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Abstract

Constructing road embankments on soft clay is combined with a high risk of excessive
settlements and stability problems. As a ground improvement measure, deep mixing
is often used by injecting cement as columns in the soil to increase the strength and
stiffness. The cement production is a heavy source of green house gas emissions and
implementing cementitious binder substitutes with lower environmental impact is
a vital key for a sustainable construction future. This thesis aimed to investigate
the deep mixing performance on vertical settlements and compare the environmen-
tal impact between SH cement, Multicem and a mixture of 80 % Slag Bremen and
20 % cement.

The vertical settlement assessment was carried out with the finite element software
Plaxis 2D, incorporating Volume Averaging Technique. Volume Averaging Technique
homogenises the material models S-CLAY1S and MNhard in order to capture the
behaviour of enhanced clay, S-CLAY1S for clay and MNhard for mixed columns.
The soil and column data were gathered from both empirical assumptions and a
geotechnical study for an existing road project. A material optimisation process in
terms of volume ratio was performed by investigating the smallest amount of binder
columns necessary to reach the settlement demands for a road embankment. Based
on the volume ratio, each binder’s environmental impact was estimated with a sim-
plified life cycle assessment.

The results from the optimisation study showed that the binder recipes exhibited a
close range of required volume ratios, despite varying stiffnesses. From the life cycle
assessment estimations, Slag Bremen mixture and Multicem yielded less kg C'O5-eq
per meter road section than SH cement, 70 % and 50 % respectively. The most
obvious finding to emerge from this study was that SH cement’s high stiffness did
not compensate for it’s high emissions.

Keywords: Carbon dioxide equivalents, Deep mixing, Geotechnics, Life Cycle As-
sessment, Soft clay, MNhard, Plaxis 2D, S-CLAY1S, Soft soils, Volume Averaging
Technique.
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1

Introduction

Construction on soft ground areas is a challenge due to the high risk of slope instabil-
ity and excessive settlements. To enhance the often low strength of soft soils when
constructing a road embankment, deep mixing with cement is a common ground
improvement method used in Sweden (Larsson, 2006). Besides water, cement is the
most used material on earth (Watts, 2019) due to its many advantages, such as high
strength, flexibility and long durability. However, the cement production is a heavy
source of carbon dioxide emissions and produces around 8 % of the global carbon
dioxide emissions per year (Rodgers, 2018). Implementing materials which have a
lower carbon footprint but nevertheless mimicking the material characteristics of
cement is a vital key for a sustainable construction sector and future.

1.1 Problem description

The Swedish consulting firm, Sweco Sweden AB is on behalf of the Swedish Trans-
port Administration investigating the geotechnical conditions and ground improve-
ments of road 56 between Bie and Alberga, location in figure 1.1. The road needs
to be enhanced and widened to ensure acceptable traffic safety. Widening the road
will as a consequence implicate redirection of some road sections onto areas with
soft soil deposits. Because of the high risk of settlement and stabilisation issues in
soft soils, deep mixing is chosen as a strengthening enhancement before constructing
the new road. Three different binder recipes have been proposed for deep mixing;
quick hardening cement (SH cement), Multicem and a mixture of 80 % Slag Bremen
and 20 % cement. Laboratory testing has been performed on clay specimens mixed
with the binders after 28 days of hardening, where the specimens were uniaxially
compressed to determine their performance. At equal concentration, the more envi-
ronmentally friendly binders Multicem and Slag Bremen mixture exhibited a lower
stiffness and strength compared to SH cement. The most optimal material choice
would preferably be a binder which has a low environmental impact but yet achieves
the geotechnical requirements.

This thesis focuses on performing a finite element settlement analysis of an embank-
ment section of the new road, along with comparing the environmental impact of
different binders. To perform the analysis a new research technique, Volume Av-
eraging, is used as a user defined soil model in the software Plaxis 2D. Numerical
modelling is a helpful tool in order to predict the complex behaviour of an embank-
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ment with deep mixed columns in soft soil. Volume Averaging Technique facilitates
a smooth design optimisation of the columns. With the life cycle assessment tool
Carbon Cost, developed by Sweco Sweden AB, the carbon dioxide equivalents for
the different binder mixtures are estimated.

Figure 1.1: Road 56 between Bie and Alberga and section of interest (maps from
Google Earth).

1.2 Aim and objectives

The aim is to investigate the deep mixing performance and the environmental im-
pact of SH cement, Multicem and a mixture of 80 % Slag Bremen and 20 % cement
in soft clay under a road embankment. Specified objective for the geotechnical per-
formance is to reduce the amount of material but yet achieve the requirements of
maximum 300 mm vertical deformations during 40 years of service life. Another ob-
jective is to compare the carbon dioxide equivalents per meter road section between
the three binders.

1.3 Limitations

It is not possible to entirely replicate the reality in a numerical model and predic-
tions of the long-term settlement behaviour in soft clay is very complex. Thus some
general limitations have been identified:

e Only one section of the embankment and soil profile is investigated - other
results and conclusions could be yielded at different road sections.
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o Volume Averaging Technique does not incorporate creep behaviour of the soil,
creep settlements will therefore not be captured in the analysis.

» Road demands regarding differential settlements and slope stability will not
be taken into account, due to time limitations.

e Only three binder recipes are investigated. Several other mixtures and recipes
could be included in this kind of analysis.

o No installation effect from the deep mixed columns is considered in the soil.

o No difference in hardening rate between the deep mixture binders are consid-
ered, which could be of importance for the construction method and construc-
tion duration.

e Due to limitations with Volume Averaging Technique, the optimisation of col-
umn patterns is narrowed down to only include uniform column arrangements.

o A complete life cycle assessment of each binder recipe is not included in this
thesis. Instead the tool Carbon Cost is used to estimate the environmental
impact.

o The thesis does not investigate cost aspects for the different mixing recipes.

o The heat development from curing of the columns is not considered in the
analysis.

1.4 Method

Initially a literature study was performed to gain knowledge about; the geotechni-
cal conditions on site, soil behaviour and numerical soil models, deep mixing and
different binders as well as finite element modelling with Plaxis including Volume
Averaging Technique. The literature study was followed by deriving all necessary
parameters from empirical studies and soil tests performed on site specimens. Af-
ter the soil profile was created in Plaxis the parameters were validated and revised
in Plaxis’ built in soil test tool. A volume ratio optimisation for all deep mixing
binders was then performed by using Volume Averaging Technique. Volume ratio
describes in percentage how much of the soil which is enhanced and was iterated
until the deformation demands were achieved. Volume Averaging Technique was
utilised to merge the constitutive soil model S-CLAY 1S and column model MNhard
into one homogeneous soil medium, which allowed for a change of volume ratios
without constructing a new soil model for every case. As a final step the binders
and their corresponding volume ratios were evaluated in a life cycle assessment tool,
to compare kg C'Os-eq per meter embankment. Figure 1.2 highlights the main steps
of the method.
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Figure 1.2: Flow chart of the thesis composition.



2

Behaviour of soft soil

Due to soft soil’s characteristics of high water content, low density and low strength
there is a high risk of settlements and stability problems. Therefore before construct-
ing, the soil needs to be examined to know its often complex behaviour. Soft soil
consists of microscopic soil particles, either in the form of minerals from deposited
eroded rock, organic decay or a mixture of them both (Larsson, 2008).

2.1 Deformation properties of soft clay

Clay is composed of eroded rock particles with a diameter of less than 0.0002 mm
(Larsson, 2008). Clay has inter molecular bindings which are not purely frictional,
and therefore allows for large voids containing high amounts of bounded water and
gas (Sallfors, 2013). The higher the water content, the softer the clay. Clay is highly
anisotropic due to both the composition of the clay and the history of horizontal
layering, which affects how the soil deforms in different directions (Wood, 1990).
The high water content and the low strength in soft small grained soils result in
large irreversible deformations. The deformation behaviour is dependent on the
anisotropy, stress level in different directions, strain rate and stress history (Sallfors,
2013). A categorisation of the deformations is usually divided into two types of
strains, volumetric or deviatoric, displayed in figure 2.1.

|

----------------------

i ; v /
; i [ f'l
o 2 I i b i IJ

(a) (b) (c)

Figure 2.1: (a) Principle effective compression stresses (b) volumetric strain (c)
deviatoric shear strain.

For a virgin soil deposit, the relationship between the horizontal and vertical stresses

5



2. Behaviour of soft soil

can be described with the earth pressure coefficient at rest Ky y¢. For frictional soils
the coefficient is often determined by Jacky’s empirical formula (2.1). Clay’s earth
pressure coefficient is more accurately estimated with the liquid limit w;, according
to equation (2.2) (Larsson et al., 2007). For an overconsolidated soil, the lateral

carth pressure can be determined by equation (2.3) based on the overconsolidation
ratio, OCR.

KO,NC’ =1- Sin¢ (21)
KQJ\[C ~ 0.31 +0.71 x (wL — 02) (22)
KO = KQNCOCRM or 0.6 (23)

The small particles in clay induce a soil structure with low permeability (Wood,
1990). Together with the often high water content, the deformation behaviour is
linked with the flow of pore water, referred as consolidation (Olsson, 2010). When a
soil is loaded and the stresses increase, an excess pore pressure is built up from the
disturbance of pore water equilibrium, which causes the water to flow and dissipate
into the neighbouring soil with lower pore pressures. Due to the low permeability,
the consolidation process can progress over a long time period and can be regarded
as different stages of consolidation (Augustesen et al., 2004). The primary con-
solidation is refereed to as the volume change induced by the dissipation of pore
water. After some time when the pore water gradually has diminished, the sec-
ondary consolidation, also refereed as creep, takes place and is instead governed by
a combination of pore water dissipation and the restructuring of the soil skeleton

(Olsson, 2010).

The compression and hence the deformation behaviour can be determined through
an oedometer test, either with constant rate of strain (CRS) or incremental loading
(IL). Figure 2.2 displays an oedometer test with (a) the effective stress in logarithmic
scale versus void ratio (e = V,/V;) and (b) the effective stress in linear scale versus
strain €. The soils ability to increase and decrease in volume is characterised by the
compression index A and the swelling index s, which can be determined from the
slope of the graph at the loading respectively the unloading-reloading phase. The
instrinsic compression index \; represents the slope of the curve at great stresses,
and is used in advanced models to predict the restructuring of internal bonds which
causes a soil hardening.
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Figure 2.2: Oedometer test (a) displaying compression, swelling and instrinsic
compression indices and (b) displaying determination of pre-consolidation pressure
according to Sdllfors method (Sallfors, 2013).

The stress history of soft soil is usually described in terms of the preconsolidation
pressure o, and can as well be determined through an oedometer test. The pre-
consolidation pressure indicates the yielding point for a soil and is the transition
from elastic to plastic behaviour (Olsson, 2010), see figure 2.2. The yielding point
implies the previous maximum stresses the clay has experienced (Larsson, 1978).
All stresses above this point induce a degradation of the bonds between particles
and hence cause large deformations. With a pre-loading method it is possible to
increase the preconsolidation pressure and hence increase the yielding point, which
makes the soil less prone to deform when loaded, due to the already experienced
large stresses.

From o/, the overconsolidation ratio (OCR) and Pre-Overburden Pressure (POP)
can be evaluated, which are two different ways of describing the stress history. OCR
and POP are determined from either the ratio or the difference between the precon-
solidation pressure and pressure at rest, see equation (2.4). An OCR value around
one implies a normal consolidated clay, whereas an OCR superior to 1.5 indicates an
overconsolidated clay (Larsson, 2008). A dry crust clay is an example of an overcon-
solidated clay, which has subjected to high stresses caused by water and temperature
fluctuations close to the ground surface.

OCR=2¢, POP=0.— o0, (2.4)
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2. Behaviour of soft soil

The yielding point determined from an oedometer test is only valid for one-dimensional
compression. An anisotropic multidimensional behaviour of soil is better described
with a yield surface (Wood, 1990). Figure 2.3 displays a yield surface modelled in
a triaxial stress space in terms of deviatoric stress, ¢ = o] — o} and mean stress
P = (0} +20%)/3. The yielding surface can be established through triaxial tests
with varying stress paths or by mathematical models. The preconsolidation pressure
corresponds to one point on the yield surface boundary, called yield locus (Wood,
1990). All stresses within the surface induce an elastic response while stresses on

the surface boundary cause irrecoverable plastic deformations.

Oedometer compression test

1‘ Yield surface
1
1

-

/ p’
Figure 2.3: FEzample of yield surface from triaxial test, with stress path from pure
compression displayed with a solid line (figure modified from Wood, 1990).

2.2 Failure mechanism and complex soil models

A yield surface is suitable for describing the serviceability soil behaviour of anisotropic
deformations. However, the actual failure behaviour is often described by a failure
criterion. The most basic and frequently used method is the Mohr-Coulomb failure
criterion (Wood, 1990). If any stress condition induces a shear stress 7 which inter-
sects with the failure line, according to equation (2.5), the soil experiences a failure.
The strength parameters are the effective cohesion ¢’ and effective friction angle ¢'.

7 =|d + o} x tan(¢’)| (2.5)

The stress path is described by a Mohr’s stress circle with the principal compression
main stresses 0 (00, 1icar) a0 05 (Ohorizontar)- One example of a failure stress state
can be seen in figure 2.4, with constant horizontal stress and an increase of vertical
stress, the Mohr circle expands in size until it touches the failure criterion (Sallfors,
2013).
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Failure envelope, t

»

b4 /

o, G’I—vo c

Figure 2.4: Mohr-Coulomb compression shear failure: the area of the Mohr circle
grows with the increasing difference between the principal stresses, until any point of
the circle touches the failure envelope.

