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The undrained shear strength of clay is an important parameter for the design of
embankments, shallow foundations, and pile foundations. Among the various
methods of testing undrained strength, the simple shear is essential when the
shearing mode of the soil surrounding the pile is similar to that in a simple shear
test. This study employs a series of undrained strength tests with a Berkeley
simple shear apparatus. Three reconstituted natural clays and one artificial clay
were tested with a range of coefficients of consolidation. The influence factors,
including sample pre-consolidation pressure, saturation back pressure,
shearing rate, height of specimen, consolidation stress, and lateral stress
ratio, were investigated in undrained simple shear tests. The failure mode in
simple shear and corresponding strength parameters are also examined. Based
on the test data set, models for describing the undrained strength with simple
shear for high plasticity clays are developed and compared to test data for
normally consolidated reconstituted clay. Good agreement between models
and intact Onsoy clay is also observed when allowance is made for the
coefficient of consolidation and strength parameters of undisturbed clay and
in situ stress state.
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1 Introduction

The undrained shear strength of soils is a key parameter in many applications. The
standard methods to determine the shear strength of soils are broadly classified as
laboratory (e.g., unconfined compression, unconsolidated/undrained (UU) triaxial
compression, consolidated undrained (CU) triaxial compression, simple shear, fall
cone, pocket penetrometer, torvane, and laboratory vane) and in situ procedures (e.g.,
cone penetration test (CPT)/T-bar/ball penetration test and vane test). The vane test is
usually considered to give the best result. A penetration test would give crude correlation
to strength unless there is a sufficient empirical or calibrated data set. All penetration tests
need laboratory tests or in situ vane tests to calibrate the conversion factors. The pocket
penetrometer, fall cone, and torvane are all used on the soil before it is extruded from the
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tube section. Like penetration tests, these strength index tests
cannot obtain strength directly and require conversion factors to
calculate strength.

Unconfined compression is the best general-purpose test but
underestimates strength because disturbance decreases effective
stress. In order to reduce the sample disturbance effect, the
recompression method (Bjerrum, 1973) or the SHANSEP
method (Ladd & Foott, 1974) is applied in simple shear and
triaxial tests. The CU test performed in situ confining pressure
overestimates strength because disturbance leads to smaller water
content upon reconsolidation. If the recompression method is
used with the simple shear test, the specimen should be preloaded
to approximately 75%-80% of the estimated preconsolidation
stress of the specimen and then unloaded back to the estimated in
situ vertical effective stress (ISO 19901-8, 2015).

Strengths measured in simple shear are generally lower than
corresponding strengths measured in triaxial compression.
Randolph & Wroth (1981) developed a theoretical expression
between the two types of undrained shear strength. Based on
50 different clay data sets, Mayne (1985) suggested that the
undrained shear strength from simple shear is on the order of
0.7 £ 0.2 of the strength in triaxial compression.

The simple shear strength is sometimes more important
because it represents the average mobilized strength for many
cases (e.g., embankment stability on soft clays, soft ground
beneath spread footings, and shaft resistance along pile
foundations). The mode of shearing of the soil around the
pile is very similar to that in a simple shear test (Randolph &
Wroth, 1981). Furthermore, the intact specimens used in the
simple shear test with a height of 20-30 mm are much smaller
than those used in a triaxial test with a length of 150 mm or
200 mm for offshore clay (Randolph & Gourvenec, 2017).
Therefore, simple shear is more popular than the triaxial test
in the offshore industry due to cost-efficient sampling and rapid
consolidation.

