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Abstract 
Hydraulic conductivity is the ability of a porous media to transfer water 
through its pore matrix. That is a key parameter for the design and analysis of 
soil fluid associated structures and issues. This paper presents the test results 
of the vertical hydraulic conductivity kv carried out on one poorly graded 
sand and three gap graded gravely sand. It was found that the vertical hy-
draulic conductivity of saturated soil depends on the grain size distribution 
curve, on the initial relative density of the soil. Compilation of these current 
test results and other test results published, shows that the common ap-
proaches predict well to some extent the vertical hydraulic conductivity kv for 
the poorly graded sand materials and underestimate the kv values for gap 
graded gravely sand materials. Therefore, new approaches are developed 
for the prediction of the vertical hydraulic conductivity in saturated poorly 
graded sand and gap graded gravely sand. The derived results from the new 
approaches lie in the range of the recommended values by (EAU 2012) and 
(NAVFAC DM 7 1974). 
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1. Introduction 

Hydraulic conductivity is the ability of a porous media to transmit water through 
its pore matrix or voids. The hydraulic conductivity of soils is of great impor-
tance for the design and analysis of seepage related phenomenon and infra-
structure. 

In geotechnical engineering, knowledge of the hydraulic conductivity is im-
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portant for many subsoil fluid-associated problems, seepage within and below 
earth dams and dykes, internal erosion in soil masses, settlement rates of conso-
lidating clays, design of cut off structures or pressure-relief systems, and opti-
mum design of oil or water well fields, (Chapuis and Gill 1989) [1]. The design 
of drainage systems for roads, airfields (Cedergren 1967) [2], or agricultural 
fields also requires a knowledge of hydraulic conductivity. 

In the same way, groundwater seepage conditions are key parameters for 
drinking water supply, sustainable management of water resources, water con-
tamination engineered facilities for waste storage, safety of waste repositories, 
basin-scale hydrogeological circulation, stability analyses, and many other prob-
lems on subsurface hydrology and geotechnical engineering, (Terzaghi and Peck 
1964 [3], Chapuis 2012 [4]). Seepage is linked directly to hydraulic conductivity 
kv through Darcy’s law, (Darcy 1856) [5]. The kv value of soils can be either 
measured or predicted. Most natural soils have spatially variable hydraulic 
properties. This implies that many hydraulic conductivity data are needed to 
adequately characterize the field kv value. Most projects do not have the budget 
to carry out many fields and laboratory permeability tests, which are time con-
suming and more expensive than predictions. Alternatively, methods of esti-
mating hydraulic conductivity are used to predict either the saturated hydrau-
lic conductivity or the hydraulic conductivity dependent on the degree of satura-
tion k(Sr) at any degree of saturation Sr. Predictive methods use common soil 
properties such as porosity, grain size distribution curve, and consistency limits, 
which are routinely and economically determined for the most of construction 
projects. 

In soil science, predictive methods consider the soil texture, its bulk density, 
clay content and organic matter content (Kunze et al. 1968 [6], Costa 2006 [7], 
Ghanbarian-Alavijeh et al. 2010 [8], Chapuis 2012 [4]). In this paper, the soil de-
finition is that used for engineering or construction materials. It is not that used 
in soil science and agriculture, which corresponds to ‘‘top soil’’ in engineering. 
Therefore, the soils examined hereafter contain little or no organic matter and 
they have a single porosity (no fissures or secondary porosity that may be due to 
weathering effects or biological intrusions). 

In theory, the hydraulic conductivity of saturated soil depends on the pore 
matrix, i.e. the pore sizes, and on how the pores are distributed and intercon-
nected. Van De Genachte et al. (1996) [9] used principal component analysis in 
combination with multiple linear regression to model infiltration process and 
parameters, including the hydraulic conductivity of sandy soil. Another example 
of such development is the use of artificial neural networks (ANNs) for model-
ling soil hydraulic properties including the hydraulic conductivity as function of 
grain-size distribution and possibly other material parameters such as bulk den-
sity (Pachepsky et al. 1996 [10], Erzin et al. 2009 [11]). 

Although a detailed description of the continuous complex void space is 
needed in theory to study seepage, this description is a scientific challenge (Sil-
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veira 1965 [12], Wittmann 1980 [13], Juang and Holtz 1986 [14], Witt 1986 [15], 
Xiong et al. 2016 [16], de Vries et al. 2017 [17]). 

This explains why most methods of practice for predicting the hydraulic con-
ductivity of saturated soil use the grain size distribution curve (GSDC) instead of 
the pore space such as the pore size distribution curve (PSDC). Evidently, the 
PSDC is linked to the GSDC (Ahlinhan and Adjovi 2019 [18]). Simplified de-
scriptions of the pore space, such as bundles of straight tubes, have been used to 
predict the hydraulic conductivity of saturated soil ksat. However, most predictive 
methods for ksat use typical parameters such as the soil porosity n (or the void 
ratio e) and the grain size distribution curve, since the grain size distribution 
curve is easier to determine than the pore size distribution curve. 

The paper presents the laboratory tests of the saturated vertical hydraulic 
conductivity for four (4) granular soils. Hereby, the initial relative density of 
each soil material is varied to study the influence of the initial relative density on 
the saturated hydraulic conductivity. Afterwards, data from excellent quality 
tests, performed on remoulded (homogenized) or intact soil specimens, which 
have been fully saturated using de-aired water and either a vacuum or back- 
pressure technique, and which are not prone to internal erosion, are used to as-
sess the performance of predictive methods and to develop new prediction me-
thods for poorly graded sand and for gap graded gravely sand. 

