
SOILS and ROCKS
An International Journal of Geotechnical and Geoenvironmental Engineering

Editor 
Renato Pinto da Cunha 

University of Brasília, Brazil
Co-editor 
Ana Vieira 

National Laboratory for Civil Engineering, Portugal

Associate Editors
Andrea Brito
National Laboratory for Civil Engr, Portugal
Anna Silvia Palcheco Peixoto
São Paulo State University, Brazil
António Alberto S. Correia
University of Coimbra, Portugal 
António Pinho
University of Évora, Portugal
Cristiana Ferreira
University of Porto, Portugal
Fernando Feitosa Monteiro
Unichristus, Brazil 
Gilson de F. N. Gitirana Jr.
Federal University of Goiás, Brazil
Gregorio Luis Silva Araujo
University of Brasília, Brazil

Gustavo Pereira
Soletanche Bachy & Univ. Paris-Saclay, France
José A. Schiavon
Aeronautics Institute of Technology, Brazil
Karina C. Arruda Dourado
Federal Institute of Pernambuco, Brazil
Leandro Neves Duarte
Federal University of São João del-Rei, Brazil
Luis Araújo Santos
Polytechnic Institute of Coimbra, Portugal
Marcio Leão
Federal University of Viçosa / IBMEC-BH, Brazil
Mariana Ramos Chrusciak
Federal University of Roraima, Brazil
Neusa M. B. Mota
University Center of Brasília, Brazil

Nuno Cristelo
University of Trás-os-Montes and Alto Douro, Portugal
Paulo J. R. Albuquerque
Campinas State University, Brazil
Rui Carrilho Gomes
Technical University of Lisbon, Portugal
Sara Rios
University of Porto, Portugal
Silvrano Adonias Dantas Neto
Federal University of Ceará, Brazil
Tales Moreira de Oliveira
Federal University of São João del-Rei, Brazil
Teresa M. Bodas Freitas
Technical University of Lisbon, Portugal

Advisory Panel
Alejo O. Sfriso
University of Buenos Aires, Argentina
Harry Poulos
University of Sidney, Autralia
Luis A. Vallejo
Complutense University of Madrid, Spain

Emanuel Maranha das Neves
Technical University of Lisbon, Portugal
Michele Jamiolkowski
Studio Geotecnico Italiano, Italy
Roger Frank
École des Ponts ParisTech, France

Willy Lacerda
Federal University of Rio de Janeiro, Brazil

Editorial Board
Abdelmalek Bouazza
Monash University, Australia
Alessandro Mandolini
University of Naples Frederico II, Italy
Alessio Ferrari
École Polytechnique Fédérale de Lausanne, Switzerland
Antônio Roque
National Laboratory for Civil Engineering, Portugal
Antônio Viana da Fonseca
University of Porto, Portugal
Armando Antão
NOVA University Lisbon, Portugal
Beatrice Baudet
University College of London, UK
Catherine O´Sullivan
Imperial College London, UK
Cristhian Mendoza
National University of Colombia, Colombia
Cristina Tsuha
University of São Paulo at São Carlos, Brazil
Daniel Dias
Antea Group / Grenoble-Alpes University, France
Debasis Roy
Indian Institute of Technology Kharagpur, India
Denis Kalumba
Cape Town University, South Africa
Fangwei Yu
Inst. Mt. Haz. Env. Chinese Acad. of Sci. China

Ian Schumann M. Martins
Federal University of Rio de Janeiro, Brazil
Jean Rodrigo Garcia
Federal University of Uberlândia, Brazil
José Muralha
National Laboratory for Civil Engineering, Portugal
Kátia Vanessa Bicalho
Federal University of Espírito Santo, Brazil
Krishna R. Reddy
University of Illinois at Chicago, USA
Limin Zhang
The Hong Kong Univ. of Science Technology, China
Márcio de Souza Soares de Almeida
Federal University of Rio de Janeiro, Brazil
Marcelo Javier Sanchez Castilla
Texas A&M University College Station, USA
Marco Barla
Politecnico di Torino, Italy
Marcos Arroyo
Polytechnic University of Catalonia, Spain
Marcos Massao Futai
University of São Paulo, Brazil
Maria de Lurdes Lopes
University of Porto, Portugal
Maurício Martines Sales
Federal University of Goiás, Brazil
Nilo Cesar Consoli
Federal University of Rio Grande do Sul, Brazil

Olavo Francisco dos Santos Júnior
Federal University of Rio Grande do Norte, Brazil
Orianne Jenck
Grenoble-Alpes University, France
Paulo Venda Oliveira
University of Coimbra, Portugal
Pijush Samui
National Institute of Technology Patna, India
Rafaela Cardoso
Technical University of Lisbon, Portugal
Roberto Quental Coutinho
Federal University of Pernambuco, Brazil
Sai K. Vanapalli
University of Ottawa, Canada
Samir Maghous
Federal University of Rio Grande do Sul, Brazil
Satoshi Nishimura
Hokkaido University, Japan
Siang Huat Goh
National University of Singapore, Singapore
Tácio Mauro Campos
Pontifical Catholic University of Rio de Janeiro, Brazil
Tiago Miranda
University of Minho, Portugal
Zhen-Yu Yin
Hong Kong Polytechnic University, China
Zhongxuan Yang
Zhejiang University, China

Honorary Members
André Pacheco de Assis
Clovis Ribeiro de M. Leme (in memoriam)
Delfino L. G. Gambetti
Eduardo Soares de Macedo
Ennio Marques Palmeira
Eraldo Luporini Pastore
Francisco de Rezende Lopes
Francisco Nogueira de Jorge
Jaime de Oliveira Campos
João Augusto M. Pimenta

José Carlos A. Cintra
José Carlos Virgili
José Couto Marques
José Jorge Nader
José Maria de Camargo Barros
Manuel Matos Fernandes
Maurício Abramento
Maurício Erlich
Newton Moreira de Souza
Orencio Monje Villar

Osni José Pejon
Paulo Eduardo Lima de Santa Maria
Paulo Scarano Hemsi
Ricardo Oliveira
Ronaldo Rocha
Rui Taiji Mori (in memoriam)
Sussumu Niyama
Vera Cristina Rocha da Silva
Waldemar Coelho Hachich (in memoriam)
Willy Lacerda



Soils and Rocks publishes papers in English in the broad fields of Geotechnical Engineering, Engineering Geology, and Geoenvironmental Engineering. The 
Journal is published quarterly in March, June, September and December. The first issue was released in 1978, under the name Solos e Rochas, being originally 
published by the Graduate School of Engineering of the Federal University of Rio de Janeiro. In 1980, the Brazilian Association for Soil Mechanics and 
Geotechnical Engineering took over the editorial and publishing responsibilities of Solos e Rochas, increasing its reach. In 2007, the journal was renamed Soils 
and Rocks and acquired the status of an international journal, being published jointly by the Brazilian Association for Soil Mechanics and Geotechnical Engi-
neering, by the Portuguese Geotechnical Society, and until 2010 by the Brazilian Association for Engineering Geology and the Environment.

Soils and Rocks

1978, 1 (1, 2)
1979, 1 (3), 2 (1,2)
1980-1983, 3-6 (1, 2, 3)
1984, 7 (single number)
1985-1987, 8-10 (1, 2, 3)
1988-1990, 11-13 (single number)
1991-1992, 14-15 (1, 2)
1993, 16 (1, 2, 3, 4)
1994-2010, 17-33 (1, 2, 3)
2011, 34 (1, 2, 3, 4)
2012-2019, 35-42 (1, 2, 3)
2020, 43 (1, 2, 3, 4)
2021, 44 (1, 2, 3, 4)
2022, 45 (1, 2, 3, 4)
2023, 46 (1,

ISSN 1980-9743
ISSN-e 2675-5475 CDU 624.131.1



Soils and Rocks
An International Journal of Geotechnical and Geoenvironmental Engineering

ISSN 1980-9743      ISSN-e 2675-5475

Publication of
ABMS - Brazilian Association for Soil Mechanics and Geotechnical Engineering

SPG - Portuguese Geotechnical Society
Volume 46, N. 1, January-March 2023

Table of Contents

ARTICLES
A new seismic tomography system for geotechnical centrifuges
Khader Ibrahim Rammah, Mostafa Ali Ismail, Jesse Costa, Mario Vicente Riccio Filho
Environmental and technical feasibility of a waste foundry sand applied to pavement granular layers
Manuella de Morais, William Mateus Kubiaki Levandoski, Joice Batista Reis, Francisco Dalla Rosa, 
Eduardo Pavan Korf
Compressive and tensile strength of aeolian sand stabilized with porcelain polishing waste and hydrated lime
José Daniel Jales Silva, Olavo Francisco dos Santos Júnior, William de Paiva
Assessment of bauxite residue stabilized with lime and graphene oxide as a geomaterial for road applications
Ajay Jatoliya, Subhojit Saha, Bheem Pratap, Somenath Mondal, Bendadi Hanumantha Rao
Durability and mechanical long-term performance of reclaimed asphalt pavement stabilized by  
alkali-activation
Alessandro Graeff Goldoni, Deise Trevizan Pelissaro, Eriky Silveira, Pedro Domingos Marques Prietto, 
Francisco Dalla Rosa
Numerical simulations of displacement piles in a tropical soil
Bismarck Chaussê Oliveira, Maurício Martines Sales, Renato Resende Angelim, Luiz Carlos Galvani Junior
Study of the hydro-mechanical behavior of a stabilized soil with water treatment plant sludge for application 
in sanitary landfills
Elisangela Aparecida Mazzutti, Rodrigo André Klamt, Vítor Pereira Faro
The cavity’s effect on the bearing capacity of a shallow footing in reinforced slope sand
Bendaas Azeddine, Merdas Abdelghani
Shear strength analysis of interfaces between granular soils and concrete cured under stress
André Luis Meier, Vitor Pereira Faro, Edgar Odebrecht
Proposition of correlations for the dynamic parameters of carbonate sands
Felipe Oscar Pinto Barroso, Alfran Sampaio Moura
Overconsolidated flysch-type clays. Engineering considerations for the Strait of Gibraltar tunnel project
Francisco Javier Manzano, Francisco Lamas, José Miguel Azañón
Numerical analysis of laterally loaded barrette foundation
Djamila Behloul, Sid Ali Rafa, Belkacem Moussai
Large-scale direct shear testing in coir fibers reinforced sand
Leila Maria Coelho de Carvalho, Fernando Feitosa Monteiro, Michéle Dal Toé Casagrande

TECHNICAL NOTES
Maximum shear modulus estimative from SPT for some Brazilian tropical soils
Breno Padovezi Rocha, Bruno Canoza da Silva, Heraldo Luiz Giacheti
Closed-form consolidation solutions for known loading functions
Raphael Felipe Carneiro, Karl Igor Martins Guerra, Celso Romanel, Denise Maria Soares Gerscovich, 
Bernadete Ragoni Danziger

REVIEW ARTICLES
A systematic review on shallow geothermal energy system: a light into six major barriers
Rajendra Babu Roka, António José Pereira de Figueiredo, Ana Maria Carvalho Pinheiro Vieira, José 
Claudino de Pinho Cardoso
Ground improvement techniques applied to very soft clays: state of knowledge and recent advances
Marcio de Souza Soares de Almeida, Maria Esther Soares Marques, Mario Riccio,  
Diego de Freitas Fagundes, Bruno Teixeira Lima, Uberescilas Fernandes Polido, Alessandro Cirone,  
Iman Hosseinpour



Soils and Rocks
v. 46, n. 1

ARTICLES





Rammah et al., Soil. Rocks, São Paulo, 2023 46(1):e2023000922 1

Soils and Rocks
An International Journal of Geotechnical and Geoenvironmental Engineering

www.soilsandrocks.com

ISSN 1980-9743
ISSN-e 2675-5475

https://doi.org/10.28927/SR.2023.000922
This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

A new seismic tomography system for geotechnical centrifuges
Khader Ibrahim Rammah1# , Mostafa Ali Ismail1 , Jesse Costa2 ,  
Mario Vicente Riccio Filho3 

1. Introduction

Tomography is a well-known technique used in 
many branches of science to create images of projections 
(‘tomograms’) of hidden objects by inverting boundary 
measurements of chemical, electrical, thermal or mechanical 
parameters. The technique is extensively applied in inverting 
X-ray measurements (X-ray tomography) in medicine. In other 
fields of science, such as geophysics, oil and gas exploration, 
and geotechnical field testing, seismic or electromagnetic 
waves are used as a tomographic measurement. This type 
of tomography is known as ‘seismic tomography’ or ST. 
During the past few decades, the use of seismic tomography 
has become more common in earth sciences for the purpose 
of both compression and shear wave velocity imaging in the 
area of geophysics, geotechnics and oil and gas exploration 
(Woodward et al., 2008).

In seismic tomography, the technique commonly refers 
to the measurement of arrival times of either compression 
or shear waves that propagate through the subsurface 
medium. The arrival time of a propagating wave depends 
on the properties of the medium through which the wave 
propagates, such as the compression and shear moduli of 
the soil (Menke, 1984; Young et al., 1988).

In geotechnical engineering, seismic methods can be 
an excellent diagnostic tool for soil characterisation since 
wave propagation characteristics can be directly related to 
geotechnical parameters, such as the elastic moduli at small 
strains. The majority of geotechnical projects nowadays require 
the determination of the shear stiffness at small strains, G0, which 
is an essential parameter for many geotechnical applications, 
including the evaluation of deformations around geotechnical 
structures and the prediction of dynamic/earthquake response 
(Pennington et al., 2001; Rammah et al., 2004).

Centrifuge testing has become a routine experimental 
method in both onshore and offshore geotechnical engineering. 
Therefore, it is crucial to characterise soil models in terms 
of G0 during flight. This requires a system for propagating 
shear waves within the soil body and receivers to pick up 
the arrival of the shear waves. Several of these components 
can enable ST to be performed on centrifuge soil models.

A literature review has revealed that few attempts 
have been made to perform seismic measurements in a 
geotechnical centrifuge or even 1g models. An attempt was 
made by Ismail & Hourani (2003) for a simple 1g model 
in an acrylic cylinder filled with clay. A centrifuge system 
was described by Fu et al. (2004), where shear waves were 
generated through sand samples during centrifuge experiments. 
In their system, the shear waves were generated by a series 
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of three pairs (transmitter and receiver) of bender element 
transducers installed at different depths in the soil model. 
Earlier, Kita et al. (1992) measured the shear wave velocity 
of sand in a centrifuge model. Recently, a small-scale shear 
wave tomography device was built by Lee et al. (2005) 
for geotechnical application. They used mainly an array of 
bender elements as sources and receivers to scan a soil body 
in a box under 1g conditions.

The literature has shown that no attempt has been made 
to build a complete ST facility with high resolution for routine 
use in centrifuge modelling. Such a powerful facility can help 
better understand soil behaviour by providing a complete 
picture of the spatial variation of the shear wave velocity 
under general stress, chemical and/or physical conditions.

In the present research, a high-resolution ST system 
has been developed for the geotechnical centrifuge at the 
University of Western Australia (UWA). This system was used 
to image the variation of shear wave velocity (and hence soil 
stiffness) for different soil models in the centrifuge. A brief 
description of the development has already been published 
(Rammah et al., 2006). The present paper describes the 
system components in detail, emphasising its performance. 
Critical issues relating to the selection of transducers and their 
performance and the resolution of the resulting tomographic 
images are discussed. The paper presents some of the results 
of tomographic inversion of travel-time data obtained from 
1g and centrifuge tests.

2. Design requirements for centrifuge ST 
system

Design criteria for tomographic studies can be found 
in the geophysics literature (Nolet, 1987; Santamarina & 
Fratta, 1998; Berryman, 1991). In addition, a study relevant to 
geotomography (seismic tomography applied in geotechnical 
engineering) addressing the design criteria was carried out 
by Fernandez & Santamarina (2002).

2.1 Fundamentals of a tomographic experiment

The most common configuration in a tomographic 
experiment is cross-hole tomography, shown in Figure 1a. 
The aim of a tomographic experiment is to image the medium 
between the two boreholes depicted and collect data relevant 
to the unknown parameters. For this purpose, the medium 
is discretised into a mesh of n pixels (or cells), as shown in 
Figure 1b and Figure 1c. The number of measurements m is 
equal to the number of rays between the sources and receivers 
(i.e., m is a function of the number of sources and receivers).

For a single ray path, the travel time along the ray AB 
in Figure 1c is given in Equation 1:

1
B

A

t dl
V

 =  
 ∫  (1)

where A and B are the source (transmitter) and receiver 
positions, V is the wave velocity, and dl is an increment 
of length along the arc between the two (in this case, it is 
considered a straight line). Equation 1 can be rewritten in a 
summation form given in Equation 2:

1

n ij
i j

j

L
t

V−

 
=  

  
∑  (2)

where it  is the travel time along the i-th ray (Figure 1c), ijL  is 
the travel distance or length travelled by the i-th ray in each 
j-th cell (pixel) at velocity jV  as presented in Figure 1d, and 
n is the number of cells the i-th ray intersects.

For all the rays (m rays), Equation 2 can be written in 
a matrix form as presented in Equation 3:

[ ] [ ].[ ]T L S=  (3)

where [ ]T  is the travel time vector (dimensions m × 1), 
which is formed by all the measurements in the tomographic 
experiment, [ ]L  is the matrix of travel lengths (dimensions 
m × n) obtained from the geometry of the model (i.e., the 
mesh shown in Figure 1, and [ ]S  is the slowness vector for 
all the pixels in the mesh (dimension n × 1). In geophysics, 
it is common to address a medium with its slowness values. 
The slowness is the reciprocal of the velocity as expressed 
in Equation 4:

1S
V

=  (4)

A tomographic experiment involves the determination 
of the slowness matrix, and hence velocity, by carrying out an 
inversion procedure for the linear system given in Equation 3.

The number of pixels, Np, representing the unknown 
region between the two boreholes in Figure 1 depends on 
the number of transducers in the vertical dimension and the 
separation distance between the two boreholes bL . This can 
be written in Equation 5:

Integer 0.5 .Integer 0.5b
p

LHN
z z

  = + +  ∆ ∆   
 (5)

where Δz is the vertical separation distance between transducers, 
and H is the depth of the borehole. The above equation 
implies that the higher the number of transducers, the smaller 
the separation distance and the higher the number of pixels. 
Therefore, a higher resolution implies a smaller pixel size, 
which can be achieved by increasing the number of pixels.

As mentioned before, the tomographic inversion aims 
to determine the velocity (or slowness) in each pixel, and, 
therefore, the number of unknowns in the tomographic 
inversion process equals the number of cells. This is valid 
only in the case of an isotropic medium, where each cell is 
represented by invariant velocity. However, the number of 
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unknowns will increase if anisotropy is considered. In elliptical 
anisotropy (where the wavefront travels in an elliptic shape), 
each cell is represented by two perpendicular components 
of unknown slowness.

The number of measurements, m, in cross-hole 
tomographic configuration is equal to the number of sources 
times the number of receivers, as expressed in Equation 6:

2

Integer 0.5Hm
z

  = +  ∆  
 (6)

Ideally, a well-determined problem is obtained when the 
number of measurements equals the number of unknowns, and 
in this case, the solution would be exact. However, this is not 
always the case, as sometimes the number of measurements 
is higher than the number of unknowns, which yields an 
“over-determined problem”. Ill-conditioned problems occur 
if the number of measurements is less than the number of 
unknowns. In most cases in cross-hole tomography, some 
pixels do not have enough information (i.e. insufficient 
number of rays crossing them), such as those pixels at the 

top and bottom regions in Figure 1b. This normally results 
in a case called a “mixed-determined” problem.

A solution to overcome an ill-conditioned problem is to 
increase the number of measurements. This can be achieved 
by increasing the rays covering (or the spatial coverage) the 
unknown region (Berryman, 1991).

3. Determination of the resolution of a 
tomographic image

As indicated, better tomography resolution can be 
achieved by decreasing the vertical distance between the 
wave transducers Δz. However, as explained below, theoretical 
and practical restrictions may limit the minimum separation 
between successive transducers.

3.1 Wavelength

The wavelength λ defines the maximum resolution that 
can possibly be achieved by tomography. In general, it is 
not feasible to detect anomalies or variations that are smaller 
than one wavelength (Berryman, 1991). The wavelength is, 

Figure 1. Model representation in cross-hole tomography.
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in turn, dependent on the velocity V of the scanned medium 
as well as the transmitted wave frequency f (it should be 
noted that frequency should be selected such that the wave 
can be felt clearly by the receivers before it attenuates due 
to the geometry and the material damping). Equation 7 links 
all these three quantities:

V
f

λ =  (7)

3.2 Fresnel ellipse criterion

Fresnel ellipse provides a criterion for the optimal 
separation between transducers below which the resolution 
does not improve. Such optimisation reduces both cost and 
time. To avoid redundancy, the separation of the transducers 
should conform to the criterion of Fresnel’s ellipse 
(according to Fresnel’s principle, each ray has an elliptical 
zone). In order to avoid any redundant measurements, the 
transducer’s separation Δz has to be chosen in a way to avoid 
any intersection between these ellipses and yet leaving no 
regions uncovered. The size of Fresnel’s ellipse in Figure 2 is 
estimated in Equation 8:

1 2( ) ( )
2bL L L λ

+ ≤ +  (8)

Based on the above, the criterion is that the minimum 
interval between each two successive transducers is λ / 2.

3.3 Resolution of travel time

The vertical separation between transducers Δz must be 
chosen so that the difference in travel time between one source 
and any two consecutive receivers, t1 and t2 (Figure 3), can be 
detected within the resolution in travel time measurement εt 
(Lee, 2003; Lee et al., 2005). This is expressed by Equations 
9 to 11 as follows:

1
b

med

L
t

V
=  (9)

22 2

2 1b b

med med b

L z L zt
V V L

 + ∆  ∆ = ≈ +  
   

 (10)

. .b med tz L V ε∆ ≥  (11)

This criterion often imposes larger values of Δz than 
Fresnel’s criterion. Therefore, it is very crucial to increase 
the resolution of travel time measurement (i.e. decreasing 
εt) in order to improve the tomographic resolution, ideally 
to a level where the Fresnel criterion governs.

4. Optimum vertical spacing and associated 
tomographic resolution

It is essential to check the highest achievable resolution 
in the tomographic experiment by checking the criteria 
explained in the previous section. To this end, the wavelength 
was considered for a medium with an average shear wave 
velocity of about 100-250 m/s, which is the range expected 

Figure 2. Fresnel’s ellipse criterion, after Fernandez & Santamarina 
(2002) and Santamarina & Fratta (1998): (a) intersection of two 
Fresnel’s ellipses; (b) size of Fresnel’s ellipse. Figure 3. Resolution of travel time criterion.
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for uncemented soils. This range of shear wave velocity was 
estimated using the power law relationship between shear 
wave velocity and the mean effective stress for silica sand 
at a range of stresses that will be imposed in a centrifuge 
model, given in Equation 12, where A is a factor depending 
on the soil properties:

'( )m
sV A s=  (12)

The expected suitable frequency at this stress level 
will be about 10-20 kHz (from preliminary experimenting 
in the centrifuge). These values yield a wavelength of 0.5 – 
2.5 cm. Checking against Fresnel’s criterion, the separation 
between transducers Δz should not be less than λ / 2, which 
gives a Δz range of 0.25 – 1.25 cm. To check against the third 
criterion expressed in Equation 11, Lb was taken as 30 cm as 
the maximum value in a centrifuge model. The resolution of 
travel time measurement, εt, was taken as 2 μs, which depends 
on the data acquisition system. Inserting these values into 
Equation 11 gives Δz ≥ 1.22 cm.

Theoretically, based on the above analysis, an average 
resolution of about 1 cm for any cell dimension can be 
achieved. This will give a tomographic image with a cell 
size of 1 cm2 in a 2-dimensional model or 1 cm3 for 3-D 
tomography. To achieve a resolution of 1 cm experimentally, 
the size of the transducers should be ≤ 1 cm. This study has 
made a breakthrough by reducing the spacing between the 
shear wave transducers to only 8 mm, as explained next.

5. Components of the ST system of the beam 
centrifuge at UWA

The ST system was developed for use with the beam 
centrifuge at UWA. The beam centrifuge is an Acutronic Model 
661. It has a maximum payload of 400 kg at up to 100 g (≈ 
1000 m/s2), decreasing to 200 kg at 200 g. The maximum 
radial distance between the cradle platform and the axis of 
rotation is 1.8 m. A full description of the beam centrifuge at 
UWA can be found in Fahey et al. (1990) and Randolph et al. 
(1991). The different components of the developed ST system 
are described in the following sections.

5.1 Bender element transducers

A basic description of the bender element can be found 
in many references (Dyvik & Madshus, 1985; Kuwano et al., 
2000; Pennington et al., 2001; Lee & Santamarina, 2005; 
Leong et al., 2005). The most common piezoelectric ceramic 
used for bender elements is Lead Zirconate Titanate (PZT). 
There are different types of PZT: Shirley & Hampton (1978) 
used PZT4 bender elements; Brignoli et al. (1996) used PZT5A 
and PZT5HN bender elements, and Pennington et al. (2001) 
and Rammah et al. (2004) used PZT5B bender elements. In this 
study, the piezoceramic material type used for manufacturing 

the bender elements is PZT5A supplied by Piezo Systems Inc. 
(PiezoSystemInc., 2005), USA. Two types of sheets were 
used: T220-A4-503X is X-poled for series connection, which 
was used for fabricating the receiver bender elements, and 
T220-A4-503Y is a Y-poled sheet with a parallel connection, 
which was used for the fabrication of the transmitter bender 
elements. The dimensions of these sheets are: width = 31.8 mm, 
length = 63.5 mm, and thickness = 0.51 mm.

5.2 Design and fabrication of a miniature bender 
element transducer

Initially, it was necessary to design one pair of prototype 
bender elements (one transducer and one receiver) that meets 
the requirements below:

▪ The benders must have a small size to meet the 
spacing requirement of the transducers and hence 
the desired resolution as discussed above.

▪ The benders must provide a range of frequencies that 
provides the wavelength necessary for the required 
resolution.

▪ The benders must be waterproof for use in moist 
conditions.

▪ Cross-talks must be eliminated by providing robust 
shielding.

▪ The bender elements must be sufficiently robust and 
reliable to withstand the relatively harsh environment 
of the centrifuge.

To achieve the above requirements, the following 
design criteria were addressed:

The diameter of the bender element socket was chosen 
to be 8 mm (outside diameter) to allow a spacing of 10 mm 
from centre to centre. Accordingly, the width of the bender 
element itself, b, had to be reduced to only 6 mm to fit the 
socket. The thickness of the bender element ,t  is 0.51 mm (for 
the PZT5A). These dimensions apply to both the transmitters 
and receivers.

The resonant frequency of a bender element in the air 
differs from the resonant frequency when it is embedded into 
the soil. Lee & Santamarina (2005) conducted both analytical 
and experimental studies to estimate the resonant frequency of 
bender elements in the air and the soil. The cantilever length 
(i.e. protrusion outside the socket) of a bender element, bL , 
affects its resonant frequency in air and soil, its free deflection, 
the force generated by the transmitter, and the output voltage 
generated by the receiver. For the system presented here, a 
cantilever length, bL , of 4 mm was chosen, which provides 
a theoretical resonant frequency of about 14.7 kHz. This 
resonant frequency lies within the range of frequencies 
required to achieve a resolution of 10 mm.

5.3 Fabrication of a miniature bender element

For the ST system with a resolution of 1 cm and model 
cross-section dimensions of 26 cm × 26 cm, the number of 



A new seismic tomography system for geotechnical centrifuges

Rammah et al., Soil. Rocks, São Paulo, 2023 46(1):e2023000922 6

transducers needed for a cross-hole tomography configuration 
is 52 (26 transmitters and 26 receivers). For a three-sided 
illumination tomography setup, the number of transducers 
will be 78; one array contains 26 transmitters and two arrays, 
each containing 26 receivers. Based on that, there was a 
need for a large number of bender element transducers to be 
manufactured. The most effective way was to manufacture all 
bender elements in an assembly-line fashion. To achieve this, 
a procedure was developed to allow 16 bender elements to be 
coated simultaneously using a mould which was designed and 
made in the workshop at UWA. Prior to coating, a number of 
strips of 6 mm x 15 mm piezoelectric elements were cut and 
then coated simultaneously. Then each strip was connected 
to a water-proof well-shielded co-axial cable after allowing 
the epoxy to harden. Each coated strip was placed in the 
centre of a stainless-steel cylindrical socket, 8 mm outer 
diameter and 20 mm long, with the bender element protruding 
4 mm beyond the end of the socket. The sockets were filled 
under a vacuum with epoxy resin to ensure that the bender 
element behaves as a fixed-ended cantilever. Figure 4 shows 
a schematic diagram of the produced bender element.

5.4 Checking time delay in tip-to-tip contact

To illustrate the time delay caused by the electronic 
components and coating material, the transmitter and receiver 
were brought into tip-to-tip contact. Then both transmitted 
and received signals were recorded. A time delay of 12 μs was 
monitored when the bender elements were brought to tip-tip 
contact. In all cases, this time delay value was subtracted 
from the measured arrival time for the calculation of shear 
wave velocity.

5.5 Measuring the resonance frequency of bender 
elements

The resonance frequency of the bender elements was 
measured by bringing a transmitter and a receiver into tip-
to-tip contact. Then a series of sine waves of a frequency of 
1 kHz to 100 kHz were sent, and the receiver response was 
monitored by the oscilloscope. The peak-to-peak amplitude 
of the received signal was measured for each value of the 
input frequency input. The resonance frequency in the air is 
the value that produced the highest response from the receiver 
in terms of voltage. The obtained resonance frequency was 
≈10 kHz.

6. Tomographic frame for holding 
transducers

The tomographic frame for a centrifuge seismic 
tomography had to be designed to:

▪ hold the bender element transducers while providing 
a small gap (2 mm) of isolating material between 
any two successive transducers;

▪ prevent the vibration that may be transmitted from 
any activated bender element through the frame body;

▪ provide proper electrical shielding for the bender 
element body to reduce the electrical noise and 
eliminate any possible cross-talk;

▪ prevent any reflections of compression waves due 
to the transverse directivity nature of the bender 
elements; some of these challenges have been 
discussed in (Lee et al., 2005) and (Lee, 2003).

Different configurations and materials were tried in 
designing a frame to meet the above requirements; eventually, 
relatively stiff rubber strips (300 mm long by 25 mm wide by 

Figure 4. Bender element produced at UWA: (a) side elevation (b) 
front view of the bender element transducer.
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20 mm thick) were used as frames. Holes of 8 mm diameter 
and 10 mm centre-to-centre spacing were carefully drilled 
along the rubber strip, and the bender elements were pushed 
into these holes. Figure 5 shows part of the array.

To provide robust electrical shielding, all bender element 
casings were connected using a thin conductive wire, which 
eventually was connected to the centrifuge electrical earthing 
system. Three identical strips were prepared, each capable 
of accommodating up to 30 bender elements.

The reason for using separate holders (strips) was to 
avoid any possibility of cross-talk between transmitters and 
receivers through the holder and to have flexibility in setting 
the spacing between transmitters and receivers in the model. 
Figure 6 shows a schematic diagram of the arrangement of 
the frames within a centrifuge box.

The advantage of using three-sided illumination 
(i.e. bender arrangement) (Figure 6) is to improve the ray 
coverage and hence improve the quality of a tomographic 
image. If needed in the future, further improvement of ray 
coverage can be achieved by adding a similar array of either 
transmitters or receivers at the top of the soil model.

7. High voltage amplifiers and multiplexing 
system

The configuration of the tomographic model in 
Figure 6 consisted of 26 transmitters in the left-hand 
vertical array and 52 receivers (26 in the right-hand vertical 
array and 26 in the array at the bottom). A tomographic 
experiment requires scanning a medium by sending waves 
from all transmitters to all receivers. This implies that, during 
centrifuge testing, a system is required to provide the ability 
to switch through all transmitters and receivers whilst the 
centrifuge is spinning. To achieve this, a reliable and robust 
hardware system with the capability of accommodating such 
a large number of transducers was designed and built in the 
electronic workshop at UWA.

7.1. High voltage piezo driver

Four high-voltage amplifiers (HVA) boxes were 
manufactured. Each box has a capacity of 16 channels, giving 
a total capacity of 64 channels, which can be connected to 
64 transmitters. Each channel on any specific HVA box can 
be addressed digitally by a Binary Coded Decimal (BCD) 
code written as a subroutine in the data acquisition software. 
Strong cases that withstand centrifugal forces were used to 
house the boards in flight.

7.2 Piezo receiver amplifiers

Six amplifier boxes, each with a capacity of 10 channels, 
were manufactured. Each channel can be addressed digitally 
using a second Binary Coded Decimal (BCD) code written 
in the data acquisition software. The amplification factor 
was set to ×100 for the received signal.

8. Data acquisition system for tomographic 
scanning

A National Instruments data acquisition card (NI PCI-
6251 – M-series - 16 bit) with a 1.2 Mega sample per second 
sampling rate. The sampling rate is a key parameter for 
acquiring and receiving signals driven at a high frequency, 
such as the 20 kHz used in this development.

An efficient data acquisition software was written in 
Labview 7.1 with the following features:

▪ The parameters of the transmitted signal can be 
specified in terms of amplitude, waveform, frequency, 
sampling rate and delay time between successive 
transmitted signals. In addition, the waveform can be 
chosen to be a sine wave or a step or pulse function.

▪ The desired bender element transmitter can be 
chosen by selecting its channel number (1 to 64). 
The required channel in the high-voltage amplifier 
is addressed digitally by the BCD.Figure 5. Array of bender elements mounted on a tomographic frame.
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▪ The desired bender element receiver can be activated 
by selecting its channel number (1 to 60), also by 
the BCD.

▪ Both transmitted and received signals are displayed on 
the screen, with cursors to allow manual measurement 
of the travel time.

▪ Records of both transmitted and received signals 
are saved in both ASCII and binary formats.

▪ An option for stacking signals (averaging) is provided. 
This is crucial for increasing the signal-to-noise ratio, 
especially in the centrifuge, where considerable 
mechanical and electrical noise is expected.

▪ The software allows automatic scanning by specifying 
the initial and final channel numbers for transmitters 
and receivers. For example, in the model shown 
in Figure 6 with 26 transmitters and 52 receivers, 
if complete tomographic scanning is required, the 
program generates a signal from transmitter #1 to 
all 52 receivers, starting from # 1 up to #52. Then it 
repeats the same for transmitter #2 until it covers all 
possible combinations. This leads to a large number 
of signals (1352 signals in this particular case). All 
these records are stored on the hard drive of the 
computer.

9. Picking the arrival times of shear waves in 
a tomographic experiment

The number of measurements (signals) for the three-
sided illumination is 1326; this can reach 2500 measurements 
if an additional array of transmitters is installed at the top 
of the centrifuge model. This large number requires both 
practical and efficient methods to pick the shear wave’s first 

arrival. Therefore, it was decided to use Promax 2D software. 
This software enables both automatic and manual picking 
of arrival time, and it also has a complete library of signal 
processing routines, including different types of filtering.

9.1 Tomographic inversion

It should be noted that for the case where straight ray 
tomography is considered, the matrix of travel lengths L is 
independent of the slowness model S. In this case, L can 
simply be obtained from the model’s geometry and locations 
of sources and receivers. However, in nonlinear tomography, 
L becomes an implicit function of S. Therefore, in this case, 
a ray-tracing technique should be applied to define the ray 
path through the slowness model.

In linear tomography, L and T are given, and the objective 
is to determine the slowness model S. The assumption here 
is that the ray paths are known a priori, which is justified 
by a linear approximation, which ignores the ray paths’ 
dependence on the slowness distribution. Typically, the ray 
paths are assumed to be straight lines connecting sources 
and receivers.

In nonlinear tomography, the only given information is 
the vector of measured travel time T, along with data acquisition 
geometry (the coordinates of all sources and receivers). 
Therefore, the non-linear tomographic inversion aims to 
determine the slowness model S. The nonlinear inversion 
is an iterative process that starts with the computation of 
the initial S model. First, a forward ray-tracing process is 
performed on the initial S to obtain L, hence the computed 
travel time. The difference between the measured and computed 
travel time is then calculated. In the next iteration step, the S 
model is updated. The iteration process continues until the 

Figure 6. Tomographic model in centrifuge box (3-side illumination).
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difference between the measured and computed travel time 
vectors is sufficiently small.

In nonlinear problems, the dependence of the ray 
paths on the slowness distribution of the medium strongly 
influences the design of the inversion algorithm. Therefore, 
nonlinear inversion is required for problems with significant 
slowness variation across the medium. For such media, the 
ray paths normally show large curvature (i.e., nonlinear), 
which cannot be known before the inversion process begins.

Both linear and nonlinear tomographic inversions were 
applied to the travel-time data obtained from the different 
tests to recover the Vs models. The linear tomographic 
inversion assumes that the rays are straight. In a nonlinear 
inversion, the rays were traced using the eikonal method. 
In general, the tomographic inversion is highly dependent 
on the ray coverage. It has been shown that by increasing 
the ray coverage, the solution becomes more stable, the 
resulting images become better, and the error decreases 
(Woodward et al., 2008).

There is no unique solution in tomography because of 
the uneven ray coverage. Therefore, adding constraints or a 
prior information to the solution system is essential. This is 
usually achieved by implementing regularisation approaches. 
There are no unique guidelines for selecting the different 
regularisation factors. However, optimal values for these 
factors should be selected in order to meet two criteria: 1) 
the output model is physically meaningful; 2) the resulting 
model conforms as closely as possible to the measured travel 
time data by minimising the residuals in travel-time data.

The tomographic inversion results carried out on travel-
time data from both 1g and centrifuge tests are presented in 
the following sections.

9.2 Tomographic experiment using the ST system on a 
homogeneous-isotropic wax block at 1g

Before performing centrifuge tests using the ST system, 
it was decided to carry out a seismic tomography test at 1g on 
a model with a known shear-wave velocity. The test aimed 
to calibrate and verify the performance of the ST system, 
including hardware, data acquisition software, and inversion 
codes. For this purpose, a wax block with dimensions of 
269 × 280 × 200 mm was prepared. A cube of wax with an 
edge dimension of 269 mm was prepared by pouring molten 
wax into a mould and allowing it to harden. A dimension 
of 269 mm was chosen in order to avoid near-field effects. 
Moreover, increasing the travel distance was also desirable to 
reduce the impact of any error associated with determining the 
arrival time in the high-shear-wave-velocity wax. Therefore, 
the bender elements were embedded on two opposite ends 
of the wax block, such that the tip-to-tip travel distance 
was 260 mm.

In order to embed the two arrays of receivers and 
transmitters, a channel with a width of 1.5 mm and a depth 
of 4.5 mm was made on two opposite sides (the sides with 

the dimension of 280 × 200 mm) of the already hardened wax 
block. These dimensions were chosen to be slightly bigger 
than the dimensions of the bender elements, which are 4 × 
1 mm. In order to ensure a good coupling between the bender 
elements and the wax block, the molten wax was poured into 
the channel, and one array was inserted immediately before 
the wax in the channel hardened. The same was repeated for 
installing the other array of bender elements.

Ideally, the wax block is supposed to be both 
homogeneous and isotropic; therefore, it was decided to use 
linear tomographic inversion as a first choice. The output 
tomogram resulting from inverting the travel-time data is 
shown in Figure 7. For the purpose of evaluating the inverted 
tomogram, a homogenous model with Vs = 960 m/s was 
considered to be the exact model. The resulting Vs tomogram 
of the wax block indicates a maximum relative difference 
of 14% compared to the “theoretical” wax model with Vs = 
960 m/s. Therefore, the measured data set collected on the 
wax block was inverted using nonlinear tomography based 
on the eikonal method (Rammah, 2008).

In the case of a homogeneous model, both linear and 
nonlinear tomography gave similar results, i.e., either method 
can be used for the inversion. Therefore, any deviation from 
a homogenous model exhibited by the tomogram could be 
due to 1) that the wax block is not 100% homogenous, i.e., 
ideal homogeneity could not be achieved during the sample 
preparation and hardening; 2) certain error and randomness 
in picking the first arrival of shear waves could have yielded 
an error, i.e., miss picking the first arrival by a small value 
would yield a significant error, especially for such fast shear 
wave travel times (travel time ranges between 270 μs and 
480 μs).

Figure 7. Output tomogram of shear wave velocity obtained from 
straight-ray tomographic inversion of travel-time data obtained 
on the wax block.
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9.3 Tomographic experiments using the ST system in a 
centrifuge model

Four centrifuge tests were carried out on models with 
overburden stresses resulting from the self-weight stress of 
the silica sand used in the models. The seismic tomography 
centrifuge model was prepared by the dry pluviation method 
using a ‘travelling sand curtain’ hopper. After placing a 20 mm 
layer of fine silica sand in the base of the centrifuge box (to 
prevent possible crosstalk between the tomographic frame and 
the strongbox), the seismic tomography frames were installed 
in the desired position using temporary clamps attached to 
the box (Figure 8). The horizontal distance between the two 
vertical arrays of bender elements was 260 mm. The sand 
was rained from a constant height of 1.20 m, with a curtain 
travel speed of 120 mm/s. The drop height was adjusted every 
10 mm to ensure the homogeneity of the sand. The resulting 
relative density (Dr) was 95%, the void ratio (e) was 0.50, 
and the dry unit weight ( dg ) was 17.8 kN/m3.

To confirm the absence of mechanical crosstalk either 
through the frames themselves or the centrifuge box, the sand 
hopper was stopped when the centrifuge box had been filled to 
mid-height. Then the clamps shown in Figure 8 were removed, 
and several shear wave measurements were taken between 
one of the buried transmitters and the unburied receivers.

No signal was detected by any of these receivers, 
confirming the absence of mechanical crosstalk. The sand-
raining procedure was resumed until the two vertical arrays 
of bender elements were embedded into the soil. Finally, the 
two clamps were removed, and the box was mounted on the 
centrifuge platform.

Four centrifuge tests were carried out at 50, 100, 
150 and 200g. In each test, a complete tomographic scan 
was performed. For the tests at 50 and 100g, the input signal 
consisted of a single 10 kHz sine wave, repeated 20 times, 
with the outputs stacked to obtain a single output signal. 
However, the frequency was increased to 15 kHz for the 
tests at 150 and 200g, repeated 30 times due to a higher 
noise level at these higher g-levels.

Figure 9 shows a typical shear wave signal from the 
centrifuge test at 200g. This signal is for transmitter and 
receiver pair located at a depth of 130 mm under the soil 
surface. This depth is equivalent to 26 m at the prototype 
scale, with an effective vertical stress of 463 kPa. The high 
signal-to-noise ratio in this (after stacking 30 signals) signal 
can be noted in Figure 9.

The first arrivals of the shear waves gathered in the 
above tests were picked using Promax. Figure 10a shows 
the horizon of the first arrival of the common-source signal 
for transmitter # 9. Next, the first arrivals of all 1352 signals 
were plotted in the form of a map, as shown in Figure 10b. 
Unlike the wax block model, where the rays were straight 
lines due to the homogeneity of the model, the seismic rays 
propagating through the silica sand model in the centrifuge 
are expected to curve due to the nonlinearity of the soil 

stiffness resulting from the nonlinearity of the variation of 
stresses over the depth of the sand layer. This was illustrated 
by carrying out forward modelling in which the seismic rays 
were traced through a model equivalent to the silica sand 
model tested at 100g. The relationship in Equation 12 was 
used to derive the Vs model. Figure 11a shows the model 
in the background and the family rays for source #2, which 
were traced using the eikonal method.

It can be seen that the rays are indeed curved, and the 
curvature is evident in the top part of the model. Therefore, it 
is clear that the imposition of a straight-ray assumption in the 
inversion process would not be the proper choice in this case. 
Thus, the travel-time data sets obtained from the silica sand models 
in the centrifuge were inverted using nonlinear tomography 
based on the eikonal method for tracing the rays. Figure 11b 
shows an interpolated output tomogram obtained by inverting 
the data from the test at 100g, which was acquired by applying 
a regularisation approach that adds smoothing in the horizontal 
direction. The regularisation coefficient for the horizontal 
smoothening was used to minimise the root-mean-squares of 

Figure 8. Tomographic model in centrifuge box prior to sand raining.

Figure 9. Improved shear wave measurement on silica sand at 
200g at a depth of 13 cm: shear wave between transmitter # 13 
and receiver # 13.
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residuals of the travel-time data. As expected, the tomogram of 
Vs presented in Figure 11b indicates increasing values of Vs with 
depth. In addition, some lenses of higher values of Vs (anomalies) 
can be observed, such as those at an approximate depth of 15 cm, 
which might be attributed to a high density of sand.

10. Conclusions

This paper described the development of a high-resolution 
seismic tomography (ST) system for the beam centrifuge at 
UWA. The paper documents the different components of the 

system, including bender element transducers, tomographic 
frame, high-voltage piezo drivers and data acquisition software. 
Design criteria that affect the determination of the resolution 
of the tomographic image were discussed.

The ST system was calibrated at 1g using a block of 
wax with a known shear-wave velocity. A homogenous Vs 
model of the wax block was recovered properly by inverting 
the travel-time data using linear tomography based on the 
assumption of straight rays.

The ST system was used on a silica sand model subjected 
to self-weight stresses in the geotechnical centrifuge at 

Figure 10. First arrivals of shear wave signals obtained from the centrifuge test on silica sand at 100g: (a) results from the Promax 
program for common source shots – transmitter # 9 shots; (b) map of observed first arrivals of shear waves.

Figure 11. Nonlinear tomographic inversion of travel-time data obtained from the centrifuge test on silica sand at 100g: (a) forward 
modelling by tracing the rays using the eikonal method on an equivalent isotropic Vs model due to overburden stresses at 100g - family 
rays and wavefronts for source# 2; (b) interpolated output tomogram of Vs.
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a 100g level. Tomographic inversion was carried out on 
the measured travel time data obtained from these tests. 
Forward modelling carried out on a theoretical Vs model 
resembling the silica sand model in the centrifuge showed 
that the seismic rays are curved due to the nonlinearity of 
the soil over the soil depth. Therefore, nonlinear inversion 
was performed on the travel-time data to recover the Vs 
models in the centrifuge. The resulting Vs obtained at 100g 
resembled the expected variation of Vs. The results of the 
inversion and the rays traced during the inversion process 
confirm the nonlinearity of the rays in the tested soil in 
the centrifuge.

The overall results obtained from applying the ST 
system at both 1 g and the centrifuge demonstrated that 
the ST system is a promising tool for imaging Vs models 
involved in different geotechnical problems. However, 
studies carried out on both synthetic, 1g and 100g centrifuge 
models showed that, in most cases, there are some limitations 
with regard to the limited ray coverage and the dependency 
of the inversion on a priori information. Nevertheless, 
increasing the ray coverage from 3-sided to 4-sided by 
adding a fourth array at the surface can improve the ray 
coverage, particularly for the nonlinear soil model tested 
in the centrifuge.
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List of symbols and abbreviations

BCD Binary Coded Decimal
e void ratio
f Wave frequency
G0 small strain stiffness
H height of a tomographic model
HVA High-Voltage Amplifiers
L array travel distances
[ ]L  matrix of travel lengths
Lb distance between arrays of transmitters and receivers 
 in a cross-hole tomography
m number of measurements in a tomographic experiment
Np number of nodes in a tomographic mesh
PZT Lead Zirconate Titanate (Piezoceramic)
S slowness of seismic ray
[S] slowness vector for all pixels in the mesh of the 
 tomographic model
ST Seismic Tomography
t travel time of a seismic ray
[T] vector of travel time in a tomographic model
V phase velocity of a wave
Vs Shear wave velocity
γd dry unit weight
Δz vertical separation distance between transducers in 
 a tomographic model
εt Resolution of travel time measurement
λ wavelength
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1. Introduction

Foundry industries are linked to a high solid waste 
generation. It is estimated that for each ton of foundry metal, 
4 to 5 tons of waste foundry sand (WFS) are generated (Doğan-
Sağlamtimur, 2018). WFS is a byproduct that originates 
from green sand, consisting of a mixture of sand, organic 
additives, bentonite, and water; being mostly utilized for mold 
manufacturing, in which liquid metal is poured to produce 
desired goods (Siddique & Singh, 2011; Matos et al., 2019).

Internal reuse strategies are applied to reduce WFS 
generation; these strategies consist in reintroducing WFS 
in the production process until the material is no longer 
able to perform the required technical functions. After that, 
the material is normally discarded. (Dayton et al., 2010; 
Bansal et al., 2019). WFS disposition is normally made on 
industrial waste landfills, following the indications of NBR 
10004 (ABNT, 2004a); which classifies WFS as a Class 
II A waste (non-inert and with possible biodegradability, 
combustibility, or solubility in water). Therefore, the final 
disposition represents an additional cost to industries, in 

addition to the generation of environmental passives (Klinsky 
& Fabbri, 2009; Khan et al., 2021).

Several authors have studied alternative applications of 
WFS, aiming to develop technologies that may increase its 
value as a raw material for engineering practice. This range 
of applications includes civil construction; aggregates for 
asphalt mixtures, concrete, and ceramic goods; hydraulic 
barriers and reactive permeable barriers; and even subgrade 
fill (Abichou et al., 2002; Oliveira et al., 2011; Ganesh 
Prabhu et al., 2014; Dyer et al., 2018; Hossiney et al., 2018; 
Arulrajah et al., 2019).

Due to a high demand for aggregates, the road construction 
and the pavement maintenance industries have been standing 
out as possible WFS prospectors; especially considering that 
aggregates constitute about 70 – 80% of roads and pavements 
(Gökalp et al., 2018). In addition, more severe environmental 
laws have become obstacles for the exploitation of raw 
materials in natural deposits. Consequently, the acquisition 
cost of natural aggregates has highly increased. alongside the 
cost of transportation in general (Arulrajah et al., 2019). Thus, 
in addition to providing sustainability for waste recycling, 
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WFS reutilization allows a reduction in the exploitation of 
virgin materials (Yazoghli-Marzouk et al., 2014).

Extensive research (Guney et al., 2006; Klinsky & 
Fabbri, 2009; Yazoghli-Marzouk et al., 2014; Matos et al., 
2019) has been dedicated to studying the stabilization of 
clayey soils with WFS (60 – 70%) and cement (5.0 – 5.5%), 
for application in flexible pavement subbases with low traffic. 
Nevertheless, there is still a research gap in investigations 
focused on verifying the WFS capacity of integrating mixtures 
with crushed materials, frequently used as paving materials 
— specifically for granular layers of granulometric stabilized 
pavements applications. Also, full adjustment to technical 
and environmental conditions has still not been explored, 
such as swelling due to bentonite presence or leaching and 
solubilization of toxic compounds from WFS, considering 
that most research focused only on the mechanical behavior 
(Basar & Aksoy, 2012; Palansooriya et al., 2020).

The understanding of the mechanical and environmental 
behavior of WFS and crushed materials mixtures ensures 
that WFS recycling alternatives in road subbases satisfy the 
performance criteria proposed by responsible departments, 
securing safety for both society and the environment. Along 
these lines, the objective of this research consists in studying 
the geotechnical and environmental behavior of WFS with 
crushed material mixtures applied to pavement subbases that 
were granulometrically stabilized.

2. Materials and methods

WFS is a green sand provided by a foundry industry 
located in southern Brazil. Materials designated as crushed 
stone A (CSA), crushed stone B (CSB), and crushed stone C 
(CSC) were collected in a crushing unit located in the same 
region, that utilizes such materials for the construction of 
urban pavements.

The crushed materials were from volcanic floods of the 
Serra Geral Formation situated in the Center-South region 
of Brazil and were composed mostly of basalt and andesite. 

For all materials, sampling and reduction procedures by 
quartering were performed following NBR 16915 (ABNT, 
2021a).

Table 1 shows the physical characterization of CSA, CSB, 
and CSC, as well as WFS. Considering that CSB exceeded 
2% of the grains passing through the 4.75 mm sieve, the 
sample was divided between fine and coarse aggregates to 
adhere to the Brazilian standard (ABNT, 2021c).

CSC presented the largest powder content (7.98%), 
followed by WFS (3.57%), CSB (1.55%), and CSA 
(0.57%). The powder content of the natural aggregates was 
similar to the ones presented by Gómez-Soberón (2002) for 
natural aggregates of basaltic origin, although the different 
production processes can condition different contents of 
powder material, as reported by Deng & Tikalsky (2008) 
and Kleven et al. (2000).

Different particle size distributions were found for 
the four studied materials, as shown in Table 1, which are 
essential conditions for applying the granulometric stabilization 
method (DNIT, 2010a, b). In this procedure, small size 
grains fill the voids of the mixtures, increasing density and 
strength, while reducing permeability and deformability 
(Bernucci et al., 2008). All materials related to D10 were 
considered poorly graded. As for WFS, the values of Cu 
and Cc (2.06 and 0.92, respectively) were close to those 
presented by Arulrajah et al. (2017).

For WFS, the specific weight of grains presented values 
close to those observed by Kleven et al. (2000), which ranged 
from 2.52 to 2.73 g/cm3 for 14 different WFS. The water 
absorption was consistent with the findings of Deng & 
Tikalsky (2008), Gökalp et al. (2018), and Tugrul Tunc & Esat 
Alyamac (2019) for basaltic originated aggregates. Variations 
in the specific weight of grains and water absorption could 
be attributed to sand mineralogy variation, gradation range, 
grain shape, and powder content (Deng & Tikalsky, 2008).

Although WFS addition incorporated some clay minerals 
to the mixtures (e.g., bentonite), the Atterberg limits indicated 
a non-plastic behavior for the studied waste according to 

Table 1. Table synthesis of physical parameters for the studied materials.

Properties Fine aggregate Coarse 
aggregate

WFS CSC CSB CSB CSA
Powder content (%) - NBR NM 46 (ABNT, 2003a) 3.57 7.98 1.55 0.57
Effective diameter D10 (mm)* 0.12 0.11 3.65 13.30
D30 (mm)* 0.17 0.86 6.50 15.90
D60 (mm)* 0.23 1.70 9.00 20.10
Uniformity coefficient (Cu)* 1.97 15.18 2.47 1.51
Curvature coefficient (Cc)* 1.1 3.89 1.29 0.95
Specific mass (g/cm3) - NBR 16916 (ABNT, 2021b) and NBR 16917 (ABNT, 2021c) 2.53 2.92 2.98 2.94 2.94
Water absorption (%) 1.86 3.58 3.52 1.81 1.81
Los Angeles abrasion value (%) - NBR NM 51 (ABNT, 2001) - - 10.64 16.06 12.26
*obtained from particle size distribution tests - NBR NM 248 (ABNT, 2003b).
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NBR 7180 and NBR 6459 (ABNT, 2016; ABNT, 2017a), as 
also noted by Arulrajah et al. (2017) and Woodson (2011). 
Los Angeles abrasion values indicate that all mixtures follow 
the Brazilian roadway standard, DNIT 141-ES (DNIT, 2010b).

DNIT 141 - ES (DNIT, 2010b) standard criteria were 
utilized to select the grading conditions of the studied 
mixtures, using three crushed materials and WFS. The dry 
unit weight and optimum moisture content of the mixtures 
were determined in accordance with ASTM D1557 (ASTM, 
2012), using the modified energy. This energy allows subbases 
with higher bearing capacity and resilient behavior. California 
bearing ratio (CBR) and swelling potential were determined 
following the procedures of NBR 9895 (ABNT, 2017b), for 
all mixtures at the optimum conditions of the compaction 
test. Specimens were considerable suitable for testing if 
the following criteria was met: ± 0.5% for optimum water 
content level, and ± 0.10 g/cm3 for maximum dry density.

Specimens of 100 mm in diameter and 200 mm in 
height, molded in optimum compaction conditions, were 
utilized for the resilient modulus tests. The test procedures 
were as indicated by DNIT 134 – ME (DNIT, 2018) and 
the AASHTO T 307 (AASHTO, 2003), executed using a 
cyclic triaxial device. Specimens were considered suitable 
for testing if the 1.0% water content tolerance was met. 
The mathematical model proposed by Papagiannakis & 
Masad (2012) was utilized to calculate the test parameters, 
considering nonlinear elastic behavior for granular soils (i.e., 
less than 50% of the grains pass through the 0.075 mm sieve).

The impact of WFS addition on the mixtures was 
quantified following a mechanical model 1 (Equation 1), as 
described by Papagiannakis & Masad (2012). This model 
establishes that the Resilient Modulus (RM) is a nonlinear 
function of confining pressure (σ3), which is typically applied 
for granular materials. Since a lesser amount of fine particle 
size (smaller than 0.75 mm) is presented into the mixtures for 
all the samples, a combined mechanical model 2 (Equation 
2) based on the deviator stress σd (Equation 3) and principal 
stress or bulk stress θ (Equation 4) was explored.

2
1 3. kRM k s=  (1)

32
1. . kk

dRM k θ s=  (2)

where

( )1 3ds s s= −  (3)

( )1 2 3θ s s s= + +  (4)

k1, k2, and k3 represent the model’s constants obtained from 
a nonlinear regression, while the root mean square error 
(RMSE), as observed in Equation 5, was used to achieve 

the optimized model’s constant. n represents the number 
of points used in the regression analysis, while iRM  and 

^iRM  define the observed and predicted Resilient Modulus, 
respectively. Also, R2 was investigated once the optimal 
solution was found.

( )2

1

1 ^
n

i ii
RMSE RM RM

n =
= −∑  (5)

To compare the structural performance between the 
WFS and the traditional granular materials, a mechanistic 
analysis was performed. The mechanistic evaluation was 
carried out in the proposed pavement structure, in which 
the sublayer was replaced by WFS. The simulations were 
performed throughout the elastic multilayer theory and using 
the AEMC software, version 2.4.2 (Franco, 2020).

The structural evaluation was carried out to identify 
the effects of different WSF grading over the fatigue life of 
the asphalt layer and the potential subgrade overloading. 
The performance models considered for asphalt and the 
subgrade layers are defined by the FHWA (1976) and Dormon 
& Metcalf (1965), which are described in Equations 6 and 
7. Both models give an estimation of the repetition number 
of standard wheel axles available, considering the initial 
elastic tensile and vertical strains.

( ) 3,51261,902.10 .AASHTO tN ε −−=  (6)

( ) ( ) 4,76210
 &  1965 6,069.10 . vDormon MetcalfN ε −−=  (7)

Where:
εt - Tensile strain at the asphalt bottom layer
εv - Vertical strain at subgrade top layer
N - Number of permissible standard wheel axle repetition

Furthermore, the solubilization and leaching of metals 
from WFS were evaluated through the environmental 
classification of the highest WFS content mixture, according 
to NBR 10004 (ABNT, 2004a).

3. Analysis and results

3.1. Design mixtures

The upper and lower limits (“A” and “E”) were selected 
to fulfill the design requirements of DNIT (2010b), regarding 
the mixture of three crushed materials and WFS

Grading “A” mixtures were designed to contain three 
crushed materials and WFS. Three mixtures were stabilized, 
fixing the values of coarse aggregates at 30% and 20% for 
CSA and CSB, respectively, reducing the content of coarse 
aggregates to the minimum; WFS was added as a substitution 
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for CSC at contents of 0% (Mixture 1A), 6% (Mixture 2A), 
and 12% (Mixture 3A).

In the case of grading “E,” only fine aggregates were 
added to the mixtures; WFS was added as a substitution 
for CSC, with 2% (Mixture 1E), 10% (Mixture 2E), 22% 
(Mixture 3E), and 38% (Mixture 4E).

These two ranges differ by the number “N”, which is 
defined by the number of repetitions of a standard-axle of 
82 kN during the project’s lifetime, which would have the 
same effect as the expected traffic on the pavement structure 
(DNIT, 2006). Therefore, subbases made using “A” grading 
are intended for roads with high traffic volume (N > 5 × 106), 
while “E” grading ones are designed for roads with low and 
medium traffic volume (N < 5 × 106).

Figures 1 and 2 show the particle size distribution for 
grading “A” and “E”. Mixture contents were established 
inside each range to study the influence of progressive WFS 
addition.

3.2. Compaction tests

Figures 3 and 4 present the Proctor curves for gradings 
“A” and “E” obtained through the Modified Proctor 
Compaction Test.

For both grading ranges, the increase in WFS content 
led to a reduction in dry density and an increase in moisture 
content. Furthermore, the maximum dry density, as well as 
the pattern obtained from the Proctor tests, indicated that 
mixtures present characteristics of sands with coarse, well-
graded, and few clay particles. Mixtures of crushed material 
and 27% WFS, studied by Guney et al. (2006), resulted in 
values of dry density and water level content close to those 
observed in this study.

This behavior can be better seen in Figures 3 and 4, where 
the relationship between maximum dry density and optimum 
moisture content according to WFS content are identified. 
The reduction in the dry density parameter is associated 

Figure 1. Particle size distribution for grade “A” mixtures.

Figure 2. Particle size distribution for grade “E” mixtures.

Figure 3. Compaction curves for specimens tested with different 
WFS contents, referring to grading “A.”

Figure 4. Compaction curves for specimens tested with different WFS 
contents, referring to grading “E”.
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with the specific unit weight of the materials, considering 
that WFS presents a lower density when compared to the 
other materials in the mixture. Pasetto & Baldo (2016), have 
also indicated that the specific unit weight of the materials 
directly affects the dry density parameter of the mixtures. 
Analyzing the mixtures with minimum and maximum WFS 
content, the dry density reduced 0.75% for grading “A” and 
7.07% for grading “E”. Considering that in both gradings 
the addition of WFS took place in substitution for CSC, 
the most significant reduction in the maximum dry unit 
weight was in grading “E”; due to the waste content being 
substantially higher.

Moisture content levels increased by 14.82% and 
19.44% for gradings “A” and “E,” respectively, considering 
mixtures with minimum and maximum WFS content. 
Mohammadinia et al. (2017) stated that the presence of 
materials with fine granulometry in the compaction process 
increases the mixture workability and consequently reduces 
the quantity of water needed for the process. In this context, 
WFS addition increased the fines content, contributing to 
the evidenced increase in the optimum water content level; 
implying that that higher volumes of water are required for 
compaction on site.

3.3. Swelling and California Bearing Ratio (CBR)

The results for swelling capacity and California Bearing 
Ratio (CBR) are presented in Table 2. The swelling was close 
to zero for all specimens, which was below the maximum 
limits set by Brazilian standards for the construction of road 
subbases.

The addition of WFS up to 38% presented no significant 
effect on the swelling of the mixtures. In fact, WFS can even 
reduce the swelling of soils, as observed by Klinsky & Fabbri 
(2009). Despite the presence of a small amount of bentonite 
in the mixture composition, the content of clayey material 
of WFS was about 1%.

CBR values for all mixtures with grading “A” and “E” 
were compacted under optimum conditions using modified 
energy, which resulted in high CBR values. Regarding grading 
“A”, WFS addition increased CBR values by 1.5 times when 
compared to mixtures of lower (1A) and higher (3A) WFS 
content. This represented 267.50% in mixture 3A, which 
was the highest bearing capacity recorded for this grading. 
The increase in bearing capacity regarding WFS addition 
was due to the improvement of the granulometric mixture 
composition, which ensured better material stabilization. 
CBR values were much higher than those observed by 

Arulrajah et al. (2019), with a CBR of 130% for crushed 
material, and by Guney et al. (2006) of 80% and 155% for 
mixtures of crushed rock.

For grading “E” the increase in WFS content led to 
a decrease in CBR values. This behavior can be associated 
with the lower strength parameters of WFS when compared 
to CSC (especially regarding mineralogical characteristics). 
Saha & Mandal (2017), studied mixtures of crushed rock, 
reclaimed asphalt pavement, and cement at levels of 75%, 
25%, and 1%, observing similar CBR values. The largest 
recorded load capacity corresponded to “1E”.

Considering that all studied contents satisfied the 
performance criteria established for each grading, the 
optimum WFS content was defined based on the largest 
waste reutilization. Thus, for the “A” and “E” gradings, the 
additional contents of 3A and 4E were considered optimum.

3.4. Resilient Modulus

A total of seven cyclic triaxial tests were carried out to 
identify the influence of WFS on the mechanical properties 
of each mixture. Three samples were tested using the grading 
“A” (Figure 5) and the four remaining samples were prepared 
following grading “E” (Figure 6)

Results indicate that WFS contributed to the improvement 
of the mechanical performance. This behavior may be 
associated with the granulometric stabilization resulting 
from fine WFS particles. Also, WFS addition improved the 
original granular interlocking due to the more efficient void 
filling, creating a more compact structure. Once particle 

Table 2. Variability of swelling and CBR for mixtures with different WFS contents, referring to gradings “A” and “E.”

Mixture Grading “E” Grading “A”
1E 2E 3E 4E 1A 2A 3A

California Bearing Ratio (CBR) (%) 111.35 92.75 94.86 85.16 173.22 188.15 267.50
Swelling (%) 0.01 0.01 0.00 0.03 0.00 0.00 0.00

Figure 5. Resilient Modulus versus confining stress for grading “A”.
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rearrangement occurred, higher particle contacts improved 
the mechanical properties, resulting in little susceptibility to 
deformation through the interlocking of the grains.

The regression parameters for both mechanistic models 
are summarized in Table 3. Considering that the first model 
accounts only for the effects of confining stress (Equation 1), the 
results indicate a satisfactory RMSE, as well as a determination 
coefficient (R2) exceeding 0.94. Model 1 suggests that WFS 
can improve granular interlocking once it reaches higher 
values of k1 and k2. This increment is more impactful for 
“A” grading mixtures, in which the fine particles can fill the 
remaining voids, reaching higher density levels (as observed 
in Figures 3 and 4), and consequently, allowing the mixture 
to show a better response under higher confining stresses. 
The addition of WFS in “A” grading mixtures resulted in an 
increment of k1 parameter of approximately 33%.

The regression results of the second model (Equation 2) 
were useful for comprehending the WFS effect on “A” 
grading mixtures. This model suggests that the regression 

constant k2, is less impacted than k3, which indicates that 
the presence of WFS should account for both the confining 
and deviator stress.

Although “E” grading mixtures resulted in worse 
mechanical performance when compared to “A” grading, a 
similar pattern was detected between gradings. Even though 
a lesser amount of WFS was added to the raw material 
(mixture 1E), the analyzed data implied the increase of k2 for 
both models, indicating once again that WFS improves the 
interlocking of particles.

Mohammadinia et al. (2017), studied mixtures of 
crushed materials and recycled asphalt pavement with 
different contents of fly ash, presenting resilient modulus 
results extremely similar to the ones shown in this research. 
In addition, k1 values obtained for gradings “A” and “E” 
corresponded to a similar behavior of granite and basalt 
materials presented by Marmitt et al. (2010).

