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A comparative analysis with the fall-cone and direct simple shear tests
EVELINA HALL & ELLEN LINDEBY

Department of Architecture and Civil Engineering
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Abstract

Between the years 2019 and 2023, SGI developed a new method to assess the
undrained shear strength in cohesive soils. The new test, named the shear punching
test, is developed to possibly replace or compliment existing test methods, particu-
larly the fall-cone test. The fall-cone test, which is an index test for evaluating the
shear strength of soil, is based on empirical analyses. This makes it challenging to
derive mathematically and often underestimates the results. A method similar to
the shear punching test was devised by Bror Fellenius 1935. Although the results
were considered promising at the time, the method came to nothing.

This thesis aims to investigate the potential of the shear punching test to become a
standardized test in geotechnical investigations by analyzing the correlation between
the shear punching test, fall-cone test and direct simple shear test (DSS). This is
achieved by conducting a literature review and analyzing results from soil samples
where all relevant methods have been performed. Furthermore a numerical model
of the shear punching apparatus is developed using Plaxis 2D, and an in depth sta-
bility analysis is conducted on a section from Gamleby Harbor in Véastervik using
Geostudio SLOPE/W.

The results show that the shear strength that is calibrated to the DSS test aligns rea-
sonably well with empiricism and naturally in relation to the shear strength obtained
from DSS tests. The normalized shear strength however, shows a wide spreading
within 2 standard deviations as well as a few outliers. Numerical modeling in Plaxis
can to some extent recreate results from the laboratory tests. During evaluation of
the shear strength trend for the use in stability analysis, the shear punching test
leads to an increase in cases where the DSS test is excluded.

In conclusion, the shear punching test cannot be considered a complete replacement
for the fall-cone test as an index test, as the sensitivity of the soil cannot be deter-
mined. However, it can be used as a complement to other tests for the evaluation of
the undrained shear strength in cohesive soils. Due to the scatter in the normalized
shear strength, no specific range for certain parameters can be observed where shear
punching is relevant or not. It can be concluded that it is possible to recreate the
shear punching numerically and obtain results that reasonably align with laboratory
results. Including results from the shear punching test in the evaluation of the shear
strength trend will only have an e [edt if more reliable test methods are not included.

Keywords: Shear punching test, shear strength, numerical FE modelling, data anal-
ysis, slope stability






Utvardering av skjuvstansning

En jamférande analys med fallkon- och direkt skjuvforsok
EVELINA HALL & ELLEN LINDEBY

Institutionen for arkitektur och samhallsbyggnadsteknik
Chalmers tekniska hdgskola

Sammanfattning

Under aren 2019 till 2023 utvecklade SGI en ny metod for att bestamma den odrén-
erade skjuvhallfastheten i kohesionsjordar. Den nya metoden, benamnd skjuvs-
tansning, utvecklas for att kunna ersatta eller kompletera nuvarande metoder, i
synnerhet fallkonsforsoket. Fallkonsforsoket, vilket ar ett indexforsok for utvarder-
ing av skjuvhallfastheten i jordprover, baseras pa empiriska analyser. Detta gor
metoden svar att harleda matematiskt, samtidigt som den ofta underskattar resul-
tatet. En metod liknande skjuvstansningen utvecklades ar 1935 av Bror Fellenius.
Trots att resultaten vid denna tid verkade lovande, rann metoden ut i sanden.

Examensarbetet syftar till att utreda skjuvstansningens potential att bli en stan-
dardiserad metod vid geotekniska utredningar genom att analysera korrelationen
mellan skjuvstansning, fallkonsférsék och direkta skjuvforsok. Detta uppnas genom
en litteraturstudie foljt av analys av resultat fran jordprover dar samtliga relevanta
metoder har utforts. Vidare utvecklas en numerisk modell av skjuvstansen i Plaxis
2D, och en fordjupad stabilitetsanalys for en sektion i Gamleby hamn i Vastervik
genomfors i Geostudio SLOPE/W.

Resultatet visar att skjuvhallfastheten som har kalibrerats med direkt skjuvforsok
stammer nagorlunda val 6verens med empiri samt naturligt i forhallande till skju-
vhallfastheten erhdllen fran direkta skjuvforsok. Den normaliserade skjuvhallfas-
theten visar daremot en stor spridning inom intervallet tva standardavvikelser med
ett fatal extremvarden. Den numeriska modelleringen i Plaxis kan till viss del ater-
skapa resultat fran skjuvstansen i laboratoriet. Vid utvardering av en skjuvhallifas-
thetstrend for anvandning vid stabilitetsanalyser medfor skjuvstansingen en 6kning
i de fall da direkta skjuvforsok utesluts.

Sammanfattningsvis kan skjuvstansning inte helt ersatta fallkonsforsoket som ett
indexforsok, eftersom jordens sensitivitet inte kan bestammas. Den kan daremot
komplettera andra tester for att utvardera den odranerade skjuvhallfastheten i ko-
hesionsjordar. Pa grund av spridningen i den normaliserades skjuvhallfastheten kan
inget specifikt intervall for utvalda parametrar observeras dar skjuvstansningen ar
relevant eller inte. Det kan aven konstateras att det &r mojligt att aterskapa skjuvs-
tansen numeriskt och erhalla resultat som nagorlunda sammanfaller med laborato-
rieresultat. Att inkludera resultat fran skjuvstansning vid utvardering av skjuvhall-
fasthetstrenden har enbart en e [eRt om mer palitliga testmetoder inte inkluderas.

Nyckleord: Skjuvstansning, skjuvhallfasthet, Numerisk FE-modellering, dataanalys,
slantstabilitet
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Nomenclature

Below is the nomenclature of parameters that have been used throughout this thesis.

Roman letters

A Area

Ap Surface area of the punch

A, Reduced area of the shear surface

A Total shear surface area

c Cohesion

c" E [edtive cohesion

Cu/Suy Undrained shear strength

Cu—ds Undrained shear strength from the DSS test

Cu—f Undrained shear strength from the fall-cone test

Cu—f (corr) Undrained shear strength from the fall-cone test corrected with
regard to the liquid limit

Cfy Undrained shear strength obtained from field vane shear test

Cu,Hansbo Empirical undrained shear strength, Hansbo’s formula

Cur Remoulded shear strength

Cu—s Undrained shear strength from the shear punching test

Cu—s(corr) Undrained shear strength from the shear punching test corrected
against undrained shear strength from DSS tests

Cu—s(corr2) Undrained shear strength from the shear punching test corrected
against undrained shear strength from DSS tests with correction
equation 2

Cu—s(corr3) Undrained shear strength from the shear punching test corrected
against undrained shear strength from DSS tests with correction
equation 3

Cu,SGI Empirical undrained shear strength, SGI's recommendation

€int Initial void ratio

Eref Young’s modulus
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Pexcess
q

Ot

RZ

Rinter

Xiv

Force

Shear modulus

Gravitational acceleration

Cone penetration depth

Cone factor

Lateral earth pressure at rest
Lateral earth pressure ratio in the NC-region
Permeability

Permeability in x and y direction
Critical state line

Modulus number

Constant constrained modulus below the eledtive vertical pre-
consolidation pressure

Constant constrained modulus between the stressed g’and o’
Initial porosity

Mean e [edtive stress

Excess pore pressure

Deviatoric stress

Tip resistance in CPT

Coe Lcieht of determination
Strength reduction factor

Mean e [edtive stress

Sensitivity

Reference undrained shear strength
Maximum torque
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Greek letters

Bk Coe Lcieht of permeability change

% Unit weight

Yeu Partial coe [cieht used to convert undrained shear strength
YMm Partial coe [cieht

Vs Shear strain
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Yo Partial coe Lcieht used to convert the friction angle
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n Conversion factor

Neu Conversion factor applied to cohesion materials
Moo Conversion factor applied to friction materials
K] Modified swelling index

AL Modified compression index

K Correction factor

Y Poisson’s ratio

Vur Poisson’s ratio for unloading/reloading

p Density

Op Stress in punch

ot E [edtive stress

01 Axial stress in Triaxial test

O3 Radial stress in Triaxial test

o Pre-consolidation pressure

oy E [edtive stress were compression modulus starts to increase
Ot Tension cut-o [Cahd tensile strength

ol Vertical e [edtive stress

Ovo Overburden pressure

(o) In situ vertical e [edtive stress

Oxy Cartesian shear stress

Oyy Vertical total cartesian stress

T Shear strength



Friction angle
0 E ective friction angle
Dilatancy angle
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1

Introduction

This chapter contains a summary of the historical shear punching test developed by
Bror Fellenius, along with a problem de nition that outlines the aim, objectives, and
limitations of this thesis.

1.1 Background

Between the years 2019 and 2023, SGI developed a new test method for assess-
ing the undrained shear strength in cohesive soils (Kalén et al., 2023). The newly
developed test, called the shear punching test, aims to potentially replace or com-
plement existing test methods, particularly the fall-cone test. In practice, the shear
punching test involves inducing a well-de ned shear failure by pressing or punching

a soil specimen through a xed circular opening. Simultaneously, the force required

to generate the deformation is measured and subsequently converted to the shear
strength of the soil.

1.1.1 The beginning of the shear punching test

A method similar to the shear punching test was devised by Bror Fellenius as early
as 1935 (Kalén et al., 2023). Fellenius' punching apparatus resulted a reliable shear
strength at the time, and the method was considered as both e ective and inex-
pensive (Lundin, 2000). Figure 1.1 depicts the apparatus used, which comprises
a cylindrical container for the soil specimen, with a punch and piston positioned
above it (Fellenius, 1938). The punch is connected to a lever with a bucket, which
receives water at a constant rate of 0.5 kg/min (Lundin, 2000). As the water in the
bucket increases, a su ciently large force is generated to punch the piston into the
clay specimen, resulting in shear failure.

Although the shear punch apparatus was initially regarded as a promising method
at the time, there is no further mention of it in the literature (Lundin, 2000, Kalén
et al., 2023). One potential explanation for the method's limited impact is that
its implementation was more complex than that of other methods used at the time
to determine shear strength. Another hypothesis is that the Second World War
prevented further development of the method and it was subsequently forgotten.
Nevertheless, the precise reason remains unknown.
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Figure 1.1: Bror Fellenius' shear punching apparatus from 1935 (Fellenius, 1938)

1.2 Problem de nition

The fall-cone test, which is a standard procedure for evaluating soil specimens, is a
method based on empirical analyses that are challenging to derive mathematically
(Kalén et al., 2023). Other methods for determining the undrained shear strength
of soil specimens require the input of advanced, calculated data, which is not always
available to the engineer. This presented an opportunity to evaluate a new, more
straightforward method, which resulted in the shear punching test. As this method
is new, its reliability is contingent upon a relatively limited database that has been
reviewed and studied during the work of SGI presented indexforsok for bestdmning
av odranerad skjuvhallfasthet: Skjuvstansnin@023). Nevertheless, further testing

IS necessary to enhance the method's credibility. The expansion of the database will
also facilitate a deeper comprehension of the circumstances under which the shear
punching test is most e ective, including the types of soil and conditions in which

it performs optimally.