2. Established Approaches 

According to the state-of-the-art regarding the laminar and steady seepage in 
porous medium, the hydraulic conductivity can be predicted using empirical re-
lationships, capillary models, hydraulic radius theories and statistical models 
(e.g. Artificial Neutral Networks ANN). The best models include at least three 
parameters to account for relationship between the flow rate and the pore ma-
trix, for example the pore sizes, the pore size distribution, their tortuosity, their 
connectivity, etc. 

The theory of laminar flow through homogeneous porous media is based the 
classical experiment performed by Darcy (1856) [5], who found the following 
empirical relationship by varying factors in the experiments: 

Q q k i
A t A

= = ⋅
⋅

                    Equation (1) 

Or 

v k i= ⋅                        Equation (2) 

where Q is the total flux in m3, q is the unit flux in m3/s, A is the total 
cross-sectional area in m2, t is the time in s, i  is the hydraulic gradient, v is the 
flow velocity in m/s, and k is an experimentally determined constant called hy-
draulic conductivity in m/s. This constant k characterizes the permeability of a 
medium to a fluid, and it depends therefore on the properties of both porous 
media and fluid. For the porous medium it is the size the pore channels in the 
void network that is of key importance, and this depends on the representative 
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or effective grain size de, the gradation factor S describing the shape of the grain 
size distribution curve, the shape factor η of the grains, and the porosity n (void 
ratio e or relative density Dr) of the medium. The controlling properties of the 
fluid are the unit weight γ and the coefficient of viscosity μ, which are dependent 
on the temperature T. Hence, the unit flux q can be expressed as a function the 
above-mentioned parameters as follows: 

( ), , , , , , ,eq f i T d S nγ µ η=                 Equation (3) 

From Equation (1) and Equation (3) it can be deduced that: 

( ), , , , , , ,ek f i T d S nγ µ η=                 Equation (4) 

2.1. Hazen Approach 

One of the earliest predictive approaches for the hydraulic conductivity is the 
Hazen equation Hazen (1892) [19], which expresses the hydraulic conductivity 
(or coefficient of permeability) as function of the square of the 10th percentile 
grain-size diameter d10. 

Hazen (1892, 1911) [19] [20] developed the following empirical formula for 
the prediction of the hydraulic conductivity of saturated sand. 

2
10Hk C d= ⋅                     Equation (5) 

where k is hydraulic conductivity or coefficient of permeability in cm/s, CH is 
Hazen empirical coefficient, d10 is grain size in cm for which 10% of the soil ma-
terial is finer. 

The applicability of the Hazen formula is limited to grain size 0.01 cm < d10 < 
0.3 cm, (Hazen 1892). Hazen developed this approach for the design of sand fil-
ter for water purification (loose, clean sand with a coefficient of uniformity Cu < 
2 (Terzaghi and Peck 1964 [3])). However, this formula is used to assess the 
permeability of in situ soil. The value of CH is generally assumed to be about 100 
but varies in a large range from 1 to 1000 depending on the considered authors 
(Carrier 2003 [21]). Hazen (1892 [19]) found that the resistance to flow also va-
ries with the temperature, being twice as great at the freezing point as at summer 
heat. That can be explained by the temperature dependent of the viscosity of the 
water. Therefore, Hazen (1892) [19] used a corrected Hazen coefficient equal to 
CH = 0.70 + 0.03T, where T is the temperature in degrees Celsius. Thus, at 20˚C, 
the corrected coefficient is equal to 1.3CH, and the permeability would be 30% 
greater than at 10˚C. 

Accounting for water temperature, Hazen equation becomes: 

( ) 2
100.70 0.03Hk C T d= ⋅ + ⋅              Equation (6) 

2.2. Kozeny-Carman Approach 

Another typical relation for the prediction of hydraulic conductivity was pro-
posed by Kozeny (1927) [22] and later modified by Carman (1938, 1956) [23] 
[24]. The resulting equation is known as Kozeny-Carman (KC) equation. This 
equation was developed under the consideration of capillary tubes model for a 
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porous material for which the flow equation of Navier Stokes can be used. The 
Kozeny-Carman (KC) depends on the void ratio, the specific surface area and 
can be expressed with the following relation: 

( )
3

2
1 1 e

1K C o

k
C eS

γ
µ −

    
= ⋅ ⋅ ⋅       +       

           Equation (7) 

where γ is unit weight of fluid; µ is dynamic viscosity of fluid, CK−C is Kozeny- 
Carman empirical coefficient, So specific surface area per unit volume of par-
ticles (1/cm), and e is void ratio. When the fluid is water at a temperature of 
20˚C, γ/µ = 9.93∙104∙1/cm. At 10˚C, γ/µ = 7.64∙104∙1/cm,. Thus, the ratio of γ/µ at 
20˚C and at 10˚C is 1.3, the same as Hazen used in his compound coefficient of 
permeability. For the effect of temperature on the viscosity of water reference is 
made to Lambe (1965) [25], Terzaghi et al. (1996) [26]. Carman (1956) [24] re-
ported the value of CK−C as being equal to 4.8 ± 0.3 for uniform spheres; CK−C is 
usually taken to be equal to 5. Thus, Equation (7) becomes for water at 20˚C: 

( )
3

4
2

1 e1.99 10
1o

k
eS

  
= ⋅ ⋅ ⋅     +   

             Equation (8) 

For example, if a soil material consists of uniform spheres with diameter d 
(cm), 

2

3
Area 6

Volume
6

o
dS

dd
Π

= = =
Π

              Equation (9) 

