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Compacted clay liner for phosphogypsum disposal lagoon 

L’6cran en argile compactee pour le depot phosphogypse

V. M .  P a v i lo n s k y  -  S ta te  R esea rch C entre  o l R ussia  N il VODGEO, R ussia

ABSTRACT: The results o f long-term investigation compacted clay wastewater interaction are presented. The purpose was to justify a 

clay liner as a passive method for environmental protection at a phosphogypsum disposal lagoon. Wastewater contain aggressive 

phosphoric, sulfuric, and hydrofluoric acids. The alteration of permeability, shear strength, grain size distribution etc. as a result of 

wastewater seepage through compacted clay samples was defined. The influence o f swelling on clay permeability was also studied. 

The test results have shown that the local clay may be used as a material for the liner controlling the seepage from the phosphogypsum 

disposal lagoon. It was recommended to use a double layer liner made o f compacted clay for environment protection in accordance 

with USSR author sertificate N310932, May 13, 1971.

RESUME: On represents les resultats des recherches a long terme interaction d’argile compactee et les eaux usees. Le but de ces 

recherches etait de prouver l’utilite P^cran d’agrile comme le method passive de defense d ’environnement contre une pollution dans 

le region d6 disposition du depot de phosphogypse. Dans les eaux usees il y a different acides agressifs: les acides phosphoriques, 

sulfuriques et fluorhydriques. On a determine des modifications de permeabilite, de resistance de cisaillement, de composition 

granulometrique: tous les changements sont le resultat de la filtration des eaux usees a travers des echantillons d’argile compactee. 

On a etudie Pinfluence du gonflement d ’argile sur sa permeabilite. Les resultates des essais ont montre que d’argile d ’une region 

pouvait etre utiluse comme ecran protecteur contre de lafiltration en depot de phosphogypse. Un ecran a deux couches d’argile 

compactee est recommande pour le protection d ’environnement correspondant au brevet sovietique N 310932, du 13 Mai 1971.

1 INTRODUCTION

During the resent years geotechnical engineering has played an 

important role in resolving the environment protection problem at 

the solid and liquid waste disposal sites. The compacted clay 

liners, slurry trench cutoff walls etc. are usually used to prevent 

environment pollution at these sites. The phosphogypsum 

disposal lagoon should be built at a phosphoric fertilizer plant. 

Slurred phosphogypsum has to be transported from the plant to 

the lagoon by a pipeline. According to local conditions (the 

presence o f a thick layer o f highly permeable granular soil in the 

lagoon base and sufficient amount o f local clay reserve) only clay 

liner should be selected as a passive method o f environment 

protection. This liner will reduce a chemical flux from the waste 

disposal facility to a sufficiently low level during the active life of 

the disposal facility. The design of this liner should be based both 

upon the standard soil properties and the result o f a special 

research. The liquid phase of phosphogypsum (pH2.78) contains 

chemically aggressive acids and concentration o f P 2 O 5 , S O 4 2', 

and F' is equal 3640,1860, and 355 mg/1 correspondingly. The 

long-term seepage of this aggressive wastewater through 

compacted clay liner will alter the properties o f clay and 

specifically hydraulic conductivity. It is the most important soil 

characteristic upon which the design of disposal lagoon with clay 

liner is based and it is crucial to know the possible change of 

permeability as a result o f clay wastewater interaction. The 

possibility and degree of such change must be evaluated in 

advance. The change of hydraulic conductivity of many different 

soils as a result o f long-term seepage of various wastewater, 

acids, caustic soda, solt solutions and organic liquids has been 

reported by Pavilonsky (1977, 1983, 1985), Ivanov at al (1989). 

This particular research is important and necessary. Errors in the 

estimated hydraulic conductivity o f the compacted clay liner are 

significant with important consequences. When the actual 

hydraulic conductivity of the liner exceed the estimated value the 

pollution of environment results. If the estimated value exceed 

the field one that leads to economic and material losses.

