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ABSTRACT 11 

Performing laboratory measurement of saturated hydraulic conductivity, Ks, of sieved soil is 12 

important for many scientific purposes but little is known on the dependence of the Ks 13 

measurements on both the applied packing method and the reuse of a given soil mass. Four 14 

packing methods were tested on an initially dry loam soil by measuring Ks with the simplified 15 

falling head (SFH) technique. The four methods differed by the used compacting procedure 16 

(dropping from a given height, pestle imparting vertical and radial solicitations on the pressed 17 

soil surface) and the number of soil layers disposed at each step of the procedure. Changes in 18 

Ks due to the reuse of the same soil mass were also determined. Depending on the packing 19 

method and the number of times a given soil mass was used, the means of Ks varied from 51 20 

to 110 mm h
-1

, with a ratio between these two extremes of 2.2, and the coefficients of 21 

variation, CVs, ranged between 10 and 36%, depending on the developed dataset (sample 22 

size, N = 15 for each dataset). Therefore, the packing method and the reuse of the same soil 23 

had a moderate effect on determination of Ks. For a given pre-treatment of the soil mass, the 24 

lowest variability of Ks was detected by using the pestle, probably because this simple device 25 

favored homogenization of the soil and enhanced the contact with the walls of the cylinder. 26 

With the pestle, reusing the soil once was enough to pass from a medium (CV = 23-27%) to a 27 

low (CV = 12%) variation of Ks. Taking into account that the best procedure yields the lowest 28 

variability of the individual Ks measurements, the conclusion was that the pestle and a 29 

previously wetted soil should be used. In the future, additional experiments should be carried 30 

out on other soils, in different antecedent soil water conditions and with other laboratory 31 

measurement methods of Ks. Developing simple procedures for preparing different samples 32 

with similar Ks values appears possible. 33 

 34 
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 37 

1. INTRODUCTION 38 

Laboratory determination of saturated, Ks, or near-saturated, K, hydraulic conductivity of 39 

repacked soil samples represents the connecting link between the studies dealing with purely 40 

ideal data, such as those generated numerically or analytically, and the investigations 41 

performed in the laboratory or the field on real and nearly undisturbed soil. Therefore, 42 

working on a repacked, and presumably homogeneous, porous medium allows the soil 43 

scientist to gradually move from theory to practice. Repacked soil samples have been used, 44 

and still continue to be used, for a large variety of scientific purposes that include, as an 45 

example, testing theories, devices and procedures for determining Ks (Reynolds and Elrick, 46 

1987; Bagarello et al., 2004, 2006; Concialdi et al., 2020), studying factors influencing the Ks 47 

values of specific types of soil (Moutier et al., 1998), establishing wastewater reuse effects on 48 

Ks (Viviani and Iovino, 2004; Assouline and Narkis, 2011), relating Ks or K with the bulk soil 49 

physical properties (Assouline, 2006; Ghosh and Pekkat, 2019), testing soil seal development 50 

effects on K (Armenise et al., 2018), determining the relationship between Ks and the soil 51 

microstructure (Xu et al., 2021), evaluating the effects of rock fragments on Ks (Wu et al., 52 

2021). 53 

Working on repacked soil samples implies making a decision on the packing method to be 54 

applied, also depending on the available equipment and the size of the sample that has to be 55 

prepared. A variety of choices can be made at this purpose. For example, Laliberte et al. 56 

(1966) obtained different densities by vibrating the soil columns after packing them with air-57 

dried soil. Reicovsky et al. (1980) obtained various degrees of compaction by means of a 58 

standard laboratory press with pistons that pressed moist soil samples slightly from both ends 59 
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simultaneously. Bagarello et al. (2004) prepared samples of 5 cm in diameter and 4 or 5 cm in 60 

height with a step-by-step procedure, pouring at each step 1 cm of soil that was then manually 61 

compacted. The soil samples used by Bagarello et al. (2006) and Concialdi et al. (2020) had a 62 

diameter of nearly 9 cm and a height of 32 cm or more. They were prepared by filling a 63 

column with 40 cm of soil that was then dropped repeatedly from a height of 5 cm until 64 

compaction ceased. Soil samples of 5.1 cm × 20 cm and 10 cm × 12 cm were prepared by 65 

Moody et al. (2009) by introducing soil in 5-10 increments. Even Zhang et al. (2017) prepared 66 

30 cm × 60 cm samples with a step-by-step procedure. In this case, each step involved 67 

pouring 5 cm of soil followed by compaction. The soil samples by Ghosh and Pekkat (2019), 68 

having a diameter of 20 cm and a height of 30 cm, were obtained by packing the soil in three 69 

layers and imparting an equal number of blows on each layer, depending on the desired state 70 

of compaction. In some investigations, however, the applied packing method was not 71 

described (Moutier et al., 1998; Assouline and Narkis, 2011; Armenise et al., 2018; Di Prima 72 

et al., 2018). 73 

The link between the applied method to prepare repacked soil samples and the determination 74 

of Ks has rarely been considered although a recent investigation has demonstrated that the 75 

packing procedure can have a large impact on the Ks results. In particular, Teng et al. (2019) 76 

recognized that Ks can vary by even an order of magnitude due to the dependence of the pore 77 

size distribution on the applied packing method. Other investigations dealing with packing 78 

methods can be found in the literature but they are not expressly focused on measurement of 79 

Ks (Oliviera et al., 1996; Lewis and Sjöstrom, 2010; Gilbert et al., 2014; Banzhaf and Hebig, 80 

