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Abstract

:

A thorough understanding of the hydrologic mechanisms that control the movement of water through the soil is essential for developing effective stormwater management strategies. Infiltration is critical for determining the amount of water entering the soil and controlling surface runoff. Spatial and temporal variations in soil properties strongly affect infiltration rates, which underscores the importance of evaluating field-specific values for hydraulic conductivity, which are also highly dependent on the chosen measurement and evaluation methods. The objective of this study is to determine and compare soil hydraulic conductivity under dry conditions using two field measurement techniques, namely the double-ring infiltrometer (DRI) and the mini-disk infiltrometer (MDI). The results demonstrate the importance of performing multiple replicates of infiltration tests, especially during the dry season, as the initial dry surface caused deviations in hydraulic conductivity estimates for both methods used (DRI and MDI). Significant spatial variability was observed within the radius of the test replicates over short distances (<1 m). In addition, experimental infiltration curves for a selected site were used to evaluate and compare soil hydraulic parameters through infiltration modeling. In general, the Philip, Green-Ampt, and Smith-Parlange theoretical models showed a better fit to the experimental DRI data than the semi-empirical Horton model.
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1. Introduction


In urban areas, the natural terrain is being largely displaced by impervious surfaces, accompanied by removal of vegetation and soil compaction [1,2,3]. The accompanying increase in artificial drainage leads to a significant reduction in natural infiltration, accelerated stormwater runoff, alteration of natural flow patterns, and increased flood risk [4,5], which also has the potential for transport of sediment and potentially toxic materials [6,7]. Although some studies imply an increase in groundwater recharge rates due to reduced evapotranspiration and leaky utility lines [8,9], land sealing can reduce groundwater recharge [10,11]. The net effect is difficult to predict as every city has different settings and climatic conditions [12]. The urban impacts on the environment are generally exacerbated by climate change, particularly due to altered intensity, duration, and frequency of rainfall [4,13,14]. In some areas, stormwater runoff is discharged into combined sewers, which are at risk of overflowing during severe storms, posing a threat to surface and groundwater quality [2,14,15].



Recent research in urban water management has focused on utilizing infiltration-based green stormwater infrastructure (GSI) systems (e.g., rain gardens, green roofs, permeable pavements, bioretention basins, infiltration trenches) to mitigate runoff into channels, increase stormwater retention, and delay the time of infiltration [2,16,17,18,19]. A fundamental prerequisite for the design and post-construction performance of GSI is a good understanding of local conditions and hydrologic soil parameters [18,20]. By carefully considering uncertainties and implementing design strategies that enhance and maintain infiltration, the lifespan of GSI systems can be extended [18]. Additionally, hydrological models can be used to predict and optimize the system performance [21,22].



One of the crucial parameters needed for effective water management in relation to the soil is field hydraulic conductivity, which has been reported to exhibit considerable statistical variability, both spatially and temporally across seasons [23,24,25,26,27]. Factors such as physical properties of the soil, moisture content, and flow barriers can all affect its value. Estimation of hydraulic conductivity is also highly dependent on the technique used, i.e., the type and proper use of the instrument, as well as the evaluation methods. Laboratory methods typically rely on applying Darcy’s law in a single dimension and offer the benefit of being conducted under controlled conditions. However, they are considered disadvantageous compared to field methods because they introduce potential disturbance during soil sample collection and manipulation that do not adequately reflect natural conditions [18,28,29]. To estimate field-specific near-surface hydraulic conductivity, various field devices are recommended for infiltration rate testing, e.g., the single-ring infiltrometer, the double-ring infiltrometer, the Philip-Dunne permeameter, the Modified Philip-Dunne infiltrometer, the tension infiltrometer, the mini-disk infiltrometer, the automated SATURO infiltrometer, the air-entry permeameter, the Guelph permeameter, and the borehole permeameter [18], and comparison among the results of different applied instruments is still debated in the literature [30,31,32,33,34].



Field experimental data can also be used in various infiltration models, each aimed at understanding different factors that influence infiltration processes. Some models are simple and easy to use, while others are complex and require more data and computational resources to run. Numerous infiltration models have been developed in recent decades to predict infiltration rates. A detailed review of existing infiltration methods has been provided by [35,36,37]. Although most models are considered versatile for a variety of applications, each model has its own specific set of assumptions and limitations, making it difficult to determine their suitability for use with real-world data [36]. Experimental field data are required to adjust individual model parameters until the model accurately represents the observed data.



The study was initiated in response to the local community stormwater management challenges, which prompted us to explore GSI solutions that rely on a comprehensive assessment of soil hydraulic properties for their design. Our primary focus was to evaluate and characterize the soil hydraulic conductivity under atypical dry conditions by applying and comparing the response of two field measurement techniques, namely the double-ring infiltrometer (DRI) and the mini-disk infiltrometer (MDI). This topic is ripe for further investigation to solidify the correlations between the results of these two instruments and to evaluate their reliability and limitations, especially in the context of extreme conditions. Additionally, the aim of the study was to provide the range of soil hydraulic parameters by means of four distinct infiltration models. Evaluating the optimal values of soil hydraulic parameters and determining the best-fitting theoretical infiltration model is a crucial step in rainfall-runoff modeling, as it significantly influences the partitioning of rainfall into losses and effective rainfall, and thus runoff. Therefore, the results presented are useful to hydrologic modelers because field measurements of soil infiltration are usually rare or unavailable for hydrologic modeling purposes, leaving the choice of infiltration model and parameter values to the modeler. In addition to wider applicability, the results will play a vital role in local urban water management by optimizing the local hydrologic model and developing plans to alleviate load on sewage systems.




