ZESZYTY PROBLEMOWE POSTEPOW NAUK ROLNICZYCH 1976, z. 168

\

COMPARISON OF LONDON-VAN DER WAALS INTERACTIONS
WITH THE SHEAR STRENGTH OF CLAYS

Ewa T. Stepkowska,'Anna Kwasnik

Institute of Hydroengineering PAS, Gdansk-Oliwa
Geotechnical Institute, Technical University, Wroclaw

INTRODUCTION

In the Institute of Hydroengineering (PAS) in Gdansk since many
years there are performed studies to find the physical reasons of the
shear strength of saturated clays. Thermodynamic considerations of the
mechanical process indicate, that in tension the change in potential ener-
gy of attractive forces should equal the work of external forces. In pre-
vious research of monomineral and homoionic clay there was found
a good correlation -between the cohesion measured (the part of shear
strength independent of the normal stress) and the calculated dispersion,
London-van der Waals interaction (further discussion of this problem
is the subject of the other paper).

This encouraged to study natural clays. For the estimation of long-
-range particle interactions it is necessary to know the interparticle di-
stance 2 d. For this purpose a water sorption test was developed, which
gives the necessary informations upon the clay physical state and its
mineralogical composition.

Those tests were porformed for 113 samples of a clay from the sli-
ding slope Dobrzyn therefrom the long-range London-van der Waals
dispersion interaction was estimated and compared with the shear
strength measured in the norwegian type triaxial test equipment with
pore pressure measurement at constant axial strain rate 20/o/hour.

DISPERSION INTERACTION PRESSURE

Van der Waals forces are very common in nature acting between
all the atoms and molecules. Their reasons may be: :
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1. Orientation effect (Keesom effect) due to mutual orientation and
attraction of two permanent dipoles;

2. Induction effect (Debye effect) due to mutual induction of dipole
moment in interacting atoms and molecules resulting in attraction:

3. Dispersion effect (London effect) which is the most common and
interesting. Due to the electron movement around the nucleus the atom
has the properties of a fluctuating dipole, what means that the center
of its positive charge does not coincide with center of its negative char-
ge. .
The interactions of two solid bodies are usually calculated for two
parallel plates by summing up the interactions of separate atoms of both
of them. Then the interaction energy is inversely proportional to the
second power of the distance, whereas the interaction pressure p, {force
per unit area) is inversely proportional to the third power of the distance.
The corresponding relations for interacting atoms are V4, = fIR—%/,
Fa=f/R77.

As in all the systems, where atoms have a small dipole moment, also
in clay minerals the most important seems to be the dispersion effect,
e.g.in carbon oxide (CO) of the dipole moment u = 0.11 D this effect
forms 99.9% of the total van der Waals interaction energy.

The analysis and comparision of formulas derived for calculation of
the dispersion interaction was performed elsewhere [1, 2]. London equa-
tion was chosen to calculate the energy of interaction between atoms

knowing their polarizability and characteristic frequency ». Summing
up the interactions over all the atoms in both interacting particles and
considering the influence of neighbouring atoms (many-body interactions,
or interaction of quasiatoms) the equation was obtained for the disper-
sion interaction pressure

Csq 1 1 2 \

P>t =y | & T @ (a+5) i )
| 2
here
d — half the interparticle distance, '
6 — the particle thickness,

¢(w) — the effective optical dielectric constant of the medium through
which the interaction occurs,

Se — the coefficient of many-body interaction of clusters (equivalent
to interaction of quasi-clusters), _
C — a constant expressing the characteristics of atom in the crystal

lattice being a function of polarizability o, characteristic
frequency v, number of ions in 1 ¢m3 of the crystal lattice q.
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_ mg*is
(s = 43’
s — the coefficient of many-body interaction of atoms (interaction
of quasiatoms),
A — a constant occuring in London equation for interaction energy

V4 of atoms at the mutual distance R

A 3 -
Va =—pe and A = T hva?,
where h is the Planck constant.
The characteristic values used in pa calculation are interrelated.
Between the polarizability ¢ and the dielectric constant there is given

the following Clausius—Mosotti relation:

e—1 3
e+ 2 4ngqg

a —

The characteristic frequency y may be calculated from equation

e e
2n ma

y = )
if the polarizability o and the oscillator strength f are known. The
electron mass m and the elementary charge of the electron e are constant.

