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Preface 


This report deals with the results from a laboratory study of the properties of 
clay at high temperatures. Parallel to this study full scale field tests with storage 
of heat at high temperatures were performed at the same site as the samples for 
the laboratory were taken. The project has been financed jointly by the Swedish 
Council for Building Research and the Swedish Geotechnical Institute. 

The study has been carried out in the laboratory at the Swedish Geotechnical 
Institute under the authors guidance. The tests were performed by Dr Mensur 
Mulabdic', at present engaged at the Geotechnical Department of the University 
of Zagreb, Croatia, and Inga-Maj Kaller. Valuable views and suggestions were 
given by Ulf Bergdahl during the course of the project and Rolf Larsson has 
critically reviewed the report. 

Linkoping, September 1995 

Lovisa Moritz 
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Summary 


In order to investigate the properties of clay at high temperatures a laboratory 
study was conducted on samples from a site nearby a heat store. Simultaneously, 
full scale field tests were performed at this store. A literature survey of laborato
ry tests on clay at elevated temperatures has also been carried out. Finally, a 
calculation model for settlements in a heat store is presented. 

Some ofthe most recently published articles on the subject are summarised in the 
report. In addition, an earlier article by Campanella and Mitchell in 1968 is in
cluded for its fundamental content about temperature effects on clay. 

The laboratory investigation consisted of triaxial and CRS tests that have been 
carried out on 24 specimens taken at depths of 6 and 9 metres. 

The triaxial apparatus has been modified to allow heating of the specimen to 
70 °C. The tests were designed to simulate different situations when heating a 
heat store and determining undrained shear strength at different temperatures. 
Firstly, the specimens to consolidate for the in situ stress, then they were heated 
under drained and undrained conditions. Finally, undrained active compression 
tests were carried out at two different deformation rates and three different tem

peratures: 8, 40 and 70 °C. 

To determine the compression characteristics of a clay in Sweden, CRS tests are 
usually carried out in the laboratory. In the CRS test, an undisturbed specimen is 
consolidated in a vertical direction at a constant rate of deformation and constant 
cross-section area. The tests in this study were conducted at room temperature 
about 20 °C, and also at 40 °C and 70 °C. 

At the marina in Linkoping, the Swedish Geotechnical Institute, with the support 
ofthe Swedish Council for Building Research, established an experimental field 
for heat storage which was started in February, 1992. The experimental field was 
set up for the purpose of studying developments in settlement, pore pressure, 
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temperature, shear strength and other factors connected with high-temperature 
storage in clay. The experimental field results presented in the report are from 
the first two and a half years of operation. During this period oftime, store 1 has 
passed through five complete temperature cycles between 35 and 70 °C and store 
2, which was started three months later, has attained a constant temperature of 
70-75 °C. 

According to the observations and results that have emerged from laboratory 
tests and field measurements, the amount of settlement in a heat store under de
sign can be estimated by means ofa preliminary calculation model. In the model, 
it is assumed that the temperature is the only load effect that occurs. This calcu
lation model is based on the assumption that the preconsolidation pressure de
creases as the temperature increases. Alternatively, it is possible that creep starts 
at a lower effective stress level at elevated temperatures than under normal tem
perature conditions. 

In order to use the model to calculate the settlements in a heat store, the tempera
ture during operation in the middle of the store has to be known. The time the 
excess pore pressure exists in each temperature cycle has to be estimated. Fur
thermore, some deformation parameters for clay have to be known. 

The deformation parameters are evaluated from standard CRS tests conducted at 
normal temperatures. Subsequently, a new preconsolidation pressure for the 
maximal temperature must be calculated as well as a new compressibility modu
lus. The soil's in situ vertical stress is calculated and compared with the original 
preconsolidation pressure and the calculated preconsolidation pressure at maxi
mal temperature. 

The model does not include heaving due to heat expansion of pore water and soil 
particles, nor does it account for the fluctuations of the temperature, which in 
reality takes place as a result of the fluctuation of the settlements . 

Some ofthe observations from the field tests, the triaxial compression tests and 
CRS tests in the laboratory can be summarised in the following points: 

• 	 When the clay is heated the pore water and the clay particles expand, which 
gives rise to an increase in pore pressure and swelling ofthe clay ifthe possi
bility for drainage is limited. 
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• 	 When calculating pore pressure for a heat store, the fact that horizontal stress 
increases with rising temperature must be taken into account. 

• 	 The increase in temperature can start a creep process in the clay when excess 
pore pressure has been equalised. This creep process can be calculated by 
assumption of a lowered "preconsolidation pressure" and belonging changes 
in the creep parameters. 

• 	 In normal Swedish clay, shear strength decreases with rising temperature. 
Similarly, the modulus, M decreases before the preconsolidation pressure. In 

0
, 

respect ofthe tested clay, the decrease is in the order of 0.5 % / 0 C. 

• 	 Preconsolidation pressure apparently decreases with rising temperature, ac
cording to normal interpretation ofthe oedometer tests in the laboratory. No 
field evidence for a lowering ofthe preconsolidation pressure exists. In fact, 
the measured pore pressure and deformations at cycling in store 1 contradicts 
the assumption of a lowering of the preconsolidation pressure at increasing 
temperature. 
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Chapter 1. 

Introduction 


Research has been conducted in Sweden since the end of the 1970s on the sea
sonal storage of energy in clay in the form of heat. Heat is introduced into the 
clay by means of vertical hoses pressed down into it and through which a heat
ed liquid circulates. Low-temperature stores, i.e. stores that are heated up to a 
maximum temperature of 40°C, were studied initially. More recently, an inter
est has been shown in heat stores with temperatures up to about 70 °C, which 
are termed high-temperature stores. Since a heat pump is not needed for a high
temperature store, this makes the system solution somewhat simpler and cheap
er. One of the problems of storing heat in clay is that settlement and lowering of 
the soil's shear strength can occur and the higher the temperature of the clay 
layer, the more likely it is that these problems will arise. Settlement can have an 
adverse effect on the serviceability of the hoses pressed down into the clay and 
reduce the usefulness of the upper surface, as well as causing damage to nearby 
buildings. The reduction of shear strength can give rise to problems from a sta

bility aspect. 

Geotechnical studies of heated clay on a laboratory scale have been conducted 
since the early 1950s. These studies are comparatively few in number and more 
often than not carried out at low temperatures, probably due to their limited 
sphere of interest and the difficulty of handling hot clay in a laboratory environ

ment. 

Follow-up field studies of pore pressure and settlement in low-temperature 
stores in clay have been carried out on several occasions, e.g. at Kungalv ( 1987) 
and Soderkoping (1992). The results of these studies show that pore pressure 
varied with temperature and that settlement was relatively small. 

The change occurring in the properties of clay when heated is a complicated 
process and no field tests have previously been carried out at high temperatures. 
The Swedish Geotechnical Institute (SOI) therefore set up an experimental field 
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at the marina in Linkoping where clay is heated to 70 °C for the purpose of 
studying the effects of energy storage at high temperatures. The experimental 
field has a large number of instruments for recording and measuring events in 
the clay in regard to settlement, temperature and pore pressure. Continuous 
sounding tests made are also made to check for changes in shear strength, etc. 
in the heated clay. 

A desirable future objective is the ability to predict the magnitude of settlement 
and shear strength changes when planning heat stores, including high-tempera
ture stores. To make this possible, it is necessary to know what geotechnical 
parameters undergo a change as a result ofthe application ofheat. Since re
search in this field is limited, the Swedish Geotechnical Institute decided, in 
parallel with the experimental field activities, to study the clay in the laboratory 
using methods suitably adapted for this purpose. The laboratory methods are 
calibrated against actual results obtained in the experimental field so that the 
results will have greater relevance. 

The triaxial compression test is the most effective and widely used geotechnical 
laboratory method of studying the behaviour of soil in different stress situa
tions. For this reason, triaxial compression tests were chosen for the initial stud
ies. Later on, a change was made to the somewhat simpler CRS test, which is 
more widely used in Sweden, for determining the geotechnical compression and 
consolidation characteristics. 

This report deals with triaxial compression tests and CRS tests at temperatures 
up to 70 °C and the results obtained with them. Some comparisons are also 
made with the results obtained from the experimental field. A method of esti
mating settlements in a proposed heat store in clay is also described. 
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Chapter 2. 