2. Materials and Methods


The approximately 4 ha study area is located in the eastern part of the Tivoli, Rožnik and Šiška Hill Landscape Park, in the central part of Ljubljana, Slovenia (Figure 1). Infiltration tests were conducted at the edge of an urban area at the transition between Ljubljansko polje aquifer, which consists mainly of alluvial deposits of carbonate gravel with layers of conglomerate, and the Šiška Hill and Rožnik, composed of impermeable Permo-Carboniferous clay shale, sandstone, and siltstone [38,39,40,41]. The natural soil type in the hilly hinterland is dystric cambisoil, while in the investigated unpaved surfaces of urban Park Tivoli the alluvial gravel is covered with fluvial and lacustrine sediments consisting of silty gravel, clay, organic clay, peat, silt, and sand [40,41].



The investigated area is characterized by a temperate continental climate. The long-term mean annual temperature is 10.8 °C, but there is a statistically significant increase between 1970 and 2021, reflecting global warming [42]. In contrast, the mean annual precipitation does not show an increasing trend over the same period (1970–2021), but rather more frequent extreme seasonal conditions. The long-term average of precipitation (1970–2022) is 1371 mm/year with a standard deviation of 170 mm/year [42].



The study was conducted during the dry summer months between June and August 2022. Total precipitation between January and August 2022 was 432 mm, which is the lowest value for the same 8-month period since 1970 or about half of the 8-month average between 1970 and 2022 (829 mm) [42]. Moreover, the mean annual temperature in 2022 was 12.9 °C, the highest since 1970, and 2.1 °C above the long-term annual average (1970–2021) [42].



The hydraulic and spatial design of water drainage in the study area is not adapted to the increasing frequency and intensity of heavy rainfall events, mainly due to its insufficient capacity. A considerable amount of stormwater is discharged into the combined sewer system, making it susceptible to overflows. This situation causes street underpasses and garages in the city to flood with increasing frequency. The most straightforward and practical solution to this problem would involve implementing GSI systems. However, in order to design the most efficient system, it is imperative to obtain the most accurate estimate of local soil permeability, particularly under extreme conditions that are likely to become common.



Infiltration tests were performed at four sites (T1–T4) in the study area (Figure 1) using two types of infiltrometers—a double-ring infiltrometer (DRI) and a mini-disk infiltrometer (MDI). The DRI infiltration tests were conducted at the midpoint of each site (T1–T4), while the MDI measurements were taken at two locations (A and B) within a 1 m radius of DRI position (Figure 1, bottom left). At each location—A and B—3 repeated MDI measurements were made so that the instrument was positioned within a 0.5 m diameter each time. Thus, a total of 6 infiltration tests were performed with MDI at each site T1–T4.



DRI measurements, on the other hand, are much more time consuming and require large quantities of water, particularly during the dry season. Water was not available at the study area, so it had to be transported several times, which was the major technical constraint. Nevertheless, the test was successfully repeated at the same location at least once at 3 of 4 measuring sites, whereas in most comparable research studies, only one DRI measurement was usually taken at the site during the same conditions (e.g., [30,31,32]). When our tests were repeated, preference was given to the sites where an unusually high infiltration rate had been observed in the initial test. Therefore, three consecutive measurements were carried out at T3, and two consecutive measurements were performed at T1 and T4. Only one measurement was performed at T2.



Prior to the start of the experiment, soil texture and soil moisture at each site were estimated by the feel method [43,44], whereas sun exposure and vegetation were estimated by appearance (Table 1).



A double-ring infiltrometer (DRI) is a cylindrical infiltrometer used to measure infiltration under saturated conditions [45], according to the standardized method [46]. At the selected sites, the inner (φ 31 cm) and outer ring (φ 62 cm) were manually inserted 5 cm into the ground and filled with a constant head of water (5 cm) that was maintained in both rings for the duration of the experiment. Infiltration was measured in the inner ring using the Mariott device, which ensures a constant water inflow. Saturated hydraulic conductivity was calculated using Equation (1) [33,47,48], which is based on the principles of infiltration from ring infiltrometers described in studies [49,50]:


    K   s   =     q   s           H     B   1   d +   B   2   a     +     1     α ( B   1   d +   B   2   a )     + 1        



(1)




where     K   s     is the saturated hydraulic conductivity (cm/s),     q   s     is the quasi-steady infiltration rate (cm/s),   H   is the steady depth of ponded water in ring (cm),   a   is the inner ring radius (cm),   d   is the depth of ring insertion into the soil (cm),     B   1      and     B   2     are dimensionless quasi-empirical constants (for   d   > 3 and   H   > 5 cm:     B   1     = 0.316π,     B   2     = 0.184π), and   α   is the soil macroscopic capillary length (1/cm). Based on soil texture-structure categories [51], the estimated soil macroscopic capillary length was set at 0.12/cm, which is common for most structured soils from clay to loams [51].



