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A B S T R A C T   

Persistence of water repellency is a significant physical key factor that governs water infiltration into unsaturated 
soil. We investigated water and ethanol infiltration using the characteristic time method (CTM), repellency index 
(RI), and the contact angle (CA) behavior for a comprehensive assessment on soil water repellency (SWR). We 
analyzed the impact of soil structure and thermal and wetting–drying treatments on water and ethanol infil-
tration. The first objective was to evaluate the CTM for water-repellent soils by partitioning characteristic and 
gravity infiltration behavior (Ichar and Igrav) and to evaluate parameters like infiltration beginning (tb) and gravity 
times (tchar and tgrav). The second objective was to characterize the CTM estimated water sorptivity (Sw), either as 
the Sww (the hydrophilic state water sorptivity) or the Swh (the hydrophobic state water sorptivity) to improve the 
calculation of water repellency cessation time (WRCT). Three soils with initial contact angles (CAi) of 18◦, 60◦, 
and 90◦ (20 ◦C ± 3 ◦C) were additionally heated to temperatures of 40 ◦C and 60 ◦C resulting in CAT40: of 23.6◦, 
56.4◦, and 97.3◦ and CAT60 of 18.5◦, 88.0◦, and 126.6◦. The wetted state CA was determined for a wetting- and a 
rewetting-infiltration cycle (CAwe and CArewe) under –2 cm tension, followed by air-drying and further CA 
measurements (CAair-dried). There was significant agreement (R2 > 0.95) between the Sw evaluated by CTM and 
the Swh, and excellent correspondence between tchar and the tb. The relations between Se, RI, CAwe, CArewe, CAair- 

dried, and WRCT clearly showed dynamics and reversibility of SWR and also its dependence on persistence, even 
for the air-dried 20 ◦C soil with small CAi. Persistence of SWR as characterized by the time components resulted 
in a long flow transition state (i.e., time development and respective changing relevance of capillary and gravity 
forces). Hence, missing experimental data has to be considered as the main barrier for modeling approaches. 
Further research is necessary to improve flexibility of the CTM code to reliably estimate Sw and Swh with respect 
to persistence of SWR.   

1. Introduction 

Extreme climatic processes, such as long-term drought, extreme 
precipitation, and frequent wet-dry cycles can be enhanced by climate 
change effects (Arye et al., 2007; Goebel et al., 2011; Lesk et al., 2016). 
In this context, water repellency strongly influences soil properties of 
some soils from micro- to macro-scales (Daniel et al., 2019; Mao et al., 
2019). The SWR phenomenon, which is moisture-dependent, can affect 
many of soil physical and hydrophysical properties (Bachmann et al., 
2007, 2016; de Jonge et al., 2007). Therefore, it is useful to define 
adequate experimental tools that can explicitly and insightfully evaluate 
SWR dynamics. 

The methods to assess SWR are usually based on soil hydraulic 
behavior and are related to the concepts of extent/intensity and its time 

behavior, which is defined as persistence of water repellency (Daniel 
et al., 2019; Hermansen et al., 2019; Iovino et al., 2018). Both soil 
properties can be determined by the wetting process immediately after 
water meets soil particles. The persistence of SWR is commonly derived 
only for hydrophobic soils (i.e., contact angle > 90◦) and is defined as 
the stability of the respective water repellency with time after contact 
with water. Previously, it was mainly assessed by the empirical water 
drop penetration time (WDPT) test, (Dekker and Ritsema, 1994; Ritsema 
et al., 1998), indicating persistency for hydrophobic soil in contact with 
water under high (positive) pressure conditions of the droplet-soil 
interface related to atmospheric pressure. Hence, this test determines 
only how long strong water repellency persists in the contact area of a 
water droplet (Dekker et al., 2009). 

The WDPT method is proposed to simultaneously measure initial 
strong water repellency and persistence (Doerr, 1998; Doerr and 
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Thomas, 2000; Flores-Mangual et al., 2011; Hardie et al., 2012); it as-
sumes that the greater the water drop penetration time, the greater the 
soil hydrophobicity (Doerr, 1998; Flores-Mangual et al., 2011). This test 
does not distinguish between persistence and degree of water repellency 
because it only considers hydrophobic soil conditions above or close to 
contact angles of 90◦ and does not consider the wide range of subcritical 
repellency for CA smaller than 90◦. The advantage of the WDPT test is 
that it is a simple and inexpensive method that can be directly related to 
water infiltration and it could be used in the field for ambient soil water 
content and in the laboratory under well controlled conditions. 

The WDPT test is sensitive for strong water repellent soils but 
insensitive for so-called subcritical water-repellency levels which are, as 
recent research shows, a common feature of many soils and not very well 
investigated regarding their impact on soil processes (Bachmann et al., 
2007). Therefore, the WDPT is only able to detect persistence of hy-
drophobic soils and/or the transition of hydrophobic state to subcritical 
repellency, which is only a small window of possible soil wetting states 
(Bachmann et al., 2007). Additional drawbacks are that it could be time 
consuming - up to hours for some soils (Flores-Mangual et al., 2011). 

The WDPT also tests the persistence under hydraulic pressure con-
ditions that are unusual in soil for most wetting and redistribution 
processes. The hydraulic pressure and the vapor pressure underneath the 
positively curved droplet is, according to Kelvińs equation, significantly 
higher compared to the capillary pressure situation in unsaturated soil, 
which also refers to the lower water vapor pressure in equilibrium with 
the negatively curved water menisci. Drop forming positive pressure 
conditions (higher pressure related to atmosphere) seldom occur in soils 
(mostly at the wetting front of liquid fingers) due to instabilities of 
wetting fronts (saturation overshoot situations) at the soil surface under 
ponding conditions or at deeper located impermeable soil layers. The 
persistence estimated by WDPT doesn’t represent the real persistence 
conditions in the entire soil matrix in general. 

Another widespread method is the sessile drop method, which rates 
persistence in terms of sessile drop contact angles in the range between 
0◦ and 180◦, hence characterizing the entire spectrum from completely 
wettable soils to extreme hydrophobic soils. The state of soil wettability 
based on contact angle (CA) is categorized in three groups; hydrophobic 
(strong water-repellency, CA > 90◦), subcritical or moderate water 
repellency (CA < 90◦, > 0◦), and perfect wettability (CA = 0◦) (Bach-
mann et al., 2000). 

Attempts have recently been made to assess the persistence of SWR 
utilizing the concept of water repellency cessation time (WRCT) by a 
single water infiltration test under negative capillary pressure 

conditions (the Hockey-stick method) (Lichner et al., 2013; Sepehrnia 
et al., 2016, 2017). The WRCT is the time span in which soil, in contact 
with water, shows water repellency before disappearance, i.e., due to 
low persistence or increasing water content (Lichner et al., 2013; 
Sepehrnia et al., 2016, 2017). The WRCT is estimated from the “Hockey- 
stick-like” relationship in the cumulative water infiltration test by fitting 
Philip’s (1957) model equation (i.e., Sharma et al.,1980) as shown by 
Lichner et al. (2013). As proposed by Lichner et al. (2013), the cumu-
lative water infiltration ‘I’ versus square root of time ‘t’ is separated into 
two stages starting from the water sorptivity for the hydrophobic state 
(Swh) followed by the water sorptivity for the wettable status (Sww). 
Based on this, Sepehrnia et al.(2016) proposed a modified repellency 
index RIm (Sww/Swh) to capture the extent and persistence information 
simultaneously. 