Previous Studies 


A survey ofthe literature in the Swedish Geotechnical Institute's database, 
SGILINE, reveals that geotechnical laboratory tests on clay at elevated temper
atures have been conducted on a number of occasions. However, little in the 
way ofnew results has been published in recent years. The purpose of studying 
how the properties of clay vary with temperature has partly concerned extreme
ly large temperature changes, 100-500 °C, with a view to the storage of spent 
nuclear fuel in clay, and partly concerned moderate temperature changes, 10
50 °C, which can occur in connection with sampling, storage and tests in a labo
ratory environment. The latter can also be related to low-temperature stores. In 
Sweden, studies directly related to heat stomge in clay have also been conduct

ed. 

Some of the most recently published articles on the subject are summarised 
below. In addition, an earlier article by Campanella and Mitchell in 1968 is 
included for its fundamental content. 

Campanella and Mitchell ( 1968) conducted a series of triaxial compression 
tests on clay at different temperatures up to about 60 °C. They showed that in 

undrained tests the pore pressure increases with temperature and if the tempera
ture drops so also does the pore pressure. The graph describes a "hysteresis 
loop". They have also described a theoretical model for estimating pore pres

sure changes due to temperature changes. The pore pressure change, ..1u, can 
then be expressed as: 

(2.1) 
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where 
w = water content, 
Ps = specific density [t/m3], 

11s = thermal coefficient ofcubical expansion ofmineral solids [0 C-1], 

11w = thermal coefficient of expansion pore water [0 C-1], 

7}
31 

= physico-chemical coefficient of structural volume change caused by 
a change in temperature [0 C-1], 

mv = compressibility of soil structure [kPa-1] 

L1T= temperature change [0 C]. 

The authors describe the pore pressure change as being directly proportional to 
the expansion ofthe pore water and clay particles due to the effect of the temper
ature change. The modulus used corresponds to a load-relief modulus since pore 
excess pore pressure results in a reduction ofthe effective stress, which can be 
regarded as unloading. Furthermore, the equation is complemented at the end 
with a coefficient, 7}

31
, for taking into account any possible creep effects. 

Burghignoli et al. (1992) have carried out experiments by varying the tempera
ture cyclically for both natural and laboratory-manufactured clay under drained 
conditions. The temperature was varied between 15 and 60 °C. Three different 
kinds ofclay having a liquid limit which varied between 52 % and 63 % were 
tested. The experiments were performed in a triaxial cell. Temperature-controlled 
liquid circulated in a metal hose fitted round the specimen. A pore pressure sen
sor and a thermometer were inserted into the soil specimens. The effective stress 
was maintained at a constant level in each specimen throughout the entire test by 
varying the temperature extremely slowly. Each specimen underwent a complete 
temperature cycle. 

The results ofthe tests show that temperature variations in clay produce irrevers
ible changes in volume, the magnitude of which increases with the amplitude of 
the temperature cycle, see Fig. 2.1. The magnitude of the deformation is also 
dependent on earlier temperature cycles and the duration ofthe temperature in
crease. The total irreversible void ratio change in a temperature cycle of .1eTc 
can be expressed as: 

(2.2) 
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Figure 2.1. Volume of drained water during a temperature cycle. 
Burghignoli et al (1992) 

and the void ratio change that would have taken place due to creep at constant 
temperature during the same period oftime, Llecr can be expressed as: 

(2.3) 

where .1V TC is the total irreversible change in volume during a temperature cycle, 

.1Vcr is the change in volume due to creep during the same period of tin1e and Vs 
is the volume of the solid substance. 

The authors noted that the ratio between ecr and eTc was approximately constant, 
see Fig. 2.2, where ,1eTC refers to the difference in void ratio before and after a 
temperature cycle. The change in void ratio due to creep was about halfof L1erc· 

Seneviratne et al. (1992) have carried out numerical calculations of stresses and 
deformation in respect ofheated clay and compared them with laboratory tests 
described in the literature. The FEM model that was used in the calculations is 
based on a modified Cam-Clay model and a thermoplastic portion. The material 

parameters are taken from different experiments described in the literature. 
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Burghignoli et al (1992) 

In an undrained case, the authors find that wide differences exist between the 
calculated and observed results, which is partly because the calculation model 
does not take into account the irreversible change in volume that occurs after a 
temperature cycle. In drained tests, the calculated results coincide fairly well with 
the observed results, except in connection with low temperatures and cooling. In 
the case ofundrained shear tests, the results do not show good correlation. Ac
cording to the experiments, the specimen is compressed while the calculations 
indicate that slight heaving ought to take place. The authors attribute this to 
creep. Shear strength diminishes with increasing temperature as a result of the 
increase in pore pressure. In the case ofdrained shear strength, the calculated 
results coincide well with the observed results. The heating phase in the calcula
tion model appears to coincide fairly well with what happens in the experiments. 

Tidfors ( 1987) has studied the way in which the deformation characteristics of 
Swedish clays vary with temperature. She has carried out some 80 CRS tests and 
incremental oedometer tests within a temperature range of7-50 °C. In the CRS 
tests, the specimen was heated under drained conditions and subsequently loaded. 
The rate of deformation was 0.84 %/h. In the incremental tests, the temperature 
was raised at the end of each load step in steps of 10 °C and afterwards lowered 
to 7 °C before the next load step was applied and the procedure repeated. 
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Five different types ofclay were tested. The results show that the preconsolida
tion pressure decreases with increasing temperature. Tidfors expresses the pre
consolidation pressure as a linear function with temperature, where the inclina
tion coefficients vary between -0.22 and -0.73 kPa / °C for the different types of 
clay that were studied. 

Tidfors suggests that the sedimentation environment, water content and clay con
tent are three important factors influencing the way in which the deformation 
characteristics of clay change with increasing temperature. It is further recom
mended that the decrease in preconsolidation pressure be expressed as a function 
of the soil's liquid limit, see Fig. 2. 3. From the incremental oedometer tests, the 

author concludes that the deformation at a certain temperature increase is due to 
the level of stress. The higher the stress, the greater will be the effect ofan in
crease in temperature. 

14 

be12 
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::R0 

u 8 
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0 0 

--0 

b 

6
b •<I 
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• CTH2 
X Lulea 

0 
0 20 40 60 80 100 120 140 
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Figure 2.3. Relative apparent decrease in preconsolidation pressure at an 
increase in temperature by 10 °C as function of liquid limit. 
AfterTidfors (1987) 
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Figure 2.4. 	 Apparent change in preconsolidation pressure in percent versus test 
temperature as interpreted by Eriksson (1992). 

Eriksson (1992) studied the compressibility properties of sulphide soils at differ
ent temperatures. Incremental oedometer tests and CRS tests were carried out on 
specimens ofclayey sulphide soil taken from three different localities. The tests 
were carried out within a temperature range of 5-60 °C and all ofthe specimens 
were stabilised at the temperature in question before being loaded. 

From the results of these tests, Eriksson shows that preconsolidation pressure 

decreases linearly by about I %/°C with increasing temperature up to about 
50 °C, see Fig. 2.4. In addition, the compressibility modulus ML decreased by 
0.3 %/ °C. 

Eriksson also carried out a series of creep tests with at least 16 days per load 
step. These tests showed that creep, expressed as a function of the time loga
ritlun, increases after a certain time and that a definite breakpoint can be ob
served in the creep curve. Eriksson considers that creep settlement can be de
scribed by two tenns: 

(2.4) 
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Figure 2.5. 	 Deformation and creep in sulphide clay versus temperature. 
Eriksson (1992) 

where as is the creep parameter that applies from the time ofprimary consolida
tion, tP, up to the time ofthe breakpoint, tb. at is the other creep parameter that is 
applicable from the breakpoint. The tests further showed that only the creep pa
rameter at is dependent on temperature, that it has a maximum somewhat above 
the preconsolidation pressure and that this maximum shifts towards lower stress
es at higher temperatures. Eriksson presents a diagram for the creep deformation 
of sulphidic soils at different temperatures, see Fig 2.5. 

2.1 Summary of the Literature Study 
A study of the literature shows that in undrained conditions a rise in temperature 
results in swelling and an increase in pore pressure. If the temperature is reduced, 
the pore excess pore pressure drops again and if the temperature is allowed to 
cycle between two values the pore pressure increase is repeatable. Consolidation 
is obtained in drained conditions instead ofan increase in pore pressure. Irrevers
ible deformation will be obtained in a complete temperature cycle. In several 
cases this deformation has been described as a creep effect. 