2 METHODS AND MATERIALS

Research methods were developed according to the local 

conditions of liner exploration. The liner has to be compacted at 

an optimum water content and covered with a protective layer 

providing an additional load to the clay surface. There is no 

water table at the bottom of the layer. The air temperature and 

the atmospheric pressure vary. The clay layer is not fully 

saturated at the end of construction.

In laboratory permeability tests liquids flow through the 

compacted clay samples in downward direction. There was no 

liquid at the bottom of the samples. The air temperature in 

laboratory and the atmospheric pressure were not constant 

changing in time. The swelling of samples was prevented by 

stop screws. The permeate was gathered systematically and its 

pH and chemical composition were determined. To make a 

justified comparison all the hydraulic conductivity obtained in 

the tests were evaluated for the conditions at 10°C.

The laboratory data may be used for the behavioral clay liner 

prognosis only if the relation between quantity o f wastewater 

permiated through unit volume of clay in the laboratory and in 

the field is the same. Taking into account that a laboratory test 

duration is much shorter than the time o f wastewater seepage 

during the disposal impoundment exploration period, the above- 

mentioned requirement may be accomplishable if the laboratory 

experiments are carried out at high hydraulic gradients up to 120 

and more. This method was presented by Pavilonsky [1964], 

The value of the hydraulic gradients for each test was controlled 

by the hydraulic conductivity o f the clay sample and the 

duration of the test. According to the above-stated the equal 

changes of soil characteristics in the field and in the laboratory 

may be achieved if  the period of time for percolation in the 

laboratory TL and in the field Tf are related in the following 

ratio:

Hf * I L

Tf = -----------  x Tl  (1)

HL* I f

where ILand If are the hydraulic gradients in laboratory test and
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in the field correspondingly and HL and Hf are the thickness o f the 

sample in the laboratory and thickness o f the field clay liner. This 

ratio is based on the assumption that initial dry density and 

hydraulic conductivity of clay in the laboratory test and in the 

field are equal. All laboratory experiments have to be conducted 

with the wastewater stored in disposal lagoon.

The aggressive wastewater and large duration of laboratory test 

prevented the use of commercially available permeameters and 

all the tests were carried out on special permeameters developed 

by author. They were made of stainless steel and plastic glass 

and their inner diameters were equal 77, 112.8, and 300 mm 

(Pavilonsky, 1964, 1973, 1978). The later one provided with 

seven samples for shear strength tests after the period of 

wastewater seepage had been completed. The devices with 

smaller diameters were used with samples for physical and 

chemical properties determination after clay wastewater 

interaction.

The physical and mechanical characteristics o f clay for the liner 

construction are presented in Table 1 and the chemical 

composition of clay prior and after wastewater percolation are 

presented in Table 2.

The composition and content o f ions in wastewater are given 

in Table3

Table 1. Clay properties prior wastewater action

Clay properties Value

Density of solid particles, kg/m3 2760

Liquid limit, % 52

Plastic limit, % 31

Plasticity index, % 21

Sand (0.5-0.05mm), % 9.1

Silt (0.05-0.005 mm), % 44.3

Clay (<0.005 mm), % 46.6

Table 2. Chemical composition o f clay prior and after wastewater 

seepage

Content 

prior 

seepage, %

Content, % 

after wastewater seepage 

with R=

loss at

1.55 2.68 4.96 27.65 35.56

ignition 8.20 8.33 8.37 8.30 8.23 8.10

S i0 2 60.41 58.71 58.86 59.39 57.81 57.64

AI2O3 15.26 15.54 15.89 16.09 15.23 15.42

Fe20 3 6.56 6.64 6.76 6.38 6.33 6.58

T i0 2 0.59 0.59 0.58 0.57 0.57 0.59

CaO 5.01 5.48 4.89 4.93 5.52 5.37

MgO 1.80 1.86 1.96 1.91 1.48 1.39

K20 1.80 1.55 1.40 1.40 *) 1.60

Na20 1.0 1.0 1.10 1.05 *) 1.15

S 0 3 0.20 0.40 0.38 0.28 0.63 0.36

PjOs 0.10 *) *) 0.49 1.65 1.89

F 0.00 0.04 0.04 0.05 0.06 0.14

*) was not determined

Table 3. Composition and content o f wastewater

pH

ion concentration, mg/1

P,0< SO,2' F" Ca2+

2.78 3640 1860 355 1010

300 600 900 T(days)