Geometric and mechanical properties of the materials can 
be found in Table 4. The conducted analysis was performed 
considering only the strain responses at the asphalt layer 
(Bottom layer tensile strain) and the top of the subgrade layer 
(Vertical strain). k1 and k2 parameters were considered as the 
average of grading “A” and “B”; with values of 2330 and 
0.697 for “A” grading and 1496 and 0.759 for “E” grading. 
Both WFS gradings were considered appropriate as subbase 
layers. The standard double wheel axle with 82 kN (20,5 kN/
wheel) was considered as the typical loading in the analysis 
and all structural responses were determined between two 
wheels.

Table 5 presents the results from the mechanistic analysis 
carried out with the AEMC elastic multilayer analysis. Subbase 
layers of WFS resulted in similar behavior to the one found 
on conventional asphalt bottom layers

Tensile strain results on the lower face of the pavement 
(fatigue criterion), indicated that the repetition number of the 
standard vehicle axis was 4.1 x 106 for the WFS mixtures and 
4.9 x 106 for the conventional basalt gravel, following the Figure 6. Resilient Modulus versus confining stress for grading “E.”

Table 3. Regression parameters of both models for mixtures with gradings “A” and “E.”

Grading Mix.
2

1 3. kRM k s= 32
1. . kk

dRM k θ s=

k1 k2 RMSE (MPa) R2 k1 k2 k3 RMSE (MPa) R2

“A” 1A 1930 0.661 25 0.963 1815 1.002 -0.339 16 0.984
2A 2291 0.703 33 0.948 2111 1.022 -0.318 22 0.977
3A 2829 0.728 36 0.957 2610 1.074 -0.345 22 0.984

“E” 1E 1297 0.727 17 0.946 1373 1.086 -0.305 12 0.973
2E 1556 0.785 20 0.947 1401 1.104 -0.318 10 0.987
3E 1517 0.756 20 0.952 1389 1.097 -0.339 11 0.984
4E 1617 0.766 14 0.977 1517 1.199 -0.433 9 0.991

Crushed basalt - A 953 0.446 N.A. N.A. N.A. N.A. N.A.
N.A. - Not Applicable A - Frederico Wesphallen (Marmitt et al., 2010).
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AASHTO model. Nevertheless, higher values of vertical strain 
on top of the subgrade were identified for the WFS structure 
when compared to the conventional one; this strain directly 
affects the admissible N value in the model analysis (Dormon 
& Metcalf, 1965). For the conducted analysis, this study 
admitted as a reference the lowest N value of each structure. 
For the same subbase thickness (20 cm), mixtures with “A” 
and “E” gradings resulted in a performance equivalent to 68% 
and 7% of the traditional materials. Although a reduction in 
performance was evidenced for WFS mixtures, this study 
suggests that such materials can meet the requirements of light 
to medium traffic conditions. Finally, it is important to highlight 
that further studies are necessary regarding permanent strain.

3.5. Leaching and solubilization of metals

On large industrial scales, the correct disposal of WFS 
can be very onerous, requiring large storage areas. Thus, the 

reutilization of this waste benefits not only industries, but 
also the environment, minimizing the use of natural resources 
and landfills areas (Penkaitis & Sígolo, 2012). Considering 
that all mixtures satisfied the specifications for granulometric 
stabilized subbases, an environmental classification by 
leaching and solubilization tests was carried out only on the 
highest WFS mixture (4E – 40% WFS). Table 6 presents the 
results of the leaching and solubilization tests for the mixture 
according to NBR 10004 (ABNT, 2004a).

The sample was classified as non-inert Class II A (ABNT, 
2004a), for exceeding the solubilized iron concentration 
of the solubilization test; the raw waste presented similar 
results, considering that iron can be leached from both the 
molten metals of the molds and the additives of the foundry 
sand processing. In addition, WFS can also be classified as 
a nontoxic waste by NBR 10004 since none of the tested 
metals were detected on the leaching tests. A similar behavior 

Table 5. Observed structural response for suggested structures.

Subbase layer t  ε  (Asphalt bottom layer) vε   (Subgrade top layer) AASHTON ( ) &  1965Dormon MetcalfN
Grading A 852 585 4.8x106 1.5x106

Grading E 903 920 4.1x106 1.7x105

Basalt crushed stone 844 541 4.9x106 2.2x106

Table 4. Geometric and mechanical properties of pavement materials used in the simulations.

Layer Thickness (cm) RM (MPa) Poisson coefficient (𝜈) Reference
Asphalt 10 6300 0.27 Klinsky & Faria (2018)

Base 20 ( )0.446
3 953.RM s= 0.35 This study

Subbase 20 WFS gradings A and E 0.35 Marmitt et al., (2010)
Subgrade - 54 0.45 Santos (2019)

Table 6. Results of the leaching and solubilization tests for mixture 4E.

Element Leaching Tests NBR 10005 (ABNT, 2004b) Solubilization Tests NBR 10006 (ABNT, 2004c)
Results Limits (mg/L) Results Limits (mg/L)

As ND* 1.0 ND* 0.01
Ba ND* 70.0 ND* 0.7
Cd ND* 0.5 ND* 0.005
Pb ND* 1.0 ND* 0.01
Cr ND* 5.0 ND* 0.05
F ND* 150.0 0.7 1.5

Hg ND* 01 ND* 0.001
Ag ND* 5.0 ND* 0.05
Se ND* 1.0 ND* 0.01
Al - - ND* 0.2
Fe - - 2.4 0.3
Mn - - 0.05 0.1
Na - - 39.8 200.0
Zn - - ND* 5.0
Cu - - ND* 2.0

*ND: not detected.
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was also evidenced by Alves et al. (2014). Finally, Basar & 
Aksoy (2012) also corroborated this behavior while studying 
the addition of 40% WFS in concrete mixtures.

4. Conclusion

This study evaluated the physical, geomechanical, and 
environmental aspects of WFS and crushed aggregate mixtures 
applied to road subbases using granulometric stabilization 
as a building method.

Low fine contents of the four materials limited the 
selection of grading to two options, “A” and “E,” with a 
maximum waste content of 12% and 38%, respectively. 
For both gradings, WFS satisfied the minimum requirements 
of granulometric stabilized subbase pavement layers. 
Nevertheless, it is recommended to utilize WFS exclusively 
for subbase layers, considering that conventional materials 
usually result in a better mechanical performance. Also, it 
is recommended to investigate permanent strain properties 
for pavement structural evaluation.

The mixtures presented no significant swelling and 
showed high California Bearing Ratios, reaching maximum 
values of 267.50% and 111.35% for contents of 12% and 
2%, corresponding to gradings “A” and “E.” Regarding 
grading “A,” the progressive WFS increase improved the 
support characteristics of the mixture and the Resilient 
Modulus. Satisfactory values of the Resilient Modulus and 
the California Bearing Ratio were observed for mixtures 
with waste contents of 12% and 38% (gradings “A” and 
“E,” respectively), ensuring a structure with high density, 
strength, and little susceptibility to strain.

The highest WFS mixture (38%) was classified as 
a non-inert Class II A waste, indicating an environmental 
feasibility of using crushed material mixtures with up to 
38% WFS for building road subbases.
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List of symbols

CBR Swelling and California Bearing Ratio
Cc Curvature coefficient
Cu Uniformity coefficient
D10 Effective diameter
D30 Particle diameter equivalent to 60% of passing 

material extracted from particles size distribution 
curve

D60 Particle diameter equivalent to 60% of passing 
material extracted from particles size distribution 
curve

DNIT National Department of Transport Infrastructure of 
Brazil

k1, k2, and k3 model’s constants obtained from the 
nonlinear regression

N number of permissible standard wheel axle 
repetition

n the number of used points in the regression 
analysis

NBR Brazilian standard from Brazilian Association of 
technical standards (ABNT)

ND not detected
R2 determination coefficient
RM Resilient Modulus

iRM  observed Resilient Modulus
^iRM  predicted Resilient Modulus

RMSE Root Mean Square Error
WFS waste foundry sand
εt tensile strain at the asphalt bottom layer
εv vertical strain at subgrade top layer
θ principal stress or bulk stress
σ3 confining pressure
σd deviator stress
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Compressive and tensile strength of aeolian sand stabilized 
with porcelain polishing waste and hydrated lime
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1. Introduction

Aeolian soils cover large areas in the coastal environment 
and in regions with arid and semi-arid climates. Urban sprawl 
and the need for raw materials in the construction industry 
have led to the use of this type of soil as a foundation layer 
for buildings and roads or as fill material in embankments 
and retaining structures (Elipe & López-Querol, 2014). 
In natural state they have low bearing capacity and a structure 
susceptible to collapse when wetted (Mohamedzein et al., 
2019). Moreover, when saturated and in loose state, are subject 
to liquefaction under static or cyclic loading, which can cause 
great damage to materials and human life (Bucci et al., 2018; 
Bao et al., 2019; Souza Júnior et al., 2020).

The engineering properties of sandy soils, of aeolian 
origin or formed by other mechanisms, can be significantly 
improved by a variety of techniques that include densification, 
reinforcement, drainage or by introducing other materials in a 
physical, chemical or biological process (Venda Oliveira et al., 

2015; Abbasi & Mahdieh, 2018; Venda Oliveira & Rosa, 2020). 
In the case of chemical stabilization, soil improvement can 
be achieved by including traditional cementing agents such 
as Portland cement or newer alternatives such as colloidal 
silica, bentonite, biopolymers and geopolymers obtained 
from industrial wastes (Khajeh et al., 2020; Vranna & Tika, 
2021; Venda Oliveira & Cabral, 2021; Sharma et al., 2021).

The geotechnical behavior of cemented soils has been 
studied for decades (Saxena & Lastrico, 1978; Clough et al., 
1981; Schnaid et al., 2001; Rios et al., 2014; Vranna & 
Tika, 2020; Moon et al., 2020). Cementation changes the 
soil microstructure and hydration products are concentrated 
at contact points or may also fill part of the voids. In more 
granular soils the formation of strong bonds at the contact 
points between the particles increases the strength and 
stiffness of the structure, with the degree of cementation being 
directly proportional to the density and number of contacts 
and inversely proportional to the pore size (Baldovino et al., 
2020a). Vranna & Tika (2020) found that even small amounts 
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of cement can optimize the compressive and tensile strength 
as well as liquefaction resistance of sandy soils by forming 
bonds between the particles.

On the other hand, alternative materials to Portland 
cement are being proposed due to the high costs and large 
environmental impacts associated with the production of this 
compound (Sharma & Sivapullaiah, 2016; Andrew, 2018). 
The use of domestic or industrial waste, previously destined 
for landfills only for containment purposes, helps in the 
creation of more sustainable and less costly processes and 
in the conservation of natural resources (Jayanthi & Singh, 
2016; Latifi et al., 2018).

Fly ash (Åhnberg, 2006; Mahvash et al., 2018; 
Simatupang et al., 2020), glass powder (Consoli et al., 
2021), nanomaterials (Correia et al., 2021) and biomass 
waste, especially rice husk ash (Consoli et al., 2019a), have 
already been effectively used for soil stabilization in mixtures 
with cement, lime, or by means of the geopolymerization 
technique, allowing gains in strength, stiffness, and durability. 
The analysis and prediction of the strength of chemically 
stabilized soils depends on several factors and has become 
essential for the use of these materials in engineering 
applications (Horpibulsuk et al., 2003; Zhang et al., 2013; 
Correia et al., 2019, 2020).

In the case of pozzolan and lime mixtures, the 
compressive and tensile strength of the samples can be 
correlated with the porosity (η) and the volumetric binder 
content ( ivB ) using the parameter ( / ivBη ), which is the ratio 
between the volume of binder and the total volume of the 
sample (Consoli et al., 2018). Several authors have verified 
the effectiveness of using these parameters for normalizing 
compressive and tensile strength data (Baldovino et al., 
2020b; Consoli et al., 2020a, 2021).

During the manufacturing of porcelain tiles, one of 
the stages is the polishing of the pieces, responsible for 
improving the finishing of the product. During this process, 
which occurs in the presence of water, the residue, generated 
as a result of the detachment of particles from the tile and 
the abrasive material, is discarded and is called porcelain 
polishing waste (PPW). It is estimated that about 100 g of 
PPW is generated for each m2 of porcelain tile manufactured 
(Jacoby & Pelisser, 2015).

This waste, usually discarded in landfills, has a high 
daily production, requires large storage areas in the industries 
and can be a source of soil and groundwater contamination, 
or even be carried by winds affecting the local vegetation 
(Breitenbach, 2013). Brazil, for example, considered the third 
largest producer of ceramic pieces in the world, produced 
871.9 million m2 of ceramic tile in 2018 (Anfacer, 2019), 
and generates about 60,000 tons of PPW per year (De 
Matos et al., 2018a).

The composition of PPW includes elements present 
in the ceramic and may also have elements of the abrasive 
material used in polishing the pieces. Thus, its chemical 
analysis results in large quantities of silica and alumina. 

Magnesium and other fluxing oxides found in porcelain tiles 
can also be present (Medeiros et al., 2021). Specific tests such 
as electrical conductivity and calcium hydroxide consumption 
(Medeiros et al., 2021) or the analysis of cementitious 
materials with PPW incorporation using mechanical strength 
tests and thermogravimetry (Jacoby & Pelisser, 2015; De 
Matos et al., 2018b) confirmed the existence of pozzolanic 
activity of this material. The incorporation of the residue 
resulted in an optimization of the hydration reactions of 
the compounds, allowing gains in strength and durability, 
and thus constituting a potential candidate for use in soil 
improvement in mixtures with lime and cement.

However, while several studies have already evaluated the 
use of this material in the production of cements (Andreola et al., 
2010; Jacoby & Pelisser, 2015; De Matos et al., 2020), mortars 
(Jacoby & Pelisser, 2015; Sánchez de Rojas et al., 2018; 
Li et al., 2019, 2020) and concretes (De Matos et al., 2018a, 
b; Medeiros et al., 2021), no research was found evaluating 
its use in soil improvement processes, thus constituting the 
main gap that this work aims to address.

In this context, this research aims to use mechanical 
tests to study the incorporation of porcelain polishing waste 
and hydrated lime to improve a sandy aeolian soil from a 
coastal dune located in the city of Natal/RN. Fontoura et al. 
(2021) investigated the influence of cement content and 
molding moisture on the mechanical behavior of this soil 
and obtained an increase in unconfined compressive strength 
with increasing cement content.

2. Materials and methods

2.1 Materials

In this research, dune sand, hydrated lime and a residue 
from the porcelain tile polishing process were the three materials 
used. The soil is a quartz sand from sedimentary deposits 
that form dunes in the coastal region of Natal in Rio Grande 
do Norte. Figure 1 shows the grain size distribution curve 
of the sand, while Table 1 presents its physical properties. 
The material has angular to sub-angular grains and a uniform 
grading composed of 96.23% particles in the sand fraction 
(0.06 - 2.00 mm), approximately 70% medium sand, and 
fines content below 5%, being classified as a poorly graded 
sand (SP) by the Unified Soil Classification System.

Porcelain polishing waste was obtained from an 
industry that produces ceramic tiles in the state of Paraíba, 
Brazil. This waste is generated in the porcelain tile polishing 
operation with an abrasive material and in the presence of 
large amounts of water. The material used in this research 
was the solids resulting from the dewatering of the effluent 
in a filter press and which is stored in large piles outdoors. 
Around 200 kg of material was collected in different piles 
stored at a maximum time of one week, providing greater 
homogeneity given the variations in the production line.
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The collected material was initially homogenized and 
dried at a temperature of approximately 100 °C for 24 h. 
The dry material was manually crushed, passed through a sieve 
with 0.42 mm mesh and then subjected to characterization 
tests. Figure 1 shows the particle size distribution of PPW 
that was obtained by laser diffraction granulometer.

The material is composed of 26.93% of particles with 
dimensions equivalent to clays (< 0.002 mm), 71.61% in the 
range of silts (0.002 - 0.06 mm) and only 1.46% of particles 
in the range of fine sands (0.06 - 0.2 mm). In addition, it has 
99.74% of fine particles with size below 75 µm, an average 
diameter ( 50d ) of 0.0055 mm and an effective diameter ( 10d ) 
of 0.00068 mm. It presented liquid limit, plastic limit and 
plasticity index equal to 31%, 27% and 4%, respectively, 
being classified as a low plastic material. The specific gravity 
obtained was 2.55. Regarding the chemical composition, 
PPW presented as main components silica (67.48%) and 
aluminum (17.91%) that plus iron amount to 86.4%, allowing 
the material to be classified as a class N pozzolan by ABNT 
NBR 12653 (ABNT, 2014). The compounds calcium, 
sodium, magnesium and potassium were also present in 
smaller amounts.

The main crystalline phases identified were quartz, 
albite, mullite and silicon carbide, with the first three probably 
derived from the porcelain paste and the last one from the 
abrasive material used. The morphology of PPW particles 
is composed of rough and angular particles of irregular 
shapes. The consumption of 394 mg of calcium oxide per 
gram of PPW measured by the Modified Chapelle method 
was higher than the 330 mg/g limit proposed by Raverdy 
(Hoppe Filho et al., 2017) confirming the pozzolanic activity 
of this material. CH-I high purity hydrated lime was used 
as a source of reactive calcium, this material has a specific 
gravity of 2.30.

2.2 Methods

The variables controlled for the produced samples were 
relative density (RD), lime content (L) and PPW content 
(P). To define the levels of each variable and optimize the 
experimental program the Response Surface Methodology 
with Central Composite Rotatable Design (CCRD) was used. 
This technique allows an optimization in the combinations 
between the various analyzed factors, reducing the necessary 
amount of samples to be produced (Atkinson & Donev, 
1992). The number of experiments is defined based on 
Equation 1, where k  is the number of factors and CP the 
number of central points.

2 2kn CP k= + + ×   (1)

Thus, for 3 factors or independent variables, 15 experiments 
are obtained, being 8 factorial points (FP), 6 axial points (AP) 
and 1 central point (CP). All experiments were performed 
in triplicate. For this research, the PPW content was defined 
as a replacement for sand and the lime content was defined 
as an addition to the sand plus PPW mixture.

In order to evaluate the influence of low to high contents 
of PPW incorporation, 10%, 20%, and 30% were chosen as 
levels for this variable. In the case of lime, the Initial Lime 
Consumption method proposed by Rogers et al. (1997) 
was applied to determine the minimum amount of hydrated 
lime necessary to reach a pH sufficient to induce pozzolanic 
reactions in the mixture. The results showed that for the 
maximum PPW content incorporated the minimum lime 
content is 3%. Thus, considering the work of other researchers 
in the area of pozzolan-lime mixtures (Abbasi & Mahdieh, 
2018; Consoli et al., 2019b, 2021), contents of 3%, 5% and 
7% were adopted. As for the relative density, the aim was 
to evaluate mixtures in the loose, medium dense and dense 
states, adopting values of 25%, 50% and 75%, respectively.

The independent variables and the proposed levels with 
real and coded values for the CCRD are shown in Table 2, 
while the design matrix of the experiments is shown in 
Table 3. For each composition, maximum and minimum 
void ratios tests were performed, whose results are shown 
in Table 4. The specific gravity of each mixture ( sG ) is a 

Figure 1. Grain size distribution curves of the materials used in 
this research.

Table 1. Physical properties of dune sand.
Properties Symbol Value

Specific gravity (-) sG 2.66

Mean diameter (mm) 50d 0.265

Effective diameter (mm) 10d 0.151

Coefficient of uniformity (-) uC 1.94

Coefficient of curvature (-) cC 0.98

Maximum void ratio (-) maxe 0.84
Minimum void ratio (-) mine 0.60
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function of the contents (S, L, P) and densities ( Sρ , Lρ , 
Pρ ) of each material and the equation for its calculation is 

derived below (Equations 2 and 3), where SM , LM  and PM  
and SV , LV  and PV  are the mass and volume of sand, lime and 
PPW particles, respectively. dM  is the total dry mass of the 
mixture and wρ  the density of water.

( ) ( )

( )
1

1

solids S L P
s

solids w S L P w

d

d
w

S L P

M M M M
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V V V V
M S L P
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M S L P
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ρ ρ

ρ
ρ ρ ρ

+ +
= = =
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+ +
+

 
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s

w
S L P

S L PG
S L P ρ

ρ ρ ρ

+ +
=

 
+ + 

 

  (3)

The experimental data were fitted to a second order 
polynomial equation Y  (quadratic model), similar to Equation 4. 
Where, ( )1, 2, 3X  are the independent variables and 0β , ( )1, 2, 3β , 

( )11, 22, 33β  and ( )12,1 3, 23β  are the regression coefficients for, 
respectively, the intercept, linear and quadratic behavior and 
interaction between the factors.

2
0 1 1 2 2 3 3 11 1
2 2

22 2 33 3 12 1 2 13 1 3 23 2 3

Y X X X X

X X X X X X X X

β β β β β

β β β β β

= + + + + +

+ + + +
 (4)

In order to validate the statistical models obtained, 
additional tests in triplicate for unconfined compressive 
strength and tensile strength were performed under two new 
conditions (40% RD, 4% lime, 25% PPW and 60% RD, 6% 
lime, 15% PPW) on samples at 28 days of curing and the 
results were compared with the predicted values.

Table 2. Independent variables and levels used in the CCRD.

Factors Levels
-1.68 -1 0 +1 +1.68

Relative density (%) 7.96 25 50 75 92.04
Lime content (%) 1.64 3 5 7 8.36
PPW content (%) 3.18 10 20 30 36.82

Table 3. CCRD matrix for compressive and tensile strength tests.

Mixtures Real value (Coded value)
Relative density Lime content PPW content

FP-1 25% (-1) 3% (-1) 10% (-1)
FP-2 25% (-1) 3% (-1) 30% (+1)
FP-3 25% (-1) 7% (+1) 10% (-1)
FP-4 25% (-1) 7% (+1) 30% (+1)
FP-5 75% (+1) 3% (-1) 10% (-1)
FP-6 75% (+1) 3% (-1) 30% (+1)
FP-7 75% (+1) 7% (+1) 10% (-1)
FP-8 75% (+1) 7% (+1) 30% (+1)
AP-1 7.96% (-1.68) 5% (0) 20% (0)
AP-2 92.04% (+1.68) 5% (0) 20% (0)
AP-3 50% (0) 1.64% (-1.68) 20% (0)
AP-4 50% (0) 8.36% (+1.68) 20% (0)
AP-5 50% (0) 5% (0) 3.18% (-1.68)
AP-6 50% (0) 5% (0) 36.82% (+1.68)
CP 50% (0) 5% (0) 20% (0)

Table 4. Physical properties of each composition.
Contents Properties

Lime PPW  
maxdg  (kN/m3)  

mindg  (kN/m3) maxe mine sG
3% 10% 17.0 14.4 0.84 0.55 2.64
3% 30% 17.1 12.7 1.06 0.53 2.62
7% 10% 16.6 14.0 0.88 0.58 2.62
7% 30% 16.0 12.1 1.15 0.62 2.60

1.64% 20% 16.8 13.7 0.91 0.56 2.63
8.36% 20% 16.4 12.7 1.05 0.59 2.61

5% 3.18% 16.7 14.3 0.84 0.58 2.64
5% 36.82% 15.5 11.6 1.24 0.68 2.60

50% 20% 16.6 13.2 0.99 0.58 2.62
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2.2.1 Molding and curing of the specimens

For all tests, cylindrical specimens with dimensions of 
50 mm in diameter and 100 mm in height were used. Initially, 
the PPW and the sand in dry condition were mixed manually 
until a homogeneous appearance was obtained. Then hydrated 
lime was added and a new homogenization was carried out. 
Distilled water was added to the final material. The void ratio 
(e) (Equation 5) and total dry mass ( dM ), whose calculation 
is derived in Equations 6 and 7, were used to obtain the dry 
mass of each material used in the mixture (Equations 8 to 
10). Where dρ  is the dry density of the mixtures and totalV  
the total volume of the sample.

( )max max mine e RD e e= − × −   (5)
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Since the moisture required by each material is different, 
the mass of water ( ) was calculated based on Equation 
11 by adding 5% in relation to the mass of sand ( SM ) with a 
water/binder ratio of 0.32. The binder was taken as the sum 
of the mass between the PPW ( PM ) and hydrated lime ( LM ) 
and this content was chosen based on previous tests in order 
to have good workability when molding.

( )0.05 0.32w S L PM M M M= × + × +   (11)

The mixtures were statically compacted using a mechanical 
loading machine in a tripartite cylindrical mold in four layers 
of equal mass and height. The compaction energy used in 
each layer was that sufficient to achieve the desired height 
and, consequently, the target dry unit weight and relative 
density. The top of each layer was scarified to improve the 
adhesion between them. A maximum time of 20 minutes was 
adopted for the mixing and compaction processes in order 

to minimize its influence on particle cementation. Three 
samples were taken to verify the moisture content.

At the end of molding, the specimens were removed 
from the mold and then weighed to verify their wet weight 
with 0.01 g precision. Due to the fragility of the samples, 
dimensions were measured only on some specimens to obtain 
an average volume used to calculate the relative density. 
The maximum tolerances adopted for sample acceptance 
were ± 0.5% for moisture and ± 2% for relative density.

Then the specimens were placed in a humid chamber 
for curing at a temperature of 23 °C ± 3 °C and humidity 
above 95%. The standard curing time was 28 days, however, 
for the FP-8 mixture, samples were also analyzed at 7 and 
91 days of curing to observe the development of cementation 
reactions over time.

2.2.2 Compressive strength tests

At 27 days of curing, the specimens were immersed for 
24 h in a container of water to minimize the effects of suction. 
They were then removed from the tank and superficially 
dried with an absorbent cloth. The tests were performed 
on a hydraulic press with a maximum capacity of 100 kN 
and a load cell with a capacity of 10 kN and resolution of 
0.01 kN. The test followed the prescriptions of ABNT NBR 
5739 (ABNT, 2018), similar to ASTM C39 (ASTM, 2021), 
and was initiated immediately after surface drying at a rate 
of 1.00 mm/min with the maximum load being obtained for 
each specimen.

The compressive strength is defined as the ratio 
between the maximum load and the cross-sectional area of 
the specimen. As an acceptance criterion for the mechanical 
tests, it was adopted that the individual strengths of the three 
specimens could not deviate by more than 10% from the 
average strength.

2.2.3 Split tensile strength tests

To obtain the tensile strength of the specimens, split 
tensile tests, also known as the indirect tensile test or Brazilian 
Test, were performed. The same machine was used as for 
the axial compression tests. The procedure followed the 
prescriptions of ABNT NBR 7222 (ABNT, 2011), similar 
to ASTM C496 (ASTM, 2017). The specimen, prepared as 
in the previous test, was placed between two rectangular 
pieces of wood with dimensions calculated according to the 
dimensions of the specimen and diametrically opposite to 
each other. A compression load was then applied generating 
a diametrical rupture. The tensile strength ( tq ) was obtained 
from Equation 12, which relates the maximum applied force 
(F), the diameter (D) and height (H ) of the specimen.

2
t

Fq
DHπ

=   (12)
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For analysis of the results obtained for the response 
variables, including generation and fitting of the model, 
obtaining the response surfaces and analysis of data variance, 
the Statistica 12.0 software was used.

3. Results and discussion

3.1 Statistical analysis

A total of 114 specimens were prepared for the experimental 
program. Table 5 shows all values of unconfined compressive 
strength ( uq ) and split tensile strength ( tq ) calculated as the 
average of the strength of three specimens as well as the 
respective standard deviation for 28 days curing time. The uq  
values obtained ranged from 57.39 kPa to 1561.43 kPa, and 
the tq  values from 7.13 kPa to 162.48 kPa. This indicates 
that the variables involved in the design have an influence on 
the mechanical strength of the soil samples. Similar ranges 
were obtained by Abbasi & Mahdieh (2018), Consoli et al. 
(2018, 2019b, 2021) in mixtures of soil, pozzolan and lime 
cured at 28 days.

The data analysis using CCRD allowed the identification 
of significant factors and their respective coefficients to build 
the regression model. Since the actual values of relative 
density vary around the planned values (± 2%) due to factors 
inherent to the molding process and to allow the calculation 
of the pure error and lack of fit parameters, the planned values 
were considered for all specimens.

In the case of compressive strength, ignoring the effects 
of insignificant terms (p-value > 0.05), it was possible to 
obtain an adjusted regression model with coefficient of 
determination 2R  value of 0.980, i.e., which explains 98.0% 
of the variability of the process (only 2.0% of the total 
variability cannot be explained) that is given in Equation 13. 

In addition, the adjusted 2R  of 0.976 was very close to the 
2R  actual value, indicating a good fit of the second-order 

polynomial equation to the experimental data. The result 
of the analysis of variance (ANOVA) with the fitted model 
is shown in Table 6. The sum of squares (SS), degrees of 
freedom (df), mean square (MS) and p-value are shown. 
The lack of fit test was used to evaluate the model fit by 
comparing the pure error with the residual error. The result 
showed a significant lack of fit, however, the other evaluations 
such as the coefficient of determination and an analysis of 
the distribution of residuals showed that the model is able 
to predict with quality the values of the response variable.

( ) ( ) ( )

( ) ( ) ( )
( )( )

2

2 2

3.936 0.036 339.488

27.457 22.052 0.637

0.865 943.208

uq RD RD L

L P P

RD P

= − − + −

+ − +

−

 (13)

For the tensile strength only the quadratic term of the 
PPW content proved to be insignificant and was ignored in 
the final regression equation. Thus, it was possible to obtain a 
model with 2R  also equal to 0.980 and adjusted 2R  of 0.976, 
given in Equation 14. The result of the analysis of variance 
with the fitted model is shown in Table 7.

( ) ( ) ( )

( ) ( ) ( )( )
( )( ) ( )( )

2

2

1.551 0.005 24.507

2.464 0.559 0.079

0.068 0.085 31.841

tq RD RD L

L P RD L

RD P L P

= − + + −

+ + +

+ −

 (14)

3.1.1 Model validation

The results of the additional tests for unconfined 
compressive strength and tensile strength to validate the 

Table 5. Compressive and tensile strength results for each mixture.

Mixtures  uq  (kPa) Standard deviation 
(kPa)

 tq  (kPa) Standard deviation 
(kPa)

t
u

q
q

FP-1 99.30 3.25 8.75 0.32 0.09
FP-2 495.15 16.89 72.65 3.70 0.15
FP-3 288.61 13.43 23.30 0.93 0.08
FP-4 719.66 62.30 74.01 5.11 0.10
FP-5 128.70 9.53 13.73 0.88 0.11
FP-6 1408.08 17.79 125.38 6.09 0.09
FP-7 284.13 8.05 24.05 1.72 0.08
FP-8 1561.43 33.07 162.48 4.96 0.10
AP-1 325.15 22.45 54.52 4.72 0.17
AP-2 1241.88 107.04 113.18 1.57 0.09
AP-3 224.77 6.25 20.83 1.85 0.09
AP-4 849.45 67.47 72.68 5.18 0.09
AP-5 57.39 1.47 7.13 0.13 0.12
AP-6 1277.55 71.74 145.19 5.91 0.11
CP 825.45 66.00 67.64 4.07 0.08
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statistical models obtained are presented in this section. 
The levels of each factor as well as the results found (average 
values) and percentage error relative to the value predicted 
by the model are presented in Table 8.

It can be seen that there is a good agreement between 
the predicted and observed values. All the tests showed 
a percentage error lower than 10%, indicating that the 
obtained models can be used to predict with good accuracy 
the compressive and tensile strengths of this dune sand 
stabilized with PPW and lime.

3.2 Unconfined compressive strength and split tensile 
strength results

The interaction model of the three independent 
variables evaluated in the research with the response was 
obtained to assess the effect of each one on the compressive 
strength ( uq ) and tensile strength ( tq ) of mixtures. With the 

model it was possible to generate the response surfaces 
for the variables studied as well as contour plots allowing 
the combined influence of the variables on soil strength to 
be verified. The contour plot provides a two-dimensional 
representation while the response surface adds a new axis for 
easy visualization. These graphs allows the evaluation of how 
each independent variable affects the response at different 
levels while keeping another independent variable constant. 
Figure 2 illustrates the response surfaces and contour plots 
for compressive strength relating it with two independent 
variables while the third independent variable is held fixed 
at the center value. The results for tensile strength can be 
seen in Figure 3.

It can be observed that uq  and tq  of the samples present 
a parabolic increase with the increase in the PPW content 
for any relative density, however, this increase is more 
significant and linear at higher values of relative density. 
These results are in agreement with other works that have 
evaluated the incorporation of pozzolanic materials and lime 
for the improvement of soils (Abbasi & Mahdieh, 2018; 
Consoli et al., 2018, 2021).

In these cases, the strength gain is especially attributed 
to the cementation of the grains as a result of the pozzolanic 
reactions between pozzolan and lime, which is amplified with 
higher silica and aluminum reserves present in the residue. 
Increases in strength with increasing content of incorporation 
of pozzolanic wastes were reported by other authors in 
similar research (Silvani et al., 2019; Simatupang et al., 
2020). Lime carbonation can also generate compounds that 
helps in particle cementation. Furthermore, an increase in 
relative density promotes gains for uq  and tq , especially at 
high PPW levels. This can be attributed to the reduction in 
void ratio that increases the number of contacts between the 
particles and optimizes the load transfer allowing the soil to 
withstand higher stresses (Vranna & Tika, 2020).

With a reduction in PPW content the effect of relative 
density is also reduced. At low PPW contents, this material 
tends to be concentrated in the voids between the larger sand 
particles that dominate the soil strength mechanism even 
for denser samples. However, with an increase in the PPW 
content, the cementation generated can act on the contact 
between the sand grains and an increase in density amplifies 
the number of contacts, thus allowing greater impacts on the 
strength (Chang & Woods, 1992; German, 2014; Vranna 
& Tika, 2020; Moon et al., 2020; Consoli et al., 2021). 
The incorporation of smaller particles causes, for the same 
mass, the number of particles to increase, thus increasing 

Table 6. ANOVA for compressive strength quadratic model.
Source SS df MS p-value

RD 2423320 1 2423320 0.000000
2RD 9366 1 9366 0.044625

L 690686 1 690686 0.000000
2L 219029 1 219029 0.000000

P 6490356 1 6490356 0.000000
2P 73773 1 73773 0.000002

RD P× 1122071 1 1122071 0.000000
Lack of Fit 164859 7 23551 0.000001
Pure Error 63960 30 2132

Total 11241543 44

Table 7. ANOVA for tensile strength quadratic model.
Source SS df MS p-value

RD 13246.0 1 13246.02 0.000000
2RD 314.6 1 314.61 0.000053

L 4977.8 1 4977.83 0.000000
2L 2874.4 1 2874.38 0.000000

P 78262.9 1 78262.94 0.000000
RD L× 372.5 1 372.54 0.000016
RD P× 6881.7 1 6881.74 0.000000
L P× 69.4 1 69.38 0.034724

Lack of Fit 1745.6 6 290.93 0.000000
Pure Error 425.4 30 14.18

Total 110574.6 44

Table 8. Predicted and observed values for the validation of the statistical models.

Mixtures Relative 
density

Lime 
content

PPW 
content

uq  (kPa) tq  (kPa)
Predicted Observed Error Predicted Observed Error

1 60% 6% 15% 704.07 677.52 -3.77% 57.59 53.88 -6.44%
2 40% 4% 25% 777.69 849.86 9.28% 75.89 79.16 4.31%
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the number of contacts (Wiącek & Molenda, 2014). Another 
aspect is that for low saturation levels, hydration products tend 
to precipitate in regions where the meniscus are formed and 
that occur in greater numbers with an increase in the number 
of contacts (Ribeiro et al., 2016). The highest strengths were 

found in the region combining high values of PPW content 
and relative density, indicating that the interaction between 
them is more important than their isolated effects.

The effect of the lime content on both strengths is 
given by a parabolic curve with the concavity downward, 

Figure 2. CCRD response surfaces and contour plots for compressive strength.

Figure 3. CCRD response surfaces and contour plots for tensile strength.
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indicating that there is an optimum lime content, this behavior 
is maintained for any relative density. While there is a 
significant improvement in strength between the samples 
with 3% and 5% lime, this improvement reduces considerably 
between 5% and 7% content. A mathematical analysis of the 
parabolic function returns an optimum lime content near 6%. 
Similar behavior was obtained by Abbasi & Mahdieh (2018). 
The dissolution of calcium hydroxide raises the pH of the 
mixture and allows the amorphous silica and alumina present 
in the pozzolanic material to combine with calcium to form 
hydrated compounds, in particular calcium silicate hydrate 
(Walker & Pavía, 2011; Sharma & Sivapullaiah, 2016). 
An increase in the lime content allows an optimization in the 
maintenance of this pH besides making more calcium ions 
available in the solution for the reactions to occur, however 
the low speed of the pozzolanic reaction and the reaching of 
an equilibrium pH can limit the strength gains.

An increase in relative density, as in the previous case, 
has a positive effect on the values of uq  and tq  for any lime 
content, meanwhile, the combined effect of relative density 
and lime content is less significant than the combined effect 
of relative density and PPW content. This can be attributed 
to the small difference between the lime contents studied, 
which has little impact on the amount of fines and hence on 
the granulometric characteristics of the mixtures.

As for the interaction between lime and PPW content the 
optimum region occurs at high values of PPW incorporation 
and lime contents between 5% and 7%. An increase in the 
amount of incorporated PPW requires greater amounts of 
calcium available for pozzolanic reactions, thus, mixtures 
with a high content of PPW and low amount of lime can limit 
strength gains by lack of calcium. In this case, part of the 
incorporated waste is dissolved and helps in the formation 
of the cementing compounds while other particles act only 
with a physical filling effect in the pores created by the larger 
sand particles (Moon et al., 2020).

It can be inferred that the optimization points for 
the response variables taking into account all three factors 
simultaneously have not yet been reached. The data indicate 
that these points are located at higher values of relative 
density and PPW content than those studied in this research. 
In other words, higher compressive and tensile strengths 
can be obtained for compacted samples with lime content 
between 5 and 7%, relative densities higher than 75%, and 
PPW contents above 30% simultaneously.

Figure 4 shows the variation of uq  and tq  with the 
volumetric binder content ( ivB ) for each relative density 
and lime content. Data predicted by Equations 13 and 
14 were used. It can be noted that there is a tendency for the 
strength to increase with the increase of ivB , with the slope 
of the curve being more pronounced for denser mixtures. 
Moreover, with the increase in relative density the behavior 
becomes more linear. An increase in the volume of binder 
incorporated enhances the cementation reactions, which is 
optimized by increasing the relative density, as discussed 
above. An important aspect is that the curves referring to the 

7% lime content are located below those referring to the 5% 
content, i.e., for the same parameter ivB , mixtures with 5% 
lime present higher strengths. Besides a better mechanical 
performance, this also indicates a better environmental 
performance of these mixtures since they require a smaller 
amount of lime and use larger volumes of waste.

Figure 5 illustrates the correlation of uq  and tq  with the 
parameter ( / ivBη ). According to Consoli et al. (2016) the 
strength of soils treated with cementitious materials can be 
predicted by an equation such as Equation 15, where A is a 
scalar and B and β  adjustment exponents. The values of B 
and β  depend on the type of binder and the characteristics 
(particle size distribution and mineralogy) of the soil (Rios et al., 
2013). The scalar A, according to Diambra et al. (2017), is 
related to the sand and binder matrix and is affected by the 
exponent B.

( )

B

u
iv

q A
B β
η

−
 
 =
  

  (15)

Figure 4. (a) Compressive and (b) Tensile strengths versus volumetric 
binder content.
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In this paper a coefficient of determination 2R  of 
0.89 was obtained for the fitting curve. An exponent equal to 
1.00 was applied to ivB . Exponents smaller than 1.00 indicate 
that sample porosity has a greater effect on the mechanical 
strength of cemented soil. Values close to 1.00 indicate 
that the two parameters have similar effects and are most 
commonly used for the case of sandy soils (Baldovino et al., 
2020a). Similar value was reported by Fontoura et al. (2021) 
who used the same soil as in this research. Mola-Abasi & 
Shooshpasha (2016) and Consoli et al. (2011, 2013, 2020b) 
obtained the same exponent for sands from other locations. 
However, the value of B equal to 2.30 differs from that 
reported in the other studies. According to Baldovino et al. 
(2020a) these parameters also depend on the compaction 
conditions, most often related to the optimum point obtained 
in the Proctor test.

In general, a reduction in ivBη  leads to an increase 
in uq  and tq  with an exponential trend. Thus, a reduction in 
porosity combined with an increase in the amount of binder 
in the paste has a positive effect on the strength. Similar 
behavior was found by Baldovino et al. (2020b), Consoli et al. 
(2021) and Fontoura et al. (2021).

Another important aspect is that different mixture 
combinations can be obtained taking into account the same 
strength value. From Figure 5 it can be seen that the same 
strength can be obtained for different combinations of relative 
density, PPW content, and lime content. This indicates that 
although the parameter / ivBη  allows a good correlation of 
the data with the strength, a correct design of pozzolan-
lime mixtures can only be made knowing the behavior of 
the strength in relation to the combinations between all the 
variables.

To be able to correlate the equations of the fit curves 
between tq  and uq  graphs, the tq  data was fitted to an equation 
with the same exponent B found for uq  (i.e., 2.30). It is 
worth mentioning that since it was the same soil, binder and 
preparation mode, these values were already close.

The ratio between tq  and uq  is shown in Equation 
16. The value of 0.10 is a common value for the case of 
cemented materials (Khajeh et al., 2020; Consoli et al., 
2020b). As shown in Table 5, the ratio between tq  and uq  for 
each mixture is also around 0.10.

2.30

2.30

802.7
0.10

8020.6

ivt

u

iv

Bq
q

B

η

ξ
η

−

−

 
 
 = = =
 
 
 

 (16)

3.3 Effect of curing time on strength

Figure 6 shows uq  and tq  values of the FP-8 mixture 
(75% RD, 7% lime and 30% PPW) for 7, 28, and 91 days 
of curing. It is evident the strength improvement with the 

Figure 5. (a) Compressive and (b) Tensile strengths versus porosity/
binder index.

Figure 6. Variation of compressive and tensile strength with 
curing time.
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increase of curing time. Values of uq  at 28 days and 91 days 
were, respectively, 243.7% and 569.1% higher than those 
found for 7 days. For tq  these increases were 279.7% and 
632.9%. In addition, the ratio /t uq q  is almost 0.1 for any of 
the curing times studied.

The increase in curing time allows the pozzolanic 
reactions, of low velocity, to occur, providing improvement 
in the bonding between the particles and increment in the 
mechanical performance of the soil (Consoli et al., 2001; 
Jha et al., 2009; Amadi & Osu, 2018; Khajeh et al., 2020). 
Increased strength with curing time was also obtained by 
Abbasi & Mahdieh (2018) which evaluated the incorporation 
of a natural pozzolan and lime for the improvement of a sandy 
soil. Simatupang et al. (2020) also reported the increase of 
strength with curing time for sands stabilized with fly ash.

4. Conclusion

In this research, the influence of porcelain polishing 
waste and hydrated lime on the mechanical properties of an 
aeolian dune sand was investigated by unconfined compressive 
strength and split tensile strength tests. For this purpose, the 
variables relative density, lime content and PPW content 
were combined using a Surface Response Methodology with 
Central Composite Rotatable Design.

The PPW and lime contents as well as the relative 
density have a positive effect on uq  and tq  of the mixtures. 
The highest strength values were found for the region that 
combines high values of PPW content and relative density, 
being the optimum region above the one covered in this 
study. The influence of the lime content showed a parabolic 
behavior with the optimum content around 6%.

The improvement in the mechanical performance of the 
samples can be attributed to grain bonding due to cementation 
reactions. Pozzolanic reactions between lime and PPW and 
carbonation of lime are the most probable. At high PPW 
contents, the cementing compounds tend to be formed in 
the contact between the particles and an increment in the 
relative density and number of fines increases the number 
of contacts allowing higher strength gains.

It was possible to establish a good correlation of uq  
and tq  data with the parameter / ivBη  and the strength is 
inversely proportional to this parameter. An exponent β  equal 
to 1.00 was obtained indicating that porosity and volumetric 
binder content has similar effects. Finally, increases in uq  and 

tq  were obtained with increasing time of curing, demonstrating 
the dependence of cementation reactions to this factor in 
mixtures of soil, pozzolan and lime.
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List of symbols

A Scalar for the relation between strength and / ivBη
ANOVA Analysis of variance
AP Axial point
B Second exponent of adjustment for the relation  
 between strength and / ivBη

ivB  Volumetric binder content
ivC  Volumetric cement content
cC  Coefficient of curvature
uC  Coefficient of uniformity

CCRD Central composite rotatable design
CP Central point

50d  Mean diameter
10d  Effective diameter

df  Degrees of freedom
D Diameter of the sample
e Void ratio

maxe  Maximum void ratio
mine  Minimum void ratio

F  Maximum applied diametrical force
FP Factorial point

sG  Specific gravity
H  Height of the sample
k  Number of factors
L Lime content

dM  Total dry mass of the mixture
solidsM  Mass of solids
SM  Mass of sand particles
LM  Mass of lime particles



Compressive and tensile strength of aeolian sand stabilized with porcelain polishing waste and hydrated lime

Silva et al., Soil. Rocks, São Paulo, 2023 46(1):e2023002322 12

PM  Mass of PPW particles
wM  Mass of water

MS Mean square
n Number of experiments
P PPW content
PPW Porcelain polishing waste

uq  Unconfined compressive strength
tq  Split tensile strength
2R  Coefficient of determination

RD Relative density
S Sand content
SP Poorly graded sand
SS Sum of squares

totalV  Total volume of the sample
solidsV  Volume of solids
SV  Volume of sand particles
LV  Volume of lime particles
PV  Volume of PPW particles
( )1, 2, 3X  Independent variables of polynomial equation

Y  Second order polynomial equation
β  First exponent of adjustment for the relation  
 between strength and / ivBη

0β  Regression coefficient for intercept
( )1, 2, 3β  Regression coefficients for linear behavior

( )11, 22, 33β  Regression coefficients for quadratic behavior

( )12,1 3, 23β  Regression coefficients for interaction between 
 factors

maxdg  Maximum dry unit weight
mindg  Minimum dry unit weight

η Porosity
/ ivBη  Porosity/binder index

ξ  Ratio between tensile strength and compressive  
 strength

dρ  Dry density of the mixture
Sρ  Density of sand particles
Lρ  Density of lime particles
Pρ  Density of PPW particles
wρ  Density of water
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1. Introduction

Primary problems in the use of bauxite residue 
(BR) as a construction material are lower shear strength, 
collapse potential, and dispersion (Mishra et al., 2020b). 
Past research has established that the strength of BR is 
very low owing to the presence of an excessive quantity 
of monovalent sodium (Na+) ions, which hinder particle 
flocculation (Reddy et al., 2021a, b; Reddy & Rao, 2018; 
Zhang & Tao, 2008). The dispersion behavior of BR makes 
it vulnerable to severe erosion (Reddy et al., 2016a, 2018, 
2021b; Singh et al., 2020). Thus, addressing the strength 
and dispersion becomes key problems when BR is to be 
considered as a construction material. Alongside, pH above 
10 and the possible leaching of toxic elements under severe 
alkaline circumstances are a few more deterrents for the 
low volume usage of BR (Singh et al., 2020; Zhang et al., 
2018, 2020a).

On the other hand, road construction requires a 
substantial quantity of resource materials, which are acquired 
from naturally available resources. In view of the excessive 
exploitation of nature and natural resources, the conversion 
of waste materials into usable geomaterials by appropriately 
stabilizing them with additives seems promising. BR is 
one of the potential materials that could be devised as an 
alternative to naturally depleting materials. Dual problems 
of low strength and dispersion of BR can be alleviated by 
amending with suitable additive(s) such that the modified 
residue meets the requirement when it is to be employed for 
constructing embankments, rural roads, making of bricks and 
paving blocks, and developing BR based geopolymer products 
(Reddy et al., 2016b; Zhang et al., 2020b; Zhao et al., 2019, 
2020). Zhang et al. (2016) have developed a composite material 
using BR and slag with improved strength characteristics. 
Jha et al. (2020) have investigated the possibility of using 
BR to stabilize expansive soils to be used in clay lining 
system. Kumar & Kumar (2013) have conducted research 
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on the utilization of BR in conjunction with other industrial 
by-products such as fly ash to produce paving blocks. 
On a pilot project scale, Kehagia (2008) has used BR for 
the development of a soil subgrade and road embankment.

Lime is documented as a highly effective additive 
for treating a range of geomaterials in the field of soil 
stabilization (Mishra et al., 2020a). Its treatment impacts 
consistency, compaction, strength, swelling, and dispersion 
characteristics of various types of problematic soils such as 
black cotton soil and organic soil (Ajayi, 2012). This can 
be linked to the versatility and heterogeneity as well as the 
variety of mineralogical properties of lime (Farhan et al., 
2020). A typical comparison of the effect of lime with 
cement indicates that the improvement of shear strength in 
lime stabilized soil lasts for more than two years, whereas 
the latter additive effect continued only for six months (Al-
Rawas et al., 2005). In this context, lime could be a potential 
additive to stabilize the BR. Based on the systematic review of 
literature, another important knowledge gap that the authors 
identified is poor understanding of the effect of curing time 
on lime stabilization. In the knowledge of authors, there 
are a few literatures available that discusses the influence 
of lime on BR. Table 1 elucidates the studies as regards to 
treatment of BR with calcium rich waste materials or lime.

Nano-sized elements, such as graphene oxide, have 
recently become popular as cementitious composites to 
improve the mechanical properties of soils. The use of 
graphene oxide (GO) in civil engineering applications has 
recently seen a significant upsurge in light of its merit as an 
additive to cementitious material. The review of literature 
reveals that majority of GO applications are remain 
confined to cement and concrete, either to improve strength 
(Gong et al., 2015; Liu et al., 2019), freeze-thaw resistance 
(Mohammed et al., 2016); porosity (Mohammed et al., 2015); 
workability (Indukuri et al., 2020) or durability (Priya et al., 
2021). GO has also successfully been introduced as part of a 
hybrid additive to improve the performance of construction 
materials (Gao et al., 2019; Pateriya et al., 2021). Liu et al. 
(2018) used GO in hot mix asphalt binder for three types of 
warm mix additives and reported an increase in viscosity, 
deformation resistance, and elasticity at high temperatures 

in the GO-modified mixes. A greater degree of interfacial 
adhesion between GO and cement mix might explain the 
significant strength increment of the resultant mix.

It appears from the literature that a few efforts are devoted 
to explore the usability of GO in soil and waste material 
stabilization. Zhu et al. (2010) have noticed that liquid limit, 
plastic limit, and plasticity index of the cement-treated soil 
samples declines as GO concentration increases. The addition 
of GO to cement-treated soil resulting in an increment of 
unconfined compressive strength and shear strength has 
been reported by Naseri et al. (2016). Strength improvement, 
reduced compressibility and hydraulic conductivity are all 
factors in the development of the treated soil (Kai et al., 
2019; Pateriya et al., 2019; Zhu et al., 2010).

The review of literature pertinent to BR suggests that 
it can be stabilized using lime, cement, and other pozzolanic 
additives with variable success rates. The majority of studies 
emphasize that it is necessary to stabilize the BR with more 
than one type of additive, bearing in mind multiple problems 
as aforementioned. There are no studies to the knowledge 
of authors that employ lime and graphene oxide, in tandem, 
to improve the geotechnical properties of BR. The present 
research focuses on evaluating the performance of L and GO in 
different proportions together to stabilize the BR. The efficacy 
is assessed in terms of compaction parameters and strength. 
In addition to the mechanical studies, durability properties 
of stabilized BR are evaluated. The results outlined in the 
paper have practical implications in terms of encouraging the 
use of BR in road construction as a base/subbase material, 
backfill material in geotechnical structures, and geomaterial 
in construction sector.

2. Materials and testing methodology

Bauxite Residue used in the present study was collected 
from the waste disposal pond of Vedanta Aluminium Limited, 
located at Lanjigarh in Kalahandi, Odisha, India. The samples 
collected were in wet and disturbed state and were collected 
from 1 m depth at the pond to ensure homogeneous sample 
collection. Soon after the collection, the wet samples were 
oven dried and pulverized with wooden mallet to prepared 

Table 1. Description and contribution of studies pertinent to treatment of BR with calcium rich waste materials.
Reference Brief description of study Major contributions/observations

Anastasiou et al. 
(2014)

Mechanical strength of bricks made from 
calcareous fly ash and red mud mix.

Increment in percentage of fly ash led to increment in 
mechanical strength of brick block in 28 days.

Kumar & Prasad 
(2019)

Effect of water content, ratio of water to lime, dry 
density and ratio of porosity to lime on the UCS of 
lime stabilized BR

Increment in UCS with an increase in lime content.

Aswathy et al. 
(2019)

Compaction behaviour, UCS, CBR value of soil 
stabilized with red mud and lime

Introduction of lime to BR stabilized clay soil improved 
CBR, MDD, and UCS values.

Mishra et al. 
(2019)

Comparison between the effect of lime only 
treatment and lime with organic acids treatment on 
compaction characteristics, UCS and pH of BR.

Characteristics of treated BR improved when the treatment 
was performed with both lime alone and lime and organic 
acid together.
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the samples for subsequent laboratory testing programmes. 
Laboratory tests for establishing geotechnical properties 
including, specific gravity (G), gradational characteristics, 
consistency limits, compaction characteristics, alkalinity 
(pH), and classification were performed following ASTM 
codes. Table 2 presents the results of the aforementioned 
tests on BR samples.

To examine the effect of lime (L) and graphene 
oxide (GO) treatment on the strength parameters of the 
BR, commercial-grade L and GO were purchased from the 
Golchha enterprises, Jamshedpur. The dosage selected for 
lime were 0, 2, 4, 6, 8, and 10% and that of GO is 0, 0.05, 
and 0.1% (by basis of % dry weight of BR). The choice of 
dosage of lime is based on study by Satayanarayana et al. 
(2012), who have showed a steady increment in UCS up 
to 10% of lime dosage. Similalry, the above dosage of GO 
is decided such that the resultant produce is cost effective. 
Table 3 shows sample combinations along with designations 
for which laboratory experiments were performed.

Initially, standard Proctor compaction tests were 
performed for the aforementioned combinations as per ASTM 
(2007d) standard. Unconfined compressive strength (UCS) 
tests were carried out on stabilized samples as per the ASTM 
(2007a). A series of samples for the combinations shown in 
Table 2 were prepared by compacting to maximum dry unit 
weight (γdmax) at optimum moisture content (wopt). The prepared 
samples were placed in the polybags to prevent moisture loss 
and cured for 7, 21, 45, and 60 days. Another identical set of 
samples was prepared for durability testing purposes. Each 
stabilized sample for durability test was initially cured for 
7 days at an ambient condition and thereafter, it was immersed 
in water for 4 hours. After continuous 4 hours of immersion 
in water, UCS of the sample was measured. As there are no 
specified guidelines available to determine the durability of 
stabilized waste materials, values specified in the IRC: SP 
89 (IRC, 2018) were referred to.

Additionally, dispersion tests (crumb tests) on the 
stabilized samples were conducted, as per ASTM (2019). 
For testing purposes, cylindrical samples were prepared with 
a length-to-diameter ratio of two, similar to that needed for 
UCS test according to ASTM (2007c). The samples were 
visually observed and photographed for any disintegration 
effect. The disintegrated particles from the sample affect 
the turbidity of the water. Hence, the turbidity of the water 
was measured using a Hach 2100N turbidity meter. Finally, 
pH of all the stabilized samples was measured according to 
ASTM (2007b).

To verify the inter-particle bonding and cementation 
effects of stabilized BR with L and GO, Scanning Electron 
Microscope (SEM) analysis was performed. It is to be noted 
that the SEM analysis was conducted on those stabilized 
samples, which were already subjected to UCS. Thus, curing 
periods remain common across samples used for SEM and 
UCS. A small portion of the stabilized soil was separated 
from the middle of soil core and was coated with a thin layer 
of gold for two minutes using Hitachi E-1010 Ion Sputter 
at a vacuum of 6 Pa before the analysis. The gold coating 
facilities to reveal the best morphological characteristic of 
the sample, simultaneously avoiding charging problems 
during testing.

To establish mineralogical compositions of the stabilized 
samples, X-Ray Diffraction (XRD) analysis was performed. 
For this purpose, sample grabbed from the stabilized soil core 
that was already subjected to UCS test was used. It was then 
oven dried at 105 °C for 24 hours, ground to powder form 
and sieved through 75 μm sieve. 4 g of this powder sample 
was scanned for 2θ ranging from 5 ° to 70 ° (Bragg angle) 
with a step increment of 0.01 ° and a time of 0.5 s/step size 
using a copper X-ray tube (Cu-Ka) at current and voltage 
of 30 mA and 40 kV.

Table 2. Physical properties of bauxite residue used for the study.
Sl. No. Property Value

1. G 3.09
2. Atterberg’s limit (%)

Liquid limit (wL) 40
Plastic limit (wP) 29

Plasticity index (PI) 11
3. % Fraction

Sand 18
Silt 56
Clay 26

4. Compaction characteristics
γdmax (kN/m3) 16.6

wopt (%) 28
5. pH 12.5
6. USCS classification ML*

*Inorganic silts of slight plasticity.

Table 3. Mix proportions with designation of BR samples adopted 
in the study.

Sl. No. Mix proportion Mix designation
1. Raw BR+0% Lime+ 0% GO RBR
2. BR + 2% Lime + 0% GO R1
3. BR + 4% Lime + 0% GO R2
4. BR + 6% Lime + 0% GO R3
5. BR + 8% Lime + 0% GO R4
6. BR + 10% Lime + 0% GO R5
7. BR + 2% Lime + 0.05% GO R6
8. BR + 4% Lime + 0.05% GO R7
9. BR + 6% Lime + 0.05% GO R8
10. BR + 8% Lime + 0.05% GO R9
11. BR + 10% Lime + 0.05% GO R10
12. BR + 2% Lime + 0.1% GO R11
13. BR + 4% Lime + 0.1% GO R12
14. BR + 6% Lime + 0.1% GO R13
15. BR + 8% Lime + 0.1% GO R14
16. BR + 10% Lime + 0.1% GO R15
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3. Results and discussion

3.1 Effect of L and GO on compaction properties

Dry unit weight (γd) versus moisture content (w %) 
relationships are developed for raw BR as well as BR treated 
with varying proportions of L is shown in Figure 1. It is 
seen from the figure that γdmax decreased and wopt increased 
with an increase in lime content, except corresponding to 
2%. Generally, lime imbibes water for hydration. As the 
lime content increases, water requirement for its hydration 
increases. It is however can be noted that the reaction of 
lime with water is exothermic in nature. As a result, some 
part of water generally gets evaporated during the reaction 
process. These statements can be linked to an increase in 
wopt with an increase in lime content.

Figure 2 represents the variation of γdmax and wopt with 
a change in dosage of lime. It is evident from Figure 2 that 
there is a continuous decrease in γdmax and an increase in ⱳopt 
with increment of lime dosage. The maximum and minimum 
values of γdmax and wopt are measured as 16.9 and 15.1 kN/
m3 at 26.1 and 32.2% respectively. When lime content is 
increased from 2 to 10%, γdmax decreased from 16.9 to 15.1 kN/
m3 whereas wopt increased from 26.1 to 32.2%. Though lime 
content of 2% has yielded the highest values of γdmax and wopt, 
trend lines of these parameters merged at a lime dosage of 
6%. Thus, 6% of lime dosage is used for experimentation 
to understand the effect of L and GO hybrid additive in BR. 
It is also obvious that γdmax value of 16.3 kN/m3 meets the 
density requirement as prescribed by IRC 89 (IRC, 2010) 
for various civil engineering applications. The results in 
Figure 2 corroborate well with earlier studies by Mishra et al. 
(2019) and Ajayi (2012), who have stabilized the bauxite 
residue and soil using lime and noticed a decline in γdmax 
with simultaneous increase in wopt.

Similarly, Figure 3 depicts compaction curves established 
on BR for GO content of 0, 0.05, and 0.1% against a fixed 
L dosage of 6%. It is seen that γdmax increased and wopt 
decreased with an increase in GO content. The reason behind 
the increment of density and decrement of moisture content 
can be explained by Lambs’ theory. According to which, at 
low water content, attractive forces between the particles 
are stronger than repulsive forces. Hence, soils compacted 
at moisture content less than optimum moisture content have 
a flocculated structure (Zhu et al., 2010).

An increment of moisture content increases the 
repulsive forces. The soil compacted at moisture content 
more than wopt usually has a dispersed structure. It can be 
observed an improved compaction characteristic of BR 
samples when different percentages of GO (0, 0.05, and 
0.1%) are incorporated but by keeping constant amount of 
lime (6%). The γdmax value increased from 16.3 to 17.5 kN/
m3 and wopt decreased from 30 to 27%. These observations 
excellently confirm the study by Naseri et al. (2016), who 

have illustrated an increase in GO quantity in the soil sample 
increases γdmax, while lowering wopt. The increment of γdmax is 
not only consistent but also meets IRC SP: 20-2002 (IRC , 
2002) recommendations for road construction applications, 
as it prescribes a minimum value of 16.19 kN/m3.

Figure 1. Relationship between dry unit weight and moisture content 
of untreated and lime treated bauxite residue samples.

Figure 2. Variation of γdmax and wopt with lime dosage.

Figure 3. Compaction curves for BR amended with graphene oxide 
at lime dosage of 6%.
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The increase in dry unit weight can be attributed to 
interaction between GO and cementitious compounds formed 
by the reaction of lime with BR. As GO acts as nuclei sites 
for hydration products, its presence plays an important role in 
the formation of thicker crystals with denser growth, which 
have a capability to intertwine BR particles (Zhu et al., 2010). 
The decrement in wopt can be attributed to interface bonding 
between GO and cementitious products, as well as decrement 
of pores in samples. Corroborating the same, Naseri et al. 
(2016) have reported similar results of increment in γdmax and 
decrement in wopt when GO sheets are added to soil/cement 
matrix. Confirming the above delineations, Lima et al (2017) 
have demonstrated a similarity in the hydration reaction 
occurring due to the admix of BR to calcium hydroxide to 
that of reaction between cement and water. On similar lines, 
Gordon et al. (1996) have highlighted the possible production 
of cementitious compounds including C-S-H gels when lime 
is added to BR. However, the quantity may comparatively low 
as reactive silica content in BR is relatively low and strength 
improvement of the matrix may also be due to formation of 
calcium aluminates (CA, possibly C5A3) as well through the 
leftover alumina in BR. Mishra et al. (2019) have performed 
the XRD analysis on lime treated BR and illustrated the 
generation of cementitious compounds in presence of water. 
The results of XRD analysis performed in the present study, 
which will be discussed in the later section, also confirm the 
generation of various cementitious materials when lime and 
GO are added to BR.

It is a proven fact that BR contains high alkaline content 
and predominance of iron oxide, which is unusually greater 
than in normal soils. Thus, the impact of these variables on 
compaction parameters must be thoroughly understood, as 
there are no earlier studies that focused on such impacts 

of these variables on compaction properties. In the present 
study, compaction curves, as presented in Figure 1, clearly 
show that treated BR is sensitive to the moisture content. 
This implies that BR requires more compaction energy to 
achieve desirable outcomes.

Validation of the compaction characteristics in 
Figures 1 and 3 with the literature shows that these trends are 
quite similar to other wastes (Reddy & Rao, 2018), except 
for non-ferrous slags, which exhibits extremely high γdmax at 
little wopt. The findings in Figures 1 and 3 suggest that admix 
of L and GO together apparently overwhelms the extreme 
alkalinity and high iron content effects. It is also evident 
from the curves that the effect of GO is more vivid than L 
as regards to compaction properties of BR.

Understandably, the effect of GO on compaction 
characteristics of BR is quite opposite to that treatment with 
lime only. When used latter additive alone there is a continual 
decrement of density and increment of moisture content, 
which will not fetch any advantage. The GO content in the 
present study is limited to 0.1% bearing in mind the cost of 
this material. Demonstrably, the compaction results when 
compared vis-à-vis with different code recommendations 
portray that the combination of L and GO is doable to stabilize 
the highly alkaline bauxite residue.

3.2 Dispersion behavior

The performance of the L and GO combination on 
dispersion, is checked by crumb tests that are carried out 
on samples prepared by varying GO dosages (0, 0.05, and 
0.1%) and lime of 0-10%. Corresponding to 0% L plus 
GO, the sample is considered a control test. Images of BR 
samples immersed in water after treating with L and GO are 
presented in Figure 4.

Figure 4. Pictures of L and GO amended BR samples after subjecting to crumb tests: (a) raw BR, (b) L=2% and GO=0.05%, (c) L=4% 
and GO=0.05%, (d) L=6% and GO=0.05%, (e) L=8% and GO=0.05%, and (f) L=10% and GO=0.05%.
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As is evident from the results illustrated in Figure 4, the 
untreated sample (Figure 4a) is heavily dispersed, resulting 
in dark and cloudy water inside the beaker. Whereas samples 
treated with increasing dosage of L and GO showed recession 
in dispersion behavior (Figure 4b and Figure 4f). The density 
of suspended particles decreased in which samples treated 
with L and GO are immersed, as the solution in these beakers 
became clearer. Stable samples with less disintegration of 
particles can also be seen with an increase in dosage of L and 
GO. Further to ascertain the dispersion behavior, change in 
turbidity of the solution is measured, as shown in Figure 5.

The turbidity value of untreated BR is measured as 
high as 453 NTU (Nephelometric turbidity unit). A continual 
decrement in turbidity for higher dosage of L and GO indicates 
the ability of these additives in mitigating the dispersion 
behavior of BR samples. However, there are no specific 
guidelines in the literature that link turbidity to dispersion 
activity. Therefore, no proposition is made about the optimum 
dosage of L and GO combination. Incidentally, L of 6% and 
GO of 0.05%, and L of 10% and GO of 0.1% have yielded 
significantly lower values of turbidity of 88 and 14 NTU.

Dispersion is a phenomenon that occurs in soil when it 
has a sizeable amount of exchangeable sodium ions (Li et al., 
2021; Mishra et al., 2020a). Dispersion behavior in the BR 
appears to be exacerbated by the deficiency of clay particles 
and the existence of substantial sodium ions concentration. 
Compared to the presence of monovalent excess Na+ ions in the 
BR, concentrations of these divalent cations are exceedingly 
limited, resulting in the dispersive character (Reddy et al., 
2019). As evident from Figure 4, dispersion activity in BR is 
decreased. This may be linked to the predominance of Ca2+ 
ions with the addition of lime. Divalent cations (Ca2+ and 
Mg2+) might have mitigated the dispersion by lowering the 
flocculation state. As the dosage of GO is increased, as it 
includes many hydroxyl groups that are formed by hydrogen 
bonding between the network of hydrogels and free water, 
there is a decrement in turbidity value. GO can also form a 
cross-linkage with calcium. The vast network of hydrogels, 
hydrogen bonding, and gel formed by cross-linking of GO 
with calcium all work together to improve particle binding and 
thereby, decline dispersion behavior in BR (Kai et al., 2019).

