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I. ABSTRACT 
 
The thesis deals with the undrained shear strength (su) of Finnish clays. The research 
study focuses on the evaluation and modelling of undrained shear strength for total stress 
stability analyses of embankments and it studies some special features of sensitive clays.   
 
Firstly, a multivariate database of Finnish clay data points is compiled in order to derive 
correlations for undrained shear strength specific to Finnish clays. For each data point, 
information on su from field vane, consolidation stresses and other physical properties is 
available. The dependency of su on overconsolidation ratio (OCR) and index parameters 
is studied. The new correlations are derived through regression analyses. Results show 
that the dependency of su on index parameters is more marked when the uncorrected field 
vane measurements are considered. On the other hand, when measured su is corrected for 
strain rate and converted into mobilized su, such dependency becomes negligible. The 
new correlations are validated through comparison with existing correlations from the 
literature. Bias and uncertainties of the new transformation models are evaluated through 
an independent database consisting of clay data points from Sweden and Norway. The 
main result is that the new correlations are characterized by lower uncertainty than the 
other commonly used correlation models. 

 
In order to study some of the special characteristics of soft sensitive clays, the Perniö 
failure test is analyzed through the finite element method (FEM) using the advanced NGI-
ADPSoft model, which includes anisotropy and strain-softening behavior of sensitive 
clays. A series of laboratory and in-situ tests are used to determine the anisotropic shear 
strength of Perniö clay and Perniö dry crust. Stability analyses are performed using the 
software PLAXIS 2D and the influence of stress path dependency and post-peak strength 
reduction on the failure load is evaluated. Calculated displacements are compared to field 
measurements from the experiment. A good agreement is observed between field 
observations and calculation results. The study indicates that both su anisotropy and 
strain-softening have a notable impact on the undrained behavior of the Perniö 
embankment. Furthermore, it was shown how the modelling of post-peak properties 
influences the computed failure mechanism.  
 
The issue of undrained shear strength increase in clayey layers under old embankments 
due to consolidation is studied through CPTU and field vane test results from Murro test 
embankment. Previous test results suggested a decrease of shear strength under the 
embankment after a few years of consolidation. The new test results show that the 
strength has increased and the soil has reached its normally consolidated state. Undrained 
shear strength and preconsolidation pressure are assessed using existing as well as 
calibrated transformation models. Data from the Murro test site shows that su has 
increased by over 50% in the uppermost part of the deposit. 
 
Engineering aspects related to the topics object of study are discussed and some complex 
issues are addressed from a practical point of view. Firstly, some indications on the use of 
the new correlations for su of Finnish clays are provided. Secondly, suggestions about 
how to derive soil parameters for FE total stress soil models are given. Finally, a 
simplified methodology is proposed to model strength increase in total stress analyses.  
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FOS Factor of safety 

FTA Finnish Transport Agency 

FV Field vane test 

IL  Incrementally loaded oedometer test 

LEM  Limit Equilibrium Method 

LI  Liquidity index 

LL Liquid limit 

MIT  Massachusetts Institute of Technology 

NGI Norwegian Geotechnical Institute 

OCR  Overconsolidation ratio 

OCRCRS  Overconsolidation ratio from CRS oedometer test 

OCRIL  Overconsolidation ratio from IL oedometer test 

PI Plasticity index 

PL Plastic limit 

POP Pre-overburden pressure 

SHANSEP  Stress History and normalized Soil Engineering Properties 

TXC  Triaxial compression 

TXE  Triaxial extension 

TUT Tampere University of Technology 

 

 

Common subscripts 

 

0 Initial state 

1 Major principal stress or strain 

3 Minor principal stress or strain 

p Preconsolidation state 

r Residual state 

 

 

Common superscripts 

 
A Active 
DSS Direct Simple Shear 
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P Passive 
C Compression (triaxial) 
E Extension (triaxial) 
PS Plane strain 
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strength on preconsolidation pressure, shearing rate and direction of loading are probably 
the most significant. Therefore, parameter selection for stability calculation becomes 
generally very challenging, especially when soil investigation is limited or affected by 
poor quality of the recovered test specimens.  
 
The undrained shear strength predicted by field vane can be used as input parameter in 
both LEM and FEM analyses. Unlike LEM, finite element method requires the additional 
input of stiffness parameters. Therefore, some existing correlations for soil stiffness must 
be used (e.g. Duncan and Buchignani 1976) if laboratory test results are not available. 
 
The undrained behavior of sensitive clays is further characterized by special features such 
as su anisotropy and strain-softening behavior in the post-peak regime. In Finland, these 
aspects are normally neglected in design, as extensive testing would be required for a 
thorough understanding of the phenomena, even though they may significantly affect the 
stability. 
 
Moreover, strength of dry crust layers, which commonly overlay soft clay layers, is 
normally characterized by high uncertainty because of the non-homogenous structure of 
the weathered clay. The undrained shear strength su in such layers is often approximate 
from the field vane test through empirical rules (e.g. Leroueil et al. 1990) and often 
assumed as a constant. 
 
