NUMERICAL MODELLING OF FIELD VANE SHEAR TEST IN

SENSITIVE CLAY

by

© PRITAM KUNDU

A thesis submitted to the

School of Graduate Studies

in partial fulfillment of the requirements for the degree of

Master of Engineering (Civil)

Faculty of Engineering and Applied Science

Memorial University of Newfoundland

February 2022

St. John’s Newfoundland and Labrador Canada



ABSTRACT

The undrained shear strength of clay is one of the key parameters in geotechnical design, which
can be determined from laboratory or field tests. The disturbance of soil samples during sampling,
transporting, storing and trimming could influence the laboratory test result, which could be
significantly high for sensitive clay because the structure of the soil might be changed. Therefore,
the field vane shear test (VST) is commonly used to determine the undrained shear strength of
sensitive clay. Although the test is relatively simple, the interpretation of the VST results is
challenging, as the failure mechanisms are still not well understood and cannot be observed in the
field. Therefore, numerical simulation might be a viable option to examine such mechanisms.
Some attempts have been made previously using Lagrangian-based finite element (FE) analysis
but not could model the complete process, because large shear strains develop along the thin shear
plane, which causes mesh distortion and numerical issues.

In the present study, VST is simulated using an Eulerian-based FE approach. In this approach, the
Eulerian material (soil) flows through the fixed mesh; therefore, the simulation can be continued
for a large penetration and rotation. A nonlinear strain-softening and strain-rate dependent soil
model for the undrained shear strength of sensitive clays is incorporated in the FE simulation. The
first set of simulations is performed for only one element of thickness (i.e., two-dimensional
conditions) by applying rotation to a rigid vane. Three-dimensional simulations are then performed
by penetrating the vane to the desired depth, followed by a rotation. The rotation initiates the
formation of a rounded square-shaped failure block which turns into a circular one after the peak
torque. The penetration of the vane can significantly disturb the surrounding sensitive clay and
thereby reduce the maximum torque during rotation. The extent of disturbance depends on several

factors, such as blade thickness, soil sensitivity, and post-peak strength degradation parameters.
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Chapter 1: Introduction

1.1  General

The stress—strain behaviour of soil depends on dissipation of the excess pore water pressure during
loading. Generally, analyses are performed for drained and undrained conditions, although
partially drained conditions might govern many designs. The undrained shear strength is one of
the important parameters in geotechnical engineering design for clays. Laboratory and field tests
are performed to estimate the value of this parameter. In the laboratory, direct shear, triaxial, and
direct simple shear tests are performed on reconstituted and undisturbed soil specimens. However,
testing on reconstituted soil is not an option for sensitive clays because the soil structure will be
destroyed. Also, to find the soil profile, the samples should be collected and tested from different
depths, which is generally expensive. The collection of high-quality undisturbed soil samples from
the field is always a concern, and it is challenging for sensitive clays because the soil sample
becomes disturbed and might not maintain the exact clay structure in the field (Baligh et al. 1987).
Sample disturbance might reduce the undrained shear strength significantly (La Rochelle et al.
1973). The impact and extent of the sample disturbance depend on several factors, such as
sampling procedures, soil property (e.g., sensitivity and plasticity index), and sampling depth. The
sample disturbance is caused not only during the sampling and transportation to the laboratory but
also due to trimming during specimen preparation (Hvorslev 1949; La Rochelle and Lefebvre
1971; Karlsrud and Hernandez-Martinez 2013). La Rochelle and Lefebvre (1971) have shown that
sampling causes a significant reduction of undrained shear strength, as shown in Fig. 1.1. The

disturbance could be more for sensitive clays (Gylland et al. 2016).
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Figure 1.1: Stress-strain curves from unconfined compression tests on block and tube samples of

sensitive Champlain clay (La Rochelle and Lefebvre 1971)

Many geotechnical problems involve large deformation (e.g., landslides and pile installation).
However, such a large strain cannot be applied in typical laboratory tests. Typically, a maximum
of approximately 20% shear strain could be applied in direct simple shear and triaxial tests in
undrained conditions (Lunne et al. 2006). The shear strain could be several hundred percent along
the failure planes in a landslide or in soil elements near the pile during installation. Significantly
large post-peak shear strength degradation (strain softening) occurs under such large strains. The
triaxial or direct simple shear tests cannot capture the whole range of post-peak failure behaviour.
Ring shear tests could be performed to understand behaviour in the soil at larger strain levels. Stark
and Contreras (1996) reported a ring shear test on sensitive Drammen clay, but the test was stopped
at a displacement of less than 60 mm, which is small compared to that required to reach the
completely remoulded state. Moreover, the ring shear test apparatus is not available in most

geotechnical laboratories, and the specimen preparation is difficult, especially for sensitive clays.



A safe and economical geotechnical design depends on the proper estimation of soil parameters.
The disturbance during sampling is a major factor, and the tests on disturbed soil cannot give the
actual shear strength in the field. Therefore, field tests, such as the cone penetration test and field
vane shear test (VST), are generally performed to determine the undrained shear strength of clay.
The VST is widely accepted, and is one of the commonly used field tests to characterize sensitive
clay soil. The test is very simple, but the interpretation of the results is not straightforward.
Estimation of undrained shear strength from a vane shear test involves some uncertainties, which
might come from different sources, such as progressive failure, strain rate, anisotropy, disturbance
due to penetration, shear stresses’ distribution on the failure surfaces, strain level, and failure
geometry (Chandler 1988). The test gives only the torque (i.e., overall response); therefore, the
effects of these factors cannot be identified easily without doing tests for varying conditions. Also,
it is not possible to investigate the actual mechanisms involved in the test, which could be better

explored from numerical simulations.

The vane shear test is performed below a pre-bored hole. The vane is first penetrated into the soil
to approximately 5 times of the borehole diameter and then rotated at a constant angular velocity.
The test causes large deformation of the soil around the vane and large shear strain development
along the failure zones. Finite element (FE) modelling of such large deformation is very
challenging. Also, the penetration disturbs the surrounding soil (i.e., shear strength reduction),
depending upon sensitivity. Most of the FE simulations of vane shear tests have been conducted
using Lagrangian-based FE modelling techniques, which cannot handle the large deformations due
to mesh distortion issues (Donald et al. 1977; Matsui and Abe 1981; De Alencar et al. 1988;
Griffiths and Lane 1990; Gylland et al. 2012; Kouretzis et al. 2017; Henneseid 2018). Some

attempts have also been made to incorporate large deformations, such as the analyses using an



Arbitrary Lagrangian-Eulerian formulation by modelling the soil as a non-Newtonian fluid (Pérez-
Foguet et al. 1999), and preliminary analyses using a Coupled Eulerian-Lagrangian (CEL)
approach (Ansari et al. 2014; Gupta et al. 2016). However, many issues related to highly sensitive
clays have not been investigated in these studies. Moreover, the effects of disturbance have not
been simulated in the previous numerical studies. In the present study, a large deformation FE
modelling technique is developed to examine the mechanisms involved in the test and quantify the
effects of various factors on interpreted undrained shear strength of sensitive clay from vane shear

test results.

1.2  Rationale

Laboratory tests for undrained shear strength of sensitive clay are difficult, and sample disturbance
could significantly affect the results. However, the field vane shear test is one of the widely used
in-situ tests to determine the undrained shear strength, especially for soft sensitive clays. The test
is relatively simple and less expensive, but proper interpretation is needed. Understanding the soil
failure mechanisms during the tests could explain the uncertainties involved in the interpretation.
Finite element simulations with advanced numerical approaches, incorporating appropriate soil
models, provide further insights into the mechanisms. The following are some of the challenging
issues in numerical modelling: (i) modelling of large deformation without numerical issues due to
mesh distortion; (ii) modelling of strain-softening behaviour, as it is one of the major properties of
sensitive clay; and (iii) modelling of strain rate effect, as the undrained shear strength of clay
increases with the rate of shearing. The Lagrangian-based FE methods may suffer mesh distortion
and non-convergence when simulating large deformation problems (Griffiths 1999). Moreover,
most of the FE programs do not have any built-in soil models that can be directly used to model

sensitive clay behaviour. Therefore, some special techniques, such as the development of user



subroutines, are necessary to incorporate the strain-softening and strain-rate dependent soil

behaviour. In the present study, the vane shear tests are simulated, addressing these issues.

1.3  Objectives

This study aims to understand the mechanisms involved in the vane shear test in soft-sensitive
clays. A numerical modelling technique is developed using the CEL approach available in Abaqus
FE software, where the soil is modelled as an Eulerian material, which allows simulating large
deformations during penetration and rotation of the vane. The followings are the main objectives

of this research:

Develop two and three-dimensional large deformation FE models for field vane shear test.

e Implement a soil model considering the post-peak degradation of undrained shear strength
of sensitive clay.

o |dentify the effects of strain softening and strain rate on field vane shear strength.

e Identify the failure geometry, progressive formation of failure planes, and mobilized shear

stresses and strains; and

e Investigate the effects of disturbance due to penetration of the vane.

1.4 Outline of the thesis

The thesis consists of five chapters. The outline is as follows:

Chapter 1 highlights the background, rationale of the current study, and objectives of the research

work.

Chapter 2 contains a comprehensive literature review. The literature review covers the studies

mainly related to the behaviour of sensitive clay and factors affecting the field vane shear test. The



findings from field, laboratory, and numerical simulations are discussed. Moreover, the limitations

of previous studies are summarized in this chapter.

Chapter 3 presents two-dimensional FE modelling of the field vane shear test in sensitive clay.
The failure geometry, progressive formation of failure planes, and mobilized shear stresses are
investigated in this chapter. A part of the work presented in chapter 3 has been published as:
Kundu, P., Hawlader, B. and Karmaker, R. 2021. “Two-dimensional finite element modelling of
field vane shear test in sensitive clay.” 74th Canadian Geotechnical Conference, Niagara, ON,

Canada, paper no-516.

Chapter 4 presents the effects of disturbance due to penetration of the vane on the undrained shear
strength of sensitive clay. The penetration of a rigid vane and the subsequent rotation are simulated.
Some simulations are performed only for rotation to quantify the effects of penetration. A
parametric study is performed to show the effects of several factors that affect soil disturbance due

to penetration.

Chapter 5 summarizes the outcomes of the research. The limitations of the present study and

recommendations for future research are also discussed in this chapter.



Chapter 2: Literature Review

2.1 Introduction

The field vane shear test (VST) is one of the widely used methods of determining the in-situ
undrained shear strength of soft clay because of its simplicity and the difficulties involved in
collecting undisturbed soil samples from the field for laboratory tests. It was first developed in
1919 in Sweden and has been used extensively worldwide since the 1940s (Chandler 1988). The
peak and residual undrained shear strength and sensitivity of soft clay can be determined from the
vane shear test results. A vane shear test is also preferable, as the test is relatively simple and a
shear strength profile with depth can be developed in a cost-effective way. However, the
interpretation of the results is difficult, as the result might be affected by several factors, such as
the strain rate effect, anisotropy, mobilized stress distribution, and disturbance due to penetration.
Several studies were dedicated to investigate the effects of these factors, which include
experimental works and numerical analyses. This chapter provides a brief overview of the
behaviour of sensitive clay, factors affecting the test results, and numerical modelling of the vane

shear test.

2.2 Behaviour of sensitive clay

Many researchers studied the behaviour of sensitive clays in onshore and offshore environments
(Tavenas et al. 1983; Thakur 2007). For example, an intensive geological and geotechnical
investigation was carried out in the Norwegian Sea during the Ormen Lange gas field development,
where different types of sediments of varying sensitivities were found. The sediments in this area
have been classified into two groups: relatively strong insensitive or slightly sensitive glacial clays
and weak marine and/or glaciomarine sensitive clays (Kvalstad et al. 2005). Soft sensitive clay is
a term generally used to represent marine clay deposits. Marine clays have a higher clay content,

7



plasticity index, liquidity index, and higher water content than glacial clays. The marine clays are

very sensitive as compared to the glacial clay (Kvalstad et al. 2005; Lunne and Andersen 2007)

and show higher strain-softening behaviour during undrained loading than glacial clays (Fig. 2.1).

Marine clays are generally normally consolidated to lightly overconsolidated, and the behaviour

is very similar to onshore sensitive clay (Locat et al. 2015; Kvalstad et al. 2005). Offshore

marine/glaciomarine clays are generally less sensitive (DeGroot et al. 2007). For marine clay, rapid

post-peak degradation of shear strength first occurs because of a rapid increase in pore water

pressure immediately after the peak, due to structural breakdown. At large strains, the strength

reduction occurs relatively slowly. However, for glacial clays, the post-peak degradation of shear

strength could occur for limited strain-softening behaviour at a large strain (Kvalstad et al. 2005).

Pore pressure, U

Shear stress, T

Sensitivity B
St = T,/T,

~—_Marine Tres

Shear strain, y

Figure 2.1: Typical stress-strain development for marine clay and glacial debris (Kvalstad et al.

2005)

2.2.1 Strain-softening behaviour of sensitive clays

Sensitive clays in eastern Canada and quick clays in Scandinavia exhibit strain-softening

behaviour under undrained loading conditions, indicating that these types of soil tend to lose



strength quickly when subjected to excessive shear loading, which is the main cause of progressive
failure (e.g., large-scale landslides). The strain-softening behaviour of sensitive clay can be viewed
as the collapse after reaching the peak resistance. Therefore, in sensitive clays, many small to
large-scale landslides occur rapidly under undrained conditions. In addition to other tests, the vane
shear tests are widely used to evaluate the stability of the landslide. Note that elasto-plastic soil

models cannot simulate this behaviour, as strain-softening is not considered.

