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Abstract 

The purpose of this study is to analyze the impact that reservoir filling may have on a dyke 

known as Cacaria 2 which is owned and operated by Light SESA in Rio de Janeiro. Brazil. 

Dyke 2 was built in 1945 according to the hydraulic fil1 method to close off a low 

topographical area to create the "Lajes Reservoir," part of the Lajes Hydroelectric and Water 

Supply Project. Plans are being made to raise the reservoir level 3 meters above the existing 

operational level to improve the hydroelectric and water supply capacities of the Lajes 

reservoir. The dyke is made up of thin interbedded clayey silt layers which cross the dyke's 

mass in an upstream-dowmstrearn direction. The focus of this study is to analyze the 

propenies and behaviour of the soil in one of these layen. This layer. which has been above 

the reservoir level for over 50 years. u d l  be subjected to the effects of reservoir filling and 

drawdown (wetring-dving). The main concem is in regard to intemal erosion during 

resenoir filling, because the layer in study is susceptible to deflocculation when sauirated by 

water with low total content of dissolved salts. The dominant clay mineral is Na-kaolinite. 

which is a residual clay derived from gneiss; and it ranges fiom dispersive to non-dispersive. 

Tests carried out by the author on this Na-kaolinite at two different salinities. showed that 

the in situ soil fabnc is charactenzed by an assemblage of positive edge-negative face 

flocculation. which was ascertained from the relationships arnong the liquid and shrinkage 

limits and sediment volume values and by way of permeability tests. These results 

substantiate the view that the lower the total dissoived salts in the reservoir water. the greater 

the susceptibility to deflocculation and intemal erosion of this Na-kaolinite. In addition, 

results obtained by the Toluene Displacement Tests showed that upon water immersion this 

soil may lead to dispersion, which increases its susceptibility of deflocculation and intemal 

erosion. This soil has no tendency for self-heaiing as shown by sediment volume tests. 

Internai erosion of this Na-kaolinite may occur in areas of high crack potential, at the 

contacts between zones with incompatibilities of stress, strains and defonnations, and in 

areas of desiccation. 
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1 - Introduction 

This research study seeks to predict the impact reservoir filling may have on a dyke 

called Cacaria 2 located in the City of Rio de Janeiro. Brazil. wfiich is o w e d  and 

operated by Light SESA. The focus of the study is to analyze the properties and 

behaviour of one of the thin interbedded clayey silt layers. which transvenely curs 

die dyke's mass in an upstream-downstream direction (See Fig 1.1). The main 

concern is in regard to intemal erosion during resemoir filling, because the laver in 

study is susceptible to deflocculation when saturated by water with low total content 

of dissolved salts. Furthemore. this soi1 range fiom dispersive to non-dispersive. and 

its volumetric changes ma! lead to the formation of cracks. which is a precursor to 

erosion. 

1.1 Introduction to the Case Study 

This case snidy involves an eanh dyke named "Cacaria Dyke 2" buiit in 1942 in the 

State of Rio de Janeiro. Brazil. Dike 2 \vas built according to the hydraulic fil1 

method to close off a low topographicai area to create the "Lajes Reservoir" which is 

part of the Lajes Hydroeiectric and Water Supply Project. Since its construction the 

dyke has exhibited numerous seepage and water-related problems. The dyke is 122 m 

long, 2 1.5 m high and has a crest elevation of 435 m above MSL (Mean Sea Level). 

The dyke was originally intended to be a conventional zoned earth fil1 containing a 

70-to-80 % clay core, and flanked by pervious abutments composed of a 60-to-70 % 

sandy soii content. However, soi1 investigations conducted by Light in 1950, 1970. 

and 1991 showed that the expected zoning was not achieved. On the contrary. 

because it was not possible to cary  out the original design of the dyke as planned, 



altemating thick layers of hi&-permeability sandy soil and thin layers of low- 

permeability clayey silt soil had been formed. There is no discernible core. 

As of 1950. the stability of the dyke h a  become primary concem for the follouing 

reasons: 1 )  the heterogeneity and layered nature of the soils used in the dyke has 

resulted in severe seepage; 2) the dounstrearn area of dyke 2 has become saturated 

with water and serves as an exit point for seepage; and 3) piezometers installed in the 

embankment have s h o w  an increase in pore pressure as a result of nses in the 

resewoir level. 

1.2 Outline of the Thesis 

The follouing topics uill be discussed in this paper: 

1.3.1 - Experimental Program (Chapter 2) 

Laboratory tests were camied out in order to evaluate the properties and 

behaviour of a kaolinitic soil. in relation to internai erosion. during resen-oir 

filling. The test results. and methods and materiais used in the laboratory tests 

are presented in Chapter 2. It is also presented bnef discussions related to the 

significance of each tests in the context of determining susceptibility to 

interna1 erosion. The author carried out the follming tests: 

a) Soi1 .Mineralogy 

X-Ray Diffraction Andysis 

Detemination of soi1 composition (noncrystalline clay materials. 

organic matter, and presence of salts) 



b) Engineering Properties 

a' Atterberg Limits Using Cycles of Werting and Drying, Intensive 

Remolding, and Variation of the Chemistry of the Pore-Water 

0' Determination of Clayeyness Degree 

me Shrinkage Factors of Soils by the Wax Method 

a' Determination of Volumetric Shrinkage of an Unsaturated Soi1 

(Toluene Displacement Test) 

0' Classification of Expansive Soils by Sediment Volume Method 

0' Identification of Clay Type in Soils by the Free-Swell Technique 

me Identification of Dispersive Clays 

a' Permeability Test Using Triaxial Ce11 

1.2.2 - Discussion of the Resulrs Khaprer 3) 

This chapter attemprs ro interpret the results of the lab tests obtained in this study 

and define the relationship among properties and behaviour of Na-kaolinitic soils in 

regard to intemal erosion. 

1 -2.3 - Conclusions (Chapter 3) 

The conclusions reached regarding the behaviour of one of the thin 
- p p p p p p p p p p p - p - - - - - - - - - -  

- - - - -  

interbedded layers of low-permeability clayey silt soils. in relation ro intemal 

erosion, are the focus of Chapter 4. 





Chapter 2 

Experimental Program 

Laboratory tests such as Atterberg Limits, Dispersivity. Permeability, and 

Volumevic Changes were carried out to evaluate the properties and behaviour of a 

Na-kaolinitic soi1 during reservoir filling as related to intemal erosion. Later, in 

Chapter 3 will be interpreted the results of the laboratory tests and defined their 

relationship in regard to intemal erosion. The clayey silt soi1 used for the tests was 

taken from an interbedded thin layer which cuts the dyke's mass in an upstream- 

downsueam direction (see Fig. 1.1). This chapter presents the materials and methods 

used for laboratory tests. and it is discussed the significance of each of the above 

tests in the context of determining susceptibility to intemal erosion 

2.1 Background Information 

The dyke in this study was built by hydraulic fil1 method. This consvuction method 

used soils transponed as slurrq.. that was pumped from a source of mature and Young 

residual soils primarly composed of biotite-gneisses. In this dyke. the clay was 

deposited hydraulically which detennined the in situ porosity and patticle packing 

arrangement. The deposition of additional clay caused an increase in effective 

pressure and a decrease in water content; and at a certain stage, the clay was 

"nomally consolidated" in the sense that it had not been subjected to a pressure 

greater than the present overburden. 



2.2 Laboratory Tests 

The tests were performed with remolded and intact specimens obtained from a 

shallow test pit excavation in the downstream dope of dyke 2 at an elevation of 

419.09 m (MSL). This soil was classified as ferruginous clayey silt. It is usually 

reddish-brown in color. has a high plasticity index, is predominantly Na-kaolinitic 

with a clayeyness degree equal to 0.95 (Fig. 2.3). 

