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Chapter 8 Relationships between Electromagnetic Properties and Engineering 

Properties

8.1 Introduction

The electromagnetic properties and engineering properties of a soil are inherently 

related because both of them are determined by soil structure and components. Thus, the 

reliability of the EM measurement for soil engineering property characterization relies on 

its capability for quantitative determination of important soil compositional and structural 

parameters. For fine-grained soils, the most important compositional parameters are

water content, clay mineralogy, clay percentage and pore fluid salt concentration, in 

which the clay mineralogy and clay percentage can be conclusively characterized by the 

total specific surface area. 

This chapter is composed of two parts. The first part shows how to determine the 

water content, specific surface area and pore fluid salt concentration of natural soils from 

their dielectric spectra. The second part demonstrates how the specific surface area and 

water content are related to the residual shear strength, compressibility and hydraulic 

conductivity of a soil.  

8.2 Water Content, Specific Surface Area and Pore Fluid Salt Concentration from 

Dielectric Spectrum

The close relationship between the high frequency real permittivity and volumetric 

water content of soils has long been recognized and used as a means to quickly determine

soil water contents in the field. Many empirical correlations between the high-frequency 
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real permittivity and volumetric water content have been established, for example, the 

correlations by Selig and Mansukhani (1975) (equation [8.1]), Topp et al. (1980)

(equation [8.2]), Wang and Schmugge (1980) (equation [8.3]) and Wensink (1993) 

(equation [8.4]):

2' 40 3.9 44.8 392 1600        [8.1]

2 3' 3.03 9.3 146.0 76.7       [8.2]

2' 3.14 23.8 91.6     [8.3]

2' 3.2 41.4 16.0     [8.4]

The calculated volumetric water contents from the real permittivity using the above 

empirical correlations, however, can be seriously deviated from the actual values as 

shown in Figure 8.1, in which the experimental data were collected by Santamarina et al. 

(2005). An error of more than 10 percent in volumetric water content can be resulted 

using any one of the empirical correlations, which corresponds to an error of more than 

15 percent in gravimetric water content. Although the precision of the volumetric water 

content measurement can be improved by measuring both the soil bulk electrical 

conductivity and the high-frequency real permittivity as discussed in Chapter 2, soil-

specific calibrations have to be performed to determine the fitting parameters, which is 

not very practical for water content measurements of natural soils.
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Figure 8.1 Four empirical correlations relating the high frequency real permittivity to 

volumetric water content and experimental data from literature

The experimental data in Figure 8.1 clearly show that the real permittivities of the 

mixed clay are lower than those of the sand and silt, which indicates that the type of soils

plays an important role in determining the relationship between the volumetric water 

content and high frequency real permittivity. This effect of soil type has been 

theoretically proven in Chapter 4. The theoretical analysis also showed that soils with 

higher specific surface areas have lower real permittivities at 1 GHz than soils with lower 

specific surface areas at the same porosity. Plot the experimental data from literature and 

the theoretical curves developed in Chapter 4 together in Figure 8.2. It can be seen that 

the theoretical correlation for the saturated sand fits well with the experimental data for

the sand and silt. Almost all experimental data for the mixed clay are bounded by the 

theoretical curves for the saturated sand and for the mixture of bentonite and sand. Figure 
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8.2 suggests that the theoretical correlations relating the real permittivity to volumetric 

water content should be different for different types of soils.

0 20 40 60 80 100
0

20

40

60

80

S
a
 = 0.1 m2/g

 Volumetric water content (%)

Experimental data measured at 1 GHz
(collected by Santamarina, et al., 2005)

 Sand and silt
 Mixed clay

Theoretical correlations
 1 Sand + 16 Na-bentonite
 Kaolinite 
 Sand

R
ea

l p
er

m
it

ti
vi

ty
 a

t 1
 G

H
z,

 
'

S
a
 = 74 m2/g

S
a
 = 35 m2/g

Figure 8.2 Experimental data from literature and theoretical correlations between 

volumetric water content and real permittivity at 1 GHz

In geotechnical engineering, fine-grained soils are classified by the Atterberg limits. 

