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Abstract Characteristics of fine-grained soils pri-
marily depend on their specific-surface area and
hence, reliable determination of this parameter is
essential. In this context, researchers have employed
quite sophisticated instruments (viz., a BET surface
area analyzer, the mercury intrusion porosimetry,
internal reflectance spectroscopy, X-Ray diffraction
and gas pycnometer etc.) and methodologies (viz.,
sorption of Methylene Blue dye, Ethylene Glycol
Monoethyl Ether and p-Nitrophenol) to determine
specific-surface area of these soils. However, most of
these methodologies are found to be quite tedious,
cost and time intensive. Apart from this, the results
obtained are contentious due to the inherent limita-
tions associated with either the instruments employed
or the basic assumptions made for computing the
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specific-surface area of the soil. Hence, it becomes
mandatory to evaluate the efficiency of these meth-
odologies for determining specific-surface area of
fine-grained soils. With this in view, different types
of soils were considered in this study and their
specific-surface area was determined, by following
different methodologies, and the results were evalu-
ated critically. In addition, attempts were made to
develop relationships between the basic properties of
fine-grained soils (viz., liquid limit, cation-exchange
capacity, activity, and free swell index) and the
specific-surface area. These relationships will be of
immense help to the practicing engineers and
research fraternity.
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Nomenclature

b a constant parameter

0 contact angle between the soil and mercury
A wavelength of UV-light

OHe density of the soil measured with He

PN, density of the soil measured with N,

a absorbance

Ay maximum absorbance

A activity of the soil
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Aup area covered by each molecule of the V. volume of N, adsorbed at pressure P
Methylene blue (MB) dye Vair air-adsorption capacity of the soil

Aol area covered by each N, molecule Vim volume of N, required for mono-layer

A, Avogadro’s number formation as per Langmuir isotherm

b a parameter V nax maximum volume of Hg intruded in the

C concentration of the MB dye sample

C, concentration of the MB dye solution after Vuser  volume of N, required for mono-layer
24 h formation as per multi-point BET isotherm

CEC cation-exchange capacity Vinot volume of N, molecule

C; initial concentration of the MB dye solution w weight of the soil

Cyper @ constant W, amount of EMGE absorbed on the sample

Copt optimal amount of the MB absorbed on the for mono-layer formation
soil Weeme amount of EGME absorbed on the sample

Cs. amount of the MB absorbed on the soil weeue amount of EGME required to cover per
after 24 h square meter of Bentonite

C,i amount of the MB, initially added to soil

G specific gravity of the soil

l/s liquid-solid ratio

LL liquid limit of the soil 1 Introduction

MW,z  molecular weight of the MB dye

p applied pressure Engineering behavior of most of the fine-grained soils

P pressure of N, gas is predominantly influenced by their specific-surface

P/P, relative pressure area (Santamarina et al. 2002). Hence, these soils

Py saturation vapor pressure of Nj exhibit extremely or relatively high swelling and

PI plasticity-index of the soil shrinkage characteristics (Dos and DeCastro 1965;

PL plastic limit of the soil Farrar and Coleman 1967; Ross 1978; Low 1980;

S specific-surface area Morgenstern and Balasubramanian 1980; Dasog et al.

Seir specific-surface area of the soil obtained 1988), high frost heave (Nixon 1991), very high
from air-adsorption method collapse and compressibility (Cerato and Lutenegger

Sext external specific-surface area of the soil 2004), high cation-exchange capacity (Mitchell 1993),

Sint internal specific-surface area of the soil high water retention characteristics (Warkentin 1972),

SL shrinkage limit of the soil high activity (Mitchell 1993), and extremely high

Srm specific-surface area of the soil obtained sorption and desorption characteristics (Daniels et al.
from Langmuir isotherm 2004). These characteristics mainly depend on the

Sus specific-surface area, obtained from MB grain-size distribution (i.e., the clay-size fraction) and
absorption technique mineralogical composition (Mitchell 1993) of the soil.