1.2.1 Aim and objective

This study aims to investigate the correlation between the methods fall-cone test,
shear punching test and direct shear test (undrained). The thesis focuses speci cally
on the shear punching test and the potential for it to become a standardized test
in geotechnical investigations. This is achieved by) conducting a literature review
comparing the methods to each other and) analyzing results from soil specimens
where all relevant methods have been performed. Furthermore, an in-depth sta-
bility study is carried out for a section in Gamleby harbor in Vastervik, including
the results from the shear punching test. Finally, a numerical model of the shear
punching test is developed in order to verify the results mathematically.
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In line with the objective, the following research questions will be investigated in
this study:

1. Can the shear punching test replace the fall-cone test as an index test or

complement other existing methods for the evaluation of the undrained shear
strength in cohesive soils?

In what range is the shear punching test relevant or irrelevant for certain
parameters, including density, soil type, water content, liquid limit, organic
content, permeability and sensitivity?

How does the inclusion of the shear punching test a ect the selected shear
strength trend and thus the result of the stability analysis in Gamleby Harbor,
compared to when the shear strength is based on the fall-cone or DSS test?
Is it possible to create a numerical FE model that will produce the same results
as those obtained from a shear punch apparatus in a laboratory?

1.2.2 Limitations

This thesis is subject to a few limitations:

N

The data included in this thesis is limited to soil specimens from a selected
number of locations with equivalent soil composition.

The material models used in Plaxis 2D are constrained to the Mohr-Coulomb
and Soft Soil constitutive models due to a limited time frame and available
data.

The literature review of the material models addresses their limitations and
advantages but does not provide a in depth analysis of their construction or
operation.

The stability analysis in Geostudio SLOPE/ W is limited to a single selected
cross section in Gamleby harbor.

Plaxis will be used solely for the purpose of simulating the shear punching test
and will not be utilized for stability analysis.
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Theory

This chapter addresses the properties of cohesive soils, with a focus on gyttja and
the impact of organic content on soil properties. Additionally, this text describes the
concept of shear strength as a geotechnical parameter and brie y mentions relevant
methods for its evaluation. Furthermore, the chapter brie y addresses the issue of
localized strain using the Finite Element Method.

2.1 The concept of cohesive sall

All soil specimens which have been tested with the shear punching test were classi-
ed as cohesive soils, and the majority have clay as the main content (Kalén et al.,
2023). Some of the soil specimens from this case study in Gamleby Harbor, together
with some samples provided by LabMind, exhibited a high organic content, which
de nes them as gyttja.

Soils that exhibit cohesive behaviour, such as clay and gyttja, are de ned as soils
where the shear strength is determined by both frictional and cohesive forces (sorp-
tion, i.e. a physical attraction between particles) between the soil particles. Addi-
tionally, these soils often exhibit low permeability (Eriksson, 2016). Except from
clay and gyttja, peat and turf is also included in this category.

The cohesive soils can be classi ed into two subgroups based on their organic content:
mineral soils and highly organic soils (Eriksson, 2016). Clay is an example of a
mineral soil, while gyttja is an example of a highly organic soil. The designation of
soil is dependent on its organic content, as shown in Table 2.1.

Table 2.1: Guideline values for determination of soil type based on organic content.

Soil type Organic content
Clay <2%
Gyttja-bearing clay 2-6%
Clayey gyttja 6-20%
Gyttja >20%

Gyttja originates from the decomposition of organic matter, resulting in a soil that
is rich in fat and protein (Larsson, 1990). The remains are broken down by three
di erent processes. The rst two are decomposing processes with bacteria and living
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organisms such as worms, while the third is a fermenting process. These processes
gives gyttja its characteristic grey, brown or green color and elastic consistency.
However, the organic substance is rarely entirely decomposed, which can result in
disturbances of the soil specimen during sampling and laboratory work. It is not
uncommon for the specimen to be cut uncleanly.

Organic material has a high capacity for absorbing water and binding sediments
which creates a structure with high water content and plasticity (Wang et al., 2022).
The water content is signi cantly correlated with the pre-consolidation pressure
(Larsson, 1990). A high water content in gyttja will result in a higher compressibility,
lower sensitivity and a lower shear strength since the soil is more unstable with water
lling the particle structure. Additionally, a higher water content will result in higher
Atterberg limits, i.e. liquid and plastic limit (Wang et al., 2022). For inorganic soils,
such as clay, with a higher pre-consolidation pressure, the compressibility and water
content will be lower, and the shear strength usually higher.

2.2 Shear strength

Shear strength is a parameter used in a variety of geotechnical applications, in-
cluding calculating of bearing capacity and conducting stability analyses (Eslami
et al., 2020). Shear strength is de ned as the resistance to shear stress, with shear
failure occurring when the shear stresses exceed the shear strength. It is typically
determined by the Mohr-Coulomb failure criterion, described in Equation 2.1.

=c+ % tan (2.1)
where
= shear strength,
¢ = cohesion,

0= e ective stress,
= friction angle.

A number of factors in uence the MC failure criterion. For instance if the soil is a

drained or undrained, whether it is normally- or overconsolidated, and its grain size
(ne or coarse). Additionally, time-dependent behaviors, the type of loading, the

sensitivity of the soil and its stress paths also in uence the criterion (Eslami et al.,
2020).

Shear strength can be expressed as either drained or undrained shear strength (Lars-
son et al., 2007a). Undrained shear strength, often given ag is the most common
type of shear strength used in calculations (Larsson et al., 2007a). The main fac-
tors in uencing the shear strength are soil type, the load case, the pre-consolidation
pressure 2 and the overconsolidation ratio, OCR. The undrained shear strength
varies in di erent directions and is thus divided into three cases: active, passive and
direct shear. Active shear strength is usually the highest, while the passive shear
strength is usually the lowest. These are illustrated in Figure 2.1. It is often as-
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sumed that the undrained shear strength remains constant over time, with changes
only occurring in case of drainage.

Figure 2.1: The three di erent shear cases. Black arrows indicates the direction of
the shear plane, while red arrows illustrate the change in shape that occurs during
movement.

The drained shear strength is most applicable to situations involving friction soils
or in overconsolidated cohesive soils (Larsson et al., 2007a). The e ective strength
parametersc® and ©are used in Equation 2.1 to describe the phenomenon.

The determination of shear strength can be achieved through a number of test meth-
ods (Larsson et al., 2007a). The eld vane shear test, the fall-cone test and the CPT
are test methods for investigating the shear strength. However, results from these
tests should be correlated by or compared to the shear strength determined by the
direct simple shear test (DSS), which is considered to be a more accurate and ap-
plicable test. As the name implies, the direct simple shear test is only applicable to
direct shear cases. When the objective is to determine the active or passive shear
strength, triaxial tests are more suitable since they can simulate anisotropic behav-
ior, where the shear strength varies in di erent directions.

The shear strength obtained from the fall-cone test can be used to determine the
sensitivity of a clay, which is a necessary parameter for determining whether a clay
Is classi ed as quick or not (Swedish Geotechnical Institute [SGI], 2018). The sensi-
tivity is de ned as the ratio between the undisturbed and remoulded shear strength,
both of which are obtained from the fall-cone test, according to equation 2.2.

Cy
St = 2.2
Cuyr (22)
In addition to sensitivity, the value of the remoulded shear strength is also taken into
account when classifying the clay as quick (SGI, 2018). In Sweden, the guideline

values for quick clay is aS; > 50 and ¢,; < 0.4 kPa, with greater emphasis on the
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sensitivity.

In 1922 when the cone test apparatus had been developed, the sensitivity could be
calculated with the strength valuesH; and H, representing the remoulded and the
partly undisturbed shear strength (Lundin, 2000). The remoulded shear strength
was initially introduced because the remoulded specimens were all tested under the
same conditions, making the disturbances of the specimen during sampling irrele-
vant (Statens jarnvagars geotekniska kommission 1914-1922, 1922). However, this
approach is not used in the same way today. The invention of the piston sam-
pler in 1925 enabled the collection of undisturbed samples, used to determine the
undisturbed strength valueH s, allowing for a more accurate determination of the
sensitivity (Lundin, 2000).

2.2.1 Empirical relations for undrained shear strength

Empirical relations and correlations are often used for a preliminary estimation of
expected soil properties and for assessing the relevance of laboratory test results.
One of the most well known empirical relations is Hansbo's relation, presented in
Equation 2.3, which is based on the results of fall-cone and eld vane tests, which
have been corrected for the liquid limit (Larsson et al., 2007b). The correlation
is based on normally consolidated clays with a high content of the mineral illite
and a sensitivity of approximately 10 (Hansbo, 1957). In normally consolidated and
slightly overconsolidated Scandinavian clays, the evaluated undrained shear strength
from the fall-cone and eld vane test typically follows this relation (Larsson et al.,
2007b). However, a considerable degree of scatter is observed in the relation for
undrained shear strength obtained from eld vane tests. Typical values for Swedish
clays are within a range of 20 %, with the potential for values to reach up to

50 % (Larsson, 1980).

Cu;Hansbo = 8 0,45 w, (2.3)

Instead of the proposed relation by Hansbo, SGI has recommended an alternative
empirical formula for undrained shear strength (Larsson et al., 2007b). This formula
is derived from data obtained from active and passive triaxial tests, as well as DSS
tests, and depends on the type of soil, loading, pre-consolidation pressufe and
OCR (Larsson and Ahnberg, 2003). The empirical formula is presented in Equation
2.4 below.

Cussl =a ¢ OCR @ (2.4)

Both a and b are material constants.a is dependent on the type of soil, load case,
and the liquid limit of the soil while b is independent of the load case and is usually
found within the interval 0,7-0,9. However, it is typically set to 0,8.a is calculated
as follows:

Active shear:a 0;33
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Direct shear:a 0;125+0;205 w,_=1;17
Passive sheara 0;055+0;275 w, =1;17

In the absence of the liquid limit,a is typically set to 0,22.

In addition to the two previously mentioned empirical relations, other empirical
methods are also used. For instance, SHANSEP (Stress History and Normalized
Soil Engineering Properties) describes how the undrained shear strength of soil
varies in relation to pre-consolidation pressures and OCR, similar to the formula
recommended by SGI. Instead, Mesri expressed the undrained shear strength as
c = ¢ 0;22 which is independent of the plasticity index that Bjerrum included
(Larsson, 1980).

Empirical data are generally used to validate the reliability of the obtained results
from test methods (Larsson et al., 2007b. The empirical data thus correspond to
the normal values against which the obtained data are compared. Depending on
the objectives and the engineer, di erent empirical methods may be used, but SGI
nevertheless o ers a certain recommendation.

