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Abstract
Construction of railway embankments on soft soil can be a complex problem. Several
numerical models have been proposed to evaluate the behaviour of embankments
on soft soils. However, several uncertainties arising from the models used and the
underlying experimental data remain. These uncertainties find their origin in the
non-linear hydro-mechanical response of (soft) soils, that is affected by the load-
ing history. In this thesis, factorial design is used to quantify the most significant
model parameters of Creep-SCLAY1S model which have the most influence on the
(predicted) stability of the Perniö Embankment. The study concludes that the
parameters connected to destructuration and compressibility of natural clays are
important when dealing with slope stability of an embankment on soft soils. Fur-
thermore, the study shows that a maximum of 40 % increase and 44 % decrease
would be predicted numerically if the magnitude of the evaluated parameters are
altered around 15 % of their centre value. It is also argued that more triaxial tests
in extension should be performed for this type of geotechnical problem that leads
to a shallow failure plane.

Keywords: Fractional factorial design, Full factorial design, Python, pyDOE2,
Design of Experiments, Perniö, Failure test, Embankment, Creep-SCLAY1S, PLAXIS.
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1
Introduction

Train railway networks in Finland are considered as one of the oldest railway con-
structions in the Nordic countries. The �rst Finnish railway was built in 1869
and connected Finland to Russia (Vozniak et al., 2018). In later years, the speed
and weight of the trains have increased and the demand of having better public
transportation systems are high due to population growth. Railways are also an
important transportation system since it is one of the safest ways of transporta-
tion. For instance, fatality risk of 0.035 (per 100 million passenger-kilometres) for
air and rail travel are recorded for the years between 2001 and 2002 (ETSC, 2003).
In many areas, the public transportation systems need to be renovated to be able
to address the high demands of tra�c (Eckhardt and Rantala, 2012). Hence, for
the dimensioning of embankments for future needs it is important to facilitate pos-
sibly faster, heavier and more frequent trains. Correct dimensioning will also lead
to more sustainable infrastructure, both in terms of economic, ecologic and social
impact. Construction of railway embankments on soft soil is considered as a chal-
lenging issue for geotechnical engineers. Large settlements can occur during and
after the construction phase, and stability needs to be ensured throughout the life
time. Hence, it is important to have a better understanding of the soil behaviour
beneath the embankments and the models used for quanti�cation of this behaviour.

The determination of model parameters is a crucial step in establishing the safety
of embankments. Soft clays are known as complex materials that show signi�cant
movement when responding to an applied load. The movement of clay is depen-
dent on many factors, such as (degree of) consolidation, destructuration, anisotropy,
creep, bonding that lead to non-linear behaviour. The model parameters that de-
scribe this soil behaviour need to be understood and considered to ensure safety
(Gras et al., 2018).

In the report of Mansikkamäki, 2015, the Perniö embankment failure test was sim-
ulated using di�erent constitutive models for the soil. The study concluded that
the Creep-SCLAY1S material model showed the most realistic soil behaviour, when
comparing to the Soft Soil and Modi�ed Cam Clay models (Mansikkamäki, 2015).
Some of the Creep-SCLAY1S model parameters can be determined by laboratory
tests, meanwhile others must be calculated using complex formulas and/or curve
�tting (Gras et al., 2018).

The available experimental data and other information on the site can be limited,
samples can be disturbed before being tested, and other uncertainties entering the

1



1. Introduction

process are not always well understood. It, therefore, can be di�cult to evaluate
the value of parameters with certainty, especially throughout a larger area in a
real-world project. Hence, it is essential to �nd out how results are a�ected by
input parameters, those include the parameters of the constitutive model and other
parameters that de�ne the numerical analysis.

1.1 Aim and objectives

The main objective of this study is to carry out a global sensitivity analysis of the
Creep-SCLAY1S model parameters to quantify which parameters a�ect the stability
of an embankment on soft soils. Two methods of factorial design will be utilized
for the global sensitivity analysis of a comprehensive Finite Element simulation of
the Perniö test embankment, for which both a detailed Site Investigation and a well
document failure load test are available.

1.2 Limitations

The limitations connected to this thesis will be discussed in this section.

ˆ A limitation is that the Perniö embankment test site was located where there
previously had been an old railway. Hence, the soil has already been under a
previous load, creating uncertainties regarding the loading history of the soil.