Super  specific-surface area, obtained from the However, it has been reported by the researchers that
multi-point BET isotherm specific-surface area of the soil S alone can capture the

Suvp specific-surface  area, obtained from combined effect of these factors and hence, can be used
mercury intrusion porosimetry for predicting engineering behavior of fine-grained

FSI free swell index of the soil soils (Warkentin 1972; Santamarina et al. 2002). As

SspET specific-surface area, obtained from the such, reliable determination of S of fine-grained soils
single-point BET isotherm becomes quite essential.

Siotal total specific-surface area of the soil Studies conducted by various researchers for

T surface tension of Hg determining S of the fine-grained soils can be grouped

t time as: (a) gas or vapor adsorption techniques such as BET

Vv cumulative volume of mercury intruded nitrogen adsorption (Brunauer et al. 1938; Tiller and

into the soil
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adsorption technique (Quirk 1955; Orchiston 1959a,
b; Newman 1983) (b) absorption of the polar liquids
and dyes on the soil surface such as Ethylene glycol
(EG) method (Dyal and Hendricks 1950, 1952; Rai
and Murari 1963; Mortland and Kemper 1965;
Sridharan et al. 1972; Eltantawy and Arnold 1974),
Ethylene Glycol Monoethyle Ether (EGME) method
(Bower and Goertzen 1959; Tiller and Smith 1990;
Carter et al. 1965; Eltantawy and Arnold 1973; Carter
et al. 1986; Cerato and Lutenegger 2002), p-Nitro-
phenol method (Ristori et al. 1989; Adamson 1990)
and Methylene blue (MB) dye method (Pham and
Brindley, 1970; Chen et al. 1999; Santamarina et al.
2002) and (c) application of the state-of-the-art
instruments such as mercury intrusion porosimetry
(MIP) (Rootare and Prenzlow 1967; Enustun et al.
1990), internal reflectance spectroscopy (Mulla et al.
1985), X-Ray diffraction (Adamson 1990) and gas
pycnometer (Tuul and Innes 1962; Allen 1990).

Though most of these methodologies are techni-
cally sound, they are quite time-consuming, cost-
intensive and require skilled personnel. Apart from
this, the results obtained are contentious due to either
inherent limitations of the instrument employed or the
basic assumptions involved in mathematical models
that are used for computing S. Hence, it becomes
mandatory to evaluate, critically, the relative effi-
ciency of these methodologies for determining S of a
particular soil, and to identify the methodology which
is most appropriate, in terms of ease of execution,
time and economics.

With this in view, S of fine-grained soils of
entirely different types was determined by employing
the methodologies cited above, and the results were
evaluated critically. In addition, attempts were made
to develop relationships between the fundamental
engineering characteristics of the fine-grained soils
(viz., liquid limit, cation-exchange capacity, activity
and free swell index etc.) and S of the soil.

2 Experimental Investigations

2.1 Details of the Materials Used

Locally available silty-soil (designated as ST), clayey
silt (CS), black-cotton soil (BC), white clay (WC),

Bentonite (BT) and Montmorillonite (MT) were
chosen for this study. These soils were characterized

for their physical, chemical and mineralogical char-
acteristics by conducting a series of laboratory
investigations, details of which are presented in the
following.

2.2 Physical Characteristics

The specific gravity G of these soils was determined
with the help of an Ultra-Pycnometer (Quantachrome,
USA), and the results are presented in Table 1. The
particle-size distribution characteristics of these soils
were determined following the guidelines provided by
ASTM D-422 (ASTM D-422 1994), and the results are
presented in Table 2. This table also lists the consis-
tency limits obtained by following the guidelines

Table 1 Details of the soils

Soil Designation G

Silt ST 2.80
Clayey-silt CS 2.60
Black cotton BC 2.65
White clay wC 2.78
Bentonite BT 2.82
Montmorillonite MT 2.78

Table 2 Physical characteristics of the soils

Property Soil

ST CS BC WC BT MT

Particle size
characteristics (%)

Clay size 25 32 53 54 97 99
(<0.002 mm)