Thakur et al. (2014) showed that shear-induced pore pressure causes post-peak shear strength
reduction in soft sensitive clay instead of the reduction of the strength parameters (¢’ and ¢"). Figure
2.2 schematically shows the response of sensitive clay under undrained loading. Thakur et al.
(2014) identified two stages in the strain-softening process. At the first stage, a rapid increase in
excess pore water pressure occurs due to structural breakdown within a shear strain level of 10—

20%. In the second stage, the residual state is reached at a large strain level.

Tavenas et al. (1983) conducted tests on a typical Eastern Canadian sensitive soil sample and
showed that normalized shear strength, which can be defined by the remolding index (Ir), decreases
with an increase in strain energy (wn). Quinn et al. (2011) found that post-peak degradation of
undrained shear strength from small to large strain levels might not be linear in all cases. Based on
some realistic assumptions, Quinn et al. (2011) plotted the results with respect to relative
displacement (6), as shown in Fig. 2.3. They proposed that shear displacement can better represent
the post-peak softening behaviour than shear strain, because shear strain is mainly concentrated in

the shear band.
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Tavenas et al. (1983) conducted four types of special tests, namely, impact on a rigid surface,

impact from falling objects, extrusion through a narrowing tube, and shear reversals in a large

shear box, and showed that the remoulding index decreases with strain energy (Fig. 2.3(a)). Quinn

et al. (2011) reanalyzed these data and plotted shear strength degradation (Su/suo, Where sy and sy

are the peak and mobilized undrained shear strength) as a function of shear displacement (8) (Fig.

2.3(b)).
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Figure 2.3: Undrained shear strength degradation in sensitive clays: (a) variation of remoulding
index with strain energy (Tavenas et al. 1983); (b) shear strength reduction with plastic strain
(Quinn et al. 2011)
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The following are the key features of this su/Suo Vs 6 plot (Fig 2.3(b)): (i) su decreases rapidly at the
beginning and at a slower rate at large strains in a nonlinear form; (ii) the rate of reduction of s,
for all clays is not the same but depends upon soil type (e.g., sensitivity). Dey et al. (2015) proposed
a relationship between mobilized s, and 3, as shown in Fig. 2.4, where an exponential relationship,
originally by Einav and Randolph (2005) for mobilized s, and plastic shear strain, is used for the
initial rapid reduction of s,. At large strains, sy reduces slowly, which has been modelled using a

linear degradation of s,.

95% of (Sup=SuR)

Sup=SuR

Su95
SuR

Su(ld) |-

() - g L L / ’;'—>
' O (mm)

Figure 2.4: Post-peak shear strength degradation model (Dey et al. 2015)

2.2.2 Strain-rate effects of sensitive clays
In general, the undrained shear strength of clay increases with the shear strain rate (Crawford 1959,
1963, 1965; Conlon 1966). Sensitive clays also show strain-rate dependent behaviour. For

example, a series of triaxial tests on Norwegian sensitive clays shows a significant increase in peak

12



resistance with the loading rate (Fig. 2.5). Similarly, the post-peak strength degradation and excess

pore water pressure generation are also dependent on the shearing rate.
120 = -©- 5.0 mm/min
_ +H+ 0.5 mm/min
-©- 0.05 mm/min
=v~ 0.005 mm/min

q [kPal

Stress

----- Pore pressure
I L L L L
0 2 4 6 8 10

Axial displacement [mm]

Figure 2.5: Strain rate effect from triaxial test (Gylland 2012)

Similarly, in vane shear tests, the undrained shear strength increases with the rotation rate, as
reported by Cadling and Odenstad (1950) for Swedish clays for rotation rates of 6 to 60 deg/min,

and by Wiesel (1973) for Swedish plastic clays for rotation rates of 0.0002 to 200 deg/min.

Soil remoulding can also play a role in loading rate effects on shear strength. When sensitive clays
are in remolded condition, they behave like fluids with a very low undrained shear strength. It is

well known that the strain rate effect of non-Newtonian fluid is different from that of typical clays.

Therefore, using a rate-dependent undrained shear strength model is preferable to capture the soil

behaviour from the intact state to highly remoulded fluidized material.
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For soil, the relation between sy and 7 is normally modelled using semi-logarithmic, power-law,

and hyperbolic-sine functions as:

v
Su = [1 + plog <_>l Su,ref
Yref

(2.2)
7 B
Su = <_> Su,ref
Vet (23)
_ [y (2.4)
Sy = [1 + In (10) sin (Yre)l Suref

where s ref is the undrained shear strength at the reference strain rate (v_.) (Graham et al. 1983);

u (= 0.05-0.2) is the rate of strength increase per decade and £ (= 0.05-0.1) is the model parameter

of the power-law model (Zhu and Randolph 2011).

Zhu and Randolph (2011) proposed an “additive power-law model” that combines the Herschel—-
Bulkley model (fluid-mechanics approach) with the power-law model (geotechnical approach) to
capture the response from intact to fluidized remoulded soil. Their proposed model includes both

the characteristics of soil and fluid as follows:

A% (2.5)
o)

yref

where 7 is a viscous property, and S is the shear-thinning index.

Further discussion of strain softening and strain rate effects is provided in the following chapters.
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2.3 Vane shear test device and procedure

A vane shear test device consists of four flat metal blades or plates, fixed at a 90° angle to each
other, and a rod connecting the blades. The height (H) to diameter (D) ratio is usually two, and the
typical thickness of the blade is 2 mm. The area ratio, defined as the ratio of the cross-section area
of the vane to the circular area of the rotating vane expressed as a percent, should be less than 10%,
according to ASTM D2573 (2018). The device is pushed into the soil at the desired depth, and
then a constant rotation rate of 6 or 12 deg/min is applied by rotating the rod. The penetration depth
beyond the end of the borehole is usually 4B to 5B (where B is the diameter of the borehole). It is
important to avoid any rotation while penetrating the vane into the soil. During rotation, torque is
measured, and from the measured torque, undrained shear strength is calculated based on some
simplified equations. Then the vane is rotated 5 to 25 revolutions rapidly, based on the soil
properties, to measure the remoulded undrained shear strength. Figure 2.6 shows the dimensions

of the commonly used vane.
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Figure 2.6: VVane shear tests and typical dimensions (Chandler 1988)

2.4  Factors affecting field vane shear test

To obtain the shear strength from the measured torque, a simple formula is used that correlates the
torque at failure and shear strength. This formula is based on several assumptions. Several factors
influence the measured undrained shear strength: (a) disturbance due to vane insertion; (b) rate of
rotation of the vane; (c) progressive formation of the failure block (d) anisotropy of the soil; (e)
non-uniform stress distribution; (f) the time interval between vane insertion and rotation; and (g)

thickness of the blade.

Some assumptions are made to develop the relationship between torque and undrained shear

strength, as shown in Table 2.1 (Chandler 1988; Chini et al. 2015).
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When determining the shear strength from the shear vane test, a simple formula is used that
correlates the torque at failure and shear strength. This formula is based on several assumptions.
For those assumptions, the interpretation of the undrained shear strength is more complicated than
the simplified and idealized formula. There are a number of factors that influence the measured
undrained shear strength, as follow: (a) disturbance due to vane insertion; (b) rate of vane rotation;
(c) progressive failure; (d) anisotropy of soil; (e) non-uniform stress distribution; (f) the time

interval between vane insertion and rotation; and (g) influence of blade thickness.

There are some general assumptions that are made to convert the torque into undrained shear

strength (Chandler 1988; Chini et al. 2015) which are given in Table 2.1:
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Table 2.1: General assumptions in vane shear test

Assumptions

Remarks

Vane insertion causes negligible

disturbance

In reality, vane insertion might cause significant soil
disturbance and decrease in sy (La Rochelle et al. 1973;

Kimura and Saitoh 1983)

Cylindrical failure surface

A rounded square-shaped failure surface forms initially,
which changes to a cylindrical one at larger rotations

(Gylland et al. 2012, 2013)

Stress distribution along the failure

surface is uniform

On the horizontal surfaces, mobilized shear stress
distribution is not uniform (Menzies and Merrifield

1980; Donald et al. 1977)

Diameter of the failed block is the

same as the vane diameter

Some studies found a larger shear surface diameter than
the vane diameter (Skempton 1948; Roy and Leblanc

1988; Pérez-Foguet et al. 1999)

Soil is isotropic and homogeneous

Clay behaves anisotropically, especially the soft

sensitive clay (Donald et al. 1977)

No progressive failure

Failure surface forms progressively with rotation of the
vane (Donald et al. 1977; De Alencar et al. 1988;

Griffiths and Lane 1990)

Minimal consolidation occurs
before or during the application of

vane rotation

High pore pressure is generated during vane insertion,
and the pore pressure change is smaller during vane

rotation (Kimura and Saitoh 1983)
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Further details of these assumptions will be discussed in the following sections.

2.4.1 Influence of vane insertion

The disturbance caused by vane insertion has been discussed by several researchers (Cadling and
Odenstad 1950; Flaate 1966; La Rochelle et al. 1973; Kimura and Saitoh 1983). Vane insertion
leads to disturbance of soil structure and displacement of the soil particles. Cadling and Odenstad

(1950) suggested that the disturbance could be assessed by
a = 4e/nD (2.6)

where « is the perimeter ratio, e is blade thickness, and D is vane diameter. Figure 2.8 shows a

schematic diagram of the disturbance caused by the vane.

Figure 2.7 is the diagrammatic representation of the disturbance effect caused by vane insertion.

As an alternative to the area ratio, the perimeter ratio can also express the disturbance effect.

According to a study by La Rochelle et al. (1973), the insertion of the vane in highly sensitive
marine clays could result in significant strength reductions; therefore, vane blades should be kept
as thin as possible to minimize soil disturbance. They carried out four tests with the same height
and diameter (H =95 mm and D = 47.5 mm) but different blade thicknesses ranging from 1.6 to
4.7 mm at Saint-Louis site. Figure 2.8 shows that the undrained strength decreases significantly
with the perimeter ratio, because an increase in blade thickness results in an increase of the

horizontal cross-sectional area and causes more disturbance of the soil mass.
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Figure 2.7: Disturbance caused by the vane insertion (Cadling and Odenstad 1950, La Rochelle
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Figure 2.8: Effect of vane blade thickness on measured undrained shear strength (La Rochelle et

al. 1973)



La Rochelle et al. (1973) found an average increase in shear strength of 15% in Saint-Louis and
11% in Saint-Vallier clays if extrapolated to zero blade thickness vane from the result with a blade
thickness of 1.95 mm. The higher disturbance effect found for Saint-Louis may be due to the higher
sensitivity of the clay. Flaate (1966) reported that the clay in one layer might stick to the vane and
thus increase the area ratio of the vane for tests at other depths, which can also cause some

unknown degree of disturbance.

Roy and Leblanc (1988) carried out field and laboratory tests with different thicknesses of blades.
They also found a linear relationship between blade thickness and disturbance. A certain amount
of clay disturbance was caused by the vane insertion, and the measured shear strength varied

depending on the clay properties and thickness of the blade.

Kimura and Saitoh (1983) conducted laboratory tests to evaluate the disturbance effect due to the
insertion of the vane. They pushed the vane into the soil and measured the torque at different
consolidation times (maximum 240 min). To measure the extent the disturbance due to vane
insertion, they also conducted the test where torque was measured free from disturbance due to
vane insertion (the vane was inserted into the soil after applying the preconsolidation pressure, and
then final consolidation was carried out keeping the vane in the soil). A significant disturbance in
the soil caused by vane insertion, resulting in a reduction in shear strength, is found from the tests,
as shown in Fig. 2.9, where the ratio of shear strength to the vertical consolidation pressure (cu/p)

with plasticity index (lp) is plotted.

21



0.4

% X
® °
03 } A
A
o
0.2 }
(&)
X Without vane insertion
0.1 f @ 240 min
Consolidation time 1 A 30 min
4.5 min
O L 1 L 1 L 1 L 1 1
0 10 20 30 40 50 60

Iy

Figure 2.9: Penetration and consolidation effects on shear strength for two soils of varying

plasticity index (after Kimura and Saitoh 1983)

2.4.2 Consolidation time

The time interval between the end of penetration and the start of rotation should not be more than
five minutes (Chandler 1988; ASTM D2573 2018). Torstensson (1977) found no significant
increment in strength when the waiting time was less than 10 min, while a 20% increase in strength
was obtained in the case of more than 24 hours of waiting time. The waiting period has a very

significant effect on shear strength, which also depends on the type of soil (Fig. 2.10).

Kimura and Saitoh (1983) performed laboratory tests on two soils having the plasticity index (Ip)
of 50 and 20. They found that the ratio of shear strength to the vertical consolidation pressure (cu/p)
for an elapsed time of 240 min increased about 20% and 45% for soils with 1, of 50 and 20,

respectively, compared to the ratio for the elapsed time of 4.5 min.
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Figure 2.10: Consolidation effect on the undrained shear strength (Roy and Leblanc 1988)

2.4.3 Stress distribution

In the field test, rectangular vanes are the most commonly used vane. In the traditional method of
interpretation, it is assumed that the shear stress distribution on both the cylindrical (vertical) and
top and bottom (horizontal) surfaces is rectangular (i.e., uniform). This assumption has been
reexamined by a number of researchers (Donald et al. 1977; Menzies and Merrifield 1980; Wroth

1984; Griffiths and Lane 1990).

