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Abstract

This study presents the evaluation of the performance of grain silos reinforced by rigid
inclusions in soils of the Central-West region of Brazil, during its construction and operation.
Therefore, a group of eight silos with 32.4 m in diameter, 30 m in height, and 12,000 t of
storage capacity (each silo) was numerically analyzed using the three-dimensional Finite
Element Method (FEM, Plaxis 3D). The stratigraphy of the Experimental Field of the
University of Brasilia, Brazil (CEGUnB) was considered in the analysis. The performance
of using a system of rigid inclusions to reinforce the soil beneath the raft was compared
with the behavior of an isolated raft. Two models were developed: in the first one, an
independent silo was considered, its behavior was analyzed during its construction and
operation stages by varying the length of the inclusions; in the second model, the group
of eight silos was considered and their behavior was studied for different combinations of
loading. The rigid inclusions system proved to be an efficient foundation solution that allows
controlling total and differential displacements during the construction and serviceability
stages of the silo, helping to prevent the formation of cracks in the structural elements and
grain contamination by the excessive opening of the raft-perimeter beam structural joint.

1. Introduction

Agriculture is one of Brazil’s main economic drivers, and
thus it is subject to constant infrastructure investments in the
production, storage and distribution of grains throughout the
country. In recent decades, the storage of grains has received
special attention, with the increase in the construction of
silos along the Central-West region of the country, which is
responsible of around 50% of Brazil’s total grain production
(CONAB, 2022).

However, the combination of inadequate foundation
design and difficult soil conditions is one of the main causes of
pathologies in grain silos (Dogangun et al., 2009). Cylindrical
metallic silos are common in Brazil. In this type of silo,
the metallic superstructure is supported by a perimeter ring
beam and a raft foundation placed directly on the ground
(disconnected from the beam). Commonly, end-bearing piles
are added to the ring beam and the central tunnel (used for
the silo emptying), which leaves the soil beneath the raft
without any type of reinforcement.

Large areas of the Brazilian Central-West region are
covered by a detritus-laterite soil mantle from the Tertiary-
Quaternary age called “porous clay”. This superficial clay

layer presents a porous and highly unstable structure, with
high void ratio and low shear strength. Therefore, the most
common pathologies observed in these conditions are related
to the Serviceability Limit State (SLS), i.e., the development
of total and differential settlements of the raft foundation and
the opening of the structural joint between the raft and the
perimeter beam. These displacements cause cracks in the
structural elements, the contamination and wetting of the
stored grain, and malfunction of the conveyor belts installed
in the central tunnel, which are used for emptying the silo
(Conciani, 2016), as shown by Bernardes et al. (2021) and
in Figure 1.

Therefore, techniques to improve the foundation system
are needed to ensure the proper functioning of the silos
(Souza Filho, 2018). In this paper, the use of rigid inclusions
technique is proposed and evaluated as a solution to control
the total and differential settlements in silo foundations.

In addition to its common use as a foundation solution for
road and railway embankments, due to its good performance
(Briangon et al., 2015) and low cost compared to other solutions
(Rodriguez-Rebolledo & Auvinet, 2006), rigid inclusions have
been used more frequently as a deep foundation system for
different types of structures, such as buildings (Combarieu,
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Figure 1. (a) Crack in the raft foundation; (b) structural joint opening between the raft and the beam ring; (c) sealing of the joint after

opening.

1990; Santoyo & Ovando, 2006; Rodriguez-Rebolledo &
Auvinet, 2006; Briangon et al., 2015), bridges (Pecker, 2004),
and storage tanks (Bernuy et al., 2018).

This article presents the evaluation of the performance of
grain silos reinforced by rigid inclusions in soils characteristic
of the Central-West region of Brazil, during its construction
and operational stages, using three-dimensional numerical
modeling. A silo of 32.4 m in diameter, 30 m in height, and
12,000 t of storage capacity was analyzed. The stratigraphy
of the Experimental Field of the University of Brasilia, Brazil
(CEGUnB) was considered.

Two alternatives of foundations to the silo base slab,
which receives the grain load, were analyzed and compared:
an isolated raft, and a raft over a soil reinforced by a system
of rigid inclusions. In both alternatives, the foundation of
the perimeter ring beam and the central tunnel were kept the
same, composed by conventional pile groups.

Two models were developed: in the first one, an
independent silo was considered, its behavior was analyzed
during its filling and emptying, by varying the length of
the inclusions. In the second model, a group of eight silos
was considered and their behavior was studied for different
combinations of filling and emptying.

2. Model geometry and dimensions

The case selected for this investigation comprises
a group of eight grain silos built in 2014, in S3o Félix
do Araguaia, in the state of Mato Grosso, Brazil (Site
1 in Figure 2). According to Bernardes et al. (2021),
after the first cycle of loading and unloading of the silos
(only two silos were used in this period), several cracks
and excessive settlement were observed at the silo’s raft
foundation.

Rebolledo et al., Soil. Rocks, Sao Paulo, 2022 45(4):¢2022004822
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Figure 2. Standard penetration test results for different sites of silos projects within the Central-West region.

The wall and roof of each silo are made of a steel
structure directly connected to a perimeter beam. Most
of the grain weight is supported directly by a central raft,
structurally disconnected from the perimeter beam and resting
on an embankment of approximately 1.2 m thick (Figure 3).
The raft is connected to a central tunnel and to eight acration
ducts, which provide a significant increase in the raft flexural
stiffness. The foundation consists of continuous flight auger
piles with 0.35 m in diameter and 20 m in length, disposed
under the perimeter beam and the central tunnel, as shown
previously in Bernardes et al. (2021).

The soil profile of the CEGUnB (Site 2 in Figure 2)
was utilized in the analysis due to the stratigraphic conditions
similar to the cases of silos with pathologies found in the
Brazilian Central-West region (Sites 1 and 3 in Figure 2).
Also, the large number of field and laboratory tests for the
physical and mechanical characterization of the different soils
of the CEGUnB contributed to a proper calibration of the soil
constitutive model used in the numerical analysis considered
herein (Perez, 1997; Jardim, 1998; Sales, 2000; Guimaraes,
2002; Mota, 2003; Coelho, 2013; Sales et al., 2015).

Based on this information and the stratigraphic profiles
proposed by Cruz (1987) and Cardoso (2002), Rodriguez-
Rebolledo et al. (2019a) defined the soil profile of the
CEGUnB. Superficially, an 8.5 m thick layer of detritus-
lateritic soil composed mainly of red-yellow latosols. High
degrees of weathering and leaching were responsible for
the formation of this soil, which led to the development of
a very porous, metastable aggregate structure with a large
void ratio and, consequently, low density, called “porous
clay” by local geotechnicians. Due to its high porosity and
cementitious bond type, it has a highly unstable structure
when subjected to increased moisture and/or changes in the

Rebolledo et al., Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022004822
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Figure 3. Original design of the silo’s foundation.

stress state, which often lead to soil collapse. The end of the
porous clay layer is identified in percussion drillings by the
increase of N, values from 8.5 to 10 m depth (transition

layer), followed by the underlying saprolite soil.

3. Serviceability limit states

The Brazilian standard for foundations (ABNT, 2019)
establishes that the serviceability limit value for a given
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deformation is the one corresponding to any condition
that compromises the proper performance of the structure,
e.g., unacceptable cracks. The standard does not establish
limit values, but it does establish the criteria that must be
considered for its definition. There is not much experience in
the technical and scientific literature related to the behavior
of grain silos that would help us to define a value for the
SLS, however, as is shown in the following, it is possible
to find information on similar structures, such as the case of
storage tanks, built on other difficult soils conditions, such
as loose sands or soft clays.

The standard for steel tanks for oil storage (ABNT,
1983), mentions that foundations must be designed to
avoid differential settlements that can cause distortions in
the tank structure. Also, the design must minimize the total
settlement, so that the bottom of the tank remains above the
ground after its loading, and the pipelines connected to the
tank are not subjected to high additional forces caused by
the tank settlement.

Becker & Lo (1979) present the results of a research
program on the foundation behavior of five tower silos on
clay deposits in Southwestern Ontario, Canada. After the
first loading cycle, one of the instrumented silos developed
a maximum settlement at the ring foundation of about
78 mm, and at the center of the silo equal to 89 mm. From
the performance survey of four other silos, the maximum
settlement of the ring foundation varies from 30 to 109 mm.
The authors conclude that the silos presented satisfactory
performance concerning total and differential settlement,
and tilting.

Based upon 31 case histories of tanks settlement
and damage, D’Orazio & Duncan (1987) concluded that
the allowable angular distortion (the slope between two
adjacent points or columns) of steel tanks on compressible
soils depends mainly on the shape of the settlement profile,
which is critical in cases were the maximum settlement
occur off-center.

Bernuy et al. (2018) consider a maximum allowable
angular distortion of 1/300 for the foundation design of large
diameter (96 m) liquefied natural gas tanks, which foundation
was reinforced by rigid inclusions. The authors assessed the
tank settlements under various load cases, which were equal
to 50 mm for the empty case, 150 mm for the full tank, and
110 mm after the tank unloading.

The Indian standard (IS, 1986) for the design and
construction of foundations, indicates allowable values of
maximum and differential settlements for silos with shallow
foundations, on sand, hard clay, or plastic clay. For raft
foundations on sand or hard clay layer, 100 mm maximum
settlement and 1/400 angular distortion are allowed, and on
plastic clay layer, the limit values are 125 mm of maximum
settlement and 1/400 of angular distortion.

Bahar et al. (2013) present the settlement observations
of a cylindrical steel tank and ten steel silos founded on
a reconstituted and compacted granular fill, in Algeria.

The authors concluded that the problems related to cracks
and tilting in the monitored structures started from an angular
distortion equal to 1/400.

Santrac et al. (2015) show the results of the measured
and calculated settlements for a 17.7 m high silo, founded
on a reinforced concrete slab, and subjected to a contact
pressure of 190 kPa. The silo was constructed in Serbia, in a
highly porous unsaturated layer of loess, which may exhibit
collapse due to saturation. The total predicted settlement
(initial compression, consolidation, and partial collapse)
was equal to 183 mm, which is greater than the limit value
established by the Serbia Technical Code (equal to 100 mm for
the specified case). However, the settlements were uniform,
not presenting potential damage to the silo’s structure.

The literature review presented suggests that the
maximum vertical settlement in silos and tanks remains
between 89 and 183 mm, and the maximum angular distortion
between 1/400 and 1/300. Therefore, this paper adopted the
serviceability limit values of 150 mm and 1/400, for vertical
settlement and angular distortion, respectively.

4. Numerical modeling description

Numerical modeling was developed using the Plaxis
3D software. The analysis was divided in two main parts: the
individual behavior of a silo when changing the inclusions
length, and the behavior of a group of eight silos considering
different load combinations.

The rigid inclusions performance was evaluated by
comparing the behavior of the silo’s original foundation (piles
only in the perimeter beam and in the tunnel, as described
in Section 2) with one alternative solution, in which rigid
inclusions were added under the silo’s raft. As the objective
of this research is to evaluate only the serviceability limit
states, and the ultimate bearing capacity of the system
was guaranteed by elements of the original foundation
(Bernardes et al., 2021), this paper will not discuss the effect
of'the rigid inclusions on the foundation overall safety factor.

4.1 Stratigraphy and soil properties

Rodriguez-Rebolledo et al. (2019a) developed a
methodology to obtain, adjust and validate the mechanical
parameters of a typical soil profile (see the stratigraphy
exposed in Figure 3) of the city of Brasilia for the HS model
(Hardening Soil Model), using laboratory and field test results
obtained in previous studies conducted in the CEGUnB.
The methodology presented began with the evaluation of
the strength and compressibility parameters of triaxial CU
tests (with isotropic and anisotropic consolidation) and one-
dimensional consolidation tests, respectively (Guimaraes,
2002). Then, the parameters obtained for the HS model were
calibrated using the finite element method (FEM) and the
SoilTest module of the Plaxis software. Based on the evaluation
and calibration of these parameters, and the proposed soil

Rebolledo et al., Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022004822
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profile, a geotechnical model for natural moisture conditions
(Nat.) was proposed, as shown in Table 1.

This geotechnical model was validated through numerical
modeling of the load testing of footings and piles conducted
in the CEGUnB (Sales, 2000; Guimaraes, 2002). Using the
same methodology and with the triaxial and consolidation
tests performed by Guimaraes (2002), Pérez-Ledn (2017)
determined the HS model parameters for the first 3.5 m of
the porous clay layer in saturated state (Sat.), as shown in
Table 1.

4.2 Properties for the distribution layer

For the distribution layer (improved soil), the Mohr-
Coulomb model was adopted. Research performed by
Otalvaro (2013) provided the estimates of the parameters
for tropical soil improved by compaction that was used in
this study (Table 2). The compacted tropical soil, of the
laterite type and highly weathered, was collected from the
city of Brasilia. The material was classified as ML (low
plasticity silt) according to the Unified Soil Classification
System (USCS). The y value was obtained from the results
of Proctor Standard testing. Parameters E, ¢, and ¢’ were
obtained from CD (consolidated-drained) triaxial tests
performed on the same compacted soil. Echevarria (2006)
obtained similar parameters for numerical simulations of
tropical porous compacted soil.

4.3 Properties for the structural elements

For the modeling of the structural elements, all
in concrete, the linear elastic constitutive model was
assumed. Raft, perimeter beam, tunnel, and inclusions caps
were modeled by plate elements; aeration ducts by beam
elements; and piles and inclusions by embedded beams.
Table 3 presents the parameters of the constitutive model
adopted for each concrete element. The concrete Young’s
modulus was calculated according to the equation proposed in
the Brazilian standard NBR 6118 (ABNT, 2014) as a function
of the strength characteristics of the concrete subjected to
simple compression. Therefore, a compressive stiffness of
25 GPa was assumed for the raft, perimeter beam, tunnel,
piles, and inclusions caps, and 17.7 GPa for the inclusions.
The Poisson’s ratio of the concrete was equal to 0.2 for all
elements (ABNT, 2014; ASIRI National Project, 2011).

The ultimate load capacity of the piles and rigid inclusions
was evaluated using 2D axisymmetric FEM simulations
(Plaxis 2D). The stratigraphic profile of CEGUnB and the
geotechnical model for the HS were considered (Table 1).
Concrete elements of 5, 10, 15, and 20 m in length and 0.35 m
in diameter were modeled. Concrete-soil interface elements
were inserted in the shaft and the tip of the pile, applying load
increments on the pile head until the soil failure. For each
simulation, a graph of applied load versus settlement was
generated, where the load at failure for the point of maximum

Table 1. Geotechnical model proposed by the CEGUnB for the HS model (modified from Rodriguez-Rebolledo et al., 2019a).

Layer number

Parameters 1 2 3 4 5 6
Porous sandy clay Lateritic residual soil Saprolitic soil
Depth (m) 0-15 1.5-35 35-5.0 50-7.0 7.0-8.5 8.5-20.0
State Nat. Sat. Nat. Sat. Nat. Nat. Nat. Nat.
v (KN/m?) 13.1 16.5 12.8 16.4 13.9 14.3 16.0 18.2
¢’ (kPa) 5 0 5 0 5 20 75 20
o’ (°) 25 26 25 26 26 32 20 22
v (°) 0 0 0 0 0 0 0 0
Esrgf (MPa) 32 2.2 2.5 2.1 4.0 12.0 13.2 12.2
E' (MPa) 4.9 1.0 1.5 0.8 22 6.9 7.0 5.7
oed

E,:ff (MPa) 14.0 13.0 14.0 13.0 36.9 37.5 54.0 54.0
m 0.50 0.65 0.50 0.80 0.50 0.50 0.50 0.70
Vur 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
pref (kPa) 100 50 100 50 100 100 100 100
Rf 0.80 0.75 0.80 0.75 0.90 0.90 0.90 0.80
POP (kPa) 65.7 16.1 31.8 6.6 0.0 314 0.0 0.0
K 0.58 0.56 0.58 0.56 0.56 0.47 0.66 0.63
K 1.37 0.75 0.77 0.75 0.56 0.56 0.66 0.63

o

. . . [ . . re, . . . -
v: unit weight of moist soil, ¢” and ¢»: the effective shear strength parameters, y: dilatancy angle, ESOf: the reference secant stiffness modulus for the drained triaxial test,
EZEZ: the reference tangent stiffness modulus for oedometric loading, E;ff : the reference stiffness modulus for unloading and reloading conditions, m: the exponent that
defines the strain dependence of the stress state, v : unloading/reloading Poisson’s ratio, p**': the reference isotropic stress, R - the failure ratio, POP: the pre-overburden

pressure, KZC: the coefficient of the earth pressure at rest for normal consolidation, and K : coefficient of earth pressure at rest.
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curvature was calculated. Then, an axial load versus depth
graph (for load at pile failure) was obtained, which allowed
to define the tip and shaft resistances (Table 3).

Equations 1 and 2 (Garcia-Buriticé et al., 2021) were
used to determine the spacing between inclusions (S) and
the diameter of the inclusion cap (a), considering the shear
strength values indicated in Table 2 (¢’ = 80 kPa, ¢» =38°),
a distribution layer thickness (H) of 1.2 m and a uniformly
distributed load applied on the raft (¢ ) of 135.3 kPa.
The ultimate load-bearing capacity of the inclusion cap (¢, ,)
was calculated using Equation 3 (Garcia-Buriticé, 2021).

S

min

J: M_l,forSZD
a \ 4

Table 2. Parameters for the distribution layer.

(M

Parameter Value

Unit weight, y (kN/m?) 18.6
Young’s modulus, £ (MPa) 60
Cohesion, ¢’ (kPa) 80
Friction angle, ¢» (°) 38

Poisson’s ratio, v 0.33

Table 3. Parameters for the structural elements.

where S is the minimum value of S (obtained for S = D),
D is the diameter of the top surface of the load transfer cone
(LTC), and g, is the total pressure transmitted to the inclusion
cap in terms of ¢ and the shape of the LTC.

tan S
2

Hmax :(Smin —(l) (2)

where H__is the maximum value of /, and j3 is the external
angle of the LTC defined by Colomb’s theory as 45° + ¢’/ 2.

it C’Ncscgc (3)

where s_is the shape factor =1 + Nq/Nc, g, is the inclination
factor of the LTC ~ 0.13 for ¢’ = 38° (according to Garcia-
Buritica, 2021), and N, and N are the bearing capacity factors.
According to the above, were obtained values of S =2 m
and @ = 0.7 m, which avoid the penetration of the inclusion
cap in the distribution layer by punching and the transfer of
point loads in the raft.

a) Parameters for plate elements

Parameter Inclusion cap Perimeter beam Raft Tunnel
Thickness, d (m) 0.1 0.4 0.2 0.2
Unit weight, y (KN/m?) 24 24 24 24
Young’s modulus, £ (GPa) 25 25 25 25
Poisson’s ratio, v 0.2 0.2 0.2 0.2

b) Parameters for aeration ducts (beam elements)

Parameter Value Cross section
Young’s modulus, E (GPa) 25 120
Unit weight, v (KN/m?) 24 15, 25 110, 20 (10, 25 |15
Cross section, 4 (m?) 0.56 ,FL
Inertia around 2" axis (m*) 0.0875 —T1L w4 -
Inertia around 3™ axis (m*) 0.0454 -

c) Parameters for embedded beams

Parameter Piles Inclusions
Length, Lpile (m) 20 5 10 15 20
Young’s modulus, £ (GPa) 25.0 17.7 17.7 17.7 17.7
Unit weight, v (KN/m?) 24 23 23 23 23
Diameter, D (m) 0.35 0.35 0.35 0.35 0.35
Side friction resistance, 7:f (kN/m) 53.6 18.7 42.6 53.6 66.3
Base resistance, F, _(kN) 37.2 46.9 30.6 37.2 46.3
Total resistance, Npu@ (kN)* 841.2 140.4 456.6 841.2 1372.3
prile = Fmax + LpileT;f
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4.4 Cases analyzed and stages

The finite element mesh developed for the silo’s foundation
is presented in Figure 4. For the simulation of the perimeter
joint, a space of 200 mm was left between the raft and the
perimeter beam, and an interface element was placed between
the embankment (load transfer platform) and the perimeter beam.

For the case of the individual silo, after a sensitivity
analysis, the lateral boundaries of the finite element mesh
were placed at a distance of approximately three times the
diameter of the silo (100 m from the silo axis in the x and y
directions). The lower boundary was established at a depth
of 25 m, beyond which the N, was larger than 40 blows,
and the soil was classified as very compact, according to the
Brazilian standard NBR 6484 (ABNT, 2001).

Only a quarter of the silo’s plan geometry could have been
simulated, as adopted by Moczar et al. (2016) in a sugar silo
analysis, but it was decided to model the complete silo because
it served as a calibration for its use in the group modeling, i.¢.,
for the generation of the model that considers a group of silos.

The medium was discretized by a finite element mesh
with 71,409 10-node tetrahedral elements, which proved to be
enough according to sensitivity analyses. The lateral boundary
conditions were fixed in the horizontal direction, and the
bottom boundary conditions were fixed in both directions.

As shown in Figure 5, for modeling of the interaction
between the group of eight silos during the filling and emptying

Interface
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Figure 4. General configuration of the finite element mesh developed
for the silo’s foundations: (a) 3D; (b) plan view.
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processes, the symmetry conditions of the problem were
considered and three possible combinations were defined.
The lateral boundaries of the finite element mesh were placed
at a distance approximately three times the diameter of the silo
(100 m from Silo 01 axis in the x direction and 100 m from
Silos 01 and 02 in the y direction). The boundary conditions
were set as the same used for the isolated silo model.
Table 4 shows the stages of analysis used for all the
studied cases. The loads on the raft and the perimeter beam
were obtained from the original project and correspond to the
service loads for the silo working at its maximum capacity.

5. Analysis of the results

5.1 Case 1: individual behavior

The maximum vertical displacements (p*“%) obtained
at the silo raft, for the cases with the original foundation

Combination #3

. Filled silo Q Empty silo

Figure 5. Possible combinations for the analysis of the interaction
between the eight silos.
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Table 4. Stages of analysis.

Stage Characteristics
1 Initial stress conditions
2 Silo construction.

Applied load on the perimeter beam = 183.1 kN/m

3 Total filling of the silo.
Applied load on the silo raft = 135.3 kPa
4 Total discharge of the silo raft.

solution and reinforced with rigid inclusions, for stages 3 and
4 (total filling and discharge of the silo, respectively), and
for stratigraphic conditions of natural and saturated moisture
states, are shown in Figure 6.

It is possible to observe that for the original foundation
solution, considering the natural condition (Figure 6a),
pM4¥ =34 cm when the silo is completely filled, and when
it is completely emptied a p*¥ = 24 cm remains. This
means that after the loading of the silo a permanent (plastic)
displacement is developed, equivalent to 70% of the total,
and an elastic value remains of approximately 10 cm that
may develop during the loading-unloading cycles of the silo.

In a saturated condition (Figure 6b) the settlement
increases to p** =46 cm when the silo is loaded, and p***
= 37 cm after unloading, which corresponds to an increase
of 35% in the total settlements and 54% in the permanent
ones. It is possible to say that all these displacement values
considerably exceed the adopted limit-state for total vertical
displacements (15 cm).

When rigid inclusions of 15 m length are added, the
pM4X values are reduced by 78%, i.e., to 10 cm and 8 cm
(Figure 6¢), for total and permanent, respectively, and
therefore the remaining elastic displacement is only 2 cm.

Figure 7 shows the vertical displacements obtained at
the silo raft, at the perimeter beam, and the tunnel, for the
cases with the original foundation solution and reinforced
with rigid inclusions, for stage 3 (total filling), and for the
natural condition.

For the original foundation (Figures 7a) occurs the
development of displacements with considerably different
magnitudes within each structural element and between
them. For the raft, as mentioned before, when the silo is
loaded, the maximum displacement is equal to 340 mm
(located in the center of the black zone); and the minimum
displacement (p*™) is about 120 mm, located at the ends of
the tunnel (in the greyish zone), at a distance (L) of about
7.5 m. These results generate an angular distortion in the silo

raft (0, = (pmx -p"" )/ L) equal to 1/34, well above the

adopted limit-state (1/400). For the tunnel structure, despite
being reinforced with piles, total displacements of p*4¥ =
17 em and 84X = 1/326 were obtained, both values above
the limit state. For the case of the perimeter beam, due to the
reinforcement with piles and the low magnitude of transmitted
load (compared to the tunnel) a total displacement of 10 cm
and angular distortion of 1/796 were obtained.

pmax
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Figure 6. Maximum vertical displacement obtained at the silo raft,
for the original foundation solution considering: (a) natural; (b)
saturated conditions; (c) reinforced with rigid inclusions considering
both moistures states.
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Figure 7. Vertical displacements computed for stage 3 at the silo
raft, perimeter beam, and tunnel, considering a natural moisture
state: (a) for the original foundation solution; (b) when reinforced
with rigid inclusions.

When the rigid inclusions are added (Figure 7b) there
is a significant reduction in differential displacements on
the raft, i.e., p*¥ reduces to 10 cm, p™ to 8 cm, and L
increases to 10.2 m, leading to an angular distortion of only
1/510, and for the tunnel, p*4¥ reduces to 9.5 cm and &"4¥
to 1/1000 (i.e., both structures below the established limits).

Another important differential displacement that is
observed in the silo (Figure 8), is the one that develops between
the perimeter beam and the raft. Since the perimeter beam
is strongly reinforced by piles, the vertical displacement is
considerably lower than that developed in the perimeter of
the raft, generating a gap between both elements when the
silo is filled. This gap may cause grain contamination and
structure service failure (Figure 1b).
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Perimeter

Figure 8. Deformed mesh obtained when the silo is filled (scaled
up 20 times).

According to the obtained results, the maximum
gap value obtained (G¥4Y) is about 15.2 cm (stage 3, total
displacement), and 11.5 cm when empty (stage 4, permanent
displacement). For the foundation reinforced by rigid
inclusions, GM4* = 2.4 c¢cm for stage 3 and G** = 1.4 cm
for stage 4, hence, a remaining elastic displacement of only
1 cm. It means that the inclusions allow the raft and beam
to settle more uniformly, allowing the value of the gap to
be reduced by approximately 85%.

For a better understanding of the foundation’s
performance when the rigid inclusions are added, a
parametric analysis was performed by varying the length
of these elements. Then, the results of the maximum
displacement predictions were compared with those
obtained when using the original foundation solution.
According to Rodriguez-Rebolledo et al. (2019b), three
relationships can be proposed that allowed evaluating
the performance of the foundation with rigid inclusions,
these are: settlement reduction factor (SRF, Equation 4),
angular distortion reduction factor (DRF, Equation 5)
and raft-perimeter beam gap opening reduction factor
(GRF, Equation 6).

SRE =1-Pwli_ @
Pt

where p,,/; is the maximum vertical displacement obtained
when rigid inclusions are included and py;/, is the maximum
vertical displacement obtained for the original foundation
solution. When SRF = 1, the settlement is fully reduced, and
the performance of the inclusion system is at the maximum;
when SRF = 0, the settlement reduction is null, and the

performance of the system is at the minimum.

max
_ wl/i
DRF =1—-—— (5)

wlo
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where 8, is the maximum angular distortion obtained when
rigid inclusions are added and 6}, is the maximum angular

distortion obtained for the original foundation solution.

max

_ wli
ORE =1 G (©)

where G,/7" is the maximum gap opening obtained with the
use of rigid inclusions and G, is the maximum gap opening
obtained for the original foundation.

The graphs in Figure 9 show the total and permanent
values obtained for SRF and DRF, for the raft, the tunnel,
and the perimeter beam, for inclusions lengths from 5 to
20 m. For the case of the raft, it is possible to observe that,
from 10 m in length, a good performance of the proposed
foundation system is obtained. The value of SRF ranges
from 0.50 to 0.81 and from 0.38 to 0.79 for total and
permanent displacements, respectively. This means that
the inclusions were able to reduce the maximum vertical
displacement by up to 80%, and to meet the serviceability
limits for total displacements value (T-SLS) from a length
of approximately 12 m, and from 10 m for the permanent
ones (P-SLS).

For the case of DRF, the performance of the solution
increases significantly, since, for the same lengths, total
values of 0.63 to 0.97 and permanent values of 0.55 and
0.97 are obtained, showing that the inclusions are able to
reduce almost completely the differential displacements.
Even inclusions of only 5 m in length allow reducing the
maximum differential displacement by 30%.

For the tunnel, inclusions of 5 m in length would be
enough to meet the limit states, both for total settlements
and angular distortion. For the perimeter beam, the piles are
sufficient for the limit states not to be exceeded.

The performance of the inclusions for settlement
control of the tunnel and the perimeter beam, compared to
that of the raft, is lower, since these elements are already
reinforced with piles, i.e., the inclusions work together
with the piles to reduce the settlements. Figure 10 shows
the axial load developed in a central pile of the perimeter
beam and tunnel, and in a central rigid inclusion, for the
analyzed cases. It is possible to observe that when the
inclusions are added, the load on the piles substantially
decreases, mainly in the tunnel zone (Figure 10b), where
the maximum load goes from 1162 kN to 833 kN, i.e., a
reduction of approximately 30%. This reduction is due to the
stiffness increase caused by the presence of rigid inclusions,
which absorbs a significant portion of the external load
when the silo is filled (Figure 10c).

The good performance observed in reducing the raft
settlements is also reflected in the behavior of the raft-perimeter
beam structural joint (gap opening), as shown in Figure 11.
For the case of the original foundation, a gap opening of up
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to 15.2 cm was calculated. When the inclusions are placed,
this value drops considerably to 5.7 cm (GRF = 0.62) and
1.3 em (GRF =0.91), for 10 and 20 m lengths, respectively.

5.2 Case 2: group behavior

According to the combinations defined in Figure 5,
the vertical displacements obtained for the three load
combinations, considering the natural moisture state and
the original foundation are shown in Figure 12. In general,
for the filled silos, vertical displacements increase mainly in
the direction of the axes of symmetry X, and for the empty
ones in the direction of the filled silo.

When compared to the values obtained for the individual
silo, the maximum vertical displacement (p***) for combination
1 (Figure 12a) increases by 5% (from 34 to 35.6 cm) for the

1.0 —
—e—Total ——=
0.8 P>
—0- Permanent
0.6 =
& /
0.4 4
//
0.2 7
//
00 V—/——————F+——T+—F+TT—
5 10 15 20

Inclusion lenght, m

Figure 11. GRF factor obtained for total and permanent displacements.

external silos (filled), and for the internal ones (empty) p*4% =
4.1 cm. For combination 2 (Figure 12b) p*4¥ increases by 8%
(up to 36.6 cm) for the internal ones, and again p*4*=4.1 cm
for the empty ones. Finally, for combination 3 (Figure 12c,
all silos filled), p*** increases by 11% (up to 37.8 cm) for
the internal ones, and by 8% for the external.

When rigid inclusions are considered, the vertical
displacement increase follows the same tendency verified for
the original foundation. In the alternative solution compared
to the individual silo analysis, p*** values increase more
significantly for the filled silos, for combinations 1, 2, and 3,
pM4X increases by 15%, 23%, and 29% (from 10to 11.5 cm,
12.3 ¢cm, and 12.9 cm), respectively, but all of them below
the established limit-state. For the empty silos p**=3.3 cm,
for both cases (combinations 1 and 2).

Table 5 summarizes the values of the SRF, DRF, and
GRF obtained for the performance evaluation of the group
of silos for all the analyzed combinations. Although the
values of p*4¥ increased by up to 29% in relation to the
analysis of an individual silo, the SRF values decreased
by only 6% (from 0.70 to 0.66), while DRF' and GRF
remained practically the same. Small performance values
were obtained for the empty silos, because the calculated
total and differential vertical displacements, both with and
without inclusions, were low, i.e., both cases were well
below the established limit-state.

The results show that, for the analyzed case, the
performance of the foundation reinforced with rigid inclusions
is little affected by the operation of a group of silos.

Figure 12. Vertical displacements computed for the silos group with the original foundation, when a) external silos are filled (combination
1), b) when internal silos are filled (combination 2) and c¢) when all silos are filled (combination 3).
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Table 5. Performance evaluation of silos group for different filling combinations.

Comb. Silos SRF DRF GRF

Individual silo behavior 0.70 0.92 0.84

1 External 0.67 0.90 0.83
(01, 04, 05, 08)

Internal 0.17 0.17 0.09
(02, 03, 06, 07)

2 External 0.20 0.20 0.13
(01, 04, 05, 08)

Internal 0.66 0.90 0.84
(02, 03, 06, 07)

3 External 0.66 0.92 0.84
(01, 04, 05, 08)

Internal 0.66 0.93 0.85

(02, 03, 06, 07)

6. Conclusions

This article presents the evaluation of the performance of
grain silos reinforced by rigid inclusions in soils characteristic
of the Central-West region of Brazil, during its construction
and operation, through three-dimensional numerical modeling.
The main conclusions are summarized below:

a) SLS values of 150 mm and 1/400, for vertical
settlement and angular distortion, respectively, are
suggested for the foundation design of grain silos.

b) For the original foundation solution, the calculated
displacement values considerably exceed the adopted
limit state for total vertical displacements. When rigid
inclusions were added, it was possible to observe
that, from 10 m in length, a good performance of the
foundation system was obtained. The inclusions were
able to reduce the maximum total and differential
displacements by around 80%. Even inclusions of
only 5 m in length allow to reduce the maximum
differential displacement by 30%.

c) Itwasshown that the maximum performance obtained
with the inclusions was in the control of the differential
displacements for all the structural elements of the
foundation, thus, reducing the probability of structural
failures.

d) The presence of rigid inclusions causes a reduction
(of approximately 30%) in the load absorbed by the
tunnel piles, due to the stiffness increase beneath the
raft. Hence, the quantity of piles could be optimized,
or even totally replaced by rigid inclusions.

e) The good performance observed in reducing the raft
settlements was also reflected on the behavior of the
structural joint (gap opening), obtaining a reduction
of the gap opening up to 91%. It is possible to say
that one way to further reduce this value would be
to reduce the length or number of the piles beneath
the perimeter beam, which will lead to an optimized
design.

f) For the analyzed case, the performance of the
foundation reinforced with inclusions is little affected
when considering the silos working as a group.
Thus, the execution of the parametric analysis for
the foundation design, i.e., to determine the length,
diameter, and the number of inclusions and/or piles,
can be done using an isolated silo. However, for the
final review of the SLS, the foundations should be
analyzed considering the silos working as a group.

The rigid inclusion system proved to be an efficient
foundation solution that allows controlling total and differential
settlements during the serviceability stage of the silo, helping
to prevent the formation of cracks in the structural elements
and grain contamination by the excessive opening of the
raft-perimeter beam joint.
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List of symbols

A Cross section area

a Diameter of the inclusion cap

c Effective soil cohesion

D Diameter

d Plate thickness

DRF  Angular distortion reduction factor

E Young’s modulus

Esrgf Reference secant stiffness modulus for the drained
triaxial test

E:zg Reference tangent stiffness modulus for oedometric
loading

E™ Reference stiffness modulus for unloading and
reloading conditions

F. . Pile base resistance

g. Inclination factor of the load transfer cone

GMAY  Maximum gap between the perimeter beam and the
raft

GRF  Gap opening reduction factor

H Distribution layer thickness

K Coefficient of the earth pressure at rest for normal
consolidation

K, Coefficient of earth pressure at rest

L Distance / length

m Exponent that defines the stress-strain dependence

N, N, Bearing capacity factors

POP  Pre-overburden pressure

q, Total pressure transmitted to the inclusion cap

q, Uniformly distributed load over the raft

9. Ultimate load-bearing capacity of the inclusion cap

PpREF Reference isotropic stress

R, Failure ratio

S Spacing between inclusions

s, Shape factor

SRF Settlement reduction factor

T, Pile side friction resistance

B External angle of the load transfer cone

v Soil unit weight

A Variation / difference of a variable with respect to
two points

) Angular distortion

v Poisson’s ratio

v, Unloading/reloading Poisson’s ratio

p Vertical displacement / settlement
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o Effective shear angle
1 Dilatancy angle
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Abstract

This study had the objective to evaluate the application of the Marchetti Dilatometer Test
(DMT) on compacted residual soil, analyzing the influence of suction on the parameters
obtained. For this, a sample of residual diabase soil was collected and compacted in the
laboratory at its optimum moisture content. Granular matrix suction sensors (GMS) were
installed inside the compacted sample to monitor the suction during the experiment.
The GMS allowed the monitoring of suction profile variations during the drying of the
specimen submitted to ambient conditions. The DMT blade was statically inserted at 6
different points of the specimen surface with measurement of parameters 4 and B at every
10 cm deep. It was observed that with the increase of suction, there is an increase in both:
material index value (/,)) and dilatometric module (£,), but a reduction in the horizontal

D
stress index (K ) value. The increase in £, value and reduction in K value indicates that
there is an increase in deformability modulus (£) and a decrease in coefficient of at-rest
earth pressure (K, ). The DMT correctly detected the trend in variations in geotechnical

parameters as a function of variation in soil suction profiles.

1. Introduction

Technological control of soil embankment is a great
importance during and after construction. This control is
verified by determining the compaction humidity in relation
to the optimum moisture content, as well as the degree of
compaction reached. However, the information provided
by this technique does not always reflect the authentic
behavior of the soil, in addition to being applicable only
during the construction stage. Thus, there is a need for more
representative tests for the provision of control parameters
of compacted soils.

The Marchetti Dilatometer Test (DMT) is a good
alternative, among field tests, to assess the behavior of
embankments, since it is a relatively simple test, easy to
perform, and allows to estimate the geotechnical parameters
of the soils (Marchetti & Monaco, 2018).

Initial studies with the DMT were based on readings
and interpretations made in sedimentary soils (Marchetti,
1980). The DMT showed to be very useful to estimate the
geotechnical parameters of these soils, such as overconsolidation
ratio (OCR), the effective angle of internal friction (¢ ") and
undrained shear strength (Su).

There are several studies in residual soils (Cruz &
Fonseca, 2006; Borden et al. 1985; Giacheti et al. 2006; Silva,

2008), but only a few have proposed correlations. In general,
it is common to apply the correlations of sedimentary soils
to residual soils, resulting in inconsistent interpretations of
its geotechnical behavior. This problem is evidenced in the
studies by Cruz (2010, 2012), which explain that residual
soils present unconventional mechanical behavior when
compared with sedimentary soils. The presence of cementation
and suction interferes with the interpretation of the results
obtained in field tests.

Cruz et al. (2014) obtained a correlation to obtain the
cohesion intercept that takes into account the OCR value
obtained from the DMT, which proved to be satisfactory in
relation to the experimental results obtained for a residual
granite soil. A reduction in the values of p, £, I, and K|
was also observed as the tests with DMT were closer to the
water level inside the soil, thus decreasing the suction value.

Rochaetal. (2021) incorporated the effect of suction in
the equations proposed by Marchetti et al. (2001) following
a different path from the research proposal presented here,
noting that the mean values of K, and £, were twice as
high in the active zone of the soil due to the influence of
suction with smaller variations in /d values. This research
was developed with the objective to better understand the
influence of suction on the behavior of compacted soils, by
analyzing the parameters obtained through the DMT. This
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research was developed with the objective to better understand
the influence of suction on the behavior of compacted soils,
by analyzing the parameters obtained through the DMT.

2. Dilatometer Marchetti Test - DMT

Developed by Silvano Marchetti in the mid-1970s in
Italy, the DMT is commonly used in the area of geotechnical
investigations. The original articles published by Marchetti
(1975, 1980) provide a detailed description of the test and
a series of empirical correlations between test results and
common geotechnical parameters. According to Lutenegger
(1988), the DMT is a simple tool, quick measurement and
has low acquisition and installation costs, besides being
resistant and used in several types of soils. Marchetti et al.
(2001) state that the DMT is suitable for a wide range of
soils, from sands, soft soils, rigid clays to soft rocks, natural
or even compacted soils. The test provides estimates of soil
parameters, which can be used to predict the performance
of engineering structures.

The DMT equipment consists of a flat stainless-steel
blade with a flexible circular membrane on one side of the
blade. The blade is connected to the control unit, located on
the ground surface, through a pneumatic-electric cable inserted
inside the thrust rods. This control unit reads the pressures,
A and B, required to just begin to move the membrane (‘lift-
off” pressure) and expand the membrane center of 1.1 mm
against the soil (ASTM, 2015).

Pressure readings 4 and B are corrected by the
membrane stiffness, which was inferred prior to the start
of the test, yielding the values of p, and p, as described in
Equations 1 and 2.

po=1.05-(4-z, +A4)-0.05-(B-z, —-AB) (1)
p=B-z,-AB )

2.1 Intermediate parameters of the DMT

By obtaining the corrected pressure readings, p,andp,,
along with the estimate of the vertical effective stress (¢ )
and the pore pressure («,), Marchetti (1980) defined three
interpretation indexes of the dilatometer test: the material
index (/,), the horizontal stress index (K)) and the dilatometer
modulus (£)), respectively presented in Equations 3, 4 and 5.

I, = P1~ Po 3)
Po—U
Ky = )
O

v

Ep =347 '(P1 _Po) Q)

The parameter /) is related to soil type, and the K,
parameter is related to the overconsolidation ratio (OCR) and
coefficient of earth pressure at-rest (K,) and the parameter
E relates to the soil deformability modulus.

2.2 Correlations with geotechnical parameters

There are several semi-empirical correlations using the
K, and E values to estimate the geotechnical parameters of
the soil. In the literature, there are correlations to obtain the
coefficient of earth pressure at-rest (K,), overconsolidation
ratio (OCR), deformability or Young’s modulus (£) and
oedometric modulus (M, ), effective angle of internal
friction (¢”), among others. In this paper, emphasis will be
given to parameter K, a parameter that relates to the stresses
acting on the soil in the at-rest condition.

There are some proposals de correlations to obtain the
K, parameter, using the data found with the DMT. Equation
6 was proposed by Marchetti (1980) for clay soils. According
to Jamiolkowski et al. (1988), this correlation can only
be used for soft or median clays, without signs of aging,
cementation or preconsolidation, with /) <1.2. For Lacasse &
Lunne (1988), the Marchetti equation provides overestimated
K, values for 1.5 <K, < 4. They suggest that Equation 6 is
valid for K > 4.

0.47
K
K, = [—D ) ~0.6 (6)
1.5

With the advances in the study of unsaturated soils,
formulations for the definition of parameter K, appeared,
considering the variable suction, with the objective of
describing their geotechnical behavior more realistically.

According to Lu & Likos (2004), the relationship
between the different stress components, such as horizontal and
vertical stresses, is based on constitutive stress-deformation
laws. The commonly used linear stress-deformation equation
in elasticity is Hooke’s Law.

Hooke’s Law can be extended to the concept of
suction stress. Two general conditions can be imposed for
homogeneous unsaturated soil. Assuming thatc, = ¢, =0, and
that the deformations ¢ =¢ =¢, = () gives Equation 7. This
equation gives the value of the coefficient of earth pressure
at-rest, or K, as a function of suction and vertical stress.

v 1-20 x-(u,—u,)
K. = — .
1o 1-v (o,-u,) ™

The parameter yy of Equation 7 was proposed by Bishop
(1959) to represent the effective stresses in unsaturated soils.
The value is 1 for saturated soil and 0 for dry soil. The value
depends mainly on the degree of saturation, and secondarily
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itis a function of soil structure and drying and wetting cycles
(Bishop et al., 1960). Bishop’s (1959) proposal is presented
in Equation 8.

Al

o' =(o—u,)+ 2-(uy 10, (8)

Applying the Mohr-Coulomb criterion for the effective
stress equation proposed by Bishop (1959), the shear strength
for unsaturated soils is represented by Equation 9. When
the soil is saturated the value of u, = u and Equation 9 is
reduced to Equation 10. The difference between Equations
9 and 10 represents the increase in resistance attributed to
matrix suction. This difference is given by Equation 11.

z':c'+[(0'—ua)+)('(ua—uw)]'fg(bv ©)
7o = 't (o —uy) 14" (10)
z-—roz;(-(ua—uw)-tg¢' (11

Thus, the parameter y can be obtained from Equation
11 being the same represented by Equation 12. Using this
equation, the variation of i as a function of suction can be
obtained by performing shear strength tests. Figure 1 shows
how this parameter is graphically obtained for different
suction values. The 1, value shown in this figure represents
the effective soil cohesion obtained from the test under the
saturated condition. The relationship between shear strength
and suction is obtained through unsaturated shear strength tests.

T_TO

£ (”a _uw)'tg¢'

(12)

The parameter y is dependent on the degree of saturation
and the void ratio of the soil. For soils where the water retention
curve is independent of the void ratio, the parameter y can be

350
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Figure 1. Graphical representation of the determination of the
variation of the parameter y as a function of suction using the
cohesion intercept (modified from Khalili & Khabbaz,1998).
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considered equal to the degree of saturation S, however this
is not normally found (Einav & Liu, 2020; Vaunat & Casini,
2017). In the work presented by Jennings & Burland (1962)
it was verified for several types of soil that the variation of
the parameter value y in function of the suction is different
from the variation of the saturation degree. Pereira et al.
(2010) point out that the relationship y=S should be viewed
with caution as it loses its validity for silty and clayey soils.

In this research was determined the cohesion intercept
that represents the relationship between shear strength and
suction for zero net normal stress (o - u, = 0). This cohesion
intercept was obtained by performing unconfined compressive
strength tests using specimens with different initial suction
values. For the definition of the cohesion intercept there is
a need to determine the effective cohesion (c¢’) and effective
angle of internal friction (¢») obtained from direct shear tests
performed under the saturated condition. The cohesion intercepts
were defined by the intersection of the rupture surface with the
plane represented by shear strength as a function of suction (¢
- u, = 0). According to Figure 2, the cohesion intercepts were
determined by the intersection of the lines that are tangent to
the Mohr circle obtained by unconfined compressive strength
tests with the shear strength plane as a function of the suction.
These straight lines have a slope equal to ¢, effective angle of
internal friction of the soils, considered constant as the suction
increases. This constant value of the effective angle of internal
friction was obtained in studies carried out by Massocco (2017)
on the same residual diabase soil of this research.

Equations 3 and 4 were modified based on the effective
stress equation (see Equation 8) proposed by Bishop (1959).
The value of'u, related to the pore water pressure for the saturated
soil, was replaced by the term (v /1 - v).x.(u, - u, ) which will
be added to the value of p,. The modifications proposed to
obtain parameters /, and K are shown in Equations 13 and 14.

P1— Py

po{lvvj.z.(ua_uw)

Ip = (13)

ft gl e,

points of cohesion
intercept

(i)

Figure 2. Determining the cohesion intercepts, Pecapedra etal. (2018).
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(14

"~ (o—uy)+ 7y~

Fredlund & Rahardjo (1993) and Fredlund et al. (2012),
also consider that elastic behavior within a soil mass may
provide some information on the earth pressure at-rest of
the soil. According to the authors, the theory of elasticity
can be used to calculate the changes of stress acting on the
soil, with Young’s modulus and Poisson’s ratio added to
the equations. For the authors, in the resting condition, the
K, parameter of a homogeneous and unsaturated soil mass
takes the form of Equation 15.

v E

K, = _ (”a _MW)

1-v (1-v)-H (o,-u,) >

Equations 7 and 15 show that the coefficient of earth
pressure at-rest decreases with the increasing of suction value.
This soil behavior, based on the theory of elasticity, has been
experimentally proven by several researchers using different
techniques to obtain K as a function of suction (Mesri &
Hayat, 1993; Daylac, 1994; Machado & Vilar, 1998; Oliveira,
1998; Peixoto, 1999; Zhang et al., 2009; Oh et al., 2013;
Pirjalili et al., 2016; Abrantes & Campos, 2019).

Pirjalili et al. (2016) investigated the variation of
parameter K as a function of the suction of a compacted clay
soil with two different void ratios. The tests were performed
with the soil sample molded inside a metal ring instrumented
with strain gauges to monitor lateral deformations, being the
suction imposed on a triaxial test cell. Figure 3 presents the
results obtained, indicating the reduction linear of the K, value
with the increase of the suction. The highest values of K were
obtained for the specimen with a higher void ratio (e = 0.92).

The interpretation of the DMT in saturated sands and
clays is well established, with many studies and methodologies,
but the interpretation of the tests in unsaturated soils still
needs further studies.

0.6 T
=071 i H
He=092 y=-0.0013x+0.494
0.5 - R=1
§ [ S— | S ‘-.4-“‘\.
y=-0.001x+0421] ..
0.3 R=1
0.2

0 10 20 30 40 50 60
Matrix suction (kPa)

Figure 3. Variations of K as a function of suction (modified from
Pirjalili et al., 2016).

Frequently, the interpretation of field tests in unsaturated
soils neglecting the contribution of suction. Failure to
consider the influence of suction on the results may lead to
an inadequate definition of the stratigraphic profile, and in
particular, incorrect estimation of soil geotechnical parameters.

3. Materials and methods

This section presents the methodology used to perform
the tests. It explains the procedures for conducting direct
shear and unconfined compressive strength tests, detailing
the procedure for the compaction and execution of the DMT
in the laboratory and the procedures for suction monitoring.

3.1 Shear strength tests

To determine the soil resistance parameters, direct
shear and unconfined compressive strength tests were
performed. The direct shear strength test was performed in
consolidated and drained conditions to determine cohesion
(¢’) and effective angle of internal friction (¢»), following the
recommendations of ASTM (2011). For the procedure, a soil
sample at optimum moisture conditions was compacted in
a Proctor cylinder. From this sample, three specimens were
molded with the aid of metallic shear molds, which present
dimensions of 101.6 x 101.6 x 20.0 mm. The test specimens
were submitted to the stages of flooding, consolidation and
subsequent rupture, adopting the vertical normal stresses
of 32.7, 77.4 and 126.8 kPa. The unconfined compressive
strength test follows normative ASTM (2016). The samples
were compacted in a steel three-part mold, with an internal
diameter of 38 mm and height of 80.2 mm, in five equal
layers, in optimum moisture conditions. Subsequently, they
were submitted to different suction values, by wetting and/
or drying process. Suction was determined using the filter
paper method. For each specimen, two suction values were
determined, and the mean value was adopted.

The initial suction values of the specimens were obtained
with the use of Whatman No. 42 quantitative filter paper
placed in direct contact with the surface of the specimen,
being then involved in plastic film and aluminum paper,
remaining at rest in a styrofoam box for a minimum period of
7 days. To determine the matrix suction value, the calibration
proposed by Chandler et al. (1992) was used. Following this
methodology, the cohesion intercept was obtained for the
initial suction of the specimen, considering that its value
remains constant during the test.

3.2 Experiment equipment — GMS and DMT

The mechanical equipment of the Large-Scale Triaxial
(LST) test, located at the Soil Mechanics Laboratory at
Federal University of Santa Catarina (UFSC), was adapted
to perform the DMT in compacted soil. This equipment is
used to obtain resistance and compressibility parameters of
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rockfill dams, to test specimens with dimensions of 66 cm
in diameter and 165 cm in height (Hummes & Maccarini,
2009; Espindola, 2016).

The reaction gantry, the hydraulic cylinder and the
compaction mold were used for the experiment, with
dimensions of 66 cm in diameter and 86 cm in height, formed
by 16 windows screwed together and supported on a circular
steel base. The soil sample was compacted within the mold
using the socket of the Proctor compaction test. The sample
had a total height of 72 cm, divided into 24 equal layers of
3 cm each. Were applied 293 blows per layer to achieve the
level of compaction required in normal energy and optimum
moisture content.

Four granular matrix suction sensors (GMS), manufactured
by Irrometer Company, model 200SS sensors were installed
in the center of the compacted sample at the depths of
9, 27, 45 and 63 cm. The GMS were screwed into PVC
pipes where the wire that should be connected to the data
acquisition system. This set was inserted into the holes that
were hand-drilled with an earth auger with the same diameter
of the GMS. To ensure good hydraulic continuity between
the water present in the soil structure and the GMS, a mud
was produced with the same soil, and it was used before
the installation. The data acquisition was through Monitor
900M, via RS232 connection, using the Watergraph software.

Figure 4a presents the equipment used for the conducting
of DMT. Figure 4b shows a schematic representation of the

1. Hydraulic evlinder

2. Reaction porch

3. Mold made with windows
4. Mold base

5. Compaction area

6. Pullevs to move the mold

(a)

test indicating the position where the GMS was installed and
the depths where it was taken as DMT readings. The nominal
dimensions of the DMT blade, made of stainless steel, are
22 cm high and 9.3 cm wide. On one side has a flat expandable
steel membrane with 6 cm in diameter. The reading intervals
were defined every 10 cm, and seven readings were taken
at 5, 15, 25, 35, 45, 55 and 65 cm deep. These test depths
correspond to the center of the expandable membrane of
the DMT blade.

For the process of inserting the DMT blade, it was
necessary to make a piece of solid steel, 35 cm long, 10 cm
high and 8 cm wide. One end of the piece was bolted to
the hydraulic cylinder of the portico and the other end was
connected to the dynamometer ring, along with the connections
for setting the rods with the blade. The function of the steel
piece was to enable driving in the blade from different
positions within the mold. Figure 5a presents the schematic
drawing of the pieces made. The picture of the moment at
the beginning of the insertion of the DMT slide is presented
in Figure 5b. Figure 6 shows the locations where the DMTs
were performed. It is observed that the expansion of the
steel membrane is directed to the center of the specimen.
This avoids possible interference with the test results since
it is close to the mold wall (10 cm).

Changes in soil structure related to the process of
inserting the DMT blade and its influence on test results are
not well known. However, the thickness of the DMT blade

Figure 4. Equipment used for conducting the DMT in the laboratory: (a) general view; (b) schematic section.
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Figure 5. Parts made for driving in the DMT blade: (a) schematic layout (b) DMT blade.

