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ABSTRACT

Along the newly built E45 between Gothenburg and Trollhattan a number of bridges were
constructed. Some of the bridges have issues with settlement larger than anticipated. The bridge
of interest in this report was founded on lime cement columns and was one of the bridges with
large settlements. In order to create understanding of the situation an analysis of how swelling
and consolidation affect settlement of bridge 15-1806 on E45 has been made. To do this analysis
hand calculations and a Plaxis simulation has been made. Input data was developed through
literature studies and interviews with involved people. The result of the report shows that
swelling has a large effect on total movement of the bridge. The swelling of the soil below the
bridge is 29 cm before the construction began. The settlement of the bridge is 10,6 cm after 2
months calculated by consolidation theory. In order to reduce the settlement in the future the
swelling should not be overlooked. If the time span between unloading and reloading could be
shortened the total impact of the swelling could be reduced. Also with the use of unloading-
reloading oedometer tests the soil parameters for swelling and reloading could be estimated in
an accurate way.

Key words: Swelling, Lime-Cement, Columns, Settlement, Consolidation, Unloading,
Foundation, Bridge, Plaxis, Unloading-reloading, Oedometer, E45, BanaVag i
Vast






Deformationsanalys av brofundament pa kalk-cementpelarforstarkt jord
Svéllning och konsolidering av kalk-cementpelarforstarkt jord
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SAMMANFATTNING

Langs den nybyggda vag E45 mellan Goteborg och Trollhéttan har ett antal broar konstruerats.
Nagra av broarna har efter en tid fatt problem med att séattningarna blivit stérre an forvantat.
Den bro som fokus av rapporten ligger pa ar grundad pa kalk-cementpelare och &r en av broarna
som har utvecklat mest sattningar. For att bilda forstaelse for situationen har en analys av hur
svallning och konsolidering har paverkat sattningarna i bro 15-1806 pa vag E45 gjorts. | denna
analys har handberékningar och en simulering i det finita elementprogrammet Plaxis utforts.
In-data har tagits fram genom litteraturstudier samt samtal med personer involverade i projektet
och i geotekniska fragor. Resultaten av rapporten visar pa att svéllning har en stor inverkan pa
den totala rorelsen av bron. Svallningen innan uppbyggnad av bron uppgar till 29 cm.
Sattningen av bron ar 10,6 cm och ar utraknad med konsoliderings teori 6ver 2 manaders tid.
For att minska sattningar i framtiden bor svallning fa hdg omtanke. Om tidsspannet mellan
avlastning av jord och palastning av bro kan minskas kan den totala inverkan av svéllning
minskas. Med anvandning av av-palastnings odometertest kan svallnings av palastning
parametrar tas fram pa ett palitligt satt.

Nyckelord: Svallning, Kalk-Cement, Pelare, Sattningar, konsolidering, Avlastning,
Grundlaggning, Bro, Plaxis, Av-palastning, Odometer, E45, BanaVég i Vast
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Notations

Roman upper case letters
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Activity of clay mineral
Clay content

Diameter

E-modulus of column

Depth down to firm layer
Oedometer modulus

Oedometer modulus at increasing stiffness

Oedometer modulus before pre-consolidation pressure
Oedometer modulus of column and soil composite
Oedometer modulus beyond pre-consolidation pressure

Unloading modulus

Total proportion of columns
Swelling potential of clay

Torque at failure, Field vane test
Time factor of consolidation

Degree of consolidation

Roman lower case letters

Constant, around 250 in calculation of M_;, see equation (5.17)
Centre-centre distance between columns

Critical shear strength
Undrained shear strength

Shear strength of column

Undrained shear strength from Field vane test

Undrained shear strength of column
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Coefficient of consolidation

Coefficient of swelling

Drainage depth of soil
Overall vane width, Field vane test

Vane length, Field vane test

Permeability

[m* /kNT Volume of compressibility
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[kPa]
[kPa]
[kPa)
[kPa]

[kPa)

Constant value, 0.3, used in calculation of M,
Radius of column

Swelling or settlement of clay due to consolidation

Time
In-situ pore pressure

Pressure from load

Unit weight
Applied stress

Stress in column and soil composite
Stress in limit between column and soil

Unloaded stress

Effective stress

Pre-consolidation pressure

Total pressure at failure

Effective stress beyond pre-consolidation pressure
Vertical effective stress

Permeability of column

Load distribution factor



Modified compression index
Modified swelling index

Undrained shear stress of column at failure

Undrained friction angle of column



1 Introduction

Geotechnical engineering is a semi-empirical science which can somewhat be seen as
more of an art than other areas within the civil engineering profession. Non-
conservative is a word often used to describe the properties of soil. That means that
the soil adapts to whatever has happened to it in a previous time. Even though soil is
anisotropic and variable, engineers working with soil modelling often assume it to be
isotropic and homogenous. To be able make an assumption close enough to reality is
why geotechnical engineering can be seen as an art (Holtz & Kovacs, 1981).

Stabilisation of soils with lime-cement columns is something that is used in a wide
range of construction applications in Sweden. The project BanaVég i Vast was one
project where this type of stabilisation was used in a great extent.

1.1 Background

In 1980 the idea of building a new and improved transport stretch to expand the
communication and transport industry with Norway was discussed. The project,
BanaVdg i Vést, was planned and the first part of the construction started in 2004. In
December 9th 2012 the traffic on the new road and railroad between Gothenburg and
Trollhdttan could start. Within this project there where a number of bridges
constructed. The settlement measurements of the foundations of these bridges showed
that there where varying settlements during the construction phase.

The bridges of interest are situated along E45 and the railway between Gothenburg
and Lilla Edet. All of the bridges were founded on lime-cement columns and
constructed in a quite similar way, with some local variations. Some of the bridges
had larger than expected settlements and the reason for this is unclear.

According to Ekstrom (2014) the excavations were left open in different lengths of
time. Geotechnical experts in the Swedish Transport Administration believe that the
large variations in settlements between the bridges might be partly explained by
different amount of swelling of the soils, since the measurements started after
construction of the bottom analysis plate of the bridge and not from the excavation
start.

1.2 Aim

The aim of this report is to analyse how swelling and consolidation affect settlement
of the bridge 15-1806 on E45 founded on lime-cement columns. A model in the finite
element program Plaxis is to be developed to study this.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:4 1



1.3 Objectives

e To find an applicable model for making realistic simulations of settlement in
bridge foundation due to the effect of swelling and consolidation.

e To evaluate the swelling effects on Gothenburg clay and the effect on bridge
displacements.

e To simulate the effects of swelling and consolidation in Plaxis.

e To perform comparative hand calculations to assess the magnitude of swelling
and consolidation.

e To compare the hand calculations with the Plaxis model of the area.

1.4 Scope

The bridge along E45 between Tingsberg and Karra, bridge number 15-1806, was
chosen as the main focus of this report since it was one of the typical bridges with
settlement problems, being founded on lime-cement column reinforced clay.

The focus of this report is on vertical displacements in soils reinforced with lime-
cement columns. Furthermore, the effects of swelling on the total vertical
displacements will also be studied.

1.5 Method

A literature study was made to learn more about geotechnical investigations, lime-
cement columns as well as swelling and settlement. The choice of bridge was made in
collaboration with Jan Ekstrém at the Swedish Transport Administration.

Data from field investigations and laboratory tests in the surroundings of the bridge on
E45 over local road in Karra was assembled from the Swedish Transport
Administration. The data was used to create a hand calculation model in Microsoft
Excel. This model was verified by comparison with measured data from the Swedish
Transport Administration and by creating a model in the finite element program
Plaxis. The input to the models was collected from the Swedish Transport
Administration database from the project BanaVég i Vast with the help of Jan
Ekstrém.

Different models for estimating the unloading modulus for Swedish clays are used to
evaluate the swelling of the soil.

Settlement calculations are done using two different methods, one considering plastic
failure as described in the paper by Alén, et al. (2005) and the other not considering
plastic failure. Both methods are used in order to compare the results and to do an
analysis of the reliability of the results. When calculating swelling, the model used a
consolidation model with modulus values adapted to swelling rather than
compression. This is according to (Persson, 2004) an applicable model for use on
swelling. A simulation in the finite element program Plaxis have been made. Input
data about the soil properties have been taken from CRS evaluations done by WSP
consulting company.

2 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:4



2 Background

This chapter will present relevant background theories relating to the objectives of
this report.

2.1 Ground improvement

The clays in the Gothenburg area have been a problem for the construction industry
for a long time. Settlements and stability issues are problems that have to be coped
with daily. One way to deal with the problem is to use ground improvement methods
before the construction is executed.

The method of focus in this report is lime-cement columns. This method is used to
increase the strength of the soil as well as transfer parts of the load further down into
more firm layers of soil.

2.2 Lime-cement columns

In situ mixing of lime or lime and cement into soft soil is a common ground
improvement method in Sweden. The aim with this type of ground improvement is
mainly to increase the stability and to reduce settlements. It is commonly used method
to improve the ground under road and railroad embankments. The effectiveness of this
method has been developed significantly during the years since it was first introduced
(Broms, 2004).

Lime-cement columns can be used in organic soils where lime alone is not effective.
Lime columns, on the other hand, have a higher permeability and ductility compared
with lime-cement columns. As the ground temperature is increased during slaking of
the lime introduced into the soil, the water content is reduced and the shear strength is
increased significantly (Broms, 2004).

2.2.1 Dry and wet mixing

A lime cement column is a column created by mixing lime and cement into the natural
soil in-situ. Two methods that are used when creating lime-cement columns are wet
mixture, which includes water, and dry mixture, without added water.

Mixing lime-cement columns are done in five steps, see Figure 2-1. (1) First you
make sure the mixing tool is correctly positioned. (2) The mixing tool is driven down
to the wanted depth by rotation. (3) When desired depth is reached the tool is pulled
towards the surface. At the same time the binder is injected into the soil. (4) The
mixing tool is rotated when moving towards the surface and the binder is mixed with
the soil. (5) Finishing the column and pulling the tool out of the ground.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:4 3



Figure 2-1 Mixing process (British Standard, 2005)

Dry mixing is normally a mixture of dry unslacked lime and cement, and air pressure
IS used to carry the mixture into the ground (Rydell, et al., 2005).

The two most commonly used techniques for dry mixing is the Nordic technique and
the Japanese technique (British Standard, 2005).

The Nordic Technique uses machines able to install columns to 25 meters depth. The
columns are usually between 0,6 meters to 1 meter in diameter and can be installed in
an angle of 70° from vertical orientation. The machine uses one mixing shaft with the
outlet at the mixing tool. The mixing tool is driven down to the desired depth and the
binder is pushed into the ground through the outlet at the mixing tool. The mixing tool
iIs rotated and pulled towards the surface, with controlled rotation and speed, while the
binder is continuously pushed out of the outlet with a controlled pressure.

In the Japanese dry mixing method a machine with either one or two shafts can be
used. The columns can be installed to depths up to 33 meters and are mixed with
several blades on each shaft. The diameter of the columns can be between 0,8 meters
to 1,3 meters. The binder is pushed down by compressed air into the ground. The
outlets are positioned both above and below the mixing tool. The tool is driven down
to desired depth and the binder is pushed out with a controlled pressure. The tool is
then subtracted with a controlled speed as the soil and binder is mixed. The binder is
continuously pushed out of the nozzle and mixed with the soil during the retraction.

