
1 
 

Electronic Delivery 
February 6, 2024 
Mr. Richard S. Novak, Chair 
Sherborn Zoning Board of Appeals  
Town Hall 
19 Washington Street 
Sherborn, MA 01770 
 
RE: Proposed Farm Road Homes, Sherborn, MA 
 55-65 Farm Road, Sherborn, MA 
 Review of Predicted K Values 
  
Dear Mr. Novak: 
 

Thank you for hearing my comments at the February 5, 2024 joint meeting with the Board of Health and the ZBA. As 
requested at the meeting, below is a summary of my concerns with regard to the hydraulic conductivity analysis, 
mounding, and nitrogen (and other contaminant) transport values used by the Farm Road Homes developer in the 
February 2, 2024 Creative Land & Water Engineering, LLC  (CLAWE) responses to the ZBA Civil Engineering Peer 
Review Letter of October 27, 2023 (Tetra Tech),  as well as the CLAWE Appendix Supplementary Data for 
Groundwater Mounding Analysis and Updated Groundwater Mounding Analysis.   

The use of mathematical formulas to predict true hydraulic conductivity (K) is limited, and needs to be confirmed 
in the field in the actual area of the proposed soil absorption system, in order to more accurately define the K 
value. This is due to many factors including natural stratigraphic layers in the subsurface, gradation of the soils, the 
inability of the formulas to consider all relevant soil characteristics, and other factors that in-situ field testing can 
provide. In the case of the method used for Farm Road Homes, the published limitations of the model as well as 
the results of the Particle Size Distribution Report (sieve analyses), the analysis completed to determine K for the 
Farm Road Homes project is not valid as I discuss below.  

For a project of this magnitude in our town, the mathematical modeling conducted to date needs to be backed up 
with field testing to gain relevant data on the ability of the soils at the site to manage the large volume of septic 
waste proposed for this project (8,360 gal/day). I have attached and summarized below technical articles on the 
insufficiency of the Hazen and various other predictive models to determine hydraulic conductivity values. 
Changes in variables that are applied to the predictive equations can dramatically change the resulting K value. 

The importance of determining a valid K value cannot be overemphasized in predicting mounding, the ability of soil 
to treat septic waste, transport of contaminants, and even the risk of ground surface breakthrough of septic waste. 
There are critical limitations to the methods used by the developer to determine the capacity of the soil to accept 
and treat the volume of sewerage proposed. In fact, the Hazen method used to determine the K value is not valid 
for the soil conditions at the Farm Road Homes site as discussed herein.  A properly designed and implemented 
field testing program is necessary to determine K values, including field (not laboratory) falling head or static head 
borehole permeability testing, aquifer pump tests or a combination of these.   

Obviously, I do not know now what the outcome of the field hydrological assessments will show. But I believe that 
proper in situ hydrogeologic field testing is necessary to reflect the real K value at the site.   
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Published K values and C coefficient values 

Attached to this letter are published K values for different soil types (Applied Hydrogeology, Third Edition, C.W. 
Fetter, 1994 pg.98). Based on the developer’s grain size analyses conducted and descriptions of the soil at Farm 
Road Homes, the range of hydraulic conductivity that can be anticipated at the site is 10-3 to 10-5  cm/sec for silty 
sands, fine sands. This corresponds to a K value of roughly 0.3 ft/day to 0.003 ft/day. The K value developed and 
used by Farm Road Homes is 24 ft/day.    

Also attached is a table from the same textbook that presents “C” coefficient values used in the Hazen formula: K = 
C (D10)2. The published C value for fine sand with appreciable fines is 40-80, and for medium well sorted sand it is 
80-120 (although the soil at the site is not well sorted, therefore the lower numbers are likely more applicable). The 
C coefficients used in the Farm Road Homes analysis of samples S-1 and S-2 to determine the K value were 93 and 
143, respectively.         

 

Articles on the Applicability of Formulas to Predict K Values 

A few articles are attached to this letter that discuss the deficiency in using formulas only to predict hydraulic 
conductivity. The article titled “Evaluation of Actual and Estimated Hydraulic Conductivity of Sands with Different 
Gradation and Shape” describes and reviews various formulas to estimate hydraulic conductivity including the 
Hazen method and eight other methods. I highlighted some portions of the attached text. The limitations of use for 
the Hazen method include the need to review the cu value of the soil, the uniformity coefficient, in order to evaluate 
whether the Hazen method can be used. The cu value is the ratio of the 60% finer grainsize (D60) to the 10% finer 
grainsize (D10) value, and provides a value of the relative uniformity of the soil (D60/D10). As noted on Table 4 pg. 5 
of the article, the limitations of the Hazen formula are that the cu value should be less than 5. The Hazen method is 
only applicable to uniform soils. The samples from the Farm Road Homes soil absorption system S-1 and S-2 had 
cu values of 52 and 120, respectively, significantly greater than 5. This is consistent with the descriptions of the soil 
and the sieve analysis results which show a heterogeneous mixture of soil with gravel, sand and silt grain sized 
materials (as opposed to a uniform sand, for example). Sample S-1 has 41% gravel, 52% sand, and 7% silt/fines, 
and S-2 has 38 % gravel, 43% sand, and 18% silt/fines. The Hazen method is not a valid predictive model to use 
to find K values for the soil at Farm Road Homes. The Farm Road Homes analysis also referenced a Kenney 
method of estimating K. Kenney was not one of the nine methods explored in this article, and I did not find relevant 
literature that would support the use of this formula to determine hydraulic conductivity at the site.   

Conclusions of the article were that applications of these “empirical formulae to the same porous medium 
material can yield different values of hydraulic conductivity because of the difficulty of including all possible 
variables in porous media.” Nine equations to predict K values were reviewed and the same conclusions were 
drawn regarding the limitations of formulas to predict true hydraulic conductivity.  

Another article attached titled “Assessing Hydraulic Conductivity of Soils from Particle Size Data” highlights some 
of the potential pitfalls if K values are derived from the Hazen method, and if the values are used in dewatering 
design and other geotechnical problems. This article discusses that features of the soil pores including the size 
distribution and tortuosity of the pore spaces, and the shape and roughness of the soil particles can not be 
measures by gradation (sieve) analyses and formulas. The article also describes that Hazen’s rule was not 
designed for naturally existing soil at all, it was intended for granular filter media for water treatment systems. 
Hazen himself stated that his rule was applicable over the range of D10 particle size 0.1mm to 3.0 mm and “for 
soils having a uniformity coefficient (D60/D10) less than five.” (pg. 3). The article also discusses general pitfalls of 
using formulas to predict K values including the effects of soil structure or fabric (pg. 7).  
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The last attachments to this letter are pages from the Farm Road Homes S-1 and S-2 sample sieve analyses and 
permeability estimates calculation sheets for reference.  

In summary, the predictive mathematical models are just a first glance at the possible range of hydraulic 
conductivities of the soils and do not replace solid field hydrologic studies. Published coefficients and values used 
in formulas to calculate K values have large ranges, and results can vary widely by several orders of magnitude 
depending on the values selected. There are also other limitations to the hydraulic conductivity calculations and 
restrictions on the appropriateness of their use (uniformity of grain size), and the Hazen method is not an 
appropriate model to use for soils at the Farm Road Homes site.  

Oversimplified predictive phase analysis and calculations alone are not sufficient to design the sewerage 
treatment system at the Farm Road Homes site. Not discussed in this letter are the added loads from the nearby 
upgradient proposed stormwater detention Basin A that is approximately 100 feet to the north. Review of the other 
proposed stormwater management systems is also not covered in this letter. Field hydrogeological studies are 
needed to properly identify appropriate K values in an effort to design an appropriate and successful soil 
absorption system for a wastewater treatment system of the size proposed by Farm Road Homes.  

   
      Sincerely,  

       
      Andrea D. Stiller, LSP 
       
 
 
Attachments 
 Published Ranges in Hydraulic Conductivities (Applied Hydrogeology, Third Edition, C. W. Fetter, pg.98)  
 Hazen method C coefficient values (Applied Hydrogeology, Third Edition, C. W. Fetter, pg.99) 

Article: Evaluation of Actual and Estimated Hydraulic Conductivity of Sands with Different Gradation and 
Shape, Ali First Cabalar and Nurullah Akbulut, National Library of Medicine, 2016 
Blog: Assessing Hydraulic Conductivity of Soils from Particle Size Data, Preene Groundwater Consulting, 
2014   

 Excerpts from Farm Road Homes CLAWE S-1 and S-2 Sieve Analyses and K Estimate Calculations 
  
 
cc: Ms. Daryl Beardsley, Chair, Sherborn Board of Health 
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Abstract

Hydraulic conductivities of sands with different gradation and grain shape were estimated
experimentally at a relative density (D ) of about 40 % and a 22 ± 2 °C of constant temperature.
Narli Sand (NS) with 0.67 of sphericity (S) and 0.72 of roundness (R), and Crushed Stone Sand (CSS)
with 0.55 of S and 0.15 of R values were artificially graded into sixteen different grain-size fractions
(4.75–2, 2–1.18, 1.18–0.6, 0.6–0.425, 0.425–0.3, 0.3–0.075, 4.75–0.075, 2–0.075, 1.18–0.075, 0.6–
0.075, 0.425–0.075, 4.75–0.6, 2–0.6, 4.75-0.425, 2–0.425, 1.18–0.425 mm). Hydraulic conductivities
of the NS estimated by use of constant head test ranged from 1.61 to 0.01 cm/s, whilst those of the
CSS estimated by the same test ranged from 2.45 to 0.012 cm/s. It was observed that the hydraulic
conductivity values of the NS are lower than those of the CSS samples, which is likely to be the
result of differences in shape, particularly in R values. The results clearly demonstrated that the
hydraulic conductivity can be significantly influenced by grading characteristics (d , d , d , d ,
d , c , c , n, I ). Furthermore, comparisons between results obtained in the present study and
hydraulic conductivity estimated with other formulas available in the literature were made. The
comparisons indicated that the best estimation of hydraulic conductivity changes based on the
gradation and shape properties of the sands tested.

