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SUMMARY 

The rheological and mechanical properties of a Ca-smectite have been investi

gated by different laboratory tests. By these tests the permeability, the water 

uptake properties, the swelling properties, the swelling pressure, the stress-strain 

properties, the strength and the creep properties have been determined. The 

influence of density, temperature, time and stress level have been considered. 

Mathematical models of the measured properties and behavior of the clay have 

been suggested so that calculations involving mechanical and rheological 

scenarios can be made. 

The behavior of the clay have been discussed with reference to the microstructure 

and comparisons between the investigated Ca-smectite and a Na-smectite (Mx-

80) have been made. 

One main conclusion is that the difference between the properties and behavior of 

Ca-smectite and Na-smectite is small at densities Pm> 2.0 Um3. At densities 

Pm <2.0 Um3 the difference is increasing with decreasing density. 
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SYMBOLS 

A pore pressure parameter 

Ac activity 

C cohesion 

Cs swelling capacity 
D deviator stress 

Dw coefficient of water diffusion 
l hydraulic gradient 

Ip plasticity index 
k hydraulic cond ucti vi ty 

le clay content 

Sr degree of saturation 
T absolute temperature 
t time 

u pore pressure 
V volume 

w water ratio 

WL liquid limit 

Wp plasticity limit 
£ strain 

£ rate of strain 

qi angle of friction 

y shear strain 
y rate of shear strain 

Oo reference pressure 

a1;a3 principal stresses 

ON normal stress 

as swelling pressure 
"'t shear stress 

Po reference density 

Pm density at saturation 
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1 INTRODUCTION 

1.1 General 

The rheological and physical properties of the clay-based buffer material 
surrounding the canisters at the disposal of high level radioactive wastes, are of 
vital importance for the functioning of the barrier. Such properties of interest are 
the hydraulic conductivity, the water uptake ability, the swelling ability, the 
swelling pressure, the stress-strain-strength properties and the creep properties. 
Of interest are also the influence of secondary effects such as the rate of strain 
during shear, the temperature, the density of the clay, and the external pressure. 

The knowledge of those properties and the understanding of different behaviors 
are necessary to be able to make proper optimizations of the geometry and the 
initial density and composition of the buffer material. A major conclusion is that 
the density should be as high as possible in order to retard water flow and ion 
diffusion to and from the canister and to minimize the settlement of the canister, 
while the density should be as low as possible in order to offer a soft protection and 
cause as little damage as possible in the case ofrock movements along joints 
intersecting deposition holes. 

1.2 Scenarios and properties of interest 

Investigations of the rheological and physical properties by necessity include 
determination of a number of parameters which can be used for the definition and 
calculations, thus predicting and describing the consequences of different 
scenarios. Important scenarios and necessary parameters are the following: 

a) Ability of the clay to absorb water. This property is most easily expressed 
by the liquid limit (wL), which is the water content at which the clay turns 
from plastic to liquid. It is easily determined by using either the cone 
apparatus or the technique by Casagrande. 

b) Bearing capacity of the clay. Calculation of the load-induced failure of the 
clay. This calculation requires the knowledge of the swelling pressure (as) 

of the clay and the relation between the external pressure and the shear 
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strength (e.g. expressed by the parameters: cohesion (c) and angle of 

friction (cp)). 

c) Settlement of the canister. Calculation of the consolidation and creep 

settlements caused by the own weight of the canister. These calculations 

require knowledge of the swelling pressure, the drained and undrained 

stress strain relations and the stress-strain-time relation (the creep 

behavior at different applied stress). 

These properties can be expressed by different parameters depending upon 

what theory is used. The creep behavior requires several parameters to be 

accurately modelled. A general expression is 

d£ 
- = AT0D b(t+t t 
dt 0 

where e = strain 

A= constant 

D = deviator type of stress 

T = absolute temperature 

a, b, n= exponents 

to = structure-related constant 

t = time after onset of creep 

(1) 

The influence of the deviator stress Din Eqn (1) can also be expressed as 

ebD according to Singh & Mitchel, as to fit the behavior of illitic clays. 

d) The ability to fill up voids by swelling. This is a vital function, particularly 

in the initial phase of water saturation or after rock movement. The tem

perature-induced volume change in the cooling phase is another example 

when swelling is required. The swelling properties can be expressed 

through the swelling capacity Cs defined as: 

V -V. 
(2) 

C = _s __ , 

s V. 
l 
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Vi is the initial volume and Vs is the volume after swelling when the 

material is exposed to a specified external pressure (1 kPa). 

e) The rate of saturation after installation. Investigations of various clay 

materials have shown that the rate of water uptake can be described by 

applying the general differential equation: 

where w = water ratio 

Dw = coefficient of water diffusion 

t = time 

(3) 

The coefficient of water diffusion Dw can be determined by laboratory 

tests. 

f) The rock-shear case where parts of the rock wall in the deposition hole are 

displaced thereby shearing the clay barrier and the canister. This scenario 

can be simulated by three- dimensional non-linear finite element calcula

tions. The stress strain relations under undrained shear for the clay and 

the canister-material are input data to those calculations. 

Since the shear can take place at different rates of strain (rock-creep 

scenario or earth quake scenario) it is also necessary to know the viscous 

behavior of the clay (the rate-dependence of the stress-strain relation). 

g) A hydraulic gradient across the deposition hole, which can be simulated 

using the hydraulic conductivity of the clay as input parameter. 

h) Ion-diffusion from the canister through the clay barrier which is described 

by the coefficient of diffusion which has to be determined in the laboratory 

for different ions. The processes related to ion-diffusion are not treated in 

this investigation. 

i) Temperature increase of canister and clay after deposition. This process is 

described by the same differential equation as the water-uptake and 

diffusion processes. The necessary parameters are the thermal conduc-
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tivity and the specific heat. Those parameters are not determined in this 

investigation. 

A complete investigation of any presumtive clay barrier should include the above 

mentioned scenarios and properties, the variation of which should be considered 

with respect to the following variables: 

* The density of the clay. 

* The temperature of the clay. 

* The salinity of the pore-water. 

These properties and variables are the primary ones to be included in a general 

investigation of the suitability of a clay buffer. They can also be the basis of 

preliminary optimizations. 

1.3 Investigated properties 

This project includes investigations on a Ca-smecti te of a major part of the proper

ties mentioned in chapter 1.2. Scenarios a-g with the density and the temperature 

as variables are in most cases considered. The influence of the pore-water salinity 

is only tested with respect to the liquid limit. 

The project is a part of the nuclear waste research cooperation between Sweden 

and France. The investigated clay is the French main clay barrier candidate A4. 
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2 GENERAL DESCRIPTION OF THE CLAY 

The investigated clay is smectite-rich with calcium as the exchangeable ion. 
According to French investigations the clay consists of 70 % clay minerals, almost 
100% of which are smectitic. Accessory minerals are quartz, goethite and feldspar. 

The natural water content in air-dry condition vary between 5% and 10%. The 
liquid limit is 99% and the plasticity limit is 33%. This means that the activity ac 

of the clay is: 

where Ip plasticity index 

WL liquid limit 

Wp plasticity limit 

le clay content 

This is a fairly normal activity for a natural Ca-smectite. The activity of a sodium 
treated Ca-smectite is ac ~3 while a natural Na smectite (Mx-80) has ac ~5. The 
activity is a rough measure of the ability of the clay mineral to bind water. 