Figurel. Coefficient o f permeability vs. Time

The long-term constant hydraulic head permeability tests were 

carried out on clay samples compacted to the dry density o f soil 

pd varying from 1360 kg/m3 to 1590 kg/m3. Each test consist of 

two phases. During the first one water percolates the samples 

and a range of coefficient o f permeability values were obtained. 

The latter were statistically treated and the arithmetic mean 

coefficient o f permeability values Kw were obtained for each 

test. For example for tested samples with dry density o f soil 

1370, 1480, and 1590 kg/m3 Kw were equal to (2.46±0.37)x 

xlO '11, (7.71+1.75)x l0 '12, and (3.55±0.74)xl0'12m/s 

correspondingly. The obtained data were used as a base to 

compare with the coefficients o f permiability to wastewater.

After 46 to 119 days the first phase o f tests was completed 

and percolating liquid was change from water to wastewater. 

The wastewater percolated through clay samples from 498 to 

1141 days and the coefficient o f permeability values K and 

chemical composition and contents o f the permeates have been 

determined systematically. Chemical analysis o f permeate was 

limited to the determination of pH and the concentrations of 

P20 5, SO„2' , F‘, and Ca2+. As a result o f wastewater permeation 

the coefficient o f permeability o f the samples and concentration 

of all above-mentioned ions in permeate and pH have been 

changing in time (Fig. 1 and 2).

The clay absorbed most actively the fluorine ion and at 

R=V/V„+27.6-35.6 (where Vf - volume o f permeate and V0

- volume o f pores in sample) 99.8% o f fluorides penetrated into 

the sample were absorbed. The clay absorbed very actively 

phosphate. The concentrations o f phosphate in the permeate 

probes that had been gathered at R=31.6-35.6 were equal from 

43% to 50% of initial concentration in wastewater. The clay 

absorbed at R<5-6 from 60% to 90% of penetrating sulfate and 

large amount o f calcium ion.

For the first probes of permeate pH was equal 7 9-8.8 and then 

it increased and in some of the tests maximum value was equal 

9-9.1. But at sufficiently large values of R(35.6-36.3) pH 

decreased to 2.9-3.1. This is evidence that the ability o f the clay 

to neutralize the percolating wastewater has been exhausted. But 

for a typical example (the thickness of the clay liner is equal to 

lm , the coefficient o f permeability is equal to lx lO '9 m/s and 

gradient o f hydraulic head is 10) this situation will be achieved 

after 60 years o f wastewater seepage through the liner. In many 

cases the waste disposal facility exploration is equal to 10-15 

years.

The wastewater seepage through the clay is accompanied by 

very complex chemical, physical, physico-chemical, biological, 

and mechanical processes: a change o f composition of

C(mg/1)

200 0

300 600 900 T(days)

Figure2. Concentration vs.Time. 1-P20 5, 2-S04

RESULTS AND DISCUSSION
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exchangeable ions; a carbonate decomposition and releasing 

carbon dioxide, plugging the pores o f clay; the clay minerals 

decomposition and releasing aluminum, iron, magnesium which 

react with wastewater and form the new compounds such as 

phosphates o f iron, aluminium, calcium, aluminosilicates, 

calcium fluorine etc.; breaking the soil aggregates and releasing 

smaller soil particles which move in pores and plug the pore 

channels. Many o f this and perhaps other processes are not fully 

understandable and require additional research. It is rather 

difficult to determine the influence of everyone of these processes 

on soil properties. This is a very interesting problem, but it needs 

much more time and material resources that were not 

available in the limits o f this very research. It was possible to 

evaluate only the total influence o f all these processes on 

the clay properties.