Two commonly used simple shear apparatuses based on
cylindrical samples are the Berkeley simple shear device with
normal rubber membrane (Rau, 1999) and the NGI simple shear
device with a stacked ring or wire-reinforced membrane
1966; Dyvik et al, 1987).
comparisons were made between the Berkeley and NGI
simple shear devices (Acharya & Airey, 2017; Sharma et al,

(Bjerrum & Landva, Some

2017). The Berkeley simple shear device has more clear stress
state but also has the limitation of the non-uniformity of shear
stress. A specimen with a large diameter:height ratio can
minimize the uncertain effect. The stress states, boundary
conditions, and failure modes in simple shear are discussed in
many articles (Prevost & Hoeg, 1976; Wood et al., 1979; Wroth,
1984; Budhu, 1984, 1985; Airey & Wood, 1987; Atkinson et al.,
1991; Reyno et al, 2005; Joer et al, 2010; Verma &
Wijewickreme, 2020).

This paper presents the results of a series of undrained
strength tests using a Berkeley simple shear device. Three
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FIGURE 1
UWA simple shear apparatus.

reconstituted natural clays and one artificial clay were tested
in this program. The influence factors, including sample pre-
consolidation pressure, saturation back pressure, shearing rate,
coefficient of consolidation, height of specimen, consolidation
stress, and lateral stress ratio, were observed in undrained simple
shear tests. Based on test results, an expression of undrained
shear strength was developed for high plasticity clays, which was
verified by tests on “old” UWA clay and intact Onsoy clay.

2 Simple shear test

2.1 Simple shear apparatus and test
procedure

The simple shear apparatus used in this study, shown in
Figure 1, was developed at the University of Western Australia.
This apparatus is also called the Berkeley simple shear device. It
follows a similar approach to a triaxial apparatus, with the
specimen contained by a normal rubber membrane and
subjected to cell pressure, but with the base of the specimen
mounted on a platform that can slide horizontally. Simple shear
tests are performed on cylindrical soil specimens, typically
20-30 mm tall. The
specimen is consolidated in an identical way to a triaxial

50 mm or 72mm in diameter and

specimen, with cell pressure and back pressure applied under
either isotropic or anisotropic stress conditions. Following
consolidation, the undrained test is carried out by closing the
back pressure valve while maintaining a constant specimen
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TABLE 1 Summary of soil parameters.

Clay Onsoy clay Brunei clay Bayswater clay New Kaolin clay Old Kaolin clay
LL (%) 63 60 57 70 61
PI (%) 28 30 26 34 34
Clay fraction (%) 66 49 33 70 79
Organic content (%) 3.7 3.1 9.5 0.2 0
¢, (m*/yr) 1.4 1.8 0.48 7.0 2.0

Note: “New” Kaolin is relative to the UWA; Old Kaolin was used previously. Vertical coefficients of consolidation of clays are derived from consolidometer test under 50 kPa.

height achieved by stopping the motor. The cell pressure is investigate the effect of shearing rate, consolidation stress,
adjusted during the undrained tests to maintain a constant lateral stress ratio K, back pressure, and consolidation strain
total vertical stress. in the tube. According to Table 1, the four high-plasticity clays

have a wide range of consolidation coefficients. Many tests are
repeated.
2.2 Material and specimens preparation

Testing was conducted on four reconstituted clay specimens 3 Undrained shear test results

with high plasticity. Onsoy clay samples were retrieved from a

depth of 3-4m in a test pit in Onsoy, Norway. Brunei clay The height of specimens, excess pore pressure ratios, and
samples were provided in the form of tube samples recovered lateral stress ratios, all at failure, and the undrained strength
over depths between 5 m and 120 m from a single borehole at the ratios obtained in simple shear tests are listed in Table 3.

site. Bayswater clay was obtained using an excavator from a depth
of 4 m-4.5 m in Perth, Australia. New Kaolin clay is artificial clay
currently used in UWA instead of the UWA Kaolin used 3.1 Undrained strength
previously (Lehane et al., 2009; Richardson et al., 2009; Chow

et al, 2014; Mahmoodzadeh & Randolph, 2014). The There was no apparent effect of lower back pressure (BP) and
characterizations of the four clays are listed in Table 1, and consolidation strain on undrained strength, so these tests were taken
the properties of old Kaolin clay are also given. as repeat tests of the base case. The undrained strengths of all repeat

