AIMS Geosciences, 5(3):344-389.
ATMS Geosciences DOI: 10.3934/geosci.2019.3.344
Received: 27 February 2019
Accepted: 21 May 2019
Published: 21 June 2019

http://www.aimspress.com/journal/geosciences

Research article

Site characterisation and some examples from large scale testing at the

Klett quick clay research site

Mike Long]’*, Jean Sebastien L’Heureux’”, Bjern Kristian Fiskvik Bache?, Alf Kristian Lund?,
Svein Hove3’6, Karl Gunnar Sadal3, Helene Alexandra Amundsen", Steinar Nordal® and Alberto
Montafia®

—

School of Civil Engineering, University College Dublin (UCD), Dublin, Ireland

Norwegian Geotechnical Institute (NGI), Trondheim, Norway

Norwegian Public Roads Administration (Statens vegvesen), Norway

SWECO, Trondheim, Norway, formerly Norwegian University for Science and Technology (NTNU),
Norway

® Norwegian University for Science and Technology (NTNU), Trondheim, Norway

% Multiconsult, Trondheim, Norway

A W N

* Correspondence: Email: Mike.Long@ucd.ie; Tel: +35317163221.

Abstract: The Klett research site was developed in conjunction with the new E6 developments south
of Trondheim, Norway. The site comprises non-sensitive clay to about 6 m to 8 m and quick clay
with significant silt lenses below this down to at least 30 m. The materials encountered are typical of
the marine clays found in Scandinavia and North America. Classical geophysical and geotechnical
techniques such as total soundings, rotary pressure soundings and ERT proved very useful in
characterising the quick clay. The material is particularly susceptible to sample disturbance effects
and the work showed that it is important to test any samples as soon as possible after sampling.
CPTU data proved particularly useful for the determination of some soil properties as well as general
soil classification. Several full-scale experiments have been performed at the site. Pile capacity tests
showed that significant ageing effects occurred. Lime-cement column tests, as well as laboratory
trials, allowed considerable savings to be made in the amount of binder required for foundations and
slope improvement. A full-scale embankment test provided very useful data for the calibration of soil
constitutive models.
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1. Introduction

Deposits of marine clay which have been leached of their salt content, and thus have high
sensitivity, are found over large areas of Norway, Sweden and Canada. These deposits pose many
difficulties for engineers working in such areas. Despite the importance of these materials in
Scandinavia and elsewhere there are few publications that report on the properties of quick clay at an
individual site in parallel with the results of full-scale field monitoring of geotechnical works. The
objective of this paper is to address this issue by presenting a detailed characterisation of the soils at
Klett based on the results of routine and advanced laboratory and in situ testing in addition to three
full-scale field tests. It is intended that the results presented will form a useful reference to engineers
working on such soils.

Several previous papers have detailed the characterisation of quick clays in the Trondheim area for
example on the Buvika site [1], the Dragvoll/NTNU campus site [2], Tiller [3], Esp landslide site [4], the
Dragvoll salt well test area [5] and the Tiller/Flotten NTGS research site [6].

2. Klett research site

The research site (Figure 1) was developed by the Norwegian Public Roads Administration
(Statens vegvesen), the Norwegian Geotechnical Institute (NGI) and Multiconsult in conjunction
with the redevelopment of the E6 motorway in the Klett area, some 13 km south of Trondheim city
centre in Norway. Two separate research areas have been developed at Klett and these are referred to
as Klett South and Klett North. In both cases extensive laboratory and in situ geotechnical testing has
been carried out to supplement the full-scale field testing:

*  Klett South: lime cement stabilisation, pile loading tests, study of sampling disturbance

effects,

*  Klett North: full scale embankment loading, study of sampling disturbance effects. Note

that Amundsen [7] refers to the Klett North area as “Leinstrand”.

Prior to the development of the area it comprised mostly farmland with gentle slopes, less than
5°, and undulations. There are also several ravines in the area, but none are directly near the test sites.
A small area of woodland was located near to the southern research area. Part of the northern area
had been previously developed with light industrial units.

2.1. Geological history, depositional environment and post depositional processes

The background Quaternary geology of the Klett site area and that of the general area just south
of Trondheim is shown on Figure 2. It can be seen that the Klett site is located in a large area of
glacio-marine deposits comprising largely marine clays. Seismic surveys at the mouth of the River
Gaula, some 4 km north west of the site, suggests that bedrock is at the order of 400 m deep [8]. On
Figure 2 the location of several other well characterised quick clay sites is also shown, namely Esp,
Buvika, Tiller, Flotten (e.g. the NGTS quick clay site) and Dragvoll. The location of the NGTS sand
research site at @ysand [9] is also indicated.
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Figure 1. Site Location.

Figure 2. Geological map of the area (base geological map from www.ngu.no).
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The Klett site area is at a present-day elevation of some 45 m above sea level (a.s.l.). The
marine limit (maximum sea level after the last ice age related to today’s altitude) in the Trondheim
area is found at 175 to 180 m.a.s.1. [10]. The clay deposit formed during the retreat of the glacier after
the Younger Dryas stadial between 10,800-10,500 years before present [11]. Due to the isostatic
depression caused by the weight of the inland glacier, the sedimentation took place in relatively
deep-sea water conditions with a salt content of some 30 to 35 g/1. In the salt water the clay minerals
were strongly bonded and flocculated in an edge to surface “card house structure”, stabilised by strong
van der Waals forces [12,13].

Due to post glacial rebound following the ice melting and to the resulting fall in relative sea-level,
the marine clays emerged from the sea. According to the shoreline regression curve for Trondheim, the
research site at Klett likely emerged from the sea some 6000 years ago (Figure 3). Following their
emergence, the marine clays have been exposed to leaching by meteoric water which can dilute the salt
pore water. In this process, the bonds between the clay grains have been reduced as the diffuse double
layer has expanded [14]. In this situation the repulsive electrostatic forces on the mineral surfaces
increase to finally balance the attractive van der Waals forces. The original structure of the clay is
intact, but upon a small mechanical disturbance collapse occurs. The clay is in this state referred to as
“quick”. Quick clays normally have salt contents less than 2 g/l [15] and at salt contents of less than
1 g/l they can behave like a fluid when remoulded [16]. Further details of the geological history of the
arca can be found in Reite et al. [11] and Reite [17].
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Figure 3. Shoreline regression curve for Trondheim, adapted from [18]. The Klett site is
currently at some 45 m.a.s.l..

2.2. Source of material
Most of the material was derived from glacial erosion of the underlying rocks and the major
mineral components are expected to be quartz, feldspar, illite and chlorite with the latter two making

up the main proportion of the clay fraction. The bedrock in the Trondheim region was formed for about
500 million years ago [19]. It is dominated by volcanic rocks such as greenstones and tuff. These
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metamorphosed and moved into place during the Caledonian orogenesis. There are also local outcrops
consisting of meta-sedimentary such as sandstone and shales. Most of the clay material that deposited
in the fjord derived directly from glacial erosion of the bedrock, but also from erosion of glacial
deposits in the Holocene. The major mineralogical components of the bedrock and glacial deposits in
the catchment are quartz, feldspars, illite and chlorite with the latter making up the main proportion of
the clay fraction.