The mini-disk infiltrometer (MDI) is a simplified version of tension infiltrometer used to measure unsaturated hydraulic conductivity [52]. The single tube is divided into two chambers, both filled with water. The lower chamber serves as a reservoir for the water that infiltrates into the soil through the bottom, which is sealed with a 0.3 cm thick, porous, sintered stainless-steel disk with a diameter of 4.5 cm. The infiltration rate is controlled by the pressure head (from −7 to −0.5 cm), which is determined by the suction control tube in the upper Mariott chamber. The pressure head was set to −2 cm, which is considered adequate for most soils [52]. The drop in water level was recorded manually in regular time intervals between 30 s and 2 min. Before starting the experiment, grass debris and surface roots were removed, and a thin layer of fine sand was sprinkled on the soil to ensure a solid contact of the infiltrometer with the surface.



The unsaturated hydraulic conductivity K(h), also referred to as near-saturated hydraulic conductivity by [53], was determined according to the recommendations in the METER Group user manual for the mini-disk infiltrometer [52]—using the method suggested by Zhang [54], where the measured cumulative infiltration is plotted versus the square root of time and fitted to Philip’s infiltration equation [55] (Equation (2)) to obtain   K   h      as follows (Equations (2) and (3)):


  I =     C   1     t   1 / 2   + C   2   t  



(2)






  K   h   =     C   2     A    



(3)




where   I ( c m )   is the cumulative infiltration,   t ( s )   is time,     C   1   ( c m /   s   1 / 2   )  , and     C   2   ( c m / s )   are parameters related to soil sorptivity and hydraulic conductivity, respectively, where     C   2     also represents the slope of the curve of the cumulative infiltration vs. the square root of time.   A ( − )   is a value relating the van Genuchten parameters   α (   c m   − 1   )   and   n ( − )   for 12 soil texture classes [56] to the disk radius     r   0   ( c m )  , applied pressure head     h   0   ( c m )   [57], and a constant   c ( − )   as follows [32]:


  A =   11.65     n   0.1   − 1   e x p ⁡ [ c   n − 1.9   α   h   0   ]     ( α   r   0   )   0.91                 ( c = 2.92   i f   n ≥ 1.9 ; c = 7.5   i f   n < 1.9 )  



(4)







In a study by Dohnal et al. [53], an improved equation was introduced to estimate A when   n < 1.35   (Equation (5)). The default value for   n   according to [56] in the METER Group manual [52] is above 1.35 for all soil types studied, except for clay loam, which is slightly below the threshold, i.e., 1.31. On the other hand, Dohnal et al. [53] state in their conclusions that such low   n   values are not exceptional even for sandy loams and silt loams. Therefore, Equation (5) was used to compare the calculated K(h) values according to Equation (3).


  A =   11.65     n   0.82   − 1   e x p ⁡ [ 34.65   n − 1.19   α   h   0   ]     ( α   r   0   )   0.6                       ( i f   n < 1.35 )  



(5)







In order to compare unsaturated hydraulic conductivity   K   h     determined from MDI measurements (Equation (3)) with the saturated hydraulic conductivity     K   s     determined from DRI (Equation (1)), the method by Kutilek and Nielsen was applied [32,58]:


  I ≈   C   1     t   1 / 2   + m   K   s   t  



(6)




where     C   1   ( c m /   s   1 / 2   )   is a coefficient related to sorptivity [59] and   m = 0.667 .  



Infiltration curves obtained at site T2 were used to calibrate and evaluate hydraulic parameters of three theoretical models, namely Green-Ampt (GA), Philip (PH), and Smith-Parlange (SP) [55,60,61] (Table 2), which are derived from Richard’s partial differential equation that describes the flow of water through unsaturated porous media under various boundary conditions. In addition, the semi-empirical Horton model (HO) [62] was used (Table 2). For each method, the expression for potential infiltration rate     f   p     after ponding conditions (  t >   t   p   )   was applied, as the infiltration curve obtained from DRI field experiment assumes the soil is already saturated. The same applies for cumulative infiltration, which is usually expressed by direct integration of infiltration rate over time. For practical reasons, only two expansion terms of Philips’ infinite series derivation of Richards’ equation were used, since in this way a consistent infiltration rate at short times can be obtained [55].



Calibration of the applied models (i.e., determination of the parameters related to the soil properties) were performed in the web-based interactive computational environment JupyterLab [63] using Python 3. In order to find roots of non-linear Green-Ampt and Smith-Parlange equations for cumulative infiltration, function fsolve from SciPy was used. The parameters of Horton’s model were evaluated from the measured infiltration data as described in [64,65], i.e., by subtracting the value of     f   c     from experimental values of     f   p     and further by plotting the natural logarithm of the difference   l n     f   p   −   f   c       vs. the time (  t  ) in order to find the slope that defines unknown parameter   k  , whereas     f   0    was determined from the intercept     f   0   −   f   c   =   e   i n t e r c e p t     [64].



The best fit of GA, SP, and PH models was determined based on a series of successive calculations using a previously defined range of unknown variables that comply with reference values. The most optimal fit between pairwise predicted and observed values for each consecutive combination was determined using mean absolute error (MAE). The evaluated parameters were compared with theoretical values published in the literature.