Thus, Equation (8) becomes 

( )
3

2 e552.78
1

k d
e

 
= ⋅ ⋅  + 

              Equation (10) 

Assuming the grain size distribution is log-linear between two consecutive 
sieve sizes, Carrier (2003) [21] transformed the Kozeny-Carman formula (Equa-
tion (8)) as follows: 

( )
( )

2

3
4

2

0.404 0.595

100% 1 e1.99 10
1

i

li si

k
eSFf

d d

 
 
     = ⋅ ⋅ ⋅ ⋅     +        

 ⋅   
∑

   Equation (11) 

where fi is fraction of particles between two sieve sizes dli (large diameter) and dsi 

sid  (small diameter), SF is shape factor. The shape factor SF accounts for the 
angularity, the roundness, and the sphericity of the grains through surface area 
concepts and is calculated as the surface area of a grain divided by its volume. 
Comparison chart regarding the roundness and sphericity of grain is reported by 
Santamarina and Cho (2004) [27], Cho et al. (2006) [28]. For the shape factor SF 
depending on the grain shape, reference is made to (Fair and Hatch 1933 [29], 
and Loudon 1952 [30]). 
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3. Test Materials 

The hydraulic conductivity tests were performed with non-cohesive soil mate-
rials. The curve of the grain size distribution for the soils tested is shown in Fig-
ure 1. The soil materials consist of one poorly graded fine sand (mFSa) named 
A1, and three gap-graded soils: coarse sand (CSa) named E1, coarse sand (CSa) 
named E2 and fine gravel (FGr) named E5. For these three gap-graded soil ma-
terials, the gap is located by 15% finer by weight. The physical properties for the 
soils tested and the test programme are presented in Table 1. 

4. Test Devices and Testing Procedure 

Vertical permeameter tests have been carried out to analyse the hydraulic con-
ductivity of saturated soil materials. For that a special test device have been de-
signed and used for the vertical saturated conductivity in non-cohesive soils un-
der vertical upward seepage (Figure 2, Figure 3 and Figure 5) (Ahlinhan and 
Adjovi 2019) [18]. The clear internal size of the cylindrical pot is 28.5 cm for the 
diameter and 47 cm for the height for the vertical saturated hydraulic conductiv-
ity under upward seepage. Therefore, a soil sample with a diameter of 28.5 cm 
and a height of 30 cm is built in the cylindrical pot for the vertical saturated hy-
draulic conductivity under vertical upward seepage. The sample is supplied by 
de-aired water using an inflow pipe at the upstream side and an outflow pipe at 
the downstream side. The design details of the cylindrical pot are compatible 
with those of the vertical permeameter as recommended by ASTM D2434-68 
standard (2006) [31]: equilibrium chambers, full-sections porous stones playing 
filter role, piezometer lateral outlets, constant-head tanks to supply de-aired wa-
ter. The cylindrical pot has been equipped with lateral piezometers, as required 
by ASTM D2434-68 standard (2006) [31], which measure hydraulic head loss 
within the soil sample. 

Chapuis et al. (1989) [32] reported possible common mistakes for rigid and 
flexible wall permeameter. Some preferential leakage can occur between the sam-
ple and the rigid permeameter wall. According to ASTM D2434-68 standard 
(2006) [31] the inner diameter of the permeameter must be at least 8 to 10 times 
the maximum particle size of the tested specimen to avoid preferential leakage. 
Since the maximum grain size of the used soil materials is 2 mm, the ratio of in-
ner diameter of the permeameter to maximum particle size is 140, Therefore, the 
designed permeameter for the investigation of the saturated hydraulic conduc-
tivity fulfils the ASTM requirement regarding to the relation between the grain 
size of the material tested and the size of the permeameter. Hence, a preferential 
leakage between the sample and the rigid wall cannot be expected. Another 
possible reason for preferential leakage is the segregation of the solids or soil 
grains within the tested specimen, either during compaction or seepage (internal 
erosion), (Chapuis et al. 1989) [32]. The test sample has been built in a homoge-
neous way in the permeameter (see Figure 4). Furthermore, the inner surface of 
the designed permeameter showed a sufficient roughness, so that disturbing  
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Figure 1. Grain size distribution curves of soils materials tested. 

 
Table 1. Test programme and physical soil properties. 

Parameters 
Reference Soils 

A1 E1 E2 E5 

Minimum porosity nmin 0.40 0.34 0.27 0.31 

Maximum porosity nmax 0.52 0.42 0.40 0.42 

Coefficient of Curvature CC = (d30)2/(d60*d10) 1.00 3.30 6.70 13.80 

Coefficient of Uniformity CU = d60/d10 2.10 6.80 13.50 23.40 

Relative density Dr = (nmax − n)/(nmax − nmin) 

0.50    

0.75 0.50 0.40 0.75 

0.92 0.60 0.85 0.95 

 

 
Figure 2. Photographic view of test device for 
vertical upward hydraulic conductivity. 
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Figure 3. Schematic sketch of test device for vertical upward hydraulic conductivity. 

 

 
Figure 4. Photographic top view of sample 
after pluviation of soil material A1 under 
de-aired water. 

 
edge effects such as joint erosion or preferential leakage could be prevented. 
Therefore, preferential leakage due to solid segregation can be considered as 
negligible for the prepared samples in this study. 

