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Laboratorio de Geotecnia e Centro de
Estudos Hidrologicos e Geotécnicos da UFG
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Salao de modelos fisicos

Recursos para
investigacao de campo
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Laboratorio de Geotecnia e Centro de
Estudos Hidrolégicos e Geotécnicos da UFG

Lab. de ensaios de erosao
e infiltrabilidade
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Laboratorio de Geotecnia e Centro de
Estudos Hidrologicos e Geotécnicos da UFG

Laboratorio de asfalto

Laboratorio de caracterizacao
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Laboratorio de Geotecnia e Centro de
Estudos Hidrolc’)gicos e Geotécnicos da UFG

Laboratorio de solos nao saturados
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Acao do clima nos
pavimentos
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Acao do clima nos pavimentos

DRENAGEM
DOS PAVIMENTOS
DE RODOVIAS
E AERODROMOS

HARRY R. CEDERGREN

2. Danos causados pela dgua
. Fundamentos da drenagem dos pavimentos
. Estimativa de influxos e efluxos

. . . MT-DNER-INSTITUTO DE PESQUISAS RODOVIARIAS
. Criterios para projeto de drenos subterrdneos LIVROS TECNICOS E CIENTIFICOS EDITORA S.A

Sistemas tipicos de drenagem subterrénea
. Protecdo dos sistemas de drenagem C d I 980
3. Economia dos pavimentos drenados e ndo drenados e e rg re n ( )

. Desempenho dos materiais de graduacéo aberta
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10. Reducdo da aquaplanagem com pavimentos e capas porosas



Acao do clima nos pavimentos

» Subleito ST T T T,] Sub-base
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Trincas/falha de drenagem HE Py
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Medina e Motta (2015)

Migracao de sais
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Average monthly rainfall (mm)

Clima em Goiania - GO
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Precipitagao anual média: ~1500 mm
Evaporagao anual média: ~1800 mm

Fonte: INMET, Faculdade de Agronomia, UFG




Clima em Goiania - GO

09-dez-2010

Campo experimental de Furnas em Aparecida de Goiania — GO

Silva Jr. (2011)
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Flutuacao de NA e umidade

Solo residual de Fonte: Silva Jr & Gitirana Jr (2014)
micaxisto de Goiania

jan-2011 jul-2011 jan-2012 jul-2012 jan-2013
_ o =
E S
E 80 400 =
c <
0 °
E 60 300 §
s =
@ 40 200 &
> =}
g 2 100 5
° 3
—_ 0 0
£
o 2
§ 4 \\//..\ /ﬁ-"'\...\v/\ llziez?me:er; | |
= lezometro
g 6 \ f\/ \\‘ ;
= — ——
g 10 -
o

45 45

40 —048m ===145m |40
s * \ 0 /\ A —D 42 m 377m |35
& 25 ,
- 30 N \'J‘/ \ 30
c —
2 \—-- \ \'—\«/\ Y b | —
€ 25 \ N N\ o= )\ 25
3 “ ey \_\/" PAYWL T B Npe s w“
5 2 \ g i Ssade=aa 7 20
2 ——— [} ~
z 15 SN Fd ~~,_\"’ 10

s

10 - ’\_V\_\ 10

5 5

0 0

|3 de 83



Flutuacao de NA e succao

Solo residual de Fonte: Silva Jr & Gitirana Jr (2014)
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O projeto de pavimentos e
alguns dos parametros
necessarios
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Metodologia mecanistica-empirica de projeto
de pavimentos flexiveis

2.INPUT 1. ASSUME
MATERIAL PROPERTIES (Chap.7) PAVEMENT "
CLIMATE INFORMATION (Chap. 1 & 11) CONFIGURATION

Y

Y

3. CLIMATE MODELS (Chap. 11)
HEAT TRANSFER > 5.STRUCTURAL >
MOISTURE EQUILIBRIUM »| MODELS (Chap.2and3) | &
INFILTRATION AND DRAINAGE ' Z
i Ei
4. INPUT )
TRAFFIC > 6. PAVEMENT RESPONSE | 2
(Chap. 6) o, e W
Y ” L i ¥
8. DISTRESS MODELS (Chap. 9 and 11)
7.DESIGN RELIABILITY |  FATIGUE CRACKING, RUTTING, —
(Chap. 10) > LOWTEMPERATURE CRACKING

Satisfactory

Y
9. FINAL DESIGN




MeDiNa

Fat_ores_ Trafego Matergms_ Tecnlcgs
ambientais disponiveis construtivas
]

[
( Parametros de projeto ) ( Confiabilidade de cada item )

( J

g

|

Parametros de
acompanhamento do
desempenho

Meétodo de calculo de
tensao-deformacao

—

( Estimativa de vida util

C id Decisao final
—Nao satisfaz ompa:jn;aodentre vida Satisfaz das
estimada e de projeto espessuras

a (2015)

Medina & Motta (2015) modificado por Farias (2026)
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MeDiNa

Camada Propriedades Parametros Norma Quantidade de
corpos de prova
Coeficiente (arbitrado, ver Tabela 1) -
Deformabilidade | P(O')SSO”
Camadas elastica ok ; ok
granulares e b o2 83 = e DNIT 134/2018-ME 3
subleito ou MR = cte :
Deformacao i, U, s, € Preferencialmente
DNIT 179/2018-IE 9,
permanente Wa no minimo 6
Coeficiente (arbitrado, ver Tabela 1) -
Deformabilidade | de Poisson
Misturas elastica (v)
asfalticas MR DNIT 135/2018-ME 3
Fadiga RT DNIT 136/2018-ME 3
ki e ko DNIT 183/2018-ME 12
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Modulo de Resiliéncia:
efeito das variaveis de

Tensoes totais
O-d = 0-1 — 0-3
Toct = (\/E/?))O‘d
8, = 01 + 203 = 303 + 0y
0m=30'3=9b—0'd

Legenda
03 = tensao principal menor (confinante)
0, = tensao principal maior (axial)
0,4 = tensao desvio
T,c+ = tensdo cisalhante octaédrica
8, = tensao volumétrica
0,, = tensdo volumeétrica minima
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estado de tensao

Imagem: owntec.com.br



Modulo de Resiliéncia:
efeito das variaveis de estado de tensao

Reference Variables |Equation

: k
Hicks (|970) 03 MR = k10-32
: k
Hicks (1970) Op Mg = k10,7
k
Svenson (1980) 0P Mg = kq0,?
Moossazadeh & Witczak (1981) Oq4 oy K2
-
Pa
ky k
Macedo (1996) 03, 0g Mg = ki03%0,°
Uzan (1985) Op, 0y 0,\'* a4\
Mp =k — —
R 1Pa <Pa> (Pa)
Uzan (1985) O, Toct Op 2 Toct @
Mg =k —
R 1Pa <Pa> < Do )
MEPDG (2008) Obs Toct 0, = Toct “
Mg = kipq <_) (1 + )
Pa Pa

Manual MeDiNa (DNIT,2020) 03,04, 0, My = kio2%a36)



Resilient Modulus, MR (MPa)