(10-15 cm), the shape of its tip and the measuring system
on the side minimize changes to the soil structure. Some
experimental studies in sandy soils and mathematical modeling
have been carried out to quantify the effect of DMT blade
insertion in the soil (Zhonggqing et al., 2021; Frost et al., 2016;
Melnikov & Boldyrev, 2014). Zhongging et al. 2021 measured
horizontal displacements of 2 mm at a distance of 70 mm
from the DMT blade with vertical displacements of 1 to
3 mm in the region close to the diaphragm.

Six tests were performed with the DMT positioned
at different locations on the specimen surface (Figure 6),
obtaining in each of them 7 readings of parameters 4 and
B. The first test was performed for the molding conditions,
corresponding to the optimum moisture content and maximum
dry density of the compaction curve determined with Proctor
normal energy.

The second DMT was carried out after sample saturation.
The sample saturation was performed with the aid of water
flow valves located at the base of the mold, where the water
was inserted by low pressure (36 kPa) in the base and top
directions of the sample. Saturation was confirmed when all
GMS presented suction values are equal to zero. The other
4 DMT were performed as the specimen lost moisture and
started to present different suction profiles. The suction profile
was continuously monitored and the timing of the DMTs was
selected, considering the GMS limit that can measure suctions
up to 200 kPa. The insertion of the DMT blade was made
statically with a velocity of 20 mm/s, this value being within
the range of variation recommended by different standards
(TC16 DMT, 2001; ASTM, 2015; Eurocode, 1997; ISO,
2017). In this laboratory experiment, many of the variables
could be controlled, such as specimen homogeneity, better
control of DMT slide insertion, and ambient conditions

22cm

Figure 6. DMT blade insertion position.

related to temperature and relative humidity. There are some
limitations such as the small specimen height that allows
readings to a depth of 65 cm where the vertical stresses
are small. However, the purpose of DMTs is to verify the
influence of suction on test results that are all subjected to
the same boundary conditions. Thus, suction is the only
variable of the tests.

4. Results and discussions

4.1 Characterization of the soil
The soil sample collection point is in the city of

Floriandpolis/SC, Brazil. According to the geological map
by Tomazzoli & Pellerin (2018), in the exact location of the
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collection point is a diabase dike. The surrounding geological
unit is granite.

The laboratory tests carried out had the objective
of characterizing the sample collected for the research.
Table 1 presents a summary of the results of the granulometric
curve, Atterberg limits, unit weight of solids, compaction
test, direct shear test and soil classifications. The results of
the saturated direct shear tests, obtained for the compacted
specimens under the optimum moisture content conditions,
are presented in Figure 7. The effective cohesion value and
effective angle of internal friction were respectively 8.1 kPa
and 34.7°.

4.2 Determination of vertical effective stress profiles
Figure 8 shows the results of the unconfined compressive
strength tests as a function of the respective initial suction values

obtained with the filter paper technique. The experimental
points of this figure represent the projection of each of

Table 1. Summary of the soil characterization tests.

Grain Size Analysis Clay (%) 27.8
Silt (%) 29.8
Fine Sand (%) 16.3
Medium Sand (%) 20.0
Coarse Sand (%) 3.9
Gravel (%) 2.2
Atterberg Limits W, (%) 47
W, (%) 44
1, (%) 3
GI (Group Index) 3
Unit weight of solids v. (KN/m®) 28.0
Compaction Test Wom (%) 30
v, (kN/m?) 13.9
Direct Shear Test ¢’ (kPa) 8.1
¢’ (%) 34.7
Classifications HRB A-5
USCS ML
Legend: see List of Symbols
120 T
< 100 y=0.6979x +8.0772
: R2=1
% 80 ,/
5 o / /
2 40 =
2 /
7] [ —
0
0 50 100 150

Net normal stress (o-1,,) (kPa)

Figure 7. Results of direct shear tests performed under saturated
conditions.
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the 17 tests in the plane defined by the shear strength as a
function of suction. This procedure is shown schematically
in Figure 2. The curvilinear envelope (Figure 8) fitted to
these experimental points represents the cohesion intercept.

For the compacted diabase residual soil used in this
study, the variation of the parameter y, obtained by the
relationship between “a” and “b”, presented in Figure §, for
different suction values, was defined by Equation 16. This
equation was substituted in Equation 14 to determine the
effective vertical stress. The effective vertical stresses, given
by Equation 17, were obtained by substituting the value of
% represented by Equation 16, in Equation 8.

2 =-0.201-In(u, —u,)+1.5194 (16)

o', =(G—ua)+

a7

[-0.201-In(u, ~u,,)+1.5194]-(u, —u,,)

The suction profiles obtained with the GMS and the
effective vertical stress profiles are shown in Figure 9.
The suction values were defined for the depths of the DMT
by interpolation of the GMS readings. It can be observed
in Figure 9 that the suction profiles present small variations
of values. This indicates that for the maximum depth of the
tests (0.65 m) the specimen drying occurred homogeneously.
As expected, the effective vertical stresses increase with
increasing depth and suction, reaching a maximum value
of 85 kPa.

Figure 10 shows the suction monitoring during the
182 days period of the experiment. The results presented in
this figure demonstrate the good functioning of the GMS. After
the first DMT was performed, for the compaction condition,
the specimen saturation was performed. GMS indicated a
rapid reduction in suction value to zero. After this step, the
specimen was closed to homogenize the moisture content in
all its volume. During this period, an initial suction profile
was defined, and the top of the specimen was opened.

No variations were observed in the suction values
measured by the MSG after the DMT insertion. This can be

700 - ,
o] o N .
failure envelope in =
600 1 ¢'=34.7°, Pt =a/b
) ¢ /" saturated condition x=a/
7097 ¢ v =8,772x0406
400 / Y opa—
R ¢ |b=(ua-uw).tang * OjSI
208 :, ° CLwhcsiL\Illl“C‘“‘:p‘

(=
o
1

°

Cohesion mterc

[ [ ]

[=]

o
1

2
I

7

S

T
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Suction (kPa)

o

Figure 8. Obtaining parameter y using the results of unconfined
compressive strength tests.
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Figure 9. Profiles of suction and effective vertical stress.
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Figure 10. Monitoring of the suction sensors during the experiment.

seen in Figure 10 where the increase in suction in all GMS
occurred at a constant rate. This fact indicates that there were
no changes in the soil structure at a distance from the DMT
blade of the order of 20 cm. Therefore, the distance between
the DMT insertion points, indicated in Figure 6, is sufficient
to prevent interference between the tests performed on each
of the 6 suction profiles. At the end of the tests, the metallic
compaction mold was removed, and no cracks were observed
on the lateral surface of the specimen, which is at a distance
of 10 cm from the DMT driving points (see Figure 6).

4.3 Results of the DMT

This item presents and analyzes the results of the DMT
performed on compacted soils for different suction profiles.
The results of all tests performed are presented in Table 2.
In this table are the test parameters proposed by Marchetti
(1980) and the suction profiles associated with each of the
6 DMTs.

Figure 11 presents the values of the pressure readings
p, and p, and ¢,, obtained from the DMT blade thrust
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Table 2. Parameters of DMT obtained for different suction profiles.

Depth A B

Suction E

Test (m) (kPa) (kPa) (kPa) I K, (MPa)

1¥ DMT 0.05 160 750 63.3 3.32 3.64 18.6
(Molding) 0.15 485 1340 64.7 1.72 10.11 28.2
0.25 490 1370 67.6 1.76 9.55 29.1

0.35 540 1570 64.6 1.92 10.31 34.6

0.45 330 1200 60.8 2.62 6.29 28.8

0.55 550 1540 67.9 1.79 9.58 33.1

0.65 490 1650 73.6 2.44 7.75 39.3

2% DMT 0.05 155 610 0.0 277 157.50 13.9
(Saturation) 0.15 400 1000 0.0 1.45 138.88 19.2
0.25 340 960 0.0 1.79 70.03 19.9

0.35 465 1050 0.0 1.20 69.76 18.6

0.45 360 1000 0.0 1.75 4121 20.6

0.55 440 1080 0.0 1.42 41.64 20.6

0.65 290 970 0.0 2.37 22.49 22.1

34 DMT 0.05 155 640 34.7 2.80 5.34 15.0
(Drying) 0.15 410 1080 33.8 1.57 13.24 21.7
0.25 330 1020 322 2.03 10.27 22.5

0.35 495 1230 30.8 1.44 15.06 24.1

0.45 380 1040 29.0 1.67 11.32 21.4

0.55 410 1040 27.6 1.46 11.93 20.3

0.65 380 1130 26.5 1.95 10.51 24.6

4" DMT 0.05 300 1040 58.8 2.40 6.95 24.3
(Drying) 0.15 480 1330 59.6 1.75 10.55 28.3
0.25 435 1430 61.2 233 8.86 33.6

0.35 630 1660 60.4 1.65 12.59 34.9

0.45 510 1400 59.4 1.73 9.98 29.8

0.55 500 1350 59.9 1.68 9.42 283

0.65 485 1490 60.4 2.11 8.65 34.0

5% DMT 0.05 245 780 88.9 1.91 4.55 16.8
(Drying) 0.15 410 1300 88.8 2.14 6.97 29.7
0.25 450 1580 88.5 2.59 7.24 38.5

0.35 580 1770 89.8 2.11 9.04 40.7

0.45 445 1520 91.3 2.46 6.68 36.5

0.55 520 1640 93.7 2.20 7.49 38.1

0.65 580 1730 95.7 2.02 8.06 39.2

6" DMT 0.05 440 1000 128.1 1.13 6.43 17.7
(Drying) 0.15 455 1410 126.7 2.06 6.24 32.1
0.25 470 1550 124.0 231 6.28 36.7

0.35 530 1780 126.2 243 6.76 42.9

0.45 460 1710 129.0 2.81 5.63 42.9

0.55 645 1850 134.2 1.89 7.68 412

0.65 580 1920 138.4 2.39 6.56 46.1

resistance with the dynamometric ring, mounted on the thrust
rods. There is an influence of suction both in the pressure
profiles p, and p,, and in the DMT blade thrust resistance
(g,)- Regarding pressures p, and p,, the values of p, have
the highest variations concerning suction increase Parameter
p, presents the lowest variations, probably because the
reading being carried out in a region of the sample disturbed
by the insertion of the blade. The value of the parameter p ,
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obtained when the movement of the membrane center reaches
1.1 mm, is directly associated with the stiffness of the soil
resulting from the compaction process. It can be observed in
Figure 11c that the tip resistance (g,) increases with depth.
This fact is associated with the increase in confining pressure
and suction. However, suction has a greater influence on the
increase in tip resistance (g,)). The values of p, and p, of each
of the profiles presented in Figure 11, obtained for different



Influence of suction on the parameters of the Marchetti Dilatometer Test on a compacted residual soil

po (kPa) p; (kPa) gp (MPa)
100 600 1100 1600 2100 100 600 1100 1600 2100 036 9121518
0 1 1 0 ' 1 1 0 |. 1 Il 1 i
0.1 4 0.1 0.1
0.2 0.2 0.2
"_5\03 ........ onq 303,
g £ £
Zo4 Loal 8 0.4
¥
0.5 1 0.5 4 H ' H 0.5
ik
0.6 1 0.6 1 — \L&L 0.6 |
(a) (b) g c)
0.7 0.7 0.7

—O— 1st DMT: Profile with average suction of 66.3kPa
—QO— 2nd DMT: Saturated sample, suction 0.0kPa

—0- 3rd DMT: Profile with average suction of 30.6kPa
—X— 4th DMT: Profile with average suction of 59.9kPa
—&— 5th DMT: Profile with average suction of 91.1kPa
—l- 6th DMT: Profile with average suction of 129.9kPa

Figure 11. Readings of pressures (a) p, and (b) p, and tip resistance (c) g,

levels of suction, are plotted in Figure 12. This graph shows
an increasing trend for pressures p, and p, as a function of
suction when compared to the linear adjustments applied to
the experimental points.

Figure 13 presents the profiles for the intermediate
parameters /,, K and E,, obtained from the data from the
DMT. The I, and K, parameters were obtained by Equations
13 and 14, respectively. When the suction value is equal
to zero (2nd DMT) these equations become equal to the
equations proposed by Marchetti (1980) for saturated soils.

For the calculation of 7 and K, the value of Poisson’s
ratio (v), in Equations 13 and 14, was considered constant
and equal to 0.3. This value was obtained by equating the
equation for the value of K, proposed by Jaky (1944), with
Equation 15 considering suction equal to zero in this equation.
In this way, the value of Poisson’s ratio was calculated by
Equation 18.

Kozl—sen¢’=1L (18)

-V

The material index parameter (/,), presented in
Figure 13a, varies around an average value for each of the
suction profiles, without presenting an increasing or decreasing
trend according to depth. However, there is a slight influence
of suction, and so the /, values are higher for higher suction
values, as can be seen in Figure 14.

The parameter /) classified the compacted sample
between sandy silt and silty sand, different from the particle

2000
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Figure 12. Relationship between the readings p, and p, and suction.

size distribution test conducted in the soil sample, which
classified the soil as silty clay. This behavior is justified
by the fact that the /, parameter reflects the mechanical
performance of the soil.

As for the horizontal stress index parameter (K ), presented
in Figure 13b, the values obtained experimentally show a
great influence from increases in suction values. The results
of 2 DMT are not plotted in this figure. The profile of the 2"
DMT, in the saturated condition, shows a value of 157.5 on
the surface of the specimen followed by a reduction of value
to 22.5 at a depth of 0.65 m. Those values are very high and
are directly related to the small values of vertical stresses
(o>,) limited by the maximum depth of the laboratory test,
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Figure 14. Relationship between /, and suction.

which is a limitation of this research. To avoid anomalous
K, values, they are often plotted to depths greater than 1 m.

For profiles that have a specific suction value, the
K, values do not tend to increase or decrease with depth,
oscillating around an average value. The K values of
these profiles ranged from 4.2 to 15.5. However, as can be
observed in Figure 15, there is a tendency of decreasing K,
values with an increase of suction. As the matrix suction of
the soil increases, there is a reduction in horizontal stress
(Fredlund & Rahardjo, 1993). This reduction in horizontal
stress, which varies as a function of depth, causes a reduction
in the K value.
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Figure 15. Relationship between K| and suction.

The profiles for the dilatometer modulus parameter (£,),
presented in Figure 13c, show that £, increases up to the
depth of 35 cm, with a tendency to remain constant at further
depths. The £ range varied between 13.9 and 46.1 MPa,
with a mean of 28.8 MPa. In Figure 16 are plotted the values
of £ as a function of suction in all the experimental points.
The E values increase with increasing suction, showing a
good correlation coefficient (R* = 0.82). Many studies have
verified an increase in the modulus of deformability and
shear resistance in compacted residual soils as a function
of an increase in suction (Oliveira, 2004; Pecapedra, 2016;
Bernardi, 2018).
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Figure 16. Relationship between £, and suction.

5. Conclusions

The experimental results of this research verified the
suction influence on the readings measured during the DMT
in the compacted soil. It was suggested that the equations
for material index /, and horizontal stress index K, should
be adapted, inserting the variable suction in them. This
had the objective to adapt the equation to be used in data
from tests carried out on unsaturated soils. The use of the
effective vertical stress equation proposed Bishop (1959),
which incorporates suction, has also been suggested. In this
equation, the variation of the parameter ¢’ as a function of
suction was defined using the cohesion intercept obtained
with the results of uniaxial compression tests. In this equation,
the variation of the parameter y as a function of the suction
was defined using the cohesion intercept obtained with the
results of uniaxial compression tests. In these tests, the initial
suction of the specimens were determined using the filter
paper technique. As a simplifying hypothesis, the value of
Poisson’s ratio of the equations obtained for /, and &, was
considered constant and equal to 0.3.

With the increase in the suction value, the parameters
I, and E showed a tendency to increase values and the K
value showed a tendency to decrease in value. When going
from the saturated condition (2nd DMT) to the suction of
the order of 130 kPa (6th DMT) the Id value changed from
1.8 to 2.1, showing an increase of 18%. For this same suction
interval, the value of Ed increased from 19.3 kPa to 37.1 kPa,
showing an increase of 92%. The K value obtained for the
saturated condition was equal to 12, reducing to 6.5 when the
average suction of the soil profile was equal to 130 kPa, thus
presenting a reduction of 46%. The variations in the /, K
and E, values, with the increase of suction, are compatible
with the mathematical models and the experimental results
obtained by other researchers. The relationships proposed in
this research for the calculation of /, and K, incorporating
the suction value, provided coherent values. It was found
that the DMT correctly detected the influence of suction on
the geotechnical parameters analyzed.
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List of symbols

c’ Effective cohesion

DMT  Marchetti dilatometer test

E, Parameter related to the soil deformability modulus

E Modulus of elasticity for the soil structure related
to a change in (c-u,)

HRB  Highway Research Board soil classification

H Modulus of elasticity for the soil structure related
to a change in (u-u )

1, Parameter related to soil type

I8 Plasticity index

K Parameter related to the over-consolidation ratio
(OCR) and coefficient of earth pressure at-rest (K)

K, Coefficient of earth pressure at-rest
K, Horizontal stress index

OCR  Overconsolidation ratio

D, Pressure obtained from the DMT
D, Pressure obtained from the DMT
USCS  Unified Soil Classification System
u, Air pressure

u, Pore water pressure

(u-u) Suction

w, liquid limit

w Optimum moisture content

w, Plastic limit
A Gage reading when vented to atmospheric pressure
Z Reading depth
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AA DMT membrane calibration readings

AB DMT membrane calibration readings

¢’ Effective angle of internal friction

Y, Dry unit weight

Y, Unit weight of the solid particles

c’ Effective stress

c Total stress

o, Normal vertical stress

S Degree of saturation

Su Undrained shear strengths

T Shear strength

T, Shear strength in saturated conditions

v Poisson’s ratio

X Coefficient related to the degree of saturation of
the soil
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Abstract

The use of thin clayey soil as a liner plays an important role in many geotechnical and
geo-environmental engineering applications, such as open channel and reservoir sealant,
contaminant barrier etc. Their functional performance and sustainability depend primarily
on the desiccation characteristics of these liners and barriers. A number of studies have
been undertaken to quantify the degree of improvement achieved by using natural and
synthetic fiber reinforcement. However, there is a lack of studies to understand the
desiccation behavior of reinforced clay. This study aimed to explore the desiccation and
cracking behavior of clayey soil reinforced with two natural fibers (coir and jute fiber) in
addition to the degree of improvement in tensile strength. A series of direct tension and
desiccation cracking tests have been conducted in the laboratory on clay-coir and clay-jute
fiber mixes. The results demonstrate that when coir and jute fibers are used, the tensile
strength of fiber-reinforced soil rises by up to 475 percent and 215 percent, respectively,
when compared with the tensile strength of unreinforced soil at the same moisture content.
Desiccation test results also show that blending of fibers reduces the breadth and depth of
cracks significantly. The characteristics of unreinforced and fiber-reinforced clayey soil
under desiccation and direct tension are briefly discussed in this paper. Findings of the
present study will be important for professionals dealing with clay liners and trying to

reduce cracking problems associated with drying soil.

1. Introduction

Desiccation cracking of clayey soils is a worldwide
problem in many engineering applications such as earthen
embankments for roads and dams, open channels, reservoirs,
sanitary landfill barriers, etc. Such cracking causes notable
problems with earthen roads, embankments, slopes, and
foundations (Li et al., 2009). Desiccation cracks in clay
liners underlying sanitary waste landfills cause serious geo-
environmental concerns (Daniel & Brown, 1987; Peron et al.,
2009b). Failures of clay levees are found to be initiated by
penetrating water into desiccation fissures (Utili et al., 2008).
As documented in literature, desiccation cracks are initiated
when the minor principal stress exceeds its tensile strength
(Albrecht & Benson, 2001; Konrad & Ayad, 1997).

Many researchers investigated the mechanism of
cracking of unreinforced clay under various conditions (Lau,
1987; Morris et al., 1992; Colina & Roux, 2000; Vogel et al.,
2005; Kodikara & Choi, 2006, Peron et al., 2009a; Tang et al.,
2011a; Li & Zhang, 2011; Lakshmikantha et al., 2012;

Costaetal., 2013; Li, 2014; Shokri et al., 2015; Khatun et al.,
2015). The factors influencing desiccation cracking are soil
mineral composition, clay content, initial moisture content
and soil density (Albrecht & Benson, 2001; Tang et al.,
2008; Shinde et al., 2012; Silva et al., 2013; Lu et al., 2015;
Jayanthi et al., 2017). The boundary conditions, temperature
and humidity also have influences on the desiccation cracking
behavior of unreinforced clay (Tang et al., 2010; Uday &
Singh, 2013; DeCarlo & Shokri, 2014; Uday et al., 2015;
Lakshmikantha et al., 2018).

The desiccation rate of unreinforced clay is higher at
smaller thicknesses. Cracking water content is higher for
thicker clay layers (Nahlawi & Kodikara, 2006; Tang et al.,
2011c; Tollenaar et al., 2017). The average length and width
of cracks as well as crack density increase with the increase
in clay layer thickness (Tang et al., 2008; Guo et al., 2018).
Initiation of desiccation crack will be delayed due to the
inclusion of fiber reinforcement in clayey soil. The addition
of discrete fiber in clayey soil reduces shrinkage, extent of
desiccation cracking and total cracked area (Chaduvula et al.,
2017; Jayasree et al., 2015; Ziegler et al., 1988). A number of
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researchers (Anggraini et al., 2015a, b; Capilleri et al., 2019;
Correia et al., 2015; Enokela & Alada, 2012; Liet al., 2014)
investigated the strength and toughness of fiber reinforced clayey
soil in direct and indirect tension. A significant improvement
in the tensile strength and toughness of reinforced soil has
been reported from their studies.

It is evident that a number of studies have been
undertaken to realize the extent of desiccation cracking of fiber
reinforced clayey soil. But, the desiccation characterization
of clayey soil mixed with randomly distributed fibers is
yet to be explored. An understanding of desiccation and
direct tension behavior of thin clayey soil containing fiber
reinforcement will be helpful for proper use of discrete fiber
as reinforcement in clay liners and covers. In this paper, the
desiccation rate, cracking water content, tensile strength,
toughness etc. of thin clayey soil of varying thicknesses
with a range of fiber contents are presented. Relationships
among the reinforced clay layer thickness, cracking water
content, and desiccation rate have been developed. Details
of the investigation program and outcomes are presented in
the following sections.

2. Materials and methods
2.1 Materials

The raw materials used for the current investigation
were clayey soil, coir and jute fiber. The clayey soil was
collected from the marshy land of Gazipur City Corporation,
Bangladesh. The properties of the soil are shown in Table 1.
Coir was extracted from coconut husks. The collected coir
was cleaned with potable water without the use of chemical
additives and dried at room temperature. Before fixing the
length of fibers, different lengths of fiber were used in the
trial samples. Based on their consistent results, the length
of the fibers has been fixed. Then the fibers were cut into
the required lengths by scissors. The jute fiber used in this
study was collected from the local market and cut into desired
lengths. Figure 1 and Figure 2 show the coir and jute fibers
used in the present study. The properties of coir and jute
fiber are listed in Table 2.

2.2 Direct tension sample preparation and testing

This study aimed at exploring direct tension behavior
at and around the optimum moisture content of reinforced

Table 1. Properties of soil used in this study.

clayey soil. So, a number of compaction tests are conducted
following the ASTM standard method (ASTM, 2007) on
base soil and soil-fiber mixtures to determine the OMC.
The test results of compaction tests are summarized in
Table 3. The direct tension test is an appropriate method to
determine the tensile strength of clayey soil as the tensile
stress and strength can be directly obtained (Tang et al.,
2015). A simplified direct tension test mold was fabricated
for this study. A photograph of the direct tension test mold
is shown in Figure 3(a). The length and thickness of the test
specimen are 90 mm and 25.5 mm respectively. The cross-

Figure 1. A photograph of the coir used in this study.

Figure 2. A photograph of the jute fibers used in this study.

Natural Optimum Maximum  Unconfined
. Specific Liquid limit  Plastic limit P dry unit compressive  Unified soil
Item moisture . o o moisture . . .
content (%) gravity (%) (%) content (%) weight strength  classification
(KN/m?) (KN/m?)
Symbol w, G, LL PL oMC Y, d(max) 9. -
Result 23.6 2.63 38 21 17 16.67 73.2 CL
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Figure 3. (a) Dimensions of direct tension test mold, (b) compaction in the mold, (c) sample placed in direct tension test device, and

(d) sample after test.

Table 2. Properties of coir and jute fiber used in this study.

Fiber type Color Meal(lrg?l;neter Aver?ric;ri)e ngth Aspect ratio Fiber contents (%)
Coir Brown 0.25 25 100 1.0,2.0,3.0
Jute fiber Brown 0.1 30 300 0.5,1.0,2.0
Table 3. Summary of compaction tests. show the compaction of the specimen, test equipment and
Maximum dry Optimum specimen after failure respectively. The stress and strain
Specimen type unit weight ~ moisture content ~ readings are recorded at an interval of 15 seconds. And, the
(KN/m?) (%) rate of deformation was maintained at 1 mm/min throughout
Base Soil 16.67 17.0 the test to have a sufficient number of readings to capture the
Soil + 1% Coir 16.32 18.0 shape of the stress-strain curve accurately. The total loading
Soil +2% Coir 15.21 19.0 time required for the tests on reinforced samples was about
Soil + 3% Coir 14.10 20.0 8 minutes. Finally, the tensile strength (o,) was calculated
Soil + 0.5% Jute Fiber 16.58 18.5 by dividing the maximum tensile load (P, ) by the cross-
Soil + 1% Jute Fiber 16.00 20.0 sectional area (i.e., 30 mm x 25.5 mm).
Soil + 2% Jute Fiber 15.33 22.0

sectional dimension of the specimen at the neck is 30 mm
x 25.5 mm. To minimize friction between the soil and the
bottom surface of the mold, the bottom surface of the mold
was lubricated prior to placement of the testing materials at
the time of preparing the test specimen. After the specimen
was compacted, the sample with the compaction mold was
placed into the testing equipment. Figure 3(b) to Figure 3(d)

Taiyab et al., Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022074421

2.3 Desiccation testing procedure

The desiccation cracking tests were conducted using
metal molds with a rectangular cross section. To induce parallel
cracking during the drying of soil, the lengths of the molds
were significantly larger than the widths. Table 4 shows the
mold dimensions. The room temperature was maintained
at 30 °C to 35 °C during these tests. During this testing,
the relative humidity was kept between 62 percent and
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Table 4. Summary of desiccation cracking tests.

Mold dimensions Number of molds

Initial water content  Relative humidity =~ Materials of mold

Mold type (L x W x D) (mm) used (%) (%) used
A 600x25%30 5 38 62-65 Metal
B 600x25%20 5 38 62-65 Metal
C 600x50x10 5 38 62-65 Metal
D 600x25%5 5 38 62-65 Metal

Legend: L = Length, W = Width and D = Depth.

65 percent. To ensure moisture uniformity, the base soil and
soil-fiber mixtures were completely mixed with water up to
the liquid limit of the base soil and enclosed in an air-tight
bag for 24 hours. Using a spatula, the soil mixes were then
pressed into the molds to their full depth. The side walls of
the mold were lubricated before the soil was placed to reduce
soil adherence to the side walls. Five rectangular molds were
utilized in each experiment. Some of these molds were utilized
for crack initiation and evolution, while others were used to
measure moisture content during drying. The formation of
cracks is checked manually and their moisture contents have
been determined at different intervals of time. The width of
cracks is measured with the help of steel wires of various
diameters. Throughout the test period, the moisture content at
the top and bottom of the desiccation test specimens varied.
Because the specimens were thin, the moisture content was
calculated as the average moisture content based on the total
weight of the specimens.

2.4 Toughness behavior at direct tension

The toughness behavior of reinforced soft clay in the post
peak zone is studied for all the direct tension test specimens.
The toughness index is determined from normalized curves.
The load and the deformation axes were normalized with
respect to the load and deformation respectively at the peak
load. A dimensionless direct tension toughness index (77) is
defined in Equation 1 to understand the post peak behavior
as proposed by Sobhan & Mashnad (2002).

s il

4
P

M

where d ,= deformation at peak load P, ; d=any deformation
that is greater than the dp value; 4, =area under the normalized
curve up to the peak; and 4, = area under the normalized

curve up to the deformation ratio d/d,,.
2.5 Desiccation rate and desiccation coefficient
The moisture content at any time is proposed by Equation

2 given below for analysis of desiccation test data obtained
from the current study. It is an exponential function, and is

similar to that of Nahlawi & Kodikara (2006) except that

. . 2
the final moisture content term is factored by 3

—kt

2 2
W—wa-+(w0—§wfje 2)
Where, w =moisture content at any time, ¢ of the desiccation
test (%)

k = Coefficient of desiccation (per day)
W, = initial moisture content of the desiccation test (%)
w, = final moisture content at the end of the desiccation
test (%)
The desiccation rate may be defined as a change in moisture

. . . odw
content with respect to time (i.e., 7) can be expressed by
t

Equation 3 given below. It is also an exponential function.

3)

3. Results and discussion
3.1 Tensile strength and toughness

The effect of fiber content on tensile strength of fiber
reinforced soils is demonstrated in Figure 4. It is seen in
Figure 4, that the tensile strength increases from 33 kPa
to 71 kPa on increasing coir content from 0% to 2.0% for
samples prepared at OMC. Similarly, the tensile strength
increases from 76 kPa to 148 kPa when the coir content
increases from 0% to 2.0% for samples compacted at water
content of 5% less than OMC. Likewise, the tensile strength
increases from 11 kPa to 59 kPa, for a change in coir content
from 0% to 2.0% and compaction water content of OMC+5%.
Figure 4 also shows that the tensile strength of jute fiber
reinforced clay increases from 33 kPa to 55 kPa, 76 kPa to
161 kPa and 11 kPa to 23 kPa for samples prepared at OMC,
OMC-5% and OMC+5% respectively on using 1% jute fiber.
While comparing the tensile strength of coir reinforced clay
with unreinforced clay, it can be seen that tensile strength
increased by up to 214%, 232% and 475% for samples
prepared at OMC-5%, OMC and OMC+5% respectively.
Meanwhile, the tensile strength of jute reinforced clay is
observed to be increased by up to 132%, 168% and 215%
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respectively for samples at OMC-5%, OMC and OMC+5%.
Therefore, it can be apprehended that the effect of coir is
greater than the effect of jute fiber on increasing the tensile
strength of clayey soil.

In comparison to the tensile strength of reinforced soils
at different molding moisture contents, the impact of fiber
is observed more for samples with higher moisture content.
Figure 4 also indicates that the addition of discrete fibers up to
2% of coir and 1% of jute fiber increases the tensile strength
of clayey soil significantly. An increase in tensile strength
is caused by resistance to the slip of fibers in the soil matrix
at the time of tensile loading. Li et al. (2014) studied the
tensile strength of polypropylene fiber reinforced clay and
reported that tensile strength is increased by the interfacial
mechanical interactions between the fiber surface and soil
particles. Conversely, a further increase in fiber content
decreases the tensile strength of the soil-fiber matrix due to
areduction in bonding between fiber and soil. Therefore, the
optimum fiber content for maximization of tensile strength
of clayey soil can be considered as 2% for coir and 1% for
jute fiber. Anggraini et al. (2015b) found maximum tensile
strength at 1.5% coir content for soft marine clay, which is
similar to that observed in the present study.

The average values of 77 obtained from the direct
tension test on laboratory-made samples are plotted against
moisture content in Figure 5. For the purpose of 77 calculation,
the d/dp value was chosen up to 3 for all the specimens.
Figure 5 indicates that the effect of moisture on the 77 of
studied fiber reinforced soil is negligible when compared to
that of original clay. The 77 of soft clay increases notably with
an increase in moisture content. Whereas, such an increase
in 77 is not present in the case of the same clay reinforced
with coir and jute fiber. Besides, the 77 increases notably
with a small amount of coir (1%) and jute fiber (0.5%) for
samples prepared at their OMC-5% and OMC. But, the 71
is observed to decrease by a small amount for the samples
prepared at OMC+5% moisture content. The change in 77
on further inclusion of fiber is insignificant.

The absolute toughness (7) of fiber mixed soft clay is
defined as the area under the load-deformation curves up
to failure, and it indicates the total energy absorbed by the
material before failure. The variations of 7" with variation
of moisture content are presented in Figure 6. It indicates
that 7' decreases almost linearly with an increase in moisture
content for both coir and jute fiber-reinforced clayey soil.
This figure demonstrates that T increases with an increase
in coir content of 2% and jute fiber content of 0.5%. Further
increase in fiber decreases T at all the studied moisture content
of coir-reinforced clay. This decrease in T is observed for
the jute fiber reinforced sample prepared at OMC-5% only.
A minor change in 7 for jute fiber reinforced samples at
OMC and OMC+5% is observed for fiber content greater
than 0.5%. The maximum improvement in the absolute
toughness that is found for 2% coir-reinforced soil is 10 to
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Figure 4. Effect of fiber content on the tensile strength of soil
samples at various moisture and fiber contents.

1.2
| .
b 4
3 ——
2 08 7
«n -}
8 i (1 -
gﬁ ] ®m (0% fiber
z 04 - ® 1% coir
= ] A 2% coIr
] * 3% coir
0-0 ] 11 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
" ]
3 08 o *
=
n .
4 i -
gﬁ ] = (0% fiber
2 04 ®  0.5% jute
= ] 4 1% jute
] * 2% jute
0-0 LI | T 1 I T T T T I 1 1 T 1 I 1 1 T T
10 15 20 25 30
Moisture Content (%)

Figure 5. The effect of moisture content on the toughness index
of coir and jute fiber reinforced soil (from laboratory tests on soil
samples at various fiber contents).

17 times greater when compared with that of unreinforced
soil in the studied range of moisture content.

3.2 Desiccation cracking of reinforced and
unreinforced soil

Figure 7 displays typical cracking patterns observed at
the end of desiccation cracking tests for clayey soil without
any reinforcement and with different percentages of fiber
reinforcement. It is evident from these photographs that the



Desiccation characteristics and direct tension attributes of thin clayey soil containing discrete natural fibers

100

—m— (0% fiber
—e&— 1% coir
—&— 29% coir

\‘\_:_3% coir

0 Iﬁﬁl*kj_!—r—l—l—i—.llllll

Abs. Toughness (N-cm)
o
(e
IIIIIIIIIIIIIIIIIII

= 1 —a— (% fiber
? 75 4 —e— (0.5% jute
% . —a— ]% jute
3] - ] —— 2% jute
2 .
= i
E- 25 -
< ]

O T T T T I L L] T I T T T I T T T T

10 15 20 25 30

Moisture Content (%)

Figure 6. Effect of moisture content on the absolute toughness
of coir and jute fiber reinforced soil (from laboratory tests on soil
samples at various fiber contents).
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Figure 7. The cracking pattern of clayey soil of different fiber
content after a desiccation cracking test.

crack width of unreinforced samples is higher than the crack
width of reinforced samples. The number of cracks is fewer
in the case of unreinforced samples compared to the number
of cracks in reinforced samples. It is also remarkable that the
crack width becomes smaller with an increase in fiber content.
The length of cracks was smaller for higher fiber content.
Chaduvula et al. (2017) studied the desiccation cracking

behavior of polyester fiber reinforced clay and observed
similar results. Comparing Figure 7(b) with Figure 7(d) and
Figure 7(c) with Figure 7(e), it can be said that coir controls
the crack more efficiently than jute fiber.

3.3 Desiccation characteristics of reinforced and
unreinforced soil

The variation of moisture content with desiccation
time is shown in Figure 8 for unreinforced Gazipur clay.
It indicates that the moisture content reduces rapidly at the
initial stage of desiccation and decreases slowly towards the
end of the desiccation test. Past studies (Corte & Higashi, 1964;
Nahlawi & Kodikara, 2006) on the desiccation characteristics
of slurry clay reported similar results. Desiccation curves
for thin (Smm and 10mm thick) samples are very close to
each other, while significant differences can be observed
for thick (20mm and 30mm thick) samples. It can be seen
that desiccation ended earlier for thinner samples. It may be
due to desiccation starting at the top surface first and then
it propagating toward the bottom of the samples. Lifting up
of the cracked cells with respect to middle cracked cells at
the latter stages of desiccation was observed. This behavior
indicates differential desiccation rates between the top and
bottom parts of the soil layer at different stages of desiccation.
Figure 9 shows desiccation curves for coir and jute fiber
reinforced clay. Comparing Figure 9(a) to Figure 9(d), the
effect of fiber content is more prominent for samples of
10mm to 30mm in thickness. Fiber causes delay in the drying
process of reinforced clay. It can be seen from Figure 9(d)
that the effect of thickness is very small for thicknesses of
10mm to 30mm. However, the desiccation curves in the
compacted clay tests mentioned here appear to approach
identical water content at the end of the testing. This is because
the soil finally reaches a moisture content that is in balance
with the surrounding environment, as measured by relative
humidity and air temperature. Final moisture content (wf) is
observed more for greater thickness and larger fiber content.
Exponential desiccation curve fitting has been conducted
for all the samples. The resulted desiccation equations are
shown with respective plots. The first derivatives of these
equations (i.e., dw/df) are considered as the desiccation rate
at any time of desiccation.

Figure 10 and Figure 11 represent computed desiccation
rate versus time plots obtained from fitted curves. It can be
seen from these figures that the rate of desiccation is very
high at the initial stage compared to that at finishing time.
The more the thickness, the less the desiccation rate at the
initial stage. But, the desiccation rate is higher for thicker
samples at the end of the test. It may be caused by the
higher moisture content of the thicker samples at the end of
the test evaporating more than the thinner samples. At the
initial stage of the tests, desiccation rates of Smm thick jute
fiber reinforced clay were higher than unreinforced clay,
but desiccation rates of thicker (10mm to 30mm thick) jute
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the distance that moisture must travel for evaporation at the
surface increases as the soil thickness increases.

Unreinforced soil
—a— /i =5mm
—e— /= 10mm
—a— /i =20mm
—&— /i =30mm

Rate of Desiccation (% per day)

Figure 14 demonstrates the effect of sample thickness
on the cracking water content of reinforced and unreinforced
clayey soil. The cracking water content is less for reinforced
clayey soil than for unreinforced clay. As a result, it can be
claimed that employing discrete fibers as reinforcement can
help to prevent cracks from forming in clayey soil. This is due
to reinforced soil’s higher tensile strength, which prevents
the creation of cracks in soil that has reached a moisture
content where unreinforced soil has cracked. A similar result
was reported by Abu-Hejleh & Znidarcic (1995), where they
reported that the soils start cracking during desiccation induced
one-dimensional shrinkage when total lateral tensile stress at
the crack tip reaches the tensile strength. It is also observed
that the effect of coir is greater than jute fiber in resisting
desiccation cracking. The effect of specimen thickness on the
crack spacing to thickness ratio of unreinforced clayey soil is
presented in Figure 15. The crack spacing to thickness ratio

0 T . . T g is calculated for the initial and final thickness of specimens.
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Time, ¢ (day) The crack spacing (s) mentioned here is the mean spacing,
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Figure 10. Desiccation rate for unreinforced Gazipur clay. total number of cells when the soil was in dry condition.
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This approach has been used to analyze the data of Corte
& Higashi (1960) and Lau (1987). It can be marked that a
straight line is obtained on a log-log plot for both cases.
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Figure 12. Effect of sample thickness on esiccation coefficient of
unreinforced soil.

3.5 Relation between cracking water content and
desiccation coefficient

Figure 16 shows the relationship between desiccation
coefficient (k) and cracking water content (w ), where
linear regression lines are obtained for unreinforced clay.
Figure 17 and Figure 18 illustrate the plots of cracking water
content versus desiccation coefficient of reinforced clayey
soil. Exponential relationships are observed in this case.
The values of R? are found within 0.96 to 1, which indicates
a good correlation between the selected parameters. It is clear
that the cracking water content is lower because of the higher
desiccation coefficient that happens for thinner samples.
When comparing the results of this study to the desiccation
equations proposed by past researchers (Corte & Higashi,
1964; Nahlawi & Kodikara, 2006), the equation proposed in
this study lies between Corte & Higashi (1964) and Nahlawi
& Kodikara (2006). As indicated in Figure 16, there is no
significant change in desiccation coefficient between Smm
and 10mm thick unreinforced soil samples. Figure 17 and
Figure 18 show that the desiccation coefficient for Smm and
10mm thick reinforced soil samples varies considerably. This
difference in desiccation coefficient between unreinforced
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Figure 13. Effect of sample thickness on desiccation coefficient of reinforced clayey soil.
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Figure 18. Relation between cracking water content and desiccation
coefficient for 1% coir reinforced clay.

and reinforced thin samples could be due to reinforced
soil having less crack width and depth when compared to
unreinforced soil.

4. Conclusion

A series of laboratory desiccation tests have been
conducted in addition to direct tension tests on a clayey
soil with various proportions of natural fibers (coir and jute
fiber). The test results are presented in the above sections.
On the basis of the test results, the following conclusions
can be drawn.

* The tensile strength increases on using discrete
fiber of coir up to 2% and jute fiber up to 1%. Thus,
optimum fiber content may be considered as 2%
for coir and 1% for jute fiber to achieve maximum
tensile strength.
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»  Thetensile strength of coir reinforced soil increased
by up to 214%, 232% and 475% respectively for
samples prepared at OMC-5%, OMC and OMC+5%.
Similarly, the tensile strength of jute fiber reinforced
soil increased by up to 132%, 168% and 215%
respectively for samples prepared at OMC-5%,
OMC and OMC+5%.

»  The absolute toughness is greatly improved by using
reinforcement in a random distribution of up to
2% coir and 1% jute fiber. As the moisture content
rises, the absolute toughness of both reinforced and
unreinforced samples decreases. The toughness index
of unreinforced soil improves as the moisture content
rises. The use of coir and jute fiber improves the
toughness index at low moisture level (OMC-5%).
But, the reinforcing effect on the toughness index at
higher moisture content (OMC+5%) is negligible.

»  Discrete natural fibers reduce the crack width and
length considerably. The higher the fiber content, the
narrower the cracks and the more cracks there are.

*  The moisture content drops quickly at first and then
gradually as the desiccation test progresses. The
desiccation rate is lower for thicker samples during
the initial stage of the test. However, for thicker
samples, it is higher at a certain point near the end
of the test.

* The initial desiccation rates of jute fiber reinforced
clay of Smm thickness are higher and of 10mm to
30mm thickness are lower than unreinforced samples.
The desiccation rates of coir reinforced clay of all
thicknesses are lower than the unreinforced samples.

»  Thinner clayey soil samples, whether reinforced or
unreinforced, show lower cracking water content.
When compared to unreinforced clay, reinforced
clayey soil has reduced cracking water content. This
is due to reinforced soil’s stronger tensile strength,
which prevents cracks from forming in soil that has
reached a moisture content where unreinforced soil
has cracked.

»  Forunreinforced clay, the relationship between cracking
water content and desiccation coefficient is linear;
for reinforced clay, the relationship is exponential.
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List of symbols

Ay Area under the normalized curve up to deformation
ratio d/d,

Area under the normalized curve up to peak
Any deformation that is greater than d,
Depth of the desiccation mold

Deformation at peak load P,

dw/dt Desiccation rate

Gs  Specific gravity of soil grain

q, Unconfined compressive strength

k Desiccation coefficient

L Length of the desiccation mold

LL  Liquid limit of soil

OMC Optimum moisture content

PL  Plastic limit of soil

ENECIENEN

P,.. Maximum tensile load

T Absolute toughness

11 Toughness Index

w Moisture content at any time ¢ of desiccation test
w Width of the desiccation mold

w, Cracking water content

w, Final moisture content of desiccation test
w Natural moisture content

w, Initial moisture content of desiccation test
7 d(max) Maximum dry density

o, Tensile strength
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Abstract

This study investigated the use of the Formation Factor of the material as an alternative
way to estimate soil-cement strength involving no destructive tests. This factor is obtained
from Archie’s Law and consists of the ratio of pore water electrical conductivity to saturated
porous material electrical conductivity, being related to porosity by constant terms. In this
study, the electrical conductivity of the pore solution was obtained from a soil-cement
leaching test after curing, and the conductivity of the monolithic soil-cement, by applying
continuous voltage between 12-35 V onto electrodes of 1 mm thick copper plates. The
influence of cement content and dry density on the electrical properties and water absorption
was studied and discussed for curing times of 7 and 28 days. The samples molded with
higher dry densities and cement contents presented higher Formation Factor for Soil Cement
and higher unconfined compression strength. The Formation Factor and the unconfined
compression strength are linearly related. Due to the methodology adopted, the Formation
Factor was predominantly influenced by the conductivity of the pore solution and was
related to the open porosity by means of a power function. Therefore, the Archie’s Law
can be applied to soil-cement. In this case, the cementation coefficient varies until 28 days
of curing, tending to stabilize around 8 from that age onwards. The volumetric coefficient

can be adopted as a constant with a value of 10'2.

1. Introduction

Soil stabilization with the use of cement is used
on a large scale in the production of earth bricks and in
geotechnical works, such as pavement layers in roads
and also in embankments (Bahar, et al., 2004; Cardoso &
Maranha das Neves, 2012). Performance standards prescribe
minimum values for unconfined compression strength and
water absorption. These parameters are largely affected
by the cement dosage and compaction dry density, which
may vary during construction, and for this it is important to
develop non-destructive monitoring tools during construction
for quality control.

In this context, there are studies involving the
relationship between the physical properties of soil-cement
and electrical conductivity or resistivity (e.g., Khalil &
Santos, 2011; Kibria & Hossain, 2012; Zhang et al., 2012;
Hammad, 2013; Fallah-Safari et al., 2013; Bai et al., 2013;
Vincent et al., 2017). The methods used to obtain electrical
measurements are easy and quick to apply, in addition to
being non-destructive and non-invasive, which justifies their
increasingly frequent use in research.

The electrical conductivity of the monolithic material,
when associated with the conductivity of the pore solution,
provides a parameter known as the Formation Factor (Archie,
1942). This factor, originally conceived for rocks, has been
largely used in soil studies mainly for geophysical prospection
(Rinaldi & Cuestas, 2002; Lorenzo & Bergado, 2004; Shah &
Singh, 2005; Song et al., 2008; Kahraman & Yeken, 2010). This
factor (FF) is defined using Archie’s equation (Equation 1),
representing the relation between the electrical conductivity of
the pore water and the saturated solid material (respectively K
and K ), being function of porosity ¢ and calibration constants
A (volumetric coefficient) and m (cementation coefficient).

K
FF="2=4¢™" 1
T M

The electrical conductivity depends on soil structure
and minerals, and chemical composition of the pore fluid.
In fact, electrical current flows through the conductive liquid
phase existing in soil voids and eventually through the surface
of conductive minerals, being dependent on pore geometry,
or tortuosity. This explains the fact that molding dry density
and water content affect the electrical conductivity (Vaillant,
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2013; Vaillant & Cardoso, 2016). For the case of soil-cement
mixtures, a combination of the porous net and the cement
content of the mixture will contribute to introduce more
tortuosity. This combination is also primarily responsible for
the mechanical strength of the material. In addition, soluble
elements from cement will affect the electrical conductivity of
the pore solution. For this reason, it is important to evaluate
the electrical conductivity of the pore fluid as it will change
with cement dosage and curing time.

The relationship between the Formation Factor of the
material and its mechanical strength has not been properly
addressed in soil-cement research yet. This fact may be due
to a difficulty in obtaining the measurement of the electrical
conductivity of the pore solution or a scarcity of studies
correlating the conductivity of the solid material with its
compression strength. Only a few studies can be cited,
especially Song et al. (2008), Zhang et al. (2012), Fallah-
Safari et al. (2013) and Vincent et al. (2017).

Song et al. (2008) established relationships between the
resistivity of a stabilized soil and its cement content, degree
of saturation, moisture content, curing time and unconfined
compression strength, as well as relationships with the soil
SPT. They found a directly proportional linear function in
the relation between resistivity (p) and resistance (g,), as
shown in Equation 2.

q, =286.p—-334 )

A similar relationship between compression strength
and resistivity can be found in the study by Kahraman &
Yeken (2010) carried out on rocks. This study particularly
highlights a model obtained from multiple regressions, relating
the compression strength (c,, in MPa) with the electrical
resistivity (p, in Q.m), the apparent density (y, in g/cm?),
and porosity (n, in %), according to Equation 3.

o, =-296-16+0-071p+633n+135-8y r=0-97 (3)

Zhang et al. (2012) studied the influence of cement
content, porosity and curing time on the electrical resistivity
and compression strength of soil-cement, before and after
wet curing. In that study, the authors established relations of
resistivity (p) and unconfined compression strength (UCS) with
a synthetic parameter, combining total porosity (n,), curing
time (7) and cement content (a, ). It was suggested that this
relationship is similar to Archie’s Law and, therefore, this law
can be applied to soil-cement. The relationships mentioned
above have a linear correlation coefficient of 0.98 and are
represented in Equations 4 and 5, respectively for electrical
resistivity (p) and compression strength (UCS).
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a
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Fallah-Safari et al. (2013) used different samples of
compacted clay (without reuse) at different apparent molding
densities, to observe the relation between UCS and electrical
resistivity. They observed a non-linear relation between the
variables - an increase in electrical resistivity for increases in
apparent density. The results, on average, were not consistent,
since the highest correlation coefficient (R?) obtained was
0.829 for a bentonite sample, and for four other samples the
obtained coefficient was lower than 0.7.

Vincent et al. (2017) studied four different samples
of a soil stabilized with cement. They performed a multiple
regression analysis between the unconfined compression
strength and the electrical resistivity of the material before
curing (fresh state), in the periods of 1 and 7 days of curing.
The results are consistent with those obtained in other studies,
observing increases in resistivity for proportional increases
in cement content and curing time. This study presented
only the equations for the initial stage of the mixture (before
curing) and after a period of 1 day of curing, as it sought to
obtain the UCS prediction at 7 days, that is, before hardening,
to avoid losses. The type of curing adopted in this research
was not mentioned.

In this context, this study proposes an easy-to-apply
methodology to evaluate the compression strength of soil-cement
composites based on relations with an Apparent Formation
Factor of the soil-cement (henceforth called FF, ). Using the
Archie’s Law, this Formation Factor was determined both from
measurements of electrical conductivity in the solid material
after determined curing times (K)) and from measurements
of the leached solution, named K| (Equation 6). Electrical
conductivity is the physical parameter that rules FF'_, which,
in turn, is influenced by the material design parameters (dry
volumetric weight or dry density at compaction, and cement
content) and curing time.

KT
FF,. =—" = 4.4bs™" (©6)
“TX,

In this work the soil-cement porosity was replaced by
the water absorption (4bs) (or open porosity), found using
the saturation process described in the methodology section
of ABNT NBR 8492 (ABNT, 2012b). The water absorption
is a parameter of quality control of soil-cement bricks at
7 days of age, whose value is limited to 20% (ABNT, 2012a).

The experimental conditions to measure the electrical
conductivity of the solution, for which Archie’s Law was
postulated, were not obeyed in this study. This is because
conductive clay minerals are dispersed in pore solution
(Shale effect), and pore solution may be diluted. However,
Archie’s Law for this soil-cement is simple to use and allows
obtaining a representative value of the “cementation” of
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the material. This law is being used as concept, because the
formation factor depends on porosity, which comes from the
connected porous network derived from dosing, molding,
and curing conditions. Being associated with the presence
of hydrated cement minerals, it will be latter possible to
observe a relation between this factor and UCS.

Finally, this Apparent Formation Factor (FF' ) for soil-
cement was related with UCS to define relationships which
may be useful as a non-destructive method for quality control.
The relations were established to consider dry density and
cement dosage, in addition to the curing time.

2. Materials and methods

2.1 Materials and sample preparation

The soil samples used were fragments of marl from the
Portuguese region of Abadia, which were passed through a
#4 sieve. The fines content passed through sieve #200 with
diameter <0.075 mm was of 17%. The minerals present were
carbonates (16-23% calcite and dolomite), quartz (5-10%),
other non-clayey minerals (8-17%), clays (1 5% chlorite, 17-
30% kaolinite, 21-35% illite, 0-1% smectite and 30-60% mixed
layer clays) and a very small percentage of organic matter (0-
2%) (Maranha das Neves & Cardoso, 2006). Liquid limit was
40% and plasticity index was 28% (classification CL) - values
found using the fine fraction of the marl. The unit weight of
solid particles was 27.5 kN/m?. The Portland cement type II-
32 with unit weight of solid particles of 31.0 kN/m?® was used.

The specimens, molded in rectangular metallic forms
with section of 4 x 4 cm? and length of 16 cm (CEN, 2007),
as shown in Figure la, were manually compacted in four
layers, one-centimeter thick each. The compaction moisture
adopted was approximately 2% above the optimum moisture
obtained in Proctor Normal test. A pilot test was carried out
to find the maximum possible dry density to be achieved
in manual compaction. Thus, four levels of dry volumetric
weights were defined up to the maximum limit achieved
in the test: 14, 15, 16 and 17 kN/m?, respectively G1, G2,
G3 and G4. Four cement dosages were mixed with each
dry unit weight of marl: 5% (D1), 10% (D2), 15% (D3)
and 20% (D4). The choice of these cement percentages was
based on the most used content in the literature consulted.
To individually identify each of the 16 combinations of
density (G) and cement content (D), variable C was created.
It represents the dosage of cement per volume or the cement
content per m® of mixture which values are shown in Table 1.

The samples were immediately extracted from the
mold after compaction, weighted and their initial electrical
conductivity was recorded. Then, curing was carried out in
a humid chamber with a relative humidity greater than or
equal to 95%. Curing times were established to be 7 days
(ABNT, 2012a) and 28 days, being different specimens
prepared for each period. The 28-day curing was included to
observe the hydration process and its influence on electrical
measurements. Considering the reference samples (without
cement), a total of 108 specimens were manipulated for study.