Donald et al. (1977) have performed a three-dimensional FE analysis using a linear elastic
constitutive model and found an almost parabolic-shaped stress distribution on the horizontal
surfaces. On the vertical surface, significantly higher shear stresses were found at the ends than at
the centre of the vane. The findings of Donald et al. have been verified by Menzies and Merrifield
(1980). They carried out a number of experiments with a 120 mm diameter and 240 mm height
rectangular vane in dense, dry, fine Leighton Buzzard sand in the laboratory and in over-
consolidated, saturated, brown London clay in the field. They plotted equivalent shear stress

distributions along the horizontal and vertical surfaces of the vane, as shown in Fig. 2.11.
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From these investigations, it appears that the uniform stress distribution on the cylindrical vertical
surface is reasonable, but the stress distributions on the horizontal surfaces are very different from
the commonly assumed uniform distribution. For strain-softening material, the decrease in strength
after the peak will result in non-uniform strength distribution around the vane. Therefore, the

determination of the undrained shear strength becomes difficult (De Alencar et al. 1988).

feu

Shear stress on vane periphery, T
T.m_-l

I/\ Menzies and Merrifield (1980)

(on B-B)
Donald et al. (1977)

(on A-A)

Equivalent rectangular

distribution

Aa

PLAN

Figure 2.11: Shear stress distribution on the vertical and horizontal surfaces (Chandler 1988)

Wroth (1984) developed an expression assuming the following shear stress distribution on the

horizontal surface:
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where r is the radial distance from the centerline on the horizontal surface, D is the diameter of the
cylindrical failure surface, sy is the mobilized undrained shear stress at distance r, Sun iS the
maximum value of shear stress that occurs simultaneously along the cylindrical surface and nis a
coefficient which depends on the shape of shear stress distribution on the horizontal surface.

Different types of shear stress distribution and the value of n are shown in Table 2.2.

Integrating Eq. (2.7), the torque carried by the horizontal surface (Tn) is calculated as T, =
mD3sy,/ Pn, Where p,, = 2(n + 3) is a factor that depends on the horizontal shear stress distribution,

as shown in Table 2.2. Similarly, the torque carried by the cylindrical surface is T, = mD?Hs, /2.

For a typical vane of H/D = 2, T, = mD3 s,,. Hence the ratio between these torques is:

T, sunl

TV S uv pTL

For the conventional uniform shear stress distribution on the horizontal surface, n=0and p, =6
give Ty, /T, = 1/6. Menzies and Merrifield (1980) showed that, for London clay n = 5 and p,, =
16, which gives Ty, /T, = 1/16. This implies that the vertical surface carries 94% of the total

resistance, while it is 86% if one assumes uniform stress distribution on the horizontal surface.
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Table 2.2: End shear stress distribution for rectangular vanes (Silvestri and Aubertin 1988)

Type Pattern n Pn
Uniform I]]I[]ID]ID]]] I Suh 0 6
jo—D/2 —»

Parabolic Armlﬂ]]]] I Suh | w2l 7
Triangular Aﬂmﬂ]ﬂ] I Suh 1 8
Square power _‘gﬂﬂﬂﬂ I Suh 2 10
Cubic power S“tr‘m I Suh 3 12

—r—

Fourth power ﬂ I Suh 4 14
Bessel function An‘IIIIH]]I[] Is -
(Cassan, 45) uh .77
Trapezoidal Aﬂﬂﬂmﬂ I Suh - |e.a8

}«0.33D»|

Strain-softening Aﬂﬂ]ﬂ]m Isuh - | 727

2.4.4 Shear rate

Shear strength is directly proportional to the rate of shearing or rate of loading for both field and
laboratory tests (Bjerrum 1972; Chandler 1988; Roy and Leblanc 1988). The higher the rate of
shearing, the higher the shear strength. The typical rotation rate of the vane is 0.1%s (Chandler
1988; ASTM D2573 2018), and failure is reached in 30—60 s. The time to failure is substantially
shorter than that in full-scale or laboratory tests. For laboratory tests, the time required to reach the

failure could vary from a few minutes to several hours, and it could be even higher for full-scale
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field failure. Therefore, in order to be comparable to laboratory testing or field failures, a correction

for the rate effect is required.

The undrained shear strength increases with the rotation rate of the vane (Cadling and Odenstad
1950; Wiesel 1973; Torstensson 1977). Due to the differences in strain rates in field tests and
laboratory tests, it is important to take into account the strain rate effect when determining the
shear strength parameter for design purposes. Due to the strain rate effect, the vane test strength is
not as conservative as laboratory testing (higher observed shear strength because of the high strain
rate). This is critical in circumstances where vane test results determine the geotechnical
parameter. Einav and Randolph (2005) reported an increase in peak strength by 5-20 % for each
log cycle increase in strain rate. Cheng (1981) observed that undrained shear strength increased
initially with strain rate from the static state, but it reached a maximum value with increasing strain

rate, as shown in Fig. 2.12, with variations in water content.

Undrained Shear Stress (kPa)

—30<w<3l
20 r —31<w<32
—32<w<34
0 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 2 4 6 8 10 12 14 16

Strain-rate (rad/sec)

Figure 2.12: Relationship between undrained strength and strain-rate (after Cheng 1981)
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2.4.5 Progressive failure

It is commonly assumed that the shear strength is uniformly mobilized on the cylindrical failure
surface without any progressive failure during the rotation of the vane. However, sensitive clay is
very susceptible to progressive failure because of the strain-softening behaviour, resulting in non-
uniformity in stress and strain conditions (Rismyhr 2017). Progressive failure initiates from the
edge of the vane blade, where the clay is more intensely strained than the rest of the shared zone
(La Rochelle et al. 1973). From the numerical simulation, Griffiths and Lane (1990) observed that
not all shear strains will reach their maximum simultaneously, due of the progressive failure of the
soil surrounding the vane. They found that soil close to the vane blade fails first, rather than the
soil in the middle of the vane, as shown in Fig. 2.13. Figure 2.13 also shows that the shear stress
mobilizes more rapidly in an element near the vane than an element at 45° from the blade, although

they are at the same radius.

Cu = WkN/m?

10

o

Shear stress (kN~2)

Vane rotation (x 10~* rads)

Figure 2.13: Shear stress mobilization (Griffiths and Lane 1990)
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2.4.6 Failure geometry

The geometrical shape of the failure surface around the vane is very important for interpreting the
shear strength. A circular failure surface is commonly assumed to be formed during vane rotation.
However, Gylland et al. (2013) conducted field tests on sensitive clay and found a rounded square
shape of the failure surface when the peak shear strength was mobilized. They observed a trend of
outward and inward minor shear band formations in the front and back of the vane blade,
respectively. They also found very small particle reorientation near the blade tip at the pre-peak
regime and a non-smooth shear zone, composed of complex shear surfaces of micrometer
thickness, at the post-peak regime. With further rotation, a thicker shear band emerges in the front

and back of the vane blades.

Wilson (1964) experimentally found that the failure geometry is not circular but almost a square
shape, from the start of rotation up to the mobilizing of maximum torque. At the post-peak
condition and also at considerable deformations, the failure surface becomes circular. He also
observed cracks close to the edge of the vane blades at the early stage of deformation, due to

diagonal tension.

Roy and Leblanc (1988) found a rounded square failure surface during the initial stage of rotation,
changes to the circular shape at 45° rotation, and a completely defined failure surface formed at
90° rotation. They found the failure surface to be approximately 5% larger than the vane diameter,
which is consistent with the observation of Skempton (1948) and Keentok et al. (1985). An
increase in diameter of the failure surface leads to a direct decrease in the undrained shear strength
(5% increase in the failure surface decreases the undrained shear strength by approximately 16%)

and thus overestimates the strength.
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Gylland et al. (2012) conducted a two-dimensional FE analysis using Plaxis and found a rounded
square failure prior to mobilizing the peak resistance. They also observed that soil adjacent to the
blade tip reaches maximal strength first and subsequently softens; however, the soil elements far

from the blade tip remain in the hardening regime, as shown in Figs 2.14(a) and 2.14(b).

Cadling and Odenstad (1950) did some field and laboratory tests to observe the failure geometry
during vane rotation. Field tests on clay and laboratory tests on clay and sand were performed. A
wetted tissue-paper sheet with a pattern on it was used to observe the failure geometry in the

laboratory, and circular failure surfaces were found in all cases.

De Alencar et al. (1988) conducted a two-dimensional FE analysis using an elasto-plastic and
strain-softening soil model and found a circular failure surface. Griffiths and Lane (1990) also
conducted 2D FE analysis and found a circular failure mode, as shown in Fig. 2.14(c). Pérez-
Foguet et al. (1999) performed 2D FE analysis and found a circular failure surface of a radius of

1-1.01 times the vane radius.

Martinez and Frost (2017) found that the number of vane blades affects the shape of the failure
surface. They found that a vane of two blades creates an elliptically shaped failure surface, and
eight blades create an almost circular failure surface. However, there is no significant change in

the failure surface perimeter and magnitude of the shear stress.
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Figure 2.14: Failure geometry: (a) at the peak; (b) at the residual state (Gylland et al. 2012); (c)

FE simulation (Griffiths and Lane 1990)

2.4.7 Soil anisotropy
In the conventional analysis, it is assumed that the soil is isotropic (i.e., the shear strength in the
vertical and horizontal directions are equal). However, many clays show anisotropic behaviour,

and the strength varies with the loading direction, as shown in Fig. 2.15.
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Figure 2.15: Effect of shearing mode on undrained shear strength (Ladd 1991)

In this figure, the undrained strength ratio obtained from the triaxial compression, triaxial
extension, and direct simple shear are plotted with respect to the plasticity index. There is a
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difference in the measured value of strength among all three tests because of different loading
directions. The difference of shear strength for these three modes of shearing decreases with the

increase of plasticity index, which means the soil is more isotropic.

Anisotropic shear strength from VST has been reported in several studies (Aas 1965, 1967,
Silvestri and Aubertin 1988). Aas (1965) investigated strength anisotropy in normally consolidated
to overconsolidated clays, using vanes of different height to diameter ratios, and reported that the
ratio of undrained shear strength in the horizontal and vertical direction is close to 1, and for
normally consolidated clay, it varies from 1.5 to 2. Aas (1967) found that undrained shear strength

obtained from the VST is dependent on the in situ failure plane’s effective normal stress.

Silvestri and Aubertin (1988) carried out a field investigation to observe the possible anisotropic
nature of the undrained shear strength of sensitive clay using rectangular (H/D varied between 0.5
and 2) and diamond-shaped vanes (angle with respect to the horizontal is varied between 30° and
60°). The results obtained from the test indicate that the undrained shear strength in the horizontal
plane (sun) is greater than the vertical plane (suw) because of the anisotropy, and they found Sun/Suv
varies between 1.14 and 1.41. They suggested that both inherent anisotropy and stress-induced
anisotropy affect the behaviour. The orientation of the soil structure at the micro-level is referred
to as inherent stress anisotropy, and different horizontal and vertical stresses cause stress-induced
anisotropy. Therefore, for the correct measurement of undrained shear strength, anisotropy should
be included when measuring from the VST, because a major portion of the torque comes from the

contribution of the cylindrical vertical surface.
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2.5  Previous numerical modelling

In addition to field or lab tests, some numerical studies are also available in the literature. Different
software packages (e.g., Abaqus, PLAXIS, SAP) with different soil constitutive models (e.g.,
Mohr-Coulomb, Non-Newtonian fluid model, Tresca soil model, and Hardening soil model) have
been used in these analyses. The available numerical studies are discussed in this section, and a

summary is presented in Table 2.3.

Donald et al. (1977) conducted three-dimensional FE simulations using SAP software with a linear
elastic soil model. A rigid vane was rotated by applying rotational displacements. FE simulations
show a parabolic stress distribution in the horizontal plane and, in the vertical plane, significantly

higher stresses are found at the ends than at the center.

De Alencar et al. (1988) developed a hyperbolic strain-softening soil model to simulate the post-
peak soil behaviour and conducted two-dimensional and three-dimensional FE simulations. They
found that the peak torque depends not only on the peak and residual strength but also on the post-
peak softening rate. For a high softening rate, the stress is distributed in a non-uniform way around
the vane; the effect is more pronounced for high strain-softening clay. They found that at a high
strain-softening rate, the yield zone propagates faster and results in a lower peak value at a smaller

rotation angle (ranging between 1° to 2°). They also found progressive failure around the vane.

Griffiths and Lane (1990) conducted two-dimensional FE simulations considering strain-softening
and the anisotropic behaviour of soil. The mobilized shear stress on the horizontal and vertical
surfaces up to the failure was calculated and compared with the analytical solutions. In the two-
dimensional FE analysis, they applied displacement boundary conditions from zero (at the center)

to maximum (at the blade tip) to the appropriate boundary nodes. They found that, due to the
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progressive nature of the failure of soil having strain-softening behaviour, soil elements close to
the vane reach the failure first, and the failure progresses gradually with rotation. They also
performed some three-dimensional analyses to calculate shear stress mobilization on the horizontal
surface. They did not model the actual vane in their three-dimensional analysis; instead, they
replaced the vane with a cylinder of stiff material and rotated it into the soil. For elastic analysis,
the shape of shear stress distribution includes a corner peak and rapid fall in stresses away from
the edge. For elastoplastic materials, the maximum shear stress develops first at the edge, and
further rotation changes the shear stress distribution close to a constant value in the horizontal
plane when the peak torque is developed. However, in the vertical plane, the shear stress

distribution is almost uniform.

Pérez-Foguet et al. (1999) conducted a two-dimensional FE analysis using the Arbitrary
Lagrangian-Eulerian (ALE) formulation to overcome some of the difficulties of traditional FE
analysis related to strain localization. The soil was modeled as a non-Newtonian fluid, and
simulations were performed with different vane sizes and rotational velocities. The inertial effect
becomes significant at a high angular velocity, but viscous force dominates at a low angular
velocity, and inertial force is negligible. They examined the shear stress distributions on the failure
surface and demonstrated how the constitutive model affected shear band development. They also
concluded that the fluid mechanics approach is suitable for interpreting the results of VST in soft

materials.