The water content is determined as the loss of weight after drying at 105°C during 
24 hours. Illitic clays as well as Na-bentonite do not loose much water at further 
increase in temperature to about 300 deg. Ca-smectite, however, has an excess 
amount ofloosely bound crystalline water which will be lost at temperatures 
between 100 and 300 deg. This effect was also measured when drying the clay A4 
at higher temperatures as shown below: 

Temp 

105 

160 

250 

w(o/o) 

4.5 

6.9 

8.1 

The low value at 105°C is probably due to incomplete hydration or to a low RH of 
the atmosphere in which the clay had been stored. The additional loss of water 
when heating from 105 to 160°C is mainly caused by dehydration of interlamellar 
cations, while loss of structural hydroxyls must have been negligible as 
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manifested by the high water content, i.e. 11.1 %, of samples rehydrated at high 

RH after heating to 250°C. 

The influence of the salt content on the properties of the clay can be roughly 

reflected by the change in liquid limit. As can be seen in Table I there is a change 

in liquid limit although it is not very dramatic. 

Table I. Relation between salt content and liquid limit 

NaCl WL 
% % 

0 99 

0.1 96 

1.0 87 

3.5 80 
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3 TESTS AND TEST RESULTS 

3.1 General 

The samples have been prepared from a powder which was delivered by C.E.A. 

This means that the soil was dried and ground in France. All tests have been 

made using de-aired destilled water. 

3.2 Hydraulic conductivity. Saturated flow 

The hydraulic conductivity of the clay was measured by use ofLuH oedometers 

(Fig 3:1). Samples, 2 cm high and 50 mm in diameter were obtained by com

pacting air-dry bentonite powder directly in the apparatus and they were then 

saturated for at least 10 days by letting in water to the filterstones above and 

below the sample. All air was evacuated from the sample and filterstones before 

water was added. 

After saturation a water pressure was applied at the bottom of the sample. The 

magnitude of the pressure varied between 50 kPa and 1100 kPa. The pressure had 

to be well below the swelling pressure of the clay in order to avoid effects of piping 

type. 

The water flow was continuously measured for about a week and the hydraulic 

conductivity calculated from the inclination of the flow-time curve. Table II shows 

the results. 

Table II. Results from the permeability measurements 

Dens at sat, Hydraul Permeability, k 
flm, Um2 gradient, i "m/s 

1.70 250 2.8·10-12 

1.84 500 8.0·10-13 

1.90 5500 3.6·10-13 

2.00 4000 5.2·10-14 

2.10 4000 l.2·10-14 (uncertain) 
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Fig 3.1 The LuH swelling pressure oedometer 

a) Free piston for loading the sample 
b) Filters 
c) Sample 
d) Lower water inlet 

The density-permeability relation is also shown in Fig 3:2. The permeability of 

this clay is about 10 times higher than the permeability ofMx-80 for densities 

below 2.0 while it seems to be as low as for Mx-80 at densities exceeding 2.0 t/m3. 

The similarity in hydraulic behavior between Na- and Ca-smectite at p > 2.0 t/m3 

might be due to that the difference in swelling capacity and in water binding 

ability do not matter at high densities. The microstructural passages are so small 

that neither material can fill them. 
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Measured hydralic conductivity as a function of the 
density 

3.3 Water uptake properties. Non-saturated flow 

The initial non-saturated flow can be calculated as resulting from the following 

gradients. 

* A gradient caused by the suction potential of the material. This force is similar 

to the capillarity. 

* A gradient caused by the external water pressure giving a flow of water 

according to Darcy's law. 

* A gradient caused by a temperature gradient. A temperature gradient is also 

causing water transportation in vapour form. 
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Both laboratory and field tests have shown that the suction potential of the 

material is the very dominating process as illustrated by the fact that a 1 cm thick 

confined layer of the clay with Ps = 2.1 t/m3 is water saturated from one end in 

about a week. It would require an external hydraulic gradient of 106 (or an exter

nal water pressure of 100 MPa) to make water penetrate 1 cm of such material in 

a week. The water uptake process can therefore be accurately modelled by using 

Eq. (3) in which the parameter Dw must be determined. This can be done by 

laboratory tests in the following way: 

5 cm thick unsaturated samples are compacted to the intended density in LuH 

oedometers. Water is let through to the lower filter stones. After different times 

varying between 1 and 20 days the samples are taken out and cut into 5mm thick 

slices. The water content is then determined for every slice. 

In this way the water content can be plotted as a function of the distance from the 

water inlet. Since the tests are interrupted at different times the influence of the 

elapsed time will be considered. 

From these relations the coefficient of water diffusion Dw can be determined.The 

technique is described by Borgesson (1985). 

The results from two such tests and evaluations are shown in Fig 3:3. The clay 

was compacted to a density which in a saturated state would correspond to 

approximately 2.1 t/m3. The original water content was 4.6 %. Two calculations 

using 

Dw = 0.23·10-9 m2/s 

are also shown in the figure. As can be seen the correspondence between the 

calculated and measured values are satisfactory. The measured value of Dw 

agrees very well with the Dw values of compacted Na-bentonite Mx-80 which has 

been determined to be between 0.2· 10-9 and 0.3· 10-9 m2/s. 

3.4 Swelling ability 

The ability and time for the clay to swell can be measured in an oedometer shown 

in Fig. 3:4. A saturated sample with a height of two cm is placed in the oedometer. 

A free water level above the sample and water inlet from below certify that the 
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Fig 3.3. Water content distribution 8 and 29 days after start. The 
solid lines are the calculated distributions using Dw = 
0.23·10-9m2/s 

sample is kept water saturated. The weight of the devices on top of the sample 

corresponds to an external pressure of approximately 1 kPa. 

The swelling of the clay is measured as a function of time by the deformation 

gauge. It is a very slow process due to the low permeability and the test must 
continue for 1-3 months. 

Fig 3:5 shows the swelling as a function of time for three tests with different 

densities of the clay. The results are summarized in Table Ill. 

The swelling is considerably lower than for N a-bentonite. Fig. 3.6 shows the 

swelling as a function of the density. For comparison the swelling of some 

mixtures ofNa-bentonite and ballast material is also plotted (Borgesson & 
Stenman 1985). The figure shows that the swelling is about the same as would be 

expected for a mixture of 30% N a-bentonite and 70% ballast material. 
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Fig 3.4. Oedometer used for swelling tests 

a) Deformation gauge 
b) Free water level 
c) Filter stones 
d) Sample 
e) Lower water inlet 

Table III Results from the swelling tests 

Before swelling After swelling 
Swelling 

Dry Sat Water Dry Sat Water % 

dens dens content dens dens content 

1.06 1.67 57 1.03 1.65 60 3.2 

1.59 2.00 26 1.12 1.70 53 42.3 

1.78 2.12 19 1.17 1.74 48 52.0 

The tests were finished when the densities were between 1.65 and 1.74 tJm3. As 

will be shown in the next chapter the swelling pressure at these densities vary 

between 50 and 150 kPa. This discrepancy depends on a combination of the 

following factors: 

* 

* 

The swelling is not completed. There is a very slow continuing swelling 

which can also be seen in Fig. 3:5. 