Mohr-Coulomb failure can be transformed into the critical failure line M, used when
modelling in a triaxial stress space (Wood, 1990). This assumes no cohesion at fail-
ure. For triaxial compression or extension the failure criteria is formulated according
to equation (2.6).

6 - sin ¢’ ~ 6-sing’

M, = 2SIRe oy besne
¢ 3—sing’ 3 + sin ¢/

(2.6)

For saturated soils, such as clays with hydraulic conductivity, the short term failure
criterion is better described with the undrained shear strength ¢, (Wood, 1990).
During undrained conditions, the shear strength is equal to the radius of the Mohr
circle seen in figure 2.5. This is due to the fact that pore water takes up all the
induced stresses from a momentarily increase of vertical stresses and the friction
angle between the "unloaded" grains has no influence on the soil’s strength.

T lr Failure envelope, ¢ =0

03 01 (6}

Figure 2.5: Mohr-Coulomb failure criterion for undrained analysis, where T = ¢,.

The undrained shear strength, which is estimated through different laboratory and
in-situ field tests, helps to understand the sensitivity of soils S;. The sensitivity
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is determined as the ratio between the undrained shear strength for natural and
stirred soil (Larsson et al., 2007). Clays with high sensitivity are more likely to go
to failure when disturbed due to the destructed bonds between particles.

Mohr-Coulomb failure module is a simplistic soil model since it does not consider
anisotropy nor hardening behaviour of soil (Vogler, 2008). Mohr-Coulomb can be
described as an elasto-perfectly plastic model and is suitable for stiffer soil materials
such as friction soil or overconsolidated clay. More advanced soil models such as
Modified Cam-Clay, S-CLAY1 and S-CLAY1S are developed with the concept of
a combination of yield surface and failure mechanism to better accommodate for
soft clay behaviour in finite element analysis. These models are further explained in
chapter 4. See figure 2.6 for illustrations of elasto-perfectly plastic and elasto-plastic
hardening material response.

 J
| J

(a) (b)

Figure 2.6: Material response (a) elasto-perfectly plastic and (b) elasto-plastic
hardening.
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Deep mixing in soft soils

Ground improvement measures are often necessary when constructing on soft soil.
Different techniques can be utilised depending on the site specific conditions and soil
properties (Chu et al., 2009). Deep mixing is a common soil strengthening method
when constructing road and railway embankments due to the rapid construction
time and the adaptability for various projects and sites (Larsson, 2006). A deep
mixing binder, either in a dry or liquid state, is injected with the existing virgin soft
soil to create a solid column with enhanced strength and decreased compressibility
after hardening (Bruce, 2000). Dry binders are broadly used in Scandinavia (Lars-
son, 2006). The method is suitable for soft soils with a high natural moisture content
above 30 %, in order to initiate the hardening reaction between the dry binder and
the water in the soil (Russ, 2012). The binders which are further investigated in this
thesis are quick hardening cement, Multicem and cement mixed with Slag Bremen.

3.1 SH cement

Cement is the most commonly used binder in the Nordic countries (Russ, 2012). It is
produced by first burning limestone to calcium oxide powder (Soutsos and Domone,
2017), a process which produces heavy amounts of carbon dioxide emissions. Silicon
dioxide is then added during the heating process to create cement. Quick harden-
ing cement (hereinafter referred to as SH cement) has a slightly different chemical
composition than ordinary cement, which increases the reaction rate (Soutsos and
Domone, 2017).

3.2 Multicem

Multicem is a mixture of cement and cement kild dust, were the later is a by-
product of the cement production (Lagerbeck, 2020). Even though the product
has corresponding characteristics similar to cement, Multicem has in comparison
a reduced amount of carbon dioxide emissions. Experiments on Multicem show a
lower achieved strength and stiffness than specimens with Portland cement (Lars-
son, 2006). Therefore longer hardening time with more materials is to be expected.

11



3. Deep mixing in soft soils

3.3 Slag Bremen mixture

Slag is a by-product from steel production in Bremen, where it’s taken from an iron
melting furnace and is rapidly cooled and granulated to a fine powder (Soutsos and
Domone, 2017). The slag powder can be used as a substitute for a portion of the
cement to reduce the carbon dioxide emissions of a binder mixture. The chemical
structure induces a slower reaction and has thereby a slower hardening rate com-
pared to cement (Soutsos and Domone, 2017).

3.4 Installation procedure of deep mixed columns

The injection procedure is executed by a rotating hollow shaft, equipped with mixing
blades, which screws its way down to a desired starting depth of the column. While
the shaft is raised to the surface, the binder is injected and mixed with the soil to
start the hardening process (Topolnicki, 2016). The injection procedure is illustrated
in figure 3.1. Commonly used column diameters are 500, 600 or 800 mm and the
required binder concentrations vary from 70 to 300 kg/m? depending on the type of
soil and binder mixture (Larsson, 2006). Cement usually allows for a reduced binder
concentration compared to other materials, like Slag Bremen mixture and Multicem.

Figure 3.1: Injection procedure of dry binders.

The deep mixing method has some drawbacks. Even though laboratory experiments
show promising strength results, the actual performance of the columns after in-situ

12



3. Deep mixing in soft soils

installation are difficult to ensure (Larsson, 2006). Soil’s often in-homogeneous lay-
ering causes some uncertainties regarding the column performance, especially with
possibilities of local weaknesses due to unsuccessful mixing. Deep mixing should
therefore be combined with preloading of the soil, in order to increase the consoli-
dation rate and reduce settlements. The columns can be injected as single columns
or overlapping each other in a broad arrange of different patterns, depending on the
site specific soil strengthening improvements, see figure 3.2. When deep mixing is
used to decrease settlements and reduce the consolidation time, a triangular or grid
pattern with a uniform c-c¢ distance is often used (Larsson, 2006).
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(a) (b) (c) (d)

Figure 3.2: Column arrangements; (a) grid pattern (b) block pattern (c) triangular
pattern and (d) wall pattern.

In zones where slope failure may occur for road embankments, the columns are of-
ten installed in block or wall patterns to increase stability (Larsson, 2006). Block
stabilisation operates as one solid unit to increase the bending and shear strength.
A block stabilisation may also prevent the influence of local weaknesses in columns
from in-homogeneous mixing (Vogler, 2008). A minimum of 80 % of the soil surface
is required to consist of columns to be regarded as a block stabilisation (Larsson,
2006).

3.5 Environmental impact of binders

With a life cycle assessment it is possible to compare the environmental impact
between binders, by estimating the emitted carbon dioxide equivalents (C'Oz-eq)
during the life cycle of the material. The C'Os-eq is a comparison of emissions
between different green house gases in terms of Global Warming Potential index.
Global Warming Potential index describes the relative potency of a greenhouse gas,
taking account of how long it remains active in the atmosphere (Cleveland and
Morris, 2014). If a green house gas has two times the effect of global warming than
carbon dioxide over a specific time span, the corresponding kg C'Os-eq are twice as
large as the ones from carbon dioxide.
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4

Constitutive material models

The deep mixing analysis is performed by using the finite element software Plaxis
2D. Numerical methods like finite elements are helpful when designing boundary
value problems in both serviceability limit state and ultimate limit state (Vogler
and Karstunen, 2008). Plaxis allows for calculating and simulating results of com-
plex geotechnical geometries by adopting constitutive models. In this thesis the
behaviour of clay is modelled with S-CLAY1S and deep mixed column material
with MNhard model. Volume Averaging Technique simulates a two-dimensional
model and adopts a smooth designing procedure.

4.1 Volume Averaging Technique (VAT)

Volume averaging is based on ideas of hierarchical systems of scale in nature and is
a technique to smear out boundaries between different phases into one homogenised
medium (Whitaker, 1999). Darcy’s law is an example of this technique, which
describes the flow of a fluid through a porous medium. Volume Averaging Technique
(VAT) can be implemented in finite element models for deep mixed improved soil,
where the two separate mediums are homogenised into one uniform soil layer (Becker
and Karstunen, 2013), see figure 4.1.

(a) (b)

Figure 4.1: (a) Discrete and (b) homogenised representation of the embankment
problem (picture modified from Vogler, 2008).
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4. Constitutive material models

By modelling the columns in a uniform pattern and inducing a plain strain condi-
tion, the finite element problem can be reduced from a three-dimensional problem to
two-dimensional and thus save computational time and costs (Vogler, 2008). An ad-
vantage with the VAT is the implementation of volume fractions of soil and columns
in the global behaviour in the model. This facilitates an easy change of both ge-
ometrical and structural properties without remodelling the deep mixed columns.
For the implementation of VAT, column patterns are restricted to an arrangement
which supports plain strain conditions. This means that a uniform distribution of
the columns are needed, for example rectangular, triangular and hexagonal pat-
terns, see figure 4.2. Too few columns may violate the assumption of a homogenised
medium and lead to inaccurate results (Vogler, 2008).
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(a) (b) (c)

Figure 4.2: FEzamples of uniform column patterns (a) rectangular (b) triangular
and (c) hexagonal, modified from (picture modified from Vogler, 2008, p.143).

Furthermore, all columns are assumed to be vertically installed. If modelling with
an angle deviation, the columns need to have the same angle. VAT regards a perfect
bonding which means equal vertical and shear displacement at the interface between
the columns and the soil. Depending on the diameter and center to center distance
of the deep mixed columns, the volume fractions can be calculated from the cross
sectional areas of the columns and soil, figure 4.3, according to equation (4.1).

Equivalent material Column Soil

Ator Ac As

Figure 4.3: [llustration of the homogenisation of the column and the soil material.
(modified from Ayman Abed (personal communication)).
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4. Constitutive material models

(4.1)

With the volume fractions known, the equivalent total response of the homogenised
material can be determined by the averaging rules for strain- € and stress rates o,
equation (4.2) and (4.3), respectively (Lee, 1993).

el=0,8"+Q. €& (4.2)

6 =06 +0,6° (4.3)

The individual material response is determined by total effective stress increments,
equations (4.4) and (4.5). Where the material stiffness matrices for column D and
soil D? are the translation keys from strains to stresses, and are derived from their
respective constitutive models.

(6°) = D* &° (4.4)

(6°) = D& (4.5)

The soft soil in this study is modelled by the elasto-plastic material model S-CLAY1S
by Karstunen et al., 2005, which is suitable for predicting the plastic hardening be-
haviour of normal consolidated clay, since it accounts for anisotropy and change of
interparticle bonding (Vogler, 2008). MNhard model is used for the deep mixed
binder material, in order to capture the stress dependent stiffness of the columns.
Each material’s corresponding constitutive stiffens matrix are multiplied with the
volume fractions, S;“ and S;°, and are assembled into one global equivalent stiffness
matrix according to equation (4.6). The volume fraction is the relation between the
soil and column strain increments.

D% = Q,D*S: + Q.D°S¢ (4.6)

VAT is implemented in Plaxis as an user defined soil model (UDSM) through a
dynamic link library file (Vogler, 2008). The dynamic link library contains the two
constitutional material models, S-CLAY1S and MNhard. Both material models ex-
hibit non-liner behaviour with a stress dependent stiffness. In order for VAT to
predict the stiffness matrices for each load corresponding stress, the load is applied
in incremental steps. Stepsize is an optional parameter in VAT for strain applica-
tion in sub-increments. According to Vogler (2008) stepsize is of minor importance
for calculations in serviceability limit state. The finite element approximation is
executed as an iteration procedure according to the scheme in figure 4.4.
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Column model
i Il MNhard

PLAXIS UDSM [

Equivalent stiffness matrix D*

Finite clement code Volume averaging technique
Dcnlumn

. " D
Previous stress state o” |
Strain increment Ag
State variables k_| [
[)mll
Updated stress state 6°
Updated state variables Kk [

= == — Soil model
S-CLAY1S

Figure 4.4: Scheme of user defined soil model (UDSM) in Plazis (modified from
Vogler, 2008).

4.2 S-CLAY1S

S-CLAY1S is a constitutive soil model used in finite element simulations to mimic
the soil behaviour of normally consolidated clays in both serviceability deformation
state and ultimate failure state (Vogler, 2008). The model is described by a yield
surface, which is a sheared ellipsoid in the tree-dimensional stress space, derived
from the function (4.7).

f= g {oq—p oy} {os—1p - ad}] — [MQ — g{ad}T{ad}] (p;n —p')p' =0 (4.7)

The S-CLAY1S model is an extension to Modified Cam-Clay and S-CLAY1. In
addition to its precursor models, S-CLAY 1S considers anisotropic behaviour of soil
and degradation of interparticle bonding. The model incorporates three hardening
laws. The first hardening law, equation (4.8), originates from Modified Cam-Clay
and describes an isotropic elasto-plastic hardening behaviour of clay (Wheeler et
al., 2003). The change of size of the yield surface p!, depends on plastic volumetric
strains. o is the specific volume and \; is the instrinsic compression index. An
increase of the yield surface represents a soil hardening (Vogler, 2008).

v-p
Ap, = —"N\eP 4.8

In figure 4.5 the yield surface is displayed with the critical failure line M, which
depends on the effective friction angle. If the stress path intersects the yield locus
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at the critical state line, plastic shear strains occurs which lead to failure (Vogler,
2008). The size of the yield surface, under constant volume, is assumed to depend
on the volumetric strains. Therefore a larger effective friction angle and hence a
steeper M-line only influence the shape of the surface.

q L

_ Tangent

.y

Figure 4.5: Yield surface of Modified Cam-Clay model in the triaxial stress space.