Modulo de Resiliéncia:

efeito das condicoes nao saturadas

Model FR4
Soil SUBI
k1 7,92
k2 0,51
k3 -1,32
k4 0,09
R* 0,88
Adj.R* 087

872

730

588

446

304

162
Properties Lateritic soil (SUB1) Non-lateritic soil (SUB2)

Target Mean CV (%) Target Mean CV (%)

w (%) 17.5 16.9 1.10 13.4 12.8 1.57
Pd l:gfcmg) 1.720 1.700 0.13 1.800 1.770 0.12
e(—) 0.570 0.585 0.35 0.500 0.523 0.35
5 (%) 82.9 78.0 1.24 72.1 58.9 1.60

Freitas, Ribeiro & Gitirana Jr. (2020)
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Modulo de Resiliéncia:
efeito das condicoes nao saturadas

TensGes totais Legenda
04 = 01 — O3 03 = tensao principal menor (confinante)
Tper = (\/E / 3)0‘d 0, = tensao principal maior (axial)
0, =0, + 203 = 303 + 04 o4 = tensao desvio
0, = 305 = 0, — gy T,ct = tensao cisalhante octaédrica
8, = tensao volumétrica
Sucgio 0, = tensao volumétrica minima
YV=yYnp+tm
U = Uy — Uy 1) = succao total
Y,,, = succao matricial
Quantidade de agua
w=m,,/mg w = umidade gravimétrica
6, =V,/V 0,, = umidade volumétrica
S. =V, V S, = grau de saturacao
dw = W — Wy, dw = desvio em relacdo a umidade 6tima
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Modulo de Resiliéncia:
efeito das condicoes nao saturadas

Ceratti et al. (2004) () Mp = ki + ki
Parreira & Gongalves (2000) oq, Y My =k 10;"'211)1{3
Doucet & Doré (2004) 0y, Y Mp = k.0, — kb + k4
Oloo & Fredlund (1998) 0y, Y Mp =k, — k3|0, — kq| + ko
Oh et al. (2012) O, Toct 0. + 3k 6.\ T\
HW";DC My = klpa( b nl w) (1 n oct>
Pa Pa
Heath et al. (2004) 0y, 04 (9b n k41/))k2 (Gd)ks
Mp =k — —
l/) R 1Pa Da Da
Liang et al. (2008) Op, Toct 0. + k. \* 7 . \Fs
l/)oc My = klPa( b 41/)) (1 n oct)
Pa Pa
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Modulo de Resiliéncia:
efeito das condicoes nao saturadas

ks Ky
Zhang et al. (2018) Hm’l/fo“ My = kyp, lln (i + e) + kzl (H_m) (TOCt + 1)

a pa pa

A ko ) k4
Santos (2020) A Y Mg = kip, (—) (—m + k3>

Pa Pa

k

Pérez-Garcia et al. g3, 04 C kmky(wwgny) [ 94 5
(2016) w Mp = e*a~alv=wort) =
Freitas et al. (2020) Aw, Y, Mp = ekl‘kz(W‘WOPt)tp,lffAk‘*
Kern (2022) 3}31;:1 Mg = eki=ka(w—Wopc)yy ks s Fa ks
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Aplicacao de tecnologias de
solos nao saturados a
engenharia de pavimentos:
laboratorio e campo
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Areas de aplicacao

» Perguntas

Qual a distribuicao espacial e temporal de
umidade e sucgao no pavimento!

Qual o efeito da variacao de succao e umidade,
nos parametros mecanisticos!?

» Investigacao de laboratorio
Imposicao e monitoramento de sucgao
Propriedades mecanicas e hidraulicas

» Investigacao de campo
Monitoramento de succao e umidade
Acoplamento com hidrologia

» Modelagem
Modelos constitutivos
Modelos de pedo-transferéncia
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Areas de aplicacao

» Multiplas escalas, multiplos climas

= Panae

p&
Venezuela

Coldmbia B3 Vista ,ﬁ e BR-135/MA - Duplicaco
X RR' ' BR-316/PI - Duplicagio

P G BR-020/CE (4° Anel Viério) - Duplicago
Macapa
Equador ® % oo Luis BR-428/PE - Duplicacdo
M §
U . Areus belan leza BR-235/BA - Implantacio
PA Teresina CE ® ° BR-235/BA - PRO-MeDiNa B
Natal

AM

M A BR-110/BA - PRO-MeDiNa B
30 Pessog BR-407/BA - PRO-MeDiNa B

Nga
Porto Velho PI ’4 Recife BR-116/BA - Duplicagéo

Rio Branco ‘& Palmas aceid
R-101/BA - PRO-MeDiNa B

AC ¢ RO Brasil 1%

MT Slw .'._

P rdor BR-242/BA - PRO-MeDiNa B
ﬁ\Cu iaba Brasilia = BR-330/BA - PRO-MeDiNa B
1

Goiania (%)
'BR-135/BA - PRO-MeDiNa B

BR-420/BA - Implantacio

)

Bolivia €
MG BR-020/BA - PRO-MeDiNa B

Belo Horizonte ES
M S Ca toria BR-419/MS (Lote 1)+ Trecho 1 - Implantacio

BR-419/MS (Lote 1) - Trecho 2 - Implantagio

Paraguai $80 Payio, <2l i
g PR ©) Rio de Janeiro
BR-472/RS - Restauragao

Curitiba(®)

oriandpalis BR-158 (Cruz Alta) - Segmento 1 - Restauracio

/RS (Cruz Alta) - 2-

BR-290/RS - Implantacio Legenda: F o n te : I P R

! FASE DE MONITORAMENTO (22 Trechos)

Argentina

BRLIN/ES D PR @ FASE DE MONITORAMENTO (12 Trechos)

S (PRO-MeDiNa)
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A centralidade
da curva de
retencao

—>
Log suction, kPa 108

(a) Soil-water characteristic curves

k, \i KaSand

Log k

van Genuchten (1980) Cla il
ay si

oo _| 1= low, w1 1+ fow, —u )1y | , >
- 1 +[o(u, —u )"y Log suction, kPa

(b) Permeability functions
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A centralidade
da curva de
retencao

Fredlund et al. (1996)

tang” = O  tan @'
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A centralidade da curva de retencao
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Métodos de aplicacao de succao

Vapor transfer
(control of rela-
tive humidity or

total suction, )

Predominant
liquid phase
transfer through
a membrane
permeable to
dissolved salts
(control of matric
suction, s)

Relative humidity
control with non-
volatile solutes
(salt/base solutions)
Recommended range:
W 4 MPato 400 MPa
Types of agueous
solutions:

- partially saturated
solutions
- saturated solutions

Relative humidity
control with volatile
solutes

(acid solutions)
Recommended range for
H,50, aqueous solution:

| W =20 MPa to 400 MPa

Osmotic technique with
PEG 20000 or 35000

(= 2 weeks for
equalization )

Range:s 0.1 MPa

to 1.5 MPa

Axis translation

(= 2 weeks for
equalization)
Range:s 0.01 MPa
to 1.5 MPa (HAEV
ceramic disc) or

to 7 MPa (cellulose

31 de 83

acetate membrane)

Relative humidity
application:

Pure diffusion
(> 3 weeks for
equalization)

Forced convection
transport through air
(< 3 weeks for

equalization) ...