The dielectric constant is an additive property. The effective optical
dielectric constant of the medium through which the interaction occurs
may be calculated from the equation -

d s (H,0) + (-g-) Tt

;(a)) = >
)
d -+ 5
where
¢(H,0) — the dielectric constant of water,
e—part — the dielectric constant of the clay particle.

The values used in calculation are presented in Table 1. The values
of London—van der Waals dispersion interaction were calculated for
montmorillonite, kaolinite and illite as the function of interparticle
distance 2d, assuming the particle thickness 6 = 122.4 A determined for
montmorillonite (Z.M. bentonite) and most probable values measured by
X-day diffraction for illite and kaolinite (0;; = 200 A and dxy = 300 A,
dxL = 700 A). Results are given in Table 2.

g*
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For estimation of London—van der Waals dispersion interaction in
clay-water system there is necessary to know the interparticle distance.
It was estimated as follows.

Table 2
— p 4 values for montmorillonite, illite and kaolinite
J Montmorilonite _ Kaolinite
X §=122,4A Ilite ‘
0=200 A 5=300A 5=700A
pH,0=1,0g/cm®* pH,0=1,27 g/cm’
10 19.0291 19.7812 23.7834 38.2063 38.2448
20 2.2377 2.3261 2.9195 4.4663 4.6852
30 0,6192 0.6437 0.8520 1.2764 1.3622
40 0,2472 0.2570 " 0.3548 0.5111 0.5638
50 0.1317 0.1369 0.1797 0.2596 0.2843
60 0.0785 0.0816 0.1030 0.1465 0.1618
70 0.0488 0.0507 0.0643 0.0901 0.1005
80 0.0323 0.0336 0.0427 0.0591 0.0663
90 0.0225 0.0234 0.0298 0.0407 0.0459
100 0.0163 0.0169 0.0215 0.0292 0.0331

ESTIMATION OF INTERPARTICLE DISTANCE

X-ray diffraction measurement indicate that in a saturated clay-water
system there may be assumed a linear relation between the water content
and the interparticle distance 2d

W—(WC ‘I" Wdead)
S-p

d= - 100 (A), 2)

here S is the external specific surface in m?/g, ¢ is the free liquid water
density (1 g/cm3), W, is the crystal phase water content in the investigated
system. Basing on some experimental data it was assumed that it is equal
to the sorbed water content at the relative water vapour pressure p/Py =

=0.95, multiplied by 1.0g/cm’ This cofficient is supposed to be the ratio of
| 1.27 g/cm?

crystal phase water density in the investigated system to this value in
sorbed state. Its value should be checked what is discussed in the other
paper *. ’

W geaq is the water content, which does not influence the interparticle

* In recent study sorbed water density at p/p, = 0.95 is assumed as equal 1.0 g/

/em3 and Wgeaq is estimated from the intercept of the linear relation W, — W, =
= f(S) or Wy— Wq = £ (5).



134 E. T. STEPKOWSKA, A. KWASNIK

distance, e.g. capillary water. In montmorillonitic clays it is supposed

to be equal to zero. It is assumed to be equal to the natural water
content after extrapolation of the external specific surface to zero i.e. it

is equal to the intercept of the straight linear relation W, = f(§). This
may be derived in the following way.
Assuming W = W, in equation (2) it may be transformated into

Wn = d§9 S Wc o Wdead-

If S=0 the soil can not contain clay minerals, thus W, = 0 and

Wdead - Wn(S - 0)

Thus the estimation of interparticle distance and therefrom the
particle interaction in a saturated clay-water system demands the know-
ledge of: 1. Water content of the system W; 2. Crystal phase water con-

tent W.; 3 .External specific surface S; 4 .Linear relation W, = f(§) and

therefrom Wgeaq = Wn(S_ = 0), i.e. water content, which does not in-
fluence the interparticle distance.

Several methods of the external specific surface determination are
known.

The BET method (Brunauer, Emmett, Teller) determines the adsorp-
tion isotherm of a nonpolar gas, usually nitrogen or krypton. The amount
of gas is measured, which is necessery to cover the sorbent by a mono-
molecular layer and therefrom the specific surface is calculated.

