








Water levels close to ground level and such low shear parameters of the ground are
challenging for D-Wall construction, as these factors are the key parameters which
influence the stability of an open trench. Possibilities to encounter such adverse
conditions lie on the one hand in a significant reduction of the trench length or in the
use of a suitable support slurry (see also chapters 3 and 4).

3 CONSTRUCTION OF DIAPHRAGM WALLS

3.1 General

Deep and wide excavation pits require stiff retaining walls which are mostly
constructed using D-Walls or secant bored pile walls. If soil conditions permit,
driving or vibration of heavy sheet piles can be an alternative solution. In situations,
in which the boundary conditions do not allow this solution, i.e., obstacles in the
ground or noise restrictions, the sheet piles can also be installed in pre-excavated
trenches grabbed by diaphragm techniques and filled with self-hardening bentonite
cement slurries. Due to its high stiffness, plane wall surfaces, low frequency of joints,
high competitiveness and efficiency D-Walls are however preferred.

If the final concrete box structure is designed to carry any loads (earth and water
pressures), D-Walls can be used as purely temporary walls. However, appropriately
designed D-Walls can also be constructed for permanent use, i.e., for underground
car parks or traffic tunnels. In the Centralen-project, the D-Walls are designed to carry
the earth and water pressures during the temporary construction phase. In the
permanent stage, the earth pressure is assigned to the D-Walls and the water pressure
to the inner walls of the tunnel box.

Figure 5:  Diaphragm wall, general construction sequence (Scholz and
Linder 2007)
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To provide static resistance and groundwater cut-off, D-Walls are constructed in
sections (panels) and in different phases (Figure 5). In phase one, panels of limited
length are excavated to required depth. During this phase, special dry clay particles
mixed with typical quantities between 35 to 50 kg/m* for suspension in water - in
normal cases Bentonite — stabilize the open trench. Sometimes also polymers are
added to enhance the properties of the suspension. For the mixing process a
specialised plant and thorough quality control measures are necessary.

To verify the stability of an open trench SS EN 1538 defines general principles for
the design. First of all, the trench stability can be determined on the basis of
comparable experience. For that reason, boundary conditions like soil properties,
ground water pressures, adjacent buildings and construction methods shall be similar.
If comparable experience is not available, stability calculations or trial excavations
on site shall be executed.

The stability calculations of an open trench include three aspects:

e The local stability of the ground at the trench walls
e The overall stability of the excavation
e The prevention of groundwater ingress into the open trench

Well established calculation approaches can be found in literature, e.g., DIN 4126, to
calculate the length and the stability of excavated panels on the basis of geotechnical
and hydraulic parameters. While the minimum length of a panel is defined by the
dimensions of the excavation tools, the maximum length has to be verified and
calculated on the basis of stability calculations and can increase up to 10 m.

The construction sequence of panels is either with primary panels alternating with
secondary (closing panels), or starting and following panels, or a mixture of both.

After one panel is excavated, “stop-ends” are installed at both ends acting as
formwork to create a defined shape of the joints to adjacent panels (phase 2). There
are permanent or recoverable joint systems available with various shapes, i.¢., circular
or dented or equipped with water stops according to requirements for load transfer
and water tightness.

To provide the properties specified in the respective construction Standards, the
slurry contained inside the open trench has to be exchanged or cleaned to guarantee
a sufficient bonding between the reinforcement and the concrete. Furthermore, this is
immanent to avoid any defects in the concrete matrix and to get a sufficient concrete
flow during the casting process.

For the concrete placement in the last construction phase, high slump concrete and
the “tremie” method are used. For using the “tremie” method, it is important that the
toe of the concrete pipe remains always submersed into the fresh concrete to prevent
contamination and segregation. During concreting, the displaced slurry has to be
pumped off for storage, regeneration and reuse or disposal (Figure 5).
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Normally, in granular or cohesive ground the excavation of D-Walls is carried out by
grabbing techniques. Whereby, due to the advantages of the continuous operation,
excavation by hydraulic cutters is predominant in cases of very dense and hard ground
and/ or depths above approx. 40 m to 60 m.

3.2 Grabbing technology

For the grabbing process, a special designed heavy grab weighing up to 24 tonnes is
used, which is operated by a heavy duty double rope crawler crane. The setup
deployed at Centralen is to be seen in Figure 6. Summarizing the operations
comprising the excavation process, the insertion and lowering into the trench, the
loosening of the ground with chiselling and grabbing movements, the lifting of the
loosened material to the ground surface and the discharge directly on the ground or
into containers have to be highlighted. For the whole intermittent excavation process
experienced operators are mandatory. Nevertheless, it can be time-consuming
depending on the excavation depth, the hardness/stiffness of the material and/ or
obstacles in the ground.

Figure 6. Machinery for excavation of diaphragm walls

To be able to construct a D-Wall within the required horizontal and vertical tolerances
(1:200), a guide wall is foreseen at the working platform. A typical guide wall has a
height of approximately 1.5 m.

One advantage of this method is its great flexibility. Changing ground conditions or
the removal of obstacles up to a certain strength and size can be managed, i.e., with

236 GD-PUBLIKATIONEN 2023



special chisels for splitting and subsequent excavation. Compared to hydraulic
cutters, further advantages of the grabbing technology are much smaller site
installations, universal plant and equipment and high efficiency in loose or medium
dense ground.

4 CHALLENGES OF D-WALL CONSTRUCTION AT CENTRALEN

The W&F subcontract contains the construction of some 90,000 m? of D-Walls
together with some 60 temporary plunge columns to prevent the struts in the centre
line from buckling. Furthermore, 3,700 linear meters of secant bored piles in the
western end of the project area have to be produced. The D-Walls are designed with
1.2 m thickness and depths up to 24.0 m below ground level.

Due to the low shear resistance and stiffness of the clay as well as a high groundwater
level, the major challenge of the project was the development of an appropriate
approach for a smart design of the retaining walls.

/ Capping beam

N |
Upper strut /
Plunge / PP
& column
S
) /
Cross walls Longitudinal
\ D-Walls
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- 50.0 m |
Figure 7. Cross section shows cross walls running perpendicular to the

longitudinal D-Walls and the enormous free space below the strut layer for
tunnel construction

As can be seen in Figure 7, the longitudinal D-Walls are braced by the 6 m high cross
walls acting as "low" struts and tubular steel struts near the ground surface. The free
distance of 14.0 m between the upper and the lower strut layers provides free working
space to construct the tunnel box without obstructions and need of horizontal joints.
This is very beneficial high quality application of the waterproofing system, as the
tunnel box has to withstand the water pressure in the permanent stage. Furthermore,
the tunnel box can be constructed cost and time efficient using a formwork carriage
waggon.
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At Centralen, the length of one D-Wall panel could be optimized to 7.0 m, as a special
support slurry was used. This is essential, as every pair of longitudinal D-Walls has

to be supported in the centre line by lower cross walls and one upper strut (see Figure
8).

As 600 D-Wall panels had to be constructed within two years, a high volume of
support slurry had to be provided permanently. The required volume was mixed,
stored, maintained and reprocessed by one major mixing plant (see Figure 9) located
in the centre of the construction area. For storage, three round tanks each with a
volume of 700 m?* were installed adjacent to the mixing plant. Due to long distances
of up to 400 m between the plant and the panels in operation, specific attention had
to be paid to the pumping and distribution system.

