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Abstract: Field tests were carried out to estimate effective unsaturated soil hydraulic properties of layered residual soils
in Rio de Janeiro, southeastern Brazil. Data of this type are important for understanding the initiation of rainstorm-
induced soil landslides, which often occur in the state of Rio de Janeiro as well as other areas having similar geologic
settings and climate conditions. Tests were carried out using a simplified field approach, referred to as the Monitored
Infiltration Test, which requires only a tensiometer to measure pressure heads below the wetting front, triggered by flow
from a Mariotte bottle which maintains a constant pressure at the top edge of the soil profile. The data can then be
analyzed by numerical inversion using the HYDRUS-2D software package. The test is relatively fast since no steady-
state flow conditions are needed, and versatile since the test can be carried out quickly on steep slopes with the help of a
manual auger. Soil water retention and the unsaturated hydraulic conductivity functions were obtained for a range of
young, mature and saprolitic residual soils. The effective hydraulic properties of the distinct residual soil layers can be
quite large, reflecting a need to provide a careful analysis of field-scale hydraulic heterogeneity in geotechnical analyses.
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INTRODUCTION ) _
Organic layer

Residual soils are found in many humid tropical regions
where weathering of the parent rock is more intense and ex-
tended to greater depths than in other parts of the world (Bells,
2005). Characterization of the unsaturated hydraulic properties
of such soils is challenging because of soil heterogeneities that
are strongly controlled by relict discontinuities. In Brazil, the
weathering profile of residual soils encompasses layers derived
from granites, gneisses, and basalts (Lacerda, 2010). These
layers have been classified mostly as (i) mature, (ii) young and
(iii) saprolitic residual soils (Gerscovich et al., 2006). Fig. 1
shows a typical weathering profile of many gneissic regions of
Brazil, such as in the state of Rio de Janeiro. Mature soils are
traditionally found in the uppermost part of a residual soil,
relatively close to organic layers where plant roots are often
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Bedrock

present. These soils are often fine-textured because of weather-
ing (i.e., through the process of laterization). Residual young
soils, usually found in deeper layers, are in an earlier stage of
weathering as often reflected by small relic structures in their
skeleton. Residual saprolitic soils represent that part of the
weathered profile where the soil strongly preserves the microfab-
ric and volume of the underlying fresh bedrock (Aydin, 2006).
Heterogeneities of the different soil layers may significantly
modify pressure head distributions in residual soil slopes during
rainfall infiltration (Kassim et al., 2012). Although numerous
studies performed stability analyses of catchments involving
residual soils (Camargo et al., 2016; Gomes et al., 2017), rela-
tively few have examined the heterogeneous nature of subsur-
face flow processes at the watershed spatial scale (Li et al.,
2016). The lack of soil hydraulic property data to be used as

Fig. 1. Representative weathering profile of the residual soils in
Rio de Janeiro, Brazil.

effective properties of heterogeneous soil domains is a major
problem limiting field-scale analyses (Liang and Uchida, 2014),
especially of areas that are susceptible to landslides.

Several studies previously estimated the hydraulic properties
of residual soils. For example, Kassim et al. (2012) investigated
pressure head distributions of a two-layered residual soil slope
in Malaysia. By comparing numerical simulations with field
measurements, they found that residual soils with relict
discontinuities, such as saprolitic soils, should be subdivided
into multiple zones with effective (average) soil hydraulic
properties. Recently, Perani¢ et al. (2018) estimated the water
retention functions of residual soils from flysch rock mass
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using six different field and laboratory methods. Despite their
sampling covering depths of only about 0.5 to 1 m of a
relatively small watershed, they indicated that the derived data
considerably improved their studies of rainfall-induced
landslides in flysch slopes. More precise definition of soil
hydraulic properties of landslide-prone regions should improve
simulations of shallow landslides and debris-flows (Gomes et
al., 2016; Rahardjo and Satyanaga, 2019). Unfortunately, the
effective hydraulic properties of layered residual soils are
largely unknown in regions susceptible to landslides such as
occur often in Rio de Janeiro state (Fernandes et al., 2004;
Gomes et al., 2017; Vieira and Fernandes, 2004).

The main purpose of this paper is to obtain field-
experimental data to derive effective water retention and un-
saturated hydraulic conductivity functions of mature, young and
saprolitic residual soils of landslide-prone regions in Rio de
Janeiro, Brazil. The field data were obtained using an approach,
coined here as the Monitored Infiltration Test, similar to that of
a tension disc infiltrometer but much simpler by requiring only
a tensiometer and a Mariotte bottle. Moreover, the test is fast
since inverse modeling of the pressure head data does not
require steady state flow, while the device can be installed
quickly on steep slopes with the help of a manual auger. The
approach was conceptualized initially by Velloso (2000), who
through numerical analysis demonstrated its feasibility and
adequacy for determining van Genuchten (1980) model parame-
ters. Our field tests use a tensimeter to measure pressure
heads below a Mariotte bottle, which maintains a constant
pressure head at the upper boundary condition during the exper-
iment. Measured data are subsequently analyzed by numerical
inversion using the HYDRUS-2D software package (Simtinek et
al., 2016).

