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ABSTRACT

Conventional triaxial tests on peats are strongly criticised due to the very high shear strength parameters
obtained from standard data elaboration, leading to unrealistic factors of safety when used in geotechnical
design and assessment. Various operational approaches have been proposed in the literature to overcome this
difficulty, however, they seem to lack consistent mechanical background. Part of the issues related to the
shear strength evaluation of peats from triaxial tests comes from the non-uniform stress and strain states
developing in the samples well before failure is attained, due to end restraint effects. Undrained triaxial
compression tests were performed on reconstituted peat to examine the influence of end restraint on the
deviatoric stress, excess pore pressure and deviatoric strain response. Samples were tested with standard
rough end platens and with modified platens to reduce the friction between the sample and bottom and top
caps. Four different initial height to diameter ratios were examined, to reduce the consequences of rough end
platens on the sample response. The results indicate that end restraint contributes dramatically to
overestimating the shear strength of peat, due to the increase in both the calculated deviatoric stress and the
measured excess pore pressure at the bottom of the sample. Suggestions are given to quantify the influence
of end restraint in the interpretation of standard data, in an attempt to suggest viable procedures to determine

more reliable effective and undrained shear strength parameters form standard triaxial tests.
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INTRODUCTION

In the engineering practice, the determination of shear strength of peats is a matter of debate due to the
exceptionally high shear strength parameters derived from conventional laboratory tests, which lead to
unrealistic factors of safety when used in geotechnical design and assessment. Direct shear and ring shear
tests are sometimes adopted, although stress non-uniformity, which is amplified by the presence of fibres and
by the large strains attained by peat samples, makes the results rather arguable (e.g. Landva & La Rochelle,
1983; Stark & Vettel, 1992; Farrell & Hebib, 1998; Ogino et al., 2002; Komatsu et al., 2011). In the recent
practice, direct simple shear is widely preferred, assuming that more uniform stress and strain states are
guaranteed compared to the direct and ring shear, that the effects of fibres stretch are prevented and,
especially, that the test better replicates the deformation mode characterising failure in the field (Farrell et al.,
1999; Boylan & Long, 2008; Zwanenburg et al., 2012; Den Haan & Grognet, 2014; O'Kelly, 2017). In
reality, all these assumptions are debatable. Besides the stress and strain non-uniformity discussed by Wood
et al. (1979), Budhu (1984) and Airey (1984) among others, recent works give clear evidence of fibres
stretch in simple shear (e.g. Den Haan & Grognet, 2014), and failure mechanisms in the field dominated by
lateral bulging and vertical compression, which is better mimicked in triaxial compression tests (Landva &

La Rochelle, 1983; Tashiro etal., 2015).

The presence of multiple networks of fibres in natural peats is claimed to be mostly responsible for the very
high shear strength parameters derived from triaxial tests, due to the strong confinement offered by the fibres
stretch upon axial compression. Still at high strain levels, above 20% axial strain, the stress-strain response
of fibrous peat is dominated by strain hardening behaviour, with deviatoric stress increasing almost linearly
with deviatoric strain. Friction angles in the range 50° - 70° are often reported when the maximum stress
ratio attained during the test is used to identify failure (Adams, 1961; Oikawa & Miyakawa, 1980; Landva &
La Rochelle, 1983; Yamaguchi et al., 1985; Edil & Wang, 2000; Cola & Cortellazzo, 2005; Cheng et al.,
2007). In addition, fibrous peat samples in undrained triaxial tests develop high excess pore water pressure,
which can lead to null effective radial stress. The stress state can approach the tension cut off line, or even

overpass it, before a failure mode can be clearly identified, which makes the choice for a representative value
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for undrained shear strength extremely difficult (Kanmuri et al., 1998; Boulanger et al., 1998; Cola &
Cortellazzo, 2005; Hendry et al., 2012). Different alternative operational criteria have been proposed in the
literature to reduce these exceptionally high shear strength parameters, by limiting the reference deviatoric
stress at failure. Some criteria are based on different extrapolation of the experimental data in the stress-
strain or in the stress path planes (O'Kelly, 2017). Kanmuri et al. (1998), and more recently Hendry et al.
(2012), proposed to associate failure to the start of the ultimate linear strain hardening response in undrained
triaxial compression tests. Oikawa & Miyakawa (1980) suggested to identify failure as the transition between
contractive and dilatant response. Alternatively, adopting strain based approaches, the mobilised shear
strength at convenient axial strain thresholds has been used to define operational shear strength parameters
(15% in Ogino et al. (2002) and Hayashi et al. (2012), 2% and 5% in Den Haan & Feddema (2013) from
undrained compression tests, and 20% in Zhang & O'Kelly (2014) from drained compression tests). Despite
these approaches being useful in the practice, they reveal absence of consistency in the strength evaluation of

peats from triaxial tests.