For railway embankments built on normally or slightly overconsolidated clays, as in 
Finnish coastal areas, the consolidation process induced by the embankment load is likely 
to cause an increase in preconsolidation pressure and, consequently, in undrained shear 
strength in the clay layers. Such a favourable result may turn useful when the impact of 
the increased traffic loads on the railway truck has to be evaluated. By thoughtfully 
accounting for this phenomenon, more economical solutions can be adopted in case 
stability needs to be improved. For some cases, stability countermeasures may not be 
necessary if the strength increase guaranteed the required safety level.  
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1.3 Aim and premise of the work 
 
The primary objective of this thesis is to enhance the knowledge and modelling of 
undrained shear strength of Finnish clays for stability analyses of embankments. 
Specifically, the following aspects have been addressed in this work: 
 
 

i) Derivation of transformation models for undrained shear strength (su) specific 
to Finnish clays. 

 
A multivariate database of field vane data points from 24 test sites from Finland is used 
for the purpose of deriving new transformation models specific to Finnish clays, to 
convert basic clay properties into undrained shear strength. The new correlation equations 
are validated through an independent database of field vane data points from Sweden and 
Norway. The aim is to quantify the uncertainty of the existing transformation models for 
su and develop new transformation models for Finnish clays characterized by lower 
uncertainty than the commonly used correlations for su.  
 
 

ii)  Investigate the importance of strength anisotropy and strain-softening in 
stability calculations. 

 
The practical implications of taking into account some special features of sensitive clays, 
including anisotropy of undrained shear strength and post-peak strain-softening, are 
evaluated through a finite element (FE) study of the Perniö failure test (Lehtonen et al. 
2015). Strength and stiffness parameters of Perniö clay are thoroughly defined from 
laboratory as well as field tests, and exploited for advanced modelling using the user-
defined total stress NGI-ADPSoft soil model (Grimstad et al. 2010), implemented in 
PLAXIS 2D. The aim is to study the importance of modelling su anisotropy and strain-
softening in stability analyses on Finnish sensitive clays. 
 
 

iii)  Improve the modelling of undrained shear strength of dry crust layers. 
 
Dry crust layers have formed because of weathering and cementation processes and they 
normally consist of stiff organic bonded clay. A correct assessment of the soil properties 
of these layers is quite challenging because of their non-uniform structure. Some authors 
(e.g. La Rochelle 1974) reported how field vane test tends to overestimate the available 
shear strength in the clay crust and, therefore, alternative testing is needed for a reliable 
estimate of su. In this study, the aim is to assess the reliability of conventional laboratory 
tests for determining the mechanical properties of Perniö dry crust. The FE analysis of 
Perniö failure test will act as a validation tool.  
 
 

iv) Evaluate the undrained shear strength increase under old embankments due to 
consolidation. 

 
For embankments that have been consolidating for several years, the available undrained 
strength in the clayey subsoil has increased and a positive effect is expected on the factor 
of safety. Taking this aspect into account would possibly guarantee sufficient safety level 
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against the increasing traffic loads, thus leading to a more cost-effective design. In order 
to study this phenomenon in Finnish clays, measurements from the Murro test 
embankment are exploited to assess the increase in undrained shear strength under the 
embankment after several years of consolidation. The aim is to derive a simple 
methodology to model the phenomenon of su increase in practice.  
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Experimental observations indicated that the stress-strain response of clay specimen 
sheared in compression (active, triaxial or plane strain) or in extension (passive, triaxial 
or plane strain), may be quite different. Dissimilarities do not only involve the measured 
shear stresses (strength anisotropy), but also the shear strains required to mobilize peak 
strengths according to the direction of the major principal stress.  
 
In general, for normally consolidated to slightly overconsolidated soft clays, the shear 
strain level needed to mobilize the compression, or active, strength (inclination of major 
principal stress is 0° from the vertical), is lower than the shear strain that would mobilize 
the extension, or passive, strength (inclination of major principal stress is 90° from the 
vertical). This is true even for isotropically consolidated samples, indicating that fabric 
anisotropy has a major role (Jamiolkowski et al. 1985). In addition, the strength for direct 
simple shear (DSS) conditions is normally mobilized to a strain level between 
compression and extension, as suggested by the experimental results by e.g. Karlsrud and 
Hernandez-Martinez (2013) shown in Fig. 2.8.  
 

 
Fig. 2.8: Shear strains at failure versus OCR (Karlsrud and Hernandez-Martinez 2013). 
 
According to Bjerrum (1973), Ladd et al. (1977), Larsson (1980) and Jamiolkowski et al. 
(1985), the anisotropy is lowest when the clay is highly plastic, while anisotropy 
increases with decreasing plasticity. The main implication is that there is a positive trend 
between the anisotropy ratio su

P/su
A and the liquid limit or plasticity index of the soil. su

P 
and su

A are the peak undrained shear strengths from triaxial or plane strain extension and 
compression tests, respectively. The observed trend was further verified for the 
anisotropy ratio in direct simple shear (su

DSS/su
A) by the same authors (Fig. 2.9). 
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Accounting for and modelling progressive failure in geotechnical design is always 
challenging. Some authors (e.g. Lefebvre and La Rochelle 1974) suggested using directly 
the residual strength values, while others (e.g. Dascal et al. 1972, Jostad et al. 2014) 
proposed to simply reduce the peak strengths by a correction factor. 
 