The estimated soil hydraulic properties will be contrasted
against results obtained from different field and laboratory
experiments. We emphasize here that the attention in our study
is on direct field measurements. Laboratory tests such as
various outflow and evaporation methods (e.g., Chen et al,,
2017; Peters et al., 2015) have the advantage of being relatively
fast and precise (Scharnagl et al., 2011). Unfortunately,
laboratory tests on small soil samples may be inappropriate to
characterize soil water dynamics at the field spatial scales
(Perani¢ et al., 2018; Vrugt et al., 2008). Inverse modelling of
field data facilitates more accurate, rapid, reliable, and cost-
effective estimation of the hydraulic properties of the
considered soil domain (Simidnek et al., 2012; Vrugt et al.,
2004). They do not necessarily require steady-state flow
conditions, can be adapted to many laboratory conditions or
large-scale field flow scenarios, and provide estimates of
parameters uncertainty. For our study we used the observed
pressure head data to estimate the hydraulic properties of
steeply sloping residual soils that are frequently subjected to
landslides (Gerscovich et al., 2006; Peranic et al., 2020).

MATERIALS AND METHODS

Fig. 2 provides a flowchart of the methodology used to
estimate the hydraulic properties given by the water retention,
@(h), and the hydraulic conductivity, K (%) functions, where
0 1is the volumetric water content, K the hydraulic conductivity,
and % the pressure head. The framework involves four main
steps: transient measurements of pressure heads using the
monitored infiltration test, inverse modeling, evaluation of the
fitted @(h) and K (h) functions relative to other methods, and
classification of the effective soil hydraulic properties of
residual soils. Details are given in the next subsections.

Field site

Field investigations were carried out at five locations in Rio
de Janeiro, Brazil (Fig. 3). Geographic locations of the sites are
depicted with colored boxes, representing mature (green),
young (red) and saprolitic (blue) residual soils. The locations
Campo Grande (L1), Joa (L2), Duque de Caxias (L3), Rio
Bonito (L4), and Nova Friburgo (L5) were selected to
maximize information about the residual soils in Rio de Janeiro.
Those have been studied extensively by many before,
especially after unusually large mass movements in 1996 (e.g.,
Fernandes et al., 2004; Gerscovich et al., 2006; Gomes et al.,
2008, 2016, 2017; Vieira and Fernandes, 2004) and 2011 (Rosi
etal., 2019).

The local geology consists of high-grade metamorphic rocks
(mostly Archer gneiss) with granite intrusions of coarse to
medium granular texture (Fernandes et al, 2004; Gomes et al.,
2016; Vieira and Fernandes, 2004). Human impacts in the area
are limited to a few small residential areas, while vegetation (of
the Atlantic Forest) has been preserved in many places (Gomes
et al., 2016), particularly around the Joa (L2) and Nova Fri-
burgo (L5) sites. Irregular urbanization in other areas such as
Campo Grande (L1), Duque de Caxias (L3) and Rio Bonito
(L4) have had a considerable negative impact on the generation
of rainfall-induced landslides (Fernandes et al., 2004; Rosi et
al., 2019). The mountainous region of Rio de Janeiro in general
has been vulnerable to landslides. For example, thin weathered
regolith zones on steep slopes are frequently subject to mass
movements. The highly fractured lithology enables preferential
infiltration paths and, consequently, rapid development of posi-
tive pore water pressures within the soil mass (Gerscovich et
al., 2006). In addition, intense summer rainstorms in Rio de
Janeiro exert a strong control on slope stability via infiltrating
water, which increases pore pressures within the soil and
decreases the shear strength (Fernandes et al., 2004; Gomes et
al., 2017). We refer to the cited publications for more detailed
descriptions of the field sites.

Monitored infiltration test

The field monitored infiltration test relies on a simple geom-
etry of the experimental setup, which maintains a constant
hydraulic head that triggers infiltration into the soils leading to
temporal changes in the pressure head recorded with a tensiom-
eter installed below an excavated soil pit. The setup allows
pressure head measurements within the created water bulb,
which extends to a few centimeters. Tensiometric pressure head
data are used since they generally provide sufficient infor-
mation to guarantee correct assessment of the soil hydraulic
properties (Simiinek and van Genuchten, 1996; Velloso, 2000).
Fig. 2 (upper block) provides a general overview of the pro-
posed methodology. A full description of the test setup is
shown in Fig. 4.

The first step is cleaning and levelling the tested location to
enable the excavation of a cylindrical pit with the help of a
bucket auger (Fig. 4a). For the excavation we used a bucket
auger with a diameter of 10.16 cm. After excavation and
cleaning, the exact dimensions of the pit are recorded for use in
subsequent numerical simulations. To later accommodate a
Mariotte bottle in the excavated pit, we recommend a radius
(rr) of 10 to 20 cm, and a depth (zp) of approximately 20 to 30
cm to impose a constant hydraulic head.

The second step consists of opening an adequate small
cavity to install the tensiometer (although other devices may
be used to measure pressure heads and/or the water contents).

245



Ruan G.S. Gomes, Guilherme J.C. Gomes, Euripedes A. Vargas Jr., Martinus Th. van Genuchten, Jodo T.M.G. Pinto, Felipe A. Rosa

experimental data

Obs. data Obj. func. i

— 200 . - |

8400 i

= 600 i

-800 i

0 500 1000 1500 Physical characterization i

t (s) '

RS b Inverse modelmg sszzzzssszzzzssssssspsssssszsssssszzzsssaazzzzsaazIiiacs
1 o 1
. Num. sim. Pred. data 54 : Obj. func, 1
L — — o ; —><Best fit? i
| 5-400 ; |
i < : Yes !
! -600 : ¢ 3
} 800 b---- : 10° :
| 0 |
; 10 0 500 1000 1500 0.4 |
| 0.4 =77 —~ i
| — #A t(s) & P
! & izgl Py =t w !
| Z =z = 0 g
3 =02 S L 10-10 g 502 F107° 5 i
! E/ ‘ / E Update parameters % < !
== No !
1 0 X 2 0 |
i —10* —10° - i
! -10* —10? -10° 10 10 10 !
i h(cm) h(em) i
i Initial or current parameters vector output parameters vector i
-:Comparison with other:---+-- == Effective soil hydraulic properties

Fig. 2. Schematic of the different steps of the proposed framework for estimating the effective soil hydraulic properties. The top panel
details the different experimental steps of our monitored infiltration test following the initial conceptualization of Velloso (2000). The
middle panel summarizes inverse modeling of the pressure head, %, data using the HYDRUS-2D software to estimate the soil hydraulic
parameters. The bottom panel illustrates comparisons of the estimated € (/) and K (%) functions with independent experimental data (left)
and a graphical illustration of the effective soil hydraulic properties of the residual soils (right).