The extent of SWR is traditionally determined by the conventional 
repellency index, RI (Se/Sw), defined as 1.95 times the ratio of ethanol 
(Se) and water (Sw) sorptivity (Hallett and Young, 1999). Soil sorptivity 
(S) is estimated by plotting cumulative infiltration I versus square root of 
time t similar to Philip’s equation (1957), i.e., Sharma et al., (1980). The 
RI measures how strong capillarity forces of a water repellent porous 
medium are reduced with time compared to wettable counterpart 
(Alagna et al., 2019). 

Overall, two questions are still pending about the procedures to 
evaluate RIm and RI: 

First, for RIm different situations have to be distinguish: if water 
repellency is absent, the values for Sww indicate the behaviour of a 
completely wetting liquid (CA = 0) in extreme cases. In all other cases, 
the RIm indicates the transition from hydrophobic to water repellent, but 
the latter does not necessarily include complete wetting conditions (i.e., 
maximum Sww, or a contact angle CA = 0). It would be helpful to test the 
capability of this method regarding whether it is possible to differentiate 
between hydrophobicity and water repellency and also between water 
repellency and complete wettability. For instance, Alagna et al. (2019) 
and Sepehrnia et al. (2016, 2017) found that the WRCT was correlated to 
WDPT and concluded that WRCT is essentially a measure of the persis-
tence of SWR, but with a better resolution in the subcritical wetting 
states, indicating that complete wetting conditions may not be observed 
for extreme water repellent soils after wetting. 

Second the question is pending if estimations of the extent of SWR by 
the usual early-time infiltration equation may overestimate SWR with 
regard to neglected soil-specific effects of the relation between gravity 
driven versus lateral capillary fluxes (Alagna et al., 2019). It is evident 
from the underlying principles of the WDPT test that only a part of the 

Nomenclature 

List of symbols, acronyms and units 
Parameter Definition unit 
SWR Soil water repellency −
WS Wettable soil −
SRS Subcritically water-repellent soil−
WRS Water-repellent soil −
CTM Characterized time method −
CA Contact angle ◦
CAi Initial contact angle ◦

CAwe Contact angle for the wetting process ◦
CArewe Contact angle for the rewetting process ◦

CAinfil Contact angles of the wetting and rewetting process ◦
CAT40 Contact angle after thermal treatment at 40 ◦C ◦

CAT60 Contact angle after thermal treatment at 60 ◦C ◦
CAair-dried Contact angle after air drying samples ◦

WRCT Water repellency cessation time h 
Sw Soil water sorptivity cm h− 0.5 

SwCTM Water sorptivity estimated from CTM cm h− 0.5 

Sww Soil water sorptivity at hydrophilic state cm h− 0.5 

Swh Soil water sorptivity at hydrophobic state cm h− 0.5 

Se Soil ethanol sorptivity cm h− 0.5 

SeCTMs Ethanol sorptivity estimated from CTM cm h− 0.5 

RI Repellency index −
RIm Modified repellency index −
tb Infiltration beginning time h 
tchar A given characteristic time which falls between zero and 

tgrav h 
tgrav The time when gravity and capillarity forces have exactly 

the same impact on infiltration h 
Ichar The cumulative infiltration at time equal to tchar cm 
Igrav The cumulative infiltration at time equal to tgrav cm 
α A soil-dependent shape factor being negative for the 

sorptivity component and positive for the gravity 
component h− 1 

ω Contribution of the gravity component to the infiltration 
process −
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transition process from restricted wettability and its conversion to better 
wettable stages can be detected by WDPT. When infiltration-based 
methods are considered there is still substantial arbitrariness in 
deciding if a plausibly linear relationship for S exists that leads to un-
certainty effects for the estimated values depending on the choice of 
methods (Rahmati et al., 2020). 

Rahmati et al. (2020) proposed the characterized time method 
(CTM) to quantify S and Ks (saturated hydraulic conductivity) values 
based on data from 1D-infiltration experiments (Rahmati et al., 2020) to 
circumvent arbitrariness in deciding if a plausible linear relationship for 
S exist. However, it was not defined if the CTM estimated S is either Sww 
(hydrophilic state water sorptivity) or Swh (hydrophobic state water 
sorptivity). Considering that real micro-hydraulic situations in soil may 
be influenced by the extent of water repellency and by their specific 
time-depending transition stages for persistence, it is evident that pro-
cesses like infiltration behavior including the effect of capillary driven 
versus gravity driven water flow are also directly affected. Overall, this 
raises the question how, during infiltration, (especially under capillary 
pressure conditions) wettability transition processes affect the observed 
hydraulic situation in soils. Regarding cumulative infiltration curves, 
Sepehrnia et al. (2020) characterized a three-phase infiltration rate 

trend versus time in all experiments indicating a general trend (Fig. 1a). 
This trend is also obvious in the previous studies in which SWR and 
water infiltration were addressed (Lichner et al., 2013; Beatty and 
Smith, 2013, 2014; Alagna et al., 2019). 

We thus hypothesized that the relevant components of water repel-
lency cessation time (WRCT), Swh, and Sww, may be better characterized 
with the following objectives; (i) model water and ethanol infiltration 
using the CTM theory to evaluate suitability and flexibility of the pro-
posed method for different soils with various levels of extent and 
persistence of water repellency; (ii) characterize the CTM estimated Sw 
in term of Sww or the Swh to improve WRCT estimation. For these, we 
investigated SWR changes of soils in terms of RI and CA as influenced by 
soil structure, and thermal and wetting–drying treatments followed by 
analyzing the data using the CTM code. 

2. Theory 

For an infiltration test, the gravity time, tgrav, needed to predict S and 
Ks, is defined as the time when gravity and capillarity forces have exactly 
the same effect on infiltration (Fig. 1b). In this procedure, tgrav is also 
used to give an idea about the transition time span that separates the 
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Fig. 1. (a) Examples of water infiltration into the studied soils (WS: wettable soil, SRS: subcritically water-repellent soil, and WRS: water-repellent soil), (b) time- 
development of capillary- and gravity-driven components to cumulative infiltration. For ω = 0.5, steady state water flow is established and the time components of 
CTM modeling (i.e., tchar and tgrav) are obtained. 
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steady-state of water infiltration from the transient regime (Philip, 1969; 
Lassabatère et al., 2006). The CTM takes the Philip’s (1957) fifth-term 
equation (Eq. (1)) to remedy the time validity problem of the first- 
and two-terms equations which are widely applied for short time ex-
periments (e.g., Sharma et al., 1980), and considers Haverkamp et al.’s 
(1994) model to depict the individual contribution (W) of each term to 
the infiltration process: 

I(t) = c(1)t1/2 + c(2)t+ c(3)t3/2 + c(4)t2 + c(5)t5/2 (1)  

where c(1) = S, c(2) = 2− β
3 Ks, c(3) = 1

9
(
β2 − β+1

) Ks
2

S , 

c(4) =
2

135
(β − 2)(β+ 1)(1 − 2β)