2016). Therefore, the knowledge of the effect of the applied packing method on laboratory 81 

determination of Ks is still incomplete and additional investigations are necessary to fill this 82 

gap. 83 
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Another factor to be considered is the possibility to reuse the same sieved soil for different 84 

experiments. Using a mass of soil twice or more times has the practical advantage that less 85 

efforts have to be made to collect soil in the field and to perform the initial pre-treatment, 86 

such as removal of stones or vegetation residues. However, when a sieved soil mass is used 87 

for the first time, it is subjected to several solicitations. For example, a mechanical breakdown 88 

of the small aggregates in the sieved soil could occur during packing, depending on the 89 

applied forces. Changes in the soil are also possible during the Ks measurement stage due, for 90 

example, to slaking when the initially dry soil is suddenly wetted or to weakening of the 91 

interparticle binding forces promoted by a prolonged contact with water (Le Bissonnais, 92 

1996; Ben-Hur and Lado, 2008; Dikinya et al., 2008), depending on the applied Ks 93 

measurement method. Generally, no detailed information is provided in the investigations 94 

making use of repacked soil samples about the history of the used soil mass for a given 95 

experiment although there are a few exceptions. For example, Moody et al. (2009, 2019) 96 

reused the same soil for subsequent experiments while Ryżak et al. (2015) reported that a 97 

given soil sample was only used once in their experiments. To the best of our knowledge, the 98 

impact of the repeated use of a sieved soil mass for determination of Ks has still to be 99 

investigated.  100 

An interest of the scientific community for the simplified falling head (SFH) technique for 101 

determining Ks (Bagarello et al., 2004) is documented in the literature (Keller et al., 2012; 102 

Angulo-Jaramillo et al., 2016; Biddoccu et al., 2016, 2017; Kovář et al., 2017; Preti et al., 103 

2018; Castellini et al., 2021). Probably, a point of attractiveness of this technique is that it is 104 

simple, rapid and usable both in the laboratory and the field. Part of the potential and 105 

limitations of the SFH technique have been investigated in the laboratory, working on 106 

repacked soil samples (Bagarello et al., 2006; Concialdi et al., 2020). However, the effects of 107 

the packing method and the soil reuse were not considered. Therefore, the sensitivity of the Ks 108 
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values obtained with the SFH technique to both the applied packing method and the reuse of a 109 

given mass of soil is still unknown. 110 

The objective of this investigation was to establish the impact of both the applied packing 111 

method and the repeated use of the same soil mass for the preparation of a soil sample on 112 

determination of saturated hydraulic conductivity of a loam soil with the simplified falling 113 

head technique. The specific objectives were to i) determine changes in Ks among four 114 

different packing methods that do not require specialized equipment; and ii) determine if and 115 

how Ks changes when the same soil mass is used more than once. 116 

 117 

2. MATERIALS AND METHODS 118 

 119 

2.1. Soil 120 

On November 2019, approximately 100 kg of soil were collected from the surface layer in an 121 

orchard established at the Department of Agricultural, Food and Forest Sciences of the 122 

Palermo (Italy) University (38°06’24’’ N, 13°21’06’’ E). The mean organic carbon content, 123 

OC (%), of the upper few centimeters of the soil, determined with the Walkley-Black method, 124 

was equal to 3.1%. 125 

Eight soil samples were collected from the upper 0.1 m of the profile to determine the soil 126 

textural characteristics in the sampled zone for this investigation. For four samples, the soil 127 

particle size distribution was determined using conventional methods following H2O2 pre-128 

treatment to eliminate organic matter and clay deflocculation with sodium hexametaphosphate 129 

and mechanical agitation. Soil was classified as loam in all cases (mean sand, silt and clay 130 

percentages equal to 50.7%, 30.3% and 19.0%, respectively). Soil of the other four samples 131 

was not pre-treated with H2O2 and sodium hexametaphosphate and the sand, silt and clay 132 

percentages were equal to 58.1%, 38.8% and 3.2%, respectively. Therefore, a part of the 133 
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particles smaller than 2 mm was constituted by small aggregates of elementary particles, in 134 

agreement with other soils (Dikinya et al., 2008). 135 

Loamy soils have been used for many experiments with repacked porous media (Viviani and 136 

Iovino, 2004; Assouline, 2006; Bagarello et al., 2006; Armenise et al., 2018; Di Prima et al., 137 

2018; Kargas et al., 2018). Consequently, this investigation was expected to have a rather 138 

general interest. 139 

 140 

2.2. Experimental methods 141 

The soil was transported to the laboratory where it was spread on plastic sheeting and 142 

manually stirred every two days. After approximately a week of air drying, the soil was 143 

passed through a 5 mm sieve and placed in an oven at 60 °C for 24 hours. After that, the soil 144 

was passed through a 2 mm sieve and left exposed to air in the laboratory until use. 145 

Plexiglas cylinders of 9.3 cm in diameter and 15 cm in height were used to prepare the soil 146 

columns for this investigation. Initially, the amount of air-dried soil needed to completely fill 147 

the cylinder without any compaction was found to be equal to 1100 g. Therefore, 1100 g of 148 

soil were used each time to prepare a soil column. Four different packing methods were used. 149 