Symmetric membranes
(cellulose acetate:
Viskase, Spectrum 4,
Spectrum 5)

Asymmetric membranes
(polyether sulphone)

Vapor transport
along the bounda-
ries of the sample
(suitable for nearly
saturated states
blocking air flow
through the sample)

Vapor transport
through the sample
(more efficient,
but limited to the
continuity of air:

| Sr<0.90)

most suitable technique
for nearly saturated
states S; > 0.95

(for example in
shrinkage paths)

Interface:

Air overpressure
(constant air pressure)

Water subpressure
(constant water pressure)

not suitable for nearly

saturated states 5, = 0.95.

If applied in such states,
then air overpressure
technique should be used

cellulose acetate membrane:
higher suction ranges,

lower equilization periods,
less durables, higher coeff.

of diffusion of air, higher
compressibility upon

loading, more suitable

for drying paths)

HAEV ceramic disc:
suitable for both drying

and wetting paths

Romero (2001)
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Curva caracteristica: placa de pressao

Agronomia
Avancos importantes

Tensoes totais raramente consideradas

Tipos de equipamentos

Corpos de prova individuais ou multiplos

Succao total e matricial
Succao matricial

Translacao de eixos ou tracao direta na

agua
1500 kPa ¢é o limite

Secagem a partir de saturagao € mais

comum
Succao total

Umidade relativa do ar controlada

ASTM D6836-02
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Curva caracteristica: placa de pressao

5-bar ceramic plate extractor (SoilMoisture
Equipment Corporation, Santa Barbara, CA)

Tempe Cell (SoilMoisture

Equipment Corporation,
Santa Barbara, CA)
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Curva caracteristica: placa de pressao

Volumetric pressure plate extractor Pressure plate membrane extractor
(SoilMoisture Equipment (SoilMoisture Equipment
Corporation, Santa Barbara, CA) Corporation, Santa Barbara, CA)
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Curva caracteristica: placa de pressao

» Necessidades da geotecnia
Amostras indeformadas el o D s

21 2 P Se

Aplicagao de tensdes totais s 2|k ﬂ'ﬁ AR | 22
] P i 3 11 M e e i -EE'
Monitoramento de volume total | 2| | = = QF <5
L : =SSN

Secagem e molhagem Bl === S
AN Ll

Facilidade de operagao sob m—— e e -
elevadas pressoes s/ HAEV ceramic disk

-----------

Atencao ao ar difuso

B Coarse metalic disk

Base plate

Placa de pressao K, de Barcelona
(CIMNE, Barcelona, Spain)

35 de 83



Curva caracteristica: placa de pressao

» Placa de pressao da
GCTS

Secagem e molhagem
Até 1500 kPa

Ceramicas de alto valor
de entrada de ar
facilmente removiveis

Carregamento vertical

Compensador de
pressao

Duas buretas
Volume total
Aquecedor

GCcTsS

SWCC Device

+

o
g

High
Pressure 300

Volume
tube 4

Load plate

.++++++++*++++++++++++t++++++++ZK§4——{)

Load shaft

Air pressure

Compensator

C{}*+¢+*+*+*+¢+*+*+*+¢+¢+¢+¢+*+*+

+

i

_+_

| Top
plate

=1

|
} Bottom
T | plate
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Front view Side view



Succao via determinacao de umidade
relativa do ar

» Succao total
» Fundamentos

Equilibrio termodinamico
entre o vapor do ar e
potencial da agua do poro do
solo

RT, (=&
y=——" ln[flvj
V, 0@ u,

w v

l//=—135,0531n[_
u

uv
v0

|

Dessecador
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Succao via determinacao de umidade
relativa do ar

Mirror and photodetector Temperature

» Potenciometro de ponto de N sensor

orvalho \Iﬂéﬂ -
» Gee el al. (1992)

» ASTM D 6836-02 (2008)
» Camara fechada

Sealed chamber Soil sample

Ventoinha
Espelho que € resfriado
Ceélula fotoelétrica

Termometro infravermelho

» Porta amostras com 40 mm

de diametro WP4 chilled-mirror Water PotentialMeter
(Decagon Devices, Pullman,WA)
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Método do papel filtro

Ampla faixa de sucgoes

Ensaio delicado
Sem contato = succao total
Com contato = succao matricial
Principios
Filter paper atuando como sensor
Método indireto

Curva de calibracao

Equilibrio via transferéncia de vapor
ou de agua liquida

Bulut (2001)
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Sensores de succao matricial baseados em

dissipacao de calor

Nao requer manutencao
periodica
Moisture Control System
(1970)

Faixa entre 0 e 300 kPa

Agwatronics 2> AGWA (1981)
and AGWA |l (1984) sensors

Novo bloco poroso

GCTS (2000) = University of
Saskatchewan design

Example of use: sensors working
for over 10 years in a test field
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FTC-100 suction sensor (GCTS)



Sensores de succao matricial baseados em
dissipacao de calor

Exemplo de monitoramento
de pavimento

Suction along the wetting curve (Shuai et al, 2002)

— - —-Suction along the drying curve (Shuai et al,2002)
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C
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* Sensor Location ¥ 0.4m e R
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' . 0.5m
ais de 5 anos de SR O i
| < 0.5
M 4 1 Om 0.6m b 0.5m | =
monitoramento continuo L a
0.5m
| y le 1.0m 9
0.5m (approx.) 0.8m 0.9m {-
+ % v Odm
\ - L
| | -
02m-—"t 04m 0.4m
SOmm Diam, PV( o ,
46 140 Bottom of Proposed ) X Start of
Excavation Start of PV( Proposed
% T 120 Enclosure Excavatior
Temperalure
26
_ 1 100
£ 16 =
g jﬁ‘v t80 &
% 8 prog H
2 W Suctlon (drying curve) Suctlnn with correction for hysteresis 1&n §
2 ) d M%MWWM ’
B | W Ta W a0
WU Al i v By A W
24 7 - el L op
Suction (wetting curve)
-34 - 0
3/4/2001 -—> 12/7/2001
10 days Ti (@ )
ime (days,
—T emperature == S uction (with correction for hysteresis)

Tan, Fredlund & Gitirana Jr. (2004)



Tensiometros

Medicao direta de sucgao matricial

Succao maxima delimitada pela
cavitagao

Compartimento preenchido com
agua de-aerada transite tensao a um
sensor de pressao

Tempo de resposta relativamente i
C U rtO Water pressure

Pressurizing cap l Porou{s; gebr:rn;;c disk

\?\\‘\\\\\\\\\\\\\\\\\g O-ring

§ o
= \

L

A

Suﬂgg & ;///m
s

'

|

Tensiometro de elevada capacidade do 4 ven
Imperial College (after Ridley, 1993)
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Instrumentacao de succao em ensaios
triaxiais utilizando tensiometros
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a0 €111 €nsalos