Silt size 34 44 27 46 3 1
(0.002-0.075 mm)

Sand size 41 2420 O 0 0

(0.075-4.75 mm)
Atterberg limits (%)

LL 97 61 145 54 227 411
PL 69 37 80 32 92 196
SL 20 18 14 17 15 16
PI 28 24 65 22 135 215
A 1.13 0.75 124 041 139 2.17
FSI (%)* 103 33 124 6 179 238

USCS classification MH MH CH CH CH CH

? (Thakur and Singh, 2005; Shah, 2005)
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Table 3 Chemical composition of the soils

Table 4 Mineralogical composition of the soils

Oxide % by weight Sample Minerals present

ST s BC WwC BT MT ST Albite, Anorthite, Montmorillonite
Si0, 3359 3375 47.56 4346 457 562 cs Anorthite, Quartz, Montmorillonite
ALO, 9.06 10.87 13.58 33.57 14.04 153 BC Quartz, Mullite
Fe,0, 1401 1177 985 156 1628 17.8 wc Kaolinite, Illite
TiO, 192 176 124 333 242 195 BT Montmorillonite, Illite
Ca0 531 641 377 037 273 356  MT Montmorillonite, Kaolinite
K,0O 038 065 029 007 037 024
MgO 244 165 162 074 181 121 2.4.1 Methylene Blue (MB) Absorption Technique
P,Os 0.07 0.11 0.04 0.03 0.08 0.06
SrO 0.01 0.02 002 001 003 0.01 Tests were conducted to determine specific-surface
MnO 021 0.5 013 005 0.08 0.06 area of the soil sample corresponding to a liquid-solid
Na,0O 068 202 023 017 142 121 ratio //s of 100, and by maintaining the ambient

CEC (meq/100g) 29 19 45 5 38 64

provided by ASTM D-4318 (ASTM D-4318 1994) and
ASTM D-427 (ASTM D-427 1994). These soils have
also been classified based on the Unified Soil Classi-
fication System, USCS (ASTM D-2487 1994), as
presented in Table 2. The activity A and free swell
index FSI (Thakur and Singh 2005; Shah 2005) of
these soils are also presented in the table.

2.3 Chemical and Mineralogical Characteristics

The chemical composition of these soils, in the
percentage oxide form, was obtained using an X-Ray
fluorescence setup (Phillips 1410, Holland). The
cation-exchange capacity CEC of these soils was
determined by following the guidelines presented in
IS: 2720 (IS 2720 1976) and the results are presented
in Table 3.

The mineralogical composition of these soils was
determined with the help of an X-Ray diffraction
spectrometer (Phillips, Holland), which is fitted with
a graphite monochromator and employs Cu-Ko as the
source. Minerals present in these soils were identified
with the help of JCPDS (JCPDS 1994) search files, as
depicted in Table 4.

2.4 Specific-surface Area Determination
Details of methodologies employed for determination

of specific-surface area S of the soil sample are
presented in the following.

@ Springer

conditions as 27 + 0.5°C and 50% relative humidity
(Pham and Brindley 1970; Santamarina et al. 2002).
About 0.5 g of the soil was mixed with 50 ml of MB
dye of different initial concentrations (C;=35 to
10* mg/l), in air-tight glass bottles. This mixture
was agitated for 24 h by mounting the bottle on a
mechanical shaker. Later, the bottle was removed
from the shaker and the solution was filtered using the
Whatman filter paper. The filtrate was transferred to
microfuge tubes and centrifuged at 1,000g for 30 min.
This process helps in separating soil particles and the
solution. The clear solution was decanted, collected in
polypropylene tubes and stored in a refrigerator (at
10°C). This process minimizes the precipitation of
MB dye and evaporation of the solution. Later, this
solution was suitably diluted and analyzed for deter-
mining the concentration of MB C, with the help of a
UV-Spectrophotometer (Shimadzu, Japan).

