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[Text] Investigations of changes of the strength and deformationa]. proper-
ties of artificially salinized cohesive soils as a Thnction of the salt con-
centration and composition have been conducted by many investigators [1-6].

The conducted investigations show that the character and quantity of changes
of those properties depend essentially on both the genetic type of soils,
their granulometric, chemical and mineralogical compositions (in particular,
the mineralo~~cal composition of the clayey fractions, exchange capacity and
the composition of the exchange cations ) and the concentration and composi-
tion of the salts introduced into soils during artificial salinization.

In spite of all the value of the revealed d.ependences, however, the conducted
investigation s do not give a clear concept of the mechanism of inf luence of
artificial salinization on the indicated properties, without which a scien-
tifically sub9tantiated. forecast is impossible in each specific case of pos-
sible changes of the structural properties of salinized soils .

Moreover, in connection with the wide use at the present time of artificial
salin.ization of soils in order to prevent freezing of soils during the erection
of earthen hyd.rau.lic engineering structures in the winter period , and in the
long term also as an independent method of improving the structural properties
of soils, a persistent need is arising for the development of scientifically
substantiated reco endations on the application of artificial salinization
of soils. Fundamental for that must be investigations directed toward reveal-
ing the mechanism of influence of artificial salin.ization on the structural
properties of cohesive soils.

Only a limited task is set in the present work, that of clarifying on the basis
of contemporary physicochemical concepts the mechanism of influence of moisten-
ing with salt solutions on soil compaction under the effect of mechanical loads.
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To simplify the formulated problem one has in mind soils containing in the
natural state a small amount of water-soluble salts and organic substances*.
Pmong such soils , in particular, are the loessial soils of some regions of
Centra2 Asia (for example , the light b ess-like b arns of the Langarskoye
deposit in the region of construction of the Nurekskaya hydrosystem, Tadzhik
SSR). Laboratory and field tests conducted by us on the artificial salini-
zation of those b arns showed that as a result of salinization their deforma-
tional and strength properties change substantially 17.121 .

To explain the mechanism of influence of salin.ization on compaction , of in-
terest are some characteristic results of laboratory experiments conducted
by us which reveal the interconnection between the compaction and structural
strength of artificially salinized looms.

The compaction and structural strength were investigated as a function of the
moisture content of samples of loam moistened. with concentrated solutions of
sodium chloride and calcium chloride.

1. Characteristics of the Investigated Soil

The principal physical properties and chemical and mineralogical composition
of the Larigarskiy b ess-like loam are characterized by the following data.