Friction between the clay and the oedometer ring. 
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Some hysteresis effect in the swelling-consolidation process. This effect is 

not investigated so far. 

However the tests of the N a-bentonite mixtures are made in exactly the same way 

as these tests which means that the results are comparable. The difference in 

swelling capacity between the materials is probably due to the difference in 

structure and behavior at low densities. 
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Swelling pressure 

The swelling pressure of a clay can be measured in many ways. One way is to 

adjust the vertical pressure on a sample in an oedometer :r:,ing until there is 

neither swelling nor compression of the clay. This can be done either in an 

oedometer, in a shear apparatus or in a triaxial cell. 
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SWELLING PRESSURE, MPa 

Swelling pressure as a function of the density at 
saturation at 22°c 
0 measured in the triaxial cell 
x measured in the shear apparatus 

10 

In the triaxial cell the sample, which is surrounded by a rubber membrane, can 

either be drained or undrained. A drained sample can change its volume by taking 

up or pressing out water while an undrained sample cannot change its volume. A 

tendency to change volume in an undrained sample is instead reflected by a 

change in pore water pressure. Thus the swelling pressure can be measured by 

adjusting the cell pressure until equilibrium is reached (no change in pore 

pressure). 

Both the above mentioned methods have been used to measure the swelling 

pressure of the French clay. The tests have been made in connection with the 

triaxial tests and the shear tests which are described in the next chapters. 

The results of the measurements are summarized in Fig. 3:7. The relation 

between the density at saturation and the swelling pressure forms a straight line 
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in a semilogarithrnic diagram. The values from the measurements in the triaxial 

cell deviates surprisingly little from the line while the deviation is greater for the 

other values. It is obvious that the swelling pressure measurements in the triaxial 

cell are very accurate. 

The relation can be mathematically formulated according to Eqn (4): 

o = o · e 
8 0 

where a5 = swelling pressure (MPa) 

0 0 = reference pressure (MPa) 

Pm = corresponding density at saturation (t/m3) 

(4) 

p0 = corresponding reference density at saturation (t/m3) 

If the reference swelling pressure 0 0 = 3. 7 Mpa and the corresponding reference 

density p0 = 2.0 t/m2 are inserted we arrive atEqn (5): 

p -2.0 
m 

o = 3. 7 · e 0.08l 
s 

(5) 

The swelling pressure does not differ much from the swelling pressure of Na

bentonite Mx-80 at high and medium densities. The pressure is between 75% and 

100% of that ofMx-80 at densities exceeding 2.0 t/m2 and between 50% and 75% of 

that ofMx-80 at densities between 2.0 and 1.65 t/m2. 

3.6 Stress-strain-strength relations measured by triaxial tests 

3.6.1 General 

The stress-strain-strength properties of the clay have been measured by triaxial 

tests at different densities, temperatures and rates of strain. The tested densities 

have ranged from 1.64 t/m3 to 2.14 t/m3. Two different temperatures 22 and 60°C 

and shear rates between 0.06 and 60 percent per hour have been used. 
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A schematic drawing of a triaxial cell is shown in Fig. 3:8. Two types of experi

ments have been used, low-pressure cells for samples with a swelling pressure 

below 1.8 :MPa and high-pressure cells for higher swelling pressures. The cell 

pressure is produced either by compressed air (low pressure cells) or by oil in a 

high pressure system. 

3.6.2 Testing procedures 

Tri axial testing of smectite-rich clay is a time consuming process which can be 

divided into three main steps: 

* 

* 

* 

Sample preparation and saturation 

Establishment of equilibrium conditions in the cell (cell pressure = 
swelling pressure). 

Stress-strain-strength testing. 
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The two first steps are necessary because the ordinary tests aimed at finding the 

friction angle and cohesion from effective-stresses must be performed on saturated 

samples using a cell pressure equal to the swelling pressure. If the sample is non

saturated we will have an unknown negative pore-pressure in the sample. If the 

cell-pressure deviates from the swelling pressure we will have non-equilibrium 

conditions which also results in an unknown pore-pressure situation. 

3.6.3 Saturation process 

The very slow process of saturation and the successively increasing swelling 

pressure makes it impossible to use the cell for saturating the sample. Instead a 

specially made saturation device was used. The device consists of a 10 cm long 

cylindrical bronze filter surrounded by a thick cylinder made of acid-proof stain

less steel. The cylinder is attached to a thick bottom steel plate with a filter stone 

fitting to the end of the filter cylinder. The sample is compacted directly in the 

device after which the same type of steel plate is attached to the top. The end 

plates are kept in place by strong bars. By this device the sample 100 mm high 

and 55 mm in diameter is saturated within 3 weeks and can then be trimmed to 

the diameter 50 mm. 

3.6.4 Equilibrium process 

After trimming the sample is mounted in the triaxial cell with de-aired water in 

the filter stones and the pore pressure system. A cell pressure is applied and the 

pore pressure system closed, thus bringing the sample in an undrained compress

ed condition. The pore pressure is then recorded and the cell pressure successively 

adjusted so as to reach pressure equilibrium, which usually requires one to two 

weeks. 

3.6.5 Heating process 

If the sample is to be tested in a heated condition a heat wire is attached to the 

bottom plate of the cell. The water in the cell is thus heated via the bottom plate. 

A heat regulator is controlling the temperature of the cell. The heating is 

commenced after reaching equilibrium between the cell pressure and the swelling 

pressure. 



20 

The heating of a saturated clay sample is accompanied by several problems. The 
increased temperature will increase the volume of the pore water more than the 
volume of the pores. If the sample is undrained the pore water pressure will there
fore be increased and if the sample is drained, a slow outflow ofporewater will 
start. Since a higher temperature means a lower swelling pressure of the clay the 
sample will either tend to increase its density by consolidation (drained state) or 
tend to decrease the effective stress by increasing the pore water pressure 
(undrained state). Since the consolidation process is very slow and an increased 
density is unwanted the drained state is not suitable. At present it is not known 
how much of the pore pressure increase that is due to temperature induced 
reduction of the swelling pressure and how much that is caused by the difference 
in expansion of the pore water and the clay network. 

In the author's heat tests, a mixture between the drained and the undrained 
methods was used. The sample was drained for about four hours after the tem
perature increase. During this period the increase in volume of the water in the 
filters and the channels in the cell where let out as well as some of the volume 
increase of the pore water. Then the drainage was closed and the pore pressure 
allowed to be fairly stabilized. 

An interesting observation in connection with the pore pressure stabilization was 
made in those tests where pore pressure was measured in both ends of the sample. 
A pore pressure difference of more than 50 kPa between the two ends of the 
sample could arise and remain without tendency to disappear. This suggests that 
the permeability of the clay at low gradients is even lower than the permeability 
measured and accounted for in Chapter 3.2 and, thus, that there is a deviation 
from Darcy's law. 

3.6.6 Testing process 

After equilibrium in either heated or non-heated conditions, the cell was placed 
in the press which was run at a constant rate of strain applying the standard 
procedure in soil mechanics. During the test, the pore pressure, the applied force 
and the deformation was continously measured. 

