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Abstract 
This paper introduces a novel physical model for measuring the hydraulic conductivity of granular materials in saturated 
conditions. An innovation in the location of the device’s piezometers allows the device to be used to assess the permeability 
of layered soils for both parallel and perpendicular flows. The model’s square section construction makes soil compaction 
easy. Design methodology took issues of construction, calibration and implementation into account. Permeability coefficients 
in directions parallel and perpendicular to soil stratification were measured, and Student’s t-test was performed for the relation 
of experimental results and existing numerical correlations. Analysis of the results shows that the physical model can replicate 
seepage in layered soils with parallel and perpendicular flows as occurs in field. Furthermore, it was found that it is possible 
to validate the experimental calibration data by use of statistical techniques. 
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Estimación de la conductividad hidráulica en suelos saturados 
estratificados mediante un nuevo modelo físico 

 
Resumen 
Este documento presenta un modelo físico novedoso que permite medir la conductividad hidráulica en materiales granulares 
saturados. Una innovación en la ubicación de los piezómetros del dispositivo permite que este se use para evaluar la 
permeabilidad de los suelos estratificados tanto para flujos paralelos como perpendiculares. La construcción de la sección 
cuadrada del modelo facilita la compactación del suelo. La metodología de diseño tuvo en cuenta aspectos de construcción, 
calibración e implementación. Se midieron los coeficientes de permeabilidad en direcciones paralelas y perpendiculares a la 
estratificación del suelo. Además, se realizó la prueba-t de Student para la relación de los resultados experimentales y 
correlaciones numéricas existentes. El análisis de resultados muestra que el modelo físico puede replicar el fenómeno de 
filtración de agua a través de suelos granulares estratificados como sucede en campo. Por otra parte, se encontró que es 
posible validar el procedimiento de calibración experimental mediante técnicas estadísticas. 
 
Palabras clave: análisis estadístico; coeficiente de permeabilidad equivalente; filtración, prueba-t. 

 
 
 

1.  Introduction 
 
Hydraulic conductivity is one of the most important 

properties of soils [1]. Seepage through the soils may affect 
the stability of geotechnical structures such as pavement, 
tunnels, walls, slopes and excavations. For Nagaraj et al., 
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pp. 119-124, June, 2018. 

Ozgurel & Vipulanandan and Mokwa & Trimble [2-4] the 
parameter which controls the permeability of soils is grain 
size while Lambe & Whitman [5] affirm that a soil’s 
hydraulic conductivity depends on connectivity of pores 
within the material, and Haigh et al. [6] have established that 
tortuosity, void ratios and relative density are the parameters 
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which permit seepage through granular soils. Nevertheless, 
soil permeability also depends on several additional factors 
including temperature, atmospheric pressure and absorption 
[7]. 

Seepage in soils is established by Darcy’s Law according 
to which flow through a soil is laminar while flow velocity 
depends on the hydraulic gradient (i) [8]. The law is 
expressed by an equation for flow velocity that can be used 
to estimate the permeability coefficient (k) [9]. Flows only 
occur when an energy differential exists which is another way 
of saying when i exists. Hence, differences of energy or 
potential between two points must exist into the soil. 

On the other hand, the soil is a non-homogenous, 
anisotropic and non-continuous material [10]. In nature, and 
at the majority of building sites, soil is layered. This means 
that soil properties may change from one stratum to another 
[1]. Because of processes of material formation and soil 
stratification, it is necessary to assess the hydraulic 
conductivity of each layer of soil in order to calculate the 
equivalent permeability coefficient (k’) which is a weighted 
average that takes the number of soil layers and their 
thicknesses into account. It can be used to monitor the 
hydraulic conductivity of a layered soil mass as well as flow 
direction within that mass [11]. 