3.3 Effect of L and GO on UCS

UCS measured on BR samples stabilized with varying 
proportions of L and GO (refer to Table 2 for designation 
of mixes) for short (7 & 21 days) and long-term (45 & 
60 days) curing periods are presented in Figure 6 in the 
form of bar chart.

A remarkable improvement in UCS of treated samples 
can be noticed, highlighting the performance as well as the 
effectiveness of L and GO together for stabilizing highly 
alkaline wastes like BR. The variation of UCS is also fairly 
distinct between L and GO. It can be seen that as curing 
period increases so does UCS value. It is observed that the 

strength attained by untreated BR on 7th, 21st, 45th, and 60th 
day of curing is 412, 532, 692, and 710 kPa. Where as, those 
BR samples treated with 10% L and 0.1% GO attained a 
maximum strength of 1871, 2635, 3612, and 3890 kPa on 
the 7th, 21st, 45th, and 60th day of curing. The improvement 
in UCS is 4.54, 4.95, 5.22, and 5.47 times the strength of 
untreated BR sample. The considerable increment in strength 
is a strong indication that the amended BR complies with 
the code provisions for a specific engineering application. 
Bearing this in mind, an attempt is made to find out the field 
applications of stabilized BR in various civil engineering 
applications, as discussed herein.

As such, Indian Road Congress (IRC) SP:20 (2002) 
recommends a minimum UCS value of 1500 kPa of the 
chemically stabilized waste after 28 days of curing to be used 
in sub-base or base course of rural roads. Similarly, the required 
minimum UCS value according to IS-37 (2018) at 7 days 
for cement-treated sub-base (CTSB) is 750 kPa. Evidently, 
many combinations of mixes meet the above requirement 
of minimum UCS as per the IRC codes. Incidentally, the 
strength attained in the long-term default conforms to or 
even exceeds the strength requirement of sub-base and base 

Figure 5. Turbidity test results of BR after treating with varying 
percentages of L and GO.

Figure 6. Measured compressive strength of BR samples amended 
with varying percentages of L and GO at different curing periods.
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course of rural roads and chemically treated sub-base course 
for pavements. However, the base course of flexible pavement 
requires to have a minimum of 4500 kPa of UCS value in 
7 days. L of 10% and GO of 0.1% have produced UCS of 
3890 kPa after 60 days, which is nearer to the required value 
of 4500 kPa, though it is unable to accomplish the desired 
strength. Higher dosage of L and GO might enhance the 
strength beyond 4500 kPa. However, such combination might 
increase the overall cost of the construction. Thus, in terms of 
cost economics, it is prudent to choose the lower percentage 
of L and GO combination. Understandably, combinations of 
L of 6% and GO of 0.05% in the short-term (UCS value of 
1504 kPa after 21 days) and L of 4% and GO of 0.05% (UCS 
value after 60 days is 1581 kPa) in the long-term produced 
a minimum strength of 1500 kPa, which renders suitability 
of the samples as resource materials for sub-base and base 
course of rural roads.

3.4 Durability properties

The durability test is conducted to identify the stability 
of the material under diverse environmental conditions. 
Figure 7 presents the durability test results for different mix 
combinations. It is observed that mixed proportions of R1, 
R2, and R3 have either collapsed or are unable to retain their 
shape in water. Hence, UCS tests are not conducted on these 
samples. Samples treated with 8 and 10% L maintain their 
shape and size and produced adequate results after 4 hours 
of immersion.

From Table 4 and Figure 7, it is evident that samples 
R4 to R10 displayed a significant decrease in strength, as 
is true that the ratio of UCS of immersed samples to non-
immersed samples is calculated as < 80%. As per IRC: SP: 

89 Part-1 (2010), if the strength ratio is < 80% such samples 
are unfit to be recommended for road construction purposes. 
It can be witnessed that mixes from R10 to R15 exhibited 
the strength that is greater than 80% of the strength of 
samples that are not plunged in water. Such combinations 
satisfy the a fore mentioned criteria and thus, they may be 
considered as regards to the durability. Further from the 
durability viewpoint, it can be stated that L of 10% and GO 
of 0.05% can be considered optimum dosage, as it fulfills 
the minimum strength requirement.

Figures 6 and 7 establish that when only the lime 
content and combination of L and GO in BR is increased, UCS 
improvement is striking. Clearly, the increase in mechanical 
strength is obvious before and after dipping in water, where the 
before state indicates strength in the short-term and the after 
state indicates durability in the long-term. As the silica content 

Figure 7. Comparison of UCS measured before and after immersion 
of treated BR samples in water.

Table 4. The value of UCS measured from mechanical and durability tests.

Mix proportion UCS (kPa) at 7 days without 
immersion in water

UCS (kPa) after 7 days of 
curing followed by immersion 

in water for 4 hours

Immersed UCS as a percentage 
of UCS without immersion (%)

R1 590 Failed -
R2 712 Failed -
R3 836 Failed -
R4 723 313 43.29
R5 870 503 57.82
R6 1013 613 60.51
R7 990 656 66.26
R8 1125 789 70.13
R9 1303 987 75.75
R10 1165 993 85.24
R11 1336 1169 87.50
R12 1591 1439 90.45
R13 1310 1161 88.63
R14 1589 1476 92.89
R15 1871 1749 93.48
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in BR is reportedly low, amount of generated cementitious 
products can understandably low when admixed lime alone. 
Hence, the increment in UCS is also lower when only L is 
added to BR, as evident from Figure 6. Results from study 
by Satayanarayana et al. (2012) shows a steady increase in 
UCS of lime treated BR and it postulates that this increase is 
due to the interaction between silica and alumina of BR and 
lime mix. Intriguingly, the introduction of GO to the matrix 
seemingly generated additional strength in the treated BR 
samples. At this juncture, the addition of GO together with 
L largely might have aided to attain higher strength of the 
desired level, as can be witnessed that strength of L + GO 
combination samples are pointedly higher vis-à-vis with 
those samples treated only with L. Generation of cementitious 
products due to reaction of L and BR (Gordon et al., 1996) 
and subsequent reaction of the cementitious and hydration 
products with GO is postulated to be contributing to the higher 
strength of the BR modified with the combination of L and 
GO. It is even interesting to note that a very modest addition 
of GO has greatly contributed to strength and durability 
enhancement, as is true from Figures 6 and 7.

3.5 pH of lime and graphene oxide stabilized BR 
samples

Table 5 shows the value of pH measured on BR samples 
stabilized with GO and L at various combinations and curing 
periods. The pH of raw BR is measured as 12.5. A glance at 
the results illustrates that the addition of L and GO has led to 
only a trivial reduction in pH of treated samples (the lowest 
observed pH is 11.8) against 12.5 of RBR, even after curing 
period of 60 days. A minute change in pH emphasizes that 
there are no obvious impacts, in terms of environmental, on 
the stabilized BR.

The primary reason for the small change in pH can be 
linked to the fact that both L and RBR have pH values in the 
same range which is nearly 12-12.5. Hence, the addition of 
lime does not affect the pH of treated samples. The quantity 
of GO available in treated samples is also minimal. This may 
be a reason why there is an insignificant change in the pH 
of treated samples.

3.6 Mineralogical and morphological analysis

An attempt further is made to understand and confirm 
the improvement in strength, durability, and dispersion by 
confirming the mineralogical compositions of BR treated 
with L alone and that with L and GO by XRD analysis. 
Mix designated as R3 (BR + 6% L) and R8 (BR + 6% L 
+ 0.05% GO) are considered for the analysis, as these are 
found to be the optimum dosage from the perspective of 
strength, compaction and dispersion. Figure 8 shows the 
X-Ray diffractogram patterns after identifying the dominant 
minerals and cementitious compounds.

Major mineralogical compositions identified in BR are 
Hematite (ICSD #01-089-8103), Boehmite (ICSD #01-083-
2384), Sodalite (ICSD #01-089-9099), Calcite (ICSD #01-
072-1652), Cancrinite (ICSD #01-089-8047) (Mishra et al., 
2019, Castaldi et al., 2008). Incidentally, all these mineral 
compositions are identified in R3 and R8 samples. Additionally, 
cementitious and hydration products namely, Portlandite 
(ICSD #00-044-1481), Calcium silicate hydroxide hydrate 
(CSHH) (ICSD #00-026-0307), Di-calcium silicate (C2S) 
(ICSD #00-031-0302), Tricalcium aluminate (ICSD #00-
038-1429), and calcium aluminate silicate hydrate (CASH) 
(ICSD #01-085-1567) are also found. Apart from these, a 
peak belonging to iron aluminate silicate (ICSD #01-082-
1546) is also identified in both the samples. Presence of 
these cementitious and hydration products well affirm the 
increment in UCS of lime and BR mix at 7 and 28 days 
(Figure 6) besides the chemical reaction between calcium 
present in the lime and silica present in the BR (Kai et al., 
2019). These inferences further prove the hypothesis that 
the mixture of BR and calcium hydroxide is similar to that 
of reaction between cement and water (Lima et al., 2017; 
Satayanarayana et al., 2012). However, a marginal difference 
in peaks is seen between R3 and R8 demonstrating that 
mineralogical compositions of both the matrix are nearly 
same. Although intensity of di-calcium silicate is visibly 
higher in case of R8, which reinforces the idea that due to 
addition of GO to the matrix, it helps in accumulation of 
cementitious and hydration products as the nanomaterial 
additive acts as nuclei for the cementitious products.

As per the Kai et al. (2019), the mechanism behind 
strength improvement when GO along with cement is 
admixed to unstabilized material, is a reaction of calcium 
silicate hydrate (C–S–H) and Ca(OH)2, which are products 
formed after the hydration of cement, with carboxylic acid 
groups on GO particles. It is stated that the contact produces 

Table 5. The value of pH measured of amended BR samples at 
different curing periods.

Mix 
designation

pH after different curing periods
0 day 7 days 21 days 45 days 60 days

RBR 12.5 12.45 12.3 12.4 12.4
R1 12.43 12.40 12.34 12.30 12.25
R2 12.38 12.35 12.20 12.22 12.18
R3 12.30 12.24 12.18 12.12 12.08
R4 12.26 12.16 12.10 12.01 11.90
R5 12.25 12.10 12.02 12.00 11.88
R6 12.5 12.40 12.33 12.22 12.16
R7 12.45 12.39 12.20 12.18 12.11
R8 12.36 12.28 12.11 12.02 11.92
R9 12.30 12.22 12.16 12.13 12.00
R10 12.25 12.04 12.12 11.96 11.88
R11 12.47 12.32 12.23 12.05 11.91
R12 12.39 12.30 12.22 12.18 12.01
R13 12.30 12.12 12.05 11.90 11.88
R14 12.25 12.11 12.01 11.94 11.85
R15 12.20 12.01 11.90 11.85 11.80
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a strong covalent connection at GO-composite interface, 
which improves load-transfer efficiency from the cement 
matrix to the GO and consequently improves the composite’s 
mechanical characteristics. Whereas in the study by Wan & 
Zhang (2020), it is elaborated that the chemical reaction occurs 
at the interface between GO and cementitious gels leads to 
an increase in Young’s modulus as well as concentration 
of gel formations under alkaline environment. Contrary to 
C-S-H as reported by Kai et al. (2019), CSHH and CASH are 
found in the L and GO treated samples in the present study 
(Figure 8). Thus, it can be inferred that the reaction of CSHH, 
CASH along with Ca(OH)2 with carboxylic acid groups on 
GO might be occurring in the L and GO treated samples. 
Further, the study by Pateriya et al. (2019) demonstrates that 
GO is a nanomaterial additive and it plays an important role 
in filling the pores within the matrix by providing nucleation 
sites. The prevalence of strong covalent bonding, increased 
Young’s modulus and the activity of pore filling might have 
led to imparting additional strength to the matrix through 
creation of dense compact structure and further improvement 
in the durability properties, as reported in Figures 6 and 7.

Addition of L and GO also introduces refinement 
in morphology of treated BR samples. For this purpose, 
morphological features of treated BR samples have been 
established by SEM analysis. Figure 9 depicts SEM images 
captured on RBR and that amended with L of 6% only and L 
of 6% with GO of 0.05%. These mix proportions are chosen 
based on the conclusions derived from the foregoing results 
and discussion. Visual observations reveal a higher degree 
of particle agglomerations of  L stabilized BR (Figure 9b) as 
compared with RBR (Figure 9a). Generation of CSHH and 
other cementitious products in the treated BR microstructure 
can be postulated as the reason for agglomerations in the 
matrix when lime is added to BR. Generally, the generated 
crystals are clustered to create bundles that result in pore 
filling and crystal overlapping. Since the BR and L promote 

the pozzolanic reaction, the mineral structure of L stabilized 
BR has changed to the agglomerated columnar mixture, as is 
evident from Figure 9b. These phenomena well justify the 
improvement in strength in the short-term period (Figure 6) 
and durability in the long-term (Figure 7) simultaneously 
descending dispersion behavior (Figure 5).

Figure 9c shows the densified aggregation of cementitious 
products after adding GO to the mixture and they adhere 
each other tightly. When GO is introduced in the matrix, 
it fills the pores and acts as a nuclei to the cementitious 
products, resulting the mixture continue to develop, gradually 
becoming thicker and form the circular shape, and eventually 
agglomerate to cover the pores (Kai et al., 2019). They may 
also cross-link with calcium present in lime, allowing the 
substance to convert into the gel. The combination of the 
vast network of cementitious products such as Portlandite, 
Tricalcium aluminate, Dicalcium silicate, Calcium aluminum 
silicate hydrate, and Calcium silicate hydroxide hydrate along 
with GO resulted in an improvement in particle binding, 
bonding and aggregation. These processes well rationalize 
the strength and durability improvement in the long-term 
period (Figures 6 and 7).

Bonding of the particles can exist in several ways in 
the resultant matrix of L and GO stabilized BR. To delineate 
the same, a conceptual schematic has been drawn, as shown 
in Figure 10. Boehmite [ALO(OH)] can replace the carbon 
in the COOH group to form bonding between BR particles 
and GO. Hydrogen bonds can develop through hydroxyl ions 
in water with GO sheets, as is shown in Figure 10. These 
hydrogen bonds can also exist through the bonding of GO 
and water present in tricalcium aluminate (3CaO⋅Al2O3⋅6H2O) 
(refer to Figure 8) generated due to the reaction between BR 
and lime in presence of water. Generally, water decomposes 
into hydroxyl ions (OH-) and hydrogen ions (H+) when a 
mixture of water, BR, L, and GO is admixed, by virtue of 
their chemical nature. The decomposed hydroxyl ions from 

Figure 8. X-ray diffractogram patterns of BR samples stabilized with L alone (R3) and L + GO (R8).
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water as well as from broken edges of GO sheets can combine 
with calcium oxide to generate Portlandite [Ca(OH)2] (refer 
to Figure 8). This leads to a constant generation of OH- in the 
matrix. Further sodalite (3Na2O⋅3Al2O3⋅6SiO2⋅Na2SO4) in BR 

will continue to react with Ca(OH)2 to create CSHH in the 
presence of opulent hydroxides. Aluminum oxide and free 
sodium ions present in the BR can also react with hydroxyl 
ions to produce aluminum hydroxide [Al(OH)3] and sodium 

Figure 10. Conceptual diagram showing BR, GO, and L interaction.

Figure 9. Morphological changes captured by SEM of L and GO amended bauxite residue samples, (a) raw BR, (b) BR treated with 6% 
L, and (c) BR treated with 6% L and 0.05% GO.
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hydroxide (NaOH). These compounds encapsulate the BR 
particles within the gel substance or entrap the particles 
by adherence. Figure 10 illustrates the encapsulation and 
entrapment mechanism of BR particles and the consequent 
aggregation process, as visualized from SEM images depicted 
Figure 9. Such consequences excellently corroborate the 
strength and durability increment with the addition of L and 
GO together, as reported in Figures 6 and 7, and mitigation 
of dispersion as illustrated in Figure 5.

4. Conclusions

This study presents a novel viewpoint on the effective 
amendment of the extremely alkaline BR and demonstrates 
that the lime and graphene oxide combination are necessary 
and could be considered as potential stabilizer combination. 
The various results show that lime and GO can significantly 
improve the strength and durability characteristics concurrently 
declining the dispersion behavior of bauxite residue. It is 
important to note that though the addition of GO is trivial, it 
yet contributed for successful conversion of BR into usable 
geomaterial. The study finds that 6% L + 0.05% GO in strength, 
compaction and dispersion perspective and 10% L + 0.05%GO 
in durability perspective are found as optimum dosages. 
The strength attainment of 3031 kPa with 10% L alone and 
1500 kPa with 6% L + 0.05% GO surpass the acceptability 
criteria of IRC SP: 20-2002 and IRC 37:2018, indicating 
that the stabilized BR could be a rich resource material for 
constructing base and sub-base layers of rural roads and 
subbase of flexible pavements. The crumb test results reveal 
that the addition of small amount of L and GO greatly helped 
in stability i.e. retention of shape and prevention of collapse 
or dispersion, of BR samples. The morphological analysis 
visibly displayed encapsulation and entrapment of particles 
by gel structures and inter-particle binding and bonding in 
the treated BR samples. Overall, the study complements the 
utilization of bauxite residue as a road construction material. 
Nevertheless, the strength properties of bauxite residue with 
amendments under extreme climatic conditions (such as 
drought and freeze-thaw) including leaching characteristics 
are also worth exploring in the future studies.
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1. Introduction

The increase in traffic load has been a constant 
concern on the performance of existing roadways. In Brazil, 
maintenance operations are mainly focused on resurfacing 
the older asphalt layer; however, to preserve a satisfactory 
Level of Service (LOS), the other structural layers of the 
pavement should also be considered for maintenance. Among 
the different solutions available to improve the structural 
response, reclaimed asphalt pavement (RAP) materials 
are becoming a viable option to increase the mechanical 
performance of pavements.

The increase in the extraction of raw materials for 
roadway applications has been the focus of different studies, 
especially regarding its impact on mechanical consequences and 
environmental and economic aspects. Traditional techniques, 
such as granular materials stabilized with Portland cement 
(PC), increase the bearing capacity of pavements. Furthermore, 
alternative types of cement have shown comparable mechanical 
and economical performances to OPC, while resulting in 
better environmental behavior. It is estimated that 7% to 8% 
of total the global CO2 generation results from PC production 
(Celik et al., 2015; Luukkonen et al., 2018). The growing 
PC demand on infrastructure construction or maintenance 
operations has represented a critical issue for Global Warming 

Potential (GWP) since these operations usually consume 
reasonable volumes of raw materials.

Different sustainable techniques have been proposed 
to improve the bearing capacity of granular materials with 
PC, such as biopolymers (Rezende et al., 2021; Porter et al., 
2018), lime-ash blends (Haas & Ritter, 2019; Shen et al., 
2007) and geosynthetic reinforcements (Consoli et al., 2009; 
Gowthaman et al., 2018; Wu et al., 2015). On the other hand, 
alkali-activated binders have represented an alternative to the 
chemical stabilization of granular materials. Alkali-activated 
mixtures are normally composed of two components: 
precursors (e.g. slags, amorphous silica, or silicates) and 
activators (e.g. solid sodium or potassium hydroxide). It is 
important to highlight that different industrial waste can be 
applied as precursor materials. In this sense, an important 
industrial waste is coal fly ash (FA) derived from the burning 
of coal in thermoelectric plants. More than 750 Mt of this 
waste are generated annually worldwide, but the average 
reuse in this global perspective is only about 25% (Blissett 
& Rowson, 2012).

Several studies have demonstrated the benefits of alkali-
activated materials in RAP mixtures (Adhikari et al., 2020; 
Avirneni et al., 2016; Horpibulsuk et al., 2017; Hoy et al., 
2018, 2016a, c; Singh & Middendorf, 2020). Most research 
has been focused on the strength behavior of the mixtures 
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while trying to set a relationship between field and laboratory 
performance. These alkali-activated mixtures are known for 
obtaining quick hardening when compared to PC, which in 
turn may be suitable for roadway structure reconstruction. 
In addition, alkali-activation could be seen as a competitive 
alternative to PC, considering that this technique is less energy 
intensive and, consequently, represents a more sustainable 
roadway life cycle.

On the other hand, the durability performance of alkali-
activated mixtures is an important issue, considering that 
maintenance operations in granular layers are not usually a 
technical solution to improve roadway performance. Previous 
studies (Solanki & Zaman, 2014) have utilized the wetting/
drying durability tests to evaluate the long-term performance 
of cemented layers. In general, the wetting-drying cycles 
increased the unconfined compressive strength (UCS), not 
representing the proper deterioration mechanism of the 
cemented layer; this increase in UCS is related to the water 
availability and temperature increase during testing, which 
accelerates the cementitious reactions. An alternative to this 
problem would be the frost/defrost durability test, however, 
this test is more appropriate for cold-weather places (e.g. 
Europe and North America). Tropical countries, such as 
Brazil, normally experience hot and wet weather conditions, 
resulting in more complex analysis of the weathering effects 
on long-term performance.

With that in mind, this research analyzed RAP mixtures 
stabilized with alkali-activated FA in different proportions, 
aiming to test their efficiency as a base material for flexible 
pavements. To this extent, wetting-drying durability tests 
were carried out on the stabilized RAP mixtures, with a new 
method for evaluating the weathering effects. In addition, 
cement fixation and strength of the mixtures were also 
evaluated in long-term periods (up to 365 days). This study 
aims to help in the promotion of innovative and sustainable 
materials such as RAP stabilized with alkali-activated FA in 
pavement construction without premature failures.

2. Materials and methods

RAP was collected in a Brazilian roadway (BR-285, 
kilometers 275-276) in southern Brazil. The virgin aggregates 
were acquired from a deposit in the city of Passo Fundo, also 
southern Brazil; these aggregates are normally composed of 
basaltic rocks. In addition, tropical weather is observed in this 
region, with an annual average temperature of 16 °C (INPE, 
2021). The RAP utilized in this research is the result of a 
milling operation, that was later transported and conditioned 
into specific piles. Considering that the milling process usually 
results in large pieces of RAP, all the mixtures were sieved 
down to 25 mm. Other three virgin aggregates: gravel 3/8” 
(20mm grain size), gravel 3/8” (12.5mm grain size), and 
stone powder (4.0mm grain size) were used in the mixture 
composition. The grain size distribution of the materials is 
shown in Figure 1a. The bitumen content of the RAP was 

determined in accordance with ASTM D2172 (ASTM, 2011), 
resulting in a value of 5.5%, while the specific gravity was 
2.7 g/cm3.

Two types of cement were explored in this research: 
high early-strength Portland cement (control group) (ASTM, 
2012a) and alkali-activated cement. The first cement was 
chosen based on its capacity of developing most of its strength 
on the first days of curing.

As for the second cement, its composition was based 
on an alkali-activated solution obtained from the precursor 
and activator mixture. Two precursors were applied in this 
research, commercial metakaolin and FA, with FA being 
a byproduct of a thermoelectric power plant located in 
Charqueadas, southern Brazil (260 km from the local of this 
study). Two main minerals (diffraction intensity) of quartz 

Figure 1. Grain size distribution of (a) granular materials and (b) 
mixtures.
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and mullite were detected by XRD pattern in the region of 
15 °- 50 ° 2θ for FA, as shown in Figure 2. Alkali-activate 
materials produced from sodium hydroxide regularly exhibit 
lower mechanical strength compared to mixtures produced 
with silicate-based activators (Provis et al., 2005). With that 
in mind, two compounds were used as activators to establish 
proper conditions for the precursor activation. The activation 
process was carried out using a solution combination of 
sodium hydroxide (NaOH) and sodium silicate. Due to 
its lower cost and reasonable efficiency, NaOH has also 
been used in different research. The 99% purity NaOH was 
dissolved into water and then added the precursors until a 
10M concentration was reached.

2.1 Dosage parameters, molding, and curing 
procedures

RAP percentage in Full Depth Recycling (FDR) is 
considered an important issue in structural conception of 
pavements, considering that it establishes the necessary binder 
amount to reach a satisfactory mechanical performance. 
To obtain a proper grain size distribution, virgin aggregates 
were added to complement the fine grain size portion 
(Figure 1). This procedure was needed, once RAP was 
collected directly from the milling process, which results in 
larger particles, not representing the grain size of material 
after the reclamation process. Figure 1b shows the maximum 
and minimum limits of grain size distribution. These limits 
are compatible with the “C” granular distribution interval as 
specified in the Brazilian standard (DNIT, 2010). Table 1 shows 
the percentages of each material used to compose the grain 
size distribution curves that fit the DNIT curve “C” and 
Figure 1b shows the grain size distribution curves resulting 
from these compositions. The adopted mixture intervals 
have been considered satisfactory to the ones suggested by 
the Wirtgen company (Wirtgen GmbH, 2012).

As for the mixtures composition, the objective was 
always to utilize the highest amount of RAP possible. Thus, 

mixtures with 20, 45, and 70% of RAP stabilized with 
contents of 2%, 4%, and 6% cement were studied. The 45% 
RAP content was considered satisfactory and this value was 
later set for the stabilization analysis. The alkali-activated 
binder was utilized in amounts of 10%, 20%, and 30% (S/L 
ratio of 0.5). In addition, NaOH:Na2SiO3 ratios of 70:30, 
80:20, and 90:10 were also studied for the alkali-activated 
cement. These mixtures were submitted to UCS testing to 
verify the requirements/guidelines for base layers of flexible 
pavements (DNIT, 2013). The weathering of the specimens 
was studied by the wetting-drying cycles of the durability 
test. It is important to highlight that the performance of 
the mixtures can also decline over time due to specimen 
deterioration. Thus, UCS tests were carried out in the 
durability specimens, to estimate the strength loss after the 
weathering cycles. A detailed flowchart of the experimental 
program is shown in Figure 3.

As for the molding procedures, specimens of 100mm in 
diameter and 200mmin height were utilized. A tolerance of 
0.1 g/cm3 and 1% were adopted for specific mass and moisture 
content, respectively. After molding, OPC specimens were 
immediately placed in a temperature and moisture content 
controlled chamber. On the other hand, alkali-activated 
specimens required a different treatment; specimens were 
oven-cured at 50°C for 24 hours after the molding process. 
After this process, specimens were also placed in a temperature 
and moisture content controlled chamber.

As previously mentioned, the curing process of all 
samples was carried out in a temperature and moisture 
content controlled chamber (ω = 90 ± 2% and T = 23 ± 2 °C). 
The curing period for UCS testing was set as seven days for 
all specimens.

2.2 Compaction test

The Proctor compaction test (modified energy) was 
performed to define the optimal moisture content (woptimal) and 
the maximum dry unit weight ( dg ) of all mixtures. A typical 
behavior for granular compacted materials was obtained from 
the compaction tests; however, a clear maximum dg  was not 
identified for all mixtures. For the molding procedures, a dry 
unit weight of 19.5 kN/m3 and a moisture content of 7.5% 
were utilized for all combinations, representing the minimum 
water content to obtain the highest dg . It is noted that for the 
alkali-activated mixtures, the compaction test was conducted 

Figure 2. Mineralogical composition of FA.

Table 1. Proportions of granular materials.
Reclaimed 

asphalt 
pavement 

content (%)

Stone powder 
content (%)

Gravel 3/4 ’’ 
content (%)

Gravel 3/8 ’’ 
content (%)

20 38 21 21
45 33 10 12
70 30 0 0
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without adding the activating solution, considering that the 
cementitious process occurs quickly; also, an adjustment in 
water content was necessary to obtain the optimum moisture 
for compaction, which resulted in an equal discounting of 
the water volume of the activator solution. Therefore, the 
solution was prepared 24 hours before the final mixture with 
the raw materials.

2.3 Unconfined compressive strength (UCS)

UCS tests were carried out following the procedures 
of ASTM D2166 (ASTM, 2016). The cylindrical mold mass 
was checked before and after molding to obtain the mass 
of the wet specimen. After that, specimens were placed in 
hermetic bags for 24 hours; then, specimens were demolded 
and placed in a temperature and moisture content (ω = 90 ± 2% 
and T = 23 ± 2 °C) controlled chamber for curing during 
7 days. A hydraulic loading press with a 0.45 MPa/s shear 
speed was utilized. Neoprene disks were used at the ends 
of the specimens to improve the contact area during testing.

2.4 Durability testing and long-term performance

The durability and long-term performance test followed 
the guidelines of ASTM D 559 (ASTM, 2012b). The specimens 
were immersed in water for 5 h at room temperature. Then, 
specimens were oven-dried at 70 °C for 42 h. This exposure 
for 47 h to both wet and dry scenarios constitute a single 
cycle. After wetting and drying, specimens were weighed 
after two firm strokes all around the surface with a wire brush. 
Contrary to the standard procedure, the number of cycles of 
this research was increased to 16, providing an evaluation 
of the specimens’ deterioration at long-term.

The long-term performance of stabilized RAP as 
base course material in pavements is questionable, since 
several reactions between the stabilizer and the amorphous 
asphalt content are not clearly understood. Concerning the 
potential effects of the different binder combinations over 
long curing periods, a long-term behavior investigation was 
also conducted. To this extent, specimens cured for 365 days 

were submitted to 2, 4, 8, and 16 wet/dry cycles and then 
tested regarding their UCS.

3. Results

3.1 Unconfined compression strength of PC-stabilized 
RAP

The influence of RAP and cement content on the unconfined 
compressive strength is shown in Figure 4. Results indicate that 
the increase in PC content increases the mechanical strength, 
especially for the lowest RAP content. This behavior was also 
observed in other studies (Consoli et al., 2007; Diambra et al., 
2017; Festugato et al., 2018; Mohammadinia et al., 2016; 
Suebsuk & Suksan, 2014; Taha et al., 2002).

RAP content presents no significant influence on the 
mechanical behavior of the mixtures. This preliminary result 
attests to the possibility of using high levels of RAP for 
cemented bases. However, a great variability was evidenced 
for 6% cement content specimens. This behavior can be 
attributed to the greater amount of water needed for higher 
cement content specimens, impairing the molding process. 
In addition, despite being statistically equal, the average 
values of UCS for the 70% RAP specimens presented a worse 
mechanical behavior; which can be attributed to the grain 
size composition of the mixture. For 70% RAP specimens, 
only stone powder was added to the mixture, with no other 
granular materials; thus, less packing of the particles was 
evidenced, resulting in a reduction of strength. With that in 
mind, the other mechanical parameters of this study were 
evaluated only for the 45% RAP content specimens.

3.2 Unconfined compression strength of alkali-
activated stabilized RAP mixtures

Figure 5 presents the UCS results for the alkali-activated 
binder (AAB) stabilized RAP blends. The increase in AAB 
content led to an increase in UCS for all mixtures; increasing 
AAB content reduces porosity, enhancing strength development. 

Figure 3. Flowchart of the experimental program.
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The porosity reduction induces a larger contact area between 
particles, intensifying the interlocking and mobilizing the 
friction between particles. Furthermore, the increase in AAB 
content is linked to the increase in cementitious reactions, 
also contributing to the development of strength (Pereira 
dos Santos et al., 2022). Similar results were found for RAP 
stabilized with alkali-activated ligands (Hoy et al., 2016b, 
d; Mohammadinia et al., 2016).

In addition, only mixtures with 30% AAB and 
NaOH:Na2SiO3 ratio of 70:30 and 80:20 showed a minimum 

strength of 2.1 MPa at 7 days (minimum requirement of the 
National Department of Infrastructure and Transport in Brazil 
(ABNT, 2012a) for utilization as road construction material).

3.3 Durability and long-term performance

Figure 6 presents the accumulated loss of mass (ALM) 
results of the alkali-activated mixtures. In general, it is noted 
that the ALM is more significant in the first cycle, considering 
that more unbounded grains can be found on the surface of 
the specimen. Furthermore, most of the ALM occurred at the 
interface between the RAP and the binder, where the RAP 
particles are coated by bitumen. This can be attributed to the 
poor cementation/bonding between the asphalt coating and 
the binder (fly ash) (Avirneni et al., 2016). The sample with 
the lowest AAB content (10%AAB – NaOH:Na2SiO3 ratio 
= 80:20) presented a contradictory behavior, resulting in a 
significant loss of mass in the last 6 cycles, possibly due to 
the low amount of binder that was not able to involve most 
of the aggregates.

The increase in silicate content reduced the ALM for 
the studied mixtures; this behavior can be associated with 
the greater amount of material that reacted with the NaOH 
solution and fly ash. Thus, the increase in silicate content 
resulted in more durable specimens, corroborating the 
behavior found in the other mechanical tests and indicating 
that durability is directly linked to strength. Such behavior 
may also be associated with a greater mobilization of friction 
due to the reduction of porosity associated with the increase 
of cementitious reactions (Pereira dos Santos et al., 2022). 
Similar behavior was also found for soils stabilized with 
Portland cement (Consoli & Tomasi, 2018); stabilized dispersive Figure 4. Unconfined compressive strength of PC-stabilized RAP.

Figure 5. Unconfined Compression Strength of alkali-activated 
FA binder stabilized RAP.

Figure 6. Accumulated loss of mass after wet-dry cycles for alkali-
activated FA binder stabilized RAP.
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soils (Consoli et al., 2016); soils stabilized with ash and lime 
(Consoli et al., 2020, 2018b); stabilized reclaimed asphalt 
pavement (Consoli et al., 2021, 2018a) and gold tailings 
stabilized with Portland cement (Consoli et al., 2018c), in 
which lower porosities showed greater durability.

Regarding the AAB content, the highest ALM values 
were observed for 10% and 30% AAB specimens, indicating 
the existence of an optimal content that provides a matrix with 
greater durability, when subjected to weathering conditions.

According to the Portland Cement Association (PCA, 
1956), the maximum ALM after 12 wet-dry cycles for 
granular soils cured at room temperature for 7 days is 14%. 
In this study, all mixtures met this requirement, indicating the 
feasibility of the proposed treatments to improve durability. 
However, specimens with higher levels of sodium silicate had 
better performance. Thus, mixtures with 20% AAB and 20% 
sodium silicate (20% AAB – NaOH:Na2SiO3 ratio = 80:20) 
are potentially better in terms of performance under field 
conditions. However, the other mixtures are also considered 
feasible, as the mass loss is within the limits of PCA.

The long-term strength (365 days) of the mixtures 
after the wetting-drying cycles was also evaluated and the 
results are shown in Figure 7. Although there are no standard 
specifications for the compressive strength after the wetting/
drying cycles, this long term assessment is important especially 
when alternative/waste materials are used in high amounts.

The mixture with the highest ALM resulted in a reduction 
of strength over the cycles, while the other maintained or 
even increased strength over time. Even after the weathering 
cycles, all specimens still met the minimum regulatory strength 
requirements of 2.1 MPa (ABNT, 2012b). For specimens 
that increased in strength over time, the wetting-drying 
cycles played the role of thermal curing and not of material 

degradation mechanisms as observed in previous studies 
(Miraki et al., 2022; Nazari et al., 2011).

Despite the slow reaction process, characteristic of 
activated alkali materials, an average increase of about 3 times 
was observed when compared with the strength obtained 
at 7 days (Figure 5). The tendency of increasing strength 
for long-term periods was also observed in similar works 
using secondary materials (e.g., RAP and fly ash); however, 
authors concluded that from the 56-days mark, the rate of 
improvement in strength was negligible (Avirneni et al., 2016).

Furthermore, it can be concluded that the AAB content 
influenced the results, and the 30% content showed the 
best strength performance after the wetting-drying cycles. 
In addition, based on the performance of the mixtures submitted 
to the 16 cycles of wetting/drying, more than 16 years of 
project life in the field can be estimated, since each cycle 
can be considered a year of seasonal variation in humidity 
and temperature (Avirneni et al., 2016).

4. Conclusions

This study investigated the durability and long-term 
mechanical performance of RAP stabilized by an alkali-
activated fly ash-based binder, activated by a combination of 
sodium hydroxide and sodium silicate. A group 84 samples 
were utilized to investigate the strength and durability 
performance of cemented materials.

Fly ash was successfully activated for the 30% AAB 
mixtures at activator ratios (NaOH:Na2SiO3) of 70:30 and 80:20, 
increasing strength and fulfilling design requirements for granular 
materials. This indicates a great potential of alkali-activated 
materials for ground improvement applications. In addition, the 
durability investigation indicated that all blends satisfactorily 
attended the Portland Cement Association ALM specifications.

Even though the specimens were submitted to weathering 
cycles, all mixtures demonstrated UCS higher than the 
standard requirements for paving applications. Nevertheless, 
the durability test methodology was not useful to evaluate 
the degradation of the mixtures, since strength increased 
over the cycles. This evidence suggests that the weathering 
cycles played a role in curing due to the process of drying 
into the thermal chamber.

The long-term study has shown no significant reduction 
in strength over time, which indicates that the binder remained 
in the RAP mixtures. Thus, alkali-activated materials may 
be an alternative for traditional Portland cement. However, 
futures studies considering experimental segments are required 
for the road structural performance.
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1. Introduction

Pile foundations can be classified according to different 
criteria. Considering the induced changes in the density and 
stress state of the surrounding soil during the installation 
process, it is possible to categorize pile foundations into three 
groups: non-displacement piles, partial displacement piles, and 
full-displacement piles. Non-displacement piles installation 
usually results in a reduction in the density and stress state 
of the surrounding soil, while installation technologies of 
partial and full-displacement piles tend to increase such values 
proportionally to the magnitude of the induced displacement. 
Particularities in observed behavior depend on factors such 
as type of pile, installation technology, and soil type. These 
installation effects directly influence the mechanical response 
of the piles when subjected to external loads.

Driven cast-in-situ (DCIS) piles are a type of deep 
foundation classified as full-displacement piles due to their 
installation technology, but they have some similar aspects to 
non-displacement piles, such as in-situ casting of concrete and 
the resulting rough shaft interface (Flynn & McCabe, 2016).

Over the past few decades, numerical methods have 
been increasingly employed in the solution of engineering 
problems. When it comes to pile performance, the accuracy 
of numerical analyses is dependent on the pile modeling 
steps being representative of the pile installation technology 
and the soil constitutive model parameters being properly 
calibrated. While in the analysis of non-displacement piles 
installation effects can often be ignored without major losses 
in simulation accuracy (Wehnert & Vermeer, 2004), in the 
analysis of full-displacement piles, the consideration of these 
effects is essential.

Given the nature of the problem, numerical methods 
with formulations capable of analyzing large deformations 
problems are the most suitable for modeling full-displacement 
piles. Several researches have been done on this subject, using 
the discrete element method (Li et al., 2021; Lobo-Guerrero 
& Vallejo, 2005), the material point method (Lorenzo et al., 
2018; Phuong et al., 2016; Tehrani et al., 2016) the arbitrary 
Lagrangian-Eulerian method (Rooz & Hamidi, 2019; Yang et al., 
2020) and the coupled Eulerian-Lagrangian method (Heins 
& Grabe, 2017; Pucker & Grabe, 2012; Qiu et al., 2011).
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The standard finite element method (FEM), which uses 
Lagrangian formulation, has limitations in simulating large 
deformation problems due to distortions of the finite element 
mesh, which result in inaccurate or diverging solutions 
(Engin et al., 2015). Even when using remeshing after each 
calculation step (updated Lagrangian formulation), direct 
simulation of full-displacement pile installation processes 
can result in numerical problems due to the remapping of the 
state variables (Engin, 2013), and it is necessary to resort to 
modeling strategies that allow considering the installation of 
these geotechnical structures in an idealized way.

Several studies use varied numerical approaches to 
incorporate the installation effects of full-displacement 
piles indirectly via standard FEM (Broere & van Tol, 
2006; Engin et al., 2015; Said et al., 2009) and using the 
updated mesh option (Krasinski, 2014; Rezania et al., 2017; 
Schmüdderich et al., 2020). However, there are still few 
works on this subject evaluating DCIS piles, especially those 
installed in heterogeneous tropical soil profiles.

This paper proposes adaptations to two different 
numerical approaches based on the concepts of cylindrical 
cavity expansion to simulate the installation of DCIS piles 
installed in a tropical soil profile. The approaches emphasize 
incorporating changes in the density and stress state of 
the soil surrounding the pile caused by the installation 
processes. The analyses are conducted in Plaxis 2D® finite 
element software (Brinkgreve et al., 2021) and the updated 
mesh option is used in some steps. The suitability of the 
approaches is attested by the agreement between numerical 
and experimental results, the latter obtained from in-situ 
static load tests.

2. Pile testing program

2.1 Geotechnical characterization of the tropical soil 
profile of the experimental field

The piles analyzed in this paper were installed in the 
Experimental Field of the School of Civil and Environmental 
Engineering of the Federal University of Goiás, located in 
Goiânia, a city in the state of Goiás, in the Center-West region 
of Brazil. The climatic conditions of the region favor the 
pedogenetic evolution and an intense chemical weathering 
that originate lateritic soils, whose mineralogical constitution 
is mainly composed of quartz, kaolinite, and iron/aluminum 
oxides and hydroxides. Among the main characteristics 
of these soils are high porosity, high permeability, high 
strength when compacted, and the presence of clay particle 
aggregates (Camapum de Carvalho & Gitirana Junior, 2021; 
Freitas et al., 2020).

According to the geotechnical characterization performed 
by Nascimento (2019) and Machado et al. (2020) (Figure 1), 
using MCT classification (Nogami & Villibor, 1995), the soil 
profile of the experimental field is composed of lateritic clayey 
sand (LA’-LG’), apparently transported, up to a depth of 4 m. 
The layer between 4 and 7 m depth seems to be a transition 
horizon, with a higher content of gravel in the middle of 
the layer. From 7 m depth on, the soil is no longer lateritic, 
and its clay content decreases, suggesting the beginning of 
the residual (saprolite) horizon. The values determined of 
specific gravity (Gs), unit weight of moist soil (γ), and void 
ratio (e) are typical of tropical soils. The percentages of the 
clay fraction in the grain size distributions with and without 

Figure 1. Characteristics of the soil profile of the experimental field: (a) stratigraphy and index properties; (b) SPT test results; (c) grain 
size distribution without deflocculant and (d) with deflocculant. Modified after Nascimento (2019) and Machado et al. (2020).
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deflocculant (sodium hexametaphosphate, for the fraction 
passing through a no. 10 sieve or 75 µm) showed that in 
some layers the clay particles are 100% aggregated.

Standard penetration tests (SPT) were performed in 
the experimental field in the wet season (Machado et al., 
2018) and also in the dry season (Rezende & Rocha, 2020) 
of the local rainfall regime (Figure 1b). In the lateritic soil 
layer, an increase in NSPT was recorded from 1–3 blows in the 
wet season (SPTw) to 5–10 blows in the dry season (SPTd), 
evidencing the influence of matric suction on soil strength. 
The water table was not identified during all the tests, carried 
out until 10 m depth.

In the experimental field, Ménard-type (or pre-bored) 
pressuremeter tests (PMT), were also performed at depths 
of 0.5, 1.5, 2.5, 3.5, 4.5, and 5.5 (Bernardes et al., 2022). 
Figure 2 shows the pressuremeter curves of two PMT 
soundings with 6 tests performed on each, both carried 
out in the dry season. The corrected measured pressure 
is plotted on the vertical axis and the relative increase in 
cavity radius (εr) on the horizontal axis. Due to inconsistent 
results, PMT-2 performed at the 4.5 m depth (Figure 2b) was 
excluded from the graph. Data from these tests were used to 
estimate some parameters of the constitutive model, as will 
be discussed in Section 3.2.

2.2 Test piles

The static load tests analyzed in this paper were 
conducted on three DCIS piles (C4, C6, and C8). As illustrated 
in Figure 3a, these piles are installed by driving or, as in the 
present case, by jacking a closed-ended steel tube into the 
ground. The tube is extracted after reaching the required 
penetration depth. Then the rebar cage is lowered, and the 
cavity is filled with concrete. Both the installation and the 
load tests were performed during the dry season of the local 
rainfall regime.

The piles C4, C6, and C8 are respectively 114.3 mm, 
165.1 mm, and 219.1 mm in diameter, and all three piles 
are 3.5 m in length. A 0.5 m deep shallow excavation was 
made at the locations of the piles, due to a large amount 
of organic soil in this layer. Thus, the piles were installed 
between 0.5–4.0 m deep concerning the natural profile 

Figure 2. Pressuremeter curves of (a) PMT-1 and (b) PMT-2. 
Modified after Bernardes et al. (2022).

Figure 3. Schematic sketch of: (a) DCIS piles constructive sequence; 
(b) DCIS piles installed in the experimental field.
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(Figure 3b). The piles C6 and C8 were instrumented with 
strain gauges positioned 100 mm from the top and bottom 
of the pile (Figure 3b).

As can be seen in Figure 4, the piles and in-situ 
tests were located close to each other. Therefore, it was 
considered that the stratigraphy and soil parameters do not 
vary significantly in the location of each pile and that the 
average index values obtained from the same type of test 
(e.g., PMT) are representative of the entire area.

3. Numerical modeling

3.1 Description of the model

The numerical analyses conducted in this paper 
were carried out in Plaxis 2D® finite element software, 
with axisymmetric geometry. The horizontal and vertical 
boundaries limits of the domain were set as 3 and 4 times 
the pile length, respectively. The model domain is discretized 
by 15-node triangular elements. A denser mesh was used 
within the pile structure and in a zone of 6D horizontally 
from the pile shaft and 3D below the pile tip, being D the 
pile diameter (Figure 5). Both the domain boundaries and 
the mesh density were determined by sensitivity analyses.

The groundwater table was not considered, since it was not 
identified in in-situ tests up to 10 m, so the numerical analyses 
were conducted under drained conditions. The geostatic stresses 
are determined using the K0-procedure, in which the vertical 
stresses are generated in equilibrium with the self-weight of 
the soil and the horizontal stresses are calculated from the 
specified value of the coefficient of earth pressure at rest, K0.

For proper modeling of pile-soil interaction, interface 
elements were placed between the pile and soil. In Plaxis 2D®, 

the interface behavior is described by an elastoplastic model 
with the Mohr-Coulomb failure criterion. The interface shear 
strength is related to the soil shear strength by the strength 
reduction factor, Rinter, which can reduce the interface cohesion 
and friction angle (Rinter < 1) or keep it equal to that of the 
surrounding soil (Rinter = 1).

3.2 Estimation of the constitutive model parameters

Soil behavior is described by the elastoplastic Hardening 
Soil (HS) constitutive model (Schanz et al., 1999). Among 
the basic features of the HS model that motivated its adoption 
are the stress dependency of stiffness and the use of different 
stiffness modulus for virgin loading and unloading/reloading 
conditions. By its characteristics, the HS model has proven 
superior to an elastic perfectly-plastic model in modeling 
piles in finite element analysis (Broere & van Tol, 2006; 
Wehnert & Vermeer, 2004).

Conventionally, the parameters of the HS model are 
calibrated via triaxial and oedometer tests. In practice, the 
feasibility of these tests is often limited due to difficulties 
related to soil sampling or the complexity and cost of 
testing, especially for geotechnical problems involving the 
characterization of thick soil layers. Thus, laboratory tests 
are often replaced by field tests, such as PMT and SPT, 
whose results can be used to estimate the model parameters 

Figure 4. The relative position of the DCIS piles and in-situ tests 
located in the experimental field (dimensions in meters). Figure 5. Finite element mesh discretization (dimensions in meters).
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through numerical techniques or empirical correlations, but 
the latter must be used with care. In the present work, the 
input parameters of the HS model were estimated using 
different methods: interpretation of field tests using both 
numerical techniques and empirical correlations; default 
values suggested by Plaxis 2D®; reference values found in 
the literature.

The HS model has eleven input parameters, which can be 
divided between strength, stiffness, and advanced parameters. 
The first group includes the cohesion (c), the friction angle (ϕ), 
and the angle of dilatancy (ψ). The stiffness parameters are the 
reference stiffness modulus related to primary deviatoric loading 
( ref

50E ), primary compression ( ref
oedE ) and unloading/reloading 

( ref
urE ), and the stiffness power law exponent, m, which defines 

the stiffness dependence on the stress level.
The advanced parameters of the HS model are the 

reference confining pressure (pREF), the Poisson’s ratio 
for unloading/reloading (υur), the failure ratio (Rf), and the 
coefficient of earth pressure at rest for normal consolidation 
( NC

0K ), for which default values suggested by Plaxis 2D® 
were used.

The angle of dilatancy is set equal to zero for all soil 
layers. This assumption agrees with what has been observed 
for tropical soil profiles from the Center-West region of 
Brazil such as the soil profile of the experimental field 
(Bernardes et al., 2022; Rebolledo et al., 2019).

The parameters c, ϕ, and ref
50E  of the first three layers 

were determined through the methodology for numerical 
simulation of pressuremeter tests proposed by Goulart (2021). 
The method allows estimating Young’s modulus, apparent 
cohesion, and friction angle of the soil through a curve-
fitting approach. As an approximation, the parameter ref

50E  
was set equal to the stiffness modulus obtained through this 
technique. It should be noted that despite considering drained 
conditions in the numerical analyses, apparent cohesion was 
used instead of effective cohesion to indirectly incorporate 
the effect of matric suction.

As mentioned in Section 2.1, the pressuremeter tests 
were performed up to 5.5 m depth, so no data were available 
for estimating the parameters c, ϕ, and ref

50E  of the fourth 
layer (7–14 m depth) using the methodology of Goulart 
(2021). Due to the length of the piles (3.5 m), the variation 
of parameters in this layer has little influence on the results. 

Therefore, it was decided to estimate the modulus ref
50E  of this 

layer through an empirical correlation with the NSPT value of 
SPTd (Figure 1a). As an approximation, this parameter was 
considered equal to the modulus obtained by the relation 

SPTE = Nαβ , proposed by Teixeira & Godoy (1998), where 
α and β are soil-dependent coefficients, which for silty sands 
are equal to 0.7 and 3.0, respectively. The other parameters 
were considered equal to those of the third layer (4–7 m 
depth), which are discussed below.

The other stiffness parameters ( ref
oedE , ref

urE , and m) were 
estimated based on simplifications considered valid for 
medium to dense silty sands (Schmüdderich et al., 2020) 
and tropical sandy soils of the Center-West region of Brazil 
(Bernardes et al., 2022; Rebolledo et al., 2019). For all soil 
layers, the modulus ref

oedE  and ref
urE  were obtained by the 

relations ref ref
oed 50E /E  = 1 and ref ref

ur 50E /E  = 3, respectively, and 
the exponent m is set equal to 0.5.

In addition to the HS model parameters, the unit weight 
of moist soil (γ), the coefficient of earth pressure at rest 
(K0), and the overconsolidation ratio (OCR) are also input 
parameters. The parameters γ and K0 were determined by 
Machado (2020) to a depth of 5.5 m. The former through 
laboratory tests and the latter through PMT results. The OCR 
was estimated using Equation 1 (Mayne & Kulhawy, 1982; 
Schmidt, 1966). Again, the parameters of the fourth layer 
were considered equal to those of the third layer. A summary 
of the model parameters for each layer is provided in Table 1.

NC sin
0 0K =K OCR φ

 (1)

The behavior of the concrete piles is assumed linear 
elastic, with a unit weight of 24 kN/m3, a Poisson’s ratio of 
0.2, and Young’s modulus equal to 21 GPa.

3.3 Approaches for numerical simulation of full-
displacement piles

The numerical approaches proposed in this paper 
for simulating the installation and axial loading of DCIS 
piles are the result of modifications made to pre-existing 
methods. As will be discussed in the next sections, 
the original approaches were initially calibrated for 

Table 1. Parameters of the constitutive model.

Layer Depth y c φ 50
refE ref

oedE ref
urE 0

NCK 0K OCR

(m) (kN/m3) (kPa) (°) (kPa) (kPa) (kPa) - - -
1 0 - 1 14.5 58 30 17053 17053 51158 0.51 2.34 22.2
2 1 - 4 15.4 24 30 7537 7537 22610 0.50 0.68 1.9
3 4 - 7 16.0 50 31 11755 11755 35266 0.49 0.50 1.0
4 7 - 14 16.0 50 31 19950 19950 59850 0.49 0.50 1.0

Constant model parameters:  0;  0.2;  0.9;  100 ref
ur fR p kPaψ υ= = = = ; NC

0K =1-sen( )φ . Columns 3 and 10: data from (Machado, 2020). Columns 4 to 6: data from 
(Goulart, 2021).
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the analysis of screw displacement piles (i.e., SDP or 
“Omega” piles). Thus, these methods have been modified 
to better incorporate the installation effects of DCIS 
piles. The calculation steps of each method employed in 
this work (original and modified) are shown in Figure 6. 
The original methods are discussed in Sections 3.3.1 and 
3.3.2, while the proposed approaches are presented in 
detail in Sections 3.3.3 and 3.3.4.

3.3.1 Cavity Expansion (CE) method

This method was initially proposed by Krasinski (2014) 
and later employed by Schmüdderich et al. (2020) for the 
finite element simulation of SDP. Its basic principle consists in 
simulating the radial displacements induced in the soil by the 
displacement auger through the expansion process of a cylindrical 
cavity. The calculation steps are illustrated in Figure 6a.

Figure 6. Calculation steps of the original Cavity Expansion (a) and Cavity Expansion with Sub-Layering (b) methods (modified after 
Schmüdderich et al., 2020) and of the proposed Cavity Expansion with Base iImprovement (c) and Cavity Expansion with Sub-Regions 
(d) methods.
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After the generation of geostatic stresses by the K0-
procedure, an initial cavity is created by deactivating a 
soil volume with a radius r0, equal to r/2 (r = pile radius). 
The adoption of an adequate value of r0 is important in this 
step. The smaller the r0, the greater the expanded soil volume, 
which approximates the actual pile installation process, in 
which the displaced soil volume is equal to the pile volume 
(situation equivalent to r0 = 0). However, very small r0 values 
can lead to numerical problems due to mesh distortions. 
Krasinski (2014) determines the value of r0 through trials. 
In the present work, the r0 value was reevaluated for the case 
study, and the most appropriate value remained equal to r/2.

Simultaneously with the creation of the initial cavity, a 
displacement boundary condition of ∆ = r – r0 is applied to the 
cavity wall, resulting in a final cavity of radius r. Moreover, to 
avoid stress concentrations and mesh distortions around the top 
and bottom of the pile, Krasinski (2014) gradually decreases 
the displacements to zero by forming a triangular distribution 
of 0.5 m height on both ends of the cavity. However, it was 
found that this procedure impairs the final geometry of the head 
and base of the pile, as well as the continuity of the interface 
elements in the pile shaft. Figure 7 shows a zoomed view of the 
pile base region illustrating this effect. Therefore, in the present 
work, a uniform distribution was applied, and to suppress any 
unwanted mesh distortions at the bottom of the cavity, very 
small vertical displacements (of the order of 0.1 mm) were 
also applied at the bottom of the initial cavity in the expansion 
phase. These vertical displacements were determined through 
trials, aiming to obtain a value that was sufficient to prevent 
mesh deformations and that did not interfere with the results.

The concreting phase is simulated next by applying 
a horizontal pressure pcs to the cavity wall and a vertical 

pressure pcb to the cavity base. The magnitude of pcs was set 
equal to the hydrostatic pressure of the fresh concrete. Since 
it was not possible to incorporate the stresses induced by 
the penetration of the SDP displacement auger around the 
bottom of the cavity in the expansion phase, a value of pcb 
considerably higher than the hydrostatic concrete pressure 
was first applied. Then, in the next step, the base pressure was 
reduced to the hydrostatic pressure of the concrete. In this 
way, a preconsolidation effect under the pile tip is obtained.

Krasinski (2014) calibrates the highest pcb value through 
trials to obtain the field-measured pile base resistance. In this 
work, it was not possible to reach a pcb value that was sufficient 
to obtain a base resistance consistent with the experimental 
results without generating excessive deformation of the soil 
below the cavity bottom. Thus, the value adopted by Krasinski 
(2014) of pcb = 1800 kN/m2 was used in the analyses.

To model the pile, concrete properties are assigned to the 
soil volume that had initially been deactivated. Simultaneously, 
the interface elements are activated. Finally, a static load 
test is simulated by applying prescribed displacements at 
the top of the pile.

Furthermore, Krasinski (2014) assumes a zone around the 
pile shaft with reduced stiffness parameters. This assumption 
was not made in this work since, as will be discussed later, 
the pile load capacity obtained without reductions in the 
interface strength (Rinter = 1) was already lower than that 
verified experimentally. It should be noted that all calculation 
steps use the updated mesh option available in Plaxis 2D®.

3.3.2 Cavity Expansion with Sub-Layering (CE-SL) 
method

Introduced by Schmüdderich et al. (2020) for finite 
element analysis of SDP, the original approach (Figure 6b) 
simulates the pile installation process and the subsequent load 
test in two separate numerical models so that installation effects 
are considered indirectly in a model that has not undergone 
finite element mesh deformation. In the first model, the radial 
displacements induced in the ground by the displacement 
auger are simulated as the expansion of a cylindrical cavity, 
as in the CE approach. The post-expansion radial stresses 
within a zone of 2D (D = pile diameter) around the pile shaft 
are used to calculate an updated coefficient of lateral earth 
pressure profile, K.

The value of r0 used by Schmüdderich et al. (2020) is 
calculated based on the geometry of the SDP displacement 
auger, so the same logic does not apply to DCIS piles. 
Therefore, a value of r0 equal to r/2 was adopted for this 
method as well. Furthermore, the original approach also 
gradually decreases the horizontal displacements applied in 
the expansion phase near the top and bottom of the cavity, 
which is not adopted in the present work for the reasons 
already exposed in the CE approach.

In a second model, the soil adjacent to the pile shaft is 
divided into 1 m thick sub-layers and for each is assigned an 

Figure 7. Final geometry of the pile base when the displacement 
distribution is triangular at the cavity ends: (a) initial phase; (b) 
after expansion; (c) after pile casting.
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average K value obtained from the previous model. Then, the 
pile is installed wished-in-place by assigning the concrete 
properties to the soil volume representing it, and the interface 
elements are activated. As will be discussed later, in this 
approach, it was necessary to reduce the interface strength 
by 40% (Rinter = 0.60). Finally, a load test was simulated as 
discussed in the previous section.

3.3.3 Cavity Expansion with Base Improvement (CE-BI) 
method

The first approach proposed in this paper is the result of 
modifications made to the CE method. In the new approach 
(Figure 6c), the cavity expansion phase remains the same as 
in the original approach. After expansion, the phase in which 
hydrostatic concrete pressures are applied to the base and 
the cavity wall follows. The phase of pre-consolidation of 
the base is suppressed. Instead, to obtain the densification 
effect in this region, a zone is created below the pile tip in 
which the stiffness modulus ( ref

50E , ref
oedE , and ref

urE ) and soil 
cohesion are increased 3 times. Experimental results from 
model piles indicate that the main strains occurring below 
the pile tip are within a zone extending vertically from 2 to 
4D and radially from 1 to 3D from the pile axis (Liu et al., 
2020; White & Bolton, 2004). Thus, a zone extending 3D 
below the pile tip and 2.5D in the side direction from the pile 
axis was adopted. Furthermore, this zone comprises the main 
vertical stresses developed due to pile loading. As shown in 
Figure 8, the isobar corresponding to 5% of the mean vertical 
pressure acting at the pile tip (σb) is within this zone.

The magnitude of the parameters increase was determined 
by trial and error to obtain base resistances consistent with 

experimentally measured values of pile C6. The shearing that 
occurs in the cavity wall due to the jacking and subsequent 
extraction of the closed-ended steel tube is not considered 
in the analyses. The last two phases (pile casting and load 
test) remain unchanged.

The interface shear strength was considered equal to 
that of the surrounding soil (Rinter = 1). Despite the absence 
of laboratory tests to determine the interface friction angle 
(δ), the evidence found in the literature indicates that the 
assumption made is close to reality. Experimental studies 
suggest that the interface friction angle between sandy soils 
and rough surfaces (such as that of the shaft of cast-in-situ 
piles) is close to the soil friction angle so that under external 
loads, shearing tends to occur within the soil mass adjacent 
to the pile shaft and not at the pile-soil interface (Flynn & 
McCabe, 2016; Frost et al., 2002; Martinez & Frost, 2017).

Moreover, the phenomenon of friction fatigue on 
displacement piles depends on several factors, such as soil 
type, surface roughness, and pile installation technology 
(Randolph et al., 1994; White & Lehane, 2004). Dynamic 
installation techniques that induce cyclic shearing at the 
pile shaft, such as pile driving, cause greater degradation 
of the shaft friction than a monotonic or jacked installation 
(White & Lehane, 2004). Materials with smooth surfaces 
(such as steel) also cause less degradation than those with 
rough surfaces (Tovar-Valencia et al., 2018). Considering 
that the installation process of the DCIS piles analyzed in 
the present work involves the jacking of closed-ended steel 
tubes, the authors of the current study considered it reasonable 
to expect less severe friction fatigue in this case.

3.3.4 Cavity Expansion with Sub-Regions (CE-SR) 
method

The CE-SR method (Figure 6d) is the result of modifications 
made to the CE-SL method. The first modification was the 
introduction of a zone below the pile base with improved soil 
stiffness and strength parameters. The amount of parameter 
increase and the size of the zone is the same as in the CE-
BI approach.

The other modifications are related to the way that 
changes in radial stresses in the soil adjacent to the pile 
shaft are considered. The stress reading was expanded to 
6D horizontally from the pile shaft. The soil adjacent to the 
pile shaft was divided into 0.5 m thick sub-layers, which was 
motivated by the shorter length of the piles under analysis 
(3.5 m) compared to the 9.5 m length of the pile analyzed 
by Schmüdderich et al. (2020). Furthermore, the region to 
which the updated K profile is assigned was limited radially 
in 6D from the pile shaft, with vertical divisions every 1D. 
Each sub-region thus obtained was assigned an average K 
value calculated according to the radial stresses evaluated 
in the same region.

The extent of this zone was determined after weighing 
the zone of influence of radial stresses (σr) induced by Figure 8. Pressure bulb due to pile loading for pile C8.
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the cavity expansion and the applicability of the method. 
Figure 9 shows curves of the radial stresses of the soil adjacent 
to the C6 pile shaft before and after the cavity expansion 
phase for two depth levels (1.5 and 3.5 m). It can be seen 
that from a radial distance of the order of 6D, the increment 
in radial stresses induced by the expansion is low and tends 
to constancy for greater distances.

The last two calculation steps (pile casting and 
load test) remain unchanged. However, in the modified 
approach, the interface shear strength was not reduced 
(Rinter = 1), for the reasons previously discussed for the 
CE-BI approach.

4. Analysis and results

4.1 Original CE and CE-SL methods

The load-settlement curves measured in the field and 
obtained with the numerical approaches are presented in 
Figure 10. The bearing capacity of piles C4, C6, and C8 obtained 
with the CE approach was approximately 17% lower than 
the values verified in the field (Figure 10a). On the other 
hand, with the CE-SL approach, it was necessary to reduce 
the interface shear strength to 60% of the mobilized shear 
strength in the surrounding soil (Rinter = 0.60) to obtain failure 
values close to those measured experimentally (Figure 10b). 
The load-settlement behavior for settlements < 5 mm was 
similar with both methods for all piles.

Figure 11 shows the mobilization of the average shear 
stress at the pile shaft and of the pile base pressure with 
the evolution of the pile head settlements (w), which were 
normalized by the pile diameter. Both the results computed 
with the numerical approaches and those measured in the 
field are presented. The numerical results for pile C4 are also 
shown, although no experimental data were available for 
comparison due to the lack of instrumentation on this pile.

For settlements greater than 0.02D, both numerical 
approaches predict greater shaft friction mobilization than 
verified in the field. At failure conditions, while the CE 
method (Figure 11a) predicts a reasonable shaft friction 
mobilization relative to field-measured values, the CE-SL 
method (Figure 11b) considerably overestimates these values. 
Concerning the pile base pressure, both methods resulted in Figure 9. Radial stresses pre and post cavity expansion for pile C6.

Figure 10. Comparison of load-settlement curves for (a) CE approach and (b) CE-SL approach.
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similar behavior, underestimating the base resistance of the 
piles. This underestimation was the main reason for the error 
in the estimation of the bearing capacity of the piles with 
the CE method. Furthermore, the base pressure mobilization 
computed from the numerical models was quite similar 
among the piles, regardless of pile diameter, with a slightly 
lower mobilization for pile C8.

These results are attributed to the fact that both approaches 
were originally developed for the analysis of SDP, whose 
installation technology differs from the DCIS piles. In the case 
of driven or jacked piles, the stress state of the soil below the 
pile base is greatly influenced by the installation, while in the 
case of SDP the soil adjacent to the pile shaft is more affected 
(Krasinski, 2014). Moreover, Flynn & McCabe (2016) reported 
that the shaft friction mobilization mechanisms of DCIS piles 
installed in sandy soils are closer to those of bored piles, due 
to the rough shaft surface resulting from in-situ concreting 
and the absence of residual stresses related to the driving 
process, since in the case of DCIS piles, the installation tube 
is extracted before concreting.

4.2 Proposed CE-BI and CE-SR methods

Figure 12 shows the load-settlement curves measured in 
the field and obtained with the proposed numerical approaches. 
Despite the differences between the methods, both resulted 
in quite similar behavior. In terms of bearing capacity, the 
numerical results were very reliable when compared to those 
measured experimentally, with errors ranging from 1% to 3% 
for both approaches. It can be seen from the load-settlement 
curves for piles C4 to C8, that for settlements between about 
2% and 6% of the pile diameter, both numerical models result 
in a stiffer stress-strain behavior than the one observed in 
the field, especially the CE-SR method.

Modifications made to the CE-SL approach in the 
way of incorporating the installation effects around the pile 
shaft improved the prediction of shear stress mobilization 
(Figure 13b), although both numerical approaches still slightly 
overestimate the shaft resistance of the piles. In addition, 
the numerical models predict a shear stress mobilization 
proportional to the pile diameter, with a trend more evident 
for the CE-BI method (Figure 13a).

Figure 11. Average shear stress at the pile shaft for (a) CE approach and (b) CE-SL approach and pile base pressure for (c) CE approach 
and (d) CE-SL approach.
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Figure 12. Comparison of load-settlement curves for (a) CE-BI approach and (b) CE-SR approach.

Figure 13. Average shear stress at the pile shaft for (a) CE-BI approach and (b) CE-SR approach and pile base pressure for (c) CE-BI 
approach and (d) CE-SR approach.
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The increase of the stiffness parameters and the soil 
cohesion below the piles tips allowed a better mobilization of 
the base pressure, with the CE-BI method predicting slightly 
higher values. At failure conditions, the base resistance 
obtained with the CE-BI method (Figure 13c) was quite 
accurate for pile C6, while in the case of pile C8 there was an 
underestimation of 27%. With the CE-SR method (Figure 13d), 
the errors in estimating the ultimate base resistance of piles 
C6 and C8 were 13% and 30%, respectively. These results 
highlight the importance of considering soil densification 
below the pile base in numerical modeling of DCIS piles.

