass and reinforced PVC tube
samplers.

Parameter Average value Tube type  Advantages Disadvantages
Compression ratio: CR = Cc/(1 +¢) 0.39 Brass Traditionally used; greater ~ greater cost, greater
c/C. 0.10 stiffness roughness index
Coefficient of vertical consolidation (c,) at 32 10° Reinforced Lower cost, shorter del.ivery Smaller stiffness
normal consolidation condition (m’/s) ) PVC time, lower roughness in-

erature (Ladd & De Groot, 2003; De Groot et al., 2005;
Aguiar, 2008), which may explain the good values of Ae/e,
found in here. The use of samplers with a 7° cutting edge
(within the 5° to 10° range indicated by ABNT (1997)), as
well as no internal clearance also facilitated insertion of
both tube samplers.

Overall, the values of Ae/e, for the PVC tubes sam-
ples are on average 36 % higher than Ae/e, values for rein-
forced brass tube at the same depth. Although higher Ae/e,
values were observed in the PVC samples relative to brass
samples, this was found to be relatively insignificant, as it
did not change the sample quality classifications based on
Lunne et al. (1997) and Coutinho (2007).

These findings are consistent with other recent cam-
paigns conducted in Brazil. Jannuzzi et al. (2013) reported
excellent and good to fair quality samples at the Sarapui II
deposit in four out of six PVC tube samples, therefore, 67 %,
according to Lunne et al. (1997). Marques et al. (2017) used
PVC tube samplers at Guaratiba/RJ and reported a lower
percentage for excellent and good to fair quality samples (3
out of 6 samples; 50 %). In the present study, 55 % of the
original eleven samples were considered excellent and
good-to-fair quality according to Lunne et al. (1997) or
Coutinho (2007). However, it is important to mention that
atypical water content values presented a major problem in
four of those samples and they were therefore excluded from
the analysis. Essentially, only one of the original samples
was considered poor according to the criteria. Table 8§ com-
pares the brass and reinforced PVC tube samplers showing
their advantages and disadvantages. The greater stiffness of
the brass tubes seems to explain the smaller Ae/e, ratio com-
pared with values from samples extracted with the PVC
tubes. The greater stiffness reduces the strain on the tubes re-
sulting in smaller sample disturbance. However, this is not
sufficient reason for rejecting the use of PVC tubes as they
have important advantages over the brass tube sampler, in
terms of cost, time and handling.

7. Conclusion

The quality of samples extracted in situ is a funda-
mental factor in obtaining accurate geotechnical parame-
ters. In this study, the use of reinforced PVC tube soil
samplers (700 mm long, with a 7 degree chamfered cutting
edge and no internal clearance) for extracting undisturbed
soil samples was shown to be feasible, with advantages in

Soils and Rocks, Sao Paulo, 43(2): 287-294, April-June, 2020.

dex, easier to cut and trim

terms of cost, time and handling. Oedometer tests were
conducted to compare the results of tests performed on the
samples obtained using the brass and PVC samplers. In-
deed, based on the sample quality criteria of both Lunne et
al. (1997) and Coutinho (2007), most of the samples were
assessed to be in the “very good to excellent” range.

Although the wall of the PVC tube soil sampler is
thicker than the brass tubes, yielding a lower rigidity mod-
ule, good results were achieved due to: 1) the absence of in-
ternal clearance on the sampler; ii) the lower absolute
roughness of the PVC compared to the brass tube; and iii)
the use of careful and patient sample handling and trim-
ming in the extraction process.

Despite the limited number of samples in this study, the
results are still encouraging and are consistent with the find-
ings of Jannuzzi et al. (2013) and Marques et al. (2017). In this
context, the findings indicate that the use of PVC samplers en-
able cost and operational time savings when compared with
brass tubes, without compromising sample quality.
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Influence of Weathering and Correlations Between Wave
Propagation Velocity and Durability with Physical and
Mechanical Parameters in Phyllites

