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SAMMANFATTNING
Detta examensarbete presenterar resultat från en laboratoriestudie på en lera från Enköping
stabiliserad med kalk och cement. I laboratoriet har isotropiskt konsoliderade odränerade aktiva
triaxialförsök utförts på provkroppar och jämförts med enaxliga tryckförsök som utförts på
provkroppar från samma inblandningstillfälle.
De två metoderna har visat sig ge likvärdiga värden på utvärderad odränerad skjuvhållfasthet.
Elasticitetsmodulen har däremot visat sig vara mycket högre för triaxialförsöken än enaxliga
tryckförsök. För triaxialförsöken har förhållandet mellan sekantmodulen och den odränerade
skjuvhållfastheten legat mellan 112-333. För de enaxliga tryckförsöken ligger förhållandet mellan
sekantmodulen och den odränerade skjuvhållfastheten inom intervallet 44-146. Inget mönster har
dock kunnat urskiljas då förhållandet mellan de två olika försöken har varierat mellan 1,0-3,5.
Ett lägre och högre back pressure användes under triaxialförsöken. Till skillnad från tidigare studier
har dock båda dessa back pressures vattenmättat provkroppen. Resultaten visar på att back pressure
inte påverkar testresultaten, förutsatt att provet blivit fullt vattenmättat.
Utöver denna jämförelse har ytterligare passiva triaxialförsök utförts. De passiva triaxialförsöken har
utförts som isotropiskt konsoliderade odränerade försök.. Däremot har två olika metoder använts
under skjuvningsfasen. I första typen av försök har den axiella spänningen minskats medan den
radiella spänningen har hållits konstant. I den andra typen av försök har i stället den radiella
spänningen ökats samtidigt som den axiella spänningen har hållits konstant.
Skjuvhållfastheter har jämförts med resultat från kalkpelarsondering i fält och visar på att
skjuvhållfastheten genomgående varit högre i fält än i laboratoriet. Dessutom har skjuvhållfastheter
och elasticitetsmoduler testats efter olika lagringstider genom enaxliga tryckförsök.
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ABSTRACT
This master thesis presents results from a laboratory study on a clay from Enköping which was
stabilized with lime and clay. Isotropic consolidated undrained compressive tests were performed on
samples and compared to unconfined compressive testing.
The two methods have shown no difference in the evaluation of undrained shear strength. However
the modulus of elasticity was shown to be much higher for the triaxial tests. For the unconfined
compressive tests the relation between the undrained shear strength and secant modulus was within
the range of 44-146. The equivalent for the triaxial tests was in the interval of 112-333. However no
pattern was extinguishable between the two tests as this relation has varied between 1,0 to 3,5.
A lower and higher back pressure was used during the triaxial testing. However, both back pressures
have succeeded in saturating the sample. Results show that the back pressure has little effect on the
results, as long as the sample has been fully saturated.
In addition to this extension tests were performed on samples as well. The tests performed were
isotropic consolidated undrained. However two different shearing methods were used. The first test
was strain rate dependant while the second test was stress rate dependant. In the first test the vertical
stress decreased while the radial stresses were kept constant, while in the other test the radial stresses
increased while the vertical stress were kept constant.
The undrained shear strength was compared to lime/cement column penetration tests in field.
Results showed that tests in field show a much higher undrained shear strength than laboratory
testing.
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LIST OF NOTATIONS AND ABBREVIATIONS
σ1:

Axial stress [kPa]

σ3:

Radial stress [kPa]

σ dev :
cu:

(𝜎𝜎1 − 𝜎𝜎3) Deviatoric Stress [kPa]

t:

(

s':

(

σ v0 :

Vertical total stress [kPa]

σ' v0 :

Effective vertical soil pressure [kPa]

σ' h0 :

Effective radial soil pressure [kPa]

Ko:

Consolidation factor [-]

Δσ:

Stress Change [kPa]

εf:

Strain failure [%]

E mod :

Young’s modulus [kPa]

E 50 :

Secant Modulus of Elasticity (Young's modulus) at Half the Deviatory Peak Stress [kPa]

BP:

Back Pressure [kPa]

PP:

Pore Pressure [kPa]

u:

Pore Water Pressure [kPa]

Δu:

Pore Pressure Change [kPa]

wn:

Natural water content [%]

B:

Skempton value [-]

SGI:

Swedish Geotechnical Institute

SD:

Swedish Deep-stabilization Research Centre

SGS:

Swedish Geotechnical Society

𝜎𝜎1 −𝜎𝜎3

(

) Undrained Shear Strength [kPa]

2
𝜎𝜎′1 −𝜎𝜎′3
2
𝜎𝜎′1 +𝜎𝜎′3
2

) Shear Stress [kPa]
) Effective Mean Stress [kPa]

UCT: Unconfined Compression Test
ATT: Compression Triaxial Test
PTT:

Extension Triaxial Test

KPS:

Column Penetration Test (KalkPelarSondering)
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INTRODUCTION
Using deep mixing to decrease settlements, increase stability or reduce vibrations is a widely used
method to stabilize clay in Sweden. By using a mixing tool which penetrates and slurries the soil,
lime/cement is dispensed in to the soil using compressed air during ascent, creating lime/cement
columns (Holm, 2001; among others).
In order to get estimations on how deep mixing will affect the soil, laboratory testing can be
performed prior to construction. As mixing and curing conditions will differ between construction
and laboratory testing, the soil behavior will differ.
The standard laboratory test is the unconfined compression test (UCT) which measures the
compression strength and deformation of a stabilized clay sample. The data is then used to estimate
the undrained shear strength (c u ):
𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑
𝑐𝑐𝑢𝑢 =
2
Where σ dev is the deviatoric stress.

As there are no confining stresses, one can expect the deformation behavior to differ from that of
the actual lime/cement columns.

The conventional field test for lime/cement columns is the column penetration test (KPS) in which
the column is penetrated by a steel rod with attached wings. The resistance of the penetration is
measured, which is then used to estimate c u . This test is performed after a shorter curing time than
for laboratory testing, and a further increase in the shear strength can be expected.
The use of unconfined compression tests and column penetration tests is the praxis for investigating
the quality of lime/cement columns (Larsson, 2006; Johansson & Åhnberg, 2005).
If further information is required regarding the deformation and strength behavior, one can utilize
triaxial testing. Triaxial testing differs from unconfined compression testing due to the use confining
stresses and pore pressures, this allows different inputs for in-situ stresses. This allows the user to
test the stabilized clay under different conditions, which further increases knowledge of the stressstrain behavior of stabilized clay.
There are several different types of triaxial tests. The stabilized clay sample can be tested using
extension and compression with different drainage, loading and consolidation conditions. These
variations allow testing for different scenarios, both in the active and passive zone of the soil.
The difference between the active and passive zone relates to where along the shear zone that
shearing takes place. In the active zone increments in axial stresses lead to shear failure, while in the
passive zone the shear failure is a result of either a decrease in axial stresses or an increase in the
radial stresses.
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FIGURE 1 ACTIVE AND PASSIVE SHEAR ZONES AND CORRESPONDING FAILURE TYPE (LARSSON ET AL., 2007)

This difference between the two passive state scenarios is dependent on the construction. In
excavations, a decrease in vertical stresses can be expected as a result of removing the soil pressure.
When building an embankment however, the lateral soil pressures will increase as a result of load
increment.
In this report, recommended guidelines released by Swedish Geotechnical Society (SGS) in 2012
were used for triaxial testing. These guidelines are based on triaxial testing on unstabilized clay, which
is tested in a different fashion to stabilized clay samples. This also applies for the unconfined
compression testing, where the standards allow for different dimensions and strain rates. Nor are
there any set standards for how to prepare the stabilized clay sample. Every laboratory has their own
method of preparing stabilized clay samples, due to differentiating equipment (Larsson, 2006;
Edstam, 2000).
As triaxial tests are considered to give more correct data compared to unconfined compression tests,
it can be interesting to investigate which empirical relations that can be drawn between the different
methods. It is already known that the triaxial testing renders more information, however it can be
interesting to see how the stress-strain behavior of the stabilized clay samples differs between the
two methods.

AIM
The purpose of this study was to compare the stress-strain relationship of stabilized clay samples,
between triaxial testing and unconfined compression testing. An increased knowledge in the behavior
of stabilized clay samples, when using different laboratory procedures, can increase our knowledge of
how laboratory results translate into field situations.
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Focus was put on evaluating and comparing
•
•
•

Stress-strain curves for compression and extension triaxial testing procedures.
Young’s modulus (E mod ) for the different tests.
c u for the different tests.

Four types of tests were performed:
1.
2.
3.
4.

Unconfined Compression Testing
Isotropic Consolidated Compression Triaxial Testing
Isotropic Consolidated Extension Triaxial Testing
Column Penetration Test

Evaluations and comparisons were made of all four tests.
Deviations were also evaluated, two studies will be presented in the literature study that discuss the
subject (Haglund & Nilsson, 2001; Edstam, 2000)

ASSUMPTIONS

AND

LIMITATIONS

The main assumption in this study was that triaxial testing simulates the same stress-strain behavior
as the lime/cement column would have in the field. The ability to simulate in-situ stresses in triaxial
testing allowed for conditions more comparable to the ground conditions in field. This did not take
into account how the curing conditions differed between field and laboratory.
Triaxial testing was only performed with low effective vertical stresses, as to simulate in-situ stresses
at normal depths. There was no testing for parameters such as internal friction angle, dilation angle,
permeability etc. Focus was put on the stress-strain behavior.
Finally, it is important to note that there were limitations in what information the different tests
produced.
•
•
•

Unconfined compression testing measured axial strain and forces, from which c u , strain
failure (ε f ) and E mod could be evaluated.
Column penetration tests measured a force, from which c u could be evaluated empirically.
Compression and extension triaxial testing measured c u , E mod , strain behavior, pore pressure
behavior, stress paths etc.
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GROUND CONDITIONS
The clay used for testing was excavated from a field on the outskirts of Enköping.
The field, named Ullunda, consisted of postglacial clay with a clay fraction content of >40% (Möller,
1985).
The top layer of soil consisted of dry crust (approx. depth of 1 m). Beneath the dry crust lay a clay
layer of about 10 m depth. The clay at 2 m depth had streaks/shots of sulfide and could be classified
as gyttja bearing clay while the clay at 7 m was vertically varved.

