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Resumo

A técnica de ultrassom ¢é indicada para diversos tipos de materiais de construcao, sendo
aplicada na caracterizacdo, controle tecnologico e inspecdo de materiais e elementos
construtivos. Entretanto, a utilizacdo dessa técnica em solos é incipiente, sendo os resultados
da literatura relacionados em grande parte a solos estabilizados, impossibilitando estabelecer
um modelo de previsdo de comportamento devido a variabilidade das misturas. Portanto, o
objetivo desta pesquisa foi caracterizar amostras de solos compactados utilizando o ensaio de
ultrassom. A metodologia experimental desta pesquisa incluiu a moldagem de corpos de
prova de diferentes dimensdes, para a determinacdo do comprimento de onda e
consequentemente a dimensdo adequada para a realizacdo dos ensaios de ultrassom. A
influéncia dos indices fisicos também foi avaliada, a partir de corpos de prova moldados com
diferentes teores de umidade e densidade. Além disso, foram moldados corpos de prova
cubicos para verificar o comportamento mecanico/elastico de acordo com diferentes dire¢des
de realizacio dos ensaios (paralela e perpendicularmente as camadas). Os resultados
indicaram que, para que se tenha a velocidade real do material, deve-se utilizar corpos de
prova com comprimento minimo 200 mm no sentido de realizacdo da leitura. O
comportamento da velocidade frente as variacdes de umidade e densidade indicam potencial
de utilizacdo na técnica para controle tecnologico, uma vez que a velocidade sofreu
alteracdes de acordo com a condicdo de ensaio. No que diz respeito ao comportamento
elastico, verificou-se que ha diferencas estatisticamente significativas nas velocidades e
constantes elasticas quando ensaiadas no sentido de compactacéo, sendo as demais direcoes
classificadas como iguais estatisticamente. =~ Os modelos de regressdo linear multipla
desenvolvidos para estimativa da densidade seca apresentaram coeficientes de correlagdo (R)
entre 0,94 e 0,97, a depender dos indices fisicos utilizados. Ja para a estimativa da resisténcia
a compressao ndo confinada esses coeficientes ficaram entre 0,82 e 0,98. Esses resultados
reafirmam a viabilidade do uso do ensaio de ultrassom na caracterizagio, controle e inspegao
de construcdes em terra.

Palavras-chave: Controle tecnologico; Caracterizacdo fisica; Caracterizagdo Mecanica;
Obras geotécnicas; Ensaios Nao Destrutivos.



Abstract

Ultrasound technique is indicated for several types of construction materials, being applied
in the characterization, technological control and inspection of materials and construction
elements. However, the use of this technique in soils is incipient, and the results of the
literature are related to stabilized soils, making it impossible to establish a model for
predicting behavior due to the variability of mixtures. Therefore, the aim of this research
was to characterize samples of compacted soils from the ultrasound test. The experimental
methodology of this research included the molding of specimens of different dimensions, for
the determination of the wavelength and consequently the appropriate dimension for the
performance of the ultrasound tests. The influence of physical indices was also evaluated,
from specimens molded with different moisture content and density. In addition, cubic
specimens were molded to verify the mechanical/elastic behavior according to different
directions of test (parallel and perpendicular to the layers). The results indicated that, in
order to have the real velocity of the material, test specimens with a minimum length of 200
mm should be used in the direction of the reading. The velocity behavior in face of moisture
content and density variations indicate potential use in the technique for technological
control, since the velocity changed according to the test condition. Regarding to the elastic
behavior, it was found that there are statistically significant differences in elastic velocities
and constants when tested in the direction of compaction, with the other directions classified
as statistically equal. The multiple linear regression models developed to estimate dry
density presented correlation coefficients (R) between 0.94 and 0.97, depending on the
physical indices used. For the estimation of unconfined compressive strength, these
coefficients were between 0.82 and 0.98. These results reaffirm the feasibility of using the
ultrasound test in the characterization, control and inspection of buildings in earth.

Keywords: Technological control; Physical characterization, Mechanical characterization;
Geotechnics; Non-destructive testing.
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Capitulo 1

Introducao

As técnicas ndo destrutivas sdo excelentes ferramentas para se obter propriedades fisicas e
mecanicas dos materiais, auxiliando os profissionais das mais diversas areas, inclusive da
construcéao civil, no controle tecnolégico, monitoramento e inspecdo. Entre essas técnicas,
destaca-se a de propagacido de ondas ultrassonicas, por apresentar vantagens como a rapidez
na execucdo dos ensaios, possibilidade de caracterizacdo em série, ndo alteragcdo das
propriedades internas e externas da estrutura, identificacdo de nido homogeneidades e
estimativa de propriedades mecanicas.

Entretanto, embora ja tenha sido validada para varios materiais de construcdo (madeira,
concreto, argamassa e compositos), no que diz respeito ao solo os estudos ainda sdo
incipientes, o que justifica a necessidade de estudos relacionados ao uso desta técnica em
solos compactados.

Na antiguidade, quase sempre os materiais de construcido eram empregados na forma em
que eram encontrados na natureza, como o caso das pedras, madeira e solo, os quais eram
modelados de acordo com as técnicas e ferramentas da época. Dentre essas tecnologias
construtivas, grande parte fizera do solo, comumente mencionado na histéria como barro, a
matéria-prima principal, para construcdes habitacionais e de infraestrutura. Logo, estudos
que envolvam esse material sdo muito importantes pois o mesmo faz parte de diversas
construgdes, como aquelas tombadas como patrimonio historico (taipa, adobe, etc.) e de
cunho geotécnico (barragens de terra, pavimentacio, aterros, etc.).

No contexto historico, consta que cerca 17% das 897 construcdes tombadas como
Patrimoénio Historico da Humanidade foram construidas total ou parcialmente com solo

(UNESCO, [2021), as quais ; estdo em perigo. Esses dados por si s6, devido & importancia
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dessas construcdes, justificam os estudos voltados ao desenvolvimento de metodologias que
facilitem a obtencdo de informacdes necessarias a manutencao e restauracao.

O solo, cujas propriedades variam de acordo com a rocha de origem, dentre outros
fatores, apresentam maior complexidade para a sua caracterizacdo, tanto relacionado ao
material natural, como quando em alguma aplicacdo (compactado). Assim, se faz necessaria a
adocdo de tecnologias que também possam auxiliar na obtencdo de parametros necessarios
as etapas de projeto e dimensionamento das estruturas que utilizam o solo como principal
material construtivo ou de suporte.

Neste sentido, destacam-se as propriedades elasticas do solo (moédulo de elasticidade e
coeficiente de Poisson) parametros que, quando necessarios, requerem ensaios complexos e
onerosos. Dependendo da finalidade, os métodos comumente utilizados para obter esses
parametros requerem ainda a retirada de amostras para ensaios laboratoriais, o que a
depender do nivel de degradacdo da estrutura pode ndo ser possivel, como no caso de
edificacdes tombadas.

Além disso, outros fatores devem ser levados em consideracdo, como por exemplo, a massa
especifica das camadas de solo compactado que formam uma parede de uma edificacdo ou a
estrutura de um pavimento, bem como a umidade presente na estrutura durante a realizagiao do
ensaio, que estdo relacionados com a execucdo dos elementos construtivos. Ha de se considerar
ainda o comportamento mecanico do material conforme o eixo de carregamento, na qual os
materiais podem ser considerados isotropicos, ortotropicos ou anisotrépicos.

Assim, a validagdo da técnica de ultrassom aplicada a caracterizagdo do solo compactado
pode auxiliar varias etapas de uma construc¢do com solo, seja no projeto, dimensionamento,
execu¢do e/ou manutencdo. Entretanto, a aplicagdo correta desta técnica de ensaio inclui
conhecimentos especificos, principalmente relacionados aos fatores que interferem na
propagacdo de ondas ultrassonicas. A literatura consultada indica a possibilidade da
utilizacdo da técnica de ultrassom para caracterizacdo de solo compactado, mas para
consolidar a sua aplicacdo é necessaria uma investigacdo aprofundada e consistente,

considerando os principais fatores que interferem nos resultados.
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1.1 Objetivos

O objetivo geral desta pesquisa é utilizar a técnica de propagacido de ondas ultrassonicas na
caracterizacido de amostras de solo compactado. Esse objetivo pode ser sistematizado em um

conjunto de metas e objetivos especificos destacados a seguir:

« Verificar os fatores fisicos interferentes na propagacdo das ondas ultrassonicas como a

massa especifica, teor de umidade, indice de vazios, porosidade, grau de saturacio;

« Verificar o comprimento de onda minimo para que a onda se propague em meio infinitos

baseando-se nas caracteristicas dos equipamentos disponiveis;

« Verificar a influéncia da direcdo de realizagdo da leitura no ensaio de propagagio das

ondas ultrassonicas;

 Propor modelos matematicos que possibilitem a estimativa de outros parametros a partir

dos ensaios de ultrassom

1.2 Estrutura do documento

A tese foi estruturada em formato alternativo, conforme autorizacdo concedida pela Comisséo
de Pos-graduacao da Faculdade de Tecnologia - UNICAMP.

Consta, nesse caso, a introducdo, que contextualiza o assunto abordado, além das
justificativas e objetivos do trabalho (Capitulo 1), revisdo da literatura sobre os conceitos
principais utilizados para o desenvolvimento desse trabalho (Capitulo 2) e também um
panorama geral dos materiais e métodos utilizado (Capitulo 3). No Capitulo 3, conforme
permitido pelo formato adotado para a tese, estdo dispostos os artigos resultantes do
desenvolvimento dessa pesquisa, os quais foram agrupados em publicados, submetidos e em
processo de elaboracéo e incluidos ao longo do texto com padrao de formatacao das revistas.
Por fim, as discussoes e consideragdes finais, bem como as conclusdes obtidas ao longo do
desenvolvimento do trabalho foram dispostas no Capitulos 4 e 5, seguidas pelas respectivas

referéncias.
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Capitulo 2

Levantamento bibliografico

2.1 Ensaio de Ultrassom

Os ensaios ndo destrutivos foram propostos inicialmente com o objetivo de detectar defeitos
em metais e suas ligas sem alterar suas capacidades de uso (ANDREUCCI, 2018), tendo-se
expandido posteriormente para a caracterizagdo de diversos outros materiais (polimeros,
compositos, madeiras, matrizes cimenticias, rochas, minerais e solos). Dentre as principais
vantagens em relacdo aos ensaios destrutivos, temos a redugdo do tempo de execucdo e
obtencdo dos resultados, auséncia de danos superficiais ou interferéncias invasivas aos
elementos construtivos, fachadas ou amostras, além da possibilidade de maior numero de
ensaios, o que aumenta a acuracia dos resultados (BUCUR| 2006).

Neste contexto estd inserido o ensaio de ultrassom, técnica que utiliza ondas mecénicas,
geradas por transdutores piezelétricos de frequencia entre 20 e 1000 kHz, as quais sofrem
modificacdbes a depender das propriedades mecanicas dos materiais, sendo
consequentemente refletida na velocidade do pulso ultrassonico (VPU) (Eq. [2.I). A
propagacao da onda ultrassonica no sélido pode revelar caracteristicas dos materiais como
homogeneidade, descontinuidades, vazios e fissuras internas (BAUER, 2000), o que justifica
seu uso para caracterizacdo de materiais. Quanto menos homogéneo for o material maior
serd o tempo que a onda levara para percorrer sua estrutura interna e, consequentemente,
menor sera a velocidade de propagacdo da onda ultrassonica pelo material (CULTRONE

et al., 2001; LOMBILLO et al.,[2014; |QASRAWTI, 2000).

L
VPU =~ (2.1)
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As ondas podem ser classificadas quanto a sua propagagdo como sendo longitudinal
(p-wave) e transversal (s-wave), distinguidas em funcdo da direcdo de oscilacdo das
particulas. No caso da onda longitudinal, ou de compressao, a propagacdo ocorre tanto em
s6lidos quanto em liquidos e gases e sua oscilacdo ocorre no sentido de propagacdo da onda.
J& as ondas transversais, ou de cisalhamento, sdo transmitidas apenas para a fase sélida do
material, sendo a oscilagdo no sentido perpendicular a propagaciao (ANDREUCCL 2018;
KOHLHAUSER; HELLMICH, [2012). O procedimento do ensaio, independente do tipo de
onda a ser determinada, depende de alguns fatores, como o tipo, frequéncia e posicao dos
transdutores, além do tipo de acoplante, os quais devem ser compativeis com o material
analisado e o objetivo pretendido com o ensaio.

Os transdutores podem ser posicionados de diferentes maneiras para a obtencdo dos
tempos de propagacio dessas velocidades. Neste caso, a leitura direta refere-se a aquela na
qual os transdutores sdo posicionados em faces opostas e a leitura indireta refere-se aquela
posicionada paralelamente, quando se tem acesso a uma unica face do elemento
inspecionado. Existe ainda a possibilidade de leitura semi-indireta, utilizada apenas quando
ndo é possivel o posicionamento dos transdutores de forma direta ou indireta, sendo os
transdutores posicionado em faces perpendiculares (ABNT, [2019). Apesar de ambos
possuirem cristais piezelétricos internos, esses transdutores podem ter formatos externos
distintos, sendo do tipo plano ou exponencial (pontas secas). A escolha adequada desse tipo
de transdutor vai depender portanto da superficie na qual eles serao dispostos. No caso dos
transdutores planos, devido a rugosidade da maioria dos materiais, é necessario utilizar um
acoplante, para que nio se tenha interferéncia do ar entre o transdutor e o material na letura
do tempo de propagacao.

Além disso, para que se tenha a velocidade real de propagacao da onda, deve-se garantir
que o comprimento de onda (1) (Eq. esteja adequado as dimensdes das particulas
anatomicas do material, ou seja, da microestrutura. As equagdes desenvolvidas para meios
infinitos definem que para alcancar as condi¢des desta hipotese, o comprimento do percurso
da onda (ou dimensdo da amostra em analise) deve respeitar uma proporcdo entre A e o
numero de ondas obtidas durante a emissdo do pulso ultrassonico pelo material (BUCUR,

2006; TRINCA; GONCALVES] |2009; OLIVEIRA et al.; 2006).
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v
A=— .
7 (2.2)

Entretanto, ndo sdo somente os parametros operacionais que devem ser considerados.
Embora de maneira diferente entre os materiais, hA um consenso sobre a influéncia da
microestrutura do material no ensaio de ultrassom, tendo em vista que a velocidade tende a
ser maior quanto mais homogéneo for o material. Apesar disso, desde que essas variaveis
sejam bem avaliadas e consideradas, o ultrassom é uma ferramenta importante para a
caracterizacdo, controle e inspecdo de materiais.

Umas das possibilidades que os resultados do ensaio proporciona é a determinagdo dos
parametros elasticos do material (Mddulo de elasticidade - E, Modulo de Cisalhamento - G e
Coeficiente de Poisson - v), os quais sdo determinados a partir da matriz de rigidez e sua
inversa, a matriz de flexibilidade (Eq. a [2.5), que correlaciona a velocidade com o
comportamento elastico do material. Essas equacdes foram desenvolvidas por Christoffel
baseando-se em um elemento tridimensional (eixos x, y e z) onde cada face esta sujeita a uma
tensdo e ja sdo utilizadas por outros pesquisadores em madeira, metal e concreto (YILDIRIM;
SENGUL, 2011; BERTOLDO; SANTOS GORSKI; GONCALVES, [2020; KOHLHAUSER;
HELLMICH, 2012).

Cij = sz (23)

Cu Cip Ci3 0 0 0

M = (2.4)
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1 -V
E 12 Vi3 0 0 0
E, E, E;
-V 1 —
21 L Va3 0 0 0
E, E, E;
-V -V 1
E31 E32 E_ 0 0 0
H =| ! 2 3 . (2.5)
— 0 0
Gy
1
0 0 0 0 — 0
Gis3
0 0 0 0 0 !
Gs; |

Alguns desses procedimentos ja sdo normatizados para diferentes tipos de materiais. No
Brasil as principais normas sobre ultrassom sao a NBR 8802 para concreto (ABNT},2019); a NBR
15521 para madeira (ABNT, [2007) e a NBR 15630 (ABN'T, 2008) (argamassa de revestimento e
assentamento). No Ambito internacional, destacam-se as normas ISO 16810 (ISO, 2012), ASTM
A578 (ASTM| 2012) para aco e BS EN 12504-4 (BS| [2004) e ASTM C597 (ASTM, [2016) para
concreto. Para solo, entretanto, ndo ha ainda nenhuma regulamentacao, devido a falta de

dados suficientes para validacdo da técnica.