Gylland et al. (2012) conducted a two-dimensional numerical simulation using Plaxis to study the
failure geometry of VST in soft sensitive clay. Their experimental results supported the findings
of numerical analysis. In their analysis, they discussed the failure geometry, which has already

been discussed above.
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Ansari et al. (2014) simulated the penetration and subsequent rotation of a vane in soil using the
Coupled Eulerian-Lagrangian (CEL) approach in Abaqus. They implemented a rate-dependent
Tresca soil model considering strain-softening effects. They investigated the dependency of the
undrained shear strength on the rate of shearing and the softening response. They rotated the vane
up to 20°, but did not discuss the penetration effects. They also found the non-uniform formation
of a shear band that extends initially in front of the blade, and at 20° rotation the shear band also

extends behind the blade.

Rismyhr (2017) conducted two-dimensional and three-dimensional numerical simulations using
Plaxis 2D and 3D and discussed the effects of anisotropy, strain rate, and progressive failure. Using
several material models (Mohr-Coulomb, Geofuture, and NGI ADP), the effects of progressive
failure, strain rate, and strength anisotropy were examined. A point load was applied at the tip of
the vane blade in the two-dimensional simulation, and a line load at the end of the vane blade in
the three-dimensional simulation, to rotate the vane. Numerical simulations showed a rounded
square failure surface when strain-softening was considered; however, the failure surface is
circular for non-softening soil. The effects of strain rate were investigated by varying the time to
failure for each simulation and it was found that a correction for strain rate should be included.
The shear strength increases by 3-4% for every 10% increase in the plasticity index, and the effect

of anisotropy also needs to be considered. The peak torque was attained at a rotation of about 0.5°.

Henneseid (2018) investigated the strain-softening behaviour of soft clay using Plaxis 2D. The
simulations were performed with the hardening soil model (HS) and the unified enhanced soft clay
creep model (UESCC) to investigate the failure modes, local drainage effects, excess pore
pressure, and torque for various rotation rates. A circular failure surface forms when the HS model

was used; a rounded square failure was observed for the UESCC model. In the case of the HS
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model, a slight increase in maximum torque was observed when the rotation rates became very

low, and a relatively higher post-peak degradation occurred for a higher rotation rate. In the case

of the UESCC maodel, higher rates resulted in higher maximum torque and exhibited a steeper

decrease after maximum torque.

Table 2.3: Summary of previous numerical studies

Reference | Method and | Constitutive Remarks
FE software Model and
Factor
considered
Donald etal. | 3D Linear elastic Rotated the vane by rotational displacement and
(1977) presented elastic stress distribution in the
SOLID SAP vertical and horizontal surfaces.
Matsui and 2D Strain-hardening | Investigated excess pore pressure and effective
Abe (1981) elasto-plastic and total normal stress distribution at different
angular velocities.
De Alencar et | 2D Strain-softening | Observed the stress distribution on the
al. (1988) model horizontal plane at radial and peripheral
SAFE L
directions.
Griffithsand | 2D and 3D | Strain-softening | Did 2D and 3D FE analysis to observe the share
Lane (1990) and anisotropy stress distribution in the horizontal and vertical
planes, considering different soil models:
elastic, elastoplastic, softening, and anisotropy.
Pérez-Foguet | 2D Non-Newtonian | Analyzed the shear stress distributions on the
etal. (1999) fluid failure surface and presented the dependence of
ALE shear band formation on the constitutive model
selected.
Gylland et al. | 2D Hardening Soil | Observed rounded square failure geometry at
(2012) Plai model pre-peak and peak conditions and circular at
axis

residual condition.
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Ansarietal. |3D Tresca soil Did 3D for the penetration and subsequent
(2014) model rotation of vane, but did not provide any details
Abagus CEL considering the | about the penetration effect.
rate and
softening
Gupta et al. 3D Mohr-Coulomb | Modelled only rotation of the vane and observed
(2016) constitutive the shear stress distribution is almost constant
Abaqus CEL model on the vertical plane and on the middle part of
the horizontal vane blade.
Taianietal. | 3D Mohr— Coulomb | Disturbance due to vane insertion was not
(2016) ] constitutive considered in their analysis. They introduced
Plaxis model anisotropy by dividing the soil volume into three
different horizontal layers. They found stress
concentration occurs near the vane tip.
Kouretziset | 2D Standard Tresca | Demonstrated that vane shear strength is
al. (2017) isotropic failure | analogous to direct simple shear conditions in
criterion with the vertical plane at normal stress and equals the
tension cut-off horizontal effective stress at a given depth.
Rismyhr 2D and 3D | Mohr-Coulomb, | Simulated vane rotation in 2D and 3D
(2017) ) Geofuture, and conditions and found that correction factors are
Plaxis NGI ADP needed for strain rate effects and anisotropy.
material model
Henneseid 2D HS and UESCC | Performed numerical simulation and observed
(2018) ] model the effect of failure modes, local drainage
Plaxis effects, excess pore pressure, and rate effect for
different soil models.
2.6 Large deformation finite element modelling

The penetration of vane and subsequent rotation causes large deformation of the surrounding soil.
One of the difficulties associated with the numerical analysis of the vane test is dealing with large
deformations that occur in the failure area. Most of the FE models have been developed based on

Lagrangian formulation, where mesh points coincide with material points, move together
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simultaneously, and result in a non-convergency when simulating large deformation problems
(Griffiths 1999). Significant mesh distortion occurs in these types of FE models, especially around
the failure planes (Griffiths and Lane 1990). These types of FE formulation become more complex
when dealing with large deformation analysis in soft sensitive clay, as strain localization occurs.
In the Eulerian formulation, the mesh is fixed as the background, and the material flows through

the fixed mesh (Fig. 2.26). An Eulerian-based FE approach is used in the present study.

A

- 75

Figure 2.16: Finite element modelling approaches: (a) Lagrangian; and (b) Eulerian (Yerro

(a) Lagrangian

2015)

2.7 Summary

Vane shear tests in sensitive clays show different responses than those in non- to low-sensitive
clays. The failure of soil occurs progressively, and the shape of the rotating soil block might be
different depending upon sensitivity, which could affect the torque and interpreted undrained shear
strengths. The literature review reveals some two- and three-dimensional FE analyses on VST
have been developed progressively over the last few decades. However, there is still significant
room for improvement and new research by incorporating the missing segments, and especially

models of penetration and subsequent rotation using large deformation FE analysis, the effect of
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strain-softening, strain rate, progressive failure and the effect of penetration disturbance, which are
the focus of the current study. Most of these numerical studies focused on the peak strength but
did not examine the post-peak response. Moreover, the studies on highly sensitive clays are very
limited. Some experimental results show that penetration of the vane prior to the rotation could
influence the results, and the effect of disturbance could be significant for highly sensitive clays.
These issues have been examined in the present study through large deformation finite element

simulations using an Eulerian-based FE modelling technique.
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Chapter 3: Two-Dimensional Finite Element Modelling of Field

Vane Shear Test in Sensitive Clay

3.1  Abstract

The field vane shear test is one of the widely used methods to determine the in-situ undrained shear
strength of soft sensitive clay. The rotation of the vane generates large shear strains around the
failure plane. Large deformation finite element simulation of the field vane shear test is presented
in this study. The effects of strain rate and strain softening on undrained shear strength are
considered in the soil model. The simulation is performed over a large rotation, up to 90°, and the
post-peak degradation of torque with rotation is shown for varying sensitivities and shear strength
degradation rates. The simulation results show the formation of a rounded square-shaped failure
plane for a rotation when the maximum torque is mobilized; however, the shape of the failure
plane changes to a circular one at large rotation. A softening model with an exponential reduction
followed by gradual degradation of the undrained shear strength can simulate the pattern of post-

peak degradation of torque measured in vane shear tests in sensitive clays.

3.2 Introduction

The vane shear test is one of the widely used in-situ test methods for the estimation of undrained
shear strength (sy) of soft clay and clayey silt. The test is relatively simple; however, the estimation
of sy from the measured torque (T) involves uncertainties. Previous studies investigated the effects
of several factors, including the disturbance caused by vane insertion (Cadling and Odenstad 1950;
Kimura and Saitoh 1983), the time interval between insertion and rotation and drainage conditions
(Flaate 1966; Kimura and Saitoh 1983; Roy and Leblanc 1988), soil anisotropy (Donald et al.

1977; Kouretzis et al. 2017), progressive failure (Donald et al. 1977; De Alencar et al. 1988;
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Griffiths and Lane 1990), rate of vane rotation (Pérez-Foguet et al. 1999), non-uniform stress
distribution around the vane (Donald et al. 1977; Menzies and Merrifield, 1980), and failure
geometry (Griffiths and Lane 1990; Gylland et al. 2013). The field vane (FV) shear test is also a

widely used method for characterizing low plastic sensitive clays.

Two key factors might significantly affect the vane shear test results and their interpretation,
namely the rate of shearing and strain softening. The field vane shear tests are generally conducted
at a faster rate of rotation so that the developed excess pore water pressure does not dissipate during
the tests (i.e., undrained condition). The maximum shear strain rate is higher in the FV shear test
than that of typical laboratory element tests. For example, the standard rate of rotation of FV of
0.1°/s might give the maximum shear strain rate of 0.05 s, while it is very low (~3x10° s%) in the
typical undrained triaxial tests (Einav and Randolph 2006; Boukpeti et al. 2012). It is well-known
that the undrained shear strength of clay increases with the shear strain rate. Several researchers
conducted vane shear tests for varying rotation rates. For example, Biscontin and Pestana (2001)
conducted a large number of vane shear tests on a high plastic (Pl = 75) lightly cemented bentonite-
kaolinite mixture. Tests were conducted for a wide range of rotation rates, including the tests at a
rotation rate of approximately three orders higher than the standard rotation rate, to capture
possible rates for seismic or storm-wave events. It has been shown that the rate effect increases at
higher shearing rates. Comparing two sets of vane shear test data conducted previously, Chandler
(1988) showed that while high plastic clays show a continuous decrease in sy with decreasing shear
strain rate up to ~0.00002 %/min, the low plastic sensitive clay shear strength does not decrease
for rotation rates below the standard vane shear test rate.

For strain-softening, low plastic sensitive clay might behave differently from highly plastic clays.

Figure 3.1 shows the measured torque normalized by the peak value (Tmax) for tests on two types
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of soil. Kimura and Saitoh (1983) conducted the tests on highly plastic (Pl = 47.8%) Kawasaki
clay, while the test conducted by Gylland et al. (2013) was on low plastic (Pl = 5%) highly
sensitive Scandinavian quick clay. For Kawasaki clay, the shear strength gradually decreases with

rotation. However, for sensitive clay, a rapid reduction of shear strength occurs first, and then a

gradual decrease in sy occurs.

1.2
Kimura & Saitoh (1983)

Low sensitive Kawasaki clay

High plastic (P! = 47.8%)

o
fos)

Normalized torque, 7/7,,
o (]
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Gylland et al. (2013)
0.2 Highly sensitive, quick clay
Low plastic (PI = 5%)
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Figure 3.1: Vane shear tests on highly plastic and low plastic sensitive clays

The effects of strain rate and strain-softening cannot be directly measured in the FV shear tests.
Finite element (FE) modelling could provide further insights into the mechanisms and better
interpretation of the test results. Most of the FE simulations of vane shear tests have been
conducted using Lagrangian-based FE techniques, which cannot handle the large deformation due
to mesh distortion issues (Donald et al. 1977; Matsui and Abe 1981; De Alencar et al. 1988;

Griffiths and Lane 1990; Gylland et al. 2012; Kouretzis et al. 2017; Henneseid 2018). Some
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attempts have also been made to incorporate large deformations, such as the analyses using an
Arbitrary Lagrangian-Eulerian formulation by modelling the soil as a non-Newtonian fluid (Pérez-
Foguet et al. 1999), and preliminary analyses using a Coupled Eulerian-Lagrangian (CEL)

approach (Ansari et al. 2014; Gupta et al. 2016).

The objective of this chapter is to simulate the vane shear test using a CEL approach, incorporating
appropriate models for strain rate and strain softening. The failure geometry, progressive formation

of failure planes, and the mobilized shear stresses and strains are investigated.

3.3 Problem statement

Only three-dimensional analysis can be performed using the present CEL approach. Therefore, for
modelling the in-plane strain condition of a horizontal section of the vane, the analysis is performed
with only one element of thickness (t;) of 2 mm in the out-of-plane direction (z-direction in Fig.
2). A 65-mm diameter (D) vane is considered. The modelling is performed for a wished-in-place

condition (i.e., without considering insertion effects).

3.4  Finite element modelling

The Coupled Eulerian-Lagrangian (CEL) approach available in Abaqus FE software is used. The
FE mesh used in the numerical modelling is shown in Fig. 3.2. A dense mesh is used near the tip
of the vane, where a significant amount of soil deformation is expected due to the rotation of the
vane. A varied mesh distribution that increases with radial distance is used to reduce the
computational time. Analyses are also carried out with a larger soil domain and using finer mesh

than the one shown in Fig. 2; however, no significant change in the result is found.

The FE model is comprised of three parts: soil, vane, and void. The soil is modelled as an Eulerian

material, and the vane is modelled as a Lagrangian rigid body. In the Eulerian formulation, the
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mesh is fixed at the background, and the material flows through the fixed mesh without causing
any numerical issue related to mesh distortion (Dey et al. 2015; Karmaker and Hawlader 2018;
Karmaker et al. 2019; Wang et al. 2020). The Eulerian VVolume Fraction (EVF) is used for defining
and tracking the flow of material during analysis. For an element, EVF = 0 represents no soil in
that element (void), while EVF = 1 represents an element entirely filled with soil. EVF is between
0 and 1 for an element partially filled with soil.