In particular, with the P1 method, the cylinder was filled up to its upper rim by simply 150 

pouring soil. The soil was then compacted manually by dropping the cylinder repeatedly from 151 

a height of approximately 5 cm. With the P2 method, the soil mass was subdivided into three 152 

equal parts. One third of the soil mass was poured in the cylinder and the soil was compacted 153 

manually by dropping the cylinder repeatedly from a height of approximately 5 cm. The 154 

second part was then poured and the same compaction procedure was applied again. Finally, 155 

the last part of soil was poured into the cylinder and compacted by dropping. Even the P3 156 

method was based on a partition of the soil mass into three equal parts. In this case, however, 157 

one third of the soil mass was poured in the cylinder and the soil was compacted manually by 158 
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a wood pestle that was pressed downward and rotated around its vertical axis. The second part 159 

was then added and the same compaction procedure was applied again. Finally, the last part 160 

of soil was poured and compacted. The P4 method was similar to the P3 method but soil 161 

packing was carried out in six subsequent steps. The final height of all soil columns was equal 162 

to 12.5 cm since this was the smallest height practically attainable with the P1 method. A total 163 

of nearly 150 drops were required to reach this height and performing more drops of the soil 164 

column did no longer alter its height.  165 

Fifteen soil columns were prepared with each packing method. For each column, the saturated 166 

soil hydraulic conductivity, Ks (mm h
-1

), was determined with the simplified falling head 167 

(SFH) technique (Bagarello et al., 2004). A fixed water volume was used for each Ks test to 168 

nearly sample all the soil column while avoiding seepage, that is appearance of free water at 169 

the bottom of the column at the end of the infiltration run. Three estimates of the infiltration 170 

time, ta (h), were obtained for each run. In particular, the ta1 infiltration time was defined as 171 

the time from application of water to the instant when the first point of the infiltration surface 172 

was exposed by the falling water. The ta2 infiltration time was defined by considering the 173 

instant when half the soil surface was visually exposed to air. The ta3 infiltration time, 174 

representing the standard protocol for a SFH experiment (Bagarello et al., 2004), was 175 

determined by considering total disappearance of free water from the soil surface. At the end 176 

of each run, the final length of the soil sample, lf (cm), was measured to detect possible 177 

vertical swelling phenomena promoted by wetting. The depth of the wetting front, dwf (cm), 178 

with respect to the final position of the soil surface was also measured. Final height and 179 

wetting front measurements were performed along four verticals established at a radial 180 

distance of 90° and the four values were averaged to characterize a soil sample.  181 

The first infiltration experiment, denoted as R0 (reuse 0, soil never used before), was 182 

performed from February to June 2020. The period was rather long as a consequence of the 183 
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limitations imposed by the covid-19 pandemic. On a given working day, four columns were 184 

prepared with the tested methods (P1, P2, P3, P4) and the antecedent gravimetric soil water 185 

content, wi, was determined by placing eight replicated samples of 80 g of air-dry soil in an 186 

oven at 105 °C for 24 h. The SFH experiment was performed the day after. With the 187 

exception of the first set of four measurements, for which a water volume of 330 mL was 188 

used, all runs were carried out 300 mL of water. In no case did the wetting front reach the 189 

bottom of the soil column. After the SFH test, the soil was recovered and it was placed in a 190 

container exposed to air. Different containers were used for the four packing methods so that 191 

the soil prepared with the, e.g., P1 method was not mixed with that prepared with another 192 

method. The recovered soil mass in a container was periodically mixed by hands during this 193 

storage period to make air-drying more rapid. 194 

The second infiltration experiment, denoted as R1 (reuse 1, soil already used once), was 195 

performed at the end of July and the beginning of August 2020 since a monitoring of wi 196 

indicated that the soil returned to a water content close to that before the R0 experiment. The 197 

experimental methodology did not change as compared with the R0 experiment. The 198 

consistency between packing methods was maintained in the sense that a given packing 199 

method was applied on the same soil mass. The soil was passed through a 2 mm sieve before 200 

preparing a column. Very small amounts of soil never used before (i.e., in total, a few 201 

hundreds of grams) were added to the available soil mass to be sure that the soil was enough 202 

to prepare another set of 15 columns for each packing method. After the R1 experiment, the 203 

used soil for the P1 packing method was placed again in a container and it remained exposed 204 

to air without any periodic mixing due to the summer closure of the laboratory. 205 

A third infiltration experiment, denoted as R2 (reuse 2, soil already used twice) was 206 

performed at the beginning of September 2020 by only considering the P1 packing method. 207 

The soil in the container appeared rather damp. Therefore, soil drying was forced by placing it 208 
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in an oven at 60 °C for three days. The oven-dried soil was passed through a sieve with 209 

openings of 2 mm and it was left to attain the ambient temperature for 24 h before proceeding 210 

further with determination of wi, preparation of the soil samples and SFH infiltration run. For 211 

the R2 experiment, 40-50 drops were enough to reach a height of the soil sample of 12.5 cm. 212 

 213 

2.3. Calculations and data analysis 214 

The saturated soil hydraulic conductivity, Ks (L T
-1

), was calculated with the SFH equation 215 

(Bagarello et al., 2004): 216 

𝐾𝑠 =
Δ𝜃

𝑡𝑎(1−Δ𝜃)
[

𝐷

Δ𝜃
−

(𝐷+
1

𝛼∗)

1−Δ𝜃
𝑙𝑛 (1 +

(1−Δ𝜃)𝐷

Δ𝜃(𝐷+
1

𝛼∗)
)]      (1) 217 

in which ta (T) is the infiltration time of the applied water volume, V (L
3
),  (L

3
L

-3
) is the 218 

difference between the saturated (s) and the initial (i) volumetric soil water content, D = V/A 219 

(L) is the height of the ponded head of water at t = 0, A (L
2
) is the infiltration surface, and * 220 