2.2.1 - Soi1 Mineralogy 

The rnineralogy of this soil showed that Na-kaolinite is the dominant clay mineral. 

n i is  soi1 is also composed of soluble chernical agents such as organic matter. 

aluminium and iron compounds: which under certain conditions could precipitate 

and form chemically stable cements whicli strengthen the links of the clay structure. 

The significance of rnineralogy in the context of determining susceptibibh to 

intemal erosion will be interpreted in Chapter 3. 

X-Ray Diffraction Analysis 

The mineralogical analysis of the soil was performed by way of a diffiactometer and 

radiation. The dispersed clay fraction was solvated with glycerol. separated by 

sedimentation, saturated with magnesiurn. spread on a g l a s  slide. and allowed to air 

dry. The X-ray diffiaction pattern was recorded (Jackson. 1964). The untreated silt 

parts were also subjected to X-ray diffiaction analysis. 

The X-Ray Difiaction analysis identifies the type of clay mineral which associated 

to the salinity and pH of the pore-water is of fundamental importance in defming the 

soil fabric. The geometnc arrangement of clay particles (clay fabric) indicates the 

soil susceptibility of intemal erosion because the mechanism of interna1 erosion is 

due to deflocculation process where water travels through a leakage chan.net. 



Deflocculation is a state of particle arrangement. The layer in study is susceptible to 

deflocculation when satunuated b y water with iow total content of dissoIved salts. 

The results showed that Na-kaolinite is the dominant clay mineral. In Chapter 3 the 

type of clay mineral in conjunction with other factors will be interpreted in the 

context of detemining susceptibility to intemal erosion. ï h e  results of X-ray 

diffraction are shown in Figures 2.1 and 2.2. 

a Chernical MineraZogy 

Chemical tests were performed to identib the type and quantities of soluble chemical 

agents. in the soil studied. Noncrystalline clay material such as A120j. FelOj. MgO. 

and organic maner were found. The quantities of these soluble chemical agents are 

presented in Table 2.1. The presence of soluble chernical agents such as organic 

matter, and aluminium and iron compounds strengthen the links of the clay structure 

which makes the soil less susceptible to interna1 erosion. These chemical agents in 

conjuction with other factors will be interpreted in Chapter 3. in the context of 

susceptibility to intemal erosion. These tests were perfomed based on the Ministry 

of Transportation, Ontario laboratop Testing Manual. 

Table 2.1 shows some physico-chernical characteristics of the Na-kaolinite studied 

Table 2.1 - Physico-chernical characteristics of the soil studied 
1 1 1 1 1 1 Clay and 

Note: The results represent an average of three specihens tested 

Soil 
specimen 

1 

Location 

Uown- 
stream 

slope of 
Dike 2 

Data obtained by Fernando A.N. Silva - 1991 (Ministry of Transportation Ontario - koundaion 

Soil pH 
(average) 

5 

Lab.) 

Chernical Mineralogy (%) Insoluble 
residues 

70 

F,O, 

8.3 

Organic 
matter 

13.8 

A 1 2 0 3  

7.2 

massive 
minerais 
Wray 

Kaolinite, 
Quartz, 
and Mica 

M g 0  

0.7 







2.2.2 - Engineering Properties 

.-!iierberg Lirnirs 

In the present study Anerberg limit values at two different saiinities were used as an 

indicator of the in situ geometric arrangement of clay particles (clay fabric). The 

eeomevic arrangement of clay particles indicates the susceptibiliv of intemal * 

erosion if this arrangement is in a tlocculated srate and subjected to saturation by 

water nith ION- total content of dissolved saits. 

Anerberg iimits were determined as per AST41 Test Method for Liquid Limit. 

Plastic Limit and Plasticity Indes of Soils î D 43 18 - 93). 

The -4nerberg Limit tests that were performed bu the author included cycles of 

wetting together with cycles of air and or oven b i n e  (intensive remolding. The 

objective of these tests u-as also to evaluate die behaviour of the iron and aluminium 

oxides (cementing agents) under temperature wriations and remolding cycles. -4s 

rnentioned before these cementing agents strengthen the links of the clay structure 

(fabric) which makes the soil less susceptible to intemal erosion. 

The resulrs obtained aith Specimens = 1 and 2. as shomn in Table 2.2. were reached 

by saturation of an intact sarnple in a niaxial cell. and placement of a portion of this 

specimen in the bowl of a Casagrande apparatus. using less disnubance of the soi1 

paste. This was an anempt to obtain Atterberg lirnits at a n a d  state. These two 

specimens were cailed as quasi-remolded specimens. 

Table 2.2 shows result of tests carried ou? on this Xa-kaolinite at tu.0 differenr 

salinities. By saturating the soil vlith deionized -ter (fresh-water) of low pH the 

kaolinitic soi! showed higher liquid limit and higher void ratio. By using salt-water 

(20 mg& of NaHCO,) vl-ith a high pH the kaolinitic soi! showed a reduction in liquid 



limit and void ratio. As eexpected. the Na-kaolinite with a relativelu greater degree of 

particle floccuiation enclosed larger void space for water entraprnent and exhibited 

higher liquid limit values. while this kaolinite with a lesser degree of particle 

flocculation and nlth smdler void space possesses Iower liquid limit values. 

Therefore. this is an indication of the in situ geometnc particles arrangement (clay 

fabnc). nie results showed that the actual fabric is composed by Na-kaolinite in a 

flocculated particle arrangement. 

Table 2.3 shows the results of some physical properties of the soi1 studied upon 

cycles of wetting. drying. intensive remolding. and variation of the chemisq of ihe 

pore-\vater. 

Table 2 2 - %me Physical Prwrbes of intact spearnens at two different saliniDes and pH values 
@ 

i 1 1 f ! I 
bata obtainea by Fernando A N Mva - 1997 iMinistry of Transponation Untano - Fcuncaaon Lao 1 



Table 2.3 - Some Physical Properties of Remolded Speumens Using 00th Deionized and 
NaCHO, Pore-Water lncluding Drying and Wetüng Cycles 
hater for Cycles ot ' bquid riastic ' riatiaty i 3011 
saturation drying. Lirn~t Limit Index Classif. 

wtting & (A. Casa- 
(Type) rernolding (%) (%) grande) 

1 st 51.5 39 12.5 MH 
Deionized 2nd 50.5 38 12.5 MH 
:pH= 6.83) 3rd 48.5 37 11.5 MI 

4th 5 1 39 12 MH 
5Vi 5 1 37 14 MH 
6th 51 36 15 MH 

1 st 52 39 13 MH 
Distilled 2nd 50.5 38 12.5 MH 
(pH= 7.1) 3rd 48.5 37 11 -5 MI 

4th 51.5 39 12.5 MH 
5th 5 1 38 13 MH 
6th 5 1 36 15 MH 

Nafural 
~ o i d  ratio 

SoTI 
Sample 

# 

- 

Location 

Dom- 
strearn 
slope of 
Dike 2 

E m R â  

air dried 
air dned 

oven 1 1 OC 
air dned 

oven WC 
oven 60C 

oven 1 10 

air dned 
oven 1 10 

air dried 
aven 60C 
aven 60C 

air dned 
oven 6OC 
oven 60C 

Deionized 

water 
(HC03 = 
23.6rngA) 
pH = 6.99 

air dned 
oven 6OC 
oven 60C 

air dried 
air dned 
oven 60C 

air dned -4 
arr dried 
air dried 
oven 6ûC 
oven 60C 

air dned 

- -  l 
air dried 

air dned 

KuH none 53 38 15 MH 
pH = 8.44 

Zm@ 

1.42 air dried 

NaHCO, none 53.5 39 14.5 MH 
pH = 7.73 
ied by Fernando A.N. Silva - 199f ( Minrstry of Transpartation Ont; 3 - toundation Lab.) 