Keywords: Hydraulic conductivity, Sand, Gradation, Shape

Background

Hydraulic conductivity, which represents the ability of a porous media to transmit water through its
voids, is one of the most significant key parameters of geomaterials for many natural phenomena
including the management of water resources, drinking water supply, safety of waste repositories,
basin-scale hydrogeologic circulation, stability analyses, and many other problems on subsurface
hydrology and geotechnical engineering (Terzaghi and Peck 1964; Moore et al. 1982; Wintsch et al.
1995; Person et al. 1996; Boadu 2000; Chapuis 2012). There have been attempts to estimate
hydraulic conductivity based on grain size distribution (Mualem 1976; Freeze and Cherry 1979;
Uma et al. 1989; Salarashayeri and Siosemarde 2012). Empirical (Hazen 1911; Krumbein and Monk
1942; Alyamani and Sen 1993) and predictive methods (Kozeny 1927; Carman 1937; Boadu 2000;
Goktepe and Sezer 2010) of estimating the hydraulic conductivity using quantitative relations have
been developed in the literature. A commonly accepted equation was proposed by Hazen (1911)
and given k = cd  for predicting the hydraulic conductivity of saturated sands. Where k is
hydraulic conductivity, c is constant, and d  is effective diameter at which 10 % of the grains are
finer. Krumbein and Monk (1942) gave an expression for the hydraulic conductivity of
unconsolidated sands by an empirical equation of the form k = (760d )exp(−1.3σ ), where d  is
geometric mean diameter by weight in millimetres, σ  is standard deviation of the ψ distribution
function. Masch and Denny (1966) proposed the use of d  median grain size as the representative
size to correlate hydraulic conductivity with grain size. Kozeny (1927) and Carman (1937), which is
widely accepted derivation for hydraulic conductivity, developed a semi-empirical formula for
predicting the permeability of porous media. Koltermann and Gorelick (1995) stated that the use of
geometric mean overpredicts hydraulic conductivity by several orders of magnitude for soils with
significant fines content, whilst the harmonic mean grain size under predicts k by several orders of
magnitude for soils with less fines content. Shepherd (1989) performed a series of statistical power
regression analyses on 19 sets of published data on hydraulic conductivity of unconsolidated
sediments versus grain size. Alyamani and Sen (1993) proposed an equation based on analysis of
32 samples incorporating the initial slope and the intercept of the grain-size distribution curve.
Sperry and Peirce (1995) developed a model for delineating the significance of particle size/shape,
and porosity in explaining the variability of hydraulic conductivity of a granular porous medium.
Ishaku et al. (2011) have employed several empirical formulae to specify the hydraulic conductivity
of aquifer materials in the field. Although many different techniques have been proposed to
determine hydraulic conductivity value, including field methods, applications of these empirical
formulae to the same porous medium material can yield different values of hydraulic conductivity
because of the difficulty of including all possible variables in porous media (Vukovic and Soro
1992).

It has been long understood that grain shape characteristics have a significant effect on certain
engineering properties of soils (Terzaghi 1925; Gilboy 1928; Lees 1964; Olson and Mesri 1970;
Abbireddy et al. 2009; Clayton et al. 2009). Terzaghi is one of the first engineers to perform a
research to understand the influences of shape characteristics by employing flat-grained
constituents (Terzaghi 1925). The observations, conducted by Gilboy (1928), that any system of
analysis neglecting the effect of grain shape would be incomplete. Numerous researches have been
conducted due to the significance of grains’ shape and its role in the behaviour of soils for both
practicing engineers and researchers. Holubec and D’Appolonia (1973) indicated that the results of
dynamic penetration tests in sands depend on grains’ shape characteristics. Cornfort (1973), and
Holtz and Kovacks (1981) pointed out how grain shape affects the internal friction angle (φ).
Cedergen (1989) stated that grain shape affects the permeability. Grain shape also plays an
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important role in liquefaction potential (Kramer 1996). Wadell (1932), Krumbein (1941), Powers
(1953), Holubec and D’Appolonia (1973), Youd (1973), and Cho et al. (2006) have introduced
detailed explanations of grain shape. Two independent properties are basically used to describe the
shape of a soil grain: (1) Roundness, a measure of the extent to which the edges and corners of a
grain has been rounded (2) Sphericity (form), a measure of the extent to which a grain approaches a
sphere in shape. Wadell (1932) proposed a simplified sphericity (S) parameter (D /D ),
where D  is the diameter of a maximum inscribed circle and D  is the diameter of a
minimum sphere circumscribing a gravel particle. Wadell (1932) defined roundness (R) as D

/D , where D  is the average diameter of the inscribed circle for each corner of the
particle. Figures 1, 2 and 3 describe R, S and a chart for comparison between them to identify grain
shape (Krumbein 1941; Powers 1953).

Fig. 1

Graphical representation of roundness, R (redrawn from Muszynski and Stanley, 2012)

Fig. 2

Graphical representation of sphericity, S (redrawn from Muszynski and Stanley, 2012)

Fig. 3

Comparison chart (Santamarina and Cho 2004)

Although many field and laboratory determinations of hydraulic conductivity have been performed
by engineers, geologist, hydrogeologist, and soil scientists, the fundamental relationships between
the gradation and shape properties of grains and flow through them remain poorly understood and
inadequately quantified. Actually, these approaches cannot yield consistent results with respect to
actual hydraulic conductivity values. Therefore, this study aims to evaluate a new conceptual
approach for quantifying the inherent coupling between gradation/shape of sand grains changes
and hydraulic conductivity by exploiting constant head permeability tests on sixteen different
grain-size fractions (4.75–2, 2–1.18, 1.18–0.6, 0.6–0.425, 0.425–0.3, 0.3–0.075, 4.75–0.075, 2–0.075,
1.18–0.075, 0.6–0.075, 0.425–0.075, 4.75–0.6, 2–0.6, 4.75–0.425, 2–0.425, 1.18–0.425 mm) of sands
having two distinct shapes (rounded and angular). Furthermore, comparisons between results
obtained in the present study and hydraulic conductivity estimated with other formulas available in
the literature were made.

Experimental study

The materials used in the tests described in this study were Narli Sand (NS) and Crushed Stone
Sand (CSS) having the distinct shapes and sizes falling between 4.75 and 2 mm, 2 and 1.18 mm, 1.18
and 0.6 mm, 0.6 and 0.425 mm, 0.425 and 0.3 mm, 0.3 and 0.075 mm, 4.75 and 0.075 mm, 2 and
0.075 mm, 1.18 and 0.075 mm, 0.6 and 0.075 mm, 0.425 and 0.075 mm, 4.75 and 0.6 mm, 2 and
0.6 mm, 4.75 and 0.425 mm, 2 and 0.425 mm, 1.18 and 0.425 mm. Narli Sand (NS) was quarried in
and around Narli, Kahramanmaras in southern-central of Turkey. A commercially available Crushed
Stone Sand (CSS) was supplied from the same region of Turkey, which is widely consumed in
earthworks in the region. The specific gravity of the grains were found to be 2.65 for Narli Sand, and
2.68 for Crushed Stone Sand. Scanning Electron Micrograph (SEM) pictures show the physical
differences/similarities among the sands used during this investigation (Fig. 4). As can be seen from
the Fig. 4, Narli Sand grains have rounded, whereas the Crushed Stone Sand grains have angular
shape. Figure 5 indicates the grain size distribution of the sands used during the experimental
study. Roundness (R) and sphericity (S) estimations based on the study by Muszynski and Stanley
(2012) were found to be 0.43, 0.67, and 0.16, 0.55 for the NS and CSS grains, respectively. The sands
were tested in a constant head permeability testing apparatus at a relative density (R ) of about
40 % and constant room temperature (20 ± 2 °C). The specimens, which were placed in a perspex
cylindrical cell of about 50 cm  cross-sectional area (A), rest on a wire mesh at bottom of the cell.
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The volume of the water (q) flowing during a certain time (t) is measured, when a steady vertical
water flow, under a constant head, is maintained through the soil specimen. Then, k values of the
specimens tested were calculated using Darcy’s law (k = ql/Ah). Tables 1 and 2 present some
physical characteristics of the NS and CSS samples, respectively. As can be seen from these tables
the hydraulic conductivity is affected by grading characteristics d , d , d , d , d , c , c , n, and I .

Fig. 4

SEM pictures of the (top) CSS and (bottom) NS used during the experimental study

Fig. 5

Grain size distributions for the sands used during the experimental study

Table 1

Some physical characteristics of the NS samples

Gradation
(mm)

d
(mm)

d
(mm)

d
(mm)

d
(mm)

d
(mm)

c c n e e e

4.75–2 2.20 2.40 2.60 3.10 3.30 1.50 0.93 0.46 0.95 0.70 0.86

2–1.18 1.25 1.30 1.38 1.63 1.70 1.35 0.89 0.45 0.92 0.66 0.82

1.18–0.6 0.64 0.69 0.74 0.84 0.90 1.41 0.93 0.44 0.85 0.62 0.77

0.6–0.425 0.43 0.45 0.47 0.50 0.51 1.19 1.00 0.42 0.79 0.60 0.72

0.425–0.3 0.32 0.33 0.34 0.35 0.37 1.16 0.98 0.37 0.61 0.52 0.60

4.75–
0.075

0.33 0.44 0.59 1.00 1.45 4.39 0.73 0.47 0.97 0.70 0.87

2–0.075 0.24 0.36 0.46 0.69 0.87 3.63 1.01 0.45 0.92 0.63 0.82

1.18–
0.075

0.17 0.31 0.38 0.50 0.59 3.47 1.44 0.44 0.89 0.61 0.79

0.6–0.075 0.13 0.20 0.31 0.39 0.43 3.27 1.74 0.41 0.80 0.52 0.70

0.425–
0.075

0.11 0.16 0.22 0.32 0.34 3.09 1.29 0.39 0.74 0.44 0.63

0.3–0.075 0.09 0.10 0.12 0.16 0.18 2.07 0.92 0.36 0.63 0.42 0.56

4.75–0.6 1.00 1.33 1.60 2.20 2.60 2.60 0.98 0.43 0.83 0.59 0.74

2–0.6 0.69 0.79 0.90 1.18 1.33 1.93 0.88 0.40 0.76 0.52 0.67

4.75–
0 425

0.70 1.10 1.40 2.00 2.30 3.28 1.22 0.34 0.57 0.42 0.52

Table 2

Some physical characteristics of the CSS samples

Gradation
(mm)

d
(mm)

d
(mm)

d
(mm)

d
(mm)

d
(mm)

c c n e e e

4.75–2 2.20 2.40 2.60 3.10 3.30 1.50 0.93 0.51 1.12 0.83 1.02

2–1.18 1.25 1.30 1.38 1.63 1.70 1.35 0.89 0.50 1.08 0.82 0.99

1.18–0.6 0.64 0.69 0.74 0.84 0.90 1.41 0.93 0.49 1.04 0.80 0.96

0.6–0.425 0.43 0.45 0.47 0.50 0.51 1.19 1.00 0.48 0.88 0.75 0.83

10 20 30 50 60 u c o

10 20 30 50 60 u c max min test

10 20 30 50 60 u c max min test
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0.425–0.3 0.32 0.33 0.34 0.35 0.37 1.16 0.98 0.45 1.08 0.80 0.98