(L
-1

) is a soil texture/structure that was fixed at 0.012 mm
-1

 in this investigation (Elrick and 221 

Reynolds, 1992; Concialdi et al., 2020). In this investigation, i and s were determined using 222 

the antecedent gravimetric soil water content, wi (g g
-1

), and the dry soil bulk density, b (g 223 

cm
-3

), assuming that s coincided with the porosity. A direct measurement of b was not 224 

available since the soil used to fill the cylinder was air-dry. Therefore, b was determined by 225 

the following relationship: 226 

𝜌𝑏 =
𝑚𝑠

𝑉𝑡
=

𝑚𝑎𝑑

𝑉𝑡(1+𝑤𝑖)
          (2) 227 

where ms (g) is the mass of the dry soil, Vt (cm
3
) is the bulk volume of the soil sample, and 228 

mad (g) is the mass of the air-dry soil.    229 

A comparison among the nine developed datasets (P1, P2, P3 and P4 packing methods for the 230 

R0 and R1 experiments plus P1 method for the R2 experiment) was initially made with 231 
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reference to both the length of the soil column after the SFH run, lf (L), and the final depth of 232 

the wetting front, dwf (L). The experimental dwf values were also compared with those 233 

predicted theoretically according to Bagarello et al. (2004): 234 

𝑑𝑤𝑓 =
𝑉

𝐴 Δ𝜃
=

𝐷

Δ𝜃
           (3) 235 

The effect of the infiltration time criterion (ta1, ta2, ta3) on calculation of Ks was then tested by 236 

comparing the Ks values obtained with the former two criteria (Ks(ta1) and Ks(ta2), 237 

respectively) with those obtained with the standard SFH protocol, Ks(ta3). 238 

A comparison among the nine Ks datasets obtained with the different packing methods and 239 

soil reuse experiments was finally carried out. 240 

The arithmetic mean and the associated coefficient of variation, CV, were used to summarize 241 

a given dataset. Several comparisons were established between two datasets by performing F 242 

and two-tailed t tests at P = 0.05. A pairwise comparison was preferred to other alternative 243 

statistical tests since establishing differences between, e.g., the P1 and P3 data does not 244 

depend on the information collected with the P2 or P4 packing methods. Unpaired t tests were 245 

performed since a given soil sample was used only once in this investigation. A two tailed t 246 

test at P = 0.05 was also performed to establish statistical significance of the correlation 247 

between two variables. The 95% confidence intervals, ci, for both the intercept and the slope 248 

were also calculated to check departure of the calculated regression line from the identity line. 249 

 250 

3. RESULTS AND DISCUSSION 251 

 252 

3.1. Dry soil bulk density and antecedent soil water content 253 

The soil columns prepared for this investigation had a dry bulk density, b, varying from 1.24 254 

to 1.27 g cm
-3

 (sample size, N = 135; mean = 1.25 g cm
-3

; coefficient of variation, CV = 0.6%) 255 

and an antecedent soil water content, i, ranging between 0.028 and 0.045 m
3
m

-3
 (mean = 256 
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0.041 m
3
m

-3
; CV = 11.7%). The b and i values were nearly constant for the first two 257 

experiments since, for the eight developed datasets (R0 and R1 experiments; P1, P2, P3 and 258 

P4 packing methods; N = 15 for each dataset), the means of b and i fell in the 1.24-1.25 g 259 

cm
-3

 and 0.041-0.042 m
3
m

-3
 ranges, respectively. The soil was a little more compacted (1.27 g 260 

cm
-3

) and drier (0.028 m
3
m

-3
) for the R2 experiment since it was maintained in the oven for 261 

some time before exposure to air. Without this last dataset, the mean and the CV of the 262 

individual b values were 1.25 and 0.4%, respectively, and those of i were 0.042 m
3
m

-3
 and 263 

4.2% (N = 120 in this case). 264 

Therefore, the Ks values corresponding to different packing methods for the R0 and R1 265 

experiments were determined under nearly identical b and i conditions. Similarly, b and i 266 

did not change when a soil never used before (R0) and a soil already used once (R1) were 267 

compared for a given packing method. 268 

 269 

3.2. Length of the soil column 270 

At the end of the SFH infiltration run, the length, lf, of the soil column increased on average 271 

by 8 to 12 mm (initial lf = 12.5 cm), depending on the packing method and the number of 272 

times a given soil mass was used (Table 1). Using the pestle for compacting the soil (P3 and 273 

P4 packing methods) determined less vertical swelling as compared with repeatedly dropping 274 

the cylinder from a small height (P1 and P2 methods). Some differences between the pestle 275 

and the dropping methods were significant but they were always small since they did not 276 

exceed 2 mm regardless of the experiment (R0, R1). Reusing the same mass of soil once (R1) 277 

implied a minimal decrease of lf as compared with a soil that was never used before (R0), 278 

regardless of the packing method (differences by < 3 mm). However, these changes in lf were 279 

statistically significant only for the P2 method. Moreover, the tendency to a decrease of lf was 280 
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not perceivable by considering the R0, R1 and R2 experiments for the P1 packing method 281 

since lf did not change significantly in this case. 282 

Vertical swelling upon wetting is expected in initially dry clay soils (Moutier et al., 1998) and 283 

it was also signaled by Bagarello et al. (2006) and Concialdi et al. (2020), applying the SFH 284 

technique on the same soil of this investigation. According to this experiment, the packing 285 

method influenced the length of the soil column upon wetting only moderately. In particular, 286 

a dry soil sample prepared with a pestle appeared minimally more rigid than that prepared by 287 

dropping. Reusing the soil made the sample length less sensitive to wetting but this last 288 

perception was supported statistically only once. Therefore, the pestle and a soil that has been 289 

subjected to a wetting-drying treatment seem usable to prepare a more rigid sample as 290 

compared with the other considered methodologies (dropping method, soil never used 291 

before). However, the signs leading to this suggestion were overall weak and an equally 292 

plausible alternative interpretation of the data could be that neither the packing method nor 293 

the reuse of a given soil mass should be expected to have a great impact on the final length of 294 

the soil sample.   295 

 296 

3.3. Depth of the wetting front 297 

On average, the depth of the wetting front at the end of the run varied from 10.2 to 10.6 cm, 298 

depending on the packing method and the number of times the same material was reused 299 