2.3. Stratigraphy

The stratigraphy at the North and South sites is very similar and can be divided into four units
based on laboratory and in situ testing. Unit I is approximately 2 m thick, found immediately below the
ground surface, and consists of desiccated and weathered clay (dry crust). The second unit (Unit II) is
found from 2 m to 7.5 m depth and consist of a low to medium sensitivity clay. The boundary between
Unit IT and III is define by a sharp increase in sensitivity. The clay of Unit III has a remoulded shear
strength below 0.5 kPa and is defined as a quick clay. Soundings and laboratory results show that Unit
IIT can be found down to depths of 30 m below the ground level. Low to medium sensitive clays are
found below Unit III. Seismic surveys at the mouth of the River Gaula, some 4 km north west of the
site, suggests that bedrock is at the order of 400 m deep [8].

2.4 Stress history

From the geological history of the area, no exceptional loading events are known; only normal
sedimentation processes. (An exception may be the influence of some old landslides at Klett North, see
below). Once above sea level, groundwater fluctuations may have induced some changes in stress
history. Groundwater level is presently located 1 m to 2 m below ground level. Numerous piezometers
were installed as part of the highway construction program. Data for the Klett South area are shown on
Figure 4. The groundwater pressure shows a nearly hydrostatic distribution with groundwater level
close to the surface down to about 7 m below ground level. At 10 m depth the pore pressure
corresponds to hydrostatic conditions at 2 m depth. Below 10 m the pore pressures are lower and
approximately 80% to 90% of the 2 m hydrostatic conditions. It is though that the downward gradient
observed is caused by drainage to the west and north of the area due to regional groundwater flow in
the area and the large differences in ground elevation.

Preconsolidation stress (') was estimated from oedometer tests on three different sample types
at the Klett South site by [20]. These samplers comprised Geonor/NGI 54 mm and 75 mm fixed piston
samplers in addition to 160 mm diameter mini-block samples [21]. In addition mini-block samples
were obtained at the Klett North/Leinstrand site [7]. Values of (c,") were obtained using the Janbu
approach [22] which involves selecting the effective stress value where the constrained modulus (M),
coefficient of consolidation (c,) and if available the creep number (r5) reach a minimum in plots of
these parameters versus vertical effective stress.

AIMS Geosciences Volume 5, Issue 3, 344-389.
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Figure 4. Pore water pressure data—Klett South.

The results for constant rate of strain (CRS) oedometer tests on the best samples (i.e. those for
the mini-block only) are shown on Figure 5a. All of the values are above the in situ vertical effective
stress (oyo') line throughout the profile. The corresponding overconsolidation ratio (OCR) values are
shown on Figure 5b. There is a significant contrast in the results for Klett South and Klett North. It is
possible that the Klett North clays are somewhat more overconsolidated. It has been shown previously
for the Trondheim area [4] that an overview of landslide scars and ravines which appear on the LIDAR
map give new opportunities for understanding landscape development in marine clay areas. The
LiDAR image for the Klett area is shown on Figure 6. There are several landslide scars in the region. It
is possible that the Klett North site could be close to the toe of an old landslide. This could possibly
explain in part the higher OCR recorded to 8 m. It is possible that some overlying material was eroded
during a landslide.

For Klett South the OCR values remain more or less constant with depth at a value of about 1.25.
The reason for the slightly overconsolidated state of the material at Klett South is thought to be due to
“delayed consolidation”/creep or natural ageing effects [23].

AIMS Geosciences Volume 5, Issue 3, 344-389.
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Figure 5. (a) Preconsolidation stress and (b) OCR from mini-block CRS tests for both
Klett South and Klett North. Data from [7,24,20].

Figure 6. LiDAR data for Klett area. Base map from www kartverket.no.
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3. Composition, mineralogy and fabric
3.1. Composition and mineralogy

Little data are available on the mineralogy of Klett clay. However as part of a larger study into
the mineralogy of Norwegian clays, Syversen [25] presented some results for Klett clay which are
reproduced on Table 1 below. These samples were from depths of 11.3 m (No. 100) and 6 m to 6.9 m
(101).

Table 1. Mineralogy for the bulk and clay sized (< 2 um) fraction of Klett clay.

Minerals Bulk fraction Clay sized fraction
Sample 100 Approx. (%) Sample 101 Approx. (%)  Sample 100 (%) Sample 101 (%)

Chlorite 23.2 22.5 22.9 249

Illite 583 62.4 77.0 75.0
Amphibolite 1.2 0.9

Quartz 8.7 6.1

Microline 5.6 2.9

Plagioclase 3.1 53

Feltspar 8.7 8.1

This X-ray diffraction analysis showed that both the bulk and clay sized mineralogy is
dominated by the clay mineral illite and also by chlorite. The relatively high percentage of chlorite
present may be due to the fraction present in the silt and sand particles. Syversen [25] found that the
results for Klett clay were very similar to those from the nearby Dragvoll and Esp sites. Note that the
bulk fraction results presented in this work needs to be treated with caution as the sum of the
components exceeds 100%.

3.2. Fabric

Klett clay is an inhomogeneous low plasticity clay layered with silt. The presence of the higher
permeability silt layers is of particular importance from the point of view of sample disturbance both
in the field and the lab. It is possible that dissipation of excess pore pressure along silt lenses could
cause material densification during sampling. Suctions will be reduced following sampling stress
relief and the presence of the lenses makes specimen cutting and preparation more difficult.
Observations of split core samples also showed evidence of iron sulphide spots (dark spots) that are
commonly the result of the decomposition of organic matter in marine sediments. Some of these
features will be discussed in more detail in Section 5 on sample disturbance effects.

3.3. Grain size distribution

Particle size distribution curves for both research areas are shown on Figure 7a and clay and silt
content with depth is given on Figure 7b. The range of values for the nearby Tiller clay [3] is also
shown on Figure 7a. The Klett clays fall to the lower (coarser) end of the range for Tiller. There is a
good degree of consistency between the two sets of tests with the results confirming that the soils in the
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two test areas are very similar. Overall the average clay and silt contents are about 30% and 67%
respectively. Both values appear to be relatively constant with depth. The remaining material
comprises minor amounts fine sand. According to NGF [26], as the material has a clay content greater
than 20%, it should be classified as a silty clay.
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Figure 7. (a) grain size distribution and (b) clay and silt content versus depth.
3.4. Particle density
Particle density values (G) for Klett clay all fall within a narrow range of 2.63 to 2.82 with an
average of about 2.72. There is some scatter in the data due to the nature of the test and the small
amounts of material involved. These are typical values for Norwegian clays. No differences were
observed between the data for the two test areas.

3.5. Organic content

Limited data exist on the organic content of Klett clay. Tests at the Northern research areas
showed organic content values ranging between 1% and 1.5%.

3.6. Pore water chemistry
Salt content values for the pore fluid are shown on Figure 12c. Values are low and range

between 1 g/l and 4 g/I, with an average of 2.0 g/l. There is no clear pattern with depth. These data
suggest that the material has been leached post deposition over the entire studied thickness.

AIMS Geosciences Volume 5, Issue 3, 344-389.



