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Abstract

Experience with the shear strength determined with the field vane has shown that the
measured values of the strength, normalized with the effective overburden stress, Suw/c'vo,
are often lower than 0.1 for normally consolidated quick clays of low plasticity. This
undrained shear strength ratio is less than one third of the corresponding undrained strength
measured in a triaxial active test in the laboratory. For more plastic clays and
overconsolidated clays, however, the difference between field vane and triaxial active shear
strength is found to be less. The ratio of the two strengths might even be close to unity in
some cases. The explanation for this phenomenon is not that the insertion of the field vane
causes disturbance and remoulding in soft, sensitive clays. With a revised failure criterion
for soft, contractant clays, it is possible to express the vane strength in terms of effective
stresses, and thus to explain the differences in the shear strengths measured by the vane and
in the laboratory. It is concluded that the directly measured vane shear strength values do
not constitute, in most cases, a representative strength for stability analysis, for instance for
embankments and excavations. A method for correcting the vane shear strength for stability
analysis in practice is proposed.

Introduction

The main objective of the study is to express the shear strength obtained with the field vane test
in terms of effective stresses, and to develop a deeper understanding of the factors that control
the undrained shear strength measured by the field vane. The study collected an extensive series
of data from field vane and laboratory shear tests and compared the values of undrained shear
strengths from each of the different methods of testing. An important part of the study was to
make an interpretation of the vane test in light of a recently extended failure criterion for
contractant clays (Aas, 1986; Aas and Lacasse 2021a). Once the new understanding was
established, the aim of the work was to establish a modified correction factor to apply to the
measured vane shear strength for design.

A method was also developed to derive the coefficient of earth pressure at rest in situ, Ko, by
combining the measured values of field vane and triaxial active strengths.

Shear strength obtained from the field vane

If one assumes equal values and simultaneous mobilization of shear strength on the cylindrical

and the two horizontal end failure surfaces in a vane shear test, the "average" vane shear
strength, suv, for square-ended vanes is given by the expression:
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suv = T/(M27r D?H + Y 7 D3) 1)

where T denotes the maximum applied torque and D and H are the vane diameter and height,
respectively. If one assumes that the shear strength on the horizontal end surfaces, sn, differs
from the shear strength on the vertical cylindrical surface, sy, EQ. (1) may be re-written:

swv = (Sv + Y3 DIH-sn)/(L + /5 D/H) @)

In particular, for a vane with height to diameter ratio, H/D, of 2, the expression for the field
vane strength, suv, becomes:

Suv = 6/7 Sv + 1/7 Sh (3)
For values of sn/sy between 1.5 and 2.0, the difference between sy and sv is between 7 to 14% only.

In the rest of the paper, the term "vane shear strength” will, for simplicity, be used for the
vertical shear strength sv. The influence of strength anisotropy will be discussed later in the
paper. A detailed description of the correct procedures for performing vane tests in Norway is
given by Aas et al. (1986) and in different standards, including ASTM (2009).

Stress conditions around the vane
Insertion of vane and stresses around the vane

On the basis of pore pressure measurements in connection with vane-triaxial tests, the insertion
of the vane creates a substantial increase in pore pressure in the surrounding clay (Kimura and
Saitoh, 1983). It is reasonable to believe that, in a saturated clay, this rise in pore pressure should
correspond closely to the increase in total horizontal stress, and hence, cause no changes in
effective stresses in the clay. Reported measurements of effective stresses in a triaxial specimen
before and after the vane insertion (Matsui and Abe, 1981) appear to support this assumption.

Any subsequent dissipation of excess pore pressure will have to be accompanied by a decrease
in the total horizontal stress, because the clay, as a result of the specific boundary in situ
conditions, cannot undergo any volume changes. Consequently, one should expect rather
limited changes in the effective stresses in the clay even in tests where there is a considerable
delay between insertion and rotation of the vane (consolidated tests).

Application of torque and zone of shear distortion

Fundamental to any interpretation of the vane test are the assumptions made regarding the
interaction, or mode of transfer of stresses, between the vane and the clay when rotating the
vane to failure. As a consequence of the axisymmetric geometric conditions of the vane, all four
blades have to be deflected and rotate in exactly the same manner. Hence, soil distortion in the
sectors between adjacent blades will not contribute to the resisting torque. Matsui and Abe
(1981) investigated experimentally and analytically the shear mechanism of the vane shear test
in soft clays, and concluded that the normal effective stress in front of and behind the blades
remained essentially constant. This means that the point of application of the reaction forces
between clay and vane are located at the blade edges, thus causing a concentration of shear
distortion in a limited zone circumscribing the vane. Such a concentration of reaction forces at
the edges of the vane blades has been confirmed in an in situ test with an instrumented vane in
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London clay (Menzies and Merryfield, 1980). In addition, the presence of a narrow ring of
strained clay next to the edges of the vane blades has also been observed in the laboratory with
the help of X-ray photographs (Kimura and Saitoh, 1983).