The Atterberg limits (liquid limit, plastic limit) essentially reflect the amount and nature 

of clay minerals in a soil, which are also reflected by the total specific surface area of the 

soil. In Chapter 4, a method to determine the total specific surface area and volumetric 

water content simultaneously from the dielectric spectrum was proposed based on the 

theoretical analysis. The analysis showed that the total specific surface area can be 

determined from the dielectric dispersion magnitude over the 50 MHz to 1 GHz 

frequency range. The applicability of the proposed method for the saturated pure clay and 

clay-sand mixtures has been proven in Chapter 4 and its applicability for natural soils is

discussed in this chapter using the experimental data of the eight soils tested in this study. 
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8.1.1 Specific surface area from dielectric dispersion magnitude

The dielectric spectra of the eight soils-Vicksburg Buckshot clay, Rancho Solano clay, 

Northern Virginia clay, San Francisco Bay mud, Staunton clay, Rome clay, kaolinite and 

silicon sand -have been determined in the previous chapter using the frequency domain 

analysis of the TDR waveforms. From the converted dielectric spectra, the real 

permittivities at 1 GHz and dielectric dispersion magnitude from 50 MHz to 1 GHz of 

these soils were calculated and listed in Table 7.3 and plotted in Figure 8.3 against the 

volumetric water content at which the electromagnetic measurements were performed. 

Also plotted are the theoretical correlations developed in Chapter 4 for the saturated sand, 

kaolinite and mixtures of bentonite and sand at different proportions. 

The lower plot of Figure 8.3 shows that the dielectric dispersion magnitude of natural 

soils does not change much with the volumetric water content, which has also been 

theoretically proven in Chapter 4. Moreover, there is a clear trend that the dielectric 

dispersion magnitude increases with increasing total specific surface area. However, the 

natural soils exhibit smaller dielectric dispersion magnitudes than the sand-bentonite 

mixtures at the same total specific surface area. This might be due to two reasons: (1) all 

smectite particles in the sand-bentonite mixtures are assumed to interact with the pore 

fluid in the theoretical calculation. In natural soils, however, some clay particles can be 

attached to the surfaces of large grains or stick together to form clusters. This portion of 

clay particles contributes less to the dielectric dispersion behavior because the interfacial 

and bound water polarizations are not fully mobilized without complete interactions 

between clay particles and the pore fluid. (2) Not all clay minerals have as high surface 

conductance as smectite minerals. For example, the surface conductance of kaolinite 
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particles is less than one third that of smectite particles. As a result, the clay particles in 

natural soils cause smaller dielectric dispersion magnitude than the smectite particles at 

the same pore fluid salt concentration because interfacial polarization is less significant 

when the difference between the electrical conductivities of the clay particles and pore 

fluid is smaller.  
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Figure 8.3 Theoretical correlations between volumetric water content and real 

permittivity at 1 GHz and the experimental data of the silicon sand and seven clays from 

TDR measurements

A linear relationship between the dielectric dispersion magnitude over the 50 MHz to 
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1 GHz frequency range and total specific surface area is observed for natural soils if the 

dielectric dispersion magnitudes at different volumetric water contents are averaged for 

each soil and compared with the average specific surface area from EGME measurements 

as shown in Figure 8.4. 
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Figure 8.4 Dielectric dispersion magnitude over the 50 MHz to 1 GHz frequency 

range versus the EGME specific surface area for natural soils

The linear relationship between the EGME measured specific surface area and the 

dielectric dispersion magnitude from 50 MHz to 1 GHz for natural soils are:

6831.10756.0'  aMeasured S [8.5]

The experimental data of the San Francisco Bay mud apparently deviate from the 
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linear correlation. This is because the San Francisco Bay mud has an unusually high pore 

fluid electrical conductivity than other soils, which will be discussed later.

The specific surface area measured by the EGME method is the total specific surface 

area of a soil because the EGME molecules can easily penetrate into the inter-particle 

spaces of expansive clay minerals. When the pore fluid electrical conductivity is less than 

0.2 S/m, which is the case for most natural soils, the total specific surface area of a 

natural soil can be calculated from its dielectric dispersion magnitude over the 50 MHz 

and 1 GHz frequency range by inverting equation [8.5]:

13 ' 22aS    [8.6]

When the pore fluid electrical conductivity is high, the estimated specific surface area 

from the above correlation may underestimate the total specific surface area. A simple 

method to determine the pore fluid salt concentration will also be introduced in this 

chapter.

The upper plot of Figure 8.3 shows that the measured real permittivities of natural 

soils at 1 GHz are higher than those of bentonite-sand mixtures with the same total 

specific surface area. However, the tendency that high specific surface area soils have 

lower real permittivities at 1 GHz than low specific surface area soils is still very obvious. 

A simple method to improve the precision of using the real permittivity at 1 GHz '
1G for 

the volumetric water content determination of natural soils is to choose different '
1G ~

correlations based on the measured dielectric dispersion magnitude from 50 MHz to 1 

GHz ' : (1) when '  is 0, use the theoretical correlation for sand; (2) when '  is 

less than 15, use the theoretical correlation for kaolinite; (3) when ' is higher than 15, 
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use the theoretical correlation for the bentonite-sand mixture (1 Na bentonite + 16 Sand).

