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SYNOPSIS : Open coal mining in Western Bohemia reaches down to about ISO m. Coal layer, up to about 30 m thick, is overlain by stiff clay and claystone 

which have to be removed and tipped into large landfills, some up to 100 m high. The originally fragmentary material with open pores takes gradually on 

the form o f an impervious clayey material by the action o f pressure, water and time. The material being extremely pressure- and water-sensitive, sliding 

is frequent on the landfill boundaries. The investigation has been therefore initiated with the aim to predict in advance and to warn against such slides. Series 

o f  CID and CIUP triaxial tests revealed substantial cross-effects. Cam-Clay models and anisotropic pseudoelasticity are able to describe this behaviour. Two 

originally designed field devices measure the stress tensor and strain tensor components. They show a tendency towards plane-strain deformation and indicate 

Lode’s parameter by a mean value o f -0.45.
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INTRODUCTION

Open coal mining in Western Bohemia reaches down to about 150 m below 

the ground surface. Coal layer, up to about 30 m thick, is overlain by stiff 

fissured clays and claystones which have to be removed and tipped into large 

landfills. Some of them rise up to 100 m. The originally fragmentary 

material with open external pores and interstices (internal pores are those of 

individual fragments) takes gradually on the form o f an impervious 

compacted clayey material by the action o f field pressure, water and time.

As an example, F ig .. 1 depicts the triaxial strength envelope in effective and 

total stresses (a. and a, denote axial and radial stress, primed are effective 

stresses, r  means the correlation coefficient and index /  marks at failure 

values). In the low stress level, total stress is equal to effective stress and 

both envelopes coincide. In the higher stress level - (a, - a , )  >  2 MPa - total 

angle o f internal friction O' because o f the transformation o f  the 

original fragmentary material into a water saturated clayey mass. A roughly 

bilinear form o f the strength envelope can be theoretically deduced as the 

result o f  the annihilation o f suction (Wheeler and Sivakumar, 1992). The 

initial branch of the failure envelope indicates a secant effective angle of 

internal friction o f  14.5 ‘ . This is rather a small value corresponding to the 

mean plasticity index o f the clay (according to common correlations) in the 

range o f 45% to 65% (liquid limit: 85% to 100%, plastic limit: 35% to 

40% , natural water content the same as plastic limit). Index of colloid 

activity ranging between 1.5 and 2 means highly hydrophyllic nature o f  the 

clay, with significant admixture o f montmorillonite.

From the regression curve

(°„ -  o ) f  = 0.308 (o ' + <406 (1)

with close correlation (r =  0.997) one can deduce the tangential value o f  the 

effective angle o f  internal friction
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F ig. 1. Strength envelopes (total and effective) o f fragmentary clayey 

material (for symbols see Fig. 5)
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showing the decrease o f <fii at eg (a.’ +  a,’), = 10 MPa to about 5 ‘ . Shear 

resistance due to friction is at higher stress levels consequently rather low.

Owing to the barotropy (stress-sensitivity) and hydrotropy (water-sensitivity) 

o f the material, sliding is frequent at the landfill boundaries and inhabitants 

are endangered. The investigation has been therefore initiated with the aim 

to predict sliding and to warn against it. A combination o f  field and 

laboratory testing has been proposed to get acquainted with the material 

behaviour and to devise thenafter the appropriate means o f warning.
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LABORATORY PROPERTIES OF CLAYEY FILL

A series o f CID and CIUP triaxial tests (specimen diameter about 10 cm, 

height to dia ratio 2:1) was carried out. From the freshly deposited material 

samples were collected and their granulometrical composition determined by 

sieving. A granulometric curve was obtained showing the size o f clayey 

fragments between 2 mm and 150 mm, with the coefficient o f  uniformity (=  

d j d , 0 where dw and dm mean grain diameters at 60% and 10 % of the grain 

size curve) equal to 4 to 5. For triaxial tests with the specimen’s diameter 

o f  15 cm fragments larger than about 30 mm were removed. For higher cell 

pressures (a ’ S  1.7 MPa) the specimen’s diameter was diminished to 10 cm 

to prevent the damage o f  the rubber sleeves. Since the material is o f 

considerable external porosity, ie it possesses large interstices between 

individual fragments, at higher cell pressures the rubber sleeve penetrates 

deeply into the peripheral voids and the high tension o f membrane thus 

induced often causes its failure. In those cases 10 cm specimens were 

trimmed from 15 cm specimen after the latter being preliminary 

consolidated.