5. Conclusions

This paper proposed two numerical approaches for finite 
element analysis of DCIS piles that allow incorporating the 
installation effects in an idealized manner. The approaches, 
named CE-BI and CE-SR methods, are the result of 
improvements made to preexisting methods. The modified 
approaches introduce a densified zone under the pile tip and 
improve the way of incorporating the installation-induced 
changes in radial stresses of the surrounding soil. The results 
obtained allow the following conclusions:

• Both proposed numerical approaches were able to 
satisfactorily reproduce axial load tests conducted on 
DCIS piles, being sensitive to pile diameter variation. 
The numerical bearing capacity predictions showed 
an average error of 2% compared to the measured 
values. In the failure conditions, the models accurately 
obtained the pile shaft and base resistances. The average 
error between measured and numerical values was 
18% for both shaft and base resistances. In the case 
of base resistance, this is due to an overestimation, 
while in the case of shaft resistance it is due to an 
underestimation of the values. In terms of relative 
pile-soil stiffness, there was a slightly overestimated 
response for intermediate loading stages.

• Despite the methodological differences between the 
approaches, both result in a behavior that is quite 
similar to each other. In terms of applicability, the 
CE-BI method has the advantage of being modeled 
in a single numerical model. However, due to 
distortions of the finite element mesh in the cavity 
expansion and pile casting phases, the method may 
present some numerical instabilities that do not occur 
in the CE-SR method, since the latter separates the 
cited stages into two different models. Under these 
circumstances, the CE-SR method is superior to the 
CE-BI method.

• To apply the methods for predicting the behavior of 
displacement piles under axial compression loads, the 
limiting factor is the need for data that can be used to 
calibrate the characteristics of the pile-soil interface 
and to determine the magnitude of the increase in 
soil strength and stiffness parameters in the improved 

zone below the pile base. An instrumented load test, 
such as those used in this paper, is an adequate tool 
for this purpose.
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List of symbols

c Soil cohesion
D Pile diameter
e Void ratio of soil
E Young’s modulus

ref
50E  Reference stiffness modulus for primary deviatoric  

 loading
ref
oedE  Reference stiffness modulus for primary compression
ref
urE  Reference stiffness modulus for unloading/reloading

Gs Specific gravity of soil
K Coefficient of lateral earth pressure
K0 Coefficient of earth pressure at rest

NC
0K  Coefficient of earth pressure at rest for normal  

 consolidation
m Stiffness power law exponent
NSPT SPT N-value
OCR Overconsolidation ratio
pc,s Horizontal pressure at cavity wall
pc,b Vertical pressure at cavity bottom
pREF Reference confining pressure
r Pile radius
r0 Initial cavity radius
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Rf Failure ratio
Rinter Interface strength reduction factor
w Pile head settlement
α Teixeira & Godoy (1998) first soil-dependent  
 coefficient
β Teixeira & Godoy (1998) second soil-dependent  
 coefficient
γ Unit weight of moist soil
δ Interface friction angle
εr Relative increase in cavity radius measured in the  
 pressuremeter tests
σb Mean vertical pressure at the pile base
σr Radial stress
υur Poisson’s ratio for unloading/reloading
ϕ Friction angle of soil
ψ Angle of dilatancy of soil
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1. Introduction

Water coming from underground or surface springs 
is extremely important to supply the population. However, 
fresh water needs to be treated so that it can be consumed by 
humans, passing through Water Treatment Stations (WTS) and 
through various physical, biological and chemical processes.

At the beginning of the water treatment, chemical 
products are added in order to separate the existing impurities, 
and in this separation the particles are dispersed in a liquid 
medium, where, later, they agglomerate and form flakes, 
which sediment by the action of gravity. The residue that 
accumulates in the sedimentation process is called Water 
Treatment Plant Sludge (WTPS), being obtained from 
the washing of the decanters. Initially, after removing the 
sludge from the decanters, it has a liquid consistency and 
large volume, requiring adequate treatment and disposal 
(Montalvan, 2016; Guimarães & Urashima, 2013).

The sludge consists of solid residues of organic and 
inorganic nature, therefore, depending on the characteristics, 
the residues of the WTPs increase the degree of pollution and 
contamination of the water bodies, contributing to the loss 
of the quality of life of the populations existing downstream 
of the sludge releases (Roque et al., 2022).

The WTPS was initially deposited in water bodies, 
without any adequate treatment, providing negative aspects 
to water quality and causing silting of rivers. However, this 
practice was abolished by CONAMA (Brazilian National 
Environmental Council) resolution n° 357 (Brasil, 2005), 
which classifies this material as a pollutant of these bodies, 
requiring adequate disposal. In addition, the Brazilian 
Standard ABNT NBR 10004 (ABNT, 2004) brings WTPS 
as a solid waste, so it cannot be disposed of in bodies of 
water. However, according to a study carried out by Achon 
& Cordeiro (2015), in the Water Treatment Stations of São 
Paulo, only 9% of them sent the sludge to Waste Treatment 
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Units and had the same dewatered in industrial landfills, 
86% of the WTS disposed of the untreated sludge in bodies 
of water and 5% sent it to one of the available Sewage 
Treatment Stations.

The final destination of WTPS is a very important 
and complex activity, as the capacity of treatment plants 
and landfills is usually extrapolated. Therefore, there is a 
need for alternatives to the final destination of the waste, 
which is the responsibility of the producers of the tailings. 
In this way, some environmental agencies have demanded 
details of the final disposal in the WTPs licensing process, 
representing an advance in environmental management in 
the country (Montalvan, 2016).

The great production of WTPS and the environmental 
concern of the final destination of this residue has instigated 
researchers to seek appropriate forms of management, one 
of them being the use in civil construction. Due to the high 
consumption of aggregates by this branch, materials from 
the deposits are increasingly scarce, requiring the use of 
materials that often do not meet the specifications of use 
(Santos et al., 2018).

In Brazil, the construction of sanitary landfill covers 
depends on the exploitation of clay deposits, extracted from 
the place of execution itself or from the deposit closest to 
the landfill. In several situations, due to the large volume of 
transport, or even the distance from the deposits, the cost of 
transporting these soils is higher than the extraction itself, 
when considering the frequent increases in fuel prices, not 
showing economic viability to use nobler soils in landfills. 
In addition, the soils available in the locality often do not 
achieve an efficient waterproofing for landfill layers, resulting 
in the need to use less noble soils, stabilizing them with binders 
and residues that improve their properties (Knierim, 2020).

The use of sludge is one of the ways out for the use of 
the residue, which has already been used in some research 
at the national level that justify this trend: the dosage of 
lime and sludge from the WTP for use as a supplementary 
material to Portland cement by Ferreira et al. (2022); as 
raw material for precast concrete floors by Castro (2014); 
use as ceramic material for the manufacture of tiles by 
Cremades et al. (2018); as a material incorporated into 
the asphalt binder by Martinez (2014); in road paving for 
its incorporation into the base layer and sub-base of road 
pavement by Medaoud et al. (2022). The cited works resume 
the importance of a study of this residue so that it can be 
used as a raw material or final product, contributing even 
more to a sustainable organizational growth.

This research aimed to use sludge for soil stabilization 
purposes, verifying the improvement of the characteristics and 
properties of clayey soil stabilized with different percentages 
of WTPS for application in sanitary landfills.

2. Materials and methods

This chapter describes the procedures during the 
experimental phase of the research. This was developed in 

3 stages: in the first stage, we sought to develop a bibliographic 
review on the subject, in order to deepen our knowledge on the 
subject and to better understand the behaviors found by other 
researchers in relation to WTPS and soil + WTPS mixtures.

Subsequently, in the second phase, soil and WTPS 
characterization tests were developed, in addition to the 
development of Compaction, Permeability and Simple 
Compressive Strength tests of all mixtures, in order to know 
the characteristics and properties of soil and soil + WTPS.

In the third and final phase, the results found were 
analyzed and compared to those found in the literature under 
study, in order to give greater veracity to them and also to 
verify the possibility of using soil and mixtures within the 
standards established as mandatory by the Brazilian Standard 
ABNT NBR 13896 (ABNT, 1997), which defines criteria 
for non-hazardous waste landfills, by the United States 
Environmental Protection Agency (USEPA, 1998, 2003), 
by German Standard (1993) and also desirable requirements 
found in the study literature for bottom layers and final cover 
of landfills, thus increasing the spectrum of analysis for the 
implementation of the technique in other countries.

The research was developed with the joint work of 
bibliographic research and laboratory tests, mainly in the 
Materials and Civil Construction Laboratory (MCCL) and in 
the Soil Laboratory of the Integrated Regional University of 
Alto Uruguai and Missões - Frederico Westphalen Campus 
(URI -FW).

2.1 Materials

2.1.1 Soil

The soil used in the research was obtained from a 
deposit in the city of Frederico Westphalen (FW), State of 
Rio Grande do Sul (RS), Brazil. The deposit is located in 
Volta Grande, on the banks of BR-386 highway, km 38, with 
coordinates of latitude 27°24’9.35” South and longitude 
53°24’28.93” West, being this soil used in the works carried 
out by the city government.

The soil of the place has a clayey characteristic, due 
to the previous tactile-visual analysis and the characteristics 
of the soils found in the North and Northwest of the State 
of Rio Grande do Sul.

2.1.2 Water Treatment Plant Sludge

The WTPS used in the research was collected at the 
water treatment plant, located in the north of the state of Rio 
Grande do Sul, at CORSAN/FW (Riograndense sanitation 
company). The station collects water by pumping from the 
Pardo River dam, located in the interior of the same city, 
and takes it through pipes to the treatment site, located at 
the highest point within the urban environment.

The station works with full cycle treatment. Basically, 
the treatment consists of the following phases: coagulation/
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flocculation, decantation, filtration, chlorination and 
fluoridation. It is known that in WTPs of this classification 
the largest amount of sludge (in terms of mass) is generated 
in the decanters. At the WTP where the sludge was collected, 
there are two decanters with a capacity of 800 m3 each, 
however the company did not inform the amount of sludge 
generated there.

2.2 Description of processes

2.2.1 Soil collection and preparation

The soil was collected in accordance with the specifications 
of the Brazilian Standard ABNT NBR 9604 (ABNT, 2016c). 
Previously, before excavation, a surface cleaning of the land 
was carried out, removing any trace of vegetation present, 
as specified in the regulations. The soil was collected at a 
depth of 2 m and packed in clean bags for transport and 
laboratory storage. In the laboratory, the sample was broken 
up for use in the tests.

2.2.2 Soil characterization

For the characterization of the soil, the granulometric 
analysis test was carried out according to Brazilian Standard 
ABNT NBR 7181 (ABNT, 2018). The determination of the 
Liquid Limit of the soil was carried out according to ABNT 
NBR 6459 (ABNT, 2017) and the Plasticity Limit was carried 
out in accordance with ABNT NBR 7180 (ABNT, 2016b). 
The density of soil particles was determined by the ABNT 
NBR 6458 (ABNT, 2016a).

In addition to the tests already mentioned, to complement 
the characterization, a chemical analysis test was carried out 
for the soil. It should be noted that for all the above-mentioned 
soil characterization tests, tests were carried out on 3 samples, 
in order to obtain greater reliability in the results.

2.2.3 Collection and preparation of WTPS

At the time of collection, WTPS had a gravimetric 
moisture content of about 2385%, which characterized it as 
a thixotropic material, that is, it is in the form of a gel, with 
a gravimetric moisture value - ratio of water mass per mass 
of particles solid – which exceeds 900%. Thus, it would be 
necessary to perform drying in drainage beds to improve 
workability. However, it was not possible to perform this 
drainage due to lack of adequate equipment. Thus, the sludge 
was obtained directly from the conditioning tanks and placed 
in plastic drums for storage in the laboratory.

In the laboratory, the sludge was dried in an oven at 
a temperature of 60 °C. This temperature was defined in 
order to avoid the possibility of burning the organic matter 
present in the material.

The dry sludge sample was obtained when the moisture 
reached a value below 15%, which was evidenced after the 

seventh day in the oven. The material was characterized at 
that time as granular, the size of a pebble with about 99.4% 
retained in the sieve with an opening of 0.075 mm.

2.2.4 Characterization of WTPS

For the sludge, in order to know its properties, the 
chemical analysis test was performed. In the same way as 
for the characterization of the soil, for the characterization 
of the WTPS, tests were carried out on 3 samples, giving 
greater credibility to the results.

2.2.5 Dosage and mixing

As the WTPS and the soil were previously dried, they 
were mixed and homogenized and then water was added 
to the mixture. The mixtures to be studied are presented in 
Table 1, which were defined from the researched literature.

The mixture 5 was used only in the characterization tests 
to know the properties of WTPS. Furthermore, in order to 
characterize the mixtures highlighted in Table 1, granulometry 
tests, Atterberg limits test, soil particles density analysis and 
chemical analysis were performed.

2.2.6 Compaction test

In this study, the use of intermediate energy prevailed, 
since this energy is commonly used in sanitary landfill 
compaction. The test procedure followed the methodology 
described in the Brazilian Standard ABNT NBR 7182 (ABNT, 
2020) with 3 samples for each mixture.

2.2.7 Simple compression strength test

The preparation of the specimens was carried out in 
cylindrical molds measuring 10 cm in diameter and 20 cm in 
height, at the optimum moisture and maximum specific weight 
for each mixture, determined from the Proctor compaction 
test, at the intermediate energy.

The molding took place dynamically, using a manual 
compactor. Three specimens were molded for each dosage 
in order to obtain the average of the Simple Compressive 
Strength (SCS). After molding, the specimens were packed in 
plastic film and proceeded to cure, in a temperature-controlled 
environment, for 7 and 28 days. The test followed the precepts 
of the Brazilian Standard ABNT NBR 12025 (ABNT, 2012).

Table 1. Mixtures.
Nomenclature Soil (%) WTPS (%)

M1 100 0
M2 85 15
M3 70 30
M4 50 50
M5 0 100
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2.2.8 Permeability test

The permeability test of soil and soil + WTPS mixtures 
was carried out with variable load, due to the possible low 
permeability of the mixtures. For this, the Brazilian Standard 
ABNT NBR 14545 was used (ABNT, 2000). For each mixture, 
tests were carried out on 3 specimens, molded in cylindrical 
molds of 10 cm in diameter by 20 cm in height. Soon after 
molding, the specimens were prepared for the start of the test.

2.2.9 Data analysis

After obtaining the results of the characterization, hydrous 
and mechanical tests, the data was compiled. Subsequently, 
these were compared to other studies and standards and the 
possibility of use in bottom layers and final cover of sanitary 
landfills was verified.

3. Analysis and results

3.1 Mixture characterization tests

Initially, the physical characterization of the mixtures 
under study was performed. The granulometric analysis 
consists of coarse sieving together with the sedimentation 
test with and without a deflocculant agent, for subsequent 
performance of the fine sieving. With these results, together 
with the unit weight of soil particles and Atterberg limits, 
it is possible to classify the materials according to the 
Transportation Research Board (TRB) and Unified Soil 

Classification System (USCS) systems, thus being able to 
predict the behavior of the same. In the Table 2 is possible 
to visualize the results of the physical characteristics of the 
mixtures, the Atterberg limits and the respective classifications 
according to the USCS and TRB.

Regarding the granulometry test (sieving + sedimentation), 
more specifically for mixtures without deflocculant, from 
Table 2, it is possible to observe that:

 - With the addition of sludge in the mixtures, there 
was a tendency to increase the percentage of gravel 
and decrease the percentage of coarse sand, which 
stabilized from M2. Furthermore, mixtures 1, 2, 3 and 
4 had more than 50% of their fractions composed of 
fine material (silt and clay); and mixture 5 showed 
a predominance of stony, with more than 80% of 
material in this fraction;

 - Changes in granulometric characteristics of soil 
+ WTPS mixtures are evident when compared to 
natural soil. The average sand percentage was doubled 
from M1 to M2, M3 and M4, and for M2, M3 and 
M4 the value found was the same for all. Another 
important perception is that, with the increase in the 
percentages of soil replacement by sludge, there was 
a tendency to decrease in the percentages of fine sand 
and silt, in addition to a small tendency to increase 
in the clay fraction;

 - Also, in relation to the amount of sand, the soil 
presented an average of 27% (being this material 
with the highest sandy fraction), the mixture 85% 

Table 2. Characterization of mixtures.

Parameters M1 (100% 
Soil)

M2 (85% Soil 
+ 15% WTPS)

M3 (70% Soil 
+ 30% WTPS)

M4 (50% Soil 
+ 50% WTPS)

M5 (100% 
WTPS)

Physical characteristics 
from the no deflocculant 
test

Gravel (%) 3 8 14 29 81
Coarse Sand (%) 5 4 3 3 4

Medium Sand (%) 1 2 2 2 2
Fine Sand (%) 21 19 17 13 5

Silt (%) 53 49 45 31 6
Clay (%) 17 18 19 22 2
γs (g/cm3) 3.009 2.945 2.694 2.590 2.559

Physical characteristics 
from the deflocculant test

Gravel (%) 2 10 14 29 44
Coarse Sand (%) 1 1 1 1 2

Medium Sand (%) 1 2 2 2 1
Fine Sand (%) 6 7 7 8 4

Silt (%) 33 33 33 27 37
Clay (%) 57 47 43 33 12

Atterberg Limits LL (%) 55 56 58 58 NP
PL (%) 35 35 37 37 NP
PI (%) 20 21 21 21 NP

Classification without 
deflocculant

USCS Classification MH MH MH MH GP-GM
TRB Classification A-7-5 A-7-5 A-7-5 A-7-5 A-2-7

Classification with 
deflocculant

USCS Classification CH CH CH CH GP-GM
TRB Classification A-7-5 A-7-5 A-7-5 A-7-5 A-4

γs: unit weight of soil particles; LL: liquid limit; PL: plasticity limit; PI: plasticity index; NP: not plastic.
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Soil + 15% WTPS presented 25%, the mixture of 
70% Soil + 30% WTPS presented 22% and in the 
50% Soil + 50% WTPS there was only 18%, that is, 
there was a tendency to decrease the amount of sand 
with the increase of WTPS in the mixture. Finally, 
the mixture of 100% WTPS had 11% of sand in its 
composition;

 - The non-linearity of growth or decrease in the variations 
in the percentages of the soil + WTPS mixtures can 
be attributed mainly to the variability of the sludge 
granulometry, which is affected depending on the 
place of water collection, the time of year and what 
happens around the sludge collection place;

 - Analyzing all samples using the Unified Soil 
Classification System (USCS), mixtures 1, 2, 3 and 
4 were classified as medium to high plasticity silt 
(MH); mixture 5 was classified as poorly graded 
silty gravel (GP-GM);

 - Evaluating the materials by the TRB classification 
system, it fits mixtures 1, 2, 3 and 4 as A-7-5, typical 
classification of silty clay materials with moderate 
plasticity index in relation to the liquid limit, 
being subject to high changes volume and may be 
excessively elastic. WTPS was classified as A-2-7 
(high plasticity silty stony soil).

For the granulometry test with deflocculant, in Table 2, 
it is possible to observe that:

 - With the increase of sludge in the mixtures there 
was a tendency of growth in the percentage of clay, 
if compared to the natural soil. Furthermore, the 
percentage of 33% of silt was maintained for mixtures 
1, 2 and 3, and for mixture 4 it decreased to 27%. 
Furthermore, mixtures 1, 2, 3 had more than 70% of 
their fractions composed of fine materials and M4 
more than 50%. M5, on the other hand, showed a 
predominance of silty stony;

 - There was a tendency to increase the percentages 
of fine sand and gravel. The percentage of coarse 
sand remained the same for mixtures 1, 2, 3 and 4. 
In addition, coarse sand remained the same for M1, 
M2, M3 and M4;

 - Analyzing the materials by the TRB classification 
system, it fits mixtures 1, 2, 3 and 4 as A-7-5. The 
WTPS was classified as A-4 (low compressibility 
silty soil). In the Unified Soil Classification System, 
mixtures 1, 2, 3 and 4 were classified as high 
compressibility clays (CH). Mixture 5, which is 
composed only of WTPS, was classified as GP-GM.

In general, comparing the mixtures tested without 
deflocculant and with deflocculant, it is noted that the classes 
of gravel and medium sand remained similar. In relation to 
the fractions of coarse sand, fine sand and silt, there was a 
decrease in these percentages and, consequently, an increase 
in the clay fraction, showing the efficiency of the deflocculant.

Regarding the unit weight of soil particles, Pinto (2006) 
points out that this parameter is around 2.7 g/cm3 for clayey 
soils. In the case of sandy soils this value may be lower, around 
2.65 g/cm3. In lateritic clays, the unit weight of soil particles 
can reach values of up to 3 g/cm3. Therefore, by Table 2, the 
average value of 3.009 g/cm3 for unit weight of soil particles, 
found in Mixture 1, is a plausible value for lateritic clayey 
soils, therefore, being consistent with the local soil.

The increase in sludge in the mixtures caused the unit 
weight to decrease, with values of 2.945 g/cm3, 2.694 g/
cm3, 2.590 g/cm3 and 2.559 g/cm3 for mixtures 2, 3, 4 and 
5, respectively. This decrease with the addition of sludge 
occurred because the sludge has a lower unit weight than the 
soil under study. This situation was also verified in the study 
by Knierim (2020), which in mixtures 100% soil, 85% soil 
+ 15% WTPS, 70% soil + 30% WTPS and 50% soil + 50% 
WTPS, a reduction of 2.702 g/cm3 of the 100% soil mixture 
to 2.297 g/cm3 of the 50% soil + 50% WTPS mixture.

The Plasticity Index determines the plasticity of the soil 
and the amount of water that must be added to the mixture 
to change it from the plastic to the liquid state. Observing 
the Atterberg limit tests, according to Table 2, the PI value 
in Mixture 1 was 20%, considered of high plasticity (20% 
≤ PI ≤ 40%). For Mixtures 2, 3 and 4, although with a small 
variation in the LL and PL values, the Plasticity Index was 
21%, also considered to be of high plasticity. This high 
plasticity can be credited to the greater presence of clay in 
the samples. Also, from Table 2, it can be seen that there is a 
small variation in the values of LL and PL with the increase 
of WTPS. Although 50% of the soil was replaced by WTPS, 
there was practically no change in the parameters.

Comparing the results found in this chapter with those 
of Montalvan (2016) and Delgado (2016), it can be seen that 
both authors found higher proportions of fine materials in 
the sludge, while in this study more granular materials were 
found in the sludge. It was also found that Delgado (2016) 
found WTPS Atterberg limits to be non-plastic. Finally, it is 
noted that in the study by Montalvan (2016) there was a lack 
of linearity in the increases or decreases of the fractions in 
the mixtures according to the increment of sludge.

As previously mentioned, the WTPS have great variation 
in characteristics, which depend on the water potability system 
used in each station and on the water collection site, so the 
differences at this stage of the study are justified.

3.2 Chemical analysis tests

The chemical analysis test was performed for the four 
mixtures under study and also for a sample of 100% WTPS 
(M5), and the results are shown in Table 3 for Mixtures 1, 
2, 3, 4 and 5.

From the correlation with values of Cation Exchange 
Capacity - CEC - it is possible to know the clay mineral 
present in the structure of the material under study, which 
helps in the perception of the behavior of the material.
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According to the results achieved in the chemical analysis 
(Table 3) of Mixture 1, soil saturation by bases of 38% was 
verified, a characteristic value of dystrophic soils, with low 
fertility (Vasconcellos, 1986). The aluminum saturation is 
less than 50%, which means that the amount of aluminum 
present in the soil is not toxic to the plants present in the place. 
The CEC value was exactly 10 cmolc/L, which according 
to the usual values of Ronquim (2010) indicates that there 
is presence of kaolinite in the soil and, possibly, there is 
also illite, which is a clay mineral with a tendency to have 
medium expandability. In relation to the values of OM and 
pH of the soil, they indicate little presence of organic matter 
and that the acidity of the soil is high (Vasconcellos, 1986).

Based on the results of the Mixture 85% Soil + 15% 
WTPS, according to Table 3, they showed that the mixture 
under analysis presents a saturation of the material by 
bases of 52.1%, which characterizes the material as being 
eutrophic (with high fertility). The aluminum saturation is 
1.8%, which means that M2 is not toxic to plants. Still, the 
mixture presented 10.2 cmolc/kg of CEC, which characterizes 
a material constituted by kaolinite and illite. Moreover, the 
mixture showed little presence of organic matter (OM) and 
low pH, indicating a material of high acidity.

From Table 3, it is noted that the material present in 
M3, due to aluminum saturation, is not toxic, as it has zero 
saturation. Analyzing the base saturation (63%) the mixture 
can be characterized as eutrophic, with high fertility. In the 
CEC value, the value of 10.6 cmol/L was obtained, which 
means that there is presence of kaolinite and illite in the 
mixture. The mixture also showed low values of OM (1.7%) 
and pH (5.2) indicating little presence of organic matter and 
that the acidity of the material is medium.

According to the results achieved in the chemical 
analysis of Mixture 4 (Table 3), there was a saturation of the 
material by bases of 73.5%, a characteristic value of eutrophic 
soils, with high fertility. Again, the aluminum saturation is 
null, which means that the mixture is not toxic to the plants 
present in the place. The CEC value was exactly 11.7 cmolc/L, 
which means that kaolinite is present in addition to illite. 
In relation to the values of OM and pH of the material, they 
indicate little presence of organic matter and a low acidity.

The results of Table 3, for Mixture 100% WTPS, 
showed that the mixture under analysis presents a saturation 
of the mixture by bases of 81.8%, which characterizes the 
material as being eutrophic (with high fertility). The aluminum 
saturation is zero, which means that M5 is not toxic to plants. 
Still, the material presented 13.8 cmolc/kg of CEC, which 
characterizes a mixture constituted by illite and kaolinite. 
In relation to OM, the mixture showed little presence of 
organic matter and pH indicating a material with very low 
acidity. The result of the chemical analysis also indicates 
that Mixture 5 has a low amount of clay compared to the 
other mixtures, about 22%.

Analyzing the results found for the sludge with those 
of Montalvan (2016) and Knierim (2020) there are some 
results close to those of this study, but for the most part 
they differ, once again confirming the heterogeneity of the 
sludge in each WTP.

3.3 Compaction tests

With the compaction curves, the optimal moisture 
content and maximum dry density (MDD) were obtained, 
and the Table 4 illustrates the optimal compaction parameters 
of mixtures 1, 2, 3 and 4.

Table 3. Chemical analysis of the mixtures under study (LASTV, 2020a, b, c, d, e).

Mixtures Clay (%) pH/ H2O SMP Index P (mg/L) K (mg/L) OM (%) Al 
(cmolc/L)

Ca 
(cmolc/L)

M1 (100% Soil) 79 4.7 5.7 2.1 36.5 0.9 0.6 2.8
M2 (85% Soil + 15% 
WTPS)

65 4.9 5.9 3.2 49.5 1.4 0.1 4

M3 (70% Soil + 30% 
WTPS)

51 5.2 6.1 4.8 61 1.7 0 5.1

M4 (50% Soil + 50% 
WTPS)

40 5.7 6.3 7.1 80 2.4 0 6.7

M5 (100% WTPS) 22 6.2 6.5 7.1 107.5 3.5 0 9
Mg 

(cmolc/L)
CEC 

(cmolc/L)
H + L 

(cmolc/L)
% Sat. of CEC Relations

Bases Al Ca/Mg Ca/K Mg/K
M1 (100% Soil) 0.9 10 6.2 38 13.7 3.1 30 9.6
M2 (85% Soil + 15% 
WTPS)

1.2 10.2 4.9 52.1 1.8 3.3 31.6 9.5

M3 (70% Soil + 30% 
WTPS)

1.4 10.6 3.9 63 0 3.6 32.7 9

M4 (50% Soil + 50% 
WTPS)

1.7 11.7 3.1 73.5 0 3.9 32.7 8.3

M5 (100% WTPS) 2 13.8 2.5 81.8 0 4.5 32.7 7.3
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Analyzing the Table 4, In general, there was an increase 
in optimal moisture content and decreased the MDD in the 
mixes. This can be explained because the sludge is lighter 
than the soil, causing the MDD to decrease in mixtures 2, 
3 and 4. Still, it was identified that with the increase of WTPS 
there is a tendency that there is an increase of the optimal 
moisture content, since it has a higher natural moisture 
content, as well as a greater power of absorption of water 
compared to the soil.

From the results presented in Table 4, it was possible 
to observe that with the addition of 15% of WTP sludge to 
the soil there was a small decrease in MDD, this reduction 
being about 2.7% in relation to the soil. With the addition 
of 30% and 50% of sludge, the decrease was 3.16% and 
6.11%, respectively, in relation to M1. It was also identified 
an increase in optimal moisture of about 7.7% and 15.62%, 
in the proper order of M2 and M4 in relation to the soil. That 
is, in the maximum dry apparent specific weight there was 
a tendency to decrease and in the optimal moisture content 
there was a tendency to increase, with an exception in this 
last criterion in M3 which was slightly lower than M2, but 
even so they were close values.

The results obtained in this research are in line with 
the results found by Delgado (2016). In his study, the author 
analyzed a clayey soil + 5% WTPS, presenting a behavior 
similar to that of this study: after the addition of 5% of 
sludge, there was a decrease of about 8% in the maximum 
dry apparent specific weight and an increase in the moisture 
content of about 32.4%, when compared to values obtained 
only from clayey soil. The same author also studied the 
percentages of 5%, 10% and 15% of sludge mixed with stone 
dust, even though they were not equivalent soils, the author 
also found a decrease in MDASW with increasing sludge 
in the mixtures. For the mixtures of 5% and 10%, he found 
equal optimum moisture content values and for the mixture of 
15%, a higher moisture content than that found for the other 
two samples. This small variation of the optimum moisture 
content for M2 and M3 of the present research and the non-
variation for 5% and 10% of the research by Delgado (2016) 
are justified by the heterogeneity of the WTPS.

According to Lucena (2012), the decrease in the 
maximum dry density and the increase in water absorption 
caused after the addition of sludge in the mixture is due to 
the mineralogical composition of the particles, because the 
sludge has a considerable surface area, its high void and 
for its porosity.

3.4 Simple compression strength tests

The unconfined compressive strength (UCS) tests 
followed the instructions described in the methodology, 
and the results are presented in Table 5. The soil presented 
an average UCS of 0.255 MPa for both 7 and 28 days of 
curing, which is consistent with the UCS of clayey soils. 
The replacement of soil by WTPS, in all mixtures, showed an 
increase in UCS compared to soil, and the best performance 
was presented by the mixture of 70% Soil + 30% WTPS, 
with UCS of 0.619 MPa, with an increase of 142.75% of 
average resistance superior to the soil. It is noteworthy that 
Knierim (2020) also found in her studies the same mixture 
presenting the highest resistance when compared to soil.

Mixture 2 presented 34.51% and 36.47% of average 
UCS above the soil for the ages of 7 and 28 days, respectively. 
M3 showed an average resistance of 56.47% above the soil 
for the 7 days. Finally, the mixture 50% Soil + 50% WTPS 
showed average strengths of 42.75% and 102.75% for 7 and 
28 days, respectively.

It is noticeable, through Table 5, that with the increase 
in the curing time, there was also an increase in resistance 
for M2, M3 and M4. It is believed that this occurred due to 
the presence of some chemical material present in the WTPS.

Soil replacements by WTPS made it possible to 
increase SCS in the samples up to 30% replacement, while 
at 50% there was a decrease in relation to M3. This situation 
possibly occurred due to the different behavior of the WTPS, 
which tends to increase the friction between the particles 
and, consequently, increase the compressive strength of 
the samples. This fact is in line with the study by Knierim 
(2020), where the author found that the addition of WTP 
sludge in the mixtures tended to increase SCS compared to 
soil. And, in the highest proportion of WTPS, there was a 
small reduction in the parameter, but still remaining superior 
to the natural soil, as also occurred in this work.

3.5 Permeability tests

The permeability tests followed the instructions presented 
in the methodology, in order to determine the permeability 
coefficient of soil and soil + WTPS mixtures, for samples 
compacted at intermediate energy. The permeability coefficient 
values are presented in Table 6.

It is observed that the soil under study presented an 
average permeability coefficient (k) of 1.66E-8 m/s, which 

Table 4. Chemical analysis of the mixtures under study.
Mixtures Mixture 1 Mixture 2 Mixture 3 Mixture 4

Maximum dry density (g/cm3) 1.521 1.480 1.473 1.428
Optimum moisture content (%) 28.3 30.48 29.98 32.72
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according to Terzaghi & Peck (1967) represent soils with 
very low permeability (k from 1E-7 to 1E-9 m/s).

In the mixture 85% Soil + 15% WTPS, when 
substituting 15% of the soil for WTPS, there was a reduction 
in the permeability coefficient value of the mixture when 
compared to the soil. The average permeability coefficient 
was 1.71E-9 m/s; the mixture 70% Soil + 30% WTPS 
showed an average permeability coefficient of 2.44E-9 m/s; 
the mixture 50% Soil + 50% WTPS presented an average 
coefficient of 2.03E-9 m/s. All results found, for all mixtures, 
are characteristic of materials with very low permeability.

Although the WTPS presents a different behavior, it is 
believed that, in this case, the inclusion of the material in the 
soil caused a better intermeshing of the particles, reducing the 
permeability coefficient value and making the mixtures more 
impermeable compared to the natural soil. This occurred, 
possibly, because even with the decrease of the clay percentage, 
the silt percentage remained practically stable with the increase 
of sludge in the tests with deflocculant and this silt filled the 
lack of clay material, reducing the void index.

Knierim (2020) found permeability values that did 
not follow a linearity, where for 85% Soil + 15% WTPS the 
coefficient decreased in relation to the soil and increased for 
the other mixtures. These results are in agreement with the 
present research, and the difference in the results between 
the two studies was generated by the different granulometry 
of the sludge in each study.

3.6 Analysis of the technical viability of using the 
mixtures in bottom layers and final cover of 
sanitary landfills

In this item, we sought to analyze the application of the 
materials under study in bottom layers and in the final cover 

of sanitary landfills. For this, it was made a compilation of 
mandatory requirements, standards, and desirable, found 
in research. Requirements specified with “NBR” are from 
Brazilian Standards, from “USEPA” are from the United 
States Environmental Protection Agency and with “German” 
are from German standards. Then, due to the imposed 
conditions, a checklist was carried out to verify the possibility 
of application of each of the materials. To facilitate this 
analysis, the requirements were compiled in Table 7.

Regarding Table 7, the following analyzes can be made:
 - Regarding the final covering layer, all mixtures 

complied with the permeability coefficient requirements 
of NBR and USEPA, however, none of the mixtures 
met the criteria of the German standard. In addition, 
all other requirements for percentage passing through 
sieve #200, liquid limit, plasticity index and USCS 
classifications were met.

 - Regarding the bottom layer, all mixtures complied 
with the permeability coefficient requirements of 
the Brazilian standard, however, M1 did not respect 
the same requirement of the US standard and no 
mixture met the criterion of the German standard. 
In addition, all other requirements for percentage 
passing through sieve #200, liquid limit, plasticity 
index and USCS classifications were met.

Still, together with the results discussed, as well as the 
others obtained in the research, the following considerations 
can be made:

 - The chemical analyzes carried out in this research 
showed that all materials tend to have kaolinite in 
their composition, causing no material to be prevented 
from being applied in layers of sanitary landfills due 
to possible expansion problems;

 - The simple compressive strength of soil + WTPS 
mixtures showed improvement compared to soil. 
The best performance in this regard occurred in the 
mixture 70% Soil + 30% WTPS and, together with 
the requirements presented in Table 7, it is the most 
favorable for application in bottom layers and final 
cover of sanitary landfills;

It is important to highlight that, analyzing only the 
requirements of the Brazilian standard, the soil and all mixtures 
meet the minimum requirements of the same, therefore, being 
subject to use in the bottom layer and final cover of sanitary 
landfills. In this specific analysis, the material with the best 
performance is the mixture 70% Soil + 30% WTPS, for 
the following reasons: it meets the permeability coefficient 
and presents the highest resistance to simple compression 
among all mixtures.

It is also indicated the use of the materials under study 
as intermediate layers (daily), since there are no requirements 
and recommendations for these. Authors cited in the theoretical 
framework indicate the use of organic compounds, WTPS 
and Sewage Treatment Sludge for these layers, therefore, the 
use of mixtures (mainly the mixture 50% Soil + 50% WTPS) 

Table 6. Permeability coefficient of the mixtures under study.
Mixture k (m/s)

M1 (100% Soil) 1.66E-8

M2 (85% Soil + 15% WTPS) 1.71E-9

M3 (70% Soil + 30% WTPS) 2.44E-9

M4 (50% Soil + 50% WTPS) 2.03E-9

Table 5. Average unconfined compressive strength test results for 
the mixtures.

Mixture Time of 
curing UCS (MPa)

M1 (100% Soil) 7 days 0.255
28 days 0.255

M2 (85% Soil + 15% WTPS) 7 days 0.343
28 days 0.348

M3 (70% Soil + 30% WTPS) 7 days 0.399
28 days 0.619

M4 (50% Soil + 50% WTPS) 7 days 0.364
28 days 0.517
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would be beneficial, due to the reduction the exploitation of 
natural resources (soil) and the reduction of environmental 
liabilities with the use of WTPS.

4. Conclusion

The classic results of Soil Mechanics characterized 
the soil as a clayey material. Still, in the WTPS additions to 
the soil, it was noticeable, with the increase of substitution, 
a reduction in the fractions of silt and sand, and an increase 
in clay and gravel. The inclusion of WTPS, in terms of 
consistency, made the mixtures even more plastic. The real 
specific weight of the soil grains is within the lateritic clayey 
soil standard, and as the percentage of WTPS in the soil 
increased, there was a reduction in the parameter, due to the 
low real specific weight of the sludge grains.

In specific to the chemical analysis of the soil and 
mixtures, it is highlighted that all presented kaolinite and 
illite, non-expandable and partially expandable clay minerals, 
respectively, so that no material was prevented from being 
applied in layers of sanitary landfills due to the low possibility 
of expansion problems.

In relation to the results obtained in the compaction test 
of the materials under study, it could be seen that the greater 
the addition of WTPS to the soil, the greater the decrease 
in the value of the maximum dry density. In addition, there 
was an increase in the optimal moisture content found with 
increasing sludge content in the soil. This situation can be 
credited to the low real specific weight of the grains of the 
mixtures.

The permeability test showed an increase in the 
impermeability of the mixtures, being beneficial in terms 

of application in engineering works. The permeability 
coefficient of the soil and mixtures was in the order of 1E-9, 
characterizing the materials as having high impermeability.

Regarding the mechanical tests, from the unconfined 
compressive strength tests, it was possible to conclude that 
there was an increase in resistance with the increase of 
sludge in the mixtures, and the mixture that presented the 
highest SCS was 70% soil + 30% WTPS at 28 days, with a 
resistance 142.75% superior to the soil.

In general terms, following ABNT NBR 13896 (ABNT, 
1997), which defines the criteria for non-hazardous waste 
landfills, the mixture composed of 70% Soil + 30% WTPS 
was defined as the best for application in base layers and 
covering of landfills for meeting the permeability coefficient 
and presenting the highest Simple Compression Strength 
among all mixtures. However, the other mixtures (85% Soil + 
15% WTPS and 50% Soil + 50% WTPS) could also be used, 
contributing to a circular economy and to Environmental, 
Social and Governance (ESG), a term used to refer to the what 
companies and entities are doing to be socially responsible, 
environmentally sustainable and managed correctly.

In addition, it is noteworthy that the use of mixtures, 
especially 50% Soil + 50% WTPS, in daily (intermediate) 
layers would be a sustainable alternative that cooperates to 
achieve Sustainable Development Goals 11, 12 and 15 of the 
United Nations United until 2030. The co-disposal of sludge 
is presented as a gain for the management of this waste, 
mainly for small WTPs, since, once its potential is observed, 
the stations can use this technique, minimizing the volume 
of waste that could be sent to the sanitary landfill, as well as 
avoiding the implementation of more costly technologies.

Table 7. Verification of the mixtures under study for use in layers of sanitary landfills.

Parameter Condition for 
application

Requirements Material / Application Verification
M D M1 M2 M3 M4

Final cover layer

k (NBR) [m/s] ≤ 5x10-7 X YES YES YES YES
k (USEPA) [m/s] ≤ 10-7 X YES YES YES YES
k (German) [m/s] ≤ 5x10-10 X NO NO NO NO

SP#200 
(USEPA) [%]

≥ 30 X YES YES YES YES

SP#200 [%] ≥ 40 X YES YES YES YES
LL (USEPA) [%] ≥ 30 X YES YES YES YES

LL [%] ≥ 30 X YES YES YES YES
PI [%] 10 a 50 X YES YES YES YES
USCS CL/CH/SC/OH X YES YES YES YES

Background layer

k (NBR) [m/s] ≤ 10-8 X YES YES YES YES
k (USEPA) [m/s] ≤ 10-9 X NO YES YES YES
k (German) [m/s] ≤ 10-10 X NO NO NO NO

SP#200 [%] ≥ 30 X YES YES YES YES
LL [%] ≥ 30 X YES YES YES YES
PI [%] ≥ 15 X YES YES YES YES
USCS CL/CH/SC/OH X YES YES YES YES

k: permeability; SP: sieve pass; LL: liquid limit; PI: plasticity index; M: mandatory; D: desirable.
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It is also noteworthy that the sludge showed excellent 
characteristics for other applications in specific quantities 
in geotechnics such as base layers, sub-base, subgrade 
reinforcement and landfills in general. There is the possibility 
of quantifying the sludge from the WTP, for tokenization 
(process by which an asset gains a digital representation) 
and generation of recycling credits in the Bitcoin Market, 
contributing to a better destination of this residue and to 
the generation of revenue for the Water Treatment Station. 
In addition, mixtures with sludge accelerate the decomposition 
of waste and increase the production of methane in landfills 
(Granato, 2010), thus, projects that perform the clean burning 
of methane can increase the tons burned, generating even 
more carbon credits and electricity, clean and renewable 
during firing, consequently also producing higher revenue.

These applications would bring advantages in the 
destination of WTPS and reduction of consumption of natural 
resources (soil). In this way, the benefits and importance of 
an adequate disposal of sludge in geotechnics are evident, 
in order to avoid environmental liabilities generated by this 
residue, in addition to acting in an innovative, technological 
and sustainable way, minimizing the use of natural resources 
with economically efficient solutions, profitable and 
environmentally advantageous in engineering works.
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The cavity’s effect on the bearing capacity of a shallow footing 
in reinforced slope sand
Bendaas Azeddine1# , Merdas Abdelghani1 

1. Introduction

Bearing capacity and settlement are important factors 
in the construction of many types of geotechnical structures, 
particularly in hilly areas where it is necessary that foundations 
of those structures to be constructed on sloping grounds. 
Examples of such projects include buildings, electrical 
transmission towers, and bridges.

When a footing is constructed near a slope, the bearing 
capacity is relatively reduced compared to the footing on level 
ground. Having a strong grasp of the response of footing built 
close to slopes, particularly slope with a cavity, is crucial to 
the stability of structures, which can be expressed in terms 
of factor of safety.

Cavities are associated with tunnels, rail ways and 
canals, water, sewage, gas pipes, and power lines. All these 
cavities are affecting the ground stability. Knowing the 
location of the cavity and the characteristics of the materials 
formed in the cavities is an essential factor in ensuring the 
soils stability and choosing good reinforcement (Culshaw 
& Waltham, 1987).

Under such conditions, solutions such as improving 
the geometry of sloping surfaces, injections, or use of soil 
reinforcement are required to improve the bearing capacity of 
foundations and reinforce the slope with geosynthetic layers 

(Afshar & Ghazavi, 2014). Soil reinforcement is considered 
a suitable method for improving the bearing capacity of 
footing that can widen the road and repair collapsed slopes 
(Al-Jazaairry & Toma-Sabbagh, 2017; Leshchinsky, 1997).

The literature has shown that the performance of the 
surface footing can be influenced by other parameters such 
as the geometrical slope parameters (footing shape, slope 
angle and height, void size, and void shape), slope soil 
properties (total unit weight, cohesiveness, and angle of 
shearing resistance), the type of geosynthetic reinforcement 
used and the arrangement of the geosynthetic reinforcement 
layers, depth of top layer, the number and vertical spacing 
of layers. According to the majority of researchers, placing 
geosynthetic reinforcing layers at the proper places inside 
slopes may substantially enhance the bearing capacity and 
reduce settlements of footings located on the crest of hills. 
Dahoua et al. (2018) proposed a mathematical approach 
for estimating the stability of geotextile reinforcements. 
According to the void size and position, the experimental 
observation of Kiyosumi et al. (2011) demonstrated three sorts 
of failure modes for a single void. Upper-bound calculations 
were presented to interpret the observed changes in bearing 
capacity.

Kolay et al. (2013) studied a footing placed on double-
layer soil to find the load-settlement for reinforced and 
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unreinforced soils and noticed that the increment of load-
bearing capacity is dependent on the number of reinforcement 
layers. Zahri et al. (2016) proposed a multi-step method for 
analysing slope stability in open pit mines.

An investigation of the influence of a cavity on geogrid 
reinforced soil was carried out by Kapoor et al. (2019). 
The presence of cavities at specific depths was investigated 
and an analysis was performed to determine the load-bearing 
capacity and settlement of a footing on a geogrid-reinforced 
surface. The Plaxis-2D (v8) finite element package with 
the Mohr-Coulomb model was used to assess the elastic 
failure and determine the effect of many factors, such as the 
number of geogrid layers utilized, the spacing between each 
successive layer, the position of the cavity and its size, as 
well as the depth of the footing.

Results of recent research conducted by Zhou et al. 
(2018) demonstrate that the undrained bearing capacity with 
voids responds to soil features, and that the failure mechanism 
is related to numerous soil parameters, the location of single 
voids, and the straight distance between two voids.

According to Zhao et al. (2018), the stability analysis 
of asymmetrical cavities is conducted using the upper limit 
technique. The findings suggest that the local shear failure 
type is the eldest in the soil around the cavity. The stability is 
augmented with an increase in the friction angle and reduced 
with an increase in the horizontal distance and descriptor 
diameter values.

Xiao et al. (2018) used finite element limit analysis 
to examine the undrained bearing capacity of strip footing 
over voids in two-layered clays, and to provide charts and 
formulas to calculate the undrained bearing capacity factor 
Ns. The cited authors also examined what effect the various 
soil properties, including the undrained shear stress ratio, 
top layer thickness, void size, and spacing of voids have 
on the Ns factor.

On the other hand, Mansouri et al. (2021) investigated 
the bearing capacity-settlement of footing on a slope with 
void and the effect of several factors, such as top vertical 
distance of void from the base of footing, horizontal space 
connecting the void-footing center, and load eccentricity 
where the subterranean void, as well as the critical depth 
between the soil and the top layer of the void, were found 
to have an impact on the stability of strip footing.

Baah-Frempong & Shukla (2020) presented the findings 
of laboratory model testing and numerical analysis for strip 
footing stability buried in a geotextile-reinforced sand 
slope and study. The influence of footing embedding depth 
(D), number of geotextile layers N on bearing capacity and 
settling properties of the embedded footing was investigated. 
Results indicate that D and N substantially influence the 
load-settlement behavior of the embedded footing. It is 
observed that bearing capacity ratio (BCRu) improves with 
an increase in N and reduces when D and B increase being 
D = B (B is the base width), while the highest BCRu was 
obtained when D/B = 0.

Satvati et al. (2020) developed a novel type of three-
dimensional geosynthetic that outperformed geogrid in 
terms of decreasing soil permeability. They used a laboratory 
modelling method to examine the effects of different factors 
on the bearing capacity of footings on soil slopes. The results 
showed that cylindrical reinforcement has a more significant 
effect than planar reinforcement in terms of increasing 
bearing capacity and decreasing settlement under the same 
circumstances as certain parameters.

Saadi et al. (2020) conducted an experimental investigation 
on the effect of interference on the bearing capacity of two 
adjacent foundations in cavitated soil. The results revealed 
that cavities and dual footing interference affecting the 
bearing capacity as well as the efficiency factor when the 
cavity effect is eliminated by increasing the distance between 
the footing and the cavity. In this study, the cavity’s effect 
on the behavior of geosynthetic reinforced footing on soil 
slope was investigated to evaluate some important parameters 
of reinforced soil, because of the lack in the literature of 
similar studies in this field, a set of laboratory tests to assess 
the effects mentioned main parameters on the reinforced 
slopes were performed. The conclusions of this study can 
be applied to future designs by geotechnical engineers to 
achieve a better estimation of the bearing capacity of footing 
on soil slopes. Also, a new type of geosynthetics was used in 
this study such as carbon and glass fiber reinforced polymer 
to reinforce the soil slope, so the effects of using this type 
of geosynthetics to determine the bearing capacity of the 
shallow footings were evaluated.

2. Experimental study

2.1 Materials

2.1.1 Soil properties

The soil used in this study is sand. Laboratory tests 
were performed according to test methods described in ASTM 
Standards to determine the geotechnical properties next; 
grain distribution tests were performed according to ASTM 
D422-63 (ASTM, 2007), the values detected of D10, D30, D60, 
was performed according to ASTM D854-14 (ASTM, 2014), 
the mean value of specific gravity Gs = 2.65 was determined 
by pycnometer test. According to ASTM D4253-00 (ASTM, 
2000), the maximum and the minimum unit weight of the 
sand was measured and the corresponding values of the 
minimum and the maximum void ratio were calculated, the 
relative density of sand bed as Dr = 60% resulting in a unit 
weight of 15.75 kN/m3, direct shear tests were performed 
according to ASTM D3080-90 (ASTM, 1990) to determine 
the shear strength parameters (c and φ). Table 1 groups the 
characteristics of sand and their average values. The particle-
size distribution of soil is shown in Figure 1. According to 
the unified soil classification system (USCS), the soil is 
classified as poorly graded sand (SP).
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2.1.2 Geosynthetic properties

Modern geosynthetics such as fiber glass and carbon 
fiber were used to verify the results of this analysis as seen 
in Figure 2. The test results for measuring the reinforcing 
layer tensile strength are presented in Table 2.

2.1.3 Cavity properties

In order to actually simulate a cavity, we are using 
PVC, the thickness of PVC is 2 mm, and the exterior diameter 
is 110 mm, in the design of the test model. The parameters 
of the PVC tube are shown in Table 3.

2.2 Test tank and model footing

The experiment conducted in a test tank with dimensions 
of 1000 mm × 490 mm in plan and 600 mm in height, two 
sides of the tank were constructed with rigid steel plates to 
prevent lateral movement and offer plain strain condition 
within the soil mass during the test, the back face of the 
tank was made with a 10 mm-thick transparent glass for 

monitoring the slope failure mechanism or cavity collapse 
during the test. A steel strip footing of 100 mm × 480 mm in 
plan and a thickness of 10 mm used for the study. The base 
length was thus almost equivalent to the tank width for the 
simple strain state to be retained throughout the test.

2.3 Loading method

We used MTS universal testing system that combines 
high-performance loading frame technology, ease of use of 
MTS test suite (TW) software compatible precision sensors, 
and practical and ergonomic manual terminals. This system 
includes a load cell capable of applying up to 50 kN on 
the footing. We apply load at the centroid of the footing to 
avoid the loading eccentricity effect. The loading speed of 
this unit can be adjusted to a maximum of 1 mm/min. Since 
lower-speed loading more accurately simulate static loading 
conditions, all laboratory experiments are conducted at a 
speed of 1 mm/min (Figure 3).

2.4 Model preparation method

The sand slope form, sand layers, reinforcement levels 
and cavity depths are initially marked inside the glass installed 

Figure 1. Particle-size distribution of soil.

Table 1. Properties of sandy soil.
Parameters value

Specific gravity 2.65
Maximum dry unit weight, γd max (kN/m3) 16.3
Minimum dry unit weight, γd min (kN/m3) 15
Maximum void ratio 0.67
Minimum void ratio 0.50
Relative density, Dr (%) 60
Peak friction angle, φ (°) 38
Cohesion, c (kPa) 1
Uniformity coefficient, Cu 1.83
Coefficient of curvature, Cc 1.08
Effective particle size, D10 (mm) 0.185
D30 (mm) 0.26
D60 (mm) 0.34

Figure 2. Fiber glass and carbon fiber elements used in this study.

Table 3. Properties of the PVC used.
Parameters Value

Unit weight (kN/m3) 13.5 - 14.5
Tensile strength (MPa) 45

Elongation % 80
Elastic modulus (MPa) 3000

Table 2. Summary of geosynthetics parameters.

Parameters Fiber glass Fiber 
carbon

Color White Black
Form Sheet Sheet
Thickness (mm) 0.16 0.20
Tensile modulus of elasticity (GPa) 72 231
Elongation (%) 4.9 1.9
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in the tank and the method described in Yoo (2001), Lee 
& Manjunath (2000), and Sawwaf (2007) is followed for 
the slope preparation where sand was poured into the tank 
into 50 mm thick sand layers and manually compacted till 
achieving the target relative density Dr = 60%. After reaching 
the cavity height marked h = 150 mm, a circular PVC with 
a diameter of 110 mm was positioned at the desired height, 
as shown in Figure 4b. Subsequently, the sand compaction 
continued until reaching the position of the reinforcement 
layers in this case. Two types of reinforcement (glass and 
carbon fiber) were used, with reinforcement layers all 
along placed at their desired levels (Figure 4a), where the 
compaction of sand layers is performed after placing each 
layer of reinforcement as presented in Figure 5. The figure 
shows, that B represents the footing width, a is the distance 
of the first layer of reinforcement and the base of the footing 
(u). The space between two layers of reinforcement, h, 
illustrates the vertical distance between the cavity and footing, 
N is the number of reinforcement layers, b is the footing 
distance from the edge of the slope, and D is the diameter 
of the cavity. After the slope was established, the surface 
of the slope was leveled well so that the footing could be 
placed on a level surface for the stress distribution under the 
footing and avoid eccentric loading, as shown in Figure 5c. 
It should be mentioned that the dimensions selected in this 
analysis of the soil slope are consistent with those used in 

previous laboratory study (Ueno et al., 1998). Table 4 lists 
the experiments conducted in this analysis by holding a 
range of parameters constant and examining other variable 
parameters effect on load capacity and settlement.

3. Numerical study

A series of three-dimensional finite-element analyses 
(FEA) was performed using the software Plaxis 3D to simulate 
the experimental program. A plane strain model was used to 
carry out the FEA. The geometry and characteristics of the 
model used in the finite element analysis are the same as those 
employed in the laboratory test. A prescribed footing load was 
used to simulate the rigid footing settlement. The behaviour 
of sand was simulated using the non-linear Mohr-Coulomb 
criterion available in Plaxis 3D. The Mohr-Coulomb model 
has five input parameters: Young’s modulus (E), Poisson ratio 
(ν), friction angle (φ), cohesion (c), and angle of dilatancy 
(ψ). The modulus of subgrade reaction of the sand bed (ks) 
can be estimated from the load–settlement curve using the 
following equation.

1.25
3 31.25 10s

q kNk
m−

 =  ×  
 (1)

Where q1.25 is the uniform pressure applied to the footing at 
1.25 mm of settlement. Was used to find the E values obtained 
from Equation 2 (Selvadurai, 2013; Shukla & Chandra, 1996). 
The value of E is dependent on the sand relative density, 
number of reinforcement layers, and cavity location. Therefore, 
a unique value of E was utilised in each case studied in the 

Figure 3. A view of the laboratory model footing load test set-up. 

Figure 4. Schematic diagram of a shallow footing near slope: (a) 
side view and (b) cross-section along the footing.

Figure 5. (a) A carbon fiber layer being installed within the slope; 
(b) rear view; (c) top view.

Table 4. Tests performed in this study.
Series Constant Variable

1-fiber glass βslope = 35° b/B = 1 h/B = 1.5 N = 1; 2; 3
2-fiber carbon S/B = 0.25 u/B = 0.25 Dr = 60% N = 1; 2; 3
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numerical simulation. Some Plaxis 3D simulations were 
conducted and compared to their experimental counterparts 
to determine an appropriate value for the thickness of the 
sand bed (H). It was confirmed that a reasonable value of E 
could be obtained when H was approximately three times the 
footing width (B) (Kazi et al., 2015; Lovisa et al., 2010). The 
soil Poisson’s ratio (ν) was assumed to be 0.25 for all cases. 
The angle of dilatancy (ψ) was obtained from the friction 
angle (φ) using the Equation 3 (Bolton, 1986).

( )( )= 1 1 2sE k H ν ν+ −  (2)

= -30ψ ϕ °  (3)

The interaction between the reinforcement layers and the 
surrounding soil was simulated by interface elements located 
between the reinforcement layers, and soil. The interface 
elements are the strength reduction factor Rinter, which 
was assumed to be 2/3 (Kazi et al., 2015). The foundation 
was modeled as a plate with a high flexural rigidity (EI) and 
normal stiffness (EA). The reinforcement fibers were drawn 
using software (AutoCAD) and then imported to the model 
as modified geogrid elements as available in the software 
Plaxis 3D. This option allows the users to define the only 
required parameter, the elastic normal stiffness (EA), which 
was determined from the laboratory test conducted on a 
specimen of the reinforcement layer. The cavity is represented 
in the study as a circle with a diameter of D = 1B and a wall 
thickness of 1 mm, to exactly simulate the experimental model. 
The cavity model system is considered a plane strain condition 
with 15-node elements. Mohr-Coulomb plasticity model was 
specified to solid element which symbolizes soil around the 
PVC pipe. Fifteen nodded plane strain triangular elements 
were used to model the backfill (Rajkumar & Ilamparuthi, 
2008), with a restricted horizontal displacement and free 
vertical displacement. The other parameters used for the 
numerical analysis are well defined in the Plaxis 3D guide. 
The numerically simulated model is as shown in Figure 6.

The initial stress within the slope was determined by 
gravity loading, this method was utilized because the slope 
is not a horizontal surface. In Plaxis 3D the load–settlement 
analysis of a footing can be done, by either the prescribed 
footing load method (load controlled) or prescribed displacement 
method (displacement controlled). A prescribed displacement 
was applied to the footing in increments accompanied by 
iterative analysis until the failure occurred.

The study consists of two stages, the first one deals 
a prescribed displacement applied to the footing with 
increments until the failure occurred without reinforcement. 
To reduce the effect of surface load on the cavity and improve 
its performance, the fiber reinforcements were used in the 
second stage. Table 5 summarizes the material properties 
used in the analysis.

4. Results and discussion

4.1 Experimental results

Findings from the results of small-scale laboratory model 
tests performed to evaluate the ultimate bearing capacity of 
a footing with a width B = 100 mm placed at a constant edge 
distance ratio b/B = 1 on sand slope with a variable cavity 
depth ratio h/b = 0.5B, 1B, 1.5B in a single (N =1) double 
(N = 2) and triple (N = 3) layers of carbon and glass fiber 
reinforcement for a sand slope having an angle of inclination 
β = 35° to the horizontal and a relative density Dr = 60%. 
In all the experiments carried out, the reinforcing layers were 
stretched from the slope face to the rear of the test tank. The first 
(top) layer was installed at a constant depth ratio of u/B = 0, 
25 below the footing base. A consistent vertical spacing ratio 
s/B = 0.25 was maintained between the subsequent layers and 
the initial layer during installation.

The load-settlement curves of the footing can be used 
to determine the ultimate bearing capacity of the footing. 
The highest possible value of q is defined through the peak 
in the applied pressure-settlement curve. It is possible to 
accurately define the peak value of q (of peak) by referring to 
the applied pressure-settlement curve, based on the procedure 
suggested by Vesić (1973) and Terzaghi et al. (1996). According 
to this approach, qu is the point on the load-settlement curve 
at which the curve becomes steep and straight.

Figure 6. Plot of geometry model with boundary conditions.

Table 5. Parameters used in the numerical analysis.
Parameter  

for soil
Parameter  

of fiber
Parameter of 

footing
E = 3000-4500 (kN/m3) Glass fiber EA = 640000 (kN/m)

φ = 38 ° EA = 400 (kN/m) EI = 85 (kN/m2)
ψ = 8° Carbon fiber Thickness = 0.01 m

γd = 15.75 kN/m3 EA = 600 (kN/m)
ν = 0.25
c = 1 kPa

Rinter= 2/3
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The laboratory test results are presented as load (q)-
settlement (s) curves where s is the settlement of the footing 
corresponding to a particular q and B the footing width. It is 
observed that as the footing’s applied pressure q increases, the 
settlement (s) also increases until the footing fails. It is also 
observed that in the case of unreinforced soil, the effect of the 
cavity on the bearing capacity of the footing is estimated based 
on the optimum cavity depth in different values of 3B, 2.5B, 
2B, and 1.5B. The ultimate bearing capacity values obtained 
are 4.55 kN, 3.38 kN, 2.86 kN, and 2.37 kN respectively, 
with Figure 7 illustrating the maximum effect of the cavity 
on the bearing capacity of the footing in depth 1.5B. As a 
result, 1.5B is used to calculate the cavity effect in different 
reinforcement layer numbers, N = 1, N = 2, N = 3.

Figure 8 shows the influence of number of reinforcement 
layers N of glass fiber for a cavity depth h/B =1.5. The figure shows 
that increasing the number of reinforcement layers improves the 
load-bearing capacity q from 13% to 88%, and 88% to 258%, 
for N = 0 (unreinforced), N = 1, N = 2, and N = 3, respectively.

In Figure 9 is observed that qu increases with N. 
The footing bearing capacity significantly improves from 
46% to 143%, and 143% to 424% for reinforced with carbon 
fiber single layer, double layer, triple-layer respectively.

Figure 10 shows a comparison between the different types 
of reinforcements used in this study. It is observed that carbon 
fibers have a greater improvement to the load bearing capacity 
of the footing in comparison with glass fiber, this difference is 
significantly apparent when using multiple reinforcement layers.

4.2 Numerical results and comparison

In finite element modeling, a finer mesh typically results 
in a more accurate solution. However, as mesh is made finer, 
the computation time increases. Mesh convergence study is 
thus performed to obtain a satisfactory tradeoff between the 
accuracy and computing resources. Figure 11 shows mesh 
convergence analysis carried out on model unreinforced 
slope. It can be observed that as mesh gets finer, the results 
converge. But there is no significant difference between the 
medium and the fine mesh. The medium mesh was selected 
for the present study because it takes a shorter duration to 
complete the modelling than the fine and very fine meshes. 
Figure 12 show the deformed mesh for a typical analysis. 
Displacements and stress concentration in a typical model 
are presented in Figures 13-14.

Figures 15-16 show a comparison of the load settlement 
curves of the experimental and the FEA results for all 
specimens. These results indicate that the FEA model was 
able to accurately predict the behavior of the reinforced soil. 
Furthermore, the use of both carbon and glass fibers resulted 
in a significant increase in the load-bearing capacity of the 
footing. It is clearly noticed that the numerical values closely 
follow the experimental values. Some variations are well 
expected because of the in-built limitations of the Plaxis to 
simulate the behaviour of unreinforced and reinforced soils.

Figure 7. Variation of ultimate bearing capacity qu with cavity 
depth ratio.

Figure 8. Effect the number of reinforcing layers N for glass fiber 
on load-bearing pressure (q) and settlement.

Figure 9. Effect the number of reinforcing layers N for carbon fiber 
on load-bearing pressure (q) and settlement.
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Figure 17 compares the ultimate bearing capacities 
obtained from the numerical simulations to those established 
from the laboratory model tests for different reinforcement 
types used in this study. It is observed that the ultimate 
bearing capacities are in good agreement.

Figure 10. Comparison of ultimate bearing capacity with number 
of reinforcement layers N from carbon and glass fiber.

Figure 11. Mesh convergence study.

Figure 12. Deformation of mesh of a typical finite-element model 
with reinforcement.

Figure 13. Typical displacement shading contours (in meters).

Figure 14. Stress concentration (in kPa).

Figure 15. Comparison of load-settlement curves in unreinforced 
soil case.
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Figure 16. Comparison of load-settlement curves in reinforced soil cases.

Figure 17. Comparison of the ultimate bearing capacity qu from 
experimental and numerical studies.

5. Conclusions

For the purpose of evaluating the effect of the cavity 
on the bearing capacity and settlement of a footing in sand 
slope reinforced with a multilayer carbon and glass fibers, 
a series of laboratory model experiments were carried out. 
In this study, specifically, to show the relationship between the 
cavity depth ratio h/B, the number of reinforcing layers N and 
type of reinforcement on the bearing capacity and settlement 
characteristics of the footing. The following are the most 
important conclusions that can be drawn from the findings:

- The cavity depth D, below the slope crest, significantly 
affects the bearing capacity and settlement characteristics 
of the footing, the risk of collapse increases when 
the distance between the cavity and the base is 
small. Where the bearing capacity of the footing is 
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directly proportional to the cavity depth. The greater 
the depth from 1.5b to 2b, 2b to 2.5b, and 2.5b to 3b 
the greater the bearing capacity from 20% to 42% 
and from 42% to 91%.

- Using glass and carbon fibers as a reinforcement 
significantly increases the load bearing capacity of 
the footing.

- The footing ultimate bearing capacity ( uq ) increases 
with the increase in the number of reinforcing layers 
(N), by 46%, 143% and 424% for N = 1, N = 2 and 
N = 3, respectively.

- The use of carbon fibers in reinforcement resulted in 
significantly higher bearing capacity by up to 46% 
compared to the glass fibers.

- The results obtained from the finite element analysis 
using the software Plaxis follow the experimental 
results closely, at the lower settlement values in all 
cases, but for higher relative density cases, the results 
are almost identical.

- The numerical results of the ultimate bearing 
capacity (qu) of the footing are identical with their 
experimental counterpart.
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List of symbols

a depth of reinforcement from base of footing
b edge distance of footing from slope crest
c cohesion
Cc coefficient of curvature
Cu uniformity coefficient
h embedded depth of cavity
qu ultimate bearing capacity of footing
u vertical spacing between reinforcement layers
B width of footing
Dr relative density of sand
D10 particle diameter corresponding to 10% finer by 

weight
D30 particle diameter corresponding to 30% finer by 

weight

D60 particle diameter corresponding to 60% finer by 
weight

E Young’s modulus
EA normal stiffness
EI flexural rigidity
H slope height
Ks modulus of subgrade reaction
N number of reinforcement layers
Rinter strength reduction factor
β slope angle
γd max maximum dry unit weight
γd min minimum dry unit weight
γd dry unit weight
φ angle of internal friction
ν Poisson’s ratio
ψ angle of dilatancy
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Shear strength analysis of interfaces between granular soils 
and concrete cured under stress
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1. Introduction

During the execution of bored concrete piles, small 
displacements can occur along the shaft, which generate 
shear stresses between pile and soil, called residual stresses 
(Fellenius & Altaee, 1995). The practical consequence of this 
phenomenon is inaccurate static load test results, which may 
result in a higher shaft resistance than the real value and a 
lower tip resistance (Fellenius, 2020).