2.3 Material models in Plaxis 2D

Regardless of the material model used in Plaxis 2D, a number of parameters are
required for the material models to function properly. The aforementioned parame-

ters are presented in table 2.2 below. The strength reduction factdRjn. , IS used

in instances where structural elements are incorporated into the model. This fac-

tor describes the roughness of the interaction between the soil and the structural

element modelled by arinterface (Bentley, 2023).

Table 2.2: Parameters that require input for all constitutive material models used
in Plaxis 2D.

Standard parameters

Saturated and unsaturated unit weight  <a/ unsat
Initial void ratio Einit
Initial porosity Ninit
Permeability in x and y direction Ky/ Ky
Strength reduction factor Rinter
Lateral earth pressure coe cient at rest KO

2.3.1 Mohr-Coulomb

The Mohr-Coulomb constitutive model (MC model) is a linear elastic perfectly plas-
tic model that is used as an approximation of the behavior of soil, as well as analyzing
soil failure (Kartsunen and Amavasai, 2017). The model can be divided into two
distinct parts: the linear elastic part and the perfectly plastic part. The linear elas-
tic part is based on Hooke's law regarding isotropic elasticity. The perfectly plastic

9
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part is based on the Mohr-Coulomb failure criteria where pure elastic response is
assumed until failure. A useful illustration of the elasto-plastic models can be found
in Figure 3 of the report BEST SOIL: Soft soil modelling and parameter determi-
nation (Kartsunen and Amavasai, 2017).

The MC model is simple to use and only fundamental parameters are necessary
to conduct the analysis, resulting in su ciently good results in the elastic region
(Kartsunen and Amavasai, 2017). However, it should be noted that soil is not al-
ways behaving linear elastic, particularly when the load is changed. Additionally,
the model does not allow for changes in sti ness, as it assumes linear sti ness. Con-
sequently, the model is unsuitable for advanced soil modeling problems.

The parameters necessary for conducting a MC analysis are presented in Table 2.3
below. These parameters are derived using CRS and triaxial tests, or based on the
engineer's experience if the available data is limited.

Table 2.3: Necessary parameters for the Mohr-Coulomb constitutive model.

Parameter Unit Drainage type
Young's modulus Eret | KN=m?

Poisson's ratio -

Cohesion ¢ | kN=m? | Undrained A
Friction angle ' ° Undrained A
Tension cut-o and tensile strength t kN=m?

Dilatancy angle ° Undrained A
Reference undrained shear strengths,er | KN=m? Undrained B

2.3.2 Soft soil

The failure of the Soft Soil constitutive model (SS model) is based on the Mohr-
Coulomb failure envelope, as is the MC model. However, the yield surface is based
on the Modi ed Cam Clay model associated with the so-called " ow rule for plastic
strains" (Kartsunen and Amavasai, 2017). The yield surface is illustrated in@ ¢
diagram and is formed as an ellipsoid. The M-parameter determines the height of
the ellipsoid, which in turn determines the ratio between horizontal and vertical
stress in the one-dimensional compression. Consequently, M exerts a considerable
in uence on the coe cient for lateral stress in normal consolidation,K . The top

of the ellipsoid coincides with the M line, which is also known as the critical state
line. The critical state is not necessarily where failure occurs, and hence the M line
Is not always the same as the MC line where failure occurs. The size of the yield
surface is contingent upon OCR or POP. If OCR or POP is to be used is determined
by the geological history. A comprehensive illustration of this relation can be found
in Figure 4 of the report BEST SOIL: Soft soil modelling and parameter determi-
nation (Kartsunen and Amavasai, 2017).

The SS model is capable of simulating both elastic and plastic soil behaviors. Its sti -
ness is stress dependent, which means that it is non-linear (Kartsunen and Amava-

10
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sai, 2017). In contrast, there is a logarithmic behavior based on compression and
a logarithmic relation between the change in volumetric strain and the change in
mean e ective stress 9. Furthermore, the soft soil model incorporates the pre-
consolidation pressure.

The SS model is designed for the analysis of soft soil, as the name reveals (Kartsunen
and Amavasai, 2017). The hardening soil model can also be used in the analysis
of soft soil material. However, the soft soil model is more advantageous when the
analysis includes compression but it is limited in its ability to manage compression
stress paths but not extension. Furthermore, it does not consider the anisotropy that
may occur in the soil. The model also performs poorly on strongly over-consolidated
clays, as the stress ratio is located above the MC failure line.

The essential parameters for the SS model are presented in Table 2.4. Some param-
eters are most simply derived from incremental loading oedometer tests, including
unloading and reloading. This type of test is rarely performed in Sweden which
causes di culties for the derivation of parameters.

Table 2.4: Additional parameters that require input for the Soft Soil constitutive
model.

Parameter Unit
Modi ed compression index -
Modi ed swelling index -

Poisson's ratio for unloading/reloading ur -
E ective cohesion c | kN=m?
Friction angle ' °
Dilatancy angle ©
Tensile strength ¢ | KN=m?

Coe cient of lateral stress in normal consolidation K g° -

2.3.3 Localized strain using FEM

The Finite Element Method (FEM) utilizes approximation functions to represent
eld variables, such as deformation and stress, within each element (Lopes et al.,
2020). However, if these functions are unable to e ectively represent local varia-
tions, it can lead to inadequate capture of localized strain, often referred to as mesh
dependency problem. This issue can arise in materials that exhibit strain softening
behavior like the materials used in this thesis. The softening e ect caused by soil
failure cannot be accurately captured by nite elements, which makes it di cult to
solve the boundary value problems that describe the structure's response. Localized
strain is displayed as a thin band in the model, with the width of the band depen-
dent on the size of the mesh. However, more advanced constitutive soil models are
available that can simulate strain softening, and thus avoid localized strain prob-
lems. One such model is the Creep SCLAY-1S model, which is a highly advanced
model, that predicts strain softening by accounting for bonding and destructuration
(Kartsunen and Amavasai, 2017).

11
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Methods to test undrained
shear strength

This chapter describes methods for determination of shear strength in soil, both in
situ and in the laboratory. Additionally it provides a brief introduction of other
punching methods adopted internationally.

3.1 Determination of shear strength in situ

In situ determination of the undrained shear strength of the soil refers to the testing
of soil in its current state, without altering the stresses on the soil (Larsson et al.,
2007b). This can be done with eld vane shear tests and CPT, among other methods.

3.1.1 Field vane shear test

In Sweden, the in situ undrained shear strength in cohesion soils has traditionally
been determined using eld vane shear tests (Larsson et al., 2007a). The method
involves pressing the vane into the soil to the desired depth with minimal distur-
bance, and then rotating it until failure is obtained (Swedish Institute for Standards
[SIS], 2020). The maximum torque,Tmax, required to induce failure is measured,
and together with the geometry of the vane, the peak undrained shear strength can
be calculated according to Equation 3.1. The maximum torque obtained is cor-
rected for the internal and external friction of the extension rods. The equation is
valid when the ratio of the plate diameter to height is 1:2. Subsequently, the shear
strength is corrected for the liquid limit of the soil, W .

_ 6000000 max
Cv = — D3
The sensitivity of the soil is an important parameter for the detection of quick clay
and can be calculated by dividing the undrained shear strength by the remoulded
shear strength, which is obtained by vigorously rotating the vane (SIS, 2020). The
eld vane test is most appropriate for evaluating very loose to solid clay that is
relatively homogeneous, as soils with coarser layers or particles are more likely to
cause disturbances (Larsson et al., 2007a). If the vane is driven through an overlying
rmer layer into a looser layer, there is a risk of material adhering to the blades and
thus disturbing the underlying looser solil pro le. The presence of coarser grains, em-
bedded layers or plant debris may result in elevated shear strengths and disturbance

(3.1)
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due to drainage or the vane getting caught in materials. By pre-drilling through the
dry crust and using a protective casting around the vane, the disturbances can be
minimized.

3.1.2 Cone Penetration Test

The cone penetration test (CPT) is another in situ method for determining soil pa-
rameters in loose and rm soils, frictional soils with occasional gravel grains, as well
as ne-grained soils (Larsson, 2015). In contrast to the eld vane shear test, which
provides a point-based measurement, the CPT measures with a signi cantly higher
reading frequency, resulting in a continuous graph towards depth. The method is
therefore useful for assessing the soil sequence and layer boundaries and for pro-
viding an overview of the soil parameters. However, it is important to pre-drill
through the dry crust in order to obtain the correct results of the underlying loose
soil. The method is relatively quick, but due to its sensitivity, extensive preparation
is required (Séllfors and Larsson, 2016). The method is among other things, very
sensitive to handling, zero readings before and after probing, and temperature sta-
bilization.

During CPT probing, the cone tip pressure, sleeve friction and pore pressure are
measured (Larsson, 2015). These parameters can be used to evaluate the soil pro le
and to determine other useful geotechnical parameters. For instance, the undrained
shear strength can be calculated using Equation 3.2a or 3.2b using the net cone tip
pressure ¢ vo) Or excess pore pressure ;). The CPT can also estimate the
pre-consolidation pressure, 2. However, the estimation is sensitive to the liquid
limit and thus should be regarded as a supporting tool for the assessment of the
pre-consolidation variation with depth (Sallfors and Larsson, 2016).

! .
_ G vO OCR 0:2
“= 132+6,65m 13 (3.22)
u
C = Tel (3.2b)

The undrained shear strength from the CPT is corrected according to the liquid
limit, as with fall-cone test and eld vane shear test (Sallfors and Larsson, 2016).
However, the result is not as dependent on the correction as it is for the other meth-
ods. It is important to note that although the CPT provides continuous results for
soil properties, weakness zones, variation in shear strength and homogeneity, the
results for the geotechnical parameters should be validated against other tests, such
as the DSS test. Consequently, the CPT should be used as a preliminary indicator
and rather determine where to perform more thorough laboratory tests. Most im-
portantly, it should not be the only method used to determine the characteristics of
the soil.

14
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3.2 Determination of shear strength in the lab

There are numerous methodologies for determining undrained shear strength in the
laboratory. The choice of test is contingent upon multiple factors, including soil
type and the purpose of the test.

3.2.1 Direct simple shear test

The shear strength in the direct shear zone, with a horizontal slip surface can be
evaluated from the direct simple shear test, DSS, as previously mentioned in chap-
ter 2.2 (SGF:s laboratoriekommité, 2004). The equipment used in the laboratory
test has been developed over a long period of time and was initially introduced by
Walter Kjellman in the 1930s. The equipment commonly used in Sweden today is
considered to be a simpli ed version and is called SGI IV, which was developed by
SGI in the 1950s. A more advanced, yet more costly, apparatus was subsequently
developed at the Norwegian Geotechnical Institute (NGI) and is known as the NGI-
or Genor-apparatus. Figure 3.1 depicts the apparatus currently used in SGI's labo-
ratory.

Figure 3.1: A DSS apparatus during the consolidation phase in the SGI laboratory.