J 

Note: deionized' = deionized water + dissolvecl CO2 (amount represented by means of aùdity) 



Shrinknge factors 

The shrinkage factors of the soi1 studied were determined by ASTM Test Method for 

Shrinkage Factors for Soils by the Wax Method (D 4943 - 89). Two different 

conditions of chemistry of the pore-water were used. as shown in Table 2.4. The 

shnnkage limit in conjunction with liquid limit are indicators of the geometric 

mangement of clay particles (fabric). In other words, a kaolinitic soi1 with a greater 

degree of particle flocculation and a higher liquid limit would shrink less. Therefore. 

the shrinkage limit confimed that the in situ fabnc is in a flocculated arrangement. 

which indicates susceptibility to deflocculation when saturated by water with low 

total contents of dissolved salts. 

Table 2.4 - Shrinkage Factors of the soi1 studied according 
to the Wax Method 

Soil 
Sample 

16 

17 

Data obtai 

Location 

Down- 
Stream 

slope of 
Dike 2 

1 

Sampling 

I 

l 

I I 1 J 
ando A.N. Silva - 19$/ (Mrnistry of Transportation Ontario- 

deionized 
pH=6.83 

2% 
(20 g 1) 
NaHC03 

Foundation Laboratory.) 
Note: The results are averages of tests perfomed on three specimens 

ater for 
saturation 

(TY pe) 

16.3 

18.62 

Shrinkage 
limit 
( /O) 

1 .71 

1.64 

Shrinkage 
ratio 

16.31 

13.11 

Linear 
shrinkage 

( " / O )  



a C olurnetric changes during air drying 

In order to evaluate the dispersion potential upon water immersion the Toluene test 

was performed. This test indicated that the soil in study will be subjectec to 

dispersion upon water immersion (re-wetting), which leads to susceptibility to 

deflocculation and intemal erosion. This behaviour is interpreted iater in Chapter 3. 

The volumetric change of the soil in question while drying was determined by the 

fluid displacement method (Sibley, J. W. and William, D. J.. 1989). The purpose of 

this method is to measure the volume of a fluid displaced by the specimen upon 

drying and the changes in the total volume of the soil (water + solids + air). Toluene 

was used as the displacement fluid because it is Iighter than water. immiscible in 

with water. evaporates quickly, and is unreactive to soil. 

Table 2.6 shows the results of the volumetric changes of the soil studied during air 

dry ing . 

Dereminarion of Clayeyness Degree 

The clayeyness degree was obtained in order to confimi the type of dominant clay 

mineral of the soi1 studied. 

Recently studies performed mostly on tropical residual soils have artempted to 

classifi residual soils as a whole, taking into account the nature of the clay-fraction 

and the relative influence of this fraction on the fines hction, and vice versa, and the 

nature of the fines grains. Soria (Doctoral Thesis, 1985) suggested a numencal 

representation of this approach by using a factor which he cailed "Clayeyness 

Degree." Soria w d  the liquid limit index to identify the clay fraction itself in 

numerical and relative ternis. Soria's clayeyness degree diminishes the margin of 

error found in some existing methods which utilize Skempton's colloidal activity and 

plasticity index to classify residual soils. Clayeyness degree can be defined as 

fo1lows: 



(Equation 2.1) 

C.D. = qLL; LL'; (% of fines grains < 0.42mm); (% of clay < 2mm)J 

C.D=[(LL/ 1 00)x(LL'/ 100)]+[(LL/l OO)x(%<O.4~mm)/ 1 OO]+[(LL'/ 1 00)x 

(%<2m)/ 1 001 

The product LL x LL' reflects the influence of the nature of  the clayey fraction on 

the fines fraction and consequently the relative influence of each fraction. The 

product LL multiplied by the percentage of the fines fraction indicates the relative 

influence of the fines fraction on the soil as a whole; and the product LL' multiplied 

by the percentage of the clayey fraction reflects the influence of the clayeyness on 

the soil taken as a whole. The Xa-kaolinite minera1 was ascertained from 

relationships of plasticity index uith clayeyness degree and cation exchange capacity 

values. 

Table 2.5 shows the result of the clayeyness degree of the soil studied. 

Table 2.5 - Determination of Clayeyness Degree 

I 

Soil Location Sampling 
SampIe 

Dike 2 
I 1 

Data from Fernando A.N. Silvi 

Water for Fine Fraction Clay Fraction Clayey- 
saturation T ness 

% < LL % < LL' Oegree 
(Type) 0.425 m (%) 10 ~ r n  (%) (C.D.) 

1 1 1 1 I 

I - 1997 (Ministry of Transportation Ontario-koundation Lab.) 
I 

The author developed associated plasticity and mineralogy charts which include the 

clayeyness degree and cation exchange capacity. Both the charts (Fig. 2.3) were used 

to classify the residual Na-kaolinitic soi1 studied. 



Table 2.6 - Volumetric Changes in kaolinitic Residual Soils upon Air Drying 

MTF 
( 0 )  

7ntr 

44 897 

Or 897 

44 897 

a 897 

44 897 

44 897 

4 897 

M 897 

44 897 

64 897 

a0 897 

4-4 a97 

44 897 

44 897 

44 897 

e( 897 

44 897 

a 897 

4-4 897 

44 897 

4-4 897 

U 897 
Feman 

Sample Preparaîmn. 
Stopper Mass = 4 179 g 
Flask-Stopper = 31.966 g 
F l a ~ k  Mass (MF) = 27.706 g 
Flask Volum (VF) = 50 a+ 
Flask + Toluene = 75.144 g 
Toluene Mass (MTOL) = 47 358 g 

MwlW ) = (Sari - 
WU- Si- 

vaune FI- 6 I 
f-1 

9 

MSrn - 
mF) = 
Toiwns 

mass 

MTOL 
( 0 )  

Tnm- 

15 7525 

10 1349 

8 g l u  

8 6458 

7 5323 

7 2321 

6% 

6 5584 

56326 

5 11W 

3 9081 

2 2718 

2 0182 

1 7831 

09866 

0 7203 

0 4937 

O 1059 

0 1145 

0 1318 

0 la2 

Q t j b t  
undatio 

- - 

(MTOL 1 
0TOI) 

lobule 
v a m e  

VTOL 
( ma 

Sample Solds Volume VOS (Complere aRer dtyrng) 
Flask + air and oven (105 OC) dned solids (MFDS) = 44.897 g 
Mass of Saiids (MDS) = 12.93 1 g 
Wa!er Density rw = 0.991 5 g.cm'-' (Temp 22 OC) 
Flask Type = 50 ml 
Solids Spec. Gravity (GS) = 2.e5 
Volume of Solids VS = 4 8796 un' 

Toluene Density r TOL = 0.947 g . m 3  Sarnpie Temperature = 22 OC 
Toiuene Temperature mot = 22.5 OC 



Fig. 2.3 - Plasticity and Mineralogy Charts 



Classification of fipansive Soils &y Sediment Volume Method and Free-Swell 

Technique 

The sediment volume tests were perfomed in order to evaluate crack potential and to 

obtain an indication of the in situ soil particles arrangement. The results were 

interpreted in the context of detemining susceptibility to intemal erosion. Cracks are 

a precursor to erosion and must prevalent for erosion to initiate. The sediment 

volume in conjunction with liquid limit and/or shrinkage limit are indicators of the 

geometric arrangement of clay particles (fabric). In other words. a kaolinitic soil with 

a greater degree of particle flocculation and a higher liquid limit should shrink less 

and/or occupy a higher sediment volume. Therefore. the sediment volume confirmed 

that the in situ fabric is in a flocculated arrangement. which indicates susceptibility to 

deflocculation when sanirated by water with low total contents of dissolved salts. 