After curing, the specimens were prepared for compression
and leaching/absorption tests, which were performed after a

Figure 1. (a) specimen molding; (b) electric current reading procedures.

Table 1. Cement content (C) per m? of soil-cement (kg/m?).

(C) cement content (kg/m?)

(G) dry density (kg/m?)
G1 (1400) G2 (1500) G3 (1600) G4 (1700)
DI (5) 72.15 77.30 82.46 90.63
D2 (10) 15227 163.16 174.06 191.29
D 0,
(D) cement dosage () D3 (15) 241.84 259.14 276.45 303.79
D4 (20) 342.62 367.11 391.64 430.39

Vaillant & Cardoso, Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022072421



Soil-cement formation factor: methodological approach and relationship with unconfined compression strength

new measurement of the electrical conductivity. This is the
electrical conductivity of the saturated soil-cement (K, or
Kfif measured for different curing times). Each specimen of
4 cm % 4 cm % 16 cm was cut into three parts, being the cubic
central part (4 x 4 cm?) reserved for the leaching and water
absorption tests, and the two extremes (6 x 4 cm?) reserved
for the simple compression tests (load applied along the larger
dimension). The specimens reserved for the compression
tests were wrapped in plastic wrap to prevent edge breaks.

2.2 Electrical conductivity of the treated compacted
marls

The procedure adopted to measure the electrical
conductivity of the treated compacted marls is presented
in Figure 1b. A source of continuous tension between 12-
35 V and one-millimeter-thick copper plate electrodes (10 x
10 cm?) was used to measure the electrical conductivity in
the solid samples.

Electrical conductivity was computed using the
well-known Ohm’s law. The electric current was measured
using the voltage source in the central part of the sample,
applied perpendicularly to bedding layers formed in the
compaction. The contact between the electrodes and the soil
was ensured using a small weight, and a standard time for
current stabilization of 15 seconds was adopted to consider
capacitive effect of the material. Capacitive properties were
not explored further. The soil-cement conductivity was taken
in the saturated material with dry surface, i.e., superficially
dried (ABNT, 2012b).

2.3 Leaching, electrical conductivity and water
adsorption joint tests

The central part of each sample was wrapped in filter
paper to avoid possible loss of solid material (Figure 2a) after
measuring the electrical conductivity. Then the sample was
totally submerged in distilled water whose volume was defined
to be 7.5 times the volume of the sample. It remained submerged
(Figure 2b) until full saturation. Saturation was determined by
controlling the sample weight along the leaching test.

The experimental conditions to measure the electrical
conductivity of the pore solution were not postulated as in
Archie’s Law. They were adapted in this study from the
sample leaching. Two factors, then, probably affected the
electrical conductivity measures obtained: the dispersion
of clay minerals in pore solution, and the dilution of pore
solution. However, the expectation is to validate Archie’s Law
for soil-cement under simplified experimental conditions and
to obtain a representative value of the “cementation” of the
material, that is, of the connected porous network derived
from dosing, molding, and curing conditions

The electrical conductivity of the leached solution was
measured using a CRISON conductivity meter (Figure 2c¢)
(reading range of 0.2 uS/cm). The electrical conductivity
of the pore solution of the samples (K p) was obtained from
the relation between the accumulated conductivity and the
leaching period, according to Vaillant (2013). The correlation
curve presents a linear zone that is representative of the
conductivity of the pore solution. Thus, the K, value was
calculated from the slope of that line.

At the end of the leaching test the open porosity was
determined after curing, at 7 and 28 days, by measuring the
difference between total masses measured after saturation
and after oven drying.

2.4 Unconfined compression tests

The unconfined compression tests were done following
CENEN 1015-11 (CEN, 2007). The load was applied adopting a
constant rate of 0.5 mm/min for axial deformation. The precision
of the equipment is 0.01 kN. The specimens tested were cut
from the ends of the main sample (6 cm % 4 cm) and were
subjected to saturation for four hours before the compression
test. Figure 3 shows the steps followed for samples preparation.

2.5 Electron scanning microscope images and mercury
intrusion porosimetry tests

Complementary mercury intrusion porosimetry (MIP)
tests were performed in 1 x 1 x 1 cm? cubic portions extracted
from some samples after 28 days curing to evaluate changes

Figure 2. (a) sample packaging; (b) submersion for leaching test; (c) measurement of the leachate electrical conductivity.
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Figure 4. Microscopy of treated (bottom images) and untreated (top images) marls at different cement contents and molding density.

in pore sizes due to compaction and cement dosage. Electron
scanning microscope images allowed to visualize the hydrated
cement minerals formed for the different dosages adopted.

3. Results and discussion

3.1 Electron scanning microscope images

Figure 4 presents some electron scanning microscope
images of the soil-cement structures modified by the
compaction density (top photos) and stabilization with
cement for 28 days of curing (bottom photos). The presence
of the hydrated cement minerals is obvious in both samples,
being more disperse and less thick in sample D2G4 than in
sample D4G4. Their presence confirms pore clogging of the
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compacted material, interfering with electrical conductivity of
the material because electrical current flows mainly through
the liquid phase, i.e., by the pore fluid.

3.2 Influence of cement content on the conductivity of
solid material (K f)

Figure 5 presents the relation between cement content
and saturated material electrical conductivity for 7 and 28 days
of curing. In general, the electrical conductivity for a given
curing period (K. f) tends to decrease with the increase of both
cement content (C) and dry density (G) at compaction. This
same behavior can be observed in other studies (e.g. Khalil
& Santos, 2011; Kibria & Hossain, 2012; Zhang et al., 2012;
Hammad, 2013; Fallah-Safari et al., 2013; Bai et al., 2013;
Vincent et al., 2017).
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Figure S. Influence of cement content on the conductivity of the
solid material for (a) 7 days and (b) 28 days of curing.

This behavior was expected, because the hydrated
cement paste creates a new porous network in the material,
with less quantity of pores and also disconnecting them
(see the bottom images in Figure 4). This structural change
has a direct impact on the material conductivity because
the electrical current flows through the liquid phase and the
path followed depends on the geometry of the connected
pores. In addition, the amount of liquid present in the porous
material is reduced by decreasing porosity and, for this reason,
the conductivity decreases with the increase of dry density.

This reduction in conductivity is more marked for 28 days
of curing, when the hydrated cement minerals are expected
to be completely formed and therefore the quantity of ions
dissolved in the pore water is reduced. Indeed, assuming the
same amount of cement minerals for the same dosage (D),
a consistent trend of behavior can be observed, indicating a
power function whose exponent is close to 2.0 (Figure 6).
This also seems to be the behavior trend observed in the
work by Zhang et al. (2012), for three samples studied at
six different curing times.

There was a great dispersion for samples with seven
days of curing, mainly for the highest cement dosages, which
may be due to hydration reactions still in progress, with a
greater amount of hydrated calcium compounds present in the
system. This fact can also be observed and explained in other
studies already mentioned (Liu et al., 2008; Chen et al., 2011;
Zhang et al., 2012; Vincent et al. (2017). For this reason, the
regressions for the seven-day-curing samples were not presented.
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Figure 6. Influence of cement content on the conductivity of the
solid material.

3.3 Influence of cement content on the conductivity of
the pore solution (Ksp)

The presence of cement contributes to increase the
conductivity of the pore solution (K ) due to dissolved ions.
This conductivity is different from that of distilled water even
for the untreated material due to the presence of dissolved
clay minerals. The contribution of the cement is evident in
the values of K, measured for the lowest curing age (7 days),
when there is intense chemical activity (cement hydration
reactions) impairing the diffuse ion transport. This can be
seen in Figure 6, in which the relations were more dispersed
at this early age than after 28 days of curing. It is assumed
that, in the latter, the pore water system is chemically more
stable and, therefore, there is a well-defined trend between
the variables. For 28 days the values of K are linearly related
to the cement content (slope close to 0.4, in Figure 7b).

By keeping cement dosage (D) constant there is an
increase in K, for increasing dry density (G). The increase in
dry density imposes an increase in cement content to adjust to
the required percentual dosage. For this reason, there will be
a greater concentration of ions in the pore solution which, in
turn, will have their volume reduced because of the reduction
of large pores produced by the higher density. It seems that
this may have accelerated the ion transport mechanism,
increasing its concentration in the leached solution and,
consequently, increasing its conductivity.

3.4 Influence of cement content on the soil-cement
Formation Factor (FF,)

The FF represents the structural arrangement of the
material at its “formation”. For soil-cement, therefore, this
factor will influence dosage parameters (cement content and
compaction density), type and curing time. The mathematical
relations between the FF_ and cement content (C), defined
in kg/m?, are presented in Figure 8. The regressions were
performed as a function of the samples dry density, which, in
this case, also represents an increase in the cement content,
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Figure 7. Influence of cement content on the conductivity of the
pore solution for (a) 7 days and (b) 28 days of curing.

as indicated by the deviations of the points to the right.
The groups of samples for the different cement dosages (D)
were highlighted with circles in the graphs.

Similar trends relating the two variables can be seen, except
for sample D4 for 7 days of curing. The differences found for
this sample are possibly due to the presence of larger amounts
of non-hydrated cement particles. In other words, the sample
with 20% of cement (D4) seems to indicate a disproportionate
hydration process, suggesting that the relationship between
water and cement was not ideal, with not enough water to
hydrate the existing amount of cement particles. This caused
a kind of “delay effect” in the hydration process at this age,
which interfered with the conductivity readings, reversing the
trend presented for the other groups of samples, with lower
cement contents. At 28 days of curing, however, there was
greater stability in the formation of the porous network, and
the slope of the curve tended to be constant for any dosage,
as indicated by the equations in Figure 8b. This suggests that,
for cement contents above 15%, it would be prudent to have a
curing time longer than 7 days to ensure that the measurements
of the treated materials will no longer be affected by this
hydration delay.

No study was found in the literature on the application
of the electrical conductivity of soil-cement for a content of
20%. There were also no studies of this material associated
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with Archie’s Law, involving electrical conductivity reading
of the pore solution. There are many studies on the application
of Archie’s Law to concretes and mortars, associated with
porosity, permeability, setting time and ion diffusion, as
reported in Vaillant (2013). These differences in porosity can
be observed in the mercury intrusion porosimetry (MIP) tests,
which indicated a minor difference in the porous network
for samples D2 e D4. The curves presented in Figure 9, for
samples D0G4, D2G4 and D4G4, indicate the expected
overall reduction of the pore size with increasing density,
being more visible for the smallest pores because the peak
displaced from dimensions around 120 nm to 80 nm and to
50 nm, for increasing dosages D0, D2 and D4, respectively.

Finally, as observed in Figure 8, samples with a higher
cement content showed a higher FF°, represented by the points
shifting up and to the right. Those samples with a higher density
had a higher F/F°_, represented by the upward shift of samples
G1-G4 (except for group D4, as already discussed). Curing time
concurs to reduce electrical conductivity of the solid sample (Kf)
and, therefore, the higher it is, the greater is the FF_.

3.5 Influence of K g and KSP on the FF_

Figure 10 presents the relations between the conductivities
of the solid material and the pore solution, K , and K., and the
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FF_ value. The conductivity of the solid sample is lower for
higher cement contents and higher for low contents (D4—D1).
Thus, the FF_ increases when the conductivity of the solid
decreases. On the other hand, the conductivity of the pore
solution is lower for lower cement contents and higher for
high cement contents (D1—D4). Therefore, the I increases
when the conductivity of the pore solution is increased.

However, FF,_is more sensitive to K than to K : when
K, increases by a ratlo of two (2), FF,, decreases by a ratio
close to three (3) times or 37%; when K, increases in the
same proportion, the FF_ increases in the rate of ten (10)
times on average, or 1000%. This fact is certainly related
to the lower resistance of the liquid medium to the passage
of electric current, and also to the method used to obtain K|
from the leaching test, as discussed above. The FF,_ will be
unitary when the conductivities of the solution and the solid
are equal. For the studied soil, this occurred for the value of
45 uS/cm, as can be seen in Figure 10.

3.6 Influence of open porosity on the FF_

FF  is inversely proportional to the open porosity
(Figure 11), represented here by the absorption of water,
in compliance with Archie’s Law. The only exception was
observed in sample D4 at 7 days.

The results show small variations in open porosity
for increases in cement content. These variations are more
consistent when the mold density is increased, except for the
D4 sample. Considering only samples with 28 days of curing,
the minimum open porosity achieved for the soil-cement in
this study was close to 20% (D2G4), and the maximum close
to 32% (D1G1). The FF_ is close to 5 for samples D1G4,
17 for D2G4 e reaches 150 in samples D4G4, indicating the
influence of cement content on this factor.

It seems that the cementation coefficients (m) tend to
stabilize for cement contents above 10%. This occurred with
the samples with 7 and 28 days, demonstrating an independence
of curing time from that dose onwards. The cement content
influences the FF due to the hydration products, and its
value varies if there are hydration reactions taking place, as
indicated by the results (Figure 8). However, the increase
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Figure 11. Influence of open porosity (4bs) on the soil-cement
FF_ for (a) 7 days and (b) 28 days of curing.

in cement content does not represent a reduction in open
porosity, in general. This will also depend on the mold
density, as exemplified in Table 2.

The value of the cementation coefficient was close to
8 for the samples D3 and D4, being close to 9 and 6 for samples
D2 and D1, respectively. These values for m constant are similar
to those found for soil-cement mixtures (Backe et al., 2001)
and hardened mortars (Garboczi, 1990; Christensen et al.,
1994; Backe et al., 2001) and sand-cement mixtures (Cardoso,
2016), higher than the values found for soils and rocks (between
1 and 3, if Archie’s law is used). An acceptable explanation
given by Christensen et al. (1994) for such high value is that
the pore structure of cement slurries is much more tortuous
and less porous than that of rocks. Similar explanation was
given by Bryant & Pallatt (1996) in the interpretation of the
results found for very low-porosity rocks.

The other constant in Archie’s equation (4) represents a
volumetric factor and its value has an extensive range of variations
attributed to a series of intervening factors (Worthington, 1993).
For the soil-cement samples in this study, this coefficient did not
show significant variations for samples above 10%. The values
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Table 2. Variation of open porosity (4bs) with cement content for
the samples G3 and G4.

Abs (%)
7 days 28 days
DI1G3 29.4 25.7
D2G3 23.7 20.4
D3G3 24.2 21.0
D4G3 22.5 21.5
D1G4 19.9 20.4
D2G4 20.8 19.0
D3G4 21.2 21.5
D4G4 20.8 21.0

were very high, in the order of magnitude of 10", indicating that
the FF'_tends to infinity when porosity tends to zero. On the
other hand, experimental data reveal the tendency of the curve
to tangent the porosity axis. It means that when it reaches its
maximum value, the FF_ value reaches zero, theoretically.

4. FFsc and UCS

4.1 Influence of the soil-cement formation factor on UCS

The relation between the UCS of the soil-cement
mixtures and the Formation Factor is presented in Figure 12.
The samples dosed with 20% of cement (D4) were excluded
from the analysis, due to the deviations presented by the
FF in the samples with 7 days of curing. Although this
dispersion was minimized in the 28-day samples, as previously
mentioned. UCS increases linearly with FF'_, which in turn
increases with cement content (D1—D4) and molding density
(G1—G4), as shown in Figure 12.

The logarithmic scale was adopted to favor the
visualization of the trend curves, with indicate good linear
relations between the variables. A good fitting is also
found if all samples are considered in a unique relationship
(Figures 12b and 12d), with angular and linear coefficients
with values 0f 0.08 and 0.11 for curing of 7 days, and 0.02 and
0.53 for curing of 28 days.

Considering that the FF°_is lower for the largest porosities
(Figure 11), then the UCS will be higher for higher values
of FF_, as expected due to this mechanical property of the
material. Note that there is also a progression of strength in
relation to the cement dosage, which can be verified on the
right part of the plot (Figures 12a and 12c¢).

The FF is a parameter obtained after curing the
soil-cement in saturation condition and should not vary for
periods over 28 days. So, it can be an alternative to control
this material strength after its production, in addition to the
usual way that relates strength to the design parameters (GC).
Nevertheless, it is best to consider each dosage to minimize
error, as discussed next.



Soil-cement formation factor: methodological approach and relationship with unconfined compression strength

16 - 7 DAYS
y =0.0971x + 0,0627 &
14 R?=0.9976 i
12 £ y=0.0742x+0.1007
R?=0.947 e
&0 1 o00772¢+0.197
208 - R?=0.9974
oDl
8 6 |
0D2
04 -
oD3
0.2 -
@@
0.0 s i
0 1 10 100
FFsc
(a)
3.0 28 DAYS
y =0.1256x + 0.1891 o
25 R?=0.7931 '
y=0.1334x + 0.2492
— 20 A R?=0.8749 & i
[ r
g y = 0.0364x + 0.4768 7
215 - R®=0.9057 ¢ P Fo
g 4 ob1
107 oD2
05 ©D3
0.0 . : ‘
0 1 10 100
FFsc

(c)

25 1 7 DAYS

y=0.08x +0.11
R?=0.97

UCs (MPa)
5 L B

o
wn

o
o

0 1 10 100
FFsc

(b)
4.5 28 DAYS
40 o

35 ty=0,02x + 0,53
3.0 R?=0.85

o

3 20

15
10
05 -

00 +

0 : | 10 100 1000
FFsc

(@)

Figure 12. Relation between FF, and UCS for: (a) 7 days for each cement content; (b) 7 days for any content; (c) 28 days for each

cement content; (d) 28 days for any content.

Considering the soil characteristics and the manual
molding conditions adopted in this study, the unconfined
compression strength reached minimum values (2 MPa)
only at the curing time of 28 days, for samples molded close
to dry density of 1.7 (G4) and cement content equal to or
above 15% (D3 and D4).

The equation in Figure 12b indicates that to obtain a
minimum value of UCS =2 MPa at 7 days, the FF'_ should
be close to 24 or greater. Thus, by the graph of Figure 10, it
is possible to know which value of electrical conductivity
of the solid and of the solution must be obtained in the
measurements. Applying the equation, the values found
are, respectively, 5 pS/cm and 113 pS/cm, approximately.

4.2 Influence of design parameters on soil-cement UCS

The values of soil-cement UCS can be mathematically
related with the cement contents, as it is usually done for
mortars and concrete. This is presented in Figure 13. In this
figure it is also shown that there is a direct relationship
between the soil-cement UCS and its molding density.

The slope of the regression line corresponds to an
increase in the UCS when dry density and cement content
increase. Regarding the constant cement content (C), the
UCS grows vertically with the dry mold density. The small
slope of the correlation line is due to the cement content

that was increased with the density. On the other hand, for
constant molding density (G), the UCS values also increase
vertically with dosage. Relationships such as these are useful
to quantify UCS using this non-destructive technique.

From the plots in Figure 13, the UCS is obtained for
any combination of cement consumption (C) and mold
density (G) for the cement-stabilized soil. Table 3 presents
the calculations obtained for a UCS = 2 MPa, including
the control parameters, confirming that high dry densities
are required in molding for low cement contents. It seems
relevant to remember that more unfavorable conditions were
adopted in this study, such as manual compaction, immediate
demolding and curing in a wet chamber.

The calculations show the possible combinations in
dosing parameters to achieve the desired strength, both at
7 and 28 days. In some cases, it is still necessary to meet a
water absorption requirement at 7 days of curing, which is
20% on average. Thus, the most economical dosage in this
context would be for a cement consumption of 337.3 kg/
m?® and molding density of 2059.2 kg/m*. However, this
density would not be obtained manually.

The calculations also indicate the variation of FF, as
a function of curing time. This factor was calculated based
on the good general relations shown in Figure 12. Therefore,
it is constant for all combinations. The volumetric constant
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Figure 13. Influence of cement content on soil-cement UCS for: (a) 7 days and (b) 28 days. Influence of the dry density on soil-cement

UCS for: (c) 7 days and (d) 28 days.

Table 3. Results of dosing and control parameters for UCS = 2 MPa.

D (kg/m?) G (kg/m®) Abs (%) K, (uS/cm) K, (uS/em) FF,, (min) A m
7 days
177.5 3611.0 13.8 9.3
231.0 2059.2 19.0 8.3
210 6 24 1E+12
337.3 1891.4 20.5 8.0
437.8 1758.7 28.0 7.3
28 days
125.6 2342.1 16.8 8.7
203.5 1791.1 16.6 8.7
102 6 20 1E+12
163.2 1614.3 239 7.8
383.6 1534.8 25.3 7.7

(A) of Archie’s Law was also considered constant for all
sample combinations because it is “volumetric factor” with
a value of a high order of magnitude. Small variations in
the “cementation coefficient” (m) can be observed for each
variation in dosage. Also, this coefficient tends to stabilize
at the end of the “formation” of the definitive structure of
the material at 28 days of curing.

The K. values were obtained from the equations in
Figure 10 and they presented a constant value along curing
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time. The K value was calculated from this conductivity
and the FF_. Thus, minimum values were obtained for this
variable and equations with poor correlation coefficients
were avoided, as seen in Figure 10a.

5. Conclusions

A methodology is proposed to evaluate the UCS of
compacted soil-cement mixtures by using a non-destructive
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technique, in which the electrical conductivity of the
material and that of the fluid from a leaching test are
measured to compute the parameter FF'_. This Formation
Factor of the soil-cement varies for each combination of
dosage/dry density. These parameters contribute to the
variations in the electrical conductivity of the material
(K/) and of the pore solution (pr). This last measure
increases with increasing cement content, and the second
decreases. However, FF,is more sensitive to pr than to
K, in a proportion 5 times greater. Curing time concurs
to reduce electrical conductivity of the solid sample (K))
and, therefore, the higher it is, the greater is the F/F.
The cement content influences the FF, from the porous
network formed with the hydration products, and its value
varies as long as there are hydration reactions taking
place. However, the increase in cement content does not
represent a reduction in open porosity in general. This
will also depend on the mold density.

The cementation coefficient is not constant for the
material up to 7 days of curing, but it seems to stabilize at
28 days. At this age, the value of the cementation coefficient
was close to 8 for the samples D3 and D4, and close to 9 and
6 for the samples D2 and D1, respectively. The same occurred
to the volumetric factor (4), whose values were very high,
in the order of magnitude of 10'2 on average. Therefore,
the higher the FF of the soil-cement, the higher its UCS.
It was seen that UCS increases with both mold density and
cement content.

Therefore, it is possible to design the material quality
control parameters of the soil-cement and, consequently,
the dosage parameters to obtain a specific UCS using the
methodological conditions proposed by this study.
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List of symbols

m cementation coefficient of the Archie’s Law

A volumetric coefficient of the Archie’s Law

Abs water absorption or open porosity

C cement content in kg/m?

CL clay low

D cement content in percentage

FF Archie’s Formation Factor for conductivity

FF Apparent Factor Formation for soil-cement

G molding dry volumetric weight (kN/m?)

K, electrical conductivity of saturated material

K, electrical conductivity of soil-cement saturated after

curing

K, electrical conductivity of soil-cement pore solution
" electrical conductivity of material pore solution

UCS  unconfined compression strength of the soil

¢ porosity of the material
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Abstract

Engineering always deals with uncertainties, and efforts are needed to quantify them.
A probabilistic analysis considers the statistical information of the problem to this
quantification. In the geotechnical area, uncertainties play a particular role in structure
design because it deals with naturally formed materials. Evaluating spatial variability has
become progressively important. However, studies on the correct reproduction of this
variability and conditional simulations are limited. In this paper, a geostatistical-based
enhancement of the Random Finite Element Method (RFEM) is presented. The main
aim of this study is to incorporate an advanced multivariate geostatistical technique (i.e.,
Turning Bands Co-simulation, TBCOSIM) to reproduce the coregionalization model of
soil properties correctly in order to investigate the effects regarding this reproduction. It
is illustrated in a real case of soil slope. The results showed that, for the unconditional
simulation, the presented approach reached a perfect agreement with the coregionalization
model, while the conditional simulation inserted some disturbances to this agreement, but
it still satisfactorily reproduced the model. The original RFEM failed to reproduce this
structure, leading to lower variances than the presented approach, which would cause a
non-conservative design. Furthermore, disregarding the local uncertainty (i.e., the nugget
effect) may introduce bias to analysis and, depending on its magnitude, may also lead the
conditional analysis to not show a worthwhile reduction in variances of results. Finally,
this paper shows that correctly determining the coregionalization model and reproducing
it on probabilistic analysis may meaningfully influence the results.

1. Introduction

For Geotechnical Engineering, uncertainties and
variabilities associated with material properties, which make

Although we (engineers) are typically used to considering
engineering as an exact science, we do not always treat it
as such. All engineering areas deal with uncertainties (e.g.,
inherent, spatial, temporal, from measurements or from a
model), however we do not always take them into account.
Considering and quantifying these uncertainties enables us to
evaluate the precision threshold of our estimations (calculated
results). When engineers understand the importance of
uncertainty quantification and start considering it in their
designs and analysis, only then will engineering be conducted
as an exact science, within its limitations. Efforts to determine
these thresholds should not be overlooked, such as currently
observed in practice and even in academic applications,
unfortunately. Therefore, this topic requires due attention
and may lead to a lengthy discussion.

up a geotechnical structure, have substantial influences on
its safety and behavior. This sensitivity is significant in
this area of study because it deals with naturally formed
materials (i.e., soils and rocks), sources of large variances
and heterogeneity.

Nowadays, many commercial programs allow the
realization of probabilistic analysis to evaluate geotechnical
structures. Usually, these programs apply the Monte Carlo
simulation (MCS) technique, associated with the Limit
Equilibrium Method (LEM) or the Finite Element Method
(FEM), to perform this analysis. However, today, these
programs hold limited resources, such as the number of
random variables, the type of probability density functions,
the spatial variability consideration, the high computational
cost, among others (Belo & Silva, 2020; Belo et al., 2022).
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In the literature, studies have proposed various
probabilistic approaches for the geotechnical area. The Random
Finite Element Method (RFEM), proposed by Griffiths &
Fenton (1993), is the most accepted and used approach for
this purpose. RFEM reconciles the FEM with the Random
Field Theory (RFT) to simulate the spatial variability of
soil properties. It correctly searches for the weakest path
through heterogenous material and leads to probabilities of
failure higher than would be estimated by disregarding the
spatial variability (Sayao et al., 2012). Nevertheless, RFEM
disregards known field data, usually determined by sampling
material or site investigation. It is the major disadvantage of
this approach and, disregarding these data and their positions
within the field, can cause fluctuations in variance of analysis
and hence produce an incompatible design, touching safety
and economy. Therefore, its application (unconditional to
data) is useful in generic geotechnical design, e.g., in terms
of code or standard provisions.

Approaches aiming to consider known field data make
use of the Conditional Random Field (CRF). Despite the fact
that studies regarding CRF have increased in recent years,
studies using this technique in geotechnical engineering
remain limited in number. Mrabet & Bouayed (2000) used the
CREF to reduce the uncertainty on the probabilistic results of
a dam analysis, more specifically regarding the properties of
the compacted soil masses. Folle et al. (2006) presented the
main statistical and geostatistical methods in geotechnics to
deal with quantification regarding the heterogeneity of soil
properties. Then, they evaluated a case study using Sequential
Gaussian Simulation (SGS). Griffiths et al. (2009) investigated
the influence of spatial variability on slope reliability using
the RFEM. However, the spatial correlation function was
assumed to be fixed, described by an exponentially decaying
(Markov) function. Monteiro et al. (2009) approached the
problem of rock characterization using drill measurements.
The authors incorporated the spatial relationship using the
CREF to infer the geology of the neighboring regions. Kim &
Sitar (2013) applied the CRF to a homogeneous soil slope to
investigate its stability, assuming the deterministic critical
slip surface as fixed for the probabilistic analysis.

Lately, Schobi & Sudret (2015) combined the CRF
with the framework of sparse polynomial chaos expansions
to analyze response quantities in geotechnical problems,
illustrated by applying the approach to a strip foundation
problem on a two-layer soil mass. Li et al. (2016) presented
a method that combined 3D kriging with a random field
generator to develop the CRF. The authors applied this for a
slope stability analysis, aiming to identify the best locations
for site investigations and compare different candidate slope
designs. Liu et al. (2017) applied the CRF to investigate a
cohesion-frictional slope using a MATLAB developed code.
The CRF was generated using the kriging method and the
Cholesky decomposition technique. Yang et al. (2017) used
the CRF to investigate undrained slope stability based on
the RFEM and a kriging method. Despite not considering

conditional simulations, Mufloz et al. (2018), as Griffiths et al.
(2009), investigated the influence of spatial variability of the
soil parameters on the factor of safety (FoS) of a hypothetical
slope. However, the analysis assumed no correlations
between variables (univariate analysis, i.e., independent
random variables), spatial variability followed normal and
lognormal distribution, by using Monte Carlo simulations
and Kriging process, and found the FoS with the LEM.
Johari & Gholampour (2018) developed a MATLAB code
to apply the CRF to a stochastic analysis of an unsaturated
soil slope. Yang et al. (2019) used the CRF to investigate
the “optimal” site investigation scope for a slope design,
combining the analysis of the cost of site investigation with
the cost of slope failure. Johari & Fooladi (2020) presented a
probabilistic analysis of a real soil slope using the concepts of
the CRF, coded in MATLAB. Jurado et al. (2020) proposed
a rational approach to test the spatial variance of soil based
on site investigation and on the CRF.

Incorporating the data known from the field and
its spatial positions in the analysis can be performed by
using geostatistical concepts and techniques. Geostatistical
simulations enable the generation of random fields that agree
with their statistical information and eventual conditioning
data. Liu et al. (2019) showed that, among the random field
generation methods, seven cover most studies, i.e., sequential
Gaussian simulation (SGS), local average subdivision (LAS),
turning bands simulation (TBS), spectral method (SM),
Karhunen-Loéve expansion (KLE), matrix decomposition
method (MD) and moving average method (MA).

KLE and MD present the highest algorithm complexity,
followed by MA, SM, TBS, SGS and LAS. Furthermore, the
algorithm complexity can be powered in cases of multivariate
applications. Although KLE has been widely used in stochastic
approaches, it poses a problem in applications, where complex
geometry will be encountered or when assuming high dimension
covariance matrix, and some problems have been identified
regarding heterogeneity of the generated sample functions
(Sudret & Der Kiureghian, 2000; Stefanou & Papadrakakis,
2007). MD, as it is, suffers from several deficiencies, e.g.,
like KLE, problems with a considerable number of nodes or
somehow increasing the dimension of covariance matrix will
likely run out of memory and, even if that does not happen,
the whole processing computation cost is high, including
Cholesky decomposition and matrix-vector multiplication.
MA involves decomposition in the convolution sense of
covariance function, which may influence the applicability
regarding computational cost and memory requirements.
Although the limitation of TBS had been overcome with
computational developments, it was usually associated with
the use of few lines to generate random fields, which may
introduce artifact effects into them (Emery & Lantuéjoul,
2006). Before each conditional simulation, SGS requires the
computation of expected mean and variance. Moreover, SM
and LAS are limited to only rectangular grids (simulation
mesh), a condition that may be true for some of the above-
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mentioned methods when simplifications are assumed to
relieve the computational processing.

Considering that, the main current techniques applied to
geostatistical simulations are Sequential Gaussian Simulation
(SGS) (Isaaks, 1990), Turning Bands Simulation (TBS)
(Matheron, 1973), and their multivariate versions, Sequential
Gaussian Co-simulation (COSGS) (Verly, 1993) and Turning
Bands Co-simulation (TBCOSIM) (Emery, 2008). Multivariate
simulations or co-simulations are highly recommended for
cases with cross-correlated variables, commonly experienced
for soil properties.

Some studies have emerged that compare these techniques.
Ren (2005) published a short note on conditioning TBS.
In this study, the author presented results that demonstrated
that the TBS is a fast simulation method when multiple
realizations are necessary. For example, performing only
one realization of a conditional simulation, SGS was around
5 times faster than TBS. However, increasing this number
to 100 realizations, SGS performed around 5.5 times slower
than TBS, and this discrepancy presents an almost linear
trend in favor of the TBS. Paravarzar et al. (2015) assessed
the performance and accuracy of SGS and TBS for jointly
simulating co-regionalized variables of a synthetic univariate
case and a real multivariate one. The turning bands accurately
reproduced the spatial correlation structure for both cases,
while the sequential simulation produced some bias, which
was more severe in the multivariate case.

The conclusions lead to the claim that TBCOSIM
outperforms COSGS in terms of the cross-correlated reproduction,
calculated by the spatial continuity and statistical parameters.
In addition, the turning bands technique also surpassed
other techniques in terms of lower computational costs,
standing out more and more when the number of realizations
increases. However, studies have not assumed the TBCOSIM
technique for applications. Usually, studies have assumed
the SGS or other techniques, even assuming fixed functions
to describe the spatial correlation of soil properties. Studies
have paid little attention to the correct reproduction of the
spatial correlation structures of coregionalized variables - or,
at least, they do not claim to present the evaluation of their
structures. Studies that proposed to investigate the effects
regarding spatial variability on probabilistic analysis have
focused strictly on the influence of the correlation length
(i.e., range) and paid no attention to the agreement between
the simulated coregionalization model and the sample one.

Therefore, this paper presents an improved and efficient
approach to address probabilistic analysis of geotechnical
structures, a geostatistical-based enhancement of the
Random Finite Element Method (RFEM) by incorporating
an advanced geostatistical technique (i.e., Turning Bands
Co-simulation, TBCOSIM), so far not jointly used. It also
investigates the influence of correctly reproducing spatial
variability on the multivariate probabilistic analysis of
geotechnical structure. The primary aim of this work is to
provide the correct consideration of the coregionalization
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model of the soil properties. We illustrate the sophisticated
approach and those effects through an actual case of a soil
slope, previously presented in the literature.

2. Geostatistical concepts

In reliability studies, geostatistics has gained increasing
attention within the area of geotechnical structure design.
Geostatistics was originally developed for mining purpose,
aiming to characterize the concentrations of certain minerals
in a field (Regionalized Variables Theory, RVT) (Matheron,
1973). This theory has two objectives: first, to describe
the spatial correlation (theoretically) and, second, to solve
estimation problems of a regionalized variable based on a
minimal sample (in practice).

The application of a geostatistical technique begins
by analyzing the sample data. First, we need to assume that
there is a possibility that the value of the random variable for
each point, Z (x), in a field is correlated, to some extent, with
the values of other nearby points, Z (x + /). This means that
the spatial continuity of a regionalized variable can be done
with sample values based on two-points statistics. Then, the
variogram function, y (), - used to describe the behavior of
spatial correlation in a field - depends only on two points,
positioned at a distance 4 from each other. Analyzing all
known data from different points gives the statistical inference
for this function. The variogram is calculated as Equation 1.

y(h)=%2[2(x+h)—z ()] (1)

Where # is the number of pairs of points separated by lag
h . Likewise, the cross-variogram function for multivariate
fields can be determined as Equation 2.

n

7o () =522 (x)-2 (x4 1) [ 2(x)- 2o (v41)] ()

i=1

Atheoretical variogram function must then fit the sample
covariograms to be applied in simulations. The simple and
cross-variograms compose the most important information for
geostatistical simulations. However, conventional statistical
information (i.e., mean, standard deviation, and probability
density function) may also be required.

Determining statistical information requires some
precautions, often neglected. For example, site investigations
(boreholes) rarely have regular spacing in the field because
of difficulty of access, topography, areas of environmental
preservation, among other reasons. Thus, sampling may
have clustered boreholes, which may introduce bias to
statistical inferences. To address this “clustering problem”,
the declustering technique is recommended (e.g., cell
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declustering and polygonal declustering methods). In brief,
the declustering entails analyzing the “influence area” for
each borehole of the campaign and calculates the weights
for them (Chiles & Delfiner, 2012).

Once the analysis has determined the variogram function
and conventional statistical information of the regionalized
or coregionalized variables, geostatistical simulations can be
performed. If conditional simulations are desired, it would
also require the known data (from the site investigation,
boreholes), and their position within the field.

2.1 Turning bands co-simulation - TBCOSIM

TBCOSIM was originally presented by Emery (2008)
and developed in MATLAB. It is based on the COSIM
program - proposed by Carr & Myers (1985) - and the
TBSIM - proposed by Emery & Lantuéjoul (2006). TBCOSIM
presents significant improvements compared to previous
proposals, which are worth mentioning:

* it allows three-dimension simulations, by grid or
scattered points;

* it imposes no restrictions on the number of nested
structures, known data points or random variables;

» it works with heterotopic data sets;

*  ituses stationary and intrinsic models;

* ituses simple kriging, ordinary kriging or intrinsic
co-kriging, associated with the consideration of a
unique or moving neighborhood, to condition the
simulations to a data set;

* it accepts 15 commonly used covariance models
(spherical, exponential, gamma, stable, cubic, Gaussian,
cardinal sine, J-Bessel, K-Bessel, generalized Cauchy,

exponential sine, linear, power, mixed power and
spline), as illustrated in Figure 1;

* it backtransforms variables from Gaussian space to

the original units of each variable;
*  itcan change the support (regularization) of simulations.
Besides adapting and modifying the TBCOSIM for this
study, it was also entirely reprogrammed using the Fortran
language to achieve the objectives. Next, the code was linked
to the RFEM to compose the sophisticated approach used in
this study (we will call it “sRFEM”). For further details on the
TBCOSIM technique, readers are referred to Emery (2008).

3. Random Finite Element Method - RFEM

Originally, RFEM was proposed by Griffiths & Fenton
(1993), and it is considered a powerful and rigorous tool to
take the spatial variability of soil properties into account
for probabilistic analysis. It uses random field theory (RFT)
jointly with the finite element method (FEM).

The FEM is used to compute the plane strain deformation
of elastic-perfectly plastic soils governed by the Mohr-Coulomb
failure criterion. It is also based on the strength reduction
method (SRM) and uses eight-node rectangular quadrilateral
elements, with reduced integration (four Gauss points per
element) in the generation of the gravity loads, the stiffness
matrix and the stress redistribution phase. The adopted
solution procedure, to model material non-linearity, is the
“constant stiffness” (modified Newton-Raphson) method.
For more details, readers are referred to Griffiths & Lane
(1999) and Smith et al. (2013).

RFEM uses the Local Average Subdivsion (LAS) method,
presented by Fenton & Vanmarcke (1990), to generate the

1-spherical 2-exponential 3-gamma 4-stable 5-cubic
o)
ol
=
h h h ‘ h h
6-Gaussian 7-cardinal sine 8-J-Bessel 9-K-Bessel 10-generalized
Cauchy
~
o
S
h h ‘ h h
1l-exponential sine [12-Tinear [ 13-power 14-mixed 15-spline
power
~
o
=~
h h h h h

Figure 1. Theoretical fitting models accepted by the TBCOSIM technique.
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random fields of simulations. In order to describe the spatial
correlation between different spaced points in the field, the
LAS method can be used assuming five covariance functions,
almost all associated with an exponential decay, and already
awarded in the code (RFEM). The most commonly used and
recommended function is the Markovian covariance function,
which calculates the correlation coefficient (C ) between
soil properties at different points in the field, as Equation 3.

2 2
C(h)=exp- [2}5‘) +[&] (3)

a, a,

Where a, and 4, are the spatial correlation ranges in x
(horizontal) and ¥ (vertical) directions, respectively.
However, for assumed isotropic fields (¢ = a, = a,), it can
be simplified to Equation 4.

C(h)= exp{—z—h} @

a

Then, the RFEM analyzes the geotechnical structure
via the FEM application for each simulated random field.
For example, in order to test the probabilistic stability of a soil
slope, the mrslope2d pack executes the strength reduction method.
In each simulation, the analysis assumes the failure threshold
condition to determine whether it is in the success or failure
domains. Finally, the probability of failure ( P, ) is obtained by

the (number of failures) / (number of redlizations) ratio.
In brief, RFEM uses the Monte Carlo simulation (MCS).

4. Sophisticated RFEM — sRFEM

Besides incorporating the TBCOSIM to enable an
advanced geostatistical-based enhancement of the RFEM
that, to the best of the authors’ knowledge, has not been
presented in the literature before, other improvements were
also needed and integrated. They were needed to enable the
evaluation of specific aspects of the probabilistic analysis
that were not presented in the original approach. They are:

*  Defining the experimental variograms generated by
simulations:

o Evaluating the experimental variograms enables
the investigation regarding the accordance with
and the correct reproduction of the pre-defined
coregionalization model (based on the sample one);

0 Variograms are generated and analyzed in the Gaussian
space.

*  Defining the factor of safety (FoS) calculated for
each simulation:

o The original source-code evaluates only the limit
state condition (FoS=1), concluding if the simulated
structure is or is not inside the failure domain;
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o Evaluating the FoS for each simulation is done through
an iterative process until convergence, considering
a pre-defined tolerance value. This process was
incorporated into RFEM regarding the probabilistic
and deterministic analysis. In the deterministic
analysis, the FoS used to be calculated by assuming
some hypotheses values (low precision), not by an
iterative process (convergence);

o Storing the FoS values, calculated for the structure
for each simulation, enables the evaluation of the
frequency distribution, or the probability density
function (PDF), of the FoS of the analyzed structure;

o Evaluating the PDF of FoS enables revalidation of
the calculated results because the variable’s (FoS)
variance can be graphically illustrated, just as the
mean value and its behavior (distribution type), close
to the peak or in the tailings;

0 Many programs use the PDF of the FoS to estimate
the reliability index (B) of the structure.

* Analyzing the convergence of the probability of
failure (P) with simulations:

o The Pf’s convergence is an important indicator that
should be evaluated when performing a probabilistic
analysis because it represents the precision of the
calculated value;

o According to Melchers & Beck (2017), the MCS
requires around 10%*? simulation to obtain a good
estimate of the Pf.of a system, where p is the expected
order of the Pf of the investigated structure (P XX 107).
Hence, when expecting a significantly low P, the
total amount of required simulations would be clearly
substantially high;

o Evaluating the P .convergence with simulations can
show a satisfactory stabilization for a lower or a higher
amount than that recommended by Melchers & Beck
(2017). Because of that, enabling this evaluation is
really important.

*  Updating parts of the open source-code with functions
and update syntaxes that are more reliable and agile
than its precursors:

o The functions and codes are constantly updated to
attribute more agility and reliability to the programming.
Therefore, revisions and updates of previous codes
may be needed and recommend;

o Since the developed Fortran code, for the application
ofthe TBCOSIM, is a recent programming (developed
in this study), updating the available RFEM code
ensures better compatibility between the algorithm
frameworks.

The following steps summarize the process of performing

a conditional probabilistic analysis of a geotechnical structure
using the embraced sophisticated approach:

(1) treating and analyzing known data together with
their locations in the field, which comprises:

— organizing data in a text file;
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— applying the declustering technique for data, which
determines weights for each data and borehole (the
declus algorithm from the Geostatistical Software
Library, GSLIB, may be used for this step);

—  constructing the histograms considering the declustering
weights;

— determining conventional statistical information
based on the previous step (mean, standard deviation
or coefficient of variance, and type of distribution);

— transforming data from original units into Gaussian
space (the nscore algorithm from the GSLIB may
be used for this step);

— creating a text file with a table to allow the
backtransformation of each random variable (needed
in later steps);

— calculating the sample variograms (simple and crossed)
based on the normalized data (the gamv algorithm
from the GSLIB may be used for this step);

— fitting the sample variograms by theoretical variograms
(using or not nested structures);

— identifying which data will condition the realizations
and creating a text file with them.

(2) defining the geometry of the geotechnical structure
(a slope in this paper), the mesh dimensions, element
size, number of realizations and other parameters for
the execution of RSLOPE2D (part of RFEM);

(3) discretizing the structure/field, storing the central
position of each element that comprises the mesh;

(4) carrying out a deterministic analysis of the problem;

(5) generating the conditional random fields (one per
realization), using the TBCOSIM technique, and
storing them

— applying the turning bands technique to generate
unconditional random fields;

— using the kriging technique and Equation 5 to
condition these fields to the sample data.

Z..(x)=Z,;(x)+(Z4. (x)- 24 (x)) )

where x finds the points in space, Z,_. (x) determines
the value in the conditional random field, Z ; (x) means
the value in the unconditional random field, Z,, (x) is
the value in the kriging field based on the sample data,
and Z; (x) represents the value in the kriging field
assuming unconditional data replacing known data.
— backtransforming the simulated values from the
Gaussian space to the original units;
—  storing the realizations.
(6) analyzing the safety of the structure for each simulated
conditional random field;
(7) concluding the probabilistic analysis identifying the
probability of failure (P,) - Monte Carlo simulation
(MCS).

All the above-mentioned text files follow the same
standardization formats according to the GSLIB’s specifications
(Deutsch & Journel, 1997).

5. Case study

In order to investigate and to illustrate the effects regarding
the reproduction of the spatial correlation structures of soil
properties on probabilistic analyses, this paper investigates a
real soil slope previously presented in the literature by Johari
& Fooladi (2020). According to the reference, the site is in
the city of Shiraz, Iran. It has fifteen boreholes, with depths
around 25 ~ 26 m from the ground surface. Figure 2 outlines the
positioning of these boreholes in the investigated field. Johari
& Fooladi (2020) presented all the sample data used in this
paper. Readers are referred to this reference for more details.

The analysis assumed a plane strain model. Since the
data and the site present a three-dimensional arrangement, the
analysis assumed a simulation section. Figure 2 positions the
section in the field, while Figure 3 represents it. It is worth
mentioning that, for a real design intention, other sections
should also be investigated.

For the conditional simulation, only the highlighted
boreholes were assumed as conditioning data on its
perpendicular projections on the section plane. The conditional

‘— 40.00 -—‘ 20.00 f= 34.00— =
IS *Dimensions in meters
N BH-4$ BH—SG}
{ BH—3$
BH—6$
A @
¢ =
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g &
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a
BH—2$
Simulation
section — ?
! \ BH-8
BH-9 ? é} i
BH-1 BH-14
o
& & G
s ¢ BH-1T BH-12 -
BH-10
|_ mx BH—I? 1

Figure 2. Site representation with borehole locations, slope and
assumed simulation section. Modified from Johari & Fooladi (2020).
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Figure 3. Simulation section with conditioning data locations (distances in meters).
Table 1. Conventional statistical data considering and not considering the declustering.
Soil . Not declustering Declustering
oil parameters
P H o CoV H o CoV
c (kPa) 14.89 8.487 0.57 14.02 9.379 0.67
o © 25.21 6.050 0.24 25.12 5.782 0.23
7 (KN/m?) 17.38 0.869 0.05 17.41 0.928 0.05
E and v were deterministic parameters
E (KN/m?) 35,000
v 0.30

M —mean; o — standard deviation; CoJ/ - coefficient of variation.

simulation did not consider other boreholes because they
were distant from this section, differing from the approach
assumed by the cited reference. However, all boreholes
were used to determine the statistical information on the
site parameters.

5.1 Structural analysis

First, since it is an example of an illustration, the field
was deemed as an isotropic soil layer. In other words, although
the sophisticated approach can deal with this condition, for
the sake of simplicity, the anisotropy of the spatial variability
was not considered in this paper.

Then, it can be observed that the location of the boreholes,
in Figure 2, demonstrates an irregular spatial investigation.
As previously mentioned, clustered samples can introduce
bias in statistical information. To deal with this condition, the
cell declustering technique was performed. For this step, the
analysis makes use of the well-known Geostatistical Software
Library (GSLIB) (Deutsch & Journel, 1997), specifically
the declus algorithm.

In agreement with Johari & Fooladi (2020), cohesion
(¢), friction angle (@) and unit weight ( 7 ) were assumed as
random variables, or regionalized variables, while dilatation
angle, elastic modulus ( £ ) and Poisson’s ratio (v ) were
deterministic. Table 1 shows the statistical information presented
by the reference (not declustering) and the recalculated one,
considering the declustering technique. This shows that the
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mean and standard deviation values may vary significantly
or not when declustering is considered. Although these
variations can be low for this illustration, they may lead to
different conclusions for the analysis.

The next step of the analysis comprises the generation
of the transformation tables (from the original units to the
Gaussian space, and vice versa). GSLIB was used once more
for this task, specifically the nscore algorithm.

Once all the data were in the Gaussian space, they
were analyzed to determine the variograms for the field. This
determination used all the data from all the boreholes. GSLIB’s
gamy algorithm can calculate these variograms, therefore
it was incorporated into the approach. Figure 4 shows the
simple and cross-variograms for the sample data.

For the application, a theoretical fitting function to
the sample variograms should be determined. To define this
function, first it was assumed to be composed of a nugget effect
jointly with two spherical nested structures. The spherical
spatial correlation function can be expressed as Equation 6.

3
e e
a a (6)

c(h)=C.ifh>a

c(h)=c

Where /4 is the vector lag between points in the field, C is the
sill variogram value, and « is its range or correlation length.
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Then, the fitting parameters (of the coregionalization
model) were defined thought (1%) a manual fitting, followed
by (2%) applying the weighted least squares method and
(3") another manual fitting, as refinement, all assuming the
requirement of obtaining a licit and positive semi-defined
theoretical model. Therefore, the fitted linear function of
the coregionalization model was described as Equation 7.

0.00 0.00 0.00
C(h)= 0.00 0.48 0.26 |nugget +
0.00 0.26 0.55

[1.00 048 -0.57

—0.48 030 030 [sphyg,(h)+ (7
|-0.57 030  0.40

[ 030 -033 -0.15

-033 040 0.13 |sphy, (k)

|-0.15 0.13  0.17

Where the first spherical structure persists for 16.0 meters
in the range, while the second continues up to 34.0 meters.

5.2 Stochastic analyses

Three assembled configurations were applied to the case
study. First, a probabilistic analysis was performed using the
original RFEM approach, accordingly with the common seen
applications. Second, a new assessment was performed but
applying the sSRFEM (incorporating the TBCOSIM technique)
with no conditional data (unconditional simulation). Finally,
the third configuration was similar to the second, but this time
the conditioning data of the boreholes close to the simulation
section were considered (conditional simulation).

For the conditional simulation, only the highlighted
boreholes were assumed as conditioning data, specifically
its perpendicular projections on the section plane, see
Figure 2 and Figure 3. The conditional simulation did not
consider other boreholes because they were distant from this
section, differing from the approach assumed by the cited
reference. However, all boreholes were used to determine
the statistical information.

All configurations assumed the statistical information
presented in Table 1, considering the declustering method.
In addition, configurations performed 2,000 realizations
each, but this amount would increase as needed.

Replicating the reference, the log-normal distribution
type describes all the probability density functions (PDFs) of
the random variables. However, the correlation length and the
correlation matrix were based on the results of the structural
analysis, Figure 4. The correlation length was 34.0 meters
(range of the variograms), and the correlation matrix (sills
of the variograms) was as Equation 8.

1 -0.81 -0.72
-0.81 1 0.43 ()
-0.72 043 1

C(h)=

Conversely, the other configurations used the
transformation tables and the theoretical coregionalization
function (Equation 7). For the conditional simulation, third
configuration, the ordinary cokriging technique was selected
to condition the simulated fields to the known data.

5.3 Spatial covariance reproduction

The first question that arises from the application of
a geostatistical simulation is whether it complies with the
reproduction of the spatial covariance model. A simple
procedure to assess this condition is to analyze the experimental
variograms generated by the simulations and compare them
with the input model.

Figure 5 presents this evaluation for the second
configuration (unconditional simulation using the SRFEM).
Note that for each realization, the experimental variograms
change, moving away from or closer to the theoretical model
(cloud of simulation). However, when analyzing the average
experimental variograms, they should agree with the theoretical
coregionalization model. Therefore, the unconditional
simulation via SRFEM satisfactorily reproduces the spatial
covariance model as the average variograms, both simple
and crossed, agree with the input model.

Figure 6 shows a comparison of the average variograms
for all configurations and the theoretical coregionalization
model. The first configuration, using the original RFEM, could
not correctly reproduce the model of spatial covariance. Note
that the generated variograms resulted in a lower covariance
between the equispaced points compared with the theoretical
model. Then, this condition can implicate in a random field
with a lower variance when compared to the real one, leading
to a non-conservative analysis. Despite not adhering to the
theoretical structure behavior, the major contribution to the
observed discrepancy is related to the nugget effect, which
is ignored in this configuration (null nugget effect, with
variograms starting from origin).

Otherwise, as previously mentioned, the unconditional
simulation via sSRFEM successfully reproduced the theoretical
model. However, when analyzing the conditional simulation,
note that a disturbance occurs for simple variograms.
The agreement is hardly supported by conditional simulations.
There are some reasons for this “disagreement”. The primary
reason is that the conditioning data does not perfectly fit
the theoretical model assumed for the simulation, as can
be seen in Figure 4. In other words, the known data in the
field introduce a certain “distortion” regarding the input or
fitted model. Despite this effect, the cross-variograms for
the conditional simulation were satisfactorily in accordance
with the prior model.

Belo et al., Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022076121



Belo et al.

Cohesion Friction Angle Unit Weight
1.6 K 1.6 — 1.6 —
1.4 f 14 1.4
i ° E [ L] /0
1.2 1.2 1.2
] * . / . ¢ _
L ]
s 1.0 £ 10 s 1.0
I 4 ® L) b d s s i o g .\. .. ‘
08 /. o os 808 o®
g ] < e ]
T 06 /. T o6 L 06
0.4 — " 0.4 — 0.4 —
0.2 0.2 — 0.2 —
B e A e i e e e e e TR R e e e e e T e e e e e T X B o e e ) Ly s ey ey e |
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Distance (m) Distance (m) Distance (m)
Cohesion / Friction Angle Cohesion / Unit Weight Friction Angle / Unit Weight
1.6
4 Legend
1.4 — = Theoretical variogram
q ®-e-@ Sample variogram
1.2 —| °
8 5 £ 10
S S S 08
S 3 o8 ™ ‘ °
§ g S
BN N T 06 \
0.4 — .\
14 1.4 02 ¢
e I s e s s s s I Oy o o e e B e B i TN X e e ey o e s s e s s B A L R
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Distance (m) Distance (m) Distance (m)
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Figure 5. Comparison between the average experimental and the theoretical variograms for the unconditional simulation.