/ Capping beam
| /'

Upper strut <]
7.0 m

. Cross walls

=

Figure 8. Longitudinal section of the D-Wall panels showing the cross
wall panels and the upper strut layer.

To pump process slurry towards the open trenches and used slurry back to the slurry
plant, steel pipes with a diameter of 6 inches were connected to a network of about
two kilometers length. Several high-performance pumps were required to ensure the
proper slurry supply at all times.
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Figure 9. Mixing and reprocessing plant

The main stages of panel construction can be summarized as follows:

clearing of the alignment from any obstructions, deviation of utilities and
services;

construction of L-shape guide walls and backfilling of respective trenches;

excavation by grabbing using a heavy crawler excavator and a heavy double
rope grab;

exchange of the process-slurry from excavation process by fresh process
slurry;

installation of steel stop-end elements with crawler crane;

installation of pre-fabricated reinforcement cages, containing all box-outs for
connectors and reservation pipes for geotechnical monitoring

installation of one to two tremie pipes (according to panel length) and
submersed concrete placement by tremie method.

During the realization of the project, several challenges had to be faced, e.g.:

Trench stability

To ensure the stability of an open trench under the described ground conditions, the
supporting slurry must have a unit weight of at least 11 kN/m? according to the
stability calculations and findings in the test field. Furthermore, an adopted loading
scheme of the heavy duty cranes must be realized. For conventional bentonite slurries,
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such an increase in weight is inevitably accompanied by a significant increase in
viscosity. To avoid concreting failures due to material inclusions in the concrete
matrix, a too high viscosity of the slurry must be avoided. For the slurry chosen, a
unit weight of 11 kN/m? corresponds to a viscosity of about 13 N/m? which is suitable
for concreting and pumping.

As the West Link Project is subject to stringent environmental regulations, the
Centralen project has optimized the slurry for a strictly natural product based
exclusively on dried and processed special clay powder without any chemical
additives. This innovation made it possible to construct defect-free, but economic D-
Walls under challenging ground conditions.

Stop-end installation

In general, to create joints between adjacent longitudinal D-Wall panels, recoverable
and non-recoverable joint systems can be used. For the current project, it was decided
to use adopted non-recoverable pleated steel elements - so-called flat steel joints. The
shape of the joint elements corresponds to the shape of the deployed grabs.

Figure 10. 40 tonnes reinforcement cage connected by a special lifting
device to a crawler crane. Central steel joints enables the cleaning of the
cross wall connection.
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As the D-Wall system at Centralen consists of longitudinal and cross walls, a force-
fit-connection between the two must be guaranteed for low deformations after
excavation of the pit. Hence, soil inclusions in the joints must be avoided. To achieve
this, non-recoverable joints were also fixed centrally on the reinforcement cages of
all longitudinal walls as to be seen in Figure 10.

After the concrete of a longitudinal wall is hardened, the adjacent cross wall can be
excavated. At the end of this process, the connection between the cross- and
longitudinal wall has to be cleaned by grab or chisel. For this purpose, the non-
recoverable steel joint elements connected to the longitudinal wall act like a “guide”
for the grab.

For the cross walls, only the lower six metres are concreted. Nevertheless, steel joints
have also to be installed between two adjacent cross wall panels in order to clean the
interface and to guarantee a force-fit connection. Because these steel joints serve as a
guidance for the grab, they have to be extended to ground level. Due to the large
number of cross walls, a setting aid was designed to install only seven-metre-long
steel joints in the lower part permanently. The upper 15 m could be recovered and
reused several times. In this way, about 500 tonnes of steel could be saved.

Installation of 40 tonnes reinforcement cages

As the static system of the excavation pit is equivalent to a beam on two supports,
relatively high bending moments occur in the longitudinal walls in the section
between the upper strut and the cross walls (see Figure 11). The resulting forces can
only be covered by highly reinforced D-Walls. The associated reinforcement cages
weight up to 40 tonnes.

Bending moment over height of retaining wall
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Figure 11.  Minimum and maximum bending moments of the D-Wall at
final excavation stage equate to 1236 kNm/m and -3136 kNm/m
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These cages were delivered as prefabricated subcages to job site and finally
assembled on site. All lifting operations of the completed cage have been executed
with a crawler crane. In order to erect such heavy reinforcement cages safely and
smoothly into vertical position and to install them afterwards in an excavated trench,
a special lifting beam and special sophisticated lifting procedures had to be designed
and developed (see Figure 10).

In a later construction stage the roof slab of the tunnel structure will have to be
connected to the longitudinal D-Walls. Therefore, special connectors were already
mounted into the reinforcement cages during fabrication. In order to allow the
subsequent construction processes to run smoothly, the reinforcement cages had to
be installed within a maximum tolerance in the vertical direction of less than 5 cm.

S CONCLUSION

Wayss & Freytag Ingenieurbau AG subcontract on the E02 Goteborg Centralen
project comprise the construction of D-Walls, the installation of plunge columns and
the construction of secant bored pile walls. All following works to create the
construction pit and all concrete works are executed by NCC. Particular challenges
are the provision of special support slurry for stabilizing the open trenches, the force-
fit connection of cross- and longitudinal D-Walls and the installation of reinforcement
cages with 40 tonnes weight.

The construction methods and procedures were specially adopted to the high
technical requirements. A comprehensive quality management system was set up for
all relevant activities. All works were subject to highest environmental standards and
milestones were set for the development of modern construction techniques.

The successful construction of the D-Walls required the execution of a test field and
numerous innovations during the two-year construction period. Despite some
challenges, the D-Walls were completed according to the contractual time schedule.
As to be seen in Figure 12, it can be stated that 600 D-Wall panels are constructed
without defects and meeting all quality requirements. Furthermore, no significant
deformations were observed in the connection between longitudinal- and cross walls.
Hence, the installation of the additional non-recoverable steel joint in middle of each
longitudinal D-Wall panel can be assessed as successful.
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VASTLANKEN E02-STATION CENTRALEN
BUILDING DIAPHRAGM WALLS - A SMART SOLUTION

Figure 12.  Construction pit after excavation

E02 Centralen is the first infrastructure project in Sweden where D-Wall has been
designed as a part of the permanent structure. After this resource/material-saving and
thus sustainable construction method was successfully implemented in this project, it
can be assumed that more infrastructure projects in Sweden will also be realized with
D-Walls in the future.

The authors would like to thank all project participants, especially from Trafikverket,
NCC Infrastructure AB and Wayss & Freytag Ingenieurbau AG for the creative and
cooperative collaboration.
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DESIGN OF FEHMARNBELT FIXED LINK

Bo Tvede-Jensen A, Niels Mortensen B
AFemern A/S (Sund & Balt)
BnmGeo

Foéredragshallare: Bo Tvede-Jensen

Abstract

The ongoing construction of the Fehmarnbelt Fixed Link, connecting
Denmark and Germany through an 18 km long immersed tube tunnel (IMT),
will be presented with emphasise on design challenges linked to various
geotechnical aspects with focus on the Palacogene Clay.

The Fehmarnbelt project plays an important role in the modernisation of the
European infrastructure and will deliver an upgraded railway, which will be
far more competitive both within a European and a regional perspective than
today. The project eliminates one of the bottlenecks in the Scandinavian-
Mediterranean Corridor that stretches between Northern Scandinavia and
Malta. The Fehmarnbelt link is part of the so-called European TEN-T network
whit the objective of enhancing the efficiency of the infrastructure so that the
EU Single Market will function better and with less environmental impact.