4.75–
0.075

0.33 0.44 0.59 1.00 1.45 4.39 0.73 0.48 1.02 0.69 0.91

2–0.075 0.24 0.36 0.46 0.69 0.87 3.63 1.01 0.48 1.03 0.69 0.91

1.18–
0.075

0.17 0.31 0.38 0.50 0.59 3.47 1.44 0.46 0.97 0.64 0.86

0.6–0.075 0.13 0.20 0.31 0.39 0.43 3.27 1.74 0.44 0.91 0.56 0.79

0.425–
0.075

0.11 0.16 0.22 0.32 0.34 3.09 1.29 0.43 0.86 0.52 0.74

0.3–0.075 0.09 0.10 0.12 0.16 0.18 2.07 0.92 0.40 0.78 0.47 0.67

4.75–0.6 1.00 1.33 1.60 2.20 2.60 2.60 0.98 0.46 0.97 0.66 0.86

2–0.6 0.69 0.79 0.90 1.18 1.33 1.93 0.88 0.44 0.91 0.60 0.80

4.75–
0 425

0.70 1.10 1.40 2.00 2.30 3.28 1.22 0.41 0.78 0.57 0.71

Results and discussion

Table 3 gives a summary of the specimens used in the tests reported here. The initial relative
densities of all specimens were around 40 %. The specimens were loose to medium dense. Sixteen
different sizes of artificially graded NS and CSS sands, which have exactly the same gradation
characteristics (d , d , d , d , d , c , c , I ) (Fig. 5) within the specified ranges, have been
classified as ‘poorly graded’ (SP) based on the Unified Soil Classification System (USCS9. Based on
the roundness criteria and values proposed by Powers (1953), and Youd (1973), the specimens
used during the experimental investigation were found to be very angular and rounded for CSS and
NS grains, respectively.

Table 3

Summary of specimen data

Gradation
(mm)

Hydraulic conductivity (k, cm/s)

Hazen K–C Terzaghi Chapuis Slitcher NAVFA

NS CSS NS CSS NS CSS NS CSS NS CSS NS

4.75–2 5.95 8.39 4.93 12.36 2.38 4.85 6.31 6.33 1.78 3.55 8.48

2–1.18 2.39 2.95 2.79 5.19 1.20 1.89 1.87 1.86 0.88 1.37 3.16

1.18–0.6 0.67 0.79 0.86 1.49 0.35 0.53 0.48 0.49 0.26 0.38 0.87

0.6–0.425 0.32 0.37 0.46 0.74 0.18 0.25 0.21 0.22 0.13 0.18 0.47

0.425–0.3 0.18 0.21 0.29 0.44 0.11 0.15 0.12 0.12 0.08 0.11 0.31

4.75–
0.075

0.13 0.16 0.10 0.16 0.05 0.07 0.12 0.11 0.04 0.05 0.08

2–0.075 0.08 0.09 0.07 0.11 0.03 0.05 0.06 0.06 0.02 0.03 0.06

1.18–
0.075

0.04 0.05 0.05 0.07 0.02 0.03 0.03 0.03 0.02 0.02 0.04

0.6–0.075 0.03 0.03 0.04 0.05 0.02 0.02 0.02 0.02 0.01 0.01 0.03

0.425–
0.075

0.02 0.03 0.03 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.03

0.3–0.075 0.01 0.02 0.02 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.02

4.75–0.6 1.16 1.51 0.89 1.73 0.44 0.75 1.18 1.15 0.33 0.55 1.17

2–0.6 0.71 0.87 0.78 1.44 0.34 0.54 0.54 0.54 0.25 0.39 0.79

Table 4 shows the empirical equations and their limitations for hydraulic conductivity estimates
which were used to obtain the results given in Table 3. Equations developed by Hazen (1892),
Kozeny-Carman (1956), Terzaghi (Odong 2007), Chapuis (2004), Slichter (1898), USBR (Vukovic
and Soro 1992), NAVFAC (1974), Alyamani and Sen (1993), and Breyer (Kresic 1998) were
employed in this study. Hazen (1892) proposed his formula in order to estimate the hydraulic
conductivity of uniformly graded loose sand with effective grain size (d ) between 0.10 and
3.0 mm, and c  less than 5. As can be seen from the Table 3 that hydraulic conductivity values
ranged from 5.95 to 0.01 cm/s for the NS samples falling specified gradations, whilst those ranged
from 8.39 to 0.02 cm/s for the CSS samples falling the same gradations. Although, presence of
porosity (n) in the formula seems an advantage of the formula, this approach does not give an
accurate estimates for the sands due to the limits of c  indicated in Table 4. The authors consider
that influence of the parameter c  was neglected in his study, and thereby the grain size distribution
results could yield the same c  for various sands. Kozeny–Carman (K–C) formula, which is not
applicable for neither clayey soils nor soils with effective size more than 3 mm, is one of the
commonly employed approaches developed for hydraulic conductivity estimates (Carrier 2003).
Actually, the Kozeny (1927) and Carman (1937) equations have been modified by certain
researchers (Collins 1961; Bear 1972; de Marsily 1986), whom included the influence of both
particle diameter and porosity on hydraulic conductivity. Koltermann and Gorelick (1995)
compared five different approaches and found that the original Kozeny–Carman equation (Carman
1937; Bear 1972) lies approximately in the center of the possible relations. Koltermann and
Gorelick (1995) used the geometric and harmonic means to calculate representative particle
diameters for the high and low fraction of the coarse component, respectively. However, this
approach produces a discontinuity when the fraction of the coarse component is at the intermediate
level. Therefore, the authors employed the original Kozeny–Carman equation, then the Table 3
released that hydraulic conductivity values ranged from 4.93 to 0.02 cm/s for the NS samples, while
those ranged from 12.36 to 0.03 cm/s for the CSS samples falling the same gradations. Estimated
hydraulic conductivity values (k) by employing Terzaghi’s approach varied from 2.38 to 0.01 cm/s
for the NS samples, whilst the k values varied from 4.85 to 0.01 cm/s for CSS samples. Cheng and
Chen (2007) pointed out that Terzaghi’s formula is most applicable for large-grain sand. However,
comparing the experimental results and the k values obtained via Terzaghi’s approach revealed that
Terzaghi’s equation, which has no limitations reported (Table 4), gives more accurate results than
the other equations employed for both NS and CSS samples between 1.18 and 0.075 mm, and 0.6
and 0.075 mm. Surprisingly, it gives much less accurate results for larger grains of both NS and CSS
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samples, including the size of 4.75–2, 2–1.18, and 4.75–0.425 mm. Therefore, the authors
interpreted that grain size would not be the only parameter to make an accurate hydraulic
conductivity estimate. Estimated k values via Chapuis formula gives the best correlation with
measured k values for the NS samples between 0.425 and 0.075 mm. Generally speaking, estimated
k values using Chapuis’s approach ranged from 6.31 to 0.01 cm/s for the NS samples, whilst those
ranged from 6.33 to 0.01 cm/s for the CSS samples falling the same gradations. In the light of the
Goktepe and Sezer (2010), which indicated that Chapuis method best estimates the hydraulic
conductivity of fine sands, the predictions were found to be acceptable for the NS samples but not
for the CSS samples. The authors considered that such difference could be because of shape
properties of the sand grains. Although Goktepe and Sezer (2010) indicated that the Chapuis and
Slitcher approaches are in harmony with the results, the present study shows remarkable
differences between these two approaches. Considering the differences in relative density values
employed in these studies, the authors’ interpretation is that such differences in the approaches
could be the reason of high successes of the empirical equations. For example, the present study
shows that Slitcher formula is the best fitted to the hydraulic conductivity of NS samples between
4.75 and 2 mm, 2 and 1.18 mm, 4.75 and 0.075 mm, 2 and 0.075 mm, 4.75 and 0.6 mm, 2 and
0.6 mm, 4.75 and 0.425 mm, 2 and 0.425 mm, 1.18 and 0.425 mm, and the hydraulic conductivity of
CSS samples between 4.75 and 2 mm, 4.75 and 0.075 mm, 2 and 0.075 mm, 4.75 and 0.6 mm, 4.75
and 0.425 mm, 2 and 0.425 mm. However, Chapuis approach does not give similar results. The
Naval Facilities Engineering Command (NAVFAC) suggested a chart to estimate the hydraulic
conductivity of clean sand and gravel based on the e and d . Predicted k values using NAVFAC
varied from 8.48 to 0.01 cm/s for the NS samples, and 13.24 to 0.04 cm/s for the CSS samples. The
approach proposed by the United States Bureau of Reclamation (USBR 1990) estimates k values
using the effective grain size (d ), and it does not depend on the porosity (Table 4). Cheng and
Chen (2007) stated that this approach is most suitable for medium-grain sand with c  less than 5.
Estimated k values using the USBR formula were found to be same for NS samples and CSS samples,
which ranged from 4.46 to 0.01 cm/s, as they have the same gradations. It was observed that the
USBR approach gave its best results for relatively large grain samples including those between 2
and 1.18 mm, 1.18 and 0.6 mm, 0.6 and 0.425 mm, and 1.18 and 0.425 mm. Alyamani and Sen (A–S),
which is one of the widely known approaches to estimate the hydraulic conductivity, employs the
grain size properties d , d  and I . Alyamani and Sen (1993) proposed their equation based on
different samples that incorporates the initial slope and the intercept of the grading curve.
Estimated k values using the Alyamani and Sen approach ranged from 6.16 to 0.01 cm/sec for both
type of sands. As can be seen from Table 3 that the A–S approach results in same estimates for both
NS and CSS samples, as they have same grading curves. Similarly, Breyer method gave the same k
values for both NS and CSS samples due to the same d  value employed in this equation. The
predicted k values ranged from 7.21 to 0.01 cm/s. Plots presented in Figs. 6 and 7 indicate
comparisons of measured hydraulic conductivity (k) with predictions from various models for NS
samples, and CSS samples, respectively.