Based on this criterion, the volumetric water contents of the eight soils are calculated and 

compared with the volumetric water content listed in Table 7.3, which is converted from 

the oven-dry gravimetric water content. The comparison is plotted in Figure 8.5, which

shows that the volumetric water content determined by the proposed method fall within 

±3 % of the volumetric water content converted from the oven-dry gravimetric water 

content. This is a significant improvement over the empirical correlations in the precision 

of water content determination. Moreover, no soil-specific calibration is necessary in the 

new method. 
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Figure 8.5 Comparison between the volumetric water contents from TDR 

measurements and those converted from oven-dry gravimetric water contents
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8.1.2 Pore fluid salt concentration from dielectric spectrum

The determination of pore fluid salt concentration is of critical importance for 

geoenvironmental engineers to determine if a soil is contaminated or not. The pore fluid 

salt concentration can be estimated from the measured pore fluid electrical conductivity

using such correlations as equation [3.11]. The pore fluid electrical conductivity of 

natural soils is usually low and a high electrical conductivity of the pore fluid usually 

indicates the infiltration of contaminants. However, it is very time-consuming and costly 

to sample and test the pore fluid.  In contrast, the bulk electrical conductivity of a soil can 

be readily measured. Unfortunately, few reliable methods are available to convert the soil 

bulk electrical conductivity to pore fluid electrical conductivity because the soil bulk 

electrical conductivity can also be affected by the water content, clay percentage and clay 

mineralogy. These factors affect the soil bulk electrical conductivity in a complicated 

manner and all of them are difficult to measure in the field.  

Using the theoretical model developed in Chapter 3, a series of theoretical 

correlations between the volumetric water content and soil bulk electrical conductivity at 

1 kHz are established for soils at different pore fluid electrical conductivities as shown in 

Figure 8.6. The theoretical correlations are developed for three types of soils – sand, 

kaolinite and a mixture of bentonite and sand (1 Na-bentonite + 8 Sand). They represent 

the non-plastic soils, low-to-medium plasticity soils and high plasticity soils, respectively. 

It can be seen that the correlations between the volumetric water content and soil bulk 

electrical conductivity are distinctive for different types of soils. For sand, the soil bulk 

electrical conductivity decreases with decreasing volumetric water content regardless of 

the pore fluid electrical conductivity. For kaolinite, the soil bulk electrical conductivity 
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decreases with decreasing volumetric water content when the pore fluid electrical

conductivity el  is higher than 0.05 S/m but increases with decreasing volumetric water 

content when el  is lower than 0.05 S/m. For the mixture of bentonite and sand, the soil 

bulk electrical conductivity decreases with decreasing volumetric water content at el  = 

1 S/m but exhibits a peak when el  is lower than 0.2 S/m.  

The bulk electrical conductivities of the seven soils tested in this study have been 

measured by the time domain reflectometry and listed in Table 7.2. These soils are 

separated into three groups based on the measured dielectric dispersion magnitude from 

50 MHz to 1 GHz ' : (1) when '  is higher than 15, use the theoretical correlations 

for 1 Bent. + 8 Sand; (2) when '  is less than 15, use the theoretical correlation for 

kaolinite; (3) when '  is 0, use the theoretical correlation for sand. The bulk electrical 

conductivities of these soils are superimposed on the theoretical correlations in Figure 8.6.

The bulk electrical conductivity of a sand-water mixture measured by Persson and Haridy 

(2003) is also plotted because its pore fluid electrical conductivity is known.
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Figure 8.6 Determination of pore fluid electrical conductivity from the bulk electrical 

conductivity of sand, low specific surface area soils and high specific surface area soils

The measured bulk electrical conductivity of the sand-water mixture is located in 

between the theoretical curves developed for the saturated sand at pore fluid electrical 

conductivities of 0.01 S/m and 0.05 S/m. From the position of the experimental data, the 

pore fluid electrical conductivity of the sand-water mixture is estimated to be 0.022 S/m, 

which is very close to the actually measured value of 0.0255 S/m (Persson and Haridy, 

2003). Similarly, it can be determined that the pore fluid electrical conductivity of the 