When preparing the clay slurries, all debris, shells or other tests are plotted in Figure 2 with respect to vertical consolidation
contaminants larger than 0.5 mm were first removed. The clay stress. There is a certain range of undrained strength, which may be
was then placed in a high-capacity mixer and mixed to a water due to a lack of uniformity of samples and test operations or
content of approximately 1.75 to 2.0 times the liquid limit. After uncertainty during undrained shearing. However, there is a good
several hours of mixing to achieve a consistent slurry, the samples response trend when plotting the relationship between undrained
were transferred to large “Nally” bins, where they were repeatedly strength and excess pore pressure at failure (Figure 3). The increase
remixed with a hand mixer to maintain sample uniformity. The in excess pore pressure at failure causes a decrease in undrained
clay slurry was poured into 90 mm diameter tubes and strength, which is in good agreement with the principle of effective
consolidated in stages to a final vertical effective stress that stress. That is to say, the uncertainty of the strength during
was usually 3-5kPa smaller than the test pressure. The undrained shearing becomes certain in the effective stress analysis.
samples were then extruded from the consolidation tubes and Figure 4 shows variation in the undrained strength ratio with
trimmed to test specimens using the thin-walled sample cutter. vertical consolidation stress. The undrained strength ratio varies
The specimens were 72 mm in diameter, and the heights after between 0.18 and 0.42, which is much larger than the actual value
consolidation are shown in Table 2. range (Jamiolkowski et al. (1985)). The undrained strength ratio

decreases with the increase of vertical consolidation stress. From
the Jurgenson-Rutledge hypothesis (Rutledge, 1947), the

2.3 Testing program undrained strength ratio is constant for clay soils, assuming
the curve of erlogoy. is parallel to the curve of ep-log(oy-03)s

The testing program is shown in Table 2. It consists of Lehane ef al. (2009) suggested that the undrained strength ratio

17 tests for Onsoy clay, 3 tests for Brunei clay, 6 tests for may reduce slightly with an increase in effective stress level when
Bayswater clay, and 4 tests for new Kaolin clay. Each clay the vertical effective stress is larger than 100 kPa. Boukpeti &
shearing test was conducted in the undrained condition to White (2017) gave a non-linear failure envelope of the power law
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TABLE 2 Testing program.

10.3389/feart.2022.1098846

Test no. K=0"1c/0'\c Shearing rate, v: mm/min Description
Onsoy-SS1 26.3 50 0.5 0.1 Base case @ 50 kPa, K=0.5
Onsoy-SS2 26.0 50 0.5 25 Effect of shearing rate
Onsoy-SS3 24.7 150 0.5 0.1 Base case @ 150 kPa
Onsoy-SS4 26.4 50 0.5 0.1 Onsoy-SS1 repeat
Onsoy-B1 27.8 50 0.65 0.1 Effect of K, Base case @ 50 kPa, K=0.65
Onsoy-B2 26.6 50 0.65 25 Effect of shearing rate
Onsoy-B3 27.6 50 0.5 0.1 Onsoy-SS1 repeat
Onsoy-B4 27.2 50 1 0.1 Effect of K
Onsoy-B5 285 50 2 0.1 Effect of K
Onsoy-B6 27.1 50 0.65 0.1 Effect of lower BP
Onsoy-B7 253 50 0.65 0.1 Onsoy-B1 repeat
Onsoy-B8 24.3 100 0.65 0.1 Effect of consolidation strain
Onsoy-B9 22.8 200 0.65 0.1 Base case @ 200 kPa
Onsoy-B10 27.6 100 0.65 0.1 Base case @ 100 kPa
Onsoy-B11 25.9 100 0.65 0.1 Effect of lower BP
Onsoy-B12 243 100 0.65 0.1 Onsoy-B10 repeat
Onsoy-B13 27.5 100 0.65 0.1 Onsoy-B10 repeat
Brunei-SS1 27.1 50 0.5 0.1 Base case @ 50 kPa
Brunei-SS2 27.1 50 0.5 25 Effect of shearing rate
Brunei-SS3 243 150 0.5 0.1 Base case @ 150 kPa
Bayswater-SS1 26.0 50 0.5 0.1 Base case @ 50 kPa
Bayswater-SS2 25.8 50 0.5 2.5 Effect of shearing rate
Bayswater-SS3 24.6 150 0.5 0.1 Base case @ 150 kPa
Bayswater-B1 26.2 50 0.5 0.1 Bayswater-SS1 repeat
Bayswater-B2 26.6 50 0.65 0.1 Effect of K
Bayswater-B3 24.0 100 0.65 0.1 Base case @ 100 kPa
New Kaolin-SS1 239 50 0.5 0.1 Base case @ 50 kPa
New Kaolin-SS2 23.8 50 0.5 25 Effect of shearing rate
New Kaolin-SS3 23.0 150 0.5 0.1 Base case @ 150 kPa
New Kaolin-SS4 23.8 150 0.5 0.1 New Kaolin-SS3 repeat