The tensiometer holes in our study were created with a helical
auger as indicated in Fig. 4b. The tensiometers can be installed
at different depths and at different radial distances from the
center axis of the cylindrical soil pit. Fig. 4c, shows three dif-
ferent configurations: vertical (v), radial (r) and horizontal (h).
Having these options makes the test more flexible to field con-
ditions, such as for instance to capture degrees of anisotropy by
combining vertical and radial flow measurements. We found
the radial configuration of the tensiometer to be the simplest to
execute. Vertical positioning is more delicate to implement,
while the horizontal configuration is more time consuming
since it requires the drilling of an additional hole. Still, the
horizontal configuration may be more suitable for sloping
terrains. Although we used for our study only one tensiometer,
we note that the inverse optimization with HYDRUS-2D allows
the use of multiple monitoring devices (for water contents and/or
pressure heads) at multiple locations. After installing the tensi-

ometer and the data logger, the water-filled tensiometer will lose
initially some moisture to the unsaturated soil until the (negative)
pressure head inside the tensiometer cup at some location (rr, zr)
equals the pressure head of the surrounding soil.

The next stage is installation of the Mariotte bottle. As indi-
cated in Fig. 4d, the Mariotte bottle must be placed carefully
inside the open pit to enable establishing a water column inside
the pit to trigger the infiltration process. The last phase is then
to open the Mariotte bottle valve to impose a hydraulic head
(Fig. 4e). Typically, a few seconds are required for the water
level to reach the desired height (zx#), which is then the imposed
boundary condition for the HYDRUS simulations. As infiltra-
tion commences, initial soil water pressure heads will increase.
The infiltration front eventually reaches the tensiometer ceram-
ic capsule, at which time the pressure head at that location will
increase and eventually plateau to a constant value, at which
time the test may be terminated. Disturbed and/or undisturbed
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Fig. 3. Geographic overview of the experimental field sites in the Brazilian state of Rio de Janeiro. The coloured boxes denote specific sites
where investigations were carried out on mature (red), young (green) and saprolitic (blue) residual soils.

\

(d)

Fig. 4. Consecutive steps of the monitored

infiltration test. (a) Opening of the main cylindrical hole using a bucket auger; (b) opening of the

tensiometer hole with a helical auger, using three possible configurations: vertical (v), horizontal (h) and radial (r); (c) installation of the
tensiometer at the desired position; (d) installation of a Mariotte bottle inside the excavated pit; (¢) opening of the valve of the Mariotte
bottle to establish a constant hydraulic head and to trigger the infiltration process; (f) measurement of the pressure head (/) until the infiltra-
tion front passes the ceramic capsule of the tensiometer and no more changes in /4 is observed.
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samples could still be collected for investigations afterwards,
such as in our case by using several samples for further physi-
cal characterizations according to Brazilian standards (ABNT,
2016a, b). Fig. 5 summarizes the geometric setup of the moni-
tored infiltration test and the data that must be recorded for
subsequent use in the numerical simulations: the depth (zp) and
radius (7r) of the cylindrical pit, the tensiometer coordinates
(rr, zr) and the hydraulic head (zx).

Inverse modeling

As illustrated by the dashed plot in the middle panel of Fig.
2, the monitored infiltration test will lead to an approximatly
S-shaped curve of the pressure head /4 as a function of the time,
t. This curve can be numerically simulated using the axisym-
metric formulation of the Richards equation in terms of the
radial (7) and vertical (z) coordinates:

L2 ()2 o2 k(2 -k (1) |- 22 1)

ror o | oz 0z ot

In this paper, we limited the analyses to isotropic conditions
as implied by Eq. (1). The Hydrus-2D finite element code of
Simanek et al. (2016) was used to numerically solve Eq. (1) for
the geometry shown in Fig. 6. The spatial domain () for this
purpose was divided into 1 cm triangular elements, which pro-
vided convergence of the results for all cases we considered.
The initial condition was assumed to be a constant pressure
head equal to the initial reading of the tensiometer. As bounda-
ry conditions was imposed a prescribed (Dirichlet) total head zx
along the walls of the wetted part of the excavated soil pit, and
no-flow (Neumann) type condition along the remaining bound-
ary nodes. The observation point (red circle in Fig. 6) was set
according to the tensiometer ceramic capsule coordinates (rr,
zr). The lower and the right-hand side boundaries were located
sufficiently ~distant from the infiltration source and
the observation point so they did not affect the simulated infil-
tration process. Overall, a lower boundary of 50 cm, and 40 cm
on the right-hand side, may be sufficient to avoid boundary
issues. In our experimental and inverse modeling approach, each
of the three residual soils (mature, young and saprolitic) was
considered to be homogeneous across the entire field site, albeit
possibly covering different depths at the various locations.

Table 1 reports the geometry of the pits at each of the five
locations (L1 through L5) used as case studies in this paper.
Multiple tests were executed at each location. The tests were
coded to simplify presentation of our data. For instance, code
L1.2 in the second column refers to sample 2 at location L1,
etc. Columns five to seven in Table 1 indicate positions of the
tensiometer and their coordinates. The last two columns list the
initial pressure heads captured by the tensiometer after estab-
lishing hydraulic equilibrium, and the total pressure head (zm)
used as Dirichlet condition along the pit boundaries. Note that
the initial condition (/o) varied from —780 to —250 cm, while
the imposed top boundary conditions inside the borehole exhib-
ited total water pressures from 3.5 cm to 20.0 cm.