Table 1 Granulometric and microaggregate compositions

Y I C .~I,,II4I% 
fI~~o .~ ,I?hOc ~~~~~~~~~~~~ •1~D3KUII ~ 

SI~ T I.(
~M . .U.W

r.e C TUCp~lii,.i UI3 Th 
~I.I ’C ‘C ~ CTIIU . — — —

~~~~~~~~ 
>O,. ., O ,°2 ,— O lfl ~ , )— ~~~L; O,U,,—fl,Ol ,fl~—O ,G~) <O.1~ ;

If HyiO~ICTp11~ICCI~IIii
c .loó aItK o ii fl Cfl TII-
~aiopa 2,71 0 . 1 0, 1 12,2 52 ,6 16 , IS ,6

.Thsx poarper aTllwn . , 2,71 0,1 O,~3 S ,~l 36.1 42,1 11,0

Key: A - Type of analysis B - Specific gravity of solid particles , g/cm3

C - Percentage content of fractions with a diameter, in mm, of
1 - Granulometric with addition of peptizing agent 2 - Microaggregate

Characteristic properties: maximal hygroscopicity -- 14.5%; yield. limit --
27.6%; expansion limit -- 18.5%; plasticity number -- 9.1%. The principal
rock-forming minerals of the clayey fractions of the Langarskiy loam are
kaolin.ite and hyd.romica. In the composition of the exchange complex of the
loam a predominant part (about 80%) consists of calcium and magnesium cations.
The results of chemical analysis of aqueous extracts are presented in Table 1.

*The presence in soils of a considerable amount of water-soluble salts and
organic substances makes it difficult to discover the principal mechanism
of influence of additionally introduced salts on the properties of salinized
soils.
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* 
The obtained data showed that the Langarskiy b ess-like loan’ h as a lo~i content
of water-srbubbe salts; its sa,linization has a carbonate-sulfate-chloride
character.

Table 2

r i ’  iic,o~’ so,. ,

~~ H + . ‘
~ g ’

~ K - ~ Nj ~.k

•q~ 100 3,2 6;L4 3.S 70 . 1 20 , 1 2,o 22..~ 1)2.7
. ig:—; ~~~ 0,(~ 1 ,0 1 0,OS 1 . 21 0,0 1 2 1  1 , 2 1 2 1-2

Key: a - mg/bOO g b - mg-eq.uiv

Obtained as a result of analysis of hydrochloric acid extracts were : insolu-
ble residue -- 66.5; R203 -- 6.149; SO3 -- 0.014.; CaO + MgO -- b3.26 (in mg/bOO g).
Standard. conversion into salts showed contents of 0.7% of calcium and rnag-
nesium sulfates in the loam and 214.0% of calcium and. magnesium carbonates.

As is evident from Table 1, in the Langarskiy b ess-like loam a consiIerabbe
portion of the clay particles (with a diameter smaller than 0.005 tm),
that is, the most active fractions, is in an aggregated state ar.d forms micro-
aggregates with enter mainly the composition of the dusty fractions (0.05 -

0.005 mm). Those microaggregates are water-resistant but are destroyed as a
result of treatment with peptizing agent (14.% solution of sodium pyrophosphate)
in the process of preparation of the soil for granulometric analysis.

The deactivating effect of the pyrophosphate is caused by irreversibbe re-
placement of the exchange calcium and magnesium cations by sodium cations in
the active centers on the surface of the clayey minerals comprising the micro-
aggregates. As a result of that the hydrophilicicy of the surface of those
minerals increases and under conditions of free access of water to them during
mixing the intra-aggregate coagulation bonds existing in the microaggregates
are weakened to the point of complete decomposition of the microaggregates
into the primary particles comprising them.

Irreversibility of the exchange reactions is caused by the bonding of calcium
and magnesium cations which have gone into solution in the form of phosphoric

- . 
acid salts difficultly soluble in water. Thus favorable conditions are cre-
ated for very complete and irreversible replacement of exchange calcium and
m agnesium cations by sodium and, consequently, deaggregatization (peptization).

Increase of the content of clay particles as a result of treatment of the
soil with sodium pyrophosphate (In granulom.etric analysis) in comparison with
the untreated (in microaggregate analysis), illustrated. in Table 1, testifies
that in the composition of the Langarskiy loam there are microaggregates of a
coagulation t~j-pe which include particles of clayey minerals saturated in
a predominant quantity by exchange calcium and. magnesium. Such microaggregates
are resistant to water but are destroyed when exchange processes arise [13-114.].
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In the cor position of the soil under consideration there can also be micro-
aggregates and even larger aggregates of other types, including types not
water-resistant. with intra-aggregate bonds formed as a result of crystalli-
zation of readily soluble salts, or caused by the effect of capi iary (meni s-