(Table 1). The dwf values did not differ among the P1, P3 and P4 methods, regardless of the 300 

used soil (R0, R1), but significantly larger values, at the most by 3 mm, were obtained with 301 

the P2 method for some of the established comparisons. With the pestle, dwf did not change 302 

between the R0 and R1 experiments. With the dropping procedure, dwf increased with the 303 

reuse by a nearly imperceptible and also non-significant amount (1 mm). Applying the P1 304 
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packing method three times (R0, R1, R2) yielded some weak sign that dwf could moderately 305 

increase with additional reuses.  306 

The means of the measured dwf values were 10-15 mm or 11-17% greater than those expected 307 

theoretically according to eq.(3), depending on the packing method and the number of times 308 

the same soil was reused (Fig. 1). The difference between the experimental and the theoretical 309 

means of dwf decreased appreciably when the measured vertical swelling was subtracted from 310 

the experimental dwf value. In particular, differences between means decreased to -1 to 5 mm, 311 

depending on the considered treatment, denoting that the increase of the soil sample length 312 

upon wetting influenced the experimental vs. theoretical comparison of dwf. Even the 313 

corrected dwf value was generally greater than that obtained theoretically (Fig. 1). This result 314 

was not surprising since other investigations suggested that air entrapment in the sampled soil 315 

volume or diffusion of the wetting front can induce a greater depth of wetting than 316 

theoretically predicted (Concialdi et al., 2020).  317 

According to Wells et al. (2007), differences by 4 mm in wetting front depths of 318 

approximately 2 to 6 cm can be considered small and nearly negligible. Adapting the 319 

conclusion by Wells et al. (2007) to this investigation, the effects of the packing method and 320 

the soil reuse on dwf were nearly negligible in practice since differences did never exceed 4 321 

mm. Moreover, the theoretical prediction of dwf by eq.(3) can be considered as a sufficiently 322 

reliable approximation of the vertical distance between the soil surface at the beginning of the 323 

experiment and the final position of the wetting front. This information has practical 324 

importance to determine in advance the amount of water that should be used to explore a soil 325 

layer of a pre-established thickness or to be confident that a one-dimensional infiltration 326 

process is established in the field. 327 

 328 

3.4. Infiltration time criterion 329 
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The mean infiltration time increased from ~7 min with the ta1 criterion to ~12 min with the ta3 330 

criterion. Both Ks(ta1) and Ks(ta2) were significantly related with Ks(ta3), with coefficients of 331 

determination, R
2
, equal to 0.76 for the Ks(ta1) vs. Ks(ta3) relationship (ci for the intercept and 332 

the slope from -40.8 to -8.8 and 1.98-2.41, respectively) and 0.88 for the Ks(ta2) vs. Ks(ta3) 333 

relationship (ci for the intercept and the slope from -15.2 to -1.3 and 1.38-1.56, respectively) 334 

(Fig. 2). Of course, the calculated Ks values were highest with the ta1 criterion and lowest with 335 

the ta3 criterion (Table 2) since the considered run duration for the Ks calculation increased 336 

between these two extremes. On average, the Ks(ta1)/Ks(ta3) and Ks(ta2)/Ks(ta3) ratios were 337 

equal to 1.81 and 1.34, respectively.  338 

According to Elrick and Reynolds (1992), differences in the Ks estimates by a factor of two or 339 

three could be considered small and perhaps negligible for some practical purposes. 340 

Therefore, the applied infiltration time criterion had a minor effect on the Ks values obtained 341 

with the SFH technique, in agreement with Bagarello et al. (2004) concluding that minor 342 

measurement errors in the duration of the infiltration process do not affect appreciably the 343 

determination of Ks. However, the CV of Ks decreased according to the sequence ta1 > ta2 > ta3 344 

(Table 2). Less variability implies more confidence in the reliability of a mean value as a 345 

representative parameter for a given situation (Picciafuoco et al., 2019; Bagarello et al., 346 

2021). Therefore, the original infiltration time criterion by Bagarello et al. (2004) yielded the 347 

most representative mean value of Ks. Consequently, the recommendation is to use the 348 

original infiltration time criterion. More variable, and hence less representative, and slightly 349 

higher estimates of Ks can be expected if alternative criteria are used. In the following, the 350 

Ks(ta3) data were considered and they were denoted for simplicity as Ks. 351 

 352 

3.5. Saturated soil hydraulic conductivity 353 
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The 135 Ks values obtained in this investigation varied from 30 to 189 mm h
-1