From a practical point of view, Jostad et al. (2014) studied the impact of strain-softening 
and progressive failure in design of fills on gently inclined slopes on soft sensitive clays 
using the finite element analyses. The main outcome was that the peak undrained shear 
strength can be reduced by a scaling factor (Fsoft) and used as input parameter for limit 
equilibrium analyses with the hypothesis of perfect plasticity. An average Fsoft = 1.09 was 
estimated, suggesting that a reduction of the peak strength of about 9% would provide the 
same bearing capacity achieved when softening is taken into account in the calculation. 
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comparable to those of the soft clay of the same origin. The fissures can also close 
because of loading. 

 
j. The time-dependent effects seemed to be much greater than in overconsolidated 

clays. The influence of macrofabric, including fissures system and cavities, was 
studied through comparison between a large-scale oedometer test with a diameter 
of 700 mm and a standard oedometer test. It was concluded that the higher strains 
measured in the large-scale test were caused by creep in the macrofabric and not 
by movements in the microfabric.  

 
The onset of a dry crust formation coincides with the clay liquid phase cut-off, or with the 
lowering of pore pressure, for example by drainage caused by vegetation, evaporation, 
drainage system etc. Gas is released into small bubbles. Then, the clay is contracted by 
the menisci in the gas-liquid interfaces, consolidating as the menisci draw the structure 
together. The clay micro-structure is subjected to cementation by chemical-physical 
bonds and stiffness will increase as the cementation process progresses. Calcium 
carbonate is probably the main cementing agent. The weathered clay is, therefore, a strain 
hardening material, with a structure which differs from that of an overconsolidated clay. 
Scanning electron microscopy, together with chemical analysis, showed a rather open 
structure with particle arrangement with no preferred orientation. Clay minerals 
aggregated to units often had a laminated appearance. Bonded clay particles had a 
pronounced bladed form. The bonds need time to develop and result in very stable 
products that can last many thousands of years. (Ringesten 1988) 
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3.2 Undrained shear strength of dry crust layers 
 
When evaluating the stability of an embankment, it is of high importance to assess the 
potential available strength in the dry crust. Part of the slip surface generally intersects 
this layer, especially in the active side of shearing. Nevertheless, taking undisturbed 
samples of dry crust is rather challenging because of the non-homogeneous as well as 
fissured structure.  
 
Research studies have been conducted by some authors on the determination of the 
undrained shear strength su of weathered clay crusts, using both in-situ and laboratory 
tests. Practical difficulties were encountered when trying to obtain undisturbed samples. 
Therefore, in-situ tests seemed more suitable than laboratory tests for assessing the 
mechanical properties. Furthermore, clay crust is generally non-saturated and, 
consequently, testing using conventional test procedures is not straightforward.  
 
However, field vane test was found to overestimate su in such fissured stiff clays (La 
Rochelle 1974; Lefebvre et al. 1987; Khan 1993).  
 
Leroueil et al. (1990) suggested, for practical use in stability analysis of embankments, a 
criterion to assess the shear strength of the dry crust from field vane test results as shown 
in Fig. 3.1. The assumption made is that the design strength is one third of the measured 
field vane strength. This approach is also used in Finnish design practice and included in 
the guidelines of the Finnish Transport Agency (Ratahallintokeskus 2005) for 
geotechnical design of embankments.  
 

 
Fig. 3.1: Method of correction of measured shear strength in the weathered crust (Leroueil et al. 1990). 
 
Lo et al. (1970) conducted an experimental study on fissured soils using laboratory field 
vane equipment. Results from this study indicate that the strength of fissured clays 
measured from field vane would correspond to the intact strength measured on small 
laboratory samples. One possible explanation could be that cracks do not affect the 
performance of a field vane test, as the test itself causes an initial disturbance to the soil 
due to the insertion of the vane. 
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La Rochelle (1974) evaluated the impact of the dry crust on the stability of instrumented 
embankments on sensitive clays. The main conclusion was that by assuming the 
mobilization of the full vane strength measured in the dry crust, the factor of safety is 
overestimated. On the other hand, assuming a strength value equal to the minimum 
strength measured on top of the underlying soft layer, would lead to a quite conservative 
and unrealistic safety level.  
 
Lefebvre et al. (1987) compared different test results on a superficial clay crust located in 
the region of Quebec (Canada). The shear strength measured from in-situ shear box, plate 
loading tests and triaxial tests, resulted lower than the strength measured from field vane. 
The dilatant behavior was considered the main cause for the high strength measured by 
the field vane and that the shear strength of a dry crust under an embankment load would 
be a function of that load. For this reason, it was suggested to use the field vane only for 
measuring the thickness of the dry crust.  
 
Khan (1993) measured the shear strength of a weathered clay crust located in the Ottawa 
region (Canada) from different test types, i.e. field vane, piezocone and triaxial tests. In 
agreement with previous studies, field vane was observed to overestimate the strength of 
the clay crust (Fig. 3.2).  
 

 
Fig. 3.2: Undrained shear strengths in Canadian weathered clay crust from field vane, triaxial compression 
and direct shear test (Khan 1993). 
 