353

4. State and index properties

4.1. Water content/degree of saturation

Water content (w) values from the various investigations are shown on Figure 8a for Klett South
and Figure 9a for Klett North. For Klett South the values are uniform, indicate the relatively
homogenous nature of the material and show a slight tendency to decrease with depth from about 35%
at 2 m to 30% at 35 m depth. For Klett North the values are somewhat more variable with an overall
average of about 30% and no clear pattern with depth. The greater variability and slightly lower values
may be partly due to the higher OCR of this material. The material below the dry crust (i.e. below
about 2 m) is fully saturated.
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Figure 8. (a) water content (b) bulk unit weight and (c) plasticity index versus depth for

Klett South.
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Figure 9. (a) water content (b) bulk unit weight and (c) plasticity index versus depth for
Klett North.

4.2. Bulk unit weight

Bulk unit weight (y) values from the various investigations are shown on Figure 8b for Klett
South and Figure 9b for Klett North. These values show somewhat more scatter then the equivalent
water content data. This is likely to be due to the presence of thin silty lenses in the bulk material. For
both test areas the values range between 18.5 kN/m’ and a maximum of 20.5 kN/m® with no clear
pattern with depth. The overall average value is about 19.5 kN/m’.

4.3. Atterberg limits

Plasticity index (I,) is plotted against depth on Figures 8c and 9c for Klett South and Klett
North respectively. There is a good degree of consistency between the various investigations and the
data for both test areas are very similar. The overall trend is for the values to fall from about 7% at 2
m depth to about 4% with depth. However all the material can be classified as being of “low
plasticity” [26].

The data are also plotted on the “A” line chart on Figure 10. The measured values are similar for
both test areas and all (except for some data for the dry crust) fall in the zone “CL”, i.e. are classified
as clay of low plasticity. This classification is consistent with that from the particle size distribution
curves presented above.
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4.4. Liquidity index
Liquidity index (I1) can be a very useful parameter for assessing the structure and stress history of

the material. It has been shown to correlate well with compressibility, strength and sensitivity
properties of fine grained materials [27]. It is defined as:

1, = )

where: wp = plastic limit.

If the water content equals the liquid limit (wy) I will of course equal 1.0 and if the water content
exceeds the wi, I will exceed 1.0. According to [28] the relationship between I and remoulded shear
strength (cyrem) can be expressed as follows:

1
Curem = T o102 @)

(1L—0.21)2
If I exceeds about 1.6, this expression suggests that ¢, rem Will be less than 0.5 kPa suggesting that
the material will be very sensitive or even quick. Data for Klett, shown on Figure 11 show the values to
increase with depth from about 1.0 in the upper layers to values up to 7.0. Overall the values are very
high suggesting the material will be very sensitive/quick. The 1.6 value limit seems to work well here.
Limited data for Klett North suggest slightly lower values for this area.
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These I, values suggest that the material possesses a high degree of structure and is consistent
with that which has been deposited slowly in still water leading to an open random fabric [29].
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4.5. Sensitivity, remoulded undrained shear strength and identification of quick clay

The Klett clay is expected to have high degree of sensitivity due its geological history which lead
to a flocculated and likely open material structure, the low salt content of the pore water and to the high
values of liquidity index. According to [26] a material is “very sensitive” if sensitivity (S;) values are
greater than 30 and furthermore can be termed “quick” if the remoulded shear strength (cyem) values
are less than 0.5 kPa. Fall cone data shown on Figures 12a and 12b for Klett South and 13a and 13b for
Klett North.

These data show that above about 7 m at Klett South and 6 m at Klett North the material is not
quick and is of low to medium sensitivity. However, below these depths the material has very high
sensitivity and is quick. At Klett South there is some evidence to suggest the material is no longer
quick below about 30 m. These is a good degree of consistency between the various investigations.

Some limited field vane data are available for Klett South as shown on Figure 12b. In general, the
values are higher than those obtained from the fall cone. This finding is consistent with that for other
Norwegian clays [30], especially quick clays, and is attributed to uncertainties in rod friction and
torque measurements taken from the surface.

Physical inspection of the behaviour of the samples confirms that the material in the quick clay
zone is highly sensitive and remoulds to a liquid easily on agitation.
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Despite the clear distinction between the low to medium sensitivity clay and quick clay at about
7 m at Klett South, the salt content of the pore fluid remains more or less constant throughout the
profile with an average value of about 2 g/l. Considering that the material was deposited in marine
conditions, it is clear that the material has been leached throughout the profile. This finding, which is
common for many Norwegian sites, poses a significant challenge in characterising these materials.
4.5.1. Identification of quick clay from rotary pressure sounding and total sounding

Distinguishing between quick and non-quick clays is a major challenge for geotechnical
engineers in many places especially Scandinavia and North America. Traditionally in Norway use is
made of either rotary pressure soundings or total soundings to delineate quick clay zones. Plots are
made of the penetration resistance versus depth and the zones over which the penetration resistance
remains constant or decreases with depth are considered to be likely quick clay zones. For full details
of the methods the reader is referred to NGF [31], NGF [32] and Multiconsult [30].

Some examples for Klett South and Klett North are shown on Figures 14 and 15 respectively.
Broadly speaking the methods work well, especially for the Klett South site.
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Figure 14. (a) rotary pressure sounding and (b) total sounding for Klett South.
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Figure 15. (a) rotary pressure sounding and (b) total sounding for Klett North.
4.5.2. Identification of quick clay from CPTU tests

An alternative approach is to use the results of piezocone (CPTU) tests). Some CPTU data for
Klett South in the form of q; (corrected cone end resistance), fs (sleeve friction) and pore pressure
generated at the shoulder of the cone just behind the filter (u,) versus depth is shown on Figure 16.
The data for the two tests at Klett South (both by Multiconsult using a Geotech cone) show very
similar results. Note that the ambient pore pressure values (up) have been calculated assuming
hydrostatic pore water pressure conditions from 2 m depth.

It is not easy to distinguish between the non-quick and quick clay data from the q; and f; results
only, thought there does appear to be a reduction in the f; values to their minimum value at the top of
the quick clay layer.

The data are plotted on the classical soil behavior type chart (SBT) on Figure 17 [33]. Here q;
values are plotted against the pore water pressure parameter By and the friction ratio Ry (=100* fi/q,).
B, is defined as:

B. = Anet=4qt—0Oyo (3)

a Uz~ Up

where: 6,9 = total overburden stress.
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Figure 16. CPTU test results for Klett South (a) q;, (b) sleeve friction f; and (c¢) u, and B,.
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The qi/Bq chart works well in distinguishing between the two layers with the non-sensitive clay
and quick clay both falling in Zone 3 “clay” but the plot indicating the non-quick clay has higher
OCR and the quick clay has higher sensitivity. The q/R¢ chart also works reasonably well with both
layers falling in Zone 1 “sensitive fine-grained soils”. However, a significant portion of the quick
clay data also falls in Zone 6 “sandy silt to clayey silt”.

Care needs to be taken when using f; values in materials like those found at Klett. It is important
to assess these results in the context of Application Class 1 (for use in soft soils) of the European
Standard [34], which requires that the “minimum allowable accuracy” should be the larger of:

. gt = 0.035 MPa or 5% of measured value

o« fy=5kPa or 10% of measured value

. uy = 0.01 MPa or 2% of measured value

For Klett the measured q; and u, values are significantly greater than the required accuracy.
However, the f; values are often less than the value required by the Standard. Measured sleeve
friction will be influenced by various factors such as the condition / wear of the sleeve and the
surface roughness [35-37]. A series of parallel CPTU’s were carried out at both the Onsgy and
Tille—Flotten NGTS sites using seven different cones from five manufacturers [37] and [38]. The
main objective of the work was to check the influence of equipment type and to evaluate if cone
penetrometers used for commercial and research projects can meet the requirements of Application
Class 1 of the European Standard. It was shown that the q; and u, values showed relatively small
variation (especially u,) but relatively large variation was shown in the f; readings.