Designing and constructing an 18 km long IMT crossing the Femernbelt is a
huge challenge. The whole production of the tunnel elements must be
extremely efficient and at the same time assuring 120 year service life with
limited maintenance. The presentation will address the construction methods,
the key design aspects of the IMT and how these are influenced by the
geotechnical conditions.

The geotechnical conditions various across the Femernbelt. After excavation
of the tunnel trench the IMT will be placed on upper and lower till, sand or
Palaeogene clay. The tunnel elements and the connections must be designed
to handle the long term behaviour of the ground. The evaluation of the long-
term behaviour of the Palacogene Clay will be compared to existing
infrastructures also founded on similar Palacogene Clays.
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Immersed tube tunnel

Figure 1. Production Facility (PFA)
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TID FOR EFTERTAKE - FORE

Goran Siéllfors

Geoforce AB / Chalmers

SAMMANFATTNING

Det finns alltid tid for eftertanke, det viktiga ar att tinka efter fore. Vid en
genomgang av hela den geotekniska designprocessen, identifieras en rad faser
dar det inte ar ovanligt att det gar snett. Orsaker diskuteras och det resulterar
i ett embryo till en geoteknisk checklista som bor vidareutvecklas och
kontrolleras.

Vidare konstateras att den snabba utvecklingen inom en rad geotekniska
omraden resulterar i utokade och forandrade krav pa kompetensutveckling.

Den okande internationaliseringen och en ny Eurocode utgor en utmaning for
geoteknikerna i Sverige och svensk geoteknik. Vikten av att forsvara och
bevara svensk erfarenhet, praxis och tillaimpning diskuteras och
exemplifieras.

SUMMARY

There is always time for reflection, and it is of utmost importance to reflect
ahead of time. By scrutinizing the complex geotechnical design process, a
number of phases where mistakes are common are identified. The underlying
causes are discussed, resulting in an embryo of a geotechnical checklist, which
should be checked and hopefully further developed.

Furthermore it is noted that the comprehensive development of knowledge
within a wide range of the geotechnical field results in a somewhat different
and expanding demand for continuing education.

Also the increasing internationalization and a new Eurocode constitutes a
challenging task for geotechnical engineers in Sweden and also for the
application and enforcement of the new code. The importance of defending
and preserving Swedish experience, practice and tradition are discussed and
exemplified.
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1 INGRESS

Det finns ménga talesétt som ror vikten av eftertanke. ”Sd gdr beslutsamhetens friska
hy, i Eftertankens kranka blekhet over” dr hamtat ur William Shakespeares Hamlet.
”Det dr ldtt att vara efterklok” &r ett annat ofta anvint visdomsord. Det giller alltsa
att tinka efter, fore.

Inneborden dr tydlig, att det ar latt att 1 efterhand se vad man borde gjort, néir det vl
gitt fel. Detta giller inte minst oss geotekniker. Jag tar i denna artikel upp tre
omraden, dér jag anser det dr hog tid for eftertanke. Lite forenklat handlar det om

- Hela processen fran en vision till fardigt projekt.
- Behov av fortbildning.

- Forhallande till nya regler, foreskrifter och normer.

For att undvika jobbiga och ovintade héndelser och undvika fel, maste man i
planerings-, projekterings- och utférandeskedet beakta en rad olika eventualiteter och
hela tiden stilla sig fragan "Vad kan hdnda?”. Man maste se till att ha ritt och
tillracklig information och insyn i varje enskilt skede.

Jag brukar illustrera hela den geotekniska delen av byggprocessen med en forenklad
snurra ddr varje segment i princip dr lika viktigt. Nedan gas de olika avsnitten igenom,
forst schematiskt och sedan en diskussion om nér det ér tid for eftertanke — fore.

2 BYGGPROCESSENS OLIKA GEOTEKNISKA DELAR
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Figur 1. De olika moment som ingar i den geotekniska delen av byggprocessen.
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Vid projektstart finns som regel en ganska tydlig Vision om vad man vill astad-
komma, se Fig.1. For geoteknikern foljer, efter planering sedan undersokningar i fdlt
och laboratoriet, som tolkas och man gor en nddvéndig forenkling eller Idealisering
av verkligheten och tillhérande problemstillning. I denna tolkning ingar att man
skapar en enkel schematisk streckmodell, varefter man, baserat pa erfarenhet och
resultat fran laboratorieforsok, viljer en materialmodell med tillhérande utvirderade
parametrar.

Darefter foljer berakningar, som mynnar ut i en forutségelse, Prediction.

Under byggtiden foljer man sedan hur det forvintade beteendet forhaller sig till vad
som hinder i verkligheten, Performance, och darefter foljer en reflektion med
virdering, som forhoppningsvis mynnar ut i ett OK.

I varje steg kan man gérna stanna upp och diskutera i en mindre grupp, om nivén pé
erforderliga insatser. Det dr ocksd viktigt att successivt forfina analysen till den niva,
som med hansyn till kvalitets- och ekonomiska dvervdganden dr motiverat. Man gér
1 princip igenom hela processen igen ett antal génger, se Fig.2.

Piloter har en lang checklista, som de gar igenom infor varje flygning, vilket for oss som
passagerare ger en trygghet. Det vore onskvirt att vi geotekniker kunde agera pa
liknande sitt, sa att vi och vara bestillare kunde kinna samma trygghet.

Det svara och samtidigt fascinerande med geotekniska fragestillningar ar att de i
valdigt manga fall ar unika for varje enskilt projekt, vilket forsvarar framtagandet av en
liknande checklista. Det vore formatet att tro att man kan astadkomma en liknande
checklista, sa att antalet geotekniskt betingade fel blir lika fa som antalet flygolyckor i
Sverige. I bilagan till denna artikel gors emellertid ett forsta forsok, om inte till en
geoteknisk checklista, sa i alla fall ett antal frdgor man bor stilla sig i de olika skedena,
som kan verka rudimentara, men som kanske kan utvecklas till att gora oss geotekniker
lite mer eftertinksamma — fore.

S5CHEMATIC
MOPEL

IDEALIZATION -

Figur 2. Utveckling av designprocessen.
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Nedan ges nagra kommentarer till varje del i denna process, som for ménga sikert
kan anses sjilvklara, men som énda fortjénas att beakta.

2.1 Vision

;’,9_::"? Det ér viktigt att dialogen med bestéllare ar frekvent och
= o~ tydlig, sd& att omfattning och krav blir ganska vil
i definierade redan innan projektet kommer igang pé allvar.
Denna fardplan” kan sedan successivt revideras. Den
vanligaste orsaken till skador som wuppstir, ar nog
avsaknaden av tillracklig geoteknisk kunskap inom projektorganisationen

2.2 Filt- och laboratorieundersokningar

@ De geotekniska undersokningarna, savil i1 filt som i

f'ﬁ‘}l laboratoriet, skall ge erforderligt geotekniskt underlag.

L Kvaliteten pa dessa arbeten &r helt avgérande for designen.

i gt gl [ alltfor ménga fall blir omfattningen péa félt- och
ldeatizateon laboratoriearbetena av kostnadsskél, vél begridnsade och
m det finns manga exempel pd att dessa “besparingar” i
3 slutdnden blir kostsamma. Underlaget for upprittandet av

- en streckmodell, som sedan ligger till grund for den

fortsatta analysen, blir alltfor magert.