The execution of a DSS test varies depending on the device used, but essentially the
fundamental method entails four separate steps: installation of the soil specimen,
consolidation, unloading, and nally, shearing (SGF:s laboratoriekommité, 2004).
The soil specimen should be undisturbed which is achieved by collecting the speci-
men with a piston sampler. Subsequently, the soil specimen is prepared by cutting
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a specimen of 50 mm in diameter and 20 mm in height for undrained tests and with

a smaller height for drained tests, usually 10 mm (Swedish Institute for Standards,

1991). Depending on the purpose of the test, the soil specimen is either installed
directly on the Iter stone or rst placed in an oedometer ring.

Subsequently, the soil specimen is consolidated by vertical loading up to the desired
consolidation load (SGF:s laboratoriekommité, 2004). If the objective of the test
Is to not exceed the pre-consolidation pressure, the vertical load does not exceed
0.85% of the pre-consolidation pressure. At this stage, creep should be avoided by
not applying the pre-consolidation pressure for too long. The applied load is then
reduced to the initial stress for the test, which is maintained for approximately 15
hours (Swedish Institute for Standards, 1991). During the consolidation phase, both
the upper and lower parts of the specimen holder are xed horizontally and the ver-
tical deformations of the soil specimen are recorded.

If the in situ vertical e ective stress, ¢, where exceeded in the previous step, the
soil specimen is unloaded to, prior to the initiation of shearing (Sallfors and Lars-
son, 2017).

During the shearing phase, the upper part of the specimen holder is allowed to move
horizontally (SGF:s laboratoriekommité, 2004). In a drained test, the height of the
soil specimen remains unlocked and the drainage channels remains open, as opposed
to an undrained test where the drainage channels are closed and the specimen height
is xed. A shear force corresponding to a deformation rate of 2mm/day is applied

in the horizontal direction. During the shear phase, the shear force and horizontal
movement are recorded, as well as the vertical deformation in the drained test.
Figure 3.2 depicts a simpli ed model of the DSS apparatus.

Figure 3.2: Simple sketch of the DSS apparatus.
Before the shearing and evaluation of strength parameters of the soil, the specimen
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is consolidated with a predetermined load. This enables the performance of mul-
tiple tests with varying consolidation stresses to determine how the soil properties
vary under di erent stress conditions (SGF:s laboratoriekommité, 2004). The DSS
test is therefore suitable for investigating the expected properties of the soil during
unloading, loading or a speci c future load case. As previously stated, the results of
the test is most accurate for the direct shear zone, rather than the passive or active
shear zone.

From the measurements in the shearing phase, the drained shear strength parameters
c®and ©and the undrained shear strengthg,, can be evaluated from the drained
and undrained DSS test respectively (SGF:s laboratoriekommité, 2004). By plotting
the shear stress, , against the shear strain, s, one can evaluate the undrained shear
strength as the maximum shear stress. Alternatively, if failure does not occur within
0.15 radians of shear deformation, the shear strength is evaluated at 0.15 radians.
The shear stresses correspond to the ratio of the shear force to the cross-sectional
height of the specimen, while the shear deformationsg, are calculated from the
horizontal movement that is registered.

Equation 3.3 is used to evaluate the friction angle,’, from the drained DSS (Larsson
et al., 2012).

%= arctan— (3.3)
\%
Soils composed by clay, silt, or organic matter, as well as layered clay, where an

undisturbed specimen can be extracted, are suitable for the DSS test (SGF:s labo-
ratoriekommité, 2004). In the event that cyclic DSS tests are being considered, it
may also be appropriate to include ne sand among the suitable soil types.

The cost of performing a drained or undrained direct simple shear test is dependent
on the equipment (SGF:s laboratoriekommité, 2004). Tests conducted with the SGI
IV apparatus are relatively simple, requiring approximately two days to complete.
However, they are considered relatively costly, although not as costly as the triaxial
test.

The DSS test provides a shear strength value that does not require correction and
can be used directly, which is a signi cant advantage compared to other tests that
necessitate calibration against, for instance, the liquid limit (SGF:s laboratoriekom-
mité, 2004). Furthermore, the shear strength obtained from the eld vane test,
CPT and fall-cone test can also be veri ed and calibrated against the shear strength
obtained from the DSS.

Nevertheless, there are certain disadvantages associated with testing sand and silt.
The friction angle evaluated from the drained DSS tends to di er from the triaxial
test which is considered more suitable for these soil types (SGF:s laboratoriekom-
mité, 2004). The drained soil properties are sensitive to alterations in storage density
and the small specimen size in the drained test entails di culties. For instance, the
void ratio can be more easily controlled in a triaxial test.
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3.2.2 Fall-cone test

The fall-cone test is a test that does not require the use of any complex mechanical
devices. The test begins with the placement of a cone in a stand at the smooth
surface of a soil specimen (Swedish geotechnical society [SGF], 2018). To perform
the test, the cone is dropped freely into the soil specimen, and the depth of the pen-
etrations allows for the determination of the undrained shear strength and liquid
limit. The fall-cone apparatus can be seen in Figure 3.3.

Figure 3.3: Fall-cone test as a simple principal sketch (left) and in the SGI labo-
ratory (right).

The fall-cone test can be done in two ways: on undisturbed and on remolded speci-
mens (SGF, 2018). Undisturbed specimens are preferably conducted on soil in the
sample tube. Remoulded specimens can be conducted on soil that already have
undergone an undisturbed test but that have been completely mixed.

To assess the outcome of the fall-cone test, a formula developed by Sven Hansbo in
1957 is used (SGF, 2018). The formula is a semi-empirical equation, which is partly
derived from Newton's second law and is presented in Equation 3.4 below.
m
= K ng (3.4)
where
= shear strength (kPa),
K = cone factor (-),
m = weight of cone (g),
g = gravitational acceleration (9,81 m=s?),
I = cone penetration depth (mm).

The cone factor, K, is calibrated against the eld vane shear test for undisturbed
specimens and against the laboratory vane shear test for remolded specimens (SGF,
2018). This cone factor enables equivalent results from the fall-cone test, the vane
shear test and the DSS test, provided that the specimens are of su cient quality.
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Nevertheless, the results of the fall-cone test should be interpreted with caution,
as they tend to have a greater degree of variability than those obtained from other
methods.

In addition to the characteristics of the soil itself, the cone also plays a signi cant
role in determining the outcome of the test. The angle, weight, and roughness of the
cone's tip are among the most in uential properties (Koumoto and Houlsby, 2001).
The cone most frequently used in Scandinavia, Japan and Canada for determining
the liquid limit has a 60 tip and weighs 60 grams. This cone has been determined
to be the most bene cial, exhibiting a greater degree of agreement between theo-
retical and experimental approaches and being less sensitive to to the roughness of
the cone material. In Sweden, a cone with @0 tip and a weight of 100 or 400 g is
used for determining the undisturbed shear strength, as this method not commonly
is used for determining other parameters than the liquid limit in the rest of the
world. In the UK, New Zealand and France, a cone with 80 tip and weighing 80
grams is used for determining the liquid limit. Previously, it was assumed that the
roughness of the tip had a more signi cant impact than the cone angle. However,
recent investigations have demonstrated that the roughness of the cone does not
signi cantly impact the penetration depth (Houlsby, 1982: Llano and Contreras,
2019). It's important to note that the later investigations have exclusively focused
on remoulded soils, rather than also considering undisturbed ones.

The fall-cone test was initially developed with the objective of determining the lig-
uid limit of clay (Houlsby, 1982). However, subsequently it was suggested that
determining the liquid limit is essentially equivalent to determining the strength
of the clay at that liquid limit. The test is currently primarily used to determine
the undrained shear strength of a ne-grained, soft soil. The fall-cone test is most
suitable for ne-grained and soft soils, and when a rapid and cost-e ective test is
desired (Llano and Contreras, 2019). In comparison to other tests that determine
the same parameters, the fall-cone test is considered relatively inexpensive.

The shear strength that has been assessed through the fall-cone test is normally
adjusted in accordance to the liquid limit. The correction factor is calculated using
Equation 3.5b and the corrected shear strength is calculated using Equation 3.5a
(Larsson et al., 2007a).

. 0;45
. 0\;\,43 0,45 (3.52)
L
G = (3.5b)

The direct shear test is also frequently used for the calibration of the fall-cone test,
which is necessary to receive reliable results (Llano and Contreras, 2019). The cal-
ibration requires the measurement o§, (undrained shear strength) from another
test, after which the DSS test is frequently used. In the case of low or very low
consistency of ne-grained soil, a vane shear test is more preferred as reference test.
This indicates that the shear strength evaluated from a fall-cone test is rarely used
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as a standalone value, rather, it is typically related to or re ned with other more
reliable test, such as the DSS test or vane shear test.

In addition to evaluating the liquid limit and shear strength of the soil, the fall-cone
test is the only laboratory method whose results can be used to evaluate the sen-
sitivity S;, as previously mentioned (Sallfors and Larsson, 2017). The sensitivity is
calculated as the ratio between the shear strength of the undisturbed and remoulded
specimens using Equation 2.2.

The fall-cone test o ers several advantages, including its cost-e ectiveness, simplicity
and rapidity (SGF, 2018). One disadvantage of this method is that it has not
been developed in a scientic manner. The fall-cone test was initially developed
by geotechnical engineers as a response to the Brinell test, which originated from
mechanical engineering. The transition from the use of a bullet to a cone was the
result of a process of trial and error by identifying what was most bene cial for soil.
However, while the correlation was never proven mathematically, it was observed to
function adequately. Because of its di culty to prove mathematically, it is calibrated
against other tests to ensure a reliable and accurate outcome.

3.2.3 Triaxial test

The triaxial test is a method of exposing a cylindrical specimen to pressure in both
the vertical and horizontal direction (Westerberg et al., 2012). The horizontal pres-
sure is accomplished by a liquid pressure that is imposed on the specimen in a cell
while the vertical pressure is accomplished by a piston applying pressure to the top
and bottom of the specimen.

In the context of triaxial testing, it is common to encounter the concept of the three
stresses, two strains and a volumetric strain. These are referred to as axial stress
and strain, radial stress and strain, pore water pressure and volumetric strain. The
stresses are depicted in Figure 3.4, accompanied by a simpli ed sketch of the triaxial
apparatus.
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Figure 3.4: Stresses acting on the specimen in a triaxial test (left) and a simple
principle sketch of the apparatus (right).

The implementation of the test is divided into two phases, the consolidation phase
and the shear phase (Westerberg et al., 2012). The consolidation phase is intended
to recreate the stress state in the eld. This is achieved by applying the desired
axial and radial stresses. Swedish clays are often subjected to at stress level of
0; 85 ?, after which they are unloaded to in situ stresses in order to prevent the clay
structure from breaking before shearing. This phase serves as a preliminary phase
for the shearing phase, during which axial and volumetric strains usually measured.
During the shearing phase, a constant deformation velocity is added vertically, while
a constant cell pressure is maintained radially. This process is continued until failure
has occurred or axial strains exceed 15-20%. An undisturbed sample will fail at ap-
proximately 1-2% shear strain for an active test and 3-4% for a passive test (Séallfors
and Larsson, 2017). Larger strains indicates a poorer quality of the specimen.

