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Abstract 
Empirical equations for hydraulic conductivity are widely used, but their ac-
curacy is not universal. Gradation-based methods implicitly represent a typi-
cal packing state, whereas porosity-dependent methods explicitly account for 
variations in porosity, which becomes important in density-sensitive materi-
als. This study compares nine empirical methods against three measured con-
ductivity targets: initial measured conductivity (k_in), standard interpreted 
conductivity (k_std), and final late-stage measured conductivity (k_end), us-
ing a laboratory database comprising filter materials, tills, tailings, and one 
fines-dominated silt. No single equation performed best across all materials 
and all targets. Most methods agreed most closely with initial measured con-
ductivity (k_in), but clear exceptions were observed. Chapuis agreed most 
closely with standard interpreted conductivity (k_std), whereas Beyer agreed 
most closely with final late-stage measured conductivity (k_end). Material do-
main strongly influenced performance. Filter materials favored porosity-de-
pendent methods, tills favoured Beyer, and tailings favoured Kozeny-Carman. 
For the till materials represented in this dataset, Beyer was the strongest gra-
dation-based method and aligned most closely with standard interpreted con-
ductivity (k_std). The main finding is that empirical equations do not repre-
sent one single hydraulic conductivity value. Instead, they tend to correspond 
to different measured conductivity states depending on formulation and ma-
terial domain. The results, therefore, support domain-based method selection 
rather than a universal recommendation. 
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1. Introduction 

Hydraulic conductivity, k, is the proportionality constant in Darcy’s law relating 
discharge velocity to hydraulic gradient under saturated flow conditions. In prac-
tice, the term permeability is often used loosely for the same concept, although 
strictly speaking, hydraulic conductivity also includes the influence of the perme-
ating fluid. Hydraulic conductivity is commonly estimated from particle-size dis-
tribution and density-related parameters using empirical equations. Such meth-
ods remain widely used because they are simple, inexpensive, and often available 
at an early stage of investigation. In dam engineering and earthworks, they are 
also attractive for preliminary material screening and initial assessment when di-
rect test data are limited. Fell et al. [1] show that permeability remains a central 
practical issue in dam engineering, while Cedergren [2] emphasized that values 
derived from empirical relations should be regarded as approximate and that di-
rect test methods are generally preferable when representative determination is 
required. Wenzel [3] likewise distinguished between indirect and direct permea-
bility methods and noted that the indirect methods are generally less accurate. 

Many empirical equations have been proposed, but they differ substantially in 
structure, data requirements, and implied field of applicability. Classic examples 
include Hazen [4], Slichter [5], Kozeny [6], Carman [7], Beyer [8], Shepherd [9], 
Alyamani and Sen [10], and later reformulations or reassessments such as Chapuis 
[11], Odong [12], Wang et al. [13], and Urumovic et al. [14]. Some equations are 
based mainly on a characteristic grain size, such as D10, D15, or D20, whereas others 
also incorporate grading shape, uniformity, porosity, or void ratio. As a result, the 
same material can yield substantially different predicted conductivities depending 
on the equation selected. Comparative studies have repeatedly shown that no sin-
gle empirical method performs best for all materials and that applicability is 
strongly conditioned by the nature of the dataset against which the equations were 
originally developed [12]-[15]. Recent laboratory comparison studies continue to 
identify different best-performing equations for different sand and gravel datasets, 
reinforcing that empirical ranking remains strongly dataset dependent rather than 
universal. 

Empirical equations are often treated as if they predict one generic hydraulic 
conductivity, even though both material type and measurement framework mat-
ter. Differences in grading, packing, density, fines content, and conditioning can 
all affect relative equation performance. A further complication is that measured 
hydraulic conductivity is not always a single unique value. Recent long-duration 
permeability work indicates that a material may reasonably be described by more 
than one measured conductivity target, including an initial conductivity, k_in, a 
standard interpreted conductivity, k_std, and a final conductivity after extended 
hydraulic conditioning, k_end. Empirical equations are nevertheless usually eval-
uated against only one measured value. 