Baserat pd de geotekniska undersokningarna 1 filt och
laboratoriet, samt geoteknikerns erfarenhet, forenklas den
komplicerade tredimensionella verkligheten oftast till ett
antal sektioner med vildefinierade jordlagerfoljder. De
ﬁﬁg&l«rﬂﬂ vanliga svenska jordlagerfoljderna &r i manga fall ganska
forutsdgbara och ldttolkade. Det dr trots detta viktigt att ha
med ett antal alternativa tolkningar for att utréna vad som eventuellt skulle kunna
stélla till det 1 byggfasen.

Exempel pd Overraskningar, som latt kan bli kostsamma, &r inte sillan
blockforekomst vid palning, starkt varierande bergnivéer, sprickigt berg som
dventyrar titning, mm. Listan kan goras ldng. Att tdnka efter och dverviga och ta
hojd for dessa osdkerheter dr viktigt for att undvika obehagliga och kostsamma
overraskningar.

Orsaken till minga problem 1 byggfasen &ar forekomst av vatten och de olika
jordlagrens hydrauliska egenskaper. Trots detta dgnas nog manga génger for lite tid
at en motsvarande geohydrologisk modell. Det dr inte ovanligt med tvister, dér just
vattnet varit problemet.
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Den vanligaste orsaken till skador dr sdkert lickage som orsakar sidnkning av
grundvattentrycket i omgivningen, som i lerjordar ofta ger skadliga séttningar.

Om man tycker att de ovan diskuterade jordmodellerna utgér forenklingar av
verkligheten, sa dr det inget mot vad de forenklingar av verkligheten innebér nér det
giller den geohydrologiska modellen. Det dr mycket svarare att skapa en
streckmodell som beskriver stromningsforhallandena i jorden an att skapa en
geoteknisk modell, som beaktar spadnningsfordandringar. Forklaringen ligger
formodligen delvis i att nédr det giller jordens egenskaper, s dr de som regel
”medelvérdesbildande” 1 berdkningarna, medan sé inte ar fallet for stromning, dér
enstaka anomalier kan fa stora konsekvenser. Har dr det kanske dnnu viktigare att
identifiera och beakta vad eventuella avvikelser kan medfora for att vara forberedd
pa olika problem. Dessutom &r det sd att jordens egenskaper som regel dr ganska
statiska, medan gradienterna, som driver stromningen, inte séllan kan variera kraftigt
1 tiden.

For geohydrologer dr kunskapen om de geologiska forhdllandena och skeden 1
jordens bildningssatt, om mdjligt d&nnu viktigare.

Risken for sprickigt berg med finmaterial 1 spricksystemet, kan uppvisa vildigt 1ag
hydraulisk konduktivitet vid provpumpningar, men kan fa drastiskt forédndrade
egenskaper om gradienterna i byggskedet blir sd stora att det sker en urspolning av
spricksystemet. Nar detta vil skett, dr det ofta ytterst komplicerat att tita och fa stopp
pa flodet.

Det finns alltid en risk att man, nér man vél skapat sig en modell, s& glommer man av
att den ar just en forenklad modell av verkligheten. Nir det géller de geohydrologiska
modellerna dr dessa dnnu grovre forenklingar av verkligheten dn vad som ar fallet for
jordmodellen.

2.4 Materialmodeller

Spannet nér det giller komplexitet hos materialmodeller har

Material N .. o . ) . .
) Propertics Okat hogst pétagligt de senaste decennierna, inte minst
s Eitutive avseende finita element metoden, FEM. Enkla ideal-
h sl elastoplastiska modeller, som kriver en, tva eller i vissa fall
— T_ kanske tre parametrar, har nu fatt sillskap av
;:,[ i materialmodeller som kopplar spanning, tojning och tid, och
———»

stundom dven temperatur, som kraver bestdmning av allt fran
tio till tjugo parametrar.
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a. b.

Figur 3. a. Enkel idealelastoplastisk modell med i princip en parameter
b. Komplicerad FEM-modell, med fler dn 10 parametrar

En avsevird kvalitetsforbéttring inom delar av geotekniken har skett i och med att
anvdndandet av avancerade forsok, som direkta skjuvforsok, triaxialforsok och CRS-
forsok har 6kat enormt det senaste decenniet. Idag finns ett flertal laboratorier, 1 saval
Goteborg som Stockholm, som kan utfora samtliga dessa typer av forsok.

Nar det géller granskning och utvirdering av resultaten ar det da viktigt att tinka
bland annat p4 att

- Kovalitetsgranska och utvdrdera resultaten fran falt- och laboratorie-
undersokningarna och jimfora med vad du forvéantar dig. Empirin skall inga
som en viktig del 1 underlaget for utvardering.

- Vilja en materialmodell som ar lagom komplicerad och ldmplig for den
aktuella problemstéllning.

- Se till att du kan och forstdr modellen fullt ut, samt vilka antaganden och
forutsattningar modellen bygger pa, med mera.

- Jamfora de fran laboratoriet erhillna kurvorna med vad dina utvérderade
parametrar ger for utseende pa motsvarande kurvor i modellen.

- Beakta att det 4r en fordel att ocksa vilja en enkel klassisk modell som
komplement till den mer avancerade modellen.

2.5 Matematisk modell

/f Det omrade, som tillsammans med métteknik genomgatt
K B de storsta fordndringarna de senaste decennierna ér utan
FF'j”,,ﬁ_ R tvekan de matematiska modellerna for att analysera
| jordmekaniska problem.

Manga modeller &r sa avancerade, att endast ett begransat antal geotekniker till fullo
forstar hur de ar uppbyggda. Det ligger en fara i att man litt fr en Overtro pa
resultaten, som presenteras 1 farggranna diagram med stor precision. Det dr oerhort
viktigt att man granskar och ifrdgasitter resultaten och funderar 6ver om den anvinda
materialmodellen, med tillhérande utvirderade parametrar, dr lamplig att anvénda for
den aktuella problemstéllningen.
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Det ér dven en fordel om man kan gora en viss kdnslighetsanalys for att se hur
resultaten dndras beroende pa det parameterval man gjort.

— Y- 2OUD
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Figur 4. Berdknade jordtryck mot en stédkonstruktion. Heldragna linjer berdknade
med klassisk jordtrycksteori, streckade linjer berdknade med FEM-analys.
(Personal communication, Leif Jendeby)

Vidare borde det vara obligatoriskt att géra en rimlighetskontroll med nagon klassisk
geoteknisk berdkningsmodell, eller 1 alla fall en Gverslagsberdkning, bara for att se
att de avancerade berdkningarna ger rimliga resultat.

Vad som ovan sagts om avancerade berdkningar av traditionella jordmekaniska
frigestdllningar géller 1 dnnu hogre grad berdkningar av geohydrologiska
fragestillningar. Anledningen dr inte bara svdrigheten att skapa en representativ
geohydrologisk streckmodell av verkligheten, utan ocksa det faktum att osékerheten
vid bestdmning av en héllfasthetsparameter eller modul kanske ar i storleksordningen
10 %. Nér det géller hydraulisk konduktivitet kan det vara svért att fa rétt tio-potens
pa parametern. D4 édr det dn viktigare att gora kédnslighetsanalyser for att se vilket
spann resultaten kan forvéntas falla inom.