Note: To test the effect of consolidation strain, the preconsolidation pressure is 47 kPa, which is much smaller than the test pressure. To test the effect of lower BP, the back pressure is

200 kPa, while in other cases, it is 400 kPa.

relationship when effective normal stress is smaller than 10 kPa.
Therefore, for a large range of stress, the failure envelope would
be non-linear, which means there is a tiny cohesion of about
5kPa for normally consolidated clay while applying the linear
Mohr-Coulomb criterion. That is why the undrained strength
ratio decreases with vertical consolidation stress in low stress and
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only slightly reduces or is nearly constant in moderate or high
stress.

The undrained strength ratio versus the lateral stress
ratio K for Onsoy clay is shown in Figure 5. There is a
clear increasing trend of 1¢/0'yc vs. K. For a certain vertical
consolidation stress, the larger the K value, the lower the void
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TABLE 3 Summary of test results.

10.3389/feart.2022.1098846

Test no. Aug/o’ Ohi/ vt T/ 0"y
Onsoy-SS1 50 0.5 0.1 26.3 0.42 0.95 0.39
Onsoy-SS2 50 0.5 2.5 26.0 0.19 0.96 0.40
Onsoy-SS3 150 0.5 0.1 24.7 0.41 0.90 0.26
Onsoy-SS4 50 0.5 0.1 26.4 0.45 0.93 0.32
Onsoy-B1 50 0.65 0.1 27.8 0.49 0.97 0.31
Onsoy-B2 50 0.65 2.5 26.6 0.24 1.03 0.40
Onsoy-B3 50 0.5 0.1 27.6 0.42 0.89 0.32
Onsoy-B4 50 1 0.1 27.2 0.40 1.01 0.39
Onsoy-B5 50 2 0.1 28.5 0.30 1.15 0.51
Onsoy-B6 50 0.65 0.1 27.1 0.46 0.95 0.30
Onsoy-B7 50 0.65 0.1 25.3 0.46 0.98 0.34
Onsoy-B8 100 0.65 0.1 24.3 0.50 0.95 0.26
Onsoy-B9 200 0.65 0.1 22.8 0.45 0.90 0.26
Onsoy-B10 100 0.65 0.1 27.6 0.45 0.91 0.27
Onsoy-B11 100 0.65 0.1 25.9 0.42 0.96 0.29
Onsoy-B12 100 0.65 0.1 24.3 0.51 0.97 0.24
Onsoy-B13 100 0.65 0.1 27.5 0.45 091 0.28

