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ABSTRACT: Stratified soils are often encountered in nature and it is very important to find out the coefficient of permeability in such 

soils due to its importance on stability analysis of various civil engineering structures. It also affects the extent of ground 

contamination as well as recharge of water basins. While, porosity-permeability relationship is well established in literature for 

homogeneous soils, it remains highly uncertain for stratified soils. Though, theoretical equations based on Darcy’s law are often used 
to determine the coefficient of permeability in layered soil, many times it yields different value than actually observed in the field. 

Keeping this in view, experiments were carried out in the laboratory to determine the coefficient of permeability in stratified sand 

samples using constant head permeability test. Further, a new method was established to determine the permeability of stratified soil 

by using characteristic frequency of elastic waves obtained from bender/extender tests. Using the data from experiments, a 

mathematical model was developed by incorporating the Darcy’s law and Biot’s theory of wave propagation in poro-elastic medium. 

It was found that the wave propagation method yields better result compared to the Darcy’s model in stratified soils. 

 

1  INTRODUCTION 

Although, extensive research has been carried out in the 
laboratory to understand the water permeability in 
homogeneous soil, works related to permeability in stratified 
soil is very limited in literature. For stratified soil encountered 
in nature, the equivalent coefficient of permeability, k is 
generally determined by using Eq.1 for flow normal to the plane 
of stratification.    

                𝑘 =  
 𝐿𝑖𝑛𝑖=1 (𝐿𝑖/𝑘𝑖)𝑛𝑖=1

                              (1)             

where, Li is the thickness of the ith layer in the stratified soil and 
ki is the coefficient of permeability of that layer. However, some 
of the researchers (Stauffer and Dracos 1986) have observed 
that the actual value of permeability is not same as the value, 
theoretically calculated using Eq.1. The reasons behind this 
deviation can be explained with the discontinuity in soil texture 
interface and hence an abrupt change in actual pore spaces and 
thus creating a boundary line that affected the movement of 
water (Aylor and Parlange 1973).  
    Keeping this in view, attempts were made in the present 
work to determine the coefficient of permeability in stratified 
soils using characteristic frequency of elastic waves obtained 
from bender/extender test in the laboratory. Biot’s model for 
wave propagation in porous media was used for this purpose 
(Biot 1955). Modified Biot’s theory (Sheng and Zhou 1988) 
relates the soil parameters like porosity ( 𝜙 ), hydraulic 
conductivity (k) and tortuosity factor (τ) of pore space with the 
characteristic frequency, fc as follows:  

                𝑓𝑐 =
𝜙𝑔

2𝜋𝑘𝜏                                       (2)    

where, g is the acceleration due to gravity. The basics behind 
measuring permeability using seismic waves is that, when the 
seismic load is applied on a porous media in the form of elastic 
waves, the structure of porous media deforms and the 
magnitude of the relative motion between solid particles and 
pore water varies depending on the frequency of the wave. Due 
to the relative motion, pressure gradient builds up and fluid 
flows from one region to other which is related to k (Song et al. 
2008).  

2  EXPERIMENTAL INVESTIGATIONS 

Five different sand samples (viz., S1, S2, S3, S4 and S5) were 
used to prepare stratified samples, the properties of which are 
presented in Table 1. Stratified sand samples were prepared in a 
transparent acrylic mould keeping the total height of sample, L 

as 18cm and the inner diameter, D as 9cm. For stratified sand in 
two layers and in three layers, height of individual sand layer 
was kept as L/2 and L/3, respectively. Six nos of three-layered 
and eight nos. of two-layered stratified samples were prepared 
by using different combinations of the sand samples. All the 
samples were prepared and tests were repeated corresponding to 
three different relative densities, RD i.e. 25%, 45% and 65%.  

Table 1. Properties of sand samples 

Sand 

samples 

Mean Grain 

 Size (mm) 