Northern Virginia (NOVA) clay is much lower than 0.01 S/m; the pore fluid electrical 

conductivities of the Staunton clay and Rancho Solano clay are close to the 0.01 S/m;  the 
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pore fluid electrical conductivities of the Vicksburg Buckshot clay and Kaolinite are 

close to 0.05 S/m; the pore fluid electrical conductivity of the Rome clay is close to 0.1 

S/m and that of San Francisco bay mud is close to 0.5 S/m. The high pore fluid electrical 

conductivity of San Francisco Bay mud causes a depression of interfacial polarization, 

which is the primary polarization mechanism contributing to the dielectric dispersion as 

explained in Chapter 3. As a result, the measured dielectric dispersion magnitude of the 

San Francisco Bay mud over the 50 MHz to 1 GHz frequency range is significantly lower 

than that of the Northern Virginia clay even though the total specific surface areas of 

these two soils are very close. 

The pore fluid electrical conductivities of the above clays were not measured in this 

study. Therefore, a comparison between the estimated and actual pore fluid electrical 

conductivities can not be made. However, the tendency how the bulk electrical 

conductivity changes with volumetric water content at different pore fluid electrical 

conductivities is exactly predicted by the theoretical correlations for different type of 

soils. Dielectric spectra of soils at different pore fluid salt concentrations can be measured 

in future studies to further verify and improve the precision of using these correlations for 

pore fluid salt concentration determination.

8.3 Relationship between Engineering Properties and Specific Surface Area

The specific surface area has long been recognized as one of the most important 

factors controlling many physical and chemical properties of fine-grained soils (Petersen 

1996). The fundamental reason is that the specific surface area regulates the balance 

between the surface forces and skeleton forces of soil particles (Santamarina et al. 2002).
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The specific surface area of large particles (sand and gravel) is small, usually much less 

than 1 m2/g. As a result, the behavior of sand and gravel is primarily controlled by the 

skeleton forces. On the other hand, the specific surface area of clay can be several orders

higher than that of sand and the behavior of clay is primarily controlled by the surface 

forces. Even a small amount of clay minerals can significantly increase the overall 

surface area of a soil and considerably change its engineering properties (Terzaghi et al. 

1996). 

Correlations between the specific surface area and many physical and mechanical 

properties of soils have been established, for example, Call (1957), Farrar and Coleman 

(1967) and Churchman and Burke (1991) all found a high degree of correlation between 

the specific surface area and liquid limit,  plasticity index, cation exchange capacity and 

clay size fraction. Among them, the correlation between the liquid limit and the specific 

surface area established by Farrar and Coleman (1967) is probably the most well-known:

  56.0/19
2

 LLS OHa [8.8]

It should be noted that the specific surface areas of the nineteen British clays used to 

establish the correlation were measured by the water vapor adsorption method. The 

principle of the water vapor adsorption method has been introduced in Chapter 6. The 

specific surface area measured by other method can be significantly different from that 

measured by the water adsorption method even for the same soil. Therefore, the

correlations between the liquid limit and specific surface area should also be different for

different methods. It is important to clarify the physical meaning of the specific surface

area measured by different method and what their relationships with the liquid limit are. 
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8.3.1 Specific surface area from different methods and liquid limit

Many methods are available to measure the specific surface area of clay as 

summarized in Chapter 6. Four methods are the most frequently used: the nitrogen 

adsorption (BET-N2) method, water vapor adsorption method, EGME (EG) adsorption 

method and Methylene blue absorption method. The specific surface areas measured by 

these methods are quite different even for the same soil. The experimental data from 

literature in which both the liquid limit and specific surface area were measured are 

collected and plotted in Figure 8.7. 
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Figure 8.7 Liquid limit and specific surface area from four different methods
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 Despite of scattering of the experimental data, it can be seen that that the specific 

surface areas from EGME or EG adsorption method are significantly higher than those 

from the water adsorption method, which in turn is higher than the specific surface areas 

from the BET-N2 adsorption method. At the same liquid limit, the specific surface area 

determined by water vapor adsorption method is approximately three times the specific 

surface area determined by BET-N2 adsorption method and about one third of the specific 

surface area determined by the EGME adsorption method. Thus, the correlations between 

EGME specific surface area and liquid limit and between the BET-N2 specific surface 

area and liquid limit can be established on the basis of the correlation [8.8]:

  56.0/193  LLS EGMEa [8.9]

    56.0/193/1
2

 LLS Na [8.10]

The measured specific surface areas by the EGME adsorption method are higher than 

those from the water vapor adsorption method because the EGME molecules can fully 

penetrate into the interlayer spaces of expansive clay minerals but the water vapor

molecules can only partially penetrate into the these spaces. For soils with expansive clay 

minerals as the dominant minerals, the water vapor adsorption method measures 

approximately one third of the total specific surface area. For soils with kaolinite as the 

dominant minerals, the specific surface area from EGME-adsorption and water vapor 

adsorption should be close because no interlayer spaces are available for adsorbate to 

occupy  (de Jong 1999). 