Identification of the presence of nonswelling clay, swelling clay. or a mixture of the 

two types of clays in the soil specimens was determined by the sediment volumes 

occupied by 10 g of dry soil in 100 ml of distilled water and carbon tetrachloride. 

respectively. under no extemal constraint. The tests were performed by pouring 10 g 

of dry soil specimen into a 100 ml graduated cyiinder containing about 40 ml of 

distilled water and carbon tetrachlonde, respectively. The suspensions were stirred 

repeatedly and ailowed to equilibrate for 24 hours to ensure thorough wetting of the 

soil specimen and then the cilinder was filled to the 100 ml mark with more distilled 

water and carbon tetrachloride, respectively. The graduated cylinders were stoppered 

and lefi undisturbed for periods ranging fiom 24 to 288 hours. at which times the 

volume occupied by soi1 particles on settling (the sediment volume) were recorded 

and expressed as cm3 / g. 



The free-swell index of the soi1 was calculated as: 

free-swell index = (V, 1 10) 

where V, is the free-swell volume of 10 g of the dry soil specimen read fiom the 

graduated cylinder. The procedure was repeated for the soil in nonpolar carbon 

tetrachloride. 

The sediment volume tests were performed on Na-kaolinitic soil at two different 

salinities. Table 2.7 shows the results of sediment volume tests. 

Table 2.7 - Sediment Volume Method and Free-Swell Technique 

Test 
Type 

Sedimen 
Volume 
in Distill. 
Water 

(cm3/g 

Sedimen 
Volume 

Location 

Down- 
stream 
dope of 

Dike 2 

Soii 
Sample Sampling k 

Dry fresh- 
water 
kaolinite 1 -89 

ry salt- 
water 

(with 2 Oh 
NaHC03) 

I 
Dry fresh- 

Time (hot 

1 

Sediment Volume 

I 
in Carbon 21 water 2.35 2.35 2.35 2.35 2.35 
Tetrachl. 

(cm3/g) 
kaolin ite 

Data from Fernando A.N. mva  - 1997 (Ministry of "ransportation Ontario-koundation Lab.) 



1.5 to 2.0 5 1-10 Maderate 

Table 2.8 - Expansivity Classification 

> 4.0 
(After Sridharan et al., 1990) 

Identification of Dispersire C l a y  

Sedrm. 
Volume- 
water 

(cm3 lg) 

> 1.50 

The follo\\ing tests were performed because the identification of soi1 dispersiveness 

is of fundamental importance in determinine internai erosion. Wth dispersive clay. 

intemal erosion is due to a deflocculation process where water vavels throuph a 

leakage charnel. such as a crack. 

Clay type 

Non-swel 

'Sedim. 
Volume- 
Carbon 
Tetrachl. 
(cm3 4) 
1.1 to 3.0 

Two tests were performed for identification of dispersive clays such as the SCS (Soil 

Conservation Service) laboratory dispersion or double hydrometer test. and the TDS 

(Total Dissolved Saits) method. This test was developed and has been widely used 

since 1940 by the US. Soil Conservation Service. It involves the measurements of 

particle size distribution by two hydrometer tests: one with and one without a 

chernical dispersant. By definition. the percent dispersion is the ratio of the size of 

the particles (< 0.005 mm) in the two tests (Sherard et al.. 1977). 

Soil 
Expansi- 
vity 

Negligibl 
I 



For the SCS test. the particle-size distribution was first determined by the standard 

hydrometer test in which the soi1 specimen is dispersed in distilled water with mong 

mechanical agitation and a chemical dispersant. -4 parallel hydrometer test was then 

performed on a duplicate soil specimen. but mithout mechanical agiration and 

\sithout a chemical dispersant. By definition. the "percent dispersion" is the ratio of 

0.005 mm diameter particles of the second test to the fint. expressed as  percentage. 

The Table 

2.9 shows the results of the SCS Double Hydrometer Test. 

Table 2.9 - SCS Double Hydrometer Test 

Soil 
Sample 

22 

Data obte 

Location 

Down- 
Stream 
slope of 
Dike 2 

Samplîng 

Dry 
Sample 

RZaï3 
l l 

4. Silva - 199/ (Ministry of 

Particle-Size Analysis 
4 

% < 0.005 mm 

Transportation Ontario - Foundation Laboratory) 

without 
Mech. 
Agitation 
and Disp. 

(A) - 

The TDS method carried out displaced the exchangeable calcium. magnesiurn. 

sodium and potassium cations. The method used about 40 g of soil centrifuged at 

6000 rpm. From this amount, 3.5 g of pore-water was e m c t e d .  The specimens were 

diluted 20 times and analysed for Ca and Mg by atomic absorption spectrometq and 

for Na and K by flame atomic emission specaomeq. To obtain the saturation 

extract, the soil was mixed with distilled water until a saturated soil pane with 

moisture content near the Atterberg liquid lirnit was obrained. The paste was 

allowed to repose inside a container for 24 hours until equilibrium had k e n  attained 

Mech. 
Agitation 
Disp. 

(BI 

Percent 
Disp. 
(NB)xl O 



between the salts in the pore water and on the cation exchange cornplex. 

Subsequently. a small quantity of pore-water was filtered From the soil paste with a 

vacuum. This extracted pore-water was tested by way of a routine chernical test. to 

determine the amount of the main metalic cations (calcium, rnagnesiurn sodium, and 

potassium) in t ems  of mliequivalents per litre as described above.. The percent of 

sodium and total dissoived salts was computed fiom the sum of the main metalic 

cations. 

n e  S A R  (sodium absorption ratio) is a parameter that commonly quantifies the role 

of sodium with respect to dispersion when free salts are present in the pore water: 

Note: Unit in meq /L 

Table 2.10 shows the results of the TDS tests. The potential dispersiveness of th is  

Na-kaolinitic soil is s h o m  in Figures 2.3 and 2.4. 

Table 2.1 0 - Total Dissolved Salts 

Notes: 
(1) - " Pore water extradecl by centrifuga1 force. Calcium and Magnesium analysed by ffame atomic absorption 
spectometry using Perkin-Elmer 5000 AA spectrometer. Sodium and Potassium determined by atomic emission 
specûometry on Pye-Unicam 900 spedrometer. Carbonates were established as alkalinity by titration. 

Soi1 
Sample 

3 

Data from 

Water of saturation 
of the sample at LL 

-emando A.N. Siiva -1 7 

TY Pe 

deionized 

1 otai Uissolved Salk (1  US) 
(meq 1 1)  

PH 

6.83 

Ga 

0.0717 

Mg 

0.0717 

Na" 

0.679 0.333 

K " w  

1,1554 58.77 



Figure 2.4 

Potential dispersiveness chart (SAR) 

- - (AfterSherard,et al.,) - - - 

( I ) Percent sodium 

(2) Total dissolved salts in saturation extract 

TDS = Na + Ca + Mg + K (meq L). 

( 2 )  SAR = Ny 
JOS(C~ + ~ g )  

Note: Al1 units in meq /L of saturation extract. 



Figure 2.5 

Potential dispersiveness chart 

(After Sherard, et al.,) 

p p p p p p p p p - - - - - - - - -  

(1) Percent sodium in saturation extract 

- - Na(I 00) 
TDS 

(2) Total dissolved salts in saturation extract 

Note: Unit in meq. /L 

(3) Dispersive behaviour zone. 

(4) Intermediate behaviour zone. 

(5) Nondispersive behaviour zone. 