In wet mixing water is usually mixed with the lime-cement mixture and then carried
in slurry form into the ground (Rydell, et al., 2005).

The two most common techniques for wet mixing are the European technique and the
Japanese technique.

The European technique of wet mixing is carried out by either a Flight auger or by the
blade mixing method described under dry mixing. The material pushed down into the
ground is now however wet and the pressure are built up with water. Into this slurry
steel bars or other reinforcements can be inserted to increase the strength of the
columns and the reinforced soil.
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The Japanese technique of wet mixing is very similar to dry mixing. However the
material pushed into the ground is now wet. The column diameter can now increase
and have a span of 1 meter to 1,6 meters. The columns can be driven to 48 meters
depth. When used as a marine reinforcement method the maximum depth of the sea
level is 70 meters (British Standard, 2005).

The undrained shear strength is usually higher in soil stabilised with dry method due
to the reduction in water content of the soil (Broms, 2004). According to Broms
(2004) the undrained compressive strength of silty clay became 1.7 to 3.2 times higher
when using dry method compared to wet method; however this depends on the in-situ
water content of the natural soil. The drawback with dry method is difficulties getting
an even mixture in the soil, especially if the soil has a low water content and relatively
high initial strength. Broms (2004) explains that the friction angle of lime-cement
columns is large even at undrained condition due to the fact that the stabilized soil is
not fully saturated. Karstunen (2014) however, explains that the friction angle of lime-
cement columns is not studied enough to be able to make reliable predictions of the
friction angle. The bearing capacity is to a large extent governed by the confining
pressure in the soil as well as the axial loading of the lime-cement column (Broms,
2004).

The nozzle is bored into the ground by rotating a mixing tool. When the desired depth
is reached the nozzle is retracted. During the retraction the lime-cement mixture is
pushed out through the nozzle and into the ground under rotation of the mixing tool.
When the surface is reached again the column is done. After the mixing it needs time
to set to a firm column (Rydell, et al., 2005).

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:4 5



2.2.2 Mixing tools

There are many tools that could be used for column installation. The most common
ones are the tool called “Pinnborr” and the tool called Standard mixing tool (Haglund
& Nilsson, 2001).

The tool called “Standard” Mixing tool is a tool that has a half circular loop, see
Figure 2-2. The “Pinnborr” tool has one rotation level that mixes the lime-cement
mixture with the soil, see Figure 2-3. The visible holes in the tools are used to deliver
the lime-cement mix into the ground.

Figure 2-3 “Pinnborr” with 2 blades and one rotation level (Haglund & Nilsson, 2001)
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2.2.3 Undrained shear strength

The short-term increase of undrained shear strength depends mainly on the chemical
reactions of the slaking of unslaked lime that reduce the water content in the soil when
mixed with lime-cement. Therefore, the short term effects are connected with a
reduction in water content. Long-term effects on the other hand depend more on the
pozzolanic reaction, the reaction of the lime-cement with the clay particles in the soil.
The shear strength of reinforced soil, and the deformation behaviour, is similar to over
consolidated partially saturated soil (Broms, 2004).

Due to the high friction angle, @, .., of stabilized soil, triaxial tests often show a
higher shear strength than in situ shear vane tests (Broms, 2004). The undrained shear
strength of the columns, 4, ..; , can be calculated as the sum of the undrained

cohesion ¢, .,; and the total pressure o , acting normal to the failure plan, multiplied
with tangent of the undrained friction angle @,, .., , see Equation (2.1).

Tfu,co! = Cu,co: + ﬂftaﬂ@u,col (21)

The average friction angle of 50/50 lime-cement columns has been estimated
somewhere between 30° to 45° (Broms, 2004).

2.2.4 Permeability of lime-cement columns

It can be hard to get an accurate measurement of permeability of the soil in general
from small lab samples. This is because of the lack of larger cracks that appear in-situ
in the soil and the columns. On the other hand, cracks may appear in the sample of the
lime-cement column during the extraction from the ground or the handling of the
sample,. The sample will most probably become disturbed. A method to determine in-
situ permeability is to measure excess pore water pressure in the columns or back
calculate the permeability from measured rate of settlement of the constructed
embankment etc. The permeability usually decreases with time (Broms, 2004).

A common notion in Sweden is that the permeability of lime-cement columns is
considerably higher than in the surrounding soil. The permeability of lime-cement
columns is suggested to 400 to 800 times the permeability of the surrounding soil.
This value has appeared to be too high when compared with field tests. The reason for
this is probably related to the hydraulic lag that becomes large when the length of the
columns is large. The in-situ permeability of lime-cement columns of 8 meters depth,
underneath a test embankment at Norrsala, Sweden was found to be roughly the same
as the surrounding soil. The excess pore water pressure in this case had dissipated in
the 6 meters deep clay layer below the embankment. The recommended estimation of
the permeability for lime/cement columns is 40 times the surrounding soil (Broms,
2004).

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:4 7



2.2.5 Installation effects

It has been shown that some theoretical values underestimate the bearing capacity of
lime-cement columns compared to laboratory- and field tests (Shen, et al., 2003). It
has been suggested by Shen, et al. (2003) that the clay surrounding the column is
affected by disturbance from the rotation and from induced pressure during
installation. The affected zone is called the plastic zone. The plastic zone may vary
depending on shearing force and induced pressure.

The soil is according to Shen, et al. (2003) negatively affected with respect to shear
strength in an early stage after installation of lime-cement columns but after about ten
days, the clay is restored to strength values exceeding the original value. The strength
continues to increase over a period of 70 days. Shen, et al. (2003) explains that this
has partly to do with a consolidation process due to the dissipation of induced pore-
water pressure caused by the rotation of the mixing tool and injection of lime-cement
during the installation.

Shen, et al. (2003) noticed four different factors affecting the property of the soil
surrounding the lime-cement columns. These four are soil fracturing, disturbance,
thixotropy and consolidation, and cementation effects caused by diffusion of the
chemical agents.

Soil fracturing derives from two mechanisms, tensile failure and shear failure. Tensile
failure occurs when the effective stress becomes negative with such magnitude that
the tensile strength in the soil is exceeded. Fracturing can occur in both horizontal and
vertical directions. Tensile fracturing may in most cohesive soils occur in the plastic
zone surrounding the column. Shear failure is derived from the rotation of the mixing
tool. When the blades rotate they create shearing forces on the columns cylinder wall.
Soil fracturing may occur due to the two mechanisms individually or the mechanisms
combined (Shen, et al., 2003).

Soil is when mixed disturbed by two forces, one created by expansion of the injected
column and one created by the rotation of the mixing blades. These two forces can
lead to excess pore-pressures and the formation of the plastic zone around the column.
The induced pore pressure is very large but decreases with distance from the column.
A large injection pressure contributes to a large induced excess pore-pressure (Shen,
et al., 2003).

Clay fracturing is a big factor in property change in the clay surrounding the lime-
cement columns. The created fracture channels create drainage paths increasing the
rate of consolidation in the clay. Also due to the fracturing in the soil the Cation
concentration is spread faster than from diffusion (Shen, et al., 2003).

The pore pressure in the surrounding soil is increased immediately during installation
of stone columns with vibrator penetration. The pore-pressure dissipated a while after
the installation. Effects such as horizontal stresses and remolding of the surrounding
soil were also shown (Géb, et al., 2009).

8 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:4



2.2.6 Cost

When a soil needs a moderate improvement to reduce settlement or improve stability
lime-cement columns is a cost effective reinforcement. It is more cost effective to use
a large diameter column than a small diameter. The high torque required to rotate the
equipment limits the diameter of the lime-cement column. The high air pressure
needed in dry method to evenly distribute the lime-cement mix is also a restraint for
the maximum diameter. It has been shown that the cost of using lime columns instead
of piles for stabilizing embankments in Sweden is only one third. Lime-cement is
usually somewhat more costly than lime columns (Broms, 2004). The price of lime
and lime-cement stabilization does of course vary with the current prices for lime and
cement.

2.2.7 Settlement reduction

In the 1970s, soil stabilization was mainly focused on reducing uneven settlements
causing angular rotation of relatively light constructions, such as houses. Normally
consolidated clay or slightly over consolidated clay usually have enough strength to
carry a two-storey building without basement without problematic settlement issues.
Buildings are usually good at handling large settlements without suffering damages,
as long as the settlement is uniform underneath the building. The problems arise when
deformation settlement occur leading to rotation, larger on one side than the other.
Damage often occurs when the angular rotation becomes greater than 1/300 or the
relative deflection is above 1/2000 to 1/4000. The settlement in normally consolidated
clay of great depth can usually be reduced with up to 75 per cent or more with 20-
meter long lime-cement columns. It is important to remember that the columns may
fail if the soil layer directly below the column has higher compression strength than
the column. The column may lose much of its original reinforcing properties if this
happens. It is therefore preferable to avoid installing the lime-cement columns all the
way down to a firm layer. The depth of the columns underneath an embankment is
often varied in order to take advantage of the increasing shear strength and
compression modulus with depth (Broms, 2004).
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2.2.8 Column modulus

The E-modulus of the columns can be estimated to 50-100 times C,, . The value for
an organic soil would be 50 times C,, while columns in silty clays would have an E-
modulus of about 100 C,, (BRE, 2002).

According to (Swedish Traffic Administration, 2011) the E-modulus of the lime-
cement columns can be described by Equation (2.2) where ¢, Which is the
maximum shear strength of the lime-cement columns allowed for calculation
purposes, can have a maximum value of 150.

Eco! =13 = Ckritlle (22)

2.2.9 Quality control

Quality control is an important step in the construction procedure to ensure the quality
of the columns installed. This is usually done in two steps, a general control and an
additional control. The general control is performed to ensure that the columns were
constructed according to the documents. This involves testing some columns to
failure. The additional control is a control that is done by object specific monitoring.
Included in this control are monitoring of settlement, movement, pore pressure,
continuity and firmness of the columns (Hedman & Kuokkanen, 2003).

Tests that include pushing tools into the columns, taking samples for lab testing or
failure loading cannot be done on the actual lime-cement columns that are supposed to
be used for reinforcement of the soil. It is therefore common to install testing columns
in an area close to the construction area (Hedman & Kuokkanen, 2003).

2.3 Consolidation and Swelling

Vertical deformation of the soil surface due to adding or retracting load is called
settlement. It can either be a downward deformation or an upward deformation.
Settlement as a word is in this report used to describe a downward movement whereas
the upward movement is called swelling or if caused by frost or lime-cement column
installation, heave. Heave from installation of the columns is also creating strain
between the columns that can later contribute to the settlements.

Settlement consists of three parts, immediate settlement, consolidation settlement and
creep settlement, also called secondary compression. The immediate settlement is
represented by, in theory, an elastic settlement whereas consolidation and creep are
assumed to be permanent to some part and retractable to some part, for example
through swelling.