~
o A

Instrumentacao de succ

tros

tilizando tensiome

1a1S U

1aX

tr

Lima, Ribeiro, Gitirana Jr. (2026)
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Instrumentacao de succao em ensaios
triaxiais utilizando tensiometros

Lima, Ribeiro,
Gitirana Jr. (2026)



Modulo de Resiliéncia:
efeito das condicoes nao saturadas

Properties Lateritic soil: Subgrade 1 Non-lateritic soil: Subgrade 2
(SUB1) (SUB2)
Particle size without with without with
dispersant dispersant dispersant dispersant

Gravel (%) 4.1 4.1 8.9 8.9

Sand (%) 57.8 60.9 69.9 60.4 ~ , oA .

silt (%) 38.0 5.5 212 307 Correlacao em Modulo de Resiliéncia e

Clay (%) 0.0 26.2 0.0 0.0

Index properies variaveis de estado do solo

Specific gravity ~ 2.700 2.660

Liquid limit (%) 34 not determined

Plastic limit 18 not determined

(%) .
Plasticity index 16 non-plastic Varlables Pearson Spearman
(%)

gg‘ésm‘““"" o . Lateritic Non-lateritic Lateritic Non-lateritic

Uscs A6 A4 (SUB1) (SUB2) (SUB1) (SUB2)

MCT LG’ NS’

VCVZTE;S“OH and CBlf;(sstandard Proctor energy) - s (MPa) 0.19 0.76 0.21 0.79

e o 2800 o4 (MPa) 0.17 0.33 0.21 0.27

Swelling (%) 0.08 2.30 0(1/0-3 ( — ) 0.12 0.00 0.18 0.00
6 (MPa) 0.21 0.61 0.24 1.00
T (MPa) 0.17 0.33 0.21 0.62
Wmar (kPa)  0.77 0.61 0.86 0.27
Wmrx (kPa)  0.89 0.61 0.86 0.39
e(—) 0.56 —0.02 0.54 0.37
S (%) -0.87 —-0.69 —0.86 0.35
W-Wop (%)  —0.88 ~0.70 —0.86 0.37

Freitas, Ribeiro, Gitirana Jr. (2020)




Modulo de Resiliéncia:
efeito das condicoes nao saturadas

Properties Lateritic soil (SUB1) Non-lateritic soil (SUB2)
Target Mean CV (%94) Target Mean CV (%)
w (%) 17.5 16.9 1.10 13.4 12.8 1.57
Pd [g.f'cm3] 1.720 1.700 0.13 1.800 1.770 0.12
el(—) 0.570 (0.585 0.35 0.500 0.523 0.35
5 (%4) 82.9 78.0 1.24 72.1 58.9 1.60
MRS Model MRS
E SUBI E Soil SUB2
3040,10 X1 350,40
3 041 % K2 1,35
e 0,10 e K3 0,89
Eﬁ 0,06 2‘ R 0,65
E 002 A Adi. R 063
= E|
-8 ‘g 432
= = 353
= ‘A 15
& & %
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Modulo de Resiliéncia:
efeito das condicoes nao saturadas

Properties Lateritic soil (SUB1) Non-lateritic soil (SUB2)
Target Mean CV (%94) Target Mean CV (%)
w (%) 17.5 16.9 1.10 13.4 128 1.57
Pd [g/cmg] 1.720 1.700 0.13 1.800 1.770 0.12
el(—) 0.570 0.585 0.35 0.500 0.523 0.35
5 (%4) 82.9 78.0 1.24 721 58.9 1.60
Model  MR6 Model  MR6
—_ Soil SUB1 —~ 200 | Soil SUB2
& K1 843,83 & ) ] 128,46
?—, K2 0,08 §, X2 0,05
=4 K3 0,95 e 150 k3 0,57
Zﬁ R 0,58 Eﬁ R 0,51
E AdL R 057 5 AR 049
= il -~ e Lo
2 916 '§ 100 164
= 781 = 139
= 648 -] 118
:;E: 512 E—’- 50 %
'z 377 7 66
"4 242 o 42
0
0,0
D

b‘ess
04 0 ™
d (1 Mpa ) qo'\\%\)
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Modulo de Resiliéncia:

efeito das condicoes nao saturadas

Properties Lateritic soil (SUB1) Non-lateritic soil (SUB2)
Target Mean CV (%94) Target Mean CV (%)

w (%) 17.5 16.9 1.10 13.4 128 1.57

Pd (g.fcms] 1.720 1.700 0.13 1.800 1.770 0.12

el(—) 0.570 0.585 0.35 0.500 0.523 0.35

5 (%4) 82.9 78.0 1.24 721 58.9 1.60

1000 t Model MRS

= Soil SUBI1 = 200 E
-9 Kl 5,65 =%
é 800 K2 0.24 3
E K3 0,02 ez 150

! R 0,78 2“
3 600 Adi. R 0,77 E

3 E
S - ,8 100
2 400 ar Z

= 586 =1
= 446 2 50
@ 305 2
£ 200 e &
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Freitas, Ribeiro, Gitirana Jr. (2020)

Soil
k1
k2
k3
R

186
159
133
106

53

] Model

MRS

SUB2

4,65
0,16

3 -0,16

0,51
048

Adj. R




Aplicacao de tecnologias de
solos nao saturados a
engenharia de pavimentos:
modelagem
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Analise solo-atmosfera

Décadas de 1960 a 1990 Simulac¢oes atuais

20 cm de sub-base granular

& Y 4 (k=36 x 10 cm/seg)
“m £ m '2,4
Separador central slet ,'1'
| 22 5cm_~Tem CCP

5 cm de concreto asféltico < / L( 5cm de concreto asfaltico

15cm de base granular

Cedergren (1980)

Gitirana Jr. & Fredlund (2020)
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Analise solo-atmosfera

State variables

Laws of conservation

00, Du,
-+ F, =

ox, 5P Dy

olp,v, ) o(p,0
(e) o(p0) _,
OX, ot

olpv') o(p @
(o) o(p0) _,
Ox, ot

0q; i oo, — 0

ox, Ot

(O'g—c)‘y.ua) (u,—u,) (u,)

1(ou, ou,
== +
2\ ox; Ox,

Constitutive models

O, = Cgkzgkz
W,
pa,v RT a,v
v;v . k ;v ah k;d % . k!va ah
OX, Ox, OxX,
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Analise solo-atmosfera

Ciclo hidrologico Atmosphere
S T I I
M o dlfl ca d o CI e Evapotranspiration .., . : E Pref!ﬁ'f?“"“ E :
A [ T -,..‘...' ! X
. . [ .,
Eagleson ( I 970) Sublimation.......... | +| : : . : : ....... Precipitation
| ! U T
Precipitation...........| .| E ........ ¢ |Vegetation : : " E .~Evaporation
' VL .-Evaporation.. | '3
Throughfall «wuee b ! . * ;
................ - N ¢ | i
................. e !
LY T | |
Snow pack : ] :
and icecaps ) : :
] ]
IMp_u : Surface : :
—===== =4 = =% Lok y : :
. - | Land surface | :
Condigoes 1 ediation..... — ; :
i : " e | !
de fronteira ! ifitation. it Streams, lakes, :
I I and rivers |
(R e e e = ]
]
FIUXOS | L N . 1-Surface runoff
: ! N Y S U S e !
lnternOS [ Percolatlonl Capillary riseT -t-"-#;::u--Ground\;/vater flow t v :
! I
! Aquifers I -+ » Oceans
l l
L e e e e :
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Analise solo-atmosfera

