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A Study of the Effect of Cation Exchange on the Stability of 
Slopes 

Etude de l'effet d'un Echange de Cations sur la Stabilite des Talus 

by S. MATSUO, Assistant Professor, Kyoto University, Kyoto, Japan 

Summary 
In this paper the location shift in the plasticity chart of samples 

which have received cation exchange is discussed first. Then the 
cause of a landslip in a certain terrain is investigated from the 
physicochemical standpoint. 

Introduction 

In the plasticity chart the following two characteristics are 
known from previous experience, namely: 

(I) The position of various samples taken from the same soil 
stratum defines a straight line roughly parallel to the A line; 

(2) The positions of the same samples in the plasticity chart 
according to the degree of drying, particularly oven-drying, 
move almost parallel to the A line. 

This study was carried out primarily to investigate the change 
in the location in the plasticity chart due to the effect of ex
changeable cations. Next, the cause of a slip which occurred 
in a slope which had remained in equilibrium during the 
previous ten or more years, though little change was noted in 
the external condition, was investigated from the physico
chemical standpoint. 

Experiment on Cation Exchange 

Procedure of experiment-First the location shift in the 
plasticity chart of samples which have received cation exchange 
s discussed. 

The soil samples, 7 to 10 kg, were taken from (1) Yoshi
dayama soil, (2) Kitashirakawa soil and (3) silt deposited at 
the bottom of Osaka Bay. In order to measure the consistency, 
only the particles passing through a 40 mesh sieve after the soil 
was air-dried were used. The experiment was made in the 
following manner. 

(1) 200 g of soil was taken 25 times from each sample; 
(2) The 200 g samples were put in a Buchner funnel con

nected to a Witt funnel and the surface levelled; 
(3) The chemicals used were CaC12, MgC12, KCl, NaCl and 

HCI. Their concentrations were 0·01 N, 0·05 N, 0·1 N, 0·2 N 
and 0·5 N. 2000 c.c. of solution was poured gradually into 
the Buchner funnel; 

(4) The water supply valve was slightly opened and by 
operating the Witt funnel suction filtration was effected. In 
this process, if the aspirator is operated briskly colloidal 
particles are likely to pass through the filter paper and be 
washed away; 

(5) 5 to 10 minutes later the operation of the aspirator was 
made active; 

(6) 1 to 2 hours later, in a state when no water remained on 
the surface, the sample was taken out, allowed to stand and 
dried in the air until the moisture content reached the point at 
which consistency tests became possible (2 to 3 days); 

(7) Consistency tests were carried out according to JIS A1205 
and 1206; 
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Sommaire 

On discute d'abord le changement de position sur le graphique de 
plasticite de l'echantillon qui a subi l'echange du cation. Ensuite, 
Ia cause du glissement de terre dans uncertain terrain est examinee du 
point de vue physico-chimique 

(8) The pH of each sample was measured for reference. 
Results of the experiment-The results of the experiment are 

shown in Table 1. 

Table 1 

I 

I I 
Kitashirakawa Yoshidayama Sample: Osaka Bay silt 

soil soil 

Test: LL PI I pH LL PI pH LL PI pH 
------------

Solution 

0·01N 73·2 34·2 7·50 49·7: 17·2 4·97 44-8 19·1 4·63 

0 0·05N 72·5 34·5 7·61 50·3 18·3 4·50 45-8 20·2 4·70 
cd 0·1 N 73·1 34·9 7·74 48·6 20·7 4·43 54·7 28·3 4-81 z 0·2 N 77·0 37·2 7·65 45·6 17·3 4·62 61·3 37·4 5·14 