Table 4

Empirical equations and their limitations for permeability estimates

Researcher/organization Equation Limitations

Hazen C  < 5
0.1 < d  < 3.0

Kozeny-Carman 0.5 < d  < 4.0

Terzaghi –

Chapuis –

Slitcher 0.01 < d  < 5.0

USBR C  < 5

NAVFAC k = 10  × (d )10 2 < C  < 12
0.1 < d  < 2.0
0.3 < e < 0.7

Alyamani and Sen k = 1300 × [I +0.025(d -d )] –

Breyer 0.06 < d  < 0.6
1 < C  < 20

Fig. 6

Comparison of measured hydraulic conductivity (k) with predictions from various models for NS samples (straight
line represents line of perfect equality)
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Fig. 7

Comparison of measured hydraulic conductivity (k) with predictions from various models for CSS samples (straight
line represents line of perfect equality)

The differences between measured and predicted hydraulic conductivity values using various
equations were because of either inaccuracy in measured soil parameters or deficiency in the
predictive equations. Therefore, Table 5 and 6 were complied in order to present a comparative
study for the NS and CSS samples using all the formulas employed in this study, respectively. The
Tables 5 and 6 show the results of calculations performed with the objective of determining
hydraulic conductivity according to the nine different approaches (Hazen, Slitcher, K–C, Terzaghi,
USBR, Chapuis, A–S, Breyer, NAVFAC), expressed as a relative ratio of the difference between
estimated and calculated values to the estimated hydraulic value of the NS and CSS samples at
sixteen different gradations (4.75–2, 2–1.18, 1.18–0.6, 0.6–0.425, 0.425–0.3, 0.3–0.075, 4.75–0.075,
2–0.075, 1.18–0.075, 0.6–0.075, 0.425–0.075, 4.75–0.6, 2–0.6, 4.75–0.425, 2–0.425, 1.18–
0.425 mm). The nine approaches used for comparison were listed from the best fitting on left to the
worst fitting on right. For example, the best estimation of hydraulic conductivity for the NS samples
between 4.75 mm and 2 mm was found to be based on Slitcher equation, followed by Terzaghi,
USBR, Kozeny–Carman, Hazen, Alyamani–Sen, Chapius, Breyer, and NAVFAC equations,
respectively. The authors have observed that, as an overall view, Slitcher and Terzaghi’s approaches
give the best correlation with measured k values for both NS and CSS samples, whilst Kozeny–
Carman and NAVFAC approaches give the worst correlation with measured k values for both NS
and CSS samples for any gradation.

Table 5

Comparisons for the NS samples

Gradation (mm) Approaches used for comparison from the best fitting to the worst fitting

1 (best) 2 3 4 5 6 7 8 9 (worst)

4.75–2 Slitcher Terzaghi USBR K–C Hazen A–S Chapuis Breyer NAVFAC

2–1.18 Slitcher USBR Terzaghi Chapuis A–S Breyer Hazen K–C NAVFAC

1.18–0.6 USBR Slitcher Terzaghi Chapuis A–S Breyer Hazen K–C NAVFAC

0.6–0.425 USBR Slitcher Terzaghi Chapuis A–S Breyer Hazen K–C NAVFAC

0.425–0.3 USBR Slitcher Terzaghi Chapuis A–S Breyer Hazen K–C NAVFAC

4.75–0.075 Slitcher Terzaghi NAVFAC USBR K–C A–S Chapuis Hazen Breyer

2–0.075 Slitcher Terzaghi NAVFAC USBR Chapuis A–S Breyer K–C Hazen

1.18–0.075 Terzaghi Slitcher Chapuis A–S NAVFAC Breyer USBR Hazen K–C

0.6–0.075 Terzaghi Chapuis USBR A–S Breyer Slitcher Hazen NAVFAC K–C

0.425–0.075 Chapuis Breyer Terzaghi A–S USBR Slitcher Hazen NAVFAC K–C

0.3–0.075 Breyer A–S Chapuis Terzaghi Hazen Slitcher USBR K–C NAVFAC

4.75–0.6 Slitcher Terzaghi K–C A–S USBR Hazen NAVFAC Chapuis Breyer

2–0.6 Slitcher Terzaghi USBR Chapuis A–S Breyer Hazen K–C NAVFAC

4.75–0.425 Slitcher Terzaghi K–C NAVFAC A–S Hazen Chapuis Breyer USBR

2–0.425 Slitcher Terzaghi USBR Chapuis A–S Breyer NAVFAC Hazen K–C

1.18–0.425 Slitcher USBR Terzaghi Chapuis A–S Beryer Hazen NAVFAC K–C

Table 6

Comparisons for the CSS samples

Gradation (mm) Approaches used for comparison from the best fitting to the worst fitting

1 (best) 2 3 4 5 6 7 8 9 (worst)

4.75–2 Slitcher USBR Terzaghi A–S Chapuis Breyer Hazen K–C NAVFAC

2–1.18 USBR Slitcher Chapuis Terzaghi A–S Breyer Hazen K–C NAVFAC

1.18–0.6 USBR Slitcher Chapuis Terzaghi A–S Breyer Hazen K–C NAVFAC

0.6–0.425 USBR Slitcher Chapuis Terzaghi A–S Breyer Hazen K–C NAVFAC

0.425–0.3 USBR Slitcher Chapuis A–S Terzaghi Breyer Hazen K–C NAVFAC

4.75–0.075 Slitcher Terzaghi USBR A–S Chapuis Breyer NAVFAC Hazen K–C

2–0.075 Slitcher Terzaghi USBR Chapuis A–S Breyer Hazen NAVFAC K–C

1.18–0.075 Terzaghi Slitcher Chapuis A–S Breyer USBR Hazen NAVFAC K–C

0.6–0.075 Terzaghi Chapuis USBR Breyer A–S Slitcher Hazen K–C NAVFAC

0.425–0.075 Breyer Terzaghi Chapuis A–S Slitcher Hazen USBR K–C NAVFAC

0.3–0.075 Breyer Terzaghi Hazen Chapuis A–S Slitcher USBR K–C NAVFAC

4.75–0.6 Slitcher Terzaghi A–S USBR Chapuis Breyer Hazen K–C NAVFAC

2–0.6 USBR Slitcher Terzaghi Chapuis A–S Breyer Hazen K–C NAVFAC

4.75–0.425 Slitcher Terzaghi A–S Chapuis Breyer Hazen USBR K–C NAVFAC

2–0.425 Slitcher USBR Terzaghi Chapuis A–S Breyer Hazen K–C NAVFAC

1.18–0.425 USBR Slitcher Terzaghi Chapuis A–S Breyer Hazen K–C NAVFAC
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Nevertheless, despite the good predictions in certain grading of samples, the authors interpreted
that reliability of these approaches is relatively low as that any system of analysis neglecting the
effect of grain shape would be incomplete. Effect of gradation as well as grain shape on hydraulic
conductivity values have been presented in Figs. 8 and 9. Effects of five different gradation
including 4.75–2, 2–1.18, 1.18–0.6, 0.6–0.425, and 0.425–0.3 mm on hydraulic conductivity of NS
and CSS samples were illustrated in Fig. 8. The highest value of hydraulic conductivity for the NS
was found to be for the samples between 4.75 and 2 mm, and then followed by the samples
between 2–1.18, 1.18–0.6, 0.6–0.425, and 0.425–0.3 mm, respectively. Effects of grain shape on
hydraulic conductivity values was clearly seen in Fig. 9, which proves that samples with two
different shapes could have a unique hydraulic conductivity value, likely due to the differences in
shape characteristics (R, S) leading to the different void ratios (e).

Fig. 8

Effects of gradation on hydraulic conductivity values of NS and CSS samples

Fig. 9

Effects of grain shape on hydraulic conductivity values of tested samples

Conclusions

The objective of this research was to study the influences of gradation and grain shape on hydraulic
conductivity of soils, which is of importance in relation to certain geotechnical problems including
stability analyses, settlement and seepage computations. The samples used in the present study are
composed of poorly graded Narli Sand (NS) and Crushed Stone Sand (CSS), which were found to be
rounded (R = 0.72, S = 0.67) and very angular (R = 0.15, S = 0.55), respectively. Sixteen ranges of
grain sizes (4.75–2, 2–1.18, 1.18–0.6, 0.6–0.425, 0.425–0.3, 0.3–0.075, 4.75–0.075, 2–0.075, 1.18–
0.075, 0.6–0.075, 0.425–0.075, 4.75–0.6, 2–0.6, 4.75–0.425, 2–0.425, and 1.18–0.425 mm) of both
NS and CSS samples were tested in a constant head permeability testing apparatus at a relative
density (D ) of about 40 %. Moreover, various predictive methods of estimating the hydraulic
conductivity values (Hazen, Kozeny–Carman, Terzaghi, Chapuis, Slitcher, USBR, NAVFAC, Alyamani
and Sen, and Breyer) have been employed to compare the measured and estimated hydraulic
conductivity results. In general, the Slitcher and Terzaghi’s approaches give the best correlation
with measured k values for both NS and CSS samples, whilst Kozeny–Carman and NAVFAC
approaches give the worst correlation with measured k values for both NS and CSS samples for any
gradation. The test results and comparative study reported here in this paper indicate following
facets of behavior:

1. The hydraulic conductivity values of the NS samples with rounded grains were lower than those
of the CSS samples with very angular grains, which is likely to be the result of shape
characteristics leading different void ratios.

2. The hydraulic conductivity can be significantly influenced by grading characteristics including
d , d , d , d , d , c , c , n, and I .

3. Gradation of the grains have a significant effect on hydraulic conductivity of both NS and CSS
samples.

4. The comparative study on the perceptions of estimated and predicted results with other
approaches available in the literature indicated that the best prediction of hydraulic conductivity
changes based on the gradation and shape properties of the sands tested.

Authors’ contributions

NA carried out the experimental works. AFC prepared the manuscript including figures, tables, and
discussing/comparing the results with the other papers in the literature. Both authors read and
approved the final manuscript.

Competing interests

Both authors declare that they have no competing interests.