Interacao solo-atmosfera durante o empilhamento de
rejeitos filtrados de minério de ferro: dados de entrada

Degree of saturation

Liquid and vapour conductivity (m/s)

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

1.E-06
1.E-07
1.E-08
1.E-09
1.E-10
1.E-11
1.E-12
1.E-13
1.E-14

< Drying
& Wetting
-|—van Genuchten - drying

——van Genuchten - wetting

Range of field

compaction conditions

(a)

1 10

Suction (kPa)

1000

----- Liquid water

——Liquid plus vapour

0 0.2 0.4

0.6 0.8

Degree of saturation

200

——— Daily rainfall

= = = Accummulated

Accumulated rainfall

Yearly accummulated
rainfall

potential evaporation

100

80

Daily values (mm)

60

40

20

0
1-Jan-2020

Ll |
1-Jan-2021 1-Jan-2022 1-Jan-2023 1-Jan-2024 1-Jan-2025

Date

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0
1-Jan-2026

Marinho, Gitirana Jr.,, Amaral, Dias, Silva (2026)

Submetido, aguardando decisao editorial

Accumulated values (mm)



Height (m)

Analise solo-atmosfera

Oscilacdo do perfil de
grau de saturacao

80

70 b

60

50

40

30

. =

10 """ o Srr 'l;_‘f‘_'_"_:‘t s

0

0 02 0.4 0.6 0.8
Degree of saturation

Initial condition ----292 days —— 584 days
876 days ----1168 days - — 1461 days
1753 days ----2045 days - - 2191 days
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80 @ 80 ®
r o 70 -
Analise »
r ° &0
parametrica .
g” g
540 a0
s 5
m 3 I
30 \i ‘-.\ 30
3 b N | B
20 A / 20 ! i
10 0 I e 10 -
0 e 0 B 8
-50 -25 0 00 02 04 06 08 10

Pore-water pressure (kPa)

----- ks = 1e-7 m/s, Impervious base, thl =0.27
ks =1e-7 m/s, WTat the base, th0 = 0.27
——ks=le-6m/fs, WT at the base, th0 = 0.27

Degree of saturation

---ks = le-7 m/fs, Impervious base, th0=0.27
ks = le-7 m/fs, WT at the base, th0 = 0.27
——ks = le-fim/s, WTat the base, th0 = 0.27

80 80
70 70
60 60
50 =50
E €
40 40
3 2
i i
30 30
20 20
10 10
0 0

Pore-water pressure (kPa)

—-ks=le-7 mfs, WTat the base, th0 = 0.23
ks=1e-7 m/s, WTat the base, th0 = 0.27
—ks=le-7 mfs, WTat the base, th0 = 0.30

00 02 04 06 08 10
Degree of saturation

— -ks=le-7 m/s, WT at the base, th0=0.23
ks =1e-7 mfs, WT at the base, th0 =0.27
ks =1e-7 m's, WT at the base, th0=0.30

Marinho, Gitirana Jr., Amaral, Dias, Silva (2026)



Analise solo-atmosfera

Resisténcia de ponta (CPT) corrigida em funcao da sazonalidade

CPT 301 CPT 309 CPT 313 CPT 314 CPT 315 CPT 317

Depth below ground: m

T T T T T T
0 600 1200 0 600 1200 0 600 1200 0 600 1200 © 600 1200 © 600 1200
Dimensionless penetration resistance, q./c',

—— ORIGINAL === DRYING ~  sessess WETTING

Marinho, Gitirana Jr., Amaral, Dias, Silva (2026)
56 de 83



Funcoes de pedo-transferéncia

PRO-MeDiNa: resumo dos ensaios, normas e quantidade de coleta de materiais

Material Ensaios

. Misturas asfalticas -
Desejaveis

Ligantes asfalticos -
Obrigatdrios

| Ligantes asfalticos -
Desejaveis

Multiple ”
Recovery (MSCR)

Quantidade de coleta (por

Nprma camada

300 kg na proporg¢do do
projeto de dosagem + 60 kg
material de enchimento.

36 litros.

36 litros.

DNIT 439/2022 - ME |

Material Ensaios Norma

Solos e Materiais
Granulares

Materiais
Estabilizados
Quimicamente

Misturas asfalticas -
Obrigatoérios

NAO VEJO A AORA

Modulo de Resilié DNIT 135/2018 - ME

Quantidade de coleta (por
camada)

350 kg se totalmente
passante na peneira de 25
m

mm.
600 kg se for apenas
parcialmente passante na
peneira de 25 mm.

Fadiga DNIT 183/2018 - ME

| Flow Number

DNIT 184/2018 = ME

350 kg se totalmente
passante na peneira de 25
mm + 100 kg de material
estabilizante.

600 kg se for apenas
parcialmente passante na
peneira de 25 mm + 100 kg
de material estabilizante.

100 kg de mistura usinada
(pronta) +
300 kg na propor¢do do
projeto de dosagem + 60 kg
material de enchimento.

Linear Amplitude Sweep
(LAS)

Comportamento nao saturado

MR e DP vs. variacao de succ

Curva caracteristica

Permeabilidade nao saturada
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Funcoes de pedo-transferéncia

Engineering Geology 351 (2025) 108

=

Contents lists available at ScienceDirect ENGINEERING
GEOLOGY

Engineering Geology ]

=

» Modelagem teorica

Busca da relagao entre propriedade

f' . d I 7 e d Modeling the bimodal SWCC of highly weathered tropical soils using
isicas do solo e suas caracteristicas de iy sise information

retencao

ELSEVIER journal homepage: www.elsevier.com/locate/enggeo

Roberto D. Alves ™", Gilson de F.N. Gitirana Jr", Sai K. Vanapalli”

* Universidade Federal de Goids, School of Civil and Environmental Engineering, 74605-220 Goiania, Brazil
® University of Ottawa, Department of Civil Engineering, KIN 6N5 Ottawa, Canada

Papel da granulometria

ARTICLEINFO ABSTRACT

Desafio: estrutura agregada/cimentada. &

Particle-size distribution
Pedotransfer function
Water retention curve
Lateritic soils