A section simulated example is shown in Figure 7.  field for the case study. In addition, the displaced FE mesh
It illustrates the first realization of the conditional random  was jointly presented.
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Figure 7. Simulation section of a conditional realization using the SRFEM, representing the displaced FE mesh and the random field in

terms of the cohesion parameter.

5.4 Failure assessment

After performing the simulations, the MCS technique
was jointly used to define the probability of failure (P;) of
the geotechnical structure. The stability analysis was carried
out using the approach incorporated by the RFEM (the
strength reduction method), with some adaptations, such
as mentioned in the item 4. As the stability analyses were
performed, the P, was monitored, allowing the investigation
of its convergence, as shown in Figure 8. A failure event is
defined to occur when the factor of safety (FoS) is less than
the unit (FoS < 1).

Storing the FoS for each realization also grants the
investigation of its ensemble (PDF), as shown in Figure 8.
Note that both the convergence of the P, and the ensemble
for the F'oS were analyzed for the three configurations.

A deterministic stability analysis of this structure, using only
the mean values presented in Table 1 (with declustering), resulted
inthe FoS equal to 1.56. In agreement with this deterministic
result, the PDFs for FoS of the three configurations have the
peak of their distributions around this value, and very close
to the value presented by Johari & Fooladi (2020). However,
the distributions showed different behaviors between them,
mainly regarding the variance and the behavior of the upper
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Figure 8. Convergence of the probability of failure and PDF of the factor of safety (FoS) through each method.

and lower tails. The first approach (using the original RFEM)
led to a lower variance compared to both unconditional and
conditional analysis using the sSRFEM. In addition, the P, for
first approach was lower than the second one (around 0.003%
and 0.017%, respectively), as expected when examining their
distributions. The P, for the first configuration was obtained
from an MCS with 5 x 10° realizations, because of its lower
value, while 10° simulations were assumed for the second and
the third approaches.

In contrast to previous work exploring conditional
simulations for this purpose, the conditional simulation
(third configuration, using the SRFEM) led to a higher P,
compared with previous configurations (around 0.047%).
A PDF analysis reaffirms this result, because the lower tail
distribution for the conditional simulation presents a slightly
larger area (for FoS < 1) than the unconditional one. In addition,
the conditional approach also showed a marginally higher
variance than the unconditional simulation. Usually, these
results are unexpected because conditional simulations are
used to reduce the uncertainties about the field variance.
However, in this case study, this “unanticipated” condition
can occur for a few reasons:

» as previously mentioned, conditional data are used
to introduce a disturbance to the coregionalization
model, which can be seen in Figure 6 mainly for the
simple variograms. Then, note that this effect, in this
case, shifted the simple variograms to higher values,
so for the same lag vector between any two points,
the variance is higher for the conditional than for
the unconditional simulation;

» since the geostatistical parameters were defined
based on all available data (three-dimensional field),
the data in the simulated section may have a slight
discrepancy regarding the generalized covariance
model, e.g., conditioning data presents higher variance
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than the entire set of data regarding the investigated
field;

» the behavior close to the origin of the spatial
covariance models has a substantial influence in
the final simulated variances. High nugget effects
lead to higher variances in results. If the definition
of this behavior is not well-founded, it may produce
loss of efficiency of the kriging techniques, and the
computed variance may be inaccurate. This effect has
even more serious consequences for the conditional
simulations, which aim to reproduce the variability
in greater detail (Chilés & Delfiner, 2012);

*  all the conditioning data assumed for the simulated
section (boreholes 8, 9, 14 and 15) have values for
the friction angle parameter lower than the mean
value for the entire investigated field. Then, it can
lead the conditional strength to a reduced average
in lower tail realizations;

»  perhaps, the number of investigations (boreholes) or
points with known data was not enough to reduce
the uncertainty level, as explored and presented by
Yang et al. (2019).

In the meantime, it is worth mentioning that the PDF,
for the conditional simulation, around the peak (close to the
mean value of FoS) has a bottleneck format. It suggests that
realizations around the mean values granted a lower variance
than the peripheral ones.

6. Conclusion

This paper addressed the correct reproduction of the
spatial coregionalization model and investigated the effects
regarding this reproduction for probabilistic analysis of
geotechnical structures. For this, it uses geostatistical concepts
and advanced techniques (TBCOSIM) jointly with the most

11



Geostatistical-based enhancement of RFEM regarding reproduction of spatial correlation structures and conditional simulations

reliable and applied approach presented in the literature to deal
with random fields associated with the FEM (RFEM). Based
on the results for the illustrative case study, the following
conclusions can be drawn:

*  Determining the simple and cross-variograms,
for the sample data and the fitting theoretical
coregionalization function, is an important task in
geostatistical treatments, hence also in a probabilistic
analysis of geotechnical structures;

*  The spatial covariance reproduction when using
the sSRFEM satisfactorily agrees with the input
coregionalization model. The average variograms of
the unconditional simulation almost perfectly agree
with the theoretical ones, while the conditional one
presents a small shifting factor of the variograms
upwards (higher values of variance), since the
known data rarely agree precisely with the “fitting”
model. Otherwise, the original RFEM, as a common
approach, failed in this reproduction, leading to lower
variances than the SRFEM. Therefore, the RFEM
would present a non-conservative design for this
structure, resulting in an expressive low P, which
may be a consequence of the failure in reproducing
the spatial variability, for this case;

*  Neglecting the investigation distribution in the field
may lead to bias statistical information about it. The
declustering technique is an important tool to deal
with clustered investigations, often seen in practice;

» Disregarding the nugget effect, simulations cannot
characterize the local uncertainty (e.g., uncertainties
regarding measurements, equipment, tests, correlation
formulas, and other sources). It affects the reproduction
of the coregionalization model, hence may lead the
analysis to biased results;

*  Although previous studies often associating the
conditional simulation with lower variances and
probability of failure, this “expected” condition was
not observed for this case study. This is because of
some factors presented at the end of Section 5.4;

*  Depending on amount and location of the conditioning
data, jointly with the geostatistical structures, conditional
simulations may not offer a meaningful reduction in
the simulation’s variance. However, the result may
be considered more reliable than before, e.g., in
the study case, since the values of the conditioning
strength parameters around the section were lower
than the mean value for the field (entire set), the peak
value of FoS for the conditional simulation became
lower than the peak value for the unconditional one;

*  Incorporating the TBCOSIM into the RFEM produces
an improved and efficient approach to deal with
probabilistic analysis of geotechnical structures,
complying with the spatial correlation structures of
soil properties, which comprise them.
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List of symbols

a Spatial correlation range in the field

a, Horizontal correlation range in the field
a Vertical correlation range in the field
BH Borehole

c Cohesion

C Sill of the variogram

C(h) Correlation function

COSGS Sequential Gaussian Co-simulation

CoV Coefficient of variation

CRF Conditional Random Field

E Young’s modulus

FE Finite element

FEM Finite Element Method

FoS Factor of safety

GSLIB Geostatistical Software Library

h Spatial lag between two points in the field
h, Horizontal lag between two points in the field
h, Vertical lag between two points in the field
KLE Karhunen-Loéve Expasion

LAS Local Average Subdivision

LEM Limit Equilibrium Method

MA Moving Average Method

MCS Monte Carlo simulation

MD Matrix Decomposition Method

N North

p Expected order for the probability of failure
PDF Probability Density Function

P, Probability of failure

RFEM Random Finite Element Method

RFT Random Field Theory

RVT Regionalized Variables Theory

SGS Sequential Gaussian Simulation
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SM Spectral Method

sph Spherical function

SRFEM Sophisticated Random Finite Element Method

SRM Strength Reduction Method

TBCOSIM Turning Bands Co-simulation

TBS Turning Bands Simulation

X Point in the field

Z(x) Value of the random variable for a point in the field

Z, Value of the random variable in the conditional
random field

Z, Value of the random variable in the unconditional
random field

Z, Value of the random variable in the kriging field
based on the sample data

Z, Value of the random variable in the kriging field
based on the simulated unconditional data
replacing known data

B Reliability index

[0} Friction angle

Y Unit weight

v(h) Simple variogram function

Y,,(h) Cross-variogram function

1) Mean

v Poisson’s ratio

c Standard deviation
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Ba@elras formation This work had as objective to carry out the construction of typical soil profiles of the

Typical profile main existing deposits in the city of Maceio from a database of SPT boreholes, built in

Iglmgstone GIS environment. In total, 1,686 records of drilling were specialized in sediments of the
andstone

Organic clay

Barreiras Formation, Coastal Deposits, and lagoons-river, presenting the most frequent
characteristics, exemplified through representative profiles. The Barreiras Formation, which
covers about 75% of the urban area of the city, presented profiles with a predominance of
clayey, without water level records. The deposits lagoons-river, located in the vicinity of
Mundat lagoon, were characterized by the significant presence of soft and organic clays,
sometimes peat, it can reach large thicknesses and with the water table rising in certain
regions. In the coastal plain, where the highest vertical construction indices in the city are
concentrated, it presented an area with a predominance of fine to medium sand, with or
without silt, and a water table varying between 1,00 m and 5,00 m. The analysis also allowed
for the identification and mapping of the occurrence of limestone rock, sandstone rock, soft
and organic clay rocks in the coastal plain, presenting a typical profile of their occurrence,
helping to understand the geotechnical behavior of these materials in the studied region.

Introduction

It is consolidated in the middle of geoinformation
technologies, the conception of systematized and processed
data, used as raw material for the generation of information.
It is for this purpose that this article aims to contribute to the
understanding of the main geotechnical aspects of existing
soil deposits in Maceio, Alagoas, through the construction
of typical and representative profiles, created using simple
recognition boreholes (SPT), systematized through Geographic
Information System.

Bastos & Zuquette (2005) mention the development of
a database from surveys in several European countries, such
as Italy and England, and the survey database developed by
Nathanail & Rosenbaum (1998), in addition to countries like
France, Scotland among others.

The British Geological Survey (BGS, 2019) also performs
the construction of geological maps through a Geology viewer
of Great Britain, using a GISweg, featuring a simple tool,
aimed at the public, which has a database with well sweep,
earthquake timeline and 3D Visualization Models.

Chacon et al. (20006) cites the participation of scientists
from 17 countries in the production of engineering geology

maps through landslide databases using geographic information
systems.

In Brazil, the geotechnical databases structured by
Luiz & Guitierrez (2020) in Maringa, Bastos et al. (2007)
and Miranda & Bressani (2007) in Rio Grande do Sul, Mafra
Junior (2007) and Cardoso & Medeiros (2011) in Santa
Catarina, Wosniak & Wendler (2002) in Parana, Augusto
Filho (2005) in Minas Gerais, among others.

One of the most consolidated works for the Northeast,
concerns the preparation of soft medium and organic clays
database in Recife city, made by Coutinho et al. (1996).
The information’s contained included parameters of
tests performed in the field and laboratory, in addition to
SPT probes. The application of SPT data associated with
Geographic Information Systems (GIS) for the construction
of geotechnical maps it has been widely used for several
applications, being widespread in some areas and gaining
more and more space in geotechnics.

1. Characteristics of the study area

Maceio has approximately 511 km? and an estimated
population of 1,025,360 inhabitants (IBGE, 2020), having
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hot and humid climate, classified as type As’ according to
the Koppen classification. For the purposes of this article,
the studied area is limited to the urban area of the Maceio
city. Figure 1 presents a location map of the studied area.

In the geological aspect, Maceio has three main deposits:
Barreiras Formation sediments, Coastal sediments and
Lagoon-river sediments, near the Mundaa Lagoon.

The sediments of the Barreiras Formation cover
approximately 75% of the urban area of Maceio and are
considered the last deposits in the Alagoas Sedimentary
Basin, with an average width of 20 km, forming a package
between 60 and 130 m (Santos et al., 2004). It has poorly
consolidated sediments characterized by sub-horizontal layers
of different granulometry, associated with fluvial processes,
being considered the most expressive geological unit on the
Brazilian coast. The lithology is composed of clastic sediments
of continental origin, which had their deposition associated
with Cenozoic events of a climatic and/or tectonic nature,
with Plio-Pleistocene (Tertium-Quaternary) age, presenting
itself with bright color, ranging from orange, red, purple,
yellow to white (Alheiros et al., 1988).

The coastal and lagoons-river deposits of the city of
Maceio, have a quaternary origin, resulting from the marine,
fluvial and wind action, which created a coastal and lagoon
plain with marine and lacustrine terraces, sandy ridges and old
drowned estuaries that give rise to the lakes (Mendes, 2017).

These Holocene marine terraces in which the lower
part of the city developed, they form a long and extensive
coastal plain, with a thickness of 25 m in the districts of Ponta
Verde and 49 m in the district of Ponta da Barra, reaching up
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Figure 1. Study area location map.

to 80 m in the district of Trapiche da Barra (Santos, 2004).
In the geological chart of Brazil to the millionth (2004),
these coverages were mapped as Holocene marine deposits
(Q211), classified as sand with seashells, clay and silt rich in
organic matter and well selected fine sand dunes.

The river lagoon sediments are in the vicinity of Mundat
lagoon, which according to (Santos, 2004) they are located
from the inland delta of the Mundau river to the end of Santa
Rita Island. They are constituted by marine and lacustrine
terraces, with occurrence of clays, clay and silt rich in organic
matter and sands with fragments of crustaceans.

To better understand of the local geology and the various
geological formations that make up the soil and subsoil of the
region, a simplified geological profile was built (Figure 2).

2. Materials and methods

The geotechnical characterization of the soil deposits
found in the city of Maceio was carried out through the
identification and location of drilling records SPT in the study
area, provided by the company AGM Geotechnical LTDA,
between 2007 and 2017, containing drillhole execution
reports, profiles and location sketches.

The survey bulletins were systematized through the
creation of a database, based on the model produced and
consolidated by the Slopes, Plains and Disasters Geotechnical
Group (GEGEP/UFPE), built using the database manager
system (DBMS) PostgreSQL and the extension for spacial
data PostGIS. The choice for this system was because it is
a free tool that already has embedded tools for analysis,
processing and identification of spatial data and the facility
of data integration with geographic information systems.

The software QGIS 3.10.7 was used as a geographic
information system, performing geoprocessed data analysis,
building maps of the deposits found and the spatial location

Barreiras Formation

Marituba Formation

Muribeca Formation

Pogiio Formation

700 n

Paripueira Evaporite
(Salt)
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Figure 2. Simplified profile of geology in Maceio.
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of drilling records, allowing the identification of the most
frequent and representative soil layers of the main existing
deposits in Maceio, highlighting the particularities and areas
of occurrence.

3. Analysis and results

For the geotechnical characterization of the studied
area, 1,686 drilling records SPT were used, distributed as
shown in Figure 3.

Most of the drilling records are found under sediments
from the Barreiras Formation. The high verticalization also
brings several significant records in the coastal deposits,
more specifically in the districts of Pajugara, Ponta Verde
and Jatituca, however, leaving the regions of Pontal da Barra,
Trapiche, Prado, Pogo and Centro and most of the north coast
neighborhoods uncovered. The same occurs in the lagoons-
river deposits, where verticalization is less expressive.

The representative soil profiles used as an example
for each type of deposit studied are spatially located and
represented in Figure 4 as well as the area of occurrence of
sandstone, limestone and soft and organic clays.

/ SPT Records Location Map \
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Figure 3. SPT records Location Map
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3.1 Geotechnical characterization of Barreiras
Formation sediments

To carry out the characterization of the sediments
of the Barreiras Formation, approximately 1,500 records
of drilling were used, distributed through 13 layers with
depths that varied between 1.00 m and 37.00 m. Due to the
degree of representativeness, the profiles were analyzed up
to the 5" layer of soil. The probes were separated into four
representative groups, taking into account the granulometry
of the material obtained in the field:

a) Group 01: more sandy soils, composed of sands,
silty sands and sandy silts;

b) Group 02: soils identified with finer granulometry,
composed of clays, silty clays and clayey silts;

¢) Group 03: soils identified as sands composed of clay
and silt, such as clayey sands, clayey silty sands,
clayey silt sand and sandy clay silts;

d) Group 04: soils identified as composite clays, such
as sandy clays, silty sand clays, sandy silt clay and
sandy clay silts.

It was found that the subsoil has about 55% of the
SPT profiles presenting exclusively clayey layers and 43%
presenting layers with intercalations between sand and clay.

The repetitions between sandy e clayey layers occur
mostly with clayey predominance (81%), with only 19% having
sandy predominance. This sand/clay intercalation pattern
with vertical repetition may be associated with depositional
cycles, common to sedimentary surface flat alluvial.

The highest incidence of occurrence is in groups with
clayey predominance, with silt and sand (G02 e G04), that
is, soils with finer granulometry, which together represent
between 65% and 85% in all layers, with greater incidence
for clays composed of sand and silt (G04). In these layers,
the description of the presence of laterization and boulders
(pebbles) is also frequent. Although less frequent, sandy layers

LOCATION MAP OF TYPICAL
PROFILES

Z | Subtitle
£

countryside

o0

2017SPT140.
= 2008SPTO71 02 - Delman

< | 03 - Shopping

3 | 04 - Gimignano
05 - Galba Acioly
06 - Holliday

07 Porto 25

08 - Porto 2D

JonaspTISe

09 - Pallzzo
_ | 10 - Meridiano
11 - Tower
| 12 - Gindsio
13- Guri
14 - Torre
15 - Morada da Garga
16 - Vista da Garga

1012 s am
P ——
1:230000
DATUM SIRGAS2000
\_ Frojection UTH 255

Figure 4. SPT records Location Map used as an example.
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(GO1 and GO3) intersperse the clayey layers in depth, with a
greater occurrence of sands composed of silt and clay, which BN coxoreg
represent between 15% and 35%. In these layers, laterization, T T Ty o ol evenge
boulders (pebbles) and clay nodules are also frequent. I ‘T
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Formation in Maceid city, as its depth is greater than that ’ : smig’lfieﬁ;ﬁ;a':g:zﬁie
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(2007), the underground waters of the Maceio city vary " | Vo - (1] P ———
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Examples of representative profiles of SPT drillings N L o152

inserted in the studied area are presented in Figure 5, which

show two profiles with exclusively clayey layers, and Figure 6,  Figure 5. Example of profile with exclusively clayey layers.

Table 1. Most frequent characteristics of the soil layers of the Barreiras Formation.

Layers Group Occurrence Material Classification
I G04 51% Clay + Sand + Silt ~ Gray, yellow, orange-red and variegated colours, medium consistency, occurring
pebbles (pebbles).
G02 30% Clay and Clay +Silt Colours yellow, sometimes gray, orange-red and variegated, soft to hard with the
occurrence of pebbles.
GO1 11% Sand and Sand +Silt Gray, yellow, cream and orange-red colours, fluffy to medium compact, with
gravel, pebble, and clay nodules.
GO03 8% Sand +Clay + Silt  Gray, yellow, and cream colours, fluffy to little compact, with gravel and clay nodules.
2nd G02 59% Clay and Clay +Silt Colours yellow, gray and orange-red, soft to hard, with little occurrence of gravel.
G04 29% Sand +Clay + Silt ~ Orange-red and yellow colours, medium compact to hard, with the occurrence of
gravel and rusty concretions.
GO03 10% Clay + Sand + Silt ~ Yellow and orange-red colours occurring gray, soft to hard, with gravel and
ferruginous concretions.
G01 3% Sand and Sand +Silt  Yellow, red-orange, cream, grey and mottled, medium compact to compact, with
clay and gravel nodules.
3 G04 58% Clay + sand + Silt ~ Colours orange-red, yellow, gray and mottled, medium compact, with gravel
(pebble) and ferruginous concretions.
G02 26% Clay and Clay +Silt Red-orange, yellow and variegated colours, medium to hard consistency, with
gravel and ferruginous concretions.
GO03 13% Sand + Clay + Silt  Orange-red, yellow and gray colours, medium compact to compact, with gravel and
ferruginous concretions
GO1 2% Sand and Sand +Silt  Yellow, grey, orange-red and cream, fluffy to very compact, with gravel and clay
nodules occurring
4t G04 42% Clay + Sand + Silt  Red-orange and variegated colours, occurring yellow and gray, hard to hard,
occurring pebbles (pebbles) and ferruginous concretions.
G02 32% Clay and Clay +Silt Colours variegated, orange-red, yellow, and grey, soft to hard, with gravel and
ferruginous concretions.
GO03 22% Sand +Clay +silt ~ Red-orange and yellow colours, medium compact to hard, with possible gravel
(pebbles) and rusty concretions.
GO1 4% Sand and Sand +Silt  Yellow, gray and orange-red colours, medium compact to hard, clay nodules and
little gravel may occur
5t G04 43% Clay and Clay +Silt Colours reddish orange variegated and yellow, hard, with gravel (pebbles) and
ferruginous concretions.
G02 41% Clay + Sand + Silt ~ Colours red orange, mottled and yellow, hard to hard, occurring pebbles (pebbles).
GO1 12% Sand +Clay + Silt ~ Red-orange and yellow colours, compact to very compact, with gravel.
GO03 4% Sand and Sand +Silt Colours yellow and orange red, compact to very compact, with gravel.
4 Santos et al., Soil. Rocks, Sao Paulo, 2022 45(4):¢2022000122
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which show two profiles with intercalation layers between
sand and clay.
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Figure 6. Example of profile with intercalation clay and sand layers.

Table 2. Frequent features of the layers found in coastal deposits.

3.2 Geotechnical characterization of coastal deposit

The drilling records located in the coastal deposits are
distributed in the neighborhoods of Pogo, Jaragud, Ponta da
Terra, Pajucara, Jatiica, Mangabeiras, Ponta Verde, Cruz
das Almas, Jacarecica, Guaxuma, Garga Torta and Ipioca.

The surveys showed that the area has a water table
varying at a depth between 1.00 m and 5.00 m. The most
frequent soil layers are fine sand with silt and fine to medium
sand, together representing a percentage of occurrence greater
than 58%. The sandy silt starts from the second layer, with
percentages that vary between 12% and 23%. Clays mixed
with silt and sand occur less frequently, but are common in all
layers, representing between 8% and 19% of the soils. In the
studied area, calcareous rocks were found as an occurrence

from the second layer onwards, at depths ranging from
1.00 m to 15.00 m. The most frequent soil layers and their
characteristics are presented in table 2.

Representative profiles of the beach region are presented
for the neighborhoods Pajugara (Figure 7), Ponta Verde
(Figure 8), and Jatitica (Figure 9).

medium Material Classification
Layers Class Occurrence . .
width (m) color consistency note
s Sandy Silt - 23 Yellow, ligth gray, Flufty, construction waste
Fine Sand with Silt 49% dark gray, brown medium (26%), crustacean
Fine to Medium Sand 30% and red orange compact fragments (7%), clay
Limestone Sand _ nodules (2%), boulder
Limestone - (pebbles) (6%)
Clay and Clay+Silt+Sand 16%
2nd Sandy Silt 12% 34 Yellow, light gray, Fluffy, Residuos da construgdo
Fine Sand with Silt 57% dark gray, cream  medium (2%), fragmento
Fine to Medium Sand 20% and brown. compact de crustaceo (7%),
Limestone Sand 39, pedregulho (seixo) (6%)
Limestone 2%
Clay and Clay+Silt+Sand 8%
3 Sandy Silt 23% 34 Yellow, ligth gray, Flufty, Residuos da construcdo
Fine Sand with Silt 38% dark gray, cream. medium (2%), fragmento de
Fine to Medium Sand 26% compact crustaceo (33%),
Limestone Sand 3% pedregulho (seixo)
Limestone 2% (10%).
Clay and Clay+Silt+Sand 9%
4t Sandy Silt 20% 34 Yellow, ligth gray, Fluffy, Fragmento de crustaceo
Fine Sand with Silt 54% dark gray, cream. medium (27%), pedregulho
Fine to Medium Sand 14% compact (seixo) (13%), nédulo
Limestone Sand 4% de argila (3%)
Limestone 7%
Clay and Clay+Silt+Sand 8%
5t Sandy Silt 13% 3.62 Yellow, ligth gray, medium Fragmento de crustaceo
Fine Sand with Silt 30% dark gray, cream. to very (13%), pedregulho
Fine to Medium Sand 30% compact (seixo) (15%), nodulo
Limestone Sand 9% de argila (6%)
Limestone 2%
Clay and Clay+Silt+Sand 19%
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Figure 7. Example of profile located in the Pajugara neighborhood.
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Figure 8. Example of profile located in the Ponta Verde neighborhood.

3.3 Geotechnical characterization lagoon river deposit

In Maceio, there are few records of drilling in the
lagoons-river region, due to the low construction demand in the
region, however, the analyzed SPT allowed the identification
of 05 representative soil layers, described as per table 3.

The first layer is usually made up of fine sand, with or
without the occurrence of silt, of consistency ranging from
fluffy to medium compact, occurring soft clay/organic, with

Graphic
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01020304050

o 0 1020304050
Y TR R O clayey SAND with silt, o

' .65 cream color, medium o
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Figure 9. Example of profile located in the Jatiuca neighborhood.

peat and crustacean fragments, starting near the surface
(=0.60 m), being able to reach large thicknesses (+ 15.00 m),
representing, in most cases, the second layer. The next layers
represent silty sand, sandy clay and fine sand, medium
compactness, and variable thickness. Marques ¢ Marques
(2005) found similar results. Figure 10 present example of
profile located in lagoon river Deposit.

3.4 Limestone, sandstone, soft clay and organic
deposits

A very special feature in the city of Maceio is the
occurrence of limestone, sandstone and soft/organic clay
deposits in the coastal region, and soft/organic clay in the
lagoon region. In this article, based on studied SPT boreholes,
areas of incidence of these deposits were mapped, shown
in Figure 11.

3.4.1 Occurrence of limestone rocks

Limestone rocks are visible on the coast of the city of
Maceio, especially at low tide, on the beaches of Pajucara
and Ponta Verde. Studies carried out by Mendes (2017)
identified gray, yellow, and gray limestone deposits with
bluish tones, constituting the occurrence of sedimentary
limestone associated with Phanerozoic sediments from the
Sergipe-Alagoas Basin.

The presence of limestone was evidenced in some of the
surveys studied, occurring discontinuously in the horizontal
direction, which in many situations brings the need for more
detailed geotechnical studies in the area of incidence, limestone
being identified in only part of the land of the same work,
which can directly influence the applied foundation solutions.
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Table 3. Frequent features of the layers found in Lagoon River Deposit.

Material Classification

Layer W.L. (m) ; Nspt medium
4 Class consistency P
I 2.00 Fine Sand with or without silt Fluffy to medium compact 1-10
2nd Soft clay or Organic Soil (peat) Very soft 0-1
3rd Silt Sand, with or without clay Medium compact to little compact 4-15
4t Sand clay or Silt clay Medium to hard 6-12
5t Fine Sand with or without clay Medium compact 15-18
N:;:tafhic SPT Ginisio Ng:af 3;11 SPT GURI R D = B W
0 1820304050 ’ - 0 1020304050
0 Fine SAND with Slll‘, darke 0 ORGANIC SOIL, black
: :l gr:g' color, soft consistence i F 0.65 color, very soft
24 JSGEE;IEE ﬁ‘,mf:"f“ > | | g Sandysilt CLAY, ligth gray
R -‘\ ORGANIC SOIL with sand, . }\ color, very soft consistency
~ \ dark gray color, very soft. M, .75 Silt CLAY, ligth gray color,
4 ‘.l \2.60Silty CLAY, vaqed color, 4 ‘.‘ : very soft consistency.
5 ' average consisten 5 \ ay , orange re
iipss gk it i I\, 4.60 color, medium compact.
6 g CLAY w 1 & Im‘rdlg'h 6 i 3 Sand silt CLAY, orange
7 ,\" 7.70 ERyeot 7 X .65 ted color, hard consistency
\\' clayey sand SILT, varied M
B JT color, medium compact. 8 1 CLAY, yellow and
9 W 9 i varied color, hard
1 clayey SAND with silt, H consistency
10 g 0.60 varied color, very 10 1
{ g w070 0
11 compact. 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20

Figure 10. Example of profile located in Lagoon River Deposit.

Limestone was found more frequently in contact with
soil classified as fine sand, with or without silt, and limestone,
the latter with characteristics of residual soil. The analyzed
boreholes tend not to exceed the limestone layer when found,
as it is impenetrable to percussion.

Figure 12 shows three typical profiles of the coastal
region with occurrence of limestone at a depth of approximately
5.00 m (a), an example where the drilling exceeded the
limestone layer (b) and an example of occurrence of limestone
rock at a depth of 10.00 m (c).

3.4.2 Occurrence of sandstone rocks

The occurrence of sandstone rocks was identified in
the narrowest range of coastal sediments, more specifically
in areas of the Jatitica, Cruz das Almas, Garca Torta and
Ipioca neighborhoods.

The layer where sandstone rock occurs has low strength,
being penetrated through the SPT test. This characteristic may
be related to the degree of weathering of the rock, requiring
more detailed geotechnical studies to understand the physical
properties of these materials. Figure 13 shows examples of
profiles with appearance of sandstone rock.
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Figure 11. Map localization areas of incidence the rocks and soil.

3.4.3 Occurrence of organic soil

On the coastal plain, deposits of the organic soil
were found between Dona Constanga de Goes Monteiro
and Comendador Gustavo Paiva avenues, located near the
Maceio shopping mall, in the Mangabeiras district, near the
harbor of Maceio, in the Jaragua district, and around the
Salgadinho stream in the Pogo district. The layers of soft/
organic clays are less thick in this region, varying between
1.00 m and 3.00 m. Figure 14 presents two examples of



Typical geotechnical profiles of the main soil deposits found in the Maceio city, Alagoas, from SPT boreholes
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Figure 12. Example of profile with occurrence of limestone layer.
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Figure 13. Example of profile with occurrence of Sandstone layer.

profiles that record the occurrence of soft clays in an area
covered by coastal deposits.

In the lagoons-river plain, on the banks of the Mundat
lagoon, the soft/organic clays were identified between the
Levada, Bom Parto and Bebedouro neighborhoods, as well as
portions in the Trapiche da Barra neighborhood, highlighting
the regions along the banks of Frog e village Brejal stream,
Ceasa and the production market, where the thickest layers are
found, with the occurrence of peat starting at depths less than
1.00 m from the surface and reaching a thickness of 15.0 m.
This region is characterized by the occurrence of anthropogenic
grounding actions for the construction of dwellings, where
previously there were floodplains and mangroves and outcrops
of the water table. Figure 15 shows an example of a profile
located in the Levada neighborhood where the soft/organic
clay layer presents a significant thickness.
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Figure 14. Example of profile with occurrence of soft clays in
coastal deposits.
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Figure 15. Example of profile with occurrence with occurrence of
thick layer of soft clay.

In this example, the layers of organic soil are already
noticeable at a depth of 0.60 m, very close to the surface
to a depth of 20.00 m. Another very thick layer occurs
from 30.00 m onwards, presenting a clay with a very soft
consistency, until reaching a depth of 51.60 m.

4. Conclusion

The design of typical and representative profiles of the
main soil deposits found in Maceio constitutes an important
tool to aid in the execution of engineering projects in the
region.

Analyzing the drilling records arranged under the
sediments of the Barreiras Formation, it was possible to
identify the existence of layers with a clayey predominance
(between 69% and 84%) with frequent occurrence of
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laterization in depth, with no water levels being registered
in the analyzed profiles. The coastal deposits, in turn, have
layers with a predominance of fine sand, with and without
silt, and a water table ranging from 1.00-5.00 m.

The SPT records enabled the spatial location of areas
where there are deposits of limestone, sandstone and soft
clays, inserted in the coastal plain, in contact with layers
of fine sand and/or medium sand, with or without silt, or
calcic sand.

In the studied region, it was observed that Limestone
has a characteristic of discontinuity in the horizontal direction,
which can be evidenced only in parts of the land, with
occurrences being registered at a depth of up to 15.00 m.
The analyzed boreholes tend not to go beyond the Limestone
layer, as it is impenetrable to percussion, however, when
exceeded, a limestone layer was found, with a significant
loss of resistance. It is important to emphasize the need for
more detailed geotechnical investigations in areas with this
type of occurrence since the existence of voids in carbonate
rocks is common and may be associated with its geological
process or dissolution processes.

Sandstone rocks were also identified, more commonly
in parts of the city’s north coast neighborhoods, with friable
rock characteristics, penetration being possible through the
SPT test, which may be related to the degree of weathering
of the rock, requiring more detailed geotechnical studies for
the knowledge of the physical properties of these materials.

Soft and organic clays also occur in the coastal plain,
having a small thickness (between 1-3m), and may occur
at variable depths.

In the lagoons-river deposit, the water table was found
at an average depth of 2.00 m, and it may outcrop on the
surface. These deposits are characterized by the occurrence
of soft and organic clays from the second layer onwards,
which can reach a thickness of up to 15 m. The other layers
are made up of fine sands, silty sands and sandy clays of
varying thickness.
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Abstract

This paper presents a numerical evaluation, using PLAXIS 2D finite element software, of
the effects of varying the distance of the heavy compaction from the face in a geosynthetic
reinforced soil wall (GRSW). The main effects studied were the tensions in the reinforcements
and the horizontal deformations of the face, including the influence of the type of shear
strength envelope (total stresses or effective stresses) of the soil. In this study, a young
gneiss residual soil (silty sand) was studied to obtain the grain size distribution, index
properties and parameters of strength and deformability. This soil was considered for
backfill in hypothetical sections of GRSW. The numerical results contributed to a better
understanding of the GRSW behaviour, with evaluations closer to real field conditions. In
the analyses carried out, when increasing the heavy compaction distance from the face, there
are tendencies pointing to the reduction of the tensions in the reinforcements, displacement
toward the interior of the soil mass of the points at which the maximum reinforcement

tension occurs and reduction of the horizontal deformations of the face.

Introduction

In geosynthetic reinforced soil walls (GRSW), several
factors influence the distribution of tensions and deformations
in the reinforced soil mass, such as the wall height, stiffness
and spacing of reinforcements, stiffness and slope of the face,
foundation conditions, backfill soil characteristics, effect of
tensions induced by compaction, application of overloads
and restriction to the displacements of the base, etc. In recent
decades, several authors have developed studies based on
experimental and/or numerical evaluations to determine the
effects of these influencing factors on the mechanical behaviour
of GRSW [e.g., Bathurst & Ezzein (2016), Chen et al. (2017),
Ehrlich et al. (2012), Ehrlich & Mirmoradi (2013), Hatami
& Bathurst (2005), Mirmoradi et al. (2016), Mirmoradi &
Ehrlich (2018a, b), Riccio et al. (2014), Saramago (2002)].

As highlighted by Mirmoradi (2015), despite the several
studies carried out, the results indicate that there is a need
for additional studies to better understand the effects of the
influencing factors for predicting the maximum traction
mobilized in the reinforcement elements (7, ), the main factor
to be determined for adequately designing GRSW (Ehrlich

& Mirmoradi, 2016) and predicting face displacements and
traction in reinforcements.

Several studies present a constructive recommendation
that a backfill soil strip close to the face should be compacted
with less energy to reduce the horizontal tensions close to
the face and, consequently, the deformations due to the
construction process [e.g., Bathurst et al. (2009), Ehrlich &
Mitchell (1994), Elias et al. (2001), Hatami et al. (2008),
Koerner & Koerner (2018), Mirmoradi & Ehrlich (2018b),
Mitchell & Villter (1987)]. Although this recommendation
is widely found in the literature, this factor has rarely been
considered in the developed studies, as emphasized by
Mirmoradi & Ehrlich (2018a).

In the present study, aiming to contribute to understanding
the mechanical behaviour of the GRSW, with approaches
increasingly closer to the real field conditions, the effects of
the distance of application of heavy compaction from the face
of GRSW were analysed numerically in terms of tensions
and deformations. From a typical section, the analyses were
performed with variations in the stiffness of the reinforcements
and the distances of heavy compaction application from the
face (light and heavy compaction were considered). In addition,
for the backfill soil, after characterization and laboratory tests,
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Numerical evaluation of the influence of compaction and soil strength parameters on GRSW

the strength parameters in terms of total and effective stresses
were considered (triaxial strength envelopes). A comparison
between the results is presented, considering the position
and magnitude of the maximum tension mobilized in the
reinforcements (7, ) and the horizontal displacements of
the face at the end of the construction period.

1. Material and methods

1.1. Typical analysis section

For the numerical analyses in terms of tensions and
deformations, a typical hypothetical GRSW retaining structure
with a typical configuration adopted in several works was
considered. The studied hypothetical structure was composed
of precast concrete blocks and used geogrids as a geosynthetic
reinforcement element and a gravel layer for drainage, just
behind the face blocks. Table 1 lists the main geometric
characteristics of the analysis section shown in Figure 1.

The numerical analyses were performed using the finite
element method in PLAXIS 2D (Brinkgreve & Vermeer, 2002)
with consideration of the plane strain state. In Figure 2 the
boundary conditions adopted can be observed, namely, the
restriction of horizontal displacement on the sides of the
section—on the left side only applied to the foundation—and

Table 1. Main geometric characteristics of the analysis section.

Description Value
Free height (m) 4.20
Face inlay (m) 0.40
Face inclination 1H:10V
Length of reinforcements (m) 3.50
Vertical spacing between reinforcements (m) 0.40
PELEN

Light compaction

the total restriction of displacements and rotation at the base.
The typical section was discretized in triangular elements
composed of 15 nodes. The overall refinement adopted for
the mesh was classified as Medium and, close to the contacts
with reinforcements and the face, Very Fine. The mesh has
a total of 3,007 elements and 24,299 nodes.

1.2. Material properties

The linear elastic constitutive model was used for the
face blocks. The parameters were defined according to the
experimental results obtained by Mohamad et al. (2007).
The soil-block interface friction factor (R, ) was set as
0.7 (i.e., u = 0.7-tan ¢’), where ¢’ is the effective friction
angle of the soil backfill. For the drainage layer, the work
of Riccio et al. (2014) was used, in which the material is
presented with the Hardening Soil constitutive model similar
to the hyperbolic fit proposed by Duncan et al. (1980), which
considers the variation in the elastic modulus in relation
to the confining stress (o,), in addition to considering the
effect of soil dilatancy and introducing a plastification
function. In the model, the plastification surface is not fixed
in the stress space but expands due to plastic deformations
(Brinkgreve & Vermeer, 2002). For the drainage layer, the
standard recommendation of the PLAXIS 2D software
was used, with £/¢ =3E in which E,? and E are the
stiffnesses of the material for the reference confining tension
( pref ), corresponding to 50% of the maximum deformation,
respectively, in unloading and loading. In addition, the software
considers the tangent modulus obtained from oedometric
tests (EZEZ) and the exponential coefficient (m) applied in
the relationship between stiffness and tension level. In the
present study, the adopted value of Eeroez was equal to the value
of EX , which is the value obtained from the triaxial tests
for an effective consolidation stress of 80 kPa. The value of
m was also obtained from the stress-deformation curves of

Heavy compaction

I

Geogrids
42m Backfill
/ Drainage layer
4.0m 12.0 m
3.0m
l Foundation

Figure 1. Analysed section with variations of the external loading.
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Reinforcements
e

Blocks

Figure 2. Numerical model and finite element mesh in PLAXIS 2D.

Table 2. Soil characteristics.

@* <2 um (%) @ <20 um (%)

@ <2 mm (%)

W, (%) Y dmax (KN/m?)

10 22

13.8 17.43

*@: effective diameter of soil particles.

the triaxial tests for effective consolidation stresses (c,) of
40, 80, 160 and 320 kPa.

The elastoplastic constitutive model, with the Mohr-
Coulomb failure criterion, was considered for the foundation.
The parameters of the foundation were assigned in such a way
that it had a good bearing capacity and did not significantly
influence the values of maximum tensile stresses acting on
the reinforcements.

The backfill soil adopted in the analyses, a young
gneiss residual soil, was characterized in the laboratory.
On specimens moulded to a 98% degree of compaction at
Normal Proctor energy, hydrostatic and undrained triaxial
tests were performed in the saturated condition (CIU_),
according to D4767 (ASTM, 2011), using consolidation
stresses (o,) 0f 40, 80, 160 and 320 kPa. Table 2 presents the
values obtained in the characterization and Normal Proctor
tests for the studied soil.

The soil backfill was modelled with the Hardening Soil
constitutive model, using the approach explained earlier for the
drainage layer. The parameters for the hyperbolic relationship
between stress and strain were defined to obtain the best fit
of the hyperbole to the curves obtained in the triaxial tests.

For the test carried out with an effective consolidation
stress of 320 kPa, an unloading and reloading cycle was
performed. In this way, the real ratio between the reload
stiffness and the initial stiffness (£ /E) was obtained.
In general, using the real ratio (£ /E) is rarely considered.
The parameters of the mentioned materials are listed in Table 3.
As the backfill soil was submitted to loading and unloading
due to compaction, determining the £ /E ratio is relevant.
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The reinforcement elements were modelled as a linear
elastic material using the hypothesis of perfect adherence
with adjacent soil. Under working conditions, this hypothesis
is considered acceptable, as presented by Jewell (1980)
and Dyer & Milligan (1984). Geogrids were considered
for the geosynthetic reinforcements, which are made up of
polyester (PET) polymers whose stiffnesses are as follows:
R1 = 400 kN/m, R2 = 800 kN/m and R3 = 1500 kN/m.
Stiffness values were selected for 5% deformation.

1.3. Compaction

The calculation of the vertical stress induced by
compaction (¢, ) was performed using the procedure proposed
by Ehrlich & Mitchell (1994). Two compaction devices were
considered, namely a heavy compactor (compactor roller)
and a light compactor (vibratory plate). A typical vibratory
plate had a vertical induced stress measured by Saramago
(2002) using accelerometers. The measurements show a
vertical stress induced by the equipment of approximately
73 kPa. The compactor roller (type CA 250 PD, Dynapac),
as presented by Riccio et al. (2014), presents a maximum
vertical force (Q) of 378 kPa. For the calculation of 5, by the
procedure proposed by Ehrlich & Mitchell (1994), the friction
angle of the backfill soil and characteristics of the compaction
equipment were used. Stresses induced by compaction were
evaluated using parameters obtained from the shear failure
envelopes in terms of total and effective stresses.

The Type 2 procedure proposed by Mirmoradi &
Ehrlich (2014) was adopted for compaction simulation in
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Table 3. Input parameters adopted in the numerical modelling for the drainage layer, the face blocks and the foundation soil of the

typical sections analysed.

Materials Backfill soil* Drainage layer Blocks Foundation
o . . Hardening Soil . . Elastoplastic with
Constitutive Model Hardening Soil Model Model Linear elastic Mohr-Coulomb
failure criterion
Stress path Total Effective - - -
Friction angle, ¢ (°) 60 36 40 - 35
Cohesion (kPa) 20 6 0 - 10
Dilatancy angle, y (°) 2 2 0 - 0
Unit weight,y (kN/m?) 20 19 20 25 20
E;(@)f (MPa) 9 9 40 - -
E(;’ z]; (MPa) 9 9 55 - -
E;ff (MPa) 22 22 120 - -
Exponent modulus, m 0.7 0.7 0.5 - -
Young modulus, £ (MPa) - - - 50 50
Poisson Coefficient, v 0.3 0.3 - 0.2 0.3

*The backfill soil parameters are listed in detail in item 3.1.

the numerical analyses. In this procedure, the compaction of
each layer is simulated by a single load-unload cycle, with
the application of the vertical stress induced by compaction
(o) at the top and bottom of the layer. The authors found
that the Type 2 procedure represents, more appropriately,
the efforts due to compaction.

1.4. Numerical analysis program

Table 4 shows the analysis program corresponding
to the simulations carried out and the corresponding codes
assigned to them. For the analysis section presented previously
(Figure 1), analyses were performed in terms of effective
stress (ES) and total stress (TS) for reinforced soil using three
(03) types of reinforcement and four (04) distances of heavy
compaction from the face (a). The distances considered are
0,0.25,0.5and 1.0 m.

2. Results and discussions

2.1. Laboratory tests

The laboratory characterization of the backfill soil
indicates that it has a unified classification, according to
D2487 (ASTM, 2017), SM (Silty sand). The use of fine-
grained soils for GRSW is a common practice in Brazil, an
example is given in Riccio et al. (2014).

Figure 3 shows a compilation of the results of the
hydrostatic and consolidated undrained triaxial tests in the
saturated condition (CIU_ ). As can be seen in Figure 3a,
the material presented an increase in its Young’s modulus
with increasing confining stress (c,), that is, the higher is
the confining stress (c,) the higher the Young’s modulus (£).

From the stress-strain curves, the parameters of the
hyperbolic fit (Duncan et al., 1980) were optimized to obtain
the best fit for determining parameters K and m. Figure 3a
shows the hyperbolic fit each stress-strain curve (c, = 40, 80,
160 and 320 kPa) obtained from the triaxial tests. A better
fit in the initial stretches of the curves was chosen since the
GRS walls have small horizontal deformations.

Figure 3b shows the envelopes for trajectories of total
and effective stresses. The strength parameters, cohesion
intercept (c or ¢’) and friction angle (¢ or ¢’) were determined
from the envelopes (solid lines) obtained from the maximum
value of 6, (deviator stress) of each experimental stress-strain
curve. Thus, the effective strength parameters were ¢’= 6 kPa
and ¢’ = 36°, and the total strength parameters were ¢ =
60 kPa and ¢ = 20°. This difference between the parameters
obtained from the total and effective stress envelopes leads
to significant differences in the prediction of the tension in
the reinforcements.

Figure 3c illustrates the unload-reload cycle carried
out in the test with a 320 kPa effective consolidation stress.
A 149.55 MPa stiffness (£ ) was obtained. Since the initial
stiffness (£) obtained was 61.7 MPa for the test with the
same effective consolidation stress, the real £/ E, ratio
obtained was 2.4. It should be noted that this value is within
the typical range presented by Duncan et al. (1980).

2.2. Magnitude of maximum tension in the
reinforcements (7, )

Figure 4 presents a compilation of the results of
maximum tension in the reinforcements (7, ) obtained in
the numerical analyses that provided data to evaluate the
influence of the distance of heavy compaction from the
face. For a better understanding of these results, the sum of
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Table 4. Data corresponding to the analyses carried out and the code for each.

Shear failure envelope Reinforcement a (cm) Distance of Heavy compaction from the face Code
Effective stress (ES) R1 (J =400 kN/m) 0 ES-R1-0
25 ES-R1-25
50 ES-R1-50
100 ES-R1-100
R2 (J =800 kN/m) 0 ES-R2-0
25 ES-R2-25
50 ES-R2-50
100 ES-R2-100
R3 (J = 1500 kN/m) 0 ES-R3-0
25 ES-R3-25
50 ES-R3-50
100 ES-R3-100
Total stress (TS) R1 (J =400 kN/m) 0 TS-R1-0
25 TS-R1-25
50 TS-R1-50
100 TS-R1-100
R2 (J =800 kN/m) 0 TS-R2-0
25 TS-R2-25
50 TS-R2-50
100 TS-R2-100
R3 (J = 1500 kN/m) 0 TS-R3-0
25 TS-R3-25
50 TS-R3-50
100 TS-R3-100

the maximum tensions acting on the reinforcements (X7 )
and the sum of the positions at which the maximum tensions
(ZX ) occur were plotted in the graphs, in which X is the
distance from the point at which the maximum took place
far from the back side of the face.

In general, when distancing the heavy compaction
from the face, there are reductions in the maximum tensions
mobilized in the reinforcements and displacement of the
points at which they occur to the interior of the reinforced
soil mass.

For the analyses considering effective parameters for the
backfill soil (Figure 4a, b and c), average reductions of X7
(3,7 and 12%) were obtained when considering, respectively,
the distances of heavy compaction of 0.25, 0.50 and 1.0 m
from the face. On the other hand, when considering the sum
of the positions of points at which maximum tensions occur
(ZX ), there was, respectively, an increase in the sum of
the positions where T occurs by 4, 9 and 36%,; that is
when increasing the distance of heavy compaction from
the face, the point where T occurs moves to the interior
of the soil mass.

For the analyses in which the total parameters for the
backfill soil were considered (Figure 4d, ¢ and f), there is a
smaller influence of the distance of heavy compaction from
the face on the comparison parameters (X7, _and XX ).
The sum of the maximal tensions in the reinforcements
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(ZT ) showed reductions of 1, 2 and 4% when considering,
respectively, the distances of heavy compaction from of
0.25, 0.50 and 1.0 m the face. When considering the sum
of the position of points where the maximum tension occurs
(ZX ), the average positions move towards to the interior
of the soil mass, increasing, respectively, by 1, 4 and 5%.

It is important to point out that, for the analyses
considering of total parameters of the backfill soil, as already
mentioned, due to the reduction in the friction angle (¢’ =
36° to ¢ = 20°), there is a reduction in the vertical stress
induced by compaction, which is 80 kPa. The vertical stress
induced by the light compaction applied close to the face
is 73 kPa, independent of the soil friction (compaction per
hand tamper, 6°_ . = F/A, F is the static equivalent weight
and 4 is the area of the plate).

Regardless of kind of strength parameters (effective or
total), the behaviour observed is the following, the higher
distance of heavy compaction from the face, the lower the
2T _and the sum of the distance between the location of
the T _and the face increase.

Regarding the stiffness of geosynthetic reinforcements
(Figure 4), in the analyses based on effective parameters
(ES analyses) and in the analyses based on total parameters
(TS analyses), the values of the maximum tensions in the
reinforcements increase with the increase in the stiffness
modulus of the geosynthetic reinforcement.
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versus axial strain (g ) curves, (b) failure envelopes in terms of total
stress (TS) and effective stress (ES) and (c) unload-reload cycle.

2.3. Position of the maximum tension in the
reinforcements (X )

Figure 5 and Figure 6 illustrate the points at which the
maximum tensions mobilized in the reinforcements (X )
occur for the analyses performed with effective and total
backfill soil parameters, respectively.

The stiffness variation of the reinforcements did not
result in significant differences in the points at which the
maximum tensions occur. For the two upper layers of the
reinforcements, taking into account the effective parameters of
the backfill soil, the displacement of the points of maximum
tensions towards the interior of the soil mass with increasing
distance of the application of heavy compaction from the
face. This behaviour is associated with the fact that the
vertical induced stress due compaction is much higher than
the geostatic vertical stress. The vertical induced stress
produce a horizontal induced stress (o’ i K07 loading
the reinforcement. Thus, the locationof T has a tendency to
move towards the region where the compactlon was applied,
moving away from the proximity of the face, where there is
no compaction. This displacement is shown to be important
for evaluating the stability to pulling out the reinforcement
element. For the analyses with the use of total parameters of

the backfill soil (Figure 6), as mentioned for 7 results, due
to the small difference between heavy and light compaction,
the results are very similar.

Concerning the points of maximum tension in the
reinforcements, it is emphasized that because it is a GRSW
with a rigid face, there is a tendency for these points to occur
close to the face (Christopher et al., 1990).

The displacement of the point of maximum tension to
the interior of the soil mass implies an increase in the length
of the reinforcement in the active zone of the reinforced soil
and, consequently, a reduction in the length in the resistant
zone, which causes reduction of the factor of safety to the
pull-out of the element (Chen et al., 2017).

2.4. Horizontal displacements of the face

A comparison was made between the results obtained
for the horizontal displacements (U ) of the face, considering
the analyses performed using effective and total shear
strength parameters. In general, the results are consistent
with reinforcement stiffness. For the analyses that consider
the effective parameters for the backfill soil (Figure 7) and
those considering total parameters (Figure 8), there are
reductions in horizontal displacements with the use of stiffer
reinforcements.

Similar to the considerations made for the magnitude
of the maximum tension in the reinforcements (since there
is no significant difference between the heavy and light
compaction in the analyses with the use of total parameters),
the horizontal displacements of the face are very close for
this condition.

For the analyses using the effective parameters of the
backfill soil, there is a significant difference between the
analyses with heavy compaction closest to the face (¢ =0 m
and a =0.25 m) and those that use heavy compaction farthest
from the face (¢ =0.50 m and ¢ = 1.00 m). For the condition
where @ = 0.25 m and a = 0.50 m, especially for the upper
layers of the reinforcements, there are smaller displacements,
compared with the ones observed in the bottom layers of the
GRSW. The higher the stiffness of the reinforcement leads
to smaller displacements of the upper layers in the analyses
with heavy compaction closest to the face (¢ = 0 m and
a=0.25m).

The vertical induced stress generated by compaction,
o’ » and the horizontal induced stress, ¢’ o (G’W =K, o),
are greater than the geostatic vertical and horizontal stresses
(6’,=K, -0’ ). So, according to Ehrlich & Mitchell (1994),
the geosynthetic is submitted to a transitory high level of
stress with a portion of unrecovered stress, as measured by
Riccio et al. (2014).

However, this displacement is opposed to lateral
pressures due to the compaction of the backfill. In this way,
when carrying out the analyses with increasing distance of
heavy compaction from the face, consequently with reducing
the portion of reinforcements subjected to the loads of this
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the magnitude of the maximum tensions in the reinforcements (X7, ) and on the sum of the positions at which the maximum tensions

in the reinforcements occur (XX ).

compaction, there is a point where the maximum horizontal
displacements occur. For the analyses performed, this
maximum displacement occurred with 0.50 m distance of
heavy compaction from the face.