2.2 Solo como material de Construcao

Se tratando de edificac¢des, o solo, como material de construcao, é empregado desde o ano 5000
a.C na forma de tijolos de terra crua, secos ao sol ou sombra (SANTIAGO, 2001). Diversas
construcdes, hoje consideradas como de interesse social e cultural, foram construidas total ou
parcialmente com solo compactado. As técnicas de construcdo com solo sdo muito comuns
na Europa, sendo extremamente utilizadas em Portugal, a quem devemos o conhecimento das
técnicas de construcido com esse material, trazidas ao Brasil durante o periodo de colonizagao.
No territério portugués, assim como no brasileiro e nos demais paises que fizeram ou fazem
uso desse material, a problematica gira em torno do mesmo ponto, que é o abandono, associado
ao avancado estdo de degradacao e a falta de conhecimento e investimentos para investigar as
razdes e os processos de intervencdo necessarios (FERREIRA; LIMA et all 2017).

O processo de intervencao nesse caso é ainda mais complicado pois requer uma avaliagiao
das caracteristicas dos materiais utilizados durante a construcio, sendo essas informacoes a
base para a elaboracdo de recomendacdes para o plano de intervencdes relativo aos materiais

e técnicas a utilizar. Em paises onde o valor cultural desse tipo de construgdo ja é mais
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consolidado, ha um movimento para a documentacdo destes tipos de dados, como uma
espécie de repositorio de materiais historicos que une informacoes relativas a historia e as
propriedades e desempenho dos materiais (SILVA; CORREIA, [2017) além do mapeamento
dessas construgdes no pais (ANTUNES; CUNHA; BENTO, 2017).

No Brasil, pouco ainda é feito em relacido a preservagdo, monitoramento e restauracio
dessas construcoes. Na cidade de Sdo Paulo, que foi um dos primeiros lugares de
assentamento dos portugueses durante o periodo colonial, havia grande limitacdo de
materiais e revestimentos, que culminou na necessidade da adocdo de técnicas mais simples,
como o caso da taipa e pau-a-pique (CAMPOS et al.,[2017).

Um exemplo da negligéncia perante ao patrimoénio histérico e cultural deu-se apods as
inundacoes ocorridas em 2010 na cidade de Sao Luiz do Paraitinga — SP, a qual acarretou na
ruina do centro histoérico da cidade, especificamente da Capela das Mercés, construida de
taipa de pildo e pau-a-pique, construida em meados do fim do século XVIII. Embora fosse
possivel a sua recuperacdo, com estudos inclusive utilizando o ensaio de ultrassom
(FERREIRA; DEZEN-KEMPTER; SARRO, 2014), a comocao diante do ocorrido pressionou o
poder publico a tomar decisdes de cunho politico, e nao técnico, ignorando o aspecto cultural
envolvido. Nesse caso, manteve-se o desenho, dando lugar a uma estrutura de concreto e
alvenaria, ao invés da taipa de pildao (CAMPOS et al.,2017).

Dessa forma, o ultrassom se mostra como uma técnica que, se validada, pode contribuir
significativamente nas fases de construcdo, monitoramento, inspecéo, reabilitacdo e restauro
dessas edificacdes, como um meio rapido e néo invasivo de caracterizacdo do material e do
estado de degradacao da estrutura.

No que diz respeito a demais obras geotécnicas, como barragens e camadas de pavimento,
geralmente sdo constituidas com um, dois ou varios tipos de solo, o qual também é
compactado em camadas com espessuras pré-determinadas, compactadas com energia
normatizada, determinada em laboratorio e reproduzida em campo. Para garantir que as
condicdes estudadas em laboratério tenham sido reproduzidas em campo, é necessario um
rigoroso controle tecnolégico de compactacdo, através da determinacido e comparacdo da
umidade e massa especifica dos dois ambientes (BRASIL, 2006).

No caso de pavimentos, muitos dos problemas associados a pavimentacdo ocorrem
principalmente por erros durante a compactacdo do solo, onde a falta de controle tecnologico

de compactacdo pode causar aumentos exorbitantes nos custos de execu¢do e manutencdo
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destas construcdes (BERNUCCI et al., [2006). Embora grande parte da economia brasileira
seja movimentada através do modal rodoviario, segundo o Relatério Anual da Confederacio
Nacional de Transportes (CNT), de um total de 1.720.700 km de rodovias, apenas cerca de
12,5% destas (213.453 km) sdo pavimentadas. Em relacdo a especificamente as condi¢des do
pavimento, 52,4% apresentam problemas, sendo 35% considerados como regular, 13,7% ruim e
3,7% péssimo. Com isso, o Brasil ocupa a 93" posicdo, entre 141 paises, no ranking de
competitividade global no quesito de qualidade da infraestrutura viaria, sendo responsavel
pela 116*° posicio no que diz respeito a qualidade da via especificamente
(CONFEDERACAO NACIONAL DE TRANSPORTES, 2019).

As etapas de concepcio dessas estruturas, ocorre inicialmente em laboratoério, onde além
da caracterizacéo fisica (massa especifica dos sélidos (ABNT, [2016a), granulometria (ABNT,
2016d), limites (ABNT, 2016clb) sdo realizados ensaios de compactacdo (ABNT|, 2016e) para a
determinacio do teor de umidade 6timo e massa especifica seca maxima, parametros que sao
utilizados na compactacdo em campo. Este ensaio pode ser realizado a partir de trés energias
de compactacdo (normal, intermediaria e modificada). A diferenca entre estas se dia na
variacdo da umidade e densidade do macico gerado, onde quanto maior a energia maior a
densidade e menor o teor de umidade. Estes parametros sdo utilizados para o controle
tecnologico da compactacdo dos solos em diversos tipos de aplicacdo (edificacoes,
pavimentacao e obras geotécnicas).

Em campo sao realizados ensaios para verificar se os parametros de umidade e massa
especifica obtidos em laboratorio foram reproduzidos em campo, para determinagao do grau
de compactacgio. Caso o grau de compactacao, relacdo entre a massa especifica de campo e de
laboratério, nao tenha sido atingido o material tem que ser recompactado (BRASIL, 2006).
Para garantir a qualidade do controle é necessario que sejam realizadas diversas repeticoes,
com o numero maximo de amostras possiveis, para posterior analise através de testes
estatisticos. Dentre as desvantagens desses métodos destrutivos esta justamente a dificuldade
da repetibilidade dos ensaios.

Atualmente, existem estudos sobre um método de compactacao inteligente, responsavel
por avaliar as propriedades mecénicas do solo, de forma continua, através do monitoramento
da vibracdo do solo durante a compactagdo com rolo compactador. Esse método possibilita
identificar problemas de falta ou excesso de compactacdo em tempo real (ANJAN KUMAR
et al., 20165 (CARRASCO; TERADO; WANG et al|, [2014; MEEHAN et al., 2017; XU; CHANG,
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2016). Assim como o método nao destrutivo o qual os autores tentam correlacionar o método
de compactacio inteligente, o Light Weight Deflectometer (LWD), tem-se a problematica de
que os equipamentos para esse fim sdo custosos e de dificil manutencao (FERRI, [2013; HUANG;
WANG, |2013; PREUSSLER| |2007).

Assim, uma tecnologia com custo menor e que possibilite a realizacao de ensaios em massa
seria extremamente vantajosa para o setor. Com vista ao panorama exposto identifica-se a
importancia de desenvolver tecnologias apropriadas para caracterizar com eficiéncia o solo,
principal material utilizado em obras geotécnicas. Portanto, estudar a viabilidade de utilizar

uma técnica nédo destrutiva para tal, por exemplo, ensaios com ultrassom é oportuno e atual.

2.3 Ultrassom aplicado a solos compactados

Ha diversas pesquisas sobre a determinacao das propriedades fisicas e mecénicas do solo com
o uso da técnica de ultrassom, buscando informagdes tanto para analises laboratoriais como
para estruturas em servico e construcdes historicas (BANDEIRA, 2009; SARRO, 2017;
FERREIRA; GONCALVES et al| [2013; FERREIRA; SARRO et al| [2014; HOFFMANN;
GONCALVES, 2010; WANG et al., 2006; IMILANTI et al., 2008; [LIANG et al., 2013; IDIAS et al.,
2012; YESILLER; HANSON; USMEN, 2001; LIANG et al, [2013; D’'ORAZIO et all [2008).
Entretanto, ha divergéncias entre os resultados obtidos pelos pesquisadores, tanto pela
variabilidade dos materiais analisados como pelas metodologias adotadas. Este
comportamento indica que ha a necessidade de mais estudos nesta area para validar o
método aplicado ao solo.

Por exemplo, Ferreiral (2003) determinou a VPU em corpos de prova confeccionados com
diversas composicdes de solo, tanto arenoso quanto argiloso, juntamente com cimento ou cal
e silicato de sddio. Neste caso, o autor obteve velocidade em uma faixa de 250 a 3000 m.s™!
para solos arenosos e entre 250 e 2200 m.s"' para solos argilosos. A grande variacdo das
faixas de velocidade foram em funcdo da variabilidade de dias de cura entre as leituras, além
da prépria diferenca de composicdo das misturas. Hoffmann e Gongalves (2010), também
realizaram ensaios de ultrassom em solos compactados e estabilizados quimicamente (solo
cimento) e obtiveram VPU de aproximadamente 1300 m.s™, respectivamente. Por sua vez,
Ferreira, Gongalves et al|(2013), para solos arenosos estabilizados com cimento, obtiveram

valores de VPU entre 2000 e 2888 m.s™ para os tracos distintos.
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Para solo puro com caracteristicas arenosas, Bandeira (2009) obteve valores de velocidade
de 943, 748 e 445 m.s™, para varia¢des de umidade de 26,3%, 28,5% e 30,1%, respectivamente.
Outros autores, que também utilizaram o ultrassom em corpos de prova de solo arenoso,
obtiveram valores bem acima dos obtidos por Bandeira (2009), com faixa de VPU entre 1190 e
1376 m.s"! (FERREIRA; GONCALVES et al., 2013). Esses estudos mostram que, mesmo para
solos de grupos de textura semelhantes, as VPUs podem variar consideravelmente. Essas
variacOes sdo associadas a diversos fatores, entre eles a diferenca do teor de umidade e
consequentemente da microestrutura do material. Essas observacdes corroboram com o
comportamento mecanico do material, o qual também varia em fungéo do teor de umidade,
conforme observado por Bui et al.[(2014).

Ha influéncia ainda da temperatura, tendo em vista que o estado fisico da agua e,
consequentemente, do esqueleto do solo, também se alteram com essa variacdo. Assim, ha
também o estudo do ensaio de ultrassom aplicado a solos solos congelados (temperaturas
abaixo de 2°C), fator que segundo Bucur| (2006) aumenta consideravelmente a velocidade.
Esse efeito foi observado em um estudo com solos argilosos, siltosos e arenosos, ensaiados a
temperaturas entre -2 e -18 °C (WANG et al,, 2006). Neste caso, as VPUs, tanto de compressao
quanto de cisalhamento, foram afetadas, sendo a relacdo entre elas inversamente
proporcional a temperatura e diretamente proporcional ao tamanho das particulas. Esse
comportamento corrobora com outros estudos utilizando o ensaio de ultrassom e também
com o comportamento mecanico desses solos congelados (CHRIST; PARK] 2009; DONGQING
et al.,|2016; LI et al.l |2018]).

Outro fator que deve ser considerado durante a realizacdo do ensaio de ultrassom em
elementos construtivos em terra é a variacdo da velocidade em funcdo das camadas de
compactagdo. |Ciancio e Gibbings (2012) compararam corpos de prova cilindricos moldados
em laboratorio e extraidos de paredes de construgido em terra, onde os resultados indicaram
que a compactacdo das camadas subsequentes leva sempre a uma compactacio adicional das
camadas inferiores. Sarro, Ferreira e Galletto| (2015) também analisaram a influéncia da
massa especifica e umidade de mini-painéis de solo-cimento com ensaios de ultrassom, além
da influéncia das camadas de compactacido. Estes autores concluiram que a velocidade é
influenciada diretamente por ambos indices fisicos, sendo inversamente proporcional a
umidade e diretamente proporcional a massa especifica, além do fato da VPU ser maior para

a camada mais inferior do painel.
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Assim, os valores de velocidade podem ser distintos a depender do tipo de solo, dos seus
indices fisicos, principalmente umidade e densidade, se houve adi¢des, como cal ou cimento,
de temperaturas extremas no instante de leitura com ultrassom e até do ponto de realizagdo da
leitura. Dessa forma, esses parametros, principalemente fisicos e microestruturais, precisam
ser considerados durante os ensaios, para que seja possivel estabelecer um padrio confiavel
entre os resultados.

A literatura indica ainda que é possivel utilizar o ultrassom para estimar propriedades
mecanicas, como a resisténcia e as constantes elasticas, as quais sdo de extremo interesse na
area. Liang et al. (2013) comparou a eficiéncia dos ensaios de ultrassom aplicada ao solo com
outras duas técnicas ndo destrutivas (pacometria e imagens termograficas), durante a inspecgao
de edificacdes antigas construidas em terra. Nesse caso, o ultrassom destacou por apresentar
melhor correlagdo com a resisténcia mecanica, mais rapidez durante a execucdo do ensaio e
obtencdo dos resultados.

Ainda nesse sentido, Bandeira (2009) realizou ensaios de ultrassom em corpos de prova
de solo compactado e determinou a correlacdo entre velocidade e resisténcia a compressao
simples, onde obteve um coeficiente de determinacdo de R?=0,83. Também para solo puro, do
tipo argiloso, a correlacdes obtidas por Sarro|(2017) para a resisténcia a compressdo simples nao
confinada versus a velocidade longitudinal obtida por ultrassom em corpos de prova expostos
ao ambiente laboratorial foi igual a 0,89. Ferreira, Goncalves et al.|(2013) atingiram correla¢des
ainda maiores (entre 0,91 e 0,98) durante o estudo do ultrassom aplicado a mini-painéis e solo-
cimento.

No que diz respeito ao comportamento elastico, é usual aplicar teorias classicas de
caracterizacao de outros materiais para o solo, entretanto, nesse material, ha certa dificuldade
para estabelecer os limites de tensdes e deformagdes que separam o estado elastico do estado
plastico.  Essa dificuldade provém do fato de que ha, no trecho inicial na curva
tensdo-deformacao, a acomodacédo dos graos do solo, que dificulta a identificacdo do trecho
elastico do material (CAPUTO, [1988). Apesar disso, a determinacdo do comportamento do
material frente a deformacbes é extremamente necessaria para projetar e garantir a
seguranca das barragens, camadas de pavimentos e outras obras geotécnicas esta a
determinacao das deformacdes.

Atualmente, as constantes elasticas (E, G e v) sdo obtidas através das curvas de

tensdo-deformacdo, geradas pelos dados de ensaios destrutivos (AASHTO, 2007; DNIT,
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2010), geralmente o ensaio triaxial, pois este possibilita a determinacido das deformacdes ao
longo do ensaio, as quais variam de acordo com o tipo de material (arenoso e argiloso) e com
o estado da amostra (solta ou compacta).

E mais comum a determinacio de apenas o modulo de elasticidade longitudinal através
de ensaios destrutivos devido a complexidade dos métodos para a obten¢do do mddulo de
cisalhamento e coeficiente de Poisson. A mais comum ¢ através do ensaio de compressdo nao
confinada, segundo a NBR 8522 (ABNT, 2021), norma direcionada para concreto, a qual
necessita de adaptacao dos ciclos de carregamento e velocidade de aplicacdo de carga quando
utilizado em solos compactados. Ha ainda, na literatura, relatos da estimativa desses
parametros através da transformada da curva de tensdo-deformacao obtida no ensaio triaxial
através do modelo hiperbolico, proposto por Duncan e Chang (1970) (ADEM; VANAPALLL
2015).