CID tests consisted o f two test series (tests Nos. 1 to 6  and a t o d )  and the 

stress-strain curves are shown in Fig. 2 (c, and c, are axial and volumetric 

strains). Their principal features are:

- At a cell pressure o f about 0.3 MPa and greater, specimens become 

incompressible (tests Nos. 4 to 6 , d), ie the fragmentary clay transforms into 

an undrained water saturated material. Fragmentary clay which is essentially 

a granular material changes into a cohesive material owing to the grain 

(fragment) breakage.

- For high cell pressure ideally plastic behaviour may be displayed 

(test No. 6 ). The material is incompressible and no strain softening takes 

place. For test No. 6  the highest cell pressure (5 MPa) was used and one 

may expect therefore the structure being changed to the highest degree.

F ig . 2 . CID triaxial tests (two series) o f  waste clay

- At lower cell pressures, strain-hardening often occurs through the 

whole experimental range with high intensity. This combined effect o f 

compression by grain sliding (textural compression) and by grain breakage 

(cataclastic compression) often requires a conventional definition o f  strength 

(at e. =  2 0 %).

- Volumetric compression is often governed by a bilinear function. 

This is suggested to be the result o f  the variable ratio o f  textural (at lower 

e j  and cataclastic (at higher e j  compressions. Due to this dual mechanism 

compression is, as a rule, excessive with scarcely any horizontal assymptote 

in the experimental range, contrary to the isotropic compression, as referred 

to in the following text (see Fig. 5).

Big. 3. Stress-strain diagrams of CIUP tests

Fig. 3 shows third series o f tests with pore pressure measurements - CIUP. 

One may observe that:

- Peak value o f  q (=  a, - a , )  is well defined and situated within the 

range of e. <  10 %.

- For higher cell pressures u v s e .  diagrams display an S-form. This 

indicates a structural collapse shortly after the beginning o f  deviator loading 

(at e, about 2% to 3%).

The difference in stress-strain diagrams of CID and CIUP tests (well defined 

peak stress difference in the latter case) suggests the importance o f  the 

volumetric deformations in the test series compared: they are large with CID 

tests and small (ie negligible) with undrained CIUP tests. Volumetric 

deformations and volumetric deformation work seem to cause an important 

and intensive process o f grain (fragment) breakage.

Stress path diagrams on Fig. 4  suggest that CIUP tests started by CID stress 

paths, later undrained conditions prevailed. The transition between drained 

and undrained régime corresponds with the structural collapse as indicated 

by u vs e. curves (test No. 4  - at e, about 3%). Initial CID stress paths may 

point out to the incomplete saturation o f  specimens. Only after some 

extensive breakage o f  clayey fragments do the specimens become completely 

saturated owing to the consequent increase o f pore water pressure.
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Fig. 4. Stress paths o f CIUP triaxial tests

Referring to Fig. 1 similar transition from open to closed system at about a,

— 0.7 MPa can be disclosed. CID tests for a, >  0.7 MPa are undrained 

with the value o f suction which dropped to zero.

Fig. 5 presents isotropic (consolidation) compression curves, ie void ratio e 

vs cell pressure a„’. Two compression curves - one semilogarithmic, another 

hyperbolic - can be interpolated through the e vs a j  test results:

- semilogarithmic compression curve

e  = 1.074 -  0.2313 In a'n  (3)

- hyperbolic compression curve

-----------------^ ----------  (4)
1.066 a'K -  0.0776

(a«.’ in MPa). The second curve suggests that the strain hardening by 

compression is more intensive than usually observed with clays. Dual nature 

o f  the compression mechanism is expressed by the semilogarithmic 

compression curve matching well the initial experimental data (up to a„’ £

1.4S MPa, where e =  0.988 and both compression curves intersect one 

another), then hyperbolic relation is preferred (the latter is not applicable for 

very small <j„‘). For a„’ £  2 MPa the volumetric compression modulus

F ig. 5. Isotropic and (triaxial) anisotropic (dotted lines) compression 

o f  clayey fill material

K ' -  9 o n  (in MPa) ®

This is o f  the same order o f magnitude as undisturbed (fissured) clays of 

similar origin. Their volumetric compression modulus ranges between 5 MPa 

to 10 MPa (Feda, 1992). Owing to the in-situ fissuration there is practically 

no difference in the volumetric compression o f fissured clays (claystones) 

and waste clayey materials resulting from their excavating.

Dotted lines in Fig. 5 indicate the volumetric deformation paths at triaxial 

CID tests (their stress paths are in the upper half of Fig. S, points marking 

the ^-values at failure) o f some specimens denoted by encircled numbers or 

letters. They are too sparce to show the shift o f  the compression line to that 

for anisotropic loading.