FIGURE 2 SITE FOR FIELD TESTS AND SAMPLING.

FIGURE 3 AERIAL PHOTO OF SITE FOR FIELD TESTS AND SAMPLING
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Preliminary testing of stabilized clay samples was performed in the lab, on several clay samples from
2, 5 and 7m depth. Sampling was made from four different adjacent areas, named 109, 110, 114 and
115. Routine tests and field vane tests were performed on the clays in area 109 and 114. As seen in
Table 1, Table 2 & Table 3, they showed similar characteristics and it was assumed that the adjacent
areas (110 and 115) displayed similar characteristics as well. Extension triaxial testing were performed
on clay sampled from an additional borehole in very close proximity to the boreholes in Figure 4
The clay was sampled in November 2013 and was stored in a refrigerator at 7 °C. The clay was
stored in sealed plastic bags, each filled with between 5-10 kg of clay.
The preliminary tests were performed at the end of January 2014. Unconfined compression tests and
compression triaxial testing were performed continuously through Mars-April 2014.
The clay used for extension triaxial testing was sampled in April 2014.

FIGURE 4 SAMPLING AND FIELD TESTING AREAS
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TABLE 1 CHARACTERISTICS OF THE CLAY AT 2 M DEPTH

Parameter/Depth

109 - 2 m

114 - 2 m

Density ρ (t/m3)

1.56-1.54

1.55-1.52

Water content w n (%)

68-88

78-84

Sensitivity S (-)

18

22

Liquid limit w L (%)

75

78

Shear strength from drop cone tests (kPa) (uncorrected)

14

15

Shear strength from field vane test (kPa) (uncorrected)

15.91

11.88

Parameter/Depth

109 - 5 m

114 - 5 m

Density ρ (t/m3)

1.53-1.57

1.55-1.50

Water content w n (%)

86-88

84-93

Sensitivity S (-)

33

38

Liquid limit w L (%)

57

66

Shear strength from drop cone tests (kPa) (uncorrected)

10

9

Shear strength from field vane test (kPa) (uncorrected)

13.98

16.46

Parameter/Depth

109 - 7 m

114 - 7 m

Density ρ (t/m3)

1.69-1.74

1.74-1.71

Water content w n (%)

64-51

55-54

Sensitivity S (-)

52

46

Liquid limit w L (%)

40

43

Shear strength from drop cone tests (kPa) (uncorrected)

13

14

Shear strength from field vane test (kPa) (uncorrected)

15.91

15.24

TABLE 2 CHARACTERISTICS OF THE CLAY AT 5 M DEPTH

TABLE 3 CHARACTERISTICS OF THE CLAY AT 7 M DEPTH
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Pore water pressure (u) was measured in area 105 and 110 at two separate occasions, the 12th of
December and 9th of January. Measuring of the ground water level in the friction soil below the clay
indicated that the ground water level was present from approximately 0-0.5 m below the surface, see
Table 4.
The vertical total stress (σ v0 ) was calculated for use as in-situ stresses during triaxial testing.
The lime/cement stabilized clay was treated as an over consolidated clay with a consolidation factor
(K 0 ) of 1,0. Consequently, the radial effective soil pressure (σ' h0 ) was the same as the vertical effective
soil pressure (σ' v0 ), see Table 5.
In order to ensure that the storage didn't affect the water content, the water content was measured
after 6 months of storage. No significant difference was indicated and there seemed to be no water
loss during storage, see Table 6.
TABLE 4 PORE WATER PRESSURE MEASUREMENTS

Date

u (kPa) 5 m-105

u (kPa) 5 m-110

u (kPa) 7 m-105

u (kPa) 7 m-110

2013-12-16

42.8

41

62.7

61.8

2014-01-09

45.6

44.5

68.4

66.3

TABLE 5 SOIL PRESSURES USED FOR TRIAXIAL TESTING

Depth (m)

u (kPa)

σ v0 (kPa)

σ' v0 (kPa)

5

42

79.2

37.2

7

62

113.8

51.8

TABLE 6 WATER CONTENT OF STORED CLAY BEFORE AND AFTER STORAGE.

Sample
109-7
110-5
114-5
114-7
115-5
115-7

w n (%)
December 2013

w n (%)
June 2014

51-64
86-88
84-93
54-55
84-93
54-55

69
71
84
60
79
56
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PRELIMINARY INVESTIGATIONS
As different composition of binder could be used, preliminary investigations were performed in
order to find the composition that best suited the tests. It was decided that a c u of 100-200 kPa was
preferable, as it would make field tests easier. In order to find the most suitable composition,
unconfined compression tests were performed.
Preliminary tests were performed with 4 different compositions:
1.
2.
3.
4.

100 kg/m3 with a 50:50 ratio of lime and cement (100-A)
120 kg/m3 with a 50:50 ratio of lime and cement (120-A)
120 kg/m3 with a 40:60 ratio of lime and cement (120-B)
120 kg/m3 with a 30:70 ratio of lime and cement (120-C)

A combination of different depths and curing times were tested, see Table 7. Tests showed that a
mixture of 120 kg/m3 with a 50:50 ratio of lime and cement was most suitable, with a c u in the 100200 kPa interval, see Table 8.
Mixing of samples was carried out using a paint mixer attached to a drilling machine. This was used
instead of a conventional kitchen mixer, due to that the kitchen mixer broke during mixing. Mixing
was performed in different batches in order to simplify the preparation process.
For the comparison between triaxial testing and unconfined compression testing, only two samples
were prepared per batch. By only mixing two samples per batch, the internal σ dev difference (i.e. the
difference in σ dev between the two samples) lay under 2.5%. The external σ dev difference (i.e. the
difference in average σ dev between batches) was much higher, see Table 9 & Table 10
TABLE 7 SCHEDULE FOR PRELIMINARY TESTING

Depth Curing time: 7 days Curing time: 14 days Curing time: 28 days
2m

120-A, 120-C

100-A, 120-A, 120-C

100-A, 120-A, 120-C

5m

100-A, 120-B

100-A, 120-A, 120-B

100-A, 120-A, 120-B

7m

120-A, 120-C

100-A, 120-A, 120-C

100-A, 120-A, 120-C

TABLE 8 UNDRAINED SHEAR STRENGTH FROM PRELIMINARY TESTS FOR A MIXTURE OF 120 KG/M3 WITH A 50:50
RATIO OF LIME AND CEMENT

Depth (m)

c u (kPa)

2

80-84

5

105-109

7

121-122
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TABLE 9 INTERNAL STRENGTH DIFFERENCE IN BATCHES (2 M DEPTH)

Batch σ dev (kPa) Test 1 σ dev (kPa) Test 2 σ dev (kPa) Average Deviation (%)
1

168

161

164.5

2.13

2

213.5

207

210.25

1.55

3

256.1

258.1

257.1

0.39

TABLE 10 EXTERNAL STRENGTH DIFFERENCE BETWEEN BATCHES 1, 2, 3 (2 M DEPTH)

Sample

σ dev (kPa) Deviation [%]

Average

189.56

Extreme (max)

258.10

36.16

Extreme (min)

161.00

17.74

Since no comparison was made between extension triaxial testing and unconfined compression
testing, each batch contained six samples.
The focus of the mixing was to produce a good homogeneity, therefore visual inspection was more
important than using a timeframe for mixing. A timeframe for mixing was still utilized however, the
mixing procedure was completed within 7 minutes and samples prepared within 30 minutes from
start.
A further explanation of the mixing procedure is available in the method sections.
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A time frame was necessary in order to prevent the exposure to air at room temperature from
affecting the stabilized clay sample, which would have affected the results. A simple investigation was
made where a stabilized clay sample was exposed to air for 1.5 hours before testing. The
investigation showed an increase in compression strength of 30% for stabilized clay specimens left
exposed.
The stabilized clay samples were manually compacted. The main concern during compaction was to
prevent the occurrence of various air pockets or surface imperfections. Visual controls were done
and showed a good compaction of the stabilized clay samples, see Figure 5.

