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Cohesive non-swelling soil (CNS) cushion technolagywidely used to solve swelling deformation probéeir
expansive soil areas. However, the swelling infwhitmechanism is still not fully understaoth this study, th
inhibition effect on expansive soil using a CNSelayvas studied by performing évtypes of laboratory model te
under unidirectional seepage. The results showatd@NS cushion technology produced a sound inhibiifect or
the swelling characteristics of expansive soilwés shown that the cations in tB&NS layer moved downward &
accumulated on the surface of solids and prodaceelectrical environment inside the expansive $oithis proces
the adsorbed hydrated cations participated in i@h@nge with the expansive soil, leading to the ifieadion effect on
its swelling potential. Meanwhile, the adsorbed watemnbrane surrounding the expansive soil aggregatesetl b
the hydrated cations obstructed further adsorptibmater molecules, which inhibited the swellingvel®pmentof
expansive agil. Therefore, the swelling inhibition mechanisancbe attributed to three factors: (i) modificatieffect
(i) electrical environment, and (iii) deagight of the CNS layer. The combined contributidmodification effect an

Swelling inhibition mechanism electrical environment can be considered as arrigl@harge effect, which mainly controls the swejlcharacteristics

of expansive soil.

© 2019 Institute of Rock and Soil Mechanics, Chenégademy of Sciences. Production and hosting bg\Egr B.V
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even under saturation condition, even though thellieyy pressure (224 kPa)
1. Introduction of the black cotton soil exceeds the deadweighh®fCNS layer (Katti et al.,

. o . o 1994). This indicates that the swelling inhibitiolechanism does not only
Expansive soil is widely observed around the woddd it is extremely ) ) )
o e ~ depend on protection or deadweight of the CNS Jdygrmay be attributed to
sensitive to variation of water content (Jones defterson, 2012). Expansive . . .
other factors controlling the swelling of expansseal.

soil swells upon absorption of water and shrinksrupvaporation (Chen, 1988; ) .
Accordingly, Katti et al. (1994) and Murty and Peawn (2008) speculated

Nelson and Miller, 1997). Given this swell-shrinkHavior, the safety and . .
N . . . . . that the CNS layer would develop an electrical mnient at and below the
stability of constructions in expansive soil aré@ve attracted considerable

attention (Petry and Little, 2002; Puppala et 2005; Rojas et al., 2006a, b).
To mitigate or avoid the swell-shrink problem, wais remedial techniques

CNS—expansive soil interface, which contributechtlgi with the overburden
to the development of adsorbed water bonds bettteeclay mineral particles,
. . and inhibited the swelling of the black cotton sbibwever, due to the lack of
have been proposed, such as soil replacement (@B88), moisture control

) L test data, there is no scientific evidence to actéor the mechanism of the
(Rojas et al., 2006a, b), application of adequatehsgrge pressure (Chen,

1988), chemical alteration with different additivéSnethen, 1979; Cokca, o . .
Thus, it is necessary to understand the interatt&iween the CNS layer and
2001; Puppala et al., 2003; Murty and Praveen, 2G08la, 2016), and use of . . T . . . .
. . . . . . expansive soil, which is involved in the formatiohan electrical environment
cohesive non-swelling soil (CNS) cushion technoligatti, 1979; Katti et al.,
1994).
Among these remedial techniques, the CNS cushiochntdogy

adsorbed water bonds affecting the swelling charstics of expansive soil.

in expansive soil.
Previous studies revealed that changes in types candentrations of

) ) ) . electrolyte in soil solution significantly affedte potential of soil surface and
implemented in the subgrade, foundation, and adosisiage structures has . . . .
) ) ) ) its electrochemical characteristics (Jenny andeReier, 1935). For expansive
achieved a remarkable effect (Katti et al., 1994 particular, according to the . . . . L
) ) ) soil carrying negative charges, its swell-shrinkdeéor is closely related to
experiences of numerous studies on treatment okldatton soil by means of . . . .
the type and concentration of cations in pore smiutMany researchers (e.g.