, that is by 6.3 354 

times, with a mean and a coefficient of variation, CV, equal to 72 mm h
-1

 and 34%, 355 

respectively. Depending on the packing method and the number of times a given soil mass 356 

was used, the means of Ks varied from 50.8 to 109.7 mm h
-1

, with a ratio between these two 357 

extremes of 2.2, and the CV values ranged between 10 and 36% (Table 1). This initial check 358 

suggested that the packing method and the reuse of the same soil mass moderately influenced 359 

determination of Ks (Elrick and Reynolds, 1992). However, several differences were 360 

statistically significant (Table 1).  361 

 362 

With the soil never used before (R0), the mean of Ks decreased by 2.2 times according to the 363 

sequence P2 > P1 > P3 = P4. Using the pestle instead of the dropping method reduced 364 

variability of Ks but the CV values of the four datasets (from 23% to 36%) remained in the 365 

range denoting a medium variation (Warrick, 1998). The minimum and, especially, the 366 

maximum Ks values of a dataset were smaller with the pestle than by repeatedly dropping the 367 

soil column (Fig. 3a). In particular, the largest discrepancy between the four highest Ks values 368 

was by 2.5 times and it was detected between the P2 and P3 methods. For the four lowest Ks 369 

values, the largest discrepancy was by 1.6 times and it was noticed between the P1 and P4 370 

methods.  371 

With the P1 and P2 methods, solicitations are exclusively oriented downward and compaction 372 

mainly depends on the particle’s vertical mobility into the soil mass. No specific attention is 373 

paid with these packing methods to the contact between the soil and the cylinder. With the P3 374 

and P4 methods, solicitations occur both downward and radially, close to the pressed soil 375 

layer. It appears plausible to believe that the rubbing action by the pestle promoted some 376 

crushing of the small aggregates and it also had a spreading effect that likely improved the 377 

contact between the soil and the cylinder. Therefore, a soil compaction in both the vertical and 378 
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the radial direction yielded a more homogeneous sample and also improved the contact 379 

between the porous medium and the cylinder as compared with a compaction exclusively 380 

performed in the vertical direction. 381 

While the P3 and P4 packing methods yielded equivalent Ks results, a statistically significant 382 

difference was detected between the P1 and P2 methods although the differences were small 383 

and perhaps negligible in practice (means differing by 1.5 times and very similar CV values, 384 

Table 1). Probably, the P2 method yielded higher Ks values than the P1 method because the 385 

soil was added step by step in the former case but all at once in the latter one. Therefore, the 386 

first third of the soil mass was dropped 150 times, the second third was dropped 100 times 387 

and the last third was dropped 50 times. In other terms, parts of the soil mass used to prepare 388 

the sample with the P2 method received less solicitations as compared with the soil treated 389 

with the P1 method. Consequently, compaction was less complete. 390 

 391 

Applying the four packing methods on the reused soil (R1) yielded similar means, since they 392 

differed at the most by 1.3 times (Table 1), and more similar distributions of Ks as compared 393 

with the R0 experiment (Fig. 3b). However, the cumulative distribution for the P1 and P2 394 

methods remained slightly shifted to the right of those for the P3 and P4 methods. In addition, 395 

some differences were statistically significant. In particular, Ks decreased according to the 396 

sequence P2 = P1 > P4 = P3. Even with the R1 experiment, using the pestle instead of the 397 

dropping method reduced the variability of Ks. All means obtained in this second step of the 398 

experiment (61-77 mm h
-1

) fell into the range of the means of Ks obtained with the R0 soil 399 

(51-110 mm h
-1

). Therefore, the effect of the packing method on the determination of Ks was 400 

less noticeable when the experiment was carried out with the R1 soil. 401 

As compared with the R0 experiment, the Ks values obtained on the R1 soil were stable with 402 

the P1 packing method, significantly smaller by 1.4 times with the P2 method and 403 
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significantly larger by 1.2-1.3 times with the P3 and P4 methods (Table 1). Therefore, the P1 404 

method was the most appropriate method to minimize the effect of the reuse of a given soil 405 

mass on detection of the mean Ks value. The reduced sensitivity of this packing method to the 406 

soil pre-treatment was not a fortuitous result since it was confirmed when the same soil mass 407 

was used once again (R2 experiment, Table 1 and Fig. 4a). However, even the significant 408 

differences detected for the other methods were practically small (Elrick and Reynolds, 1992). 409 

In all cases, reusing the same soil mass implied obtaining less variable Ks data. In particular, 410 

reusing the same soil mass determined development of Ks datasets characterized by a low 411 

variation (CV < 15%) in accordance with Warrick (1998). 412 

The soil used for the R1 experiment appeared finer to both the eye and the touch as compared 413 

with the soil of the R0 experiment. Formation of a finer material as a consequence of the first 414 

experiment (R0) appeared plausible since the particle size distribution analysis indicated that 415 

some particles were aggregates of elementary particles and the R0 experiment was carried out 416 

by suddenly wetting an initially dry medium. Therefore, the conditions were favorable to the 417 

occurrence of slaking or other wetting induced soil alteration phenomena (Le Bissonnais, 418 

1996; Martínez-Mena et al., 1998). Homogenization of the soil was also indicated by the 419 

decrease of the CV values of Ks from the R0 to the R1 experiment for all packing methods. 420 

Therefore, the impact of the packing method on the determination of Ks was less noticeable 421 

with a more homogeneous porous medium.  422 

Regardless of the packing method, all Ks values obtained with the R1 experiment fell in the 423 

range of the Ks data obtained with the R0 experiment (Fig. 4). In other words, reusing the soil 424 

consistently implied disappearance of both the lowest and the highest Ks values of a soil never 425 

used before. For the P1 and P2 methods, the Ks distribution for the R1 experiment was located 426 

towards the left end of the corresponding distribution for the R0 experiment. For the P3 and 427 

P4 methods, the distribution for the reused soil was located towards the right end of the 428 
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corresponding distribution for the non-previously used soil. Therefore, the former two 429 

packing methods mainly induced a decrease of the highest measurable values of Ks while the 430 

latter two methods mainly determined an increase of the lowest measureable values of Ks. The 431 

absence of particularly high Ks values could be due to a better contact between the soil and the 432 

cylinder walls promoted by the use of an overall finer soil mass. The lack of particularly low 433 