The shearing phase can be conducted under either drained or undrained conditions,
and as either an active or passive test (Westerberg et al., 2012). If the test is con-
ducted as drained, the pore water can be either enter or exit the specimen during
the test. Consequently, the pore water pressure will remain unchanged, whereas the
volume will change. In an undrained test, the drainage tubes are sealed, preventing
water from leaving the test during the test. This will result in a changed pore water
pressure, while the volume remains constant. An active triaxial test is simulating
an active shear case, as illustrated in Figure 2.1. This implies that the test will
experience a greater load in the vertical direction and be compressed axially during
the shearing process. The passive triaxial test simulates the passive shearing case,
thus imposing a greater load in the horizontal direction or reducing the vertical pres-
sure while maintaining constant horizontal pressure. This will result in a vertical
expansion during the shearing phase.

The parameters presented from a triaxial test vary depending on whether the test

is conducted as drained or undrained (Westerberg et al., 2012). The undrained test
generates graphs of stress-strain behavior, change of pore pressure with axial strain,
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and e ective stress paths. The drained test also provides a stress-strain graph and
an e ective stress path. Instead of change in pore pressure, the volume change or
volumetric strain is plotted with the axial strain. Based on the stress-strain plots,
the cohesion parametec=¢ and the friction angle = °can be determined. The
triaxial test is considered the most reliable test for the determining these two pa-
rameters (Bishop and Henkel, 1962).

The four stress variables that are determined by the triaxial test and may be used
in the stress-strain graphs or e ective stress paths are the deviatoric stress, shear
stress and mean e ective stress which are calculated in two possible ways (Wester-
berg et al., 2012).

Deviatoric stress:iq= ¢ g

0
Shear stress: = -1

wo

N

2

Mean e ective stress:p°= 52 or s0=

The shear stress can also be presented as the undrained shear strewgtf\Wester-
berg et al., 2012). The undrained shear strength is determined by evaluating the
shear stress at assumed failure in a triaxial test. The elasticity modulus E can be
evaluated from the stress-strain graph.

The triaxial test is in many ways connected with the Mohr-Coulomb failure criterion
(Sallfors, 2013). The Mohr-Coulomb failure criterion can be illustrated by Mohr
circles which are done with ; and 3. The failure envelope in the diagram can be
plotted using the values ofc and , which are all obtained from the triaxial test.
The failure criterion is expressed in Equation 3.6 below. For drained conditions,
e ective parameters are used instead.

=c+ tan (3.6a)
or

=+ tan ° (3.6b)

The Mohr-Coulomb failure criterion is used to illustrate at what vertical and hori-
zontal stresses a soil with certain characteristics is expected to fail and is very useful
when for example calculating slope stability (Sallfors, 2013).

The triaxial test is a suitable method for evaluating the properties of a range of soil
types, including both cohesive and friction soils (Larsson et al., 2012). However, the
friction soil should not be too coarse; a grain size interval of coarse silt to ne sand
is considered optimal. Furthermore, the triaxial test is also applicable to use for a
range of construction scenarios (Westerberg et al., 2012). For instance, in projects
concerning slope stability or the use of sheet pile walls where active and passive
shear cases are necessary. The triaxial test is also useful in the case of anisotropic
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soil conditions or when the undrained shear strength is anisotropic, as the test can
simulate these conditions.

The triaxial test is frequently used for projects despite its high production cost, it is
even considered to be the most costly of the tests. The estimated time for the test
varies, but it is not considered as a rapid test overall. The triaxial tests popularity
despite its high cost indicates that it is a reliable method of testing. No correction
of the parameters is necessary (Westerberg et al., 2012). However, it is advisable to
conduct at least three tests of good quality if an evaluation of a certain parameter
is to be made in order to increase the reliability of the result.

The triaxial test is the most appropriate and widely available test for evaluating the
strength and deformation properties of soil (Westerberg et al., 2012). It is possible
to recreate stresses and pore pressures that are similar to those observed in the eld,
which provides a more reliable result than other methods. It is the only method
that can determine certain parameters, such as the friction angle, active and passive
undrained shear strength, and horizontal pre-consolidation pressure. The accuracy
and reliability of the test may result in economic bene ts, as geotechnical construc-
tions can be dimensioned with higher reliability with regards to safety against failure
and optimized further.

Furthermore, the engineer conducting the test has complete control over parameters
such as drainage, stresses, and strains that are applied to the specimen (Bishop and
Henkel, 1962). Additionally, it is possible to measure the pore pressure throughout
the duration of the test. The test is exible in that it can simulate a variety of
scenarios, including drained or undrained conditions, active or passive cases.

The triaxial test is a costly test that may require a long time to conduct. It also
requires advanced and expensive equipment (Westerberg et al., 2012). Another
disadvantage is that the rate of testing a ects the undrained strength and friction
angle, specially for clays (Bishop and Henkel, 1962). Conducting the test at a low
rate will result in an undrained strength and friction angle that is up to 5% lower
for every 10-fold increase in testing time compared to a normal rate of testing.

3.2.4 CRS-test

The CRS tests are conducted in accordance with the Swedish Standard SS 027126,
and the method is suitable for cohesive soils obtained through piston sampling to
ensure an undisturbed soil specimen (SIS, 1991). A cylindrical specimen, with a
diameter of 50 mm in diameter and a height of 20 mm, is placed in an odometer
ring and subjected to a vertical deformation at a constant rate of 0.0025 mm/min.

If the test is performed on gyttja-bearing clays, very loose clays, or heavily over-
consolidated clays, a lower deformation rate is advised. The vertical force, vertical
deformation, and pore pressure at the bottom of the soil specimen are measured.
Drainage is allowed at the top of the specimen, while the bottom remains undrained
(Larsson, 1986). Although the name of the test suggests a constant rate of strain,
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it is in fact performed with a constant rate of deformation. Conducting a CRS test
typically requires one to two days and is relatively costly, falling within the same
cost range as the DSS test (Séllfors, 2013). A simpli ed sketch of the CRS apparatus
Is presented in Figure 3.5.

Figure 3.5: Simpli ed model of the CRS apparatus.

The results from the CRS test can be used to evaluate a number of parameters,
including pre-consolidation pressure?, e ective stress where the compression mod-
ulus starts to increase 2, compression modules!, and M, module numberM ?¢,
and permeability, including the permeability coe cient k and coe cient of perme-
ability change  (Séllfors and Larsson, 2017). Empirical relations can then be used
to estimate the undrained shear strength based on the obtained pre-consolidation
pressure. Furthermore, creep parameters may be estimated from CRS tests empiri-
cally based on the natural water content or by evaluating the results from the CRS
according to the Chalmers method (Olsson, 2010). If the creep parameters are to be
evaluated without empirical relations, an incremental loading (IL) oedometer test
is required. In the IL oedometer test, the soil specimen is subjected to a series of
progressively increasing vertical loads (SIS, 2017). In general, the load is doubled
every 24 hours or until the stage of primary consolidation has been completed. The
duration of the test may vary depending on whether the creep is to be determined.
Additionally, unloading and reloading can be performed to obtain swelling parame-
ters. In contrast to the CRS test, which is based on strain, the IL oedometer test is
based on load and deformation.

In addition to evaluating relevant parameters for settlement calculations, the results
from the CRS test may be used to determine consolidation stresses for DSS and
triaxial tests performed subsequently (Sallfors and Larsson, 2017).

The CRS test generates di erent stress-strain curves contingent upon the applied
strain rate (Claesson, 2003). This, in turn, provides a basis for the evaluation of
di erent pre-consolidation pressures based on the strain rate. It is a general obser-
vation that a higher strain rate results in a higher e ective stress for a given strain.
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The strain rates used for CRS testing are typically higher than those occurring in
the eld. Consequently, the e ects of strain rates are accounted for by evaluating
pre-consolidation pressure using the Séallfors method (Olsson, 2010; Claesson, 2003).

The pore pressure measured at the undrained surface of the specimens is a ected
by inhomogeneities such as root threads (SIS, 1991). Consequently, it is of great
importance to conduct a visual inspection of the specimen prior to conducting the
test to ensure its quality and thereby reducing potential sources of error.

Furthermore, achieving perfect alignment between the specimen and the piston can
be challenging (Séllfors and Larsson, 2017). This may cause initial settlements.
The quality of the specimen can be controlled by observing the volume change that
occurs when it is re-consolidated, up to the pre-consolidation pressure, in combina-
tion with the natural water content, Wy (Larsson et al., 2007b). A consequence of
imperfect alignment is that the oedometer modulus evaluated from the overconsoli-
dated region,My, is underestimated, leading the soil sti ness being underestimated
as well (Olsson, 2010). However, by including unload and reload cycles, which is
possible with the IL oedometer testM can be evaluated more accurately.

The CRS oedometer test is the primary method used in Sweden for determining
settlement parameters, including the creep parameters, even though it is done by
empiricism (Olsson, 2010). The alternative method is the IL oedometer test, which is
more time consuming and costly, but allows for direct evaluation of creep parameters.

3.2.5 Shear punching test

The shear punching test, developed by SGI, consists of a 50 mm wide cylindrical
specimen, as the dimensions of a piston sampler, and a height of 15 mm (Kalén
et al., 2023). This height was determined through testing of the shear punching
test, and the developers deemed it necessary to conserve as much material from the
piston samples as possible in order to conduct other methods as well. However, a
thickness of 10 mm was found to be insu cient, as it deformed due to its self weight

in relation to its thickness. A thickness of 20 mm was deemed to be excessive, but
a thickness of 15 mm proved to be an optimal for this method.

A lid with a conical opening, minimum 30 mm in diameter, is placed on top of
the sample ring containing the specimen. This is where the soil specimen will be
punched through. The conical shape of the opening in the lid reduces the friction
between the sheared specimen and the apparatus. A punch is mounted beneath the
specimen, with a diameter of 30 mm at the top but reducing to 28 mm with length
to avoid friction between the punch and the soil specimen. The punch is pushed
through the soil using a load frame. The shear punching apparatus also includes
a bottom plate and a xture designed to maintain the apparatus in position. A
principal sketch of the test apparatus is presented in Figure 3.6, while the sequences
of the shear punching test are illustrated in Figure 3.7. Furthermore, a photograph
of the apparatus in the SGI laboratory is presented in Figure 3.8.
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Figure 3.6: Sketch of the shear punching apparatus and its components (Kalén
et al., 2023). Adapted with permission.

Figure 3.7: Sequences of the shear punching test.

In order to reduce the friction between the surfaces within the apparatus that are
subjected to signi cant frictional forces, the surfaces have been treated to reduce
friction. Deformation is measured with a linear transducer. Following series of tri-
als, it was determined that a constant rate of 0,8 mm/min was the most bene cial.
As this method was designed to replace or complement the fall-cone test, it was
essential that the test would not take an excessive amount of time to perform. Con-
sequently, the rate is considerably higher than that of other tests, for instance, the
DSS test.
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Figure 3.8: The shear punching apparatus in the SGI laboratory.