This study compares nine empirical methods against k_in, k_std, and k_end 
using a laboratory database comprising filter materials, tills, tailings, and a fines-
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dominated silt. The aim is not to propose a universal replacement equation, but 
to evaluate a compact set of widely cited methods and determine which conduc-
tivity target each method most closely approximates, and how that relationship 
changes with material domain. 

The main contribution is therefore to evaluate empirical equations against mul-
tiple measured conductivity targets across practical engineering domains and 
thereby provide a basis for domain-based method selection. 

2. Materials and Methods 
2.1. Materials and Dataset Structure 

The study database comprised 17 materials representing four principal engineer-
ing domains: filter materials, tills, tailings, and one fines dominated silt. The filter 
domain included natural filter materials, crushed filter materials, and VSI-derived 
filter materials. The till domain included low-permeability glacial till materials 
used, or considered for use, as impervious core soil in embankment dams. The 
tailings domain included both natural tailings and crushed tailings-related mate-
rials. This grouping was adopted because it reflects practical engineering use and 
because material origin and fabric were expected to influence empirical method 
performance. 

The 17-material database was compiled from closely related laboratory datasets, 
including the long-duration conductivity dataset used for consistency in material 
naming and conductivity-target interpretation. The retained materials were those 
for which the required particle-size distribution data and at least one measured 
hydraulic conductivity target were available in a sufficiently consistent form for 
method comparison. The present dataset therefore represents a structured com-
parison subset rather than all materials from the broader companion dataset.  

 

 
Figure 1. Particle-size distribution curves for the materials included in the empirical com-
parison, grouped by engineering domain. The figure shows the breadth of the dataset across 
filter materials, tills, tailings, and the fines dominated silt case. 
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Table 1. Summary of material descriptors and measured hydraulic conductivity values for the materials included in the study, 
including material ID, domain assignment, principal gradation descriptors, particle density, dry density, modified Proctor maxi-
mum dry density (MDD) where available, and the three measured conductivity targets k_in, k_std, and k_end. Material IDs follow 
the naming convention used for the companion long-duration conductivity dataset. 
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For each material, particle-size distribution data were available together with 
measured hydraulic conductivity targets and, where applicable, density-related de-
scriptors such as porosity or void ratio. Particle density was determined according 
to SS-EN ISO 17892-3 [16] and was used together with dry density to derive po-
rosity and void ratio where relevant. Where modified Proctor data were available, 
maximum dry density (MDD) was determined from ASTM D1557 [17] and used 
together with dry density to calculate relative compaction (RC). The material IDs 
follow a consistent naming convention aligned with the companion long-duration 
conductivity dataset used in this study. Not all methods can be applied to all ma-
terials because some equations require porosity-related inputs, whereas others are 
gradation-based. The comparison, therefore, used the maximum method-by-ma-
terial coverage allowed by the available data. The particle-size distribution curves 
of the 17 materials are shown in Figure 1, and the principal material descriptors 
and measured conductivity targets are summarized in Table 1. 

Operational Definition of Material Domains 
The domains used in this study are operational categories defined from engineer-
ing function and material origin within this dataset, rather than universal classifi-
cation boundaries intended for all soils. The proposed domain-based recommen-
dations should therefore be interpreted for materials like those represented here. 

Filter materials comprise granular materials intended for filter or transition-
zone use. In this dataset, the domain includes eight materials, with Cu ranging 
from about 2.2 to 135, fines content (<0.063 mm) from about 0.5% to 11.1%, D15 
from about 0.12 to 6.3 mm, and measured hydraulic conductivity from about 1.3 
× 10−7 to 3.9 × 10−2 m/s considering k_in, k_std, and k_end together. 

Tills comprise low-permeability glacial till materials used, or considered for use, 
as impervious core soil in embankment dams and other seepage-control zones. In 
this dataset, the domain includes four materials, with Cu ranging from about 16.8 
to 129, fines content (<0.063 mm) from about 13.6% to 37.4%, D15 from about 
0.015 to 0.07 mm, and measured hydraulic conductivity from about 2.6 × 10−8 to 
7.0 × 10−6 m/s. 