The second hardening law, equation (4.9) is introduced in the S-CLAY1 model by
an inclination of the yield curve, describing the degree of plastic anisotropy oy
(Karstunen et al. 2005), see figure 4.6.

Aoy = ,u([%n — ad} (AeP) + ﬁ[ﬂ - ad] AeZ) (4.9)

The absolute effectiveness of rotation hardening p is estimated from triaxial ex-
tension test but can also be calculated as an empirical value from equation (4.10)
(Vogler, 2008).

p= (4.10)

The relative effectiveness of rotation hardening § can be calculated according to
equation (4.11) and depends on the stress path 7 and critical state variable M.

3(4M? — 4nFo — 3nko)

4.11
8(nfo — M? + 2nko) (4.11)

8=

The initial anisotropy is calculated from equation (4.12) and can be seen as a start
value for a soil at rest.
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 Nko + 3nKo — M?
oy = 3

(4.12)

The stress ratio can be determined from formula (4.13), where ¢/, is the friction
angle at failure. For an embankment problem, ¢, is the same as the friction angle
derived from laboratory testing.

sin o,

25in @’
1 — £singy,

NKo = (4.13)

If the anisotropic parameters (ap, p and J3) are set to zero the soil is assumed to be
isotropic and the yield function is the same as for Modified Cam-Clay (Wheeler et
al., 2003). The inclined yield surface has in addition to the Modified Cam-Clay two
critical M-lines and the anisotropic behaviour induce different strengths, dependent
on the magnitude of the effective compression stresses o} and o}, see figure 4.6.
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Figure 4.6: Yield surface of the S-CLAY1 model in the triazial stress space.

The S-CLAY1S model considers degradation of interparticle bonding by introducing
an instrinsic yield surface, representing a fully remoulded soil with reduced strength
and stiffness (Vogler, 2008), see figure 4.7. The first hardening law is a modifica-
tion of the one introduced in Modified Cam-Clay, now considering the size of the
instrinsic surface, equation (4.14). The instrinsic yield surface corresponds to a fully
plastified soil and is similar in both shape and inclination to the natural yield func-
tion (Karstunen et al., 2005).

VPl
Apl,, = — NP 4.14

20



4. Constitutive material models

Equation (4.15) relates the natural yield surface, p), to the size of the yield surface
of the instrinsic clay p/ ; depending on amount of bonding =.

P = (14 )Py (4.15)

The third hardening law is formulated according to equation (4.16), and includes
two new parameters a and b, representing the absolute and relative rate of degra-
dation of bonding (Karstunen et al. 2005). According to Koskinen et al. (2002),
Vogler (2008) and Wheeler et al. (2003) values for natural soft clays in northern
Europe have been found around 8-11 and 0.2, for a and b respectively.

Az = —ax( AN

+ b’AeS

) (4.16)

In total three new soil parameters a, b and x are added in the S-CLAY1S model
compared to S-CLAY1. If z( is set to zero, no bonding exists and the natural yield
surface will correlate with the instrinsic yield surface (Vogler, 2008).

Tangent
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Figure 4.7: Yield surface of the S-CLAY1S model in the triazial stress space.

The input parameters for the soil model, S-CLAY1S are summarised in table 4.1.
Eight parameters describing the general behaviour of the soil, where either the OC'R
or POP value is chosen, and three parameters stating the initial soil conditions ey,
g and xg.
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Table 4.1: Input parameters for S-CLAY1S with required tests or equations.

‘ Type ‘ Parameters ‘ Description and unit ‘ Required tests
Initial stress OCR Overconsolidation ratio Ocdometer test (IL)
parameters alt. CRS test

POP Pre-Overburden Pressure [Pa] Oedometer test (IL)
alt. CRS test
€ Initial void ratio Index test
Conventional v Effective Poisson’s ratio Triaxial test
parameters
Y Instrinsic compression index Ocdometer test (IL)
alt. CRS test
K Swelling index Oedometer test (IL)
alt. CRS test
M Stress ratio at critical state in Triaxial  test  alt.
triaxial compression Equation (2.6)
Anisotropic % Initial anisotropy Triaxial  test  alt.
parameters Equation (4.12)
I Absolute effectiveness of rotation | Triaxial  test  alt.
hardening Equation (4.10)
153 Relative effectiveness of rotation | Triaxial  test  alt.
hardening Equation (4.11)
Destructuration T Initial bonding Estimated from sensi-
parameters tivity (S; — 1)
a Absolute rate of destructuration | Back calculated from
CRS and triaxial tests
b Relative rate of destructuration | Back calculated from
CRS and triaxial tests

4.3 HNhard

MNhard model, developed by Benz, 2007, is implemented in VAT to capture the
mechanical behaviour of deep mixed columns. The deep mixed column’s vertical
stiffness is highly dependent on the stress state in the horizontal direction, simu-
lated in the model’s nonlinear stress-strain performance (Vogler, 2008), see figure 4.8.
MNhard includes a primary loading stiffness, an unloading and reloading stiffness
and the Matsuoka-Nakai failure criteria. The Matsuoka-Nakai criteria predicts a
smoother failure surface than the Mohr-Coulomb and is closer to the real failure
behaviour of the column material, see figure 4.9. However, the failure criterion
does not affect the results when designing in serviceability limit state (Becker and
Karstunen, 2013).
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Figure 4.8: Nonlinear stress-strain Figure 4.9: Matsuoka-Nakai compared
relationship in primary loading for a with the Mohr-Coulomb failure criterion
standard drained triazial test (modified i the octahedral plane (modified from
from Becker and Karstunen, 2013). Benz, 2007).

The stress dependent Young’s secant modulus for primary loading E5y can be cal-
culated according to equation (4.17), where Eggf is the reference Young’s modulus
dependent on the reference confining stress p;,, used in laboratory triaxial testing
(Vogler, 2008). The stress dependent stiffness Esq is governed by the actual confin-
ing pressure o4 in the soil. The stress dependency can be controlled by the power
parameter m, which for dense sand and clay spans between 0.7-1.0. A low value of
m means that the E5q becomes linear elastic, where the in-situ confining pressure
gives small meaning for the stiffness. A value of one means that the stiffness is very
sensitive to of. The purely elastic stress dependent Young’s modulus for unloading
and reloading FE,, can be estimated to 2.25 times larger than Fso (Vogler, 2008).
For a road embankment, no unloading nor reloading will occur and the FE,, is of
minor importance.

(4.17)

m
et [ € cosd’ + o sin @’
Es = E5of( °

' cos ¢’ + pypsin ¢’

The asymptote of the maximum failure stress gs is defined according to equa-
tion (4.18) where the relation to the quantity asymptote ¢, equation (4.19), can
be estimated by putting Ry = 0.9. The conservative value of 0.9 is suitable as a
default value (Brinkgreve, 2002).

2sin¢g’ , ,
_ _ 41
U =1 p (c cot ¢ 03) (4.18)
qf
L= = > 4.19
=g = (4.19)

In the implementation of VAT, the shear modulus G is used instead of the com-
pression modulus £ as an input in parameter MNhard. The shear modulus is
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determined based on the material isotropic relationship of Poisson’s ratio according
to equation (4.20).

E

¢ = 2(1+ )

(4.20)

There are in total eleven input parameters for the constitutive model MNhard, ta-
ble 4.2. The parameters are categorised into three strength parameters and seven
stiffness parameters.

Table 4.2: Input parameters in VAT for the constitutive column material, MNhard.

Type Parameter | Description and unit Parameter evalua-
tion
Strength d Effective cohesion [Pa] Back calculated from
parameters laboratory test
(4 Effective dilatancy angle [°] Default value zero
¢ Effective friction angle [°] Back calculated from
laboratory test
Stiffness Grel Reference shear modulus for un- | 2.25 G5/
parameters loading/reloading [Pa]
v Poisson’s ratio -] Triaxial test
m Power of hyperbolic stress-strain | Back calculated from
law [-] laboratory test
Dres Reference pressure for hyperbolic | Equals the confining
stress-strain law [Pa pressure o
Ry Ratio of failure stress to hyper- | Default value 0.9
bolic asymptote -]
fi Allowable tensile stress [Pal Default value zero
e Reference modulus for primary | Equation (4.17)
loading [Pa]
Sk.B Skempton-B parameter for Default value one
undrained loading [-]
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Embankment study

The embankment study was based on soil data from a road project between Bie and
Alberga. The soil at the site consists of a 1.5 meters thick layer of peat on top of
7.5 meters deep clay with varved layers of sand. Due to lack of laboratory tests on
virgin peat, a dry crust was used instead to mimic a common geologic layering in
Sweden. Beneath the clay there is a five meters layer of friction soil down to bed
rock. The embankment is 20 meters wide at the top and 6 meters high, with a
slope gradient of 1:2. As an initial building phase, the clay was enhanced with deep
mixed columns. Thereafter the embankment was constructed in five stages, where
each layer was left to preload the soil for a few days before constructing the next
layer. The vertical settlements were then studied for a consolidation period of 40
years.

5.1 Geometry, mesh and boundary conditions

Due to symmetry, only half of the embankment was modelled, see figure 5.1. To en-
sure no boundary impact the model was extended 28 meters from the embankment
toe and included two meters of the friction layer. For further details of boundary
conditions and model boundary sensitivity, see appendix A. A plane strain finite
model was used with 15-node triangular elements. Soil layers were assumed and
modelled as horisontal layers. The 7.5 meters deep sandy clay was simplified to be
a homogeneous clay, discretised into two layers. VAT was implemented beneath the
embankment, where the two soil models S-CLAY1S and MNhard were homogenised
to represent the deep mixed strengthened clay. S-CLAY1S was selected for the vir-
gin unmixed clay and Mohr-Coulomb model was used for the embankment fill, the
friction soil and the dry crust. From the geotechnical study, the ground water table
was evaluated at 1.5 meters below ground surface.

A mesh convergence study regarding deformations dependency was performed, to
ensure an optimal mesh discretisation which yielded low computational time while
ensuring accurate results. In appendix B the final mesh and results from the conver-
gence study of deformations are presented. For the analysis a fine mesh was chosen
with refinements in the bottom layer of the embankment as well as in the soil layers
in the deep mixing zone.

25



5. Embankment study

10m

Friction soil: Mohr-Coulomb

50m

Figure 5.1: Geometry of the model displaying embankment and soil layers.

5.2 Derived clay parameters for S-CLAY1S

Since the soil behaviour varies with depth, a dicretisation into two soil layers was
chosen for the analysis. In order to represent the deformation behaviour for the
two layers, oedometer tests at 4 and 8 meters, respectively, were evaluated. From
laboratory and field tests the basic soil constants were gathered and summarised in
appendix C. From oedometer tests with constant rate of strain, the preconsolidation
in terms of OCR/POP and the permeability were analysed and determined. The
permeability was assumed to have the same value in the vertical and horizontal
direction. The compression and swelling indices were initially estimated from the
CRS-curves, according to figure 2.2. Because neither unloading nor reloading were
implemented in the oedometer tests, x was assumed to be equal to the slope of the
elastic behaviour.

The slope of critical state line M, the anisotropic constants 8 and aq are all depen-
dent on the friction angle. The effective friction angle could not be determined since
no triaxial test were performed, and M, 8 and «y had to be back calculated and
evaluated from an undrained triaxial test in Plaxis’ soil test tool. The back calcula-
tion derived the constants which yielded the same undrained shear strength in the
test tool as the one estimated from the geotechnical study at 4 and 8 meters depth.
Figure 5.2 displays the compression stress path hitting the yield locus for different
friction angles at 4 meters depth. The undrained shear strength corresponds to the
maximum shear stress ((o] —0%)/2) (Larsson et al., 2007). An equal calibration for
the clay at 8 meters below ground surface together with derived paramcters for the
chosen friction angles can be seen in appendix D.

26



5. Embankment study

— =30 deg 28 deg ------ 21 kN/m2
26.00
24.00
"l S ———
22,00 / x\—\\
........................... F 3 ——— ol
-
20.00 / —
-
= -
E / -
-
élsoo / =
.

~ / =
© 16.00
)
)

14.00

12.00

10.00

8.00
32.00 34,00 36,00 38.00 40,00 42,00 44,00 46.00 48.00 50.00 52.00

(¢, +06'5)2 [kN/m?]

Figure 5.2: FEvaluation of friction angle for clay at 4 meters depth, an ¢, of around
21 kN/m? at this depth is evaluated from the geotechnical study.

The constants A; and x have a major impact on the deformations and were therefore
refined in the soil test tool in Plaxis. The refinements were executed by back cal-
culating the constants, in order to derive a soil response which corresponded to the
CRS-curves from the laboratory tests. The POP-value is governing the transition
from elastic to elasto-plastic behaviour and was therefore set to the same value as
the preconsolidation pressure at the corresponding sample depth. The destruction
parameters a and b influence, along with )\;, the remoulded clay’s stiffness and were
adjusted in the aforementioned range described in chapter 4.2 to correlate to the
soil response at high stresses. Poisson’s ratio v/ was set to 0.15 according to Larsson
et al., 2007.