It has also been shown that if the normalised pore water pressure parameter By exceeds 1.0 then
there is a strong possibility that the material under question is quick, see [39] or [30]. The Klett
South data shown on Figure 16c demonstrates that the By > 1 criterion works very well in
distinguishing the quick clay zone at this site.

As part of the NIFS project, see [30] and [40] an alternative CPTU based chart was developed
in an attempt to characterise quick and non-quick clays . This chart involves a plot of By versus Nip.
By is the pore pressure corresponding to pore pressure measurement on the tip of the CPTU. Here
Bg1 has been taken to equal 1.25 times B, [41]. Ny is defined as:

_ Qnet
Nipe = oata 4)
o) =op* o (=) (5)

where: a' = attraction and m = stress exponent, taken to = 0.8 [42].

Klett South CPTU data are plotted in this form on Figure 18. The chart works well in separating
the non-quick clay from the quick clay and the actual quick clay is characterised as either
“sensitive/brittle clay” or “quick clay”.
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Figure 18. CPTU classification chart for identification of sensitive clays for Klett South [40].
4.5.3. Identification of quick clay from resistivity measurements

However, sampling/laboratory testing or rotary pressure/total sounding or CPTU testing all
involve some form of relatively expensive intrusive testing. Recently efforts have been made to use
non-intrusive methods in order to characterise quick clays. An example of such a method is ERT
(electrical resistivity tomography). It has been shown by various authors, e.g. [1] or [43] that if the
measured resistivity is very strongly influenced by the salt content of the pore fluid and if the
measured value falls in the range 10 Qm to 100 Qm then the material is likely to have been leached
(but is not necessarily quick).

Significant efforts have been made to show that ERT gives reliable results for these materials.
Some examples for Klett South and Klett North are shown on Figures 19 and 20 respectively. Here
ERT data are compared to data measured using the resistivity CPTU (RCPTU) and it can be seen for
all practical purposes the measured values are the same. For Klett South different inversion
parameters, such as the number of layers assumed in the model, were also varied and did not
influence the results significantly.

In both cases the data show that at least as far as 25 m to 30 m depth the material has been
leached. However, the data fail to distinguish the quick and non-quick zones. It seems that the
material above about 7 m has been “over-leached”, i.e. it was once quick but continued ion exchange
activity has turned the previous quick clay into a non-quick clay. It is important to realise that the
formation of quick clays is a dynamic process. For full details of these phenomenon, see [44] or [45].
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5. Sample disturbance effects

It is important to highlight the effects of sample disturbance on the quick clay from Klett.
Significant work on this topic has been carried out as part of the PhD thesis by Amundsen, see [7], [20]
and [46]. This section presents a short summary of the studies that were done on the Klett clay. It is
sub-divided into three parts namely (i) a comparative study involving tests on samples of Klett clay
taken using various sampler types, (ii) results of parallel testing at two different laboratories and (iii)
influence of storage time on test results.
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Figure 21. Effect of sampler type, 75 mm in diameter piston sampler and 160 mm in
diameter mini-block sampler, on (a) soil layering and (b) triaxial test results of a quick clay
from Klett South [24].

5.1. Effect of sampler type

The Klett clay is an inhomogeneous low-plasticity clay layered with silt. This type of clay is
challenging to sample, handle and test without disturbing its soil structure. Cutting through an
inhomogeneous clay containing several silt layers with a sampling tube is particularly damaging to
the soil structure, even when the tube is thin-walled steel with sharp cutting edges. This is because
additional force is required to overcome the increased resistance in the varying layers, thereby
increasing the burden on the weaker layers beneath. This is illustrated on Figure 21a which shows
the layered quick clay from Klett sampled with a 75 mm diameter piston sampler and a 160 mm
diameter mini-block sampler. The samples are taken from the same depth of 18 m and contain silt
layers of about 3 mm to 6 mm thickness. The silt layers are visibly highly disturbed in the piston
sample, whereas in the mini-block sample they are intact. This illustrates an apparent higher sample
quality of the mini-block samples, compared to the piston samples.
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5.1.1. Triaxial tests

The results from triaxial tests conducted on the Klett South quick clay samples are shown on
Figure 21b. These were anisotropically consolidated undrained compression tests (CAUC) carried out
to the procedures outlined by [47] and [48]. Both samples were transported about 13 km to the
laboratory and tested shortly after sampling. A higher quality sample of the mini-block is also visible
in the test results. The mini-block sample exhibited about 15% higher peak undrained shear strength
(suc) and lower axial strain at failure compared to the 75 mm piston sample.

5.1.2. CRS oedometer tests

The effect of sampler type is also visible in the CRS oedometer test results [20] using the results
of nine CRS tests on samples recovered using the Geonor/NGI 54 mm and 75 mm fixed piston
samplers [49] in addition to 160 mm diameter mini-block samples [21]. The tests were conducted to
the procedures outlined by [50] and [51]. Figure 22a,b shows the test results from Klett South and
Figure 22¢ shows the results from the Klett North site. The results are shown in terms of plots of
vertical effective stress (o,") against vertical strain (¢,) and constrained modulus (M) versus G’

The test results presented on Figure 22 show that the mini-block samples (Tests 1-3) have best
retained their structure following sampling. It is easy to identify the preconsolidation stress (c,") for
all of the mini-block tests using both the c,'-g, and the c,/-M plots. The constrained modulus at in
situ stress (My) and at " (M) are well defined. In the piston samples most of the test results show
clear signs of sample disturbance (Tests 5—-6 and 7-8).

The quality of the samples has been assessed using the two well know criteria; Ae/e, detailed
by [52] and My/M, [42] as shown on Figure 23. According to the Ae/ey criterion all of the samples
(Tests 1-9) are of “poor” quality. In contrast the M¢/M criterion classifies all of the mini-block
samples as either “very good to excellent” or “good to fair” with the rating for the piston tube
samples being variable. The two most clearly disturbed tests (Test 6 and 7, see Figure 23) are rated
as being either “poor” or “very poor” by both criteria.

As well as destructuration or densification due to tube sampling, stress relief also significantly
affects the sample quality. It is likely that stress relief effects will be more pronounced for the block
samples compared to the tube samples as the latter will retain some support from the tube walls.
However, the physical disturbance of the soil structure during piston sampling seems to have a more
significant effect on the sample quality than the effect of stress relief in block samples. In both cases,
it may take a high vertical strain to restore the in-situ stress conditions during reconsolidation, which
result in poor sample quality according to the Ae/e criterion [52]. The My/M criterion, however, is
able to differentiate between tests that are clearly heavily disturbed and tests that can be used for
interpretation of material properties. Finally, it is important to mention that the calculated Mo/Mp
value is highly sensitive to small changes in My, which lends itself to personal judgment. Further
work is required in order to establish a robust sample quality assessment method for samples of
materials such as low-plasticity sensitive clays.
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Figure 22. CRS oedometer tests on (a) mini-block (160 mm) (b) 75 mm tube samples and
(c) 54 mm tube samples. Figure is modified from [20].
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Figure 23. Assessment of CRS oedometer tests sample quality using criteria (a) Ae/ey
from [52] and (b)My/M. from [42]. Figure is modified from [20].
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5.2. Results of parallel testing at two different laboratories

Two different laboratories, Lab 1 and Lab 2, participated in the parallel testing of mini-block
samples from Klett South. The samples were transported about 13 km to Lab 1 where they were
opened and divided into smaller pieces. The clay pieces were wrapped in plastic film and were
transported about 4 km to Lab 2. The samples were transported on a rigid plate and tested on the
same day. All of the specimens were trimmed immediately before testing.