Terzaghi’s principle is often used to calculate the stresses in the soil. The theory is
built on that the total stress in the soil is a sum between the stresses carried by the soil
skeleton, called effective soil stress, and the pore pressure.
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2.3.1 Consolidation

As explained earlier soil is a material with a non-conservative function. This means
that the material has a memory. When soil is compressed some of the deformations
remain permanent (Holtz & Kovacs, 1981).

Consolidation is a process that occurs when a saturated soil is loaded with additional
pressure, for example a house, an embankment or some other surplus load. When the
soil wants to compress, but due to low permeability the water is not able to flow out
immediately, an increase of pore pressure will develop. The increased pressure will
want to equalize throughout the soil. The liquid in the pores is slowly pushed out of
the soil. When this process occurs, gradually the particles are pushed closer and closer
to each other and this will be visible through settlement on the ground level (Holtz &
Kovacs, 1981). In 1D situations the process is dependent on the coefficient of

consolidation, C,, the confined modulus, M , the added load, Ao, pre-consolidation
pressure, s'_, drainage distance of soil, d, thickness of the layer where the

settlements will occur, H, time, t, the permeability, K, and the pore pressure, U,
(Persson, 2004).

Consolidation is a slow process, and the rate of settlement is largely dependent on the
permeability and the compressibility of the soil. The longer you wait the more time do
you give the pressure in the pores to equalise and the larger part of the total settlement
will have occurred. This means that consolidation is a stress-strain-time dependent
progression (Holtz & Kovacs, 1981).

2.3.2 Swelling

Swelling can be seen as a reversed consolidation (Persson, 2004). The same formulas
can be used in swelling calculations, as in regular consolidation calculations. The
same parameters that are used in consolidation calculations are used in swelling
calculation, with some modifications. The confined modulus, M , used in this case

is, the unloading modulus M, instead of M or M'. The coefficient of
consolidation C, will be dependent on the unloading properties of the soil, and will
therefore be called C,, see Equation (2.3), when concerning swelling and the
unloaded weight will give cause to a change in pressure called Ac,.

Cps =

(k * Mm) (2.3)

o
k is the permeability, ¥, is the unit weight of water.

Different clay minerals have different swelling potential (potential to absorb water
and swell into a larger size). The swelling potential is dependent on the activity of the
mineral and the clay content. For example Na-Montmorillonite has an activity of 7.2
whereas the activity of Illite is 0.9 (Larsson, 2008). Since Swedish clays contain
mostly Illite the calculations should be done with regard to its swelling potential

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2015:4 11



(Nayak & Christensen, 1970). These calculations with regard to Swedish conditions
are found in Persson (2004).

2.4 Field investigations

Field investigations are tests done in the ground in-situ. There are many different
variations of tests and versions of the same test. Below follows some of the most
usual tests and tests done in the field investigations of the project by VVagverket.

2.4.1 Field vane test

The field vane test, FVT, is used to determine the undrained strength of clays. The test
is suited only for fine grain soils, particularly clays. If used on silts, organic clay and
glacial tills the reliability of the result may vary and the test should be backed up with
data from other methods. The test is especially useful for determining the shear
strength of soft clays, which are often hard to determine in labs because of the
samples often being disturbed (Knappet & Craig, 2012).

FVT test are usually only used in clays which have a C, < 100 kPa. The reliability

may be affected in a negative way if the clay is laminated with sand or silts. The test
is governed by technical standards, EN ISO 22476, Part 9 for EU and ASTM D2573
in US. The equipment consists of a stainless steel vane attached to a steel rod enclosed
in a sleeve packed with grease to reduce friction. The vane is basically four thin
rectangular plates arranges in 90 degrees to each other, see Figure 2-4. Those plates
are fixed to the high tensile strength steel rod. The vane and the rod are driven into the
ground at the bottom of a borehole, a minimum of three times the diameter of the
borehole. In soft clays, no borehole is needed; the vane can be pushed directly from
ground level. In that case, the equipment needs protection in form of a shoe on the
bottom of the vane (Knappet & Craig, 2012).
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Figure 2-4 Field Vane Test (Information Technology in Construction, u.d.)

Torque is applied gradually from a rotational drive unit connected to the top of the
rod. The rotation speed should be between 6-12 degrees per minute. The level of
torque required for the soil to fail is used in Equation (2.4) to calculate the shear
strength of the soil.

_ dFVI'EhFV.T I:lT’.!-"'if.'l."H (24)

T is the torque required for soil failure, c.gy is the undrained shear strength from
field vane test, dz+ is the overall vane width and kg is the vane lenth.

Shear failure of the clay takes place along the area of the cylinder created by the
rotating vane. The shear strength may vary from the sides to bottom and top of the
cylinder due to anisotropy in the clay. The shear strength is usually determined at
different depths. The vane may also be rotated several times to remould the clay and

get the shear strength C, in the remoulded state in order to have an idea the sensitivity
of the clay (Knappet & Craig, 2012).
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2.4.2 Cone penetration test

The cone penetration test is done by pushing a cylindrical element, which at the tip is
shaped as a cone, into the ground with a specific rate of penetration. A load cell
situated between the cone and the body of the instrument is collecting data on the
resistance when pushing the rod into the ground. (Knappet & Craig, 2012)

This tool is very versatile as it can be used not only to describe the soil layer sequence
but also to determine specific parameters in the soil. The more sophisticated tool
Piezocones (CPTU) can give an even more accurate result by also measuring the pore
water pressure in the soil as the rod is pushed down into the ground. The tool consists
of a cone piece at the end that has two thin layers of permeable material, a friction
sleeve and one more permeable layer before the rod attaches to the tool, see Figure
2-5. The permeable layers measure different parameters depending on the placement

of the layer. For example the layer U,, seen in Figure 2-5, can be used to measure the

over consolidation of the soil. If the soil is heavily over consolidated the pore pressure
of this layer will show negative values. (Knappet & Craig, 2012)
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Figure 2-5 Piezocone (Brouwer, 2014)

The CPT test has the advantage of being a quick test that is also cheap and does not
leave any large voids in the ground. However the interpretation of the result can be
quite difficult if no knowledge of the ground conditions exists and the method is
therefore most accurate when used to measure the soil data in the close counter of a
soil sample and a vane test (Knappet & Craig, 2012).
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2.5 Laboratory tests

Some soil tests are too complicated to perform in the field. These tests go under the
category laboratory tests and are performed on a sample of soil obtained from the site
of interest. It is important that the soil samples are carefully extracted from the soil to
reduce sample disturbance which will affect the results obtained from the lab tests.

2.5.1 The oedometer test

The oedometer test is done in order to determine the one-dimensional consolidation or
swelling properties of a soil sample. The test is carried out by placing the soil sample,
of cylindrical shape, in a confining ring with a porous stone disc on either side. The
lower stone is then fixed against the steel ring, while the upper stone, of smaller
diameter, is free to move down inside the ring as pressure is applied. The steel ring
should be well polished on the inside to reduce friction. As weights are applied the top
stone puts pressure on the soil specimen and either a dial gauge or an electronic
displacement transducer measures the compression. These components are usually
connected to the top stone. The steel ring and both stones sit in an open cell of water
so that the soil specimen has free access to water. (Knappet & Craig, 2012)
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Figure 2-6 Schematic drawing of oedometer (NGI, 2014)/

In Europe, the test procedure is standardised in CEN ISO/TS 17892-5. The soil
sample is put under pressure by sequenced addition of weights, each new weight
being twice the previous weight. For every sequence the apparatus is left to rest for a
period of at least 24 h to allow pore water pressure to dissipate. The effective vertical
stress in the soil will then be equal to the applied total stress. The result is then
presented as a plot comparing the applied stress to either the thickness of the soil
specimen or the change in thickness or the void ratio. The plot is usually done on a
logarithmic scale. The expansion of the soil, during unloading of weights, can be
measured to obtain the swelling characteristics of the specimen. The void ratio can be
calculated at the end of each loading sequence from displacement readings and water
content or the dry weight of the specimen. According to Eurocode 7 at least two tests
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should be done in a given soil stratum. In the case of discrepancy in displacement
between the results of these two tests, two more tests should be carried out (Knappet
& Craig, 2012).

2.5.2 CRS test

The CRS lab test is popular in Sweden. The name is a short for Constant Rate of
Strain and the test can be described as a type of oedometer test in which the sample is
deformed with a constant rate of displacement. The sample is set up in a cell with
drainage on one side only and a pore pressure meter on the other side, the undrained
side. Applied force, deformation and pore pressure are then measured as the sample is
put under stress. The CRS test gives information about vertical effective stress and
compression. The pre-consolidation pressure can be estimated with, for example, the
Sallfors method, which is a graphical method. The compression modulus variation
with effective stress is also given by the CRS test. The compression modulus up to the
pre-consolidation pressure is called Mo, and assumed constant, and the maximum
modulus that takes over after the pre-consolidation pressure is exceeded is referred to
as M also assumed constant. After a further increase of stress, the modulus starts to
increase with every increase in effective stress. The modulus is in this state following
Equation (2.5).

M=M,+(c'—c', )M (2.5)

By knowing pore pressure and rate of deformation, the permeability can be calculated.
CRS tests take less time to complete then the oedometer test as it can be done in 24
hours. Compared with the standard oedometer test, which tends to give too low values
for the permeability compared to in-situ tests, the CRS test giver higher and more
reliable values for the permeability (Sallfors, 2009).

In Sweden it is common practice to use CRS tests instead of the standard oedometer
tests to obtain the compression modulus. CRS tests are quicker to perform, but the
oedometer test has the advantage that it is possible to get the true unloading modulus.
This is because of the measuring procedure by stepwise addition of weights for
pressure. Therefore unloading of weights reduces the pressure on the specimen,
allowing the soil to swell. Measuring the swelling gives the unloading modulus. This
is not possible with a CRS apparatus since it works by deforming the soil with a
constant rate. Backwards running of the test would hence create a gap between the
soil specimen and the loading cap (Séllfors, 2009). Therefore, for problems involving
swelling of clay, it is important to perform either a standard oedometer test or a kK,
triaxial test. Either of these two allows the swelling of the clay to be calculated since
they both describe the unloading-reloading modulus.
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2.6 Calculating settlement with Chalmers method

In this method the soil is divided into three zones, A, B and C, see Figure 2-7. The
upper zone A is a transition zone where the applied weight is large enough to bring
the columns into plastic failure state. Below this, in zone B, the columns are intact and
assumed to deform equally to the surrounding soil. The columns and soil in this zone
can be viewed as a homogenous composite material in which plane sections will
remain plane. Zone C represents the area of soil underneath the columns down to the
bedrock (Alén, et al., 2005).

Figure 2-7 Division of zones (Alén & Séllfors, 2012)

Zone A, in this zone the compression strength of the columns are exceeded by the
applied load, hence the columns are in a plastic failure state.

Zone B, in this zone the strength of the columns are sufficient to carry the load and
the soil and the columns can be treated as a composite material. The properties of this
composite material can be calculated by using weighted soil and column data. The
ratio depends on the relation between soil and column volume in the studied soil.
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Zone C, in this zone normal soil properties and settlement calculations are used. This
zone stretches from the end of zone B (the bottom of the columns) down to firm
ground. In case of columns going all the way down to firm ground, this zone is
ignored.