Numerous methods have been developed to measure 
hydraulic conductivity of soils either in the field or through 
laboratory procedures [12,13]. In the field, permeability is 
evaluated by instrumentation of boreholes [12], but in the 
laboratory, the most popular procedure for evaluating 
hydraulic conductivity of granular soils is constant head 
testing which is described in ASTM standard D2434 [14]. 
The falling head test method is equally popular for fine-
grained soils [13,15].  

Various groups have developed new methods and insights 
in this area. Ghanizadeh et al. [16] estimated k in various 
types of fractured rocks in the field, using three different 
methods: i) profile probe, ii) pulse-decay, and iii) the 
crushed-rock permeability technique. They presented 
laboratory results for gas permeability measurements for the 
low matrix permeability Duvernay shale formation of 
Alberta, Canada. Estabragh et al. have done numerical 
simulations of seepage in porous media through which they 
obtained a numerical simulator that is useful for interpreting 
tests in which permeability changes affect flows within 
geomaterials [17]. Ai & Hu [18] have used the finite element 
method (FEM) to assess hydraulic conductivity in layered 
soils through which they established a method, based on the 
application of stiffness matrix in a multilayered soil model, 
to compute shear deformation and rotary inertia in soil-
structure interaction problems. Others have made new 
developments in the laboratory. Goh et al. [19] modified a 
triaxial cell to estimate permeability in unsaturated soils, 
Anderson et al. [20] used a geotechnical centrifuge to 
estimate permeability in fine-grained soils, and Israr et al. 
[21] used a modified filtration apparatus to directly evaluated 
soil hydraulic conductivity under static and dynamic 
conditions. Meanwhile, Ilek & Kucza [22] have presented a 
novel apparatus for measuring infiltration properties of 
undisturbed soil samples.  

This paper describes the construction, calibration and 

implementation of a novel physical model for measuring 
hydraulic conductivity in layered soils. It describes our 
experimental program which included the development of a 
method for assessing k and k’ in two different types of sandy 
soils, Guamo sand and Ottawa sand. These parameters were 
obtained from tests performed in perpendicular and parallel 
flow directions using our new physical model for 
permeability testing. Finally, Student’s t-test is used to 
compare experimental results and results obtained by using 
equations reported in the literature.   

 
2.  Experimental program 

 
2.1.  Materials 

 
The study was carried out with Ottawa sand and Guamo 

sand which are both well-known materials in Colombia. 
Ottawa sand is obtained from Ottawa, Illinois in the United 
States and has uniform size distribution and is composed of 
quartz minerals [23]. Guamo sand comes from deposits from 
the Machín volcano and is acquired in the Luisa River in 
Tolima, Colombia [24]. Grain size grain distribution was 
obtained according to ASTM standard procedure D422 [25]. 
Fig. 1 shows the granulometric curves of both materials. 
Moreover, Table 1 presents the physical properties and 
classifications parameters of the sands. 

 

 

Figure 1. Grain size curve of sandy soils. 
Source: The authors. 

 
 

Table 1.  
Physical properties of sandy soils 

Parameter Ottawa sand Guamo sand 
Gs 2.67 2.70 

max (kN/m3) 17.61 16.25 
min (kN/m3) 14.62 13.94 

emáx 0.79 0.90 
emín 0.49 0.63 

D10 (mm) 0.25 0.29 
D60 (mm) 0.46 0.51 

USCS SP SP 
Source: The authors. 
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Figure 2. Physical model. 
Source: The authors. 

 
 

2.2.  Equipment 
 
A constant head apparatus was designed and developed 

on the basis of the apparatus suggested in ASTM standard 
procedure D2434 [14]. This device is capable of measure 
hydraulic conductivity of soils for both perpendicular and 
parallel flow directions of granular soils. In addition, the 
apparatus was built with two square acrylic permeameters as 
described in Dulcey et al. [26].  

The geometry of the elements was selected in accordance 
with the sample preparation method. The device’s tubes are 
40 cm long, 10 cm high, and 10 cm wide. Each permeameter 
has seven piezometers with parallel configurations. For each 
permeameter, piezometer number 1 is connected to the 
porous stone, piezometers 2 to 4 are connected to the first soil 
layer and piezometers 5 to 7 are connected to the second soil 
layer. Fig. 2 presents a schematic view of the physical model. 