Failure mechanism in field vane test

Based on the stress conditions and observed distortion around the vane, the failure mechanism
in a vane test appears to be very similar to that in a simple shear test, implying uniformly
distributed shear stress and strain all over the cylindrical shear zone circumscribing the vane.

Undrained shear strength concept for contractant clays

A method is proposed using new ideas concerning the assumption of a fundamental failure
criterion valid for undrained loading of soft, contractant clays exposed to a brittle failure. The
method can be explained with a triaxial active test on a specimen consolidated under in situ
stresses, i.e. ¢'vo and Ko:d'vo, Where Ko is the coefficient of earth pressure at rest.

If a saturated clay specimen is loaded undrained to failure in the triaxial compression (active)
mode, the effective stress path is independent of the applied total stress changes. This means
that not only the maximum shear stress and the corresponding effective normal stress, but also
each of the two effective principal stresses at failure, o'1r and o'ss, are entirely defined by the
consolidation stresses and stress history.

If such a clay has been subjected to creep due to ageing, weathering or overconsolidation, it can
withstand an increase in the effective vertical stress from o'y, to a higher value o'e without
undergoing plastic strain. This clay, which will have a higher effective horizontal stress, Ko: ¢'vo,
compared to the original young clay, does not undergo plastic deformations and is able to reduce
o'n back to the value for the young clay, c'vo(1 — Sing'm), where ¢'m is the mobilized friction
angle (Aas and Lacasse, 2021a).

In addition, the effective horizontal stress may be further reduced, as a result of the mobilization
of attraction. Attraction is assumed to be due to net attractive forces acting across the water-
films constituting the contact points between clay particles. Attraction acts like a tension
reinforcement in the clay. It requires practically no deformations to be activated. In a given
clay, the attraction will increase with decreasing distance between clay particles, and is
therefore a function of the existing consolidation stress, o'vo. Consequently, the principal
stresses (o'1 and o'3) at failure in the triaxial specimen become o've and o'vo'(1 — Singm —%),
respectively. The parameter y denotes the relative material attraction and o'vo represents the
effective stress normal to the attractive force. The two principal, or limiting, stresses result in
the following expression for the active undrained shear strength, sya:

sua = Yo(c'1r — 0'3t) = Y200 (y + SiNgm +0'vel Gvo — 1) 4)
where o1t = Major effective principal stress at failure
o' = Minor effective principal stress at failure
ovw = Insitu effective overburden stress
x = Relative material attraction
'm = Mobilized friction angle

ove = Mobilized effective vertical stress
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Standard field vane test

A very important condition for the interpretation of the field vane test, as indicated above, is
that there cannot be any volume change and, hence, no change in the width of the cylindrical
shear zone around the vane. As a consequence, the effective radial stress remains constant
during a field vane test. Considering a clay that has undergone confined consolidation, this
radial effective stress will be equal to Ko:c'vo. This means that an element in the cylindrical
shear zone has effective stresses comparable to that of a specimen in an active triaxial test. If
the clay element had been consolidated under a vertical stress o'vo, the lowest possible effective
horizontal stress it can sustain without undergoing active failure, is equal to the lower limiting
stress (minor principal stress) in active shear, o'sr . When this limiting value is reached, the clay
starts to yield, initiating a structural break-down which rapidly leads to failure along the vertical
cylindrical surface circumscribing the vane.

In a quick clay, no adhesion (between the clay and the blades) can be mobilized, irrespective of
a possible relative movement between clay and vane blades. This means that the horizontal
stresses coincide in directions with the horizontal principal stresses. As a result, because of the
conditions of no change in radial effective stress, the intermediate and major principal stress
under field vane testing, o'2tv and o'stv, can be expressed as:

o'2v =Koo'vo + Sv (5)
o'siv = KoG'vo— Sv (6)

As the values of ¢'sf for the clay element in the shearing zone around the vane and in the triaxial
specimen have to be equal, one obtains:

o'3tv = oo (1 —Sing'm — %) (7)
and hence sy = dvo[Ko - (1- y—singwm)] (8)

In the case of a young, normally consolidated quick clay where the coefficient of earth pressure
at rest Ko is equal to 1 - sing'w, the shear strength on the vertical cylindrical surface, sy, becomes:

Sv= YO'vo (9)

If the clay next to the vane is not completely liquefied, a shear stress equal to the remoulded
vane strength, s,', may be mobilized along the blades of the vane at failure. The radial strain
necessary to mobilize this adhesion occurs as a result of a simultaneous contraction and stress
relief in the failure zone at the start of yield. The contraction is caused by inward drainage under
the high pore pressure gradients in the failure zone. The mobilization of radial adhesion along
the vane blade results in a rotation of the horizontal principal stresses and to changes in the
principal stresses by approximately -s," and +s,' compared to the above equations. This leads
to an approximate expression for the shear strength tangential to the cylindrical plane, sv:

sy = dvo[Ko — (1 - y—singwm)] + sv' (10)
Most soft clays exhibit anisotropy and sensitivity. With these characteristics, it can be implied
that one may, without much error, extend the expression to also be valid for the average vane
strength (suv = sy and sy’ = sv'):

suwv = 0vo[Ko— (1 — y—singwm)] + su' (11)
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Anisotropy in undrained shear strength from field vane tests

By combining Eq. (4) and (11) and replacing o've/ o'vo With Ko /(1 — sing'm) for aged clays (Aas
and Lacasse, 2021a), one obtains an expression describing the ratio between the triaxial active
and field vane strengths and how this ratio varies with Ko, mobilized friction angle and y. For
simplicity, the term su/c'vo In Equation (12) was given the value 0.1-s,v/0'vo, COrresponding to
a clay sensitivity equal to 10 (with sensitivity with the field vane or the fall cone). The notation
is defined under Eq. (4) and Ko is the coefficient of earth pressure at rest.

sulsuv = Yo/ Ko I(1 = sing'm) — (L — y —singm// 0.9/Ko — (1 — x = sing'm)/ (12)

Figure 1 illustrates the relationship between the ratio sua/suv and the normalized vane strength
sw/0'vo for 43 sets of data from 20 different locations. The clay deposits included in this data
set have experienced secondary compression, resulting in a value of ¢'ve / &'vo between 1.05 and
1.30. To understand the large range of variation in sua/Suv between 1 and 3.2 for suv/c'vo between
0.1 and 0.5, one needs to consider the values of &'ve /d'vo, y and sing'm (Aas, 1986).
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Figure 1. Relationship between the undrained shear strengths obtained from field vane and triaxial
actives tests on normally consolidated aged clays (OCR = 1.05 — 1.30)

A value of syv/0've equal to 0.10 corresponds to a silty, low plasticity clay, exhibiting a high

friction angle, a low attraction and a modest effect of ageing (small creep deformations). If one
uses values of singw = 0.55, y =0.10 and o¢'ve /6'vo = 1.05 in Eq. (12), the resulting ratio sua/Suv
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is 3.2. Correspondingly, for a plastic clay exhibiting a value of syv/c'v equal to 0.4, reasonable
values of sing'm, ¥ and o've /6'vo could be 0.40, 0.30 and 1.30, giving a ratio Sua/suv of 1.16.

Aas (1965; 1967) measured the ratio of horizontal and vertical shear strength, sn/sy,, determined
by the field vane. To do this, series of tests were run with different shapes of vanes. Table 1
compiles the ratio of horizontal to vertical vane strengths sn/suv for a broad variety of soft clays.

Table 1. Ratio between horizontal and vertical shear strength determined by the field vane.

Clay site Depth Plasticity index Sensitivity Strength ratio  Field vane strength ratio

(m) IP (%) St Su/OJvo Sh/sv Sh/suV

Tensberg 2-8 13 30-80 0.48 1.0 1.00
Manglerud 4-16 8 40-70 0.11 1.5 1.40
Lierstranda 4-20 6 50-150 0.19 2.0 1.75
Fredrikstad 2-12 28 7-10 0.38 1.0 1.00
Drammen 4-14 14 4-9 0.17 1.5 1.40
Kelsas 3-10 6 20-100 0.12 1.8 1.62
Mastemyr 3-12 6 10-100 0.24 1.5 1.40
Stromse 3-11 30 10 0.33 1.0 1.00
12-15 - 2 0.16 1.2 1.17

Bragernes 5-11 - 30 (?) 0.28 1.2 1.17
11-15 - 20(?) 0.12 1.3 1.25

Ska Edeby 3-11 40 11-27 0.30 0.7 0.73
Bangkok 3-10 85 70 0.57 0.7 0.80

Values of sp /sy between 1.5 and 2.0 were reported for lean (I, < 15%), normally consolidated
Norwegian sensitive and quick clays, and a value of 1.0 for the overconsolidated, quick
Tensberg clay. The table also contains earlier unpublished data from a number of other
Norwegian locations. Eide and Holmberg (1972) and Wiesel (1973) reported anisotropy ratios
equal to 0.77 for Bangkok clay and about 0.7 for Ska-Edeby clay. The upper diagram in Figure
2 shows the ratio of horizontal to vertical shear strength from the field vane (sn/suv) versus the
normalized vertical vane shear strength (Suv/c'vo).