Numerical solutions of Eq. (1) also require knowledge of the
hydraulic properties of the residual soil. We used for this pur-
pose the van Genuchten-Mualem (VGM) soil water retention,
6(h), and hydraulic conductivity, K (%), functions (van Genuch-
ten, 1980) given by

Se(h)zmz [1+an ", h<0 ®
6;-0, 1 , h>0
E
K(h)=KSSe(h){1—(1—Se(h)m) } (3)

where S. (-) is effective saturation, & and 6 (cm® cm™) repre-
sents the residual and saturated water contents, respectively, o
(cm™) is a proxy of the reciprocal of the air-entry pressure, n
and m=1-1/n are quasi-empirical shape parameters, and
K, (cm s7) is the saturated hydraulic conductivity. We make the
common assumption that L = 0.5 (van Genuchten, 1980),
which allows us to use the VGM parameter vector
p ={6’,,,93,0(,n,1<s} to characterize the hydraulic properties of
the residual soils of Rio de Janeiro. The soil hydraulic parame-
ters were estimated using inverse modeling from observed
transient pressure head data. Inverse modeling can be under-
stood as the process of iteratively adjusting model parameters
to merge as much as possible the observed, H ={El,..., EN} ,

and simulated, H :{hl,..., hN} , datasets of dimension N
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Fig. 5. Schematic overview of the experimental setup of the monitored infiltration test (a) and required geometry data (b).

(b)
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Fig. 6. Representation of the 2D axisymmetric finite element mesh
composed of triangular elements. The boundary conditions of
Equation (1) are defined at the edges of the mesh of our flow do-
main. Constant pressure head is used as boundary condition at the
excavated part of the soil pit, assuming equilibrium from the lowest
located nodal point. A no-flow boundary condition, is assumed at
the top, bottom and at the lateral faces of the soil domain. The
observation point is separately indicated with a red circle.

(Vrugt et al., 2008). This general idea is denoted as follows:

H=~H(D,X,p) 4

where @ is the mathematical model that describes the physical

process (i.e., the Richards equation in our case), X represents
the observed forcing conditions (i.e., boundary conditions), and
J is the vector of model parameters that are target values within
the inverse modeling framework. The soil hydraulic parameters
were determined using the iterative Levenberg-Marquardt
algorithm as implemented in the HYDRUS software package
(Simanek et al., 2012, 2016) and illustrated graphically in Fig.
2 (middle panel).

Inverse modeling is based upon minimization of an appro-
priate objective function, reflecting deviations between the
observed values and the predicted system response. In the

absence of measured data, we used the Rosetta pedotransfer
functions of Schaap et al. (2001) to estimate initial values of the
VGM parameters from measured sand, silt, and clay percent-
ages, and the bulk density. Previous studies have shown that the
residual water content - is generally the least sensitive of the
VGM parameters to the calibration data (e.g., Inoue et al.,
1998; Simtnek et al., 1998; Vrugt et al., 2001). We note here
that our tensiometers could not collect pressure head data below
about —8 m. Following Vrugt et al. (2001) and others, we fixed
the saturated water content, &, at the porosity value, while
recognizing that field-saturated water contents often are 10 to
15% lower than porosity because of air entrapment (e.g.,
Gongalves et al., 2019). The water bulb generated during the
field tests had similar shapes for flat and sloping terrains.

Comparison with other experimental data

Monitored infiltration test results were compared with a
series of well-established soil physical and other tests to charac-
terize the sampled soils. Tests included the filter paper
technique following ASTM (2013), measurements of the satu-
rated hydraulic conductivity using a laboratory flexible wall
permeameter in accordance with ASTM (2016), and field
Guelph permeameter measurements (Reynolds and Elrick,
1986). The tests supplied independent data to provide insights
about the accuracy of the inverse modeling approach.

Effective soil hydraulic properties

Our main objective was to obtain effective VGM soil hy-
draulic parameters of residual soils in Rio de Janeiro. Effective
soil hydraulic properties are defined here as the (k) and K(h)
functions that create averaged responses of the actual heteroge-
neous residual soil class. For this purpose we grouped the opti-
mized soil hydraulic parameters of each soil class as shown in
Fig. 3. This allowed us to estimate the mean and 95% confi-
dence intervals of the water retention and hydraulic conductivi-
ty functions of the mature, young and saprolitic residual soils of
Rio de Janeiro, as illustrated in Fig. 2 (bottom panel).

Table 1. Summary of the experimental conditions used in the field tests, including sample code, geometry of the boreholes, radial coordina-
tes of the tensiometers, and the initial, and inflow boundary conditions. All numerical values are expressed in cm.