Modelling the behaviour of the soil at elevated temperatures in an FEM program, 
for instance, is perfectly feasible provided that all the effects that occur are taken 
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into consideration. What appears to be most difficult of all is describing creep 
correctly. 

Studies carried out using CRS tests show a definite tendency for the preconsoli
dation pressure to decrease with increasing temperature. Furthermore, this proc
ess is reversible so that the preconsolidation pressure returns when the tempera
ture is lowered. However, it should be pointed out that all evaluation ofprecon
solidation pressure is empirical and based on ordinary oedometer tests (CRS and 
incremental) performed in accordance with standard procedure and compared 
with the behaviour of the soil under normal conditions. The evaluated preconsoli
dation pressures at elevated temperatures should therefore be regarded solely as 
pseudo-preconsolidation pressures and this should be recognised when applying 
the results to field conditions. Alternatively, the results can be interpreted as indi
cating that the creep processes in heated specimens start at lower stresses. These 
remarks should be borne in mind later on in the report and when mention is made 
ofpreconsolidation pressure it should be regarded only as a parameter and not as 
a characteristic. 
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Chapter 3. 

Soil Material Studied 


3.1 Test Site 
The specimens studied come from an area just outside the Swedish Geotech
nical Institute's experimental field for heat storage in clay near the marina in 
Linkoping. The area is covered by grass and situated adjacent to the Stangan 
river close to where it flows into Lake Roxen. The Geotechnical Institute has 
conducted geotechnical studies using CPT tests, field vane tests, dilatometer 
tests and the extraction of undisturbed soil specimens from 12 different levels. 
The results of the field tests and laboratory examination of the extracted speci
mens are described by Bergenstahl et al. (1990) and (I 993). 

The surface of the soil consists of 1.5-2.0 metres of dry crust clay. Under this is 
clay with plant remnants and then pure clay down to a depth of 8 metres. Below 
this level, sulphidic stains occur in the clay dovm to a depth of 11-12 metres 
and at greater depth there are occurrences of silt in the clay down to a firmer 
bottom layer situated about 18 metres below the surface, see Fig. 3. 1. 

The water content in the clay under the dry crust varies between 70 and 85 %. 
The undrained shear strength is 17 kPa at a depth of 4 metres which then in

creases slightly to 20 kPa at a depth of I I metres. CRS tests previously carried 
out at six different levels show that the clay in this area is somewhat overcon
solidated. This overconsolidation is about 30 kPa at a depth of 3 metres, after 
which it drops to 15 kPa at a depth of between 5 and I 0 metres, see Fig. 3. 2. 
The CPT soundings show that the clay is homogeneous and that no connected 
draining layers are present in the top 18 metres. 

3.2 Extracted Specimens 
Triaxial and CRS tests have been carried out on specimens taken just outside 
the experimental field at depths of 6 and 9 metres using a standard piston sam
pler, St I. The specimens were taken on three separate occasions from six dif
ferent holes at a distance of 2-5 metres from each other. Specimens from mid
dle and lower sample tubes, which are normally least disturbed, were used for 
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Figure 3.1. Soil profile in the test field at the Linkoping marina. 
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Figure 3.2. Preconsolidation pressure versus depth in the test field. 

the tests. The specimens from a depth of 6 metres display a variation in water 
content of between 81 and 87 % and specimens from the 9-metre level have 
water contents of between 77 and 85 %. All the specimens from the 9-metre 
level displayed visible sulphide stains, while ocular inspection of the specimens 
taken from a depth of 6 metres showed them to be perfectly homogeneous. 

Dilatometer tests showed that the relationship between horizontal and vertical 
effi:d:::i'Je SJ:e:E :h re S)J1, re K value, is about O. 7 at a depth of 6 metres and 

0 

0.6 at a depth of 9 metres. These figures have been used as a basis for calculat
ing the horizontal stress used in the triaxial compression tests. 
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Chapter 4. 

Triaxial Compression Tests 


4.1 Regular Triaxial Apparatus 
The triaxial apparatus is used mainly for determining the shear strength in soil 
under different conditions of stress. Stress conditions are simulated by applying 
vertical pressure, av, and all-round horizontal pressure, aH. The former is nor
mally created by a vertical load and the latter is applied by pressuring the liquid 
in the cell. Both pressures can be controlled independently of each other. The 
soil specimen is surrounded by an impermeable rubber membrane. The speci
men is placed on a porous filter which permits drainage of pore water from the 
specimen and regulation of the pore water pressure. In the case oflow permea
ble specimens, spiral strips of filter paper are placed round the specimen inside 
the rubber membrane to facilitate drainage, see Fig. 4.1. The diameter of the 
specimen is 50 mm and its height is 100 mm. 

Figure 4.1 . Test speciemen with filter strips. 
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4.2 Triaxial Apparatus for High-Temperature Tests 
The triaxial apparatus used for the high-temperature tests has a cell modified to 
allow heating of the specimen to 70 °C, see Fig. 4.2. The liquid in the cell con
sists of water with a 20 mm layer of oil on top. A somewhat taller cell than usu
al has been used in order to provide space for cables for the heating device and 
thermometers without these touching the specimen. Draining of the specimen 
takes place at the bottom and a volume gauge measures the amount of drained 
pore water to an accuracy of± 0.05 ml. 

LOAD CELL y VERTICAL DISPLACMENT 
TRANSDUCER 

ROTATING BUSHING INSIDE 

TO HEAT 
SERVO CONTROLER 

THERMOMETER 2 

( REGISTRATION) 


FIXING ROD 
3 PARTS HEATING 
ELEMENT ,.._..........._.._ THERMOMETER 1 
::.=::..c.:..:::.:...c..c.____,_1-JA,14!11-,1.+-..,,c.....'--,L~ii-o11 ( FOR HEAT SERVO 

HO LOI NG CAGE CONTROLER) 

POROUS STONE HOLDING CAGE 

CELL PRESSURE 
TRANSDUCER 

POR E PRESSURE 
TRANSDUCER 

Figure 4.2. Layout of the rebuilt triaxial cell. 

A heating device and holder have been installed inside the cell. Two thermome
ters are also built into the cell. One of them is connected to the heating device 
only and the other is for recording cell temperature. The bottom plate is supple
mented with three guide rods so that the cell can be mounted without touching 
the specimen. 

SGI Report No 47 24 



Heating of the specimen is effected by means of three sheets of heat foil meas
uring 5 0 x 100 mm. The sheets ofheat foil are mounted on a holder to prevent 

them from corning into direct contact with the specimen and the walls of the 
cell. The sheets of foil are also connected to a locating device to which a ther
mometer is also connected, see Fig. 4.3. The thermometer is placed between the 

foil and the specimen. The power supply for the sheets of heat foil is controlled 
so that the water in the cell will reach a predetermined temperature of± 0. I 0 C. 
Furthermore, an additional thermometer can be installed in the specimen itself 

to record its temperature gradient. This was tested before the final tests were 
begun in order to obtain an idea of how quickly the temperature of the entire 
clay specimen increased. It turned out that a suitable heating rate to avoid tem

perature gradients in specimens was about 10 °/30 minutes. 

control equipment 

~ 
~ 

0 0 0 computer 
0 l ) 

00000011 

aooooou 

Figure 4.3. Temperature regulation. 

4.3 Test Programme for Tri axial Compression Tests 
The tests were designed to simulate different situations when heating a heat 

store and determining undrained shear strength at different temperatures. 

The tests were carried out on 12 specimens, six each from depths of 6 and 9 
metres. The specimens first had to undergo consolidation for in situ stress, eight 
at room temperature and four at 8 °C. The specimens that had undergone con
solidation at room temperature were then heated under drained and undrained 

conditions. Finally, undrained active compression tests were carried out at two 
different defom1ation rates and three different temperatures: 8, 40 and 70 °C. 
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4.4 Mounting, Consolidation 
The soft clay called for considerable care when mounting the specimen. The 
specimen was pressed out of its sampling tube and placed in a cradle of the 
Geonor type, where it was cut to an exact length of 100 mm. The specimen was 
then weighed and placed in the cell on a filter. The specimen was fitted with 
four spiral-shaped strips of filter paper. The three locating pins on the bottom 
plate were utilised when the membrane was mounted so that there would be no 
danger of disturbing the specimen. 