2.6 Prediction

PRED Berdkningarna inom geotekniken gors ofta som en
(CTION deterministisk analys, 1 vissa fall kompletterad med en viss

P (faitw kénslighetsanalys, och anger ett forvintat virde pa
. sdttningar, staglast, sdkerhetsfaktor, mm, beroende pa
R vilken problemstillning som hanteras.
5 F
1o F

Men Eurocode baseras pé ett statistiskt synsétt, lat vara att man, p.g.a. av begransad
kunskap, valt att anvinda partialkoefficientmetoden. Egentligen dr det onskvirt att
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genomfora berdkningarna med beaktande av de ingdende parametrarnas
spridningsmatt, och pa sé sitt erhélla konfidensintervall for de berdknade storheterna.

|

brott - l
+1 A : >
1,0 F F

Figur 5. Berdkning av sdikerhetsfaktorn F for en sldnt, med tillhérande spridning
samt bedomning av brottsannolikhet.

Néagra viktiga framsteg har gjorts de senaste decenniet, som medfor att vi, 1 ett flertal
fall, successivt borde kunna ldmna partialkoefficientmetoden och gora statistiskt
baserade analyser istéllet.

De framsteg som gjorts kan kopplas, dels till berdkningskapacitet, dels till kunskap
om de geotekniska parametrarnas spridningsmaétt och det dr idag mojligt att berdkna
t.ex. forvintad sittning och dven ange med vilka sannolikheter sdttningen kommer att
overskrida olika viarden. En pales barformaga och spridningen for densamma, kan
ocksa berdknas. Nér det giller slintstabilitet kan osékerheten i den berdknade
sakerhetsfaktorn berdknas och dirmed ocksd brottsannolikheten. Vidare bor
erforderlig fOrstirkningsgrad kunna berdknas, om man bestimmer vilken
sakerhetsniva som krévs.

Ovanstidende forutsitter dock att vi som geotekniker tar till oss ny kunskap om
statistiska metoder, vilka berdkningsmetoder vi kan anvidnda samt att vi gemensamt
bygger upp kunskap om olika geotekniska parametrars spridningsmaétt. Nar det giller
leras hallfasthet har vi kommit en bra bit pa vdg, men det finns minga andra viktig
parametrar dir vi idag har bristfallig kunskap om dessas naturliga spridning.

2.7 Byggande/uppfoljning

Utvecklingen inom maéttekniken har varit enorm. Det dr idag mojligt att, med valda
tidsintervall, folja rorelser hos mark och konstruktioner pa en byggarbetsplats med
mycket stor noggrannhet. Resultaten &r i princip tillgdngliga momentant och man kan
f4 grafer pd en rad olika sétt. Dartill kommer de métningar som satellitméitningar
erbjuder, 1 princip for hela Sverige.

Maitningar av rorelser nere 1 jorden, sa val vertikalt som horisontellt, kan ocksa goras
med god noggrannhet, om én de dr ndgot mer kostsamma. Detsamma géller portryck,
stagkrafter mm.
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Beroende pd objektets omfattning och komplexitet varierar behovet och
mojligheterna till uppfoljning under byggskedet. Tyvirr dr det som regel bara 1 lite
storre projekt som geoteknikern dr med dven 1 byggskedet.

Den storsta faran 1 byggskedet dr att geoteknikerns intentioner inte ar tillrackligt
tydliga, produktanpassade eller att man 1 utforandet viljer egna eller modifierade
l6sningar. Dessa maste ovillkorligen stimmas av med ansvarig geotekniker.

Sammantaget 4r kommunikationen mellan féltpersonal / laboratoriepersonal/
geotekniker och berdknings-ingenjor/ arbetsplats kanske den enskilt viktigaste fragan
for att undvika att ndgot gar snett pa arbetsplatsen.

Vi kan nog bli bittre pd att hantera, analysera och anvédnda all denna information. En
viktig del dr att successivt jimfora berdkningsresultaten med utfallet, de métningar
som gors. Det ger en trygghet. Om patagliga avvikelser upptrider, analysera
berdkningarna och utred om det dr fel p.g.a. parameterval (modell) eller andra
forutséttningar eller antaganden om verkligheten. Forstdelsen skapar forutsiattningar
for att planera och genomfora dtgarder.

2.8 Reflektion

Man slés av att nar man vél borjar tvista, blir kostnaderna ménga gnger enorma och
mycket stora. Om man bara lagt en brikdel av dessa kostnader pa lite fler
undersokningar och mer ingenjorstid, for att begrunda risker och orsak i forvig, hade
felen aldrig uppstétt.

Vi geotekniker behover bli dnnu béttre pd att motivera och argumentera for tillriacklig
omfattning och kvalitet i det geotekniska arbetet.

3 KOMPETENSUTVECKLING

Trots att civilingenjorsutbildningen okats fran fyra till fem ar, dr det nog sa att antalet
undervisningstimmar inom geoteknik totalt sett har minskat nigot, samtidigt som
kunskapsméngden inom @mnesomradet har 6kat enormt. Det viktiga dr individens
forméga att 16sa problem och ta till sig den kunskap som behovs for att ta sig an
problemet. Det sétter fokus pd vad som brukar bendmnas det livsldnga larandet.

For att underlitta och mojliggora detta, méste vi reflektera 6ver foljande fragor

- Har vi overlag ritt kompetens inom kéren?
- Ar det sa att mentorskapet inom foretagen fungerar tillfredstillande?
- Avsiitts tillrdckligt med tid {or fortbildning?

- Erbjuds ritt kurser?
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Det vore formitet av mig att komma med pekpinnar niar det géller de tre forsta
punkterna. Men jag har tror det vore bra om ni, som ansvarar for geoteknikerna inom
respektive foretag, tinkte efter och begrundade dessa tre forsta fradgor och diskuterade
det med era yngre kollegor. Egentligen borde det finnas en genomtéinkt
kompetensutvecklingsplan for alla medarbetare. Jag vet att vissa foretag arbetar aktivt
med detta, men att det ar lite simre stillt hos en del andra foretag.

Nar det da géller den fjdrde frdgan, erbjuds ratt kurser, blir jag lite betdnksam. I SGF:s
kursprogram finns for ar 2023 inte mindre dn 26 kurser. Av dessa 26 kurser dr det
bara 2 som kan betraktas som fortbildningskurser for geotekniska handléaggare.

SGF:s utbildningskommitté, Jord har genomfort en enkét for att kartldgga behov och
onskemal och nu &r det viktigt att vi gemensamt arbetar for att bredda och fordjupa
utbudet av kurser och skapa goda fOrutsittningar for att hoja kunskapsnivan
ytterligare inom karen.

4 NYA REGLER, FORESKRIFTER OCH NORMER

Svensk geoteknik har utvecklats under ett drygt sekel och det har skett genom ett
systematiskt samspel mellan forskning, utveckling, tillimpning och
erfarenhetsdterforing. En geotekniker stélls infor helt andra utmaningar &n en
konstruktor. Konstruktoren har mojlighet att vilja material, egenskaper och
dimensioner for att klara det krav som stdlls pa konstruktionen i form av barférmaga
och deformationer. En geotekniker skall forst ta reda pd var konstruktionen skall
uppforas. Darefter maste han/hon bestimma jordlagerfoljden och djup till fast botten.
Sedan skall de olika jordlagren egenskaper bestimmas. Det efterfoljande valet av
materialmodell dr inte heller trivialt. Slutligen skall 1dmplig grundlaggningsmetod
viljas och dimensioneras, sd att barformagan och deformationer héller sig inom
angivna granser. Osdkerheterna 1 den geotekniska kedjan ar sdledes langt storre dn
vad de dr for konstruktdren. Anda jobbar geoteknikern i de flesta fall med patagligt
lagre marginaler.