Ks values could be due to the fact that a finer soil condition did not favor development of low 434 

permeability zones since there was less material that could be destroyed as a consequence of 435 

the rubbing action by the pestle during preparation of the soil column. 436 

 437 

Homogeneity of the replicated measurements of Ks represents the logical expectation of any 438 

investigation carried out in the laboratory on an ideally homogeneous porous medium. 439 

Ideally, nearly constant Ks values should be obtained, regardless of the soil sample, and hence 440 

the CV of the individual measurements should be equal or close to zero. This investigation 441 

showed that the applied procedure to prepare a repacked soil sample has to be taken into 442 

account to reach or to get closer to this objective since the applied packing method and the 443 

pre-treatment of the soil mass can be expected to have a moderate but statistically significant 444 

impact on the Ks values measured in the laboratory with the SFH technique. Using a pestle to 445 

compact the soil is better than repeatedly dropping the soil column since lower CVs were 446 

obtained in the former case than the latter one. It also appears advisable to include, during 447 

pre-treatment of the dry soil, a pre-wetting phase under ponding since it seems to have a 448 

homogenizing effect, likely as a consequence of slaking of the small aggregates that are 449 

present in the sieved soil mass. Moreover, the use of a previously wetted and dried soil mass 450 

makes the packing method a less important experimental factor in the sense that the means of 451 

Ks become more similar among different packing methods as compared with the case of a 452 

sieved but non previously wetted soil. Even in this case, however, the recommendation is to 453 
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use the pestle since it assures the highest uniformity of the results. Of course, a development 454 

of this investigation should be to establish if, for a given packing method, the mean and the 455 

variability of the Ks values stabilize after a certain number of reuses of the same soil mass.  456 

This investigation also suggested that using a given soil mass more than once could not 457 

preclude detection of stable means of Ks, since this result was clear with the P1 packing 458 

method. Therefore, another development should be to verify if dropping repeatedly a cylinder 459 

filled with soil from a small height generally minimizes any reuse effect, at least in terms of 460 

mean results.   461 

An appreciably greater impact of sample preparation with repacked soil on Ks was signaled by 462 

Teng et al. (2019). In particular, these authors concluded that differences in Ks caused by 463 

different soil column preparation methods can be as large as one order of magnitude. The 464 

discrepancy in sample preparation effects between this investigation and that by Teng et al. 465 

(2019) could have different explanations such as differences in the considered soils (loam in 466 

this investigation against silty-clay-loam in that by Teng et al., 2019), the antecedent soil 467 

water content (air-dry against a higher and controlled value), the applied methods to prepare 468 

the soil columns (dropping- and pestle-based methods against Proctor compaction, static 469 

compaction and consolidation) or the Ks measurement technique (SFH against another falling 470 

head technique). In any case, this investigation reinforced the conclusion by Teng et al. 471 

(2019) that the influence of the sample preparation procedure on Ks should not be ignored.   472 

 473 

4. CONCLUSIONS 474 

Performing laboratory measurement of saturated hydraulic conductivity, Ks, of sieved and 475 

packed soil is important for many scientific purposes. The expectation of an experiment with 476 

a nearly homogeneous porous medium is to obtain nearly stable data between replicates since 477 

the variability typical of real soils is purposely removed or minimized in this kind of 478 
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experiments. Packing procedures should be as simple as possible, also considering that the 479 

available equipment and personnel are often scarce in many laboratories.  480 

For a loam soil, this investigation demonstrated that both the packing method and the number 481 

of times a given soil mass is used to prepare a soil sample influence determination of Ks with 482 

the simplified falling head (SFH) technique.  483 

Among the tested packing methods, the suggestion was to use a pestle instead of repeatedly 484 

dropping the soil column from a small height. The pestle establishes both vertical and radial 485 

forces that likely favor rupture of the small soil aggregates present in the sieved soil mass and 486 

also enhance the contact between the soil and the inner walls of the cylinder. Therefore, the 487 

use of this simple device can be expected to improve homogeneity of the measured Ks values 488 

as compared with the dropping method that only exerts a compaction action in the vertical 489 

direction.  490 

Another suggestion was that the soil should be subjected to wetting during the pre-treatment 491 

stage. The soil becomes finer after wetting, probably as a consequence of slaking processes 492 

that destroy, at least in part, the small aggregates. Consequently, variability of the individual 493 

determinations of Ks is reduced.  494 

In this investigations there were also signs that a very stable mean of Ks and homogenization 495 

of the individual data could be expected if the soil is wetted more than once. In particular, if 496 

an experiment is planned with the objective to obtain stable means of Ks regardless of the 497 

recent history of a soil mass, repeatedly dropping the soil column from a small height could 498 

be an appropriate procedure. However, this information is currently limited to a single 499 

packing method. Further tests should be aimed to verify if stabilization of both the mean and 500 

the variability of Ks occurs after a certain number of reuses regardless of the applied packing 501 

method. 502 
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In conclusion, using a pestle and a previously wetted soil could be a good procedure to obtain 503 

reproducible Ks data in the laboratory with the SFH technique. This conclusion applies to an 504 

initially dry loam soil that remains in contact with flowing water for a few minutes after being 505 

suddenly wetted. Therefore, it cannot be generalized to any soil, antecedent soil water content 506 

or laboratory measurement method. In the future, additional experiments on packing and 507 

reuse effects on determination of Ks should be carried out in different experimental 508 

conditions. These tests are necessary since packing a sieved soil mass in a column gives rise 509 

to a pore system that could be expected to easily change depending on the applied 510 

solicitations during both the pre-treatment of the sample and the Ks measurement stage.  511 