 
2.3.  Test procedure  

 
Several soil specimens using Ottawa and Guamo sands were 

prepared in order to test measurement of hydraulic conductivity 
by the physical new model. Ottawa and Guamo sands were 
compacted into two distinct layers with a relative density of 70% 
in accordance with the procedure proposed by Camacho-Tauta et 
al. [27]. Each layer had a thickness of 19 cm for perpendicular 
flows and a thickness of 4 cm for parallel flows. 

 
Figure 3. Schematic view of layered soils. 
Source: The authors. 

 
 
In addition, k’ was simultaneously evaluated for 

perpendicular and parallel flow directions. Twenty different 
specimens, each composed of layers of the two, were 
compacted inside of each permeameter. The layers were 
prepared to reach a thickness of 19 cm for the perpendicular 
direction flow tests and 4 cm for the parallel direction flow 
test (Fig. 3). Similarly, conventional constant head tests were 
developed in the model to estimate k values for sandy soils. 

 
3.  Results and discussion 

 
3.1.  Hydraulic conductivity 

 
Values of k were measured in the laboratory using the 

physical model, and computation was done according to the 
method described in ASTM D2434 [14]. Eq. (1) shows the 
calculation procedure.  

 

݇ ൌ
ܮܳ
݄∆ݐܣ

    (1) 

 
where, k is the permeability coefficient (cm/s), Q is the 

flow rate (cm3/s), L is the infiltration length (cm), A is the 
cross-sectional area (cm2), t is the measurement time (s), and 
h is the difference in head pressure (cm). 

Values of k were also estimated through numerical 
models based on granulometric results and relative density 
parameters. Eq. (2) proposed by Hazen [28], and eq. (3) 
proposed by Chapuis [29] were used to compare the 
experimental results.  

 
݇ ൌ ଵܦ100

ଶ      (2) 

 

݇ ൌ 2.4622 ቀܦଵ
య

ଵା
ቁ
.଼ଶହ

  (3) 
 
where, D10 is the grain diameter (mm) of particles 

corresponding to 10% by weight (or mass) of particles 
passing through a certain sieve opening and e is the void ratio 
of the material. Table 2 presents the mean values of k 
obtained by means of tests performed with the apparatus for 
each sand independently plus the numerical correlations 
presented previously. 
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Table 2.  
Hydraulic conductivity of sandy soils 

Method 
k (cm/s) 

 Ottawa sand Guamo sand 
Experimental 0.19 0.31 

Hazen 0.06 0.08 
Chapuis 0.16 0.33 

Source: The authors. 
 
 
Results indicate that the k values obtained experimentally 

are within the range of soils classified as SP, according to 
authors including Bowles [11], Cedergren [12], Warrick [7] 
and Budhu [13]. However, the values obtained through 
Hazen’s method are notably different from our experimental 
results. This is due to the fact that eq. (2) only incorporates 
one parameter of soil, D10. Conversely, the outcomes found 
with the method proposed by Chapuis were very close to our 
experimental results. This is accounted for by the fact that 
this method includes a parameter, relative density, which is 
related to the state of the soil and depends on the void ratio. 
Ren et al. [30] mention the relationship between hydraulic 
conductivity and briefly review void ratio in a way that 
validates the outcomes obtained from the equations proposed 
by Hazen and Chapuis. 

 
3.2.  Equivalent permeability coefficient 

 
Twenty different two-layered samples of Ottawa sand in 

the upper layer and Guamo sand in the lower layer were 
compacted in each permeameter for a total of ten 
permeability tests.  Equivalent values of k’ were measured in 
perpendicular and parallel flow directions simultaneously. 
Eq. (4) indicates the computation of the equivalent 
permeability coefficient in the perpendicular direction (k’y), 
while eq. (5) indicates the equivalent permeability coefficient 
in the parallel direction (k’x). These equations were obtained 
after taking energy losses of the soil mass in each layer into 
account [13]. Table 3 shows the mean results of all k’ 
experimental values and the results obtained from 
correlations. 