Geometry Tensiometer Ini. Cond. Bound. Cond.
Test Code Tr zp Position vy zr hy Zy
L1 L1.1 7.75 20.00 r 13.75 -2.50 -590 3.50
L1.2 6.75 20.00 r 13.75 -0.80 =510 10.00
L2.1 8.00 20.00 v 0.00 -12.00 ~780 9.50
L2 L2.2 7.50 20.00 h 0.00 -11.00 —700 5.00
L2.3 8.65 20.00 h 0.00 -11.00 =770 6.50
L3 L3.1 12.50 20.00 h 0.00 -12.00 —620 6.00
L3.2 10.25 20.00 h 0.00 -10.00 —-530 5.00
L4 L4.1 11.50 20.00 h 0.00 -9.50 -350 5.00
L4.2 7.75 20.00 r 12.50 1.50 -250 10.00
L5.1 9.00 20.00 r 15.00 -2.50 —610 6.00
L5.2 8.00 20.00 r 14.00 -3.50 —680 6.00
L53 7.50 20.00 r -1.00 13.00 -380 7.00
L5 L54 7.25 20.00 r 16.00 -3.00 -710 6.00
L5.5 6.75 20.00 v 0.00 -9.50 —-530 10.00
L5.6 3.00 20.00 r 10.00 2.00 -390 5.00
L5.7 3.00 20.00 r 15.00 0.50 —490 20.00

249



Ruan G.S. Gomes, Guilherme J.C. Gomes, Euripedes A. Vargas Jr., Martinus Th. van Genuchten, Jodo T.M.G. Pinto, Felipe A. Rosa

RESULTS
Physical characterizations

Table 2 presents physical properties of samples collected at
each location (sites L1 to L5). The classification in the third
column reflects the weathering profile of the residual soils in
Rio de Janeiro in terms of M (mature), Y (young) and S (sapro-
litic), according to Fig. 1. Multiple samples were collected at
several locations for soil physical measurements. The dry bulk
density pa (g/cm®), and porosity, @, are listed in the last two

columns of Table 2. Particle size distributions of the samples
indicated a relative high percentage of gravel for the saprolitic
soils. As expected, and visually illustrated in Fig. 1, such soils
contain much material that preserves the microfabric and vol-
ume of the parent rock (Lacerda, 2010). The younger (lateritic)
and mature residual soils showed a much more porous structure
and higher clay and silt contents. These textural differences
between the layered residual soils are noticeable when compar-
ing samples from the same location, for instance from sites L1
and L4. The data in Table 2 for samples at locations L2, L.3 and
L4 closely agree with previous studies at the same sites by
Maciel (1991), Carvalho (2012) and Buback (2008), respectively.

Monitored infiltration test

We now detail results of the infiltration tests at the five loca-
tions (L1 through LS5). Fig. 7 compares observed (points) and
simulated (lines) pressure head data, with results shown in color
that match those in Fig. 3 for the mature (green), young (red),
and saprolitic (blue) soils. Regardless of the location and resid-
ual soil type, the plots show excellent agreement between the
simulated and observed pressure heads. The /4 (#) curves show
constant values until arrival of the moisture front at the tensi-
ometer cup, at which time the pressure heads increase and
eventually plateau at saturation. The saprolitic soils show much
sharper wetting fronts, a characteristic of their coarser texture.
One exception is test [.2.3, which showed a more gradual in-

crease in the pressure head with time. The moisture fronts of
the young and mature residual soils were fairly similar and
much more gradual than those of the saprolitic soils. This is an
important finding in that it reflects the hydraulic heterogeneity
of residual soils in Rio de Janeiro, to be supported here later
also by the estimated 6(h) and K (%) functions. The total time to
execute the field experiments varied from about 2.2 h at loca-
tion L1, to 1.6 h at locations L2 and L3, to less than an hour at
the other sites. These times obtained are less than those found
by Simiinek et al. (1999) for hypothetical but very representa-
tive tension disc infiltration tests, which lasted between 4.5 and
5.5 hours.

Fig. 7a shows results of the infiltration process for the sapro-
litic (L1.1) and mature (L1.2) residual soils in the Campo
Grande district (Fig. 3). The relatively large differences be-
tween the shapes of the wetting fronts of tests L1.1 and L1.2
reflect the nature of these two soils. The two tests, executed on
the same soil profile, differ substantially in their infiltration
characteristics. Although Table 1 highlights important differ-
ences in terms of depth of the tensiometers (L1.1 is positioned
below L1.2), and the initial pressure head in the soil profile
(L1.1 is higher with respect to site L1.2, leading to a higher
initial hydraulic gradient), Fig. 7a shows earlier arrival of the
wetting front for test L1.1. This result agrees well with the
textural characteristics of each residual soil. In fact, the coarse
nature of the saprolitic soil (L1.1) enables a significant fraction
of the infiltrated water to move rapidly.

Fig. 7b compares the S-shaped infiltration curves of the sap-
rolitic soils at the Joa site. The well-graded soil of sample L2.1
(Table 2) showed a much more gradual moisture front as indi-
cated by the solid line in Fig. 7b, as compared with the more
coarse-grained samples of L2.2 and L2.3. This finding can be
explained in part by the considerable variability in the particle
size distribution and mineralogy of saprolitic soils in Rio de
Janeiro (Lacerda, 2010), in that some of the soils undergo more
weathering to lead to higher clay contents (but usually still
below 10%), thereby affecting the infiltration rate.

Table 2. Classification and physical properties of the residual soils sampled at different locations in Rio de Janeiro. Gr = Gravel, Sa =
Sand, Si = Silt, Cl1 = Clay, p; = Dry density, ¢ = Porosity, Y = Young residual soil, M = Mature residual soil, S = Saprolitic residual soil.