First the action effect of the applied load should be determined as well as the stress
distribution with depth. Thereafter the resistance of the reinforced soil is determined.
The action effect is then compared with the resistance and the depth at which the
values are equal is the border between zone A and zone B, the neutral plane, see
Figure 2-8.

(Potential) action effect
under elastic conditions

Zone A

Resulting
action effect

Resistance (Bearing capacity)
governed by the compression
strength of LCC

Figure 2-8 Neutral plane (Alén & Sallfors, 2012)

2.1 Simulation in Plaxis

Plaxis is a finite element program used for simulation of soil behaviour under
circumstances defined by the user. Plaxis is available for 2D simulations as well as 3D
simulations. In this report the name Plaxis refers to the 2D version of the program.

The model used in this report to simulation the behaviour of the reinforced soil
underneath the bridge is a single column model. This means that the ambition is to
simulate the behaviour of a single column and its surrounding soil, which is
applicable for considering large area loading of multiple columns (Vogler &
Karstunen, 2008).

The model exploits the axial symmetry of the problem; hence only half the equivalent

diameter of the model needs to be plotted. In the axisymmetric analysis, the plotted
model is rotated around the y-axis and the forces plotted in the window act on one
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radian of the circle created. Therefore, calculated forces should be multiplied with 2
to get the total forces. Other output is presented per unit width instead of per radian.
The pressure for instance does therefore not need to be multiplied with this factor.

The equivalent diameter, D, of the model, is dependent on the centre-to-centre
distance between columns in the area. The area created by the circle with radius D /2
should be equal to the area of the centre-to-centre distance squared, see Equation
(2.6). Solving Equation (2.6) for D gives Equation (2.7). A description of the
measurements can be seen in Figure 2-9.

(2.6)

w* D?

4

e
=

=

(2.7)

D=1.13c

D/2

Figure 2-9 Centre to centre distance of columns

2.1.1 Soft Soil material model

In contrary to the more basic Mohr Coulomb model, the Soft Soil model is an
advanced model that considers the difference in behaviour of the elastic and plastic
state of a soil. Failure of the soil in this model still works in accordance to Mohr-
Coulomb. The stiffness parameters for soil used in Soft-soil is called modified
compression index (47) and modified swelling index (k") and can be obtained from an
oedometer test. A" represents the slope of the compression line (after pre-
consolidation pressure is exceeded) and x” represents the unloading reloading part of
an oedometer curve, see Figure 2-10.
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Figure 2-10 Modified compression and swelling modulus

2.1.2 Undrained and drained conditions

In Plaxis, it is possible to choose if the course events will be calculated as undrained
or drained. As a rule of thumb, drained condition should be used if the permeability of
the soil is great, whereas undrained condition is used when the permeability is low.
However drained condition can be useful regardless of the permeability if only a
crude approximation of the final and total amount of settlement is of interest and no
attention to excess pore water pressure is required. Since no time is needed for pore
water pressure to dissipate, the settlement takes place instantaneously, in contradiction
to undrained condition.

When a load is applied to a saturated soil body, an increase in pore water pressure will
arise. In undrained conditions, the excess pore water pressure will need time to
dissipate. The time needed depends in a large extent on the permeability of the soil.
The process of soil compression during dissipation of pore water pressure is called
consolidation. Consolidation is therefore a mechanism related only to undrained
conditions in Plaxis, as only the excess pore pressure can be predicted. With
undrained condition and given permeability of the soil, it is possible to assess the
expected settlement after a given time.
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3 ldealization of area

To determine the expected settlement and the necessary ground improvement on the
site, a simplification of the area must be made in order to create a mathematical
model. This idealization should be fairly detailed without presenting unnecessary
amount of data. Therefore a two dimensional model is often used, with mainly
horizontal soil layers. This gives a clear picture of the soil so that the engineer can
determine what problems might arise.

3.1 Material Properties

The soil on site needs to be tested in order to determine its geotechnical properties. If
any ground improvement is going to be used, for example lime-cement columns, the
properties of these are also needed. Site investigations like field vane tests can be used
to determine the shear strength of the soil at various depths but complimentary lab
tests are also needed. If an oedometer test is applied, the unloading and reloading
modulus may also be determined. A CRS test is commonly used to determine the
constrained modulus of the soil.

In order to determine the properties of lime-cement columns a laboratory mixture of
lime, cement and the soil is done. This is done in order to determine the optimal
addition of lime-cement mixture to the soil. These tests are allowed to rest for 7 days
before tested in strength. The strength tests are then repeated after 14 and 28 days.
The minimum shear strength should not drop below 100 kPa. The hydraulic
conductivity of the columns are either tested or assumed (Alen, et al., 2005).

3.2 Mathematical model

A mathematical model should be chosen to represent the reality. Sometimes more
than one method is used in order to provide a safety to the calculation. If the results
from the different methods have a fairly high discrepancy, it can be suspected that
either an error is made in the calculation or that one of the models does not represent
the reality in a good way. In such a case further investigations should be made until
the results are matching.

3.3 Compression and swelling moduli

When settlements are to be calculated, it is essential to know the correct compression
modulus of the soil. The compression modulus up to the pre-consolidation pressure is
called M, and the modulus that takes over after the pre-consolidation pressure is
exceeded is referred to as M;.

The reinforced soil (soil with installed lime-cement columns) can be viewed as a
composite material with a specific modulus. In this report this modulus is referred to

as Myu. M.« is calculated by a weighted value depending on the area of the
columns in relation to the total area.

The swelling modulus, M, is gained from oedometer testing. If unloading-reloading
tests has not been made the modulus can be estimated with different calculation
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models or approximated to M.

3.4 Rate of settlement

Different rate of settlements can be expected depending on whether the lime-cement
columns acts as drain or has the same permeability as the soil. By knowing the rate of
settlement, calculations of the settlement at a specific time can be made. The
settlement decreases exponentially over time.
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4 Case study: Bridge on lime-cement columns

The bridge to be considered, is a crossing for E45 over a local road to Kérra close to
Lilla Edet, see Figure 4-1. The area around the bridge is mainly relatively flat
farmland. The ground on the site of the bridge is +8.5 meters above sea level. In this
chapter more of the geotechnical conditions in the area will be described. The first
section contains a description of the geology in the area. In the second section the
hydrogeology in the area of interest will be explained.
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Figure 4-1 Location of bridge (Google, 2014)
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4.1 Geology

The Swedish geology has been characterized by the recent glaciation. About 75 % of
our country is covered with the glacial sediments such as moraine. The clay exists in
the parts of Sweden that where under deep water after the ice retracted (Andréasson,
et al., 2006).

Figure 4-2 shows that the area between Stockholm and Gothenburg was once under
deep water. The deep water was a settlement point for sedimentation of clay particles.
This is why the area of Gothenburg has such a deep clay cover (SGU, 2014).

Figure 4-2 Highest sea water level reached since the last ice age (Geological Survey of Sweden, 2014)

The soil in the area of the bridge can be divided into six different zones with different
attributes. The input data to the layers was taken from Sweco’s field investigations.
The stratigraphy can be seen below where the top layers down to 5.4 meters are
removed during excavation.

The stratigraphy used in the models for calculations is:
(0-0.5m) 50 cm of dry crust clay

(0.5-1 m) 50 cm of muddy silt

(1-6 m) 5 m of silty clay

(6-19 m) 13 m of clay

(19-35 m) 16 m of slightly heavier clay

(35-m) Sand below 35 m
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4.2 Description of bridge 15-1806 in Karra

The bridge is built as a box shaped concrete bridge rather than supporting its weight
on bridge columns, see Figure 4-3.

Figure 4-3 Bridge 15-1806 in Kérra

The weight of the bridge was calculated by using the drawing of the bridge, see
Appendix 1. Measurements of each element of the bridge were taken and the total
volume was multiplied with the density of reinforced concrete, 2500 kg/m?. The
weight of the bridge was calculated to 21295 kN.

When constructing the bridge the excavation was done first. Two months after the
excavation, the bottom plate was constructed on the soil and the measurements of the
settlements and swelling was started. Two months after this the rest of the bridge was
casted and later came the supporting structure on the sides of the bridge and the fill.

The total area of the bottom plate of the bridge is 320 m? and the pressure on this
surface is 66 kPa. In the pressure is included the weight of the fill that might add
weight to the bridge surface calculated with 2:1 method from bridge bottom to bridge
top.
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4.3 Lime-cement columns

The lime cement columns have been arranged in a pattern mixing single columns with
lines of columns to reduce settlements, as well as to reinforce the slope in the
proximity of the bridge. Various lengths of the columns have been used in order to
take full advantage of soils increasing strength with depth. The depth of the columns
varies between 5-23 m. The centre- centre distance between single columns is 1.5 m.
The pattern of columns is denser directly under the bridge due to installation of rows
of columns and only single columns further away. The depth of the columns is
greatest directly under the bridge, to account for the additional load it presents, and it
becomes gradually shorter further away from the bridge to even out differences in
settlement. Additional columns have been installed to reinforce the slope west of the
bridge. For an overview of the column pattern, see Figure 4-4.
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Figure 4-4 Column pattern overview (Sweco Infrastructure AB, 2010)

The mixture used in the Lime-cement columns used in the bridge of focus is 50 %
lime and 50 % cement, see Appendix 1.

The shear strength of the columns, C, ., can be set to 100 kPa (Vagverket, 2010).

The shear strength appears to be closer to about 250 kPa from in-situ tests. This data
is measured on actual columns 12-16 days after construction. Since the columns break
in the process, extra test columns are constructed in the area if tests are desirable
(Sandberg, 2012).

The amount of lime-cement mixture is according to the drafted documents for
installation instructions 26 kg/m column (Planthaber, 2010). The diameter of the
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columns is 600 mm and the amount of columns is about 20% of the ground area
below the bridge.
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5 Calculations

In this chapter the calculations and modelling made for settlement as well as swelling
are described. For modelling, the software Plaxis was used. The calculations have
been made as one-dimensional calculations in Excel and serve as a comparison and
validation to the Plaxis model. For details of the input data see chapter 3.

5.1 Proportional area of columns

The proportional area of lime-cement columns under the bottom plate of the bridge
can be described with Figure 5-1. As rows of columns and single columns are
distributed evenly under the bridge, the total proportion P of lime-cement columns
can be calculated as the mean value of the proportion created by the rows and the
smaller proportion created by single columns, see Equation (5.1). This proportion of
lime-cement column compared to the surrounding soil will be used to calculate Mpjock,
the modulus used in the following hand calculations.
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Figure 5-1 Proportion calculation of column area

ﬂrénl + Zrmﬁ C (5.1)

p= c- C — TErrf‘f-l + Ieal
2 2c* C

The bridge reinforcement is a 3D problem. The columns are installed to different
depths and in patterns that cannot be described properly in a 2D model. In plane the
columns turn underneath the bridge in two different directions, see Figure 4-4.
Horizontal stress can be modelled in a 2D model, but only in one direction. How
columns affect each other when installed, during settlement and other influence can
only be modelled in a 3D model. However to be able to simulate the problem with
existing means a 2D model was used. This is a huge simplification but it gives some
indication of the true picture.
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5.2 Hand calculations on settlement

The settlements in this report are calculated with two different methods. The first
method takes into consideration different behaviour at different depths in the
reinforced soil. This is done by dividing the soil into different zones. The settlements
will then be calculated for each zone (zone A, zone B and zone C) and the sum of the
displacements in each zone will be the total settlement. In zone A the compression
strength of the columns is too low to carry the elastic proportional part of the load,
driving the top parts of the columns into a plastic failure state. In zone B the soil and
the columns will be viewed as a composite block with weighted parameters from soil
and columns. Zone C will be calculated with normal settlement calculations for the
soil. The depth of the clay layer is 35 m and the length of the columns is set to 20 m.