 

݇′௬ ൌ
ݕܮ

ܼ1
݇1

ܼ2
݇2

     (4) 

 

݇′௫ ൌ
2݇2ݖ1݇1ݖ

ݔܮ
    (5) 

 
Direct measurements were made by determining the 

differences in hydraulic potentials measured by the 
piezometers located in distinct layers in both permeameters. 
Fifty measurements were made in each permeameter. 
Findings show that the equivalent permeability coefficients 
differ according to flow direction. This is the result of the 
sample preparation process in which soil compaction 
produces a non-isotropic condition that induces 
modifications of hydraulic conductivity. According to Juárez 
Badillo & Rico Rodríguez [31], k’x is never equal to k’y in 
anisotropic soils because of natural processes of stratification 
plus compacting techniques in horizontal layers. 

 

Table 3.  
Equivalent permeability coefficients 

Method 
 Perpendicular flow, 

k’y (cm/s) 
Parallel flow, k’x  

(cm/s) 
Experimental correlation 0.24 0.25 

Hazen 0.07 0.07 
Chapuis 0.22 0.25 

Source: The authors. 
 
 

3.3. Statistical analysis 
 
Nevertheless, the results of the twenty tests performed in 

the physical model presented no relevant variations, and the 
values of k’ were statistically stable. Computation of the 
mean and median, both measures of spread, show them to be 
equal indicating an insignificant amount of variation. Figs. 4-
5 illustrates the box plots of the data sets. Table 4 presents 
the findings from our statistical analysis. 

 

 
Figure 4. Box plot of k’y (cm/s) test results. 
Source: The authors. 

 
 

 
Figure 5. Box plot of k’x (cm/s) tests results. 
Source: The authors. 

 
 

Table 4.  
Descriptive statistics for k’ 

Statistic 
 Perpendicular flow, 

 k’y  
Parallel flow,  

k’x 
Mean (cm/s) 0.2382 0.2501 

Median (cm/s) 0.2379 0.2498 
Standard deviation 

(cm/s) 
0.0011 0.0015 

Variation (%) 0.4772 0.5994 
Source: The authors. 
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A comparison of the values obtained from Equations (4) 
and (5) with tests results shows that the relative errors 
between them are 0.73% for k’y and 0.05% for k’x, assuming 
that the values obtained from the equations are true.  

To verify the behavior of the results, a t-test using the null 
hypothesis in which the experimental coefficient mean values 
are equal to the mean obtained from eqs. (4)-(5) was 
performed. Table 5 shows the normality test statistics: 
skewness presented slightly high values, but kurtosis is 
acceptable as can be seen in Fig. 6-7.  

According to [32,33], the t-test is robust to non-normality 
when sample sizes have more than 30 observations. Due to 
the previous results and a sample size of 50, normality was 
assumed. With a 95% confidence level (=0.05), the t-test 
could be used to show that experimental correlation results 
(Eq. 4-5) are close to the mean of the empirical data, 
particularly for the parallel flow (p-value = 0.58), as shown 
in Table 6. In the case of perpendicular flow, the null 
hypothesis is rejected because the empirical value (0.24) is 
not close to the experimental value of 0.2382 within the range 
evaluated. However, the relative error between these two 
values of 0.73% is negligible.  

 
Table 5.  
Normality test 

Statistic 
 Perpendicular 

flow 
Parallel flow 

Skewness 2.73 3.29 
Kurtosis -0.29 0.08 

Source: The authors. 
 
 

 
Figure 6. Density plot of k’y. 
Source: The authors. 

 
 

 
Figure 7. Density plot of k’x. 
Source: The authors. 