Ks
3

S2 , c(5) =
1

270
(
β2 − β + 1

)2Ks
4

S3 

In Eq. (1) t is time, and β (dimensionless) an integral infiltration 
constant that is either fixed at 0.6 (Rahmati et al., 2020) or that can be 
adjusted soil specifically (see Haverkamp et al., 1994). Rahmati et al. 
(2020) considered β fixed at 0.6. If both the right and left sides of Eq.1 
are divided by I(t), the following equation illustrates the iterative and 
normalized contribution of each term (Wi) to the infiltration process: 

Wi =
c(i)ti/2

I(t)
, i = 1, 2, ..., 5 (2)  

where W1 + W2 + W3 + W4 + W5 = 1. 
In Eq. (2), it is assumed that the contribution of the higher order 

terms (orders > 5) are negligible, thus within the validation time in-
terval the approximation is related to the first five-terms of the expan-
sion. Rahmati et al. (2020) proved that by advancing in time, any 
decrease in the contribution of sorptivity component results in a corre-
sponding increase in the contributions of the gravity components 
(Fig. 1b). They plotted the contributions of different components (W1 to 
W5) to a simulated infiltration curve for known values of S and Ks and 
obtained an exponential form for the contribution of the sorptivity (or 
gravity) component vs time (Eq. 3). 

W = eαt (3)  

where α (h− 1) is a soil-dependent shape factor being negative for the 
sorptivity component and positive for the gravity component. As a 
consequence, once tgrav has been identified, the S and Ks can be estimated 
from cumulative infiltration data using the iterative procedures called 
CTM-I and CTM-Ks, respectively. We address the CTM-I functionality 
mechanism below and refer readers to Rahmati et al. (2020) to find the 
two approaches and the advantages in detail. In short, the CTM-I con-
siders a given characteristic time (tchar) that falls between zero and tgrav 
with regard to its related weight, ω (Eq. 4): 

at 0 < tchar ≤ tgrav⇒W1 = 1 − ω⇒
S

̅̅̅̅̅̅̅̅
tchar

√

Ichar
= 1 − ω (4)  

where ω is the contribution of the gravity component to the infiltration 
process, so 1 − ω is the contribution of the first component to the 
infiltration process, and Ichar is the cumulative infiltration at time equal 
to tchar. In Eq. 4, if tchar is equal to tgrav (tchar = tgrav), ω will be equal to 0.5. 
For tchar < tgrav, smaller values of ω will be applied, whereas for tchar ≈ 0, 
ω = 0 will be applied. The tchar can be related to tgrav given in Eq. 5: 

tchar = κtgrav, where 0 < κ⩽1 (5) 

Rearranging Eq. 4 produces the final solution for S which provides 
prediction of S based tchar (Eq. (6)): 

S = (1 − ω)
Ichar
̅̅̅̅̅̅̅̅
tchar

√ (6) 

Therefore, the CTM-I procedure determines the tchar − Ichar set and ω 
from field- or laboratory measured 1D infiltration data to compute S and 
Ks. For the latter, as mentioned earlier, the CTM-Ks should be applied 
(Rahmati et al., 2020). The original CTM code written in Python 3 (Van 

Rossum and Drake, 2009) is available in Rahmati et al. (2020). A 
flowchart illustrating the characteristic time method coupled with the 
iterative procedure (CTM-I) is presented in supplementary data. 

3. Materials and methods 

3.1. Soil sample preparation and studied area 

The sampling site was Grinderwald beech forest (Fagus sylvatica L.) 
(52◦49.834′N 10◦18.967′E), in Lower Saxony, Northern Germany. The 
site was established in 1916 and replaced a former pine forest (Lieb-
mann et al., 2022). Mean annual temperature and precipitation are 
9.7 ◦C and 762 mm, respectively (Liebmann et al., 2022). Undisturbed 
and disturbed samples were taken from three soil pits, hereafter called 
water-repellent (0–5 ± 2 cm), subcritically water-repellent (10–20 cm), 
and wettable (20–40 cm) soil, differentiated and classified according to 
our previous studies (e.g., Sepehrnia et al., 2020). The depths are the 
average of the layers in the site. We tried to minimize the heterogeneities 
of sampling location and have unique samples particularly for the sur-
face layer with regard to plant debris and litter. The undisturbed soils 
were thus sampled using metal cores (6 × 8.5 cm, 340 cm3). The 
disturbed samples were gently passed through a 2-mm sieve at field 
water content and filled into the given cores after air drying at room 
temperature (20 ◦C ± 3 ◦C). Bulk densities were adjusted to corre-
sponding undisturbed samples (Sepehrnia et al., 2020). The air-dried 
cores including disturbed and undisturbed samples were separately 
exposed to thermal treatments at 40 ◦C and 60 ◦C in a drying oven until 
reaching constant weight followed by a further 24 h of drying. The 
sample weights after 24 h were considered the reference for each of the 
thermal treatments. Other chemical and physical properties of the 
studied soils are presented in Sepehrnia et al. (2020). 

3.2. Infiltration; wetting and rewetting 

Water and ethanol infiltration experiments were carried out under 
–2 cm tension using a microinfiltrometer (with a 3-mm inner diameter) 
modified by Sepehrnia et al. (2020). This near zero tension was selected 
because of: i) the strong positive correlation between sorptivity and 
surface elemental composition (i.e., oxygen-to-carbon ratio) (Sepehrnia 
et al., 2020); ii) reduced macropore flow (Hallett et al., 2001; Beatty and 
Smith, 2013, 2014; Lichner et al., 2013); iii) making water infiltration 
for severe water repellent conditions possible due to a pressure close to 
atmospheric pressure (Sepehrnia et al., 2020). 

The volumes of infiltrated liquids were automatically recorded at 5 s 
intervals using a four-digit balance (Kern, Germany) for the entire 
experiment time until 22 and 17 mL of water and ethanol, respectively 
were infiltrated (i.e., so called first wetting cycle), The wet samples were 
immediately weighted and again air-dried (20 ◦C room temperature) 
until reaching the original weight. The latter process was prolonged with 
regard to the water repellency of the samples. The second run of infil-
tration tests (i.e., so called rewetting) was performed similar to the 
wetting process until the same volume of the liquids penetrated into the 
soils. Triplicate measurements were performed for all experiments. 

3.3. Water repellency index (RI) and cessation time (WRCT) 

The samples were examined to estimate WRCT from the first-term 
Philip’s infiltration equation (Philip, 1957) (Eq. (7)), so that the point 
of intersection of two straight lines for the cumulative infiltration, rep-
resenting the I = t1/2 relationships for hydrophobic state changing to a 
state of hydrophilic was considered the WRCT (Lichner et al., 2013; 
Sepehrnia et al. 2016). 

I(t) = St1/2 (7)  

where I, S (i.e., c(1) in Eq. (2)), and t are cumulative infiltration, 
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sorptivity, and time, respectively. The S can be estimated for the hy-
drophobic state (Swh) and a nearly wettable state (Sww) using the slope of 
“hockey-stick-like” relationship, measured at short time intervals of 
infiltration (Lichner et al., 2013; Sepehrnia et al., 2016). Furthermore, 
the conventional approach of the water repellency index by Tillman 
et al. (1989) (Eq.3) RI, was measured (Eq. 8): 

RI = 1.95 × Se(− 2 cm)/Sw(− 2 cm) (8)  

where Se and Sw are the ethanol and water sorptivities, respectively. The 
data are illustrated in Fig. 2. 