FIGURE 5 EXAMPLES OF FINISHED SAMPLES
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LITERATURE STUDY
The literature study covered the chemical reactions of deep mixing with lime/cement, deviations in
test results and previous triaxial testing of stabilized clay samples by Åhnberg. The literature study
regarding deviations was limited to comparisons of testing performed on lime/cement columns and
stabilized clay samples.
DEEP MIXING
There are mainly two different deep mixing methods. Wet mixing which utilizes a slurry of binders,
and dry mixing which utilizes dry binders (Kempfret & Gebreselassie, 2006). In Sweden, dry mixing
is the preferred method. By using a mixing tool that penetrates and slurries the soil, lime/cement is
dispensed in to the soil using compressed air during ascent, creating lime/cement columns (Holm,
2001).
The properties of the soil will affect the results of deep mixing. An increase in strength with a factor
of 10-20 can be expected for clay stabilized with lime/cement. However, for some clays this factor is
shown to be lower (Larsson, 2006). Clays with traces of gyttja yield a lower increase in strength, this
is also affected by the type of gyttja that is present. This makes it difficult to specify a range for the
strength increase factor (Larsson, 2006). Additional studies show an increase in strength with a factor
of up to 50 if the initial shear strength of the unstabilized clay is low (Kempfret & Gebreselassie,
2006).
BINDERS AND REACTION
The binders used in this study were lime and cement. The burnt lime and cement were mixed with
the clay, which causes a reaction with the water content and minerals in the clay.
Burnt lime consists of calcium oxide (CaO), which is produced through a thermal decomposition of
limestone. Burnt lime is highly reactive to water and creates calcium hydroxide (Ca(OH) 2 ) during
hydration, more commonly known as slaked lime. If left aerated, burnt lime reacts with the carbon
dioxide in the air. This returns it to its original form of calcium carbonate (CaCO 3 ). Consequently,
burnt lime is stored in a sealed container with no exposure to air.
As previously mentioned, the burnt lime creates calcium hydroxide during hydration. Some of this
calcium hydroxide is absorbed by soil particles. The soil is modified into a drier and coarser structure
due to a slaking process and the flocculation of soil particles (Boardman et al., 2001). The calcium
hydroxide not consumed in this process is free to react with the silica and alumina contained in
minerals present in the soil. These pozzolanic reactions result in the formation of calcium aluminate
hydroxide (CAH), calcium silicate hydroxide (CSH) and/or calcium aluminate silicate hydroxide
(CASH) (Åhnberg et al., 2003). Reactions to the cement will also create calcium silicate hydroxide
(TRB, 1987).
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FIGURE 6 CHEMICAL REACTIONS TAKING PLACE DURING CURING (ÅHNBERG ET AL., 2003)

The lime/cement reaction to clay is exothermic and increases the temperature in the ground,
allowing for a quicker reaction. As a result, an increase in the ground temperature is expected during
curing.
While short term shear strength of deep mixed soils is mainly dependent on the reduction of water
content and an increase in plastic limit, the long term increase of shear strength is mainly governed
by pozzolanic reactions (Broms, 1999).
Consequently, a higher shear strength is expected with dry mixing than with wet mixing, due to the
reduction of water content (Chida, 1981).
An increase in bulk density is also expected during curing, the hydration of lime will involve a degree
of expansion (Boynton, 1980). As there was limited access to water in the lab, this effect was limited.
However, expansion resulted in difficulties with extracting the stabilized clay sample from its
cylinder.
DEVIATION
In 2000, The Swedish Deep-Stabilization Research Center (SD) released a work report on how
different preparation procedures of stabilized clay samples affect the deviations in test results from
unconfined compression tests (Edstam, 2000). This investigation is performed in two stages. The
first stage consists of four laboratories preparing samples using their own procedures, the samples
are then stored and tested at the Swedish Geotechnical Institute (SGI). During the second stage, all
the laboratories use the same preparation procedure. The external and internal difference between
laboratories is compared for both the individual methods and the common method.
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The internal difference is compared to the average value of all tests in each laboratory, while the
external difference is compared to the average value of all tests in all laboratories.
When using their own methods, the peak internal difference for tests in each laboratory is 22%, with
most samples lying within a 10% range. The peak external difference for tests in all laboratories is
53% with most samples lying within a 20% range.
Compaction is done manually in one laboratory, while the three other laboratories use mechanical
devices for both mixing and compaction. The manually compacted samples show a lower internal
difference, but a higher external difference compared to the other samples. This is due to that the
manually compacted samples yield a lower shear strength. Figure 6 presents the stress-strain curves
for all tests, with the black curves representing the stress-strain curve of the manually compacted
samples.
The manually compacted samples also show a smoother surface with fewer surface defects than the
mechanically compacted samples.
In 2001 SD released another work report regarding differences between results in field tests and
laboratory testing (Haglund & Nilsson, 2001). The study composes of comparisons from unconfined
compression tests and column penetration tests in 13 different projects from two different regions in
Sweden, Mälardalen and Västkusten.
The comparison shows varying results. While projects at Västkusten mainly yield higher values
during column penetration testing, Mälardalen does not follow the same pattern. Some projects show
column penetration tests with values 1.5-2 times higher than unconfined compression testing, other
projects show the opposite result. According to Larsson (2006) Västkusten clay yields 1-3 times
higher column penetration test results, while Mälardalen yields column penetration test results with a
factor of 0.5-4 compared to the unconfined compression test results.

FIGURE 7 STRESS-STRAIN CURVES FROM THE DIFFERENT LABS (EDSTAM, 2000)

22

FIGURE 8 RELATION BETWEEN FIELD AND LAB RESULTS (LARSSON, 2000)

Larsson (2000) also discusses this issue, where figure 7 shows the relation between unconfined
compression testing and column penetration testing.
TRIAXIAL TESTS
Triaxial testing for stabilized clay samples is relatively uncommon and there is no Swedish standard.
A recommended guideline for triaxial testing has been released by SGS and a Eurocode Technical
Specification, SIS-CEN ISO/TS 17892-9:2005, exists but does not include extension triaxial tests.
These two documents were used as guidelines for tests performed in this study.
There is a doctoral thesis by Helen Åhnberg that studies the laboratory strength of stabilized soils
(Åhnberg, 2006). One part of the thesis investigates the influence of back pressure and strain rate
during triaxial testing (Åhnberg, 2004). Stabilized clay samples are subjugated to two different back
pressures, 20 and 400 kPa. Lower back pressures are chosen to simulate short-term conditions while
higher back pressures are chosen to simulate long-term conditions.
The difference in back pressure results in different degrees of saturation, the lower back pressure
yields a lower degree of saturation. A factor of 1.6 differs in shear strength between tests with high
and low back pressures (Åhnberg, 2004).
In a doctoral thesis by Sadek baker triaxial testing is performed on larger stabilized clay samples
(Baker, 2000). Tests show that with increased curing time, a strength increase and ε f decrease is
expected. Consequently, the stiffness and E mod will increase. Triaxial testing by Baker (2000) also
show a slightly higher E mod than that of unconfined compression tests.
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In a bachelor degree of science thesis released by MIT in 1961, a study is made of the effect of lime
stabilization of Vicksburg Buckshot Clay (Bromwell, 1961). This study shows that the unconfined
compression tests yield a lower shear strength compared to triaxial tests.
Other studies compare the shear strength determined by direct shear tests with the shear strength
yielded from triaxial tests. They show a lower shear strength from direct shear tests compared to
triaxial tests, especially when the shear strength is high because of a high internal friction angle
(Broms, 2004). Triaxial tests by Yoshida (1996) on cement-stabilized clay yield a shear strength with a
factor 1.57 to that of the direct shear tests.
UNCONFINED COMPRESSION TESTS
For unconfined compression tests, the Swedish Standard SS 02 71 28 was used as reference from
1992 to 2005, when it was repealed and replaced by SIS-CEN ISO/TS 12892-7. The new reference
allowed more flexibility for strain rate and sample dimensions, see Table 11.
The unconfined compression tests in this study followed both standards as the samples yielded
within 2-5 min and used a 1% strain rate. The sample dimensions were 50 mm x 100 mm which lied
within the sample dimension range for both standards.
Friction is mentioned in both standards as it is expected during sliding failure. The tests in this study
all resulted in compression failures and consequently the friction became an insignificant factor, see
Figure 8.
In a study by Åhnberg (2006), the relation between shear strength and E mod is evaluated and found to
lay in a 50-150 interval for unconfined compression tests (Åhnberg, 2006). A study by Terashi (1983)
evaluates the relation between tensile strength of lime/cement stabilized clay and unconfined
compression tests. The tensile strength from Brazilian tension tests is shown to be 10-20% of the
unconfined compressive strength, while tensile strength tested by bending tests is as high as 25% of
the unconfined compressive strength (Terashi et al., 1983).
TABLE 11 DIFFERENCES BETWEEN THE TWO STANDARDS FOR UNCONFINED COMPRESSIVE TESTING.

ISO/TS 17892-4

SS027128

Strain rate

1-7.5 mm/min (15% deformation
or yield after 2-5 min)

1-2 mm/min (10% deformation
after 5-10 min)

Sample dimension

90-125 mm for a 50 mm diameter

Height is higher than 1.5 *
diameter
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FIGURE 9 COMPRESSION FAILURE OF UNCONFINED COMPRESSION TEST

SUMMARY
The literature study showed that there is a great variation in the relation between shear strength in
field and from laboratory testing. The literature study also showed a great variation in results from
different laboratory testings. A consistent pattern seems to be that triaxial testing yields higher c u and
E mod than other tests. It also showed that the back pressure affects the stress-strain behavior of
stabilized clay samples. Åhnberg (2004) hypothesized that the low back pressure yielded different
results as a consequence of the sample not being fully saturated. In this study triaxial tests were
performed at 400-800 kPa, in order to see if the different back pressures would yield different results
when the stabilized clay sample was fully saturated.
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METHODOLOGY
PREPARATION

OF

SAMPLES

MATERIAL
The clay was stored in sealed plastic bags at 7°C.
The clay was stabilized with a mixture of lime and cement. The lime had a grain size of 0-0.1 mm and
was stored in a sealed container with no exposure to air. The cement was standard CEM II/A-LL
42,5 R from Skövde. This is a standard Portland-cement with a cement content of 75-100%
(Cementa AB, 2007).
MIXING
As previously stated, the samples were prepared using a paint mixer attached to a drilling machine.
This method showed a good homogeneity and reproducibility of the samples. The drilling machine
had a very high rotational speed, which mixed the components well.
An issue during mixing was that the binder could be blown away due to the high rotational speed of
the mixer. This was prevented by manually embedding the binder into the clay before mixing.
The clay and binders were mixed in four steps. First, the clay was mixed to a more homogenous state
before the binder was added. The batch was then mixed until there was no binder visible. After this,
clay that was stuck to the bottom and the sides of the container was scraped loose with a spatula,
before being mixed again. This process was repeated three times. No restrictions regarding time were
applied but the mixing procedure lasted no longer than 10 minutes, while the whole preparation
procedure lasted no longer than 30 minutes (Larsson, 2006).