Table 6.  
T-test outcomes 

Flow T-statistic  P-value 
Perpendicular -10.95 0.00 

Parallel 0.55 0.58 
Source: The authors. 

 
 
In the same sense, the 95% confidence intervals found for 

the mean are 
 

 k’y: 0.2382 +/- 0.00032312 [0.2379, 0.2385] 
 k’x: 0.2501 +/- 0.00042607 [0.2497, 0.2505] 

 
which indicates the accuracy of the experimental 

procedures. 
Based on the results, it is possible to affirm that 

experimental and empirical values are close and that 
variation is small. Moreover, the outcomes of the physical 
model show that the differences between k’y and k’x remain 
constant throughout the experimental replicas. For all the 
above reasons, the physical model is capable of replicating 
seepage in layered granular soils. 

 
4.  Conclusions 

 
This paper proposes an alternative physical model for 

evaluating the hydraulic conductivity of granular materials. 
This can be used to measure hydraulic conductivity directly 
and to establish the equivalent permeability coefficient in 
layered soils, and is therefore capable of replicating seepage 
as it occurs in the field. The technique has proven to be 
efficient and relatively easy to apply. 

Importantly, this physical model is highly reliable for 
testing permeability since it generates statistically stable 
results as evidenced by equality between mean and median 
values. In addition, the variability of all permeability 
coefficients (k and k’) was less than 1%. In a physical context, 
such relative errors do not represent important changes for 
practical designs, even if the hypothesis of the equal means 
of the t-test was rejected. 

The t-test is a powerful tool for comparing variation in 
experiments with sample sizes of less than 30 observations. 
Since this technique also allows evaluation of dispersion of 
data obtained from experimental procedures, it can contribute 
to the calibration and implementation of laboratory 
apparatuses. 

Our results show that the equivalent permeability 
coefficient varies according to flow direction. Data presented 
higher values for perpendicular flows than for parallel flows 
due to the sample preparation method. The compaction 
process induces an anisotropic condition within the granular 
soil that is reflected in the void distribution, which in turn 
produces an increase of the flow velocity. 

The comparison of numerical methods with experimental 
techniques demonstrated a clear relationship between 
experimental correlations (weighted average) and direct 
measurements. This establishes that the assessment 
performed with the physical model was adjusted to the 
postulate of eq. (4)-(5). Nevertheless, the numerical models 
in this study did present differences with respect to the direct 
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measurements indicating that the parameters of each 
numerical model must be computed and adjusted according 
to the soil type. 

 
References  

 
[1]  Gupta, P., Alam, J. and Muzzammil, M. Influence of thickness and 

position of the individual layer on the permeability of the stratified 
soil. Perspectives in Science, 8, pp. 757-759. 2016. DOI: 
10.1016/j.pisc.2016.06.080 

[2]  Nagaraj, T.S., Pandian, N.S. and Narashimha Raju, P.S.R., Stress 
state-permeability relationships for fine-grained soils. Géotechnique, 
43(2), pp. 333-336. 1993. DOI: 10.1680/geot.1993.43.2.333 

[3]  Ozgurel, H.G. and Vipulanandan, C., Effect of grain size and 
distribution on permeability and mechanical behavior of acrylamide 
grouted sand. Journal of Geotechnical and Geoenvironmental 
Engineering, 131(12), pp. 1457-1465. 2005. DOI: 
10.1061/(ASCE)1090-0241(2005)131:12(1457) 

[4]  Mokwa, R.L. and Trimble, N.R., Permeability of Coarse-Grain Soil 
from Void Space and Pore Distribution. In GeoCongress 2008. 
Reston, VA: American Society of Civil Engineers, 2008, pp. 428-
435DOI: 10.1061/40972(311)54 

[5]  Lambe, T.W. y Whitman, R.V., Mecánica de Suelos. Limusa. 1991. 
[6]  Haigh, S.K., Eadington, J. and Madabhushi, S.P.G., Permeability and 

stiffness of sands at very low effective stresses. Géotechnique, 62(1), 
pp. 69-75. 2012. DOI: 10.1680/geot.10.P.035 

[7]  Warrick, A.W., Soil Water Dynamics (1st ed.). New York: Oxford 
University Press. 2003. 