Permeability test using triaxial cell 

Laboratory permeability tests were performed wïth intact specimens corn a hydraulic 

fil1 (dike 2). Two different pore-water salinities were used to evaluate changes in soil 

fabnc. Table 2.1 1 shows the results of permeability of the soil studied. Permeability 

tests at two different salinities of pore-water indicate the condition of the in situ soil 

fabric and its susceptibility of intemal erosion. The influence of clay fabnc on 

intemal erosion was ascertained from relationships of Atterberg limits. dispersivity. 

permeability. sediment volume. and volurnetric changes of this Na-kaolinitic soil. 

In the view of susceptibility to interna1 erosion. the results of permeability are 

interpreted in C hapter 3. 

The permeabilin tests were carried out with triaxial cells. The triaxial test apparatus 

is able to maintain a water flow through a sample under a known difference of 

pressure and measure the rate of flow while the sample is being subjected to a known 

effective stress. The advantages of measuring permeability in a triaxial ce11 are: 

Saturation of the sample under application of a back pressure. and reducing or 

eliminating obstructions to flow due to bubbles of gas. 

0 The test can be canied out under effective stresses and at pore pressures 

which simulate field conditions. 

0 Small rates of flow can be measured easily. 

A wide range of hydraulic gradients cm be applied and accurately measured. 

Undisturbed test samples can be set up easily, and there are no ce11 wall 

effects which might give non-uniform flow conditions. 

A constant head procedure was used to measure permeability. In the present tests, 

water was made to flow through cylindrical specimens under the application of a 



pressure difference which remained constant, i-e. under a constant head. The arnount 

of water (rneasurements of the influent and effluent volumes) passing through the 

soil at a given time was measured. and the permeability of the specimen was 

calculated by using equation K = Q/(Ai ), where: 

Q is the quantity of water (cm3) at T C  passes through the sample at "r"  

(sec.) at steady influent and effluent tlows; 

hydraulic gradient "i" is equal to (h, - hJ / L , where (h, - h,) is equal to 

the head loss dong the length of sample "Lw; 

"L" is the length of the sarnple; and 

'X" is the area of cross-section of the sample. 

De-aired water was used to avoid bubbles of air in the voids between soil particles. 

Two tvpes of water were used for the tests. such as de-ionized water and water with 

20 g /L of NaHCO,. A filter made of "concrete sand" was used in the outlet flow side 

of the specimen to retain transponed fine grains fiom the sample. A grain-size 

analysis in the filter matenal was performed before and afier the test to investigate 

contamination with the transponed fine grains. 

Foundation Laboratory.) 

Table 2.1 1 - Permeability test on thin interbedded kaolinitic layer 
Soi1 

Sarnple 
# 

23 

29 
30 

1 

31 
Uata obtained by Fernando A.N. Silva - 1997 (Ministry of Transportation Ontario- 

h 

Location 

Dike 2 

- 

Flurd 
type 

(20 g 'LI 
NaCH03 

pH=8.02 

Dei0n.W 
pH=6.83 

Coef. of 
Perrnea b 

K 
(cmlsec) 

6.4 x IO* 

1.7 x  IO-^ 
2.6~10.~ 
2 . 8 ~ 1 0 ~ '  

Sarnpling 

Intact 

Dry 
Sample 

Conf. 
pressure 

=3 

( K P ~ )  

30 

30 

30 

30 

Const. 
head 

H 

( K P ~ )  

20 

10 
20 
30 

Gradient 
1 

5 

5 
5 
5 



a Chernical rind physical characteristics of rhe Lajes reservoir 's water 

Table 2.1 2 shows the seasonal data obtained fiom the Lajes reservoir's water before 

and afier seepage through the foundation of the dikes studied. îhese tests were 

performed because one ûf the properties goveming the susceptibility of intemal 

erosion of this Na-kaoiinitic soi1 is the total content of dissolved salts in the reservoir 

water: the lower the dissolved salts. the greater the susceptibility of intemal erosion 

of the soi\ studied. 



Table 2.1 2 - Physico-chernical Characteristics of the Lajes Reservoir's Water Before 

CKëEE 
Test 

(mg IL) 

CO2 

Alkalinifi 
(HC03) 

Alkalinit) 
(CaC03: 

dardnes: 

Ca 
(CaCO,, 

Si02 

Fe 

PH 

2onducti. 
vity (s) 

Chioride 

S04 

MgC03 

Na 

K 

and After Seepage Through the Foundation of the Dikes 

aefore Seepage Through koundation - 

Surnmer 
- 

Winter Summer 
Jan-93- 

1 

20.33 

0.33 

32 

11.6 

1 O 

0.25 

6.4 

8.64 

20.4 

2 

0.8 
a i  

mer Seepage Through koundation 
Summer i Winter 1 Surnmer 

Jan-95 

1.5 

136.23 

2.23 

1 O9 

15.2 

20 

o. 1 

7 

32.92 

93.8 

10.3 

8.8 



Chapter 3 

Discussion of the Results 

This chapter will interpret and establish interrelationships among the results obtained 

in Chapter 2. The discussion of the results will be derived from the inremal erosion 

point of view. The dominant clay mineral of the soil in study is Na-kaolinite. which 

is a residual clay formed from the alteration of the gneiss: and it ranges fiom 

dispersive to non-dispersive. Laboratory tests have shown that the in situ soil fabnc 

is characterized by an assemblage of positive edge-nepative face flocculation. The 

main cmcem is in regard to intemal erosion during reservoir filling. because the 

layer in study is susceptible to deflocculation when saturated by water with low total 

content of dissolved salts. With dispersive clay. intemal erosion is due to 

deflocculation process where water traïels through a leakage channel. such as a 

crack, and the erosion of the wail of the leakage channel occurs simultaneously along 

its entire length. Furthemore. the Toluene Displacement tests showed that upon 

water immersion this soil may lead to dispersion. which increases its susceptibility of 

deflocculation and internal erosion. This soi1 has no tendency for self-healing as 

s h o w  by sediment volume tests. which makes the soil more vulnerable to internal 

erosion. 

3.1 Atterberg limits 

In the present snidy the Atterberg Limits were used as an indicator of the in situ 

geometric arrangement of clay particles (fabnc). The geometric arrangement 

indicates the susceptibility of intemal erosion if this arrangement is in a flocculated 

state and subjected to saturation by water with low total content of dissolved saits. 



3.1.1 Relationship between Atterberg limifs and Fabric 

Yong and Warkentin (1966) have shown that interparticle forces play a prominent 

role in detennining the liquid limit of kaolinitic clays. Interparticle forces determine 

the particle arrangement (fabric), which, in tum, regulates the liquid limit values. 

Saturation of kaolinite with mono-valent sodium ions results in weak interparticle 

repulsion. and less degree of flocculation. The interelationships mentioned above 

mean that varying the salinity of the pore-water will a e c t  the net interparticle 

forces. the geometric particle arrangement. and Iiquid Iimit. 

In view of the results from Tables 2.1 to 1.3. it is likely that the geometric 

arrangement of clay particles (clay fabnc) regulates the liquid limit of kaolinitic 

soils. Soils with a relatively greater degree of particle flocculation enclose larger void 

spaces for water entrapment and exhibit higher liquid limit values; while soils with a 

lesser degree of particle flocculation and srnaller void spaces possess lower liquid 

limit values and are less susceptible to interna1 erosion. [See results of sarnples 3 and 

8 (Table X ) ] .  