0·5 N 73-0 33·8 7·69 44·1 16·6 4·50 54·1 31·8 5·70 
--·--------------

O·OIN 76·5 35·6 7·75 53·7 23-4 4·26 43·3 19·4 5·55 

0 
0·05N 71·0 30·0 7·48 49·5 19·1 4·12 44·8 22·2 4·95 
0·1 N 60·8 18·4 7·43 46·0 16·2 4·17 44·2 21·9 4·43 

~ 0·2 N 68·6 26·6 7·35 45·5 16·6 4·43 55·1 32·6 4·35 
0·5 N 71·3 31·5 7·53 46·0 17·0 4·70 55·5 31·7 5·33 

----------------
O·OIN 81·0 39·2 7·45 47·9 15-6 4·82 52·3 30·0 4·54 

0 
0·05N 79·6 39·4 7·41 53·1 21·2 4·34 57·3 29·3 4·26 
0·1 N 74·9 34·1 7-41 56·4 25-6 4·17 53·0 25·7 4·09 

::z:: 0·2 N 77-3 34·8 7·41 53·2 21·3 3·91 52·7 29·1 3·91 
0·5 N 78·0 38·0 7·61 48·6 17·6 3·21 51·7 33·5 3-83 

----------------
0·01N 74-1 34·2 7·43 44·8 15·4 5·16 50·8 20·0 6·02 

N 0·05N 69·0 28·4 7·57 45·0 15·8 4·82 51·4 21·7 4·64 0 
cd 0·1 N 73·6 33-9 7·57 50·1 20·5 4·63 56·3 31·1 4·42 

~I 
0·2 N 76·1 32·8 7·57 47·7 18·7 4·47 54·6 36·9 4·64 
0·5 N 74·5 31·5 7·61 48·6 20·0 4·99 57·0 35·0 4·96 

----------------
O·OIN 74·0 32-4 7-40 44·5 16·9 4·34 45·8 17·4 7-15 

"' 0·05N 74·0 31·4 7·59 44·5 17·0 3·42 48·6 20·2 5·05 0 
OJ) 0·1 N 75·2 32·8 7-38 46·7 19·2 4·52 49·2 24·4 4·63 

::E 0·2 N 74·0 33·0 7·23 41·8 13·2 4·82 57·3 33·1 4·60 
0·5 N 71·0 30·6 7-10 46·5 18·6 5·16 49·1 27·7 4·95 

I 

The plasticity indices and liquid limits for the first two soils 
are plotted on the plasticity chart as shown in Fig. 1. 

A displacement almost parallel to the A line is shown, which 
is a tendency similar to that already mentioned in the intro
duction. The slope is a little greater than the A line. A similar 
fact was also shown by using the data of WINTERKORN (1948) 
concerning Putnum soil. 



Field Investigation on Cation Exchange 

Local condition at Kashio-A landslip occurred at Kashio 
town near Nigawa railway station on the Imazu line of the 
Hankyu Electric Railway Company on 13 July 1951. During 
this landslip the foundation of the railway track rose. 
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Fig. 1 Plasticity chart 
Graphique de plasticite 

The location of the slip is shown in Fig. 2, the topographical 
features in Fig. 3 and the nature of soils in Fig. 4. As is clear 
from Fig. 3, the slip occurred at the saddle, a position where 
water springs even at the ground surface. The section after 

the creep and the natural features clarified by boring are shown 
in Fig. 5. 

Chemical analysis-The soil and the rain water of the Kashio 
district were chemically analysed. The places where under
ground water and soil samples were taken are marked A, B, ... 
and 1, 2, ... respectively. The underground water from A, B • 
. . . and F was collected into glass bottles from drainage holes, 
and the soils were taken out with a soil auger. 

N 

t 

Fig. 2 Map of Kashio district 
Carte de Ia region de Kashio 

The underground water samples were analysed qualitatively 
by spectral analysis and polarography, then quantitatively for 
all the existing cations and anions. The soil samples were 
leached with 1 N N~CI solutions and 1 N NacCl for 24 hours, 
and then filtered. The filtrates were analysed quantitatively 
for the cations and anions. The exchange capacity was 
determined by the ordinary 1 N ammonium acetate method. 