From the X-ray diffraction or electron diffraction the estimation of
particle thickness from the half width of the diffraction peak is possible
but it may be done only in monomineral clays of rather regular crystal
structure.

Heat of wetting measurement and ethylene glycol retention are often
applied to determine the specific surface but it is not sure that in such
a way the real specific surface is measured.

Most reasonable seems to be the determination of W, and S from
water sorption measurement [3], what is a very simple casy and unex-
pensive method.

WATER SORPTION TEST FOR ESTIMATION OF d

The water sorption test seems to supply extensive information on
the physico-chemical state and mineralogical composition of investigated
soil.

Water sorption is measured of the fraction less than 2 um of natural
clay, clay homoionic to Mg?*, clay homoionic to K* and natural soil
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samples dried and passed through a 0.09 mm sieve. Recent test indicate
that in some soils both sieved and unsieved samples give similar sorption
results. Water sorption is measured at the relative water vapour pressu-
res: p/po = 0.5, 0.95 and 1.0. From the water sorption test results the
following values may be calculated:

a) External specific surface S, internal (S——S) and total (S) specific

surface from water sorption of K-clay (S) and Mg-clay at p/py = 0.5.
It is assumed that then on the external particle surface there is sorbed
a bimolecular water layer of the density 1.27 g/cm3. In Mg-clay there
forms also an incomplete bimolecular intersheet layer with a given num-
ber of vacancies.

b) Clay mineral content index C.M. as the ratio of water sorption
of the natural sample to the water sorption of the Mg-clay fraction less
than 2 um, both at p/py = 0.5.

¢) Crystal phase water content from the water sorption of the natural
sample at p/py = 0.95 assuming the sorbed water density 1.27 g/cm?,
dropping to 1.0 g/cm3 in clay-water system (increase in number of
vacancies) see page 133.

d) Montmorillonite (and vermiculite) content index M, as the ratio

of the measured internal specific surface (S—;:'S_)' to the theoretical

specific surface of montmorillonite (790—3—).

e) Kaolinite (and/or chlorite) content index (Kl or Chl) from the
weight loss A G at the temperature range 400°C to 800°C. For pure
kaolinite 4 G = 13.9% for chlorite 4 G =~ 10%b0, for pure montmorillonite
and illite 4 G = 4,5%.

f) Illite content index, (Il) from the K,O content assuming for pure
illite 6%0 K,O.

g) Organic matter index (OM) from the weight loss at the tempe-
rature range 200°C to 400°C introducing necessary corrections.

TEST RESULTS

Shear strength measurements were performed for 171 soil samples
from Dobrzyn for practical purposes to check the reasons of the slope
slide. The investigated samples could be devided into three groups: blue
clay, silty clay and sandy loam. To compare the shear strength results
with the calculatéd dispersion interaction, water sorption test was
performed on 89 natural samples and 6 samples of the fraction less
than 2 um. These 6 samples were investigated by X-ray diffraction
indicating montmoril‘lonite illite, kaolinite and/or chlorite (possible
vermiculite) content, partly interstratified.