No que diz respeito ao modulo de cisalhamento o ensaio triaxial também é utilizado, sendo
estudadas ainda formulas empiricas de obteng¢io, bem como ensaios néo destrutivos (CAl et al.,
2015} KU; MAYNE] 2013} SENG; TANAKA| 2012} YU; JI; LI 2016} CHUANCHENG; WENXIA;
HAIYUE, [2012).

Na Tab. estdo dispostos alguns resultados obtidos na literatura sobre a determinacéo
destes parametros. Os valores variam de acordo com o tipo de solo, teor de umidade e técnica
ou energia de compactacao utilizada. A variabilidade entre as constantes elasticas existentes
na literatura é muito grande quando obtidas por meio dos ensaios estaticos, tendo em vista
que, conforme mencionado anteriormente, existe certa dificuldade na determinacao do trecho
elastico nas curvas tensido-deformacio. Assim, é necessario que esses parametros possam ser
determinados com o minimo de interferéncia de fatores como a experiéncia do executor, por
exemplo.

Os ensaios nao destrutivos vém justamente ao encontro a essa necessidade, ja tendo
mostrado potencial de uso na caracterizacgao, controle, monitoramento e inspecio de diversos
materiais, inclusive do setor da construcéo civil (concreto e argamassa). Para solo, embora a
técnica de ultrassom ainda nédo esteja consolidada, pois ha diversos fatores interferentes a
investigar, ja é possivel afirmar que o ensaio tem grande potencial de utilizacdo para esse
material, principalmente no que diz respeito ao controle de compactacdo e caracterizagao

mecanica.
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Tabela 2.1: Constantes elasticas do solo obtidas a partir de ensaios destrutivos e nao-
destrutivos

. Coeficiente
Autor (s) Material E (MPa) G (MPa) ]
de Poisson

Ensaio Destrutivo

Sarro e Ferreira (2019) Argiloso 1250 - 2500 - -
Sarro| (2017) Argiloso 700 - 3500 - -
Champiré et al.| (2016) Arenoso 1200 - 2800 - 0,15-0,20
Silval (2016) Arenoso - - 0,31 -0,38
Lombillo et al.|(2014) Arenoso 359 - 0,16
Bui et al./(2014) Arenoso 580 -950 - 0.17-0,22
180 - 390 0,35 - 0,37
Miccoli et al.| (2015) Argiloso 2200 660 0,45
CAPUTO, (1988) Arenoso - - 0,20 - 0,40
Ensaio Nao-Destrutivo
~ [Sarro e Ferreiral (2019) Argiloso 1500 - 2500 ] -
Sarro|(2017) Argiloso  1145-3329 400 - 1300 0,20 - 0,32
Ferreira, Gongalves et al. (2013).  Arenoso 1659 607 0,36
Hoffmann e Gongalves (2010) Arenoso 1144 429 0,33
Christ e Park| (2009) Arenoso/ 2500 750 0,37
Siltoso
Wang et al.|(2006) Argiloso 2750 1500 0,39

Adaptado de|Sarro|(2017)

Embora existam outras técnicas, como Bender Elements (CAI et al.,|2015; SENG; TANAKA|
2012; LEE; YOON, 2015; INDRARATNA; HEITOR; RUJIKIATKAMJORN, [2012), que utilizam
a propagacdo de ondas como meio de determinacido do comportamento elastico (mddulo de
cisalhamento), o ultrassom pode ser uma alternativa mais pratica e menos custosa.

Os resultados da literatura para ensaios nao-destrutivos, se comparados com os obtidos
por ensaios convencionais, apresentam-se muito mais consistentes entre si, mesmo com as
variacdes de tipos de materiais (Tab. [2.1). Ainda assim, é necessario estudos mais aprofundados
sobre a magnitude da real influéncia de fatores intrinsecos ao material (tipo de solo, umidade,
densidade) na velocidade de propagacao.

Ha muitas divergéncias, por exemplo, referente a classificacdo do tipo de comportamento
elastico do solo compactado. Os materiais, de forma geral, podem ser considerados, em
relacdo ao seu comportamento elastico, como isotrépicos, onde suas propriedades

independem da direcdo analisada (por exemplo, concreto) ou como ortotropicos, quando
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possuem planos definidos que dependem da direc¢do ou plano considerado para a emissao da
onda ultrassénica (por exemplo, a madeira) (BUCUR; ARCHER, 1984; BUCUR, [2006;
VAZQUEZ et al.,2015;|COSTA et al., 2005).

Para o solo esse comportamento ainda nao foi bem definido, uma vez que ha diferentes
formas de analise quando se trata do material, podendo este ser homogéneo, compactado em
camadas, no formato de painéis ou corpos de prova cilindricos, etc. Milani et al. (2008), que
determinou as constantes elasticas de uma amostra arenosa compactada através da propagacao
de ondas ultrassonicas, considerou este material como ortotrdpico. Outros autores, por sua vez,
consideraram esse material como isotropico (FERREIRA; GONCALVES et al.;|2013; FERREIRA;
SARRO et al.,2014) e ainda anisotropico (ROWSHANZAMIR; ASKARI, [2010).

Assim, busca-se que a técnica de ultrassom seja capaz de auxiliar na caracterizacdo desse
comportamento e de outros pardmetros importantes a respeito do material, bem como
determinar as constantes elasticas (modulo de elasticidade, cisalhamento e coeficiente de
Poisson), que apresentam complexidade, alto custo e tampouco sdo encontradas na literatura,

de forma eficaz e mais facil do que através dos ensaios destinados a este fim.
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Capitulo 3

Materiais e Métodos

A metodologia desse trabalho foi dividida em quatro etapas (Fig. [3.1), as quais foram
abordadas nos artigos apresentados no capitulo 4, a depender do objetivo proposto. Neste
caso, foram utilizadas duas amostras de solo distintas, sendo uma argilosa (S;) e arenosa (S,),
ambas caracteristicas da regido de Limeira, SP. Esse materiais sdo objeto de pesquisas
vinculadas ao grupo de pesquisa “Ensaios Nao Destrutivos na Construcdo Civil - ENDs-CC”
cadastrado no CNPq (Processo: 40592) ao qual essa pesquisa estd inserida. Na etapa 1,
referente a caracteriza¢do fisica das amostras (S; e S;), foram realizados ensaios de

granulometria, massa especifica, limites de consisténcia, além da caracterizacdo quimica e

mineraldgica (Tab[3.1).
\
u Metodologia

Etapa 1 Etapa 2 Etapa 3 Etapa 4
P A ) A P A
Caracterizagao Ensaios nao Ensaios Analise
dos materiais destrutivos destrutivos estatistica

Figura 3.1: Esquema da metodologia geral utilizada para elaboracgao dos artigos
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Tabela 3.1: Normas utilizadas para caracterizacdo dos materiais

Normas
NBR 7181 B o
Solo - Analise Granulométrica
(ABNT, 2016d)
NBR 7180
Determinacdo do Limite de Plasticidade
(ABNT, 2016c)
NBR 6459

Determinacao do Limite de Liquidez
(ABNT; 2016b)

Graos de pedregulho retidos na peneira de 4,8mm -
NBR 6458

Determinacgao da massa especifica, da massa especifica
(ABNT] 2016a))

aparente e da absorcdo de agua

Caracterizacdo quimica e mineralégica - MEV e FRX

Além destes, também foi realizado o ensaio de compactagdo Proctor (ABNT, 2016e),
utilizando as trés energias de compactacdo (normal, intermediaria e modificada), com o
objetivo de definir a umidade 6tima e massa especifica seca maxima. A variacdo de energia
foi realizada com o intuito de ter corpos de prova com diferentes indices fisicos,
principalmente umidade, massa especifica, indices de vazios, porosidade e grau de saturacio,
tendo em vista que avaliar a influéncia desses parametros fazem parte dos objetivos
propostos. Esses parametros foram utilizados para moldagem dos corpos de prova (CPs), os
quais foram de dimensdes e formatos distintos, a depender resultados esperados, resultando

em 180 CPs (Tab. 3.2).

Tabela 3.2: Descricao das dimensdes dos corpos de prova e condi¢des de moldagem

Formato Dimensoes Condicoes de moldagem N° de CPs

50 mm de didmetro e )
o Solo arenoso e argiloso,
Cilindrico alturas de 50 a 300 mm ) . 108
. nas 3 energias de compactacio
(multiplos de 50 mm)

. 50 mm de diametroe  Solo argiloso, nas 3 energias de
Cilindrico 54

100 mm de altura compactacao

Solo arenoso e argiloso,
Cubico 150 mm de aresta & 18

nas 3 energias de compactacao

No que diz respeito aos equipamentos, foram utilizados dois modelos, a depender dos

objetivos de cada ensaio, sendo:

« USLab (Agricef, Brasil): transdutores exponenciais de ondas de compresséo e 45 kHz de

frequéncia (Fig. [3.2p);
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« Pundit (Proceq, Suica): transdutores planos de ondas de compressido e 54 kHz de

frequéncia e transdutores de ondas de cisalhamento e 40 kHz de frequéncia(Fig. [3.2b).

Dependendo do objetivo proposto, esse ensaio foi realizado imeditamente apds a
moldagem ou apds um periodo de dias de exposicdo dos CPs em ambiente laboratorial. Todos

esses periodos estido descritos nos artigos do capitulo 4.

Figura 3.2: Equipamentos de ultrassom (a) UsLab e (b) Pundit

Os corpos de prova ctbicos foram ainda submetidos a ensaios de compressao simples néo-
confinada, utilizando a prensa microprocessada CBR/Marshall. Em virtude da pandemia, os
demais ensaios destrutivos programados para a etapa 3 ndo puderam ser realizados.

Todos os resultados obtidos foram analisados através do Software estatistico Origin Lab 8.1
por meio de teste como ANOVA, Tukey Test, Pearson, Shapiro-Wilk, Kolmogorov-Smirnov,
Erro quadratico médio (RMSE), Erro absolutoMédio (MAPE) e Regressao Linear Multipla.
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Capitulo 4

Artigos

Conforme permitido pelo Programa de P6s Graduacdo em Tecnologia da FT, a apresentagio
do desenvolvimento deste trabalho ocorreu em formato de artigos cientificos. Esta sessdo foi
organizada de acordo com a ordem de publicacdo/submissdo, cujos dados estdao detalhados a
seguir.
« Artigo 1
Titulo: "Experimental investigation of the UPV wavelength in compacted soil". Revista:
Construction and Building Materials Status: Publicado em 22 de fevereiro de 2021. Link:
https://www.sciencedirect.com/science/article/abs/pii/S0950061820338381
 Artigo 2

Titulo: "Estimate of the dry density of compacted soils using ultrasonic pulse velocity
and multiple linear regression models". Revista: Journal of Building Engineering Status:

Submetido em 04 de Julho de 2022.

» Artigo 3

Titulo: "Elastic behavior of compacted soil using ultrasonic waves". Revista: Ultrasonics

Status: Submetido em 04 de Julho de 2022.

4.1 Publicados

4.1.1 Artigo 1
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energies (normal, intermediate, and modified). Ultrasound tests were performed after molding (0 days)

and 28 days of compaction, using 45 kHz frequency longitudinal transducers and compression wave.
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The results indicated that the minimum length of the specimen should be 200 mm when the velocity sta-
bilization occurred for the Clayey and Sandy soils. However, the factors considered (transducer frequency,
compaction energy and apparent specific mass) may infer significant changes in wavelength.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Soil is a versatile material that can be applied in various sectors
of construction as supporting or construction material. The knowl-
edge about the physical and mechanical properties of soils- micro-
structure and macro-structure - is essential to obtain the desired
performance of constructions that use it as constructive or support

material [1-3].
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However, given that soil is a natural material- thus translating
into significant heterogeneities between the types of soils and con-
ditions of use (in natura or compacted)-, more advanced technolo-
gies are required to characterize soil samples. Given this context,
ultrasound tests can be highlighted as a non-destructive method
commonly used in the characterization and classification of other
construction materials such as metal alloys, polymers, wood, con-
cretes and mortars [4-8]. In addition to its validation in other
materials, ultrasound is distinguished by the possibility of its
“in situ” application, greater representatives results in relation to
the structure or construction element analyzed, and velocity in
obtaining the results.
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Regarding the use of this technique in compacted soils, the lit-
erature presents promising results on the determination of soil
suction, elastic properties, estimation of mechanical strength, qual-
ity control and inspection of earth constructions [9-12,6,13,1,14].

However, some theoretical concepts that involve this technique
must be respected to ensure that the results obtained are reliable.
When performing an ultrasound test and considering the propaga-
tion of ultrasonic waves of compression (P) in relation to the sam-
ple’s length, it is verified that the distance between the transducers
(emitter and receiver) close to the wavelength () results in a finite
path. This condition contradicts the theoretical concepts about the
propagation of acoustic waves (infinite path), causing an effect of
reflection and refraction of the waves (dispersive path), which
can result in the propagation of the wave across the material’s sur-
face [2,15-17]. Therefore, a minimum number of waves traversing
the material during the ultrasound test is required to obtain a vol-
ume wave, thus ensuring its propagation in infinite paths. For such,
the specimen’s length (or dimension of the element under analysis)
must conform to the frequency of the transducer used [18,16,19-
21,15].

According to the Guidebook on non-destructive testing of con-
crete [22], there is a minimum dimension of the workpiece that
must be respected according to the frequency of the transducer
used for the test, and such dimension cannot be shorter than the
wavelength. This concept was studied in wood specimens
[18,21], having been observed that the ultrasound tests on this
material should be carried out on samples that provide 3 minimum
wavelengths in the material, which is related to the sample dimen-
sions and frequency of the transducers.The results also indicated
that there is a critical point between the L/ ratio, from which
the UPV becomes constant, corresponding to 3 4 as the minimum
number [21].

There are few studies on the influence of the frequency of trans-
ducers on the UPV in cementitious materials (concrete, mortar,
paste) and the distance between transducers; however, the
approach on the wavelength was not direct [23,24].

Wavelength is approached in the geotechnical area in studies
on seismic refractions and surface waves, methods that character-
ize land as a function of UPV in depth, using low frequencies
(< 10 Hz) to enable the achievement of results in great depths
[25-29]. However, low frequency transducers do not meet the spe-
cifics of compacted soils due to low saturation and smaller dimen-
sions of the construction elements and specimens.

Therefore, each material requires a minimum distance between
the transducers, i.e.,, a minimum length of the specimen or con-
struction element, to meet the condition of an infinite path consid-
ering the stabilization of UPV values and frequency of transducers
available during testing. Therefore the aim of this study is to deter-
mine the minimum length that compacted soil specimens must be
made to obey the infinite path condition.

2. Materials and experimental procedures
2.1. Materials and preparation of specimens

Two soil samples S1 (Clayey) and S2 (Sandy) were used in this
study. The aim of selecting soils with different classifications was
to verify if the UPV is sensitive to changes in the granulometric
arrangement, since the size of the grains directly interferes with
the physical indexes of the compacted material.

The materials used were collected and later prepared for the
sample characterization tests. The preparation including the sepa-
ration of clods using sieve of 4.8 mm in diameter and drying in an
oven for 24 h at 105°C according to the procedures described in
NBR 6457 [30]. The physical characterization of samples includes
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the respective granulometric curves [31], specific mass of solids
[32] and plasticity indices [33,34].

The specimens used in this study were molded according to
parameters determined in compaction tests (Proctor’s method),
i.e.,, maximum apparent dry mass (}4max) and optimum moisture
content (OMC), considering the three energies of compaction (nor-
mal, intermediate and modified) according to NBR 7182 [35].