The other method used for calculating settlement in this report is a calculation that
does not take into account the potential plastic failure of the columns. This model
does only divide the soil into two different parts; one with reinforced soil and one
without columns.

5.2.1 Zone A

The depth of Zone A (ziim) is calculated by setting Agy,,.11im €qual to Agy, .. Part of
the load will be distributed from the surface; the rest will be distributed from the
bottom of the columns. A factor decides the proportion of the load is distributed down
to the bottom of the columns, in this case the factor was calculated to n;-=0.4, see
Equation (5.2) and Equation (5.3), where H is the depth of the clay down to firm layer
and D is the length of the columns. This gives a value at the top of the columns of
Acy1.::=0=39.6 kPa and at the bottom Asy,;,..=0=26.4 kPa, see Equation (5.4). Both
loads are then distributed with a 2:1 load distribution; see Figure 5-2 The effective
vertical stress a,jn can now be solved from Equation (5.5). In this method a weighted
value of the compression modulus, of the soil and the columns, Mpiock iS used. Mpiock
is calculated with Equation (5.6). A and A, are described by Figure 5-3 in 5.2.2
Settlement in zone B. Equation (5.7) shows the components of cr,;n.

nye = (D/H)Y? (5.2)

U= (Mb!::-ck.';Msc-i!]DIl - (Msni:be!ﬂck:]l}ll (53)
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Figure 5-2 Load distribution

q-B (5.4)

Adyper = My q + (1 — 1y ) g g

(5.5)

1.5 ¢y 01 T 00

Ao e = .
blocklim _ . block
E:.'a! 1.5 Msai!

_ {‘4 - Acai} i M.saii Acai ) E:rai (56)
Mh!ac’k - A A
G-I.:B = Yotay "Z 7 W’ '[:z_ 1} (57)
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The effective vertical stress at the border between zone A and zone B is calculated

with Equation (5.8). Equation (5.9) shows the effective vertical stress the top of the

clay. An average value of the effective stress is calculated with Equation (5.10). The

settlements for zone A is calculated by putting the average effective stress into
Equation (5.11).

_ il (5.8)
A0 (Z1im) I, = Ay 1001 (Z1im)
block
f 2-q—3-a-c,,, (5.9)
ﬁgsoi:[:u:] = 2 _|_ a
Ag' . = Aa,,(0) + Ag,;(2) (5.10)
ol 2
Ao, (5.11)
Szona A = ’ z‘im
Msr.:-z'! ]
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5.2.2 Settlement in zone B

The areal proportion, a, of the columns, see Figure 5-3, is calculated with Equation
(5.12). Equation (5.13) is used for calculation of settlements.

T,

@ O
R

0O
col\

O
A—

O

Figure 5-3 Area of columns, Ao = Tir” and = ¢,

e (5.12)

(5.13)

moTeel T Teel /i a B+ (1—a) M,

5.2.3 Settlements in zone C

This zone represents the clay beneath the columns and above firm ground. The
calculations are performed with Equation (5.14).

Ah-q (5.14)
Ssoi! = Z
M

Foil
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5.2.4 Settlement calculation without plastic failure

The plastic failure of the model above does not exist in this model. However the
different moduli for reinforced soil and for unimproved soil are still taken into
account by using the combined modulus for column and soil, My, ., for the
reinforced soil and M__;; for the part underneath the columns, see equation (5.15).

530:’! M
Ah is the layer thickness, g is the load, M is the modulus for the specific layer.

5.3 Swelling Calculations

As described in 2.3.2, the equations for consolidation settlements can be applied for
swelling in soils. For calculating the total swelling in the soil Equation (5.16) is used.

Ao= H (5.16)
M

S =
One way to model the unloading modulus is to use the M, as the modulus. This since
oedometer unloading-reloading shows that these two moduli are quite similar. The
value of My is however expected to be larger than M,,; due to sample disturbance.

In Equation (5.17) a model described by Persson (2004) is one model that has been
used in comparison with the other models.

a', N\ (5.17)
M., =ﬂ*ﬂfc* f—bf
UG_UL

Where a and n are constants that according to Persson (2004) adapts the calculation to
Swedish soils. @' is the pre consolidation pressure, &', is the verticle effective stress.

According to Persson (2004) the most reliable unloading modulus is a combination of
Equation (5.18) and Equation (5.19).

s’ \* (5.18)
M, =1500=¢'_* (—f’*)
o c

M, =400%0", (5.19)
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Swelling due to consolidation is often calculated over a specific time span. For this
Equation (5.20) in combination with Figure 5-4 is used.

Gyt (5.20)
T, = 12

c.s 1S the coefficient of consolidation in the swelling calculations, t is the time of
consolidation, d is the drainage distance depending on if the drainage is one sided or
double sided, see Figure 5-4, (d=h).

Uv is taken from the diagram in Figure 5-4. The Uv factor is then multiplied with the
total settlement to get the settlement transpired.
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o
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oot ai /- /0

Time factor, Tv.

Figure 5-4 Time factor and degree of consolidation (Séllfors, 2009).

(A) is showing the drainage from bottom of the soil, (B) is drainage from top, (C) is
drainage from both directions.
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5.3.1 Water conditions

The water conditions are assumed hydrostatic. The groundwater level is according to
(\Vagverket, 2010) 0.5 meters below the ground surface. In the hand calculations the
permeability of the columns is chosen to be the same as the permeability of the
surrounding soil according to the in-situ tests described in 2.2.4 Permeability of lime-
cement columns. The coefficient of permeability for clay is, according to the CRS
tests 1.5 X 107% m/s.

5.3.2 Load distribution

The load is assumed to be distributed with the 2:1 method, both from the top and from
the bottom of the lime-cement columns. This method of distributing the load is
beneficial since it is more realistic when the columns are relatively long. The method
of distributing the load either only from the bottom of the piles or only from 2/3 of the
pile length into the ground has been proved too conservative (Alén, 2012). Because of
this the method used is the one described by Alen, et al (2005) where the load is
distributed partly from the top of the columns and partly from the bottom of the

columns. The parts size is decided by using the factor7,.

5.4 Plaxis

This chapter describes how a model in the finite element program Plaxis was done.
The model was analysed with two different conditions, drained and undrained. Both
conditions simulate the behaviour of one single lime-cement column and its
surrounding soil when exposed to excavation and loading with the result of swelling
and consolidation respectively. First, the model is done with drained condition.
Secondly, the model is slightly changed to simulate the undrained behaviour of the
soil. The simulations were made as axisymmetric soft soil models.

5.4.1 Input phase Drained

The model created is 35 meters deep; this is the depth of the clay layer below the
bridge at Kérra. The total width of the model is set to 0.7 meters to represent half the
centre-centre distance between two columns, see Figure 5-5.
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Figure 5-5 Geometry of the plaxis model (not in scale)

The soil body is divided into seven different layers corresponding to different stiffness
parameters obtained from CRS analyses of the soil in the area of the bridge. To get the
right stiffness parameters from the CRS analysis a program called “Graph Click” was
used. This software takes out the X and Y values at any given position in a graph so
that the right slope of the curve can be calculated. This allowed for good estimations
of the A" and x* values at different depths.
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Table 1 Input parameters used for the different soil layers

Parameter 0-25m 254m 46m 69m 9-13m 13-18m 18-35m
Unit weight

[KN/md] Y 16.3 16.3 16.3 15,5 15.5 15.5 16
Modified comp- » 0075 0102 013 0188 02 0125 0.09
ression index [-]

Modified swelling . 0046 0043 0038 0037 0020 0025  0.019
index [-]

Friction angle [°] [0 30 30 30 30 30 30 30
Dilatency angle [°] b4 0 0 0 0 0 0 0
Over-consolidation . 4 4 13 13 13 13 1.3 13
ratio [-]

Permeability K 1.296* 1.296* 1.296* 1.296* 1.296* 1.296*10 1.296*10
[m/day] 10E-4 10E-4 10E-4 10E-4 10E-4 E-4 E-4
Poissons ratio [-] v 0.2 0.2 0.2 0.2 0.2 0.2 0.2
KO [-] Ko 0.54 0.59 0.62 0.64 0.65 0.64 0.33
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5.4.2 Calculation phase Drained

In this configuration the soil is considered drained, which makes Plaxis neglect pore
water pressures and allow displacements to take place instantaneously. Input data for
the different soil layers was assigned according to Table 1. A mesh was generated
with the setting “Medium” and was then refined along the column. The calculations
were then carried out in four different calculation steps as described below:

1. Initial phase: The initial stresses are created in the soil. All the seven different
soil layers are activated and a phreatic water table is created 0.5 meters below
ground surface. Initial stresses were calculated by K; procedure, using the in-
situ K value stated in Table 1. Displacements are reset to zero.

2. Installation of column: The lime-cement column is created. This is simulated
by the activation of a new type of soil 0.3 meters wide (half the width of the
LCC) next to the Y-axis, stretching 20 meters deep into the soil. The lime-
cement column is created with Hardening soil model. This model is based on
tri-axial tests, which are not available for the lime-cement columns under the
bridge. Therefor the necessary parameters have been approximated, see Table
2.

Table 2 Column parameters (Volger & Karstunen, 2007)

Parameter Value
Unit weight [kN/m?] Y 18
Secant stiffness modulus [MPa]  Eso 30
tJ,\;IF?aading reloading modulus Eur 90
Oedometer modulus [MPa] Eoed 30
Reference pressure [kPa] Pret 100
Friction angle [°] o’ 37
Dilatency angle [°] ¥y 0
Permeability [m/day] k 5,18*10E-3
Poissons ratio [-] v 0.2
Power [-] m 0,7
Ko“© [-] KoNC 0,398
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3. Excavation: In this step the top 5.4 meters of the soil and the lime-cement
column is deactivated to represent the excavation. Since this is done with a
drained condition, the swelling of the soil due to unloading will take place
immediately. The water table is set equal to the bottom of the excavation.

4. Loading: The total settlements caused by the applied load due to the bridge
can be approximated with a drained analysis. In this calculation step a load of
66 KN is applied to the soil. The load is represented by a pre-described load
system. A concrete slab of high stiffness and no self-weight is created to
distribute the load evenly onto the soil and the column.
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5.4.3 Input phase Undrained

The model created is the same as in the drained case, but with the difference that all
soil layers have the setting undrained instead of drained. Hence the model still is 35
meters deep and 0.7 meters wide.

5.4.4 Calculation phase Undrained

After the proper input data was assigned to the soil, a mesh was generated with the
setting “Medium” and was then refined along the column. The calculations were then
carried out in six different calculation steps as described below:

1.