Tailings comprise granular mine waste materials produced during mineral pro-
cessing, together with tailings-derived granular materials. In this dataset, the do-
main includes four materials, with Cu ranging from about 7.1 to 16.5, fines con-
tent (<0.063 mm) from about 19.9% to 33.9%, D15 from about 0.02 to 0.04 mm, 
and measured hydraulic conductivity from about 1.5 × 10−6 to 1.4 × 10−5 m/s. 

The fines-dominated silt is treated separately as an illustrative outlier rather 
than as a domain with sufficient coverage for general recommendation. It com-
prises one material with fines content (<0.063 mm) of about 76.3%, D15 of about 
0.007 mm, Cu of about 5.4, and measured hydraulic conductivity from about 1.4 
× 10−8 to 5.2 × 10−8 m/s. 

These ranges are dataset descriptors rather than prescriptive classification 
boundaries. The full material-level descriptors and measured conductivity targets 
are summarized in Table 1.  
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2.2. Measured Hydraulic Conductivity Targets 

In the present paper, k is used consistently to denote hydraulic conductivity. The 
term permeability is used only in a broader historical or conventional sense, for 
example, when referring to permeability tests or to terminology used in older ref-
erences. 

Three measured hydraulic conductivity targets were considered: k_in, k_std, 
and k_end. The underlying reference hydraulic-conductivity tests were performed 
according to ASTM and ISO laboratory permeability procedures, as reflected in 
the cited standards. Here, k_in denotes the initial measured conductivity, k_std 
denotes the standard interpreted conductivity used as the principal reporting 
value in the long-duration test framework, and k_end denotes the final measured 
conductivity at the end of the test. As shown in Table 1, the spread between k_in, 
k_std, and k_end is material dependent and can be substantial within the filter, 
till, and tailings domains. In some cases, the values differ by more than one order 
of magnitude, indicating that the choice of conductivity target can make a real 
difference. 

This distinction was adopted because hydraulic conductivity may evolve during 
testing. An empirical equation may therefore align more closely with an initial, 
intermediate, or later conductivity state depending on both its formulation and 
the material considered. Treating measured conductivity as a single fixed target 
would therefore conceal part of the practical meaning of the comparison. 

2.3. Retained Empirical Equations 

The retained quantitative method set comprises six gradation-based methods and 
three porosity dependent methods. The retained methods were selected to repre-
sent a compact set of established empirical equations that remain widely cited and 
practically used in geotechnical and hydrogeological work. Together, they span 
the main formulation types encountered in the literature, namely gradation based 
and porosity dependent approaches, and could be applied consistently to the 
available dataset.  

In the equations below, hydraulic conductivity is denoted by k and is ex-
pressed in m/s. Particle sizes are expressed in mm, and porosity- or void-ratio 
terms are included where required by the method. Historical method papers are 
cited where relevant for attribution of the original equations. However, several 
of the older sources were not readily accessible in full, and the implemented 
equations were therefore taken from accessible later sources that reproduce, 
summarize, or reassess the original formulations. Where necessary, empirical 
coefficients were used in unit-consistent forms corresponding to the spread-
sheet implementation adopted in the present study. The equations presented 
below should accordingly be understood as the working forms used in the pre-
sent comparison rather than as verbatim reproductions of the original publica-
tions. A compact overview of the retained methods, required inputs, and ap-
plicability notes is given in Table 2.  
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Table 2. Summary of the retained empirical hydraulic conductivity equations, including method family, required input parameters, 
and general applicability notes. 

Method Method family Required inputs General applicability note 

Hazen Gradation based D10 
Best suited to relatively clean, fairly uniform sands; should be used 
cautiously for broadly graded, fines-influenced, or low-permeability 
materials outside the original clean-sand context 

Sherard Gradation based D15 
Primarily intended for granular filter materials in dam engineering; 
most relevant where filter gradation is already a central design 
descriptor 

Beyer Gradation based D10, U or Cu 

Intended for non-uniform sands and granular soils where 
uniformity is expected to influence conductivity; especially useful for 
heterogeneous granular materials within the represented gradation 
range 