Brunei-SS1 50 0.5 0.1 27.1 0.38 1.23 0.38
Brunei-SS2 50 0.5 2.5 27.1 0.27 1.20 0.42
Brunei-SS3 150 0.5 0.1 24.3 0.36 0.92 0.27
Bayswater-SS1 50 0.5 0.1 26.0 0.24 0.80 0.38
Bayswater-SS2 50 0.5 2.5 25.8 0.06 0.89 0.40
Bayswater-SS3 150 0.5 0.1 24.6 0.34 0.88 0.29
Bayswater-B1 50 0.5 0.1 26.2 0.28 0.85 0.38
Bayswater-B2 50 0.65 0.1 26.6 0.33 0.97 0.42
Bayswater-B3 100 0.65 0.1 24.0 0.35 0.91 0.33
New Kaolin-SS1 50 0.5 0.1 23.9 0.54 1.04 0.23
New Kaolin-SS2 50 0.5 2.5 23.8 0.48 1.14 0.25
New Kaolin-SS3 150 0.5 0.1 23.0 0.46 0.96 0.18
New Kaolin-SS4 150 0.5 0.1 23.8 0.38 0.92 0.20

Note: In simple shear tests, H=H, and 0,=0"y.

ratio or water content. According to the shear strength
theory developed by Hvorslev (1960), the strength at
failure was a function of the effective normal stress and
the void ratio at failure. Therefore, the increase in K leads
to a decrease in the void ratio, resulting in an increase in
undrained strength. The effect of K on effective stress will be
discussed below.
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Lehane and Jardine (1992) ascribed a moderate positive rate
effect to viscous phenomena combined with variable degrees of
particle sorting within the shear zone. Lehane et al. (2009)
suggested that viscous effects dominate under the fully
undrained condition, which is beneficial to resistance and
strength. An overall increase in undrained strength with
shearing rate was observed for the four clays (Figure 6).
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Although the undrained strength ratio at 0.1 mm/min for each
material varies to some degree, the average values of each
specimen do not change the overall trend of increasing. The
effect of shearing rate on excess pore pressure is much more
significant than undrained strength and will be discussed below.
It appears that the gain of undrained strength for low
permeability clay is mainly caused by smaller excess pore
pressure than viscous effects due to a faster shearing rate.

3.2 Excess pore pressure

Variation in excess pore pressure ratio at failure with
shearing rate is shown in Figure 7. Excess pore pressure
decreases with strain rate after the strain is larger than 5%
(Richardson & Whitman, 1963). At the fast shearing rate of
2.5 mm/min, the shear strain reaches 30% in only 3 min, and the
specimen has already failed. Compared to the slow shearing of
0.1 mm/min, there is not enough time for the pore pressure to
increase fully. However, there is no noticeable change between
the slow and fast rates for new Kaolin clay. This is because the
new Kaolin’s coefficient of consolidation (7.0 m*/yr) is much
larger than the coefficients of the three other clays (0.48-1.8 m*/
yr), and the excess pore pressure is not only related to the
shearing rate but also to the coefficient of consolidation.

To find the effect of the consolidation coefficient, the curves
of excess pore pressure versus shear strain for the four clays are
plotted together, as shown in Figure 8. They are all at an identical
shearing rate of 2.5 mm/min, and the order of the coefficient of
consolidation  is
(Table 1). After the shear strain becomes greater than 10%,
the excess pore pressure of the new Kaolin is greater than that

new  Kaolin>Brunei=Onsoy>Bayswater

of other clays, Brunei’s is close to Onsoy’s, and Bayswater’s is the
smallest. There is a good agreement between excess pore pressure
and the coefficient of consolidation. In other words, the clay with
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the larger coefficient of consolidation is more likely to generate
excess pore pressure under undrained shearing.

The excess pore pressure ratio at failure decreases with the
increase in specimen height, as displayed in Figure 9. In the
triaxial test, excess pore pressure was measured with different
height-to-diameter ratios, showing that the larger the specimen
height, the smaller the pore pressure (Muraro & Jommi, 2021).
The specimens in this investigation, contained by a flexible
membrane and subjected to cell pressure, are subject to
conditions similar to those of the triaxial test, and the
corresponding excess pore pressure changes with the height of
the specimen while shearing is also consistent.