In order to establish the optimum UV-wavelength, at
which the MB dye yields maximum absorbance a,,,,,,
dyes of different concentrations C were tested over a
wide range of wavelength (1 = 400 to 800 nm) and the
results are presented in Fig. 1. Attempts were also
made to develop a calibration curve (i.e., a relationship
between C and a,,,,,, at optimal A value), as depicted in
Fig. 2, that can be employed for determining the
concentration of the MB dye present in a solution.

2.4.2 Nitrogen (N,) Gas Adsorption Technique

Tests were conducted to determine specific-surface
area of the soil sample using a surface-area analyzer
(Autosorb, Quantachrome, USA) with N, gas as an
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Fig. 2 Relationship between the maximum absorbance and
concentration of the MB dye

adsorbate. This instrument works on BET adsorption
theory (Brunauer et al. 1938). For ensuring accuracy
of the results, the instrument was calibrated with the
help of standard reference material (Alumina) sup-
plied by the manufacturer. Later, 1 g of the air-dried
soil sample was poured into a glass-cell and degassed
under vacuum at 100°C, for a period of 24 h. This
process helps in minimizing errors incurred due to
rise of vapor pressure while adsorption of N, takes
place. The degassing temperature was intentionally
maintained very close to the boiling point of water,
which ensures no mineralogical alteration during
degassing (Zerwer and Santamarina 1994). Later, the
sample was exposed to N, corresponding to different

relative pressures P/P, and maintaining the temper-
ature at 77°K. Where, P and P, are pressure and
saturation vapor pressures of N,, respectively. This
process ensures optimal adsorption of N, (Allen
1990). At the end of the test the sample was weighed
on a balance of accuracy 0.0001 g. The volume of N,
adsorbed V, on the sample (at pressure P) was
recorded and adsorption isotherms were developed,
as depicted in Fig. 3.

Further, efforts were made to determine the
specific-surface area of the soil by employing a
single-point BET analyzer (Smartsorb-91, India). For
this purpose, the degassed sample was filled in the
sample-holder and it was exposed to Ny. Sgppr was
obtained with the help of the built-in software, as
listed in Table 5.

2.4.3 Ethylene Glycol Monoethyl Ether (EGME)
Absorption Method

Specific-surface area of the soil sample was also
determined by conducting Ethylene Glycol Mono-
ethyl Ether (EGME) absorption tests (Carter et al.
1986; Cerato and Lutenegger 2002). About 2 g air-
dried soil was spread uniformly on the bottom of a
glass dish (40 mm in internal diameter and 20 mm in
height) and covered with a perforated watch-glass.
Six such dishes, with soil sample in them, were
placed in a vacuum desiccator containing 250 g of
P,0s. This helps in maintaining a constant vapor
pressure inside the desiccator. The sample was
evacuated by applying vacuum for 2 h and was
weighed. This process was repeated several times,
until sample attains almost a constant weight. Later,
6 ml of analytical grade EGME solution was added to
the sample and the mixture was swirled, gently, until
it becomes slurry. The slurry was placed in the
desiccator over a desiccant (mixture of 100 g CaCl,
and 20 ml EGME) for 12 h. This helps in maintain-
ing a constant vapor pressure and minimizing the loss
of EGME from the monolayer, which forms on the
surface and the interlayer spacing of the soil minerals.
Initial weight of the slurry along with the glass dish
was measured, using the precision balance, and the
dish was re-placed in the desiccator for evacuation
under vacuum. The glass-dish was taken out of the
desiccator, weighed and re-placed in it several times,
until a constant weight is attained.
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Table 5 Specific-surface area (in m%/g) of the soils obtained
from different methods

Soil SSBET SMBET SLM SMIP SMB SEGME
Storal Sext Sim

ST 259 748 1128 56.1 2433 280.6 76.0 204.6
CS 177 195 335 129 2422 127.6 20.5 107.1
BC 378 412 667 28.6 646.6 3324 425 2899
wWC 160 19.1 321 10.8 64.6 320 11.3 20.7
BT 435 61.6 102.2 482 6458 352.8 66.7 286.1
MT 548 933 141 68.6 1057.7 509.8 904 419.4