Soil Physical properties
Test Code class Gr (%) Sa (%) Si (%) Cl (%) py (g/emd) 0
L1 L1.1 S 4.1 85.6 7.6 2.7 1.33 0.51
L1.2 M 0.4 72.9 18.9 7.8 1.35 0.50
L2.1 S 25.1 47.4 12.8 14.7 1.39 0.48
L2 L2.2 S 12.0 77.0 6.1 4.9 1.39 0.51
L2.3 S 12.0 77.0 6.1 4.9 1.39 0.51
L3 L3.1 Y 0.4 61.6 36.6 1.3 1.27 0.55
L3.2 Y 0.4 61.6 36.6 1.3 1.27 0.55
L4 L4.1 Y 14.9 64.6 16.9 3.5 1.60 0.41
L4.2 M 0.9 41.3 34.0 23.8 1.26 0.54
L5.1 S 9.7 75.2 13.0 2.1 1.26 0.49
L5.2 S 9.7 75.2 13.0 2.1 1.26 0.53
L53 Y 0.9 57.6 28.5 13.0 1.58 0.41
L5 L5.4 S 5.0 61.4 26.1 7.5 1.21 0.54
L5.5 M 1.9 49.7 39.5 8.9 1.51 0.43
L5.6 M 1.9 49.7 39.5 8.9 1.51 0.44
L5.7 Y 8.6 49.5 11.9 30.3 1.60 0.40
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Since our measurements of the hydraulic properties did not
reveal a single best and fastest setup for the experiments, argu-
ably due to the distinct geometries and boundary conditions we
adopted, further studies are needed to establish a good balance
between the test setup, the accuracy of the measurements, and
the required time to get reliable data for the inverse analysis.
But the times required for our experiments (shown in the plots
of Fig. 7) are far less than those required for most field experi-
ments focusing on in-situ measurements of the unsaturated soil
hydraulic properties.

Water retention and unsaturated hydraulic conductivity
curves

Table 3 summarizes the soil hydraulic parameters optimized
with the HYDRUS software for each test. The optimized VGM
parameters were used to construct the water retention curve for
all experiments (Fig. 8). Fig. 8a shows 8(/) functions derived
for the experiments at site L1. The resulting retention curves for
each experiment are consistent with the infiltration curves; they
define different saturation trajectories but converge to approxi-
mately the same saturated water content.

Notice that we plotted only the wetting curves and did not
consider hysteresis. The 6(%) function estimated from test L.1.2
gave higher water contents over almost the entire pressure head

0
(a)
_—-200 oy
g
&
= L1.1
L1.2
L1.2
-600
0 2000 4000 6000 8000

A L3.1

L3.1

o L3.2

- - - 132
6000

i L53 o L56
! 51 o L54 ---.L56
0 L52 memem- L54 o L57
000 4 p q? ----L5.2 L55 - - - -L5.7
eemsemst | A 153 L5.5
-800
0 1000 2000 3000

t(s)

range than those from test L1.1. The largest difference between
the two tests is about 0.2 cm’/cm® and occurs at the residual
pressure head. The saprolitic residual soil (L1.1) showed a
lower air entry value (o= 0.00841 cm™) and a steeper slope of
the () function at intermediate (negative) pressure heads (n =
1.81), in accordance with the higher amount of gravel and sand
contents of such soils (van Genuchten, 1980).

Fig. 8b presents the @(k) functions we obtained for the sap-
rolitic soils at site L2. Experiments L2.2 and L2.3 exhibited
very similar shapes of the retention function, similar as those of
the saprolitic soil shown in Fig. 8a. The higher amount of fine
material (12.8% of silt and 14.7% of clay contents) for the soil
at location L2.1 compared to the other tests (6.1% of silt and
4.9% of clay contents) affected considerably the shape of the
6(h) function. This is reflected by the relatively low values of
a (0.00318 cm™', indicative of a higher air entry values)
and n (1.72, indicative of a broader pore-size distribution).
The soil water retention function of experiment L2.1 very
closely matched independent laboratory data from Maciel
(1991) using the filter paper test. Results of the relatively simi-
lar retention functions derived for the mature residual soils at
L3 site also indicated close agreement between our filter paper
measurements and the estimated @(%) function (Fig. 8c).

Fig. 8¢ displays the soil water retention functions obtained
for the three typical residual soil classes of Rio de Janeiro.

Residual [S88%
Mature [
Residual |
Young

R
Residual [ (7 :
Saprolite £ 5

Fig. 7. Transient evolution of observed pressure heads (data points) using the monitored infiltration test at locations L1 (a), L2 (b), L3 (c),
L4 (d), and L5 (e) for the mature (red), young (green), and saprolitic (blue) residual soils. Lines represent the optimized solutions obtained

with the HYDRUS software.
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Table 3. Summary of the estimated VGM parameters obtained using inverse modeling of the monitored infiltration test data.