The soil is modelled using EC3D8R elements in the software, which are 8-node linear brick,
reduced integration, and hourglass control elements. The vane is modelled using C3D8R, which
is also 8-node linear brick, reduced integration, and hourglass control elements. The vane is

defined as a rigid body with a reference point at the center.

10R
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Figure 3.2: Finite element mesh

Zero-velocity boundary condition (i.e. v, = 0) is used in the out-of-plane direction (i.e. no soil
movement occurs in the z-direction). At the outer cylindrical surface, zero-velocity boundary

conditions are used for all three directions (i.e. v, = v, = v, = 0).
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Undrained analysis is performed by giving the yield strength (oy) adopting the von Mises yield
criterion (g, = 2s,) as a function of strain rate and strain softening. A frictionless interface

condition between soil and vane is used. The vane is rotated with respect to the reference point at

a constant angular velocity.

3.5  Constitutive modelling of soil

Under the undrained loading condition, sensitive clays show significant strain-softening
behaviour. Strain-softening behaviour has many practical implications, such as large-scale
landslides. In the present study, the mobilized undrained shear strength (s,) of the sensitive clay

is modelled as:

Su = fleSuy (3.1)
where f; is a strain-softening factor, f is a strain-rate factor and s, is undrained shear strength at
a very low strain rate.

The strain-softening factor (f;) has been defined in previous studies as a linear and exponential
function of accumulated plastic shear strain or plastic shear displacement (3) (Locat et al. 2013;
Dey et al. 2016; Wang et al. 2020). Eq. (3.2) is used in this study for the strain-softening factor,
which consists of a rapid exponential degradation followed by a slower linear degradation and

finally remains constant at large strains.

s s
(SuR | (1 _ LR) ¢~38/895 if0 <8 < 2645
Suo Suo
SuRrR SurR — Suld & — 2895 .
= 2R _ +C if2805 <8 < 8 3.2
fi=3 Suo Suo 81a — 2605 “! % ld &2
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where s, is the peak undrained shear strength at the reference shear strain rate (yref) before

softening; s, Is the value of s, at a sufficiently large value of 3; 8¢5 is the value of & at which
95% reduction of (s o — syr) OCCUrS; syq IS the value of s, at the completely remoulded state at
a very large value of §; and ¢ = (1 — syr/Suo)e~® = 0. Further information about these strain-
softening equations is available in previous studies (Dey et al. 2015; Dey et al. 2016; Wang et al.
2020).

The shearing resistance around the failure plane (rounded square and circular, as discussed in the
following sections) is governed by the stresses on that vertical plane. The mode of failure at this
surface is similar to the direct shear or closely analogous to simple shear conditions (Wroth 1984;
Chandler 1988). Assuming a simple shear condition, plastic shear strain (y?) can be calculated as

YP = 8/tpg, Where tgg is the thickness of the finite element. The equivalent plastic shear strain

(eq) is calculated as e} = yP/+/3. Now, using the input parameters 3¢5 and 8ia (Table 3.1), the

post-peak shear strength degradation curve (Eg. (3.2)) can be defined as a function of eg , Which is

used in the subroutine to provide the variation of sy with the development of plastic shear strain.
In the present study, the characteristic length is considered as tgg.

For strain-rate effects, an “additive power-law model” proposed by Zhu and Randolph (2011) is
used. This model combines the Herschel-Bulkley model (fluid-mechanics approach) with the
power-law model (geotechnical approach) to capture the response from intact to fluidized

remoulded soil.

. (3.3)
= (i)

yref
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where z and £ are soil parameters, and the value of these parameters is taken based on previous
studies (Randolph et al. 2012; Wang et al. 2020). At the reference strain level (i.e.,y = 7y ), Suy =
suo/ (1 + ).

For low plastic sensitive clays, the shear strength does not decrease at very low strain rates; instead,
it shows some increase in strength because of excess pore water pressure dissipation for a very
slow rate of rotation of the vane (Roy and Leblanc 1988). Therefore, in the present study, f> =1 is

used for y <7 .. In the FE program, £* is called in each time increment, and ¥ is calculated as
ref’ q
7 = 3Agg /At, where At is a time interval.

Standard field vane tests are generally conducted at a 0.1°/s rotation rate. However, the FE
simulations are performed at a 240 times faster rate (24°/s) to save computational cost. Therefore,
the y obtained from FE is divided by 240 to calculate f; using Eq. (3.3).

Table 3.1: Geotechnical parameters used in analysis

Parameters Value
Total unit weight, y (KN/m® 16.7
Peak undrained shear strength, s, (kPa) 30
Remoulded undrained shear strength, s,r (kPa) 17.64
Large displacement undrained shear strength, s,;14 (kPa) 1
Undrained Young’s modulus, E,, (MPa) 9.0
Undrained Poisson’s ratio, v, 0.49
Reference shear strain rate, y_ 0.05
895 (M) 0.005
81q (M) 0.055
n 0.5
p 0.1
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3.6 Results
In the following sections, the discussion is mainly focused on the variation of torque (T) with

rotation (), shear stress and strain distributions, and soil failure patterns.

3.6.1 Torque for idealized elastic-plastic clay

To validate the numerical modelling technique, a simulation is performed first with a simple elastic
perfectly plastic soil model, and the results compared with an analytical solution, which is
commonly used for estimation of sy from the measured torque. Figure 3.3 shows that the torque
increases with rotation and then remains constant at Trmax.

It is commonly assumed that the rotation of the vane creates a cylindrical failure surface. The
maximum torque required to overcome the shear resistance at this cylindrical surface (Tmax) is
0.5mDz2t,s, where De is the diameter of the failure zone. Generally, the diameter of the vane (D)
is used for De. However, as will be shown later, the strain concentration in FE analysis occurs in
the soil elements outside the tip of the vane. Also, the integration point of a finite element is at the
center of the element; therefore, the FE calculated torque could be better compared to the
calculated value, with De equal to the diameter of the vane, plus the thickness of one element

around the tip (~ 2 mm in this simulation), which gives De = 67 mm. Figure 3 shows the calculated

maximum torque using this expression multiplied by 2/+/3 to incorporate the plane strain failure

mode during shearing. The FE calculated Tmax matches the analytical value with De = 67 mm.
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Figure 3.3: Torque for elastic perfectly plastic soil

3.6.2 Post-peak response

Figure 3.4 shows the calculated torque where the effects of strain softening and strain rate on s,
are implemented using Egs. (3.2) and (3.3), respectively. The results are shown only from the peak
because the pre-peak response also depends on soil disturbance, due to the insertion of the vane.
The results of a vane shear test are also presented in Fig. 3.4 to show the post-peak shear strength
degradation pattern.

Several approaches have been proposed to incorporate strain-softening effects on s, and its
influence on the overall response of geotechnical problems such as sensitive clay slope failure. For
example, brittleness (D’Elia et al. 1998; Fornes and Jostad 2017) and remoulded energy (Tavenas
et al. 1983; Thakur et al. 2015) have been used to define how much shear strain is necessary to
reduce the strength from the peak value by a certain amount. In the present study, two parameters,
St and 95, control the rate of shear strength degradation during the rapid reduction phase of sy (6
< 895 In EQ. (3.2)). Vane shear tests in sensitive clays also show a rapid reduction of torque

immediately after the peak, within a few degrees of rotation, followed by a slower reduction phase
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over a large rotation (Gylland et al. 2013; Thakur et al. 2015). Note that, in Eq. (3.2), St represents
the ratio between the shear strength at the peak and after the rapid reduction phase (not the
completely remoulded shear strength). Therefore, to examine the effects of post-peak shear
strength degradation curve on torque, three simulations are performed for varying S; and es. Two
simulations (Cases 1 and 3 in Fig. 3.4) are performed with St = 5 and only an exponential shear
strength degradation curve (i.e., first equation of Eq. (3.2)), while the other simulation (Case 2) for
St = 1.7 is performed with exponential, followed by linear degradation of shear strength (i.e. all
three equations in Eq. (3.2)).

Figure 3.4 shows that for a given St (= 5), a lower value of &g5 (= 0.01 m) rapidly reduces T/Tmax
to 0.2 within 20° rotation, while it takes more than 90° rotation when 895 = 0.05 m is used.
However, when two levels of degradation (exponential and then linear) are used, a quick reduction
of torque, followed by gradual reduction, similar to that reported from vane shear tests (i.e. Gylland
et al. 2013) are found. This implies that using only a linear or an exponential strain-softening curve

may not be able to simulate the response reported from vane shear tests on highly sensitive clays.
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Figure 3.4: Torque for three different strain-softening behaviour

50



A lower 8¢5 (= 0.005 m) could reasonably match the initial segment, and a higher 895 might give a
similar trend at large rotation. However, when two levels of degradation (exponential and linear)
are considered, they better match the test results. Note that the mechanisms of strain-softening are
different at different strain levels. For example, structural breakdown immediately after the peak
increases the pore water pressure and causes a rapid reduction of shear strength, while particle
rearrangement could be the primary cause of strength reduction at large strains. For practical
applications, the strength reduction rate at different strain levels might be equally important. For
example, the formation of shear bands during progressive failure of a slope would be governed by
the rapid reduction of shear strength after the peak, while the mobility of the debris depends on

strength degradation at large strains.

3.6.3 Shear stress distribution

Figure 3.5 shows the variation of von Mises stress (ce) with radial distance (r) measured from the
center (intersection of the vane blades) for 6 = 45° and 15° from the initial horizontal position of
the vane blade (see inset of Fig. 3.5). This simulation is performed with an elastic perfectly plastic
soil model (Fig. 3.3). To obtain the value of ce, a path has been created, and the stress of soil
elements around that path is extracted. As there are a limited number of elements around the path
near the center (see inset of Fig. 3.5), the exact value of e could not be obtained. In any case, ce
is small in these elements and is well below the yield strength; therefore, it does not have a
significant effect on the interpretation of the mechanisms. It is also to be noted that the
computational cost is high for this type of large deformation finite element analysis. Therefore, the
analysis is not performed with very fine mesh near the center; instead, the stress distribution is

shown from a certain radial distance.
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Figure 3.5 shows that, for a given rotation of the vane, ce increases with radial distance and is
maximum near the tip of the blades. Also, ce increases with rotation; however, after 6 ~ 0.6°, the
stress distribution does not change with further rotation. At this stage, ce at r = R is equal to the
yield strength. The maximum torque is mobilized at this rotation, as shown in Fig. 3.3. Note that,
in the field, the rotation required to attain the maximum torque is typically higher than that of the
simulation results, which might be due to, inter alia, disturbance of the soil during insertion of the
vane. However, numerical simulations conducted in previous studies also found the peak at lower
rotations (Griffiths and Lane 1990; Rismyhr 2017; Henneseid 2018). For & = 15°, the shear stress

increases quickly as compared to that of & = 45° because these elements are closer to the horizontal

blade.
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Figure 3.5: Shear stress distribution with radial distance for elastic perfectly plastic soil model

Figures 3.6(a) and 3.6(b) shows the variation of ce for 61 = 45° when strain-softening and strain
rate effects are considered. Similar to Fig. 3.5, ce increases with rotation and becomes maximum

at a rotation of approximately 0.6°. At this stage, the maximum ce is equal to the yield strength.
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With further rotation, plastic shear strain starts to develop and strain softening occurs in the soil
elements around r = R, which reduces the shear strength. Therefore, o. reduces with rotation. For

a lower value of dg5, more degradation in shear strength is observed.
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Figure 3.6: Shear stress distribution with radial distance for soil model with strain rate and strain

softening effects (a) 695 = 0.005 m; (b) 95 = 0.01 m

53



3.6.4 Development of plastic shear strain
Figure 3.7 shows the development of equivalent plastic shear strain (eg) with rotation of the vane

for Case 3 in Fig. 3.4. The failure initiates from the tip of the blade and propagates
circumferentially. In the beginning, strain concentration mainly occurs in a small zone around the
tip. With rotation, the zone of plastic shear strain extends over a larger distance along the
circumference both in the front and back of the tip. At 8~ 0.6°, acomplete failure plane of rounded-
square shape is formed. The maximum torque (Tmax) iS mobilized at this rotation. With further
rotation, post-peak shear strength degradation occurs, and the rounded square shape failure plane
becomes circular. The shear strain mainly concentrates in a narrow zone. Once the circular failure
plane is developed, shear strain generates only in this zone without any noticeable change in shear
strain outside this zone. In other words, the failed cylindrical soil block simply rotates with rotation
of the vane. The simulation was stopped after 90° rotation of the vane, although it could be
continued without any numerical issues. It is to be noted that the Lagrangian-based FE method
cannot simulate such large deformation because of significant mesh distortion (De Alencar et al.

1988; Griffith and Lane 1990).

Attempts have also been taken previously to identify the shape of the failure plane with rotation
of the vane, which has been used to examine the mechanisms of shear band formation and their
effects on the interpretation of shear strength. Some studies supported the idealization of
cylindrical failure geometry for low-sensitive and soft clays (Cadling and Odenstad 1950; Arman
et al. 1975). However, highly sensitive clays (Roy and Leblanc 1988; Gylland et al. 2013), even
reconstituted kaolin (Chandler 1988) and illite-clay (Veneman and Edil 1988), show the formation
of failure geometry similar to those shown in Fig. 3.8. Gylland et al. (2013) conducted a

microscopic analysis of the failure zone at different rotation levels and showed that minor shear
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bands form initially from the tip of the blade, which leads to the formation of a rounded square-
shaped failure plane first. With further rotation, a thicker shear band forms with reorientation of
the particles, and a cylindrical failure geometry is observed. In the present FE analysis, although
micro-level shear surface formation could not be simulated, the overall response and failure

geometry could be successfully modelled.
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Figure 3.7: Formation of failure planes during rotation for soil model with strain rate and strain

softening effects

3.7 Progressive failure mechanisms
The progressive failure mechanisms during the rotation of the vane are shown in Figs. 3.8 and 3.9.