Although there are uncertainties about the simultaneous mobilization of shear resistance on the
two horizontal vane end surfaces, it appears reasonable to assume that the derived horizontal
vane shear strength is close to the direct simple shear strength sup. To verify this assumption
indirectly, the ratio of the direct simple shear strength to the field vane strength from the same
database (sup/suv) is plotted versus the normalized vane strength (suv/c'vo) in the lower diagram
in Figure 2. As illustrated in Figure 2, there is a reasonably good agreement between the two
diagrams, thus verifying empirically the validity of the assumption, and supporting the method
of determining horizontal and vertical shear strength from vane borings.

Determination of in situ value of Ko from field vane test

Equation (8) can be rewritten in the following way:

Ko = [0'3t + (Suv — Sw/')]/ w0 (13)
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where ¢'ss is the minor principal stress at failure in a triaxial active test. This means that the
field vane strength can be used in combination with the triaxial test to determine the coefficient
of earth pressure at rest Ko. As indicated above, use of the field vane shear strengths suv and sy’
instead of the actual "vertical™ strengths sy and s'v in Eq. (13) leads to a maximum error of only
a few percent.
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Figure 2. Comparison of horizontal shear strengths derived field vane tests and shear strength
from direct simple shear tests.

Figure 3 demonstrates the graphical determination of Ko on the basis of sw — su/' and the
effective stress path from an anisotropic consolidated undrained triaxial active test with vertical
consolidation stress equal to o'vo. The two tests shown are for a nearly normally consolidated
Ellingsrud quick clay with vane shear strength sw equal to 6 kPa, and the highly
overconsolidated Haga clay with sy,v = 41 kPa and suv'= 9 kPa. The Ko-values for the two clays
obtained from the field vane (see also Aas and Lacasse 2021b) were 0.45 and 1.92, respectively.
The Ko-values of 0.60 for Ellingsrud and 1.40 for Haga shown on Figure 3, were used to
consolidate the specimens in the laboratory, but they were based on an early estimate of Ko
before testing and are not representative of the in situ values.
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For Ellingsrud clay, three Ko-triaxial tests in the laboratory were run to determine the in situ Ko
and suggested values of 0.45, 0.45 and 0.42 (Aas, 1986), which is very close to the Ko-values
obtained with the field vane interpretation in Figure 3.

For the Haga clay, the comparison is more complex because the specimen came from a depth
of only 2.2 m. The material was from a desiccated, fissured crust. The in situ clay at such
shallow depth had also been subjected to many heat/cold, freeze-thaw cycles over the years.
The Ko-value of 1.9 obtained from the field vane interpretation agrees well with the result of
hydraulic fracturing at the depth of 2 m at the Haga site (Bandis and Lacasse, 1986). On the
basis of the correlations by L'Heureux et al. (2017) for Norwegian clay, a Ko-value of 1.92
suggests a clay with overconsolidation ratio of 8. The stress history presented by Bandis and
Lacasse (1986) gives an overconsolidation ratio of 8 at depth 2 m, based on laboratory tests on
Haga clay.

It can be concluded that there is excellent agreement between the field vane-predicted Ko-value
and laboratory and in situ derived values at both the Ellingsrud and Haga sites.

Ko-values determined as from the filed vane test have been compared with field values based
on other in situ testing methods at other sites, i.e. hydraulic fracturing (Bjerrum and Andersen,
1972) and self-boring pressuremeter and dilatometer tests (Lacasse and Lunne, 1982a; 1982b;
1982c¢). The earlier comparisons also show (see Aas et al., 1986) that the field vane approach
to determine the Ko-value in situ gives a good match with hydraulic fracturing and self-boring
pressuremeter, whereas the dilatometer test seemed to overpredict the Ko-values.
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Figure 3. Graphical determination of the in situ value of Ko from field vane strengths and effective
stress paths from undrained triaxial active tests
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Correction of vane strength for design analyses

Aas (1979) found that back-calculated factors of safety, based on field vane strength for a
number of failed embankments and excavations, increased nearly linearly with the average
value of the ratio su//c'vo On the sliding surface. The (uncorrected) calculated factor of safety
(FS) was 1.0 for cases where the suv/c'vo ratio was equal to about 0.22. The (uncorrected) factor
of safety increased to about 2.0 for su /c'vo equal to 0.6, and decreased to 0.6 for suv/c'vo Of
about 0.1. There was therefore need for a correction factor to ensure that the field vane strength
gave a safety factor of unity for the failed embankments and excavations.