Fig 3.9 shows a picture of the set up of a test. 
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Triaxial equipment with the loading machine in the 
center 

The tests were normally conducted at a temperature of 22°C and at a rate of strain 

of 0.6 % per hour. In tests 6 - 9 the temperature was increased to 60 deg. to study 

the temperature influence. At tests 11 and 12 the rate of strain was changed and 

in test 10 the applied cell pressure was only half the expected swelling pressure in 

order to study the effect of a quick change in confining pressure. 

All triaxial tests were performed under undrained conditioned. The influence of 

the drainage condition was investigated by some drained shear tests. 

All stress-strain curves are shown in Appendix A 
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3.6.7 Results 

The triaxial tests are summarized in Table IV. 

* 

* 

* 
* 

* 

* 
* 

* 

* 

* 

* 

* 

Column 1 shows the test number. 

Column 2 shows the temperature T of the sample during the test. 

Column 3 shows the density p of the sample. 

Column 4 shows the calculated degree of saturation Sr 

Column 5 shows the effective stress cr '., on the sample at the start of the 

test when the pore pressure is measured in the bottom of the sample. 

Column 6 shows the pore pressure change tlurat the end of the test. 

Column 7 shows the deviator stress at failure (cr1-cr3)f. 

Column 8 shows the residual deviator stress (cr1-cr3)r when differing from 

(cr1-cr3)f. 

Column 9 shows the strain at failure Ef. 

Column 10 shows the applied rate of strain£. 

Column 11 shows the pore pressure parameter at failure Ar. (The pore 

pressure change devided to the change in deviator stress) 

Column 12 shows the mobilized friction angle at failure 4>r(The friction. 

angle when no cohesion is assumed) 



Tabell IV. Data and results from the triaxial tests 

1 2 3 4 5 6 7 8 9 
Test T p Sr 0'3 ~Uf (01-03)t (01-03)r Ef oc Um3 % kPa kPa kPa kPa % 

Tl 22 1.65 94 48 17 39.5 31 3.7 

T2 22 1.79 96 266 23 128 9.9 

T3 22 1.90 100 1044 29 263 8.9 

T4 22 1.98 101 2727 53 530 9.0 

T5 22 2.06 100 8227 9 1863 1460 6.1 

T6 60 1.64 81 25.6 1.3 52.6 36 1.5 

T7 60 1.77 - 71.3 11 101 76 2.6 

T8 60 1.89 100 668 10 277 225 6.2 

T9 60 2.00 97 4730 40 953 840 9.1 

Tl0 22 2.14 104 7049 3 2339 9.2 

Tll 22 1.90 99 992 2 307 7.5 

T12 22 1.90 95 1048 37 285 9.4 

10 11 
e At 

%/h 

0.6 0.43 

0.6 0.18 

0.6 0.11 

0.6 0.10 

0.6 0.005 

0.6 0.05 

0.6 0.11 

0.6 0.036 

0.6 0.009 

0.6 0.001 

60 0.007 

0.06 0.13 

12 
cl>f 

0 

22.9 

12.0 

6.6 

5.2 

5.8 

31.3 

27.1 

10.0 

8.2 

7.7 

7.1 

N 
c., 
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The results can be illustrated in several ways. Fig. 3:10 shows the mobilized 
friction angle at failure as a function of the effective minor principal stress at 
failure.The approximate corresponding densities are also marked in the figure. 
The friction angle is obviously no constant material parameter but alters from 
being very high (20 - 30°C) at low pressures (o < 50 kPa) to very low (5°C) at high 
pressures (a> 2000 kPa). Also in this respect an increase in density to about 2.0 
Um3 significantly alters the mechanical behavior of this clay. 
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An increased temperature increases the shear strength at low densities while the 

influence is very small at higher densities. The influence seems to cease at a 

density around 2.0 tlm3. 

The failure stresses can be plotted in a stress diagram like in Fig. 3:11. Since the 

difference between the heated and the non-heated samples is significant only at 
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low stresses it is not seen as clearly in this figure. A Mohr-Coloumbian evaluation 

of the cohesion and the angle of friction yields. 

cohesion c = 50 kPa 

angle of friction cp = 4.4 deg 

which are only valid at stresses exceeding 200 kPa. A similar evaluation of 

stresses below 200 kPa yields 

cohesion c = 0 

angle of friction cp = 22 deg 

The cohesion intercept is thus fictive and the shear strength is of course zero at 

zero effective stress. The true failure envelope is curved as shown in the figure. 
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Most of the recorded stress-strain curves do not show any peak value followed by a 

low residual strength. Thus, the clay is not brittle. The behavior can be modelled 

in a simplified way as an elastic-ideally plastic material with initial stiff, linear 

elastic strain. At about 0.5 % deformation it turns into a strain hardening plastic 

material which after ~5 % deformation will be ideally plastic. Fig. 3:12 shows a 

typical stress-strain relation and how it can be idealized. 

However, the heated samples with a density below 2.0 t/m3 have a typical brittle 

behavior. Also the non-heated sample at the low density 1.65 t/m3 exhibits some 

brittleness. The brittleness is very clear at the high temperature test T6. Fig.3.13 

shows the stress-strain curve from that test. It seems as if the residual strength of 

the heated samples correspond to the real strength of the non-heated samples. 

This can be seen in Fig 3.10 where the residual strength is plotted as well. 
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It is very probable that the increased strength of the clay at increased tempera

tures is caused by the development of additional bonds or true cohesion which 

might be due to cementation. The following reasons are in support of this 

explanation: 

* 

* 

* 

The peak values are not accompanied by a negative pore pressure which 

would be the case if dilatancy had taken place. 

A brittle behavior which is not caused by dilatancy is in soil mechanics 

usually considered to be caused by a true cohesion. 

The residual strength is equal to the shear strength of the non-heated 

material which suggests that the heat treatment produces "extra" particle 

bonds which have been broken. 

The difference between the peak value and the residual value is varying between 

20 kPa (p = 1.64 tJm3) and 100 kPa (p = 2.00 tJm3) or 30 % of the shear strength at 

the low density and 10 % at the high density. Though the brittleness is not as 

evident at high densities Fig 3:10 clearly shows the effect of the high temperature 

on the stress-strain properties which can be related to changes in the clay 

structure. 

The heat-induced strengthening is in agreement with the microstructural reorga

nization that has been observed in heated smectite clay (Pusch, 1987). 

3.6.8 Pore pressure change 

The pore pressure in smectitic clays is of special interst. The effective stress 

theory which is generally applied and known to be valid for sand, silt and illitic 

clays may not apply to smectitic clays. The theory says that the effective stress a' 

is equal to the total stress a minus the pore pressure u: 

a'=a-u 

The stress-strain-strength properties of a soil are entirely depending on the 

effective stress, such that an increase in total stress does not effect these proper

ties ifit is accompanied by an equal change in pore pressure. However this theory 
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implies that the contact area between the particles is very small compared to the 

size of the pores and that a pore pressure gradient in the soil dissipates with time. 

There are many reasons to believe that these requirements are not fully satisfied 

in smectitic clays, a major one being that the clay particles consist of tiny 

lamellae separated by strongly adsorbed layers of water molecules. Smectite 

clays with a density exceeding 1.5 t/m3 contain at least 20 % adsorbed water that 

can be considered as belonging to the particles, the particle contact area is signifi

cant and the effective stress concept therefore not perfectly applicable. This con

clusion is supported by the observed, remaining small hydraulic gradients in 

some samples. It is also supported by the observations that an applied additional 

cell pressure does not create an equal increase in pore pressure in completely or 

almost fully saturated samples. 

