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Abstract
This research proposed to analyze the dependence on the water retention properties in granular samples (Guamo sand) regard-
ing different contents of fines (kaolin). The extended evaporation method (EEM) and dew point method (DPM) allowed 
the construction of the water retention curves (WRCs). These methods can determine the matric suction of the samples at 
volumetric water contents in the partially saturated state. The results revealed that the Guamo sand only showed significant 
suction values in the pendular state of the system. As the kaolin content in the samples increased, the desaturation process 
revealing high suction values, even when samples have up to 30% volumetric water content. The evaluation of the experi-
mental methods was generated from a WRC setting using traditional constitutive models. The prediction capacity of each 
model is defined with the coefficient of determination, where the behavior of the data indicates more significant predictive 
potential in high suction ranges.

Keywords  Water retention curve · Extended evaporation method · Dew point method · Drying path

Introduction

The geometric simplification of the pore space to quantify 
physical properties and processes in unsaturated media is 
generally based on soil water retention capacity estimates 
through classical hydraulic function (Khlosi et al. 2006). 
The water retention curve (WRC) describes the relationship 
between soil capillary potential (ψ) and volumetric water 
content (θw) (Assouline et al. 1998). Although θw is related 
to microstructural porosity and degree of saturation, and 
ψ is linked to centimetric height, both are a single funda-
mental property of WRC. WRC is generally obtained from 
paired measurements of water content and pressure head 
under quasi-equilibrium conditions. However, to be helpful 
in descriptive processes concerning the water–air interface, 
the mechanical behavior of the WRC results is continuously 
adjusted using predictive models (Cornelis et al. 2005). In 
the graphical domain of WRC, the value of θw for a given ψ 
depends on the path. During the drying phase, any path is 
more significant than the suction in the wetting path (Likos 
et al., 2014). This hysteretic behavior is derived from the 
direct couplings between the degree of saturation, effective 
stresses, and matric suction.
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However, the suction retention capacity of a soil depends 
on many factors: pore size distribution, chemical conden-
sation of the aqueous solution, particular surface activity, 
thixotropic effects, and particle size distribution (Aubertin 
et al., 2003). Knowledge of hysteresis behavior is essential 
for the understanding of the mechanical-hydraulic response 
in granular soils. A more recent emphasis is attributed to the 
effects of hysteresis on the functional spectrum, including 
deformation and shear strength (Likos and Lu 2004; Wheeler 
et al. 2003).

The fundamental description of the WRC establishes four 
saturation domains: (i) total saturation (θs); (ii) funicular 
state, defined in any matric suction range, for which the 
granular structure of the soil is progressively saturated in a 
continuous liquid–gas flow stage; (iii) pendular state, which 
is presented in intervals of ψ with interstitial discontinuity; 
and (iv) residual state (θr). These stages are represented in 
Fig. 1. The limits for each of these changes depend on the 
continuous nature of the flow, the number of phases, and the 
pore size (Vanapalli et al. 1999). Currently, the literature 
applied to unsaturated soil mechanics has little evidence 
of the accurate intrinsic contour of the WRC, since the 
enduring influence of the fluctuating pore mechanism on the 
saturation relations, and this demands a high experimental 
parametric calibration to determine only the retention 
aspects under constant porosity (Nuth and Laloui 2008).

Traditional and modern investigations exhibit variability 
in the WRC silhouette when different experimental tech-
niques and wetting histories are used. Even when deter-
mined under the same scale, the bias between approaches is 
considerable (Cancela et al., 2006). WRC can be measured 
through a plurality of direct check empirical methods using 
technique psychometric, heat dissipation sensors, suction 
plates, pressure cells or columns (Campbell and Gee 2018), 
and many other approaches reviewed by Bittelli and Flury 

(2009). Data pairs corresponding to ψ and θw are usually 
analyzed in terms of analytical constitutive equations pro-
posed (Campbell 1974; Durner 1994; Vogel and Cislerova 
1998; Kosugi 1996; Fredlund and Xing 1994; Seki 2007; 
van Genuchten 1980) or using derivate pedotransfer func-
tions (Acutis and Donatelli 2003; Schaap et al. 2001).

Parametric estimation in the mechanical archetypes is 
available, which is generally used to define WRC, involves 
capacity and flow attributes. It is combined with numeri-
cal solutions of the Richards equation (Richards and Reddy 
2007) to obtain quantitative predictions of the hydraulic 
components in any given soil. Popular methods include the 
coupled osmotic tensiometer developed by Madsen et al. 
(1986) and strain infiltrometer methods (Simunek et al. 
1998). However, it is possible to employ other field meth-
ods similarly. In particular, the technologies based on vapor 
pressure measurements are most commonly used to describe 
the WRC.