The potable water is primarily de-aired by boiling it up to a temperature of 
120˚C and then cooling it at a laboratory temperature of 20˚C. The cohesionless 
soil is poured gently into the de-aired water-filled cylindrical box to ensure that 
almost no air voids remained, thus achieving a fully saturated soil specimen. The 
hydraulic head or gradient is set to a value and the seepage outflow is measured 
in each time interval of five minutes until the seepage outflow remained constant 
for three successive measurements. This indicates that a steady flow is reached, 
and the Darcy law is valid. The hydraulic head is then gradually increased, and 
the seepage outflow is measured again in each time interval of five minutes until 
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the steady flow is reached again. This procedure was repeated as long as possible. 
It should be noted that from a certain hydraulic head some sand boils occur on 
the sample surface, which indicate the initiation of the internal erosion or suffu-
sion (Ahlinhan and Adjovi 2019) [18]. This hydraulic gradient that leads to in-
ternal erosion or suffusion was not considered for the determination of the sa-
turated hydraulic conductivity, due to significant increase of the hydraulic con-
ductivity of the soil sample and migration of fine particles in the pore matrix 
that lead to sand boils on the sample surface. As result the grain size distribution 
curve of the initial sol material is modified. 

The initial relative density of the soils is varied in the tests. The loose state is 
achieved by filling the soil material gently into the de-aired water, whereas the 
dense state is achieved by vibrating the designed permeameter by means of a 
plate vibrator while casting the soil specimen into the water. The performed 
compaction through light vibration is not expected to modify the grain size dis-
tribution curve of the soil materials tested. Chapuis et al. (1989) [32] stated that 
heavy compaction by means of compaction tampers can break solid soil grains 
thus modifying the grain size distribution curve.  

The relative density is defined here with respect to the porosity of the soil as 
follows: 

max

max min
r

n nD
n n

−
=

−
                  Equation (12) 

Here nmax and nmin are the porosities at the loosest and the densest states, re-
spectively, as determined in the corresponding laboratory tests. n is the actual 
porosity. 

The filter velocity fv  is calculated as follows: 

f
Vv
A t

=
⋅

                    Equation (13) 

Here v is the measured water volume through the soil sample during the time 
t, and A is the cross-section area of the sample. 

The vertical hydraulic gradient i is calculated as the hydraulic head ΔH to the 
sample height h (i = ΔH/h). 

The sample is fully saturated due to of the sample preparation method i.e. 
pouring soil material under de-aired water. The role of the degree of saturation 
Sr and its influence on the hydraulic conductivity has been known for a long 
time (Hassler et al. 1936 [33], Houpeurt 1974 [34], Chapuis 2012 [4]). The role 
of trapped gas during permeability tests was studied by (Christiansen 1944 [35], 
Pillsbury and Appleman 1950 [36], Chapuis et al. 1991 [37], Chapuis and Auber-
tin 2003 [38]). Chapuis (2012) stated that most gas bubbles in the pore matrix of 
the testing specimens are too small to be visible. The specimen-built method 
used for the current tests (pluviation of soil material under de-aired water) pre-
vented gas bubbles in the pore matrix. Furthermore, the inner roughness of the 
test containers prevented preferential leakage of the seepage around the soil 
sample. 
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5. Results and Discussions 

Figure 5 shows the increase of the vertical filter velocity with the vertical hy-
draulic gradient. The vertical filter velocity increases linear proportionally with 
the vertical hydraulic gradient up to the critical gradient, that leads to the trans-
port of the fine fraction of the soil material through the matrix of the coarse 
fraction. The coefficient of the proportionality for this segment of the curve vf(iv) 
is defined as the vertical hydraulic conductivity kv. Above the critical vertical 
hydraulic gradient icrit,v, the vertical filter velocity increases significantly with the 
vertical hydraulic gradient. This can be explained by the transport of the soil 
material that leads to internal erosion. 

Note that only the vertical hydraulic conductivity kv determined for the first 
segment of the curve vf(iv), i.e. before the initiation of the internal erosion, is 
considered and analysed in this paper. The vertical hydraulic conductivity for 
the soil material A1 (poorly graded fine sand) with a relative density Dr = 0.50 is 
read to 0.0004 m/s (Figure 5), while that of the soil material E1 (gap graded fine 
sandy coarse sand) with a relative density Dr = 0.50 is read to 0.0059 m/s (Figure 
6). As expected, the vertical hydraulic conductivity of the saturated poorly 
graded fine sand A1 is significantly smaller than that of the gap graded fine 
sandy coarse sand E1 due to the larger pore matrix of the coarse sand in material 
E1 in comparison to the fine sand A1. 

Figure 7 shows vertical hydraulic conductivity in function of the initial rela-
tive density in a semi-logarithmic diagram (abscissa axe in arithmetic scale, or-
dinate axe in logarithmic scale). Two similar trends can be seen from Figure 7. 
The vertical hydraulic conductivity decreases almost linearly with the initial rel-
ative density. However, this relationship between the vertical hydraulic conduc-
tivity is not the same for the poorly graded sand and the gap graded coarse sand 
or fine gravel. As expected, the gap graded soil materials (E1, E2 and E5) show 
larger vertical hydraulic conductivity than the poorly graded sand (A1). 

Figure 8 presents a comparison of the vertical hydraulic conductivity of the 
current tests results and the approach by Hazen (1892, 1911) [19] [20]. The coef-
ficient cH for the Hazen approach depends not only on the soil material but also 
on its initial relative density. The larger initial relative density, the smaller is the 
value of the coefficient cH, and the smaller is the vertical hydraulic conductivity. 
Good agreement can be achieved, when the coefficient cH for the Hazen ap-
proach is varied to match to the tests results. Therefore, the coefficient cH for the 
Hazen approach that depends on combined soil and fluid properties could be 
hardly predicted with acceptable accuracy without carrying out experimental 
tests. 