The pore pressure change during a test is also of interest for the understanding of 

the mechanical and rheological behavior. The change in pore pressure can be 

expressed by the pore pressure parameter A: 

(6) 

In the triaxial test where D..03 = 0 A will be the response in pore pressure caused 

by a change in deviatoric stress 

A can be considered as a measure of the tendency of the material to change its 

volume during shear. When the change in pore pressure until failure is consider

ed the pore pressure parameter at failure Aris studied. If Aris positive the 

material is contractant which means that it tends to decrease its volume. ff Aris 

negative the material is dilatant which means that it tends to increase its 

volume. If Aris very small the material can be sheared without volume change. A 

small value of Ar also means that an undrained test is equal to a drained test. 

Afhas been calculated for all the triaxial tests. Fig. 3:14 showsA,as a function of 

the effective stress at the beginning of the tests. The figure shows that Afis quite 

high at low swelling pressures (low densities) while it decreases with inceasing 
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densities and is very low at swelling pressures above 5 MPa corresponding to 
densities exceeding 2.0 tJm3. 

The figure also shows that the pore pressure parameter is lower at 60°C than at 
room temperature. This can partly be explained by the heat-induced increase in 
pore pressure and associated change in microstructure before the start of the test. 
At test T6 the recorded pore pressure parameter is much smaller and does not fit 
into the general picture. The reason for this is the very brittle behavior by which 
failure occurs already at 1.5 % deformation. The pore pressure continues to 
increase after failure and if the pore pressure at 10 % deformation is used the 
value of Atfits better. (Fig. 3:14) 
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3.6.9 lnf7,uence of strain rate 

An important question is whether the change in pore pressure in the sample has 

enough time to be transferred through the sample to the pore pressure gauge. 

Thus the low permeability of the clay delays the recorded response of quick 

changes in pore pressure. The three tests run at different rates of strain can be 

used to answer that question. They where originally made in order to study the 

effect of the rate of strain on the stress-strain-strength properties. The tests are 

summarized in Table V, from which the following conclusions can be drawn: 

Table V. Results from the strain-rate tests 

Test Pm e (01-03)r Ar 
Um3 %/hour kPa 

Tl2 1.90 0.06 285 0.13 

T3 1.90 0.6 263 0.11 

Tll 1.90 60 307 0.007 

The two tests made at the slow strain-rates have a similar A-value but the quick 

test has a very low A-value. This shows that the normal rate of strain 0.6 % per 

hour is sufficiently slow to yield proper registration of the change in pore pres

sure, while 60 % per hour is not If 0.6 % per hour would be too fast, a clear diffe

rence in At-value between the slow tests would have been noted. 

The influence of the rate of strain on the strength properties is more difficult to 

evaluate from these tests. The influence of the strain rate is so small that the 

inevitable variation of other factors as the density and the heterogeneity of the 

clay (variation in smectite content) has a greater effect on the properties. It is 

thus obvious that it is not possible to use different samples when studying the 

effect of the strain rate. It is necessary to use the same sample subjected to non

destructable testing. Such a test by which the strain rate dependence is evaluated 

is shown in Chapter 3.7. 

However, it is obvious that the influence of the strain rate is very small. A change 

in density from 1.90 to 1.91 is increasing the deviator stress at failure about 15 % 
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which is the same order of magnitude as the maximum difference in failure 

stresses at the three tests using strain rates between 0.06 and 60 % per hour. This 

matter is further analysed in Chapter 3.7. 

3. 7 Shear tests 

3.7.1 Testing procedures 

The triaxial tests have been supplemented by simple shear tests. The shear 

apparatus is illustrated in Fig 3.15. This figure shows both a picture of the appa

ratus and a drawing of the sheared sample. The samples are 50 mm in diameter 

with a height of about 15 mm. The sample has filterstones on the top and in the 

bottom and is surrounded by a cylindrical rubber membrane. The rubber mem

brane is supported by cylindrical ring-shaped plates in order to keep the sectional 

area constant. When the sample is sheared the shearing will take place in the 

whole sample (simple shear) and the shear deformation is easily calculated as the 

horizontal deformation divided to the height of the sample. The vertical and hori

zontal deformations and forces are measured during the test and the change in 

volume vary equal to the change in height multiplied by the horizontal area. The 

sample is first compacted and saturated in an oedometer (Fig 3:1) and then 

transferred to the shear apparatus. A normal pressure is applied to balance the 

swelling pressure of the clay, the external pressure being carefully adjusted so 

that neither swelling nor compression is observed. 

The necessary procedure described here will take about two weeks. When the 

sample is in equilibrium the test is started implying that constant rate of strain is 

applied. 

3.7.2 Results 

The tests and the test results are shown in Table VI. 

The first two columns show the test number and the density. The following 

columns show: 

* Column 3: The degree of saturation Sr. 
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Appearance and function of the apparatus for simple 
shear 

* Column 4: The normal stress ON. This stress is applied using dead loads 

and is kept constant during the test. 

* Column 5: The shear stress at failure tf, 
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Table VI. Data and results from the simple shear tests 

1 2 3 4 5 6 
Test p Sr ON "Cf Yf 

Um % kPa kPa % 

S1 1.76 92 172 52.5 12.2 

S2 1.81 100 304 78.4 11.3 

S3 1.90 98 1312 103 3.7 

S4 1.95 96 1775 211 11.8 

S5 1.87 104 856 133 16.0 

S61) 1.85 97 811 116 10.7 

S7 1.69 96 117 42.0 12.0 

S8 1.80 100 245 69.5 11.0 

S9 1.90 93 875 126 10.0 

S102) 1.84 99 272 - -

1) Natural clay 
2) Varyingy 

Column 6: The shear deformation until failure Yf· 

Column 7: The shear rate y. 

7 
y 

%/h 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.06 

0.06 

0.06 

0.005-
-500 

8 
tp'f 

0 

17.2 

14.3 

4.5 

6.8 

8.8 

8.1 

20.7 

15.8 

8.2 

Column 8: The friction angle at failure tt>revaluated as arctan (-c[laN). 

The stress-strain relations in the shear tests are all shown in Appendix B. 

The pore pressure was measured in tests S1-S6, which were ran as undrained 

tests. It turned out however that the change in pore pressure was not measurable. 

For that reason, the evaluation of these tests was made in terms of total stresses. 

However, no big difference between the total and the effective stresses was 

expected since the pore pressures measured at the triaxial tests were very small. 

This was also confirmed by the drained tests S7-S9, which was conducted at a 

strain-rate of 0.06 %/hour that is slow enough to yield more than 95% degree of 

pore-pressure dissipation. No clear difference in stress-strain-strength behavior 

between the drained and the undrained tests could accordingly be observed. 