Actually, part of this lack in consistency comes from the assumption of uniform stress and strain states of
peat samples tested in triaxial compression, in spite of the extensive experimental effort in the 1960’s
addressing samples non-uniformities in standard triaxial devices (Shockley & Ahlvin, 1960; Rowe &
Barden, 1964; Olson & Campbell, 1964; Bishop & Green, 1965; Barden & McDermott, 1965; Duncan &
Dunlop, 1968). Among other factors related to the test protocol, end-restraint was recognised to affect the
test interpretation, depending on the soil type and the soil sample geometry, and to justify a fictitious
increase in the shear strength parameters determined from standard elaboration of triaxial test data. Few
indications on end restraint effects on the response of peat samples are reported by Stark & Vettel (1992) for
ring shear apparatus and by Yamaguchi et al. (1987) for direct simple shear. However, the relevance of end

restraint effects on peats tested in triaxial devices does not seem to have been assessed yet.

The high compressibility and the fibres content of peats are likely to magnify the severity of stress and strain
non-uniformity coming from end-restraint, which can largely bias the interpretation of triaxial test data

(Rowe et al., 1984; Muraro & Jommi, 2019). The role of end restraint on the shear strength evaluation of
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peat from undrained triaxial compression tests is systematically investigated here with a dedicated
experimental study. Samples with different height to diameter ratio were tested, with both standard rough
end platens and modified end platens, to reduce the boundary effects on the sample response. Care is given
to clarify the difference between the sample behaviour and the true material behaviour in terms of deviatoric
stress-strain response and excess pore pressure. The study wants to contribute to re-establish the potential of
triaxial tests for reliable assessment of the effective and undrained shear strength of peats, by suggesting

simple procedures to account for non-uniformity in elaborating experimental data.

EXPERIMENTAL PROGRAMME

Material

The peat used in this investigation was collected 1.0 to 1.5 m below the ground surface, at the Leendert de
Boerspolder site in the Netherlands. To reduce bio-degradation, the material was stored in a climate
controlled room at 10 + 1°C and 90% relative humidity. Reconstituted peat samples were prepared by mixing
the material with demineralised water to a slurry having a water content of 855%, corresponding to 1.4 times
the liquid limit. The material was consolidated in a floating consolidometer under a total vertical stress of 10
kPa for 48 hours, before mounting it in the triaxial cell. Oven-drying procedures for soil classification were
performed at a temperature of 60°C (Head, 2014). The specific gravity of the soil, Gs, was measured with a
helium pycnometer (D5550-14, 2014). The organic content, OC, was assessed by ignition 500°C (D2974-14,
2014; Den Haan & Kruse, 2007). Table 1 reports the index properties of the tested samples. Fibre content

determination gave anaverage value of 0.14 (D1997-13, 2013).

Fig. 1 displays a picture obtained from x-ray micro CT on the tested peat, after 2 days drying at a
temperature of 14°C and relative humidity of 80%. Inorganic soil grains are visible with higher density
(white spots) within the fibrous matrix. The fibrous structure is characterised by diffused small fibres having

a maximum length of about 3 mm.



Fig. 1. Micro CT scan of the reconstituted peat used in the experimental investigation (white spots: denser

inorganic constituents)

Experimental procedure

The testing programme consisted in a series of conventional undrained triaxial compression tests, and
included a drained automatically adjusted K,- compression test. The tested specimens were 38 mm in
diameter and had variable height according to the prescribed initial height to diameter ratio, Hy/Dg, as
reported in Table 1. The choice for testing 38 mm samples was imposed by the limited height of the triaxial
apparatus for the tallest specimen. Given the maximum length of the peat fibres, the representativeness of the
tested soil volume was assured (Lade, 2016). The tests were carried out using a GDS load frame triaxial
apparatus with back pressure and cell pressure volume controllers and submersible 1 kN load cell, under
controlled air temperature 14 + 1°C and relative humidity 80%. The accuracy of the controllers is + 1 kPa on
pressure and + 300 mm?® on volume (0.15% full scale range). Thin membranes 0.25 mm thick were used. To
accelerate the consolidation process, lateral filter paper was placed around the samples. To prevent “short
circuit” effects between the back pressure and the pore pressure transducer located at the bottom of the
sample, 10 mm of clearance were left between the lower edge of the lateral filter paper and the bottom of the

samples (Head & Epps, 2014).