Figure 9 presents a comparison of the vertical hydraulic conductivity of the 
current tests results and the approach of Kozeny and Carman (1956) [24] mod-
ified by Carrier (2003) [21]. The modified approach of Kozeny and Carman 
(1956) [24] by Carrier (2003) [21] predicts to some extent the vertical hydraulic 
conductivity for the poorly graded fine sand A1. But unlike, the modified  
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Figure 5. Filter velocity depending on vertical hydraulic gradient of 
soil material A1. 

 

 
Figure 6. Filter velocity depending on vertical hydraulic gradient of 
soil material E1. 

 

 
Figure 7. Vertical hydraulic conductivity of soil material tested de-
pending on initial relative density. 
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Figure 8. Comparison between tests results and whose of Hazen approach. 

 

 
Figure 9. Comparison between tests results with Kozeny and Carman approach. 
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approach of Kozeny and Carman (1956) [24] by Carrier (2003) [21] significantly 
under-predicts the vertical hydraulic conductivity for the gap graded soil mate-
rials E1, E2, E5. However, such gap graded soil materials are often used for dyke 
construction and are subsoil or foundation soil for road and building construc-
tion for which a good prediction of the hydraulic conductivity is required for 
safe-to-safe analysis (den Adel et al. 1988 [39], Skempton and Brogan 1994 [40], 
Ahlinhan and Adjovi 2019 [18]). 

Figure 10 and Figure 11 present the compilation of the test results for the 
poorly graded sand and for gap graded gravely sand, respectively. The hydraulic 
conductivity decreases with the initial relative density. That can be explained 
with the decrease of the porosity with increasing initial relative density of soil 
material. The trend line is described by Equation (14) for poorly graded sand 
and by Equation (17) for gap graded gravely sand. Evidently, an estimation of 
the vertical hydraulic conductivity with a deviation of 15% is possible using the 
Equation (14) and Equation (17). Lines with ±15% deviation from the trend 
lines are also plotted in dash lines (Figure 10 and Figure 12). This deviation can 
be explained with the shape, size and gradation effects and is within the expected 
margin of variation for laboratory permeability test results of round ±20% 
(Chapuis and Aubertin 2003 [38]). 

( ) 3.2390.002e rD
vk m s −=  for poorly graded sand      Equation (14) 

Under the consideration of the grain size distribution curve, the shape factor 
and the initial relative density, Equation (14) can be rewritten in a form of the 
Kozeny-Carman equation as follows: 

( )2
1 1 0.33 0.55r
K C o

k D
C S

γ
µ −

   
= ⋅ ⋅ ⋅ − ⋅ +   
     

 for poorly graded sand  

Equation (15) 

For poorly graded sand and water at 20˚C Equation (15) becomes: 

( )4
2 2

1 11.99 10 0.33 0.55r
o

k D
S SF

   = ⋅ ⋅ ⋅ ⋅ − ⋅ +   
  

       Equation (16) 

( ) 1.5410.019e rD
vk m s −=  for gap-graded gravely sand     Equation (17) 

Under the consideration of the grain size distribution curve and the shape 
factor, Equation (17) can be rewritten in a form of the Kozeny-Carman equation 
as follows:  

( )2
1 1 0.13 0.18r
K C o

k D
C S

γ
µ −

   
= ⋅ ⋅ ⋅ − ⋅ +   
     

 for gap-graded gravely sand 

Equation (18) 

For gap-graded gravely sand and water at 20˚C: 

( )4
2 2

1 11.99 10 0.13 0.18r
o

k D
S SF

   = ⋅ ⋅ ⋅ ⋅ − ⋅ +   
  

       Equation (19) 
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Figure 10. Compilation of test results for poorly graded sand. 

 

 
Figure 11. Compilation of test results for gap graded gravely sand. 

 
Figure 12 presents a comparison between the proposed approach (Equation 

(15) or Equation (16)), the Navfac DM-7 (1974) [41] chart, the approach by 
Carrier (2003) [21], and the recommendations of the committee for waterfront 
structures harbours and waterways EAU (2012) [42]. For the calculation of the 
vertical hydraulic in accordance with Carrier (2003) [21] approach, a typical 1/s2 
value of 6.1*10−4 cm−2 for sand is considered. It appears that the kv values lie in 
general between the range of the lower bound and upper recommended by EAU 
(2012) [42]. 
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Figure 12. Comparison of test results with approaches for vertical hydraulic conductivity of poorly graded sand. 

 
The results of the proposed approach are comparable with the results of ap-

proach by Carrier (2003) [21] for a range from 0.30 to 0.60 for the initial relative 
density of the soil material. For an initial relative density smaller than 0.3, the 
proposed approach shows larger vertical hydraulic conductivity in comparison 
to the approach by Carrier (2003) [21]. But for an initial relative density larger 
than 0.6, the proposed approach shows smaller vertical hydraulic conductivity in 
comparison to the approach by Carrier (2003) [21]. 

The transposition of laboratory results to field conditions must be done with 
fine engineering judgement and caution. If several precautions are not taken, 
there may have discrepancies between hydraulic conductivity values predicted 
by lab tests and field results. Possible discrepancies can be explained by test 
procedures, test conditions, scale effect, discrepancy in flow nets or flow rates 
in-situ and in laboratory, soil heterogeneity, anisotropy, etc. As result, it is 
usually assumed that the true k-value of a soil lie between 1/3 and 3 times the 
value given by a good laboratory test (Chapuis and Aubertin 2003 [38], Chapuis 
2012 [4]). However according to standards for laboratory permeability tests 
ASTM (D2434, D5084, D5856) [43] [44] [45], the real precision of this testing 
seems unknown and therefore their bias cannot be determined. Therefore, more 
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research in the field is needed. 