Contributor Information

r

10 20 30 50 60 u c o

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/table/Tab6/?report=objectonly
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/figure/Fig8/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/figure/Fig9/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/figure/Fig8/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/figure/Fig9/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/figure/Fig8/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/figure/Fig8/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/figure/Fig9/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/figure/Fig9/


Evaluation of actual and estimated hydraulic conductivity of sands with different gradation and shape - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/[2/6/2024 8:18:01 AM]

Go to: ▸

Ali Firat Cabalar, Phone: +90.342.317 24 17, Email: cabalar@gantep.edu.tr.

Nurullah Akbulut, Email: nurullah.akbulut@hku.edu.tr.

References

Abbireddy COR, Clayton CRI, Huvenne VA. A method of estimating the form of fine particulates. Geotechnique.
2009;59(6):503–511. doi: 10.1680/geot.2008.P.009. [CrossRef] [Google Scholar]

Alyamani MS, Sen Z. Determination of hydraulic conductivity from grain-size distribution curves. Groundwater.
1993;31(4):551–555. doi: 10.1111/j.1745-6584.1993.tb00587.x. [CrossRef] [Google Scholar]

Bear J. Dynamics of fluids in porous media. New York: Dover Publications, Inc.; 1972. [Google Scholar]

Boadu FK. Hydraulic conductivity of soils from grain-size distribution: new models. J Geotech Geoenviron Eng.
2000;126(8):739–746. doi: 10.1061/(ASCE)1090-0241(2000)126:8(739). [CrossRef] [Google Scholar]

Carman PC. Fluid flow through granular beds. Trans Inst Chem Eng. 1937;15:150. [Google Scholar]

Carman PC. Flow of gases through porous media. London: Butterworths Scientific Publications; 1956. [Google Scholar]

Carrier WD. Goodbye Hazen: Hello. Kozeny-Carman. J Geotech Geoenviron Eng. 2003;129(11):1054–1056.
doi: 10.1061/(ASCE)1090-0241(2003)129:11(1054). [CrossRef] [Google Scholar]

Cedergen HR. Seepage, drainage, and flownets. 3. New York: Wiley; 1989. [Google Scholar]

Chapuis RP. Predicting the saturated hydraulic conductivity of sand and gravel using effective diameter and void
ratio. Can Geotech J. 2004;41:787–795. doi: 10.1139/t04-022. [CrossRef] [Google Scholar]

Chapuis RP. Predicting the saturated hydraulic conductivity of soils: a review. Bull Eng Geol Environ. 2012;71(3):401–
434. doi: 10.1007/s10064-012-0418-7. [CrossRef] [Google Scholar]

Cheng C, Chen X. Evaluation of methods for determination of hydraulic properties in an aquifer-aquitard system
hydrologically connected to river. Hydrogeol J. 2007;15:669–678. doi: 10.1007/s10040-006-0135-z. [CrossRef]
[Google Scholar]

Cho GC, Dodds JS, Santamarina JC. Particle shape effects on packing density, stiffness and strength: natural and
crushed sands. J Geotech Geoenviron Eng. 2006;132(5):591–602. doi: 10.1061/(ASCE)1090-
0241(2006)132:5(591). [CrossRef] [Google Scholar]

Clayton CRI, Abbireddy COR, Schiebel R. A method of estimating the form of coarse particulates. Geotechnique.
2009;59(6):493–501. doi: 10.1680/geot.2007.00195. [CrossRef] [Google Scholar]

Collins RE. Flow of fluids through porous materials. New York: Reinhold; 1961. [Google Scholar]

Cornfort DH (1973) Prediction of drained strength of sands from relative density measurements. Evaluation of
relative density and its role in geotechnical projects involving cohesionless soils. Special technical publication
523, ASTM, West Conshohoken, PA, pp 281–303

De Marsily G. Quantitative hydrogeology. San Diego: Academic; 1986. [Google Scholar]

Freeze RA, Cherry JA. Groundwater. Englewood Cliffs: Prentice Hall Inc.; 1979. [Google Scholar]

Gilboy G. The compressibility of sand-mica mixtures. Proc ASCE. 1928;2:555–568. [Google Scholar]

Goktepe AB, Sezer A. Effect of particle shape on density and permeability of sands. Proc Inst Civil Eng Geotech Eng.
2010;163(6):307–320. doi: 10.1680/geng.2010.163.6.307. [CrossRef] [Google Scholar]

Hazen A (1892) Some physical properties of sands and gravels, with special reference to their use in filtration. 24th
annual report, Massachusetts State Board of Health, Pub.Doc., vol 34, pp 539–556

Hazen A. Discussion: dams on sand foundations. Trans Am Soc Civ Eng. 1911;73:199–203. [Google Scholar]

Holtz RD, Kovacks WD. An introduction to geotechnical engineering. Englewood Cliffs: Prentice-Hall; 1981. [Google
Scholar]

Holubec I, D’Appolonia E (1973) Effect of particle shape on the engineering properties of granular soils. Evaluation of
relative density and its role in geotechnical projects involving cohesionless soils. ASTM, STP523, West
Conshohocken, PA, pp 304–318

Ishaku JM, Gadzama EW, Kaigama U. Evaluation of empirical formulae for the determination of hydraulic conductivity
based on grain-size analysis. J Geol Min Res. 2011;4:105–113. [Google Scholar]

Koltermann CE, Gorelick SM. Fractional packing model for hydraulic conductivity derived from sediment mixtures.
Water Resour Res. 1995;31:3283–3297. doi: 10.1029/95WR02020. [CrossRef] [Google Scholar]

Kozeny J (1927) Uber Kapillare Leitung Des Wassers in Boden. Sitzungsber Akad. Wiss.Wien Math.Naturwiss.Kl.,
Abt.2a, 136:271–306 (in German)

Kramer SL. Geotechnical earthquake engineering. Upper Saddle River: Prentice Hall; 1996. [Google Scholar]

Kresic N. Quantitative solutions in hydrogeology and groundwater modeling. Florida: Lewis Publishers; 1998. [Google
Scholar]

Krumbein WC. Measurement and geological significance of shape and roundness of sedimentary particles. J Sediment
Petrol. 1941;11(2):64–72. [Google Scholar]

Krumbein WC, Monk GD. Permeability as a function of the size parameters of unconsolidated sand. Trans Am Inst Min
Metall Eng. 1942;151:153–163. [Google Scholar]

Lees G. A new method for determining the angularity of particles. Sedimentology. 1964;3(2):21. [Google Scholar]

Masch FD, Denny KT. Grain-size distribution and its effects on the permeability of unconsolidated sand. Water Resour
Res. 1966;2:665–677. doi: 10.1029/WR002i004p00665. [CrossRef] [Google Scholar]

Moore DE, Morrow CA, Byerlee JD. Use of swelling clays to reduce permeability and its potential application to
nuclear waste repository sealing. Geophys Res Lett. 1982;9:1009–1012. doi: 10.1029/GL009i009p01009.
[CrossRef] [Google Scholar]

Mualem Y. A new model for predicting the hydraulic conductivity of unsaturated porous media. Water Resour Res.
1976;12:593–622. [Google Scholar]

Muszynski MR, Stanley JV. Particle shape estimates of uniform sands: visual and automated methods comparison. J
Mater Civ Eng. 2012;24(2):194–206. doi: 10.1061/(ASCE)MT.1943-5533.0000351. [CrossRef] [Google Scholar]

NAVFAC (Naval Facilities Engineering Command) (1974) Soil mechanics, foundations, and earth structures. Design
manual DM7. US Government Printing Office, Washington, DC

Odong J. Evaluation of the empirical formulae for determination of hydraulic conductivity based on grain size
analysis. J Am Sci. 2007;3:54–60. [Google Scholar]

Olson RE, Mesri G (1970). Mechanisms controlling the compressibility of clay. J Soil Mech Found Div 96 (SM6). In:
Proceedings of the paper 7649, November, pp 1863–1878