3.4. Parameters evaluated using the CTM 

Several parameters including characteristic and gravity infiltration 
(Ichar and Igrav, cm) and respective times (tchar and tgrav, cm), water and 
ethanol sorptivities (SwCTM and SeCTM, cm h− 0.5), soil-dependent shape 
factor for the sorptivity and gravity components (α, h− 1), and contri-
bution of the gravity component to the infiltration process (ω,-) were 
derived from the CTM and evaluated for the soils. The results are pre-
sented in Figs. 4 and 5, and Tables 1-4. 

3.5. Contact angle measurements 

The sessile drop method using a CCD-equipped CA microscope (OCA 
20, Data Physics, Filderstadt, Germany; Goebel et al., 2013) was applied 
to measure air–liquid-solid CA of the studied samples in ambient lab 
conditions. The measurement places one water drop (i.e., 1 µl in volume) 
onto a dense one-grain layer fixed with a double-sided adhesive tape on 
a microscope slide (Bachmann et al., 2000). The CA measurements, as 
given as the mean of six drops, were immediately (ca. 30 mS after drop 
placement) performed after stabilization of the drop (initial CA, CAi) 
(Bachmann et al., 2003; Goebel et al., 2013). Corresponding measure-
ments were made for the initial CA (CAi), wetting- and rewetting-process 
(CAwe and CArewe) which followed air-dried CA (CAair-dried) conditions. 

For the CAwe and CArewe, which quantify information of CA of the 
wetted state, a small sample was taken after each infiltration at the 
wetted tip area (~1 × 1 cm2) from a depth of 0–1.5 cm (Sepehrnia et al., 
2020). Samples were then shock-frozen by dipping polyethylene con-
tainers with the sample materials for 10 s in liquid nitrogen (− 196 ◦C), 
followed by freeze-drying to preserve the orientation of functional 
groups (i.e., hydrophilic and hydrophobic) of the particle interfaces 
during infiltration (Sepehrnia et al., 2020; Bachmann et al., 2021). The 
data for undisturbed and disturbed samples are given in Fig. 3. 

3.6. Data analysis 

The experiment was performed using a complete randomized design. 
The independent variables were the soils (wettable, subcritically water- 
repellent, and water-repellent), thermal treatments (40 ◦C and 60 ◦C), 
the type of samples (disturbed and undisturbed), and wetting cycle 
(wetting and rewetting). The dependent parameters included CA (CAi, 
CAwe, CArewe, and CAair-dried), RI, α (soil-dependent shape factor, Eq. 3), 
ω (the contribution of the gravity component to the infiltration process) 
and the WRCT including components of WRCT including the infiltration 
beginning time (tb), and characteristic and gravity times (tchar and tgrav). 
Statistical analyses were done by two-way ANOVA (R Core Team, 2013) 
and the post-hoc mean comparisons were performed by the LSD test (p 
< 0.05). 

4. Results 

4.1. Repellency index 

The average of RI values for the studied soils treated at 40 and 60 ◦C 
are in Fig. 2 and show the effects of soil (p = 0.001), sample (p = 0.016), 
temperature (p = 0.039) and wetting-rewetting cycle (p = 0.008). The 
minimum and maximum values of the RI (were measured as 1.04 
(±0.017) and 586.07 (±419.8) for the disturbed wettable and 
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undisturbed soils treated at 40 ◦C (rewetting) and 60 ◦C (wetting), 
respectively. If the wetting and rewetting processes are considered, the 
undisturbed samples had smaller RI in the rewetting process on average 
than the wetting counterpart. That was more notable from WS to WRS 
(left to right of Fig. 2). This change, however, was only observed for the 
WRS among the disturbed samples treated at 60 ◦C with no particular 
trend for the other samples. The other statistical interactions related to 
thermal treatments (e.g., soil × temperature, sample × temperature, 
etc.) also affected RI values (p < 0.05) except for interactions between 
sample × temperature × wetting cycle (p = 0.061). If the thermal 
treatments are considered, the minimum RI values were 1.02 and 1.52 
(for the WS), the medians 3.60 and 3.63 (for the SRS), and the maximum 
124.86 and 883.00 (for the WRS). The RI values corresponded well with 
the general behavior reported by Weninger et al. (2019) for observations 
(3.53–12.40) of samples from the surface and a depth of 5 cm. 

4.2. Contact angle 

The CAwe, and CAair-dried (p < 0.001) were quite different and 
influenced by soil and treatment in terms of CA. The values of CAwe for 
the WS, SRS, and the WRS were 19.9◦ (±6.2), 41.3◦ (±14.1), and 62.6◦

(±22.8), but changed for the CAair-dried: 36.6◦ (±8.8), 94.1◦ (±10.6), 
115.5◦ (±22.8), respectively (Fig. 3). Interestingly, the sample mode (i. 
e., undisturbed vs disturbed) only affected the CAwe (p < 0.001) that was 
measured 52.6◦ (±27.90) and 35.60◦ (±16.04) for the undisturbed and 
disturbed samples, respectively, while, the values of the CAair-dried (p =
0.117) changed to 87.1◦ (±36.2) and 86.3◦ (±34.4), respectively. The 
thermal treatments, 40 and 60 ◦C, only affected the CAwe (p = 0.023), 
with the average of 40.1◦ (±21.0) and 47.7◦ (±26.8), while, the values 
for the CAair-dried were 83.9◦ (±35.9) and 89.1◦ (±32.6), respectively (p 
= 0.90). Furthermore, wetting and rewetting processes affected the 
respected CA (p < 0.0001), not the CAair-dried (p = 0.407), so that the 
values for the CAwe and the CArewe were 49.80◦ (±28) and 37.5◦

(±17.54), respectively. Those were 85.1◦ (±34.6) and 87.6◦ (±34.3) for 
the CAair-dried condition (Fig. 3). The changes of the CAwe, and CAair-dried 

values were in agreement with Bachmann et al. (2021) with regard to 
the SWR state of the soils. 

4.3. The CTM modeling 

The CTM modeling for the water and ethanol infiltration tests are in 
Tables 1–4. The ω values with regard to the treatments varied and were 
influenced by the thermal treatments (p < 0.05), the type of sample (p 
< 0.05), and initial soil wettability in term of CA (p < 0.05). The ω 
values smaller than 0.5 illustrate that the tgrav for the samples exceeded 
the experiment duration (Rahmati et al., 2020). For water, the mean ω 
values of the undisturbed and disturbed samples were 0.24 (±0.14) and 
0.30 (±0.18), respectively. For ethanol, the respective values were 0.34 
(±0.20), and 0.30 (±0.22). The highest ω values were obtained for the 
ideal case with respect to fast penetration; i.e., ethanol infiltration into 
the disturbed samples (Table 4). These results indicated a greater tran-
sition state for the undisturbed samples influenced by SWR as wetted by 
water (Tables 1 and 2) and at the same time, illustrate the physics of soil 
and liquid with regard to the larger ω values for the undisturbed soils 
wetted by ethanol (Tables 3 and 4). For water infiltration, the ω values 
were closer to 0.5 for the WS compared to the SRS and WRS (Tables 1 
and 2) and the CTM code performance reduced as SWR appeared. The 
code did not run for the SRS and WRS, particularly where the extent and 
persistence of the samples increased (e.g., undisturbed samples treated 
under 60 ◦C). To this end, we ignored persistence of the SWR as direct 
information for the code by omitting the time span before the beginning 
of the water infiltration to fit the data presented in Tables 1 and 2. 
Nevertheless, the time span (tb) was valuable information indicating 
persistence when present (Tables 1 and 2). 