3. Results and Discussion


3.1. Infiltration Measurement Results


In general, no technical problems or irregularities were detected during the performance of DRI infiltration tests, except for the unusually higher infiltration rate that was observed during the first measurements at sites T1 and T3 (No. D1.1 and D3.1) (Table 3). In contrast, the first measurements at sites T2 and T4 (No. D2.1 and D4.1) corresponded to the expected infiltration in this soil type. Estimated saturated hydraulic conductivity     K   s D R I     ranges from 10−4 to 10−3 cm/s (Table 3) and is closely related to this course of experiments.     K   s D R I     is significantly lower at T2 and T4, respectively. The discrepancy in infiltration rate between the first two replicates (D1.1 vs. D1.2 and D3.1 vs. D3.2) at T1 and T3 is also reflected in characteristically different values of     K   s D R I    , i.e., evaluation for D1.1 and D3.1 is about three times higher compared to D1.2 and D3.2. This could be attributed to several different factors.



According to [31], increased initial infiltration observed with the DRI method may result from the soil disturbance during the ring insertion process, as well as the presence of macropores and preferential pathways. High initial infiltration rate could also be related to the relatively high matric potential gradient of an initially dry soil [66], while higher antecedent soil moisture limits infiltration rate [67,68]. The results obtained at T1 and T3 indicate that investigated soil during the initial test (D1.1 and D3.1) may not have been in a fully saturated state, which is otherwise required for a reliable performance and evaluation of DRI measurements. This could be possible, especially since the initial test was stopped at least once earlier than usual due to the rapid consumption of the available water. The difference in     K   s D R I     between the second two replicates (D3.2 and D3.3) at site T3 is notably smaller, which suggests that the results at the same site would become more consistent once the soil reaches a sufficient degree of saturation. The     K   s D R I     values determined from the DRI measurements show no discernible correlation with initial soil moisture evaluated at the uppermost soil surface, which underscores the potential importance of soil properties that extend throughout the entire depth of the ring insertion.



In fact, infiltration rate and hydraulic conductivity can both be affected by the actual depth at which the ring is inserted. As pointed out by Fatehnia et al. [69], deeper ring insertions tend to yield lower infiltration rates due to reduced lateral flow and vice versa. Fan et al. [70] stated that ring insertion depth should be much deeper than the values recommended by ASTM [46], namely between 19–22 cm, which can be extremely difficult to implement in practice [69]. However, in this study, a shallow ring insertion depth of 5 cm was used at all sites, not solely at T1 and T3.



It is important to emphasize that in most other similar research studies, measurements with DRI are not performed repeatedly at the same location and under the same conditions (e.g., [30,31,32]). A definitive explanation for the high infiltration rate in the initial tests at two sites would require a more extensive data set with a larger number of measurements and replicates. Therefore, the two extreme     K   s D R I     values (No. D1.1 and D3.1) were excluded from further analysis (Table 3). For further evaluations, we adopted the ‘selected value’ of     K   s D R I *    , which presents the mean measured     K   s D R I      value when at least two values were available at the site and the single measured     K   s D R I     value when only one was available at the site (Table 3).



MDI measurements were generally smooth, but characteristic lateral infiltration of water was observed, particularly where the soil surface was very dry (Figure 2a). The unsaturated hydraulic conductivity     K   h     M D I     was on the order of 10−4 cm/s for the majority of measurements when A is considered according to Equation (4) (Table 3). The most uniform values with the lowest coefficient of variation (CV) of 41.7% were obtained at site T3 (Table 3), indicating a relatively high degree of soil homogeneity, while the highest CV was observed at site T2 (Table 3). However, the observed CV was significantly lower when considered for each individual location A and B within the site (T1–T4) radius. Considering results by test location (A and B) within each site, T2-A and T2-B actually exhibit the lowest CV of 13.0% and 12.5%, respectively (Table 3). This highlights the laterally variable conditions of surface soil properties over short distances (<1 m), which was also observed in the analysis of surface soil type (Table 3).



Unexpectedly high     K   h     M D I     values were observed at site T4 despite visibly dry soil surface with sparsely grown grass (Figure 2a). This is contrary to the established understanding in the literature that the water repellency effect caused by dry conditions and high temperatures would result in low   K   h     values [32,71,72]. A possible explanation could be the need to adjust the suction rate, possibly due to a slightly higher proportion of sandy components in the soil texture. However, this problem did not manifest in other locations with similar proportions of sandy components (e.g., T1). Incorrectly placed equipment is an unlikely cause, since measurements were conducted by the same person at all sites. Another plausible hypothesis is that the discrepancy in     K   h     M D I     values is due to significant lateral infiltration during measurements using the MDI technique, especially since infiltration of water from MDI was faster than at other sites tested. Lateral infiltration was visible at the soil surface (as shown in Figure 2a) and could have a substantial impact on the overall soil hydraulic conductivity. However, further investigation with many more replicates at the same site, with different suction rates and under different conditions, would be required to confirm this.