3.1 2 - Relationship beween Amrberg limits and Sediment volume 

The Liquid limit may also be related to the sedimenration volume of the soil in water 

as is shown in Table 2.7. Generally speaking, the larger the sediment volume afrer 

sedimentation, the higher the degree of flocculation (Lambe, 1958). Sediment 

volumes of flocculated suspensions are usually large because the strong attractive 

forces between sertling particles facilitates particle aggregation, thus leading to a 

high sediment volume. If there is a bamier to flocculation owing to weak 

interparticle repulsion, the sediment volume decreases since the particles have 

become much more mobile and thus pack more tightly (Van Olphen, 1963). making 

this type of soil less susceptible to intemal erosion. As shown in Table 2.7, kaolinitic 

soil with a higher liquid limit possesses a stronger interparticle repulsion and a 

greater degree of particle flocculation. Consequently, it is expected to occupy a 



higher sedirnent volume in water. An increase in the liquid limit is accompanied by 

an increase in sediment volume, which is a confirmation of the theory that the liquid 

limit of this kaolinitic soil is a function of the clay fabnc. 

3.2 - Pore-water pH 

When soil acidity increases, there is a concomitant increase in the numbers of H- 

ions available for interaction with edge hydroxyl groups accompanied by a higher 

edge positive charge and a higher degree of flocculation (Schofield and Samson, 

1954). 

Likewise. Bjerrum ( 1954) concluded that the disintegration of feldspar. mica. and 

chlorite will commence if pore-water pH is reduced to a sufficiently low value. The 

disintegration results in the liberation of cations of a high order whch subsequently 

collect on the surface of the clay particles. The effect of this base-exchange increases 

clay plasticity and makes soil less susceptible to intemal erosion. See results of 

samples 5 (pH = 7.46) and 11 (pH = 6.4) h m  Table 1.3. The disintegration also 

causes the iiberation of other chemical compounds. which tends to increase the pH 

level. thereby thwarting the strengthening process. For example. to make the soil less 

susceptible to interna1 erosion via exchange of Na- ions for ions of a higher order it 

would require that pH-reducing agents be continuously supplied to the clay. 

3.3 - Cerneating agents 

Another condition which may lead to the development of additional soi1 strength is 

the precipitation of cementing agents. For the most part, the effect of such a 

precipitation is limited to a strengthening of the links of the clay structure while the 

clay itself remains unaffected. Table 2.1 shows some existing soluble chernical 

agents in the soil, such as organic matter, aluminium, and iron compounds, which. 

under certain conditions. can precipitate and form chemically stable cements that are 

of considerable strength. The cementing agents develop bonded structures due to the 

physical connections between particles which makes this kaolinitic soil less 



susceptible to intemal erosion. A bonded structure can be destroyed by remolding 

and de-stnicturing. which results in a decrease in plasticity. However. intensive 

cycles of remolding c m  re-form the bonded structure quite rapidly, thereby causing 

an increase in plasticity (Table 2.3). Hydrated oxides of iron and aluminium may 

become less plastic (lower Atterberg limit values) after drying. This is because 

dehydration of the sesquioxides creates a stronger bond between particles. which 

then blocks water penetration and which cannot be reversed by re-wetting. This 

behaviour is more pronounced upon oven-drying at high temperatures (see results of 

sarnples 3.4 and 5 fiom Table 2.3). 

3.4 Shrinkage limit 

When the water content of a fine-grained soil is reduced to below the plastic limit. 

shrinkage of the soil mass continues until the shrinkage limit has been reached. At 

that point, the solid particles are in close contact with each other and the water 

contained in the soil is suficient to fil1 the voids. Further reduction of water content 

cannot bnng the particles closer together. so there is no further decrease in the 

volume of the soil rnass. Below the shrinkage limit. the soil is considered to be a 

solid. in which case the particles remain in close contact. The shrinkage Iimii 

represents the exact amount of water required to fil1 al1 the voids of a given cohesive 

soil at its minimum void ratio obtained by ovendrying. The shrinkage limit can be 

used to evaluate the soil shrinkage. crack development. and swell potential of 

earthwork involving cohesive soils. Intemal erosion is related to deflocculation 

process and concentrated leak through a crack. Therefore, kaolinitic soils with greater 

degree of particle flocculation and iesser shrinkage are susceptible to intemal 

erosion. 

3.4.1 - Interelutionîhips arnong shrinhge limit, liquid limit, andfabric in the context 

of interna2 erosion 

Table 2.4 shows that when the kaolinitic soil in study is saturated with a saline pore- 

water (20 g of NaCHO,/ L) possesses a larger shrinkage limit than a Fresh-water 



kaolinitic soil (deionized water). Lambe (1 958) observed that. upon drying, the 

arnount of shrinkage can be used as a measure of an average particle orientation. 

In addition. soils with lesser degree of particle flocculation should undergo more 

volume reduction upon drying than the same soil whose pmicles are in a random- 

flocculated arrangement (fabric). Lambe then concluded that the more nearly 

parallel the particles were, the greater the shrinkage of the soil would be upon drying. 

Therefore, a kaolinitic soil with a greater degree of particle flocculation and a higher 

liquid limit (see Table 2.2) should undergo lesser shnnkage than the same kaolinitic 

soil with a lesser extent of particle flocculation and a lower liquid limit. n e  results 

of Table 2.4 show that the actual field conditions. has high degree of particle 

flocculation and shrinks less. In addition, these results show that this Na-kaolinitic 

soil is susceptible to interna1 erosion. 

3.5 Volurnetric changes during air drying 

The Toluene Displacement Tests showed that upon water immersion this soil ma? 

lead to dispersion. which increases its susceptibility of delocculation and interna1 

erosion. 

When a mass of saturated soil is exposed to the atmosphere. and evaporation of water 

is allowed to take place. a decrease in volume occurs until the air-en. pressure has 

been reached (equilibrium). Upon reaching equilibrium, soils that behave similar to 

elastic materials increase in volume until they have attained the same volume when 

saturated, while plastic soils increase very little in volume. 

The toluene test results seen in Table 2.6 show that the soil under study behaved in 

the sarne way as elastic matenals. The volume decrease continued until the air-entr). 

pressure had been reached, at which point the volume started to increase. 

Furthemore, when the soil had completely dned and pore-water pressure was equal 

to zero (u = O), the soi1 attained the same volume as when it was saturated (see 



Kenne).. 1997). The toluene test results also showed that the swelling induced a 

reduction in the soil effective stress, which, when combined with the developed air 

pressure in the soil voids. may cause the breakdown of soi1 aggregates and 

eventually lead to dispersion on immersion in water (re-wetting). 

3.6 - Determination of clayeyness degree 

The clayeyness degree was obtained in order to confirm the type of the dominant 

clay minera1 in the soil studied. 

When attempting to determine the clayeyness degree of a soil, an important 

consideration to keep in mind is that under normal lab conditions. it is not feasible to 

successfully carry out the liquid limit test on clayey fractions of less than Zpm. In 

this connection. Soria (1985) has suggested that the best separation point is 0.01 mm 

(1 0 pm). So. for practical reasons. the percentage < 2 Pm of the equation (Eq. L I ) ,  

could be replaced by the percentage < 10 Pm. Tests were performed according to 

Soria's recommendations and the value of clayeyness degree of the soil studied was 

CD = 0.95; while the Liquid limit was LL = 52 %; and the plasticity index was PI = 

14. This soil had a cation exchange capacity of CEC ; 5 meq /100g: and classified as 

kaolinitic residual soil according to the author's combined plasticity and mineralogy 

charts (Fig. 2.3).  

3.7 - Classification of expansive soils according to sediment volume 

Sediment volume tests were performed in order to evaluate crack potential and obtain 

an indication of the in situ soil particles arrangement. The results were interpreted in 

the context of detemining susceptibility to intemal erosion of the soil studied. 