Salgado (2008) states that for piles without displacement, 
the values of the interface friction angle (δ) can be expressed 
in terms of the critical state friction angle (φ ’cs) obtained 
through direct shear tests. Some authors (Lehane et al., 1993; 
Randolph et al., 1994; Salgado, 2008) found δ values between 
0.8φ’cs and φ’cs for this type of pile. The explanation for this 
variation comes from the conditions of pile execution: when 
well executed, concrete surface roughness tends to be greater 
than the average diameter of the grains, causing shear to 
occur in the soil near the pile and not at the interface, which 
results in a value of δ equal to φ’cs. However, in executions 
with lower quality, the roughness can be reduced, which 
causes failure to occur at the soil‒pile interface, indicating 
values of δ equal to or smaller than 0.8φ ’cs.

Ring and direct shear tests are commonly used to estimate 
the pile axial load capacity through the interface friction angle; 
nonetheless, the compatibility between laboratory and field 
conditions needs to be ensured through soil characteristics, 
surface structures and confinement conditions (Reddy et al., 
2000). According to Nardelli et al. (2019), there is a consensus 

in the technical literature that the interface shear response 
is mainly influenced by the following conditions: grain 
characteristics, confining conditions, soil properties, water 
content, structure surface characteristics and temperature.

The first prominent factor is the roughness on the pile 
surface. The average roughness (Ra) is one of the most accepted 
parameters for quantifying surface roughness and is defined 
as the arithmetic average of the absolute values of the profile 
height deviations measured from the average line. Another 
parameter also widely used is maximum roughness (Rmax), 
which corresponds to the difference between the highest peak 
and the lowest valley on a surface (ASME, 2009).

To better evaluate the effects of roughness at a sand-
steel interface, Uesugi & Kishida (1986a, b) defined the 
normalized roughness (Rn) as the ratio of maximum surface 
roughness to mean grain diameter. In addition, the authors 
found a bilinear relationship between the normalized roughness 
and the friction coefficient: first, there is an increase in the 
friction coefficient with the rise in roughness until the critical 
point, from which the value becomes constant.

For a sand-concrete interface, Uesugi et al. (1990) 
observed that the critical point of normalized roughness 
occurred around the value of 0.1, resulting in a friction 
coefficient greater than 0.95. Furthermore, based on the 
normalized roughness value, Paikowsky et al. (1995) defined 
three categories of surface texture: smooth, for Rn < 0.02; 
intermediate, for 0.02 < Rn < 0.5; and rough for Rn > 0.5.

Regarding the grain characteristics, in soils with 
subrounded and smooth particles, there is a lower interlock, 
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which allows for rotations during shear. On the other hand, 
for angular grains, the interlock is higher, increasing the 
shear strength (Brumund & Leonards, 1973; DeJong & 
Westgate, 2009).

In interface shear tests, the confining conditions refer 
to the normal stress applied to the equipment set, which aims 
to simulate the field characteristics of horizontal stresses. 
Increasing the normal stress causes an increase in the 
interface strength due to the decrease in interface dilatancy, 
which provides a rearrangement of particles within a smaller 
thickness of the shear zone (Jardine et al., 1993; Dietz & 
Lings, 2006; Gómez et al., 2008; DeJong & Westgate, 2009; 
Tiwari & Al-Adhadh, 2014; Tehrani et al., 2016).

Among the soil properties, the main factors affecting 
the shear strength are the relative density and the mean grain 
diameter (Uesugi & Kishida, 1986b; Jardine et al., 1993; 
Dietz & Lings, 2006). At sand-steel interfaces, Uesugi & 
Kishida (1986b) observed that with the increase in mean 
grain diameter, the friction coefficient decreased, but with 
the increase in relative density, the peak value of the friction 
coefficient increased.

Evaluating the relative density effect in shear stress 
in rough surfaces, Fakharian & Evgin (1996) observed a 
hardening behavior in loose sands and a softening behavior 
in compact sands. For smooth surfaces, a hardening behavior 
was observed independent of the initial relative density. 
DeJong & Westgate (2009) noted that dense samples initially 
presented a contraction and, with the advance of deformations, 
began to dilate in a zone near the interface.

The loose soils, on the other hand, dilated along the 
interface shear zone, experiencing, nonetheless, a volume 
contraction above this region. However, for the postpeak 
interface shear strength, several authors concluded that it is 
independent of the initial relative density because the soil had 
achieved the critical state at the interface (Uesugi & Kishida, 
1986b; Jardine et al., 1993; Lehane et al., 1993; Fakharian 
& Evgin, 1996; Reddy et al., 2000; Dietz & Lings, 2006).

The soil water content, in turn, can be studied in three 
cases: dry, saturated and unsaturated. Gómez et al. (2008) 
and Tiwari & Al-Adhadh (2014) observed that the behavior 
of stress‒displacement responses was similar for dry and 
saturated samples, but dry soil presented higher interface 
shear strength. Unsaturated soils were investigated by Miller 
& Hamid (2006) and later by Hamid & Miller (2009), who 
proposed the use of the shear strength equations, as they 
noted that the interface strength increases with matric suction, 
and the linear predictions provide a reasonable model for 
low suction values, while the nonlinear shear envelope for 
higher values.

Finally, according to Borges et al. (2020), the concrete 
curing under stress, as is the case for bored piles, causes an 
increase in stresses due to thermal expansion, which are 
relieved, in part, with the thermal shrinkage generated by 
the drop in temperature. This effect, nonetheless, is more 

noticeable in large-diameter piles (D ≥ 1 m) (Pennington, 
1995).

At the moment, however, there are no studies in the 
literature that indicate the effect of concrete curing on the 
interface shear strength. Therefore, this study aims to improve 
the understanding of the interaction mechanisms between 
the soil and concrete surfaces through the influence of the 
following factors on the behavior of the interface shear 
strength: mean grain diameter, relative density, water content, 
normal stress and concrete curing time.

2. Experimental methodology

2.1 Equipment and materials

In the present research, two main pieces of equipment 
were used: a profilometer and a direct shear apparatus. A Mahr 
PCV profilometer, shown in Figure 1, was used to measure 
surface roughness, with a test speed of 0.2 mm/s, which 
allowed for a shorter scanning time without damaging the 
sample surface. These measurements provided the primary 
profile (P-profile), so it was necessary to filter the curve to 
obtain the roughness profile.

The box of the direct shear equipment, shown in 
Figure 2, had plan dimensions of 100 mm × 100 mm. The data 
acquisition, with a frequency of 1.25 Hz, was performed 
automatically: the displacement measurements were obtained 
by resistive electronic rulers, while the horizontal force was 
computed through an S-type load cell.

Two sands were used in this study, named medium and 
coarse. The soil samples came from the region of Joinville, 
in the north of the state of Santa Catarina, Brazil, collected 
by dredging and processing of sand from the Cubatão 
River. Table 1 shows the properties of the medium sand 

Figure 1. Mahr PCV profilometer.
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(D50 = 0.60 mm) and coarse sand (D50 = 1.10 mm) used in 
the experimental program. According to the USCS, both soils 
were classified as poorly graded sand (SP). The grains of 
both samples were classified as subangular using the criteria 
prescribed by ASTM D2488 (ASTM, 2017).

The concrete mix used was proposed by Nienov (2016), 
referring to the piles used in the Araquari Test Site, located 
near the study area. The materials used were cement CP IV 
RS, sand (D50 = 0.72 mm), gravel (D50 = 6.20 mm), water and 
a superplasticizer admixture. The mixture proportions of the 
concrete are shown in Table 2. After 28 days, the concrete 
showed an average uniaxial compressive strength of 35.9 MPa, 
according to the procedures of ABNT NBR 5739 (ABNT, 2018).

2.2 Experimental program

The experimental program was divided into two groups: 
the roughness measurement of concrete specimens cured 
under stress and the direct shear tests at the sand-concrete 
interface and of pure sand. First, the independent variables 
of the study were defined as the mean grain diameter, the 
relative density of sand, the soil water content, the normal 
stress and the concrete curing time. However, it should be 
noted that the concrete curing time was only analyzed in the 
interface direct shear tests.

The levels of variation of the independent variables 
were chosen for the following reasons:

• The mean grain diameter the sands should have 
different granulometries and similarity of the medium 
sand with the Brazilian normal sand, which is the 
standardized sand for performing Portland cement 
compressive strength tests, according to ABNT NBR 
7214 (ABNT, 2015);

• The relative density was aimed to include the various 
levels of density of soils;

• For the water content, a variation of 3% was adopted, 
equivalent to a 10% change in the saturation of the 
sand, based on the void ratio;

• For the concrete curing time, a 24 h period was 
adopted as the maximum feasible time, with the times 
of 6 h and 18 h being adopted within this interval;

• Finally, for the normal stress, a stress of 180 kPa 
was obtained as the upper limit of the equipment, 
and a stress of 100 kPa was considered the center 
of the set of tests due to its correspondence with the 
horizontal stresses at approximately 10 m depth in 
a bored pile.

For the first group of tests, the average roughness 
(Ra), the maximum roughness (Rmax) and the normalized 
roughness (Rn) were the selected responses. The analysis was 
performed separately for the variables using two statistical 
methods: crossed and 2k factorial (3rd order). Through the 

Table 1. Soil characterization.
Description Medium Coarse
D50 (mm) 0.60 1.10

CU 3.43 5.00
CC 1.06 1.00

G (g/cm3) 2.660 2.649
emin 

a 0.62 0.62
emax 

b 0.79 0.72
Aspect ratio c 1.370 1.392
Form factor d 0.766 0.761

aABNT NBR 12051 (ABNT, 1991); bABNT NBR 12004 (ABNT, 1990); cAspect 
ratio = length/width; dForm factor = 4π∙area/perimeter2.

Figure 2. Direct shear apparatus.

Table 2. Mixture proportion for the concrete (Nienov, 2016).
Feature or component Quantity

fck, min (MPa) 20
fck, mix (MPa) 35.9

Slump test (cm) 23 +/- 2
Water (kg) 216

Cement CP IV (kg) 415
Sand (kg) 800

Gravel (kg) 870
Superplasticizer (L) 3.0
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crossed factorial method, the influence of grain diameter 
and normal stress was evaluated; therefore, the relative 
density was standardized at 70%, and the water content 
was standardized at 9%. With the 2k factorial method, the 
aim was to evaluate the effect of grain diameter, relative 
density and water content on different specimens pressed 
with the same normal stress of 100 kPa. Sixteen specimens 
were tested, ten for the cross-factorial stage and eight for 
the 2k factorial stage.

For the direct shear tests, the response variables were 
defined as the maximum friction coefficient, called the peak, 
and the lowest value after the maximum, called the postpeak. 
The experimental stage used for this group was the crossed 
factorial method, which allowed obtaining the shear strength 
parameters through linear regression for different relative 
densities, water contents, curing times and mean grain 
diameters. Forty-eight direct shear tests were performed 
in the sand-concrete interface, and twenty-four tests were 
performed in pure sand.

2.3 Procedures for interface testing

Figure 3 shows the flowchart for interface testing. After 
the concrete preparation, it was poured by gravity into the 
mold (Figure 4A). The surface was then smoothed so that 
the only roughness came from the impression of the sand on 

the specimen. Finally, the mold was deposited in the bottom 
box of the direct shear equipment (Figure 4B).

The soil samples were first dried in an oven at 105 °C, 
and the mass of sand was separated for the addition of water 
until the desired water content was reached for each test. 
The sand was then compacted inside a ring with a filter 
(Figure 4C) with the aid of a wooden socket. The compaction 
control was performed by measuring the mass and water 
content of the sand inside the mold.

The sample was then extracted from the mold and placed in 
the upper box of the direct shear equipment (Figure 4D). The total 
duration of the preparation of each test was approximately 
40 minutes. After placing the set in the equipment, the normal 
stress corresponding to the test was applied. The stabilization 
period of the vertical displacements was equivalent to the curing 
time of the concrete, varying, therefore, for each test.

For the roughness measurement tests, this stabilization 
period was 24 hours, and at the end of this stage, the sample 
was removed from the equipment, and the sand was cleared 
away (Figure 4E). Due to the high surface area of the sample, 
it was chosen to perform 5 roughness readings of 25 mm 
length per concrete slab cured under stress in the profilometer. 
The profiles were distributed in different positions on the 
surface to map the center and sides of each sample. Then, 
surface metrology software was used to apply a Gaussian 
filter, with a 2.5 mm cutoff, which generated the roughness 
profiles and, consequently, the surface roughness parameters.

For the direct shear tests, a shear stress was applied after 
the stabilization period. After the end of the curing period, 
a gap was added between the two boxes to avoid breakage 
of the grains during shear. The total sample displacement 
was 12 mm, with a shear rate of approximately 0.14 mm/
min, resulting in a time to failure of 90 min, higher than the 
minimum recommended by ASTM D3080 (ASTM, 2011) 
for the material, but which allowed the next sample to be 
prepared for testing. At the end of the test, the sheared sample 
was removed from the equipment (Figure 4F), and its final 
water content was determined.

3. Analysis and results

The results of this paper were divided into two groups: 
the surface roughness of concrete specimens cured under 
stress and the shear strength of the sand-concrete interface 
and pure sand.

3.1 Surface roughness

The roughness profiles resulting from the measurements 
in the profilometer are shown in Figure 5, in which it can 
be seen that the sand with a larger mean grain diameter 
generates deeper and more frequent peaks and valleys on 
the concrete surface.

In the crossed factorial analysis, Figure 6a shows the 
variation in the roughness parameters versus the mean grain Figure 3. Flowchart for interface testing.
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diameter, in which a small increase in the average roughness 
(Ra) and a significant increase in the maximum roughness 
(Rmax) were observed with increasing grain size. However, 
the normalized roughness (Rn) decreased as it was inversely 
proportional to the grain size. For the effect of normal stress, 
presented in Figure 6b, only small variations of the results 
around the average were observed, which indicates that, at 

this stress level, the variable is not a significant parameter 
for surface roughness.

Figure 7a shows the 2k factorial analysis for the mean 
grain diameter, in which the behavior observed for the 
responses was the same as the crossed factorial analysis, 
which indicates consistency in the results. It is observed, 
however, that there is a greater number of outliers. In the 

Figure 4. Steps of the interface tests.

Figure 5. Typical roughness profiles.
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relative density evaluation (Figure 7b), no variations in the 
responses were observed, which indicates its noninfluence 
on the roughness values. A behavior analogous to this is seen 
in the graph concerning water content (Figure 7c), in which 
the effect on the test results is also not significant.

Finally, it was concluded that it is possible to assign 
an average value of the roughness parameters as a function 
of the mean diameter of the sand grains, without taking into 
account the variation in the levels of the other independent 
variables in the present study (normal stress, water content and 
relative density). Thus, the average values of the parameters 
for the medium sand (D50 = 0.60 mm) are Ra = 0.092 mm, 
Rmax = 0.690 mm and Rn = 1.149, while those for the coarse 
sand (D50 = 1.10 mm) are Ra = 0.111 mm, Rmax = 0.881 mm 
and Rn = 0.801. Using the criteria defined by Paikowsky et al. 
(1995), all surfaces were classified as rough, having a value 
of Rn > 0.5.

3.2 Shear strength

The results of the direct shear tests are presented in 
Figure 8. From the stress‒displacement response, a softening 
behavior can be noted due to the relative density of 70% 
of the soil. Moreover, the last graphs generated through 
the test are the vertical displacement versus horizontal 

displacement, through which it is possible to visualize the 
initial behavior of contraction, followed by expansion for 
both cases, agreeing with the definition of softening of the 
stress‒displacement response.

The effect of the mean grain diameter on the friction 
coefficient is presented in Figure 9a. The general behavior 
of the friction coefficient is its rise with increasing grain 
size (r ≈ 0.3). It is observed, however, that for the postpeak 
interface shear stress, this factor has practically no influence 
(r = 0.03), with a nearly horizontal straight line.

A similar behavior was observed in the tests of 
Nardelli et al. (2019) at sand-concrete interfaces, in which 
a small increase in (δ/φ) values for the peak and postpeak 
cases occurred with increasing mean grain diameter and 
decreasing normalized roughness. For the magnitude of 
the response range of variation, the same influence on the 
peak shear stress is noticed, whether at the interface or in 
the sand. This similarity, nonetheless, is not observed in the 
postpeak tests, whose cause may be related to the dispersion 
of the sand tests.

The effects of the relative density on the friction coefficient 
are presented in Figure 9b. First, the shear strength behavior 
with increasing relative density increases for the interface 
and sand peak situations, stabilizes at the postpeak interface 
and decreases for the postpeak sand. The expected behavior, 

Figure 6. Crossed factorial method: influence of the independent variables on the surface roughness parameters.

Figure 7. 2k factorial method: influence of the independent variables on the surface roughness parameters.
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according to Uesugi & Kishida (1986b), was that of shear stress 
rise with increasing relative density for the peak case and no 
influence in the postpeak. Therefore, it can be stated that there 
was partial agreement in this case due to the postpeak graph in 
sand, which despite presenting a decreasing behavior, has an 
outlier above the upper limit, which indicates the possibility 
of higher values for the average value.

In the comparison between the interface and sand tests 
for peak and postpeak stresses, a higher friction coefficient 
is obtained for the interface case, except for the tests in the 
postpeak condition with 30% relative density, in which 
the averages are statistically equal. Finally, regarding the 
dispersion, there is a similarity in all cases, except for the 
postpeak tests in sand, for the 70% relative density, in which 
there is the presence of an outlier, indicating the possibility 
of greater dispersion of the results, as seen in the graph of 
the 30% relative density.

The results for the water content evaluation are presented 
in Figure 9c. The general behavior of the friction coefficient 

is its decrease with increasing water content, which is 
expected according to Tiwari & Al-Adhadh (2014), being 
present in most cases, with the exception of the sand tests to 
obtain the peak stress. This variation may have been caused 
by the soil being partially saturated, which would require 
a more robust statistical evaluation to precisely define the 
behavior observed.

Regarding the comparison between the peak and 
postpeak interface and the sand test, a similar behavior was 
obtained to the relative density case, with higher average 
values attributed to the interface analyses. This similarity is 
also observed in the dispersion of the results, which present 
narrow size intervals.

The subsequent analysis was the effect of the concrete 
curing time, as shown in Figure 9d. For this analysis, only 
the interface test results are considered, as they presented 
different behaviors for the peak and postpeak cases. A slightly 
higher peak friction coefficient is perceived with increasing 
curing time, while for postpeak, a lower value occurs. It is 

Figure 8. Typical direct shear test results.
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worth mentioning, however, the small numerical difference 
between the averages for each curing time. Regarding the 
dispersion of the results, it is observed that the postpeak tests 
have a smaller variation than the peak tests.

As shown in Figure 9e, the normal stress was studied at 
3 actual levels, which allowed a better understanding of the 
shear strength behavior. First, it is observed that the friction 
coefficient decreased for the interface tests and increased for 
the sand tests with increasing normal stress.

Comparing the interface and sand tests for the peak 
and postpeak stresses, a higher friction coefficient is obtained 
for the interface case; however, the difference between the 
averages decreases with increasing normal stress. Finally, 
regarding the dispersion, a higher accuracy is noticed for 

the interface tests in relation to the sand tests, which still 
present an outlier for the case of the postpeak tests in sand 
for the normal stress of 60 kPa.

The interface and sand shear strength parameters were 
also obtained and are presented in Table 3. The Mohr‒Coulomb 
envelope was used for the normal stress levels of 60, 100 and 
140 kPa. The values of adhesion (ca), interface friction angle 
(δ), soil friction angle (φ ) and the ratio between interface 
and soil friction angles (δ/φ ) were calculated for the peak, 
indicated by the p-index, and for the postpeak situation, 
with the pp-index.

From the analysis of the friction angle ratios, it can 
be noticed, in general, that the postpeak results are higher 
than the peak ones due to the nonconsideration of adhesion. 

Figure 9. Crossed factorial method: influence of the independent variables on the friction coefficient.
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The adhesion value was chosen to be considered in the peak 
strength because of the sand grains imprinted on the concrete 
surface during curing, requiring the breakage of this bond 
for the displacements to advance. For the postpeak situation, 
however, there is no physical meaning for the existence of 
an adhesion parcel; therefore, the average value found was 
disregarded, and the linear regression line was forced to pass 
through the origin.

Furthermore, it is noted that the interface friction 
angle values were very similar, or even higher, than the sand 
friction angles. This is because the failure studied occurred 
on a sand‒sand surface, as visually observed in the samples 
after failure, in which high roughness allows a large interlock 
of the grains and the filling of the surface valleys.

4. Conclusions

The experimental work and the statistical analyses 
performed throughout this research allowed outlining several 
considerations on the shear strength of sand-concrete interfaces:

• In the concrete specimens cured under stress, failure 
occurred at a sand‒sand interface due to the high 
surface roughness, which had valleys filled with 
sand grains.

• The mean grain diameter was the only relevant factor 
for the roughness parameters among the variation 
levels of the independent variables. The relationship 
between the roughness value and grain size increases 
for Ra and Rmax but decreases for Rn.

• The influence of the controllable factors on the 
friction coefficient was evaluated for the peak and 

postpeak cases. For the mean grain diameter, the 
general behavior of the friction coefficient was 
its rise with increasing particle size, but with low 
influence on the postpeak interface shear stress. 
For the relative density, an increasing relation was 
observed for the interface and sand peak situations 
but was constant for the interface postpeak case 
and decreased for the sand postpeak. The variation 
in the friction coefficient in relation to the water 
content was also analyzed, which decreased with 
increasing water content, except for the sand peak 
case. Regarding the effect of normal stress, a 
decreasing behavior of the coefficient was observed 
for the interface tests, and an increase was observed 
for the sand tests. Finally, a slight increase in the 
peak friction coefficient is observed due to the effect 
of the concrete curing time, while for the postpeak, 
there is a decrease; however, for both cases, the 
numerical difference is small.

• The results of this study obtained higher values of 
shear strength parameters than other authors. It is 
inferred that the cause of this difference is the concrete 
curing time, a variable not addressed in other studies.
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List of symbols

ca Interface adhesion
cap Peak interface adhesion
emax Maximum void ratio
emin Minimum void ratio
fck Characteristic compressive strength
fck, min Minimum characteristic compressive strength
fck, mix Characteristic compressive strength of the mixture
r Correlation coefficient
t Concrete curing time
w Water content
CC Curvature coefficient
CU Uniformity coefficient
D Pile diameter
D50 Mean particle diameter
G Soil particles density
RD Relative density
Ra Average roughness
Rmax Maximum roughness
Rn Normalized roughness
δ Interface friction angle
δp Peak interface friction angle
δpp Post peak interface friction angle
δ/φ  Interface-soil friction angle ratio
(δ/φ)p Peak interface-soil friction angle ratio
(δ/φ)pp Post peak interface-soil friction angle ratio
σ Normal stress
τ Shear stress
φ  Soil friction angle
φ ’c Critical state friction angle
φ

p Peak soil friction angle
φ

pp Post peak soil friction angle
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Proposition of correlations for the dynamic parameters of 
carbonate sands
Felipe Oscar Pinto Barroso1# , Alfran Sampaio Moura1 

1. Introduction

Carbonate soils are found in extensive areas of the tropical 
and intertropical zones of the Earth, forming deep layers of 
limestone sediments (Hyodo et al., 1996). The offshore oil 
and gas industry has often faced the need to build and install 
structures with foundations laid on this type of soil, creating 
the demand to develop research in order to better understand 
the behavior of carbonate soils, as well as its divergences 
in relation to soils originated from quartz (King & Lodge, 
1988 apud Sharma & Ismail, 2006).

Carbonate sands have a more ductile and contractive 
behavior. When compared to quartz sands and tested under 
similar conditions, they tend to reduce their volume during 
shearing. A better way to understand their behavior is through 
laboratory and field tests.

This study aimed at developing correlations to predict 
the dynamic parameters of carbonate sands – maximum shear 
modulus (Gmax) and damping ratio (D) – using multiple linear 
regression, comparing the predictions obtained through the 
proposed equations for G/Gmax versus γ (shear strain) and D 
versus γ with experimental data from other studies.

2. Soil dynamic parameters

Soil dynamic parameters are highly dependent on the 
imposed level of strain. The shear modulus (G), for example, 
can be 10 times smaller when going from a shear strain of 

0.001% to 1% (Barros & Hachich, 1998). The ranges of shear 
strain values vary according to the engineering problems, 
varying between 10-4% (foundation of precise equipment) 
and 10-1% (offshore problems).

Soil dynamic parameters can be determined through 
laboratory and field tests. However, in order to get the proper 
values, it is necessary to consider the strain levels involved 
in the situation and then conduct the tests in the same strain 
magnitude. According to Barros & Hachich (1998), examples 
of laboratory tests that can be used to obtain the soil dynamic 
parameters are: resonant column, bender elements, cyclic 
simple shear, cyclic triaxial and cyclic torsion.

Usual field tests to obtain dynamic properties are based 
on seismic methods. They cause shear strains of less than 
0.001% and provide parameters related to reduced strains, 
such as the maximum shear modulus. According to Barros 
& Hachich (1998), examples of field tests commonly used to 
determine soil dynamic properties are: crosshole, downhole, 
uphole, seismic piezocone and pressiometric test.

Ponte & Moura (2017) assessed methods that considered 
small and large strains to obtain soil dynamic parameters. 
The cited authors concluded that the Gmax obtained through 
large strain methods (such as the Standard Penetration Test, 
SPT) was on average three times smaller than that estimated 
by small strain ones (such as the downhole test). Since Gmax 
is associated with small shear strains, the study showed how 
crucial it is to use the appropriate scale when estimating soil 
parameters. Analyzing how G varies with shear strain, it is 
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possible to qualitatively evaluate the decrease in shear strain 
modulus with the increase of g. Barros & Hachich (1998) 
observed that it is common practice to determine G from the 
curve G/Gmax versus g, which is obtained using laboratory 
data, whereas Gmax is determined through field testing.

3. Carbonate soils

Carbonate soils are the result of the natural sedimentation 
of particles, comprising biological, mechanical, physical, and 
chemical processes (Salem et al., 2013). They are characterized 
by remarkable intraparticle voids (cavities within the soil mass) 
and irregular shapes of their particles (such as curved plates and 
hollow tubes), originated from fragments of seashells and skeletal 
remains of small marine microorganisms. Moura & Freitas (2021) 
showed that the presence of structures with calcium carbonate, 
whose degradation can give rise to sands of carbonate origin, 
is quite recurrent around the world but especially common on 
the Northeastern coast of Brazil. According to Salem et al. 
(2013), samples of this type of soil subjected to X-ray diffraction 
revealed the mineralogical constitution of its particles, highly 
rich in calcium. As shown in Table 1, carbonate sands from 
Dabaa (Northern coast of Egypt) have 55.4% of CaO content, 
due to the environment where these soils are formed.

The void ratio (e) of sands normally varies between 
0.20 and 0.50 when they are more compact and between 
0.8 and 1.2 when loose (Kullhawy & Mayne, 1990). Cataño 
(2006) carried out 13 tests on carbonate sands, changing their 
compactness state and determining e. The authors concluded 
that e for carbonate sands was higher than for typical sands, 
varying between 0.5 and 1.6 for the most compact states and 
between 1.1 and 2 for loose condition.

The specific gravity (Gs) is a property of the solid 
particles of a soil and is strongly linked to its mineralogy. 
Salem et al. (2013) stated that quartz sands have a Gs of 2.65, 
whereas carbonate sands usually have higher values, such 
as calcite (2.75) and aragonite (2.95). Table 2 presents the 
physical indexes of carbonate sands from different locations 
cited in the literature.

4. Dynamic parameters for carbonate sands 
and related research

Jafarian & Javdanian (2019) carried out dynamic and 
cyclic tests on carbonate sands of the Persian Gulf (Iran), 
verifying the influence of relative density (Dr) and confining 
stress (σ›c) on soil dynamic parameters. Their tests were 
performed at confining stress of 40, 200, and 400 kPa, and 
relative densities of 50% and 80%.

In their study, resonant column tests were used to 
obtain soil dynamic parameters for shear strains between 
10-4% and 10-2% and cyclic triaxial tests for shear strains of 
10-2% to 1%. The maximum shear modulus was obtained 
for small strains (~10-4%) through the resonant column test.

From there, Jafarian & Javdanian (2019) analyzed in 
a graph the effects of varying relative density and confining 
stress on the normalized shear modulus (G/Gmax curve) and 
on the damping ratio, for compact state (Dr = 80%) and loose 
state (Dr = 50%). They concluded that the dynamic properties 
Gmax and D are minimally influenced by the relative density Dr. 
Also, if the effective confining stress increases, the maximum 
shear modulus increases and the damping ratio decreases.

In a study on carbonate sands from Nansha (Southern 
China), Kuang et al. (2020) verified the influence of grain-
size distribution on the friction angle through triaxial tests, 
concluding that for carbonate sands friction angle increases 
as particle size decreases.

Table 1. Mineralogical composition of a carbonate sand 
(Salem et al., 2013).

Mineral Percentage (%)
SiO2 0.28
TiO2 0.02
Al2O3 0.12
Fe2O3 0.02
MnO < 0.01
MgO 0.2
CaO 55.4
Na2O < 0.01
K2O 0.02
P2O5 0.06
SO3 0.12
Cl < 0.01

Ignition loss 43.53

Table 2. Physical indexes of carbonate sands (Salem et al., 2013).

Origin Gs D10 (mm) Cu emin emax 

North Coast (Puerto Rico) 2.79 0.15 2.4 0.75 1.04
Cabo Rojo (Puerto Rico) 2.86 0.2 1.05 1.34 1.71
Playa Santa (Puerto Rico) 2.75 0.16 2.75 0.8 1.22
Dogs Bay (Ireland) 2.75 0.24 2.06 0.98 1.83
Ewa Plains (United States) 2.72 0.2 5.05 0.66 1.3
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The literature presents several proposals to predict soil 
dynamic parameters, for example: Hardin & Drnevich (1972), 
Ishibashi & Zhang (1993), Ishihara (1996), Rollins et al. 
(1998), Darendeli (2001), and Oztoprak & Bolton (2013).

The hyperbolic model proposed by Ishihara (1996) 
has been widely used to describe the nonlinear stress-strain 
behavior of a wide variety of soils (Kondner & Zelasko, 1963; 
Duncan & Chang, 1970) and used in the Theory of Plasticity to 
implement laws for material hardening (Vermeer, 1978). It is a 
model recognized as the cornerstone for several other studies 
and models developed on the dynamic response of sands.

Equation 1 shows the hyperbolic model expression for 
G/Gmax and Equation 2, for damping ratio, both expressed in 
terms of the shear strain. In Equation 1 and Equation 2, γr is 
the reference shear strain when G/Gmax = 0.5.

1
1 /max r

G
G g g

=
+  (1)

( )ln 1 /4 1 21 1
/ /

r

r r
D

g g
π g g g g π
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   (2)

On the other hand, Ishibashi & Zhang (1993) evaluated 
experimental data regarding the dynamic shear modulus and 
damping ratio for several types of soils, including sands and 
clays of high plasticity. The equations developed for G/Gmax 
and D are expressed in terms of shear strain, confining effective 
stress, and plasticity index (PI). In this model, Equations 3-5 can 
be used to determine G/Gmax, and Equation 6 to determine the 
damping ratio of non-cohesive soils (as the carbonate sands).
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5. Method

In order to develop the equations, the study site was 
chosen and the characterization of the soil was performed. 

In this study, two equations are presented to predict the 
dynamic behavior of carbonate sands: (1) G/Gmax versus 
g; and (2) D versus g. The expressions were obtained 
using multiple linear regression and data from resonant 
column tests carried out in a carbonate sand from Cataño 
& Pando (2010).

5.1 Study site

The soil assessed in this study was a carbonate 
sand from Cabo Rojo, southwest of Puerto Rico, which 
was tested by Cataño & Pando (2010). They performed 
characterization and dynamic tests, including resonant 
column tests, and obtained the physical properties and 
the dynamic parameters (maximum shear modulus and 
damping ratio), as well as the curves G/Gmax versus g and 
D versus g.

The studied carbonate sand was poorly graded, with 
fine to medium grain size, comprising grains between 0.2 mm 
and 2 mm and without any fines. Table 3 presents its physical 
properties, with higher Gs and e than the usual values for 
quartz sands, which implied lower maximum and minimum 
specific weights.

For more works related to the dynamic behavior of 
carbonate sands, the following works are cited: Giretti et al. 
(2018), Liu et al. (2020) and Zhou et al. (2020).

6. Proposals of correlations for shear modulus 
and damping

6.1 Relations G versus g and D versus g

In order to determine the correlations, the authors 
used the data presented in Cataño & Pando (2010), which 
obtained G/Gmax versus g curves through resonant column 
tests performed in the carbonate sands of Cabo Rojo.

The correlations were based on two different relative 
densities: loose (relative compactness between 21% and 
26%) and compact (relative compactness of 91%). The tests 
were carried out considering two effective confining stress 
levels (50 and 300 kPa).

6.2 Development of proposed equations

The development of the equations G/Gmax versus g and 
D versus g sought to establish mathematical relationships 
between G/Gmax and D and the shear strain, as a function of 

Table 3. Physical properties of the carbonate sand used in this study 
(Cataño & Pando, 2010).

Gs emax emin % CaCO3

2.86 1.71 1.34 92.8%
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explanatory variables. Very few models present expressions as 
a function of more than one explanatory variable (in addition 
to g) and one of them is the hyperbolic model proposed by 
Ishihara (1996), which considers solely the relative shear 
strain (g /gr).

In order to develop the equations here proposed, a 
generic expression (Equation 7) was used to represent the 
multiple linear regression, i.e., the linear relationship between a 
dependent variable (y) and two or more independent variables 
(x1, x2, ..., xk). In Equation 7, a0 is the intercept y (or the value 
of y) when all the independent variables are zero, while a1, 
a2 and ak are the coefficients of the independent variables.

0 1 1 2 2 k ky a a x a x a x= + + +…+  

 (7)

Since multiple linear regressions involve calculations of 
complex nature, impractical to be performed manually (Triola, 
2008), an electronic spreadsheet was used to process them. 
The independent variables used in this study were relative 
density Dr (the compactness state in which the carbonate sand 
was found), effective confining stress s’0 (the stress state to 
which the material was subjected), and shear strain, which 
has a great influence on the dynamic response.

Initially, equations correlating G/Gmax and D with the 
independent variables were proposed (Equations 8-9).
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Using values obtained from the curves G/Gmax versus g 
and D versus g in Cataño & Pando (2010) for the independent 
variables, the coefficients a0, a1, a2, a3, a’0, a’1, a’2, and a’3 were 
determined through multiple linear regression. And since the 
variables Dr, s’0, and g are nonlinearly related to G/Gmax and 
D, a logarithmic transformation was used to proceed with 
the multiple linear regression (Equations 10-11).
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Important to mention that points 1 to 4 in Table 4 (see 
below) were obtained from Cataño & Pando (2010) and 
spared to later validate the proposed equations (the validation 
dataset, not used in the development step).

6.3 Proposal for the equation G/Gmax versus g and 
validation

The coefficients of Equation 8 were determined using 
multiple linear regression in an electronic spreadsheet. 
Results are shown in Table 5. The obtained expression for 
G/Gmax versus g is shown in Equation 12 and its coefficient 
of determination (R2) was 0.87.

13.2937
0.048698 ' 0.20891

0
10.42886

1r
max

G D
G

s
g

−  
=  + 

  

 (12)

As previously mentioned, in order to validate Equation 
12, some experimental values (points 1 to 4 in Table 4) 
presented by Cataño & Pando (2010) were considered as a 
reference and not used in the development of the equations. 
The comparison between the experimental values and the 
predicted G/Gmax (obtained with the proposed equation) is 
presented in Table 6 and Figure Figure 1.

The results of the proposed expressions (Equation 12) 
agreed fairly well (error < 10%) with the experimental values 
presented in Cataño & Pando (2010) for the carbonate sands 
evaluated in this study, both for soft and compact states.

Figure 2 shows the curves G/Gmax versus g obtained by 
applying the expression proposed in this study to estimate G/
Gmax versus g (i.e., Equation 12). By analyzing Figure 2, it can 
be observed that, for s’c = 50 kPa, the equation underestimated 
G/Gmax for lower shear strains but had a good convergence for 
higher values. For s’c = 100 kPa, the same trends were also found.

Table 4. Test results used in the validation step of the proposed equations [adapted from Cataño & Pando (2010)].

Point Dr (%) s ’c (kPa) g (%) G (MPa) D (%)
1 21 - 26 50 6 × 10-3 34.23 3.17
2 21 - 26 300 2.6 × 10-2 110.2 1.89
3 91 50 1.6 × 10-2 47.37 3.62
4 91 300 2.6 × 10-2 119.91 3.16

Figure 1. Comparison between predicted and experimental values 
for G/Gmax.
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used in the development step. The comparison between the 
predicted and the experimental values for D is shown in 
Table 8 and Figure 3.

Based on Table 8 and Figure 3, one can observe that 
there were differences between predicted and experimental 
values of D of up to 37.22%. On the other hand, two of the 
four predictions presented very small to negligible differences.

Figure 4 shows the new curves D versus g obtained by 
applying the expression proposed in this study to estimate D 
versus g (i.e., Equation 13). Based on the graphs, the proposed 
equation provided satisfactory concordant predictions when 
compared with experimental values. However, the expression 
showed a trend to underestimate predictions for loose sands 
(Dr = 24%) and effective confining stress of 50 kPa.

6.5 Comparison between predictions of the proposed 
equations and experimental values from Javdanian 
& Jafarian (2018)

Javdanian & Jafarian (2018) tested a carbonate sand 
from the Island of Hormuz, a seismic region of the Persian 
Gulf, in Iran. They studied the dynamic behavior of that 
sand through resonant column and cyclic triaxial tests, 
considering effective confining stress of 200, 400, and 
800 kPa, and obtaining the curves G/Gmax versus g and D 
versus g. The physical indexes of the referred carbonate 
sand are Gs = 2.73, gmax = 18.1 kN/m3 and gmin = 16.1 kN/m3.

Predictions of the proposed equations on the dynamic 
parameters for the carbonate sand from the Island of Hormuz 
were evaluated and then compared with the experimental 

6.4 Proposal for the equation D versus g and validation

Similarly, the coefficients of Equation 9 were determined 
using multiple linear regression in an electronic spreadsheet. 
Results are shown in Table 7. The obtained expression for D 
versus g is shown in Equation 13 and its R2 was 0.92.

0.076315 ' 0.40996 0.50658
0103.61 rD D s g−=   

 (13)

Similarly, when validating Equation 13, some 
experimental values (points 1 to 4 in Table 4) from Cataño 
& Pando (2010) were also taken as a reference and not 

Figure 2. Comparison between the prediction for G/Gmax and experimental values considering (a) Dr = 24% and (b) Dr = 91%.

Figure 3. Comparison between predicted and experimental values 
for D.

Table 7. Coefficients obtained for equation D versus g.

a0 a1 a2 a3

103.61 0.076315 -0.40996 0.50658

Table 5. Coefficients obtained for equation G/Gmax versus g.

a0 a1 a2 a3 

0.42886 -0.048698 0.20891 13.2937

Table 6. Validation of the proposed equation G/Gmax versus g.

Point Predicted G/Gmax Experimental G/Gmax
[%]

1 0.77 0.79 -2.53
2 0.86 0.83 +3.61
3 0.63 0.66 -4.55
4 0.81 0.75 +8

Table 8. Validation of the proposed equation D versus g.

Point Predicted D Experimental D [%]

1 1.99 3.17 -37.22
2 2.01 1.89 +6.35
3 3.62 3.62 0
4 2.22 3.16 -29.75
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data presented in the study by Javdanian & Jafarian (2018). 
Figures 5-6 show the predicted and experimental curves 
for G/Gmax versus g and D versus g of the aforementioned 
carbonate sand, in which solid lines represent the predictions 
obtained with the proposed expressions and the markers 
correspond to laboratory data.

From Figure 5, it can be observed that, in general, 
predicted values for G/Gmax were a little overestimated when 
compared with experimental data (∆ of up to 32%), especially 

for smaller shear strains (12%). This can be explained by 
the fact that the expression here presented (Equation 6) was 
developed based on experimental data obtained from tests 
carried out at low confining stress (50 to 300 kPa). Thus, 
for scenarios of higher confining stress, as in this case, less 
convergent results can be accepted.

Figure 6 shows that the predicted values for the damping 
ratio were in fair agreement with the experimental data from 
Javdanian & Jafarian (2018), even for effective confining 
stress higher than the range used to develop Equation 9, 
proposed in this study.

7. Conclusions

The carbonate sand from Cabo Rojo (Puerto Rico) 
evaluated in Cataño & Pando (2010) presented different 
physical indexes when compared to common quartz sands. 
Both Gs and void ratio were higher than typical values for 
quartz sands, which implied lower maximum and minimum 
specific weights.

In this study, multiple linear regression was used to 
determine equations to predict the curves G/Gmax versus g 
and D versus g for carbonate sands, reaching coefficients of 
determination (R2) of 0.87 and 0.92, respectively.

The predictions regarding the relationship G/Gmax 
versus g showed good agreement with the experimental 
values obtained by Cataño & Pando (2010), with an average 
error of less than 10% (in relation to reference/experimental 
values). For D versus g, the proposed equation also presented 
concordant results, with a slight trend to underestimation but 
mainly for the loose condition (Dr = 24%) of the sands and 
lower effective confining stress (50 kPa).

Predictions on the dynamic parameters using the 
equations proposed in this study were also compared with 
the experimental results of a carbonate sand from Iran 
(Javdanian & Jafarian, 2018). The predictions for the damping 
ratio agreed with the experimental data regardless of the 
effective confining stress, a fact not observed for the curve 
G/Gmax versus g, which presented good results only for the 
confining stress of 200 kPa. The highest variation obtained 
for G/Gmax was 32% for higher confining stresses and less 
than 12% for lower confining stresses.

Figure 4. Comparison between the prediction for D and experimental values considering Dr = 24% (a) and Dr = 91% (b).

Figure 5. Comparison between predictions for G/Gmax using 
proposed equations and experimental data for the carbonate sand 
from Javdanian & Jafarian (2018).

Figure 6. Comparison between predictions and experimental 
values for D versus g of the carbonate sand from Javdanian & 
Jafarian (2018).
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Dr: relative density
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G: shear modulus
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Gs: specific gravity
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1. Introduction

Joining Africa and Europe by a tunnel under the Strait 
of Gibraltar is a longstanding idea from the 19th century, 
first appearing as a project in documents related to Charles 
Villedeuil in 1869 (Velasco, 2016). Since then, various plans 
had been proposed until 1995, when the latest proposal was 
finally submitted. This project consists of a single railway 
tunnel running from Punta Paloma (Spain) to Punta Malabata 
(Morocco), which would be completed by a second tunnel 
in a subsequent stage (Figure 1).

This huge engineering project would involve a complex 
geological scheme associated with flysch-type deposits 
(Manzano et al., 2020).

The Campo de Gibraltar Flysch Trough Domain 
represents part of the Gibraltar Arc System, which is in turn 
formed by Betic System, the Rift, and the Alboran Basin. 
Formed during Alpine orogenesis in the Betic Cordillera, 
it is widely represented in southern Spain and northern 
Morocco. Lithologically, it has mainly deep marine facies 
with multicoloured clays (often marls) and carbonatic 
siliciclastic sandstones, typical of flysch-type deposits 
(Balanyá et al., 2004).

The term “flysch”, introduced by Studer (1827), 
has historically been used by Alpine geologists to define 
“sedimentary deposits consisting in varying alternation 

of clastic sediments associated with orogenesis” (Marinos 
& Hoek, 2001). These deposits are formed by a rhythmic 
alternation of fine-grained materials and sandstone layers. 
Geotechnically, these formations are characterised by 
their diversity, clay-mineral content, and several sheared 
discontinuities.

Despite the existence of wide outcrops of flysch 
worldwide and the complexity of studying their behaviour, 
relatively little research has been conducted in this field, 
despite the fact that these formations pose several critical 
engineering problems for public works (Palomba et al., 
2013; Dounias et al., 1996). Over-consolidated clays related 
to flysch deposits are widely recognized to be involved in 
several engineering problems. Slope instabilities associated 
with such deposits are well known throughout the world 
(Mikoš et al., 2009; Arbanas et al., 2008; Azañón et al., 2010; 
Pánek et al., 2009, etc). Landslides constitute the main hazard 
related to flysch deposits though not the only one. Coastal 
cliff retreats (Moon & Healy, 1994), or the complexities of 
tunnel support (Jovičić et al, 2009; Aydin et al., 2004) are 
some of the problems caused by these deposits. All of these 
hazards together require fuller knowledge of this special soft 
rock- hard soil deposits.

In particular, the study of the behaviour of Campo de 
Gibraltar Flysch clays (Betic Cordillera, southern Spain) 
has led engineering geologists to propose an approach for 
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analysing such complex soils, which show intermediate 
behaviour between hard soils and soft rocks. This soil 
presents serious difficulties for taking good-quality samples 
(Arbanas et al., 2008). For example, soil samples often 
become disturbed and must be tested in a short period of 
time (Roje-Bonacci, 1998).

The present paper highlights a case study in southern 
Spain with the aim of improving knowledge of Flysch soil 
characteristics by presenting the results of several intensive 
soil investigations in different locations within Campo de 
Gibraltar Flysch Trough Domain. A full set of mechanical 
and chemical testing is presented and discussed. These tests 
allowed us to understand this soil behavior and suppose a 
better knowledge of such complex and uninvestigated soils. 
This has major implications for future engineering projects, 

including tunnel under the Strait of Gibraltar as its design 
will strongly be affected by geotechnical characteristics of 
these soils.

2. Sampling, laboratory testing methods, and 
results

2.1 Sampling and samples

Map of Figure 2 shows the locations of the samples used 
in this study. A total of 85 samples were tested, all taken as 
undisturbed as possible according to ASTM D1587 (ASTM, 
2000). When undisturbed sampling was not feasible or samples 

Figure 1. Tunnel layout proposal. Red line shows new proposal whereas blue one shows previous one.

Figure 2. Geological plan of the study area showing sampling locations.
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were of poor quality, a triple barrel was used to obtain good 
quality cores that could be tested in the laboratory. Samples 
were obtained at different depths in each location (Table 1)

All samples were taken in soils belonging to Algeciras 
Unit which is the upper unit within Mauritanic facies of 
Campo de Gibraltar flysh domain. This unit is aged from 
upper cretacic to Neogene and it is characterized by a 
rhythmic alternance of sandstones and overconsolidated 
hard clays. These clayey levels were sampled for further 
laboratory testing.

2.2 Sample description: phase relationships, particle 
size, and composition

All the samples were taken for laboratory testing. 
Geotechnical characterization followed ASTM standards 
(Table 2) for different parameters and variables.

Table 3 presents data concerning the natural moisture, 
percentage of particle sizes below 0.08 mm, and Atterberg 
consistency parameters: liquid limit (LL), plastic limit (PL), 
and plasticity index (PI).

Most of the samples could be classified as inorganic 
low-plasticity clays of the CL type, in accordance with the 
Unified Soil-Classification System (Figure 3). Only three 
samples were classified as high-plasticity clays (CH), three 
as CL-ML soils, and five as a low-plasticity mud (ML).

Table 2. Standards used for soil testing.
Test ASTM Standard

Sieving Analysis D 6913
Atterberg Limits D 4318
Moisture D 4959
Density D 7263
Soil classification D 2487
Triaxial tests D 4767, D 7181, D2850
Oedometric test D 2435
Organic matter content D 2974
SO4 content C 1580
CO3 content D 4373
Soluble salts content D 4542

Table 1. Samples depth.
Sample Depth Sample Depth Sample Depth

TES-01-12 4.60 - 5.00 TES 34-12 8.60 - 9.00 TES 26-13 19.00-19.60
TES-02-12 10.30 - 10.60 TES 35-12 7.15 - 7.96 TES 27-13 16.00-17.00
TES-03-12 11.60 - 12.00 TES 36-12 5.60 - 5.90 TES 28-13 4.80 - 5.20
TES-04-12 14.25 - 14.65 TES 01-13 12.20 - 12.45 TES 29-13 8.80 - 9.20
TES-08-12 10.60 - 11.00 TES 02-13 3.00 - 3.60 TES 30-13 12.20 - 12.50
TES-10-12 8.40 - 8.65 TES 03-13 (SR) 6.10 - 6.70 TES 31-13 7.00 - 7.33
TES-11-12 12.60 - 12.85 TES 03-13 (M) 6.70 - 7.30 TES 32-13 5.30 - 5.90
TES-12-12 16.10 - 16.30 TES 04-13 8.90 - 9.30 TES 33-13 19.00 - 19.40
TES 13-12 5.10 - 5.40 TES 05-13 14.20 - 14.5 TES 34-13 7.80 - 8.15
TES 14-12 3.60 - 3.90 TES 06-13 15.35 - 15.70 TES 37-13 10.00 - 10.30
TES 15-12 9.85 - 10.10 TES 07-13 8.70 - 9.00 TES 35-13 10.50 - 11.00
TES 16-12 8.50 - 8.80 TES 08-13 10.10 - 10.60 TES 36-13 11.25 - 11.80
TES 17-12 7.30 - 7.70 TES 09-13 14.25 - 14.55 TES 01-14 7.35 - 7.8
TES 18-12 13.75 - 14.00 TES 11-13 1.20 - 1.80 TES 02-14 10.8 - 11.23
TES 19-12 7.70 - 8.30 TES 12-13 5.0 - 5.6 TES 03-14 6.1 - 6.5
TES 20-12 14.10 - 14-35 TES 13-13 7.5 - 8.1 TES 04-14 8.10 - 8.70
TES 21-12 14.10 - 14-35 TES 14-13 10.80 - 11.12 TES 05-14 16.75 - 17.10
TES 22-12 15.00 - 15.40 TES 15-13 3.0 - 3.3 TES 06-14 10.95 - 11.90
TES 23-12 4.75 - 5.00 TES 16-13 8.3 - 8.6 TES 07-14 18.20 - 18.57
TES 24-12 6.55-6.75 TES 17-13 3.35 - 3.9 TES 08-14 22.90 - 23.27
TES 25-12 19.6 - 20.00 TES 18-13 4.1 - 4.4 TES 09-14 4.00 - 4.45
TES 26-12 14.7 - 15.10 TES 19-13 16.9 - 17.5 TES 10-14 6.20 - 6.60
TES 27-12 28.00 - 28.40 TES 20-13 16.13 - 16.60 TES 11-14 1.98 - 2.50
TES 28-12 16.10-16.35 TES 21-13 18.90 - 19.34 TES 12-14 9.20 - 9.50
TES 29-12 9.00 - 10.00 TES 22-13 18.40-18.84 TES 13-14 4.60 - 5.00
TES 30-12 10.00 - 11-00 TES 23-13 15.20-15.60 TES 15-14 2.85 - 3.60
TES 31-12 6.50-7.50 TES 24-13 17.00-17.60 TES 18-14 7.00 - 7.37
TES 32-12 4.50 - 5.50 TES 25-13 17.48-17.80 TES 19-14 9.20 - 9.60
TES 33-12 9.00 - 10.00
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For a mineralogical characterization of the clay samples, 
X-ray diffraction analyses were made on 16 samples. A powder 
aggregate prepared by milling was placed in the XR equipment, 
using a test with a speed of 2º/min and a wavelength of 
1.5405 nanometres. The results were interpreted using 
XPowder software (Martín-Ramos, 2004). Figure 4 shows 
the mineralogical distribution of samples analysed, indicating 
that the main component was invariably quartz, with a high 
percentage of illite. Calcite and dolomite were also major 
constituents while albite, montmorillonite, and clinoclore also 

registered significant percentages. The minor constituents 
of these clays were beidellite, paligoskite, fluorapatite, 
chamosite, and nontronite.

The chemical composition was established both by 
analytical methods following the usual standards (Table 2) 
and by X-ray fluorescence. The latter is also an analytical 
technique based on measuring intensities that can later be 
translated into component concentrations. In this method, a 
continuous spectrum of characteristic radiation is sent from 
the equipment to the sample, producing primary fluorescent 
radiation which produces an X-ray emission that can be 
analysed. A Brunker spectrometer (model S4 Pioneer) was 
used, equipped with a Rh tube (60 kV; 150 mA) having a 
detection limit from 0.1 to 10 ppm.

With the analytical methods applied, the percentages of 
sulphates, total carbonates, soluble salts and organic matter 
were calculated whereas X-ray fluorescence showed a screening 
of chemical elements (expressed as oxide percentages) in the 
samples. Table 4 presents the results of both analyses. These 
results are consistent with the mineralogy of the samples 
where quartz was the main mineral phase.

As a complement to the chemical and mineralogical 
tests, five undisturbed samples were analyzed using SEM 
(Carl Zeiss Scanning Electron Microscope, model ULTRA 
55). Those samples were dried at 50ºC to avoid losing the 
inner water content. Then, samples were prepared using 
gold powder to improve their electrical conductivity to 
ensure the clearest possible images. Due to the low electrical 
conductivity of the samples, 2 keV of acceleration potential 
of the electron beam was used with a working distance of 
2-4 mm. A secondary electron detector was used to determine 
the crystalline structure of minerals and their texture.

Figure 5 (a, b, c, d and e) indicate images showing 
the soil texture and the mineralogical assemblages of those 
undisturbed samples. As reflected in the figure, almost no 
organic clastic pieces can be found (only three microfossils 
were found in all the images), compatible with low to medium 
carbonate content in these samples. The phyllosilicates 
showed a medium to open texture, which could explain the 
medium to high swelling behaviour found in these samples. 
Also, in Figure 5c and 5d, the grains have a laminar, non-
rounded shape for phyllosilicates and a rounded shape for 
quartz grains. No marked differences were detected between 
the samples analyzed.

Table 3. Classification tests results.

w Fc LL PL PI γ´ γd

Maximum 34.00 100.00 70.80 37.90 41.80 2.34 2.10
Mean 15.73 69.92 38.19 21.13 17.54 2.05 1.78
Minimum 5.50 28.30 20.00 6.70 6.60 1.74 1.45
Standard Dev. 5.34 19.39 8.83 4.63 7.07 0.14 0.16
w = Moisture Content, %; FC = %<0,08; LL = Liquid Limit; PL = Plastic Limit; PI = Plasticity Index; γ´ = Apparent Density; γd = Dry Density.

Figure 3. Plasticity chart showing test results.

Figure 4. Mineralogical composition of the samples analysed.
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2.3 Oedometric and triaxial tests

52 Oedometer tests were performed to establish 
consolidation coefficients. These results (Table 5) are 
reported in terms of lambda (λ) and kappa (κ), following 
methodology described in Cam Clay models methodology 
(Schofield, 1993).

Given the low permeability of the soil samples tested and 
their behavior as cohesive undrained soils, undrained triaxial 
CU tests with pore pressure measurement were considered the 
best approach to the in situ stress–strain behavior. A total of 
57 triaxial tests (9 drained and 48 undrained) were conducted 
on undisturbed samples. All tests (stress controlled) were 
carried out using usual chamber pressures of 650, 750 and 

900 kPa and back pressure of 600 kPa. All samples were 
fully saturated as a first stage of the testing.

Table 5 lists the values of cohesion and friction angle 
determined in the triaxial tests (minimum, maximum and 
mean values).

3. Results discussion

3.1 Soil nature, phase relationship, particle size and 
composition.

The samples analysed were mainly low-plasticity clays 
of the group CL in the Unified Soil Classification System 

Table 5. Oedometric and Triaxial test results. Note minimum value of friction angle was obtained in a anomalous testing result (TES-23-12).

c´(kPa) φ´ (º) λ κ ei

Maximum 150.00 49.60 0.130 0.041 0.760
Mean 36.24 26.75 0.050 0.013 0.492
Minimum 0.00 6.84 0.007 0.000 0.107
Standard Dev. 35.03 8.30 0.023 0.009 0.156

Table 4. Results of the chemical composition analysis.
X-ray diffraction results Analytical results

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 Soluble 
salts Sulphates Organic 

Matter Carbonates

TES-01-12 51.67 21.61 6.37 0.03 2.37 1.50 0.26 3.17 0.96 0.10 0.00 0.00 1.11 4.47
TES-02-12 50.39 20.21 6.80 0.37 3.26 2.84 0.66 3.46 0.82 0.16 0.00 0.00 0.80 8.06
TES-03-12 46.68 17.52 6.82 0.15 3.74 8.95 0.84 3.30 0.77 0.28 0.00 0.00 0.66 2.10
TES-04-12 51.06 19.51 8.05 0.25 3.11 2.36 0.71 3.65 0.83 0.17 0.00 0.01 0.37 3.89
TES-08-12 56.38 19.08 7.46 0.11 2.41 1.61 0.93 3.39 0.84 0.82 0.00 0.00 0.21 1.52
TES 01-13 50.97 20.18 7.09 0.04 1.74 1.94 0.45 2.30 0.94 0.18 0.00 0.00 0.00 5.99
TES 02-13 51.87 20.51 7.40 0.03 1.69 1.44 0.50 2.27 0.97 0.19 0.00 0.32 0.33 2.20
TES 03-13 (SR) 0.48 16.40 7.14 0.07 2.06 6.74 0.47 1.91 0.92 0.39
TES 04-13 45.43 16.93 6.40 0.08 3.71 9.17 0.91 3.18 0.76 0.12 0.00 0.00 0.45 16.44
TES 05-13 0.44 15.56 7.28 0.12 3.46 10.73 0.78 3.09 0.75 0.12
TES 06-13 0.42 15.73 6.76 0.10 3.20 11.26 0.64 3.16 0.78 0.12 0.00 0.00 0.00 7.81
TES 07-13 44.33 18.51 6.62 0.06 3.00 7.99 0.47 2.86 0.97 0.10 0.00 0.00 0.21 7.82
TES 08-13 42.00 15.65 6.13 0.12 3.62 12.79 0.80 2.95 0.73 0.11 0.00 0.00 0.00 1.52
TES 09-13 49.90 18.89 8.60 0.30 3.01 2.53 0.66 3.86 0.89 0.16
TES 11-13 50.86 21.52 8.71 0.03 1.81 0.83 0.58 2.45 1.19 0.18 0.00 0.00 0.66 9.30
TES 13-13 44.00 19.12 6.04 0.05 2.52 8.74 0.54 2.33 0.94 0.11 0.00 0.00 0.70 15.81
TES 20-13 0.32 0.00 0.25 0.16
TES 21-13 0.20 0.00 0.28 0.16
TES 22-13 0.32 0.00 0.29 0.24
TES 23-13 0.23 0.00 0.23 0.23
TES 24-13 0.54 0.00 0.41 4.30
TES 25-13 0.04 0.00 0.32 3.00
TES 26-13 0.46 0.00 0.61 9.80
TES 27-13 0.44 0.00 0.32 1.80
Minimum 0.42 15.56 6.04 0.03 1.69 0.83 0.26 1.91 0.73 0.10 0.00 0.00 0.00 0.16
Mean 39.80 18.56 7.10 0.12 2.79 5.71 0.64 2.96 0.88 0.21 0.12 0.02 0.39 5.08
Maximum 56.38 21.61 8.71 0.37 3.74 12.79 0.93 3.86 1.19 0.82 0.54 0.32 1.11 16.44
Standard Dev. 19.86 2.04 0.80 0.10 0.71 4.20 0.19 0.56 0.12 0.18 0.19 0.07 0.28 4.82



Overconsolidated flysch-type clays. Engineering considerations for the Strait of Gibraltar tunnel project

Manzano et al., Soil. Rocks, São Paulo, 2023 46(1):e2023002222 6

Figure 5. SEM image of samples: (a) TES 001/12; (b) TES 002/12; (c) TES 003/12; (d) TES 004/12; (e) TES 005/12.
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for Engineering Purposes (ASTM, 2011). Only 11 samples 
were not classified as CL (3 samples classified as CH, 3 as 
CL-ML, and 5 as ML).

The samples proved highly homogeneous in terms of 
particle-size distribution and had no significant gravel content 
but a high content in particles smaller than 0.08 mm (mean 
value = 69.92%; standard deviation = 19.39). Regarding 
the clay-silt differentiation, the 23 sedimentation-analysis 
tests undertaken indicated a substantial percentage of silt 
in the fraction smaller than 0.08 mm (in some cases even 
higher than the clay percentage), indicating low activity in 
those samples (Figure 6) according to the Skempton activity 
criteria (Skempton, 1953).

Table 4 shows the chemical composition established 
by X-ray diffraction and analytical methods. The carbonate 
content (which could influence the geotechnical behavior of 
these soils), was found to range from 0.16 to 34.72 with a 
mean value of 10.29 (standard deviation = 9.87). The highest 
percentages corresponded to aluminum and silica (the majority 
component being quartz).

Regarding the mineralogical composition, as expected, 
clay minerals were not main component. In all cases the main 
component was quartz, followed by a substantial percentage 
of illite. Calcite and dolomite were also major constituents, 
with albite, montmorillonite, and clinoclore in significant 
percentages. This mineralogical composition, with almost no 
skeletal grains in its composition, accounts for the medium 
to low carbonate content (mean value under15%) even 
when those soils were formed in an environment where the 
carbonate content could be expected to be higher. Also, illite 
and montmorillonite in the samples explain the swelling 
behaviour, which was medium to high in some of the samples 
and well known in these soils (Azañón et al., 2010).

3.2 Stress-strain relationships

3.2.1 Oedometric and triaxial behaviour

For an understanding and characterisation of soil behaviour 
under uniaxial oedometric compression, 52 oedometric tests 
were undertaken. In all cases, the oedometric coefficients were 
reduced following Critical State methodology (Schofield, 
1993) in terms of lambda and kappa. Table 5 shows the results, 
which establish a low compressibility in noval loading, with 
a mean lambda value of 0.050 (standard deviation = 0.023). 
The kappa mean value was 0.013 (standard deviation = 0.009) 
and the initial void ratio had a mean value of 0.492 with a 
standard deviation of 0.156.

The results reflected a stiff soil with low compressibility 
indexes and an initial void ratio notably lower than expected.

Some additional facts should be highlighted regarding 
behaviour under triaxial compression. All tests showed a 
homogeneous behaviour under triaxial compression. Firstly, 
almost all the samples showed a progressive hardening under 

strain, this being more notable for higher chamber pressures 
but also recognizable at low pressures (Figure 7, 8 & 9). 
Secondly, in relation to the pore pressure, in almost all cases, 
the pore pressure increased until a peak value was reached in 
the test, at which point values started to decrease until failure 
(Figure 10). This demonstrates an important aspect of the 
behavior of the soil: the pore pressure led to suction in many 
cases whereas vertical effective pressure continued to augment. 
Also noticeable is the behavior in a p-q diagram, showing a 
clear linear trend (Figure 7) with a high R2 value (R2=0.96).

4. Soil modelling

Once all the tests were analyzed and soil parameters 
estimated, comparisons were made among the experimental 

Figure 6. Activity chart.

Figure 7. Failure data (q/pe vs p/pe).

Figure 8. q vs. strain obtained for different chamber pressures. 
Graph shows mean value of all tests.
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data and theoretical models. The comparisons were undertaken 
by modelling the triaxial test using the soil-testing tool of 
Plaxis 2D software. This tool enables virtual soil modelling 
under the same conditions used for real laboratory testing 
and then allows the results to be compared. Each soil test 
was modelled using Mohr-Coulomb. Modified Cam-Clay. 
and Hardening Soil models (Plaxis, 2014). Mohr-Coulomb 
was selected for being the most widely used model in initial 
approaches to engineering problems whereas Modified Cam-
Clay was selected for being broadly applied for clay modelling. 
On the other hand, the Hardening Soil constitutive model 
was selected in order to check its feasibility for accurate 
modelling the behaviour of this soil. Parameters used for 
soil modelling correspond to mean values shown in Table 5.

The results for each constitutive model vs. real test 
data were plotted in terms of deviatoric stress and strain, 
and the findings were analyzed to establish whether these 
constitutive models were consistent with real soil behavior. 
The Hardening Soil model best fit real lab testing, with 
a better fit for chamber pressures of 650 and 750 kPa 
(Figure 11). In any case, the correlation was good for strain 
values under 5 in all cases. For strain values from 5% to 
15%, the model fit the test results except for chamber 
pressure equal to 900 kPa.

5. Conclusions

A full set of laboratory testing was conducted on 
83 clay samples taken in the Campo de Gibraltar Flysch 
Trough Domain related to the material that will be found 
during Gibraltar Strait Tunnel. These tests showed these 
clays to be of low plasticity with quartz consistently as the 
main component, followed by a high percentage of illite 
(albite, montmorillonite, and clinoclore also registering 
notable percentages). Oedometric testing revealed these 
clays to be a stiff soil with low compressibility indexes and 
a low initial void ratio (mean lambda value of 0.050 with a 
standard deviation = 0.023; mean kappa value = 0.013 with 
standard deviation of 0.009 and initial mean void ratio of 
0.492 with a standard deviation of 0.156). With respect to 
behavior under triaxial compression tests, the cohesion 
found indicates high variability between 0 and 150 kPa 
(mean value = 36.24 kPa; standard deviation = 35.03) 
whereas the friction angle showed a more homogeneous 
value (mean value = 26.75º; standard deviation = 6.84). 
The samples tested showed a progressive hardening with 
strain and also indicated that the pore pressure led to 
suction in many cases, whilst vertical effective pressure 
was still increasing.

A good fit of the laboratory testing results with finite-
element modelling when the Hardening Soil constitutive 
model was used was clearly established. This constitutive 
model fits real results better than does the Modified Cam-Clay 
model, although it has been used for typical clays (Roscoe & 
Burland, 1968; Burland, 1990; Wood, 1990). The Theoretical 
Hardening soil model fit the laboratory testing values better 
at low strain values (<5%), this constituting a crucial issue 
to be taken into account when model data are analyzed in 
engineering practice.
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List of symbols

c´ Effective cohesion.
ei Initial void ratio.
p´ Mean effective stress.
q Deviatoric stress.
q/pe Normalized mean effective stress.
q/pe Normalized deviatoric stress.
w Moisture content (%).
ºC Degrees centigrade.
FC Fines content (particles lower than 0.08 mm).
HS Hardening Soil constitutive model.
LL Liquid Limit.
MC Mohr Coulomb constitutive model.
MCC Modified Cam Clay constitutive model.
PL Plastic limit.
PI Plasticity index.
SEM Scanning electronic microscope.
γ´ Apparent Density.
γd Dry Density.
ε Strain.
κ Kappa parameter (Wood, 1990).
λ Lambda parameter (Wood, 1990).
φ´ Effective friction angle.
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Numerical analysis of laterally loaded barrette foundation
Djamila Behloul1 , Sid Ali Rafa2 , Belkacem Moussai1# 

1. Introduction

The use of foundations with rectangular shape is 
more advantageous than circular shape, when they have 
to be designed to resist lateral loads and bending moments 
in a preferred direction (Ramaswamy & Pertusier, 1986). 
Wakil & Nazir (2013) performed numerical analyses on 
barrettes tested in laboratory and indicated that the response 
of barrettes to lateral loadings depends on the direction 
of loading and the loading along the major axis resulted 
in the greatest lateral load capacity. Similar results were 
reported by Zhang (2003) on lateral barrette load test using 
FLPIER software.