ˆ A full factorial design should be utilized for the entire study to do a thorough
sensitivity analysis. However, for a full factorial design with 13 parameters,
a total of 213 = 8192 simulations would be necessary. To reduce the compu-
tational time and to screen out non-important parameters, �rst a fractional
factorial design will be designed before progressing with a full factorial design
on the reduced parameter set.

ˆ The Mohr-Coulomb model parameters were assumed and adjusted with typical
and reasonable values of Finnish and Scandinavian soils. This is due to lack
of data for the coarse-grained materials at the test site.

1.3 Methodology

A literature review regarding previous studies of the test site was conducted �rst.
Then, a detailed site description, the determination of model parameters and soil
properties, and the �nite element method, FEM, modelling of the failure test were
performed. Additionally, detailed background of sampling, in-situ investigations,
laboratory tests, and data calibration were conducted. The literature study was
performed towards the di�erent constitutive models used. The modelling was carried
out using PLAXIS 2D, which is a widely used commercial �nite element code used in
geotechnical engineering. The version of PLAXIS 2D used was from 2019. Di�erent
techniques were discussed for performing the sensitivity analysis, which resulted in
performing two-level fractional factorial design and full factorial design.

2



2
Global Sensitivity Analysis

A sensitivity analysis is de�ned as the distribution of uncertainties in output model
to di�erent uncertainties in the input model (Saltelli, 2004). The term of model can
be de�ned as numerical or otherwise.

The model results are highly dependent on model parameters. The sensitivity anal-
ysis is aimed to identify the in�uence of input parameters on results. It can help to
determine and eliminate the insigni�cant inputs. Also, it can be used to assess the
sensitive inputs to have further research on them, thereby reducing uncertainties.
Additionally, it is utilized to identify which input parameters are correlated the most
towards output variability (Iman and Helton, 1988).

Sensitivity analysis can play an important role while making a critical decision
throughout the results of the studies (Christopher Frey and Patil, 2002). Nowadays,
sensitivity analyses are performed in di�erent science �elds such as medical, social,
engineering and economics. Thereby, by determining the uncertainties in models,
extra research and data gathering can be expected for future studies (Cullen et
al., 1999). There are multiple techniques that have been suggested for performing
sensitivity analyses, where the general process are listed as below (Hamby, 1994):

ˆ A model needs to be determined.
ˆ De�ning the dependent and independent variables.
ˆ Evaluating the probability of each input parameters.
ˆ For some sensitivity analysis an input matrix needs to be generated based on

sampling method.
ˆ Evaluating the correlation of input and output parameters.

Generally, sensitivity analyses can be classi�ed as below:
ˆ Local Sensitivity Analysis, LSA: The method is de�ned as the evaluation of the

local e�ects of the input variables on the model outputs (Sudret, 2008). Also
the interactions between inputs are not considered. It is generally concentrate
on the impact of uncertain input parameters around a speci�c points.

ˆ Global Sensitivity Analysis, GSA: The method is de�ned as the evaluation of
the output uncertainties which are resulted due to the input variables uncer-
tainties. Broadly speaking, the method takes into account the whole alteration
and interactions of the input parameters (Saltelli et al., 2004).

3



2. Global Sensitivity Analysis

GSA is known as one of the reliable sensitivity methods and have been used widely
throughout many di�erent �elds and studies. One of the main advantages of utilizing
GSA is that it considers the e�ects of uncertain input parameters over the whole
input variables, where the interaction between parameters are included (Tian, 2013).
On the other hand, more simple methods can be used for less complex or important
experiments. There are many known methods of sensitivity, of which some of the
most commonly used are discussed below:

ˆ One at a Time Sensitivity Analysis is one of the fundamental methods and
commonly known as the simplest method. The procedure can be performed by
altering parameters one by one while others remain constant (Hamby, 1994).

ˆ The Sensitivity Index is also known as one of the simplest methods. A sensi-
tivity analysis can be performed by calculating the di�erences of output per-
centage by varying an input parameter between its minimum and maximum
values. Maximum, Dmax , and minimum, Dmin , output values are determined
by varying the input parameters over their existing range. The sensitivity
index is calculated as shown in Equation 2.1 (Ho�man and Gardner, 1983).