To fulfill the aim of this study - minimum specimen length -
cylindrical specimens sized 50 mm in diameter and 50, 100, 150,
200, 250, 300, 350 and 400 mm in length (Fig. 1a). The molds were
made with PVC tubes which received a side cut in the direction of
each preset length, required to extract the specimen from the
molds after compaction- especially those larger than 200 mm.
Stainless steel clamps (@ = 8 inches) were used to avoid the loss
of material during the manufacture of the specimens, varying from
two to five clamps according to the specimen’s length (Fig. 1b).

The compaction was performed according to the parameters of
Vamax and OMC, defined in the Proctor tests, according to three
compaction energies (normal, intermediate and modified). There-
fore, it was decided to fix the heights of the compaction layers
according to each specimen length, ranging from 6.7 mm to
37.5 mm. When considering soil types (2), compaction energies
(3), length of the molds (60) and 3 repetitions for each condition
analyzed, 108 specimens were required (Fig. 2).

2.2. Ultrasound tests

Ultrasound tests were performed using UsLab equipment (Agri-
cef, Brazil), with longitudinal wave transducers and 45 kHz fre-
quency exponential transducers (Fig. 3a). These tests were
performed after 0, 7 and 28 days of the compaction of the speci-
mens, considering the perpendicular transmission of the ultrasonic
pulse to the compacted layers (Fig. 3b). The adoption of the com-
paction ages was necessary to verify the effects of the variation
in the moisture content (MC) at the ultrasonic pulse velocity
(UPV) and, consequently, on the A.

From the propagation time of the ultrasonic wave, the UPV val-
ues (Eq. 1) and the wavelength (Eq. 2) were calculated, considering
the frequency of the transducers used (45 kHz). As there is no stan-
dard for compacted soil, the procedures described in the concrete
and wood ultrasound standards were adapted [36-38].

L (cm)

_ 6

V= <10 /) M
_V(m/s)

= ag ™ @

Based on the calculations of / (Eq. 2) and of each condition estab-
lished in the methodology, the minimum L required to stabilize

e

—
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Fig. 1. PVC molds used for wavelength determination (/) (a) and Adaptation of
side-cut pipes and clamps (b).
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(a) (b)

Fig. 3. (a) 45 kHz exponential transducers (b) Ultrasound test on specimens.

the UPV was determined, which indicates the propagation of the
ultrasonic wave in infinite paths [22,21].

As identified in the literature [39,40,7,17,41], there are some
factors that directly influence the UPV (MC and specific apparent
mass). To verify whether these factors also influenced the 4 values
of compacted soil samples, statistical analyses were made between
the soil types, compaction energy and MC. The hypothesis test
method was used with the aid of the Origin software.

3. Results and discussions

From the granulometric curves obtained for the soil samples S1
and S2 (Fig. 4), it was possible to identify them as sandy-silt clay
(55% clay, 23% sand and 22% silt) and clayey-silt sand (9% clay,
77% sand and 14% silt), with specific gravity of the grains equal
to 27.9 kN.m > and 26.5 kN.m >, respectively. The physical and
plasticity parameters used for the classification two soil samples,
according to the USCS (Unique Soil Classification System) and
HRB (Highway Research Board) methods, indicated that samples
S1 and S2 presented low plasticity, with a plasticity index equal
to 10 and 13, respectively. The S1 sample was classified as A-5/
ML [42] and the sample S2 as A-2-4/SC [43] according to the meth-
ods HRB and USCS, respectively. Clayey soils require higher MC
than sandy soils to obtain the limits of plasticity and liquidity
due to the greater surface area presented and minerals present of
this soil.

Fig. 5 and Table 1 show the compaction curves and physical
indexes of the two soil samples (S1 and S2), respectively. The
increased density coincides with increasing compacting energy

Construction and Building Materials 272 (2021) 121834

®Soil 1 ASoil 2

% passing
o
o

0,001 0,01 01 1 10

Particle size (mm)

Fig. 4. Particle size distribution of soil samples S1 and S2.
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Fig. 5. Compaction curves of soil samples S1 and S$2, according to compaction
energy (Normal - N; Intermediate - I; Modified - M).

(N, I, M), which is justified for obtaining a higher grain content
per unit volume. Furthermore, the shape of the curves (S1: open;
S2: closed) are characteristic of behavior of clayey and sandy soil
[43,44].

However, these parameters are changed when the samples are
exposed to the environment, without controlling the loss of MC.
Such modifications were considered in this research, being the
specimens tested both after molding and after 28 days of exposure
to the laboratory environment. The loss of water in this period
changed the saturation conditions of the specimens, providing an
increase in the void index for all the compaction energies (Table 1).
The reduction in soil moisture content compacted unsaturated
cause changes in its microstructure, both in the grain arrangement
as in its rigidity. This is because the equivalent effective stress as a
result of capillary forces, increases with decreasing saturation and
the size of soil particles, which also affects the behavior of obtain-
ing values UPV [45]. Therefore, in ultrasound tests, the size and
shape of the particles and the moisture content must be account.

Based on the literature, specifically in the ultrasound test in
compacted soil, the UPV is directly influenced by the moisture con-
tent [39,44,17,41,10]. In other studies, values UPV clay soil samples
were stabilized after 3 days from compaction [40,46,17]. This was
confirmed by statistical analysis (Paired-Samples T Test) consider-
ing the data obtained after 3, 30, 60 and 120 days after compaction,
which were identified in the same homogeneous group.
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Table 1
Physical properties of the soils by compaction energy and period.
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Period Soil Identification MC (%) Yd (kN/m?) Voids Porosity (%) Saturation (%)

Molding s1 S1-N 234 159 0,79 44,0 83,0
S1-1 219 16,7 0,72 41,7 84,6

S1-M 20,7 17,4 0,66 39,7 878

S2 S52-N 10,6 206 0,36 26,7 730

S2-1 9,6 212 0,34 25,5 72,1

$2-M 87 21,7 0,31 239 554

28 days S1 S1-N 19,2 13,5 1,1 52,4 48,7
S1-1 184 14,0 0,99 49,8 51,7

S1-M 171 14,7 0,95 48,6 50,4

S2 52-N 9,1 17,9 0,49 32,7 49,6

S2-1 8,6 183 0,45 30,9 50,8

$2-M 76 17,8 0,41 29,1 488

Table 2 presents the mean values of UPV, standard deviation
(SD) and standard errors (SE), obtained in soil specimens S1 and
S2, compacted in the three energies. The same statistical data are
presented graphically in Fig. 6.

According to the hypothesis test- which allows us to reject or
not a statistical hypothesis via the evidence provided by the sam-
ple (Paired Samples t-test)- the variation between 7 and 28 days
was, on average, 15%, 9.5% and 13.5%, for normal, intermediate
and modified energies, respectively. This behavior can be justified
by the type of soil (clayey), which present OMC values above 20%,
resulting in a moisture loss proportional to the MC when consider-
ing the same period (7 and 28 days). Moreover, according to the
same hypotheses applied to the results of S1, there is no statisti-
cally significant difference between the periods of 7 and 28 days
(p-value <0.05), except for the modified energy (p-value >0.05).

The S2 sample did not present significant UPV variation (p-
value >0.05) after 7 and 28 days of specimens molding, consider-
ing the three compaction energies (N, I and M) (Fig. 6). This behav-
ior is due to the type of soil (clayey-silt sand), which requires less
OMC for compaction, resulting in a faster moisture stabilization.
Other authors observed the same behavior when comparing the
UPV values of the sandy soil sample after 2 and 7 days of molding,
only obtaining a 5% UPV variation in this period [40].

Regarding the type of soil (S1 and S2), the UPVs were lower for
S1 when obtained after molding. This is due to the greater attenu-
ation of the compression wave, which is greater with a higher
moisture content, since there are more capillary forces related to
suction pressure |2,47,48]. However, after 7 and 28 days, the values
were higher for the S1 sample, for the three compaction energies.
Some studies that the ultrasonic velocities are lower for granular

Table 2
Analysis of variance (ANOVA) considering the UPV of molding and after 28 days.
Condition Molding 28 days
Mean (m.s~ ') sD SE Mean (m.s~ ) SD SE
S1-N 680,6 413 169 1542,8 1108 452
S1-1 955,7 233,9 95,5 1641,9 1859 83,1
S1-M 13793 1514 61,8 12839 120,5 492
S2-N 835,0 125,6 51,3 1639,3 2413 98,5
S2-1 1090,2 2572 105,0 1156,3 189,0 771
$2-M 13844 105,9 43,2 12239 96,8 39,5
Mean +2 SE O Mean|
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Fig. 6. UPV variation according to compaction energy (N; [; M), soil samples (S1 and S2) and time after molding (a) and 28 days (b).
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soils [41,49], corroborating the results of this study. The discrep-
ancy between the UPV values of the soils is due to the difference
in specific surface between the two types of soil studied and, con-
sequently, attenuation waves depends on interparticles contact
area. The smaller the grain size, the greater the specific surface
and consequently the greater the contact area between particles
[45,2,50].

In heterogeneous material, dispersion and attenuation of the
ultrasonic wave depends on the micro-structure of the medium,
such as grains of different sizes and properties and the presence
of water (adsorbed, capillary and, free). In this case, the higher
the humidity, the greater the attenuation of the longitudinal waves
[51,47]. Thus, the increase in UPV in compacted soils, after reduc-
ing the moisture content in relation to the optimum compaction
humidity, occurs because the intergranular stresses that occur in
unsaturated soils (suction pressure) increase the stiffness and facil-
itate the passage of ultrasonic wave in granular materials [45].

After 28 days, comparing the UPV value between both soils (S1
and S2), it was found that all molding conditions presented a sta-
tistically significant difference (Fig. 6b and Table 3). However,
when comparing the different conditions (N, I and M) for the same
soil, there was no difference (p-value <0.05). This behavior rein-
forces that there was stabilization of the UPV for both soils after
the exposure period.

In unsaturated conditions, as analyzed in this study, one should
take into consideration that the results are also influenced by stiff-
ness increase caused during the period of exposure to the environ-
ment. The moisture loss process in which the test samples were
subjected causes the increase inter-particle forces, due to pressure
difference between air and water. This difference is related to the
suction pressure, which is greater the lower the degree of satura-
tion [45].

The specimens size must be bigger than . to have the real
velocity- similar to that which spreads in a free path (plane wave)
[18,20,52]. Therefore, the UPV variation between the specimens of
different dimensions, especially smaller, due to the fact that the
surface wave is not a plane wave.

Considering the main objective of this research, it was deter-
mined how many wavelengths pass in each specimen dimension
(50 mm to 300 mm) in order to identify from which dimension
the wave becomes flat. UPV stability was not found in specimens
with MC nearby to OMC, regardless of the . and compaction
energy. As reported by other authors, MC is the factor that influ-
ences UPV the values [46,41,39,17,44,49,41,53]. Performed a simi-
lar analysis on compacted soil panels for 14 days and also verified
that the UPV increases according to the loss of moisture in the pan-
els, despite the reduction of the apparent specific mass values [54].

Therefore, the lower the UPV, the shorter the i and, conse-
quently, the greater the number of waves traversing the material.
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This behavior was observed in the results of UPV obtained shortly
after the molding of the specimens, a condition with MC nearby to
OMC, resulting in 1.6 to 20.6 waves travelling through the speci-
men (Fig. 7).

After 28 days - and consequently a decrease in MC - there was
an increase in UPV in S1, also reflecting the decrease in / values.
For S2, this same behavior was only observed the normal com-
paction energy, with intermediate and modified energies identified
an increase in A

Another effect that the variation of the specimen’s length may
cause is the dissipation of part of the energy used during com-
paction due to the friction of the grains with mold’s walls, which
translates into non-linear variations of the physical indices,
directly influencing the UPV. This relationship between voids,
porosity and moisture content of compacted soils has already been
evaluated using the propagation of ultrasonic waves, and the tech-
nique has identified the same nonlinear behavior of these vari-
ables, with velocity being sensitive to void variations [47,1].

This effect is more evident in the clayey soil (S1), which pre-
sents the intrinsic behavior of its properties in relation to UPV -
cohesion; shape and size of the grains - thus changing the
microstructure of this type of soil in a non-linear way. It can thus
be concluded that the size of the specimens used during the char-
acterization of the soil infers greater interference in clayey soils
than in sandy soils. According to the literature, the difference
between the behavior of both soils may be related to the amplitude
of the ultrasonic wave, depends on the contact area between the
particles, which is higher for samples with less amount of voids.
As this contact area increases, the amplitude is also increased,
which causes a decrease in the path taken by the wave and, conse-
quently, an increase in velocity [47,2].

This behavior corroborates only for the specimens tested after
28 days, with the UPV being higher for the soil with less voids
and porosity (S2). After 28 days, even with a higher void index,
the UPV was higher for the S1 soil. This behavior indicates that
the amount of voids, did not interfere as much in the results as
the changes in MC.

The UPV values obtained in specimens tested stability after the
passage of 6.2 and 5.4 waves for the normal and intermediate ener-
gies, respectively, for the S1 sample. Specimens molded in the
modified energy for this soil did not present UPV values that iden-
tified some type of stabilization according to number of waves. The
stabilization of the S2 specimens analyzed after molding occurred
with 7.2 and 4.9 waves, also for normal and intermediate energies,
respectively. In specimens tested after 28 days, for S1 it stabilized
after the passage of 5.3; 3.9 and 5.0 waves, for normal, intermedi-
ate and modified energies, respectively. For S2, stabilization
occurred after 7.3; 5.6 and 7.4 waves, for normal, intermediate
and modified energies, respectively.

Table 3
Comparison between mean conducted using Tukey Test.
Comparation Molding 28 days
P-value Sig P-value Sig

S1-N S2-N 0,6188 0 0,0042 1
S1-1 S2-1 0,0020 1 0,0097 1
S1-M S2-M 0,0054 0 0,0030 1
S1-N S1-1 0,0832 0 0,9100 ]
S1-N S1-M 0,0029 1 09170 o
S1-1 S1-M 0,7417 0 1,0000 o
S2-N S2-1 0,0001 1 0,7606 0
S2-N S2-M 0,0001 1 0,9792 o
S2-1 S2-M 1,0000 0 0,9878 o

Sig = 1: the difference of the means is significant at the 0,05 level.
Sig = 0: the difference of the means is not significant at the 0,05 level.
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Fig. 7. UPV variation as a function of soil sample moisture content (S1 and 52) for each compaction energy (N, I and M) and specimen ages during tests (Molding and 28 days).

Although the intermediate energy showed a lower L/ ratio,
indicating the possibility of a smaller sample, this was also the
condition that presented the highest standard deviation and stan-
dard error among the other energies considered, in S1 and S2
(Table 2).

In the case of this research, due to the frequency of the available
transducers (45 kHz), the minimum length of 200 mm should be
used, to guarantee at least 7 waves and, consequently, the propa-
gation of waves in infinite media for all compaction energies, dif-
ferent from wood in which 3 waves must be guaranteed
[18,21,19,20]. It should be noted that what will indicate the
minimum length of the specimen will be the frequency of the

transducer available to perform the test such must be increased
if the use of smaller specimens is required for to obtain the real
velocity in the material (infinite paths).

In addition to the actual UPV, knowledge of the wavelength is of
significant importance, as it is directly related to the size of the
defect to be detected. If the size of the discontinuities is much lar-
ger than /, they may not be detected, and the data are inaccurate
[18]. In general, the smallest diameter of a discontinuity to be
detected in the material must be in the order of 2/2, that is, for a
200 mm specimen, with 7 passing waves, the minimum disconti-
nuity to be detected will be approximately 8 and 19 mm, for tests
after molding and 28 days, respectively.
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4. Conclusions

Considering the proposed objective and the results obtained in
this study, it is possible to conclude that:

¢ To ensure volume waves and infinite paths using a 45 kHz
transducer, the compacted soil specimens must be at least
150 mm in length for the intermediate energy and 200 mm in
length for the normal and modified energies, considering the
S1 and S2 samples. Therefore, the soil type did not interfere
with the minimum length required for the specimens to be used
in ultrasound tests. When considering this behavior, it is con-
cluded that the minimum length of the specimen must be
200 mm for both soil types;

Among the physical indices, MC was considered the factor with
the greatest influence on UPV variations, considering that ultra-
sound was able to identify the variations of MC between the
period of exposure of the specimens to the environment
laboratory;

When comparing the values of UPV of the same soil, varying the
compaction energy, it was found that the MC presents an inver-
sely proportional influence, ie., UPV increases as the MC
decreases;

Soil S1 (clayey) showed distinct behavior when correlating UPV
values with the number of waves obtained for each length of
the specimen. The fact occurred in 100 mm specimens, in which
UPV sharply decreases in all 3 compaction energies. Further
studies related to changes in the microstructure of this type of
soil in relation to the type of compaction energy are required
to explain such results.