T.R.R. Carvalho, M.F. Ledo, E.A.G. Marques

Abstract. Ultrasonic longitudinal wave velocity (Vp) and durability are characteristics largely determined in geotechnical
evaluations. These properties are useful in the analysis of weathered rocks because they usually have good relationships
with physical and mechanical properties of rocks. Additionally, the tests to obtain these parameters are easy to perform.
However, few studies have been performed specifically on low degree metamorphic rocks. The purpose of this study is to
evaluate the influence of weathering on these parameters, as to propose correlations between Vp and some mechanical and
physical parameters. This study was carried out using phyllites from three weathering profiles located along the highway
BR-356, Minas Gerais, Brazil. The results reveal a clear influence of weathering on Vp and durability mainly due to
increased porosity. However, as the variation of this parameter is heterogeneous, the relationship between Vp, durability,
and weathering is not uniform, although they present general trends. The behavior shown by porosity reflects the complex
role of chemical weathering on fractures. The non-uniform pattern of Vp and durability throughout the weathering classes
is also a consequence of the heterogeneity and anisotropy intrinsic to these phyllites. The empirical relationships

established exhibit good correlation coefficients.

Keywords: correlations, durability, Minas Gerais, phyllite, wave propagation velocity, weathering.

1. Introduction

Ultrasonic wave propagation test is non-destructive,
easy to apply, and thus has been increasingly employed in
the characterization of rocks for engineering purposes, in-
cluding the determination of effects of weathering on rocky
materials.

Several researchers have studied the relationship be-
tween ultrasonic longitudinal wave propagation velocity
(Vp) and rock properties, finding an intimate relationship
between them (Gardner et al., 1974; Gaviglio, 1989; Souza
et al., 2005; Cobanoglu &Celik, 2008; Sharma et al., 2011;
Nefeslioglu, 2013; Jamshidi ef al., 2016; Wen et al., 2018,
Kanji & Ledo, 2020). Although many attempts have been
performed to correlate Vp with physical and mechanical
rock properties, few studies have focused on low and me-
dium degree metamorphic rocks (Sharma & Singh, 2008;
Sarkar et al., 2012; Khandelwal, 2013).

Ultrasonic longitudinal wave propagation velocity
(Vp) in rocks is influenced by many factors such as lithol-
ogy, density, porosity, grain size and shape, anisotropy,
confinement pressure, weathering, bedding, joint charac-
teristics (fill material, water, direction, dip, among others)
(Kahraman, 2001).

Weathering is known to lead to rapid changes in the
properties of rock materials. Alterations of a particular rock
type and their rate of occurrence (alterability) are often de-
scribed by a durability parameter (Crosta, 1998) known as
the durability index (/,) and obtained through slake durabil-
ity test.

The slake durability test is used to evaluate the resis-
tance to rock alteration as a function of the disintegration
resulting from a standard wetting and drying cycle (Frank-
lin & Chandra, 1972). Durability is a characteristic largely
affected by mineralogy, texture, porosity, and water con-
tent and is strongly related to the history of alteration after
its formation (Koncagiil & Santi, 1999; Cetin et al., 2000;
Dhakal et al., 2002; Yilmaz & Karacan, 2005; Gupta &
Ahmed, 2007; Ioanna et al., 2009).

In this sense, this study shows the effects of weather-
ing on Vp and durability, as well as the correlation between
these properties and physical and mechanical parameters in
phyllites from the region of Minas Gerais, Brazil.

Phyllites were collected in road slopes located in the
state of Minas Gerais, Brazil. These slopes are inserted in
the geological context of the Iron Quadrangle, an important
mineral province of Brazil, consisting of five main lithos-
tratigraphic units (Alkmim & Marshak, 1998): crystalline
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Figure 1 - Geological map with the location of the studied weathering profiles, located in the contiguous cities of Mariana (Phy0O1) and
Ouro Preto (Phy02 and Phy03) (adapted from da Silva et al., 2005; Romano et al., 2017). Ouro Preto is approximately 100 km from the
capital of the State of Minas Gerais (Belo Horizonte, BH), Brazil.

basement, metamorphic complexes of Archean age; Rio  and Is, to verify the possible relationships between these

das Velhas Supergroup, consisting of an Archean volcano-
sedimentary sequence (greenstone belt); Minas Super-
group, formed by Proterozoic, metamorphosed, and folded
sediments; post-Minas intrusions; Itacolomi Group, con-
sisting of Proterozoic clastic metasediments. As shown in
Fig. 1, the studied phyllites belong to the Minas Super-

group.
2. Methodology

Phyllite samples at different degrees of weathering
were taken from three road slopes located along BR-356 in
the state of Minas Gerais, Brazil (Table 1). The degrees of
weathering were identified in each profile from the classifi-
cation proposed by the International Society of Rock Me-
chanics (ISRM, 2015).