These figures show the von Mises stress (oe) distribution along a circular path drawn from the tip

of the vane. Figure 3.8 shows the variation of ce/oyo for the elastic perfectly plastic soil model,
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where oyo = 2Su0. At the beginning of rotation, shear stress is maximum (ce = 0.8cy0) near the tip
of the four blades. When the vane is rotated to 0.4°, the von Mises stress in some elements near
the tip reaches the yield strength (ce/oyo = 1). When the rotation is 0.6°, all the elements along this
circular path reach the yield strength and a complete failure plane forms. For further rotation, ce

at this failure plane remains at oy as the elastic perfectly plastic soil model is used.
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Figure 3.8: von Mises stress distribution along the circular path from the tips of the vane blade

for elastic perfectly plastic soil model

Figures 3.9(a) and 3.9(b) show the variation of o, for strain-softening and the strain-rate dependent
soil model. Similar to Fig. 3.8, e increases quickly near the tip of the vane. When the vane rotates

to approximately 0.6°, a complete failure plane is formed, and ce =~ oy in all the elements along
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this circular path. Further rotation decreases the von Mises stress of the sensitive clay because of
post-peak shear strength degradation. The reduction of o Starts to occur near the tip of the vane

blades. The rate of reduction is more pronounced for a higher softening rate (i.e., lower value of

895), as shown in Fig. 3.9(a).
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Figure 3.9: von Mises stress distribution along the circular path from the tips of the vane blade:

(@) 895 = 0.005 m; (b) 695 =0.01 M

3.8 Summary

This chapter presents large deformation finite element modelling of vane shear tests in soft
sensitive clay. Experimental results show that the undrained shear strength of soft clay is highly
dependent on the shearing rate. Also, the tests on sensitive clays show a rapid reduction of
undrained shear strength with shearing. These two key factors, strain-rate and strain-softening
effects on undrained shear strength, are incorporated in the soil model. The soil is modelled as an
Eulerian material that can simply flow through the mesh without causing any numerical issues

related to mesh distortion, as encountered in typical Lagrangian-based finite element modelling.
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The simulation results show the formation of failure planes similar to those observed through close
examination of the soil block at different stages of the vane shear tests in sensitive clay. The failure
initiates with the formation of a rounded square-shaped soil block and then changes to a circular
one at large deformation when considerable reduction of shear strength occurs in the soil elements
around the failure planes. The softening model used in this study can simulate the post-peak

degradation of torque, as observed in tests in sensitive clays.

Finally, the simulations are performed only for a thin section of the vane. Also, insertion of the

vane and strength anisotropy might affect the overall response.
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Chapter 4: Modelling of Penetration and Subsequent Rotation of
Vane Shear Tests in Sensitive Clay

4.1  Abstract

The penetration of a vane prior to rotation could disturb the surrounding soil, depending upon the
sensitivity and dimensions of the vane. Both penetration and rotation cause large soil deformation.
The present study aimed to develop a numerical modelling technique using a Coupled Eulerian-
Lagrangian (CEL) approach to investigate penetration effects on the undrained shear strength. A
rigid vane is penetrated into the clay under the quasi-static condition and then rotated to obtain the
torque—rotation relationship. The effects of strain rate and strain softening on undrained shear
strength are considered in the numerical simulations. In addition, some simulations are performed
only for rotation to quantify the effects of penetration on shear strength. The effects of blade
thickness on soil disturbance and undrained shear strength are investigated. Based on simulated
stresses and strains’ distributions, the potential reasons behind the variation of calculated shear
strength are discussed. A parametric study is also carried out to investigate the effects of soil

properties on calculated torque.

4.2 Introduction

The main advantage of the field vane test (FVS) is that it provides an almost direct assessment of
the in-situ undrained shear strength (sy). However, the strength calculation of s, from the measured
torque involves some simplified assumptions. There are several sources of uncertainties in
calculated sy based on FVS tests, including the test procedure, methods of interpretations, and type
of vane used. The level of uncertainties might also vary with soil type; for example, the effects of

soil disturbance on sy might be higher for sensitive clays.
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The undrained shear strength is calculated from the measured torque (T), which is a function of s
at the failure surfaces that form due to the rotation of the vane. Generally, it is assumed that a
uniform shear stress distribution occurs at the vertical and horizontal surfaces. However, some
researchers have re-examined this assumption and showed that the assumption of uniform shear
stress distribution on the vertical surface is quite reasonable (Donald et al. 1977; Menzies and
Merrifield 1980; Griffiths and Lane 1990). However, the distribution of shear stress on the
horizontal surfaces (top and bottom) is very different from the commonly assumed uniform shear
stress distribution. Three types of variation of shear stress on the horizontal surfaces is assumed:
uniform, triangular and parabolic. Other types of shear stress distribution at the top and bottom
surfaces were also reported in some studies (Silvestri and Aubertin 1988). Also, for low plastic
sensitive clay, which has strain-softening behaviour, the stress distribution is different from highly
plastic clays (Thakur et al. 2014). In this case, the post-peak shear strength degradation results in
non-uniform stress distribution along the failure planes because the failure planes form
progressively. Therefore, the strain and mobilized shear strength are not the same. This type of
non-uniform strength distribution makes the calculation of sy more difficult for sensitive clays (De
Alencar et al. 1988). Unfortunately, the variation of strength or stress cannot be measured in the

field; therefore, the numerical analysis provides further insights into the process.

Another important factor of the field vane shear test is the soil disturbance caused by vane
insertion. Kimura and Saitoh (1983) conducted laboratory tests to investigate the effect of
disturbance due to vane insertion on measured shear strength. They also investigated the effect of
elapsed time between vane insertion and the start of the rotation and reported an increase in the
ratio of shear strength to the vertical consolidation pressure (cu/p) with the increase of time interval

between vane insertion and the start of the rotation (ti). They reported that the cu/p, for a sufficiently
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long elapsed time (240 min) increases by about 45%, by 20% for soil with plasticity index (PI) of
20, and 50 respectively than for the short elapsed time (4.5 min). They also did the laboratory test
without any penetration of vane to investigate the reduction in measured shear strength due to
disturbance caused by vane insertion and found an increase in the ratio of about 10% and 8% for
soil with P1 of 20 and 50, respectively than for the longer time interval (240 min). They found high
pore pressure development during vane penetration, and the generation of pore pressure is very

small during vane rotation.

The penetration of the vane during the test could cause large deformation of the surrounding soil.
La Rochelle et al. (1973) found that vane insertion causes a breakdown of bond in the clay particles
and increases the pore pressure, therefore giving lower strength. We cannot measure the amount
of disturbance from the field or laboratory at the time of penetration. However, from numerical

simulation, the change of stress state during penetration can be measured.

The shaft might have some effect due to friction resulting from surrounding soil that presses
against the shaft. The friction might be avoided by using a casing around the shaft that prevents
direct contact between the shaft and the surrounding soil, although there might be some friction
between the shaft and the casing. There are different categories of vane, but it is very difficult to
eliminate the soil-shaft and any internal friction completely (Ortigdo and Collet 1988). The torque
sensor and measuring device should be placed as close to the vane as possible for the most accurate

measurement of torque (Seldnpaa et al. 2017).

There is no way to investigate or measure the actual mechanisms involved in the test while
conducting it in the field or laboratory. The penetration of vane during the test could cause

disturbance of the adjacent soil, which could be more significant for sensitive clay. Numerical
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simulation is the best way to observe and identify the mechanisms involved in the test. There is no
finite element (FE) analysis available in the literature that discusses any penetration effect of the
vane shear test. The test involves large deformation of the surrounding soil. So, the large
deformation FE modelling technique is necessary for modelling such large deformation problems.
Therefore, the effect of penetration disturbance for the vane shear test in sensitive clay has been

observed in the present study.

4.3  Problem statement

Vane tests are generally carried out below the base of a borehole. The vane is pushed below the
bottom of the borehole, usually about 5B, where B is the borehole diameter (ASTM D2573), to
ensure that the vane is in undisturbed soil and the in-situ stresses are not affected by the drilling of
the borehole. For a typical borehole diameter, which is larger than the vane diameter (D), a
considerably large penetration is necessary, which could disturb the surrounding soils, especially
for sensitive clays. As discussed before, such a large penetration cannot be modelled using
traditional FE programs because of significant mesh distortion. Also, modelling of such large
penetration, even with the currently used Eulerian-based FE, is computationally expensive.
Therefore, to reduce the computational costs, the vane is initially placed at a certain height above
the target location, di1 (< 5B), as shown in Fig. 4.1. Most of the analyses are performed for d; =
2D; however, some analyses are performed with larger d: to investigate the effects of larger
penetration distance on test results. The vane is then penetrated vertically at a constant velocity to
the targeted depth and then rotated at a constant angular velocity. FE modelling is also performed
only for the vane rotation without any penetration, to study the effect of penetration. In the present
study, the vane is rotated up to 90°, although it could be continued without any numerical issues.

The geometry of the vane used in numerical simulations is shown in Table 1. For these dimensions,
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the vane area ratio (the ratio of the cross-section area of the vane to the circular area of the rotating

vane) is 9% (less than 10% as recommended by ASTM D2573).

Table 4.1: Vane geometry used in FE simulation

Vane height, H (mm) 130
Vane diameter, D (mm) 65
Blade thickness, t, (mm) 2
Shaft diameter above the vane, mm 10
Shaft diameter at the center of the vane, mm 6
Void D
Soil
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I
>>.
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Figure 4.1: Details of FE modelling
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4.4  Finite element modelling

The Coupled Eulerian-Lagrangian (CEL) approach available in Abaqus FE software is used for
large deformation FE simulations. Most of the analyses were conducted for rectangular vanes;
however, some analyses were conducted to show the effects of bottom tapering of the vane. For
FE modelling of a rectangular vane, the shaft and vane are created separately, as shown in Figs
4.2(a) and 4.2(b), and are placed in position and then merged to model the complete vane as a unit
body. The shaft is modelled as a cylinder-shaped deformable body, and then the bottom face is
extruded up to the middle of the vane by using the ‘draft angle’ option available in the software.
Then the shaft and vane are merged, and the intersecting boundaries are removed to make a unit
rigid body with respect to a reference point, as shown in Fig 4.2(c). To model the tapered vane,
the same procedure is followed as for the rectangular vane (Figs 4.2(a)-4.2(c)). However, the
tapering portion of the vane blade is created separately and placed under four vane blades. Finally,
a pyramid-shaped deformable part is created and attached at the very bottom of the joint of four
tapering portions of vane blade (Fig. 4.2(d)). Then all the parts are merged, and the intersecting
boundaries are removed to make a unit rigid taper vane with respect to a reference point. After
that, the vane is placed in the targeted position in the soil domain, and further analyses are

performed, as discussed below.

The FE mesh used in the numerical modelling is shown in Fig. 4.3. A dense mesh is used near the
tip of the vane, where a significant amount of soil deformation is expected, due to the penetration
and rotation of the vane. The boundaries are placed sufficiently far from the vane: the vertical
(cylindrical) boundary at 7D from the center of the vane and the bottom horizontal boundary at 5D
from the bottom of the vane during rotation. Analyses are also carried out with a larger soil domain,

but no significant change in the result is found.
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Figure 4.2: Modelling of the vane
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Figure 4.3: Finite element mesh (a) vertical section, (b) horizontal section
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The FE model is comprised of three parts: soil, vane, and void. The soil is modelled as an Eulerian
material, and the vane is modelled as a Lagrangian rigid body. In the present FE program, the
Eulerian material (soil) can flow through the fixed mesh without causing numerical problems
associated with mesh distortion. Further details on Eulerian-based FE modelling and the use of
CEL for large deformation analysis (e.g., landslides, pipeline penetration, and pile jacking) are
available in previous studies (Benson 1992; Qiu et al. 2012; Dey et al. 2015, 2016; Dutta et al.
2015; Karmaker and Hawlader 2018; Karmaker et al. 2019; Islam et al. 2019; Wang et al. 2019,

2020).

The Eulerian Volume Fraction (EVF) is used to define and track the flow of material during
analysis. For an element, EVF = 0 represents no soil in that element (void), while EVF = 1
represents an element entirely filled with soil. EVF is between 0 and 1 for an element partially

filled with soil.

The soil is modelled using EC3D8R elements in the software, which are 8-node linear brick,
reduced integration, and hourglass control elements. The vane is modelled using C3D8R, which
are also 8-node linear brick, reduced integration, and hourglass control elements. The vane is

defined as a rigid body with a reference point.

At the bottom of the domain, zero velocity boundary conditions are applied in all three directions

(i.e., vy = vy = v, = 0). Zero velocity boundary conditions in the x and y directions (i.e., v, =
v, = 0) are also applied to the vertical cylindrical boundary. An undrained analysis is performed
by giving the yield strength (cy), adopting the von Mises yield criterion (o, = 2s,,) as a function

of strain rate, and strain softening. A frictionless interface condition between soil and vane is used.
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The vane is penetrated and rotated by giving penetration and angular velocities at the reference

point. The FE analysis consists of three steps of loading: gravity, penetration, and rotation.

45  Geotechnical parameters

Table 4.2 shows the geotechnical parameters used in this study. The clay is modelled as an elastic-
plastic material with the strain-rate and strain-softening dependent undrained shear strength. The
von Mises yield criterion is adopted unless otherwise mentioned. The elastic behaviour is modeled
using the undrained Young’s modulus and Poisson’s ratio. All the details about constitutive

modelling of soil, including post-peak softening, have already been discussed in Chapter 3.