These results indicate an advance regarding the procedures of
the ultrasound test in compacted soil, indicating that there is inter-
ference in the sample dimensions, which must be considered in
order to have the real UPV in the material. From this, it is necessary
to investigate further the influence of variation of physical indexes
in UPV, mainly related to MC and porosity/ voids. Such researches
are necessary to make possible the use of ultrasound in different
areas that have the soil as main building material, assisting in
the characterization, technological control and inspection.
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Estimate of the dry densily of compacted soils using ulirasonic pulse
velocily and multiple linear regression models
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Abstract

TMrasouned tesis still have a limited database regarding the application of the beclmigue in oompacied
soll. Part of the available literture mvestigates the technigue in chemically stabiliees] sodls, for porposes
of mwechanical charactertatbon, which caeses dillically o e diveel. comparison of mesulis awd validation
of technigue. Despite this, there is a consensus Lthat the ulirsonie pulse velocity (UPV) is allected by
varialions i densiby and moisture content (MO), which mdicates Lhe potential of using in techmological
control of compaction. Thus, the alm of this reearch was Lo estimate the dry density (DD} ol samples
of compacted soll wsing Lhe plysical ndices amd TPV, For this, specimens were mobled o dilferent. MO
{dry aml wel branch) and subanitbed o the ultrasonm] test subsequently. From that, three multiple lonear
regression mosdels [MLER) were proposed Lo estimate DD, wsing the vobds wdex, pormsily amd sabaration,
respeciively, Logether with the MO and TTPV. Both presented satisfactory resulls with correlations greater
Uhean 0.9 and an absolute amd percentage dilference of trgel density of approcimately 004 kN fm® and £3%,
respeciively.

Keywords:  Mon-destructive besting, Techmologieal Control, Wace Velocity, Compaction Conbrol

Acronyms and Symbols

UPV  Trasonie Polse Velocity & Wik inclex

XRF X -Ray Fluwescenoe 1 Porosily

XRD  X-Ray Dillractbon DS Degree of Saturalion
OMC Optimom Mosture Coolenl MLR Multiple Linear Regression
MDD Maximm Dry Density RMSE  Ruowd Mean Square Ernoe
MO Muasture Conlend MAPE  Mean Absolute Percentage
T Transmitter Transducer Error

R Receiving Transducer F5P Fibwers Saluraton Point

L T TOR Tinse Doanain Relleclometry
L Distanee between Uee Uransdooers Ve Longitudinal Wave

SLE  Simple Linear Regressbon Va Slesar Wi

1. Introduction

Soil is a nalural and heterogeneous malerial, ussd for a long tme n the mesl diverse areas of civil
engineering (bulldings, moads, dams) as raw material for constroction. For each of Lthese applications, the
iypes of soil indicabed vary and, consequently, so does their physical, chemical amd mechanical properLies.
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Duespite Lhis, i Che nsed soll recuires ils compasction, paramelers such as mobstore content and density must
b dletermmined in Uwe laboralory, so Uhal, later, Ulese values can be reproduced in the Geld |1, 2). In onder 1o
engure Lhal the strocture will Tuliill its Toectbon, it = eecessary Uhal e compisction control be condueted,
which relates the laboratory investigalion, carried oul aceording Lo LUhe Lype of soll and application of Lhe
mealerial, with the conditions performed in the Geld.

The conventional methods used for this control may presenl inaccuracies amd restrictions, due o oex
eculion of test aml time required Lo oblain resulls for each of Lthe civil engineering applcations |3, 4, 5).
Therafore, new lechpologies which support in controlling and o the nvestigation of several siroclumes in
compeacied solls are peeded.

In Lhis sense, Lhere is Che ulirasoend west, nondestroetive method commonly used in Uhe chareterbsalion,
classificatbon, technological control and inspections of olher materials swch as conerele, steel and wood
16,7, & 9, 10]. Howewer, in comnpacted soil, in-deplh studies are sl peeded o verily the efectiveness and
lacilitale itz nse. As a means of bechnolgical control of compacted soils, research on ultrasoumd are =000
nciphent, parlicularly the dilicalty of coreelating the olirasonic pulse selocity (UPV) with e requiced
pararmeters for this conteol [11, 12, 13].

Acvonding Lo uitmsonic propagation Lheory, the UPV dilfers in solid, Douid and gaseous mwedia 6.
Knowing this amd bearing in mind that the soil s composed of a theee-plase skeleton, (fornmned by solid
particles, waler and air) (14, 15, 16] iL is pecessary Lo nvestigale Uthe influence of this micro-strsciure on
propagatbon of waves Lo enable Che wse of nlirasound as a techmigee (or wool) for the techoobogieal control
of compucted =sodl [17].

Muost research aboat on soll ultrasonnd test is focused on Uhe mechanical deracterbation of Uee rammed
construcLion |13, 18, 19, 20, 21, 22, 23 24). Thus, it & common for most of the data avallable in the Tleratone
Lo comse from soll with some Lype of additbon {oement, Bme, industrial waste, ete.), making b dilieolt to
directly compare the resulis. Regarding pure soil amd mechanical charsclerieation, correlations of 0,98
were obilaimed between the ongitudinal elasticity module obtaimed by ulrasownd and by compression Lesis,
inedbcating thal the technigue albows U estimation of this paruneter Reganding pore soil and mechanical
characterization, correlations of (.98 wers oblained betwesn the Jongitadinal elasticity module obtained by
ultrasound aml by compression lests, indicating Chal the echnigue allows Uee estimation of Lhis parameter
(18], When studying dilferent moisture oonlents of rmosed earth samples, L was also olserved Weat, when
chemically stabilissd, the TPV s direcily proportional to the compressive strenglh amnd density o Lhe
samphes. This facl may ol be confirmed when the ulimsoum] techniogue is wsed Toe compacted soils [20].

Repanding the use of ulteasoumd for echoobogical control, there are =Gl some olservalbons msde mede
by researclwrs that should be consbdered, such as We variation of TPV (a8 a loetion of molstore oontenl
am] density of Lthe materials) wlen: the micro-stoscture of Lhe soil change, due o presence of Chree phases in
soll (alr, solids amd water]. Thus, contemplaling Uwse variables alooe i nol enough, given that the mboro
siructure, especially the air contenl, are ntrinsically related o changes in moistore conbent amd densily.
Thernlore, it 5 pecessary Lo invesligate olber physical ndios as well

Daespiter Lhe variability Bedween soll compesitions in the literature, the alleration effect of TPV doe 1o
the drying prooess of compeacted solls was the foous of some anthors, who concloded that this deange is
assncialed with Tree and mlerstitial water and the pressare dilference in pores of thal material (13, 18, 25).

Alhough in UPV chemically-stabilised matenals ndicale greater densily and resistance, in pure sobll
this behavior dilfers accosding Lo e moisture conlent of Lthe samples. Somse authors have observed thal
depending on which branch of the compaction curve the moisture content of Lhe specimen is bocated (dry
or wel), Lhe TPV can be directly or indirectly proportional [12, 30, This Gl makes i dillicall o propose
a moddel capalde of predicling variables thal are important in the technological control of Uhe soil, such as
densily, Logether with Lhe ulimsoum] Lest.

Part of the studies are based on sunple linear regression models, formed by a depemdent and an inde
pendent variable |12, 20). As such, the estimation of any pleysical or mechanical soll paruneter is complex
becanse Lhere are always several vardables Lhatl inlerfere with Lhe variable of onterst. Inaddition, Lhe seis
i pespeonse besl metlod ilsell s allected by several Factors, such as lilhological, physical and sl elasticily.
Based on this, i s necessary Lo use mollple analyses Tor Torecasting models.

Thus, consklering that Ue density rellecls on the sample’s micro-stoectural amangement, iL s necessary
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Lo sbudy moddels that are capable of necorporatieg a greater number of independent variables, so thatl Lhe
miero-slruclure is correclly considered. Somme studies Bave wsed multiple linear regression for the develogment
of prediction meodels for Lhe bulk modohes, shear nsodulus and Polsson’s ratho, using ponesily, density and
velocily. The resulls presenbed by Lhese authors were salisfbelory, with a bow percentage of error in Lhe
esilimates [36]. There are also multiple models for estimating density aml compressive strenglh |27, 28]

Therelore, Lhe aim of this study was Lo vestigate Uhe infloenee of physieal ndiees (moisture content,
vonils idesx, porosity amd degree saturation) i the TPV W0 enable an estimated dey density with the abd of
ultrasoand el

2. Experimental Procedures

21, Physaeal Choroelerizalion of Moleriels

The soil sample used Lhis research as lateritie clay, charcleristie [ron melropolitan region of Campinas,
Braxil. This soil was chosen as it has a high moisture content (M) wariation in the degree ol oo paction,
which was necessary for Lhis study.

Aler collected, Lhe soil wias prepared am] stored according Lo the procedures deseribed in standard |[29).
The plysical, chemical and mineralogical characteristics of Lhis soil was perlormed acoonding Lo Lthe Lesting
of grain density Lests [30), particle sise |[31], plasthcity and lhguid Lmits [32, 53, X-ray ooresceno: (XREF)
aml X-ray dilfraction (XRD).

Tatsle 1: Physical and chemical chameteristios of the soil sampl:

Parmmedler Walue
Specilic Gravily 279 kN.m™
Pla.ﬂl.'lt.']l._'r e 0%
Saml 2%
ik 2%
Clay a5%
Alaidg 272
Silk i
Feallz 19.4%

The main minerals present in Uhis soil (Fig. 1) are guarts and hematibe, which are Cypical of latene soils,
Logether with mineral trsees of days [ phyllosilicates) amd kaolinite. These denswenls also were identified n
XRF, within the reddish eolor, ehareteristie of latentie clay soils, related Lo the greater presence of hematite
{Feg(s) aumd alumina (Ala(3) (Tab. 1).

2.2 Moldmyg of Specamens

The compeactbon lests were performesd previously Lo determine the oplimal mokstore content (OMC) and
i dry density (MDD), for (e tleee energies of oompaction (normal, interomediate and moodifed )
3], sulmequently uses] during the msolding of the specioens (Fig. 2).

Six modsture conlents were chosen Troan the compaction euewes for each of energies in order Lo verily Lhe
behavior of the TTrasonie Pulse Velocity (TTPV) in relation to variations in mosture oonbent and densily.
Thres: repetilions were made for each moisture content (M) and compaction enengy, odaling 54 samples
{100 men in height and 50 mm in diameter).

T ensure Lhe accuracy of Lhe density of e bodies of Lhe Lesl plece, the compaction was perfonmed by
controlling Lhe height up the layers. The chobee of compaction controlled by the helght of layers amd not by

:IIIJII'.II:H.'I' IJ[ IJ].I.m"l wias jJI LH'IJ.I!I Ly I't!pl'l.lll!ll.lll.'! 'i'n!.]ll.l!’l Ly IJ[ Lht! L'.IJ.I.IIpG.I::Li.I.lﬂI curves.
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Figure 2 Compactbon curves of soll according o oompaction encrgy

2.8 IMrasound Tesls

- The ulirasound equipmsent consists of a souree, Lwo Uransdoeers of exponential faees (Lransmitter and
receiver] wilth 45 ke of Iregquency (Fig3). The souree sends an elecirical signal Lo transmilier bransdecer
{T) eomposed of a pieoeleciric material eapable of converting U eleelric signal receivedd in response acousLie
or mechanbeal. This acoustic wave propagates in material, which is received by Lthe receiving transducer (R),
which also contains a piesocleciric material, again transforming the acoustic signal iolo an elecirie. From

w  Lhe receiver, Lthe signal = seol back o Lthe source, which sdicates the Lo taken for the wave Lo Lravel
thronagh the Lested malerial.

The: wave transmission was made in relation o bhelght (length) of tle speciosen. Therelore, Uhe prop
agation of ulirasonic waves oocurred through Lthe layers” aunpaction, [ollowing standand procedures Tor
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ultrasound tests on oller Lypes ol malerials 35, 36, 37).

uw:% (1)

The Lest meesasaires Lhe wave propagation Limes (L) In malerials, which allow the determination of UPY

In materials (Eqg. 1) together with tee dstance between Uwe bransdueers (L), This poocedure was performed
imumesdiately after msolding of Uthe lest specimens Lo ensure same comlitons during Lests.

24 Analipsis of resulls

The physieal index of specimens were individually correlated with TPV using Lthe simple liesar regression
mumlel (SLR) . Based on the hterature, this modeling provides elciency Lo estimate mechanical progerties
{mechanbeal rsistawes, elasth constants). However, as observed in olher researches, Uhe relatbonship belween
thee TPV ] oonly the physical indices may notl be amenable Lo analysis by Lhis nsethod, due Lo its noo-linear
behavior as a huetbon of a single ndependent variable (12, 21]. Therelore, using Uwe OriginPro sollwane
we eslablished a counparkson between several regressbon mwodels (Linear oaluiple, Polynomal, Sinusoidal,
Weibiull, Lowe=z) so Lhal the best regression model conk] be defioed, based on three ndependent. variables.

The chsicn of dependent (D) and independent (MO amd TTPV) variables as fioed in order Lo generate
Ll mmde] was basexd on wlhal was observed by olher stuwdies, where UPV is able o detect variations in MO
aml DD [12, 13, 18, 25). Although the test was able to detect these variatbons, iU cannol klentily whether
the TPV oblaimed = located in the dry or wel branch of the compaction curve. Besides thal, Lhe same
TPV sl can be related Lo vardous MO aod DD valoe, Becaose of this, as o thind ndependent varciablde,
three physical indices linked Lo Lhe material’s micro-stroctare (voids iwdex - e, ponesily - P oam] degres of
saluration - DE) were adopled, generating three distinet models

Among the regression models available i the OriginLaby solbware, the best respaonse was oblaimed through
mutltiple linear rogression (MLR) (Eqg. 2).

Y=I|rjjr|+|l']'-21'n+...+ll']nu:..+.€ I:!!]

With the MLR musdel, we can estimate a dependent variable (YY) [om independent variables (x5, =2,
sy En ), Lhe respective linear () and angular (1, Fe, . , [Ta) cocllickents. The random error (¢) = Lhe
dilferenee belween Lhe targel variable and oblaimed by U progosed model, which will be wssd dariog Che
perlonmance analysis of Uese models.

There are sonwe basic asumplions Lhal will e evaluated Lo validate this meodel, in osder Lo verily Lhe
lmearity and comelation between U dependent and independent. varables, inaddition o pormalily, vananoe
{hommoseelastbcity) and selloorrelation bebween U models resbduals fermors.

5
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Thus, Pearson, Shapino- Wilk and Kolmogorov-Smirmoy Lests were performsed, in addition Lo graphical
amalysis Lo ideotily belersesdasticily or homoseedasticilty. Al of these dwecks were performed with Origin
Lals soliware.

Muoreover, Lo analyse Lhe reliability of U msodels, Lhe standand deviation of Lhe dilferences between Lhe
predicied amd olwerved values (RMSE) (Eq. 3) was also considersd, together with the s of the ermor in
percenlage (MAPE) (Eq. 4). In this case, the lower the RMSE and MAPE waloes, the better G ol Lhe
predictive mwdel. RMSE corresp the Rool Mean Square Error amd MAPE Lthe Mean Absolute Percentage
Errur.

()

r
i — Ny

1y
MAPE = ;.-lf

x 10 (4)

3. Results and discussions

The slape of the compaelion cirves wis consistenl with the behavior of prooedure, which imeolves
compressing a larger number of graing per unit volume, Thus, G appears Lhat the greater the compaction
cnergy, Lhe greater Lhe MDD and, consequently, Lhe bawer Lhe OMO, considering that less lubeication of Lhe
Erains is necessary.