cus) forces [13-1~~~, and also non-water—resistant aggregates of a coagulation
type [15]. In carbonate soils favorable conditions also are created for the
formation of high-strength aggregates of a crystallization type, practically
indestructible ii”. water, caused by cementation of particles by calcium and
magnesium carbonates and silicon compounds.

During artificial salination of carbonate soils with aqueous solutions of
neutral salts (for example, sodium chloride) the strength of the crystalliza-
tion bonds in aggregates of the cementation type can diminish somewhat through
a certain increase of the solubility of carbonates.

Salinization of those groups exerts a very great effect on water-resistant
coagulation intra-aggregate and inter-aggregate bonds, as a result o±~ the pos-
sibility of the development of exchange reactions. The character and intensity
of that effect depend on the concentration and composition of the moistening
solution, and also on the degree of moistening of the soil.

2. Investigations of the Compaction of Langarskiy Loam

The compaction of Langarskiy loam was investigated in a standard. compaction
instrument (by the Proktor method) in the range of moisture contents of 12 to
19%. The soil was moistened by mixing air-dried powder with water or solutions.
Soil moistened with distilled water, b.5N (8.7%) sodium chloride solution and
iN (5.6%) calcium chloride solution was compacted*.

Presented on Figure 1 are dependences of the density on the moisture of loam
when it is moistened with the indicated solutions and water. It is evident
from,the diagram that the greatest density of the skeleton, equal to 1.98
g/cm-~, is achieved during moistening with l.5N sodium chloride solution. The
optimal moisture content is 13.6%. The lowest density of the skeleton of the
soil, equal to 1.78 g/cm3, occurs when soil is treated with iN calcium chloride
solution. The optimal moisture content in that case is i6.6~. P~n intermediate
position is occupied by the curv-e characterizing the dependence of the density
on the moisture content of the loam moistened with distilled water. The maxi-
mal density in that case is 1.92 g/cm3 and the optimal moisture content is

p 15.0% .

The obtained results show that soil moistened with sodi um chloride solution
has the greatest compaction. In that case the value of the optimal -moisture
content, at which the greatest density is achieved, has a very small value
in comparison with moistening with pure water and calcium chloride solution .

*It was established by previous investigations that the given concentrations
are optimal for La.ngarskiy loam, as further increase of the concentration
already has little influence on compaction.
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On the contrary, very low compaction and. correspondingly large mcisture con-
tent occur when the soil is salinized. with calcium chloride solution.

These results are explained by the different character of the exchange reac-
tions in soils salinized with sodium chloride and calcium chloride.

In the first case the composition of the exchange complex as a result of the
exchange reactions changes in the direction of increase of exchange sodium
through the displacement of a certain amount of exchange calcium and magnesium,
and in the second, through reduction of the sodium and potassium content and
corresponding increase of the exchange calcium. As already mentioned above ,
replacement of exchange calcium and magnesium by sodium increases the hydro-
philicity of the clayey minerals in aggregates, and this leads to disaggrega-
tion un~~ r conditions of free access of water.

In the given case , at a limited amount of moisture of the soil and a high con-
centration of interstitial solution the exchange reactions proceed far from
completely, as a result of the small degree of dissociation of the exchange
cations [16-19] or , in other words , the pc~or development of the ion-hydrate
layer, and in addition has a reversible character, since the displaced calcium
catioris remain in the interstitial solution and do not form difficultly solu-
ble compounds, as occurs, for example, in the case of treatment of the soil
with sodium pyrophosphate solution.

Therefore it can be assumed that under those conditions the exchange reactions
cause , not disaggregation but only some weakening of the intra-aggregate and
interaggregate, water-resistant coagulation bonds through change of the mutual
disposition of the particles at close distances corresponding to t