Consolidation was carried out in three stages in order to recover the stress situa
tion in situ, see Fig. 4. 4. Each stage lasted for 24 hours, which was judged suit
able with regard to the properties of the clay. The first stage consisted of an 
isotropic effective pressure of 10 kPa for specimens from a depth of 6 metres 
below the surface and 11 kPa for specimens from a depth of 9 metres. The sec
ond stage was anisotropic with o-'v = 29 kPa and cJ'H = 22 kPa for specimens 
from a depth of 6 metres and a'v = 40 kPa and a'H = 26 kPa for specimens 
from a depth of 9 metres. The third and last stage was also anisotropic to the 
final stresses of a'v = 48 kPa and a'H = 33.6 kPa for specimens from a depth of 
6 metres and a'v = 70 kPa and a'H = 42 kPa for specimens from a depth of 
9 metres. 

Pore pressure was maintained the whole time at 200 kPa through an applied 
"back pressure" to ensure complete water saturation in the specimen. Skemp
ton' s pore pressure parameter, B, was measured before the specin1ens were to 
be heated. Parameter Bis a measure ofthe saturation of the soil and should be 
close to 1.0 for water-saturated soil. 

in situ 

stage 1: isotropic 
stage 2: anisotropic I 
stage 3: anisotropic II 

3 

Figure 4.4. Consolidation in steps. 
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4.5 Heating and Undrained Tests 
When the specimens had undergone consolidation for in situ stress, eight of 
them were adapted to temperatures of 40 and 70 °C. Heating took place under 
drained and undrained conditions. Temperature, vertical deformation and vol
ume change were measured under drained conditions and temperature, vertical 
deformation and pore pressure under undrained conditions. Heating was carried 
out in steps of 10 °C / 30 minutes in order to achieve as uniform heating of the 
specimen as possible. After the heating steps the specimen was maintained at a 
constant temperature for 24 hours. 

The specimens that had been heated under undrained conditions were loaded 
in undrained state to failure at a deformation rate of 1 % / minute, which is 
known as a quick test. Testing was carried out at temperatures of 8, 40 and 
70 °C. 

The specimens that had been heated under drained conditions were loaded to 
failure under undrained conditions at a deformation rate of 0.006 % / minute, 

which corresponds approximately to the rate normally used for consolidated 
undrained triaxial compression tests. These tests were also carried out at tem
peratures of 8, 40 and 70 °C. 
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Chapter 5. 

Results of Triaxial Tests 


5.1 Results of Consolidation and Heating 
Consolidation to in situ stress conditions resulted in normal deformation for all 
specimens except two in which the change in volume during consolidation 
amounted to roughly double that of the other specimens, see Appendix 1. These 
two specimens had been extracted from a depth of 9 metres in the same bore
hole and in all probability were somewhat disturbed in connection with the 
sampling operation. Consolidation of these specimens was carried out at 8 °C, 
following which one was compressed rapidly and the other slowly. 

In connection with heating the specimens, an increase in pore pressure occurred 
during the undrained tests and a decrease in volume during the drained tests. In 
the undrained tests at a temperature of 40 °C, the increase in pore pressure was 
13 kPa for specimens from a depth of 6 metres and 15 kPa for specimens from 
a depth of 9 metres. At 70 °C the corresponding increase in pore pressure was 
27 kPa and 35 kPa, see Fig. 5.1. At the higher temperature, pore pressure 
dropped with time although the temperature was maintained at a constant level 
and the test was undrained. If pore pressure is calculated in accordance with the 
equation (2 .1) for the different levels and temperatures, the following will be 

obtained: 

Test temperature Calculated excess pore Actual maximum excess 
and sampling level pressure with equation (2.1) pore pressure from triaxial 

compression tests 

40° and 6 m 15,1 kPa 13 kPa 
40° and 9 m 19,5 kPa 15 kPa 
70° and 6 m 28,8 kPa 27 kPa 

70° and 9 m 37,3 kPa 35 kPa 

This shows that the equation gives a fairly accurate estimate of the change in 
pore pressure resulting from the heating of clay in a triaxial cell. 
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Figure 5.1 . Pore pressure changes and deformations at undrained heating of speciemens 
N from 6 (a and b) and 9 m (c and d) depth. Observe that the scales vary. co 



Fig. 5.1 also shows the vertical deformation resulting from undrained heating, 
which displays significant vertical swelling of about 0.2 % for the 6 metre level 
at 70 °C. For the 9 metre level, practically no swelling at all occurred and minor 
vertical compression was obtained instead. This is assumed to be because the 
effective horizontal pressure has decreased too much in relation to the vertical 
effective pressure on account of the large increase in pore pressure. At a depth 
of 9 metres, the effective vertical pressure, cr'v, was 70 kPa and the effective 
horizontal pressure, cr'H was 42 kPa. When pore pressure increased due to the 
effect of heating, the effective pressure dropped and cr'v = 70-35 = 35 kPa and 
cr'H= 42-35 = 7 kPa were obtained with the result that the stress situation ended 
up close to the line for active shear failure, see Fig. 5.2. If this had been avoided 
by continuously increasing crH , swelling would no doubt have been found here 
also. No noticeable vertical swelling was measured at a temperature of 40 °C in 
connection with heating, neither for specimens from 9 metres nor for those 
from 6 metres. 

100 

I I 

C1 = C1
Ymax c 

plastic 

A deformation 

A= in situ 
8 = after heating 

el ast ic 
deformation 

100 r:1~ ( kPa) 

Figure 5.2. 	 The stress path at heating the speciemen from 9 m depth to 70 °C in 
undrained conditions. 
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From the diagrams in Fig. 5.3, which show the deformation occurring in con
nection with drained heating (note that the stress situation is constant and the 
same as originally in situ), it can be seen that consolidation for 24 hours is inad
equate since the deformation curves never level out. This indicates that creep 
occurs in these specimens at high temperatures. According to studies of creep in 
clay (Larsson, 1986), this begins in the case of clays of normal temperature at 
about 0.8 cr'c, where cr 'c is the preconsolidation pressure. If this was valid at 
high temperatures also, noticeable creep would hardly occur in these tests since 
they are overconsolidated by about 15 kPa which corresponds to an overconsol
idation ratio of 1.3-1.2 at the test levels. The result indicates that creep in clay 
would start at a lower effective stress when the temperature is raised. 

If the changes in volume and vertical deformation are compared, it is possible 
assuming that the measured change in volume is the same as the specimen's 
change in volume to calculate the specimen's horizontal defom1ation. The de
crease in the diameter of the specimens at 40 cc will then be 0. 18 % for both 
specimens from depths of 6 and 9 metres and at a temperature of 70 °C the de
crease will be 0. 94 % and 0.92 % for specimens from depths of 6 and 9 metres. 
In these calculations, the expansion of the pore water and mineral substances 
due to the rise in temperature has been taken into account. If these assumptions 
are correct, it would mean that horizontal deformation in connection with the 
heating of clay can be related largely to consolidation and that no effects of 
shear deformation or creep in a horizontal direction can be seen. 

5.2 Results of Rapid Undrained Tests 
The results of the rapid triaxial compression tests show that the tests were car
ried out too quickly for shear strength to be evaluated in a satisfactory manner. 
Furthermore, the 9 metre and 70 cc test was unusable because the relationship 
between the vertical and horizontal effective pressures was already excessive in 
connection with heating. As mentioned earlier, the test carried out at 8 °C was 
disturbed in connection with sampling. The results are shown in Fig. 5.4. No 
definite trend in regard to the change in shear strength with rising temperature 
can be seen from these results. Since these tests were preceded by undrained 
heating, the stress situation was completely changed at the start of the tests due 
to the increase in pore pressure and in consequence the results do not lend 
themselves readily to interpretation. Clearly defined fractures were formed in 
the rapid tests, see Fig. 5. 5. The angles of these fractures to the horizontal plane 
varied between 45 and 55 °, the smaller angles being obtained primarily in re

spect of the warmest specimens, see Appendix 1. 
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Figure 5.5. 	 Test specimen with and without rubber membrane after a quick test at 
40 °C. Specimen from 9 m depth. 