mailto:dev@null
mailto:dev@null
https://doi.org/10.1680%2Fgeot.2008.P.009
https://scholar.google.com/scholar_lookup?journal=Geotechnique&title=A+method+of+estimating+the+form+of+fine+particulates&author=COR+Abbireddy&author=CRI+Clayton&author=VA+Huvenne&volume=59&issue=6&publication_year=2009&pages=503-511&doi=10.1680/geot.2008.P.009&
https://doi.org/10.1111%2Fj.1745-6584.1993.tb00587.x
https://scholar.google.com/scholar_lookup?journal=Groundwater&title=Determination+of+hydraulic+conductivity+from+grain-size+distribution+curves&author=MS+Alyamani&author=Z+Sen&volume=31&issue=4&publication_year=1993&pages=551-555&doi=10.1111/j.1745-6584.1993.tb00587.x&
https://scholar.google.com/scholar_lookup?title=Dynamics+of+fluids+in+porous+media&author=J+Bear&publication_year=1972&
https://doi.org/10.1061%2F(ASCE)1090-0241(2000)126%3A8(739)
https://scholar.google.com/scholar_lookup?journal=J+Geotech+Geoenviron+Eng&title=Hydraulic+conductivity+of+soils+from+grain-size+distribution:+new+models&author=FK+Boadu&volume=126&issue=8&publication_year=2000&pages=739-746&doi=10.1061/(ASCE)1090-0241(2000)126:8(739)&
https://scholar.google.com/scholar_lookup?journal=Trans+Inst+Chem+Eng&title=Fluid+flow+through+granular+beds&author=PC+Carman&volume=15&publication_year=1937&pages=150&
https://scholar.google.com/scholar_lookup?title=Flow+of+gases+through+porous+media&author=PC+Carman&publication_year=1956&
https://doi.org/10.1061%2F(ASCE)1090-0241(2003)129%3A11(1054)
https://scholar.google.com/scholar_lookup?journal=J+Geotech+Geoenviron+Eng&title=Goodbye+Hazen:+Hello.+Kozeny-Carman&author=WD+Carrier&volume=129&issue=11&publication_year=2003&pages=1054-1056&doi=10.1061/(ASCE)1090-0241(2003)129:11(1054)&
https://scholar.google.com/scholar_lookup?title=Seepage,+drainage,+and+flownets&author=HR+Cedergen&publication_year=1989&
https://doi.org/10.1139%2Ft04-022
https://scholar.google.com/scholar_lookup?journal=Can+Geotech+J&title=Predicting+the+saturated+hydraulic+conductivity+of+sand+and+gravel+using+effective+diameter+and+void+ratio&author=RP+Chapuis&volume=41&publication_year=2004&pages=787-795&doi=10.1139/t04-022&
https://doi.org/10.1007%2Fs10064-012-0418-7
https://scholar.google.com/scholar_lookup?journal=Bull+Eng+Geol+Environ&title=Predicting+the+saturated+hydraulic+conductivity+of+soils:+a+review&author=RP+Chapuis&volume=71&issue=3&publication_year=2012&pages=401-434&doi=10.1007/s10064-012-0418-7&
https://doi.org/10.1007%2Fs10040-006-0135-z
https://scholar.google.com/scholar_lookup?journal=Hydrogeol+J&title=Evaluation+of+methods+for+determination+of+hydraulic+properties+in+an+aquifer-aquitard+system+hydrologically+connected+to+river&author=C+Cheng&author=X+Chen&volume=15&publication_year=2007&pages=669-678&doi=10.1007/s10040-006-0135-z&
https://doi.org/10.1061%2F(ASCE)1090-0241(2006)132%3A5(591)
https://scholar.google.com/scholar_lookup?journal=J+Geotech+Geoenviron+Eng&title=Particle+shape+effects+on+packing+density,+stiffness+and+strength:+natural+and+crushed+sands&author=GC+Cho&author=JS+Dodds&author=JC+Santamarina&volume=132&issue=5&publication_year=2006&pages=591-602&doi=10.1061/(ASCE)1090-0241(2006)132:5(591)&
https://doi.org/10.1680%2Fgeot.2007.00195
https://scholar.google.com/scholar_lookup?journal=Geotechnique&title=A+method+of+estimating+the+form+of+coarse+particulates&author=CRI+Clayton&author=COR+Abbireddy&author=R+Schiebel&volume=59&issue=6&publication_year=2009&pages=493-501&doi=10.1680/geot.2007.00195&
https://scholar.google.com/scholar_lookup?title=Flow+of+fluids+through+porous+materials&author=RE+Collins&publication_year=1961&
https://scholar.google.com/scholar_lookup?title=Quantitative+hydrogeology&author=G+De+Marsily&publication_year=1986&
https://scholar.google.com/scholar_lookup?title=Groundwater&author=RA+Freeze&author=JA+Cherry&publication_year=1979&
https://scholar.google.com/scholar_lookup?journal=Proc+ASCE&title=The+compressibility+of+sand-mica+mixtures&author=G+Gilboy&volume=2&publication_year=1928&pages=555-568&
https://doi.org/10.1680%2Fgeng.2010.163.6.307
https://scholar.google.com/scholar_lookup?journal=Proc+Inst+Civil+Eng+Geotech+Eng&title=Effect+of+particle+shape+on+density+and+permeability+of+sands&author=AB+Goktepe&author=A+Sezer&volume=163&issue=6&publication_year=2010&pages=307-320&doi=10.1680/geng.2010.163.6.307&
https://scholar.google.com/scholar_lookup?journal=Trans+Am+Soc+Civ+Eng&title=Discussion:+dams+on+sand+foundations&author=A+Hazen&volume=73&publication_year=1911&pages=199-203&
https://scholar.google.com/scholar_lookup?title=An+introduction+to+geotechnical+engineering&author=RD+Holtz&author=WD+Kovacks&publication_year=1981&
https://scholar.google.com/scholar_lookup?title=An+introduction+to+geotechnical+engineering&author=RD+Holtz&author=WD+Kovacks&publication_year=1981&
https://scholar.google.com/scholar_lookup?journal=J+Geol+Min+Res&title=Evaluation+of+empirical+formulae+for+the+determination+of+hydraulic+conductivity+based+on+grain-size+analysis&author=JM+Ishaku&author=EW+Gadzama&author=U+Kaigama&volume=4&publication_year=2011&pages=105-113&
https://doi.org/10.1029%2F95WR02020
https://scholar.google.com/scholar_lookup?journal=Water+Resour+Res&title=Fractional+packing+model+for+hydraulic+conductivity+derived+from+sediment+mixtures&author=CE+Koltermann&author=SM+Gorelick&volume=31&publication_year=1995&pages=3283-3297&doi=10.1029/95WR02020&
https://scholar.google.com/scholar_lookup?title=Geotechnical+earthquake+engineering&author=SL+Kramer&publication_year=1996&
https://scholar.google.com/scholar_lookup?title=Quantitative+solutions+in+hydrogeology+and+groundwater+modeling&author=N+Kresic&publication_year=1998&
https://scholar.google.com/scholar_lookup?title=Quantitative+solutions+in+hydrogeology+and+groundwater+modeling&author=N+Kresic&publication_year=1998&
https://scholar.google.com/scholar_lookup?journal=J+Sediment+Petrol&title=Measurement+and+geological+significance+of+shape+and+roundness+of+sedimentary+particles&author=WC+Krumbein&volume=11&issue=2&publication_year=1941&pages=64-72&
https://scholar.google.com/scholar_lookup?journal=Trans+Am+Inst+Min+Metall+Eng&title=Permeability+as+a+function+of+the+size+parameters+of+unconsolidated+sand&author=WC+Krumbein&author=GD+Monk&volume=151&publication_year=1942&pages=153-163&
https://scholar.google.com/scholar_lookup?journal=Sedimentology&title=A+new+method+for+determining+the+angularity+of+particles&author=G+Lees&volume=3&issue=2&publication_year=1964&pages=21&
https://doi.org/10.1029%2FWR002i004p00665
https://scholar.google.com/scholar_lookup?journal=Water+Resour+Res&title=Grain-size+distribution+and+its+effects+on+the+permeability+of+unconsolidated+sand&author=FD+Masch&author=KT+Denny&volume=2&publication_year=1966&pages=665-677&doi=10.1029/WR002i004p00665&
https://doi.org/10.1029%2FGL009i009p01009
https://scholar.google.com/scholar_lookup?journal=Geophys+Res+Lett&title=Use+of+swelling+clays+to+reduce+permeability+and+its+potential+application+to+nuclear+waste+repository+sealing&author=DE+Moore&author=CA+Morrow&author=JD+Byerlee&volume=9&publication_year=1982&pages=1009-1012&doi=10.1029/GL009i009p01009&
https://scholar.google.com/scholar_lookup?journal=Water+Resour+Res&title=A+new+model+for+predicting+the+hydraulic+conductivity+of+unsaturated+porous+media&author=Y+Mualem&volume=12&publication_year=1976&pages=593-622&
https://doi.org/10.1061%2F(ASCE)MT.1943-5533.0000351
https://scholar.google.com/scholar_lookup?journal=J+Mater+Civ+Eng&title=Particle+shape+estimates+of+uniform+sands:+visual+and+automated+methods+comparison&author=MR+Muszynski&author=JV+Stanley&volume=24&issue=2&publication_year=2012&pages=194-206&doi=10.1061/(ASCE)MT.1943-5533.0000351&
https://scholar.google.com/scholar_lookup?journal=J+Am+Sci&title=Evaluation+of+the+empirical+formulae+for+determination+of+hydraulic+conductivity+based+on+grain+size+analysis&author=J+Odong&volume=3&publication_year=2007&pages=54-60&


Evaluation of actual and estimated hydraulic conductivity of sands with different gradation and shape - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/[2/6/2024 8:18:01 AM]

Person M, Raffensperger JP, Ge S, Garven G. Basin-scale hydrogeologic modeling. Rev Geophys. 1996;34:61–87.
doi: 10.1029/95RG03286. [CrossRef] [Google Scholar]

Powers MC. A new roundness scale for sedimentary particles. J Sediment Petrol. 1953;23(2):117–119. [Google
Scholar]

Salarashayeri AF, Siosemarde M. Prediction of soil hydraulic conductivity from particle-size distribution. World Acad
Sci Eng Technol. 2012;6(1):395–399. [Google Scholar]

Santamarina JC, Cho GC (2004). Soil behaviour: the role of particle shape. In: The Skempton conference, Thomas
Telford, London, pp 604–617

Shepherd RG. Correlations of permeability and Grain-size. Groundwater. 1989;27(5):633–638. doi: 10.1111/j.1745-
6584.1989.tb00476.x. [CrossRef] [Google Scholar]

Slichter CS (1898) Theoretical investigation of the motion of ground waters. In: 19th annual report. US Geology
Survey, USA

Sperry MS, Peirce JJ. A model for estimating the hydraulic conductivity of granular material based on grain shape,
grain size and porosity. Groundwater. 1995;33(6):892–898. doi: 10.1111/j.1745-6584.1995.tb00033.x. [CrossRef]
[Google Scholar]

Terzaghi K. Erdbaumechanik auf bodenphysikalischer grundlage. Leipzig/Vienna: Deuticke; 1925. [Google Scholar]

Terzaghi K, Peck RB. Soil mechanics in engineering practice. New York: Wiley; 1964. [Google Scholar]

Uma KO, Egboka BCE, Onuoha KM. New statistical grain-size method for evaluating the hydraulic conductivity of
sandy aquifers. J Hydrol. 1989;108:343–366. doi: 10.1016/0022-1694(89)90293-X. [CrossRef] [Google Scholar]

USBR . Earth Manual-Part 2. Denver: US Department of the Interior Bureau of Reclamation; 1990. [Google Scholar]

Vukovic M, Soro A. Determination of hydraulic conductivity of porous media from grain-size composition. Littleton:
Water Resources Publications; 1992. [Google Scholar]

Wadell H. Volume, shape, and roundness of rock particles. J Geol. 1932;40(5):443–451. doi: 10.1086/623964.
[CrossRef] [Google Scholar]

Wintsch RP, Christoffersen R, Kronenberg AK. Fluid-rock reaction weakening of fault zones. J Geophys Res.
1995;100:13021–13032. doi: 10.1029/94JB02622. [CrossRef] [Google Scholar]

Youd TL. Factors controlling maximum and minimum densities of sands, evaluation of relative density and its role in
geotechnical projects involving cohesionless soils. ASTM STP. 1973;523:98–112. [Google Scholar]

Articles from SpringerPlus are provided here courtesy of Springer-Verlag

OTHER FORMATS

PDF (1.2M)

ACTIONS

Cite

Collections

SHARE

 