The test is initiated by rst trimming the soil specimen to remove excess soil (Kalén

et al.,, 2023). The process continues by weighing the ring and the ring with the
specimen to determine the density of the soil specimen. Subsequently, the specimen
and ring are mounted in the xture and the load frame is set to the right level, below
the end of the punch, before the compression is initiated. The specimen is mounted
with the side exhibiting the least visual disturbance oriented downward toward the
punch. During the test, the total force and deformation are measured. The test is
conducted until the resulting curve provides su cient information for the purpose.

In the majority of cases, the shear strength can be evaluated at 1-4% deformation
of clay, however, the test is often run longer until the curve stabilizes.

Based on the measured punching force, the shear stress can be calculated according
to Equation 3.7. F is the punching force andA is the lateral area of the sheared
part of the specimen. The value 10 is included to convert the answer to kPa, i.e.
IN=cn? = 1kP a (Kalén et al., 2023).

=5 10 (3.7)

The shear stress (kPa) is presented in a graph plotted against the deformation (%),
which generates a failure curve, as illustrated in Figure 3.9 (Kalén et al., 2023).
The maximum value of shear stress observed in the failure curve, prior to failure
represents the undrained shear strength. It is necessary to make corrections due to
the self-weight of the punch and the reduced lateral area of the sheared part of the
specimen that occurs when it is no longer in contact with the original specimen.
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Figure 3.9: Presentation of the failure curve obtained from the shear punching
test.

The failure curve can also be used for the determination of additional parameters
(Kalén et al., 2023). Nevertheless, this has not yet been established and requires
further investigation. The initiating part of the curve, until failure occurs, can pos-
sibly be used to evaluate the shear modulus, G. The part of the curve describing
the soil behavior right after failure could potentially be correlated to the brittleness

of the soil. The area under the failure curve, until the minimum residual strength,
represents the energy needed to shear the specimen. This energy may be related to
the work required to disturb the soil to its minimum strength, also known as the
soils rapidity.

SGl's investigation into the shear punching test has primarily focused on soils with
clay as the main fraction (Kalén et al., 2023). Approximately 25% of the specimens
were identi ed as somewhat gyttja-bearing or gyttja-bearing clay, while a compa-
rable portion contained silt, ne sand, shell remains and/or organic matter. The
mayjority of the specimens contained sulphides.

The results of the tests conducted indicate that the shear strength values obtained
through the shear punching test tend to be higher than those derived from DSS
tests. This may partly be due to the higher rate of deformation observed in the

shear punching test (Kalén et al., 2023). This suggests that the results of the shear
punching test must be adjusted in order to achieve closer alignment with the shear
strength obtained from the DSS test. The correlation factor is derived from regres-
sion analysis, in contrast to the shear strength evaluated from the fall-cone test,
which is corrected based on the liquid limit.
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In the initial investigation of the shear punching test, regression analyses for DSS
tests were compared to shear punching and fall-cone tests (Kalén et al., 2023).
Furthermore, the fall-cone test results were also compared to those obtained from the
shear punching test. This analysis showed the strongest correlation between the DSS
test and the shear punching test, with the highest coe cient of determination R?

= 0.88). A correlation factor was developed based on the regression line to obtain
a 1:1 relationship between the DSS and shear punching results. The equation used
to adjust the shear strength from shear punching is shown in Equation 3.8, where
C, s represents the shear strength obtained from the shear punching test. This
correlation factor incorporates several factors, including the punching speed and the
fact that the shear failure occurs vertically rather than horizontally, as in the DSS
test.

Cu scor) =0;7531 C, +1;6596 (3.8)

However, it is observed that there is a greater di erence between the methods as the
shear strength increases (Kalén et al., 2023). The di erences between the DSS, fall-
cone and shear punching tests are more signi cant when the shear strength exceeds
20 kPa, and it is more challenging to discern a correlation. In the subsequent
in-depth study with a larger number of high-quality specimens, a new regression
analysis was performed, resulting in a higher coe cient of determinationR? = 0,95)

and a new equation for the calibration, as shown in Equation 3.9. This equation
results in a better compliance at higher shear strengths than Equation 3.8.

Cu scorz) =0:6751 C, ¢+2;6066 (3.9)

A third calibration equation has also been developed, but with requirements of
passing through origo and is presented in Equation 3.10.

Cu s(corr 3) =0:7301 Cu s (310)

In this thesis, the Equations 3.9 and 3.10 will be referred to amlibration equation
2 and calibration equation 3 respectively, or abbreviated agorr2 and corr3. These
equations will be further analyzed in this thesis.

A comparison of results from fall-cone tests corrected with the liquid limit with

those from DSS tests revealed a lower coe cient of determination than when com-
paring DSS with shear punching (Kalén et al., 2023). This suggests that the shear
punching test may have the potential to become a standardized method in the future.

The shear punching test o ers a number of advantages. Primarily, it is considered
a cost-e ective approach, with costs comparable to those of the fall-cone test. Ad-
ditionally, the method is relatively fast, taking approximately 5-10 minutes (Kalén

et al., 2023). Furthermore, the results of the regression analysis indicate that it may
be more reliable than the fall-cone test. Another advantage of the shear punching
test is that it generates a geometrically well-de ned shear failure, which can be more
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easily derived mathematically in comparison to the fall-cone test.

However, one potential limitation of the method is that the direction of mounting
the test is not considered. This includes the orientation of the test in relation to
the deposition of the soil. While this may not a ect the result, it has not been
investigated. Additionally, the fall-cone test is the only laboratory test capable of
determining the sensitivity of a soil (SGI, 2018). Consequently, in instances where
the sensitivity is necessary, it cannot be assumed that the shear punching test can
completely replace the fall-cone test.

3.3 Other punching methods internationally

The testing of shear strength by punching out a sample is already a well-established
practice, even though it is typically employed in other, more solid materials. A few
of the today existing and practised methods are presented in the following section.

3.3.1 Dynamic shear punch method

The dynamic shear punch method is a method is used for the analysis of brittle and
solid materials primarily (Huang et al., 2011). As opposed to the shear punching
test, this method is dynamic, and thereby measuring the dynamic shear strength
of the material. The dynamic load is applied via a split Hopkins pressure bar
system, which applies the force as a pulse to the specimen. The machine is mounted
vertically, which eliminates any self weight from the punch on to the specimen. The
method has been tested on a variety of materials, including sandstone, composite
materials, concrete and marble (Huang et al., 2011; Yao et al., 2017).

3.3.2 Shear punch test

Another similar method is called the shear punch test, which is abbreviated as SPT
(Guduru et al., 2005). This method is primarily used in the analysis of metals
such as steel, aluminium, zinc and brass but can also be used for the analysis of
other materials. Nevertheless, there are some di erences between the SPT and the
method analyzed in this thesis. For instance, the specimen thickness is considerably
smaller, ranging from 255 to 910 micrometers. A series of tests were conducted to
investigate the impact of the sample thickness on the results. The results indicate
that within a certain range, this is not the case. Another dierence is that the
specimen is punched from above, which necessitates the inclusion of the self-weight
of the punch when calculating the forces required for failure.

3.4 Comparison between methods

Despite the small depth and level di erences, natural soil can exhibit signi cant
variations in its properties (Kalén et al., 2023). Even at di erent depths within a

30



3. Methods to test undrained shear strength

piston sample, the variation of the evaluated shear strength can vary considerably.

For shear punching, DSS and fall-cone tests, only a small amount of soil is used to
evaluate the shear strength, which means that the variation in results between the

methods can largely be a result of natural variations in the soil.

In the report Indexforsok for bestamning av odranerad skjuvhallfasth@talén et al.,
2023), duplicate specimens from block samples were analyzed. The results of the
report indicated that the variation in the DSS test and shear punching test was
reasonably similar, although the variation is not signi cantly large. When the shear
punching was calibrated against the DSS, the variation was slightly smaller. This
result will be further analyzed in the report.

The shear strength evaluated from the fall-cone test is typically lower than the shear
strength obtained from the DSS test. In contrast, the shear punching test is expected
to yield a higher shear strength than the DSS-test (Kalén et al., 2023). However,
the shear strength evaluated from the shear punching test is expected to be lower
than that obtained from the active triaxial test. The rate and direction of shearing
exert a signi cant in uence on the magnitude of the shear strength in cases were the
conditions are anisotropic. The strain rate for shear punching is 0.8 mm/min, while
that for the direct shear test is 2 mm/day, corresponding to a strain rate of 32@/h
and 0.17%/h, respectively. As illustrated in Figure 4-46 of the reportManual on
Estimating Soil Properties for Foundation Design(Kulhawy and Mayne, 1990), an
increase in the strain rate by one log cycle is generally associated with an increase
in the undrained shear strength by approximately 10 percent. Given the di erence
in strain rate between shear punching and DSS, it can be anticipated that the shear
strength will di er by approximately 30 percent.
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4

Methodology

This chapter will describe the methodology used to complete the di erent modules of
this master thesis. An overview is presented in Figure 4.1.

Figure 4.1: An overview of the main modules of the methodology.

4.1 Literature review

A comprehensive literature review was initially conducted in order to gain a deeper
insight into the background of the eld of study. The review was based on both
books and speci ¢ online databases and included an historical overview of the shear
punching test, an examination of existing tests for evaluation of shear strength,
and relevant material models in Plaxis 2D. Furthermore, a study visit to SGI's
geotechnical laboratory was made, during which shear punching and fall-cone tests
were observed, as well as the equipment used for other tests that determine shear
strength.
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4.2 Data evaluation

Following the completion of the literature study, the available data from shear punch-
ing tests were collected and evaluated. SGI provided a sorted database with results
from 143 shear punching tests, which excluded soil samples with unfavorable re-
marks or disturbances. Three samples from Gamleby that were excluded due to the
observation that they did not Il the test ring radially were included in the analysis

to provide additional data from Gamleby and soil samples with the main designation

of gyttja. In addition, data from 16 soil samples were provided by LabMind. Table
4.1 presents the number of shear punching tests, DSS tests, and fall-cone tests used
in the evaluation.

Table 4.1: Number of soil samples analyzed by each test method.

Method Number of samples
Shear punching 162
DSS 154
Fall-cone 136

The given test results were initially evaluated in comparison with two empirical ap-
proaches: the Hansbo formula and the SGI recommendation, which is explained in
Chapter 2.2.1. The empirical values calculated using Hansbo's formula were plotted
against the shear strength (corr3) obtained from the shear punching test. Similarly,
the empirical values provided by the SGI recommendation were plotted against the
shear strength (corr3) from the shear punching test. When calculating the empirical
values based on the SGI recommendatiom, was calculated with reference to the
direct shear test, andb was set to 0,8.

The shear strength distribution from shear punching, DSS, and fall-cone tests were

then compared based on the content of the soil samples. The soil samples were
divided into three groups, as presented in Table 4.2.
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Table 4.2: Group formation for comparing shear strength distribution based on
sample content.