40

Initial phase: The initial stresses are created in the soil. A phreatic water table
is created 0.5 meters below ground surface. Initial stresses were calculated by
K, procedure, using the in-situ K value stated in Table 1.

Installation of column: The lime-cement column is created. This is simulated
by the activation of a new type of soil 0.3 meters wide (half the width of the
LCC) next to the Y-axis, stretching 20 meters deep into the soil. The lime-
cement column is created with Hardening soil model. This model is based on
tri-axial tests, which are not available for the lime-cement columns under the
bridge. Therefor the necessary parameters have been approximated, see Table
2.

Excavation undrained: As in the drained analysis, the first 5.4 meters of soil
and column is deactivated, but this time with an undrained condition. The
water table is set equal to the bottom of the excavation. The swelling gained in
this step does not represent the total swelling. The swelling of the excavation
bottom after given time will take place in the following step, swelling.

Swelling: The excavation at Karra was left open for about 30 days before the
construction of the bridge began. This step is therefore applied to give the soil
from the undrained excavation phase time to swell for 30 days.

Loading undrained: In contrast to drained loading, this phase takes into
consideration the need for excess pore water pressure to dissipate before total
displacements can take place. The settlements gained in this phase can be
viewed as initial, or elastic, settlements. The same force, 66 kN, is used as in
the drained phase. The load is still represented by a pre-described load system
and a concrete slab of high stiffness and no self-weight is created to distribute
the load evenly onto the soil and the column.
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6. Consolidation: In this phase the excess pore water pressure created in the
previous loading phase is allowed time to dissipate, the setting is undrained.
As the water dissipates, consolidation takes place with resulting settlement.
The time is set to 365 days to get the displacement a year after the bridge was
built.
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6 Results

This chapter presents the results obtained from the hand calculations and the Plaxis
simulations. The results from Plaxis will be presented as both drained and undraind,
where the undrained analysis is more representative to the reality. The results from the
hand calculations are meant to serve as a comparison to Plaxis and swelling as well as
settlement is presented separately.

6.1 Plaxis

Drained: The drained analysis gave a swelling of 16.4 cm and a total settlement of
24.5 cm. As seen in Figure 6-1, the column, represented by green colour, buckles out
under the load.

Figure 6-1 Drained analysis: Loading, scaled up 5
times
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Undrained: In the undrained analysis, the total swelling becomes 16.6 cm after 30
days. In the loading step the soil settles 15.7 cm instantaneously and during the
consolidation phase it settles another 10.4 cm due to consolidation. This gives a total
settlement of 26.1 cm. As seen in Figure 6-2 the column, represented by tan colour,
buckles out under the load.

' Concrete slab

Figure 6-2 Undrained analysis: Loading,
scaled up 10 times
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6.2 Hand calculations

6.2.1 Swelling

The total depth, from the top of the embankment to the bottom of the excavation, is
6.7 m see Appendix 1. The height of the embankment is 1.3 m see Appendix 1 for
detailed view. This gives an excavation depth of 5.4 m. The weight of the excavated
soil gives cause to a change in effective vertical stress of 87 kPa at the bottom of the
excavation when removed. This unloading will cause swelling of the soil.

The calculations show a total swelling of 29 cm when using M as swelling modulus,
see Figure 6-3. When the time factor is used in the calculations and the swelling is
given a timespan of two months, the total swelling will have occurred within that
given time.

Swelling for different modulus
35
30 .
W (Persson, 2004) only soil
25 — m(Persson, 2004)
(Mul=400*sigma'v) only soil
T 20 Proposed unloading modulus
S according to field tests by
& (Persson, 2004)
3 Mul=M0
& 15
B Swelling Mul=Mblock
10
5

Figure 6-3 Total swelling with different models
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6.2.2 Settlement

The stress distribution is approximated with a model proposed by (Alen, et al., 2005),
were the load is divided into two parts. One part of the load, (1- /4, ), spreads from

the surface and the other part, /, ., transfers down along the piles and spreads from

the bottom of the piles. When taking into account plastic failure of the lime-cement
columns, the depth at which the lime-cement columns turn into plastic failure, zone A,
will stretch down to a depth of 3.6 m as shown in Figure 6-4. This calculation method
gives a total settlement of 25,3 cm. When not considering plastic failure in the
columns the total settlement becomes 16.4 cm, see Figure 6-5

Extent of plastic zone
o [kPa]
40 50 60 70 80 90 100 110 120
2 N _/ | | | | |
! \ /
3 vV
4
5 / \\ Acblock
6
— 7 / \ Acblock.lim
E g / \
o \
10 / \
11 / \
el | \
13 11 \
14 I \
15 L1 \
Figure 6-4 The depth of zone A
Settlements
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25 -
20 7 m Settlements Plastic Failure
—_ Alén
€ 15 -
— M Settlement Non Plastic
10 - Failure
5 -
0 -

Figure 6-5 Settlement calculation
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7 Discussion

A large part of this thesis has been dedicated to study the effects of swelling of the
soil. The question of how important swelling is in settlement calculations for a
structure may arise to the reader. Swelling is important because if, for example an
excavation bottom was to be loaded instantly after excavation with a load less than the
soil weight removed, the soil would theoretically start to swell and the structure on the
soil would move upwards. If the soil instead would be given time between the
excavation and loading the soil would experience the effect described as swelling.
When the soil then is loaded it starts to compress back to a level depending on the
weight of the applied load. Which of the two movements (swelling or compression)
that would be larger depends on the weight added and this is why the swelling
calculations of a specific case is important. An easy way to reduce the amount of
swelling would be to minimize the time between excavation and loading.

Measurements of the settlements for the bridge considered in this study started when
the bottom plate was installed. This means that the soil has had time to swell for about
two months before the measurements were started. The amount of swelling that took
place during these two months is unknown.

Since no unloading-reloading oedometer tests were done on the clay in the area of the
bridge, no unloading modulus is available. Hence the moduli had to be approximated
in the calculations for the swelling of the clay. Different approximations have been
made. The best approximation of the unloading-reloading modulus in this case is
assumed to be equal to the oedometer modulus, Mg. This is because studying stress-
strain curves, gained from oedometer tests of Gothenburg clay, show similar slope of
the unloading-reloading part of the curve as the M, part of the curve. The calculated
swelling using M, also seems to correlate with the measurements done by Vagverket.

Another method for approximating the unloading-reloading modulus is using the
other models described in Chapter 5.3. When swelling was calculated with these
moduli, there were significantly smaller effects of the swelling than anticipated. These
results did not match the indications from displacement measurements done by
Végverket. The unloading-reloading modulus approximated with Perssons method
was about ten times the value of the oedometer modulus Mg, and at some depths even
higher. The sum of this is that in the circumstances present, M, is probably a decent
approximation of the unloading-reloading modulus. To get precise results from the
swelling calculations oedometer unloading-reloading tests of the clay at the site
should be performed.

The amount of settlement calculated with Plaxis and by hand calculations are very
similar. This is a positive sign that the Plaxis simulations are performed in a correct
way. There is a difference in total settlement between the two different hand
calculation models used. This difference is anticipated since one of the methods takes
into account plastic failure of the top part of the columns in a separate zone called
zone A. Considering plastic failure gives cause to additional settlements compared
with calculations without.

Since the results show such a great correlation to the measurements performed by
Végverket they can be seen as quite reliable. The input data though is the risky
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variable in the calculations. For example the weight of the bridge proved hard to
estimate.

This report did not focus on the effects of installation of a lime-cement column. This
effect might however be larger than anticipated and could therefore be an important
factor in settlement calculations. Strain between the columns created by the
installation in combination with the pore water pressure changes described by Shen
(2003) would have been interesting to investigate further.

The permeability for each layer of the soil is given from CRS results evaluated by
SWECO. The permeability used in the calculations of this report, 1.5 x 107° m/s,
seems to be a reasonable value since this is taken from the CRS tests that represents
the larger parts of the clay. The permeability has a large influence on how much of the
swelling and settlement that transpires during the given time of two months. One
order of magnitude higher permeability allows for all settlement to take place within
two month, whereas one order of magnitude lower permeability will allow for almost
no settlements during two months.

The Plaxis model used in this report exploits the axis symmetry available. The
advantage with using an axisymmetric model, when modelling a single column, is that
it captures the cylindrical shape of the column. The drawback with trying to simulate
multiple columns in Plaxis 2D is that the plane strain model has to be used, in which
columns get simulated as infinite rows stretching perpendicular to the plane of the
window. In reality these rows consisted of columns with different lengths, something
that is not possible to simulate in Plaxis 2D. The fact that single columns are installed
between the rows makes the matter of simulation in 2D even worse. A more realistic
way to model the displacements under the bridge in a finite element program would
therefore be to use Plaxis 3D. The columns are installed with different installation
lengths and different c/c-distances. The column pattern is not perfectly aligned and
consists of single columns as well as rows of columns. The 3D pattern cannot be
simulated in an accurate way with a 2D model. The Plaxis model in this report is a
simplification that gives an indication of the settlement but the model could be
improved by using 3D simulation.

The Soft soil material model is regarded as a good model for simulations of settlement
in clay. The limits with this model are that it does not take into account creep
settlements. This is however not of importance since this report only focuses the
consolidation settlements and swelling, which are of greater importance in the
relatively short time span in which the displacements of the bridge has been measured
by Swedish traffic administration. The Soft Soil model has settings to account for
eventual pre-consolidation of the soil. However some weaknesses of the model are
that it does not take into account creep, anisotropy of the soil and it is most suitable
for soil compression.

The moduli x* and A were evaluated by reading values from a graph, the CRS tests.
This method with the help of a computer program was used in order to get the most
accurate results possible. The graph used was a CRS-test which is not ideal in this
case. To get a better result an unloading-reloading oedometer test should be used. This
gives room for some uncertainty in the values.
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The input data to Plaxis is a possible source of error. The most important parameters
affecting displacement; A", x*, permeability and the overconsolidation ratio, have
been obtained from CRS analyses. The modified swelling index, x*, should in the
ideal case be obtained from an oedometer unloading-reloading test, instead M, was
used, as discussed earlier. This is of course a source of error, but in the circumstances
it is not thought to have any mayor impact on the results obtained. Greater deviations
from the reality are thought to come from the inability to set up a representative
geometry in the model.

The input parameters are in some cases uncertainty since many are not site specific.
Some of the input parameters are standard values and some are assumed by Swedish
Traffic Administration, SWECO, COWI and the writers since the actual value from
the specific location is not available. The disturbance of samples taken from the site
can also affect the results since the calculations are built on the parameters from in-
situ tests and lab tests.

The calculated swelling in Plaxis appears to be in the right order of magnitude. The
calculated compression however is larger than expected. A somewhat larger
settlement in the Plaxis simulation is expected due to the fact that the simulation is
based on a single column when in fact there are rows of columns directly underneath
the bridge.

None of the models used take installation effects into account. The assumption that
the heave from installation of the columns can be neglected because of the excavation
after the column installation was partly true but not entirely. Ekstrom (2014) explains
that the clay between the columns is deformed due to the installation of the columns
and, that this will affect the settlement.