RESOURCES

FOLLOW NCBI

.cls-
11 {
fill:
#737373;
}
Twitter

Facebook LinkedIn .cls-
11,
.cls-
12 {
fill:
#737373;
}
.cls-
11 {
fill-
rule:
evenodd;
}
GitHub

.cls-
1{fill:#737373;}

     

Similar articles

Cited by other articles

Links to NCBI Databases

Connect with NLM

.st20
{
fill:
#FFFFFF;
}
.st30
{
fill:
none;
stroke:
#FFFFFF;
stroke-
width:
8;
stroke-
miterlimit:
10;
}
SM-
Twitter



.st10
{
fill:
#FFFFFF;
}
.st110
{
fill:
none;
stroke:
#FFFFFF;
stroke-
width:
8;
stroke-
miterlimit:
10;
}
SM-
Facebook



SM-
Youtube
.st4
{
fill:
none;
stroke:
#FFFFFF;
stroke-
width:
8;
stroke-
miterlimit:
10;
}
.st5
{
fill:
#FFFFFF;
}

National Library of Medicine
8600 Rockville Pike
Bethesda, MD 20894

Web Policies
FOIA
HHS Vulnerability
Disclosure

Help
Accessibility
Careers

NLM NIH HHS USA.gov

https://doi.org/10.1029%2F95RG03286
https://scholar.google.com/scholar_lookup?journal=Rev+Geophys&title=Basin-scale+hydrogeologic+modeling&author=M+Person&author=JP+Raffensperger&author=S+Ge&author=G+Garven&volume=34&publication_year=1996&pages=61-87&doi=10.1029/95RG03286&
https://scholar.google.com/scholar_lookup?journal=J+Sediment+Petrol&title=A+new+roundness+scale+for+sedimentary+particles&author=MC+Powers&volume=23&issue=2&publication_year=1953&pages=117-119&
https://scholar.google.com/scholar_lookup?journal=J+Sediment+Petrol&title=A+new+roundness+scale+for+sedimentary+particles&author=MC+Powers&volume=23&issue=2&publication_year=1953&pages=117-119&
https://scholar.google.com/scholar_lookup?journal=World+Acad+Sci+Eng+Technol&title=Prediction+of+soil+hydraulic+conductivity+from+particle-size+distribution&author=AF+Salarashayeri&author=M+Siosemarde&volume=6&issue=1&publication_year=2012&pages=395-399&
https://doi.org/10.1111%2Fj.1745-6584.1989.tb00476.x
https://scholar.google.com/scholar_lookup?journal=Groundwater&title=Correlations+of+permeability+and+Grain-size&author=RG+Shepherd&volume=27&issue=5&publication_year=1989&pages=633-638&doi=10.1111/j.1745-6584.1989.tb00476.x&
https://doi.org/10.1111%2Fj.1745-6584.1995.tb00033.x
https://scholar.google.com/scholar_lookup?journal=Groundwater&title=A+model+for+estimating+the+hydraulic+conductivity+of+granular+material+based+on+grain+shape,+grain+size+and+porosity&author=MS+Sperry&author=JJ+Peirce&volume=33&issue=6&publication_year=1995&pages=892-898&doi=10.1111/j.1745-6584.1995.tb00033.x&
https://scholar.google.com/scholar_lookup?title=Erdbaumechanik+auf+bodenphysikalischer+grundlage&author=K+Terzaghi&publication_year=1925&
https://scholar.google.com/scholar_lookup?title=Soil+mechanics+in+engineering+practice&author=K+Terzaghi&author=RB+Peck&publication_year=1964&
https://doi.org/10.1016%2F0022-1694(89)90293-X
https://scholar.google.com/scholar_lookup?journal=J+Hydrol&title=New+statistical+grain-size+method+for+evaluating+the+hydraulic+conductivity+of+sandy+aquifers&author=KO+Uma&author=BCE+Egboka&author=KM+Onuoha&volume=108&publication_year=1989&pages=343-366&doi=10.1016/0022-1694(89)90293-X&
https://scholar.google.com/scholar_lookup?title=Earth+Manual-Part+2&publication_year=1990&
https://scholar.google.com/scholar_lookup?title=Determination+of+hydraulic+conductivity+of+porous+media+from+grain-size+composition&author=M+Vukovic&author=A+Soro&publication_year=1992&
https://doi.org/10.1086%2F623964
https://scholar.google.com/scholar_lookup?journal=J+Geol&title=Volume,+shape,+and+roundness+of+rock+particles&author=H+Wadell&volume=40&issue=5&publication_year=1932&pages=443-451&doi=10.1086/623964&
https://doi.org/10.1029%2F94JB02622
https://scholar.google.com/scholar_lookup?journal=J+Geophys+Res&title=Fluid-rock+reaction+weakening+of+fault+zones&author=RP+Wintsch&author=R+Christoffersen&author=AK+Kronenberg&volume=100&publication_year=1995&pages=13021-13032&doi=10.1029/94JB02622&
https://scholar.google.com/scholar_lookup?journal=ASTM+STP&title=Factors+controlling+maximum+and+minimum+densities+of+sands,+evaluation+of+relative+density+and+its+role+in+geotechnical+projects+involving+cohesionless+soils&author=TL+Youd&volume=523&publication_year=1973&pages=98-112&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4916082/pdf/40064_2016_Article_2472.pdf
https://twitter.com/ncbi
https://twitter.com/ncbi
https://twitter.com/ncbi
https://twitter.com/ncbi
https://twitter.com/ncbi
https://twitter.com/ncbi
https://www.facebook.com/ncbi.nlm
https://www.linkedin.com/company/ncbinlm
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://github.com/ncbi
https://ncbiinsights.ncbi.nlm.nih.gov/
https://ncbiinsights.ncbi.nlm.nih.gov/
https://twitter.com/intent/tweet?url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpmc%2Farticles%2FPMC4916082%2F&text=Evaluation%20of%20actual%20and%20estimated%20hydraulic%20conductivity%20of%20sands%20with%20different%20gradation%20and%20shape
https://www.facebook.com/sharer/sharer.php?u=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpmc%2Farticles%2FPMC4916082%2F
https://www.nlm.nih.gov/socialmedia/index.html
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://twitter.com/NLM_NIH
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.facebook.com/nationallibraryofmedicine
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.youtube.com/user/NLMNIH
https://www.google.com/maps/place/8600+Rockville+Pike,+Bethesda,+MD+20894/@38.9959508,-77.101021,17z/data=!3m1!4b1!4m5!3m4!1s0x89b7c95e25765ddb:0x19156f88b27635b8!8m2!3d38.9959508!4d-77.0988323
https://www.google.com/maps/place/8600+Rockville+Pike,+Bethesda,+MD+20894/@38.9959508,-77.101021,17z/data=!3m1!4b1!4m5!3m4!1s0x89b7c95e25765ddb:0x19156f88b27635b8!8m2!3d38.9959508!4d-77.0988323
https://www.nlm.nih.gov/web_policies.html
https://www.nih.gov/institutes-nih/nih-office-director/office-communications-public-liaison/freedom-information-act-office
https://www.hhs.gov/vulnerability-disclosure-policy/index.html
https://www.hhs.gov/vulnerability-disclosure-policy/index.html
https://support.nlm.nih.gov/?pagename=pmc-frontend%3Apmc%3Aarticle%3A%2Farticles%2FPMC4916082%2F
https://www.nlm.nih.gov/accessibility.html
https://www.nlm.nih.gov/careers/careers.html
https://www.nlm.nih.gov/
https://www.nih.gov/
https://www.hhs.gov/
https://www.usa.gov/


 

Blog |  Assessing Hydraulic Conductivity of S oils from Particle S ize Data 

• Home 

• Expertise 

• Dewatering Publications 

• Links 

• Blog 

• Contact 
Thursday 7 August 2014 

Assessing Hydraul ic Conductivity of Soil s  from Particle Size 
Data 

This edition of the Preene Groundwater Consulting blog discusses methods for assessing hydraulic 
conductivity of soils from particle size data and highlights some of the potential pitfalls if these 
values are used in dewatering design and other geotechnical problems. 

Previous blogs have addressed the question what is hydraulic conductivity? and have clarified the 
terminology. In geotechnical language hydraulic conductivity is often referred to as coefficient of 
permeability, most commonly shortened to permeability, but for simplicity we will use the term 
hydraulic conductivity throughout this blog. 

There are several methods for assessing hydraulic conductivity as part of site investigation, 
including: 

• Visual assessment –  assessing the soil type or grading and, based on experience or published 
values, estimating an approximate range of hydraulic conductivity; 

https://www.preene.com/
https://www.preene.com/expertise
https://www.preene.com/dewatering-publications
https://www.preene.com/links
https://www.preene.com/blog
https://www.preene.com/contact
http://www.preene.com/blog/2014/07/what-is-hydraulic-conductivity
https://www.preene.com/


• Pumping tests –  controlled and carefully monitored pumping from one or more wells, recording 
drawdown in observation wells and pumped flow rate; 

• Borehole tests –  In-situ tests (rising head, falling head, constant head tests) carried out in 
boreholes during drilling or later in monitoring wells; 

• Laboratory tests –  permeameter testing on core samples; and 
• Particle size correlations –  using empirical correlations to relate particle size distributions in 

granular soils to hydraulic conductivity. 

It is the last of these –  correlations between hydraulic conductivity and particle size distributions in 
granular soils –  that will be discussed here. 

SOIL AS A POR OUS MEDIUM 

S oil is a very complex medium. Conceptually it comprises a skeleton of soil particles in contact with 
each other, leaving a more or less interconnected system of pore spaces between them. W hen fluid 
flows through a soil (and if we assume the soil is saturated then that fluid is water) the flow occurs 
through the pore space (in the vast majority of soils the soil grains themselves can be considered 
impermeable). The concept of soils as being a ‘porous medium’ is fundamental to many analysis 
methods used for groundwater flow problems in soil in the fields of geotechnical engineering and 
hydrogeology. 

Intuitively, it is easy to accept that the ability of a soil to transmit water (i.e. hydraulic conductivity) is 
controlled, at least in large part, by the nature of the soil pores (the viscosity of water, which will 
vary with temperature also has an effect, but experience suggests this will be small compared to the 
effect of the soil type). Features of the soil pores which may have an influence on the flow of water 
include: the size distribution of the pore space; the tortuosity of the pore space; and the shape and 
roughness of soil particles forming the edges of the pore space. 