Det innebér att en geotekniker 1 mycket stor omfattning méiste fOrlita sig pd
erfarenheter och ingenjorskunskap i form av bedomningar, dér heltickande
information saknas. Bland annat dr lokal erfarenhet, kopplad till geologin i omréadet
darfor oerhort viktig.

Det finns méinga fordelar med internationalisering, men ocksa en del faror. I arbetet
med nya Eurocode avser man att skapa gemensamma normer, som skall gélla i alla
lander och ddarmed ocksé skall fungera i vitt skilda geologier. Nir dryga 20 ldnder
skall enas om en gemensam text, blir det av ndden kompromisser och det finns stor
risk att viktiga lokala erfarenheter gar forlorade.

Det ar darfor viktigt att vi geotekniker 1 Sverige noggrant tdnker igenom hur vi bor
agera, s att inte nagra av vdra gemensamma erfarenheter gar forlorade eller forbises.
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Grundtanken 1 Eurocode ar att den skall bygga pa ett statistiskt baserat synsitt.
Konstruktionen skall dimensioneras s att sannolikheten for att en oonskad héndelse
skall vara tillrackligt liten. Men, eftersom mojligheterna att 1 detalj gora tillrackligt
noggranna sddana  berdkningar inledningsvis saknades, inférde man
partialsikerhetsfaktorer, vilket egentligen mojliggjorde att man riknade med de
befintliga deterministiska metoderna, men istillet med dimensionerande virden pé
ingdende storheter och parametrar.

Ett omrade dar tillimpningen av Eurocode dessvérre inneburit en viss skérpning av
kraven, jamfort med befintlig och vél forankrad praxis, dr analys av slédnters stabilitet.
Under en f6ljd av ar, 1996 till 2010, kunde t.ex. erforderlig forstidrkning av en slint
med for l4g sdkerhetsfaktor berdknas enligt Skredkommissionens Rapport 2:96,
Forstarknings-atgérder 1 Silt och lerslanter, se Fig 6.

Figur 6. Erforderlig forstirkningsgrad enligt Skredkommissionen, Rapport 2:96

Spannet pa erforderlig hojning av sdkerhetsfaktorn var ganska stort och var beroende
av spridningen hos den berdknade sidkerhetsfaktorn. I den tolkning som gjordes 1 [IEG
Rapport 4:2010, Tillstdindsbedomning/klassificering av naturliga slinter och slénter
med befintlig bebyggelse och anldggningar, h6jdes den undre gransen patagligt. Nar
man sedan beaktar att den vanligaste fOrstirkningsatgirden &r utfyllnader och
avschaktningar, innebar det pitagliga fordyringar, 1 alla fall om
variationskoefficienten for sikerhetsfaktorn var ligre 4n ca 10 %. Ar det dessutom sé
att forflyttning av jord skall tolkas som en byggnadsétgérd, blir kraven dnnu hogre,
for da &r det kraven for nybyggnad som skall gélla.

En mojlighet inom ramen for Eurocode dr dock att gora statistiska berdkningar och
visa hur brottsannolikheten minskar beroende pa hur omfattande forstarkningsatgird
som viljs. Detta d&r numer mojligt, inte minst for att var kunskap om de ingdende
parametrarnas spridning, framst den odrénerade skjuvhallfastheten, har okat. Detta
stéller dock ytterligare krav pa geoteknikern nér det giller formaga att hantera denna
typ av statistiska berdkningsmetoder.
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Av visst intresse ar att studera hur man hanterar motsvarande fragor nér det géller
forstarkning av en sldnt 1 Norge, ddar man ar patagligt mer drabbade av skred 1 lera,
kanske framst kvicklera, an vad vi dr 1 Sverige. | Norge tilldter man, for kvicklera,
forstarkning enligt det grona faltet i Fig 7. Om det inte finns kvicklera finns inga
tydliga krav, utan det ar upp till respektive kommun att avgdra om man skall forstarka
slénten eller ej.

Bakomliggande text, Figur 6.4,
Skredkomissionens Rapport 2:96

!
\
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Figur 6.4.

Figur 7. Erforderlig forstirkningsgrad enligt Skredkommissionen, Rapport 2:96
Blatt fdlt, enligt IEG Rapport 4:2010
Gront fdlt, praxis i Norge

Detta exempel visar, att om man gor det enkelt for sig, och foljer de
rekommendationer som finns 1 IEG Rapport 4:2010, blir dtgdrden dyrare dn den blev
enligt tidigare svensk praxis. Det &r viktigt att hir framhalla att for de flesta lerslanter
kan normalt en mer begrinsad foOrstarkning goras, fortfarande 1 enlighet med
Eurocode, om man gor en noggrann statistisk berdkning.

Man kan dessvérre dven konstatera att en strikt tillimpning av Eurocode, dir man
anvinder dimensionerande parametrar och tillhdrande krav, nar det géiller sldnters
stabilitet, 1 manga fall innebidr en skirpning av kraven jamfort med vad vi varit vana
vid. Vi bor tdnka efter och utreda om denna skérpning verkligen dr befogad.
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5 SLUTORD

Det dr viktigt att vi inom SGF tidnker efter och tar stillning, sé att vi gemensamt kan
verka for vad SGF anser vara bast for branschen och svensk byggande.

En person, som édr eftertinksam, anses ofta vara en klok person. Det dr en egenskap
som forvisso kraver viss tid, men i minga fall &r det vl motiverat och vil investerad
tid.

Jag tror att vi alla mar bra av att allt som oftast, i alla fall ibland, stanna upp och ténka
efter. Det géller i de olika faserna 1 vért dagliga vérv.

Det giller d4ven nér det handlar om fortbildning, vilka omrdden &r mest angelégna och
hur bor denna fortbildning ske?

Slutligen kan vi konstatera att internationaliseringen utgdér en utmaning, dédr vi
verkligen behdver tidnka efter for att, dels sla fast vad vi vill vérna om, dels hur detta
bist sker.

Allt detta for att inte beslutsamhetens friska hy, 1 efter tankens kranka blekhet skall
overga.
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Bilaga — ”Geoteknisk Checklista”

Vision — samla ratt Team for uppdraget och tillse att alla dr 6verens om
fardriktningen.

Filtundersokningar — se till att fa ratt omfattning pa undersdkningarna
— hur sdkerstéller jag att kvalitén blir ritt for uppdraget
Labundersokningar — skapa ritt forutsattningar for undersékningarna
— boka tid 1 laboratoriet i forhallande till faltarbetena
— Overvig att anvdnda avancerade forsok som CRS, Direkta
skjuvforsok och triaxialforsok i storre omfattning dn vanligt
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Idealisering och Ground Model
— stdm av geologin i omradet
— studera tillgangligt kartmaterial (SGU och SGI)
— rita upp sektioner
— identifiera osdkerheter i modellen
— identifiera faror, som skikt, block, ... ...
— kom 1hag att all fortsatt analys géiller modellen och &r inte
nodvindigtvis representativ for verkligheten

Soil Model — jamfor de kurvor som den konstitutiva modellen ger med de
som erhéllits fran laboratorieforsoken
— vilka forutsattningar bygger modellen pa och hur stimmer
dessa med verkligheten.