In both analyses, the horizontal displacements of lower
layers of the reinforcements are restricted by the stiffness of
the foundation. In fact, according to Bathurst et al. (2009), the
tensions in the reinforcements may be higher the half-height
of the wall, generating larger deformations in this region.
Another observation refers to the point where the maximum
horizontal displacements (U, ) occur. In the analyses with the
application of heavy compaction closest to the face (a=0m
and a =0.25 m), the points at which the maximum horizontal
displacements occur are approximately half the height of the
walls. In those that use heavy compaction farthest from the
face (@ =0.50 m and @ = 1.00 m), these points are elevated,;
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however, these displacements are not maximum at the top
of the structure.

Importantly, in executing GRSW, the analysis with the
application of heavy compaction nearest to the face (a=0m
and a = 0.25 m) is difficult to perform. Thus, the analyses
that considered heavy compaction farthest from the face
(a=0.50 m and ¢ = 1.00 m) are more consistent with the
conditions found in the real works. For the latter, as can be
seen in Figure 7 and Figure 8, by moving the application of
heavy compaction away from the face, face displacements
were reduced.

Note that the results obtained numerically for the face
horizontal displacements show similarities with other results found
in the literature Miyata (1996), Helwany et al. (1999), Reeves
(2003), Farrag etal. (2004), Yoo & Jung (2004), Benjamim et al.
(2007), Bathurst et al. (2009) and Yang et al. (2009). The pattern
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found for the maximum horizontal displacements of the face
was also identified in the field measurements presented by
Reeves (2003), with maximum deformations in the half-height
portion of the GRSW. The data measured by Reeves (2003)
were used by several authors to validate numerical models or
design methods. The field measurements presented by Reeves
(2003) were made on walls of soil reinforced with steel mesh,
an enveloped face and light compaction.

Farrag et al. (2004) and Benjamim et al. (2007) also
presented data on displacements of the face of reinforced
soil walls built in full scale. They observed the same pattern
found by Reeves (2003), i.e., maximum displacements at the
half-height of the wall. However, it should be noted that in
Farrag et al. (2004), although the wall was built with geogrids,
as reinforcement elements, and concrete face blocks, there
is no information on the type soil compaction used (light or
heavy compaction). In Benjamim et al. (2007), the GRSW was
built using an enveloped face, geotextiles, as reinforcement
elements, and light compaction to densify the soil.

However, Riccio et al. (2014) found in an instrumented
GRSW, locations of T, _not close to the face along the depth
of the wall. The monitored GRSW had similar characteristics
to the hypothetic GRSW presented in this study, but the
foundation of the retaining wall monitored by Riccio et al.
(2014) was a piled concrete slab.

3. Conclusions

This study presents a computational model of a GRSW
using soil shear strength parameters obtained from triaxial
tests. The objective was to analyse the influence of compaction
in the magnitude of the tensions in the reinforcements,
face horizontal deformation and position of maximum
reinforcement’s tension. The main conclusions are as follows.

In general, the results show the importance of considering
the compaction-induced effects. In the analyses performed,
the compaction caused influence on the magnitude and
position of the maximum tensions in the reinforcements and
the horizontal displacements of the face were determined.
It is also identified that, with increasing stiffness of the
reinforcements, there is an increase in the tensions mobilized
and a reduction in the horizontal displacements of the face.

When analysing the influence of using distances close to
the face for applying light compaction, it was identified that,
by increasing these distances, that is, by moving the heavy
compaction away from the face, there is a reduction in the
sum of maximum tensions in the reinforcements (X7 ) and
an increase in the sum of the positions at which 7, (X )
occurs. The increase in the positions at which 7 _occurs means
greater distances of 7, _inrelation to the face with increasing
distance of heavy compaction from the face, especially for the
upper layers. This increasing distance of T’ _from the face is
an important aspect to analyse since it will imply a reduction
of the lengths of reinforcements in the resistant zone and,
consequently, reduction in the factor of safety to pull-out.
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Concerning the horizontal displacements of the face, it
was expected that when distancing the heavy compaction from
the face, there would be reductions in the displacements of the
face. This behaviour was identified in the analyses in which
the light compaction was considered in the first 0.50 m and
1.00 m behind the face. However, for the analyses in which
only the application of heavy compaction was considered
or the application of light compaction in the first 0.25 m
behind the face was considered, the face displacements were
smaller, especially in the upper portion of the walls analysed.
It is understood that this behaviour may be associated with
some factors, such as:

* Consideration of a 0.40 m wide drainage layer
behind the face. Thus, for the analyses where the
distance of heavy compaction was zero or 0.25 m,
heavy compaction is supported on stiffer materials;

*  Reducing the vertical stress induced by compaction
in the region close to the face reduces the stiffness
of the materials in the region since, with the use of
the Hardening Soil model, the stiffness is a function
of the confining stress;

*  The linear elastic behaviour of the reinforcement and
the perfect adhesion of the reinforcement with the
soil. In this way, a greater extension of loads referring
to the heavy compaction causes greater unloading
and return of the elements to the original position.

It should be noted that the analyses considering heavy
compaction at the face or a distance of only 0.25 m do not
adequately represent the actual conditions of the work
since in practice it is difficult to perform heavy compaction
at distances less than 0.50 m from the face. Thus, when
considering the analyses that are more consistent with the
conditions of the constructive practices, that is, distances of
0.50 m and 1.00 m, it was observed that by moving the heavy
compaction away from the face, there is a reduction of the
sum of maximum tensions in the reinforcements, displacement
towards the interior of the soil mass of the points at which
the maximum tensions occur and reduction in horizontal
displacements of the face. The results indicate that, mainly
for the numerical evaluation of face displacements (U ) and
position of the maximum tension in the reinforcements (X ),
one should avoid the application of the vertical stress induced
by compaction close to the face of GRSW in compaction
modelling as in the analyses using zero or 0.25 m spacing.

It is important to highlight that the results obtained are
limited to the considerations adopted for the analyses, such as
soil type, reinforcement elements, face, foundation conditions
and loads corresponding to the stresses induced by compaction.
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Transversal applications of 3D-printing (or Additive Manufacturing) have been recently
implemented in the field of Geomechanics. In a 3D-printing process, the printed volume
is obtained from successive layering of adjacent soil filaments. In this work, the fabric of
an as-printed soil has been carried out by combining Mercury Intrusion Porosimetry (MIP)

tests and Scanning Electron Microscope (SEM) observations, with the aim to highlight how
the particle arrangements and the orientation and shape of pores are linked to the printing
operation. The microstructural analyses showed that macropores are the result of the relative
position of the filaments and their initial distortion in quasi-undrained conditions. Particle
arrangement within the soil filament is strongly anisotropic, due to the rotative movement

of the soil in the extruder.

1. Introduction

The fields of application of 3D-printing (or Additive
Manufacturing) are constantly growing, including uses in
Geomechanics. 3D-printing of polymeric materials has been
used to manufacture synthetic porous samples aiming at
mimicking characteristics of soils and rocks (Ju et al., 2014;
Dal Ferro & Morari, 2015; Bourke et al, 2016; Gomez at al.,
2019). On the other hand, soils have been also used as printing
materials, for artistic scopes, for the preparation of samples
for laboratory testing (Hanaor et al., 2015; Matsumura &
Mizutani, 2015; Mansoori et al., 2018; Pua et al., 2018; Pua
& Caicedo, 2020), or even for the construction of structures
and infrastructures (Khoshnevis, 2004; Perrot et al., 2018).

In a printing process, the soil exits from the printer
as filaments along prescribed paths; the result is a volume
consisting of successive layers of adjacent soil filaments.
The fabric of the printed soil is then the result of the initial
microstructural characteristics of the filament, of the relative
position of the adjacent filaments, and of all possible hydro-
mechanical loads happening in the process (e.g increase of
total stress as the layers overlap, or variations in water content
due to exposure to hygroscopic conditions).

There is strong evidence on the fundamental role of the
fabric of clayey soils on their hydro-mechanical response (e.g.
Romero & Simms, 2008; Muifioz-Castelblanco et al., 2012;
Cordao Neto et al., 2018; Ferrari et al., 2022). This link seems
highly relevant for a 3D-printed soil, in which the fabric can
be seen as a controlled result of the printing process. In this
regard, this note presents the results of a microstructural

investigation carried out on 3D-printed soil samples prepared
with a commercial 3D-printer, specifically adapted to be used
with a fine soil. The different microstructural peculiarities of
the as-printed samples are identified and discussed thanks to
the combined use of Scanning Electron Microscope (SEM)
and Mercury Intrusion Porosimetry (MIP).

2. Material and methods

A commercial clayey soil used for artistic purposes was
used as printing material; the geotechnical characteristics are
listed in Table 1. Starting from the as-received condition,
the soil was accurately mixed with distilled water to reach
a consistency index CI close to 0.5 (corresponding target
water content w = 0.32), which ensured adequate workability
and limited the occlusion of air bubbles in the soil during
the printing process.

A Delta-WASP2040-Clay-Printer has been used
to prepare the samples. The printing system (Figure la)
includes a 3-liter air-tight tank, in which an air-pressurized
ram moves the soil toward the extruder; this latter holds an
endless screw connected to a stepper motor. The rotation of
the screw forces the extrusion of the soil filament through the
nozzle. In this work a nozzle with a diameter of d = 1.4 mm
was used. The air pressure in the tank was set to 600 kPa
and maintained constant during the whole printing process.
The printing velocity has been set equal to 180 mm/min.

The printer was programmed to print samples with a
base of 75 mm x 75 mm and a height of 25 mm, obtained by
the superposition of horizontal layers. As shown in Figure 1b,
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Table 1. Main geotechnical properties of the printed soil (specific gravity Gs, liquid limit LL, plastic limit PL, clay fraction fclay, silt

fraction fsilt, sand fraction fsand).

GS ( - ) LL ( - ) PL ( - ) ~fclay (%) Ji‘ih (%) f.;an{l (%)
2.77 0.45 0.21 52 46 :
airvalve _ pressure gauge 10 cm
ZN -
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';iréés-ur\zed -
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printing plate
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3D-printed specimen
]
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Figure 1. Schematic layout of the 3D soil printer (a) and photo of a sample being printed (b).

each layer was confined with two parallel filaments printed
along the perimeter, while the internal part was filled with
adjacent filaments extruded along the same direction; in
each subsequent layer, the extruding direction was changed
by 90 degrees.

Three samples were prepared to assess the repeatability of
the printing procedure in terms of final sample characteristics
(water content and void ratio). Cubical specimens of around
1 cm?® were cut from the central part of two printed samples
and used for the microstructural investigation.

Scanning Electron Microscope (SEM) observations
and Mercury Intrusion Porosimetry (MIP) tests were carried
out on the printed specimens after they were freeze-dried.
This operation was done by submerging the specimens in
liquid nitrogen (thus creating amorphous ice and avoiding
the water volume to increase due to crystallization) and by
subsequent sublimation in quasi-vacuum (P = 0.06 mbar)
and under low temperature (7 = -52°C).

A Quanta-200-FEG SEM was used for the observations
in high-vacuum mode on golden-coated specimens. MIP tests
were performed using a porosimeter (Pascal 140—440 series,
Thermo Scientific) attaining a maximum intrusion pressure
of 400 MPa, corresponding to an entrance pore diameter of

about 4 nm. An extrusion stage was also performed after
the mercury intrusion.

3. Fabric of the printed samples

Water contents of the printed samples were found in a
narrow range with an average value of 0.30, slightly lower than
the preparation water content, as a probable consequence of
a partial consolidation induced by the stress applied through
the row, and some drying due to the exposure to atmosphere
(measured total suction of as-printed samples was about
0.3 MPa). In spite of some variability in as-printed void
ratio (e = 1.07 + 0.07), the applied 3D-printing procedure
was considered adequate to produce samples with similar
characteristics. The average degree of saturation was 0.73.

To observe the fabric of the 3D-printed samples, the
external surface (top and lateral) and the vertical cross-section
of the extracted specimens were observed at SEM (Figure 2).

The top surface of the specimen and its cross section
are framed at 60X of magnification in Figure 2a and 2b,
respectively. In particular, Figure 2a shows a zone of the
top surface, where an inversion of the printing direction
occurred. At this magnification, the soil filaments appear
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Figure 2. SEM photomicrographs of the 3D-printed soil: external surface (top in a, lateral in ¢ and e) and vertical cross section (b, d

and f). Magnifications are 60X (a, b), 300X (c, d) and 4000X (e, f).

homogeneous. Figure 2b shows the result of the superposition
of the filaments: a certain ovalization in the cross-section of
the filament can be detected, as a probable result of the weight
ofthe above layers. Interestingly, the area of the cross section
of the filament coincides with the area of the circle having
the diameter of the nozzle (d, = 1.4 mm), suggesting that the
deposition of the filament occurs in undrained conditions,
without volume change. As a consequence of this ovalization,
a good contact is observed when two filaments overlap,
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while an inflection is produced in the void space among
adjacent filaments. Voids between the soil filaments have an
average equivalent diameter of 150 um and they represent
the macropores (inter-filament pores) of the 3D-printed soil.

At 300X, the external surface of the filament (Figure 2c)
shows a smooth and compact particle arrangement, with
iso-oriented clay particles and few pores 0.3+1.5 um wide
and 3+30 um long. On the microphotograph of the cross-
section of the filament at 300X (Figure 2d), a spiral trend of



Microstructural characterization of a 3D-printed soil

the particles orientation can be observed, as a result of the
rotative movement of the screw in the extruder. Pores having
amaximum diameter of about 30 um as well as pores 1-2 um
wide and 10+70 pm long can be identified at the contacts
between the clay aggregates (Figure 2d).

In the last microphotographs, taken with a 4000X
magnification, different arrangements of the clayey particles
are visible. Particles on the lateral surface (Figure 2¢) are
iso-oriented and arranged with face-to-face packing; the
arrangement of the particles in the inner part of the filament
(Figure 2f) is more complex showing aggregated structures
with both face-to-face and edge-to-face contacts. At this
magnification, inter-aggregate pores, having a dimension of
few microns, and intra-aggregates pores of smaller dimensions
(lower than 0.5 um) are visible. It is worth to observe that
where the clayey particles are packed with face-to-face
contacts the intra-aggregates pores are smaller.

The results of MIP tests performed on two different
specimens are reported in Figure 3a in terms of the intruded/
extruded void ratio (e, the ratio of the void volume intruded
by mercury (V) to the volume of soil particles (V)
and in Figure 3b in terms of the Pore Side Density PSD
(PSD = —Ae/A(logd)) as a function of the computed pore
diameter d. The total void ratios intruded during the MIP
tests (e, = 0.838 and 0.898) were lower than the mean void
ratio measured on the 3D-printed samples (e = 1.07).

This difference is believed to be the result of the pores
larger than 120 pm which are filled with mercury before the
injection starts, and which are not detected with the technique.
This maximum detectable pore diameter well corresponds to
the average diameter of the inter-filament pores (150 um).
The intruded void ratio is then attributed to the pores within
the filaments only. The corresponding microstructural or intra-
filament void ratio (e, ratio of the volume of intra-filament
pores to the volume of the solid phase) is then quantified in the
range of ¢” = (0.838+0.898. The lower bound of macropores,
which corresponds to the gaps left by the printing process
between the filament, is set to 120 um (Figure 3).

On the other hand, an analytical evaluation for the
macrostructural or inter-filament void ratio (e, ratio of the
volume of inter-filament pores to the volume of the solid phase)
based on geometrical considerations allows to compute a value
e"=0.274. The sum of the microstructural and macrostructural
void ratios is in good agreement with the average void ratio
of the 3D-printed samples (Figure 3a, right axis).

The main modal diameter of pores (d =1 um, Figure 3b)
corresponds both to the pores observed along the external
surface of soil filament and to the pores between clayey
aggregates observed in the cross-section. According to the
procedure proposed by Delage & Lefebvre (1984) intra-
assemblage porosity results in a reversible behaviour during
the intrusion/extrusion phases, while mercury is trapped by
capillary effects in the bigger pores once the applied pressure
is removed (Figure 3a). This criterion applied to the two
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Figure 3. Void ratio (a) and Pore Size Density (b) as a function of
the Entrance Pore Diameter from MIP tests.

tests performed could provide the upper bound value of the
intra-assemblage as d =0.127 pm. These micropores include
the porosity between clayey particles stacked in face-to-
face disposition. However, the criterion based on intrusion
and extrusion curves could underestimate the limit value
(Yuan et al., 2020). In fact, a secondary peak of PSD can be
identified in the same range of micropores (¢ = 0.18 um). This
class of micropores corresponds to the intra-assemblage pores
located between particles stacked in face-to-edge disposition
(Figure 3f). Then, on the base of PSD evolution (Figure 3b)
amore consistent upper limit for the intra-assemblage pores
domain can be identified at d = 0.3 pm.

4. Conclusion
The note explored the fabric of a 3D-printed clayey

soil, highlighting how the particle arrangements and size,

Ferrari et al., Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022005422



Ferrari et al.

orientation and shape of pores are strongly linked to the
printing operation. In particular, it was observed that the
macropores are the result of the relative position of the
filaments and their initial distortion in quasi-undrained
conditions. Particle arrangement within the soil filament is
strongly anisotropic due to the rotative movement of the soil
in the extruder. Moreover, intra-assemblage pores, located in
between the clayey assemblages, and intra-assemblage pores,
as the results of different particle contacts (both face-to-face
and edge-to-face contacts), characterize the microporosity
in the intra-filament soil structure.

It is believed that these observations could pose the basis
for engineering the creation of fabric-controlled samples; this
capability could serve multiple purposes, such as the production
of samples with precise hydro-mechanical characteristics,
e.g. permeability and water retention properties.
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List of symbols

CI  consistency index;

d  entrance pore diameter in MIP test;

d,  diameter of the nozzle;

e void ratio;

e intruded/extruded void ratio in MIP test;

e™  ratio of the volume of intra-filament pores to the volume
of the solid phase;

eM  ratio of the volume of inter-filament pores to the volume
of the solid phase;

f oy clay fraction;

" Silt fraction;
S, silt fraction;
G specific gravity;
LL liquid limit;
MIP Mercury Intrusion Porosimetry;
P absolute pressure;
PL  plastic limit,
PSD Pore Size Density function from MIP test;
SEM Scanning Electron Microscope
T  temperature;
V. volume of soil particles;
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V.. void volume intruded by mercury in MIP test;
w  water content.
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Abstract

The seasonal variability of geotechnical parameters in the unsaturated zone is typically
neglected in the design of geotechnical works. In most of the geotechnical projects the
parameters are determined only for the saturated condition. Although it is known that this
condition is the most critical to soil strength and deformability, this conservative approach
may neglect a possible important contribution of the unsaturated condition, resulting in
an increase in the cost of the geotechnical solution. This paper presents and discusses the
site characterization of the active zone of an unsaturated sandy soil profile under different
suction conditions. Laboratory tests with controlled suction (retention curves, triaxial
compression with bender elements and oedometer tests) were carried out on undisturbed
samples collected from 1.0 to 5.0 m depth. The results show that strength and deformability
parameters are strongly affected by soil suction and are less influenced by confinement
stress up to 5.0 m depth. All the investigated subsoil profile shows a collapsible behavior,
more pronounced closer to the ground surface and under the effect of higher suction values.
The findings highlight the importance of incorporating the suction influence in the site
investigation, parameter determination, and geotechnical design for more economical,

reliable, and environmentally sustainable solutions.

1. Introduction

Urban growth contributes to an increase in regional
temperatures, alters the rainfall regime, and causes local
extreme events and natural disasters. Southeastern Brazil
is one of the regions where there is a greater tendency
for precipitation increase, while in the Northeast there is
drought. It is important to advance the understanding of the
geomechanical behavior of soils in tropical and subtropical
climatic environments by studying key aspects that are not
yet well understood, such as the impact of the unsaturated
state on the laboratory and in situ determination of the
geomechanical properties of these soils (Vilar & Rodrigues,
2011; Zhang et al., 2014; Zhang, 2016). This aspect is also
important in the design of infrastructure works with emphasis
on the seasonal variability that may occur (Fernandes, 2016;
Dong et al., 2018; Silva et al., 2019).

The behavior of unsaturated soils depends on the moisture
content and consequently on the soil suction. Changes in the
moisture content and suction in an unsaturated soil can occur
due to climate variations (Blight, 2003; Cui et al., 2005).

It is important to know the soil properties through direct in
situ or laboratory measurements in the geotechnical design
practice. The time of year when a particular unsaturated soil
site is investigated can have a strong influence mainly on the
in-situ test data (Giacheti et al., 2019; Rocha et al., 2021).
The depth of the subsoil to which changes in moisture
content take place is referred to as the active zone. The active
zone is generally defined as the region of fluctuation in
moisture content of an unsaturated soil, which can change
seasonally due to climatic variations (Fredlund, 2006).
Significant soil deformation or movement can occur due to
variations in soil moisture/energy in this zone. It is important
to note that varying soil suction affects the behavior of
collapsible and expansive unsaturated soils. Lightweight
structures such as highways and railroads (Sanchez et al.,
2014) or small buildings are often subject to severe damage
due to wetting of a collapsible or expansive soil. Abrupt and
significant settlements in geotechnical structures are common
in collapsible soils after flooding (Jennings & Knight, 1975;
Vilar & Rodrigues, 2011). Cut slopes (Tsiampousi et al., 2017)
and infinite slopes (Ray et al., 2010; Zhang et al., 2014) are
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prone to rupture or may experience irreversible movement due
to changes in negative soil and water pressures. Therefore,
seasonal variability can lead to complex and often costly
assessment of unsaturated soil properties, from a practical
point of view. However, even today, geotechnical designs
rely almost exclusively on data obtained through short-term
site investigation programs.

The conventional laboratory tests, i.e., those that are
performed without any soil suction control, generally do not
adequately consider the transient condition of moisture content.
Modern laboratory testing options are available (Delage et al.,
2008) to consider the suction influence on soil behavior. It is
important to recognize the significant progress that suction
control has brought to the understanding of unsaturated soils,
especially Hilf’s (1956) axis translation technique.

Some researchers in recent decades have proposed
ways to interpret laboratory test data on unsaturated soils.
It has been usual to consider two independent stress state
variables (suction and net stress) over a wide suction range
(Fredlund & Morgenstern, 1977; Toll, 1990). It can range from
0 to 500 kPa for most geotechnical engineering problems,
according to (Khalili & Khabbaz, 1998; Vanapalli et al.,
1996). Fredlund et al. (1978) and Ho & Fredlund (1982)
extended the Mohr-Coulomb criterion for unsaturated soils
using state variables by defining failure surfaces assumed as
planar and represented by friction angles ¢’ and ¢ 2.

Escario & Saez (1986) found the non-linearity of ¢ #
from the interpretation of experimental data and it prompted
some researchers to propose empirical models to represent
the total cohesion intercept (e.g., Vanapalli et al., 1996; Vilar,
2006). The failure envelopes of unsaturated soils can be
determined in laboratory via triaxial compression tests with
controlled suction (Fredlund et al., 1978; Khalili & Khabbaz,
1998; Vanapalli et al., 1996; Zhang, 2016). The drainage
conditions in the consolidation and shear phase can be
different depending on the type of triaxial test performed.

Modern triaxial compression testing devices allow
to use equipment for the direct measurement of load and
displacement of soil specimens within the triaxial cells.
Bender elements have also been used to measure shear
wave velocities (V) with deformations in the order of 10 to
10-%%, Therefore, theory of elasticity is valid to determine
the maximum shear modulus (G):

Gy = p Vs’ M

G, is areference geotechnical parameter to be considered in the
site characterization for geotechnical design (Jamiolkowski,
2012; Rocha et al., 2022). The triaxial compression test system
equipped with bender elements allow to verify the quality of
specimen (Ferreira et al., 2011). It also allows determining
the variation of G, with the confining net stress, void ratio,
soil suction, and over consolidation ratio (Dong et al., 2018;
Dong & Lu, 2016; Georgetti, 2014; Hardin & Blandford, 1989;
Hoyosetal.,2015; Leong & Cheng, 2016; Nyuntetal., 2011).

The compressibility parameters are also important in a
proper site characterization program, especially for foundation
settlements prediction (Skempton & Jones, 1944; Lambe &
Whitman, 1976). The compressibility of unsaturated soils,
mainly the collapsible ones, is more complex and difficult to
predict since suction changes can induce significant variation
in compressibility parameters such as the over consolidation
stress and the compression index.

Jennings & Knight (1975) proposed the use of single
and double oedometer tests since many unsaturated soils
present collapsible behavior. Sun et al. (2007) conducted
suction-controlled tests on a compacted clay to study the
influence of different dry unit weight and suction values
on the collapse behavior for both isotropic and anisotropic
stress states. Vilar & Rodrigues (2011) carried out suction-
controlled tests on an undisturbed clayey sand to study the
soil collapsibility with the gradual reduction of suction upon
vertical stresses.

The main research goal in the recent years has been to
understand the behavior of unsaturated soils extending the
concepts of the Critical States Soil Mechanics (Alonso et al.,
1990). Research has been based on experimental data in
which the axis translation technique is used mainly as a
tool to understand the hydraulic and mechanical behavior
of unsaturated soils. So, controlled suction laboratory tests
are essential to understand the unsaturated soil behavior and
its seasonal variability in the active zone of the soil profile.

This paper presents and discusses the characterization via
laboratory tests of the active zone of an unsaturated tropical
sandy soil profile under different suction conditions. The main
contribution is to highlight the importance of incorporating
the suction influence on determining soil parameters and
considering it in the geotechnical engineering design as well
as to expand the database of geotechnical parameters in a
typical unsaturated tropical soil.

2. Materials and methods
2.1 Study site

The study site is the experimental research area (Lat.:
S 22°05° to S 22°26’; Long.: W 49°00’to W 49°16’) from
the Sao Paulo State University, in Bauru, Sdo Paulo, Brazil.
The geology consists predominantly of sediments from Bauru
Group (Marilia and Adamantina Formations), covering the
volcanic rocks of Serra Geral Formation that outcrop towards
the Valley of the Tieté River. De Mio (2005) describes these
soils as being formed mainly by deposits of colluvial origin
submitted to tropical weathering process, resulting in porous
and collapsible soils.

Figure 1 shows some index properties and grain size
distribution (with and without dispersant) up to 6 m depth.
The soil is classified as clayey sand and the grain size
distribution is relatively uniform. The dry unit weight (y )
and unit weight of solids (y, = 26.8 kN/m’) are practically
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Figure 1. Grain size distribution and index properties [adapted from Giacheti et al. (2019)].
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Figure 2. Wet and dry seasons profiles: (a) and (b) average CPT data; (c) moisture content data [adapted from Giacheti et al. (2019)].

constant with depth. The void ratio (e¢) at 1.0 m depth is
equal to 0.78 and it is also almost constant up to 4 m depth
and drops to about 0.70 at 5 and 6 m depth. The liquid limit
at 1.0 m depth (w,) is 17% and tends to increase with depth.
The fine portion of the soil is non-plastic (plastic limit - w,,
cannot be determined) and has iron and aluminum oxides,
hydroxides, and kaolinite. It is classified as SM Group soil
in the Unified Soil Classification System (ASTM, 2017).

The study site has a tropical climate with well-
defined wet and dry seasons. The Cone and the Piezocone
Penetration Tests (CPT and CPTu) can be used as a high
profiling resolution technique to assess site stratigraphy
and variability (De Mio & Giacheti, 2007). Giacheti et al.
(2019) investigated the seasonal influence on the study site
based on CPT campaigns carried out in different season of
the year. The tests were carried out in a wooded area with
some Caesalpinia peltophoroides Benth, commonly referred
as “Sibipirunas”. The trees are likely to have a system of
lateral roots and one large tap root and affected the seasonal
variability.
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The role of suction on soil behavior can be observed in
Figure 2a, 2b since the seasonal variation has significantly
influenced the CPT data up to about 4 to 5 m depth.
The monitoring of the moisture content profiles (Figure 2¢)
indicates that a high variation occurs closer to the ground
surface, and it decreases with depth.

2.2 Laboratory tests

Soil blocks were retrieved from exploratory sampling
pits to get disturbed and undisturbed samples following ABNT
(1986). Laboratory tests for soil characterization (physical
indexes, grain size distribution and Atterberg limits) were
carried out every meter interval up to 5 m depth. Soil water
retention curves were determined under drying trajectory by
using the filter paper technique, suction plate, and pressure plate
tests. The specimens were obtained from quasi-static driving
of beveled PVC rings (53 mm in diameter and 12 mm high)
on undisturbed samples collected at 1.0, 3.0 and 5.0 m depth.
The specimens were saturated with distilled and de-aerated
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water. The filter paper Whatman n° 42 and the calibration
of Chandler & Gutierrez (1986) and Chandler et al. (1992)
were used to determine the experimental data points by the
filter paper method following the procedures suggested by
Marinho & Oliveira (2006). The equation proposed by van
Genuchten (1980) was used to adjust experimental datapoints
obtained by different methods.

Soil shear strength was determined through saturated
and unsaturated consolidated drained triaxial compression
tests (CD type) with an axial strain rate of 0.05%/min to
endure dissipation of the excess pore water pressure during
all tests. Specimens 50 mm in diameter by 100 mm in
height were carved from undisturbed soil samples collected
at 1.5, 3.0, and 5.0 m depth by an exploratory sample pit.
The experimental test program was designed to ensure
the integrity of specimens, as well as the quality of the
collected samples. The soil suction values were 0, 50, 200,
and 400 kPa and the net normal stresses were 50, 100 and
200 kPa. The saturation (zero suction) was achieved applying
back pressure up to a pore-pressure coefficient B > 0.95.

Table 1 presents the index properties of the samples before
and after saturated and unsaturated triaxial tests.

The suction values were installed in the unsaturated
specimens and maintained through Hilf (1956) axis-translation
technique by means of a 500 kPa air entry value porous plate.
The pore-air pressure was elevated above atmospheric pressure
such that pore-water pressure becomes positive (Hilf, 1956;
Fredlund, 2006). The failure envelopes Fredlund et al. (1978)
were determined for each investigated depth to obtain friction
angle and the cohesion intercept (Vilar, 2006).

The maximum shear modulus (G,) was determined
in a triaxial chamber equipped with bender elements.
The specimens were carved from the undisturbed samples
collected at 1.5, 3.0, and 5.0 m depths. The suction levels
were 0, 50, 200 and 400 kPa and isotropic state stresses
were 25, 50, 100 and 200 kPa. The shear wave velocity (V)
was determined by the first time of arrival method, after the
specimen consolidation (Fernandes, 2016). The G variations
as a function of soil suction and net normal stress were
determined for each tested depth.

Table 1. Index properties for the soil samples before and after the triaxial tests.

Soil suction, s (kPa)

Depth  Net normal lndex. 0 50 200 400
(m) stress (kPa) properties

Before After Before After Before After Before After
1.5 50 e 0.689 0.584 0.710 0.599 0.761 0.705 0.788 0.759
w (%) 5.10 20.12 6.05 7.00 5.94 6.17 5.65 5.69
v, (KN/m*)  15.96 17.02 15.77 16.86 15.31 15.82 15.08 15.32
100 e 0.717 0.579 0.749 0.574 0.769 0.668 0.776 0.714
w (%) 5.82 18.24 5.64 7.05 5.94 6.12 5.79 5.65
y,(kN/m’)  15.70 17.07 15.41 17.13 15.24 16.16 15.18 15.73
200 e 0.703 0.409 0.711 0.532 0.781 0.628 0.807 0.608

w (%) 5.71 19.36 5.90 7.15 5.42 6.07 5.92 *
y,(kKN/m®)  15.83 18.09 15.76 17.61 15.14 16.56 14.92 16.76
3.0 50 e 0.814 0.665 0.742 0.690 0.741 0.706 0.726 0.709
w (%) 8.35 * 8.31 * 7.88 6.97 7.25 6.43
y,(kN/m’)  14.79 16.11 15.40 15.88 15.41 15.73 15.54 15.70
100 e 0.740 0.566 0.748 0.641 0.734 0.665 0.770 0.703
w (%) 8.08 * 8.29 * 8.62 6.59 8.64 6.55
y,(KN/m’)  15.42 17.13 15.35 16.35 15.47 16.12 15.16 15.76
200 e 0.753 0.534 0.745 0.653 0.733 0.605 0.791 0.608
w (%) 8.61 * 7.85 * 7.61 6.31 9.19 7.07
v, (KN/m*) 1531 17.49 15.38 16.24 15.48 16.72 14.98 16.68
5.0 50 e 0.717 0.605 0.674 0.654 0.688 0.671 0.702 0.678
w (%) 10.23 * 10.27 7.93 9.12 7.78 9.84 7.23
y,(kN/m’)  15.67 16.76 16.07 16.26 15.94 16.10 15.80 16.03
100 e 0.684 0.532 0.697 0.598 0.692 0.646 0.697 0.663
w (%) 10.54 * 10.22 8.10 8.93 7.11 9.01 7.15
y, (kN/m’)  15.97 17.55 15.85 16.83 15.90 16.34 15.85 16.18
200 e 0.712 0.537 0.707 0.621 0.704 0.602 0.686 0.607
w (%) 10.31 * 10.05 8.25 9.98 7.18 9.86 6.98
v, (kN/m*) 1571 17.50 15.76 16.59 15.79 16.79 15.95 16.74

*Not determined.
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Conventional and controlled-suction oedometer tests
were performed using oedometer-type chambers like the one
developed by Escario & Séez (1986). The compressibility
parameters for the undisturbed soil samples collected at 1.0,
2.0,3.0,4.0 and 5.0 m depth were determined under different
suction values (0, 50, 100, 200 and 400 kPa).

The specimens were retrieved from a quasi-static
driving of a metal ring of 70 mm diameter and 25 mm high.
They were inundated with distillated and deaired water and
installed on high air-entry porous plate at the base of the
oedometer-type chambers. The specimens were subjected
to air pressure inside the chamber, which allowed the
imposition of suction through axis-translation technique
of Hilf (1956). A total of 25 confined compression curves
were determined for 5 different soil suction values (0, 50,
100, 200 and 400 kPa) and for each test depth (from 1.0 to
5.0 m). Table 2 presents the index properties of the samples
before and after oedometer tests.

3. Analysis and results

3.1 Soil water retention curve

Figure 3 shows the experimental data, in terms of
gravimetric moisture content (w) and soil suction (s), as well
as the best curves fitted for 1.0, 3.0 and 5.0 m depth samples.
All the curves are typical of sandy soils with low water retention
(Fredlund & Xing, 1994). They are bimodal with four zones:
a boundary effect zone, two transition zones and a residual
zone (Vanapalli etal., 1996). The boundary effect zone is short,
from 0 to 2 kPa in which the soil is saturated by capillarity.
The transition zones start from the point of the first air entry

value (AEV), about 2 kPa, ending at the residual moisture,
around 2%. As the suction increases the moisture decreases
significantly in the transition zones. Values of soil suction
higher than the first air entry value (about 2 kPa) and lower
than the second air entry value (about 1 MPa), indicate that the
macropores and soil micropores are respectively unsaturated
and saturated. The water in the micropores begins to drain
significantly for suction values between the second air entry
value and the residual moisture content. A large variation
on suction causes a little change in moisture content in the
residual zone. The soil pores are occupied mainly by air and
the liquid phase is discontinuous in this zone.
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Figure 3. Soil water retention curves for the collect soil samples.

Table 2. Index properties for the soil samples before and after the oedometer tests.

Soil suction, s (kPa)

D(fg)th pr:)‘;‘l;"ies 0 50 100 200 400
Before After Before After Before After Before After Before After
1.0 e 0.849 0.477 0.856 0.554 0.853 0.544 0.841 0.587 0.811 0.612
w (%) 8.06 18.21 7.87 7.16 7.87 6.89 7.89 6.15 8.15 5.94
v, (kN/m’)  14.58 18.25 14.53 17.35 14.55 17.46 14.64 16.99 14.89 16.72
2.0 e 0.871 0.500 0.889 0.569 0.959 0.586 0.907 0.619 0.806 0.610
w (%) 9.3 19.35 9.30 8.27 9.53 7.83 9.65 7.28 9.65 7.19
v, (kN/m’)  14.60 17.89 14.24 17.18 13.73 17.00 14.11 16.65 14.89 16.75
3.0 e 0.838 0.500 0.776 0.523 0.769 0.528 0.663 0.519 0.744 0.545
w (%) 7.57 19.9 9.07 8.46 9.07 7.34 9.11 7.05 9.11 6.95
v, (kN/m’)  14.60 17.89 15.11 17.62 15.17 17.56 16.13 17.66 15.39 17.37
4.0 e 0.816 0.497 0.827 0.544 0.794 0.551 0.732 0.560 0.791 0.607
w (%) 8.74 21.04 9.10 8.48 9.10 8.21 8.76 7.33 8.76 7.16
v, (kN/m’)  14.81 17.97 14.72 17.42 14.99 17.34 15.53 17.24 15.02 16.74
5.0 e 0.765 0.496 0.703 0.504 0.718 0.542 0.730 0.555 0.737 0.565
w (%) 10.25 18.36 10.30 9.19 10.11 8.19 10.15 7.79 9.83 7.61
v, (kN/m’)  15.24 18.02 15.80 17.93 15.66 17.48 15.55 17.34 15.49 17.23
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3.2 Shear strength

Figures 4 show the triaxial compression tests data in
terms of the variation of deviatoric stress versus axial strain
and variation of volumetric strain versus axial strain.

There is no clear peak stress in the curves independently
of the test depth and soil suction (Figure 4). After reaching a

700 5

certain stress value, the strain increases almost continuously
with no increase in stress. It shows a contractive behavior
during shearing, as can be seen in the volumetric strain versus
axial strain curves (Figure 4).

The interpretation of the data presented in Figure 4 indicates
a slight increase of soil rigidity with increasing depth and
soil suction, as can be seen in Figure 5 in terms of the secant

600_-Depth=1.5m 500 |Depth=3.0m
= 600750 kPa —~ 6007g=0 kPa _
g:: 500 & 500 0, =200 kPa
= 400 o,=200 kPa %400—_ 7
© 300 T T 0 300+ L7 G, =100 kPa
1 . = [ h . - - =
g0 Lo SZI0KR L2y T~ 5 sokpa
100—_'// -~ o0,=50kPa 100, ~
e 711
1 5 10 15 20 25 1 5 10 15 20 25
1\ e (%) _ 27 \ ¢ (%
e R N S >
< 4 N PE B
CO= 7 OJ; 1 \\
6 6 Ny
| ] N>
8— _ e —
_ 700
70 1 Depth=1.5m 400 PPt =30m 700 I pepth = 5.0 m
?600—__?:50“)3 - 15 =50 kPa o, =200 kPa o~ 60015 =50 kPa o, =200 kPa
& 500 & 500 5 %,
= ] < 400 pRae
= 400 o, =200 kPa 6“333 ]
© 300 PRE-DEEPPfita 1 .7 --
' 200 0, =100kPa ‘200 -7
6 1001 4 — “o,=50kPa 6 10 J2=
7 0T
I\ S 10 15 20 25 ) TS 10
I\ 4
o TN e, (%) ~ N
S NN S
a N a 4 T
w 1 ~ W
6| ~ - o = 6
8- 8-
700 Depth=1.5m 700_-Depth=3.0m 700 Depth =5.0 m 0_1=200 kPa
= 60015 =200 kPa = 60075=200kPa  0.=200kPa = 6005=200 kPa.- T -
Ay 500 Ay 500 A, 500
= 400 5, =200kPa ] o7 Z40d 7 5,=100kPa
5" 300 -] T N 63004 o, =100kPa _ Caemies
63007 -7 5 =100 KkPa _ © 03 =
200+ .7 _ = Z50 kP _200-2 -~ "0, =50 kPa 50 kPa
1 -7 Z 1 P
© 100 2 u 2 o 100—_’/’J—— >
e kT T 11 ———
'\ 15 20 25 1 ‘3‘\ 15 20 25 10 15 20 25
I~ 2 N i
SN g, (%) o ¥ el e, (%) e (%)
N . R ~.
é 4 ~ . é 4 ., Tl
w7 - T~ w” T
6— 6— i SO
8- 8-
701 pepth = 1.5 m "0 I Depth=3.0m _ _ 200 kPa Depth =5.0 m_0; = 200 kPa
= 60015 =400 kPa = 00 T5=400 kPa TSR = 00015 =400kPa "
A, 500 U3=290KP2~ A, 500 ',.-"' Al 5004 — 100 kP
6400—_ '/‘— \.«400—_ L o, =100 kPa é‘mo_ I'_—___gl___._ a
g P _ © PR o 1.
o3 -7 o =100kPa o307 LI-- © 30037, = 50 kPa
200 = 200 200
© 100 o, =50 kPa © 100 o,=50kPa © 1001
I T T 717 71 1 ST T 1 1 1 "N T T T 71 1
L N 15 20 25 L NN 10 15 20 25 9N S< _16- —15 20 25
- 24 "~ - ~
PR BN - e (%) _ s Sel e (%) _ 2 e (%)
X == X % I
< 4 N < 4 N < 4
w™ T -~ o _ . _.- w1 N, w1
6 — 6 — \\' 6—
8- g4 T 8-

Figure 4. Variation of deviatoric stress versus axial strain and variation of volumetric strain versus axial strain for the triaxial compression

tests. Data for different depths and soil suctions.
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Figure 5. Variation of secant modulus (£,

modulus in drained triaxial testing at 50 percent strength
(E,)- Such behavior is mainly related to the increase of the
over consolidation stress with depth and soil suction, which
is going to be presented and discussed later, based on the
confined compression test data.

The Mohr-Coulomb failure envelopes from Figure 6 were
defined after the interpretation of the deviatoric stress curves
versus axial strain for the three different depths. They were
defined after the interpretation of the deviatoric stress curves
versus axial strain for the three different sample depths
(Figure 4). The maximum deviatoric stress (6, —c,) = was
used as the failure criterion. The envelopes were drawn by
fitting a straight-line tangent to the three Mohr failure circles
drawn from the interpretation of the data from each series of
tests, depending on the test depth and soil suction.

The failure envelopes indicate that there are differences
between saturated and unsaturated soils mainly in terms
of the cohesion intercepts (Figure 7). The soil from 1.5 m
depth has a cohesion intercept that varies from 0 to 16 kPa
while the soil at the 5 m depth varies from 5.3 to 28.7 kPa.
It can also be seen in this figure that the inclinations of shear
strength failure envelope for 3 and 5 m depth samples are

Fernandes et al., Soil. Rocks, Sdo Paulo, 2022 45(4):€2022000422

u, =100 kPa 4 o - u, =200 kPa
b)

) with (a) soil suction and (b) depth.

approximately equal regardless of the suction values. This
means that the internal friction angle of the soil shows little
changes with suction to higher depths. It is interesting to
point out that grain size distribution of these soils is almost
the same along depth (Figure 1).

The friction angle varies little with suction and the
cohesion intercept increases hyperbolically with suction.
The hyperbolic fit Equation 2 is shown in Figure 7, which
led to coefficients of determination (R?) close to the unit.
Table 3 shows the values of constants a and b from the
hyperbolic equation representative for each tested depth.
Such behavior was observed by (Escario & Saez, 1986;
R6hm & Vilar, 1995; Vilar, 2006).

2

T =c'+(0'—ua). tg O'+s.

a+b.s

3.3 Maximum shear modulus

The G, values determined in the laboratory using bender
elements is presented in Figure 8. It can be seen in this figure
that G, tends to increase linearly with net confining stress
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Figure 7. Cohesion intercept versus soil suction for different test

depth and the hyperbolic fit.

Table 3. Values of c¢’and ¢’, fitting parameters (a and b) and

coefficient of determination (R?).

Depth (m) ¢’ (kPa)  ¢°(°) a b R
15 0.0 26.8 125 0032  1.00
3.0 1.2 326 95 0029  0.99
5.0 5.3 324 56 0029 098
8

and nonlinearly with soil suction for the three tested depths.
The same behavior (i.e., nonlinearity between G, and soil
suction and linearity between G, and net confining stress)
was also observed for unsaturated reconstituted sands by
Nyunt et al. (2011) using, however, different equations to
represent these behaviors. To better represent the influence
ofnet stress and soil suction on soil stiffness, Equation 3 and
Equation 4 were respectively used to fit the experimental data.

G, =f+g.(0'—ua) 3)
s

= v 4

% Go’mt " m+(n .S) @

Where G, is the maximum shear modulus at the saturated
condition, (o — u,) is the net confining stress, s is the soil
suction, and f, g, m, and n are the fitting parameters.

Table 4 shows the fitting parameters for G, and net
confining stress and Table 5 the fitting parameters for G and
soil suction for the 1.5 m depth sample.
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Table 4. Values of the fitting parameters for the sample collected at Figure 8 also shows an increase of G, with the test depth

1.5 m depth to represent the variation of G, with net stress. (i.e., net confining stress) and that G, increased at a faster

u,—u, (kPa) f g R? rate with soil suction, up to approximately 50 kPa In general,

0 40.7 0.5502 0.99 G, tend to increase with soil suction and net confining stress.

50 64.0 0.5413 0.99 Such behavior is attributed to an increase in soil stiffness

200 70.5 0.5979 0.99 (higher rigidity of soil skeleton) due to either soil suction

400 74.4 0.6055 0.99 or confining pressure (Leong et al., 2006; Mancuso et al.,
2002; Takkabutr, 20006).

Table 5. Values of the fitting parameters for the sample collected

at 1.5 m depth to represent the variation of G, with soil suction. 3.4 Compressibility

o —u, (kPa) m " R Figure 9 shows the confined compression curves
25 0.8068 0.0294 0.99 determined by the oedometer tests carried out with constant
50 0.7279 0.0226 1.00 suction value for all the test depths. The data interpretation
100 1.3801 0.0238 0.99 shows an increase on stiffness with increasing suction.
200 1.0835 0.0194 0.99 It can also be seen in this figure that over consolidation
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Figure 8. Variation of maximum shear modulus with net stress (a, ¢, and e) and soil suction (b, d, and f) as well as the fitting equations
for samples collected at 1.5, 3.0 and 5.0 m depth.
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Figure 9. Controlled suction oedometer test data determined for soil samples collected at (a) 1.0; (b) 2.0; (c) 3.0; (d) 4.0; and (e) 5.0 m depth.

stress (cp) and the slope of the virgin compression line,
represented by the compression index (C), vary with soil
suction. For instance, over consolidation stress increases
from 30 kPa to 176 kPa by varying suction from 0 to 400 kPa
for the 1.0 m test depth.

The collapse potential (CP) can be indirectly estimated
quantifying the discontinuity between the saturated and
unsaturated curves from Figure 9, in a similar way to the
double tests proposed by Jennings & Knight (1975). There
is a higher collapse potential (CP) for the higher suction

values, which decreases with increasing depth (Figure 10).
Therefore, CP is higher closer to the ground surface and
for higher suction values.

Figure 11 shows an increase in the soil stiffness,
represented by the oedometric modulus (M ), with increasing
suction. It is also possible to observe in this figure that M,
values are relatively low up to about a net vertical stress equal
200 kPa and increase after that value. Soil that undergoes to a
volume reduction due to collapse gets denser, which leads to
an increase in the oedometric modulus with net vertical stress.

Fernandes et al., Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022000422



Fernandes et al.

0 200 400 600 800 1000

0T T
0 200 400 600 800
G - u, (kPa)
b)

1000

0T
0 200 400
G - u, (kPa)

T T T T T
600 800 1000

—O— 50kPa —{}— 100 kPa —~x— 200 kPa —>— 400 kPa
Figure 10. Collapse potential versus soil suction (50, 100, 200 and 400 kPa) for the different test depths: (a) 1.0; (b) 3.0; and (c) 5.0 m.

4. The variation of geotechnical parameters
with depth

Shear strength parameters (¢, ¢), compressibility
parameters (c,, C ), maximum shear modulus (G,) and
collapse potential (CP) and their variation with soil suction
along depth are summarized in Figure 12.

It can be observed from Figure 12 that the variation
of the friction angle with suction is more pronounced for
the 1.5 m depth than for 3.0 and 5.0 m depths. It can also be
noted in this figure that the ¢ angle is practically the same for
3.0 and 5.0 m depths and higher than the 1.5 m depth. This
figure also shows that the cohesion intercept increases with
suction and with depth.

The over consolidation stress (c) for the saturated condition
is low and has little variation with depth, between 25 and 50 kPa
(Figure 12). On the other hand, the 6, increases with suction and
with depth. The slope of the virgin compression line (C)) also
varies with suction, but practically does not vary with depth.
This figure also shows that the collapse potential (CP) increases
with soil suction and decreases with depth. The magnitude of
collapsible behavior is higher in the upper portion of the soil

Fernandes et al., Soil. Rocks, Sdo Paulo, 2022 45(4):€2022000422

profile, and it increases with suction. In addition, the maximum
shear modulus (G,) increases with soil suction and with depth.
It is important to mention that the values of G, and CP were
determined from the estimated effective stress (c’ ) for the
tested depths considering the unit weight of the studied soil.

Figure 12 also shows that the lower shear strength and
the lower soil stiffness occurs at the 1.5 m depth, and these
parameters slightly increase with depth for both the low and
to the high suction values. It is also possible to observe that
soil suction has a higher influence on cohesion intercept (c)
and on the over consolidation stress (6 ) than in friction angle
(¢) and in compression index (C).

Soil suction has greater influence on the geotechnical
parameters in the active zone of the studied soil profile
(Figure 12) than the physical index properties (grain size
distribution, consistency limits, unit weight of solids and
void ratio). The presented data highlight the importance of
understanding the suction influence on the behavior of the
active zone of the studied soil profile. Such aspect is important
for shallow foundations design since variability caused by
suction is more relevant than spatial variability at the study site.
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Figure 11. Oedometric modulus (M) versus the vertical stress at constant suction value for soil samples collected at (a) 1.0; (b) 2.0;
(c) 3.0; (d) 4.0; and (e) 5.0 m depth.
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5. Conclusions

*  Characterization tests, index properties, retention
curves and the mechanical parameters determined along
depth indicate that the profile is fairly homogeneous
up to 5.0 m depth;

»  Water retention curves showed a typical behavior
of porous sandy soil, with low air entry value and
accented desaturation curve. The bimodal format
is due to the existence of two air entry values: the
first because of the presence of macropores and the
second because of the drainage of micropores of the
soil aggregate fraction;

*  There is little influence of depth on that soil shear
strength up to 5.0 m depth. The higher contribution
on strength parameters is due to soil suction, which
increases the intercept cohesion with lower influence
of the internal friction angle;

*  Compressibility parameters, mainly the o, are also
more affect by suction than the depth. The increase on
soil suction caused an increase in over consolidation
stress (cp) and changes in soil compression index
(C). The constrained modulus (M) increases with
increasing depth and soil suction;

* The G, values tends to increase linearly with net
confining stress and nonlinearly with soil suction
for the three tested depths. The greater variation
of G, with suction was observed at 3.0 and 5.0 m
depth samples;

*  The soil has collapsible behavior with important
collapse potential mainly under effect of higher
suction values and closer to the ground surface;

*  The geomechanical parameters of the studied soil are
strongly influenced by suction and less influenced
by depth and it must be incorporated to the practical
design. In general, the presented test data show that
the geotechnical parameters are more sensitive to soil
suction than to the increase on depth in the active
zone of the soil profile.
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Abstract

This paper aims to analyze the behavior of a soil-nailed excavation located in Salvador, Bahia,
Brazil. Numerical stress-strain modeling was conducted, using finite element method. The
horizontal displacement profiles obtained for the wall face in the numerical analysis presented a
good correlation compared to field instrumentation monitoring with inclinometers. The results
showed that the magnitude of the maximum numerical and experimental displacements was
lower than the simplified models recommended by international manuals and technical literature.
However, the monitoring data was compatible with other cases of instrumented nailed excavations
in silt-sandy soil in the city of Salvador. Numerical models also adequately represented the
distribution of tensile forces in nails. The maximum tensile forces observed numerically were
smaller than those calculated using analytical methods. It was emphasized that the results of
field monitoring and numerical models correspond to a stage immediately after the end of
the retaining structure execution, not considering the evolution of deformations in long term.

1. Introduction

Soil nailing is a widely used technique to stabilize cut
slopes in Brazil. In the Brazilian practice of soil nailing design,
the stability analysis is normally based on limit equilibrium
methods, i.e., in obtaining a safety factor for the evaluated
sliding surfaces. However, this methodology does not predict
the deformations in the reinforced soil mass and, consequently,
does not accurately represent the behavior of the structure,
whereas the stress redistribution in nails is not considered.

In addition to theoretical analysis in the design phase, soil
nail performance evaluation has proved to be of fundamental
importance, using instrumentation and field tests, both during
the construction and utilization phases. This routine is also
included in the recent Brazilian standard NBR 16920-2 (ABNT,
2021). By this framework, this work aims to analyze the
behavior of a soil-nailed excavation using numerical analysis,
based on the interpretation of monitoring data and other tests
performed, for a case study in Salvador, Bahia, Brazil.

2. Background on soil nail wall displacements
and internal forces

In the initial context, several instrumentation programs
performed in nailed structures had contributed to the definition

of displacements magnitude in nailed soil walls and reported
that horizontal displacements at the top of the excavation
present values between 0.1 and 0.5% of its height (H), at the
end of the construction phase (e.g. Clouterre, 1991; Gaessler
& Gudehus, 1981; Mitchell & Villet, 1987). Based on these
results, some international manuals (e.g. Clouterre, 1991;
Lazarte et al., 2015) propose simplified formulas for maximum
horizontal displacement on the top of the wall, equal 0.002H
to 0.003H, depending on sandy or clayey soils, respectively.

According to Yuan et al. (2019b), the main simplified
models for wall displacement prediction only take wall
height and soil type into account, disregarding wall geometry,
nail length, spacing and inclination angle, and external
surcharge loading influence. Furthermore, the effect of time
on displacement magnitude is also not considered. Data from
monitored structures indicate that displacements in nailed
soils tend to increase post-construction, especially in the first
six months, depending on the type of soil, and may increase
up to 15% in long term (Lazarte et al., 2015).