Table 3 displays evaluated   K   h     values from MDI measurements—    K ( h )   M D I    , the corresponding     K   s     value, according to the Equation (6)—      K   s     M D I    , and the calculated ratio with respect to the selected     K   s     value from DRI at the considered site—      K   s     D R I *    . The mean ratio of   K   h     to     K   s    , determined by MDI and DRI, respectively, ranges from 0.27 to 2.27, relative to the site studied. This range exceeds the previously reported intervals of 0.5 to 0.67 by [31] and 0.19 to 0.75 by [32]. The most striking differences are observed just at T4, where the evaluated     K ( h )   M D I     values are unexpectedly high compared to the       K   s     D R I *    . In contrast, infiltration tests conducted at sites T1, T2, and T3 exhibit certain ratios that closely align with the expected values, although there are discernible differences between locations (Loc.) A and B within the radius of the test replicates (Figure 2b,c). The average     K ( h )   M D I    /      K   s     D R I *     ratio for location T2-B represents the closest match to the previously reported intervals, i.e., 0.47.



For location T2-A, where the predominant soil texture was determined to be clay loam, the   n   value is less than 1.35 [52,56], which is the threshold for using an improved Equation (5) to calculate A and further     K ( h )   M D I     according to [52,53]. Moreover, Dohnal et al. [53] state that such low   n   values are not exceptional even for sandy loams. Therefore, we used the van Genuchten parameters for clay loam according to [52] and calculated A according to Equation (5), not only for location T2-A, but for all locations. The updated     K ( h )   M D I     values are given in parentheses in Table 3. From the results, it appears that the choice of van Genuchten parameters has a significant effect on the calculated values of     K ( h )   M D I    . Changing the parameters seems to be reasonable for location T2-A with the actual clay loam texture, where the      K ( h )   M D I   /   K s   D R I *     ratio improved to better match the previously reported values. On the other hand, it is less likely that this parameter choice is appropriate for site T4, especially since the high      K ( h )   M D I     values were most likely obtained due to rapid infiltration. At sites T1 and T3, the ratio of      K ( h )   M D I   /   K s   D R I *     deteriorates significantly compared to the previously reported values.



Figure 2c shows a comparison of the selected     K   s D R I *     obtained from DRI and the     K   s     values obtained by MDI, respectively. The best agreement was observed at T3, with a mean         K   s     M D I    /      K   s     D R I *     ratio of 1.3, which can be attributed to the high degree of soil homogeneity as well as the greater number of test replicates when using DRI. Figure 2c also confirms the distinct spatial difference between in-site locations A and B, especially at sites T1, T2, and T4. The overall mean       K   s     M D I    /      K   s     D R I *     ratio for all sites is 6.7 and 4.4 when site T4 is excluded, which is consistent with the findings of [32], who reported deviations up to 5.8. The       K   s     M D I     values were determined according to Equation (6) and therefore do not directly use van Genuchten parameters. Nevertheless, a tentative calculation of the       K   s     M D I       coefficient of variation (CV) by site and location showed no significant improvements to      K ( h )   M D I     CV. Although the ratios of       K ( h )   M D I   /   K s   D R I *     and       K   s     M D I    /      K   s     D R I *     are different, we did not find any advantage of calculating       K   s     M D I     values for comparing MDI and DRI results.



The results demonstrate that the highest Ks values obtained from DRI do not necessarily coincide with the highest values obtained from MDI, even when the measurements are taken at the same site. This divergence was also previously reported [32,59] and likely depends on the characteristics of the method and instrument used, as either matrix flow or macropore flow is relatively dominant in the soil being examined.



Reference values from several sources were used to establish a benchmark for the     K   s     values assessed [73,74,75,76], but priority was given to USDA classification [76] because it provides reference values based on both soil texture and bulk density. The range of Ks values associated with different soil textures may overlap at their boundaries, and when changes in bulk density are considered, these values may vary by an order of magnitude. Given that the investigated soils belong to the medium density bulk class, the       K   s     D R I     values fall within the range typically associated with sandy clay loam (0.1–2 × 10−3 cm/s) and sandy loam (0.5–5 × 10−3 cm/s), which is consistent with the qualitative assessment of the soil texture at T1, T2, and T3. In contrast, T4 exhibits greater similarity to sandy clay loam than sandy loam.



While the infiltration rate obtained by MDI at location T2-B agreed relatively well with the DRI measurement, a significant deviation was observed at location T2-A, emphasizing the high spatial variability of the soil hydraulic properties. An in-depth analysis of the DRI infiltration curves revealed that their shape at site T2 most closely match the theoretical predictions. Since infiltration rate is a quantity normalized by the area of the infiltration surface [31], we were able to compare the characteristic experimental curves obtained by DRI and MDI (as shown in Figure 3). Our study uncovered a significant discrepancy between the results of MDI measurements at locations A and B within a radius of 1 m. This conclusion is further reinforced by the evaluated values of     K   s    .



Despite the presence of less permeable upper layers in the study area, the results of infiltration tests indicate that local infiltration capacity may be sufficient to develop GSI solutions. This also has utility for local water resource planning and management.