The sensitivity S; from the laboratory tests were unreasonably large, probably
caused by the influence of sand in the clay which gave unreasonable shear strengths
after remoulding. Initial bonding zy, dependent on the sensitivity, was therefore
readjusted to match the soil response. Figure 5.3 displays the CRS-curve together
with the refined curve from Plaxis soil test tool at 4 meters depth. In appendix D,
the calibrated results of soil constants x and A at a depth of 8 meters are illustrated.
Since the deformation behaviour is highly dependent on the Pre-Overburden Pres-
sure, the POP values were slightly modified and a sensitivity analysis was performed
and summarised in appendix E. All constants used in the soil model S-CLAY1S for
the two clay layers are summarised in table 5.1.
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Figure 5.3: FEwvaluation of parameters )\;, k and xq with Plaxis’ soil test tool and
compared with CRS test at 4 meters below ground surface.

Table 5.1: Input parameters in Plazis for soil model S-CLAY1S. FEither the POP
or the OCR value can be used in the S-CLAY1S model.

| Type [ Parameter [ Description [ Unit [ Clay layer 1 [ Clay layer 2 ‘
General Drainage type | - - Undrained (A) | Undrained (A)
parameters
Yunsat Effective unit weight [kN/m?] | 17 18
Vsat Buoyant unit weight [kN/m? | 17 18
K Swelling index - 0.016 0.014
v Poisson’s ratio - 0.15 0.15
Ai Instrinsic compression index - 0.16 0.141
M Stress ratio at critical state - 1.113 1.199
It Absolute effectiveness of rotation | - 21 38
hardening
5 Relative effectiveness of rotation | - 0.654 0.758
hardening
a Absolute rate of destructuration | - 10 10
b Relative rate of destructuration 0.2 0.2
(OCR) Overconsolidation ratio - 1.54 1.22)
POP Pre-Overburden Pressure [Pa] -37 -40
(compression negative value)
€ Initial void ratio - 14 1.12
o) Initial anisotropy - 0.426 0.457
T Initial bonding - 6 4
Stepsize Optional parameter, implementa- | - 0 0
tion of strain in sub-increments
Flow ks Horizontal permeability [m/day] | 3.85E-4 8.56E-5
parameters
ky Vertical permeability [m/day] | 3.85E-4 8.56E-5
Initial stress Ko,z Lateral earth pressure - 0.52 0.45
parameters
ko, Lateral earth pressure - 0.52 0.45
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5.3 Derived column parameters for MNhard

The clay and the dry crust under the embankment were improved with deep mixing
columns in square patterns. Three binders in various concentrations were investi-
gated.

e SH cement
e Multicem
o Slag Bremen mixture

Experiments have been performed on clay specimens mixed with the binders in con-
centrations of 100 and 150 kg/m3. After 28 days of hardening, the deep mixture
specimens were uniaxially compressed to determine the reference stiffness modulus
Eggf . With Plaxis’ soil test tool, the reference stiffness was used to replicate the
compression curve from the laboratory results. Figure 5.4 displays Plaxis’ com-
pression curve of Slag Bremen mixture compared with the experimental data. A
collection of the laboratory results and comparisons for each binder can be seen in
appendix F'.

Labtest — —Plaxis

0 0.005 0.01 0.015 0.02 0.025

™

Figure 5.4: Comparison of lab results from uniazial compression test and soil test
tool in Plaxis for binder material Slag Bremen mixture with 150 kg/m?.

The compression tests were uniaxial and therefore the reference confining stress was
assumed to be zero, whereas the MNhard model is optimal for a triaxial stiffness
response with a confining pressure above zero. The ultimate strength achieved
in the laboratory test could not be obtained in the soil test tool and hence the
curves couldn’t be properly compared. The strength parameters; friction angle,
dilatancy angle and cohesion were initially determined according to empiric values
from Karstunen et al., 2005. Because the peak strength could not be obtained, these
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values showed little importance to the stiffness in the soil test tool and were therefore
the same for all binder recipes. However, as the analysis only focused on vertical
deformations, the stiffness in terms of Fs/Gsy was the important behaviour to
evaluate. The stress dependency m was refined in the Plaxis’ soil test tool in order
to match the curves. A summary of all input parameters for MNhard model for
respectively binder are presented in table 5.2.

Table 5.2: Model input parameters for MNhard in VAT, three binders with different
concentrations 100/150 kg/m?.

Type Parameter | Description Unit | SH cement Slag Bremen | Multicem
mixture
Strength d Effective cohesion [Pa] | 16 16 16
parameters
Y’ Effective dilatancy an- | [°] |0 0 0
gle
¢ Effective friction angle ] |35 35 35
Stiffness G7J (100/150) | Reference shear [Pa] | 39700/76000 12300/32900 32000/40200
parameters modulus for
unloading/reloading
v Poisson’s ratio - 0.2 0.2 0.2
m Power of hyperbolic - 0.7 0.7 0.7
stress-strain law
Dres Reference pressure [Pa] |0 0 0
Ry Ratio of failure stress - 0.9 0.9 0.9
Srens Allowable tensile stress | [Pa] | 0 0 0
Grel (100/150) | Reference modulus for | [Pa] | 17700/33800 5450/14600 14200/17900
primary loading
Sk.B Skempton-B parameter - 1 1 1
for undrained loading

5.4 Empirical parameters for embankment fill,
friction soil and dry crust for Mohr-Coulomb

The crushed stone fill in the embankment and the gravely moraine materials are
drained friction soils and could hence be modelled with Mohr-Coulomb soil model.
The soil constants were determined from empiric studies concluded by SGI (Lars-
son, 2008). Lateral earth pressure coefficient Ky for both crushed rock and sand
was calculated with respect to friction angle with Jaky’s formula. For friction soils,
an assumption of zero dilatancy is the most conservative case.

The dry crust was as well represented with Mohr-Coulomb model, as it can be
seen as an overconsolidated soil with higher stiffness due to its exposure to large
stresses induced from water and heat fluctuations. All parameters were determined
as empirical values from Larsson, 2008, except for the permeability which was chosen
to be equal with the permeability for the upper clay layer. The Young’s modulus
was increased for the enhanced dry crust under the embankment, through a rough
estimation according to equation (5.1). Parameter Epc represents the Young's
modulus for the virgin dry clay and was empirically determined to be 10000 kN /m?.
Eggf depended on the binder which was currently analysed. All input parameters
for crushed stone fill, friction soil and dry crust are summarised in table 5.3.
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EDc.enhanced - Eggf : Qc + EDC : (1 - Qc) (51)

Table 5.3: Parameters for embankment fill, friction soil and dry crust in Mohr-
Coulomb model.

| Type [ Parameter [ Description [ Unit [ Crushed rock [ Friction soil [ Dry crust ‘
General Drainage type | - - Drained Drained Drained
parameters
Yunsat Effective unit weight [kN/m3] | 18 12 17

Vsat Buoyant unit weight [kN/m?] | 21 19 17
Stiffness E’ Young’s modulus [kN/m?] | 50E3 30E3 10E3 or Eq. 5.1
parameters

v Effective Poisson’s ratio | - 0.35 0.3 0.15
Strength Crof Cohesion [kN/m?] | 2 2 20
parameters

@ Effective friction angle | [°] 45 37 30

' Effective dilatancy angle | [°] 0 0 0
Flow ks Horizontal permeability | [m/day] | 1 1 0.385E-3
parameters

ky Vertical permeability [m/day] |1 1 0.385E-3
Initial stress ko o Lateral earth pressure - 0.29 0.3982 0.5
parameters

ko, Lateral earth pressure - 0.29 0.3982 0.5

5.5 Construction phases

A sensitivity analysis was performed on final deformations with varying duration
of embankment construction; 90, 180 and 240 days, in order to investigate how the
construction time influenced the deformations after 40 years, see figure 5.5. The
sum of deformations during and after construction were the same between the three
cases, however a longer construction time accumulated a bigger portion of the defor-
mations before the opening of the road. A construction time of 90 days were chosen,
the most conservative case but yet a feasible time frame for the construction of a
road embankment.

The deformation analysis consisted of a number of calculation steps in order to
capture the soil behaviour during construction and road service life. The first step
initialised the pore pressure and state parameters of the virgin soil with the Ky value.
The user defined soil model including VAT was then imported from the dynamic link
library file. This was followed by the simulation of the deep mixing enhancement
by replacing the untreated virgin clay with a VAT layer. Simultaneously, the dry
crust under the embankment was strengthened by increasing the Young’s modulus
according to formula (5.1).

The embankment was constructed by adding one layer of the fill material at a time.
Each layer was constructed for one day and afterwards the soil was permitted to
consolidate for a number of days in order to simulate a preloading measure. After
the first and second layer the soil consolidated for 15 days. After the third and
fourth layer the consolidation period was 30 days. All building phases accumulated
a total construction time of around 90 days. As a final analysis step, the fifth and
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final layer was added, displacements were reset to zero and a consolidation analysis
was performed for a time period of 40 years. This last step simulated the change in
deformations from the opening of the road until 40 years of service life. A thorough
summary of the construction phases can be seen in appendix G.

— 00 days construction time —— = 180 days construction time = 240 days construction time

0.20

u, [m]

0,15

0,05

1,00 10,00 100,00 1000,00 10000,00
Time [day]

Figure 5.5: Comparison of final deformations dependent on different construction
phases of 90, 180 and 240 days respectively. Binder mizture Slag Bremen 150 kg/m3
with a volume ratio of 22 %. Control point; at the center line under the embankment.

5.6 Iteration process of volume ratio

In order to evaluate the binders and their respective soil enhancement performances,
settlement analyses were performed for the different column stiffnesses. For each
binder a design optimisation was achieved by iterating the volume ratio of the
columns until the deformation requirements were fulfilled. To obtain a reasonable
volume ratio with respect to feasibility, 2. was updated in integer steps until the
settlement in the embankment top reached a value smaller than 300 mm after 40
years. With optimised volume ratio the center to center distance of the columns
were calculated according to equation (5.2), valid for squared column patterns. The
relation between volume ratio and center to center distance for the three most com-
monly used column diameters of 500, 600 and 800 mm is displayed in appendix H.
Through the assumption of a uniformly deep mixing distribution, the center to cen-
ter distance were converted to number of columns needed in the soil enhancement
zone.

(5.2)
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5.7 Assessment of environmental impact

As a final step in the analysis; kg COs-eq per meter road section were estimated
in the life cycle assessment tool Carbon Cost by Sweco Sweden AB, based on the
Swedish Transport Administration’s climate model (Trafikverket, 2020). In the anal-
ysis the following life cycle stages were included: raw material supply, product trans-
port, manufacturing and the construction on site, such as diesel combustion from
the installation machines of the deep mixed enhancements. Included stages are
highlighted in figure 5.6. The emissions from construction on site were estimated to
1.39 kg COs-eq per meter deep mixed column (Trafikverket, 2020). However, trans-
portation of the material to the construction site was not included in the tool. Input
parameters for the assessment were column diameter and average length, number of
columns and binder concentration. The functional unit used to compare the differ-
ent column binders was kg C'Os-eq per meter road embankment.

Benefits and
loads beyond
the system
boundary

Product Construction Use stage End of Life

Al | A2 | A3 | A4 A5 (Bl | B2 | B3 |B4 | B5|B6  B7|Cl|C2 | C3 |C4 D

Raw material supply
Operational energy use
Operational water use
Re-use, recovery and
recycling potential

Transport
Manufacturing
Transport
Construction
Maintenance
Repair
Replacement
Refurbishment
Demolition
Transport
Waste processing
Disposal

Use

Figure 5.6: Overview of a complete life cycle assessment. Included stages in the
analysis are highlighted in grey.

Table 5.4 displays the accumulated emissions from raw material supply, transporta-
tion and manufacturing. The values were gathered from the producers environmen-
tal product declarations in appendix I.

Table 5.4: Carbon dioxide equivalents for each binder.

Binder Carbon dioxide equivalents
(kg COq9-eq/kg material]

SH-cement 775

Multicem 396

Slag Bremen mixture* 225

*A mixture which contains 80 % Slag Bremen and 20 % cement.
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5.8 Control points

Results of vertical settlements and pore pressures were derived from control points
according to figure 5.7. Point (A) is located at the symmetry line at the embankment
top, in this point post-construction vertical deformations were extracted to analyse
settlement requirements. In point (B), located at the symmetry line precisely under
the embankment, the vertical deformations during the whole construction process
were investigated. Point (C) is located in the zone where the greatest excess pore
pressures exists, and graphs of pore water fluctuations were extracted from this
point.

A0, 6)

Figure 5.7: Control points for deformations in (A) and (B) at center line. Control
point for excess pore pressure in (C).
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Results

The material optimisation and the environmental emissions were based on a con-
struction time of around 90 days and a consolidation analysis of 40 years for the
three investigated binders with varying concentrations of 100 and 150 kg/m?. Anal-
yses of SH cement with a concentration of 150 kg/m? resulted in numerical failure
and was therefore excluded in the study. All extracted results are valid for half the
embankment.

6.1 Volume ratio optimisation

From the volume ratio optimisation; nearly identical deformations were obtained
for all binders with a final vertical settlement of 270 mm in control point A (fig-
ure 6.1). The deformations converged around 1500 days which corresponds to 4
years. Slag Bremen mixture with 100 kg/m? exhibited the greatest difference in
stiffness compared to the other binders and the deformation curve slightly differed
from the others in appearance.