The results of the chemical analysis are shown in Tables 2 
and 3. From the results of the analysis it was found that there 
was no appreciable difference between the underground water 

Table 2 

Samples I Unit I A B c D E F G I~ 
Atmos. temp. oc. 32·5 31 ·0 31 ·8 - 32·2 32·2 - I 27·5 
Water temp. oc. 22·2 26·5 22·1 -

I 

23·5 20·8 19 ·0 I 25·0 
pH - 5-6 5·8 5·8 6·3 5·9 5·8 5·8 I 5·4 
Alkalinity m.e./1 8·2 I - - - 30·24 16·80 7·92 6·20 
HC03' free m.e./1 8·2 - - - 30·2 16·8 7·9 6·2 
Carbonate p.p.m. 2-4 - I - - 1·8 22·1 11·00 12·8 
Acidity m.e./1 2-8 - I - - 2·1 25·1 12·5 14·5 
Dissolved Oz p.p.m. 0·9 - i -

I 

- 0·8 0·7 1·1 0·8 
C1' mg/1. 1·4 -

i 
- - 2·2 2·4 3·5 1·6 

PO/ mg/1. 36·6 - I - - 26·3 23-8 29 ·5 31·0 
Si03" mg/1. 36·7 -

I -
I 

- 29 ·0 31 ·3 27 ·5 38·9 
Ca" mg/1. 70·8 - - - 103·1 64·7 62·9 65 ·0 
Mg" mg/1. ll·7 - -

I 
- 13 ·3 16·9 19·4 18 ·1 

Colour - slight colour- -
i 

- slight light - -
muddy less I muddy yellow 

Rate of flow c. c./sec. 23-3 2·7 3·3 
I 

- 1-3 50·0 - ' 
! -

Table 3 

I 
I 

I 

I Ion I 
i 

Sample Unit exchange H· Na· K' Ca" Mg" Fe" 

I 
AI"' Mn" NH4· 

I capacity 

I 
---- -----

Rain water m.e./1. - - 0·07 0·16 0·07 0·01 0·0005 1 0·02 - 0·0002 
Ground water m.e./1. - - 0·07 0·18 1-13 0·02 0·00008 0·02 trace 0·003 
Blue clay m.e./100 g. 21 ·0 1·0 0·82 0·65 14-42 4·03 0·0027 0·01 0·045 0·238 

Leachate 
Red clay m.e./100 g. 12·5 2-8 1·12 0·10 8·37 0·13 0·0077 0·03 0·05 -

Leachate 
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and rain water, except that the Ca content of the underground 
water was much larger than that of the rain water itself. 

Stability test-It is acknowledged that the shearing strength 
of a given soil sample changes according to the quantity and 
the quality of the absorbed cations. The order of the strength 
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Fig. 3 Landslip creep at Kashio 
Fluage de sol a Kashio 

.. 

of soil, exchanged by H-ion at first and by others secondarily, 
is given as NH4, H, K, Fe, AI, Mg, Ba, Ca, Na and Li, as the 
result of Sullivan's experiment (SULLIVAN, 1939). The author 
also recognizes that the position in the plasticity chart moves 
almost parallel to the A line by ion-exchange. From this fact, 
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Fig. 4 Geological map 
Carte geologique 

and the fact that the quantity of exchanged Ca in Kashio soils, 
though very large, is merely 3/4 of the saturation value, there 
will be a great difference in the shearing resistance and other 
characteristics between existing Ca soils and saturated Ca soils 
that are presumed to have existed. Concerning stability, it is 
considered that there is a great difference in the factor of safety. 
Taking these points into consideration, natural soils were com
pared with saturated Ca soils by the shear test, as the shearing 

strength of soils differs with the moisture content. In this case 
various proportions of water were added to the sample of 
Kashio air-dried soil and were left to stand for 24 hours, after 
which the shear test was made. To determine the value of the 
moisture content four values were measured after the shear test 
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Fig. 5 Soil profile 
Profil du sol 

and the average taken. The particle size distribution curves 
of the soils are represented in Fig. 6, and the results obtained 
by the shear tests are represented in Figs. 7 and 8. 

Judging from the above results, at the natural moisture 
content the angle of friction is 0·45 degrees and 0·06 degrees, 
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Fig. 6 Grain size distribution curve 
Courbe de repartition de Ia granulornetrie 

and cohesion 0·163 kgfcm2, and 0·08 kgfcm2 for the Ca soils 
and the natural soils respectively. 