The specific surface area measured by the BET-N2 method is the lowest among these 

methods. This is because nitrogen molecules are large and non-polar and they can not 

penetrate into the interlayer spaces of clay particles and small pores confined within the 



221

clay clusters. Thus the BET-N2 method measures the external surface area of clay clusters, 

which is approximately one ninth of the total specific surface area as indicated in Figure 

8.7.

The specific surface area measured by the Methylene blue absorption method shown 

in Figure 8.7 is close to the correlation established for the water vapor adsorption method. 

However, it can not lead to the conclusion that the specific surface area from the 

methylene blue absorption is lower than that from EGME adsorption because the soils 

tested by Locat (1984) contains little expansive clay minerals. Given the fact that the 

MB-absorption test is performed in water suspensions (Santamarina et al. 2002), in which 

all available surfaces of the expansive clay minerals are exposed, the specific surface area 

from the MB-absorption method should also correspond to the total specific surface area 

of clay minerals. For example, a specific surface area as high as 700 m2/g was measured 

for Na-montmorillonite by Chen et al. (1999). 

The total specific surface areas of the seven clays measured by the EGME adsorption 

method in this study are plotted against their liquid limits in Figure 8.8. Also plotted are 

the empirical correlations for other methods. The measured data for the six natural soils 

are distributed around the correlation established for the EGME adsorption method but 

the measured data for kaolinite is closer to the correlation established for the water vapor 

adsorption method. This is because the natural soils contain expansive clay minerals such 

as montmorillonite and mica (refer to Table 6.2) whose interlayer surfaces can be fully 

covered by the EGME molecules. The kaolinite does not have such interlayer surfaces.
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Figure 8.8 Total specific surface areas of seven soils from EGME adsorption method 

versus liquid limit

A high degree of scattering of the experimental data about the regression lines

between the specific surface area and liquid limit is almost inevitable because the liquid 

limit is essentially a dynamic shear strength (Russell and Mickle 1970; Whyte 1982; 

Wroth and Wood 1978) and it can be affected by the electrolyte concentration, cation 

valence and size and dielectric permittivity of the pore fluid (Sridharan 2002). For 

example, sodium saturated montmorillonite has a much higher liquid limit (710 to 900%) 

than calcium saturated montmorillonite (177 to 510%) (Lambe and Whitman 1969) while 

the sodium saturated kaolinite has lower liquid limit (~52%) than calcium saturated 
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kaolinite (~73%) (White 1949). Although these factors also affect the specific surface 

area measurement, they affect the measured specific surface area in a different manner 

from that they affect the liquid limit. For example, the measured specific surface area 

from EG or EGME adsorption method is only slightly affected by the types of 

counterions. Therefore, the correlations between the specific surface area and liquid limit 

are of a high degree of uncertainty given the scattering of the experimental data about the 

correlations. 

Since the empirical correlations between the liquid limit and other engineering 

indexes have been established, correlations between the specific surface area and such

engineering indexes as compressibility and shear strength can be established as shown in 

Table 8.1. It should be noted that the correlation between the liquid limit and specific 

surface area is for the water adsorption method. When the specific surface area from 

other methods is used, the empirical correlations need to be adjusted accordingly.

Uncertainties exist not only in the correlations between the liquid limit and specific 

surface area but also in the correlation between the liquid limit and other engineering 

properties. Thus, the indirect correlations listed in Table 8.1 can not be very reliable if

they are used to estimate engineering properties from the measured specific surface area. 

A more desirable approach is to establish direct relationships between the specific surface 

area and engineering properties. In the following section, the relationships between the 

specific surface area and soil compressibility, hydraulic conductivity and residual shear 

strength are investigated based on the experimental results on seven clays.
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Table 8.1 Empirical correlations between the specific surface area and engineering 

properties (from Santamarina et al., 2001)