FIGURE 10 MIXING DEVICE USED FOR PREPARATION OF SAMPLES

TABLE 12 CHEMICAL DATA OF THE CEMENT (CEMENTA AB, 2007)

Compound

Percentage (%)

Magnesium oxide (M g O)

1,1-1,3

Sulfur trioxide (SO 3 )

3,4-4,0

Chloride (CL-)

0,02-0,04
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COMPACTION
The material was manually compacted using a stamp. The cylinder was filled with stabilized clay
(approx. 30 mm in height) and compacted three times, by lifting the stamp and cylinder and banging
it against a table with force. Between each bang, the stamp was pushed and rotated to simulate
kneading. This method yielded a good compaction in regards to air pockets and surface defects.
STORAGE
The cylinders were stored in a refrigerator at 7°C and the end-faces were sealed with tape.
FORMING THE SAMPLE
Preparing the sample for testing was difficult, as testing required a standard cylindrical shape of the
stabilized clay sample with a 100 mm height and a 50 mm diameter. Getting plane and horizontal
end-faces was difficult, as the material was very brittle and tended to break at the end-faces when
being cut. This was solved by putting the entire sample in a mold with previously stated dimensions,
see Figure 11, and cutting off small pieces with a steel-wire in order to get good end-faces. Some
breakage still occurred on the edges when removing the sample from the mold.

FIGURE 11 MOLD FOR FORMING OF SAMPLE
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UNCONFINED COMPRESSION TESTING
Several unconfined compression tests were performed.
For the comparison with compression triaxial testing, one unconfined compression test was
performed for each corresponding compression triaxial test sample. For the extension triaxial testing,
four samples were tested simultaneously.
In addition to these tests, unconfined compression tests were performed on samples after 4, 8 and 12
weeks of curing, in order to evaluate the curing time of the stabilized clay.
STANDARDS FOR UNCONFINED COMPRESSION TESTING
Unconfined compression testing was performed in accordance with the technical specification SISCEN ISO/TS 17892-7:2004, and the older Swedish standard SS 27128 which was repealed in 2005.
The newer technical specification allowed for a wider range of strain rate (1-7.5 mm/min).
The unconfined compression tests in this study were tested at a strain rate of 1 mm/min. The tests
were run until failure or until a 10% deformation occurred. In order to prevent an uneven
distribution of forces, the sample was connected to the testing equipment through a Plexiglas disc
with a hollowing, in which a metal ball is placed. In order to prevent friction, silicone grease was
applied to a plastic film placed between the sample and the testing equipment.

FIGURE 12 UNCONFINED COMPRESSION STRENGTH EQUIPMENT AND SAMPLE IN POSITION
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DEVIATIONS
The preparation of the stabilized clay sample affects the results from unconfined compression testing
and can lead to erroneous values.
In this study, and commonly in all other studies, the sample dimension was 50 mm x 100 mm.
Height differences could affect the compression strength, but are more likely to affect ε f . Height
input to the testing equipment was 100 mm and the height difference, when preparing a sample,
could differ a few millimeters due to human error. This led to off sets of ε f , since the calculation
software read the sample as 100 mm in height.
Standards allowed for a high variation in strain rate. It is generally accepted that a quicker strain rate
yields higher compression strengths. A lower strain rate on the other hand allows the stabilized clay
sample to dry, which changes the compression properties and is unfavorable.
The idea of unconfined compression testing is to measure the compression stresses at a constant
vertical strain rate. The ideal force diagram would be a vertical inwards force on the sample, but since
the horizontal end-faces are a result of manual labor, a slight slope is expected. This splits the
inwards force into two perpendicular forces, see Figure 13, which could affect the results.
The stresses were calculated by dividing the forces with the area of the end-face, which is a constant
entered in the calculation software. Thus it becomes important that the end-faces are flat and don't
have any bigger holes or breakages, which often occurred when handling a stabilized clay sample.
They should be avoided as they result in different end-face stresses than presented in the results.
Various air pockets or surface imperfections also affect the strength and deformation behavior of the
samples. In previous studies it was noted that in all "poor results" the sample has imperfections, but
that not all imperfect samples lead to "poor results" (Edstam, 2000).

FIGURE 13 DIFFERENT FORCES THAT COULD ACT ON UNCONFINED COMPRESSION STRENGTH TESTS
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COLUMN PENETRATION TESTS
Field tests were performed with conventional column penetration tests. Testing was performed on
14 different columns, 5 columns with a cc distance of 3 m and 9 columns with a cc distance of 1.5 m.
The column penetration test consisted of two steps. First, a hole was pre-drilled in the lime/cement
column. Afterwards a steel rod with attached wings penetrated the hole. The wings provided a
resistance and the force required to penetrate the lime/cement column was measured. The resulting
shear strength was evaluated by multiplying the required force with a bearing capacity of 12.5.
The column penetration tests were performed after 12-14 days.

FIGURE 14 STEEL ROD WITH WINGS
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FIGURE 15 THE EQUPIMENT USED FOR COLUMN PENETRATION TESTS

FIGURE 16 THE MEASURING DEVICE AND A CLOSE UP OF THE EQUIPMENT
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TRIAXIAL TESTING
The equipment for triaxial testing consisted of a cell in which the stabilized clay sample was placed,
and three controllers that managed different pressures applied to the cell. These pressures were:
•
•
•

The cell pressure
The lower chamber pressure
The back pressure

The cell pressure controller managed the confining pressure present in the cell. This pressure equaled
the radial stresses and if the stabilized clay sample was undocked, i.e. not fixed at the ends, the cell
pressure equaled the axial stresses. This allowed for isotropic consolidation.
The lower chamber pressure controller managed the axial stresses of the stabilized clay sample by
raising or lowering the pedestal on which the stabilized clay sample was placed. In order for the
lower chamber controller to affect the axial stresses, the stabilized clay sample needed to be docked.
This allowed for anisotropic consolidation.
The back pressure controller managed the degree of saturation of the stabilized clay sample and the
pore pressure, by regulating the water flow inside the membrane.

FIGURE 17 THE TRIAXIAL CELL
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FIGURE 18 STANDARD SETUP INSIDE TRIAXIAL CELL

In order to separate the stabilized clay sample from the water in the cell, and regulate the water flow,
the sample was covered in a membrane. This membrane was sealed by four o-rings, two at each end
of the stabilized clay sample. The stabilized clay sample was also separated from the water by a paper
filter and porous disc at the end-faces, in order to prevent residue from entering the inflow tubes and
damaging the equipment.
There are three general triaxial tests conducted in laboratories.
•
•
•

Consolidated Drained
Consolidated Undrained
Unconsolidated Undrained

The consolidated drained test is applicable for long-term loading response, these tests will take
longer time as the shear rate must allow for negligible pore water pressure changes (GDS, 2013). The
unconsolidated undrained test is the most simple and quickest test, as the sample is neither
consolidated and only total stresses are recorded.
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The consolidated undrained test is applicable for short-term loading response. The consolidated
undrained test is the most common test and was also the one used for this study. This allowed for
faster shear rates and measuring of excess pore water pressure changes during shearing.
The triaxial test consisted of four stages.
1.
2.
3.
4.

Saturation Ramp
B-check
Consolidation
Shearing

SATURATION RAMP
The saturation ramp saturated the stabilized clay sample by forcing water into empty pores. This was
achieved by slowly increasing the back pressure over a period of time.
Stabilized clay samples are harder to saturate compared to unstabilized clay. In order to fully saturate
the stabilized clay sample, a high back pressure was necessary.
Attempts were made to saturate the stabilized clay sample using different back pressures. Time was
an aspect which needed consideration, a slow and steady increase of the back pressure was
preferable. During testing a pressure increment of 66.67 kPa/h was used. Compression triaxial tests
were performed with a back pressures ranging from 400 to 800 kPa, while extension triaxial tests
were performed with a back pressure of 500 kPa, see Table 13.
During the saturation ramp, the pore pressure should equal the back pressure.
However, at the start of each saturation ramp, the pore pressure increased at a much slower rate than
the back pressure. This was the result of air pockets in the sample being compressed. As the air
pockets were compressed and the voids filled with water, the pore pressures caught up to the back
pressure, see Figure 19.
TABLE 13 SATURATION RAMP TIME INTERVAL FOR DIFFERENT BACK PRESSURES

Back pressure (kPa) time (h) Increase (kPa/h)
400

6

66.67

600

9

66.67

800

12

66.67
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FIGURE 19 PORE AND BACK PRESSURE BEHAVIOR DURING SATURATION FROM SEVERAL TESTS
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B-CHECK
When the saturation ramp finished, a B-check was performed which showed to which degree the
sample was saturated. In order to fully saturate the sample a Skempton value (B) higher than 0.95 is
required.
The Skempton value is defined as:
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
where Δu is an increase in pore pressure, when both axial and radial stresses are increased under
undrained conditions by a value Δσ (in these tests 15-20 kPa).
𝐵𝐵 =