Norrish and Quirk, 1954; Studds et al., 1998; Sjddiet al., 2011; Thyagaraj
and Rao, 2013; Ye et al., 2015; Zhu et al., 20E8khindicated that different
electrolytes can lead to different swelling defotiores of expansive clays.

a CNS layer, Katti et al. (1994) proposed tentasipecifications for soil to be
used as CNS material. However, its mechanism habeen clarified yet, so
that there are some deficiencies in the recommersgetifications. The
inefficiency of CNS materials used at several eagiimg projects has been o )
) . Meanwhile, it was demonstrated that the type ofepsaplutions could
reported (Nagarkar et al., 1987; Rao et al., 198greas some soil materials =~ . . L . o .
significantly influence the swelling characteristiof expansive soil (Di Maio,
1996; Herbert et al., 2008; Komine et al., 2009y 2h al., 2013; Chen et al.,
2015; He et al., 2019; Xiang et al., 2019). App#yecations in the CNS layer

will migrate with water molecules in the saturatiprocess, thus affecting the

that do not meet these specifications have showotential to effectively
inhibit expansive soil (Sahoo et al., 2008; Sahewl &radhan, 2010).
Therefore, the mechanism of CNS cushion technolsgy valuable research
issue. A noteworthy experimental phenomenon isreksgewhen the thickness . . . . .
) ) ] concentration of electrolyte in the pore solutidrerpansive soil. Therefore,

of the CNS layer reaches approximately 1.2 m, ikiaho heave is reported . . . . o . .
changes in the concentration of cations in soilutimh will alter its

electrochemical characteristics, which ultimatelffeet the macroscopic

) ) swelling characteristics of expansive soil.
*Corresponding author. E-mail address: zlu@whrsm.ac.cn



This paper tried to investigate the inhibition effeof CNS layer with soil (mm) layer (mm) compaction (%)

60 0 90
different thicknesses on the expansive soil undsurated condition of 2 60 60 90
unidirectional water injection. In the saturatiorrogess, variations in 3 28 ?go gg
concentration of cations in the soil solution affedent soil layers were 5 60 150 90

obtained. Next, soil samples were taken at diffesail layers from the test

apparatus for determination of material paramevenien model tests were The schematic diagram of experimental setup addpteahodel tests of the
completed. The cation concentration and swellingratteristics of these soil CNS layer is shown in Fig. 1.

samples were measured and compared with theilingilues. Then, it can be

determined whether the cations in the CNS layermaate downward and Model box
aggregate to form an electrical environment. Findtie swelling inhibition
mechanism of expansive soil induced by the CNSrlagehnology was Sealo
explored, providing a good basis for design andlémentation of this f;:i'::::;r
technology for treatment of expansive soils.
2. Materialsand methods )
Glass strip

2.1 Materialsand sample preparation

The expansive soil used in this study was sampietlanning, Guangxi Pore solution
Zhuang Autonomous Region, China. The non-swellsibused was collected collection box

from Wuhan, Hubei Province, China. The basic plajsiand chemical

properties of expansive and non-swelling soilspaesented in Table 1.

Katti et al. (1994) proposed tentative specificagiofor soils as CNS
materials, which are summarized in Table 2. Appéyethe non-swelling soil
selected in this study does not meet the recomnderegipiirements in Table 2
In fact, it is difficult to find natural CNS mateis that fully conform to the
specifications in Table 2 in practical engineer{Murty and Praveen, 2008;

Fig. 1. Schematic diagram of experimental setup.

The dimensions of the model box are 30 cm x 30 ¢80 ®m and the outer
" surfaces are pasted with scales with an accuracdynmwh. When de-ionized
water was injected on the surface of the CNS laydilter paper was placed

on it, and then one layer of geotextile was coveecedliminate the impact of

Sahoo et al., 2008). Therefore, for specific expansoil, selection of a water injection on the surface soil. Furthermohe, water lever was kept at 1

suitable CNS material and inhibition effect of {G&IS on the expansive soil cm during model tests. Four glass strips with stfes0 cm x 2 cm x 0.5 cm

should be verified by experiments. In this studye tesults showed that theWere placed on four sides of the CNS—expansive istétface. When the

selected non-swelling  soil could significantly rast the  swelling expansive soil swells, the position of the glasipsts changed. This variation
characteristics of expansive soil. Therefore, thi# is regarded as a CNS
material.

According to the method suggested in the Chineste G E40-2007

(2007), naturally dried soil samples were crushed passed through a

can be measured by the scale on the outer surfaeeodel box, which
presents the swelling deformation of the expansorlayer.