These samples were taken for laboratory tests to ob-
tain physical indices, wave propagation velocity, point load
strength index, durability, and mineralogical analysis. It is
part of the scope of this paper to present and discuss Vp and
durability data for materials at different levels of weather-
ing, as well as correlate the properties Vp and durability, Vp
and physical indices, and Vp and the point load strength
(Iss,,)- Tests were performed according to the suggestions
of ISRM (2007).

Listed next are the number of samples used for each
weathering class contemplated in this study: 13 from phyl-
lite W1/W2, 19 from phyllite W2, 20 from phyllite W2/W3,
38 from phyllite W3, 23 from phyllite W3/W4, 19 from
phyllite W4.

Least-squares regression analyses were applied be-
tween Vp and durability, Vp and physical indices, and Vp
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properties. The best-fit line and the correlation coefficients
were determined. Different relationships (linear, exponen-
tial, logarithmic, and power) were tested in order to obtain
the highest correlation coefficient values.

Table 1 - Degrees of weathering of phyllites sampled for labora-
tory tests. The classification was carried out according to ISRM
(2015) guidelines.

Weathering profiles Class Term
PhyO1 Slightly weathered rock w2
Moderately weathered rock W3
Highly weathered rock W4
Phy02 Sound to slightly weathered ~ W1/W2
rock
Slightly weathered rock w2
Slightly weathered to W2/W3
moderately weathered rock
Moderately weathered rock W3
Moderately weathered to W3/w4
highly weathered rock
Phy03 Moderately weathered rock W3*
Highly weathered rock W4

*In the Phy03 profile, three distinct collection points of the mod-
erately altered phyllite (W3) were chosen to evaluate the influ-
ence of possible textural and mineralogical differences.
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Figure 2 - Outcrops of phyllite W3 (a) and W4 (b) from profile Phy01, W3/W4 from profile Phy02 (c), and W3 from profile Phy03 (d),
highlighting discontinuities parallel to foliation resulting from exposure of these rocks to weathering.

3. Results and Discussions

3.1. Main characteristics of the studied phyllites

The studied phyllites are composed of muscovite,
quartz, opaque minerals and chlorite. The main products of
weathering on primary minerals are iron oxide/hydroxide
and kaolinite. Foliation is penetrative, millimeter-spaced,
formed by the alternation of thin micaceous bands, quartz-
micaceous bands, and quartz veins. There are also veins
consisting of chlorite and opaque minerals, parallel to
metamorphic foliation.

One of the main effects of the exposure of these rocks
to atmosphere conditions is the formation of fractures par-
allel to the metamorphic foliation, which intensifies with
the advancement of weathering (Fig. 2). There is also in-
creased openness of these discontinuities that become more
degraded in the most altered members. This striking char-
acteristic observed in the studied profiles is also noticeable
in the petrographic slide due to the presence of micro-
fractures, especially transgranular and intragranular
(Fig. 3). As physical weathering is processed, creating pref-
erential spaces for water to enter the rock, opaque minerals
are dissolved and iron oxides are precipitated. These results
are in agreement with studies carried out in phyllites under
tropical (Ledo et al., 2017) and subtropical (Marques et al.,
2017; Marques et al., 2020; Robert & Hack, 2020) cli-
mates. Figures 4, 5, and 6 show the main implications of
weathering on the matrix of this rock.

3.2. Physical indices

Dry and saturated apparent specific gravity, apparent
porosity, and apparent water absorption capacity are shown

Soils and Rocks, Sao Paulo, 43(2): 297-308, April-June, 2020.

in Table 2. Physical parameters are clearly influenced by
weathering processes. However, the variation of these pa-
rameters is not homogeneous in soil-rock transition materi-
als (W3, W3/W4, and W4). It is mainly due to the increased
number of micro-fractures and the widening of pre-existing
discontinuities parallel to metamorphic foliation. This in-
crease in porosity with the advancement of weathering is
also accompanied by higher precipitation of iron oxide/hy-
droxide rich solutions, as previously discussed. These char-
acteristics occur most sharply from phyllite W3. Sousa et
al. (2005) observed that, unlike what happened in intact or
slightly altered granites, the porosity variation was not ho-
mogeneous in a very altered granite. This is due, according
to the authors, to the action of weathering on micro-frac-
tures, making their performance increasingly complex and
reflecting on the physical characteristics of the rock.