Alyamani and Sen Gradation based D10, D50, I0 
Applicable where a fuller representation of grading-curve shape is 
available; more sensitive than simple D10-type methods to the fine 
side of the particle-size distribution 

Shepherd Gradation based D50, C, m 
Regression-style grain-size estimate based mainly on median grain 
size; best regarded as a broad empirical comparator rather than a 
strongly domain-specific design equation 

USBR Gradation based D20 

Historically used in hydrogeological and dam-related practice for 
granular soils; should be used cautiously for materials outside its 
intended calibration range, especially fines-influenced or low-
conductivity soils 

Kozeny-Carman Porosity dependent D10, n 
Best suited to granular soils where porosity data are available and 
pore-geometry effects are expected to matter; less suitable where 
density-related input data are absent 

Chapuis Porosity dependent e, D_R 
Practical porosity-sensitive alternative for soils where void ratio 
and an effective grain-size descriptor are available; particularly 
useful when density effects are expected to influence conductivity 

Slichter Porosity dependent D10, n 
Classical porosity-dependent relation mainly associated with sands 
and other granular soils; most relevant where porosity data are 
available and the material is not dominated by plastic fines 

2.3.1. Gradation-Based Methods 
Hazen 

Hazen [4] is a classical d10-based relation developed for relatively uniform sands. 
It is retained here as a simple and widely recognized gradation-based estimator. 

Commonly cited original or generalized form: 
2

10k Cd=  

Implemented working form used in this study: 
2

100.0116k d=  

Sherard 
Sherard’s relation [18] is commonly used in the filter literature and is particu-
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larly relevant in geotechnical and dam-engineering applications where filter gra-
dation is already central to interpretation. 

Commonly cited original or generalized form: 
2

15k Cd=  

Implemented working form used in this study: 
2

150.0035k d=  

Beyer 
The Beyer method [8], and supporting historical reference in [19], extends the 

basic d10-type approach by incorporating uniformity (here expressed as U). 
It is widely used for natural sediments and is especially relevant for heteroge-

neous or more broadly graded granular materials within its stated range of ap-
plicability. 

Commonly cited original or generalized form: 

2
10 10

500logk C d
U

 =  
 

 

Implemented working form used in this study: 

2
10 10

5000.0006logk d
U

 =  
 

 

Alyamani and Sen 
The Alyamani and Sen method [10] uses both grading-curve shape and charac-

teristic grain sizes. It is therefore more sensitive than the simpler d10-type formulas 
to how the finer portion of the grading curve is represented. The I0 parameter is 
the grading-curve intercept obtained from the straight-line segment between d10 
and d50 on the semi-logarithmic particle-size distribution curve and taken as the 
corresponding intercept on the particle-size axis. In practice, this is equivalent to 
graphically extending the line through d10 and d50 to its intercept or calculating 
the same intercept analytically from the two characteristic sizes. 

Commonly cited original or generalized form: 

( ) 2
0 50 100.025k C I d d = + −   

Implemented working form used in this study: 

( ) 2
0 50 100.01505 0.025k I d d = + −   

Shepherd 
Shepherd [9] proposed a regression-style grain-size relation based on published 

datasets of unconsolidated sediments. The parameters C and m are empirical coef-
ficients. In this study, it is retained as a widely cited gradation-based comparator.  

Commonly cited original or generalized form: 

50
mk Cd=  

Implemented working form used in this study: 
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2.3
500.0001k d=  

USBR 
The USBR method is a classical d20-based relation derived from dam-engineer-

ing practice [14]. Modern reassessments indicate that its commonly used analytical 
form can yield systematically low values if applied uncritically outside its intended 
range, but it remains a useful and widely recognized gradation-based estimator. 

Commonly cited original or generalized form: 
2.3
20k Cd=  

Implemented working form used in this study: 
2.3
200.0036k d=  

2.3.2. Porosity Dependent Methods 
Kozeny-Carman 
Kozeny-Carman [6] [7] is the most established physically motivated permea-

bility relation in the retained set. It explicitly includes the influence of pore struc-
ture through porosity and is therefore well suited as a benchmark porosity de-
pendent method. 