[8]  Darcy, H., Les fontaines publiques de la Ville de Dijon. Dalmont. 
Dalmont. Paris: Dalmont. 1856. 

[9]  Mitchell, J.K. and Soga, K., Fundamentals of Soil Behavior. John 
Wiley & Sons. 2005. 

[10]  Ramos-Cañón, A.M., Influence of the void ratio and the confining on 
the static liquefaction in slopes in changi sand. Revista Tecnura, 
19(43), pp. 63, 2015. DOI: 
10.14483/udistrital.jour.tecnura.2015.1.a04 

[11]  Bowles, J.E., Physical and Geotechnical Properties of Soils (2nd ed.). 
New York: McGraw-Hill. 1979. 

[12]  Cedergren, H.R., Seepage, drainage and flow nets. (3rd ed.). New 
York: Wiley. 1998. 

[13]  Budhu, M., Soil Mechanics and Foundations (3rd ed.). New York: 
Wiley. 2010. 

[14]  ASTM International., D2434 - Standard Test Method for Permeability 
of Granular Soils (Constant Head) (2006). 

[15]  Bowles, J., Manual de laboratorio de suelos en ingeniería civil. 
McGraw-Hill. 1980. 

[16]  Ghanizadeh, A., Bhowmik, S., Haeri-Ardakani, O., Sanei, H. and 
Clarkson, C.R., A comparison of shale permeability coefficients 
derived using multiple non-steady-state measurement techniques: 
Examples from the Duvernay Formation, Alberta (Canada). Fuel, 
140, pp. 371-387. 2015. DOI: 10.1016/j.fuel.2014.09.073 

[17]  Estabragh, A.R., Soltani, A. and Javadi, A.A., Models for predicting 
the seepage velocity and seepage force in a fiber reinforced silty soil. 
Computers and Geotechnics, 75, pp. 174-181. 2016. DOI: 
10.1016/j.compgeo.2016.02.002 

[18]  Ai, Z.Y. and Hu, Y.D., The analysis of beams on layered poroelastic 
soils with anisotropic permeability and compressible pore fluid. 
Applied Mathematical Modelling, 40(11), pp. 5876-5890. 2016. DOI: 
10.1016/j.apm.2016.01.032 

[19]  Goh, S.G., Rahardjo, H. and Leong, E.C., Modification of triaxial 
apparatus for permeability measurement of unsaturated soils. Soils 
and Foundations, 55(1), pp. 63-73. 2015. DOI: 
10.1016/j.sandf.2014.12.005 

[20]  Anderson, C., Sivakumar, V. and Black, J.A., Measurement of 
permeability using a bench-top centrifuge. Géotechnique, 65(1), pp. 
12-22, 2015. DOI: 10.1680/geot.13.P.112 

[21]  Israr, J., Indraratna, B. and Rujikiatkamjorn, C., Laboratory 
investigation of the seepage induced response of granular soils under 
static and cyclic loading. Geotechnical Testing Journal, 39(5), pp. 
795-812, 2016. DOI: 10.1520/GTJ20150288 

[22]  Ilek, A. and Kucza, J., A laboratory method to determine the hydraulic 
conductivity of mountain forest soils using undisturbed soil samples. 
Journal of Hydrology, 519, pp. 1649-1659. 2014. DOI: 
10.1016/j.jhydrol.2014.09.045 

[23]  Robertson, P.K., Sasitharan, S., Cunning, J.C. and Sego, D.C., Shear-
Wave Velocity to Evaluate In-Situ State of Ottawa Sand. Journal of 
Geotechnical Engineering, 121(3), pp. 262-273. 1995. DOI: 
10.1061/(ASCE)0733-9410(1995)121:3(262) 

[24]  Molina-Gómez, F.A., Thesis, Physical modelling of liquefiable soils 
in shaking table. Universidad de los Andes, Colombia. 2016. 