2.4.4 Mercury Intrusion Porosimetry

Mercury Intrusion Porosimetry, MIP, was conducted
by employing Poremaster 33™ (Quantachrome, USA),
for determining specific-surface area of the soil sample.
A known quantity of the air-dried soil was taken in the
penetrometer (sample cell) and mounted in the low-
pressure port. The penetrometer was evacuated with
the help of a vacuum pump which is connected to the
instrument. This process helps in degassing the pores of
the sample and should be adopted before intruding Hg
in it. Later, the sample was weighed along with the
penetrometer and was placed back in the low-pressure
port. By applying a small pressure, Hg was filled in the
penetrometer. Following this, the penetrometer was
placed in the high-pressure port and subjected to
pressure, in steps, so as to achieve total pressure of
2320 kg/cm?. Subsequently, the applied pressure p and

@ Springer
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the volume of Hg intruded into the sample V were
recorded. After completing this process, the extrusion
of Hg from the sample pores was carried out, by
reducing the pressure in steps and measuring the
extruded volume of Hg corresponding to that pressure.
The value of V was corrected for compressibility and
temperature, as per the guidelines presented by ASTM
D-4404 (ASTM D-4404 1984), by performing blank
intrusion test. This was achieved with the help of a non-
porous material (i.e., stainless-steel balls of 3 mm
diameter).

2.4.5 Air-adsorption Method

Specific-surface area of the soil sample was also
measured with the help of a Ultra-pycnometer
(Quntachrome, USA). The basic principle of this
methodology is that S of the sample is proportional to
the air-adsorption capacity V,;, (Allen 1990; Tuul and
Innes 1962). With this in view, V. of the soil sample
was determined by measuring the density using
Helium pp, and Nitrogen py, gases, respectively.
The instrument was calibrated using the standard
reference material (stainless-steel balls of different
diameters) provided by the manufacturer. Later, the
air-dried soil sample was degassed at 100°C, under
application of vacuum until it attains a constant
weight. This procedure ensures complete removal
(i.e., desorption) of the adsorbed air from the surface
of the sample.
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3 Results and Discussion

It can be observed from the results presented in Fig. 1
that, for MB dye the maximum absorbance a,,,,, is
attained when 4 is equal to 665 nm. This observation
is found to be consistent with the results reported in
the literature (Santamarina et al. 2002). This ensures
proper functioning of the UV-Spectrophotometer and
the purity of the MB dye, used in the study.

As depicted in Fig. 2, C versus a,,,, relationship is
found to be linear (Eq. 1) and the coefficient of linear
regression is 0.9936, which is quite close to unity.

C=47" apu (1)

In addition, blank tests were performed for
estimating uptake of MB dye by the glass sampling
bottle. The uptake capacity of the sampling bottle, for
MB dye, is found to be almost negligible.

Amounts of MB dye initially added to the soil
sample (C,;, in mg/mg) and that gets adsorbed on the
soil particles after 24 h (C,, in mg/mg), were
determined using the following relationship.

Csi = Ci - (l/s) (2)
Cse = (Ci = Ce) - (I/s) (3)

The Cy, versus Cg; plot yields the optimum amount
of MB dye (C,,,, in mg/mg) that gets adsorbed on the
soil sample, as depicted in Fig. 4. It can be noted

from the figure that, initially Cy, increases (depicted
as AB) with C; and later it attains a constant value

8 T T T
6 4
=)
£
(o]
1S
N 4k B 4
x
S C ,,,,,,,, *--® _______ [P SR .,,D
o P
-
2F ° 4
/./
‘A -
o
0 L . 1 ) o 1 A 1 A
0 2 4 6 8

C_(x10°mg/mg)

si

Fig. 4 Determination of optimal concentration of MB dye
adsorbed on soil WC

(depicted as CD). The point of intersection of AB and
CD yields the optimal amount of the MB dye C,,,
that gets adsorbed on the soil particles. Hence, C,,
corresponds to the state of the soil at which the
cations present in the diffused double layer get
replaced by the MB dye. As such, C,,, can be used
for determining the specific-surface area of the soil
sample (depicted as Sy;z) by employing Eq. 4, and
results are presented in Table 5.