To reduce end restraint effects, two approaches were adopted (Fig. 2):

- increasing the height to diameter ratio for tests performed with standard rough platens;



- modifying the end platens by interposing a perforated plastic disk and a perforated nitrile membrane 0.1

mm thick between the filter paper and the sample.

Standard end platen  Modified end platen

LU NG porous stone
filter paper
i s perforated plastic disk
| perforated nitrile membrane
\
N
~
r || sample sample
\
\ after isotropic
\ g consolidation
D,

Fig. 2. Standard and modified end platens adopted in the present experimental investigation to reduce the end

restraint

No silicone grease was applied between the perforated plastic disk and the nitrile membrane due to the
difficulty in preventing contamination of the filter paper and the porous stone. Despite the present solution
not assuring the same effectiveness as the one adopted by Rowe & Barden (1964), the lower friction between
the nitrile membrane and the plastic disk, compared with the one at the interface between the filter paper and
the porous stone, improves already the uniformity of stresses and strains. Not using enlarged platens was
compensated by the significant lateral contraction experienced by the samples during isotropic consolidation.

To assure perfect contact between the top cap and the load cell, a suction cap was used.

The samples were isotropically consolidated to a pre-consolidation mean effective stress p; of about 35 kPa
(Table 1) and then sheared in undrained conditions at constant axial strain rate, £, = 0.02%/min. Four tests
were conducted with standard rough end platens and height to diameter ratio increasing from H,/D, = 1.5 to
Hy/Dy = 3. Sample 5 with Hy/Dy= 1.5, and sample 6 with Hy/D, =2, were tested with modified end
platens. The strain rate was chosen to theoretically assure pore pressure equalisation (Blight, 1963; Lade,
2016). The average axial strain rate experienced by sample 7, tested under drained K, stress control, is

reported in Table 1.



Table 1. Index properties of the tested specimens and relevant information on the tests

Sample Specific  Initial  Organic  Stress Mean Initial height to End Axial
gravity ~ void  content  path effective diameter ratio  platens strain
ratio stress rate
Gs oc bt = P} Ho/Do fa
0,
RS [Pa] ] [¥ / min}
[-]

1 1.49 9.70 0.90 TxCU 35 15 Standard 0.02
2 1.49 9.80 0.90 TxCU 35 2.0 Standard 0.02
3 1.54 10.39 0.90 TxCU 34 25 Standard 0.02
4 1.49 9.64 0.90 TxCU 35 3.0 Standard 0.02
5 1.49 9.89 0.90 TxCU 34 15 Modified 0.02
6 1.47 9.59 0.90 TxCU 33 2.0 Modified 0.02
7 1.50 10.31 0.91 Ko - 2.0 Standard 0.008

Stresses and strains measures

All the experimental data have been elaborated by adopting the common triaxial stress variables, namely the
mean effective stress p’, the deviatoric stress q and the corresponding strain variables, volumetric strain, e,
and deviatoric strain, £4. Natural strains were adopted due to the large displacements typically reached when
testing peats (Ludwik, 1909; Hencky, 1928). The deviatoric strain has been computed from ¢, and ¢, derived

from the volume change and the axial displacement measurements:

V,
€p =&+ 2& =1In (V()) D
_ Ep _ HO 1 VO
g =ea= =) -3 (3) @

where V, and H,, are the initial volume and height of the sample, while V and H are the current values.



EXPERIMENTAL RESULTS

Deviatoric stress-strain response

Shear stresses at the interface between the sample and the porous stone constrain the lateral expansion of the
sample upon axial compression; hence, higher average axial stress and stiffness are expected. The impact on
the calculated deviatoric response is reported in Fig. 3(a), where the deviatoric stress is normalised with the
mean effective stress at the beginning of shear, p’,. In Fig. 3(b) the calculated secant shear stiffness at 2%

and 5% of deviatoric strain on the different samples are compared to each other.