Group Variations within group No. of samples
Cl, Cl (su), CI (su)
Clay (Cl) Cl )su(, ClI sh su, CI (sh) (su) 66

ClI (sh) su, CI (s) (su), Cl (fsa)
vCl, (v)CI, vClI (si), vCl si
vCl (si) su, vCl su, (v)Cl su
Laminated clay (vCl) (V)CI pr su, vCl sh su a7
(si)vCl (si) (su), sivCl
(si) (sa) (su), vCI (su)
(9y)Cl (su), gyCl (su), gyCl su

Analyzed soil types (gy)Cl su, gyCl (sh) su
with evaluated higher organic| gyCl (pr) su, gyCl, (gy)Cl pr 32
content, e.g. gyttja gyCl fsasu, (gy)siCl pr,gyCl su,

clGy su, clGy (su), clGy pr
Designation unknown - 17 *
* Not included in the comparison of the shear strength distribution between the groups.

The measured shear strength values obtained from the shear punching and fall-cone
test were then normalized against the shear strength values measured by the DSS
test (Cy 4s). This creates a ratio between the shear strengths, as well as a unitless
value for comparison. This is done in order to enable the investigation of possible
ranges where the shear punching test is more appropriate. The following parameters
were then plotted against the normalized shear strength:

Density,

" Sensitivity, S

Liquid limit, W,

Water content, Wy

Total organic carbon, TOC
Permeability, k

The graphs that included density, liquid limit and water content were selected based
on the amount of data and dispersion, with the objective of further analyzing out-
liers. A range with an upper and lower limit of 1,3 and 0,7 was applied. The upper
and lower limits represent two standard deviations which were chosen as appropriate
limits based on reasonable assessments.

4.3 Stability analysis

Subsequently, a stability analysis was conducted using the SLOPE/W Geostudio
2020 software, version 10.2.2.20559. Based on the available borehole data and dock
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geometry information, section C was selected as the most appropriate for the analy-
sis. Further details of the selected section can be found in Appendix B. The section
was plotted using data from boreholes adjacent to the section. In all analyses, the
grid and radiustool were used to identify the critical slip surface, were the minimum
slip surface depth was set to two meters.

The trend of the undrained shear strength with depth was evaluated for the four
di erent cases presented in Chapter 5.2. Subsequently, the unit weight and friction
angle parameters were evaluated based on laboratory data or, alternatively, deter-
mined in accordance with the recommendations in TK Geo 13. The friction angles
and unit weights for |l, friction material, and till in combination with the friction
angle for clay were based on TK Geo 13. In addition, partial coe cients, y, and
the conversion factor, , have been derived for calculations using the partial coe -
cient method, based on IEG Report 6:2008 Rev 1.

Finally, undrained and combined analyses were conducted for all four cases using
the total safety method and the partial coe cient method.

4.4 FE model of the shear punching test

A two-dimensional axisymmetric model of the soil sample and selected components
of the shear punch apparatus was constructed in Plaxis 2D, version 22.01.00.452 to
simulate the test. In order to minimize friction, interfaces were placed between the
soil and steel blocks. Additionally, a prescribed displacement was also placed at the
outer edge of the punch to induce a deformation in the soil sample. Further details
on the model can be found in Chapter 5.2.

Three soil samples from Gamleby were selected for analysis in Plaxis, 23AW03 at 6 m
depth and 23AW04 at 3 and 5 m depth. Based on the results of the laboratory tests,
material parameters were developed for the constitutive models Mohr-Coulomb and
Soft Soil for each soil sample. For the Soft Soil model, the modi ed compression and
swelling index and , also called the sti ness parameters, were optimized using
the Soil Test tool in Plaxis by comparing simulated curves to those obtained in the
CRS test. Subsequently, material parameters for steel blocks and steel interfacing
were developed.

The analyses conducted with the Mohr-Coulomb constitutive model were divided
into three phases: an initial phase, a phase where all interfaces, steel blocks, and
boundary conditions were activated, and nally one phase where a prescribed dis-
placement of 3 mm on the punch was activated. The mesh used in the analysis was
very coarse, but along edges of the model it was re ned.

The analyses conducted with the Soft Soil constitutive model were divided into two
phases: an initial phase inducing eld stress to the soil sample and a phase 1 were
steel blocks, interfaces and the prescribed displacement were applied. A ne mesh

36



4. Methodology

was used for the Soft Soil model. The reason for using a coarser mesh in the Mohr-
Coulomb constitutive model was due to problems with localized strain and mesh
dependency, which was not a problem to the same extent when using the Soft Soil
constitutive model.

The objective of the analysis was to determine the stresses in the punch required for
causing failure in the three soil samples. This was extracted by plotting stress and
deformation in stress nodes as close to the middle of the punch, i.e. in the lower left
corner, as possible. These graphs were then compared with the stress required in
the laboratory. Other results were also extracted from Plaxis, for example the total
deviatoric strain to observe the generated shear zone, stress-strain plots and excess
pore pressure.
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5

Technical speci cations

This chapter introduces the case study area in Gamleby Harbor and describes the
technical speci cations of models created in Plaxis 2D and SLOPE/W. It explains
the material models used in Plaxis 2D, including the relevant parameters and how
they are derived. Additionally, the four di erent cases in the stability analysis in
Gamleby using SLOPE/W are described, as well as the data used in the calculations.

5.1 Case study

The thesis is partially based on an ongoing stability study in Gamleby Harbor, com-
missioned by Vasterviks Municipality and carried out by the geotechnical consulting
company Awer at the municipality's request. The harbor is currently closed due to
signi cant stability issues that pose a risk to visitors (Awer Geoteknik, 2023). Along
the dock, there are structural elements that have a certain stabilizing e ect. How-
ever, these are considered to be inadequate and should not be included in a stability
analysis because of their poor condition. An example is wooden piles that are likely
to have rotted or cracked.

Through SGI, Awer has performed laboratory analyses on soil specimens from the
area, which will serve as the primary focus of the stability analyses. The methods
used to determine the shear strength of the specimens include CPT, fall-cone test,
DSS test, CRS test, shear punching test, and triaxial test. The main soil types in

the area have been identi ed as clay, clayey gyttja and gyttja-bearing clay based on
the soil specimens.

Gamleby Harbor is situated approximately 20 km northwest of Vastervik. An ori-
entation of the area can be found in Figure 5.1.
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Figure 5.1: Orientation of Gamleby and Gamleby Harbour ©Lantmateriet).

Figure 5.2 shows SGU's soil type map on the left and soil depth map on the right
over Gamleby Harbor. The soil map indicates that the surface layer in the area of
interest is primarily composed of glacial clay or Il material with an underlying layer
of clay and silt. The estimated soil depth varies between ve and twenty meters,
which is con rmed by several geotechnical investigations in the area. The depth to
the bedrock surface has not been con rmed by soil-rock probing (Awer Geoteknik,
2023). It is assumed that the water table in the majority of the area is at the ground
surface.
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Figure 5.2: Overview of surface characteristics and soil depth in Gamleby harbor
(©Geological Survey of Sweden, 2024).

Figure 5.3 shows the density, water content, and liquid limit as a function of depth
obtained from boreholes that can be seen in Appendix A. The soil layer sequence
consists of both gyttja and clay layers, which results in a relatively broad range of
water ratio and liquid limit values. The measured shear strength, obtained from
CPT, fall-cone, DSS and shear punching (corr3), is low and increases only slightly
with depth, as illustrated in Figure 5.4.

(@) Density (b) Water content (c) Liquid limit

Figure 5.3: Soil parameters in Gamleby plotted against depth.
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Figure 5.4: Undrained shear strength in Gamleby.

5.2 Stability analysis in Gamleby

The geometry of cross section C is presented in Appendix B while an overview of
the location of the section is found in Figure 5.5. The thickness of the solil layers
was determined using the given boreholes situated in proximity to the section. The
water level is assumed to be at ground level. The section has been simpli ed for the
purpose of analyzing the di erence between di erent shear strengths obtained by
di erent methods, rather than the safety factor for the slope, by ignoring buildings
and roads (loads) and slightly adjusting the geometry.
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Figure 5.5: An overview of the location of Section C in Gamleby Harbor based on
the geotechnical investigation report © Lantmateriet).

The soil layering was, as mentioned, determined by boreholes in the region of the
section. The following layers were identi ed:

Fill Consists of gravel, sand, tile bricks, wood chips and organic
material.

Gyttja A soil with high organic content, water content and liquid
limit.

Gyttja/clay The distinction between gyttja and clay is not clearly de ned,

given that the layering consists of gyttjig clay and clayey
gyttja. Consequently, this material was introduced to
represent the transition from gyttja to clay.

Clay Grey in color that exhibits a naturally layered structure, also
characterized with content of sul de.

Friction material It is probable that this layer is made of sand as the only known
information is that it is a more loosely composed layer above
the till. No test have been conducted on the material

Till No test have been conducted on the material but surrounding
shallow till is classi ed as sandly till
(Sveriges Geologiska Understkning [SGU], n.d.).

The evaluation of the shear strength variation with depth is divided into four dif-
ferent cases. In Case 1, the shear strength is assessed using results from CPT and
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fall-cone test which are relatively simple and often obtains lower and less reliable
results. In Case 2 and 3, the in uence of either the shear punching test or the DSS
test on the shear strength trend is evaluated. In Case 4 all test results are included.
" Case 1: CPT + Fall-cone
" Case 2: CPT + Fall-cone + DSS
" Case 3. CPT + Fall-cone + Shear punching
" Case 4. CPT + Fall-cone + DSS + Shear punching
The evaluation of trends excluded the shear strength from borehole 23AWO01 due to
its results being considered misleading for the remainder of the area. Appendix C
presents the selected shear strength trend for each case.

The input data for undrained and combined analysis using the total safety method
and undrained and combined analysis with the partial coe cient method are pre-
sented in Appendices G and H.

For calculations using the partial coe cient method, IEG Report 6:2008, Rev 1
is applied. The partial coecient , = 1;5 is used to convert undrained shear
strength and = 1;3is used to convert the friction angle,. The conversion factor,
cu,» used for the soil layers gyttja, gyttja/clay and clay is presented in Table 5.1.

For soil layers I, friction material and till, the conversion factor, o, is set to 1.
Table 5.1: Conversion factor, ,, for Case 1 & 3 and 2 & 4.
Case 1 &3 Case 2 & 4
Conversion factor| Selected value Conversion factor| Selected value
1:2 0,95 1:2 0,95
3 1,05 3 1,1
4:5:6;7 0,95 4:5:6;7 0795
8 1 8 1
cu— 12 3 4567 8- 0,95 cu— 12 3 4567 8- 0,99

5.3 Numerical models of the shear punching ap-
paratus in Plaxis 2D

The shear punching apparatus is modeled as axisymmetric models in Plaxis 2D, as
illustrated in Figure 5.6. A three-dimensional visualization of the model is presented
in Figure 5.7. The model comprises a blue block representing the soil specimen and
two pink blocks representing the punch on the left and xed base plate on the right.
The punch and xed base plate included in the model to easily be able to obtain an
evenly distributed stress required to fail the soil specimen. Figure 5.6 also indicates
the location of the point used for stress-strain plots, which is situated in the middle
of the shear zone.
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Figure 5.6: Axisymmetric model of the shear punching apparatus in Plaxis 2D
(left) and point used for stress-strain plots (right).