A soft clay sample may possibly contain a combination of
both a discrete diagonal shear plane and the conventional type of
simple shear deformation (Joer et al, 2010). In the flexible
boundary, diagonal shear planes are formed through the
specimen in the Berkeley simple shear device, generally from
the back of the top platen to the top of the front of the bottom
platen, and a visible shear plane forms at large strain greater than
about 15% (Sharma et al., 2017). Figure 10 shows photographs of
typical failure planes in a Berkeley simple shear device for each
clay, with the same shear failure mode suggested by Budhu
(1984) and Reyno et al. (2005). Shearing occurred in a shear
band of thickness that resulted in the generation of excess pore
pressure while neglecting possible pore pressure generation
outside the shear band in the direct shear test (Boukpeti &
White, 2017). For the simple shear test, the regions outside
the shear plane still undergo shear deformation, and the
excess pore pressure cannot be ignored, but due to stress
concentration, the excess pore pressure of the shear plane is
much larger than other regions, especially when the specimen is
close to failure. The shear band thickness of clayey soil was
2-8 mm after shearing was completed, which is independent of
the height and diameter of the specimen (Hicher et al., 1994;
Gylland et al., 2014), while the shear band thickness decreases
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Photographs of typical failure planes in a Berkeley simple shear device.
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Variation in excess pore pressure to lateral stress ratio at
failure.

with the shearing rate (Jostad et al., 2006; Gylland et al., 2014).
Therefore, the diameter of the specimen has little effect on the
excess pore pressure, and the larger the height of the specimen,
the smaller the excess pore pressure due to diffusion and the
averaging effect.

There is a definite decreasing trend in the ratio of excess
pore pressure versus lateral stress shown in Figure 11. The
decrease in excess pore pressure causes the effective stress to
increase, which will contribute to the undrained strength. In
addition to the smaller void ratio at failure induced by the
increase of lateral stress ratio discussed above, the gain in
effective stress is another factor to improve undrained
strength, according to the shear strength theory developed
by Hvorslev (1960). For Onsoy clay, the relationship between
excess pore pressure and lateral stress ratio can be
approximated by the following equation:

A
A 0.5 0.09K, 1)

Ove

where K is the lateral stress ratio, and K = oy/owcand ohand avare
the horizontal and vertical consolidation stress of the specimen,

respectively.
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FIGURE 12
Variation in excess pore pressure and normalized shearing
rate ratio at failure.

4 Formula for undrained shear
strength

The above analysis shows that the lower the shearing rate, the
larger the coefficient of consolidation, and the smaller the
specimen height, the larger the excess pore pressure.
Therefore, similar to the normalization of penetrometer
velocity proposed by Finnie & Randolph (1994), the
normalized shearing rate in the simple shear test can be
established as follows:

V= v-H f, (2)

Cy

where v is the shearing rate, expressed in mm/min, Hy is the
height of the specimen at failure or after consolidation, and ¢, is
the vertical coefficient of consolidation.

Figure 11 shows little difference in excess pore pressure ratio
between K=0.5 and 0.65, so these data can be plotted together as
K=0.575. The relationship between excess pore pressure and
normalized shearing rate for four clays tested with a K value of
0.5 and 0.65 is plotted in Figure 12. The excess pore pressure ratio
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TABLE 4 Summary of strength parameters based on effective stresses.

Failure plane

Horizontal plane

c’s kPa o's° c'h: kPa o' °
Onsoy 4.7 27.6 5.8 21.8
Brunei 4.8 24.3 8.2 18.8
Bayswater 5.0 26.4 48 21.4
New Kaolin 4.0 17.9 5.1 153
Old Kaolin 8.3 21.1 58 19.5

and the normalized shearing rate have a good linear decreasing
relationship in the semi-logarithmic coordinate.
The excess pore pressure ratio is given by

A
A 0.413-0.06- InV.

v

(©)

Combining Eq. 1 and Eq. 3, where the K value of Eq. 3 is
0.575, the lateral stress ratio can be taken into account in the
equation, and the excess pore pressure ratio may be written as

A 0.5 - 0.09K
o [0.413-0.06- InV] x ="~

4
O 0.448 @

For an undrained simple shear test, taking H=25 mm and
v=0.1 mm/min, Eq. 4 becomes

Auf _

1.31
0.413 - 0.06 - In X
O.VC CV

0.5 -0.09K
0.448

= SN
where ¢, is expressed in m*/yr.