The shear stresses at failure are shown in Fig. 3:16 as a function of the total 

normal stress. The failure stresses form a curved failure envelope as in the 

triaxial tests and a Mohr-Coloumb evaluation of the results appears as a straight 
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line approximation of the failure envelope. This evaluation yielded the two 

parameters 

cohesion c = 50 kPa 

angle offriction q, = 5.2 ° 

which are only valid at stresses exceeding 200 kPa. A similar evaluation at 

stresses below 200 kPa gave 



36 

cohesion c = 0 

angle of friction qi = 18 ° 

The Mohr-Coloumb parameters agree very well with those measured at the 

triaxial tests (c = 50 k.Pa, qi = 4.4 deg if 03 > 200 k.Pa and c = 0 kPa, qi= 22 ° if 

03 < 200 kPa) from which it is concluded that the difference in testing technique 

is of minor importance as to the stress-strain-strength behavior of this clay. 

The tests were made at a constant room temperature of22°C. Originally, some 

tests using higher temperatures were planned but the nice agreement between 

the triaxial and shear tests did not call for further double-checking. 

Test S3 falls outside the pattern of all shear and triaxial tests. S3 was the first 

test made with the shear apparatus and an error in the normal load measurement 

was probably made. The result from this test is put in brackets in Fig. 3:16. 

3.7.3 Test on a natural clay 

One of the tests was made on a piece of"undisturbed" clay. The sample was 

prepared from a block of clay taken in situ, the natural density being 1.85 t'm3. 

The test is termed S6. This test matches perfectly the pattern of the other tests 

with respect to the stress-strain-strength properties, which means that the proce

dures of drying, grinding and recompaction do not effect these properties. 

3. 7.4 Strain rate dependence 

The last test, TIO, was made at a varying rate of strain in order to investigate the 

rate dependance as mentionened in Chapter 3.6. The sample was compacted, 

saturated and mounted in the normal way. It was sheared until 2.5 % shear strain 

at the very slow rate 0.005 % per hour. The shear rate was then increased by 10 

times at every 1.0 % further strain until the rate 500 % per hour. 

The stress-strain relation from this test is shown in Fig 3:17. The increased shear 

resistance at increased strain rate is clearly seen. The increase in strain rate had 

to be preceded by a short stop which is seen as a small decrease in shear stress 

between the curves. 
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The difference in shear strength can be evaluated from Fig. 3.17 by extrapolating 

the curves at the different strain-rates according to a general stress strain curve 

drawn from the other tests. Such a curve is easy to obtain since the stress-strain 

relation is very similar in the different tests if they are normalized with respect to 

the maximum shear stress. If this is made and the shear stress at failure is 

plotted as a function of the rate of strain in a double logaritmic diagram, Fig. 3:18 

is obtained. 

The dashed line in Fig. 3:18 forms a straight line in the double logaritmic 

diagram. Such a relation can be expressed by the formula: 
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shear strength (Pa) 

rate of shear strain (1/s) 

reference rate of shear strain = i.O (1/s) 
shear stress (Pa) at y = y0 = 1.0 

(7) 

inclination of the straight line in the double logaritmic 

diagram 

Thus n is a measure of the rate dependence and ma measure of the strength level. 
For a material with Newtonian behavior n = 1.0 and m will be equal to the 
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ordinary viscosity. If the parameters m and n are evaluated from Fig. 3:18 we get 

the following data: 

m = l.0· 105 Pa 

n = 0.036 

It is interesting to note that Eq. (7) is identical with the relation between the 

shear resistance and the strain rate derived from viscometer tests on loose ben

tonite gels with a water content at or exceeding the liquid limit. The parameter n 

is for those gels n = 0.07 which means that the rate dependence of a loose bento

nite gel and a compacted sample are of the same low order of magnitude. The 

value of m is of course much lower for the gels (m < 103 Pa). 

The rate dependence of undisturbed sediments ofillite has been studied by 

various investigators. If their results are evaluated with the same technique we 

arrive at the value n = 0.05. Thus the rate dependence of the shear strength of 

clay seems to be of the same low magnitude irrespective of consistency or type of 

clay mineral. 

The stress-strain relation of all shear tests are similar (except for the erroneous 

test T3). An initial stiff elastic deformation until about 1 % deformation is follow

ed by a strain-hardening plastization resulting in an increased shear resistance 

until failure occurs at about 12% strain. After failure there is a slow decrease in 

shear resistance but no residual strength within 15% strain. At strains exceeding 

15% the results are not reliable according to normal geotechnical standard. 

3.8 Creep tests using the direct shear apparatus (shear box) 

3.8.1 General 

All creep tests except one, which was accounted for in the chapter about the 

triaxial tests, were made using the direct shear apparatus shown in Fig. 3:19. The 

principles of direct shear are also shown in the figure. Direct shear has the advan

tage that the sample is very effectively confined and that tests can be made at 

high swelling pressures and temperatures. However it has the disadvantage that 

the sample is not homogeniously sheared as shown in the Jigure and that the 

volume involved in the shear process is not known. The measured shear deforma

tion, which is the displacement of the upper half of the shear box, cannot be 
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Appearance and function of the direct shear apparatus 
used for the creep tests 

directly expressed in terms of shear strain since the height of the involved sample 

is not fully known. A procedure to arrive at a defined strain is described by Pusch, 

Borgesson and Hokmark (1987). The strain referred to in this text and in the 
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strain-time curves in Appendix C is the so called corrected angular strain accord

ing to this procedure. 

The preparation involves compaction and saturation of air-dry bentonite powder. 

A normal pressure is applied to balance the swelling pressure which is successive

ly built-up in the course of the saturation process. 

After saturation, the shear stress is applied by applying dead loads that creat a 

constant shear force.The stress is applied stepwise and the sample allowed to 

creep for a few days at every load. The creep deformation is continuously measur

ed and the relation between the corrected angular strain and the time is calcu

lated and plotted. 

3.8.2 Performed tests 

All results are accounted for in Appendix C.The creep tests are summerized in 

Table VIl. 

* 
* 
* 

* 
* 

* 
* 

Column 1 shows the test number 

Column 2 shows the temperature (T) 

Column 3 shows the density at saturation (p) 

Column 4 shows the applied normal pressure (oN) 

Column 5 shows the number of steps that have been applied until failure 

is reached (n) 

Column 6 shows the applied shear stress at step n-1 (-Cn-1) 

Column 7 shows the applied shear stress when failure is reached at step n 

(-c) 

The real failure stress is not determined by these tests but it must be between 

"'Cn-1 and -en. Fig. 3.20 shows those stresses as a function of the normal stress. If a 

straight line is drawn to evaluate the cohesion and the angle of friction according 

to Mohr-Coloumb for the tests at 22°C we arrive at 

c = 80kPa 
q>= 6.4 0 
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Table VII. Basic data and results from the creep tests 

1 2 3 4 5 6 7 
Test T p ON n -Cn-1 -Cn oc tfm3 MPa kPa kPa 

Cl 22 1.89 0.80 6 151 181 

C2 22 1.98 3.2 4 300 480 

C3 22 2.03 9.1 4 850 1090 

C4 40 1.87 0.80 6 149 178 

C5 40 1.95 3.14 7 417 477 

C6 40 2.04 9.1 8 1072 1220 

C7 90 1.94 0.8 9 238 274 

CBI) 22 1.84 0.79 14 194 209 

C9 90 2.16 9.1 7 1778 2074 

C102) 22 2.08 9.0 1 

1) Natural clay 
2) Long time test 

Those values are slightly higher than those from the triaxial an~ simple shear 

tests probably due to the difference in testing technique: Failure is restri~ted to 

take place in one plane. 