FIGURE 20 A GRAPH SHOWING THE RELATION BETWEEN THE DEGREE OF SATURATION AND THE SKEMPTON
VALUE
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TABLE 14 COMPARISON OF B DEPENDING ON BACK PRESSURE

Back pressure [kPa]

B [-]

42

0.45

100

0.52

200

0.83

300

0.9

400

0.95

800

0.98

Table 14 shows B from a test in which the back pressure was raised from 0 to 800 kPa, and B was
tested at different pressures. Testing showed that 400 kPa was the lowest back pressure at which B
reached 0.95. These results were confirmed by previous studies by Helen Åhnberg, where the same
back pressure was required to fulfill the saturation requirements (Åhnberg, 2004).
CONSOLIDATION
During consolidation, effective stresses chosen for the test were applied to the stabilized clay sample.
There were many alternatives for the consolidation, not only anisotropic and isotropic. The stresses
could be applied with different increments, as well as different effective stresses. In this study,
isotropic consolidation with equal effective stresses (both radially and vertically) was used. The
effects of the consolidation was measured through volume changes in the sample.
During consolidation, pore pressure and sample volume decreased. The consolidation was
considered complete when the pore pressure decreased to a fix value, normally the same pressure as
the back pressure, and the sample volume decreased at a fix rate. For stabilized clay samples this
process is quicker than for normal clay, lasting only for a couple of hours. For logistical reasons, the
consolidation stage lasted 8 hours.
It was important to evaluate the behavior of the sample during consolidation. Several tests indicated
an erroneous pore pressure behavior where the pore pressure sometimes decreased below the back
pressure and sometimes never reached it, see Figure 22.
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FIGURE 21 PORE AND BACK PRESSURE BEHAVIOR DURING CONSOLIDATION

FIGURE 22 ERRONEOUS PORE PRESSURE BEHAVIOR DURING CONSOLIDATION
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During this stage, the calibration and offset of the pressures was evaluated. If the offset and
calibration were correct, the pore pressure would reach the same pressure as the back pressure.
If the pore pressure doesn't come down to the back pressure, it is easy to fix this issue in the raw
data file, as the offset is usually a fix value.
As c u is independent of the pore pressure, it was still acceptable to evaluate the stress-strain curve
even if the pore pressure hadn't reached the back pressure, see Figure 21.
SHEARING
Strain rates and back pressures affect the results from triaxial testing. Previous studies by Åhnberg
show that a ratio of up to 1.6 can differ in shear strength between low back pressures of 20 kPa and
high back pressures of 400 kPa (Åhnberg, 2004). This is however believed to be due to that the
sample isn't fully saturated for the lower back pressures, which is why back pressures in this study
were set at 400 and 800 kPa for the compression triaxial tests.
Up until shearing, the compression triaxial test and extension triaxial test are similar. It is during
shearing that the two tests start to differ.
COMPRESSION SHEAR STAGE
In the compression shear stage, the axial stresses were increased while the radial stresses were kept
constant. It is however important to note that the effective stresses did not follow the total stresses,
as the pore pressure and back pressure were affected by the shearing. The increase in axial stresses
was achieved by deforming the sample at a constant strain rate, which increased the axial stresses in
the sample. The strain was increased at a fix rate, however the increase in axial stresses depended on
the strength of the sample. Compression shearing was performed with a 0.7 mm/h strain rate
(0.01167 mm/min) until 12% deformation. In Åhnberg's study, the strain rate is shown to have little
effect on undrained shear testing (Åhnberg, 2004).
As the axial stress increased, the pore pressure initially followed before decreasing over time. This
resulted in that the effective radial stresses initially decreased and could reach zero, meaning that the
radial stresses were initially fully carried by the pore water, see Figure 23 & Figure 24.

39

FIGURE 23 STRESS BEHAVIOR DURING COMPRESSION SHEARING

FIGURE 24 EFFECTIVE STRESSES DURING COMPRESSION SHEARING
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EXTENSION SHEAR STAGE
During the extension shearing stage two different methods were used.
Two of the samples were tested by performing an extension at a 0.7 mm/h strain rate (0.01167
mm/min) until 12% deformation.
As the sample was extended the pore pressure decreased. As shown below, the failure seemed to
appear in the form of cracking, which is seen circulated as a sudden dip in axial stresses in Figure 25.

FIGURE 25 STRESS AND PORE PRESSURE BEHAVIOR DURING AXIAL EXTENSION

The primary method for performing the extension shearing was by increasing the radial stresses
while keeping the axial stresses constant. As the cell pressure is a confining pressure, the sample was
extended in order to keep the vertical stresses constant. The difference to the previous method was
that the extension was dependent on the radial stress increment, instead of being dependent on an
extension strain rate.
As can be seen in Figure 26, the pore pressure showed the same behavior as in the compression
shearing test. The main differences seemed to be that, while the radial stresses were constant in
compression shear failure even after failure, the axial stresses increased rapidly after failure.
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FIGURE 26 STRESS AND PORE PRESSURE BEHAVIOR DURING RADIAL COMPRESSION SHEARING

The strain rate dependent extension triaxial test was similar to the compression test in that the radial
stresses were kept constant. However, instead of compressing the sample, it was extended. While
extending the sample it was important that the sample stays fixed at both ends, so that it was actually
extended instead of coming off at the end-faces. This was achieved by creating a vacuum to fix the
end-faces. Besides that, the procedure followed the same process as the compression tests, except
that instead of an inward strain there was an outward strain. The radial pressure was still constant
and the same strain rate was used.
When performing a passive state triaxial test two scenarios were taken into consideration. One was
during construction of an embankment, where a point in the soil just outside the embankment is
subjected to an increase in the radial stresses while the total vertical stresses are unchanged. The
other scenario was during an excavation in which the vertical stresses are decreased while the total
radial stresses stay the same.
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TABLE 15 DIFFERENT PROCESSES FOR TRIAXIAL TESTING

Test

Fix value

Fix increase

Varying increase

Compression/Extension σ 3
with fix strain rate

ε1

σ1

Compression with fix
stress rate

σ3

σ1

ε1

Extension with fix stress
rate

σ1

σ3

ε1

This lead to an interesting question in whether the strain rate dependent extension triaxial test was a
reasonable method for testing the passive state properties of lime/cement columns. An alternate
method for testing the excavation scenario was by increasing the radial stresses by a constant rate
and keeping the vertical stresses constant. As the radial stresses increased, the sample would have to
be extended in order to keep the vertical stresses fix. However, this would mean that the process was
dependent on a stress increment rather than a strain rate.
This could also have be done for the compression triaxial testing, where tests would be performed
with vertical stresses increasing with a fix stress rate and the strain rate varying during the process.
DEVIATION FROM RECOMMENDED GUIDELINES
There were two main deviations from the recommended guidelines for triaxial testing.
Normally, triaxial testing is performed with de-aerated water in order to prevent air bubbles from
affecting the pressure performance of the testing equipment. However, as no de-aerator was
available, the cell was filled with normal water while the controllers were filled with water de-aerated
in lab. This was done by boiling the water for an hour in a pot, before tapping it through a hose fixed
at the bottom side of the pot. The boiled water was tapped into sealed containers. The reason that
only the controllers were filled with de-aerated water was because the air bubbles would affect them
more than the large cell, and logistics didn't enable us to boil enough water to fill an entire cell.
In order to keep a temperature of 7°C the triaxial cell was placed in a refrigerator. However
vibrations from the refrigerator seemed to disturb the measuring devices, this lead to that the
refrigerator was turned off and samples were tested at room temperature instead.
CELL PRESSURE AND B ACK PRESSURE
The cell pressure and back pressure of the triaxial testing were crucial in regards of radial stresses and
saturation of the sample.
There was consistently an offset in the values of the cell pressure and back pressure in the testing
equipment. This became important as the offset affects whether or not the pore pressure dropped to
the back pressure during consolidation. This also affected the deviator stresses, although to a lesser
extent.
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PORE PRESSURE
The most difficult part of the triaxial testing seemed to be to get the pore pressure to follow the back
pressure in a correct way. Initially, in the software, there was an offset which made sure that eventual
calibration errors were taken into account.
The pore pressure should have been somewhere between the values for the cell pressure and back
pressure throughout the saturation ramp. During the start of the consolidation, the cell pressure was
drastically increased, pulling the pore pressure up. The pore pressure was then stabilized throughout
the consolidation and should have reached the back pressure value by the end of the consolidation.
In the tests the pore pressure usually reached the back pressure value but could sometimes remain 10
kPa over the back pressure and sometimes even reached 2 kPa under the back pressure. This was
also most likely due to an offset. See Figure 22.
The pore pressure is very vital for the effective stresses, as the same effective stresses are preferred
during consolidation and the start of the shearing.
σdev
During the saturation ramp and B-check the σ dev should have been zero as there were no axial loads
on the sample. The same applied for consolidation under isotropic conditions. However, it seemed
that a σ dev of 1-4 kPa was prevalent throughout the testing. This was most likely due to the off-set of
pressures. An attempt at solving this by fixing the off-set proved futile as σ dev still remained.
However, a σ dev value of 4 kPa was deemed acceptable as the stresses reached were high in
comparison.

EVALUATION

OF

EMOD

In order to evaluate E mod the stress-strain diagram was drawn. As a comparison was made of
constants, the secant modulus of elasticity (E 50 ) was investigated for all tests.
E 50 is the gradient of a tangent drawn from half the peak shear strength to the start of the test.