1.6 — 400 —
o120 300 —
e < A--—————- A
] G}
0 e
Q =
508 —&— Sample 1 H,/D;=1.5 % 200 I—
§ —O— Sample 2 Hy/D,=2.0 -
g @ Sample 3 HyD,=2.5 g | o-moT &
2 —0— Sample 4 Hy/D,=3.0 2
= Sample 5 Hy/D,=1.5 ] —@— Stand. platens £,=2%
£ 0.4 P o=+ & 100 - Mod. pl =2%
S mod. platens --#-- Mod. platens £,=2%
= Sample 6 Hy/D,=2.0 . —O— Stand. platens £,=5%
y mod. platens --7x-- Mod. platens £,=5%
1 | 1 | 1 | 1 | 0 1 | 1 | 1 | 1 | 1 |
0 0.1 0.2 0.3 0.4 1 1.5 2 2.5 3 3.5
Deviatoric strain, ¢, (-) Initial height to diameter ratio, H,/D, (-)
a) b)

Fig. 3. Deviatoric stress-strain response (a) and secant shear stiffness (b) upon undrained compression tests

on samples with different height to diameter ratio tested with standard and modified end platens

The normalised deviatoric stress at failure decreases considerably with the height to diameter ratio towards
the values calculated on sample 5 and sample 6, tested with modified end platens. The deviatoric stress levels

off at about 25% of deviatoric strain, with the samples tested with modified end platens showing a more

regular asymptotic response (Fig. 3(a)). The decrease in the deviatoric stress of sample 4 after 4 = 20% is

due to buckling occurring on the specimen. At small deviatoric strains, 2% - 5% (Fig. 3(b)), the modified end



platens slightly reduce the overall secant shear stiffness for the same height to diameter ratios compared to

standard end platens, as in Duncan & Dunlop (1968) and Lade & Tsai (1985).

Excess pore pressure

The impact of end restraint on the excess pore pressure depends on the height to diameter ratio and on the
friction between the sample and the end platens, and results in higher excess pore pressure at the top and
bottom of the sample compared to its central portion (Rowe & Barden, 1964). Fig. 4 depicts the excess pore
pressure measured at the bottom of the samples, Au,,, using standard and modified end platens. The values

are normalised with p’,.

o
o)
[

o
o
[

/K — & Sample 1 H/D,=1.5
—<— Sample 2 Hy/Dy=2.0
Sample 3 H,/D,=2.5
—O— Sample 4 H,/D,=3.0
Sample 5 H,/D,=1.5

+

Normalised excess pore pressure, Au,/p', (-)

0.2 mod. platens
Sample 6 Hy/D,=2.0
mod. platens
oA . | . | . | . |
0 0.1 0.2 0.3 0.4

Deviatoric strain, &, (-)
Fig. 4. Excess pore pressure measured at the bottom of the samples with different height to diameter ratio

tested with standard and modified end platens

The excess pore pressure measured at the bottom decreases with the height to diameter ratio. For the shortest
specimen tested with rough end platens, the excess pore pressure was 18% higher than when modified end
platens were used. Compared to the commonly adopted ratio Hy,/D, = 2, significant benefit was already
found for Hy/D, = 2.5. Howeer, the findings in Fig. 4 confirm that modified end platens are the most
effective solution to avoid overestimation of the excess pore pressure, regardless the sample height to

diameter ratio (sample 5 and sample 6). Benefits of low friction end platens on the pore pressure magnitude
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are well documented in the literature for classical inorganic soils (Olson & Campbell, 1964; Barden &

McDermott, 1965; Duncan & Dunlop, 1968 among others), but they had never been evaluated on peats.

Deformation mode and water content profile

Two aspects, among others, characterise the hydro-mechanical response of peats: a very high compressibility
and relative low hydraulic conductivity, especially after the initial isotropic compression stage. The
constraint due to rough end platens restrains the lateral deformation at the top and bottom of the sample,
creating two so-called dead zones, and confines the unrestrained part, so-called free failure zone, to the
central part of the sample (Fig. 5). The extension of the free-failure zone depends on both the shear strength
and the compressibility of the soil (Rowe & Barden, 1964; Roscoe, 1970; Arthur et al., 1977; Drescher &
Vardoulakis, 1982). Despite different hypothesis on the inclination of the dead zones, the combination of
high compressibility and high friction angle of peats contributes to reducing the “free failure” zone upon
axial compression. This is schematically depicted in Fig. 5. For the typical values of axial strain reached
when testing peat in undrained compression tests, it is likely that the two dead zones merge and form
connected dead wedges, which force lateral expansion of the external portion of the sample in the form of
localised bulging, as displayed in Fig. 6(b). With the free failure zone reducing in size, the triaxial test loses

representativeness as a soil “element” test.