The creep tests at temperatures 40 and 90°C. as well as one test on a natural clay 

and one comparative test on Na-bentonite are also plotted in Fig. 3:20. Only the 

high temperature tests at 90°C. differ considerably from the derived Mohr

Colombian parameters. 

One long time test Cl0 was allowed to creep at one step for 70 days in order to 

study the validity of the creep models at a long time perspective. 

3 .8 .3 Creep results 

Creep of soils can be expressed by use of different constitutive relationships, a 

general totally empirical law being that suggested by Singh & Mitchell (1968). 
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Other laws have been developed on the basis of theoretical physics, such as the 
one forwarded by Pusch and Feltham (1981, see also Pusch 1986). Both methods 

express the rate of creep dyldt in the form given by Eq. (8): 

dyldt =A· f(i)· (t+ t )n 
0 

(8) 

where A and n are constants 
/{-r,) function of the applied shear stress 
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... 
t 

to 

time from applying the shear stress i; 

constant 

f (i;) can either be written as 

where a is a constant according to Mitchell or as 

(9) 

(10) 

which is a common form in various other branches of material research. The term: 

(t+t t 
0 

(11) 

in Eq. (8) has an exponent n which should be equal to-1 for moderate shear 

stresses according to Pusch & Feltham while experience shows that n may 

deviate slightly from this figure, i.e. -1 < n < 0. t0 is usually taken to be zero, 

while it is considered to be a measure of stress-historical structural effects by 

Pusch & Feltham. Since the temperature also influences the creep rate, the 

function f (i;) can be expressed in terms of a function of both shear stress and 

temperature g (i;, T). 

Fig. 3:21 shows, as an example, the creep curves evaluated from test Cl. Failure 

occurred after 6 steps of which the 5 first are shown in the figure. These results 

will be analyzed according to the methods mentioned. 

The creep theory by Singh & Mitchell 

According to Singh & Mitchell Eqn. (8) can be written as: 

(12) 

or 

lngy = lngA+at+nlngt 
(13) 
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Eqn. 13 means that the relation between y and t is a straight line in a double 

logarithmic diagram with the inclination n. 

The creep rate y can be evaluated from the strain-time relation examplified in Fig 

3:21. This was made by use of a computer-derived curve fitting method using 8 

successive measurements for each rate determination. 

The time-dependent creep rates evaluated from test Cl are shown in Fig 3:22. We 

see that the patterns are not perfectly regular but it is still possible to draw three 

parallell straight lines along which the results are grouped after more than 5000 

sec. The scatter is partly due to the stress loading technique. The shear stress is 

stepwise increased which means that the strain rate at every step is lower than it 

would be if the shear stress was applied in only one step. 

The exponent n, which is given by the inclination of the curve, is 0.83 for test Cl. 

The influence of the shear stress can also be evaluated according to eqn. (13) 

where the relation between y and -c is a straight line in a semi-logarithmic dia

gram. The evaluation is preferably made by referring to a definite reference time. 

Using tr = 104 sec for this purpose and relating the shear stress to the failure 

shear stress by the quotient-chrwe get the results in Fig 3:23. Since these tests 

have been performed using stepwise loading not only the shear stress level -chr 

will influence the strain rate but also the magnitude of the additional shear 

stress. Eq. 12 is valid only if the whole shear stress is applied in one step but it is 

assumed that the strain rate at any shear stress level can be calculated as the 

sum of the prior strain rates. This summation is also shown in Fig. 3:23. The 

relation between the shear stress level and the strain rate seems to form a 

straight line in a semilogarithmic diagram except at low stresses and stresses, 

close to failure. 

The relation which seems to be valid inthe range 0.1 T,f s-cs0.9 wean be written: 
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• y =y · e f. e 
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(14) 

(15) 

yielding the general expression 
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and for test Cl the strain rate relation will thus be: 

y = 1.9· 10-7. el.95 

or (since T,f = 175 kPa) 

i; 
3.9-

e ·r. (-t-)-0.83 
104 

(16) 

(17) 

(18) 

However, it is more convenient to use the parameters in Eqn. 16 to describe the 

creep rate. 

All creep tests have been evaluated according to this method and the creep 

rate/time relations are given in Appendix C. As can be seen, Eq. (12) is not valid 

for the high temperature tests C7 and C9. In these tests the creep rates fluctuate, 

probably due to microstructural strengthening effects of the heating. 

Similarly, the creep rates recorded at the testing of the natural clay do not follow 

Eq. (12). The creep rates decreased so fast that then value at the end of the load 

steps would correspond to a value of n ==-2. Since the shear strength of this sample 
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was much higher than the shear strength determined in the simple shear appa

ratus and since the sample was very stiff as compared to the natural clay in the 

simple shear apparatus, it is concluded that the heterogeneity of the natural clay 

is the reason for the strange creep behavior. Since the creep tests yield shear in a 

narrow zone, inclusions of stiffer material will effectively block the strain. This is 

not the case when using the triaxial and simple shear devices. 

All creep tests at the temperatures 22 and 40°C have been evaluated according to 

Eqn. (16). The relation between ~Y and -r,hrare plotted in Fig 3:24. The evaluated 

parameters are shown in Table vm. It should be addes here that the evaluation 

of n is open to discussion but the long time creep tests shown in Chapter 3.8.4 

support the evaluation made here. 

Table vm. The parameters in Eqn. (16) determined for the creep 
tests Cl-C6 using t0 = 104 sec and -coftr = 0.5 

Test Temp T,f y a n oc kPa s-1 

Cl 22 175 l.9·10-7 3.9 0.83 

C4 40 180 l.4·10-7 5.1 0.92 

C2 22 480 2.4 ·10-7 3.6 0.74 

C5 40 460 1.0 ·10-7 6.5 1.03 

C3 22 1100 5.4·10-7 4.1 0.73 

C6 40 1200 5.2 ·10-8 7.8 1.00 

Table VIlI shows that an increase in temperature seems to 

1 Increase the shear strength 

2 Decrease the creep rate Yo 
3 Cause a faster decrease in creep rate with time (increasing n) 

These conclusions are consistent with the observations from the triaxial tests 

where the increased temperature also created a stronger and stiffer material. 
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The creep theory by Pusch 

Approximating the creep curves to be of then =-1 type, Eq. (8) can be written in 

the following simplified manner: 

dyldt = B/(t+t ) 
0 

where 

B=A· g(r.,T) 

If dyldt is integrated we get 

y = B· ln (t+t )+C 
0 

(19) 

(20) 

(21) 

where C is the integration constant related to an initial time and t0 a constant. t0 

is ofno significance for longer creep periods but appears to be a determinant of the 

initial strain rate, which is in turn related to structural effects, such as cementa

tion. B is the stress-related parameter that determines the long time creep 

properties. By a computer program the parameters B, C and t0 can be determined 

and the corresponding strain-time curve can be plotted in the same diagram as 

the measured values. This is made in Fig.3:25 where the solid lines originate from 

Eq. 21 with the parameters according to Table IX: 

Table IX. Parameters from test Cl 

"C B C to 

30 3.23·10-4 -3.74·10-4 207 

60 6.43·10-4 -35.5·10-4 3732 

91 9.67·10-4 -56.9·10-4 1614 

121 25.7·10-4 -175·10-4 1861 

151 60.9·10-4 -503·10-4 5334 

Ifwe consider the important parameter B we can clearly see the dependance of 

the shear stress. r.B seems to form a straight line as a function ofthtin a semi

logaritmic diagram in the same way as r.y in the previous evaluation. Fig. 3:26 
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shows these relations for tests Cl-C6 and NC. The straight line can be described 

by the following function if Bis taken from tests with only one loading: 

• "o 
log B - log B =a (- - -) 

0 ·r ·r 
(22) 

which yields 

(23) 

or 
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-m; /tf ailtf 1 
y=Be 0 -e -

O t+t 
(24) 

0 

If B 0 is taken from r,ofr,f = 0.5 we arrive at Eq. (25) for test Cl provided that 

y=2.0· 10-4. 
0.0263t l e --

t +t 
0 

(25) 

It is, however, better to use Eqn. (24). The parameters from the tests Cl-C6 and 

NC are shown in Table X. 