3.2. Infiltration Modeling


For site T2, experimental infiltration curves were used to evaluate soil hydraulic parameters using four different commonly used infiltration models for comparative analysis. All models considered were found to fit the experimental data, except for the initial two minutes of the measurement. In general, the Philip (PH), Green-Ampt (GA), and Smith-Parlange (SP) models demonstrated a better fit of the infiltration rate compared to the semi-empirical Horton (HO) model, but this difference is not as prominent when examining the cumulative infiltration curve (Figure 4). Using the HO model, we were able to assess the initial infiltration capacity     ( f   0   = 6.26   c m / h )  , the final constant infiltration rate     ( f   c   = 1.77   c m / h )  , and Horton’s dimensionless coefficient   ( k = 1.95 )  , but it does not provide the key parameter of interest,     K   S    .



The best fit of the parameters of the GA, SP, and PH models (Table 4) was determined by local calibration, i.e., by performing a series of successive calculations and identifying the input combination that yielded the lowest MAE between observed and predicted value. The first value in Table 4 denotes the best fit value, while the values in parentheses represent the range of the top 20 combinations. A larger range implies that the model is less sensitive to changes in particular parameter and vice versa.



Among the optimal variants, the PH model, which requires only three input variables, exhibited the highest MAE among the three theoretical models evaluated, while the SP model, which requires five input variables, had the lowest MAE. The key parameter that we aimed to estimate,     K   S    , was found to be the lowest, i.e., at 0.33 × 10−3 cm/s using the PH model and the highest, i.e., at 0.56 × 10−3 cm/s using the SP model. The PH model provided the closest match to the Ks value obtained by the Equation (1) with 0.25 × 10−3 cm/s.



The accuracy of the estimated initial hydraulic conductivity (    K   i    ) within the SP model may not be entirely reliable, because it appears in a difference term (    K   s    −      K   i    ) of the equation and is generally significantly smaller compared to     K   s    , even 5–7 orders of magnitude smaller than its value at saturation according to [77]. As a result, the sensitivity of the SP model to changes in this particular parameter is limited.



Since the initial and saturated water content were not evaluated in the field, a difference value (    θ   s   −   θ   i    ) was used as an input parameter in the GA and SP models. A relatively wide range of input values resulted in small MAEs, which applies for both models. This suggests that the step size employed was sufficiently small and the models are not very sensitive to changes in this specific parameter. Assuming that the saturated water content (    θ   s    ) is equal to the porosity (  Φ  ) [78], which typically ranges from 0.33 to 0.46 for sandy clay loam [73,75], the initial water content     ( θ   i    ) should be less than 20%.



Capillary length (  G )   is a key parameter used to describe the relative strength of capillary forces compared to gravitational forces during movement of water in unsaturated soils. The reference input range for modeling was defined according to [79,80] with a step size of 1 cm. The optimal fitting value was at the lower limit of the predefined range (  G = 5 c m )   and falls into the moderate soil capillarity category according to [81,82]. Thus, it can be excluded that either capillarity or gravity has a significant dominance over the other. The determined value is generally in agreement with the reference values [82] but may indicate the presence of larger macropores.



According to [73,75], the characteristic suction head (  ψ )   of sandy clay loam can range from 4.42 to 108.0 cm, so the optimal fit value in the GA model,   ψ = 8.5 c m  , was at the lower limit of this range, indicating the presence of a larger pore size [73] as well as a high hydraulic conductivity value associated with greater water content and saturated conditions during the performance of the DRI infiltration test [77]. Moreover, the lower soil suction may also be related to high air temperature, which decreases surface tension.





4. Conclusions


In the first part of the study, two types of infiltrometers, i.e., the double-ring infiltrometer (DRI) and the mini-disk infiltrometer (MDI), were employed to compare the assessment of hydraulic conductivity and response of the two instruments during the dry season in the central urban park of Ljubljana, Slovenia.



The study confirmed that the unsaturated hydraulic conductivity, denoted as K(h) and determined with MDI, is generally lower than the saturated hydraulic conductivity   (   K   s   )   determined with DRI, although unexpectedly high   K   h     values were obtained with MDI at site T4 with visibly dry soil surface and sparsely growing grass. This is contrary to the common perception in the literature that dry conditions and high temperatures cause low   K   h     values due to water repellency [32,71,72]. One possible explanation could be the need to adjust the suction rate, possibly due to a slightly higher proportion of sandy components in the soil texture, but this problem did not occur in other sites with similar proportions of sandy components. We therefore speculate whether the discrepancy could also be attributed to the rapid and lateral infiltration visible at the soil surface, which can strongly influence the overall hydraulic conductivity of the soil. However, further studies with many more replicates at the same site, with different suction rates and under different conditions, would be needed to confirm this. It is also clear from the results that the choice of van Genuchten parameters has a significant influence on the calculated values of K(h) and that K(h) is spatially variable over short distances (<1 m), i.e., between in-site locations A and B.



Another anomaly was observed using DRI, where atypically high infiltration rates were observed in the first measurement at two of the four sites (T1 and T3), resulting in     K   s     evaluations about three times higher than those of subsequent replicates at the same spot and under the same conditions. The elevated initial infiltration rates are primarily attributed to the local presence of macropores and preferential pathways, as it was also established by modeling in the second part, but insufficient soil saturation during the initial measurements, possibly due to the prevailing dry conditions, could also be a possible contributing factor. Despite the anomalies, almost all of the values obtained are consistent with the range suggested by USDA values for field texture. This indicates that the determined values are reliable, but that the lateral deviations are large and significant.