Here, CKC is an empirical coefficient reflecting the chosen unit convention and 
the idealized assumptions embedded in the equation. 

Commonly cited original or generalized form: 

( )

3
2

1021
KC

nk C d
n

 
=  

−  
 

Implemented working form used in this study: 

( )

3
2

1020.0545
1

nk d
n

 
=  

−  
 

Chapuis 
Chapuis [11] reformulated permeability prediction in a compact porosity-sen-

sitive form using void ratio and an effective grain-size descriptor. The equation is 
presented here in the implemented working form used in the spreadsheet calcu-
lations It is retained here as a practical porosity dependent alternative to Kozeny–
Carman. Here, DR is the effective grain-size descriptor used in the method, and in 
the present implementation, DR was taken as the effective diameter d10, consistent 
with the commonly used working form of the Chapuis equation.  

Commonly cited original or generalized form: 

3
2

1

m

R
ek C D

e
  

=   +  
 

Implemented working form used in this study: 
0.78253

20.024622
1 R
ek D

e
  

=   +  
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Slichter 
Slichter [5] is an early porosity dependent relation that remains frequently cited 

in later comparative studies. It is retained as a classical alternative within the po-
rosity dependent group. 

Commonly cited original or generalized form: 
3.287 2

10k Cn d=  

Implemented working form used in this study: 
3.287 2

100.0981k n d=  

2.4. Performance Evaluation 

The method-by-method predicted-versus-measured comparisons are presented 
in Figure 2 panels. Method performance was evaluated by comparing predicted 
and measured conductivity through the ratio k_pred/k_measured. A value of 1 
indicates exact agreement, values greater than 1 indicate overprediction, and val-
ues less than 1 indicate underprediction. 
 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 
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(f) 

 
(g) 

 
(h) 
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(i) 

Figure 2. Measured-versus-predicted hydraulic conductivity for the retained empirical 
equations relative to k_in, k_std, and k_end. The panels show where each method plots in 
conductivity space and whether it aligns more closely with the initial, standard interpreted, 
or final measured conductivity target. Porosity dependent panels include only materials for 
which sufficient density-related input data were available. Panel set: (a) Hazen; (b) Sherard; 
(c) Beyer; (d) Alyamani and Sen; (e) Shepherd; (f) USBR; (g) Kozeny-Carman; (h) Chapuis; 
(i) Slichter. 

 
Hydraulic conductivity often varies by several orders of magnitude. For that 

reason, prediction error is better described by factor difference, that is, by how 
many times a prediction differs from the measured value, rather than by an abso-
lute difference. The comparison was therefore carried out on a logarithmic basis 
so that equal overprediction and underprediction by the same factor were treated 
consistently. 

For each method and conductivity target, the ratio k_pred/k_measured was 
transformed using log10 (k_pred/k_measured), for which zero indicates exact 
agreement, positive values indicate overprediction, and negative values indicate 
underprediction.  

The signed median of this quantity was used as a supplementary bias indicator, 
that is, to show whether a method tends overall to overpredict or underpredict, 
while the median absolute log-ratio was used as the principal error metric. For 
practical interpretation, the corresponding typical factor error was derived from 
the absolute median log-ratio and expresses the typical factor by which predicted 
and measured conductivity differ. For example, a typical factor error of 2 means 
that predictions typically differ from measurements by about a factor of 2. The 
fractions of predictions within factors of 3 and 10 were considered as supplemen-
tary interpretive indicators, but the comparison presented in the main tables and 
figures is based primarily on typical factor error.  

The stated applicability ranges of the empirical equations were taken from the 
original or later authoritative sources where available. Several materials in the pre-
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sent dataset lie partly outside those stated ranges with respect to grain size, grad-
ing, fines content, or data requirements. The equations were nevertheless evalu-
ated across the full dataset to examine both nominal applicability and out-of-do-
main behaviour. The results should therefore be interpreted as comparative em-
pirical performance rather than as strict validation within each method’s origi-
nally intended range. The main domain definitions used for this interpretation 
are summarized in Table 3. 