The α values also showed interesting and robust information 
(Tables 1–4). For the undisturbed samples wetted by water (Table 1), the 
α values varied between 0 and 0.9 h− 1 without having a significant 
difference (except for the rewetting of the WRS treated at 60 ◦C; − 3.63 
h− 1). In turn, larger values were found for the disturbed samples 
(Table 2) with a significant difference in the wetting (p < 0.05) if 
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compared with the rewetting (p > 0.05). On the other hand, the ω values 
for ethanol infiltration were 1.93–8.34 h− 1 and 3.24–8.41 h− 1 for the 
undisturbed and disturbed samples, respectively, and remained pro-
portionally unaffected. These data (Tables 1–4) demonstrate that the α 
values have a high dependency on soil structure as affected by SWR 
(Tables 3 and 4). Rahmati et al. (2020) reported that α value is soil 
dependent, with smaller values for coarser textured soils. Our soils had 
similar texture (sandy loam, Sepehrnia et al., 2020), but surprisingly, we 
found that the organic matter (OM) content can also affect the α values 
because the data slightly showed smaller values for the high OM content 
soil samples (e.g., SRS and WRS). Further research will reveal the effects 

of OM quantity and quality on α values. 

4.4. Water repellency cessation time components 

The time components of water and ethanol infiltration for experi-
mental data and the results of CTM modeling are in Tables 1–4. There 
was no significant difference between the treatments for WS and SRS. 
The maximum values of the tb were 0.48 (±0.24) and 0.237 (±0.33) h 
for the undisturbed and disturbed WRS, respectively, that were treated 
at 60 ◦C in the wetting process (Tables 1 and 2). Those data were also 
significantly different with the WS, SRS if compared with the rewetting 
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process (p < 0.001). This clearly illustrates soil structure, wetting- 
rewetting process, and thermal effects on the persistence of SWR. The 
tb for ethanol was 0.001 h for all treatments, which was in line with 
liquid property and physics of soil wettability, i.e., ethanol wetted the 
different media, regardless of the respective water wettability (Sepehr-
nia et al., 2020). 

The tchar values (Tables 1–4) varied between 0 and tgrav as reported by 
Rahmati et al. (2020). For the undisturbed WS treated at 40 ◦C, the 
values of tchar were higher than those for 60 ◦C, but with regard to the 
standard deviation, there were no significant differences between the 
thermal treatments and the wetting and rewetting processes. As the SWR 
appeared, we still did not see a significant change for the tchar values of 
the SRS (Tables 1 and 2), but, the WRS had higher tchar in comparison to 
the WS and SRS (p < 0.001). 

The values of tgrav also depended on soil and sample types, temper-
ature, and the mode of wetting-rewetting process (p < 0.05). In general, 
the undisturbed samples had higher tgrav than the disturbed samples 
(Tables 1 and 2), the tgrav values were < 1 h for the latter. This clearly 

indicates the effect of soil structure on tgrav. The undisturbed WS samples 
reached the tgrav in the rewetting phase sooner than during wetting, 
however, the SWR, as the game changer, affected the tgrav values for the 
SRS and the WRS (Tables 1 and 2). With this, an increased trend was 
generally observed for the tgrav values of the rewetting if both undis-
turbed and disturbed samples are considered (Tables 1 and 2). This 
proportionally shows a greater dependency of the tgrav on soil structure 
affected by SWR and wetting-rewetting processes rather than the tem-
perature. Rahamati et al. (2020) found that coarse-textured soils (e.g., 
sandy loam; 2.60 h) have low values of tgrav, whereas fine textured soils 
have higher values of tgrav (e.g., sandy clay; 124 h), which is in line with 
the physics of water infiltration into soil due to pronounced capillarity- 
driven flow in fine-textured soils and with our data (i.e., sandy loam 
texture). 

The WRCT data yielded from the Hockey-stick approach are also 
presented in Tables 1 and 2. The undisturbed WS had higher WRCT at 
60 ◦C than at 40 ◦C, which corresponded with Sepehrnia et al. (2020) 
who found higher WRCT for higher temperature (25 and 80 ◦C). 

Fig. 4. (continued). 
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However, the disturbed WS treated at 40 ◦C with its counterpart at 60 ◦C 
had similar WRCT in the wetting and re-wetting processes. The WRCT 
for both the disturbed and undisturbed SRS was 0.01 h except for the 
rewetting at 40 ◦C (i.e., 0.84 h, Table 1). The WRCT for the WRS was 
more influenced by the mechanical pretreatments so that the undis-
turbed samples had higher WRCT than the disturbed ones. Further, 
smaller values for the WRCT were found in the rewetting compared to 
the wetting process. Surprisingly, with regard to the CAi and the similar 
WRCT values found for the soils (Tables 1 and 2), the data prove that 
persistence of SWR does not necessarily depend on the CA and, most 
likely, depends on molecular (re)arrangement and time-dependent 
structure of the hydrophobic components during infiltration. Contact 

with water affects the quality of the organic interfaces, which are also 
relevant for infiltration on the macroscopic scale (Woche et al., 2017). 

4.5. Characteristic and gravity infiltrations 

Fig. 4 shows the Ichar and gravity infiltration Igrav results of the water 
and ethanol tests for the soils. For water infiltration (Fig. 4a), the WS 
treated at 40 ◦C had slightly higher Ichar compared to the 60 ◦C treated 
WS (p < 0.05). However, a significant difference was found between the 
Ichar values of the WS, the SRS and the WRS (p < 0.05). For the rewetting 
mode, the WS showed a slight increase in Ichar, but, not for the SRS and 
WRS (Fig. 4a). If the water infiltration illustrated in Fig. 4b is still 
considered, the latter trend was also found for the Igrav of the WRS and no 
change was observed as a consequence of the imposed treatments, 
indicating the dominant impacts of SWR on the physics of water 
movement specifically in those soils with high extent and persistence of 
water repellency. The differences between WS and SRS decreased for the 
Igrav (Fig. 4b). For the ethanol infiltration, however, the values of the Ichar 
were mostly the same with regard to standard deviations observed for 
the soils. This finding is similar to Igrav, but, with higher variations in 
data for the latter (Fig. 4b), indicating that the related Ichar is most 
probably affected by OM content as Sepehrnia et al. (2020) reported a 
higher rate of ethanol infiltration into soils with higher OM contents. 

5. Discussion 

5.1. The RI and CA 

The soils had similar texture (i.e., sandy loam) and thus as organic 
carbon (OC) increased from the WS (0.04 %), SRS (2.52 %) to the WRS 
(10.10 %) soils, these organic compounds were responsible for inducing 
water repellency (Sepehrnia et al., 2020). Apparently, as more mineral 
surfaces were coated by those compounds the greater the content of OC 
resulted in the greater the increase of the RI values (Fig. 2) (Sepehrnia 
et al., 2016, 2017). 