Howeeves, even il e alm of the eompaction et is o determine the OMO and MDD (kN/m?) of soil,
lese were pol paramseters wed Lo test ulisonmd, Thos, six molsture conlenls were selecbed Tor molding,
with three MO i dry branch and thees o owel branch of the compaction curve. Duoe Lo characteristic
behavior of compaction energy varation (increase in DD and decrease in MO) ooy contents of 19%, 21%,
2% and 257, are common Lo Uee Chires conrpaction energies (Tab, 2).

The wltrasound Lest was able W identily Uee dilferent conditions of samples, with the TPV being directly
proporUional Lo nerese in MO oolil of OMC ad ioversely proportonal for conbents above of OMC. This
idicates thal the UPV in compacted soils has a bebavior similar Lo relationship between the varialion of
M amd DI This behavior & similar Lo compaction curee, where DD s dicectly proportional wnti] OMC
aml] inversely proportional alter this content. In this case, this behavior is related o the capacity of expelling
alr promobed by compaction, which s sueoesalul up Lo certain levels, varying acconding Lo Lhe Lype of soll.
From tlee polnt klentified as oplimal (highest DIV, the compaction oo longer promsoles Lhe expalsion of alr,
being, Lrapgpesd between the soll and inlerstithal waler, which canses Uwe DD Lo decrease wilh nereasing MO
The Fact tlal Lhis behavior is also observed when stwdying the TPV o dilferent MO indicates the possibilily
of wsing Lhe technigue in chareterization amd conteol of ecompacted soll.

This distinet bebavior of UPV [rom certain moisture evels was also observed i wood. In this material,
the TTPV k= diiferenl belore and alfler Che Gbers sataration poinl (FSP), a poiol thal eorrespoimds o Ue MO
al which the entire capillary wialer has evaporabed and the maximom amount of hygrosoophe waler remains
in Lhe woodd, salurating Lhe ber walls |38].

In compacted soil, Lthis pattern of bebavior has alresdy been observed in other studies |12, 14), belng
assneialed with U three phase sheleton of Lhe seil and the dilferenes in propagation between this mediun
(solid-waler-air). This, it was already expected that the highest UPY would be obbained For Lhe Langest
vl of solids, correspomdent Lo MDD and OMC. IT correlated, the coellicienls were nol satisfctory for
any of Use Lthres cnengies, confirming Lhe non-linear behavior among the variables {Fig. 4).

Therelore, only a simple linear regression madel would ool be able o correlate te TPV w0 MC or DI
Thus, it is necessary Lhat Lhe wel and dey branches are analyeed individeally or in oonjuosction with other
paramelers, such as Uhe voids index, porosily amd sabarabion.
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Table & Modding MC and D conditbors obtaned from polynomial sdjstment aed Chelr ospoctive physieal mdes
Physical index
Energy Branch FTH oD F =

{%) (EM.m-3) ) (W)
19.0 14.m L WTh 5142
Dy 21.0 15.08 09z 4793 6206
Normal 23.0 15.92 N84 4556 T253

P NS 11 R W RN T
Wl 2450 16.00 076 4304 &7 46
260 15.74 076 43.03 8087
19.0 1535 078 4406 H962
Dy 2.0 16.04 0.7 4405 90094
. 21.0 1660 & 4451 8260

lutesinediate P 1T B T LT =X
Wl 24.0 16.09 07T 4360 TLAY
25.0 15.87 0.7 41.96 THEY

[ T B 1T I [T TH T T
Dy 19.0 16.38 0T 4110 83927
. A0 16.84 07l 4167 9111

Modified ] WV 3 VI I P X
Wl 23.0 15.79 076 4331 90008
25.0 15.50 & 4456 THAZ

MC: Mokstare Content; 1LE: Lry Densily; @ Vo [edex P Ponaty and 105 Salarabion
1 The ehobee of woid ratio and porosity parameters as dependent. variables, along with Saloration, is doe

Lo Ul Fact Lhat these indices are divectly loked to the theee plase steoctore of the soll, which makes it
possible Lo estimate the relationship between vobds Dlled with air aml water, which make up Che soll microe
structure. Therefore, the analysis of Uese varfables wis essential, sieee the focus of this research is Ue DD

of specimens, which is inversely proportional o amounl of (R = -00957) and P (R = -00963) (Eq. 5).

0. 2-!3
FIPV 0.5k

—(.957

—1. 5%

0.7&1

The general correlation between MO aml DS was relatively low (R = 0.777) doe Lo Lthe dilferent mobling
conditions (mormal, intermediate and oodified energies), with equal msolstuee contents for dilferent. values
of DS, Dee Lo the non-linear behavior of soil mostone amd densily variatbon, i was expected that the
correlalions between Lhe olbher paramelers were pol salisfuelory.

1
—0.479 1
—0L193 —0A532 1
—L156 —0A554 0997 1
0797 e —0F58 0739 1

am As seen in Fig b, UPV is directly proportional in the dry branch and indireetly proportbonal in the wel

branch. Therefore, the values oblained [ the corvelation of Lthis parameter with te MO and DD ane
coherent, being equal to 0534 and 00479, respectively.

Tsing the OriginPro sollware, i was possible o determine a Multiple Linear Regression mode] (MLR),

using TPV, MO, e, P oand DS as independent sariables, as a allermative o estimate Uwe dependent varkable

we DI (Tale. 3). From these equations {Model I, 1T and ), i is possible Lo estimate any DD value as long as

il iwlependent variables ane knowno.

The B values indicate thal Lhe models explain 97% (Model T), 955, (Model IT) and 84% {Maodeld IIT) of the
varkations olserverd in the DD of the aanpacted soil, considering Lthe volls index, porosity amd Saluration,
respeciively, as the thind ndependent variable. The targel DD, i compared Lo thal oblaioned wasing Lhe

T
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Figure: 4: Relatioeship between physboal indes (Volds indes (o), Porosity (b) and Sateration ()], UPY, MO ad DU

mmmlesls T, IT anad 1T, sluowed an absolobe and percentage dilference of approximately (0.4 E.N',l"r.l:l:1 and +3%,,
respeciively.

The greatest dilferenoe bebween the values observed and predicted by the models were oblained by Lhe
intermediate compaction energy (Fig. 2h), with the values estinsated by moddels T, IT and T on average 0,52
ls.N;"lr.l.ﬂ' greaber Lhan Uhe estimated values. For the other energies { Nonmal and Modified), the estimated DD
values were 0039 kN/m® and 0048 kN/m® greater than those predicted, respectively (Fig. 2a and Fig.2c).
Ther: was also a dillerence in Lthe behavior of Lthe TPV for the compaction inbermediate energy when
studying the wavelength in compactal samdy and clayey soll, with this energy belng responsibile for Lhe
largest deviation and standard error among Use olher energies |2ﬂl

The variables MO and UPV do nol show satisfwctory correlations with the DD {trgel varable) (Peason
Lesl), becanse both variables behave in an ionvers: way when located in the drey and wel branch (Eqg. 5). In
e s of Lhe dala used all moistore contenls were considered regandless of Lhe branch in which i is Jocated,
s Uhal only one model was proposed, covering both braodws of the coeve. Only vaciables o, P oaod DS ae
highly correlabed with dependent variable (DD}, considering tlat both deal withe the sodl micro-stroctoe.

Draer Lo Lhiis moon-linessar behavbor between TPV and MO, the use of only TPV as a pacuneler for eslimating
DI is still uneertain. In oompacted soll, when investigatiog the behavior of e TPV with loss o mokstone
Lhronagh ex posioee Lo air, Lhe inerease in TPV can be associated with a decrease in Che woid mtio and porosily
[26). As with specimens with conpaction moisture, UPV variatbons can be associaled with e Uiree plhase
sheleton of this material (solids 4 air 4+ waler) [12].

In the equations developed o this stady, we noleed thal bebween e models deseloped amd Lhe variabiles

b
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Table 3: Multiphs: Regression Models for DI with performanes indios of eguations

RMSE

Mimdil Ecpealion R (kN.?)

MAPE

(%)
2.90

I DD = 19.92% + 005 TMOC + UTPY - 7w 0.97 0.52
I D0 = 25034 + 00GIMC + 0001TPY - 0.257p 0.95 053
111 DD = L3 - 0.ZEMO 4+ 000UPY + 008TDE 0.5 .52

am
2.91

TOMRE: Fool Mean Soquige: Frror, MAPE: Mean Absolile Parecnlige Frrr
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Figare: &: Comparisen between the dry densitbes (D0 obiained with the data from the proctor test (moldiog) asd with models
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considered (e, P and DS), the vobl ratbo = Che sariable whatl osest inberferes in modeling, eorroborating Lhe
liLerature.

Acvonding o e Shapiro- Wilk aml Kolmogoroy-Smirmor normalily Gest, Lthe residves are identically
distributed, that is, they were exlracted spnificantly Inom a pormally distributed population, considering
ihe comficdence level of (005, Reganding Lo the graph of residue versus onder, there s oo tremd or pallerns
when analysed in emporal oeder, with points that fall randomly aroum] the centeal e, ndicating thal
Lhey are nddependent of each olher (Fig. Ga). No heteroscelasticily problems were observed, thos inadicating
thal Ll varianes of errors/nesidoals B constant amd each poiol contribubes with an equal explanation for
il variability the performed modeling (Fig. Gh).

& vy & Kiirieg] L L ]
. w1 il ! - .
] a i i
T L] L]
] " ] H
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. &
® e T T e— E nt
= & @ i
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(L] ¥ 15 E'l L
" ¥ " u
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Figare ii: Relationships bebwoen ressdunl cenors and order (o) aed belwoon residual creors and predicted salioe (b)) of ayudlons
of sl 1, 11 s TIL.

Some authors have combined the technbgpues of Tioe Domain Relleclometry (TDR) and P-wave Lo
mesasnre U in-sitn density of solls, proposing a model Lthal relates te TPV with the void rato, porosily,
degres of saluration, waler stillness, stilToess grain, shear modulos aod section. The asodel progosed By
themn allows the determination of Lthe density oesitn with a dilference of approcimately 100 [noan thal
calenlated by the convenbiomal method using weight and voluose of a feb] saoople [14].

Analysing specilically the relabionship between DD and TPV, some aonthors also observed that Ghere
5 o distinet linear relalionship belwesn some of the parmelers analyosd in Lhis research, where Uwe same
TPV has dilferent values of DI Ths, a relationship between longitsdinal (Ve) amd shear selocity (Va) has
been proguosed Lo predicd Lhe dey density usiog o oon-lnear moll-parameter regression amalysis method.
Acvonding Lo Lhe authors, Vg was added o e modeling consklering that the Vi is directly alected by Lhe
pores of U material. The estimate, considering Ve and Vi, showed the smallest eeror of 0.45 g/fem® [28).
Thes observabions cormoborale whal was preseated in Chis research, however, with greater errors Lhan Lhose
olwerven] in models T, IT e T {Tab. 3 and Fig.2).

In wrder Lo confirm the efectiveness of the proposed models, the models 1 I and T were Gestesd using
Ll other search data using Uhe same soil sample studied n this research |[25] predicled amd estimated wloes
Tor Lhe specinens tested with ulirasound by the anthors inmediately alter molding and alter 28 days air
expusire were coanpare], which showed a mean dilference of 002 kN /m® Lo 0L70 kN/m® of the Langel saliues,
respeciively | for the moedels developed in this research (Taled).

Deespiter showing a greater dilference than U estimated error for Lhese models when used data afler 28
dhiys ol exposure, the percentage of about 5% was even smaller than those obsbaimed in (e mosdel deveboped
using U TDR Lechnigue [14)].

10
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Table 4: Comparison of the results chtaiped and cstimated for tests performed on clayey soll, after molding and after 28 doays

[26]
Do [NTN]
Condition Energy ::Ei :'IT::; & {'E-] Il;f} target  estimatel
kM.m kM.
N M4 GRDGE 079 44 B30 1590 15,85
Muolcling I 29 95T 072 41,7 R4G6 160 16,60
M T O1FTMA 066 3T BTE 1T 4D 17,49
7] 192 1M2s 11 5§24 dar 1800 [EET
28 days I 184 16419 099 498 51,7 1400 15,08
M 17,1 12839 095 486 504 1470 14,94
T Avemage aetimatos for models 1, 11 asd 111, shown im Tabit
Conclusions

The ullrasound Lest was abile Lo identily the dilferent lesels of MO and DD, whose behavbor s similar
Lo Lhe compaetion curve, with TPV beng directly proportbonal in dey braoc of the caeee (< OMO) and
inversely proportional in wel branch (= OMC). This pon-linear behavior rellected directly in B values
obiLained by Uee Pearson Lesl, cansing a low correlation between the TPV - MC (R = 0.534) and TPV - DD
(R = -0.479).

Thus, simple linear regression amd Lthe uwse of MO n conjunciion with the TPV was pol sullickenl Lo
esibimate DD, In this case, we opled for the development. of multiple lnear cegression models, using Lhe
physical indices Lhat most refer Lo skelebon of compacted soll (solids - waler - air). The aim was Lo deotily,
among Uhe voids mdex, porosity and degree of saturation (Maodel I DT and T respectively ), which are mone
ellicienl Lo estimate DD in conjunclion with ulirssound Lest.

The mumlels presented salsbwlory resulls, with arrelations between 0294 and 0097, and averayge ermoms
of approximalely £3%,. These resulls were beller Lhan Uhose oldained in the lilerature Tor olher modeling
or combination of techobgues.

The Model I, which nsed the voids index (ratio between the wolume of vobds and solids), had the hesi
perlonmance (bowest error amnd highest correlation) among Lhe olber models. This proses that, although Lhe
TPV & inberfered by Lhe medinm in which it propagates, the vobds (air) inlerfere more in wrialions of TPV
ihan moisture contenl (waler).

Therelore, as long as malerak wsed are characberios] and calibrated in the hbomtory, il B possible o
e proposed models Looasssl in guality conteol of stroctures of compacted soil, as long as the Lesis ane
carries] oul with Ltransducers positioned perpendicularly (direct trnsmission). For praclical purposes, ib
Is alan necessary Lhial Tuture stdies verily the same scope in ulirasound wests performed with trasdaeens
positione] n paralle] (transmission mdirect ) amd o soils with olber mineralogical constitutions.
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Elastic behavior ol compacted soil using ulirasonic waves

Sarro, W. 5., Ferreira, (3. C. 5., Goncalves, R
[ngmerstly of Compinos - Schood of Tochrolagy - T888 Foschood Mormoe, Limetro, Sie Pamdo, Srosd

Abstract

Consklering thal soll a8 a constrodlion malerial is generally compacted n layers, and thatl thens is dillically
in Lhe mechanical charactersation of pew and historie raummed earth, the inleence of compaction layens
was analywed with olirssonmd. Therefore, was prodecs] enbie specimens | 150mm edge) with two dilferent
sonls [clayey and sandy) and three compaction enengies {normal, intermediate and owodifed). The ulirsonie
pulse velocity (UPV) (compression and slear wave] were determined consblering three propagation and
polarisalion aces (X, Y and Z), with Y being the compaction direction of the layers. The relalion belween
velocities in axes and plans are wsed o analyee the soll behavior relating ansoleopy. The resulis showed
dilferenees n elastic behavior between soil Lype amd compaction energies. The sandy soll shows Lransverse
wobropies for all compactions energy while clayey soil only for nonmal compeactbon, beoaning sdrogpic Tor
higher ewergy levels. The methodology wsing relationships betwesn selocities in the axes and in the planes
proves] Lo be viable b evaluate Lhe elastic behavior of soils.