3.3. Durability

The lowest obtained durability index corresponds to
phyllite W3 from profile PhyO1 (Table 3). It can be ex-
plained by the reduced internal cohesion of its matrix,
which was also pointed out by Ledo et al. (2017) in altered
sericite phyllites from the same site. These phyllites are
characterized by levels of mafic and siliceous minerals that
fill foliation (Fig. 4). Ledo (2017) performed durability
studies on phyllites located in profile PhyOl and obtained
nonlinear behavior of 1, values among phyllites with dif-
ferent degrees of weathering. The author attributed this be-
havior to the presence of cemented levels, whose origin
would not be the result of the weathering action. These lev-
els are unevenly distributed throughout the profile, causing
heterogeneities in the rock. Thus, the conclusion reached
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Figure 3 - Textural and mineralogical aspects of phyllites in petrographic slides. Slides are from samples collected from profile Phy03.
The abbreviation means: /rO iron oxides/hydroxides; Mu muscovite; Op Opaque; Qz quartz. In (a) there is a fracture parallel to meta-
morphic foliation (phyllite W3). In (b and c) there is a transgranular fracture and precipitation of iron oxides/hydroxides due to the
weathering of opaque (phyllite W3 and W4, respectively). In (d) there is a precipitation of iron oxides/hydroxides in the matrix and
intragranular fractures of quartz grains (phyllite W3).
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Figure 4 - Aspects of the phyllite matrix at different degrees of weathering of profile PhyO1. Scale in centimeters (cm). SBG - Brazilian
Geological Society.
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Figure 5 - Aspects of the phyllite matrix at different degrees of weathering of profile Phy02. Scale in centimeters (cm). SBG - Brazilian
Geological Society.
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by this author is in agreement with the results from the pres-
ent study, as these same levels were also identified in this
research, which would explain the increase in durability
found in phyllite W4 in relation to W3 from profile PhyO1.
In profile Phy02, /,, values obtained for slightly al-
tered phyllites (W1/W2, W2, and W2/W3) are above 90 %.

?», ? ST 2]
i Y,

Similar values were found by Ramamurthy ef al. (1993)
(97.56 % for intact micaceous phyllites), Andrade & Sarai-
va (2010) (90.7 to 98.9 % for phyllites W1 and W2), Mar-
ques et al. (2010) (durability values higher than 95 % for
gneisses W1 and W2), and Silva & Lana (2012) (90.36 to
91.56 % for sericite phyllites W2).

W3 I W4

Figure 6 - Aspects of the matrix of weathered phyllites of profile Phy03. Samples of phyllite W3 were collected from three different
points of the profile, demonstrating the heterogeneity of the rock. Scale in centimeters (cm). SBG - Brazilian Geological Society.

Table 2 - Mean (M) and standard deviation (SD) of values of dry (p,,,) and saturated (p,,) apparent specific gravity, apparent porosity
(n), and apparent water absorption (abs) for different classes of phyllite weathering of the three weathering profiles.

Class p,. (g/cm’) SD (glem’) p ,(g/lcm’) SD (g/cm) M (%) SD (%) abs (%) SD (%)
PhyO1 w2 2.79 0.03 2.85 0.03 6.06 0.25 2.18 0.11
w3 2.38 ND* 2.53 ND 14.29 ND 6.00 ND
w4 1.95 ND 2.09 ND 14.07 ND 7.23 ND
Phy02 W1/W2 2.8 0.01 2.84 0.01 4.17 0.19 1.49 0.07
w2 2.72 0.02 2.78 0.02 6.14 0.43 2.26 0.17
W2/W3 2.75 0.05 2.83 0.04 8.57 0.29 3.12 0.16
W3 2.44 0.03 2.59 0.03 14.89 0.52 6.09 0.29
W3/W4 2.14 0.14 2.36 0.10 22.00 4.11 10.35 2.59
Phy03 W3 2.38 0.03 2.54 0.01 15.76 1.60 6.63 0.75
w3 2.30 0.06 2.48 0.04 17.99 1.76 7.84 0.98
W3 2.40 0.09 2.55 0.07 15.12 2.26 6.32 1.18
W4 2.37 0.07 2.54 0.05 16.20 2.17 6.84 1.11
*ND Not determined.