Most of the published numerical analyses studying 
the pile behaviour under lateral loading employed the 
simple elastic model to describe the pile material behaviour 
[Basu & Salgado (2007), Broms (1964), Choi et al. (2013), 
Comodromos et al. (2009), Matlock (1970), Poulos (1971), 
Poulos et al. (2019), etc]. However, the use of this model 
may lead to an overestimation of the pile lateral capacity, 
in particular the piles subjected to high rates of loading 
(Conte et al., 2013).

Choi et al. (2013) reported that rectangular, square 
and circular cross-sections have similar behaviour under 
lateral loading when they have the same second moment of 
inertia, with the assumption that the soil and pile material 
are to behave as elastic medium.

Poulos et al. (2019) reported that the barrette behaviour 
can be modelled using equivalent circular pile. An equivalent 
pile foundation with the same circumference and second 
moment of inertia as the barrette (in the direction of loading) 
showed a very similar load-deflection curve.

Siriwan et al. (2020) indicated that the nonlinear 
concrete model (Schädlich & Schweiger, 2014) captures 
the deep cement mixing wall failure mechanisms reasonably 
well compared to Mohr-Coulomb model. Furthermore, the 
Mohr-Coulomb model overestimates the stability of this 
type of wall.

This study investigates the effect of some factors such as 
nonlinearity of the barrette material, barrette cross-sectional 
shape, second moment of inertia, barrette slenderness, 
direction of load as well as the soil constitutive models 
(elastic model, Mohr-Coulomb model and Hardening Soil 
model) on the behavior of a barrette subjected to horizontal 
loads using the barrette load test published by Conte et al. 
(2013) and the software Plaxis 3D.

2. Concrete model

The model takes into account creep, shrinkage, strain 
hardening (tension and compression), strain softening (tension 
and compression) as well as strength and stiffness depending 
on time. Also, it takes into account the non-linearity of the 
material behavior (Schädlich & Schweiger, 2014). This model 
was implemented in Plaxis software and was primary used 
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to model the shotcrete behavior for tunnels, but it can also 
be used for other cement-based materials.

The stress-strain curve shown in (Figure 1) includes 
quadratic strain hardening (I), linear strain softening (II), linear 
strain softening (III), and constant residual strength (IV). 
A normalized hardening/softening parameter Hc = ε3

P / εcp
P is 

used, with ε3
P = minor principal plastic strain and εcp

P = plastic 
peak strain in uniaxial compression. The input parameters 
of this model are shown in Table 1.

3. Numerical analysis

Figure 2 shows the barrette load test (Conte et al., 
2013) used in the numerical analysis. The barrette cross 
section is 2.8 m x 1.2 m and its length is 11 m. The barrette 
cap has a cross-section of 1.5 m x 3.1 m and a thickness of 
1.5 m. The barrette embedded in a sandy soil was modelled 
using nonlinear model for concrete and elastic model for 
steel reinforcement (Tables 1-2). The Mohr-Coulomb (MC) 
approach (Brinkgreve et al., 2012) was used to model the 
soil behaviour.

The subsoil is composed of dense sand with interbedded 
thin layers of gravel and silty sand. The standard penetration 
test values vary from 30 to 60. For depths less than 5 m, the 
cone penetration test values (qc) vary from 5 to 15 MPa and 
below this depth, qc varies from 15 to 30 MPa. Table 3 shows 
the soil parameters after their calibration by matching the 
experimental results from the barrette load test with those 
predicted by the numerical approach on a trial and error 
basis. Figure 3 shows the model of the barrette load test using 
Plaxis 3D. The barrette head was subjected to incremental 
horizontal loads up to 4.6 MPa.

4. Results and discussions

The measured and computed load – deflection curves 
of the barrette loaded along the major axis is shown in 
Figure 4a. The results indicated that the computed results 
using nonlinear model of the barrette concrete is in good 

Figure 1. Normalized stress-strain curve in [adapted from Schädlich & Schweiger (2014)]: (a) tension; (b) compression.

Figure 2. Barrette load test layout (Conte et al., 2013).

Table 1. Input parameters of the nonlinear concrete model.
Parameter Description Value
γ (kN/m3) Unit weight of concrete 25
E28 (MPa) Young’s modulus 33600

ν Poisson’s ratio 0.2
fc,28 (MPa) Uniaxial compressive strength 33.2
ft,28 (MPa) Uniaxial tensile strength 3.1

fc0n Normalized initially mobilised 
strength

0.1

fcfn Normalized failure strength 
(compression)

0.85

fcun Normalized residual strength 
(compression)

0.1

εcp
P Uniaxial plastic failure strain -1.20 x10-3

Gc,28 (kN/m3) Compressive fracture energy 70
Gt,28 (kN/m3) Tensile fracture energy 6.9

ϕMAX Maximum friction angle 37
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agreement with the barrette load test results. However, the 
barrette deflections are significantly reduced when the linear 
model is used.

Figure 4b shows the relationship between the 
cracking expansion (grey color) and the applied lateral 
load. When the nonlinear model is used, the tensile strain 
increases linearly with the applied load until a value of 
2.1 MN (initiation of cracking) after which it becomes 
nonlinear and cracking expands with the increase of load 
level (Figure 4c).

4.1 Effect of soil constitutive model

The linear elastic, Mohr Coulomb and hardening soil 
models were used to evaluate their effect on the barrette 
behaviour. The soil characteristics used in the numerical 
analysis are given in Table 3.

The results (Figure 5) indicated that the elastic model 
produces significantly lower deflections than those obtained 
using Mohr-Coulomb and hardening soil models (HS). As the 
lateral load increases, the difference in deflections between 
the three models increases.

The magnitude of the deflection predicted by HS model 
is slightly lower than that of MC model, especially for higher 
applied loads. This is because the HS model accounts for 
stress dependency of the stiffness modulus.

When Mohr Coulomb and hardening soil models are 
used, the deflection at a load of 4.6 MN is about 6 times greater 
than that when the linear elastic model is used. This indicates 
that the linear elastic model significantly underestimates the 
deflection of the barrette foundation.

Table 2. Properties of the barrette reinforcement steel.

Es (MPa) νs Fy (MPa)
210000 0.3 430

Table 3. Soil parameters.

Upper sand layer Lower sand layer

Elastic model Mohr-Coulomb 
Model

Hardening Soil 
model

Elastic
model

Mohr-Coulomb 
Model

Hardening Soil 
model

γunsat [kN/m3] 18 18 18 20 20 20

γsat [kN/m3] 20 20 20 22 22 22

ν 0.3 0.3 0.3 0.3 0.3 0.3

φ - 33 33 - 38 38

ψ - 3 3 - 8 8

E [MN/m2] 70 70 - 100 100 -

E50
REF [MN/m2] - - 70 - - 100

Eoed
REF [MN/m2] - - 70 - - 100

Eur
REF [MN/m2] - - 210 - - 300

νur - - 0.2 - - 0.2

m - - 0.5 - - 0.5

Rf - - 0.9 - - 0.9

Rinter 0.67 0.67 0.67 0.67 0.67 0.67

Figure 3. Finite element mesh.
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4.2 Effect of load direction

Figure 6a shows the deflection of the barrette head when 
it is loaded along x and y directions. The results revealed 
that the deflection of the barrette head is greater along y 
direction than that along x direction which may be due to 
the difference in the barrette moment of inertia about x and 
y axes. This result agrees well with those obtained by Zhang 
(2003) and Wakil & Nazir (2013).

Furthermore, the barrette rotates around its base when the 
loading is along x direction and around a point located above 
the base when the loading is along y direction (Figure 6b-6c).

4.3 Effect of the cross-sectional shape of the foundation

The investigation of the effect of the cross-sectional 
shape on the barrette behavior was conducted on square 

Figure 4. Results of numerical analyses: (a) measured and predicted load - deflection curves; (b) expansion of cracking (grey color) 
with increasing load level; and (c) evolution of tensile strain with lateral load level.

Figure 5. Applied load versus barrette head displacement using 
Elastic, MC and HS models.



Behloul et al.

Behloul et al., Soil. Rocks, São Paulo, 2023 46(1):e2023002122 5

(1.83 x 1.83 m) and circular (2.06 m in diameter) cross-
sections having the same cross section area as the reference 
barrette foundation (i.e. 1.2 x 2.8 m).

The results indicated that (Figure 7), when the applied 
load is on the major direction (X axis), the rectangular and 
square shapes showed more resistance than the circular shape. 
The rectangular and square shapes showed similar behavior until 
an applied load of about 3 MPa, beyond this load the difference 
between the two cross-sectional shapes increases as the applied 
load increases. At the maximum applied load (i.e. 4.6 MPa), 
the lateral deflection of the rectangular shape is 9% and 33.5% 
less than that of the square and circular shapes respectively.

However, when the applied load is on the minor direction 
(Y axis), the rectangular shape resistance is close to that of 
circular shape and is lower than that of the square shape.

Figure 6. Effects of load direction: (a) applied load versus barrette head deflection along X and Y axes; (b) barrette deflection versus 
depth along X axis; and (c) along Y axis.

Figure 7. Applied load versus deflection for different cross-sectional 
shapes of the deep foundation.
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4.4 Effect of the second moment of inertia

The analyses were carried -out on square (2.26 m x 
2.26 m) and circular (2.54 m in diameter) cross-section 

shapes having the same second moment of inertia as the 
barrette foundation loaded along the major axis. The results 
indicated that the square and circular shapes have similar 
lateral deflections and are more resistant than the rectangular 
shape (Figure 8a).

However, when the rectangular barrette foundation is 
loaded along the minor axis, the square (1.48 m x 1.48 m) 
and circular (1.69 m in diameter) cross-section shapes having 
the same second moment of inertia as the rectangular shape, 
showed similar lateral deflections and less resistance than 
the rectangular shape (Figure 8b).

Figure 8c shows that the square (1.96 m x 1.96 m) 
and circular (2.24 m in diameter) shapes are equivalent 
to the barrette foundation (2.8 x 1.2 m) loaded along the 
major axis (that is their deflections under lateral loads 
are similar).

However, the cross- sectional area of the square 

and circular foundations is more than that of the barrette 
foundation and therefore, it is more advantageous to use 
barrette foundation than other pile shapes.

4.5 Effect of the barrette slenderness
In order to investigate the effect of the barrette slenderness, 

the barrette cross – section width (B) is kept constant and 
the barrette depth (H) is increased. The analyses were 
performed with different barrette slenderness (H/B = 5, 10, 
15, 20 and 25).

The results show (Figure 9) that the barrette head 
deflection decreases as the barrette slenderness increases. 
This effect becomes negligible when the barrette slenderness 
reaches 15. Furthermore, the barrette rotates around its base 
when the slenderness is less than 15 and around a point 
located above the base when the slenderness is more than 
15 (Figure 10).

Figure 8. Lateral deflection of square and circular piles, and barrette 
with different cross-sections and having the same second moment 
of inertia (a) along X axis and (b) along Y axis, and (c) cross-
sections of square and circular piles having the same deflection as 
the barrette foundation along X axis.

Figure 9. Lateral load versus deflection for different barrette 
slenderness.
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5. Conclusions

The comparison between measured and predicted load-
horizontal displacement curves reveals that the computed 
results using nonlinear model of the barrette concrete is in 
good agreement with the barrette load test results. However, 
the modelling of the barrette material using linear model leads 
to an underestimation of the barrette horizontal displacements 
compared to the non-linear model. The horizontal displacement 
of the barrette head obtained using non-linear model is about 
42% more than that obtained using linear model at an applied 
load of 4.6 MPa.

The resistance of the barrette foundation to lateral loading 
depends on the direction of the applied load. Its resistance 
along the major axis is greater than that along the minor 
axis. Thus, it is more advantageous to use a barrette with 
rectangular shape loaded on the major direction rather than 
square or circular shape, especially for high lateral loads.

For foundations with different cross-section shapes and 
having the same second moment of inertia, their resistance 
to lateral deflection seems to increase as the width of the 
foundation in the direction of loading increases.
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List of symbols

fc,28: uniaxial compressive strength
ft,28: uniaxial tensile strength
fc0: normalized initially mobilised strength
fcfn: normalized failure strength (compression)
fcun: normalized residual strength (compression)
m: amount of stress dependency
qc: cone penetration resistance
E: Young’s modulus of soil
E28: Young’s modulus of concrete
E50

REF: reference stiffness modulus for primary loading
Eoed

REF: reference stiffness modulus for oedometer stress- 
 strain conditions

Figure 10. Barrette deflection versus depth for slenderness of (a) 10 and (b) 15.
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Es: Young’s modulus of steel
Eur

REF: reference stiffness modulus for unloading and  
 reloading
Fy: yield strength of steel
Gc,28: compressive fracture energy
Gt,28: tensile fracture energy
Rf: failure ratio
Rinter: interaction factor
γ: unit weight
γsat: saturated unit weight
γunsat: unsaturated unit weight
εcp

P: uniaxial plastic failure strain
v: Poisson’s ratio
ϕ: friction angle of soil
ϕMAX: maximum friction angle of concrete
Ψ: dilatancy angle
νur: Poisson’s ratio for unloading and reloading
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1. Introduction

Brazil is the world’s fourth-largest producer of the 
coconut fruit. However, the industry only processes a small 
part of coconut wastes, which has resulted in a variety 
of environmental challenges. Coconut shells account for 
between 80% and 85% of the weight of the fruit and around 
70% of the waste produced on Brazilian beaches, posing 
a severe environmental challenge, particularly in tropical 
nations. Nevertheless, coconut fiber applications are limited 
to evapotranspiration coverage (Sotomayor & Casagrande, 
2018). In Brazil, most coconut output is deposited in landfills, 
occupying a reasonable amount of space. Coconut shell 
biodegradation takes approximately eight years, and its 
landfilling also produces methane (CH4), which contributes to 
the climate impact if not recovered for electricity generation 
(Carijó et al., 2002; Themelis & Ulloa, 2007).

Vegetal fibers are increasingly being used to reinforce 
soil masses, notably in applications involving the stability of 
earth slopes, ground improvement for shallow foundations, as 
well as steep cover systems for landfills (Sadek et al., 2010). 
Furthermore, fiber-reinforced soils (FRSs) are being utilized 
for recycling and reusing shredded and fibrous inorganic 
wastes in engineering applications, as viable backfills, 

and as enhanced pavement materials. Empirical evidence 
from laboratory research on composite FRS specimens or 
independent testing of soil and fiber specimens is often used to 
design geotechnical systems utilizing FRSs (Zornberg, 2002; 
Casagrande et al., 2003; Diambra et al., 2007; Consoli et al., 
2007b; Sotomayor & Casagrande, 2018; Louzada et al., 
2019; Correia & Rocha, 2021; Silveira & Casagrande, 2021; 
Silveira et al., 2022).

Research conducted on fiber-reinforced soils has shown 
that main parameters regarding shear strength are soil particle 
size and shape, soil relative density, fiber orientation, and 
fiber content and length (Maher & Gray, 1990; Al-Refeai, 
1991; Michalowski & Cermak, 2003; Yetimoglu & Salbas, 
2003; Sadek et al., 2010; Hejazi et al., 2012; Li & Zornberg, 
2013; Ferreira et al., 2017; Ferreira et al., 2021). Moreover, 
research has shown that fibers randomly dispersed in the 
soil matrix have the benefit of intercepting the potential 
failure zone and improving the soil stress-strain behavior by 
mobilizing fiber tensile strength, increasing the sand-fiber 
composite ductility (Zornberg, 2002; Consoli et al., 2012; 
Li & Zornberg, 2013; Shukla, 2017).

Many researchers have shown interest in investigating 
coir fiber as concrete reinforcement (Majid et al., 2011; 
Ramli et al., 2013; Gupta & Kumar, 2019; Syed et al., 2020). 
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Moreover, few studies have focused on soil reinforcement 
with coir fiber (Menezes et al., 2020; Kaushik & Singh, 2021), 
and the use of large shearing equipment, which can reduce 
scale effects of standard soil direct shear tests.

This research aims to evaluate the mechanical behavior 
of soil reinforced with randomly distributed coir fibers, as 
well as fiber length and content effect on soil shear strength 
parameters. The findings apply to the use of fiber-reinforced 
composites in geotechnical engineering, as well as the 
selection of parameters in associated numerical analyses.

2. Materials and methods

2.1 Test materials

The composite matrix is formed by a sand soil 
(Figure 1A) with a specific gravity (Gs) of 2.68, a uniformity 
and curvature coefficient (Cu and Cc) of 2.40 and 1.06, 
respectively. As well as an average diameter (D50) of 0.39 mm 
(Figure 2), and minimum and maximum void ratios of 0.58 and 
0.89, respectively. The USCS classifies this material as SW, 
corresponding to a well-graded sand.

The use of specific fiber lengths and contents was 
required to accomplish the testing program’s objectives, 
which included investigating the influence of fiber content 
relative to soil granulometry on the strength enhancement 
caused by fiber inclusion. The fibers utilized in this research 
were obtained using a customized tool to cut the fibers to 
the desired lengths to control fiber geometry.

A collaboration between the municipal company of urban 
cleaning and the department of public services conservation of 
Rio de Janeiro gathered coir fibers provided for this research. 
Before being employed, the fibers were cut to the necessary 
length (25 and 50 mm) and subjected to a beneficiation process 
to remove any residues attached to their surface (grease and 
natural resins). The fibers were washed in boiling water and 
air-dried throughout this procedure. Figure 1B depicts the 
coir fibers after all preparation procedures. The fiber average 
dimensions were 25 and 50 mm in length, and 0.50 and 0.75% 
contents were utilized according to soil dry weight. Prior 
research suggests that a 0.50% fiber content can be adopted 
as an upper limit considering workability and homogeneity 
(Consoli et al., 2003; Consoli et al., 2009b; Consoli et al., 

2007b; Anagnostopoulos et al., 2013). However, limited 
research has examined this upper limit for coir content 
influence.

2.2 Laboratory testing program

A comprehensive direct shear testing program was 
planned and conducted to explore the characteristics known 
to affect the composite shear strength of fiber-reinforced 
sands. Five series of drained large direct shear tests were 
conducted using a well-graded sand with varying fiber lengths 
and contents. Large direct shear testing was used because 
of the relative simplicity of sample preparation and testing 
procedure. This testing procedure was selected despite the 
inherent test restrictions, such as the kinematic constraints 
imposed on the sample, the nonuniform shear zone thickness, 
and the non-uniform stress distribution. A 300 x 300 x 220 mm 
shear box was utilized in all experiments to minimize the 
restrictions’ influence and obtain reliable and representative 
samples (Figure 3). The tests were conducted by ASTM 
(2011) at a constant displacement rate of 0.508 mm/min. 
Using a load cell and LVDTs, the shearing load and vertical 
displacement were recorded as functions of the horizontal 
displacement. Total horizontal displacements of at least 
35 mm were recorded.

The direct shear system consists of two hydraulic 
circuits equipped with two hydraulic jacks, and two 
100 kN load cells and three LVDTs. Figure 3 also depicts 
the reaction system composed of a 1000 kN workload 
steel gantry. The hydraulic systems are employed to apply 
both shear, and normal loads, which also function with the 
support of a gear set arranged according to the test required 
velocity. The equipment’s operation is driven utilizing 
hydraulic hose connections, thus allowing a constant and 
pre-established load transfer. Load cells and displacement 
sensors (Figure 4) are connected to a data acquisition 
system (Spider 8), with a 1 Hz acquisition frequency and 
Catman v 2.0® software.

Figure 1. (a) Sand soil; (b) 50 mm length coir fiber. Figure 2. The grain-size distribution curve of unreinforced sand soil.
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2.3 Specimen preparation and testing

The molding parameters used for the non-reinforced 
sandy soil and the soil-fiber composite were identical, with 
a relative density of 50% and an initial moisture content 
of 10% in proportion to the soil dry weight. The soil-fiber 
mixes were made using fibers randomly dispersed in lengths 
of 25 and 50 mm, with fiber contents of 0.50 and 0.75% of 
the soil dry weight. To avoid segregation of the fibers and 
the sand, both the compacted sand and the fiber-reinforced 
specimens were first manually homogenized with the appropriate 
amounts of dry sand, vegetable fibers (if used), and water. 
The homogeneity of the components was visually verified 
after the mixture of all parts was prepared. All specimens 
were prepared by static compaction onto the direct shear box 
in a square mold 300 mm in length and 200 mm in height 
(Figure 5). The sample in the direct shear box was divided 
into five layers with 40 mm in size (Figure 6). The final 
height of each layer was controlled to ensure the 50% soil 
relative density.

Therefore, the specimen preparation method detailed 
above was adopted for molding soil samples at 50% relative 

density and 10% moisture content. The choice of relative 
density as the reference parameter was made since: (1) it 
allows better visualization of soil-fiber interaction effect 
(Consoli et al., 2007b; Consoli et al., 2007a; Consoli et al., 
2009a) and (2) as the composite relative density increases, 
fiber mobilization within the soil mass occurs rapidly, due 
to a better interlock between the fibers and the soil matrix.

A summary of the testing program and sample notation 
is shown in Table 1. The fiber content of the well-graded sand 
ranged from 0 to 0.75%, about soil dry weight. Additionally, 
a minimum of three specimens were studied at normal stress 
levels of 25, 50, and 100 kPa for each set of parameters, for 
a total of nearly 15 large direct shear tests. These normal 
stresses were chosen to represent usual stress ranges in 
relevant geotechnical engineering applications.

Figure 3. Large direct shear test setup (a) hydraulic system which 
applies shearing loads; (b) hydraulic system which applies normal 
loads.

Figure 4. Large direct shear test setup: load cells and LVDTs.

Figure 5. Specimen molding procedure.

Figure 6. Inner view of the direct shear box during sample preparation.
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3. Analysis and results

Shear stress and vertical displacement versus horizontal 
displacement plots for soil specimens evaluated at typical stress 
values of 25, 50, and 100 kPa are included in the experimental 
findings. These plots were examined to determine the effect 
of fibers on stress-displacement behavior, shear strength and 
friction angle increase, and volume change. Table 2 summarizes 
the relevant test parameters and calculated internal friction 
angles for unreinforced and fiber-reinforced samples.

Plots depicting the variation in shear stress and vertical 
displacement with horizontal displacement for unreinforced 
and fiber-reinforced soil samples with fiber lengths of 25 and 
50 mm, as well as 0.50 and 0.75% fiber contents, are presented 
in Figures 7-8. Curves in Figure 7 correspond to soil samples 
reinforced with 25 mm length fibers with a fiber content of 
0.50 and 0.75%, whereas curves in Figure 8 correspond to 
soil samples reinforced with 50 mm length fibers with a 
fiber content of 0.50 and 0.75%. The results presented in 
Figures 7-8 indicate increases in strength for 25 and 50 mm 
long fibers, particularly the first. Except for an increase 
in the slope of the stress-displacement curve at small 
displacements, the general form of the stress-displacement 
curves of fiber-reinforced specimens was like that of 
unreinforced samples. However, as normal stresses increased, 
fiber-reinforced specimens curves showed a shear stress 
growth at a horizontal displacement range between 10 to 
40 mm, indicating a typical hardening behavior as observed 
by Silveira & Casagrande (2021).

Figures 7-8 indicate that fiber reinforcement inhibits 
dilatancy, particularly at high normal stresses. This result 
endorses prior research findings from direct shear testing 
(Gray & Ohashi, 1983) and triaxial tests (Michalowski & 
Zhao, 1996; Michalowski & Cermak, 2003). On the other 
hand, other researchers (Sadek et al., 2010; Hazirbaba, 2017) 
have shown that the presence of fibers consistently increases 
the tendency for dilation in fiber-reinforced, particularly 

for longer fibers, which was the case to some extent for 
fiber-reinforced samples with 50 mm fiber lengths. The main 
distinction between published results and results reported 
in this paper is the soil relative density, which was taken as 
50% in the current study but was always greater than 50% 
in the studies mentioned above, as well as the shear box size 
(scale effect), which may have contributed to the observed 
discrepancies since direct shear test results are known to be 
sensitive to the size of the soil specimen.

The maximum shear stress was attained for practically 
all unreinforced samples with a horizontal displacement of 
approximately 15 mm. Further than this value, the shear stress 
became nearly constant, which is evident that soil samples 
were prepared in a loose to medium dense state (DR ≈ 50%). 
On the contrary, reinforced specimens indicated increasing 
shear stress as normal stress, and horizontal displacement 
also rose. The mobilization of the fiber unit tensile stress 

Table 1. Laboratory testing program.
Sample Fiber length (mm) Fiber content (%)

S — —
RS2550 25 0.50
RS2575 25 0.75
RS5050 50 0.50
RS5075 50 0.75

Table 2. Laboratory testing program.

Sample Fiber length (mm) Fiber content (%) Internal friction angle (o) Improvement in shear 
strength parameters (%)

S — — 34.0 —
RS2550 25 0.50 40.0 18
RS2575 25 0.75 42.0 24
RS5050 50 0.50 39.0 15
RS5075 50 0.75 40.0 18

Figure 7. Variation of shear stress and vertical displacement with 
horizontal displacement for fiber-reinforced sand with 25 mm 
fiber lengths.
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produced by a set of effects (interface bonding, friction, 
and interlocking) when the composite is under load can 
be attributed to the shear stress rise for fiber-reinforced 
specimen curves (Gowthaman et al., 2018). It is worth noting 
that the fiber strengthening effect requires some amount 
of deformation to initiate, as observed by Lawton et al. 
(1993) while performing triaxial tests on fiber-reinforced 
soil specimens. For the case without an obvious peak point, 
the failure criteria proposed by Campos & Carrillo (1995), 
based on the slope of the stress–displacement curve was 
adopted. In these cases, shear failure was assumed when 
the stress–displacement curve indicated a constant slope 
(d ≈ 35 mm for all reinforced specimens).

A considerable soil stiffness improvement due to fiber 
inclusion occurs in the initial test stage at small displacements 
of about 5 mm for all reinforced samples. Beyond this value, 
the stress-displacement curves evidence increases in shear 
stress of the sand-fiber composite compared to unreinforced 
specimens (Figures 7-8). The inclusion of fibers changes the 
failure mechanisms observed for non-reinforced sand. Soil 
hardening behavior (a constant rise in strength with increasing 
horizontal displacement) was observed for all normal stresses 
regarding the soil reinforced with coir fibers. When comparing 
the results of the fiber lengths and contents, it becomes evident 
that the samples reinforced with 25 mm length and 0.75% fiber 
content presented higher shear strength for all normal stresses.

The increase in the maximum shear stress as a function 
of the fiber content is illustrated in Figures 7-8 for sands 
reinforced with 25 and 50 mm length fibers. An increase 
in fiber content from 0.50 to 0.75% results in about a 12% 
improvement in shear strength for a fiber length of 25 mm 
and about a 4% improvement for a fiber length of 50 mm. 
This result is relevant because it indicates that more extensive 
improvements in shear strength can be obtained with relatively 
small fiber content variation.

Stress-displacement curves for reinforced-sand 
specimens with 25 mm fiber lengths show a consistent rise 
in maximum shear stress as fiber content increases. Unlike 
reinforced-sand samples with 50 mm fiber lengths and fiber 
contents of 0.50 and 0.75%. This suggests that the relative 
dimensions of the reinforced sand grains and the diameters 
of the reinforcing fibers significantly impact the level of 
improvement brought about by fiber inclusion in sands. When 
the fiber concentration is around 0.75%, the reinforcing effect 
in reinforced-sand specimens with 25 mm fiber lengths is 
more pronounced, whereas the relative increase in reinforcing 
effect in reinforced-sand samples with 50 mm fiber lengths 
is slightly smaller for similar fiber content.

Vertical displacement versus horizontal displacement 
curves were recorded to verify the sample volume change as 
the large direct shear test progresses. The vertical displacement 
curves indicate that unreinforced and fiber-reinforced sand 
specimen’s behavior was similar to typical loose sand 
samples. The sample vertical displacement decreases as 
the shear stress increases to a maximum value. After that, a 
constant vertical displacement value is observed. A similar 
trend was verified for all samples at 25, 50, and 100 kPa 
normal stresses. However, for samples reinforced with 
25 mm length fibers, the addition of fibers decreased the 
contraction behavior, indicating that the fibers merged the 
sandy soil grains, inhibiting particle movement. While fiber 
inclusion for samples reinforced with 50 mm length fibers 
had no significant effect on the sample volume change.

The friction between the soil and the reinforcement 
appears to control the soil-fiber composite strength, and it does 
not appear to be dependent on the ultimate strength properties 
of the coir fibers. Direct shear test results are compiled in 
Table 3 and the shear strength envelopes for unreinforced 
and reinforced sand specimens are depicted in Figure 9. 
The friction angle value is also affected by the confining 
stresses under which the samples are tested, implying that the 
general envelope is nonlinear. However, given the restricted 
range of effective normal stresses applied in this research 
and the simplicity by which the effects of fiber reinforcement 
can be quantified, a linear envelope determined using linear 
regression would be a reasonable estimate of the soil stress 
state at failure. This line’s extrapolation towards zero effective 
normal stress yields a cohesion intercept.

As an uncemented particle system, sand soils should 
lack genuine cohesion under effective stresses. However, 
the inter-particle contacts (interlocking) created by the 

Figure 8. Variation of shear stress and vertical displacement with 
horizontal displacement for fiber-reinforced sand with 50 mm 
fiber lengths.
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tamping fabrication approach appear to be relevant, which 
might explain the presence of an apparent cohesion that rises 
marginally with fiber addition (Ibraim & Fourmont, 2006). 
Although more research is needed to determine the cause 
of this apparent cohesion, the failure envelopes in this study 
are defined in terms of the soil friction angle and cohesion 
intercept. Table 3 presents a maximum improvement in shear 
strength of 24% percent for the highest fiber content (0.75%). 
The increased maximum shear stress causes the composite’s 
friction angle to increase from 34 ° for unreinforced sand to 
42 ° for sand reinforced with 0.75% fiber content.

4. Conclusions

In this research, the shear strength behavior of a well-
graded sand reinforced with coir fibers of different content and 
lengths was studied using a series of large-scale direct shear 
tests. The unreinforced and fiber-reinforced sand samples were 
compacted at 50% relative density and a moisture content 
of 10%. The following conclusions can be made based on 
the undertaken experimental study:

• The fiber-reinforced sand samples with coir fibers 
showed a significant increase in shear stress as the 
normal stress increased. This increase is attributed 
to the fiber’s anchoring action (interface bonding, 

friction, and interlocking) in the soil mass under load. 
The addition of fibers alters the failure mechanism 
observed in unreinforced sand. Furthermore, the 
modification of the failure mechanism may be seen 
as a plausible explanation for the soil hardening 
behavior observed in all stress-displacement curves 
of fiber-reinforced samples.

• The addition of coir fibers with lengths of 25 and 
50 mm and fiber contents varying from 0.50 to 
0.75% percent to a well-graded sand produced at 
a relative density of 50% improved the sand-fiber 
composite’s shear strength and ductility. For sand 
reinforced with 0.75% fiber content and 25 mm fiber 
length, the most significant improvement in shear 
strength was nearly 32%.

• At low normal loads (25 kPa), the shear strength 
presents a slight increase for all reinforced specimens. 
However, for higher normal stresses, the shear strength 
increase with all fiber contents and lengths are more 
evident, particularly for 25 mm fiber lengths.

• Shorter (25 mm length) coir fibers resulted in a 
more significant improvement in the shear strength 
of fiber-reinforced sands, according to the limited 
experiments in this research. The results reported 
by Michalowski & Cermak (2003) on the relative 
dimensions impact of the reinforced sand grains and 
the reinforcing fiber diameters in determining the 
level of improvement provided by fiber inclusion 
might be one explanation for this finding.

• More broadly, the findings concerning the dilatancy 
of fiber-reinforced composites are consistent with 
previous studies that revealed a tendency for fibers 
to restrict sand dilatancy. According to the results 
of the experiments conducted in this study, the 
vertical displacements recorded during shearing 
for reinforced specimens with 25 mm fiber lengths 
were reduced with the addition of fibers. However, 
vertical displacements increased with fibers in 
reinforced specimens with 50 mm fiber lengths for 
both 0.50 and 0.75% fiber content. The increase in 
recorded vertical displacement during shear represents 
a greater tendency for dilatation of a narrow band 
of soil impacted by the presence of fibers, as also 
noted by Sadek et al. (2010).

Figure 9. Unreinforced and fiber-reinforced sand samples shear 
strength envelopes.

Table 3. Shear strength parameters for all test series.

Sample Fiber length  
(mm)

Fiber content  
(%)

Internal friction  
angle (o)

Improvement in shear 
strength parameters (%)

Cohesion intercept 
(kPa)

S — — 34.0 — 6
RS2550 25 0.50 40.0 18 11
RS2575 25 0.75 42.0 24 11
RS5050 50 0.50 39.0 15 14
RS5075 50 0.75 40.0 18 14
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The current research’s broad implication is that the 
inclusion of coir fibers as soil reinforcement has a substantial 
potential for application in landfills on soft soils, slopes, and 
shallow foundations, giving this material a better end in the 
technical scope while also attending to economic, social, 
and environmental aspects.
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1. Introduction

The maximum shear modulus (G0) is an input parameter 
in soil dynamic and static analyses (Bang & Kim, 2007; 
Brandenberg et al., 2010; Décourt, 2018; Poulos, 2021). 
Another G0 application is on the estimative of G-γ decay 
curves (Amoroso et al., 2014; Lehane & Fahey, 2004). 
Moreover, G0 can be correlated with the SPT N value, cone 
resistance (qc) or constrained modulus obtained by Flat 
Dilatometer (MDMT) in order to assist soil classification, state 
parameter estimative, identification of microstructure (age 
and/or bonding structure) and collapsible soils (Robertson, 
2016; Rocha et al., 2022; Schnaid et al., 2020, 2004).

The G0 can be determined by in situ and laboratory 
tests. The available laboratory tests are the resonant column 
(ASTM, 1995; Hoyos et al., 2015; Werden et al., 2013) and 
the bender elements (Leong et al., 2005) tests. The main in 
situ tests to determine G0 are the crosshole (ASTM, 2007), 
the downhole (ASTM, 2008), the seismic cone (SCPT) 
(Robertson et al., 1986) and seismic dilatometer (SDMT) 
(Marchetti et al., 2008). However, these tests are not always 

available or cannot be supported in the preliminary site 
investigation program.

The SPT has been commonly used for site characterization 
because of its simplicity, robustness, speed, and cost-
effectiveness (Akca, 2003; Anderson et al., 2007; Schnaid, 
2008). For this reason, several researchers have studied and 
proposed correlations between SPT N value and G0 mainly 
for well-behaved clays and sands (reconstituted and 
isotropically consolidated clay and the reconstituted sands) 
(Anbazhagan et al., 2012; Imai & Tonouchi, 1982; Leroueil 
& Hight, 2002; Seed et al., 1983).

Brazil is a large country where tropical soils occur. 
A typical tropical soil profile includes the lateritic (upper 
horizon) and the saprolitic (lower horizon) soils. The lateritic 
soil undergoes a pedogenetic evolution called laterization, 
which results in a highly porous horizon with minerals 
that are more stable (e.g., quartz and kaolinite) and with 
an enrichment of the soil with iron and aluminum and its 
associated oxides (Mio, 2005; Vargas, 1985). In addition, 
foundation engineering practice has shown that lateritic soils 
are stiffer than non-lateritic soils for the working load (Décourt, 
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2018). Saprolitic horizon is residual and retains the macro 
fabric or the chemical bond of the parent rock (Brand, 1985; 
Mio & Giacheti, 2007; Lumb, 1965; Rahardjo et al., 2020).

Tropical soils have a unusual behavior compared to 
sedimentary soils (Gidigasu, 1976; Vargas, 1985). They 
are characterized by cohesive-frictional nature, unsaturated 
condition, bonding and structure, and anisotropy. This behavior 
cannot be accurately represented by means of models and 
correlations developed by well-behaved soils (Berisavljević & 
Berisavljević, 2019; Robertson, 2016; Schnaid et al., 2004).

Giacheti (1991) and Barros & Pinto (1997) observed 
that the estimated G0 value by using empirical correlations 
obtained from well-behaved soils (Table 1) significantly 
underestimates measured G0 for lateritic soils. The discrepancy 
can be associated to the cemented structure from the lateritic 
soils (Figure 1a). Barros & Pinto (1997) also observed 
that the investigated saprolitic soils presented G0 values 
which were higher than calculated values for low SPT N 
values. The opposite was observed for high SPT N values 
(Figure 1b). The authors also concluded that lateritic and 
saprolitic soils present different behavior: the higher the SPT 
N value, the greater the differences in G0 for these soils, as 
shown in Figure 1c. Hence, Barros & Pinto (1997) suggested 
correlations for estimating G0 from SPT N value for lateritic 
and saprolitic soils for foundation engineering projects in 
Brazilian tropical soils (Décourt, 2018). These authors used 
the MCT Classification System (Mini, Compacted, Tropical) 
proposed by Nogami & Villibor (1981) to classify the soils 
with respect to their lateritic behavior. Table 1 shows the 
empirical correlations obtained from well-behaved soils and 
lateritic and saprolitic soils.

It is important to point out that the correlations proposed 
by Barros & Pinto (1997) were defined from the available 
G0 and SPT N values derived from crosshole and SPT tests 
at that time: 46 data points for lateritic soils and 26 data 
points for saprolitic soils. A total of 16 pairs of G0 and SPT N 
values were determined on sandy soils and 30 pairs of points 
on clayey soils for the lateritic soil. For the saprolitic soils, 
24 pairs of G0 and SPT N values were determined for clayey 
soils and only 2 pairs of points for sandy soils. It is important 
to mention that the use of only two points of saprolitic sandy 
soils might not represent the behavior of saprolitic sandy 
soils, a fact observed and discussed later in this paper. Note 
that some SPT N values higher than 60 blows per 30 cm 

Table 1. Main correlations to estimate G0 from SPT N value.
Type Reference Correlation Type of soil

Ohsaki & Iwasaki (1973) G0 = 11.5N0.8 All soil types
Well-behaved soils Imai & Tonouchi (1982) G0 14.07N0.68 All soil types

Seed et al. (1983) G0 = 6.22N Sands
Lateritic soils Barros & Pinto (1997) G0 = 55.2N0.66 All types of lateritic soils

G0 = 56 + 20.3N
Saprolitic soils Barros & Pinto (1997) G0 = 43.8N0.42 All types of saprolitic soils

G0 = 94 + 2.3N

Figure 1. Experimental data for a) lateritic, b) saprolitic, and c) 
the comparison between lateritic and saprolitic soils [adapted from 
Barros & Pinto (1997)].
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were defined by extrapolation in the proposed correlations 
for saprolitic soils.

This paper re-examines and discusses the correlations for 
estimating G0 from SPT N value for some Brazilian tropical 
soils, considering not only the classification as lateritic or 
saprolitic soils, and points out the need to identify unusual 
soil behavior. The updated database incorporates additional 
G0 and SPT N values (for clayey and sandy soils) by seismic 
cone (SCPT), downhole (DH), seismic SPT, and seismic 
dilatometer (SDMT) tests to those presented by Barros & 
Pinto (1997). It emphasizes the importance of performing 
G0 measurements using appropriate techniques to check for 
unusual soil behavior and the need to adjust site-specific 
correlations.

2. Brazilian tropical soils correlations

Most of the correlations available in the literature 
between G0 and SPT N value are defined as follows:

  A . B
0G N=  (1)

Where the constants A and B are obtained by statistical regression 
of a data set, although linear correlation (G0 = A + B.N) is 
also used. Some authors recommend correcting the SPT N 
for energy efficiency, rod length, borehole diameter, and fine 
content (Andrus et al., 2004; Cetin et al., 2004; Hasancebi 

& Ulusay, 2007). Moreover, the SPT N value and G0 can be 
corrected for overburden stress since both SPT N value and 
G0 are affected by it, however, it is found that an uncorrected 
SPT N value and G0 gives the best fit with a high regression 
coefficient when compared to G0 and corrected SPT N values 
(Anbazhagan & Sitharam, 2010). Some key references cite 
the importance of associating behavior indices (i.e. Ic or SBT) 
in the correlations to estimate G0 from a penetration test 
such as SPT and CPT (Jefferies & Davies, 1993; Jefferies & 
Been, 2006; Robertson, 1990, 2009), however, as previously 
presented, the vast majority of correlations between G0 and 
SPT N value does not consider behavior indices (Anbazhagan 
& Sitharam, 2010; Hara et al., 1974; Ohsaki & Iwasaki, 1973).

2.1 In situ tests and database

A larger number of SPT and seismic tests (crosshole, 
downhole, seismic cone, seismic SPT and seismic dilatometer) 
performed in Bauru, São Carlos, and Campinas is now available 
(Table 2). There are 132 data points (G0 versus SPT N values) 
for the lateritic soil and 82 for the saprolitic soil from Bauru. 
In São Carlos, there are 64 data points for the lateritic soil 
and 86 for the saprolitic soil. There are 38 data points for the 
lateritic soil and 62 data points for the saprolitic soil from 
Campinas. The thickness of the lateritic soil horizon for 
Bauru, São Carlos and Campinas is respectively 13, 6 and 7 m 
and it was defined based on the MCT Classification System 
(Nogami & Villibor, 1981). The average values of G0 and 
SPT N along depth were calculated to assess the correlations 

Table 2. Main soil characteristics and the references for all data.

Site Reference Geological information Tropical soil 
classification Soil type USCS

Bauru Giacheti & Mio (2008)ℵ Colluvium and Residual 
(Sandstone)

Lateritic and 
Saprolitic

Clayey sand SM-SC
Rocha (2018)ℵ

Vitali et al. (2012)ℵ
São Carlos Giacheti & Mio (2008)ℵ Cenozoic Sediment and 

Residual (Sandstone)
Lateritic and 

Saprolitic
Clayey sand SC

Rocha (2013)ℵ
Vitali et al. (2012)ℵ

Campinas Giacheti & Mio (2008)ℵ Colluvium and Residual 
(Sandstone)

Lateritic and 
Saprolitic

Silty clay CL-ML
Rocha (2013)ℵ

Vitali et al. (2012)ℵ
Moema Barros & Pinto (1997) Red clays São Paulo 

Sedimentary Basin
Lateritic Sandy clay CL

Bela Vista Barros & Pinto (1997) Red clays São Paulo 
Sedimentary Basin

Lateritic Sandy clay CL

Vila Madalena Barros & Pinto (1997) Red clays São Paulo 
Sedimentary Basin

Lateritic Sandy clay CL

Paraíso Barros & Pinto (1997) Red clays São Paulo 
Sedimentary Basin

Lateritic Sandy clay CL

Caxangui Barros & Pinto (1997) Residual (Gneiss) Saprolitic Sandy silt SM
Cidade 

Universitária
Barros & Pinto (1997) Residual (Migmatite) Saprolitic Silty sand N.A.*

Brooklin Barros & Pinto (1997) Residual (Migmatite) Saprolitic N.A.* N.A.*
*Information not available. ℵNew data.
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considering representative data for each site, without having 
a disproportional increase of data between soils of different 
sites. It is important to mention that saprolitic soils from 
Bauru and São Carlos (clayey sand) and from Campinas 
(silty clay) with different grain sizes were included in the 
correlations: clayey sand from Bauru e São Carlos and 
silty clay from Campinas were not used in the correlations 
proposed by Barros & Pinto (1997).

2.2 Estimating G0 from SPT N values

The data points (G0 versus SPT N value) for the lateritic 
and the saprolitic soils for all sites as well as the regression 
lines are respectively shown in Figure 2 and Figure 3. 
The SPT N values were not corrected for energy efficiency. 
So, correlations were stablished assuming SPT N values 
for a 72% efficiency according to Brazilian SPT practice 
(Décourt, 2018; Décourt et al., 1989).

It is important to mention that correlations were also 
tested between SPT N and measured G0 as well as for the 
values corrected for estimated energy and overburden stress. 
However, it was found that an uncorrected value of SPT N and 
G0 gives the best fit with a higher regression coefficient when 
compared to corrected SPT N and G0 values, as discussed 
by Anbazhagan & Sitharam (2010).

In addition, SPT N values higher than 60 were not 
considered for the correlations because they have no physical 
meaning, since they represent a condition beyond rupture 
(Aoki & Cintra, 2000). The potential and linear regression 
equations for the lateritic (Equations 2 and 3 – Figure 2) 
soils are given as follow:

0.66  57.3 0G N=  (R2 = 0.801) (2)

  64.4 1 9.70G N= +  (R2 = 0.884) (3)

The fitting equations obtained with a larger number of 
data are in accordance with the findings from Barros & Pinto 
(1997) for the lateritic soils (Figure 2). It is noteworthy that 
the well-behaved soils correlations (Table 1) significantly 
underestimated G0 for the lateritic soils, as already presented 
and discussed by Barros & Pinto (1997). On the other hand, 
it was not possible to define the fitting equations for saprolitic 
soils since the values for the sandy soils are very different 
from those found for the clayey soils (Figure 3).

In order to verify the distinct behavior of sandy and 
clayey saprolitic soils (Figure 3), all lateritic and saprolitic 
data (previous and the new ones) are plotted in Figure 4, 
similarly to what was presented in Figure 1c. It can be seen 
in Figure 4 that lateritic and saprolitic soils present different 
behavior. It can also be observed in this figure that the data 

Figure 2. G0 versus SPT N value and updated correlations for the 
lateritic soils.

Figure 3. G0 versus SPT N value for the saprolitic soils.

Figure 4. Comparison between G0 and SPT N values from lateritic 
and saprolitic soils.
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for the saprolitic sandy soils from Bauru and São Carlos are 
closer to that of the lateritic soils. This behavior can be related 
to another soil characteristic, such as grain size distribution 
and unusual behavior associated to cementation and/or 
bonding structure (Robertson, 2016; Schnaid et al., 2004).

The unusual behavior was evaluated using the chart 
(Figure 5) proposed by Schnaid et al. (2004) for the lateritic 
and saprolitic soils presented in Table 2. It correlates the 
G0/N60 ratio versus (N1)60, where (N1)60 is calculated by Equation 
4. This chart allows to assess the presence of microstructure 
(cementation and/or bonding structure).

( )
0.5

1 6060 '
a

vo

p
N N

s
 

=  
 

 (4)

where pa is the atmospheric pressure, σ’vo is the vertical 
effective stress and N60 is the SPT N value to a reference 
value of 60% of the potential energy of the SPT hammer 
calculated from Equation 5:

60
72%      
60%

N SPT N value=  (5)

It can be seen in Figure 5a that all lateritic soils data 
points are above the lower limit for cemented sands, indicating 
the presence of typical cementation from lateritic soils. It is 
the reason for the limitations of classical sedimentary soils 
correlations for estimating G0 in soils with microstructure, 
such as the lateritic ones (Figure 2). For the saprolitic soils 
(Figure 5b), all clayey soils are below the lower limit for 
cemented soils while the sandy saprolitic soils (São Carlos 
and Bauru sites) are above the lower limit for cemented 
sands indicating they also have microstructure. This can be 
the reason for distinct behavior between sandy and clayey 
saprolitic soils, so it is not possible to define just one correlation 
for the saprolitic soils.

The correlations for G0 estimation via SPT N value 
proposed by Barros & Pinto (1997) agree with the equations 
presented in this paper after expanding the database of lateritic 
soils from São Paulo state. It is important to emphasize that 
these correlations should be used with caution in a preliminary 
phase of the project and verified before their use. On the other 
hand, the equations proposed for saprolitic soils presented 
by Barros & Pinto (1997) did not adequately represent the 
behavior of the sandy saprolitic soils from Bauru and São 
Carlos and should not be applied. At the moment it is not 
possible to suggest correlations to estimate G0 from SPT N 
values for saprolitic sandy soils due to the limited number 
of data and sites.

It is highly recommended to check whether the soil has 
microstructure before selecting a correlation, i.e., whether 
the soil has microstructure (cementation and aging), by using 
charts equivalent to that one proposed by Schnaid et al. 
(2004) with seismic CPT data and that one proposed by 
Cruz et al. (2012) with the seismic DMT data. The correlations 
developed for temperate and glacial zones cannot be used 
after the unusual soil behavior has been identified. In such 
cases correlations must be site specific.

3. Conclusion

The applicability of classical correlations for G0 estimative 
from SPT data in lateritic and saprolitic soils was assessed. 
It was observed that lateritic soils behave differently from 
saprolitic soils and G0 cannot be predicted by classical 
temperate and glacial zones soils correlations.

The equations proposed by Barros & Pinto (1997) 
for lateritic soils are consistent with those presented in this 
paper from a larger database. The equations for saprolitic 
soils proposed by these authors, however, should not be used 
for estimate G0 for investigated saprolitic sandy soils. It can 
be related to the presence of microstructure (cementation 
and aging) in the saprolitic sandy soils. It is not possible to 
propose a correlation for estimating G0 for saprolitic sandy 
soils due to the limited amount of data for this soil type. 
Furthermore, just identifying the soil as saprolitic does 
not guarantee an adequate estimate of G0, since the soil 
type (sandy or clayey) and the presence of microstructure 

Figure 5. G0/N60 versus (N1)60 chart and the boundaries for cemented 
and uncemented soils and the data for a) lateritic soils and b) 
saprolitic soils [adapted from Schnaid et al. (2004)].
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(cementing and aging) must be considered. A laboratory or 
in situ test is recommended to identify possible unusual soil 
behavior before using correlations.
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List of symbols

pa atmospheric pressure (equal to 100 kPa)
qc cone tip resistance
A constant determined by statistical regression
B constant determined by statistical regression
CL clays of low plasticity
CPT cone penetration tests
DH downhole
G shear modulus
G0 maximum shear modulus
Ic normalized SBTn index
ISBT non-normalized SBT index
MCT mini, compacted, tropical classification system
MDMT constrained modulus obtained by Flat Dilatometer
ML silts of low plasticity
N60 corrected N value for 60% energy delivery
(N1)60 normalized N60
SC clayey sands
SCPT seismic cone penetration tests
SDMT seismic dilatometer tests
SM silty sands
SPT standard penetration tests
USCS unified soils classification system

Vs shear wave velocity
γ shear strain
ρ total mass densities
σ’

v0 effective vertical stress
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Closed-form consolidation solutions for known loading 
functions
Raphael Felipe Carneiro1# , Karl Igor Martins Guerra1 , Celso Romanel1 ,  
Denise Maria Soares Gerscovich2 , Bernadete Ragoni Danziger2 

1. Introduction

Terzaghi & Fröhlich (1936) consolidation theory provides 
an equation for the excess pore pressure zu  at any depth z and 
time t, generated by a uniform load qc. The solution follows:

( )
2

0

2, sin M T
z c

dm

Mzu z T q e
M H

∞
−

=

= ∑  (1)

Where

( )2 1
2

M m π
= +  (2)

For m = 1, 2, 3…
And the Time Factor T is defined as:
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d

c t
T

H
=  (3)

The depth-dependent degree of consolidation zU  is given by:
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2
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2,  =1 sin M T
z

dm

MzU z T e
M H

∞
−

=

− ∑  (4)

For practical problems, the particular interest is the average 
degree of consolidation U, given by:

( )
2

2
0

2 =1 M T

m

U T e
M

∞
−

=

− ∑  (5)

The classical theory uses several simplifying assumptions; 
among them, the load is instantaneously applied. In practice, 
however, the increment of total vertical stress often varies 
with time.

Several empirical and theoretical methods have been 
proposed to address non-instantaneous load conditions for 
1D analyses (Terzaghi & Fröhlich, 1939; Terzaghi, 1943; 
Schiffman, 1958; Schiffman & Stein, 1970; Zhu & Yin, 
1998; Jimenez et al., 2009; Liu & Ma, 2011; Qin et al., 2010; 
Razouki et al., 2013; Verruijt, 2014; Liu & Griffiths, 2015; 
Gerscovich et al., 2018).

The ramp loading (Olson, 1977) is the simplest way 
to address non-instantaneous loading. But some projects 
impose complex loading sequences. Soil foundations of 
silos, tanks, highway embankments, etc. undergo cyclic 
loading. Construction sequences with variable speeds can 
be represented by non-linear loads.

Hanna et al. (2013) used the concept of discretization of 
the applied load into infinitesimal increments to easily achieve 
Olson (1977) solution during construction. Carneiro et al. 
(2021) demonstrated that Hanna et al. (2013) method is 
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capable to provide Olson (1977) solution for periods after 
construction as well. Conte & Troncone (2006) proposed a 
calculation procedure for a general time-dependent loading, 
making use of the Fourier series.

This paper presents an extension of and an alternative to 
the methodologies developed by Conte & Troncone (2006), 
Hanna et al. (2013), and Carneiro et al. (2021). The solution 
is a closed-form consolidation equation for different loading 
functions.

2. Proposed method

In this study, all the simplifying assumptions of the 
classical theory (Terzaghi & Fröhlich, 1936) are valid. 
The only exception is the applied vertical load, which is no 
longer constant but varies up to a Time Factor Tc. All equations 
for excess pore pressure and degrees of consolidation that 
refer to non-instantaneous loading are represented below 
with an apostrophe.

Let the total vertical stress increase Δσ(T) be a function 
of T:

( ) ( )T q Ts∆ = if cT T≤
 (6)

( ) ( )c cT q T qs∆ = =  if cT T>

For the purpose of this development, it is assumed that 
Δσ(0) = q(0) = 0.
Now let f(T) be the derivative of q(T), that is:

( )dq f T dT=  (7)

During an infinitesimal dimensionless period dT, the 
total stress increase dq = f(T)dT is instantaneously applied. 
Therefore, the initial increase of pore water pressure duz is 
also f(T)dT. For ramp loads, for example, the load increment 
(f(T) = qc/Tc) is constant.

As shown in Figure 1, for a Time Factor Ta ≤ Tc 
before the end of construction, the infinitesimal loads were 
applied at an infinite number of times, from T = 0 to T = Ta. 
The infinitesimal excess pore pressures dissipate and contribute 
with dU’z to compute the degree of consolidation U’z at the 
given Time Factor Ta. This infinitesimal increasing of the 
degree of consolidation dU’z at Ta is given by the ratio of the 
dissipated amount of excess pore pressure within the Time 
Factor interval up to Ta, and the total load.

( ) ( ) ( ) ( ), ,
' ,  = z a z a
z a

c c

dq du z T T U z T T f T dT
dU z T

q q
− − −

=  (8)

Where Uz is given by classical theory (Equation 4).
Considering all time intervals up to Ta, the degree of 
consolidation U’z takes into account all infinitesimal loads 
applied, that is:

( )
( ) ( )

0
,

' ,  = 

aT
z a

z a
c

U z T T f T dT
U z T

q

−∫  (9)

Equation 9 holds for any Ta ≤ Tc. This equation is characterized 
as a convolution of the functions of zU  and f . Solution can 
be obtained via Laplace transform :

{ } { } { }1'z z
c

U U f
q

=    (10)

Laplace transform of Uz is given by:

{ } 2
0

1 2 1sinz
dm

MzU
s M H s M

∞

=

  = −    +  
∑  (11)

Where s is the Laplace parameter.
Denoting { } ( )f F s= , Equation 10 can now be rewritten as:

{ } ( ) ( )
2

0

1 2' sinz
c dm
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q s M H s M
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=
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Applying the inverse Laplace transform, one has:

( ) ( ) ( )1
2

0 0

1 2' sin
T

z
c c dm

q T F sMzU T
q q M H s M

∞
−

=

     = −      +      
∑   (13)

After the end of construction, for a Time Factor Tb ≥ Tc 
shown in Figure 1, solution uses the principle of superposition. 
The degree of consolidation at a Time Factor Tb is calculated 
by subtracting the exceeding loading, calculated as if the 

Figure 1. Total stress increase applied into infinitesimal increments 
[adapted from Hanna et al. (2013), and Carneiro et al. (2021)].
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time-dependent loading has not finished, from the actual 
final value qc.

Thus, the degree of consolidation is calculated by:

( ) ( ) ( )1 2' ' 'z b z b z bU T U T U T= −  (14)

The expression of U’z1 is given by Equation 13 for T = Tb. For 
U’z2, the origin is now at Tc, thus T = Tb − Tc. So, Equation 9 
must be rewritten as follows:

( )
( ) ( )

0
2'

b cT T
z b c c

z b
c

U T T T f T T dT
U T

q

−
− − +

=
∫  (15)

Denoting the shifted function f(T + Tc) = g(T), Equation 15 is 
the convolution of Uz and g. Applying the Laplace transform:

{ } ( ) ( )
2 2

0

1 2' sinz
c dm

G s G sMzU
q s M H s M

∞

=

   = −    +    
∑  (16)

Where ( ) { }G s g=  . Applying the inverse Laplace transform, 
the solution is:

( ) ( ) ( )1
2 2

0 0

1 2' 1 sin
b cT T

b
z b

c c dm

q T G sMzU T
q q M H s M
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−

=

     = − −      +      
∑   (17)

Finally, Equation 14 can be expressed as:
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2 2

0 0 0
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cT T T

z
c dm
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∑    (18)

Equations 13 and 18 provide the degree of consolidation 
for periods before and after the end of construction, respectively. 
For any loading function q(T), its derivative f(T) and the 
function g(T) = f(T + Tc) are known. Once F(s) and G(s) are 
determined, solution is obtained. Equations 13 and 18 are 
coincident for T = Tc.

From Equations 13 and 18, the excess pore pressure 
can be found:
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2' sin
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 (19)
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The average degree of consolidation U’ provides the sum 
of the vertical compressions throughout the depth, and it is 
calculated by:

( )
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2 '

0
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d

d

H
z

H

U z T dz
U T

dz
=
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∫
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Which gives:
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q q M s M

∞
−

=

    = −    +    
∑   if cT T≤

 (21)
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c m
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While the loading in Figure 1 was represented as linear 
for simplification, the mathematical development allows to 
find general equations to compute the excess pore pressure 
(Equation 18) and the average degree of consolidation 
(Equation 21) for any loading function.

3. Applications

This section presents several applications of the 
equations. Calculations are detailed in Appendix 1.

Since the development was based on the simplifying 
assumptions of the classical theory, the solutions herein 
presented are limited to uniform initial excess pore pressure. 
The drainage conditions can be single or double.

3.1 Single ramp load

The consolidation theory for an increasing linear 
loading was primarily solved by Terzaghi & Fröhlich 
(1939), and later by Olson (1977). The function q(T) is 
given by q(T) = c

c

q
T

T, and, therefore, f(T) = c

c

q
T

 is a constant. 

The solution of Equations 19 and 21 give the excess pore 
pressure and the average degree of consolidation before and 
after construction. It worth mentioning that the solutions 
coincide with Olson (1977).
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3.2 Multiple ramp load

Embankments are typical examples of multiple ramp 
load constructions. The loading rate and the time interval 
between load sequences vary. The final load is achieved 
after n ramp loads intercalated with n − 1 pause periods. 
The end of construction corresponds to the n-th pause period. 
As illustrated in Figure 2, each ramp load may have a different 
inclination αi, with i varing from 1 to n.

Assuming that the Time Factor at the beginning of a 
ramp load is defined as T2i−2, and T2i−1 is the corresponding 
value at its end (or at the beginning of a pause period), the 
derivative f(T) of the loading function q(T) can be expressed as:

( ) ( ) ( )2 2 2 1
1

n

i i i i
i

f T T T T Tα α− −
=

= − − −∑    (23)

Where the Heaviside function ( )  yields zero or one, 
depending on the argument be negative or positive.

For simplification, it is beneficial to consider that the 
n-th pause period is still part of the construction, and the end 
of construction occurs at Tc = T2n → ∞. It is an equivalent 
configuration that allows using only one equation for the 
average degree of consolidation instead of two, since g(T) 
is no longer needed.

Thus, the average degree of consolidation is:
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2 2
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1 e
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  − − −      = −   
    − −    

∑ ∑



 (24)

For n = 1, Equation 24 coincides with Olson (1977) solution 
during and after construction. In this scenario, T1 = Tc and 
αi = c

c

q
T

. For n > 1, it coincides with Olson (1977) proposition 

of adding the solutions for each ramp load.

3.3 Other single load functions

In some geotechnical problems, like embankments built 
at a given rate, loading sequences can be better reproduced 
by non-linear loads, depending on the speed of construction. 
Jimenez et al. (2009) studied parabolic loading for vertical 
and radial consolidation combined. Qin et al. (2010) studied 
exponential loading for unsaturated soil.

In the case of a quadratic function (parabola), the 
loading is given by

( ) 2
2
c

c

q
q T T

T
=  (25)

Now the rate of loading is no longer constant, since 

f(T) = 2
2 c

c

q
T

T, and the shifted function is f(T) = 2
2 c

c

q
T

(T + Tc). 

Combining Equation 21 to Equation 25, the average degree 
of consolidation is expressed by:

( )
22

2
2 2 6

0

1 4' 1 M T
c

c c m

TU T T M T e
T T M

∞
−

=

   ≤ = − − +     ∑
 (26)

( ) ( ) ( )2 22
2 6

0

1 4' 1 1 cM T T M T
c c

c m

U T T M T e e
T M

∞
− − −

=

   > = − − +     ∑

If the loading is better reproduced in the form of a sinusoidal 
function until the end of the construction, that load can be 
represented by:

( ) sin
2c

c
q T q T

T
π 

=  
 

 (27)

The rate of loading is therefore f(T) = cos
2 2c

c c
q T

T T
π π 

 
 

 

and the shifted function is g(T) = sin
2 2c

c c
q T

T T
π π 

−  
 

. 

Substituting these equations into Equation 21, the solution 
for U’ is given by:

( )

2

2
0 4

2

2' sin
2 2

2

1 sin cos
2 2 2

c
c c m

c

M T

c c c

U T T T
T T

M
T

T T e
T T TM

π π

π

π π π

∞

=

−

 
≤ = − 

   
+  

 
    

+ −    
     

∑

 (28)

( ) ( )2 2

2 2
0 4

2 1' 1
2 2

2

cM T T M T
c

c cm

c

U T T e e
T TM

M
T

π π

π

∞
− − −

=

 
> = − − 

  
+  

 

∑

Figure 2. Construction sequence with n = 5 ramp loads.
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In the case of exponential load function, the load expression is:

( ) ( )1
1 c

Tc
T

q
q T e

e
β

β
−

−
= −

−
 (29)

For this loading condition, the average degree of consolidation 
is expressed by:

( )
2

2 2
0

1 2 1'
1 1c c

T
T M T

c T T
m

eU T T e e
M Me e

β
β

β β
β

β

∞−
− −

− −
=

   −    ≤ = − −          −− −    
∑

 (30)

( ) ( )2 2

2 2
0

2 1' 1
1

c c

c

M T T T M T
c T

m

U T T e e
M Me

β
β

β
β

∞
− − − −

−
=

    > = − −      −−   
∑

Equation 29 is able to reproduce other loading conditions. 
At the upper limit (β → ∞), the equation is equivalent to an 
instantaneous load applied at T = 0. On the other hand, if 
β → −∞ the equivalence occurs as if the instantaneous load 
was applied at cT T= . If 0β → ., the equation reproduces a 
ramp load.

Figure 3 compares the average degree of consolidation 
versus Time Factor for different loading conditions. The end 
of construction was set at Tc = 0.126 for all non-instantaneous 
loads. The exponential function was analyzed for β = 40 and 
β = −40 (Equation 29).

In the upper part of Figure 3, the time-dependent loads 
are shown. Exponential (β = 40) and sinusoidal loading indicate 
higher speed at the beginning of construction. Exponential 
(β = −40) and parabolic loading indicate higher speed at 

the end of construction. The results showed consistency: 
the greater the rate of loading the faster the consolidation.

The influence of the construction sequence on the degree 
of consolidation decreases with time. However, during the 
construction period, there is a significant difference among 
the curves. In the comparison shown in Figure 3, the absolute 
difference between the average degrees of consolidation 
of both exponential loadings at the end of construction is 
around 20%.

3.4 Haversine repeated load

Several geotechnical engineering phenomena can produce 
repeated or cyclic loading, such as vehicular traffic, wind 
waves, sea waves, etc. (Mitchell, 1993). Huang (1993) studied 
the influence of the wheel load on highways and airports and 
proposed the use of a haversine repeated loading given by:

( ) 2sincq T q Tπ
τ

 =  
 

 (31)

Equation 31 assumes that the loading-unloading sequence 
does not reach an end; that is, the “end of construction” is 
at infinity. Thus, qc should now be interpreted as the load 
amplitude, and the excess pore pressure can only be calculated 
for T ≤ Tc. Since the derivative of q(T) is f(T) 2sincq Tπ π

τ τ
 =  
 

, 
the excess pore pressure (Equation 19) is solved and agrees 
with Razouki et al. (2013) solution:

( )

2

2

2
50

2

2

' sin
2

2 2cos sin
2

z c
dm

M T

Mzu T q
H

M M

Me T T

π
τ

π
τ

π π
πτ τ
τ

∞

=

−

        =       +    
 
     − +        

    

∑
 (32)

Results for τ = 0.15 are presented in Figure 4. The upper 
part shows the time-dependent load. The lower part compares 
the analytical solution, obtained by the present method and 
by Razouki et al. (2013), with Razouki & Schanz (2011) 
numerical solution.

3.5 Damped cyclic load

The damped cyclic load may be generated by an 
instantaneous load that causes a damped oscillation of the 
applied stress. As shown in Figure 5, the waves have higher 
amplitude at the beginning, and converge to a residual load 
after some oscillations.

This loading condition can be represented by a product 
of functions, such as:

Figure 3. Consolidation curves for parabolic, sinusoidal, exponential, 
instantaneous and linear loading.
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( ) 1 sinT
cq T q e Tβ π

τ
−  = +  

  
 (33)

Since there is load being applied instantaneously, it is convenient 
to separate the function into two parts: i) instantaneous and 
ii) time-dependent. The instantaneous load is governed by 
classical theory, while the time-dependent load is obtained by 
the method herein proposed. In this case, the time-dependent 
function is given by:

( ) sinT
cq T q e Tβ π

τ
−  =   

  
  (34)

Similar to the previous example, the solution is only needed 
for T ≤ Tc. Combining Equation 34 with Equation 19, the 
time dependent solution is given by:

( ) 2

0

' 2 sin cos sinz T T M T

c dm

u T Mz Xe T Ye T Xe
q M H

β βπ π
τ τ

∞
− − −

=

      = + −      
     

∑  (35)

And the final solution, combined with the classical theory 
(Terzaghi & Fröhlich, 1936) to include the instantaneous 
load part, is expressed by:

( ) ( )
2

0

' 2 sin cos sin 1z T T M T

c dm

u T Mz Xe T Ye T X e
q M H

β βπ π
τ τ

∞
− − −

=

      = + + −      
     

∑  (36)

Where:

2

2
2 2 42

M
X

M M

π
τ

πβ β
τ

 
 
 =

 + − + 
 

 (37)2
2 2

2
2 2 42

M
Y

M M

πβ β
τ

πβ β
τ

 + − 
 =

 + − + 
 

The solution was applied to a hypothetical example, 
consisting of a damped cyclic load on a single drainage clay 
deposit. The parameters of this cyclic loading (Equation (34)) 
are β = 1.8 and τ = 0.1. Figure 5 shows the normalized excess 
pore pressure (u’z/qc) at the bottom of the clay deposit (z = H). 
As expected, the excess pore pressure tends to hover around 
Terzaghi & Fröhlich (1936) solution over time (Equation 1).