~——SH cement (100 kg/m3) Slag Bremen mixture (100 kg/m3) Slag Bremen mixture (150 kg/m3)
====Multicem (100 kg/m3) = « Multicem (150 kg/m3)
0,30
“‘-.-'-'—ﬂ-“dma e o oW . SR L e,
0.25 //”
4
0.20 - i /
- #
: /

’_ ) /
005 /

10.00 100,00 1000.00 10000,00
Time [day]

Figure 6.1: Change in vertical deformations after construction until 40 years of
service life. Control point (A) top of the embankment.
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The optimisation process resulted in a variation of volume ratios between 22 % and
28 %, sce table 6.1. Binders with higher stiffness allowed for a lower volume ratio.
A difference in stiffness of 3000 £Pa resulted in only one percentage point variation
in volume ratio. The low stiffness of Slag Bremen mixture with a concentration of
100 kg/m? yielded a prominent volume ratio of 28 %.

Table 6.1: Volume ratios required to achieve the settlements demands, concluded
for the binders and their corresponding stiffnesses.

| Type of binder | Amount of admixture [kg/m®] | GEf[kPa] | Volume ratio [%] |
SH cement 100 17700 22
150 - -
Slag Bremen mixture 100 5450 28
150 14600 23
Multicem 100 14200 23
150 17900 22

Vertical deformations between the top and the bottom of the embankment had a
difference of 10 mm. Final deformations under the embankment converged at 260
mm, see figure 6.2. The deformations during construction were the largest for the
Slag Bremen mixture with 100 kg/m? compared to the other binders. During the
road service life, equally large deformations were yielded for all binders, with their
corresponding required volume ratios according to table 6.1. The consolidation pe-
riod between construction phases allowed for a tendency of deformation convergence.
A deformed mesh after 40 years consolidation can be seen in appendix J.

——— SH cement (100 kg/m3) Slag Bremen mixture (100 kg/m3) Slag Bremen mixture (150 kg/m3)
====Multicem (100 kg/m3) = + Multicem (150 kg/m3)
0.30
i e e e e . . .
025 2 as
4
,I‘
0,20 jf
= §
= 015 ,/

{1/
0,05 == | /
," ¥’
e’
P /
0,00 |
1.00 10,00 100,00 1000.00 10000.00

Time [day]
Figure 6.2: Vertical deformations for all binder mixtures with their required volume

ratios. Control point (B), bottom of the embankment. Deformations are reset after
94 days.
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The pore pressure behaviour coincided with the convergence of deformations at each
construction stage. After the construction of a layer, the pore pressures initially in-
creased and then started to diminish during the consolidation period between con-
struction phases (figure 6.3). The curves of pore pressures and settlements exhibited
close similarities in shape from the opening of the road, around 90 days, until 40
years of service life.

6:30 70

a0

30

u, [m]

Puxuuﬁ:; [kPﬂ]

20

10

0

ot -10

0,00 0,01 0,10 1.00 10,00 100,00 1000,00 10000,00
Time [day]

Figure 6.3: Fxcess pore pressure compared to the deformations from the Bremen
150 kg/m3-analysis. Excess pore pressure are extracted at control point (C), between
the two clay layers and deformation analysis from control point (B).

6.2 Environmental impact for different binders

In appendix H the converted center to center distances and number of columns are
summarised with respect to the diameters of 500, 600 and 800 mm. One percentage
point variation in volume ratio yielded insignificant difference in column arrange-
ments. Slag Bremen mixture with 100 kg/m?, regardless of the diameter, resulted
in the lowest carbon dioxide equivalents per meter, which is 70 % less than for SH
cement, see figure 6.4. SH cement generated by far the largest emissions of green
house gases in all diameter classes, as an example approximately twice the kg C'Os-
eq per meter compared to Multicem with 150 kg/m?3. Mutual trends are that the
diameters have low impact on the emissions and that binders with concentrations
of 150 kg/m? yielded greater kg C'Oy-eq than corresponding binders with concen-
trations of 100 kg/m?.
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Discussion

An initial assumption was that the difference in stiffness would result in a greater di-
vergence of the volume ratios between the binders. Nevertheless, all binders achieved
the deformation requirement of maximum 300 mm after 40 years in a close range
of low volume ratios. The results show that the difference in stiffness has small im-
pact on volume ratio when the consolidation period of the soil is considered during
the construction phase of the embankment. For instance, the Slag Bremen mixture
with 100 kg/m? experiences the highest deformations during construction, but nev-
ertheless shows very similar deformations after 40 years compare to the other binder
mixtures.

Even though the Slag Bremen mixture with 100 kg/m? has the largest volume ratio,
it produces the lowest kg COq-eq per meter road. SH cement has by far the largest
environmental emissions, 70 % more than Slag Bremen mixture and nearly twice as
much emissions than Multicem. The high stiffness of SH cement is not favourable
enough to compensate for the high carbon dioxide emissions from raw material ex-
traction and production. Some further outcomes are that a higher concentration of
binder leads to greater emissions with a negligible increase in performance. When
comparing the effect of column diameter on kg C'Os-eq, the emissions exhibit in-
significant differences. The center to center distance are theoretical values. If they
were to be adjusted to integer values feasible for construction, other green house gas
emissions would be yielded.

Certain factors challenge the validity of the results in a general aspect; the specific
soil conditions on site is decisive for the outcome of the results and the model is only
representing one embankment section and cannot be representative for the whole
road. The most suitable mixing recipe in this study is therefore not guaranteed to
be valid for another project. Further controls in terms of differential settlements
and stability are required in order to validate Slag Bremen mixture as the binder
material with the lowest kg COs-eq.

7.1 Critical reviewing of the material, assump-
tions and choices
The duration of the embankment construction is noticed to have a major role for the

deformation behaviour. The sensitivity analysis shows that even though the sum of
all deformations reaches an equal value, a longer construction period accumulates

39



7. Discussion

greater deformations during the embankment construction. This in turn, leads to
less deformations during the 40 years consolidation period and hence required lower
volume ratios.

The main obstacle for the use of advanced constitutive models is the amount of
required parameters. In order to implement models as S-CLAY1S laboratory data
of both one- and multi- dimensional stress conditions are required. A lack of these
tests leads to deficient geo-mechanical information and empirical values had to be
used instead. Without any triaxial tests available for clay, several strength param-
eters were cumbersome to predict for S-CLAY1S. However, the strength constants
are not as important in a deformation analysis like this, but have yet a substan-
tial role in the shape and behaviour of the yield surface. In addition to CRS-tests,
incremental loading would be preferable for more trustworthy values for the com-
pression behaviour in soil, as small changes of the conventional and the initial stress
parameters were noticed to lead to large differences in results. An example of this
is the Pre-Overburden Pressure, where small changes of the POP value gave several
cm in differences of the final deformations. Apart from this, the organic soil layer of
peat had to be excluded due to the lack of performed oedometer and triaxial tests.
Furthermore, the S-CLAY1S model is representing the behaviour of a homogeneous
clay. Whereas the clay at site has varving layers of sand, which is dubious to imple-
ment with lack of laboratory data. This could have been the cause of unreasonable
initial high x(-values. Based on the discussion regarding all the uncertainties, fur-
ther calibration with the help of more laboratory test would be preferable. This
is not a liability for the models. It is instead a recommendation to gather extra
thorough soil data from site, to be able to implement these accurate and helpful soil
models in the FE-analysis.

In order to decrease the number of derived clay parameters for S-CLAY1S and hence
save time, the clay was discretised into only two homogeneous layers. The majority
of the soil parameters vary with depth, such as Pre-overburden Pressure, compres-
sion and swelling index and permeability. A choice of two clay layers results in a
model which most probably is representative of the real soil behaviour. Additional
soil layers may not yield more accurate results.

The failed resemblance between the laboratory and Plaxis’ curves for the MNhard
model were a major discussion during the thesis work. The compression tests on the
enhanced soil specimens were executed without any horizontal pressure. Whereas
MNhard predicts the stress sensitive stiffness as a function of the confining pressure
from the neighboring soil. The peak strength achieved in the laboratory test could
not be obtained in the soil test tool and hence the full stress-strain curve could
not be captured in the MNhard model. However, the stiffness response in MNhard
was deemed sufficient when analysing the columns in serviceability limit states. In
addition, the failed resemblance could have resulted in an overestimation of the stiff-
nesses, which may have been the cause of the numerical failure of SH cement with
150 kg/m?. The exclusion of SH cement 150 kg/m? is believed to not affect the final
results in any way, as 150 kg/m3 had more environmental impact than 100 kg/m?>.
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The comparison of the binder performance is based on data describing the strength
and stiffness growth of the binder recipes after 28 days. However, both Multicem
and the Slag Bremen mixture are expected to require longer hardening times before
the maximum strength and stiffness are obtained.

7.2 Future studies

From the results and discussions some future studies are recommended to further
compare the different binder types, and to receive deeper knowledge about deep
mixing performance for long term consolidation analysis.

A broader comparison could be executed with both several other deep mixing recipes
and stabilisation methods. It would also be interesting to perform several studies of
other projects to obtain a more general picture of how more environmentally friendly
binder recipes compare with ordinary cement. Unconventional and new techniques
are often more expensive and labour intensive. Therefore it would be relevant to
compare emissions with costs, both for construction and maintenance, in order to
put the comparison in a more practical construction context.

The final deformations and hence the volume ratios were found to be sensitive to
how long the consolidation period were allowed to prolong between each embank-
ment stage. A future study of how much the construction time affects the long term
consolidation behaviour and final deformations would be very interesting. How fast
can the embankment be built with the less amount of binder materials possible? How
would varying construction times affect the kg COs-eq? Could the embankment be
constructed in such a way that the deep mixing enhancement becomes redundant?
In a study like this, the hardening rates from the different binders would be interest-
ing to include. What limitations in terms of construction time would the hardening
rates result in?

Due to limitations in the current formulation of VAT, this thesis’ main focus were
on vertical deformations. In addition, creep behaviour is not considered and all
long-term deformations may not have been captured. Further studies which include
stability resistance of slope failure together with creep settlements are needed in
order to fully validate the performance of the binder recipes. What effect would
this have on the required volume ratios? For example, would block stabilisation, i.e
volume ratios of 80 %, be necessary to ensure sufficient stability?

This study does not focus on a whole life cycle assessment. For example, transporta-
tion of material to the specific site is not included which is a crucial factor for the
total emissions induced from road constructions. What outcome would this have
for the more environmentally binders, where higher concentrations and hence more
material is often needed in the deep mixing columns?
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Conclusion

Since the cement production is a heavy source of green house gas emissions a vital
key for a sustainable construction sector is to implement new material solutions
which have lower carbon footprint, but still mimicking the material characteristics
of cement. This thesis aimed to investigate the vertical settlement performance of
three deep mixing binders with the finite element software Plaxis 2D, incorporating
Volume Averaging Technique. Further, a simplified life cycle assessment allowed to
compare the kg C'Oy-eq per meter road embankment between the three analysed
binders; SH cement, Multicem and a mixture of 80 % Slag Bremen and 20 % Port-
land cement.

Volume Averaging Technique as a numerical technique is a powerful tool for the deep
mixing optimisation process and permits a thorough comparison of the geotechnical
performance between the different binders. However, the reliability of the method is
only ensured if the required laboratory tests are available. This is a strong illustra-
tion of the importance of executing all the necessary site investigations depending
on which calculation procedure is the most optimal for the specific project.

Within the scope of the thesis and with the aforementioned limitations in mind, the
conclusions of the results are; when implementing the consolidation period during
the construction of the embankment, the difference in stiffness has a small impact
on the volume ratios. Even though the Slag Bremen mixture has the highest volume
ratio, it yields the lowest kg C'Os-eq per meter embankment of the three investigated
alternatives - with 70 % less than SH cement. Furthermore, Multicem exhibits a
similar stiffness to SH cement, however the generated kg C'Os-eq per meter road
section from Multicem are 50 % less compared to the more conventional binder -
an indication of the benefits associated with performing life cycle assessments for
material choices.
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8. Conclusion
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A

Boundary conditions

This appendix contains the boundary conditions for the model together with a sen-
sitivity analysis of boundaries. Because of the permeable and stiff gravely moraine
the bottom boundary for groundwater flow is open and is restricted from horizontal
and vertical movements, see figure A.1. Groundwater boundary at the symmetry
line is closed and the right vertical boundary and the top boundary is open. Vertical
boundaries are restricted from horizontal movements and the top boundary is free
to move in any direction.

Figure A.2 illustrates the vertical deformations at symmetry line of the model. Hor-
izontal displacements at the top of the ground surface are presented in figure A.3.
The analysis is performed on Slag Bremen mixture with a concentration of 150
kg/m3. The two figures display that the models exhibits no deformations at the
right and bottom border, the model is determined to have a sufficient size for cap-
turing all the results.

Open/free

A A A A A S A EAN A TSN AN AN A ZAVYE

AVAYAVAVAVAVAVAVAVAVAVAVAVAVAVAVS
PAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY

Closed/horizontally fixed

paxiy A[[ruozuoyusdpy

Open/fully fixed

Figure A.1: Boundary conditions; deformations and groundwater flow



A. Boundary conditions

Figure A.2: Deformation with depth at symmetry line of the model. Slag Bremen
mizture with 150 kg/m?.

Figure A.3: Horizontal deformations of Slag Bremen mizture with 150 kg/m?,
directly under the ground surface.
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B

Mesh sensitivity

In this appendix, a mesh sensitivity analysis is concluded. A convergence study
is performed on the vertical deformations extracted from point at the center line,
under the embankment (figure B.1). A mesh sensitivity is performed with coarse,
medium, fine and very fine mesh quality with local refinements under the embank-
ment. The deformations converges for a fine mesh size with refinements according
to figure B.2. The model with final mesh size used for the analysis is presented in
figure B.3.