According to the method proposed by She et al. 4g0during saturation
process, three pore solution collection boxes giites of 5 cm x 5 cm x 2 cm
standard 2-mm sieve, and then a target amount ¢érwsas added and . .

were used to extract the pore solution at threé lagers to analyze the
thoroughly mixed to maintain the soil sample atdpémum moisture content
(OMC).

2.2. Experimental scheme and setup

regulation of cation migration from CNS layer, &swn in Fig. 1. It should be
noted that there are many holes with diameter wfd on the upper cover of

the box, so that water can flow into the box. Thére body of the box was

In this context, five types of laboratory modeltsesn the CNS layer were covered with one layer of filter paper to preveoil particles from entering

carried out, and the experimental schemes arel listéable 3. .
into the box.

Table 3. Experimental schemes.
Test No. Thickness of expansive Thickness of CNS [Regfre

Table 1. Basic physical and chemical properties of soils.

Soil Grain size distribution (%) Specific gravity Unified soil clfisation Concentration of main cations (mg/L;
Sand Silt Clay Na* K* Mg™ ca”

Expansive soil 3.9 317 64.4 2.7 High liquid limit clay 125 10 35 405.5

Non-swelling soil 1.4 64.2 344 2.73 Low liguid limit clay 7.5 2075 217.5

Soil Compaction properties (Standard Proctor) Swell properties Atterberg limits (%)
Optimum moisture Maximum dry density Free swelling ratio (%)BSwelling force (kPd) Swelling percentage  Liquid limit  Plastic limit
content (OMC) (%) (MDD) (g/cnT) (%)*°

Expansive soil 16.2 1.8 65.5 182.72 19 63 24.94

Non-swelling soil  13.8 1.92 24.5 - - 37.23 20.1

# Swelling force and swelling percentage were measureer the conditions of 90% compaction and OMC.
Table 2. Tentative specifications of soil as CNS material (Katti et al., B@ded on experiences gained from studies under MalepRight Bank Canal (MRBC) conditions.

Grain size analysis (%) Consistency limits (%)

Clay (<0.002 mm) Silt (0.06-0.002 mm) Sand (2-0.06 mm) Gravel (>2 mm) Liquid limit Plastic limit Plasticity index Shrinkdimit

15-25 30-45 30-40 10 30-50 20-25 10-25 >15

Swelling force of samples compacted to MDD underClay Shear strength of samples compacted to MDD at Approximate thicknesSof CNS layers for
no-volume-change condition (kPa) minerals OMC after saturation various swelling forces (m)

At zero moisture content At OMC Half UCS (kPa) Consolidated direct shear tes 100-150 kPa ~ 200-300 kPa 350-500 kPa

0.0125 mm/min
¢ (kPa) ¢(9)
<10 <5 Preferably kaolinite and 15-35 10-30 8-15 0.75-0.85 0.9-1.00 1.05-1.15
illite

It is necessary to conduct large-scale tests to determimgtingum thickness of CNS layer with available CNS material.



2.4, Test procedures
2.4.1. Modd elaboration

The soil samples were compacted in layers to réeehniform density. The
degree of compaction of each soil layer was cdeticht 90% corresponding
to the OMC. The inner wall of the model box was arad with silicone grease
to reduce friction between soil and inner wall. Temlection boxes were
placed at the top of the CNS layer, the CNS—expansbil interface, and the

bottom of the expansive soil, respectively, to exlithe corresponding pore

solution. Four glass strips were buried in eachth&f four sides of the
CNS—expansive soil interface to observe the coomdipg swelling
deformation.

2.4.2. Cation concentration tests

Soil samples for cation concentration tests wensted and passed through

a standard 1-mm sieve, and dried at 105 °C. Thepertain amount of
de-ionized water was added to the dried soil sasnpBubsequently, the
supernatant was separated from the prepared sepession through
centrifugation. Finally, the cation concentratioi the supernatant was
determined by the method suggested by Hach Com(2809).