The installation effects could have quite a large effect on the settlement of the bridge.
This has been described in the chapter about installation effects. Shen, et al. (2003)
describes that during installation there are some fracturing, disturbances,
consolidation and chemical transportation between soil and columns taking place that
could affect the total settlement outcome. These factors are however difficult to
involve into calculations.

The increasing pore-pressure due to installation is a factor that could have large effect
on the total settlement as well. This is a factor that could be easy to measure during
installation and could therefore be used in control calculations. The increased pore-
pressure could be controlled by the induced pressure during lime-cement column
installation.

In our case where the columns are installed in a tight pattern the effects of the plastic
zone could be large. Almost all clay between the columns has been affected by
installation disturbance and a large part has most probably been affected by fracturing.

Freezing of water allows the volume of water in the soil to expand into lenses. This
expansion can lead to a heave of the soil and when melted to an increase of
settlement. This can also be a factor to why the settlement in the case of the bridge in
Kaérra, since it was constructed partly during winter time, has larger settlement than
what can be calculated in simple hand calculations.
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In this report the pore water pressure is described as hydrostatic, even after the
excavation. However Ekstrom (2014) explains that the pore water pressures at depths
present in this scenario often stay constant at the bottom regardless of any change in
the top of the clay. The pore pressure between these points will change accordingly
and can be calculated by interpolation between the top and the bottom of the clay.
This deviation from initial pore water pressure distribution has not been taken into
account but could be an affecting factor of the total swelling and settlement. This
could be taken into account in future numerical studies.

If the results from the different methods have a fairly high discrepancy, it can be
suspected that either an error is made in the calculation or that one of the models does
not represent the reality in a good way. In such a case further investigations should be
made until the results are matching. In this report the correlation between Plaxis
calculations and hand calculations are good. That indicates the calculations are
reasonable but the results of the calculations are still dependent on the given input
parameters and the estimated weight of the bridge. The calculations are also a good
match to the actual measurements of the settlements on the bridge. However, given
the lack of specific information and simplifications in the analysis (2D and 3D, no
installation effects) this could be attributed to pure luck.
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8 Conclusions

Swelling of the clay has an impact on the settlement of the bridge that should not be
overlooked. Unlike compression, the modulus involving swelling and heave are not
well understood.

The settlement of the bridge does not exceed the total swelling, because the unloading
of the soil is actually larger than the additional weight of the bridge. The settlement is
therefore calculated from the time when the bridge was added as a weight on the soil.
The settlement was calculated to 10,6 cm after 2 months consolidation time.

The heave from installation of the lime-cement columns is most probably affecting
the swelling and settlement of the bridge and is probably the cause of the extra
centimetres swelling and settlement in the measured data.

The use of unloading-reloading oedometer tests could increase the knowledge of the
clay behaviour in the specific area. This as an additional test would lower the
uncertainties and make it easier to understand how the reinforcement can be made as
effective as possible in the area.

An easy way to lower the effect of swelling would be to decrease the time between
unloading the soil and building the bridge.
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9 Recommended further investigations

For future projects handling settlements in combination with swelling and for deeper
investigations in this project some further investigations are recommended. Firstly an
oedometer unloading-reloading test would be interesting to perform in order to get a
better understanding of the unloading and reloading properties of the soil.
Measurements of installation heave in projects with lime-cement columns would be
an interesting aspect to take into account. Also the effects of installation, fracturing,
disturbances in the surrounding soil and pore-pressure changes would be interesting
areas to investigate more. The long time settlements due to creep may be of interest
for a more precise investigation of the settlement.

The simulations could preferably be redone in soil models that can handle installation
effects. Also a 3D modeling program could make the simulation more realistic.
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Appendix 1

Drawings

Instructions for lime-cement columns, (Drawing 401G1500, Trafikverket 2010-06-10)
Drawing of cross section km 420, (Drawing 401G0989, Trafikverket 2010-06-10)

Drawing of bridge construction, (Drawing 443K2222, Trafikverket 2011-10-28)
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(Drawing 401G1500, Trafikverket 2010-06-10)
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UTFORANDE AV KALKCEMENTPELARE
Om inte annat anges pa respektive forstarkningsritning galler ftljande:

NOMENKLATUR

| foreskrifterna enligt nedan forekommer tre benamningar pd
kalkcementpelare med definition enlig foljande:

1. Produktionspelare: Pelare som insfalleras Bpande under
produktionen

Pelare som installeras och kontrolleras fore
det att installation av produktionspelare
pabdrjas

2. Forprovningspelare:

Pelare som installeras och konfrolleras
(6pande under produktionen och som utgdr
produktionskontrall

3. Konfrollpelare:

DIMENSION
@ = 600 mm

PLANLAGE.

Utséttning av kalkcementpelare gors utifr8n redovisade baslinjer eller
koordinatsatta pelare i separat lista Entrependren tar fram ett
beteckningssystem ddr den egna beteckningen anges vid redovisning for
varje enskild pelare fillsammans med bestdllarens pelarbeteckning i fabell 1
enligt nedan.

LUTNING
Pelare skall installeras vertikalt inom angivna toleranser.

PELARLANGD

Pelare inom ett omrdde kan ha olika l&ngd och avslutas pd olika nivaer.
For pelare som inte ndr fast botten framgdr pelarnas léngd av respektive
ritning. For pelare fill fast botten kan beddmda ungeférliga stoppnivéer
avlases/interpoleras fran nivd- eller djupkurvor pd resp. ritning.

STABILISERINGSMEDEL
Kalk och cement 50/50 vikt-% (KC 50/50).

Kalk:

Karnstorlek 0-0,2 mm

Ca0-aktiv halt >80 % enligt ASTM C25
Flytbarhet >70 enligt SS134005

Cement:

Sammansattning: Kontrollerad och godkand enligh europeisk standard.
Kornstorlek 0-0,2 mm

CEM | eller CEM II/A-LL enligh SS-EN 197-1

Flytbarhet >40 enligt SS134005

INBLANDNINGSMANGD.

Kontrollobjekt 1 (se tabell 4):

Nominellt 90 kg/m3, motsvarande 26 kg/m pelare
Kaontrollobjekt 2 (se tabell 4

Nominellt 30 kg/m3, motsvarande 26 kg/m pelare
Kontrollobjekt 3 (se tabell 4):

Nominellt 90 kg/m3, motsvarande 26 kg/m pelare

BLANDNINGSVERKTYG

Blandningsverktyget skall vara av typen pinnborr med minst 3 blandnivéer
alfernativt eft likvardigh blandningsverktyg som ger motsvarande
blandningsarbete.

ROTATIONSHASTIGHET
Maximalt 160 varv/minut

STIGNNG
15-20 mm/varv. Anvdnd stigning skall redavisas i dokumentation av uffdrda
pelare enligt tabell 1.

TOLERANSER

Planldge:

For singuldra pelare # 0,10 m och for pelare i skivmtinster 0,05 m.
Angivet avstdnd mellan tvd pelare f&r for singuldra pelare avvika med som
mest 0,0 m och ftr pelare i skivmtnster med som mest 0,05 m.

Lutning:
For singuldra pelare = 0,02 m/m.
For pelare i skivmtnster + 0,01 m/m.

Inblandningsmangd:

+ 20 % av nominell mangd inom flytande 1 m-intervall av enskild pelare
+ 10 % av nominell mangd ftir varje pelare

+ 2 % av tofal mangd inom varje kontrollobjekt (kontrollobjekten redovisas
i fabell 4 nedan)

+10 %-enheter.

MATNOGGRANNHET
Gl -
+ 06 % i tvd vinkelrata riktningar.

Bindemedelsmé&ngd:
+ 2 ka/m.

10 varv/minut.

Stigning:
£2 MM/ Varv.

ERBEREDANDE ARBETEN.

Innan pelarinstallationen paborjas skall hinder s&som befintliga kablar och
ledningar, grundrester, pélar och liknande inom firstérkningsomradet
sthaktas bort och ersdttas med krossmaterial av (dmplig fraktion. Matjord
och ev. befintli vagkropp schaktas bort.

Arbetsyta:
Arbetsytans nivd, efter avschaktning av matjord och ev. befintlig végkropp,
skall mdtas in och dokumenteras, se tabell 1.

ARBETSFORFARANDE VID PELARTILLVERKNING

Arbetsforfarandet skall fdlja SGF Rapport 2:2000, med ftljande
tillagg/ftirtydliganden:

Samtliga pelare installeras fran markytan. Utmatning av stabiliseringsmedel
skall avslutas 05 m under arbetsytan. Utmatningstryck skall anpassas
efter pelarlangd och installationsforhdllanden.

Arbetsutfrandet skall anpassas s& att homagena och héllfasta pelare
3stadkoms bdde over pelarens tvdrsnitt och langs pelaren. Pelare skall
utftiras pd sddant satt att kratrar inte uppstér. Om kratrar, trats
forsiktighetsatgarder, andock uppstdr skall dessa fyllas med
forstarkningslagermaterial och packas med skopa ndr kraterns djup
understiger 1,50 m. Om kraterns djup tverstiger 150 m skall
kompletterande pelare insfalleras ach kratern fyllas med frikfionsmaterial.
Rdrpelare betraktas pd likadant vis som kratrar och skall dtgardas enligh
ovan. Krater betraktas som en foljd av felaktigt utforande och dtgarder fill
folid av detta skall dérfor normalt ingd i &-pris. Upptrangande lera skall
sthaktas bort.

KONTROLL AV KALKCEMENTPELARE

GRUNDKONTROLL
Grundkontroll enligh SGF Rapport 22000 kap 84 sidorna 51-52. Dessutom
skall filjande dokumenteras:

- Klackslag for pelartillverkning
- Maskinforare
- Arbetsytans nivd

Uppgifter fran grundkontroll skall &ven ingd i rapparteringen av
tillaggskontroll.

Kontroll av pelares kontinuitet ach hallfasthet skall, forutom genom
grundkontrall, utftiras enligt féljande:

- Kontrollsondering med ftirborrad pelarsondering, FTPS, i givet antal
pelare

Kontrollsondering med FTPS

Vid FTPS-sonderingen skall bandvagnen ha en effektiv tryckkraft av minst
35 kN och en dragkraft av minst 80 kN. Gravmaskin skall assistera med
framgrdvning av pelarens dveryta och som mothll

Pelare skall kontrollsonderas genom FTPS (Forborrad Traditionell
Pelarsondering med Spetskraftregistrering). Kontrall utftirs med avseende
pad hallfasthet genom pelarsondering med separat registrering av
spetstrycket mot vingen. | utrustningen skall dven ingd en inbyggd
inklinometer, for att mtjiggéra bedomning av om sonden styrt ur pelaren
eller inte. Om sonden tenderar att styra ur pelaren skall analys utforas
pa vilket djup detta sker och mdjiga 3tgdrder vidtas. Innan pelarsondering
uffors skall forborrning utforas med jordbergsonderingsutrustning (68 mm
krondiameter) genom att anvanda tryck och rotfation. Férborrningen skall
ufforas noggrant i pelaren, centrerad och vertikalt instyrd.

Sondens tvarsnittsarea valjs enligh SGF Rapport 2:2000. Om sondering
avbryts pd grund av for stort sonderingsmotstand (> 30 & 35 kN) skall ny
sondering utftras i samma pelare med mindre tvdrsnittsarea pd sondens
vingar och med sonden roterad 90 grader jamfort med avbruten sondering.