The soil-water characteristic curve (SWCC) of highly weathered tropical soils is often bimodal, presenting two
main slopes that are strongly related to the macro and micropores. The bimodal SWCC behavior is commonly
attributed to fine particle aggregations that affect soil fabric and its pore-size distribution. In this paper, the
relationship between basic soil properties (e.g., the Atterberg limits and the grain-size distribution) and the
bimodal SWCCs are investigated using a database comprised of 40 different remolded and undisturbed soils. The
proposed modeling framework is based on the relationship between the pore-size and the grain-size distributions,
using a newly proposed soil property called the p-function. The findings suggest that microporosity has a strong
relationship with the liquid limit whereas the total porosity varies mainly as a function of the macrostructure.
The grain-size distribution curves under 1 and disaggregated conditions offer key inf on the
degree of aggregation and, consequently, on the retention properties of macro and micropores. Several basic soil
properties are found to be related to the desaturation zones of the micro and macropores, including the coef-
ficient of uniformity of the fine particle range and the degree of particle aggregation. The developed model offers
reasonable estimations for suctions up to approximately 20,000 kPa, with performance exceeding R? values of
0.80.

arrangement of the particles (Arya and Paris, 1981; Aubertin et al

1. Introduction 2003; Miller et al., 2008). .
Some soils present two distinct pore-size families, resulting in a

Alves, Gitirana Jr.,
Vanapalli (2025, 2026)
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The soil-water characteristic curve (SWCC) is typically defined as the
relationship between the water content and soil suction. The SWCC is
considered a key property for understanding and modeling unsaturated
soil behavior (Fredlund and Xing, 1994). The SWCC allows the deter-
mination of other hydromechanical properties, such as the hydraulic
conductivity and shear strength functions, and some volume change
parameters. Consequently, the SWCC is useful in the design of

| | structures, i ding foundations, walls, slopes,
cover systems, and pavements that involve unsaturated soils.

Multiple physicochemical aspects may influence the main soil-water
storage mechanisms, which are mostly related to adsorption and capil-
larity phenomena (Liu et al., 2024b). The adsorption is closely related to
the mineralogy and chemical factors, such as the cation exchange ca-
pacity and the specific surface area (Tuller and Or, 2005; Likos and
Jaafar, 2013; Revil and Lu, 2013; Kyokawa, 2021). The capillarity is
mainly related to the pore-size distribution (PSD), which depends on
physical attributes of the soil fabric, such as the size, shape, and

* Corresponding author
E-mail addresses: ralve026@uottawa.ca (R.D. Alves), gilsongiti

https://doi.org/10.1016/j.en; 025.108031

bimodal SWCC. The bimodal nature of SWCCs of some soils can be
associated with gap-graded grain-size distributions (GSD) or with spe-
cific soil fabric conditions (Delage and Lefebvre, 1984; Romero and
Simms, 2008; Satyanaga et al., 2013). Bimodal SWCCs may also be the
result of porous particles, as found in diatomaceous earth (Burger and
Shackelford, 2001). It is important to note that different factors leading
to bimodal SWCCs require different modeling approaches.

Highly weathered tropical soils, also identified as lateritic soils, often
exhibit bimodal SWCCs. These soils and their properties are typically
associated with pedogenesis conditions marked by abundant annual
precipitation combined with high temperature, being predominant in
several countries, including Brazil (Huat et al, 2013; Camapum de
Carvalho et al., 2023). Lateritic soils are found in regions that have
predominantly rainy and dry seasons. During the rainy season, down-
ward flux promotes the removal and transportation (i.e., leaching) of the
particles of silica closer to the soil surface. During the dry season, the
flow of water is reversed by means of capillary and evaporative action.

(G.F.N. Gitirana), sai.vanapalli@uottay (S.K. Vanapalli).

Received 29 April 2024; Received in revised form 4 December 2024; Accepted 13 March 2025

Available online 20 March 2025

0013-7952/© 2025 Elsevier B.V. Al rights are reserved, including those for text and data mining, Al training, and similar technologies.



Funcoes de pedo-transferéncia

» Modelagem teorica

Interpretacao da granulometria nos

estados agregado e desagregado

Microstructure

59 de 83

Macrostructure

,7 —e— Disaggregated

, —— Aggregated

- - - Disaggregated
(normalized)

--- Aggregated
(normalized)

100

Cumulative passing (%)

Microstructure

Macrostructure

-~
I
- \~).—l

o

2, min

/, —Disaggregated

L P

— Aggregated
(normalized)

Threshold

(normalized)
- Aggregated - g,(5,)
=== Disaggregated - g5(J,)

: %m  Syppe/
H i=n, )
I i s

S,

0
Particle sizex, 6, (log-scale)

Frequency (%)




Funcoes de pedo-transferéncia

» Modelagem teorica

Relagao entre tamanho de particula e
tamanho de poro

ng.. — Inpy,
— l - m -
ﬁ e‘xp nﬂM 1 n (6g/5go) C]
e, [ ey [oEme
V, =— g(5,)ds, JV_M/ g(6;)ds,
Ps g, min Ps g0
B i
0; = pd/(; Vi (5g) do, = p4 Z Vi
g.min i—1
T
(ua _ uw) — 4_
p
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P (log-scale)

ﬁmo

Prio

x Micropores - back-calculated
< Macropores - back-calculated

— T;ansiti_on
—Fitted lines

5g"0

Particle diameter, &, (log-scale)




Volumetric water content

Funcoes de pedo-transferéncia

» Modelagem teorica

» Base de dados

Soil name
«x]R1 =1R2 +1R3 2R1 2R2 +3Rl1 -3R2 ~4R
a6Rl +“6R2 -6R3 <15R +16R -17R «27R

0.7

10 100 1000 10000 100000 1000000

Suction (kPa)

Volumetric water content

Soil name

x2U =3U 24U -5U 70 +8U -9U =x10U =11U
» 12U = 13U = 14U + 15U - 16U ~ 17U = 18U + 19U - 20U
+ 21U + 22U = 23U = 24U « 25U « 26U + 27U

' 0.1 1 10 100 1000 10000 100000 1000000
Suction (kPa)
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Funcoes de pedo-transferéncia

» Modelagem teorica

10000
Funcao beta retrocalculada
5 1000
ﬂ ( 8 ) S5 -
A
p 100 &
X %x"?
Wy l“ Sealll 1 -
Q ,’g ";x,_ --X._A_x,, "
* Micropores - back-calculated ‘\’ 'x.o R sl
< Macropores - back-calculated A", 0-° 'ﬁ
—— 10 + g T~
Lo a e T b
P il ¢ h pooom
2 Bl XA N
éﬂ 4 1}\.\"(\‘ gé.~? ’;:‘t l ?'—— o= ‘ﬁ -0
oy | Gal: ¢ \D//'-; g, @
< .
" ® ".‘ \o
B TN
S
Particle diameter, (Sg (log-scale) 0.1
0.0001 0.001 0.01 0.1 1 10
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Particle diameter, 5, (mm)

100



Funcoes de pedo-transferéncia

» Modelagem teorica
Grau de agregacao 100
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— Disaggregated (Pp)
—— Aggregated (P,)

Particle size (log-scale)




Funcoes de pedo-transferéncia

» Modelagem
teorica
0.7-‘

064 |

054+ |
0.44+—|
034

0.2 4
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R?=0.96
RMSE = 0.026




Funcoes de pedo-transferéncia

» Modelagem Solos compactados
teorica e 060
100 /——‘- | RMSE = 0.739

/_’/// |I

10 '/,—4_//4&%//// | 100

' - 80

L 60

| 40

- 20

1
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Funcoes de pedo-transferéncia