The time difference between opening the sample and testing was between 0.4 hours (Lab 1) to
4.5 hours (i.e. somewhat later in Lab 2). The laboratory tests included 50 mm diameter CRS
oedometer tests with strain rate of 0.7%/hr and CAUC triaxial tests (K'assumed = 0.8) on specimens
trimmed to 54 mm in diameter and with 1.2%/hr rate of shear strain. The test results from CRS
oedometer and CAUC triaxial tests are shown on Figures 24 and 25 respectively.
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Figure 24. CRS oedometer tests on mini- block samples at two labs (a) samples from
about 10 m and (b) samples from about 15 m. Figure is modified from [53].

The oedometer test results from two block samples, from 10 m and 15 m, show that tests carried
out in Lab 1 are less affected by sample disturbance than the parallel results from Lab 2. The tests
from Lab 1 are easier to interpret and have considerably larger My. Also, the recompression index (Cs)
and compression index (C.) indicate sample disturbance in the tests from Lab 2.

The triaxial test results from the same block samples are shown on Figure 25. A significant
reduction in peak undrained shear strength, about 23%, is observed in tests conducted at Lab 2. The
same samples also show higher pore pressure response and more contractive behaviour.
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Figure 25. CAUC triaxial tests on mini-block samples at two labs (a) samples from about
10 m and (b) samples from about 15 m. Figure is modified from [46].

The observed differences in oedometer and triaxial test results between the laboratories may be
explained by several factors, such as transport, short-term storage and stress relief, handling
procedures and small dissimilarities in laboratory procedures. Short-term storage or a delay in the
laboratory testing of an open sample may reduce the measured preconsolidation stress, constrained
modulus and peak undrained shear strength. This implies that the sample should be tested as soon
after sampling as possible and testing of an open block samples should not be delayed even with a
few hours.

5.3. Effect of time between sampling and testing
When obtaining a block sample, the total stresses on the soil change from those in-situ to zero
as the sample is extracted from the ground. The stress change leads to swelling, which is prevented

by a negative pore pressure that develops in the soil [54]. The process of stress relief occurs during
sampling and storage, while the negative pore pressure dissipates.
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Figure 26. Effect of storage time on CAUC triaxial tests on mini-block samples from (a)
Klett North and (b) Klett South. Figures modified from [7] and [46].

For low-plasticity sensitive clay, the dissipation of the negative pore pressure may occur during
and shortly after the sampling due to high permeability of the silt/silty layers [55]. The consequences
may be critical in terms of sample quality and soil behaviour, especially for low-plasticity sensitive
clay samples. Figure 26 illustrates the effect of stress relief over the course of 2 to 15 days of storage
on the Klett clay from the North and South sites. All samples were stored and tested at the same
laboratory. The results indicate that mini-block samples stored for a short period can exhibit a lower
peak undrained shear strength, about 11% to 14%. Similar observations were made for other
low-plasticity sensitive clay samples [7] and also in oedometer test results, where the
preconsolidation stress, constrained modulus and sample quality decreased during storage. It is
therefore not recommended to store samples of this type of material, neither block samples nor piston
samples, as they may exhibit poorer sample quality, lower preconsolidation stress and peak
undrained shear strength [7], [56]. A long-term storage of block samples, or soil samples that have
been exposed to air, may cause ageing of the clay, which affects the soil sensitivity, Atterberg limits
and pore water chemistry.

6. Engineering properties
6.1. Stiffness—Gpax

Small strain shear stiffness (Gmax) can be estimated from the shear wave velocity (V) using the
formula:

2
Grax =PV (©6)
where: Gmay 1 the shear modulus (in Pa), V; is the shear wave velocity (in m/s), and p is the density

(in kg/m*).
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Four sets of V; data are available for Klett South as shown on Figure 27a. Three of these were
obtained using the MASW (multichannel analysis of surface wave) technique and one from the
seismic cone (SCPTU). The MASW profiles were obtained in the lime/cement column test area
(Profile S1, see Figure 1), just adjacent to the lime/cement column area (S2) and at the main Klett
South test area (BH’s KS1/1502 and KS2/1503), i.e. Profile M1. The SCPTU profile was adjacent to
MI1. The measured values are all very similar and show Vj to increase from about 125 m/s at 2 m to
250 m/s at 25 m depth. These are characteristic values for Norwegian soft marine clays [57-59] and
are very similar to measured values for other sites in the Trondheim area. The scatter in the SCPTU
data are likely to be due to the instrument used having one geophone only, hence resulting in some
inaccuracy in the derived V, readings. The MASW data suggest that the technique is not able to resolve
the effect of the lime/cement treatment.

V, (m/s) V, (m/s) G,., (MPa)
E‘ "cg 0 100 200 300 0 100 200 300 0 40 80 120 160
O ry D 0
o N © T T T T
E & AV [ [ [ l
= E 5 Y L
c
)
1) 5 |—
o &
ol
10 —
15 —
Quick 20 —
clay
25 —
>
:% MASW $1 (lime/cement) MASW M1 B (_ MASW M1 )
qC) MASW S2 (adjacent lime/cement) |[§ = = = = = V, from g, and e,
ZI 30 MASW M1 (KS1/ks2) @ H = = = = = V, from q,and B, I
é ‘_(g - -@ ®e SCPU e eeaoas V, from g, 6,, and w |
)
= 35 35 35 —
o

(a) (b) (c)

Figure 27. Klett South (a) Vj, (b) V; as derived from CPTU and (¢) Gax-

It is also possible to obtain estimates of the V profile from CPTU data and the literature contains
many attempts to correlate CPTU and V, data. Three examples are shown on Figure 27b i.e. Vi
determined from CPTU based on q; ad ey, based on q; and B, [58] and finally based on q;, 0" and w [59].
The qi/ep method works well over the top 10 m or so but then fails to show any increase in Vg with depth.
Both the other methods give good estimates of the V; profile below 10 m. It is recommended that in
any attempts to correlate between CPTU data and V; several methods are trialed, and reliance is not
placed on a single method only.
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The equivalent Gy, values (Figure 27¢) thus increase from 45 MPa to 135 MPa (average p = 1.99
Mg/m’ assumed). These are typical values for Norwegian soft marine clays [58].

6.2. Behaviour in oedometer tests

Some examples of the results of constant rate of strain (CRS) oedometer tests on mini-block
samples from the quick clay zone between 10 m and 15 m are shown on Figures 22a. The test results
are presented in 'y versus strain (¢) format and as constrained modulus (M = 85'/d¢) versus G'y. On
Figure 24, the 10 m mini-block data are also shown in conventional log o', versus void ratio (e) and
compression index (C.) format M values are highest in the overconsolidated zone and then drop
sharply as G,,' is approached before increasing again linearly with stress post c,,". (In this zone the slope
of the M-a'y line is the modulus number, m.). This behaviour is classical for a structured clay.