 

Idealised view of soil particles (in black) and surrounding pore space 

On a micro-scale the pore spaces are probably a vastly complex hydrodynamic environment, and if 
it were possible to visualise what they really looked like the scene would probably seem like an 
alien world out of a science fiction movie. The pragmatic solution for practising engineers and 
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hydrogeologists is to ‘zoom out’ and not to try and discern micro-scale properties but to look for 
‘average’ or ‘representative’ parameters or depictions of soil properties. These are the hydraulic 
conductivity values routinely used in dewatering calculations. 

In a porous medium the nature and properties of the pore space will be strongly influenced by the 
size, shape, roughness and other properties of the soil particles themselves. It is therefore a logical 
step to think that the hydraulic conductivity must be related in some way to the particle size 
distribution (and the other properties) of the particles. This has the advantage for practising 
engineers that we can determine the properties of the particles much more easily than we can 
determine the properties of the soil pores. 

S o, beginning in the 19th century, various analysts have developed correlations between the 
properties of the soil particles and hydraulic conductivity. The most well known is Hazen’s rule, 
which dates from the 1890s, but there are many others that have been published, and these 
correlations are still used widely today. 

The rest of this blog will discuss some of these hydraulic conductivity correlations. I am not 
recommending the correlations that are specifically mentioned here, or dismissing any correlations 
that I do not mention. The examples are simply used to allow discussion of the overall approach of 
estimating hydraulic conductivity from particle size distributions in granular soils. 

W HER E DO THE HYDR AULIC CONDUCTIVITY R ELATIONSHIPS COME FR OM? 

There are some important aspects about this type of hydraulic conductivity correlation that should 
be remembered when applying these methods for design purposes. 

Most of these correlations are not theoretical, but are empirical –  in other words they are based on 
observation. This may involve obtaining a sample of granular material, determining the properties of 
the particles (for example by sieving to determine particle size) and separately determining the 
hydraulic conductivity (for example by testing in a permeameter). W hen this is done for multiple 
samples it may be possible to identify relationships between hydraulic conductivity and the soil 
properties across the group of samples. 

Furthermore, some of the correlations, including Hazen’s rule, are not for soils at all, in fact they are 
for granular filter media for water treatment systems. Presumably at some point an enterprising 
person applied this to a geotechnical problem in sandy soil, liked the results, and the rest is history. 

Because these are empirical correlations they are, by definition, applicable only to soils that are 
similar in nature to those tested in the original study. For example Hazen stated in his work that his 
rule was applicable over the range of D10 particle size 0 .1 mm to 3.0 mm and for soils having a 
uniformity coefficient (D60/ D10) less than five. Unfortunately, this is often forgotten when using 
Hazen’s rule, and there are many examples of it being applied outside its applicable range, where 
the results for estimated hydraulic conductivity are likely to be unrealistic. S imilar limitations in the 
range of applicable soils apply to most other correlation methods. 

By their nature empirical correlations tend to include some type of correlation factor to relate the 
particle size factors to hydraulic conductivity. There is a tendency to think of these correlation 
factors as ‘constants’, while in reality they will rarely be so. Inspection of the original work that 
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developed the correlation often reveals that these factors are not constant but may vary with, for 
example, temperature and secondary particle characteristics such as angularity and surface 
roughness. 

A final point is that the samples used to develop these correlations were almost certainly not under 
the same conditions as an in-situ soil. Consider a correlation developed using actual soil samples of 
a sandy soil (rather than the granular filter media used by, for example, Hazen). 

• The first stage of the correlation work is that a soil sample must be obtained from a borehole or 
trial pit, which will disturb the sample and change its stress state and porosity. Fines may be lost 
from the sample by drainage, or fines may be added by drilling mud contamination. Part of the 
sample then has its particle size distribution determined in the laboratory by sieving, and 
perhaps the particle shape assessed by inspection with a lens or microscope. S o we already have 
the risk that the particle size distribution may be unrepresentative due to the various changes the 
sample has experienced. 

• The second stage is that a different part of the original sample will be tested in the laboratory 
(for example in a permeameter) to determine its hydraulic conductivity. It can be very difficult to 
replicate in-situ conditions of a granular soil in the permeameter, due to sample disturbance and 
stress changes. This introduces another potential error in the correlation. Some correlations may 
use hydraulic conductivity data from in-situ tests, but there are corresponding potential errors 
associated with that approach. 

EXAMPLES OF R ELATIONSHIPS B ETW EEN HYDR AULIC CONDUCTIVITY AND PAR TICLE SIZE 

Despite these limitations, there are many correlations for granular soils that are widely used, 
particularly for dewatering design. 

At the end of the 19th Century, Allen Hazen, a waterworks and sanitary engineer from New England in 
the United S tates was probably the first to propose an empirical correlation for the hydraulic 
conductivity of sand from its particle size distribution (PS D) curve. Probably due to its simplicity, 
Hazen’s rule is widely used by today’s geotechnical practitioners, often without due regard to the 
limitations that Hazen himself stated in his study, which was intended to determine guidelines for 
suitable sand gradings for water supply filtration. He determined that the D10 particle size (called 
the ‘effective grain size’) and D60/ D10 (the ‘uniformity coefficient’) were both important factors. 
Hazen’s rule to estimate hydraulic conductivity k is commonly expressed as: 

 

W here C is a correlation factor and D10 is the 10 per cent particle size taken from the particle size 
distribution curves (see image below). 



 

Example of particle size distribution curve 



Hazen also stated that (when k is in m/ s and D10 is in millimetres) the correlation factor C could vary 
between about 0 .007 and 0.014. In geotechnical practice, presumably for reasons of simplicity, C is 
commonly taken to be 0 .01. It cannot be stressed too strongly that, even within its range of 
application, Hazen’s rule gives approximate hydraulic conductivity estimates only. 

In the century following Hazen’ s original work several others have developed expressions which 
relate particle size distributions of sands to hydraulic conductivity. This includes Slichter, Terzaghi, 
Kozeny and R ose (all reported in Loudon, 1952), Kozeny-Carman (reported in Carrier, 2003), Masch 
and Denny (reported in Trenter, 1999) and Prugh (originally reported in the first editions of Powers et 
al, 2007 and included in textbooks such as Cashman and Preene, 2012). Unlike Hazen, who did not 
seek to address in-situ soils, some correlations include for effects of porosity, angularity of the 
grains and specific surface of the grains. None claim to be relevant to soils other than ‘a wide range 
of sands’. 

One interesting source is Loudon (1952), which reviewed various published formulae and 
supplemented the review with laboratory investigations. This concluded that the error prediction 
using Hazen’s rule could be of the order of plus or minus 200 per cent but that Kozeny’s formula –  
which is similar to that of Terzaghi, though more complicated –  was to be preferred to the various 
others. Loudon stated that an accuracy of about plus or minus 20 per cent can be expected from 
Kozeny’s formula. 

Loudon also proposed that his own formula, based on Kozeny, should be used for reasons of 
simplicity, where k is the hydraulic conductivity (in  cm/ s), n is the porosity of the soil (expressed as a 
fraction not a percentage), S  is the specific surface of the particles (surface area per unit volume of 
particles, in units of cm2 per cm3) and a and b are correlation factors with values of 1.365 and 5.15 
respectively. 

 

The porosity of a sample can be very difficult to determine either in the laboratory or in-situ. This is a 
limitation on the usefulness of Loudon and other similar works and may be an explanation for the 
somewhat erratic results that they sometimes give. 

POTENTIAL PITFALLS OF THE APPR O ACH 

Even where hydraulic conductivity correlations are applied carefully and to high standards, there are 
several potential pitfalls to be aware of: 

Applying the method to an inappropriate soil  type: Any method for correlating hydraulic 
conductivity with particle size will have a corresponding range of granular soil types to which it is 
applicable. This will normally be stated in the original source references, and may be defined in 
terms of ranges of soil parameters such as D10, D50, D60, etc. If a correlation method is applied 
outside of its range of validity, then significant mis-estimates of hydraulic conductivity may result. 
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Samples tested for particle size may be unrepresentative of in-situ soil : The samples used for 
particle size testing may be unrepresentative. W hen bulk or disturbed samples are recovered from 
below the water level in a borehole there is a risk that finer particles will be washed from the 
sample. This is known as ‘loss of fines’. S amples affected in this way will tend to give over-estimates 
of hydraulic conductivity. Loss of fines is particularly prevalent in disturbed samples taken from the 
drilling tools. Loss of fines is usually less severe for tube samples; these methods may give more 
representative samples in fine sands. Conversely, invasion of the samples by drilling mud during 
sampling may increase the fines content and result in under-estimation of hydraulic conductivity. 

Effect of soil  structure or fabric: Any soil structure or fabric (e.g. thin silt layers or laminations 
within a sand bed) present in the in-situ soil may be disturbed during sampling. Even if the fabric is 
well preserved in the sample itself, it will be destroyed by the process of test specimen preparation 
for particle size testing, when the sample is effectively homogenised. Hydraulic conductivity 
estimates based on the PS D curve of the resulting homogenised sample are likely to be 
unrepresentative of the in-situ hydraulic conductivity. For example, if a clean sand deposit does 
contain laminations of silt or clay, these will become mixed into the mass of the sample during 
preparation and the PS D curve will indicate clayey or silty sand; hydraulic conductivity may be 
under-estimated. 

Effect of cementing of soil  pores: In many parts of the world, such as the Middle East or locations 
with a tropical climate, some granular soils may have some weak cementing present between the 
soil particles, due to mineral deposits such as calcite. These mineral deposits forming the cement 
will take up some of the space within the soil pores, potentially reducing hydraulic conductivity. This 
cementing effect will be lost when the sample is broken up during test specimen preparation for 
particle size testing, and hydraulic conductivity correlations may give erroneous results. 

CONCLUSION 

Most projects that involve excavations in granular soils will have some particle size distribution 
(PS D) data available as part of the site investigation. Correlations with hydraulic conductivity are 
easy to apply, and are likely to remain part of dewatering design practice. The objective of this blog 
was to describe the background to these methods and discuss potential pitfalls. As stated earlier, I 
am not recommending any correlations that are specifically mentioned in this blog, or dismissing 
any correlations that are not mentioned, the examples are simply used to allow a discussion of the 
basis and validity of the approach. 
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