~c1ose coagu-
lationt’ at the primary minimum of the potential curve [19].
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As a result of the weakening of those structural bonds (besiies the weakening
caused by the iestruction of bonds not water-resistant) the strength of the
structure of the soil decreases and, consequently, also the resistance of the
structural elenents of the soil (serarate particles and aggregates) o~ tuai1~
displaced under the effect of mechanical loads . As a result of that the co-
paction improves when the moisture con~tantis cptimal and the work expended
on mechanical compaction of the soil artificiallysalinis’~d with sodium chlcriie
solution diminishes.

When the moisture content is increased to a certain limit corresponding to the

~ptiral quantity, more favorable conditions are created for exchange reactions,
since the number of cations capable of participating in exchange reactions
increases, as a result of which the effectiveness of the influence of saiiniz-
ation Ct Soil compaction increases.

The op~osite processes occur when there is an increase in the content of ex-
change calcium i. -’ the exchange complex as a result of moistening the soil with
calcium chlor- ution . In that case the calcium cations, carrying a
larger chars- The sodium and potassium cations , replace the batter more
energeticc at case favorable conditions are created foz~ the formation
of additic- . -resistant coagulation bonds which strengthen the structures
of the soi .:,crease of resistance to the mutual displacement of aggregates
under the e:~’ect of loads. Therefore the compaction of soil salinated with
calcium chloride solution is worsened in comparison with unsalinized soil, and
the work expended on its compaction at an optimal moisture content increases.

The influence of moistening soils with salt solutions on the structural strength
is confirmed by the experimental investigations described below.

3. Investigations of the Strength of Soil Structures

The strength of the structure of soils was estimated by the value of the
plastic strength P , determined with the conical plastometer of P. A. Rebinder
[21 ,22]. The terrn “plastic strength of the structure” was proposed by P. A.
Rebinder and characterizes the limiting value of shear stress, greater than that
which causes plastic flow. The essence of that method consists in measuring
the kinetics of the loading of a cone in the given system under the influence
of constant load.

As has been shown by experimental investigations conducted for various disperse
colloidal systems [21-25], the plastic strength characterizes the strength of
the structure -- the unique carrying capacity of the given structurized system.
The value of the plastic strength 

~m 
is constant, that is, does not depend on

the cone angle, in a wide range of soil moisture content values.

This method is widely used in the comparative estimation of the strength of
dispersed structures formed by clays when treated with various reagents [19,
20, 23-25] .
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We investigated samples of Langarskiy loam in the range of moisture contents
from 22.5 to 39.5%. The values of the plastic strength at low moisture con-
tents are not presented in view of the considerable scattering of the experi-
mental points, caused by bumpiness of the soil. The soils were moistened
with distilled water and. the above-indicated solutions.

77 2’. 75 2-3 .10 J? .~~~ 56 .5~f 4/] ~V

Figure 2. Dependence of the plastic strength P on the
moisture content W of Langarskiy loam. 1 - moi~ tening
with distilled water; 2 - the same with 1.5W sodium
chloride solution; 3 - the same with iN calcium chloride
solution. a - 

~m
’ kg(force)/cm
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Figure 3. Dependences of the plastic strength P on the
moisture content W of Krasnopavlovskiy loam. m

Key: 1,2,3 and a as for Figure 2.
----- p

The results of investigations for Langarskiy loam are presented on Figure 2.
As is evident from the diagram, the curve of the dependence of the strength
on the moisture content during moistening of the soil with calcium chloride
solution is higher (curve 3) than in the case of moistening with distilled
water (curve i) .  This indicates strengthening of the structure of the loam
during salinizing with calcium chloride . Salinizix~g of the soil with sodium
chloride solution reduces the strength of the soil structure (curve 2 lies
below curve 1).