[25]  ASTM International., D422 - Standard Test Method for Particle-Size 
Analysis of Soils (2007). 

[26]  Dulcey, E., Molina-Gómez, F.A. y Bulla-Cruz, L.A., Modelo físico 
del equipo de carga constante para el ensayo de permeabilidad. In C. 
Rodríguez (Ed.), XV Congreso Colombiano de Geotecnia (p. 7). 
Cartagena: Sociedad Colombiana de Geotecnia. 2016. 

[27]  Camacho-Tauta, J., Molina-Gómez, F.A. y Reyes-Ortiz, Ó.J. 
Preparación de especímenes de arena para ensayos triaxiales mediante 
un método controlado de compactación. Revista Científica General 
José María Córdova, 12, pp. 185-196. 2014. DOI: 
10.21830/19006586.63 

[28]  Hazen, A., Price, W.G., Potter, A., Thomson, T.K., Smith, G.E.P. and 
Beardsley, R.C., Discussion of dams on sand foundations: some 
principles involved in their design, and the law governing the depth 
of penetration required for sheet-piling by Arnold C. Koenig. 
Transactions of the American Society of Civil Engineers, LXXIII(3), 
pp. 190-207, 1911. 

[29]  Chapuis, R.P., Predicting the saturated hydraulic conductivity of sand 
and gravel using effective diameter and void ratio. Canadian 
Geotechnical Journal, 41(5), pp. 787-795. 2004. DOI: 10.1139/t04-
022 

[30]  Ren, X., Zhao, Y., Deng, Q., Kang, J., Li, D. and Wang, D., A relation 
of hydraulic conductivity — void ratio for soils based on Kozeny-
Carman equation. Engineering Geology, 213, pp. 89-97. 2016. DOI: 
10.1016/j.enggeo.2016.08.017 

[31]  Juárez-Badillo, E. y Rico-Rodríguez, A., Mecánica de suelos - Tomo 
3: flujo de agua en suelos. Limusa. 1974. 

[32]  Wackerly, D.D., Mendenhall, W. and Scheaffer, R.L., Mathematical 
statistics with applications. Thomson Brooks/Cole. 2008. 

[33]  Ramachandran, K.M. and Tsokos, C.P., Mathematical statistics with 
applications. Elsevier/Academic Press. 2009. 

 
 

E. Dulcey-Leal, received the BSc. of Civil Engineer in 2017 at Universidad 
Militar Nueva Granada, Colombia. 
ORCID: 0000-0003-4657-4184 
 
F.A. Molina-Gómez, received the BSc. of Civil Engineer in 2014 at 
Universidad Militar Nueva Granada, Colombia, the Sp. degree in Applied 
Statistics in 2017 at the Fundación Universitaria Los Libertadores, and the 
MSc. degree in Civil Engineering with emphasis in Geotechnics in 2016 at 
the Universidad de los Andes, Colombia. He worked as a young researcher 
and academic director of the graduate programs at the engineering faculty of 
the Universidad Militar Nueva Granada. 
ORCID: 0000-0002-8831-0315 
 
L.A. Bulla-Cruz, received the BSc. of Civil Engineer in 2000 at 
Universidad Militar Nueva Granada, Colombia, the Sp. degree in Soil 
Mechanics and Foundations in 2001 at the Universidad Politécnica de 
Madrid, Spain, the Sp. degree in Traffic, Design and Road Safety in 2009 at 
the Universidad Nacional de Colombia, the MSc. degree in Civil 
Engineering - Road Infrastructure in 2004 at the Universidad de los Andes, 
Colombia, the MSc. degree in Engineering - Transport in 2011 at the 
Universidad Nacional de Colombia. 
ORCID: 0000-0002- 3476-9067 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