The initial concentrations of the main cations lie fpore solution of the
CNS and expansive soil are presented in TabledmRhe second day after
the model was injected with the de-ionized watke pore solution in the
collection boxes was extracted every 3-4 d for diete of cation

concentration. Then, after completion of the maest, samples were taken

from the top and bottom layers of the CNS and esivansoil, and then dried
and crushed to measure their cation concentramesrding to the same
procedure as mentioned above.
2.4.3. Swelling tests

According to JTG E40-2007 (2007), soil samples daelling tests were
passed through a standard 0.5-mm sieve, driedSat@@intil constant weight
was reached, and then cooled down to room temperdtee swelling ratio is
defined as the ratio of the increasing volume ofifga after fully swelling in
presence of water to the original volume in airrtikermore, swelling force,
swelling percentage and loaded swelling ratio testse performed on the
same cylindrical samples with height of 20 mm araingter of 61.8 mm. It
should be noted that all cylindrical samples weoenpacted at the same
moisture content (16.2%) and dry density (1.62 gfcifhe swelling force is
defined as the pressure required to prevent thelsdnom swelling when it is
immersed in water. The swelling percentage andeddasivelling ratio are
determined as the ratio of the increased heighsailf sample after water
absorption to the original height. The sample uUsedwelling percentage test
can merely expand vertically upon laterally corietd conditions. Conversely,
the sample for loaded swelling ratio test canly expand under a certain
pressure, which is considered equal to the sathid@gadweight of the given
CNS layer in each model test. Additionally, eveneBing index of the above
tests was determined by four parallel experiments.

3. Results and discussion

3.1. Swelling deformation of the expansive soil layer
During the model test, de-ionized water was ingag the top of the CNS
layer to make soil fully saturated. The swellingodmation in each test used

the average values of expansion at four sides redd¢hrough the glass strips.

If the swelling deformation keeps continuously &dor more than 48 h, the
test can be stopped. The obtained results aretddpicFig. 2.

-
) =)

Swelling deformation (mm)
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=

2 I I | I |
30 60 90 120

The thickness of CNS layer (mm)
Fig. 2. The variation of swelling deformation of expansive soil irheaodel test.
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150

It can be seen from Fig. 2 that the swelling deftion decreases as the
thickness of the CNS layer The correlipgn swelling
deformations for 0 mm and 60 mm of CNS surchargesla.4 mm and 7.5
mm, respectively. When the CNS surcharge over thgarsive soil is

increases.

increased to 90 mm, 120 mm and 150 mm, the swellefgrmation does not
exceed 5 mm. This means that the selected CNS ialatain effectively

restrain the swelling characteristics of expansiei#, and the inhibition effect
is positively correlated to the thickness of thelayer.

Fig. 3 shows the calculated and measured curvewelfing deformations.
According to the definitions of swelling percentaye loaded swelling ratio
(Section 2.4.3), they can be considered as thdisgglotential of expansive
soil, albeit the error of analytical method notrzetaken into account. The
calculated swelling deformation is the product ltd torresponding swelling
percentage or loaded swelling ratio and soil layeckness of 60 mm. It
should be noted that the applied pressure forahddd swelling ratio was set
as the saturated weight of the given CNS layerachdaboratory model test,
which means that the loaded swelling ratio is d#fe when the thickness of
the CNS layer changes. Therefore, the differencethim two calculated
swelling deformations via swelling percentage avatled swelling ratio may
be a suitable method for evaluating the inhibitedfect of CNS layer on the
expansive soil. After measurement of the swellirgcpntage and loaded
swelling ratio of expansive soil using the traditid oedometer, comparison of
the above two calculated swelling deformationdlustrated in Fig. 3.

T T T T T T
14 - |—=— Calculated swelling deformation via swelling percentage B
—e— Calculated swelling deformation via loaded swelling ratio
—&— Measured swelling deformation
=12 | i
£ . - - - -
£ \l\.\.\.
=
S10 - ,
=
£
s
S 8r 1
=
)
=
3 6r b
=
»n
4| _
2 n 1 n 1 n 1 n 1 n 1 n 1

30 60 90 120
The thickness of CNS layer (mm)
Fig. 3. Relationship between the measured and calculated swellingriions.