CONSTITUTIVE RELATIONS

Two formulations o f  the constitutive behaviour have been used - 

pseudoelastic and Cam-Clay models. In the first case, admitting the existence 

o f cross-effects, one may write

dzt = A dq + B dp' (®)

dtv = C dq + D dp' P )

[e , =  2 (e .  - Er)/3 , e ,  =  ^  +  2 e J .  For isotropic elasticity (no cross-effects)
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d zt = A dq 

d i v -  D d p ' (9)

(8)
are quoted in Fig. 7 in the notation common for Cam-Clay models. The 

coincidence is rather good from the practical point o f  view bu t it is not 

perfect.

In the common notation, eqns. (6 ) and (7) yield (Atkinson and Sallfors, 

1991)

6c, = - î -  6o + — bp' 
'  3 G j '  p

6 ev = ±  bq  + ±  b p '

(10)

(11)

(6 are finite increments). Parameter identification by means o f  eqns. (10) and

(11) is simple for stress paths hp' =  0 and bq = 0. Then

and

6 e = —  bq , 8 c = —  6q
1 3  G y t '

àcs = - I  6p '  , 6 e , = - 1  b p '
A

(12)

(13)

The assumption bq = 0 is valid for one CIUP test (Fig. 4, detail in Fig. 6 ). 

The stress path q  vs p ' is drawn by a full line and the respective variation 

in the //-v a lu e  by a dotted line. Calculated value o f J ,' amounts to J ,’ = 

—20 to - 5 0  MPa. This sizable value confirms that cross-effects for the 

clayey fill dealt with cannot be neglected.
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F ig. 6. Stress path o f one CIUP test (a„’ = 5 MPa)

Modified Cam-Clay, originally deduced for contracting clays with 

pronounced effects o f volumetric hardening seemed to suit the behaviour of 

fragmentary clays. Fig. 7 shows as an example a comparison o f  predicted 

and measured q  vs £, and e* vs c. diagrams. The respective parameters used

Fig. 7 . Prediction and experiment (CID, a„' =  300 kPa)

To explain this fact one has to remember that Cam-Clay models were 

deduced from the behaviour o f  reconstituted clayey specimens. With such 

specimens, all structural changes in the course o f deformation result from 

changing the structural configuration o f clayey particles, ie from textural 

changes. In case o f fragmentary clay, cataclastic deformation is at least o f 

equal importance as textural deformation. Cam-Clay models will generally 

be incompatible with cataclastic deformations. In this special case, however, 

the strength o f  clayey fragments may be considered to be homogeneous 

(fragment breakage is not selective) and thus the cataclastic deformation 

process is similar to textural deformations. In spite of this, one may notice 

some irregularities, especially in e, vs e, diagram considered to be initiated 

by cataclastic deformations.

F IE L D  M E A S U R E M E N T S

The above laboratory testing disclosed the intricate nature o f the tested 

materials. To apply these findings to the field requires to investigate the 

actual stress-strain behaviour of clayey landfills in the field through the 

course o f their gradual heightening. Namely stress- and strain paths have to 

be identified for the proper application of the laboratory results and for the 

formulation of the mathematical model of in-situ conduction. Owing to the 

fragmentary nature o f the material common stress- and strain gauges cannot 

be used without some modifications.

Stress tensor is defined by 3 principal (normal) stresses or by 6  components 

o f stresses acting in the mutually perpendicular axes z , y , z  forming three 

mutually perpendicular planes. Instead of measuring stresses in those planes, 

one may use a plane at an angle o f 45* to two planes, say, defined by axes 

x . y . Normal stress a acting on such a plane can be found by the equilibrium
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equation

0  ^  = ±  x t  ♦ f i .

f t  *  v/2  v/2

so that

(14)

(15)

,  Measurements of total stresses by individual stress gauges on the sides of the 

polyhedron should be supplied by pore pressure measurements. Laboratory 

tests demonstrated that under specific pressure clayey fragments become 

disintegrated and saturated clayey mass results.

The measuring polyhedron should be strong enough to withstand an uniaxial 

and hydrostatic pressure o f about 3 MPa. To ensure its rigidity, its steel 

skeleton is filled with concrete, respecting the condition that the total weight 

o f the polyhedron should correspond to the mean bulk density o f the Fill.

Knowing a% and ay, the value of t '^ can be found and the Mohr’s circle of 

stresses can be constructed. This is the idea underlying the design of the 

stress "gauge" in the form of a polyhedron with hexagonal sides (Fig. 8).

CROSS-SECTION xz

Fig . 8 . Polyhedral device for measurement o f stress tensor components 

in situ

Measured values should be atributed to the local (x, y , z) axes. Their 

position may, however, be changed as a consequence o f the deformation of 

the landfill in the course o f  its installation. Therefore, the device should be 

provided with inclinometers.