Table 3 - Durability index (/,, and /,,) and wave propagation velocity (Vp) of phyllites at different states of alteration of the three weath-

ering profiles.

Weathering profiles Class 1, (%) I, (%) Vp perpendicular direction (m/s) Vp parallel direction (m/s)
PhyO1 w2 88.19 76.76 445.14 4795.00
w3 8.19 1.66 126.00 3474.25
W4 11.67 7.44 ND* ND
Phy02 WI1/W2 98.18 96.82 2040.10 5382.42
w2 97.32 95.52 969.71 4601.33
W2/W3 95.18 91.75 1011.42 4716.65
w3 95.49 91.81 742.00 4243.79
W3/W4 76.47 60.34 501.92 4415.32
Phy 3 W3 61.34 44.08 394.67 4011.83
w3 85.51 73.83 366.00 3802.14
W3 71.94 55.05 523.43 3830.78
W4 75.56 65.65 945.78 3588.21
*ND Not determined.

Soils and Rocks, Sao Paulo, 43(2): 297-308, April-June, 2020.
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The durability obtained from phyllites W3 is quite
variable. Except for phyllite W3 from profile PhyO1, which
has a very low internal cohesion (a characteristic of this
profile), 7, ranged from 91.81 (profile Phy02) to 44.08 %
(profile Phy03). High variations in moderately weathered
phyllites were also reported by Andrade & Saraiva (2010)
(between 59.6 and 98.2 %) and Silva & Lana (2012) (be-
tween 86.18 and 54.32 %).

The variation in durability found for phyllites W3
may be related to the following changes imposed by weath-
ering, which increase significantly in this degree of alter-
ation: increase in pore volume and significant presence of
altered opaque minerals, i.e., which had their crystalline
form modified (Fig. 3d). Similarly to the present study,
Dhakal ef al. (2002) found a close relationship between du-
rability and weathering in clastic rocks since it provided
changes in pore volume and distribution and caused crys-
talline changes in smectites, which coincides with the re-
sults of the present study.

Graphs of Figs. 7 and 8 compare the average values of
1, and porosity and /,, and amount of oxides, respectively,
in the different weathering classes, being possible to ob-
serve the influence of these factors on durability. The in-
creased porosity, associated with permeability, provides a
larger surface area of the rock available for contact with
water (specific surface), which acts to decrease durability,
by weakening chemical bonds, changing properties of min-
eral constituents and causing instability along weakness
planes due to pore water pressure (Koncagiil & Santi,
1999).

Figures 9 and 10 show, respectively, /,, values with
weathering progression and phyllite samples after being
subjected to two wetting and drying cycles. As can be ob-
served, although /,, does not uniformly follow the evolution
of the alteration, there is a general trend to reduce this pa-
rameter with weathering.
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Weathering grades

Figure 7 - Mean values of /,, and porosity of each weathering
class. A more significant reduction in durability is observed as
there is a more significant increase in porosity from the moder-
ately altered phyllite (W3).
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Figure 8 - Mean values of /, and oxide concentration of each
weathering class. There is a more marked decrease in durability
while a more significant increase in oxide precipitation from the
moderately weathered phyllite (W3). Elevated oxide concentra-
tion indicates a higher alteration in opaque minerals.

The variability found in durability between phyllites
of the same alteration class is also attributed to the hetero-
geneity of the rock, including the same profile. It happened,
for instance, in phyllites W3 collected at distinct points in
profile Phy03 (Fig. 2). Depending on profile position, the
rock may contain more or less opaque and hence, oxide
content, as well as variations in quartz content. Thus, dura-
bility is influenced not only by secondary processes derived
from weathering but also by the heterogeneity itself intrin-
sic to the mineralogical composition variation of these
phyllites.