~~~~~~~~~~~ -



To il ustrate the influence of the content of clay particles (~ < 0.005 mm)
presented on Figure 3 are curves of the dependence of the plastic strength P
on the moisture cont ent , obtained for sa. les of Krasnopavlovskiy hea~rj loes~-
like loam moistened with distilled water ani the same solutions as in the
ex~ eriments with the Langarskiy loam.

The Krasnopavlovskiy loam d i f fers  from th~ Lingar skiy cainly in a larger con-
tmt  of clay ~artioles (d < 0.005 ~ u) of 31.9% (according to data :f a
mechanical an j sis made with sodium pyrophosphate). A considerable portico
(abo ut -~o%) of those rarticles are in an aggregate state.  In additi:r~, the
composition of the clayey minerals includes kaolinite and hydr onica wi th mixed
layers of montroorillonite . The clayey minerals are poorly crystallized.

The data presented on Figure 3 show that in comparison with the La. arzhiy
loam the plastic strength of the heavier Krasnopavlc’r skiy loam is more sensi-
tive to change of the moisture content when not in the water-saturated
state , and the influence of salinizing is more sharply mani fes ted .  The zur-res
of the dependence of the plastic strength on the moisture content (Figures 2
and 3) can be approximated by two rectilinear sections which have di f fe rent
inclinations toward the axis of moisture .

Investigations conducted for different  tyDes of clays [23] showed that in the
first section water of diffusi-re double layers of ions are present in a ~uan-
tity insufficient for the complete development of hydrate shells. : obui-
zation water can be present only in separate sections of the system. In ap-
proaching the limiting section of the curve P = t(w) the complete ie-relopment
of hydrate shells occurs in a disperse system~

’ The process of iimcerci:n is
completed. The number of contacts on which the van der Waais forces of  mole-
cular interaction between the clay particles acts reaches a maximmm value.
At the same time the development of hydrate shells reduces the strength of the
contacts.

Fur ther increase of the moisture content of the system is characterized by the
appear ance , together with adsorptionally bonded and diffuse moisture, also of
considerable quantitites of i~~obilization water. This leads to a sharp weak-
ening of the molecular forces of interaction between the particles and The
system gr adually changes into a dilute suspension and. loses tenacity.

The moisture content at the critical point is close to the Atterberg yield
limit. Thus , for example , for Langarskiy loam WT = 27.6% and the moisture
content at the critical point is 26-28% . For Krasnopavbovskiy loam the yield
points have the following values: 1~.0 .5% during moistening with water , 35.0%
with sodium chloride solution and Ii.i.O% with calcium chloride solution . Thus
when the soil is moistened with sodium chloride solution the moisture content
of the yield point decreases , and. when moistened with calcium chloride , on the
contr ary, it increases in comparison with pure water. It is evident from the
diagram that the effectiveness of salinizing decreases in proportion to ap-
proach of the moisture content to the yield point, and at moisture contents
larger than the yield. limit, the influence of salinizing is negligibly small.
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The presented result 3 indicate a substantial ie~endence not only of the c~m-
paction but also of the plastic properties on the strength of the soil struc-
ture.  Py acting on the structural strength by artificial salinization of the
soils with salt solutions of d if ferent  composition it is possible to control
those properties in the desired direction.

The effectiveness of such a method of acting on the properties of soils ierends
mainly on the content of particles of clayey minerals them , the degree and
character of their aggregation and the crystal chemical tyne and. composition
of the exchange complex .

To illustrate the effectiveness of the physicochemical method of improving
compaction , some results of field investigations of the compaction of salin-
iced Langar skiy b ess-like loam in experimental emban1~~ents through rolling
in layers with a ~ TK-70e compactor , conducted by us in 1965-1967 at the con-
struction site of the Nur ekskaya dam, are presented [ll,l2~ . lie salinization
was accomplished by moistening loam in the pit with 1.5W sodiut chloride
solution (87.5 kg of salt per cubic meter of solution)* in th~ course of 10
days . A uniformly salini zed 10-meter bed of soil was thus obtain~ i, at amoisture content close to the optimal. Rock salt to make the solution was
added from a de~ osit situated 2 .5 kilometers front the pit and outcropping on
the day surface. Presented on Figures ~4 and 5 are diagrams of the change of
the density of the skeleton with depth in the thiciciess of the compacted layer
of 55 cm (in the unconsolidated mass) of salini:’ed soil in experimental embaiik-
merits after compaction by L~ to 8 passes of the compactor (respectively). In
both emban.1~~ents the compaction was carried out at the optimal moisture content.
It is evident from the diagrams that the salinized soil is compacted far more
uniformly than the nonsaliniz~d and even after four passes the density of the
skeleton is at least 1.7 g/cm—~, whereas the unsalinized soil , even after~ eight
passes of the compactor has a minimal density of the skeleton of 1.6 g/cm~ (at
the bottom of the laj er) .