Sup = Copt .A%VMB “Aup (4)
where A, is Avogadro’s number (=6.02 X 10%*/mol),
Ayp 1s the area covered by each MB molecule
(=13 x 107" mzlmolecule) and MW, is the molec-
ular weight of the MB (=319.87 g/mol).

Further, N, adsorption isotherms, represented by
Equations 5 and 6 (Santamarina et al. 2002; Brunauer
et al. 1938; Langmuir 1918), were developed as
depicted in Fig. 3.

P 1 P
Py-V, _b~VLm'PO+P0~VLm

P 1

Va(Po — P)  Vuper - Cuper

(5)

Cyuper —1 P
Vuser - Cuser  Po

(6)

where P is the applied pressure, P, is the saturation
vapor pressure of N, (=1 atm at 77°K), V, is the
volume of N, adsorbed at P, V,,, is the volume of N,
required for mono-layer formation as per Langmuir
isotherm, b is the parameter related to the maximum
amount of N, getting adsorbed on the sample, Vy/per
is the volume of N, required to form mono-layer as
per multi-point BET isotherm, Cypgr is a constant,
which is proportional to heat of adsorption in first and
subsequent adsorbed layers.

From the slope and intercept on the ordinates of
the N, adsorption isotherms (depicted in Fig. 3) V,,,
and Vyppr were determined, respectively. Further,
using Eq. 7 (Santamarina et al. 2002; Brunauer et al.
1938), specific-surface area (Szy; or Syper) of the
sample was computed and the results are presented in
Table 5.

Vimor V,
Sty or Syer = TLm O TMBET Aol (7)
anl
where S;,; and Syper are specific-surface areas (in
m?/g) obtained from Langmuir and multi-point BET

isotherms, respectively, V,,, is the volume of N,
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molecule (=1.77 x 1073° m3) and A,,,; is the area
covered by each N, molecule (=16.2 x 107 mz).

The mass in grams of EGME that gets absorbed on
a gram of the soil Wggyr was computed by
subtracting the dry weight of the sample from the
weight of the EGME mixed sample. Further, Wegy e
versus time response for different soils was devel-
oped, until it becomes constant. However, for the
sake of brevity, only, the response of soil BC is
presented in Fig. 5.

Efforts were also made to determine the external
surface area S,,, of the soil by suppressing the
interlayer. For this purpose, the sample was degassed
at 600°C for 5 to 6 h under vacuum, prior commenc-
ing the EGME test (Carter et al. 1986). Later, S,,; of
the sample was obtained by following the procedure
explained in the previous section and the results
obtained are superimposed in Fig. 5. It can be noted
from the figure that after a very rapid drop in the
weight, the sample attains a constant weight W,
which corresponds to the formation of monolayer.
Hence, the total S,,,,, or external S,,, specific-surface
areas of the soil can be determined by employing Eq.
8 (Carter et al. 1986; Cerato and Lutenegger 2002).

W,
8
WEGME ( )

Stotal OF Sexy =

where wggye 1s the amount of EGME required to
form monolayer on a square meter of Bentonite
(=2.86 x 107 g/mz). The difference between S,
and S,,, would yield the inter-layer specific-surface
area §;,, of the soil, as presented in Table 5.

—4— Air-dried sample
o-- Degassed sample (at 600°C)

WEGME (9/9)

1V
<

0 600 1200 1800 2400 3000
t (min.)

Fig. 5 Variation of Wggyr with time for soil BC
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The MIP analysis was conducted on all the soils
used in this study. However, for the sake of brevity,
results for the soil WC, only, are being presented in
Fig. 6. It can be noted from the figure that the
cumulative volume of Hg intruded in the soil V
increases quite steadily until 35 kg/cm? is attained.
However, beyond 35 kg/cm? V rises quite rapidly
until a pressure of 211 kg/cm2 and beyond which it
practically remains constant. Specific-surface area
Suyp of the soil can be computed using Eq. 9 (Rootare
and Prenzlow 1967; Enustun et al. 1990) and the
results are presented in Table 5.