 
Table 3. Operational domain summary and best performing methods by domain. For each domain, the table gives the number of 
materials, observed descriptor ranges, the best gradation based and porosity dependent methods, the conductivity target most closely 
approximated, and the corresponding typical factor error. 

Domain 
n 

materials 
Cu 

range 

Fines < 
0.063 

mm (%) 

D15 
range 
(mm) 

Measured 
k range 
(m/s) 

Best 
gradation 

based 
method 

Closest 
target 

Typical 
factor 
error 

Best 
porosity 

dependent 
method 

Closest 
target 

Typical 
factor 
error 

Filter 
materials 

8 
2.2 - 
135 

0.5 - 11.1 
0.118 - 

6.3 
1.30E−07 - 
3.91E−02 

Sherard k_end 4.31 Chapuis k_std 2.38 

Till and core 
materials 

4 
16.8 - 
129 

13.6 - 
37.4 

0.0145 - 
0.070 

2.60E−08 - 
6.98E−06 

Beyer k_std 2.61 Slichter k_in 3.94 

Tailings 4 
7.1 - 
16.5 

19.9 - 
33.9 

0.0198 - 
0.039 

1.49E−06 - 
1.43E−05 

Hazen k_std 1.59 
Kozeny-
Carman 

k_std 1.38 

Silt/fines 
dominated 

1 5.4 76.3 0.0072 
1.35E−08 - 
5.18E−08 

Shepherd k_end 1.2 - - - 

 
Because method input requirements differed, the number of valid predictions was 

method-specific. The gradation-based methods were evaluated on all 17 materials, 
whereas the porosity-dependent methods were evaluated only for the subset of ma-
terials with sufficient density-related input data. In the present dataset, this corre-
sponds to 17 valid predictions for the gradation-based methods and 14 valid predic-
tions for the porosity-dependent methods in the global comparison. 

2.5. Material Domains and In-Domain Assessment 

The primary domain grouping used in the study was: 
• Filter materials 
• Tills 
• Tailings 
• Silt/fines dominated 

Sub-domains were used where relevant to distinguish natural filters, crushed 
filters, VSI filters, till materials used as impervious core soil, tailings, and crushed 
tailings-related materials. This domain structure formed the basis for the in-do-
main performance summaries and the practical recommendations derived from 
the comparison. 

Because the recommendations are domain based, the defining properties of 
each domain are made explicit using the number of materials and the observed 
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ranges of the most relevant descriptors, particularly Cu, fines content, D15, and 
measured hydraulic conductivity. These values are intended to show what mate-
rials are actually covered by the present recommendations, not to define universal 
classification boundaries. 

3. Results 
3.1. Dataset Coverage and Predicted-versus-Measured Behaviour 

The dataset spans a broad range of gradations and conductivity levels across filter 
materials, tills, tailings, and one fines dominated silt. Figure 1 shows the particle-
size distributions grouped by domain and illustrates both the breadth of the data-
base and the overlap between some engineering classes. 

Predicted-versus-measured conductivity plots for the retained empirical equa-
tions are presented in Figure 2. These show that method behaviour in conductivity 
space is strongly method-dependent. Some equations plot relatively close to the 1:1 
line for one conductivity target but not for the others, whereas other methods show 
broader scatter or consistent over- or underprediction across the full range. 

3.2. Global Comparison across k_in, k_std, and k_end 

Across the entire dataset, most empirical methods aligned most closely with k_in. 
This was particularly evident for Hazen, Sherard, Alyamani and Sen, Shepherd, 
Kozeny-Carman, and Slichter in the global comparison. Chapuis was the clearest 
exception, aligning most closely with k_std, whereas Beyer aligned most closely 
with k_end. 

Figure 3 summarizes the global comparison using typical factor error for each 
method against k_in, k_std, and k_end. The figure shows that method ranking 
depends not only on the selected equation but also on the conductivity target used 
for comparison. No single equation performed best across all three targets. A com-
pact summary of the retained methods themselves is given in Table 3. 