150

It can be found in Fig. 3 that the deadweight & €NS layer has a weak
influence on the swelling characteristics of expanssoil based on the
difference in the above two calculated swellingodesfations. Even when the
thickness of the CNS layer reaches 150 mm, theliagetleformation of
expansive soil only reduces by 0.87 mm. Howeveg, rireasured swelling



deformation of expansive soil under various modsts reduces sharply with accumulate, and form an electrical environmentshe expansive soil under

the increasing thickness of the CNS layer. Theseralons are not only

induced by the CNS deadweight, but also attribtiwedther factors. Previous

attempts indicated that the key influence factos likely the electrical charge
effect caused by the cations aggregated in theati process (Katti et al.,
1994; Murty and Praveen, 2008). For this, the iitioib effect of the electrical
charge on the swelling characteristics of expansbifes illustrated in Fig. 4.

Swelling deformation (mm)
- N w » o o ~
T T T T T T T
1 1 1 1 L 1

(5]
T

1 1 N 1 N I 1 1
0 30 60 20 120

The thickness of CNS layer (mm)
Fig. 4. Inhibition effect of electrical charges on the swelling defdioneof expansive soil.

1
150

As can be observed from Fig. 4, the inhibition effef the electrical charge

on the swelling characteristics of expansive seddmes more pronounced as

the thickness of the CNS layer increases. The swealleformations restrained

by the electrical charge effect are 3.6 mm and mh&8at the CNS thicknesses

of 60 mm and 150 mm, respectively, whereas thosebited by the
deadweight of the CNS layer are only 0.26 mm aB@ thm, respectively (see
Fig. 3). As such, it can be concluded that thisteleal charge effect is 8-14
times the deadweight effect of the CNS layer.
3.2. Cation concentration of pore solution

Yao et al. (2004) pointed out that the main cationthe expansive soil in
China are C&, Mg®", Na" and K, while K" only accounts for approximately

unidirectional seepage, on the second day afteerwiajection, the pore
solution in the collection boxes was used to meagsrion concentration. Two
model tests with CNS thicknesses of 90 mm and 160 raspectively, were
considered, and the results are shown in Figsd®arespectively.

It can be observed from Figs. 5 and 6 that the mai#spread cation in the
pore solution at the three layers is’Cahe concentrations of &aand Md*
at the top of the CNS layer are the minimal andaienalmost unchanged,
while those at the CNS- expansive soil interfaae lzottom of expansive soil
are maximal and decrease as the soil gradualljesabe saturation state.

According to Table 1, the concentrations of ®gnd C&" in the pore
solution of CNS layer are approximately twice aadf those of expansive soil,
respectively. However, when the tests started, hiighest concentration of
Mg?* was observed at the CNS—expansive soil interféee medium one is
reported at the bottom of expansive soil, and tiveest was found at the top
layer of CNS (see Figs. 5a and 6a). This resultatds that Mg in the CNS
layer migrates downward and then accumulates atCti8—expansive soil
interface and bottom of expansive soil after wat@ction, which makes the
Mg?* concentration at these areas higher than thaeaop of the CNS layer.
It can be seen from Figs. 5b and 6b that the htgtmscentration of G is
observed at the bottom of expansive soil, the nmedione is at the
CNS—expansive soil interface, whereas the lowesbserved at the top layer
of CNS (well below half of that in the expansivel}soThis phenomenon
confirms that C# in the CNS layer also migrates downward in thersaion
process and gathers at the CNS—expansive soilfaoterand bottom of
expansive soil.

It can also be observed from Figs. 5 and 6 thattreentrations of G4
and Md" in the pore solution of expansive soil increasthwhe thickness of
the CNS layer. In other words, cations in the Chj#t migrate down and are
adsorbed on the surface of solids, and thus fornelaatrical environment
inside the expansive soil under unidirectional sgep Additionally, the
concentration of cations that are accumulated énetkpansive soil increases

with the thickness of the CNS layer.

3.2.2. After the model test

2%—3% of the total cations. In the present worl, $klected expansive soil

] ) . This section aims to further verify whether theiag in the CNS and
and CNS mainly contained &aand Md* (see Table 1). Therefore, the

migration regulation of only Ghand Md* was assessed by measuring their

concentrations in the pore solution of expansivié awd CNS layer during
different test periods.
3.2.1. In the saturation process
In order to study whether the cations of the CNf&damigrate downward,
T u T ¥ T . T ¥ T

expansive soil layers migrate under unidirectiose¢page. After the model
test, soils at two layers, i.e. the top and bottdrthe CNS and expansive soll,
were sampled and dried at 105 °C to constant weilgbh crushed and passed
through to a standard 1-mm sieve. The concentsatidrcations in the pore

solution of soil samples were measured, as plott&dy. 7.