Vmax
B p oV
Swip = / T -cosd ©)
0

where p is the applied pressure (in kg/cm?), V., is the
maximum volume of Hg intruded in the sample, T is
the surface tension of Hg (=0.48 dyne/cm), OV is the
change in intruded volume of Hg corresponding to a
certain incremental pressure and ¢ is the contact angle
(=130°) between the soil and Hg (Enustun et al. 1990).

From the data presented in Table 6 and using Eq.
10 (Allen 1990), V,,/W for different soils was
determined and the results are presented in Table 6.

Vai,:[l _L} (10)

w PHe PN,

Hence, using V,;,/W values and Eq. 11 (Allen
1990; Tuul and Innes 1962), the specific-surface area
of the soil S,;, can be obtained.

0.5 ——rrrrrm

04 o -

0.3 d4 —

V(cc/g)

02 - ¢ —

.0”
0.0 ol

10° 10’ 10° 10° 10
p (kg/em®)

Fig. 6 Variation of the volume of mercury intruded with
pressure for soil WC
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Table 6 Results obtained from air-adsorption method for
different soils

Sample pge, PN2 Vaid W Sair (mz/ 2)
(x10° g/m*) (x10° g/m*) (x10™® m*/g)
ST 2.869 3.636 7.35 68.4
CS 2.772 2.938 2.04 19.0
BC 2.681 2.790 1.45 13.5
wC  2.789 2.960 2.07 19.3
BT 2.821 3.468 6.61 61.5
MT 2.790 3.873 10.03 933

ﬁVair

Sair = (1 1)
where f is a constant parameter that defines the
shape, least dimension and type of the soil particle
(Santamarina et al. 2002), and W is the weight of the
soil sample.

However, as air-adsorption method involves mea-
surement of the density of the soil in dry state, the
inter-layer surface area of the soil may not be
accessible to He and N,. Hence, this method will
only yield external surface area of the soil (Allen
1990; Tuul and Innes 1962). At the same time, as f§
influences S of the soil to a great extent, its estimation
must be done very accurately.

With this in view, the external surface areas Syper
and Sggue of different soils, obtained from MBET
and EGME methods, respectively, were correlated
with V,;,/W, as depicted in Fig. 7. It can be observed

120 : . : .
[« MBET o EGME |
9 8 -
L O, 4
G [
E 60 L L |
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Fig. 7 Estimation of f using MBET and EGME results

from the figure that the variation of V,,/W with
Syser and Sggyre 1s linear and the coefficient of
regression is almost unity (=0.9926). This relation-
ship yields f8 equal to 943 x 10° m™', which can be
used for estimating the specific-surface area S,;, of
different soils (Eq. 11), as listed in Table 6.

It can be noticed from the data presented in
Tables 5 and 6 that N, adsorption (i.e., single-point
BET, multi-point BET and Langmuir isotherm), air-
adsorption (i.e., pycnometer) and mercury intrusion
porosimetry techniques yield quite low specific-
surface areas as compared to their counter parts
(i.e., EGME and MB methods). This can be attributed
to the fact that due to the dry state of the sample
employed by these three methods, the inter-layer of
the soil gets suppressed. Hence, the difference
between the value of S for a soil, under dry and wet
conditions would be more, particularly, for expansive
soils (Carter et al. 1986). The difference between
these two S values can also be attributed to the fact
that the active absorption sites available for weakly
adsorbed molecules (N, and He) are quite less. This
is mainly due to the reduction in accessible inter-
layer surface area of the clay minerals present in the
soil (Santamarina et al. 2002; Daniels et al. 2004;
Carter et al., 1986).

It can also be noted that, in general, the value of §
obtained from Langmuir isotherm Sy, is quite high as
compared to the value obtained from the multi-point
BET technique Sy/pr7. This can be attributed to the
basic assumption associated with the Langmuir
isotherm that only mono-layer formation occurs with
N, adsorption (Langmuir 1918). However, in reality
adsorption of molecules on the surface of the soil
particle takes place in the form of multi-layers and
hence the multi-point BET would yield more gener-
alized results (Brunauer et al. 1938).