6. Conclusions 

The hydraulic conductivity k is a key parameter for the design and analysis of 
the seepage related phenomenon and infrastructure. 

This paper presents laboratory results on the vertical hydraulic conductivity kv 
of poorly graded sand and gap graded gravely sand. The kv values were obtained 
with a design permeameter that fulfils the requirement of ASTM D 2434-68 
standard (ASTM 1974) [31]. The specimens were prepared according to the typ-
ical method of pluviation under de-aired water. Therefore, full saturation of the 
sample was reached. Tests are performed at different relative densities to derive 
the curves kv (Dr). As expected, the vertical hydraulic conductivity decreases 
with increasing initial relative density. These test results were compared with the 
published results, the approach by Hazen (1911) [20], the modified approach of 
Kozeny and Carman (1956) [24] by Carrier (2003) [21]. To some extent, the test 
results and those derived from both predictive approaches are well comparable. 
From an engineering viewpoint, a reasonably good fit is obtained between expe-
rimental kv values and those derived from the predictive approach of Hazen 
(1911) [20] and the modified approach of Kozeny and Carman (1956) [24] by 
Carrier (2003) [21] for poorly graded sand. However, both approaches signifi-
cantly underestimate the kv values for the gap graded gravely sand. 

Moreover, a comparison of the test results with the published results shows 
good agreement both for the poorly graded sand and the gap graded gravely 
sand. Based on this data compilation new approaches for the prediction of the 
vertical hydraulic conductivity account for soil and fluid properties are devel-
oped. The kv values derived from the developed approaches lie in the range for kv 
values in accordance with NAVFAC DM (1974) [41] and EAU (2012) [42]. 

The advantage of this approach resides in the use of common soil and fluid 
properties such as curve of grain size distribution, porosity or relative density, 
shape factor of soil grain, unit weight of fluid, dynamic viscosity of fluid, etc. 

Acknowledgement 

The authors thank the geotechnical institute of Leibniz University Hannover in 
Germany for the kind collaboration for the permeameter tests. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Chapuis, R.P. and Gill, D.F. (1989) Hydraulic Anisotropy of Homogeneous Soils 

and Rocks: Influence of the Densification Process. Bulletin of International Associa-
tion of Engineering Geology, 39, 75-86. https://doi.org/10.1007/BF02592538 

https://doi.org/10.4236/gm.2023.133006
https://doi.org/10.1007/BF02592538


A. M. Ferdinand et al. 
 

 

DOI: 10.4236/gm.2023.133006 87 Geomaterials 
 

[2] Cedergren, H.R. (1967) Seepage, Drainage, and Flow Nets. Wiley, New York. 

[3] Terzaghi, K. and Peck, R.B. (1964) Soil Mechanics in Engineering Practice. Wiley, 
New York, 14.  

[4] Chapuis, R.P. (2012) Predicting the Saturated Hydraulic Conductivity of Soils: A 
Review. Bulletin of Engineering Geology and the Environment, 71, 401-434.  
https://doi.org/10.1007/s10064-012-0418-7 

[5] Darcy, H. (1856) Les fontaines de la ville de Dijon. Dalmont, Paris. 

[6] Kunze, R.J., Uehara, G. and Graham, K. (1968) Factors Important in the Calculation 
of Hydraulic Conductivity. Soil Science Society of America Journal, 32, 760-765.  
https://doi.org/10.2136/sssaj1968.03615995003200060020x 

[7] Costa, A. (2006) Permeability-Porosity Relationship: A Reexamination of the Ko-
zeny-Carman Equation Based on a Fractal Pore-Space Geometry Assumption. 
Geophysical Research Letters, 33. https://doi.org/10.1029/2005GL025134 

[8] Ghanbarian-Alavijeh, B., Liaghat, A.M. and Sohrabi, S. (2010) Estimating Saturated 
Hydraulic Conductivity from Soil Physical Properties Using Neural Network Mod-
el. World Academy of Science, Engineering and Technology, 62, 131-136. 

[9] Van de Genachte, G., Mallants, D., Ramos, J., Deckers, J.A. and Feyen, J. (1996) Es-
timating Infiltration Parameters from Basic Soil Properties. Hydrological Processes, 
10, 687-701.  
https://doi.org/10.1002/(SICI)1099-1085(199605)10:5<687::AID-HYP311>3.0.CO;2-P 

[10] Pachepsky, Y.A., Timlin, D. and Varallyay, G. (1996) Artificial Neural Networks to 
Estimate Soil Water Retention from Easily Measurable Data. Soil Science Society of 
American Journal, 60, 727-733.  
https://doi.org/10.2136/sssaj1996.03615995006000030007x 

[11] Erzin, Y., Gumaste, S.D., Gupta, A.K. and Singh, D.N. (2009) Artificial Neural 
Network (ANN) Models for Determining Hydraulic Conductivity of Compacted 
Fine-Grained Soils. Canadian Geotechnical Journal, 46, 955-968.  
https://doi.org/10.1139/T09-035 

[12] Silveira, A. (1965) An Analysis of the Problem of Washing through in Protective 
Filters. Proceedings of the 6th International Conference on Soil Mechanics and 
Foundation Engineering, Montreal, Canada, 8-15 September 1965, 51-555.  

[13] Wittmann, L. (1980) Filtrations—und Transportphänomene in porösen Medien. Verö- 
ffentlichungen des Institutes für Bodenmechanik und Felsmechanik der Universität 
Fridericiana in Karlsruhe, Germany.  