In the blue clay and silty clay the montmorillonite content index M,
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\ Water sorptin test results for Dobrzyn
Wa (dried 110°C) at p/po Wm (driey 200°C) at p/po
No.
Baring Soil CE;;:h'
dopth. on
0.5 0.95 1.0 0.5 0.95 1.0
-1 2 3 4 5 6 7 8 9
nat 9.34 19.62 23.28 10.84 21.26 24.99
111 nat<<2um 9.16 19.42 23.01 13.43 24.09 27.82
9.1-9.3 m Clay Mg<2um 14.51 28.88 35.76 26.84 42.75 50.37
K<2 m 4.73 35.71 64.27 8.32 40.36 69.90
Ba<2 uym 10.58 37.48 62.74 11.60 38.75 54.15
111 nat 5.46 12.94 15.94 6.15 13.67 16.70
12.6-12.8 m  Clay nat<<2 um 9.07 21.42 29.64 15.33 28.38 37.0
Mg<2 ym 5.11 24.36 35.85 15.86 37.08 49.74
K<2 uym 5.31 37.61 48.71 10.43 44.31 55.95
Ba<2 ym 11.32 35.14 48.50 12.73 36.86 50.30
nat 3.33 9.25 15.38 4.81 10.81 17.04
104 nat<<2 ym 5.73 30.56 51.41 11.79 38.04 60.09
19.6-19.8 m Clay Mg <2um 8.44 28.93 45,37 13.93 37.44 52.74
K<2 um 2.67 48.50 86.99 6.43 54.17 94.13
Ba<2um  4.19 24.50 39.60 8.07 29.14 44.80
nat 3.29 0.84 13.02 6.13 12.86 16.13
105 Silty nat <2 ym 6.84 22.20 32.76 10.58 26.48 37.41
10.0-10.2 m clay Mg <2 um 6.96 19.64 27.60 12.61 24.57 32.85
K<2 um 3.83 38.86 71.68 7.27 43.45 77.36
Ba<2 um 5.27 28.44 41.61 11.99 36.64 50.65
nat 6.19 16.13 20.18 9.10 19.31 23.47
105 Silty nat<<2 mm 8.40 29.62 56.71 15.55 38.17 67.04
21.4-21.6 m Clay Mg<2 um 5.83 19.42 26.86 14.18 28.84 36.60
K<2 um 5.12 25.03 39.65 8.29 28.79 43.86
Ba<2 um 3.79 53.02 57.06 10.47 62.89 67.17
nat 0.38 2.38 3.04 1.19 3.21 3.86
104 Sandy nat<2 ym 2.48 7.33 18.25 5.99 11.00 22.30
15.2-15.4 m Loam Mg <2 um 5.96 13.98 18.14 7.99 16.16 20.41
F<0.1 mm K<2 um 1.72 12.03 16.80 4.38 14.96 19.85
= 0.63 Ba<2um 1.14 7.96 14.35 3.12 10.07 16.55

* Heating in the oven. Remaining results taken from thermogravimetric,

~
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clay representative samples Table 3
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80.7 54.5 7.1 4.30*
431.8 60.1 43.2% 8.56*
485.3 641.8 67.5 20.3 6.41
71.0 20.6 6.44
CEC=0.693 —
40.1 29.6 18.3* 3.52%
497.2 70.0 23.9 6.75
523.5 556.7 73.7 26.1* 6.95%
79.7 19.3 6.31
CEC=0.778 23.6* 6.72
40.8 30.4 10.1* 2.79*
452.6 60.4 8.3% 5.28%
558.8 562.1 74.5 19.1 6.30
40.1 29.7 7.29
CEC=0.392 — 4.04*
57.9 34.5 9.4 3.49*
335.0 45,7 22.9 6.65
435.7 368.9 59.5 48.6* 9.07*
57.5 15.4 5.95
CEC=0.562 — 1.02*
58.5 36.9 22.8 4.77*
517.6 72.6 16.7 6.07
450.0 433.0 63.1 — 4.17
76.9 13.2 5.74
CEC=0.751 29.8* 7.30*
19.9 8.1 44.9 5.08
211.9 27.7 46.4 8.86
311.1 242.6 40.7 30.1* 7.33%
25.8 28.4 7.17
51.8% 9.3%

CEC=0.252
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in the fraction less than 2 wum was high and amounted to 60—75%.
The kaolinite content index Kl, was 13 to 30%. The external specific

p—t 2 —
surface was S = 71—80 E,the internal specific surface was S—S =
g
2 -
436—559 Ign—the cation exchange capacity (from S measurement) was

meg S .
CEC = 0.69—0.78—= — The clay in sandy loam
g (CEC 102.4 m? /meg ) s Y

differed in properties from the remaining samples.

The water sorption test results for the investigated fraction less than
2 um are presented in Table 3 together with the results for natural
samples.