5.3 Results of Slow Undrained Tests 
The results of the slow triaxial compression tests show a decreasing trend in the 
peak shear strength values with rising temperature for specimens from a depth 
of 6 metres, see Fig. 5. 6. On the other hand, the trend of the results of tests with 
specimens from a depth of 9 metres are more doubtful. The specimen from a 
depth of 9 metres that was tested at 8 °C had probably been disturbed in con
nection with sampling. Unfortunately, since the number of specimens extracted 
was limited, the disturbed specimen was never replaced by a new specimen. For 
an undisturbed specimen the curve would probably be similar to that for the 
specimen taken from a depth of 6 metres. Residual shear strength appears to be 
independent of temperature. 
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Chapter 6. 

CRS Tests 


To determine the compression characteristics of a clay in Sweden, CRS tests 
are usually carried out in the laboratory. In the CRS test, an undisturbed speci
men is consolidated in a vertical direction at a constant rate of deformation and 
constant cross-section area. The vertical load needed to deform the specimen is 
measured continuously. In addition, pore pressure is measured at the speci
men's undrained lower surface, i.e. the test is performed under only partially 
drained conditions. 

6.1 Standard CRS Equipment 
The equipment consists of an oedometer ring having a diameter of 50 mm and a 
height of 20 mm in which the specimen is mounted. This ring prevents the 
specimen from expanding horizontally. The ring with specimen is placed on a 
filter stone. A top cap with filter stone which fits in the ring is placed on the 
specimen, see Fig. 6.1. During the test, the specimen is drained on one side 
through the top cap while pore pressure is measured at the specimen's lower 
surface. 

A graph plotting effective vertical pressure against vertical deformation is pre
pared from the results of the test. From this graph, it is possible to evaluate the 
preconsolidation pressure, cr' 

0 
which corresponds empirically to the effective 

pressure to which the soil may be subjected under nonnal conditions without 
major consolidation settlement occurring. Following this, the compressibility 
modulus is evaluated after the preconsolidation pressure, ML, the limit pressure 
where the modulus begins to increase again, cr'L and the relationship between the 
modulus increase and the increase in effective stress, modulus number M', see 
Fig. 6. 2. 

Additionally, a logarithm for the evaluated permeability is plotted against de
formation, where permeability is calculated from the measured pore pressure 
and deformation rate. 
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Figure 6.1. CRS oedometer. 
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6.2 CRS Equipment for High-Temperature Tests 
Since it may be feared that the expansion ofmaterial in the apparatus can pro
duce undesirable effects in connection with heating, as has been described in 
the literature, extra care was taken. The parts round the specimen consist prima
rily of stainless steel. These parts were heated to 70 °C, following which the 
expansion was measured and the parts then assembled to check that they did not 
bind at the high temperature. A different material was chosen for the most cru
cial component, the oedometer ring, so that the effect of material expansion 
would not influence the test results to an unnecessary extent. The material cho
sen was invar, which consists of 64 % steel and 36 % nickel and has a coeffi
cient of thermal expansion of 0. 15·10-5 / 

0 C. The other parts of stainless steel 
have a coefficient of thermal expansion of 1.15 · 10-5 / 

0 C. 

The heating device consists of the same type ofheat foil as used in the triaxial 
apparatus. The foil was connected to a thermostat from which it is possible to 
control the temperature. To make room for the heat foil, the oedometer cup with 
water was raised about 50 mm, see Fig. 6. 3. 

Figure 6.3. CRS oedometer adapted for tests at high temperatures. 
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6.3 Test Programme for CRS Tests 
Twelve tests were performed on the specimens taken from depths of 6 and 9 
metres. The tests were conducted at room temperature of about 20 °C and also 
at 40 °C and 70 °C. Two tests from the same level were performed at each tem
perature. 

The specimens tested at 40 °C were heated in a single stage and the specimens 
tested at 70°C were heated in two stages, first to 40 °C and then to 70 °C. Ex
cess pore pressure arose during the heating process. This excess pore pressure 
had to be equalised after each stage and before the compression test was begun. 

The tests were otherwise conducted in accordance with the procedure described 
in the Swedish Standard for CRS tests, SS027126. The rate of deformation var
ied between 0.6 % /hand 0.8 % / h. Testing continued until 28-40 % deforma
tion was attained. Evaluation of the deformation parameters has been carried 
out in accordance with the procedure described in the Swedish Standard. How
ever, this evaluation is based on empirical relations which presuppose that the 
tests are carried out at room temperature. 
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Chapter?. 

Results of CRS Tests 


Two of the specimens from a depth of 9 metres which were loaded at 20 °C and 

40 °C show doubtful results throughout and are therefore marked in parentheses 

in each diagram. 


Pore pressure was recorded during the heating phase in some of the series of 

tests. The maximum pore pressure then attained was 1.1 kPa at 70 °C. Pore 

pressure was only measured at 20-minute intervals, however, and the maximum 

pressure was probably higher. Since the excess pore pressure had to be equal

ised before the compression test could be started, a certain degree of consolida

tion had already taken place by the start of the test. This is roughly the same as 

off loading a certain stress and then on loading it again. The significance of this 

is limited as long as the pore pressure does not give rise to negative effective 

stress in the clay specimen. It is therefore extremely important for the specimen 

to be heated slowly so that no unnecessary excess pore pressure arises. 


The results in terms of stress deformation curves show that the curves are dis

placed towards lower effective stress at higher temperatures, see Fig. 7.1 . This 

should under normal circumstances be interpreted as a decrease in preconsoli

dation pressure and in the following discussions it is assumed that the displace

ment of the curves towards lower effective stresses can be interpreted as a de

crease in preconsolidation pressure at higher temperatures. 


7.1 Preconsolidation Pressure 

From the results it can be seen that the evaluated preconsolidation pressures 

decrease with rising temperature, see Fig. 7. 2. On the other hand, this decrease 

does not appear to be linear with the temperature. Shown in the figure is a cal

culated curve for the preconsolidation pressure, cr'

0 
T, which varies with temper


ature T in accordance with: 
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(7.1) 

where cr'cTo is the measured preconsolidation pressure at room temperature [kPa] 
and T 

O 
is the corresponding room temperature [0 C]. 
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Figure 7.2. 	Preconsolidation pressure versus temperature for tests from 
6 m (top) and 9 m (bottom). 
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This equation has also been compared with the results obtained by Tidfors 
(1987) where agreement is good except for tests down to 7 °C. It has also been 
compared with the results ofthe CRS tests on sulphide soils carried out by Eriks
son (1992). There it turns out that preconsolidation pressure at higher tempera
tures is overestimated by the curve, but ifthe exponent is changed from 0 .15 to 
0.22 then agreement will be fairly good. In all probability, the decrease in the 
evaluated preconsolidation pressures is not only due to the temperature but also 
to the type of soil or some other soil-dependent parameter. 

7.2 Compressibility Modulus 
The modulus before preconsolidation pressure, M 

0
, has been evaluated as the 

maximal modulus value before the preconsolidation pressure and is shown in 
Fig. 7. 3 at different temperatures. A decrease in M 

0 
with increasing temperature 

can be seen. M is generally described as an elastic modulus. According to em
0 

pirical relations, M
0 

can be evaluated on the basis of preconsolidation pressure in 
accordance with M

0 
"" 5 0 · cr '

0 
or on the basis ofundrained shear strength, 'Cfu, in 

accordance with M "" 250 · 'Cfu (applicable to highly plastic clays). The evaluated 
0 

preconsolidation pressures obtained in the tests performed at room temperature 
and the shear strength results obtained in the triaxial compression tests are ap
plied in the empirical equations and presented in Fig. 7. 3. Since the measured 
shear strength results stem from active tests and do not exactly correspond to the 
'Cfu used empirically, this line has been shifted downwards in parallel to show the 
trend in the graph. The triaxial compression tests performed with specimens from 
a depth of 9 metres produced somewhat dispersed results and at 8 °C the speci
men was probably disturbed, so no shear strength has been evaluated for that 
temperature. The decrease in shear strength at a depth of 6 metres shows fairly 

good correlation with the measured decrease in the modulus M , which is about 
0 

0.5 % I 0 C. The compressibility modulus before preconsolidation pressure cr' cT at 
temperature T can thus be expressed as: 

(7.2)M 0 T = M 0 (1-0.005· ~T) 

where M is the compressibility modulus before the preconsolidation pressure 
0 

[kPa] and ~T is the difference in temperature between T and the temperature 

prevailing when M

0 
was measured [0 C]. 