Kegpoords:  Non-destructive testing, Elstic Constants, Mechanical Charaetermeation, Wise Velocity

1. Tntrodoction

The rarmmed earih is one of the oldest archibeetural technigues, brought 1o Latin America by tle Por
Ligguese and Spanish, with mumerous combizations of aastroction techndgues based on Che material aailable
i Lhe local territory [1, 2, 3. Although it has an empirical character, Lhe earthen constroctbons feature high

w  durability, considering there are buildings identified as historbeal amd cultural heritage that are still o op
eration of in rehabilitation conditions or structural reinforosment, having been built with the technigues of
rammed earth [3, 4]

Despite Lhis, even with a Large number of historical bulldings and modern architecture that wse Uhis

malerial, the executbon of the characteriation, restoration and stroctural reoowvery of Uhese constroctions

m AL presents dilliculties]5, 6], Part of these diflicultes reler W mechanbeal characleroatbon, more specifically
relates] Lo elastic constants (modules of elasticity, shear modulus and Poisson's coellcient). These paramebons
are of paramounl nportance Lo design amd guarantee the zalely of rammesd earth constretions, sinee it s
baged on Uhe determinatbon of the delormations sullered woder & cortain tension. In the case of oompeacted
earth, Lhere is some difliculty in establishiog Uhe limits of stresses and deformations Uhal separate Lhe plastic

s aml elastic state, which prodocing greal, variability in the resalis presented by anthoes Tor desteective Lests
|7, 5, 8]

Non-destrwetive techobyues, specifically ulirasowmd, can help determine these paramelers, iL §s a Lool
alresacly used in the characteraation of other matenals (metal, wood, conerete) [9, 10, 11, 12]. However,
seveeral Factors Ul nesd o be evaloated ootil this techoigue s Tully validated o daracteriation sol.

a  Preliminary research isdicates a possibility of using U wase propagalion Lo estimate Uhe physical (mokstone
conbenl amd density ) and meechanical bebavior of compacted soil [5, 13, 7, 14) Meuwhide, studbes on Uhe use
of ultrasoum] Lesting in soil are siill incipieot, which justifies researches with Lthis focos.
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In buildings that use Lhe soil as costroction material, compactbon s carried oot inside forms, o pasallel
layers, using Lhe valwes of moistiere content and densily determined in the laboratory, which vary acoording
Lo Lhe texture of the material. This proosess is based on the experieno: of e professional responsible for
compaction, who strikes Lhe material untdl i reaches & “Anging™ sound, which indicates tal the degree of
compaction has been reached [15). As shown by Canivell e, al |16, 15, 8], |, o the lew existing stisdies
on rammed] earth, the mechanical characteriesation s performed by destroctive methods, ising specimens
exilracted from Lhe execuled compacted walls, which generally do nol represent the plyysical and mechanical
properéies of Lhe analyws] constructive element, due Lo alleralbons cansed by the vibration of e equipement
o] in Lhe sample exiraction. In addition, the composition of compacted walls in superimposed layens
can abao interfere with the destroctive resulls, depending on the posibioning i Lo the layers in relalion Lo
extracibon. Dhe o the variability of Luwl use forms for the varfons applications of civil engineering, Uhene:
I5 Uil mo consensus on Uhe bebavior of the mechanieal response of Lhese malerials, that s, whether this is
an ansolropic, ortlwobmopie or Botropic material. In this case, the conclusions obdained by other antlons
depend on Lhe element they are investigating (cylindrical, prismatic, overlapping or single-layer specinsens,
ele.) and Uee soil state (loose or compactesd) |17, 18, 19, 20, 24].

The ansobropy of materials B expresssd as Lhe variations in the elastic strain tensor of Ue msaberial
as response Lo Uhe applied stress bensor. An accurabe estimatbon of materdal mechanical behavbor requies
simultameons views on ks strocture amd wave propagation plesomena [22]. Wave paramelers are allecbed
by material strwcture which acts as a iller and this interactbon reveals shacply (e anisoboogy of Uhis mate
rial [22]. The modulation of longibudinal am] shear nlimsonic waves propagaton by Lhe material stroctone
mst b nmderstood in terms of both propagation aod polacisation divection. For oogitudina] waves, progp
agalion amd polarkeaton are paralle] and therelore oocur on an axis. Omn Lthe olher haml, in shear waves
the polarization ocews on a perpendicalar axis aned Uerefore comeerns Lo a plane. The properLies as Uhe
densily, stillness, shape and sioe of the materials elements alleel the transmitbed ulirasonic Deld becanse
cach strpctural element acts independently ke an eleomentary resonator |22). The spatial distribotion of
velocities amnd lregquencies could explain the acoustical beluvior of the materdal, which is associated with s
anisolrogy. So, as a Orsl step in the estimation of material anksolropy by acoustic methods B o relate balk
velocities Lo symumelry aces [22]. One of the possible approaches foe Ue estimatbon of te malerial anisodrogy
using acoustic method is o compuate the ratios between velocities of loongitodinal amd transversal waves in
Ll Lhres: main symmelry directbons [22]. IT te material has an solropie belavior, there are no expected
discrepancies between velocities in axes (lomgitudinal waves). In planes (shear waves) some: dilferences ane
expecled, becaunse one same velocily can be oblained with propagation in ax Y and polarbation inoax X
or propagatbon noaxe X awd polarsation inoase Y, for example. These dilferences are Toom Che material
Inhonogeneitios casing e wave birelringency.

Thus, considering that there & o consensus on Ue elastic bebavior of compacted soll, that is, whether
I is anisolropic, ortholropic or solropie, the main aim of this study was verily, osing ultrasound ests, il
Ll compacLion byers inlerfere in the isolropy of buailding elemenis in rammed earith. For this, Use inlsenoe
of Lhe soll Lype and compaction energy was verified using relations among alrasonie polse velocity (TTPV)
obilained with compression and shear waves o puane soll.

2. Experimental Procedures

21 Malerals

Were selected two soil samples of predominantly clay partbcle shee (5)) and sandy (55), 80 thal the il
enee af sodl Lype In Uhe ulirasound Lesting could be analywsd. For physical and mineralogical caracteristion
of materials, Lests of particle sise |23, density of grains 24|, lmits of consstency |25, 26) and X-Ray Floo
rescence (XRF) were conducted, with results are sumimarieed in Tab . In additbon, were collecbed images
Iroan material for chararterisation of the micro-strsctore with the scanning eleciron microscopy (SEM).

Based on the resulis oblained and aceording o the Uniled Sal Classilication System (1TSCS), 5 B a
Jow plasticity clay (ML) amd S s a clayey sand (SC) (Fig 1). Allhough having different particke siee, Che
mein chemical elements identified in XRF amd their compositions corroborate the Lypes ol soil in this stwdy.

2
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Figure: 1: Particle sk distribotion of the scboctod soils [27]

The redddish color and higher density of 5 s related o Lthe predominanee of Hematite (Fep(dz) that,
Logether with a higher percentage of Alumina (Ala(s), corroborate with the characteristies of clayey lat
eritic soils. In S sample, Lthe predominases of Siliea (Si0z) corroborates the grannlometric classiGeation,

m Ilbating a material with & sawdy granolar textoee, due Lo the greater amount of Chiaris.

Tabde: 1: Physical and chemical characteristies of Lhe seils samphs

Plasticity 5 ;
DG Sand St Clay AlOs Si0, Fe,Dg
Sample  qagesy) TR gy my (R) (R) (%) (%)

(%)
51 279 10 E=) 22 i 272 A8 19.4
52 6.5 13 T 14 9 9.6 512 AR

2.2 Moldmyg

In order Lo determine the elastic belavior [ Elasticily Modules, Shear Modohes and Pokson) of comnpacted
sonl samples lesbed with wlirasound in dilferent directions (Sedion 2.4) were molding cubic specimens with
1500 mon, due bo the need Do establish e saoe dimensions foe Uwe ees, where e icansdoeers will be

w  poailione] during the ulirssoum] bests, and Lo mindmkee the nlluence of Lhe specimen siwe on this Lest |27).
The wwetal formwork wsesd Tor tleese samples is the same Lhose used for concrele wests 28], chosen due Lo
Ll eanser ol demnoubling the aees, with inlernal surbwe similar o lonmwork ussd o molding rammed earth
panels |29, 30, 31, 32, &3, 34, 35, 15)].

T miniemkes Uee mlluence of the execulors expedence:, Che compaclion was performed manually, eonbrol

o limg the height of Lthe compaction ayers and Che amount of material per ayer. This procedure was Tollowed
i order Lo ensiere a high degree of compaction and less warbability between Lhe density of samples. The
oplimal moisture conbent aml maxiom dry densily wsed o compaction were oblaioned through the Proctor
Lesl [36], eonsidering three compaction energies [intermediale normal and modified ) (Fig 2 amd Tab 2). A
tobial of 18 specimsens were madde, consklering Lhe types of soll {2), compaction energy (3) aml repetitions

w  Jor each comdithon analywed (3).

The contrel of mosture content (MO} and odher plysical index of the cobes aller e exposure perbod

was carried oul .I.I:" wtu'g,]li.ug LU :-sj.uu.']lm:r.m [Tnln. 2].
Where: MO = Mosture Content and D = Dry Density
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Figare 2 Compaction curws of solls according, Lo compacthon cacrgy

Table: 2: Comparison of physical properties of the solls in molding aed sfter 1240 days

B Muolding 120 days
Condition 5 porosity MO DM Porosity ...
% (kNamg) (%) YO | e anmg)  (m) YO
SIN T4 158 e} U6 | 193 1376 Bl T
11 219 16465 a0 068 | 182 1448 18 0.93
SIM T 1736 R 06l | 173 1513 16 051
S2N 06 2060 22 029 | 95 1886 20 0.41
521 96 2120 an 025 | &7 1961 2 035
s2-M BT 2170 18 02z | 79 2009 2 032

2.5 [Mrasound Tests

The ultrasound tesl measures the wive propagaton Limes (L) in materials, which allow Lhe determination of selocity of
compression and shoear waves in materbals (Fq. 1) from with the distance between the transdiscess (). For this, a equipment
Fundit FL-30 (Prooog) and compeession trarsducces (G4 ki) amsd shear (40 ki), with plane and coponcentbal feoes, resper-
Lively, was wed (Fig. 3a). This equipment has an oseilloseope shickh allows chaerving the wiee oolborted by the transd
allvwing the propagation tme rsdings to be performed accurafoly and cwclully for further caleslation of selocity, whether
cismpression (V. ) or shear (V) (Fig 2h)

v (1)
The direet transmission meetbod was oeed, with transdocers posit ioned on oppaosite parallel fsoes of the cubes, pecording o
Lhe gkl of the ult d tisst applicd to other materinls, s there s oo spociie standard for the soll [37, 38, 39, Velooity
rendings were: performed in thees directions, considering the oo of the specimens, being 1 the divection of oom pact on of the
Layears and di ¥ and 3 paralled to these (Fig. 4). This prooss wes besed on stodies carried ol on coscerele aed rocks
cubsz 41, 41] and alse on rammed curth wall{pancls 42 36, 16, 21, 43] and bricks [13, 44].
This procedure was performed 100 days after molding of the Lol specimens to balanoe the oomditions of the spocimens
with thesr exhibition aavironment, similating the oonditions of eonstroctons of carth.

24 Analprs of resulls

Kalmogoenov-Smirnoy sormality tets were performed, considering as a prerequisite for & series of other analyses using
parameirieal statistics.  Firstly bongitodingl soocity (VFP) wns usod to serify i both soll (sandy and clay) baoe the same
wroistic response, using e Povalue of the Fotest from ANOVA table . Sigoe the Pomloe of the Foiosl 5 less than 0006, U
b a statistically significant differencn between the mean YP from on types of soll to asobher ab the 96.0% confidenos kel To

4
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Figare 4: (&) Lagout of the positioning of the compoetion layers inorelation 1o the cossidered directions; and (b)) Positoning
the iltrasoued trarsdiver disring the test aecording Uhe considered disseios

determbne which meuns ane signifieantly different from which olhers, was used the Multiple Basge Test. To analyses Che et
hehavior of the sol compacted in layers asd the infloenee of the compaction cnergy was used the Foaest and Multiple Range:
Test and also the relatioeships betwoen bulk velocities n axes (¥ Ve and Vi V) and in plancs (Ve /Ves, Va/Ves,
Ve Vnz, VsV, Van Vg and Van (Vi) In plancs Vg is omc oblained with propagation in disection 2 (X)) aed polurizaton
in direction 3 (£) or vioewrse, Ve with propagatbon in direction 1 (Y) and polarzation in direction 3 (&) or vioeserso and
Ve with propagntion in direetion 1 (Y] and poarsation in direction 2 (X) of viceowerso. 5o, the rdationship between Vg Vs
of Vg Vs are relabed o the planes containing the axs 1Y), in numenstor and d imndor, thal conmspomsd Lo ik
dirertion. The olher relationship always contains the propagation aed polarisation i ases ¥ f:q and 3 () or s P ———
a5 desnminalor.

3. Results and discussions

In gereral, disrcgarding the differenee in compacton encrgies, the UPY ablained with the compresson transducers (Vi)
for samples molded with Sy e between TRLEE - 1R84S mas", with overall average of 1508 58 ms ' These wdues wers:
e Enated ‘lf 1% higher than the Vi obtaiecd for Sz, whose walucs are between 1EELA4 and 147348 ms™ | with average of
131684 ma". This behavior also obeerved for Vo, with UPY abtaned for 5, in relation Lo gescral swerage, appaosimately
5% higher than these ohiaiesd for Sz, with valises belwosn S6T.50 - 100148 ms™! and 8045 - WEL12 s Tor §; and 82,
resparively.

Hased on the: Kolmogores-Smirmoy normality tesl at the 0% level, all datn wes significastly extracted from & noremally
distributed populatbon, and the normal distribotion curee S represented by Uhe box-chart in Fig G Regarding the UPY analysod

ding Lo Lk pactknm encrgies [normal, intermediote and modifed), using the Ty Test, the means of Vo for 5 aed
Sz Indicaies that diffesence & sob sigaificant at the 006 (Figba). Doewever, for Vi, conditbons S1-N and S1-M, a8 well as 52-1
and S2-M |, presestod o significast difference, with povaloes of 0013 aed KD, respect ey,

The: same bebavior egard ing compaction energis was observed by Sarre of al. [27], when comparing the UPY (V) ootk
dirextion of crmpaction of the layers, from L same ol simples sed in this research, In this case, the atbors also observed

5
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Figure G Comparson betwern 51 and 52

that, for both scils (S amd Sz}, there is o satistionl differenes bebwosn the oompecthon eosrghes. Dluang of. sl J456] w:fllﬁcl

that the: UPY increased the higher the energy of eomparison, which is in agr i with Ll Its ohiained in this
Although much of the nscarch on the application of the ultr d st to pacted soil is carried out n soils with some:
type of addition, such &s cement, the resalis obaiood in this esearch are compatible with those obiained in other stodi

cinssdering the rslings carried out on spocimens of control. “The difference between the UFY (Vi amd Vg) of the teo seils,
hoth greater for 59, B sssociabed with the difforemes between the inber-particle contact sorfsoe, which & grealer for clayey
anlks [T, 4G, A7, 44, 4, 6], As highlighted by Dutta of al. 5], the differenes between UPY, capocally ¥y, 5 relatod to the
inter-partich: deviabion, whese the greater the sphericity of the grains, the bower the wlue of Y. The differenos boetwosn in V.
and ¥x for the same soil Lype wis also consstent with the theery of ulirssenic wave propagation, with ¥y being approximately
G of the Vi wlue, regardloss of the soil type, behovbor ocossistent with that reportod by Knoth el al [47], with the changes
i the orestalion and stress states of the gris-to-grads eontaets beng reflectod in the decrease i V.

Hased on the Kolmogorov-Smirnoy normality bests st the W05 beved, all dada wes sigaificantly extractod from s normally
distributed populstion. The FPovalee ((LKN) of the Fotest isdbeate statisticall differceos between ongitudina selocities (V)
in clay and sandy solls (Figare ).