6.3. Stiffness—constrained modulus

Values of the constrained modulus in the overconsolidated range (My) and at the preconsolidation
stress (M), for the block samples only, are shown on Figures 28a,b respectively. The amount of data
available are very limited. Nonetheless they suggest that My values are higher for Klett North being
about 11 MPa and lower for Klett South with an average value of some 4 MPa. In contrast My values
are higher for Klett South. Overall the average M is about 2 MPa.
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Figure 28. Klett South and Klett North (a) My, (b) M and (c) m versus depth.
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Values of the modulus number (m = the slope of the M-c,' plot after ¢,,') are shown on Figure 28c.
The values seem more or less uniform with depth and range between 18 and 26. The measured values
agree very well with the correlations of Janbu [60] for an average water content of 32%.

Coefficient of consolidation values in the overconsolidated zone (cyo) and at about G,' (c,1) are
shown on Figures 29a,b respectively. Again, the quantity of data available are limited. Values of cy
are much higher for Klett North. The average value ¢, is about 5 m?/yr. which is at the lower bound of
the minimum value suggested by Janbu [60] for material with w of 32%.
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Figure 29. Klett South and Klett North (a) ¢y and (b) cyL.
6.4. Behaviour in triaxial tests

Results of CAUC triaxial tests are shown on Figures 21, 25 and 26. These tests were carried out
on mini-block and 75 mm diameter piston samples from the quick clay zone. On Figure 21 results are
presented in normalised shear stress (c,' — o;')/20y¢’ versus axial strain (¢) format. In addition, on
Figures 25 and 26 stress path plots (in NGI s'/t’ format) and pore pressure data are also presented. All
tests show that the mini-block samples behave in a contractive strain-softening manner. Samples
from all depths tested show a pronounced peak at &€ of about 1%. Post peak considerable strain
softening is evident. The near initial verticality of the initial part of the stress path plots confirm that
the samples have retained much of their structure.

6.5. Undrained shear strength from laboratory tests

Index undrained shear strength (s,) tests from fall cone and unconfined compression tests on a
variety of sample types are shown on Figure 30a. Both sets of data show the same trend. On average
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the Klett North values are higher than those from Klett South. Above about 7 m, i.e. in the non-quick
zone, s, values are relatively high, between 20 kPa and 50 kPa, probably reflecting the higher degree of
overconsolidation in this zone. Minimum s, is recorded towards the top of the quick clay zone and then
sy values increase gradually with depth but fall well below 0.3cy¢' line, which corresponds to a
normally consolidated material [61]. The reason for this is due to the combined effects of sample
disturbance and the fact that the laboratory tests are carried out without a confining stress.

Undrained shear strength values from CAUC tests on mini-block samples are shown on Figure
30b. For the CAUC tests the best estimate of the in-situ stress was used (assuming ground water
pressures were hydrostatic from 2 m depth) for consolidation with Ky' assumed to be 0.7 to 0.8.
Because the specimens were the best available and were reconsolidated back to the in-situ stress, these
tests give s, values higher than those of the index tests. Normalised strength (s,/c,") values fall from
about 0.52 towards the top of the quick clay zone to close to 0.3 at 18 m depth.
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Figure 30. Klett s, from (a) index testing, (b) CAUC tests on mini-blocks and (c¢) from
CPTU data.

Ladd et al. [62] proposed that s, be expressed in a normalised form (s,/G,') in relation to the
overconsolidation ratio (OCR) as follows:

%= S(OCR)" (7)
O

where S is the normally consolidated stress ratio. The principal behind this approach was called the
SHANSEP procedure. Although it was strictly speaking developed for tests on artificially
overconsolidated clays, [42] considered that the same framework could be used for work on s, values
derived from high quality samples. These authors found that on average for Norwegian clays:
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+ CAUC:S=0.30,m=0.70

e CAUE:S=0.12,m=0.80

« DSS:S=0.22,m=0.80

For Klett South with S = 0.3 and m = 0.7 and OCR = 1.25 (from Figure 5b), s,/c,' = 0.35 for the
CAUC tests. This value is consistent with the results shown on Figure 30b.

6.6. Undrained shear strength from in-situ testing

Undrained shear strength can be obtained by empirical correlation from CPTU data using various
techniques for example [36]:

Sy =T ®)

s, =t ©)

where Ny and Ny, are empirical bearing capacity factors and apply only to the type of shear strength
from which they were derived.

Karlsrud et al. [63] derived a series of bearing capacity factors for Norwegian clays by comparing
research standard CPTU tests with CAUC (anisotropically consolidated compression test) triaxial tests
on Sherbrooke block samples. They related Ny and Ny, to S; and OCR. For Klett clay typically Ny and
Nau can both be chosen to be equal to 8. The derived s, values compare very well with the CAUC
triaxial test results, see Figure 30c.

6.7. Effective stress strength parameters

Effective friction angle (¢'), cohesion (c¢')/attraction (a") can be inferred from the CAUC test
results on Figure 25. These tests suggest that ¢’ is in the range 26° to 28° and ¢’ varies between 7 kPa
and 9 kPa (i.e. a’ varies between 14 kPa and 18 kPa).

7. Full scale field testing
7.1. Piling trial

The Norwegian practice for estimating friction pile capacity in clay makes use of a
semi-empirical method. In this method a side friction factor is employed to estimate the share of the
direct undrained shear strength that can be use in the ultimate limit state. For low plasticity clays,
Norwegian standards usually recommend using a low side friction factor. Such an approach often
leads to conservative and costly design. In reality, aging effects can provide a significant increase in
capacity after clay reconsolidation as shown for example by [64]. However, but such effects are
seldom considered in practice.

A tension pile capacity test was in this respect performed at the Klett South site between 2014
and 2015. The location of the test area is shown on Figure 1. As the new four-lane E6 highway
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included construction of two bridges, friction piles were considered for use as the foundations. The
aim of the tests was to assess how the piles would perform in quick clay as the clay would be
remoulded on pile driving and take some time to reconsolidate. A detailed pile design could be
performed and the potential economical savings by rationalising the pile design could be determined.

wNg WA

Figure 31. Pile test reaction frame. Image modified from [65].

Three 25 m long, open-ended friction piles were installed at the site. The piles had a diameter of
406.4 mm and a wall thickness of 8 mm. The load frame used for the pile testing is shown on Figure
31. It was designed to maintain a constant axial load over time with a maximum capacity of 2100 kN.
The load was measured by a load cell mounted above the coil and the hydraulic cylinder with a
capacity of 315 bar. Deformations were measured by a Temposonic sensor and a laser sensor.

The theoretical load capacity was about 400 kN. Load was applied as follows:

* 4 steps to 10% (40 kN) and held for 5 minutes each,

»  then steps at 5% (20 kN) and held for 3 minutes,

*  close to failure load was applied at 2.5% capacity (10 kN) and held for 2 minutes,

»  failure was defined as a displacement of 30 mm or a creep rate > 1 mm/minute.