The measured values of the compressibility modulus ML are presented in 

Fig. 7. 4. ML displays a slight tendency to increase but can be regarded as practi

cally unchanged with temperature. The modulus number M' also appears to be 

independent of the temperature. 
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7.3 Permeability 
The variation ofpermeability with temperature is shown in Fig. 7. 5 in the form 
ofmeasured initial permeability ki. In theory, permeability ought to increase with 
temperature since the viscosity ofwater decreases with rising temperature, but 
the measured values indicate that permeability decreases with rising temperature. 
The explanation for this observation could be due to microscopic bubbles, which 
are normally dissolved in the pore water, being released and filling out individual 
larger pores during the heating process. These effects could be eliminated by 
applying back pressure to ensure water saturation of the specimen. 
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Chapter 8. 

The Experimental Field 


8.1 Description 
At the marina in Linkoping the Swedish Geotechnical Institute, with the support 
of the Swedish Council for Building Research, established an experimental 
field for heat storage which was started in February, 1992 (Bergenstahl et al, 
1990). The experimental field was set up for the purpose ofstudying develop
ments in settlement, pore pressure, temperature, shear strength and other factors 
connected with high-temperature storage in clay. The temperature of the clay 
amounts to a maximum of 75 °C and heating is carried out by means ofhoses 
introduced into the clay through which a liquid circulates. The experimental field 
consists oftwo stores measuring 10 x 10 x 10 metres. In store 1 the temperature 
is varied cyclically between 35 and 70 °C and in store 2 it is maintained at a con
stant level of 70-75 °C. Through this arrangement, the effect oftemperature cy
cling alone can be distinguished. Temperature cycling in store 1 is performed in 
periods of three months. 

Instrumentation in the experimental field consists of different types of deforma
tion meters, piezometers and temperature sensors . The instruments are situated 
in the centre of the stores, at the edge of the stores and outside the stores. Pore 
pressure and temperature are measured at five different levels in the centre of 
the stores, 1.5, 3.5, 6, 9 and 12 metres below the surface. In addition, pore pres
sure and temperature are measured at a depth of six metres at the edge of store 
1 and outside both stores. 

Two different methods of determining shear strength have been used in situ in 
the stores using dilatometer and field vane equipment. 

8.2 Results 
The experimental field results presented below are from the first two and a half 
years of operation (Gabrielsson et al, 1995). During this period ohime, store I 
has passed through five complete temperature cycles and store 2, which was 
started three months later, has attained a constant temperature of 70-75 °C. 
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Pore pressure changes in stores I and 2 are shown in Fig 8.1, which also in
cludes temperature curves. The figures for the pore pressure changes are evalu
ated from automatic BAT gauges and also from open pipes. 

Pore pressure increases during the first heating phase and then drops when the 
consolidation process takes over. A distinct difference can be seen between 
stores I and 2 in the first heating phase. The increase in pore pressure in store 1 
is much greater than in store 2 because heating of store I was carried out at a 
faster rate initially. When cooling of store 1 was begun, the pore pressures de
creased so markedly that they even dropped below the original pressures. This 
indicates that the effective pressure in the clay increased to levels that are large
ly equivalent to the original preconsolidation pressure. The pore pressure curves 
in store I closely follow the temperature curve. It can be noted that negative 
excess pore pressure is not equalised as rapidly as positive excess pore pressure. 
In store 2 the excess pore pressures were equalised after only five months from 
the time when heating of the store was commenced. 

Fig 8. 2 shows the results produced by automatic total settlement gauges on the 
surface of the ground in the centre of stores 1 and 2 and the temperature sensor 
in the middle of the stores. Distinct swelling can be seen from the outset in 
store 1 during the first phase of heating. Following this, the soil is consolidated 
at a steady rate until cooling starts. The rate of deformation accelerates during 
the cooling phase. The settlement curve follows the cycling of the temperature 
curve with a steadily downward trend. In store 2, on the other hand, swelling is 
much less prominent at the beginning, since heating of this store was carried 
out at a slower rate and the concurrent consolidation process thereby took over. 
Although the pore pressures were equalised, settlement of the clay took place at 
a uniform but somewhat higher rate than in store 2. 

Undrained shear strength measured with dilatometer and field vane tests during 
the heating period is shown for stores 1 and 2 in Fig 8.3. No clear trend parallel 
to the temperature can be discerned. The results are difficult to interpret since 
different excess pore pressures occurred at the various times the measurements 
were recorded. In other respects, the tests were carried out and evaluated in the 
same manner at all temperatures. 
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Chapter 9. 

Comparisons and Discussion 


9.1 	 Comparison of Results from the Laboratory and 
the Experimental Field 

In a comparison ofpore pressure changes in the experimental field, see Fig. 8 .1, 
with those calculated theoretically from equation (2 .1) and those measured in 
the triaxial compression tests, it will be seen that the pore pressure change in 
the experimental field at a depth of 9 metres is much greater in both store 1 and 
store 2, see Table 9.1 . Furthermore, a certain amount of drainage occurs in the 
experimental field and in consequence the pore pressures measured here are 
somewhat underestimated in comparison with the other pressures measured and 
calculated. 

The large difference in pore pressures is probably due to the fact that in actual 
field conditions there is a comparatively high passive soil pressure against the 
surrounding soil, which inhibits the possibility for the soil to expand horizontal
ly on account of an increase in temperature and instead increases the excess 

pore pressure still further. If the horizontal stress, crH , did not increase, soil fail
ure would occur at a certain degree ofheating, as is illustrated in the case ofund
rained heating to 70 °C in the triaxial apparatus with specimens from a depth of 
9 metres, Fig. 5.2. 

Table 9.1. Calculated and actual excess pore pressure at different temperatures. 

Excess pore pressure, L1u= 

Temperature Pressures measured Pressures measured Pressures measured 
and depth in triaxial tests in store 1 in store 2 

40° and 6 m 13 kPa 23 kPa 20 kPa 
40° and 9 m 15 kPa 49 kPa 34 kPa 
70° and 6 m 27 kPa 29 kPa 34kPa 
70° and 9 m 35 kPa 58 kPa 47 kPa 

SGI Report No 47 54 



In a comparison of the settlement curves from the experimental field, see 
Fig. 8.2, with the vertical deformation measured in the triaxial compression 

tests, it can be established that heating in the experimental field was partially 
drained. The maximum vertical swelling in store 1 was about 0.06 % and in 
store 2 it was 0. 02 %. The maximum vertical swelling in connection with und
rained heating to 70 °C in the triaxial apparatus was 0.23 %. Swelling was thus 
not at all as great in the field as in the laboratory. 

Studying the total settlement that occurred in store 2 up to the point where ex
cess pore pressure was equalised, it will be found that it amounted to 0.30 %. In 
the laboratory, the settlement in drained tests amounted to 0.75 %. If it is as

sumed that the concluding part of the curve, see Fig. 5.3, is due entirely to 
creep, a primary vertical deformation of 0.6 % will be obtained. It can still be 
assumed that the "primary" settlement obtained in the triaxial compression tests 

includes creep effects, while it may be assumed that the figure from the field is 
free from creep since excess pore pressure then prevailed, thus unloading the 
clay. Another way of expressing this is to say that in the triaxial test creep can 

be assumed to constitute one half and primary consolidation the other half of 
settlement after a certain point in time. This can be compared with the results 
reported by Burghignoli et al. (1992) in their article, where they state that creep 

accounts for about half of the effect in a temperature cycle. The results of the 
triaxial compression tests are taken as a mean of the tests conducted with speci

mens from a depth of six metres. 

Preconsolidation pressure apparently decreases with rising temperature, accord
ing to normal interpretation of the oedometer tests in the laboratory. The appar

ent decrease in preconsolidation pressure is limited and under normal circum
stances the temperature changes in a heat store will not lower the apparent "pre
consolidation pressure" below the in situ vertical stress. Consequently, no field 
evidence for a lowering of the preconsolidation pressure exists. In fact, the 
measured pore pressure and deformations at cycling in store I contradicts the 
assumption of a lowering of the preconsolidation pressure at increasing temper

ature. 