For both soils (clay and sandy ) the Vp was statistically cquivalent for dieoctions 2 and 3 for any bevel of compaction coengy
(Fig.6). For sandy sl the eempacthon dircction (1) wes statistically different from the other two (2 and 1) for any besel of
cismpactbon cnengy bt for clay soll this differenee ooours oaly ol sormal compactbon cnengy (FigGa). For istermediabe [Fig Gl
and modifled (Figdic) compactbon encrgics there are no statistieal differenes among any The oheorved differenos:
in relation to the normad compaction coerngy cun be asociated with e presesos, in groader quantity, of volds (7. For clay soil
the wariability grows in intermedinte and modified compctbon ceengy [FigG)be) which may haee boen the canse of statistical
ciquality betwren all directions. We abo observed that ot the eompaction directbon ¥y s the largest in cloy soil aed the
amunllest in sandy sl

The rathos betworn welockties of longitsdinal swwes in compaction discction (1) by perpendicalar oms on the symmeedry
ames [ and 3) confiem the behavior oblaieed in statistical analyse, showing, for saedy sobl, wlucs furtber away (from 12% o
ITH) from the oquality (relation — 1.00) for &l leved of compaction eecrgy (Tab.g). On the olber hand, for clay soll (Table $)
only for the first compaction level the relationship & furtber from one (9% to 1056). It 6 abo obsersod that the rolationship
from directbon 2 and 3 is 1.0 for both soils and for all eompaction eocrgy, ndicating that those diroctions haee aqual velocities
s also showed by statistical analysis

The relaticrship betwoen shear waws in different plancs wre abo eompatible with statistienl wsulis and sith bbegitodinal
waves relationship, showieg greater extrapolations from 1.0 for sandy soil than for clayey soil. 1 s also obsereed that U
rilics hedwenn shear waves ViEG (propagaton in direction | and polartzaton in direction 2 or vies-verse) and Yoy (propagaton
in direetion 1 and polarsstion in dirccton 3 or viee-verse) amd ¥s Vg ane oqual o LD for both sedls asd @l compoeton
emirghen (Tabh.2). This bebiokor s eoherent with the Eotropy betwesn ases @ and 3.

The influence of resdiog dirccthon wes also werificd by Kasinibota of al. [44], when stodying the structural anisobropy of

Mludwih bilocks (CEFHs) using ultrasound. The: astkaors determined ¥ in Unhlgjl.l.lduul {x], crampactbon
{w) anad transverse (=) directions in CRENs molded with soils of different. particle sizes, being V. was lls L

fi
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dll':d.lnl{dll'nzl.b-y}n.dmhimﬂhuwhmmdr{dkﬂm]]{ﬁ& Tills]). f‘.a-lul.lctnl. P’l, Iﬁ]nhn
ehacrved thal the ultrasonic pulse velocity & inflecneed by the reading direction, where the ity im the
Hslg'nﬂ’-mnﬂyd]lnm‘lbmﬂnm
I barhiiie el 5y amd Sz B manly die o the differenes i Weatore amd, consoqscntly, the shaps:

nd'lh:gruu,lladd]thmtnlbcdllnmmlnp}yﬂm]bdm As highlighted by Sareo of. sl [27], the differenee botwosn the
mntulwﬁm:dlrn:ll_l,lu'l.l.u'leml.tlthtbnmmhﬂ.}&uﬂuﬁlhuﬂd&ﬂtlhnﬂa‘ﬂﬂnrﬂduhm
from the: ultr d test. Hi dimg the | nd'n-ndrmlﬂ'hh auch Sz, the amangemeat and shape of Gk
Mdﬂyﬂmlhmuuﬂﬂc" lht benl imdices |6.

l!ﬂﬁdmﬂndmhllynhpmhymmd.M[rﬂ]mdthjrmgmnﬂakﬂllth%nmngﬁmuw
{SEM) (Fig. B), the 52 samph: has grabns with & Sob-angular shape, which indicabes & greater nkerk 'bﬂlﬂﬂtpﬂﬂd&
Some austkors highlights that saeds with ke saes awerage gradin st bot didl partick: shag L kigher di ion ol
uln-cllrMwhmmﬂhq@pﬂq&hﬂm&”thdﬂmwhwlSg,-nm'uldulngll:n
the welocity values [4G2, ).

Although differenoes weee dentiffed between 5y asd Sz, the lis wore istent for Lhe: ling eonditiors of cach
anll, conshdering that the UPY wore higher the lower the vold and porasity isdes, die te o gredder iter-particle eonbaet
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Figare: 7: Scanning Floriron Meeroseope [SEM) images of soll 5 compactod in the encrges (o) Normal, (b)) Intermediabe aed

(i) Mrsclified

Table 3: Ratis betwesn welocities of longitadingl and shear snees eonsdering thion propagations directbons (1, 2 amed 3) aed

thres compactions encrgy for two types of soll

Compaction W11 V11 VZZ V44 Wil VGG VGG Vs Vab
EBATEY JVI2 V3O /VES SVES  SVES  SVES VA4 VD SVEG
Clayey Soil [51)
Mormeal 1.1 1.1 1.0 [TE"] 1.0 1.0 1.0 1.1 1.0
Intermediate 1.0 1.0 1.0 1.0 1.0 1.0 1.0 10 L0
Modified 1.0 L0 L0 L Lo} L0 L0 L0 L
Samdy Soil (52)
Normal [T T 0 L1 1.1 0 0.8 09 10
Intermediate  0.& 0.8 1 1.1 L 08 08 L
Maodified 0LE 09 L0 L L0} L0 L0 L0 L

AT, 2T, L, n).

Conclusions

Figure: 8: Seanning Electron Microscope (SEM) images of the gradns of Sz

The mechodology using veledtics in Gk s and o the planes prosed @ be simple and vinble to cvalunle the oasbs
This msult indicate an sdvance regarding the mechanical charncterpation prooaiurs shen
cimpartd with cosventinnal districtive testing in comeeted sl maialy bermsse it ean b done Bt Geld ol sitbot the

m  hehavior of compactod soiks.

mod b Lake o sample, and so s sscfol in inspections and technologienl aontral.
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Capitulo 5

Discussao geral

Neste capitulo estdo apresentados e discutidos os principais resultados obtidos a partir dos
objetivos especificos abordados pelos artigos apresentados no corpo da tese, os quais estdo
interligados e se completam para que o objetivo geral seja alcancado.

Essas dicussoes estdo apresentadas em trés secdes, sendo elas realizadas na ordem dos

objetivos propostos, de forma a facilitar a compreenssao.

« A secdo 5.1 discute os principais fatores fisicos e microestruturais interferentes nos
resultados do ensaio de ultrassom, reunindo pontos discutidos em todos os artigos,

principalmente no artigo 2;

« Na se¢do 5.2 contém os principais pontos relacionados as condi¢des de ensaio como
o tamanho dos corpos de prova. Esses dados foram apresentados principalmente nos

artigos 1;

« Na secdo 5.3 contém os principais pontos relacionados as condi¢des de ensaio como a
forma e tamanho dos corpos de prova, além da direcdo de realizagdo da leitura. Esses

dados foram apresentados principalmente nos artigos 1 e 3;
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5.1 Interferéncia dos fatores fisicos e microestruturais

O ensaio de ultrassom em solo compactado é afetado principalmente pelas condigdes fisicas e
microestruturais da amostra, as quais sdo distintas para cada tipo de solo. Embora o ultrassom
tenha sido capaz de identificar as variabilidades das condi¢des estudadas, no que diz respeito
a umidade e densidade observou-se que, para viabilizar o uso da VP para controle tecnolégico
€ necessario que outras variaveis sejam consideradas. Essa necessidade se mostrou evidente
ap6s o comportamento VP x Umidade néo ter apresentado comportamento linear no estudo dos
teores de umidade presentes na curva de compactagdo de ambos os solos. Nesse caso, houve VP
iguais para teores de umidade situados no ramo seco e umido da curva de compactacao, ou seja,
com mesma densidade, reafirmando assim a necessidade de um modelo capaz de diferenciar
esses pontos.

De forma geral, a VP é diretamente proporcional a umidade até o teor otimo de
compactacio e, consequentemente, maior densidade. Apods esse ponto a VP passa a ser
inversamente proporcional a umidade, mas continua a ser diretamente proporcional a
densidade. Logo, para possibilitar a distin¢do das densidades situadas nos ramos seco e
umido, foi necessario verificar o comportamento da VP com os demais indices fisicos
relacionados a densidade: indice de vazios, porosidade e saturacdo. Nesse caso, a VPU é
inversamente proporcional ao indice de vazios e a porosidade, coincidindo com o teor de
umidade 6timo e densidade seca maxima.

Embora esse comportamento tenha sido observado para ambos os solos estudados (solo
argiloso - S1 e solo arenoso - S2) houve diferenca estatistica significativa quando comparadas
suas velocidades (VP e VS), sendo ambas maiores para S1. Esse resultado esta associado a
diferenca entre a superficie de contato interparticulas, que é maior para solos argilosos. No
caso de solos arenosos, devido ao formato mais circular das particulas, o intertravamento é
menor e, consequentemente, maior é o indice de vazios e porosidade, fator associado a maior

dispersao do pulso ultrassénico.
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5.2 Procedimentos de ensaio - Corpo de prova

Além das condigdes fisicas e microestruturais dos corpos de prova, foram analisados também
os fatores relacionados ao tamanho e formato do corpo de prova. Tendo em vista que, a
investigacao da utilizacdo do ensaio de ultrassom em solo engloba diversas possibilidades de
aplicacdo, como o caracterizacdo, controle tecnologico e inspegdo, optou-se por verificar
também a influéncia dos diferentes instantes e, consequentemente, condi¢des de umidade,
em que esse ensaio é realizado (ap6s a moldagem e apo6s determinado periodo de exposigao
as condicdes do ambiente).

As VPUs obtidas nessa fase do estudo corroboraram com a literatura e com as investigagdes
anteriores, sendo maior quanto menor a umidade, estabilizando-se a partir do momento em
que a perda de umidade atinge determinado equilibrio com as condi¢des do ambiente ao qual
esta exposto. Essa variacdo foi considerada para determinar o comprimento minimo do corpo
de prova para propagacdo em meios infinitos, tendo em vista que quanto maior a velocidade, ou
quanto maior o periodo de exposi¢do ao ambiente ap6s a compactagdo, maior o comprimento
de onda.

A partir disso, no que respeito ao tamanho da sec¢do no sentido de realizagdo do ensaio
e, consequentemente distancia entre os transdutores, observou-se que a VPU se propaga em
meios infinitos, e nao superficial, em corpos de prova com tamanho igual ou superior a 200
mm. Essa dimensdo, utilizando transdutores de 45 kHz de frequéncia, garante a propagacgao
de 5 a 7 comprimentos de onda ao longo da se¢éo, a depender do tipo de solo. O comprimento
de onda obtido foi maior para S1 pois, conforme destacado na secdo anterior, a velocidade
€ maior para solos argilosos. Para transdutores com frequéncias diferentes é necessario que
sejam alteradas as dimensoes de forma que a quantidade minima de comprimentos de onda (5

a 7) seja garantida.
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5.3 Influéncia da direcao no ensaio de ultrassom

Embora o ensaio de ultrassom em laboratorio seja realizado mais comumente no sentido de
compactacdo das camadas é necessario considerar que, para viés de inspecdo, podem ser
necessarios ensaios em campo ou em testemunhos extraidos da estrutura. Devido a isso,
foram verificadas também o comportamento das velocidades frente as diferentes direcoes de
ensaio, considerando corpos de prova cubicos e as diregdes paralelas e perpendiculares as
camadas de compactacio.

De forma geral, para ambos os solos (argiloso e arenoso) o VP foi estatisticamente
equivalente para as direcdes 2 e 3 para qualquer condi¢do de compactagao. Para solo arenoso
a direcdo de compactacéo (1) foi estatisticamente diferente das outras duas (2 e 3) para todas
as condicdes de compactacdo. As razdes entre as velocidades das ondas longitudinais na
direcdo de compactacdo (1) pelas perpendiculares na simetria eixos (2 e 3) confirmam o
comportamento obtido nas analises estatisticas, mostrando, para solo arenoso, valores
maiores para solo argiloso. A relagio entre as ondas de cisalhamento também foi compativel
com resultados estatisticos e com resultados longitudinais. Com base nisso, o solo, quando
compactado em camadas, pode ser considerado como transversalmente isotropico, tendo em
vista que as velocidades apresentaram diferencas significativas em relacdo a direcdo de
compactacao.

E necessario portanto, a depender da finalidade do ensaio, garantir que as amostras sejam
extraidas e/ou ensaiadas considerando a diferenca entre as direcdes e também a frequéncia dos

transdutores disponiveis para que estes estejam adequados ao tamanho da secéo.
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Capitulo 6

Conclusoes

Considerando o objetivo proposto e os resultados obtidos neste estudo, é possivel concluir
que ha interferéncia das dimensdes da amostra na VPU, sendo o comprimento ideal do corpo
de prova para garantir ondas de volume dependente pricipalmente da frequéncia do
transdutor utilizado. Além disso, o tipo de solo néo interferiu significativamente no ensaio e,
consequentemente, no tamanho minimo dos corpos de prova. Nesse caso, utilizando
transdutores de 45 kHz de frequéncia, para ambos os solos (argiloso e arenoso) o tamanho
minimo dos corpos de prova deve ser de 200 mm.

O ensaio de ultrassom também foi capaz de identificar diferentes condi¢des de teor de
umidade e densidade, parametros que sdo essenciais para sua compactagdo. O
comportamento da VPU em relacdo a essas variaveis é semelhante a curva de compactagio,
ou seja, ndo possui comportamento linear, fato refletido aos valores de correlagéo, tanto em
relacdo a VPU-Umidade (R=0,534) quanto em relacdo a VPU-Densidade Seca (R=-0,479).
Logo, a inclusdo de outros indices fisicos para elaboracdo de um modelo foi necessario, sendo
o melhor desempenho obtido utilizando o indices de vazios.

No que diz respeito a direcdo de realizacdo dos ensaios, houveram diferencas
estatisticamente significativas, devendo-se considerar além das direcdes o tipo de solo. Neste
caso, as VPUs obtidas perpendicularmente as camadas de compactacdo foram diferentes
somente para o solo arenoso. Apesar disso, tendo em vista que as inspec¢des sdo comumente
realizadas paralelamente as camadas, a influéncia da direcdo de ensaio pode ser
desconsiderada, assumindo o comportamento desse material com comportamento isotrdpico.

Foi avaliado ainda o comportamento das diferentes velocidades (compressio e

cisalhamento), tendo em vista que ambas sdo necessarias para calculo das constantes
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elasticas (Modulo de elasticidade, cisalhamento e Coeficiente de Poisson). Nao houve
diferenca em funcdo da variacdo de energia de compactagdo e, consequentemente, de
densidade entre os dois tipos de solo (argiloso e arenoso). Embora tenha havido diferenca
entre a VPUp (compressdo) para o solo arenoso, a VPUs (cisalhamento) nao foi afetada para
nenhum dos dois solos. Dentre os modelos propostos para estimativa da resisténcia a
compressao nao confinada, aqueles que utilizaram parametros como a umidade, densidade e
indice de vazios além das velocidades (VPUp e VPUs) obtiveram correlacdes entre 0,96 e 0,98.

No caso das constantes elasticas, embora tenham sido identificadas diferencas entre os
solos argiloso e arenoso, os resultados foram consistentes para as condi¢cdes de moldagem de
cada solo, sendo as constantes elasticas maiores quanto menor o vazio e indice de porosidade,
devido ao maior contato entre os graos. A diferenca entre os solos deve-se também a outros
fatores, como o formato dos graos, sendo a variacdo da VPU maior quanto maior a angularidade
dos gréos, como o caso do solo arenoso.

Esses resultados indicam que ha possibilidade de utilizagdo do ensaio de ultrassom para
auxiliar na caracterizacdo, controle/monitoramento e inspecdo de elementos de solo
compactado. Embora os resultados obtidos tenham sido relevantes, ha pontos que devem ser

avaliados em pesquisas futuras, a fim de validar a técnica para este material, tais como:
« Comportamento da variacdo de umidade e densidade para outros tipos de solo;
« Influéncia da succéo nas velocidades, tanto de compressao quanto de cisalhamento;

« Comparacdo das constantes elasticas obtidas com o ultrassom e com métodos

destrutivos.
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