[14] Juang, C.H. and Holtz, R.D. (1986) Fabric, Pore Size Distribution and Permeability 
of Sandy Soils. Journal of Geotechnical Engineering, 112, 855-868.  
https://doi.org/10.1061/(ASCE)0733-9410(1986)112:9(855) 

[15] Witt, K.J. (1986) Filtrationsverhalten und Bemessung von Erdstoff-Filtern. Verö- 
ffentlichungen des Institutes für Bodenmechanik und Felsmechanik der Universität 
Fridericiana in Karlsruhe, Germany. 

[16] Xiong, Q., Baychev, T.G. and Jivkov, A.P. (2016) Review of Pore Network Modelling 
of Porous Media: Experimental Characterisations, Network Constructions and Appli-
cations to Reactive Transport. Journal of Contaminant Hydrology, 192, 101-117.  
https://doi.org/10.1016/j.jconhyd.2016.07.002 

[17] De Vries, E.T., Raoof, A. and van Genuchten, M.T. (2017) Multiscale Modelling of 
Dual-Porosity Porous Media; a Computational Pore-Scale Study for Flow and So-
lute Transport. Advances in Water Resources, 105, 82-95.  
https://doi.org/10.1016/j.advwatres.2017.04.013 

https://doi.org/10.4236/gm.2023.133006
https://doi.org/10.1007/s10064-012-0418-7
https://doi.org/10.2136/sssaj1968.03615995003200060020x
https://doi.org/10.1029/2005GL025134
https://doi.org/10.1002/(SICI)1099-1085(199605)10:5%3C687::AID-HYP311%3E3.0.CO;2-P
https://doi.org/10.2136/sssaj1996.03615995006000030007x
https://doi.org/10.1139/T09-035
https://doi.org/10.1061/(ASCE)0733-9410(1986)112:9(855)
https://doi.org/10.1016/j.jconhyd.2016.07.002
https://doi.org/10.1016/j.advwatres.2017.04.013


A. M. Ferdinand et al. 
 

 

DOI: 10.4236/gm.2023.133006 88 Geomaterials 
 

[18] Ahlinhan, M.F. and Adjovi, C.D. (2019) Combined Geometric Hydraulic Criteria 
Approach for Piping and Internal Erosion in Cohesionless Soils. Geotechnical 
Testing Journal, 42, 180-193. https://doi.org/10.1520/GTJ20170096 

[19] Hazen, A. (1892) Some Physical Properties of Sands and Gravels, with Special Ref-
erence to their Use in Filtration. 24th Annual Report. Massachusetts State Board of 
Health, USA, 539-556. 

[20] Hazen, A. (1911) Discussion of “Dams on Sand Foundations” by A. C. Koenig. 
Transactions of the American Society of Civil Engineers, 73, 199-203.  

[21] Carrier, W.D. (2003) Goodbye, Hazen; Hello, Kozeny-Carman. Journal of Geotech-
nical and Geoenvironmental Engineering, 129, 1054-1056.  
https://doi.org/10.1061/(ASCE)1090-0241(2003)129:11(1054) 

[22] Kozeny, J. (1927) Uber Kapillare Leitung Des Wassers in Boden. Sitzungsber Akad. 
271-306. (In German). 

[23] Carman, P.C. (1937) Fluid Flow through Granular Beds. Transactions of the Insti-
tution of Chemical Engineers, 15.  

[24] Carman, P.C. (1956) Flow of Gases through Porous Media. Butterworths Scientific 
Publications, London, 5. 

[25] Lambe, T.W. (1965) Soil Testing for Engineers. Wiley, New York. 

[26] Terzaghi, K., Peck, R.B. and Mesri, G. (1996) Soil Mechanics in Engineering Prac-
tice. Wiley, New York. 

[27] Santamarina, J.C. and Cho, G.C. (2004) Soil Behaviour: The Role of Particle Shape. 
In: Jardine, R.J., Potts, D.M. and Higgins, K.G., Eds., Advances in Geotechnical En-
gineering: The Skempton Conference, Vol. 1, Tho mas Telford, London, 604-617. 

[28] Cho, G.-C., Dodds, J. and Santamarina, J.C. (2006) Particle Shape Effects on Pack-
ing Density, Stiffness and Strength: Natural and Crushed Sands. Journal of Geo-
technical and Geoenvironmental Engineering, 132, 591-602.  
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:5(591) 

[29] Fair, G.M. and Hatch, L.P. (1933) Fundamental Factors Governing the Streamline 
Flow of Water through Sand. Journal AWWA, 25, 1551-1565.  
https://doi.org/10.1002/j.1551-8833.1933.tb18342.x 

[30] Loudon, A.G. (1952) The Computation of Permeability from Simple Soil Tests. 
Géotechnique, 3, 165-183. https://doi.org/10.1680/geot.1952.3.4.165 

[31] (2006) ASTM D2434-19, Standard Test Method for Permeability of Granular Soils 
(Constant Head). https://www.astm.org/d2434-19.html  

[32] Chapuis, R.P., Gill, D.F. and Bass, K. (1989) Laboratory Permeability Tests on Sand: 
Influence of the Compaction Method on Anisotropy. Canadian Geotechnical Test-
ing Journal, 26, 614-622. https://doi.org/10.1139/t89-074 

[33] Hassler, G.L., Rice, R.R. and Leeman, E.M. (1936) Investigations on the Recovery of 
Oil from Sandstone by Gas-Drive. Transactions of the AIME, 118, 116-137.  
https://doi.org/10.2118/936116-G 

[34] Houpeurt, A. (1974) Mécanique des fluides dans les milieux poreux—Critiques et 
recherches. TECHNIP, Paris. 