In the second part of the study, we used experimental infiltration curves from a selected site to estimate hydraulic parameters using four different infiltration models. In general, the theoretical models of Philip (PH), Green-Ampt (GA), and Smith-Parlange (SP) demonstrated a better fit to the experimental DRI data than the semi-empirical model of Horton (HO). Among the optimal variants, the SP model, which requires the largest number of different input variables, yielded the lowest MAE. The value of     K   s     obtained using the PH model, the simplest of the three theoretical models used, most closely matched the     K   s     value obtained from the USDA Equation (1) [48].
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Figure 1. Study area and schematic presentation of DRI and MDI measurements. 
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Figure 2. Lateral infiltration of water observed during infiltration measurement using MDI at T4 (a), results of K(h) using MDI at each site (T1–T4) and in-site location A and B (b), and comparison of Ks for both instruments—DRI and MDI, namely selected DRI (    K   s D R I *    ) at each site (T1–T4) and mean       K   s     M D I     at each site (T1–T4) and in-site location A and B (c). 
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Figure 3. Comparison of infiltration rate from DRI and MDI measurements at site T2; markers represent measured data, while MDI dashed lines are extrapolated over considered time scale. 
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Figure 4. Fitted curves of Philip (PH), Horton (HO), Green-Ampt (GA), and Smith-Parlange (SP) infiltration models to the measured infiltration data at site T2: infiltration rate (a) and cumulative infiltration (b). 
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Table 1. Assessment of soil texture, soil moisture, sun exposure, and vegetation at each site.
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	Site
	Soil Texture [43]
	Moisture [44]
	Sun Exposure
	Vegetation





	T1
	sandy loam
	moist
	mostly shaded
	dense grass



	T2
	sandy clay loam
	slightly moist
	sunlit
	dense grass



	T3
	sandy clay loam
	moist
	mostly shaded
	dense grass



	T4
	sandy loam
	dry
	sunlit
	sparsely grown grass










 





Table 2. Equations and parameters of applied infiltration models.
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	Infiltration Model
	Infiltration Rate
	





	Green-Ampt
	     f   p   ( t ) =   K   S       ψ (   θ   s   −   θ   i   )   F ( t )   + 1     
	(7)



	Smith-Parlange
	     f   p   ( t ) =   K   S   +   γ (   K   S   −   K   i   )   (   exp  ⁡      γ F   G (   θ   s   −   θ   i   )       − 1 )     
	(8)



	Horton
	     f   p   ( t ) =   f   0   +     f   0   −   f   c       ‧     e   − k t     
	(9)



	Philip
	     f   p   ( t ) =   1   2   S   t   − 1 / 2   + c   K   S     
	(10)



	Infiltration Model
	Cumulative Infiltration
	



	Green-Ampt
	   F ( t ) = K t + ψ (   θ   s   −   θ   i   ) l n ⁡ ( 1 +   F   t     ψ (   θ   s   −   θ   i   )   )   
	(11)



	Smith-Parlange
	      F   t   =     K   S   −   K   i     t   1 − γ   + G (   θ   s   −   θ   i   ) ‧ l n ⁡ ( 1         +   1   γ       exp  ⁡      γ F   t     G (   θ   s   −   θ   i   )       − 1   )      
	(12)



	Horton
	   F   t   =   f   c   t +   (   f   0   −   f   c   )   k   [ 1 −   e   − k t   ]   
	(13)



	Philip
	   F   t   = S   t   1 / 2   + c   K   S   t   
	(14)



	Abbreviation
	Parameter
	Unit



	     f   p     
	potential infiltration rate (capacity) after time of ponding (  t >   t   p    )
	(cm/s)



	   F   
	cumulative infiltration
	(cm)



	   t   
	time
	(s)



	     θ   s     
	saturated water content
	(-)



	     θ   i     
	initial water content
	(-)



	   ψ   
	average suction across the wetting front
	(cm)



	     K   S     
	saturated hydraulic conductivity
	(cm/s)



	     K   i     
	initial hydraulic conductivity
	(cm/s)



	   G   
	capillary length scale
	(cm)



	   γ   
	dimensionless Smith-Parlange coefficient (usually 0.8–0.85)
	(-)



	   S   
	sorptivity
	(  c m /   s     1   2      )



	   c   
	soil dependent dimensionless Philip coefficient
	(-)



	     f   0     
	initial infiltration capacity
	(cm/s)



	     f   c     
	final constant infiltration rate
	(cm/s)



	   k   
	Horton dimensionless coefficient that depends on the initial water content and the application rate
	(-)










 





Table 3. Ks and K(h) results of DRI and MDI measurements.
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Site

	
No.

	
Loc.