As depicted in Table 5, the single-point BET
method yields lesser value of specific-surface area
Ssper as compared to the value obtained from the
multi-point BET test Syger. This can be attributed to
the fact that single-point BET response i.e., volume
of N, adsorbed by a material over a wide range of the
relative pressure is linear (Brunauer et al. 1938).

Hence, it can be concluded that the methods that
employ dry state of soils (i.e., N, adsorption,
mercury intrusion porosimetry and air-adsorption)
for determination of the specific-surface area may
not yield accurate results due to non accessibility
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of the inter-layer surface for adsorption of molecules
(Santamarina et al. 2002). At the same time, these
methods fail to explain the effect of soil-water inter-
action on specific-surface area of a material. In contrast,
MB and EGME methods involve wet state of the soil
and hence yield total specific-surface area, which in real
sense governs engineering behavior of the soil. In
general, MB method yields higher value of the specific-
surface area Sy,p as compared to S,,,,; obtained from the
EGME method. This can be attributed to the basic
assumption that the MB molecule, which is prismoidal
in shape, gets adsorbed on the soil surface in such a way
that the largest dimension is in-plane with the surface.
In this orientation, each molecule of MB covers
approximately 130 A? of the soil surface. As such,
MB method over predicts the specific-surface area of
the fine-grained soils (Chen et al. 1999; Santamarina
et al. 2002).

It can also be observed from the data presented in
Table 5 that S,,, of different soils obtained from EGME
method matches very well with Sy/z£7. This demon-
strates that EGME method of determining specific-
surface area of soils is the most reliable method out of
so many methods being adopted by the researchers. At
the same time, EGME method yields results quite
rapidly and without being much expensive.

3.1 Determination of Characteristics of Fine-
grained Soils Using Specific-surface Area

Further, efforts were made to develop generalized
relationships between basic characteristics of fine-
grained soils (such as liquid limit LL, cation-
exchange capacity CEC, activity A and free swell
index FSI) and their specific-surface area (S = S;ysa1),
by plotting results, of approximately 70 soils, avail-
able in literature (Farrar and Coleman 1967; Low
1980; Erdal 2002; Cerato and Lutenegger 2002;
Dolinar and Trauner 2004), as depicted in Figs. 8—11.
These parameters imbibe physical, chemical, miner-
alogical and geotechnical characteristics of a soil. It
should also be appreciated that S,,,,; obtained from
EGME method yields most reliable specific-surface
area for a fine-grained soil. The trends depicted in
Figs. 8-11 can be represented as:

LL=0.1-(Spa)"* (12a)

@ Springer

CEC = 0.13 - Syl (12b)
A=05+(1x10"*" (Sipa)") (12¢)
FSI = 0.42 - Syt (12d)

Further, results of the six soils (ST, CS, BC, WC,
BT and MT) used in this study were superimposed on
Figs. 8—11 and an excellent matching of the results
with the trends can be noted. This indicates that the
developed relationships are quite general in nature
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Fig. 8 Relationship between specific-surface area and liquid
limit of the soil
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exchange capacity of the soil
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and can be used for reliable estimation of LL, CEC, A
and FSI of fine-grained soils by inputting their
specific-surface area.

4 Concluding Remarks

The study brings out a simple methodology that can
be used for determination of specific-surface area of
the fine-grained soils, based on a critical evaluation of
various methodologies that are being adopted by the
researchers, presently. It has been demonstrated that
EGME method yields most reliable results and at the

same time is quite economical in terms of time and
cost. It has also been shown that empirical relation-
ships between basic characteristics of fine-grained
soils (such as liquid limit, cation-exchange capacity,
activity and free swell index) and the specific-surface
area are quite generalized in nature. Hence, for fine-
grained soils these characteristics can be estimated,
reliably, just by knowing their specific-surface area.
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