[35] Christiansen, J.E. (1944) Effect of Entrapped Air upon the Permeability of Soils. Soil 
Science, 58, 355-365. https://doi.org/10.1097/00010694-194411000-00002 

[36] Pillsbury, A.F. (1950) Effects of Particle Size and Temperature on the Permeability 
of Sand to Water. Soil Science, 70, 299-300.  
https://doi.org/10.1097/00010694-195010000-00005 

https://doi.org/10.4236/gm.2023.133006
https://doi.org/10.1520/GTJ20170096
https://doi.org/10.1061/(ASCE)1090-0241(2003)129:11(1054)
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:5(591)
https://doi.org/10.1002/j.1551-8833.1933.tb18342.x
https://doi.org/10.1680/geot.1952.3.4.165
https://www.astm.org/d2434-19.html
https://doi.org/10.1139/t89-074
https://doi.org/10.2118/936116-G
https://doi.org/10.1097/00010694-194411000-00002
https://doi.org/10.1097/00010694-195010000-00005


A. M. Ferdinand et al. 
 

 

DOI: 10.4236/gm.2023.133006 89 Geomaterials 
 

[37] Chapuis, R.P., Gill, D.F. and Bass, K. (1991) Laboratory Permeability Tests on Sand: 
Influence of the Compaction Method on Anisotropy, Reply. Canadian Geotechnical 
Testing Journal, 28, 172-173. https://doi.org/10.1139/t91-022 

[38] Chapuis, R.P. and Aubertin, M. (2003) Predicting the Coefficient of Permeability of 
Soils Using Kozeny-Carman Equation. EPM-RT-2003-03. Department CGM, Ecole 
Polytechnique de Montréal, Montreal. 

[39] Den Adel, H., Bakker, K.J. and Breteler, M.K. (1988) Internal Stability of Minestone. 
In: Kolkman, P.A., Lindenberg, J. and Pilarczyk, K.W., Eds., Modelling Soil-Water- 
Structure Interactions, Balkema, Rotterdam, 225-231.  

[40] Skempton, A.W. and Brogan, J.M. (1994) Experiments on Piping in Sandy Gravels. 
Géotechnique, 44, 449-460. https://doi.org/10.1680/geot.1994.44.3.449 

[41] NAVFAC DM7 (1974) Naval Facilities Engineering Command. In: Design Manual 
Soil Mechanics, Foundations and Earth Structures, United States Government 
Printing Office, Washington DC.  

[42] EAU (2012) Recommendations of the Committee for Waterfront Structures Har-
bours and Waterways.11th Edition, Ernst & Sohn, Berlin. 

[43] ASTM (2011) Standard D2434—Permeability of Granular Soils (Constant Head). 
In: ASTM annual CDs of Standards, ASTM International, West Conshohocken.  

[44] ASTM (2011) Standard D5084—Measurement of Hydraulic Conductivity of Satu-
rated Porous Materials Using a Flexible Wall Permeameter. In: ASTM annual CDs 
of Standards, ASTM International, West Conshohocken. 

[45] ASTM (2011) Standard D5856—Measurement of Hydraulic Conductivity of Porous 
Material Using a Rigid-Wall Compaction-Mold Permeameter. In: ASTM Annual 
CDs of Standards, ASTM International, West Conshohocken.  

 
  

https://doi.org/10.4236/gm.2023.133006
https://doi.org/10.1139/t91-022
https://doi.org/10.1680/geot.1994.44.3.449


A. M. Ferdinand et al. 
 

 

DOI: 10.4236/gm.2023.133006 90 Geomaterials 
 

Highlights 

• Permeameter tests were carried out on four granular soils. 
• Test results were evaluated, analysed, and compared with the common pre-

dictive approaches for vertical hydraulic conductivity. 
• Good agreement between results tests and common predictive approaches 

was shown for poorly graded sand. 
• Poor agreement between results tests and common predictive approaches 

was found for gap graded gravely sand. 
• Approaches for determination of vertical hydraulic conductivity were devel-

oped based the test results performed and published tests results. 
• Results from these new approaches compared well to some common predic-

tive approaches. 

List of Symbols 

CU  Coefficient of uniformity, CU = d60/d10 

CC  Coefficient of curvature, CC = (d30)2/(d60*d10) 

d   Grain size (mm) 
dx Grain size (mm) such that x% of the solid mass is made of grains 

finer than dx 
Dr  Relative density, Dr = (nmax − n)/(nmax − nmin) 
e   Void ratio (m3/m3); e = n/(1 − n) 
emax, emin Maximum, minimum void ratio (m3/m3) 
GSDC  Grain size distribution curve 
H   Hydraulic head (m) 
Gs  Specific gravity of solids, Gs = ρs/ρw 
kv   Vertical hydraulic conductivity (m/s) 
n   Porosity (m3/m3); n = e/(1 + e) 
nmax, nmin Maximum, minimum porosity (m3/m3) 
RF  Roundness factor (number) 
Sr   Degree of saturation (% or m3/m3) 
SS   Specific surface (m2/kg) 
t   Time (s) 
T   Temperature (degrees Celsius) 
w   Water content (% or kg/kg) 

Greek Letters 

γs, γw  Specific gravity (kN/m3) of solids, of water 
μx  Water dynamic viscosity (Pa∙s) at temperature x 
μw  Water dynamic viscosity (Pa∙s) 
γd  Dry density (kN/m3) 
ρs, ρw  Density (kg/m3) of solids, of water 
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