Properties Original Expression In terms of aS

aSLL 56.019 

General: baLLPI  General:   aSPI

For high aS : 259.0  LLPI 85.0  aSPI

Lower bound: 
)20(73.0  LLPI

73.041.0  aSPI

Upper bound: )8(9.0  LLPI 9.95.0  aSPI
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Notation: aS  is the specific surface area;   is the shape and tortuosity factor; 

w  is the unit weight of water; g  is the unit weight of the solid;   is fluid 

viscosity; n  is the porosity; e  is the void ratio; g is the acceleration of gravity; LL
is the liquid limit; PI is the plasticity index; cC is the compression index;   and 
are the proportionality constants; sG  is the specific gravity; '

v  is the effective 

stress; '  is the peak friction angle; uS  is the undrained shear strength; hk  is the 

hydraulic conductivity; vc  is the consolidation coefficient;   is shape and 

tortuosity factor.
Sources: Skempton (1957); Farrar and Coleman (1967); Terzaghi and Peck (1967); 

Perloff and Baron (1967); Wood (1990); Mitchell (1993); Santamarina et al (2001)
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8.3.2 Specific surface area and compressibility

The compression indexes of the six clays measured in this study are listed in Table 

6.5. They are plotted in Figure 8.9 as a function of the total specific surface area 

measured by the EGME method. Also plotted are the estimated compression indexes

from the empirical correlation:

 10009.0  LLCc [8.11]

where LL is the liquid limit, whose value has been listed in Table 6.1. 
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Figure 8.9 Measured and estimated compression index versus total specific surface area

for six clays



226

Figure 8.9 shows that the compression ratio increases with increasing total specific 

surface area. A linear correlation between the measured compression index and the 

EGME specific surface area is observed:

0.0013 0.1626c aC S   [8.12]

The estimated compression ratio from the empirical correlation using the liquid limit 

is close to the actual measured values.

Since the total specific surface area can be estimated from the dielectric dispersion 

magnitude from 50 MHz to 1 GHz using equation [8.6], a correlation between the 

compression index and dielectric dispersion magnitude from 50 MHz to 1 GHz can also 

be established:

0.0169 ' 0.134cC    [8.13]

A comparison between the measured compression index and that calculated from the 

dielectric dispersion magnitude using equation [8.13] is shown in Figure 8.10. It can be 

seen that the estimated compression index from the dielectric dispersion falls within ±0.1

of actual compression index.
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Figure 8.10 Comparison between the measured compression index and that calculated 

from the dielectric dispersion magnitude over the 50 MHz to 1 GHz frequency range

8.3.3 Specific surface area and residual shear strength

In clay slopes where landslides had occurred, weak shear surfaces might have formed 

because the platy clay particles in the rupture zone tend to be aligned to the direction of 

shear. These slopes can be more unstable than they were before the occurrence of 

landslides because the shear resistance that can be further mobilized on these shear 

surfaces will be the minimum shear strength of the clay materials, i.e., their drained 

residual shear strength, which is much lower than the drained peak strength. 
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The residual shear strength can be considered as a fundamental property of clay

because it is barely affected by the initial structure and stress history of the soil. Under a 

given normal stress, the residual shear strength is primarily dependent on the amount and 

the nature of the clay minerals that are present (Skemption 1964; Stark and Eid 1994). 

However, it was found that both plasticity and grain size do not correlate well with the 

residual shear strength (Kenney 1967). 

The residual friction angles of the seven clays from the ring shear test are listed in 

Table 6.7. They are plotted in Figure 8.11 against the total specific surface area of these 

soils from the EGME adsorption method. Also plotted are the relationships between the 

residual friction angle and total specific surface area for the smectite-quartz, kaolinite-

quartz and smectite-kaolinite-quartz mixtures developed by Tiwari et al (2005). The 

residual friction angles of these mixtures were measured using the ring shear test and the 

specific surface area of these mixtures were calculated from the total specific surface 

areas of individual clay minerals and their weight percentages in the mixture.
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Figure 8.11 Relationship between residual friction angle and total specific surface 

area of clays

Figure 8.11 shows that the residual friction angle decreases with increasing total 

specific surface area. However, the residual friction angles of natural soils are all higher 

than those of smectite-quartz mixtures at the same total specific surface area. A possible 

reason is that the clay particles in the natural soils tend to stick together to form clay 

clusters. These clay clusters behave like larger particles when the soil is sheared, which 

results in higher shear resistances. 

A linear correlation between the residual friction angle of natural soils and total 

specific surface area can be determined:
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35 0.07r aS    [8.14]

The residual friction angle can also be estimated from the dielectric dispersion 

magnitude over the 50 MHz to 1 GHz frequency range because the total specific surface 

area can be obtained from the dielectric dispersion magnitude using equation [8.6].