Identification of expansive soils based on the sediment volume procedure is the most 

reliable method for estimating soil expansion in relation to index propenies 

(Sridharan, A., Rao, S. M. and Joshi, S.. 1990). 



It is well known that the presence of dissolved electrolytes in pore water minimizes 

interparticle repulsion and accelerates the settling process. In the present research. 

die influence of dissolved pore electrolyte concentration on the settling time of a 

kaolinitic soil was studied. The laboratory tests showed that t h  kaolinitic soi1 

rapidly settles. i.e., it takes between 24 and 48 hours to attain sediment volume 

equilibrium in water. Table 2.7 presents the tirne penod this soil requires to attain 

sediment volume equilibrium in fiesh-water, salt-water (20 g NaHCO,/ L), and in 

carbon temichloride solutions. The resuits showed that the presence of dissolved 

sodium in the pore water (20 g NaHC0,I L) does not lead to a significant decrease in 

the time penod required to attain sediment volume equilibrium. It was also obsened 

that the dissolved 20 g NaHCO,/ L caused a decrease in sediment volume when 

compared with the results obtained from fresh-water solutions. These results 

indicated that for the kaolinitic soil studied. the increase in pore electrolyte 

concentration led to a suppression of the diffuse ionic layer thickness and. 

consequently to. a lower sediment volume. Much research h a .  shown that kaolinitic 

soils usually occupy sediment volumes greater than 1.0 cm'/g in nonpolar carbon 

tetrachloride (Sridharan. A., Rao, S. M. and Joshi. S., 1990). 

According to some physico-chemical concepts. it is evident that the expansiveness 

exhibited by a soil on contact with water is dependent on net elecaical attraction 

forces. If weak repulsion prevails, little expansion may result. Conversely, if strong 

interparticle repulsion predominates, then high expansion may result. Tests involving 

sediment volume in carbon tetrachloride and water cover a wide range of expansivity 

characteristics. Furthemiore, some kaolinitic soils may reach higher volumes in 

nonpolar solvents than in water because of flocculation in the nonpolar solvent. 

In light of data fiom Tables 2.7 and 2.8, the present soil can be classified as 

nonswelling kaolinitic soil with negligible expansivity characteristics. Therefore. this 



soil has no tendency for self-healing. which makes the soil more vulnerable to 

intemal erosion. 

Emerson (1964) observed that the two main causes for the breakdown of soil 

aggregates on immersion into water are: the compression of entrapped air and a 

decrease in the effective stress due to swelling. This behaviour may be a significant 

factor in the dispersion of partly saturated soils as previously mentioned in item 3 -3. 

3.8 Identification of dispersive clays 

The dispersivity of a soil depends on its clay mineralogy and pore water chernistry. 

Soils with kaolinite or halloysite tend to be non-dispersive. Dispersion occurs in 

soils in which the repulsive forces between clay particles exceed the attractive forces 

so that. in the presence of relatively pure water. the particles repel each other and 

deflocculate to form a suspension. The mechanism by which dispersive soil erodes 

depends on the structure of the soil and the interactions between pore and eroding 

fluids. The principal conclusion reached by Sherard et al. (1976) is that the main 

factor governing soil dispersibility is the relative percentage of the pore water 

sodium content. as shown in Figures 2.4 and 2.5. 

Low pore water salt content leads to a large diffuse ionic layer and has a greater 

potential for dispersion due to the net force of repulsion. Hence. percolation of a 

saline soil with fiesh water may lead to dispersion. 

Table 2.9 shows the results obtained from the SCS double hydrometer test used in 

this snidy to identiQ the susceptibility to dispersion of the soil in question. 

According to this test, this soil had a low dispersion percentage of approximately 

2.3 %. 



SAR (Sodium Absorption Ratio) & TDS (Total Dissolved Saltq 

The sodium absorption ratio is used to quantifi the role of sodium when free salts are 

present in the pore water. The higher the SAR, the higher the concentration of 

sodium ions in the soil electrolyte system. Sodium ions have a lower valence than 

calcium and magnesium ions and. consequently, more sodium ions are required to 

satisS the surface charge of the clay particles. 

A particular problem which sometimes occun in an embankrnent dam involves a 

change in pore water chemistry during reservoir filling. A change (decrease) in the 

salt concentration in the pore water rnay lead to the development of a large difhse 

ionic Iayer together m i t h  a tendency toward dispersion. A soil which retains a 

flocculated structure during resenroir filling may become dispersive when exposed to 

reservoir water with a low salt content. The most useful criterion for detennining 

whether a soil is dispersive or not is the simple chart (Fig. 2.5) developed bu Sherard, 

et al. ( 1 977). Sherard also defined three zones for classiQing dispersivity : 

(Zone 3). Much experience has s h o w  that damaged and /or failed dams al1 

over the world have been built with these dispersive soils. most of which 

were found to be dispersive in the pinhole test. 

(Zone 5). Most of these soils are non-dispersive. These are generally thought 

to be ordinary dispersion-resistant clays, although their composition often 

includes silts of low plasticity (ML). A very small percentage of the soils in 

Zone 5 erodes in the pinhole test in exactly the sarne fashion as those in Zone 

3, and some of these can only be identified via the pinhole test. 

(Zone 4). Soils in this group rnay range from dispersive to non-dispersive. 

This group contains a few soils which have an intermediate reaction in the 

pinhole test and show apparent colloidai erosion at a much slower rate when 

compared to the Zone 3 soils. 



Although the Atterberg limits do not provide a means of identiQing potentially 

dispersive soils, those soils with higher plasticity indexes tend to afiord greater 

resistance to dispersion. For instance, soils with a plasticity index higher than 35 % 

may swell ro the extent that potential flow paths may be sealed before erosion 

proceeds too far (Sherard et al., 1 977). 

The potential dispersiveness of the soil studied is show in Fig. 2.5. The percentage 

of sodium and TDS were obtained fiom lab tests and can be seen in Table 2.10. The 

value of Na is 58.77 % and of TDS is 1.1554. both of which are classified as zone 4 

in the potential dispersiveness chart. Soils in this group rnay range from dispersive to 

non-dispersive. Therefore, because this soil retains a flocculated structure may 

become dispersive and susceptible to intemal erosion when exposed to reservoir's 

water with a Iow salt content. 

3.9 Permeability test using the triaxial ce11 apparatus 

The results of the permeability tests show that the coefficient of pemeability (k) of 

the Na-kaolinitic soi1 studied is dependent upon the fabric of the kaolinite in the 

mixture (kaolinite-silt). The intact samples tested were obtained fiom a hydraulic fil1 

built with residual soils transponed as slurry. Conditions at the time of deposition of 

the slurry determined the fabric of the kaolinite in the mixture. and this fabric 

controlled the permeability (k) of the soil studied. Permeability tests carried out by 

the author on this Na-kaolinitic soil at two different sdinities showed that: a) By 

saturating this soil using deionized water (fresh-water) with a low pH the individual 

Na-kaolinite particles essentially expanded to the extent that the soil fabnc could be 

characterized by an assemblage of positive edge-negative face flocculation. In this 

state the kaolinitic soil showed small pemeability value; b) By using salt-water (20 

mg IL of NaHCO,) with a high pH the clay particle did not expand and the fabric was 

charactenzed by particles made up of tightly-bound sheets which created a barrier to 

particle flocculation. As expected, in this case, the kaolinitic soil showed a higher 



permeability value. These results substantiate the view that the in situ soi1 fabtic is 

characterized by an assemblage of positive edge-negative face flocculation. 



Chapter 4 

Conclusions 

The conclusions reached re~arding the behaviour of one of the thin interbeddrd 

Iayers of low-permeability clayey silt soils. in relation to internal erosion. are the 

focus of this chapter. The conclusions will be based on the internal erosion point of 

vicw. taking into account the following: ai the dominant clay minerai is Sa-kaolinitr. 