Matematisk modell — har jag anvint en berdkningsmodell som &r relevant for den
aktuella problemstillningen
— ”behérskar” jag och forstdr modellen fullt ut
— identifiera osékerhet
— gor alltid kontrollberdkningar med klassiska berdkningar eller
overslagsmetoder

Prediction — hur stora dr osékerheterna i mina prognoser
— vilka storheter skall jag kontrollera
— sétt larm och gransvirden for dessa storheter
— fundera 6ver eventuella atgérder som kan vidtas vid
overskridande av larm- och griansvérden

Performance — vilj lampligt matintervall
— jamfor Prediction och performance, vid avvikelser analysera
orsaker och eventuellt revidera design
— se till att folket pa arbetsplatsen dr valinformerade och vet
var riskerna aterfinns

OK — erfarenhetséterforing
— feedback till andra i projektet

260



THE EFFECTS OF SEVERE RAINFALL ON THE
STABILITY OF NATURAL SLOPES

Tobias Brandell #, Albin Selldén *
A Chalmers University of Technology

Abstract

The effect of global warming tends to cause more frequent extreme weather
events across the planet. These types of extreme weathers may present
themselves as more intense and long-lasting rainfalls which have proved to be
critical in terms of slope stability. As a rainfall occurs, the negative pore
pressure of an unsaturated of partially saturated slope reduces hence the slope
loses part of its stability capacity. The negative pore pressure, known as
suction, is directly correlating to the safety factor of a slope. Ultimately, this
means that when the suction reduces, the safety reduces and vice versa. The
aim of the study is to examine how future rainfalls will affect the stability of a
natural slope during an entire month. The goal is for the report to act as a
framework for future studies regarding slope stability as a component of
evolving precipitation conditions. To exemplify this framework, an existing
slope in Hjartum, Lilla Edet, adjacent to Gota dlv has been investigated. Prior
to this study, an analysis has been conducted by SWECO to evaluate the
stability at different sections of the slope.

To evaluate how future precipitation will evolve, existing studies for Vistra
Gotaland have been utilized and adapted to the specific case Hjartum, Lilla
Edet. To determine whether the month with the single most extreme rainfall
or the month with the most total precipitation was more critical for the slope
stability, two months in the reference period 1961-2010, matching those
descriptions, were identified. The rainfalls from the reference period were
adjusted to correspond with each scenario. The slope was modelled in the
software PLAXIS 2D and the precipitation was defined as an external
infiltration subtracted with the evapotranspiration. In total, four calculations

for each scenario were performed, namely the reference case, followed by the
time-period intervals: 2011-2040, 2041-2070, and lastly 2071-2100.

It was found that the precipitation will increase significantly until the year
2100 with short duration extreme rainfalls and precipitations during the winter
being the most affected. Furthermore, the safety factor of slopes similar to the
one in Hjidrtum, are in great risk of being significantly impacted by the
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increasing severity of the situation. Lastly it was concluded that the most
critical future scenario is one where more prolonged periods of rain unfold.
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NUMERICAL MODELLING OF HIGH-SPEED RAILWAY
TRANSITION ZONE

Karl Norberg *
A KTH Royal Institute of Technology

Abstract

Transition zones are changes in the track structure, detected by an abrupt
deviation in track stiffness and/or differential settlements. One inevitable
transition zone is the bridge approach. This study has investigated in this
transition zone, adapted for highspeed, ballastless track. The aim was to
observe the general behaviour of the transition zone including its critical
components, and to compare different measures, transition constructions, to
manage with the eventual problems. A base model, called Nullmodel, was
developed using the 3D finite element method to evaluate the behaviour of the
transition zone. Based on the Nullmodel, six comparative models have been
created, including different types of transition constructions within the
substructure. New for this study is that it investigates the overall behaviour of
the transition zone, and also the substitution of subballast in combination with
approach blocks.

For the general behaviour of the transition zone, the results have shown that
the ballastless track does not behave as a traditional ballasted track.
Furthermore, the direction of travel affects the magnitude of different
dynamical parameters. Comparing different transition constructions, replacing
the subballast with a hydraulically bonded layer in combination with an
approach block with cement bounded granular material is found to be the best
alternative. Finally, the inverted approach block is found to be an equally
good, or better, mitigative measure in comparison with the regular approach
block.
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FINITE ELEMENT MODELING OF INSTALLATION
EFFECTS OF SOIL-CEMENT COLUMNS

Anne Holtmeier *
A Luled University of Technology

Abstract

Since the 1970’s deep mixing columns have been widely used all over the
world to improve the performance of soft soil in regard to bearing capacity or
deformation behaviour. They are installed by mixing a binding agent, e.g.
cement, in situ with the soil. The choice of installation method affects the
properties of the column and the surrounding as the soil is disturbed by the
installation process. However, the effects of the installation are often
neglected during design even though they are plentiful. Besides the lateral
displacement that could destabilize neighbouring constructions, the soil in the
direct vicinity of the installed column is affected. Laboratory and field tests
revealed the formation of three distinct zones outside the nominal diameter of
the column which have different strength properties than the initial clay. They
are formed due to cylindrical expansion, clay fracturing, and the migration of
ions from the binding agent and their strength changes with time due to
consolidation, cementation, heating, and thixotropy.

Within this thesis, the installation effects that occur in the direct vicinity of
the column have been studied in the context of a construction project in
Sweden, where deep mixing columns are considered for the reduction of
settlements of road and parks areas located on a thick clay layer. Based on
analytical calculation methods and field measurements described in the
literature, the occurrence and the magnitude of the installation effects have
been assessed. The influence of considering these effects was then studied
numerically using the finite element program PLAXIS. The simulation
included one column within a column group and was performed in 2D
assuming axisymmetry. The presence of the neighbouring columns was
considered over the boundary conditions. The installation effects in the
vicinity of the column comprised three zones which were implemented in the
numerical model. For comparison, the simulations were also performed using
the “wish-in-place” approach for the column that ignores the occurrence of
any installation effects. The stabilized soil is loaded with two layers of new
filling material which results in excess pore pressures and settlements that
have been studied. The results for the model in which the installation effects
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were considered could be compared to the results for the model in which the
column was wished-in-place. The comparison showed that the consideration
of the installation effects leads to a faster consolidation and a significant
reduction in settlements. This was observed for different installation patterns,
1.e. triangular and square, and varying column spacings of 1.2 and 2.4 m. The
positive installation effects were greatest for a smaller spacing and a
triangular installation pattern. For a square installation pattern with a spacing
of 2.4 m, the consolidation time and the final settlements were both reduced
by more than 40%.