33.5 0.91 'r    [8.15]

A comparison between measured residual friction angle and that calculated from 

equation [8.15] is shown in Figure 8.12. It can be seen that the estimated residual friction 

angle of natural soils from the dielectric dispersion magnitude falls within 5 degree of the 

measured residual friction angle. However, the correlation can not be applied for pure 

kaolinite. The actual residual friction angle of pure kaolinite is about 10 degrees lower 

than the estimated value from the dielectric dispersion magnitude.  
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Figure 8.12 Comparison between the measured residual friction angle and that 

calculated from the dielectric dispersion magnitude over the 50 MHz to 1 GHz frequency 

range

8.3.4 Specific surface area and hydraulic conductivity 

The hydraulic conductivities of the six clays at different void ratios have been 

calculated from the coefficient of consolidation and compressibility based on the 

Terzaghi’s 1D consolidation theory in Chapter 6. The calculated values are listed in Table 

6.6 and plotted in Figure 8.13.



232

10-12 10-11 10-10 10-9 10-8

0.8

1.2

1.6

2.0

V
oi

d 
ra

ti
o

Hydraulic conductivity in the vertical direction (m/s)

Vicksburg (369 m2/g)

Rancho Solano (289 m2/g)

NOVA (222 m2/g)

Staunton (139 m2/g)

Rome (89 m2/g)

Kaolinite (35 m2/g)

Figure 8.13 Hydraulic conductivity of six clays in the vertical direction 

Figure 8.13 shows a general tendency that the hydraulic conductivity increases with 

decreasing total specific surface area and increasing void ratio. This dependence of 

hydraulic conductivity on specific surface area and void ratio has been predicted by the 

Kozeny-Carman equation (Kozeny, 1927; Carman 1956):
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Where kh = hydraulic conductivity (m/s),  = dynamic viscosity of the permeant (Ns/m2) 

= 1.00210-3 Ns/m2 for water at 20 degree, p = unit weight of the permeant (N/m3) = 9.8

kN/m3 for water, k0 = pore shape factor ≈ 2.5 (Suggested by Carman 1937), T = tortuosity 

factor = 2  in porous media containing approximately uniform pore sizes, e = the global 
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void ratio, Sa = specific surface area (m2/kg), s = mass density of solid particles ≈

2.65×103 kg/m3. 

The KC equation accounts well for the dependency of hydraulic conductivity on 

void ratio in uniformly graded sands and some silts. However, serious discrepancies

between the measured and calculated hydraulic conductivities were found in clays when 

the total specific surface area is used to calculate the hydraulic conductivity. This is 

because the clay fabric plays an important role in the hydraulic conductivity 

determination of fine-grain soils. In fine-grained soils, individual clay particles tend to 

stick together to form clay clusters. The intra-cluster pores are usually much smaller than 

the inter-cluster pores. The small intra-cluster pores contribute little to the fluid flow 

through a soil because the fluid rate is proportional to the square of the radius of the flow 

channel (Poiseuille Law). In other words, the fluid flow through a fine-grained soil is 

primarily controlled by the external surface area of clay clusters in stead of the total 

surface area of the soil (Olsen 1962). 

The external surface area of clay clusters can be measured by the BET-N2 method as 

previously discussed. However, it is very time-consuming and expensive to perform the 

BET-N2 adsorption test. The relationships shown in Figure 8.7 indicate that the external 

specific surface area might be estimated by two methods: (1) from liquid limit using the 

correlation [8.10]; (2) from the total specific surface area measured by the EGME 

adsorption method or determined from the dielectric dispersion magnitude over the 50 

MHz to 1 GHz frequency range. The ratio between the total specific surface area and 

external specific surface area should be approximately 9:1. 
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The external specific surface areas of the six clays tested in this study are calculated 

by dividing the total specific surface area from the EGME adsorption method by nine. 

The calculated values are listed in Table 8.2. Then the hydraulic conductivities of these 

soils at different void ratios are calculated using the KC equation and the estimated 

external specific surface area. To further verify the proposed method, the external 

specific surface areas of six clays tested by Nagaraj et al (1991) are estimated from their 

liquid limits and the hydraulic conductivities of these soils are also calculated using the 

KC equation. The ratios between the measured and calculated hydraulic conductivities 

are listed in the last column of Table 8.2. It can be seen that most of the predicted values 

fall in the range of 1/5 to 5 times the measured k value. 

The calculated and estimated hydraulic conductivity are also plotted in Figure 8.14. 