In this study the y-axis replaced with

𝛥𝛥𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑
2

𝐸𝐸50 =

𝛥𝛥𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑
𝛥𝛥𝛥𝛥

, consequently leading to that:

𝐸𝐸50 = 2 ∗

𝛥𝛥𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑
2

𝛥𝛥𝛥𝛥
For the triaxial testing in this study, there was a slight offset of the results at the start of the triaxial
testing, consequently E 50 was drawn from half the peak σ dev to where deformation starts. For the
unconfined compression testing, the E 50 tangent was drawn in a manner that best suited the curve,
see Figure 27.
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FIGURE 27 EVALUATION OF SECANT MODULUS FROM TWO DIFFERENT TESTS
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RESULTS
STRESS PATHS
Stress paths, presented in s’-t diagrams, indicated no difference in deformation behavior between
different back pressures, for stabilized clay samples prepared from clay sampled from 7 m depth, see
Figure 29. Stabilized clay samples prepared from clay sampled from 5 m depth however, showed
higher shear stresses (t) for lower back pressures, see Figure 28. These results indicated that once the
specimen was fully saturated, the back pressure had little effect on the deformation behavior.

FIGURE 28 STRESS PATHS FOR ALL COMPRESSION TRIAXIAL TESTS ON STABILIZED CLAY SAMPLES PREPARED WITH
CLAY SAMPLED FROM 5 M DEPTH
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FIGURE 29 STRESS PATHS FOR ALL COMPRESSION TRIAXIAL TESTS ON STABILIZED CLAY SAMPLES PREPARED WITH
CLAY SAMPLED FROM 7 M DEPTH

Stress paths for extension triaxial tests yielded similar t regardless of whether the specimen was
vertically extended or radially compressed. The main difference visible, was sudden decreases in t and
effective mean stress (s’) for tests subjugated to vertical extension, see Figure 30, 31 and 32. This
effect was suspected to be the result of cracking of the stabilized clay sample.

FIGURE 30 STRESS PATHS FOR ALL STRAIN RATE DEPENDENT EXTENSION TRIAXIAL TESTS ON STABILIZED CLAY
SAMPLES PREPARED WITH CLAY SAMPLED FROM 5 M DEPTH
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FIGURE 31 STRESS PATHS FOR ALL STRESS RATE DEPENDENT EXTENSION TRIAXIAL TESTS ON STABILIZED CLAY
SAMPLES PREPARED WITH CLAY SAMPLED FROM 5 M DEPTH

FIGURE 32 STRESS PATHS FOR ALL STRESS RATE DEPENDENT EXTENSION TRIAXIAL TESTS ON STABILIZED CLAY
SAMPLES PREPARED WITH CLAY SAMPLED FROM 7 M DEPTH

48

STRESS-STRAIN CURVE
Stress-strain curves for compression triaxial testing clearly showed a plateau in σ dev after the peak
stress was reached. In some cases σ dev decreased before plateauing while some cases even showed an
increase in σ dev . These stress-strain curves indicated a strain-hardening behavior.
ε f lay within an interval of 2-4% for triaxial tests, which could be considered rather high for
lime/cement columns. Previous studies by Baker (2000) indicate a much lower ε f .

FIGURE 33 STRESS-STRAIN CURVE FOR ALL COMPRESSION TRIAXIAL TESTS WITH A BACK PRESSURE OF 400 KPA

FIGURE 34 STRESS-STRAIN CURVE FOR ALL COMPRESSION TRIAXIAL TESTS WITH A BACK PRESSURE OF 6-800 KPA
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Unconfined compression testing on 5 m samples showed an increasing σ dev with increased curing
time, testing on 7 m samples showed an increasing σ dev as well. A decreasing ε f is visible for 7 m
samples, while there are no indications of this for the 5 m samples. It is visible that ε f varied more
for lower values of σ dev .

FIGURE 35 STRESS-STRAIN CURVE FOR UNCONFINED COMPRESSION TESTING ON STABILIZED CLAY SAMPLES
PREPARED WITH CLAY SAMPLED FROM 5 M DEPTH, USED FOR COMPRESSION TRIAXIAL TESTING

FIGURE 36 STRESS-STRAIN CURVE FOR UNCONFINED COMPRESSION TESTING ON STABILIZED CLAY SAMPLES
PREPARED WITH CLAY SAMPLED FROM 7 M DEPTH, USED FOR COMPRESSION TRIAXIAL TESTING
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Stress-strain curves for extension triaxial testing showed a continuing decrease in σ dev after reaching ε f.
The stress-strain curves were not as even as the curves for compression triaxial testing, this was
especially noticeable for samples that were subjected to axial extension. For the samples subjected to
radial compression, the stress-strain curve varied more than that for axial extension.

FIGURE 37 STRESS-STRAIN CURVES FOR EXTENSION TRIAXIAL TESTING WITH A BACK PRESSURE OF 500 KPA

FIGURE 38 STRESS-STRAIN CURVES FOR UNCONFINED COMPRESSION TESTS ON SAMPLES USED FOR EXTENSION
TRIAXIAL TESTING
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CU

Test results showed that the evaluated c u was higher for field penetration tests compared to
laboratory testing. There was also a larger spread in the results from field penetration tests while
laboratory testing showed a greater consistency. The increase in c u with increasing curing time was
greater for stabilized clay samples prepared with clay sampled from 7 m depth.

FIGURE 39 EVALUATED C U FROM ALL TESTS
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TABLE 16 DIFFERENCE IN C U BETWEEN COMPRESSION TRIAXIAL TESTING AND UNCONFINED COMPRESSION
TESTING

Sample

c u ATT [kPa] c u UCT [kPa] Ratio (-)

114-7 BP 400 kPa

230

201

109-7 BP 400 kPa

137

136

115-7 BP 400 kPa

175

184

115-5 BP 400 kPa

127

134

110-5 BP 400 kPa

135

132

114-5 BP 600 kPa

100

113

114-5 BP 800 kPa

92

87

114-7 BP 800 kPa

160

209

109-7 BP 800 kPa

138

140

1.14
1.01
0.95
0.95
1.02
0.88
1.06
0.77
0.99

In a comparison between unconfined compression testing and compressive triaxial testing on
samples mixed in the same batch, a ratio of 0.77-1.14 was found.
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E50

FIGURE 40 MODULUS OF ELASTICITY FOR ALL TESTS

The tests showed that E 50 increased with an increased c u . When E 50 was compared between triaxial
testing and unconfined compression testing, results showed that E 50 was higher for triaxial testing,
see Figure 41. The relation of E 50 between the two tests ranged within 1.01-3.54, with an average
factor of 2.14, see Table 17.
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FIGURE 41 SECANT MODULUS RELATION BETWEEN COMPRESSION TRIAXIAL TESTS AND THEIR CORRESPONDING
UNCONFINED COMPRESSION TESTS
TABLE 17 SECANT MODULUS RELATION BETWEEN COMPRESSION TRIAXIAL TESTING AND THEIR CORRESPONDING
UNCONFINED COMPRESSION TESTING

Sample
E 50,ATT /c u E 50,UCT /c u E 50,ATT / E 50,UCT
114-7 BP 400 kPa
313
146
2.46
115-5 BP 400 kPa
186
130
1.38
109-7 BP 400 kPa
156
79
1.99
110-5 BP 400 kPa
112
118
1.01
115-7 BP 400 kPa
163
44
3.54
114-5 BP 600 kPa
333
81
3.23
114-5 BP 800 kPa
130
78
1.37
114-7 BP 800 kPa
256
87
2.26
109-7 BP 800 kPa
148
73
2.01
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The relation between E 50 and c u for all tested stabilized clay samples tested by unconfined
compression testing lay within a factor of 44-146, see Figure 42, while the same relation for triaxial
testing lay within an interval of 112-333, see Table 18.

FIGURE 42 RELATION BETWEEN YOUNG'S MODULUS AND UNDRAINED SHEAR STRENGTH FOR ALL UNCONFINED
COMPRESSION TESTS

TABLE 18 EFFECTS OF BACK PRESSURE ON YOUNG’S MODULUS

Sample
114-7 BP 400 kPa
115-5 BP 400 kPa
109-7 BP 400 kPa
110-5 BP 400 kPa
115-7 BP 400 kPa
114-5 BP 600 kPa
114-5 BP 800 kPa
114-7 BP 800 kPa
109-7 BP 800 kPa
400 kPa
600 kPa
800 kPa

E 50,ATT (kPa)
72000
23673
21333
15059
28612
33333
11962
41026
20472

C u,ATT (kPa)
230
127
137
135
175
100
92
160
138

E 50,ATT /c u
313
186
156
112
163
333
130
256
148

112-313
333
130-256
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DEVIATION IN RESULTS
TABLE 19 DEVIATIONS FROM AVERAGE UNDRAINED SHEAR TRENGTH FOR 14 LIME/CEMENT COLUMN
PENETRATION TESTS

Deviation> 20%
Deviation from average c u at different depths
for lime/cement column penetration test (%)
20% > Deviation < -20%
Deviation > -20%
Test Test Test Test Test Test Test Test Test Test Test Test Test Test
Depth (m)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
4.5
50
-4 -25 -31 -20
-8 -16
3
13
26
14
-3
-2
2

5
5.5
6
6.5
7

27
11
63
29

0
-11
-27
3
19

-32
5
-13
-22
-22

-10
-29
-7
-28
-27

-23
-29
-17
0
11

-4
-16
-38
-33
-42

-7
-12
17
0
7

23
7
9
13
7

15
2
-14
11
12

2
7
-4
6
20

32
68
30
33
1

-10
2
-1
7
14

-14
-5
6
0
26

1
0
-4
-19
-26

-9

-23

-16

-43

-1

14

30

22

6

28

-1

-6

7.5

In the table above, the deviation from average c u for all column penetration tests are presented.
Results showed that three tests (3, 4 and 6) had a lower c u compared to the others, reaching levels of
up to 30% lower c u . Two tests (1 and 11) had a much higher c u , reaching a 68% higher c u in one
instance. Remaining samples had deviations mainly within ±20%.
Unconfined compression tests however showed a much lower deviation, where the highest deviation
was 21%, with most samples having deviations within ±10%.
TABLE 20 DEVIATION IN SHEAR STRENGTH FROM DUPLICATE UNCONFINED COMPRESSIVE STRENGTH TESTS ON
DIFFERENT TESTS.