Table 4.2: Geotechnical parameters used in the analysis

Parameters Values
Total unit weight of soil, y (kN/m¥ 16.7
Peak undrained shear strength, s, (kPa) 30
Remoulded undrained shear strength, s,z (kPa) 17.64
Large displacement undrained shear strength, suq (kPa) 1
Undrained Young's modulus, E,, (MPa) 7.5
Undrained Poisson’'s ratio, v, 0.49
Reference shear strain rate, y__. (/s) 0.05
895 (M) 0.03
84 (M) 1.2
n 0.5
p 0.1
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4.6 FE simulation results

4.6.1 Vane shear tests in elastic-plastic clay

To validate the numerical modelling technique, a simulation is performed first with a simple
elastic—perfectly plastic soil model and the results compared with an analytical solution which is
commonly used for estimation of sy from the measured torque. Figure 4.4 shows that the torque

increases with rotation and then remains constant at Tmax.
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Figure 4.4: Torque for elastic perfectly plastic soil

It is common practice to assume uniform mobilized shear strength on the cylindrical rupture
surface. However, for the top and bottom surfaces of the soil cylinder, the following three types of

distribution of sy are assumed:
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a) Triangular: The mobilized shear strength is zero at the center and increases linearly to the
maximum value at the periphery,

b) Uniform: A constant s, like that at the periphery, is mobilized over the whole area, and

c) Parabolic: The shear strength is zero at the center and maximum at the periphery, and

mobilized s, varies parabolically.

For these three distributions, the maximum torque (Tmax) IS related to the shear strength and

dimension of the vane as:

D?H D3 (4.2)
Tnax = TSy vane <% + f)

D?H D3 (4.2)
Tnax = TSy_vane <% + f)

D?H 3D3 4.3
Tnax = TTSy_vane <% + 206> ( )

where sy_vane IS the undrained shear strength estimated from the vane shear test. In these equations,
De and He represent the “effective” diameter and height of the vane, respectively. In FE analysis,
the calculation is performed using the effective dimension because the failure occurs through the
element (integration point) next to the blade. In this study, De and He are calculated by adding one
element of thickness (i.e., half of element thickness from both sides) to the diameter and height of
the vane, respectively. In this simulation, D = 65 mm, and H = 130 mm. The element thickness
near the tip of the blade is ~3.75 mm, and immediately above and below the vane is ~6.5 mm,

which gives De = 68.75 mm and He = 136.5 mm.
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Figure 4.4 shows that the torque (T) increases with rotation (), reaches the maximum at 6 ~ 2°,
and then remains constant. One key observation is that the torque increases slowly with rotation
for the cases when the vane was penetrated first and then rotated, as compared to that of only
rotation cases. However, in both cases, the same value of maximum torque is found. Kimura and
Saitoh (1983) also found the maximum torque appeared at a slightly larger rotation angle when

the vane was penetrated before rotation was applied.

The von Mises and Tresca failure criteria are commonly used to model the undrained behaviour
of clay. When the yield strength is defined using the Tresca failure criterion, it basically defines sy
in triaxial condition (the same for triaxial compression (TXC) and triaxial extension (TXE)), as
shown in the inset of Fig. 4.4. However, most of the elements near the cylindrical rupture surface
are close to the plain strain (PS) condition (shown by the triangle in the inset of Fig. 4.4). In other

words, to mobilize similar sy on the ruptured surface, a higher value of sy should be given when
modelling with Tresca criteria, which is 2/+/3 times the value of s, used in FE modelling with von

Mises criteria. When an analysis is performed with Tresca criteria with oy, = 2[(2/+/3) x 30 kPa]

and 2[(2/+/3) x 60 kPa], exactly the same torque—rotation curves shown in Fig. 4.4 are obtained.
This implies that the elements which are in PS conditions primarily control the torque—rotation
relationship, and the von Mises yield criteria with the inscribed circle could be used to simulate
this. The use of von Mises criteria has some advantages in defining the strain-softening using this
software because of its simplicity in the calculation of accumulated plastic shear strain, as

discussed in the following sections.
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Using Egs. (4.1)~(4.3), Tmax is calculated with s, yane = (2/v/3) X 30 kPa and (2/+/3) x 60 kPa
is calculated, which give Tmax 0f 39.4—40.8 kN-m and 78.7-81.7 KN-m, respectively, for these two

shear strengths. These values are comparable to the FE calculated values in Fig. 4.4.

De Alencar et al. (1981) conducted a two-dimensional FE simulation, which gives the torque only
from the cylindrical surface. Compared with the analytical solution (Tyax = Sy vaneDZ/2 for a
unit height of the vane derived from Eq. (4.1)), they showed that the Tresca criterion
underestimates and von Mises (circumscribed) criterion overestimates the FE calculated value.
This discrepancy has been clarified from the present simulations. That is, if the three-dimensional
simulation is performed with an actual height of the vane with a Tresca or inscribed von Mises
criterion, the FE calculated maximum torque matches the analytical solution, provided Sy vane iS
considered for the triaxial condition. In other words, based on measured torque in the field, the
calculated sy_vane Using Egs. (4.1)—(4.3) represents the strength in the triaxial condition, not in plane

strain conditions.

4.6.2 Vane shear tests in sensitive clay

Sensitive clays show a significant strain-softening behaviour during undrained loading. Strain
softening could disturb the soil and affect torque-rotation behaviour. In addition, the rate of
shearing could affect undrained shear strength behaviour. The effects of strain rate and strain

softening are investigated in this section.

The mobilized undrained shear strength (s, ) of the sensitive clay is modelled as:

Su = fleSuy (44)
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where f; is a strain-softening factor, f is a strain-rate factor and s, is undrained shear strength at

a very low strain rate, which are described by the following equations:

s s
(SuR (1 _ LR) ¢ ~38/805 if0 <8 < 284
Suo Suo
SurR Sur — Suld 0 — 2895 .

=< —— +cif26: <6 < 6 4.5
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if &> 84

B (4.6)
en

ref.

The details of these equations have been discussed in Chapter 3.

Figure 4.5 shows the calculated torque where the effects of strain softening and strain rate on s,
are implemented using Egs. (4.5) and (4.6), respectively. Other soil parameters used in these
simulations are shown in Table 4.2. The simulations are performed only for rotation and
penetration followed by rotation. Note that in both cases, three-dimensional modelling is
performed. In both cases, the torque reduces after the peak value (Tmax). Figure 4.5 shows that Tmax
is 39.6 kN-m and 25.6 kN-m for the only rotation and full model (penetration plus rotation),
respectively, which implies that soil disturbance due to penetration reduces the Tmax by 35%
(= (39.6-25.6)/39.6). The value of Tmax for the full model is approximately 65% of that in rotation-
only cases, which is because of soil disturbance due to penetration. Further details on soil
disturbance in terms of plastic shear strain generation are provided in the following sections. At a
large rotation (e.g., = 90°), FE calculated torque is almost the same for both cases, because the
mobilized strength on the cylindrical rupture surface is almost the same at this stage. The rotation

could be continued without any numerical issues; however, it is not performed, for two reasons:
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(i) even in the field, the fully remoulded shear strength conditions do not develop, even after a

number of rotations, and (ii) response at this strain level is not the focus of the present study.
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Figure 4.5: Torque for strain-softening behaviour

The percentage of decrease in maximum torque due to penetration disturbance also depends on the
initial undrained shear strength of the soil. Figure 4.6 shows that the percentage of decrease in
maximum torgue due to penetration reduces with an increase in the initial undrained shear strength

of the soil. The penetration induced disturbance effects on Tmax reduces for larger Syo.
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Figure 4.6: Effect of initial undrained shear strength maximum torque

4.6.3 Effect of blade thickness

Figure 4.7 shows the calculated maximum torque and torque at a sufficiently large rotation, both
for the full model and only rotation cases. For the full model, the maximum torque decreases with
an increase in blade thickness. It has been assumed in previous studies that an extrapolation of the
results to the zero-blade thickness provides an estimation of undrained shear strength without any
disturbance effect caused by vane insertion (La Rochelle et al. 1973; Chandler 1988; Cerato and
Lutenegger 2004). The shear strength at the zero-blade thickness is called “zero disturbance” shear
resistance. These studies found an approximately linear relationship between the blade thickness
or perimeter ratio and the maximum undrained shear strength. The present FE simulations also
show a linear relationship. An approximately 12% increase in the maximum torque at zero blade
thickness, compared to that of 2 mm blade thickness (perimeter ratio, a = 3.9% and Suo/Sur = 5), IS

found, while the increase is 19% for syo/sur = 10.

76



The only rotation model calculates significantly higher maximum torques than that of the full
model. As an example, for 2-mm blade thickness, the only rotation model calculates Tmax = 39.6
N-m while it is 25.6 N-m for the full model. This implies that the penetration of the vane has a

significant influence on the maximum torque in the tests in sensitive clays.

La Rochelle et al. (1973) found an increase in undrained shear strength of about 15% for the Saint-
Louis site and 11% for the Saint-Vallier site when they were extrapolated to zero-blade thickness.
Roy and Leblanc (1988) found an approximate increase in undrained shear strength of about 6.5%
and 9% higher than the standard vane in the Saint-Alban and Saint-Louis sites, respectively. They
also found that disturbance varies not only with blade thickness but also with clay types. La
Rochelle et al. (1973) have used a larger perimeter ratio vane and found more disturbance for the

Saint-Louis site than that reported by Roy and Leblanc (1988).

The maximum torque is almost independent of blade thickness for the only rotation model (Fig.
4.7). Figure 4.7 also shows that, at a large rotation (90°), the calculated torque is almost the same
for both models (only rotation and full model), and is independent of blade thickness. As
significant remoulding occurs at this rotation level and there is no significant difference in
mobilized shear strength of the severely remoulded soil, therefore, an almost similar torque is

calculated for all the cases.
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Figure 4.7: Effect of blade thickness on peak and residual torque

4.6.4 Effect of sensitivity (Suo/Sur)

Figure 4.8 shows the effects of syo/sur 0N the maximum torque and the torque at sufficiently large
rotation (90°). For the only rotation model, the maximum torque is almost the same, independent
of suwo/sur. However, in the full model, the maximum torque also decreases with an increase in
Suo/sur. The higher the value of syo/sur, the higher the shear strength degradation during penetration,
which influences the mobilized torque during rotation. Therefore, smaller torque is calculated even
in the pre-peak state of rotation in the full model. At large rotations, the soil becomes highly
remoulded, and no significant difference in torque is found for the only rotation and full model
simulations. However, the calculated torque at this stage is higher for lower suo/syr. Note that the
rotation does not cause extremely large shear displacements (e.g., did in EQ. (4.5)); therefore, the

torque is still dependent on syo/Sur.
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4.6.5 Effect of penetration depth

In the field, the vane is normally penetrated to 5 times the diameter of the borehole. However,
numerical simulation of such penetration depth will be computationally very expensive, as fine
mesh has to be used to model the soil around the thin blades. Figure 4.9 shows the torque-rotation
graphs for 65 mm, 130 mm, and 260 mm (d1 = D, 2D, and 4D as shown in Fig. 4.1) penetrations
prior to rotation. In the case of 65-mm penetration, the maximum torque is considerably higher
because of less disturbance during penetration. However, for the 130-mm and 260-mm
penetrations, the calculated torque is almost the same. This implies that the soil disturbance around
the vane would be similar if it penetrates a sufficiently large distance. Therefore, all the simulations

in this study are performed with 130 mm penetration.
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Figure 4.9: Effects of penetration depth prior to rotation on torque

Figure 4.10 shows the equivalent plastic shear strain (eg ) at the end of penetration at three different
sections of vane: top, middle, and bottom. For the case of 65-mm penetration depth, sé’ is not well
developed around the top section of the vane because the vane is not penetrating through this
section. However, in the case of 130-mm penetration, eg is fully developed throughout the depth
of the vane. Also, no significant difference is found for a larger penetration depth (260-mm),
because, starting from 130-mm to a larger penetration depth, the soil contributing to the torque is

disturbed throughout the depth of the vane.
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Figure 4.10: Equivalent plastic shear strain for different penetration depths: (a—c) for 65 mm and

(d—f) for 130 mm

4.6.6 Stress distribution on the vertical plane

Figure 4.11 shows the variation of normalized von Mises stress (ce/oyo) along a vertical path at
45° from the blade in the soil domain, as indicated by a red dotted line in Fig.4.11. This figure
shows the variation of stress for an elastic perfectly plastic soil model for different rotations. As
shown, the stress is maximum at the top and bottom corners of the vane. That means the shear
stress is higher at the ends than in the middle. At peak and post-peak conditions, a uniform shear
stress distribution along the edge of the vane is found. Also, on the cylindrical surface, full shear
strength is mobilized. Note that the distribution of shear stress on the horizontal plane has been

discussed in Chapter 3 from two-dimensional simulations.
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Figure 4.11: Shear stress distribution on the vertical plane for elastic perfectly plastic soil model

Figure 4.12 shows the variation of normalized von Mises stress (ce/oyo) for sensitive clay. From
the start of rotation up to the maximum torque, it follows the same pattern as shown above (Fig.
4.11) for the elastic perfectly plastic soil model. At the post-peak region, stress starts to decrease
because of the strain-softening behaviour of the soil. The decrease in ce/oyo is initially higher at
the middle of the vane than at the top and bottom corners, and at remolded conditions, the

distribution is uniform throughout the height of the vane.
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Figure 4.12: Shear stress distribution on a vertical plane for soil model with strain rate and strain

softening effects (695 = 0.03 m)