Another aspect of the stress measurements is the size o f the individual stress 

gauges placed on the sides o f the polyhedron. Since clayey fragments may 

amount to 0 .5  m in size, it is reasonable to reduce the dimensions o f the 

fragments immediately contacting the gauges to the size in the range o f 1 cm 

to 10 cm. In such a case, the diameter o f individual stress gauges should be 

at least 40 to 50 cm and certainly not be smaller than about 30 cm.

The number o f stress gauges should be doubled to ensure that a 

representative number o f measurements could be evaluated in case that some 

gauges will be set out-of-work or that the contact o f the gauge with 

surrounding soil will not be representative (contact with exceptionally large 

fragments etc.).

F ig. 9. Sequence o f the placing of fill around the measuring polyhedron

Fig. 9 depicts the gradual placing of the clayey fill around the measuring 

polyhedron. Numbers indicate the sequence o f filling. The procedure of 

placing the landfill should be carried out in the beginning manually using 

graded material - with maximum size of 10 cm - up to the layer No. 5. 

Afterwards mechanical filling can be allowed with no detrimental effects to 

the recording apparatus.

The above procedure should guarantee a good contact between the clayey 

material and local stress gauges (steel flat jacks) and, in the same time, the 

correct position o f the device. Measuring should proceed from the 

commencement o f the filling procedure, after placing each layer.

Fig. 10 shows an arrangement o f 6  rod extensometers into a measuring 

rosette thus enabling the strain tensor to be defined either at the base (as 

depicted) or at any other level of the landfill. The lengths o f individual 

extensometers (rods) should be sufficient to avoid any irregularities (about 

5 times the maximum size o f clayey fragments, ie about 3 m). Rods are 

protected by tubular sleeves to prevent the effect o f skin friction to be 

displayed on the rods. Their active length should correspond with the 

expected value o f the maximum strain to be recorded, ie about 20%. Details 

o f the arrangement and anchorage are shown on Fig. 10.

MEASURING BLOCK

Fig. 10. Extensometer rosette for measuring the strain tensor
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Fig. 11. Lode’s parameter varying during the construction o f the clayey 

landfill

Fig. 11 shows the result o f  stress measurements at one locality o f a landfill. 

From the recorded values Lode’s parameter /i defined by the relation

H -  2 °* ~ (° ‘ * ^  (16)

° l  -  °3

(<r, > a2 > a, are principal stresses) can be calculated characterizing the 

stress path during the increase in the fill height (time sequence 1 -> 8). On 

average, Lode’s parameter seems to straddle the value o f -0.45. This value 

suggests that the stress state is near to the plane strain conditions. Fig. 12 

depicts the evaluated measurements o f an extensometer rosette. Since e, 

tends to zero, plane-strain conditions are affirmed.

V £ 1

Fig. 12. Extensometer measurements expressed as ratios o f principal 

strains in the clayey landfill

P '

F ig. 13. Field stress path vs strength envelope

C O N C L U S IO N

The originally fragmentary clay is changed, due mostly to the increasing 

load into the water-saturated clayey mass. This transition greatly affects the 

stability o f high landfills built o f these clays.

Laboratory and field experiments clearly revealed the intricate nature o f  the 

clay behaviour. Textural strain-hardening (due to mutual sliding of clayey 

fragments) and cataclastic strain-Jiardening (due to breakage o f clayey 

fragments) are responsible for excessive volumetric deformation and signs 

o f  structural instability.

Two constitutive models reflect the experimental results - modified Cam- 

Clay model and anisotropic pseudoelastic model. Sizable cross-effects limit 

the eventual domain o f simple isotropic pseudoelasticity to water-saturated 

state and total stress analysis. More fundamental approach should be based 

on mechanics o f unsaturated soils, saturation representing a limit state (zero 

suction).

According to field measurements the deformation of landfills approximates 

plane-strain conditions, with mean Lode’s parameter equal to about -0.45. 

Relevant laboratory testing should therefore be performed in a biaxial 

apparatus. The stiffer response o f the soil in plane-strain will be reflected 

also in the more probable occurence o f phenomena of bifurcation.
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Fig. 13 presents the actual field stress path as compared with the mean 

strength envelope as measured by different ways. One may observe that the 

initial approximately ^„-stress path changes into a p ’ = const stress path. If 

the most simple theory is taken into account, that o f  elasticity, then this 

variation means that the elastic de, =  0  because it is proportional to d p ' and 

dp ’ =  0. Thus the change of the stress path direction is the consequence of 

the transition o f the material into a water-saturated state.
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