The results of investigation of the compressive properties of loam showed tha~
at Initial moisture content s of the order of 15-17% and a density of 1.7 g/cm
the maximal increase of the depo~ ition of salinized soil under the effect  of a
vertical load of 50 kg ( force)/ cm~ does not exceed 5% in comparison with the
unsalinized soil.

The parameters of the shearing strength of the soL after consolidation under
the effect of a vertical load of 3 kg(rorce)/cmd were : for unsalinized soil
0 = 2~~ 05~ and c = 0.3 kg~force)/cm2, and for the salinized soib 0 = 29°~ 5~
and c = 0.25 kg(force)/cm~. The observed increase in the shearing strength
of consolidated samples of soil salinized with sodium chloride solution is
expl~.ined, evidently, by the greater density of the salinized soil (1~~~ = 1.72
g/c&) than of the unsalinized = 1.70 g/cm2) .

*On the basis of laboratory experiments on the compaction of loam it has been
established that the indicated concentration is optimal for the given soil.
In that case the salt expenditure is 27 kg per cubic meter of soil .

9 

- -  --~~ ~~~~~~~~~~~~~~~~ ----



• .~ ~, : ‘ .5
— -  —

~~~1~•

:~~~ - 1 ~~~~~~~~~.

-j I I
-
~~~~~ H Li h. ,

~- : ~~~ 

Figure 4. Change of the density of Figure 5. Change of the density of
the skeleton with depth in experi- the skeleton with depth in experimental
mental embani~nents of salinized and embankruents of salinized and unsalin-
unsalinized Langarskiy b ess-like ized Langarskiy b ess-like loam after
loam after four passes of the PVK- eight passes of the PVK-70e compactor.
70e compactor . 1 - unsalinized 1 - salinized soil; 2~,- unsalinized
soil; 2 - salinized soil r, passes soil, a - 

k’ g/ 
cm~

of the PVK-70e compactor, h = 55 cm
and ~ = 16.0%. a - s1c’ g/cm

3

The method of improving the compaction of soils by artificial salinization
can be used with considerable economic effect on objects located near ~oc~ salt
deposits. In that case the desalinizing liquid can be prepared by undergroun~leaching in bed of rock salt [26J . Approximate economic calculations made
with respect to conditions of construction of the ~urekskaya dam showed that
the post of compacting one cubic meter of salinized soil is 8.7 kopecks (wi th
consideration of additional expenditures on salinization of 0.6 kopecks per
cubic meter of soil), and of unsalinized soil is 26 kopecks. Reduction of
the cost of compaction of salinized soil is explained by achievement of the
required soil density with a smaller number of passes of the compactor and a
greater thic1~ ess of the compacted layer.

Conclusions

1. It was established that the compaction of cohesive soils depends substaa-
tially on the strength of the coagulation structural bonds. Through physico-
chemical effect (luring treatment with solutions of salts of different compo-
sition) on the strength of those bonds it is possible to directively regulate
the compaction of cohesive soils.

2. The effectiveness of the physicochemica.l method of effect on the proper-
ties of cohesive soils depends on the content of particles of clayey minerals
in them, their crystal chemical type , the composition of the exchange complex
and the degree of aggregation caused by the presence of water-resistant coa4~u-lation bonds ,
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3. It was shown that the artificial sa.linization of b ess-like boar.s with
concentrated sodium chloride solution weakens the strength of the soil struc-
ture . As a result of that the compaction is worsened and the moisture con-
tent of the yield. limit is reduced. In that case the shearing strength of
the compacted soil is greater than that of the un salinizei .

14. , An opposite effect is exerted by selinication wi th c’incentrated calcium
chloride solution, as a result of which the soil struc ture is ztrengthene’.
arid its compaction worsens, and the moisture content of the yieli li:ni t in-
creases.
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