Based on the outcomes of this study, a model to derive shear strength from measured 
vane torque moment was proposed [eq. (3.1) and eq. (3.2)]. The model accounts for shear 
stress distribution around the field vane, effects of fissuring, influence of horizontal 
effective stress on failure planes and rate effects.  
 





45 
 

4. Undrained shear strength increase under 
embankments 

 
4.1 General principles and empirical models 
 
The performance of embankments built on soft clays can be significantly affected by the 
consolidation phenomena occurring in the subsoil. Normally, the short-term stability is 
evaluated prior to construction of the embankment by mean of a total stress analysis, 
where the undrained shear strength is determined from field vane measurements and 
reduced according to e.g. Bjerrum (1972). 
 
However, consolidation occurs in time in the subsoil because of the stress increase caused 
by external loads (e.g. embankment construction). Excess pore pressure will first develop 
because of the low permeability of the clay, and later dissipate with accompanying 
volume change (settlement). As a consequence, the available strength will increase as a 
result of the higher effective stresses induced in the soil. 
 
Soil layers which have been consolidating under old embankments for several years, 
show greater undrained shear strength than the undisturbed soil prior to construction, as 
reported by some authors (Tavenas et al. 1978; Slunga 1983; Larsson and Matsson 2003). 
By accounting for such strength increase, the factor of safety will  result higher than at the 
initial stage (e.g. Tavenas et al. 1978; Slunga 1983). 
 
The reason why the shear strength increase should be carefully evaluated is that the 
greater available strength can be exploited, for example, if the embankment needs to be 
raised or widened or if the traffic load/speed is to be increased. 
 
Moreover, a correct assessment of the undrained shear strength increase due to 
consolidation is very useful in stage-construction of embankments. A stage-construction 
consists of applying a load in steps in order to provide the soil with sufficient time to 
consolidate and, therefore, allow the strength to increase before the following loading 
step. The main practical usefulness of stage-construction method is that embankments can 
be raised without any supporting structures or soil improvement which could be needed 
for a single stage construction. 
 
For geotechnical structures built on clay deposits where the ground water table is located 
in the proximity of the ground surface, buoyancy effects will have an impact on the final 
stress distribution and, hence, should not be neglected. The reason is that the soil located 
above the groundwater level will become submerged because of settlement and the unit 
weight will decrease, with consequent decrease of effective stress.  
 
The fundamental aspect to account for when assessing the strength increase due to 
consolidation is the direct relation between the preconsolidation pressure and undrained 
shear strength discussed in section 2.1. Such a relation is valid independent of how the 
preconsolidation pressure has been reached, either mechanically due to load induced 
effective stress increase, or due to secondary consolidation (or aging). 
 
As discussed in section 2.3, soft clay deposits may show OCR higher than 1 because of 
aging effect without necessarily having previously experienced a higher overburden 
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Practical difficulties in using eq. (4.3), led to a more straightforward approach, as 
suggested by eq. (4.4): 
 

2

1

2
12      (4.4) 

 
Where su2 is the undrained shear strength below the loaded area, su1 the undrained shear 
strength in the natural ground, Vs2 and Vs1 the shear wave velocities below the loaded area 
and in the natural ground, respectively. 
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4.2 Evaluation of shear strength increase from test 
embankments 

 
4.2.1 Finland 
 
Slunga (1983) investigated the strength increase under an old 2 m high embankment 
located on the railway line between Kerava and Porvoo in Southern Finland. The soil 
conditions at the testing site consisted of a 1.5-2 m thick dry crust on top of a 7 m thick 
deposit of slightly overconsolidated (OCR=1.5-1.6) soft sensitive clay. Field vane, 
triaxial compression and undrained direct shear tests were performed at three different 
locations: under the embankment, 6 m and 19 m off the centre-line of the embankment. 
Field vane tests were conducted using different vane geometries and also with an 
inclination of 45° from the ground.  
 
All the test results showed a marked strength increase in the top 5 m below the 
embankment, with a magnitude up to 50% of the initial strength (Fig. 4.2). Field vane 
results showed that the strength of the clay is highly anisotropic and that the undrained 
shear strength measured on the horizontal surface (suh) of the vane is greater than that 
measured on the vertical surface (suv). Furthermore, the ratio suh/suv was found to be 
higher under the embankment because of the embankment weight. 
 

 
Fig. 4.2: Results of vane tests and laboratory tests on samples from under the embankment (points 3, 4, 6 
and 25) and at the toe of it (points 7, 12 and 13). (Slunga 1983) 
 
The calculated safety factors under a train load of 100 kN/m demonstrated that by 
neglecting the strength increase, the resisting forces in the soil are similar or even lower 
than the mobilizing forces caused by the embankment and the applied load. In addition, it 
was suggested that the actual factor of safety is also dependent on the way of using the 
shear strength in the dry crust and of using the short term train load as external force in a 
stability analysis. 
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4.2.2 Sweden 
 
Larsson and Matsson (2003) have investigated long-term settlement and shear strength 
increase under three instrumented test embankments built on Swedish soft compressible 
clays: the square test fill at Lilla Mellösa and the circular and road-like test embankments 
at Skå-Edeby. The embankment height was 2.5 m at Lilla Mellösä and 1.5 m at Skå-
Edeby for both the circular and the road-like embankment. The shear strength increase 
was investigated from seismic cross-hole tomography, field vane, piezocone (CPTU) and 
direct simple shear tests. 
 