T T T T T T T T T
350 | —=—Top 1 1900 —=—Top |
—e— [nterface —e— [nterface
3300 L —&— Bottom : 1250 |- —&— Bottom
:
' b -
- 250 - 1000 |- g
£ 1.8
=200} 18
= = 750} .
= 18
@ @
2150} ‘/\\k’_‘ 1 E 500
8 L i
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100 - /_’,/""\. 4
250 | -
e T s S SR SR
0 4 8 12 16
(a) Time (d) (b) Time (d)

Fig. 5. Cation concentrations in the pore solution at three soil layiénsGMS thickness of 90 mm: (a) ¥gand (b) C&.
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Fig. 6. Cation concentrations in the pore solution at three soil layersGM® thickness of 150 mm: (a) Rigand (b) C&".

As can be observed in Fig. 7, in comparison withittitial values (Table 1), at the top and bottom of the expansive soil, areh thried and crushed to
the concentrations of €aand Md" decrease in the CNS layer, but increase iprepare for the swelling test based on the methentioned in Section 2.4.3.
the expansive soil. In addition, as the thickndsh® CNS layer increases, thelt is should be noted that four parallel tests meguired to determine each
concentrations of Gaand Md" in the expansive soil layer also increase. Thewelling index. The results are presented in Fig. 8
results show that Gh and Md" cations in the CNS layer move down, As shown in Fig. 8, after completion of the modestt all swelling
accompanied by a decrease in concentration undgfirectional water parameter values are lower than the initial oned,the swelling potential of
injection. Meanwhile, the migrated €aand Md" cations accumulate on the expansive soil is inversely proportional to theckiniess of the CNS layer. This
surface of solids, and also form an electrical mmrment inside the expansive means that the swelling characteristics of expansoil decrease irrevocably
soil. during the process of model test. It is noted that saturated soil samples
3.3. Swelling char acteristics of expansive soil taken from the test apparatus are dried and wedtgin to perform the

The purpose of this section is to verify whetharsth C&" and Md" cations  swelling tests, and this drying-wetting process also significantly affect the
participate in the ionic exchange with the expamsseil. The modification swelling characteristics of expansive soil. It isngrally accepted that the
effect of this exchange on the swelling potentifilegpansive soil can be swelling potential of expansive soil significantgduces after the
evaluated by swelling tests. Therefore, after tloelehtest, soils were sampled

(a) Concentration (mg/L) (b) Concentration (mg/L)
30 40 50 60 70 80 90 100 0 100 200 300 400 500 600
T T T T T T T T T T T M T T T T T
Top of CNS Top of CNS
Interface of CNS Interface of CNS

Interface of
expansive soil

Interface of
expansive soil

Bottom of Bottom of

expansive soil expansive soil
I 1 L | | 1 L I 1 I

|
Fig. 7. Cation concentration in the pore solution at four soil interfaftes @mpletion of the model test: (a) Ma@nd (b) C&. Tests 2-5 refer to as the CNS layers with thicknesses of 6
mm, 90 mm, 120 mm and 150 mm, respectively.
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Fig. 8. Swelling characteristics of expansive soil: (a) free swelktigyr (b) swelling percentage; (c) loaded swelling ratio; andy@)ling force. Tests 2-5 refer to as the CNS layers with
thicknesses of 60 mm, 90 mm, 120 mm and 150 mm, cesely.