Some of the test results are shown on Figure 32. Pile 3, for example, was tested 1 month after
installation and reloaded after 12 months (i.e. 11 months of reconsolidation). The measured pile
capacity after 1 month was around 500 kN, which is close to that predicted using the Norwegian
semi-empirical method. The effect of aging on the capacity of piles no. 1, 2 and 3 is shown on Figure
32. Results show an increase in pile capacity in the order of 20-50% over 12 months and this
providing large potential economic savings to the development project.
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Figure 32. Pile load test results for three test piles P1, P2 and P3 at Klett modified from [65].
7.2. Lime—cement column trial

Lime-cement columns are regularly use in Norway and Scandinavia to stabilise soft soils. The
technique is commonly used in road and railway embankments to reduce settlements and improve
the stability. At Klett, the lime—cement column trial was carried out adjacent to the piling trial as
shown on Figure 1. As lime—cement columns were already planned for the area in the stabilisation
of the deep road cuttings, it was logical to carry out some trials of the system to act as foundations
for the two bridges.

Figure 33. Lime—cement column trial.
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For bridge foundations the lime cement piles are installed in a grid partly or fully covering the
area for the base of the foundation, thus forming a block of wholly or partially stabilised soil. The
grid and the depths of the piles is governed by the bearing capacity needed, the stability analysis and
the calculations for the expected settlements. The focus of the trial was not so much into the details
of the foundation method but on efforts to optimise the type and amount of binder and to study the
strengths gained from field and laboratory studies for the lime cement improved soil.

7.2.1. Installation

Thirty-four lime cement columns were installed using standard dry mixing methods, see Figure
33. The length of the columns was 15 m with a diameter of 0.8 m. Columns were installed in a
pattern forming a circle with 17 columns in each circle. Every column was installed with an overlap
of 0.1 m. The columns were installed with different amount of added binders and energy used during
installation.

The lime cement used for the ground improvement is a 50/50% mixture of Stabilia B40 and
Norcem Standard Cement FA. Stabilia B 40 is a product of the filtered dust from waste combustion
and other remote heating plants, mixed with calcium oxide (CaO).

A significant issue with respect to installation of lime—cement columns is that the process
generates excess pore water pressures. This can be particularly a problem is slope stabilisation with
the inherent risk of destabilising the slope. Data are shown on Figure 34 for two piezometers located
approximately 7 m from the centre of the circle of lime—cement columns. The piezometers were
installed at depths of 10 m and 20 m. Significant excess pore water pressures were generated
especially in the 10 m piezometer. An excess spore pressure of 80 kPa was generated above the
in-situ value of about 65 kPa. At 20 m the installation of the columns initially caused a reduction in
the pore pressure from some 135 kPa to 115 kPa followed by the development of an excess pore
pressure of about 10 kPa. Some 2 months after the installation the excess pore pressure in the 10 m
piezometer had reduced to about 20 kPa but little reduction was observed in the 20 m piezometer.

200
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5 120
g
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Y 80
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o
o
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Figure 34. Excess pore pressures generated by lime—cement column installation.
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7.2.2.  Field testing

In the field, several FOPS (pre-installed reverse sounding tests) and CPTU tests were carried
out at different cure times. The objective of the FOPS test is to measure shear strength and
homogeneity of installed piles. The FOPS probes are pressed down, to approximately 1 m below the
bottom edge of the lime—cement column, after installation and before it cures. The probe is shown on
Figure 33 and consists of a wing connected to a pull wire which extends through the pile up to ground
level. During extraction, the force is measured continuously. The FOPS probes are 400 mm wide, have
a 20 mm thick wing and the rod diameter is 36 mm. Eight tests were carried out about 6 days after
column installation and an average pull out force of 36 kN was measured.

Based on the data from the field trials, it was established that a characteristic strength of 425
kPa for the stabilised silty quick clay after 2 months could be used. This value is significantly higher
than what is standard practice in Norway, see NGF [66] or Vegvesen [67].

7.2.3.  Sampling of the stabilized clay

Full details of the sampling of the stabilized clay are given by [68]. The samples were obtained
using Kiso-Jiban Gel Push Triple (GP-Tr) sampler. For full details of the sampler see [69] or [70].
The GP-Tr sampler is based upon a conventional rotary triple tube sampler. It includes self-adjusting
shoe penetration, stationary liner and inner tubes, and an outer tube tipped with a bit that rotates and
drills the soil above the shoe. The sampler uses ordinary drilling fluid to remove the cuttings and to
cool the drilling bit. The drilling bit is placed above the cutting shoe, which prevents the flushing
from disturbing the sample material. The difference from regular triple tube samplers is that the
GP-Tr sampler uses a gel polymer to lubricate the core sample as it enters the inner tube,
significantly reducing the friction between the sample and the liner tube walls. The liner tube is made
of PVC-U and has an inner diameter of 83 mm and a length of 900 mm, which is the same as the
sample size.

Figure 35. Example of GP-Tr sample of stabilised Klett clay.

AIMS Geosciences Volume 5, Issue 3, 344-389.



379

An example of an extracted sample of stabilised Klett clay is shown on Figure 35. Visually the
samples look very good with no distinct signs of cracking or disturbance. The surface of the samples
was smooth without any dents or damage from the sampling. However, the handling of these brittle
samples required great care. The sampling method is quite time consuming since it requires extra
work with mixing and loading the sampler with the gel polymer. During a normal work day of
approximately 10 hours it was possible to collect 6 samples.

7.2.4. Laboratory testing

Laboratory testing was undertaken both on sample mixed in the laboratory and on the samples
recovered using the GP-Tr process. The laboratory mixed samples were mixed with a mixture of
50% Stabilia 40 (as in the field) and 50% standard cement giving a total cement content of 90 kg/m’.
Uniaxial compression tests (UC) were performed following curing for 2 days or 14 days.

The curing time for the piles at the sampling date was 120 days. It took another 30 days before
the tests were completed in the laboratory. Extrusion of these samples showed that most of the
samples were intact and continuous. However, some of the samples broke into several pieces during
extrusion. It was necessary to trim the samples down to 72 mm in diameter so that they could fit in
the testing equipment. Ideally, they should be tested at the sampled diameter of 83 mm. A series of
UC tests, CAUC and CAUE triaxial tests, CRS oedometer tests and direct simple shear tests (DSS)
were performed. The UC tests failed at an axial strain between 1% and 2%. This corresponds to the
failure strain of laboratory mixed samples, which indicates that the sample is of good quality. Most
of the triaxial tests had a larger failure strain than the uniaxial tests. Dilative behaviour of the
material is considered to be the main cause of the large failure strains. The shear strength achieved
from the tests varied between 60 and 310 kPa. The lowest values are caused by disturbed samples
which crumbled during testing. The stabilised soil material is very brittle in nature and easy to
disturb when handling and during transportation.

7.2.5. Installation of lime—cement piles in the E6 highway project

Full details of the installation of the lime—cement columns for the main road works are given
by [71]. The method used was the Modified Dry Mixing (MDM) method as described by [72]. A
total of about 48,000 lime-cement columns corresponding to some 1,000,000 m of piling were
installed. The clay was stabilised using columns with a diameter of 600 mm and with a 50/50 mix of
lime/cement with an average binder content of about 65 kg/m”. This can be compared to the “default”
content of 100 kg/m’ to 120 kg/m’ and thus represents a considerable saving. The columns were
installed in a rib pattern, with an intersection between the piles of 100 mm, see Figure 36.
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Figure 36. Lime cement column ribs constructed at Klett.