Aas (1979) also investigated the ratio between field vane strength and the "average laboratory
strength”, determined as the average of the triaxial active, direct simple shear and triaxial
passive strengths, measured on specimen consolidated to the in situ stresses. Plotting the ratio
Suv/SuLAB against suv/c'vo, the points grouped nicely along the same straight line which was fitted
through the points in Aas(1979).

The average laboratory shear strength thus calculated might constitute a representative mean
value for field strength along a potential failure surface in connection with excavations (base
failures), embankments and shallow foundations (Bjerrum, 1972). Hence, Aas et al. (1986)
presented a diagram where the measured ratio suas /Suv Was plotted against su /o'vo for a large
number of clays (Fig. 4). Two curves were suggested, one for "normally consolidated", and one
for overconsolidated clays. The suggested ratio represented at the time the correction factor by
which the measured field vane strength should be multiplied, in order to give the best estimate
of average field shear strength to use for design.
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Figure 4. Correction factor for the field vane strength su.as/suvas a function of the
normalized field vane strength and the “overconsolidation ratio" (Aas et al. 1986).
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Later experience with practical design showed that these relationships were essentially valid
for low plasticity clays exhibiting a ratio suv/c'vo lower than 0.6. However, the relationship for
overconsolidated clays has proven to be incomplete and probably valid only for loading times
of considerable duration in fissured or dry crust clays.

Figure 5 collates the result of a new study of the relationship suLas /Suv, including contractant
clays from several locations in Norway and abroad, each exhibiting different degree of ageing
or overconsolidation (denoted o've /c'vo). In Figure 5, the clays are separated into categories
with the ratio o've /o'vo, Where o've equals the ultimate vertical failure stress, o's, in an active
triaxial test.
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Figure 5. Field vane correction factor suias/Suv as a function of the normalized field vane strength
and the overconsolidation ratio.

The curve representing the clays exhibiting o've/o'vo < 1.3 and suv/c'vo < 0.6 appears relatively
similar to the earlier curve (Aas et al, 1986) for normally consolidated clay. However, the
diagram in Figure 5 indicates that when the values of &'ve/&'vo increase, higher correction factor
SuLAB /Suv are required for clays with the same value of syv/c'vo . It is interesting to observe that
for clays with an “overconsolidation” ratio exceeding 3, the vane strength seems to be
representative for the actual strength to use in design.

Because experience indicates that the direct simple shear strength often lies halfway between
the triaxial active and passive strengths, and the simple shear strength may give questionable
values in stiffer clays, suLas Was chosen, in the latest study as /2 (Sua + Sup).
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The majority of the correction factors on the shear strength from the field vane test presented
in the literature are a function of the plasticity index (e.g., Ladd et al. 1977), and in the case of
ASTM (2009) and Chandler (1988), as a function of time to failure (mainly for embankments).
No account is taken of overconsolidation ratio. Based on Figure 5, this leads to a conservative
design in overconsolidated clays.

Summary and conclusions

The interpretation of the field vane test, in the light of a revised failure criterion for contractant
clays, makes it possible to explain and understand the values of undrained shear strength
measured in this type of test. Deduced theoretical expressions for vane strength and triaxial
active strength explain why the ratio between those two shear strengths can vary from less than
0.1 in silty, low plasticity, quick clays to about 1.0 in plastic, aged or weathered clays. In the
same way, the study with additional data supports earlier published data for the measured ratio
between horizontal and vertical vane strength.

The study has led to a method to determine the value of the coefficient of earth pressure at rest
by combining the results of field vane and triaxial active tests. Theoretically derived values
have been found to agree fairly well with recorded values in situ with the self-boring
pressuremeter and hydraulic fracturing tests.

An additional study included contractant clays from several locations in Norway and abroad,
each exhibiting different degree of ageing or overconsolidation ratio up to about 1.3. The result
confirm earlier findings that for soft clays with field vane strength ratio of syv/c'vo < 0.6, the
ratio suLas /Suv gives a representative measure for the correction factor by which the measured
field vane shear strength should be multiplied to give a representative field strength for stability
analysis. So, for normally consolidated clays, the same correction factor as earlier published
applies. A new correction factor is suggested for clays with apparent overconsolidation higher
than 1.3.
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