Over the last decades, numerical methods have been one
of the main tools for predicting deformations in nailed soil
masses, especially using the finite element method (FEM),
both 2D and 3D analysis. The numerical tools are capable of
simulating constructive phases and incorporating constitutive
models, which reproduce the structure behavior with certain
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fidelity, in static, seismic, or dynamic conditions (e.g. Garzon-
Rocacetal., 2019; Gerscovich et al., 2005; Lima, 2002; Razavi
& Hajialilue Bonab, 2017; Sharma & Ramkrishnan, 2020).
Recently, some studies have applied statistical approaches
and machine learning techniques, including artificial neural
network (ANN) for nailed wall displacement prediction (e.g.
Liu et al., 2021; Yuan et al., 2019b).

Regarding soil nail monitoring, the investigation
conducted by Saré¢ (2007) showed that instrumentation
with inclinometers is efficient both for obtaining point
displacements and for assessing the global displacement of
the soil mass. The comparison between the data obtained by
the field monitoring and the results of the numerical analysis
was satisfactory regarding the prediction of the retaining
structure displacements and the loads acting in the nails.
Other technologies also successfully applied for soil nail
monitoring include Brillouin distributed optical fiber sensors
(DOFY), Fiber Bragg grating (FBG) sensors, and unmanned
aerial vehicles (UAV) (Esmaeili et al., 2019; Hong et al.,
2017; Hu et al., 2018).

The geometric line with the maximum axial tensile force
in the nails could define a potential rupture surface, which
separates the soil mass into two zones: the active zone and
the passive zone (Ehrlich, 2003). In the nailed excavations
instrumented and monitored by Clouterre (1991), the
distance between the face of the retaining wall and the line
of maximum tension in the nails presented values between
0.3 and 0.5 times the excavation height (H). Lazarte et al.
(2015) indicate that this value can be between 0.3H and
0.4H for the upper nails and between 0.15H and 0.20H for
the lower ones (Figure 1).

Some approaches and formulations have been proposed
to estimate the maximum tensile force (7, ) acting in the
nails, as a function of the active earth pressure coefficient
(K ), the soil unit weight (v), the excavation height (H), and
the horizontal (S,) and vertical (S)) spacing between nails

Locus of maximum
nail axial forces

0.3 t0 0.4)H

Force distribution
along nail

Figure 1. Position of the potential rupture surface and locus of
maximum nail axial forces (Lazarte et al., 2015).

(Briaud & Lim, 1997; Lazarte, 2011; Lazarte et al., 2015;
Lin et al., 2017; Lin & Bathurst, 2018; Yuan et al., 2019a).
Briaud & Lim (1997) propose Equations 1 and 2 for the upper
nail line and the lower ones, respectively. Lazarte etal. (2015)
provided expressions 3 and 4, for nails located at the upper

two-thirds and the lower third of the excavation, respectively.

TmaX:0'65XKaX7XHXSvXSh (1)
T =0.33XK X yxHXS vxS,, 2)
T ax =0.75xK , X yxHxS vxS,, A3)
T =0.38XK , X yxHXS, xS, 4)

3. Case study of a nailed wall in Salvador,
Brazil

3.1. Project description, geotechnical characterization
and field instrumentation

The soil-nailed wall under study is part of a residential
project in Salvador, Bahia, Brazil. The necessary data for this
work were obtained from the company responsible for the
retaining system design. Figure 2 shows two photographic
records of the structure during its construction phase.

The retaining structure presents heights between 7.7 and
14.8 meters. The project used different configurations for
nail length: 6.0 and 12.0 m (e.g. sections E 2+10.00 and E
4+0.00) and 6.0, 9.0, and 12.0 m (e.g. E 3+10.00). Nails were
composed of steel bars of 20 mm in diameter, type CA-50,
and drilling hole diameter equal to 75 mm. The excavated
site is composed, basically, of interleaved layers of sandy
silt and clay silt with sand, as illustrated in the geotechnical
cross-view in Figure 3.

The field instrumentation of the nailed excavation included
inclinometers for monitoring horizontal displacements in the
nailed wall. Four inclinometers were inserted at different
stations according to Table 1 and the soil nailed wall was
monitored until the end of the construction phase. The location
of the inclinometers is illustrated in Figure 4. A qualitative
analysis of the monitoring data was conducted and verified
a good profile of Inclinometer 1, which was defined as the
reference values for the present study.

Table 1. Summary of installed inclinometers for the soil nailed
wall case.

Inclinometer N° Location/Station Depth (m)
1 E 2+10,00 22.5
2 E 5+10,00 22.5
3 E 840,00 15.5
4 E 7+0,00 21.5
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Figure 2. Construction of the soil-nailed wall. Top view (a) and front view (b), during shotcrete application stage.
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Figure 3. Geotechnical cross-view — Section E 3+10.00.
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Figure 4. Location of reference sections, inclinometers, and Standard Penetration Tests performed on-site.

3.2. Numerical modeling procedure

The numerical analysis was conducted using the finite
element method software SIGMA/W, as a module GeoStudio
2012 geotechnical package. Two cross-sections were
analyzed, E 2+10.00 and E 4+0.00. As presented in Table 1,

Delmondes Filho et al., Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022076221

section E 2+10.00 was instrumented with an inclinometer
and monitored until the end of the construction phase. Thus,
the analysis of this section was conducted to calibrate the
soil deformability parameters, comparing the displacements
obtained in the numerical model with the ones obtained by
the field monitoring.
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Geometry inserted for analysis of section E 2+10.00 in
the initial condition (/nSitu) is presented in Figure 5a. The sub-
horizontal lines represent the nails, while the vertical one
reproduces the inclinometer installed in the section. To simplify
the model, only two layers of soil were adopted (see legend).
On the right side of the reinforced area, the division of layers
aims to represent the excavation stages. The sequential steps
of excavation and insertion of the nails were reproduced in
the model, for each reinforcement level, to represent the
stress changes in the soil. The final condition of the analysis
is illustrated in Figure 5b.

The finite element mesh was generated using quadrilateral
and triangular elements with a global dimension equal to

36 —

Materials

W Sandy/clayey Silt
B Sandy Silt (Altered Rock)

Elevation (m)

0246810 14 18 22 26 30 34 38 42 46 50 54 58 62 66
Distance (m)

(a) Initial condition
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(b) Final condition

Figure 5. Model of section E 2+10.00, in initial (a) and final (b)
conditions.
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Figure 6. Final model of E 4+0.00 section, including mesh and
boundary conditions.

0.50 m, a value suggested by Corte (2017), who also performed
numerical and stability simulations in nailed soil using the
GeoStudio software. The mesh of the model in section E
4+0.00 was composed of 4949 elements, totaling 5050 nodes.
This unstructured quadrilateral and triangular mixed mesh
is recommended for general cases in excavation analysis
(GEO-SLOPE, 2013). The geometry inserted for the model
of section E 4+0.00 in the final condition of excavation is
presented in Figure 6.

The pink and green lines in the models correspond,
respectively, to the nails and the shotcrete facing, inserted
in the model as beam elements. Nails were modeled with a
design inclination equal to 10° and lengths of 6.0 and 12.0 m
(according to the design of each section), for both analyzed
sections. Connection between nail heads and shotcrete face
was modeled as rigid. The necessary input data for the beam
elements are cross-sectional area, moment of inertia, and
Young’s modulus.

Geometric parameters were calculated according to the
design specifications. The model used the nails’ equivalent
moment of inertia, considering the horizontal spacing, for
an adequate representation of the elements bending stiffness.
The Young’s modulus (£, ) applied to the beam elements
was calculated according to the weighted average of steel and
concrete areas (in the case of the nails, the grout material). This
procedure was used in the numerical simulations performed
by Gerscovich et al. (2005) and by Singh & Babu (2010).
A synthesis of the geometric and elastic parameters applied
in beam elements of the nails and the coating (wall face) is
presented in Table 2, as input data in the software.

Soil was represented by the elastic-plastic model with
Mohr-Coulomb rupture criteria, for which, in addition to the
unit weight (y), five other parameters are needed: Young’s
modulus (£ ), internal friction angle (¢), cohesion (¢), dilatancy
angle (y) and Poisson’s ratio (v). The Young’s modulus of the
soil layers was obtained by adjusting the displacements of the
model with those monitored in the field, for the instrumented
section E 2+10.00. The values of 35 and 48 MPa for the
upper and lower layers, respectively, were those that led to
the best approximation between the displacements of the
numerical model and those measured by the inclinometer.
The shear strength parameters were obtained from direct shear
tests, except the dilatancy angle, which was adopted null,
following the recommendations of the SIGMA/W manual
(GEO-SLOPE, 2013). The analyses carried out by Pereira
(2016) also followed this recommendation. Poisson’s ratio
was adopted 0.25, according to the suggested range of values

Table 2. Elastic and geometric parameters of the beam elements
used in numerical models.

Element Young’s modulus (GPa) Area (cm?) Inertia (cm?)
Nail 34.4 44.2 155.3
Wall face 24.1 800 4266.7
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for sandy soils in Jia (2018). Table 3 presents a synthesis of
the soil parameters applied in the analyses for both sections.

4. Analysis results and discussion

4.1. Wall displacements

A map of horizontal displacements in the entire
model analyzed for section E 2+10.00 is shown in Figure 7.
The horizontal displacements on the nailed soil wall face
range from 2.5 to 4.5 mm, with greater values at the top of
the retaining structure. For section E 4+0.00, the same map is

Table 3. Elastic and geometric parameters of the beam elements.
Soil Y E 0] c 7

soil
descripion  (kN/m’) (MPa) (°) (kPa) (°)
Sandy/silty 16.7 35 28.7 16.5 0 025
clay
Sandy silt 245 250 0 025
(altered rock) 170 48
36
32 -
\g 28 ] -\ —Step 9
,,,,, _ | =Inclinometer
_5 24 — A
® 200 3 ___——F—
%
—_ 16
83
12
8

0246810 14

shown in Figure 8. For this section, horizontal displacements
on the face of the nailed soil range from 1.5 to 3.0 mm, with
higher values also in the vicinity of the retainer’s top.

The horizontal displacement profile on the excavation
face of section E 2+10.00 is illustrated in Figure 9a, for all
excavation phases. Reinforcing what was seen in Figure 7,
in the curves, the maximum displacement equal to 4.7 mm
is found at the top of the structure. However, in the lower
third of the excavation, displacements reaching values of
4.0 mm are observed. The significant displacement values
in the lower third of the excavation can be simply associated
with the efforts resulting from lateral earth pressure, which
is higher in that area. Another aspect that calls attention
is the evolution of displacements with the advance of the
excavation phases. For this section, in the last three stages,
the maximum displacement at the top has increased by 88%,
going from 2.5 mm (end of Step 6) to 4.7 mm (Step 9, final).
Also, for section E 2+10.00, Figure 9b shows the curves of
the horizontal displacements obtained by the numerical model
for the vertical line, inserted to represent the inclinometer

X-Displacement

W <-0.0035 - -0.003 m
M -0.003 - -0.0025 m
2 -0.0025 - -0.002 m
[ -0.002 - -0.0015 m
[ -0.0015 - -0.001 m
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1 -0.0005 - 0 m

M 0-0.0005m

[ 0.0005 - 0.001 m
[7.0.001 -0.0015 m
[70.0015 - 0.002 m
[70.002 - 0.0025 m
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[710.003 - 0.0035 m
[70.0035 - 0.004 m

18 22 26 30 34 38 42 46 50 54 58 62 66 M 0.004-0.0045m
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Distance (m)

Figure 7. Section E 2+10.00. Horizontal displacements (in X) — Final step.
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71 0.0005 - 0.001 m
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M >0.003m

Figure 8. Section E 4+0.00. Horizontal displacements (in X) — Final step.
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Figure 9. Horizontal displacement profiles (in X) for section E 2+10.00. (a) Wall face; (b) Inclinometer line.

installed in the field, as well as the horizontal displacements
obtained by the real inclinometer. The figure shows a good
correlation between the results obtained from the numerical
analysis and the values obtained from the readings performed
with the inclinometer, with the excavation completed, for
the adopted elastic parameters.

The horizontal displacement profile on the excavation
face of section E 4+0.00 is illustrated in Figure 10, for all
excavation phases. Again, in the curves, the maximum
displacements were found at the top, reaching 3.1 mm in the
final stage. In the lower half of the excavation, for the final
step, maximum displacements of 2.7 mm are observed. As in
the analysis of section E 2+10.00, it can be reiterated the
evolution of displacements with the advance of excavation
phases. In the last three phases, the displacements at the top
more than doubled in value, increasing from 1.4 mm (end
of Step 5) to 3.1 mm (Step 8, final).

Analyzing the results of the two modeled sections,
the displacement profiles showed similar behavior, with
maximum horizontal displacements at the top. However,
considerable displacements were also found in the bottom
half of the excavation. This behavior has been discussed in
some studies, such as Cardoso & Carreto (1989), Barley
(1992), Shiu et al. (1997), and Lima (2002), who report the
influence of the excavation face inclination on the horizontal
displacement profile, since the analytical predictions more
widespread by the technical literature are valid for vertical
excavations (90°), differently from the model of this research.
In some cases, for smaller slopes, maximum displacements
even tend to be located below the top.

Regarding the magnitude of horizontal displacements,
for both analyzed sections, the maximum values are in
the order of 0.03% of the excavation height. This result
is considerably smaller than the predictions made by
international literature. However, a study of the behavior
of nailed excavations performed in Salvador, Brazil, by

Elevation (m)
(3]
(=)}

Horizontal displacements (mm)

Figure 10. Horizontal displacement profile (in X) for section E
4+0.00.

Décourt et al. (2003), also showed results much smaller
than the analytical predictions. The maximum displacements
obtained by the authors, also in silty-sandy soil, were in the
order of 0.07% of the excavation height. In this context, it
should be noted that both the results of field monitoring and
those obtained from numerical models correspond to a stage
immediately after the end of the retaining structure execution,
not considering the evolution of the deformations over time,
that is, in the long term.

4.2. Axial load distribution on nails

The distribution of the axial tensile load along the nails
length (L, ) for section E 2+10.00, referring to the end of the
construction, is shown in Figure 11a. The graph is presented in
away that the nail length axis starts on the right, corresponding
to the face of the wall (head of the nails), in order to represent
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Figure 11. Distribution of axial tensile load along the nails length after the excavation is completed. (a) Section E 2+10.00; (b) Section

E 4+0.00.

the position of the reinforcements in the models. For this
section, the maximum forces in the nails varied between
18 kN (nail 2) and 28 kN (nail 7). It is noteworthy that the
loads obtained for the lower nail line (nail 9) were practically
null. Figure 11b shows the distribution of the axial tensile
load along the nails’ length in section E 4+0.00, referring
to the end of the execution. For this section, the maximum
forces in the nails varied between 14 kN (nail 2) and 18 kN
(nail 6). Similarly, to section E 2+10.00, the loads obtained
for the lowest nail line (nail 8) were practically null.

For both sections, a similar distribution of tensile
force is observed, in which the maximum loads are located
at a distance from the wall face that corresponds to values
of 0.14H and 0.17H. Predictions made by Clouterre (1991)
indicate that the maximum load line can be placed at a
distance of 0.30H to 0.50H. In Lazarte et al. (2015) this
value varies between 0.30H and 0.40H, for nails closer to
the top, and between 0.15H and 0.20H for the lower nail
lines. Regarding the maximum tensile forces, the values
obtained in the two num

erical analyses are considerably smaller than those
predicted using the methodologies proposed by Briaud & Lim
(1997) and by Lazarte et al. (2015), which provide values
from 50 to 130 kN, considering the different positions of
the nails. However, it is significant that both proposals cited
do not consider the effect of cohesion, and do not represent
well the soil under study. If cohesion were considered
mathematically in the distribution of the active earth pressure
acting on the nails, perhaps the authors’ proposals would
approximate the results obtained in the numerical analyses.
Similar observations are presented by Santos (2019) and
Ehrlich et al. (2021).

The relation between the tensile force close to the
wall face (nail head) and the maximum tensile force in the
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nails presented an average value of 0.54 and 0.68 for the
sections E 2+10.00 and E 4+0.00, respectively, approaching
Clouterre’s analytical predictions (Clouterre, 1991). It’s
also possible to observe relatively small load values at the
end of the nails, except for nail 2, positioned in the higher
portion of the excavation, which was possibly influenced
by the shorter nail 1 (first line), as discussed in Razavi &
Hajialilue Bonab (2017).

5. Conclusions

This paper presented the analysis of the behavior of
a soil-nailed excavation carried out in the city of Salvador,
Bahia, Brazil. Some constraints on the retaining structure
behavior were evaluated, related to deformations and stress
on the nails:

+  The horizontal displacement profiles from the numerical
models and the inclinometer monitoring showed
very similar behavior. The displacements observed
in numerical models for two sections analyzed in
this work were equivalent, with maximum horizontal
displacements at the top, but with significant values
in the lower portion of the excavation;

*  Regarding the magnitude of the horizontal displacements,
the maximum values obtained were of the order of
0.03% of the excavation height (H), therefore, smaller
than the predictions of the international literature
(0.002H to 0.003H) but compatible with other cases of
instrumented nailed excavations in silt-sandy soil in the
city of Salvador, as detailed in Décourt et al. (2003);

*  The distribution of tensile forces in the nails was
compatible with the analytical calculations, in which
the maximum forces are located behind the face of
the wall. However, the magnitude of the maximum
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tensile forces was considerably smaller than the
estimated by international manuals models. The
relationship between the tensile force close to the
face and the maximum tensile force in the nails, on
the other hand, approached Clouterre’s analytical
predictions (Clouterre, 1991).
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List of symbols

¢ Soil cohesion

E,, Young’s modulus of beam elements (numerical analysis)
E,_, Young’s modulus of soil

H  Excavation depth

K, Active earth pressure coefficient

L, ., Nail length

T . Maximum tensile force acting in the nails
S, Horizontal spacing between nails

S Vertical spacing between nails

v Soil unit weight

¢ internal friction angle of soil

v Poisson’s ratio of soil

v Dilatancy angle
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Abstract

For predicting the size of rock fragments during drilling and blasting operations, this
article uses GPR, RVM, and MPMR. The current analysis makes use of a blast data set
generated in a prior investigation. In this study, a portion of the blast data was utilized to
train a model to determine the mean particle size arising from blast fragmentation for each
of the similarity groups generated. The particle size was modeled as a function of seven
different variables. The dataset contains information about the bench height and drilled
burden ratio (H / B), spacing to burden ratio (S / B), burden to hole diameter ratio (B / D),
stemming to burden ratio (7 / B), powder factor ( Pr), modulus of elasticity (£), and in-situ
block size (X ) are the input and output is X,. By comparing forecasts with actual mean
particle size values and predictions based on one of the most widely used fragmentation
estimation techniques in the blasted literature, the capacity of the generated models may
be established. The statistical parameters, actual vs predicted curve, Taylor diagram, error
bar, and developed discrepancy ratio are used to analysis the performance of models. A
comparative study has been carried out between the developed RVM, GPR, and MPMR.
The results show the developed models have the capability for prediction of X5, From
these comparisons, the MPMR has the highest value with a high degree of precision and

robustness in the size of rock fragments X .

1. Introduction

Rock mass is a heterogeneous material, and in blasting
and drilling, the heterogeneity of the rock generates size
distribution of fragmented rocks. The total economics of mine
workings are heavily reliant on the estimation of blasted rock
mass fragmentation. The cost of loading, transport, crushing,
and milling operations can all be reduced dramatically by using
blasting as a major fragmentation method. Blast fragmentation is
primarily determined by the blast design as well as the qualities
of the rock mass (Jug et al., 2017; Mohamed et al., 2019).
Direct and indirect approaches are used to quantify the size
distribution of shattered rock following blasting. In the direct
procedure, the only methodology is fragment sieving analysis.
Despite being the most accurate approach among others, it is
not practicable due to its high cost and time requirements. As a
result, observational, empirical, and digital approaches have
been created as indirect methods. Researchers can use a range
of existing tools and models to predict and process blasting
findings, one of which is machine learning techniques, which is
possibly the most extensively used way to estimate fragmentation
after blasting. There are different empirical models available for
the determination of the size distribution of rock fragments in
the literature (Kuznetsov, 1973; Aler et al., 1996; Ozkahraman,

2006; Jethro et al., 2016). However, the available methods are
not so reliable (Shi et al., 2012).

Singh et al. (2019) use dataset from forty open space bench
explosion in the four open Indian mines to track blast-induced
rock disintegration as a function of explosion parameters such
as spacing, powder feature, hole size, weight, stemming depth,
and hole bench height. Tao et al. (2020) investigated blast-
induced rock fragmentation using a combination of analytical
modelling, finite element simulation, and image recognition.
They used sequential alterations in the model geometry to
investigate the major impact of rock fragility and effective
dimensions on fragment size distribution, demonstrating that
the effect of fracture toughness on fragmentation is included
in the effect of material size. The deep CNN was utilised by
Yang et al. (2021) to automatically categorise rock fragment
images taken by a timed capture camera. Bamford et al. (2021)
discuss the implications of using deep learning models for the
fragmentation of rock assessment. Using an end-to-end deep
learning technique, convolution neural network architecture
was trained to predict mean sizes of blasted rock fragments
straight from a 2D image. His research examines the DNN
model’s accuracy and effectiveness as a tool for automated
and rapid rock fragmentation analysis. Researchers have
tried different numerical and Artificial Intelligence (AI)
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techniques for the determination of the size distribution of
rock fragments (Zhang & Goh, 2013; Zhang et al., 2019,
2020a, b, ¢; Kumar et al., 2021; Li et al., 2022).
Relevance vector machine (RVM) is a type of soft
computing method that combines the concepts of Markov
property, automated relevance determination (ARD), Bayesian
principle, and maximum probability into a probabilistic
Bayesian learning framework (Kong et al., 2019). The functional
forms of RVM and SVM are identical. The much more
significant benefit of RVM over SVM is its ability to make
probabilistic predictions. RVM’s high sparseness also
allows it to reduce the number of kernel functions utilized
in computing, making it particularly suitable for online
monitoring. SVM kernel functions must satisfy Mercer’s
criterion, which asserts that the related kernel matrix of a
symmetric function is semi-positive. SVM kernel functions
must satisfy Mercer’s criterion, which asserts that the related
kernel matrix of a symmetric function is semi-positive.
RVM, on the other hand, has the advantage of being able to
use any kernel function without having to satisfy Mercer’s
criterion (Samui, 2012; Li et al., 2017; Biswas et al., 2019;
Kardani et al., 2021; Pradeep et al., 2021). In the domain of
machine learning, GPR, a nonparametric Bayesian method
fo regression, is causing a stir. GPR has various advantages,
including the capacity to work with limited datasets and
provide uncertainty measures on predictions (Chalupka et al.,
2013; Caywood etal., 2017; Baiz et al., 2020). The minimax
probability machine classification technique underpins MPMR,
which is a regression method. There were no assumptions
made in this model about the numerical distribution of the
data. It is based on the probabilistic framework. It is been
used brilliantly in a variety of engineering sectors (Strohmann
& Grudic, 2003; Samui & Kim, 2017; Kumar et al., 2020).
For the purpose of determining the mean particle size
X, resulting from rock blast fragmentation, this article uses
RVM, GPR, and MPMR. The dataset contains information
about the ratio of bench height to drilled burden /B , ratio of
stemming to burden (7' / B), ratio of spacing to burden (S / B),
ratio of burden to hole diameter (B / D), modulus of elasticity

(E), powder factor (Pf), in-situ block size (X ) are inputs and
outputs are (X5, ) in the database. The models are trained by
using data of 70% and tested by 30% data. These models are
performing under MATLAB software. The predicted mean size
of rock (X5 ) from models results is compared with actual data
for analysis of the capacity of the model. For the comparative
purpose statistical parameters, actual vs predicted curve, Taylor
diagram, error bar, and DDR criteria are used in this article.

2. Details of data

The blast database created by Hudaverdi et al. (2011)
(Kulatilake et al., 2010; Hudaverdi et al., 2011; Shietal., 2012)
is covered in this section. To create the blast database, data
from previous blasts in various regions of the world. There are
quarries in Istanbul, as well as mines in Spain called Enusa and
Reocin. The Murgul Copper Mine in northeastern Turkey, with
Mrica Quarry in Indonesia, Soma Basin in western Turkey,
the Dongri—Buzurg mine in Central India, and the Akdaglar
and Ozmert Quarries in northern Istanbul (Kulatilake et al.,
2010). The ratio of bench height to drilled burden (H / B),
ratio of stemming to burden (7 / B), ratio of spacing to burden
(S / B), ratio of burden to hole diameter (B / D), modulus of
elasticity (£), powder factor ( Pf), in-situ block size (X ) are
inputs and outputs are X 5, in the database. Figure 1 shows the
scatter plot matrix for the original data set. Table 1 shows the
statistical analysis of the input variables used to develop the
models to predict fragmentation. The term “normalization” in
statistics refers to the scaling down of a data collection so that
the normalized data falls between 0 and 1. Such normalization
approaches make it possible to compare matching normalized
values from two or more separate data sets in a way that
eliminates the impact of scale differences. To put it another
way, a data set with large values may readily be compared to a
data set with lower values. The data is split into two groups. A
training dataset is necessary for the model to be trained. 70%
of data sets are considered for training in this study. A testing
dataset is necessary in order to estimate model performance.
The remaining 30% is used as the testing data set in this study.
The normalization equation is shown in Equation 1.

(xActual = Xomini )
XNormalized = 7\ (1)
(xmaxi = Xonini )

3. Developed model details

3.1 Relevance Vector Machine (RVM)

RVM is introduced by Tipping (2000). It is constructed
based on the Bayesian concept. In RVM, the Equation 2 represents
the input and output relation.

t=0w+¢ )
This article uses H/B,S/B,B/D,T/B,P;,E,and X
as inputs of RVM. The output is X, .

Table 1. Statistical analysis of the input parameters used to create models to predict fragmentation.

S/B H/B B/D T/B P, Xy E

Minimum 1 1.3 18 0.5 0.2 0.02 9.5
Maximum 1.7 6.8 39.5 4.7 1.3 23 60
Mean 1.2 33 27.4 1.3 0.5 1.1 29.5
Std deviation 0.1 1.6 4.8 0.7 0.2 0.5 17.9
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Figure 1. Correlation and scatter plot of data.

So, x:[H/B,S/B,B/D,T/B,Rf,E,XB} and y =[ X |

Where (D=[¢(x1),...,¢(xN)] and ¢ [K X, )

T
K (x,,%) ), K (x,,xy )] , K (x,,x,) is kernel function. €
follows the Gaussian distribution having mean zero and o
variance. The likelihood of the complete dataset is given below:

} (€)

The value of ¢ can be determined by maximizing the
above Equation 2. The maximization of Equation 2 can cause
overfitting. Over the weights, automated relevance detection
(ARD) prior is set to prevent overfitting.

p(Wa)= ﬁN(Wi|O,al-_l)

N

oi)rlomy

N ——
202t — dw?

“)
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Where the hyperparameter vector that specifies how far each
weight can depart from zero. According to Bayes’ rule, the
combination of likelihood and prior is given by:

oy )(2)
o)

The posterior covariance (X) and mean () are given
below:

(6))

T= (A+of2c1>TcI>)_l (6)

U= ofzzCDTt @)
Where 4 = diag(a)

3
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The details of RVM is given by Tipping (2000). Radial
(x;—x)(x; - x)T
207

kernel function is the width of the radial basis function o&.

basis function (xa X; ) =exp , where the

3.2 Gaussian Process Regression (GPR)

For output (y) prediction, the GPR model use the
following model

Vi :f(xi)+‘9

In this article, GPR uses the same inputs and output
as used by the RVM.

HS BT
So, x=|—,—,—,—,P,,E, X, |and y =| X
{B B'D'B" B} [ ]
The spreading of output ( Yya ) for anovel input vector
(xN+l ) is represented by

[ g j~N(0,KN+1) ®)
YN+

The expression of Ky, is given below:

(K] [K (xye)]
[K (xN+l )T} |:k(xN+l )]

Where K (xy,, ) is the N x1 vector which covariances lies
between training and the testing input, and K (x,, )represent
the auto covariance of the test input.

The distribution of Yn+1 is Gaussian. The mean and
variance of Yn+1 are given below:

)

Ky =

p=K(xy,) Ky (10)

o’ :k(xN+1)_K(xN+1 )T K_IK(xNH) (11)

The GPR model uses the same training dataset, testing
dataset, kernel function, and normalization technique as
used by the RVM model. The program of GPR has been
developed by MATLAB.

3.3 Minimax Probability Machine Regression (MPMR)
MPMR is developed by Lanckriet et al. (2003).

In MPMR, the relation between input(x) and output(y) is
given by the following equation.

N
y:ZﬁK(xi,x)+b
i=l

Where K (x,- ,x) is kernel function, f;and b are output from
the MPMR algorithm.

(12)

In this article, MPMR uses the same inputs and output

as used by the RVM and GPR.
HSBT
So, x=|—,—,—,—, P, E, X5 |and y=|X
{B B'D'B B} [¥s]

MPMR is developed by constructing dichotomy
classifier [24]. All of the regression data +¢ is shifted into
one data set along the output. The second dataset is created
by relocating all of the regression data —¢ down the output
line. The regression surface is the categorization border
between these two classes.

Both the RVM and the MPMR models employ the
identical training dataset, testing dataset, kernel function,
and normalization technique. The program of MPMR has
been constructed using MATLAB.

3.4 Evaluation of models

The model’s accuracy was explained using a variety of
statistical methodologies. The parameters are determination
coefficient (g2), Nash-Sutcliffe efficiency (NS), Root mean
square error (RMSE), Weighted mean absolute percentage
error (WMAPE), Variance Account Factor (VAF), Performance
index (P7) (Wong, 1985), Willmott’s Index of agreement
wI) (Willmott, 1984), Mean absolute error (MAE) (Chai
& Draxler, 2014), Mean Bias Error (MBE), Expanded
uncertainty (Uys) (Behar et al., 2015), and t-statistic (¢ stat)
(Stone, 1994).

2= ) =3 (=)

R* = (13)
N 2
Zi:l (dl - dmean )
no\di—yi
2 a9 (14)
WMAPE = nl
S 4
i=l
’.1 di =y ’
NS =1- zn"l( )2 (15)
Zi:l (dl - dmean )
1 < 2
RMSE = |— d -y, 16
v 2 4) (16)
VAF = 1_M %100 (17)
var(d;)
PI = adj.R* +(0.01x VAF ) — RMSE (18)

Thangavel & Samui, Soil. Rocks, Séo Paulo, 2022 45(4):¢2022008122



Thangavel & Samui

Zi]il(di_yi)z

WI=1-| — - (19)
Zi:lﬂyi _dmean|+|di _dmean|}
1 N
- o 20
MAE N,Z:l](yl d,) (20)
N
MBE =—"(y,~d,) @n
i=1
1
Uys =1.96(SD* + RMSE |2 (22)
2
rorap = | (Y T MBE” 23)
RMSE? — MBE?

4. Results and discussion

4.1 Parameter and evaluation of models

The models are trained by using training data set
under adjusting model parameters by trial and error method.
The achievement of RVM model depends on the right
selection of value of o. The design value of o has been
determined using the trial and error method. The developed
RVM model gives greatest performance shown in Table 1.
The value of w has been represented in Figure 2. In Figure 2 it
is clearly shown that 22 training datasets have non-zero w.
So, number of relevance vector is 22. Figures 3-5 demonstrate
the performance of training dataset and testing dataset.
This article uses Determination coefficient (R?) to asses
the performance of the developed RVM, GPR and MPMR
models. For a good model, the value of R? should be close
to one. Figures 3-5 show that the value of R for both the
training and testing datasets is close to one. For the prediction
of X5, the constructed RVM yields the following equation
(Equation 24).

0.08 (24)

90 T
ex =Y exp (i —x)(x—x)
i=1
For GPR model the design values of error € and kernel
function o have been considered by the approach of trial
and error method. Therefore, the developed GPR proves
his ability for prediction of Xs,. Similarly for MPMR,
Figure 5 illustrates the performance of training and testing for
the MPMR model. It is also clear from figure that the value
of R? is close to one for training as well as testing datasets.
The model tuning parameters are shows in the Table 2.
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Table 2. Model tuning parameter.

RVM GPR MPMR
& - 0.001 0.004
0.2 0.5 0.7
2
15 1
1
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1 21 41 61 81

Training Dataset

Figure 2. Weights Vs number of data for RVM.
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Figure 3. Actual Vs predicted plot for GPR.

For the training and testing datasets, a scatter plot is
created showing actual against predicted values. Scatter plot
measure the prediction capacity of the developed models
using the target value and actual value. The point on the line
( y= x)denotes the predictive model’s perfect prediction value.
Similarly, a point close to the line denotes a model forecast
that is accurate. Figures 3-5, depicts a graphical depiction of
the actual and anticipated value performance for the training
datasets and testing datasets. According to this graph, all three
models are the best, especially RVM achieving R? = 0.99 in
the training and testing stages of the model.
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Figure 4. Actual Vs predicted plot for RVM.

4.2 Statistical parameter

Table 3 shows the statistical parameters of the proposed
models. In the rock sample, all of the models achieve above a
95% level of correlation. In every case of a rock sample, the
models outperformed the humans. To account for the higher
efficiency of the models, RMSE, MAE, and MBE should be
near to 0, R? should be close to 1, and VAF should be close
to 100. As a result, the improved fit of all of the models
is confirmed. The degree of error in model predictions is
measured by WI, which runs from 0 to 1. Its values near
1 are the most advantageous for good models. The model
with the greater value is superior. All models have the best
value based on the limits and range of parameters in these
tables. MPMR values are best then RVM better than GPR.
More detail of parameters are referred in Kardani et al. (2021).

4.3 Taylor diagram

The mathematical diagrams are used to show which of
various model’s accuracy in single 2D, Taylor created this
figure in 1994 (Taylor, 2001) to make comparing different
models easier. The Pearson correlation coefficient, the root-
mean-square error (RMSE), and the standard deviation are
used to assess the degree of correspondence between the
modeled and observed behavior in terms of three statistics.
This diagram (Figures 6-7) is presented in this article using the
GPR, MPMR, and RVM models. All models are performing
well in the training and testing stages. When compared to
GPR and MPMR, RVM is the best.

4.4 Error bars

This section studies the error of predicted data in
each model for the purposes of comparison of the model.
The error bar diagrams are used to display the error level
in models. Maximum, mean, and minimum values are also

1
B Training
B Testing
0.8 1 ———a(Xx=Y)
=
£
E 0.6 A
=]
]
504 |
o y = 0.9939x+ 0.0019
& R*=0.9939
0.2
y=0.9148x+ 0.0222
R%=0.9939
0 ‘ : T T
0 0.2 0.4 0.6 0.8 1

Actual
Figure 5. Actual Vs predicted plot for MPMR.
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Figure 6. Taylor diagram for the dataset (training).

15
©
o
Mo

= GPR

" RVM

8, " MPMR

< Reference

standard deviation{Normalised)

o i |
o 0’5 0 1l5
Standard deviation (Normalised)

Figure 7. Taylor diagram for the dataset (testing).
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shown in Figures 8-10. In the GPR model has been described
most of the values are negative and the range of -0.1 to 0.1.
In RVM error values are in the range of -0.1 to 0.1 and the
maximum, mean, and minimum values are also better than
GPR. MPMR error values are comparatively best because
the range of -0.06 to 0.06 and other maximum, mean and
minimum values also. Therefore, the solution of this study
MPMR has been the robust model.

4.5 DDR criterion

Developed discrepancy ratio also used in this paper
and it was proposed by Noori et al. (2010). Evaluation
have been dependent on MSE and R% DDR values were
obtained by Equation 25. The standard error indexes a mean
error value but does not provide information about the error
distribution. As a result, the model’s efficiency during the
development phase must be assessed through the use of the
dataset. Figures 11-12 shows the DDR results obtained for

0.1
0.08 A Max =0.0956
0.06 - Mean =-0.0330 0.06
0.04 | Min = -0. 1190 Max = 0.0461
[ 0.04 1 Mean = -0.0008
= 0.02 - * .
= 0 | || Min = -0.0457
' 0
= | | o 0.02
o || Ll
= -0_04 : 0 qoo |l l.- I ll... el.e,
005 | : | (il
-0.08 - w 0,02 -
0.1 Py
Figure 8. Error bars for GPR model. MPMR
-0.06
Figure 10. Error bars for MPMR model.
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Figure 9. Error bars for RVM model. Figure 11. DDR values for train data.
Table 3. Evaluated statistical parameter values.
Parameter GPR RVM MPMR Ideal val
arameters Train Test Train Test Train Test cal value
R? 0.9747 0.9751 0.9818 0.9799 0.9939 0.9939 1
WMAPE 0.1780 0.0941 0.0714 0.1265 0.0356 0.0765 0
NS 0.9350 0.9720 0.9816 0.9409 0.9939 0.9863 1
RMSE 0.0609 0.0274 0.0324 0.0398 0.0186 0.0192 0
VAF 97.1459 97.2211 98.1804 97.0058 99.3929 98.6462 100
PI 1.8787 1.8684 1.9265 1.8837 1.9677 1.9477 2
MAPE 35.5901 15.2365 12.2803 242228 6.9645 10.3958 0
WI 0.9826 0.9929 0.9953 0.9867 0.9985 0.9963 1
MAE 0.0544 0.0227 0.0218 0.0305 0.0109 0.0185 0
MBE 0.0456 -0.0025 -0.0038 -0.0280 0.0000 0.0018 0
U95 0.2335 0.1717 0.2433 0.1934 0.2423 0.1580 0
t-sta 6.5916 0.3017 0.6848 3.2728 0.0023 0.3185 Smaller value
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Figure 12. DDR values for test data.

all three models in the both (train and test) stages. The DDR
figures shows the less deviation models (i.e.) MPMR curve
nearly equal to zero line. When compared to the efficiency
of other models based on DDR index, it reveals that the
MPMR model is best.

DDR — ( Estimated value j 1

2
Actual value (25)

5. Conclusion

The machine learning methods were developed for
predicting the rock fragmentation X5, due to drilling and
blasting operations by using GPR, SVM, and MPMR models.
A predicted all models were developed using factors such as
blast design parameters, explosive parameters, modulus of
elasticity, and in-situ block size. The developed models were
trained using 90 training data and performance was tested by
13 testing data. The models were successfully demonstrated
for predicting the rock fragmentation X 5,. The performances
were evaluated by using statistical parameter, Actual vs,
predicted curve, Taylor diagram, Error bar diagram , and
developed discrepancy ratio. All statistical parameter values
of models were attained result within the ideal limit. Actual
vs predicted show the accuracy of predicted value. Taylor
diagram deals with three parameters like correlation, standard
deviation, and RMSE in single 2D graph. In this diagram, the
MPMR model behaved admirably. Error value also used to
compared the models, MPMR have been reached very lesser
range of error (-0.06 to 0.06). DDR values also showed nearer
to the 0, in the case of MPMR. From this evaluation study,
all models were performed well especially for MPMR has
been performed best than other two models. The MPMR has
been attained best accuracy of predicted value, R>=0.99 in
training and testing. Hence, the MPMR has been chosen as
a robust model for predicting of rock fragmentation X,
Expanding the blast databases that will be used to build
the fragmentation prediction models outlined in this paper,
as well as analyzing additional rock attributes of the rock
mass that will be exposed to blasting if such information is
available, could be part of future work.
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List of symbols

X 4o Actual data set
Xy, dataset’s minimum value
mae  dataset’s maximum value

=

w weight vector

€ noise vector

N number of datasets

a hyperparameter vector

d,  observed " value

Vi predicted ;"

d,eqn average of the observed value

SD  standard deviation
Ky4 covariance matrix

References

Aler, J., Mouza, J., & Arnould, M. (1996). Measurement
of the fragmentation efficiency of rock mass blasting
and its mining applications. International Journal of
Rock Mechanics and Mining Sciences & Geomechanics
Abstracts, 33, 125-139. http://dx.doi.org/10.1016/0148-
9062(95)00054-2.

Baiz, A.A., Ahmadi, H., Shariatmadari, F., & Torshizi, M.A.K.
(2020). A Gaussian process regression model to predict
energy contents of corn for poultry. Poultry Science, 99,
5838-5843. http://dx.doi.org/10.1016/.psj.2020.07.044.

Bamford, T., Esmaeili, K., & Schoellig, A.P. (2021). A
deep learning approach for rock fragmentation analysis.
International Journal of Rock Mechanics and Mining
Sciences, 145, 104839. http://dx.doi.org/10.1016/j.
ijrmms.2021.104839.

Behar, O., Khellaf, A., & Mohammedi, K. (2015). Comparison
of solar radiation models and their validation under
Algerian climate - the case of direct irradiance. Energy
Conversion and Management, 98,236-251. http://dx.doi.
org/10.1016/j.enconman.2015.03.067.

Biswas, R., Samui, P., & Rai, B. (2019). Determination of
compressive strength using relevance vector machine
and emotional neural network. Asian Journal of Civil
Engineering, 20, 1109-1118. http://dx.doi.org/10.1007/
s42107-019-00171-9.

Thangavel & Samui, Soil. Rocks, Séo Paulo, 2022 45(4):¢2022008122



Thangavel & Samui

Caywood, M.S., Roberts, D.M., Colombe, J.B., Greenwald,
H.S., & Weiland, M.Z. (2017). Gaussian process regression
for predictive but interpretable machine learning models:
an example of predicting mental workload across tasks.
Frontiers in Human Neuroscience, 10, 1-19. http://dx.doi.
org/10.3389/fnhum.2016.00647.

Chai, T., & Draxler, R.R. (2014). Root mean square error
(RMSE) or mean absolute error (MAE)? Arguments against
avoiding RMSE in the literature. Geoscientific Model
Development, 7, 1247-1250. http://dx.doi.org/10.5194/
gmd-7-1247-2014.

Chalupka, K., Williams, C.K.I., & Murray, 1. (2013). A
framework for evaluating approximation methods for
Gaussian process regression. Journal of Machine Learning
Research, 14, 333-350.

Hudaverdi, T., Kulatilake, PH.S.W., & Kuzu, C. (2011).
Prediction of blast fragmentation using multivariate analysis
procedures. International Journal for Numerical and
Analytical Methods in Geomechanics, 35(12),1318-1333.

Jethro, M.A., Ajayi, O.D., & Elijah, O.P. (2016). Rock
fragmentation prediction using Kuz-Ram Model. Journal
of Environment and Earth Science, 6, 110-115.

Jug, J., Strelec, S., Gazdek, M., & Kavur, B. (2017). Fragment
size distribution of blasted rock mass. IOP Conference
Series. Earth and Environmental Science, 95, 042013.
http://dx.doi.org/10.1088/1755-1315/95/4/042013.

Kardani, N., Pradeep, T., Samui, P., Kim, D., & Zhou, A.
(2021). Smart phase behavior modeling of asphaltene
precipitation using advanced computational frameworks:
ENN, GMDH, and MPMR. Petroleum Science and
Technology, 39(19-20), 804-825. http://dx.doi.org/10.1
080/10916466.2021.1974882.

Kong, D., Chen, Y., Li, N., Duan, C., Lu, L., & Chen, D.
(2019). Relevance vector machine for tool wear prediction.
Mechanical Systems and Signal Processing, 127, 573-594.
http://dx.doi.org/10.1016/j.ymssp.2019.03.023.

Kulatilake, P.H.S.W., Qiong, W., Hudaverdi, T., & Kuzu,
C. (2010). Mean particle size prediction in rock blast
fragmentation using neural networks. Engineering
Geology, 114, 298-311. http://dx.doi.org/10.1016/j.
enggeo.2010.05.008.

Kumar, M., Samui, P., Kumar, D., & Zhang, W. (2021).
Reliability analysis of settlement of pile group. Innovative
Infrastructure Solutions, 6, 24. http://dx.doi.org/10.1007/
$41062-020-00382-z.

Kumar, S., Rai, B., Biswas, R., Samui, P., & Kim, D. (2020).
Prediction of rapid chloride permeability of self-compacting
concrete using Multivariate Adaptive Regression Spline
and Minimax Probability Machine Regression. Journal
of Building Engineering, 32, 101490. http://dx.doi.
org/10.1016/j.jobe.2020.101490.

Kuznetsov, V.M. (1973). The mean diameter of the fragments
formed by blasting rock. Soviet Mining Science, 9, 144-
148. http://dx.doi.org/10.1007/BF02506177.

Thangavel & Samui, Soil. Rocks, Sao Paulo, 2022 45(4):¢2022008122

Lanckriet, G.R.G., Ghaoui, L., Bhattacharyya, C., & Jordan,
M.I. (2003). A robust minimax approach to classification.
Journal of Machine Learning Research, 3, 555-582. http://
dx.doi.org/10.1162/153244303321897726.

Li, N., Nguyen, H., Rostami, J., Zhang, W., Bui, X., & Pradhan,
B. (2022). Predicting rock displacement in underground
mines using improved machine learning-based models.
Measurement, 188, 110552. http://dx.doi.org/10.1016/].
measurement.2021.110552.

Li, S., Zhao, H., & Ru, Z. (2017). Relevance vector machine-
based response surface for slope reliability analysis.
International Journal for Numerical and Analytical
Methods in Geomechanics, 41,1332-1346. http://dx.doi.
org/10.1002/nag.2683.

Mohamed, F., Riadh, B., Abderazzak, S., Radouane, N.,
Mohamed, S., & Ibsa, T. (2019). Distribution analysis of
rock fragments size based on the digital image processing
and the Kuz-Ram model Cas of Jebel Medjounes Quarry.
Aspects in Mining & Mineral Science, 2,325-329. http://
dx.doi.org/10.31031/amms.2019.02.000545.

Noori, R., Khakpour, A., Omidvar, B., & Farokhnia, A. (2010).
Comparison of ANN and principal component analysis-
multivariate linear regression models for predicting the
river flow based on developed discrepancy ratio statistic.
Expert Systems with Applications, 37, 5856-5862. http://
dx.doi.org/10.1016/j.eswa.2010.02.020.

Ozkahraman, H.T. (2006). Fragmentation assessment and
design of blast pattern at Goltas limestone quarry, Turkey.
International Journal of Rock Mechanics and Mining
Sciences, 43, 628-633. http://dx.doi.org/10.1016/;.
ijrmms.2005.09.004.

Pradeep, T., Bardhan, A., & Samui, P. (2021). Prediction of
rock strain using soft computing framework. Innovative
Infrastructure Solutions, 7,37. http://dx.doi.org/10.1007/
$41062-021-00631-9.

Samui, P. (2012). Application of relevance vector machine
for prediction of ultimate capacity of driven piles
in cohesionless soils. Geotechnical and Geological
Engineering, 30, 1261-1270. http://dx.doi.org/10.1007/
s10706-012-9539-9.

Samui, P., & Kim, D. (2017). Minimax probability machine
regression and extreme learning machine applied to
compression index of marine clay. Indian Journal of
Geo-Marine Sciences, 46(11), 2350-2356.

Shi, X.Z., Zhou, J., Wu, B.B., Dan, H., & Wei, W. (2012).
Support vector machines approach to mean particle size
of rock fragmentation due to bench blasting prediction.
Transactions of Nonferrous Metals Society of China, 22(2),
432-441. http://dx.doi.org/10.1016/S1003-6326(11)61195-3.

Singh, B.K., Mondal, D., Shahid, M., Saxena, A., & Roy,
P.N.S. (2019). Application of digital image analysis for
monitoring the behavior of factors that control the rock
fragmentation in opencast bench blasting: a case study
conducted over four opencast coal mines of the Talcher



Determination of the size of rock fragments using RVM, GPR, and MPMR

Coalfields, India. Journal of Sustainable Mining, 18,
247-256. http://dx.doi.org/10.1016/j.jsm.2019.08.003.

Stone, R.J. (1994). A nonparametric statistical procedure for
ranking the overall performance of solar radiation models
at multiple locations. Energy, 19, 765-769. http://dx.doi.
org/10.1016/0360-5442(94)90014-0.

Strohmann, T., & Grudic, G.Z. (2003). A formulation for
minimax probability machine regression. Advances in
Neural Information Processing Systems, 15, 1-8.

Tao, J., Yang, X.G., Li, H.T., Zhou, J.W., Qi, S.C., & Lu,
G.D. (2020). Numerical investigation of blast-induced
rock fragmentation. Computers and Geotechnics, 128,
103846. http://dx.doi.org/10.1016/j.compgeo.2020.103846.

Taylor, K.E. (2001). Summarizing multiple aspects of model
performance in a single diagram. Journal of Geophysical
Research, D, Atmospheres, 106(D7), 7183-7192.

Tipping, M.E. (2000). The relevance vector machine. Advances
in Neural Information Processing Systems, 12, 652-658.

Willmott, C.J. (1984). On the evaluation of model performance
in physical geography. In G.L. Gaile & C.J. Willmott (Eds.),
Spatial statistics and models (pp. 443-460). Dordrecht:
Springer. https://doi.org/10.1007/978-94-017-3048-8 23.

Wong F.S. (1985). Slope reliability and response surface
method. Journal of Geotechnical Engineering, 111,32-53.

Yang, Z., He, B., Liu, Y., Wang, D., & Zhu, G. (2021).
Classification of rock fragments produced by tunnel
boring machine using convolutional neural networks.

Automation in Construction, 125, 103612. http://dx.doi.
org/10.1016/j.autcon.2021.103612.

Zhang, W., Zhang, R., Wang, W., Zhange, F., & Goh, A.T.C.
(2019). A multivariate adaptive regression splines model
for determining horizontal wall deflection envelope for
braced excavations in clays. Tunnelling and Underground
Space Technology, 8§4,461-471. http://dx.doi.org/10.1016/].
tust.2018.11.046.

Zhang, W., Zhang, R., Wu, C., Goh, A.T.C., & Wang, L. (2020a).
Assessment of basal heave stability for braced excavations
in anisotropic clay using extreme gradient boosting and
random forest regression. Underground Space, 7(2),
233-241. http://dx.doi.org/10.1016/j.undsp.2020.03.001.

Zhang, W., Zhang, R., Wu, C., Goh, A.T.C., Lacasse, S.,
Liu, Z., & Liu, H. (2020b). State-of-the-art review of
soft computing applications in underground excavations.
Geoscience Frontiers, 11, 1095-1106. http://dx.doi.
org/10.1016/1.gs£.2019.12.003.

Zhang, W.G., & Goh, A.T.C. (2013). Multivariate adaptive
regression splines for analysis of geotechnical engineering
systems. Computers and Geotechnics, 48, 82-95. http://
dx.doi.org/10.1016/j.compgeo.2012.09.016.

Zhang, W.G., Li, H.R., Wu, C.Z., Li, Y.Q., Liu, Z.Q., & Liu,
H.L. (2020c). Soft computing approach for prediction
of surface settlement induced by earth pressure balance
shield tunneling. Underground Space, 6(4), 353-363.
http://dx.doi.org/10.1016/j.undsp.2019.12.003.

Thangavel & Samui, Soil. Rocks, Séo Paulo, 2022 45(4):¢2022008122



Soils and Rocks

An International Journal of Geotechnical and Geoenvironmental Engineering

www.soilsandrocks.com

ISSN 1980-9743
ISSN-¢ 2675-5475

Development of neuro-fuzzy models for predicting shear
behavior of rock joints

Silvrano Adonias Dantas Neto'*

Ana Raquel Sena Leite!

, Matheus Cavalcante Albino' @,

, Ammanda Aragdo Abreu' Article

Keywords

Rock discontinuities
Shear strength
Dilation

Neuro-fuzzy technique

Abstract

The purpose of this article is to present predictive models of dilation and shear stress of
rock discontinuities by applying the neuro-fuzzy technique, which uses a) the high capacity
of artificial neural networks (ANN) to understand and to model complex multivariate
phenomena, and b) the concepts of fuzzy sets theory to consider the variability of the
input parameters in the proposed models’ responses. To develop the proposed models,
experimental results were obtained from large-scale direct shear tests performed on different
types of rock discontinuities and boundary conditions. The input variables of the proposed
neuro-fuzzy models are the normal boundary stiffness, the ratio of fill thickness to asperity
height, the initial normal stress, the joint roughness coefficient, the uniaxial compressive
strength of the intact rock, the basic friction angle of the intact rock, the friction angle of
the infill, and the shear displacement. The proposed models for dilation and shear stress
provided results that fitted satisfactorily the experimental data, and the analyses of their
performances indicated that they can represent the influence of the input variables on the
shear behavior parameters of the rock discontinuities. The results from the neuro-fuzzy
systems developed are also closer to the experimental data than those estimated by using
traditional analytical methodologies existing in Rock Mechanics. This occurs because
once considering the uncertainty of the input data, a more representative shear behavior

prediction can be made by the neuro-fuzzy models.

1. Introduction

The discontinuities present in the rock masses are one
of the main factors influencing their mechanical behavior.
Distinct studies have aimed to estimate the shear behavior
of the rock discontinuities, to provide parameters to analyze
and design projects in Rock Mechanics realistically.

Several analytical models have been developed to
represent the shear behavior of rock discontinuities. Some
works worth mentioning are Barton (1973), Barton &
Choubey (1977), Barton & Bandis (1990), Skinas et al.
(1990), Papaliangas et al. (1993), Indraratna & Haque
(2000), Indraratna et al. (2005, 2008, 2010, 2013), and
Oliveira & Indraratna (2010). However, application of such
analytical models is limited because they do not consider
some key-factors governing the shear behavior of the rock
discontinuities, such as the normal boundary stiffness
imposed by the surrounding rock mass and the presence of
infill material, or due to the difficulty in obtaining some of
their parameters. Due to these limitations, other analysis
methodologies have been used in Rock Mechanics, such as

the intelligent systems that use the artificial neural networks
(ANN), the fuzzy logic, and the neuro-fuzzy techniques to
predict the shear behavior of the rock discontinuities (Dantas
Neto et al., 2017; Leite et al., 2019a, b).