SOll Hr 95 14 n Ks
Test  Code class (cm? cm3) (cm? cm?) (cm™) “) (cms™)
L L1.1 S 0.051 0.51 0.00841 1.81 0.0001190
L1.2 M 0.051 0.50 0.00262 1.15 0.0000231
L2.1 S 0.039 0.48 0.00318 1.72 0.0001290
L2 122 S 0.065 0.51 0.02250 2.68 0.0009930
L2.3 S 0.065 0.51 0.01810 2.76 0.0024500
L3 L3.1 Y 0.007 0.55 0.00899 1.28 0.0003090
L3.2 Y 0.007 0.55 0.00266 1.23 0.0000337
L4 L4.1 Y 0.078 0.41 0.00534 1.16 0.0003520
L4.2 M 0.030 0.54 0.00468 1.45 0.0000592
L5.1 S 0.045 0.49 0.01000 1.54 0.0013200
L5.2 S 0.045 0.53 0.01010 2.02 0.0007140
L53 Y 0.051 0.41 0.00990 1.30 0.0001690
L5 L5.4 S 0.051 0.54 0.01850 1.90 0.0018000
L5.5 M 0.078 0.43 0.00120 1.18 0.0005050
L5.6 M 0.078 0.44 0.00105 1.20 0.0000073
1L5.7 Y 0.038 0.40 0.00635 1.31 0.0005780
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Fig. 8. Water retention functions of mature (green), young (red), and saprolitic (blue) residual soils derived with the HYDRUS software for
five different measurement locations on hillslopes of Rio de Janeiro, Brazil: L1 (a), L2 (b), L3 (c), L4 (d), and L5 (e). Results obtained with
independent filter paper tests are indicated with filled symbols.
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Experiments L5.1 and L5.2 were found to have the same grain-
size distribution (Table 2), but different porosity values
(¢ =0.49 and 0.53, respectively). The L5.1 and L5.2 tests pro-
duced almost identical « values (0.0100 and 0.0101 cm™!, re-
spectively), but different n values (1.54 and 2.02), thereby
revealing that the higher porosity caused more rapid changes in
the moisture content of the saprolitic soils. Experiments L5.3
and L5.4 were executed at the same site, but approximately 200
meters from each other. The soil water characteristic curves of
these two tests provide some useful insights about the moisture-
pressure head relationships of the young (L5.3) and saprolitic
(L5.4) residual soils in the area. In fact, the lower « value
(0.0099 cm™) and the smoother slope (7 = 1.3) of the &(h)
function of L5.3, and the fact that most of the infiltration at
L5.4 occurred over a narrow suction range, appears to define
effective ranges of the soil hydraulic parameters for such soils.
Additionally, the filter paper results from Oliveira (2013) for
similar soils at location L5.3 indicated good agreement with our
estimated retention curve. Finally, Fig. 8e also highlights that
the retention functions of tests L5.5, L5.6 and L5.7 closely
matched the (%) functions of each corresponding soil class.
Fig. 9 illustrates the unsaturated hydraulic conductivity
functions obtained with the inverse modeling approach. As
expected, Fig. 9a shows that the saprolitic soil at the L1.1 site
exhibited a higher saturated hydraulic conductivity (Ks =
1.19-10* cm s7!) and a lower permeability as the soil dried out.
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The mature residual soil of experiment L1.2 clearly showed
lower K,-values, but at lower pressure heads (—400 cm) the
fine-grained soil exceeded the conductive of the saprolitic soil.
The saprolitic residual soils demonstrated similar K(h)
functions in Fig. 9b, except for the L2.1 test at a very low
suction range. This plot also illustrates that the K values of
these saprolitic soils (1.29-10* < Ky < 2.45:102 ¢cm s!) had
very similar mean values (K5 = 2.47-10* ¢cm s!) as obtained by
Maciel (1991) for 12 laboratory permeability tests (solid blue
point).

The K (%) functions shown in Fig. 9c display results of the
young residual soils of Duque de Caxias, Rio de Janeiro. As
can be noticed, the unsaturated hydraulic conductivity functions
are fairly similar in the low pressure head range, but become
progressively different towards saturation. Indeed, the saturated
hydraulic conductivity of these two soils differed by one order
of magnitude between Ks = 3.09-10* ¢m s™' (L3.1) and K; =
3.37-10* cm s7! (L3.2), probably caused by spatial variability.
Fig. 9c also includes field K tests with the help of a Guelph
permeameter (Ks = 2.02:10* cm s™), a flexible wall perme-
ameter (K = 8.00-107 cm s™!) and laboratory procedures by
Carvalho (2012) (Ky=2.00-10% cm s") further highlighting the
variability in K;. This finding agrees with previous Ky meas-
urements by Vieira and Fernandes (2004), who observed abrupt
changes in K in some of the same soil profiles as studied here.

Field —p %

Lab — O
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Fig. 9. Unsaturated hydraulic conductivity functions of mature (green), young (red), and saprolitic (blue) residual soils derived with the
HYDRUS software for five different locations on hillslopes of Rio de Janeiro, Brazil: L1 (a), L2 (b), L3 (c¢), L4 (d), and L5 (e). Results
obtained with independent field and laboratory tests are separately indicated by arrows and filled symbols.
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For instance, they reported an increase in Ky values of two
orders of magnitude over short distances (0.30 m). As depicted
in Fig. 9d, the coarse-grained soil of experiment L4.1 presented
a higher K value (3.52:10* ¢cm s') compared to the fine-
grained soil (5.92:107° cm s!). Guelph permeameter field ex-
periments on the fine-grained soil (L4.2) revealed close agree-
ment (K= 3.42-107° cm s™') with the monitored infiltration test.
Yet, as pointed out in Fig. 9d, laboratory test provided by Car-
valho (2012) indicated a K value that was one order of magni-
tude lower (1.80-10° cm s™'), again demonstrating the spatial
variability in K of gneissic soils in Rio de Janeiro.

The K(%) functions shown in Fig. 9e nicely reflect the transi-
tion between the unsaturated hydraulic conductivity functions
of the three different soil types obtained in the present study.
Again, spatial variability in Ky is evident from a visual inspec-
tion of the plots for experiments L5.5 and L5.6, both executed
on mature residual soils. The estimated saturated hydraulic
using inverse modeling for L5.5 (Ks; = 5.05-10* cm s™') was
higher than for L5.6 (K; = 7.30-107° ¢cm s!). One possible reason
for the discrepancy in the K(#) functions of tests L5.5 and L5.6 is
the distinct geometric configuration used in the two experiments
(Table 1). Since the infiltration tests were executed using differ-
ent radial and vertical settings, differences may have been caused
by anisotropy in the soil hydraulic properties. Still, our Guelph
tests performed at the same locations L5.5 and L5.3 indicated
quite similar result for the mature (Ks = 5.76:10* cm s!) and
young residual (K; = 1.21-10* cm s™!) soils, respectively.