Sample
109-7
109-7
114-7
114-7
114-7
110-5
110-5
114-5
115-5
115-5
114-5
*highest
deviation

Depth (m)
7
7
7
7
7
5
5
5
5
5
5

weeks Max deviation (%)
2
4
4
8
12
2
4
4
4
8
12

1.00
7.84
1.70
9.79
2.43
2.76
12.84
10.16
20.55
12.06
10.31
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DISCUSSION
COMPRESSION

AND

EXTENSION TRIAXIAL TESTING

All compression triaxial tests followed the same physical pattern during cracking. The failure line
stretched from one end-face to the other. However, several samples had additional cracks deviating
from the failure line on one side of the sample. This was most likely due to local strength variations
throughout the sample, see Figure 43.

FIGURE 43 SHEAR FAILURES FOR COMPRESSION TRIAXIAL TESTS

This was even more noticeable when the sample was taken apart and the surface of the failure line
was investigated. There was no smoothness of the surface and it appeared cracked, see Figure 44.

FIGURE 44 SHEAR SURFACE AREA FOR COMPRESSION TRIAXIAL TESTING
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FIGURE 45 CRACKING FAILURE FOR EXTENSION TRIAXIAL TESTS

The cracking pattern was also present in the extension triaxial tests where the sample had cracked
either radially or vertically. When failing radially, the cracking seemed to split the sample almost in
half. The increasing radial stresses then pushed together the loose residue and edges of the sample,
resulting in shapes present in Figure 45.
The failures indicated signs of a material that doesn't shear as much as it cracks. This failure
resembled more that of concrete than that of clay. This was indicated in the unconfined compression
tests as well, where all failures were either a cracking or spalling failure. This points to that
lime/cement columns should be regarded as a poor concrete rather than a strong clay. Still, a shear
line was still visible for unconfined compression tests as well. It is however possible that this was a
result of the low water content in the samples. An further investigation on whether the same
behavior would be indicated in a stabilized clay sample with a higher water content could be
performed. A possibility is that a lime/cement column with a higher water content could be treated
as a strong clay, while a lime/cement column with a lower water content could be treated as a poor
concrete.
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FIGURE 46 CRACK PLACEMENT IN EXTENSION TRIAXIAL TESTING

The main difficulty for extension triaxial testing was the shearing stage. There were two different
types of failure, see Figure 46.
For the first, which occurred both during stress rate dependent tests and strain rate dependent tests,
the top cap had released from the end-face. This was first treated as a laboratory failure, however
signs of cracking were still visible on the sample. It is possible that the loss of top cap connection
was a result of the cracking. This could be further investigated, by filming the triaxial testing
procedure and using a transparent membrane for the stabilized clay sample. This would allow for a
visual presentation of deformation behavior during extension triaxial testing.
The second failure type, which cracked radially at the midspan of the specimen, only occurred during
radial compression.
For the compressive triaxial tests, no difference in c u was indicated between different back pressures
as there was in previous studies (Åhnberg, 2004), see Table 18. This indicates that once the specimen
is fully saturated, the back pressure has no affect. The higher back pressure gave a higher degree of
saturation, but the Skempton value of 0.95 that was present for a back pressure of 400 kPa showed
no differences compared to the higher back pressure tests. The only indication of difference was that
a peak σ dev was frequent at a lower back pressure while the higher back pressures.
There could be many reasons for this behavior, it could for example be related to the compaction of
the sample. A more densely compacted sample will display a high initial stiffness and a peak in the
shear strength before the sample reaches its residual strength (Axelsson, 1998).
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The extension triaxial tests were difficult to compare to the compression triaxial tests as the samples
were procured at a later stage. In order to get an estimate on the behavior of the tested samples,
unconfined compression tests were performed on samples as well, see Figure 38.
The tests indicated that the extension triaxial tests c u was relatively high, lying within 80-100% of the
c u of the unconfined compression test. This was higher than previous studies, which indicated 1025%.
However, the test methods differed between this study and previous studies, since these tests were
stress rate dependent. It could even be claimed that the stress rate dependent extension triaxial test
is the same as a compressive triaxial test, simply turned sideways. The strain rate dependent
extension triaxial test rendered a slightly lower c u than the stress rate dependent test.
In general, too few tests were performed to draw any valid conclusions.
The main difference between the strain rate dependent and stress rate dependent tests showed
sudden decreases in σ dev which indicated cracking while the stress rate dependent tests showed a
pattern more similar to the compression triaxial tests, see Figure 37.

STRESS PATHS
The main difference of the stress paths in strain rate and stress rate dependent extension triaxial
testing, was the sudden dips in t and s’ for the strain rate dependent tests.
This was probably due to the cracking that occurred, see Figure 30.
Something that was prevalent in all tests was that the s' seemed to decrease or remain constant at the
beginning of the triaxial tests while t increased, see Figure 28, Figure 29, Figure 31. This was most
likely an effect of the initial increase in pore pressure.
Overall, the stress paths of all the materials indicate an over consolidated clay, which is how
lime/cement stabilized clay is treated.

EMOD
There is always a difficulty in evaluating E mod . Depending on where you measure the tangent or
gradient, E mod can differ greatly. For some of the triaxial tests, the stress-strain curve gradient
changed greatly at around 50% of the peak σ dev , see Figure 33 & Figure 34.
The unconfined compression tests at 7 m followed the statement that as c u increases, ε f decreases,
resulting in a higher E mod . This indicated, as in previous studies, that the stiffness of the lime/cement
column will increase with time (Baker, 2000). However, if c u didn't increase significantly, as in the
unconfined compression tests at 5 m, no increase in was E mod visible. It seems that the stiffness of
the column increased with an increase in strength, not time.
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FIGURE 47 COMPARISON OF TRIAXIAL AND UNCONFINED STRESS-STRAIN CURVES

The result primarily indicated lower E 50 for unconfined compression tests compared with triaxial
tests, see Figure 41. The difference in stress-strain curves between triaxial testing and unconfined
compression testing was graphically visible in the initial stage of the shearing failure.
The change in the E mod was much more drastic at the start of the shearing for triaxial tests compared
to unconfined compression tests.
This is be better illustrated by looking at the stress-strain curves derivative during testing, see Figure
48 and 49. This was done by calculating the tangent of stress-strain curve for each time step.

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 =

𝜎𝜎𝑖𝑖+𝑛𝑛 − 𝜎𝜎𝑖𝑖
𝜀𝜀𝑖𝑖+𝑛𝑛 − 𝜀𝜀𝑖𝑖

In order to better understand the figure some clarifications are needed. As this is a derivative curve,
the sample reaches its peak σ dev when the curve crosses the x-axis, and a flatter curve indicates that
E mod changes less drastically along the stress increment.
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FIGURE 48 TYPICAL STRESS-STRAIN CURVE DERIVATIVE FOR TRIAXIAL TESTING

FIGURE 49 TYPICAL STRESS-STRAIN CURVE DERIVATIVE FOR UNCONFINED COMPRESSION TESTING
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During triaxial testing, E mod reached its peak very quickly. Afterwards, there was a constant decrease
in E mod until the peak σ dev was reached and E mod reached zero. During unconfined compression testing
E mod increased for a while before reaching a peak E mod that was far lower than that for triaxial testing.
Then E mod slowly decreased until reaching the peak σ dev . As there were no confining pressures, E mod
drastically decreased below zero.
This showed that triaxial testing reached its peak E mod at the start of the test, and then slowly
decreased. This in comparison to the unconfined compression test where the Young's modulus
behavior showed a more quadratic function.
The relation between E 50 and c u was much higher for triaxial testing compared to unconfined
compression testing. The relation for unconfined compression testing lied within an interval of 44146, with most values between 70-80. The relation for triaxial testing lied within 112-333 with the
average value being 200, see Figure 41. This was most likely the result of the presence of confining
pressures. There seemed to be no difference in the relation depending on the back pressure used. As
long as the sample was fully saturated, there was no great difference in the relation, see Table 18.
CU

No difference was indicated in c u between triaxial testing and unconfined compression testing, see
Table 16. Except for a few samples, c u were the same between the two tests. This should not have
been the case as the two methods differed in two important parameters. Although the effective
confining stresses were low, they were still present in triaxial testing. One could argue that since the
effective confining stresses were low, they would not affect the results, results from Åhnberg's study
showed the same result (Åhnberg, 2004). However, unconfined compression test samples were not
fully saturated and should display different strengths compared to fully saturated triaxial test samples.
This was relatable to Åhnberg's study where the unsaturated and fully saturated samples displayed
very different strength levels during triaxial testing.
However, as a conclusion it is possible to say that if only the approximate c u is required, unconfined
compression tests will suffice as they yield a similar value to that of the triaxial testing.
In a comparison with column penetration tests, the results showed that c u is much lower in lab
compared to field, see Figure 39 & Table 21.
As the curing time increased, the shear strength from unconfined compression testing seemed to
reach the same c u as in the field tests. Whether or not the c u in field increases at the same rate or if the
lab tests eventually reach that of the field tests could be investigated. If studies showed that the lab
test results eventually reached that of the field test, it would be a strong indication that the deviation
has a chemical origin, where the reaction speed would be the difference.
The main peculiarity in the unconfined compression tests was that the strength increase between 4
and 8 weeks for the stabilized clay samples from 5 m depth seemed to be non-existent. There was
also a greater variation in ε f for these samples compared to the other tests. This was most likely the
result of that the clay at 5m depth was much poorer, due to the presence of sulfides. This was also
indicated in the column penetration tests, where a sudden dip in c u occurred at 5 m depth.
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For all tests, there was a great variation in c u with increasing depth, showing that the clay at different
depths differed greatly in their reaction to binders, see Figure 39. Both in field and in lab, the clay
sampled at 5m depth seemed to be the weakest. For samples from 5 m depth, the clay in field is only
slightly stronger than the lab tests, while the clay sampled at 7 m depth has great differences.