For all the remaining samples there were determined the parameters

—

necessery for interparticle distance estimation, i.e. S and W, using the
water sorption test results and the average values obtained for the
fraction less than 2 um. :

The correlations between the values obtained were calculated and
the best results are prevented in Table 4. There was found a high value
of the coefficients of correlation for following relations (Blue clay):

Table 4
The correlations between the obtained values
Blue clay Silty day

straight-line the coefficients straight-line the coefficients

of regression of correlation of regression of correlation
W,—8.15+0.7138 S r=0.994 W, —10.01+0.5467 S r=0.459
W,=9.72+0.4815 M r=0.916 W,=10.42+0.4008 M r=0.442
W,,=9.82+0.3770 C.M. r=0.928 W,=7.54+0.3911 C.M. r=0.498
W,.=2.56-+0.2547 C.M. r=0.8595 W, =2.804-0.2364 C.M. r=0.641
W.=3.2440.3973 S r=0.751 W.=4.42+0.3243 S r=0.577

Wa = £(S), Wn = f(M), W, = f(C.M.),
as well as for

We = f(S) and W, = f(C.M.).

No correlation was found between W, and KL.

The natural water content is a parameter characterizing the investi-
gated system and decisive of its properties, though there are some
negative opinions concerning this value. Therefore a good correlation
between this value of W, and the values found by water sorption test
indicates that the testing method chosen is correct.
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Fig. 1. The water sorption test results. W, = 8.15+0.7138 S, » = 0.984 (blue clay)
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Fig. 2. The water sorption test results. O Fo.g > 90%, X F s o.00 > 10%, Wy =
= 10.01+0.5467 S, r = 0.450 (silty clay)

The estimated values of the particle dispersion interaction should
have been compared to the measured shear strength. Therefore the
average interparticle distance was estimated from

Wy —W. + Waaead) . 100 (A),

d=
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Fig. 3. London—van der Waals dispersion-attraction pressure as compared with the
shear strength. O — blue clay, ® — silty clay

where

W; is the water content in the sample at failure crystal phase water
was calculated from

_ Wa(nat;0.95)

W 1.27

Wgeaa, i.e. the “dead” water content not influencing the interparticle
distance was estimated from the intercept of the line W, = f(§) as
Waeaa = Wo(S = 0) (see Fig. 1 and 2).

For blue clay Wgeaqa = 8.15%0, for silty clay Wgeaqg = 10.01%b.

The measured values of shear stength -; (01 — o3)s for the estimated

interparticle disance 2d are indicated in Fig. 3 and they are compared
to the dispersion interaction —p4s = f(d) calculated for various clay

minerals. Both values (—p, and % (01 — 03)5) are of the same order of

magnitude. The calculated values of —p, are in general smaller than
the measured shear strength, what seems logical as there are also other
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forces taking part in the shear strength, prlmarlly contact stresses in
the frictional shear strength component.

It should be emphasized that the Dobrzyn clay samples were fissured
what resulted in great dispersion of test results. In spite of that a re-
markable good correlation was found for samples:

a) containing more than 90% of fraction less than 0.09 mm,

b) clay mineral content irdex higher than 20%b,

c) water content determined (W;) not differing pronouncedly from

the regression line W, = f(gj; change in water content by 1% changeé
d by ~ 3.5 A.

Test results for sandy loam were not analyzed as the coefficient of
correlation was close to zero due to small number of samples tested.

PHYSICAL REASONS OF THE SHEAR STRENGTH
OF SATURATED CLAYS

Of the several forces acting in the clay water system only the
dispersion interaction was analyzed to prove that it is of the order of
magnitude of the strength measured, and should not be neglected in
the physical interpretation of the mechanical phenomena as it is the usual
practice.

A complete interpretation of the shearing process demands the study
of all the forces between clay mineral particles and consideration of
those, whose magnitude of comparable to the applied load. These
forces may be devided in two classes:

a) long-range forces, i.e. London—van der Waa's dlspersmn interaction
pressure p4 and diffuse layer repulsive pressure pg,

b) contact forces, i.e. primary valence bonds, secondary valence bonds,
causing the particle cementation and the elastic properties of the
crystallites as well as the ionic lattice attraction and edge-to-face
attraction.

Various authors interpret the physical reasons of the shear strength
in various ways [4]. These authors are of the opinion, that cohesion
(normal stress independent part of the shear strength) is caused mainly
by the long range interaction whereas the frictional component of the
shear strength (normal stress dependent) is caused by contact interactions.