Convergence study of deformations
0.1835

0.183

0,1825

0.1805 -

Deformations [m]

0,18
0.1795
0,179

0.1785
0 200 400 600 800 1000 1200

Number of elements

Figure B.1: Convergence study of deformations with number of element on z-axis
and deformations in [m] on y-axis. Graph representing deformations for coarse,
medium, fine and very fine mesh size.
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B. Mesh sensitivity

AV AVAVAVAVAVAVAVEAVAY,
N AVAVAVAVAVAVAVAVAVAVA

\,
s

Figure B.2: Fine mesh with refinements under in the first layer of the embankment
and in the soil under the embankment.

Figure B.3: Fine mesh size used in the analysis.
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C

Compilation of soil parameters
from geotechnical study

In this appendix the basic soil constants derived from the geotechnical investigations
are summarised and compiled in tables C.1, C.2 and C.3. The appendix also includes
CRS-tests for 4 meters and 8 meters depth in figures C.1 and C.2 and estimated
compression parameters are summarised in table C.4.

Table C.1: Conventional clay parameters from the initial geotechnical study.

Depth | Unit weight | Undrained Sensitivity | Liquid limit | Water ratio
[m] [t/m?] shear strength [%0] (7]
[kPal
3 1.69 11 183 32 51
4 1.74 21 80 39 50
5 1.82 24 32 35 38
6 1.76 25 49 35 44
7 1.81 - - 39 42
8 1.85 30 30 33 36

Initial void ratio is derived from the measured water content according to for-
mula (C.1) from Larsson, 2008

W - P
P

(C.1)

€y —

ps is estimated to be 2.7-2.8 [t/m?] for swedish clays according to Larsson, 2008.

Table C.3: FEvaluated clay parameters from CRS tests.

| Depth [m] | o/ [kPa] | My [kPa] | M, [kPa] | Permeability [m/s] |

3 %) 2750 244 1.0E-08
4 92 4600 423 5.7E-10
5 112 5600 839 2.8E-9
6 101 5050 719 1.5E-9
7 - - - -

8 166 8300 983 4.8E-10




C. Compilation of soil parameters from geotechnical study

Sektion/borrhal: SW237
Densitet: 1,75 t/m°

Vattenkvot: 50 %

Djup:40m

Provningstemp.: 20 °C
Benamning: Varvig lera m enst tunna finsandsskikt

Odometer nr- 5
Provdiameter: 50 mm
Provhéjd: 20 mm

Def hastighet: 0,74 %/h

Effektivt vertikaltryck, &', [kPa]
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Forsoket 3r utfort och utvarderat enligt Svensk Standard SS 027126. Vvd utvaldenng ave, och k har komrektion utforts
53 att vardena motsvarar en temperatur av 7 °C. L o o . For utvardering se bilagda diagram sid 2 - 4.
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SWECO GEOLAB, Gjorwellsgatan 22, Box 34044
100 26 Stockholm. Tel 08-695 60 00. Fax 08-695 63 60 SWErn

Figure C.1: Oedometer test at 4 meters depth.
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C. Compilation of soil parameters from geotechnical study

Sektion/borrhal: SW237

Densitet: 1,85 tm° Vattenkvot: 36 %
Benamning: Varvig nagot finsandig siltig lera

Djup: 8,0 m

Provningstemp.: 20 °C

Odometer nr- 4
Provdiameter: 50 mm
Provhéjd: 20 mm

Def hastighet: 0,73 %/h
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. . . 2
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Figure C.2: Oedometer test at 8 meters depth.
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C. Compilation of soil parameters from geotechnical study

Table C.2: Clay parameters estimated by authors.

Depth | e o OCR POP oy, [kPal Ky [kPa]
[m] [k Pal [k Pal

3 1.43 38 1.44 17 18 0.48

4 14 95 1.66 37 32 0.57

5 1.05 73 1.53 39 38 0.52

6 1.21 90 1.12 11 40 0.44

7 1.16 108 - - - -

8 1.12 126 1.31 40 48 0.45

With equation (C.2) the compression and swelling constants can be estimated from
the CRS-curves.

d€2 — d€1

/ /
Oy2 — Oy1

ARy = (C.2)

Where the void ratio e can be estimated from the initial void ratio and strain incre-
ment at the corresponding stress, equation (C.3).

de =€y — (1+eg)-¢ (C.3)

Table C.4: Compression parameters estimated from CRS-tests at 4 meters and 8
meters depth.

| Depth [m] | A [ & B
4 0.72 1 0.036 | 0.16
8 0.38 | 0.024 | 0.143
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D

Refinements of soil constants x, \;
and ¢’

This appendix summarises the refinement analysis performed for the soil constants
k, A; and ¢'. The Evaluation of friction angle with undrained shear strength is dis-
played in figure D.1. Back calculated values for M, o and 8 to match the undrained
shear strength are concluded in table D.1. Evaluation and comparison of compres-
sion and swelling indices with Plaxis’ built in soil test tool and CRS-test at 8 meter
depth can be seen in figure D.2

32deg ——30deg - 30 kN/m2

35.00

33.00

31.00

25.00

23.00

(c')- 0')/2 [KN/m?]

21.00
19.00
17,00

15.00
45.00 47.00 49.00 51.00 53.00 55.00 57.00 59.00 61.00 63.00 65,00

(o' +6'5)/2 [kN/m?]

Figure D.1: FEvaluation of friction angle for the clay at 8 meters depth, an ¢, of
around 30 kN/m? at this depth is evaluated from the geotechnical study.

IX



D. Refinements of soil constants «, \; and ¢’

Table D.1: Soil constants M, «g and B derived from friction angle at depth of 4
and 8 meters, respectively.

Depth m] | ¢' [°] | M ap B
4 28 1.113 | 0.426 | 0.654
8 30 1.119 | 0.457 | 0.758
G' [kPa]
0 100 200 300 400 500 600 700
-0.1
Lab test at 8 m —PLAXIS

Figure D.2: Fuvaluation of parameters \; and k with Plazis™ built in soil test tool
and compared with CRS test at 8 meters below ground surface.



I

POP Sensitivity

In this appendix, a sensitivity analysis regarding the POP-values impact on defor-
mations are presented in figure E.1, with vertical deformations in meter on y-axis
and time in day on x-axis. A change in POP-vales induced great deviations in final
deformations after 40 years. POP-values of 37 and 40, were chosen respectively for
the two clay layers.

——POP 37/40 — -POP 38/41 POP 50/54

0.15

u, [m]

0.10

0.05

0.00
1.00 10.00 100.00 1000.00 10000.00

Tine [day]

Figure E.1: Sensitivity analysis of POP wvalue for model with binder material Slag
Bremen mizture with 150kg/m?.
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I

Evaluation of MNhard parameters

A summary of the deep mixed compression curves and parameter evaluations for
MNhard is displayed in this appendix. Uniaxial tests performed on enhanced soil
specimens with SH cement, Slag Bremen mixture and Multicem from the geotech-
nical study are presented in figures F.1, F.2) F.3, F.4, F.5 and F.6. Evaluation and
comparison of MNhard parameters with uniaxial tests in Plaxis’ built in soil test
tool are summarised in figures F.7, F.8, F.9, F.10 and F.11.
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F. Evaluation of MNhard parameters

Borrpunkts ID- 205005 for KC

Koncentration: Snabbcement 100 %

T)jup: 3060

m | Inblandningsméngd:

100 kg/m®> |Blandnr 16

-

vrahmt.ghl

8

1}
Relativ deformation, [%]

Antal[c,, q,. kPa Provheid, [ w, [ p, | Tidtill [Def-hast. | E50- Anm. | Broftyp
dygn (kP | vide% | cm/prov@ | % |tm? |brott min| mnVmin | modul, kPa enl.
| 7 | 201] 402 | 1,7 [10,00] 500 [ 47 [169] 103 1,67 36590 b
28 [ 282 564 | 2.8 [1000[ 500 46 [168] 147 1,94 30035 b
8 [307] 614 | 16 [10,00] 500 [ 46 [ 169 0,87 1,89 42381 b
TRYCKFORSOK
1400

10 12 14

[ —e— Tryckforsok1 —8— Tryckforsok2

—#&— Tryckforsok3

—s— Tryckforsok4 —*—Tryckforsok5 |

U mooO
a b ¢ d

Figure F.1: Uniazial test on SH cement 100 kg/m3.
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F. Evaluation of MNhard parameters

1200

Vglll tryck, gﬂl 2

8

6
Relativ deformation, [%]

8 10

Borrpunkts ID:  20S005 for KC Koncentration: Snabbcement 100 % e
Djup: 3.0-60 m | Inblandningsmangd: 150 kg/m*>  |Bland.nr 17
Antallc,, q,. kPa Provhoyd, w, | P Tid till | Def-hast. E50- Anm. | Brottyp
dyagn kP | vid £.% cm/ . | % |t/m? |brott min] mm/min | modul, kPa enl.
7 |36 732 | 10 [10,00] 500 42 [1.70] 087 | 216 | 49999 b
7 | 318| 637 | 18 |1000| 500 | 42 [1,73] 1,10 1,64 60854 b
28 | 535 | 1069 | 15 |10,00] 500 | 39 | 1.72] 083 1,82 81121 b
28 | 416 | 832 | 1.7 |10,00] 5,00 | 42 | 1.72] 090 1,86 80505 b
TRYCKFORSOK
1400

12 14

—— Tryckforsok1 —&— Tryckforsok2 —#&— Tryckforsok3 —»— Tryckforsok4

—#— Tryckforsok5

N0 @ O
a b ¢ d

Figure F.2: Uniazial test on SH cement with 150 kg/m?>.
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F. Evaluation of MNhard parameters

Borrpunkts ID:  20S005 for KC Koncentration: Masungsslagg/Snat80/20 %
Djup: 3060 m | Inblandningsmangd: 100 kg/m>  |Bland.nr 19
Antalc,, q,.kPa Provhoid, [ w, | p, | Tidtill |Def-hast. | E50- Anm. | Brottyp
dygn|kPa | vide% | cmV/ 2. | % |t/m? |brott min] mm/min_|modul, kPa enl.
52 | 103 | 36 [10,00] 500 ] 44 [169| 183 1,99 5461 b
7 | 49| 98 | 27 [10,00] 500 44 | 1,69] 140 | 192 7215 b
| 28 [ 104 ] 208 | 29 [1000] 500 [ 46 [1.70] 143 2,02 13090 b
28 | 112 223 [ 44 10,00 500 [ 41 [1,70] 220 2,02 9042 b

TRYCKFORSOK

vgranmek gl g

5

0 2 4 6 8 10 12 14
Relativ deformation, [%]

[ —e— Tryckforsok1 —m— Tryckforsok2 —a— Tryckforsok3 —s— Tryckforsok4 —*—Tryckforsoks |

Mmoo *

Figure F.3: Uniazial test on Slag Bremen mizture with 100 kg/m?3.
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F. Evaluation of MNhard parameters

|Borrpunkts ID:20S005 for KC Koncentration: Masungsslagg/Snat80/20 %
Djup: 3060 m | Inblandningsmangd: 150 kg/m? |§Iand.nr 20
Antal[c,, q,. kPa Provhoid, | w, | p. | Tidtill |Def-hast. E50- Anm. Brorl'l’yp
j =

b

b

b

b

| dygn |kPa vid e % | cm/prov@, | % |[t/m® |brott min] mm/min | modul, kPa
7 [T 221 ] 18 [10,00] 46 [1.71] 1,00 B L 19936
7 [ 1217 242 [ 22 110,00 44 1170] 107 2,02 21633
613 | 24 [10,00] 500 | 41 [168] 130 1,86 40356
5,00

28
28 601 | 2.5 | 10,00] 5, 41 | 168| 120 2.11 35092

307
300

TRYCKFORSOK
1400

e ol

5

0 2 4 [ 8 10 12 14
Relativ deformation, [%]

[ —e— Tryckforsok1 —m— Tryckforsok2 —a— Tryckforsok3 —s— Tryckforsok4 —%—Tryckforsok5 |

J 1 o0 *

Figure F.4: Uniazial test on Slag Bremen mizture with 150 kg/m?>.
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F. Evaluation of MNhard parameters

Borrpunkts ID:  20S005 for KC Koncentration: Multicem 100 %
(Djup: 3060 m| Inblandningsméngd: 100 kg/m? |§Iand.nr 22
q,. kPa Provhoid, | w, | p. | Tidtill | Def-hast. E50 - Anm. | Brottyp
| vid % | cmv/prov® | % |¢m? |brott min] mm/min_Imodul kPa enl.
196 | 24 [10,00] 500 ] 45 [1,72] 120 1,98 16820

Antal|c,,
m‘/ kea'ss
7 1 84 | 168 | 27 [1000] 500 46 [1.72] 137 1,94 23099
28 | 155] 310 | 1.7 | 10,00] 500 45 | 1.72] 090 | 1.93 | 34102
28 | 167 | 334 | 15 |10,00] 500 | 45 | 1,73] 0,87 1.74 39370

(=g Loy Loy Loy

TRYCKFORSOK

b i Al

8
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Relativ deformation, [%]
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U @O *

Figure F.5: Uniazial test on Multicem with 100 kg/m3.
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F. Evaluation of MNhard parameters

Borrpunkts ID:  20S005 for KC Koncentration: Multicem 100 %

Djup: 3060 m | Inblandningsmangd: 150 kg/m*>  |Bland.nr 23
Antallc,, q,. kPa Provhoid, | w, | o, | Tidtll |Defhast | E50- Anm. | Broftyp
dygn |kPa | vide % | cm/prov@ | % |t/m? |brott min| mm/min_|modul, kPa enl.
7 | 128 255 | 2,0 [ 10,00] 5,00 | 44 [1.71] 1.10 1,82 24199 b
7 | 129] 258 | 2.7 [10,00] 500 | 45 [1.71] 1.30 205 | 14907 b
28 | 217 | 434 | 1.3 [ 10,00| 500 | 44 [1,72] 0.73 1.76 52740 b
28 [ 258 517 | 19 [10,00] 500 | 43 |[1.72] 103 | 188 | 42881 b

TRYCKFORSOK
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e

8
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Relativ deformation, [%]
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Figure F.6: Uniazial test on Multicem with 150 kg/m3.
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F. Evaluation of MNhard parameters

SH cement 100 kg/m?
Labtest — —Plaxis
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600
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= 400
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. — — — — — — — — — — — — — — — —
— — —
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Figure F.7: Evaluation and comparison of SH cement with 100 kg/m?>.