 

 
Figure 3. Typical factor error for the retained empirical hydraulic conductivity methods 
relative to k_in, k_std, and k_end for the entire dataset. Lower values indicate closer agree-
ment between predicted and measured conductivity. Vertical reference lines indicate fac-
tors of 3 and 10. 
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3.3. Domain Dependence 

Performance varied strongly by material domain. Figure 4 summarizes the best 
performing gradation based and porosity dependent methods for each main do-
main, and Table 3 gives the corresponding domain ranges, closest targets, and 
typical factor errors in tabulated form. Filter materials favoured porosity depend-
ent methods, tills favoured Beyer, and tailings favoured Kozeny-Carman, while 
several gradation-based methods also performed well in the tailings domain. 
 

 
Figure 4. Best-performing methods by domain, showing the strongest gradation based and 
porosity dependent methods for the three multi-material domains using typical factor error 
at the conductivity target they most closely approximate. Lower values indicate closer 
agreement. The parenthetical term in each label identifies the conductivity target most 
closely approximated. 

 
Within the filter domain, the porosity dependent methods gave substantially 

lower typical factor errors than the gradation-based methods. Within the till do-
main, Beyer was the strongest gradation-based method and compared favourably 
with the retained porosity dependent alternatives. Within the tailings domain, 
Kozeny-Carman performed best overall, but Hazen and USBR also gave compar-
atively strong results among the gradation-based equations. 

4. Discussion 
4.1. No Universal Best Method 

The results show that no single empirical equation performed best across all ma-
terials and all conductivity targets. This is consistent with the broader empirical-
equation literature, where multiple formulations continue to coexist and no uni-
versally applicable PSD-based method has emerged. This comparison reinforces 
that the apparent success of a given equation depends on both the measured con-
ductivity target and the material class to which it is applied. 

The domain-specific rankings should also be interpreted with appropriate cau-
tion because two of the domains contain only four materials and the fines domi-
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nated silt domain contains only a single material. Accordingly, the “best method” 
labels reported here should be understood as conditional on the present dataset 
rather than as universal recommendations. In particular, the single-material silt 
case is included as an illustrative outlier and is not sufficient to support a broader 
domain-level recommendation. 

4.2. Why Target Conductivity Matters 

The distinction between k_in, k_std, and k_end proved important. If only one 
measured conductivity had been used as the comparison target, several method-
specific relationships would have been obscured. The global comparison showed 
that most methods aligned most closely with k_in, but this was not universal. Cha-
puis aligned more closely with k_std, whereas Beyer aligned more closely with 
k_end. This indicates that empirical equations should not be interpreted simply 
as predictors of hydraulic conductivity in the abstract. Rather, they appear to ap-
proximate different stages or states of measured conductivity evolution. More 
broadly, the comparison highlights the need for transparent guidance on when a 
hydraulic conductivity test should be considered complete or sufficiently stabi-
lized for reporting, because different stopping points may produce materially dif-
ferent conductivity values. 

4.3. Why Domain Matters 

The domain-based comparison showed clear differences between filter materials, 
tills, and tailings. Part of this variation is likely related to application outside the 
original data domain of some equations. This is particularly relevant for broadly 
graded, fines-influenced, or low-conductivity materials, for which several classical 
formulas were not originally developed. 

The filter domain strongly favoured porosity dependent methods, which is con-
sistent with the importance of packing and pore geometry in relatively clean gran-
ular materials. In contrast, tills favoured Beyer, suggesting that incorporation of 
grain-size heterogeneity through uniformity may be particularly useful in lower-
conductivity granular soils. Tailings showed strong performance from Kozeny–
Carman, but also comparatively good performance from several gradation-based 
methods, indicating that this material class cannot be reduced to a single empirical 
behaviour. It should be noted that the tailings subset evaluated in the present study 
is limited in size. Subsequent analysis using an expanded dataset of non-plastic 
tailings-derived silty sands indictes that Sherard may provide a more robust gra-
dation-based relation than Hazen, and that Slichter may outperform Kozeny-Car-
man among porosity-dependent methods within that restricted domain. These 
refinements do not contradict the present findings but rather reflect reflect im-
proved resolution obtained from a larger and more domain-focused dataset. For 
preliminary assessment, the combined use of Hazen, Sherard, Slichter, and 
Kozeny-Carman may therefore be used to establish a bounded estimation range 
for tailings-derived materials. A related pattern was observed by the author in ear-
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lier infiltrometer and laboratory permeability comparisons on Swedish dam-re-
lated soils, where Hazen’s equation with the commonly used C = 0.01 consistently 
overestimated hydraulic conductivity and better agreement was obtained with 
substantially lower effective C-values, approximately 0.0024 to 0.0043 [20]. In that 
small dataset, this corresponds approximately to reducing a factor error of about 
3.8 to about 1.25. One of those low-conductivity soils belonged to the same source 
material family as material A in this study, although it was tested separately and 
at higher fines content. 