DEVIATION IN RESULTS
c u for the column penetration tests variated greatly as there was deviations of up to ±68% in the
different depths of the different columns, see Table 19. This was most likely due to the installation
procedure. However, in certain areas the poorer values are more frequent, indicating that the lower c u
was a result of a poorer soil. The deviation in lab was much lower, within the range of ±20%, see
Table 20. The deviation between field and lab tests was very high, see Table 21.
In general, the deviation in results, both within this study and between different studies becomes a
huge issue. As stated in the literature study, the relation between field and laboratory values varies
between different projects. It becomes difficult to discuss this issue and it seems simpler to just
accept that this problem will always be present. It is interesting to note that the delayed ε f and low
shear strength in all tests resembled the same results as Figure 6 in Deviation in the Literature Study
which indicated that this was prevalent in manually packed samples.
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CONCLUSIONS
The main conclusions drawn from this study are:
•
•
•
•

•

•
•
•

Laboratory testing indicated a cracking failure of lime/cement stabilized clay.
A high c u was indicated for stress dependent extension triaxial testing.
Once the sample was saturated, different back pressures won’t have any effect on the
behavior of the sample, as long as the effective stresses were the same.
Unconfined compression testing gave a relation between E 50 and c u of 44-146 with most
values in the interval of 70-80. Compression triaxial testing gave a relation between E 50 and c u
of 112-333 with the average value being 200.
Consequently, E 50 of stabilized clay samples differed greatly between triaxial testing and
unconfined compression testing, with a factor of between 1-3,5. No relation to c u is
noticeable.
The behavior of E mod with stress increment differed between the two tests, E mod changed
more drastically with stress increment for triaxial testing.
The results showed an increase in column stiffness as the result of an increase c u , not time.
However, an increase in undrained c u is expected with time.
There was no visible difference in c u between compression triaxial testing and unconfined
compression testing.
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FURTHER RESEARCH
The main issue with this study was that a clay from a specific site was used for testing, similar testing
of a different clay could yield completely different results. In order to increase our knowledge, it
would be good to perform these tests on clays from different locations.
When performing triaxial testing, it is important to note that the confining pressures don’t go to
failure. It becomes important to perform field studies on lime/cement column failures, since the
surrounding soil, which acts as confining pressures, might go to failure before the lime/cement
column. By performing field studies, a deeper understanding of how the confining pressures affect
the deformation behavior is reached.
It is also interesting to continue the chemical studies that were performed (Åhnberg et al., 2003)
instead of looking at the deformation behavior from a strictly mechanical point of view. Clay is often
judged by the in-situ stresses that are present in the soil. However, when the lime/cement column is
installed, the clay is disturbed at a very high speed. One could argue that the in-situ stresses become
less important as they are destroyed, and that it is the organic compound of the clay and water supply
that is the vital factor. This is however difficult to investigate since the chemical compounds found in
a soil can vary greatly.
Another general recommendation would be to start using transparent membranes. Being able to
record the shear failure propagation results in a better understanding of the deformation behavior.
The same applies for sample preparation. By using transparent cylinders, it is easier to monitor the
compaction of the material and even record the curing to see how the material behaves.
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Stress−Strain relation 110−5 BP 400 kPa
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Stress−Strain relation 109−7 BP 400 kPa
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Stress−Strain relation 115−7 BP 400 kPa
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Stress−Strain relation 114−7 BP 400 kPa
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Stress−Strain relation 114−5 BP 600 kPa
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Stress−Strain relation 114−5 BP 800 kPa
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Stress−Strain relation 109−7 BP 800 kPa
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Stress−Strain relation 114−7 BP 800 kPa
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Table 1 Undrained Shear Strength and Secant Modulus of Elasticity of Triaxial Tests and corresponding Unconfined
Compressive Tests

Specimen
114-7 BP 400 kPa
115-5 BP 400 kPa
109-7 BP 400 kPa
110-5 BP 400 kPa
115-7 BP 400 kPa
114-5 BP 600 kPa
114-5 BP 800 kPa
114-7 BP 800 kPa
109-7 BP 800 kPa

E50 ATT Cu ATT
E50 UCT
Cu UCT
ATT E50/UCT E50
ATT
UCT
E50/ Cu
E50/ Cu
kPa
kPa
kPa
kPa
72000
230
313
29322
201
146
2.46
23673
127
186
17143
132
130
1.38
21333
137
156
10706
136
79
1.99
15059
135
112
14861
126
118
1.01
28612
175
163
8078
184
44
3.54
33333
100
333
10321
128
81
3.23
11962
92
130
8760
112
78
1.37
41026
160
256
18137
209
87
2.26
20472
138
148
10183
140
73
2.01

Table 2 Undrained Shear Strength and Secant Modulus of Elasticity for Unconfined Compressive Tests

Specimen Time
E50 UCT
Cu UCT
E50/ Cu
(weeks) kPa
kPa
114-7
4
29322
201
146
109-7
4
10706
136
79
115-7
4
8078
184
44
114-7
4
18137
209
87
109-7
4
10183
140
73
114-7
8
23274
200
116
114-7
8
43071
226
191
114-7
8
39201
244
161
114-7
8
25852
218
119
114-7
12
92960
293
317
114-7
12
55310
306
181
114-7
12
57692
301
192
114-7
12
76503
296
258

Specimen Time
E50 UCT
Cu UCT
(weeks) kPa
kPa
115-5
4
17143
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8
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8
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Figure 1 Undrained shear strength form 14 different lime-cement column penetration tests

 

Table 1 Undrained shear strength from 14 different lime-cement column penetration tests

cu for lime-cement column penetration tests (kPa)
Dep
th
Test Test Test Test Test Test Test Test Test Test Test Test Test Test
(m) 1
2
3
4
5
6
7
8
9
10
11
12
13
14
4 217 101
86 110 103 108 105 148 159 173
92
147
139
130
4.5 222 142 110 102 119 137 124 152 167 187
169
143
145
151
5 225 176 120 159 135 169 164 218 202 181
233
159
152
178
5.5 242 194 227 154 155 183 192 232 221 233
365
221
207
218
6 406 181 216 232 205 154 290 272 214 238
323
245
264
239
6.5 390 313 238 217 304 203 302 344 336 322
404
325
303
244
7
387 253 236 359 189 345 348 361 388
328
369
409
239
7.5
299 255 279 189 326 376 428 401
350
422
326
309
8
264 275
271 372 310
342
400
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Figure 2 Average undrained shear strength from lime-cement column penetration tests
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Preparation of specimens
Materials
·
·
·
·
·
·
·
·
·

Plastic film
High-viscous oil
Gaffer tape
Clay
Stabilizing Agents (lime, cement).
Stamp
Drilling machine
Paint mixer
Spatula

Preparation of the cylinder
1.
2.
3.
4.

Cut out two pieces of plastic film in the shape of circles with a 50 mm diameter.
Lubricate the inside of the cylinder with oil.
Put a plastic film on one end of the cylinder and put on the lid.
Seal the lid with tape.

Preparation of the clay
1. Weigh the required amount of clay and put it in a bucket.
2. Use the mixer to mix the clay until it is soft and liquid enough to be stirred without resistance
and makes a splatter noise. This process should take between 0.5-2 minutes.
3. Weigh the required amount of lime and cement.
4. Pour in half the amount of lime and cement into the liquid clay.
5. Mix it with the mixer until no more powder is visible.
6. Pour in the rest of the lime and cement.
7. Mix it with the mixer until no more powder is visible. You will notice that the clay gets stuck to
the side and bottom of the bucket.
8. Scrape the clay from the bucket (powder might be hidden under the clay that is stuck to the
sides and bottom of the bucket) until no more clay is stuck to either the side or the bottom of
the bucket.
9. Mix it again until all the clay is pushed up and stuck against the side of the bucket.
10. Repeat the previous two steps. This entire stage should take between 5-7 minutes.

 

Filling the cylinder
1. Crumb up the clay and put into the cylinder, the crumbed clay should be no more than 3
centimeters in height.
2. Take the stamp and push it into the cylinder until it hits the bottom.
3. Pick up the sample and bang it against the table with a firm down-pushing grip on the stamp.
4. Rotate the stamp halfway.
5. Repeat the previous two steps.
6. Pick up the sample and bang it against the table with a firm down-pushing grip on the stamp.
7. Now remove the stamp (there will be some resistance) and repeat all the steps from crumbing
up the clay to the final bang with the stamp. Do this until the cylinder is full.

Finishing
1. Once filled, put the second plastic film on the end and put on the lid, seal it good with tape. Mark
the sample with drilling point, sample depth and date. Then put it in the refrigerator and store at
a temperature of 7°C.

 