TABELL 1 PRINCIP FOR LITTERERING OCH REDOVISNNG AV KC-PELARE

s i .
Kalkcementpelarpraduktionen inom enfreprenaden delas in i eft antal
kontrollobjekt enligt tabell 4.

Pelare som skall kontrallsanderas skall utftras pd samma sdtt som
produktionspelarna. Kontrollsanderingen skall utforas for pelare fillverkade
av samiiga kalkcementpelarmaskiner som avses anvandas inom
entreprenaden. Kantrollsondering utftirs bade i pelare som ingdr i
skivmanster och i singuldra pelare. Sonderingen skall drivas minst en meter
ned i leran under svavande pelare.

Pelare som kontrollsonderas skall fordelas jamnt mellan olika
forekommande pelarlangder inom respekfive kontrollobjekt. Kontroller skall
ufforas enligt tabell 4.

Inom varje kontrollabjekt skall kontrollsondering av pelare utfgras i tva
grupperingar enligt foljande:

1. Ftirpravningspelare:
All3 konfrollsonderingar skall ufféras och redovisas 7 dagar fdre det
att arbetet inom varje kontrollobjekt f3r pdborjas. Kontrollsonderingen
skall omfatta ett visst anfal ftrprovningspelare och ulforas inom en
begransad provstrdcka enligh fabell 4. Ftrprovningspelarna skall
installeras i verkliga ldgen. Ca 70 % av forprovningspelarna skall
kontrallsonderas 12-16 dygn efter installation av pelarna och ca 30
% skall kontrallsonderas 26-34 dygn efter installation av pelarma.
Forprovningspelare skall utftras med 2-3 lika stara grupper med
inblandningsmangder enligh bestdllarens anvisningar.

2. Kantrollpelare:
Konfrollsandering skall utftras (6pande under produkfionen
(produktionskontrall). Kontrollsandering skall omfatta ett visst anfal
pelare som skall vara val fordelade inom varje kantrollobjekt enligt
tabell 4. Kontrollsonderingen skall utforas 12-16 dygn efter
installationen pd samtliga pelare. Produktionskontrollen skall pabdrjas
snarast mejligt.

Utvérdering av_pelarhdllfasthet

Vid utvérdering av pelarnas skjuvhallfasthet beaktas att sambandet mellan
det registrerade spetsmotstdndet mot pelarvingarna och pelarens
skjuvhdllfasthet beror pd antagen starlek pd barighetsfaktorn ach hur stor
andel av vingarna som har direktkontakt med pelaren. Ftr sond med
500+15 mm eller 40020 mm och med farborrning med 58 mm
jordbergsonderingskrana kan omrakningsfaktarn mellan spetsmatstand &N)
och skjuvhdlfasthet (kPa) séttas fill 12,5.

Ftirvantad pelarhdliasthet

Ftr varje kontrollpelargrupp med minst 14 st kanfrollpelare kan
héllfasthetsvarden enligt tabell 2 och 3, verifierade genom sondering med
FTPS, sdledes forvantas vid angivna tider. Observera dock att tabell 2 och
3 nedan inte beskriver dimensionerande hallfasthet i pelarna utan forvantad
hélifasthel med spridningsmé&tt vid angivna tider.

Kampletteringar vid brister

Vid brister i lillverkningspracess eller avvikelser fran den ftrvantade i
hallfastheten i pelarna skall kompletteringsatgarder enligt SGF Rapport
22000 kap 842 utftras. Entreprentren skall snarast patala och foresld
nidvandga 3fgarder for bestdllaren.

MLIGKRAV

Skyddshuv skall anvandas for att forhindra att damm och lerstank sprids.
Skyddsskarm med htjden 2 m skall anvdndas ddr problem med stdnk kan
befaras for narboende och trafikanter.

Entreprentiren skall innan arbetena pdbtirjas uppratta en miljbplan som
visar vilka skydds8tgdrder som avses vidtagas vid arbetet.

Plats ftir tankningsanordning av kalk skall godkdnnas av bestfdllaren innan
arbetena pabdrjas.

Kalkcementpelarinstallation skall ulftras pd ett sddant sétt att omgivande
mark ej pdverkas av arbetena.

Sdrskilda skyddsdtgarder maste vidtas vid tankning av maskiner med kalk
och cement. Atgirder skall redovisas for bestallaren.

Utsldpp av sfabiliseringsmedel genom maskinhaveri eller olyckshdndelse
skall vattenbegjutas och blandas med lera Handelsen rapporteras fill
bestdllaren.

Vid avslutning i pelarens 6verkant (05 m under arbefsytan) skall allt
stabiliseringsmedel blandas med jord innan flyttning sker till ndsta pelare.

Redovisning skall goras i Excel-format med innehdll och ufseende enligh tabell. Tabell fillhandandlls av besfallaren ach fylls i av Enfreprendren

SATTNINGSKONTROLL

Principutformning slangsattningsmétare

SEKTION NATURLIG MARK
- (EV. EFTER MATJORDS-
SKALA 150 AVTAGNNG)

KRINGFYLLNING
MED SANDIGT
GRUSIGT MATERIAL
STORSTA STEN-
STORLEK 100 mm

Dy = 50,0 mm

DETAL) SLANG FOR SLANG
SKALA 150 SATTNINGSMATNING
KRINGFYLLNING r>25m
Z
7
z
-

Rapportering av sonderingsresultat, tillsammans med tivrig
fillverkningsdokumentation, skall goras snarast effter att
kontrollsonderingarna i forprovningen slutforts, dock senast 7 dagar effer
forsta sonderingens ufftirande inom forprovningen.

Rapportering av_kontrollpelare:

Produktionskontroll skall rapporteras pd samma s&tt som firpravning.
Rapport skall lopande dverlamnas fill bestdllaren, Forsta rapporten skall
tiverlamnas senast 14 dagar efter att firsta produktionskontrollen utftirts
inom entreprenaden. Varje rapport skall omfatta minst 6 sonderingar.

Avrapporteringen skall d& enfreprenaden slutforts goras digitalt med
textdokument och med matvarden, berakningar och diagram i Excel-format
inom en ménad efter att kalkcementpelarproduktionen inom entreprenaden
avslutats.

Efter att hela kalkcementpelarinstallationen slutftrts skall ett gemensamt
dvergripande slutdokument utarbetas med slutsatser och
erfarenhetsredovisning. Hanvisning skall gtras till underliggande
provningsrapparter ach fill dvergripande utmatningsdata for samtliga pelare
i projektet. Dokumentation av grundkantroll for samtliga installerade pelare
upprattas. Redovisningen skall gdras digitalt.

TABELL 2 KONTROLLSONDERING EFTER 12-16 DYGN

~ ARMERINGSJARN @ 16 mm
./ (FASTES | PLAT)

PLAT 05 m x 05 m

===

DOKUMENTATION AV KALKCEMENTPELARE

RAPPORT GRUNDKONTROLL

Rapportering av grundkontroll skall gdras i samband med redovisning av
mdtsedelsystem, dels med ulforda pelare sedan ftirra rapporteringstillfdllet
och dels ackumulerat. Rapportering skall goras digitalt enligt tabell 1.

RAPPORT TILLAGGSKONTROLL
Rapportering skall goras i rapporter for forprovningspelare respektive for
kontrollpelare enligt nedan:

Rapportering av_ftrprovningspelare:

For varje kontrollobjekt skall resultaten frdn kontrollsondering efter 12-16
dygn redovisas. Tryckkraft vid forborrning skall redovisas fillsammans med
pelarsonderingen. P4 samma sida som pelarsonderingen skall, férutom data
fran grundkontrollen, dven entreprendr, entreprenaddel, kontrollobjekt,
sonderingsdatum och pelarsondens matt redovisas. Bestdllarens
pelarbeteckningar (dvs sektion och sidomatt) enligt koordinattabell skall
anvandas vid redovisningen. Planer skall bifogas som visar de
kontrollerade pelarnas ldge.

Uttver grafisk redovisning av kontrollsonderingarna redovisas
sonderingarna digitalt i Excel-format. Data frén pelarsonderingarna
forutsétts bli registrerade med 25 mm djupintervall. P4 det godtyckliga
diupet z skall ber&kningarna utftras baserat pd sonderingsdata inom
diupintervallet z-0,25 m fill z+0,25. For glidande 05 m intervall berdknas
och redovisas i fabell- och digitalform for varje 25 mm medelvdrde,
standardavvikelse, variationskoefficient och undre 15 % -frakfil. Dessa
vdrden jdmférs sedan med tabell 2. Om godtagbara varden uppnds kan
efter bestdllarens godkdnnande den egentliga produktionen paborjas Om
foirvantade vérden enligh tabell 2 inte uppfylls skall detta redovisas till
bestdllaren och tgdrder foreslds.

Entr. Dk Ok
Lop- | Sekfion |Tvarmdtt | Pelarnr. | X-koord | Y-koord Arbyta | Pelare
nummer ® B (& ® ®) r(E)y ’ ®

U Verklig Statiliserad | Tambarr- | Genomsnitt | Sfigning (a8
Pelare uk -
pelarlangd | ning m Kg/m mm/varv | Verkfyg
enl. rifn. | pelare
B) s ® (2} (3} B (3]

Pelare

. Under- | . Anm Styckepris

fill fast [kontroll raffelse lopmeter

botfen ®) rat(tEe)tse ®) B/E) (Ekonom) (Ekonomi)
(E)

FTPS- Under- A-Pris/

(B)= BESTALLAREN ANVARAR FOR IFYLLNAD
(E)= ENTREPRENOREN ANSVARAR FOR IFYLLNAD.

B ) Djup under | Medelvérde | Undre 5% | Miniminiva for
Principutformning peglar arbetsyta (m) [Cpelare (kPa)| frakiil (kpa) |enskilt varde (kPal
0-05 - -—- -—
SEKTION o - -
SKALA 150 . —
- Ratlinjig Ratlinjig o
05720 interpolation | interpolation
EV. SKYOO, BTG RNG ¢ 200 mm >20 >100 >80 * 50

*  Motsvarar en variationskoefficient av ca 20%

TABELL 3. KONTROLLSONDERING EFTER 26-34 DYGN

** Motsvarar en variationskoefficient av ca 5%

TABELL 4. KONTROLLOBJEKT

Diup under | Medelvérde | Undre 5% | Miniminiva far
arbefsyta (M) | Cpelare (kPa)| fraktl (kpa) |enskill varde (Pa)
0-05
05 >100 >50 -
0520 imsragu‘g%uﬂ imssuﬂu‘g%iun B
>20 >125 >100 ** 50 —

Konfroll- [ Delstrdacka Provsirdcka for Fsggfe@gg:; Fpgertuarroew!?gesri Kontrollpelare
objekt nr ca km farprovningspelare -1 dygn | 26-34 dyan
1 8/165-8/333 8/200-8/260 9 sf b st 9 st
2 10/280-10/510| 10/340-10/490 16 st 7 st 16 st
3 10/840-10/930| 10/865-10/905 2 sf 1 st 2 st
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Appendix 2

Measurements of bridge movement
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