Isolated dead ] ] Interacting dead
zones axial strain . Wedges

free failure zone )
free failure zone

Fig. 5. Evolution of the free failure zone during axial compression on a peat sample tested with rough end

dead zone dead wedge

platens
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The kinematic constraint imposed by the end restraint results in a volume reduction of the soil within the
dead zones, which is compensated by the expansion of the central portion of the sample. An internal water
migration from the top and bottom of the sample towards the central portion occurs, despite the external
undrained conditions. At the end of the test, each sample was rapidly dismounted and cut into three or more
segments, depending on the failure mode, for water content determination. The similarity between the
deformed shape of the sample and the measured water content profile can be appreciated in Fig. 6 for the
case of sample 5 and sample 2, tested with modified and standard end platens respectively (w,y. is the
average water content along the height of the sample measured at the end of each test). The deformed shape
and the water content profile of sample 5 show significant uniformity thanks to the adoption of the modified
end platens (Fig. 6(a)). On the contrary, the water content profile of sample 2 in Fig. 6(b) replicates the non-

uniform deformation mode sketched in Fig. 5, with higher water content in the central portion.

0.8

0.6

0.4

Normalised height, z/H; (-)
Normalised height, z/H; (-)

Sample 2
Hy,/D,=2.0
stand. platens

0.2 o B Sample 5
e Hy/Dy=1.5
mod. platens

[ RO T - - o
0.9 0.95 1 1.05 1.1 1.15 0.9 0.95 1 1.05 1.1 1.15
Water content ratio, w/w,,, (-) Water content ratio, w/w,, (-)

a) b)
Fig. 6. Analogy between the deformed shape and the water content profile in samples tested with (a)

modified end platens and (b) standard end platens
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Water content ratio, w/w,,, (-)

Fig. 7. Water content profiles at the end of undrained compression tests on samples with different height to

diameter ratio tested with standard and modified end platens

The water content ratio w/w e profiles of all the samples at failure, shown in Fig. 7, clearly indicate that
during the test water migrated from the top and the bottom of the sample towards the central portion. When
standard end platens are used, the final water content in the central portion of the sample is 5% higher than
the average one (with an experimental uncertainty of 6%. on w/w,y.). The highest difference is found for
the sample with Hy,/D, = 2, while the tallest tested sample, Hy,/D, = 3, shows a lower deviation, namely
2%. Only with modified end platens and short sample Hy/D, = 1.5 the measured water content is almost

uniform within the sample.

Computed shear strength

The data show that end restraint affects the attained deviatoric stress, the water content distribution and the
pore pressure measured at the base. The effects of end restraint on both the deviatoric stress and the excess
pore pressure result in a dramatic influence on the ultimate friction angle derived from the maximum stress
ratio attained during the test, which is reported in Fig. 8(a). The computed values of the friction angle for the
different tests are reported in Fig. 8(b). Substantial reduction in the friction angle is observed for the samples

tested with standard end platens by increasing the height to diameter ratio, passing from ¢’ = 60° for
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Hy/Do =15 to ¢’ = 45° for Hy/Dy = 3. The samples tested with modified end platens reach failure for
@' = 43°, regardless their height to diameter ratio. The overestimation for standard Hy/D, = 2 sample tested
with conventional end platens compared to the samples tested with modified end platens is about 12°,

passing from ¢’ = 43°to ¢'=55°.

3 60— o
- \\\\
551~ e
2 o | Ny
o )
= 250 — S
) 0 *
® T —&— Sample 1 H,/D,=1.5 S T S~
a —O— Sample 2 Hy/Dy=2.0 E sl e
3 1 —@— Sample 3 Hy/D,=2.5 2
—O— Sample 4 H,/D,=3.0 E e = = = = —
Sample 5 H,/D,=1.5 > 20
mod. platens ¢  Standard end platens
Sample 6 H,/D,=2.0 B <& Modified end platens
( mod. platens
0 | . | . | . | 35 . | . | . |
0 0.1 0.2 0.3 0.4 1 1.5 2 2.5
Deviatoric strain, ¢, (-) Height to diameter ratio at failure, H/D; (-)
a) b)

Fig. 8. Stress ratio versus deviatoric strain (a) and ultimate friction angle (b) estimated for the samples with

different height to diameter ratio tested with standard and modified end platens

To better investigate the physical reasons of these differences, in Fig. 9 the stress paths computed for the two
samples having an initial Hy/Dy = 1.5, tested with rough and modified end platens respectively, are
compared to each other. The stress paths were computed by using the pore water pressure measure ment at
the base of the sample and estimating the deviatoric stress by using the cross sectional area of the
volumetrically equivalent cylinder. The comparison clearly shows the twofold influence of end restraint on
the computed stress path. Both overestimation of the current deviatoric stress and underestimation of the
current mean effective stress contribute to the bias in the ultimate stress ratio, n,, and justify the dramatic
differences in the derived shear strength values. It is worth noting that these differences are affecting both the