The replacing o f water to wastewater had been accompanied by 

the decreasing of the coefficient o f permeability and the 

minimum values obtained were from 1.3 to 7.7 times smaller 

than the corresponding values of Kw. Then the coefficient o f 

permeability increased to the maximum value Kmax which were 

equal from 1.2 to 5.1 o f corresponding Kw. For all the test data 

there is an experimental ratio between Kw, Kmax and R (Fig. 3) in 

the form of

Kmac
-------= 1.656 * R ° 272 (2)

K w

Tendency to reduction o f coefficient o f permeability following 

Kraax was observed. But arithmetic mean from five late values 

were in all test larger or almost equal Kw.

The swelling o f compacted samples and their influence on clay 

permeability was investigated on a permeater-oedometer 

(Pavilonsky, 1973) and diameter and thickness of samples were 

equal to 112.8mm and 20mm. It was studied the influence of 

initial dry density of the soil, chemical composition of soaked 

liquid (water or wastewater) and value of external load on clay 

swelling (Fig.4).

For example swelling o f the sample (initial dry density o f the 

soils equal 1670 kg/m3) soaked with wastewater under the load 

lkPa, was equal 10.1%. The swelling decreased by 9.1 to 40.7 

times when the external load increased from lkPa to 5kPa and 

13kPa correspondingly. Thes swelling of the clay was 

accompanied by increasing o f its permeability from 1.1 to 

6.6times.

Applied pressure (kPa)

Figure 4. Swelling vs. Applied pressure 

for the samples with pd=l .50 g/cm

Table 4. Particle size destribution prior and after wastewater 

seepage

Particles size, 

mm

Particle contents, % 

at R=

0 1.55 2.68 4.96 27.65

0.5-0.25 1.14 1.12 1.0 1.35 1.42
0.25-0 1 0.84 1.29 1.31 1.25 1.82
0.1-0.05 7.11 10.31 5.07 4.72 4.67
0.05-0.01 30.69 29.07 28.04 28.82 23.22
0.01-0.005 13.63 15.92 16.11 13.09 9.58
0.005-0.001 28.41 25.74 29.59 28.8 27.59

<0.001 18.18 16.55 18.88 21.97 31.70

The density of solid particles decreased as a result 

o f percolation wastewater from 2760 kg/m3 at the beginning to 

2740-2750 kg/m3 at R=4.96-5.06 and up to 2720 kg/m at 

R=35.6. At the different stages o f the test both dispersion and 

aggregation of soil particles were observed and as result the 

change of particle size destibution reveald. For R=1.55 the 

content o f clay (<0.005mm) particles decreased, but the content 

o f sand (0.5-0.05mm) and solt (0.05-0.005mm) increased. This 

was the result o f particle cementation by newly created 

compounds. Increasing of R was accompanied by increasing of 

clay particle and by decreasing of silt and sand particles content. 

The more detailed date are available in Table 4.

Shear strength of the soil was defined on the compacted clay 

samples and on the samples that had been extracted from the 

largest permeameter after the seepage tests. The box shear 

apparatus by Gidroproekt was used. On connection with clay 

samples available the shear strength (xf) was defined with four- 

to-seven-fold repetitions at the total normal stresses (a) equal to 

100, 200, and 300 kPa. The analysys of data obtained show that 

the best approximation for the diagrams xf= f(a) are the stright 

lines with equation xf = o x tg (pu + Q, where <pu - angle of 

internal friction in terms of total stress, Cu - cohesion intercept in 

terms o f total stress. These equation have been obtained by the 

experimental results processing by the least square method and 

presented in Table 5.