The comparison shows that the KC equation provides fairly good prediction for the 

hydraulic conductivity of clay soils if the external specific surface area of clay clusters is 

used in calculation. However, almost all measured hydraulic conductivity decreases faster 

with decreasing void ratio than the predicted values probably because the inter-cluster 

void ratios are decreasing at a fast rate than the overall void ratio. The precision of the 

hydraulic conductivity prediction might be improved by studying the changes of inter-

cluster void ratios during the consolidation process.
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Table 8.2 Measured and calculated hydraulic conductivity

Soil type
Void 
ratio

Liquid 
limit

Total 
specific 
surface 

area(m2/g)

External 
specific 
surface 

area 
(m2/g)

Measured 
hydraulic 

conductivity 
(m/s)

Calculated 
hydraulic 

conductivity 
(m/s)

Ratio 
between 
measured 

and 
calculated 
hydraulic 

conductivity 
This study

1.882 1.66E-09 3.83E-10 4.3
1.607 5.37E-10 2.63E-10 2.0

Vicksburg 
Buckshot clay

1.403
84 369 41

1.69E-10 1.90E-10 0.9
1.567 1.99E-10 4.07E-10 0.5
1.410 8.79E-11 3.16E-10 0.3
1.283 3.18E-11 2.51E-10 0.1

Rancho Solano 
clay

1.203

61 298 32.1

2.85E-11 2.14E-10 0.1
1.543 2.81E-09 6.43E-10 4.4
1.383 1.12E-09 4.94E-10 2.3
1.237 5.28E-10 3.77E-10 1.4

Northern 
Virginia clay

1.150

64 222 24.7

2.42E-10 3.15E-10 0.8
1.373 1.72E-09 1.35E-09 1.3
1.228 8.57E-10 1.02E-09 0.8
1.110 3.43E-10 8.03E-10 0.4

Staunton clay

1.037

53 139 15.4

2.03E-10 6.77E-10 0.3
0.801 5.49E-09 7.94E-10 6.9
0.728 2.83E-09 6.22E-10 4.5
0.656 1.39E-09 4.75E-10 2.9

Rome clay

0.629

32 89 10.0

5.33E-10 4.25E-10 1.3
1.185 1.82E-08 1.32E-08 1.4
1.088 1.41E-08 1.07E-08 1.3
1.005 7.49E-09 8.82E-09 0.8

Kaolinite

0.941

37 35 4.0

7.26E-09 7.48E-09 1.0
Data from Nagaraj et al (1991)
Bentonite 9.240 330 - 185.1 1.28E-09 6.26E-10 2.0
Bentonite+sand 5.910 215 - 116.7 2.65E-09 6.11E-10 4.3
Natural marine 
soil

2.798 106 - 51.8 2.56E-09 5.99E-10 4.3

Air dried 
marine soil

2.234 84 - 38.7 2.42E-09 6.41E-10 3.8

Oven dried 
marine soil

1.644 60 - 24.4 2.63E-09 7.85E-10 3.3

Brown soil 1.674 62 - 25.6 2.83E-09 7.45E-10 3.8
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Figure 8.14 Comparison between the measured and estimated hydraulic conductivity for 

twelve clays

8.4 Conclusions

Based on the theoretical analysis in Chapter 4, new methods are proposed in this 

chapter to determine three important compositional parameters of natural soils: total 

specific surface area, volumetric water content and pore fluid salt concentration. The total 

specific surface area can be determined from the dielectric dispersion magnitude over the 

50 MHz to 1 GHz frequency range. By choosing the appropriate real permittivity-
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volumetric water content correlation according to the dielectric dispersion magnitude, the 

precision of using the real permittivity at 1 GHz for volumetric water content

determination is significantly improved. The estimated volumetric water contents fall 

within ±3 % of the directly measured volumetric water contents for eight soils at 

different void ratios. Three series of correlations between the soil bulk electrical 

conductivity and volumetric water content are established for soils with different total 

specific surface areas. Based on these correlations, the pore fluid electrical conductivities 

of a soil can be estimated from the soil bulk electrical conductivity and volumetric water 

contents.

The relationships between the liquid limit and specific surface area from different 

methods are reviewed. It is found that the specific surface area from the EGME 

adsorption method is approximately three times that from the water vapor adsorption 

method and about nine times that from the BET-N2 adsorption method. Good linear 

relationships between the total specific surface area from the EGME adsorption method 

and the compression ratio and residual friction angle of natural soils are observed. With 

increase of total specific surface area, the compressibility of natural soils increases and 

the residual shear strength decreases. However, the hydraulic conductivity of natural soils 

is more related to the external specific surface area, which can be estimated from the total 

specific surface area or from the liquid limit. The Kozeny-Carman equation provides a 

fairly good estimation for the hydraulic conductivity of clayey soils when the external 

specific surface area is used in the calculation.