» Modelagem Solos indeformados

teorica ok

RMSE = 0.700

W, (kPa)
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Funcoes de pedo-transferéncia

» Modelagem Solos indeformados

teorica
R2=0.73

// RMSE = 0.314

10000 —
20000
L 15000
w,, (kPa) 10004
I L 10000
L 5000
L 1000

0.001 06 ' ’ rest
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Funcoes de pedo-transferéncia

» Modelagem teorica

Desempenho do modelo

de previsao

0.35
0.30
0.25
0.20
0.15
0.10

—Fitted experimental
0.05 | x Experimental

® Predicted R?=0.983 RMSE = 0.011
0.00

1 10 100 1000 10000 100000 1000000
Suction (kPa)
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Resultado para solos remodlados
Desempenho & um pouco inferior para
solos indeformados
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Soil & Tillage Research

» Uso de técnicas de
aP re n d izad O d e m éq u i n a Artificial neural networks for the prediction of the soil-water characteristic

evier.com/locate/still

curve: An overview

Savio A. dos Santos Pereira™ *' ', Gilson de F.N. Gitirana Jr™", Thiago Augusto Mendes ™",

Previsao de umidade correspondente a Raphacl de Aquinio Gores
sucgoes pré-definidas

* Federal Inztinute of Education, Science and ology of Goids, Goiania 74055-110, Brazil

ARTICLE INFO ABSTRACT

. o~ .
PreVI sa d e umi d ad e correspon d e nte a Keywords: Several models have been developed for predicting the soil-water characteristic curve (SWCG). Artificial Neural
( ) Artificial Intelligence Networks (ANN), which are machine learing systems based on biological neural networks, are among the

Pedotranster function techniques used for S prediction. This article presents a literature review of the main SWCC prediction

Machine Leaming
Soil-water retention models created using ANNs, including a detailed overview and comparison of the different architectures and

~
u al uer succao their selected I The paper d the progress made in the field, indicates the next
q q (; challenges for SWOC prediction using ANNs, and provides a benchmark for the construction of furure nefworks. It
is shov that three main approaches have been adopted when moxleling SWEC using ANN: predicting the water

content corresponding to suction values predefined by the ANN developer or to suction values specified by the

o o~ A user and predieting the coefficients of common fitting equations. Most models used volumetric water content,
Previsao dos parametros de um modelo e e e vt o ot vk et ot oo e o
These models usually have a single hidden layer, with the number of neurons per laver varying berween 1 and

ables are the complete grain-size distribution, soil texture parameters, bulk density, and

400. The main input v

. porosity. The databases used for the development of each model varied in size, comprising between 23 and 3650

esco 1dO (e .g . van enuc te n , SWGCs and betsveen 794 and 13230 water content dara points. The develaped models have an average B of 0.75

and an RMSE of 0.05 cm® cm™ >, Most models were developed using databases of unimodal materials from

temperate regions, with only one model having considered bimodal and tropical soils. Curzent ANN designs seem

conpatible with the size of existing databases and input data but will require revisions as mare soil information
becomes available.

» Dados de entrada tipicos

1. Introduction generally use readily accessible soil data, such as the grain-size distri
bution (GSD) and bulk density (Botula et al., 2012; Kotlar et ¢
ed by the fact that the hydra

Peso es pec ifico, granu lometria, porosi dade The sl chascor v (SWC) i he i con-  The mportance of e STCC s ncrssd byttt e
conducti function is typically estimated using the SWCC (Frediu

ductiviry function are essential properties in the context of unsaturated

soil studies. These parameters can be obtained by direct measurement or t al., 2012),
. . using prediction methods based on pedotransfer functions (PTFs) PTFs can be ca ized into two types: mechanistic and empirical
M O H PIaStICIdade etc (Bouma, 1989: Bouma and van Lanen, 1987; Wasten et al 11). PTFs models (Paril an h, 2016). The mechanistic equations utilize basic
. 9 P b} b} . indirectly relate different soil characteristics and properties (Patil and soil properties to estimate an equivalent pore-size distribution from
Singh, 2016). For instance, PTFs for the estimation of the SWCC which water content can be directly obtained with matric suction being

* Comesponding author.
E-mail addresses: savioaparecido] @gmail.com (S.A. dos Santos Pereira), gilsongitirana@ufzbr (G.F.N. Gitirana), thiago.mend

pl mes(@ifg.edu br (RLA. Gomes)

! ORCID: 0000-0001-6314-5026

2 ORCID: 0000-000]-5355-673X

3 ORCID: 0000-0001-6910-5722

* ORCID: 0000-0002-6036-7678

br (T.A. Mendes)

hetps: //doi.org/10.101
Received 9 November 2023; Received in revised form 16 J:\I\ll:u‘_\' 2025; \Cc?p[ml 18 January 2025
Available online 26 January 2025
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Previsao da curva caracteristica

» Uso de técnicas de
aprendizado de maquina

Objective: Find the weight matrices so that they minimize

é = 8(91 1111 9;)!)’1 ----- yp)

» Caracteristicas dos modelos Loss function minimize &

where £(y) is a loss function

Poucas, tipicamente apenas uma
camada oculta

.. Output layer
Neuronios: | a 400

Funcao de ativacao: tnah, linear, Hidden layer

sigmoid, RelLu

Epocas: até 50 a 50,000 Input layer

Fracao tipica de dados para . v

treinamento: 70 a 80% Bn = fEXW,) Y, = 9(2(BZ,)) Zlirocion
. . - . Wi gre: ) Wi 'ere: back ti

Otimizagio: algoritmo de retro- B svaton mncion 400 e et uncln ectpropegeten

propagacao Wi the weight matrix 2 15 the weight matrx

» Bases de dados
23 a 3850 curvas Estrutura tipica de um modelo
794 a 13,230 pontos “multilayer perceptron feed-forward”

Predominancia de bases de dados de
solos de clima temperado
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Previsao da curva caracteristica

0.10
0.09
» Uso de técnicas de EEEZ 1
aprendizado de maquina § oos .
» Desempenho dos modelos 2 oo l
Em geral, RMSE < 0,10 cm? cm?3 gg;
R2 médio de 0,75 mDDS EUDS EPCE [ All models a)
UDS: desempenho ligeiramente 10
superior 0.9
DDS: arquiteturas todas muito ﬁf *
semelhantes ¥ o6
PCE: desempenho mais variavel EZ
Abordagem ideal: nao é possivel E;

indicar
B DODS O UDS OPCE O All models b)

Desempenho de modelos utilizando RNAs
em funcao do tipo de abordagem
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Previsao da curva caracteristica

» Uso de técnicas de 1000 : 2

aprendizado de maquina

100 * o

» Desempenho dos modelos
Bases menores produzem
modelos melhores (!!!)