SI =
Dmax � Dmin

Dmax
(2.1)

2.1 Factorial Design

Factorial design is known as one of the experimental methods of sensitivity analysis.
It is widely utilized within di�erent �elds of engineering, particularly when there
are several parameters in the model. The results from Zangeneh et al., 2002 studies
showed the e�ciency of factorial design on geotechnical related problems. Factorial
experiments evaluate how multiple independent variables a�ect one or many depen-
dent variables (Douglas, 2013). The analysis usually considers the number of all
parameters and provides runs for the combination of dependent and independent
variables (Hamby, 1994).

2.1.1 Two-level Full Factorial Design

There are several types of factorial designs which can be used in research work, but
the most comprehensive one that is discussed further is called "K" factors or full
factorial design, where low and high levels of each factors are de�ned. The levels
of the factors can be quantitative or qualitative. For instance, qualitative factors
are used in this report and it is de�ned as "high" and "low" levels (Douglas, 2013).
The full factorial design provides an experimental analysis which is consisting of a
de�ned level for each factor. The combination of the levels and factors are called
treatment combination. The design speci�es all combinations of the levels of factors.
Hence, to study the e�ects of "K" factors, 2k observations are required (Mee, 2009).
Also, a full factorial design can reveal the e�ects of one or several factors on the
levels of di�erent factors (Cox, 1958).

4



2. Global Sensitivity Analysis

2.1.2 Two-level Fractional Factorial Design

Fractional factorial design is utilized to investigate the most critical factors that
can a�ect the results. The approaches are performed by choosing the fraction of
the one or two full factorial designs. In these experiments, the number of runs is
highly dependent on the number of main factors. As the number of the main fac-
tor increases, the number of treatment combinations for the design increase rapidly
(Douglas, 2013). Fractional factorial design plays an important role on decreasing
the number of runs. This can be done by neglecting of some high-order interactions
and obtaining the main e�ects and low-order interaction by running full factorial
design (Douglas, 2013). Moreover, fractional experiments are utilized to reduce the
number of the experiments by minimizing the main e�ects of the factors that might
not appoint the combination of the other factors. However, evaluating all parame-
ters and their side combinations might not be interesting in all cases, depending on
the study (Gunst and Mason, 2009).

Generally, it is smart to avoid full factorial design due to higher expenses of exper-
imentation. However, in reality each input variables and their interactions might
be critical. According to these facts, it would be preferable to implement a smaller
experiment to be able to determine the dominant variables and their interactions.
Also, randomly assuming the interactions between factors or individual factors might
lead to incorrect outputs (Gunst and Mason, 2009). Previous studies might be use-
ful to determine the dominant factors. Some principles toward designing fractional
factorial design are discussed under the following headlines.

Aliases

Aliasing are introduced by fraction of full factorial design while considering the factor
e�ects. Aliasing is de�ned as e�ecting of two or more factor e�ects with each-other.
For instance, two factor e�ects are aliased with each-other, if the probability of one
e�ect contains the e�ects of the other factor e�ect at the same time. Generally,
the aliases refer to the correlation between the factor e�ects not correlating between
response values and input values (Gunst and Mason, 2009).

Main e�ects

The e�ect of a primary factor of interest in each experiment is called main e�ect. It
is de�ned as an alteration in the response of the design which is made by changing
the level of the factors which is called e�ects of a factor (Douglas, 2013). For a 2k

design, the main e�ects and the h-factor interaction e�ects can be formulated as
below (Box and Hunter, 1961).
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k; main e�ects

k(k � 1)
2!

; 2-factor interaction e�ects

k(k � 1)(k � 2)
3!

; 3-factor interaction e�ects

k(k � 1)(k � 2):::(k � 1 � h)
h!

; h-factor interaction e�ects

Furthermore, e�ect of the each parameter for a 2k� p design can be calculated as in
Equation 2.2. Where K stands for the number of studied parameters and p stands
for the generators where the parameter interactions can be de�ned.

Ef fect i =
2(contrast)

N
(2.2)

Where N = 2k� p, which stands for the number of the runs and the contrast can be
determined by using the plus and minus sings in each column of the design matrix.
Besides, a 2k� p-1 e�ects and their interactions can be estimated for a 2k� p experiment
(Douglas, 2013). Also, screening and projecting a 2k� p design is required to identify
the factors with high e�ects. These procedures can minimize the calculation time.

Resolution

The fractional factorial design can be divided into di�erent types based on their
resolutions. The experiment resolution is dependent on the degree of the fraction-
ation of the test, where higher degrees lead to too general assumptions to be able
to obtain precise interactions. The meaning of degree of fractionation is the degree
of the fractions that is considered, compared to the full factorial design (Box and
Hunter, 1961). Generally, researchers tend to have the highest possible resolution,
because the highest resolution leads to less con�ned assumptions. There are three
di�erent types of design resolutions as discussed below (Douglas, 2013).