These approaches are derived from the pioneering studies 
by Gardner and Miklich (1962), where measurements of 
evaporation rate and tension are a direct and simultaneous 
quantification of the soil’s water retention capacity. For 
such reason, the evaporation process has been interpreted 
analytically in the porous environment and the elemental 
volumetric range for multiple matric suction scales 
(Lehmann et al. 2008; Shokri et al. 2015; Peters et al. 2015). 
One of the recent versions of the evaporation technology is 
the HYPROP© device, whose functional principle focuses on 
semi-automated direct measurements of the water retention 
and hydraulic conductivity function for stress ranges 
between θs and θr, using the extended evaporation method 
(EEM) (Schindler et al. 2010).

There is a traced path in generating models and 
approaches to test the EEM system in continuous loop inflow 
and outflow (e.g., Bezerra-Coelho et al. 2018; Schelle et al. 
2010). Schelle et al. (2013) evaluated and compared four 
methodologies for delimiting ψ and θw ranges in WRC under 
varying moisture scales over a wide textural range. They 
reported ψ intervals obtained by EEM device, comparable 
in the dry range with those determined from the dew point 
method through the WP4C instrument, although with 
hysteretic behaviors.

In contrast to EEM, the dew point method (DPM) sys-
tem is based on the principle of equilibrium between liquid-
phase water in a soil sample and vapor-phase water under 
closed chamber conditions (Scanlon et al. 2002). In recent 
research, DPM has been used extensively to determine the 
unmistakable silhouette of the WRC. Kirste et al. (2019) 
proposed to apply DPM after evaporation using pressure col-
umns for given strain rates, testing the development of DPM 
to describe WRC in the humidity range, through numeri-
cal modeling. The search for accurate numerical proximi-
ties for WRC using EEM and DPM is currently researched Fig. 1   Typical unimodal water retention curve

878   Page 2 of 8 Arab J Geosci (2022) 15: 878



1 3

(Fields et al. 2020; Händel et al. 2019; Jackisch et al. 2020; 
Domínguez-Niño et al. 2020; Shokrana and Ghane 2020).

Materials and methods

Soils

Two types of soils were used to analyze the consistency 
of the EEM and DPM methods in the graphical portrait 
of the WRC. Sand samples from the Guamo River were 
selected because of their index properties commonly used 
in research works and kaolin as a cohesive agent to raise the 
stress ranges. This typology of sand presents a subangular 
predominance in the form according to the analyzes of digi-
tal cartography of particles using the scales of Krumbein 
(1941). The content of kaolin in the testing prototypes was 
gradually increased in the five tests, from 5 to 35% with 
steps of 5%, decreasing the proportion of the Guamo sand, 
respectively. Since for small suction values, the particle dis-
tribution affects significantly; it was necessary to use recon-
stituted samples for EEM and DPM, without sharp decreases 
in sand content. The mineral dispersion of the clay within 
the polymeric matrix, the physicochemical properties of the 
sand, and sample distribution, are summarized in Table 1.

Extended evaporation method

The EEM device (Fig. 2) was used for simplified evapora-
tion runs. Saturated soil samples of approximately 5 cm in 
height and 8 cm in diameter were submitted to evapora-
tion in the laboratory. The tensiometric matric suction was 
continuously monitored at depths of 2 to 4 cm. During the 
evaporation process, the absolute water contents were cal-
culated by measuring the weights of the components used 
in the assembly, including the dry matter of the specimens 
with their respective configuration (Table 1—samples). 
According to the manufacturer, the maximum height for the 
air inlet of the tensiometer rings was 85 kPa. Hyprop View 
software was used to compute the discrete data points of the 
five WRC in the dry range between 0 and 3.1 pF, along with 
their unsaturated hydraulic conductivity in the laboratory. 

The matric suction was continuously monitored at depths 
of 2 to 4 cm.

Dew point method

For descriptive idealization of the drying range in intervals 
above 3.1 pF, the DPM determines the relative humidity 
from the sample temperature and is sufficient to generate 
“dew” condensation of the air by cooling, with accuracies 
of 1% at ψ from 4.5 to 6.5 pF. In wetter ranges (2.5–4.5 
pF), the accuracy decreases, being 5% for ψ below 3.5 pF, 
equivalent to 500 hPa. Soil samples for each configuration 
were exposed to evaporation until the desired water content 
was reached. Six capsules were extracted from each sample 
configuration, two from the top, two from the bottom, and 
two from the middle, to construct the drying WRC. The 
Hyprop Fit utility software was employed for the unifica-
tion of the EEM and DPM results. The two measurement 
methods applied and their centimeter height ranges in pF 
are presented in Fig. 3.