For soil in the field, the lateral stress ratio K can be calculated
by Eq. 6, proposed by Mayne and Kulhawy (1982).

K= (1 —sin (p;) . OCRSi“"’;, (6)
where gy is the friction angle of soil based on effective stresses on
the failure plane, and OCR denotes the over-consolidation ratio.

The undrained strength depends on the amount of effective
normal stress or excess pore pressure generated during shearing.
This may be expressed as

' Auf ' ’
T =¢y + 1—7 - Oye tang,, (7)

vc
where ¢, is the cohesion of soil based on effective stresses on the
horizontal plane, and g, is the friction angle of soil based on
effective stresses on the horizontal plane.

Eq. 5 is suitable for normally consolidated or slightly over-
consolidated clay, so Eq. 7, based on Eq. 5, is also applicable in the
same clay but not for medium or strong over-consolidated clay.

An alternative interpretation of the simple shear test that
considers the diagonal failure plane rather than the horizontal
plane is given by Joer et al. (2010). Effective parameters on the
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FIGURE 13
Stress path and failure envelope-based effective stresses for
Onsoy clay: (A) horizontal plane, (B) failure plane.

horizontal plane can be deduced according to the traditional
interpretation of horizontal failure mode (Table 4). Figure 13
gives the typical stress paths and failure envelopes on the
horizontal and failure planes, respectively, which are both
based on undrained simple shear tests. The failure points in
the diagram are determined by the shear stress, normal stress,
and pore pressure at the point of peak shear stress. The failure
envelopes both show a good linear relationship, while the
envelope of the failure plane is slightly more linear than that
of the horizontal plane. As shown in Table 4, cohesion on the
horizontal and failure planes is very close for each clay, and the
friction angle on the horizontal plane is smaller than that on the
failure plane.

The strength parameters of the failure plane based on
effective stresses can be obtained by various methods, such as
the CU and CD triaxial tests, the drained direct shear test, and
the simple shear test. Effective strength parameters must be
used when applying Eqs 5, 7 to predict undrained strength. It
is possible to deduce effective parameters of the horizontal
plane from failure plane parameters. The comparisons of
effective strength parameters between the horizontal and
failure planes are shown in Figure 14. The relationships of
cohesion and friction angle between different planes are as
follows:
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Effective strength parameter comparison between horizontal
and failure planes: (A) cohesion, (B) friction angle.

c;l = max(l.lc;, 6 kPa), (8)

¢, =53°+0.6- g, 9)

where c; is the cohesion of soil based on effective stresses on the
failure plane, and ¢; is the friction angle of soil based on effective
stresses on the failure plane.

5 Verification of undrained strength
5.1 Reconstituted clay

Including the data of the old Kaolin clay used in UWA
previously (Lehane et al.,, 2009), the undrained strength of five
clays was compared with the measurement and prediction data
from Egs 4, 7, shown in Figure 15A. In addition, Leonards’
method was compared in Figure 15B. Leonards (1962) gave Eq.
10 to estimate undrained strength.

c'f~ cos<p'f+0",c- sin(p’f[K+Af~ (1-K)]

Te = 7
1-(24A¢-1)- sing;

, - (10)

where Af is the pore pressure parameter, and its value is
0.7-1.3 for normally consolidated clays.