Stability analysis-Fig. 9 indicates a longitudinal section of 
the terrain. In Fig. 9 the oblique line is nearly a straight line 
before the slip, and so, if it is assumed to be a straight line, the 
plane of the upper border of the clay layer, considered the 
sliding surface, is nearly parallel to the surface of the earth. 

Table 4 

u"" I cr SO<' I PO," is;o;·! I 
Free 

Sample Acidity Alkalinity carbo-

~--~--~ 
nate 

Rain water rng/1. 3·04 0·019 - - 1 0·0498 rn.e./1. -

I 
0·0398 

Underground water I mg/1.11·14 1 0·044 0·80 140·54! 2 ·77 rn.e./1. 0·247 rn.e./1. 2·44 
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Table 5 

Parts 
I 

I 
I 

2 3 I 4 
I 

5 6 1_7 1_8 1 
Sum FBCE 

5·9 1 

I 

A (m2) 3·7 4·0 9·I 10·1 9·9 8·7 
5·1 I 

56·5 I93·0 
g (t/m3) 1·65 1·65 1·65 I·65 1·65 1·65 1·65 1·65 - -

W(t) 6·I 6·6 9·7 15·0 16·7 16·3 14·4 8·4 93·2 318·5 
T(t) - 4·6 

I 

- 3·9 -3-4 - 1·5 3·6 8·3 10·6 6·9 16·0 75·2 
N (t) 4·3 5·4 9·0 15·0 16·3 13·I 9·2 2·8 75·1 308·I 

L (m) - - - - - - - - 20-4 37·4 

"' (0) 
I - - - - - - - - I39 -
I 

Table 6 

I 

I I I 
I 

Natural 8 tan 8 c (tfm2) M, I M, D, D, s 
water content 

--I Ca-clay 0·451 0·0079 

I 

1·63 134·4 306 75·2 63·2 

I 
1·3 -

Natural soil I 0·06 0·0018 0·68 134-4 127 75·2 26·0 0·6 60·21% 

It is considered that the sliding surfaces of the upper and 
lower ends of this straight line are curved. The results of the 
stability computation of the straight and circular sliding surface 
are shown in Table 4 and Fig. 9. 

The factor of safety computed from the angle of friction and 
the cohesion from Table 5 is shown in Table 6, namely the 
factor of safety of Ca soil is 1·3, whereas that of the natural 
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Fig. 7 Variation of angle of shearing resistance in relation to 
moisture content 

Variation d'angle de resistance au cisaillement en function 
de Ia teneur en eau 

soil is 0·6. Therefore, in soil which is saturated with Ca and 
is statically stable the adhered Ca is substituted by other cations 
and by this it is considered that the strength of the soil is 
changed and sliding is brought about. 

Conclusions 

A new fact in the plasticity chart was added to the two facts 
already observed. The same was also observed with Putnum 
soil. 

From the above investigation and research, the measures to 
be taken hereafter against landslip are considered as follows: 

(l) The necessary step to prevent future landslips is to main
tain the terrain in its present state. To make a big change in 
the local topography, especially to bank the upper part of the 
surface of the slope or add other loads, would very likely cause 
a new landslip. 

(2) For the period that the present state can be maintained 
the practice of chemical analysis and the test of soil properties 
are useful in predicting the occurrence of landslips. 

I 

(3) A positive measure for maintaining the stability of the 
slope is to dig holes near the upper border of the slope and 
supplement Ca-ion in the form of aqueous solution of calcium 
salts. 
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Fig. 8 Variation of cohesion in relation to moisture content 
Variation de Ia cohesion en fonction de Ia teneur en eau 

It is an interesting fact that cation exchange of soil changes 
the consistency of soil following a certain order. The know
ledge of how cation exchange takes place naturally in situ will 

0 200 400ton • o 1o2oton 
Fig. 9 Analysis of landslip 

Analyse du fluage du sol 

be useful for understanding the phenomena of landslides and 
ground settlement, and may also have some bearing on the 
fundamental problem of soil stabilization. 
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