Regardless of organic-mineral interactions, the RI variations were 
apparently also related to the geometry of the pore space on the flow-soil 
interface (Benard et al., 2018; Li et al., 2021) as higher values were 
found for the undisturbed samples (Fig. 2). For the rewetting process at 
40 ◦C, if compared with the wetting counterpart, the tendency to slight 
increase of RI values for the three disturbed soils indicates wetting fronts 
that can meander less easily through wettable pathways between sand 
grains that were affected by hydrophobic materials (Bauters et al., 2000; 
Urbanek et al., 2015) because hydrophobic compounds are distributed 
more uniformly in the soil matrix. Further, at 60 ◦C, the unchanged RI 
values for the WS and SRS, and a considerable decrease for the WRS after 
rewetting, demonstrate the effect of the higher temperatures in 
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Table 1 
Applied values of ω (the contribution of the gravity component to the infiltration process), as well as obtained characteristic (tchar) and gravity (tgrav) times, the soil- 
dependent shape factor of α obtained from application of characteristic time method (CTM), the infiltration beginning time (tb), and water repellency cessation time 
(WRCT) over simulated water infiltration curves (tension − 2 cm) for undisturbed soil samples.  

Soil process Temperature ω α tchar tgrav tb WRCT   

◦C − h− 1 h 

WS wet 40 0.49 (±0.01) − 0.32 (±0.26) 0.03 (±0.04) 1.02 (±0.81) 0.001 (0.00) 0.004 (±0.001) 
WS rewe 40 0.25 (±0.35) − 0.27 (±0.35) 0.04 (±0.06) 0.71 (±0.88) 0.001 (0.00) 0.003 (±0.002) 
WS we 60 0.29 (±0.26) − 0.82 (±0.59) 0.00 (±0.00) 2.03 (±2.47) 0.001 (0.00) 0.01 (±0.001) 
WS rewe 60 0.19 (±0.27) − 0.90 (±0.22) 0.00 (±0.00) 0.80 (±0.20) 0.001 (0.00) 0.01 (±0.001) 
SRS we 40 0.16 (±0.27) − 0.59 (±0.13) 0.003 (±0.01) 1.22 (±0.30) 0.004 (0.00) 0.01 (±0.01) 
SRS rewe 40 0.22 (±0.30) − 0.42 (±0.54) 0.000 (0.00) 9.30 (±11.90) 0.001 (0.00) 0.84 (±1.20) 
SRS we 60 0.20 (±0.28) − 0.41 (±0.54) 0.000 (0.00) 13.66 (±18.10) 0.001 (0.00) 0.01 (±0.002) 
SRS rewe 60 0.00 (±0.00) − 1.22 (±1.600) 0.000 (0.00) 4. 06 (±5.31) 0.001 (0.00) 0.01 (±0.004) 
WRS we 40 0.20 (±0.28) − 0.79 (±0.05) 0.000 (0.00) 0.88 (±0.05) 0.03 (±0.004) 2.17 (±2.48) 
WRS rewe 40 0.00 (±0.00) − 0.22 (±0.27) 0.000 (0.00) 14.68 (±18.40) 0.001 (±0.00) 0.34 (±0.01) 
WRS we 60 0.49 (±0.01) − 0.20 (±0.01) 0.53 (±0.23) 3.48 (±0.30) 0.48 (±0.24) 17.96 (±22.63) 
WRS rewe 60 0.19 (±0.26) − 3.63 (±2.54) 0.01 (±0.01) 0.26 (±0.18) 0.003 (±0.004) 0.01 (±0.002) 
mean   0.22 (±0.19) − 0.82 (±0.59) 0.05 (±0.03) 4.34 (±4.90) 0.04 (±0.02) 1.80 (±2.20)  
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producing higher persistence of SWR (Bachmann et al., 2021, Sepehrnia 
et al., 2020). Sepehrnia et al. (2020) investigated changes of the RI for 
these three soils at 25 and 80 ◦C under different hydraulic conditions 
using disturbed samples and illustrated that the disturbed samples had 
similar RI values at 25 and 40 ◦C under the applied tension (− 2 cm). 
However, the discrepancies in RI values were more pronounced between 
the two studies when the thermal treatments at 60 ◦C and 80 ◦C were 
compared with 25 ◦C and 40 ◦C for the SRS and WRS. Information on 

thermal efficiency to render soils hydrophobic is various and depends on 
the methods of measurements, the soil drying method, incubation, and 
temperature (Wong et al., 2020; 2021) so that complex patterns have 
been reported for the higher thermal efficiency (e.g., Doerr et al., 2004; 
Bryant et al., 2005; Doerr et al., 2005; Zavala et al., 2010). Notwith-
standing, Bachmann et al. (2021) reported that thermal treatment at 
80 ◦C always rendered the soils hydrophobic. 

The RI and CA data (CAwe, CArewe, and CAair-dried) showed nonlinear 

Table 2 
Applied values of ω (the contribution of the gravity component to the infiltration process), as well as obtained characteristic (tchar) and gravity (tgrav) times, the soil- 
dependent shape factor of α obtained from application of characteristic time method (CTM), the infiltration beginning time (tb), and water repellency cessation time 
(WRCT) over simulated water infiltration curves (tension − 2 cm) for disturbed soil samples.  

Soil process Temperature ω α tchar tgrav tb WRCT   

◦C – h− 1  h  

WS we 40 0.17 (±0.29) − 25.40 (±2.50) 0.000 (±0.0) 0.030 (±0.0) 0.001 (±0.0) 0.004 (±0.0) 
WS rewe 40 0.48 (±0.01) − 1.37 (±1.03) 0.005 (±0.01) 0.710 (±0.54) 0.001 (±0.0) 0.006 (±0.0) 
WS we 60 0.437 (±0.05) − 4.63 (±2.70) 0.00 (±0.0) 0.180 (±0.08) 0.001 (±0.0) 0.003 (±0.0) 
WS rewe 60 0.460 (±0.0) − 4.97 (±0.33) 0.010 (±0.0) 0.140 (±0.01) 0.001 (±0.0) 0.006 (±0.0) 
SRS we 40 0.000 (±0.0) − 27.36 (±3.10) 0.00 (±0.0) 0.027 (±0.01) 0.001 (±0.0) 0.02 (±0.004) 
SRS rewe 40 0.000 (±0.0) − 1.96 (±0.63) 0.00 (±0.0) 0.375 (±0.12) 0.001 (±0.0) 0.01 (±0.0) 
SRS we 60 0.443 (±0.06) − 7.01 (±0.67) 0.007 (±0.01) 0.097 (±0.01) 0.001 (±0.0) 0.01 (±0.004) 
SRS rewe 60 0.210 (±0.3) − 1.44 (±0.39) 0.00 (±0.0) 0.495 (±0.13) 0.001 (±0.0) 0.01 (±0.0) 
WRS we 40 0.310 (±0.27) − 12.82 (±1.70) 0.010 (±0.01) 0.053 (±0.01) 0.007 (±0.0) 0.02 (±0.01) 
WRS rewe 40 0.240 (±0.34) − 3.21 (±2.40) 0.010 (±0.01) 0.295 (±0.22) 0.006 (±0.01) 0.06 (±0.06) 
WRS we 60 0.497 (±0.01) − 0.77 (±0.60) 0.260 (±0.32) 1.82 (±2.02) 0.237 (±0.33) 1.27 (±1.01) 
WRS rewe 60 0.26 (±0.35) − 1.00 (±0.21) 0.120 (±0.06) 0.705 (±0.15) 0.120 (±0.06) 0.25 (±0.01) 
mean   0.30 (±0.14) − 7.66 (±1.34) 0.035 (±0.034) 0.41 (±0.28) 0.032 (±0.034) 0.14 (±0.10)  