—
L=

@ > eDDS
»UDS
PCE

Number of distinct soils

Motivo: bases maiores tendem a
combinar mais tipos de solos ’

(bases mais heterogéneas) 000  0.02 0.04 0.06 008  0.10
RMSE (cm? cm3)

Solucao: as bases maiores, que
combinar solos de diferentes

regioes, precisariam ser ainda
maiores

Desempenho de modelos utilizando
RNAs em funcao do tamanho da base
de treinamento
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Previsao da curva caracteristica

» RNA para solos lateriticos
bimodais

Solos muito comuns em regioes de clima
tropical

Modelos indisponiveis

Deve considerar, por exemplo, agregagoes

Ohes

Pereira, Silva Jr,, Mendes,
Gitirana Jr.,Alves (2023)
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Abstract Laborious and time-consuming tests
are required for the determination of the soil-water
characteristic curve (SWCC), often leading to the
adoption of estimation methods. To answer the chal-
lenge of SWCC prediction, numerous pedotransfer
functions (PTF) have been developed. Yet, previous
studies have not considered the special behavior of
bimodal tropical soils. These materials present dual
porosity that is generally attributed to particle aggre-
gation. This paper presents a novel PTF, specifically
designed for bimodal tropical soils and based on
artificial neural networks (ANNs). The model was
trained and tested utilizing a database that was assem-
bled containing soils from tropical regions of Bra-
zil and featuring data for the grain-size distribution
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(GSD). consistency limits, and SWCC. Natural and
remolded soils were included in the training data-
base, but no distinction between soil conditions was
made in the ANN. GSDs in the aggregated and disag-
gregated states were used to offer information to the
ANN regarding the effect of particle aggregation on
the water retention. The developed model was able to
reproduce the typical SWCC shape of bimodal soils.
Predictions for the degree of saturation were moder-
ately correlated with directly measured data, with a
coefficient of determination of 0.69. The air-entry
value and residual suction of the macropores proved
to be the most difficult SWCC attributes to be esti-
mated. The ANN presented superior performance
when compared to other PTFs not designed specifi-
cally for bimodal tropical soils, such as the Arya-Paris
and ROSETTA models. It can be concluded from the
obtained results that the developed ANN architecture
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Previsao da curva caracteristica

1% drainage 2™ drainage
(macropores) (micropores)
» RNA para solos lateriticos
bimodais 5
Abordagem parametrizada §
Equagao bimodal de Gitirana Jr. & E
Fredlund (2004) g . P\
Base de dados nacionais
0 107 Wor  Weest Wz Wes2 10°
870 pontos experimentais Soil suction (kPa)

Estrutura da rede determinada
empiricamente

Plataforma TensorFlow, biblioteca Keras

M Filter paper
Parametros de entrada: fragoes de areia, m Psychrometer
silte e argila, tanto no caso agregado

quando desagregado, LL, IP

M Cenfrifuge

H Pressure and suction plate

Ensaios utilizados
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» RNA para solos lateriticos bimodais

Previsao dos parametros

—
o
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Fitted values (Ses1))
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Predicted values (In(wp1))

Previsao da curva caracteristica

» RNA para solos lateriticos bimodais

Previsao dos parametros

Fitted values (In{ws1))
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Previsao da curva caracteristica

» RNA para solos lateriticos bimodais

Previsao geral

T 1.0
D e
O — R’=10.68 e .
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Degree of saturation - experimental
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» RNA para solos lateriticos bimodais
Previsao tipica RMSE = 0.06

— SWCC fitted from experimental data

— SWCC fitted from grain-size distribution curve
-------- Arya and Paris

........ Rosetta

-------- Satyanaga et al. |
........ NeuroFX ||
GR: Gravel wL = 35% e N
SA: Sand _ 0 "
SI: Silt Pl - 10 /0 ! = "
CL: Clay

DIS: with disaggregation GOR $§ 1] %

AGG: without disaggregation D S
The numbers are the percentages of each fraction K Gl O

Comparagao de modelos
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» RNA para solos lateriticos bimodais

Importancia dos parametros de entrada

_ GSD with GSD with
disaggregation disaggregation
GSD without
disaggregation wh
N _GSD wiﬂ'lput
disaggregation
P PI
1.0 3.0 5.0 7.0 9.0 11.0 0 10000 20000 30000 40000 50000 60000
Vp1 (kPa) a) Y res2 (KPa) f)

Barras maiores: parametros mais
influentes na previsao

79 de 83



Previsao de modulo de resiliéncia

» Machine Learning

Eq. Predictors Multiple R- Adjusted R- F- p-
squared squared statistic value
2 O3, 01, Wope Tar Peoo0s 0.6355 0.6196 39.90 2.20
5, 5C, C, ¢ pers 4 mcts E-16
€ mer
3 O3, 01, Wopn Tar Paoos 0.6355 0.6177 35.74 2.20
5, 5C, ¢ wmer d'mern E-16
€'mer
4 O3, 01, Wope Tar Poo0s 0.6277 0.6155 38.60 2.20
SC, ¢ pmers 4 mers E-16
€'mer
5 O35 013 Wopes Pagos SC, 0.6274 0.6130 43.56 2.20
¢ mers 4 mers € mer E-16
6 O35 01, Wope Ps2oo, SC, 0.5843 0.5703 41.77 2.20
¢’ mers € Mot E-16
7 O3, 01, Wopes Psogo, SC, 0.5579 0.5452 43.96 2.20
e'mer E-16
8 O3, 01, Wopes Peoge, SC 0.5547 0.544] 53.32 2.20
E-16
9 G, Oy, Pangos SC 0.4629 0.4527 45.47 2.20
E-16
10 03,0, SC 0.3285 0.3190 34.57 2.20
E-16

Contents lists available at Scirncel

Transportation Geotechnics

ELSEVIER journal homepage: wwav.slsevier. comiocatatigec
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Resilient modulus estimation in tropical subgrade soils: a statistical
approach and machine learning

Paula Taiane Pascoal @, Patricia Rodrigues Falciio @, Luigi Tavares Gomes 9,
Enzo Borin Souza, José Leonardo Dos Santos, Magnos Baroni @, Luciano Pivoto Specht

Introduction processes of decomposition and mineralogical transformation, gives

sization and classif
applying the materi
ils used in road pavemen

1 tropical conditi
s classified by the MCT 5
ut. made up of materials

temperate regions [3). Tropical weathering, characterized by intense

Pascoal, Falcao, Gomes, Souza, Santos,

Baroni, Specht (2026)
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» Machine Learning
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Comentarios finais

» Nao saturados: tecnologias consolidadas
Laboratorio
Campo
Modelagem

» Importancia do casamento entre hidrologia e geotecnia
» Tecnologias aplicaveis em multiplas escalas

» Pragmatismo: diferentes niveis de estudos, para diferentes
objetivos e momentos de aplicagao
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Links e contato

» Para oportunidades de vagas de mestrado, doutorado, pos-
doutorado, visite o site do nosso curso de pos-graduagao.

» https://gecon.eeca.ufg.br/

[m] ey [}
=]

» gilsongitirana@ufg.br
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