Even though the assumptions and simplifications require verification, a clear
positive influence can be seen for the project in Sweden. If these numerical
results are confirmed by field observations, more efficient construction
designs could be obtained which ultimately result in reduced costs and carbon
dioxide emissions.
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APPLICATION OF ERT FOR QUALITY ASSURANCE IN
JET GROUTING COLUMNS

Edvin Nilsagard A, Rebecka Knutsson 4
A Lunds universitet

Abstract

With the increased urbanization major cities are facing, expansion of larger
facilities and households are inevitable. Expansion means larger areas of the
surface needs to be used where the risk of varying subsurface soil properties
increases with larger surface areas. This can result in soil properties that
might not be stable enough to support these constructions. A potential
solution to solve this problem is the soil improvement method of jet grouting.
Jet grouting is a versatile soil improvement method used for various
geotechnical aspects in construction projects worldwide. By eroding and mix
in-situ soil with fluid binders from a high-pressure jet, improved geotechnical
properties of the soil body could be achieved. When achieving the desired
stability of the column it is crucial that the geometry and homogeneity
correlates with the preliminary design standards. Thereby, quality controls are
routinely performed on the column however, existing quality controls vary in
methodology efficiency as well as the level of accuracy obtained from the
controls. The thesis therefore aspired to find and compare an alternative
quality control to the existing quality controls based on Electrical Resistivity
Tomography (ERT) practice. ERT is a geophysical measuring technique for
determining the electric properties of the subsurface. This technique consists
of placing electrodes in contact with a specific medium and inject current via
the electrodes to create an electric potential field. The electrodes will then
measure the potential differences of the potential field which are translated to
resistivity properties of the medium.

In this thesis a composed cable consisted of electrode cables and temperature
sensors were inserted into a freshly produced test column. By injecting
current the potential differences in the column and the surrounding soil were
measured and the apparent resistivity properties of the underground could be
determined. The measurements were performed at different times to study the
curing process. The apparent resistivity measurements were inverted for two
software: Res2DInv and pyGIMLIi. Due to the borehole design, the resistivity
measuring was performed differently than the traditional surface ERT-
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measurement, a geometry adapted to the data had to be applied for obtaining
suitable inversion models of the column.

The measured data contained several outliers and errors which increased
during the curing process of the column. This was most likely due to a
corrosive action taking place on the electrode surfaces. The inversion models
resulted in relatively large uncertainties as well, however the pyGIMLi
inversion models showed better correlation with the intended geometry of the
column compared to Res2DInv. Even though uncertainties of the inversion
models were found, a resistivity contrast between the treated and untreated
soil was identified throughout the curing process which decreased with curing
time.

The conclusion of this thesis is that the ERT-method has potential to be
applicable to quality assuring jet grouting columns. The quality parameter for
determining the geometry and homogeneity of the column would be defined
by the boundary of which the resistivity contrast between the treated and
untreated soil was located in the inversion models or how the relative
resistivity changes during the curing process. However, this quality control
was not ideally executed, neither with the set of inversion models developed
in this thesis, nor the set of equipment used when measuring as it was less
adaptive to the column conditions and the installation procedure. The
developed quality control of this thesis was not validated and it could
therefore not be compared with the accuracy existing quality controls have.
But we believe that the ERT-method could potentially be a more time-
effective and accurate quality control compared to existing quality controls
with refinement in routine application, measuring equipment and inversion
models.

Sammanfattning

Med den 6kade urbaniseringen som de flesta stdder star infor, ar utbyggnad av
storre anldggningar och hushéll oundviklig. Denna expansion medfor ett
behov av mer tillgdnglig markyta att bygga pa, vilket dven innebér att platser
med varierande markforhallandena behover utnyttjas. Detta kan resultera 1 att
markegenskaperna inte alltid dr passande for stora anldggningar. En 16sning
till detta problem ér att stabilisera marken med den sa kallade jetinjekterings-
metoden. Jetinjektering dr en mingsidig markforbattringsmetod som anvénds
for olika geotekniska aspekter 1 byggprojekt vérlden dver. Genom att erodera
marken och blanda cementslurry tillsammans med den befintliga jorden pa
platsen med hjilp av en hogtrycksstrile, bildas en pelare som forbéttrar
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markforhdllandet. Vid tillverkningen av en jet-pelare dr det viktigt att
geometrin och homogeniteten stdmmer Overens med den forbestimda
standarden. Daiarfor genomfors kvalitetskontroller pad pelarna for att
sdkerhetsstdlla detta. De befintliga kvalitetskontrollerna varierar 1 metodisk
effektivitet samt 1 nivd av noggrannhet. Syftet med denna rapport dr déarfor att
undersoka en alternativ kvalitetskontroll som utférs med hjdlp av ERT-
matningar (Electric Resistivity Tomography), samt att jamfora denna metod
med de Dbefintliga kvalitetskontrollerna. ERT 4r en geofysisk
undersokningsmetod som maiter de elektriska egenskaperna 1 marken.
Metoden gér ut pa att placera ut elektroder 1 kontakt med ett specifikt medium
och via dessa elektroder injicera strdm som skapar ett elektriskt potentialfilt.
Elektroderna miter sedan potentialskillnaden 1 potentialfiltet som omvandlas
till resistivitetsegenskaper hos mediet.

I detta projekt fordes en kabel med elektroder och temperatursensorer ner i en
nyproducerad kolumn. Genom att injicera strom 1 kolumnen och den
omkringliggande jorden, kunde potentialskillnaden 1 potentialfiltet som
skapades bestimmas. Denna process gjordes vid flera tillfallen for att kunna
studera hardningsprocessen. Med denna information kunde den skenbara
resistiviteten for marken att raknas ut. Den skenbara resistiviteten gjordes om
till den verkliga resistiviteten genom inversioner 1 olika datorprogram. De
datorprogram som anvidndes 1 detta arbete var Res2DInv och pyGIMLi.
Eftersom maitningarna i detta arbete inte utfordes pd samma sétt som de
traditionella ERT-métningarna pa jordytan, definierades en ny geometri som
var bittre anpassad till kolumner och pé sa sitt blev inversionmodellerna mer
trovardiga.

Den uppmitta data som erholls efter maétningarna inneholl ett antal
extremvéirden och fel som ©6kade under hardningsprocessen av kolumnen.
Detta berodde antagligen frimst pé korrosion pa elektrodernas yta.
Inversionsmodellen resulterade 1 relativt stora osdkerheter, men pyGIMLi-
inversionsmodellerna hade béttre korrelation med den avsedda geometrin for
kolumnen jamfort med Res2DInv. Trots en del osdkerheter gick det att
urskilja en resistivitetskontrast mellan den obehandlade jorden och den
behandlade jorden under hdrdningsprocessen, vilket dock minskade Gver tid.

Slutsatsen 1 detta examensarbete dr att ERT-métning har potential att
anvindas som kvalitetskontroll for jet-pelare. Kvaliteten gédllande geometrin
och homogeniteten 1 kolumnen definieras utifran var resistivitetskontrasten 1
inversionsmodellen dr lokaliserad eller hur den relativa resistivitetsokningen
ser ut under hirdningsprocessen. [ detta arbete utfordes inte
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kvalitetskontrollen pé ett optimalt sétt dd inversionsmodellerna utvecklade 1
detta arbete inte var idealiska med den samlade maitningsdatan, samt att
utrustningen som anvidndes vid méitningarna inte var anpassade for
forhallandena och installationsprocessen. Kvalitetskontrollen 1 detta arbete har
inte validerats och kunde dirfor inte jdmforas med de befintliga
kvalitetskontrollernas noggrannhet. Med forbdttrade rutintillimpningar,
utrustning och inversionsmodeller kan ERT-metoden potentiellt vara en mer
tidseffektiv. och noggrann kvalitetskontroll jamfort med befintliga
kvalitetskontroller.
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