A numerical finite difference solution was developed to 
solve the governing differential equation, in order to verify 
the behavior of the consolidation process. The thickness 
was divided so that each subdivision measured 0.005. 
A dimensionless time interval of 0.05 was adopted. It can 
be seen in Figure 5 that there is a great agreement between 
analytical (Equation 36) and numerical solution.

Figure 4. Normalized excess pore pressure versus time factor for the 
Haversine repeated load [adapted from Razouki & Schanz (2011)].

Figure 5. Variation of excess pore pressure due to a damped cyclic 
loading.
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It can be noticed that the excess pore pressure eventually 
becomes negative due to the loading-unloading sequence. 
Negative excess pore pressure is a common issue in cyclic 
loading cases (Razouki & Schanz, 2011). That phenomenon is 
controlled by β, so the smaller the β value, the more negative 
the excess pore pressure during the unloading phases.

4. Case study

Nascimento (2016) describes a case of an instrumented 
experimental embankment built on soft soil in Macaé, Rio de 
Janeiro. The clay layer is 7.85 meters thick, double-drained, 
and laboratory tests provided a coefficient of consolidation 
of 10-7 m2/s.

The embankment reached a final height of 3.1 m in about 
1 month. For the present study, the construction sequence 
was approximated to an exponential (Equation 29) with 
β = 80, as shown in the upper part of Figure 6. Nascimento 
(2016) estimated an immediate settlement of 0.15 m, and a 
primary settlement of 2.16 m.

The settlement estimate was compared with the 
readings of settlement plates, in the lower part of Figure 6. 
Immediate settlement was distributed over the construction 
period in proportion to the calculated embankment height. 
The results show a good approximation between settlement 
estimate and plate readings.

5. Conclusions

This study presented a closed-form consolidation 
solution for a time-dependent loading function. Two sets 
of equations were established to determine the excess pore 
pressure and the average degree of consolidation during 
construction and after construction.

The method is easy to apply and does not require the 
development of any differential equation. Solutions for single 
load functions (linear, parabolic, sinusoidal and exponential) 
and cyclic loads (haversine and damped) were presented. 
Results were consistent with the physical consolidation 
phenomena and agreed with some known analytical solutions 
and also with a numerical solution.

A case study with an approximately exponential 
construction sequence was analyzed. A comparison between 
the settlement plate readings and the solution proposed in 
the present paper was made, with good results.
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List of symbols

cv coefficient of consolidation
f rate of loading function
g shifted rate of loading function
i index
m count parameter

Figure 6. Settlement prediction for Macaé clay (Nascimento, 2016) 
with a construction sequence approximated to an exponential.
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n number of ramp loads
q load function
qc total load
s Laplace parameter
t time
uz excess pore pressure for instantaneous loading
u’z excess pore pressure for time-dependent loading
z depth
F Laplace transform of f
G Laplace transform of g
H total thickness of the clay layer
Hd maximum length of drainage path
M count parameter
T time factor
Ta time factor before the end of construction
Tb time factor after the end of construction
Tc time factor at the end of construction
U average degree of consolidation for instantaneous 

loading
U” average degree of consolidation for a time-dependent 

loading
Uz depth-variable degree of consolidation for instantaneous 

loading
U’z depth-variable degree of consolidation for a time-

dependent loading
α inclination of a ramp load
β fit parameter
Δσ total vertical stress increase
τ dimensionless half-period of a sinusoid function
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Appendix 1. Laplace Transform calculations.
The following equations were used during the development of the solutions presented in this study. The terms 

( )
2

F s
s M+

 and 
( )

2

G s
s M+

 are already rewritten as a sum of fractions.

▪ Ramp load

( ) ( ) c

c

q
f T g T

T
= =

 

(38)
( ) ( ) 1c

c

q
F s G s

T s
= =

( ) ( )
2 2 2 2

1 1 1c

c

F s G s q
T ss M s M M s M

 = = − + + + 

( ) ( ) ( )21 1
2 2 2

1 1 M Tc

c

F s G s q
e

Ts M s M M
− − −      = = −   

+ +      
 

▪ Multiple ramp loads

( ) ( ) ( )2 2 2 1
1

n

i i i i
i

f T T T T Tα α− −
=

= − − −∑  
 

(39)( ) ( ) ( )2 2 2 1
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exp expn
i i

i i
i

sT sT
F s

s s
α α− −

=

− −
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1

1 1 1 1exp exp
n

i
i i

i

F s
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α

− −
=
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( ) ( ){ } ( ) ( ){ } ( ){ }1 2 2
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1
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▪ Parabolic load

( ) 22 c

c

q
f T T

T
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(40)

( ) 2 2
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q
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.
( ) 2

2 2 4 2 2
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2 2 4
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s M T M
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

( ) 2 2
1 12 c

c
c

q
G s T

sT s
 = + 
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.

( ) 2
2 2 4 2 2 2 2

1 1 1 1 1 12 c c

c

G s q T
M
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▪ Sinusoidal load

( ) cos
2 2c

c c
f T q T
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▪ Exponential load
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▪ Haversine repeated load
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▪ Dumped cyclic load
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1. Introduction

For efficient cooling and heating of building’s indoor 
environments, SGES offers a clean, lower carbon emission 
and renewable source of energy. These systems work with 
ground source heat pumps (GSHP) that are responsible to 
exchange heat between the ground and the building. The first 
GSHP was documented in 1945 (Sanner, 2016) and was 
applied in buildings. Since then, this system typology has been 
implemented and strongly disseminated in several countries. 
The evident benefits of direct use of GSHP for space heating 
and cooling, bathing, fish farms, industry and others are 
found earlier than 1995 (Freeston, 1996). The exploration of 
the energy of the surface ground layers has been increasing 
day by day due to its effectiveness and alternative source of 
energy for reducing the dependence on fossil energy as well 
as the building’s decarbonization. The use of SGES in urban 
areas has resulted in an unprecedented boost of 9% market 
growth during the last decade (García-Gil et al., 2020).

The demand of energy for building heating and cooling 
has increased expeditiously and is expected to share the 
global energy consumption by 40% and about 30% of the 

share of total global carbon emission (Hughes et al., 2011; 
Yang et al., 2014). By the end of 2020, EU was motivated to 
achieve 20% of the final energy consumption from renewable 
sources for the building sector (Witte et al., 2002). Most of 
the European Union (EU) partners have achieved the target. 
By the end of 2030, the EU countries have agreed to the aim 
of attaining at least a 32% share of renewable energy in total 
energy consumption (EGEC, 2022).

Figure 1 illustrates the publication trend on SGES 
for heating and cooling purposes of the buildings per year 
published in the platform ScienceDirect. This shows that the 
published research papers on SGES started in 1995, began 
to grow visibly only after 2008 and experienced exponential 
growth after 2010 and nowadays the same tendency still flows.

Figure 2 shows the research on SGES by ten different 
countries published in ScienceDirect. These countries are among 
the top ten most involved in research on SGES according to 
their publications on the ScienceDirect platform. China is in 
the lead of the race for the research on SGES as well as the 
United States, followed by some European countries, that 
have also shown promising developments, namely the United 
Kingdom (Figueiredo et al., 2019). Until 2030 the EU has 
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set targets that newly built buildings should use very little 
conventional energy supply and that the building should be 
‘nearly Zero-Energy Building’ or ‘nZEB’ (Florence et al., 
2013). SGES may be one of the useful energy sources for 
reaching this target by fulfilling the heating and cooling 
energy demand of buildings on an urban scale (EGEC, 2022). 
However, some issues need to be overcome to speed up 
the development of SGES. Therefore, this paper intends to 
explore some barriers which might delay the promotion of 
shallow geothermal systems, to overcome these barriers and 
encourage the use of SGES which can play an important role 
to decarbonize carbon emissions from heating and cooling, 
currently using fossil fuels. Despite being a clean and mature 
technology that could be installed anywhere in the world, 
geothermal energy only covers around 2% of total renewable 
heating (EGEC, 2022). For example, in the case of China 
which has a huge potential for SGES (Zeng et al., 2021), 
only about 2.3% of the total potential has been explored to 
date (Wang et al., 2017).

The potential of using GSHP in Portugal is also 
significant, though the development of GSHP has not been 
found to a sufficient extent. Some pilot projects are started to 
install SGES like in Aveiro University where five buildings 

are currently equipped with GSHP. The implementation of 
GSHP in the district heating and cooling context is non-
existent in Portugal. However, new studies regarding the 
SGES applications are essential to explore and extend its 
application to the district level to cope with the increasing 
energy demand for heating and cooling of buildings in the 
country (Nunes et al., 2019).

Table 1 illustrates recent European shallow geothermal 
energy projects aiming to promote SGES. There are several 
projects actively involved on the promotion of SGES namely 
geo trainet, geo power group and ground med etc. Energy use 
in heating and cooling until 2020 covered by the renewable 
energy sector in the EU countries has reached about 23.1%, 
compared to 11.7% in 2004 (European Commission, 2022). 
Compared to other renewable energy sources, SGES is barely 
visible in the market despite being sustainable, reliable, stable 
with no dependence on weather conditions, available near 
buildings and a renewable source with several advantageous 
features in comparison to other renewable energy sources 
(IRENA, 2017). The CO2 emission from any system is a 
primary concern of the world now to reduce the consequences 
of global warming. By the use of SGES, there is evidence of 
a 33% to 88% of reduction of CO2 emissions in comparison 
to the acclimatization of buildings by conventional heating 
systems (Saner et al., 2010). In this sense, there is a need 
to eradicate these barriers and make this technology gain 
competitiveness. This review will help to contribute to identify 
barriers that affect the acceleration of the promotion of SGES 
and will try to analyse the issues mentioned by other authors.

2. Materials and methods

2.1 Research methodology

This systematic search followed a strategy to identify 
relevant papers on the subject under study. The goal of 
this review is to explore and enlighten the major obstacles 
related to SGES indicated by several authors. The search of 
the literature was focused on the major issues with SGES 
rather than the general issues. On February 2022, the search 
strategy was implemented considering two databases; Scopus 
and Web of Science (WoS) core collection. The search was 
based on the keywords (“Shallow Geothermal Energy” OR 
“Shallow Geothermal System” OR “Shallow Geothermal 
Energy System”) in all fields. The same searches were 
performed with Scopus and Web of science core collection 
databases in the Title, Abstract and Keyword fields. The result 
obtained were 542 and 191 respectively. The search was 
narrowed down by adding AND (barriers* OR issues* OR 
limitations* OR hurdles* OR challenges* OR constraints*) 
in the Title, Abstract and Keyword field in Scopus and 
Web of science core collection database. The (*) symbol 
is a wildcard which helps to increase the flexibility in the 
searches. This substitutes all possible characters searching 

Figure 1. The number of research on the trend of using SGES 
for heating or cooling purposes on buildings published per year 
in ScienceDirect.

Figure 2. illustrates the research on SGES by ten different countries 
published in ScienceDirect.
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for one or more entries. After constraints 66 and 26 papers 
were found respectively. Moreover, the search was limited 
to English language final versions, published in ISI journal, 
final version only, review articles and research articles 
excluding conference articles or proceedings. The subject 
areas of mathematics, economics, agriculture, physics and 
material science were excluded. This gave the result of 
29 in Scopus and 14 in the Web of science core collection. 
To maintain the quality of the review, all duplications 
were checked thoroughly using the excel command and 
12 duplications found were not considered.

2.2 Screening and inclusiveness

The carried-out review was focused on shallow 
geothermal energy systems and barriers to their promotion. 
Therefore, the screening of the paper was performed by 
checking the abstract of the articles thoroughly for the 
analysis and refining of the articles which helps to ensure 
the quality and relevance of academic literature. Only 

papers dealing with vertical and horizontal closed- loop 
shallow geothermal energy systems were selected excluding 
open-loop SGES and deep geothermal systems. In addition, 
papers trying to explore the various barriers of SGES on 
promotion were selected. Papers focused on the mechanism 
of heat pumps, thermal imbalance of soil, groundwater 
pumps, open well systems, groundwater temperature, 
climate change impact, design of energy piles and design 
of heat pumps, were also excluded. The framework for 
the identification, screening and excluding process is 
shown in Figure 3.

The papers included in the detailed review were 
24 from Scopus and Web of Science core collection. 
By assessing each article on the aforementioned inclusion 
and exclusion criteria, 7 papers were excluded. Hence, 
the review was completely confined to issues with SGES 
exploration for heating and cooling purposes. Particularly, 
while reviewing the papers, the focus was given to the 
identification of the barriers to SGES from a global to a 
regional perspective.

Table 1. Recent European shallow geothermal energy projects aiming to promote SGES.
Citation Project Aim Project activities

Geo Power 
Group (2022)

Geo.Power The project aimed to expand the knowledge and 
skills of SGES from the experienced market to 

the new market.

Replicating the knowledge and skills through 
training

GeoTrainet 
(2022)

Geotrainet Not sufficiently available appropriately skilled 
personnel (designers and installers) is one of the 
barriers to SGES promotion. The project started 

with a qualified training course for SGES 
designers and developers, with the objective of 
capacity building for skilled personnel and the 

development of a common certification scheme.

-European Geothermal Workshop, France/
The geothermal congress DGK, Germany/Geo 

Power Global Congress, Turkey-2015.
-Know RES geothermal career day, Germany/
Geo THERM, Germany/ International short 
course on step forward in SGES technology, 

France/-2016.
- Shallow Geothermal Energy Days, Belgium- 

2019.
-Test, Romania-2021

Ground Med 
(2022)

Ground-med This project aims to develop cost-effective and 
attainable for both heating and cooling. Already 

has been installed series of heat pumps in 
southern Europe.

- Different field tests of contemporary GSHP 
were carried out by Fraunhofer ISE.

-TERRA THERMA; To manage the residential 
temperature and terrestrial energy recovery 

using advanced Stirling heat pumps.
-Thermo Map; project helps to develop the map 
potential of very shallow geothermal energy in 

Europe.
-ASTECH; Provides upgraded Sustainable 

Technologies for Heating and Cooling 
Applications.

EGEC (2022) Re-Geo Cities

The project developed the campaign called 
“Heat Under Your Feet” for the information and 

promotion of ground source heat pumps. The 
aim is to increase awareness in European cities 
about SGES among policymakers and decision-

makers. This has proposed a set of simplified 
administrative procedures and an intelligence 

regulatory framework.

- With the motivation of promulgating 
information about GSHPs in EU, “The heat 

under your feet” is an ambition launched within 
the framework of the Re- Geo Cities project to 

promote their use-2015.
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3. Results and discussion

3.1 Definition of barriers in SGES

The term barrier refers to an obstacle or hindrance to 
progress. SGES are widely considered a highly potential 
renewable source of energy to cope with future heating and 
cooling demands which utilize and help to store heat beneath 
the ground and helps to reduce greenhouse gas emission in the 
building sector (Cherati & Ghasemi-Fare, 2021). As mentioned 
before, the progress on the rate of growth in the exploration 
of this useful energy source is not happening as expected 
(Tsagarakis, 2020). Any type of hurdles that arose for the 
progress of propagation of SGES are barriers that should 
be overcome. Technical, economical, legislative or public 
awareness are barriers all considered for the analysis, while the 
mechanical design and operation hurdles in its features are not.

3.2 Identified barriers in SGES

An in-depth review of the papers was performed, 
specifically focusing on the barriers of SGES. In this sense, 
six main barriers to the promotion of SGES were identified 

and are illustrated in Figure 4. A total of 13 papers dealing 
with the issue of less knowledge on soil thermal conductivity 
(STC) were found. While the second most discussed issue in 
literature was related to legislation with 12 papers dealing 
with this topic. The third main issue detected in the review 
was that of the initial investment cost, 8 papers dealt with it. 
Predominantly the papers were indicating the costly nature 
of system installation. Since SGES is a newer technology 
that evolved from other existing renewable energy in the 

Figure 3. Flow diagram for literature search and filtering research process.

Figure 4. Comparison of the publication numbers with identified 
barriers on consulted papers.
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market, public awareness was also found to be an issue 
of discussion. For instance, the technology is not familiar 
among energy consumers and even among technicians. 
The issue regarding public awareness raised by the authors 
was found in 7 papers. Papers dealing with an issue regarding 
subsurface structure were 4 and 3 papers dealt with land 
occupation. Whereas 3 papers were dealing with heating 
and cooling efficiency issues and the complex nature of the 
SGES issues. In summarizing, the majority of papers were 
raising the issue of little knowledge on the conductivity of 
underground materials, legislation and initial investment 
costs. In contrast, the least discussed issue was focused on 
the topic of land occupation and other issues.

3.2.1 Little knowledge on the thermal conductivity of 
underground materials

Issues related to little knowledge of STC where SGES 
are embedded are the most discussed by the authors in this 
review. A total of 26% of the reviewed papers highlighted 
the mentioned issue. Revision of the selected papers was 
done and extracted information on the main view of the 
authors about STC is presented in Table 2, which eases to 
compare the views of authors in mentioned issue. The ground 
thermal conductivity is an important site parameter (Cecinato 
& Salciarini, 2022) and one of the most influential factors 
for SGES design (Hoekstra et al., 2020b; Li et al., 2019; 
Ondreka et al., 2007). This physical property can be measured 
either by laboratory or in-situ tests (Witte et al., 2002). 
The high-energy performance of SGES is directly related to 
the ground thermal conductivity among other site-dependent 

factors (Cecinato & Salciarini, 2022; Cherati & Ghasemi-
Fare, 2021; Ondreka et al., 2007). According to Fourier’s 
law, thermal conductivity is the coefficient of proportionality 
between temperature gradient and the corresponding heat 
flux. It can be affected by factors like soil water content, 
density, composition and mineral properties (Nowamooz et al., 
2016). Hence, to determine the potential of the SGES, the 
ground thermal conductivity must be explored and carefully 
measured to assess its suitability of SGES (Cecinato & 
Salciarini, 2022; Cherati & Ghasemi-Fare, 2021; Tinti et al., 
2016). Quartz and Dolomite materials present a high thermal 
conductivity (Cetin et al., 2020; Tinti et al., 2016). This means 
that soils or rocks with a high percentage of those minerals 
have greater potential for higher heat extraction rates, which 
results in better thermal efficiency of SGES. On the other 
hand, marlstone and siltstones have relatively low thermal 
conductivity (Cetin et al., 2020; Tinti et al., 2016) hence, 
low potential for SGES. The thermal conductivity of rocks 
and soils also shows spatial variability (Janža et al., 2017).

Rocks classification beneath the ground (Tinti et al., 
2016) and the degree of saturation of soil (Vieira et al., 2019) 
determine the potential for heat extraction for SGES. Therefore, 
rock classification and degree of saturation might be different 
according to location and that would be the deciding factor 
for the design and implementation of SGES (Schelenz et al., 
2017). Stegnar et. al. (2019) studied the thermal conductivity 
of different rocks and soils by measuring average values 
collected from different boreholes.

Summing up, the difficulties in the characterization of 
the STC with different degrees of soil saturation and porosities 
create a barrier to the design and implementation of SGES 

Table 2. Main views expressed by authors on the issue with knowledge of STC.
Reference Views of authors on the issue with little knowledge on the conductivity of soil

Cecinato & Salciarini (2022) Soil conductivity is of predominant importance in SGES installation efficiency.
Hoekstra et al. (2020a) STC has huge influence in SGES potential.
Assouline et al. (2019) Measurement of soil thermal property should be determined before extracting heat from the ground.

Zeng et al. (2021) The heat transfer rate of SGES is unsatisfactory until the STC is determined properly.
Cherati & Ghasemi-Fare 

(2021)
To get energy from the earth for the long term, soil thermal properties are the most important 
parameter for determining the potential of shallow geothermal.

Stegnar et al. (2019) Among the several parameters, the main parameter governing SGES potential is the STC of the 
ground.

Li et al. (2019) Almost accurate measurement and estimation of STC are necessary for SGES design and 
implementation.

Tinti et al. (2018) There is a spatial and temporal variation in the ground temperature at shallow depths of the earth due 
to the different properties of the rocks and soils.

Janža et al. (2017) Efficient and sustainable extraction of ground heat requires proper knowledge of rock and soil types 
and their thermal characteristics.

Somogyi et al. (2017a) The SGES system must be designed by considering the properties of soil and its stratification 
beneath the surface.

Tinti et al. (2016) A regional variation in STC is mostly in wide intervals.
Ondreka et al. (2007) The potential of SGES is related to the rock’s classification beneath the ground and heat extraction 

mainly relies on underground STC.
Cetin et al. (2020) STC is a key parameter for the quantification of the energy efficiency of SGES.
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(Zhang et al., 2021). Aljundi et al. (2020) performed a series 
of thermal conductivity tests in a laboratory using a thermal 
needle probe under dry and saturation conditions. The result 
shows that the thermal conductivity was significantly higher 
in a fully saturated condition than in a dry condition. In the 
study developed by Aljundi et al. (2020), the field where the 
borehole heat exchanger installation takes place is composed 
of soil with variability in-depth, as well as water content 
and groundwater velocity. This variability cannot exactly 
be reproduced along the boreholes deep, and thus, leads to a 
high level of uncertainty on a small-scale. This is a barrier to 
the design of the SGES as well as a limitation of knowledge 
in the design phase. A proper evaluation of STC before the 
design of SGES is thus essential for a proper heat transfer 
analysis (Aljundi et al., 2020). Consequently, the lack of 
knowledge on the ground thermal properties where SGES will 
be embedded could be a barrier to the SGES implementation. 
To implement the SGES installation and its promotion, a 
thorough analysis of the ground thermal properties of the soil 
layers is necessary. The thermal properties of the soil depend 
on the different factors that made characterizing and mapping 
the GSHP potential all over the country a challenging task 
(Assouline et al., 2019).

3.2.2 Legislation

Figure 5 illustrates that the legislation was the second 
most discussed issue, among the most highlighted issues by 
the authors during the review. In this case, 24% of the total 
reviewed papers discussed the legislation issue in SGES. 
SGES has been studied and applied worldwide over the past 
20 years (Zeng et al., 2021), however, it is observed that the 
legislation issues were highlighted by papers published only 
after 2015 (see Figure 6). Zeng et. al. (2021) considered 
that beyond 2015 was a prosperous stage for the execution 
of SGES. From the literature, it was observed that 8% of 
the paper published in 2015, 2017 and 2018 discussed 
legislation barriers to SGES. Furthermore, the majority of 
papers published in 2019, 42% of them, mention this issue.

Table 3 shows that there is high diversity in the legislation 
governing the use of SGES. Haehnlein et. al. (2010) summarized 
several country’s laws concerning the use of SGES, which 
also shows the huge diversity of the laws among the nations. 
However, more recently the EU published seven directives 
regarding SGES to simplify and standardize the procedure 
among its members. Still, the issue persists because the 
national regulations are diversified. The issue of legislation 
persists as in many countries the administrative process 
for obtaining a license or permit to implement the SGES, 
should go through the approval of more than one department 
(Zeng et al., 2021). For instance, the complicated system 
of administration involved as the process goes through the 
department of land and resources, environmental protection, 
construction, municipal administration and power in China, 
resulting in a long time for the approval process.

On the other side, SGES are relatively new and evolving 
technology, thus, several countries are trying to improve 
their legislation procedures to ease the installation of SGES. 
Whereas some countries legislation makes no mention of 
SGES development (non-existence) (Tsagarakis et al., 2020; 
Zeng et al., 2021).

According to Tsagarakis et. al. (2020) failure to establish 
good guidelines, bringing homogeneity and simplification in 
the legislation for permitting SGES design and implementation 
are the key drivers that hinder the promotion of SGES. Changes 
in the legislation to licensing procedure eventually make the 
licensing process more complicated (Somogyi et al., 2017a).

Table 4 shows that most of the authors are highlighting 
that there are issues in legislation, legal framework, laws 
and regulations. The main views about legislation issues in 
several countries detected by the authors are highlighted.

There are uncertainties, versatilities, imperfections and 
the diverse nature of legislation, which hinders the propagation 
of SGES to meet expectations. Only one article was found that 
mentioned there are few constraints relating to the ground and 
subsurface laws and policies (Assouline et al., 2019). However, 
the study shows that many countries are evolving towards the 

Figure 5. Relative distribution of legislation issue on SGES in 
percentage. Figure 6. Temporal relative distribution of legislation issue on SGES.
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modifications of the legislative procedures to some extent for 
the promotion of SGES (Zeng et al., 2021). Moreover, some 
countries do not have regulations regarding SGES.

Legislation is a vital factor for the development of SGES, 
as it regulates, guides, promotes or hinders the total process 
from beginning to end. In most countries, the involvement 
of various authorities in the authorization process of SGES, 
for instance, geological and mining law, water authority, 
environmental agency, construction law, etc. makes the 
process very complicated, which might be a discouraging 
factor for the investor, designer and contractor. The lack 
of recommendations/technical standards for thermoactive 
geostructures in most countries is also a barrier to the use 
of SGES. A common regulatory framework among the 
countries and simple authorization procedures will surely 
help to overcome this barrier to the promotion of SGES.

3.2.3 Initial investment cost

Table 5 refers to the highlighted views of the authors 
from selected papers concerning the initial investment cost 

of SGES. Issues related to the initial investment cost were 
discussed in 16% of the selected papers. Cherati & Ghasemi-
Fare (2021) indicated in their paper that the price of fossil 
fuels in middle-east countries like Iran is very low as they 
have reservoirs of fossil fuels and therefore, they have very 
easy access to non-renewable energy.

The cost associated with the design and installation 
for the exploration of SGES is quite high compared to 
conventional energy in middle east countries. That leads 
to less concern for the government in its promotion and 
less public interest in it (Cherati & Ghasemi-Fare, 2021). 
Additionally, the issuance of SGES permits is expensive 
in some countries which made the initial investment cost 
of SGES higher than other energy sources (Hoekstra et al., 
2020a). Another aspect is related to the viability of drilling 
the boreholes for heat exchangers which depends on the 
hardness of the subsurface geological formations. This 
site-specific nature of the SGES brings uncertainties to the 
cost of the installation (Schelenz et al., 2017). Hence this 
may cause a proportionally high construction cost during 
implementation (Tsagarakis, 2020).

Table 3. Identification of legislation concerning the use of SGES among several countries.
Reference Country Laws concerning the use of SGES

Somogyi et al. (2017a) UK Groundwater investigation consent- Environmental Agency
Zeng et al. (2021) China National Energy Administration (NEA), Ministry of Finance (MOF), Ministry of Land and 

Resources (MLR) and Ministry of Housing and Urban-Rural Development (MOHURD)
Cetin et al. (2020) Turkey The national expert group on SGES, Annex-27, and Heat production from renewable 

energy has not been regulated.
Somogyi et al. (2017a) France Mining Authority, GWHP, Water authority, Environmental agency

Zeng et al. (2021) 
Somogyi et al. (2017a)

Sweden Normbrunn Guidelines, Geological Survey of Sweden (SGU) and Research Institute of 
Sweden (RISE), GWHP- Water operation permit, Local council

Zeng et al. (2021) 
Somogyi et al. (2017a)

Germany Geological Survey of the respective state, VDI 4640 guideline series, Water authority

Somogyi et al., 2017a) Italy According to provincial provision, (UNI 11466-68:2012) guidelines series
(Somogyi et al. (2017a) Spain Mining Authorities, Water Authorities

Ryżyński & Bogusz 
(2016)

Poland Geological and mining law, Construction law, Theoretically the existing law doesn’t 
prevent the use of SGES

Somogyi et al. (2017a), 
Tinti et al. (2016)

EU Directive 2009/28/EC (7 directives)

Tinti et al. (2016) Adriatic Area Do not fall within the laws directing SGES in most Adriatic countries

Table 4. Main views by authors on issues regarding legislation.
Reference Main views of authors on Issues with Legislation

Zeng et al. (2021) Incompetent laws and regulations (SGES without scientific planning and legal permits)
Somogyi et al. (2017a) Wavering nature of licensing procedure
Assouline et al. (2019) Coercion relating to the ground and subsurface laws and policies

Tinti et al. (2016) Uncertainties regarding the legal framework regulating
Ryżyński & Bogusz (2016) Lack of proper regulations isa major inhibiting factor for the use of this technology

Christodoulides et al. (2020) Lack of systematic design guidelines of SGES.
Cetin et al., 2020) Heat production from renewable energy has not been regulated.

García-Gil et al. (2015) The diverse international legal status for the use of SGES created an uncertain situation.
Cherati & Ghasemi-Fare (2021) Lack of detailed regulations on the exploration of SGES.
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As shown in Figure 7, the investment cost (capital investment) 
belongs to the cost of drilling, GSHP and other installations. 
Since the drilling cost of SGES is more than other associated 
costs for operation and management, the initial investment cost 
comes high (NEA, 2015; Ramos-Escudero et al., 2021). In the 
drilling process, is included cost of tubing as well as grouting and 
piping. In this sense, the cost can cover up to 60% of the total 
price of the system upfront (Gemelli et al., 2011). The reason 
behind the low impact of SGES in the renewable energy market 
is its relatively high initial investment cost (installation cost) 
which is the obstacle to SGES promotion (Müller et al., 2018).

Despite having low carbon emission and sustainable 
nature, exploration and utilisation of SGES are not enough 
as it has to be in several countries because of its high 
cost of installation and cost of a heat pump. Hence, this 
results in a non-substantial contribution to the reduction of 
greenhouse gas (Stegnar et al., 2019). A single SGES could 
be applied to double or multiple buildings, improving the 
energy efficiency of the group with lower installation costs 
associated (Tinti et al., 2016). On contrary, Assouline et al. 
(2019) mentioned that the SGES system has a low cost of 
installation and easy maintenance.

Table 5. Main views of authors regarding the initial investment cost of SGES.
Reference Main views of authors about the initial investment issue

Baralis & Barla (2021) The high initial investment cost is generally showing the shortcoming of the SGSES.
Zeng et al. (2021) The most notable difficulty in SGES promotion is the high initial investment cost with an 

average payback period of approximately 4.31 years (Cui et al., 2018) and capital price should be 
regulated lower to promote SGES.

Cherati & Ghasemi-Fare (2021) SGES system remains with high initial investment costs for example, drilling and installation 
costs. Which restricts the popularity of propagation of SGES.

Hoekstra et al. (2020a) Commencing costs emerge much higher in SGES in comparison to other renewable energy 
systems. For instance, the installation cost on average for hydropower is USD 1870/Kw, Bio-
energy is USD 2543/Kw and Geothermal is USD 4486/Kw in 2020 (IRENA, 2020).

Tsagarakis (2020) The soaring construction and operational cost of SGES during the enactment stage is due to its 
site-specific characteristics.

Assouline et al. (2019) On the contrary, the installation costs will be low with easy operation and maintenance costs that 
made SGES a manageable resource. Having soil on the shallow depth mostly at depths of 1–2 m 
with a high value of thermal conductivity, SGES installed in the uppermost 10 m of the ground, 
the cost will be low.

Stegnar et al. (2019) The cost of drilling for the vertical borehole and GSHP is quite high which hinders the 
propagation of SGES in the proper amounts.

Tinti et al. (2016) Hybrid solutions and buffer tanks of SGES can help to receive ideal economic issues. More than 
one building may be connected to the same geothermal system, thereby increasing buffer tank 
cost-effectiveness and lowering the installation cost.

Figure 7. The cost structure of geothermal heat generation, adapted from the source (NEA, 2015) National Energy Authority, amended 2014.
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The cost will be low where the highest value of thermal 
conductivity is found and very shallow geothermal installed 
in up to 10 m of the depth, and generally at depths of 1–2 m. 
Even though SGES has huge potential to meet the future 
demand for heating and cooling of buildings, it might not be 
affordable to every individual who wants to install SGES due 
to its high installation cost. The focus of future studies should 
take into account the need to reduce the initial investment 
cost and increase energy efficiency. The SGES should be 
designed in such a way by reducing as much as possible the 
initial investment cost and lowering the payback period to 
encourage investors and end users to its promotion.

Governmental subsidy policies for the installation 
of SGES may help to raise the willingness of individuals 
towards using SGES. The value added tax (VAT) and other 
associated tax reductions in the equipment purchase and 
fee reduction on the license would be a good option for the 
promotion of SGES (Tinti et al., 2016). The investment cost is 
one of the crucial parameters along with other environmental 
parameters to the investors, government and individuals 
for the decision-making process of SGES. Further research 
regarding the use of SGES in hybrid systems, in combination 
with other renewable energy sources like solar energy and 
bioenergy may improve the efficiency and sustainability of 
the systems. Additionally, the use of SGES through structural 
elements in contact with the ground, such as retaining 
walls, pile foundations and tunnel linings (thermoactive 
geostructures) can be used as heat exchangers (Cherati & 
Ghasemi-Fare, 2021). When this combination is observed 
(SGES integrated in the structural elements), the extra costs 
observed in boreholes for example, were minimized, helping 
not to burden extra costs for the construction of infrastructures 
related to these systems. Furthermore, Sterpi et al. (2020) 
referred that there are improvements in the heat exchange 
rate due to the introduction of thermoactive geostructures, 
turning the system more efficient by reducing both costs of 
installation and exploration. SGES have the potential to reduce 
65-85% of CO2 emissions when compared to other fossil fuel 
systems (Ahmed et al., 2022). The cost associated with the 

reduction of CO2 emissions by the use of SGES should be 
taken into account, that is a real concern of the world today 
(Hakkaki-Fard et al., 2015). The cost of CO2 emission is 
more than just a monetary value and should be taken into 
consideration for the sustainable design of SGES.

3.2.4 Public awareness

Public awareness was also identified in the selected 
papers as one of the major obstacles to the promotion 
of SGES. The retrieved information is in a table format 
highlighting the main view of the authors about the issues 
related to awareness (see Table 6).

Issues related to public awareness were raised in 15% 
of the reviewed papers. Although SGES is recognized as 
an emerging technology for building heating and cooling 
to reduce carbon emissions, the concept of SGES was 
introduced only in 1969 and propagated around Europe 
after the 1980s (Zeng et al., 2021). However, technology 
has begun to spread around the world at the beginning of 
the 21st century (Eugster & Rybach, 2000).

As the SGES system is new compared to other clean 
energy sources, the degree of acceptability by society is 
relatively low (European Commission, 2014). The majority 
of the population is still dependent on fossil fuels and the 
projected scarcity of this non-renewable energy is not 
realized by the people that create the detrimental effects of 
using conventional energy (Cherati & Ghasemi-Fare, 2021). 
Additionally, most governments also did not put much 
effort into publicity, to achieve public acceptance of SGES 
(Zeng et al., 2021). The social factors and stakeholders’ 
perceptions of SGES may affect the penetration of SGES 
widely (Tsagarakis, 2020). A small step towards legislation 
and procedural framework has been taken by some countries 
like Finland, Sweden and Germany (Tsagarakis et al., 2020). 
Besides that, the dissemination of information about SGES, 
its benefits and steps taken by governments for the promotion 
of SGES is essential for the fast development of SGES 
(Tsagarakis et al., 2020). According to Tinti et al. (2016), 

Table 6. presentation of main views of authors about the awareness issue.
Reference Main views of authors about awareness issue

Zeng et al. (2021) The degree of societal approval is low.
Cherati & Ghasemi-Fare, 2021) Society has not recognised the benefits of SGES due to a lack of awareness.

Hoekstra et al. (2020a) Still short of expertise to design, construct and maintain the system. Also having inadequate 
analytical tools and cost data to assess the techno-economic potential of SGES.

Tsagarakis (2020) Stakeholders’ awareness and societal rejection issues may affect the propagation of the sustainable 
energy sector.

Tsagarakis et al. (2020) To move forward on the effective development of SGES, an increase in awareness among the 
public and stakeholders is required.

Somogyi et al. (2017b) The definition of SGES is different according to country. An information-sharing network among 
the countries to establish a common legal framework is required.

Tinti et al. (2016) Training and up-skilling of technicians, contractors and engineers are necessary. The lack of 
specific knowledge and information about SGES is one of the hindrances to public acceptance.
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not only the local authorities but also the technicians and 
engineers who recommend the SGES to their clients should 
be trained and upskilled. The lack of specific information 
and knowledge on what SGES can offer is a major drawback 
for the exploration of SGES.

It is interesting to know that in some countries like 
in the middle-east ones, where the price of the fossil fuel 
is low enough and freely available, the main obstacle to 
SGES is the social rejection of the new technology (Cherati 
& Ghasemi-Fare, 2021). Thus, the government could not 
create a sufficient environment to understand the benefits 
of clean energy like SGES to the public.

Moreover, the lack of locally available expertise to 
design, install and maintain SGES might hinder the installation 
plan. A lack of local expertise creates an environment that 
should rely on external experts and designers (Tinti et al., 
2016). This may also create mistrust in the system when the 
system is not managed accurately. Pająk et al. (2016), also 
mentioned in their study that information campaigns are 
essential to increase awareness about the feasibility of SGES.

Though SGES is continuously available 24 hours 
per day, having enormous potential to provide reliable and 
sustainable energy for heating and cooling, this energy is not 
recognised by the public easily. For the geothermal sector, 
public perception and awareness about SGES is always a 
crucial element that the public is not as informed of what 
SGES has to contribute, compared to other renewable energy 
sources. Communication between the contractor, engineer, 
government, investor and public is paramount to obtain a 
good relationship among them to speed up the promotion of 
SGES. The governments should take the initiative to make 
people aware of the contribution of SGES to a sustainable 
environment. Awareness of the political decision-makers of 
this novel technology is also required (Goetzl et al., 2020).

3.2.5 Land availability

Only 6% of the reviewed papers addressed the land 
availability topic. However, land availability is a fundamental 
parameter that should be considered during SGES planning. 
In large and dense cities, where the value of land has rocketed 
high and limited free space is available, SGES with horizontal 
loop systems is undesirable (Tsagarakis, 2020), as they take 
significantly more space than SGES mainly composed of 
vertical borehole heat exchangers (Somogyi et al., 2017a).

The scarcity of land in the cities for the installation 
of SGES is a challenging task (Baralis & Barla, 2021) and 
must be taken into consideration. The land required for SGES 
installation varies according to the country’s legislation 
(Tsagarakis et al., 2020). The drilling and trenches excavation 
for SGES may have some limitations to the legislation 
provisions (Stegnar et al., 2019). For instance, Greek law 
states that the excavation of trenches should be 2m away 
from the neighbouring property line, 10m away from gas 
distribution pipelines and 5m away from water and sewerage 

lines (Tsagarakis et al., 2020). In turn, the Swiss standard 
recommends a minimum distance of 5m between energy 
piles to reduce the thermal interference among the energy 
piles and in consequence a variation of performance in terms 
of energy (Miglani et al., 2018). These types of provisions 
in the legislation demand a larger space requirement than 
the exact trench size.

Povilanskas et. al. (2013) mentioned that the landowner 
not only owns the land but also the space above and below 
the land in the city area that made the land expensive 
(Tsagarakis et al., 2020), which hinders the installation 
planning of SGES (Povilanskas et al., 2013). In horizontal 
loop systems, the pipes are laid horizontally at very shallow 
depths (1.5 to 2 m) because of the horizontal nature the space 
required is more than in other systems (Sarbu & Sebarchievici, 
2014). Zhong et. al (2022) examined the thermal interference 
between piles, in fact, the larger the spacing of the piles 
the more reduced the thermal interference, which results in 
better heat performance (Zhong et al., 2022). This means, the 
installation of vertical borehole energy piles also demands 
space for installation. In a highly dense city area where 
the space availability is very low, installation of vertical 
boreholes is also difficult.

For vertical borehole systems, the minimum land 
requirement is 20 m2 and for horizontal loop systems is 
150 m2 (FROnT, 2019). The land requirement might be affected 
by different factors like the geology of the land, demand 
for heat, the efficiency of heat pumps, etc. The extra land 
requirement for the installation can be reduced by installing 
a vertical borehole system within the foundation of the 
building during the construction of the building foundation. 
Accordingly, to overcome this barrier, combining energy 
piles with the structural elements of the infrastructures which 
are in connection with the ground like diaphragm walls, pile 
foundations and tunnel linings as a thermoactive geostructure 
help to reduce the extra land required for the construction of 
infrastructures related with SGES (Haehnlein et al., 2010).

3.2.6 Subsurface structures

One common barrier to the development of SGES is 
related to the unfamiliarity with the subsurface conditions 
(Hoekstra et al., 2020a). Issues related to subsurface structures 
were discussed in 6% of the reviewed papers. It is not easy 
to predict the situations beneath the ground (Pellegrini et al., 
2019) since the cities have developed various networks of 
services beneath the ground over the years. Subsurface 
structures create significant barriers to the planning of SGES 
which has a negative impact on the licensing or authorization 
phase (Pellegrini et al., 2019). This barrier persists during the 
design phase and monitoring period also (Tsagarakis et al., 
2020). The presence of a drinking water pipe network, sewer 
pipe network, and high voltage transmission system under 
the ground could be an important barrier to the drilling and 
installation of SGES. The different countries have their own 
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rule regarding the drilling distance from other structures or 
infrastructure (Somogyi et al., 2017a). Underground car 
parks, city metro lines and tunnel localization in the city area 
may affect the installation of vertical loop SGES (Ryżyński 
& Bogusz, 2016).

The presence of infrastructure networks and other 
structures present beneath the ground makes drilling 
difficult (Bertermann et al., 2018), which raises the cost of 
installation (Iba et al., 2018; Somogyi et al., 2017b). This 
affects the selection of SGES in that area. The process of 
subsurface data obtaining is often a difficult task that may 
create uncertainties about the exact subsurface geological 
conditions (Makasis et al., 2021).

3.2.7 Other barriers

The review identified that 4% of papers raised other issues 
which could potentially hinder the implementation of SGES 
like the complexity in application of the SGES (Tinti et al., 
2016; Zeng et al., 2021) and 2% of papers mentioned the 
heating cooling efficiency of the systems (Zeng et al., 2021). 
According to Tinti et al. (2016) when the building needs energy 
application is different between thermal zones (not in the whole 
building or floor), this will bring complexity as the SGES system 
should be connected to the centralised heating system. This 
could also be a hindrance factor to the propagation of SGES 
to a massive extent. Zeng et al. (2021) mentioned the issue 
of low heat transfer rate (low heating and cooling efficiency). 
The heating and cooling rates are sometimes unsatisfactory 
and should be optimised by combining with additional types 
of renewable energy systems.

In addition, the lack of knowledge on the long-term 
performance of SGES makes the investors and end users rethink 
the decision to invest. Continuous extraction of heat from the 
ground may cause the cooling of the ground and unexpected 
disturbances on the system with a negative effect on the sustainability 
of SGES (Miglani et al., 2018). As a consequence, the balance 
between the heating and the cooling building demands will be 
affected (Cunha & Bourne-Webb, 2022).

In the case of buildings or spaces with an unbalanced 
demand, the thermal behaviour of the ground affects more 
significantly the evolution in time of the whole building’s 
energy performance. This represents another key decision 
factor actuating as a barrier to the installation of SGES. 
Consequently, another hybrid system should be adopted 
to meet the unbalanced demand and influence the overall 
interest in using SGES due to the increased costs of having 
a hybrid system.

4. Conclusions

This paper presents the main barriers to the implementation 
of shallow geothermal energy systems (SGES) identified through 
a systematic review of scientific papers published in Scopus 
and Web of Science (WoS) core collection. The review of the 

literature concerns rigorous information regarding the barriers 
to shallow geothermal energy systems implementation. There 
are six main and some other general decelerating factors for the 
promotion of SGES identified. Almost all studies show that there 
is still a low rate of contribution of SGES in the renewable energy 
sector. However, it is recognized that there is a huge potential to 
extract heat from the ground to meet the growing demand for 
heating and cooling sustainably. In addition, the majority of the 
papers raised issues of the legislation as a barrier that needs to be 
solved. Standardization of the framework governing the SGES 
exploration is a common issue among nations. In the same way, 
the majority of papers mentioned the high initial investment 
cost for the installation of SGES, which is also an aspect of 
public concern. Moreover, issues with little knowledge of the 
thermal conductivity of underground materials, availability of 
land, subsurface structure and awareness of the public are the 
main hindrance factors to the promotion of SGES discussed in 
the papers. The focus on the identification of the barriers permits 
establishing and planning decisive action measures to overcome 
these hurdles and move forward and support the exploration of 
shallow geothermal energy systems.
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Ground improvement techniques applied to very soft clays: 
state of knowledge and recent advances
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1. Introduction

Soft soils may require the construction of an embankment 
in stages, which may lengthen the overall construction 
time excessively even when prefabricated vertical drains 
(PVD) are used to accelerate settlements (Almeida et al., 
2008). In the case of very soft soils, basal geosynthetic 
reinforcement and lateral berms may also be necessary in 
order to maintain stability.

A possible design constraint is that post-construction 
residual (secondary) settlements must be negligible. However, 

achieving this goal requires a greater embankment thickness 
so that secondary settlements occur in the form of primary 
settlements during construction.

Large fill volumes can make the technique of staged 
construction with PVDs and reinforcement unfeasible, especially 
in the case of very thick compressible layers. In order to 
overcome these issues, the embankment may be supported 
by column-like elements (Almeida & Marques, 2013) or 
the soft ground may be improved by cementitious binders 
(e.g., Lemos et al., 2020). The present article discusses these 
ground improvement techniques as carried out in Brazil over 
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the last decade by presenting representative field case studies, 
complemented by physical and numerical modeling studies. 
The topics covered by this paper reflect basically the work 
of researchers at COPPE-UFRJ, including collaborations 
with authors from other institutions. The article is an updated 
written version of the Keynote Lecture presented at the XVI 
PCSMGE 2019 (Almeida, 2019) which in turn was based 
on the 2015 Coulomb Lecture (Almeida, 2015).

2. Background

Very soft clay soils may be characterized by the number 
of blow counts, measured by the standard penetration test, NSPT 
lower than 2, undrained strength Su lower than 20 kPa, and 
point resistance qc lower than 1 MPa. These soils are found in 
many parts of the world as well as along the Brazilian coast 
where the case histories presented in this paper are located.

Data from sites located to the west of the city of Rio de 
Janeiro (Baroni & Almeida, 2017, 2022) is presented in the 
plasticity chart in Figure 1. This chart shows that the range 
of liquid limit wL and plasticity index PI values for these 
sites is far greater than those found in classic text books.

Figure 2 presents data from a stage-constructed 
embankment with PVDs, reinforcement and berms built on 
an extremely soft clay deposit located west of Rio de Janeiro 
City. The “as built” line shows that the embankment reached 
a total height of about 6 m with settlements of around 2.5 m 
over a period of 20 months. Therefore, the net embankment 
height is just over 3 m, even though 6 m of fill have been 
applied. As such large volumes of fill and long construction 
times are not always feasible in practice, other soft ground 
improvement techniques have been developed to overcome 
these issues

Figure 3 compares the normalized embankment stress 
q versus normalized δ settlement curves for the ground 
improvement techniques discussed in this paper, where Su 
is the average undrained clay strength, H is the embankment 
height, and 5 and 3 shown in the horizontal axis indicate 
limit state and serviceability state conditions respectively 
for the unreinforced embankment.

The curves presented in Figure 3 show that the 
efficiency of the ground treatment method increases (greater 
loads with less settlement) as its foundation is reinforced 
or becomes stiffer, either by column-like elements or by 
adding cementitious binders to the soft soil. As shown in 
Figure 3, the basal geosynthetic reinforcement procedure 
is often included in all column-like techniques as it allows 
better load transfer to the column, in addition to improving 
stability. The basal reinforcement is indicated by dashed 
lines under the embankments.

In the following sections of the paper the ground 
improvement techniques presented in Figure 3 are analyzed. 
First, the unreinforced embankment (UE) built on soft soil, 
associated with the use of vacuum preloading (vacuum 
consolidation) to accelerate settlements, is presented as the 

reference technique. Then, two techniques using granular 
columns are discussed: the stone column with vibro 
replacement (VSC), and the geosynthetic encased granular 
column (GEC), which includes a comparison between the 
GEC with a reinforced embankment (RE). The next section 

Figure 3. Normalized embankment stresses versus normalized 
settlements for different ground improvement techniques (adapted 
from Springman et al., 2012).

Figure 1. Plasticity chart data for 9 sites west of the city of Rio de 
Janeiro (Baroni &Almeida, 2017).

Figure 2. Stage-constructed embankment with PVDs, reinforcement 
and berms on an extremely soft soil (Almeida et al., 2008).
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describes the more efficient piled embankment method (PE), 
a column-like alternative in which piles may be driven or 
executed in situ by means of the deep soil mixing technique 
(DSM), which is also briefly explained. The last three sections 
of the paper elaborate on three ground improvement techniques 
that incorporate a cementitious binder, including shallow 
soil mixing (SSM), CPR grouting, and the aforementioned 
DSM technique.

An important parameter used in the paper is the 
settlement improvement factor β proposed by Priebe (1995) 
for the design of granular stone columns executed by vibro 
substitution. The parameter β is defined by the ratio between 
the unimproved soil settlement Δh and the settlements of the 
soil-column system Δhc.

c

h
h

β ∆
=

∆
 (1)

The concept of settlement improvement factor, is 
expanded here to be applied to other ground improvement 
techniques as well and results will be summarized in a final 
section.

3. Vacuum preloading

The vacuum consolidation technique for soft soil 
improvement, although idealized by Kjellman (1952) in the 
1950s, was used more broadly worldwide only in the 1980s to 
enable preloading in compressible soils. The method involves 
applying a vacuum to a clay deposit by means of a pumping 
system in association with grids of drains. Its application 
reduces pore pressure related to the atmospheric pressure 
(≈100 kPa), promoting radial flow, increasing effective stress 
and accelerating settlement over time.

3.1 Membrane and drain-to-drain techniques

The vacuum consolidation technique was first designed 
with an airtight membrane and later without the membrane, 
in a system called drain-to-drain method (Figure 4).

In the vacuum system with membrane, water and air 
are pumped inside a pump container where pressure is close 
to -1 atm (Figure 4a). The vacuum pressure is applied to 
the horizontal drains and the sand layer (encapsulated by 
an impervious membrane) and thus at the top of vertical 
drains (PVDs). The membrane is stretched until it reaches 
the water table inside the peripheral trench, thus confining 
the vacuum inside the soil mass (Marques & Leroueil, 2015). 
The vacuum is usually measured under the membrane and 
during vacuum preloading, a conventional embankment can 
be built to accelerate settlements after the air-tightness of 
the membrane has been confirmed.

Drain-to-drain vacuum preloading consists of applying 
suction inside the soft soil layer by PVDs linked to a pump 
system by airtight collector tubes (Figure 4b) (Freitas, 2021; 

Cardoso, 2021). In this case, the collectors are installed in 
lieu of the membrane and horizontal drains, and the PVDs are 
connected to the collectors as shown in detail in Figure 4c. 
A conventional fill can be carefully constructed above the 
connectors and collector tubes after the air-tightness of the 
system has been checked.

Both methods have advantages and disadvantages: 
the main disadvantage of vacuum system with membrane 
is in case of sandy layer inside the soft soil deposit, which 
would lower the efficiency, and for the drain-to-drain is the 
low efficiency usually observed in field.

The number of pumps used for vacuum preloading 
depends on the area size and site conditions, and drain 
spacing is designed to consolidate the clay deposit within 
a four- to six-month period. Once the proposed degree of 
consolidation has been achieved, the pumping is stopped 
and the fill height can be increased to final grade, without 
pos-construction settlements.

The efficiency of the vacuum system with membrane is 
determined by the pressure applied to the deposit related to the 
atmospheric pressure of about 100 kPa. Thus, considering a 
system efficiency of 70 to 75%, the load applied by vacuum 
corresponds to a stress increase of about 70 - 75 kPa, 
approximately the load of a 4 m high embankment applied 
in a single step.

In the drain-to-drain system, when there is loss of 
suction, it is faster to repair a vacuum line due to damage, 
since the vertical drains are connected in lines independent 
of each other and the rest of the system continues to run 
without interruption. However, the main disadvantage of 
the drain-to-drain system is the connections, where leakage 
can occur. Also, during the consolidation process, excessive 
deformations can occur, so the horizontal pipes can suffer 
damage and interrupt the vacuum supply to the PVDs. 
Therefore, it is necessary to leave a slack in the length of 
the pipes.

Figure 4. Vacuum consolidation technique: (a) with membrane (b) 
drain-to-drain (membraneless) (c) detail of connectors in the drain 
to drain configuration (adapted from Freitas, 2021).
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While efficiency of a membrane system can be 70-
75% (Marques & Leroueil, 2015), the efficiency of the 
drain-to-drain method is lower. López-Acosta et al. (2019), 
when using pressure gauges at the end of the drain-to-drain 
line at a site in Mexico, reported a loss of vacuum along the 
horizontal pipes in the order of 30%, which is equivalent to 
40 to 50 kPa of pressure. The leakage associated with the 
drain-to-drain method is a well-known disadvantage.

New forms of vacuum application, such as the dehydration 
of fluid materials, have also been used in hydraulic landfills 
and/or soft soils on the seabed in offshore conditions (Harvey, 
1997).

3.2 Vacuum preloading test and horizontal 
displacements

A full-scale vacuum preloading test was performed for 
an embankment construction on a Canadian structured clay 
deposit at Saint-Roch-de-l’Achingan (Marques & Leroueil, 

2015) presented in Figure 5a. A plane strain finite element 
analysis was carried out (Almeida et al. 2021) in which the 
structured soft clay behavior was simulated with the S-CLAY1S 
constitutive model, but also with the Modified Cam-clay 
model. It is worth presenting in particular the numerical and 
measured results of horizontal displacements (see Figure 5b) 
for points B and C at inclinometer IA1. The numerical values 
ranged from 0.01 m to -0.04 m and field measurements 
indicated zero horizontal displacements. Therefore, numerical 
calculations and observed values of horizontal displacements 
are quite small and overall, in good agreement. The applied 
load was about 60% vacuum and 40% embankment loading 
which, according to the literature (Indraratna, 2010), results 
in negligible horizontal displacements, consistent with 
the present observed values. Settlements at the axis of the 
embankments were about 0.26 m stabilized around 5 months 
were in good agreement with numerical calculations using 
the S-CLAY1S model but were overpredicted by the Modified 
Cam-clay model.

Figure 5. (a) Saint-Roch-de-l’Achigan embankment test cross section and instrumentation. (Marques & Leroueil, 2015); (b) Variation 
over time for vacuum pressure, embankment thickness and horizontal displacements Ux (field and numerical values) at points B and C 
at inclinometer IA1 (Almeida et al. 2021).
Legend: SP = settlement plates; SG = tassometer; IA = inclinometer; UA = piezometer.
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3.3 Advantages and disadvantages of the vacuum 
preloading

The vacuum preloading technique is widely used 
worldwide and has shown excellent results when applied 
to the improvement of soft soils, in order to reach a shorter 
deadline, lower fill volumes, and smaller horizontal 
displacements (Choa, 1989; Qian et al., 1992; Jacob et al., 
1994; Rujikiatkamjorn et al., 2007; Marques & Leroueil, 
2015; Zheng et al., 2017; Chai et al., 2013; Almeida et al., 
2021). This section presents advantages and disadvantages 
of the vacuum preloading method applied to both membrane 
and drain-to-drain techniques.

The advantages of vacuum preloading when compared 
with a conventional embankment over soft soils are (Marques 
& Leroueil, 2015; López-Acosta et al., 2019):

• The applied vacuum load is unaffected by submersion, 
although the conventional fill associated with the 
vacuum system can be submerged, depending on 
settlement values;

• Earthwork volumes are lower: no berm or backfill 
material is required to provide preloading;

• Horizontal displacements are much smaller than those 
of a conventional fill, as exemplified in Figure 5b;

• Unlike traditional embankment loading, vacuum 
application does not cause rupture even when 
combined with embankment loading, although 
stability analysis should be carried out. Stress paths 
analyzed next complement this statement.

Effective stress paths (ESP) below conventional 
embankments are directly related to the location of the points 
in the clay foundation. For points under the embankment slope 
the ESP moves almost vertically towards the failure line as 

loading progresses (Marques & Leroueil, 2015). However, 
as the points approach the embankment centerline the ESP 
moves away from the failure line approaching the K0 line.

Stress paths at mid depth in the clay foundation are 
now assessed for the test embankment mentioned in Figure 5, 
a combination of vacuum and embankment loading, 60% 
and 40% of the total applied load respectively, as mentioned 
previously. Figure 6 shows the ESP in red lines (the numbers 
indicated refer to the loading stages) numerically calculated 
at two points located at mid depth in the clay foundation, 
point A located at the embankment centerline, and point B 
located under the embankment slope (Figure 6a). The p’-q 
plot in Figure 6b shows the yield curve for each point together 
with the critical state line and K0 line. The stress paths of 
both points, A and B, presented show that the two stress 
paths remained fairly close to the K0 line. Therefore, unlike 
traditional embankment loading, the ESPs when vacuum 
preloading is used are close to or below the K0 line, even for 
points away from the embankment centerline.

The disadvantages of vacuum preloading are:
• Vacuum requires pump maintenance and there is a 

high energy expenditure during the pumping period, 
thus is not suitable for small areas;

• Higher clogging of PVD with vacuum;
• Vacuum loss along the length of the drain, thus a 

lower consolidation with depth which can lead to 
high post-construction settlements;

• In cold regions pumping systems cannot be used under 
extremely low temperatures, unless the hydraulic 
system is protected against freezing;

• The membrane must be airtight and vacuum efficiency 
decreases in clay deposits with granular layers. In 

Figure 6. Numerical analysis: (a) FE mesh and points analyzed; (b) Stress paths at points A and B.
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addition, in the case of a high permeable layer at the 
surface, the membrane must reach greater depths;

• Vacuum pumping, when using a membrane system, 
increases the reference water level from the natural 
water table level to the level of the horizontal drains 
where the vacuum is applied. The case history shown 
in Figure 6 had a lower water table, and even though 
the pressure measured with the vacuum meter inside 
the sand layer was 80 kPa, the actual vacuum pressure 
installed in the clay layer was lower than the 80 
kPa measured by the piezometer, as pore pressure 
measurements showed (Marques & Leroueil, 2015).

3.4 Vacuum preloading in the city of Rio de Janeiro

The drain-to-drain vacuum preloading technique in 
conjunction with a physical embankment load was used for 
the first time in Rio de Janeiro city for a residential project 
on very soft soil (Freitas, 2021; Cardoso, 2021). The vacuum 
preloading system consisted of 24 pumps (VP-1 to 24), 
working nonstop for periods between 7.5 and 9.0 months, 

as shown in Figure 7. PVDs were installed in a triangular 
mesh pattern with 1.3 m spacing (Figure 8a) connected to 
pumps by a collector system (Figure 8b). The embankment 
thickness was in the range of 3.9 and 6.3 m, including the 
working platform (Figure 8c).

The site was composed of very soft organic dark gray 
clay, 8 to 15 m thick, with the occasional occurrence of shell 
fragments. The bulk weight of the clay (γ) varied between 
11.5 and 12.5 kN/m3 and the natural water content from 191 to 
242%. The soil grain size fraction was: 46% clay, 48% silt 
and 6% of fine sand and medium sand, resulting in a mean 
activity value of 2.89. The plasticity index was between 
103 and 174%, thus highly compressible organic silty clay.

Eighteen settlement plates were distributed across 
the 5 areas and yielded settlements between 1.0 and 2.5 m. 
Figure 9 shows settlements measured by settlement plate 
SP-03 compared with settlements curves calculated for 30 kPa 
and 70 kPa vacuum load. Although the vacuum pressure 
measured at the pumps was around 80 kPa, the measured 
settlements indicated that the actual applied vacuum pressure 
was closer to 30 kPa (Freitas, 2021; Cardoso, 2021).

Figure 7. Vacuum application layout and settlement plates location (Freitas, 2021).
Legend: VP = vacuum pumps; SP = settlement plates.

Figure 8. Drain-to-drain vacuum consolidation: (a) vertical drains and installation of collectors (b) pumps and collector tubes (c) detail 
of embankment construction over collectors and connections (Freitas, 2021).
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Data collected from electric piezometers did not exhibit 
the expected decrease with time in pore pressure due to 
application of the vacuum, to a maximum expected value of 
-70kPa. However, the increase of pore pressure was evident at 
each stage of embankment heightening, thus the piezometer 
was responding to changes in stress due to heightening.

The increase in effective stress calculated due to the 
increase in embankment height was around 90 kPa. However, 
piezocone tests carried out after the vacuum was turned off 
showed an increase of only 5 kPa of undrained strength in 
3 CPTus. This increase may be related to an increase in the 
effective stress of approximately 20 kPa, and more consistent 
with an applied vacuum pressure of close to 30 kPa.

Results from settlement plates, piezometers and CPTus 
showed that the effective stress increase due to vacuum 
was lower than 30kPa, thus a low efficiency at this site. 
The connections with the PVD’s and the horizontal pipes 
are the weak points in the vacuum system, where leakage 
can occur, thus it is imperative vacuum pressure monitoring 
in horizontal drain lines, at the end of the horizontal tubes, 
farthest from the vacuum pump. With this procedure, it is 
possible to make corrections to ensure maximum pressure, 
check the efficiency of the system and identify possible 
damage that could generate the loss of pressure along the 
line. Further field research to monitor pressures along the 
drain is needed to obtain the actual efficiency.

3.5 Final remarks

The main lessons learned about vacuum preloading were:
• The thickness of the working platform can be a 

decisive factor in terms of the embankment stability 
due to the low initial value of Su;

• The connections between the PVDs and the horizontal 
pipes can be the weak points in the drain-to-drain 
vacuum system, where leakage can occur, thus it is 
essential to monitor vacuum pressure in the horizontal 
drain lines at the end of the horizontal tubes, farthest 
from the vacuum pump.

4. Vibro substitution with stone columns 
(VSC)

Stone columns are used to increase bearing capacity, 
reduce settlements and increase the consolidation rate. 
Ground improvement with granular columns involves the 
replacement of 10% – 50% of compressible soil, by area, 
with a granular material such as gravel (crushed rock), or 
sand (FHWA, 1983).

4.1 Design methods

Due to its simplicity, Priebe’s (1995) method for 
stone column design is widely used to obtain the settlement 
improvement factor β (named no by Priebe, 1995). McCabe et al. 
(2009) reported good agreement between measured and 
computed values of β given by Priebe’s method, as illustrated 
in Figure 10. Studies carried out in Brazil are also included in 
Figure 10 (Lima, 2012; Sandroni, 2014; Saboya et. al, 2021; 
Riccio Filho et al.,2022), showing that, overall, the values 
are relatively close to the range of values obtained for other 
studies.

Another important parameter in ground improvement in 
general is the area replacement ratio (α) defined as the ratio 
between the area of a column Ac and its area of influence A:

cA
A

α =  (2)

where Ac = π⋅dc
2/4 is the cross-section area of a column; dc 

is the column diameter; A = s2 (for square mesh); s is the 
column spacing, or more generally, A = π⋅de

2/4; de is the 
diameter of the unit cell; de = 1.13.s (square mesh); or de 
= 1.05.s (triangular mesh, less often adopted). The column 
diameter dc is a direct function of the average value of the 
undrained strength of the soft clay (Besançon et al., 1984). 
The soft clay sites studied here have a typical value of 
undrained strength Su around 10 kPa, for which the column 
diameter dc is in the range of 0.90 m to 1.0 m.

Figure 9. Settlement values measured at SP03 and settlement 
predictions for vacuum of 30 kPa or 70 kPa.

Figure 10. Settlement reduction factor versus inverse of area 
replacement ratio (see McCabe et al., 2009 for the other case histories).
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The stability analysis of embankments built on vibro 
stone columns (VSC) is usually performed using composite 
ground parameters (Priebe, 1995), which include the strength 
and specific weight parameters of the soft clay and the 
granular column. Stability analysis of a test area with VSC 
are illustrated by Riccio Filho et al. (2022), and a summary 
of their results are presented below.

Among the several methodologies proposed to predict 
the settlement rate of an embankment on VSC, the approach 
presented by Han & Ye (2002) is the most widely used. 
However, consistent analysis may be also obtained using 
the simple Barron (1948) theory (Riccio Filho et al., 2022).

4.2 Brazilian studies on stone columns applications

The vibro-replacement technique was implemented 
in Brazil in the mid-2000s, with several additional projects 
carried out since then, some highlighted next.

4.2.1 Stockyard test area

The first study reported here is related to a test area 
executed at the TERNIUM stockyard located in Itaguaí, State 

of Rio de Janeiro (Almeida et al., 2014). The test area was 
configured in an 8 x 8 square mesh/grid, with 1.85 m spacing. 
The stone column diameter was 1.0 m (replacement ratio 
ac = 23%) and the length was 11.25 m, as shown in Figure 11.

The geotechnical profile is composed by a soft soil 
layer, about 6.0 m thick, a 2.6 m thick sand layer below, and 
another soft clays layer, about 3 m thick. The remaining soil 
profile consisted mainly of sand layers, quite often without 
continuity. Table 1 summarizes the parameters obtained from 
samples taken in the three clay layers.

Figure 11. Layout of the test area and instrumentation (Almeida et al., 2014). 
Legend: S = Surface settlement point; EP = Earth pressure cell with integrated piezometer; EX = Extensometer; I = Inclinometer; P = Piezometer.

Table 1. Soil parameter values for clay layers 1 to 3 (Almeida et al., 
2014).

Parameters Layer 1 Layer 2* Layer 3*
Cc 1.59 1.07 1.00
Cs 0.27 0.13 0.12
e0 3.11 1.91 1.90

cv [m
2/s]×10-8 2.50 4.45 4.45

OCR 2.7 1.2 1.2
γ [kN/m3] 13.3 15.5 15.5

ϕ’ [degrees] 25.0 25.0 25.0
*Data from Marques et al. (2008). Cc = compression index; Cs = swelling index; 
e0 = initial void ratio; cv = coefficient of consolidation; OCR = overconsolidation 
ratio, γ = soil init weight; ϕ’ = friction angle
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The field instrumentation (Figure 11) included eleven 
settlement plates (S), two inclinometers (IN), nine vibrating 
wire piezometers (PZ) and four horizontal stress cells (EP).

Two- and three-dimensional finite element analyses 
were carried out (Roza, 2012; Almeida et al., 2014), in 
which the soft soil layers were simulated with a Cam-Clay 
type model, and the Mohr Coulomb model was used for 
the other layers. A study was performed to assess the earth 
pressure coefficient after stone column installation, K*, and 
the best fit between numerical results and field measurements. 
was provided using K* = 1.25, which is close to the values 
presented in the literature (Almeida et al., 2014).