This problem may be and is studied by measuring the influence
upon the shear strength of various parameters influencing particle inter-
actions. For instance diffuse layer repulsion pr depends on temperature,
salt concentration, and static dielectric constant, whereas dispersion
interaction ps depends on the optical dielectric constant only. The
influence of dielectric constant is complicated as also other forces, e.g.
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edge-to-face attraction depend on it. Salt present in the soil water may
influence also particle flocculation and comentation.

Thus the problem is very difficult and complicated and may be solved
by a stepwise approach both from the experimental and theoretical side.

As an interesting theoretical study it‘should be mentioned, that the
thermodynamic interpretation of the work performed in the shearing
process indicates, that in pure tension the work of externally applied
load should be equalized by the change in potential energy of attractive
forces, whereas the change in potential energy of repulsive forces trans-
forms into heat and dissipates in the mechanical process.

The results of this paper give support to the results of thermo-
dynamic considerations.
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E. T. Stepkowska, A. Kwasnik

POROWNANIE ODDZIALYWAN VAN DER WAALSA
’ ZE ZMIERZONA WYTRZYMALOSCIA
NA SCINANIE GRUNTOW NATURALNYCH

Streszczenie

W pracy podjeto prébe fizycznej interpretacji procesu &§cinania. Sposréd wielu
sit, dzialajgcych w ukladzie woda-it analizowano tylko oddzialywanie dyspersyjne
w celu wykazania, Zze jego rzad wielkosSci jest taki sam, jak rzad wielkoéci zmie-
rzonej wytrzymato$ci na $§cinanie i Ze nie mozna tej sily zaniedbaé przy fizycznej
interpretacji zjawisk mechanicznych. Z pracy wynika, ze sp6jnos§é gruntu jest wy-
wolana gléwnie przez oddzialywania dalekiego zasiegu (sily van der Waalsa i od-
pychanie warstw dyfuzyjnych), natomiast tarcie wewnetrzne jest wywolane przez
sity kontaktowe (wigzania warto$ciowosci, przycigganie sieci jonowej i przyciagga-
nie krawedzi ptytkowych czastek ilastych do powierzchni innych plytek).
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9. T. Cremnxoscka, A. KeacbHUux

CPABHEHUE CUJ BAH JEP BAAJIbCA
C U3MEPEHHBIM COIMPOTUBJEHMEM CPE3Y INPYMPOJHBIX ITOYBOTPYHTOB

Pe3swmMme

B Tpyae IpeAIpMHMMAETCs IONbITKA (PU3MYECKOoi MHTepnperauun mnporecca cpe-
spiBaHusA. Cpeay MHOIMX CMJI JAEMCTBYIOL(MX B CHCTEMa BOAA-UJI aHAJIM3NPOBAJM
TONBKO AVCIIEPCOHHOE BO3AENCTBME C LEeJbl0 YCTAHOBJICHMA, UTO €ro BEJMUIMHBI Ta-
KOro Ke paspAfa, KakK M BeJM4YVMHBb! M3MEPEHHOTO COMPOTMBICHMA CPE3y M HTO He
MOIKHO OCTaBMTL BHE ydeTa 9TOiM CUJbl B (OU3UYECKOM MHTepIpeTanMy MEXaHN4YECKUX
apneHuit, VI3 comepiKaluMxcAa B TPyAe RAHHBIX CIEAYeT, YTO CBA3HOCTL ITOYBOTPYHTA
0GyCJIOBJIeHa TJIaBHBIM 00pa30oM BO3JE/CTBOBAHMAMM JAJI€KOro 3axBarta (cumamMu Bayd
nep Baaabca m oTTajkuBaHMeM UM GDY3IMOHHBIX CJI0€B), TOrJA KaK BHYTPEHHEE Tpe-
HUe TPOMCXORMUT IO BIMAHMEM KOHTAKTHBIX CMJ CBA3M BAJEHTHOCTEN, NPUTATHU-
BaHMA YIOHOBOI CETM, a TaKKe NPUTATMBAHMUA IIACTUMHYATBIX IPAHeN MINCTBIX HaCTHL]
K ITOBEPXHOCTM [PYIMX IJIaCTMHATBIX TPaHeln.