\%hich is a residual clay derivcd from gneiss: b)  this Na-kaohnitic soil ranges from 

dispersive to non-dispersive: c )  the in situ soi1 fabric is characterized by an 

assemblage of positive edge-negative face tlocculation: di with dispersive soil. 

interna1 erosion is dur to drfiocculation process where water travels throuzh a 

leiikage channel. such as a crack: and ei  the main concern is in regard to internal 

erosion during reservoir filling. becausr the Iayer in study is susceptible to 

dcflocculation u.hen saturatcd by u x e r  with loa  total content of dissolved salts. 

Conclusions 

I The soi1 making up the thin interbedded layer was originally a mature residual soi1 

from Biotite Gneiss. This soi1 was trmsponed by pump as alurry to form 3 hydraulic 

fill. which resulted in a soi1 deposit witb complex and unique characteristics. The 

dominant clay minera1 is kaolinite, which is believed to have a 1 5 cation exchange 

capacity (CEC). By way of the clayeyness degree index (0.95). i t  was possible to 

identify the presence of kaolinite wirh reasonable accuracy. 

2 1  Atterberg limits were performed on specimens subjected to intensive cycles of 

remolding. a variety of pore-water chemistries. and altemate cycles of d ~ i n g  and 

wetting. A detailed analysis of the results dernonstrated the relative importance of 

various soi1 composition fxtors and the soi1 fabric in controling the liquid l i r n i t  of 



this Sa-kaolinitic soil. The results also suggested that interparticle attraction and 

repulsion forces detemined the soil fabric. which in turn controlled the liquid limit 

values. The presence of high valence cations and a low pore water environment pH 

promoted positive edge-negative face flocculation. whi le the presrnce of mono- 

valent sodium ions and a high pH created a barrier to panicle flocculation. 

The influence of the seometric arrangement of clay panicles iclay fabric) in  

regulating the liquid limit of this kaolinitic soil was confimed based on the 

relationship between shrinkage limit and sedimentation volume values. This 

kaolinitic soil. xhich demonstrated a higher degree of psniclr flocculation and liquid 

limit. shrunk less andor occupied a higher sediment volume whsn compared to a 

condition of lesser degree of paniclc flocculation (saturation with 20 g SaHCO;L). 

So. as expected. the increase in liquid limit was accompanied bu an increase in  

shrinkage lirnit and sedimentation volume. 

.A lou pore-uater pH results in the liberarion of cations of a higher order rhat collect 

on the surface of the clüy panicles. thereby raising the plasticit? of the soi1 as well as 

making the soil less susceptible to internai erosion. This can oniy occur by 

continuously suppiying pH-reducing agents to the clay. Csmenting agents (ooanic 

matter. and aluminium and iron compounds) also Iead to make the soi1 less 

susceptible to internai erosion. 

3 )  Recent research has demonstrated that kaolinitic soil behaviour is affected by soil 

pH. exchangeable cation content. and interparticle forces. which. in tum. determine 

the soi1 fabnc (see Sridharan et al.. 1992). Results obtained in this study from the 

shrinkage limit test confimed these findings. The shrinkage test results also 

indicated that. under actual field conditions. the soi1 has a tlocculated particle 

arrangement and. consequently. undersoes less shrinkage upon drying. 



4, Volumrtriç changes in the kaolinitic soi1 studied during air drying showed that this 

soil behaved as elastic material. Pore w t e r  pressures decreased when evaporation 

took place. Sevenheless. soil volume decreased due to the generation of negative 

pore-water pressures. which caused an increase in effective stresses. The volume 

decreasç cont inued until the air-en try pressure h d  been reached. After reaching the 

air-entq pressure. the volume increased and when the soil was completely dry. (u=01 

it attained the original saturated volume tyical of ciasric materials. The swelling 

induced a reduction in effective stress which. in  combination with the developed air 

pressure in the voids. may possibly have caused the breakdown of the soi1 aggregates. 

This beha\.iour led to soi1 dispersion upon lvater immersion ( re-wetting 1. which 

certainly increased the susceptibilit!. ot'detlocculation and internai erosion. 

5 1 The Clqeyness Degrer x Plasticity relationship seems capable of providin: a 

reasonablu accurrirc indentification of clÿ. mineralog. which is of significant 

imponancr in classifying rcsidual 3oils as a whole. The combined Plnsticity Sr 

Mineralogy Chans. elaborated b! the author provrd to be helpful in classif>,ing 

residual soils. As rsferrrd to in section 3.6 of Chapter 3. i t  is impracticable to 

perform liquid limit tests on clay fractions of c 2pm. Thereforç. i t  is suggested that 

the fine fraction < 10pm be used. Consequently. the percenrage < 2pm of (Eq.  7.1 ). 

used to calculate C.D. should be replaced by the < IOpm percemage. These new. 

Plasticity & Mineralogy chans allors. for a more redistic identification of this fine- 

gnined soil by means of classifying its inherent properties. The above suggestion is 

based on experiments perforrned on a limited number of soil sampies. In this 

connection. i t  would seern that further study is warranted at some later date. 

6) Identification of expansive soils based on the sediment volume procedure is a 

reliable method of estimating soi1 expansivity. Laboratory tests showed that this Na- 

kaolinite soi1 settled rapidly. i.e.. between 2 1  and 48 hours. to main an equilibrium in 



scdiment volume. The presence of dissolvrd sodium in the pore-water (?Og 

SaHCOiL) did not lead to a significant decrease in the rime period required to main 

an equilibrium in sediment volume. It w3s observed that the dissoived sodium (Zog 

NaHCO;/L) caused a decrease in sediment volume when compared to the results 

obtained from fresh-water (deionized) in this type of soil. In light of data from Tables 

2.7 and 7.8 the present soil can be classified as nonswelling kaolinitic soi1 with 

negligible expansivity characteristics. In this case. the soi1 has no rendency for self- 

healing. which means that if the initial velocity of a concentrated leak is above a 

threshold value. the clay panides surrounding the flow channel are camed away. 

cnliirging the flow channel at a faster rate than i t  is closed by swelling. leading to 

pro_oressive intemal srosion. 

7 )  The dispersivity of a soi1 depends on its clay mineralogy and on its pore-warer 

chernisrp. For example. percolation of Sa-kaolinite with fresh-mater ma! lead to 

dispersion. Double hydrometrr tests tSCS 1 showed the present soil to have a low 

dispersion rate (2.3 5%). The Sodium Absorption Ratio t ShR, confirmed that this 

soi1 hrid no dispersive characteristics tsee Sherard. 1977). On the other hand. 

Sherard's Potential Dispcrsiveness Chan indicated that this soi1 ranged from 

dispersive to non-dispersive. 

A decrease in the concentration of salts in the pore water may lead to a large diffuse 

ionic layer and a tendency toward dispersion. As the  present soi1 retains a fiocculated 

stmcture during reservoir filling may becomr dispersive when exposed to reservoir 

water with low sait content. Therefore. the kaolinitic layer in study is susceptible to 

deflocculation and intemal erosion. 



8) The results of penneability tests showed that the coefficient of permesbility (k) of 

the Sa-kaolinitic soi1 studied is dependent upon the fabric of the kaolinite in the 

mixture (kaolinite-silt). In addition. the results substantiated the view thac the in situ 

soi1 fabric is characterized by an assemblage of positive edge-negative face 

flocculation. 

The presrnt study has shown that the main concem is in resard to intemal erosion 

during "Lajes Reservoiio filling. because the Na-kaolinitic layer in study is 

susceptible to deflocculation when saturated by water with low total content of 

dissol~zd salts. 
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