4.6.7 Effect of post-peak strength degradation parameter (8gs)

In addition to Suo/Sur, the parameter dgs in Eq. (4.5) controls the softening rate—the higher the dgs,
the slower the post-peak shear strength degradation rate. Figure 4.13 shows the simulation results
of a set of analyses with 895 = 0.1 m, 0.03 m, and 0.01 m. For the only rotation model, all the values
of d95 give the same maximum torque, and the torque decreases with rotation. The smaller the

value of g5, the faster the reduction of torque. In the full models, the peak strength is also less for
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smaller values of dg5, which is because of higher disturbance during penetration, as discussed in
previous sections. At large rotations (6 > 80°), the calculated torque is almost the same for 8¢5 =
0.03 m and 0.01 m because of sufficient remoulding of soil. However, the shear strength degrades

slowly for 695 = 0.1 m; therefore, it gives slightly higher torque even at this level of rotation.
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Figure 4.13: Effect of post-peak strength degradation parameter (d9s)

4.6.8 Velocity profile

Figures 4.14 and 4.15 show the instantaneous velocity vectors of soil elements for different soil
properties and at different times for the only rotation model and full model, respectively. For the
only rotation model, the instantaneous velocity vectors of soil particles are always on a circular
path and independent of soil properties. Figure 4.14 shows the velocity vectors of soil elements

when the maximum torque is mobilized for different soil models and only rotation cases.
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In the case of the full model, the instantaneous velocity vectors of soil particles depend on soil
properties. The instantaneous velocity vectors are almost circular for the elastic perfectly plastic
soil model (Fig. 4.15(a)). However, the scenario is very different with an increase in Syo/Sur. FOr
sensitive soil, due to the penetration of the vane, soil close to the vane gets disturbed, and the
disturbance is more for a larger suo/Sur. For soil with syo/sur = 2.5, no significant difference is found,
compared with the elastic perfectly plastic soil model. However, for syo/sur = 5, there is a tendency
of diagonal movement of some soil elements; in fact, some soil elements move inward. The
instantaneous velocity of the soil is in a circular path when the rotation is around 45°. The soil
around the vane gets more disturbed due to penetration for higher suo/Sur. FoOr suo/Sur = 10, some
soil elements show inward instantaneous velocity, and after rotation to ~45°, the velocity profile

is almost circular.
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Figure 4.14: Velocity vectors of soil elements for only rotation model
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Figure 4.15: Velocity vectors of soil elements for full model
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4.6.9 Normalized penetration resistance

During penetration, soil gets disturbed, and the disturbance depends on several factors. The amount
of disturbance affects the response in subsequent rotation. In this section, the discussion is focused
primarily on normalized penetration resistance (N) versus penetration depth, the effect of blade

thickness (e), and post-peak shear strength degradation parameters (Suo/Sur and dgs).

In the undrained analysis, if a body is penetrated into the soil, the penetration resistance comes
from two sources: resistance due to the shear strength of the soil (Fs) and self-weight. Self-weight
is like buoyancy force (Fy). The resistance provided by soil is obtained as Fs = F — Fy, where F is
the total resistance. Fy is calculated by multiplying the vane volume with the unit weight of the
soil. Then, the normalized penetration resistance is calculated as N = Fs/suAv, where Ay is the cross-

sectional area of the vane. Here, only the cross-sectional area of the vane is used to calculate N.

Figures 4.16(a)—4.16(c) show the normalized penetration resistance for different e, suo/Sur, and dgs,
respectively. An increase in blade thickness decreases the normalized penetration resistance
because the larger blade thickness causes more disturbance of the soil, resulting in lower
normalized penetration resistance (Fig. 4.16(a)) (when the values of syo/Sir = 5 and 895 = 0.03 m
are kept the same for all the cases). Figure 4.16(b) shows the comparison between penetration
resistances for an elastic perfectly plastic soil and sensitive clays (Suw/sSur = 2.5, 5 and 10) when
blade thickness, e = 2 mm and 895 = 0.03 m, are kept constant. For the elastic perfectly plastic soil,
the normalized penetration resistance is higher, and it remains constant after the maximum value,
as there is no degradation of shear strength. However, the normalized penetration resistance
decreases in sensitive clays, and the decrease is higher for larger suo/sur. Figure 4.16(c) shows the

effect of 695 on normalized penetration resistance when blade thickness, e = 2 mm and Syo/Sur = 5
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are kept constant. A lower value of dgs means the undrained shear strength degrades quickly,

resulting in lower normalized penetration resistance.
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Figure 4.16: Normalized penetration resistance: (a) effect of blade thickness (e) (b) effects of

Suo/Sur; and (c) effects of dgs

The amount of disturbance during vane penetration also affects the response in subsequent
rotation. In other words, penetration plays a very significant role in vane shear tests. In the present
study, it is also found that after a certain level of penetration, there is no significant change in
normalized penetration resistance, and that is why further penetration is not considered in this
study, to save the computational cost. However, to check if there is any effect of larger penetration
depth, one analysis is performed where the vane is penetrated to 260 mm prior to rotation (as

discussed above); however, no significant change in torque—rotation response is found.

4.6.10 Effect of tapering
The ends of the vane may be flat or tapered. The taper angle is usually 0° for a rectangular vane

and 45° for the typical tapered vane. The tapering can be on both ends or only at the bottom of the
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vane. The upper tapered vane has the advantage during withdrawal, and the bottom tapered vane
can be used to facilitate penetration into the soil (ASTM D2573, 2018). The tapered vane is also
used for measuring the anisotropic effect. Silvestri and Aubertin (1988) used both rectangular-
shaped and diamond-shaped vanes to study the effect of anisotropy on undrained shear strength,
though anisotropy is beyond the scope of the present study. Only a bottom tapered vane is used in

the present study, to investigate the effect of penetration on isotropic soil.

The general expression for calculating the undrained shear strength from the measured torque for
different types of vanes (such as rectangular, only bottom taper, and both ends taper, as shown in

Fig. 4.17), is (ASTM D2573, 2018):

12 Trax (4.7)

Suo = X K
D D
2
T (cos(m  cosGy) T oM )

where syo = peak undrained shear strength (kPa or 1b/ft?); Tmax = measured maximum torque from
the field (N-m or Ib-ft); D = diameter of vane (mm or in); H = height of vane (mm or in); it = angle
of taper at the top of the vane; is = angle of taper at the bottom of the vane; K = 10° for the Sl units

and 1728 for the FPS unit.

In this section, analysis is performed for a rectangular and a bottom taper vane for both the full
model and only rotation model. Figure 4.18 shows the torque—rotation relation up to a rotation of
90°. No significant effect of tapering is found. The calculation of peak undrained shear strength
based on Eq. (4.7) is given in Table 4.3. However, it should be noted that the results might vary

for anisotropic soil, which has not been investigated here.
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Figure 4.18: Effect of vane tapering on torque—rotation relation
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Table 4.3: Peak undrained shear strength for rectangular and tapered vanes

Parameters Rectangular vane Bottom taper vane
Tmax (Maximum torque) (N-m) 39.60 40.53
D (mm) 65 65
H (mm) 130 130
it (°) 0 0
is (°) 0 45
sw (kPa) 39.34 39.11

Figure 4.19 shows the result of penetration resistance for rectangular and tapered vanes. Again, no

significant difference in penetration resistance due to tapering is found.
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Figure 4.19: Effect of vane tapering on penetration resistance
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4.6.11 Mesh sensitivity

Analysis is also performed with a smaller mesh to investigate the effects on normalized penetration
resistance (N) and equivalent plastic shear strains’ (gg) propagation during vane penetration. The
larger mesh (see inset of Fig. 4.20) is used for all the analysis in this chapter, and the smaller mesh
(see inset of Fig. 4.20) is used only for the mesh sensitivity analysis. The analysis is performed
with a simple elastic perfectly plastic soil model, and the normalized penetration resistance is
shown in Fig. 4.20; no significant difference in penetration resistance is found in the result. Figure
4.21 shows the sg for the smaller and larger mesh during penetration. Figures 4.21(a)—4.21(c) are
for the fine mesh and Figs 4.21(d)—4.21(f) are for the coarse mesh. Firstly, the strain initiates from
the face of the vane blade, then it increases continuously in the radial direction, and the strain
distribution pattern is quite similar for different mesh sizes. The dense mesh is computationally
very expensive. The simulation with the finer mesh took 157 hours, whereas the coarser mesh took
9 hours for 130-mm penetration with a 3.4 GHz Intel Core i7 processor and 16 GB RAM, and was

not feasible. That is why a slightly larger mesh is used for all the analysis.
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Figure 4.20: Mesh sensitivity analysis for normalized penetration resistance (a) for elastic

perfectly plastic soil model (b) for soil model with strain rate and strain softening effects
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Figure 4.21: Effects of mesh size on strain propagation during vane penetration: (a—c) for fine

mesh and (d-—f) for coarse mesh

4.6.12 Energy verification

The analysis in the present study has been done using explicit analysis. The solution from the
explicit analysis is conditionally stable, so it is recommended to check the relevant energy to ensure
the quasi-static condition. In the present study, all the analyses are performed for a quasi-static
condition. The penetration velocity (vp) and rotation rate of the vane should be sufficiently small
to minimize the inertia effects. Therefore, considering the computational cost and by ensuring a
quasi-static condition to minimize the inertia effects, all the analyses presented in the study are
conducted with vp = 0.15 m/s and 24°s rotation rate. The rotation rate is a 240 times faster rate
than the standard field vane rotation rate 0.1°/s. Therefore, the y obtained from FE is divided by

240 to calculate f» using Eq. (4.6). All the analysis has been done considering smooth interface

97



conditions. Analysis has also been done with lower penetration velocity and rotation rate, but no
significant change is found in the result. So, the penetration and rotation rate have been chosen
accordingly to reduce the computational cost without hampering the result. In general, for a quasi-
static analysis, the model’s kinetic energy should not exceed 5%-10% of its internal energy
throughout the simulation (Robert et al. 2020). The internal and Kinetic energy variation for the

analysis with soil property shown in Table 4.2 is shown in Fig. 4.22, which clearly shows that the

quasi-static condition has been satisfied.
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Figure 4.22: Energy variation of the analyses

4.7  Summary

This chapter presents three-dimensional large deformation FE modelling of vane shear tests in soft
sensitive clay. Both penetration and subsequent rotation are simulated. Some simulations are
performed only for rotation to investigate the effects of penetration. It is found that large
deformation FE simulation is needed to understand different aspects affecting the vane shear test
results. The penetration of the vane prior to rotation could cause disturbance of the surrounding

soil and result in lower undrained shear strength, and the disturbance is more for sensitive clays.
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Different factors such as the post-peak strength degradation parameter (3¢s), blade thickness (e),

and sensitivity contribute to the extent of disturbance caused during vane penetration.
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Chapter 5: Conclusions and Future Recommendations

51  Conclusions

Proper estimation of soil parameters is necessary for safe and economical geotechnical engineering
design. The undrained shear strength of soil is one of the critical design parameters, which can be
obtained from field and laboratory tests. Among different field tests, the vane shear test has been
widely used for characterizing soft and sensitive clays. Although the test is relatively simple, the
interpretation of the results is difficult, as some assumptions have to be made to calculate the
undrained shear strength, and several factors influence the results. The interpretation is more
complex for highly sensitive clays because of the strain-softening behaviour of the soil. The
mechanisms involved and potential sources of uncertainties can be evaluated through numerical

modelling.

The present study investigates the soil failure mechanisms during the vane shear test and the factors
affecting the test results through large deformation finite element modelling. The Coupled
Eulerian-Lagrangian (CEL) approach available in Abaqus FE software is used for numerical
simulations. A strain-softening and strain-rate dependent undrained shear strength model is
implemented. Analyses are performed for two- and three-dimensional conditions. A set of analyses
involves penetration of the vane prior to the rotation, to identify the effects of soil disturbance due
to penetration on the measured torque. A comprehensive parametric study is performed to show

the effects of key factors. The following conclusions can be drawn from this study:

i) Abaqus CEL can model the complete phenomena involved in the vane shear test, including

the progressive formation of failure planes and strain localization.
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ii) Failure initiates from the tip of the vane blade where the shear stress is maximum. For

sensitive clays, the initially developed failure surfaces form a rounded square-shaped soil
block; however, with further rotation, the failure block becomes a circular one after

mobilization of peak torque.

iii) Two-dimensional analysis shows a parabolic distribution of shear stress on the horizontal

plane. The shear stress distribution remains the same after mobilization of the maximum
torque for the elastic perfectly plastic soil model. However, for sensitive clays, further

rotation after the peak torque results in a reduction of shear stress distribution.

iv) Three-dimensional analysis shows higher shear stress at the ends than in the middle of the

vane at the pre-peak condition and a uniform shear stress distribution at peak and post-peak
conditions for the elastic perfectly plastic soil model. However, for sensitive clays, further
rotation after the peak results in a reduction of shear stress. The decrease is initially higher
at the middle of the vane than at the top and bottom corners, and at remolded conditions, a
uniform distribution is observed throughout the height of the vane.

Penetration of the vane could significantly disturb the surrounding sensitive clays and
thereby reduce the maximum torque during rotation. For the cases analyzed, the
penetration-induced disturbance can reduce the maximum torque up to 35% of that

obtained without considering penetration effects.

vi) The extent of disturbance due to penetration of the vane depends on several factors. Thicker

blades, higher sensitivity, and a faster rate of post-peak strength degradation increase the

disturbance of surrounding soil.
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5.2  Future recommendations

The numerical analyses presented in this thesis shows some important features that should be taken
care of while designing geotechnical structures based on the undrained shear strength measured
by the field vane shear test. However, there are some limitations, which may be addressed in future

studies.

1) Although the element size scaling rule is used to minimize the mesh size-dependency of
the solution, further studies could be performed to develop a better approach.

i) The effects of anisotropy are not considered in the present study, which could be significant
in sensitive clays.

iii) Some advanced experimental study could be performed to quantify the effects of
penetration disturbance and the development of a better strain-softening model.

iv) The analyses presented in this thesis are performed for a fixed vane dimension (65-mm

diameter and 130-mm height). Analyses could be performed for varying vane dimensions.
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