The reason for choosing the cross-hole tomography as investigation method is suggested 
by the well documented relation between undrained shear strength and shear wave 
velocity (e.g. Larsson and Mulabdic 1991). Shear wave velocity under the embankment 
can be measured from one side to the other by the cross-hole method, with no need to 
access to the embankment itself. Such a method may turn useful when shear strength 
assessment is required and, for instance, the traffic on a road or railway cannot be 
interrupted. 
 

 
Fig. 4.3: Measured undrained shear strength below a) the test fill at Lilla Mellösa and b) below the circular 
test fill at Skå-Edeby at various times (after Larsson and Matsson 2003). 
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Test results at Lilla Mellösa (Fig. 4.3a) suggested that the shear strength during the first 
period increased only in the top 8 m, while the maximum strength has been possibly 
reached 34 years after construction, in 1979. More recent measurements did not show any 
further remarkable gain in strength. Laboratory tests showed increased preconsolidation 
pressure and a significant decrease in water content and permeability below the 
embankment, while the liquid limit seemed not to show any changes. 
 
Based on the test results at Skå-Edeby (Fig. 4.3b), a considerable shear strength increase 
has occurred between the different testing events. The shear strength below the crest is 
somewhat similar but lower than below the center of the fill. Consistency between field 
vane and direct simple shear tests was observed, as DSS showed similar strength values 
than field vane. An increase of preconsolidation pressure, together with a reduction in 
permeability below the embankments was also observed. Furthermore, the shear strength 
evaluated from CPT test resulted higher than from the other test results, probably because 
of the varved nature of the soil and the accompanying difficulties in selecting correct 
values of liquid limit to be used to estimate a cone factor. 
 

 
Fig. 4.4: Evaluated undrained shear strength using eq. (4.3). The levels below the loaded areas are corrected 
for the estimated settlements. a) At the circular fill at Skå-Edeby b) At the square fill at Lilla Mellösa. (after 
Larsson and Matsson 2003). 
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A considerable shear strength increase was also observed from the measured shear wave 
velocities under the embankments. Comparison between field vane test results and eq. 
(4.3) and eq. (4.4) has shown that su calculated from eq. (4.3) provides a too coarse 
estimation of the strength values, while eq. (4.4) results in better strength predictions. 
 
 

 
 
Fig. 4.5: Evaluated undrained shear strength using eq. (4.4). The levels below the loaded areas are corrected 
for the estimated settlements. a) At the circular fill at Skå-Edeby b) At the square fill at Lilla Mellösa (after 
Larsson and Matsson 2003). 
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5.5 Conclusions 
 
A calibration database of multivariate clay data points from Finland is compiled in this 
study for the first time. The main purpose was to provide correlations for undrained shear 
strength (su) of Finnish clays and survey the dependency of su on the overconsolidation 
ratio (OCR), natural water content (w), liquid limit (LL), plasticity index (PI), liquidity 
index (LI) and sensitivity (St).  
 
According to the results of this study, uncorrected undrained shear strength from field 
vane (su

FV), OCR and index parameters (PI, LL, w and LI) are interdependent, except for 
sensitivity (St), which seems to have a minor influence on su

FV.  
 
On the contrary, the mobilized undrained shear strength of Finnish soft clays [su(mob)] 
seems mainly function of OCR and not significantly affected by third-order information.  
 
Consistency of the new transformation models was firstly checked through comparison 
with existing transformation models for undrained shear strength of Swedish and 
Norwegian clays and, secondly, through evaluation of bias factor and coefficient of 
variation with respect to another independent validation database.  
 
From the validation process, it seemed that the trend suggested by the new equations is 
comparable to the relation suggested by Larsson et al. (2007) for DSS strength of 
Scandinavian clays. However, more discrepancies were encountered when comparing the 
new models to the DSS strength equation for Norwegian clays proposed by Karlsrud and 
Hernandez-Martinez (2013). 
 
Furthermore, bias factors and coefficients of variation associated with the validation 
database were checked. Consistency was found from the validation process, as predicted 
target values resulted almost unbiased.  
 
Finally, the new equations specific to Finnish clays have bias factors (b) closer to 1 than 
the existing correlations, showing coefficients of variations as low as 0.25. 
 
 
 

 

 

 

 

 

 

 

 



79 
 

6. Perniö failure experiment: total stress analysis 
considering anisotropy 

 
6.1 Introduction  
 
The Perniö failure test is back-analyzed in order to study the anisotropic undrained 
behavior of a Finnish soft sensitive clay. Perniö test site is located in Salo, on the West 
coastal area of Finland, near the city of Turku. A total stress soil model, implemented into 
the finite element software PLAXIS 2D, is exploited for this purpose. The soil model 
used can take into account strength anisotropy and strain-softening behavior of sensitive 
clays. Therefore, progressive failure mechanisms can be modelled.  
 