ˆ Design of Resolution III: The main e�ects are not aliased with each other,
but they are aliased with two-factor interactions. Also, two-factor interactions
might be aliased with each other.

ˆ Design of Resolution IV: The main e�ects are not aliased with each other or
two-factor interactions, but two-factors can be aliased with each other. Ac-
cordingly, the main e�ects can be estimated for a 2k� p design with a resolution
of IV if three or higher factors are eliminated.

ˆ Design of Resolution V: Main e�ects and two-factor interactions are not con-
found with any other main e�ects or two-factor interactions, but two-factor
interactions can be aliased with three-factor interactions. The experiments
with resolution of V are known as one the powerful designs since it projects all
main e�ects and two factor interactions while neglecting the aliases of three
or more factors.
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3
Site description

3.1 Case study

The Perniö failure test is a full scale test of an embankment, loaded until failure.
The test was conducted on old train tracks near the railway from Helsinki to Turku,
near the Finnish city of Perniö. The city is located in the municipality of Salo, south
west of Finland where there are highly sensitive soft clays (Mansikkamäki, 2015).
For the location of the test, see Figure 3.1.

Figure 3.1: Location of Perniö case study.
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3.2 Full scale failure test

In order to carry out the failure test, a 60 m long embankment with a height of
0.6 m and a slope of 1:3 was built on top of the old railway. The load on top
of the embankment consisted of four 2.5 m wide containers, which was gradually
�lled with sand until failure occurred. Several approaches were considered to reduce
the stability and to control the slip surface. Therefore, a ditch of 2 m depth was
excavated at a distance of 14.5 m from the toe of the embankment. The excavated
soil between the embankment and the ditch were placed at the opposite side of the
ditch as a counter weight. A photo taken at the test site can be seen in Figure
3.2. Additionally, the groundwater that appeared in the ditch was pumped out to
provide a dry condition during the test. Initial calculations indicated that the �nal
slip surface would end at the bottom of the excavated ditch (Mansikkamäki, 2015).

Figure 3.2: Photo taken at the Perniö test site, before failure (Mansikkamäki,
2015).
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The site was divided into 6 cross sections, where the cross section D was located
between container 2 and 3, as shown in Figure 3.3. The failure occurred at the
location of container 2, near the cross-section D (Mansikkamäki, 2015).

Figure 3.3: Overview, scale of the test embankment and Cross-section D (Man-
sikkamäki, 2015) (Lehtonen et al., 2015).
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The stratigraphy of the site is similar to the typical Finish post-glacial layering. The
derived layers of the site can be seen in Figure 3.4. The soil pro�le of the site, from
top to bottom, consists of sand and gravel, which was placed there as �ll for the
old embankment. Beneath the old �ll, the layering was dry crust, soft clay, clayey
silt, dense sand and dense moraine (Mansikkamäki, 2015). The old �ll layer had
a thickness of around 1.5 m and the dry crust around 0.6 to 0.9 m. The soft clay
under the dry crust had a thickness varying between 3.5 and 4.5 m, and the clayey
silt layer was around 1.5 m thick. The groundwater level was measured to be at 1.3
m below the ground surface during the test (Mansikkamäki, 2015). The soil tests
on the site illustrates that the soil layers were not completely horizontal and were
increasing in depth towards east (Lehtonen, 2011).

Figure 3.4: Stratigraphy of cross-section D of the Perniö failure test site (Lehtonen
et al., 2015).

External loading during failure test

To reach failure of the embankment, the load of the containers was gradually in-
creased by adding sand into the containers. The load steps from each container can
be seen in Figure 3.5, and a detailed loading process can be seen in Table A.5, in
the Appendix. The �nal failure of the embankment occurred at the location of the
second container, at a load of 87.3 kPa. Due to a width of the load of 2.5 m, the
total line load was 218 kN/m at failure (Lehtonen, 2011). A photo taken at the site
after the failure can be seen in Figure 3.6.
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3. Site description

Figure 3.5: Load versus time of the four containers during the Perniö test em-
bankment (Lehtonen, 2011).

Figure 3.6: Photo taken at the site after failure of the embankment (Lehtonen,
2011).
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