friction angle and the computed value of undrained shear strength.
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Fig. 9. Comparison between the normalised stress path followed on undrained compression by the samples

with Hy/D, = 1.5 tested with standard and modified end platens

REDUCING THE CONSEQUENCES OF EXPERIMENTAL LIMITATIONS IN THE

DETERMINATION OF SHEAR STRENGTH

The data presented allow quantifying the error introduced by end restraint on the determination of ultimate
friction angle and undrained shear strength from standard undrained triaxial tests. Understanding the non-
uniform response affecting both the apparent stress-strain relationship and the pore pressure measured at the
base of the sample allows suggesting simple data elaboration procedures able to reduce the error in the

determination of the shear strength parameters.

K, stress path

Previous works in the literature show that typical values of K, = 0.30 —0.35 are obtained in strain controlled
triaxial tests (Mitachi & Fujiwara, 1986; Edil & Wang, 2000; Mesri & Ajlouni, 2007; Hayashi et al., 2012).
These values are much higher than those inferred from the simplified Jaky’s equation, Ko =1 — sin ¢" (Jaky,

1948) if the friction angle is estimated from uncorrected standard triaxial tests. This observation raised
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doubts on the validity of Jaki’s relationship for peats (Edil & Dhowian, 1981; Den Haan & Kruse, 2007;
Leoni et al., 2010). The results presented in the previous section tend to suggest that the inconsistency may
raise from inaccurate determination of the friction angle, rather then from lack in correlation between the two
quantities. As a matter of fact, the K, stress path is the only one which is not affected at all by end restraint.
This is due to the absence of any lateral strain, which avoids stress-strain non-uniformity and limits the fibres

stretch contribution.

To clarify this aspect, an active K,-compression test was performed on a sample with initial Hy/Dy = 2
using rough end platens. The test was performed with an automated axial-radial stress ramp with volume
change and axial displacement back measurements allowing for negligible radial strains. The data reported in

Fig. 10 show that, starting form initial isotropic condition, the lateral stress ratio

K= 3

where ) is the current stress ratio, attains the final value K, =0.33. The latter well fits the value inferred
from Jaky’s relationship, K, = 0.32, for the correct friction angle ¢’= 43° determined from samples with

modified end platens, (sample 5 and sample 6, Fig. 8(b)).

—«&— Sample 7 H,/D,=2.0

o
)
[

0.6 —

Deviatoric stress, q (kPa)

Lateral pressure ratio, K (-)

0 20 40 60 80
Mean effective stress, p' (kPa)

o
NS
I

0.2 I | I | I | I | I |
0 30 60 90 120 150
Axial effective stress, o', (kPa)

Fig. 10. Lateral stress ratio plotted against axial effective stress fromthe K,-compression test
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This result suggests that a K,-compression test with active control could be useful in the determination of the
shear strength from standard triaxial test data, as it gives a preliminary estimation of the ultimate friction

angle, which is unbiased from stress and strain non-uniformities.

Correction for pore pressure non-uniformity

Better estimation of the ultimate friction angle does not solve all the issues related to the shear strength
determination. The ultimate stress ratio is not an exhaustive information for undrained shear strength, which
depends on the pore pressure developed while approaching failure. As a result, an error in the estimation of

the pore pressure leads to a bias in the determination of a reliable value for undrained shear strength.

The experimental results show that end restraint produces higher excess pore pressure at the bottom of the
sample compared to smooth end platens, and non-uniform profile of water content, which testifies the
development of non-uniform pore pressure distribution. Local volume changes due to non-uniform
deformation generate compression of the lower and upper parts of the sample and swelling of the central
outer one, to comply with constant total volume constraint. With reference to Fig. 11, better insight into the
mechanism can be attempted by representing the ideal stress-void ratio history of a soil element “a”, located

inside the dead wedge, and an element “b”, located in the outer central portion of the sample.

As shown by Asaoka et al. (1994) and Asaoka et al. (1995), the soil elements “a” and “b” approach the
failure line with volume reduction and volume increase, respectively. Divergence from the ideal undrained
response progressively amplifies with the formation of the dead wedge and lateral bulging in the central
portion of the sample. At the same time, the difference in pore pressure between the bottom and the mid
height of the sample increases and becomes significant under small effective confining stresses on samples
having low hydraulic conductivity (Oka et al., 2005; Kodaka et al., 2007). If the only available measurement
of pore pressure is located at the bottom of the sample, a non-negligible error is introduced by end restraint
in the estimation of the apparent effective stress path and in the undrained shear strength derived with