9.2 Discussion on Creep 
In this study, no laboratory tests of incremental oedometer type have been car
ried out in an attempt to analyse creep. An indication that creep occurs in the 
drained triaxial compression tests, where the curves never seem to flatten out 
during the consolidation phase, can nonetheless be discerned. A study of the 
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literature also shows that creep must be taken into consideration at high tempera
tures. 

Creep is called secondary consolidation when it is time-dependent and takes 
place so slowly than no hydraulic gradient arises. Larsson (1986) has shown 
that the creep parameter a8 is dependent on deformation as shown in Fig. 9.1. 
Early on, a8 has an extremely low value, which later rises rapidly to a maxi
mum and then declines slowly with increasing deformation. The initial value 
coincides at normal temperatures with a vertical stress below about 0.8 · cr'c and 
the maximum value coincides with the preconsolidation pressure. In addition, 
the magnitude of <Xs has proved to vary with the water content and to a certain 
extent also the type of soil, see Appendix 2. Creep settlement is calculated from 
the relation: 

t 
a = a ·log-1 

s s t2 (9.1) 

where <Xs is the creep parameter and the time t 1 > ½· 
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Figure 9.1. Coefficient of secondary consolidation as versus compression for 
Backebol clay, Larsson (1986). 
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In all probability, the creep curve follows any changes in preconsolidation pres
sure when the soil is heated. That is to say, the maximum value of the creep 
parameter at higher temperatures occurs at a lower effective stress if the pre
consolidation pressure decreases. Alternatively, what may happen is that creep 
occurs at lower stresses if the temperature is raised without what is normally 
meant by preconsolidation pressure undergoing any change. This means in both 
cases that only small increases in the temperature of a completely normally 
consolidated clay could cause major creep deformation to occur. Since the ma
jority of soft clays in Sweden are somewhat overconsolidated, however, the 
effects will not be so great at moderate temperature increases since no large
scale primary consolidation takes place. According to previously presented re
lations, a clay with an overconsolidation ratio of 1.25 would have to be heated 
to at least 85 °C for the clay to behave as though it were normally consolidated 
and so display primary deformation of any appreciable magnitude. 

9.3 Discussion on Temperature Cycling 
In this study, no laboratory tests with temperature cycling have been perfonned. 
From observations made at the Swedish Geotechnical Institute's experimental 
field in Linkoping and references from the literature, certain conclusions can be 
drawn in regard to the effect of temperature cycles on deformation. 

Temperature cycles do not necessarily accelerate the deformation process, which 
depends largely on the drainage paths. When drainage takes place rapidly, the 
settlement process is accelerated through temperature cycling, but otherwise not. 

Burghignoli et al. (1992) have observed irreversible volume changes in speci
mens exposed to extremely slow temperature cycles where the size increases 
with the amplitude of the temperature cycle. The magnitude of the deformation 
is also dependent on earlier temperature cycles and the duration of the tempera
ture increase. 

The phenomenon observed by Burghignoli et al. is due to creep in the clay. 
Since heating and cooling of the clay took place so slowly, no positive or nega
tive excess pore pressure arose. If excess pore pressure is obtained during the 
heating phase, creep is brought to a halt since the effective stress diminishes. 
The amount of creep occurring in connection with cycling and rapid drainage, 
i.e. when no noticeable excess pore pressure arises, mostly depends on the 
mean temperature of the temperature cycle. The speed at which creep settle
ment occurs depends on the current creep parameter, i.e. the extent to which the 
creep curve is shifted towards lower vertical stresses. 
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9.4 	 Estimating the Magnitude of Settlement 

for a Heat Store 


According to the observations and results that have emerged in this study, the 
amount of settlement in a heat stor~ under consideration can be estimated by 
means of the following preliminary calculation model. In the model, it is as

sumed that the temperature is the only load effect that occurs. Should the effect 
of some other load, e.g. in the form of fill on top of the heat store, come into 
play, a far more complex problem would arise. This calculation model is based 

on the assumption of a preconsolidation pressure decreasing as the temperature 
increases. Alternatively, it may be that creep starts at a lower effective stress 
level at elevated temperatures. Strong reservations should therefore be made in 

connection with the use ofthe specified equations when cr'cT < cr' , which as 
0 

mentioned earlier normally never occurs and for which no empirical evidence 
therefore exists. 

Calculation Procedure: 
The deformation parameters are evaluated from standard CRS tests conducted 
at normal temperatures. Subsequently, a new "preconsolidation pressure" for 
the maximal temperature can be calculated according to equation (7 .1) as well 

as a new compressibility modulus, M
0 
r, according to equation (7.2). The soil' s 

in situ vertical stress is calculated and compared with the original preconsolida
tion pressure and the calculated "preconsolidation pressure" at maximal tem
perature. 

During the first heating process, the stress-deformation process is shifted from 
point A to point Bin Fig. 9.2. This is on condition that the pore pressure has 
time to equalise. Otherwise, it will be situated somewhere above point B on the 
curve for T max. As long as the vertical stress is on the elastic part of the curve, 
the excess pore pressure will be equalised relatively fast since the compressibil
ity modulus is high . .1.c.r is the settlement caused by the rise in temperature and 
subsequent consolidation and can be expressed as: 

cr' cr'0 . 0A 0Llc.T =---- (9.2)
MoT Mo 

if cr ' 
0
T < cr' 

0 
, the expression would (with the aforementioned precautions) be 
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MoT Mo M1 

Added to this is the creep settlement. During the period of time that excess pore 

pressure prevails, it is assumed that no creep occurs. Creep is assumed to start 

at a vertical stress~ 0.8 · cr·cT and attain its maximum at cr·cT· The next steps is 

to determine the value of cxS,max' which depends on the water content and type 
of soil and can be estimated from Appendix 2 together with the inclination ficxs 
on the remaining part of the curve. On the basis of cr · 

0
T, the creep settlement 

parameter cx5 for the prevailing effective vertical pressure can now be calculat
ed. Following this, the creep deformation, cxs, is calculated with equation (9.1) 

for the desired period of time. The time t2 is the point in time when full pore 

pressure equalisation took place. This time can be calculated approximately 
using Therzaghi's consolidation theory, where the compressibility modulus 
corresponds to M , since the clay is unloaded and loaded again. Permeability 

0 

also ought to be corrected, bearing in mind that viscosity increases when the 

temperature is raised. The total deformation in a heat store will then be 

(9.4) 
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With equations (9.1), (9.2) and (9.3) the total deformation can be expressed as 

(9.5) 

and when cr 'cT < cr' 
0

, the total deformation could (with aforementioned precau
tions) be expressed as 

cr' cr' ( cr' -cr' ) t!>=____£I_ __o + cT o +as·log_!._ (9.6)
MoT Mo ML t2 

As an example, the figures obtained from the experimental field can be inserted 
in the above equations. At store 2, the temperature was increased to 70 °C and 

then maintained at this level. The store extends down to a depth of 10 metres. 
The clay is overconsolidated by about 15 kPa from a depth of 5 metres and 
above this level the overconsolidation is 30-50 kPa. Let us study the settlement 
between 5 metres and 10 metres below the surface. At a depth of 7.5 metres, cr' 

0 

is 61 kPa and cr'c at this depth is 76 kPa. ML is 250 kPa and 'Cfu is 18.5 kPa. Cal
culate the "preconsolidation pressure" for 70 °C according to equation (7 .1) 

20)0,15 
cr 'cT = 76 ·( = 63 kPa 

70 

and the compressibility modulus before the preconsolidation pressure at 70 °C 
according to equation (7.2) where M can be expressed as 'Cfu·250. The original

0 

temperature can be assumed to be 7 °C and LiT is thus 63 °C. 

=18.5 · 250 =4625 kPa M 0 

M 0 r =18.5-250-(1- 0.005-63) =3168 kPa 

Now the deformation due to the increase in temperature can be calculated with 
equation (9.2) since cr·cT > cr ' . 

0 

61 61 0
L1Er =----- = 0 6 1/o

3168 4625 ' 
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For the 5 metre thick clay layer, this gives a primary settlement of 0.03 m. 