Table 3 
Applied values of ω (the contribution of the gravity component to the infiltration process), as well as obtained characteristic (tchar) and gravity (tgrav) times, the soil- 
dependent shape factor of α obtained from application of characteristic time method (CTM), and the infiltration beginning time (tb), over simulated ethanol infiltration 
curves (tension − 2 cm) for undisturbed soil samples.  

Soil process Temperature ω α tchar tgrav tb   

◦C – h-1  h  

WS we 40 0.49 (±0.0) − 4.54 (±3.36) 0.00 (±0.0) 0.21 (±0.16) 0.001 (±0.0) 
WS rewe 40 0.50 (±0.0) − 3.24 (±0.0) 0.00 (±0.0) 0.21 (±0.0) 0.001 (±0.0) 
WS we 60 0.00 (±0.0) − 3.92 (±0.69) 0.00 (±0.0) 0.18 (±0.03) 0.001 (±0.0) 
WS rewe 60 0.43 (±0.0) − 4.00 (±1.1) 0.00 (±0.0) 0.18 (±0.04) 0.001 (±0.0) 
SRS we 40 0.33 (±0.29) − 5.32 (±6.20) 0.26 (±0.44) 0.33 (±0.37) 0.001 (±0.0) 
SRS rewe 40 0.13 (±0.23) − 6.62 (±3.22) 0.00 (±0.0) 0.13 (±0.09) 0.001 (±0.0) 
SRS we 60 0.00 (±0.0) − 4.81 (±1.89) 0.00 (±0.0) 0.16 (±0.06) 0.001 (±0.0) 
SRS rewe 60 0.49 (±0.0) − 4.39 (±1.55) 0.01 (±0.01) 0.17 (±0.06) 0.001 (±0.0) 
WRS we 40 0.49 (±0.0) − 4.41 (±0.98) 0.020 (±0.0) 0.17 (±0.04) 0.001 (±0.0) 
WRS rewe 40 0.33 (±0.28) − 8.34 (±1.52) 0.00 (±0.0) 0.10 (±0.01) 0.001 (±0.0) 
WRS we 60 0.23 (±0.33) − 3.40 (±0.10) 0.00 (±0.0) 0.21 (±0.01) 0.001 (±0.0) 
WRS rewe 60 0.49 (±0.0) − 5.40 (±0.08) 0.01 (±0.0) 0.13 (±0.0) 0.001 (±0.0) 
mean   0.20 (±0.10) − 4.87 (±1.72) 0.03 (±0.04) 0.18 (±0.07) 0.001 (±0.0)  

Table 4 
Applied values of ω (the contribution of the gravity component to the infiltration process), as well as obtained characteristic (tchar) and gravity (tgrav) times, the soil- 
dependent shape factor of α obtained from application of characteristic time method (CTM), and the infiltration beginning time (tb) over simulated ethanol infiltration 
curves (tension − 2 cm) for disturbed soil samples.  

Soil process Temperature ω α tchar tgrav tb   

◦C  h− 1  h  

WS we 40 0.45 (±0.05) − 4.76 (±0.28) 0.01 (±0.01) 0.15 (±0.01) 0.001 (±0.0) 
WS rewe 40 0.49 (±0.01) − 3.44 (±0.98) 0.01 (±0.00) 0.21 (±0.06) 0.001 (±0.0) 
WS we 60 0.46 (±0.02) − 5.25 (±0.88) 0.01 (±0.01) 0.14 (±0.02) 0.001 (±0.0) 
WS rewe 60 0.49 (±0.01) − 4.24 (±0.32) 0.02 (±0.01) 0.17 (±0.01) 0.001 (±0.0) 
SRS we 40 0.00 (±0.0) − 8.41 (±1.05) 0.00 (±0.0) 0.08 (±0.02) 0.001 (±0.0) 
SRS rewe 40 0.48 (±0.01) − 7.64 (±0.02) 0.01 (±0.01) 0.09 (±0.0) 0.001 (±0.0) 
SRS we 60 0.17 (±0.03) − 7.08 (±1.30) 0.02 (±0.04) 0.10 (±0.02) 0.001 (±0.0) 
SRS rewe 60 0.49 (±0.01) − 7.15 (±0.15) 0.01 (±0.0) 0.10 (±0.0) 0.001 (±0.0) 
WRS we 40 0.17 (±0.29) − 6.43 (±1.50) 0.00 (±0.0) 0.11 (±0.03) 0.001 (±0.0) 
WRS rewe 40 0.00 (±0.0) − 8.41 (±0.25) 0.00 (±0.0) 0.08 (±0.0) 0.001 (±0.0) 
WRS we 60 0.15 (±0.25) − 5.19 (±2.62) 0.00 (±0.0) 0.16 (±0.09) 0.001 (±0.0) 
WRS rewe 60 0.00 (±0.0) − 6.27 (±1.00) 0.00 (±0.0) 0.11 (±0.01) 0.001 (±0.0) 
mean   0.28 (±0.08) − 6.20 (±0.86) 0.01 (±0.01) 0.013 (±0.02) 0.001 (±0.0)  
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positive relationships (R2 = 0.32–0.47) and the values of CAinfil (CAwe 
and CArewe) always had higher correlations (0.41–0.56*) if compared 
with CAair-dried (R2 = 0.10–0.47). By extension, the evaluation of the 
sorptivity elements (Swh, Sww, Sw, and Se) showed that the CAinfil had 
higher negative correlations with Swh (R2 = 0.56*) if compared with the 
Sww (R2 = 0.25) or Sw (R2 = 0.41), indicating lower water sorptivity 
status provides the higher CA. Furthermore, the CAinfil had a better 
nonlinear positive relationship with Se (R2 = 0.50*) compared to CAair- 

dried, illustrating that the structure of the pore system could result in 
higher CA values (Sepehrnia et al., 2020). 

Our evaluation of SWR persistence using the CA (Fig. 3) on one hand 
supported the RI information but, on the other, revealed that the 
realignment of hydrophobic groups to their initial arrangement and 
relocation is also relevant for interpreting the measured parameters. The 
first evidence is that the undisturbed samples always had higher CAwe 
and CArewe than the disturbed samples for the same thermal treatments 
(Fig. 3), indicating the pore space geometry and SWR interactions pro-
duced a higher CA due to the inaccessibility of the hydrophobic pore 
portion for flowing water. 