Besides the studies with the use of ANN have shown
its excellent performance for predicting the shear behavior of
rock discontinuities, some of the highlighted disadvantages,
which can be also attributed to the analytical models, regards
their deterministic character, i.e., the fact that they cannot
consider the influence of the variability and uncertainties
inherent to the input variables in their predictions. Thus,
some systems which are developed based on the concepts
of the fuzzy sets theory, or fuzzy logic, present themselves
as an alternative for the development of predictive models
that may consider the variability and uncertainties of the
input variables in the models’ responses without requiring
a widespread field or laboratory investigation.

The fuzzy logic proposed by Zadeh (1965) is like a
tool designed to address subjective problems, involving
imprecise and vague data, in addition to being able to use
prior knowledge on such studied phenomena. Using the
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potential of fuzzy logic, several studies have been done on
Rock Mechanics to predict some rock mass and intact rock
properties, such as Kayabasi et al. (2003), Sonmez et al.
(2003), and Harrison & Hudson (2010). However, results
presented by Matos et al. (2019a, b) indicate that the fuzzy
logic has proven somewhat satisfactory for predicting the peak
shear strength of the rock discontinuities but has not provided
results that help to properly represent its variation with the
shear displacement imposed on the unfilled discontinuities.

Therefore, to use the high learning potential inherent
in the ANN and the capacity of the fuzzy sets in considering
the variability or uncertainties of the input parameters in the
predictive model responses, Jang (1993) proposes a neuro-
fuzzy controller called ANFIS (Adaptive-Network-based
Fuzzy Inference System), which is based on the construction
of a set of fuzzy inference rules from appropriate membership
functions, creating adjusted in-out patterns. In Rock Mechanics,
some of the developed neuro-fuzzy systems were proposed by
Gokceoglu et al. (2004), Singh & Singh (2006), Noorani et al.
(2010), Jalalifar et al. (2011), and Yesiloglu-Gultekin et al.
(2013) for modeling some properties of the rock masses and
the intact rocks.

Matos (2018) and Matos et al. (2019a, b) proposed
fuzzy and neuro-fuzzy models that provide predictions of
the shear behavior of unfilled rock discontinuities. Although
they supply satisfactory results, these models do not consider
the effect of the infill material, which is one of the main
factors influencing the shear behavior of rock discontinuities
(Papaliangas et al., 1993; Haque, 1999; Indraratna et al., 2010,
2013; Oliveira & Indraratna, 2010; Shrivastava & Rao, 2018).

In this context, the objective of this article is to present
predictive models of dilation and shear stress of the rock
discontinuities based on neuro-fuzzy techniques, which use the
high capacity of the artificial neural networks in representing
complex and multivariate phenomena, and the concepts
inherent in the fuzzy sets, allowing for consideration of the
variability or uncertainties of the input data in the responses
of the proposed systems.

2. Modeling in rock mechanics with
intelligent systems

As an alternative to existing analytical models (Barton,
1973; Barton & Choubey, 1977; Barton & Bandis, 1990;
Skinas et al., 1990; Indraratna et al., 2005, 2008, 2010,
2013, 2014, 2015; Oliveira & Indraratna, 2010; etc.), and
to facilitate the prediction process of shear behavior of the
rock discontinuities under different boundary conditions,
intelligent systems using artificial neural networks, fuzzy
logic, and neuro-fuzzy techniques have been increasingly
applied in Rock Mechanics (Jalalifar et al., 2011; Ocak &
Seker, 2012; Yesiloglu-Gultekin et al., 2013; Dantas Neto et al.,
2017; Sadrossadat et al., 2018; Matos, 2018; Matos et al.,
2019a, b; Leite et al., 2019a, b). The choice of these systems

is usually based on several factors which consider the high
capacity of understanding and modeling multivariate and
non-linear complex problems.

2.1 Fuzzy logic

Zadeh (1965) introduced the concept of fuzzy sets, the
role of which is to represent human knowledge on a determined
phenomenon, or problem, by treating the information vaguely
and imprecisely. According to the author, fuzzy sets are
represented by membership functions, in which they associate
each element of the set to the respective degree of membership,
whose value is between 0 and 1. Unlike the deterministic
approach, in which a single value is attributed to a certain
input variable in a model, the fuzzy set theory attributes to
it a set of possible values within a given membership level
(Zadeh, 1965; Jang et al., 1997).

The basic structure of a fuzzy inference system consists
of three conceptual components: a set of rules, representing
the relations between the fuzzy sets; a database, which defines
all membership functions used in the fuzzy rules; and a
reasoning process, that executes the inference procedure over
the fuzzy rules, producing a response or output. There are
different types of fuzzy inference systems, the best-known
being those proposed by Mamdani (1974), Tsukamoto (1979),
and Takagi & Sugeno (1983).

Harrison & Hudson (2010) states that mathematics present
in fuzzy logic can be a proper tool to solve Rock Mechanics
problems, bearing in mind that it allows consideration of the
uncertainties present in the rock masses and their structures.
Using fuzzy logic features, some studies such as those presented
by Sonmez et al. (2003), Kayabasi et al. (2003) have used
the logic fuzzy to predict properties in the rock masses.

Based on a fuzzy inference system of the Mamdani
(1974) type, Sonmez et al. (2003) estimated several parameters
necessary for characterizing rock mass using the Geological
Strength Index (GSI). The authors concluded that the fuzzy
sets provide a more practical way of working with cases in
which the data are limited and uncertain.

Kayabasi et al. (2003) estimated the rock mass deformation
modulus based on simple regressions, multiple regressions,
and a Mamdani (1974) fuzzy inference system. The authors’
results show that the predictions made by the fuzzy system
were more reliable compared to the experimental data.

Matos (2018) and Matos et al. (2019a, b) used the Mamdani
(1974) and Takagi & Sugeno (1983) type fuzzy models for
predicting the shear behavior of unfilled rock discontinuities.
Based on the authors’ results, it was found that first-order
Takagi & Sugeno (1983) models were those that performed
best in dilation and shear stress estimations, comparing the
output data of these systems with the experimental data used.
Besides, their results have shown good performance only to
predict the peak shear stress.

According to the aforementioned works, it is possible
to observe the difficulty of choosing the suitable membership
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functions for each input variable considered in any modeled
phenomenon remains the main limitation of fuzzy logic
systems. Besides, the higher the number of input variables
the higher the computational effort necessary to perform the
inference procedures during the modeling process.

2.2 Artificial Neural Networks (ANN)

Haykin (2008) defines an artificial neural network as
a mechanism formed by processors distributed in parallel
layers, consisting of processing units that are called artificial
neurons, having the natural tendency to store knowledge and
make it available for use. One of the main types of ANN
used in engineering is the multilayer perceptron, which is
a feed-forward neural network formed typically of three
types of layers: the input layer, whose main function is to
receive the external “stimulus”; the hidden layers, responsible
for extracting more complex statistics from the modeled
mechanism; and the output layer, which provides the results
of the modeled phenomenon by the ANN (Haykin, 2008).

An artificial neural network is trained by alterations in
their synaptic weights and biases, using a specific learning
algorithm and the knowledge about the existing modeled
phenomenon in a set of experimental data containing known
input-output patterns. After the training phase, the performance
of the neuronal model is checked at a phase called testing,
using a set of input-output values that was not presented to
the network during the alteration of synaptic weights and
biases. In general, in the process of defining a neuronal
model, various architectures are trained and tested until
identifying a configuration that has the best performance in
predicting the responses during the training phase, and which
demonstrates a satisfactory capacity to generalize knowledge
of the phenomenon modeled by the neuronal network during
testing (Haykin, 2008; Dantas Neto et al., 2017).

The functionalities and high learning capacity of the
ANN have led to the development of various studies in
Rock Mechanics, for example, by Sonmez et al. (2016),
Dehghan et al. (2010), Ocak & Seker (2012), Dantas Neto et al.
(2016, 2017), Leite et al. (2019a, b) and others.

Dehghan et al. (2010) used regressions and neuronal
models to predict the uniaxial compressive strength and the
elastic modulus in samples of the rock mass. The authors
concluded that the results of the models developed with ANN
were closer to the experimental data used, emphasizing the
capacity of those systems to represent the nonlinear aspects
of the phenomena studied.

Dantas Neto et al. (2016, 2017) produced a model that
uses ANN to predict dilation and shear stress found in unfilled
discontinuities. Considering the main factor influencing
the shear behavior of rock discontinuities, the model gave
satisfactory results when compared to the experimental data
used in their development, as well as allowing the user faster
and more practical calculations of the estimations.
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Dantas Neto et al. (2017) and Leite et al. (2019a, b)
also proposed predicting models for the shear behavior of
unfilled and infilled rock discontinuities under constant
normal stiffness (CNS) and constant normal loading (CNL)
conditions with multilayer perceptrons. It can be observed
that these neuronal models have provided results closer to
the experimental data than the estimations obtained from
applying different analytical models used by the authors,
showing the capacity of the ANN to predict the shear behavior
of rock discontinuities.

2.3 Neuro-fuzzy systems

Jang et al. (1997) mention that the modeling process of
aneuro-fuzzy problem is based on two segments: the artificial
neural network, which recognizes patterns to adapt to the
change in their medium, and the fuzzy inference system,
which allows the incorporation of human knowledge and
perform a role of inference and decision-making about a
specific problem. Jang (1993) proposed a class of ANN
that are functionally equivalent to a fuzzy inference system
known as the Adaptive Network-based Fuzzy Inference
System (ANFIS). Figure 1 illustrates an ANFIS model made
up of two fuzzy inference rules, based on the concepts of
the fuzzy inference system of the Takagi & Sugeno (1983)
type for representing a specific phenomenon.

Jang (1993) differentiates each layer shown in
Figure 1 according to its functions. The nodes in Layer
1 are not adaptable and the values of its nodes are defined
according to Equation 1, where x and y are the input in the
nodes, and 4, or B, are the fuzzy sets associated with the
nodes. In this example, “i”” depicts the value of 1 and 2 in
virtue of the number of fuzzy inference rules and sets used.
Each output (O, ;) of Layer 1 is the value of the degree
of membership obtained from x and y, calculated by any
preestablished membership function.

O =ty () 0U Oy = g (), 1=1,2 (M

Layer 2 is made up of fixed nodes, which function is
to calculate the product of the input signals, according to

Layer 1

Layer 3 i

l

l Layer 2

Y
H

Figure 1. Diagram of an ANFIS neuro-fuzzy model (Jang, 1993).
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Equation 2. Each output of this layer represents the weight
of its fuzzy inference rule.

0,;=w; = Ha(x) - HB(y) =12 2)

The nodes in Layer 3 are also fixed and they calculate
the ratio between the weight of each fuzzy rule and the sum
of the weights of all fuzzy rules according to Equation 3.

=12 3)
Wl +W2

Os,;=w; =

Layer 4 contains adaptable nodes that have outputs
computed according to Equation 4, in which w; is the output
from Layer 3 and p;, g;, and 7; are referred to as consequent
parameters.

Oy =W;z; =W, (Pix+‘1iy+’”i) “)

Finally, Layer 5 is characterized by a single fixed node,
whose function is to calculate the output (z) of the neuro-
fuzzy system by summing all its input signals together,
according to Equation 5.

Os;=z= ZV_ViZi (%)

Jang (1993) points out that when the premise parameters
are fixed, the output (z) of the neuro-fuzzy system can be
expressed through a linear combination of the consequent
parameters, as presented in Equation 6.

z=(Wx)py + (WMp)q +(W)r + (0, X) py + (W,3)q, +(W,)7; (6)

The linear combination represented in Equation 6 allows
the hybrid learning process proposed by Jang (1993). This
process consists of two phases: the forward phase, when the
outputs proceed to Layer 4, the consequent parameters being
calculated by the least-squares method; and the backward phase
when the error sign is defined by the difference between the
output calculated by the ANFIS system and the experimental
data spreads through the system and the premise parameters
are calculated by the gradient descent method (Jang, 1993;
Jangetal., 1997). Thus, the ANFIS neuro-fuzzy system tends
to move closer to the desired response pattern, comprising
the problem under analysis with the modification of the
parameters inherent to the membership functions, which
result in the development of optimized fuzzy sets.

In the training process of the ANFIS neuro-fuzzy
systems, an initial structure is required with fuzzy sets and
established membership functions. Jang et al. (1997) point to
various methodologies that can be used in developing these
initial structures, such as the grid partitioning method and
the subtractive clustering technique. The grid partitioning
method is based on dividing the input variables domain
in equally spaced sizes from membership functions of the
same format. In the case of the subtractive clustering method
proposed by Chiu (1994), the clustering centers are created
according to the distribution of the input data in the variable
domains based on the concept of data density, which creates
the number of membership functions necessary to represent
the problem under analysis.

Neuro-fuzzy systems have been used in several
Rock Mechanics applications, such as those presented by
Gokceoglu et al. (2004), Singh & Singh (2006), Noorani et al.
(2010), Jalalifar et al. (2011), Yesiloglu-Gultekin et al. (2013),
Sadrossadat et al. (2018), Matos (2018).

Gokceoglu et al. (2004) used a neuro-fuzzy model
to estimate the rock mass deformation modulus. From the
study, it was noticeable that the results from the developed
neuro-fuzzy system were closer to the experimental data
than the predictions made by the empirical models used by
the authors.

Singh & Singh (2006), in turn, developed neuro-fuzzy
models and ANN to predict the Poisson’s ratio and Young’s
modulus of intact rocks. The authors used as input variables
in their models the property of intact rock, as the uniaxial
compressive strength and tensile strength. Comparing the
results from the developed models, the neuro-fuzzy system
provided estimations closer to the experimental data.

Matos (2018) used ANFIS systems to predict the
shear behavior of unfilled rock discontinuities submitted
to CNS and CNL conditions. The models gave satisfactory
results when compared to the experimental data used in their
development. Despite the results, the neuro-fuzzy systems
developed by these authors do not consider the presence of
the fill material in the shear behavior of rock discontinuities
restricting their use only to certain field situations.

3. Development of neuro-fuzzy models

3.1 Experimental data

Experimental data were obtained from 116 large-scale
direct shear tests undertaken by Benmokrane & Ballivy
(1989), Skinas et al. (1990), Papaliangas et al. (1993),
Haque (1999), Indraratna & Haque (2000), Oliveira et al.
(2009), Indraratna et al. (2010), Mehrishal et al. (2016) and
Shrivastava & Rao (2018). This survey results in a set of data
with 2098 input-output patterns to be used in developing and
evaluating the neuro-fuzzy models for predicting dilation
and shear stress of rock discontinuities. Different conditions
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for the rock discontinuities can be observed for the data
available in the used dataset in terms of uniaxial compressive
strength (soft to hard rocks), roughness profile (slightly to
very rough), external boundary conditions (CNL and CNS),
condition of infill (unfilled and infilled rock discontinuities),
which show the wide variety of situations considered in the
experimental data used in developing the proposed models.
In direct shear tests carried out on CNL condition, the normal
stress is constant during shearing, while in CNS conditions

3.2 Defining the input and output variables

The input variables of the neuro-fuzzy models were
defined to take into consideration the main factors governing
the shear behavior of rock discontinuities represented by the
dilation (3 ), in mm, and shear stress (t ), in MPa, during the
shear process. They are:

*  Normal boundary stiffness (k ), in kPa/mm;

»  Ratio of thickness of the infill material (¢) to asperity
height of the discontinuity (a) - #/a ratio;

*  Initial normal stress (o, ), in MPa;

» Joint roughness coefficient (JRC);

*  Uniaxial compressive strength of intact rock (o),
in MPa;

*  Basic friction angle of intact rock (¢,), in degrees;

*  Friction angle of infill material (¢, . ), in degrees;

*  Shear displacement (3,), in mm.

The maximum and minimum values of the collected
experimental data for the defined input and output variables
are presented in Table 1. These values must be considered as
the limits to which the models can be applied since they were
used to establish the membership functions of the variables
involved and to define the fuzzy inference rules.

nfll

3.3 Training of neuro-fuzzy models

The ANFIS models developed are based on the principles
of the fuzzy inference systems of Takagi & Sugeno (1983)
and the hybrid learning proposed by Jang (1993). The ANFIS
systems for predicting the parameters that define the shear
behavior of rock discontinuities were modeled first by neuro-
fuzzy model training, in which 80% of the experimental
data was randomly chosen from the available experimental.
The remaining data (20%) were used later in the test phase
of the developed models.

Table 1. Maximum and minimum values of the models’ variables.

Concerning the initial structure, input variables, and
membership functions adopted, different configurations were
tested for the following neuro-fuzzy models:

*  Model 1: created by the grid partitioning method,
presenting two (2) Gaussian membership functions
for the eight input variables;

*  Model 2: created by the grid partitioning method,
presenting three (3) Gaussian membership functions
for the input variable #a, and two (2) Gaussian
membership functions for the remaining variables;

*  Model 3: created by the grid partitioning method,
presenting three (3) Gaussian membership functions
for the input variables #/a and §,, and two (2) Gaussian
membership functions for the remaining variables;

*  Model 4: created by the grid partitioning method,
presenting three (3) Gaussian membership functions
for input variables #/a, 6,, k and o, and two (2)
Gaussian membership functions for the remaining
variables;

*  Model 5: created by the subtractive clustering method,
in which the number of Gaussian membership
functions is obtained for each model itself;

*  Model 6: variable ¢, is not considered as an input
variable in the model, the initial structure is created
using the grid partitioning method, presenting two
(2) Gaussian membership functions for all remaining
input variables;

*  Model 7: variable ¢, is not considered as an input
variable in the model, the initial structure is considered
using the grid partitioning method, presenting three
(3) Gaussian membership functions for the input
variables #/a and 3,, and two (2) Gaussian membership
functions for the remaining input variables;

*  Model8: variables ¢, and ¢, ., are not considered as
input variables in the model, the initial structure is
created using the grid partitioning method, presenting
two (2) Gaussian membership functions for the other
input variables;

*  Model 9: variables ¢, and (1)1.,z e not considered as
input variables in the model, the initial structure is
created using the grid partitioning method, presenting
three (3) Gaussian membership functions for the
input variables #/a and 3, and two (2) Gaussian
membership functions for the remaining variables.

Table 2 summarizes the main configurations established
for the different neuro-fuzzy models evaluated in this paper

Input variables

Output variables

k, tla O JRC o P S o, T
kPa/mm MPa MPa degrees degrees mm mm MPa
0 0 0.05 2 3.5 0 0.02 -2.43 0.02
7515 2 46.5 20 150 37.5 35.5 26 4.97 6.68
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Table 2. Configuration of studied neuro-fuzzy models.

Initial structure

Number of membership functions for the considered input variables

Model method Membership funcion K a o JRC 5. o, O 5,
1 Grid partitioning Gaussian 2 2 2 2 2 2 2 2
2 Grid partitioning Gaussian 2 3 2 2 2 2 2 2
3 Grid partitioning Gaussian 2 3 2 2 2 2 2 3
4 Grid partitioning Gaussian 3 3 2 2 3 2 2 3
5 Subtractive clustering Gaussian variable variable variable variable variable variable variable variable
6 Grid partitioning Gaussian 2 2 2 2 2 - 2 2
7 Grid partitioning Gaussian 2 3 2 2 2 - 2 3
8 Grid partitioning Gaussian 2 2 2 2 2 - - 2
9 Grid partitioning Gaussian 2 3 2 2 2 - - 3

in an attempt to find out the model which presents the best
performance in the shear behavior of the rock discontinuities.
The grid partitioning method was used in all ANFIS models
tested except for Model 5, in which the subtractive clustering
partitioning was used to evaluate the performance of the
ANFIS model when its training process is influenced by the
distribution of the input data, as described in section 2.3.
In this case, the number of membership functions is created
according to the distribution of the input data values used
in the modeling and not arbitrarily chosen by the expert.
Then, it was tested whether the definition of the number
of membership functions according to the distribution of
available input data could improve the performance of the
ANFIS models rather than the use of grid partitioning method.

With definition of such structures, one of the aims is to
assess the influence of the input variables in the performance
of the proposed neuro-fuzzy models. The choice of Gaussian
membership functions in establishing the fuzzy sets representing
the input variables was based on the satisfactory results from
the various studies that adopted this function (Singh & Singh,
2006; Jalalifar et al., 2011).

The software used to develop ANFIS neuro-fuzzy
models was MATLAB (Jalalifar et al., 2011; Yesiloglu-
Gultekin et al., 2013). At the training phase, the different
ANFIS models were developed by comparing the results
obtained for each output variable (dilation or shear stress)
with the experimental data, so that the parameters were created
to form the membership functions and fuzzy inference rules
to obtain the best performing neuro-fuzzy system possible.

3.4 Criteria for model selection and model validation

The selection criterion of the ANFIS systems was
based on the comparison between the predictions made by
the tested models and the experimental data used during
the test phase by using the coefficient of determination (R?).
The neuro-fuzzy models that had R? values in the test phase
higher than 0.95 were considered apt to be assessed at a later
stage called the validation phase.

The validation phase consisted of predicting the shear
stress and dilation of hypothetical rock discontinuities similar
to the methodology used by Dantas Neto et al. (2017) to
validate ANN models for predicting the shear behavior
of unfilled rock discontinuities. This procedure allows
checking whether the neuro-fuzzy models can represent
satisfactorily the influence of the input variables on shear
behavior of such discontinuities (Indraratna et al., 2014,
2015; Oliveira et al., 2009; Barton, 2013, 2016; Naghadehi,
2015; Shrivastava et al., 2011).

4. Results and discussions

4.1 ANFIS model training and testing

Tables 2-4 provide the values of the coefficients of
determination (R?) obtained during the training and testing
phases of the neuro-fuzzy systems developed for predicting
the dilation (D) and shear stress (S), respectively, for the
different tested models. According to them, it is noticeable
that the models showing the best performances are D1,
D2, D3, and D4 for predicting dilation, and S/, S2, 3, and
54 for shear stress of rock discontinuities. The high R? values
obtained in the training and testing phases express the
excellent performance of the ANFIS models for predicting
shear stress and dilation under CNL and CNS condition in
rock discontinuities for a variety of conditions in terms of
infill and roughness. Such results can be attributed to the
consideration of uncertainties in the values of the input
variables in the response of neuro-fuzzy models making
them able to satisfactorily represent the phenomenon studied

Furthermore, it is found that the systems which did not
consider all input variables, such as models D6, D7, D8, D9,
S6, 57,88, and S9, had inferior performances when compared
to the models which use all input variables. This shows how
important is to consider all the parameters governing the shear
behavior of the rock discontinuities in the development of
the proposed neuro-fuzzy models.

Dantas Neto et al., Soil. Rocks, Sao Paulo, 2022 45(4):¢2022003322



Dantas Neto et al.

Table 3. Results in the training and test phases of the dilation prediction systems.

Model Input variables Initial structure Membership functions R? test R? training
D1 8 Grid partitioning 2 0.99 0.99
D2 8 Grid partitioning 2, except t/a (3) 0.99 0.99
D3 8 Grid partitioning 2, except #/a and ¢, (3) 0.98 0.99
D4 8 Grid partitioning 2, except /a, Oy k,and o, (3) 0.98 0.99
D5 8 Subtractive clustering 14 0.92 0.90
D6 7 Grid partitioning 2 0.00 0.01
D7 7 Grid partitioning 2, except t/a and §), (3) 0.14 0.25
D8 6 Grid partitioning 2 0.00 0.01
D9 6 Grid partitioning 2, except #/a and ¢, (3) 0.01 0.02

Table 4. Results obtained in the training and test phases of the shear stress prediction systems.

Model Input variables Initial structure Membership functions R? test R? training
S1 8 Grid partitioning 2 0.96 0.97
S2 8 Grid partitioning 2, except t/a (3) 0.96 0.97
S3 8 Grid partitioning 2, except t/a and &, (3) 0.97 0.98
S4 8 Grid partitioning 2, except t/a, Sy k,and o, (3) 0.95 0.98
S5 8 Subtractive clustering 14 0.92 0.93
S6 7 Grid partitioning 2 0.10 0.28
S7 7 Grid partitioning 2, except t/a and §), (3) 0.37 0.50
S8 6 Grid partitioning 2 0.00 0.00
S9 6 Grid partitioning 2, except #/a and &), (3) 0.04 0.06

About the method used in the initial structure of the
ANFIS systems, it is worth mentioning that models D5 and
S5, developed from the subtractive clustering technique,
presented lower R? values than those obtained in the training
and testing phases by models D/, D2, D3, D4,S1,52,S3 and
S4, which used the grid partitioning technique. This shows that
by dividing the domain of input variables by the membership
functions in equal sizes, it proved more efficient in predicting
the shear behavior of rock discontinuities.

According to the results given in Tables 2-4, it is found
that the increase in the number of membership functions
did not correspond necessarily to an improvement in the
performance of the ANFIS models. This can be confirmed
by comparing the R? values obtained in the test phase in the
D2 and D4, and S2 and S4 systems, when there was a drop in
the coefficients of determination even with the increase in the
number of membership functions for more input variables.

4.2 Validation of neuro-fuzzy models

Neuro-fuzzy models used in the validation phase were
D1, D2, D3, and D4 to predict dilation, and S/, S2, S§3, and
S4, to predict the shear stress.

The hypothetical rock discontinuities used to validate the
neuro-fuzzy models have the same characteristics considered
by Dantas Neto et al. (2017) and Leite et al. (2019a, b).
Therefore, for the hypothetical unfilled rock discontinuities
the following parameters were considered: JRC = 5; 6, =
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12 MPae ¢, = 37.5°. For hypothetical infilled discontinuities,
it was considered that the shear strength of the infill material
is characterized by a friction angle ((I)mﬁﬂ) of 35.5°.

The models with the best results in predicting the
shear behavior of the hypothetical discontinuities were the
ANFIS DI and S2 systems, as shown in Figures 2-5 and in
Figures 6-9 for dilation and shear stress results, respectively.

According to the results presented between Figure 2 and
Figure 5, it is observed that the ANFIS D/ model can
satisfactorily represent the drop in dilation in the hypothetical
rock discontinuity with the increase in normal boundary
stiffness (k ), initial normal stress (c, ), and the #a ratio.
In addition, higher dilation values have been obtained with
the increased roughness in the discontinuity, represented by
the JRC value. Such results can be considered satisfactory
to the extent that they express the trends seen in different
studies (Indraratna & Haque, 2000; Indraratna et al., 2005,
2008,2010,2013,2014,2015; Oliveira et al., 2009; Oliveira
& Indraratna, 2010; Barton, 2013, 2016; Naghadehi, 2015;
Shrivastava et al., 2011; Shrivastava & Rao, 2018).

Figures 6-9 show the results obtained with the S2 neuro-
fuzzy model considering the input variables of the hypothetical
rock discontinuities. These results show that the S2 model
is capable to express the increase of shear stress values with
the normal boundary stiffness (Figure 6), initial normal stress
(Figure 7), and roughness (Figure 9). It is also possible to
observe its ability to represent the drop in shear stress with
the increase in #/a ratio (Figure 8), and also due to the asperity
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Figure 2. Effect of normal boundary stiffness on the dilation
(0,,=0.5MPa).

1 —8—on0 =0.5 MPa
| —=—on0=1MPa
—&—on0 =1.5 MPa
2 {=6—on0=2MPa

Dilation (mm)
n
s

0 1 2 3 4 o} 6 7 8 9 100 11 12 13 14 15
Shear Displacement (mm)

Figure 3. Effect of initial normal stress on the dilation (k,,= 0 kPa/mm).
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Figure 4. Effect of join|t roughness on the dilation (k,, = 560 kPa/mm
and 0, = 0.5 MPa).
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Figure 5. Effect of infill on the dilation (k, = 425 kPa/mm and
0,0=0.3 MPa).

damage occurring in rock discontinuities with high JRC
values under CNS condition (Figure 9), similarly to what is
expected when analyzing the influence of the input variables
on the shear stress (Skinas et al., 1990; Papaliangas et al.,
1993; Indraratna et al., 2015; Shrivastava & Rao, 2018).
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Figure 6. Effect of normal boundary stiffness on the shear stress
(0o = 0.5 MPa).
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Figure 7. Effect of initial normal stress on the shear stress
(k,, = 0 kPa/mm).
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Figure 8. Effect of infill on the shear stress (k,, = 425 kPa/mm and
C,0= 0.6 MPa).
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Figure 9. Effect of joint roughness on the shear stress (k,,= 560 kPa/mm
and 0, = 0.5 MPa).

5.3 Neuro-fuzzy models for predicting shear behavior
of rock discontinuities

As shown and discussed previously, the neuro-fuzzy
models referred to as D1 and S2 presented the best performances
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regarding the tests on experimental and hypothetical
discontinuities, and were, therefore, chosen to predict the
dilation and shear stress, respectively. It is worth mentioning
the large number of the 2098 input-output patterns used in the
concept and analysis of such models which consider different
boundary conditions referring to the rock discontinuities,
being developed from the grid partitioning technique using
80% of the experimental data for the training phase, and
20% for the testing phase.

Model D1 consists of two (2) Gaussian membership
functions for the eight (8) input variables that represent
the main governing factors of the shear behavior of rock
discontinuities, thereby creating 256 fuzzy inference rules.
In the case of system S2, it presents 384 fuzzy inference rules,
referring to the three (3) Gaussian membership functions for
the #/a variable and two (2) Gaussian membership functions
for the remaining input variables. In this context, dilation
and shear stress are calculated by the respective fuzzy
inference rules used in the models, when attributing input
data that are within the intervals comprised by the established
membership functions.

Figures 10-11 show the comparison of results obtained
by applying the proposed D/ and S2 ANFIS models, those
from the neuronal model proposed by Dantas Neto et al.
(2017) to predict the dilation and shear stress, respectively, and
the experimental data presented by Papaliangas et al. (1993)
for an unfilled soft rock discontinuity under CNL condition,
and 6, =0.05 MPa, JRC=12,c,= 3.5 MPa and ¢, = 30°.

Figure 10 shows that both the ANFIS model (D7)
and the neuronal model proposed by Dantas Neto et al.
(2017) satisfactorily represented the variation of dilation
with shear displacement. However, the results presented in
Figure 11 show that the shear stress estimations provided
by the ANFIS S2 system were closer to the experimental
data than those calculated by the ANN proposed by Dantas
Neto et al. (2017). Its main limitation is the fact that it
failed to represent the variation of shear stress with shear
displacement in very soft rock discontinuities and submitted
to low initial normal stress values, as already commented
by the Dantas Neto et al. (2017).

Figures 12-13 show the comparison between the
predictions from the proposed ANFIS systems, the neuronal
model developed by Dantas Neto et al. (2017), and the
experimental data presented by Benmokrane & Ballivy
(1989), referring to unfilled hard rock discontinuity with
the following characteristics and boundary conditions:
o, = 1 MPa; JRC = 14; o, = 90 MPa; ¢, = 35°; and
k= 315 kPa/mm (CNS condltlon) According to these
results, both D/ and S2 ANFIS models fitted satisfactorily
the experimental data regarding the variation in dilation
(Figure 12) and shear stress (Figure 13) with the shear
displacement, expressing the good performance of those
neuro-fuzzy models in also estimating the shear behavior
of hard rock discontinuities.
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Figure 10. Comparison of experimental data for dilation of soft
rocks and results from the D7 ANFIS model and the ANN model
proposed by Dantas Neto et al. (2017).
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Figure 11. Comparison of experimental data for shear stress of soft
rocks and results from the S2 ANFIS model and the ANN model
proposed by Dantas Neto et al. (2017).
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5. Conclusions

Assessing the various neuro-fuzzy models developed
in this study for the predictions of dilation and shear stress
in filled and unfilled rock discontinuities, the D/ and
S2 systems presented the best performances considering the
tests and analyses made in experimental and hypothetical
rock discontinuities. Such systems were designed based on
the grid partitioning technique, which presented better results
than the subtractive clustering technique, with 80% of the
experimental data used for the training phase, the remaining
20% being used for the testing phase.

The input variables used in the developed neuro-fuzzy
systems were the normal boundary stiffness (k ), in kPa/mm;
the ratio between the infill thickness and height of asperity
(#/a); initial normal stress (o, ), in MPa; joint roughness
coefficient (JRC); uniaxial compressive strength of intact
rock (o), in MPa; basic friction angle of intact rock (¢,),
in degrees; friction angle of fill material (¢inﬁ”), in degrees,
and shear displacement (3,), in mm. Hence, the aim was to
use the main governing factors of the shear behavior of the
filled and unfilled rock discontinuities,

The model for predicting dilation (D7) consists of two
(2) Gaussian membership functions for all input variables
corresponding to a total of 256 fuzzy inference rules.
Its coefficients of determination (R?) were 0.99 in both training
and testing phases indicating a satisfactory correlation between
the experimental data and results obtained by the proposed
neuro-fuzzy system. The neuro-fuzzy system developed
for predicting the shear stress of rock discontinuities (S2)
presents coefficients of determination of 0.97 and 0.96 in the
training and testing phases, respectively, which also show the
proximity between the estimations and the experimental data.

Using DI and S2 ANFIS models to estimate dilation
and the shear stress considering several characteristics of
hypothetical infilled and unfilled rock discontinuities, it
was possible to notice that the ANFIS systems satisfactorily
represented the influence of the input variables on their shear
behavior. This highlights the ability of neuro-fuzzy models
to model multivariate, non-linear, and complex problems
when compared to frequently used analytical models, and to
consider the variability, or uncertainties, of the input values
in the models’ response.

Despite the functions of the neuro-fuzzy models in
estimating the shear behavior of the infilled and unfilled
rock discontinuities, the use of these systems is conditioned
and limited to the intervals attributed to their input variables
during the modeling process. Moreover, these models did
not yet consider other key factors that influence the shear
behavior of the rock discontinuities, such as the drainage
condition, saturation degree, cohesion of the fill material,
and weathering in the rock discontinuity walls.

Lastly, the developed neuro-fuzzy systems are not
meant to substitute tests that still need to be performed on
samples from rock masses. Here, the ANFIS models appear

as a potential tool for the preliminary estimation of the shear
behavior of rock discontinuities, by attributing values to
the input variables used, providing rapid responses to help
toward the design’s assessment.
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List of symbols
a  asperity height of the discontinuity

i depicts the value of 1 and 2 in virtue of the number of
fuzzy inference rules and sets used

k, normal boundary stiffness

Pp; consequent parameter

q; consequent parameter

1, consequent parameter

T  thickness of the infill material

t/a relation between ¢ and a

w;  output from Layer 3

x  input in the nodes

y  input in the nodes

z  output of the neuro-fuzzy system
A, fuzzy set associated with the nodes
B, fuzzy set associated with the nodes
D designation for ANFIS model for dilation

D1 designation for ANFIS model 1 for dilation
D2 designation for ANFIS model 2 for dilation
D3 designation for ANFIS model 3 for dilation
D4 designation for ANFIS model 4 for dilation
D5 designation for ANFIS model 5 for dilation
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D6 designation for ANFIS model 6 for dilation
D7 designation for ANFIS model 7 for dilation
D8 designation for ANFIS model 8 for dilation
D9 designation for ANFIS model 9 for dilation
JRC joint roughness coefficient

1, value of the degree of membership obtained from x and

y

R’ coefficient of determination
S designation for ANFIS model for shear stress
S1  designation for ANFIS model 1 for shear stress
S2  designation for ANFIS model 2 for shear stress
S3  designation for ANFIS model 3 for shear stress
S4  designation for ANFIS model 4 for shear stress
S5 designation for ANFIS model 5 for shear stress
S6  designation for ANFIS model 6 for shear stress
S7  designation for ANFIS model 7 for shear stress
S8 designation for ANFIS model 8 for shear stress
S9 designation for ANFIS model 9 for shear stress
6, shear displacement
& dilation
basic friction angle of intact rock
friction angle of infill material
initial normal stress
uniaxial compressive strength of intact rock
shear stress
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Abstract

This research aims to present a deterministic and probabilistic analysis of the stability in
2D/3D of a road slope, located in the state of Sdo Paulo, Brazil, in the Serra Pelada region,
incorporating scenarios with and without surface suction and water level, and predict the
movement of the mobilized-mass volume. The results of the stability analysis showed the
variability of the safety factor, the probability of failure, and the mobilized-mass volume, in
the twenty-six simulated scenarios. The results of the runout analysis of the mobilized-mass
volume indicated that any possible landslide would interdict, at least, two of the three lanes
of traffic, equivalent to 59.7% of the lanes. Therefore, it can be concluded that a 2D and
3D stability analysis combined with the material point method to predict the post-failure
soil displacement provides a better understanding of all processes involved in a landslide,
which helps to establish more adequate and effective mitigation and remedial measures for
each situation. Finally, in conclusion, the studied slope, with a maximum failure probability

of 1.24%, is safe in terms of its overall stability for all twenty-six simulated scenarios.

1. Introduction

Landslides are mass movements that occur in Brazil and
elsewhere, and can cause damage, affecting the population and
region and generating economic losses. Often these landslides
are caused when mobilized stresses exceed the soil or rock
strength, either by changing slope geometric factors or by
triggering factors such as climatic factors, overloads, slope
mass removal, and reduction of soil strength parameters.

According to Fernandes et al. (2001), the slopes’s
morphological parameters stand out among the landslide
factors because they control the balance of forces on the slope
and the hydrological dynamics of the soils. As well as the
loss of suction, which is also a possible cause of instability,
since there is an increase in moisture in the material due to
the progress of the infiltration front in the ground (Fredlund,
1987).

The slope stability analysis is of great importance since
it guarantees more physical safety of the slope itself and of
the elements that might be impacted by a possible landslide.
Moreover, predicting the movement of the mobilized-mass
volume, after the failure, is very useful to evaluate the risk
of catastrophes or to establish mitigation measures more
adequate for that slope (Troncone et al., 2019).

According to Wang et al. (2018), the behavior of a
landslide can be divided into two stages: failure and post-
failure. The failure stage is characterized by presenting a
continuous shear surface, generating little movement of
soil mass. The post-failure stage is represented by its rapid
formation of plastic deformations and the kinematics of the
unstable soil mass until its break.

As a way of studying the two failure stages, foremost
one must understand the models involved in each of the stages.
A mathematical model, such as the limit equilibrium method
(LEM), is the most known method of simulating the first
failure stage, which focuses on the calculation of the safety
factor employing material-strength theories. As to model the
landslide post-failure with good precision, it is necessary a
numerical model capable of simulating large deformations
and distortions, such as the material point method (MPM),
which uses constitutive models based on the continuum
mechanics (Toro-Rojas et al., 2021).

The limit equilibrium method (LEM) is used in the
stability analysis of slopes and has the objective of evaluating
the possibility of the occurrence of a landslide (Gerscovich,
2016). The LEM includes the method of slices that divides the
soil above the potential-failure surface in a series of slices to
calculate each one’s equilibrium. Among the methodologies
that employ the method of slices, there are examples such
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as Janbu, Spencer, Simplified Bishop, and Morgenstern-
Price, which are widely used to calculate the safety factor
(Liu et al., 2019). Also, this method is well-known for
being a statically undetermined problem and is solved by
considering the distribution of the internal forces (Liu et al.,
2015). Furthermore, in the limit equilibrium method, various
potential-failure surfaces are generated, by optimization or
trial-and-error techniques, so then one may find the critical
failure surface that corresponds to the minimal safety factor
(Reale et al., 2015).

The stability analysis can be done following two
approaches: deterministic and probabilistic. The deterministic
stability analysis considers only the average value of the soil
strength parameters and calculates only one safety factor (SF)
for the problem (Tonus, 2009). This SF, in a given failure
surface, is determined by the ratio of the shear strength over
the mobilized shear stress, considering the equilibrium of the
forces and/or moments acting on the failure surface (Liu et al.,
2019). Research points out that the stability of a slope cannot
be completely evaluated only by the deterministic safety factor
since some slopes with high SF still fail (Chen et al., 2020).

The probabilistic stability analysis stems from the
variation of the geotechnical parameters of the soil (average
and standard deviation), quantitatively considering the various
origins of uncertainties and determining the probability of
failure and the reliability rate of the results (Wang et al., 2020).
In such analysis, one must select an appropriate probabilistic
method, such as the first order reliability method (FORM),
the second order reliability method (SORM), the point
estimative method (PEMs), or the Monte-Carlo simulation
(MCS) (Ahmadabadi & Poisel, 2015). MCS is an easy
implementation tool that determines the probability of failure
with a desired precision, even though it is time-consuming
due to the high computational effort (Fang et al., 2020).

The material point method (MPM) has been used to
model various types of geotechnical problems, such as mass
movements. Toro-Rojas et al. (2021) studied the effect of a
landslide in the failure and post-failure stages by the analysis
of the strength parameters and deformation of a slope.
Conte etal. (2019) and Conte et al. (2020) demonstrated the
MPM’s capacity to evaluate landslides and their behavior post-
failure. Bhandari et al. (2016) utilized the MPM to simulate
a progressive failure of a slope caused by an earthquake,
and Li et al. (2016) simulated and analyzed the post-failure
process of the landslide in Wangjiayan, China.

The numerical methods are divided into two main
categories: Lagrangian and Eulerian methods. The MPM
combines the performance of the two methodologies, in which
one continuum is discretized by a set of subdomains with
information (velocity, acceleration, density, displacement,
external loads, material parameters, etc.), which are concentrated
on a Lagrangian point, called a material point. A computational
mesh (Eulerian mesh) overlays the continuum and covers
all the issue’s domain, while being usually maintained fixed
with time and not bound to material information. In the nodes

of this mesh, equilibrium equations are resolved, and in the
material points, constitutive equations and mass conservation
equations are established (Conte et al., 2020).

Atthe beginning of each time step, the data is transferred
from the material points to the mesh nodes, so then the nodal
accelerations are obtained, and the acceleration, velocity,
and dislocation points are determined in the stipulated time.
Lastly, the position of the material points is updated on the
Eulerian mesh for the later time step (Conte et al., 2020).

In light of all this context, this article seeks to analyze
the stability in 2D and 3D of a road embankment, located
in the state of Sdo Paulo, Brazil, in the Serra Pelada region,
via deterministic and probabilistic approaches, embodying
scenarios with and without superficial suction and variation
of the water levels, and predicting, in case of failure, the
movement of the mobilized-mass volume.

2. Case study: data and information from the
location and methodology adopted

This section of the article presents the materials and
methods employed, divided into a description of the field
of study, input parameters, stability analysis, and runout
analysis of the movement of the mobilized-mass volume.
Figure 1 represents the flowchart of the activities conducted
in order to develop the analysis of stability and prediction
of mass movement of the slope under study.

Area selection

Y Y
Level SPT Input ‘Water retention

curves parameters characteristic curves
[ I I

Modelling in SVSlope!

Calculation criteria

Simulation of stability
analysis scenarios

Safety factor, probability of failure, mobilized-
mass volume and critical slip surface

Modelling in GID?
Boundary Mesh
conditions

v

Simulation of
scenarios in Anura3D?

Calculation
criteria

Input
parameters

Material point
specification

Viewing results in
ParaView*

Figure 1. Flowchart of the applied method. 'Slope stability analysis
software. 2Universal numerical simulation processor. *Software
for numerical modeling of large strains using the material point
method (MPM). “Open-source multiple-platform application for
interactive, scientific visualization.

Riselo et al., Soil. Rocks, Sdo Paulo, 2022 45(4):¢2022003822



Riselo et al.

Beginning with the selection of the field of study, it
was then determined the basic data to perform the stability
analysis, such as level curves, Standard Penetration Test (SPT)
results, soil parameters (cohesive intercept and friction angle,
natural unit weight, Poisson’s ratio, modulus of elasticity,
suction) and soil-water characteristic curves.

Thereafter, the slope was modeled on the software
SVSlope, the calculation criteria were indicated in it, and
the stipulated scenarios of stability analysis were simulated,
resulting in the safety factors, probability of failure, mobilized-
mass volume, and critical slip surface.

With the results of the stability analysis, the slope was
modeled in another software, GID, followed by the insertion
of the slope’s materials, calculation criteria, and modeling
data such as the specification of the material point, boundary
conditions of the model, and mesh. Finally, the scenarios of
mass movement prediction were simulated on Anura3D, and
the results were visualized on ParaView.

2.1 Description of the study area

The slope serving as the case study is located in the
Régis Bittencourt highway, stretch of Serra do Mar, at
Serra Pelada, in the state of Sdo Paulo, Brazil, at km 551 +
600 (South Lane) (Figure 2).

In Figure 2d it is possible to notice that the slope is near
the road’s traffic, which contains three lanes and drainage
ditches at their ends. The traffic lanes are 3.6 m wide, and
the drainage ditches up until the beginning of the traffic
lanes are 0.8 m wide.

/I'i /l\ S@o Paulo

(b) (d)

The Régis Bittencourt highway poses economic
importance in the Brazilian highway network since it is part
of the Mercosul route and is also the main road corridor
that connects important economic poles from the country’s
Southeast (Sdo Paulo) and South (Parand) (Batista, 2019).
Thus, the evaluation of possible instabilities on slopes along
the highway is of great relevance.

According to APRB (2019), the region of Serra Pelada,
specifically the Régis Bittencourt road, presents a history of
instability, with records from 2010 to 2019, amounting to
93 registered occurrences of landslides, the last nine taking
place at Serra Pelada. Besides that, Batista (2019) appointed,
in his study, the region in question as the most critical in his
analysis of economic risks performed all around Serra Pelada.

The geological formation at Serra Pelada, according
to CPRM (2013), is characterized by Amphibolitic Gneiss.
The geological-geotechnical profile of the slope was defined,
based on geotechnical investigations of the Standard Penetration
Test (SPT) executed near the slope, as being three layers of
soil: 1.5 m of superficial colluvium layer, 4.5 m of residual
soil formed by sand silt, and the remaining is composed by a
weathered rock (saprolite). The water level was considered in
a few simulated scenarios, that being at two different depths,
6.5 m and 7.5 m below the surface. The 7.5 m depth was
defined based on the data of the geotechnical investigation of
the SPT that indicated a water level with a depth of less than
7.0 m, and the depth of 6.5 m was selected to comprehend
the influence of the variation in the position of the water
level in the results.

Figure 2. Study area location: (a) Brazil-Sao Paulo, (b) city of Barra do Turvo-SP, (c) Serra Pelada — highway BR-116 — slope point,

and (d) front view of the slope in study.
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2.2 Input parameters

The input parameters used in the simulations of stability
and mass movement prediction were the strength parameters
of soil, such as cohesive intercept (¢”) and friction angle (¢»),
natural unit weight of the soil (y, ), Poisson’s ratio, modulus
of elasticity, suction, and the characteristic curves of water
retention. Table 1 shows, for the colluvial, residual soils, and
saprolite, the value intervals of the cohesive intercept and
friction angle, and the average value of these parameters,
besides the natural unit weight of the soil, Poisson ratio, and
modulus of elasticity. The minimum value of the parameters
is the value of the residual strength parameters, and the
maximum value is the value of the peak strength parameters.

The shear strength parameters of the soil were determined
based on the data by Trevizolli (2018). The author obtained
these results by saturated direct shear tests implemented in
three intact samples, in three levels of normal stress (50,
100, and 200 kPa), performed on a near slope, at km 552 +
000 (North Lane).

In the deterministic stability analyses, the average
values of the geotechnical parameters, natural unit weight
of the soil, internal friction angle, and cohesive intercept
were considered. And in the probability analyses, in addition
to the average values of the geotechnical parameters, the
minimum, and maximum values were considered (Table 1),
for the colluvial and residual soils. For each variable of the
probabilistic data, the statistical normal distribution was
considered, and truncation was not adopted, that is, the
extreme values of the data intervals were determined in the
direct shear test.

The suction was incorporated, in some of the stability
analysis scenarios, in the first 3 m deep, 1.5 m in colluvial
soil and 1.5 m in residual soil. According to Trevizolli
(2018), it was adopted the interval of 20 to 120 kPa for
the total suction on the surface of the soil, varying in each
simulation at intervals of 20 kPa by 20 kPa. This parameter
was incorporated in the surface soil decreasing with depth,
that is, with maximum value at the top and null at the end
of the first 3 m deep.

Finally, the characteristic curves of water retention
were grounded on the compilation of experimental points
of Trevizolli (2018), obtained by the filter paper method,
presenting a curve in a bi-modal format for the colluvial
soil and a curve in a tri-modal format for the residual soil.
The residual water content levels indicated by the curves
were 20% for the residual soil and 30% for the colluvial soil.
The porosity, which corresponds to the volume of voids that
can be filled by water when the soil is saturated, was 44%
for residual soil and 52% for colluvial soil.

2.3 Stability analysis of a road slope

The slope was modeled in 2D and 3D (Figure 3), and
stability analyses (deterministic and probabilistic) were
performed in the two dimensions in the software SVSlope
by SoilVision. The determination of the safety factor was
calculated based on Morgenstern-Price’s limit equilibrium
method, and the probabilistic method used was Monte Carlo’s
with 5000 iterations.

In the slope modeling on the software, it was used the
Mohr-Coulomb criteria for the strength parameters of the three

Table 1. Input parameters of colluvial soil, residual soil, and saprolite (Riselo, 2021).

Material Colluvial soil
Parameter Y, (KN /m?) Poisson’s ratio Modulus of elasticity (kPa) o’ (0 ¢’ (kPa)
Average value 16 0.4 3000 23.5 11.4
Minimum value - - - 17.8 4.7
Maximum value - - - 30 16.8
Standard deviation - - - 6.5 6.7
Coeflicient of variation - - - 27.5 58.7
Material Residual soil
Parameter ¥, (KN/mM?) Poisson’s ratio Modulus of elasticity (kPa) ® (°) ¢’ (kPa)
Average value 18 0.3 10000 26 7.8
Minimum value - - - 21.8 5.1
Maximum value - - - 30.2 10.4
Standard deviation - - - 4.2 2.7
Coefficient of variation - - - 16.2 342
Material Saprolite
Parameter Y, (KN/m?) Poisson’s ratio Modulus of elasticity (kPa) ® (°) ¢’ (kPa)
Average value 17 0.3 15000 39 10.4

Minimum value - -
Maximum value - -

Note: kN: KiloNewton; kPa: KiloPascal.
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Unit
Strength Type Weight
(KN/m?)  (kPa)  (deg)

E Cohesion Phi
Name

Saprolite Mohr Coulomb
Residual Soil Mohr Coulomb
[ Colluvial Soil Mohr Coulomb

17 104 39
17 7.8 26
17 11.4 235

Y (m) 1

%0 %0 En

Unit Weight Cohesion Phi
Nm)  (kPa)(deg)
16 4 235

16

18 78 26

18 78 26

Unlt Welght' Cohesion  Phi
Nm)  (kPa)  (deg)
104 3

2

Name.

Colluvial Soill
Colluvial Soil2
Residual Soil UnSatl Mohr Coulomb
Residual Soil UnSat2_Molr Coulomb

Strength Type

Unsat. Frediund

Unsat. Fredlund 14 235

Name Strength Type
T Saprolite
Residual Soil Sat

‘Mol Coulomb
Mohr Coulomb

18
18

\
f(m) 120

500 550

Unit

Name Strength Type Weight

Cohesion Phi (d)

(kN/m*)  (kPa) (deg)

Unit Weight Cohesion Phi
N (kPa)  (deg)
16 14 235

14 235

Strength Type

Name
Colluvial Soill Unsat. Fredimnd
Colluvial Soil2 Unsat. Fredlund

17
17
17

10.4
7.8
11.4

29
26

Saprolite Mohr Coulomb
Residual Soil Mohr Coulomb
[ Coltuvial Soil Mohr Coulomb

2335

Residual Soil UnSatl Mohr Coulomb
Residual Soil UnSat2 Mohr Coulomb

18 7.8
18 78 2%
Unit Weight Cohesion Phi
(N (kPa)  (deg)

Name Strength Type

Saprolite
Residual Soil Sat

‘Mohr Coulomb
Mohr Coulomb

18 104 3
18 78 2%

Figure 3. Slope modeling: (a) 2D without water level, (b) 2D with the water level, (c) 3D without water level, and (d) 3D with the

water level.

soils. However, in the simulations that were modeled with
the incorporation of the water level and superficial suction,
the first 3 m of depth was considered non-saturated, thus, for
these soils was adopted the respective water retention curves.

The failure surface was defined as non-circular for
all simulations and the research method of this surface was
the Cuckoo Search, since it was one of the only available
methods for the 2D analysis as well as the 3D analysis. This
way 50 nests, 350 iterations, and 500 number of vertices
were considered in the method.

In the analysis, it was determined the critical failure
surface, that is, the software determined the position of the
failure surface that presented the lowest safety factor for the
determined situation (Bentley, 2019). In total, 52 scenarios
were simulated, half 2D and half 3D. From the 26 scenarios
from both 2D and 3D models, only in two of them the
superficial suction and water level were not considered. In the
remaining scenarios, twelve simulations were performed with
the water level depth at 6.5 m deep and twelve simulations
were performed with the water level depth at 7.5 m deep.
The deterministic analysis counts as one simulation and the
probabilistic analysis counts as another simulation, even
though in some cases they both obtained the same result.

The results obtained with this method were safety factor,
probability of failure, and quantification of movement of the
mobilized-mass volume. In addition to these numerical data,
it was also possible to obtain the critical failure surface of
each simulation, a necessary piece of information to perform
the runout analysis of the mobilized-mass volume.
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2.4 Runout analysis of the mobilized-mass volume in
the hypothetical rupture

The runout analysis of the mobilized-mass volume
indicates the reach, in meters, of this volume after a possible
landslide on the slope, based on the material point method
(MPM). In this method, a continuum is discretized by a set
of subdomains that concentrate its mass, whose value is
fixed to guarantee mass conservation, at a material point
(Lagrangian point), which also contains information on
soil properties. The movement of these material points
defines the deformation state of the considered continuum
(Conte et al., 2020).