It now remains to calculate the deformation due to creep. The water content for 
this somewhat sulphide-stained clay is around 80 %, which gives an CX

8 
max of 

0.018. The maximum value for creep is around the "preconsolidation pressure" 
for the temperature in question, which here corresponds to 63 kPa, and the start
ing value begins at about 80 % ofthis, which corresponds to about 50 kPa. For a 
water content of 80 %, the creep parameter drops by 0.04 · L\E after the precon
solidation pressure has been exceeded. The actual stress in this example is 61 
kPa, which is less than the "preconsolidation pressure", cr'cT = 63 kPa, and re
sults in a reduction ofthe creep parameter of 0.003. Fig. 8.1 shows the pore 
pressure trend at the experimental field, which was measured over a period of 
about two years. Deformation due to creep can now be calculated with equation 
(9.1) for the 23 months or so that creep occurred. Creep started after about five 

months when the excess pore pressure had been equalised. 

23 
es = (0.018-0.003)-log- = 0.0099 

5 

For a 5-metre thick layer of clay, this gives a settlement of 0.05 m. The total 
settlement for layer 2 after two years would thus be 0.08 m, which is comparable 

with the figure obtained in Fig. 8.2. i.e. just over 0.08 m. 

Ifthe calculation is to be performed for layer 1 where the temperature was cycled 

between 35 and 70 °C, it will be necessary to take into account what happens 
during the cycling process. Deformation due to the increase in temperature, L\Er, 
is calculated in the same way and accordingly amounts to 0.03 m for layer 1 

also. This is an irreversible deformation as distinct from the deformation that is 
caused by the volume of pore water and clay particles increasing and decreasing 
as a result of the temperature fluctuations. When a heat store is actively cooled, 
negative excess pore pressure can occur, as was the case here. This negative ex
cess pore pressure arises if free water is not available which can be sucked up at 
the same rate as the cooling process. 1n ordinary Swedish low penneable clays, 
however, the availability of free water is usually very limited. These negative 
excess pore pressures give rise to a corresponding effective pressure increase and 
an immediate decrease in volume takes place at the same rate as the pore pres
sures change. When the clay is again heated, the pore pressures increase and a 
corresponding immediate increase in volume occurs. Provided that the stresses 
are located in the overconsolidated range the whole time, this is on the whole a 
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reversible process in regard to changes in both volume and pore pressure, apart 
from negligible permanent consolidation related to effects of repeated loading in 
each heating phase. What remains is deformation due to creep. Creep is assumed 
not to occur when positive excess pore pressure prevails. For layer I, excess pore 
pressure occurs during each reheating process. It is then to be expected that creep 
will occur only during the cooling periods, which in this case is a question of 
totally about ten months. The time, tz, for equalisation of the initial pore pressure 
is about five months for layer I. During the cooling-down periods, the mean tem
perature is roughly between 70 and 35 °C and a new "preconsolidation pressure" 
for 5 2 °C will then have to be calculated according to equation (7. I) 

20)0,15 

cr'cT = 76· = 66 kPa 
( 

52 

The starting point for creep is 80 % ofthe preconsolidation pressure, which in 
this case gives a stress of 53 kPa. The maximum value for creep occurs around 
the "preconsolidation pressure". With the prevailing stress level ofcr' =61 kPa,

0 

this gives a decrease in as of 0.007. as max is chosen according to Appendix 2 for 
the type ofsoil and water content in question and a current value of as gives 
0.011 . We can now calculate the deformation due to creep for layer I. This then 
gives 

15
Es= 0.011 ·log-= 0.0052 

5 

For a 5-metre thick layer ofclay, this gives a settlement of about 0.03 m. The 
total settlement for layer 2 after two years would thus be about 0.06 m, which 
shows good agreement with the measured value of 0.065 m in Fig. 8.2. Added to 
this is the cyclical swelling and compression of the clay due to the volume expan
sion and contraction of the pore water and soil particles during the heating and 
cooling processes, which appears as regular vertical fluctuations with an ampli
tude ofabout ±15 mm round the mean settlement. 
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Chapter 10. 

Conclusions 


Observations from the field tests as well as the triaxial compression tests and 
CRS tests in the laboratory can be summarised in the following points: 

• 	 When clay is heated the pore water and clay particles expand, which gives 
rise to an increase in pore pressure and swelling of the clay if the possibility 
for drainage is limited. 

• 	 When calculating pore pressure for a heat store, the fact that horizontal 
stress increases with rising temperature must be taken into account. 

• 	 The increase in temperature can start a creep process in the clay when excess 
pore pressure has been equalised. This creep process can be calculated by 
assumption of a lowered "preconsolidation pressure" and belonging changes 
in the creep parameters. 

• 	 In normal Swedish clay, shear strength decreases with rising temperature. 
Similarly, the modulus, M

0 
decreases before the preconsolidation pressure. 

In respect of the tested clay, the decrease is in the order of 0.5 % / °C. 

• 	 Preconsolidation pressure apparently decreases with rising temperature, ac
cording to normal interpretation of the oedometer tests in the laboratory. No 
field evidence for a lowering of the preconsolidation pressure exists. In fact, 
the measured pore pressure and deformations at cycling in store 1 contra
dicts the assumption of a lowering of the preconsolidation pressure at in
creasing temperature. 

On the basis of these results, it can be stated that for a heat store built in Swed
ish clay, which is normally somewhat overconsolidated, settlement will be rela
tively small for moderate increases in temperature. Settlement can be estimated 
by means of equations 9.2 and 9.5. This is subject to the condition that no load 
is placed on the surface. In connection with loading of the surface, particular 
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attention must be paid to the fact that the undrained shear strength may be low
ered so that stability is not jeopardised. Following this, it should be borne in 
mind that the preconsolidation pressure may have decreased and/or creep pro
pensity increased, which would result in greater deformation than usual in the 
event of a load being placed on the surface. 

The surface of a heat store can be used to advantage as a car park, football field, 
grassed area or park, etc. Heat stores ought not to be located on slopes where 
even a moderate decrease in shear strength could initiate a landslide. In addi
tion, the distance between a heat store and a large building, high road embank
ment, noise barrier, etc. should be so great that the rise in temperature does not 
spread and affect them or their stability even in the long term. To give an exam
ple, settlement for the experimental field is estimated at 0.17 metres after 25 
years of operation at temperatures varying between 35 and 70 °C. The tempera
ture increase of 1 °C in the soil extends about 40 metres from the edge of the 
heat store during the same time. The nearest building ought not to be situated 
closer to the heat store than this unless a special study is conducted. 
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APPENDIX 1 


Properties and results from triaxial tests 
at elevated temperatures 

sample bore hole/ water ratio density vertical volume failure 

D=normal test tube deformation change angle 

C=quick test (%) (t/m3) (%) (%) 


D610 2 / middle 83,0 1,53 1,0 1,6 52° 

D640 2 / under 87, I 1,51 1,5 2,0 52° 

D670 12 / under 86,1 1,53 5,6 4,7 55° 


C610 I / middle 81 , 1 1,53 1,3 2,5 54° 

C640 I /under 81 ,6 1,53 1,7 2,4 52° 

C670 11 / middle 81 ,3 1,52 1,2 2,4 

C671 11 / under 85,3 1,53 1,5 2,7 480 


D910 13 I middle 82,9 1,54 7,3 9,0 

D940 12 I under 77,5 1,56 2,8 3,8 26° 

D970 2 / middle 84,7 1,53 3,5 3,8 


C910 13 / under 79,6 1,55 6,3 7,1 38° 

C940 I I under 81,9 1,53 1,8 2,4 55° 

C970 I /middle 85,7 1,54 4,0 5,0 45° 


before consolidation after consolidation Iafter failure I 
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APPENDIX2 

Values on the parameters <X and Ps for secondary consolidation, 
5 

taken from SGI Information 13. 

These values are recomended These values are recomended 
for clay for gyttja, gyttjy clay and 

sulphidic clay 

WN O:s max f3o:s WN O:s max f3o:s 
o/o o/o 

25 0.000 0.000 25 0.000 0.000 

30 0.002 0.027 50 0.007 0.030 

40 0.006 0.031 75 0.016 0.033 

50 0.010 0.035 100 0.021 0.035 

60 0.014 0.039 125 0.026 0.038 

70 0.018 0.043 150 0.030 0.040 

80 0.021 0.046 200 0.036 0.046 

90 0.025 0.049 250 0.040 0.051 


100 0.029 0.053 300 0.044 0.055 

110 0.033 0.0.57 3.50 0.047 0.0.58 

120 0.037 0.061 400 0.0.50 0.061 


Peat are using asmax= 0,025 and~.= 0,000 
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