The second evidence is the very close CAair-dried measurements for 
the disturbed and undisturbed samples if any of the soils were consid-
ered. That demonstrates the realignment of the hydrophobic groups 
towards the initial arrangement, even after destroying the natural 
structure. Therefore, the results may indicate that leaching of hydro-
phobic coatings, and to some extent, their relocation might not be 
relevant under the applied tension (− 2 cm). 

Sepehrnia et al. (2017) observed that most leached particles from the 
natural colloids under saturation condition were hydrophilic. Now, 
given that, with repeated regular wetting cycles pathways will tend to 
spread gradually to extend successively to larger domains of soil until 
most or all of an originally water repellent region has transformed 
functionally to behave as wettable (Täumer et al., 2006; Wessolek et al., 
2008). Therefore, the persistent hydrophobic materials/molecules 
might stay at surfaces and/or remain intact when separated from min-
eral parts during infiltration, particularly for the higher thermal treat-
ment (60 ◦C). So, once the soils dried (e.g., most probably to the critical 
water content hydrophobicity) hydrophobic functional groups are re- 
established at the relevant contact angle sensitive interface of a few 
angstroms in depth due to the re-association of polar groups to the 
mineral surface and non-polar tails facing outwards (Bachmann et al., 
2021; Smettem et al., 2021). 

Our data for the two wetting processes showed that is even possible 
for soils with small CA (e.g., the WS, Fig. 3) and highly depended on the 
persistence of SWR as stressed by Bachmann et al. (2021). Bachmann 
et al. (2021) investigated changes of CA, in terms of the wetted-and air- 
dried states, through the wetting–drying cycles, as well as shock-frozen 
and freeze-dried treatments and confirmed a sensitive and partly 
reversible reorganization of the solid interfacial wetting properties that 
was spectroscopically related to molecular restructuring that most likely 
occurred due to changes in O and C content and the content of non-polar 
C compounds at the outermost surfaces. 

5.2. The CTM code and WRCT 

The CTM showed the best performance in estimating Sw for the WS, 
where the infiltration process showed no lag-time (tb < 5 s). However, as 
SWR increased the code efficiency reduced because the persistence of 
the SWR was the main barrier to fit data with common methods. Data 
selection (i.e., removing the lag-time of infiltration) resulted in suc-
cessful simulation runs, but still with ω < 0.5 for most cases of the 
treatment presented in Tables 1 and 2, indicating the transition state of 
the infiltrated, but not fully wetted state (illustrated in Fig. 1a). Rahmati 
et al. (2020) reported great performance for the CTM code using a 
synthetic data-set and synthetic data with randomized noises. They 
emphasized that addition of such noise will not represent probable other 
important error sources such as soil layering, non-uniform infiltration, 

and infiltration into (dead-end) macropores. In our study, the latter was 
obvious in terms of SWR, which played an important role in CTM per-
formance in terms of execution and obtaining maximum ω. 

Rahmati et al. (2020) used field experimental data taken from the 
SWIG database (Rahmati, et al., 2018a; Rahmati, Weihermüller, and 
Vereecken, 2018b) to verify the feasibility of the application of the CTM 
to real data compared with other methods (e.g., Quasi-exact implicit 
(QEI) formulation; Sharma et al., 1980; Haverkamp et al., 1994) and the 
potential impacts of experimental noise. They found that the CTM pro-
vides comparable data for S if compared with benchmark values, 
although, the Sharma et al. (1980) method shows slightly better 
robustness than CTM. In our paper, the Sharma et al. (1980) method (Eq. 
(7)) is termed the Hockey-stick method according to the explanation 
provided by Lichner et al. (2013) and Sepehrnia et al. (2016, 2017) to 
estimate Swh. Our data revealed that the Sw from the CTM had an 
excellent agreement with Swh (R2 = 0.96) (Fig. 5a) following, the tchar 
and tb (R2 = 0.99) (Tables 1 and 2). This demonstrates that for the soils 
with less extent and persistence of SWR (i.e., most probably having ω =
0.5), the predicted Sw by CTM can be used to estimate RIm (Sepehrnia 
et al., 2017). However, we could not find a correlation between Se and 
SeCTM. This may limit the CTM for ethanol infiltration data and estima-
tion of RI (Fig. 5b). Furthermore, simulation of water infiltration proved 
that the Ichar values (Fig. 4a) and the Igrav for the high persistence cases 
(WRS, Fig. 4b) were considerably reduced, whereas those values were 
only influenced by soil type and OM content for the ethanol data (Fig. 4c 
and 4d). Keep in mind that the use of CTM omits the necessity of arbi-
trariness in limits of time selection for the Sw and Se estimation as 
stressed by Rahmati et al. (2020). 

Modeling water flow characteristics through studied soils using 
HYDRUS 2D/3D with regard to the boundary conditions of the experi-
ments provided the applicability of the CTM to modelled 3D infiltration 
characteristics (see supplementary data). By extension, the data illus-
trated that water flow (i.e., pressure head and water content changes) 
was successfully modeled for the slight to moderate persistence of water 
repellency states (tb: 0.001 h for the WS and 0.004 h for the SRS soils 
treated at 40 ◦C, respectively) while HYDRUS 1D failed to simulate se-
vere water repellency (i.e., long time-lag for water infiltration; tb: 0.48 h 
for the WRS treated at 60 ◦C). Therefore, the future challenge is to 
implement the persistence of SWR into the HYDRUS 1D interface and 
the CTM code and to prove how well the above extension works for 
different soils. 

6. Conclusions 

For the first time the applicability of the characteristic time method 
(CTM) to estimate sorptivity (S) of water-repellent soils that exhibit the 
typical characteristics of the water repellency cessation time (WRCT) 
was evaluated. The CTM provided valid predictions of Sw and Se for the 
soils. The predicted Sw were highly correlated with Swh. However, the 
code did not execute for the SRS and WRS with high persistence of water 
repellency. We believe that modality of the data were influenced by the 
specific nature of SWR even when analyzing almost noise-free experi-
mental data evaluated with high precision. It could fit infiltration data 
with slight to moderate persistence of water repellency states. Trans-
formation of the time axis according to persistence of SWR resulted in 
having an accurate estimation of Sw that was highly correlated with Swh 
measured from the Hockey-stick method. 

We showed that the persistence of SWR played a key role in the 
success of the CTM code execution. The key points of our findings with 
regard to the treatments can be summarized as follows.  

• Thermal treatments, wetting, rewetting, and air-drying processes 
affected the extent (i.e., RI) and persistence of SWR (i.e., CA).  

• Soil structure coupled with SWR produced higher CA (CAi, CAwe, and 
CArewe). 
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• The extent and persistence of SWR control the characteristic and 
gravity infiltration part (Ichar and Igrav) so that the studied SRS and 
WRS remained at the transition state during infiltration (i.e., the ω 
values<0.5).  

• The time components (WRCT, tb, tchar, and tgrav) showed the effects of 
extent and persistence of SWR even for those with small CA. 

Further research to update the executive code will warranty the CTM 
application in the water repellent-affected soils with high persistence of 
water repellency We suggest updating the CTM code to obtain a protocol 
for the mathematical prediction of the WRCT and to minimize arbi-
trariness in selection of Swh and Sww. Corresponding parameters are 
needed to simulate water infiltration into water-repellent soil with 
respect to initial water repellency level and persistence. 
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