Slag Bremen mixture 100 kg/m?
Labtest — —Plaxis
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Figure F.8: Evaluation and comparison of Slag Bremen mizture with 100 kg/m3.
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F. Evaluation of MNhard parameters

Slag Bremen mixture 150 kg/m3

Labtest — =Plaxis

— — —

0 0.005 0.01 0.015 0.02 0.025

o}

Figure F.9: Evaluation and comparison of Slag Bremen mizture with 150 kg/m?

Multicem 100 kg/m?

Labtest — =Plaxis
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300
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Figure F.10: Evaluation and comparison of Multicem with 100 kg/m3
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F. Evaluation of MNhard parameters

Multicem 150 kg/m3

Labtest — —Plaxis
600

500

100

0 0.005 0.01 0.015 0.02 0,025 0.03

Figure F.11: Evaluation and comparison of Multicem with 150 kg/m3
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G

Construction phases

This appendix displays the analysis scheme used for the embankment study. The
construction phases implemented in Plaxis 2D analysis are displayed in table G.1.

Table G.1: Construction phases, description of each phase and type of procedure.

‘ Phase ‘ Description ‘ Type of procedure ‘
Initial phase | Calculation of initial stresses KO procedure
Phase 1 Import and load UDSM (VAT) Plastic
Phase 2 Column installation - initialise VAT Plastic
Phase 3 Construction of first layer embankment in 1 day Plastic
Phase 4 First layer consolidate for 15 days Consolidation
Phase 5 Construction of second layer embankment in 1 day | Plastic
Phase 6 Second layer consolidate for 15 days Consolidation
Phase 7 Construction of third layer embankment in 1 day | Plastic
Phase 8 Third layer consolidate for 30 days Consolidation
Phase 9 Construction of fourth layer embankment in 1 day | Plastic
Phase 10 Fourth layer consolidate for 30 days Consolidation
Phase 11 Construction of fifth layer embankment in 1 day Plastic

Displacements are reset to zero
Phase 12 Embankment consolidate for 14000 days (40 years) | Consolidation
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G. Construction phases
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H

Transformed column parameters
from volume ratio

In this appendix, a summary of the input parameters for the life cycle assessment
tool is displayed. Graphs representing center to center distance dependent on diame-
ter and volume ratios for square column pattern can be seen in figure H.1. Obtained
volume ratios from the optimisation; 22 %, 23 % and 28 % are highlighted. Table H.1
displays the converted center to center distances and number of columns with re-
spect to the diameters of 500, 600 and 800 mm. The sum of columns per meter
embankment varied from 16 to 27, equivalent to c-c distances from 1.5 meters to 1.0

meter.

90
80
70

60

=800 mm diameter

50
600 mm diameter

=500 mm diameter
40
----- 28%

Volume ratio [%]

0.8 0.9 1 1,1 1,2 113 1.4 1S 1.6 1,7
Center to center distance [m]

Figure H.1: Column volume ratio [%] dependent on center to center distance [m]
and diameter [mm/]. Obtained volume ratios from optimisation; 22 %, 23 % and

28 % are highlighted in the graph.
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H. Transformed column parameters from volume ratio

Table H.1: Theoretical input parameters in Carbon Cost for the assessed binders.

Type of binder Concentration | Diameter [mm] | C-C distance | Number of
[kg/m?] [m] columns
SH cement 100 500 1.0 24
600 1.2 20
800 1.5 16
Slag Bremen mixture 100 500 1.0 27
600 1.0 23
800 1.3 18
Slag Bremen mixture 150 500 1.0 24
600 1.1 21
800 1.5 16
Multicem 100 500 1.0 24
600 1.1 21
800 1.5 16
Multicem 150 500 1.0 24
600 1.2 20
800 1.5 16
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Environmental product
declaration

In this appendix, the environmental product declaration for each binder type is
attached. First SH cement (quick hardening cement) is declared, followed by infor-
mation regarding the kg C'Os-eq for Slag Bremen, received from personal contact
with Ingemar Lofgren - RD manager at Thomas Concrete Group and Adj. professor
at Chalmers University of Technology. Lastly, declarations for Portland Cement and
Multicem are attached.
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[. Environmental product declaration

XXVIII

ENVIRONMENTAL PRODUCT DECLARATION

as per /ISO 14025/ and /EN 15804/

Portland Cement CEM | 52.5 R
(Portlandcement SH P Slite)

Cementa AB, HeidelbergCement Group

@

nstitut Bauen
nd Umwelt eV,




[. Environmental product declaration

CEMENTH

HEIDELBERGCEMEMT Croup

General Information

Cementa AB, HeidelbergCement Group CEMI525R

Programme holder Owmner of the declaration

[BL) - Institut Bauen und Umwelt e V. Cementa AB

Panoramastr. 1 Marieviksgatan 25, Box 47210

10178 Berlin SE-100 74 Stockholm

Gemany

Declaration number Declared product / declared unit
EPD-HCG-20180141-CAA1-EN 1 metric tof CEM | 525 R

This declaration is based on the product Scope:

category rules:
Cement, 072014
(PCR checked and approved by the SVR)

Issue date
21117219

Valid to
20011172024

Homs /2

Dl Ing. Hans Peters.
(President of Institut Bauen und Umwelt e V)

This Environmental Product Declaration (EPD) covers
the product life cycle stages A1-A3. Itis valid for

CEM I 525 R bulk Portland cement,

manufaciured by Cementa AB in the plant Slite,
Sweden, in 2018. This analysis relies on transparent,
plausible and documented basis data. All the model
assumptions, which influence the results, are declared.
The life cycle assessment is representative of the
products introduced in the declaration fior the given
system boundaries.

The owner of the declaration shall be liable for the
undertying information and evidence; the IBL) shall not
he liakle with respect to manufacturer information, life
cycle assessment data and evidences.

Verification
The standard /EN 15804/ serves as the core PCR
Imndependent verification of the declaration and data
according to SO 140252010/
[] internally [x] exiemally

Al

Dr. Alexander Rider
{Managing Director 1BU)

Product

Product description / Product definition

Cement is a hydraulic binder. It consists of finely
ground, non-metallic inorganic compounds. Cement is
produced by grinding cement clinker and other main or
minor constituents. When water is added to cement, a
cement paste is formed, which sets and hardens by
means of hydration reactions. After hardening, it
retains its sirength and stability even under water. The
declared product is a cement conforming with the
composition of Portland cement CEM 1525 R
manufactured by Cementa in the plant Slite in 2018.
The calculation is based on plant-specific data. The
considered cement belongs fo the main cement type
CEM | in accordance with /EM 197-1/.

Far the placing on the market of the product in the
European Union/European Free Trade Association
(ELVEFTA) (with the exception of Switzerand)
Regulation {EU) No. 3052011 Construction Product
Regulation (CPR) applies. The product needs a
Declaration of Performance taking into consideration
[EN 1971/ and the CE-marking. For the application
and use the respective national provisions apply.

Cr. Eva Schmincke
[Independent verifier appointed by SWVR)

Application

The application of cement has a large variety. ltis
mainly used as a binder for concrete and mortar. The
application in concrete is regulated in /EN 206/,
According to this standard, general suitability is
established for cement conforming o /EN 197-1/.

Technical Data

The declared cement comesponds fo the 52.5 standard
compressive strength class with rapid eary strength
development (R) in accordance with /EN 197-1/.

Constructional data

IHamE Walue Unit
[Strength class acc. to /EN 187-1/ 525 NimmZ

Performance data of the product in accordance with
the Declaration of Performance with respect to its
Essential Characteristics according to /EN 197-1/. XXIX
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[. Environmental product declaration

CEMENTA

HEIDELBERGCEMENT Group i

LCA: Results
BEMNEFITS AND;
CONSTRUCTI LOADS
PRODUCT STAGE |OM PROCESS USE 5TAGE END OF LIFE STAGE BEYOND THE
STAGE SYSTEM
BOUNDARIES
1] a e
= = o = =
— o |Ew = =
E = ] B 2 o 2 = B _ (L.
8- 5| 5 gu = g . | 2| E s |2 |B5| & 8 | 4P
S5 g | BlEs| | 2|5 |8 § 5 2|Ze | E=| g 8 | 825%
E % = ol = = o o % & E m 5 L] g [=] = = = o
sa| 8|S |B2| 5| |2|2|2|5|2°|8°|58| B | 2|2 |2835:
|- 8|22 < z AR ?-c - % = e
= | & S o § {% =] =
'_
A1 | A2 | A3 | Ad | A5 B1 B2 B3 B4 BS B& BT c1 c2 c3 c4 D
x X X |MND | MHND | MHND | MND | MNR | MNR | MNR | MND | MND | MND | MND | MND | MND MHD
Parameter Unit Al-A3
(Gicbal warming potential kg CO-Eq] T.08E+2
Deepletion potential of fhe stmtosphenic ozone layer [kg CFC11-Eq] 11866
Acadfication potential of land and water kg S0Eq] T20EA
Eutrophication potentia [hg (POuF-Eq] AZEA
Formation potential of ropospheric azone photochemical cxidants | kg ethene-Bg] 91462
Abific depletion potental for non-fossil resournces [kg Sb-Ea] 18664
Abuitc depletion poenial for fossil resources I 153E:3
Parameter Uit Al-A3
R ble primany energy 35 energy camer AT A=
Renewable primary enengy resounces as materal utlzation AT 0DO0E=D
Tiotl use of renewable primany enengy resoures IAT] A=
Blon-renewable primary enengy &5 eNeimy CAmer L] 230+
Mon-renewsbie pomany energy 3s miskenial utiization BN 0.00E=D
Tt use of nonrenewalle primany enengy resoures BN 230E:3
Use of secondary material Tegl A5
Lise of renewable secondary fusts M) DaGE=2
Use of non-enewable secondarny fusks AT 1.18E+3
Use of net frech water ] B30E:0
Parameter Uit Al-A3
Hazandous waste disposed Tl 0O0E=D
Monharandous washe disposed Tl 481E=2
Padicactve waste dsposed Tegl O.O0E:D
Components fr reuse egl O.00E:D
Materals for recyding Begl J06E-1
Materals for enengy recovery Tl 000E+D
Exporied dlecirical enemgy L] 000D
Exporied hermal energy ] OO0E=D

Remark to Global warming potential:

This includes 91.5 kg COx-eq. from the incineration of wastes in dinker production. According to the "polluter-
pays-principle” fEN 15804/ that would be assigned fo the production system, which has caused the waste. In this
EPD the COy contribution is not subtracted. This is fo ensure comparability across countries of calculated global
warming potentials for cements even if the used secondary fuels in other countries do not have waste status.

Remark to Waste categones:
The waste indicators account for wastes from clinker and cement manufacturing only.
References
NS0 14025/
DIN EN 150 14025:2011-10/, Environmental labels
B 2016/ and declarations — Type lll environmental

IBU {2016): General Programme Instructions for the declarations — Principles and procedures
Preparation of EPDs at the Instifut Bauen und Umiwelt

eV, Version 1.1 Institut Bauen und Umwelt e V', /EN 15804/

Berlin. [EM 15804:2012-04+A1 201 ¥/, Sustainability of

wwow.ibu-spd.de construction works — Environmental Product
XXX

4 Environmental Product Declaration Cementa AG, HeidelbergCement Group — Portland Cement CEM | 525 R
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[. Environmental product declaration

XXXII

ENVIRONMENTAL PRODUCT DECLARATION

as per /ISO 14025/ and /EN 15804/

Portland Limestone Cement CEM I/A-LL 42.5R
Cementa AB, HeidelbergCement Group

mb

Institut Bauen
und Umwelt eV,




[. Environmental product declaration

CEMENTH

HEIDELBERG CEMEMT Croup

General Information

Cementa AB, HeidelbergCement Group

CEMIVA-LL 425 R

Programme holder Owner of the declaration

[BU - Institut Bauen und Umwelt e V. Cementa AB

Panoramastr. 1 Arstadngsvigen 25, Box 47210

10178 Berlin SE-100 74 Stockholm

Gemany

Declaration number Declared product / declared unit
EFD-HCG-20130045-CAAT-EN 1 meifric t of CEM IVA-LL 425 R

This declaration is based on the product Scope:

category rules:;

Cement, 07.2014
(PCR checked and approved by the SWR)

Issue date
0&/05/2019

Valid to
05/05/2024

WW%@

This Environmental Product Declaration (EFD) covers
the product life cycle stages A1-A3. Itis valid for

CEM [I/A-LL 42 5 R hulk Portiand limestone cement,
manufactured by Cementa AB in the plant Skivde,
Sweden, in 2017. This analysis relies on transparent,
plausible and documented basis data. All the model
assumptions, which influence the results, are declared.
The life cycle assessment is representative for the
products introduced in the declaration for the given
system boundaries.