The interaction between the particles is performed
at the nodes of a stationary background computational
mesh (Eulerian mesh), which remains constant during the
calculation, eliminating the distortion problem. Also, this
mesh is superimposed on the continuum and covers the
entire domain, remaining fixed over time and not linked to
material information (Toro-Rojas et al., 2021).

In MPM, the relationship between material points and
mesh nodes is done by linear interpolation shape functions.
The nodal accelerations at a given time are unknown to
the problem and are calculated by solving the governing
equations (equilibrium, constitutive, and mass conservation
equations) in the computational mesh. After determining the
nodal accelerations, an explicit scheme is used to evaluate
the displacement and velocity of the material points in the
analyzed time, which are updated in the Eulerian grid for
the next time step (Conte et al., 2019). Due to the method
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using constitutive models of continuum mechanics, the
elastoplastic model with the Mohr-Coulomb failure criterion
was used on the slope.

The choice to use the MPM was due to the numerical
method being able to simulate large distortions and deformations,
indicated to follow the movement of a simulated body, such
as the slope failure, and post-failure stage. In addition, the
software that runs the MPM is freely available for research
and studies, further favouring the choice of method.

The runout analysis was performed on the software
GID with the Anura3D’s plugin, being that the first software
performs the pre-processing and the generation of the mesh,
and the plugin generates the input files for the software
Anura3D. With the position of the critical failure surface of
each simulation and its respective mobilized-mass volume,
the slope in the study was modeled on GID in 2D, with the
three layers of soil. On Anura3D’s plugin, the materials were
incorporated into the model, according to Table 1, considering
the soil shear strength parameters (natural unit weight,
friction angle, and cohesive intercept) and the deformability
parameters (Poisson ratio and modulus of elasticity). Also,
it was established the boundary conditions on the model
in directions “x” and “y”, the number of material points of
each cell, and the calculation criteria, such as the number of
steps of calculation and time stage of the calculation. After
incorporating and defining the data, the two input files for
the software Anura3D, GOM and CPS files, were generated
in text format.

With the files generated, the analyses were calculated
on the software Anura3D by Windows’ Command Prompt.
On average, the time of analysis was 5 h and 30 min, using
a notebook with an Intel i5 9300H processor, 16GB of
RAM, and a 4GB NVIDIA GTX 1650 video card (Mobile).
The analyses were performed in three scenarios derived from
the 2D stability analyses.

Anura3D is a software used for modeling and numeric
simulation of soil-water-structure interaction and great
deformations, that utilizes the material point method (MPM).
This software is being developed by Anura3D MPM Research
Community (Anura3D, 2021).

The software allows the choice of different constitutive
models for the material model solid, such as rigid body,
linear elasticity, Mohr-Coulomb, and external material
model. The external model option makes it possible to load
other constitutive models implemented in the FORTRAN
language, but the simulation must be performed only if the
subroutines are compiled and referenced in DLL (Dynamic
Link Library) format (Anura3D, 2021). The Mohr-Coulomb
constitutive model was chosen because in the stability analysis,
performed in another software (SVSlope), this model was
used, keeping the same line of reasoning as it is the same
slope. Other papers on the same topic that used Anura3D,
employed and indicated the use of the Mohr-Coulomb model,
obtaining good results. Also, as MPM uses constitutive models
based on continuum mechanics and due to the complexity

and little knowledge of FORTRAN language, among the
available codes of models compatible with the software,
the Mohr-Coulomb model was the one that best applied to
the slope context.

The Mohr-Coulomb equation results in a linear shear
strength envelope, which is the result of a set composed of
at least 3 tests under different normal stresses to the failure
plane (Trevizolli, 2018). The real envelope of shear resistance
is not linear, so the Mohr-Coulomb equation is valid only
for the tested stress range. Thus, the stress level of the test
must be compatible with the stress level that the slope will
receive throughout its useful life for the equation to be valid.
Therefore, in runout analysis of soil slopes, the use of the
Mohr-Coulomb constitutive model might be limited.

Based on the studies by Toro-Rojas et al. (2021) and
the time of analysis, the number of elements on the mesh
was defined as 46213 (0.2 m X 0.2 m), and the number of
material points in each cell was defined as 6. Among these
two parameters, the number of elements on the mesh is the
one that has the most influence on the results of the runout
analysis of the movement of the mobilized-mass volume,
being more important than the number of material points.

In the first load stage, only gravity was applied to
initiate the stresses. Then, in the second stage some, boundary
conditions were removed, and the fragility of the failure
surface was indicated. Lastly, in the third stage, the boundary
conditions were returned to evaluate the mass movement
on the slope over time. In total, 50 calculation steps were
defined, one in the first load stage, one in the second load
stage, and 48 in the third load stage.

The visualization of the results from Anura3D was done
on the software ParaView, following the recommendation of
the manual (Anura3D, 2021), which enabled the visualization
of the displacement of the soil in the slope in 2D, during the
50 calculation stages.

3. Results and discussions

This section contemplates the results obtained with the
application of the methodology, presenting the results of the
stability analysis and the runout analysis of the movement
of the mobilized-mass volume.

3.1 Stability analysis of a road slope

The results of the stability analyses are presented
in Table 2 and Table 3. Table 2 shows the results of the
simulations without considering surface suction nor water
level, and Table 3 presents the results of the simulations
that considered the surface suction and the two positions of
the water level, at 6.5 m and 7.5 m deep. The volume result
(m*/m) is considered in the cross-section for 1 m of slope
extension, and the volume result (m?) is the total for the 37 m
extension of the slope.
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Table 2. SVSlope results with no surface suction and no water level (Riselo, 2021).

. . Safety Factor (SF) Volume (m3/m) Volume (m?)
Anal P lity of Fail 9
natyse robability of Failure (%) Det. Prob. Det. Prob. Det. Prob.
2D 1.24 1.21 1.19 111.70 86.59 4132.9 3203.83
3D 0.64 1.27 1.23 26.45 38.97 978.6 1442
Table 3. SVSlope results with surface suction and water level (Riselo, 2021).
WATER LEVEL AT 6.5 METERS
. . . Safety Factor (SF) Volume (m?/m) Volume (m?)
0,
Analyse Suction (kPa) Probability of Failure (%) Det. Prob. Det. Prob. Det. Prob.
20 0.28 1.25
40 0.04 1.29
60 0.02 1.33
2D 20 <0.0002 136 159.9 5916.3
100 <0.0002 1.38
120 <0.0002 1.39
20 1.44 40.89 1513
40 1.46 353 1306
60 1.52 31.81 1177
3D 80 < 00002 1.68 49.59 1835
100 1.77 41.78 1546
120 1.85 58.05 2148
WATER LEVEL AT 7.5 METERS
. . . Safety Factor (SF) Volume (m?/m) Volume (m?)
0,
Analyse Suction (kPa) Probability of Failure (%) Det. Prob. Det. Prob. Det. Prob.
20 0.28 1.25
40 0.04 1.29
60 0.02 1.33
2D 20 <0.0002 136 159.9 5916.3
100 <0.0002 1.38
120 <0.0002 1.39
20 1.36 36.57 1353
40 1.53 47.05 1741
60 1.54 423 1565
<
3D 80 0.0002 1.61 23.43 867
100 1.65 48.05 1778
120 1.71 51.38 1901

Among the 26 simulated scenarios, the one that presented
the higher probability of failure was the first one, a 2D
analysis with no surface suction nor water level, obtaining
a value of 1.24%. The minimum safety factor required for
a landslide of the slope is 1.3, according to the Brazilian
standard ABNT NBR 11682 (ABNT, 2009), which depends
on the consequences of failure, considering the level of
security against material and environmental damages as low
and the level of security against damages to human lives as
medium. It is worth mentioning that this highway might face
high consequences in case of failure. It is noticeable that the
increase in surface suction in the analyzed slope provided
an increase in the safety factor, guaranteeing greater safety
to the slope.

It is important to assess both results, SF and probability
of failure, since a low safety factor does not always indicate a
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failure in the slope, such as this slope, which in all simulated
scenarios was considered stable. Assis (2020) points out that
it is preferable to have an approximated probabilistic result
than a precise deterministic result that is certainly wrong,
which corroborates the importance of the probability of
failure to analyze the problem.

The results of the deterministic analysis were different
from the results of the probabilistic analysis only for the
scenarios with no suction nor water level. Besides that, the
deterministic analysis presented a more optimistic scenario
due to the safety factor being higher.

The mobilized-mass volumes, for the scenarios without
suction and water level, presented on Table 2, do not possess
a behavior pattern. This difference in values is due to the
critical surface failure considered for each analysis being
different, mainly in the 3D geometry of the failure zone.
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Also, due to the slope geometry, the intermediate stress ( 0, )
acting on the 3D slope, which was disregarded in the 2D
analysis, contributes to this difference in volumes.

The mobilized-mass volumes in the scenarios with
surface suction and water level, presented in Table 3, were
the same in the 2D, for both water levels, and different in
the 3D. In 2D the critical surface failure was the same for all
the simulations, while in 3D, for each scenario, it was found
a different surface. Troncone et al. (2014), in their study,
indicate that the analysis in 2D does not take into account
the entire failure process, differently from the 3D analysis,
which is able to evaluate all of the extension of the failure,
becoming a more realistic simulation.

The difference in values of 2D and 3D is evident in
the results in Table 3. The distinction in values is due to
the possibility of considering all the possible landslides
in the three dimensions, and also the consideration of the
intermediate stress (o,) acting on the 3D slope, contributing
to greater safety in the context

@ .

Firincioglu & Ercanoglu (2021) reported in their study
that the tridimensional analyses of limit equilibrium provide
amore realistic approach to the stability problems of slopes,
corroborating the result found in this analysis.

Lastly, the proximity of the results with the two water
level positions was observed, being the same in the 2D.
In the 3D the value difference was small, having most safety
factors a little higher at 6.5 m deep and volumes mobilized
without behavior pattern.

Figure 4 exemplifies the deterministic analyses made in
the software SVSlope and the results obtained in 2D and 3D.

3.2 Runout analysis of the mobilized-mass volume in
the hypothetical rupture

The results of the runout analysis of mass movement
are presented in Table 4. In this table the three simulated
scenarios are listed, initially identifying the input parameters,
such as mobilized-mass volume, and the results the total
distance and percentage of traffic lanes intercepted.
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Figure 4. Deterministic analysis in SVSlope: (a) with no surface suction and no water level 2D, (b) 3D, (c) with 20 kPa surface suction
and water level at 6.5 m depth 2D, (d) 3D, (e) with 20 kPa surface suction and water level at 7.5 m depth 2D and (f) 3D.
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Table 4. Anura3D results of mass movement prediction.

Inputs

Outputs

Percentage of traffic

. . Surface suction and  Stability analysis Mobilized-mass Distance covered .
Simulation 5 lanes intercepted

water level type volume (m*/m) (m) (%)

0
1 Not Deterministic 111.70 8.62 72.4
2 Not Probabilistic 86.59 7.25 59.7

Deterministic/
3 Yes Probabilistic 159.9 10.41 89

Simulation 1 refers to the 2D deterministic analysis
without surface suction and water level (line 1 — Table 2).
Simulation 2 regards the 2D probabilistic analysis without
surface suction and water level (line 1 — Table 2). Lastly,
simulation 3 reflects all of the deterministic and probabilistic
analyses with surface suction and water level (lines 1 to 6 and
lines 13 to 18 — Table 3). The choice of these simulations is
due to the fact that they are scenarios that presented different
volumes. The selection of only the 2D analyses was due to
the modeling of the software GID permitting the manual
definition of the failure surface.

It is noticeable that the higher the mobilized-mass
volume, more lanes are affected, as in simulation 3, which
reached 89% of the traffic lanes, that is, practically all three
lanes (Table 4).

Analyzing the three simulations, simulation 1 (2D
deterministic analysis — with no surface suction and water
level — Table 2) presented a total displacement of 8.62 m,
affecting 3 traffic lanes, with an interception of up to 0.62 m
of the third lane, leaving practically only the last lane free
for traffic passage. Simulation 2 (2D probabilistic analysis
— with no surface suction and no water level — Table 2) had
7.25 m of distance covered, affecting two traffic lanes, with
a displacement of up to 2.85 m on to the second lane, also
leaving only the last lane of traffic free. Simulation 3 (2D
deterministic/probabilistic analysis — with surface suction and
water level — Table 3) presented a displacement of 10.41 m,
affecting the three traffic lanes, intercepting up to 2.41 m of
the third lane, obstructing practically the whole traffic lanes.

The development of the failure surface indicates the
beginning of the movement of the unstable soil mass of the
slope, which moves towards the foot of the slope and later
towards the traffic lanes. The displacement of the material
point is what defines the kinematics of the landslide. Thus,
over time, this displacement increases until the moment
when the material points are in equilibrium, defining the final
post-failure profile of the landslide and the total displacement
distance. This distance is determined between the endpoint
of the failure surface on the slope before the landslide and
the endpoint of the material displaced after failure.

The displacement obtained with the analysis is typical
of a post-failure rotational landslide, with distance values
that increase until the slips become stable. Therefore, the
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mobilized soil mass accelerates until it reaches a maximum
speed and then decelerates until it stops.

The methodology used was able, based on the material
point method (MPM), to predict the displacement of the
mobilized-mass volume. Furthermore, the MPM was able
to simulate the landslide process, from the beginning of
the failure to its progression in time, being able to solve
failure simulations on slopes with different geometries of
the failure surface. Thus, this methodology is applicable to
assessing risks of traffic interruptions, based on the analysis
of landslides in practical cases of slopes located close to
highways. However, the choice of the constitutive model of
the materials significantly influences the results of failure
ranges, therefore, it is recommended the judicious choice
of the model within the software. Also, the computational
effort of the simulations is very high, so it is worth a previous
analysis of the mesh size and the number of material points
of each cell to be used in the MPM, so that the time and data
processing are adequate for the desired accuracy.

Finally, a focus on the utilization of the software Anura3D
to predict the movement of the mobilized-mass volume of a
landslide, since it presented satisfactory results. Conte et al.
(2019) and Conte et al. (2020) also used this software to
assess the post-failure stage of two distinct landslides in
south Italy, obtaining results consistent with those in the
field. Both authors used the Mohr-Coulomb constitutive
equation, obtaining a total displacement of 28 m in the sand
and clayey silt, in the first paper, and a total displacement of
350 m in silty sand and clayey silt, in the second paper. That
being, the utilization of the material point method (MPM),
by the software Anura3D, provides reliable and applicable
results to landslide problems on slopes.

Toro-Rojas et al. (2021) reported in their study that the
utilization of the MPM to analyze a process of post-failure
of a landslide on a slope is efficient, corroborating the result
achieved in this analysis. Also, Troncone et al. (2019),
concluded that the use of the MPM to simulate a landslide
in all its stages and determine the distance of displacement
of the slope’s material is effective. Both authors used the
Mohr-Coulomb constitutive equation, obtaining a runout
distance of 2.5 m, in the first paper, and a runout distance of
1.7 m in a purely frictional soil, in the second paper.

Figure 5 exemplifies the 2D results visualized on ParaView,
after the 50 steps of the calculation, for simulations 1 (a),
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Figure 5. Mass movement prediction results in ParaView from
simulations: (a) 1, (b) 2, and (¢) 3.

2 (b), and 3 (c). The part in red refers to the mobile area of
the slope, that is, the area above the critical failure surface.

4. Conclusions

According to the results of this study, it finds that the
probabilistic analysis (applying Monte Carlo) provides a
result that is more complete, since it produces, aside from
the safety factor, the probability of failure of the slope. Then,
even though in some scenarios the calculated safety factor,
in a deterministic approach (applying Morgenstern-Price),
was lower than the minimal safety factor, the probability of
failure indicated a maximum value of 1,24%. According to
the USACE classification (USACE, 1999), this probability
value indicates a level of expected performance below average.

The incorporation of the surface suction on the unsaturated
soils, by the characteristic curves of water retention, interfered
in the results of safety factor (deterministic) and probability
of failure. Regarding the mobilized-mass volume, no relation
could be established, since it did not present a behavior
pattern. It was obtained the highest quantity of volume,
159.90 m*/m, in the 2D deterministic and probabilistic
analyses with surface suction.

The results of the numeric simulation also showed
that the 3D analysis presented more optimistic results when

compared to the 2D analysis. The tridimensional analysis on
small slopes is affected by the effect of the intermediate stress,
so the results in 3D, when compared to the two-dimensional
analysis, are more reliable and accurate to reality.

Regarding the shifting in the position of the consideration
of water level in the slope, it was obtained a proximity to
the results. The small difference in values is due to the water
level being positioned in a fracturing material (saprolite),
which obstructs the water flow to the shallower grounds.
It is also due to the critical failure surface not reaching both
water levels in the analyses, creating similar results.

The material point method (MPM), considering the
Mohr-Coulomb constitutive model, utilized in this study was
efficient to analyze the proposed simulations regarding the
distance covered by the mobilized-mass volume, especially
when compared with results obtained in other papers that used
the same method. With the MPM it is possible to predict the
displacement of this volume and assess the risks of traffic
interruptions in practical cases of slopes close to highways.

For this study, any landslide that may come to occur,
coming from this slope, will intercept at least two traffic
lanes, which equals 59.7% of the existing lanes, damaging
the vehicle flow and putting the safety of the highway and
users at risk.

Therefore, in front of the whole study, it is concluded
that the analyzed slope is safe regarding its global stability for
failure. For application in other places, the best constitutive
equation must be analyzed and, preferably, the parameters
required by the equation must be validated by retro-analysis of
known similar failures, tests, and/or bibliographic references.
Furthermore, the results obtained in this article may be used
as input data for future studies, such as the evaluation of
the economic risk of a possible landslide and others points
of this road.
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Abstract

This work aims to analyze the behavior of a new post-grouted micropile setup developed
in tropical soil. Its main innovation is the use of high mechanical resistance steel pipes
(N8O class) for drilling and as a structural component of the micropiles. The pipes have
special manchette valves uniformly spaced to allow neat cement grout injection into the
soil. Two instrumented micropiles with 0.3 m diameter (after injection) and lengths of
19.4 m and 21 m were installed at Experimental Site III of the University of Campinas
(Unicamp). The geological profile of this site presents a sandy clay surface layer (porous
and collapsible) followed by a layer of sandy silt (diabase residual soil). The piles were
subjected to compressive slow maintained loading tests and were instrumented along their
depth with strain gages. No geotechnical failure was observed during the load test. The
maximum load achieved by the MC1 and MC2 micropiles were 2.210 kN and 2.470 kN,
respectively. The load test data were extrapolated to estimate the ultimate geotechnical pile
capacity. The extrapolated geotechnical failure load was above 2.500 kN for both micropiles
and similar to those estimated by the Federal Highway Administration FHWA (2005) load
capacity method. It was verified that (1) the pile material undergoes creep under stress
above 25 MPa on the transversal section of the pile and (2) the debonding effect during
the loading process. The micropiles showed higher values of skin friction compared with
other piles installed in the same geological-geotechnical context (tropical soil).

1. Introduction

The micropile was first conceived in Europe in the

preparation of the pile head or from eccentric loads. According
to FHWA (2005), the debonding effect may be disregarded,
and adhesion between the smooth metal tube and the neat

1950s, when Fernando Lizzi developed the pali radice as a
foundation technique. The main characteristic of the micropile
installation technique is the performance of this type of deep
foundation in high-resistance soils (including rocks), spaces
with low ceilings and places with uneven surface (FHWA,
2005). Due to the small diameter (typically around 0.3 m) or
the difficulty of assuring adequate cleaning of the borehole,
tip resistance is generally disregarded and only load transfer
by skin friction is considered (Allen et al., 2004). According
to Choi & Cho (2010), neat cement grout injection may
increase the load capacity of the micropiles by more than
100%, both in soil and rock.

Some authors (Finno et al., 2002; Holman & Barkauskas,
2007) point out that a relative displacement between the steel
casing and the neat cement grout may occur. Allen et al.
(2004) and Holman & Barkauskas (2007) suggest that this
phenomenon, called debonding effect, results from inadequate

cement grout varies from 1 to 1.75 MPa. Fiscina et al. (2021)
conclude that the mobilized skin friction of the soil-micropile
interface was 2.4 and 1.7 higher than other types of piles
installed in similar underground conditions.

FHWA (2005) classifies micropiles into four types
based on the injection technique and on the applied pressure.
Table 1 shows these classifications.

Due to its complex behavior, several studies seek to
understand the behavior of these deep foundation elements
by using numeric tools, analytical models, or load tests.
Numerical modeling is a widely employed tool for evaluating
the pile load capacity and its load transfer mechanisms
(Loukidis & Salgado, 2008; Han et al., 2017; Mendoza et al.,
2017; Khanmohammadi & Fakharian, 2019; Ong et al.,
2021). Park et al. (2012), Dias & Bezuijen (2018) and
Kim et al. (2020) achieved acceptable results evaluating
the load transfer mechanism of piles by using analytical
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Table 1. Micropile classification (FHWA, 2005).

Type O.f Description
micropile
Type A Neat cement grout is tremied into the borehole. It does not use pressure grouting injection (Gravity Fill Technique).
Type B Pressure grouting injection during withdrawal of the steel casing (0.5 to 1 MPa).
Type CIGU First, the borehole is filled with neat cement grout. Then, neat cement grout is pressure injected from the head of
the pile through a tube with valves (Post-grouting technique with pressures above 1 MPa).
First, the annulus shealth is formed with neat cement grout via a single packer. Afterwards, neat cement grout is
Type D IRS  pressure injected, locally, via a double packer (pressures up to 2 MPa). The injection phases are usually spaced 24

hours apart and the process may be repeated up to four times. Lastly the borehole is filled with neat cement grout.
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Figure 1. Physical and mechanical properties of the layered soil at ESIII.

models with emphasis in the discrete formulations, which
considers different properties along the depth of the pile.
Load tests are widely employed to understand the behavior
of the piles and to validate computational tools and empirical
and semiempirical calculation methodologies (Russo, 2004;
Koetal.,2018; Wan et al., 2019; Fattah et al., 2020; Freitas
Neto et al., 2020).

Several papers evaluate the accuracy of empirical or
semiempirical methods by using the results of load tests as
a validation technique. In general, they suggest correction
parameters to adjust the geotechnical characteristics of the
subsoil conditions and the mechanical properties of the
piles (Titi & Abu-Farsakh, 1999; Décourt, 2008; Niazi &
Mayne, 2013; Wrana, 2015; Ebrahimian & Movahed, 2017;
Eid et al., 2018; Moshfeghi & Eslami, 2018; Song et al.,
2020; Jeong et al., 2021). Some methods were developed
specifically for micropiles, such as: Bustamante & Doix
(1985), Lizzi (1985) and FHWA (2005). Thereby, this study
aims to present a new micropile technique in Brazil, evaluate
its performance in a tropical soil by using instrumented load

tests and compare its results with other piles installed in the
same geological-geotechnical context.

2. Geological and geotechnical site
characteristics

The load tests were performed at the Experimental Site
I (ES IIT) of the University of Campinas, located in the city
of Campinas, in the state of Sdo Paulo, Brazil. Information
on the site is provided in Albuquerque (2001), Castro Neto
(2021), Fiscina (2020), and Fiscina et al. (2021).
Figure 1 shows the N, , g, and f, variation graphs based
on five Standard Penetrations Tests (SPT) and two Piezocone
Penetration Tests (CPTu). The upper layer is composed of
porous silty clay (colluvial soil) about 5 m in depth, followed
by ~25 m of silty clay (diabase residual soil). Lateritic
concretion lenses of around 0.5 m were observed at a depth
of 7 m. Such material can be identified in the peak values
provided by the CPTu (q, and ) along the test depth. Finally,
the groundwater table (GWT) was found at a depth of 18 m.
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Figure 2 shows the average geotechnical characteristics
of the soil layers and the total length of the piles after their
installation. The piles had a post-injection diameter of 0.3 m
and lengths of 21 m (MC1) and 19.4 m (MC2). Both were
installed according to the Type D methodology conforming
to FHWA (2005). However, only the MC1 micropile had its
manchette valves opened during the construction process.

3. Experimental set-up

The micropile in the present study is the result of a new
construction technique that employs a special steel tube (¢ =
200 mm - API N-80) with four main functionalities: drilling tool,
casing protection, injection device (manchette valves system
installed on the steel tube surface), and structural element. A brief
description of the construction technique is presented below:

a) The firststep is drilling by roto-percussion and water
circulation using segments of steel tubes with threads.
The initial segment has a drilling crown (Figure 3a)
to facilitate cutting the soil. Tricone or eccentric bits
with diamond or widia components can be used in
case of more resistant bearing strata;

b) Then, a single packer (Figure 3b) is inserted inside
the tube, at the tip of the micropile. Neat cement grout
is injected with an ascending flux to fill the annulus
space between the tube and the soil, constituting the
annulus sheath, and removing any residual debris
from drilling;

c) After the cure of the annulus sheath, a double
packer (Figure 3c¢) is inserted for the post-grouting
treatment. It is positioned at predetermined locations
(starting from deeper positions), with the procedure
being carried out from the bottom up. Note that
the pressure injection can be carried out more than

once — 1* phase, 2" phase etc. — depending on the
project/geotechnical consultant specifications;

d) Lastly, the steel tube is filled with neat cement grout
from the bottom up. Figure 4 shows all phases of
the construction process.
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N
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Figure 3. Tools used for the micropile construction: (a) tube coupled
to the drill, (b) single packer and (c) double packer.
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Figure 4. Micropile construction phases (Fiscina et al., 2021).
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It is worthy to state that the manchette valves are
previously installed in the walls of the steel tubes, in groups
of four, diametrically opposed and vertically spaced by 0.5 m
(industrial process). They have an aluminum body and a
rubber packer, which opens with pressures up to 2 MPa,
approximately (Figure 5). They close immediately after
the pressure is released, preventing the neat cement grout
from flowing back into the steel tube. To assure the correct
operation of the device, the neat cement grout must have a
cement-water factor of 0.5.

The instrumentation of the micropiles was performed
using strain gages previously installed in steel bars of 12.5 mm
in diameter and 0.5 m in length (instrumented bars). They
were inserted after the post-grouting treatment (between
Phase III and IV — Figure 4). Figure 6 shows the position of
the instrumented bars alongside the pile depth, highlighting

Packer rubber

Axis for the opening
of the rubber top

Aluminum body

Figure 5. Neat cement grout injection valve.
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Figure 6. Instrumentation levels.

the MC1’s manchette valves which opened after receiving
the post-grouting treatment. Post-grouting injections were
not performed for MC2 pile.

The reaction system of the load tests was designed to
apply a maximum load of 3000 kN. It was composed of four
reaction micropiles, a steel double I-beam, a hydraulic jack
and a load cell (Figure 7). The static load-maintained test
(SLMT) was conducted according to the instructions of the
Brazilian Standard ABNT NBR 12131 (ABNT, 2006) with
load increments of 130 kN.

4. Analysis and results

Figure 8 shows the load vs movement curve of the
micropiles studied. The MC1 reached a maximum load of
2210 kN with a movement of 24 mm while the MC2 reached
aload 0f 2470 kN and a movement of 26 mm. The SMLT for
MCI1 was paralyzed due to a sudden failure of the pile cap/pile
system, similar experience was evidenced by Fiscina et al.
(2021). For MC2, the movement evolved continuously with
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Figure 7. Load test assembly scheme (adapted from Fiscina et al.,
2021).
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Figure 8. Load-displacement curves for micropiles.
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the increase of the load without characterizing a conventional
failure (close to 10% pile diameter). The test was stopped
due to excessive deformation of the reaction system.

Since the results do not characterize a geotechnical
failure, the Van der Veen (1953) method modified by Aoki
(1976) was employed to extrapolate the data results, which
resulted in an ultimate load capacity of 2560 kN and 2764 kN
for the MC1 and MC2 micropiles, respectively. The ultimate
load capacity was also estimated by the Bustamante & Doix
(1985), Lizzi (1985) and FHWA (2005) semiempirical methods.
Table 2 shows the results obtained by those methods.

Figure 9 presents the ratio of the estimated values for
ultimate load capacity to the experimental ultimate load
capacity obtained via SMLT. The FHWA (2005) and Lizzi
(1985) methods showed similar results for both micropiles.
This did not occur for the Bustamante & Doix (1985) method,
which considers the initial annulus sheath volume and the
post-grouting phases. Moreover, the Bustamante & Doix
(1985) method also considers the tip resistance in the overall
pile capacity calculation while the FHWA (2005) and Lizzi
(1985) methods do not take it into account. The FHWA (2005)
method showed results in the range of = 20% of the variation
which indicates to be a fit model to predict the geotechnical
capacity of these types of piles embedded in tropical soil.

Figure 10 shows the load vs deformation curves along the
micropile depth. The reference section exhibits deformations
with an elastic behavior up to 1800 kN (25 MPa stress at
the cross-section area, approximately), manifesting a creep

Table 2. Ultimate load capacity of the micropiles.

Method MCI(inkN)  MC2(in kN)
FHWA (2005) 2555 2339
Lizzi (1985) 2227 2000
Bustamante & Doix (1985) 5518 4920
25
mm MCI
1 == MC2
20
515 4
=127
= N = 0%
O 1.0
I - —— —— 1 20%
0.5 1
0.0 -
FHWA (2005)  Lizzi (1985)  B&D (1985)

Figure 9. Comparison of estimated results.
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response from this load up. Note that the MC2 micropile
showed an unexpected behavior at level N2, with progressive
stiffness loss after the tenth stage load.

The pile stiffness was obtained using the Incremental
Stiffness Method (Fellenius, 1989; Fellenius, 2021) modified
by Komurka & Moghaddam (2020). The tangential stiffness
vs strain graphs (Figure 11) had a linear trend after 500 pe,
indicating that the skin friction was fully mobilized for the
three upper levels (SR, N1, and N2). According to Fellenius
(1989, 2001, 2021), after the graph converges to a straight
line, the deep foundation element has the mechanical behavior
of'a column, so the calculated deformation module does not
suffer interference from the surrounding soil. Therefore,
considering the micropile diameter as 0.3 m, the deformation
module of the micropiles is approximately equal to 11 GPa
and 16 GPa for MC1 and MC2, respectively. These values
are inferior to those of concrete piles, which are, in general,
around 20 to 25 GPa (Albuquerque, 2001; Albuquerque et al.,
2007, 2014). This can be explained by the fact that the neat
cement grout does not use aggregates in its composition,
which reduces the overall pile stiffness (Laister et al., 2014).
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Figure 10. Load vs deformation graphs for micropiles (a) MC1
and (b) MC2.
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Figure 12a shows the load transfer along the depth
of the MC1 micropile. It indicates a linear behavior after
1820 kN and constant skin friction up to 14 m of depth.
According to Figure 12b, the micropile MC2 presented
a variation of the load transfer mechanism after the load
stage of 1170 kN (between 3.0 and 7.0 m), which indicates
a loss of friction in that region. The load transfer in the soil/
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Figure 11. Incremental stiffness vs strain graphs for micropiles (a)
MCI1 and (b) MC2.
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Figure 12. Load transfer for micropiles (a) MC1 and (b) MC2.

micropile interface is progressively reduced until reaching a
constant value at the last load stage, i.e., at this region there
is no load transfer from the pile to the soil. This is probably
due to excessive fissuring of the neat cement grout, which
may have compromised the adhesion between the pile and
the surrounding soil. According to Gomez et al. (2003) and
Fiscina et al. (2021), this phenomenon is called debonding
effect and happens when the pile-soil interface is unable to
retain significant shear resistance. It is worth mentioning
that the strength values of the neat cement grout at 28 days
used in the present study (approximately equal to 15MPa)
were below the values recommended by the FHWA (2005),
which vary between 28 MPa to 35 MPa. The maximum tip
load was 63 kN and 75 kN for MC1 and MC2, respectively,
which in terms of the overall pile capacity is negligible.

Figure 13a shows that the maximum mobilized skin
friction on the MC1 micropile was in the region treated
with neat cement grout (3 m to 7 m from the top of the
pile), reaching a value equal to 150 kPa (last load stage).
In addition, the weighted average skin friction along the
micropiles depth was equal to 112 kPa (last load stage). For the
MC?2 micropile, the highest mobilized skin friction value
was 222 kPa, in the region from 7 m to 14 m from the top
of the pile (Figure 13b). At the last load stage, the weighted
average skin friction along the length of the micropile was
137 kPa, showing that the post-grouting treatment with high
pressures does nt necessarily guarantee the increasing of the
skin friction of the micropile.

Figure 14 presents that the development of the unit
skin friction (average value) with the displacement of the
shaft follows the same trend for both piles, as verified by the
B parameter (MC1 = 32 kPa/mm and MC2 = 38 kPa/mm).
Also, the displacements for mobilizing the maximum skin
friction were around 1.2% and 0.7% of the pile diameter for
the MC1 and MC2 micropiles, respectively. These values
are in accordance with the findings of Albuquerque (2001),
Wada (2004) and Meyer & Zarkiewicz (2018).

Figure 15 shows the stiffness trend of current post-
grouted micropile compared with other types performed at the
Experimental Site I (Albuquerque, 2001; Albuquerque et al.,
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2005, 2007; Albuquerque & Carvalho, 2017; Fiscina et al.,
2021). The upper stiffness bound varies between 45 and
25 kPa/mm and the lower bound between 25 and 5 kPa/
mm, with the trend line varying between 35 and 15 kPa/
mm. Traditional bored piles fully mobilized the skin friction
for shaft displacements inferior to 1 mm, whereas root piles
developed displacements close to 6 mm to mobilize the
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Average shaft displacement (mm)

Figure 15. Variation in B parameter of piles performed at ESI.

maximum skin friction. The micropiles presented in this study
were close to the upper stiffness bound with displacements
between 2 mm and 4 mm.

Figure 16 presents the maximum skin friction variation for
the piles performed at the ES I and the ES III. The maximum
skin friction for the first layer of ES I (silty clay / depth of
0to Sm/ N, = 4 blows) had an average value of 56 kPa
(coefficient of variation = 34%). However, the same layer in
the ES III — adding the results from Fiscina et al. (2021) for
a micropile (MC 0) with ¢ =0.3 m and L = 17 m — shows
higher maximum skin friction in the first layer compared
with that obtained for the piles installed at the ES I, with an
average value of 101 kPa (CV = 22%). This value is 80%
higher than the mobilized skin friction values from the
ES1, showing that the construction process influences the
performance of the pile. The first layer is a tropical lateritic
soil, which, despite presenting low resistance values in the
CPTu and SPT tests, results in higher skin friction due to
the internal cementation inherit from this type of soil. This
phenomenon was also observed by Décourt (2008), Schulze
(2013) and Albuquerque et al. (2007) with piles performed
in the same type of soil.
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Figure 16. Skin friction variation for local soil profile.

Regarding the second representative soil layer, the
piles installed in the ES I exhibit a maximum length of
12 m, with 7 m embedded in the residual soil layer with
N = 8 blows, whereas in ES 111, the micropiles vary
between 16 and 21 m in length, with 11 to 16 m embedded
in that same soil layer but withan N, =20 blows, which
prevents a quantitative comparison. However, it was observed
that, excluding the micropile MC2, the behavior was similar
to that of omega piles from the ES I, with friction values

around 110 kPa (114 kPa).

5. Conclusions

This work presented a new post-grouted micropile
type installed in a tropical soil. Two instrumented static
load-maintained tests were performed to verify its behavior
and design parameters, and results were compared with other
types of piles installed in the same subsoil profile. Main
conclusions from results are as follows:

- The FHWA (2005) method of estimating the ultimate
geotechnical pile capacity best fitted with the values from
the load tests. The authors recommend using the average
values of g_suggested by the FHWA (2005) for this type of
soil (tropical lateritic soil) and micropiles aiming to estimate
the geotechnical capacity for future designs. The Bustamante
& Doix (1985) method showed that the volume and injection
correction parameters would be inadequate for the studied
micropiles and for the local condition, thus requiring further
studies. In addition, pile tip resistance can be ignored for
these types of piles. The Lizzi (1985) method, despite being
developed for root piles and showing results outside the +
20% range, proved to be a usable method. However, further
studies are required to propose a correction coefficient for
this method.

- Comparing the maximum skin friction calculated
from the method suggested by the FHWA (2005)
and the values obtained from the load tests, the
calculated values are lower, especially in the layers
up to 7 m of depth. This suggests that this specific

layer contain additional resistance due to its natural
cementation (typical of lateritic soils).

- The instrumentation technique used was efficient.
For stresses above 25 MPa, the instrumentation
presents a creep response, indicating that the load vs
deformation mechanism stops being proportional for
values beyond that point, which should be avoided in
load tests. The incremental stiffness method proposed
by Komurka & Moghaddam (2020) is appropriate,
considering that the behavior is non-linear and the
transversal section is irregular;

- The deformation modules were inferior to those
obtained for concrete piles, which was expected due
to the use of neat cement grout instead of concrete
(Fiscina et al., 2021). The loss of stiffness in part of
the shaft of one of the piles suggests the occurrence
ofthe debonding effect caused by the low resistance
of the neat cement grout, which was lower than the
values suggested by the FHWA (2005) standards.

- The piles showed that the maximum skin friction
was mobilized for average shaft displacements of
around 1% of the pile diameter (300 mm), similar
to the behavior of other types of piles performed
at Unicamp, which work mostly by friction. The
stiffness of the micropiles showed higher values
compared to the other piles installed at Unicamp,
indicating that the installation process improves the
friction performance.

- The new micropile construction methodology proved
to be promising in terms of improving the shaft
resistance, showing average skin friction above 110
kPa, which is 1.3 to 3.8 times higher than the average
friction observed in other types of piles performed
in similar ground conditions. However, there was
no effective gain of resistance by lateral friction due
to the post-grouting treatment, which indicates that
only the injection of the annulus sheath is indicative
of improvement in the performance by friction.
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Guide for Authors

Soils and Rocks is an international scientific journal published by the Brazilian Association for Soil Mechanics and Geotechnical
Engineering (ABMS) and by the Portuguese Geotechnical Society (SPG). The aim of the journal is to publish original papers on all
branches of Geotechnical Engineering. Each manuscript is subjected to a single-blind peer-review process. The journal’s policy of
screening for plagiarism includes the use of a plagiarism checker on all submitted manuscripts.

Soils and Rocks embraces the international Open Science program and is striving to meet all the recommendations. However, at this
moment, the journal is not yet accepting preprints and open data, and has not adopted open peer reviews.

Soils and Rocks provides a manuscript template available at the journal’s website.

1. Category of papers
Submissions are classified into one of the following categories:

Article —an extensive and conclusive dissertation about
a geotechnical topic, presenting original findings.
Technical Note — presents a study of smaller scope or
results of ongoing studies, comprising partial results
and/or particular aspects of the investigation.

Case Study — report innovative ways to solve problems
associated with design and construction of geotechnical
projects. It also presents studies of the performance of
existing structures.

Review Article — a summary of the State-of-the-Art or
State-of-the-Practice on a particular subject or issue and
represents an overview of recent developments.
Discussion — specific discussions about published
papers.

Authors are responsible for selecting the correct category when
submitting their manuscript. However, the manuscript category
may be altered based on the recommendation of the Editorial
Board. Authors are also requested to state the category of paper
in their Cover Letter.

When submitting a manuscript for review, the authors should
indicate the category of the manuscript, and is also understood
that they:

a) assume full responsibility for the contents and accuracy
of the information in the paper;

b) assure that the paper has not been previously published,
and is not being submitted to any other journal for
publication.

2. Paper length

Full-length manuscripts (Article, Case Study) should be between
4,000 and 8,000 words. Review articles should have up to 10,000
words. Technical Notes have a word count limit of 3,500 words.
Discussions have a word count limit of 1,000 words. These word
count limits exclude the title page, notation list (e.g., symbols,
abbreviations), captions of tables and figures, acknowledgments
and references. Each single column and double column figure or
table is considered as equivalent to 150 and 300 words, respectively.

3. Scientific style

The manuscripts should be written in UK or US English, in the
third person and all spelling should be checked in accordance with

a major English Dictionary. The manuscript should be able to be
readily understood by a Civil Engineer and avoid colloquialisms.
Unless essential to the comprehension of the manuscript, direct
reference to the names of persons, organizations, products or
services is not allowed. Flattery or derogatory remarks about any
person or organization should not be included.

The author(s) of Discussion Papers should refer to himself
(herself/themselves) as the reader(s) and to the author(s) of the
paper as the author(s).

The International System (SI) units must be used. The symbols are
recommended to be in accordance with Lexicon in 14 Languages,
ISSMFE (2013) and the ISRM List of Symbols. Use italics for
single letters that denote mathematical constants, variables, and
unknown quantities, either in tables or in the text.

4. Submission requirements and contents
A submission implies that the following conditions are met:

* the authors assume full responsibility for the contents
and accuracy of the information presented in the paper;

 the manuscript contents have not been published
previously, except as a lecture or academic thesis;

* the manuscript is not under consideration for publication
elsewhere;

« the manuscript is approved by all authors;

* the manuscript is approved by the necessary authorities,
when applicable, such as ethics committees and
institutions that may hold intellectual property on
contents presented in the manuscript;

» the authors have obtained authorization from the
copyright holder for any reproduced material;

* the authors are aware that the manuscript will be
subjected to plagiarism check.

The author(s) must upload two digital files of the manuscript to
the Soils and Rocks submission system. The size limit for each
submission file is 20 MB. The manuscript should be submitted in
docx format (Word 2007 or higher) or doc format (for older Word
versions). An additional PDF format file of the manuscript is also
required upon submission. Currently, the journal is not accepting
manuscripts prepared using LaTeX.

The following documents are required as minimum for submission:

* cover letter;
» manuscript with figures and tables embedded in the text
(doc or docx format);



manuscript with figures and tables embedded in the text
for revision (PDF format);

* permission for re-use of previously published material
when applicable, unless the author/owner has made
explicit that the image is freely available.

4.1 Cover letter

The cover letter should include: manuscript title, submission
type, authorship information, statement of key findings and work
novelty, and related previous publications if applicable.

4.2 Title page
The title page is the first page of the manuscript and must include:

* A concise and informative title of the paper. Avoid
abbreviations, acronyms or formulae. Discussion
Papers should contain the title of the paper under
discussion. Only the first letter of the first word should
be capitalized.

* Full name(s) of the author(s). The first name(s)
should not be abbreviated. The authors are allowed to
abbreviate middle name(s).

» The corresponding author should be identified by a
pound sign # beside his/her and in a footnote.

* The affiliation(s) of the author(s), should follow the
format: Institution, (Department), City, (State), Country.

« Affiliation address and e-mail must appear below each
author’s name.

* The 16-digit ORCID of the author(s) — mandatory

* Main text word count (excluding abstract and
references) and the number of figures and tables

4.3 Permissions

Figures, tables or text passages previously published elsewhere
may be reproduced under permission from the copyright owner(s)
for both the print and online format. The authors are required to
provide evidence that such permission has been granted at the
moment of paper submission.

4.4 Declaration of interest

Authors are required to disclose conflicting interests that could
inappropriately bias their work. For that end, a section entitled
“Declaration of interest” should be included following any
acknowledgments and prior to the “Authors’ contributions”
section. In case of the absence of conflicting interests, the authors
should still include a declaration of interest.

4.5 Authors’ contributions

Authors are required to include an author statement outlining their
individual contributions to the paper according to the CASRAI
CRediT roles (as per https://casrai.org/credit). The minimum
requirements of contribution to the work for recognition of
authorship are: a) Participate actively in the discussion of results;
b) Review and approval of the final version of the manuscript. A
section entitled “Authors’ contributions” should be included after
the declaration of interest section, and should be formatted with
author’s name and CRediT role(s), according to the example:

Samuel Zheng: conceptualization, methodology, validation.
Olivia Prakash: data curation, writing - original draft preparation.
Fatima Wang: investigation, validation. Kwame Bankole:
supervision. Sun Qi: writing - reviewing and editing.

Do not include credit items that do not follow the Taxonomy
established by CASRAI CRediT roles.

The authors’ contributions section should be omitted in
manuscripts that have a single author.

5. Plagiarism checking

Submitted papers are expected to contain at least 50 % new content
and the remaining 50 % should not be verbatim to previously
published work.

All manuscripts are screened for similarities. Currently, the
Editorial Board uses the plagiarism checker Plagius (www.
plagius.com) to compare submitted papers to already published
works. Manuscripts will be rejected if more than 20 % of content
matches previously published work, including self-plagiarism.
The decision to reject will be under the Editors’ discretion if the
percentage is between 10 % and 20 %.

IMPORTANT OBSERVATION: Mendeley software plug-in
(suggested in this guide) for MS-Word can be used to include
the references in the manuscript. This plug-in uses a field code
that sometimes includes automatically both title and abstract of
the reference. Unfortunately, the similarity software adopted by
the Journal (Plagius) recognizes the title and abstract as an actual
written text by the field code of the reference and consequently
increases considerably the percentage of similarity. Please do
make sure to remove the abstract (if existing) inside Mendeley
section where the adopted reference is included. This issue has
mistakenly caused biased results in the past. The Editorial Board
of the journal is now aware of this tendentious feature.

6. Formatting instructions

The text must be presented in a single column, using ISO A4 page
size, left, right, top, and bottom margins of 25 mm, Times New
Roman 12 font, and line spacing of 1.5. All lines and pages should
be numbered.

The text should avoid unnecessary italic and bold words and
letters, as well as too many acronyms. Authors should avoid to
capitalize words and whenever possible to use tables with distinct
font size and style of the regular text.

Figures, tables and equations should be numbered in the sequence
that they are mentioned in the text.

Abstract

Please provide an abstract between 150 and 250 words in length.
Abbreviations or acronyms should be avoided. The abstract
should state briefly the purpose of the work, the main results and
major conclusions or key findings.

Keywords

A minimum of three and a maximum of six keywords must be
included after the abstract. The keywords must represent the


https://orcid.org/
https://casrai.org/credit

content of the paper. Keywords offer an opportunity to include
synonyms for terms that are frequently referred to in the literature
using more than one term. Adequate keywords maximize the
visibility of your published paper.

Examples:

Poor keywords — piles; dams; numerical modeling; laboratory
testing

Better keywords — friction piles; concrete-faced rockfill dams;
material point method; bender element test

List of symbols

A list of symbols and definitions used in the text must be included
before the References section. Any mathematical constant,
variable or unknown quantity should appear in italics.

6.1 Citations

References to other published sources must be made in the text
by the last name(s) of the author(s), followed by the year of
publication. Examples:

* Narrative citation: [...] while Silva & Pereira (1987)
observed that resistance depended on soil density

* Parenthetical citation: It was observed that resistance
depended on soil density (Silva & Pereira, 1987).

In the case of three or more authors, the reduced format must
be used, e.g.: Silva et al. (1982) or (Silva et al., 1982). Do not
italicize “et al.”

Two or more citations belonging to the same author(s) and
published in the same year are to be distinguished with small
letters, e.g.: (Silva, 1975a, b, c.).

Standards must be cited in the text by the initials of the entity and
the year of publication, e.g.: ABNT (1996), ASTM (2003).

6.2 References

A customized style for the Mendeley software is available and
may be downloaded from this link.

Full references must be listed alphabetically at the end of the text
by the first author’s last name. Several references belonging to the
same author must be cited chronologically.

Some formatting examples are presented here:
Journal Article

Bishop, A.W., & Blight, G.E. (1963). Some aspects of effective
stress in saturated and partly saturated soils. Géotechnique, 13(2),
177-197. https://doi.org/10.1680/geot.1963.13.3.177

Castellanza, R., & Nova, R. (2004). Oedometric tests on artificially
weathered carbonatic soft rocks. Journal of Geotechnical and
Geoenvironmental Engineering, 130(7), 728-739. https://doi.
org/10.1061/(ASCE)1090-0241(2004)130:7(728)

Fletcher, G. (1965). Standard penetration test: its uses and abuses.
Journal of the Soil Mechanics Foundation Division, 91, 67-75.

Indraratna, B., Kumara, C., Zhu S-P., Sloan, S. (2015).
Mathematical modeling and experimental verification of fluid
flow through deformable rough rock joints. International Journal
of Geomechanics, 15(4): 04014065-1-04014065-11. https://doi.
org/10.1061/(ASCE)GM.1943-5622.0000413

Garnier, J., Gaudin, C., Springman, S.M., Culligan, P.J., Goodings,
D., Konig, D., ... & Thorel, L. (2007). Catalogue of scaling laws
and similitude questions in geotechnical centrifuge modelling.
International Journal of Physical Modelling in Geotechnics, 7(3),
01-23. https://doi.org/10.1680/ijpmg.2007.070301

Bicalho, K.V., Gramelich, J.C., & Santos, C.L.C. (2014).
Comparagio entre os valores de limite de liquidez obtidos pelo
método de Casagrande e cone para solos argilosos brasileiros.
Comunicagdes Geologicas, 101(3), 1097-1099 (in Portuguese).

Book

Lambe, T.W., & Whitman, R.V. (1979). Soil Mechanics, SI
version. John Wiley & Sons.

Das, B.M. (2012). Fundamentos de Engenharia Geotécnica.
Cengage Learning (in Portuguese).

Head, K.H. (2006). Manual of Soil Laboratory Testing - Volume
1: Soil Classification and Compaction Tests. Whittles Publishing.

Bhering, S.B., Santos, H.G., Manzatto, C.V., Bognola, 1., Fasolo,
P.J., Carvalho, A.P., ... & Curcio, G.R. (2007). Mapa de solos do
estado do Parand. Embrapa (in Portuguese).

Book Section
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6.3 Artworks and illustrations

Each figure should be submitted as a high-resolution image,
according to the following mandatory requirements:

* Figures must be created as a TIFF file format using
LZW compression with minimum resolution of 500 dpi.

* Size the figures according to their final intended size.
Single-column figures should have a width of up to 82
mm. Double-column figures should have a maximum
width of 170 mm.

* Use Times New Roman for figure lettering. Use lettering
sized 8-10 pt. for the final figure size.

¢ Lines should have 0.5 pt. minimum width in drawings.

* Titles or captions should not be included inside the
figure itself.

Figures must be embedded in the text near the position where
they are first cited. Cite figures in the manuscript in consecutive
numerical order. Denote figure parts by lowercase letters (a, b, c,
etc.). Please include a reference citation at the end of the figure
caption for previously published material. Authorization from
the copyright holder must be provided upon submission for any
reproduced material.

Figure captions must be placed below the figure and start with
the term “Figure” followed by the figure number and a period.
Example:

Figure 1. Shear strength envelope.
Do not abbreviate “Figure” when making cross-references to figures.

All figures are published in color for the electronic version of the
journal; however, the print version uses grayscale. Please format
figures so that they are adequate even when printed in grayscale.

Accessibility: Please make sure that all figures have descriptive
captions (text-to-speech software or a text-to-Braille hardware
could be used by blind users). Prefer using patterns (e.g., different
symbols for dispersion plot) rather than (or in addition to) colors
for conveying information (then the visual elements can be
distinguished by colorblind users). Any figure lettering should
have a contrast ratio of at least 4.5:1

Improving the color accessibility for the printed version and
for colorblind readers: Authors are encouraged to use color
figures because they will be published in their original form
in the online version. However, authors must consider the
need to make their color figures accessible for reviewers and
readers that are colorblind. As a general rule of thumb, authors
should avoid using red and green simultaneously. Red should
be replaced by magenta, vermillion, or orange. Green should
be replaced by an off-green color, such as blue-green. Authors
should prioritize the use of black, gray, and varying tones of
blue and yellow.

These rules of thumb serve as general orientations, but authors
must consider that there are multiple types of color blindness,
affecting the perception of different colors. Ideally, authors should
make use of the following resources: 1) for more information
on how to prepare color figures, visit https:/jfly.uni-koeln.de/;
2) a freeware software available at http://www.vischeck.com/ is
offered by Vischeck, to show how your figures would be perceived
by the colorblind.


https://spiral.imperial.ac.uk/handle/10044/1/7894
https://doi.org/10.17771/PUCRio.acad.36102*
https://doi.org/10.17771/PUCRio.acad.36102*
https://doi.org/10.1520/D7928-17
http://www.soilsandrocks.com/
https://jfly.uni-koeln.de/
http://www.vischeck.com/

6.4 Tables

Tables should be presented as a MS Word table with data
inserted consistently in separate cells. Place tables in the text
near the position where they are first cited. Tables should be
numbered consecutively using Arabic numerals and have a
caption consisting of the table number and a brief'title. Tables
should always be cited in the text. Any previously published
material should be identified by giving the original source
as a reference at the end of the table caption. Additional
comments can be placed as footnotes, indicated by superscript
lower-case letters.

When applicable, the units should come right below the
corresponding column heading. Horizontal lines should be used at
the top and bottom of the table and to separate the headings row.
Vertical lines should not be used.

Table captions must be placed above the table and start with the
term “Table” followed by the table number and a period. Example:

Table 1. Soil properties.

Do not abbreviate “Table” when making cross-references to
tables. Sample:

Table 1. Soil properties

Parameter Symbol Value
Specific gravity of the sand particles G, 2.64
Maximum dry density (Mg/m?) Pitmas 1.554
Minimum dry density (Mg/m?) Pitmin 1.186
Average grain-size (mm) d, 0.17
Coefficient of uniformity C, 1.97

6.5 Mathematical equations

Equations must be submitted as editable text, created using
MathType or the built-in equation editor in MS Word. All variables
must be presented in italics.

Equations must appear isolated in a single line of the text.
Numbers identifying equations must be flushed with the right
margin. International System (SI) units must be used. The
definitions of the symbols used in the equations must appear in
the List of Symbols.

Do not abbreviate “Equation” when making cross-references to
an equation.