Overall, the filter paper tests indicated adequate agreement
with the estimated parameters using the monitored infiltration
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test. Estimates of the saturated hydraulic conductivity indicated
consistent results for the field measurements (i.e., the
monitored infiltration test and Guelph permeameter tests).
Laboratory tests, however, revealed large discrepancies (up to
two orders of magnitude) compared with the field results. It is
known that under field conditions, macropores and cracks
increase the saturated hydraulic conductivity. These conditions
may be particularly difficult to reproduce in the laboratory on
small soil samples (Scharnagl et al., 2011).

Effective soil hydraulic properties

We conclude this paper with Fig. 10, which displays effec-
tive soil hydraulic properties for the residual soils of Rio de
Janeiro, Brazil. The various HYDRUS-2D analyses of the
VGM parameters were used to characterize the mean (effective)
properties of the 8(k) and K (%) functions. Results are presented
in Fig. 10, which shows the mean (solid lines) and 95% bounds
(shaded regions) of the water retention (a) and hydraulic con-
ductivity (b) functions. The & (%) functions of the mature
(green) and young (red) residual soils suggest excellent water
holding capacities of these soils, with pressure heads that must
be below —80 cm for air to enter the pores. This finding is con-
sistent with our soil textural data, which demonstrate relatively
high percentages of silt and clay, while also being supported by
previous results by Gomes et al. (2017) in the same region.
Similar results were obtained by Xia et al. (2019), who found
that the upper two soil layers of a granitic residual soil in China
also had a stronger water-holding capacity. The saprolitic re-
sidual soils in our study demonstrated a comparatively narrow
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Fig. 10. Estimated effective soil water retention (a) and hydraulic conductivity (b) functions of the residual soils of Rio de Janeiro,
including mean values (solid lines) and the 95% confidence intervals as derived with the HYDRUS software using a series of monitored
infiltration test for mature (green), young (red), and saprolitic (blue) soils.

Table 4. Estimated effective VGM soil hydraulic parameters of mature (M), young (Y), and saprolitic (S) residual soils of Rio de Janeiro, Brazil.

Summary o Os o n Ky
Class Ostatistics (cm3 cm*3) (cm3 Cm—3) (Cm—l) “) (cm s—l)

Min. 0.030 0.43 0.0011 1.15 0.00000733

M Max. 0.078 0.54 0.0047 1.45 0.00050500
Mean 0.059 0.48 0.0024 1.24 0.00014900

Min 0.007 0.40 0.0027 1.16 0.00003370

Y Max 0.078 0.55 0.0099 1.31 0.00057800
Mean 0.036 0.47 0.0066 1.26 0.00028800

Min. 0.039 0.48 0.0032 1.54 0.00011900

S Max. 0.065 0.53 0.0225 2.76 0.00250000
Mean 0.052 0.51 0.0120 2.09 0.00095400
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pore-size distribution, with most drainage occurring in a rela-
tively narrow suction range. These soils are characterized by
relatively large values of « (low air entry values) and n, the
latter reflected by higher K(#) values and more rapidly decreas-
ing K(h) functions as the soil dries out. Table 4 lists summary
statistics of the estimated effective VGM soil hydraulic parame-
ters of the studied residual soils.

The relatively large confidence intervals of the &(4) and
K (h) functions are related to the hydraulic heterogeneity of
residual soils in Rio de Janeiro. The wide intervals suggest that
one should not rely on single unique estimates of the VGM
parameters in the presence of heterogeneities and natural varia-
bility of the soil hydraulic properties, also in view of measure-
ment errors of the experimental data. Indeed, practical experi-
ence suggests that it is typically difficult to find effective soil
water retention and hydraulic conductivity functions for residu-
al soils (Kassim et al., 2012; Perani¢ et al., 2018; Rahardjo and
Satyanaga, 2019; Xia et al., 2019). Still, the derived effective
VGM soil hydraulic parameters for residual soils of Rio de
Janeiro may be useful for regional slope stability studies, which
frequently depend on such data to model subsurface water flow
processes (Camargo et al., 2016; Gerscovich et al., 2006;
Gomes et al., 2017). Moreover, our results demonstrate that
young and mature residual soils have similar hydraulic proper-
ties, indicating that further numerical simulations could assume
uniform hydraulic properties for these soil layers.

CONCLUSIONS

The saprolitic soils in this study exhibited high saturated
hydraulic conductivities and large air-entry pressures (low «
values), with imbibition occurring over a relatively narrow
pressure head range. The young and mature residual soils
showed good water holding capacities, with pressure heads that
must be low for air to enter the pores, and relatively high
percentages of silt and clay. Differences in the effective soil
properties obtained for the distinct residual soil classes can be
quite large, reiterating the need for a careful treatment of
hydraulic heterogeneity, especially in regional slope stability
studies. Results derived from this study should help to better
inform engineers and others about the hydraulic parameters of
soils in the landslide-prone areas of Rio de Janeiro, and
possibly in other regions with similar geologic settings and
climate conditions.

The monitored infiltration test offers a rapid, accurate, and
simple way to derive the hydraulic properties of unsaturated
soils. The field approach only demands a tensiometer to meas-
ure pressure heads below the infiltration front triggered by a
Mariotte bottle, supplying constant water at the top edge of the
soil profile. The test is fast since it does not need steady-state
flow to allow inverse modeling, uses a simple geometry for the
field experiments, and is versatile in that it can be quickly con-
ducted on steep slopes. Our results demonstrate that the moni-
tored infiltration test provides a viable approach to measure the
hydraulic functions for a variety of young, mature, and saprolit-
ic residual soils. Comparisons with different laboratory (such as
filter paper) and field (including Guelph permeameter) tests
sustained this conclusion. More substantial investigations may
be needed to improve parameter identifiability, such as increas-
ing the number and locations of observations, and possible
extensions to anisotropic and more structured soil systems.
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