4.4. Practical Implications 

From a practical standpoint, the results suggest that empirical equations should 
be selected by material domain rather than applied universally. Where porosity or 
void-ratio data are available, porosity dependent methods may provide substantial 
improvement in some domains, particularly for filter materials. Where only grain-
size data are available, the results support continued use of gradation-based meth-
ods, provided that the material domain and the likely conductivity target are con-
sidered explicitly. This is not only a statistical issue. Errors of one order of mag-
nitude or more in estimated hydraulic conductivity may have real practical impli-
cations for seepage assessment, material screening, and preliminary design deci-
sions. 

For the till materials represented in this dataset, Beyer provided the most accu-
rate overall performance and aligned most closely with standard interpreted con-
ductivity (k_std), making it the preferred gradation-based method within this do-
main. 

4.5. Limits for Fines Dominated Soils 

The fines dominated silt case showed that some gradation-based methods can, in 
individual cases, give close agreement with measured conductivity. More broadly, 
the present comparison intentionally includes both within-domain and out-of-
domain applications, because in practice these equations are often used beyond 
their original development range. However, only one such material was repre-
sented, and porosity dependent methods could not be evaluated for that case. No 
general recommendation can therefore be made for fines dominated soils based 
on the present dataset. 

5. Conclusions 

• Empirical performance depended on both the selected equation and the meas-
ured conductivity target used for comparison. 

• No single equation performed best across all materials and conductivity tar-
gets. Most methods aligned most closely with initial measured conductivity 
(k_in), but clear exceptions were observed. 

• Material domain was strongly influential. Filter materials favoured porosity 
dependent methods, tills favoured Beyer, and tailings showed strongest agree-
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ment with Kozeny-Carman within the present dataset. For tailings-derived 
materials, these results should be interpreted as preliminary, pending confir-
mation from larger domain-specific datasets. 

• In the till subset, Beyer was the clearest gradation-based choice and aligned 
most closely with standard interpreted conductivity (k_std). 

• The results support domain-based method selection rather than a universal 
recommendation. Where density-related data are available, porosity depend-
ent methods should generally be preferred, especially for filter materials. 

• Overall, empirical equations do not predict one single abstract hydraulic con-
ductivity value. Instead, they tend to align with different measured conductiv-
ity states depending on formulation and material domain. 
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List of Notations 

k hydraulic conductivity, m/s 

k_pred predicted hydraulic conductivity, m/s 

k_measured measured hydraulic conductivity, m/s 

k_in initial measured hydraulic conductivity, m/s 

k_std standard interpreted hydraulic conductivity, m/s 

k_end final measured hydraulic conductivity, m/s 

Dx 
particle size corresponding to x% passing, for example D10, D15, 
D17, D20, D30, D50, and D60, mm 

Cu coefficient of uniformity 

n porosity 

e void ratio 

U uniformity coefficient used in the Beyer equation 

I0 
intercept parameter derived from the grading curve in the Alyamani 
and Sen equation 

C and m empirical coefficients in the Shepherd equation 

CKC empirical coefficient in the adopted Kozeny-Carman working form 

DR effective grain-size descriptor used in the Chapuis equation 

RC relative compaction (%), defined as ρd/MDD x 100 

MDD 
Maximum dry density obtained from Modified Proctor compaction 
testing (Mg/m3), determined in accordance with ASTM D1557 

ρs 
particle density (Mg/m3), determined in accordance with SS-EN ISO 
17892-3:2016 

ρd dry density (Mg/m3) 
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