Table X. The parameters in Eqn. (24) evaluated from the creep tests 

Test T Bo "Cf oc a 

Cl 22 2.0·10-3 4.6 175 

C4 40 l.7·10-3 4.5 180 

C2 22 4.0·10-3 3.2 450 

C5 40 7.0·10-3 7.9 460 

C3 22 l.5·10-2 2.8 1100 

C6 40 4.3·10-4 9.3 1200 

NC 22 4.0·10-4 6.8 200 

3.8.4 Long time creep tests 

While the creep rates evaluated from tests Cl-C3 at room temperature indicate 

that the value of n deviates from-1, it was not clear if this would hold also for 

longer creep periods. Therefore, a long time creep test in the shear box was per

formed. To compare the results from the shear box tests with a different testing 
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technique a long time creep test using a triaxial cell was also performed. Data 

from the tests are given in Table XI. 

Table XI. Data from the long time creep tests 

Test p a Load 
i:lt:f Um3 kPa kPa 

Shear box 2.08 9.0·103 't=316 0.29 

Triaxial 1.64 25.6 01-02=27 0.72 

The strain and strain rate as a function of time for the two tests are plotted in Fig 

3:27 and Fig 3:28. The inclination of the strain rate in the double logarithmic 

diagram is n = -0. 75 at the triaxial creep and n =-0.84 at the shear box creep. 

These values support the conclusion from tests Cl-C3 and show that n~-0.8 at 

room temperature. However at 40°C, as shown by tests C4-C6, n ~-1.0 although 

the scatter is wide. 
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4 CONCLUSIONS AND REMARKS 

4.1 General 

The rheological and physical properties of the investigated clay are very similar 

to the properties of natural and sodium-processed calcium bentonite at densities 

exceeding Pm = 2.0 t/m3. At lower densities the swelling pressure, the hydraulic 

conductivety and especially the swelling potential differ quite a lot. The reason 

for this is probably that the microstructural difference between a Na- and a Ca

smectite is very small at densities Pm> 2.0 t/m3. The high density means that 

there will be space enough for only one or two water molecule layers and the 

amount of free water and thus the difference in structure will be small. 

4.2 Permeability 

The permeability of the investigated clay is very low. It varies between 

k=2.8·1O-12 and k= l.2·10-14 for the density range pm= 1.7-2.1 t/m3 which is 

in the same order of magnitude as for N a-bentonite. 

4.3 Non-saturated flow 

The rate of water uptake of a confined unsaturated sample can be modelled in an 

identical way as the Na-bentonite Mx-8O. Under low hydraulic gradient (i< 1000) 

the flow of water can be calculated according to the equation of diffusion (Eq. 3) 

using a coefficient of diffusion D = 2· 10-10 m2/s. 

4.4 Swelling potential 

The swelling potential of the investigated clay corresponds to the swelling poten

tial of a mixture of 30% Mx-8O and 70% ballast material. At the density Pm = 2.1 

t/m3 the swelling potential is exceeding 50%. 

4.5 Swelling pressure 

The swelling pressure is a function of the density. It can be calculated from the 

following relation: 



pm -2.0 

a =3.7· e 0.08l 
8 

60 

(4) 

The swelling pressure is between 50 and 100% of the swelling pressure ofMX-80 
at densities between 1.65 t/m3 and 2.1 t/m3. 

4.6 Stress-strain properties 

The stress/strain properties measured by the triaxial tests and shear tests can be 
described by the following three states: 

1 Between 0 and 0.5% strain the clay behaves in a stiff elastic way up to 
about 50% of the shear strength 

2 Between 0.5 and 5% strain the clay is plasticizing under strain hardening 
3 After 5% strain the material is ideally plastic 

At room temperature there is no brittle behavior except for at very low densities 
(pm< 1. 7 t/m3). 

At 60°C. there is an increased shear strength by 10- 30 % yielding also brittle 
conditions. The residual strength is equal to the strength at room temperature. 

The difference in stress-strain behavior at drained and undrained conditions is 
insignificant especially at high densities. 

4. 7 Strength properties 

The shear strength is a function of the swelling pressure. The relation can be 
approximated by Mohr-Coloumb's parameters in the following way: 

as C 4> 
k.Pa k.Pa deg 

<200 0 20 

>200 50 5 
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The influence of heating the samples is as mentioned in Chapter 4.6 an increased 

strength by 10 - 30 % at a temperature of 60°C compared to 20°C. 

4.8 Influence of strain-rate on the strength 

An increased strain rate increases the shear strength according to Eq. (7): 

(7) 

The values of m and n where determined on a sample with the density Pm= 1.84 

tlm3 giving 

m l00kPa 

n - 0.036 

at the reference rate y0 = 1.0 1/s 

The rate dependance is thus quite low and in the same order of magnitude as of 

many other clays. 

4.9 Creep tests 

The creep of this clay can be modelled by Eq. (16) at 0.1 <1/1,<0.9: 

t 
Q

t 

y =y · e f. e 
0 

(16) 

This equation describes the influence of time after start (t) and the applied shear 

stress (i;). Also the influence of the temperature is indirectly accounted for by the 

values of the parameters a, Yo and 1f. 
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The parameter n regulating the change in creep rate was found to be n :=:::-0.8 at 

room temperature while at 40°C. it seems to be close to-1.0. 

The parameters y0 and a are varying a little with temperature and density, the 

average values being 

Yo = 2.1·10-71/s 

a 5.2 
putting 

to 104 s 

"to = 0.5·1f 

The creep can also be modelled by Eq. (24): 

-m ftr mftr 1 
y=B e O • e -

O t+t 
(24) 

0 

Eq. (24) is similar to Eq. (16) but requires that n = 1 after a long time. The tests 

made in this investigation implies that this is only the case at temperatures 

around 40°C. 

The parameters B 0 and a vary with the applied shear stress and temperature in a 

similar way as y O and a in Eq. (16.) The average values are 

Bo = 5.0·10-3 

a 5.4 

putting 

"to = 0.5•1f 

The influence on the parameters in Eqs. (16) and (24) when applying the load in 

one step in stead of applying it stepwise is not yet fully clearyfied. Ongoing 

research work is investigating this matter. 
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Results from the triaxial tests Tl - T12 
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Results from the shear tests SI - S 10 
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APPENDIXC 

Results from the creep tests Cl -Cl 0 
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