7.3. Full scale field loading trial

A large embankment was required to facilitate the construction of a bridge and a minor road
over the new highway at a location north of the existing E6 as shown on Figure 1. Settlement under
the embankment were carefully monitored, using settlement gauges and settlement plates, in order to
avoid excessive differential settlement of the bridge. In addition, pore pressures were measured using
pneumatic piezometers. A back calculation of the resulting settlements and pore pressures was
carried out by Berre [73]. A summary of the measurements and the back calculation is given as
follows.

7.3.1. Embankment construction

The fill was constructed between 26/8/16 and 16/4/17. Pre-fabricated vertical drains were
installed at 1.5 m centres on a triangular grid to some 28 m depth. The fill was about 125 m wide and
15 m thick at its highest point. The pattern of filling of the embankment was complex but detailed
surveys were carried out at various stages so Berre [73] was able to implement the rate and pattern of
filling accurately into his model. A cross section through the embankment together with the refined
finite element mesh used in the analyses is shown on Figure 37.
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Figure 37. Cross section through embankment and finite element mesh. Image modified from [73].
7.3.2.  Numerical modelling and input parameters used

Two different soil models were used to model the soft clay in the software PLAXIS namely the
soft soil creep model (SSC) [74] and the unified enhanced soft clay creep model (UDSM) [75,76].
The latter model was used as SSC has some limitations in the elastic range and does not account for
destructuration. Input parameters assumed are summarized on Table 2. These were obtained from a
mixture of measured parameters and back calculation of laboratory triaxial and oedometer tests.
Slight variations of these parameters were used to model the upper low to medium sensitive clay and
the dry crust.

Modelling was carried out in a series of 18 phases mimicking the different stages of filling and
unloading and allowing for the appropriate consolidation time.

7.3.3.  Measured and predicted settlements

Predicted versus measured settlement, at Profile 260, Sensor 9 (i.e. where fill is highest) in
addition to the rate of filling is shown on Figure 38. Unfortunately, predictions are available only as
far as Day 380 as Berre’s work was carried out during the actual project.

The predictions are in general very good with both models giving similar output. It could be
argued that the actual settlements are less than those predicted at the early stages of loading (in the
clay’s overconsolidated zone) and are greater than those predicted from about Day 150 when the fill
reaches its maximum height (post preconsolidation stress). The rate of settlement, once the filling is
complete, predicted by the models is greater than in the measurements.

Predicted and measured pore pressures at 12 m depth in Piezometer 2102 (Figure 37) close to
the centre of the fill are shown on Figure 39. Unfortunately, data for Days 0 to 300 only is available.
The measured pore pressures are considerably smaller than what would theoretically occur if no
drains had been used.
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Figure 38. Predicted and measured settlement—Profile 240, Sensor 9, modified from [73].

Both models give similar results with the UDSM model performing somewhat better, especially
in the early stages of loading. However, the magnitude of the measured pore pressure is much greater
than the predictions between Day 145 to Day 185. This time interval corresponds to interval where
the settlement curve shows greatest slope. Correspondingly, it is found that the soil passes its
preconsolidation pressure from about 150 days. The measured peak pore pressure and high
settlement rate may be related to this. Unfortunately, the simulations done were unable to capture
this effect correctly.
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Figure 39. Predicted and measured pore water pressure—Piezometer 2102 at 12 m,
modified from [73].
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Table 2. Summary of input parameters for numerical modelling for quick clay layer.

Type Test type Parameter  Physical meaning Units Value

Settlement 1D compression € Initial void ratio
1D compression ) Modified compression index 0.0769
1D compression : Modified swelling index 0.028
IL oedometer : Modified creep index 1.96 x 107
1D compression c, — o)/ Preconsolidation stress minus vertical ~kPa 200

(POP) effective stress

1D compression k Permeability m/s 2x107
Reconstituted 1D 1y Intrinsic creep number 510
compression
K, oedometer Vur Poisson’s ratio

Destructuration  Triaxial Dcs Critical state friction angle Deg. 31
Triaxial K¢ Normally consolidated region 0.53
Triaxial Xo Initial value of structure 5
Triaxial dp Frictional angles Deg. 18
Triaxial g Compressibility parameter 0.028
Triaxial a, Rate of destructuration 25.0
Triaxial w Destructuration control 0.25
Triaxial n Rotation of surfaces 100
Triaxial Brone Initial rotation reference surface 0.1
Triaxial T Reference time Days 1.0
1D compression OCR ax Limit for creep induced OCR 1.5

Berre [73] shows how the predictions can be made to better match the measured data by
alterations to the destructuration parameters X, and a,, the creep number ri; and the OCRyax value.
He also recommends that further work should be done to model the embankment behavior after Day
300, especially following the unloading.

The Norwegian Geologicial Survey (NGU) have made some interesting observations of the
excavated clay [77] which may help future modelling.

8. Conclusions

This paper details the geotechnical properties of the material, especially the quick clays, found
at the Klett research site near Trondheim, Norway. The importance of this site relates to the
availability of detailed geotechnical information in conjunction with the results of three full scale
field trials. Some conclusions from the work are as follows:

1. The site is underlain by a thick layer of relatively homogenous quick clay like that found at

many other sites in Scandinavia and North America.

2.  The material contains silty lenses and overall has a higher silt content that other

well-known quick clay sites. The presence of the silt poses challenges for material
characterisation and handling.
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3. The material is highly sensitive. Classical techniques for identifying quick clay, such as
rotary pressure sounding and total sounding as well as CPTU based methods work well for
this site.

4. ERT and RCPTU resistivity data confirm the measurements in that much of the salt has
been leached from the pore fluid. However, the resistivity data are not able to distinguish
between the quick and non-quick clay. This is possibly due to the fact that the upper
non-quick clay has been leached past its quick state and the sensitivity has subsequently
been reduced by a continuous ion exchange process.

5. The low-plasticity sensitive clay is particularly susceptible to sample disturbance due to the
high sensitivity and inhomogeneities caused by the silt layers. The mini-block sampler
produced the best samples compared to the 54 mm and 75 mm piston samples.

6. Small differences in laboratory test procedures, transport, handling effects and especially
time delay prior to testing affected the material properties such as peak undrained shear
strength, preconsolidation stress and constrained modulus. It is therefore recommended to
conduct tests as soon as possible after sampling.

7. The My/M_p sample disturbance assessment criterion for oedometer tests has shown an
ability to differentiate between tests that are clearly heavily disturbed and tests that can be
used for interpretation of material properties.

8.  Undrained shear strength values from CAUC triaxial tests are consistent with those which
would be obtained empirically from CPTU test results.

9. Small strain stiffness can be reliably defined using shear wave velocity measurements by a
variety of techniques. Oedometer moduli are broadly as expected from correlations from
the literature.

10. A full-scale piling trial suggests significant ageing effects can occur and present day
semi-empirical design methods may result in conservative design.

11. Lime-cement column trials showed strength values greater than those which would be
expected from published literature. The trial allowed for a considerable reduction in the
amount of binder used compared to normal practice. Good samples of the stabilised
material can be obtained using the GP-Tr gel push sampler.

12. Back-analysis of a large test fill showed very good predictions of settlement can be made
using available constitutive models. Pore water pressure predictions were not as accurate.
Further back-analysis work is warranted as more monitoring data has become available.
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