drying-wetting cycle. However, the drying way hasnarket effect on the 3.4.Inhibition mechanism of expansive soil by CNS layer
swelling characteristics of expansive soil (Basinal.e1994). Popescu (1980), Based on the above analyses, the inhibition meshanf expansive soil by
Osipov et al. (1987), Day (1994), and Rosenbalm Zeyuhta (2017) showed the CNS layer can be attributed to the followingess. Firstly, as shown in
that when the soil sample is subjected to full migyithe expansive soil tends toFig. 9, under saturated condition of unidirectionaler injection, the cations
have higher swelling potential as the number oirdpwvetting cycle increases. in the CNS layer migrate downward, and then arerhesl on the surface of
In fact, the soil samples in this study were sueig¢o the full drying method. solids to form an electric environment inside thpansive soil. In this process,
Therefore, the most reasonable explanation for régiction in swelling the adsorbed hydrated cations will participatehia ibn exchange within the
potential is that the expansive soil has been dmhrnecause the cation expansive soil, leading to the modification effeotthe swelling potential of
exchange with the aggregating cations such & @ad Md" leads to a expansive soil. Besides, an adsorption water memebisaformed around the
decrease in the water-holding capacity of exparsiile aggregates, accompanied by the crystalline swedlimdy diffuse double-layer
Fig. 8c shows the evolution curves of the loadeellgvg ratio of soil (DDL) swelling (Norrish and Quirk, 1954; Liu, 2013)hich leads to the
samples after model tests, compared with its Initelues, along with the reduction of porosity and collapse and reconstoactf soil skeleton under
expansion ratio calculated via the measured swgetieformation in the five confined condition (Zhu et al., 2013). As the hyddacations further migrate
model tests. As shown in Fig. 8c, after model tektsloaded swelling ratio of down, the aggregates continue to swell and splitctmpy the micropores. At
expansive soil is significantly lower than theimitvalue and is slightly higher this time, the concentration of cations accumuldatedhe micropores will
than the measured expansion ratio. Meanwhile,nitbeafound in Fig. 8d that gradually increase, which in turn inhibits the depenent of DDL swelling of
the swelling force still exceeds 60 kPa, whichrisater than the deadweight ofthe aggregates until equilibrium is reached (Nérrend Quirk, 1954;
the CNS layer. The results indicate that the snglliehavior of expansive soil Sridharan and Jayadeva, 1982). Devineau et al6j2f0@inted out that water
cannot be fully restrained by the modification effeThis may be due to the molecules are more likely to be adsorbed in theriayer space instead of in
fact that the electrical environment inside the amgive soil formed by the the micropores under confined conditions. Consetiyjeswelling of the
migration and aggregation of cations makes soméribations (as described aggregates is dominated by the crystalline swellligwever, Baver (1956)
in Section 3.4). However, since all the soil saraieswelling tests were dealt found that the inner layer of water molecules ddsdron the surface of the
in the de-ionized water rather than in the bulkusoh, the electrical aggregates may be in a solid water state and canow# and exchange under
environment was destroyed, so that the swellin@rgi@l of expansive soil the effect of Coulumb electrical field. Thus, itdsficult for external water
could only be partly restrained. molecules to enter the interlayer of montmorillenitrystals through the
adsorbed water membrane. I n
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Fig. 9. Inhibition mechanism of expansive soil by CNS layer.

summary, under confinements, as the external catiigrate and aggregate,
the later stages of swelling capacity of expansied are significantly
inhibited.

Consequently, the joint effect of the modificatieffiect and the electrical
environment mainly controls the swelling charastigs of expansive soil,
which can be considered as an electric chargeteffa® main function of
the CNS layer is, as an external factor, to prevleatexpansive soil from
expanding freely in the confined condition.

4. Conclusions

In the present work, the inhibition effect of a Ck$er on the swelling of
expansive soil was investigated experimentally ugtofive types of model
tests under saturation condition of unidirectiovehter injection. The
swelling inhibition mechanism of the CNS technologgs discussed. The
following conclusions can be obtained:

(1) Under saturated condition of unidirectional watgection, the fact

that C&" and Md" cations in the CNS layer migrate downward,

and then are adsorbed on the surface of soliderto &n electric
environment inside the expansive soil has beenegroBesides,
the concentration of the aggregated cations inettgansive soil
increases gradually with the thickness of the C@i

(2) The CNS layer can effectively inhibit the swelliogaracteristics
of expansive soil, and the inhibition effect becemeore
remarkable as the thickness of the CNS layer isesaThe
swelling inhibition mechanism is the result of ot action of
three factors: (i) modification effect, (ii) eleical environment,
and (i) deadweight of the CNS layer. The joinhtrdbution of the
modification effect and electrical environment isl8 times higher
than that of the deadweight effect of the CNS laged it can be
concluded that electric charge effect mainly cdsettbe swelling
characteristics of expansive soil.
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