It is seen from Table 5 that at R=1.55-1.57 the angle (pu 

increased and cohesion intercept Cu decreased. This can be 

explained as a consequence of changes in soil properties and 

especially particle size distribution. The content o f clay particles 

decreased and the content o f sand and silt increased. After 

permeate volume increased and R=4.96-5.06 this was 

accompanied by increasing of clay particles content. As a result 

the angle <pu decreased slightly and cohesion intercept Cu 

increased.

'  Results o f chemical analysis o f clay prior and after wastewater 

seepage are given in Table 2. It is obvious that wastewater 

seepage affects the: content o f some components o f soil. For 

example as the volume of percolating wastewater increased the 

contents o f S i0 2, K20 , and MgO decreased, but the contents of 

SOj, P20 5, Na20  and F increased. The contents o f A120 3, Fe20 3, 

T i0 2 varied in very small limits.

It is very interesting to compare the values o f the coefficient of 

permeability obtained in the laboratory on permeameters and in 

the field by Nesterov method (double ring method). According 

to the field data the coefficient o f permeability for the 

compacted clav with the dry soil density 1580kg/m3 equal 

from 1.4xl0‘ to 2.3x10' 1 m/s and in some places the

Table 5. Shear strength equations for the clay prior and after 

wastewater seepage

R Equation

Shear parameters

<P° Cu, kPa

0.0 Tr= 0.205xa + 41 11°30' 41

1.55-1.57 if=  0.24xa + 31 13°30' 31

4.96-5.06 t f= 0.23xa + 34 12° 31
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permeability was not observed. Such a divergence o f the field 

data is a result o f different reason. One of the reasons is the 

difference in soil structure that is influenced by difference of 

moisture content o f clay under compaction. There are also the 

zones of high permeability due to defects o f clay compaction 

especially at the contacts between layers compacted at different 

dates. The pore between clots o f clay that exist in compacted 

layer also increased the permeability o f clay in the field (Day et 

al, 1985, Dun et al, 1986). The laboratory coefficient o f 

permeability is equal (3.55±0.74) xlO' 12 m/s and the lowest value 

o f field permeability is practically in agreement with the 

laboratory ones. To implement the capabilities o f clay liner to 

reduce the volume o f percolating wastewater it is necessary to 

compact clay very carefully strictly according with design 

technology.

4 SUMMARY

The obtained results o f the research show that local clay reveals 

sufficiently low permeability when compacted in the laboratory. 

The clay compaction in the field permits to get a low permeable 

material when the compaction is carried out very carefully. The 

clay can resist aggressive action o f permeating wastewater and 

the maximum values o f permeability are larger than the 

permeability to water by 1.1-5.1 times, but the last values of 

permeability to wastewater are equal or almost equal to Kw. The 

increasing of permeability from swelling of the clay may be 

excluded by using a protective layer above the compacted clay. 

Compacted clay wastewater interaction changed the shear 

strength not significally. The compacted clay absorbs from 

percolating wastewater almost all fluorine and large almost of 

phosphates and sulphates.

All o f the above-said permits to recommend the tested clay as a 

material for the liner for the phosphogypsum disposal lagoon. The 

most referable construction type is double layer liner (Bolshakova 

et al, 1968). Two compacted clay layers are divided by a drainage 

layer. Wastewater percolates through upper layer and is intercept 

by drainage layer and is pumped out to lagoon. The hydraulic 

head in drainage layer is small and the seepage flow through the 

bottom clay layer is small.

To prevent completely the seepage through double layer liner 

may be achieved if according to USSR author sertificate N 310972 

to pump the air from drainage layer and create the vacuum. The 

seepage through the upper layer will be increased, but not 

significally, while the seepage through the bottom layer will be 

prevented (Nedriga et al, 1972). It is necessary to note that the 

ground water table can not be in contact with the bottom o f the 

liner and this fact significally influences the diffusion.
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