Soil anisotropy is very often neglected in practical geotechnical applications in Finland. 
For this reason, this study focuses on the main consequences of modelling undrained 
shear strength anisotropy in Finnish clays, as undrained shear strength is normally derived 
from field vane measurements and assumed as isotropic. 
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6.2 Perniö failure test 
 
6.2.1 Test description 
 
In October 2009, the Finnish Transport Agency (Liikennevirasto), in collaboration with 
Tampere University of Technology (TUT), conducted a full-scale embankment failure 
experiment in Perniö, Western Finland. The main purpose of the test was to collect field 
information of a failure caused by a rapidly applied load on a railway embankment 
founded on soft clay. At the same time, the test was a good chance to evaluate the 
performance of various instruments for real-time monitoring of embankment stability. 
 
A condition where the load is rapidly applied is, for instance, a train coming to a standstill 
on a railway embankment. Such an issue is of high concern of the Finnish Transport 
Agency, as large part of the Finnish railway network is located on soft clay areas and 
since the undrained response of soft clays is known to be dependent on intensity and 
duration of loading. Time dependency of yield-induced pore pressure is known to 
influence the undrained response of clays and it may affect the undrained capacity. When 
a stopped train load is sustained for a certain period of time, undrained deformations 
induced by the viscous properties of the clay can occur. Failure due to undrained creep 
may also occur after several days. Another issue of high concern of the Finnish Transport 
Agency is that factors of safety (FOSs) calculated using traditional methods resulted too 
low at several locations across the railway network. Therefore, the Perniö failure test will 
serve as i) source of field data on the time-dependent characteristics of clays and ii ) 
benchmark test for calibration of stability calculation methods in soft clays.   
 

 
Fig. 6.1: Test site and containers before loading (Lehtonen et al. 2015). 
 
For a realistic simulation of the conditions of a train coming to a standstill, a new highly 
instrumented embankment made of crushed ballast was built and equipped with concrete 
sleepers and rails, in order to match a typical Finnish train axle configuration. Four (4) 
modified shipping containers were placed on top of the railway embankment to model 
one car, as shown in Fig. 6.1, and filled with sand through a conveyor belt. A continuous 
filling process was designed to guarantee a homogeneous load distribution in all the 
containers.  
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Finally, the model formulation does not include rate effects, cyclic behavior, softening 
and shear-induced pore pressure. 
 

 
Fig. 6.10: Input parameters for NGI-ADP model. 
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6.4.3 Dry crust 
 
Field vane test results from 2009 show uncorrected undrained shear strength values well 
over 50 kPa in the dry crust (Lehtonen 2011). However, field vane test is known to 
overestimate the available strength in clay crust layers, as discussed in Chapter 3. La 
Rochelle et al. (1974) suggest that this is mostly due to the presence of fissure patterns, 
which are likely to be the reason why the strength measured on a small scale (field vane) 
is larger than on a large scale (e.g. a failure surface). Therefore, undrained shear strength 
of Perniö dry crust was studied through isotropically consolidated triaxial compression 
tests (CIUC), which are known to provide a sufficiently reliable estimate of su in such 
layers (Khan 1993). 
 
Samples of dry crust were taken from a secondary site (about 50 m off the test location) 
where the dry crust is overlaid by an organic superficial layer, while in the test area an old 
sand fill was located on top of the clay crust. Samples were collected down to 1.80 m 
from the ground surface using cubic steel block samplers with 150 mm size. The bottom 
of the dry crust reaches roughly the depth of 1.50 m.  
 
The sampled material was extruded from the block sampler through a cylindrical plastic 
sampler greased internally with oil. In this way, lateral friction during insertion and 
extrusion was reduced. Finally, the cut specimens were tested in triaxial compression and 
in CRS oedometer. CIUC tests were also performed on samples cut in horizontal direction 
in order to assess strength anisotropy. The diameter of the triaxial specimens was 50 mm, 
with height/diameter ratio of 2. 
 

 
Fig. 6.22: Samples of Perniö dry crust from different depths. 
 
From a visual inspection of the samples, the structure of the dry crust appears to be non-
homogeneous (Fig. 6.22). The top part (up to 1.0-1.20 m depth) is characterized by the 
presence of fissures, mostly oriented horizontally, and by a dark brown colour, probably 
as a result of some oxidization processes. Cracks become less visible and almost absent 
for the samples taken below 1.20 m depth, where the structure of the material seems more 
homogeneous and characterized by the greyish colour typical of Perniö clay. Sparse 
organic material was found in some of the extruded specimens (e.g. small roots), which 
made testing difficult and constituted the reason why several specimens could not be 
tested, as results might have been notably affected. 
 
General characteristics of Perniö dry crust are shown in Fig. 6.23-6.24. Natural water 
content (w) increases with depth from 40% at 0.50 m to almost 90% at 1.80 m in the soft 
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below 1.50 m preconsolidation pressure was visible, suggesting OCR values between 2 
and 3 in the clay located right below the dry crust.   
 

 
Fig. 6.25: CRS oedometer stress-strain curves from Perniö dry crust block samples (strain rate 0.06%/h). 
 