	
Soil Type

	
KsDRI

(Equation (1))

[10−3 cm/s]

	
KsDRI*

[10−3 cm/s]

	
K(h)MDI 

(Equation (3))

[10−3 cm/s]

	
KsMDI

(Equation (6))

[10−3 cm/s]

	
K(h)MDI

/KsDRI*

	
KsMDI/

KsDRI*

	
CV of K(h)MDI [%]

Loc./Site






	
T1

	
D1.1

	

	
SL

	
2.99 *

	
0.98

	

	

	

	

	




	
D1.2

	

	
0.98

	

	

	

	

	




	
M1.1

	
T1-A

	
SL

	

	

	
0.19 (0.05)

	
1.08

	
0.19 (0.05)

	
1.10

	
35.9

	
56.2




	
M1.3

	

	

	
0.22 (0.05)

	
1.22

	
0.22 (0.05)

	
1.24




	
M1.4

	

	

	
0.37 (0.09)

	
2.15

	
0.38 (0.09)

	
2.18




	
M1.2

	
T1-B

	
SL

	

	

	
0.61 (0.15)

	
3.37

	
0.62 (0.15)

	
3.42

	
28.1




	
M1.5

	

	

	
0.88 (0.21)

	
5.18

	
0.90 (0.21)

	
5.26




	
M1.6

	

	

	
0.52 (0.12)

	
3.06

	
0.53 (0.12)

	
3.11




	
T2

	
D2.1

	

	
SCL

	
0.25

	
0.25

	

	

	

	

	

	




	
M2.1

	
T2-A

	
CL

	

	

	
0.39 (0.16)

	
3.88

	
1.56 (0.64)

	
15.35

	
13.0

	
60.1




	
M2.2

	

	

	
0.44 (0.18)

	
4.42

	
1.76 (0.72)

	
17.48




	
M2.5

	

	

	
0.34 (0.14)

	
3.40

	
1.36 (0.56)

	
13.45




	
M2.3

	
T2-B

	
SCL

	

	

	
0.13 (0.04)

	
0.89

	
0.52 (0.16)

	
3.51

	
12.5




	
M2.4

	

	

	
0.13 (0.03)

	
0.81

	
0.52 (0.12)

	
3.20




	
M2.6

	

	

	
0.10 (0.03)

	
0.65

	
0.40 (0.12)

	
2.55




	
T3

	
D3.1

	

	
SCL

	
2.39 *

	
0.97

	

	

	

	

	

	




	
D3.2

	

	
0.83

	

	

	

	

	

	




	
D3.3

	

	
1.10

	

	

	

	

	

	




	
M3.1

	
T3-A

	
SCL

	

	

	
0.17 (0.04)

	
1.06

	
0.18 (0.04)

	
1.10

	
18.9

	
41.7




	
M3.2

	

	

	
0.23 (0.03)

	
0.70

	
0.24 (0.03)

	
0.73




	
M3.4

	

	

	
0.17 (0.04)

	
1.09

	
0.18 (0.04)

	
1.13




	
M3.3

	
T3-B

	
SCL

	

	

	
0.44 (0.05)

	
1.34

	
0.45 (0.05)

	
1.39

	
34.7




	
M3.5

	

	

	
0.21 (0.06)

	
1.35

	
0.22 (0.06)

	
1.40




	
M3.6

	

	

	
0.34 (0.09)

	
2.18

	
0.35 (0.09)

	
2.26




	
T4

	
D4.1

	

	
SL

	
0.18

	
0.30

	

	

	

	

	

	




	
D4.2

	

	
0.41

	

	

	

	

	

	




	
M4.1

	
T4-A

	
SL

	

	

	
0.79 (0.19)

	
4.56

	
2.63 (0.63)

	
15.26

	
27.7

	
42.6




	
M4.2

	

	

	
1.18 (0.28)

	
6.95

	
3.93 (0.93)

	
23.26




	
M4.5

	

	

	
0.72 (0.17)

	
4.46

	
2.40 (0.57)

	
14.93




	
M4.3

	
T4-B

	
SL

	

	

	
0.45 (0.11)

	
2.65

	
1.50 (0.37)

	
8.87

	
18.2




	
M4.4

	

	

	
0.55 (0.13)

	
3.28

	
1.83 (0.43)

	
10.98




	
M4.6

	

	

	
0.38 (0.09)

	
2.25

	
1.27 (0.30)

	
7.53








Notes: * Extreme values excluded; No.: measurement number: capital letter D for DRI measurements, and capital letter M for MDI measurements; Soil type abbreviations: SL: sandy loam, CL: clay loam, SCL: sandy clay loam; KsDRI*: Selected Ks value from DRI at the considered site; columns K(h)MDI and K(h)MDI/KsDRI*: first value considers A according to Equation (4), the second value in parentheses considers A according to Equation (5); CV: Coefficient of variation [%] that considers the first value in K(h)MDI column.













 





Table 4. The optimal fit of parameters of Philip (PH), Green-Ampt (GA), and Smith-Parlange (SP) infiltration models.
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	Parameter
	Green-Ampt
	Smith-Parlange
	Philip





	     K   S     (   10   − 3   c m / s )   
	0.42 (0.39–0.44)
	0.56 (0.53–0.58)
	0.33 (0.14–0.42)



	     θ   s   −   θ   i     ( − )   
	0.27 (0.27–0.45)
	0.29 (0.28–0.41)
	/



	   ψ   ( c m )   
	8.5 (4.5–9.5)
	/
	/



	   G   ( c m )   
	/
	5.0 (5.0–7.0)
	/



	     K   i   (   10   − 3   c m / s )   
	/
	0.022 (0.008–0.025)
	/



	   S (   10   − 3   c m /   s   1 / 2   )   
	/
	/
	0.69 (0.58–0.86)
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