Specific 

Gravity 

Maximum  

Void Ratio  

Minimum 

Void Ratio 

S1 0.29 2.65 0.964 0.549 

S2 0.64 2.65 1.001 0.613 

S3 1.03 2.63 0.964 0.647 

S4 1.60 2.66 0.881 0.582 

S5 3.38 2.63 0.936 0.547 

   The test setup used for conducting laboratory tests to 
determine the coefficient of permeability and characteristic 
frequency of stratified samples is depicted in Figure 1. The 
value of k was determined by conducting the constant head 
permeability tests. fc was determined by analyzing the Shear (S-) 
and Compression (P-) waves propagated through the sand 
samples. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Test setup to determine the coefficient of permeability and for 

propagation of elastic waves through soil samples  

When preparing the samples, different RD was achieved by 
varying the pouring height of sand into the transparent acrylic 
mould, which was also graduated for better control of sample 
height. For higher RD, tampering was done with the help of a 
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small acrylic rod at the top of individual layers and care was 
taken that the vibration is not transferred to the layer below. It 
was ensured with the observation in the transparent graduated 
mould. The acrylic mould rest on a triaxial base pedestal, 
comprising of cylindrical titanium insert with encapsulated 
element (P-wave transmitter / S-wave receiver) with flying 
leads for connection to signal conditioning and data interface 
unit (GDS Instruments, UK). Similarly, the top cap consists of 
encapsulated S-wave transmitter/P-wave receiver. The pair of 
piezo-ceramic elements thus acts simultaneously as a bender 
and extender, propagating S- and P- waves in vertically 
downward and upward direction, respectively. The S- and P- 
waves were generated and propagated through the samples with 
an input excitation frequency varying from 1kHz to 100kHz at 
an interval of 100 to 200 Hz. Amplitude of the input waves was 
kept as ± 12 Volts. 

3  RESULTS AND DISCUSSIONS 

From bender/extender tests, it was observed that complete 
attenuation of both the S- and P- waves took place beyond a 
certain frequency in some samples, whereas in some other, the 
attenuation took place either for the S- or P- wave. As such, the 
extent of wave attenuation mainly depends upon the relative 
density of the samples, nature of soil, signal types and the input 
excitation frequency. The characteristic frequency, fc of a 
sample was determined from its attenuated wave (either S- or P- 
waves). For samples, where, both the S- and P-waves are 
attenuated, the lower value of fc was considered. On the other 
hand, for samples where, neither S- nor P- wave yields 
significant attenuation, fc was determined based on the variation 
of S- and P- wave velocity w.r.t. frequency. It was observed that, 
beyond a certain frequency considered as the fc, the wave 
velocity is not much affected with variation in input excitation 
frequency. Based on the value of fc permeability, k was 
calculated (termed as kcal) using Eq. 3.   
  

           𝑘 =  
 𝐿𝑖𝑛𝑖=1 𝐿𝑖· 2𝜋𝑓𝑐·𝜏𝑖∅𝑖· 𝑔𝑛𝑖=1

                               (3)            

where, τi and 𝜙 i are the tortuosity factor and porosity, 
respectively, for ith layer of sand in a stratified sample. The 
tortuosity factor,τ in Eq.3 was considered to be  𝜏 = ∅−0.5  
as suggested in literature (Qiu and Fox 2008)  for similar 
soil. Eq. 3 was further simplified to Eq.4 and Eq.5 for two- and 
three-layered soil, respectively, by substituting the value of τ in 
Eq.3. 

                       𝑘 =
3.1213𝑓𝑐 [

1∅1
1.5+

1∅2
1.5]

                                       (4)            

                         𝑘 =
4.6820𝑓𝑐 [

1∅1
1.5+

1∅2
1.5+

1∅3
1.5]

                                   (5)  

 

 

 

 

 

 

 

 
 

Figure 2. Comparison between kcal and kobs in two-layered samples 

Moreover, k was also obtained directly from constant head 
permeability tests (termed as kobs.) using Eq. 6.  

                      𝑘 =
𝑞𝐿𝐴                                                   (6)                                     

Where, q is discharge, L is the total sample height, A is area of 
the sample and h is the head causing flow. When kcal and kobs 
were compared for two and three-layered samples (See Figure 2 
and Figure 3, respectively), good R2 value was obtained for all 
samples (irrespective of relative density, nos of layers and types 
of sands). Moreover, the present method was found to yield 
good results as compared to the conventional method (i.e. Eq.1).            
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Figure 3. Comparison between kcal and kobs in three-layered samples 

4  CONCLUSION 

A new method, which is very simple, easy and less time 
consuming for predicting permeability in stratified sand, has 
been demonstrated in this paper. Permeability of sand was 
found to be better correlated with the characteristic frequency of 
elastic waves. The permeability calculated using the 
characteristic frequency yields good result in all types of sands 
and hence is more generalized in nature. However, usefulness 
of this method for other different types of soils needs to be 
verified with further research in this direction. 
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