reference to the measured quantities (Barden & McDermott, 1965; Blight, 1963; Sheng et al., 1997).
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Fig. 11. Deviation of stress-void ratio history during axial compression in external undrained condition of

two soil elements located in the dead wedge (a) and in the outer area of the middle part (b) due to end

restraint

A simple procedure is suggested to estimate the pore pressure difference between the bottom (B) and the mid
height of the sample (M), Au,, gu, and to correct the stress path. The water content profiles at the end of the
test (Fig. 7) can be used to estimate the water mass change in the central portion of the sample AM,, over the
test duration. A uniform distribution of water content is considered at the start of shear. With reference to
Fig. 11, adopting the deviatoric strain as control variable, the change in mass of the centre of the sample over
time, AM,,, can be represented by a function having null first order derivative at the start of shear and
increasing rate while approaching failure. A simple second order polynomial, of the type AM,, = bey?,
satisfies these conditions, and can be adopted as a simple preliminary choice to model the water mass change
at the centre of the sample over time. The result is displayed in Fig. 12 for three samples tested with rough

end platens, normalised over the initial mass of water, Myy,.
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Fig. 12. Estimated evolution of the water mass change at the mid height of each sample with the deviatoric

strain

If the internal flow rate from the top and bottom of the sample towards the centre is described by a simplified
1D flow field, the pore pressure difference between the bottom and the centre of the sample can be estimated
to change over atime interval At as:

A g HAM,
UwBM = T A A

(4)

where g is the gravity acceleration, H is the current sample height, and A is the cross sectional area of the
volumetrically equivalent cylinder (the derivation of equation (4) is reported in the Appendix). For the
representative average void ratio of the samples at the start of shear, e = 7.0, the hydraulic conductivity was
found to be ky, = 1 x10°m/s (Zhao & Jommi, 2019). The estimated pore pressure at mid height of the
sample over the shearing stage is compared with the measured one in Fig. 13, together with the excess pore
pressure measured at the bottom of sample 5 tested with modified end platens. The comparison shows that

the corrected pore pressure for the samples tested with rough platens well matches the one measured when

smooth platens are used.
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Fig. 13. Excess pore pressure measured at the bottom and estimated at the mid height for (a) sample 1, (b)

sample 2, and (c) sample 3 sheared with standard end platens and different height to diameter ratio

The benefits of correcting the stress path for the pore pressure difference between the base and the centre of
sample are displayed in Fig. 14 in terms of normalised stress paths. The computed stress path with the
corrected pore pressure much closer matches the stress path followed by sample 5 tested with modified end

platens.
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Fig. 14. Stress path calculated with the measured pore pressure at the bottom of the sample and with the

estimated one at the mid height for (a) sample 1, (b) sample 2, and (c) sample 3

The correction reduces significantly the error introduced by the overestimation of the excess pore pressure at
the bottom of the sample on the derivation of the stress path. Being aware of the overestimation of the

deviatoric stress in Fig. 14, the information from the K,-compression test presented in Fig. 10 can be used to
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infer the correct ultimate friction angle. Therefore, by combining the results in Fig. 10 and Fig. 14 it is
possible to obtain a reliable estimation of the undrained shear strength avoiding the bias due to end restraint

effect on both the deviatoric stress and the excess pore pressure.

Complementary insight into the physical background of the proposed correction is given in Fig. 15, which

plots the calculated pore pressure parameter, a, defined as (Wood, 1990):

Ap'
a=—— (5)
Aq
21— 2
Sample 1 Hy/Dy,=1.5 . Sample 2 Hy/Dy=2.0
B ¢ u,, bottom i u,, bottom
15 . Sample 1 H,/D,=1.5 150 ® Sample 2 Hy/Dy=2.0

u,, mid estimated u,, mid estimated

= «— =24
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a) b)
Fig. 15. Pore pressure parameter corresponding to the stress path calculated with the measured pore pressure
at the bottom of the sample and with the estimated pore pressure at the mid height for (a) sample 1 and (b)

sample 2

The response of soil samples tested with rough end platens moves from a contractive regime, a > 0, towards
an apparent dilatant regime, a <0, passing through the condition a =0 at the stress ratio which ideally
identifies the critical stress ratio. Sample 1 and sample 2 attain a = 0 for a stress ratio n, = 2.4 and n, = 2.2,

respectively. However, if the stress path is corrected for end restraint effect on the measured pore pressure,
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the pore pressure parameter attains a =0 for n, =1.75, which coincides with the ultimate stress ratio

calculated from samples tested with modified end platens, and with the one inferred from the K, -

compression test.