According to this investigation, it could be possible to develop simple procedures for 512 

preparing different samples with similar Ks values. 513 

  514 
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Table 1. Mean and coefficient of variation, CV (%), of saturated soil hydraulic conductivity, 635 
Ks (mm h

-1
), final length of the soil sample, lf (cm), and depth of the wetting front with respect 636 

to the final position of the soil surface, dwf (cm), for the P1, P2, P3 and P4 packing methods 637 
applied to soil that was never used before (reuse 0) or it was used once (reuse 1) or twice 638 

(reuse 2) (sample size, N = 15 for given reuse, variable and packing method)  639 
 640 

Variable Reuse Statistic P1 P2 P3 P4 

lf 0 Min 13.2 13.5 13.1 13.1 

  Max 13.9 14.0 14.0 13.8 

  Mean 13.6 ab A 13.7 a A 13.5 b A 13.5 b A 

  CV 1.5 0.9 1.7 1.1 

 1 Min 13.2 13.1 13.1 12.7 

  Max 13.8 13.9 13.7 14.1 

  Mean 13.5 a A 13.4 ab B 13.3 b A 13.4 ab A 

  CV 1.4 1.6 1.6 2.4 

 2 Min 13.2 - - - 

  Max 13.8 - - - 

  Mean 13.6 A - - - 

  CV 1.4 - - - 

dwf 0 Min 9.2 10.1 10.0 9.9 

  Max 11.2 11.6 11.3 11.6 

  Mean 10.2 a A 10.5 b A 10.3 ab A 10.3 ab A 

  CV 4.4 3.4 3.1 3.9 

 1 Min 9.9 10.2 10.0 9.9 

  Max 10.8 11.2 10.5 10.9 

  Mean 10.3 a AB 10.6 b A 10.3 a A 10.3 a A 

  CV 2.5 2.6 1.6 2.8 

 2 Min 10.0 - - - 
  Max 10.7 - - - 
  Mean 10.4 B - - - 
  CV 1.9 - - - 

Ks 0 Min 47.1 44.5 35.4 30.3 

  Max 136.9 189.4 76.0 88.5 

  Mean 75.1 a A 109.7 b A 53.0 c A 50.8 c A 

  CV 31.5 35.8 22.6 26.7 

 1 Min 50.5 58.7 49.4 52.3 

  Max 104.8 103.2 72.8 79.5 

  Mean 73.9 ac A 77.3 a B 61.1 b B 66.6 bc B 

  CV 20.4 16.0 12.3 11.7 

 2 Min 66.3 - - - 

  Max 93.6 - - - 

  Mean 76.6 A - - - 

  CV 9.9 - - - 
P1 method: cylinder filled up to its upper rim and compaction by repeatedly dropping the cylinder. P2 method: 641 
similar to the P1 method but with the soil added in three subsequent steps. P3 method: soil added in three 642 
subsequent steps but compacted with a wood pestle. P4 method: similar to the P3 method but with the soil added 643 
in six subsequent steps. Ks determined with the ta3 infiltration time, representing the suggested infiltration time 644 
for an experiment with the Simplified Falling Head technique (Bagarello et al., 2004). For given reuse and 645 
variable, means followed by a different lower case letter are significantly different according to a two-tailed t test 646 
at P = 0.05. Means followed by the same lower case letter are not significantly different. For given packing 647 
method and variable, means followed by a different upper case letter are significantly different according to a 648 
two-tailed t test at P = 0.05. Means followed by the same upper case letter are not significantly different. 649 

  650 
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Table 2. Minimum, min, maximum, max, mean and coefficient of variation, CV (%), of 651 

saturated soil hydraulic conductivity, Ks (mm h
-1

), obtained by different total infiltration time 652 

criteria (sample size, N = 135) 653 

 654 

Statistic ta1 criterion ta2 criterion ta3 criterion 

Min 37.4 34.2 30.3 

Max 367.1 247.5 189.4 

Mean 132.5 97.0 71.6 

CV 46.0 39.0 33.8 

ta1 = time from application of water to the instant when the first point of the infiltration 655 

surface was exposed by the falling water. ta2 =  time from application of water to the instant 656 

when the half the soil surface was exposed to air. ta3 = time from application of water to the 657 

instant when all free water disappeared from the soil surface. 658 

  659 
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Figure 1. Comparison between the mean values of the experimental and the theoretical depths 660 

of the wetting front, dwf, at the end of infiltration for the four packing methods (P1, P2, P3, 661 

P4) and the replicated experiments with the same soil mass (R0, R1, R2)  662 

 663 
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Figure 2. Comparison between the saturated soil hydraulic conductivity, Ks, values obtained 667 

with different infiltration time criteria (ta1: from application of water to the instant when the 668 

first point of the infiltration surface is exposed by the falling water; ta2: the instant when half 669 

the soil surface is exposed to air is considered; ta3: total disappearance of free water from the 670 

soil surface is considered; sample size, N = 135) 671 
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Figure 3. Cumulative empirical frequency distribution of the saturated soil hydraulic conductivity, Ks, values obtained with four packing 674 

methods (P1, P2, P3, P4) and a soil that  a) was never used before (R0) and b) was previously used once (R1) 675 
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Figure 4. Cumulative empirical frequency distribution of the saturated soil hydraulic conductivity, Ks, values obtained with a soil that was never 680 

used before (R0) or it was previously used once (R1) or twice (R2) and the a) P1, b) P2, c) P3, and d) P4 packing methods  681 
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