An issue in triaxial testing of dry crust samples is the estimate of the consolidation 
pressure (cell pressure) to be used. Therefore, an assumption on the lateral stress 
coefficient needs to be made. Khan (1993) suggested K0 values higher than 1 in the 
proximity of the ground surface, decreasing with depth up to K0 values close to the K0 of 
the underlying clay. Based on this, a K0 value close to unity was chosen for all the CIUC 
tests. Tests were carried out at a standard strain rate of 1% axial strain per hour. 
 
Results from CIUC tests on horizontally and vertically cut specimens are presented in 
Fig. 6.26, Fig. 6.27 and summarized in Table 6.4. Peak (or maximum) strength (sup) and 
strength values at large strain (su15%, at 15% axial strain) are also presented. 
 
The maximum measured triaxial compression strength for samples cut in vertical 
direction is on average 35 kPa at 0.80 m depth, decreasing towards the soft clay layer. 
The observed CIUC strength values were lower than those suggested by the field vane (su 
> 50 kPa). The average measured ratio between su from horizontal samples (suh) and su 
from vertical samples (suv) is 0.88 (Fig. 6.26), which gives some information on the 
structural anisotropy of the dry crust. Even though stress-induced anisotropy was not 
studied, as a correct estimate of su

P/su
A would require triaxial compression and extension 

tests from samples cut in the same direction, suh/suv is assumed to be equal to su
P/su

A in this 
study.  
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Fig. 6.26: Anisotropy ratio and undrained shear strength of Perniö dry crust. 

 

 
Fig. 6.27: CIUC test results on block samples of Perniö dry crust cut a) vertically and b) horizontally. 
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6.5.2 Failure load 
 
A peak failure load (qsoft) equal to 80.8 kPa was computed from the incremental 
multipliers analysis. Mansikkamäki (2015) indicates that the duration of the loading 
process had a high impact on the bearing capacity achieved in the Perniö test, as a 
consequence of the rate dependency of undrained shear strength. Mansikkamäki (2015) 
estimated, supported by advanced FE analyses using time-dependent soil models, that if 
the embankment had been loaded slowly enough, the failure load would have been lower 
than the 87 kPa (qtest) measured.  
 
3D analyses of Perniö failure test carried out by Mansikkamäki and Länsivaara (2012) 
and Mansikkamäki (2015) have shown that the 3D failure load is 5-12 % higher than in 
plane strain. Hence, the calculated value of qsoft = 80.8 kPa can be considered a good 
estimate since rate as well as 3D effects were not taken into account in the calculations. 
Furthermore, such a result shows consistency with field observations despite uncertainties 
in the input parameters, i.e. the spatial distribution of the actual shear strengths.  
 
A purely anisotropic elasto-plastic analysis is carried out to evaluate the effect of strain-
softening on the failure load. Strengths at large strain are set equal to peaks in the three 
directions of loading (su

A,DSS,P = sur
A,DSS,P). The outcome is a peak load 6.2% higher than 

when including strain-softening behavior. 
 
Furthermore, the influence of anisotropy on the peak capacity is studied by using an 
average isotropic undrained shear strength equal to su

avg = (su
A+su

DSS+su
P)/3 as input 

parameter. In this case, the failure load results 8.9% higher (88 kPa versus 80.8 kPa). 
 
For the hypothesis of su

avg = su
DSS the computed load at failure does not show a marked 

difference from the anisotropic analysis with softening (0.4% lower maximum load). 
However, by taking the measured field vane strength (su

FV, corrected values) as average 
undrained shear strength, the capacity is reduced by 8.5%.  
 
Calculated failure loads from all the analyses performed are summarized in Table 6.7. 
 
Tab. 6.7: su vs. calculated failure load in the Perniö failure test. 
Input undrained shear strength (su) Anisotropy Softening Failure load (kPa) 
Anisotropic (ADP) Yes Yes 80.8 
Anisotropic (ADP) Yes No 85.8 
su

avg = (su
A+su

DSS+su
P)/3 No No 88 

su
DSS No No 80.5 

su
FV (field vane average, corrected values) No No 73.9 

 
Failure capacity of the Perniö embankment seems also to be affected by the strength of 
the dry crust layer. When using su measured from field vane (i.e. average su = 40 kPa), the 
failure load becomes 94 kPa. Furthermore, neither stiffness parameters nor soil model 
used to describe the dry crust behavior (see Table 6.5-6.6) had any remarkable impact on 
the load at failure. 
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Modelling of the pre-failure vertical displacement of the embankment was quite accurate. 
Computed trend of pre-failure horizontal movements was consistent with observations, 
even though differences were observed in terms of displacement values. 
 