The results of the 2D analysis (FEM 2D) presented 
for comparison with field measurements are the vertical 
displacements (inside and outside the loaded area) and 
horizontal displacements, at Inclinometer I2, (Figure 12), 
excess pore-pressure (Figure 13) and horizontal stresses 
(Figure 14). Differences between numerical predictions and 
measurements of the vertical and horizontal displacements 
increased after the 22nd day, when the limit state condition 

was observed, close to failure, which was not adequately 
modelled in the numerical analyses (Almeida et al. 2014).

4.2.2 Ore piles in the stockyard area

Based on the good results of the test area, further 
numerical analyses were performed for the ore piles in the 
stockyard in which the area replacement ratio was 16% 
(Lima et al., 2019). Figure 15 presents the instrumentation 
installed at the section of study in the Stockyard, with two 
horizontal profilometer gauges (HPG), eight settlement sensors 
(SS) and piezometers (PZ), and the geotechnical profile.

Figure 16 shows the settlements measured by the 
SS-N3 (northern part) and the northern HPG, together with 
results of 2D finite element analysis (FE). The average vertical 
stresses applied by the northern stack of pellets of ore are 
also plotted. The results show that the numerical analysis 
provided a good prediction of the settlement measured by 
settlement sensors and the profilometer. The same constitutive 
models and soil parameters from the test area were used in 
the stockyard.

Figure 12. Vertical (a) and horizontal – Inclinometer I2 (b) displacements at instrumentation (Almeida et al., 2014).

Figure 13. Excess pore-pressure (Almeida et al., 2014).

Figure 14. Horizontal stress (Almeida et al., 2014).
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4.2.3 Sewage plant test embankment

An embankment at a sewage treatment plant, located in 
the city of São Gonçalo, state of Rio de Janeiro, was supported 
by VSCs with a low area replacement ratio, equal to 7.5% 
(dc = 0.90 m s = 2.90 m). Riccio Filho et al. (2022) presented 
results of monitoring and numerical studies of a 5.35 m 
high test embankment built on a mesh of ten-by-ten stone 
columns (VSC) built at the site. Analytical and axisymmetric 
unit cell finite element analyses were compared to the 
instrumentation data. The measured settlement-time curves 
were compatible with finite element analysis and favorable 
regarding settlement values and improvement factors, using 
the Priebe (1995) method. The low area replacement ratio 
used was quite effective in reducing the time for settlement 
stabilization and in providing adequate short-term stability 
against failure. The improvement factor (β) was equal to 
1.43, when comparing the calculated settlement without 
treatment (2.05 m) to long term settlements after treatment 
with VSCs (1.43 m). Comparison of measured settlements and 
predictions from finite element analysis is shown in Figure 17. 
The settlements were measured with three settlement plates 
(S1, S5 and S6) placed over the top of the columns.

Limit equilibrium stability analyses for the end of 
construction condition were performed for the conditions 

of treated and untreated clay foundations. The hypotheses 
regarding the foundation strength and the computed values 
of the factors of safety (Morgenstern-Price method) are 
presented in Table 2. The results show that the VSC treatment 
was quite effective in satisfying the ultimate limit state 
condition for which the standard requirement is a factor of 
safety greater than 1.5.

4.3 Final remarks

Vibro-Replacement with Stone Columns are commonly 
recommended for soft clay deposits with undrained strength 
values greater than 15 kPa. However, the soft clays sites 
studied here, with a typical value of undrained strength Su 
around 10 kPa, showed quite good performance overall. 
Considering the limited number of studies of the application 
of VSC in soft soils with undrained strength values around 
10 kPa, these studies showed that finite element calculations 
may be a satisfactory design tool to complement analytical 
methods.

5. Granular encased columns (GEC)

Granular columns have been one of the most effective 
methods to improve load-bearing capacity, reduce deformations, 

Figure 15. Instrumentation positions in the studied section (dimensions in meter) (Lima et al., 2019).

Figure 16. Measured and predicted settlements versus time at 
northern stack (Lima et al., 2019).

Figure 17. Comparison between measured settlements and predictions 
from finite element analysis (Riccio Filho et al., 2022).
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and hasten consolidation of soft soil supporting embankments. 
When extremely soft soil exists, the lateral stress provided 
by the soft soil is not sufficient enough to prevent excessive 
bulging that may cause the granular columns tend to fail even 
under low embankment loading (Almeida et al., 2018b).

In such cases, using geosynthetic encasement could 
provide additional hoop stress to the granular columns, 
magnifying the load-capacity and reducing total deformations 
of the subsoil. In addition, the encasement acts as a barrier 
which prevents the aggregates clogging thus maintaining the 
radial drainage capacity of the granular columns. Raithel & 
Kempfert (2000) developed a widely used design method to 
calculate embankments on geosynthetic-encased column (GEC).

5.1 Test embankment

Despite of the available investigations on the performance 
of the GEC, there are limited studies where the field behavior 

of GEC-supporting embankment was reported. This section 
aims to provide further explorations on the behavior of 
embankment over GECs using measurements provided by 
instrumentations.

The test embankment was performed in the stockyard of 
Ternium Company located at Itaguaí, State of Rio de Janeiro. 
An extensive site investigation was carried out aiming to 
define the geotechnical properties of the layered subsoil, 
as shown in Figure 18. Accordingly, the soil profile was 
characterized by 10 m-thick soft clay improved by 36 GECs 
installed in a square pattern. The GECs were 11 m in length, 
0.8 m in diameter, and installed in center-to-center spacing of 
2.0 m producing an area replacement ratio ac equal to 12.5%. 
The encasement material was woven geotextile with a tensile 
stiffness and allowable tensile strength of 1750 kN/m and 
95 kN/m, respectively.

Figure 19 illustrates the embankment center line section 
with the position of the instrumentation as follows:

Table 2. Limit equilibrium stability analyses for the end of construction condition (Riccio Filho et al., 2022, adapted).
Condition Hypothesis regarding the foundation strength Factor of safety

untreated clay foundation corrected Su (Bjerrum, 1973) 0.90
treated clay column-clay composite foundation concept (Priebe, 1995) 2.27

Figure 18. Geotechnical properties of soft clay layers: (a) typical soil profile, (b) compressibility ratio (CR), (c) profile of undrained 
shear strength (Almeida et al., 2015).

Figure 19. Embankment side view and position of instruments (Almeida et al., 2015).
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• Three vibrating wire settlement sensors to measure 
settlement on top of the soft soil (SS1; SS2) and on 
top of the GEC (SS3);

• Three vibrating wire piezometers installed in soft 
soil at the depths of: 3 m (PZ1), 6 m (PZ2) and 8 m 
(PZ3), placed in the embankment centerline;

• Four total stress cells to measure the vertical stresses 
on the soft soil (CP1; CP3) and on the GEC (CP2; 
CP4);

• Three extensometers (EX) attached to the geotextile 
encasement to measure the geotextile hoop strain;

• Two inclinometers (IN) to measure distribution of lateral 
deformation of the soil beneath the embankment toe.

The fill was constructed using sinter feed materials 
placed in four layers including the consolidation intervals 
with the total height of 5.35 m. The fill materials had a total 
unit weight of about 28 kN/m3 thus equivalent to 150 kPa 
total vertical stress. The embankment was then left in place 
for 180 days while the measurements were continuously 
recorded.

5.2 Settlements and improvement factor

Figure 20 shows central plates settlements data on 
GEC and surrounding soil. Measurements are also compared 
with those predicted by finite element analyses using the 
axisymmetric unit cell approach. The soft soil and granular 
materials were modeled by Cam-clay and Mohr-Coulomb 
criteria, respectively. A good agreement is seen between 
measurement and numerical analysis which is also obtained 
for pore pressures in the clay and vertical stresses on the GEC 
and in between columns as presented by Hosseinpour et al. 
(2015).

The settlement improvement factor (β ), defined by 
the ratio of the settlement for un-improved to that for the 
GECs-improved ground, is compared with that available from 
the literature, as shown in Figure 21. The largest measured 
settlement shown in Figure 20 was used to compute the 
settlement reduction factor β  = 2.8 for the present field 
study (ac = 12.5% and J = 1750 kN/m), which, as seen in 
Figure 21 (open red circle), suitably falls within the range 
reported by the literature. The reference settlement in soil 
was 490mm for calculation of β. Figure 21 also shows the 
data of other two Brazilian test sites (Riccio Filho  et al, 
2022; Sandroni, 2014) on stone column without encasing 
(J = 0) mentioned in section 4. It is observed that these two 
case histories (blue and green circles) are within the overall 
range of VSC data (J = 0).

5.3 Stress concentration factor

Figure 22a shows vertical stress measured over the GEC 
and in between aligned columns. The stress concentration 
factor (n), defined as total vertical stress supported by GEC 
to that measured on surrounding soil, was also assessed. 

Almeida et al. (2013) showed that the stress concentration 
ranges between 2 and 3 for un-encased columns, but in cases 
without a working platform “n” can be as high as 10 for GEC. 
The low measured value of n = 2.3 might be attributed to 
the existence of a thick sand platform which may modify 
the stress distribution. The evolution of stress concentration 
factor shows that there is a reduction in the stress on soil 
due increase of stiffness in the soil. This increase is due the 
consolidation along time.

5.4 Effectiveness of GECs

In order to verify the effectiveness of GECs, the 
maximum settlement under the present test embankment 
(GEC1) is compared with that measured for a reinforced 
test embankment (RE1) on a soft clay with quite similar 
geometrical and geotechnical properties (Magnani et al., 2010).

5.4.1 Settlements

Figure 23 represents embankment settlement against 
corresponding total applied load for both GEC1 and RE1. 

Figure 20. Variation of settlement over the encased column and 
soft soil (Hosseinpour et al., 2015).

Figure 21. Settlement improvement factor for present test 
embankment compared with previous case histories (adapted from 
Almeida et al., 2018b).
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It is observed that the GECs cause a substantial reduction on 
the settlement. For instance, for a vertical applied stress of 
60 kPa the settlement under RE1 is 500 mm; however, this 
value reduces to about 100 mm for the GEC1. In addition, 
when settlement is 300 mm, the RE1 foundation supports a 
vertical stress of 50 kPa, but GEC1, instead, supports about 
120 kPa.

5.4.2 Horizontal displacements

The effectiveness of GECs on soil horizontal displacements 
is assessed in Figure 24. It is observed that, using GECs 
remarkably reduces the maximum horizontal deformation 
of the soft foundation. For example, when the total load 
is 60 kPa, the maximum magnitude for un-improved case 
(i.e. RE1) is about 400 mm, over 10 times greater than that 
measured for GEC1. Also, RE1 showed a global failure at 
the vertical load of 60 kPa with a computed safety factor 
of 1.098. However, the GEC1 did not show any increase 
in horizontal deformation, while the total applied load was 
2.5 times greater than RE1, with a computed factor of safety 
of 1.80.

The maximum horizontal deformation can be correlated 
with the maximum settlement under the embankment 
(Tavenas et al., 1979). As presented in Figure 25, for the 

GEC1 the horizontal deformation increased linearly with 
settlement resulting in a slope (DR) ranging from 0.16 to 
0.20, much smaller than DR = 0.42 for RE1. Based on 
measurements, unlike conventional embankments, the use 
of GECs resulted in quite lower values of DR, and in the 
present case, roughly constant during consolidation period.

Figure 22. Measurements by stress cells: (a) total vertical stress, (b) stress concentration factor (Hosseinpour et al., 2015).

Figure 23. Maximum settlement vs. vertical applied stress for 
reinforced embankment (RE1, Magnani et al., 2010) and improved 
(GEC1, Hosseinpour et al., 2016) foundations.

Figure 24. Maximum horizontal displacements vs. vertical applied 
stress for reinforced embankment (RTE, Magnani et al., 2010) and 
improved (PTE, Hosseinpour et al., 2016) foundations.

Figure 25. Embankment settlement vs. horizontal displacements for 
reinforced embankment (RE1, Magnani et al., 2010) and improved 
(GEC1, Hosseinpour et al., 2016) foundations.
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5.4.3 Excess pore pressure

Figure 26 shows the variation of the excess pore pressure 
together with the total vertical load for GEC1 and RE1. For both 
test embankments the excess pore pressures increased sharply 
following load application and then dissipated gradually during 
post-construction. Unlike the RE1, the maximum excess pore 
pressure is reduced significantly at GEC1, while the vertical 
applied stress was 2.5 times greater than that for RE1. In fact, 
the high degree of stress concentration on the top of the GECs 
leads to a reduced vertical stress on the clay. It can also be 
observed that the radial drainage offered by GEC resulted 
to a faster consolidation for GEC1 and then to a significant 
improvement in embankment stability during construction.

5.5 Final remarks

From the measurements provided by instrumentation 
the following outcome can be drawn from the field load test 
on geosynthetic enclosed columns:

• Measured settlement for the GEC and soft soil showed 
a rapid increase during the 65- day construction 
period, followed by a more gradual increase during 
the 6-month consolidation which indicated settlements 
almost stabilized.

• Compared to a conventional embankment, the 
embankment on GECs with 2.5 times greater vertical 
stresses showed significantly lower soil vertical and 
horizontal displacements, and yielded a much larger 
factor of safety against failure.

• For the GEC supported embankment, the ratio of 
maximum horizontal displacement to maximum 
settlement varied linearly in the range of 0.16 to 
0.2, which was relatively constant throughout the 
loading and consolidation stages.

6. Piled embankments (PE)

Geosynthetic-reinforced piles are commonly used for 
building structures on soft soils, as this method does not 

require waiting for the consolidation of the compressible layer. 
Furthermore, this technique uses lower volume of material 
than other solutions, resulting in a smaller environmental 
impact and, in general, fewer maintenance requirements.

This section summarizes the study of a physical centrifuge 
model, focusing on the geometric parameters covering the 
typical values used in Brazilian practice (Fagundes et al. 
2015, 2017; Almeida, 2019). It is worth mentioning that 
other preliminary studies, such as Blanc et al. (2013, 2014, 
2018), Hartmann et al. (2014), Pinto et al. (2014), Girout et al. 
(2016) and Almeida et al. (2018a), were very important to the 
development and conclusions about the behavior of centrifuge 
models of piled embankments. The centrifuge tests measured 
the force transferred to the piles, the embankment surface 
settlements and the maximum geosynthetic reinforcement 
deflections below the embankment.

6.1 Reinforced piled embankments

The load transfer mechanisms in reinforced piled 
embankments are shown in Figure 27a. The arching effect 
(part A) is defined as the load directly transferred to the 
piles. The remaining total load not transferred by the arching 
effect is the vertical stress applied to the subsoil and the 
basal geosynthetic reinforcement (part B + C) (Figure 27b). 
The geosynthetic reinforcement (GR) in tension allows the 
transference of the remainder of the load back to the piles. 
This mechanism is called the membrane effect (part B) and 
its magnitude depends on both the support provided by the 
soil reaction (part C) and on the GR stiffness.

All of these mechanisms are strictly dependent on the 
area ratio values α =π.d2/4s2, where d is the pile diameter, 
or the cap diameter if there is one, and s is the pile spacing 
(Figure 27c). The efficiency E is the ability of the embankment 
to transfer the load F to the piles, as defined by:

( )
 

²
FE

H q sg
=

+
 (4)

The studies presented here focused on a wide range of 
embankment heights H (1.0 m - 7.2 m), area ratios α in the 
range of 5% - 20%, two pile diameters, three pile spacing, 
and two values of tensile stiffness (J1 = 3.86 MN/m and 
J2 = 16.8 MN/m), as listed in Table 3.

6.2 Improvement of the load efficiency by reinforcing 
with geosynthetics

Figure 28 evaluates the influences of the geosynthetic 
and the GR stiffness on load efficiency. Figure 28a shows 

Figure 26. Excess pore pressure and total load vs. time for reinforced 
embankment (RE1, Magnani et al., 2010) and improved (GEC1, 
Hosseinpour et al., 2016) foundations.

Table 3. Centrifuge tests configurations.
Configuration s (m) d (m) α (%)

CF1 2.0 0.5 4.9
CF2 4.0 1.0 4.9
CF3 2.8 1.0 9.8
CF4 2.0 1.0 19.6
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the results of the centrifuge tests with configuration 1 and 
H = 3.2 m, where T3 was performed without GR, and the tests 
G3 and G4 used the GR J1 and J2, respectively. Figure 28b 
presents the differences in load efficiency for tests with 
and without geosynthetic, Eimpr=Emax

(with GR)- Emax
(without GR). 

In Figure 28b the Eimpr is plotted against the embankment 
height normalized by (s – d) for the configurations with the 
same diameter d and geosynthetic J1.

In Figure 28a, the value of the load efficiency E 
increased, reached a peak value, and then reached at a 
constant value, while the basal embankment settlement Δω 
increased continuously. For tests performed with GR, the 
Emax is approximately 100% and the Δω, at which Emax was 
reached, is the main difference between the tests. As Emax is 
reached, the vertical stress applied to the subsoil decreased to 
zero, i.e., no stress is applied to the soft soil. In other words, 
the geosynthetic is no longer in contact with the tray and the 
GR maximum deflection (zd) has been found, as indicated in 
Figure 28a. Values of zd increased with the increasing clear 
span between the piles (s – d) and the decrease of the GR 
tensile stiffness. The zd also increases slightly as H increases.

Results from Fagundes et al. (2015, 2017) are summarized 
in Figure 28b and show that the geosynthetic reinforcement 
always improves efficiency. The efficiency improvement 
Eimpr is evidently influenced by the clear span (s – d) and 
the embankment height H (Figure 28b). This improvement 
in efficiency increases for a larger clear span and a lower 
embankment height, i.e., when the arching mechanism is less 
effective: H < Hcrit. For the tests performed with the same 
configuration, it was observed that the influence of the GR 
stiffness on the Eimpr was negligible. However, as mentioned 
before, Emax was reached at lower basal settlements for tests 
with J2 (Figure 28a).

6.3 Analytical versus experimental results: 
geosynthetic deflection

The maximum deflection of the geosynthetic (zd) occurs 
when the loss of contact between the geosynthetic and the 
soil below takes place (part C is not present) and this value is 
achieved with the determination of Emax. This loss of contact 
occurs at the mid-point of the diagonal distance between two 

Figure 27. Piled embankments: (a) schematic representation of load transfer mechanisms, (b) distribution of the load parts B and C in 
the geosynthetic reinforcement, (c) definition of geometric configuration and unit cell (adapted from Fagundes et al., 2017).

Figure 28. Influence of the geosynthetic in the load efficiency: (a) differences in the load efficiency between tests conducted with and 
without geosynthetic, (b) efficiency improvement to different test configurations (adapted from Fagundes et al., 2017).
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piles zd (mid center between four piles). However, analytical 
methods calculate the deflection z longitudinally between 
piles. Fagundes et al. (2017) and Almeida et al. (2020) suggest 
adopting zd/z = √2, based on experimental and numerical 
models. Therefore, the procedure adopted in this study was 
to first obtain zd experimentally at Emax, thus z = zd/√2, which 
was then compared with values of z calculated analytically.

Figure 29 presents the comparative values of z, inferred 
experimentally, with analytical predictions of z using the two 
analytical methods: BS 8006 (BS, 2012) – Figure 29a and 
EBGEO (2011) – Figure 29b. A hashed trend line is included 
in Figure 29 and the agreement between the analytical methods 
and experimental values are quite good for BS 8006 (BS, 2012) 
and EBGEO (2011), but less satisfactory for CUR (2016). 
The BS 8006 (BS, 2012) guideline (Figure 29a) provides 
the best agreement with an under-prediction of around 1%, 
while EBGEO (2011) over-predicts experimental values by 
about 7%, on average (Figure 29b).

6.4 Experimental versus numerical results: differential 
settlement

The settlements at the embankment base and embankment 
surface are key factors in understanding the behavior of 

piled embankments. Figure 30 presents photographs of the 
embankment surface at the end of the tests without differential 
settlement (Figure 30a) and for a test of a low embankment 
where differential settlements were observed (Figure 30b). 
Figure 30c shows the differential settlement normalized by the 
basal embankment settlement (Δu/Δω) versus the normalized 
height of embankment by the clear span H/(s – d) for all pile 
configurations evaluated. The trend lines passing through the 
data points intercept the line of (Δu/Δω) = 0, which indicates 
the values of H/(s − d) (Figure 30c) corresponding to the 
critical height for each geometric configuration evaluated.

The commonly required serviceability state condition 
is zero differential surface settlement. It is important to 
point out that, in practice, the major problems related to the 
differential settlements are in the post-construction phase, 
however, part of the differential settlements also occur 
during the construction phase. Based on the results of this 
paper, to ensure that no differential settlement occurs on the 
embankment surface, a value of H/(s - d) greater than 2.1 is 
necessary, but this value depends on α (Figure 30c).

3D numerical modelling results (Almeida, 2019) were 
compared with experimental data (Fagundes et al., 2017), 
in order to validate the numerical model (Figure 31a). 
The vertical displacements in the numerical models with 

Figure 29. Comparison between the maximum deflection zd observed experimentally (from Emax) and predicted by analytical methods: 
(a) BS006 (2012) and (b) EBGEO (2011) (adapted from Almeida, 2019).

Figure 30. (a) and (b) Surface view of the embankment and (c) the (Δu/Δω) vs H/(s – d) for all configurations (adapted from Fagundes et al., 
2015, 2017).
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a CF3 configuration and different embankment heights are 
shown in Figure 31b, c and d.

The results obtained through numerical analyses and 
experimental results indicate that the differential settlement 
at the top of the embankment increases to a maximum 
point, followed by a constant value. The computed values 
of the differential settlements remain constant because the 
geosynthetic, after reaching its maximum deflection, sustains 
the entire embankment load, but the mobile plateau continues 
to move. A good agreement is generally seen between the 
experimental and numerical results.

The numerical and experimental results indicated that 
surface differential settlement decreased with an increase in 
embankment height and an increase in area ratio (or decrease 
in pile spacing). Thicker embankments showed negligible 
surface differential settlement Δu. The surface differential 
settlements were more dependent on the relationship 
between the clear span and the embankment height than on 
the presence of the GR. The stiffness of the reinforcement 
reduced the magnitude of Δu but did not affect the critical 
height (Hcrit). The stiffer reinforcement J2 leads to a greater 
reduction in Δu than in J1.

6.5 Analytical versus numerical results: tensile forces

3D numerical modeling (Almeida, 2019) was performed 
to compute the geosynthetic tensile forces not measured 

in the physical models, compared with values predicted 
by the European design guidelines. Figure 32 compares 
the maximum tension of the geosynthetic reinforcement 
obtained from both numerical and analytical methods. 
The geosynthetic was simulated with a linear elastic constitutive 
model. The anisotropic behavior of the J1 geosynthetic was 
modeled using the values of Jx = 4760 kN/m (Figure 32a) 
and Jy = 2960 kN/m (Figure 32a) for the secant stiffness for 
directions x and y, respectively.

Figure 32 shows both the numerical and analytical 
values, indicating that, as expected, the maximum tensile 
forces Tmax increase with increasing embankment height 
and decrease with the reduction in the clear span between 
piles. Analysis of the results of Tmax for the three analytical 
methods shows that the BS 8006 (BS, 2012) values of Tmax 
are higher than those obtained with EBGEO (2011); both of 
these yielded higher values than those obtained for both load 
hypotheses assumed in CUR 226 (CUR, 2016).

Comparison between numerical and analytical 
calculations show that for CF3 (Figure 32a and b), the values 
of Tmax computed with EBGEO (2011) and BS 8006 (BS, 
2012) are fairly close to the numerical results, although 
the EBGEO (2011) values are in better agreement. For the 
CF3 configuration, the CUR226 (2016)-uniform provides 
reasonable agreement where H = 1.0 and 5.0 m, but only 
for Jy (Figure 32b).

Figure 31. 3D View of the numerical model; vertical displacements to a CF3_J1 and different embankment heights.

Figure 32. Maximum tensile force of the geosynthetic as a function of the embankment height obtained with the numerical models and 
the analytical method: a) Jx = 4760 kN/m; b) Jy = 2960 kN/m (adapted from Almeida, 2019).
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6.6 Final remarks

The studies on piled embankments (PE) showed that 
the membrane effect, combined with soil arching, provides 
values of efficiency (regarding load transfer to the piles) close 
to 100% for most tests. The efficiency is influenced more by 
the height and clear span between piles than by the stiffness 
of GR. To ensure that no differential settlement occurs on 
the embankment surface, a value of H/(s-d) greater than 
2.1 is recommended.

The EBGEO (2011) and BS (2012) guidelines for PE 
yielded good results in the assessment of measured versus 
computed geosynthetic deflections in the centrifuge tests. 
Numerical results showed that the maximum tensile forces, 
with arching and membrane effects in full operation, occur at 
the pile edge and increase with embankment height, surface 
surcharge and geosynthetic stiffness.

7. Deep soil mixing (DSM)

7.1 Principles and applications

The Deep Soil Mixing (DSM) technique was developed 
in the United States in 1954, but the methodologies most 
often used today are based on techniques used in Japan 
and Scandinavian countries (FHWA, 2013). According to 
Topolnicki (2016), the first application of the DSM technique 
in Scandinavia occurred in the 1960s using quicklime as 
binder. The effectiveness of using lime was confirmed in 
the studies performed in the ‘70s and in more recent studies   
conducted in Japan. The cast-in-place columns are built by 
mixing the soft soil with a binder. According to Kitazume 
& Terashi (2013), soil mixing can be done by adding lime, 
cement or a combination of these two binders with other 
special ones. DSM application and the related dosage of soil-
binder mixtures are guided by EN 14679-2005 (EN, 2005).

DSM uses cast-in-place columns with diameters 
typically varying from 0.40 m to 2.40 m for a single column, 
according to Topolnicki (2012, 2016). The piled embankment 
technique described in section 6 uses piles which are generally 
driven. The Deep Soil Mixing (DSM) technique, shown in 
Figure 33 for piled embankment, uses cast-in-place piles.

The vertical axial stress (σv) acting on the top of 
the column can be calculated by the piled embankment 
methods presented in CUR226 (2016), EBGEO (2011) and 
BS 8006 (BS, 2017). While the German recommendation 
(EBGEO, 2011) is based on Kempfert et al. (2004), the Dutch 
standard (CUR226, 2016) is based on van Eekelen et al. 
(2013). However, in general, a system efficiency of 100% is 
usually assumed for a robust design of piled embankments.

Once the σv is determined, the binder content needs 
to be calculated in order to achieve the required unconfined 
compressive strength (qu) to support the σv. According to 
Topolnicki (2016), the secant elastic modulus (E50%) can be 

estimated, as a first approach, from Equation 5 based on the 
value of qu. The value of E50% enables the evaluation of the 
elastic settlement of the embankment.

50% 380 uE q=   (5)

The qu value is obtained from the statistical analysis 
of a series of unconfined compressive strength laboratory 
tests performed 7, 14, 28 and 56 days after installation of 
the DSM column.

The design parameter fck,28 is related to the 90% 
confidence interval of 90% for all values of qu. According 
to the Topolnicki (2016) the COV value must be equal to or 
less than 0.38 for DSM applications in cohesive soils and 
the Sd (standard deviation) must be determined.

One of the most important factors in the design of an 
embankment supported by DSM columns is the analysis of 
the critical height (Hcrit). If the height of the embankment 
is not greater than this value, the spacing between columns 
must be reduced. The Hcrit is defined by McGuire et al. (2012) 
according to Equation 6.

1.15 1.44critH s d+′=  (6)

where: s′ is a geometric parameter, S is the space between 
axes and d is the diameter of the column. For a square mesh 
pattern, the most common one, Equation 7 should be used.

22
2 2
S ds′ = −
  (7)

Alternatively, the Hcrit can be calculated according to 
EBGEO (2011), which also accounts for live loads. Another 
very important parameter is the replacement ratio (α), which 
provides the ratio between the area of a column and its area 
of influence given by Equation 2 in section 4. Typically, 
α ranges from 0.10 to 0.20 for DSM applications in piled 
embankments.

In the next section two case studies using DSM 
applications are presented. Both cases are located at the 

Figure 33. Typical use of DSM columns with diameter d for piled 
embankment on soft soils, piles spaced s center to center.
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Salgado Filho International Airport, Porto Alegre, Brazil. 
The first case is the cargo terminal and the second is the 
extension of the takeoff and landing runway.

7.2 DSM at airport cargo terminal

The aircargo terminal, in Salgado Filho international 
Airport and was built in 2014. The soil profile in the region 
of the cargo terminal, in general, is composed of three main 
soil layers: a pre-existing upper embankment (0.0m to - 
2.0m), a soft clay soil layer (-2.0m to -10.0m) and below 
it, residual soil.

Table 4 shows the main characteristics of the soft 
clay used in the design of the DSM columns. Note that the 
organic matter content (OMC) is less than the maximum 
acceptable value of 15% and the pH of 5.5 indicates low 
aggressiveness of the soil.

Unconfined compressive strength tests were performed 
to obtain the optimum content of binder (cement CPII-Z-32, 
lime, cement and lime, etc) in the mixture. The tests were 
carried out with seven soil-cement mixtures, which results 
are shown in Figure 34.

Figure 34 shows that the greatest increase in qu occurs 
between 7 and 28 days, for soil-cement and soil-cement-lime, 
after which the increase is less pronounced. However, the 
sand mixture exhibited a linear increase in qu. A comparison 
of mixture 4 with mixture 5 and mixture 4 with mixture 
6 confirms that the addition of lime produces a decrease in 
qu. A comparison of mixture 4 with mixture 7 shows that the 
addition of sand produces an increase in qu. The behavior 
observed for mixture 4 was different, with no increase in 
qu from 28 to 56 days. In this study, mixture 3 was chosen, 
presenting unconfined compressive strength at 28 days equal 
to 1.35MPa based on 130 laboratory tests. In the field, the 
average qu value reached a value of 1.78 MPa (greater than 
1.35 MPa required in the design) with a confidence interval 
of 90% and a COV equal to 0.31 (within the interval expected 
for DSM for cohesive soils, Topolnicki, 2016).

The DSM columns used in the project had a diameter of 
0.80m, a distance of 2.25m between column axes configured 

in a square mesh pattern (area ratio α = 9.90%), an average 
length equal to 6.50 m with a 1.00 m penetration in the residual 
soil layer below. Figure 35 compares field measurements, 
taken at Test Area 2, located adjacent to the Cargo Terminal, 
with axisymmetric finite element predictions using PLAXIS 
2D software. In Figure 35, “field measurement” represents 
the average measured settlement from three settlement plates 
(PR01, PR03 and PR11). The beginning of embankment 
construction has occurred after 28 days and the reduction 
of settlements was pronounced.

7.3 DSM at extension of the takeoff and landing 
airport runway

The study reported in this section is related to the 
extension of the takeoff and landing runway (approx. 
1.00 km) was built in 2019 at the Salgado Filho International 
Airport that. The DSM technique was applied in the soft clay 
ground at the site to support the embankment and pavement. 
The embankment has a maximum height of 5.50 m reaching 
6.50 m with applied surcharge. A square mesh pattern was 

Table 4. Characteristics of the soft soil in the Salgado Filho airport 
(Machado, 2016).

Parameter Parameter
w 94%
wp 34%
wL 69%
PI 35%

γS (gf/cm3) 2.58
γ (gf/cm3) 14.8

OMC 8.80
pH 5.50

Note: w = soil natural moisture; wp = plasticity limit; wL = liquid limit; PI = plasticity 
index; γs = unit weight of solids; γ = unit weight; OMC = Organic matter content; 
pH = potential of hydrogen.

Figure 34. Increase in the qu with time (days) for mixtures 1-7, 
adapted from Machado (2016).

Figure 35. Comparison between numerical predictions and settlements 
measured in the field (Test Area 2), adapted from Assis (2016).
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used, with a 0.80 m column diameter and a 1.80m distance 
between column axes (area ratio α = 15.4%). The column 
length was 9.00m on average and a basal geogrid layer was 
installed on the top of columns.

Figure 36 presents the evolution of qu with time. The data 
in the graph is the average qu at 7, 14, 28 and 56 days obtained 
from laboratory tests with samples taken directly form the 
columns using the wet grab method. In total, specimens 
taken from 450 DSM columns were tested. The embankment 
construction starts after 28 days after installation of columns.

According to Figure 36, the qu required by the project 
was reached at approximately 10 days. The mixture was 
prepared with 350 kgf/m3 of cement. Statistical control 
yielded an Sd value of 0.55 MPa and a COV of 0.33, within 
the interval expected for the use of DSM for cohesive soils 
(Topolnicki, 2016).

Displacements were monitored by means of settlement 
plates, showing good performance in terms of embankment 
stabilization. Figure 37 shows that the settlements were 
minimum, reaching a maximum value of 17 mm for the 
embankment (plus surcharge) height of 6.50 m. In Figure 38, 
SPOG1 and SPOG2 are the settlement plates over the geogrid 
and between columns and SPOC is the settlement plate over 
the geogrid and column top.

The vertical stresses at the top of the column (σvc) and 
in between columns (on top of the soil, σvs) were measured 
by means of total cells. These measurements enable 
determination of the stress concentration factor n = (σvc/σvs) 
shown in Figure 27. The value of n over time computed 
from two sets of total stress cells (A and B) is shown in 
Figure 38, and as the embankment is heightened, a load 
transfer from the soil to the column takes place. This load 
transfer occurs even after the 45-day period of construction 
of the embankment. It appears that clay consolidation due 
to work platform loading below the geogrid enhances this 
load transfer. The built of embankment starts after 28 days 
of columns installation.

7.4 Final remarks

For the two case histories reported here (Airport Cargo 
Terminal and Runway), the DSM application showed very 
small settlements, of the order of a few centimeters, and 
overall good performance. The resulting stress concentration 
factor (n) indicated that part of vertical stresses imposed by 
the embankment transferred to the columns, significantly 
reducing the settlements, which were minimum. Therefore, 
the use of DSM columns permitted rapid construction of the 
embankments, meeting the requirements of the construction 
schedule.

The practice experience in Brazil with soft soil 
improvement using SSM with Portland cement permitted 
the following conclusions:

• The technique is efficient for very soft soils (NSPT < 2), 
with high moisture content;

• Significant settlement occurs within a short period 
after each load step, and a large portion of the total 
settlement occurs within the preloading period;

Figure 36. Evolution of qu with time, field tests (Ávila, 2021).

Figure 37. Evolution of the settlements, column top (SPOC) and 
between columns (SPOG1 and SPOG1) over the time, adapted 
from Ávila (2021).

Figure 38. Evolution of the n over time (Ávila, 2021).
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• Significantly reduced values of field strength and 
stiffness compared to the laboratory tests was possibly 
caused by the difficulty of field homogenization;

• The stabilized soil is shown to be a heterogeneous soil 
mass, with variable characteristics, mainly influenced 
by difficult field mixing and variable cement content 
in different portions in the mass.

8. Shallow soil mixing (SSM)

Shallow soil mixing (SSM) emerged in the 1990s, as a 
suitable and economically viable method for the stabilization 
of soft soils (Massarsch & Topolnicki, 2005). In Brazil, 
the technique has been used for about 15 years, with the 
commercial name of STABTEC® (Andrade et al., 2010). 
The technique consists of mechanically mixing a powder 
binder into soft submerged soils. The equipment available in 
Brazil has a maximum depth limitation of 6.0 m, but there are 
reports of equipment reaching up to 8.0 m (Forsman et al., 
2015). The technique has the advantage of minimal waste 
generation, reducing material transport and disposal costs.

8.1 Execution process and main factors involved

The equipment used is an excavator with a hydraulic 
arm coupled to a mixing tool, connected to feeder tanks. 
The pressure feeder injects the dry binder powder into the 
soil directly with the mixing tool, and at the same time, the 
binder is mixed into the soil. The mixing speed is adjustable 
and the pressure and dosage of the binder to be injected 
can be controlled. The area to be treated is divided into 
cells, with dimensions based on the equipment capacity 
and the volume of treated soil estimated for the project. 
Immediately after the mixing, a geotextile is positioned over 
the stabilized cell and a preloading fill of 1.0 to 1.50 m is 
applied. The typical equipment and process is illustrated in 
Figure 39. The purpose of the preloading is to compress the 
newly stabilized soil mass, forcing the air bubbles formed 
during mixing to escape, causing immediate settlements, 
and increasing the strength of the treated mass. The next 
stage advances over the treated cell on the following day. 
The main factors involved are the following:

• Soil characteristics: In general, SSM is described as 
applicable to soft surface soil. Brazilian experience 
has shown that the technique is efficient for very soft 
soils, with high moisture content and SPT blow count 
(Nspt) less than 2. Generally, for soft soils with higher 
resistance, the mixing usually becomes inefficient, 
and homogenization is impaired. Practice experience 
has also shown that soft soil with sand lens layers, 
mixed prior to injection of the binder, tend to yield 
a proportionally higher final strength, due to the 
increase of sand content in the mass;

• Binders: The most commonly used binders are cement 
and lime. Binders from industrial processes such as 
slag, flue gas desulphurization, fly ash and ground 
glass have also been used, generally combined with 
cement or lime. In Brazil, high early strength cement 
is preferred, as it reduces the waiting time to advance 
to the next step;

• Homogenization: an initial mixing of the soil mass is 
recommended to obtain a good homogenization for 
SSM. Thereafter, the homogenized soil is mixed with 
the binder. The operator must develop continuous 
and repetitive vertical and lateral movements of the 
mixing tool, as uniformly as possible. A homogeneous 
mixture is essential to optimize binder dosage and 
to obtain the design strength;

• Curing time: the curing time varies with the binder 
and soil type to be mixed. When using only cement, 
the stabilization reactions are completed in about a 
month. When binders such as lime, slag and fly ash 
are used, the stabilization process can continue for 
several months (EuroSoilStab, 2002).

8.2 Investigation, design and control

Initially, an analysis of the applicability of SSM should 
be carried out, considering the site, predicted use, soils 
characteristics, time available and surrounding conditions. 
The design comprises the following steps: a) complementary 
investigations; b) parameter determinations; and c) ultimate 
limit state (ULS) and serviceability limit state (SLS) 
verifications, as reported by Almeida & Marques (2013). 
and EuroSoilStab (2002). In order to define the binder and 
the dosage, laboratory tests should be carried out on the soil. 
Soil samples must be collected and mixed in the laboratory 
with different binders and curing conditions. The bulk unit 
weight, unconfined compression strength (qu) and deformation 
modulus must be determined. The chemical properties of 
the soil such as pH, chlorides, humic acids, organic matter, 
ion-exchange capacity, sulfide capacity and total sulphur are 
important to the strength and durability of the stabilized soil 
mass and can interfere with the amount and type of binder 
to be used. If chlorides or organic matter are suspected of 
contributing to poor stabilization, the pore water should be Figure 39. SSM technology (Adapted from Andrade at al., 2010).
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extracted from the soil for chemical analysis, as reported by 
EuroSoilStab (2002).

Laboratory samples have higher strength than the 
corresponding field stabilized material. The ratio between 
field and laboratory unconfined compressive strength (quF/
quL) varies between 0.25 and 0.50 (EuroSoilStab, 2002; 
Nascimento, 2016). The disparity is attributed to several 
factors, most notably the homogeneity of the laboratory 
mixture.

Stability analyses should be carried out, considering 
the loads and the safety factor, according to the current 
standards. The settlements during and after the stabilization 
must be estimated considering the curing time. A temporary 
surcharge may be considered in order to minimize the 
residual settlements. The stabilization efficiency can be 
verified by unconfined compression test (UCT) performed 
in undisturbed samples. Alternatively, Standard Penetration 
Tests (SPT), Cone Penetration Test (CPT) and Vane Test could 
be performed. Embankment settlements and any overloads 
can be monitored using settlement plates.

8.3 Cases histories

This section presents two studies of the application 
of SSM, related to the execution of embankments for the 
urbanization of a shopping center area (Centro Metropolitano), 
in 2015, and a real estate development (Pontal Oceânico), in 
2020, both in the city of Rio de Janeiro, Brazil. A summary 
of the properties of the unstabilized soil from the two sites 
is presented in Table 5.

Centro Metropolitano: An embankment of 3.0 m was 
constructed over the soft soil deposit improved with SSM. 
The technique was used due the vicinity of neighboring 
foundation structures and construction deadline constraints. 
SPT performed locally, Figure 40, indicated the existence 
of a superficial fill layer of roughly 1.0 m thick over a very 
soft organic clay with a thickness of 6.50 m, followed by a 
layer of fine clayey sand. The water level was 0.50 m below 
the surface.

The specimens were prepared in the laboratory using 
high early strength cement content relative to the wet mass 

of the soil of 100, 150 and 200 kg/m3. As the Service Limit 
State (SLS) was the most relevant factor in this case, the 
dosage of 150 kg/m3 was chosen (Lemos et al., 2020) based 
on secant modulus (E50). The SSM in the field was carried out 
to a depth of 6.0 m. Immediately after the mixing process, a 
geotextile was positioned over the stabilized cell, and 1.0 m of 
preloading fill applied. Figure 40 compares site investigation 
performed before and after ground treatment (curing of 
50 days). The SPT after SSM, showed that the average Nspt 
increased from close to zero for the intact soil to a range of 
between 2 and 18 for the stabilized soil. The variability of 
Nspt after SSM is probably due to the heterogeneity of the 

Figure 40. Geotechnical profile of the soft soil deposit: SPT for 
unstabilized and stabilized test results (Adapted from Lemos et al., 
2020).

Table 5. Soft soil properties

Properties Centro Metropolitano Pontal Oceânico
Peat Organic clay Peat organic clay Sandy clay

Natural moisture content – w (%) 500-600 525-597 74-87
Liquid limit – wL (%) 536-540 560-598 53-65
Plastic limit – wP (%) 200-240 228-246 22-26
Organic matter content – OM (%) 50 65 5-10
pH 3.4 - -
Specific gravity of soil particles – Gs 1.89 - -
Bulk unit weight – ɤnat (kN/m3) 10.80 - -
Clay ≤ 0.002mm (%) 49 10-20 40-60
Silt > 0.002mm - 0.063mm (%) 28 - -
Sand > 0.063mm - 2.0mm (%) 23 - -
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soil layer, as well as the difficulty of mixing in the field, 
which resulted in variable cement content in the soil mass. 
Even so, the settlement control data indicated that the SSM 
results were satisfactory.

Undisturbed samples were collected after 30 days 
of field curing in order to perform UCT to determine the 
effectiveness of the stabilization. As shown in Figure, the 
results still exhibited significant dispersion, confirming that 
the stabilized soil presented variable characteristics, influenced 
mainly by the cement content of different proportions within 
the mass. Figure 41 shows that quF/quL varied between 0.25 and 
0.50. The qu for the unstabilized soil was 12 kPa average, 
which is about four times lower than results of the field 
stabilized soil. Whereas the E50 values of laboratory tests 
were two to three times higher than field values. As pointed 
out before (EuroSoilStab, 2002; Nascimento, 2016), this 
commonly observed disparity is associated to the fact that 
laboratory prepared specimens are more homogeneous than 
field specimens.

Settlement control was carried out after SSM and each 
embankment step, including a temporary surcharge of 1.50 m 
height, then maintained for 6 months with negligible settlement 
values. The total settlement measured in the SSM was 0.15-
0.30 m significantly lower than the estimate without the SSM, 
of about 1.5 m. The settlement improvement ratio β defined 
by the value of the final settlement of the soft soil without 
treatment to the value of the final settlement after treatment, 
often used in granular columns applications, may be also 
applied to the present case, was 5 to 10 (França et al., 2016).

Pontal Oceânico: The urbanization of 9,000 m2, with 
a 3.0 m embankment, would cause excessive settlements. 
The geotechnical investigation included SPT, CPTu (Figure 42) 
and unconfined compression laboratory tests. The site presented 

a superficial soft soil, 3.0 to 6.0 m thick, composed of peat 
varying to organic clay, eventually to sandy clay in the lower 
layer. A second soft sandy clay layer, 2.0 to 4.0 m thick, was 
also identified an underlying sand layer of 1.0 to 3.0 m thick. 
The SSM with cement binder and temporary surcharge was 
adopted for the site stabilization and in the specific region 
with significant thickness of the second soft soil layer, SSM 
was combined with vertical drains.

The unconfined compression tests (UCTs) indicated 
undrained strength less than 10 kPa for the soft soil, with the 
characteristics summarized in Table 5. For SSM validation, 
UCTs were carried out on laboratory mixed samples, utilizing 
the soft soil with cement content of 120 kg/m3. The tests were 
divided into mixtures using only peat and using a percentage 
of peat and sandy clay, non-preloaded or preloaded with an 
equivalent embankment of 1.0 m height (18 kPa). Different 
curing procedures were used with no significant differences 
observed.

Field stabilized undisturbed samples were also collected 
for UCT. The results are presented in Figure 43. The most 
significant qu increase occurred with the preloaded samples 
over the curing period, ranging between 90 kPa in 3 days to 
230 kPa in 28 days, on average. No significant qu increase 
was observed on the non-preloaded samples for both 
mixtures. In all cases, including the tests carried out on the 
field stabilized soil, the strength results were significantly 
higher than unstabilized soil. The field stabilized soil data 
shown by red squares in Figure 43 is the relevant data for 
field conditions.

Field tests and settlement monitoring indicated the 
importance of applied preloading. The significant initial 
settlement measured (PR11 and PR202 plates, Figure 44), 
implies a reduction in the void index in the treated soil, 

Figure 41. Unconfined compressive strength (qu) relative to secant 
modulus (E50) for 18 kPa preloaded and non-preloaded laboratory 
and field specimens (Adapted from Lemos et al., 2020).

Figure 42. Geotechnical profile of the soft soil deposit, SPT and 
CPTu test results.
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contributing to a related strength increase. The preloading in 
lab tests resulted in a significant increase in qu (Figure 43). 
On PR08 plate (Figure 44), installed after the preloading 
period, the resulting deformation was less than 150 mm. 
On PR202 installed before preloading 80% of the total 
settlement was measured in the first week, with preloading 
fill less than 1.5 m high. The same behavior was observed on 
PR11 installed in a vertical drain area, in which approximately 
60% of the total settlement was measured during the preloading 
period. The total settlement without the SSM was estimated 
in 2.0 m.

8.4 Final remarks

The practice experience in Brazil with soft soil 
improvement using SSM with Portland cement permitted 
the following conclusions:

(a) The technique is efficient for very soft soils (Nspt < 2), 
with high moisture content;

(b) Significant settlement occurs within a short period 
after each load step, and a large portion of the total 
settlement occurs within the preloading period;

(c) Significantly reduced values of field strength and 
stiffness compared to the laboratory tests was possibly 
caused by the difficulty of field homogenization;

(d) The stabilized soil is shown to be a heterogeneous 
soil mass, with variable characteristics, mainly 
influenced by difficult field mixing and variable 
cement content in different portions in the mass.

9. CPR grouting

9.1 Introduction

CPR grouting is a technique to improve the strength 
and deformation characteristics of soft clay soils. It was 
introduced in Brazil as a variation of compaction grouting 
in the 2000s. Since then, it has become a time tested and 
proven technique for soft clay improvement, particularly in 
remedial situations. CPR is the Portuguese acronym ‘Deep 
Radial Consolidation’.

CPR grouting involves the injection of a low-slump 
mortar grout into a pre-installed array of prefabricated 
vertical drains (PVDs). This technique appears to have been 
first proposed by Wu (2005). The philosophy behind the use 
of artificial drains is to ensure good drainage of fine-graded 
soils, allowing faster dissipation of the excess pore pressures 
induced by grouting.

For CPR grouting to be effective, the grout should 
not travel far from its injection point, nor fracture the soil. 
It must form an “expanding bulb” to displace and radially 
compress the soil without claquage. Fracturing can occur 
in clays in undrained conditions if the grout is too liquid. 
For this reason, a high viscosity grout with high solid content 
is essential to prevent undesired fracturing (Au et al., 2003).

9.2 Design aspects

The design of CPR grouting is based on the modeling 
framework developed by Cirone (2016). In general, a grouting 
project includes:

• Installation of vertical drains;
• Grout hole locations, geometry, spacing, maximum 

depth and inclination;
• Grout mix and properties;
• Refusal criteria;
• The program of work in stages, the drilling technique 

and the grout stages (top-down or bottom-up);
• Geotechnical testing program for verification of 

grouting effectiveness (acceptance criteria).
The stages of CPR grouting are summarized here. 

Drains are installed in a triangular or square pattern, with 
spacing that varies from 1.0 m to 2.5 m. Next, grout holes are 
intercalated between the drains. A low-slump (max. 10 cm) 
soil-cement harsh mortar is injected at low pressures of 
5-15 kg/cm2 through a four-inch open-ended pipe. Grouting 

Figure 43. Average results for the unconfined compression strength; 
non-preloaded and preloaded tests with 18 kPa.

Figure 44. Embankment settlement monitoring.
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can proceed according to top-down or bottom-up procedures, 
depending on specific project needs. The grout is injected 
holding the pipe in place. On reaching either of the refusal 
criteria, the pipe is raised (or driven) to the next stage, and 
the process repeated. Common refusal criteria are:

• A maximum grout take (target volume) is attained, 
as predetermined by the volume replacement ratio.

• Pressure, as measured at the header, reaches a preset 
maximum operating value.

• Undesired ground or structural movements are detected.
After completion of primary points, secondary and 

tertiary points are grouted in sequence.
Typical arrangements are shown in Figure 45. For each 

layout, the unit cell can be defined as the influence zone of 
each grout hole. The unit cell can be idealized as a cylinder 
with a cross sectional area equal to the area enclosed by the 
PVDs in the neighborhood.

The degree of improvement is generally calculated 
on the assumption that the expansion of the bulbs produces 
a volume change in the ground due to soil consolidation. 
It can be estimated according the observations reported by 
Komiya et al. (2001), Au et al. (2007) and Andrade et al. (2022). 
Bearing capacity and final settlement of the treated soil are 
calculated with the equivalent homogeneous medium method. 
This approach adopts equivalent post-treatment strength and 
stiffness parameters that are estimated from homogenization 
theories, assuming the bulbs as rigid inclusions.

One of the most important design parameters is the 
volume replacement ratio. It represents the volumetric 
incidence of the ground treatment. It can be defined as:

T
s

GR
A

=  (8)

where GT is the grout take, i.e. the volume of grout injected 
per unit depth, and A is the area of the unit cell. The volume 
replacement ratio, RS, can be conveniently expressed as a 
percentage or in l/m3. For example, considering a square 
grid with hole spacing of 3.0 x 3.0 m and a grout take of 800 

l/m, the volume replacement ratio is Rs = 89 l/m3 = 8.9%. 
Modeling the grout bulb as an equivalent cylinder, its 
diameter is 4 /g Td G π= = 101 cm. As a rule of thumb, 
the grid spacing can be approximated to two- or three-times 
the grout bulb diameter.

A combination of in situ tests is strongly recommended 
to assess the degree of ground improvement. SPT, CPT, 
and pressuremeter tests must be used with caution because 
their results are highly dependent on test location, but can 
be checked by measuring the shear wave velocity. Seismic 
testing can provide a macro-scale assessment of grouting 
effectiveness by analyzing wave propagation characteristics 
pre- and post-treatment. Successful examples using seismic 
surface wave analysis to assess the efficiency of CPR grouting 
are reported in Cirone et al. (2017) and Park et al. (2018).

Two cases of special interest will be summarized in the 
next section, both in the city of Rio de Janeiro.

9.3 Athletes Park

CPR Grouting was used in the construction of Athletes 
Park located in the Barra da Tijuca district (Riccio Filho et al., 
2013). Soil conditions at the site consisted of large deposits of 
very soft organic clay, up to 10 m thick, underlain by dense 
sands. Two different engineering solutions were chosen: soft 
soil of up to a depth of 3 m was replaced; CPR grouting was 
applied in the remaining areas (approximately 16,000 m2 treated 
in less than two months) where the soft soil was in the range 
4 – 10m thick. Field tests, comprising CPTu and vane shear 
tests, showed extremely low values of undrained strength, 
as low as 3 kPa up to 6 m depth. Shelby samples tested in 
the laboratory exhibited very high compressibility, so the 
expected total settlement was 1.2 m for a 2.2 m high earth 
fill embankment with no ground treatment.

CPR grouting began with the installation of vertical 
drains in a square grid pattern, with spacing of 1.5 m. Next, 
grout was injected into holes in a 3.0 x 3.0 m square grid. 
The bottom-up method was adopted. The following criteria 
were established: 800-1000 l/m for the grout take and 1000 kPa 
for the pressure. Figure 46 shows the grout injection being 
executed over the pre-installed grid of vertical drains.

To assess the performance of the ground treatment, 
several pressuremeter tests were conducted, comparing 
the pre-treatment and post-treatment results. A total of 
15 settlement plates were installed and monitored during 
a period of 3.5 months. Most of the plate readings showed 
rapid settlement stabilization after the embankment had 
reached its final height of 2.2 m, with settlements less than 
120 mm. The overall project performance was considered 
quite satisfactory, although the observational time was limited.

9.4 Recreio dos Bandeirantes.

The ground treatment at the Recreio dos Bandeirantes 
is an interesting one because it applied the homogeneous 

Figure 45. Typical CPR grouting layout plans. The area of the 
unit cell is shaded.
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medium method to a real case consisting of an embankment 
on soft soil treated with CPR grouting. The study is described 
in detail by Riccio Filho et al. (2020) and a short summary 
is presented here.

The Recreio dos Bandeirantes district, in the western 
side of Rio de Janeiro, is a region well known for the presence 
of soft soil deposits. At the site, CPR grouting was carried 
out in an 8.0m-thick soft soil layer, to reduce settlement and 
consolidation time due to the loading imposed by a 2.0 m 
high embankment. Drains were installed in a triangular grid 
pattern with 1.5 m spacing, and grout injection points were 
spaced 3.0 m apart. The grout take was 1100 l/m.

An estimate of the improvement factor could be made 
on the basis of the settlement curves presented in Figure 47. 
The final settlement for the condition without CPR grouting 
(s = 1.06 m) was calculated using the oedometric method 
and the data from the site investigations. Settlement with 
PVDs was predicted considering a triangular pattern with 
a spacing equal to 1.5 m. The final settlement of the CPR 
grouting improved soil (s = 0.167 m) was obtained by 
extrapolating the settlement plate readings with Asaoka’s 
method. Comparing the curves revealed that CPR grouting was 
capable of accelerating the time for settlement stabilization 
(90% degree of consolidation was achieved in 175 days) and 
providing an improvement factor of about 1.06/0.167 = 6.3.

9.5 Final remarks

The practice experience in Brazil with soft soil 
improvement using CPR Grouting permitted the following 
conclusions:

CPR grouting is an effective technique for ground 
improvement of soft clays. Recent research improved the 
theoretical understanding of the technique, however there 
is still no acceptance of its effectiveness among many 
geotechnical engineers. The development of a systematic 
approach for design, execution, monitoring and control will 
mark the acceptance of CPR grouting as a technique for 
treatment of soft clays.

10. Soft soil improvement techniques: 
settlement behavior

Based on the literature and the results presented in this 
paper, ranges of settlement improvement factor values, β, were 
obtained for the soft soil improvement techniques discussed 
here, as shown in Table 6. It is observed that as the degree 
of ground improvement increases the soft foundation gets 
stiffer and the parameter better increases proportionally. Piled 
embankments (PE or DSM) present settlements at least an 
order of magnitude smaller than other soft soil improvement 
techniques. Therefore, in this case it is not common to use 
the β variable to quantify the improvement of settlements, 
but then the load transfer Efficiency (BS, 2012) is the key 
design parameter. The consequence of lower settlements, or 
an increase in the value of β, is a lower required volume of 
fill and the related environmental benefits.

11. Conclusions

This paper has summarized recent studies related to the 
application of different soft ground improvement techniques 
mainly in the context of Brazilian soft clays.

Vacuum consolidation, the first technique discussed, is a 
highly efficient technique used worldwide for the improvement 
of soft soils. Even though the study at the Rio de Janeiro site 
described here presented low efficiency, the technique can 
and should be used with Brazilian soft clays, however with 

Figure 46. Ground improvement at the Athletes Park by means of 
CPR grouting. Courtesy of Engegraut ltda.

Figure 47. Comparison of settlement vs time curves at Recreio 
dos Bandeirantes (Riccio Filho et al., 2020).

Table 6. Typical range of β values as a function of soft soil 
improvement techniques.

Soft soil improvement technique Typical range of β values
With or without drains or basal 
reinforcement (UE/RE)

1.0

Granular stone columns (VSC) 1.5 to 3.0
Geosynthetic encased granular 
columns (GEC)

2 to 4

Shallow soil mixing (SSM) and 
CPR grouting

5 to 10 (*)

Piled embankments (PE or DSM) (**)
(*) range based on limited literature information. (**) β very high, not adopted.
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better technological control and closer monitoring in order 
to achieve the necessary efficiency results.

This paper presented and discussed in sequence the 
different techniques for soft clay improvement that promote 
the strengthening of the soil, either by means of column-like 
elements (VSC, GEC, PE/DSM) or by incorporating cement 
(SSM) or mortar (CPR) mixtures into the soft soil.

Common to all techniques is that settlements decrease 
with increasing strengthening of the soft soil. The settlement 
improvement factor β, that relates the settlements with and 
without treatment of the soft soil, is a good way to rank the 
various improvement techniques discussed here.

The comparison of the reinforced embankment RE 
(TE1) with the embankment built on geosynthetic encased 
columns GEC (TE2) presented in section 5 showed that for 
the same settlement value in both cases, the GEC permitted 
an applied vertical stress 2.5 times greater than the reinforced 
embankment. The GEC technique has proven to be even 
more efficient when the comparison is made for horizontal 
displacements.

The results presented throughout the paper showed 
that the improvement of soft soils generally results in a 
decrease in construction time. Granular columns (VSC or 
GEC) act as large drains and generally accelerate settlements 
substantially compared to using prefabricated vertical drains. 
In the other techniques presented here (CPR, SSM, PE/
DSM) the construction times are dictated primarily by the 
execution time of the technique itself, since the stabilization 
of settlements after the execution of the landfill is relatively 
fast, in general a matter of days or a few months. In any soft 
soil improvement technique, temporary surcharge is used to 
reduce post-construction settlements.

The literature shows that soft ground treatment using 
column-like elements or soil-binder mixtures is usually 
governed by service limit state conditions rather than by 
ultimate limit state conditions. In line with this, this paper 
has given more emphasis to settlement control rather than 
to stability control, although the latter must also be carefully 
assessed in design. The clear differences in safety factor 
values from stability analyses of embankments with and 
without soft soil improvement, presented in sections 4 and 
5 respectively for the VSC and GEC techniques, confirm this.

Other important factors to be verified in design are, for 
example, negative friction and lateral embankment load in 
column-like elements of piled embankments (PE or DSM), 
which were outside the scope of this paper.
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GEC1 Test embankment
GR Geosynthetic reinforcement
GWT Ground water table
HPG Horizontal profilometer gauges
IN, I Inclinometer
OCR Overconsolidation ratio
OMC Organic matter content
PVD Prefabricated Vertical Drain
PZ Piezometer
RE Reinforced embankment
RE1 Reinforced test embankment
SLS Serviceability Limit State
SP, S, PR Settlement plate
SPT Standard Penetration Test
SS Settlement sensor
SSM Shallow soil mixing
UCT Unconfined compression test
UE Unreinforced embankment
ULS Ultimate Limit State
VP Vacuum pump
VSC Vibro replacement
VST Vane shear test

List of symbols

A Influence area of column
Ac Cross sectional area of a column
ac Area replacement ratio
B Membrane effect
C Soil reaction
Cc Compression index
Cs Swelling index
cv Vertical consolidation coefficient
d Pile diameter, pile size or pile cap size
dc Column diameter
de Diameter of influence
dg Equivalent diameter of grout bulb
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maximum vertical displacements Δh (DR=δh/
Δh)

E Efficiency of the load transfer mechanism
Eimpr Efficiency improvement
Emax Maximum load efficiency
EP Earth pressure cell with integrated piezometer
e0 Initial void ratio
E50 Secant modulus at 50% strength
F Vertical pile load
fck,28 Characteristic unconfined compressive strength 

at 28 days
GT Grout take, liters/m
GR geosynthetic reinforcement
H Embankment height
Hcrit Critical height
I Inclinometer
J Geosynthetic secant stiffness modulus

J1x Secant stiffness of the GR PP25 in x direction
J1y Secant stiffness of the GR PP25 in y direction
J2 Secant stiffness of the GR PP60
Konc Coefficient of earth pressure at rest of a 

normally consolidated clay
K* Coefficient of earth pressure after stone column 

installation.
n Stress concentration factor
Nspt SPT blow count
p’ Mean effective stress
P Piezometer
PI Plasticity index
pH Potential of hydrogen
q Deviator Stress
q Vertical stress (surcharge) applied to the 

embankment surface
qc Tip resistance from CPT
qt Corrected tip resistance from CPT
qu Unconfined compressive strength
quF Unconfined compressive strength of field 

samples
quL Unconfined compressive strength of laboratory 

samples
RS Replacement Ratio
s Centre to centre pile spacing
S Surface settlement point
Su Undrained shear strength
Sd Standard deviation
s’ Geometric parameter
t Time
T Tensile force
Tmax Maximum tensile force
Tu Geosynthetic ultimate tensile strength
w Natural water content
wp Plastic limit
wl Liquid limit
z Orthogonal maximum deflection of the 

geosynthetic
zd Diagonal maximum deflection of the geosynthetic
α Area replacement ratio
β Settlement improvement factor (β=Δh/Δhc)
γ Unit weight of the embankment fill material
γs Unit weight of solids
Δh settlement or maximum settlement without 

columns
Δhc settlement with columns
Δu Differential settlement at the top of embankment
Δω Simulated settlement of the subsoil using the 

mobile tray
μ Bjerrum (1973) correction factor
σv Vertical stress
σvc Vertical stress on the top of column
σvs Vertical Stress on the top of soil
ϕ’ Effective soil friction angle
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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 
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Garnier, J., Gaudin, C., Springman, S.M., Culligan, P.J., Goodings, 
D., Konig, D., ... & Thorel, L. (2007). Catalogue of scaling laws 
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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). 
Comparação entre os valores de limite de liquidez obtidos pelo 
método de Casagrande e cone para solos argilosos brasileiros. 
Comunicações Geológicas, 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, I., Fasolo, 
P.J., Carvalho, A.P., ... & Curcio, G.R. (2007). Mapa de solos do 
estado do Paraná. Embrapa (in Portuguese).

Book Section

Yerro, A., & Rohe, A. (2019). Fundamentals of the 
Material Point Method. In The Material Point Method for 
Geotechnical Engineering (pp. 23-55). CRC Press. https://doi.
org/10.1201/9780429028090

Sharma, H.D., Dukes, M.T., & Olsen, D.M. (1990). Field 
measurements of dynamic moduli and Poisson´s ratios of refuse 
and underlying soils at a landfill site. In Geotechnics of Waste 
Fills - Theory and Practice (pp. 57-70). ASTM International. 
https://doi.org/10.1520/STP1070-EB 

Cavalcante, A.L.B., Borges, L.P.F., & Camapum de Carvalho, 
J. (2015). Tomografias computadorizadas e análises numéricas 
aplicadas à caracterização da estrutura porosa de solos não 
saturados. In Solos Não Saturados no Contexto Geotécnico (pp. 
531-553). ABMS (in Portuguese).

Proceedings

Jamiolkowski, M.; Ladd, C.C.; Germaine, J.T., & Lancellotta, 
R. (1985). New developments in field and laboratory testing of 
soils. Proc. 11th International Conference on Soil Mechanics and 
Foundation Engineering, San Francisco, August 1985. Vol. 1, 
Balkema, 57-153.

Massey, J.B., Irfan, T.Y. & Cipullo, A. (1989). The characterization 
of granitic saprolitic soils. Proc. 12th International Conference on 
Soil Mechanics and Foundation Engineering, Rio de Janeiro. Vol. 
6, Publications Committee of XII ICSMFE, 533-542.
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Indraratna, B., Oliveira D.A.F., & Jayanathan, M. (2008b). 
Revised shear strength model for infilled rock joints considering 
overconsolidation effect. Proc. 1st Southern Hemisphere 
International Rock Mechanics Symposium, Perth. ACG, 16-19.

Barreto, T.M., Repsold, L.L., & Casagrande, M.D.T. (2018). 
Melhoramento de solos arenosos com polímeros.  Proc. 19º 
Congresso Brasileiro de Mecânica dos Solos e Engenharia 
Geotécnica, Salvador. Vol. 2, ABMS, CBMR, ISRM & SPG, 1-11 
(in Portuguese).

Thesis

Lee, K.L. (1965). Triaxial compressive strength of saturated 
sands under seismic loading conditions [Unpublished doctoral 
dissertation]. University of California at Berkeley.

Chow, F.C. (1997). Investigations into the behaviour of 
displacement pile for offshore foundations [Doctoral thesis, 
Imperial College London]. Imperial College London’s repository. 
https://spiral.imperial.ac.uk/handle/10044/1/7894

Araki, M.S. (1997). Aspectos relativos às propriedades dos solos 
porosos colapsíveis do Distrito Federal [Unpublished master’s 
dissertation]. University of Brasília (in Portuguese).

Sotomayor, J.M.G. (2018). Evaluation  of  drained  and non-
drained  mechanical  behavior  of  iron  and  gold  mine  tailings 
reinforced with polypropylene fibers [Doctoral thesis, Pontifical 
Catholic University of Rio de Janeiro]. Pontifical Catholic 
University of Rio de Janeiro’s repository (in Portuguese).  https://
doi.org/10.17771/PUCRio.acad.36102*

* official title in English should be used when available in the 
document.

Report

ASTM D7928-17. (2017). Standard Test Method for Particle-
Size Distribution (Gradation) of Fine-Grained Soils Using the 
Sedimentation (Hydrometer) Analysis. ASTM International, West 
Conshohocken, PA. https://doi.org/10.1520/D7928-17

ABNT NBR 10005. (2004). Procedure for obtention leaching 
extract of solid wastes. ABNT - Associação Brasileira de Normas 
Técnicas, Rio de Janeiro, RJ (in Portuguese).

DNIT. (2010). Pavimentação - Base de solo-cimento - 
Especificação de serviço DNIT 143. DNIT -Departamento 
Nacional de Infraestrutura de Transportes, Rio de Janeiro, RJ (in 
Portuguese).
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Web Page

Soils and Rocks. (2020). Guide for Authors. Soils and Rocks. Retrieved 
in September 16, 2020, from http://www.soilsandrocks.com/

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.
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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 Gs 2.64
Maximum dry density (Mg/m3) ρd(max) 1.554
Minimum dry density (Mg/m3) ρd(min) 1.186
Average grain-size (mm) d50 0.17
Coefficient of uniformity Cu 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.