Figure 15A shows good agreement between predicted and
measured undrained 7¢ values, including those of the old
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Comparison between predicted and measured undrained
strength for reconstituted clay: (A) method of Egs 4, 7, (B) method
of Leonards (1962)

Kaolin clay, which is not referred to in the developing
formula. There is a slightly higher calculated undrained
strength when using Leonards’ method with the A¢ value of
the upper limit in Eq. 10. The lower the A¢value, the higher the
strength. It is difficult to determine the pore pressure
parameter properly.
Jamiolkowski et al. (1985) suggested that
% = (0.23 £ 0.04) - OCR™"

ve

1m

Figure 4 shows the normalized undrained strength of Eq. 11
with the measured values for each clay. There is an obvious
decreasing trend of undrained strength ratio versus vertical
in the
Jamiolkowski equation. Jamiolkowski’s strength ratio is the

consolidation stress, while a trend is not clear
lower limit of the measured values. From Eqs 7, 10, the
undrained strength ratio decreases with increasing vertical
consolidation stress due to the existence of clay cohesion. If
the cohesion is equal to 0, the undrained strength ratio is constant
and would not change with the level of stress. Cohesion can be
neglected for high stress levels, and the undrained strength ratio

is nearly constant.
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5.2 Intact Onsoy clay

According to the reference of the NGI research report (2019)
and Gundersen ef al. (2019), the property profiles of clay at the
Onsoy site are listed in Figure 16A. The OCR value of Onsoy clay
is 1.3-1.9, and the ¢, value is 3-11 m*/yr with a soil depth of
3-20 m. Therefore, intact Onsoy clay is slightly overconsolidated
clay with an average OCR of 1.5 and has a larger coefficient of
consolidation than reconstituted Onsoy clay. Soil disturbance
delays the consolidation and hence reduces the coefficients of
consolidation ~ of both  normally consolidated and
overconsolidated clays (U.S. Navy, 1982). Holtz et al. (2011)
included lightly overconsolidated deposits with an OCR < 2 in the
category of normally consolidated clays. Representative values of
the friction angle and cohesion are ¢'=30" and c’=5kPa,
respectively (Gundersen et al.,, 2019). The predictions given by
Eqs 5, 7 are compared with different types of measured
undrained shear strength in Figure 16B.

In direct simple shear (DSS) tests, the clay specimens were
consolidated to what was believed to be a low estimate of the
preconsolidation stress (approximately 75%-80%) and then
unloaded to the estimated in situ effective vertical stress before
shearing. This method was used to counteract the negative effect of
stress release and other disturbance effects during sampling and
extrusion (ISO 19901-8, 2015). UU triaxial tests have been
performed on intact material. All consolidated undrained triaxial
compression (CAUC) tests were consolidated to a best estimate of
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the in-situ stress condition with a K, value of 0.6 on the soft clay
from the Onsoy site. The vane test is usually considered to give the
best result of the undrained strength of clay.

The undrained strength of DSS tests is in the empirical range
of Jamiolkowski, which is very close to UU test results and
slightly lower than the strength found using CAUC tests,
especially below a depth of 10 m. The undrained strength of
DSS tests at a depth of 0-9 m is essentially the same as the vane
strength, but its strength below 9 m is slightly higher than the
vane strength. The predicted undrained strength from Eqs 5, 7
for intact Onsoy clay has a good agreement with vane and DSS
test results, while the predicted strength using Leonards’ method
is at the upper limit of that found using the DSS tests. However, in
Figure 16B, the value of Ay is the upper limit, which leads to the
smallest undrained strength. For intact clay, obtaining good
estimates of the pore pressure parameter Ay is often difficult
because that parameter is very sensitive to sample disturbance.

6 Conclusion

The undrained strength of clay determined by the simple
shear test is related to shearing rate v, coefficient of consolidation
c,» the height of specimen Hy, consolidation stress o', and lateral
stress ratio K. Although there is some uncertainty for undrained
strength, it could become much more certain with an effective
stress analysis. A normalized shearing rate V=vHy/c, is suggested
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to develop the relationship with excess pore pressure. Based on
the Mohr-Coulomb failure criterion, undrained strength can be
calculated from strength parameters in terms of effective stress.
The equations developed with high plasticity clays are suitable for
normally consolidated and slightly overconsolidated clays. In
addition, the failure mode of specimens in a Berkeley simple
shear device is a diagonal failure plane instead of a horizontal
plane. Meanwhile, an empirical relationship of strength
parameters on different planes is established.
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