The failure mechanism in the full-scale test seems deeper than the one predicted by the 
plane-strain analysis. On the other hand, a better modelling of the shear mechanism is 
obtained when a layer with higher sensitivity than the upper clay is considered on top of 
the silty clay layer. The main reason is that even small differences in the post-peak 
properties (i.e. 20% lower residual strength) will cause more plastic strains in that layer 
for a given strain level, thus dragging the failure mechanism deeper down. The peak 
failure load will though remain the same. Furthermore, the computed shear band reached 
its maximum depth at a slightly different coordinate than in the failure test, based on the 
approximate failure surface proposed by Lehtonen et al. (2015). 
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7. Strength increase under old embankments on soft 
clays 

 
7.1 Introduction  
 
The main purpose of this study is to investigate the phenomenon of undrained shear 
strength increase which occurs underneath embankments built on soft clay deposits. 
Strength increase in clay layers induced by consolidation is known to improve the 
stability of embankments, as shown in Chapter 4. Strength increase under old 
embankments is an issue of high concern of the Finnish Transport Agency, as the factor 
of safety has to be evaluated considering undrained conditions even after consolidation 
has occurred. A benchmark case from Finland, the Murro test embankment, is exploited 
for this scope because of the large amount of available field as well as laboratory data. 
The embankment has been consolidating for over 20 years. CPTU tests performed in 
2013 by Tampere University of Technology showed a clear increase in undrained shear 
strength under the embankment down to about 11 m depth. 
 
In this chapter, after a brief description of Murro test embankment and Murro clay, the 
soil investigation data from 1993 and 2001 are critically compared to the more recent test 
results. The undrained shear strength distribution at the side and under the embankment is 
assessed using existing transformation models for undrained shear strength from 
piezocone and field vane test results. Undrained shear strength at the side of the 
embankment is also evaluated from measured shear wave velocities. OCR models 
predictions are validated through CRS test results on block samples of Murro clay and 
increase in preconsolidation pressure is estimated. Finally, undrained shear strength of 
Murro clay is studied through a theoretical effective stress based equation. Triaxial tests 
on block samples of Murro clay are used to derive the effective strength parameters. 
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7.2 Murro test embankment 
 
In order to collect experimental data on the long term behavior of an embankment built 
on a soft clay deposit, a highly instrumented test embankment was constructed in Murro, 
Western Finland, near the city of Seinäjoki, in 1993. The project was commissioned by 
the Finnish Road Administration, with the purpose of exploiting the experimental 
observations for the design of Highway 18 between the cities of Jyväskylä and Vaasa. 
 
Murro test embankment is 2 m high, 10 m wide (top) and 30 m long with a gradient of 
1:2, as shown in Fig. 7.1. The body of the embankment was made of crushed rock (biotite 
gneiss) with grain size of 0-65 mm. The subsoil consisted of a 23 m thick low organic 
silty clay deposit with presence of Sulphur, overlain by a dry crust layer 1.6 m thick. The 
ground water table seems located at 0.8 m below the ground level. 
 
The extensive instrumentation at the test site consisted of settlement plates, inclinometers, 
one extensometer and numerous pore pressure probes (Karstunen and Yin 2010). The 
embankment section, including the instruments layout is shown in Fig. 7.1. 
 
The collected field data has been used in several studies dealing with modelling of the 
deformation behavior of Murro clay using advanced FE soil models including features 
such as anisotropy, destructuration and time-dependent behavior of clays (Koskinen et al. 
2002; Karstunen et al. 2005; Koskinen and Karstunen 2006; Karstunen and Yin 2010; 
Koskinen 2015; Sivasithamparan et al. 2015). 
 

 
Fig. 7.1: Murro test embankment with details of instrumentation: a) plan and b) cross-section (Karstunen 
and Yin 2010). 
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Figure 7.3: Characteristics of Murro clay (after Karstunen and Yin 2010). 
 
Field vane, CPT, CRS oedometer and a series of triaxial tests were carried out prior to 
construction of the embankment. In 2001, field vane test was performed through the 
embankment in order to evaluate the undrained shear strength increase due to 
consolidation. Test results showed strength increase down to 6-7 m below the centreline 
of the embankment. However, below 7 m depth the undrained shear strength showed a 
significant reduction, compared to the initial stage (Figure 7.4). A possible explanation 
for such an unexpected phenomenon could be the destructuration process of the clay 
caused by the change in stress state (Karstunen et al. 2005; Karstunen and Yin 2010), or 
simply the low quality of the field vane test results. 
 
In 2013, 20 years after construction, piezocone (CPTU) and field vane tests were carried 
out by Tampere University of Technology at the test site. Field vane test was repeated 
also in 2015, as measurements from 2013 were only available up to 10 m depth. 
   
Tampere University of Technology has recently bought i) CPTU equipment with seismic 
and resistivity cone and, ii ) a new field vane with casing protection which allows for 
rotation and torque measurements right above the vane. The aim is to spread the use of 
piezocone test in Finland for the determination of soft soil properties and to improve the 
existing correlations for strength and deformation properties of Finnish soft clays. As 
shown by Di Buò et al. (2016), preliminary studies have provided successful results in 
terms of repeatability and overall quality of both CPTU and field vane test results.  
 
Field vane test results are only available from one side of the embankment, about 4 m off 
the slope. Recent test results are presented in Figure 7.4, together with the field vane test 
results from 1993 and 2001. Eq. (2.10) is used to convert the measured undrained shear 
strength into su(mob). Measured su(mob) agrees fairly well with su(mob) measured prior to 
construction. However, measurements taken with the new apparatus seem moderately 
higher than the old measurements in the top 5 m. Such a small difference might be due to 
some differences in the test equipment used. Relatively good correspondence is found at 
greater depths, except for two points located at 12.2 m and 14.2 m, where su(mob) seems 
lower than at the initial stage.  
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