CONCLUSIONS

The dedicated experimental investigation brings to the forefront the role of end restraint in the interpretation
of standard undrained triaxial tests on peat. The exceptional compressibility of this material, combined with
high friction angles, increases the severity of stress and strain non-uniformities, introducing a relevant bias in
the interpretation of the shear behaviour. The end restraint influence on the results was investigated on
repeatable reconstituted samples of peat, to avoid the influence of heterogeneity of natural samples. Modified

end platens were used on companion samples, to provide reliable reference data.

Standard rough end platens enhance end restraint effects, which leads to substantial overestimation of both
the deviatoric stress and the pore pressure at failure. The error in the estimation of both quantities contributes
to bias the determination of the friction angle and of the undrained shear strength from standard undrained
triaxial compression test data. Tests on samples with standard height to diameter ratio initial Hy/Dy =2
using rough end platens gave an apparent friction angle ¢’ =55°, which dramatically overestimates the

“true” friction angle, ¢’ = 43°, obtained by reducing the platens friction.

Increasing the slenderness of the sample reduces the end restraint influence. Howewer, a height to diameter
ratio of at least 3 was necessary to obtain results close to the ones obtained with smooth end platens. The
effectiveness of this practical choice is limited by the observation that slender samples easily undergo
buckling, and by the geometrical limitations of standard equipment, which would require testing small

diameter, hence less representative, samples.
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Using end platens able to reduce the base friction clearly is the most effective protocol choice. When this is
unfeasible, it is highly recommendable to correct the data interpretation for the error in the maximum
deviatoric stress and for the difference between the pore pressure measured at the base and the pore pressure
in the centre of the sample while approaching failure. A simple procedure was outlined to estimate the excess
pore water pressure at the mid height of the sample when the only pore pressure measurement is taken at the
bottom of the sample and rough end platens are used. The procedure requires an accurate measurement of the
water content profile at the end of the test, and a reasonable estimate of the hydraulic conductivity of the peat
for the representative void ratio. By calculating the stress path with the corrected pore pressure, most of the
end restraint effect could be ruled out, with clear benefits on the estimated volumetric response and on the
ultimate shear strength. Accompanying standard tests with an actively controlled K, stress path is
recommended to clarify the “true” response of peats, as the kinematic constraint on null radial strains rules
out end restraint effects. The K, value derived from the K,-compression test performed with active control
of null radial strains well matched the value obtained by means of Jaky’s relationship from the undrained

triaxial tests with smooth end platens.

The results reported in this work contribute to the reappraisal of triaxial tests in the study of shear strength of
peats. For natural peats, it is expected that the higher hydraulic conductivity compared to the reconstituted
samples will reduce the overestimation of the excess pore pressure at the bottom of the sample, for the same
effective confining pressure. On the contrary, the presence of bigger fibres will amplify the end restraint
effects on the deviatoric stress-strain response, hence, the overestimation of the deviatoric stress. Although
the suggestions given in this work on how to correct for end restraint need to be verified on natural peat
samples, highlighting the role of end restraint in the interpretation of the data will help in overcoming some

of the current difficulties in the determination of shear strength of peats from standard triaxial tests.
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APPENDIX

The different volumetric constraint at the top and bottom parts and at the centre of the sample promotes an

internal water flow. The internal flow rate, q.y, , derived by a simplified 1D flow field, can be estimated as:

_ ﬁ AuW,B M (6)
Yw H/2

qw =
where k,, is the hydraulic conductivity in the vertical direction, vy, is the unit weight of water and H is the
current sample height. The corresponding mass of water flowing towards the central part of the sample in a

time interval At can be estimated as:

AMy, = 2py,qwAAL (7

where p,, is the density of water and A is the cross sectional area of the volumetrically equivalent cylinder.
Eqg. (6) and eq. (7) give a mean to estimate the pore pressure difference between the bottom and the centre of
the sample, Auyy g, Which reads:

g HAM,,
A __ 802w 8
UwBM = T A A ®)

where g is the gravity acceleration, and , AM,, is the evolution of the water mass change in the central part of
the sample during the time interval At. The hydraulic conductivity, k,, of the tested peat was determined
from an oedometer apparatus equipped with pore pressure transducers (Zhao & Jommi, 2019). Hydraulic
conductivity in the order of k, =~ 1 x 10°° m/s was obtained for a void ratio of about 7.0, attained on average
by the samples during the undrained shear. Given the total constant volume constraint and the small
differences in void ratio caused by the flow, compared to the order of magnitude to the void ratio itself, a

constant value can be assumed to analyse the process.
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