Figure 5.7: The axisymmetric model of the shear punching apparatus as a 3D
model with a cross sectional view.

The interface between the two pink steel blocks has been designed with the objec-
tive of minimizing friction. The interface adjacent to the soil has been designed to
create a realistic interaction between it and the surrounding materials. The material
parameters used in the MC model and SS model can be found in Tables F.1 and
F.2 in Appendix F.
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Young's modulus,E, , is calculated using Equation 5.1, wher& is the shear mod-
ulus evaluated asGsy from the DSS tests.

E=2 G(1+ ) (5.1)

The analysis of the MC model conducted in Plaxis 2D is divided into three di erent
phases, with the initial phase and phases 1-2. The initial phase is designated as
KO-procedure calculation type with staged construction. The purpose of this phase
Is to initiate the materials, soil and steel blocks, into the calculation. The subse-
guent phases 1-2 are all plastic calculations, also with staged construction. Settings
such as updated mesh, ignored suction and ignored undrained behavior are also em-
ployed. Phase 1 initiates the incorporation of additional elements, such as interfaces
between the materials. Phase 2 incorporates a prescribed displacement of 3 mm
applied to the punch. The phases are depicted in Figure 5.8.

(@) Initial phase (o) Phase 1 (c) Phase 2

Figure 5.8: Phases for the shear punching test in the Plaxis 2D analysis using the
Mohr-Coulomb constitutive model.

In the SS model, the additional elements, such as interfaces between the materials
and the deformation are introduced together in phase 1, resulting in a total of
two phases instead of three, as can be seen in Figure 5.9. This is done to avoid
consolidation before the start of the test. The initial phase is designated as the
calculation type eld stress, rather than the KO procedure. The value of the eld
stresses are presented in Table 5.2. The vertical eld stress in Plaxis, is equal

to , which is given from the DSS laboratory test. The horizontal eld stresses,
and 3 are equalto h(=0;5 ). Phase 1 is designated as a consolidation phase
with staged construction, with a duration of 0,0034 days, which is the approximate
time of the test conducted in a the laboratory.
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Table 5.2: Input data for eld stresses

Soil sample v (kPa) 1 (kPa)

23AW03 6m 42 21

23AW04 3m 23 11,5

23AW04 5m 31 15,5
(@ Initial phase (b) Phase 1

Figure 5.9: Phases for the shear punching test in the Plaxis 2D analysis using the
Soft Soil constitutive model.

The vertical stresses in the punch extracted from the Plaxis models for the three soill
samples are compared with the calculated stress from the shear punching performed
in the laboratory. The stress in the punch, derived from the laboratory test, is
calculated by rst determining the reduced area of the shear surfacd,, using
Equation 5.2, whereA; is the total shear surface area (141dhm?) and " is the
vertical deformation in mm. The force applied to the punch, corrected for the self-
weight of the punch, is calculated using Equation 5.3. Subsequently, Equation 5.4
is used to calculate the stress at the center of the punch, whe#g, is the surface
area of the punch (1,07cm?).

A=A @ lemd 5.2)
— A" .

F="5 L8 NI (5.3)

- F 10 P 5.4

= A kPl (5.4)
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6

Results

This chapter will present the results of the analyses and investigations conducted on
the data evaluated, stability analysis and FE models.

6.1 Evaluation of data

The evaluation of the data entails a comparison of the shear strength obtained from
the shear punching test with empiricism. Additionally, the shear strength obtained
from the shear punching test is also compared with the shear strength obtained from
DSS tests on soil samples with varying contents. Moreover, the distribution of shear
strength between the two methods is also included by comparison of duplicate sam-
ples. Finally, the evaluation includes an analysis of the normalized shear strengths
variation with di erent soil parameters.

6.1.1 Empirical validation

In Figure 6.1 the two analyzed empirical approaches that were analyzed are pre-
sented. As illustrated by the graphs, SGI's recommendation for evaluating empirical
shear strength (Equation 2.4) is better aligned with the measured values in com-
parison to Hansbo's formula (Equation 2.3). The values obtained with Hansbo's
formula are frequently higher than those measured with the shear punching test.

49



6. Results

Figure 6.1: Comparison between Hansbos's formula (left) and SGI's recommenda-
tion (right) for empirical validation.

6.1.2 Comparison of undrained shear strength from shear
punching tests versus direct simple shear tests

Comparisons for the undrained shear strength were conducted in subgroups based
on the soil content. The samples were divided into three categories: those contain-
ing gyttja, those containing laminated clay, and the remainder, which primarily had
clay content. The shear strength obtained from the shear punching test, calibrated
with either equation 2 or 3, were compared to the undrained shear strength obtained
from the DSS test. Additionally, a few dotted lines are included in the graphs. The
yellow line represents a 1:1 relationship between the shear strengths, the dark blue
line is the trend line for the data set, and the grey lines show the upper and lower
95% con dence interval.

A comparison of the clay samples, as shown in Figure 6.2, indicates a satisfactory
alignment between the trend line and the 1:1 line for both equations 2 and 3. Nev-

ertheless, there is a certain degree of variability in the result, with a few samples

falling outside the 95% con dence interval. This is however to be expected given

the natural variability among the data.
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Figure 6.2: Comparison of undrained shear strength for direct shear test and
shear punching test, for soils with clay as main content. Comparisons are done for
corrections made with both calibration equation 2 (left) and 3 (right).

A comparison of the undrained shear strength for samples containing laminated
clay are presented in Figure 6.3. The graphs show a greater degree of variability,
which can be explained by the categorization of the clay itself. Laminated clay may
contain thin layers of silt or sand, which in turn may result in a greater degree of
variability in the shear strength values, since silt and sand have di erent properties
in comparison to clay. When analyzing the trend lines in Figure 6.3, it becomes
clear that both exhibit a bit of discrepancy. However, the majority of all samples
fall within the con dence interval.
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Figure 6.3: Comparison of undrained shear strength for direct shear test and
shear punching test, for soils containing laminated clay. Comparisons are done for
corrections made with both calibration equation 2 (left) and 3 (right).

The comparison of soil samples containing gyttja, shown in Figure 6.4, shows a
satisfactory alignment between the trend line and the 1:1 line, at least for lower
shear strengths. There is minimal dispersion in either graphs as well.

Figure 6.4: Comparison of undrained shear strength for direct shear test and shear
punching test, for soils containing gyttja. Comparisons are done for corrections made
with both calibration equation 2 (left) and 3 (right).

In all comparisons between calibration equations 2 and 3 in Figures 6.2, 6.3 and 6.4,
they appear to be identical, which is not the case. The shear strength values di er
by a few kPa, but this is not visible because of the scale. Similarly, the R values are
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the same, although there are small variations in the trend lines.

It is important to note that the calibration equations for the shear punching test were
developed with regard to the DSS test. Consequently, the values are expected to
align with the 1:1 relation line, which is the fundamental purpose of the calibration
equation. However, a few samples that were not included in the development of the
equation have subsequently been included, and these values appear to be consistent
with the calibrations.

6.1.3 Analysis of duplicate samples

To validate the development of the shear punching test against the DSS test, du-
plicate tests have been carried out on block samples from Ska-Edeby (Kalén et al.,
2023). In Figure 6.5, the distribution of the shear strength, for both the shear
punching and DSS test, is presented against depth. As the gure illustrates, the
di erence between the two duplicate tests reaches a maximum of 1,5 kPa for the
shear punching test and 2,5 kPa for the DSS test. Nevertheless, neither 1,5 nor
2,5 is kPa is signi cant, and further tests at greater depths are required to reach a
conclusion.

Figure 6.5: Distribution of shear strength (left) and di erence in shear strength
(right) obtained from DSS tests and shear punching tests of duplicate samples.

6.1.4 Normalized shear strength

Figure 6.6 illustrates the relationship between the normalized shear strength and
density, . The yellow lines represent a limit of 30% compared to the 1:1 ratio,
which is approximately two standard deviations. The colored points that fall outside
of the limits are considered as outliers and are represented by the same color for
each graph, allowing for comparison of variations between ratios or parameters.
Outliers in graphs including C,.s(corr 2) are colored in the graphs includingC,.scor 3)
and vice versa, even if the outlier is now within the 30%limits. As seen in Figure
6.6a, the majority of the outliers are located above the upper limit, indicating that
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the calibration equation 2 typically obtains a higher shear strength for the shear
punching test than for the DSS test. The trend line also indicates a tendency
for lower shear strengths from the shear punching test at higher densities. Figure
6.6c shows the opposite, with the majority the outliers situated below the lower
limit. This indicates that the shear strength obtained from the fall-cone test is
typically lower than that obtained from the DSS test. Nevertheless, Figure 6.6b
demonstrates the lowest number of outliers, despite a dispersion within the speci ed
limits. Neither of the data sets in Figure 6.6b or 6.6¢c shows any notable tendencies
with their trend lines.

@ Cu;s(corrZ):Cu;ds VS. denSity (b) Cu;s(corr3):cu;ds VS. denSity

(© Cus (corr)=Cuas VS. density

Figure 6.6: Normalized shear strength plotted with density.

As with the density, the normalized shear strength is plotted against the liquid limit
W, . The plots in Figure 6.7 show the same pattern with higher shear strengths and
more outliers from the shear punching test calibrated with equation 2, lower shear
strength from the fall-cone test and the least spread with calibration 3. However,
the trend lines in the plots in Figures 6.7a and 6.7b show that the shear strength
is generally higher at higher liquid limits from the shear punching test than from
the DSS test. However, there are fewer values at higher liquid limits which can be
misleading for the trend lines. No signi cant trend is shown in Figure 6.7c for the
fall-cone test.
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(a) Cu;s(corr 2):Cu;ds VS. |IQU|d limit (b) Cu;s(corr3):Cu;ds VS. ||CIU|d limit

(©) Cus (corr)=Cugs Vs. liquid limit

Figure 6.7: Normalized shear strength plotted with liquid limit

The normalized shear strength is also plotted against the water contentyy, in
the same way as for the density and liquid limit. The same pattern as observed for
Figure 6.6 and 6.7 is also evident in the graphs in Figure 6.8. The graphs show that
calibration 2 results in a higher ratio and more outliers compared to calibration 3
and the fall-cone test. The trend lines in Figure 6.8a and 6.8b indicates that the
shear strength evaluated from the shear punching test is generally higher than that
evaluated from the DSS test at higher water content. However, the number of values
with high water content is relatively low, which may result in misleading trend lines.
In Figure 6.8c with the fall-cone test, there is no clear tendency.
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