3.4. Wave propagation velocity

Some samples showed no detection of Vp signal mea-
sured perpendicularly to foliation, while in others (the ma-
jority), the intensity signal detected during tests was very
low, rarely 100 %. The attenuation of Vp in the perpendicu-
lar direction is caused by the presence of fractures parallel
to foliation that make the rock discontinuous, affecting it
significantly. There are often reports in the literature of dif-

100
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WI/w2 W2 W2/W3 W3 W3/W4 W4
Weathering grades

Figure 9 - Relationship between 7, and different degrees of al-
teration of phyllite samples collected in three distinct weathering
profiles (PhyO1, Phy02, and Phy03).
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Weathering profile Phy01
= s

W3

R

g profile Ph03

Figure 10 - Results of samples of altered phyllites after two wetting and drying cycles.

ferences in Vp in the direction perpendicular and parallel to
foliation in rocks with anisotropic properties (Ramamurthy
et al., 1993; Marques et al., 2010; Kurtulus et al., 2012;
Nikrouz et al., 2016). Jensen & Elming (2013) reported as
potential causes of seismic anisotropy the micro-fissures,
joints, faults, macroscopic foliation, stratification, and wea-
thering. These authors found anisotropy in Vp in metario-
lites with microfoliation, obtaining the highest values in the
direction parallel to it.

The values of Vp obtained in the parallel direction for
slightly altered phyllites (W1/W2, W2, and W2/W3) are in
the range of 4601.33-5382.42 (m/s), being compatible with
the results of phyllites with similar mineralogical composi-
tion considered intact or little altered by other researchers
(Ramamurthy et al., 1993; Andrade & Saraiva, 2010).

As shown in Fig. 11, moderately to very altered phyl-
lites (W3, W3/W4, and W4) transmit the ultrasonic waves
with less efficiency. Vp is sensitive to the state of alteration
of the studied rocks, showing a general trend of reduction as
weathering increases.

Soils and Rocks, Sdo Paulo, 43(2): 297-308, April-June, 2020.
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Figure 11 - Relationship between the velocity of ultrasonic wave
propagation measured parallel to foliation and the degree of alter-
ation of phyllite samples collected in three weathering profiles
(Phy01, Phy02, and Phy03).
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3.5. Correlations

3.5.1. Correlation between I, and I, with Vp

The values of Vp measured in the direction perpendic-
ular to foliation were not considered, due to the low inten-
sity signal detected during tests.

Figure 12 shows the correlations between /, and Vp
and /,, and Vp. In Figs. 12a and 12b, correlations were per-
formed between the mean values of each alteration class,
while in Figs. 12¢ and 12d, the individual values were used,
obtaining a much lower correlation coefficient. The dis-
persed values shown in Figs. 12c and 12d are the result of
the influence of weathering and anisotropy of the studied
phyllites.

Based on the obtained results, the use of mean values
was adequate to correlate durability and wave propagation
velocity. Khandelwal (2013) obtained a good correlation
between Vp and I, for different rock types, including
shales, for Vp values in the range from 1682 to 4657 m/s.
Sharma & Singh (2008) also found a good correlation be-
tween these two parameters when evaluating seven differ-
ent types of rock, including phyllites and shales.

3.5.2. Correlation between Vp and physical indices

Figure 13 shows that all the physical indices have a
strong relationship with Vp, with a reduction in Vp as den-
sity decreases (increased porosity and water absorption).
These results are in agreement with Gaviglio (1989), Tur-
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grul & Zarif (1999), Yasar & Erdogan (2004), Kurtulus et
al. (2010), Diamantis et al. (2011), Sarkar et al. (2012),
Khandelwal (2013), and Azimian & Ajalloeian (2015),
who studied the relationship between physical properties
and Vp and obtained good correlations between these pa-
rameters.

3.5.3 Correlations between Vp and Is

Graphs in Fig. 14 show the relationship between Vp
and Is,. As expected, the lower the s, is, the lower the
Vp. There is a good relationship between Vp and Is, mea-
sured perpendicular to foliation, with a correlation coeffi-
cient of 0.7779 (Table 4), while the correlation coefficient
between Vp and Is ;, measured parallel to foliation is lower
(R’ = 0.6139), unlike expected. Thus, despite showing in-
fluence on Vp and Is,, metamorphic foliation is not suffi-
cient to explain the good relationship obtained between

these properties.