Unimodal functions

Three unimodal functions were considered to fit WRCs in 
this study: [1] Fredlund-Xing function (Fredlund and Xing 
1994), [2] Brooks-Corey function (Brooks and Corey 1964), 
and [3] van Genuchten function (van Genuchten 1980). The 
Brooks-Corey and van Genuchten functions use porous 
structures to simulate flow paths in unsaturated media. On 
the other hand, for the Fredlund-Xing function, the inter-
val of ψ is substantially larger than other models, providing 
a better description of WRC. The one-to-one relationship 

Table 1   Soil properties

na not available

Guamo Sand Kaolin

Sample (%) Physics XRD (%)

Soil texture 1 2 3 4 5 Gs emax emin Cc Cu D10 (mm) Quartz Kaolinite Illite Montmorillonite

Sand 100 95 85 75 65 2.72 0.94 0.65 1.08 2.24 0.20 na na na na
Clay 0 5 15 25 35 na na Na na na 0.0003 53.89 35.37 9.68 1.06

Fig. 2   Extended evaporation method devise
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between ψ and θw for each visual model is expressed as 
follows:

where ψd is the suction displacement, λ (pore distribution 
coefficient), and a, β, α, α, m, and n fit parameters. In the 
Fredlund-Xing model, e is the Napier’s constant. The correc-
tion function for the variable C(ψ) in terms of ψr analogous 
to θr, under unsaturated conditions, is represented by:

Results and discussion

The weight loss by the water evaporation process is shown 
comparatively in Fig. 4, using the identification GS for 
Guamo sand, and K for kaolin. The trend of the desaturation 
phenomenon is independent of the material and its particu-
lar configuration. However, the higher the kaolin content in 
the sample, the smaller the time-space involved in complet-
ing the process. The void ratio, e, in granular soils is sub-
stantially higher than in fine size distribution, which means 
higher interstitial saturation. However, the gradual addition 
of cohesive plates reduces the e, the sample saturation, and 
desaturation time.
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The range of the air entry point (AEV) is crucial for 
understanding the behavior shown in Fig. 5 since it delimits 
the change from the boundary effect zone to the transition 
effect zone and has a directly proportional relationship to 
the ψ. Fine soils exhibit higher ψ ranges than sands due to 
their laminar structure with electrochemical activity. Conse-
quently, net stress ranges are higher for samples with higher 
fines content, exceeding 800 hPa.

Water retention curves

The data obtained by the EEM synthesized evaporation 
methodology provided information from complete satura-
tion to approximately 3.0 pF in all samples, establishing the 
initial range of desaturation. The extension of the method 

Fig. 3   Methods for determining WRC and their measurement ranges
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Fig. 4   Weight loss due to evaporation process

Fig. 5   Hyprop View predictions of the top and bottom tensions in soil 
samples
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using DPM provided an additional dataset between 3.0 and 
4.5 pF. On average, the mechanics of the results from both 
methods matched reasonably well for the first three sam-
ples, whose fines content is not representative. The dry scale, 
however, varied considerably at percentages of fines above 
20%. The ψ and θw loops fluctuated widely in each test. For 
ψ values less than 4.0 pF, the DPM accuracy exceeds 5% and 
substantially reduces the amount of data at suction stresses 
above 350 hPa. This limitation of use compresses the actual 
expansion of the WRCs from 4.0 pF and above, with kaolin 
percentage above 15%.

On the other hand, EEM works quite well for determining 
WRC at suctions below 2.0 pF. The applicability horizon of 
both devices depends directly on the particle size; the higher 

the fines content, the higher the air entry value (AEV) is 
reached at higher ψ values, which translates into lower dry-
ing WRC detention at ψ above 3.0 pF. The WRCs for each 
specimen are given in Fig. 6.