The owner of the declaration shall be liable for the
undertying information and evidence; the 1BU shall not
I liable with respect fo manufacturer information, life
cycle assessment data and evidences.
Verification
The standard /EN 15804/ serves as the core PCR
Independent verification of the declaration and data

: according to NS0 140252010/
Frof Or-Tng_ Fort 1B ;
{President ofInstiut Bauen und imwelt V) []  intemally [x] extemaly
St ;5%7' E Al
T Alexander Roder B, Eva Schminche
Head o Board ) [indspendnt verfier appointed by SVR)
Product

Product description ! Product definition

Cement is a hydraulic hinder. It consists of finely
ground, non-metallic inorganic compounds. Cement is
produced by grinding cement clinker and other main or
minor constituents. When water is added to cement, a
cement paste is formed, which sats and hardens by
means of hydration reactions. After hardening, it
retains its sirength and stability even under water. The
declared product is a cement conforming with the
compasition of Portland limestone cement CEM IFA-LL
42 5 R manufactured by Cementa in the plant Skdvde
in 2017. The calculation is based on plant-specific
data. The considered cement belongs to the main
cement type CEM [I/A-LL in accordance with /EM 197-
1.

For the placing on the market of the product in the
European Union/European Free Trade Association
EWEFTA {with the exception of Switzerland)
Regulation A{EU) No. 305/2011 (CPR)BS1] applies.
The product needs a Declaration of Performance
taking into consideration /EN 187-1/ and the CE-

marking. For the application and use the respective
national provisions apply.

Application

The application of cement has a large variety. ltis
mainly usad as hinder for concrete and mortar. The
application in concrete is regulated in /EN 206/
According o this standard, general suitability is
established for cement conforming to fEN 187-1/7.

Technical Data

The declared cement comesponds to the 42 5 standard
compressive strength class with high early strength
development (R) in accordance with /EN 197-1/.

Constructional data
[Name

[Strength class acc. to /EN 197-1/

Umnit
Nfmm?

Value

425

Performance data of the product in accordance with
the Declaration of Performance with respect to its
Essential Characteristics according to /EN 197-11.

XXXIIT
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[. Environmental product declaration

CEMENTA

AEIDELBERG CEMENT Group i

LCA: Results
BENEFITS AND
COMSTRUCTI LOADS
PRODUCT STAGE |ON PROCESS USE STAGE EMD OF LIFE STAGE BEYOMND THE
STAGE SYSTEM
BOUNDARIES
£ 8 |& 2
= =
® g2 8 E|E = s |5 T
5.1 5|5 (52| 2 Bl |E|2(8 |2 |85/ 5|83/, 20m
=3 8| 8 |£2| 8 8 | 5 = 22| & | B s =
asl B D = % - = a2 & Z § o 25| B & 2 e BETE
Eg:gto = 9& 5 ([5§8|e8|22| ¢ E| % zo8gpE
gol 8|2 asl| 8 = & = |8 5 o |5 ES g
F | § g2 < 2 g |5 |8 |5 = &
o = @ gs o o S’ o =] E
= o |© =
Al | A2 | A3 | Ad | A5 B1 B2 B3 B4 BS B& BT Cc1 c2 C3 C4 D
X X X |MND | MND | MND | MMD | MNR | MNR | MNR | MMD | MMD | MND | MND | MND | MND MHND
Pararmeter Unit A1-A
Global warming potential [kg OO-Eq] TERE+2
Deplefion potental of the stratosphenc oeone Eyer kg CFC11Eg] 1.38ED
Acidfication potential of bBnd and water [kg S0-Eq] 62361
Eutrophication potental [kg (POLP-Eq] 231
Formation potential of ropospheric szone photochemical cuidants | [lg ethensEq BOED
Abiofic depletion potentil for non-fossi resources g Sb-Eg 1.07E4
Abiotic depletion potential for fossi resources LAl 184E+3
Parameter LUnit Al-A3
Fenewable primary enemy as enengy camsr 1) ATEE+2
Fenewable pimary enengy resources as matend ufiization L [l =]
Total wse of renewable prmary energy resources W ATEE+2
MNonrenewable primany ensngy a5 enengy camer T 213643
Bon- bie primary energy as material utization T ODDE+D
Total use of nor-enewsblie prmany energy resounces L] 213643
Lise of secondary matedial 14BEH
\Use of renewable secondary fuss L AD5E+2
Use of non-renewable secondary fueks 1] THEs2
Use of net resh water '] 405640
Parameter LUnit Al-A3
Hamandous wiashe disposed 22
Mon-hazamdous wask disposed 1.31EA1
Radioadive waste dsposed [ =]
Ciomponents for re-use ODDE+D
Materias for recyding B2IE4
Materials for enemgy recovery [ =]
Exported elactical energy M. [ =]
Exported thermal enemy [T O.D0E+D

Remark to Global warming potential:

This includes 55.3 kg CO2-eq. from the incineration of wastes in clinker production. According fo the polluter-
pays-principle /EN 15804/ that would be assigned to the production system, which has caused the waste. In this
EPD the CO; coniribution is not subtracted. This is to ensure comparability across countries of calculated global
warming potentials for cements even if the used secondary fuels in other countries do not have waste status.

Remark to Waste categories:
The waste indicators account for wastes from clinker and cement manufacturing only.
References
NSO 14025/
DIN EN /150 14025:2011-10¢, Environmental labels
B 2016/ and declarations — Type lll environmental

IBU {2016); General Programme Instructions for the declarations — Principles and procedures
Preparation of EPDs at the Instiiut Bauen und Unmwelt

eV, Version 1.1 Institut Bauen und Umwelt eV, fEN 15804/
Beriin. fEN 15804:2012-04+A1 2013/, Sustainability of
X www.ibu-epd.de construction works — Environmental Product
4 Envircnmental Product Declaration Cementa AB, HeidelbergCement Group — Portland Limestone Cement CEM IFA-LL
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I. Environmental product declaration

Cementa AB, HeidelbergCement Group
Institut Bauen und Umwelt e V. (IBU)
Institut Bauen und Umwelt e V. (IBU)
EPD-HCG-20160236-CAD1-EN
2016-12-16

2021-12-15

Institut Bauen
und Umwelt eV,

www.ibu-epd.com / https://lepd-online.com

XXXV



[. Environmental product declaration

CEMENTA

HEIDELBERGCEMENT Group

General Information

Cementa AB, HeidelbergCement Group Multicem

Programme holder Crwmer of the Declaration

|BU - Institut Bauen und Umwel e V. Cementa AB

Panoramastr. 1 Arstadingsvagen 25, Box 47210

10178 Bedin SE-100 74 Stockholm

Germany

Declaration number Declared product / Declared unit
EPD-HCG-20160236-CAD1-EN 1 metric t of Multicem

This Declaration is based on the Product Scope:

Category Rules:
Cement, 07 2014
(PCR tesied and approved by the SVR)

Issue date
2016-12-16

Valid to
2021-12-15

This Environmental Product Declaration (EPD) covers
the product life cycle stages A1-A3. It is valid for
Multicem, manufactured by Cementa AB at the

plant Slite, Sweden, in 2015. This analysis relies on
fransparent, plausible and documented basis data. All
the model assumptions, which influence the resulis,
are declared. The life cycle assessment is
representative for the products introduced in the
declaration for the given system boundaries.

The owner of the declaration shall be liable for the
underiying information and evidence; the IBU shall not
be liable with respect to manufacturer information, life

cycle assessment data and evidences.
Verification
Amm The CEM Norm /EN 15804/ serves as the core PCR
' %7 es Independent verfication of the declaration
- according to 150 14025/
Frof. DrAng. Horst J. Boszen ;
{President o nsfiut Bauen und Unmweit e, []  intemnaly [ extemaly
LY, iz ?E%aﬁp_
LR E
Tr. Burkhart Lehmann Dr. Eva Schmincke
{Managing Direstor IBU) {Indepandant verfier appoinied by SVR)
Product
Product description / Product definition Application

Cement is a hydraulic binder. It consists of finely-
ground, non-metallic inorganic compounds. Cement is

produced by grinding cement clinker and other main or

minor constituents. When water is added to cement, a
cement paste is formed, which sets and hardens by
means of hydration reactions. After hardening, it
retains its strength and stability even under water.

The declared product Multicem is a blend of cement
CEM | in accordance with /EN 187-1/ and cement kiln
dust, manufaciured by Cementa at the plant Slite. [t
does not comply with /EN 197-1/. The calculation is
based on plant-specific data of 2015.

Multicemn was designed within the scope of the
continued product development towards betier
products with higher emvironmental profile, based on
Cementa’s zero vision for carbon emissions.

For the use and application of the product the

respective national provisions at the place of use
apply.

XXXVI

In general, the application of cement has a large
variety. Multicem is a special product, which is used for
s0il stabilization and solidification.

Technical Data

Multicem has, in comparison with products such as
Cementa's Kalkcement (a lime-cement product), better
stabilization properties.

Multicem is delivered in bulk from the cement plant and
comes ready to use. The charactenstics of the product
are similar as those of lime-cement stabilization
products (2.g. Cementa's Kalkcement).

‘When producing Multicem, the use of raw material
such as limesione is replaced with cement kiln dust
which also adds to the environmental profile of the
product.

Performance data of the product with respect to its
characteristics in accordance with the relevant
technical provision {(No CE-marking)).

2 Environmental Preduct Declaration Cementa AB, HeidelbergCement Group — Multicem



[. Environmental product declaration

CEMENTA

HEIDELBERGCEMENT Group

LCA: Results
BEMEFITS AND
CONSTRUCTI LOADS
PRODUCT STAGE |OM PROCESS USE STAGE END OF LIFE STAGE BEYOMND THE
STAGE SYSTEM
BOUNDARIES
o E.; [
= = o = 2
e © = E 8 . § % E % = % (= y = g — \ é. =
=5l 2| 8 |£2| 2 8 | E (T l3./22| 8| 8| 3 |a5s2
s&l & | BDIEE|E | 2| s |2 5 |52 28|g35| & | 0| 8 | wkstE
ESl = | £ g2 = @l 8|8 |s 8les82 = a | | oRal
S INHE L HH
“ 2|58 = ¢ | 2|3 |2 |8 8
£ g |§ =
Al | A2 | A3 | A4 A5 B1 B2 B3 B4 BS B& BT Cc1 Cc2 C3 c4 D
X X X | MND | MND | MND | MND | MIND | MND | MND | MND | MND | MND | MND | MND | MND MHND
Parameter Uit Al-AZ
Gicba warming potential [kg CO-Eq] ABEE+2
Depletion potential of e siratosphenic ozone bayer kg CFC11Eq] JIBEH
Acidification potential of lnd and water [lg S0-Ea] =]
Eufrophication potental [kg (POLF-Eq] 1.83E1
Formation ial of iC oZone ical qudants | [log ethensEq] [iRF=]
Abioiic depletion potental for nen-fossil resourmes kp Sb-Eq 2ES
Ahictic deplefion potentd for fossl resources M 14TE+3
Parameter Uniit AR
Fenawable primary enengy as energy caimer L] 1.38E+2
Renewable primary enengy resources 35 matenal ulization Tl [ =]
Total wse of renewalle primany energy resounces IS 1.30E+2
Mon-renewable primany enengy a5 enangy carmer ML 14243
Non-renewsbie primary energy as material utization Tl QD0E+D
Totasl use of non-renewable primany energy resources L] 142643
Lise of secondary matesial B12E+2
Use of renewable secondany fuss ] J48E+2
IUse of non-renewalble secondany fuels S 4.0BE+2
Use of net resh water ] BOBE-1
Parameter Linit A-A3
Hazamous waste disposed 0.00E+D
Mon-hazardous waste disposed 0.D0E+D
Radicactive washe disposad QD0E+D
Components for re-use 0.00E+D
Materas for recydling 0.00E+D
Materials for enemgy recovery O.00E+D
Exported electrical energy ] QDDE+D
L Exotedhemalenemy M =]

Remark to Global warming potential:

This includes 61.1 kg CO.-eq. from the incineration of wastes in clinker production. According to the polluterpays-
principle /[EN 15804/ that would be assigned to the production system, which has caused the waste. In this EFD
the CO: contribution is mot subtracted. This is to ensure comparability across countries of calculated global
warming potentials for cements even if the used secondary fuels in other countries do not have waste status.

Remark o Waste categories:

The waste indicators account for wastes from clinker and cement manufacturing only.

XXXVII
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J

Deformed mesh

In this appendix, a deformed mesh of Slag Bremen mixture with 150 kg/m3 after
40 years consolidation is displayed in figure J.1.

Figure J.1: Deformed mesh after 40 years consolidation of binder Slag Bremen
mizture with a concentration of 150 kg/m3. Deformed mesh scaled up 5 times.
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