On the other hand, porosity is closely related to Vp
(Fig. 13) and influences the resistance of weathered rocks
(Marques et al., 2010; Andrade & Saraiva, 2010; Ledo et
al., 2017) since the presence of pores makes the rock less
continuous, decreasing Vp and increasing the fragility of
the matrix when subjected to compression (Sousa et al.,
2005). Thus, the increased porosity due to weathering pro-
cesses may play a preponderant role in the variation of
these properties (Vp and Is ., ) in the studied phyllites.

(50).
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Figure 12 - Correlations between I, and Vp (parallel to foliation) and 7, and Vp (parallel to foliation). In (a) and (b), correlation between
the mean values of each alteration class. In (c) and (d), correlation between the values obtained from all weathering grades of the three

studied profiles.
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Figure 13 - Correlations between Vp (parallel to foliation) and physical indices: dry (a) and saturated apparent specific gravity (b), po-
rosity (c), and water absorption capacity (d).

Table 4 - Equations correlating Vp (parallel to foliation) and /sy, in different types of rock.

Equations Correlation coefficient References Rock

Is, = 6.67In(Vp) - 51.9 0.93 Jamshidi et al. (2016) Travertine

Is s, = 0.0018(Vp) - 1.9906 0.95 Kurtulus et al. (2010) Andesites

Is s, = 0.0042(Vp) - 14.602 0.90 Kurtulus et al. (2012) Serpentine ultrabasic rocks
Vp =-16.7841s ,, + 6078.9 0.55 Jensen &Elming (2013) Meta-riolites

Vp =859.02Is,," + 3475.2 0.78 Present study Phyllite

Vp = 3155.9Is(5mh +3574.1 0.61 Present study Phyllite

Is ;" Direction of loading perpendicular to foliation.
Is,,, Direction of loading parallel to foliation.
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Figure 14 - Relationship between Vp (parallel to foliation) and Is , perpendicular to foliation (/s 5, ") and parallel to foliation (Is(so)b).
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4. Conclusions

The slake durability test performed in the studied
phyllites showed that weathering has a clear influence on this
geotechnical property, affecting the texture and mineralogi-
cal composition of these rocks. As expected, the progressive
increase in porosity and mineral alteration due to weathering
was accompanied by a reduction in durability, but the inten-
sity in which this process occurs was established.

Vp decrease with weathering is closely related to vari-
ation of physical indices, as proved by the significant corre-
lation coefficients found. Intact rock strength and Vp are
influenced by metamorphic foliation. Also, the very good
correlation found between Vp and Is, may be influenced
by the effects of weathering, which cause a higher increase
in porosity when compared to the anisotropy intrinsic to
phyllites resulting from mineral alignment.

Vp and durability, although presenting general trends,
do not evolve uniformly with the weathering progression
since porosity, the main physical parameter that influences
strength has heterogeneous behavior. This behavior attrib-
uted to porosity is probably associated with physical weath-
ering, due to the increase in spacing of pre-existing discon-
tinuities and formation of a micro-fracture network.
Therefore, the action of weathering on fractures and mi-
cro-fractures makes their effects increasingly complex, re-
flecting on the physical characteristics of the rock.

In addition to the influence of secondary weathering
processes on the variability of physical and mechanical pa-
rameters, there is also the mineralogical heterogeneity in-
trinsic to these phyllites, observed between samples with
the same degree of alteration in the same profile, but taken
from different points. Both heterogeneity and anisotropy
are also revealed in the correlation established between Vp
and /, and Vp and I, when all values for each sample from
all three slopes are incorporated. The use of mean values of
each alteration class improves the correlation between
these properties and allows concluding that the evaluated
physical parameters should be used prudently in geotech-
nical projects, being important that they are associated with
a field control, contemplating descriptions of the rocky
massif (including discontinuity characteristics), petrogra-
phic and micropetrographic analyses, as well as other types
of physical and mechanical tests.

Good correlations were found for Vp and slake dura-
bility index, for Vp and all physical indices, and for Vp and
point load strength measured perpendicular to foliation.

Finally, the authors suggest that similar studies, with
the same tests/analyses, should be performed on similar
rock types (and also with other lithotypes) from other re-
gions from Brazil.
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