In addition, the adequate continuity of the EEM data than 
the DPM data is evident, confirming the reproducibility and 
reliability of the extended evaporation method. The above 
is due to larger contact points between the sample and the 
upper and lower EEM plates or splicing problems of the 
DPM prototypes due to their size. However, a larger size for 
each of the samples means a longer time for the evaporation 
process and high degrees of data scattering. It is observed 
that the samples with a tendency to be completely granular 
(1 and 2) start with high θw and develop generating low 

0.75GS;0.25K

Fredlund & Xing (1994)
Brooks & Corey (1964)
van Genuchten (1980)

EEM DPM

w
 

0.65GS;0.35K

Fredlund & Xing (1994)
Brooks & Corey (1964)
van Genuchten (1980)

EEM
DPM

Fig. 6   Water retention curves (WRCs) obtained by EEM and DPM in a 100% GS, b 95% GS and 5% K, c 85% GS and 15% K, d 75% GS and 
25% K, and e 65% GS and 35% K
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matric suctions. For samples with high fines contents (3, 4, 
and 5), their θw start with low values, and unfold generating 
high matric suctions, even with considerable water contents.

Behavior of the models

The data received from the Hyprop fit were analyzed by 
applying a curve fitting procedure using Eqs. (1), (2), and 
(3). Since the objective of this research was to examine the 
WRC in granular soils with different fines contents, a pre-
dictive process of parametric comparison was used using 
only volumetric content data measured at saturation (θs) and 
residual (θr) as matching points, which values are reported 
in Table 2. For fines contents, less than 20%, the numerical 
variability between approaches is less than 0.8% in θs, con-
cerning the experimentally measured values. However, the 
approximation is more accurate in the Fredlund-Xing model, 
with less than 0.3% uncertainty ranges for all samples. The 
van Genuchten model presents the highest variability in the 
residual results since its functional algorithm is prescribed 
for small ψ ranges and ignores the transition between porous 
systems.

Additionally, Table 3 shows the values of the coefficient 
of determination, R2, between WRC to assess the capacity 
of the methods of predicting the results. Suction and 
volumetric water content generated R2 values for two 
separate datasets. In volumetric content data, there is a 
better coupling of the models to the matrix of experimental 
results. This behavior is derivative of the dependence on 
low suction ranges to the distribution of particles, which 
leads to deviations from the data generated by the empirical 
method.

Regarding the Brooks-Corey model, at residual points, 
the singular behavior of the retention curve for ψ values 
lower than two pF at percentages of fines equal to 15% was 
not adequately described. In contrast, for samples 4 and 5, 
Fredlund-Xing describes near-zero θr, optimizing the intrin-
sic WRC convolution for ψ greater than 4.5 pF. The disper-
sion of the data is more noticeable in the residual mechan-
ics than those obtained employing EEM and DPM. This 

singular behavior is due to the decrease in data continuity 
at high suctions and accuracy at θw close to θr. However, 
the choice of the most appropriate equation for application 
purposes depends on the objective of the analysis. A more 
detailed description of the WRC using more simplified 
numerical representations with better-identified parameters 
may be preferable or vice versa.

Conclusions

A directly proportional relationship can be established from 
the WRC obtained between the content of fines in a soil 
sample and suction, even at high volumetric water contents. 
Therefore, these data reflected in WRC under the framework 
of partially saturated soil mechanics are fundamental for 
analyzing the hydraulic characterization of soils and the 
behavior of the interstitial flow.

For the soils in question, the higher the fines content, 
the WRC description develops over a wider range of matric 
suction, since in particular cohesive configurations, the 
suction stress is substantially increased to mostly granular 
soils. The extended vaporization method estimates more 
accurately, in all cases, the WRC and its parameters, at 
least in the ψ range used in the current analysis. However, 
it is advisable to extend its applicability with DPM if fine 
soils are used since the suction stress range is raised, and 
data continuity is required at ψ higher than those defined 
by EEM.

Table 2   Water retention curve 
parameters for soils under study 
using unimodal functions

θs volumetric water content in saturation, θr residual volumetric water content

Experimental Fredlund and Xing 
(1994)

Brooks and Corey 
(1964)

van Genuchten 
(1980)

Sample θs (%) θr (%) θs (%) θr (%) θs (%) θr (%) θs (%) θr (/%)

1 48.79 4.65 48.39 0.89 46.99 2.66 49.18 4.85
2 34.08 2.38 33.56 4.00 32.64 3.08 33.66 4.57
3 32.77 14.85 32.75 9.50 32.15 14.27 33.36 15.47
4 32.68 10.72 32.54 1.5e − 4 32.03 11.02 33.02 14.97
5 32.59 11.74 32.64 4.9e − 5 32.05 1.2e − 5 32.74 8.00

Table 3   Coefficient of determination R2 for ψ and θw between models 
and experimental data

Model Experimental data

ψ θw

Fredlund and Xing (1994) 0.74 0.93
Brooks and Corey (1964) 0.69 0.92
van Genuchten (1980) 0.72 0.78
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